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GENERAL INTRODUCTION 

David A. Shirley, Division Head 
Rolf H. MuZZer, Assistant to the Division Head 

Calendar 1977 was a year of further consolidation 
and change for the Materials and Molecular Research 
Di\'ision. There were 48 principal investigators 
in the Division at the end of 1977, as well as 
122 postdoctorals and other scientific persOlmel, 
274 graduate students and 63 teclmical, 
aclministrati ve and clerical support staff for a 
total of 507. TIle fiscal 1978 operating budget 
at this writing is $8,804,000. One hundred and 
fifty-nine journal articles were published by r.Jl'.lRD 
members during 1977, and 32 Ph.D. and 20 M.S. 
degrees were awarded to r.Jlvllill students. 

During 1977 the Department of Energy came into 
being, and the Energy Research and Development 
Administration ceased to exist. TIle implications 
of this change for our division are not clear as 
yet, but ]\JlvlRD research has continued in a strong 
and essentially uninterrupted marmer. New projects 
were either started or are plarmed in the follmving 
areas: 

@ Hot Corrosion of ]\k3tal Alloys. Following the 
identification of this topic as an extremely 
high priority area for research in Materials 
Science, lYJlv1RD conducted a world-\vide search 
for a new investigator to initiate research 
in this area. It is expected that an investi
gator will be added and the proj ect initiated 
in 1978. 

@ Ceramics. As part of a long- term program to 
increase MMRD's strength in ceramics, two 
positions have been widely advertised, and a 
number of applicants have been interviewed. 
It is expected that both posi tions will be 
filled during 1978. 

@ Atomic Resolution Microscopy. In a continuing 
effort to establish a capability in high 
resolution electron microscopy, Professor 
Gareth Thomas and Dr. Ronald Gronsky have 
developed proposals for an Atomic Resolution 
Microscopy facility in Ml>lRD. 

@ Current and Power Inefficiency in Aluminum 
Reduction Cells. Professor James lV. Evans of 
the Materials Science and ]\lineral Engineering 
Department has initiated this project with the 
Energy Storage Program of DOE. 

@ Reduction of E'1ergy Losses Through an Under
standing of Electrolytic Gas Evolution. TIlis 
project was initiated by PTofessor Charles W. 
Tobias with DOE' s Division of Industrial 
Energy Conservation. 

@ In-Situ Investigations of Solid-Gas Reactions. 
This project will be initiated by Professor 
James W. Evans in fiscal year 1979. 

@ Plasma Enhanced Deposition of Thin Films. 
Ibis proj ect will be initiated by Professor 

Dermis Hess in fiscal year 1979. Professor 
Hess joined the Olemical F~gineering Department 
in the Fall of 1977. 

@ Photon-Assisted Surface Reactions, ]\laterials 
and ]\k3chanisms. Professor Gabor Somorj ai of 
our Division has initiated this project in 
fiscal year 1978. 

@ Metal Cluster-Metal Surface Analogy. This 
project will be initiated in fiscal year 
1978 by Professor Earl Muetterties, who will 
be joining the Berkeley Chemistry Department. 
Professor Muetterties is a well-knm\1Jl inorganic 
chemist, with an international reputation in 
the area of homogeneous catalysis. 

@ Transition Metal Catalyzed ConveTsion of CO, 
NO, H2 and OTganic Molecules to Fuels and 
Petrochemicals. PTofessor Robert G. Bergman, 
a \Vell- knmm organic chemist, \Vill join 
Berkeley's Olemistry Department and initiate 
this proj ect in lvJlvlRD in fiscal year 1979. 

@ Molecular TIlennodynamics of Phase Equilibria 
for Water Hydrocarbon Systems at High 
Pressures with Special Attention to the 
System Brine Methane. PTofessor John /11. 
Prausni tz of Berkeley's Chemical Engineering 
Department initiated this proj ect in fiscal 
year 1978. 

@ EneTgy Transfer and Structural Studies of 
r.lolecules on Surfaces. Professor Olarles B. 
Harris, \Vho has been with the Division for 
some time, has reprogrammed his research in 
!vJlvlRD to bring his talents to play on the 
important problem of interactions of molecules 
on surfaces. 

@ Dynamics and Chemistry of Highly Excited 
Molecules. Professor C. B. Moore, \Vho fOT 
some years has conducted a laser isotope 
separation program in the Division has now 
ini hated this program under the auspices of 
the Basic Energy Sciences Division. 

~ lvlolecular Beam Spectroscopy. PTofessor John 
S. Winn of the Berkeley Chemistry Department 
\Vill initiate this program in fiscal year 
1979. 

~ Research on Photovoltaic Solar Energy 
Converters. Professor Jack Washburn is 
conducting this program in the Solar Energy 
Development Division of DOE. 

@ Coal Liquefaction Alloy Test Program. 
Mr. Alan Levy began this program in early 1977, 
under the auspices of the Fossil Energy 
Development Division of ERDA and no\V DOE. 



MtvlRD also suffered a number of losses in 1977. 
Professor Richard M. Fulrath passed away on 
July 16, 1977. Dick Fulrath had been with the 
Division since 1962. He served his profession 
well as an outstanding research scientist and 
teacher, and he will be sorely missed as a 
colleague and friend. 

Dr. Warren M. Garrison retired July 1, 1977, 
after some 30 years association with Lawrence 
Berkeley Laboratory. His work in radiation 
chemistry was widely known and respected. 

Professor Lee Donaghey left the University in 
1977 to take a job with Standard Oil of California. 
We wish him success in his new job. 

Professor Earl Parker retired, and, together 
with Professor Victor Zackay, resigned from MMRD. 
Professors Parker and Zackay will be long remembered 
:for their services to the Division and for their 
research in ferrous metallurgy, particularly in 
connection with the discovery of TRIP steel in 
1966, and later work associated with this 
phenomenon. 

ivlMRD personnel conducted several workshops in 
1977 : 

e Surface Science - organized by G. A. Somorjai, 
b~illD/LBL, W. L. Clinton, ERDA Division of 
Physical Research and J. 1. Yates, Jr., 
National Bureau of Standards, held March 16-
18,1977. 

e Solid State Sciences Panel and Committee 
~~eting - organized by D. A. Shirley and 
hosted by MblRD, March 25-26, 1977. 

e Phase Transformation and Stability - organized 
by J. W. Morris, Jr., and L. Brewer of ~'JMRD/ 
LBL and P. Shewmon, Ohio State University, 
held April 18-20, 1977. 

The above workshops, together with continuing 
developments in science, evolving research 
interests of :t-1f,lRD investigators, and discussions 
both within the Divisional Council and throughout 
the Division, have added a focus to the development 
of the Division's research program. Two themes 
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have emerged which are now being prosecuted actively. 
The first is surface science and catalysis, a 
subject which, if interpreted broadly, embraces a 
fairly large fraction of the Division's research 
efforts. Because of present scientific interest 
and technological relevance, this is clearly a 
growth area for DOE basic research programs. In 
Materials Sciences, several of MMRD's new programs 
are clearly surface-science related; e.g., hot 
corrosion. In 01elmcal Sciences, the new programs 
started by Professors Somorjai and Harris are in 
surface science, while Professors :t-illetterties and 
Bergman will be initiating new catalysis progran~. 
Taking these new programs together with our 
continuing programs in surface science and 
catalysis, ~~lRD emerges as a formidable center for 
surface science and catalysis research on a 
national scale. A listing of bJMRD's strengths 
in this area is given below: 

- Theory of Surfaces (Cohen, Schaefer) 

- Surface Stlllcture (Somorjai, Shirley) 

- Surface Electronic Structure (Shirley) 

- Surface Optical Spectroscopy (Harris) 

- Surface Infrared Spectroscopy (Richards) 

- Surface-l\ssisted Photochemistry (Somorjai) 

- Solar Photovoltaic Materials (Washburn) 

- jlblecular Beam Surface Reaction (Olander, 
Lee/Somorj ai) 

- Heterogeneous Catalysis (Somorjai, Bell) 

- Homogeneous Catalysis (Muetterties, Bergman) 

- Electrochemistry (Tobias, Muller, Newman, 
Evans) 

Hot Corrosion O~hi ttle) 

- Erosion-Corrosion (Levy/Finnie) 

Gas-Ceranlic Reactors (Searcy, Evans) 

- Alloy Design (Morris, Thomas, Pickus) 

- Electron Microscopy (Thomas) 

- Atomic Resolution Microscopy (Gronsky) 

To help focus attention on this area Professor 
Somorj ai organized a seminar series in b~illD on 
surface science and catalysis. A list of speakers 
and topics from October 1976 through December 1977 
is given in Appendix B. 

The Division has employed Dr. Heinz Heinemann 
of Mobil Research as a Consultant to assist in 
developing our program in catalysis and we look 
forward to further association with Dr. Heinemann. 
Finally, in b~illD plans for a building addition to 
Building 62, surface science and catalysis will 
provide a central theme for a large fr2.ction of the 
research program in the building addition. 

Atomic resolution microscopy is another area in 
which MMRD can build on present strength to 
develop a new national capability in materials 
science. As noted above, plans are under way to 
develop an atomic resolution microscope facility. 

As usual, b~illD scientists received many awards 
and honors in 1977. A selected few are noted below: 

e John CZarke received the C. V. Boys prize for 
experimental physics. 

e Gohor Somorjai was given the Emmett Award of 
the American Catalysis Society, and delivered 
the Baker Lectures at Cornell University in 
1977. 

e Gareth Thomas received the Rosenhain b~dal of 
the ~tals Society. 

e Nei Z Bartlett was elected a Fellow of the 
American Academy of Arts and Sciences and 



also was elected Corresponding :Member of the 
Akademie der Wissenschaften of G1Jttingen. 

(jj Andrew Streitwieser was also elected to the 
American Academy of Arts and Sciences. 

@ Choyles Tobias was elected to honorary 
menbership in the Electrochemical Society. 

(jj David Terrrpleton received an honorary degree 
from Upsala University during the SOOth 
anniversary festivities of that university. 

(jj John Clarke received a Guggenheim Fellowship. 

(jj Alexander Pines and Gabor Somorjai received 
Miller Fellowships. 

@ Marvin Cohen served as Chairman of the Division 
of Solid State Physics, American Physical 
Society. 

@ David Templeton was elected Vice President of 
the American Crystallographic Association. 

@ WilliG/n Jolly was elected Secretary of the 
Chemistry Section of the American Association 
for Advancement of Science. 

(jj Rolf Mulle1' was elected Secretary of the 
National Battery Advisory Committee. 

@ David was appointed to the Chemistry 
Advisory Committee of the National Science 
Foundation. 

Among the achievements logged by !vllVlRD investi
gators in 1977 are the following: 

@ Gareth Thomas has designed new Fe/Cr/C 
quaternary alloys with additions of !vb or Ni 
that have shown strength and touglmess 
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combinations exceeding those of any commercial 
steel. 

(jj Milton pickus has used infiltration techniques 
to make new A-IS multifilamentary super
conductors based on the ~~-Al-Si systems. 

@ John Cloyke has used microwave radiatior, to 
produce a large enhancement of the energy gap 
in superconducting aluminum. 

@ !'aul R'[chards has extended the useful range of 
Ga:Ge infrared detectors by a factor of two 
by subjecting them to uniaxial stress. 

@ Robert Connick has found evidence for a new 
species in HS03- - S02 solutions. This new 
species, HS20S-, together with S02S20S= is 
responsible for the yellow color of the 
solutions. 

(jj Yuan Lee has developed a high intensity 
monoenergetic molecular beam source of oxygen 
atoms. This source should prove important in 
studying combustion reactions. 

(jj Henry has shown that the cyclic 
isomer of ozone lies well above the ground 
state in energy. 

@ David Shirley and co-workers have confirmed 
the direct transition model for photoemission 
in the synchrotron radiation energy range, and 
have observed thermal diffuse scattering in 
photoemission. 

In Summaly , as 1978 commences we can be proud 
of !vlivlRD's recent contributions and optimistic 
about its future under the auspices of the 
Department of Energy. 

David A. Shirley 
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A. METALLURGY AND CERAMICS 

1. STRUCTURE OF MATERiALS 

a. Microstn.lch.ue, Properties and Alloy Design 

Gareth Thomas, Investigator 

1. INTRODUCTION: FUNDAMENTALS OF MICROSTRUCTIJRE 
PROPERTY RELATIONS 

TIle properties of materials are structure
sensitive. Structure is in turn determined by 
composition, heat treatment and processing. Thus 
it is necessary to characterize both composition 
and microstructure at the highest levels of resolu
tion possible in order to design alloys economically 
with optimum properties. Such characterization 
requires advanced and sophisticated methods of 
analysis using microscopic, diffraction and 
spectrographic techniques. For these electron 
microscopy is particularly versatile, since we 
are now routinely synthesizing structure almost 
at atomic levels of resolution. The interaction 
between composition, heat treatment and properties 
also requires a fundamental understanding of phase 
transformations. Thus there is a constant inter
change between our research programs involving 
fundamental studies of transformation mechanisms, 
and their manipulation in the design projects. We 
acknowledge the support of industry (especially 
Republic Steel, Climax Molybdenum, Daido Steel) 
in supplying us with alloys to our specifications. 
The main components of our research programs are 
outlined in Fig. 1. 

High ~SOlutio;--- ;;ose Tronsform~tio~s--I 
HVEM Non-conventional Heat Materials Testing 

Fig. 1. Summary of research progrcu11S. 
(XBL 761-6298) 

2. DESICN OF STRONG, TOUQ-! STRUCTURAL STEELS 

a. Summary of Current Status 

The program has been under way since 1964 and 
involves a systematic study of the relation between 
martensitic structures and properties utilizing a 
series of Fe/C/X experimental steels (X is the 
substitutional SOlute). The martensite trans
formation, if controlled such that the inhomogeneous 
shear component occurs by slip, not twinning, is 
the most efficient means of producing dense 
uniformly dislocated substructure--an essential 
component for strength and toughness. The main 
factor controlling this aspect of the transforma
tion is composition, especially percent carbon 
[affects transformation temperature eMs) and 
strength of the austenite 1, which must be controlled 
to maintain Ms > 200°C. In addition, we have found 
that stable retained austenite is beneficial to 
toughness. Thus the microstructure that corresponds 
to optimum properties is shown in Fig. 1 and the 
design involves the following principal factors: 

1) production of dislocated packet martensite, 
2) surrounding of each martensite crystal in 

the packet by stable retained austenite, 
3) hardenability of the steel to avoid upper 

bainite (or other undesirable tran'sforma
tion products). 

The retained austenite has several beneficial 
aspects: it is itself ductile and therefore 
enhances toughness, e.g., by crack blunting, and 
it prevents brittle interlath carbide films from 
forming due to autotempering during the y + 
martensite transformation. 

Stable y 

Dislocated 
martensite 

Carbides within 
martensite 

Fig. 1. Schematic illustration of desired 
microstructure. (XBL 7711-10457) 



The current program is aimed at optimizing 
minimal alloy contents to keep the alloys as 
economical as possible. New steels based on 
Fe/Cr/C with Mn or Ni quaternary additions 
(B. V.N. Hao) show better combinations of strength 
and touglmess than any existing conunercial steel 
(Figs. 2-4). These steels have strong potential 
for applications in the mining industry. Other 
properties of commercial interest including 
fatigue, corrosion behavior and wear resistance 
are also being investigated (M. Carlson, D. Swain). 
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Fig. 2. C\lN impact touglmess vs. quaternary 
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alloying. (XBL 774-5303) 

E 

In order to achieve one of the stated objectives, 
viz., economy, we have new programs under way to 
study the influence of subs ti tuting air-melting 
for vacuwn-melting on the structure and properties 
of quaternary Fe/Cr/C/Mn alloys (T. Habe, 
B. Steinberg). Since Cr is a strategic alloying 
element almost totally imported in this country, 
one of our current research programs is concerned 
with material substitution, such as replacing 
some Cr by Mo without altering the desired 
microstructure and properties. 

b. 111ennal Stability of Hetained Austenite and 
Tempered I-lartensi te Embri ttlement 

B. V. N. Rao and G. 1110mas 

AI though our experimental steels are designed 
to yield superior combinations of properties even 
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Fig. 3. C\IN impact toughness vs tensile strength 
of the experimental steels in comparison with 
other commercial steels. (XBL 768-7314A) 
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Fig. 4. Plane strain fracture toughness vs tensile 
strength of the experimental steels in comparison 
with other commercial steels. (XBL 7710-6803) 

in the as-quenched condition, tempering is usually 
carried out to further invrove the plane strain 
fracture toughness to strength ratio that in turn 
allows for larger critical flaw sizes. 111e thermal 
instability of retained austenite upon tenvering 
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The phenomena of embrittlement during tempering and the accompanying 
changes in fracture morphology are studied in a series of high purity vacuum 
melted ultra-high strength Fe~4Cr-03C alloys modified with Mn additions of up 
to 2 w/o. Mn increases volume fraction of retained austenite (Fig. 1) and lowers 
temper reSIstance resulting in identical strength levels for the 0.5% and 2% Mn 
modified alloys above 300°C tempering (Fig. 2). Mn also lowers the Ms temp 
and the degree of auto~tempering resulting in poor as~quenched impact 
toughness (Fig. 4) and the tensile ductility (Fig. 3) which is also reflected in the 
brittle quasj~c!eavage fracture mode shown in Figs. A, which also show secon~ 
dary cracks resulting from large residual stresses with some tempering in the 
structure, the fracture mode at 200°C changes to one of dimpled rupture 
(Figs. 8) for both the aUoys and is reflected in high charpy impact toughness 
(Fig. 4) and appreciable tensile ductility (Fig. 3). At higher tempering temper
atures, the % Reduction in Area (Fig. 3) shows two minima for the 2% Mn aHoy 
and none for the 0.5% Mn alloy although the impact toughness (Fig. 4) shows a 
minimum at 300°C for the latter. The 300°C embriUlement in these alloys is 
associated with the decomposition of retained austenite into stringers of 
interlath coarse carbides and the fracture mode changes to brittle, trans
granular, quasi~cl0avage (Figs. C). The fracture surfaces (Figs. C) also reveal 
parallel ridges indicative of fracture along lath boundaries decorated with 
brHUe particles. The second embrittlement at 500 v C observed only in the 2% 
Mn alloy (Figs. 3 and 4) results in intergranular fracture mode (Fig, 0) probably 
due to segregation effects which weaken Ihe prior austenite grain boundaries. 
The 0.5% Mn alloy, on the other hand, shows continued improvement in tough~ 
ness (Figs. 3 and 4) above 300C:C tempering as reflected by the transgranular 
fracture at 500°C (Fig. 0) although the fractograph, Fig. 0, still shows sub~ 
stantial amounts of quasi~cleavage fracture. 

Thus, Ihe present work shows that there are two types of embriWement one 
occuring at a temperature coincidental with the decomposition of retained 
austenite characterized by transgranutar but interlath fracture and the second 
occurring at a higher temperature but only in certain compositions charac
terized by intergranular fracture. The severity of the first embrittlemen\ is a 
function of the amount of initial retained austenite. 

The fractographs are taken with an AMR 1000 A Scanning electron micro
scope with secondary emission at 20kV. 
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Evolution of Microstructure and Embrittlement uring 
mpering of odified Ultra-high Strength Fe-4 r-O,3 S els 
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austenite. 
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breakdown of coarse inlerlath 
cementite into fine spheroidal 
particles 
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The phenomena of embritilement during tempering and the accompanying micro
structural changes are studied in a series of high purity vacuum melted Ultra~hjgh 
Strength Fe-4Cr-O.3C alloys modified with Mn additions of up to 2 w/o. Inter!ath films 
of retained austenite beneficial to toughness and increasing with w/o Mn addition 
(Fig. 1) were resolved in the as-Quenched structures (Fig. A). However)Mn lowers the 
Ms temp and the degree of auto-tempering. The as-quenched CVN impact toughness 
values are, therefore, low (Fig. 4). The loss in yield and tensile strengths with temper
ing temp is less dramatic till 500°C (Fig. 2) beyond which they drop off sharply. The 
0.5% Mn alloy shows more temper resistance than the 2% Mn alloy and above 30Q"C 
tempering their strength levels are identical (compare carbide coarsening for the two 
alloys in 8 and C). The % Reduction in Area vs. tempering temp. showed two minima 
for the 2% Mn alloy and none for the 0.5% Mn alloy (Fig. 3) although, the CVN impact 
toughness (Fig. 4) showed a mlnimumat300"C forthe !atter. At200"C tempering, the 
% Reduction in Area is appreciable (Fig. 3) and the CVN energy peaks for both the 
alloys (Fig. 4), due to untransformed austenite and beneficial carbide morphology 
(Fig. 8). Following embrfttlement at 300"C (tempered martensite embrittlement) the 
retained austenite at lath boundaries in both the alloys transformed to blocky 
stringers of carbides deleterious to toughness (Fig. C). While the toughness of 0.5% 
Mn alloy continued to improve above 300°C tempering due to both recovery in the 
structure as well asbreakdown of interlath coarse carbides intofinerspheroldal parti
cles (Fig. D), the 2()/o Mn alloy undergoes a second embrittiement (temper brittleness) 
at 500"C (Figs. 3 and 4) characterized by intergranular fracture probably due to 
segregation effects at the prior austenite grain boundaries. 

Thus, there are two types of embrittlement: one occurring at a temperature coinci
dental with the decomposition of retained austenite to a mixture of ferrite and coarse 
carbides (transgranular fracture) ard the second occurring at a higher temp but only 
in certain compositions (intergranular fracture). The severity of first embrittlement is 
a function of the amount of initial retained austenite. 

The TEM micrographs are taken with Siemens lA and Philips EM 301 microscopes 
at 25.000 X. 
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poses an important embrittlement problem, viz., 
tempered martensite embrittlement and this has 
been investigated as a function of the nature and 
amount of quaternary alloying to the Fe/Cr/C base 
steel. It was shown that tempered martensite 
embrittlement is a fairly general phenomenon and 
is associated with decomposition of retained 
austenite into interlath stringers of carbide and 
ferrite. l Figures 5 and 6 illustrate this 
phenomenon. In the Mn modified steels the amount 
of retained austenite was observed to increase 
wi th wt% .Mn. This austenite was found to be 
stable to transformation below 300°C and at 200°C 
tempering the stable austenite in these alloys 
prevented any carbide precipitation at the lath 
boundaries. Instead tempering gave a fine 
distribution of carbides within martensite that 
resulted in the best combinations of strength and 
toughness (high energy ductile fracture). 
Following tempering at 300°C, however, as in the 
base steel, the retained austenite transformed to 
interlath stringers of coarse carbide and ferrite. 
These carbides seem to provide easy crack propaga
tion paths as evidenced by parallel ridges on the 
fracture surface indicative of interlath fracture 
and the toughness deteriorated. The severity of 
embrittlement is a function of the original amount 
of retained austenite and in the 2%Mn modified 
steel, both slow strain rate as well as high strain 
rate toughness tests exhibited this embrittlement. 
Grain refining did not serve to eliminate tempered 
martensite embrittlement in these alloys. The Ni 
quaternary alloying is very versatile in this 
regard as it stabilized austenite to higher 
temperatures and even after tempering at 400 to 
500°C, large amounts of untransformed austenite 
were found. Consequently, the toughness degradation 
accompanying tempering of Ni modified steels was 
much less pronounced and the instability tempera
ture itself is shifted to a higher temperature, 
viz., 400°C. Figure 7 is a schematic illustrating 

As - Quenched Tempered 

(a) 

(c) 

Plate 
Martensite 

Lath 
Martensite 

A: Austenite 
M: Martensite 

C: Carbide 

Fig. 7. Schematic illustration of the morphology 
of retained austenite and martensite in high 
carbon, high alloy steels Ca) and low carbon, low 
alloy steels Cc). Morphology of fracture due to 
decomposition of retained austenite ~ carbide on 
tempering [(b) and Cd)) depends on the initial 
microstructure. CXBL 776-5606) 
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the important microstructural events accompanying 
tempered martensite embrittlement2 for the medium 
and low C alloy steels (c) and Cd) and for high 
carbon steels wherein plate martensite is observed, 
Ca) and (b). The fracture path following 
embrittlement in medium C experimental steels was 
clearly shown to be intergranular, not with respect 
to prior austenite but with respect to individual 
martensite crystal TIllterlath). This conclusion 
can not be arrived at with high C steels where the 
morphology of martensite, retianed austenite and 
consequently those of the decomposition products 
of austenite are quite different [Fig. 7ea) and (b)]. 

1. G. Thomas, Met. Trans A (in press), LBL-5732. 
2. B. V. N. Rao and G. Thomas, Int. J. of 
Fracture, to appear in December 1977 issue, LBL-6295. 

c. MorpholOgy, Crystallography and Formation of 
Dislocated Lath ~~.rtensites in Steels 

B. V. N. Rao* and G. Thomas 

Background 

Although the morphology and crystallography of 
plate martensites are well understood, the same 
is not true for the dislocated "lath" martensites 
occurring in the technologically more important 
medium and low C steels. A detailed electron 
diffraction and microscopy examination of 
dislocated lath martensites has been undertaken 
partly stimulated by the detection through 
careful dark-field analysis of small amounts of 
retained austenite in many lath martensites during 
an extensive alloy design program on dislocated 
martensitic steels. l Consequently, the unique 
orientation relationships can be obtained 
directly by utilizing selected area diffraction 
analysis of the lath bundles and the surrounding 
austenite. 

Current Progress 

The steels used in the present studies are 
given in Table 1. Binary Fe-Ni alloys were also 
used to study the effects of interstitial carbon. 
The results obtained so far are summarized below. 

Table 1. Chemistry of the alloys and their Ms 
temperatures. 

Alloy # Alloy Camp. Cwt%), Nominal 

1) 

2) 

3) 

4) 

5) 

6) 

* calculated 

Fe-12 Ni 

Fe-IS Ni 

Fe-20 Ni 

Fe-4Cr-0.3C 

Fe-4Cr-5Ni-0.3C 

Fe-4Cr- 2Mn -0. 3C 

300* 

250* 

165* 

320 

210 

253 



Morphology and Cell Structure of Martensite. 
The martensite packet size was found by optical 
microscopy to increase with austenitizing 
temperature and prior austenite grain size, 
altilough there was no similar variation in the 
average lath width. Therefore, the aspect ratio of 
the laths increases with prior austenite grain 
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size (Table 2). A constant aspect ratio with 
increasing packet size would result in a higher 
volume dependent strain energy. Transmission 
electron micrographs taken at 100 kV and 500 kV 
revealed that the laths are parallel with reasonably 
straight boundaries and a high dislocation density. 
Although there were no significant differences in 
lath morphology or substructure as a function of 
carbon content, retained austenite could only be 
detected in carbon containing alloys. 

Table 2. Variation of martensite size parameters 
with austenitizing treatment in 
Fe/4Cr/0.3C alloy. 

Austeni tizing 
temperature 

(DC) 

870 

1000 

1100 

1200 

Prior 
austenite 

grain size, 
]Jl11 

29 

III 

202 

254 

Martensite 
packet size, 

)Jm 

26 

31 

42 

47 

Jvlartensi te 
lath width 

)Jm 

0.37 

0.35 

0.39 

0.39 

Relative Orientation of Adjacent Laths. 
Figure 8 is an example of the detailed analysis of 
parallel "laths" in the packet martensite. The 
SAD patterns (Fig. 8b) and regions from where the 
patterns were obtained in the bright field image 
(Fig. 8a) are identified by 1,2,3, etc. The [llOja 
crystal direction remains parallel in all the 
laths in this packet indicating that these laths 
are separated by [110] rotation boundaries. Using 
stereographic projection (Fig. 9), it was found 
that lath 5 is rotated 180 0 with respect to lath 
1 indicating that the shear components are 
opposite and accommodative. The present observa
tions suggest that the orientations of the laths 
in a given packet are those that result from 
minimization of the Dverall shape deformation and 
its accommodation over a group of laths. It is 
also shown that a gradual change in orientation 
to minimize shape deformation, viz., case II in 

Fig. 10 is preferred to a twin orientation of the 
adjacent laths, i.e., case III in 10, although 
the tendency for the latter increases with carbon 
content. 

Austenite/Martensite Orientation Relationships. 
Retained austenite was found in all the carbon 
con taining alloys. Although in most instances the 
austenite/martensite orientation relationship 
corresponded to a unique Kurdjumov-Sachs or 
Nishiyama-Wasserman relation depending on 
composition, in the Fe/Cr/C ternary alloy, 
frequently both K-S and N-W orientation relation
ships were found to alternate within the same 
packet (see Fig. 11). 

Trace Analysis. Habit plane analysis in 
martensite yielded scatter: both {llO}a and {33l}a 
habit planes were observed. Direct habit plane 
analysis in austenite yielded a single interface 
plane: {lll}a. It is suggested that the austenite
martensite interface may be a ledge boundary and 
that the macrocopic and microscopic habit planes 
could be different (see Fig. 12). It is also 
concluded that the martensite laths are indeed 
thin platelets and that individual laths and not 
the packets are the fundamental nucleation events. 

* Partially supported by NSF. 

1. G. Thomas and B. V. N. Rao, Invited Paper; 
Proceedings Int. Conf. on Ivlartensitic Transforma-
tions, Kiev. USSR, :t-'lay 1977 (in press), LBL-6242. 

d. Fundamental Studies of Austenitizing Treatment 
on Mechanical Properties of High Strength Structural 
Steels 

M. F. Carlson, R. O. Ritchie and G. Thomas 

As part of a continuing program aimed at 
undertanding the influence of austenitizing treat
ment on mechanical properties, the fatigue behavior 
of Fe/Cr/C steels has been investigated as a 
function of austenitizing temperature. Figure 13 
shows the crack growth rate, da/dn as a function 
of alternating stress intensity, LK, for low mean 
stress values. l From this plot it can ge seen that 
for crack growth rates greater than 10- mm/cycle 
(LIK > 12M Pa rm) the growth rate was independent 
of the austenitizing treatment. As the stress 
intensity is decreased, the growth rates 
asymptotically approach a threshold value, LIKe 
and as the austenitizing temperature is increased, 
the threshold stress intensity decreases con
tinuously from 41.4 M Parm to 3.00 M Parm (Fig. 14). 
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Fig. 8a. B. F. micrograph of parallel laths in a 
packet martensite (Alloy 1). (XBB 775 

8b. Corresponding indexed SJ\D pattems with 
the electron zone axes Sh0\\l11 in the top left 
circles. (XBB 775-4293) 
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Fig. 9. Stereographic projection illustrating the 
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Fig. 10. Schematic representation of shape 
deformation accompanying lath martensite formation. 
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Fig. 12. (a) Suggested ledge model of the y/a 
interface. (b) and (c) show different ledge 
configrations leading to either different macro
scopic and microscopic habit planes (b) or a 
single habit plane (c). (XBL 774-5394) 
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Fig. 11. Indexed SAD pattern illustrating both 
N-W (between ( 100)m and ( 110 )a) and K-S (between 
( lll)m and ( 110 )a) orientation relations can 
alternate within the same martensite packet. 
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ALLOY STEEL- AS QUENCHED 

Austenitized for I hr, oil quenched, untempered 
Environment: air at 27°C, 50% relative humidity 

Austenitizing 
Temperature 

870°C 
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IIOO°C 
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Prior Austenite 11K 0 
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3.40 
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ALTERNATING STRESS INTENSITY LlK (MPa {m) 

40 60 

Fig. 13. Effect of prior austenite grain size on fatigue crack growth in Fe-Cr-C 
high strength steel. (XBL 7612-11028) 
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1. ~1. r. Carlson and R. O. Ritchie, Scripta j\1et., 
LBL-6968, December 1977. 

3. SPINODAL ALLOYS 

a. Heat Treatments for Improved iv1echanical 
Properties of CuNiFe Spinodal Alloys:!' 

K. Kubarych and G. Thomas 

Nonconventional heat treatments were designed to 
produce spinodal microstructures, in two CuNife 
alloys, for the improvement of mechanical properties 
with a reduction in total aging time. 111e 
microstructures were characterized by measuring 
the Curie temperatures to determine the composition 
of the NiFe rich phase, and by TBI to measure the 
spinodal wavelength. figure 1 shows the variation 
of yield stress, spinodal wavelength, ariel Curie 
temperature as a function of the total time for 
the alloy 51. 5%Cu, 33. 5Ni, and 15%fe. The numbers 
in Fig. 1 indicate to Hhat position in the aging 
sequence (Fig. 2) the material was treated, also 
ShOMl in the figure for comparison is the same 
alloy isothennally aged. 1 The yield stress is seen 
to increase with the Curie temperature (i.e., the 
change in lattice parameter between the decomposing 
phases, (l,a/a) while the wavelength remains fairly 
constant. 

Since the Curie temperature indicates the 
composi tion of the NiFe rich , it can be 
concluded that decomposition occurred without 
gr01vth of the spinodal microstructure. 111is is a 
consequence of step-aging that allOh'S a large 
degree of phase separation to occur while main
taining a fine spinodal microstructure. Figure 1 
also implies that the yield stress is a function 
of 6a/a and independent of the spinodal wavelength 
that is consistent 11'ith that previously found) ,2 

* LBL-6905, submitted to Met. Trans. 

1. E. P. Butler and G. Thomas, Acta Met. .!:&' 347 
(1970) . 
2. R. J. Li vak and G. Thomas, Acta j\jet. ~, 497 
(19'11) . 

b. Microstructure and ]llagnetic Properties of feCrCo 
Permanent !llagnet Alloys 

M. Okada and G. Thomas* 

Fe-Cr-Co alloys are lQlOl\~l to be potential hard 
magnets, the energy products of which are 
comparable to those of Alnico 5. 1118 advantage of 
these alloys is their good ductility, which 
enables easier fabrication as compared to Alnico 
or Ferrite magllets. 

These Fe/Cr/Co alloys 1IIere designed by extending 
the miscibility gap in the Fe-Cr system to the 
Fe-Cr-Co tenlary system. The shape of the 
miscibility rap in the Fe-Cr-Co system is now well 
established. 
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on alloy A. Plots of yield stress, wavelength, 
and Curie temperature total-aging time are shown. 
The nwnbers refer to the last aging step in the 
step aging sequence. In each case, the step aging 
and continuous cooling data are compared with the 
isothennal data at 625°C: taken from Ref. 1. 
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The magnetic hardening of the alloys is 
associated with decomposition within the miscibility 
gap producing modulated structures, consisting of 
two phases, an iron-rich phase (0)1) and a chromium
rich phase (0;2)' The features of the decomposition 
are consistent with those expected from 
decomposi tion of the high temperature phase (ex) 
during aging. 2 

The microstructures of an fe-31 wt% Cr-23 ,,,t%Co 
permanent magnet alloy after isothermal aging, 
thermomagnetic treatment and step-aging have been 
studied in connection \"ith their magnetic proper
ties. The microstructural observation of the alloy 
is consistent with the results of the reported 
miscibility gap in the Fe-Cr-Co system. The 
decomposition process appears to be isotropic, 
being associated with halo-type diffuse satellites 
in the diffraction pattern. Continued aging 
develops a periodically modulated structure along 
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( 100) as shown in Fig. 3. Isothermal aging itself 
produces lmdesirable microstructures. Aging at 640"C 
develops the magnetic Cr-rich phase. Aging at 600°C 
produces a nonmagnetic Cr-rich phase dispersed within 
the Fe-rich phase. The optimlun thennomagnetic 
treatment of the alloy involves aging at 640°C for 
40 min to I hr in a magnetic field of 2 KOe. The 
ferromagnetic phase is then elongated along the 
direction of the applied magnetic field, independent
ly of crystal orientation. Step-aging produces 
a beneficial microstructure, viz., the elongated 
ferromagnetic (Xl phase imbedded in the paramagnetic 
eX2 phase. The increase in coercivity by step-aging 
is found to be associated with a change in composi
tion of the two decomposed phases, the morphology 
of the iron-rich phase remaining unchanged. 

* In collaboration ,\ri th Professors /II. HOllIDla and 
H. Kaneko, Department of ~laterials Science, 
Faculty of Tohoko Uni versi ty, Sendai, 
Japan 980. 

1. H. Kaneko, ~r. Honum, K. Nakamura, ~l. Okada and 
C. cTI10mas, IEEE Trans. j\jag . .11., 1325 
(1977). 
2. M. Okada, /II. !-lomma, II. Kaneko and C. Thomas, 
34th Ann. Proc. EMSA, 606, 1976. 

c. lVIicrostructure and IIlagnetic Properties of 
FeCrCoV Alloys 

Y. Belli, ~l. Okada and G. Thomas 

Fe-Cr-Co-V alloys are ductile magnets 
not only because of their good magnetic properties 
comparable to those of Alnico 5, but they can be 
easily heat treated to produce optimum properties. 
111e present investigation involves studies of the 
microstructural changes of an Fe-23%Cr-lS%Co-S%V 
alloy with various heat treatll'ents. The magnetic 
domain structures of the alloy have also been 
observed by Lorentz microscopy so as to understand 
the magnetization reversal process. Three 
different heat treatments were adopted for the 
present investigation, viz., 1) isothenml aging; 
2) thermomagnetic treatment plus step-aging; and 
3) continuous cooling. The microstructure of step
aged alloys with optimum properties (Hc ~ 520 08) 
produces a rod-like Fe-rich phase elongated along 
the direction of the applied magnetic field, 30QA 
in diameter and 1200A in length. Continuous 
cooling which is an alternative methocl to produce 

Fig. 3. Bright field micrographs of the alloy at 
640° for (a) 3 min., (b) 20 min He ~100 Oe, 
(c) 2 hI' Hc ~160 08, (d) 20 hI' He ~12S Oe. 

(XBB 773-1699) 



optimum properties yields microstructures similar 
to those after step-aging. Lorentz microscopy 
revealed domain walls and these lie within the 
Cr-rich phase and pinned by the Fe-rich phase in 
the isothermally aged alloy at 650°C as shm\1[[ in 
Fig. 4. Magnetic domains of optimally step-aged 
alloy, 0.5 m in width, are elongated along the 
direction of the applied magnetic field. These 
results suggest that the magnetic anisotrophy is 
introduced parallel to the direction of the applied 
magnetic field during TMT and step-aging treatments. 

Fig. 4. Fresnel micrographs taken from the alloy 
aged at 650°C for 50 hr showing the domain wall is 
pinned by the al particles. (XBB 779-9126A) 

4 . DUPLEX STEELS 

a. Design of Duplex Carbon Steels for Imp~ 
Strength: Weight Applications 

J. Y. Koo and G. Thomas 

A duplex ferrite-martensite (DEM) steel is a 
two-phase alloy containing a controlled anount of 

18 

martensite in a ferrite matrix to develop the 
desired combination of strengt~ ductility and 
formability, utilizing the principles of fiber 
loading concepts. During the past several years, 
the DFM steels have received increasing emphasis, 1-4 
especially in the transportation industries. The 
strengthening principle of the DEM structure 
involves the incorporation of inherently strong 
martensite as a load carrying constituent in a 
soft ferrite matrix. The latter then supplies 
the system with the essential element of ductility. 

The principles of our alloy design programS are 
as follows: 

1) Obtain desirable mixture of (a + martensite) 
by phase transformation alone; 

2) control % C in martensite to "il. 3% 
(dislocated martensite); 

3) large slope in the A3 line; 
4) optimize the properties of the constituent 

phases. 

In the work done so far, the DFM alloy, of 
composition Fe/2%Si/0.I%C, showed superior tensile 
properties to a series of Cr and Mn DFlvl steels, 
and to some selective commercial HSLA steels 
including Van 80 (Fig. 1). In Fig. 2 is shown an 
optical micrograph of the fibrous DFM structures 
developed in Si containing steels. A magnified 
view of the individual martensite particles is 
shmvn in the composite transmission electron 
micrograph (Fig. 3). Stress-strain behavior of 
this new DFM steel includes high work hardening 
rate, smooth transition from elastic to plastic 
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Fig. 1. Tensile properties of the duplex 2%Si 
steel are compared with those of commercial HSLA 
steels. (XBL 766-9069A) 



Fig. 2. Optical micrograph of DFM structure 
developed in alloy 4 (Fe/2%Si/O.1C). 

(XBB 778-7551) 

Fig. 3. Transmission electron micrographs showing 
fibrous D}~l structures developed in the 2%Si steel. 
Two parallel needles are nurtensite phase 
surrounded by ferrite with a high density of 
dislocations. (XBB 778-7555) 

defornution, and high ratio of tensile/yield 
strength and good olongation to necking, as shown 
in Fig. 4. These characteristics are indicative 
of excellent formability in combination with high 
strength. The superior properties found in the 
2%Si DFM steel are attributed to the following 
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Fig. 4. Load-elongation (engineering stress
engineering strain) curves for the 2% DFJvl alloy 
with varying amount of martensite volume fraction 
(20, 40, and 60%), specimen 4A having 100% 
martensite, and Van 80. (XBL 777-5865) 

features; fine, fibrous and discontinuous 
distribution of martensite particles in a ferrite 
matrix, optimized properties of the constituent 
phases, and maintaining a high degree of coherency 
at the a/martensite interfaces. 

It is found that the impact properties of the 
various DFJvl steels (Fe/X/O .1C) are' strongly 
influenced by the connectivity, carbon concentra
tion, and volume fraction of martensite. Yield 
strength is determined by the flow stress of the 
ferrite, and is not affected by the strength of 
nurtensi te while ultimate strength is sensi ti ve 
to the martensite strength. 

High resolution TEM studies have shown that the 
a/martensite interface is coherent. Lattice 
imaging enables the carbon composition to be 
estimated from the fringe spacing-lattice 
paran~ter and it is found that, as designed, the 
martensite composition is 0.3% (See Fig. 5). 

1. S. Hayami and T. Furukawa, Micro Alloying 75, 
Symposium on High Strength, Low-Alloy Steels, 
Washington, D. C., 78, 1975. 
2. M. S. Rashid, SAE preprint 760206, Feb. 1976. 
3. J. Y. Koo and G. Thomas, !vIet. Trans. 8A, 525 
(1977). -
4. R. G. Davies, Ford Research Report #SR-77-29 
(1977) . 
5. J. Y. Koo, (Ph.D. thesis), University of 
California, Berkeley, LBL-6657, August 1977. 

b. Heat Treatment and Characterization of Duplex 
1010 and 1020 Steels 

M. J. Young* and G. Thomas 

&' 
~ 

This investigation concel~ing the heat treatment 
of duplex ferrite-martensite (DFJvD 1010 and 1020 
steels has been aimed at 1) examining the applica
bility of the "two-phase mixture rule" developed 
for composites, and 2) optimizing morphological 
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Fig. 5. Conventional bright field (a) and lattice image (b) of a 
aJmartcnsite interface in the 2%Si DFM steel. The lattice image 
(b) was taken from the area encircled in (a). Martensite 

creates the dlOl spacing in the martensite 
"F II-ferrite. The arrOlvs indicate the interface. 

factors. The rule for tlvO phase mixtures may be 
used as a fairly good approximation of the mechani
cal behavior of the dupJex system, irrespective 
of its morphology, composition, and heat treatments 
(Figs. 6 and 7). 
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6. Strengths and elongation ductility vs 
martensite fraction for intennediately quenched 
1010 and 1020 steels. As-quenched. (XBL 775-5410) 

(XBB 773-2297) 

Fig. 7. Strength and elongation ductility vs 
martensi te fraction of intermediately quenched and 
continuously armealed 1010. Open and closed 

delineate yield and tensile strengths, 
and total elongations. (XBL 775 - 5411) 

For the 1010 steel, the intermediate quench 
route enables strength/ductility combinations to 
be obtained that are superior to those obtained 
by continuous armealing. This result is explained 
in tenllS of the morphological differences between 
the two microstructures corresponding to each heat 
treatment. 1 



The property differentials between the duplex 
1010 and 1020 at equal volume fractions of 
martensite are due mainly to the higher carbon 
content (hence, higher strength) of the 1020 
martensite. As the strength of martensite 
increases, the total elongation is substantially 
decreased while yield and ultimate strengths, and 
uniform elongation are not significantly affected. 
Important metallurgical variables include sub grain 
formation, retained austenite, transformation 
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twinning and martensite fraction. Of these, the 
volume fraction of martensite appears to be the 
most influential in controlling the strength, 
ductility and impact properties of the duplex 
systems studied (Figs. 6 and 7). 

1. M. J. Young, (M. S. thesis), University of 
California, Berkeley, LBL-6620; also Ref. 1. 



lb. Ceramic Ailoy Program 

Gareth Thomas, Principal Inves 

1. t>1AGNETIC CERAMICS 

R. K. Mishra and G. Thomas 

The main research areas in ceramics center 
around processing and microstructure and properties, 
and their interrelations. In the following we 
outline our research activities on LiFeSOS, NiFeZ04, 
BaFelZ019 and Ca3GazGe30lz--all belonging to the 
ferrite class of ceramic materials. Fundamental 
studies of phase transformations, defects, 
material loss characteristics and surface energies, 
recrystallization and grain growth etc. are some 
of the topics currently under investigation. 

a. ~hterial Loss and Phase Transformation 

Lithium ferrite (LiFeS08) is a ferrimagnetic 
material with ma,ny attractive properties such as 
high Curie temperature, low resonance line widths, 
high electrical resistivity, square hysteresis 
loop, etc. These properties are, however, strongly 
dependent on the history of the sample. The 
samples lose appreciable amounts of lithia and 
oxygen at elevated temperatures and it is this 
material loss that has limited the application of 
lithium ferrite. The same is also true for many 
other ceramic materials. In the present program, 
we have studied the characteristics of material 
loss from the surfaces and have characterized the 
internal microstructural changes accompanying the 
mass loss in LiFes08. We have also estimated the 
surface energies of spinel structure compounds, 
and correlated them to the material loss 
characteristics of LiFes08 as well as pore 
geometries of sintered polycrystalline NiFeZ04' 
All these have finally been correlated to the 
properties of the material. 

b. Phase Transformations 

TIle order-disorder transformation at 7S0°C in 
lithium ferrite has been studied in detail by our 
group in the past. At this temperature, material 
loss is not a very severe limitation. But at 
temperatures above 1000°C, where these materials 
are sintered, material loss problems become quite 
severe. Accompanying the material loss, there is 
a phase transformation and the processes can be 
described by the reactions. 

Figure 1 schematically shows the progress of this 
phase transformation as observed by electron 
microscopy. TIle precipitation process starts at 
first at the surface of the samples due to an 
excess of cations (or deficit of oxygen) according 
to reaction (1). As the oxygen loss at the surface 
continues, the oxygen deficiency is gradually 
transmitted to the interior of the sample, and as 
a result, precipitation occurs throughout the 
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Fig. 1. Sketch to show the position of the LiFeOZ 
phase and the small culgle boundaries inside the 
LiFeS08 crystal as the phase transformation 
proceeds. The three stages ar~ dis~inguished by 
the microstructure-depth relatlOnshlps as shown. 

(XBL 76S-6875) 

sample (Stage I, Fig. 1). However, oxygen 
deficiency near the surface, is the most severe, 
and hence at this stage, there is more LiFeOz 
present near the surface than in the interior. On 
the other hand, the loss of lithia gradually 
causes dissolution of the LiFeOz phase, again 
starting near the surface. In Stage II (Fig. 1), 
the outer layer loses enough lithia so that the 
LiFeOZ dissolves back leaving behind the interface 
dislocations introduced during the precipitation 
process. Ultimately, even at the center of samples 
that are thin enough, only the spinel phase 
remains, with the remnants of the interface 
dislocations and the boundaries (Fig. 1, Stage III). 
Thus the phase transformations observed during 
the material loss can be regarded as being due to 
a competition between oxygen and lithia loss and 
must be taken into consideration during processing. 

The magnetic property changes accompanying the 
phase transformation have been correlated and the 
formation of coherent (or semicoherent) precipitates 
in the matrix improves the squareness of the 
hysteresis loop and the coercivity of these 
materials. However, for microstructures 
corresponding to Stage III, when the material is 
again a single phase spinel, the hysteresis 
properties are inferior. This and the poor. 
electrical resistivity (Fig. Z) for these IDlcro
structures are due to the material loss and the 
accompanying reduction of Fe+3 to Fe+Z state. It 
may be noted that the electrical resistivity, an 
asset of the microwave ferrites, is improved for 
the microstructures corresponding to the best 
hysteresis properties. 

The above results suggest a way to improve 
permanent magnet characteristics such as 
coercivity, (BFI) max' etc. by dispersing nonmagnetic 
precipitates in the magnetic ceramic matrix. At 
present, work is in progress to investigate and 
develop a precipitation hardened magnet by a 
dispersion of BaFez04 particles in BaFelZ019 
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MI CROSTRUCTURES 

Fig. 2. Variation of DC electrical resistivity of LiFesOS with 
heat treatment. Typical microstructures of the material are 
Sh01'ffi beneath the corresponding p values. (XBB 760-10725) 

permanent magnets through controlled heat treat
ment. 

In addition to the study of the effects of phase 
transformations on the static or low frequency 
hysteresis characteristics of soft ferri tes, we 
have started to investigate the effect of micro
structure on the dynamic high frequency properties 
of (CoNiZn) ferrites. By slow cooling these 
materials from below the Curie temperature, eo+Z 
ions can induce anisotropy. The restoring force 
on the domain walls is then increased and the 
magnetic Q paranleter as well as the technologically 
important vQ parameter are increased. It has 
been observed recently that this effect can be 
enhanced further by slowly cooling the samples 
from above the Curie temperature and thus 
decreasing the domain wall damping. The origin 
of this effect is believed to be due to oxidation 
of Fe+2 ions along the grain boundaries as well as 
the grain interiors, and consequent precipitation 
of Fe203. Work is under way to identify the Fe203 
phase and study the kinetics and crystallography 
of this transformation using electron microscopy 
and diffraction. 

c. W~terial Loss and Surface Energyl 

As the gaseous species leave the initially flat 
surface during the heating of a ceramic material 
at high temperature (such as during processing) , 
the surface becomes spongy. Depending on the 
initial crystallographic orientation of the 
surface, different surface topographies as Sh01'ffi 
in Fig. 3 result in the case of LiFe50S spinel. 
Analyses shows these topographies to be due to 
the preferential loss of material from {1l1} planes. 
Estimation of the surface energies of spinel 
structure compounds (Ref. 2), MgAlZ04, from 
analyses of the Coulomb interaction and Born-~~yer 
repulsion contributions yields highly anisotropic 
values: 4715, 3000 and 615.5 ergs/cm2, 
respectively, for {lID}, {lOO} and {Ill} surfaces. 2 
Phenomenological calculations from elastic constants 
data yield the values of surface energy summarized 
in Table 1. These calculations are consistent with 
the observation of octahedral shaped spinel single 
crystals and the topography of etched surfaces 
of MgAl204, LiFe50s, etc. where {Ill} planes are 
preferentially etched as shown in Fig. 4. An 
important corollary of these calculations is that 
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Fig. 3. Scam1ing electron micrograph of {Ill} and (B) {llO} surface of LiFeSOS heated for three hours 
in vacuwn at 1200°C. Note the spongy in (1\) with flat pore-bottoms and the growth step topography 
in (B) due to mass loss from {Ill} surfaces. [(a)XBB 7511-8376; (b)XBB 7511-S377] 

Table 1. Surface energy values estimated from 
elastic constant data. 

electron micrograph of a {Ill} 
in H3P04 at_195°C fo!, 15 min. 

(111), (111) and (111) are 
exposed (marked by the arrows) due to preferential 
etching of {Ill} surfaces. (XBB 760-10727) ~ 



a freshly cleaved unrelaxed surface should have 
two cation layers of different nature on the two 
free surfaces in IIIgAl204. TIlis prediction awaits 
experimental verification. 

TIle above calculations show that {Ill} surfaces 
have the lowest surface energies. This can be 
used to explain the surface topographies seen in 
Fig. 3 by asswning that the mass loss occurs from 
the low energy surfaces by a "surface energy" 
mechanism rather than an "evaporation" mechanism. 3 

In the latter case, in addition to the {1lI} planes 
in Fig. 3, several other low index planes should 
be ,exposed also. TIlese comments apply not only to 
LiFe 50S , but to all spinel structure materials. 
One other example is given below. 

NiFe204, doped with Co and Cu is used as a 
magnetostrictive transducer material for high power 
applications in the ultrasonic frequency range. 
In a systematic study of the relationship between 
the microstructure and the magnetoacoustic 
oscillation properties, the effect of one of the 
commonly neglected features, viz., pores, was 
studied. It was observed that the changes in the 
grain size are strongly coupled with the geometry 
of the pores and hence the processing parameters. 4 
TIle dependence of the magnetomechanical coupling 
coefficient as shovm in Fig. 5 on the grain size 
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is contrary to what one expects, since theoretically, 
single crystal material should have the highest 
value of a. The magnetization and hysteresis 
data also confirm that the dominant microstructural 
feature that affects the magnetic properties is not 
the grain size. TIle only other variable in the 
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Fig. S. Plot of magnetomechanical coupling 
constant (a) vs average grain diameter. 

(XBL 774-5364) 

Fig. 6. Transmission electron micrograph 
the geometry of pores in (a) small grain 
and (b) grain materiaL (XI3B 774-3516) 

microstructure as seen by electron is 
the pore shape as Sh01Vll in Fig. 6. 
is determined by the material loss 
is very anisotropic in nature. Thus these results 
indicate that the processing variables can be 
tailored to change in pore geometry that in turn 
would serve as a microstructural variable for 
controlling the properties. 

1. R. K. Mishra, (Ph.D. thesis), University of 
Califomia, Berkeley, LBL-5759. 
2. R. K. r.lishra and G. TIlomas, J. f\ppL Phys. 
48 4576, LBL-6030. 

R. K. Mishra, O. Van del' Biest 811cl G. Thomas, 
J. Ceramic Society (in press) 1977, LBL-5146. 
4. R. K. r.lishra and C. Thomas, . ConE. 
1977, Proc. IEEE 13 1354, 1977, LBL-609S. 



d. Magnetic Bubble Materia1s--~ticrostructure & 
Microsegregation in Substrate Garnets 

R. K. Mishra and T. Roth 
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Ferrimagnetic garnets are prime candidates for 
thin film bubble memory devices. For such 
applications, single crystal magnetic garnet films 
are usually grown on nonmagnetic ceramic substrates 
such as Gd3GaSOlZ' Recently Ca3GaZGe30l2 (CGGG) 
has also been demonstrated to be an alternative 
substrate garnet material. Defects and inhomogeities 
in the substrate materials are easily replicated 
in the epifilms and subsequently lead to device 
degradation. Very little is lmown about the 
microstructures of substrate and the epi1ayer 
garnets and their role in such occurrences, and the 
object of this research is to characterize and 
understand defects-property relations. 

~hlch effort has gone into the study of disloca
tions in various garnet structure compounds using 
techniques such as 1) optical birefringence, 
2) etch pit and decoration techniques, and 3) x-ray 
topography, etc. None of these have the resolution 
to provide information on a microscopic scale. 
The few attempts by electron microscopy have been 
hampered by the difficulties in obtaining suitable 
diffracting conditions for analysis. We have used 
the special contrast conditions (high order bright 
field and weak beam methods) to investigate 
dislocations. Figure 7 shows the contrast from a 
pair of dislocations in two different diffracting 
conditions. The computer image profile at X in 
Fig. 7(a) is shown in (c). From detailed tilting 
experiments and comparisons with the calculated 
image profiles, it is concluded that dislocations 
A & B are mixed in character and have Bergers 
vectors l/Z [l1l] and 1/2 [111], respectively. No 
evidence of dissociation is seen. 

Inhomogeneous regions as in 8 are very 
frequently seen in CGGG. These range from 1000 to 
5000 A in size. Detailed stereo microscopic 
analyses show that the bright patch P has a 
spherical shape and is surrounded by a cylindrical 

region Q which from the contrast suggests that it 
is rich in a heavy element. The inclusions do not 
give rise to any detectable scattered intensities 
in the selected area diffraction pattern in any 
orientation of the matrix and thus are interpreted 
to have the garnet structure. There is a sharp 
boundary separating Q from the surrounding matrix 
and no strain contrast arising due to the inclusion 
is detected. Contrast analysis lead us to interpret 
them as voids. It is suggested that such inclusions 
are due to microsegregation of one of the components 
in the material. Assuming the activation energies 
for the formation and migration of a vacancy-atom 
(V-A) pair to be low, such a pair would form and 
diffuse through the lattice easily, segregating to 
form a large cluster. Eventually, when enough V-A 
pairs have combined, the vacancies dissociate and 
accumulate to form voids, which the atoms segregate 
around them. Work is in progress to determine the 
nature of the segregating atomic species and 
determine the dependence of the complex chemistries 
of the systems and the segregation phenomena. 

Fig. 8. Bright field image of an inclusion in CGGG 
consisting of a spherical void (P) surrounded by 
a cy1inderical region (Q) richer is a heavy element. 
The dislocation images (C) are smeared out due 
to multibeam interaction dynamical contrast. 

(XBB 779-6466) 
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Fig. 7. (a) and (b) one high order bright field images of two isolated 
dislocations A and B; (c) is the calculated image profile corresponding 
to point X (center of the foil), and for an undissociated dislocation 
with b = 1/2[111] in GGG. (XBB 779-9469) 



Z. REFRACTORY CERAMICS - SILICON NITRIDE AND 
SIALONS* 

a. Intergranular Phases 

D. R. ClarkeT and G. Thomas 

The potential advantages of refractory ceramics 
for high temperature applications such as turbines, 
liquid metal containers are well recognizedl since 
they have very attractive properties (high modulus: 
density ratios, high melting points, oxidation 
resistance, etc). However, due to fabrication 
difficulties the use of hot-pressing additives such 
as MgO or YZ03 are needed and the properties at 
high temperatures are impaired. It has been 
proposed that the impairment is due to the 
formation of an intergranular phase, probably 
glassy as a result of the formation of silicates of 
crystalline oxy-nitrides. Attempts to prove this 
directly failed until high resolution TEM was 
adopted. Z The problem of resolving intergranular 
phases and whether they are amorphous or not is 
not trivial. From an electron microscopy viewpoint 
therefore, the following features at grain 
boundaries require characterization: 1) detecting 
the intergranular phases and their distribution, 
Z) determining whether these phases are crystalline, 
and 3) determining their chemical compositions. 

From a morphological vie~~oint it is essential 
to choose the proper orientation conditions as 
sketched in Fig. 1. Under conventional imaging 

Fig. 1. Contrast conditions to detect intergranular 
phases; grain boundary must be oriented parallel 
to incident beam with strong Bragg excitation 
simultaneously in both grains. Lattice images can 
be obtained of diffraction planes corresponding to 
gl and gZ' (XBL 778-5991) 
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conditions the Lrain boundary should be viewed 
edge-on with simultaneous strong Bragg excitation 
in adjacent grains. The contrast from inter
granular phases if present and resolved depend 
upon whether they are amorphous or crystalline. 
Amorphous phases (most probably silicates) 
generally appear in light contrast (low atomic 
number-mass thickness contrast) as shown in Fig. 2. 
Dark field imaging of the grains, although 
difficult, is preferable to enhance grain boundary 
interphase contrast. However, the failure to 
detect intergranular phases by this method (good 
down to about 20 A or so) does not necessarily 
mean that no intergranular phase is present. One 
must then resort to high resolution lattice or 
structure imaging. This work must be done currently 
at 100 kV due to the inferior resolution 
capabilities of our 650 kV microscope, but with the 
addition of a new 1.5 ~~V instrument capable of 
lattice imaging to 2 ;\ resolution, solution of 
these problems will be facilitated greatly. 

The analysis of the state of the intergranular 
regions, i.e., amorphous or crystalline requires 
microdiffraction. While the resolution in selected 
area diffraction for a given spot size is chiefly 
limited by spherical aberration and scattering 
angle ~ ~ Caa3 and is greatly improved at high 
voltages, microbe am analysis using STEM capabilities 

Fig. 2. Bright field image corresponding to Fig. 1 
showing intergranular phase and the diffraction 
conditions. SAD B is from grain B and SAS A is from 
both the grains at A. Width of the intergranular 
phase decreases as indicated. (XBB 778-7954) 



is essential since we have found the distribution 
of intergranular phases to be very heterogeneous 
(concentrated chiefly at triple-points) and these 
regions are spatially very small. Thus unique 
identification of the crystallinity or non
crystallinity of the intergranular region is beyond 
the capability of SAD. Clearly, it will be greatly 
advantageous for l:fVEM and STEM to be applied to 
these problems. Again at the present time at 
Berkeley we are limited to 100 kV STEM work in 
collaboration with R. H. Geiss. 3 The results of a 
detailed study of Y203 hot pressed Si~~4 show the 
situation to be quite complex as both crystalline 
and glassy phases exist at the intergranular 
regions4 and it required HREM lattice imaging in 
order to show this [Fig. 3(a)]. STEM work has 
revealed that these phases act as a siru< for 
impurities as the x-ray microanalysis of Fig. 3(b) 
shows. 4 This result indicates the possible reascn 

(B) 
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for the high temperature failure due to the lower 
softening temperatures expected for impure phases 
compared to solely Y203-containing phases. 

* Supported by NSF. 

t Now at North Arnerican Rockwell, Science Center, 
Thousand Oaks, CA. 

1. See, for example, K. H. Kack, J. tvlaL Sci. 11, 
1135 (1976). 
2. D. R. Clarke and G. Thomas, J. Arner. Ceram. 
Soc. (1977), (in press) . 
3. D. R. Clarke and R. H. Geiss, 35th B1SA Proc. , 
Boston, 1977, p. 146. 
4. D. R. Clarke and G. Thomas, J. Arner. Cen:m. 
Soc. (1977), (in press). 

b. Structural Analyses - Sialons 

T. M. Shaw and G. Thomas 

Jackl has shown that Si3N4 is easily modified 
by cation replacement of Si (e.g., MgBe) and anion 
replacement of N (e.g., O) to form a promising class 
of ceramic alloys, the Sialons (so named after the 
original silicon-aluminum-oxygen-nitrogen systems) . 
X-rrY analysis has shown that many polytypes can 
exifst in these "alloys" and again electron micros
copy is proving to be extremely valuable in 
sorting out some of the complexities. 

Extensive polytypism in which the variable unit 
cell dimension is determined by composition has 
been reported in a number of so called sialon 
ceramics. 2 X-ray analysis suggests that the 
polytypes are based on the wurtzite structure only 
with a regular insertion of a cubic stacked layer 
to accommodate an excess of one atomic species. 
TIle periodicity of the cubic stacked layers then 
deternrines the composition and unit cell of the 
polytype. Direct imaging of periodicities in the 
close packed stacking enables regions of one 
polytype structure to be identified and disorders 
and intergrowth between two structures examined. 

Fig. 3. (a) A lattice fringe image showing a third 
phase between two grains of S-Si3N4 and YSiON. Note 
the discontinuity of lattice fringes at the inter
phase boundary, 100 kV. (b) Microanalysis trace 
obtained from an oxynitride phase. Note the pres
ence of transition and alkali elements as impuri-
ties. [ (a)XBB 776-5855; (b)XBL 776-9192] 
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Fig. 4. (a) Lattice fringe image from a polytype of MgSiAlON showing 32 A fringe periodicity. The 
ulari ties in the fringe spacings are clue to disorder in the polytype stmcture, 650 kV. (b) Lattice 
image from Be9Si3NlO with the periodicity corresponding to the close packed planes. Note the change in 
contrast in every fifth fringe in this l5R polytype, and the deviation from ideal structure at A with 
6 fringes in one "block." [(a)XBB 776-7955; (b)XBB 776-7956] 

In Fig. 4a a 32 A periodicity in a grain of 
lvlagnesiwn Sialon polytype structure has been imaged 
using the Hitachi 650 kV microscope at Berkeley, 
indicating that a neH polytype structure in 
addition to the l2H detected by x raysl exists at 
this composition. 

By directly imaging the close packed planes 
details of stacking in the close packed direction 
can be found. In Fig. 4b, the individual close 
packed layers in a Be9Si3NlO 15 R polytype have 
been recorded. The appearance of a darkened fringe 
every fifth fringe gra~hically confirms the 
suggestion by Thompson that a cubic stacked 
of different composition occurs every fifth close 

packed layer in the l5R stmcture. from 
the ideal polytype structure are also 
seen as in the block of 6 instead in 
Fig. 4b. ~lore details are obviously revealed as 
the resolution is improved and structure imaging 
helps indicate the details of the atomic 
in localized regions. 3 

1. See, for 
1135 (1976). 
2. D. P. Thompson 
3. T. lvl. Shaw 
published) . 

, K. I-I. Jack, J. Mat. Sci. 11, 

J. IIjat. Sci. 11, 1377 (1976). 
G. Thomas, Science, (to be 



c. High Resolution Electron Microscopy 

Gareth Thomas, principal Investigator'" 

Introduction. 111e obj ect of the present program 
is to identify the localized variations in structure 
and composition that are responsible for the 
behavior of alloys. Much of the present under
standing of these imperfections has been deduced 
from conventional transmission electron microscopy 
evidence, viz., bright field and dark field images 
as well as selected area diffraction patterns 
from regions of the specimen that are very much 
larger than the imperfections of interest. A 
considerable increase in resolution can be obtained, 
however, by forming a direct image of the specimen 
through a recombination of two or more scattered 
beams. In this way advantage is talcen of the 
simple principle from Fourier optics that a lens 
produces a (less than perfect) Fourier transform 
of the object. For the proper orientation and 
thickness of the specimen, and at a precise value 
of accelerating voltage, objective lens current and 
stigma tor fields, an image way be formed of the 
actual diffracting species (i.e., the atoms 
themselves) comprising a specimen. Because lenses 
are less than perfect however, high order 
reflections are eliminated from the image forming 
process, resulting in an effective truncation of 
the higher order components of the Fourier 
transform. The extent to which such an image 
actually represents the specimen must be judged 
on the basis of dynamical calculations using 
electron scattering theory. This, in short, is 
the status of current applications of high 
resolution electron microscopy in materials science. 

When utilized in the study of close-packed 
materials such as metals and alloys, the truncation 
of higher order components during Fourier image 
formation necessarily becomes rather severe. The 
applications presented in the following swnmary 
articles are examples that ,have been obtained at the 
resolution limit of current generation transnnssion 
electron microscopes. These lattice images 
contain one-dimensional detail at the atomic level 
and reveal not only structural imperfections but 
also local chemical changes that induced local 
changes in lattice parameter wi thin the specimen. 
Clearly as new generation microscopes operating at 
higher voltages become available, more detailed 
representations of the structure of metals and 
alloys will become routinely possible. This work 
represents a first step tQ1,\'ards complete atomic 
characterization of such materials. 

* Ron Gronsky, Staff Scientist 

1. DIRECT OBSERVATIONS OF PLANE MATCHING BY LATTICE 
IJI1AGING ELECTRON MICROSCOPY* 

R. Gronsk/ and G. Thomas 

The plane matching (P!Vl) model of grain boundary 
structure was originally proposed by Pumphreyl 
in order to explain certain transnnssion electron 
microscopy (TE1\1) observations of periodic contrast 
features at grain boundaries. The basic premise 
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of this model is that the matching of a set of 
close-packed planes across a grain boundary results 
in a low energy configuration. Since the matching 
is brought about by a periodic array of defects, 
it is reponsible for a characteristic structure 
within the boundary. 

Subsequent applications 2 of the PM model to the 
description of grain boundary structures have met 
with success. Nevertheless each of these studies 
has had to rely heavily upon indirect evidence 
(viz., electron diffraction information) due to the 
linn ted spatial resolution of the involved TEM 
techniques. The purpose of the present research 
is to demonstrate an exact verification of plane 
matching conditions at a grain boundary utilizing 
high resolution electron microscopy. The proof is 
based upon a direct image of the mismatched atomic 
planes. 

Periodic structural features observed within 
grain boundaries by TEM are given a simple optical 
representation in the PM theory.l 

Idealizing the set of mismatched atomic planes 
on both sides of a boundary as a pair of optical 
gratings, the boundary region itself is depicted 
by their overlap (Fig. 1). Consequently the 

p 

Fig. 1. Optical analogue for the plane matching 
model. The G~ire pattern of spacing d is produced 
by overlapping gratings dl ffi1d d2 misoriented bye. 
The angle between the Moire bands and the fringes 
of grating 1 is p. (XBL 7611-7802) 



observed linear contrast features at the boundary 
may be visualized as a ~bire effect. 

In general the spacings dl and of the two 
misoriented lattices need not be the same, and as 
shown in Fig. 1, when rotated by an angle e the 
overlapping gratings give rise to a :tvbire fringe 
pattern of characteristic spacing: 

Furthermore the rotation angle (p) between the 
Moire fringes and the fringes of grating 1 may be 
computed as: 

sin p 

In order to test the theory, an AJ-9.5 at %Zn 
alloy was fabricated and aged to encourage grain 
boundary precipitation. Regions of precipitate/ 
lnatrix interfaces at grain boundaries (satisfying 
dl *' d2) were surveyed and imaged in a til ted 
illumination mode. The objective aperture included 
only one strongly diffracted beam from each of the 
regions ot be imaged as well as the transnritted 
beam. 

The lattice image shmvn in Fig. 2(a) is an 
example of the type of nricrograph used for analysis. 
Diffraction conditions are sho~~ in Fig. 2(b). TIle 
figure includes simultaneous i~ges of the (200) 
planes from matrix [1], ~he (1120) planes of the 
rhombohedrally distorted Zn-rich precipitate (P), 
and the (200) planes (at much lower visibility) 
from matrix [2]. 
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Fig. 2. (a) High resolution image of lattice planes 
within grains [1] and [2] as well as grain boundary 
precipitate [Pl. (b) Diffraction conditions used 
in (a). (XBB 767-6532) 

Using the highly visible fringes in grain [1] 
as a magnification standard, their spacing3 (2.02 A) 
By comparison the precipitate fringes were found 
to be spaced 2.09 ± O.OlA, indicative of a higher 
Zn content. 

The rotation angle e between matrix [1] and 
precipitate (P) fringes was detennined from both 
lattice image and SAD [Fig. 2(b)] measurements to 
be 9.2 ± 0.1°. Applications of the lvbire formulae 
given above allowed the measured spacing (d) and 
rotation angle (p) of the boundary structural lines 
t116n to be compared with the calculated values 
(see also Fig. 1), as follows: 

d meas. 12.2 ± 0.5 A d calc 12.4 ± 0 . 2 A 

p meas. 106.S±0.SO p calc 107 ± 1° 

The results are in excellent agreement. At this 
level of resolution, tilting e~Jeriments failed 
to reveal the presence of any other structural 
lines within the boundary region. 

TIle structural nature of the apparent Moire 
fringes is revealed in Fig. 3 that is a high 
magnification image of the boundary region in 
Fig. 2(a). Here it is seen that continuity of 
mismatch is observed within the high density lvbire 
bands as evidenced by the presence of terminating 

Fig. 3. Enlargement of the interphase boundary in 
Fig. 2. Open arrows indicate tel1llinating fringes 
in optically dense regions. (XBB 767-6627) 



(arrowed). These terminations furthermore 
suggest that misorientation dislocations with a 
Burgers vector equal to the 
be associated with the 
ment with the P~1 theory. 

* supported by NSF Grant DlIlR 72-03269 1\01 

tpublished in Scr. ~1etall. lIe' 791 (1977), LBL-660Z. 

1. P. II. Plunphrey, Scr. !I1etall. 6 
2. P. H. Pwnphrey, Scr. !I1etalL 
3. A. V. Dobromyslov, Phys. jl1et. 
(1972) . 

2. IIIGII HISOLUTION J\i\JALYSES OF CHAIN BOUND1\HY 
HEACTIONS 

H. Gronsky* 

Because most cOllullercial materials are poly-
crystals, their determined 
by the presence or phase 
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trcUlsfonnation products at grain boundaries. The 
present study has been directed towards identifying 
the atomic mechanisms underlying such boundary 
reactions. Experimentation has so far involved 
lyell-characterized binary of AI and Zn in 
order that the research may questions of 
a purely flmdamental nature. High resolution 
electron microscopy has been applied throughout 
the investigation, successfully providing atomic
Ievel detail about the localized structural and 
compositional variations accompanying grain boundary 
reactions. These resu1ts are sLUmnarized below. 

Heterogeneous Nucleations. I\s in the study of 
spinodal decomposition (article 3), lattice 

has been used in this research to enable 
measurements of interplanar sepcrration in 

of grain boundary reaction fronts 
1) . llK:thod has revealed the presence 

composition profiles (fig. 2) and/or solute 
enrichment to \vithin -S to lOA of the boundary 
plane. It \Vas fmmd during this study that the 
orientation of the grain boundary plane, rather 
than specific lattice defects at the boundary 
(Fig. 3) \Vere most influential in determining 
active sites for heterogeneous nucleation of the 
Zn -rich phase. In particular, grain bOlmdaries 
that \Vere parallel to a fcmuly of low index atonuc 
planes in either were highly 
favored as reacbon fronts. Boundaries parallel 
to a {ill} matrix trace \Vere furthermore found to 
enhance reaction kinetics. 

Discontinuous Precipitation. T11e R-phase dis
continuousprecipitation reaction in the JU-Zn 
system has caused difficulty in interpretating 
diffraction evidence for quite some time. l The 
reaction proceeds by the of alternating 
lamellae of the 1\1- rich matrix phase and the 
R-phase. These lamellae cluster in colonies and 
grow LU1til , at which time complex 
splitting of ons is seen in diffraction 
patterns. The origin of these effects are clearly 
revealed however, by resolution 
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Fig. 1. Lattice image of a grain boundary 
precipitate in an JU-9.S at %Zn alloy aged 30 min 
at 180°C; (a) low magnification and (b) enlargement 
of the boxed region on which compositional analysis 
(Fig. 2) \Vas performed. (XBE 7611-10S14) 
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Fig. 2. Plot of fringe spacing vs distance for 
region of Fig. l(b) above. Each measurement 
included 10 fringes (error has shown on first data 
point). The presence of a composition gradient is 
clearly revealed. (XBL 7611-7804) 
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Fig. 3. (a) Aligned equiaxed precipates along the 
dislocations comprising a pure tilt boundary. 
(b) Hemispherical cap morphology of grain bOlmdary 
precipitates that do not appear to be influenced 
by the dislocation net. Aging conditions identical, 
orientation of the boundary plane varied. (XBE 7611-10521) 

Figure 4 shows the lattice image of an R-phase 
interlamellar boundary. Direct measurement is 
possible from the micrograph and indicates that 
the {Ill} planes within neighboring lamellae are 
misoriented by 2.0 ± 0.5 0

• Images of this sort 
also show that mismatch strain is accommodated 
by structural relaxation within the bowldary, 
allowing identification of the defects present at 
lamellar terminations (Fig. 5) to be accurately 

made. 

"'Ph.D. thesis, LBL-S784 
1. K. N. Melton and J. IV. Edington, J. Mat. Sci. 

~, 1457 (1974). 

Fig. 4. Lattice image at VICllllty of an R-phase 
misorientation 

measurement. 
(XBB 767-6533) 

lamellar A 
(~2°) is detected by direct 

Fig. 5. Bright field (a) and weak beam images 
of an R-phase lamellar termination that 
misorientation is abruptly acconmlodated by a single 
lattice dislocation (arrowed). (XB13 7611-10517) 



3. LATTI CE IlVlAGING STUDI ES OF SPINODAL 
DECOMPOSITION 

C. K. Wu, R. Gronsky and G. TIlomas 

This research is part of a continuing program 
on the fundamental analysis of phase separation by 
spinodal decomposition. Although the theory 
describing this transformation process is 
essentially complete, there are serious deficiences 
in the area of experimental characterization. 
Conventional methods, e.g., x-ray diffraction, 
resistivity measurements and transmission electron 
microscopy lack the spatial resolution necessary 
for a close examination of the decon~osition 
process; therefore, the accuracy of existing 
theories cannot be tested. 

At present, there are two major areas of 
interest: 1) localized composition ~)litude 
(as well as wavelength) as a function of aging 
time, and 2) interfacial structure at the latter 
stages of aging. The only experimental method 
capable of providing acceptable levels of 
resolution for these studies is lattice imaging 
electron microscopy. 1 By monitoring the inter
planar separation reflected in the lattice image, 
composition and structural effects due to atomic 
lattice modulations can be directly observed. TIlis 
technique furthermore has the potential for 
revealing the full range of harmonics present in the 
modulated lattice. These harmonics are inevitably 
averaged out and therefore undetected by other 
techniques. 

Figure 1 is an exan~le of a lattice image of a 
spinodally decomposed Au-53 wt% Ni alloy aged 1 hr 
at 150°C. TIle fine fringe structure represents the 
(200) lattice planes of this material, which are 
modulated in spacing as shmm in Fig. 2. These 

Fig. 1. Lattice image of (200) planes in a Au-53 
wt% Ni alloy aged 1 hr at 150°C. TIle large scale 
dark/light contrast is typical of a modulated 
microstructure imaged under two-beam conditions. 

(XBB 770--10853) 
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Fig. 2. Smoothed plot of fringe spacing vs. 
distance along Fig. 1 above, ta1,en from micro
densitometer data. TIle estimated wavelength is 
29 ± SA, and the estimated lattice parameters are 
aoAu ", 3.9 ± O.lA, ao

Nl '" 3.7 ± 0.1 A. 
(XBL 7711-6341) 

data indicate directly that the composltlOn wave
length (pea1z-to-peak) is 29 ± SA at a maximum 
amplitude of S 10%. 

At the later stages of aging, the initially 
diffuse interphase interfaces sharpen due to 
composition wave squaring. Lattice.imaging also 
has much to reveal about this microstructure as 
shown in Fig. 3. 

The top low magnification micrograph shows the 
coarsened microstructure of a commercial Cu-Ni-Cr 
spinodal alloy after aging 808 hr at 600°C. Three 
precipitates can be identified in the image. The 
boxed rectangular area is enlarged to show the 
fringes in the lower left-hand micrograph. A laser 
optical diffractometerl has also been used to 
obtain diffraction information from the image. 
Letters A- F marked in the top micrograph indicate 
the places where an optical aperture (size ~120A) 
was located to produce the corresponding optical 
diffraction patterns mounted on the lower right of 
Fig. 3. When the aperture san~led a single phase 
region (e.g., Cu~rich, as in D or Cu-poor, as in 
B and F), single diffraction spots were observed as 
expected. However, the diffraction infonnation 
from the interfacial regions suggest that three 
distinct types of interface are present. Their 
characteristics are: 

1) a sharp, discontinuous change in lattice 
spacing as in A (split diffraction spots) ; 

2) a diffuse, continuous change in lattice 
spacing as in E (horizontally broadened 
spots) ; 

3) a modulated change iIi lattice spacing as in 
C (satellite diffraction spots). This 
latter observation is quite uneA~ected and 
deserves further investigation. Notably, 
this level of detail is not possible with 
other experimental teclmiques. 

1. R. Sinclair, R. Gronsky and G. Thomas, Acta !viet. 
~, 789 (1976). 
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Fig. 3. Lattice image analysis of a commercial Cu-Ni-Cr spinodal 
alloy after aging 808 hr at 600

0 C. Three different types of inter-
faces are revealed (see text for details). (XBB 777-6713) 

4. DETERMINATION OF LOCAL COMPOSITION BY LATTICE 
IlvlAGING* 

R. Sinc1airt and G. Thomas 

An assessment has been made of the potential for 
direct lattice imaging to be used for the 
determination of local chemical composition in 
alloys by localized lattice parameter measurements. 
The principle involves correlation of electron 
microscopy lattice fringe image spacings with 
composition. This method allows lattice parameters 
to be measured over highly localized areas. For 
instance in t)~ical metallurgical studies an 
accuracy of ± 1% may be achieved over 10 A, while 
averaging over 30 A involves an uncertainty of 
± 0.3%. In order to obtain higher precision the 
resolution of the method must be sacrificed. 111is 

situation implies that, in appropriate systems 
where there is sufficient variation of lattice 
spacing variation with composition (da/dc), 
information can be obtained on composition in 
highly localized areas. 11ms in an alloy with 
da/dc ~ 0.16, composition differences of only ~3% 
can be detected with a resolution of 20 A. This 
should prove to be particularly important for 
interstitial solid solutions. In addition the 
results indicate that for many cases the method both 
has higher resolution and is more precise than 
currently available, alternative analytical 
techniques. While the results are very encouraging, 
the role of electron optical and lattice constraint 
effects must be examined in more detail to allow 
general application of the method, especially for 
the case of multiphase systems involving large 
interfacial strains. 



* LBL 6050, ~bt. Trans. Anrr~ (in press). 

t Nmv at Department of :iIlaterials Science and 
Engineering, Stanford Uni v. Stanford, Cali fomia 
94305; research supported by NSF. 

5. BEi\\j ENHANCED OXIDATION IN mE TRAN~lISSION 
ELECTRON ~lICROSCOPl'* 

UIrich Dahmen';' 

In common use of transmission 
(TUO for studies of materials, 

the effect of a conventional 100 kV electron beam 
on the morphology and diffraction phenomena in 
thin metal foils has been widely neglected. This 
study ca1ls attention to the importance of beaJl1 
enhanced oxidation as a source of serious 
misinterpretation of electron micrographs. A 
variety of tecJmiques, with particular emphasis on 
high resolution, have been used to demonstrate the 
grmvth and morphology of oxides on thin foils. 
AI though this study is limited to FeAl, spontaneous 
or beam oxidation is observed in a number 
of 

Figure 1 shows a high density of sma1l domains 
that have grmvn in the limited area exposed to the 
beam. TIlese domains can be identified as an fcc 

Fig. 1. Dark field image of surface oxides after 
60 min beam e}q)osure. Fe-20%Al; foil normal [llO]. 

(XBB 77ll-124l5) 
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oxide ph ase wi tll a lattice parameter of ~ 8.1 A, 
in epitaxy with the matrix. The observed orientation 
relationship is of the Nishiyama-tvassermmm type. 3 
Oxide growth is most rapid on {llO} surfaces for 
which the N-\v relationship allows two orientation 
variants. Both variants are observed in the latter 
stages of oxidation while only one is found in the 
early stages. 

Figure 2 is a high resolution dark field micro
graph of an advanced stage of oxic1a tion. TIle 
large domains are clearly oxides. They are elongated 
along ( 110). Among them a high density of sma1l 
isometric low intensity domains is seen that can 
be due to either ordering or oxides. 

Fig. 2. Same area as in Fig. 1 at high resolution, 
showing oxide morphology and ordered domains. 

(XBB 7711-12416) 

Figure 3 shows two time sequences of a {1l0} 
diffraction pattem at +20°C and -195°C under other
wise identical conditions. Diffuse diffraction 
spots due to oxidation are very close to, or 
superimposed on, superlattice reflections caused 
by D03 short rrulge ordering. In both cases, the 
{1lI} oxide varirult is initially preferred. TIns 
crumot be explained by strain energy considerations 
and is more likely due to the anisotropy of inter
facial and surface energies. The reaction has a 
very small thermal activation energy (about 
1 kcal/mole) since the kinetics are relatively 
insensitive to tempera.ture in the range from +20°C 
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Fig. 3. (Left) T ~ +20°C; (Right) T '" -195°C (1l0) diffraction 
pattern of ordered FeAl after 2, 10 and 30 min beam exposure. 
Note growing intensity of (Ill) oxide zone (indicated by 
lines). (XBB 7711-12417) 

to -195°C. Because of the closeness of the oxide 
and superlattice reflections, ordered domains and 
oxide islands cannot be distinguished by conven
tional dark field imaging. 

Figure 4 shows a high resolution fringe image of 
the surface oxide. Spacings and directions of the 
fringes correspond to those of {1l3} oxide lattice 
planes. A misorientation of ~2° can be directly 
observed between adjacent domains. The underlying 
superlattice has a similar spacing, but does not 
show any rotational misorientation. 

The main contaminant of the microscope vacuwn 
is H20 vapor. Thus, the mechanism of oxidation is 
likely to be the cracking of adsorbed H20 molecules 
by the electron beam and their reaction with 
surface atoms. l ,2 

An awareness of these effects is particularly 
important for the correct interpretation of high 
resolution electron micrographs. Due to the 
higher electron flux needed for lattice imaging, 
surface oxide fonnatioll is more likely to occur. 
However, as shO\\1ll by this study, surface oxide 



Fig. 4. Phase contrast image resolving (113) oxide 
planes (2.5A) and (200) superlattice planes (2.9A). 
Small misorientation between oxide islands 
(encircled areas). (XBB 7711-12418) 

effects can also be readily identified with the 
proper choice of lattice imaging conditions. 

* Supported by the Fulbright Commision through the 
German Academic Exchange Service 

i'Recipient of Electron Ivlicroscopy Society of 
American Student Fellowship Award, 1977. 

1. V. Margoninsky, D. Segal and R. E. Kirby, Sur. 
Sci. 43, 488 (1975). 
2. W-:-Ranke and K. Jacobi, Surf. Sci. Q, 525 
(1975) . 
3. S. H. Chen and U. W. Morris, Met. Trans. 8A, 
19 (1977). 

6. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Gareth Thomas 

a. Microstructure, Properties and Alloy Design 

Structural Steels. It is clear now that the 
options available for microstructural control to 
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produce strong, tough structural steels are limited, 
viz., to start with a homogeneous y phase that is 
quenched to form dislocated lath martensitic 
structure dispersed with fine carbides and decorated 
with interlath films of stable retained austenite. 
Our continuing studies are aimed at fully exploiting 
the retained austenite for improved properties. 
One of the objectives is to study alloying that 
promotes stability in austenite without inducing 
transformation twinning in the matrix martensite. 
other objectives will be to expand our understanding 
of the role of alloying on thermal instability 
temperature of austenite and the coarsening kinetics 
of cementite in order to defer the onset of 
tempered martensite embrittlement. Since the 
experimental steels are designed for adequate 
hardenability, it will be attempted to obtain the 
desired microstructure simply by air hardening. 
Other properties of conrnercial interest including 
fatigue, corrosion behavior and especially i-fear 
resistance will also be investigated. 

On a fundamental basis, a stronger carbide 
forming element than Cr, for example, Ti will be 
used in the Fe/Cr/C system in order to isolate the 
indi\~dual roles of prior austenite grain size and 
undissolved alloy carbides on deformation and 
fracture properties of martensitic steels. 

Duplex Alloys. 1) Optimizing the microstructure 
and mechanical properties of Fe/Si/C dual phase 
steels investigating the following: effect of 
silicon content on tensile and impact properties; 
shape and distribution'of two-phase microstructures 
and a fundamental understanding of structure
property relations in the systems. 2) Structure 
and properties quaternary Fe/Si/X/C (X being Mo or 
V) dual phase steels. The important problems to 
be investigated are a) the effect of carbide 
precipitation on the mechanical properties of DFM 
composites; b) investigation of the possibility 
of lowering volume-fraction of martensite by 
substituting secondary strengthening (e.g., carbide 
precipitation) and comparisons between structures 
derived from slow and fast quenching. 
3) Characterization of dual phase structures in 
ternary Fe/Al/C and Fe/~b/C steels. This program 
aims to establish the structure-property relations 
in DFM Fe/AI/C and Fe/Mo/C steels in comparison 
with those in the Fe/Si/C system. 4) The 
principals of DFM steels should have wider applica
tions than for transportation. However DFM alloy 
design for thicker section applications requires 
increased hardenability, e.g., through Boron 
addition so as to slow down the kinetics of y 
decomposition. Thus a series of steels containing 
boron will be studied to establish appropriate 
structure-property relations. 

Spinodal Alloys. Fe/Cr/Co alloys exhibit good 
magnetic properties, but the mechanical properties 
of these alloys have not as yet been studied. It 
is important to know the mechanical properties of 
these alloys at various stages of the heat 
treatments in establishing the fabrication and 
utilization of these hard magnets. Thus, future 
work aims to study the relationships between the 
microstructure and mechanical properties of 
Fe-28%Cr-15%Co alloy after various heat treatments 
developed to maximize the magnetic properties of 
the alloy. 



b. Microstructure-Property Relationships in 
~ngnetic Ceramic ~Bterials 

The principles of alloy development, as practiced 
in metallic systems, can also be applied to design 
ceramic materials. The basis for such applications 
lies in establishing microstructure-property 
correlations in candidate ceramic systems. By this 
time, the effects of structural imperfections and 
second phases on static magnetic properties in 
Ii thium ferrite have been well established by this 
group. Trends in the microstructure-property 
correlations suggest that hard magnets with high 
"maximum energy product" can be designed by 
dispersing nonmagnetic second phases in the magnetic 
matrix. Thus the study of phase transformation and 
the associated high frequency property changes in 
(NiZnCo) FeZ04, phase transformation and magnetic 
hardening in BaFelZOl9 and the segregation of 
heavy elements in garnets will continue. In 
addition, work will be initiated to characterize the 
substrate-epifilm interface structures in magnetic 
bubble devices, with particular emphasis on defect 
structure, microsegregation and consequent changes 
in the film properties. Basic structural studies 
of the epitaxially grown garnet films will be 
undertaken to identify the origin of growth 
induced anisotropy that is central to bubble 
formation in these films. Plans are underway to 
develop a joint program with Prof. Hess of the 
Chemical Engineering Department to plasma spray 
deposit amorphous bubble films, study their 
microstructures and properties and gain basic 
understanding to develop new film growth technology. 
Finally, the research program will be expanded 
to include the study of processing, structure, 
microstructure-mechanical property relationships 
in mullite in a joint collaborative effort with 
Professor Pasko 

At present, our emphasis is also to study ffild 

establish the correlation between microstructure 
and dynamic TIucrowave properties in some soft 
spinel ferri tes eM. Harmer). We are expanding our 
program to include garnet ferrites in view of their 
potential technological application as bubble 
devices. The present effort is to characterize the 
substrate bubble film interface that significantly 
affects the magnetic bubble properties and may 
ultimately limit the applications (T. Roth). 
More importantly, the interface studies will 
benefit other related areas using junction devices 
such as lasers and solar cells. A new program 
involves the analysis of grain boundary phases 
that appear to limit the applications of ZnO as 
varistors (P. Willimas). 

c. High Resolution Studies 

Fundamental Studies of Grain Boundaries. The 
lattice imaging technique has clearly shown 
superiority in this field and will be further 
utilized for detailed examinations of grain 
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boundary structure, segregation effects and phase 
transformation behavior. It is plffi1ned to conduct 
experiments on Al-Zn alloys containing controlled 
ternary additions during the initial stages of this 
study, later to incorporate bicrystals of controlled 
geometry. 

Spinodal Decomposition. Research will 
concentrate on the Au-Ni system for a fundamental 
understanding of the decomposition mechanism. 
Analysis of another commercial alloy, Cu-Ni-Sn, 
will also be initiated to explore its strengthening 
mechanisms. Both of these systems are characterized 
by a large strain energy term that strongly 
influences microstructural development and 
particle coarsening. The lattice imaging technique 
offers the potential for direct assessment of this 
strain component and will be employed to complement 
recent theoretical work in the field. 

Interstitial Ordering in Tantalum. A systematic 
study of the influence of H and C interstitial 
ordering in tantalum will be undertaken. Its 
purpose is to clearify the results of previous 
studies by providing both microstructural and 
crystallographic analyses at high resolution. In 
this way, those problems stemming from the unknown 
stoichiometry, exceptionally small domain size and 
occurrences of long period ordering in this system 
can be readily addressed. 

* Martensitic Steels. The initial work on the 
formation of lath martensite has already resulted 
in significant new results. The momentum of 
research activity in this area will be maintained 
to better understand the mechanism of lath 
martensite formation. Both high resolution and 
high voltage microscopy will be employed and the 
origin of specific orientations of adjacent laths 
within a given packet will be investigated. Also, 
the exact role of interstitial carbon in dictating 
the relative orientations of laths will be examined. 
Specifically, the hypothesis that some carbon 
enrichment in austenite is partly responsible for 
austenite stabilization can be checked by high 
resolution lattice imaging to measure directly 
the d-spacing and in addition, characterize the 
y/a interface at almost atomic resolution. 

* Supported by NSF 
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d. High Voltage Electron Microscopy 

K. H. Westmacott, Principal Investigator 

1. INTRODUCTION 

K. H. Westmacott 

The advantages afforded by High Voltage Electron 
Microscopy, especially radiation dama.ge simulation, 
are being exploited in current research programs. 
The underlying theme of the research is to 
understand the behavior of interfaces in an 
irradiation environment. Past research has 
provided a great deal of basic information on 
radiation effects in pure metals. Now similar 
research on multiphase materials and nonmetallic 
systems is urgently required to provide the basic 
background for advanced energy systems designs. 

a. Progress Report on New 1. S }'1eV High Voltage 
Electron Microscope Project 

During 1977 the future course for High Voltage 
Electron Microscopy at LBL was set. Negotiations 
for the new 1.S IvleV HVEM were concluded with the 
award of a contract to Kratos Inc./AEI Scientific 
Instrl®ents. The salient features of the new 
instrument are: 1) a high stability, high voltage 
Haefley generator and accelerator, 2) facilities 
ror both top and side entry stage operation, and 
3) a resolution capability of 3.S A point to 
point with full specimen tilting. Deli very of the 
instrument is scheduled for summer, 1979. 

An ideal location for the new microscope has 
been found at Building 72 adjacent to MMRD. This 
is the best available site at LBL since it combines 
a low magnetic background with quiet ground 
vibration conditions. Planning for modifying the 
existing building to provide the microscope 
laboratory and support facilities and office space 
is well advanced. 

b. Precipitate Behavior in Electron-Irradiated 
Aluminum-Silicon 

Most materials used in nuclear reactor 
applications are used in conditions where UqO or 
more alloy phases are present, and while a great 
deal is known about the behavior of single phase 
metals under irradiation, far less is known about 
precipitate behavior. As part of a program to 
study changes in precipitate structure during 
irradiation, binary AI-base alloys are being 
examined during in-situ irradiation in the HVEM. 

AI-Si is a simple eutectic alloy system with a 
maximum silicon solid solubility of approximately 
1.6%Si at the eutectic temperature. IVhen alloys 
are quenched from the single phase region to room 
temperature and subsequently aged in the range 
ISO to 2S0°C, particles, which have been identified 
as pure silicon, precipitate from solution. These 
particles possess a variety of morphologies ranging 
from platelets on {Ill} planes to laths and needles 
that lie along ( nO) directions. During in-situ 
irradiation of alloys with compositions in the 
range O.S - 1.0%Si in the HVEM, it became apparent 
that the strong contrast associated with many of the 
precipitates arose from the presence of inter-
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facial dislocations around the precipitate 
periphery. During irradiation the interfacial 
dislocations absorb point defects and clinb away 
from the precipitate/matrix interface. This 
behavior is illustrated in Fig. 1. The progressive 
growth of loops surrounding ( 110) needles and {Ill} 
platelets is seen as a function of irradiation 
time at a temperature of approximately ISO°C. 
Eventually the loops interact and coalesce with 
other loops (see Fig. Id). Identical loop growth 
rates were measured for loops nucleated in the 
matrix and for the pre-existing loops around the 
precipitates. From previous work it was anticipated 
that the loops were perfect prismatic interstitial 
loops. This was confirmed by determining the 
Burgers vector of the loops and performing the 
standard contrast analysis on the interfacial loops 
in an as-quenched and aged specimen. 

It is surprising that the analysis shows the 
loops to be interstitial in view of the fact that 
Si has a larger lattice parameter than AI and 
precipitation of Si will therefore expand the 
lattice. Under these circlmlStances vacancy loops 
would be expected to form. However, it has been 
suggested by Bellerl that precipitation of Si in Al 
occurs only when accompanied by vacancies in the 
ratio of one vacancy to four silicon atoms. One 
way to supply the necessary vacancy concentration 
is to nucleate an interstitial loop at the 
precipitate-matrix interface and extract vacancies 
from the loop by dislocation climb. Thus, the 
present results support Beller's quasi-stoichiometric 
model for silicon precipitation. The goal of this 
research is to introduce a fine distribution of 
precipitates with associated vacancy loops that 
will be regenerated as the loops cli~ away from 
the interface by vacancy absorption. 

c. The Dependence of Radiation Damage Formation on 
Surface Condition 

High voltage electron microscopes have been 
used extensively to simulate, with electron 
irradiation, the conditions that exist in the core 
of nuclear reactors. The ability to concentrate 
the electron beam into a small area, and observe 
directly the nucleation and growth of point-defect 
clusters has been used to good effect in studies 
of the radiation damage processes in both simple 
and practical engineering materials. Since the 
foil specimens used are of ;the order of 1)1 thick, 
the potential for specimen contamination or changes 
in chemistry during heating in the microscope is 
high, and the question of specimen environment is 
clearly an important one. Preliminary studies of 
the effect of changing the condition of the specimen 
surface has confirmed this point.z Aluminum-ll % 
magnesium foils were prepared by electropolishing 
and allowed to oxidize in air either at room 
temperature or at 200°C. 1Vhen these specimens 
were subsequently irradiated at lSO°C in the IfVEM, 
secondary defect structures developed that 
appeared to be similar to those observed in pure Al 
and other FCC metals (see Fig. 2). During 
subsequent growth of the loops, however, it became 
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Ca) (b) 

(cJ Cd) 

Fig. 1. Series of micrographs showing the climb of interfacial dislocation 
loops around precipitate needles and platelets in AI-Si during electron
irradiation at 650 kV in the r~1. In Fig. led) individual loops have coalesced 
to form continuous dislocation networks. 

[(a) (b) XBB 771-582; (c) Cel) XBB 771-583] 
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Ca) (b) 

(c) Cd) 

Fig. 2. Series of micrographs showing the development of near-surface dis
locations in a partially oxidized Al-lvlg alloy during in-situ irradiation at 
650 kV in the HVEM. The Pilling- Bedworth ratio for MgO is >1 and interstitial 
loops nucleate in the matrix at the oxide interface to relieve tensile stresses. 

[(a)(b) XBB 771-577; (c)(d) XBB 771-579] 



apparent that the loops had nucleated very close 
to the foil surfaces since long half loops developed 
that grew rapidly in a direction parallel to the 
surface (Fig. 2b-d). The proxinrity of the loops 
to the surfaces is suggested by the observed 
anomoloQsly broad dislocation contrast and was 
confirmed by stereomicroscopy. Eventually, with 
continued irradiation and heating, an irregular 
hexagonal dislocation network developed. The 
results may be explained in terms of the presence 
of the oxide films. It is known that surface films 
of MgO form when Al-Mg alloys are oxidized, and 
since the lattice parameter of MgO is 3% greater 
than that of the matrix, the growing films produce 
tensile stresses in the underlying metal. The 
preferential formation of interstitial dislocation 
loops in these regions thus occurs to reduce the 
stresses. 

Several conclusions may be drawn from this 
preliminary study: 

1) the condition of the foil surface can be 
important in radiation damage experiments, 
hence environmental control is needed for 
proper interpretation of experimental 
results; 

2) the formation of near-surface dislocation 
structure in the presence of an oxide film 
has interesting implications for void 
formation in partially oxidized materials; 

3) the formation of dislocation loops in a 
stress field is relevant to the problem of 
irradiation creep. 

Thus, this single example performed without an 
environmental cell indicates the potential for 
obtaining greater understanding of interfacial 
phenomena when closely controlled environmental 
conditions are maintained in HVEM studies. 

1. Jvl. Beller, Z. Metallkde' 63,663 (1972). 
2. K. H. Westmacott, 35th Ann. Proc. EMSA Boston, 
Mass., (1977), p. 55. 

2. RESEARCH PLANS FOR CALENDAR YEAR 1978 

K. H. Westmacott 

Studies of structural changes at oxide-metal 
interfaces during in-situ electron irradiation will 
be continued. This work may provide new information 
on the mechanism of the early stages of oxidation 
as well as the effect of stress fields on disloca
tion loop and void formation. 
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A new approach to the solution of the void 
swelling problem will be investigated using HVEM 
and heavy-ion simulation techniques. Based on 
previous work on the important effects of inter
stitial impurities, the effect of changing the type, 
concentration and distribution of these in~urities 
will be studied systematically. 

A new program to study radiation damage effects 
in insulators and other nonmetallic systems will be 
ini tiated. 

3. 1977 PUBLICATIONS AND REPORTS 

K. H. Westmacott and Associates 
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1. K. H. Westmacott and G. Thomas, The Effect of 
Interstitial Impurities on Vacancy Cluster Formation 
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Voltage Electron Microscopy at the University of 
California, Berkeley, International Conference on 
"Metal Science-The Emerging Frontiers," Varanasi, 
India, November 23-26, 1977. 

3. K. H. Westmacott, Interstitial Impurity Effects 
in Radiation Damage Formation, Bhabha Atomic 
Research Center, Trombay, India, November 10, 1977. 

4. K. H. Westmacott, Neutron Irradiation Damage 
Simulation Techniques, Indian Institute of 
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e. Powder Metallurgy 

Milton R. Piakus~ Principal 

1. LIQUID PHASE SINTERlNG OF IRON POVIDER PREMIXED 
WITH A COPPER-BASE INTERMETALLIC COMPOUND 

Jl1eng-Hsiu Chen, John Ling-Fai Wang and j\lilton R. 
Pickus 

Last year, we reported the development of a low 
melting (M. P. = 7S0°C) copper alloy containing 
mffilganese and silicon, and its use as infiltrant 
for sintered iron. X-ray diffraction studies have 
shown that this alloy is an intermetallic 
compound with a crystal structure similar to that 
of CU3Si. It has been found that the compound is 
so brIttle that it can be easily reduced to a fine 
powder. This offers the significant advantage that 
it can be used as an additive to be blended with 
iron powder and thus provide a liquid phase during 
sintering. During the past year, we have carried 
out studies on iron alloys prepared from such 
powder blends. 

It was found that during heating to the sintering 
temperature, this compound melts and wets the iron 
particles so readily that it spreads rapidly over 
the surfaces, not only of nearest neighbors, but of 
all the iron particles. This effectively reduces 
the diffusion distance to the order of one particle 
radius. During homogenization both silicon and 
m,mganese preferentially diffused into the iron 
particles and left behind a ductile copper alloy to 
serve as a binder. The alloying with both silicon 
and manganese greatly increased the hardness of the 
iron particles, as shmvn in Table 1. 

Table 1. Wucrohardness before and after sintering. 

Hardness (VB - 50 Gram Load) 
WBterial 

Original Sintered 1/: hour, l175°C 

Cu-Mn-Si 678 106 

Iron ~64 465 

We compared the effect of the addition to 
unalloyed iron powder of pure copper with that of 
the Cu-Mn-Si intermetallic compound on the sintered 
density, tensile strength and transverse rupture 
strength. The results are shown in Fig. 1. We 
made similar studies on the effect of additions of 
the Cu-Mn-Si alloy to both unalloyed iron powder 
and a prealloyed iron-copper powder, These results 
are shown in Fig. 2. 

This study clearly indicates that additions of 
the Cu-Mn-Si compound have a strongly beneficial 
effect, compared with additions of elemental 
copper, on the mechanical properties of sintered 
ferrous products. Moreover, the improvement is 

47 

'" 40 ~ 

30.2 
c 

20.~ 

~~--~~--L-----k-__ ~~IO 5 
10 20 30 40 

Elemental copper content (wt ''!ol --
Prealloyed Cu Mn Si content (wt"/,,)--

Q> 

100~ 
Q> 

'" 90 ~ 
c 

80 ~ 

Fig. 1. Influence of elemental copper and Cu-vh-Si 
additions on sintered iron compacts. 

-c: 
!J) 

(XBL 7612-4500) 

-PreaHoyed 
--- Elemental 

Density 
6.0 

100 

o 10 20 30 40 
eu Mn Si content (wt.'%) 

Fig. 2. Influence of Cu-vh-Si additions on 
sintered iron and prealloyed iron-copper compacts. 

(XBL 7612-4497) 



even more dramatic, if iron powder prealloyed with 
copper is used as a base. In the latter case, 
densities over 98% of theoretical, and tensile 
strengths of 100 ksi are readily achieved by 
simply pressing and sintering. 

2. INVESTIGlGION OF WEAR RESISTANT MATERIALS BASED 
ON INTERfvIETALLIC COfvlPOUNDS OF NICKEL-TITh"lIUlVl
SILICON DISPERSED IN i'IETAL IvlATRICES 

Charles Steinmetz, John Ling- Fai Wang and Mil ton R. 
Pickus 

Wear is a common mode of material failure, 
involving complex interactive w3terial mechanisms 
for which it is difficult to develop analytical 
models. The study of wear was initially 
restricted to minimizing friction by lubricants and 
solving the problems on a case by case basis. 

The impetus for further studies in wear control 
comes from the need for greater conservation in 
energy and materials, and the need for materials 
that will withstand the extreme operating conditions 
of new energy systems. These new energy systems, 
such as coal liquefaction, require materials to 
function at high temperatures in corrosive and 
erosive environments. Materials such as cemented 
carbides, dispersed oxides, stellites and super
alloys have been tried and tend to wear excessively 
under these conditions. 

The principal objective of this work is to 
develop a basic materials concept that is adaptable 
to a wide range of service requirements. After 
considering many possibilities, the ternary Ni-Ti-Si 
system was selected as highly promising to provide 
hard phases with desirable properties to be 
dispersed in appropriate metallic matrices. This 
alloy system contains several ternary intermetallic 
compounds, including the G', V, 13, F and G phases, 
all of which will be investigated and evaluated. 
The first compound studied was the G' Laves phase 
with a composition corresponding to Ni3TiZSi. This 
compound seemed atrractive because preliminary work 
indicated: 

1) it is a hard phase 1000 vickers hardness; 
2) the component elements impart good 

corrosion resistance; 
3) it has good high temperature stability; 
4) it interacts ,,,ith selected matrices to 

form a broad diffusion layer, thus providing 
good metallurgical bonding. 

The initial composites consisted of G' particles 
dispersed in an iron matrix. Although the 
sintering conditions have not yet been optimized, 
as indicated by the presence of residual porosity, 
composi tes based on this concept were tested for 
wear resistance in comparison with iron and one of 
the newest and best of the commercial materials 
designed for similar applications. 

The three materials were tested under the same 
conditions using the pin-on disk friction and wear 
test machine designed and constructed at MMRD 
(fig. 1). The weight loss rate clue to wear for 
each of the three materials is shown in Fig. 2. 
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Fig. 1. Front view of pin-on-disk friction and 
wear test machine. (XBE 779-8894) 
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Fig. 2. Comparison of wear rates of sintered iron, 
iron plus a new commercially available additive, 
and iron plus G' phase. (XBL 7711-11050) 
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The superiority of the material based on the 1200.---,-,---,-----r--,-,--,----r--,--,-----, 
Ni-Ti-Si G' phase is evident. Further improvements 
are anticipated when the sintering conditions are 
optimized. 

3. THE EFFECT OF MAGi'rEnCALLY ALIGNED POWDER ON 
THE MAGNETOSTRICTION OF SINTERED RARE EARTH- IRON 
LAVES PI1ASE CQ\1POUNDS 

Manoochehr Malekzadeh and Milton R. Pickus 

Recently, a number of studies have been carried 
out on the magnetic properties of rare earth-iron 
Laves phase intermetallic compounds. Of particular 
interest are the high room temperature magneto
strains of these compounds which make them promising 
for a variety of technologically important energy 
conversion applications. Since these materials are 
brittle intermetal1ic compounds, they do not lend 
themselves to conventional fabrication processes 
such as machining or casting. A powder approach has 
been developed in this laboratory which makes it 
possible to obtain these Laves compounds in suitable 
sizes and shapes. Their magnetostrictive properties 
were reported last year. 

Cu RodlOtion 

(331) 

(440) 

80 

"" 60 
(222) 

~ 
:§ 40-

80 
Diffraction Angle 28 

Fig. 1. X-ray diffraction patterns for an almost 
randomly oriented powder and a magnetically aligned 
specimen of ThO 3Dyo 7FeZ compound. The two lower 
traces show the' effect of alignment on the intensi
ties of reflections from (220) and (222) planes on 
specimen surfaces parallel and perpendicular to the 
direction of the applied field. (XBL 799-6122A) 
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Fig. 2. Room temperature magnetostriction of an 
aligned and a liquid phase sintered speciment of 
TbO.3DyO.7Fe2' (XBL 799-6101) 

In the present study, it is shm'ffi that the magne
tostrictive properties of these materials--already 
far superior to other Imown materials--can be en
hanced significantly further by magnetically align
ing the powder particles prior to sintering. For 
this work, the pseudobinary system (TbxDyl-xFe2) 
with x close to 0.3 was selected because this 
composi tion is particularly well sui ted for a wide 
range of device applications, since a relatively 
large magnetostriction is associated with minimal 
magnetic anisotropy. From spin orientation diagrams, 
it is ImoWl1 that at room temperature this compound 
has an axis of easy magnetization along the major 
cubic symmetry [111] direction. Our powder metal
lurgical approach can utilize this direction of easy 
magnetization by aligning the powdered compound in 
a magnetic field. 

A high degree of alignment was achieved when an 
alternating field of approxunately 1000 Oe peak-to
peak at frequencies up to 500 Hz was superimposed on 
a DC field up to 20 KOe. Figure 1 shows the x-ray 
diffraction patterns of randomly and magnetically 
oriented TbO'3DyO'7Fe2 compound. The magnetos trains 
observed (Fig. 2) Indicate that the magnetically 
oriented samples, though as presently prepared con
tain ~ 20% porosity, are far superior to unaligned 
high density « 5% porosity) liquid phase sintered 
samples, both in regard to the magnitude of the 
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Fig. 3. Change of x-ray reflection intensity ratios, 
(220)/(311) and (222)/(311), vs. the concentrations 
of Tb and Dy in magnetically aligned specimens. The 
ratios are taken on the surfaces of the samples par
allel and perpendicular to the direction of the 
aligning field. (XBL 7710-6203) 

strains and the rate of approach to saturation. It 
has also been found that the degree of alignment 
improves as the Tb/Dy ratio is increased (due to an 
increase in magnetic anisotropy) as shown in Fig. 3. 
Work under \\fay to eliminate the porosity is expected 
to result in even larger lnagnetostrains. 

4. RESEARO-l PLANS FOR CALENDAR YEAR 1978 

Milton R. Pickus 

New energy systems, such as coal liquefaction, 
require materials to function at high temperatures, 
and in corrosive and erosive environments. 
Materials such as cemented carbides, dispersed 
oxides, stellites and superalloys have been found 
to wear excessively under erosive conditions. To 
address these problems, we have developed a basic 
materials concept that is adaptable to a wide 
range of service requirements. The concept is 
based on the use of the ternary nickel- ti tanium-

so 

silicon system that contains several intermetallic 
compounds, including the G', V, E, F, and G phases, 
all of which we plan to investigate and evaluate. 
In contrast to the presently used materials based 
on dispersed oxides and carbides, which form limited 
metallurgical bonds with the matrix, the inter
metallic compounds mentioned tend to form wide 
diffusion bands with the matrix, and thus provide 
strong bonding, thereby preventing premature 
failures by pull-outs of the dispersed particles. 
Moreover, these relatively hard compounds are 
composed of elements that impart good corrosion 
resistance and high temperature stability. 
Preliminary work during the past year on composites 
composed of the G' phase dispersed in an iron matrix 
confirms our expectations. Our plans are to 
optimize the sintering conditions, develop 
appropriate matrices, and select by a program of 
testing the best of these ternary intermetallics. 
In developing matrices, we will investigate the 
potential of our newly discovered copper-manganese
silicon intermetallic compound. This con~ound not 
only makes possible the achievement of full 
density in sintered ferrous materials by providing 
a liquid phase at sintering temperatures, but by 
preferential diffusion both strengthens and improves 
the corrosion resistance of the iron matrix. We 
will also investigate the use and potential of 
non-ferrous matrices, particularly those based on 
nickel and cobalt. From the standpoint of 
materials design for low friction and high wear 
resistance, this is the most basic, comprehensive 
and versatile program we known of. As we develop 
materials that appear promising on the basis of 
our limited wear test facilities, we plan to 
interface with Alan Levy and his group who are 
involved in basic studies of erosion mechanisms. 
In regard to our work on the powder metallurgy of 
magnetostricti ve materials, useful for energy 
conversion applications, such as early detection 
of flaws in nuclear reactor systems, we have 
achieved a position of dominance in this area and 
we have some interesting ideas for further 
research we hope to pursue. Also, we will be 
working in two additional areas to the extent 
circumstances permit. We have started a program 
based on polymer coating of niobium particles, which 
imparts to the niobium powder the fabricating 
characteristics of a thermoplastic material. This 
paves the way for converting our infiltration pro
cess from a batch process to a continuous process. 
We are also working on a new approach to the powder 
metallurgy of iron-carbon alloys. We have already ob
tained encouraging results in both of these areas. 

S. 1977 PUBLICATIONS AND REPORTS 

Milton R. Pickus and Associates 

LBL Reports 

1. !vleng-Hsiu Chen, Liquid Phase Sintering of Fe 
with Cu Base Alloy Powders, (M.E. thesis), 
LBL-S770, December 1976. 

2. Charles R. Steinmetz, Investigation of Wear 
Resistant ~~terial Using Dispersed Phase Inter
metallic Compound of Nickel-Titanium-Silicon in an 
Iron Matrix, (M.S. thesis), LBL-6983, December 1977. 
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2. MECHANICAL PROPERTIES 

s. Th~or~Ucal Probl~ms in Alloy Design 

J. W. Jr., Principal Investigator 

Introduction. The research reported here is a multi
faceted progranl of research in physical metallurgy 
that includes theoretical studies in phase transfor
mations and mechanical properties, basic experi
mental studies in plastic deformation and in the 
influence of microstructure, particularly micro
structural transformations, on mechanical proper
ties, and applied research in the development of 
new alloys for advanced energy needs. 

Insofar as our research for the Basic Energy 
Sciences Division of DOE is concerned the research 
reported below reflects three new areas of inter
est in addition to a continuation of research 
activities that have already proven productive. 
First, we have begun work on the theoretical treat
ment of elastic effects in solid state phase trans
formations, including studies of martensite trans
formation and of precipitation reactions. This sub
ject is one of the major frontiers in the theory of 
metallurgical phase transformations. Second, we 
have begun specific research on the influence of 
strain-induced phase transformations on mechanical 
properties. This interest is motivated largely by 
an accumulating body of evidence showing that strain 
induced transformations at low temperature in 
austenitic structural steels have effects on 
strength and toughness that are large enough to 
affect design decisions but are inconsistent in both 
magnitude and direction. At the same time there is 
increasing scientific interest in the mechanism of 
strain-induced martensitic transformations and in 
the nature of their mechanical effects. Third, we 
have begun research in the welding of ferritic 
cryogenic steels. This new activity was specifi
cally motivated by the recognized engineering need 
for new welding materials for cryogenic steels. It 
also addresses what we believe to be a major 
scientific need for new understanding of welding 
and joining processes. 

Research projects continued from previous years 
include atomistic studies of precipitation and 
coarsening in simple systems, the simulation and 
characterization of polygranular microstructures, 
plastic deformation, and the design of new alloy 
steels for cryogenic structures. 

1. 1HEORY OF PHASE TRANSFORMATIONS 

a. The Martensite Transformation 

S. Chen and A. G. Khachaturyan 

Despite major engineering interest and an ex
tensive body of research over several decades, the 
martensite transformation remains poorly understood. 

Previous work has, however, shown that it is possi
ble to predict the shape, habit, and crystallo
graphic orientation of individual martensite parti
cles in several systems by treating the martensite 
particle as a elastic inclusion in the parent 
matrix and choosing shape, habit and orientation so 
as to minimize its elastic energy. In the present 
project the elastic treatment is extended to con
struct a model of martensite growth in a simple 
two-dimensional system. TIle model permits a study 
of the martensite shape and habit, the autocatalytic 
process leading to the formation of secondary 
plates, the criteria establishing a preference for 
twinned or untwinned plates, and the saturation of 
the transformation. 

In the model an elementary martensite particle is 
treated as an elastic dipole at a point in a two
dimensional periodic lattice. The particle may 
grow by inducing like dipoles at adjacent sites, 
twin by inducing twinning dipoles at adjacent sites, 
or catalyze an independent transformation by in
ducing a dipole at a separated point within the 
lattice. The choice of events is made by computing 
the consequences for the free energy (chemical plus 
elastic) of the lattice and requiring that this 
energy decrease. Quasi-static (or high temperature) 
transformation is simulated by choosing the most 
favorable event and recomputing the elastic field for 
each step of the transformation. Burst (or low 
temperature) transformation is simulated by per
mitting a number of favorable events to occur be
fore the elastic field is adjusted for the presence 
of the new particles. Saturation of the transfor
mation is introduced by assuming a net barrier; a 
minimum energy decrease per step needed to maintain 
the process. 

The final result of the transformation is found 
to be sensitive to the kinetic type of the transfor
mation and to the type and distribution of initial 
particles. Figure 1 shows an example of twinned 
martensite obtained through a transformation of the 
low temperature type. 

b. The Shape and Orientation of Precipitate 
Particles 

M. Hong and D. E. Wedge 

The influence of a precipitate distribution in a 
metal is often very sensitive to the shape and 
orientation of the precipitates. The precipitate 
morphology is, in turn, strongly affected by its 
elastic distortion relative to the matrix. A gen
eral solution for the energy of a coherent inclusion 
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Fig. 1. nvinned martensite. (XBL 771Z-l0964) 

in a matrix of similar elastic constants was ob
tained some years ago by KJ1achaturyan. In this pro
ject the general solution is specialized to treat 
precipitation processes of particular metallurgical 
interest and to permit comparison with experiments. 

The elastic energy of an inclusion coherently 
connected with the matrix and having the same 
elastic constants may be written: 

E (1) 

where B(;;') = A .. 0 E? E~ - k.O'? G. n (k) O'~mkm' 
IJ~m IJ hm 1 IJ Jh L 

k is the wavevector, n = E/ I k I, A·. is the 
1 .. o· ~~ 

e astlclty tensor, E.. IS the stress-free-state 
11 

strain, O'i' = Ai'VU Eim' Gj£(k) is the Fourier 
transform o! the ~reen's function tensor of the 
anisotropic elastic problem, 8(k) is the Fourier 
component of the inclusion shape function "8 (r) 
and 

r is inside the inclusion 
8 (r) 

otherwise 

For a GP zone in a matrix of cubic symmetry, 
E
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where v is the volwne of the inclusion, 
E = ap-31n/am, ap, 31n are lattice parameters of 
tRe precipitate and lnatrix in the stress-free state, 

and LI = Cll - 2C12 - C4/C44 is the elastic 

anisotropy parameter. For LI < 0, the function de
termined by Eq. (Z) takes a minimum value when n 
is parallel to <100> while for LI > 0 the function 
is minimum when n is parallel to <111>. 

The method can be applied to the clustering of 
carbon atoms in an iron-carbon martensite. Those 
carbon atom clusters have been observed to be thin 
disks uniformly distributed in supersaturated 
martensites quenched from the high-temperature 
austenitic phase. By asswning zero thickness of 
the disk inclusion, the elastic energy can be 
written as 

E=1/2A .. 0 c~. 
IJ hm 1~ 

v -

where c? is tetragonal, 
are constl~ts and functions 
stants and cll, c33' and 

D(!}) 

+ 

(3) 

01' 0'2' y, A, B, C 
of the elastic con-

The orientation of the cluster can be obtained by 
minimizing the function given by Eq. (3). The 
calculated result is in good agreement with experi
mental observations. An improvement of the above 
calculations has been made to account for the thick
ness effect of the cluster which gives better agree
ment with experimental data. An explanation of 
carbide formation on further tempering is proposed. 

The interaction of elastic precipitates is now 
under study. The results should shed light on the 
phenomenon of cluster alignment. 



c. Spinodal Decomposition @ld Coarsening 

J. W. Morris, Jr. and A. G. Khachaturyan 

In spinodal decon~osition of a solid solution 
the solution spontaneously takes on a quasi-peri
odic modulation in its con~osition. The early 
stages of this process were described theoretically 
by Calm, who argued that the initial departure from 
homogeneity in an unstable solution would take the 
fonn of sinusoidal compositional fluctuations 
tending to exhibit a particular dominant wavelength. 
In the later stages of decomposition it is known 
experimentally that the initial state will coarsen; 
the compositional profile becomes somewhat irregu
lar and the dominant wavelength increases with time. 
This behavior is governed by nonlinear equations 
which have, to date, defied exact solution. The 
theory of spinodal decomposition is hence not well 
developed beyond the initial stages. 

To gain insight into the phenomena involved in 
spinodal coarsening we have been studying a model 
system consisting of an elastic Ising lattice that 
undergoes decomposition in one dimension. The 
governing equations for the evolution of composition 
in this case, including elastic effects take the 
form 

(1) 

where ~ is the composition of the nth plane along 
the direction of decomposition and y is an appro
priate combination of elastic constant. These 
equations can be solved iteratively to follow the 
development of the composition profile with time. 

Initial studies of the behavior of systems 
governed by this set of equations reveals three 
types of behavior that have been observed experi
mentally, but are previously unexplained theoreti
cally. 

1) In the early stages of decomposition, systems 
often show an "inverse" coarsening, in which the 
dominant wavelength of the composition fluctuation 
decreases with time. This inverse coarsening is 
phenomenologically associated with the spread of 
wave packets that form from an initially random 
set of fluctuations. 

2) After a transient phase the one-dimensional 
system enters a period of slow coarsening in which 

(2) 

where k is of the order of 10. This coarsening 
occurs in discrete steps through the disappearance 
of discrete composition peaks that dissolve in 
their immediate environment. 

3) In the highly asymmetrical case, decomposi
tion of an unstable solution which is very rich in 
one of its tenninal solutions, spinodal decomposi
tion leads to the formation of discrete, sharp 
precipitate-like particles which resemble GP zones. 
These form in a continuous fashion from a quasi
periodic, low-mnplitude precursor. The initial 
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particle appears in a striking m@iller from an in
stability in the precursor wave. It then catalyzes 
the formation of similar particles in neighboring 
positions. 

Long-term coarsening phenomena are now being 
studied. A central question concerns whether the 
value of k in Eq. (2) will decrease to ~ 3, as is 
experimentally observed, or whether this coarsening 
behavior necessarily involves two- or three-di
mensional coarsening mechanisms. Values of k in 
this range are observed in the two-dbnensional 
coarsening studies described in the following pro
ject. 

d. Atomistic Simulation of Precipitation and 
Coarsening 

E. S. Pundarika 

Precipitation and coarsening reactions are im
portant metallurgical processes. A thorough under
standing of the nature and kinetics of these re
actions can only be achieved through theoretical 
studies at the atomic level. In recent years 
Monte Carlo simulation models have gained wide 
acceptance in studying this kind of complex dynamic 
processes. 

We used a computer simulation tecmlique to study 
the basic processes involved in precipitation and 
coarsening reactions. In the model, atoms of two 
types (A and B) are distributed over the available 
lattice sites and are assumed to interact only with 
atoms on nearest neighbor sites. Initially we have 
a random configuration (equilibrium at a very high 
temperature) and decomposition proceeds after a 
quench to the reaction temperatures (below the 
miscibility gap in the phase diagram). By 
assigning diffusional jump probabilities for the 
various types of atom exchanges the precipitation 
and coarsening reactions can be followed with time. 

The two important mechanisms of coarsening are: 
1) Ostwald ripening or the Lifshitz-Slozov mechan
ism, where single atoms leave one cluster and join 
another cluster, which results in the overall 
growth of big clusters at the e:A'})ense of small ones, 
and 2) Binder's mechanism, where atoms that leave 
a cluster chance to reach the same cluster in som'" 
other place, shifting the center of mass of the 
cluster. This results in the diffusion of clusters 
which causes collision and coagulation of clusters, 
leading to coarsening. 

Starting from the initial random configuration, 
four stages can be recognized in the computer 
simulation of the coarsening reaction. The first 
stage, a slow initial relaxation stage, leads to 
the formation of small cluster of about 5 to 15 
aton~ in size. In the second stage these clusters 
diffuse and coagulate by Binder's mechanism. In the 
third stage, which is a transition stage, both 
Binder's and Lifshitz-Slozov mechanisms gain im
portance, and finally in the fourth stage the 
Lifshitz-Slozov mechanism becomes dominant. 
Figure 2 illustrates two microstructures in a 
typical coarsening sequence. 
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Fig. 2. Microstructures showing the time evolution of a planar lattice with 20% B 
atoms quenched to a temperature T = 0.4Tc ' (XBL 7711-10895) 

Both mechanisms predict that the energy € and 
the average cluster size <£> vary with time 
t as e ~ t a and <£> '" t b , the values of "a" 
being 0.2 and 0.33 and of "b" being 0.4 and 0.5 
for the Binder's and Lifshitz-Slozov mechanisms, 
respectively. Thus, following the development of € 

and <£> with time provides a good means of studying 
the reactions. Figure 3 shows typical <£> vs. t 
plots where the slope is seen to gradually increase 
to the Lifshitz-Slozov value of 0.5. A study at 
various temperatures indicates that the reaction 
consists of the four stages at all temperatures, 
although the relative spans of time for the four 
stages may change. Comparison of Fig. 3a and b 
indicates that at lower temperatures the initial 
relaxation stage is lengthened and the Binder's 
cluster diffusion stage is shortened. Lower temp
eratures also yield microstructures with sharply 
defined surfaces. 

2. Simulation and Characterization of Polygranular 
Microstructure 

a. Three-Dimensional Characterization of the 
Cellular Microstructure 

K. Hanson 

A central problem in Physical Metallurgy concerns 
the manner in which the properties of a material are 
determined by its history and microstructure. While 

Fig. 3. The evolution of average cluster size <£> 
with time for a 14400 atom square lattice with 10% 
B atoms at (a) 0.3Tc and (b) 0.8Tc ' (XBL 7711-10894) 
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average microstructural parameters such as average 
two-dimensional grain size are easily obtainable and 
often correlated with observed mechanical properties, 
it is difficult to para~etrize and assess the im
portance of precise two- and three-dimensional 
microstructural morphologies. Given the complexity 
of the microstructures of real materials it is not 
at all obvious that a useful descriptive parametri
zation exists. 

If we restrict attention to microstructures of 
the "cellular" type, that is, microstructures ob
tained through isotropic growth from a distribution 
of nuclei that form simultaneously, it is possible 
to construct an efficient code that will completely 
analyze the microstructure in two and three di
mensions. Such a microstructure is completely 
described by a list of the nucleation sites. Grain 
corners are points that are equidistant from four 
adjacent nucleation sites but no closer to any 
other nucleation site. Grain edges are straight 
lines that connect corners, and contain points that 
are equidistant from the three nearest nucleation 
sites. Grain surfaces are planes equidistant from 
the two nearest nucleation sites, and are bounded 
by edges. For the purpose of computer analysis the 
cellular microstructure is best represented by a 
graph in which nodes are grain corners and each 
node is connected to four other nodes by paths 
representing grain edges. All interesting two-
and three-dimensional geometric information can be 
extracted from this graph. 

(a) (b) 

Although this code is restricted to saturated 
(i.e., sirr~ltaneous) nucleation and isotropic 
growth, a variety of interesting problems con
cerning the random and non-random location of nu
cleation sites can be examined. For example, 
Fig. I is a two-dimensional section of a micro
structure created by choosing random nucleation 
sites. Figure lb is a two-dimensional section 
created by nucleating at the corners of a previously 
randomly nucleated microstructure. Figure lc is a 
section of microstructure created by nucleating 
at the corner sites of microstructure of the type 
in Fig. lb, i.e., a double corner transformation of 
a homogeneously nucleated microstructure. Figure 
2a,b, and c show the respective two-dimensional 
area per cell distributions, while Fig. 3a,b, and 
c show the respective three-dimensional cell 
volume distributions. Thus, it can be seen that 
the microstructures and their distribution functions 
are strongly dependent on their respective his
tories that are related to the nature of their 
originating nucleation sites. In addition to the 
distribution functions shown in Figs. 2 and 3, angle, 
edge, surface and various other two- and three-di
mensional features are extracted by our computer 
code. This infonnation will prove useful for de
termining sensitive parameters relating micro
structures to their respective histories. 

In the examples shown, nucleation is either homo
geneous or occurs at all corner sites of a previous 
microstructure. Other possible variations include 

(c) 

Fig. la,b,c. Microstructures. (XBL 7711-10891) 

(c) 

Fig. 2a,b,c. Area/cell histogram (note last bin contains overflow). 
(XBL 7711-10891) 
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(a) (b) (c) 

Fig. 3a,b,c. Vol/cell histogr~~ (note last bin contains overflow). 
(XBL 7711-10891) 

partial nucleation at previous cOYr.ers of ei the:: 
regular, random or semi-random nucleated micro
structures. Also nucleation can be simulated on 
edges or cell faces in varying densities. It 
should prove interesting and informative to deter
mine a useful classification system relating micro
structures to their histories. A further extension 
of the code will involve the simulation of various 
material properties such as diffusion character
istics and mechanical stability. 

This computer simulation has the potential for 
unraveling many of the relationships between the 
history, material properties, and microstructural 
features of sin~le cellular microstructures. Un
derstanding these relationships should provide 
insight about more co~lex and realistic micro
structures. 

Fig. 4. Microstructure created by prolate 
spheroidal growth. (XBL 7711-10889) 

b. The Johnson-Mehl Microstructure Generated by 
a Non-Radial Growth Function 

K. Hanson and K. W. Mahin 

The previous article describes a versatile com
puter code for generating microstructures when 
growth is isotropic and nucleation occurs simul 
taneously. A separate co~uter code exists for 
generating more co~lex microstructures where nu
cleation is a function of time and phase, arid growth 
is a function of time, location, direction and 
phase. TIle resulting microstructures have curved 
interfaces that cannot be easily handled by the 
codbg techniques of the previous article. How
ever, we have constructed an alternate code that 
draws two-dimensional sections of these co~lex 

Fig. 5. ~1icrostructure created by oblate 
spheroidal growth. (XBL 7711-10890) 



microstructures on a high resolution grid. The 
resulting pi~tures are easily computer analyzed to 
extract various two-dimensional features (averages 
and distribution functions). These characteristic 
features can then be correlated with the micro
structures' nucleation and growth parameters. 

Figures 4 and 5 are examples of non-radial growth 
where nucleation occurs simultaneously. Figure 4 
was created by growing randomly positioned and 
oriented prolate spheroids (rod shaped), where the 
major axis is four times the minor axis. Figure 
5 was created by growing randomly positioned and 
oriented oblate spheroids (plate shaped), where 
the major axis is three times the minor axis. As 
anticipated, nonisotropic growth yields many un
usual grain shapes. 

3. MECHANICAL DEFORMATION 

a. A Solution for the Interaction of Dislocations 
in a Plate with Possible Applications to the 
Mechanics of Red Blood Cells 

F. R. N. Nabarro 

~~ interest has been centered on the mechanical 
properties of the membrane of the red blood cell, 
and in particular in the influence of long molecules 
such as cholesterol, detergents and anaesthetics 
that may be absorbed in such a way that they ex
tend from the outside of the lipid bilayer to about 
halfway dmVl1 the outer of the two layers. Such 
absorbed molecules will tend to bend the layer. I 
decided to start with a two-dimensional model in 
which the absorbed molecules were simulated by 
edge dislocations with their lines in the mid-plane 
of an elastic plate, and their Burgers vectors 
parallel to the plate. The angle of bend is knmVl1 
in this case, but it turned out that the strain 
field, and consequently the energy of interaction 
between two such dislocations, was not known. This 
problem was solved with the collaboration of an 
undergraduate mathematician, Eric Kostlan. The 
solution shows some novel mathematical features. 
The most remarkable physical result is that two 
such dislocations have a position of stable equilib
rium at a separation of about 1·2 plate thickness. 
It is not known if a similar result applies to 
peglike molecules. The mathematical problem looks 
difficult; it would not be surprising if there 
were indeed an attraction, and stronger than the 
very weak one found in the two-dimensional model. 
If it's true that there is a relatively long-range 
attraction between long molecules absorbed in a 
lipid layer, it may be possible to explain some 
quite remarkable observations by the late H. 
Trauble on the clustering of spin-labeled steroids 
in lipid layers. 

My second problem has been the theory of the 
crenation of the red blood cell produced by deter
gents or drugs. The observations are that up to 
a certain concentration of absorbed molecules 
nothing happens. Then crenations or spicules form 
on the surface. Over a very modest range of con
centrations these spicules become smaller and more 
nlUllerous. Up to this point the process may be re
versed by removing the foreign chemical. With 
further increases in concentration a sudden and 
irreversible change occurs. An essentially mechan-
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ical theory has been developed that explains this 
sequence. The predictions of the theory must, how
ever, be evaluated numerically and compared with ob
servation, a task not rendered easier by apparent 
contradictions and invlausibilities in the experi
mental evidence. 

b. Simulation Studies of Plastic Deformation 
Through Dislocation Glide* 

S. Altintas and K. Hanson 

The plastic deformation of a crystal is accom
plished usually through the motion of dislocations. 
The glide of a dislocation is impelled by the 
applied stress and opposed by microstructural ob
stacles such as point defects, precipitates and 
other dislocations. 

We consider the planar glide of a dislocation 
through randomly distributed obstacles. The ob
jective of this work is to calculate the critical 
resolved shear stress (CRSS) as a function of the 
strength of the obstacles, and to determine disloca
tion velocity as a function of temperature, applied 
stress and strength of the obstacles. 

Research progress to date can be summarized 
under three headings: 

1) Dislocation Glide Through Arrays of Unlike 
Obs tacr"es----

In most physically realistic systems the ob
stacles to dislocation lnotion are of different 
type. TIleir distribution, size and shape are ex
pected to influence the mechanical properties of 
materials. Even in the sinvlest case of solution 
hardening the atoms are arranged above and below 
the slip plane so as to interact with the moving 
dislocation differently. Also, in some cases the 
strengthening mechanisms are superimposed to ob
tain optimal properties, e. g., solution hardening 
and precipitation hardening. 

Dislocation glide through mixtures of obstacles 
of different strengths has been studied analytically 
and by computer simulation. TIleoretical consider
ations have shown that the CRSS is given by the sum 
of the quadratic mean of the stresses for the indi
vidual obstacles, i.e., T2 = LX.T~ where T. is 

ill 1 

a function of the obstacle strength (Si). This 
formula applies for a wide range of obstacle 
strengths (Si) and fractions (Xi)' Figure I illus-
rates the effects of a square spectrum of oustacle 

",trength on the CRSS. We plot the CRSS as a func
tion of the width of the distribution for a given 
mean strength. Even though the CRSS can be calcu
lated approximately using the average value of the 
obstacle strength, the deviation is considerable 
for spectnuns of strong and weak obstacles. Com
puter slllulation results of five arrays each con
taining 1600 obstacles are indicated by data bars 
in the figure and there is a good agreement with 
the calculations. 

The average segment length and the distribution 
of forces on the pinned dislocation configuration 
have been calculated and show good agreement with 
the simulation data. 
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Fig. 1. CRSS as a function of the width of dis
tribution for a square spectrum of obstacle 
strengths. (XBL 775-5435) 

2) The Effects of Temperature on Dislocation 
Glide 

In crystals containing obstacles whose inter
action distance with the dislocation is short com
pared to their spacing, thermal activation may help 
to overcome the barriers. Computer simulation and 
analytic studies indicate that the stress at a 
given velocity decreases as ten~erature increases. 
Figure 2 indicates the effect of temperature on the 
flow stress for a given velocity for arrays con
taining two types of obstacles. As is apparent 
from the figure the contribution of weak obstacles 
to the stress diminishes at high temperatures. 
Figure 3 illustrates the effect of temperature on 
the fraction of strong obstacles on the dislocation. 
The fraction increases as the temperature decreases, 
approaching the athermal value. 

3) Comparison with Experiment 

Even though the results obtained from computer 
simulation of dislocation motion through point ob
stacles have been widely used in the literature to 
explain the strength increase in solution-, irradi
ation-, and precipitation-hardened materials, very 
little has been done in direct comparison with ex
perimental data. 

Recently, ~nxnjal and Ardell have tried to com
pare the results obtained from precipitation 
hardened Ni-Al alloys to computer simulation data 
and concluded that the experimental data and simu
lation results obtained by Foreman and Makin were 
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Fig. 3. The fraction of strong obstacles on the 
dislocation as a function of temperature. 

(XBL 775-5457) 

not in complete agreement. However, further con
siderations regarding more realistic distribution 
of obstacle strengths brought the agreement closer. 

Another study that is of direct interest to com
puter simulation of plastic deformation is done by 
Appel et al. The distribution of segment lengths 
obtained from .HVEtvl in situ deformation of doped 
MgO single crystal is compared with the computer 
simulation data in Fig. 4. As shohn in the figure 
the agreement between computer simulation and 
"real" experiment is excellent. 
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Fig. 4. Comparison of experimental segment lengtn 
distribution with the computer simulation histo-
gr~~. (XBL 775-5454) 

More recently, studies of solution hardened ma
terials have also shown good agreement with the 
simulation experiments. However, further work, 
both experimental and simulation, is necessary to 
complete the comparison between experiment and 
theory. 

* Supported by the National Science Foundation under 
Contract No. U\ffi75-0Sl63. 

c. Constitutive Equations for S~rplastic 
Deformation 

D. Grivas 

Our efforts in the past year have been aimed in 
the following three directions: 1) to understand 
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the deformation mechanisms involved in the def
ormation of superplastic alloys over a wide range 
of strain rates, 2) to study the necessary 
microstructural characteristics needed to provide 
a stable two phase microstructure, a basic re
quirement for superplasticity, and 3) to study 
the effect of the microstructure on the defonna
tion characteristics of these alloys, in the hope 
that, through such an understanding, superplasti
city may be exploited to its fullest (fastest 
deformation rates, highest elongations, etc.) 
while, at the same time, some limitations, such 
as low tensile strength and creep resistance, may 
be effectively removed. 

It is well accepted that for superplastic ma
terials, a logarithmic plot of the stress vs. the 
steady-state strain rate reveals three distinct 
regions of different slope. Each of these 
regions corresponds to a different rate controlling 
deformation mechanism. The low stress region in 
our model is associated with the gliding of dis
locations through the grains of the fastest de
forming phase. As the stress is increased, and 
appreciable grain boundary sliding and rotation 
occurs, stress concentrations at the triple 
points are created. These stress concentrations 
cause new slip planes to operate, which transport 
1m,ss to relieve the stresses, resulting in the 
second region, whose predominant controlling mech
anism is the rate of grain boundary sliding. At 
the highest stress region, dislocation climb is 
suggested as the predominant mechanism. 

A common feature of most superplastic alloys 
is a high solubility limit of one element in an
other at the eutectic or eutectoid temperature, 
which decreases rapidly with decreasing tempera
ture. This feature, coupled with heterogeneous 
nuclei, introduced either by mechanical working 
or by fast quenching from the single phase region, 
results in a dispersion of precipitates in one 
of the phases of the mul tiphase alloy. These 
precipitates decrease the rate of growth of the 
grain in which they are dispersed, and, in turn, 
limit the rate of growth of all grains in the 
system. 

It is usually assumed that for superplastic 
deformation 

e := e(o,T,d) 

where 

. 
e steady state strain 

rate 
T temperature 
° ~ applied stress 
d ~ microstructure characterization 

paranleter, 

such as the mean grain diameter or mean phase 
diameter. We found that besides the three above 
parameters 0, T, d the steady-state strain rate 
depends on the thermal history of the tested 
specimen. This effect is attributed to the dif
ferent volume fractions of each phase, reSUlting 
from different cooling rates. The thermal history 



was also observed to affect the total amount of 
deformation. In eutectoid systems, the creep re
sistance and tensile strength can be improved 
after deformation by bringing the deformed part 
to the one phase region and then slow cooling to 
introduce the characteristic plate-like micro
structure. This extra thermal treatment can in
crease the tensile strength by a factor between 8 
and 10 at high temperature. 

4. THE INFLUENCE OF PHASE TRANSFORlvIATION ON 
MECHA.NICAL PROPERTIES AT CRYOGENIC TEtvlPERATIJRES 

a. Profile TEM }\nalysis of Cryogenic Fracture 
Surfaces in 9Ni Steel* 

C. K. Syn 

In the course of research into the influence of 
retained austenite on the cryogenic fracture 
toughness of grain-refined ffild tempered 9Ni steel 
we faced the problem of determining the state of 
retained austenite (or transformed austenite) in 
the in~ediate vicinity of ductile fracture sur
faces. The problem was solved by preparing pro
file specimens (Fig. 1) which permit detailed TEv! 
studies of the deformed microstructures in the 
first few microns below the fracture surface. 
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The preparation of the profile specimens re
quires an elaborate thinning procedure. The frac
ture surfaces of KIC specimens tested at 77K were 
electroplated with an iron layer of about 2 mm 
thickness. The plated specimens were sliced along 
the direction of crack propagation and at 90 0 angle 
to the fracture surface. These slices were chemi
cally and mechanically thinned and ground to 
thickness of about 40 microns and then spark cut 
into disks of 3 mm diam such that the boundary 
(i.e., the fracture surface edge on) between the 
plated iron layer and fractured materials come to 
the middle of the disk. The final thinning was 
frustratingly difficult. Conventional electro
polishing techniques such as jet polishing, window 
teclmique and other known versions of electro
polishing produced either too thick or severely 
etched foils that could not be thinned beyond a 
certain initial thickness. Further thinning efforts 
ably fast edging away of the previously thinned 
areas rather than a continuous reduction of 
thickness. Thinning with ion milling led to thin 
foils with severely etched surfaces. Success was 
finally achieved by combining the electropolishing 
and ion milling techniques. Finish thinning by 
ion lnilling of thin foils pre thinned by electro
polishing produced foils of reasonable quality in 
surface and thickness suitable for the high voltage 
TEtvl study. 

An example of the microstructure adjacent to 
the 77K fracture surface in 9 Ni steel is shown 
in Fig. 1. The upper part is the plated iron 
layer and the lower part is the microstructure 
profile from the fracture surface (demarked with 
white arrows) to about a depth of several microns 
into the bulle In this initial observation retained 
austenite particles were not detected. Micro
structural features consisting of lens-shaped 
particles with high dislocation density were, how
ever, observed. These resemble the retained 

Fig. 1. TEM microstructure of fracture surface 
layer in the grain-refined and tempered 9 Ni steel. 
The fracture boundary runs from near the top of 
the left to the middle of the right as demarked by 
a dotted line. (XBB 7712-12552) 

3tcstpni te particles in tr'.e underfomed samples. It, 
therefore, appears that the retained austenity 
particles transform during the fracture process to 
a highly dislocated martensite. More extensive 
study to confirm this tentative conclusion is in 
progress. 

* Also supported by the Office of Naval Research under 
Contract #N00014-7S-C-0154. 

b. Development and Use of Mossbauer Spectroscopy 
for Phase Analysis of Fracture Surfaces* 

B. Fultz 

Mossbauer spectroscopy is known to be a useful 
tool for phase analysis in surfaces. It is specif
ically applicable to the quantitative analysis of 
ferrite and austenite phases in iron since these 
give distinct, characteristic spectra. Mossbauer 
spectroscopy offers the additional advantage that 



the region analyzed is the first 300 A-l]Jm be
low the surface (depending on experimental setup) 
making it particularly attractive as a tool to 
analyze residual austenite and ferrite (or marten
site) in the deformed region immediately below a 
fracture surface. 

We face the problem of determining residual 
phases near the fracture surface in two current 
projects: the influence of strain-induced marten
site transformation on the cryogenic mechanical 
properties of austenite eBBS/DOE) and the influence 
of retained austenite on the toughness of ferritic 
cryogenic steels (ONR) and have hence developed an 
apparatus for Mossbauer spectroscopy to assist in 
these projects. The development of the apparatus 
has progressed to the point where surface measure
ments of phase concentration is now a routine pro
cedure. The apparatus includes a microcomputer
based data collection and processing system that 
is sufficient for data collection, storage, and 
processing including spectral deconvolution. 

In research on the influence of retained austen
ite on the low temperature toughness of ferritic 
cryogenic steels, the Mossbauer evidence shows that 
retained austenite in grain refined 9 Ni steel is 
extensively (though not always completely) trans
formed to martensite in the deformed region near 
the ductile fracture surface at 77K. This result 
is in agreement with recent studies by Schwartz 
and Kim at Northwestern University, but is at vari
ance with earlier work that suggests that a stable 
austenite is prerequisite to good toughness. 
~~ssbauer spectroscopy is now being combined with 
profile TEv! studies (reported above) to clarify 
this matter. Initial results suggest that under 
certain conditions, which are apparently achieved 
in 9 Ni steel over a narrow range of tempering 
temperatures, crack-tip deformation at low temp
erature transforms the austenite into a ductile, 
dislocated martensite which does not behave as a 
source of brittleness. 
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Mossbauer spectroscopy is also being applied to 
austenitic alloys to assess the effect of strain 
induced transformations on toughness. The initial 
alloy studied is Fe-2lCr-6Ni-9Mn, a proprietary 
alloy of the Armco Steel Co., which is a major 
candidate alloy for structural walls for large 
superconducting magnets. Mechnical property tests 
at the Boulder Laboratories of the National Bureau 
of Standards suggest a slight deterioration in 
fatigue resistance at 4K, which might be associ
ated with austenite instability. Mossbauer analysis 
of the samples supplied by NBS reveals significant 
transformation in the fracture surface at both 77 
and 4](. The transformation is localized «10 ]Jm 
in depth below the fracture surface), and the nBr
tensite spectra show hyperfine field effects which, 
along with other pertinent aspects of the trans
formation, are now being investigated. 

c. Deformation- Induced Martensi tic Transformations 
at Cryogenic Temperature 

S. Chen 

In the study of the deformation-induced marten
sitic transformation it is important to determine 

accurately the temperature associated with the 
first appearance of martensite under load (~ID)' 
Addi tional data relating the amount of nBrtensite 
formed to the temperature and the extent of defor
mation is needed to clarify the mechanism of def
ormation-induced martensite and its relation to 
mechanical properties. 

To obtain this data a magnetic device was con
structed within a temperature cell in a geometry 
that allows it to be fit around a tensile specimen 
inserted in an Instron machine. As magnetic mar
tensite forms in the specimen the input frequency 
of the magnetic coil is modulated. The difference 
between the input frequency and the final frequency 
reveals the amount of martensite produced, assuming 
the unit has been calibrated by a direct quantita
tive technique (x-ray diffraction or Mossbauer 
spectroscopy). Figure 2 shows examples of measure
ments during tensile tests at -50 and -26°C. The 
magnetic device may also be attached to a cryogenic 
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Fig. 2. The stress-strain curve and the martensite 
transfonlBtion curve. (XBL 7712-6585) 

dilatometer to study the relation between the mar
tensi tic transfonnation and the magnetic transition 
in steel. 

Current research addresses the influence of 
Cr and Mn on MS and MD temperatures and on features 
of the deformation-induced transformation in Fe-Ni 
austenites. The alloys being studied include Fe
Fe- (25-3l)Ni- (0-6)Cr - (0-6)Mn. These alloys 
were chosen in part to test the extrapolation of 
widely-used "nickel-equivalent" formulae for 
estimating MS anel MD to high nickel equivalents. 
The initial results suggest that these fOnllUlae 
are seriously misleading for high nickel alloys. 

*Also supported by the Office of Naval Research 
under Contract #N00014-7S-C-0154. 



S. THE DEVELOPtvlENT OF NEW STRUCTURAL ALLOYS FOR 
ENERGY - RELATED APPLICATIONS 

a. Thermomechanical Processing of Fe-Ni Cryogenic 
Steel 

J. 1. Kim 

The high cost of nickel coupled with the high 
nickel content of available cryogenic steels (e.g., 
9 Ni steel) has created a need for low nickel 
alloys having sufficient cryogenic toughness to be 
suitable for the safe storage and handling of 
liquified gases. In response to this need 5 Ni 
(Armco) and 5.5 Ni (Nippon) steels have recently 
been introduced and low nickel and nickelfree cryo
genic steels are under investigation in several 
laboratories. A significant problem with these 
alloys is that as the nickel content is lowered an 
increasingly elaborate thermal treatment seems to 
be required to establish acceptable cryogenic 
toughness. The 5 Ni steels are given a three-step 
heat treatment, and more complex treatments may be 
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needed as the Ni content is made still leaner, in
volving a trade-off between energy and processing 
costs and alloy costs in alloy optimization. In 
the case of low-alloy steels for applications such 
as Arctic pipelines controlled rolling processes 
are used to establish low te~Jerature toughness. 
TIle present project was begun to explore controlled 
rolling as an alternative to elaborate heat treat
ment in processing low nickel alloys for severe 
cryogenic uses. 

The experimental material used in this research 
to date is corrullercial 5.5 Ni steel supplied by the 
Nippon Steel Company. The thermomechanical treat
ments studied include a three-stage hot rolling fol
lowed by a tempering treatment. The three-stage 
controlled rolling is intended to refine prior 
austenite grains and to provide a microstructural 
condition conducive to effective decomposition 
during tempering. Tempering then decomposes the 
structure into a mixture of martensite, ferrite and 
retained austenite (Fig. 1). The desired final 
structure would consist of a fine distribution of 
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Fig. 1. Transmission electron micrograph of rolled and tempered steel 
showing a mixture of martensite (M), ferrite (F), and retained austenite 
(A), and their orientation relationships. (XBB 770-12673) 



stable retained austenite interspersed through the 
interior of tempered martensite grains. 

Two difficulties have been encountered in ob
taining the desired microstructure through a con
trolled roll and temper process. First, the de
composition achieved in tempering tends to be con
centrated in prior austenite grain boundaries. We 
have, however, found that grain interiors can be 
effectively tempered if the rolling conditions are 
properly chosen. Second, the structure obtained 
after rolling (with low finishing temperatures) is 
no longer simply nBrtensite but a mixture of mar
tensite and highly dislocated ferrite containing 
precipitated carbides (Fig. 2). It has proven dif
ficult to devise a thermal treatment that will 
introduce a reasonable distribution of retained 
austenite into this structure while properly 
tempering the ferrite. VJhile additional research 
is required to optimize this processing procedure, 
we have succeeded in obtaining good cryogenic 
toughness (Fig. 3) while retaining tensile 
properties equivalent to those of the current heat
treated alloy. 

;; 
b. Ferri tic Fe-~'hl Alloys for Cryogenic Use 

S. K. Hwang 

During the past year research to develop nickel
free ferritic cryogenic steel has concentrated on 
the alloy Fe-12Ivln-0.2Ti. Building on prior years' 
research we focused on two processing teclmiques 
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Fig. 3. Charpy transition curves of A) rolled 
and tempered steel, B) rolled steel and C) solu
tion treated steel before rolling. (XBL 7712-6568) 

to achieve good cryogenic toughness near 77](. The 
first is a thermomechanical treatment. This pro
cess consists of a hot rolling of the austenite at 
900°C followed by a tempering at a two-phase 
temperature, 500 0 e. The hot working and quenching 
not only reduces the prior austenite grain size 

Fig. 2. A) Transmission electron micrograph of rolled steel with a high dislocation 
density and precipitated carbide. B) Transmission electron micrograph of rolled and 
tempered steel with subgrains. (XBB 770-12674) 



through partial recrystallization but also maintains 
a residual dislocation density that facilitates the 
subsequent two-phase tempering. As a result a sub
stantial increase in the Charpy impact energy at 
77](, from 8 to 30 joules, is obtained. The im
proved cryogenic toughness is evident in the fracto
graph shmvn in Fig. 4. 

Fig. 4. Fe-lZIvln -O. ZTi. SEl"l fractograph of a 
Charpy specimen broken at 77K. Ilot rolled 50 90 

at 900°C; ice brine quenching tempering 4 hours 
at 500°C; ice brine quenching. (XBB 770-1Z550) 

A second approach attempted to mll11mlZe the 
characteristic brittle intergranular fracture of 
tl1is alloy in as-cooled condition. In a practical 
service environment this phenomenon may present a 
problem particularly in welded structures. It was 
learned that a controlled cooling technique could 
be effective in suppressing intergranular cracking. 
111is teclmique consists of a slow cooling above MS 
temperature and a fast cooling below Mf as illus -' 
trated in Fig. 5. The cryogenic impact absorption 
energy at 77]( was substantially improved by this 
method. The in-situ Auger analyses of the fracture 
surfaces are shmvn in Fig. 6. While no segrega
tion was found on the prior austenite grain 
boundaries of the as-quenched specimen a minute 
segregation of N was observed in a completely 
furnace-cooled specimen. The control-cooled speci
men showed transgranular ductile fracture. The 
present findings indicate that more than one cause 
is involved in the intergranular fracture of this 
alloy. A quench embrittlement that does not in
volve significant grain boundary segregation is 
dominant after fast cooling rates. A thermal em
brittlement that does involve some chemical segre
gation intervenes with extremely slow cooling rates. 
Controlled cooling at an intennediate rate may avoid 
both sources of embrittlement, yielding good cryo
genic touglmess with a ductile fracture mode at 
77](. 

supported by the NASA-Lewis Research Center 
under Grant IINGR05-003-56Z. 
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cooling process. (XBL 774-5345) 

c. Age-Hardening of Austenitic Fe-Ivln-X Alloys 

K. M. Chang 

Austenitic Fe-Ivln alloys have been suggested 
for both cryogenic applications and uses requiring 
nonmagnetic alloys at room temperature and above. 
These alloys characteristically have low strength 
in the annealed condition. ]11e present research 
was undertaken to identify useful precipitation
hardening schemes. The occurrence and the struc
ture of intermetallic phases and the morphology and 
kinetics of their precipitation in austenite de
pends upon the alloy chemistry including the elec
tron/atom ratio, atomic size, and compressibility. 
Basic ternary alloys Fe-tvln-X eX = AI, Ti, V, ~~) 
were studied systematically with regard to their 
aging response and the microstructure of the precip
itation. No homogeneous coherent precipitate 
[like the y' (Ni3Ti) found in Fe-Ni based austen
ites] was observed; heterogeneous nucleation and 
continuous growth resulted in very coarsened pre
cipitates that gave only minor increase in hardness 
ffild serious reduction in ductility. 

To beneficially utilize these precipitates to 
improve the mechanical properties of Fe-lvln based 
austenites, efforts were made to alter the pre
cipitation kinetics of the intennetallic compounds. 
The Fe-lvln-Ti system was chosen for detailed study. 
The intermetallic precipitates in this alloy were 
identified as an hexagonal Laves phase of C14 
(lvlgZnZ) type with chemical composition FeZ (Ti, tvln). 
Aging directly after solution annealing produced a 
continuous network of precipitate phase along grain 
boundaries with a low density of individual precip
itates dispersed inside the matrix. This micro
structure does not strengthen the austenite signif
icantly since the interparticle spacing within the 
matrix is too large to constitute an effective ob
stacle to dislocation motion. In addition, the 
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continuous grain boundary precipitation embrittles 
the alloy and causes intergranular fracture. The 
reasons for this ineffective precipitation are 
that the alloy does not have enough beneficial nu
cleation sites for precipitation within the matrix 
and that continuous precipitation along grain 
boundaries dissipates the supersaturation at the 
early stage of aging. In order to overcome these , 
problems, a 40% reduction by cold rolling was used 
between the solution annealing and the aging pro
cesses to introduce dislocation tangles that might 
act as effective nucleation sites. 

Figure 7 shows the tensile properties of the 
alloy after different treatments. A good combina
tion of strength and ductility can be achieved by 
introducing deformation. Intergranu1ar brittle 
fracture was avoided. The micrography indicated 
that the dominant precipitate nucleation site 
was changed from the grain boundary to the 
matrix inside. The kinetics of precipitation is 
accelerated by predefonnation; very fine precipi
tates covered the entire structure in one-hour 
aging. The precipitates were randomly distributed 
throughout the whole specimen; no continuous grain 
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boundary precipitate was found. No evidence of 
overaging was observed even after aging for 96 h, 
which is believed due to the low diffusivity of the 
substitutional elements in the austenitic matrix. 

d. Use of Double Aging Treatments to Improve the 
Strength of Austenitic Alloys 

A. tvla and D. H. Klahn 

It has been known phenomenologically for some 
time that the strength of ausaged austenitic alloys 
can be improved by a thermal treatment in which a 
high temperature aging of the austenite is followed 
by a second aging at a somewhat lower temperature. 
The source of this desirable aging effect is, how
ever, unlG101vn. TIlree explanations suggest them
selves: 1) The effect may be kinetic; the 
higher precipitation kinetics at the more elevated 
temperature initiate the precipitation process and 
allow the peak hardness appropriate to the lower 
temperature to be attained in shorter time. 
2) The effect may be associated with a more fav
orable distribution of precipitate particles due to 
favorable nucleation behavior at the higher terrq)
erature. 3) The low temperature aging may induce 
a second, independent nucleation process that leads 
to a much higher effective precipitate density. 

Research in this project has concentrated on 
alloys of composition Fe- (33-36)Ni-Ti-Al which are 
strengthened by formation of the y' Ni3(Ti,Al) 
precipitate. A variety of aging experiments have 
shmvn that, with optimization, a double aging 
treatment can yield a higher final strength than is 
attainable through aging at either temperature 
alone. This evidence suggests that the strength 
improvement cannot be due to kinetic factors alone, 
but must involve either a more favorable precipitate 
distribution or a secondary precipitation process. 
In earlier work under this project Jin and Huang 
found persuasive (though indirect) evidence for an 
independent precipitation process in Fe-(3l-33)Ni-Ti 
2lloys aged near 500°C after initial aging near 
750°C (LIT ~ 250°C). The optimal LIT for maximum 
strength in stable austenitic alloys, 
Fe- (34-36)Ni-Ti-Al, is found to be much smaller, 
in the range LIT ~ 70 to 100°C. In this case the 
driving force for secondary precipitation is 

66 

smaller and no direct evidence for secondary pre
cipitation has been obtained. Resistivity tech
niques are now being used to test the possibility 
of a very fine scale secondary precipitation pro
cess. 

c. High-Strength, Age-rlardenable Austenitic Steels 
for Generator Retaining Rings 

D. Klahn, K. M. Chang, G. Thomas and J. W. 
Morris, Jr. 

The purpose of this project is to design an 
alloy that can be used for making retaining rings 
for large electrical generators. 

Retaining rings are one-piece hollow cylinders 
that are shrunk-fit over both ends of a generator 
rotor and serve to restrain the copper windings 
from the high centrifugal forces generated during 
operation. A large retaining ring can be up to 4 
ft in diam, 3 ft long, 4 in. thick and weigh up 
to 3 tons. The retaining ring is the most highly 
stressed component of the generator system. 

An alloy to be used for making retaining rings 
must have the following room temperature properties: 

a) nonmagnetic, to avoid eddy current losses 
b) yield stress of -200 ksi 
c) fracture touglmess KIC > 100 ksi~ 
d) resistant to stress corrosion cracking in 

hydrogen, which is used to cool the generator. 

Currently most retaining rings are made from 
l8tvln-5Cr austenitic steel. TIlis alloy is inade
quate for large retaining ring systems because it 
is only hardenable to _ 170 ksi and is susceptible 
to stress corrosion cracking in hydrogen. 

Our alloy design efforts have concentrated on 
achieving the desired properties by thermal pro
cessing alone. Specifically, two approaches have 
been taken. First, a novel technique that com
bines both precipitation hardening and transforma
tion strengthening has been developed. Secondly, 
age hardening alone has been used to achieve high 
strength by using a double-aging teclmique. 

A schematic of the thermal processing involved 
in the first approach is shown in Fig. 8. After 
annealing, the alloy is first aged to form a fine 
distribution of y' precipitates that strengthen 
the alloy by impairing dislocation motion. This 
is followed by a liquid nitrogen quench that causes 
a partial DBrtensitic transformation. The alloy 
is subsequently heated to above the AF temperature 
to cause a retrmlsformation to austenite. A final 
low temperature mmeal serves to lower the MD temp
erature and hopefully prevent yielding via mechani
cally induced transformation. The austenite
martensite-austenite cycle results in an increased 
dislocation density that strengthens the alloy in 
an analogous manner to cold working. The sequence 
of aging first and then transformation strengthening 
is based on two observations: 1) aging causes the 
MS temperature to rise that results in a higher per
centage of austenite trmlsforming to martensite than 



1200 
ANNEAL 

1000 

800 
,u 

-200 

THERMAL PROCESSING 

AUSAGING 

FIRST SECOND 

~'L-----

!lI'l------

REVERSION 

Fig. 8. Schematic of processing sequence used to 
strengthen Fe-Ni alloys. (XBL 7710-6283) 

would result if the sequence were reversed and 
2) aging first helps pin the transformation in
duced substructure and prevents tllis substructure 
from annealing during reversion. 

The second approach was to obtain the desired 
properties by precipitation hardening alone. This 
was achieved by optimizing a double-aging process 
by utilizing a gradient furnace, shmm schematically 
in Fig. 9. A candidate alloy was inserted in this 
furnace for a period of time and then hardness 
readings were taken along its length. Correlating 
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Fig. 9. Schematic of gradient furnace. 
(XBL 7710-6280) 
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the posltlOn of the maximum hardness with the 
temperature gradient gave the optimum initial aging 
condi tions. A second specimen was subsequently 
aged at these conditions in a standard furnace and 
reinserted in the gradient furnace to detennine the 
optimum second aging conditions. 

To date, alloys of Fe-(28-36 at.%)Ni-(3-7 at.%) 
(Ti,Al,Nb,Ta) have been fabricated, processed and 
tested. By applying the age hardening plus trans
formation strengthening approach, yield stresses 
in excess of 180 ksi have been achieved. 

More recent investigations that involve both 
co~)osition and process modifications have resulted 
in an austenitic alloy that can be strengthened to 
a yield stress of > 200 ksi with a corresponding 
fracture toughness Krc of >110 ksi ,satisfying 
the strength and toughness goals of the program. 
Additional testing of notched tensile specimens in 
a hydrogen environment is being plalilled. 

6. WELDING RESEARCH 

a. Establishing a IIJelding Research Facility at 
1I1}1RD* 

K. W. Mahin 

A new research program has been initiated this 
year in the area of welding metallurgy. The pro
ject involves the development of an economical 
weld wire with good properties to be used in welding 
Fe-9Ni plate for cryogenic service. Since the 
project entails not only the design and fabrication 
of the wire but also the actual welding of test 
plates using this experimental wire, it has been 
necessary to establish a welding research facility 
at lvllVlRD. In order to determine the suitability of 
the wires for welding Fe-9Ni, it has been necessary 
to ascertain what are standard welding procedures 
for this material. lVhile automated gas tungsten 
arc welding (GTAW) is actively being pursued in 
Japan, a survey of American firms interested in the 
development of a new wire indicates that a success
ful wire for American purposes must be suitable 
for gas metal arc welding (GlvlAW). However, associ
ated with this process is a history of defect prob
lems in the weldment, which are assumed to be due 
to impurities in the shielding atmosphere. In 
order to study and control this problem, a vacuum 
chamber has been procured. The chamber will afford 
control of impurity levels in the atmosphere and 
provide a good basis for comparing different 
shielding atmospheres as to their effect on the 
type and number of defects fonned in the weldment. 
In light of the preference of American industry for 
GlvlAW, a semi-automated gas metal arc welding UNH 
has been purchased. The facility at the present 
time has the capability to do semi -automated GlvlAW 
in a controlled atmosphere with appropriate mon
itoring devices to record any process fluctuations. 
The process will be fully automated during the 
coming year in an attempt to reduce the process 
variables to a minimum. 

TIle other aspect of the program has entailed the 
acquisition of Fe-9Ni plates and the development of 
process procedures for fabricating experimental 



wires of varying compos It lOns . 9Ni steel plate has 
been provided by the Armco Steel Co. The wire pro
duction has been carried out at JvlMRD by modifying 
existing equipment. The procedure upon which we 
have decided involves the casting of 5 Ib ingots 
that can be directly hot forged then swaged to 
1/8 in. diam rod. At this point, the rod is cold
draMl to its final 1/16 in. diam. Current capa
bili ty allows for a final wire length of 18 ft. 

The welding facility at !vlMRD is now operational 
and the welding of the 9 Ni steel plates with the 
experimental wires using the GMAW process has begun. 
The work for the coming year will involve the 
mechanical and chemical testing of the as-welded 
plates. 

" Supported by the LBL Director's Fund under 
Account 113664-15 

7. RESEARCH PLANS FOR CALENDAl\ '{EAR 1978 

J. lV. Morris, J1'. 

1) During 1978 research on the theory of phase 
transformations will emphasize elastic theories of 
martensitic transformations and precipitation 
processes and theory of coarsening of spinodal de
composition and precipitation reactions. 

2) Research on the characterization of polygranu
lar microstructures will study transformations 
nucleated at grain bowldaries. The existing codes 
will also be used to create well-known microstruc
tures for studies of processes sensitive to grain 
structure, such as grain boundary diffusion and 
grain size and structure effects on fracture. 

3) Theoretical studies of plastic deformation 
will concentrate on the influence of dislocation
dislocation interactions on the characteristics 
of deformation through dislocation glide in simple 
systems. 

4) E>q)erimental research on plastic deformation 
will continue the present investigation of the 
mechanism of superplasticity and will also address 
the problem of a mechanical equation of state for 
homogeneous plastic deformation. 

5) In research on the influence of phase trans
fonnation on mechanical properties a combination 
of mechanical testing, Mossbauer spectroscopy, and 
fracture profile transmission electron microscopy 
will be used to relate toughness behavior to the 
extent and nature of transfonnation in the fracture 
surface. This research will be supplemented by 
specific studies of the deformation-induced trans
fonna tion of austenite. We also hope to employ 
high resolution Auger spectroscopy to begin study 
of the chemical consequences of secondary phases. 

6) In alloy development for structural applications 
at cryogenic temperatures, we hope to demonstrate a 
ferri tic Fe-tIn alloy for use to 77K during 1978. 
We also hope to obtain a thermomechanically-pro
cessed low nickel alloy for potential LNG use. 
Building on basic research on the consequence of 
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deformation-induced austenite we plan to begin re
search toward improved austenitic steels for use 
at 4K. 

7) In welding research we plan to mpJze, test, and 
evaluate 9 Ni steel weldments with the several 
ferritic weld wire compositions that have been 
proposed as potentially valuable. On the basis of 
this information we will begin modification of com
position and technique to optimize cryogenic weld 
properties. 

8. 1977 PUBLICATIONS AND REPORTS 

J. W. Morris, Jr. and Associates 
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b. Research on Alloy Design 

V. F. and E. R. Parker, 

1. FUNDAMENTAL INVESTIGATIONS OF CONTINUOUS 
PRECIPITATION IN A~ Fe-Nb CREEP-RESISTANT ALLOY 

J. Wert 

Ferritic alloys strengthened by precipitation of 
intermetallic compounds, rather than carbides, have 
potential application as creep resistant alloys. 
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This is expected because the coarsening rate of in
termetallic precipitates should be slower than that 
of carbide particles, resulting in a more stable 
microstructure in long-term service applications. 
However, the precipitation of intermetallic compounds 
in ferrite usually results in a heavy network of pre
cipitates along the grain boundaries and a precip
itate-free zone adjacent to the grain boundaries. 
Both of these microstructural features are detrimen
tal to the mechanical properties of these alloys; 
the grain boundary precipitates severely reduce the 
ductility and the precipitate-free zones adversely 
affect the creep strength. This investigation is 
devoted to a study of modifications of the heat 
treatment procedure that eliminates the precipitate
free zones. 

The alloy used in this study had a composition of 
2.6 wt.% Nb, the balance being Fe. This study was 
begun as an extension of previous studies on Fe-Ta 
alloys.l,2 The intermetallic precipitate formed in 
the Fe-Nb alloy was a Laves phase, Fe2tfu, which had 
a C14-type hexagonal crystal structure. The upper 
schematic diagram of Fig. 1 shmvs the heat treatment 
normally used to precipitation harden this alloy. 
The sequence of solution treatment followed by a 
quench to ambient temperature and subsequent aging 
is typical of many aging treatments. To avoid quench 
cracking a relatively slow quench was required-about 
40°C/s. Due to the slow quench rate, a heavy network 
of grain boundary precipitates developed during the 
quench. In the region adjacent to this boundary pre
cipitate, a Nb-depleted region was formed. The de
pleted region was observed using the electron micro
probe, and its formation has been modeled using com
puter techniques. 

Peak hardness was obtained by aging at 7000 C for 
1 hr. The form of the aging curves suggested that 
only one precipitation reaction occurred in this al
loy. Since only the equilibrium phase was found by 
x-ray tecrilliques, there was some evidence that no 
transition phases formed in this alloy. This was in 
agreement with the observation of previous investi
gators. 3 The microstructure corresponding to the 
peak hardness condition is shown in the lower micro
graph of Fig. 2. The wide precipitate-free :ones 
resulted from the difficulty of nucleation of the 
equilibrium precipitate in the regions of lowered Nb 
concentration. 

The heat treatment shown in the lower diagram of 
Fig. 1 included a pre-aging step at 500°C. There 
was no change in the hardness nor was any change ob
served in the microstructure by optical 6'Jectron 
microscopy after the pre-aging step. Yet the effect 
of a 6-hr pre-aging treatment on the microstructure 
following aging was remarkable, as is shown in the 
upper micrograph of .Fig. 2. The precipitate-free 
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Fig. 1. Schematic heat treatment schedules for pre
cipitation hardening: Normal heat treatment (upper) 
and modified heat treatment including preaging 
(lower). (XBL 7710-6240) 

zone was eliminated by using the pre-aging treatment. 
This was confirmed by electron microscopy. The or
igin of the pre-aging effect is tIDclear at this time. 
Some evidence suggested that it may be related to 
the clustering phenomenon observed in similar Fe-Mo 
alloys,4 although it was certainly not the only pos
sible interpretation of the available evidence. Ad
ditional experiments are under way at the present 
time to establish the origin of this effect. Mech
anical tests to evaluate the change in properties 
are also being conducted. Finally, it is expected 
that, regardless of the origin of this effect, it 
can be equally well applied to many other alloys 
which are strengthened by precipitation of inter
metallic compounds. 



Fig. 2. Optical microstructure of Fe-2.6% Nb alloy. 
Structure after 6 hr preaging, 1 hr aging (upper). 
Structure after nonnal processing of 1 hr aging 
treatment (lower). (XBE 773-1555) 

1. R. Jones, E. R. Parker, V. F. Zackay, Met. T-:ans. 
i, 2835 (1972). 
2. D. Ehandarkar, M. S. Ehat, E. R. Parker, V. F. 
Zackay, Met. Trans. 7A, 753 (1976). 
3. Speich, Trans. AlME 224, 850. 
4. Marcus, Fine, Schwartz-; J. App1. Physics 38, 
12 (1967). 

2. MODELING OF WOID( I~ENING IN TRANSFORMING 
ALLOY STEELS 

J. Kallend 

The mechanical properties of metastable steels 
are of interest because of the unique combination of 
strength 8t'1d ductility which may be obtained in suit
ably treated alloys. These properties derive from 
the phase transformation of austenite to martensite 
which occurs during deformation, leading to a high 
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rate of strain hardening, and consequently postpon
ing the onset of mechanical instability. 

In order to understand fully the influence of al
loy composition and process variables on the mechan
ical behavior of TRIP steels, and to develop a use
ful constitutive equation to describe the behavior, 
it is desirable to evaluate both the influence of 
these variables on the kinetics of the martensitic 
transformation, and the influence of the resultant 
two-phase microstructure on the mechanical proper
ties. The research described here was directed to
wards the latter problem. 

Previous work1 , 2 assumed that the mechanical prop
erties of TRIP steel were determined by a law of mix
tures . This law, together wi th several others, was 
evaluated on a developmental TRIP steel having the 
composition 0.325%'C, 8.0% Ni, 9.0%Cr, 2.0%Mn. The 
steel was thermomechanically processed by rolling to 
70% reduction at 200, 250, or 4S0°C. The mechanical 
properties and kinetics of the phase transformation 
of these materials have been characterized in a pre
vious study.3 The models used were: 

a. 
b. 

c. 

d. 

Law of mixtures. 
Drucker's continum model of constrained 
deformation. 4 
Dispersion hardening, using the Orowan 
formula. 
A model based on the development of back 
stresses in the matrixS modified to account 
for the finite strength of the martensite. 

The law of mixtures states that the effective 
strength of the composite is given by the weighted 
mean strength or its components, the weighting fac
tor being the volume fraction of each phase. 

° f + 0 Y a 0, y 

where 

flow stress of a phase, 

a
y 

flow stress of y phase, 

f volume fraction of a phase, 
a 

f volume fraction of y phase. 
y 

This is the expected constitutive law if the de
formation of the composite is homogeneous, with no 
co~straint between phases. 

Drucker'S model relates to the stress required to 
lnaintain plastic flow in a soft matrix constrained 
by hard particles in the form of long rods, and takes 
the form: 

0 0 < 40% e oy 

0 
y (2 + loS/g) 40% < f < 70% e 3' a 

a 
0y 

(1 + 2.3 + g) < 70% e T 3g 

where g 1 2(- - 1). 
YT 

The Orowan model computes the stress required to 
force a dislocation past an array of non-deforming 
particles. This is given by: 



T " 
Gb 
9~ 

where T is the shear strength of the composite, G 
is the shear modulus, b is the Burger's vector, and 
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t is the spacing beuveen particles in the slip plane. 

The back-stress model is a modification of the 
law of mixtures, attempting to take account of the 
constraints between the phases which result from 
their different strengths. TI1is gives: 

0e " 0 f + 0 f + (0 - 0 ) f f . 
yy 0,0, a y rxy 

In this study the strength of the martensite was 
calculated from the formula given by Gerberich 
et al., 1 and shear stresses and strains were related 
to tensile stresses and strains using Taylor's value 
of the orientation factor M = 3. 

The results are shmffi in Fig. 1. The law of mix
tures tended to overestimate the strain hardening 
rate at low strains, but underestimate the rate at 
higher strains; consequently, the predicted uniform 
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Fig. 1. Engineering stress-strain curves for TRIP 
steel (0.33C-8Ni-9Cr-2Mn) hot worked 70% at 450°C 
(top), 2500 C (middle) and 2500 C (bottom). Predicted 
curves for each treatment are also shown. 

(XBL 7712-6570) 

elongations were generally underestimated by this 
model. The Orowan and back stress models overesti
mated the strain hardening rate considerably at all 
strains. The best qualitative fit was given by 
Drucker's model, based on continuum plasticity. Al
though it underestimated the strain hardening rate 
at low strains, and overestimated the Luders strain, 
it did predict the uniform elongation quite accurate
ly in all cases. From this study it is clear that 
none of these established models give a good fit to 
the experimental data over the complete strain range. 

1. W. W. Gerberich, G. Thomas, E. R. Parker and 
V. F. Zackay, UCRL-20308 (August 1970). 
2. M. Acrin, G. B. Olsen and R. A. Gagne, Mat. Sci. 
and Eng. 23, 33 (1976). 
3. D. Bhandarkar, V. F. Zackay and E. R. Parker, 
Met. Trans. 3, 2619 (1972). 
4. D. C. Drucker, Brmffi Univ. Tech., Report 7, 
USAEC Contract No. AT(30-l)-2394 (1964). 
5. 1. M. Brmffi and W. M. Stobbs, in Constitutive 
Equations in Plasticity, MIT Press (Cambridge, 
Mass. 1975) p. 387. 

3. INVESTIGATION OF MICROSTRUCTURE AI'ill MECHANICAL 
PROPERTIES IN TRA.t\JSFORMING Fe-~1n-Cr ALLOYS 

1. Thompson and G. Baddick 

Previous work,1,2 studying the effect of Cr addi
tions to Fe-Mn alloys, showed that good combinations 
of strength and ductility could be achieved. With 
this basis, a series of alloys have been investigated 
as potential substitutes for conventional stainless 
steels. The Fe-16%Mn-13%Cr alloy was chosen as the 
base alloy for this investigation because it pos
sessed the best combination of strength, ductility, 
and impact resistance. The additions of N, MO, and 
Si were made to enhance strength and improve corro
sion resistance. Only air cooled microstructures 
were investigated. Table 1 gives the alloys investi
gated. The base alloy was found to be a three-phase 
mixture of austenite (y), epsilon martensite (E), 
aDd alpha martensite (a). The addition of N led to 
a stabilization of austenite follmving air cooling, 
wi th the Mo and Si containing steels fully austeni tc. 
The mechanical properties of the modified alloys were 
enhanced by the nitrogen addition. TI1ese steels 

Table l. Influence of composition on volume percent 
of phases present. 

Alloy Phases 
y € " 

16 Mn - 13 Cr 31 33 36 

16 Mn - 13 Cr - 0.13 N 83 17 0 

16 Mn - 13 Cr - 0.2 N - 2 Me 100 0 0 

16 Mn - 13 Cr .- 0.2 N - 1.5 Si 100 0 0 



exhibited higher work hardening rates with an asso
ciated increased elongation at room temperature. 
The increases were attributed to the effect of alloy
ing additions on the relative position of the Ms and 
Met temperatures (y+ c) with yc'spect to the testing 
temperature. As expected, testing at decreasedtem
peratures led to reduced ductility. TIle impact 
properties are shown in Fig. 1. The modified alloys 
exhibited good upper shelf energies. However, these 
properties were degraded as the test temperature 
approached Ms , as in the tensile test. The Qlarpy 
fracture showed a change in mode attributed to frac
ture along epsilon martensite plates. Transmission 
electron microscopy revealed the formation of the 
deleterious epsilon martensi te bands after deforma
as shown in Fig. 2. 

CHA RPY v- NOTa-l 

ENERGY,,-, __ ,---_..,-_-, __ ,--_-,_-, __ ,-_-,-, 
FT-LBS 
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___ -----16 Mn-13 Cr-0.13 N 
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~;""'--16Mn-13Cr-02N- 2Mo 
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16Mn 
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Fig. 1. Charpy impact energies as a function of 
test temperature for the alloys investigated. 

(XBL 769-7494) 
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Fig. 2. Transmission electron micrograph showing 
epsilon martensite formed after deformation in the 
Cr-Mn steel. (XilB 770-
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TIlis study has shoi'm that these new steels have 
good mechanical properties near room telllperature. 
TIle steels also exhibited good corrosion performance 
in certain corrosive environments. TIle steels did, 
however, exhibit embrittlement as the test temper
ature approached the Ms for the y +€ tr:msformation. 

1. M. J. Schanfein, TIle Cryogenic Properties of 
Fe-Mn and Fe-Mn-Cr Alloys, (M.S. thesis), U. C. 
Berkeley, LBL-2749. 
2. 1. D. Thompson, The Mechanical Properties and 
Microstructural Relationships in Fe-l\1n'Cr Alloys, 
(M.S. thesis), U. C. Berkeley, LBL-6234. 

4. FUNDAlvlENTAL INVESTIGATIONS IN STRUCTURE-PROPERTY 
RELATIONSHIPS IN EUTECTOID STEELS 

Y. Mishima 

The aim of this study is to characterize and then 
control the microstructures of interphase precipita
tion alloys to make them useful for thick wall pres
sure vessel application. Interphase precipitation 
has been observed in low caroon steels which contain 
alloy carbide formers. A very fine dispersion of 
alloy carbides in a ferrite matrix is developed by 
direct decomposition of austenite held isothermally 
or cooled continuously. It has been reported that 
when vanadiwn or molybdenwn are added to a 0.2% car
bon steel, the steel develops a favorable microstruc
ture for mechanical properties. This work has been 
performed on two systems, iron-carbon-vanadiwn, and 
iron-carbon-molybdenwn steels. Design criteria for 
alloy development were established; the new steel 
must: 

a. Develop uniform mechanical properties through
out a thick section using the simplest heat 
treatment (preferably a continuous cooling 
process) , 

b. be weldable requiring no post-weld heat 
treatment, 

c. have a composition close enough to the eutec
toid composition to develop uniform micro
structures. 

Discussions of the two systems follow. 

Fe-0.2C-1V-3Ni-Alloy. Work by Honeycombe and his 
co-workers showed that an Fe- O. 2C-1V alloy fonned 
the most favorable structure when it is transfonned 
at relatively high temperatures (600 to 800°C).1 
The addition of 3%Ni was made to lower this transfor
mation temperature regime, promoting a finer precipi
tation and wider applicability to pressure vessel use. 
The TTT diagram for thi.s alloy system is shown in 
Fig. 1. All specimens were austeni tized at 1200° C 
for lS min to allow vanadium carbide dissolution. 
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Fig. 1. TTT diagram for Fe-0.2C-IV-3Ni alloy. 
(XBL 781-6847A) 
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The diagram clearly shows that the addition of 3%Ni 
depresses the C-curve expected to be associated with 
the desirable interphase precipitation. Room temper
ature Charpy impact properties were measured along 
with Roc~Nell hardness (C scale) for the following 
heat treatments. 

Treatments C (ft-Ib) Hardness v 
a) Isothermally held 30 min 2 40 

6000 C 
b) Isothermally held IS min 30 40 

650° C 
c) Isothermally held 30 min 20 30 

7000 C 

However, microstructural observation by TEM 
showed that there was no interphase precipitation as 
reported in the Fe-0.2C-lV system. The microstruc
ture corresponding to the alloy transformed at 650°C 
for IS min, which exhibited the best combination of 
hardness and Charpy impact value, is Sh01Y1l in Fig. 2. 
The structure is not typical of interphase precipita
tion. Evaluation of microstructure-mechanical prop
erty relationships will be made for this alloy for 
various transformation processes. This will be neces
sary to develop an alloy meeting the design criteria. 

Fe-0.2C- 2Mo-2Si Alloys. Because Fe-C-Mo steels 
also show a favorable eutectoid microstructure, in
vestigations have been initiated in these steel sys
tems. Silicon additions to the base alloy have been 
made to reduce the eutectoid carbon content and to 
influence the kinetics of carbide formation. Initial 
compositions have been chosen and transformation 
characteristics will be determined. More emphasis 
will be placed on achieving good properties in mate
rial receiving thick-section processing. 

1. Proceedings of the Royal Society (London) A322, 
191 (1971). 

(a) 

(b) 

Fig. 2. Transmission electron micrograph of V-Ni 
eutectoid steel showing (a) general mixed morphology 
including carbide precipitation and (b) area of 
internal carbide precipitation. (XBB 779-8902) 

5. RELATIONSHIPS OF PLASTIC STRAIN ENERGY ABSORP
TION TO PROPERTIES IN STEELS 

R. Turner and G. Haddick 

This research has been aimed at evaluating the 
effectiveness of using plastic defoI111ation in metals 
to absorb the energy of motion of structures excited 
by earthquakes. When an earthquake occurs, the re
sulting ground accelerations can be high enough to 
set the masses of the structure in motion, inducing 
large forces throughout the structure. To minimize 
these forces for economical design, techniques have 



been developed that combine the use of a base isola
tion system and energy absorbing devices. The pur
pose of this research is to determine how fundamen
tal material properties are related to the response 
of energy absorbing devices. 

The original application of an energy absorbin¥ 
device, shmvn in Fig. 1, was made in New Zealand, 
where the resulting design was optimized for mild 
steel. The device consisted of a steel bar, re
strained at its ends, to which a torque was applied 
at midspan. The initial tests on this device were 
run under cyclic strain control. Subsequent tests 
were made on circular cross-section torsion bars also 
subjected to cyclic strain control. The materials 
used in this investigation were 1020 steel and an 
experimental TRIP steel containing Fe-16~fu-13Cr-I.5-
Si-O.lC-O.lN. The tensile test properties of these 
two steels are listed in Table 1. 

Fig. 1. Energy absorber device constructed of mild 
steel. Energy was absorbed through plastic twisting 
of the bar. CXBL 781-4479) 

Table 1. Mechanical properties. 

oYS (ksi) oUTS % E1. % R.A. ------
1020 48 65 36 59 
TRIP Steel 74 147 61 54 

Under cyclic deformation, the amount of energy/ 
unit of volume/cycle absorbed by a plastically
deformed material is found from a stress vs. strain 
hysteresis loop shown schematically in Fig. 2. 
Important material parameters which influence the 
area inside the hysteresis loop are 1) the cyclic 

7S 

Stress 

Tough 

Fig. 2. Hysteresis loops showing idealized stress
strain behavior for different types of materials. 

(XBL 78l-4480A) 

yield strength, 2) the work hardening rate, and 3) 
the total plastic strain. The total work is depen
dent on the number of loops which at high strains is 
a function of ductility. Table 2 lists the energy 
absorbing properties of the two steels along with the 
life at ± 4% strain. Comparing Tables 1 and 2, it 
was found that the higher yield strength and ductil
i ty were beneficial to the average work per cycle and 
the cycles to failure. It was also noted from a 
stress-time history that 1020 steel was cyclically 
stable after an initial transient hardening while the 
TRIP alloy showed a very moderate amount of harden
ing throughout the test. Thus, the slight amount of 
cyclic hardening shown by the TRIP alloy enhanced the 
energy absorption and life. Future work is pl&llled 
to investigate the torsional cyclic response of sev
eral materials more completely. This information can 
then be used to build energy absorbing devices with 
optimum characteristics. 

Table 2. Work done in a cyclic strain controlled 
test (torsion). 

Alloy 

1020 
TRIP Steel 

Total Average work 
work done per cycle Cycles to 
Cft-lbs) Cft-lbs) failure 

22,000 200 
40,000 220 

125 
190 

1. P. I. Skimler, J. M. Kelly and A. J. Heine, 
Earthquake Eng. & Structural Dynamics l, 289 (1975). 



* 6. MODELING OF THE ELECTROSLAG REFINING PROCESS 

E. Tarapore 

Depending on the nature, number and size, nonme
tallic inclusions within a steel ingot may have det
rimental effects on the mechanical and surface prop
erties of finished products preparpd from the ingot. 
Hence, there has been interest for over a decade 
in the origins of these inclusions and in ways for 
removing them. One of the secondary refining pro
cesses by which the number and size of nonmetallic 
inclusions can be reduced is by the Electroslag 
Refining (ESR) process. However, from a review of 
the literature, it was concluded that the Imowledge 
of the growth of inclusions and their removal from 
the molten steel is incomplete. Thus it was pro
posed to study the growth of nonmetallic inclusions 
and their removal during electroslag refining. 

The object of the research was to determine the 
relation between impurity levels and inclusion 
counts in ingots refined by the electroslag process 
and process variables such as current, power, or 
melt rate which are typically under the control of 
the operator. A model was developed that character
~zed the motion of the molten lnetal and slag under 
typical operating conditions. This model can be 
utilized to predict mass trans In rates which allow 
a calculation of the impurity levels in the refined 
ingot. 

During ESR, the passage of an electric current 
through a molten slag, with a higher electrical re
sistivity than the metal, results in Joule heating 
of the slag. The unrefined electrode that dips into 
the slag melts and the molten droplets fall through 
the slag to collect in a molten metal pool. The re
fined metal solidifies continuously at its lower 
surface (due to water cooling of the mold), and is 
wi thdrawn steadily. The metal is thereby refined 
through the intinlate contact with the reactive slag. 
The shapes of the melting electrode and the ingot 
pool are therefore defined by a dynamic heat and 
materials balance. Assuming a reasonable geometry 
for the physical process of ESR, a set of electro
magnetic field equations were derived and solved 
ysing appropriate boundary conditions. It was pos
sible to obtain fluid flow profiles and turbulence 
parameters within the ESR unit. Details on the der
ivation of the equations and their solution for a 
specific case is reported elsewhere. l 

* Funding by the Army Materials and Mechanics Research 
Center, WatertmVl1, Massachusetts is acknowledged. 

1. E. Tarapore, Fluicl Flow in ESR Units, report 
submitted as part of progress report on a project on 
"Characterizing Properties of Ultra-high Strength 
Steels," produced by electroslag refining to 
Army Materials and Mechanics Research Center, Water
town, Mass. 
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7. REVIEW OF LOW ALLOY STEEL DEVELOPME~~ FOR 
IMPROVED PROPERTIES 

M. S. Bhat and R. M. Horn 

Low alloy, ultrahigh strength steels have been 
commercially important for many decades. In these 
materials there has always been a compromise in ob
taining acceptable strength-toughness combinati0I?-s. 
Recent research has been focused on attempts to lm
prove properties such as strength, fracture tough
ness, and stress corrosion resistance in these steels. 
A number of different approaches have been taken to 
improve the toughness without a loss in strength. 
The most promising of these have been: 

a) improving the cleanliness of existing 
steels, 

b) modifying the heat treatment of currently 
used steels, 

c) modifying the composition of the commonly 
used grades, 

c:l) utilizing new alloy compositions. 

A discussion of the research performed at Lawrence 
Berkeley Laboratory in the first three areas follows. 

a) Improvement of the Cleanliness of Steels 
An investigation of the properties of an ultra

high strength steel, 300M, obtained by the ESR pro
cess was conducted and the properties obtained were 
compared to those obtained in a similar steel pro
duced by the VAR process. l The properties of both 
the steels were determined in the quenched and tem
pered condition. It was found that the steels pro
duced b~T either process had the same strength levels. 
However, there was a significant difference in the 
Charpy impact energies. The room temperature Charpy 
impact energies are plotted as a function of temper
ing temperature in Fig. 1. It was observed that the 
ESR 300M did not exhibit a significant difference in 
Charpy energies in the transverse and longitudinal 
directions, whereas there was a substantial differ
ence in the energies with orientation for the VAR 
300M. It was also observed that the ESR 300M exhib
ited higher Charpy energies than did the VAR 300M 
especially in the transverse direction. These dif
ferences between the steels produced by the two 
processes have been attributed to the lower and finer 
inclusions present in the ESR 300M and also the finer 
dendritic macrostructure produced by ESR. 

b) of the Heat Treatment of Steels 

Most research work in low alloy, ultrahigh 
strength steels has involved conventional quenching 
and tempering heat treatments. Although the treat
ment is relatively simple, it limits the usefulness 
of the work to section sizes dictated cy hardenabil
ity considerations. This is a limiting factor for 
a significant proportion of steel components which 
are massive. Isothermal and continuous cooling 
treatments are versatile in the sense that uniform 
microstructures can be achieved in thicker sections. 
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Fig. 1. The effect of tempering temperature on the 
Charpy impact energy for ESR and VAR 300M. 

(XBL 779-6075) 

The relationships between microstructure, mechan
ical, and fracture properties were investigated as 
a function of section size (up to 15 cm) following 
air cooling and tempering in 300M steel. 2 A compu
ter model was used to simulate cooling curves ob
tained in thick sections; this information was util
ized to experimentally obtain cooling rates eA1ler
ienced by thick sections and apply them to actual 
laboratory-size small specimens. The 300M steel 
studied achieved high strength levels even after very 
slow cooling. The slow cooling led to high levels of 
retained austenite (up to 30%). It was found that 
the stability of this austenite to applir;d load which 
d1anged wi th treatment, had a maj or influence 
on the fracture properties. Specifically, it was 
determined that if the austenite was stable to 
stress/strcjn, the material had good fracture resis
tance, while if the austenite was unstable, the frac
ture touglmess Ivas poor. This behavior is illus
trated in Figs. 2 and 3. Figure 2 sholl'S that on tem
pering to about 300°C, the stability of the austenite 
to stress/strain increased and consequently there 
was an improvement in toughness (Fig. 3). However, 
beyond about 400° C, the austenite was destabilized 
by the tempering process itself; there was also a 
drastic decrease of austenite following tempering at 
temperatures beyond 4000 C. As shown in Fig. 3, there 
was a large drop in the fracture toughness attendant 
with this destablization of the austenite. It \Vas 
concluded that tempered martensite embrittlement 
which is associated \vith the precipitation of carbide 
films was enhanced by the presence of large amounts 
of unstable aust:mi te. 3 ]lms, it was observed that 
the presence of retained austenite can have a dual 
effect on touglmess. However, proper heat treatment 
control can lead to good combinations of strength 
and toughness in thick section steels. 

A study similar to the one above has investigated 
the crfect of autenite in isothermally transformed 
steel in silicon-modified AISI 4330 steel. 4 It was 
shown that substantial amounts of untransformed 

32 

28 

:;: 
'" '" 24 u 
b 

'" 0-

W 
t: 20 z 
W 
l-
(/) 

:::l 
« 
a 16 
w 
~ 
« 
I-
LU 
0: 12 

8 

4 

300-M STEEL - 10 CM AIR COOLED 

Austenitized I hr at 870°C, air cooled, 
tempered for I hr 

~ Prior to loading 
_.()-. AI 2 % strain (e "0.02) 

_>.!i. 
\ 
\ . 
\ . 
\ . 
\ . 
\ . 
\ . 
\ • 
\ . 
b 

TEMPERING TEMPERATURE tC) 

500 

Fig. 2. Retained austenite level as a function of 
stress and tempering temperature, for 300M steel, 
cooled to represent a 10 cm slab, nonnalized. 

(XBL 768-7395) 

austenite were obtained in these steels by combining 
alloy and heat treatment modification. The amount 
of austenite could be varied by utilizing the amount 
of Si in the steel and by isothermally transforming 
at temperatures above and below the Ms. 111e s tabi 1-
ity of the austenite was found to be dependent on 
the amount of silicon and also on the tempering tem
perature. (It was found that the stability of the 
untransfonned austenite to stress or strTin increased 
with tempering temperatures up to 350-400°C and then 
decreased.) The Lmtransformed austenite was retained 
in the form of thin films aroLmd the bainite or mar
tensi te laths. The presence of untransfonned aus
teni te rich in carbon, obtained by isothennal trans
formation above the Ms temperature lowered the frac
ture touglmess whereas the austenite obtained by 
transformation below the M,s (which was less enriched 
in carbon) appeared to be beneficial to fhe . 
It was observed that good combinations of strength 
and toughness, in isothennally transformed silicon 
modified 4330 steel could be obtained. A yield 
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Fig. 3. Fracture touglmess vs. tempering temperature 
for 300-M steel, cooled to represent a 10 cm slab, 
normalized. (XBL 768-7349) 

strength- fracture toughness combination of 200 ksi--
100 ks i / in. was measured. In addition, isothermal 
transformation below M, was sho\\1J1 to give a signif
icant improvement in sUbcritical crack gr01vth resis
tance in hostile environments. 5 

c) Modification of the Composition of Commonly Used 
Grades of Steel 

An increase in the fracture toughness at high 
levels of strength can also be achieved by modifying 
the composition of an existing steel using inexpen
sive alloying modifications. Such a study was con
ducted on the effect of aluminum, and aluminum plus 
silicon additions to AISI4340 steels. 6 It was ob
ser'Jed that the softening which normally occurs on 
tempering AISI4340 steels beyond 200°C was retarded 
by the additions of aluminum or combinations of alu
minum and silicon, with the combined additions being 
more effective. The tempering behavior of some of 
these steels are Sh01\1J1 in Fig. 4 from which it is 
observed that the tempering was retarded to temper
atures as high as 600° C. From an investigation of 
the tel1P,Jering response and the microstructures, at 
the electron optical level, of these steels it was 
concluded that additions of aluminum and combina
tions of aluminum and silicon to AlS14340 steel re
sulted in 

(1) t:1e extension of the first stage of 
tempering to higher tempering 
temperatures. 

(2) an increase in the temperature for 
the second stage of ten~ering. 
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Fig. 4. Plot of Rockwell hardness (Rc) vs. temper
ing temperature for AISI 4340 and 4340 + Al steels. 

(XBL 762-6523) 

(3) the retardation of the third stage 
of tempering to temperatures greater 
than about 350- 4000 C depending upon 
the alloy content. 

(4) an ir~ibition of the growth rate of 
carbides. 

An example of the microstructure of a 4340+3Al 
steel temperec at 4000 C is Sh01\1J1 in Fig. 5. 'These 
modified steels e~1ibited: 

(l) an ir.crease in strength and toughness 
(2) an extension 'of the tempered martensite 

embrittlement range to higher temper
atures. 

Figure 6 shows a comparison of one of the exper
imental steels with base 4340 steel showing the men
tioned effects. Optimum yield strength-fracture 
toughness combinations of 245 ksi-80 ksi/in., signif
icantly higher than those achieved in commercial low 
alloy ultrahigh strength steels, were achieved. 

The microstructural study of the modified steels 
led to the conclusion that optimum combinations of 
strength and toughness are obtained by the presence 
of 

(1) fine dispersions of carbides in dis
located martensite 

(2) retained austenite films at lath 
boundaries of the "right" stability 
to stress/strain 

(3) smaller prior austenite grain sizes. 

No investigations were conducted on new_alloy 
compositions. However, other investigators 7 ,8 have 
shown that this approach is also viable for improving 
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Fig. 5. Transmission electron micrgraph obtained from 4340 + 
3Al steel in the quenched and tempered at 400°C condition. 
[Close to (100) m orientationl. (XBL 76l2-ll322A) 

properties of steels. Thus, it can be concluded that 
the toughness of low alloy ultra high strength s teE-Is 
can be improved through proper refining techniques, 
and that, depending on the particular application, 
improved combinations of strength and toughness can 
be obtained through proper alloy modification and 
heat treatment. 

1. 1. Lechtenberg, (M.S. thesis), LBL-6686. 
(Partial funding by the Army Materials and Mechanics 
Research Center, Watertown, Massachusetts is acknowl
edgel1. ) 

2. R. M. Horn, (Ph.D. thesis), LBL-5787, December 
1976. 
3. R. M. Horn and R. D. Ritchie, accepted by Met. 
Trans., LBL- 6607, November 1977. 
4. G. Kohn, (Ph.D. thesis), LBL-5466, November 1976. 
5. Ivl. H. Castro Cedeno, (M.S. thesis), LBL-60l2, 
May 1977. 
6. M. S. Bhat, (Ph.D. thesis), LBL-6046, February 
1977 . 
7. E. A. Wylie, (M.S. theSis), LBL-4574, January 
1976. 
8. G. Thomas, Iron and Steel Inst. 46, 451 (2973). 
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Conclusion 

This is the Parker/Zackay's last contribution to 
the Annual Report of the Materials and Molecular 
Research Division of the Lawrence Berkeley Labora
tory. The past decade and a half have been, for us, 
a rich and rewarding e:A.llerience. We take this occa
sion to express our deep gratitude for the pleasure 
of having worked in ivliVlRD and wish it and all of LBL 
long and continued success. 
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Point Defects and 

Jack Principal 

1. ECONOMIC UTILIZATION OF SOLAR ENERGY 

Selecti ve Black 

Carl M. Lampert 

The spectral selecti vi ty mechanism of black 
chrome surface coatings for solar energy collection 
is being investigated to gain a better lIDderstanding 
of this property and its relationship to micro
structure. 111e work may make it possible to improve 
this coating or to create new, inexpensive coatings 
which perform in a similar manner. 

Black chrome exhibits excellent energy collection 
properties with few disadvantages. It has uses 
for residential heating and e~libits a potential 
for industrial usage, particularly in process 
steam production. 

Spectral selectivity exists when optical 
properties of a layered material, consisting of ffil 
absorber on a metal, vary greatly from one wave
length region to another, such as from the visible 
to the infrared regions. As a result of this 
variation, a surface can efficiently absorb the 
solar radiation over the visible and near infrared 
wavelengths, while exhibiting poor radiating 
properties over far infrared wavelengths. The 
later wavelength region corresponds to the 
characteristic emission spectrum over which a hot 
solar absorber will radiate during its operation. 
These wavelength relationships are depicted in 
Fig. 1; superimposed on the energy spectra is the 
chffilge in optical reflectance for a typical black 
chrome absorber. Reflectance values can be used to 
derive other parameters such as solar absorptance 
and infrared emittance. A selective surface such 
as black chrome will absorb and retain a greater 
fraction of the incidence solar energy than a non
selective black painted surface because it loses 
less energy by radiation. 
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Fig. 1. Wavelength relationships between black 
chrome spectral reflectance, the solar spectrum 
(air mass 1) and black body spectra (100°C, 300°C). 

(XBL 77 5 - 546 2A) 

of Metal 

In the first phase of this study, spectral 
reflectance measurements were performed on several 
varia tions of a black chrome absorber; a schematic 
cross section is shown in Fig. 2. For reference 
these samples were compared to a black painted 
absorber. TIle best selectivity was fOlIDd for 
o . 7 microns of black chrome on nickel plated 
surfaces and 1.0 micron of black chrome on copper. 

Solar Radiat ion 

Black Chrome 

Nickel Metal Reflector 

Steel or Copper Substrate 

Fig. 2. A cross section of an idealized black 
chrome-metal tandem selective absorber. The black 
chrome layer provides the solar absorber and the 
metal layer gives high reflectance in the thermal 
infrared wavelengths. (XBL 7712-11144) 

In the second phase of the work both scanning 
and transmission electron microscopy were employed 
to study the microstructure and chemical composition. 
It was fOlIDd that black chrome consists of a very 
fine distribution of metallic chromium particles 
(with mean diameter of 139 fl.), suspended in an 
oxide of chromium. These particles are, in tum, 
agglomerated into larger particles within the 
0.05 - 0.3 micron size range. These larger clusters 
fonned a network which constituted the surface 
coating. 

Figure 3(a) and (b) shows two transmission 
electron microscope photographs of this surface. 
In (a) a typical bright field micrograph is 
presented. TIle large white areas in the picture 
are holes in the electron microscope foil produced 
during the thinning process. The dark field 
picture and diffraction pattern b reveals the fine 
distribution of chromiwn particles, appearing as 
while spots. It was concluded that black chrome 
has a mechanism of spectral selectivity which is 
likely to be a combination of multiple scattering, 
according to a generalized Maxwell-Garnett theory 
and semiconductor effects. Future work will at tempt 
to correlate changes in this microstructure during 
ffilIlea1ing with changes in optical properties. 



(a) 

(b) 

Fig. 3. An agglomeration of chromium particles with 
matrix material viewed by transmission electron 
microscopy at 100 kV; (a) a bright field showing 
black chrome islands remaining after ion thinning; 
(b) dark field of region a, and diffraction pattern, 
showing metallic chromium particles. (XBE 770-9646) 

Collector for Evaluation of 

Carl M. Lampert 

Our solar test collector was designed for the 
testing of thermally absorbing coatings under con
trolled conditions. With this collector, different 
coatings, including various types of black chrome 
surfaces, could be evaluated and compared under 
realistic operating conditions. A photograph of 
this collector in operation is shmm in Fig. 4. 
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TIle design consists of a collector fed by a 
controlled temperature fluid within the range of 
25-90°C. 1nis temperature is maintained by a custom 
electronic controller. A small variable flow pump 
circulates water through three collector pipes at 
selected flow rates. Strip heaters coupled with 
a differential temperature controller compensate 
for edge losses in the collector. A flow chart 
is shmm in Fig. 5 exemplifying the pertinent 
details of this design. 

Fig. 4. Solar test collector in operation. 
(CBB 770-9662) 

Glass cover over pipes 

Fig. 5. Flow chart for test collector showing 
fluid flow and temperature monitoring design 

Vent 

details. (XBL 76ll-4465A) 

Of the many absorbers that were designed, three 
representati ves of black chrome surfaces and one 
black painted coating were analyzed by the 
collector in detail, shmm in Fig. 6. Collection 
efficiencies as high as 77 and 75% (LIT" 0) were 
obtained, respectively, for 1.0 micron black chrome 
on copper and nickel plated steel. The highest 
(ai/ei, 20°C) ratio measurements were 20.3 illld 
18.5 for 0.7 micron black chrome on nickel plated 
polished steel and l.0 micron black chrome on 
copper. The lowest loss coefficients (UL) ranged 
from 3.3 - 3.6 W/m2 °C for all black chrome/metal 
surfaces with the highest being 8.4 W/m2 °C for the 
black paint/metal samples. 
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c. Recrystallization of Evaporated Amorphous 
Silicon Layers 

Donald Huo 

We have converted evaporated amorphous Si films 
into crystalline Si films with a focused electron 
beam. The films were studied by transmission 
electron microscopy and x-ray diffraction. These 
studies indicate that epitaxial films were produced 
for silicon deposited on silicon and sugges t that 
a crystallization teclmique using a scal1l1ed 
electron bea11l focused to a slit image may be 
useful in preparing large- grain Si films for 
photovol taic cells. 

84 

Equipment has been developed which permits a 
narrow electron beam heating zone to be swept 
across a water cooled moving stage inside a 
10- 7 Torr vaCUWll system. This will permit migration 
of the amorphous-crystalline interface in a very 
steep temperature gradient. It is hoped that 
condi tions can be achieved which will result in 
growth of large grains at low temperature, thus 
minimizing diffusion of impurities from the 
substrate n~terial. 

Cille vaCUWll apparatus consists of a strainless 
18-in. diameter and 30-in. height steel bell jar, 
pumped by a 6-in. oil diffusion pump ,vith a 1,1''-12 
cold trap. Base pressure of this system is 
routinely in the r311ge of 10 -7 Torr. Silicon is 
evaporated from a Hater-cooled copper crucible by 
a 10 kV electron be3111 v,.ith a source to substrate 
distance of 6 inches. The evaportant beal]) was 

(a) 

(b) 

Fig. 7. (a) Transmission electron micrograph of 
amorphous silicon 311cl (b) its diffraction pattem. 

(XBB 783- 2717) 

shuttered meCh31llCally. Figure 7 shows the micro
structure of amorphous evaporated thin film and 
its diffraction pattem. Figure 8 shows the 
microstructure and diffraction pattern of epigrowth 
of a thin film deposited on a (111) single crystal 
silicon substrate after heating to l2S0°C for 
5 minutes. 



(a) 

(b) 

Fig. 8. (a) Transmission electron micrograph of 
epigrmvth of amorphous silicon thin film on (111) 
single crystal silicon substrate heated to lZ50°C 
for 5 nunutes and (b) its diffraction pattern. 

(XBB 783-Z718) 

d. Zinc Diphosphide as a Semiconductor for Solar 
Cell Use 

Tom t-10wles 

If photovoltaic conversion of sunlight to 
electric power is ever going to ma1<e a major 
contribution to total electric power needs it will 
probably be a thin film device which can be made on 
a metal foil substrate by an automated process using 
cheap abundantly available elements. 111e efficiency 
of solar energy conversion to electric power will 
probabl y have to be greater than 10 %. So far no 
known technology can meet all of these requirements. 
It therefore seemed to be worthwhile to make a 
systematic search of the periodic table for 
possible new semiconductor materials. Among the 
many oxides, sulfides and phosphides that were 
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considered monoclinic, ZnPZ appeared to be one that 
might be a useful new semiconductor with a chance 
of being used in a solar cell that could meet all 
the above conditions: 

a) Both elements are currently used in such large 
quantities that even large scale use in solar cells 
would hardly be noticed. 

b) 111e direct band gap for ZnPZ is 1. 35 eV, 
which is an ideal match for the solar spectrum. 

c) Crystals of the material are stable in air 
for long periods at ZOO°C retaining their black 
color. 

During the past year small crystals of the 
material have been grov.TI by heating a quartz tube 
containing the two elements in a temperature 
gradient, 500°C at the cool end and 1050°C at the 
hot end. During heating some of the phosphorous 
evaporates from the charge which has been placed 
at the hot end and condenses at the cold end; the 
rest reacts with the zinc, probably forming a 
mixture of Zn3PZ and ZnPz. On holding at ten~era
ture ZnPZ, crystals are nucleated and grow near 
the center of the tube. At this temperature 
almost all of them have the black monoclinic 
structure which is stable at high temperature and 
metastable at lower temperatures. 

The stability and electrical optical properties 
of these crystals are being investigated to further 
evaluate their possible usefulness as a solar cell 
material. The conditions for growth are being 
studied to determine whether or not it will be 
possible to deposite the material as a continuous 
thin film. 

Z. ION I~~LANTATION IN SILICON 

a. On the Nature of the Amorphous Layer 

Robert Drosd 

It is well known that very high dose ion 
implantation of silicon can result in an amorphous 
layer due to severe radiation damage. However, 
the annealing of this amorphous layer with its 
complicated dependence on such variables as implant 
species, implantation dose and temperature, 
crystal orientation, and thermal history is not 
well understood. We have looked at the "as
implanted" specimens for differences in structure 
that may deternune the mechanism and rate with 
which subsequent recrystallization takes place. 

Several general features were found in all un
annealed specimens. In our experiments the spec
imens, either of the (100)01' (Ill) orientation,were 
implanted with p+ ions at 100 kV, Z]1A/cmZ,2 xlOI6 /cmZ. 
Two implantation temperatures, 77 and 300 K, were 
studied. A single voltage 100 kV implant results in 
a buried amorphous layer sandwiched between a thin 
crystalline layer at the surface and the underlying 
crystalline substrate. At the very edge of the 
wedge shaped TEM specimen a single crystal diffrac
tion pattern is found which confirms that the top-
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most layer is crystalline. In thicker parts of the 
specimen the amorphous material is encountered and 
the SAD pattern consists of several diffuse rings as 
well as crystalline spots. In these regions many 
small (100-200 A) dark spots are also seen in bright 
field (light spots in DF). We believe these spots 
are in the crystalline-amorphous interface since they 
are not found in specimens where the amorphous layer 
can be observed alone with the crystalline material 
stripped away. Also these spots are strongly vis
ible in dark field only when a crystalline reflec
tion is selected rather than a diffuse ring arising 
from the amorphous material. We feel that these 
spots arise from crystalline zones, at the amorphous 
interface, which are highly strained but still of 
nearly the original orientation. 

Although the crystal orientation may strongly 
effect the annealing behavior of an amorphous 
layer, we observe no effect on the unannealed 
microstructure. The density, size, and depth of 
the dark spots are the sane for both orientations 
studied. The intensity and spacing of the diffuse 
rings in the diffraction pattern are also unchanged. 

The implantation temperature may also strongly 
effect the annealed structure. However, in the 
unannealed specimens the only effect of this 
variable was that for the 77 K implantation the 
dark spots were somewhat smaller. 

It appears that the "as- implanted" microstructure 
of the amorphous layer is not strongly affected by 
the implantation conditions, at least for the two 
variables studied here. This is in sharp contrast 
to the annealed structures which may undergo 
radical changes when the implantation temperature 
or crystal orientation is changed. This seems to 
rule out the possibility that the different annealed 
structures are a result of different "as-implanted" 
structures. Of course there are other important 
implan ta tion/ annealing parameters which we have 
not yet studied for which the above conclusion may 
not hold. Further work on these variables is in 
progress. 

b. Defects in (Ill) and (100) Phosphorus Implanted 
Wafers 

Robert Drosd 

During high dose ion implantation of silicon an 
amorphous layer is formed. For electronic device 
applications this layer must be annealed to restore 
electrical properties. A systematic study has 
been undertaken to categorize and hopefully 
explain the complex relationships between the 
annealed structure and the implantation conditions 
such as crystal orientation, implantation 
tempera ture and dose, thermal history, and implant 
species. Many similar attempts have been made in 
the past but many have suffered from unawareness 
of the large number of variables that vitally 
affect the types of defects created during annealing. 

Recently we have observed that for a room tempera
ture implantation of 2 x 1016 P+/cm2 that both the 
(100) and (Ill) orientations anneal in an identical 

Fig. 1. Bright field micrograph of as-implmlted 
silicon Region (a) shows crytalline layer. As 
thickness increases in Region (b) the amorphous 
layer begins to overlap the surface. In Region (c) 
the amorphous layer is now sandwiched between 
crystalline material. (XBB 783-2719) 

fashion [see Fig. 1 (a) and (b) J. Perfect disloca
tion loops are nucleated and grow to large sizes 
where they i;ltersect one another and form a stable 
network. TIlis is in sharp contrast to the 
literature where it is found that the annealing 
mechanism and rate are markedly different for these 
two orientations. However, we have found that if 
the implantation takes place at 77 K then the (111) 
specimens win contain a high density of micro
twins while the (100) specimen has only a very low 
density of faulted dislocation loops [see Fig. 2(c) 
and Cd)]. This observation is in agreement with 
the literature. TIlis is just one example of the 
complexities of the annealing behavior of the 
mnorphous layer and demonstrates the necessity to 
fully specify all implantation conditions to be 
able to obtain reproducible results. 

The above-mentioned microstructure of a low 
density of faulted dislocation loops would be quite 
acceptable for electronic device applications but 
the low temperature implantation that is required 
for this is inconvenient and expensive. Hence it 
is of industrial as well as academic interest to 
understand this type of behavior and devise a simple 
implantation/annealing procedure that results in 
a low defect density. 
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Fig. 2. :Microstructures after high temperature armealing 
(a) weal, beam (111) orientation, (b) weak beam (100) 
orientation, (c) bright field (100) orientation (d) bright 
field (111) orientation. (XBB 783- 2 720) 

Co A Three-Stage Model for the Development of 
.secondary Defects in Ion Implanted Silicon 

K. Seshan 

TIle model applies to silicon which has been 
implan~ed to a dose less than that required to form 
a contmuous amorphous layer so that the integrity 
of the crystal is never destroyed at any depth. 
It is suggested that the Frenkel pairs formed by 
ion impacts result in submicroscopic clusters of 
vacancy and interstitial type, most of which are 
stable enough to persist up to 900 K during 
post-implantation armealing. Upon heating to 
higher temperatures the smallest clusters emit 
mobile point defects and the largest clusters grow 
and covert to dislocation loops. Because 
interstitials are in excess, due to the presence 

of the implanted atoms, vacancy loops disappear 
leaving only interstitial loops. Experimental 
observations after armealing to above 1100 K 
confirm that all loops are interstitial type and 
that the total loop area per unit area corresponds 
closely to that expected if a number of interstitial 
atoms equal to the number of implanted atoms are 
asswned to have formed the loops. 

One implication of the above is that, in spite 
of the high mobility of vacancies and interstitials 
in the temperatures range considered, the annealing 
processes in vacuum or dry nitrogen appear to be 
almost entirely confined to the heavily dalnaged 
region which is about 350 A thick buried about 
1000 A below the surface. It is assumed in the 
model that during room temperature implmltation 
and during the lowest temperature of post-



implantation annealing, direct recombination of 
interstitials and vacancies and clustering of both 
defects predominate and that relatively few defects 
escape from the immediate vicinity of the heavy 
damage, even in the second stage almost all the 
mobile point defects that are formed at the 
smallest clusters must be trapped after a short 
migration at another larger cluster. 

3. FIELD DESORPTION MICROSCOPY 

a. Imaging of Large Molecules 

Greg Hirsch 

A modi fica tion of the relatively new teclmique 
of field desorption microscopy may make it possible 
to obtain shadow images of large organic or bio
molecules and therefore get direct infonnation 
concenling their structure. "Seeing" large mole
cules has been tried frequently in the past with 
other teclmiques such as field ion microscopy, 
field emission microscopy and transmission electron 
microscopy with very limited success. TIle imaging 
of large molecules by standard field ion microscopy 
usually fails because the electric field strength 
must be so high that the molecules are pulled off 
the surface of the field ion tip. However, by 
using an irradiated diamond tip we have obtained 
some limited success; the bonding of an organic 
molecule to the diamond surface is usually strong. 

The idea of the present experiment is to use a 
material on the field ion tip that field evaporates 
at an extremely low field strength. The chance 
that a large molecule will remain on such a surface 
while atoms are field evaporated around it should 
be much greater. 

During the past year a field ion microscope has 
been converted into a field desorption microscope 
by the installation of a chevron microchanne1 
plate which has a useful gain of over 10 7. TIlis 
penni ts the observation and photography of even 
single field evaporated ions. To produce shadow 
images of large molecules a standard Pt or IV 
field ion tip will be coated with a layer of 
alkali metal a few hundreds of A thic1<. TIle large 
molecules can be embedded in the alkali metal. 

So far, it has been possible to get desorption 
images from potassium coated tips. The next step 
after some contamination problems have been over
some will be an attempt to imbed an organic 
molecule of knO\\lll distinctive shape and look for 
molecular shadows in the desorption patterns. If 
some atoms field evaporate through the molecule 
it may even be possible to get some information 
concerning internal structure. 
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4 . mIVI RONfclENTAL RESEARCH 

a. Transmission Electron Microscope Study of the 
Deformation of Asbestos in Relation to Environmental 
Pollution--An Example Using Automobile Brake Drwn 
Dust 

K. Seshan 

Asbestos, used in automobile brake drwns, is 
emitted into the atmosphere in a heavily deformed 
state upon braking. A technique sensitive to this 
defonnation will thus distinguish deformed and 
undefonned asbestos found in air pollution samples 
and will help in pollution source identification. 

It has been demonstratedl , 2 using dark field 
transmission electron microscopy that deformed 
asbestos (Fig. 1) fibers from automobile brake 
drum dust may be easily distinguished from 
undeformed natural samples (Fig. 2). Notice that 
the conventional bright field images do not make 
this distinction possible. An interesting result 
of the study is that a wide variety of deformation 
products--relatively undefonned to almost trans
formed products--are found in brake drwn dust. 
This is relevant to the controversy in the 

Fig. 1. Defonned asbestos from brake drwn dust. 
(XBB 775-5414) 



Fig. 2. Undeformed natuyal asbestos fyom Calaveyas 
County, CA. (XBB 775-5413) 

liteyatuye, one group maintaining that asbestos 
is completely tyansformed and the othey that it is 
not. 2 

1. K. Seshan and G. R. Smith, ChaYacteyization of 
OlYysotile Asbestos in Automobile Byake Drum Dust 
by TEM, Froc. 35th ElvlSA Annual Ivleeting, Boston, 
G. W. Bailey, Ed., ClaitoY's Pub1. Division, 
Baton Rouge, 1977, LBL-6211. 
2. K. Seshan, On the Utility of Dayk Field 
ElectYon Micyoscopy in the Deteymination of the 
Degyee of Deformation of ChYysotile Asbestos: An 
EnviYomnental Reseaych Application, to appeay in 
EnviYonnBntal Reseaych, LBL-6283. 

S. FESEARO[ PU\l\)S FOR CAIJJNDAR YEAR 1978 

Jack Washburn 

a. CdS- (CdZn)S-CuZS Solar Cell ~hteyials. It 
is anticipated that successful achievement of 
inexpensive 10% efficient thin film solay cells 
based on mateyials such as CdS, CU2S, Zn3P2, ZnP2 
oy even ternary compounds will YequiYe a fay moYe 
detailed undeystanding of the behavioy of disloca
tions, impuYity atoms, vacancies and theiy 
inteyactions in these cyystals than that which 
pYesently exists. 111e quantitative elect yon 
micYoscope teclmiques which we have successfully 
applied to in the past to study of dislocation 
mobili ties and diffusion yates in MgO and CU20 will 
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be applied to CdS and CU2S to begin to build up a 
backgyound of infonnation concerning defect 
behavioy in these ma teyials. 

b. ZnP2 as a Possible New Solay Cell Mateyial. 
Conditions foy gyowth of zi:ilCdiphosphide as a thin 
film will be investigateu. Electyical Measuyements 
will be correlated with styuctuyal peyfection of 
the layeys as yevealed by tYar,smission elect yon 
microscopy. 

c. Field Desorption Hicroscopy. A field ion 
microscope has been modified by addition of a 
Chevron microchannel plate so it can be used as a 
field desorption miCyoscope. By field desorption of 
a tungsten tip that has been coated with a low 
melting metal such as potassium it is anticipated 
that shadow images of large organic or biological 
molecules adsorbed on the tip can be obtained. 

d. Structure and Crystalization of Amoyphous 
Silicon. Amorphous silicon layeys pyoduced by ion 
implantation and by vapouy deposition in an elect yon 
beam evapoyatoy will be used to study the pYoperties 
of the amorphous-crystalline interface. Further 
understanding of the crystallization process may 
lead to a technique for producing thin silicon 
layeys with large gYain size for solar cell use. 

e. Spectyally Selective Heat Absorbing Suyfaces. 
Efficient collection of solar energy as heat 
Yequires a spectyally selective surface, i.e., one 
that absoybs in the visible but reflects in the 
far infrared. The structuye of one such suyface, 
electroplated black chrome, has been found to 
consist of fine chromium metal particles imbedded 
in an amorphous oxide. Fuyther woyk is planned on 
the yole of the oxide such as the effect of heat 
treatments in oxidizing and reducing atmospheres 
on the spectral selecti vi ty. The structure of 
black chrome will also be compared with structures 
of other spectrally selective surfaces in an 
attempt to further claTify the mechanism of spectral 
selectivity in these complex sUTface structures. 

6. 1977 PUBLICATIONS f\ND REPORTS 

Jack Washburn and Associates 

Journals 

1. W. K. Wu and J. Washburn, Rod-like Defects in 
Ion Implanted Silicon, Crystal Lattice Defects Z, 
39 (1977), LBL-4192. 

2. K. Seshan, Insensitivity to Tilt of the ElectYon 
DiffTaction Pattern of Amphibole Asbestos Fibres, 
Environ. Res. 14, 46 (1977), LBL-4549. 

3. H. A. Mohamed and J. Washburn, Deformation 
BehavioUT and Shape Memory Effect of Neay Equiatomic 
NiTi Alloys, J. of Mat. Sci. 12, 469 (1977), 
LBL-S141. -

4. W. K. Wu and J. Washburn, On the Shrinkage of 
Rod-Shaped Defects in BOTon Ion Implanted Silicon, 
J. Appl. Phys. ~, No. 10, 3742 (1977), LBL-S427. 



5. W. K. Wu and J. Washbum, On the Climb of 
Dislocation:: in Boron Ion Implanted Silicon, J. Appl. 
Phys. !il.., No.9, 3747 (1977), LBL-5452. 

6. K. Seshclll and G. Smith, Characterization of 
Chrysoti1e Asbestos in Automobile BrcU,e Drum Dust 
By Transmission Electron ~licroscopy, Proc. 35th 
Annual Electron Microscopy Society of America 
Meeting, Boston, G. W. Bailey Ed., C1aitor's 
Publishing Division, Baton Rouge, 1977, LEL-6211. 

LBL 

1. H. A. Mohamed, M. O. Aboelfotch and J. Washbum, 
On the Mechanism of Martensite Transformation in 
Near Equiatomic NiTi Alloy, LBL-S143. 

2. R. Drosd, 1ne Effect of Temperature and 
Impuri ties on the Atomic Displacement Energy Duriug 
Electron Irradiation, (M.S. thesis), LBL-607S. 

3. K. Seshan, On the Utility of Dark Field 
Electron :Microscopy in the Determination of the 
Degree of Deformation in Chrysotile Asbestos: 
An Environmental Research Application, LBL-6283. 
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4. C. M. Lampert, Design of a Solar Test Collector 
for Evaluation of Selective Absorbers, (M.S. thesis), 
LEL-6288. 

S. C. M. Lampert, Structure of a Black Chrome 
Solar Selective Surface, LBL-669l. 

6 . G. Hirsch and J. Washbum, Current Research 
Towards Possibly Imaging Biological ·Mo1ecules Using 
Field Desorption ~hcroscopy and Field Ion 
~hcroscopy of Diamond, LEL-6960. 

7. Arvind Srivastava, Proton Induced Swelling in 
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1. Krishna Seshan, Application of Electron ~hcro
scopy to Problems of Air Pollution, University of 
~hnnesota, Department of Geology and Geophysics, 
December 20, 1977. 

2. Krislma Seshan, Ion Implantation in Silicon, 
Texas Instruments, Dallas, Texas, August 1977. 
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d. Erosion~Corrosion Behavior of Materials 

A Zan V. Levy> 

Introduction 

Erosion-corrosion behavior of the materials used 
in coal gasification process equipment is a major 
consideration in the design of durable systems which 
will be' capable of economical long-duration operation 
to convert coal to useable low-, medium-, and high
BTU gas. The simultaneous attack of eroding solid 
particles and corroding reactive gases has been dem
onstrated in coal gasification pilot plant operation 
to cause premature failure of components operating 
at elevated temperatures. The mechanisms of this 
attack are complex, requiring that a thorough under
standing of each mechanism be gained separately be
fore insight into the combined behavior will be pos
sible. 

Erosion behavior has been investigated in both 
experimental and analytical studies. Mechanisms of 
low impingement angle and high impingement angle 
erosion of ductile metals have been defined and pro
vide new insight into material loss in a manner that 
supports the development of refined analytical models 
for predicting erosion rates as a function of the 
several active variables involved in the process. 
The fluid mechanics of two- and three- dimensional, 
two-phase flow has been defined in complex computer
ized analytical expressions that can be used to de
scribe erosion conditions in the actual flow system 
geometries that occur in coal gasifiers. 

The effects of elevated temperature on the ero
sion behavior of ductile metals to 0.8 of their mel t
ing temperatures have, been determined. The effect on 
erosion rate of variations in the microstructure of 
alloys containing both hard and soft constituents 
ha\'e been determined, dispelling the previously held 
concept that erosion is primarily a function of the 
hardness of the alloys. All of these additions to 
erosion Imowledge are important factors in gaining an 
understanding of how metals can erode under the oper
ating conditions that occur in coal gasifiers. 

Corrosion, the other major mechanism that degrades 
metals in coal gasifier operating environments, has 
been determined to be primarily a combined oxidation
sulfidation phenomenum. In alloys that contain suf
ficient quantities of primarily aluminum and/or chro
mium to form oxide barriers to resist sulfur attack, 
the competition between their formation and the for
mation of destructive sulfides has been found to be a 
delicate balance of the partial pressures of oxygen 
and sulfur in the gas. The thermodynamic equilibria 
and kinetics of the formation of binary and ternary 
compounds of oxides, sulfides, and spinels are being 
defined by careful exposures of experimental and com
mercial alloys to gases with controlled activities of 
oxygen and sulfur. Microscopic examination of the re
sultant scales and internal reaction products is pro
ducing an understanding of the morphologies of the 
compounds fonned that is necessary to determine 
their susceptibility to erosion by the solid par
ticles that impinge on the surface of coal gasifier 
components. 

The capability of the char particles themselves 
to chemically attack metals is another facet of the 
complex degradation mechanism of combined erosion
corrosion. Static corrosion tests of char particles 
from coal gasification pilot plants in direct con
tact with metals have indicated that constituents in 
the char such as FeS and CaS04 can provide sulfur at 
activity levels that can severely attack the metals 
under both oxidizing and reducing conditions. This 
Imowledge adds still another ingredient to the under
standing of combined erosion-corrosion attack at 
elevated temperatures. 

Once sufficient understanding of the separate 
mechanisms of erosion and corrosion of materials used 
in coal gasifiers is obtained, combined erosion
corrosion experiments can be carried out in a manner 
that will result in the necessary understanding of 
the integrated behavior. It is only on the basis of 
this understanding that materials can be selected, 
new materials developed, and plant operating condi
tions set that will result in acceptable performance 
lives for coal gasifier components. 

1. EROSION BEHAVIOR 

a. Shallow-Angle Impingement Erosion Mechanism 

D. McFadden 

The development of an analytical model that de
scribes the erosion of ductile metals by hard angular 
particles was made by I. Finnie. l The model assumed 
a micro-cutting mechanism and was based upon solving 
the equations of motion of the tip of the cutting 
particle to determine the volume of material removed. 
The resulting expression predicted quite well the 
shape of the curve as a function of impingement angle 
for experimental erosion tests up to an angle of about 
30°. However, it did not predict the amount of ero
sion or the dependence of erosion on velocity in an 
acceptable manner. The purpose of the present inves
tigation was to determine the reasons for the short
comings of the model and to correct them. 

Tests were made using both single and multiple par
ticles to erode surfaces of an FCC metal, 1100- 0 alum
inum, at room temperature. SiC angular particles, 
250-300 ~m for the multiple-particle tests and 1100 
~m for the single-particle tests, were used at Uvo 
veloci ties, 78 and 107 m/s. Angles of impingement 
from 10° to 9if were used. 

The initial model predicted a particle velocity 
term exponent of 2 while experimental results showed 
that the exponent, in fact, varied from 2.2 to 2.8, 
increasing as the angle of impingement, a, increased. 
As the result of careful observation of the craters 
formed by single-particle impacts, using SEM analysis 
not available to Finnie in his original work, it \Vas 
determined that the equation for angular rotation of 
the cutting particle should consider the resultant 
force to be located not at its tip as was originally 
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assumed, but in the center of the material having 
contact with the particle. When this was done the 
analysis produced an effective velocity exponent 
ranging from 2.2 at an a of lifto 2.7 at 30°. These 
results are similar to the experimental results up 
to an angle of 30° , the limit of applicability of 
the cutting mechanism for material removal. Further
more, as is shown in Fig. 1, the modified model was 
capable of defining the shape of the crater formed 
by the impact of a single particle. 
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Fig. 1. Single-particle crater profiles for repre
sentative experimental results and profiles pre
dicted by original and modified analysis at (A) a= 
10° and (B) a = 3if. Results are scaled such that 
the maximwn depth of cut for experimental and pre
dicted results is equal for a given a. 
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Fig. 2. Plot of erosion per particle (g/part) as a 
function of angle of incidence (a) for experimental 
and predicted results. (XBL 775-5523) 

To determine the cutting efficiency of the par
ticles, in order to be able to predict quanti tati ve 
material loss using the analytical model, plots were 
made of erosion per particle impacted in multiple
particle erosion rather than per weight of particles 
impacted (Fig. 2). By doing so, it was shmm that 
the model should consider only approximately 10% of 
the particles as removing material. This percentage 
corresponds well to the metal-removal efficiency 
found in abrasive wear studies. The remaining 90% 
of the particles in both instances displace and 
roughen the surface. 

1. I. Fir~ie, Some Observations on the Erosion of 
Ductile Metals, Wear 12.,81-90 (1972). 

b. Steep-Angle Impingement Erosion Mechanism 

R. Mayville 

A potential major problem in the development of 
coal gasification systems is erosion of construction 
materials by particles of coal and char. While the 
mechanism of material removal for particles striking 
materials at shallow impingement angles has been well 
defined,1-4 the mechanism for particles striking at 
steep angles near 90° has thus far not been defined. 
It is the purpose of this investigation to physically 
define this erosion mechanism by careful observation 
of the changes in the microstructure of a surface 
area being eroded at intervals in the erosion process. 

The erosion tests were carried out at room temper
ature by using 600 wm SiC particles at velocities of 
31 and 62 mls impacting upon an 1100-0 aluminum spec
imen. This aluminum was selected because its room 
temperature properties are near the elevated-temper
ature properties of 310SS, an alloy used in coal gas
ifiers at operating temperatures to 1000°C. 

The specimens are initially eroded at 90° impinge
ment angle through the threshold erosion region. 
Next, small punch marks are placed in the specimen 
to use as markers after subsequent erosion. The 
area is documented photographically over a region 
approximately 800 by 1600 wm by using the SEM. Then 
the target area is impacted with 500 to 1000 parti
cles at a time and rephotographed. Changes in the 
surface features of the area after each erosion in
terval are observed as to their nature and degree. 
In addition to the photographic mapping, other 
metallographic techniques are used to observe the 
surface at various angles, study cross sections 
through the surface, and produce SEM stereo pairs 
for three-dimensional observation. Also, particles 
of eroded material are recovered to determine their 
shape and size. 

As the result of extensive observations of many 
erosion areas, it is possible to observe what the 
sequence of metal movement and removal is. Figure 
3 shows four sequential photographs of the same 
area. It can be seen in going from photo 1 to 2 
that a particle has impacted the surface and made a 
rather flat-bottomed depression in the area above 
the encircled identification area. In No.3 another 
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2 

3 4 

Fig. 3. Photographs of the same spot, each after successive 
erosion with 600 pm diameter SiC at G = 90° , 
Vo = 31 m/s. (XBB 7711-ll458A) 

particle has extruded material over part of the flat
bottomed depression. In No. 4 further spreading of 
extruded material has occurred, essentially covering 
up the first depression and causing a new depression. 
This depression, extrusion, spreading, depression 
sequence occurs repeatedly over an eroded surface. 
Figure 4 shows another view of the spreading out of 
extruded material in a platelet-like shape. Figure 
5 shows a recovered extruded of material, 
indicating the spread-out flat shape of the material 
that is removed. 

Based on these observations, it appears that 
steep-impingement-ang1e erosion occurs by material 
being extruded out from under impacting particles 
into platelet-like configurations over the roughened 
surface of the eroding materia1. 111ese platelets are 
not bonded to the material over which they have 
flowed but only to the inUllediate area from which they 
are extruded. As such they are vulnerable to being 
ejected from the surface by succeeding particle im
pacts. Using the extrusion mechanism defined in this 
study, it will now be possible to develop a model for 
steep-impingement-ang1e erosion and, with it, be able 
to predict erosion rates beyond the impi~gement 
;Limit of the current microcutting mode1. 

4. A observed on a specimen eroded at 
G = 90°, \\fith 600 pm diameter SiC particles with 
Vo = 62 m/s. (Upper part, XBB 770-11459) 



Fig. 5. A piece of aluminum, removed by erosion 
from an aluminum specimen eroded at CJ ~ 90°, with 
600 \lm diameter SiC particle with V fl ~ 62 ml s. 

(Upper part, XBB 770-11460) 

1. I. Finnie, Some Observations on the Erosion of 
Ductile Metals, Wear 19, 81-90 (1972). 
2. R. E. Winter and r M. Hutchings, Solid Particle 
Erosion Studies Using Single Angular Particles, 
Wear 29, 181-194 (1974). 
3. G~P. Tilly, A nvo Stage Mechanism of Ductile 
Erosion, Wear 23, 87-96 (1973). 
4. D. H. McFadden, Erosion of Ductile Metals by 
Solid Particles, Lawrence Berkeley Laboratory Report 
No. 6279, Berkeley, Ce:. (1977). 

c. One-Dimensional Two-Phase Particulate Flow 

D. Kleist 
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The erosion testing of materials requires a pre
cise set of test conditions to make the resulting 
data consistent and interpretable. The most impor
tant test variable is the velocity of the impacting 
particles. TIle purpose of this proj ect was to de
velop a computer program that takes all of the vari
ables affecting the particle velocity into account 
and relates the gas pressure setting across the noz
zle of the test device to the particle velocity. 
Using the program, it is possible to reliably achieve 
a velocity without the need for cut-and-try velocity 
tests or the imprecise calibration curves of nozzle 
6P vs. particle velocity that have been used in the 
past. 

A computer program for two-phase flow available 
in the literature using the conservative variable 
approach incorporating the mutual momentum exchange 
between phases was used as a starting point. The 
conservation equations not only accOlmt for the mass, 
momentum, and energy of each phase, but additional 
equations are also incorporated to relate the mass, 
momentum, and energy transfer (coupling) between 
phases. The coupling equations incorporate the 

equation of state, convective heat transfer between 
particles and gas, wall friction, particle gas mass 
flow ratio, particle trajectory aerodynamic drag on 
the particle due to its relative motion with respect 
to the gas, and other parameters such as particle 
size and density, local pressure and temperature, 
and others. The equations of gas-particle flow are 
solved by using an iterative solution technique. 

The available computer program was modified to 
generalize its applicability, improve its accuracy, 
and extend the test operational limits that could be 
computed. To generalize the program, parameters ex
pressed as constants in the basic program were ex
panded into terms utilizing input data and informa
tion contained wi thin the program. !l10dification to 
improve accuracy consisted of developing analytical 
expressions for the dynamic viscosity and thermal 
conductivity of the gas as a function of its absolute 
temperature. The modifications made to expand the 
limits of computation involved changes to eliminate 
two extreme conditions which caused the program to 
become unstable. Vlhen the small low-density parti
cles representative of coal char were used in the 
program and when large pressure differentials across 
the nozzle (6P > 25 psi) were used the program be
came unstable. Checks were added to the program to 
prevent the instability. 

Experiments were conducted to verify the pressure
vs.-velocity curves predicted by the computer pro
gram. Particle velocity measurements were made on 
an erosion test device using both photographic and 
rotating disc methods. Glass spheres, steel shot, 
and. SiC powders were used in this tests. 

Figure 6 shows the correlation between predicted 
and test velocities for two different particle sizes. 
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Figure 7 shows how well the program predicted veloc
ity when the density of the particles was consider
ably different. Figure 8 shows the insensitivity of 
the particle velocity to an order-of-magnitude change 
in the solids loading in the gas. 
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The development of the computer progrmn and the 
cxperL~ental verification of its accuracy have been 
a boon to the erosion test program. The program has 
markedly reduced the total time to carry out a test 
series over a desired range of operating conditions. 

on 

1,. Brass 

The erosion resistance of ductile metals has 
usually been directly related to hardness with little 
consideration of other properties or the microstruc
ture of the alloys. To determine microstructural ef
fects on erosion, two alloys were chosen that allowed 
microstructural changes to be made without greatly 
changing their hardness. The alloys used were plain 
carbon 1075 eutectoid steel in the coarse pearlite, 
fine perlite, and spheroidized forms ffild an Al-4.75% 
Cu alloy heat treated to produce GP zone through 8 
microstructures. Single-particle and multiple-parti
cle erosion tests were conducted using 240 !Jm SiC 
particles at impingement angles of 15°, 30°, and 90° 
and particle velocities of 100 and 200 fps. 

Figure 9 shows the steel microstructures tested 
and their hardnesses. Figure 10 shows that the lowest 
steady state erosion rate was exhibited by the softest 
of the three microstructures, the spheroidized struc
ture. The rate was 1/3 less than that of the pearlite 
structures. It is also to be noted in Fig. 10 that 
there is a threshold period prior to achieving a 
constant erosion rate. It is speculated that during 
this period the kinetic energy of many of the impac
ting particles is absorbed by plastic deformation of 
the steel rather than by physical removal of mate
rial. Once the entire eroding surface has been 
work hardened and roughened, the material-removal 
efficiency of the impacting particles becomes con
stant. 

Figure 11 is of a single-particle impact crater 
is a pearlitic steel specimen and shows that surface 
cracking of the brittle cementite plates occurs to 
enhance material loss rates. The spheroidized struc
ture isolated the brittle cementite in spheroids in 
a ductile ferrite matrix and showed no surface crack
ing. Some cracking did occur in the spheroidal struc
ture ar a depth below the surface of approximately 
20 !Jm. The mechanism of its material loss appeared 
to be crack formation at the cementite particle
ferrite interface and subsequent propagation by suc
ceeding particle impacts from particle to particle 
until a platelet of material was formed that sep
arated from the surface. 

In the AI-Cu system, the large-precipitate 8' 
material consistently eroded less than the fine
precipitate GP zone material. There was a consis
tent reduction in erosion rate as the precipitate 
size increased from GP zone to 8", peak hard11ess 
and 8' precipitation-hardening states. Figure 12 
shows the difference in erosion rates. l11Yough the 
range of precipitate sizes, the hardness ranged from 
VHN (1000 g load) of 81 for the GP zone material to 
99 at the pelli< hardness to 74 for the 8 condition. 
The larger precipitates appeared to enhance the 
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EROSION OF 1075 STEEL 

COARSE I)EAR LITE FINE PEARLITE SPHEROIDIZED 

Hardness - R 8 90 

Lamellar Spacing ~ 1 ~Im 

Hardness - R899 IRe 20) 

Lamellar Spacing ~ 0.25 pm 

Hardness - R B 79 

Sphere Diameter ~ 1.25 !Jm 

. 9. Scmming electron micrographs of 1075 steel in the coarse pear-
lite, fine pearlite, and spheroidized microstructures. (XBB 769-8299) 

Spheroidized 

1075 Steel 

240 fJ.m Si C 

Velocity" 100 fps (30_5mps) 
Angle of Impingement' 30° 

Amount of Impacting Particles (gm) 

. 11. Photomicrograph of a single-particle im
pact crater on 1075 steel (coarse pearlite) using 
240)Jm SiC: Vp=107 mps (350 fps). (XBB 776-5635) 

ability of the ductile matrix material to decrease 
subsurface crack propagation rates that lead to 
material loss. 

10. Plot of erosion rate (mg/g) versus amount 
particles (g) for 1075 steel--coarse 

, pearli te, and spheroidized- -using 240 
)Jm diameter SiC. Vp = 30. 5 mps (100 fps) c/, = 30° . 

(XBL 5486) 

Thus it was found that microstructure plays a 
major role in determining the susceptibility of a 
metal to erosion and that higher hardnesses do not 
necessarily result in greater erosion resistance. 
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Fig. 12. Reduction in erosior: rate with increase in 
precipitate size. (XBL 775-5474) 

e. Elevated-Temperature Erosion Behavior of an 
FCC Metal, 1100-0 Alwninwn 

P. Doyle 

The erosion forces acting on an austenitic stain-
less steel in a coal gasifier are a mate-
rial that is at elevated temperatures up 
to 10000 C. In order to gain em initial understand-

of elevated-temperature erosion mechanisms, a 
similar FCC single-phase alloy to an austenitic 
stainless steel was selected for lower elevated
temperature study. The alloy \vas 1100-0 alwninum 
whose mechanical properties in the temperature range 
from room temperature to near 400°C are similar to 
those of 310 stainless steel in the 6000 to 1000° C 
range. 
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Erosion tests were carried out at homologous tem
peratures of 0.32 (RT), 0.4 (99° C), 0.6 (285° C), and 
0.8 (471°C). SiC particles of 250-300 Jlm in size 
were carried to the specimens in a nitrogen gas 
stream at velocities of 100 and 200 over a range 
of impingement angles, CL A 30 minute test duration 
was used for the 100 fps tests and a 10 minute dura-
tion for the 200 tests. 

At all test temperatures the familiar curve of 
erosion rate vs. angle of impingement was obtained 
wi th a peak erosion rate occurring at about 15° . 
Figure 13 shows the curves for the 100 fps test 
series. It can be seen that at the lower three ho 
mologous temperatures, which are ser
vice temperatures for an FCC metal, the erosion rate 
decreases with increasing temperature. The () E 
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. 13. Erosion rate vs. of impingement . 
(XBL 778- 5889) 

the 0.8 homologous temperature curve is 
less than that of the other three, indicating that a 
different mechanism of erosion may be occurring. At 
a = 90° the rates for the three lower temperatures 
were identical, indicating no effect of 
temperature on normal impact erosion. The differ
ence in the erosion rate between the peak rate and 
the a = 90° rate for the 0.8 homologous temperature 
test is approximately 1/2 of that of the lower three 
temperatures, idicating that the effect of impinge
ment angle is markedly decreased at high temper
atures. 

The patterns of erosion ShO\'l1 in Fig. 14 indicate 
a consistent of surface ripples for the Ci, = 

10°, 15°, 30° tests and an alternating depres-
sion-anel-mound patteYl1 for the 60° and 900 angles 0 

The patterns in depth, anel the width of 
each ripple increases "'ith 
Since the rate of erosion is 
three temperatures, j t is possible that an 
amOlmt of plastic flow lYi thout corresponding in
creaSed metal removal is occurring to consume the 
kinetic energy of the impacting particles. 

The ripple patterns are for the 0.8 homol-
ogous tests then the lower temper-
ature tests, which are all approximately the same 
for each This indicates that at the 0.8 tem
perature more surface has been affected by the erod
ing particles, possibly accowlting for at least a 
portion of the increased erosion rate. 

Figure 15 shows the cross section of a specimen 
eroded at 100 at 0.6 homologOl:S temperature at 
40X and 400X. can be seen that for a = 30° the 
ripples have been fonned by material that was raised 
over the original metal surface by multiple impacts, 

porous cracked areas on the downstream side. 
TIle areas near the surface are pieces of the 
eroding SiC particles that have broken off and be-
come embedded in the deformed metal 0 Sim-
ilar structures were at all the 
angles tested. 
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100 fps 

Fig. 14. Erosion patterns on 1100-0 Al from SiC (250 llm) particles. 

(a) 

(b) 

Fig. 15. Cross section of eroded 1100-0 AI; 
ex = 30° , V = 100 fps, SiC (250 )Jm) particles at 
285°C. (XBB 783-3205) 

(XBB 782-2032) 

The erosion behavior of metals at elevated temper
atures introduces several new behavior patterns that 
do not occur at room temperature. Considerable work 
is required to understand this behavior in simple 
systems before introducing the additional complicat
ing factor of reactive gas corrosion into the study 
of erosion-corrosion behavior of metals in simulated 
coal gasifier environments. 

and Erosion Prediction a 

Jonathan A. Laitone 

The erosion of material components in energy con
version systems by a two-phase- gas-solid particle 
flow is often the primary mechanism of material de
gradation. To imrestigate this type of flow and the 
subsequent erosion in areas of vorticity such as at 
corners and steps, a computer model using a vortic
ity transfer scheme is being developed. 

An analytical solution to the gas- solid flow was 
found for regions near a stagnation point. TIlis 
analytical solution will be used to determine the 
accuracy of the computer model in future work. 

The analytical solution solves the equations of 
motion of a dilute particle suspension in a steady 
inviscid stream. It is assumed that the particles 
are spherical and do not appreciably affect the gas 
stream lines. The governing vec!or equation for the 
particle in a steady gas stream u is;l 

0-
Du

p 
Dt T 

where T is the mOll'entWl'. equilibration time. 



Making a change of variables: 

z ~ tIT, 

where A~ is the momentum equilibration length param
eter for the particle. By inserting the stagnation 
point gas flow velocity we obtain: 

o. 

This second-order linear differential equation 
is readily solved and yields a closed-form solution 
for the particle trajectories, which are plotted in 
Fig. 16. It was found that for Am ~ 0.25 the par
ticles are completely entrained by the gas and never 
impact with the wall. Differentiation with respect 
to time yielded the impact speed of the particles, 
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Fig. 16. Particle trajectories. The momentum equi
libration parameter indicates the lnagnitude of a 
particle's momentum. When A~ > 10 the traj ectories 
are determined by the initial conditions. For 
A' ~ 0.25 the particles are completely entrained in 
the gas flow and never impact with the wall. 

(XBL 7712-6544) 
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which is shown in Fig. 17. An unexpected minimum 
point in the speed was found for A~ ~ O. 4. The in
creasing impact speed for very small particles 
(Am < 0.4) is due to the gas accelerating away from 
the stagnation point. A maximum point for speed and 
erosion was found at A~ = 2.0. 

The angle of impact and density distribution was 
calculated to find the relative erosion along the 
wall. The results indicated that 400 ym particles 
can cause substantial erosion a,,,ay from the stagna
tion point if the free stream gas velocity is less 
than 150 cm/s. 

TIle calculated erosion of a ductile metal by 200 
ym particles was found to depend on the free stream 
gas velocity to the 3.83 power. Grant and Tabakoff2 
found, experimentally, exponent values around 4.0 in 
their work with turbomachinery. 
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Fig. 17. Relative particle impact speed as a func
tion of the momentum equilibration parameter. The 
increase in impact speed for 0.25 < Am < O. 40 is due 
to the gas accelerating away from the stagnation 
point. (XBL 7712-6546) 



The effects of the boundary 
is being 

1. G. I. Taylor, Notes on Possible 
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and Mem-
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Turbomachinery from 
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471-478 (1975), 

W. S. Yeung 
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The fluid mechanics problem of a dilute gas-
particle mixture through a curved pipe has 
been The gas is assumed to be invis-
cid except the viscous effect between the 
gas and the particle phase. effect of the par-
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ticles on the gas streamlines is considered negli-
gible, which is a reasonable assumption when the 
concentration of particles is sufficiently low. It 
follows then that the equations of motion for the 
gas phase are satisfied by a uniform flow 
in the streamwise direction with no secondary circu
lation velocity components. Th_e entry conditon into 
the curved pipe is considered uniform, and dynamic 
equilibrium is assumed for the mixture. 

The main task undertaken has been the solving of 
the equations of motion for the . Only 
the viscous drag force due to relative motion of the 
two phases was considered, since other (reaction forces) 
between the gas and particle phases due to various 
effects are small. Furthermore, the Stoke's for-
mula is assumed to be valid throughout the ,,,hole 
particle traj Wi th these simplifying assump-
tions, the equations of motion are written 
in frame of reference, which constitutes 
a set of nonlinear, first order, 
tial equations. These are solved 
ing a Runge-Kutta fourth order scheme. 
numerical solutions information can be extracted, 
such as the velocity at the pipe wall and the 

angle and the local mass flux of 
the wall. The relative erosion rate 
volume of wall material removed) per 

is then calculated. 

The calculated erosion patterns along central 
plane of the curve are ShOMl in for var-
ious , ]V. The central was 
chosen, of severe ero-
sion-prone area in pipe bends. It is seen that at 
high enough entry velocity, the trajector-
ies are quite and the erosion patterns are 
similar and confine the same interval of the 
bend angle, cpo The erosion pattern begins to stretch 
out to larger bend as tV decreases. This is 

understood, entry velocities 
the inertia of the over the vis-
cous effect, at low velocities the 
tides can accolmnodate to the gas 
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Pp" '- 0 Ibm/It 
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Fig. 18. Relative erosion rate vs. bend angle for 
various flow velocities in a curved pipe of 20" with 
a ~ I" and R ~ 11", (XBL 7712-6503) 

The dependence of the maximlml relative erosion 
rate, ~nax' on various parameters, in particular the 
entry velocity hi and the loading ratio in mass of 
particle per unit mass of gas, ZL, \Vas studied. The 
most interesting point is that Emax depends more 
strongly on W at low values of tv than at high values 
of W. TIle critical entry velocity, Wcri t, which 
separates these two regimes of dependence is charac
teristic of a particular system and geometry. Also, 
the exponential dependence on ]V belmy Wcri t is a weak 
function of W itself. For the particular curved pipe 
and gas-particle mixture in the present study, the 
following relations are obtained: 

ex W3Z for W;;;' 8 fps, L 

E max 
ex W3. for W .;; 8 fps. 

h. Diffusion of a Chemical Species Through the 
Viscous BOlmclary Layer 

Jay Keller 

The effects of viscosity on diffusion of a chem
ical species were investigated. Due to the similar
ity between the diffusion of mass and the diffusion 



101 

of heat an analogy can be drawn allowing the results 
of heat transfer analysis to be used. 

We are interested in the concentration of H2S at 
the surface and how the flow field effects this 
concentration. It can be shown that the equilibrium 
concentration due to temperature gradients across 
the flow does not change significantly. So assuming 
the concentration to be constant the reaction rate 
at the surface can be found. This is a depletion of 
H2S occurring at the surface. Thus this reaction 
rate gives the mass flux toward the surface. This 
rate was found to be 3.87 X 10- 10 (moles cm/cm3 sec). 
The boundary condition to the problem is then one of 
a constant flux toward the surface. The Nusselt 
number (Nu '" hd/kf) vs. X for turbulent flow and con
stant flux is plotted in Fig. 32 of Ref.1 (where h ~ 
the heat transfer coefficient, d = the pipe diam
eter, and kf '" the thermal conducti vi ty of the fluid.) 
By replacing the Nusselt number with the Sherwood 
number (Sh'" gd/Di) and the Prandtl number CPr = v/o:) 
with the Schmidt number (Sc '" v/Di) we can apply this 
data directly to the mass transfer problem (where 
g = the mass transfer coefficient, Di = the mass dif
fusivity of species i, v'" kinematic viscosity, a = 
thermal diffusivity.) Reference 1 shows that 
the Sh decreases from 00 at the tube entrance asymp
totically approaching a value of 300 for fully de-
veloped flow. (The Reynolds number eRe = Ud/v) for 
this flow is 4.818 X 106 so the Sh number is actually 
greater than 300, thus this will give a high value 
of the concentration difference.) Using M = g (LIm) 
we find the concentration difference increasing from 
0.0 moles/cm3 at the tube entrance to 3.4 X 10- 9 
moles/cm3 for fully developed flow. (Where 1'4 = the 
mass flow rate" and Llmi is the concentration differ
ence of the itn species (bulk concentration at the 
wall)]. It is thus concluded that the effects of 
viscosity on the concentration profile are negligi
ble. Indeed the effects of temperature are greater 
and can be considered simply from an equilibrium 
composition point of view. 

The possibility of creating a concentration dif
ference significant enough to eliminate the forma
tion of FeS was also investigated. The Tesults of 
transpiration cooling were used and it was found 
that for a uniform blowing rate of UoPO/U = 0.087 
using a gas composition of a typical gasiffier with 
the reactive, agent removed (H2S), the formation of 
FeS could be stopped (where Uo '" the average veloc
i ty of the pipe flow, Po = the density of the free 
stream fluid, U = the blowing velocity, and P '" the 
density of the blowing fluid.) Thus it appears pos
sible to control the gas composition at the surface. 

Due to the mechanical difficulties involved with 
uniform injection this type of control may not be 
feasible. Further research is being conducted to 
investigate the possibility of controlling the mass 
composition by intermittent injection rather than 
uniform inj ection. 

L Handbook of Heat Transfer, Warren M. Robenow 
and James P. Hartneff, Ed5:lMcGraw Hi 11 Book 
Company, 1973, Chap. 7, p. 7-37. 

i. Two-Body Dry Abrasive Wear 

H. Hirano 

To broaden the understanding of erosion lnech
anisms, an investigation was undertaken to determine 
the mechanism of material removal when the particles 
were restricted in their angular movement. Several 
sizes of SiC and A1 203 particles ranging from 20 to 
260 ]Jm were bonded to a paper which was rotated be
neath a stylus of test alloy under a 500 or 1000 g 
dead weight load. 4340 steel and 7075 aluminum were 
tested at several heat treatment conditions and their 
wear rates were related to hardness, strength, and 
fracture toughness. The hardness range of the alum
inum alloy was \n1N (kg/mm2) 102 to 181 and that of 
the 4340 steel from 318 to 602. Fracture toughness 
values, Kc (ksi-in. l / 2), ranged from 23 to 61 for 
the 7075 aluminum and from 39 to 160 for the 4340 
steel. 

Figures 19 and 20 show that there was a direct 
hardness relationship to wear resistance for both 
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Fig. 19. Wear resistance of 7075 Al vs. hardness. 
(XBL 7711-6435) 
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Fig. 20. Wear resistance of 4340 steel vs. hard
ness. (XBL 7711-6446) 

alloys in two-body wear, unlike that of erosion re
sistance. There was also a direct relationship be
tween yield strength and wear resistance for both 
alloys; however, only the 4340 steel indicated some 
wear relationship with fracture toughness, decreas·· 
ing as the fracture toughness increased. 
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The mechanisms of bvo-body abrasion are consider
ably different from those of erosion. Figure 21 
shows the appearance of the abraded surface at the 
beginning of the abrasion cycle (bottom photo) and 
near the end (top photo). Straight cutting with 
plastic flow of material upwards along the sides of 
the grooves occurs at the beginning of cutting. At 
some distance along the abrasion path, the simple 
cutting is complicated by gouging from particles 
that have come loose from the abrasive paper, been 
embedded in the test material, and been subsequently 
broken loose from it by succeeding, still bonded 
particles. Also, chips cut from earlier positions 
in the abrasion path have become welded to the dmffi
stream surfaces, creating a jumble of material. The 
two-body abrasion wear process is seen to have little 
in common with the erosion process. 

Fig. 21. Upper: 7075-T6 Al 
the trailing edge. 

Lower: 7075-T6 Al 
the leading edge. 

2. CORROSION BEHAVIOR 

(loaded by 1000 g) at 

(loaded by 1000 g) at 
(XBB 770-11555) 

a. Corrosion of Iron-Base Alloys by Coal Char at 
Elevated Temperatures 

B. A. Gordon 

Considerable work is being done in gas-phase cOr 
rosion of iron-base allors in the simulated environ
ments of coal gasifiers, ,2 but so far very little 
has been done on the attack of alloys by the solid 
char byproduct of the gasification process. 
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The char consists of residual fixed carbon, in
organic oxides, and some inorganic sulfur (see Table 
1). A serious consideration is whether there is suf
ficient sulfur present to promote accelerated attack 
of the alloys used in the gasifier. 

Table 1. Composition of typical ash and coal char. 

ASH 

SiO@ 
A1 Z03 
FeZ03 
CaO 

MgO 

TiOZ 
PZ05 
NaZO 

KZO 

S03 

Fixed carbon 

Ash 

Sulfur 

High boiling tars 

(as 

Percentage 

46.3 

15.Z 

14.9 

6.5 

1.1 

0.6 

O.Z 

3.0 

1.8 

5.4 

sulfate and sulfide) 

Percentage 

Z5-50 

45-70 

1-5 

< 4 

To determine the possibility of su1fidation cor
rosion, an initial series of experiments was per
fonned in an environment consisting of char obtained 
from the Synthane process and comJ:lercia11y pure argon 
at 98ZoC (1800°F). The experimental alloys chosen 
were Fe-10A1, Fe-10Al-5Cr, and Fe-10A1-10Cr. The 
argon contained about 6-10 ppm oxygen, sufficient to 
promote the formation of a protective A1Z03 scale on 
all three alloys. However, the combination of the 
carbon in the char and the oxygen in the argon kept 
the POZ about 10- 19 atm, a level reasonably compara
ble to that in a gasifier, through the reaction 

C + l/Z 0z :t co. (1) 

After 100 hours exposure, both the Fe-10Al and 
Fe-10Al-5Cr underwent massive internal sulfide forma
tion, while the Fe-10Al-10Cr suffered only minor at
tack and no internal sulfidation. Cross sectioning 
of the alloys revealed morphologies typified by Fig. 
1. Note particularly the internal aluminum-rich 
sulfides. This type of formation can assist in the 
breakdown of protective scales with concomit~lt ac
celerated internal sulfide penetration. 3 

(a) (b) 

(c) ( d) 

(e) 

Fig. 1. Cross-section and x-ray mappings of 
Fe-10Al-5Cr alloy after 100 hours exposure, a) Elec
torn image, b-e) elemental maps are indicated. Note 
the four distinct regions in the cross section. 1) 
lightest gray region is alloy itself, Z) medium gray 
at top of (a) is a chromium oxide (see e), 3) darker 
gray below that is aluminum oxide (see c and d), and 
4) the dark gray inclusions in bulk of alloy are alu
minum-rich sulfides (see c and d). Iron is excluded 
from the aluminum-containing regions (see b). 

(XBE 779-8965) 

Additional experiments have been performed to 
clarify the conditions under which char is an aggres
sive corrodant at 98ZoC. Simulated char mixtures 
were made up by using an alumina powder filler and 
either FeS or CaS04, two of the principal sulfur
containing constituents in char, to determine whether 
they were possible sources of sulfur that could at
tack metals. Alloys were exposed to these mixtures 
at paZ's ranging between 10-14 and 10- 19 atm, and 
the resulting corrosion morphologies were studied. 
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At P02's greater than about 10- 16 atm, FeS can be 
oxidized to provide free sulfur for internal attack 
of the metal the char is in contact with: 

FeS + 1/2 0z (g) t FeO + l/Z (g) . 

At low POZ's « 15- 16 atm) CaS04 can be reduced to 
provide free sulfur: 

CaS04 t CaO + 3/Z 02(g) + l/Z SZ(g). 

A study of the morphologies of the scales formed on 
the test alloys appears to indicate that FeS is the 
main cause of corrosion from char but that there 
still is sufficient CaSad present to cause some in-
ternal attack. ' 

1. D. B. Rao and H. Nelson, Sulfidation of 310 
Stainless Steel at Sulfur Potentials Encountered in 
Coal Conversion Systems, NASA TM X-73,166 
(September 1976). 
z. B. A. Gordon, ]V. 1. Worrell and V. Nagaraj an, 
Thermodynamic Prediction of the Behavior of Fe-Cr-Al 
Alloys in Coal Gasifier Operating Environments, 
LBL-7320, December 1977. 
3. B. A. Gordon an.d V. Nagaraj an, Corrosion of 
Re-lOAl-Cr Alloys by Coal Char, LBL-6946, October 
1977 (accepted by Oxidation of Metals). 

b. Combined Oxidation-Su1fidation Behavior of Iron 
Base Alloys in a Coal Gasifier Environment 

V. Nagarajan 

Commercially available steels which can be used 
as internal parts in a coal gasifier develop Crz03 
scales. It has been observed that CrZ03 scales are 
not good barriers to sulfur diffusion and subsequent 
sulfide formation and degradation. There is a need 
to develop alloys that would form other scales like 
AIZ03 and Si02, hopefully better barriers to sulfur 

attack, and to understand their mechanism of sulfur 
diffusion. A program was undertaken to study the 
corrosion behavior of Fe base alloys containing Cr, 
and Si or Al ternary additions. 

All of the experimental alloys were vacuum induc
tion melted into 5 lb ingots and rolled to sheet 
form. They were corroded at 1800°F in an environ
ment simulating the oxygen and sulfur content of the 
gases in a coal gasifier. The partial prgssures of 
oxygen and sulfur were maintained at 10- 1 atm and 
100 atm respectively so that FeS along with Crz03 
and A1203 will be stable. At higher POZ levels FeS 
is not stable and instead oxide spinels like l'eAlZ04 
become stable. Since the main aim of this re
search is to investigate the barrier behavior of 
simple oxides, the corrosion conditions have been 
chosen to avoid the formation of oxide spinels. 

All the alloys containing 0.5 to Z.O Si and 18 Cr 
were extensively corroded within five days in the 
corrosive environment. Although the onset of catas
trophic corrosion was delayed by increasing the Si 
content, the amount of Si was not found to be suffi
cient to form a protective Si02 subscale. All the 
alloys developed external Cr203 scale as the primary 
barrier interspersed with iron sulfide channels, as 
iron sulfide was also stable at the surface (see Fig. 
2). Since FeS is a highly defective sulfide, rapid 
transport of metallic species and sulfur occurred 
through these channels, resulting in catastrophic 
corrosion of the alloys. To achieve good corrosion 
resistance it is necessary to prevent the formation 
of iron sulfide chm1Jlels. 

The alloys containing 2.5 to 7 Al and 18 Cr fonned 
external A1203-Cr203 duplex scales and showed good 
corrosion resistance. The corrosion resistance de
creased wi th increasing Al content. The alloys that 
contained 10 Al and different amounts of Cr up to 
15% formed external A1203 scales only and exhibited 
poor corrosion resistance. Figure 3 shows the weight 
gain per unit area data plotted as a function of time 
for two alloys that formed external A1203 scales but 
which exhibited widely differing corrosion behavior. 

B 

Hg. 2. Fe-l8Cr -1. SSi, corroded for 1 day (200X). 
of the outer surface of the corroded specimen. (B) 

CA) Secondary electron image 
X-ray map for S. 

(XBB 770-12691) 
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Although both the alloys contained similar mnoW1ts 
of chromium the Al content was different, and it was 
surprising to find the alloy that contained lesser 
amoW1ts of Al to be more corrosion resistant. This 
behavior can be rationalized by considering that the 
duplex A1203/Cr203 scale that formed on the low-AI 
alloys is a far better barrier to sulfur diffusion 
than the single A1203 scale that formed on the higher 
aluminum content alloys. The breakdm\'l1 of the sin
gle AIZ03 scale occurred by the formation of Cr-rich 
sulfides within the oxide scale as shown in Fig. 4. 

The conclusions of this investigation are impor
tant for alloy designers developing new corrosion 
resistant alloys for elevated-temperature applica
tions in coal gasifiers. They are: 

1) Cr203 scales are not a barrier to sulfur dif
fusion in coal gasifier environments. Si additions 
do not help the Cr203 become an acceptable barrier 
material. 

Fig. 4. Fe 10Al - 15Cr, corroded for 3 days, l30x: 
CA) Secondary electron image of the scale/alloy 

interface. 
CB) X-ray map for AI. 
CC) X-ray map for Cr. 
CD) X-ray map for S. 
(E) X-ray map for Fe. (XBB 770-12690) 
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Z) Aluminum-chromium contammg alloys with near 
18% Cr to form a continuous CrZ03 scale and an opti
mum amount of aluminum in the range 3- 5 % to form a 
continuous AlZ03 scale will form a duplex barrier 
scale that can resist sulfur diffusion, at least for 
the exposure periods of this study. 

3) Aluminum-containing alloys that form primar
ily a single AlZ03 barrier scale, even with signif
icant quantities of Cr also present, do not have 
resistance to sulfur attack at coal gasifier oper
ating temperatures. 

c. Ihermodynamic Prediction of the Behavior of 
Fe-Cr-Al and Fe-Cr-Ni Alloys in Coal Gasification 
Environments 

B. Gordon, W. Worrell and V. Nagarajan 

In order to predict the behavior of materials in 
large-scale coal gasification plants, it will be 
necessary to understand the corrosion behavior of the 
alloys. Prediction of the corrosion scales formed 
under specified coal gasification,environme~t~ is a 
necessary initial step in the deslgn of efflclent 
corrosion tests. l 1he thermod)TIamic stability di
agram is a method of plotting the phases formed on 
an alloy as a function of gas compositi?n .. For a 
given gas phase reaction such as the oXldatlon of a 
metal, 

xM + y/Z 0z * M ° , x y (1) 

there is an associated free energy, 6Gr , such that 
the equilibrium partial pressure of oxygen at which 
the oxide phase is formed can be calculated, assuming 
the metal and oxide activities are unity. Similar 
calculation can be made for the formation of sul
fides. ~~len these partial pressures are plotted at 
constant temperature, a stability diagram such as 
shown in Fig. 5 is the result. 

To construct such a diagram, accurate and consis
tent thermodynamic data are required. For simple 
phases such as FeO, CrZ03, etc. such data are avail
able from the JANAF tables. L Current work includes 
the formation and interaction of more complex phases 
such as FeCrZ04 and FeAIZ04 spinels, specifically for 
the Fe-Cr-AI and Fe-Cr-Ni systems. Data for these 
phases are not routinely available and are being 
carefully researched in the literature. 3,4 

Experimental verification of alloy behavior under 
aggressive conditions is difficult to compare with 
thermodynamic predictions because of the strong role 
that kinetics plays in phase formation. Current work 
compares predicted spinel formation with experiment 
for the reactions. 
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Fig. 5. Fe-Cr-Al system represented at 871°C. Units 
are atmospheres. The arrows indicate POZ and PS Z 
lines at which the specific phase becomes stable. 
l~ere arrows overlap, the indicated oxide or sulfide 
phases are simultaneously stable. For example, at 
Po = 10-LO and PSZ = 10-lZ, the stable phases , are 
FeCr04, CrZ03, and AlZ03. The rect<;mgular reglO~ 
indicates Po and PS2 ranges of typlcal coal gasl
fiers corrected for temperature. All metals are at 
unit activity. 

Key: --------- phase boundaries involving only 
Fe. 

------- .. -. phase 
phase 

boundaries involving AI. 
boundaries involving Cr. 

(XBL 782- 4403) 

Such experiments make use of powder mixtures and 
long exposures to circumvent kinetic influences on 
the formation of these phases. 

1. B. A. Gordon, W. 1. Worrell and V. Nagaraj an, 
Thermodynamic Predictions of the Behavior of 
Fe-CrAl Alloys in Coal Gasifier Environments, 
LBL-7370; to be submitted. 
Z. JANAF 1hermochemical Tables; Znd edition, 
NSRDS·\lffiS 37 (1971). 
3. K. T. Jacob and C. B. Alcock, Met. Trans. 6B, 
Z15 (1975). 
4. J. C. Chan, C. B. Alcock an.d K. T. Jacob, 
Con. Met. Quart. ~, 439 (1973). 

d. Influence of Phase Relations on the Sulfidation 
of 310 Stainless Steel 

* t D. Bhogeswara Rao, K. T. Jacob, and 
Howard G. Nelson* 

The sulfide scales that are formed during the 
sulfidation of 310 stainless steel are generally 
multilayered, containing one or two outer layers in 
addition to a subscale. 1he number of scales and 
their compositions varied with the sulfur potential 
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and the temperature of sulfidation. Micrographs of 
typical scales are shown in Fig. 5. In two-layered 
scales, the second outer layer (OL-II), furthest 
from the alloy, contained primarily phases of the 
Fe-Ni-S system. The first oyter layer (OL-I), near
est the subscale, contained phases of the Fe-Cr-S 
system. The sub scale consisted of chromium-rich 
sulfide inclusions in the alloy matrix. The chrom
ium content of OL-I increased with increasing tem
peraturel and decreasing sulfur potentialsZ and ap
peared to control the rate of sulfidation of 310 
stainless steel. However, correlations between the 
compositions of the experimentally observed phases 
and those that may be theoretically predicted have 
not been explored. The stability fields of various 
phases that form on 310 stainless steel have been 
developed as a function of temperature and partial 
pressure of sulfur. 3 These constructed stability 
fields are in excellent agreement with the sulfide 
phases and compositions determined experimentally. 

It has also been observed that during the initial 
stages, where transient kinetics persisted, the com
position of OL-I changed with time at a given sur
face potential and temperature and finally reached 
a steady state condition. Initially a chromium-rich 
sulfide was formed which changed composi tion during 
the course of time as more iron went into the solu
tion. This experimentally deduced fact can also be 
predicted from the stability field diagrams. 

A careful microstructural examination of the prod
uct layer (OL-I) revealed arrays of alternate sub
layers in a slowly cooled sample, as shown in Fig. 
l(a). The sublayers are absent when the samples 

a) T:;1145K~ 

m 

were quenched as shown in Fig. 7 (b) and (c). It was 
determined from the quantative EDAX analysis that 
the sublayers differed only in the Fe:Cr ratio. 
These sublayers were absent in the quenched samples. 
This suggests that the high-temperature phase was 
separated into two different phases. Such a trans
formation could be visualized with the help of stab
ility field diagrams. 

In certain cases it is not possible to retain 
some high-temperature sulfide phases by quenching. 
For example, it was observed from the experiments 
th,1t the OL- II was composed of a mixture of ( Fe, 
Ni)l-xS monosulfide solid solution and (Fe,Ni)gS8 
pentlandite Fe-Ni alloy.l On the basis of the high
temperature stability fields,pentlandite and the as
sociated alloy phase are not high-temperature phases. 
In order to explore the effect of cooling, a verti
cal section through the ternary Fe-Ni-S composition
temperature phase relations was developed at a sul
fur potential of 1. 4 X 10- ZNm- Z and is shown in Fig. 
8. It can be deduced from this figure that at an ex
perimental temperature of 1150 K, OL-II is composed 
of iron-rich (Fe, Ni)l-xS phase. On cooling, (Ni, 
Fe)3±xSZ begins to crystallize from the liquid sul
fide melt until all the liquid phase is used up. 
The changes in composition caused by a further de
crease in temperature results in the precipitation 
of some Fe-Ni alloy. Below 850 K pentlandite be
gins to form as a solid phase from (Fe, Ni)l-xS and 
CNi, Fe)3+xSZ' This example clearly demonstrates 
the necessIty of high-temperature stability field 
diagrmns for the interpretation of corrosion prod
ucts observed after cooling the specimens to room 
temperature. 

Fig. 6. Multilayered sulfide scales formed during the sulfidation of 310 stain
less steel. (XBB 783-3046) 
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0) -
0') -

b) 

Fig. 7. Effect of cooling rate on the fonnation of sublayers 
in OL-1. a) Slowl v cooled sanmle showing the sublavers. b) 
and c) Disappearance of sublavers in the quenched sanmles. 
a') Compositions for the individual sublayers of Fig. 7a. 
Light grey phase'" 14 wt% Cr, 41 wt% Fe, 43 wt% Sand 1 wt%Ni. 
Grey phase = 26 wt% Cr, 27 wt% Fe, 46 wt% Sand 0.5 wt% Ni. 
b') General composition of OL-l shown in Fig. 7b (19.5 wt% Cr, 
33.5 wt% Fe, 2 wt% Ni and 44 wt% S). (XBE 783-3043) 
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Fig. 8. A vertical section through the Fe-Ni-S com
position-temperature phase diagram. The c2mposition 
of OL-II at 1150 K and PS 2 = 1.4XlO-2 Nm- falls in 
section a-b. The points a and b are the compositions 
of the binary Fe-S _ Ni=~ phases that exist at~1l50 
]( and PS2 = 1. 4 X 10 Nm • (XBL 783- 1(47) 

"'Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory, Berkeley, CA 94720. 

i'Department of Metallurgy and Materials Science, 
University of Toronto. 

*Materials and Physical Sciences Branch NASA-Ames 
Research Center, Moffett Field, CA 94035. 

1. D. Bhogeswara Rao and Howard G. Nelson, 
Influence of Temperature and the Role of Chromium 
on the Kinetics of Sulfidation of 310 Stainless 
Steel, in Oxidation of Metals, in press. 
2. D. Bhogeswara Rao and Howard G. Nelson, Sulfida
tion of 310 Stainless Steel at Sulfur Potentials 
Encountered in Coal Conversion Systems, NASA Tech
nical Memorandum, NASA-TM X-73,166, September 1976, 
and the Proceedings of the Symposium on Properties 
of High Temperature Alloys, edited by Z. A. Foroulis 
and F. S. Pettit, Proceedings Vol. 77-1, The Electro
chemical Soc., Inc., Princeton, M-I, 464 (1971). 
3. K. 1'. Jacob, D. Bhogeswara Rao and Howard G. 
Nelson, Influence of Phase Relations in the Fe-Ni
Cr-S System on the Sulfidation of an Austenitic 
Stainless Steel, in Oxidation of Metals, corrununicat
ed. 

e. Solid State Sulfur Probe for Co21 Gasification 
Systems 

'I: i' 
K. T. Jacob, D. Bhogeswara Rao, and 
Howard G. Ne1son* 

The i.nterna1 components of coal gasifiers cern be 
severely degraded, depending upon the material and 
the sulfur content of the reactive gases. Corrosion 
tests perfonned in the laboratory jnvolve either 1I'el] 
equilibrated gas mixtures or are under 
steady state conditions. In operation fluc-
tuations in the gas composition will occur due to 
such variables as nonunifonll distributior. of sulfur 
in the coals. 111e ability to continuously monitor 
the sulfur potential in coal gasifiers is of maj or 
importance for efficient gasifier operation and for 
accurate life prediction of construction materials. 
It was, therefore, decided to the feasibility 
of a solid state sulfur probe. 

In the absence of an acceptable sulfide electro
lyte, analogous to CaO-Zr02 or Y203-Th02 for meygen 
potential measurements, an alternate approach was 
followed where CaF2 was used as a solid electrolyte. 
The solid electrolyte cell 

Ar+H2+H2S / CaS+CaF2+ (Pt)// CaFzI/ (Pt)+CaF2+CaS / 

H2S+I-I2+Ar 
(1) 

was constructed and its efficiency determined. The 
electrodes were designed to convert the sulfur poten
tial gradient across the calcium fluoride electrolyte 
into an equivalent fluorine potential gradient with 
the aide of the reaction 

CaF2(s) + 1/2S2(g) + GaSes) + F2(g). (2) 

The emf of the cell can be calculated through the 
Nernst equation 

P R 

RT F2 
i1F In T 

PF 2 

TIle measured emfs at 1073 and 1173 K are plotted as 
a function of log PII2S/PI-!2 along with the calculated 
data using Eq. (3). A deviation of not more than 1% 
\Vas observed between the calculated and experimen
tally observed (Pig. 9). 

The variation of the emf of the cell with temper
ature \Vas measured for two test gases (Table 1) and 
is shown in Fig. 10. Again, measured temperature 
dependence is in agreement with the theoretical value 
given by the derivative of Eq. (3) with respect to 
temperature: 

R 

dE R 
(PI-! S/PI-l ) 

In 2 2 
(4) (It= TiF 

(PH S/PH ) 2 2 
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Fig. 9. Variation of the emf with HZS/HZ ratio of 
the test gas at 1073 K and 1173 K. (XBL 783-7646) 

Table 1. Composition of the test gas mixtures and 
the corresponding cell emfs. 

Test Gas 
Number 

Composition (vol %) 

1 
Z 
3 
4 

H2 
40.6 
50.4 
54.0 
55.1 

Reference gas 25.2 

HZS 

8.3 
Z.05 
0.79 
0.18 

2.52 

Ar 

51.1 
47.55 
45.Z1 
44.72 

72.28 

emf 

1073 K 1173K 

3Z -34 
43 47 
87 96 

160 174 

110 

The response time of the probe was observed to 
vary from approximately 9 h at 990 K to 25 h at 1225 
K. The exact factors affecting the slow response of 
galvanic cells based on a CaF2 electrolyte have not 
yet been determined. The reasons for slow response 
may be the kinetic factors influencing the electrode 
reaction (Z) or the slow transport of ions in CaF2' 
Further investigations are being conducted to improvE' 
the response time of the cell. 

The conversion of calcium sulfide and/or calcium 
fluoride into calcium oxide should not be a problem 
in anticipated coal gasification systems. Sugges
tions were presented f~r improving the cell for such 
commercial operations. 
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Fig. 10. The temperature dependence of the reversible 
emf with test gases 3 and 4 passing through the cell. 
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f. Sulfidation of 310 Stainless Steel 

* t D. Bhogeswara Rao and Howard G. Nelson 

The present interest in coal conversion systems 
require corrosion data for commercial alloys in sul
fur-containing gases. Sulfidation attack is partic
ularly severe to the internal components of coal 
gasifiers where 310 stainless steel is one of the 
prime candidate materials. The sulfidation problems 
associated with this austentic stainless steel were 
investigated over a broad range of sulfur potentials 
and temperatures, as a part of a continuing program. 
It was found that chromium content in the product 
layer is critical to the sulfidation process and 
controls the rate of su1fidation of 310 stainless 
steel. 

The sulfidation kinetics were determined as a 
function of temperaturz at three sulfur pozentia1s: 
39 Nm-2, 1.4X 10- 2 Nm- , and 1.5x 10- 4 l\Jm- over the 
temperature range from 910 to 128 K. Weight gain 
data obtained at these sulfur potentials and temper
atures obeyed a parabolic relationship with the ex
ception of a transient period at the very early 



stages of sulfidation. l Parabolic rate constants, 
K"P, were calculated from the curves and plots of 
the logarithm of the parabolic rate constant as a 
function of the reciprocal of the absolute temper
ature are shOl'l11 in Fig. 11. At a sulfur potential of 
39 Nm- 2 (open circles) the rate of sulfidation in
creased progressively with increasing temperature 
and exhibited an activation energy of 125 kJ mole- l 
At a sulfur potential of 1. 5 X 10-4 Nm- 2 the rate of 
sulfidation decreased with increasing temperature 
over the temperature interval studied. At the in
termediate sulfur potential, 1.4 X 10- 2 Nm- 2, the 
rate of sulfidation increased with increasing tem
perature up to 1150 K and then decreased with in
creasing temperature. 

111 

A careful anslysis of the corrosion products in
dicated that the transition in kinetics is associ
ated with a change in scale morphologies as well as 
composition changes in the Fe-Cr-S layer. In a pre
vious study2 it was sho\\'11 from marker experiments 
that the sulfidation of 310 stainless steel is con
trolled by the diffusion of metal ions through the 
sulfide scale. Since the scales are multilayered, 
diffusion through one of these layers will be the 
rate-controlling step. 

A careful analysis of the results has shm'l11 that 
the sudden decrease in the reaction rate (Fig.ll) is 
associated with a decrease in the Fe:Cr ratio of the 
product phase (Fe-Cr-S) as shown in Fig. 12. It is 
seen from Fig. 12 that a sudden change in Fe:Cr 
ratio occurs at the two lower sulfur potentials, in
dicating the formation of a new phase which is more 
protective than the prior phase. A plot of the re
action rate as a function of Fe:Cr ratio for these 
two sulfur potentials is shown in Fig. 13. The data 
are reasonably linear at each potential, indicating 
that diffusion through the Fe-Cr-S layer is the rate
controlling step for which the Fe:Cr ratio is crit
ical. Once this critical composition is reached, the 

3 

t 
, 

2 c 
E 

~ , 
E 
u 

N 
CJ'l 

E 
(L 

-:0.:: 
0 

" 0 
.-J 

-I 
.7 

o 

.8 

I 
I 

o 
I 

I 

o 39Nm- 2 

• 1.4 x 10-2 Nm- 2 

o 1.5 x 10- 4 Nm- 2 

.9 1.0 1.1 

103; T, K---l> 
1.2 

Fig. 11. Influence of temperature on the parabolic 
rate constant for the sulfidation of 310 stainless 
steel. (XBL 783-7652) 

2 

t 

o 

• 
o 

39Nm- 2 

1.4 x 10- 2 Nm-2 

1.5 x 10-4 Nm-2 

Fig. 12. Fe:Cr ratio of OL-I plotted as a function 
of the inverse of the absolute temperature. 

E 

<t 

E 
u 

'" 0' 

2 
@ 1.4 x 10- 2 Nm- 2 

o 1.5 X10- 4 Nm- 2 

(XBL 733-7644) 

.s 0 f------+--

-I ~ _____ ~ ____ ---LI ____ ~I _____ ---, 

o .5 1.0 1.5 2.0 
Fe:Cr 

Fig. 13. The dependent of parabolic rate constants 
on the Fe:Cr ratio of OL-I. (XBL 783-7651) 

reaction rate is independent of temperature. The 
nature of subscale formation is also c~o~elY3asso
ciated with the changes in this composltlOn. 
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g. Stability Fields for the Sulfide Phases in 
the Fe--Ni-Cr-S System 

K. T. Jacob, * D. Bhogeswara Rao,t and 
Howard G. Nelson* 

Commercial alloys based on Fe-Ni-Cr are being 
used as construction materials for the internal com
ponents of coal gasifiers (e. g., t)1)e 310 stainless 
steel) where sulfidation attack is severe. 111e 
ability to predict the structure and composition of 
sulfide phases would be a major step forward in our 
understanding of the sulfidation process and of the 
behavior of alloys in specific environments. Sta 
bility field diagrams presently in use are thermo
dynamic ~lots of the type shOlVJ1 by Gordon and 
Worrell. In these diagrams one depicts the stabil-
ity of a given phase as a function of sulfur and 
oxygen potential at a constant temperature. Such 
diagram cannot be used to understand the reaction
path time-dependent variations in the alloy and 
scale compositions during transient Addi-
tionally, these diagrams depict mostly binary 
compmmds ternary phases are observed 

To provide a better and more realistic framework 
for following the sulfidation of Fe-Cr-Ni alloys at 
high temperatures, the stability fields of various 
sulfide phases that fonn on Fe-Cr, Fe-Ni, Ni -Cr, and 
Fe-Ni-Cr alloys have been developed as a function of 
temperature and a partial pressure of sulfur. The 
calculated stability fields in the ternary A-B-S 
system are displayed on plots of log vs. the con-
jugate extensive variable (nA/l1A+ n B)' 

Figures 14-15 show calculated stability fields of 
various sulfide phases that are expected to form in 
Fe-Cr-S and Fe-Ni-S, at 1275 K. 

16 shows the of temperature on the 
field of various sulfide phases in the Fe

Cr-1 system at a fixed sulfur potential of 1.4X 10- 2 
Nm-" . 

The construction of these sulfur potential di
agrams demand thermodynamic data for a 11 that 
phases invo 1 ved. Unfortunate 1 y, the nnOd}l1 ami c data 
for most of the solid solutions were not available 
in the literature. Current models and correlations 
were employed4 to estimate the unknO\\IJ1 thennodynamic 
behavior of solid solutions of sulfides and to sup
plement the incomplete phase diagram data of geo
physical literature. 

The stability field plots (Figs. 14-16) !lre very 
useful in predicting and correlating the suI Gdation 
of commercial alloys. These kinds of plots have the 
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advantage over others in that the reaction path 
could be traced from these diagrams. Similar plots 
for nickel-based alloys and for multicomponent- gas
eous environments are being developed. 

* Department of Metallurgy and Materials Science, 
University of Toronto. 

-I'Materials and Physical Research Division, 
Lavrrence Berkeley Laboratory, Berkeley, CA 94720. 

*Materials and Physical Sciences Branch, NASA-Ames 
Research Center, Moffett Field, CA 94035. 
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h. Oxide Barrier ~lorphologi~of Fe-Cr-Sj 
and Fe-Cr-AI 

R. Miner 

In order to obtain a more complete understanding 
of the barrier behavior of oxide scales subjected to 
a coal gasification atmosphere, several different 
iron-base alloys were oxidized at l800°F in a low 
P0

2 
envirolllllent (P02 10- 18 atm) and in ambient air 

(PO . Z atm). In order to relate composition and 
oXliiation treatment to cJrrosion behavior, the sur
face morphologies of the experimental alloys were 
examined by using SEN. Composition and phase anal
ysis were detennined by using the EDAX and x-ray 
diffractometer. The cross sections of the air
oxidized specimens were examined by using an optical 
metallograph and SEM. The materials studied can be 
classed into two categories, depending on whether 
the scale fonned is chromium oxide (Cr303) or alum
inum oxide (AIZ03). 

Chromium Oxide Formers. The scale morphology 
fonned on the Fe-18Cr- Si alloys subj ected to air ox
idation were similar. The scale consisted of a fine 
granular structure of pure CrZ03' In the low POZ 
envirolllllent, the oxide developed on the Fe-18Cr-. 5Si 
alloy resembled that formed on the air-oxidized spec
imens. In addition, nodules of iron oxide were de-
tected protruding through the scale. l7(a) shows 
the fine granular morphology developed on the Fe-18 

Fig. l7(a). Secondary electron image of the oxide 
morphology formed on Fe~ 18Cr-. 5Si in low FOZ 
atmosphere. (XBB 783-3203) 
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Cr-Si alloys. Figure l7(b) shows the EDAX analysis 
df the nodule present in Fig. l7(a). As the silicon con
tent increased, the scale morphology developed in the 
low POZ environment changed from an aggregate of fine 
granular oxide pebbles to a foliaceous structure. 
Nodules of iron were no longer observed. Figure 18 
shows the foliaceous structure developed on the 
silicon-containing alloys in the low POZ environment. 
In this figure part of the oxide has spalled from the 
metal surface, exposing a region rich in SiOZ. In 

Fig. 17(b). The EDAX analysis of the nodule shown 
in Fig. lea). (XBB 783-3Z04) 

Fig. 18. Secondary electron image of the oxide 
morphology formed on Fe-18Cr-lSi alloys in low 
PO atmosphere. (XBB 783-3Z0Z) 

Z 

addition to altering the outer CRZ03 morphology, in
creasing the silicon content increased the degree of 
internal oxidation of silicon. The silicon additions 
were made in order to enhance the alloy's oxidation 
resistance due to the formation of an internal layer 
of SiOZ' A continuous layer of SiOZ was never formed, 
as hoped, even after nine days of an oxidation. In 
the case of Fe-18Cr-.SSi and Fe-18Cr-l.OSi, massive 
oxidation occurred at the edges and corners of the 
samples. The corrosion products were found to be 
CrZ03' The Fe-18Cr-1Al alloy when oxidized in air 
and in low POZ atmosphere developed. i~ both instances 
a fine granular texture of CrZ03' SImIlar to that 
formed on the air-oxidized Fe-18Cr-Si alloys. Nodules 
of iron oxide were never observed; however, internal 
oxidation of aluminum was apparent. 

Aluminum Oxide Formers. The morphologies of the 
oxide formed on the alloys that developed an exter
nal scale of Al Z03 during oxidation were found to be 
similar. In general, the scales formed in the low 
Po atmospheres resembled those developed in air. 
Thts oxide morphology can best be described as a com
pact aggregate of spaghetti -like structure extending 
over the outer surface. Figure 19 depicts the typ
ical spaghetti-like morphology developed on the Fe
l8Cr-3Al alloy in air. Upon cooling from temper
ature, the oxide scale was found to spall readily. 
On examining the cross sections of the Fe-10Al-Cr 
alloys, internal precipitates of AlZ03 were evident; 
however, internal oxidation did not occur in the 
Fe-18Cr=3Al, Fe-18Cr-SAl, or Fe-18Cr-7Al. 

The oxidation behavior of the Fe-lOAl alloy showed 
the most contrast. In air the scale resembled that 
developed on the other aluminum oxide formers. In 
the low Po environment, however, a fine granular . 
texture sl&ilar to that developed on the Fe-18Cr-.SSI 
alloy was observed. In both atmospheres the scale 

Fig. 19. Secondary electron image of the oxide 
formed on Fe-18Cr-3Al in low POZ atmosphere. The 
spaghetti -like structure is very typical of that 
observed on most AlZ03 formers. (XBB 783-3199) 
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was pure AlZ03' Also, nodules of iron oxide devel
oped in both oxidizing atmospheres. Internal precip
itates of oxides were never observed. Figure 20(a) 
shows the fine granular structure developed in low 
Po atmosphere on the binary alloy. Figure ZO(b) 
sh6ws the relative composition of the nodule protrud
ing through the scale. 

Fig. 20(a). Secondary electron image of the surface 
oxide formed in low POZ environments on the Fe-lOAl 
alloy. (XBB 783-3Z0l) 

Fig. ZO(b). 
Fig.4(a). 

EDAX analysis of the nodule shown in 
(XBB 783-3200) 

i. Corrosion of 310 Stainless Steel in 
HZ- H20-HZS Mixtures 

* t D. Bhogeswara Rao, K. T. Jacob, and 
Howard G. Nelso~ 

The corrosion kinetics of 310 stainless steel was 
investigated in the gaseous environment of HZ-HZO
HZS at 1150 K. The effect of sulfur potential on 
the reaction rates was d~termined at a constant oxy
gen potential of 6 X 10- 1 ~- Z. The sulfur poten
tial was varied from 8X 10- Nm-Z to 8.6XlO-3 Nm- Z 
Weight gain measurments observed with a continuously 
recording thermobalance were used to evaluate the re
action kinetics. At all sulfur potentials investi
gated, except ~or the lowest sulfur potential 
(8.6 X 10- 3 Nm - ), the reaction was found to obey a 
linear rate law after an initial transient period. 
The length of the initial transient period was depen
dent upon sulfur potential with increasing sulfur 
potential decreasing the transient period. At the 
lowest sulfur potential studied, the corrosion rate 
was minimum and obeyed a parabolic rate law. A break 
in the kinetic curve was observed after a reaction 
time of about 350 h. The second parabolic rate con
stant had a slightly higher value than the first. 

Scanning electron microscopy and conventional 
metallography were used to investigate the nature 
and morphology of the scales. It was found that ex
cept for the lowest sulfur potential studied 
(9.6XIO-3 Nm-Z), the corrosion scales contained 
multilayered sulfides similar to those observed in 
pure sulfidation attack. The sulfide layer farthest 
from the subscale contained phases that belong to 
the Fe-Ni-S system, which is liquid at the test tem
perature. The sulfide layer nearest the subscale 
consisted of phases that belong to the Fe-Cr-S sys
tem. The morphology of this layer is again similar 
to that observed in the sulfidation of 310 stainless 
steel. Unlike that observed in pure sulfidation, 
this layer is separated from the sub scale by a thin 
layer of oxide. The oxide phase is similar to the 
spinel structure, FeCrZ04, with some amount of dis
solved manganese. Because of the oxide layer, the 
rates of reaction were found to be slower than those 
observed for pure sulfidation at all sulfur poten
tials investigated. 

At the lowest sulfur potential studied the scale 
consisted mainly of an oxide layer. Energy disper
sive x-rays and x-ray analysis were used to determine 
quantitatively the compositions of various sulfide 
and oxide phases. Analysis of the oxide layer indi
cated that it contained mainly chromium and manganese 
with small amounts of dissolved iron. Chromium- and 
mmlganese-rich sulfides were detected beneath the 
oxide layer (subscale). At the grain boundaries of 
the subscale region, the sulfides consisted of chrom
ium, iron, and manganese. Fine discontinuous sulfide 
inclusions rich in manganese were also detected in 
the subscale. 

~Vhen the results are compared with the pure sulfi
dation of 310 stainless steel in HZ-HZS mixtures, it 
can be inferred that at the sulfur potential studied, 
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the outennost layer (Fe-Ni-S sulfide liquid) is un
stable and is absent. '111e Fe··Cr-S sulfide layer 
nearest the subscale is the only stable sulfide 
phase. Under the investigated conditions of simul
taneous oxidation-sulfidation, chromhun becomes pre
ferentially oxidized, which explains the slow 
reaction rate. Thermochemical diagrams were devel
oped in an effort to predict and compare the stabil
ity and composition of the corrosion products. The 
corrosion behavior of 310 stainless steel can be de
duced from both the experimental results and the 
thermochemical diagrams. 

*Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory, Berkeley, CA 94720. 
t Department of Metallurgy and Mater lals Sci ence, 
University of Toronto. 

iMaterials and Physical Sciences Branch, 
NASA-Ames Research Center, Moffett Field, (J'I. 94035. 

3. RESEARCH PLP\J\)S FOR CALENDAR YEAR 1978 

Alan V. Levy 

Erosion studies will be extended from the pure
metal behavior area into more complex regions that 
more closely simulate the conditions in coal gasi
fiers. 111e erosion behavior of scales formed on 
metals exposed to the combined oxidizing-sulfidizing 
environments of a coal gasifier will be determined. 
Particular emphasis will be placed on gaining an 
understanding of hO\,r combined bri tUe and ductile 
materials behave; i.e., a brittle oxide scale formed 
on a ductile metal matrix. CDmbined analytical··exper
imental work will be conducted to adapt the abrasion 
delamination theory of wear to solid-particle impact 
erosion. 111e erosion behavior of surface coatings 
designed to protect metal surfaces against corrosion 
environments will be investigated. '111e major part of 
the erosion work l,rill be perfonned at elevated tem
peratures up to 1000°C. 

A continuation of the coal char-metal reaction 
study will what the composition and state 
of the reactants are as a flJllction of the source of 
the char; i.e., various coals from various processes 
and variations of the test conditions. 

Corrosion work will include completion of the 
initial in-depth study of combined oxidation-sulfida
tion behavior of 310 stainless steel, development of 
the stability field diagrams for oxygen-sulfur-alloy 
systems in two- and three- dimensional representa
tions, determination of the transport properties of 
anion and cation constituents through oxide barrier 
scales, and investigation of the effects of pre
oxidation and surface coatings on corrosion of chro
mia and alumina former alloys. The use of aerodyna
mic boundary layer control to modify the composition 
and, hence, the corrosive nature of the reactive 
gases in a pipe \,rill be investigated. 

The combination of erosion and corrosion mech·· 
anisms in single tests will also be undertaken. The 

behavior of ternary alloys in the clean and pre
oxidized states and protective coatings will be 
studied under oxidizing<.ulfidizing conditions with 
coal char erosive particles. 
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Alan V. Levy and Associates 
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3. PHYSICAL PROPERTiES 

a. Effects - Field 

Milton R. Pickus, Investigator 

1. A NEVi AlS MULTIFILAMENTARY SUPERCONDUCTOR BASED 
ON Tf-ill NIOBIUM-J\LUIvlINUM-SILICON SYSTElII 

Gary C. Quinn, Jo1m Ling-Fai Wang, John T. Holthuis 
and Milton R. Pickus 

At the present time, commercial fabrication of 
AlS multifilamentary superconductors utilizes the 
so-called bronze process. This process is effective 
for a limited number of compounds, notably, Nb3Sn 
and V3Ga. However, it has been found to be in
effective for aluminum-containing compounds which 
provide the advantages of much higher critical 
fields and higher critical temperatures. In con
trast, the infiltration process developed at ~ffiD 
has been used successfully not only for Nb3Sn but 
also for Nb3Al and Nb3(Al,Ge), and is now reported 
for the first time for Nb3(Al,Si). 

The infiltrant employed is the binary aluminum
silicon eutectic. In the as-cast condition, this 
eutectic is quite brittle. Since extremely large 
deformations are required, this poses a fonnidable 
problem. However, thermo-mechanical procedures 
have been developed that impart to the eutectic ex
traordinary ductility, so that filaments as small 
as 1 micron have been obtained. Preliminary data 
indicate that as the fila~ent size is reduced to 
this order of magnitude, the superconducting prop
erties are enhanced. Another remarkable character
istic of the aluminum-silicon eutectic is the ease 
with which jt wets and infiltrates niobium. With 

Niobium 
POWdlif 

Filil(iblli 
mold 

Isostatic 
compoction 

Sintliring 

Aluminum silicon eutectic bath 

other infiltrants (Sn, Ga, AI, Al-Ge) infiltration 
temperatures as much as several hundred °c above 
the melting point were required for complete in
filtration. With high infiltration temperatures, 
care must be exercised to prevent the formation 
of brittle intermediate phases, which limit the 
formability of the composite. It has been dem
onstrated repeatedly that with the niobium
aluminum-silicon system, complete infiltration 
takes place at an aluminum-silicon eutectic bath 
temperature less than SoC above its melting point
thus eliminating the possibility of any undesirable 
side reactions. 

Still another remarkable observation has been 
made in working with this system. This relates to 
the unexpected internal surface chemistry that 
occurs between extremely fine filaments and the 
surrounding matrix. In past work on niobium alloy 
systems containing aluminum, reaction temperatures 
in excess of l200°C were required for the formation 
of the AlS compound. It has now been discovered 
that the very fine filaments of the aluminum-silicon 
eutectic interact with the matrix to form the Al5 
compoUnd at temperatures as low as 850°C. This is 
of tremendous technological importance, in that it 
makes possible the incorporation of copper to 
provide the stability necessary for practical super
conductors. This points to a new dimension in the 
future of very high field superconductors. The 
procedure employed is shown schematically in Fig. 1. 

Mlich(lnicoi 
reduction 

Multifllomtl'ltary 
wirli 

Fig. 1. Infiltration process for multifilamentary niobium-
aluminum-silicon superconducting wire. (XBB 770-10876) 



2. KINETIC STUDY OF TIlE FORMATION OF TIlE AlS 
COMPOUND Nb3 (Al~el_) USING AN INTERNAL SURFACE AS 
TIlE REACTION SITt 

Kent Douglas, John Ling-Pai Wang and Milton R. 
Pickus 
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The infiltration process developed at MMRD for 
fabricating multifilamentary superconducting wire 
has been applied to a study of the reaction kinetics 
in the niobiwn-aluminum-gennanium system. The 
versatility of the process allows it to be used for 
many superconducting systems, including the 
Nb-Al-Ge system for which the bronze process is in
effective. This system is particularly interesting 
because of its high critical field and high current 
carrying capacity. 

In previous feasibility studies at this labora
tory, it was determined that the superconducting 
properties of this system were very dependent on 
the reaction time and temperature used to form the 
AlS phase. At reaction temperatures of ~ l800°C, 
high critical temperatures, but low current carrying 
capacities were observed; whereas at temperatures 
in the l200-13000e range the reverse situation was 
found: Low critical temperatures, but high current 
carrying capacities. In this earlier work, it was 
also found that aluminum, from the aluminum-german
ium eutectic used as the infiltrant, diffuses quite 
rapidly into the niobium matrix at the reaction 
ten~eratures employed, resulting in the formation 
of an aluminum deficient AlS phase. These results 
indicated the need for a kinetic study to determine 
the nature of the reactions that were occurring in 
order to establish a scientific basis for con
trolling the fonnation of the AlS phase in an op
timum manner. 

Porous niobium rods infiltrated with the alum
inum-gennanium eutectic were heated at various 
temperatures for various lengths of time. From the 
kinetic studies performed on the 'samples, it was 
discovered that a barrier phase of a binary nio
bium-gennanium alloy could be formed which confines 
the aluminum and allows it to diffuse through the 
barrier slowly to react with the niobium matrix, 
forming an aluminum rich AlS phase. The formation 
of this barrier phase requires a two-step procedure. 
First, as illustrated in Fig. 1, the sample is held 
at a temperature which allows a limited reaction 
between the niobium and aluminum (2) leaving the 
gennanium in a substantially unreacted state (1). 
Then the temperature is increased moderately to 
allow the gennanium to react with niobium to form 
the niobiwn-gennanium barrier phase which sur
rounds the niobium-aluminum alloy (Fig. 2). The 
aluminum is now constrained from rapidly diffusing 
into the niobium matrix and the sample is ready for 
the final heat treatment to form the AlS phase. 
Figure 3 shows the AIS phase (3) forming at the 
interface between the barrier phase and the nio
bium matrix. It is highly significant that with 
the presence of this barrier phase, it was found 
that the AlS phase forms at temperatures at least 
as low as 10000e. This makes it feasible to use 
copper as a cladding material to provide conductor 
stability for the Nb-Al-Ge system. Studies are 
in progress to determine whether the AlS phase may 

Fig. 1 Scanning electron micrograph of an infil
trated pore following the first heat treatment. 
1. Substantially unreacted gennanium. 2. Bin-
ary niobium-aluminum alloy. (XBB 770-11638) 

Fig. 2. Scanning electron micrograph of an infil
trated pore following the second heat treatment, 
showing the diffusion barrier. 1. Niobium-alum
inum alloy. 2. Niobium-gennanium barrier phase. 

(XBB 770-11638) 

Fig. 3. Scanning electron micrograph of an infil
trated pore after the third heat treatment. 
1. Niobium-aluminum alloy. 2. Niobium-germanium 
barrier phase. 3. AlS phase. (XBB 770-11638) 



be formed at even lower temperatures. Apparently, 
the barrier phase acts as a catalyst to nucleate 
the AlS compound at the niobium interface. Thermo
dynamically, one might expect the aluminum to dif
fuse into the niobium matrix in view of the rather 
extensive solid solubility range of aluminum in 
niobium. Surprisingly, analytical results indicate 
virtually no penetration of aluminum into the nio
bitun matrix. 

3. ItvIPROVED FORII1ABILITY OF ALUtvIINUlvl-GERl'vlANIlllVl 
NEAR EUTECTIC CQ\1POSITIONS THROUGH THE APPLICATION 
OF SUPERPLASTICITY PRINCIPLES 

Gregory J. Pech, Jo1m Ling-Fai Wang and Milton R. 
Pickus 
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The compound Nb3(Al 7SGeO 2S) is one of the best 
high field superconduc~6rs known. This Laboratory, 
employing the MMRD infiltration process, was the 
first to establish the feasibility of fabricating 
multifilamentary superconducting wire based on this 
compound. In the course of the work, it was found 
that problems were encountered due to the poor 
mechanical workability of the aluminum-gennanium 
eutectic used as the infiltrant. The objective of 
this investigation was to study the behavior of two 
aluminum-gennaniwn compositions under conditions 
that have produced superplasticity in similar binary 
systems. The compositions studied were 80-20 and 
70-30 at.% of alwninum and germanium, the latter 
being the eutectic composition. 

Superplastic behavior is knmVll to occur most 
connnonly in binary systems with a very fine and 
stable duplex microstructure at tel~)eratures close 
to a phase transfonnation, and usually near an 
eutectic or eutectoid co~)osition. In contrast 
to the coarse lmnellar structure normally obtained, 
an extremely fine fibrous microstructure (Fig. la) 
was produced by pouring molten alwninum-germanium 
alloy at less than 950°C into a water cooled copper 
mold. Although this structure is associated with 
extreme brittleness, it was found that it could 
be readily transfonned into a stable semi-sphe
roidal structure by a heat treatment of 30 min at 
350°C (Fig. lb). As a result of this treatment, 
the Vickers microhardness decreased from 286 to 
109. 

The deformation behavior of both COmposltlons 
was studied at various temperatures, using form 
rolling as the deformation mode. It was found 
that the 80-20 material could withstand a reduc
tion of 75% at 350°C vvithout cracking. Minor 
cracking occurred in the 70-30 material in similar 
tests, but was eliminated through the use of 
cladding. Although a phase transformation occurs 
at 424°C in the Al-Ge system, 350°C was chosen as 
the best deformation temperature due to accelerated 

Fig. 1. Microstructure of the alwninum-germanium 
eutectic composition. a) Fibrous structure of 
rapidly cooled casting. b) Semi-spheroidal 
structure achieved by a heat treatment of 30 min 
at 350°C. (XBB 770-12376) 

grain growth at higher temperatures. A 0.420 in. 
diam core of 70-30 material was clad in copper, 
using tantalum as a diffusion barrier. This com
posite was fonn rolled at 350°C and then wire 
drmVll at 180°C to a diameter of 0.052 in. In this 
manner, the alwllinum-germanium core was reduced in 
area by a factor of 441 to a diameter of 0.020 in. 
Fig. 2). 

The application of superplastici ty principles 
to the aluminum-germaniwll system has proved to be 
a valuable aid in achieving ductility in an other
wise brittle material. This finding should facil
itate the fabrication of multifilamentary niobium
aluminum-germanium superconducting wire. 



Fig. 2. Clad aluminum- germaniwn wire of eutectic 
composition made by fonn rolling at 350°C followed 
by wire drawing at 180°C. The aluminum-gennanium 
core was reduced in area by a factor of 441 to a 
diameter of 0.020 in. a) Transverse section. 
b) Longitudinal section. (XBB 770-12377) 
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4. PRELIMINARY INVESTIGATION OF HYDROSTATIC EXTRU
SION OF INFILTRATED NIOBIillv!-TIN COMPOSITES 

Glen E. MacLeod, John Ling-Fai Wang and Milton R. 
Pickus 

In order to obtain long lengths of wire made by 
the infiltration process for use in winding sole
noids, it is necessary to increase either the dia
meter or the length of the as-infiltrated com-
posi tes . Work is in progress on both approaches. 
In this study, an analysis ",as made of the problems 
encowltered in increasing the diameter from 1/4 in. 
to 1/2 in. and 3/4 in. A collaborative arrangement 
,vas set up with Professor Oleg Sherby' s group at 
Stanford University. This group made available 
their recently acquired 250,000 psi, 0.750 in. bore 
hydrostatic extrusion machine (Fig. 1), and their 
experience with it. The work was greatly facili
tated by Professor B. Avitzur of Lehigh University 
who made available recommendations based on his 
theoretical analyses of hydrostatic co-extrusion. 

The importan.t parameters include the core to 
sleeve diameter ratio, extrusion die angle, maxi
mwn single pass reduction, flow stress ratio and 
billet-die friction coefficient. A variety of 
tests were perfonned to detennine the properties of 
the materials employed in order to optimize these 
parameters to prevent core or sleeve fracture. A 
typical billet - in this case, a 0.400 in. diam 
niobium-tin core and a 0.555 in. O.D. OFEC copper 
sleeve - is shOlvn in Fig. 2. TIle successfully ex
truded billet representing a single pass reduction 
in area of ,is shown in Fig. 3. In the course 
of this work, a number of unanticipated problems 
have become apparent. However, the experience 
gained should greatly facilitate future work on 
hydrostatic extrusion. 

Fig. 1 Side view of hydrostatic extrusion machine. (XBB 776-6085) 



Fig. 2. Composite billet (niobium-tin core and 
OFHC copper sleeve) ready for extrusion. 

(XBB 776-6087) 

5. AN INVESTIGATION INTO THE PRODUCTION OF 
METASTABLE Nb3Ge POWDER VIA THE ROTATING ELECTRODE 
PROCESS 

John P. McCormick, John Ling-Fai Wang and Milton R. 
Pickus 

At the present time, there is no method known 
for the fabrication of superconducting Nb3Ge in the 
form of multifilamentary wire. Among all super
conductors, Al5 Nb3Ge holds the record supercon
ducting transition temperature (Tc) and can with
stand the highest magnetic fields with the greatest 
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Fig. 3. Hydrostatically extruded billet (77% 
reduction in area). (XBB 776-6084) 

current carrying capacity. Unfortunately, of all 
the Al5 compounds, Nb3Ge is the most difficult to 
fabricate in large, uniform amounts. The reason 
for this lies in the inherent brittleness of Nb-Ge 
compounds and the thermodynamic instability of Al5 
type Nb3Ge at high temperatures. In 1965, nearly 
stoichiometric Nb3Ge was produced by the "splat 
cooling" technique. Since then, it has been found 
that Al5 type stoichiometric Nb3Ge is a metastable 
compound, maintaining its crystal structure up to 
about 1000°C. Thus, once superconducting Nb3Ge 
powder is available, the production of wire through 
powder metallurgy techniques is highly conceivable. 



A study was undertaken of the possibility of 
producing AlS type Nb3Ge powder via the rotating 
electrode process (REP) modified to incOD)Orate 
splat cooling. REP has proven itself economically 
competitive in the production of large amounts of 
the reactive metal and prealloyed powders. 

Making a niobium-germanium electrode capable of 
withstanding the thermal shock of the electric arc 
used in the rotating electrode process proved to be 
the principal barrier to the project. Utilizing 
powder metallurgy techniques, a powder composed of 
a germanium rich niobium compound was produced and 
combined with pure niobium powder to make an elec
trode of the desired overall composition which, 
wi th precise control of REP parameters, was con-
verted into a mixture of spherical and irregular 
shapes along with "splats" which are shown in 
Fig. 1. Many of these electrodes have been em
ployed in the rotating electrode machine while 
studying the effects of various parameters involved, 
such as substrate surface condition, power input, 
electrode to substrate distance and speed of elec
trode rotation. 

The powder produced thus far was predominantly, 
according to x-ray diffraction studies, of the A1S 
structure. Analysis with the scanning electron 
microscope showed the powder to be of two phases, 
one Ge-rich and the other Ge-deficient, along with 
a eutectic structure (Fig. 2). Optical micro
scopy verified high splat cooling rates by the 
very small grain sizes achieved. 

123 

Fig. 1. Optical micrograph of REP splat cooled 
powder. (XBB 760-10979) 

As produced, the REP powder has a low Tc; how
ever, attempts are in progress to improve the 
ordering of the structure by annealing. Prelimin
ary results in this direction are encouraging. 

Fig. 2. Scanning electron micrograph of an REP particle 
with typical EDAX analyses of representative regions. 

(XBB 760-10981) 



6. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Milton R. Pickus 

The need for more efficient multifilamentary 
superconductors based on Al5 compounds in new en
ergy systems, such as magnetic fusion, is now 
widely recognized. A number of important new 
findings that were made in MMRD' s progranl on high 
field superconducting materials during this past 
year provide the scientific basis for further re
search that appears highly promising for the 
achievement of this goal. In regard to our new 
niobium-aluminum-silicon multifil~~entary conduc
tor, we will utilize the Imowledge gained from our 
study of internal surface chemistry involving very 
fine filaments to optimize the conditions for 
forming the Al5 compound at temperatures below 
1000°C. This is important for two reasons: 
1) copper can be used to provide the necessary 
conductor stability; 2) the lower the temperature 
of formation of the Al5 con~ound, the greater is 
the current carrying capacity. We also plan to 
measure and optimize the superconducting properties 
of this new superconductor. The aluminum-silicon 
eutectic used as the infiltrant in our infiltration 
process is quite brittle as normally prepared. As 
a result of special mechanical processing pro
cedures we developed, the eutectic becomes so 
ductile we are able to obtain extremely fine fila
ments of the order of one micron in size. We were 
successful in accomplishing much the same thing in 
regard to the alur.linum-germanium eutectic. In the 
case of the niobiunl-aluminum-germanium system, 
we have developed a successful kinetic approach 
for forming the Al5 compound at least as low as 
1000°C, again making possible the use of copper for 
stability. Here too, a special aspect of internal 
surface chemistry is involved. Our procedure in
volves the formation of an intermediate phase which 
not only serves as a necessary diffusion barrier, 
but apparently functions as a catalyst in nu
cleating the A15 compound at temperatures much lower 
than were previously thought possible. In this 
system, we will determine the conditions for forming 
the Al5 con~ound that yield the best values of the 
superconducting properites. Perhaps the most ex
citing project we will initiate is one that combines 
all of our recent findings. At the present time, 
our infiltration process is the only one that has 
proved successful for producing multifi1amentary 
superconductors based on aluminum-containing Al5 
con~ounds - those with the best superconducting 
properties. On the other hand, the technology for 
producing niobium-titanium mu1tifilamentary super
conductors -- despite their rather inferior super
conducting properties -- has been developed by 
industry over a period of many years to a very 
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high degree of sophistication. Now, as a result 
of our past year's work, it appears highly prob
able that this available technology can be applied 
directly to the niobium-a1uminum-germanium and 
niobium-aluminum-silicon systems. We plan to de
termine the feasibility of accomplishing this 
technolOgy transfer. A successful effort would 
mean there would then be two totally different and 
new procedures for fabricating these high field 
superconductors. We would then assess the relative 
merits of the two approaches. 

7. 1977 PUBLICATIONS AND I~PORTS 

Milton R. Pickus and Associates 

Journals 

1. R. L. Ciardella, M. P. Dariel, J. Ling- Fai Wang 
and M. R. Pickus, A Quenched-Age Method for the 
Fabrication of Nb(Al) Superconductors, IEEE 
~~C-13(1), 832 (1977), LBL-4953. 

2. K. Hemachalam and M. R. Pickus, Studies of 
Filamentary Nb3Sn Wires Fabricated by the Infiltra
tion Method, IEEE MAG-1l..(l), 466 (1977), LBL-4949. 

LBL Reports 

1. E. Kannatey-Asibu, Jr., Kinetics of Formation 
of the Al5 Phase in the Nb-Al-Ge System, (M.S. 
thesis), LBL-6266, May 1977. 

2. Glen E. MacLeod, An Investigation of Hydrostatic 
Extrusion and Other Deformation Modes for the 
Fabrication of ~rultifilanlentary Niobium-Tin Super
conductors by a Powder Metallurgy Approach, (M.S. 
thesis), LBL-6622, June 1977. 

3. Gary C. Quinn, A New Multifilamentary Super
conductor Based on the Niobium-Aluminum-Silicon 
System", (M.S. thesis), LBL-6999, December 1977. 

4. Gregory J. Pech, Improved Formability of 
Aluminum-Germanium Near Eutectic Compositions 
Through the Application of Superplasticity Princi
ples, (M.S. thesis), LBL-7300, December 1977. 

5. John P. McCormick, _An Investigation into the 
Production of Metastable Nb3Ge Powder via the 
Rotating Electrode Process, CM.S. thesis), 
LBL-730l, December 1977. 
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b. Microstructure and Mechanical Behavior of 
Ceramics; Glass- and Ceramic-Metal Systems 

Joseph A. Pask, Investigator' 

Introduction. A major objective of the research 
program deals with correlations of character (with 
emphasis on microstructures and nature of grain 
boundaries) with mechanical behavior and corrosion 
resistance at high temperatures, and with 
determining the factors that play a role in 
obtaining a ceramic material with a designed 
character. It involves studies on the mechanisms 
responsible for the mechanical behavior of single 
crystals, and on the application of such knowledge 
to the understanding of the behavior of polycrystal
line ceramic materials. It also involves studies 
on the kinetics and mechanisms of solid state 
reactions, sintering and distribution of phases 
in a mUltiphase system. 

The compositions under study--mullite, alumina, 
spinel, magnesia--are basic materials of industrial 
ceramics and refractories, and sintering is the 
basic method for their manufacture. 111e 
fundamental approach in these studies with the 
application of physical and solid state chemistry 
principles, and dislocation theory lead to the 
development of principles that should be applicable 
to other polycrystalline metal, ceramic, and 
composite materials. 

A second obj ecti ve of this program is concerned 
with structural and thennodynamic studies of glass
metal and ceramic-metal systems. It involves 
studies related to wetting, bonding, and the 
nature of the interfaces between dissimilar 
phases; to the thermodynamics and kinetics of 
chemical reactions at such interfaces; and to the 
kinetics and mechanisms of dissolution and 
diffusion in glasses. A basic understanding of 
the nature of interfaces and the mechanisms of 
reactions at interfaces is critical in studies 
of all materials. 

1. METASTABLE PHASE RELATIQ\fSI-IIPS IN SYSTEM 
SiOZ-AIZ03 

Subhash H. Risbud, Victor F. Draper and Joseph A. 
Pask 

The SiOZ -AlZ03 system exhibits a number of 
metastable phase equilibria because of difficulties 
related to nucleation of a-AlZ03 both from an 
aluminum silicate melt and from mullite 
(stoichiometric composition of 3AIZ03,SiOZ). 111ese 
difficulties have resulted in disagreements in 
published phase equilibria diagranlS as to whether 
mullite melts congruently or incongruently. 
Diffusion couple experiments provide data that 
indicate that mullite melts incongruentlyl under 
stable equilibrium conditions and support the phase 
equilibria shown in Fig. 1. 

To further illustrate the nucleation difficulties 
of a-Alz03, mixtures of SiOZ-AlZ03 containing 
60 wt% A1Z03 of three different particle sizes 
were heat treated in sealed molybdenum crucibles. 
The heat treatment consisted of heating to l7Z5°e 
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Fig. 1. Stable and metastable phase equilibriwn 
diagram for SiOZ-Al203 system. (XBL 766 7008) 

in 1 hr, holding at 1725°e for 96 hr, heating to 
1855°e in <2 min, holding at l855°C for 36 hr, 
and cooling rapidly to room temperature. An x-ray 
diffraction analysis of the three mixtures showed 
that mullite was the only crystalline phase present 
in those with a-Alz03 particles of "-() .03 and ~ 10 wm, 
and that both mullite and a-iUz03 were present in 
the one with a-AIz03 agglomerates of ~45 wm. 
According to the diagram in Fig. 1, the heating 
schedule used should have resulted in the presence 
of a-Alz03 at l855°e and additional precipitation 
of mullite on cooling. 111e absence of (X-AlZ03 in 
the first two indicates that the reaction to form 
mullite at l725°e was complete and that subsequent 
heating at l855°C caused the mullite to melt 
metastably without nucleation of a-Alz03. The 
presence of a-AIZ03 in the third mixture, on the 
other hand, indicates that the reaction to form 



mullite at 1725°C was not complete and that (X-AlZ03 
persisted with subsequent heating at 1855°C as 
required by the stable phase equilibrium diagram. 
The first two mixtures thus are governed by the 
metastable phase equilibrium diagram for SiOZ
mullite. 

A metastable binary phase equilibriLml diagram 
between SiOZ and AlZ03 in the absence of any 
mullite phase is also shown in Fig. 1 with an 
eutectic temperature of ~lZ50 ± 15°C and composition 
of ~ 13 mole % AlZ03. The liquidi of the proposed 
metastable system were positioned on the basis of 
the thermodynamic data calculated from the stable 
equilibrium diagram of Aksay and Pask. l The 
metastable eutectic temperature was verified 
experimentally by heating compacts of cristobalite 
(SiOZ) and corundum (a-Alz03) at a number of 
temperatures and measuring shrinkage. 

1. I. A. N,say and J. A. Pask, Stable and 
Metastable Equilibria in the SiOZ-Al203 System, 
J. Am. Ceram. Soc. ~, [11-12), 507 (1975). 

Z. MICROSTRUCTURE DEVELOPMENT AND CORRELATION WIlli 
lZOO°C STRESS-STRAIN BEHAVIOR OF SINTERED MULLITE* 

Michael D. Sacks and Joseph A. Pask 

Chemical and phase composition, unfired ("green") 
density, average particle size of mullite powders 
(grinding time), contamination from grinding media, 
and firing schedule (temperature, time and 
atn~sphere) are processing variables or parameters 
that affect the microstructure of sintered mullite. 
The stress-strain behavior in compression at lZOO°C 
was found to be sensitive to the nature of the 
microstructure. 

1ne presence of a second phase appeared to be 
the most critical factor in detennining the high 
temperature strength. This behavior is partially 
a function of the difference in mechanical 
properties of the single phase materials. For 
example, siliceous glass phase is extremely 
detrimental to the strength of mullite bodies or 
con~ositions at 1200°C because glass flows 
viscously at this temperature. Figure 1 consists 
of 1200°C stress-strain curves for mullite bodies 
ranging in chemical composition from 71.8 to 
45.9 wt% Al203' Since grain size and percent 
theoretical density remain essentially constant, 
the reduction in strength and the increasing 
flow character of the curves reflects the increasing 
an~unts of glass phase (see Fig. 2). 

The presence of a second phase also alters the 
sintering behavior which, in tum, alters 
microstructural features such as grain size, grain 
morphology, total porosity, pore size, and 
distribution of second phase. All of these factors 
are important in deternrining high temperature 
strength. In the presence of a siliceous liquid 
phase, grain growth leads to the isolation of 
glass in "pockets." This distribution is beneficial 
to high temperature strength. Figure 3 shows the 
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stress-strain behavior for two identical composi
tions sintered under different heating schedules. 
Despite a slightly higher density, the san~le fired 
at ~lS70°C has a considerably lower strength due 
to the presence of a glass "film" around grains 
as opposed to "pocket-like" distribution for the 
17Z5°C sample (Fig. 4). 

The influence of the second phase on micro
structure is also dependent upon the firing 
atmosphere since phase and chemical compositions, 
and apparently interfacial energies are affected. 
Densification and grain growth kinetics are thus 
affected. In samples doped with excess AlZ03 
increase of sintered density is always adversely 
affected compared to undoped (71. 8 wt% AlZ03) 
samples processed in the same manner up to the 
firing step. In air firing for a small amount of 
excess AlZ03, strength is improved because of the 
elimination of small amounts of glass by reaction 
to form mullite (Fig. 5). In vacuum sintering for 
an equivalent amount of excess AlZ03 strength is 
not improved, despite glass elinrination, because 
of separation cracks introduced by poor bonding 
between alumina particles, which remain because 
of loss of silica, and the mullite matrix (Fig. 6). 
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Fig. 2. Photomicrographs illustrating increasing amounts of 
glass from 71. 8 to 45.9 wt% A120 3 compositions. (XBB 770-10642) 
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Fig. 3. Stress-strain behavior in compression at 
l200°C for identical compositions fired under 
different heating schedules. (XBL 775-5473) 
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Fig. 4. Photomicrographs illustrating the effect 
of grain growth on the distribution of the glass 
phase. 111e 1200°C stress-strain behavior for 
these specimens is shOlvn in 3. (XBB 771-831\) 
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Fig. S. (A) Uncloped 5 hr-groLmd mullite powder 
compact fired at ~ 1710°C for 8 hr in air 
illustrating presence of glass pockets (circled 
areas) between grains. (B) Specimens with 15% 
excess iU203 fired at ~1710°C for 8 hr in air illus-
trating the el imjnation of ]locket s. 

(XBB 760 -10587) 



30% 
3 

Fig. 6. Photomicrographs of i.dentical compacts 
fired in air (top) and vacuwn (bottom). Despite 
its lower density, the air fired specimen is as 
strong as the vacuum fired Al203 
particles are in the bottom 
photomicrograph due to circtunferential cracking. 

) 

(XBB 770-10579) 

* Supported by NSF. 
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3. MEClli\NICi\L PROPElD'IES OF MULLITE-AUJlIIINA 
CO~lPOSITIONS AT ROOM 1HlPERATURE Al\JD 1400°C* 

Philip C. Dokko and Joseph A. Pask 

Dense, single-phase mulli te has been found 
earlierl to have remarkably high compressive 
strengths at elevated temperatures. Prompted by 
this observation, this study has been directed to 
determine 1) hO\\' such specimens behave in the 
presence of tensile stresses introduced in bending 
and under thellnal shock concli tions that are of 
great importance in practical applications, and 
2) hO\v the presence of a second , primarily 
alwnina, effects their behavior lmder such 
conditions. 

Single-phase mullite appears to be susceptible 
to brittle fracture as suggested by data obtained 
at l400°C indicating that specimens failed in 
bending at small fractions of strengths 
without exhibiting any plastic strains. 111Us, 
the high resistance to defollnation-induced fracture 
in compression was not realized in bending. Under 
such concli tions, no temperature dependence of 
bending strengths \Vas observed. 

Mlen alwnina was pncsent as a second phase, 
effects on strengths \\'ere dependent on the test 
temperature and the amount of alumina. At 1400°C 
both bending and compressive strengths decreased 
with increasing alumina to 50% (Fig. 1) while 
ductility was enhanced. effects can be 
attributed to microcracking due to thermal 
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Fig. 1. Effects of increasing alumina on bending 
and compressive strengths at 1400°C of mullite-
alwnina series. (XBL 777-5805) 



expansion mismatch which may facilitate deformation 
by grain boundary sliding. TIle figure also shows 
further decrease of strengths due to the presence 
of a glassy viscous phase because of incon~lete 
reactions to form mullite (specimens C, E, H). 
At RT, however, bending strength increased with 
alwnina up to 50% (Fig. 2) suggesting that the 
allUllina phase may act as a crack stopper. With 
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Fig. 2. Effects of increasing alumina in mullite
alwnina senes on bending strength at RT before 
and after thermal shock. (XBL 777-5806) 

increasing alumina contents from SO to 100%, 
bending and compressive strength trends were 
reversed. On the other hand, the presence of 
glass that now has the properties of a solid does 
not have the same damaging effect on strength that 
it showed at l400°C. 

The bending strengths at RT after a thermal 
shock at 400°C are also shown in Fig. 2. The 
strengths are essentially constant regardless of 
microstructures when alumina less than ~20% is 
present as a second phase, and the strengths 
increase with alumina in excess of this amount 
up to that for a single-phase alumina specimen, 
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In general, however, losses of strength in the 
range of SO to 75% occur after thermal shock from 
400°C. ~hile no strong relationship is indicated 
with the limited number of specimens, the presence 
of glassy phase seems to result in similar 
reductions of strength after thermal shock. 

A point of interest for further study is the 
reverse behavior of single phase mullite and 
single phase alumina in compression and bending at 
1400°C: mullite is stronger in compression and 
alumina, in bending. Another point is the need for 
microstructure modifications to realize improved 
thermal shock resistance. 

*Supported by NSF. 

1. P. C. Dokko, J. A. Pask and K. S. Mazdiyasni, 
High-Temperature 1'c1echanical Properties of /l1ullite 
under Compression, J. Am. Cermn. Soc. 60, ISO 
(1977). -

4. CORROSIVE RESISTA1\lCE OF MULLITE-ALUMINA 
COMPOSITIONS* 

Stephen Tso and Joseph A. Pask 

Gaseous corrosion resistance is one of the 
requirements for a refractory [ining to be used 
in coal gasification processes. It is known that 
the glass phase in a refractory has the least 
such resistance, the mullite is more resistant, and 
the alumina has the most resistance. Studies are 
thus in progress to understand and improve the 
corrosion resistance of the glassy phase. The 
primary objective is to study the corrosion by H2 
gas. Studies, however, were also undertaken to 
study the corrosion by HF solutions. Although the 
corrosion mechanisms are not the smne, relative 
resistance of a glass to corrosion by HZ or HF is 
the same. TIle following reported studies on HF 
corrosion are thus of value for purposes of evalua
tion of materials. Portions dealing with kinetics 
and mechanisms of corrosion of SiOZ glass are 
supported by DOE; portions dealing with evaluation 
of glass compositions for the purpose of developing 
compositions that will have improved resistance to 
corrosion are supported by NSF. 

Nine glasses were obtained from Corning Glass Co. 
whose compositions and densities are listed in 
Table 1. Specin~ns were prepared as disks 9 mm 
in diam and Z mm thicl" Reagent grade hydrofluoric 
acid was obtained with an original 30 M concentra
tion. 

A constant temperature bath shaker with a 
controlled temperature range of 25 to 70°C was 
used. A shahng frequency of lZO cycles/min was 
used to provide vigorous agitation. The purpose 
of such an agitation was to insure that the reaction 
rate was not diffusion controlled and that the HF 
solution remained homogeneous during the corrosion 
runs. 
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Table l. Glass Compositions and Densities 

Wt. Proportions 

Si0
2 Al 2.2.3 

Si0
2 

Glass 100 0 

Glass K 80 20 

Glass L 70 30 

Glass N 80 20 

Glass ° 70 30 

Glass P 60 40 

Glass Q 80 20 

Glass R 70 30 

Glass S 60 40 

The HF concentration effect was studied with 
100% Si02 glass. A llilique activation energy of 
5.3 kced/mole was obtained with HF solution 
concentrations ranging from 3 to 24M. Figure 1 
shows that the glass surface became wavy after 
reaction with HF acid whose morphology remained 
llilchanged from 2 to 6 hr. The effect of this 
increase in the surface area on the kinetics was 
examined. The depth of the cusps was estimated 
as 10 to 20 ym by stereoscopic examination. The 
calculated surface area was thus fOllild to be only 
4% larger than the projected area. 

During reaction no residue was left on the 
surfaces of any of the glasses. The reaction rates 
of the glasses were plotted vs the reciprocal of 
temperature. The reaction rates of the glasses 
with Z w/o of CaO and with ZO, 30 and 40 w/o of 
AlZ03 with 6M HF acid are plotted in Fig. Z. The 
reaction rates of the glasses with 30 w/o of 
AlZ03 and with 0, 2 and 5 w/o CaO with 6M HF acid 
are plotted in Fig. 3. It is seen that the 

Density 

CaO 

0 2.20 

0 2.31 

0 2.42 

2 2.30 

2 2.38 

2 2.61 

5 2.32 

5 2.38 

5 2.52 

reaction rate increased with the addition of 
either/both CaO or/and AlZ03' The calculated 
activation energies are: Glass N -- 7.34 kcal/mole; 
o - 8.Z, P - 10.7, L - 5.87, and R - 8.5. The 
values are all larger than that for 100% SiOZ 
glass. These results suggest that the addition of 
Al203 and CaO weakened the glass structure. CaO 
is a glass modifier; Al203 can act both as a glass
modifier and glass-former. Their presence thus 
increases the number of non-bridging oxygens making 
them more open to HF attack. 

In the case of HZ corrosion it is expected that 
relative attacks will occur. In contrast, 
however, it is also expected that only SiOZ will be 
removed leaving residues on the surfaces of the 
glasses. This residue with proper heat treatment 
may develop a protective coating against further 
attack. 

* Partially supported by NSF. 
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2 hr 4 hr 

6 hr 
Fig. 1. Morphology of glass surface "fter exposure to HF acid corrosion. 
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2 and 5 wt % CaO on eAyOSUre to 6M HF acid vs. l/T. 

5. ELASTICITY AND INTERNAL FRICTION IN Al203-Si02 
COlvlPOSITIONS AT ELEVATED TEMPERATURES 

.A:mar P. S. Rana and Joseph A. Pask 

TIle properties of polycrystalline ceramic 
materials depend to a considerable extent on the 
relati ve properties of grains and grain boundaries. 
Elasticity and intemal friction measurements over 
a range of temperatures by the sonic resonance 
technique thus is important, since the data can 
contribute to the development of an understanding 
of the behavior of grain boundaries under stress 
at elevated temperatures. 

A linear temperature dependence has been 
observedl for Young's modulus of several refractory 
polycrystalline oxides including aluminum oxide, 
magnesium oxide, and thorium oxide above room 
temperature with the exception that a rapid 
reduction from linearity occurs at high temperatures 
due to development of intemal friction. 'Dlis 
effect may be caused by grain bound~ry sl ip. For 
a solid Ivith unique relaxation time 

E(T) ~ E(O)-A(l-tarul(S+R/T)) 

where E(T) is the Young's modulus at temperature 
T K, E(O) is Young's modulus at ° K, and A, Sand 
R are constants. Though this equation is strictly 
true in the region of the equation intemal friction 
peak and for a unique relaxation time, the form of 
the equation is also valid for a distribution of 
relaxation times as Sh01~ in Fig. 1 for alumina/ 
mullite grain boundary relaxation in a specimen of 
A1 203 with 2.5 wt%.Si02'. Furthe:mor~, the.tempera
ture range over wlnch tIns equatlOn IS valld does 
not seem to be restricted to the intemal friction 
peak temperature range as seen for single crystal 

(XBL 7710-10327) 

A1 20
3 

data in Fig. 2. It can also be shown that 
thIS equation reduces to an empirical equation 
suggested by Wachtman3 and later given a theoretical 
basis by Anderson4 who proved that an analogous 
equation holds for bulk modulus. A similar equation 
has been derived for shear modulus which indicates 
that the shear modulus decreases much more rapidly 
with increasing temperature than Young's modulus. 

Intemal fnction is the dissipc:tion energy that 
occurs when stress and strain are not in phase. 
Figure 3 shows normalized intemal friction (Q-l) 
as a function of reciprocal absolute temperature 
(with background substracted) for alumina/mullite 
grain bomdaries. 111e grain boundary peaks are 
found to be broader than gredicted theoretically. 5 
.A: log normal distribution in relaxation time is 
used to adequately describe the spect1UJ11 of 
relaxation times goveming the grain bomdary 
relaxation. A single relaxation time curve and a 
curve with a distribution parameter of 0.7 are 
also shmvn in Fig. 3. It is experimentally 
convenient to work with constant inertia cather 
than constant frequency. A method was developed 
to correct this frequency effect. 

1. J. B. Wachtman, Jr. and D. G. Lam, Jr., J. Plln. 
Ceram. Soc. 42, 254 (1959). 
2. A. S. NoYWick and P. S. Berry, "An Elastic 
Relaxation in Crystalline Solids," Academic Press, 
tN, 1972. 
3. J. B. Wachtman, Jr., W. E. Tefft, D. G. Lam. 
and C. S. Epstein, Phys. Rev. 122(6), 1754 (1961). 
4. 0. L. Anderson, Phys. Rev.-r44(2), 553 (1966). 
5. A. S. NoYWick and B. S. Berry, IB:t-l, J. of Res. 
and Dev., 297 (1961). 
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Fig. 3. Normalized internal friction (with background 
substracted) as a function of reciprocal absolute temperature. 
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6. (R'lRACTERIZATION AND STRENGTH OF SIALON-TYPE 
MATERIALS 

Paul N. Spencer and Joseph A. Pask 

Four sialon-type materials using volcanic ash 
as a raw material were obtained. These materials 
are of interest because of their potential high 
temperature applications. They were characterized 
and some of their properties were determined. 
The crystalline portions of the materials were 
found to be solid solutions of B-Si~4, a-Al203 
and AlN. The specimens, labeled M3 and M4, were 
identified as B'-Si3N4 sialons; M2, as a l5R-AlN 
polytype sia1on; and 1111, as a mixture of the two 
types. The Al/Si ratios for these specimens were 
2:3, 1.9:3, 5:1, and 1.5:1, respectively. 

Stress-strain curves in compression at a 
constant strain rate of 0.0002 in./min at l200°C 
are shown in Fig. 1, at l300°C in Fig. 2, and at 
l400°C in Fig. 3. M2 is the strongest material 
retaining a maximum stress of 98.4 ksi at l400°C, 
and lvll is the weakest with a maximum stress of 
23.8 ksi. This difference is attributed to the 
presence of an amorphous phase due to incomplete 
reactions and impurities introduced by the 
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volcanic ash. The specimens showed the same 
relative order of strength in cross-breaking 
strength at room temperature. Thermal shock 
resistance was relatively poor although the 
coefficients of the~al expansion were of the 
order of ~3.0 x 10- /oC. Good oxidation resistance 
was exhibited, primarily by the lvl3 and lvl4 specimens. 

Fig. 1. Stress-strain curves in compression at an 
applied strain rate of 10-5s -1 at 1200°C. 

(XBL 776-5590) 
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Fig. 2. Stress-strain curves in compression at an 
applied strain rate of 10-5s -1 at 1300°C. 

<lJ 

'" c 

100 

80 

M2 

____ -.,.,M4 

Engineering Strain, % 

(XBL 776-5591) 

1400°C 

M3 

10 

Fig. 3. Stress-strain curves in comuression at an 
applied strain rate of 10- 5s- 1 at 1400°C. 
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On the basis of the experiments perfonned in this 
study the 15R-AlN polytype showed the best potential 
for development as a high-strength, high temperature 
material. 

7. HIGH-TEMPERATURE COMPRESSIVE STRESS-STRAIN 
BEHAVIOR OF MgO 

Philip C. Dokko and Joseph A. Pask 

Stress-strain curves, obtained at 1200 ffild 
1400°C and at several strain rates, for various 
types of polycrystalline MgO specimens were 
analyzed as a function of grain size, grain boundary 
character and pores, and correlated with those for 
single crystals. The nature of the grain boundary 
is generally the most important factor in 
determining the mechanical behavior of poly
crystalline specimens. 

Polycrystalline specimens of interest were 
a) transparent (fully dense) specimens containing 
residual Li ffild F (A type, or AP type when 
annealed with a wrapping in Pt foil), b) less 
dense specimens hot-pressed without any additive 
that had fine intragranular pores when annealed 
sufficiently (B type), and c) sintered specimens 
that had a visible glassy phase at grain 
boundaries, notably at triple points (C type). 
Stress-strain curves for all polycrystalline 
specimens were bracketed by those for single 
crystals of ( 100) and ( 111) orientations, 
corresponding to slip on easy (i.e., {nO}) and 
difficult (i.e., {100}) planes, respectively, 
although a wide range of variation was observed. 

Large ductilities (up to ~45% strain) were 
observed at a low strain rate (~l x 10-5s -1) for 
fine- grain transparent specimens, although trans
parency was lost at early stages of deformation 
before fracture occurred. TIlliS, it is concluded 
that intergranular separation, accentuated by 
residual Li/F, makes a significant contribution to 
the observed deformation particularly at a low 
temperature. Intergranular separation facilitates 
grain boundary sliding in fine-grain specimens, 
thus relaxing the need for slip on all five 
independent systems. Strain softening (or yield 
drop) was thereby caused while fracture was 
delayed as grain boundary sliding was accompanied 
by slip capable of strain hardening. When the 
diffusion contribution is enhanced by a very small 
grain size (i.e., short diffusion path), a 
combination of primary slip and climb throughout 
the grains, as originally proposed by Groves and 
Kelly,l can cause defonnation without premature 
intergranular separation at a high temperature 
or a low strain rate. In general, larger 
ductilities can be achieved with smaller grain 
sizes not accompanied by excessive segregation of 
impurities along grain boundaries. 

For large grain sizes (> 30 ym) or F-poor grain 
boundaries where grain boundary sliding is 
difficult and hence intergranular separation is not 
an effective accommodation mechanism, deformation 
takes place predominately by slip on both primary 



and secondary planes. The grain boundary effect 
is reflected in the higher fracture stresses of 
AP specimens in cOlllparison with A specimens for 
equivalent intermediate grain sizes, corresponding 
to less F at grain boundaries in the former 
specimens (Fig. 1). Under these conditions, 
intergranular separation mLLst be minimized to 
increase ductility and fracture stress as indicated 
by Li/F-free (B type) specimens or by glass
containing (C type) specimens tested at high glass 
viscosity temperatures, i.e., 1200°C (Fig. 2). 
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Fig. 1. Dependence of fracture stress at l200°C 
on grain size and grain boundary character in 
transparent MgO specimens. (XBL 777-S721A) 
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B and C specimens at 1200 and 1400°C (see text for 
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Specimens with clean and strong grain boundaries, 
such as the sufficiently heat-treated B specimens, 
show true ductile deformation by wavy slip without 
intergranular separation. TI1e stress-strain curves 
show normal strain hardening with no yield drops. 
Intergranular pores may play a favorable role in 
providing homogeneous slip. This study has been 
significant by showing the great sensi ti vi ty of the 
character of the stress-strain curves to the 
nature of the grain boundaries. 

1. G. W. Groves and A. Kelly, Change of Shape Due 
to Dislocation Climb, Phil. ~lag. 19, 977 (1969). 

8. REACTIONS AND DIFFUSION IN THE SILVER-ARSENIC 
CHALCOGENIDE GLASS SYSTEtvl 

Glenn A. Holmquist and Joseph A. Pask 

Studies have been completed in the determination 
of reactions and diffusion in the silver-arsenic 
cha1cogenide glass system. An lmderst8nding of 
these reactions is importffi1t since Ag is used to 
make electrical contacts to aJIlorphous As chalcogenide 
semiconductors. 

Diffusion couples were fonned by encapsulating 
amorphous As2Se3 and As2S3 in Ag by a plating 
process. Diffusion runs were made at 175°C (below 
Tg , the glass transition temperature). Ag enters 
tne glass by a redox reaction as Ag+ by reduction 
of As from a valence of +3 to +2 or +2 to +1 to 
lP.aintain charge neutrality in the glass. The 
reactions for the sulfide and selenide glasses are 
identical. Ag+ alone diffuses at this temperature, 
all other ions being immobile. An example of this 
behavior is evident in a typical diffusion 
profile for a couple of As2Se3-Ag ffi1I1ea1ed at 
175°C for 5 hr (Fig. 1). It can be seen that the 
As/Se ratio is invariant at 0.67 across the 
reaction product and into the bulk glass. The 
maximum solubility of Ag in these glasses is 
44.4 at. %, corresponding to all of the As cations 
being reduced to the +1 valence. As+ l is not 
reduced to the elemental state, TIle diffusivity 
of Ag in AS2Se3 and As2S3 glasses at 175°C is 
exponentially concentration dependent in the range 
of 10 to 35 at. % Ag, as shovm in Fig. 2. The 
diffusivities for Ag+ can be expressed as 

2 x 10-l2exp [(+O.14±0.01)(atomic%Ag)] for As 2Se 3 

-14 4xlO exp [(+0.23±0.01)(atomic%Ag)] for AS ZS3, 
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9. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Joseph A. Pask 

a. Characterization of Phase Transforamtions in 
the Si02-Al2Q3 System 

Studies will be carried out on nucleation and 
growth kinetics of mullite from aluminum silicate 
melts with a wide range of Al203 contents. The 
effect of additives such as CaO, Fe203 and Ti02 
on these kinetics will be explored as well as 
their effect on the morphology of the mullite 
grains. Stable and metastable mullites will be 
characterized by electron transmission microscopy, 
electron diffraction and x-ray diffraction. The 
nature of grain boundaries will be explored by 
high voltage electron transmission microscopy. 
Phase transformation sequences will be studied in 
terms of metastable and stable phase relationships. 

b. ~Bchanical Behavior 

Internal friction measurements by sonic resonance 
and oscillation techniques will be made on high 
Al203 compositions in the Si02-Al203 system. 
Efforts will be made to correlate data with the 
nature of the grain boundary. Variations in the 
nature of the grain boundary of a given material as 
determined by these techniques should have 
correlations with its mechanical behavior. 

c. Liquid Phase Sintering 

Liquid phase sintering of high alumina composi
tions will be studied with the use of the hot-
stage electron scanning microscope. Correlations 
of high temperature wetting and spreading 
characteristics of liquids on A1203 will be made 
with the microstructure development, i.e., distribu
tion of phases. 

d. Refractories for Coal Gasification Processes 

NSF support for a project entitled, "Structure, 
Strength and Corrosive Resistance of Aluminum 
Silicate Materials," will continue through the 
calendar year. The project objective is to develop 
mullite and mullite-containing compositions and 
microstructures that have the capability to resist 
corrosion by H2-containing atmospheres and to 
resist erosion conditions encountered in coal 
gasification processes. Kinetics and mechanisms 
of the corrosion processes encountered in such 
microstructure development obj ecti ves will also 
be studied. ~Bchanical behavior aspects that 
will be followed are the correlation of micro
structure with strength in compression, strength in 
bending, mechanical toughness, and thermal shock 
resistance which are considered to be important 
factors in determining corrosion resistance. 

e. Interfaces 

Simple binary systems will be utilized to 
determine conditions under which spreading and 
wetting of a liquid solution will occur on a 
solid substrate at high ten~eratures. Factors 
that will be involved will be the surface and 
interfacial energies, and the presence of reactions 
at interfaces. Similarly, conditions under which 
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the liquid will penetrate grain boundaries in a 
polycrystalline substrate will be explored. 

10. 1977 PUBLICATIONS k~D REPORTS 

Joseph A. Pask and Associates 

and Books 

1. Chisato ~~rumo and Joseph A. Pask, Reactions 
and Wetting Behavior in the Aluminum-Fused Silica 
System, J. ~terials Sci. ~, 223 (Feb. 1977). 

*2. Philip C. Dokko, K. S. Mazdiyasni and Joseph 
A. Pask, High Temperature ~Bchanical Properties of 
Mullite under Compression, J. Am. Ceram. Soc. 60, 
150 (~rch-April 1977). --

3. Chisato Marumo and Joseph A. Pask, Reactions 
and Wetting Behavior in the System AuSi Alloy
aAl203, J. Am. Ceram. Soc. 60, No. 5-6, 276 
(May-June 1977). --

4. Ceramic Microstructures '76, Richard M. 
Fulrath and Joseph A. Pask, Eds. Westview Press, 
Boulder, Colorado, (1977), p. 907. 

5. Carl E. Hoge, Boon Wong and Joseph A. Pask, 
Dependence of Sintering Characteristics on 
Thermodynamic and Geometric Factors, in Ceramic 
Microstructures '76, Richard M. Fulrath and 
Joseph A. Pask, Eds., Westview Press, Boulder, 
Colorado, (1977), p. 246. 

6. Carl E. Hoge and Joseph A. Pask, Thermodynamic 
and Geometric Considerations of Solid State 
Sintering, Ceramurgia International 3, No.3, 95 
(July-September 1977). -

7. S. H. Risbud and J. A. Pask, Calculated 
Thermodynamic Data and ~~tastable Immiscibility in 
the System Si02-AlZ03, J. Am. Ceram. Soc. 60, 
418 (September-October 1977), LBL-4l90 Rev~ 

8. Joseph A. Pask, Fundamentals of Wetting and 
Bonding Between Ceramics and Metals, in Alternatives 
to Gold Alloys in Dentistry (Proceedings of 
Conference held at National Institutes of Health, 
Bethesda, ~ryland, January 24-26, 1977) edited 
by Thomas M. Valega, IHEW Publication No. (NIH) 
77-1227, (1977), p. 235, LBL-6028. 

LBL Reports 

1. Joseph A. Pask, Fundamentals of Wetting and 
Bonding Between Ceramics and ~Btals, presented 
at Workshop at the National Institute of Dental 
Research, LBL-6028, January 1977. 

2. ~ftchael D. Sacks, Correlation of Microstructure 
of Sintered Mullite Bodies with Their Stress
Strain Behavior in Compression Loading at 1200°C, 
(M.S. thesis), LBL-6205, ~rch 1977. 

3. Paul N. Spencer, Characterization of Sialon
Type ~terials, (M.S. thesis), LBL-66l2, June 1977. 

4. Glenn A. Holmquist, Reactions and Diffusion in 
the Silver-Arsenic Chalcogenide Glass System, 
(Ph.D. thesis), LBL-6922, September 1977. 



Invitations 

1. J. A. Pask, invited participant in Workshop on 
"Alternatives to Gold Alloys in Dentistry," 
National Institute of Dental Research, National 
Institutes of Health, Bethesda, Maryland, 
January 24-26, 1977. 

2. J. A. Pask, presented John Dorn !v1emorial 
Lecture at Northwestern University, Chicago, 
Illinois, May 17, 1977. 

3. J. A. Pask, invited lecture in Institut flir 
Werkstoffwissenshaften, Universitat Erlangen
Nurenberg, Erlangen, Germany, August 8-10, 1977. 

4. Joseph A. Pask, invited as Guest Scientist at 
lvlax- Planck Institut fUr Metallforshung, Institut 
fUr WerkstoHwissenshaften, Pulvermetallurgisches 
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Laboratorium, Stuttgart, Germany, August 14-27, 
1977. 

5. Joseph A. Pask, Chainnan, session on "Research 
as Business, II American Ceramic Society, 30th 
Pacific Coast Regional !v1eeting, Los ru1geles, 
California, October 30-November 2, 1977. 

6. Joseph A. Pask, Chairman, session on "Fine 
Particle Science, Teclmology and Characterization," 
14th University Conference on Ceranric Science on 
"Processing of Crystalline Ceramics," North Carolina 
State University, Raleigh, North Carolina, 
November 7-9, 1977. 

* Supported by NSF. 



c. High Reactions 

A Zan Fl. Searcy, 

Introduction. l'lost of the research described 
below stems directly or indirectly from a 
theory of decomposi tion rea-ct±o~s that was 
developed under this project.' 

Articles 1 through 3 describe experiments 
undertaken to extend our basic lUlderstanding of 
the facts of decomposition reaction kinetics. 
Articles 4 and 5 describe studies in which the 
primary objective was to improve our understanding 
of the kinetics of crystallization and densifica
tion of the CaO during CaC03 decomposition. The 
earlier basic studies had shown that the backgrOlmd 
pressure of CO2 probably markedly influences both 
surface area and crystallinity. 

Articles 6 and 7 describe efforts to use our 
improved understanding of CaC03 decomposition in 
practical applications. 

1. A. W. Searcy and D. Beruto, J. Phys. Chem. 80, 
425 (1976) . 
2. A. W. Searcy and D. Beruto, J. Phys. Chern. , 
in press. 

1. TI-IE KINETICS jl,ND THERl'-lODYNAMICS OF DECOMPOSITION 
OF DOLOMITE TO A METASTABLE SOLID PRODUCT'" 

Elizabeth K. Powell and Alan W. Searcy 

The decomposition of dolomite, Cal\!g(CO-)2' in 
vacuwn has been studied by the torsion effusion 
and torsion Langmuir teclmiques. If all steps 
of the reaction were rapid, measured Langmuir and 
effusion pressures would be equaL Hm,rever, 
because a step in the reaction is slow, the Langmuir 
pressure was only 1 x 10- 4 times the effusion 
pressure at 850 K. comparison of the two 
pressures as functions of temperature gives a 
measure of the irreversibility of the reaction. 
From torsion Langmuir data, using the second law 
method, the apparent activation enthalpy and 
entropy were calculated to be 46.5 kcal and 
22.3 cal/degree-mole of CO2 , 

Extrapolation of the effusion data to yield 
pressures for zero orifice area, and therefore 
presumably equilibrium pressures, gave thermo
dynamic data which imply that the solid reaction 
products are metastable by (17,600-8.8T) cal 
relati ve to the expected soliel products, 

MgO(s) + 1/2 CaO(s). Complete decomposition 
yields poorly crystalline MgO and CaO of high 
total surface area, but the decomposition product, 
when the reaction was 50% complete, did not give 
coherent x-ray scattering. If the amorphous solid 
product is assumed to be a supercooled liquid 
solution of 1/2 MgO + 1/2 CaO, that is a glass, 
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the free energy of formation is predicted to be 
(18,800-7.4T) cal, in good agreement ,,,ith the 
value calculated from our measurements. Anomalously 
low effusion pressuresl for the reaction 
MgO(s) = MgO(s) + H20(g), which have puzzled 
investigators for many years, can also be explained 
by assuming the solid product is a porous glass. 

'" Accepted for publication in J. Am. Ceram. Soc. 

1. E. Kay and N. lV. Gregory, J. Phys. Chem. g, 
1079 (1958). 

2. TRJlJ\iSPOHT OF GASES TI-IROUGH POROUS OXIDE 
BARRIERS 

Nathan Jacobson, James A. Roberts, Jr., and 
Alan W. Searcy 

Studies of He and CO2 flow through porous 
calcium oxide produced by in s-itu decomposition 
of CaC03 single crystals were continued. From 
flow rates, porosity, and porous layer thickness 
pore diall18ters \Vere calculated to be about 1 l1m 
on the assumption that the pores can be approxi
mated by linear tubes perpendicular to the direction 
of flo\V. Tl1is result appeared inconsistent with 
the fact that pores were not observable by 
Scuming Electron l'{icroscopy (SHI) , and were 
therefore preswned to be too small, 0.05 )1l11 or 
less, to resolve with the instrwnent. 

A possibly serious source of error was leakage 
around the barrier. For this reason BaO barriers 
from decomposition of BaC03 single crystals were 
studied. The BaO so prepared \Vas kn0h'11 to have 
pores large enough to observe by SElvL Hence the 
influence of any leak would be less. 

Again, Knudsen flow was the primary means of 
transport for both He and C02. The flm" of CO2 
and He through BaO was that predicted for equi valen t 
tubular pores of the order of 2 to 3 )1l11 diam. 
SEM pictures showed a randomly oriented network 
of pores of approximately 2 to 10 )JJll cliam 
(Fig. 1). 

Because the equivalent tube dialneters calculated 
from the flow data lvere in good agreement I"ith 
direct observation by SEM for BaO, the morphology 
of CaO from CaC03 decomposition was re-examined 
using samples whlch were more carefully protected 
from lvater vapor and were fractured inunediately 
before SH! pictures ll'ere taken. 1118se pictures 
showed a series of ridges spaced 1 to 2 l1m apart 
(Fig. 2). 

These ridges suggest that CaO is traversed by 
linear pores of about the diameters expected from 
the transport measurements. 



Fig. 1. SEM photograph of pores in BaO from BaC03 
decomposition in vacuum. (XBB 781-367) 

Fig. 2 .SElVl photograph of ridges which may indicate 
tubular pores in CaO from CaC03 decomposition in 
vacuum. (XBB 781-368) 
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3. CHARACTERIZATION OF THE GASEOUS AND SOLID 
PRODUCTS OF ALUMINUJvl SULFATE DECOt'vIPOSITION* 

Gary F. Knutsen and Alan tv. Searcy 

Sulfate decomposition reactions are more complex 
than carbonate or hydrate decomposition reactions 
in that the equilibriwn gaseous product of sulfate 
decompositions is usually a nrixture of three 
molecular species, S03, S02, and 02 instead of a 
single kind of molecule. Lau et al. l found that 
MgS04 did not readily yield equilibriwn pressures 
of S02 and 02, while CaS04 yielded the equilibrium 
gas nrixture more readily. 111ey suggested that the 
lower temperatures used in MgS04 decomposition 
might cause the difference. 

AlZ(S04) 3 decomposes at a lower temperature 
than either of the sulfates studied by Lau et a1. 
Furthermore, we expected that the decomposition of 
Alz(S04h-17HZO first to the anhydrous sulfate and 
then to A1203 would yield an amorphous oxide of 
exceptionally high surface area. AlZ03 of such a 
structure might be useful in a nwnber of applica
tions. For these reasons we have investigated the 
products of Al Z(S04)3 decomposition. 

+ + Measurements of SOZ /S03 mass spectrometer ion 
ratios and of weight losses when Al2 (S04) 3 is 
decomposed in an effusion cell show that equilibrium 
is readily achieved. The experimentally measured 
decomposition pressures are higher by more than a 
factor of 4 than would be expected from thermo
chemical calculations, probably because the heat of 
formation of Al2 (S04) 3 is 7 to 9 kcal per mole more 
positive than had been reported. Ivleasurements of 
HZO+/S03+ mass spectrometer ion intensities as a 
function of time shows that "anhydrous" alwninum 
sulfate contains about a .03 moles of water per 
mole of sulfate ion. 

111e solid decomposition product in the range of 
effusion studies, below 600°C, is an amorphous 
A1203 which has a surface area of 165 MZ/g and 
internal pores that average about 100 A in 
diameter. 

* Accepted for publication in the Journal of the 
Electrochemical Society. 

1. K. H. Lau, D. Cubicciotti and D. L. Hildenbrand, 
J. Chem. Phys. 66, 4532 (1977). 

4. TIm INFLUENCE OF VACUUM ON THE STABILITY AND 
SURFACE AREA OF CaO POWDERS FORMED BY DECOlvlPOSING 
CaC03* 

Dario Beruto and Alan W. Searcy 

Last year we showedl that while decomposition 
of CaC03 in air or dry nitrogen yields crystalline 
CaO, decomposition in vacuum yields poorly 
crystalline CaO in particles that retain the 
exterior size and form of the CaC03 particles from 



which the CaO is produced; these CaO particles 
have high internal porosity. Both the poor 
crystallinity and the high surface area of the 
oxide formed in vacuum should make it chemically 
less stable and could make it kinetically more 
reactive. Accordingly, we have measured the heat 
of formation of the CaO formed by vacuum decomposi
tion to obtain a quantitative measure of its 
thermodynamic stability. We also have investigated 
the effects of various conditions of preparation 
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on the crystallinity and surface area of CaO 
powders in order to determine whether or not it 

~ N ~ 1 
may be feasible to prepare high-activity CaO in 
large quantities. 

Heats of reaction with water were measured for 
commercial CaO, for CaO produced in air, for CaO 
produced in dry N2, and for CaO produced by 
decomposing CaC03 in vacuum at 580 to 675°C. The 
heats of reaction of the commercial samples and 
of the samples produced by CaC03 decomposition in 
air or N2 were found to be 0.5 to 0.6 kcal greater 
than the accepted values, presumably because of 
systematic error in our measurements. The heat 
of solution of CaO prepared in vacuum was 3.0 kcal 
higher than the accepted value. Therefore, this 
CaO must have a heat of formation about 2.4 to 2.5 
kcal greater than crystalline CaO of low surface 
area. 

Studies by Darroudi and Searcy2 with single 
crystals had led us to expect that there might be 
a critical CO2 pressure above which CaC03 
decomposed to crystalline CaO and below which it 
decomposed to poorly crystalline or amorphous CaO. 
We find, however, that a continuous range of 
increased surface areas and reduced crystallinity 
result from decomposing CaC03 under conditions that 
favor increasingly rapid removal fo the C02 gas 
that results from the decomposition. Figure 1 
shows that the surface area measured by the BET 
method and the half width of the 100 x-ray 
diffraction peak (a measure of imperfection) vary 
together. Surface areas of the order of 1 M2 / g 
were obtained by decomposing CaC03 in air or N2' 
Areas of 94 M2/ g were obtained by decomposing small 
samples in high vaCUWll and the intermediate areas 
and crystallinities were obtained by decomposing 
larger samples in poor vacuWllS. It is evident 
that for powders the mechanisms of recrystallization 
and sintering 11lUSt be closely related, but when 
single crystals are decomposed in vacuum, recrystall
ization occurs by a mechanism that does not signi
ficantly reduce the surface area. 

* The calorimetric portion of this work was supported 
by the Centro Studi di Chelllica e Chelllica Fisica, 
Universita di Genova. 

1. D. Beruto and A. W. Searcy, Nature 263, 221 
(1976) . 
2. T. Darroudi and A. W. Searcy, in ~~RD Annual 
Report 1976, LBL-60l6, p. 102. 
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Fig. 1. Variation of surface area of CaO powders 
with half width of the (100) x-ray peak, a measure 
of crystal imperfection. (XBL 7712-6629) 

5. THE INFLUENCE OF CO2 PARTIAL PRESSURES AND TIME 
ON THE STRUCTURE AND MJRPHOLOGY OF CJ\LCIUJvl OXIDE 
FROM CJ\LCITE DECO~~OSITION 

Jay Ewing, Dario Beruto, and Alan W. Searcy 

We had several reasons to suspect that the CaO 
product of partially decomposed CaC03 might have 
significantly different properties than found 
for the CaO after decomposition is complete: 
1) Powell and Searcy (article 1 above) have 
obtained evidence that the solid product present 
when dolomite CaMg(C03) 2 is partially decomposed 
in vacuum differs from the products of complete 
decomposi tion. 2) The literature contains repeated 
allusions to metastable oxide intermediates in 
decomposi tion reactions, though the basis for these 
allusions is not clear. 3) Beruto and Searcy 
showed that during decomposition of single 
crystals of CaC03, a layer of a metastable oxide 
is present between the un~ecomposed CaC03 and a 
layer of crystalline CaO. The crystalline oxide 
probably forms by a strain-induced transformation. 
It is reasonable to expect that an epitaxial layer 
of CaO on a CaC03 powder particle is also strained 
across the solid-solid interface, and may therefore 
be more reactive. 

To study the properties of partially decomposed 
CaC03 powders a vacuum torsion furnace was 
modified with a recording microbalance and gas 



inlet system to pemi t dynamic flmv of COZ at 
constant pressure. An electronic capacitance 
manometer pemits accurate detemination of the 
pressure. Calcite powders were heated at 973 K 
to various fractions of decomposition in vacuwn 
or in controlled pressures of CO2. TIle product 
powders were characterized using weight loss, BET 
surface area measurements, x-ray and scanning 
electron microscopy. 

TIle surface area of the products of the 
experiments in vacuum and at 30 to 90 ]JTIl C02 
pressure is plotted in Fig. 1 as fWlctions of mole 
fraction CaO produced. This graph shows that the 
molar surface area of the product is constant 
throughout decomposition, and that the surface 
area of the product decreases as the back pressure 
of C02 increases. Scanning electron microscopy 
shows the original morphology of the CaC03 
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particles is maintained throughout the decomposition 
at all C02 pressures investigated. X-ray r~~terns 
show the oxide product is amorphous when the CaC03 
is decomposed in vacuum, and that the degree of 
crystallini ty increases as the back pressure of COz 
increases. 
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Fig. 1. Variation of the total surface area of 
CaC03 powder with the fraction of CaO produced by 
decomposition. Upper curve--decomposition in 
vacuum. Lower curve--decomposition in 30 to 90 jJl11 

COZ. (XBL 7712-6630) 

These results show clearly that the oxide 
produced by fractional decomposition of CaC03 
powders is not significantly different in 
structure or area than the CaO produced by complete 
decomposition. The conclusion that variations in 
C02 pressures produce the variations in crystal
lini ty and surface areas reported in the previous 
article is confirmed by these measurements with 
controlled C02 pressures. 

1. D. Beruto and A. W. Searcy, J. Chem. Soc., 
Far. Trans. I, ~, 2145 (1974). 

6. O\TALYSIS OF TI-lE HOT PRESSING OF CALCIUM OXIDE 
BY CARBON DIOXIDE C~S 

Gary F. Knutsen, Dario Beruto and Alan tv. Searcy 

Our recent studies have shown that when calcite 
powder was decomposed in vacuum at about 800°C, 
there was little change in the apparent particle 
shapes from those of the starting material and 
very little sintering occurred. Hmvever, when 
calcite was decomposed in air or nitrogen in the 
same temperature range the product was composed of 
particles with rOWlded surfaces and neck areas, 
which indicated that considerable sintering had 
taken place. Because s intering occurred at 
temperatures which were only about 1/3 the melting 
temperature of claciwn oxide, it seemed probable 
that the CO2 evolved during CaC03 decomposition is 
a sintering catalyst. 

Calcite (CaC03) samples were hot pressed Wlder 
conditions such that a high partial pressure of C02 
is maintained while the CaC03 decomposed. Under 
these conditions considerable sintering of the 
calcium oxide occurred at temperatures in the 
range of 900 0 to 1000°C. 1118 calciwn oxide produced 
in this manner showed considerable densification 
and appeared to have Wldergone almost viscous flow 
in the regions of CaO farthest from any wldecomposed 
CaC03 (Fig. 1). 

Fig. 1. SEll] picture of CaO produced by hot 
pressing CaC03. The area to the right is farthes t 
from the wldecomposed CaC03' (XBB 781- 369) 

In contrast, CaO which had been formed from 
decomposition of CaC03 in vacuum and which, there
fore, should be themodYllamically more active than 
ordinary CaO showed no evidence of sintering when 
hot pressed to between 900 and 100QoC in vacuum. 
Evidently C02 is an effective catalyst for s intering 
of CaO. Experiments are planned to test Hhether 
C02 must be initially present in the condensed phase 
in order to cause catalysis of the oxide sintering 
or whether CO2 gas, when introduced after 
decomposition of the carbonate is complete, is 
also a catalyst. 



7. EvALUATION OF ACTIVE CaO FOR USE IN CEtvIENTS 

Richard Berger and P. Kumar Mehta 

Cementing properties can be developed by a 
reaction between CaO and Si02 carried out com
mercially by heating the solids under hydrothermal 
conditions. Because the calcium oxide produced by 
vacuum decomposition of CaC03 is in a thermo
dynamically active state and has a higher surface 
area than oridinary CaO (see article 3 above), it 
was hoped that the vacuum product might react 
with water without heating and perhaps produce 
early setting strengths superior to those other
wise obtained. 

To test this possibility, samples of CaO which 
were made at vacuwns that yielded surface areas 
of the order to 20 M2/g and ordinary 1ao, which 
has surface areas of the order of 1 M / g and is 
more highly crystalline, were each used as 
components of cement pastes. Strength development 
of the pastes were measured, and the rates of 
hydration of the two kinds of CaO were measured 
by x-ray diffraction. 

111131'13 was no practically significant difference 
in strengths or setting times between the two sets 
of samples. TIle x-ray diffraction pattems of the 
Ca(OH) 2 produced from each kind of oxide were 
sharply crystalline. This observation probably 
explains why the high acti vi ty of the vacuwn 
prepared oxide did not result in a significant 
difference in setting rates. Beruto and Searcy 
have shownl that the vacuwn-produced CaO reacts 
with water vapor at 140°C to fonn a poorly 
crystalline Ca(a-I) 2' TIle reaction path that 
produces a well-crystallized Ca(OH) 2 at lower 
temperatures must be solution of CaO in water 
followed by precipitation of Ca(OH) 2 from the 
solution. If the precipitation step is rate 
limiting, the reaction rate would be little 
influenced by changes in activity or surface area 
of the CaO. 

1. D. Beruto and A. W. Searcy, Nature 261, 221 
(1976) . 

8. THERlVKlDYNAMIC PROPERTIES OF SeS GAS 

Ming- Del' Huang, David J. Meschi and AlaJl 1'1. Searcy 

Mass spectrometry and Knudsen effusion 
experiments were used to study the equilibrium 
partial pressure of SeS formed by reaction of S2 
and Se2 which were produced by thermally decomposing 
a mixture of In2S3 and In2Se3 in a Knudsen cell. 
The heat of formation of SeS(g) by the reaction 
1/2 S2 (g) + 1/2 Sez (g) = SeS(g) was detennined by 
the second law method to be -0.6 ± 3.0 kcal/mole. 
The entropy of formation of SeS(g) was calculated 
from spectrographic data of Ahmed and Barrowl to 
be 1.5 cal/degree-mole at 298 K. 

From our data the partial pressure of SeS(g) 
was calculated to be five times higher than that 
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of Se2(g) above an ideal solution of 1% CelSe in 
CdS. TI'1is calculation confinlls our prediction that 
SeS(g) is likely to be a major Se impurity carrier 
in vacuum decomposition of sulfide films in the 
semiconductor indus try. 

1, F. Ahmed and R. Barrow, J. Phys. B 'Z-, 2256 
(1974) . 

9. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Alan 1'1. Searcy 

We plan to measure the heats of solution of the 
products of partially decomposed Ca1vlg(C03) 2 and 
1v1g(OH)2 in vaCUWll. The data should confirm or 
disprove the conclusion from \"ork reported in 
article 1 above that the solid products may be 
porous glasses with high posi ti ve heats of formation 
relati ve to the thennodynamically stable reaction 
products. 

11113 influence of CO2 pressure on the morphology 
and crystal structure of the CaO produced by 
decomposition of CaC03 single crystals in vacuum 
will be studied. The data will test our general 
theory of decomposition reactions and, by 
comparison with the measurements for powder 
de.composi tion described in article 5, will show 
if there is an effect of particle size on 
decomposition kinetics. 

The kinetics of decon~osition of SrC03 single 
crystals will be measured in vacuum and as a 
function of CO2 pressure. We hope that SrC03 will 
be a simpler substance for theoretical study than 
CaC03, which yields a solid product of structure 
and porosity that is strongly influenced by C02 
pressure and particle size. 

Studies of the variation with CO2 partial 
pressure and temperature of the composition of 
CaC03 , viewed as a pseudobinary phase of .CaO and 
C02 should be completed. These measurements will 
provide data on partial molar thermodynamic 
properties for a t)1)e of inorganic solid for which 
such data have apparently never been measured. 

The rate of decon~osi tion of some sulfates is 
increased by iron oxides in a mmmer that suggests 
that a catalyst is somehow transported from the 
iron oxide to the interface of the sulfate with a 
layer of product oxide that grows into each sulfate 
particle. In an effort to understand this rather 
surprising effect, we plan to study the catalysis 
of decomposition of single crystals of SrS04 by 
iron oxides and other reagents. 

As another means of furthering the theoretical 
understanding of the mechanisms of sulfate decomposi
tion reactions and of sulfur oxide reactions with 
oxides, we plan to study the decomposition of S03 
S02 and 02 as a function of temperature in porous 
oxide barriers, perhaps with added catalysts, at 
high temperatures. 



We will complete our study of the influence of 
C02 as a catalyst in hot pressing of CaO by 
measuring the effect on CaO sintering of C02 
pressures near 1 atmosphere. This experiment 
should enable us to decide whether CO2 must be 
present initially as the carbonate in order to 
catalize CaO densification or whether it can act by 
dissolving in, or adsorbing on, the CaO phase after 
it has al ready been formed. 

We may explore the possibility that an effect 
equivalent to grinding can be obtained by hydration 
followed by dehydration of oxides. 

10. 1977 PUBLICATIQ\JS AND REPORTS 

Alan W. Searcy and Associates 

Journals 

1. P. ~bhazzabi and A. W. Searcy, A Porous Barrier 
Study of the Temperature Dependence of the Mass 
Spectrometer Fragmentation Pattern of LiF Monomer, 
Int. J. of Mass Spectrom. and Ion Phys. 24, 469-70 
(1977). -

2. James A. Roberts, Jr. and Alan lIT. Searcy, 
Anomalous Temperature Dependence for a Partial 
Vapor Pressure, Science 196, 525 (1977). 

3. David J. Meschi, Tushar K. Basu and Alan W. 
Searcy, Knudsen Flow Through Multiple Barriers, 
High Temp. Sci. ~, xxx (1977). 
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LBL Reports 

1. E. K. Knauf, The Kinetics and Thermodynalllics 
of Decomposition of Dolomite in Vacuum, (M. S. 
thesis), LBL-6291, June 1977. 

2. G. F. Knutsen, Characterization of the Gaseous 
and Solid Products of Decomposition of Aluminum 
Sulfate, (M. S. thesis), LBL-6292, June 1977. 

3. E. K. Powell and A. W. Searcy, The Kinetics 
and TI18rmodynamics of Decomposition of Dolomite 
to a Metastable Solid Product, LBL-6668, (1977). 

4. A. W. Searcy, Active Oxides, LBL-6669, (1977). 

5. M. D. Huang, Thermodynamic Properties of SeS, 
eM. S. thesis), LBL-6994, December 1977. 

Technical Talks and Conferences 

1. "A General TIleory for Decomposition Reactions 
and Tests of Its Predictions, If Alan W. Searcy, 
presented at meeting of the Solid State Science 
Panel, National Research Council, at LBL, Berkeley, 
March 25, 1977. 

2. "Recommendations for Research on Environmental 
Attack, II presented by Alan W. Searcy as a workshop 
chairman of the ERDA Workshop on Phase Transforma
tions, Stability, and Materials Interactions, LBL, 
Berkeley, April 20, 1977. 

3. liThe Kinetics and Thermodynamics of Decompos i
tion of Dolomite," paper by Elizabeth K. Powell 
and Alan W. Searcy, presented at the Pacific 
Coast Regional Meeting, American Ceramic Society, 
Los Angeles, November 1977. 
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d. Relation of Microstructure to i<'Wi"ln""WIr in 
Ceramics 

Richard M. Fulrath, Principal Investigator 

Introduction. The physical, chemical, and 
mechanical properties of ceramic materials are 
determined by the composition and the marmer in 
which the composition is processed. Unlike metallic 
alloys that can be treated thermally, mechanically 
or comb ina tions of both to significantly change 
their properties, the properties of processed 
ceramic materials are 'essentially unchanged by 
these processes. Therefore, to optimize the 
properties of existing ceramic materials and 
develop new materials required for advanced 
technology generated by raw material and energy 
shortages, research related to processing and the 
relation of processing to properties is essential 
to the progress of ceramic science. 

This research effort is divided into four maj or 
areas. The first activity is concerned with the 
densification (sjntering) of pmvder compacts with 
and without the presence of a liquid phase. A 
primary tool for these studies has been the lvlMRD 
developed capabilities in hot-stage scarming 
electron microscopy. Both metallic and nonmetallic 
systems have been studied and include copper, 
nickel, uranium dioxide, aluminum oxide, iron
copper, and tungsten carbide-cobalt. Presently 
one study is concentrating on the effect of the 
stoichiometry of the solid phase when sintering 
with a liquid phase present. The titanium 
carbide-nickel system was chosen for this study 
because of the wide range of solid solution of 
titanium carbide. 

TIle second major area of investigation is 
concerned with ferroelectric arld piezoelectric 
ceramics in the lead titanate-lead zirconate 
system. This system offers a great challenge to 
understanding ceramic processing because of the 
high vapor pressure of lead oxide at elevated 
temperatures. Because of the volatility of PbO 
at high temperatures it is difficult to control 
the stoichiometry during processing ceramics in 
this system. The defects, primarily lead ion and 
oxygen ion vacancies, created by stoichiometric 
changes playa major role in determining the 
electrical properties. Therefore, combining 
measurements of electrical properties with 
processing parameter variations and basic studies 
on co~)ound formation and PbO activity in this 
system has led to significant advarlces in 
developing a better understanding of processing 
and the role of the defect structure in determining 
the electrical properties. The present work 
encompasses two areas. One study is on the 
mechanism and kinetics of the formation of the 
compounds lead titanate and lead zirconate and 
their solid solutions. A second investigation is 
being pursued to establish the PbO activity in the 
lead oxide-aluminum oxide system and the equilibrium 
phase diagram. Two conflicting phase diagrams have 
been published in literature. 

The third major area of investigation is on 
thick film conductors, a major user of precious 
metals. The emphasis in this area has been to 
develop microstructures of thick film systems 

wherein the precious metal content can be 
significantly reduced or where base metals can be 
substituted for noble metals. 

The last area of investigation is concerned 
wi th the mechanical properties of ceramics, 
especially the influence of porosity and nature of 
the surface on the fracture toughness and strength. 
During the past two years this study has used lead 
zirconate titanate with induced porosity in a 
dense fine grained matrix. This work has been con
cluded and the emphasis now is being directed 
toward the fracture toughness and strength of 
alumina, an important ceramic structural material. 

The general theme of this total effort is to 
understand how microstructures are developed in 
the processing of ceramics and how the micro
structure influences the properties. 

1. THICK FILM CONDUCTORS 

V. K. Nagesh and Richard M. Fulrath 

Thick film conductors are one of the basic 
components of hybrid microcircuits. Application 
of thick film teclmology in these circuits is 
extensive as they are reliable and economical. 
The following proj ect was undertaken to obtain a 
basic understanding of the microstructure 
development of a thick film conductor, to 
investigate the relationship between its sheet 
resistivity and the process variables, and to reduce 
the amount of metal necessary to maintain the 
desired sheet resistivity. 

Conventionally, a thick film conductor is a 
mixture of precious metal (Au, Pt, Ag or 
combinations of these with Pd) and powdered glass 
in an organic vehicle that is printed on a 
ceramic substrate and subsequently fired. 
Precious metal is the major phase in these films 
(80 to 90 w/o) and the glass addition is made to 
provide bonding of the metal to the substrate. 
A new process developed by us uses a precious metal 
content as low as 20 w/o, and still results in a 
good conducting film. 1 The system under study is 
lead borosilicate glass-silver. The process 
involves an acid treatn'ent (O,.OlN HCl) of the glass 
particles and subsequent deposition of silver, 
using thermally decomposable silver resinate in 
xylene. These silver coated glass particles are 
then suspended in an organic vehicle, printed on 
96 w/o Al203 substrate and fired at different 
temperatures and times. With 40 w/o Ag, sheet 
resistivities are as low as 44 rrQ/D which are 
very favorably comparable with the commercial 
thick film conductors that use up to 90 w/o of 
the precious metal. 

Thick film conductors formulated according to 
the new process have a microstructure wherein a 
continuous Ag film exists around the glass 
particles giving rise to electrical continuity. 
It is necessary to have Ag strongly bonded to the 
glass surface to maintain this continuity. 
Without an acid treatment an insulating film is 
obtained with similar metal contents. The 
treatment of glass particles by acid hence is an 



in~)ortant step In the process and its analysis 
worthwhile. 

Wlen the lead borosilicate glass is treated 
with 0.01 N !-lCl, lead ions are preferentially 
replaced by 1-1+ ions and surface roughening occurs 
as observed in SEM shO\\11 in Fig. 1. This 
condition facilitates the rapid spreading of silver 
resinate solution on the glass surface. ;;s the 
silver resinate solution (in xylene) is essentially 
a non-conductor with no silver ions, !-l+ '"' Ag+ ion 
exchange reaction appears to be highly improbable 
at this stage of the process. However, after 
silver resinate is decoll~osed (at 210°C), silver 
oxidizes in the presen~e of oxygen cmd 11+ ions at 
the surface to form Ag ions: 

+ 
-r 2H

2
O EO Volts °2 + 4H + 4e 

1. 229 

4 
+ 

(Ag + -e -+ Ag) .800 

°2 + 4I-t + 4 Ag -+ 2 H20 + 4 Ag+ .429 V 

The saturation of the interface with Ag+ ions 
provides g20d chemical bonding between silver metal 
and glass. 

Fig. 1. Surface of etched borosilicate glass 
observed by SEII1. (XBB 765-4532) 

TIle microstructure of a thick film conductor 
using surface activated glass particles is shO\\11 
in Fig. 2 (metal content 25 w/o). TIlick films 
are not considered to be good conductors (sheet 
resistivity> 1012 Sl/O) when a) H+ ions are not 
implanted by acid treatment (Fig. 3), and b) firing 

148 

Fig. 2. Transmission optical micrograph of thick 
film with 25 IV/O Ag and surface active glass 
powder (20 44)1). (XBB 766-4725) 

Fig. 3. TraJlsmission optical micrograph of thick 
film with 25 1'1/0 Ag and surface passive glass 
powder. (XBB 766-4726) 

is in N2 atmosphere instead of air atmosphere 
(Fig. 4). Figure 3 shows discontinuous chain 
structure of silver (dark phase), and Fig. 4 shows 
the agglomeration of Ag as seen in a SElIL These 
observations further support the reaction mechanism 
suggested above. 



Fig. 4. Scatming electron micrograph of a thick 
film with 25 1'1/0 Ag and surface active powder 
fired in (XBB 781-2) 

In order to calculate the sheet resistivity as 
a function of the metal content and the glass 
particle diameter, the following assumptions 
were made: a) glass particles are spherical with 
an average diameter when a narrow particle size 
range is considered, and b) the metal deposi ted 
on these glass particles is lmiform at1d of 
constant thickness (tnil. 

Sheet resistivity is defined as the ratio of 
resisti vi ty to the thickness of the conducting 
layer. In the microstructure of interest, the 
conducting layer is a precious metal (Ag in the 
present case). As the thickness of this layer 
depends on the metal cleposi ted on the glass 
particles (tm) , it is important to calculate tm 
first. For at1 average glass particle diameter 
D , vo1une content and metal volume 
c8ntent VlI!, the thickness the metal layer can 
be given by 

Figure 5 shows the dependence of deposited metal 
thickness on glass particle diameter for varying 
glass/metal volume ratios. 

(1) 

111e sheet resisti vi ty of the fired film can now 
be given by Rs <X p/tm or Rs <X 6pVg/DgVm by 
substi tuting for tm from (1), or 

6pV
a 

--~ 
kD V 

g m 
(2) 
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Fig. 5. Variation of metal coating thiclmess with 
different glass particle sizes and metal content. 

(XBL 7710-6293) 

where k is a proportionality constant for a 
constant thickness of the thick film. 

k can be found experimentally and its value is 
found to be 0.1 for film thiclmesses of ~l mil. 
The close correlation between the theoretically 
calculated and the experimental sheet resistivity 
da ta is seen in Fig. 6 for varying metal contents. 
The films are fired in the temperature range 500 
to 700°C for times from 8 to 20 mi.n. Dependence 
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of Rs on Dg is yet to be verified. Thus, the 
expression for Rs gives an indication of the 
expected sheet resistivities. Films fired at 
temperatures higher than 750°C essentially were 
non-conductors. At these temperatures due to the 
fluidity of the glass and due to the increased 
solubility of Ag in glass, the glass-metal bonds 
are possibly weakened leading to segregation of 
silver. Firing for longer times at lower 
temperatures would also have similar effects. This 
effect leads to the breaking of the continuity 
of the metal chain resulting in non-conductivity. 

1. V. K. Nagesh, Electrical Conduction in lvletal
Glass Composite Materials (M. S. thesis), LBL- 5172, 
June 1976. 
Z. J. A. Pask and R. M. Fulrath, Fundamentals of 
Glass-to-lvletal Bonding, VIII, Nature of Wetting 
and Adherence, J. Am. Ceram. Soc. 45, [lZ), 59Z 
(196Z) . -

Z. PI-lASE EQUILIBRIA IN THE PbO-AlZ 03 SYSTEM 

Bob R. Powell, Jr. and Richard lvl. Fulrath 

One of the more serious problems encountered 
during processing of many ceramics is the 
vaporization of one or more of the constituents. 
When this is the case, as it is for lead zirconate
lead titanate (PZT) electronic ceramics, sintering 
is accomplished without lead oxide loss by use of 
the packing powder technique, which consists of 
burying the specimens in a coarse powder having 
the desired vapor pressure of lead oxide. The 
vapor pressure of PbO in various PZT systems was 
determined in this laboratory in 197Z.1,Z This 
work has been extended to include the PbO-AlZ03 
system because AlZ03 is present in the high 
temperature environment during sintering of PZT 
as either a structural or container material. 

The vapor pressure of PbO in equilibrium with 
different condensed phases of the PbO-AlZ03 system 
was measured as a function of temq)erature by use 
of the Knudsen effusion-weight loss technique. 
In this technique the pressure of PbO is related 
to the rate of escape of PbO vapor molecules 
through a small opening in an othenvise closed 
container. The equation is: 

where dw/dt is the rate of weight loss, Aa is the 
effective orifice area and m is the mass of a 
molecule of PbO. There is no measurable weight 
loss due to AlZ03 evaporation. lvbnitoring the 
weight change of a platinum "Knudsen cell" 
containing reacted PbO and AlZ03 yields the vapor 
pressure data. The measured pressures of pure 
PbO are compared to the accepted data found in the 
JANF tables to check the performance of the 
equipment. This comparison is shown in Fig. 1. 
The measured pressures for the PbO-AlZ03 system 
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Fig. 1. Vapor pressure of pure PbO as measured by 
Knudsen effusion-weight loss. (XBL 76l0-76Z7) 

are plotted in Fig. Z. In this figure, two-phase 
regions are represented by lines, the straight 
lines occurring for solids while the curved lines 
reflect the shift in the liquidus away from the 
PbO side of the phase diagranl with increasing 
temperature. 

Th,e phase diagram in Fig. Z was constructed 
from the pressure data a.'1d differed from the diagram 
reported in the literature3 in that the stabilities 
of PbO·6AlZ03 and PbO'AlZ03 were increa~ed from 
1100 to lZOO and 800 to 1100°C, respectlvely. 
Reevaluation of the data of these previous 
researchers revealed a nrisinterpretation in their 
analysis that reinforces our diagram. 
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Fig. Z. (Right) vapor pressure of PbO in the 
PbO-AlZ03 system; (left) deduced phased diagram for 
this system. (XBL 7710-6303) 
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Finally, in Fig. 3, the activity of PbO is 
plotted in Arrhenius form for the PbO-AlZ03 system 
and for the PZT systems. The two lines for the 
mixtures containing PZT represent the limiting 
activities of PbO for the solid solution Pb(Zr,Ti)03. 
The packing powder used to sinter this material 
is PbZr03 and ZrOz, a two-phase mixture that keeps 
the PZT sa~ples within the single phase region 
(the region of optimum electrical properties). 
Direct exposure of PZT to AlZ03 during sintering 
(lZOO°C) would result in depletion of PbO from 
the sample by vapor transport to the AlZ03 which 
has a lower activity. This would stop when the 
surface of the AlZ03 had formed the single phase 
PbO,6AlZ03' It is possible that PbO diffusion 
through the AlZ03 would also be important. 
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Fig. 3. Activities of PbO for PZT and AlZ03 
systems. Standard state is the pressure of pure 
PbO at T K. (XBL 771Z-6639) 

In the next year the effort will be to gain an 
understanding of the diffusion of PbO in AIZ03 
and the kinetics of formation of the intermediate 
phases. PreliminalJ results indicate that for the 
temperatures of interest, grain boundary diffusion 
is the dominant transport process. 

L Robert 1. Holman, (Ph.D. thesis), University 
of California, July 197Z, 18L-880. 
Z. Robert 1. Holman and Richard M. Fulrath, 
Intrinsic Nonstoichiometry in the Lead Zirconate
lead Titanate System Determined by Knudsen 
Effusion, J. ofAppl. Phys. 44, [lZ] SZZ7 (1973). 
3. K. Torkar, H. Krischner and H. Moser, Ber. 
Deut. Keram. Ges. ~3, 259 (1966). 

3. KINETICS OF SOLID STATE REACTIONS IN THE 
PbO-Zr02-Ti02 SYSTEM 

Sudhir S. Chandratreya and Richard M. Fulrath 

TI1e PZT system contains TI1aDY compositions of 
considerable teclmological importance due to their 
pronounced ferroelectric properties. A number of 
investigations have been conducted to correlate 
PZT properties to their composition, various 
additions and sintering conditions. Reproducibi
li ty, however, remains elusive due to lack of 
standardization in the processing of the ceramics. 

One of the first steps in the processing of 
PZT is "calcination" in which the synthesis of 
the solid solution of controlled stoichiometry 
from the powder mixture of PbO, Ti02 and Zr02 
tal(es place. Typically, calcination is done 
between 800 to 1000°C from a few minutes to several 
hours with no single standard process being 
specified. Reports have been made as to the pro
found effect of calcination conditions on the 
sinterabilityl,2 and electrical properties3 of 
the final ceramics. The present study was 
undertaken to characterize the nature and kinetics 
of solid state reactions taking pkace during 
calcination. The previous report dealt with the 
investigation of various intermediate reactions 
leading to the final solid solution. The present 
report will focus on the kinetic aspects of the 
solid states reactions, in particular the formation 
of the two compounds PbTi03 and PbZr03 that form 
the end members of the pseudobinary 
(Pbx(Zr, Ti) (1 «x) 03 solid solution system. 
Thermogravimetry (TG) and Differential Thermal 
Analysis (DTA) were the teclmiques primarily 
used towards this end. 

The raw materials used were all of high purity 
and known crystalline form. Two types of Ti02 
were used: the powder for TG was single crystal 
boule of rutile crushed to the appropriate size 
range; the powder for DTA was anatase of submicron 
particle size and high specific surface area 
(10.7 m2/g). For DTA, equimolar mixtures of PbO 
(massicot) and anatase as well as massicot and 
Zr02 (baddeleyi te) were milled to the micron size 
range. 

DTA studies were conducted primarily to obtain 
the apparent activation energy for the solid state 
formation of PbTi03 w1d PbZr03' KissingerS and 
Levski 6 have developed a teclmique whereby an 
apparent activation energy (Eact) can be obtained 
from the shift of the temperature maximum (Tmax) 



of a DTA peak with different values of the heating 
rate (¢). The following relation has been derivedS 

d [£n T2 ¢ J 
max ----

E act 
-R-

2 A plot of tn(¢/T ) vs (l/T ) has the slope max max 
(- Eact/R). On the basis of data at three heating 
rates (20°C/min, 10°C/min, SOC/min) the value of 
'Eact' was calculated to be 36 kcal/mole for 
PbTi03 formation and 101 kcal/mole for PbZr03 
formation. Values reported in literature range 
from 45 kcal/mole4 up to 103 kcal/mole 7 for 
PbZr03 and 45 kcal/mole 8 for PbTi03 formation. 
It is possible that two or more mechanisms with 
differing activation barriers operate under 
differen t experimental conditions leading to di ver
gen t values of activation energies. The effect 
of particle sizes of the reactants, the effecti ve
ness of mixing methods, the compaction techniques 
could be variables leading to different results. 
Detailed study of the effect of these variables 
is presently under way. 

TG experiments were conducted on rutile crystals 
exposed to PbO vapor to monitor progress of PbTi03 
formation. Rutile crystals of variOlLs particle 
sizes were kept in a platinum basket suspended in a 
platinum crucible containing PbO powder. Isothennal 
weight gain was monitored for periods up to 24 
hours for three different particle size ranges. 
Fraction of reaction completed (x) was calculated 
from the \veight gain and was plotted vs. time at 
900°C for a given size range of rutile. 
111eoretically, progress of reaction can be plotted 
if a rate controlling mechanism is assumed. For 
a non-porous spherical particle of Ti02 with PbO 
as the mobile specie if phase boundary reaction is 
the rate controlling mechanism, the following 
relations should ideally be obeyed 

1 - (1 - x) 1/3 kt 
ReXP 

o 
(
_ Bact) 

RT k*t 

where x is the fractional reaction completed, Ro 
is the initial particle size of Ti02, Bact is the 
activation energy, R is the gas constant, and k is 
the pree),:ponential constant. 1his relation was 
also plotted for k* = 1.6 x 10- 2 The correlation 
with the experimental data was satisfactory. 
Devia tions from the theoretical plot are to be 
expected considering the variation in value of Ro 
from 30 up to 37 )lm as well as deviation from 
ideal spherical shape of the actual particles. 
Similar experiments on rutile of size range 10 to 
20 jJln and 1 to 10 )lm were conducted. Smaller 
particles, however, indicate larger deviation 
from theory at higher values of x with better 
correlation to theory at lower values of x. It is 
postulated that while the phase boundary reaction 
is the rate controlling step for larger particles, 
for smaller particles 3110ther mechanism such as 
diffusion of reactant through product layer or 
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external diffusion of PbO are the rate controlling 
steps. 

111e above e:A.'}Jeriments indicate the complex 
nature of the solid state reaction kinetics in the 
PZT system. However, the importance of the study 
lies in its potential benefits in the manufacture 
of PZT. For example, if calcination temperature 
311d time are reduced, signific311t energy and cost 
saving can be realized. Loss of PbO by volatiliza
tion during calcination, a health hazard, can also 
be mininrized leading to better control over 
stoichiometry of PZT. While under-calcination 
results in poor properties of the final product, 
over-calcination can lead to poor sinterability 
311d lack of control over stoichiometry. Proper 
balance thus should be possible only through better 
characterization of calcination and related solid 
state reactions. 

1. H. Iwasaki, Jap. J. App1. Phys. i (3), 190 
(1965). 
2. D. A. Buckner and P. D. Wilcox, Bull. Am. 
Ceram. Soc. 51 (3), 218 (1972). 
3. A. E. Robinson and D. Luff, Trans. Brit. Ceram. 
Soc. 61 (2), 94 (1962). 
4. S-:-S. Ch311dratreya and R. M. Fulrath, Mt"lRD 
Annual Report for 1975, p. 109. 
5. H. E. Kissinger, J. Res. Natl. Bur. Std. 57, 
217 (1956). -
6. 1. K. Levski, Rus. J. Phys. Chem. 39, 982 
(1965). 
7. H. Sasaki, J. Am. Ceram. Soc. ~ (10), 515 
(1964) . 
8. A. lvlangel and J. Doskocil, Bel'. Dt. Keram. Ges. 
51 (11), 329 (1974). 

4. QUAl\lTIZING THE POLARIZATION OF LEAD ZIRCONATE
TITANATE 

Scott Hewett and Richard M. Fulrath 

Polycrystalline lead zirconate-titanate (PZT) 
ceramics are used as piezoelectric materials in 
several applications. Some of the uses are as 
sonar transnri tters, u1 trasonic cleaners, electronic 
band pass filter elements and even heart pumps. 
A crucial step in the manufacture of all of these 
devices is the poling process. Poling consists 
of applying a strong external electric field in 
order to leave the ceramic with a net dipole. 

111e poling process has typically been charac
terized by the time, temperature and field applied 
during poling. In this study, the charge displaced 
during poling was measured 311d plotted continuously 
on an x-y plotter as a function of the applied 
field. Plots were made at various temperatures 
for the same composition of PZT. A typical family 
of isothermal curves is shown in Fig. 1 for a 
composition of Pb(ZrO.5ZTiO.48)03 and 1.S% /YIn. 

Measurement of the planar coupling coefficient 
for the samples showed no correlation of this 
piezoelectric effect and the temperature at which 
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Fig. 1. Polarization vs. applied field at various 
temperatures for PZO.S2T0.48 and 1.5% Mn. 

(XBL 7712-6537) 
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the sample was poled or the maxiJ1lUJ1l field applied. 
All samples reac~5d the same saturation polarization 
value of 161 x 10 coulombs/cmZ. This value is 
8Z% of the maxiJ1lUJ1l polarization estimated for a 
single crystal of PZT. l'>lost of this saturation 
polar~zati?n is not retained by the san~le after 
~he held IS removed due to lattice strain energy 
Introduced by the domain switching. The value of 
remnant polarization is probably on the order of 
20 to 30 x 10-6 coulombs/cm2. The way to increase 
the rennant polarization, and hence improve the 
piezoelectric properties of these ceranrics would 
be to relieve the strain associated with domain 
switching and not by applying higher fields, as 
these results show. 

When the tog of the field at saturation is 
plotted against the reciprocal of the poling 
temperature, a plot such as Fig. Z is produced. 
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Fig. 2. Field at saturation vs. 1000/T K for 
PZO.SZTO.48 and 1.5% ~h. (XBL 7712-6541) 

This type of plot is typical of an activation-type 
process. From this graph it is possible to predict 
the field required for saturation polarization to 
occur at a particular temperature. It should be 
noted that the field required at room ten~erature 
is greater than the dielectric strength of the 
material and also that these graphs are meaningless 
above the Curie ten~erature of the ceranlic. 

S. EXPERlIvlENTS IN LIQUID PHASE SINTERING OF Si3N4 

Jay Wallace and Richard Fulrath 

Silicon nitride has been proposed for use in 
areas where high temperature strength, thennal 
shock resistance and resistance to oxidation are 
important. The chief problem at present is 
processing Si3N4 powder to produce dense products 
which have the high temperature strength that IS 
characteristic of pure Si3N4 since current 
tec~ology requires additives to realize high 
densIty. The solution lies in control of the 
microstructuer; more specifically, control of the 
grain boundary phase. 

. Initially the work was to prepare Si3N4 samples 
':'Ith a controlled grain boundary phase to be used 
In room temperature and high temperature bend 
strength measurements. Fabrication work pro ceded 
along two separate lines: 1) additions of volatile 
liquid phases and 2) additions of silicious 
glass-cera~ics. Due to difficulties in producing 
dense specImens wIth a controlled grain boundary 
phase for strength measurements the effort was 
aborted. 

Volatile liquid phase sintering has been 
successful with materials such as MgO (LiF liquid) 
and PZT (PbO liquid). The liquid phase fonns at 
sintering temperatures and allows rearrangement 
of particles and high atomic mobility to promote 
rapid densification. As densification continues 
the void volwne decreases and the liquid phase 
evaporates until, ideally, the body is dense and 
no liquid phase remains. The proposed requirements 
for the additions were that the liquid phase would 
fonn betwe~g 1500 aJ.la l550°C, have a vapor pressure 
betwe~n 10 and 10 atmospheres at l500°C, 
vaponze congruently and not react with Si~N4 to 
fonn a compound. Preliminary work showed that 
several metals, Co, Ni, Sn and Cu, had the 
required properties but would not wet Si3N4; 
densification of the compact thus was not promoted. 
Sili~on with boron addition did wet Si3N4 but 
requIred that the smnple be fired in a neutral 
atmosphere to prevent reaction with either or 
NZ' It was found, however, that decomposition of 
SI3N4 became a problem when samples were fired in 
atmosI?heres other than one atmosphere Nz. TIle 
fluondes, starting with LiF, were then tried. 
Lithium fluoride at l500°C proved too volatile to 
promote complete densification before all of the 
liquid had evaporated. Other fluorides with 
decreasing volatility, as detennined by the Hertz
Knudsen-Langmuir equation, were then selected. 
MgF2' CaF2, SrF2 and BaFZ with volume fractions of 
0.05 to O.ZO were tried. The BaFZ addition was 
the most promising resulting in a final density of 



88% for a 10 v/o addition fired at 1550°C in one 
atmosphere N2 for 12 hr. X-ray diffraction showed 
no traces of BaF2 after firing. 

The second objective of the investigation 
centered on additions of (non-volatile) siliceous 
glass-ceramics. It was felt that siliceous glass
ceramics would wet Si3N4 and form a high strength 
composite body. The glass ceramic was required 
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to be a liquid at the sintering temperatures, to 
match the coefficient of thermal expansion of Si3N4' 
and to form a strong fine-grained polycrystalline 
ceramic with appropriate heat treatment. Initial 
investigation showed a 5 v/o addition of 
S-spodumene, Li20'Al20304Si02, could produce a 
sintered density of 88% of theoretical. Work 
continued with additions of zero to 10 vol% liquid 
phase to study the effects of varying the sintering 
time and temperature. Final density was found to 
increase with increasing sintering time, temperature 
and volume fraction liquid. However, reaction of 
Si3N4 with S-spodumene to form solid solutions, 
sialons and S' Si~4' increased more rapidly than 
increase of the density. Another glass-ceramic, 
3BaO'5Si02, was also tried with similar results. 
Since the reactions to form the solid solutions 
changed the composition and properties of the grain 
boundary phase, systematic studies of the strength 
of the composite body were not undertaken. 

6. EFFECT OF SURFACE TREATMENTS ON STRENGTH OF 
PZT CERAlvII CS 

Dipal R. Biswas and Richard]vl. Fulrath 

In the ceramic industry, surface finishing of 
the component parts is very important, particularly 
from the point of view of strength. A wide variety 
of surface finishes can be generated grinding, 
abrading and pOlishing. 111e grinding and abrading 
might produce extrinsic surface cracks whereas 
polishing might remove some of these cracks. 
Besides the possibility of extrinsic cracks being 
generated by the different machining processes, 
there might be some intrinsic flaws in poly
crystalline ceramics. The present work was 
undertaken to determine the effect of various 
surface treatments on strength of a highly dense 
polycrystalline lead zirconate-titanate (PZT) 
ceramic and its failure mechanism. 

In PZT ceramics (average grain size 2 to 5 vrn) 
the grain growth during processing was controlled 
by doping with 1 mole % niobium oxide. The samples 
were fabricatedl by sintering at l200°C for 8 hr 
in one atmosphere pressure of oxygen. It was 
found that a small amount of excess PbO (5.5 w/o 
in this case) enhances the sintering process. 
A packing powder (PbZr03 + 5 w/o Zr02) technique 
was used during the sintering process to prevent 
PbO loss from the specimen and to maintain the 
stoichiometry. A wide range of surface treatments 
were given to the bend specimens after slicing 
from the sintered disks by using a precision 
diamond blade. A set of eight specimens were 
used for each series: a) as cut, b) as cut plus 
rounded edges (by using a rotating diamond wheel), 
c) with polished tensile surface, d) with polished 
tensile surface plus rounded edges and e) with 

polished tensile surface plus rounded edges plus 
etch (with HCt/HF mixture). All specimens were 
tested in a four-point bending machine and the 
fracture origin was detected by using a scanning 
electron microscope. 

It was found from the bend tests that the 
strength variation (79.30 to 82.70 ~N/m2) with 
respect to different surface treatments is 
insignificant. If polishing removed critical 
surface cracks, the strength should have increased, 
but in this case there is no change in strength. 
This behavior indicates that the original surface 
flaws are not more severe to cause failure. The 
fracture surfaces are shown in Figs. 1 and 2. In 
as-cut specimens, the fracture initiation was at 
the edge of the specimen (Fig. 1a) and/or at the 
width of the bend specimen (Fig. lb). Rounding 

Fig. 1. 

( a) 

(b) 

Fracture surfaces of as-cut specimens. 
(XBB 770-10389) 



off the edges, IDlnlIDlzes the edge failure 
(Fig. 2a). In case of polished tensile surfaces, 
polished tensile surfaces plus rounded edges plus 
etch specimens, the failure occurs (Fig. 2b, 2c, 
and 2d, respectively) at or near the tensile 
surface. It is interesting to note that the crack 
initiation morphology in most cases is very 
similar and the crack size is quite large (around 
200 to 300 )Jm in length or in depth). This 
indicates that the failure mechanisms should be 
the same for all specimens irrespective of various 
treatments. 
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It was found that materials with low elastic 
modulus and high internal friction contain many 
microcracks. 2 Previous experimental results on this 
particular ceramic showed that it has a low elastic 
modulus and a high internal friction. It is thus 
clearly uldicated that this material contains many 
inherent microcracks. A reason for the existence 
of microcracks may be attributed to the use of 
excess PbO to realize a liquid phase sintering 
mechanism in the fabrication of the PZT ceramics. 
During sintering, if the excess PbO is not 
completely evaporated to the packing powder, the 
remaining PbO during cooling from the sintering 

(a) 

temperature remains at the grain boundaries. It 
may be the source of microcracks because of the 
thermal expansion differences between PZT and PbO 
phases. The thenllal expansion anisotropy gives 
rise to boundary stresses that produce the micro
cracks. Secondly, in presence of excess PbO, 
rapid densification might occur in a localized 
region which can lead to stress development that 
is sufficient to form microcracks in the material. 
In bending, as the stress level increases, these 
microcracks are probably linked up to form a large 
crack that causes the failure. 

To support the evidence of having nricrocracks 
in the presence of a small amount of excess PbO, 
a simple experiment was conducted. A small amount 
of PbO was placed on top of a fired PZT specimen 
and heated at 950°C (m.p. of PbO is 888°C) for 
one hour in air. After cooling, the specimens 
were examined by using the SEM. Large cracks 
were observed as shown in Fig. 3a and 3b. The 
liquid PbO penetrates along the grain boundaries 
or the microcracks; during cooling, because of the 
thernill_l expansion difference between the phases, 
large cracks are produced. Similar experimental 
evidence for the development of microcracks in 

(b) 

(c) 100 Jlm (d) 
b-d 

Fig. 2. Fracture surfaces and fracture origin of specimens (a) as-cut 
!'llus rounded edges, (b) with polished tensile surface, (c) with polished 
surface plus rounded edge, and (d) with pOlished tensile surface plus 
rounded edges plus etch. (XBB 770-10388) 



(a) 

Fig. 3. Large cracks on PZT specimens formed by 
placement of PbO on surface and heating at 950°C. 

(XBE 770-10390) 

SiC and 13 compacts \~as observed by Evans 3 in which 
13 acts as a sintering aid. 

From the size of the fracture initiating flaw, 
the fracture touglmess, KIC, was calculated by 
using the Griffith-Irwin equation: 

where of is the fracture stress, a is the flow 
depth in case of surface flaw, Z is the flaw 

(1) 

shape parameter and Y is a dimensionless parameter. 
An "a" value was measured from flaw configurations, 
and Z and Y values were taken from Ref. 4. Then, 
using experimental of values, the KIC value was 
calculated fro~ Eq. (1) and found to be approximate
ly 1.40 MN m-3;2. ThE; experimentally measured1 KIC 
value was 1.60 MN m- 3/ 2 for this ceramic. Thus, 
by using the flaw size measurement the calculated 
fracture tougbilless value closely matches that 
obtained experimentally. 
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Surface finishing might improve the strength 
of· some polycrystalline ceramics if the strength 
is controlled by extrinsic surface flaws that can 
be removed polished or other treatments. In 
case of PZT, , which is essentially a two-
phase system, surface treatments of bend specimens 
do not affect the strength because extrinsic flaws 
generated by machining are less severe than 
intrinsic microcracks that are produced in presence 
of a small amount of excess PbO phase. 
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7. RESEr'\RCH PLAl\)S FOR CALENDAR YEAR 1978 

Richard M. Fulrath 

Richard M. Fulrath died on July 16, 1977. The 
programs of study dealing with sintering, 
processing of PZT ceramics, kinetics 311d mechanisms 
of powder reaction, thick film conductors, and 
mechanical behavior are being supervised by 
Joseph A. Pask until their completion. Programs 
dealing with phase equilibria are supervised 
by Alan W. Searcy until their completion. It is 
expected that a new principal investigator, who 
will also be an academic member of the Department 
of Materials Science 311d t-lineral Engineering on the 
campus, will join the ceramic science group sometime 
during the swnmer of 1978. 

a. Sintering of Powder Compacts 

Sintering studies of TiC-Ni compacts both with 
and without org311ic binders are continuing. The 
presence of the carbon from the binder shows a 
signific311t effect on the sintering behavior. 
Kinetics and mechanisms will be evaluated. 111e 
hot-stage electron scanning microscope is being 
used extensively in this study. The ESM will also 
be used to study mass distribution mechanisms 
during sintering of different kinds of materials, 
both in the absence and presence of a liquid phase. 

b. Piezoelectric and Ferroelectric Cer31nics 

Alwninum oxide refractories and containers are 
extensively used in the production of PZT cer31nics. 
Potential reactions that may affect the stoichio
metry of the PZT are thus important to wlderstand. 
Mechanisms and kinetics of the formation of 
reaction phases will be determined. Diffusion 
of PbO in alwnina will also be investigated. 



Studies on the processing of PZT ceramics will 
emphasize the effect of the nature of the starting 
powder on poling properties. Kinetics and 
mechanisms of the solid state reactions to form 
PT and PZ are being studied. 

Co TIlick Film Conductors 

Phase distribution in thick film conductors is 
extremely important in order to realize con
ductivity with a minimum amount of metal. 
Fundamentals related to this problem are being 
studied. Silver is nonnally used. Attempts to 
develop conductors with use of cheaper metals will 
be made. 

d. f,13chanical Properties of Ceramics 

TIle effect of the nature of the pore structure 
and distribution in porous alumina bodies on 
strength, thermal shock, and touglmess will be 
studied. These data will also be correlated with 
intel11al friction measurements. 

8. 1977 PUBLICATIONS AND REPORTS 

Richard M. Fulrath and Associates 

and Books 

1. J. J. Dih and Richard M. Fulrath, Sintering of 
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2. O. Vardar, I. Filmie, D. R. Biswas and 
R. M. Fulrath, Effect of Spherical Pores on the 
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Fracture 13 (2), 215, April 1977. 
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No. F3361S-74-C-51S0, pp. 232-247, 1977. 
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1. David N. K. Wang, Sintering of A1203 Poweler 
Compact by Hot Stage Scanning Electron Microscopy, 
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e. Structural and Electrical Properties of Materials 

Robert H. Bragg, 

Introduction. The objective of our research on 
carbon materials is to understand the structure 
and properties of the broad class called hard 
(difficult to graphitize) carbons. In contrast 
with the other broad class, soft carbons, the 
hard carbons do not experience significant grain 
growth even when heated to temperatures up to 
3000°C, nor does the basic graphitic layer structure 
appear to become well ordered. We chose Glassy 
Carbon (GC), because it is the most suitable 
material available for a wide range of physical 
property measurements and at the same time has 
numerous teclmological applications. It happens 
that GC is also physically hard, and has a 
compressive strength as high as 70,000 psi. 

By the end of CY 1976 we had established that 
GC actually graphitizes as determined from growth 
kinetics, with an activation energy of 
215 ± 40 kcal/mole, surprisingly close to 
260 kcal/mole generally accepted for soft carbons. 
We had also found that the electrical properties 
of GC are very similar to those of amorphous 
semiconductors. TI1e electrical conduction has 
components due to boundary scattering, hopping 
conduction, and at low temperatures a Kondo 
mechanism component. The magnetoresistance, 6p/p, 
\Vas found to be a negative function of a single 
variable H/Tl/Z and to increase ",ith increasing 
heat treatment temperature up to 2800°C, but we 
had not understood why it is always negative or 
why it continues to increase. Our investigations 
of structure, particularly internal pore structure, 
using the technique of small angle x-ray 
scattering, had indicated that data capable of a 
kinetic analysis could be obtained, and while it 
was possible to obtain the radius of gyration R , 
the more basic structural parameter was the speeific 
surface area S/V because its interpretation is 
unambiguous. During FY 1977 our studies of 
structural characterizatior:. of GC were intensified 
and, to expedite data collection the possibilities 
of using the Stanford Synchrotron Radiation 
Laboratory small angle scattering facility or the 
Oak Ridge National Laboratory facility were 
investigated. Both offer order of magnitude 
reduction in time required to collect useful data, 
but the ONRL facility has the further advantage of 
simultaneous two-dimensional data collection and 
display, plus appropriate con~uter programs for 
data reduction which are already interfaced with 
the x-ray facility. 

We also are investigating composites grOlvn by 
directional solidification of eutectics because 
they avoid, or at least reduce difficult problems 
of fabrication and control of interfacial reactions, 
and at the same time permit some control of 
microstructure. The directionally solidified (DS) 
eutectics are the subject of intensive investigation 
for application in the hottest parts of gas turbines 
because they may make significant increases in 
efficiency possible. We have been investigating the 
AI-CuAl2 and AI-Si eutectics because they are 
excellent model systems for the metal-metal and 
metal-non-metal classes, and the latter is a 

widely used casting alloy. Both also possess the 
advantage that there is an abundance of information 
in the literature concerning the component phases. 
While these materials can have interesting 
electrical properties we have concentrated upon 
mechanical and thermophysical properties. An 
important finding has been that one can use simple 
hardness measurements to replace the far more 
expensive tensile test in many investigations of 
mechanical properties. A surprising development 
was the necessity to clarify uncertainty in the 
literature concerning the interphase relationships 
between the Al rich, K phase and the CuA12, e phase 
in the AI-Cw\lZ eutectic. Work during FY 1977 was 
concentrated upon texture determination and upon 
anisotropy in thermal expansion and elastic modulus 
in this system. Our concern throughout has been 
to detennine to what extent factors, ignored in a 
simple analytical model used to calculate the 
properties of composites from knowledge of the 
indi vidual component phases, must be considered. 
In the Al-CuAl2 system one can easily, and 
controllably, change the scale of the microstructure, 
i.e., the interlamellar spacing A, by changing the 
growth rate R. Thus apart from secondary 
considerations of texture we have concentrated upon 
finding how the chosen physical property is affected 
by changes in A. Results obtained in CY 1977 
follow. Most are abridged versions of technical 
reports, manuscripts in press or to be submitted 
for publication, M.S. or Ph.D. theses. 

1. lvITCROSTRUCTURE AND KINETICS OF VOID GROVvIH IN 
GLASSY CARBON 

S. Bose and R. H. Bragg 

The microstructure of glassy carbon (GC) through 
high resolution electron lnicroscopic lattice 
imaging is described. Since x-ray diffraction, 
(XHD) provides a very important technique for 
structure and microstructure evolution investiga
tions, we have endeavored to standardize a 
procedure for m{D line profile analysis of GC. 
The method is presented in brief. Small angle 
x-ray scattering (SAXS) has been used extensively 
in characterizing void parameters and their 
evolution on heat treatment in GC. Pyrolytic 
graphi te (PG) provides a material with oriented 
pores that are suitable to verify a theory of SAXS 
from oriented inhomogeneity. The concluding 
results are also presented. 

IIlicrostructure of Glassy Carbon and Kinetics of 
Void Growth 

The structure and properties of non- graphitizing 
carbons have been the subject of investigation of 
a large number of workers. Glassy carbon (GC) is 
a representative of the nongraphi tizing class. In 
our investigation of the microstructure and 
properties of L!vlSC GC we have used lattice image in 
TEM and x-ray analysis. 



Glassy carbon heat treated at 2700°C for 10 h 
was groLmd to a thickness of 2 mils. A 2 nun disk 
was then cut ultrasonically. This disk was 
mOLmted in an ion-mill using argon gas for 
about 100 h Lmtil it was perforated at the center. 
The disk was examined on a Philips [M30l electron 
microscope operated at 100 kV. In the phase 
contrast mode an aperture was used to allow imaging 
in the two beam' 00 .0-00.2' to occur. 

A micrograph taken slightly under focus is shown 
in Fig. 1. TI1e fringes correspond to the (00.2) 
planes of GC. The fringe separation is 3.4 A. 
Fringes are continuous over 50 A. The fringe 
pattern resembles the "Jenlzins ~'lodel"l shm'iJ1 in the 
inset. There are no definite crystallite 
bOLmdaries. The layers show extensive bending and 
stacking disorders are encoLmtered at places. The 
crystallite sizes taken as the distance of 
continui ty of fringes agree very well with values 
determined from XRD measurements. This work was 
done in collaboration with U. Dahmen and G. Thomas 
of MMRD. A paper incorporating this work has been 
accepted for publication in Journal of 
Ceramic 

Fig. 1. Lattice image of glassy carbon showing 00.1 
planes of 3.4Aseparation. (XBB 778-7454) 

One characteristic of the microstructure of GC 
is the presence of submicroscopic pores. This is 
evident both from the fact that GC gives rise to 
strong small angle x-ray scattering (SAXS) and that 
the density of GC is much smaller than that of 
graphite even though their crystallographic 
parameters a and c are not quantitatively very 
different. 

TI1e density of GC as a fLmction of heat 
treatment time (HTt) at different heat treatment 
temperatures (f-lt-IT) is shown in Fig. 2. It is 
clear that the total porosity, which causes a 
reduction in density, remains constant as long as 
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Fig. 2. Density of GC as a function of HIt. 
(XBL 776-5645) 

HTI remains constant. However, ralsmg the f-ITT 
increases the total porosity as shm'iJ1 by the 
decrease in density as in Fig. 3. One important 
conclusion, therefore, is that the total porosity 
is a non-kinetic entity. 
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Fig. 3. Density of GC as a function of HIT. 
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(XEL 776-5644) 

From SAXS measurements one can determine the 
specific surface area of the scattering system. 
In the case of GC this becomes the spectific 
surface area SIV of voids. SIV was deteTIllined for 
GC as a function of HTt at various HTI. This is 
shown in Fig. 4. The trend shows that the surface 
area decreases as !-ITt increases or as HTI increases. 
These curves could be fitted into a first order 
kinetics as shm'iJ1 in Fig. 5. From curve fitting 
the values of the rate constant k were determined 
for different HTI. Since k and T are related by an 
Arhenius type relation, a graph of lnk vs liT 
was made and it gave a straight line with a 
negative slope as shm'iJ1 in Fig. 6. The activation 
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energy of surface area kinetics came out to be 
60 ± 10 kcal/mole. This falls very close to the 
migration energy 70 kcal/mole of vacancies in 
graphite. It is, therefore, tempting to try to 
relate the surface area kinetics to a coarsening 
mechanism, where smaller pores close while larger 
ones expand, decreasing the specific surface area. 
TIw total porosity change, however, is non-kinetic 
and must be arising from the thennal expansion of 
gQses trapped in some of the pores, or from the 
anisotropic thermal expansion resulting in thermal 
stresses at pore edges and subsequent pore opening. 
The later mechanism is known to operate in poly
crystalline graphite giving rise to the "Mrozowski" 
cracks. 

Profile of 
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The procedure for XRD line profile correction of 
glassy carbon (GC) was standardized. In addition to 
the routine correction components, it incorporated 
the removal of small angle x-ray scattering part 
that often extends to beyond the first interference 
peak. It is important to note that for the broad 
peaks characteristic of GC, the Lorentz-Polarization 
factor is2 (1 + cos22e)/sin2e. TIle effect of low 
san~le absorption on the line distortion was 
analyzed following Keating and Warren3 and Bragg 
and Packer,4 and it was concluded that for the GC 
san~les studied the shift of the 002 peak due to 
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Fig. 5. Rate constants in void growth in GC. 
(XBL 776-5643) 

low absorption was insignificant. However, it has 
been shown that without corrections investigators 
working with GC can overestimate d002 by 0.06 A.. 
When it is recalled that the range of d002 from 
turbostratic to completely graphitic carbons is 
only 0.09 A., it is clear that highly erroneous 
conclusions can be reached about "degree of 
graphi tization" in GC lnaterials. It also appears 
that La may be illlderestimated by about 30 to 40% 
for low heat treatments if corrections are not 
made. These results are important because of 
their broad applicability to systems of current 
teclmological importance, particularly soft coals. 
A paper has been submitted for publication in 
carbon. 

Small Angle X-ray Scattering by Pyrolytic Graphite 

A theoretical analysis of small angle x-ray 
scattering (SAXS) from oriented ~articles was 
carried out by Hamzeh and Bragg. The preliJDinary 
experimental investigation carried out on the 
oriented voids in pyrolytic graphite (PG) was 
reported by Bose and Bragg. 6 The SAXS was 
equivalent to that from oriented ellipsoids of 
revolution. The pore dimensions determined from 
"Guinier" and "Porod" regions seem to agree very 
well. furthermore, the trend in which the 
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"Guinier sphere" radius varies with orientation 

45 

of the pores agrees very well with the theoretical 
prediction. 

A striking demonstration of the asynnnetry of 
the SAXS is ShOMl in Figs. 9 and 10. The data are 
computer printouts of two-dimensional SAXS data 
obtained from our PG samples by Hendricks and Lin7 
of Oakridge National Laboratory, using their 
10 meter SAXS facility. 111e connected curves are 
isointensity contours. The data show clearly that 
for Fig. 9 the scattering is approximately 
isotropic while for Fig. 10, the contours are 
elliptical. These agree qualitatively with our 
other observations. 

Despite the foregoing consistency it cannot be 
concluded that the voids are ellipsoidal. It is 
well knmvn that diffraction pattern of an 
asymmetric object will have a center of symmetry. 8 
Thus it is possible, even likely, considering the 
growth cone structure of PG, that the voids have 
shapes closer to hemispherical shells than true 
ellipsoids. 111ese results will be applied in the 

161 

2000 

1000 

500 

400 

(cps) 

300 

G C SAXS 

1200 0 I hr 

2700 • 2hr 

- - Background 

28 (deg.) 

Fig. 7. X-ray diffraction pattern of glassy carbon 
samples, uncorrected. (XBL 7711-6350) 

80-

60 

(orb. units) 

40 

20 

GC 
o 1200°C Ihr 
{} 2700°C 2hr 

Fig. 8. Corrected line profile of glassy carbon XRD 
pattern. (XBL 7711- 6355) 

studies of void growth kinetics of graphitizing 
carbons plalmed for FY 1978. A paper has been 
accepted for publication in Journal of Applied 
Physics. 
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Fig. 9. Circular symmetry of scattering from 
specimen cut parallel to deposition surface. 

(XBL 779-2477) 

Fig. 10. Elliptical synnnetry of scattering from 
specimen cut normal to deposition surface. 

(XBL 779-2476) 
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2. SMALL ANGLE X- RAY SCATTERING FROM DIFFUSE 
IN1ERFACES 

S. Bose and R. H. Bragg 

Small angle x-ray scattering (SAXS) has been 
used extensively in the field of materials science 
to study GP zones, to detennine size and surface 
area of dispersed particles and voids and more 
recently to follow the early stages of kinetics of 
spinodal decomposition. However, the power of 
SAXS in characterizing diffuse precipitate matrix 
interfaces has remained unused. 

The scattering intensity from an electron 
density p(u) which has sharp interface with its 
surrounding is given by 

where C(r) is the correlation function given by 

C(r) 1 

V( 
j p(u)p(u + y) dV-
V u 

(1) 

Following Hoseman and Bagchi 1 and Ruland2 an 
electron density Pdiff(U) with a diffuse interface 
can be written as a convolution between the sharp 
electron density and a smoothing function g such 
as a gaussian. TI1US 

Upon inserting (2) in (1) and taking Fourier 
transfonns of both the sides 

2 
IdiffCh) ~ I(h) [Geh)] 

where G is the Fourier transform of g, the 
smoothjng function. 

Using the inverse Fourier transform one gets 
the form of g 

(2) 



This expression cannot be used unless observations 
are made to considerably large values of h and 
unless interparticle interference is absent. The 
second restriction can rarely be overcome. It is 
safer, therefore, to use the Porod expression and 
the region of SAXE where it is valid. A simple 
approximation will be to assume g(w) to be 
Gaussian. In that case G(R) is also a Gaussian 
and 

where k/lZiT is a measure of the width of the 
diffuse boundary. Using Porod expressions and 
infinitely long and narrow slit approximations 

where S is the s12ecific surface area of interface. 
Thus a plot of h3r (h) vs h2 should be a straight 
line with a negative slope if the interface is 
diffuse. 

Before loss of coherency, spinodally decomposed 
systems are likely to have diffuse interfaces 
between the separated phases. However, in the 
early stages of spinodal decomposition there are 
thermal fluctuations in concentration comparable to 
the composition modulation. This is why only later 
stages of aging should be considered. 

The data of Bonfiglioli3 on Al-20 at.% Ag are 
plotted in Fig. 1. TIle composition at room tempera
ture is wi thin the spinodal. The data fall on a 
straight line with a negative slope. The width 
of interface is about 14 A. while Guinier radius of 
minor phase is 80 A.. 
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Fig. L SAXE from Al-20 at. % Ag showing negative 
departure from Porod's Law. CXBL 777-5739) 
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Tomozawa's data4 on phase separation of 
Li20-SiOZ glass (shown in Fig. 2, upper two curves) 
also falls on straight line with a negative slope. 
The particular composition is fairly within the 
missibility gap and is likely to have decomposed 
spinodally. The curve for 9 h annealing at 500°C 
clearly shows that the phase separation is 
complete, i.e., the interfaces are no longer 
diffuse. 

4 
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TOMOZAWA, M.: Phys. Chern. Glosses, Vol. 13,No. 6, 
(1972) 161-166 

Fig. 2. SAXE from a Li20 glass showing negative 
departure from Porod's Law. (XBL 777-5738) 

We have used this analysis to resolve questions 
concerning the nature of the interfaces in GC. A 
paper has been subnritted for publication in 
~etallurgical Transactions A. 

L R. Hoseman and S. N. Bagchi, Direct Analysis of 
Diffraction IIJatter, North-Holland Publishing Co. , 
p. 64 and 605 (1962). 
2. W. Ruland, J. Appl. Cryst. 4, 70 (1971). 
3. A. F. Bonfiglioli, ~etallic-Solid Solution, eds. 
Friedel & Guinier, W. A. Benjamin, Inc. p. XLl-l 
(1963) . 
4. M. Tomozawa, Phys. Chern. Glasses 13,161 (1972). 



3. 'n-IE TEXTURE AJ~D INTERPHASE REL"tTIONSHIPS IN 
DIRECTIONALLY SOLIDIFIED AI-CuA1Z EUTECTIC ALLOY 

Leopoldo Valero and Robert H. Bragg 

TIle AI- CW\lZ eutectic is fonned between the K 
phase which is a substitutional solid solution of 
Cu in AI (Al-5.7%Cu) with a face centered cubic 
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unit cell, and the 8 phase which is an intennetallic 
compound (CuA1Z) with a body centered tetragonal 
unit cell. The microstructure observed when this 
eutectic is directionally frozen is characterized 
by a preferred crystal orientation between the 
two solid phases stabilized by a selection of a 
low energy interface during growth. TIle {llUK II 
{Zll}8 interface is apparently such a low energy 
relationship for this system. Kraft l has demon
strated that this relation produces a very good 
atomic density by observing that in the 
8 phase the stacking sequence parallel to {2ll} 
contains four of aluminwn atoms grouped 
together fonning almost one single plane. All 
the atoms in this sil1gle or "puckered" plane would 
be close enough to exert a bonding force on the 
atoms in a neighboring {Ill} plane of aluminum thus 
fonning a stable low energy interface. 

To detennine the texture of the eutectic alloy, 
a specimen was solidified wlidirectionally with 
a growth rate of 12.9 I1m/s under a temperature 
gradient of 70. 7°C/em. A well aligned microstructure 
with 311 interlamellar spacing of 2.73 11m was 
produced (Fig. 1). data obtained in 

Fig. 1. Sketch of the eutectic grain used in this 
work, dralm from optical micrographs. 

(XBL 7712-6592) 

reflection from the transverse side (normal to 
the growth direction) with the x-ray diffractometer, 
showed that the {llUK and the {l2U8 planes were 
strongly reflected and they were selected to 
obtain the data for the pole figures. TIle 28 
31lgles are 38.40° for the {nUK planes and 37.95° 
for the {l2U8 planes when CuKcx radiation is used, 
and this proXilni ty causes interference, i. e. , 
partial overlapping between the two reflections. 
To eliminate this problem a method to obtain data 
for both phases was developed which consisted of 
recording the line profiles through the region of 
the overlapping reflections and resolving the 
pattern into two components (Fig. 2). 

Data for the {llUK and {l21}8 phases were 
analyzed separately; the necessary corrections for 
absorption were made and for each phase the 
corrected integrated intensities were converted 
to "times r31ldom" units following the method 
described by Bragg and Packer. 2 Pole figures for 
the {llUK phase and for the {l2U8 phase were 
plotted (Figs. 3 and 4). After superimposing the 
two pole figures (Fig. 5) the following crystal
lographic relationships were found: 

(Ill) K 

[110JK 

(211) e 

[120 J e 

Growth direction was close to [ii2JK. By trace 
31lalysis it was also possible to detennine that 
the lamellae grew parallel to the [122JK direction. 

This work has verified the existence of the 
interfacial relationship {nUK II {l21}e. Our 
results are in good agreement with those of Cantor 
31ld Oladwick,3 the only difference being that they 
reported their results in a general form and we 
are able to express the relationship by referring 
to two specific planes. The main discrepancy in 
the crystallography of this system among 
different investigatorsl , 3,4 is due to the exact 
location of the habit plane. We believe that this 
discrepancy can be resolved by following the 
variation of the relationships found here when the 
growth conditions are changed. TIle texture ill 
the work is for an intermediate growth rate. We 
would eA'Pect the texture to become sharper as the 
growth rate is reduced and approach the interphase 
relationships at thennodynamic equilibrium. 

1. R. W. Kraft, Trans. AIME 224, 65 (1962). 
2. R. H. Bragg and C. M. Packer, J. of Appl. Phys. 
35 (4), 1322 (1964). 
3. B. Cantor and G. A. Chadwick, J. of Crystal 
Growth 23, 12, (1974). 
4. I. G: Davies and A. He 11 awe 11 , Phil. Mag. 19, 
1285 (1969). 
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Fig. 2. A set of data showing (a) the merging of the two peaks into one when a~12°, 
(b) the peak profiles resolved. (XBL 776-9244A) 



Fig. 3. The {lll}K pole figure. 

Fig. 4. The {12l}e pole figure. 

INTENSITY LEVEL 

'TIMES RANDOM' UNITS 

o 0.50 
" 1.00 
o 2.50 
V 9.00 
o 12.00 
'" MAX. 

(XBL 7712-6600) 

INTENSITY LEVEL 
"TIMES RANDOM'UNITS 

o 1.00 
t;. 2.50 
o 4.00 
V 10.00 
<> 20.00 
@ MAX. 

(XBL 7712-6601) 
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Fig. 5. TIle two pole figures superimposed showing 
only the relevant features. (XBL 7712-6602) 

4 . THEI~\lAL EXP ANS ION 0 F DI RECTI ONALLY SOLI DI FI ED 
AI -CW\l2 ElITECTI C 

D. Baker and R. H. Bragg 

During CY 1977 extensive measurements were made 
of the thermal expansion of Al-CuAlZ eutectic 
material directionally solidified under a tempera
ture gradient G at the solid/liquid interface of 
45°C/cm at different rates R. TIle interlan~llar 
spacings A obtained between the Al- 5.7 eu (K) phase 
and the CuAl2 (8) phase varied from about 1. 4 ]Jm to 
7.5 ]Jm. An idealized nucrostructure that 
characterizes these materials is shown in Fig. 1. 

Specimens were cut so as to make thermal 
expansion measurements in the three orthogonal 
directions indicated. The apparatus used was a 
Theta IIIR dilatometer whose sensitivity in length 
measurements is quoted to be less than 2 x 10- 5 in. 
It requires cylindrical specimens whose length can 
be varied but in our case ranged from about 0.5 to 
1.5 cm. Pre1inunary runs were made on specimens 
99.999 purity Cu and AI to verify our procedures 
and the reliability of the apparatus. Data 
obtained for pure Cu are shmvn in Fig. Z wherein 
the best literature datal are also shown. It can 
be seen that there is a small systematic error 
in the instrument which is attributed to the thermal 
expansion of the fused quartz pushrods. 

Data obtained for a directionally solidified 
specimen which contains about 50 vo1% K phase are 
shmvn in Fig. 3. In this instance several cycles 
of heating and cooling were employed and significant 
residual din~nsional changes are found. The 
eutectic melts at 548°C and even the K and 8 
phases melt in the ranges 660 and 591°C. At 500°C 



Fig. 1. Coordinates for thermal expansion 
measurements (idealized crystal). (XBL 773-5200) 

La" O.3975±O.OOIO in. 

o Experimental 
!J Literature (Ref. I) 

3.0 
tJ. LlLcorr " LlLexp - Ll.Llit 

2.0 

1.0 

Fig. 2. Thermal expansion of 99.999 copper 
standard. (XBL 7712-6621) 

the eutectic is at 0.93 Tm. Consequently both 
phases can be expected to undergo some plastic 
deformation if the eutectic specimens are held at 
the higher temperatures for appreciable times. 
Procedures were developed to correct for the 
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7.0 

6.0 

5.0 

Tronsverse 

A "1.4",Fil 
Lo" 0.5334±0.00001 in. 

Cycle Descending 

lsI '" A 

2nd " 
., 

3rd v " 
o Corrected run 

thermal expansion 

200 
Temperature,OC 

Fig. 3. Cyclic thermal expmlsion of directionally 
solidified Al-CuAl2 eutectic. A ~ 1.4 vrn. 

(XBL 7712-6622) 

residual length changes, and it is felt that the 
corrected data, while less precise than for higher 
melting materials (such as Cu for which the 
homologous temperatUYe is only 0.50 Tm at 500°C), 
can still be interpreted with confidence. 

Results of thermal expansion measurements for 
material grown at slow, intermediate and fast 
rates are shovrll in Figs. 4, 5 and 6. As shov.'Il 
previously the interlamellar spacinZ A is related 
to the growth rate R according to A R ~ constant. 
The shaded areas on Fig. 4 represent the estimated 
uncertainty in the dilatation, LlL/L, which arises 
mainly from cumulative errors involved in the 
correction procedure. In this instance there is 
no question but that the thermal exp'Efis ion, 1. e. , 
in Fig. 4, longitudinal direction (Eb) is greater 

than that in the two directions at right angles to 
it, and the thermal expansion in the vertical 
direction (E~~) is grea}tr than that in the 
transverse dJxection (E 22). This specimen has an 

interlamellar spacing ), ~ 7.5)JJl1. The data of 
Fig. 5 show anisotropy between longitudinal and 
transverse directions at temperatures below 400°C. 
It is not certain that the crossover in Ez2 and E~~ 
at about 450°C is real or an error in 
recording or correcting the data. 'This specimen 
has an interlamellar spacing of A = 3.5 vrn, and it 



1.0 

0.8 

0.6-~ 

LiL/L 

% 

0.4 ~ 

0.2 -

A"7.5jJ.m 

o ~\h longitudinol 

" e:i~ transverse 

!:! E:~ vertical 

Temperature, °c 

Fig. 4. Thermal expansion of 
solidified AI-CuAl2 eutectic. 

1.0 

0.8 

LiL/L 
% 

0.6 

0.4 

0.2 

A"3.5p.m 

o Longitudinal 

A Transverse 
o Vertical 

A ~ 7.5 pm. 
(:>eDL 7712-6623) 
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1.2 

1.0-

0.8 

LiL/L 
% 

0.6 

0.4 

0.2 

PolycrysJalline Ingot Coordinates 

o Longitudinal 

A Transverse 
o Vertical 

Fig. 6. 1hermal expansion of directionally 
solidified }\1-CuA1Z eutectic. Ie ~ 1. 4 pm. 

(:A'BL 7712-66 

should be noted that 1) the anisotropy is less 
pronounced, and 2) the thermal expansion in all 
directions is greater than was found for A ~ 7.5 PJll. 

The specimen of 6 had a microstructure much 
less approximated by 1 than the other 

and the distinctions between Ez2 pertain 
exactly only to directions in the ingot material 
coordinate system rather than crystallographic 
orientation 1hus in this instance 
there is less crystallographic significance to the 
interchange of Ez2 and E~I~ compared to the order 

found for A ~ 7.5 m (Fig. 4). The most important 
finding is that in all three directions the thermal 
expansion is of the three growth rates. 

I t is of importance to eXaJ1Une the data for 
plausibili ty. To do this we use a simple model 

Fig. 5. TIlermal expansion of directionally 
solidified Al-CuAl2 eutectic. Ie ~ 3.5 ]JIll. 

(XBL 7712-6624) 



based upon the rule of mixtures taking account of 
the anisotropic thermal of the e phase. 
111is model predicts 

l 
[ (longitudinal) al~L\T; 

(1) 

[(transverse) 

(2) 

2 (vertical) 

Tv 

(3) 
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\\here (J,e" , and (Xl are thennal coefficien ts , 
11 Z 

Me and I-1z are elastic moduli eli vided by (l·v) , ve 
and vk are volume fractions, v is the Poisson ratio 
and LIT is the temperature change. 111e best 
available data for calculation are 

·6 
14.4 x 10 psi (Ref. 2); \'8 ~ 0.33 (Ref. 3), 

·6 
10.9 x 10 psi; vk ~ 0.33 , 

(X a 8 
16.5 x 10·6;oC (Ref. 4) , a 

100 

a c a 8001 
24.5 x 10· 6/ oC (Ref. 4) 

2'1.1 x 10·6;oC (Ref. 5) . 

111e interphase relationships in the A1·CuA12 
eutectic (see preceding article 3) are closely 
approximated by 

(121) 8 II (lll)k 

and the growth direction is (iI2 )k' 11ms it is 
necessary to make appropriate transfonnations to 
obtain the components of thennal expansion for the 
8 phase corresponding to Fig. 1. When these 
transfonnations are made it is found that the mean 
thermal expansion coefficients for the 8 phase are 

22.7 x 10.6 ;OC 

18.7 x 10·6/ oC 

a 8 
16.5 x 10·6;oC 

22 

When these values 
the isotropic K 

are combined with the data for 
and the quantities in the 

square brackets 
expansion coefficients [ii ~ -~- LIT, the =~~~~"'---:~='L"-~"::.:::.' 

>,+~,~,wd' mean thermal 

and can be compared with data for 
A ~ 7.5 pm. 

Table 1. ~1ean thermal e:>qJansion coefficients for 

au 

solidified i\l eutectic, 

Calculated r C 

24. '7 x 10.6 

21.3 x 10. 6 

22.6 
-6 x 10 

Experimental 
(II ~ '7.5 pm) 

21. 2 x 10. 6 

16.9 x 10. 6 

17.9 x 10. 6 

-.~~~~-.--

anisotropy. 
t is greater than 

th th th th 
a22 or (Y,33, (Y,33 should be greater than (XlI but only 
by about 6%. It should be bome in mind that the 
model docs not take into account the temperature 
dependence of the elastic module of the K and 8 
phases (so the calculated a's will be 
nor does it consider the in the elastic 
modulus of the 8 phase. 111e data the following 
article 5 indicate that [8U may be 10% greater 
than or 28.3."<)' but it IS not anticipated that 
the of cfie (X' s will be altered by a more 
detailed 

The of this 
are that of the '-V.''''''JJJ-
anisotropic, is largest for the growth direction 
than for the two orthogonal directions, both of 
which are within about 6% of each other, and is a 
function of A, being approximately equal to that 
of the 0 phase when A is large and approaching the 
rule of mixtures behavior as A is 
decreased. 

A possible explanation of the observed behavior 
is as follows: The tensile properties of lamellar 
composi tes are knowl to be a function of A. A 
graph of stress of tensile strength vs A ·1/2 
has one asymptote at large A increases approximate· 
ly linearly as A and approaches a 
second asymptote. ' indicates that 
the K bears as A decreases, 



It is known that the interfaces in the composite 
are coherent i.e., no slip occurs during 
defonnation. 8 Therefore thermal stress can build 
up at the 1(-8 interfaces and across both lamellae. 
Since the yield stress increases as A decreases 
the K phase can withstand larger thermal stresses 
before plastic deformation occurs. That is the 
thermal expansion of the K phase can conform 
easily to that of the 8 phase for large A, but 
should approach rule of mixtures behavior as :\ 
decreases. 
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Apart from the correctness of the proposed 
explanation the significance of the experimental 
findings are important for design purposes, 
especially if the composite contains one phase which 
is anisotropic. Since it is well known that the 
microstructure will coarsen upon prolonged high 
temperature exposure serious design errors can 
be made if based upon thermal expansion data 
obtained from material for which A is small. 

1. Y. S. Toul ouki an , Thennophysical Properties of 
High Temperature Solid !VIaterials, Vol. 1, pp. 17-18, 
462-463, (1967). 
2. A. Pattnaik, A. Lawley, Met. Trans. ~, 1529 
(1971) . 
3. B. Cantor, G. A. Chadwick, J. !VIat. Sci. 10, 
578 (1971). 
4. 1. G. Davies, A. He 11 awe II, Phil. !VIag. 19, 
1285 (1969). 
5. L. Valero, (M. S. thesis), University of 
California (1977). 
6. S. Justi, to be published. 
7. G. A. Chadwick, Acta. !Vl8t. 24 1137 (1976). 
8. A. S. Yue, F. W. Crossman, E. Vidoz, 
M. 1. Jacobson, TMS-AIME 242, 2441 (1968). 

5. TENSILE PROPERTIES OF DIRECTIONALLY SOLIDIFIED 
Al- CuAl2 EUTECTIC 

S. Justi and R. H. Bragg 

The velocity of sound v in a metallic material 
is related to the density p and the elastic 
modulus E through 

p 
(1) 

As described in Ref. 1 the elastic modulus can thus 
be detennined by ultrasonic measurements. Compared 
with finding the elastic modulus through tensile 
tests the ultrasonic method has the advantages of 
being both non-destructive and highly accurate. 

For measurements the resonant frequency of 
transverse vibration is usually taken, since it is 
the lowest of the three possible resonant 
frequencies, and it has the strongest amplitude. 
This resonant frequency of transverse vibration 
Vt is related to the elastic modulus E by 

2 (2) 

where M is the weight of the prismatic rod in grams, 
L is the length cm, a is the length cm of the edge 
which is parallel to the direction of vibration. 
However it is also possible to calculate the 
elastic modulus from the resonant frequency of 
longitudinal vibration, while the resonant 
frequency of torsional vibration yields the shear 
modulus. 

Rectangular bars of the approximate size 
10 cm x 1 cm x 1 cm were cut from directionally 
solidified ingots using a milling machine. The 
bars were polished and slightly etched for micro
scopic inspection of the alignment of the Al and 
A12CU phases, growth defects, grain boundaries, 
and other morphological characteristics. An 
Elastomat, (Reutlingen, Germany) was used for the 
ul trasonic measurements. The bars were suspended 
at the nodal points of the fundamental of trans
verse vibration, which is 0.2242 times the bar 
length away from the ends (Fig. lJ. 

Growth Direction 
J!/i!r 

Fig. 1. Setup for ultrasonic elastic modulus 
measurements. (XBL 7712-6619) 

The funda~ental resonant frequency of transverse 
vibration could easily be found. As already 
mentioned, it is the lowest of the resonant 
frequencies observed, and usually the strongest. 
To check its identity the overtones ,,,ere also 
recorded. Then the elastic modulus was calculated 
using Eq. (2). By using this value for the 
elastic modUlus the resonant frequency of 
longitudinal vibration was calculated, and compared 
with the resonant frequency for longitudinal 
vibration found in the ultrasonic test. The 
calculated value deviated from the measured 
frequency by less than 0.15%, which demonstrates 
the high accuracy of the method. The bar was then 
turned over by 90°, and the procedure was repeated 
to find the elastic modulus for the y-direction 
(see Fig. 1). In Fig. 2 the elastic moduli in the 
y qDd z directions are plotted vs the growth rate 
Rl/4. Although a recent paper2 concludes that the 
Al-Al2Cu eutectic does not show any anisotropic 
behavior, the results sho\\'l1 in Fig. 2 are contra
dictory to Ref. 2. The ultrasonic tests in the 
z direction indicate a higher elastic modulus than 
in the y direction. Bearing in mind the micro
structure as indicated in Fig. 1, the eutectic 
consists of Al2Cu platelets in an Al matrix. The 
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Fig. 2. Elastic modulus of directionally solidified 
Al-CuAl2 eutectic. Growth rate variable. 

(XBL 7712-6620) 

structure of the matrix is FCC, and ultrasonic 
tests taken on Al 5.7% Cu alloy for two different 
growth rates do not show a significant difference 
of the elastic modulus in the y and z directions, 
thus indicating, as expected, that the matrix is 
isotropic. The Al2Cu phase, however, has a body 
centered tetragonal structure, and for this phase 
one would expect anisotropy. If this is the case 
the eutectic would also be anisotropic. The data 
found here support this. At high growth rates the 
eutectic phases are no longer aligned, and an 
isotropic elastic modulus can be expected. 
Although the growth rates employed here were not 
high enough to demonstrate complete isotropy, the 
data sho\\II1 in Fig. 2 show that the difference in 
the elastic modulus for the y and z directions 
becomes smaller with increasing growth rates. The 
scatter of data in Fig. 2 is most likely due to 
microstructural defects (grain boundaries, bands, 
extra lamellae, etc.) in the bulk of the bars 
which could not be observed in the microscope prior 
to testing. TIle elastic modUli for pure Al and 
for the eutectic as calculated from the Rule of 
Mixture (RolVD are also shown in Fig. 2. They are 
in good agreement with the data found here. 

1. F. Foerster, Z. ~~tallkunde 29, 109 (1937). 
2. Y. C. Waung, D. E. Beskos, W-:-Sachse, J. lVlat. 
Sci. ~, 109 (1975). 

6. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Robert I-I. Bragg 

Our research findings on GC have far reaching 
implications for the understanding of both hard 
and soft carbons. We plan a rapid exploitation 
via several critical experiments whose rationales 

are as follows: 1) The non-kinetic density 
decreases are due to submicroscopic fractures 
which expose dangling bonds, i. e., unpaired spins. 
This may e:A.1l1ain why the /:>,pl P increases as the 
heat treatment temperature is increased. We will 
test this hypothesis by tensile straining of both 
GC and PG, i. e ., hard and soft carbons and 
measuring the change in /:>'p/p induced. The effect 
of compression will also be investigated. 

2) There are reasons to expect that the 
mobility ]1 in GC varies at ]1~rl/2. Since the 
expected magnetoresistance behavior is /:>'pl p ~ (]Jl-l) 2 
the H/Tl/2 single valued function we find would 
then have a natural explanation. In our previous 
work measurements of the Hall coefficient % were 
neglected but since RHo ~ ]1, accurate measurements 
of RH and 0, as well as /:>'p/p are needed. Our 
electrical measurements during CY 1977 were plagued 
by a leaky Dewar, but this problem should be 
resolved during CY 1978, and temperatures less than 
8 K (our previous low) should be possible. 
Extensive electrical measurements for selected/heat 
treatments are planned to test for the ]1 ~ T-l 2 
behavior and to determine if /:>,p/p saturates. We 
feel that negative magnetoresistance is associated 
wi th parama~E)Zism and if so /:>,pl p should saturate 
at large HIT / . 

3) In GC, graphitization and void growth appear 
to occur by self-diffusion and vacancy migration 
mechanisms , respectively. In soft carbons 
graphitization also occurs via self-diffusion but 
it is not known how void growth occurs. Using our 
developments in the characterization of oriented 
voids in PG we plan to study the kinetics of 
void growth in PG using the Small Angle Scattering 
Facility at Oak Ridge National Laboratory for 
measurements. If GC and PG are found to have the 
same activation energy for void growth we can 
conclude that the major difference between hard 
and soft carbons are the initial steric hindrances. 

4) Our results using ion milling techniques of 
specimen preparation of GC show only diffuse rings 
in TEM whereas in specimens prepared by crushing, 
micro size "new" forms of graphite crystals are 
observed. cfllese have been observed by others in 
material heated above 2700°C, but we find them in 
materials which has not been heated above l800°C. 
We believe they are artifacts of specimen prepara
tion and plan to clarify this point. Nevertheless 
we feel that graphite does undergo a phase 
transformation around 2200°C and plan some in-situ 
x-ray studies for corroboration. We plan to 
initiate work on graphite intercalation compounds 
during CY 1977. Some HOPG base material was 
obtained for this purpose and we will assembe 
apparatus for intercalations in CY 1978. 

The work on in-situ composites will be phased 
out. Specifically we will make transmission Laue 
photographs of the DS Al-CuAlZ eutectics over a 
full range of A's to ascertain if gross variations 
in texture occur. The A dependence of electrical 
resistivity will be measured, and exploratory 
measurements at low temperatures will be made. 
Finally we will compare hardness and tensile 
properties to determine if the one-to-one 
correspondence found for the Al-Si eutectic has a 
wider applicability. 
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SOLID 

1. EXPERiMENTAL SOUD STATE PHYSICS 

a. Far Infrared 

1. INFRARED SURFACE SPECTROSCOPY 

Robert B. Bailey, Shirley Chiang, Takeo Iri and 
Paul L. Richards 

Infrared radiation is a potentially important 
of the structure and composition of solid 

surfaces. HO\vever, because the 10\1 energy photons 
are difficult to detect and their interaction with 
surface layers is weak, the application of infrared 
spectroscopy to the analysis of single crystal 
surfaces has been limited. We have deve loped a 
sensitive thermal detection scheme for observing 
the small infrared absorptions of surface layers 
and have completed construction of an ultrahigh 
vacuwn system for sample preparation and spectral 
measurements. Studies of adsorbed chemicals on 
metal surfaces and of electronic surface states of 
semiconductors are under way. 

Infrared absorption by a layer of surface 
molecules is less than 1% for even the strongest 
absorbers. Weaker vibrational trans i tions of 
molecules at submonolayer coverages contribute 
absorptivities of only a few parts per million. 
Ampli tude instabilities in the infrared be3Jll tend 
to mask such small effects. Conventional optical 
measurements detect reElected or transmitted 
power and reduce the effects of instabilities by 
modulating either the wavelength or polarization 
state of the radiation. Instead of looking for 
small changes in a large background signal we 
measure directly the infrared power absorbed by 
the sample. A small doped germanium thermometer 
is attached to the crystal and at liquid helilUll 
temperatures the heat generated by 10- 13 IV of 
absorbed power is easily detected. 111is teclmique 
is most sensitive to surface effects when bulk 
absorption is small. 

Figure 1 shows the infrared spectnun of carbon 
monoxide adsorbed on an evaporated copper film. 
111e low frequency absorption is associated with 
CO molecules chemically bonded to surface copper 
atoms. 111e sharper line, which coincides with the 
absorption band in gaseous CO, is due to molecules 
physically adsorbed on the surface. To produce 
this spectrwn CO lVas first introduced with the 
sample at 77 K to form the chemically bonded 
state. An additional exposure at 1.5 K produce 
the physically adsorbed species. Following infrared 
measurements the sample was lVarmed above room 
temperature to desorb the molecules and another 
spectrum lVas measured. Figure 1 is the difference 
between the tlVO spectra. This is the first spectrum 
recorded in our UHV apparatus. Ilhen the system is 
optimized the signa1- to-noise ratio should be 
hundreds of times greater. 
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Fig. 1. Infrared spectrwn of CO adsorbed on copper. 
(XBL 7712-6584) 

111e ul tralligh vacuwn chamber constructed for 
this experiment features a cold finger coupled to 
a liquid heliwn , an ion gun for sample 
cleanino and an gun for sample heating. 
Metalli~'films are deposited from a fila·· 
ment and gas molecules are introduced a 
collimated beam source. The source of the infrared 
beam is a rapid scan Fourier transfonll spectrometer 
interfaced to an on -Ene computer for data 
acquisi tion and cUlalys is. Spectral measurements 
are made at a sample temperature of 1.5 K. 
Temperatures up to 1000 K are produced by electron 
bombarclmen t . 

is greatest in our detection scheme 
if the sample heat capacity is minimized. 
Polycrystalline metallic samples are prepared by 
evaporating thin films on 10\1 heat capacity 
sapphire substrates within the UHV system. Thin 
single of nickel grO\m epitaxially on 
sodiwn substrates are also being prepared 
for infrared measurements. 

2. FAR INFRARED PHOTOCONDUCTIVIH OF UNll\,\IALLY 
STRESSED GEl7J\li\NIlJ[Il 

lVlark R. J[ueschen, Andrej G. Kazanskii and 
Paul L. Richards 

Extrinsic photoconductive detectors, in which 
infrared photons excite electrons or holes from 
impurity levels within band gap of a semiconductor 



into the conduction or valence band, are easily 
made from doped germanium or silicon, and are 
sensitive to radiation from 10 to 120 )Jlll, depending 
upon the chosen impurity. Photons with wavelengths 
longer than 120 )Jlll do not have enough energy to 
free a carrier from even the shallowest impurity 
levels and must be detected by other means. 
Bolometers are sensitive at these long wavelengths 
but have slower response times, so that extension 
of photoconductive detectors to longer wavelengths 
is desirable. 

This can be accomplished by applying uniaxial 
stress to a doped gennaniwn detector, which 
decreases the ionization energy of the donors 
or acceptors by lifting the degeneracy of the 
valence band edge. lvleasurements have been made of 
the shift of the spectral absorption edge with 
strain for stresses up to 6.6 x 109 dyne/cm2 
applied along the [100] and [Ill] directions. 
C;allium, aluminwn, and boron -doped gennanium were 
all used as detectors and operated at temperatures 
of 2.0 and 7.5 K. Detector dimensions were 
1 x 1 x 6 nun with the stress applied along the long 
dimension. 
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Fig. 1. Shift of the onset of photoconductivity 
with [100] stress in Ge:Ga. (XBL 775-5536) 

These measurements have shmvn that the decrease 
in acceptor ionization energy is greatest for 
stress applied along the [100] direction. The 
long wavelength cut-off for germanium doped with 
2 x 10 14 gallium atoms per cm2 was shifted from the 
zero stress value of 114 to 200 )Jlll with a stress 
of 6.6 x 109 dyne/cm2 along [100]. The measured 
shifts of the photoconductive threshold at 2 K 
were combined with published theoretical calcula
tions to give values for the deformation potentials 
b and d. 
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When the detectors were operated at 7.5 K, 
spectral lines were observed at wavelengths longer 
than the threshold wavelength. 111ese correspond 
to photoexci tation of the acceptor level followed 
by thenllal ionization. The shift of these lines 
with stress has been studied and indicates that 
in general, at high stress (> 3 x 109 dyne/ cm2) 
the ground state is more sensitive to stress than 
the excited states. In the limit of high stress, 
the photothennal ionization spectrwll of Ge: Ga 
approaches that of a hydrogenic impurity in a 
non-degenerate semiconductor. 

Ge (An p!t{ml· ··-1:f 

2 
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Fig. 2. Photothermal ionization spectra of Al in 
Ge as a function of [Ill] stress. The lines change 
with increasing stress from ones characteristic of 
the doubly degenerate valence band to those 
characteristic of a non-degenerate band. 

(XBL 777-5734) 

Another direction of effort is toward the 
measurement of the responsi vi ty and noise of a 
stressed gallium-doped germanium photoconductive 
detector in low background operation. Such a 
detector may prove very useful in infrared 
observations from space platfonns. 



3. FAR INFRARED BOLOrvlETER DETECTORS 

Jolm Clarke, Norman S. Nishioka, Paul L. Richards, 
David P. Woody and N.-H. Yeh 

Over the past five years we have pursued the 
development of improved thennal (bolometric) 
detectors of far infrared radiation. This project 
has now been successfully completed. We have 
developed techniques which permit us to construct 
detectors with a variety of parameters which have 
high optical efficiency and low heat capacity, 
and which are limited essentially by fundamental 
thermal fluctuation noise. In low background 
applications we have achieved at least a two order 
of magnitude improvement in specific detecti vi ty 
compared with previously available values at the 
same operating te~)eratures. 

nvo types of detectors have been developed: 
The superconducting composite bolometer (Clarke, 
Richards, and Yeh) is available for operation 
only at ~ 1.3 K. It has especially small inverse 
frequency noise and is therefore usef~ for 
ultimate sensitivity (NEP = 1.7 x 10- WvHZ) at 
low modulation frequencies (~ Z Hz). 111e semi
conducting composite bolometer (Nishioka, Richards, 
and Woody) has been operated at both I-le4 tempera
tures (NEP = 3 x 10-15 w/vHZ, T = 1.Z K, 10 Hz) 
and at He3 temperatures (NEP = 6 x 10-16 W/IHZ, 
T = 0.35 K, 30 Hz). This last detector is the 
most sensitive infrared bolometer ever made. It 
is used for the cosmic background mea~urements 
described in article 4 below. 111e He temperature 
semiconducting composite bolometer is the basis of 
the surface spectroscopy measurements described 
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in article 1 and the far infrared sky survey 
described in article 5 below. The absorbing surface 
of each of the bolometers described above is a 
4 x 4 x 0.03 mm slice of AIZ03 coated on the 
reverse side with ZOO eJ/D of Bi. This structure 
provides high optical efficiency (50%) with low 
heat capacity in the submillimeter wavelength 
range. 

4. A NEW ~'lEASURE!\lENT OF THE NEAR -MILLHlETER 
SPECTRUM OF TI-IE COSMIC BACKGROUND RADIATION 

David P. Woody, Norman S. Nishioka and Paul L. 
Richards 

We have made a significant improvement in the 
determination of the near-millimeter spectrum of 
the cosmic background radiation (CBR). Our 
previous observations established that the 
spectrum of the CBR is that of a Z. 9 K blackbody 
over the frequency range from 4 to 17 cm- l with 
errors in the measured flux which are typically 
± 20%. This frequency range contains 79% of the 
flux from a 2.9 K blackbody and includes the peak 
in the Planck spectrum at 6 cm- l . Elementary 
"Big Bang" cosmology predicts a blackbody spectnnn 
for the CBR, but more detailed scenarios of the 
evolution of the early universe allow for deviations 
from an ideal blackbody spectrum. A flight of our 
liquid heliwn cooled spectrophotometer on May 3, 
1977 produced data which will a11mv us to decrease 
the errors in the observed CBR by at least a factor 
of five in the frequency range from Z to 17 cm- l . 

These results will provide new information about 
the early history of the universe. 

111e improvement in our data came from several 
factors. Most important was the use of a 3He 
cooled composite bolometer which provides a 
factor of 50 improvement over our previous 4He 
cooled detector. This improvement is particularly 
important at long wavelengths where the useful 
response of the spectrophotometer has been extended 
from 4 to 2 cm- l . The radiation collecting optics 
have been modified to decrease the contamination 
from earthshine radiation. The intensi ty of the 
atmospheric emission ,vas reduced by a factor two 
by using a larger balloon to achieve a higher 
float altitude. 

The preliminary data analysis indicates that the 
expected improved performance of the spectro
photometer was achieved. 111e observed spectnull of 
the night sky emission at a resolution of Z cm- l 
is shown in Fig. lao Atmospheric line emission 
dominates the spectrum at frequencies above 12 cm- l 
but the CBR is clearly seen between 2 and 12 cm- l 
Even without the removal of the atmospheric emis
sion, the peak in the CBR at ~ 6 cm- l and the 
Planck high frequency cutoff are clearly visible. 
Our model for the atmospheric emission has been 
fitted to the observed spectrwn using a preliminary 
calibration of the instrwnental flux responsi vi ty. 
111is best fit model for atmospheric emission is 
shm\1Jl in Fig. lb. 111e CBR is obtained by 
subtracting the calculated atmospheric emission 
from the observed night sky emission and is shmvn 
in Fig. lc. The anomalies remaining at the 
posi tions of strong emission lines indicate that 
higher order corrections need to be applied to the 
frequency scale of the observed spectrum. 
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Fig. 1. (a) Night sky emission spectrwn; 
(b) calculated best fit atmospheric enrission 
spectrum; (c) CBR spectrum [residual of (a)-(b)]. 

(XBL 7712-6580) 



To complete the measurement it is necessary to 
obtain a £IlL, calibration for the instrument so 
as to convert the detector response plots in 
Fig. I to absolute flux. This is being done by 
combining flight aml laboratory calibrations 
obtained \Vi th blackbody sources lvith the calculated 
near-field response of the antemla. 

5 . FAR INFlWli:D SKY SURVEY 

Stephen E. IIlcBricle, Nonnan S. Nishioka, Paul L. 
Richards and David P. Woody 

Astronomy in the far infrared has been 
limi ted by the lack of sensi ti ve detectors. Our 
development of new bolometers wi th in~Jroved 
sensitivity now makes it possible to do many 
exciting experiments. We are constructing a one
meter Cassegrain balloon to survey the 
sky and search for sources at far infrared wave
lengths. The telescope will be suspended at ~ 45° 
from t.llp 7.Pllit,h and \Yill rotate at ~ 2 rpm so that 
each portion of the sky l,rill be observed a minimtffil 
cf four times during the survey. 1118 survey will 
have a field of view of 16 arc minutes and will 
be sensitive to extended sources, several degrees 
across. Accurate orientational infonnation will 
be obtained from a photomultiplier with an N shaped 
mask, which will detect the transit of stars \Yi th 
kn01m positions. Aeleli tional orienta tional 
infonnation will come from sensitive rate gyros 
and magnetometers. 

S~nce any radiation from ",ann obj ects reaching 
the detectors would limit their sensi ti vi ty, great 
care has gone into the design of this telescope to 
insure that it accepts the minimum feasible thennal 
background radiation. 'TIlis includes diamond 
machined metal optics (developed at the Lawrence 
Li vennore Laboratory for the laser fusion program) 
for the lowest emissivity reflecting surfaces, 
cold Winstron light concentrators (developed at the 
Argonne National Laboratory) to define the entrance 
beam into the cryostat and careful shielding to 
minimize background originating from the 
gondola and from the earth. 

There are seven bolometer detectors, each 
responding to a separate frequency band between 
10 cm- l and 1000 cm- l . These frequency bands are 
isolated by cold filters in the optical path. 'TIle 
outside heliwn bath temperature of 2 K is too warm 
for bolometers to function well in the 
wavelength bands. To obtain high responsi vi ty 
that does not with time, the bolometers 
are cooled by a separate heliwn pot. The pot is 
pumped by an ac ti va ted charcoal pwnp to ~ L 0 K. 
The relation of the varioLts parts is Sh01\'I1 in 

1. 

With the present apparatus floating at an 
altitude of 30 km, the limiting fllL' sensiti vi ty 
should be a few flux wlits (l f.u. = 10- 26 W/m2 Hz) 
in the far infrared band. This is orders of 
magni tude more sensitive than previous surveys. 
The apparatus is presently in the final stages of 
construction and testing, and should make its 
first flight in 1978. 
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centrate the radiation on the bolometers. cTIle 
relations between the bolometers the helium pot, 
and the charcoal pwnp are also 
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6. NEW POLAIU ZING INTERFERO~IETER 

David K. Lambert, Paul L. Richards and Sergio C. 
Zillio 

We have constructed a prototype ~lartin - Puplett 
polarizing interferometer for use as a far 
infrared Fourier spectrometer. This kind of 
instrwnent is superior to the conventional 
Michelson interferometer nOlI' in use in most 
laboratories because a single beam splitter can 
be used over a very wide frequency range, and 
because drifts in input signals cannot be confused 
with interference modulation. 

'111e optical alig11lnen t of this instnunen t proved 
to be much more difficult than had been anticipated. 
A theoretical analysis of this problem has yielded 
a nwnber of results. A complete analysis of the 
operation of the ~lartin-Puplett interferometer has 
been given. 1\ new way to analyze all similar 
interferometric systems has been focmd. In 
particular, we were able to Sh01v that using a 
broad band incoherent source and plane mirrors 
one may construct an interferometric system to 
measure the optical transfer function of an optical 
element as a function of both optical and spatial 
frequency. 



We have arranged for the fabrication of infrared 
polarizers by photolithography at the Hughes 

Corporation. We expect that beam-
spli tters made from this material will permit 
operation of the interferometer over 
the frequency range from to 800 cm·· l . The 
interferometer drive is being upgraded to penni t 
opera tion over this very 'vide frequency range. 

7. FAR INFl~ARED SPECTROSCOPY OF ELECTRONS ON TIlE 
SURFACE OF LIQUID HEL IlJll I 

David K. Lambert and Paul L. Richards 

We have begwl measurements of the infrared 
absorption of electrons trapped on the surface 
of liquid helium. The electrons are highly mobile 
along the surface but have a series of discrete 
energy levels corresponding to the wavefunction 
pel1Jendicular to the surface. In order to obtain 
sufficient electrons for many body effects to 
become important, and external field must be 
applied nonna1 to the surface. 

The measurements are made by passing light 
from a far infrared molecular laser (pumped by a 
C02 laser) through a far infrared transmittance 
cavity in which the charged heliwn surface is 
contained, and measuring the modulation of the 
transmitted power at the frequency of a 
modulation applied to the stark field. 

From our measurements of the Stark shift as a 
f,mction of laser frequency we will obtain detailed 
information about the liquid interface. The 
structure on the absorption will provide 
infonnation regarding the two-dimensional electron 
fluid. 

In addition to our measurements of the far 
infrared response of the electrons on liquid 
he1iwn, we also plan to measure the radiofrequency 
response of the two-dimensional electron gas and 
to look for similar surface states on other 
materials on which they have been but 
not yet observed. Candidate systems for far 
infrared transitions include liquid hydrogen, 
liquid neon, 31lC1 a superfluid heliwn film on a 
metal. 

8. \1Jl·IITE jlDUNTAIN RAmOjllETER 

James L. Bonomo, Paul L. Richards and David P. 
Woody 

Far infrared astronomy is a relatively 
undeveloped field, both because of historically 
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poor detector sensi ti vi. ty and because of atmospheric 
absorption. We have constructed a radiometer 
which is designed to overcome these problems by 
combining a sensitive composite Ge bolometer 
detector with a new 1. 5 m high altitude telescope. 
The telescope is located at 311 al ti tude of 

13,000 ft on Mlite ~lowltain 311d so is above 
much of the atmospheric absorptions. 

The radiometer itself incorporates a self
contained IIe3 refrigerator to cool the bolometer 
to ""'"0.35 K. The optical system is generally" 
similar to that of our sky survey, but with an 
adj ustable colc! aperture stope 31lCl a set of cold 
filters to isolate the various windows of 
atmospheric tr311smission. The far infrared beam is 
fed into the radiometer by a wobbling Cassegrain 
secondary which modulates the intensity of an 
astronomical source reaching the detector. 

The construction of this radiometer was 
completed this year, and the wobbling secondary 
mech311ism was modified to increase its frequency 
of operation 311cl throw. Preliminary 
observations which Here made from l\~li te ~loun tain 
during the last observing season al101ved us to 
partially characterize the noise due to atmospheric 
variations. The first astronomical results are 
expected from the 1977··78 Winter observing season. 
Data from this instnunent should not only answer 
import311t astronomical questions, but should also 
be extremely useful in checking new sources of 
far infrared radiation discovered by the sky survey 
discussed in article 5 above. 

This project is being carried out in collabora
tion with the Berkeley Radio Astronomy Laboratory. 

9. SUPERCONDUCTING HETERODYl'i1~ RECEIVERS'" 

John H. Claassen, Paul L. Richards and Tek-tvling 
Shen 

We are evaluating the usefulness of super
conducting devices as low noise heterodyne mixers 
for coherent millimeter wave radiation. New results 
from this program include a theoretical study of 
the noise in Josephson jWlCtion mixers. Solutions 
to the appropriate noise driven nonlinear equations 
Here obtained by 311alog computation. In the 
r311ge of ambient temperature T 311d operating 
frequency v for which thermal noise is dominant, 
the calculated single sideband noise temperature 
is Tm '" 40 T. At frequencies hv > 2 kT, the 
effect of photon noise in the mixer can be approxi
mated by the inclusion of 311 eHecti ve ambient 
temperature Teff = hv/2k, so that Tm '" 20 }1\!/k. 

An experimental study has been completed in 
which a Nb point contact Josephson effect mixer 
was evaluated at v = 130 Glz. The experimental 
result of Tm = 180 K is the best ever reported at 
such a high frequency 311d is in very good 
with the theory. 

A superconclucting bo10metric mixer is being 
evaluated experimentally at v = 36 Glz. Preliminary 
results indicate a conversion efficiency of a few 
percent and 311 intennediate frequency bandwidth 
of ~ 1 ~f-Iz. Improved performance is e:>qJectecl as 
bolometer parameters are optimized. 
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10. RESEARO-l PLANS FOR CALENDAR YEAR 1978 

Paul L. Richards 

Surface Spectroscopy. TIle newly constructed 
ul tralligh vacuwn system will be used in measurements 
of the spectra of a variety of molecules adsorbed 
on the surface of metals. TIle first series of 
measurements will be on evaporated films to test 
the system performance. Subsequent measurements 
will be on epi taxially grown III Ni films. 
Development of a cooled spectrometer for emission 
experiments will be pursued. The overall effort 
in this area wi.ll be expanded significantly compared 
with 1977. 

Photoconductivity in Stressed Gallium Doped 
Germaniwn. The properties of the newly discovered 
long wavelength stressed Ge:Ga photoconductor will 
be explored in detail. Noise and quantum efficiency 
will be measured in low infrared background. If 
good performance is obtained this detector will 
find important applications in military and 
astronomical space vehicles. 

Infrared Astrophysics. Calibrations will be 
measured so that the analysis of our cosmic 
background radiation measurements can be carried 
out. This will complete our highly successful 
program of measurements of the spectrum of the 
cosmic backgrowld radiation. Further improvements 
in our understanding of this fundamental property 
of the universe will have to wait until the flight 
of the COBE satellite in 1984. 

TIle apparatus development phase of the sky 
survey and White Jvlountain radiometer proj ects is 
nearing completion. Both projects should produce 
valuable data in 1978. 

Electrons on the Surface of Liquid HeliW11. 
After a long apparatus development phase, data 
should be gin to appear during calendar year 1978. 
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b. Solid State and Quantum 
Electronics 

Y. rlon S'nen, Ploincipal Investigator 

1. Sl1JDY OF SURFACE EXCITON-POL4RlTONS BY OPTICAL 
MIXING 

Chenson K. Stanley Kohn, Francesco DeMartini, 
illarcello Colocci and Y. Ron Shen 

Nonlinear optical excitation of surface exciton
polaritons has been experimentally achieved for the 
first time. 1 From the dispersion and char
acteristics of the surface waves, characteristic 
parameters of the c-exciton in 2nO were deduced. 

E 6.15 ± 0.01 
00 

w
T 

3.421 :t 0.0001 eV 

E 1. 72 :t 0.001 a 
r 0.25 :t 0.05 meV 

Surface polaritons can exist only in regions of 
negati ve dielectric constant of a crys tal. For a 
semi - infini te anisotropic crystal b bmmded by an 
isotropic medium a, the dispersion relation for the 
surface polariton is given by 
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where Ehx and Ebz are the dielectric constants along 
X, the direction of propagation in the surface, and 
z, the surface nonnal, respectively. Surface waves 
exist when < 0 and Ebz > Ea or Ebz < O. From a 
theoretical of nonlinear optical mixing at 

inter face, we find the surface wave gener
by second-harmonic generation (w = 2wl) to be 

(2) 

x 
_ (2) i(k v-wt 

+ zk )p - e x 
x x 

TIlUS, if one varies ls (luI) so that kx ~ K*, the 
surface wave will be resonantly excited. Further
more, in the presence of surface roughness, the radi
atIve output should be proportional to the power of 
the excited surface wave. 

I(w,k ) 
x 

,(3) 

By varying kx through the resonaTlce condition, both 
the wavevector K~ and the damping l(,~ of the surface 

wave can be determined. And, by measuring Kx at sev
eral 0J, the dispersion curve of the surface exci ton
polari ton can be constructed. 111en, from fitting 
experimental data to theory, the parameters charac
terizing the c-exciton can be deduced. 

The experimental setup is shown in Fig. 1. A Q
switched ruby laser was used to pump a dye laser, 
generating a tuneable laser source near WI = 1.71 
2eV. TIle beam andlinewidth of less than 1.5 cm- l , 
a diameter of 8 Irun, a pulse,vidth of 30 ns, and a 

power of about SO kW. TIle laser was focused 
onto the plane surface of 2nO through a f = 25 cm 
lens. For a given klx was varied by translating 
the beam parallel to lens axis. Angular resolu-
tion ,1as limited to about O. SO at the crys tal surface. 

Fig. 1. Experimental setup. 
wavevector relation. 

-The inset shows the 
(XBL 772-5095) 

The crystal 1vas immersed in superfluid He at 2 K. 
Initially, we proposed to monitor the output of the 
surface wave by using a prism to couple out the non
radiative surface wave. The output through prism 
coupling should have fallen e:A'Ponentiallyas the dis
tance between the interface and prism increased: 
HOIvever, the output was independent of the spacing, 
and we therefore concluded and later experimentally 
verified that surface roughness coupled out the sur
face Have. After filtering out the fundamental la 
ser light, the output was monitored by a photomulti
plier. 

TI1e ZnO crystal had its c-axis along the x direc
tion. We studied only surface polaritons associated 
with the c-exciton, in which the dipole matrix el
ement is allowed only for £ parallel to the c-axis. 
We used the single oscillator model to describe the 
process. 

E 

'" 

E 
00 

w 
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where wT is the transverse exciton frequency, r is 
the damping constant, So - Soo is proportional to the 
oscillator strength, and Soo > 0 is the constant back
ground contribution to the dielectric constant. We 

I S -

neglected the anisotropy in Eco cox S ) < 2%. The 
00 

incoming laser beam was polarized in the plane of 
incidence z plane) giving rise to a nonlinear 
polarization 

(5) 

We estimated a maximum output of 108 photons per 
pulse for a smooth crystal surface and optimal prism
interface spacing. However, only 104 photons per 
pulse were observed, supporting the hypothesis that 
surface rouglmess was coupling out the surface wave. 

For each w, the experimental results of I(w) vs 
kx were fitted by a Lorentzian curve, as shmm in 
Fig. 2. ISc and K~ were deduced directly from the 

-40 0 4ox102 

I'lkx(cm-I) 

Hl'lkxl w~3.4258 eV 

T 

-120 -80 0 80 xl02 
I'lk x (em-I) 

Fig. 2. Experimental results of normalized ICw,L'lkx) 
vs L'lkx at four output frequencies. The solid curves 
are Lorentzian used to fit the data points. 

(XBL 772-5093) 

peak position and halfwidths of the curves. The re
suI ts are shmm in Fig. 3 in comparison with theoret
ical curves calculated from the dispersion relation 
of Eq. (1) and S as in Eq. (4). By least squares 
fitting the theoretical curves, we obtained values 
for s"'" sO, sT and r as given above. The only seri-
0us discrepancy appeared in the value of (sO -soo), a 
factor of 1. 7 lower than previous values found in 
literature. The larger value of sO -Sco shifts the 
dispersion curve up by about 1 meV. We may question 
the accuracy of the previous value of EO -soo deter
mined by ATR.3 Nevertheless, possible causes of the 

Ho!fwidth K'~ (xI03cm- l ) 
25 50 75 100 12,5 

3426r 

-

I 1 
1.8 2,0 22 2.4 

Wove vector K~(xI05cm-l) 

Fig. 3. Measured dispersion and damping character
istics of surface exciton-polaritons in ZnO. 
(r} --- IS: vs w; + ---K" vs w). The solid 
curves are calculated from Eqs. 11) and (2) using 
Sco = 6.15, So = 6.172, wT = 3.421 eV, and r = 0.25 
MeV. (XBL 772-5094) 

shift are 1) surface roughness, which causes a down
ward shift in the dispersion curve for surface plas
mons, and 2) possible surface contamination. How
ever, we believed that our etched sample surface was 
not sufficiently contaminated to cause any appre
ciable shift. 

Finally, our dispersion curve was 2 meV lower 
than one measured by Lagois and Fischer4 using the 
ATR method. From their paper, 1) we were not sure 
how accurately the meao:urement U C Kx was; 2) He 
were not sure if they accounted for the anisotropy 
in ZnO; and 3) we did not know how much the WKer
tain spacing between the prism and crystal shifited 
their data points. Also, their eX'"jJeriment was con
ducted at 8 K (ours was at 2 K). We expected that 
surface roughness would have the same effect, as 
the crystals were given similar treatment. However, 
these observations cannot explain the discrepdllcy 
to our satisfaction, and we feel more work with con
trolled surface roughness is necessary to resolve 
the shifts in the dispersion curve. 

Experimental work on the c-exciton is continuing; 
we plan to deduce the temperature dependence of the 
c-exci ton by measuring the characteristics of the 
surface wave as a function of temperature. Also, 
we pl311 to probe the a and b - exci tons, by exci ting 
surface exciton polaritons in the absorption bands 
of the a, b excitons. In this case, the surface 
wave is further complicated by spatial dispersion. 

In conclusion, we reported the first direct mea
surement of the damping parameters of surface ex
citon -polari tons. We have demonstrated that non lin -
ear optical excitations can be used to study surface 
exciton-polaritons and provide a very sensitive 
probe for determining the exciton characteristics. 
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2. MULTI -MAGNON LUMINESCENCE IN ANTIFERROMAGNETS 

Tai C. Chiang, Pier Salvi, and Y. Ron Shen 

Magnon sidebands associated with excitonic ab
sorption and emission in antiferromagnetic systems 
have long been a subject of extensive theoretical 
and experimental studies. Among the many antiferro
magnets, the fluorides, MnF2 in particular, have 
been most thoroughly investigated. Yet work is often 
limi ted to one- and two-magnon sidebands. Higher
order magnon sidebands are difficult to observe be
cause they are either too weak or buried in the back
ground. In the luminescence spectrum, strong back
ground usually arises from impurity emission bands. 
With pulsed excitation and detection, however, long
lived impurity luminescence can be largely suppress
ed. Us ing such a technique we have observed lund
nescence spectra of up to 7 magnon sidebands in MnFz 
and a few less in I<MnF3 and RbMnF3 as shown in Figs. 
1 and 2. 
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Fig. 1. Polarized intrinsic luminescence spectra of 
MnF2. Laser intensity was ~ 20 MW/on2 for the (Y,- and 
a-polarizations and ~ 30 MW/cm2 for the 'IT-polariza
tion; laser wavelength AS(, '" 5200 A; laser repetition 
rate = 6 pps; boxcar gate with 1 ys. Arrows indicate 
the theoretical cutoff points of the mUlti-magnon 
sidebands as explained in the text. (XBL 7712-6587) 

In our experiment, the samples were immersed in 
superfluid liquid helium. A tunable flash-pumped 
dye laser was used as the excitation source. The 
laser pulses had a pulsewidth of 0.4 ys and an ener
gy of a few millijoules per pulse. Luminescence 
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Fig. 2. (a) Unpolarized intrinsic luminescence spec
trum of KMnF3 obtained with laser wavelength AS(, '" 5130 
A, boxcar gate width'" 10ys, laser re~etition rate 
~ 6 pps, and laser intensity = 4 MW/ cm. Arrows in
dicate the theoretical cutoff points of the multi
magnon sidebands. (b) Unpolarized luminescence spec-
trum of RbMnF3 obtained with 5230 A, boxcar gate 
width = 1 ys, laser repetizion rate'" 4 pps, and 
laser intensity = 60 MW/cm. Features marked I are 
due to impurities. Long arrows indicate the intrin
sic mUlti-magnon progression, while short arrows in
dicate the intrinsic mUlti-magnon progression start
ing from the impurity exciton at 5492.7 A. 

(XBL 7712-6588) 

from a sample was collected with either 90° or back
ward scattering geometry depending on the sample di
mensions and was analyzed by a double monochromator 
followed by a photomu+tiplier and a gated PAR-162 
boxcar integrator. The gate with an adjustable gate 
width (1 to 20 ys) was triggered by the exciting 
laser pulse that was simultaneously monitored for 
signal normalization. Since the impurity lumines
cence in the crystals, we were interested in had 
rather long lifetimes (> 1 ms) we could eliminate 
most of it by using a relatively short gatewidth 
C:s 20 vs). The laser Dulse repetition rate was also 
kept low (~ 6 pps) in order to suppress the excep
tionally intrinsic. 

Let us concentrate our theoretical interpretation 
of the results on MnF2' The discussion is equally 
applicable to I<MnF3 and RbMnF3. Figure 3a shows 
schematically the dispersions of magnons and El and 
~2 excitons in MnF2' An El exciton with wavevector 
k ~an recombine by emitting simultaneously a magnon 
at k and a photon. This gives rise to the one-mag
non sideband. It is of course possible for an exci
ton to emit several magnons and a photon in the re
combination. From the perturbation point of view, 
such a process would appear to be of higher order. 
This is certainly not true for the observed multi
magnon sidebands since the luminescence peaks in 
Fig. 1 are generally of comparable magnitude. We 
can however qualitatively explain the results by the 
following two-ion local interaction model. 

Figure 3b shows the energy level diagrams of three 
neighboring Mn ions;l A and B are nearest neighbors 
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Fig. 3. (a) Schematic dispersion curves of excitons 
and magnons in MnFZ' (b) Energy level diagrams of 
three neighboring Mn ions in the molecular field ap
proximation. Ions A and B on the same sublattice; 
the associated El exciton state <e,m~1 may have a 
dominant m~ '" 3/Z component. Ion ,C IS on the oppo
site sublattice; the associated El exciton state 
< e, m~ 1 may have a dominant ~ '" - 3/Z component. 
< e,ms 1 and < g, ms I are even-parity states. 

(XBL 77lZ-6586) 
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on the same sublattice while A and C are second near
est neighbors on the opposite sublattices. The 
ground states <g, msl of each ion are split by the 
exchange field into 6 Zeeman sublevels denoted by the 
spin quantum number ms = ± 5/Z, ± 3/Z, and ± liZ. The 
excited state El is a mixed state r., a , < e, m~1 

ms ms ~ 
wi th m~ '" ± l/Z, ± 3/Z, although <e, m~ '" 3/Z I or 
< e, ms ' = - 3/ZI may dominate. In addition to the ex
change field, ther~ is also the off-diagonal exchange 
interaction JijSiSi between ion pairs. We shall treat 
it as a perturbation. Then, if the Mn ion A is ini
tially excited, the one-magnon sideband emission 
results from an allowed electronic transition 
< e, m~ I A ->- < e', 3/ZI A followed by an exchange spin
flip transition between A and B, <e' 3/ZIA < g, 5/Z~->
< g, 5/ZIA < g, 3/ZI B, or from the exchange spin- Hip 
< e, m~ IA <g, 5/ZIB ->- < e' , 5/ZIA < g, 3/ZI B followed 
by the allowed transition < e' , 5/Z I A ->- < g, 5/ZIA" 
Ei ther process involves Llms = 1 corresponding to the 
emission of one magnon. Now, similar physical pro
cesses of the same perturbation order can give rise 

to the n-magnon sidebands with n ~ 6. For example, 
< e, m~ IlL ->- < e', 3/ZI A followed by <e' ,3/ZIA<g,-5/ZIC 
-+ < g, 1/21 A <g, - 3/z-r(,; via J ACSAS+C leads to a 
three-magnon sideband chat can have 'comparable 
strength to the one-magnon sideband. Experimental
ly, the n-polarization spectrum in Fig. 1 even shows 
a three-magnon sideband stronger than the one-magnon 
sideband. In a similar manner, the two-magnon side
band can be explained by <e, m~IA -+ <e',l/ZIA fol
lowed by < e', l/ZIA < g, 5/ZI B ->- < g, 3/ZIA < g, 3/ZIB 
and others; the four-magnon sideband can be explaifr 
ed by < e' ,l/ZIA -+ <e' ,l/ZIA followed by <e' ,l/ZIA 
<g, -5/ZI C -+ <g,-l/ZIA <g,- 3/ZI C and others, etc. 

In this model with J j j S1 sj treated as a perturba
tion' the n-magnon sidebands with n > 6 will have 10 
arise fyom a higher-order process utilizing JiiSiSi 
more than once. Strictly speaking, we should treat 
the exchange interaction as a strong coupling Hamil
tonian and solve the eigenenergies and eigenstates 
for a cluster of neighboring Mn ions. If the spin 
part is isolated from the orbital part, then this is 
just the sudden approximation model proposed by 
Bhandari and Falicov. Z In such a model, all the 
mUlti-magnon sidebands are treated on the same foot
ing. 

1. E. Strauss, V. Gerhardt, and H. Riederer, J. 
Luminescence lZ, 13, Z39 (1976). 
z. R. Bhandari and L. M. Falicov, J. Phys. C5, 1445 
(1972) . 

3. SUM-FREQUENCY GEl\1ERATION IN Na VAPOR VIA A 
RESOK4NT QUADRUPOLE TRANSITION 

Donald S. Bethune, Robert W. Smith and Y. Ron Shen 

Detailed experiments have been performed to study 
quadrupole sum-frequency generation (QSFG) in sodium 
vapor. We have made a complete theoretical treatment 
of quadrupole sum- and difference-frequency gener
ation that includes the effects of spin-orbit and 
Zeeman splittings. The predictions of this theory 
have been experimentally confirmed and its limita
tions have been determined. Among the limiting ef
fects were field-induced refractive index changes, 
two-photon saturation, and multi-photon absorption. 
We have also measured the quadrupole transition ma
trix element < 3s Il/Z z21 4d> of sodium using an 
interference technique involving QSFG. As a gener
alization of three-wave mixing processes involving 
a quadrupole transition, we have considered quadru
pole difference-frequency generation in cesium vapor. 

To observe QSFG we used two flashlamp-pumped dye 
lasers in a rlOncollinear geometry focused into a 
"heat-pipe" oven gontaining sodium vapor at a den
sity of about 101 ytoms/cm3. One laser (WI) was 
tuned 10 to 100 cm- below the 3s -+ 3p transition 
(16 956.2 cm -1); the other (wZ) was tuned such that 

WI + Wz was nearly resonant with the 3s ->- 4d transi
tlOn (34 548.8 cm- l ). Using the anamolous disper
sion of the 3p doublet, phasematching was achieved 
by varying the angle e between the two input beams. 
The elementary theory predicted that the output 
power at w '" WI + Wz should be proportional to NZ 
PlPZ, where N IS the atomic density and PlepZ) is 

_the input power at WI (wZ): Figures 1 and Z show 
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Fig. 2. Phase-matched sum-frequency output P(U)) as 
a function of sodium density N at lu3 - WI = 40.8 

em-I and 80.4 cm- l . The other param~~~ fixed in 
the experiment are PI ~ ZW, P2 ~ 20W and WI + ()jZ'" w4d' 

(XEL 766-7036 ) 

the experimentally determined sum-frequency power 
pew) vs PlPZ and N, respectively. In hoth cases, the 
deviation from the simple theory can be satisfacto
rily explained by consideration of the field-induced 
refractive index change due to the presence of the 

field at wI' The first effect of this field-induced 
index is self-defocusing of the input laser beam, 
which greatly alters the beam size in the beam over
lap region. If 01 ';i> 02' where 01 (0Z) is the radius 
of beam 1(2), the theory predicts that pew) cc o2/01' 
Thus the output power will decrease as the beam de
focuses. Secondly, the induced index change anI al
ters the phase-matching condition through the depen
dence of P (w) on the wavevector mismatsh. 111i scan 
be written in the form pew) 0: exp (-oni/1.8 x 10- 5)2) 
in our case. Sincr anI ~ 10- 5 for N '" 1016 cm- 3, a 
detuning of 10 cm- , and an intensity of 105 \If/cmZ, 
the breaking of the phase-matching condition is the 
dominant reason for decreased output at high input 
intensi ties. 111e linear dependence of onIon N im
plies that large densities increase induced index 
changes. We see that in the high density regime that 
P±w) is n~ longer proportional to NZ, instead P(lU)CX 
N exp(-N /constant). This type of dependence is 
shown in Fig. 2. We also noted that, as the pro~uct 
of th)/ intensities 1112 was increased beyond 10 
IV Ion , there was a decrease in pew) and an increase 
in the resonance linewidth. This was attributed to 
the saturation of the two-photon transition 3s ... 4d 
(see Fig. 3). Qualitative observations were made 
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Fig. 3. (a) Sum- frequency power and (b) resonance 
linewidth as functions of the product of the input 
intensities 1lI2' The solid curves are derived 
theoretically from expressions for the two-photon 
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that indicated that the effects of multiphoton ion
ization were ~ 10% depletion of the ground state 
population for the highest intensities used in the 
experimen ts . 

We have also a teclmique to measure 
atomic quadrupole transition matrix elements rel
ative to dipole matrix elements. The teclmique uses 
the interference between quadrupole and dc-field in
duced swn-frequency generation. 'TI1e former involves 
the quadrupole transition v{hile the latter involves 
only dipole transitions. By varying the applied dc
electric field and monitoring the changing output2 power, one can deduce that <3sll/2z 214d>=2.2 aO 
for sodium. (Here were used the known values of the 
3s ->- Sp and Sp ->- 4d dipole moments.) This valuel can be compared to a calculated value of 1.36 a6' 

Generalizing the theory to the case of quadropole 
difference-frequency generation (QDFG) we consider 
the generation of 14.6 )Jm radiation from Cs vapor. 
Pwnping the Ss ->- 6dS/2 and 5s ->- 7P3/2 (2 cm- l below) 
\\lith 40 kW pump beams, the output should be about 1 
lV. The possibility of using QDFG as a tunable in
frared source is presently under study. 

1. E. C. Tull, M. Jackson, R. D. McEachran and M. 
Cohen, Can. J. Phys. ~, 1169 (1972). 

4. THIRD ORDER NONLINEAR OPTICAL SPECTROSCOPY 

Alexander Jacobson and Y. Ron Shen 

We are conducting a series of experiments to mea
sure the dispersion of the third_~rder nonlinear 
optical susceptibility tensor Xl3 (-liJ,W,rI, -rl) of a 
material as one laser frequency w approaches, and 
passes through the other laser frequency rI. Our ex
periments are closely related to experiments in co
herent Raman spectrosco~y, but we look at the res
onant enhancement of X( ) due to low-frequency ex
citation modes (e.g., those responsible for Brillouiri 
and RaYleigh-wing scattering) rather than that due 
to Raman modes. In particular, we hope to demon
strate similar improvements in detection sensitiv
ity, freedom from fluorescence, and hiyh resolution 
as have been demonstrated in the CARS, RIKES,2,3 
and CW SRS4 experiments in coherent Raman spectro
scopy. If we are successful in the Rayleigh-Bril
louin region of the spectrum, vie \vill have further 
extended the domain in which nonlinear optical meth
ods can supplement or supersede classical spontan
eous scattering teclmiques. 
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Our current experimental efforts concern the dis
persion of X (3) due to the reorientation of asymmet
ric molecules in Kerr liquids. Our setup is similar 
to that used in Ref. 2 to measure the Raman induced 
Kerr effect, except that both lasers are narrowband 
(0.3 em-I) and tunable, the strong "pump" and weak 
"probe" intersect in opposite directions, and the 
spectra are recorded electronically using a photo
multiplier and a gated integrator. We can also vary 
the polarization state of the strong beam. For only 
the molecular reorientation mechanism, we expect5,6 

2 

xl212 (-w,w,I<,-I<) ~ N(ah_~k~l~[l - i l+iC~ - w~l 

where (XII (1) are the molecular polarizabili ties along 
(perpendIcular to) the molecular axis and T is the 
orientational relaxation time. For our sample, CS2, 
Eq. (1) predicts peak susceptibilities comparable to 
strong Raman modes like that of benzene. 

Our nonlinear spectrometer measures 

(2) 

+ X1221 C-w,w,I<,-I<) 

where E(rI) is the pump beam field and g(liJ) is the 
probe beam power, provided that optical heterodyne 
terms arising from the interference of t~3) field 
radiated by the nonlinear polarization Py (w) and a 
stray transmitted component lY (w) can be neglected) 
Figure 1 shows some very prellminary results for 
various polarization states of the strong beam. The 
discrepancy between theory and agreement in Fig. 1 
is attributed to 1) optical heterodyne terms non
negligible, 2) obvious Brillouin peaks not accounted 
for in Eq. (1) at It - w '" 0, 3) a possible "mixed" 
polarization state across the strong beam aperture, 
and 4) impurit~es in the sample contributing a large 
nonresonant X(3). 
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Fig. 1. (a) Upper-curve: optical Kerr signal with 
linearly polarizcd pump beam; Lowcr curve: with 
circularly polarized pump beam. (b) Optical Kerr 
signal with elliptically polarized pump beam. 

(XBL 782-190) 

Our principal experimental difficulty is the 
length of time necessary to take and analyze data, 
which is done point by point by hand. This is about 
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to be overcome by a microprocessor~controlled grating 
drive that will increase our data rate by a factor of 
ten to twenty. New linear and logarithmic normaliz~ 
ing electronics will permit displaying the spectrum 
directly and a recently acquired computer will be 
used on line to store it for later analysis. 

Our future plans include studying the spectrum 
wi th even higher resolution near r2 ~ w ~ O. Thus, 
"Brillouin Induced Kerr Effect" will be studied 
using a pressure scanned laser of linewidth 0.03-
O. 05 cm~ 1, the components of which have been pro~ 
cured and await assembly. 
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3. Eesley, Levenson, and Tolles, Optical Hetero~ 
dyned Coherent Raman Spectroscopy, IEEE JQE, to be 
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& A Owyoung and E. D. Jones, Opt. Lett. l, 152 
(1977) . 
5. A. ~70ung, thesis, Calif. lnst. Tech., 1971, 
unpublished. 
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5. USE OF ELLIPSE ROTATION WITHIN A LASER CAVITY 
FOR PULSE SHAPING 

~aymond Hsu and Y. Ron Shen 

Q switching allows a sizeable amount of energy to 
be stored in a ruby laser rod before it is released. 
But when the cavity is switched to the high Q state, 
then the energy is dumped in an concontrolled manner. 
We hope that by introducing an intensity dependent 
loss into the laser cavity, we will be able to con
trol this energy release. Suitably regulating the 
intensity at which this nonlinear loss begins to 
take effect should allow us to stretch the pulse out 
in a predictable manner. The primary requirements 
of the lossy medium used in the cavity are threefold: 
1) fairly strong linearity, 2) intensity dependence 
should be easily controlled, and 3) no competing 
uncontrollable nonlinear losses. We have chosen to 
use the liquid cry tal MBBA as the lossy medium, mak
ing use of its property of intensity-induced polar~ 
ization. MBBA easily meets the first two require
ments, especially the second, since we are able to 
vary both the intensity dependence and the response 
time of the medium. The response time is controlled 
by varying the temperature of the MBBA while the in
tensi ty dependence is controlled by the setting of 
the Fresnel rhombs on either side of the MBBA. Two 
photodiodes are used to sample the cavity intensities 
1 and II to the Glen Thomson prism. The parallel 
component measures cavity intensity while the per~ 
pendicu1ar component measures the loss. 

We have thus far tested two regimes: 1) the on
set of nonlinear loss occurring at an intensity at 
or above the peak pulse intensity obtainable without 
the MBBA in the cavity and 2) the onset of nonlin
ear loss occuring at an intensity well below the 

peak pulse intens i ty obtainable without the MBBA in 
the cavity. Our results for case 1) are as expect~ 
ed-that is, a very mild, barely noticeable, stretch
ing. Our results for case 2) however are signif
icantly different from what is expected. The cavity 
intensity is reduced by a factor of 15-20 at all FR 
settings and significant instabilities have been 
encountered. We suspect the problems can be traced 
to an additional source of nonlinear loss and are 
now investigating the problem more closely to 
determine if these problems can be overcome. 

6. BRILLOUIN SCATTERING SPECTRQ~TER 

Tai C. Chiang and Y. Ron Shen 

A Brillouin scattering spectrometer has been con
structed with a three~pass Fabry~Perot. Discrimina
tion against the elastic scattering background at 
the Brillouin lines can be reduced to less than 10- 9. 
Electronic feedback is used to stabilize the Fabry
Perot alignment and multiple scanning with multi
channel detection is used for signal averaging and 
spectral recording. Because of the high finesse of 
the system, the spectrometer can be used to detect 
Brillouin scattering in materials with a high elas
tic scattering background such as liquid crystals 
and non- transparent solids. With the help of a dye 
laser, resonant Brillouin scattering also becomes 
possible. 

We plan to use the spectrometer together with a 
dye laser to study resonant Brillouin scattering 
around excitons or the fundamental energy gap of a 
number of crystals. Since the Brillouin scattering 
in solids is generally several orders of magnitude 
weaker than in liquids, we do not expect to be able 
to carry out resonant Brillouin study deep in the 
interband transition. We also plan to study Bril
louin scattering in layer compounds and in amorphous 
solids. 

7. DC KERR EFFECTS IN LIQUID CRYSTALLINE MATERIALS 

Toni Bischofberger, Robert Yu and Y. Ron Shen 

We report the results of our recent measurements 
on the dc Kerr constants as functions of temperature 
for seven homologous compounds of p,p'-di-n-alkoxy~ 
azoxybenzenes (PAA) (CnH2n+lO ~ C6H4 - N20 ~ C6H4 -
OCnH2+1 with n "' 1, 2, ~~ -, 7). So far as we know, 
this is the first time the dc Kerr constants for a 
homologous series of compo~~ds are measured. 

The dc Kerr effect was measured at 6328A by using 
a I-mW He- Ne laser as the light source. A low
frequency sinusoidal wave generator followed by a 
high~voltage power amplifier were used to drive the 
Kerr cell. The length of the cell and the separa
tion of the electrodes were L = 1 cm and d "' 0.2 cm, 
respectively. The cell was between a set of crossed 
polarizers. The beam passing through the analyzer 
due to induced birefringence in the cell was detect
ed by a photomultiplier and was displayed on an os
cilloscope to be measured. 
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The Kerr constant B of a sample at a given tempe~ 
ature was obtained from the slope of the measured 
induced birefringence as a linear function of CEdc)2. 
We have obtained B as a function of T for the seven 
azoxybenzene derivatives with n ~l, 2, --, 7 denot
ing the munber of methylene groups in the alkyl 
chain. The results are shmm in Fig. 1. We note 
that PAA (n '" 1) is the only homologue whose dc Kerr 
constant changes in sign in the temperature range 
we studied. All other compounds in the homologous 
series have a negative dc Kerr constant, indicating 
that the permanent-dipole contribution dominates 
over the induced-dipole part. 
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* -1 Fig. 1. Experimental results of (T-T ) B vs T for 
the aZo:A.ybenzene derivatives n'" 1,2, - - -, 7. The ar
rows indicate the isotropic-nematic transition tem-
perature Tk' (XBL 773-5185) 

We use the formalism of Landau-de Gennes to de
scribe the dc Kerr effect. We find the Kerr con
stant to be 

B ~ (2w/9c) (NhF/n ) (6x/ a ) 
w 

As seen in the above equation, the induced-dipole 
part CZhe 6a term) and the permanent-dipole part 
(the)1 term) have different temperature dependence. 

It happens that the various parameters N, S, 6X, 
a, and %' in Eq. (1) are known from our previous 
measurements for the PAA series. Therefore, from 
Eq. (1) and the results in ~ig. 1, we can deduce the 
values of 60, and )1 (1 - 3 cos S) 1/2 for these compounds. 
They are listed in Table 1 and also plotted as a func
tion of the number n of methylene groups in the alkyl 
chain in Fig. 2. In Fig. 2, the anisotropy 6a in the 
dc molecular polarizability increases smoothly with 
increase of the alkyl chain length. No saturation 
of 6o, at large n is found. This is in contrast to 
the behavior of the optical polarizability anisot
ropy 60'opt that shows an obvious saturation at large 
n. The CI.l fference can be explained as follows. Be
cause their lower transition frequencies are closer 
to the optical frequency, the core Cazoxybenzene) 
electrons contribute much more to the optical 6aopt 
than the bond electrons in the alkyl chains. There
fore, the increase of 60'01)t Hith n appears to be sat
urated. On the other hana, since the transition fre
quencies of both the core electrons and the bond 
electrons in the chain are far away from zero fre
quency, their contributions to the dc 6a are not very 
different and hence the increase of 6o, with n is un
saturated. 

The permanent-dipole factor )1(1 - 3 cos 2S)1/2 also 
shoHs a smooth increase with the alkyl chain length. 
Maier and Baumgartner have measured the permanent 
dipole moment )1 of these homologous compounds in 
highly diluted solution of benzene. Their values are 
shmm in Fig. 3. As expected, )1 is essentially in
dependent of the alkyl chains since it is known to 
come from the N20 group in the core. Using these 
values for )1, we can then deduce the angle S. In all 
cases, we have found a S value that is between 45 and 
90°. This is a confirmation on the correctness of 
our theoretical analysis since othen"ise the deduced 
value of S could be physically unreasonable. We llave 
plotted our values of S as a function of n in Fig. 3. 

Table 1. 
* 0 2 1/2 Values of Tk , T , T , 6a and )1 (1 -3 cos S) for azoxybenzene 

derivatives witn n = 1,2, ... , 7 deduced from our experiment. 

n 

2 1/2 )1 (1-3 cos S) 

1 2 3 4 5 6 7 

403.8 436.3 393.2 403.2 391.4 396.7 392.6 

402.3 432.8 390.5 398.4 387.0 395.7 391.9 

409.8 452.5 404.4 419.8 415.5 435.0 432.3 

37.0 37.3 39.4 42.3 46.2 50.7 54.0 

1.49 1.60 1. 61 1.73 1.84 2.01 2.09 Debye 
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Fig. 3. Variations of the pennanent dipole )1 and the 
angle S with the number of carbon atoms in the alkyl 
chain of Cnl-12n+lO - C6H4 - N20 - C61-14 - OCnH2n+l. 111e 
open circles are values of S obtained ffom dielectric 
dispersion measurements. (XBL 773·5187) 

For n ~ 1 and 6, these values are in good agreement 
with those calculated from the dielectric dispersion 
measurements (also shown in Fig. 3). For larger n, 
the angle S between the permanent dipole and the long 
molecular axis is closer to 90°. The addition of 
methylene groups to the alkyl chains presumably 
creates a more balanced average local field at the 
core to align the permanent dipole more closely to· 
wards the normal of the molecular plane. 

Since S is larger than 60°, the permanent dipoles 
like to align the long molecules nearly perpendicu· 
lar to the applied field while the induced dipoles 
like to align the molecules parallel to the field. 
The competition between the two gives rise to the 
possible change of sign of the dc Kerr constant as 
it varies with temperature _ This is experimentally 
observed in PAA. For the other homologous compounds, 
as S increases with n, the permanent· dipole contri
bution becomes larger and dominates over the induced· 

dipole contribution leading to the negative Kerr con· 
stants in a wide temperature range above Tk' 

8. TRJlJ\jSIENT BEHAVIOR OF A NONLINEAR OPTICAL 
FABRY· PEROT 

Toni Bischofberger and Y. Ron Shen 

Because of potential device applications, non
linear Fabry-Perot (FP) interferometers have recently 
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Fig. 1. Measured input and output intensities vs 
time for three different values of mistunings Ma
IO is the peak intensity of the input laser pulse 
Iin(t). The solid curves of Iin(t) are a least 
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curves of the output pulses Iout(t) are calculated. 
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Fig. 2. Input vs output intensities at the maximum 
field-induced phase shift 6<Pmax for three values of 
6<PO' Each point corresponds'to an input pulse with 
a certain peak intensity as indicated on a few in 
MW/cm2. Dashed lines are the steady state character
istic curves for quasi - steady- state operations ,'lith 
TD " 2 ps assumin~ an input pulse with a peak inten
sity of 0.3 MVI/cm. The bistable mode of operation 
in Fig. 2c shows overshoots immediately after switch
ing. (XBL 779-6117) 

attracted much attention. Szoke et al. l first 
suggested the use of a nonlinearly absorbing FP for 
optical limiting, discriminating, and bistable oper
ations. Since then, McCall and coworkers have suc
cessfully demonstrated these operations using either 
sodi\UTI vapor or ruby as the nonlinear mediwn in their 
FP.2 They noticed, however, that their observations 
were dominated by the field-induced refractive in
dex rather than by nonlinear absorption. Nonlinear 
FP with pure refractive nonlinearity has been pro
posed and a detailed theoretical analysis for the 
steady-state operation of an FP filled with nonabsorp
tive Kerr liquid has been worked out. 

We are interested in studying the transient re
sponse of a nonlinear FP. We report here the prelim
inary results of the first such experimental investi
gation on laser pulse propagation in an FP filled 
wi th Kerr liquid-liquid crystal MBBA (n-p-methoxy
benzylidene-p-butylaniline) in the isotropic phase at 
45° C. The FP cavity was constructed with plane mir-

rors ,vi th d = 1 cm and R = 0.98 and had a finesse of 
~ 13. TIle Q- swi tched ruby laser \Vas of single mode 
,,,ith a Gaussian beam radius of 0.13 cm at the FP. It 
produced a pulse with a pu1sell'idth of ~ 12 nsec and 
a peak intensity of ~ 10 jV!lv/cm2. The input and the 
output pulses at the FP were measured on two simul
taneously triggered Tecktronix 519 oscilloscopes. 
Measurements were made at the mistlmil?gs 6epO = 0, 
-0.111, and -0.2n := MO + multlnle of 211) 
wi th varying pulse Each MO corre-
sponded to a distinct mode of of the non-
linear FP in the steady state. 

Figure 1 shoes the typical exan~)les, one for each 
value of 6<P0' We have developed a theory taking into 
account both the molecular orientation of the Kerr 
liquid and the build -up time of the optical Field in
side the cavity. Figure 1 shows that agreement be
tween theory and experiment is excellent. 

We also show that for a sufficiently long orienta
tional relaxation time when the induced phase shift 
M (t = t max) is a maximwn, the corresponding output 
intensi ty I Eo t (tmax) 12 vs the input intens i ty 
1 Ein (tma;) I 2 BIll yie~d the ,charac~eristic cur,;,e for 
the steady state nonlInear F'P. TIns IS shown 111 

2 in comparison with the true steady state character
istic (dashed) curves for the three mistuning cases. 
T11ey shmv clearly three different modes of operation: 
a) the power limiter mode, b) the differential gain 
mode, and c) the bistable or discriminator mode. 

1. A. Szoke, V. Daneu, J. Goldhar and N. A. Kurnit, 
AppL Phys. Lett. 15,376 (1969); E. Spiller, J. 
AppL Phys. 1673 (1972); J. W. Austin, (Ph.D. 
thesis), University of Southern California (1072). 
2. S. L. McCall, Phys. Rev. A 9 1515 (1974); H. M. 
Gibbs, S. L. McCall, and T.N.C. Phys. 
Rev. Lett. 36, 1135 (1976); T. N. C" Venkatesan and S, 
L. McCall, AppL Phys. Lett. 30, 282 (1977); T.N.C. 
Venkatescln, (Ph.D thesis), City University of 
New York (1972). 

9. LASER INTERACTION WITH MOLECULAl<. BEAMS 

Aasmund S. Sudb¢, Yuan T. Lee and Y. Ron Shen 

In collaboration with Prof. Yuan T. Lee! s group, 
we are setting up a molecular beam machine for ex
periments of laser interaction ",ith atoms or mol
ecules under collisionless condition. The machine 
will provide a well-collimated molecular beam with 
density up to 1013 molecules per on3 or two such 
beams at 90° with each other. Laser beams can be 
used to excite one or both molecular beams. They 
can also be used to probe molecules after the mol
ecules are excited by lasers or collisions. We plan 
to study the following problems with the machine in 
the near future: 

a) Photoemission spectroscopy of atoms and mol
ecules. 

b) Coherent antiStokes Raman spectroscopy to probe 
excited molecular species. 

c) Laser-induced fluorescence or resonant Raman 
study of atoms or molecules. 

d) Molecular dynamics probed by ultrashort laser 
pulses. 



10. THEORY OF MULTI PHOTON DISSOCIATION OF MOLECULES 

Edward R. Grant, . Peter A. Schulz, Aasmund S. Sudbp, 
Yuan T. Lee, and Y. Ron Shen 
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We assume that the multi photon excitation of a 
molecule can be described by stepwise incoherent one
photon transitions among a set of equally spaced en
ergy levels; the degeneracy factor of each level is 
given by corresponding molecular density of states 
that can be calculated. The excitation is then gov
erned by the following set of rate equations: 

dN !dt e
a e 

m m-l Nm_1 + em Nm+l 

(1) 

(e
a 

+ ee )N - K N 
m m-l m m m 

Here, Nm is the population in the mth excited level; 
Kin is the molecular dissociation rate from the mth 
level calculated from the RRKM statistical theory 
for unimolecular dissociation. (For levels below 
the dissociation energy EO we have I'm = 0.) ~ and 
C~ are respectively the absOD)tion rate from level 
m to m + 1 and the emission rate from m + 1 to m. 
For one-photon transitions, we can write 

(2) 

where om is the absorption cross section for m to 
m + 1 transition, hv is the photon energy, I is the 
laser Antensity, and gm is the degeneracy factor for 
the mt level. 

For a given molecule with om and let) specified, 
the set of rate equations in Eq. (1) can be easily 
solved on a computer. We have performed such a cal
culation using SF6 as an example. The frequencies 
of the vibrational modes of SF6 are well known. To 
find the densities of states, we used exact count at 
low energies and the lVhi tten- Rabinovi tch formula at 
higher energies. The dissociation energy EO was 
chosen to be 78 kcal/m~le. The spacing between adja
cent levels is 944 cm-. Because of anharmonic cou
pling mnong vibrational modes, the absorption cross 
section om was expected to decrease with increase of 
m. We assumed that om takes the form 

(3) 

where a = - 0.029 and i3 = - 42.9 for om in cm2. These 
values were chosen so that our numerical results fit 
the experimentally observed variation of the average 
number of photons absorbed and the dissociation yield 
as a function of laser energy fluence. 

Figure 1 shows the population distribution at var
ious times calculated wi th these parameters for a 
100-ns 200-MIV/cm2 reactangular laser pulse excita
tion. Initially only the ground level is populated, 
but the laser excitation, being a stochastic process, 
soon distributes the popUlation over many levels. As 
time goes on, the population is continuously pumped 
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Fig. 1. Population distribution at various times 
produced by a 100Zns rectangular laser pulse excita
tion of 200 MW/cm . (XBL 779-2428) 

up and the distribution curve shifts to higher ener
gies. Correspondingly, the average excitation ener
gy, < n > hv, also increases with time. At t ~ 20 ns, 
the high-energy tail of the distribution curve clear
ly extends beyond the dissociation level. We should 
then expect the onset of molecular dissociation. As 
the laser excitation continuously drives the popula
tion distribution upward, the dissociation yield in
creases rapidly. For those levels well above EO' 
the depletion of their population is dominated by the 
dissociation rate. Consequently, the further up
excitation of the popUlation is restricted, the pop
ulation at the high-energy tail is heavily depleted 
by dissociation and the distribution curve becomes 
asymmetric. The t = 80 ns curve in Fig. 1 clearly 
exhibits this feature. 
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Fig. 2. Calculated dissociation yields form various 
levels above the dissociation energy during the laser 
pulse (unshaded region) and after the l~ser pulse 
(shaded region) for a 100-ns, 200 fl.1W/on laser pulse 
excitation. (XBL 778-9879) 
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Our model also allows us to calculate the disso
ciation yield as a function of time. More specific
ally, we can calculate the dissociation yield per 
unit time Ym(t) ~ Kin Nm(t) from each m level above 
EO' In Fig. 2, we show the integrated dissociation 
yields from each level during and after the laser 
pulse, respectively. The total dissociation yield 
is of course the sum of all. As shown in Fig. 2, 
most of the molecules dissociate during the laser 
pulse. (More than half dissociate before 2/3 of the 
laser pulse is over.) They dissociate mainly from 
those levels 6 to 11 hv above EO' These results are 
fairly consistent with the experimental observations. 
In particular, we can now understand why SF6 will 
undergo a Dvo-step dissociation process if the ex
citing laser pulse is sufficiently long and intense. 
In the primary dissociation of SF6 into SF5 and F, 
our molecular beam experiment has shown that on the 
average less than hv of the total excess energy ap
pears as recoil energy of the fragments; the rest 
is retained by SF5 in its internal degrees of free
dom. With the total excess energy 2: 6 hv, this puts 
SF5 in the excited quasi-continuum states. Then, if 
the laser field is still present for a sufficiently 
long time, the SFS fragments can readily absorb ad
ditional photons to exceed the threshold for subse
quent dissociation into SF4 +F. Apparently, this 
can happen for the case shown in Fig. 2. 

11. EXPERIMENTS ON MULTIPHOTON DISSOCIATION OF 
MOLECULES 

In collaboration with Prof. Y. T. Lee's group. 

See Section on Molecular Beam Laser Isotope Sep
aration, p. 492. 

12. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Y. Ron Shen 

In collaboration with Prof. Y. T. Lee's group, 
we shall continue our study on the mUltiphoton dis
sociation process of polyatomic molecules. Emphasis 
will be on the dissociation dynamics in various dif
ferent molecules, on excitations with two lasers, 
on isotopic selectivity, and on dissociation yield. 
A number of other projects involving interaction of 
lasers with molecular beams in collaboration with 
Prof. Lee's group are in progress or being planned. 
These include infrared spectroscopy of ions, dynam
ics of molecular predissociation, laser selective 
dissociation of van del' Waal molecules, picoseond 
spectroscopy of molecular dynamics, etc. 

We plan to continue our work on nonlinear exci ta
tion and detection of surface electromagnetic waves 
in semiconductors and metals. Various geometries 
will be considered, and effects of overlayers on 
metal surfaces will be investigated. 

We shall test out the sensitivity and resolution 
capability of our newly developed nonlinear optical 
spectroscopic technique for detecting low-frequency 
exci tations. We shall apply the techniques on var
ious gases, liquids, and solids. 

Three-wave and four-wave mixing experiments will 
be continued. In particular, we shall evaluate the 
potential of infrared generation by three-wave 
mixing using tunable dye lasers. We also intend to 
tryout experiments on resonant coherent Raman 
scattering from which one expects to learn selective 
information about electrons, phonons, and electron
phonon interaction. 

Brillouin and Raman spectrometers will contin
uously be used to study various materials. The 
problem of nonlinear Fabry-Perot as an optical 
switching device will be investigated. Various 
linear and nonlinear optical effects in liquid crys
tals will be studied with partial support from NSF. 
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Y. Ron Shen and Associates 
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c. Excited Quantum Fluids in Solids 

Carson D. Investigator 

Introduction. It has been established, 
orig,inaiTy by Soviet physicists, that intense 
optical excitation of semiconductors at low 
temperatures can lead to the fonnation of an 
electron-hole liquid. 111is is a novel state of 
matter, having both classical and quantwn 
properties. TIle electrons ,mel holes fonned by 
the excitation fOlln free exci tons, which are bosons. 
Although it was theoretically that a 
Bose condensation might occur, it was discovered 
that the exciton "gas" wldergoes a gas-li,quid 
phase transition into a conducting electron-hole 
liquid, somelvhat analogous to the ordinary 
water vapor- fog droplet transition. 'TIle liquid 
fon11s small electron-hole droplets which can 
freely move within the crystal up to the velocity 
of sound. Although the liquid mediwn is an 
excited state of the crystal (lifetime"" 10- 4 s) 
it is the first example of a Fermi liquid in a 
periodic lattice and, as such, has high theoretical 
interest. It can also be viewed as an anisotropic 
multi-component plasma of constant density 
(~10l7 cm- 3) , but easily compressible. We have 
concentrated on detailed and quantitative 
studies of the liquid in ultrapure gennaniwn: 
the nucleation process of the droplets, both 
e)qJerimentally and theoretically; the motion, 
diffusion, and e).:p10sion of the droplets; the 
resonance scattering of free carriers by the 
droplets, which determines their size (~1 )Jln); 
the confinement of sizeable vo1wnes (~1 nm13) of 
the liquid in potential wells of crystal strain, 
and the measurement of the properties of this 
strain-confined liquid; observation of magneto
oscillatorv behavior characteristic of Fermi 
systems; measurement of the compressibility of 
the liquid; observation and theoretical 
explanation of the deformation of the drops in a 
magnetic field (magnetostriction); observation 
of microwave Alfven wave dimensional resonances in 
large single ; and studies of lifetimes, 
decay mechanisms, and phonon interactions of the 
droplets. It is knolvTl that similar liquids exist 
in several other semiconductors (Si, GaP, CdSe) 
and that these excited quantwn fluids represent 
a general and fundamental type of excitation of 
crystalline solids. Professor C. Kittel is giving 
us assistance and advice on the theoretical 
aspects. 

1. NUCLEATION PI-jENO~lEi\jA IN ELECTRON-HOLE DROPLET 
FORIvV\TION 

Robert ~l. Westervelt, Eugene E. j-jaller, and 
Carson D. Jeffries 

Of prime interest 1S knowledge of the details 
of the nucleation of electron-hole drops (EHD) 
from a gas of free excitons (FE). We have 
completed both a quanti tati ve nucleation theory 
and detailed in pure Ge, obtaining 
good agreement and a basic tmderstanding of this 
system. Optical pwnping excites an electron up 
into the conduction band edge of the L point in 
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the band structure, leaving a hole at the r point; 
these quickly combine into a FE, detected by its 
characteristic recombination lwninescence at 
714 meV. As the excitation power P is increased, 
a new luminescence line at 709 meV is observed at 
a well-defined "up-going" threshold power P+; 
this is the characteristic recombination 
luminescence of an HlD. If the excitation is 
decreased the HID 1wl1inescence persists dO\\1Jl to a 
well-defined "doM1-going" threshold power P_. 
Figure 1 shows data on this remarkable optical 
hysteresis phenomena: it is due to the existence 
of surface tension in the droplets and their 
fini te lifetime. To avoid surface effects, sample 
volume excitation was used, by pumping at 1. 52 )Jln 
in the indirect gap. Our nucleation theory 
predicts that in up- going excitation the increase 
in PHD 1wninescence is due to an increase in the 
concentration N of drops of nearly constant size; 
in down-going excitation, the drop concentration 
is expected to remain fixed while the size of 
each drop decreases until a critical power Pc 
where a droplet will suddenly collapse. That is, 
once a droplet is nucleated by supersaturation of 
the exciton gas density to overcome surface 
tension, it will continue to exist and can be 
reversibly varied in size by varying the excitation 
power if P > Pc; below Pc, the drop concentration 
should rapidly decrease to zero. This behavior 
is borne out by the data of Fig. 2, taken with the 
excitation power cycle sho\\111 in the inset: Power 
is increased to Pn~x' decreased to an intermediate 
Power PZ, and increased to a value Po = 1.42 mW cm-Z, 
just below the drop- formation threshold P + of 
Fig. 1. We find that motion along a down-going 
hysteresis curve is reversible if P <: Pc' but 
drops are irreversibly lost if P ;; Pc' 
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Fig. 2. Luminescence intensity of EHD observed 
just below drop-formation threshold, following an 
excitation power cycle that moves reversibly along 
a down-going hysteresis curve of Fig. 1, and 
irreversibly if P < Pc, where the droplets begin 
to collapse. At P = P- the drop concentration has 
entirely vanished. (XBL 778-5978) 

These data clearly indicate the existence of 
metastable states of the FE-EHD system. For 
ordinary liquids such as water, metastable 
supersaturation effects become larger as the 
temperature is reduced. However, just the opposite 
is found, experimentally and theoretically, for the 
electron-hole liquid in Ge at temperatures below 
2.1 K: the ratio P+/P_ is found to decrease and, 
at 1. 25 K, the system reaches equilibrium and the 
hysteresis disappears entirely, due to the finite 
EHD lifetime; this is quantitatively understood. 
However, at higher temperatures the metastable 
lifetimes are very long indeed. At T = 1.8 K we 
have measured the time evolution of i) the EHD 
luminescence reached on up-going excitation to 
P = 2.3 mW/cm-Z, just above threshold; and ii) the 
EHD luminescence at this same excitation power, 
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but reached on do~~-going excitation from a much 
higher power. The data are sho~~ in Fig. 3 and 
display an unusual logarithmic behavior, actually 
predicted by nucleation theory. The surprising 
feature is that once a drop is nucleated it persists 
for a very long time (~104 s). 

Other studies include: an investigation of 
effects of crystal dislocations and shallow 
electrically active impurities on excitation 
thresholds; measurement of a carefully calibrated 
FE-EHD phase diagram; accurate measurement of the 
EHD surface energy; measurement of the condensation 
energy of a free exciton onto a droplet; and a 
measurement of the EHD radiation enhancement 
factor, the ratio of the electron density at a 
hole to the average liquid density--a sensitive 
measure of the degree of e-h correlation in the 
liquid. Quite satisfactory agreement between data 
and theory is found. 
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Fig. 3. ~~tastable time-development of the EHD 
luminescence in Ge, showing i) logarithmic 
increase for up-going excitation for very long times 
and ii) logarithmic and exponential decrease for 
down-going excitation. (XBL 778-2780) 

Z. MJTION OF ELECTRON-HOLE DROPLETS IN GEffiv!AJ\)IUM 

Robert M. Westervelt, Bemard S. Black, and 
Carson D. Jeffries 

111e motion of electron -hole droplets in Ge is 
receiving much attention, both theoretical and 
experimental. If the droplets are produced by, 
say, focused laser surface excitation, it is known 
that free carriers and probably the droplets 
themselves move rapidly away from the source region 
wi th veloci ties ~ 10 2 to 10:' cm/ s. 111e droplets 
can be moved by momentum transfer from free 
carriers, from excitons, and from a flux of hot 
phonons--the "phonon wind." They are also easily 
accelerated by crystal strains. Thus it is not 
surprising that earlier workers have reported 
values of the diffusion coefficient fQr droplets 
ranging from D = 100 cm2/s to D = 10-L cm2/s. We 
have used a new and very sensitive method to study 



the motion of droplets at low excitation and find 
that D ~ 10- 7 cm2/s, many orders lower than the 
previous results. 

The experiment is based on the existence of 
hysteresis; see Fig. 1 of the previous section. 
The face of an ultrapure Ge crystal is uniformly 
illuminated continuously by light at A = 1.52 ym, 
which gives volume excitation of free excitons in 
the entire crystal, but at a level slightly lower 
than P+, the up-going threshold, so that no drops 
are yet present. Then a laser focused to a 
narrow stripe iwage is pulsed once on the crystal 
face, nucleating droplets in a narrow cylindrical 
region of the crystal. After the pulse no new 
droplets may be formed, and those that were formed 
continue to exist by virtue of surface condensation 
of the ever-present free excitons at a rate equal 
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Fig. 1. Luminescence intensity profiles of a 
cylindrical-shaped volume of electron-hole droplets 
in Ge, at various times following their formation. 
These data show that a droplet remains essentially 
stationary and can be n~intained for times as long 
as six hours. (XBL 781- 23) 
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to the loss by e-h reconbination. An image of the 
cylindrical droplet region is scanned by a mirror 
past the slit of a spectrometer, which thus records 
the EHD reconbination radiation as a function of 
position x perpendicular to the axis of the 
cylinder, These lunrinescence profiles are measured 
periodically at various times t after the laser 
pulse, with t as long as 2 x 104 s. The results 
in Fig. 1 show that no statistically significant 
increase fjx in the full width at half maximum is 
observed at T = 2.1 K. From this we find 
[(fjx)2/tJ = D ~ 10- 7 cm2/s. Thus in the ideal 
case of no spurious motion of droplets caused by 
phonon wind, strains, and exciton and carrier flux, 
the droplets do not move, probably because they 
are slightly bound to crystal impurities or 
dislocations. At higher temperatures we expect to 
find them engaging in a hopping motion. Since our 
method can detect drift velocities as small as 
v ~ 10- 5 cm/s, we plml to use it to sensitively 
measure the motion of droplets under applied 
forces of all types . 

3. RESONANT SCATTERING OF FREE CARRIERS BY 
ELECTRON-HOLE DROPS 

Laurence Eaves, John Fumeaux, Robert lvlarkiewicz, 
and Carson Jeffries 

It is of considerable interest to consider the 
influence of a cloud of electron-hole drops on the 
electrical conducti vi ty of the Ge crystal. 
Figure 1 shows the differential longitudinal 
magnetoconductivity of an ultrapure crystal at 
T = 2 K with a magnetic field parallel to the 
(100) direction, and current probes to measure the 
conductivity in the same direction. With a 
moderate excitation power of ~ 25 mW cm- 2 only a 
small fraction of the crystal volume is filled 
with drops, and the conductivity is mainly due to 
free carriers outside the drops. The observed 
extrema of the oscillatory behavior of Fig. 1 are 
closely periodic in the square root of the/magnetic 
field, with a period fj (Bl!2) '" 1. 24 gauss l 2, 

!L 
as 

MAGNETIC FIELD (Gauss) 

Fig. 1. lvleasurement and theory for the differential 
longitudinal magnetoconductivity (cp/cB) of a Ge 
crystal at 2 K, partially filled with electron-hole 
drops. The period of the resonant oscillations 
fj(Bl/2) determines the drop radius a = 1.1 ym. 

(XBL 781-24) 



indicated by the dashed vertical lines. TIlis 
resonant period is directly related to the size of 
the droplets and a droplet radius a "" 1.1 ]Jm. 

The resonances are interpreted in terms of a 
model in which free electrons are scattered by 
randomly spaced droplets, represented by an 
attractive, hard edged, square well of radius a 
and depth Vo = 4 meV, equal to the binding energy 
inside a drop. The physical origin of the oscil
lations comes from considerations of the possib1£ 
elastic transitions for an electron in state In,k). 
Because of the infinite dens of states at the 
bottom of each Landau level n, the transition rate 
becomes infinite whenever scattering into the (n+ 1) 
band is possible. TIlUS the scattering time has 
a smv-tooth variation when plotted against the 
longitudinal momentum . Extrema in the con
ductivity occur whenever B = (n/2a)L (h/2e) (N+¢)2, 
where N is an integer and ¢ is a phase factor. 
The full theoretical result 1,ith conections for 
electron mass anisotropy is plotted in Fig. 1, 
for a = 1.1 ]JlTI, chosen to give the best fit to 
the data. This drop radius is consistent with 
values obtained by Rayleigh - Gans light scattering. 
The method of resonant carrier scattering is 
applicable with good sensi ti vi ty to much smaller 
droplets and is an important new and independent 
method of measuring the sizes of small conducting 
bodies in solids. 

4. PROPERTIES OF mE STRAIN-CONFINED ELECTRON
HOLE LIQUID IN Ge 

Robert Markiewicz, Jolm Fumeau;'(, Susan Kelso, 
James Wolfe, and Carson Jeffries 

We have found that it is possible to produce a 
large volwne of liquid in Ge stressed so as to 
produce a potential well of strain energy in the 
interior of the crystal, which collects excitons, 
small droplets and carriers, where they coalesce 
into a single volwne, called a y-drop, with 
a radius R < 0.5 mm. This is relatively enormous 
compared to the usual small droplets of a few 
microns radius in unstressed Ge, here called 
(x-drops, and discussed in Sections 1- 3 above. We 
have studied the properties of the strain-confined 
liquid from spatial, spectral, and temporal 
measurements under wide variations in stress, 
temperature, and excitation level, Hhich detennines 
the y-drop size. As expected, the e-h pair density 
ny, the exciton condensation energy ¢Y' and the 
e-h lifetime Ty are significantly different from 
EI-ID in wlstressed Ge, which is designated as 
Ge (4: 2), meaning 4 electron valleys and 2 hole 
bands are occupied. In moderately stressed Ge, 
only one electron valley is occupied and the 
configuration is Ge(1:2) for y-drops. 

Figure 1 shows the luminescence spectrum 
emanating from a strain \VeIl, for increasing 
excitation powers: at low powers only free 
excitons are observed, but there is a threshold 
for a second line, that of the electron-hole 
liquid (EHL) fonned in the well; thus, there is a 
gas-liquid phase transition, just as in unstressed 
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Ge. A careful measurement of the EI-IL lineshape 
and width, which is essentially the Fermi energy, 
yields the e-h pair density. Figure 2(a) shows the 
theoretically expected lineshape, and the circles 
of Fig. 2(b) show the best theoretical fit to data 
at low excitation and at T = 1. 8, corresponding to 
a density ny = 0.5xl017 cm- 3, close to that 
eA~ected theoretically for Ge(1:2), and five times 
lower than for unstressed Ge, no: = 2.3 x 1017 cm- 3. 

0.47mW 

705 710 715 

E (me V) 

Fig. 1. Luminescence spectrum of radiation from a 
strain well in Ge, at increasing excitation powers 
Pabs. At low powers only the free excitons (FE) 
are observed, but there is a threshold for 
condensation into the electron-hole liquid (EHL). 
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An independent measurement of ny is obtained by 
observing the magneto-oscillations in the 
luminescence, Fig. 3, which also measures directly 
the electron Fermi energy from the period of the 
oscillations. We find E~; = 2.3 ± 0.12 meY, 
corresponding to ny = 0.52 ± 0.05 x 1017 cnc 3 
at T = 1.6 K. 

We have measured a IS-fold increase in the 81L 
lifetime of y-drops: Ty ~ 530 ys, vs Ta ~ 36 ~s 
for small droplets; see Fig. 4(a) and 4 (c) . 111e 
lifetime is principally determined by two processes: 
i) direct radiation recombination of e-h pairs, 
with the rate T-l <X n; ii) non-radiation auger 
recombination, with T- l ex 112, or even n3 in higher 
order. Our observation that (Ty/To) > (11a/ny) 
suggests that the non-radiation process dominates 
in a-drops and that the radiation process dominates 
in y-drops. Another observed property of y-drop 
decay, Fig. 4(b), is that the initial decay is 
faster, suggesting an ini tial high liquid dens i ty
i.e., compression, discussed in the next Section. 

A section of the gas-liquid phase diagram for 
Ge(l: 2) has been measured in the range 3 < T < 4.2 K 
by measuring the exciton density at the 81L 
formation threshold. Figure 5 shows representative 
data: at a well-defined exci ta tion power the filL 
luminescence appears, while the FE gas luminescence 
becomes saturated: the carriers are all going into 
the liquid phase. A plot of these data, using a 
model of an ideal exciton gas but in a strain well, 
yields the exciton condensation energy CPy ~ 0.9 meV 
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for Ge(l: 2), to be compared to CPo, = 1. 9 meV for 
Ge(4:2). An independent value ¢y ~ 1 meV is 
obtained by fitting the EHL and FE spectral 
line shapes at low excitation. From the phase 
diagram and the law of corresponding states, we 
deduce a tentative value of Tc = 5 K for the 
critical temperature of the EHL in Ge(l: 2) . 

Fig. 3. Magneto-oscillatory luminescence of 81L 
instressedGe: (a) HII (001); (b) HII <l10); 
(c) H II (111). These data directly measure the 
electron Fermi energy in Ge (1: 2) . (XBL 7711-6454) 
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5. MEASUREMENT OF COMPRESSIBILITY OF TIlE ELECIRON-
HOLE LIQUID IN Ge 

Susan Kelso, Robert Markiewicz, and Carson Jeffries 

It is important to measure directly the 
compressibility of the electron-hole liquid; 
although it enters indirectly in almost all experi
ments, it has not been directly measured. TIle 
availability of a sizeable volume of electron-hole 
liquid in a potential well discussed in Section 4 
affords a unique experiment: the well is approxi
mately parabolic and is a kind of ''bottle'' for the 
liquid, with restoring force given by the gradient 
of the strain energy Es = (xr2. If the y-drop is 
small (R < 100 )JIll) it is experimentally lmown that 
the luminescence linewidth ~Ey and the decay rate 
T11 are not dependent on size, indicating that 
the liquid e-h pair density ny is essentially 
uniform, and compression is negligible. However, 
for higher excitation and drop radii, R > 150 )JIll, 

both ~Ey and Tyl begin to increase, indicating 
that the average density in the y-drop increases 
with drop radius. We have examined theoretically 
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possible mechanisms for this. As the y-drop grows 
in the strain well, liquid is pushed into regions 
of lower strain, where the equilibrium density is 
raised by an ~nount calculable from uniaxial stress 
data. A second mechanism is actual compression of 
the liquid in the well: as the drop grows, 
liquid is forced into regions of higher energy 
and the drop can lower its total energy by 

the pair density in the low energy 
regions near the center of the drop. TIle first 
mechanism raises the density at the drop edges, the 
second mechanism raises the density at the center. 

We focus a magnified image of the y-drop 
luminescence onto the entrance plane of a 
spectrometer, and sample the luminescence intensity 
at different regions of the drop by using slit 
scanning and box scanning. TIle evidence is clearly 
that the density is higher in the drop center and 
that compression is the important mechanism. We 
have worked out a detailed theory of the effects of 
compression, with the results sunnnarized in Fig. 1, 
which shows the density as a function of drop radius 
for four drop sizes. If R = 100 ~m there is only a 
very small compression, less than 10%; but for 
R = 800 )JIll, the density at the center is 3 times 
higher than at the surface--a very sizeable 
compression. 
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Fig. 1. Predicted density vs radius for strain
confined drops of EHL in Ge for four drop radii R. 
It is assumed that the well is produced by an 
inhomogeneous stress 0 along the (Ill) direction 
and that the well is parabolic, Es = ar2. 
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Detailed measurements of the radial dependence 
of the density for a drop of radius R = 700 ~ 
are made by recording the EHL luminescence 
intensity emanating from the y-drop in three 
mutually perpendicular directions, using mirrors 
and box and slit scans; the data are compiled by 
Abel transforms to yield the data points of 
Fig. 2. The solid line is that predicted by the 
theory for compression and is in good agreement 
with the data. By measuring the density at the 
center for various drop sizes, we measure the 
actual compressibility KT = -(~VL~p)V-l, finding 
a preliminary value KT = 3 x 10- 2 cm2/dyne for the 
EHL in Ge(1:2) at T = 1.85 K. This is to be 
compared to our theoretical value KT = 3.7 x 10- 2 
cm2/dyne. We note that the compressibility of the 
electron-hole liquid is 109 larger than that of 
water; its density is also smaller by roughly the 
same factor. 
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Fig. 2. Measured pair density vs radius for a 
large strain-confined drop in Ge, obtained by 
pumping with 400 mW of laser power. A threefold 
compression in the center is observed, and 
understood theoretically. (XBL 7711-6387) 

6. lvlAGNETIC PROPERTIES OF ELECTRON-HOLE DROPS 

John Fumeaux, James Wolfe, Robert Markiewicz, 
Susan Kelso, and Carson Jeffries 
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The question of the magnetic properties of an 
electron-hole drop is very interesting and quite 
complex. A drop consists of freely moving electrons 
and holes which ultimately recombine and are 
replenished by a surface flux of condensing 
excitons; the carriers in the drop are subject to 

Lorentz forces when the drop is placed in a 
magnetic field. The drop medium is also deformable, 
compressible, viscous, and there is surface tension 
energy and also strain energy in a potential well. 
There is a magnetization due to the ordinary 
Landau diamagnetism of the free carriers, and 
possibly a spin contribution. The drop, then, 
is made of some kind of complex dilute magnetic 
liquid. We ask: what happens to the shape when 
a magnetic field B is applied? It will change 
its shape in order to minimize the total energy 
of all mechanisms. A full magneto-dynamic theory 
has been developed both for small drops and for 
large strain-confined drops in Ge, with many novel 
predictions. 

The largest effect, and the most novel, is a 
new type of dynamic paramagnetism originally 
suggested by Kaminskii and Pokrovskii: because 
of the finite lifetime of the carriers inside a 
drop, there must be a continuous net flow of 
electrons and holes inward, a "recombination 
current," to maintain the drop in a steady state, 
as indicated in Fig. lea) for a spherically 
symmetric surface flux. An applied B field will 
deflect the electron and holes as shown in 
Fig. l(b), which, in effect, produces a net 
circulating current j as in Fig. l(c), and 
magnetization M parallel to B. For spherical 
symmetry M = 4TIno6WcTR5/45cTo, where R is the drop 
radius, T the carrier scattering time, TO the pair 
recombination lifetime, and Wc = eB/m*c, the 
cyclotron frequency. The drop will change its 
shape to minimize the magnetic energy EM = 
-1/2 M'~' and to do this it expands perpendicular 
to the magnetic field to encompass more field 
lines. A simple measure of this is the oblateness 
parameter RJI /Rl, the ratio of drop dimensions 
parallel and perpendicular to the B field. 

We have indeed observed such an effect with 
RJI/Rl as small as 1/3 for a large strain-confined 

BO MO 

(0) (b) (c) 

Fig. 1. Schematic illustration of origin of 
recombination magnetism. (a) Recombination currents 
in zero magnetic field. Carriers are assumed to be 
fed into the drop unifol~ly over the drop surface. 
(b) In a magnetic field, electrons (solid arrows) 
and holes (dashed arrows) are deflected in 
opposite directions. (c) This produces a net 
azimuthal current, ], which in tum induces the 
recombination magnetization M. ,.Note that the 
magnetization is paramagnetic, M· ~ > O. 

(XBL 779-4827) 



drop. Figure 2(a) shows the Ge crystal mounted 
to be viewed from face and end directions; 
Fig. 2(b) is an infrared vidicon image of the EHL 
recombination luminescence with no applied field 
showing an approximately spherical drop, obtained 
at T = 1.7 K by pwnping with 50 mW of laser power. 
In Fig. 2(c), an H field of 20 kOe is applied in 
the direction shown, and the drop clearly flattens 
into a pancake with axis along the field. In 
Fig. 2ed), the field is applied perpendicular to 
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the crystal face and the drop flattens into a 
pancake with axis along the field, as before. We 
further find that the primary change in shape occurs 
for H :$ 10 kOe and that above this value the 
distortion saturates. In a given field the 
distortion is greater for shallow strain wells. 
The detailed theory can eAylain all the observed 
effects in large strain-confined drops, and 
predicts similar effects in small unstressed 
droplets, possibly detectable by light scattering. 
We believe these experiments have firmly 
established the existence of recombination 
magnetization. 

This deformation, or magnetostriction, in drops 
in Ge is six orders of magnitude larger than that 
observed in the semi-metal Bi, which also contains 
an electron-hole plasma of comparable density 
(1017 cm- 3); however, this is its ground state, 
and so Bi does not possess a recombination 
magnetization, nor is it so deformable. 

Ge 
crystal 

~ (III) 

(a) 

H=O 

(b) 

The recombination currents usually flatten the 
drops along the field direction, corresponding to 
paramagnetism. However, the effect is very 
sensitive to the bowlClary conditions of the exciton 
flux into the drop surface. By orienting the I-I 
field along the ( Ill) axis and along the stress 
direction and by pumping with the laser "off 
center" so that excitons (or extenlal carriers) 
impact the drop surface in a narrow channel along 
the ( 111) direction, it is possible to reverse the 
sense of the effective recombination magnetization. 
In this case we observe cigar-· shaped drops, 
elongated along the magnetic field: the system 
now displays a dynamic dicunagnetization. The 
detailed magnetohydrodyuamic theory takes into 
account: the incident flux botmdary condi tions ; 
liquid density variations in magnetic field; 
compressibili ty; strain and surface energies; 
viscosity; and mass anisotropy for Ce. It is 
reasonably successful in quanti tati vely eAl)laining 
the observed exotic magnetic properties of 
electron-·hole drops. 

7. ALF\rEN WAVE RESONANCES IN PLASlvlA SPHEHES 

Hobert Markiewicz and Carson Jeffries 

At microwave frequencies and in mag-netic fields 
grea tel' than that for cycl ot ron resonance, we 
observe the propagation of Alfven waves in a large 

H-+ 
(C) 

=20kOe 
H 

H~ 
(d) 

Fig. 2. Observation of recombiantion magnetization in a strain-confined 
electron-hole drop in Ge. (a) Crystal mounting. (b) Vidicon image of an 
approximately spherical drop in zero field. (c) Flattening of drop in 
plane perpendicular to H. (d) Flattening of drop in plane perpendicular 
to H in another orientation. CXBB 773-2139) 



drop of strain-confined electron··hole liquid in Ge. 
A standing Alfven wave resonance or magnetoplasma 
dimensional resonance is observed when a multiple 
of the JUfven wavelength AA cc Brn becomes 
comparable to the drop diameter, approximately. 
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In this way we first identified a large drop, 
estimated the e-h pair density n, and studied the 
fonnation and decay of the drop in a strain well. 
The detailed and difficul t theory of JUfven-lI'ave 
oscillations in an anisotropic plasma sphere has 
been studied and two solutions are made. One 
solution is exact, involving an expansion of the 
current inside the sphere in a series of orthonormal 
modes, following a procedure used by Ford and 
Wemer for helicon waves. The second is 
approximate, based on a perturbation expansion of 
the induced fields and currents in powers of the 
drop radius. 111e approximate solution can be 
applied to a material having a completely general 
conductivity tensor, while the exact solution is 
restricted to situations of high synmletry. 

Using these solutions, the resonant microwave 
power absorption of an electron-hole drop in Ge is 
calculated explicitly and compared to the size
dependent resonances observed. The new calculations 
show that both the magnetic and electric microwave 
fields induce absorption, the lnagnetic dipole being 
the most intense, particularly for modest drops 
(a < 100 In stressed Ge(1:2), with the stress 
and the B along the ( 111) axis, the absorbed 
microwave power predicted by the exact theory is 
plotted in Fig. 1 vs the B field, with the drop 
radius a as a param~ter. 1118 LM modes are observed 
with the microwave 1\1 field parallel to 13; the 
1M ± modes with circularly polarized fields 
]31 1 13. In each case there are a series of well 
de fined dimens iona1 resonance modes a, b, c, ... 
that move to higher fields as the drop size 
increaxes. TI1e intensity also strongly increases, 
as I cc a5, approximately. The width of a resonance 
liB is proportional to the e-h collision rate T- l , 
and if T is independent of B, liB is proportional 
to B for Alfven waves. Figure 2 shows the exact 
theoretical prediction for the resonant field B vs 
drop radius a, for the same modes a,b,c; there is 
clear evidence of mode crossing. From the 
approximate solutions it is found that certain of 
the resonances can have a very strong dependence 
on the lnagnetic field orientation with respect to 
the crystal axes. As a second application of the 
theory the transition from Alfven waves (in a 
material having equal numbers of electrons and 
holes) to helicon waves (only one carrier type) 
is studied. The theory is now virtually complete 
and should be of considerable aid in understanding 
electromagnetic resonances in electron-hole drops 
in Ge as well as plasmas in general. 

8. RDSEARG! PLANS FOR CALENDAR YEAR 1978 

Carson Jeffries 

There are still many facets of electron-hole 
liquids to be investigated; frequently experimental 
surprises occur. We plan to focus on ultrapure 
Ge, and also to extend the measurements to other 
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Fig. L Predicted microwave power absorption for 
a spherical electron-hole drop of radius a in 
strained Ge(l: 2) in a lnagnetic field along the 
( Ill) axis. A series of dimensional resonance 
modes a,b,c, ... are shovm and occur at different 
fields dpending on the orientation of the microwave 
magnetic field BI' (XBL 7710-6207) 

materials. The new method of Westervelt discovered 
in Section 2 above is a breakthrough in the sensiti
vi ty to detect very small forces on drops: drift 
velocities lower by six orders of magnitude than 
previously reported can be detected. We plan to 
extend this method in many ways: 1) Study the 
motion of droplets as a function of crystal impurity 
doping, dislocations, vacancy clusters, and other 
defects to detennine what are the droplet trapping 
centers and the binding energy to the center. 
2) Work at higher temperatures where it is expected 
that the droplets will hop off the centers, and a 
hopping-t)~e of diffusion motion can be observed. 
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Fig. 2. The resonant field B vs drop radius a for 
standing Alfv8n wave resonance modes in an electron
hole drop in Ge, as in Fig. L lVlode crossing is 
evident. (XBL 7710-6208) 

3) Study the motion of droplets in small applied 
electric fields to investigate the change of the 
droplets; the present experimental evidence is 
very conflicting. 4) Study the motion of droplets 
in a crystal temperature gradient, i.e., in a hot 
phonon flux, to investigate the phonon-wind effect. 
S) Similarly, study the effects of exciton wind and 
free carrier wind on droplets. 6) Study the motion 
of droplets in magnetic field gradients, where the 
direction and magnitude of motion will detel~ne 
whether the droplet is (a) paramagnetic (due to 
recombination currents) or (b) displays Landau 
diamagnetism; it has been predicted by our general 
magnetohydrodynamic theory that there will be a 
transition between these two cases as the drop 
size is reduced. 7) Study the motion in a knm'ffi 
uniaxial strain gradient; this force is calculable 
from known deformation potentials and, done 

simultaneously with other forces, will serve as 
a calibration of the force, and enable accurate 
measurements of the droplet-phonon relaxation time. 
8) Study further the drag on droplets in a uniform 
magnetic field analogous to the liquid Na pump 
effect reported by !vlcGroddy et al. All of these 
experiments will be done at minimum excitation, 
actually below threshold using hysteresis, where 
the drop system is far less perturbed than has 
heretofore been possible. 

A second major objective is to develop and 
construct ultrahigh-sensitivity infrared detectors 
in the range 1-4 ym, and use them in a variety of 
new experiments on electron-hole liquids, excitons, 
multiexciton complexes, and solid-state spectroscopy 
in general. Recently astrophysical investigators 
using very low background photovoltaic InSb 
detectors, special cooled FET preamplifiers, and 
themEl and angular screening of background photon 
fluctuati0r:-s/have ~chi~ved sensitivities of . 
10-17 W Hz 1 2, wh1ch 1S 3 to 4 orders of magmtude 
better than detectors used in electron-hole droplet 
research. We will use such improved detectors in 
several new experiments: 1) To observe the 
formation of single small droplets (~l ym) in 
unstressed Ge an:crsi, and to study the formation 
process and growth by spatial imaging. 2) To 
observe hysteresis in Si. 3) Perform Rayleigh-Gans 
scattering at improved sensitivity to measure 
droplet sizes. 4) To search for spectroscopic 
evidence at much higher snesitivity for free 
biexcitons and higher multiexciton complexes. 

Cfhere is much evidence in the literature that 
one or more excitons bind to donors and acceptors 
in Si and Ge--the so-called bound multiexciton 
complexes. However, the problem is not at all 
solved: no theory has yet been developed that 
explains the spectroscopic features. We propose 
another, experimental, approach: to observe the 
microwave spin resonance of the donor and its 
hyperfine structure; then excitons may be bound 
following light excitation, and the structure 
should change. This method has been used quite 
successfully, e.g., in the study of F-centers, and 
should give very detailed information about the 
local structure of the multiexciton complex. 

The current work on the strain-confined liquid 
in Ge will be continued and extended to: 
1) measurements uf the compressibility as a function 
of temperature; 2) the study of the motion of 
carriers, excitons and small droplets into the 
strain well by spatial, temporal, and spectroscopic 
scanning; 3) similar measurements on other 
materials. We also plan to use the method of 
resonant electron scattering to measure the size 
of small droplets in Si and Ge as a function of 
temperature and excitation level. This method is 
very sensitive to very small particles mld could 
be extended to multiexciton complexes. The 
interaction of electron-hole droplets with the 
surface of the semiconducting crystal is of very 
high interest, but has not yet been studied; we 
will begin this in Ge. 

To date, the materials in which electron-hole 
liquids are experimentally well established or 
suggested are: Ge, Si, GaAs, GaP, cubic SiC, CdSe, 
CdS, and ZnG; in some of these the critical 



temperatures are in the range 50 to 100 K. It is 
becoming increasingly evident that this novel 
state of matter is fairly general and has escaped 
notice until recently. The liquids are of very 
high interest, both theoretically and experi
mentally. 
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d. Superconductivity, 
and 1/1 Noise 

John 

1. GEOPHYSICS WITH SQUIDS 

Devices, 

'1: 

T. D. Gamble, W. M. Goubau and J. Clarke 

Magnetotellurics is a \Vell~known and widely-used 
technique for surveying for geothermal sources and 
mineral deposits. The essential idea is as follows. 
A fluctuating magnetic field, H(t), generated in 
the ionosphere and magnetosphere is incident on the 
earth's surface (approximately) as a plane wave. 
When the fluctuating magnetic field reaches the sur~ 
face, it penetrates in a direction that is nearly 
normal to the surface, and decays exponentially 
wi th a characteristic length (2/1JJl00W) 1/2. Here,]J 
is the permeability of the earth, 0 is the electri
cal conductivity of the earth (which is a function 
of position), and w/2Tr is the frequency of the mag
netic field fluctuations. At 1 I-Iz, this length is 
typically a few hundred meters. The fluctuating 
magnetic field induces electric currents in the 
ground t~at in turn generate a fluctuat electric 
field, E(t). At each frequency w/2Tr, the x- and y
components of the magnetic and electric fields in 
orthogonal directions parallel to the earth's sur~ 
face are related by 

and 

(w) 

E (lu) 
y 

z (w) 
xx (w) + z (w) H (w), (1) 

xy y 

(w) H (w) + z (w) H (w). (2) 
x yy y 

The z(w) are the elements of the impedance tensor 
Z(w). The goal of magnetotellurics is to measure Z 
as a function of frequency, and hence to model the 
resistivity of the ground. 
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It is evident that Eqs. (1) and (2) contain four 
unknowns, so that these equations are not sufficient 
to specify Z. The usual procedure is to*multiply 
e~ch equation in turn by, for example, Ex(w) ~ 
E;~(w), and to average the resultant products Ex.Ex, 
etc., over many estImates. One can then solve the 
four equations so obtained for the z(w), for exam
ple, 

z 
xy 

(3) 

In the absence of noise, this procedure yields accu
rate estimates for the z(w). However, in the pres~ 
ence of noise, there may be serious problems. For ex~ 
ample if E ~E +E where E is the "simal" and , x xs xn' xs __ 0_ ---

Exn is the "noise," then the autopower I 12= (E ) 2 x 
~ -- ~ xs 

(1 + IExnl /IExsI2). Since IExnl /IExsI Z may be much 
larger than unity under some circumstances, a large 

error in Z;.cy may be introduced. Similarly, if the 
two channels Ex and Ey contain correlated noise, a 

similar error may be introduced in 
ination of these errors has been one 
goals in the magnetotelluric technique. 

The e1im
major 

We have greatly reduced these errors by intro~ 
ducing a remote magnetometer several kilometers from 
the first. The fields measured by this magnetom
eter, Hxr and Hyr , are used to multiply Eqs. (1) and 
(2) to yield expressions for the z(w), for example, 

(r) 

Equation (4) 
the noise at 
with that at 
in the z(w). 

(4) 

contains no autopowers, and, provided 
the first magnetometer is uncorrelated 
the first, there will be no bias errors 

lVe have tested this teclmique in Bear Valley, 
California. We set up two complete magnetotelluric 
systems at Upper and Lower La Gloria (see Fig. 1). 
At each station, the magnetic field fluctuations 
were measured by a three~axis SQUID maBletometer, 
and the electric field fluctuations were measured by 
an array of buried electrodes (see Fig.l). TIle sig
nals from the Lower La Gloria station were transmi t
ted by FIvl telemetry to the Upper La Gloria station 
where all the signals were digitized and recorded on 
tape. The data were recorded into four overlapping 
bands, with periods 0.02 to 1 s, 0.33 to 5 s, 3 to 
100 s, and 30 to 100 s. In the subsequent data prif 
cessing, we computed Z (lu) for each station using the 
standard analysis [Eq. (3)], and using the other sta~ 
tion as a magnetic reference. We computed the z (w) 

Willow Creek Peak"" 
F IV1 Repeater 

3 

Fig. 1. Map showing magnetotelluric stations at 
Upper and Lower La Gloria Road in Bear Valley, 
California. Electrodes are denoted by letter E. 
lvlagnetometer locations are indicated by ©. Data 
were transmitted from Lower to Upper La Gloria via 
the Ftvl repeater. (XBL 7712~6514) 
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for each station, and, at each frequency, rotated 
the tensor to maximize IZxyl2 + IZyxI2. Finally, ~e 
computed the apparent resistivities 0.2 T 1 zxyl 

and Py =.0. 2 T 1 Zyx 1
2, where Px and Py are in Q m, T is 

the perIod in seconds, and Zxy and Zyx are in units 
of CmV /kmh- l . 

The apparent resistIvItIes for the two stations 
using the two analysis techniques are shown in Figs. 
2 and 3. We see at once that the apparent resistIv
ities obtained with the remote reference are much 
smoother than those using the standard analysis. For 
example, there is a large dip in the resistivity ob
tained ,vi th the standard analysis at Lower La Gloria 
[Fig. 3 Ca)] between 2.5 and 18 s that is completely 
removed by the remote reference analysis of the same 
set of data. Furthennore, the values where the four 
frequency bands overlap are in much better agreement 
using the remote magnetometer. We believe that al 
lnost all of the discrepancies between Figs. 2(a)and 
2(b) and Figs. 3(a) and 3(b) are a result of the 
systematic bias errors inherent in the standard 
analysis. 
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Fig. 2. Apparent resistivities for Upper La Gloria 
as a function of period: (a) standard analysis; 
(b) remote reference. 
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Our measurements at Bear Valley demonstrate the 
feasibility of remote-reference magnetotellurics, 
and show that this technique can significantly im
prove the reliability of the apparent resisti vi ties 
obtained. Furthermore, since none of the data need 
be rejected because of bias errors, the time spent 
at each station gathering data may be substantially 
reduced by the use of a remote magnetometer. 

We are continuing our evaluation of this new 
teclmique. 

* Supported in part by U. S. G. S. 

2. SUPERCONDUCTING THIN- FIIM GRADIOMETER AJ'lD 
MAGNETOMETER* 

M. B. Ketchen, W. M. Goubau, J. Clarke and G. B. 
Donaldson 

A superconducting gradiometer incorporating a 
SQUID can be used to detect very small changes in 
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the gradient of an applied magnetic field. Such d~ 
vices are important in applications where it is de
sirable to detect locally generated magnetic signals, 
which have a relatively high gradient in the pres
ence of large magnetic field fluctuations, for exam
ple, those generated by the magnetosphere. Gradionr 
eters thus already have medical applications in mag
netocardiology and magnetoencephalography, and have 
considerable potential for application in geophysics. 
Previously, all such gradiometers have made use of 
wire pick-up coils. We have constructed and tested 
a gradiometer in which the SQUID a'1d superconducting 
pick-up loops are constructed entirely from thin 
films. 

The dc SQUID is shmm in Fig. 1. Four Cr 
and Au disks were first evaporated onto the sub
strate, and a 125 ]Jm wide strip of Nb was then sput
tered and oxidized. An insulating disk was evapo
rated onto the midpoint of the Nb, and the SQUID was 
completed by the evaporation of the Pb films to form 
two tunnel junctions on the Nb strip. The SQUID is 
(ideally) insensitive to changes in a uniform lnag
netic field, but responds to changes in current in 
the Nb strip. Leads were attached to the Nb and Pb 
strips. The SQUID was current-biased at a voltage 

\ 
I 

1.9mm 

0.3mm 

Fig. 1. Configuration of dc SQUID galvanometer, 
(XBL 77l0-6155B) 

Pb STRIP Nb STRIP 

ACTIVE SQUID--

Pb STRIP 

of about 1 ]JV, and a small 100 kHz flux ,vas applied 
by means of a coil attached to the substrate. Any 
100 kHz voltage developed across the SQUID was am
plified by a cooled resonant circuit, further ampli
fied by room temperature electronics, and lock-in 
detected. The smoothed output of the lock-in was 
fed back to the coil to flux-lock the SQUID. In 
this way, the SQUID could detect tiny changes in the 
current in the Nb strip. A typical power spectrum 
for the flux noise is shown in Fig. 2. The corres - -
ponding nns current ~o~2e in the white noise region 
was 1. 7 X 10 -IDA Hz 1 . The galvanometer was 
incorporated into the gradiometer shown in Fig. 3. 
The 295 X 38 X 38 mm quartz substrate was optically 
polished on the surface on which the films were 
deposited. TIle pick-up loops were of Pb l50-]Jm wide 
and 0.5-]Jm thick, and the diagonal Pb strip was 
electrically insulated from the Nb strip by a disk 
of SiO and Ge. The gradiometer could be used in one 
of two configurations. When the Pb strips were cut 
at points "A", the pick-up loops were in parallel, 
whereas when any were cut at "B", the 100ljS were in 
series. In either case the gradiometer measured the 
off-diagonal gradient 

The gradiometer was mounted in a cryostat and 
first tested in the laboratory. We balanced the gra
diometer for fields in the z-direction by adjusting 
the position of a small balance film (Fig. 3) until 
a changing field Hz produced a minimum output from 
the SQUID. The best balance was about 3 ppm. The 

106 

N " 
I 

No 
108 -s: ....... ~., .. ~.., ... ' .... ,. 

-e-
(j) 

1010 

10-4 10-2 I 10 2 

FREQUENCY (Hz) 

Fig, 2, Flux noise power spectrum of galvanometer. 
(XBL 767-7244) 

PYREX OR QUARTZ 
SUBSTRATE 

Pb STRIP 

INSTALLED 
SPARE SQUID 

BALANCE FILM 
(ON SEPARATE PYREX 

295 mm 
OR QUARTZ BLOCK)/Wi 

Fig. 3, Configuration of thin-film gradiometer, (XBL 7710-614SB) 
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intrinsic (unadjusted) balance in the x- and y-direc
tion was about 100 ppm. Subsequently, we tested the 
series-loop gradiometer at a remote site at which the 
earth's field could be assumed to be fairly uniform. 
We balanced the gradiometer by rotating the cryostat 
about the vertical (x) axis, and adjusting the bal
ance film for minimum response. The optimum balance 
achieved was 1 ppm. ~1hen the gradiometer was rotat
ed through 3600 about the x-axis, the output returned 
to its original value to within an amount correspond
ing to a balance of 1 ppm, indicating that hysteresis 
due to the motion of flux pinned in the films was not 
significant. 

We determined the gradient sensitivity by measur
ing the response to a known flux imbalance between 
the pick-up l~q~s. Wi th a SQUID resolution of 
8 X 10-5¢0 Hz-; , the sensitivities of the series
and p'arallel-loop g~adiometers_yG~e 3.7XlO-~Yr m- l 
Hz-liZ and Z.l X 10 l3T m- l Hz ; , respectlVely. 
These values were in good agreement with our theo
retical predictions. 

A second type of thin-film device is the planar 
magnetometer shown in Fig. 4. Th~~ SQUID has a sen
sitivity of about Z X 10-13T Hz-I;." and a slewing 
rate of 2 X 10- 4 T s-l at 1 kHz. Thus, it is a factor 
of ZO less sensitive than our cylindrical SQUIDS, but 
has a factor of 3 higher slewing rate, a combination 
that makes it ideal for geophysical applications. TIle 
device is particularly easy to fabricate, and three 
can easily be mounted in an orthogonal array to make 
a three-axis magnetometer. Our future geophysics 
magnetometers will probably use SQUIDs of this type. 

r-- 1 mm 

Fig. 4. Configuration of thin-film magnetometer. 
(XBL 77l0-6l55A) 

We have demonstrated the feasibility of gradiom
eters fabricated entirely from thin films. In a 
future design, one would use photolithographic tech
niques to deposit films with a linewidth (say) 5 ~m 
and with a high degree of symmetry. Gradiometers 

made in this way should have an improved initial 
balance in the z-direction, and also in the x- and 
y-directions. We believe that in the present design 
the x- and y-balance are limited by the distortion 
of the magnetic field by the overlapping films in 
the SQUID, and a reduction in the volume of these 
films should correspondingly reduce the distortion. 
Furthermore, if the film widths were reduced by a 
factor of 30, the resolution q~ the SQUID, which is 
proportional to (film width)l; , should be improved 
by a factor of about 5. With the aid of photolitho
graphy, one could also make second derivative gradi
ometers, which would be particularly suitable for 
medical applications. Finally we note that this 
type of gradiometer may be particularly suitable for 
commercial production, since it involves only thin
film techniques that are well-established in certain 
industries. 

* Supported in part by U.S.G.S. 

3. MICROWAVE-ENHANCEMENT OF THE SUPERCONDUCTING 
ENERGY GAP 

T. R. Kommers* and J. Clarke 

A puzzle in the study of superconducting weak 
links for almost a decade has been the observation 
that, under appropriate conditions, microwave irrad
iation could enhance the critical current of the 
links. Conversely, microwaves always decreased the 
critical current of tunnel junctions. A resolution 
of this apparent contradiction was suggested by 
Eliashberg and co-workers who showed theoretically 
that microwaves could enhance the energy gap, 6, of 
a superconducting thin film. In this model, photons 
wi th energies hw < Z6 excite quasiparticles from 
states near the bottom of the excitation spectrum to 
states of higher energy, thereby mill,ing available 
for occupancy additional pair states with wavevec
tors near kF' Since these pair states contribute 
most strongly to the pairing interaction, this re
distribution of pair state occupancy increases the 
condensation energy, and therefore the energy gap. 
We have made the first direct observations of this 
enhancement. 

We fabricated Al-AlZ03-Al junctions on BaFZ sub
strates in a cross-film geometry, and with resis
tances in the range 1 to 10 st. Each sample was 
mounted in an X-band waveguide near an adjustable 
short-circuit plunger with the plane of the films 
parallel to the axis of the waveguide. The sample 
and waveguide were immersed in a temperature reg
ulated helium bath. The upper curve in Fig. I shows 
the differential resistance, dV/dI, vs. voltage, V, 
for a sample in the absence of microwaves. The two 
sharp minima at a and b occur at voltages (6)+ L<)/e 
and (,!,> - 6<) Ie, where 6> and 6< are the larger and 
smaller energy gaps of the two films. The remaining 
curves in Fig. I show the additional structure in
duced as the 10 GHz (41. 4 ~V) microwave power was 
increased. The power levels represent the power de
livered to the waveguide. The minima c,d,e, and f 
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Fig. 1. dV/dI vs. V for Al-A1 20 3-Al tunnel junction. 
(XBL 771-5002) 

arose from photon-assisted tunneling, and the struc
ture indicated by arrows was due to microwave-induced 
Josephson current steps at voltages nhw/2e (n" O,± 1, 
± 2, ... ). The voltage at which both types of struc
tures occurred was independent of the microwave 
power level. The minimum at "a" moved to a progres 
si vely higher voltage as the power was increased, 
while the position of "b" was relatively independent 
of power. Thus, the average gap, < fj > = (fj> + (1,<)/2 
was enhanced as the power was increased. 

Figure 2 shows the temperature dependence of the 
average gap for several power levels. 111ese curves 
were obtained using two methods: 

Method I. The temperature was slowly increased from 
the lowest value keeping the microwave power constant. 
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Fig. 2. ((I, + (1,<) vs. reduced temperature for sev
eral levels> of microwave power. Inset shows gap en
hancement, <5 ((I,> + (1,<) vs. temperature for (a) 9.9 
GHz and (b) 11. 9 GHz. (XBL 771- 5004) 

At the higher power levels, the gap structure abrupt
ly vanished at the temperature Tt indicated by the 
downward arrow. Thus, as the temperature was in
creased at constant microwave power, 2 < I~ > was 
maintained at a value greater than hw until a first
order transition to zero gap occurred at Tt. l~len 
we subsequently reduced the temperature (keeping the 
power constant) the gap did not reappear until we 
reached a temperature Tt that was lower than Tt . 
Thus, we observed hysteresis in the plot of 2 < (I, > 
vs. power at constant temperature. 

Method II. We increased the micrOlvave power from 
zero at constant temperature. At temperatures below 
To (marked 0 in Fig. 2), we obtained the same enhanced 
values as in Method I, whereas at temperatures To 
and above, the behavior was different. At To, 
there was a small enhancement at lower power levels, 
but the structure in dV/dI disappeared for powers 
above 3 mW. At higher temperatures, we observed no 
enhancement at all. We ascribe this behavior to the 
fact that the photons 'vere sufficiently energetic 
(hw > 2(1,) to break pairs in this temperature range, 
so that the microwaves destroyed rather than en
hanced the superconducti vi ty. The inset of Fig. 2, 
in which the change in the average energy gap, 
cS ((I,> + (1,<), is plotted vs. temperature for two 
microwave frequencies, confinns this explanation. Tv 
is the temperature at which the microwave energy, hv, 
is equal to twice the average equilibrium energy gap. 
Thus Tv is the temperature above which we expect sub
stantial pair breaking by the photons. At temper-
atures well below Tv' the microwave enhance < /j >, 
whereas at temperatures well above Tv, the micro
waves depress < (I, >, implying that pair breaking sets 
in. 



In preliminary e:A1leriments at 3 GHz we obtained 
similar results. At this frequency, the value of 

Z09 

T), could be as much as 30 mK above the equilibriwn 
transition temperature, so that the transition tem
perature was considerably enhanced above its equilib
rium value. The hysteresis in the plot of 2 < {I, > vs. 
temperature at constant power became even more pro
nounced. We plan to carry out more experiments at 
this frequency, to investigate the nature of the 
phase transition that occurs. We also plan to study 
other materials, for example, tin. 

* Deceased. 

4. lVlEASUREMENT OF TIlE HECTRON- PHONON RElJ\XATION 
RATE IN ALUlvlINUM 

C. C. Chi and J. Clarke 

One of the most fundalTIental properties of a super
conductor is the magnitude of the electron-phonon 

This time governs most quasi
processes, and an accurate mea

surement of TO is essential to the proner wIderstand
ing of the nonequilibrium superconducting states. 
One may estimate '0 from the quasiparticle recombina
tion time, 'R' However, the measured value of TR 
may be appreciably larger than the intrinsic value 
because of phonon- trapping eHects. Consequently, 
we have measured TQ from the branch relaxation time, 
TQ' which is not atfected by phonon trapping. 

The sample (inset in Fig. 1) cnnsisted of a 3X 3 
mm AI-AlZ03-Al injection tunnel junction evaporated 
onto a glass slide. The junction was masked with a 
100 nm film of SiO to leave a 1 X I mm window near 
the middle, and a diagonal Cu strip was evaporated 
to fonn an Al-Al Z03-Cu detector junction. We passed 
an injection current, Ii, between the two Al strips 
at liquid HeLl temperatures, and measured the resul-
tant quasiparticle potential, Vd, developed across 
the detector j wIction wi th a nul1- balancing SQUID 
voltmeter. Typical current-voltage characteristics 
for the injection and detector junctions are shoMl 
in . 1. Notice that at high injection voltages, 
V d is in Ii' Near the transition temperature, 
Tc , of the Al filins, and for values of Vd » 2!'1Al 
({I,AI is the energy gap in AI), we deduced values of 
T6 1 in the second Al film from the result 

-1 , 
Q 

(1) 

In Eq. (1), N(O) is the single-spin density of states 
in AI, gNS (0) i~ the. normalized tunneling condu~
tance of an SN JunctIon at zero voltage, and SI IS 
the volume of the Al film into which the current Ii 
is inj ected. In Fig. Z we plot I i/2N (0) gNS (0) SI e 2 
Vd vs. (I, C[ ) /kBT for several samples, the charac
teristics of which are given in Table 1. 

To find '0' in terms of TO' we solved numerical1y 
the coupled kinetic equations for quasiparticles 
that included both elastic and inelastic branch 
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Fig. 1. Vi and Vd vs. Ii for typical sample. 

:3 

Inset shows sample configuration. (XBL 7710-6152) 

relaxation processes. Near Tc, we find that the 
inelastic processes dominate, and the branch relaxa
tion rate is given by 

-1 

'Q (2) 

As is evident from Fig. 2, the upward curvature of 
the data indicates that other branch crossing pro
cesses become important at larger values of 6/kBTs:;' 
This relaxation is due to elastic scattering in the 
presence of gap anisotropy. We have been able to 
account fully for this process, and to obtain esti
mates of the anisotropy. 

Table 1 shows the variation of TO with Tc and the 
mean free path, ~, of the Al film. For the clean 
samples, <TO > ~ C1.3±0.2) >~lO-7 s. As ~ is re
duced, TO becomes progressively shorter. This de
crease can be largely ewlained 2Y setting '01 cc 

T~, or, equivalently, 02F (w) = bw , where 02 is the 
square of the electron-phonon matrix elements, Few) 
is the phonon density of states, and b is a param
eter to be determined. We have used the measured 
values of, and Tc to calculate the values of b 
shown in Tagle 1. We see that b is roughly constant 
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Table 1. Parameters for samples on which 'Q was measured. 

CL 
-x 
I (l) 

C 
)-l 

Sample 

Number 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

T c 

(K) 

1. 228 

1. 231 

1. 262 

1. 265 

1. 253 

1. 241 

1. 306 

1.411 

1. 573 

1. 886 

2.113 

2 Fig. 2. Ii /2N(O) gNSCO) ~ e Vd vs. L/kBT for sev-
eral samples. (XBL 7710-6149) 

Q, , b 
0 

(nm) (10- 7 
s) 

-3 -2 
(10 HeV ) 

100 

100 

90 

78 

53 

49 

23 

125 

6 

1.1 

1.0 

1. 39 0.63 

1. 32 0.66 

1.16 0.70 

1.12 0.72 

1. 56 0.53 

0.80 1.06 

0.83 0.88 

0.64 0.91 

0.16 2.61 

0.12 2.02 

0.11 1.57 

for the cleanest samples, but that it increases rap
idly by a factor of 2 or 3 as Q, decreases from about 
80 nQm to about 150 nQm. For Q, ~ 150 nQm, b is 
again roughly constant. This rapid change in b is 
not accompanied by an abrupt change in T. Further 
investigation is required to properly un~erstand the 
mechanism for the abrupt increase in b. 

5. BOUNDARY RESISTANCE OF SNS SANDWICHES AND THE 
MEASURlJ..IENT OF BRANCH CROSSING TIMES IN LEAD AND 
TIN 

T. Y. Hsiang and J. Clarke 

A problem in nonequilibrium superconductivity of 
long-standing interest has been the mechamism by 
which an electric current flows across a normal
superconductor (NS) interface. This problem has 
been tackled by Pippard and co-workers and by Wald
ram, who have provided a theoretical framework for 
interpreting their experimental results. We have 
modified their ideas to extract values for the 
branch mixing time, '0' in superconductors, as well 
as to confirm the theory in some detail. These val
ues for 'Q can be used as derived values for TO' the 
electron-phonon scattering time. This technique is 
an alternative to the tunnel injection method de
scribed in article 4, and provides an important 
check of the consistency of the two methods. 

At an SN inferface, the superconducting energy 
gap extends into the N-region by virture of the pro~ 
imity effect. Consider an electron incident on the 
interface from the N-side. At low temperatures 
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(T < <Tc)' the energy of the electron will be less 
than the energy gap, ~, of the superconductor (or 
possibly than the gap at a point inside the N-metal), 
and will be Andreev reflected as a hole. Charge 
conservation is assured by the propagation of pair 
inside the superconducting region. A normal current 
incident on the bOlh'1dary is thus converted to a super
current at the point of Andreev reflection. On the 
other hand, near Tc ' the electron is likely to have 
an energy greater than ~, and is thus able to propa
gate into the superconductor, and to carry a normal 
current into the superconductor. This nonnal cur
rent flows dissipati vely in the superconductor, de
caying into a,s~Dercurrent in a characteristic length 
AQ ~ (VFhQ/3).L/ ,where vp is the Fermi velocity and Q, 

is the electronic mean free path. This process gives 
rise to a boundary resistance that is proportional to 
the nt@ber of electrons transmitted into the super
conductor, to the normal state resistivity of the 
superconducting material, and to TQ' As the temper
ature is lowered, this boundary resistance tends to 
zero. Thus, by measuring the boundary resistance as 
a function of temperature, one can deduce AQ. To 
measure TQ we made SNS sandwiches in two configura
tions: Orie consisted of normal metal foils that were 
sputtered cleaned and on which superconducting films 
were evaporated, "Ihile the other was made by success
sive evaporations of the appropriate materials. The 
samples, usually three at a time, were connected in 
series with a standard resistance and the input coil 
of a dc tunnel junction SQUID, and the whole circuit 
was mounted in a vacuum can surrounded by a Pb shield. 
We measured the resistance of each sample over the 
range 1.2 K to Tc' The results for four different 
samples are shmm in Fig. 1. We observe that the 
resistance rises rapidly as the temperature is in
creased towards Tc ' as we expect. The solid lines 
in Fig. 1 represent the predictions of the modified 
Pippard-Waldram theory; only the time, TQ' has been 
used as a fitting parameter. It has been assumed 
that TQ has the form TO ~(OJ/~(TJ, where TO is inde
pendent of temperature. In each case, the fit is 
excellent over the whole temperature range. The 
dashed line in each figure represents the best fit 
obtained using a temperature independent TR, and is 
obviously ~ much poorer fit to the data than the 
continuous line. We conclude that TR~(O)/MTJ is 
the.appropriate form for T

Q
, and list the values of 

T~ m Table 1. The values quoted for Sn and Pb are 
tfiose obtained with 1% In and 1% Bi, respectively, 
added to reduce the mean free path to a value at 
which the theory is strictly applicable. Also 
listed in the Table are the values calculated by 
Kaplan et a1. by solving the kinetic equations for 
the quasiparticles, and the value obtained for Sn 
by Clarke and Paterson using tunnel injection. Given 
the general uncertainties in both the experiments 
and in the theory, the agreement between the theo
retical and experimental values CaJl be considered 
excellent. 

These experiments have demonstrated that the 
quasiparticle relaxation time appropriate for the 
decay of quasiparticles injected over a SN inter
face is the same time that one observes in the tun
nel injection experiments. In addition, our results 
indicate that the theory for the processes involved 
at the SN interface is quantitatively correct. The 
measurement of the resistance of SNS sandwiches is 
thus a relatively straightforward means of measuring 
TO and thereby detennining TO' and could readily be 
extended to other superconductors. 
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Fig. 1. Measured resistance, R, vs. reduced temper
ature, TITC' for four SNS sandwiches. 

(XBL 7711-6409) 

6. RESEARCH PLANS FOR CALENDAR '{EAR 1978 

John Clarke 

Geophysics. We propose to exploit our new remote 
reference technique for performing magnetotelluric 
surveys. We plan to complete a data processing unit 
incorporating an LSI-II microprocessor that should 
enable us to process magnetotelluric data on-site, 
and thus quickly assess the quality of the data. We 
hope to survey several sites, for example, Grass 
Valley, Nevada, Mt. Hood, Oregon, and Hollister, 
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California with this equipment. We also plan to 
perform stringent tests to find the ultimate resolu
tion and reproducibility of our technique. 

Another geophysics experiment involves a study of 
possible magnetic field gradient fluctuations. We 
know from our magnetotelluric measurements that mag
netic "noise" sometimes contaminates our data: It 
,vas for this reason that we developed the remote 
nagnetorneter technique. If the magnetic noise is 
generated near the earth's surface, it may contain 
a measurable gradient. Thus, by using a supercon
ducting gradiometer that will tend to discriminate 
against distant magnetic sources, we may be able to 
locate nearby magnetic sources. 

Superconducti~g Devices. We plan to develop a new 
generation of dc SQUID devices with increased sensi
tivity. According to our theory, the energy resolu
tion of a tunnel junction dc SQUID is proportional 
to the square root of the junction area. Thus, if 
we can reduce the linear dimensions of our junctions 
from the present size ("V 100 llm) to (say) 5 llm by 
means of photolithography, we would expect to im
prove the resolution by a factor of 20. This im
provement is badly needed for certain gra(liometer 
applications, and for gravity-wave transducers. In 
addition, we will attempt to build two-stage SQUID 
amplifiers in which the second SQUID is used to read 
out the first. If the first SQUID is cooled to a few 
mK, the theory predicts that its energy resolution 
at 1 Hz wi 11 be improved by 3 to 4 orders of magni
tude to a value that is limited by the uncertainty 
principle. 

Nonequilibrium superconductivity. We expect to 
maintain a major effort in this area. The work on 
microwave-induced gap enhancement will be completed. 
We propose to investigate a new means of gap enhance
ment by twmel inj ection into a superconductor just 
below its transition. In another experiment we plan 
to investigate the possible spatial inhomogeneity of 
a thin superconducting aluminwn film irradiated with 

SNS Resistance 

(sec) 

1.0 x 10- 10 

-10 
1.5 x 10 

2.3 x 10 
-11 

Tunnel Injection 

(sec) 

1.0 x 10 
-10 

microwaves or light. The fi 1m wi 11 have a number of 
tunnel junctions grown on it at 10 llm intervals (us
ing photolithography) so that we can simultaneously 
measure the energy gap of 'the film under varying 
levels of irradiation. A further possible exper
iment is the measurement of the branch crossing time, 
TQ' and hence of the electron-phonon time, TO' in 
hard superconductors such as Nt. 

l/f noise. Measurements are to be made of the l/f noise 
in metals deposited on different substrates. We are 
particularly interested in the temperature dependence 
of the noise around room temperature, and in the role 
of the substrate in the magnitude of the noise. We 
hope to be able to develop a more microscopic under
standing of our thermal fluctuation theory of l/f 
noise. 
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1. SURFACE STATES ON CLEAN GERlvlAN1U/v1 AND DIAMOND 
CRYSTALS'" 

M. L. Cohen, Steven G. Louie and J. 1hm 

We have continued to investigate the electronic 
structure of clean semiconductor surfaces. The 
self-consistent pseudopotential method with a 
slab geometry, which yielded satisfactory results 
for Si (lll) surface, is now employed for the 
calculations of Ge (Ill) and diamond (lll) surfaces. 
The local pseudopotential approximation does not 
work for diamond because p valence electrons of C 
see a very strong core potential due to the absence 
of p core orbitals in the C atom. A non-local 
pseudopotential for C is derived and found to 
produce an energy band structure of bulk diamond in 
good agreement with other calculations and experi
ments. This potential is then used for the 
diamond surface calculations. 

We have obtained the charge densities and the 
local density of states of Ge and diamond surfaces. 
Comparing the energy band structure of the bulk 
and that of the surface, we identified surface 
states bands. The result for the diamond is 
illustrated in Fig. 1. The big peak in the local 
densi ty of states curves presented in Fig. 2 shows 
that the diamond surface has very strong dangling
bond gap states in the surface region. In this 
unrelaxed, unreconstructed surface calculation, 
the Fermi energy (EF) falls in the gap states so 
that the surface is metallic. Reconstruction is 
possible to form a senuconductor surface. The 
results obtained here will be used as references 
for the calculations of Ge/metal or diamond/metal 
interface structures. 
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DIAMOND (111) SURFACE STATES, 
UNRELAXED (12 LAYERS) 

-.- SURFACE STATES ~ PROJECTED BAND STRUCTURE 
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Fig. 1. T\'io-dimensional band structure of a 
12-layer diamond (Ill) slab along symmetry lines. 
Various surface states or surface resonances are 
indicated by heavy lines and are labeled. Dashed 
lines mean "weak" surface states or resonances 
which have a long decay length into the bulk. 
Subscripts represent a "dangling bond (d)," a 
"transverse back bond (tb)," or a "longitudinal 
back bond (lb), II respectively. Heavy dots refer 
to the calculated energy eigenvalues of surface 
states. As a slab has two surfaces, the surface 
states come in pairs. Some of them are not 
con~letely degenerate due to the finite thickness. 
The projected band structure is also plotted. A 
picture of the BZ is inserted. (XBL 782-7115 ) 
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Fig. 2. Local density of states (LDOS) curves for 
diamond (Ill) slab. The density of states (DOS) 
of the bulk calculated is also draiffi for 
comparison. It can be observed that by the 3rd 
layer the LDOS is very similar to the bulk DOS 
except for the gap states. (A portion of 
charges from both sides of the gap participates 
in forming surface states in the gap.) 

(XBL 782-7116) 

* Partially supported by NSF. 

215 

2. RECONSTRUCTION OF SEMICONDUCTOR SURFACES: THE 
Si (001) SURFACE* 

M. L Cohen, G. P. Kerker and S. G. Louie 

It is well known from LEED experiments that 
most covalent solids show a spontaneous lowering 
of the symnetry of a surface by reconstruction. 
This effect can be understood qualitatively from 
energetic reasons. In order to form the surface 
one or more bonds have to be broken per surface 
atom. The broken bonds given rise to surface 
states near or in the gap between the valence 
and the conduction bands. The effect of recon
stllJction is to lower the total energy of the 
system by splitting these states and shifting them 
to energies away from the gap. In real space this 
is accomplished by.a rearrangement of the atoms 
in the surface region that is different from the 
bulk geometry. Although the structural change 
can be easily observed in the LEED pattern, it is 
difficult to determine the atomic positions 
uniquely from an intensity analysis. A knowledge 
of the electronic structure can be very useful in 
order to test the validity of a given structural 
model. 

As an example of present interest we calculated 
the electronic structure of both the ideal ~ld 
the reconstructed Si (001) surface self
consistently by using our pseudopotential method 
described above. The surface of the semi-infinite 
system was simulated by the surfaces of a 12 layer 
Si-slab. The ideal unreconstructed surface has 
two broken bonds per surface atom that give rise 
to two partially occupied surface bands in the 
fundamental gap making this surface metallic and 
therefore unstable against reconstruction. In 
fact, a (2 x 1) reconstruction is observed 
experimentally. 

We calculated the electronic structure of the 
reconstructed surface by adopting a structural 
model that was claimed to give the best possible 
fit of the observed LEED intensity data. It 
assumes that the surface atoms form zig- zag chains 
along the (100) or (010) direction of the surface 
plane (Fig. 1). With our method we were able to 
analyze the electronic structure of this model in 
terms of the two-dimensional band-structure, the 
charge density distributions and the local density 
of states. 

We found, as for the ideal case, a 1"eta11ic 
surface due to broken bond states. In addition 
the chain bond states cause a peill( in the local 
density of states at the surface which is not 
observed in the corresponding photoemission 
spectrum (Fig. 2). 

These results led us to the conclusion that the 
proposed zig-zag model and its variants can be 
ruled out as a possible reconstruction of a clean 
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Fig. 1. Orientation of the first four atomic 
layers of the (2 x 1) reconstructed surface 
according to the chain model, viewed from the 
vacuum looking nonna11y into the bulle 111e atoms 
are represented by circles. 111e number in a 
circle labels an atomic layer. (XBL 782-7117) 

Si (001) surface. At present the geometry of this 
surface is still an open question. 

* Partially supported by NSF. 
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Fig. 2. Calculated local density of states (LDOS) 
curves for the (2 x 1) reconstructed surface using 
the chain geometry. Also given in the surface 
LDOS histogram is the measured photoelectron 
density (dotted line). Subtracting from the 
surface LDOS the corresponding values of the slab 
center LDOS and keeping the positive contributions 
gi ves the difference curve of the local dens ity 
of states (DLIDS) at the surface. It reveals the 
energy regions where surface states occur. In 
particular, the chain bond states cause the peak 
at region C which is characteristic for this 
geometry. (Y~L 782-7114) 



3. SURH'lCE AND BULK ELECTRONIC PROPERTIES OF 
TR,'\NSITION METJ\LS* 

M. 1. Cohen, K. M. Ho, S. G. Louie and J. R. 
Chelikowsky 

Because of the partial occupancy of d-states in 
transition metals, a simple extension of the self
consistent pseudopotential method to these systems 
isn't possible. TIle d-states must be treated 
separately using non -local (angular momentum 
dependent) potentials. By extending our methods 
to include the use of these non-local potentials, 
we have been able to calculate electronic band 
structures for systems containing transition 
elements. Transition metals have been studied 
extensively because of their importance in 
practical applications (e. g., catalysis) and also 
because of the interesting properties they 
exhibi t as a result of their partially filled d 
bands. 

Niobium was chosen as the first case to be 
studied. The ionic pseudopotential was generated 
by fitting to ionic and atomic data. TIle 
resulting potential gives a bulk band structure 
in good agreement wi th previous calculations and 
photoemission experiments. Charge densities were 
calculated and displayed. TIlese give interesting 
views of the bonding nature of Nb. 

Using the above potential, we performed a 
self-consistent calculation for the Nb (001) 
surface. A nine layer periodic slab geometry 
was used with a vacuum separation of five layers 
between slabs. The total valence charge density 
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is plotted along the (110) and (100) plwles 
perpendicular to the surface. The charge at the 
center of the slab is bulk like and shows a distinct 
d character around the atom. 

To investigate the chwlge in the density of 
states in going from the bulk to the surface, we 
have plotted the local density of states for 
each layer of the slab. The local density of 
states for layers 4 and 5 at the center of the 
slab is almost bulk like, whereas layer 1 shows 
surface features in the regions a to 2 eV above 
the Fenni level and at 2 eV below the Fenni level. 

To get a better understanding of the distribu
tion of surface states in the two-dimensional 
surface Brillouin zone, we proj ect the three
dimensional bulk band structure onto the (001) 
plane. TIle gaps in the Nb (001) projected band 
structure are located far away from the zone center 
and tend to be widest away from high symmetry 
points. 111ere are tlvO main gaps, one just above 
the Fermi level between a and 3 eV and the other 
between -1 and - 2 eV. r.'lost of the surface states 
in our calculation appear in these two gaps. We 
also found strong surface resonances in symmetry 
gaps along synmJetry lines in the two-dinJensional 
surface BZ. (Symmetry gaps are regions along the 
symnetry lines where states of a given synmetry are 
forbidden but states with other sYllmetries may 
exist. ) 

* Partially supported by NSF. 

4. ELECTRONIC STRUCTURE OF IvlETJ\L- Ge AND IvlETJ\L
DIJ\IvDND INTERFACES (SQ-lOTTKY BARRIERS) * 

M. 1. Cohen, J. Ihm wld S. G. Louie 

Interface (IF) problems have been extensively 
studied in our group using the self-consistent 
pseudopotential method. This method, which has 
proved very successful for calculations of the 
meta1-Si and metal-zincblende IFs before, is now 
applied to similar calculations of metal-CiO and 
metal-diamond IFs. TIle origin of the persistent 
interest in metal-semiconductor Us is twofold. 
Firs t, metal- semiconductor IFs are of teclmical 
importance for many electronic devices because of 
their rectifying properties. Second, the barrier 
height at the metal-semiconductor IFs has been 
found experimentally to be dependent on ionicity 
(or gap size) and electronegativity properties of 
the semiconductor and the metal. Some 
researchers have claimed that it is a crucial 
indicator of the covalent- ionic transition among 
various semiconductors. The physical lfiders tanding 
of these properties is still open questions. 

The metal is simulated by a jellium model for 
the positive background with a charge density 
equivalent to that of ahllllinum wld the pseudo
potential is used for the description of the 
semiconductor ionic cores. The conduction 
electrons of the metal and the valence electrons 
of the semiconductor are free to redistribute 
self-consistently for the given system. For the 
metal-Ge (111) IF, the local density of states near 
the Fenni level is studied in detail to understand 
the pinning of the Fenni level. As in the case of 
the metal-Si IF studied previously, a high density 
of metal induced gap states is found in the gap. 
Again, we are led to the conclusion that it is 
this high density of metal induced gap states 
which are responsible for the pinning of the Fenni 
level. This results in a small value for the 
phenomenological index of interface behavior S; 
we obtained S '" 0.14 in agreement with experiments. 
True IF states that are localized at the IF are 
found only in the gap, but the density of these 
states are extremely small and the density of 
states in this region is completely dominated by 
the metal- induced states. The metal- induced gap 
states have free electron behavior on the metal 
side and decay exponentially on the Ge side. The 
calculated Schottky barrier height, defined to be 
the difference between the Ge conduction band 
nrinimum and the Fermi level is found to be 
0.55 ± 0.1 eV in agreement with experiment. 

Preliminary results for the metal-diamond (Ill) 
IF have been obtained. This calculation is of 
importance because of its ability to test various 
theories predicting different S values for this 
large-gap covalent material. The question of the 
dependence of S on gap size or ionicity is 
fundamental to the understanding of the Schottky 
barrier properties. Our calculations place the 
diamond Schottky barrier away from S~O but not at 
the very ionic end of the S vs ionici ty curve; 
S is calculated to be O. 38 ± a .1. The metal-
induced gap states distribution is more or less 
constant in the large gap thereby giving a relative
ly low surface density of states in the gap region 
compared to the Ge and Si Schottky barriers. TIle 
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small diamond lattice constant, which is 63 ~ 66% 
of the Ge or Si lattice constant, contributes to 
increasing the surface density of states (because 
of a smaller area per surface atom) by a factor 
to 2 or more. The net result is still a uniform 
surface density of states and a value of S of 
~ 0.1 for Si or Ge. The calculated Schottky 
barrier height, this time taken to be the difference 
between the Fermi level and the diamond valence 
band maximum for comparison with experiments done 
on p-type diamond, is 2.2 eV in agreement with 
experiment. 

* Partially supported by NSF. 

5. SEMlCONDOCTOR-SElvlICONDUCTOR INTERFACES AND 
SUPERLATTICES* 

M. 1. Cohen and W. E. Pickett 

The great technological importance of the 
properties of the semiconductor-semiconductor 
interface (IF), or heterojunction, has encouraged 
detailed theoretical studies on the atomic scale 
of idealizations of these systems. The idealiza
tions are abrupt IFs, whereas typical hetero
junctions are graded over 100 to 300 A. Recently 
however, these idealizations have been 
experimentally realized with IF growth by the 
molecular beam epitaxy method, in which 
"superlattices" are constructed by a periodic 
repetition of IFs. We have done self-consistent 
calculations on the (110) IFs of AIAs-GaAs, 
Ge -GaAs and Ge - ZnSe . These systems have been 
chosen both for their technological interest and 
in order to study theoretical trends. 

These IFs also have small lattice mismatch 
(~0.2%), and experiments suggest that it is valid 
to ignore the mismatch entirely for many properties. 
Within this restriction there exists an obvious 
"ideal" geometry to assume in the calculation, in 
the absence of experimental information on the 
actual atomic positions. Although general 
arguments shaw that for the polar IFs the ideal 
geometry is unstable, there are no such restrictions 
on the non-polar (110) IF and the ideal geometry 
is expected to be a reasonable first estimate. 

The self-consistent pseudopotential method 
allows a complete study of IF states: their 
existence, character and their energy density in 
the IF region. At the AlAs-GaAs IF there are no 
IF states and negligible density of localized 
states, i.e., IF resonances. In Ge-GaAs, however, 
six distinct IF states (bands or partial bands) 
are found to exist within mutual gaps in the 
projected band structures of bulk Ge and bulk GaAs. 
These IF states are shown in Fig. 1, and all lie 
below the thermal gap. Experimentally no states 
are found in the gap. 

In the Ge-ZnSe system some IF states are also 
found to exist. Due to the increased difference 
in ionicity compared with Ge-GaAs, the bulk band 
structures are less similar, with the result that 
it is impossible for the gaps in the projected 

--~ Ge-GaAs Interface States 

GaAs ta Ge ~ Projected Band Structure 

-12 

r x M r 
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Fig. 1. The interface states of (110) Ge-GaAs 
relative to the projected band structures of bulk 
Ge and GaAs from self-consistent calculations. 
The dispersion of the interface states is denoted 
by heavy solid lines; heavy dashed lines indicate 
interface states that have a long decay length 
into the bulk. Symmetry points (in reduced units) 
are r = (0,0), X = (1/2,0), M = (1/2,1/2), 
X' = (0,1/2). The interface states Sl, S2, Bl, 
BZ, PI> P2, as well as the "stomach" gap (- 2 to 
-6 eV) and the "lower" gap (-7 to -10 eV) are 
described in the text. (XBL 782-7119) 

band structures to overlap as much as in the 
Ge-GaAs IF. The spectral weight of localized 
states is shifted from true IF states to resonances. 
The density of states localized near the IF is 
larger than in Ge-GaAs but will still be difficult 
to detect experimentally. 

The band edge discontinuities, which are of 
central importance technologically, are the only 
experimental data on the IF region that is 
available. From work on GaAs-Gal-xAlxAs super
lattices (x ~ 0.2) the conduction band 
discontinuity has been established at ~Ec = 
(0.15 ± 0.03)~Eg is the difference in direct 
band gaps. Extrapolating this result to x = 1, 
we find excellent agreement with the calculated 
result ~Ec = 0.17 ~Eg. In the Ge-GaAs and 
Ge-ZnSe IFs the experimental values are somewhat 
less certain, but the theoretical and experimental 
values agree to within ~0.2 eV, which is within 
the combined uncertainties of theory and 
experiment. 



Since the ideal geometry has been used in the 
calculations it is of interest to inquire whether 
such IFs are stable against relaxation or 
reconstruction. In the AlAs-GaAs system the 
charge density variation across the IF is 
localized on the cation at the IF, with both the 
Al-As and Ga-As bonds across the IF being nearly 
identical to the respective bulk bonds. There 
is no indication of instability. 

At the Ge -GaAs IF the Ge -Ga and Ge -As bonds 
across the IF, shown in Fig. 2, have no bulk 
counterparts. cfhese novel bonds suggest unbalanced 

Fig. 2. Contour plots, perpendicular to the 
interface, of the charge densities of the interface 
states Sl, S2, Bl, B2. Each averaged charge 
density is normalized to wlity; successive 
contours are separated by 2.0 units. Straight 
lines denote bond directions. (XBL 782-7118) 
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forces on the atoms at the IF, implying relaxation. 
These observations apply as well to the Ge-ZnSe 
IF. Unfortunately there is no experimental 
information on the interfacial morphology of IFs 
at present. 

If the potential dipole at the IF is sensitive 
to relaxation, information on the atomic positions 
could be gained by calculating the band edge 
discontinuities for various assumed geometries 
and comparing to experiment values. To study this 
approach we have considered a simple relaxation in 
which the distance between the Ge and GaAs atomic 
planes at the (110) IF is increased by 20%. This 
is deliberately a substantial overestimate of any 
relaxation that may actually occur. Even though 
large distortions of the charge density result 
from this "relaxation," the potential dipole is 
found to be quite insensitive, changing by only 
"'0.1 eV. We conclude that this is not a useful 
approach for studying atomic structure at the IF. 

To study these IFs we have used a superlattice 
geometry, in which IFs are introduced periodically 
to form a three-dimensional periodic solid. The 
IFs are sufficiently well separated so the 
electronic structure of a single IF is reproduced 
well, but super lattice effects can also be 
identified. In our calculations on a 9 layer 
All'ls-9 layerGaAs superlattice we have noted that, 
for the two low-energy hole bands, the transverse 
(to the IF) effective masses may be much different 
than the bulk values and are likely to be 
sensitive to the precise superlattice geometry. 
Superlattices which have been studied experimentally 
have been of interest because of a longitudinal 
effective mass ffiQ, that becomes very large 
(mQ, -+ 00), resulting in localized ("potential well") 
states which interact only slightly. Transverse 
masses have not yet been measured experimentally. 

supported by NSF. 

6. MJLECULAR ELECTRONIC STATES i'\ND ADSORBATES ON 
SOLIDS* 

M. 1. Cohen, K. M. Ho and M. Schluter 

We have applied our method to calculation of 
equilibrium bond lengths, force constants and 
binding energies of molecules. As a test case we 
considered the Si2 molecule. (A previous calcula
tion using our method gives the molecular energy 
levels successfully.) We repeated the calculation 
with higher convergence and with two intermolecular 
distances. Calculation of the interatomic forces 
using Hellmann-Feynman Theorem gives an equilibrium 
bond length of 4.236 ao, in excellent agreement with 
experiment. However, the values we obtained for 
the stretching force constants and binding energy 
were off by 67% and 83%, respectively. Most 
other theoretical calculations obtain similar 
discrepancies for force constant calculations. 

A similar calculation was performed for hydrogen 
adsorbed on the Si (Ill) surface in the monohydride 



configuration. 111is gives an equilibrium bond 
length of 2.93 aD (which is 5% larger than the 
Si-H bond length in SiHS). Again in this case, 
the calculated stretching force constant for the 
Si-H was larger than experimental values (by ~40%). 
It appears that a better detennination of the ionic 
pseudopotential near q = 0 is necessary for 
calculation of properties such as force constants 
and binding energies which depends critically on 
the long range interaction of the ions. 

The results for spectral features of adsorbates 
is quite good. Electronic calculations for 
monohydricle and trihydride configuYations for 
hydyogen adsorbed on Si (Ill) yield abundant 
information about these systems. Density of states 
calculations are compared with experiment and 
spectral featuyes are analyzed using these 
comparisons. 

Foy Cl adsorbed on Si (Ill), detailed calcula
tions of the density of states featuyes yield 
diffeyent spectya for Cl adsorbed on covalent and 
ionic sites. CompaYison with expeYiment gives 
agreement for Si (lll) if the Cl is assumed to be 
in the covalent configuration. Analysis of data 
for CIon Ge (lll) suggests that Cl will yeside on 
ionic sites in this material. This is one of the 
unusual cases wheye Ge and Si act somewhat 
diffeyently. Very recent expeYiments using 
angulay yesolved photoemi.ssion techniques have 
mapped the energy dispeYsion curves for CIon 
Si (lll). 111e agreement between the measured 
spectya and the predicted theoyetical spectra is 
stYiking. 

Calculations on conduction band suyface 
resonances yeveal the existence of these states 
for clean surfaces; however, they aye most 
pronounced for surfaces with adsorbates like C1. 
Detailed calculations of dispeysion cuyves and 
densities of states weye peYfoymed foy these 
states. 

Suppoyted by NSF. 

7. RESEARCH PLAl'.JS FOR CALENDAR YEAR 1978 

Ivlayvin L. Cohen 

\lie plan to continue our studies of inteyfaces 
with emphasis on semiconductoy-semiconductoy and 
semiconductoy-insulatoy inteyfaces and Schottky 
bayrieys. 

Some new developments in oUY techniques have 
allowed bettey tyeatments of localized d-states 
in tyansi tion metals. Woyk is in pyogress on IvIa 
to eXaJnine both bulk and suyface pyopeyties. 

A calculation of the local field dielectyic 
function is still in progress. Results for zeyo 
wavevector have been used to evaluate the phonon 
fyequencies at long wavelengths foy Si. The 
wavevectoy-dependent dielectric fWlction should 
be capable of describing the full phonon dispeYsion 
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curve; we e~)ect to be able to peyform this 
calculation. The full dielectric matyix will also 
be used to study the possibility of excitonic 
superconductivity. 

Calculations aye wlder way on the electyonic 
styuctuye of Nb3Ge and other AIS materials. These 
materials have the highest knmvn supeyconducting 
tyansition tempeYatuYes. We expect to produce 
electronic charge density plots that should help 
to descyibe bonding and charge transfer in these 
mateyials. Band structure calculations and density 
of states curves will also be computed. 

A closer analysis of the theory of pseudo
potentials is wlder way. By requiring the pseudo
potentials to give both the energy levels in a 
solid and the atolnic levels, it is possible to 
explore questions related to structure. At present 
these pseudopotentials are too "strong" to be used 
easily in band structure calculations, however, 
new methods are being developed to try to cure 
this problem. 
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c. 

1. CHEMiCAL STRUCTURE 

s. High Pressure Chemistry 

George Jura, 

1. HEAT CAPACITY OF ALUMINUM AND HEAT DIFFUSIVITY 
OF SILVER CHLORIDE TO PRESSURES OF 135 kbars 

George Jura and Kwang Yul Kim 

The technique for the determination of the heat 
capacities of metals by a microsecond pulse has 
been developed to the degree that it is now 
useful as a function of ten~erature and pressure. 
Earlier work had solved the problems involved in 
obtaining results at constant pressure, and the 
difficulties involved in the variation of pressure 
have been solved. Data are presented for aluminum 
at room temperature. As an added bonus, it is 
possible to determine the heat diffusivity of the 
surrounding medium as a function of pressure and 
temperature. It has not as yet been possible to 
separate the heat capacity and heat conductivity 
parts of the heat diffusi vi ty. That awaits further 
work. 

Briefly, in the pulse method, a presumed 
constant current pulse is sent through the sample. 
The voltage drop across the san~le is measured 
as a function of time. From this data it is 
possible to determine the quantities of interest. 

In our earlier work, it was presumed that the 
current obtained from our square pulse generator 
was constant after the rise, about 10 )lsec. If 
the pulse was measured on an oscilloscope, the 
current was indeed constant to 0.05% after about 
25 )lsec. It was the asslmption that because the 
current was constant in going to the oscilloscope 
that it was also constant in going to the sample. 
This last assumption is erroneous. fVhen the pulse 
is directed into the scope, the leads are suf
ficiently short that the transient current can be 
neglected. However, when the current goes to the 
s~le, the inductance is appreciable, and the 
length of the leads increases the resistance, and 
on the time scale on which it is necessary to work 
to minimize the heat loss, the transient current 
is appreciable at 60 )lsec after the start of the 
pulse, and its variation with time is important 
for about the next 200 )lsec. Since the data that 
is required is collected in about 300 )lsec, it is 
evident that a serious error is made if the 
transient is not considered. 

Obviously the transient cannot be measured 
while the current is rising. However, since 
according to theory, the rise and decay are 
related, the rise can be detennined from the decay. 
This is what we have done. The observed voltages 
on the rise have been corrected for the transient, 
and the correction is obtained from the decay. 

What this means is that the experiments that 
are performed are changed only in respect to the 
length of time that measurements are made. The 
pulse is directed across a variable resistor, of 
sufficiently high heat capacity that its resistance 
does not change as the current flows, and whose 
resistance has been made equal to that of the 
sample. Voltages are read for several milliseconds. 
This determines the base or the zero from which 
all me as uremen ts are made. The current is then 
switched through the sample. After about three 
milliseconds, the current flows only through the 
variable resistor. The decay is obtained from 
these last measurements. The sample and the 
variable resistors are two arms of a wheatstone 
bridge, and the actual measurement that is made is 
the difference between the two voltage drops across 
these two resistors. The last is necessitated by 
the fact there is no instrument that will measure 
the voltage drop across the sample with the 
necessary accuracy in a sufficiently short period 
of time. 

'The results for the heat capacity of aluminum 
are shown in Fig. 1. If the results are extra
polated back to 1 atm, there 1S a decrease of 
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Fig. 1. Heat capacity of aluminum and heat diffusi
vity of silver chloride as a function of pressure 
at 25° C. (XBL 781-68) 



8.61%. This can be compared to that obtained from 
an approximation of the Debye temperature from the 
Bloch-Grueneisen equation for the temperature 
dependence of the resistance of a one electron 
metal. This approximation yielded a decrease of 
4.8% in the heat capacity for the same change in 
pressure. The heat diffusivity of silver 
chloride is also sho\'1ll in this figure. There are 
no kno\'l!l comparisons for the nLrnIDerS that are 
sho\'l!l. There is a knO\'l!l polymorphic change in the 
structure of silver chloride at about 90 kbars. 
Thus the change in the heat diffusivity is 
explainable on the above. 

The above results have been computed from the 
equation 

E ~ E 
o 

Z 
K

Z 
(Za -(;I.+Z13) 

+ ----,;,---
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liZ 
KZ a 3/Z 

f(5/Z}a t 
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t ---------~---
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where 

and 

a: radius of a wire 

A~TIa2: surface area of the wire 

2Z3 

KZ: thermal conductivity of AgCl 

C bulk specific heat of the wire 
PI 

KZ: thermal diffusivity of AgCl 

KZ 
K Z ~~ 

L, Pz 

PZ: density of AgCl 

C specific heat of AgCl 
Pz 

R': temperature coefficient of resistance o 

In principle, if good enough data were available, 
it would be possible to decompose the heat 
diffusivity tenn into the heat capacity and heat 
conductivity. This is not possible with the 
present data. It may become possible when the 
present 10 bit AD convertor is replaced with a 
lZ bit interface. 

At the present time, data are the averages of 
about 10 different currents. It is estimated 
that the heat capacities are good to about 0.5%, 
and the heat diffusivities to about 7%. 

2. RESEARG-! PLANS FOR CALENDAR YEAR 1978 

George Jura 

Measurements will be made on a selected group 
of metals; iron, gadolinium, and bismuth to 
start. It is expected that the temperature range 
investigated will range from 77 to Z98 K. 



b. low Temperature Properties of Materials 

Norman E. PhiZ Zips, 

1. PRESSURE DEPENDI~\lCE OF 11lE HEAr CAPACITY OF 
TEFLON AT LON TEMPERATURf::S 

J. Boyer and N. E. Phillips 

Teflon is frequently used, either by itself or 
in combination with certain fluids, as a pressure
transmi tting medium in high pressure clamps of the 
type frequently used for low-temperature high
pressure measurements and which have been used in 
this laboratory for heat capacity measurements. 
At low temperatures and high pressures teflon is 
indispensable in achieving hydrostatic pressure. 
111e clamp, which must support the large mechanical 
stresses present at high pressures, is by necessity 
qui te large and consequently contri.butes the maj or 
part of the actual measured heat capacity in any 
experiment. Thus, to obtain even a few percent 
accuracy in the heat capacity of the sample, the 
heat capacity of the calorimeter must be very well 
characterized. Since teflon is soft and relatively 
compressible, it can be expected to contribute a 
significant and strongly pressure-dependent heat 
capaci ty to that of the cell. 
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To provide elata to correct measured heat capaci
ties for the heat capacity of teflon, we have 
measured the pressure dependence of the heat 
capaci ty of teflon between 0.5 and 20 K. A 1. 771 g 
sample of teflon was placed in the clamp and 
pressurized to 6 kbar at room temperature in a 
hydraulic press. The clamp was then cooled and the 
pressure at low temperature detennined by observing 
the shift in the superconducting transitionl of a 
5 mil tin disk in contact with the teflon and cell 
body. The pressure retained in the first 
pressurization was 5.3 kbar. The heat capacity of 
the cell and teflon sample was measured by 
applying a knOlVl1 quantity of heat with a resistance 
heater while observing the resultant change in 
temperature Ivi th a germanium resistance thermometer. 
The calorimeter was wanned to room temperature and 
another pressure locked in and the measurement 
repeated at the new pressure. 111e sequence of 
pressures used was 5.3,3.6,0.5,0.8, and 1.6 kbar. 
The results suggest a small degree of hysteresis, 
which could possibly have been avoided by completely 
releasing the pressure before locking in the new 
pressure. 

The heat capacity of the teflon sample at each 
pressure was then obtained by subtracting the heat 
capaci ty of the empty cell, which had been 
previously measured, and assuming that the pressure 
dependence was due only to the teflon sample. At 
temperatures of less than 1 K the empty cell 
contributed more than 99% of the measured heat 
capacity, and the precision of the data is there
fore severely limited in the low temperature region. 
Plots of C/T3 vs T in Fig. 1 show the strong 
pressure dependence present in the specific heat 
of teflon. Also apparent from this figure is the 
fact that th~ specific heat of teflon does not 
approach a T3 limit at low temperatures. 111e 
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Fig. 1. Plots of C/T3 vs T for a sample of teflon 
showing the temperature dependence of the heat 
capacity at several pressures. (XBL 781-28) 

deviations from T3 behavior below about 1.5 K 
are probably associated with a linear term which 
has been found in the heat capacity of many 
amorphous dielectrics. Figure 2, Ivhich presents 
plots of C vs 10glOP for several temperatures, 
shows that the pressure dependence of the specific 
heat is logarithmic. 111e major deviations from 
logarithmic behavior are apparently associated with 
uncertainties in assignment of the pressures. The 
logarithmic behavior is useful for interpolating 
between measured values but obviously can not be 
used to interpolate to zero pressure for comparison 
with other measurements. Least squares analysis 
of the data to C(T,P) = C(T,l) + B(T) log P 
generate smooth curves for C(T,l) and B(T); 
however, C(T,l) and BCn are represented best by 
tabular interpolation rather than polynomials. In 
the future the measurements will probably be 
extended to 10 kbar and another sample of teflon 
of different mass will be measured to check the 
assumption that the observed pressure dependence 
was due entirely to the teflon. 

1. T. F. Smith, C. lV. Om, and M. B. Maple, 
Cryogenics ~, 53 (1969). 
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tures showing the logarithmic pressure dependence 
of the heat capacity of teflon. 111e pressure is 
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2. HEAT CAPACITY OF TI-lE SPIN- GLASS Cw\1n 

W. E. Fogle, J. C. Ho, and N. E. Phillips 

The heat capacity of dilute magnetic alloys in 
which the magnetic moments ,are coupled by the RICKY 
interaction has attracted attention ever since the 
discoveryl-3 that it was approximately linear in 
temperature and independent of concentration. This 
discovery was made for the CuI-'ln system, which has 
remained the most thoroughlystudied example. It 
led to theoretical models4 in which the distribu
tion of internal fields PCI-!) was constant and 
scaled with concentration. Several refinements 
of the earlier theories have been made recently.5-7 

Some time ago measurements on CulYhl samples with 
concentrations between 0.057 and 1.-07 % ,,,ere made 
in this laboratory by using carbon thermometers 
calibrated on each run. The measurements extended 
from 0.06 to 0.8 K. Jvlore recently measurements 
on three samples with concentrations of 96.6, 231, 
and 960 ppm have been made between 0.06 and 20 K. 
In the later measurements germanium thennometers 
were used and calibrated on a magnetic scale that 
was related to nuclear orientation thennometers at 
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20 mK and to the 4He scale at and above 1 K. The 
two sets of measurements together with some older 
data at higher concentrations and higher tempera
tures give a very complete picture of the behavior 
of this system. 

To observe the actual temperature dependence of 
the heat capacity associated with t'>hl impurity 
spins, one must eliminate a complication due to the 
h)1Jerfine heat capacity of the t'>hl nuclei. This 
nuclear heat capacity arises from the lifting of 
the degeneracy of the lvhl nuclear levels by the 
internal h)1Jerfine fields in the alloy. Nuclear 
orientation e)qJeriments by Campbell et al. 8 on 
dilute solutions of ~hl in Cu predict hyperfine 
fields at the ~hl nucleus on the order of 280 kOe. 
T11is h)1Jerfine interaction can be ShOMl to lead to 
a h)1Jerfine heat capacity of the form9 (for 
T » Tmax of the anomaly) 

~ 
~ C T- 4 -2 

4 + C2T , 

where 

C2 
R C :~ff)2 1(1 + 1) '3 

and 

4 
-R CH 

) C k~ff I (I + 1) ( + 21 + 1) 
4 30 , 

R = gas constant, )J = nuclear moment, I nuclear 
spin, k = BoHzman' s constant. 

Our analysis of the hyperfine heat capacitj' 
consists of plotting our data on a (CTOT - CCu) 
vs l/T2 plot. If the temperature dependence of the 
heat capacity at low temperatures is dominated by 
the nuclear heat capacity, we will observe a 
straight -line plot whose intercept is and whose 
slope is C4. In practice, at higher temperatures, 
the data deviate from the eA1Jected straight line 
due to the increasing importance of other terms 
in the heat capacity. We therefore draw lines on 
this plot which, considering the scatter in the 
data at the lowest temperatures, represent upper 
and lower limits on the h)1)erfine heat capacity. 
111e only other constraint exercised in the choice 
of these lines is that the resulting coefficients 
C4 and yield the proper !vhl concentration of 
the alloy. 

The results of such an analysis are sh0\9n for a 
typical sample in Fig. 1. On this plot, solid 
lines are used for clarity to represent the upper 
and lower limits of the data due to experimental 
uncertainty in the h)1Jerfine heat capacity. It is 
clear from such 311 analysis that the uncertainty 
in CN has almost no impact on the temperature 
dependence of the alloy heat capacity for T>0.2 K. 

TIle magnetic heat capacity is shown in Fig. 2, 
as CIT vs T, 3.'1d compared with the original 
measurements by ZinUllerman and Hoare and others 
by du Chatenier and de Nobel. As expected, there 
is a broad peak in the heat capacity that shifts 
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to higher temperatures with increasing concentra
tion, and the heat capacity is only weakly 
concentration-dependent on the low temperature side. 
This result reflects the dependence of the m(KY 
coupling on inter spin distance, and hence the 
concentration dependence of P(H). On the other 
hand, the temperature dependence of the heat 
capacity on the low temperature side is much 
stronger than has generally been recognized: 
Roughly speaking, there is a T2 term in the heat 
capacity that accounts for about 50% of the total 
at temperatures of the order of 1 K. The shape 
of the P(H) curve is therefore more complicated 
than has usually been assumed. 

The accuracy with which the concentration 
dependence of the linear term can be determined is 
unfortunately limited by the hyperfine heat 
capacity. However, the data suggest that it is 
constant within about 10%. 

The other interesting feature of Fig. 2 is the 
high temperature linear term for the 100 and 300 ppm 
samples. At temperatures above those shown in the 
figure the 1000 ppm sample shows similar behavior. 
These linear terms are, very approximately, 
proportional to concentration and presumably 
reflect the change in the electronic density of 
states associated with the magnetic impurity. The 
magni tude of this effect has not yet been compared 
with theory. 

1. J. E. Zimmerman and F. E. Hoare, J. Phys. 01em. 
Solids 17, 52 (1960). 
2. J. aeNobel and F. J. du Chatenier, Physica 
25 969 (1959). 

F. J. du O1atenier and A. R. Miedema, Physica 
32, 403 (1966). 
~ W. Marshall, Phys. Rev. 118, 1519 (1960). 
5. H. Suhl, Phys. Rev. Lett-:-T9, 442 (1967). 
6. B. Coqblin and B. Blandin,-Xdvan. Phys. 17, 
281 (1968). -
7. 1. L. Hirst, Phys. Kondens .. Mat. 11 255 (1970). 
8. I. A. Campbell, J. P. Compton, I. Williams, 
and G. V. H. Wilson, Phys. Rev. Lett. 19, 1319 
(1967). -
9. O. V. Lounasmaa, in H~erfine Interactions, 
edited by A. J. Freeman an R. B. Frankel 
(Academic Press, New York, 1967), p. 467. 

3. RESEARG1 PLANS FOR CALENDAR YEAR 1978 

Norman E. Phillips 

Progress on the establishment of a temperature 
scale in the millikelvin region has been delayed 
by problems encountered in the fabrication of 
coils for susceptibility measurements. The empty 
coils have both a slowly temperature-dependent 
mutual inductance over a wide range of temperatures 
and a sharp peak in the mutual inductance at 1.08 K. 
The former feature is apparently associated with 
the niobium wire, but the origin of the latter 
is as yet entirely unknO\<Ill. These effects are 
significant in the calibration of both CMN and 
nuclear thermometers. It will be necessary to 
determine the origin of the second effect and the 



reproducibility of both before continuing the 
development of a temperature scale. Once these 
problems are resolved we will proceed with the 
comparison of susceptibility thermometers with 
nuclear orientation thermometers in the millikelvin 
region. 

Measurements on the TI-Pb-BI alloy system have 
resumed and will be continued in 1978. The new 

227 

measuremen ts will be on ternary alloys for 
electron/atom ratios other than 4, and on a few 
binary alloys for which the old samples were found 
to be inhomogeneous. The results will permit a 
separation of the effects of disorder and electron/ 
atom ratio on the parameters that determine the 
superconducting critical te~)erature. Similar 
measurements on In-Sn alloys have been initiated 
and will be continued. 



c. 

1. FUNDAHr~TAL STUDIES OF TMl\JSPORT PHENOMENA IN 
ELECTROOIEHICAL REACTORS 

a. Studies of the Events Occurring at Gas
Evolving Electrodes 

Paul Sides and Charles W. Tobias 

The mechanics of bubble growth, coalescence and 
detachment involves rapid sequential and 
simul timeous events on electrodes. New tecJmiques 
designed and implemented in this laboratory to 
obtain infonnation essential for quantitative 
characterization of the gas evolution process 
include the measurements of supersaturation at 
the surface, 1 time--Iapse mi~rophotography of 
incipient growth of bubbles and motion picture 
records of coalescence phenomena from behind 
transparent Sn02: Sb electrode surfaces. 3 Side 
views of bubbles are being obtained by observation 
of bubbles before detachment on a curved cathode 
surface that allows the measurement of contact 
angles. 

Bubble grOlvth by coalescence before detachment 
has been clearly observed along artificial grooves. 
Calculated supersaturation levels obtained from 
mass transfer theory agree with those calculated 
by subtracting the gas volwne present in bubbles 
from the total quantity of gas formed in the 
discharge process. ~Ieasurements of cell resistance 
by the interruptor tecJmique, perfonned during 
incipient bubble growth, indicate that the incre 
mental resistance caused by bubbles still attached 
to the surface may represent a significant 
component of the overall ohmic resistance. 

1. C. K. Bon and C. IV. Tobias, HlRD Annual 
Report for 1967, UCRL-1804 3, p. 51. 
2. R. A. Putt and C. W. Tobias, HlRD Annual Report 
for 1975, LBL-4550, p. 163; als6 LBL-3989. 
3. P. Sides and C. W. Tobias, IviHRD j\Jmual Report 
for 1976, LBL-6016, p. 179. 

b. High Rate ElectrOlysis Processes 

A. Dissaux, D. Roha, R. H. Muller and C. W. Tobias 

In contrasts to the low space-time-yield of 
conunonly used electrosynthesis processes, the 
high rate anodic dissolution of metals (ECM) 
provides cutting rates comparable to mechanical 
shaping teclmiques. Past investigations in this 
laboratory have been directed toward establishing 
rational methods for the design and operation of 
ECM. l Profiles cut into copper and stainless steel 
anodes were successfully predicted by a computer 
implemented modeling procedure. 2 Current efforts 
are devoted to the examination of shaping 
refractory compounds (carbides and borides of 
groups IV-VI B) with or without a "soft" binder 
(Ni or Co). Here the dissolution chemistry of the 
dispersed phase and the binder leads to different 
rates of attack, and consequent variability in 
surface finish of the work piece. The 20-year-old 
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surplus Hanson van Winkle machine at our disposal 
is being equipped with more precise controls and 
instrumentation to measure current densities, 
electrolyte flow rates ,pressure drops and 
impedances across the interelectrode gap. Hole
sinking experiments performed in carbides and 
borides indicate that dissolution under transpassi ve 
condi tions may be carried out using Cl - or N03 
anions. Chlorate leads to oscillatory currents, 
as observed in the case of copper and steel. 

111e reverse process, high speed electroforming 
requires highly efficient ionic transport Hhich, 
in contrast to ECM, should be achieved by methods 
other than by high velocity of flow of electrolyte. 
A review of known techniques for producing thin 
boundary layers indicates that of the various 
alternati ves available, the use of agitation by 
dispersed inert solid particles, or vibration of 
the cathode mandril in the sonic range, may provide 
satisfactorily uniform distribution of rates, 
coupled with low energy demand. 

1. D. Landolt, R. H. Muller and C. IV. Tobias, 
Fundamentals of Electrochemical :Machining, 
Charles 1. Faust, Ed., The Electrochemical 
Society, Princeton, N. J., 1971, pp. 200-207, 
300-365. 
2. J. B. Riggs, R. H. Muller and C. lV. Tobias, 
Jvlodeling of the Electrochemical Machining Process, 
vol. 77-1, p. 777, Extended Abstracts, 111e 
Electrochemical Society, 1977; also LBL-6019. 

2. RESEARO-I LEADING TO NEW ELECTROLYTIC PROCESSES 

a. Anodic Processes in Propylene Carbonate 

Suen-jvlan Yu and Charles \II. Tobias 

The demonstrated capability of reversibly 
depositing and dissolving alkali metals in 
propylene carbonate solvent containing MefUC14 
solute offers the possibility of a process 
technology for the refining of alkali metals from 
their amalgams. 1 For electrolVinning, He need to 
decompose a potassium compound, e.g., KCL into 
K and C1 2, or alternately use a sacrificial anode, 
such as alwninum, resulting in the overall 
reac tion J-U + 3KCL = AIC13 + 3K. J-U though 
aluminwll has been shown to passivate in the P. C. 
electrolytes,2 it can be dissolved, but only at 
unreasonably high potentials. To investigate the 
more interesting halogen liberation reaction, we 
have undertaken to evaluate the stability of P.C. 
wi th respect to anodically evolved elemental 
chlorine or bromine. A cell employing Nafion 
membrane to separate the cathode chamber containing 
the potassium counterelectrode is employed for this 
purpose. Preliminary results indicate that there 
is a reaction between chlorine and at least an 
impurity of P.C., possibly one of the glycols 
which are present at ppm levels in the purified 
solvent following vacuum distillation and adsorption 
on alumina. 



Removal of solvent impurities in the ppm range 
still represents a difficult and, as yet unsolved, 
problem; identifying an effective practical method 
for the removal of reactive components constitutes 
a high priority task. 
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1. C. W. Tobias and J. Jorne, Method for Production 
of Alkali Iv!etals and Their Alloys, U. W. Patent No. 
3,791,945, assigned to USAEC, 1973. 
2. R. Atanasoski and C. W. Tobias, Iv~mD Annual 
Report for 1976, LBL-60l6, p. 180. 

3. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Charles W. Tobias 

a. Investigation of the Dynmnics of Gas Evolution 

Transparent electrodes Sn02:Sb will be employed 
for the observation of nucleation, coalescence, 
and separation phenomena in the steady state. 
The effect of surface roughness and electrolyte 
composition with respect to major and minor 
constituents (additives) will be evaluated. A 
superimposed a.c. teclmique will be developed to 
monitor the incremental impedance caused by bubbles 
attached to the surface, and to differentiate this 
effect from the decreased conductivity caused by 
bubbles already detached. 

b. Rate Electrode Processes 

The surface finish obtained in the dissolution 
of refractory compounds (carbides and borides of 
group IV·- VI B metals) under ECIvl conditions will 
be investigated by SEM. TIle possibility of using 
two different electrolytes in succession (one to 
achieve fast cutting the other to provide smooth 
finish) will be explored. Special cutting 
techniques will be sought to produce sharp edges, 
and to siru( very small holes. 

Rotating disks and chmmel flow equipment will 
be used to evaluate the relative effectiveness of 
using suspensions of small inert particles to 
produce boundary layers which are sufficiently thin 
for high speed electroforming. Preliminary evalua
tion of the vibration of a planar electrode in the 
sonic range will be undertaken. 

c. Anodic Reactions in Propylene Carbonate 

A high resolution gas chromatograph with 
ionization source will be employed to monitor 
solvent purity. Following establishment of the 
stability of P.C. with respect to elemental 
chlorine and bromine, equilibriwn potential 
measurements will be made of the chlorine and 
bromine electrodes in P.C. containing KalC14 and 
KalBq, respectively. Kinetic measurements will 
then be performed using Ru02/Ti electrodes on the 
overpotential behavior in practical ranges of 
current densities. The conditions for use of P.C. 
for organic halogenation reactions will also be 
evaluated. 

4. 1977 PUBLICATIQ\)S AND REPORTS 

Charles W. Tobias and Associates 

LBL 

1. James B. Riggs, Modeling of the Electrochemical 
Machining Process (Ph.D. thesis), University of 
California, Berkeley, LBL-60l9, January 1977. 

2. F. R. IvlcLarnon, R. H. Muller and C. W. Tobias, 
Interferometric Study of Forced Convection Mass 
Transfer Boundary Layers in Laminar Channel Flow, 
LBL-5797. 

Invited Presented 

1. J. B. Riggs, R. [-I. Muller and C. W. Tobias, 
Modeling of the Electrochemical lvlachining Process, 
lSOth Ivleeting of the Electrochemical Society, 
Philadelphia, May 8-13, 1977, Extended Abstract No. 
305. 

2. F. R. McLarnon, R. H. Muller and C. W. Tobias, 
Interferometric Study of Conmined Forced and 
Natural Convection, l50th Ivleeting of the 
Electrochemical Society, Philadelphia, May 8-18, 
1977, Extended Abstract No. 304. 

3. C. W. Tobias, The Role of Electrochemical 
Engineering in Energy Conservation, Keynote address, 
Fifth Yugoslav Symposium on Electrochemistry, 
Dubrovnik, June 1-4, 1977. 

4. R. T. Atanasoski, H. H. Law and C. W. Tobias, 
Anodic Dissolution of Alwninum in Propylene 
Carbonate in the Presence of Alkali Chlorides, 
Fifth Yugoslav Symposium on Electrochemistry, 
Dubro\mik, June 1-4, 1977. 

5. C. W. Tobias, Modem Problems in Current 
Distribution, Invited Address, Yugoslav Academy 
of Sciences, Zagreb, June 6, 1977; University of 
Banja Lw(a, June 8, 1977. 

6. C. W. Tobias, On the Iv!echanism of Electrolytic 
Gas-Evolution, Invited Address, Yugoslav Chemical 
Society, Belgrad, June 9, 1977. 

7. C. W. Tobias, Electrochemical Engineering, 
Invited Lectures at the American Society for 
Engineering Education, Sumner School for Chemical 
Engineering Faculty, Snowmass, Colorado, July 31, 
1977 . 

8. C. W. Tobias, TIle Role of Electrochemical 
Processes in Energy Conservation, Invited Address, 
Center of Physical Chemistry, Ministry of 
Industrial Chelnistry, Bucharest, Romania, 
September 8, 1977' also at the Uliversity of Cluj, 
September 12, 

9. J. B. Riggs, R. H. Muller and C. W. Tobias, 
Computer Simulation of Electromachining, 28th 
lvleeting of the Intemational Society of Electro~ 
chemistry, Druzhba, Bulgaria, September 18-23, 1977. 



10. C. Vas s and C. W. Tobias, The Effect of 
Benzotriazol on the Electrodeposi tion of Copper 
under Limiting Current Conditions, 28th Meeting 
of the International Society of Electrochemistry, 
Druzhba, Bulgaria, September 18-23, 1977. 
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Book Edited 
1. Advances of Electrochemistr~ and Electrochemical 
Engineering, Heinz Gerischer an Charles W. Tobias,
Eds., Vol. 10, Wiley- Interscience Publishers, New 
York, 1977. 



231 

2. HiGH TEMPERATURE AND SURFACE CHEMiSTRY 

(I. High Chemistry 

Leo Brewer, Principal 

1. THERMODYNAtvlICS AND PHASE DIAGRAtv!S OF TI-IE BINARY 
SYSTEMS OF MOLYBDE'IUM 

L. Brewer 

This proj ect consisted of two parts which will 
be published in 1978 as chapters of the monograph 
"Atomic Energy Review, Special Issue on Physical 
Chemical Properties of Molybdenum, Its Compounds 
and Alloys" (International Atomic Energy Agency, 
Vienna) . 

The first part covered the review of available 
thennodynanlic data for any of the binary systems 
of molybdenum from hydrogen to lawrencium. These 
data were tested for internal thermodynamic 
consistency as well as consistency with phase 
diagram infonnation, and with entropies and 
enthalpies calculated from available models. Then 
the acceptable data were supplemented as necessary 
with estimated values to provide a complete set of 
thermodynamic data. Ihis was possible for one 
hundred binary systems. For polonium and astatine, 
it was felt that available models did not adequately 
deal with the relativistic effects and could not 
provide estimates of sufficient accuracy. 111e 
resulting thermodynamic data were presented in 
tabular form in many instances, but for all 
systen~, data were presented in analytical form 
to allow ready calculation of any desired 
thermodynamic values. Uncertainties are provided 
for all data to allow the user to determine the 
range of possible predicted chemical behavior. 

The second chapter dealt with the construction 
of phase diagrams for any binary system of 
molybdenum. Any available phase diagram informa
tion was checked against the thermodynamic data, 
and consistency between the thermodynamic data 
and reliable phase diagram information was insured. 
1118n the final thennodyn.amic data were used to 
calculate the portions of the phase diagram for 
which data were not available. In addition to 
providing plots of the phase diagrams, analytical 
equations have been provided for liquidus and 
solidus boundaries. The temperature range 
covered was from room temperature to the melting 
point of molybdenum, although, when significant, 
the phase boundaries were extended toward the 
boiling point of molybdenum and analytical 
equations are given for the boundaries of the 
gaseous phase regions. 

2. HIGH-TEMPERATURE SOLID-ELECTROLYTE CELL AND 
HIGH-TEMPERATURE GASEOUS EQUILIBRIA STUDIES OF 
GENERALIZED-LEWIS-ACID-BASE INTERACTIONS IN BINARY 
METALLIC ALLOYS 

G. Bullard, D. Goodman, B. J. Lin, and D. Davis 

Previous researchl ,2 in our group has demon
strated illlUsually strong interactions between 
transition metals of the third to fifth groups, 
which have unoccupied d orbitals, and transition 
metals of the ninth to tenth groups, which have 
non-bonding valence electron pairs. As the contri
butions from bonding electrons increase markedly 
from 3d to 4d to Sd, the largest effects are 
expected with Ir or Pt reacting with Ta, Hf, or 
the lanthanides and actinides. Enthalpies of 
solution of one metal in an excess of the other 
are expected to be more negative than -100 kcal 
per gram-atom. 

Valuable information could be obtained from a 
titration curve of partial molal Gibbs energy vs 
molal ratio of the acid and base. Such data could 
yield infoYW2tion about the variation in behavior 
as the vacent d orbitals are filled, and one 
might be able to compare the effect of utilization 
of d orbitals with the effect of utilization of 
s and p orbitals. 

A high-temperature solid-electrolyte cell could 
be a way of obtaining the desired titration curve. 
An example is the cell Ta-Ta20S/CSZ/TaIrx-Ta20s 
where CSZ is calcia-stabilized zirconia which 
serves as an oxygen-anion electrolyte. The cal cia 
stabilized the CaFZ structure and also increases 
the electrical conducti vi ty of Zr02. Measurements 
of the electrical potential of such a cell as a 
function of x would yield the desired data. A 
review of the literature indicated that although 
this technique has been widely used, more than 
half of the published data demonstrate serious 
systematic errors. As just one indication, the 
temperature coefficients are often quite 
inconsistent with entropies obtained from low
temperature heat capacity measurements. To 
ensure that reliable measurements could be made, a 
systematic study of the response of high 
temperature cells to important variables was 
ini tiated. Because of error introduced by 
electronic conductivity of the electrolyte when 
the oxygen partial pressure is too low, the cell 



actually studied was M-MJ/CSZ/Talrx-TazOs, where 
M was Fe or Ni, or in some instances Nb0Z- NbOZ . 4 
was used as the reference electrolyte, and values 
of x were kept large. Also yi ttrium- stabili zed 
thoria was also used to test the influence of the 
electrolyte, and to provide the means of extending 
the titration curve to low values of x correspond
ing to very low oxygen partial pressures. 

These studies have yielded resul ts that will be 
important for ensuring the reliability of our 
measurements. A serious error limiting the upper 
temperature range of the studies results from the 
diffusion of the minor oxides of the electrolyte, 
CaO or Y203, into the electrode region where 
reaction with Ta205 produces an insulating 
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ternary oxide. A review of possible oxide additives 
to Zr02, Hf02, or Th02 indicates that LaZ03 
additions might bring about the desired structure 
and resistivity without impairment due to increase 
of electronic conductivity or diffusion to form 
ternary oxides. Studies will be carried out next 
year to develop methods of controlling the error 
due to ternary oxide formation. 

Another serious source of error that was 
studied was the effect of gaseous impurities. It 
is commonly recognized that the gaseous atmosphere 
can compete with the electrolytic processes in 
fixing the oxygen chemical potential in the 
electrode region. It also was found that hydrogen 
and carbon impurities can also bring about vapor 
transport reactions resulting in sufficient 
reduction of the zirconia to introduce error due 
to electronic conductivity. 

Other sources of error are being carefully 
investigated to ensure reliability of our 
measurements. As an additional check to ensure 
tl1<;lt all systematic errors have been controlled, 
g~seous equil~bria of HZ?-H2 or C?-C02 mixtures 
wIth metal oXlde-alloy llll:ictures WIll be measured 
for the same alloys used in the cell studies. 

l. 1. Brewer, A .Most Striking Confirmation of the 
Engel Metallic Correlation, Acta. Met. 15, 553 
(1967) . ~ 

2. P. R. Wengert and 1. Brewer, Transition lV1etal 
Alloys of Extraordinary Stability: An Example of 
Generalized Lewis Acid-Base Interactions in 
lV1etallic Systems, Met. Trans. ~, 83-104 (1973). 

3. MATRIX ISOLATION SPECTRA* 

W. Duley, L. Andrews, and B. Meyer 

The spectra of calcium vapor isolated in noble 
gas nutrices have been studied to characterize the 
spectra of Ca2. It proved to be rather difficult 
to assign the observed spectra to reasonable 
electronic levels of CaZ, correlating with 
appropriate atomic levels of Ca, and submission of 
a manuscript describing the work has been delayed 
while alternate interpretations have been tested. 
A satisfactory resolution has been obtained by 

assiQ11]nent of the green system of Ca2 to . 
ll:~(fs+lD) + ll:~ and the red system to ll:l:;(IS+lp) + 

ll:~. The final manuscript has been accepted for 
put5lication in the Journal of Molecular 
Spectroscopy. 

* Supported in part by NSF. 

4. THERJvlODYNAMICS OF GASEOUS METAL CLUSTERS 

L. Brewer 

The current interest in the role of metal 
clusters on catalyst surfaces has prompted efforts 
to calculate the stability of gaseous polymeric 
metal clusters. As the first step in this 
direction, the thermodynamics of gaseous dimers 
was examined. A review of available data yielded 
values showing rather unusual behavior across the 
transition metals, and the bonding models were 
examined to understand the variation of bonding 
energies. 

It was found that a minor modification of 
bonding models used previouslyl, Z for the condensed 
metals fit the observed behavior of the gaseous 
diatomic molecules. It was necessary to recognize 
the different bonding behavior of the s and p 
electrons of the outer valence shell compared to 
the bonding behavior of the d electrons of the 
inner shell. The model uses the same variations 
in bonding as for the condensed metals except for 
a reduction in bonding ability when the bonding 
electrons are concentrated between a single pair of 
atoms, compared to spreading the bonding electrons 
among many neighbors. This model was used to 
calculate the dissociation energies of all of the 
diatomic molecules for which no measurements have 
been made. 

l. 1. Brewer, Science 161, 115-122 (1968). 
2. 1. Brewer, Phase Stability in Metals and Alloys, 
edited by P. Rudman, J. Stringer, ffild R. I. Jaffe, 
(McGra\y-Hill, New York, 1967), pp. 39-61, 241-9, 
344-6, and 560-8. 

5. RESEARG-I PLANS FOR CALENDAR YEAR 1978 

Leo Brewer 

The level of acti vi ty of measurements of 
generalized-Lewis-acid-base interactions of 
transi tion metals will be considerably expanded. 
High-temperature solid-electrolyte cell measure
ments using zirconia, hafnia, and thoria with 
various oxide addi ti ves will be made for tantalum
iridium alloys. In addition, l-IZO-I-IZ and CO-COZ 
equilibria will be carried out as a check on the 
cell measurements. The possibility of using 
ni trogen vapor pressure measurements for metal 
alloys mixed with metal nitride will be examined. 



Matrix isolation studies will be mainly 
restriced to study of spectra of metallic clusters. 
111e extension of the bonding model used for 
diatomic molecules to triatomic and larger clusters 
will be attempted. 

An exploration of a collaboration of thermo
dynamic compilation with the JANAF Tables will be 
explored at a meeting in January 1978 between 
Drs. 1. Brewer and R. Hultgren of LBL and 
Dr. M. W. Chase of the Jj\NAF Tables. 

6. 1977 PUBLICATIONS J\ND REPORTS 

Leo Brewer and Associates 

LBL Reports 

L B. lVleyer and B. Mulliken, Sulfur-Wood 
Composities, Adv. Chem. Series (in press), 
LBL-4159. 
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2 . B. and W. Johns, Sulfur in Wood Bonding 
Systems, accepted for publication in Holzforschung, 
LBL-6913. 

3. B. Meyer, Spectra of Matrix Isolated ~!etal 
Atoms and Clusters, submitted to Berichte del' 
Bunsengesellschaft filr Physikalische Chemie. 
(Presented at the Plenary Lecture #2, Int' L ConI. 
on Matrix Isolation Spectros., Wester Berlin, 
21-24 June 1977, Berlin, Gennany.J LBL-6674. 

Papers Presented 

1. Leo Brewer, speaker at Workshop on Application 
of Phase Diagrams in Metallurgy and Ceramics, Natl. 
Bureau of Stnds., 10-12 January 1977. 

2. Leo Brewer, principal speaker at California 
Assc. of Chem. Teachers Conf., San Luis Obispo, 
19 February 1977. 

3. Leo Brewer, plenary speaker, Electrochemical 
Society 9-13 October 1977, Atlanta, Georgia. 



Nuciear 

Donald R. Olander, 

1. MOLECULAR BEAM STUDY OF THE KINETICS OF THE 
FLUOR1NE-URAN1Ulvl DIOXIDE REACTION* 

A. lvlachiels t and D. R. Olander 

The reactivity of fluorine with inorganic oxides 
is of practical importance in several steps of the 
nuclear fuel cycle and in the performance of hf 
lasers. The U02/FZ reaction was investigated by 
impinging a modulated molecular be81n of F2 on a 
heated single crystal specimen of U02 in a high 
vacuum. Product signals modulated at the same 
frequency as the incident beam were detected 
mass spectrometrically and processed by a lock-in 
amplifier to extract the amplitude and phase of the 
product relative to the reactant flux to the solid 
surface. For F2 beam intensities equivalent to 
random gas pressures from 10- 7 to 10- 4 Torr and 
U02 temperatures from 1000 to 1800 the primary 
observable product was volatile UF4. Desorption 
of atomic fluorine from the surface could not be 
measured, but was inferred from the data. Above 
1600 K, signals arising from the oxyflorides of 
uranium were detected. No molecular oxygen 
product was measured mass spectrometrically, 
which implies that the oxygen produced by the 
reaction dissolves in the solid rather than 
excapes to the gas. The overall reaction is: 

FZ (g) + U02 (s) -7 UF 4 (g) + 20(sol 'n m solid) (1) 

The measured UF4 phase lags were large (30-80 
de g) and very insensitive to modulation frequency, 
which indicates a substantial influence of bulk 
and/or surface diffusion of intermediates on the 
surface chemistry. The UF4 reaction probabilities 
and phase lags varied significantly with beam 
intensity, which requires nonlinear elementary 
steps in the surface reaction mechanism. 

Figure 1 shows a scanning electron micrograph 
of the reacted (111) surface. 01emical etching 
of single crystal U02 by fluorine does not 
produce a smooth (111) surface; rather, the 
topography consists of regions of planar (Ill) 
surfaces about 10 )illl in dimension separated by a 
hill-type structure. This hill/plane morphology 
persisted after long reaction times and apparently 
represents an equilibrium surface. Crystals 
oriented in the (110) and (100) directions 
resulted in similar surface morphology. 

The reaction mechanism that best fit the 
molecular beam data and was consistent with the 
observed surface topograph consisted of dissociative 
adsorption of fluorine on the planar regions of the 
surface followed by F atom migration to the hills 
where chemical conversion to UF4 or desorption of 
atomic fluorine occurred. The mechanism involves 
the oxyfloride UOF2 as a surface intermediate, 
both on the planar zones and on the reach ve hills. 
Surface migrating fluorine atoms can dissolve in 
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Fig. 1. FZ - reacted U02 surface. (XEB 7510-7931A) 

the bulk oxyfluoride and diffuse into the solid. 
The reactive hill structure is covered with UOF2, 
which reacts with adsorbed F atoms reaching it 
from the pla~es to produce UF4: 

UOF2 + 2F -7 UF4(g) +O(sol'n in solid) (2) 

Alternatively, the hill regions provide sites for 
the desorption step: 

F -7 Feg) (3) 

The nonlinear aspects of the data are due to the 
second order surface reaction of Eq. (2) and to a 
coverage dependence of the F2 sticking probability 
on the planar zones. Analysis of the data 
provided a bare surface sticking probability of 
F2 on U02 of 0.22, a surface diffusion coefficient 
of F on U02 that is quite close to that observed 
for ° on molybdenum,I and rate constants for 
reactions (2) and (3) which exhibit pre-exponential 
factors expected of bimolecular and unimolecular 
decomposition reactions, respectively.2 

* Summary of paper published in High Temp. Science. 

tpresent Address: Nuclear Engineering Program, 
University of Illinois, Urbana, 1L. 

1. A. Z. Ullman and R. J. lvladix, High Temp. Sci. 
6 342 (1974). 

R. C. Baetzold and G. A. Somorjai, J. Catal. 
45,94 (1976). 



Z. A MECHANISTIC INTERPRETATION OF THE HZO/C 
REACTION* 

D. R. Olander 

For many decades, research on the gasification 
of carbon or graphite by water vapor has been 
interpreted in terms of a simple two-step 
mechanism: molecular chemisorption of HZO to form 
a strongly bound C-HZO complex followed by slow 
deco,osi tion of this complex to produce HZ and 
CO.l, On the basis of a low pressure, flash 
filament -type experiment, Duval and co-workers 
have challenged this interpretation, 3 claiming 
instead that the initial chemisorption step is 
dissociati ve and leads to the surface species C-H 
and C-Ol-I. Our molecular beam investigation of 
the HZO- graphi te reaction substantiates this 
interpreta tion and provides quanti tati ve 
information on the subsequent reactions that lead 
either to reconstitution of water by recombination: 

C-OH + C-H (1) 

or reaction to produce HZ and CO by the sequence: 

C-H + C-OH 
kl 

C-O + H-C-H (Z) -
C-O CO (3) 

kH 
H-C-H Z 

Cf + HZ (4) ~ 

In these reactions, Cf denotes a surface carbon 
atom and c-o and H-C-H represent intermediate 
surface complexes whose decomposition leads to the 
stable gaseous products. TIlese complexes are the 
same as those found in ~revious studies of the 
C/OZ and C/H reactions. ,5 

Contrary to all previous work, we found that 
water desorption from graphite is reversible, at 
least on the millisecond time scale characteristic 
of modulated molecular beam experiments. This 
reversibility was demonstrated by isotope exchange 
experiments in which mixed beams of DZO and HZO 
resulted in formation of HOO, as woula be 
expected from Eq. (1). The older reaction model 
provides no mechanism by which graphite could 
catalyze the isotope exchange reaction. We found 
that the isotope exchange reaction was unactivated, 
a result which cannot be rationalized with a model 
that relies upon thermal desorption of a molecular 
complex C-HZO. However, it is easy to justify a 
temperature-independent recombination reaction 
of the type given by Eq. (1), since the reactants 
are both surface free radicals and need not 
present an activation energy barrier to product 
formation. The absence of a temperature 
dependence of ko in Eq. (1) also implies that 
surface-absorbed H atoms possess the mobility of 
an ideal two-dimensional gas. Based upon this 
interpretation, the magnitude of the rate constant 
ko can be calculated from kinetic theory. The 
calculated value of ko, however, is seven order 
of magnitude larger than the observed value. TIlis 
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difference is interpreted as a result of the 
inability of the solid to remove the excitation 
energy contained in the HZO molecule produced by 
reaction (1); unless this excitation can be 
quickly removed by the solid, the newly-produced 
water molecule breaks up and the H-OI-I collision 
will have been ineffective in producing stable HZO. 

The competing reaction branch given by Eq. (Z) 
was found to be activated, having an activation 
energy of 170 kJ /mole. This value is in good 
accord with the dc molecular beam results for 6 
the same reaction obtained by Schutze and Schugerl. 
This step, as well as the subsequent decomposition 
steps of Eqs. (3) and (4), are irreversible. In 
addition, the rate constants of reactions (Z), (3) 
and (4) all exhibit characteristic times of the 
order of milliseconds in the temperature range 
ZOOO to 2500 K and are therefore detectable by the 
modulated molecular beam method. All earlier 
studies have found that water vapor is much less 
reacti ve towards graphite than is molecular O),ygen. 
This observation, however, needs to be qualified, 
for it is true only at temperatures below 2000 K. 
Despite the fact that the sticking (or chemisorption) 
probabili ty of HZO on C is larger than that of 0Z, 
the reacti vi ty inversion at about ZOOO K is due to 
the strong ten~erature dependence of reaction (Z). 
Whereas 02 chemisorption on graphite is irreversi
bile, in the sense that once formed, the c-o 
complex can only decompose to CO, the C-H and C-OH 
complexes formed upon r:20 chemisorption can react 
either according to Eq. (1) or Eq. (Z). The 
former reaction, being unactivated, donunates at 
low temperature; at high ten~erature, however, 
reaction (Z) effectively competes with reaction 
(1), and gasification of the solid occurs as 
readily in HZO as in 0z at temperatures above 
ZOOO K. 

Despite the complexity of the reaction mechanism 
revealed by the modulated molecular-beam experi
ments, the kinetics appear deceptively sin~le in 
steady-state experiments. In the latter case, the 
probability that an incident H20 molecule produces 
a CO product molecule is simply: 

where no ~ 0.15 is the sticking probability of HZO 
and kl/ Cko+kl) is the temperature··dependent 
branching ratio that gives the relative magnitudes 
of the recombination reaction (1) and the product
forming reaction (Z). 

* Summary of a paper published in J. Chem. Phys. 
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J. A. Schwarz, J. Chern. Phys. 57,408 (1972). 
5. R. H. Jones, D. R. Olander-;-W. J. Siekhaus, and 
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6. C. Schutze and K. Schugerl-;-Proc. of the Ninth 
Int. Symp. on Rarefied Gas Dynamics, M. Becker 
andM. Fiebig, Eds., (1974), p. E. 11-1. 

3. PARTICLE CAVITATION DURING HYDROGEN REDUCTION 
OF MIXED OXIDE FUEL'" 

-r P. E. Hart and D. R. Olander 

TIle mixed oxide fuel (U,Pu)OZ-x is usually 
prepared from powder blends of the constituents 
U02 and Pu0Z, which are sin tered and reduced by 
heating in hydrogen at 1600 to 1700°C. In a 
recent study of this process, 1 each of the plutonia 
particles (initial diameters of 50 to 100 )Jm) was 
found to have transformed to a spherical shell 
of dense Pu0Z-x surrounded by a central cavity 
that was a substantial fraction of the original 
particle diameter (Fig. 1). 

In rendering (U, Pu) 0z hypostoichiometric, it 
is generally agreed that the UOZ component remains 
essentially stochiometric while the plutonia is 
reduced. In a powder compact, the Pu0Z particles 
are separated from the reducing gas by the 
continuous UOZ phase. During reduction, oxygen 
must migrate from the encapsulated plutonia 
particles through the intervening UOZ matrix to 
the gas phase where the oxygen ultimately appears 
as HZO. TI1e following reaction n~chanisnl explains 
the appearance of a cavity at the location of the 
plutonia particle. Hydrogen dissolves in the UOZ 
phase and rapidly diffuses to the plutonia 
particle. At (or in) the plutonia particle, 
reduction takes place: 

Pu X-RAY MAP 

Z36 

+3 
2Pu + HZO (1) 

TIle HZO produced by the reaction has a lower 
diffusi vity in UOZ than does HZ, and its solubility 
in UOZ is probably smaller than that of hydrogen 
as well. If reaction (1) is fast, the rate of 
reduction of the plutonia particle is controlled 
by the transport of the reaction product HZO from 
the particle through the UOZ to the ambient gas. 
If the solubility of HZO in the oxide is exceeded, 
a gas bubble containing principally water vapor 
will be nucleated. TIle subsequent growth of this 
bubble is governed by the permeability of UOZ to 
water vapor and by the rate at which the cavity 
volume can expand by vacancy capture or other 
creep mechanisms. 

As Pu0Z is reduced to Pu0Z-x, the parameter x 
increases and the water produced diffuses away 
from the growing bubble, as given by the following 
oxygen balance on the particle: 

(Z) 

where R and r are the radii of the initial plutonia 
particle and of the bubble, respectively. I1-I

Z
0SI-!ZO 

is the diffusivity-solubility product (i.e., the 
penneability) of ,vater in UOZ' PHZO and PHZO are 
the water vapor pressures in the bubble 
and in the ambient reducing gas, respectively. 

'PuOz • 
RICH 
ZONE 

SCANNING ELECTRON MICROGRAPH 

50l]m 

Fig. 1. Plutonia particles in sintered mixed oxide fuel. (XBB 78l-Z2l) 



Assuming that bubble enlargement is controlled 
by vacancy diffusion from the bulk solid, the 
time rate of change of the bubble radius is given 
by:2 

D xeq 
dr _ ( + 2y ) v v 
dt - PII ° PI-! - r rkT 2 2 

(3) 

where PH20 + PI-!2 is the total gas pressure in the 

bubble and y is the surface tension of U02 (or of 
Pu02)' Dv is the vacancy diffusion coefficient 
in the oxide and x~q is the equilibrium vacancy 
fraction in the solid. The product Dvx~q is the 

volume self-diffusion coefficient, Dvol' 
Equation (3) is analogous to the gr01,th law of 
fission gas bubbles with an internal pressure 
exceeding that required for mechanical equilibrium. 

Finally, the assumption of chemical equilibriwn 
between the gas in the bubble and the plutonia 
surrounding it provides the relation: 

PI-! ° 2 exp 

where lIG02 (x) is the oxygen potential of Pu02-x 
and lIGr'i

2
0 is the standard free energy of 

formation of H20. 

(4) 

Equations (2)-(4) are solved sinmltaneously to 
determine the variation of the bubble size and 
plutonia stoichiometry as a function of sintering 
time. All parameters of the calculation can be 
estimated except for the permeability of U02 to 
water. Selecting this quantity as 10- 5 of the 
known hydrogen permeability in U02, the calcula
tions predict that a water vapor bubble with a 
diameter 1/4 of that of the initial Pu02 particle 
will grow in one hour. After 105 h, the bubble 
grows to twice the size of the original particle. 
TIle calculations serve to demonstrate that with 
reasonable estimates of the physical properties, 
cavi tation of Pu02 particles during mixed oxide 
reduction by hydrogen can be qualitatively 
explained by the proposed model. 

* Sunm13ry of paper submi tted to J. Nucl. !via ter . 

t Bat telle Pacific North",est Laboratories, Richland, 
Washington. 

1. Conducted at Battelle Northwest Laboratories. 
2. D. R. Olander, Fundamental Aspects of Nuclear 
Reactor Fuel Elements, TID-267II-Pl (1976). 

4. IN- PILE 1-IOrvlOGENIZATION OF MIXED-OXIDE FUEL* 

B. Mingst t and D. R. Olander 

The extent of plutonium homogenization in 
blended powder mixed-oxide fuel pellets has been 
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the subject of several recent studies.l- 3 TIle 
observed intermixing of U and Pu during sintering 
is thought to arise from classical interdiffusion 
of the heavy--metal cations. Homogenization during 
the sintering step of the fuel fabrication process 
is sn13l1 but detectable. 

When inserted in a reactor, however, 
homogenization should be accelerated by two 
phenomena. First, because plutonium is the 
principal fissile species in the mixed oxide, heat 
is produced predominantly in the Pu02 particles 
(the power density of the PuOZ is >100 times 
larger than the average power density in the fuel 
As a result, the temperature in the Pu02 particles 
is higher than that of the surrounding U02 matrix. 
TIlis temperature rise increases the cation clif
fusivity above the value characteristic of the 
local average temperature, and thus speeds up 
homogenization. To assess the importance of this 
effect, the fuel is represented by a unit cell 
containing a PuOZ particle of radius R at the 
center and surr01Jl}ded by an annulus of U02 of 
radius R = R/ql/ 3, where qav is the average av 
plutoniwn enrichment of the fuel. 2 The composite 
mediwn heat conduction problem is solved to yield 
the temperature difference bet\veen the center of 
the Pu02 particle and the outer edge of the U02 
annulus: 

-11 2 

T(O) - T(R) 
3.2xlO ofNfWR 

3k 
(3 R) 2" - R ' (1) 

where k "" 0 .03 tv/cm-K is the thermal conductivity 
of the oxide, Of if the fission cross section 
(of Pu), Nf is the cation density, and W is the 
neutron flux. For a thern131-neutroll flux of 3xl013 
n/cm2-s, a Pu fission cross section of 800 b, and 
a fuel containing 5% Pu, the temperature spike 
produced in a 35-)JIJl-diam PuOZ particle is <1 K. 
If the particle is 500 llm in diameter, however, 
the temperature rise is ~ 130°C. Since the vast 
majority of Pu02 particles in blended mixed-oxide 
fuel is smaller than 50 pm, the effect of the 
localized heating on the temperature distribution, 
and consequently on the homogenization rate, is 
negligible. 

The second in-pile effect on plutonium 
homogenization is radiation-enhanced diffusion. 
This results from the greatly increased concen
tration of lattice vacancies generated by the 
energetic fission fragments in the fuel. Since U 
and Pu diffusion probably occurs by a vacancy 
mechanism on the cation sublattice, the diffusivi ty 
can be increased by fission. Generally, radiation 
enhancement of the diffusion coefficient is 
treated by adding to the ordinary thermally 
activated diffusivity in term proportional to the 
fission rate density:4 

(2) 

where DO and E are the preexponential factor and 
the activation energy of chemical interdiHusion 
of U and Pu. In the irracliation-enchancement ternl, 



C is a constant and q is the local cation 
fraction of plutonium. In-pile redistribution of 
plutonium is governed by Fick' s second law with a 
concen tration -dependent diffusion coefficient 
given by (2) 

dq _ 1 d 
at - 2 8r 

r 

which is subject to the initial condition 

q(r,O) {

I, O~r~R 

0, R~r~R 

and the boundary condition (8q/ar)R ~ O. 

(3) 

(4) 

Plutonium concentration distributions were 
computed as a function of time in-pile by numerical 
solution of Eq. (3) using the radiation 
eWlancement coefficient C ~ 1.3xlO 29 emS/fission 
given by lVlarlowe.;:' Thermal diffusion parameters 
(DO = 0.34 cm2/s, E ~ 460 kJ/mole) were taken from 
Ref. 6. Figure 1 shows the homogenization time, 
defined-as the time required for the Pu fraction 
in the center of the Pu02 particle to be reduced 
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Fig. 1. Homogenization time. (XBL 781-25) 
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to twice the average Pu fraction in the fuel, 
plotted as a function of neutron flux for various 
temperatures. Horizontal lines indicate negligible 
effect of radiation-enhanced diffusion (Le., the 
first term on the right-hand side of Eq. (2) is 
much larger than the last term). At temperatures 
~ 1600 K, radiation acts to reduce the 
homogenization time in the range of neutron 
fllDces of practical interest. However, the 
homogenization times at this temperature are so 
large, the slight radiation enhancement is of 
little consequence. 

* SWlIDlary of paper published in Trans. Am. Nucl. Soc. 

t Current address: Nuclear Regulatory Commission, 
Washington, D.C. 
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5. THE SURFACE CHEMISTRY OF EPITAXIAL SILICON 
DEPOSITION BY THERMAL CRACKING OF SILAl\)E 

R. Behrens, * D. R. Olander and M. Farnaam 

Production of epitaxial layers of silicon on a 
substrate is a widely used and intensively 
studied process. This teclmique is utilized 
extensively in the semiconductor industry and more 
recently in the fabrication of photovoltaic devices 
for direct solar energy conversion to electricity. 
TIle overall proce s s can be di vi ded into two 
subprocesses: 1) the surface decomposition of 
the silicon-bearing gas to produce silicon adatoms, 
and 2) the incorporation of the silicon adatoms 
into an epitaxial layer. The second aspect has 
received the most attention in the literature; 
the growth process is driven by the super
saturation of the surface with silicon adatoms but 
does not depend upon their source (i.e., whether 
produced from a c\m process or by condensation of 
silicon vapor). The first subprocess contains all 
the surface chemistry of the overall process, and 
is the obj ect of the present experiment. 

The meager literature on the ~urface chemistry 
of the silane cracking reaction: 1-3 

SiH4 (g) -+ Si + 2H2 (g) 

is contradictory and based upon unsophisticated 
techniques of heterogeneous chemical kinetics 
(e.g., steady-state measurements of the rate of 

HZ production) and rudimentary mechanistic 
analysis. Our experiment utilizes a modulated 
molecular-beam method, thereby permitting more 



detailed probing of the surface processes by use 
of phase lag measurements. 4 In addition, use of 
a mixed reactant containing Si}!4 and SiD4 provides 
a means of investigating the H atom rearrangements 
in the mechanism. 

Silane beams with intensities varying from 10-5 
to 10-4 Torr equivalent pressure impinge on a 
Si(lll) target heated resistively to temperatures 
ranging from 1000 to 1500 K. !vlodulation fre
quencies from 10 to 1000 Hz are employed. A 
complete set of molecular beam data has been 
obtained (i.e., HZ reaction probabilities and 
phase lags as functions of beam intensity, 
substrate temperature and modulation frequency). 
However, smooth layer growth was not achieved; 
instead, islands were found on the surface 
(Fig. 1). This indicates either an improper 

Fig. 1. Island grmvth on Si (111) . (XBB 750 -7913) 

substrate cleaning procedure or insufficient 
vacuum. Consequently, the data were not fitted to 
a detailed reaction mechanism, which will be done 
only when smooth surfaces result from the 
experiment. Nevertheless, one feature of the 
reaction is clear from the data. The reaction 
product HZ was observed to have a nonzero phase lag 
with respect to the incident silane. This means 
that HZ is not released instantaneously upon 
sticking of a SiH4 molecule on the surface. 
Sticking may be accompanied by production of 
hydrogen adatoms which remain on the surface until 
another H atom is encountered and HZ is formed. 
A! temati veIy, Si}!4 may be adsorbed and migrate 
as a unit along the surface until it encounters 
a site favorable for decomposition, at which time 
HZ is released. 

* Current address: Sandia Corporation, Livermore, 
CA. 
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6. RETENTION AI-lD RELEASE OF WATER VAPOR BY 
URANIUlvl DIOXIDE* 

A. Srivastava and D. R. Olander 

The uraniwn dioxide fuel pellets for light 
water reactors absorb significant quantities of 
moisture during the many manipulations involved 
in their fabrication. Unless removed by extensive 
drying prior to loading into the fuel element, 
this water will be released during reactor 
operation and may cause internal hydriding of the 
cladding. 

Previous attempts to measure the quantity of 
adsorbed water in U02 and the kinetics of its 
release (surrrrnarized in Ref. 1) did not solve, or 
even address, the experimental problem of the 
trapping of released water by cool walls of the 
apparatus and the detection device. In addition, 
the sensitivity of these experiments was so poor 
that quantities of adsorbed water of technological 
significance could easily have remained undetected. 
The present experiment has been designed to over
come these inadequacies. 

The samples of sintered U02 pellets are subject 
to an initial vacuum outgassing to remove native 
moisture and other volatile impurities. The 
specimens are then e~)osed to saturated D20 vapor 
at room temperature for two days. DZO is used as 
a stand-in for H20 because it can be more easily 
detected ffi2,SS spectrometrically. 111e pellets are 
then flushed with dry nitrogen at room temperature 
for one week in order to remove loosely bound DZO. 
The remaining water in the pellets is reasonably 
well trapped, and its subsequent release at high 
temperature is investigated in the apparatus shown 
in Fig. 1. 

To prevent trapping or decomposition of the 
released DZO on metal surfaces, a noble metal 
crucible is used. The entire upper portion of the 
assembly is constructed of stainless steel that 
is maintained at temperatures in excess of 400°C 
during outgassing of the U02 specimen. The 
released D20 leaves the furnace assembly via a 
capillary tube at the top, which permi ts 
molecular beam detection by an in situ quadrupole 
mass spectrometer. TIle molecular beam issuing 
from the capillary tube into the vacuum is 
mechanically modulated by a rotating slotted disk 
before entering the ionizer of the mass spectrometer. 
!vlolecular beam sampling completely avoids loss of 
DZO by adsorption on walls of the apparatus or the 
mass spectrometer; lock-in amplification of the 
DZO signal from the mass spectrometer affords a 
two order of magnitude increase in the system 
sensitivity compared to any previous experimental 
techniques for measuring water release. The 
absolute rate of release is detennined by periodic 
comparison of the DZO signal with that of a 
calibration gas (neon) that is fed to the furnace 
assembly at a knmvn flow rate. The sensitivity 
limi t of the molecular beam sampling system has 
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Fig. 1. Apparatus for measurement of gas release 
from refractory oxides. (XBL 781-2768) 

been determined to be a release rate of 10-12 g 
D20/ S • 

Previous attempts to measure water release from 
U02 (Ref. 1) have detennined that essentially all 
release occurs at temperatures below 1000°C within 
a time span of a few hours. Our resul ts, however, 
demonstrate that the quantity of water released 
below 1000°C is rather small ("iJ. 2 Vg D20/ g U02) 
but that release continues for long periods 
(>150 hours) for temperatures exceeding l600°C. 
What the previous investigations undoubtedly 
measured \Vas the large quantity of loosely bound 
water that is removed in our experiments by the 
week-long dry nitrogen flush. The previous 
investigations have essentially missed entirely 
the slower release of strongly bound water which 
takes place at low rates at temperatures greater 
than 1000°C. 

In conducting the release experiment, the 
temperature was increased by 200°C intervals and 
held constant for long periods between the changes. 
At each temperature (in excess of 1000°C), the 
D20 release rate is first large, then decreases 
slowly. Upon raising the sample temperature, 
a fresh burst of D20 is observed and the rate 
then slowly decays. The total quantity of D20 
outgassed from U02 up to l600°C is 12 )lg/g U02 and 
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there is no evidence that all D20 has been removed 
at this temperature. 

Experiments of even longer duration and higher 
temperatures are needed to remove all D20 from 
the specimens. Efforts are now being made to 
model the release process in tenns of desorption 
from internal surfaces in the U02 sintered body 
followed by diffusional escape via intercormected 
porosity from the solid to the external vacuwn. 
From a practical standpoint, the results of the 
experiments demonstrate that despite fuel "drying" 
prior to sealing in the cladding, some water will 
remain and be released inside the fuel element 
while it is at elevated temperature in reactor. 
TIlis water can only be prevented from attacking 
the zircaloy cladding by the use of getters placed 
inside the fuel elements during fabrication. 

* Partially supported by the Electric Power 
Research Institute. 

1. C. E. Beyer and C. R. Halm, US ERDA Report 
BNWL-1956 (1977). 

7. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Donald R. Olander 

The molecular bean! study of the silane cracking 
reaction will be redone with properly cleaned 
crystal targets that do not exhibit island growth 
upon heating. 

The molecular beam investigation of the reaction 
of atomic hydrogen with ceramic oxides has been 
troubled by deposition of tungsten from the target 
holder on the reacting surface. This problem will 
be attacked by use of new target holder designs. 

The study of laser pUlsing of U02 will investi
gate. tJ:e. angular distributi0fol of vaporized U02' the 
posslblllty of droplet e]ectlon and/or formatlon by 
condensation in the vapor plwne, and emission of 
ions in the process. 

The hydrogen solubility in ceramics study will 
be performed in two stages; infusion of deuterium 
into the oxide at high temperature and pressure 
vessel followed by mass spectrometric measurement 
of the released cleuteriwn in a vacuum furnace. 

TIle problem of excessive porosity in the speci
mens used for the study of thermal gradient 
migrations of solid inclusions in U02 will be 
approached by initial hot-pressing of the samples. 

An experiment will be conducted to estimate 
oA,gen diffusion in hypostoichiometric urania by 
following the rate of weight loss of a U02 specimen 
suspended from a microbalance in a stream of 
flowing hydrogen. 

An experiment to investigate the possibility of 
radiation-enhancement of iodine stress corrosion 
cracking of zircaloy has been set up and will begin. 
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c. Process Technology of Solid State Materials 

Lee F. Dor~ghey~~ Principal 

1. TI-lERMODYNAMIC STUDY OF THE TEIINARY LIQUID ALLOY 
SYSTEM Ga- In-Sb BY SOLID STATE ELECTIIOCHEIvIISTRY 

Timothy J. Anderson and Lee F. Donaghey 
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TIle thermodynamic acti vi ty of gallium in selected 
temary liquid solutions in the Ga - In -Sb system 
was studied as part of the current research program 
to characterize the thermodynamics of solid and 
liquid alloys in systems of group III and V 
elements. The group II I -V compounds are important 
semiconductor materials which have particularly 
important applications in microwave and electro
optical solid state devices. Use of temary and 
quatemary solid solutions offers the ability to 
fabricate devices where both the band gap and the 
lattice parameter are adjustable over a wide, 
continuous range. A thennodynamic characterization 
of these compounds is essential in establishing 
conditions for optimum device fabrication. 

The activity of Ga was measured experimentally 
in the following solid state electrochemical cell: 

Pt i C I Ga(£) , In(£) ,Sb (£) ,GaZ03 II CSZ II Ga(£) , GaZ03! Pt. 

(1) 

Various COmposItIons were studied with particular 
attention given to the psuedo-binary solid solution 
GaxIl-xSb. The gallium activity exhibited 
moderate negative deviations from ideal solution 
behavior for all alloys studied. 

TI18 results of this study will be used to test 
different solution models for predicting the phase 
diagram of the temary system and optimum 
conditions for preparing desirable alloy composi
tions by liquid phase epitaxy. 

* Present address: Chevron Research Company, 
Richmond, CA 94802. 

2. COlvlPONENT ACTIVITIES IN In-Sb LIQUID ALLOYS 

Timothy J. Anderson and Lee F. Donaghey 

Component acti vi ties in In -Sb liquid alloys were 
investigated in the following two high temperature 
galvanic cells: 

and 

TIle IS compositions studied showed moderate 
negati ve deviations from Raoult' s law over the 

(2) 

entire composition range. Analysis of the data 
showed that the enthalpies of mixing agreed well 
with the results of calormetric studies when cell 2 
utilizing a gaseous reference electrode ,vas employed; 
the data from cellI exhibited a large experi-
n~ntal error due to electrode polarization effects. 

In order to compare the results of this study 
with the In-Sb phase diagram, liquidus temperatures 
were calculated using the available calorimetric 
literature data. The derived liquidus temperatures 
exhibited excellent agreement with the experi
mentally measured phase diagram. 

3. SOLID STATE ELECTROGlEMlCAL STUDIES OF GROUP 
II I -V ALLOYS ElvlPLOYING A CaFz SOLI D ELECTROLYTE 

Timothy J. Anderson and Lee F. Donaghey 

lvhny technologically important semiconducting 
compounds fomed from group III and V elements 
contain the elements Ga, In and AI. Gallium and 
indiwn are amenable to study with solid state 
electrolytes such as stabilized zirconia and thoria, 
but alloys containing alwninum are not due to 
reduction of these electrolytes by alwninum. TI1US, 
in order to investigate alloys of alwninum in 
solutions of Group III -V elements an altemate 
approach is needed. 

CaFz offers the capability of studying 
alwninum-containing alloys, though this electrolyte 
presents some experimental difficulties. In the 
present research program, acti vi ties of aluminum 
are being studied in the following solid state 
electrochemical cell: 

Pt I C IAl (in solution), Al20311 CaF2 11 JU Z03,Al (£) I C I Pt. 

(1) 

TIle primary difficulty is the exchange of gaseous 
fluorides between the electrodes. Figure 1 depicts 
an experimental cell arrangement that has been 
developed to significantly reduce this problem. 
A CaF2 single crystal is sandwiched between two 
alwnina tubes. The inner and outer compartments 
contain independent inert gas streams to purge the 
two cell electrodes. Studies of the AlxGal-xSb 
system are currently in progress. 

4. EROSION PROPERTIES OF REACTIVELY SPUTTERED 
TITAI'lIUlvl CARBONITRIDES* 

Roger F. Gentile, Kwok K. Olin and Lee F. Donaghey 

Titanium nitrides, carbides and carbonitrides are 
known to exhibit extraordinary hardness. These 
compounds are of current interest as tool bit 
coatings and as erosion and corrosion-resistant 
coatings. Although chemical vapor deposition has 
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Fig. 1. Electrochemical cell for the study of 
aluminwn acti vi ties in solutions of group II I and 
V elements. (XBL 775-8700) 

been ShOMl to produce long-wearing tool bits hom 
cemented carbides, the reactive sputtering process 
offers enhanced adhesion of hard coatings at lower 
cost on metallic tool bits. 

In the present study the mechanical and 
structural properties of reactively sputtered films 
of titanium carbonitrides with a wide range of 
compositions were studied and compared with their 
erosion properties. TIle mechanisms of erosion 
were determined for both aJnorphous and recrystal
lized films. TiN films were deposited using 
nitrogen as a reactive gas, and the effect of 
substrate bias was studied to determine whether a 
negative bias voltage applied to the substrate would 
increase the erosion resistance of TiN films. TiC 
films were deposited using methane and acetylene as 
reactive gases. For TiCxNy films, acetylene or 
methaJle was used together with nitrogen in argon 
plasmas. 

The morphology of reactively sputtered films is 
exemplified by the scanning electron micrographs 
of TiCx films shown in Fig. L TIle annealed 
saJnples exhibited grain boundary grooves, with 



grain size W1affected by armealing. TIle erosion 
pattern was similar for both W13lUlealed and 
annealed films, but the aImealing process causes 
enhaIlCed erosion rates through the removal of 
sub- grains. 

TIle deposited TiN)' films showed a constant 
erosion behavior, independent of the plasma gas 
con~)osi tion used to deposit them. TIlis result is 
consistent with a previous study of the deposition 
rates and chemical composition of TiNy reactively 
sputtered films. It appears that the formation 
of TiN is independent of the nitrogen content of 
the plasma over a wide range, and that the rate
limiting step is the transport of Ti atoms to the 
substrate. 

'" Abstracted from LBL-6255. 

5. NUMERICAL SH!ULr\TION OF TAA"lSPORT PROCESSES IN 
·VERTICAL CYLINDER EPITA,XY REACTORS 

Glarles W. Manke and Lee F. Donaghey 

]11e exploration of transport processes occurring 
in chemical vapor deposition reactors for the 
epitaxial growth of silicon fyom tetrachlorosilane 
in hydrogen has received considerable attention in 
the literature, both for the purpose of reactor 
design and scale-up, and for an improved W1der-
s tanding of experimental phenomena. 1 

In the present study, a nwnerical method 
employing a marching integTation, finite difference 
method was used to determine the momentum, 
temperature, and component molar concentration 
profiles in the tapered armulus of a vertical 
cylinder epitaxy reactor foy silicon deposition 
from SiC14 in 1-12. Examples of the results 
obtained in this study are shmm in Fig. 1 for a 
cylindrical reactor of commercial interest. 
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TIle numerical results indicate that bOW1dary 
layers control the deposition profile in the 
entrance length of the reactor, while d01mstream 
rates are governed by the inlet flow rate and 
susceptor tilt angle. Results of the study 
contribute to the W1derstanding of momentum, heat, 
and mass transfer in the vertical cylinder reactor. 

A major objective of reactor design is to 
develop large capacity reactors which can produce 
highly W1ifoTlll deposition over all the substrates 
in the reactor, reproducible results from TUn to 
rW1, and an economical reactant consumption rate. 
The present method using numerical methods is 
extremely useful for developing insight into the 
silicon deposition process, for providing tests 
of conditions which optimize the reactor performance, 
and for providing a basis for scale-up of 
commercial reactors. 

1. C. W. Martke and 1. F. Donaghey, J. Electrochem. 
Soc. 124, 561 (1977). 

6. KINETICS OF THE Cl-IElvlICAL VAPOR DEPOSITION OF 
GaAs FROM Ga(CH3) 3 AND AsH3 

Alice L. Lin, '" Vy Dao and Lee F. Donaghey 

Gallium arsenide has been studied extensively 
for application in nricrowave devices, and more 
recently in low-cost terrestial solar cells. TIle 
processing of low-defect density single crystal 
layers and heteroepitaxial layers is a significantly 
in1p?rtant s~ep in ~he pre"Qaration of these 
sell1lcOnductlllg devlces. 1-3 

TIle vapor phase deposition of gallium arsenide 
from trimethyl gallium (TMG) and arsine has been 
shown by Manasevi t to be a viable alternative to 
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Fig. 1. Simulated temperature isotheTlllS (left) 
and SiC14 isoconcentration curves (right) in a 
vertical cylinder reactor. (XBL 776-9557) 



the conventional growth technique using halide 
transport agents. This method is free of etching 
species, requires a furnace with only one tempera
ture zone, and offers the possibility of lower 
growth temperature. Recently, single-crystal GaAs 
films were successfully prepared by this method in 
several laboratories. Most of these studies 
emphasize the surface morphology and electrical 
properties of the heteroepitaxial GaAs layers 
deposited on single crystal, insulating substrates 
ra the l' than the chemical vapor deposition, and no 
systematic study of the growth kinetics of gallium 
arsenide from organometallic trimethyl gallium and 
arsine has been reported. 

In this study, growth studies utilizing (100) 
GaAs substrates showed that growth is linearly 
dependent on the trimethyl gallium partial pressure 
in the presence of an excess of arsine. The 
deposition rate was found to depend on the 0.5 
power of the gas flow rate, and on the 0.8 power 
of the absolute temperature. 

A diffusion-controlled model was developed. 
This model adequately predicts the experimental 
results for temperatures between 700 and 900°C. 
At lower temperatures the growth is surface 
reaction rate controlled. At hi~ler temperatures, 
decomposition of the GaAs reduces the growth rate. 

Defects in the epitaxially grown layers are of 
two types; hillocks and pits. The hillocks are 
similar to those observed when GaAs is deposited 
using chloride transport. Pits are presumed to be 
produced as a consequence of oxidation of the 
trimethyl gallium. 

* Curren t addre s s : Eas tman Kodak, Roche s te r, NY 
14650. 

1. R. C. deBernardy and L. F. Donaghey, Prepara
tion of Schottky-Barrier Solar Cells from Poly
crystalline GaAs on ~blybdenum, LBL-5727, 
November 1976. 
2. R. C. deBernardy and L. F. Donaghey, Chemical 
Vapor Deposition and Properties of GaAs on 
Molybdenum Substrates, LBL-5736, December 1976. 
3. R. C. deBernardy and L. F. Donaghey, Prepara
tion and Properties of Chemically Vapor Deposited 
GaAs on Graphite, LBL-5737, December 1976. 

7. LOW PRESSURE CHEMICAL VAPOR DEPOSITION OF 
POLYS ILl CON 

R. J. Gieske, J. J. McMullen, and Lee F. Donaghey 

The low pressure chemical vapor deposition of 
polycrystalline silicon was studied to define the 
controlling process parameters and the requirements 
for commercial implementation. Silane and 
silane-nitrogen mixtures were utilized as source 
gases in a tubular reactor containing parallel disk 
substrates oriented with surface normals in the 
direction of flow. The results of the study 

245 

showed that the deposition reaction is surface 
kinetic reaction controlled over the range of 
temperature studied, 600 to 700°C, that the reaction 

is first order with respect to silane, and with an 
activation energy of 1.33 x 105 Jig mole. A gradient 
in temperature along the reactor tube is sufficient 
to compensate for reactant depletion and to 
produce a uniform deposition rate. 

8. 1977 PUBLICATIONS AND REPORTS 

Lee F. Donaghey and Associates 

and Books 

1. G. M. Bobba and Lee F. Donaghey, Real-Time 
Analysis of Gas Chromatographs with a Microcomputer 
System, J. Chromatog. Sci. ~, 47 (1977). 

2. C. W. Manke and Lee F. Donaghey, Analysis of 
Transporc Processes in Vertical Cylinder Epitaxy 
Reactors, J. Electrochem. Soc. 124, 561 (1977). 

3. A. L. Lin and Lee F. Donaghey, Characterization 
of (Ill) GaAs and (Ill) InP Substrates and 
Homoepitaxial Layers by Divergent X-Ray Beam 
Diffraction, J. Electronic Materials £.' 383 (1977). 

4. T. J. Anderson and Lee F. Dona~ey, Solid State 
Electrochemical Studies of the Standard Gibbs 
Energy of Formation of B-Gallium Sesquioxide Using 
a Calcia-Stabilized Zirconia Electrolyte, J. Chern. 
Thermodynamics ~, 603 (1977). 

5. T. J. Anderson and Lee F. Donaghey, Solid 
State Electrochemical Study of the Standard Gibbs 
Energy of Formation of Indium Sesquioxide, J. Chern. 
Thermodynamics ~, 617 (1977). 

6. D. Jacobs and Lee F. Donaghey, ~licrocomputer 
Implementation of Direct Digital Control Algorithms 
for Thermal Process Control Applications, Journal 
of Dynamic Systems, Measurement and Control, Trans. 
ASME, Series G, Vol. 99, No.4, pp. 233-240 (1977). 

7. Lee F. Donaghey, P. Rai -Choudbury and 
Richard N. Dauber, Eds., Proc. Sixth International 
Conference on Chemical Vapor Deposition, The 
Electrochem. Soc., Princeton, N.J., 1977. 

8. C. W. Manke @ld Lee F. Donaghey, Numerical 
Simulation of Transport Properties in Vertical 
Cylinder Reactors, ibid, p. 154, 1977. 

9. R. J. Gieske, J. J. McMlllen and Lee F. Donaghey, 
Low Pressure Chemical Vapor Deposition of 
Polysilicon, ibid, p. 183, 1977. 

10. A. L. Lin, V. Dao and Lee F. Dona~ey, Kinetics 
of the Chemical Vapor Deposition of GaAs from 
Ga(CH3) 3 and AsH3, ibid, p. 247, 1977. 

LBL Reports 

1. Roger F. Gentile, Kwok K. Chin and Lee F. 
Dona~ey, Erosion Properties of Reactively 
Sputtered Titanium Carbonitrides, LBL-6255, ~BY 
1977 . 
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1. C. W. Manke and Lee F. Donaghey, Simulation 
of Transport Processes in Vertical Cylinder 
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Epitaxy Reactors, lSlst Meeting of the Electrochemi
cal Society, Philadelphia, ~BY 8-13, 1977. 

2. C. W. !vlanke and Lee F. Donaghey, Numerical 
Simulation of Transport Properties in Vertical 
Cylinder Reactors, lS2nd Meeting of the 
Electrochemical Society, Atlanta, October 9-14,1977. 

3. R. J. Gie ske, J. J. McIvlullen and Lee F. 
Donaghey, Low Pressure Chemical Vapor Deposition of 
Polysilicon, lS2nd Meeting of the Electrochemical 
Society, Atlanta, October 9-14, 1977. 

4. A. 1. Lin, V. Dao and Lee F. Donaghey, 
Kinetics of the Chemical Vapor Deposition of GaAs 
from Ga(CH3) 3 and AsH3, 152nd Meeting of the 
Electrochenrical Society, Atlanta, October 9-14, 
1977 . 



d. Electrochemical Phase Boundaries 

H. Muller, Investigator 

1, ELLIPSOMETRY OF ELECTROCHEMICAL INTERFACES 

a, blass-Transport Boundary Layers 

Craig G, Smith and Rolf H, Muller 

We have recently demonstrated that ellipsometry 
may be used to determine the concentration of 
reacting species at an electrode surface,1,2 In 
both metal deposition and dissolution, the inter
facial concentration can have significant effectson 
morphology, valence of the electrode process, and 
the porosity of anodic films, The interest in the 
ellipsometry of boundary layers is two-fold: 
1) as a new teclmique for the study of mass 
transport processes at electrodes and 2) to 
account for the optical effect of boundary layers 
in the observation of solid films during their 
growth. 

The measurement of interfacial concentrations 
requires a separation of the optical effect of the 
mass-transport boundary layer froTIl effects due 
to changes of the electrode surface, which may be 
of larger magnitude. Surface changes have caused 
an unc~rtainty of about 20% in previous measure
ments, Improved experimental techniques for the 
study of transport processes in a flow channel have 
now been implemented. As before, the cathodic 
deposition of copper has been chosen as the 
'electrode reaction, but single crystal copper 
electrodes [(100), (Ill)] have been used in order 
to reduce surface roughness. Also, the CuS04 
electrolyte has been deoxygenated and equilibrated 
with the monovalent cuprous ion in order to 
reduce corrosion processes. Interfacial con
centrations have been determined from the decay 
of the boundary layers after current interruption 
by use of our automatic ellipsometer. A new 
circulation system that provides more stable flow 
rates of the electrolyte has also been constructed. 

Figure 1 shows the measured decrease in the 
interfacial concentration ef Cu++, as a function 
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of flow velocity (shown as Reynolds number) for 
different current densities. Bulk fluid transport 
properties have been used in the empirical 
correlations represented by the solid curves. 
Deviations of the measurements from the correlations 
can be explained by the concentration -dependence 
of transport processes, as has been demonstrated 
in earlier studies with interferometry.4 

b. Concentration of Supporting Electrolyte at 
Electrodes 

Craig G. Smith and Rolf H. Muller 

Supporting electrolytes serve to increase the 
solution conductivity and reduce migration effects 
in electrolytic processes. During electrolysis, 
two concentration profiles develop near the 
electrode surface, one for the reacting species and 
a second for the supporting electrolyte. The 
interfacial concentration of supporting electrolyte 
affects the electrode process by altering the 
chemical environment in which it is conducted. 
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Fig. 1. Decrease in interfacial concentration 
during Cu deposition from 0.186 M CUS04' 
Concentration difference between bulk and 
interface as function of the flow velocity (shown 
as Reynolds number). Theoretical predictions for 
laminar (Re < 2000) and turbulent (Re > 5000) flow 
gi ven by solid curves. (XBL 77l2-l0958) 

Results were previously reported5 for the 
accumulation of H2S04 determined by ellipsometry 
during the cathodic deposition of copper from 
stagnant solutions of CuS04-H2S04' To investigate 
the influence of convection, measurements have 
now been conducted in a flow cell. 6 Results are 
given in Table 1. All measurements were made at 
limiting current, where the interfacial Cu++ 
concentration is zero, and the H2S04 concentration 
may be uniquely determined from the refractive 
index. The change in H2S04 concentration between 
the interface and the bulk electrolyte relative 
to the change in CUS04 concentration, 
LlCH2S0/ LlCCuS04 ' is sho\\1)1 in the last column of 

Table 1. Computed values for this quantity 7 are 
0.43 and 0.16, respectively, for complete and no 
dissociation of the bisulfate ion. The experi
mental value of 0.35 indicates that the bisulfate 
ion is largely but not completely dissociated. 

c. Correction for Component Imperfections 

Craig G. Smith and Rolf I-I. Muller 

A correction procedure was previously reported8 
that accounts for the optical effects of 
imperfections in the components of our automatic 
ellipsometer. These effects are due to strain
induced birefringence, dichroism, or misalignment 
of azimuth circles. Nineteen im~erfection 
parameters in a linearized model were determined 
from a series of 24 measurements. 

TIle accuracy of the correction procedure has 
now been investigated. The effect of optical 
imperfections is recognized by differences 
between results obtained for the same specimen 
in different ellipsometric zones. lO A perfect 
correction procedure should remove these 
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Table 1. Accumulation of supporting electrolyte. 

C CUS0
4 

C H2SO
4 

Re 

0.176M 3.89H 750 

6250 

0.193 1.02 1080 

8600 

0.100 5.83 0 

0.250 5.83 0 

differences. The magnitude of the corrections 
strongly depends on the values of the measured 
parameters9 (relative phase /:, and relative 
ampli tude tan tjJ or azimuth angles), as shmvn in 
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Fig. 2. For this reason, materials with widely 
different optical properties have been used in this 
test. Measurements on metallic surfaces were chosen 
from a large series of experiments conducted over 
a six-month period after the evaluation of the 
imperfection parameters. In addition, measurements 
on oxide surfaces (fonned from compressed powders, 
see Sec. d below) were performed 14 months after 
the evaluation of the parameters. 

70 --~-~-~-~-- -- -----~-~- ---~-----------, 

Correction for ellipsometer imperfections 
Zn, O.SM KOH, -1.2V vs. Hg/HgO 

Fig. 2. Effect of component imperfections on the 
determination of /:, and tjJ. Dissolution of 
Zn (1000 single crystal) at constant potential 
(-1.2 V vs Hg/HgO) in stagnant 0.5 M KOH. 

(XBL 76l1-9909A) 

/:'C 
H

2
SO

4 
/:'C /6C 

H2S0
4 

CuS0
4 

2 0.062M 0.35 

0.060 0.34 

0.067 0.35 

0.071 0.37 

0.037 0.37 

0.095 0.38 

Table 2 illustrates corrected and uncorrected 
four-zone measurements for three representative 
specimens. 111e corrections to tjJ were good for 
all materials studied, showing remaining differences 
between zones of only iO .02 deg where surface 
anisotropies appear to be small and at most 
iO.16 deg for the most highly strained 
(birefringent) oxide samples. Also, in agreement 
wi th theory, 9 the four- zone average of the 
corrected (tjJ) and uncorrected (tjJo) relative 
amplitude parameter agree to within experimental 
error for isotropic surfaces, but disagree for 
strained surfaces. Differences between corrected 
four- zone values for the relative phase /:, were at 
most iO. 25 deg for metal surfaces. The larger 
differences observed for the compacted oxide samples 
are indicative of anisotropic properties. The 
consistency of the corrections over a l4-month 
period shows that the parameters describing the 
imperfections remain constant. 

d. Optical Constants of Solid Film Materials 

Craig G. Smith and Rolf H. Muller 

The use of ellipsometry to characterize 
properties of films often requires a knowledge of 
the optical constants of film materials. For 
example, to obtain values for film porosity, the 
refractive index of the non-porous film material 
must be known. The optical constants (in general 
complex nwnbers) for many materials of electro
chemical interest are, however, not available in 
the literature. We have initiated the use of 
compressed powders of knmvn composition to 
independently measure the optical constants of 
such materials. 

A hydraulic press is used to co~)act materials 
in the form of powders in a cylindrical stainless 
steel die. The compacted material replicates 
the polished surfaces of the end plates. To 
avoid thermal decomposition of labile compounds, 
the pressing was done at room temperature. To 
facilitate removal from the die and subsequent 
handling of the fragile disks, the powders were 
pressed inside a brass ring placed on the lower 
end plate. The use of annealed rings has been 
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Table 2. Correction of ellipsometer data for component orfec {l,o and 1);0 - values of relative phase 
and amplitude parameters without correction for r 

" (I, and 1); - corrected values (degrees) !Ilperrec 

Ag, (100) Ag
2

0 

Material: single crystal Ag
2

0 (strained) 

{I, (I, 1);0 1); {I, {I, 1);0 1Ji {I, {I, 1Jio 1Ji 0 0 0 

83.56 82.45 45.75 43.05 11.30 11. 95 22.20 22.87 30.48 30.01 17.07 18.56 

82.64 82.37 40.31 'f3.06 11.38 12.13 23.45 22.83 28.48 27 .58 20.05 18.70 
4-zone 
results 82.40 82.46 42.66 43.05 9.64 9.59 23.65 22.94 33.90 34.01 19.35 18.65 

81.92 82.27 43.49 43.07 10.18 9.83 22.05 22.94 34.30 34.60 17.90 18.65 

Average: 82.63 82.39 43.05 43.06 10.62 10.87 22.84 22.89 31. 79 31.55 18.59 18.65 

±0.82 ±0.10 ±2.72 ±0.01 ±1. 74 ±1. 27 ±0.80 ±0.05 ±2.91 ±3.51 ±l. 49 ±0.07 

Table 3. Optical constants of solid film materials. 

Material 

specimen theoretical present literature (real part) ref. 

Ag
2

0 6.18 g/cm 2 
7.14 g/cm 

2 
2.17-0.28i 2.10 t 1 

CdO 5.37 8.15 2.50-0.0li 2.49 2 

Pb0
2 7.58 9.38 2.09-0.32i 2.23 2 

t 
Calculated from literature values for atomic polarizabilities of Ag and 0. 

1. J.A. Dean, Ed., Lange's Handbook of Chemistry (Mc-Graw-Hill, New York 1973), 
pp. 10-259. 

2. P.E. Liley, Y.S. Touloukian, and W.R. Gambell, Chemical Engineers' 
Handbook (McGraw-Hill, New York, 4th Ed. 1969) J.H. Perry, Ed., Sec. 3, 
p. 3-4. 

found to minimize the relaxation of elastic 
deformation which causes strain-induced anisotropies 
in the samples. Other variables that affect the 
mechanical properties of the specimens were found 
to include pressure and the particle size and shape 
of the powder. 

Optical constants determined for three materials 
by this method are shown in Table 3. Corrections 
for porosity effects have been based on the 
difference between the measured density of the 
compacted specimens and the theoretical density 
of the same material. 

Ellipsometer measurements conducted so far have 
been perfonned in air. Subsequent measurements 
will be made in ultralligh vacuwn to ensure a clean 
surface. Work is in progress on other materials 
relating to anodic films. 

1. R. H. Muller and C. G. Smith, Surface Sci. 56, 
440 (1976). -
2. C. G. Smith, Effect of Mass-Transport Boundary 
Layers on the Ellipsometry of Surfaces, (M.S. 
thesis), LBL-3903, December 1975. 
3. C. G. Smith and R. H. Muller, ]Vl!VlRD r'\nnual 
Report for 1976, LBL-6016, p. 209. 
4. F. R. ]veLamon, R. H. Muller and C. W. Tobias, 
Electrochim. Acta 21, 101 (1976). 
5. C. G. Smith anaR. H. Muller, 1976 Annual 
Report, LBL-6016, p. 209. 
6. R. H. Muller and C. G. Smith, LBL-7302, in 
preparation. 
7. L. Hseuh and J. Newman, Ind. Eng. Chem. Fund. 
10, 615 (1971). J. R. Selman and J. Ne\\lJl1an, 
~ Electrochem. Soc. 118, 1070 (1971). 



8. C. G. Smith, J. S. Remer and R. H. Muller, 
MMRD Annual Report for 1976, LBL-60l6, p. 210. 
9. C. G. Smith, J. S. Remer and R. H. Ivluller, 
LBL-7303, in preparation. 
10. R. H. Muller, in Advances in Electrochemistry 
and Electrochemical Engineering, Vol. 9 (Wiley, 
New York, 1973) Eds., P. DelahayandC. W. Tobias, 
pp. 167-226. 

2. LASER INTERFEROMETRY OF MASS-TRAl\)SFER BOUNDARY 
LAYERS 

Karrie Hanson, Rolf H. Muller and Charles W. Tobias 

Many electrochemical processes are hindered by 
mass-transfer limitations that require the use of 
current densities that are lower than desirable for 
economical operation. It has been shmvn that 
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local turbulence caused by small obstacles placed 
near the electrode surface can substantially 
enhance the average mass transfer to an electrodel -4 
with a minimum increase in pressure drop. The 
obj ecti ve of this work is to define optimum size, 
shape and spacing of flow obstacles by use of laser 
interferometry to observe local mass-transfer 
boundary layers below liIPi.ting current. 

Initial experiments have been concerned with 
boundary layer decay over an insulator in a flow 

Int~rfCllci(,l1 Concentration Gradient (M/cm) 
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Fig. 1. Relative error in boundary layer thickness 
due to light-deflection for the new S-rum wide flow 
channel compared to ~he previously used 10-rum 
channel. At 5 rnA/cm the error is reduced to 1/6 
of its previous value. (XBL 74l-2l69B) 

channel. The results showed that large insulator 
lengths are required to significantly thin the 
mass-transfer boundary layer. 

To determine the effect of flow obstacles on the 
mass-transfer boundary layer, a flow channel was 
designed and constructed. The design was based 
on a study of optical errors conducted earlier in 
this laboratory. The cell geometry with as-rum 
channel width was chosen to reduce optical errors 
encountered in the earlier used 10-rum wide cell 
(Fig. 1). A similar reduction of electrode 
separation from 25 to 5 rum has caused a reduction 
in equivalent flow channel diameter and has reduced 
the entry length to a third of that of the original 
channel. The resulting cell is more compact and 
can therefore by operated more easily and aligned 
more precisely. 

New techniques for the construction of obstacles 
have been developed, and a specially designed dual
beam, single-mode 5 mW laser has been received 
for installation in the interferometer. It will 
provide a more uniform beam and allow greater 
photographic flexibility. 

1. F. R. McLamon (Ph.D. thesis), LBL-3500, 
December 1974. 
2. F. Leitz and L. Ivnrincic, J. Appl. Electrochem. 
7 473 (1977). 

A. Storck and F. Coeuret, Electrochim. Acta 
22 1155 (1977). 

F. R. IvtLamon, R. H. lvluller and C. W. Tobias, 
J. Electrochem. 122, 1636 (1975). 

3. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Rolf H. Ivluller 

The use of ellipsometry for the study of metal 
dissolution processes at high current densities, 
as encountered in electrochemical machining, will 
be initiated. Such systems require the simultaneous 
consideration of several layers in the solid mld 
liquid phase. Alternate experimental methods will 
be investigated to determine the possible formation 
of colloidal layers near film-covered electrode 
surfaces. 

The optical constants of a wide range of 
potential film materials will be detennined more 
reliably by the use of less porous compressed 
powders in ultrahigh vacuum. TIle production of 
controlled surface roughness by powder compaction 
will be investigated as a new approach to the 
ellipsometry and modeling of rough surfaces. 

The capabilities of the automatic ellipsometer 
will be extended: A 200 mW argon ion laser light 
source will provide sufficient reflected intensity 
for the study of rough surfaces. Facilities for 
scmming the visible spectrum will be installed for 
the determination of the spectra of surface 
layers. The construction of new power supplies for 
the Faraday cells, which will double the dynmnic 
range of the ellipsometer, presently 55°C for 
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polarizer and analyzer azimuths, will be completed 
in order to be able to follow larger surface changes 
without mechanical adjustments. 

TIle acceleration of ionic mass trmlsport by 
turbulence induced near an electrode surface will 
be investigated by interferometry. TIle effect of 
different shapes and spacings of flow obstacles 
will be determined. 

4. 1977 PUBLICATIONS A!\JD REPORTS 

Rolf H. Muller and Associates 

Journals 

1. R. H. I->luller, Recent Advances in Some Optical 
E)q)erimental I->lethods, Electrochim. Acta 22, 951 
(1977). -

Presented 

1. R. H. Muller, Seeing is Believing, Light as a 
Probe for the Che;nist and the Chemical Engineer, 
Dept. of Chem. . U. C. -Davis, 23, 1977. 

2. J. B. Riggs, R. H. Muller and C. W. Tobias, 
Modeling of the Electrochemical Machining Process, 
l50th Meeting of the Electrochemical Society, 

Philadelphia, May 8-13, 1977, Extended Abstract 
No. 305. 
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e. Solid State and Surface Reaction Studies. 
Surface Science and Heterogeneous Catalysis 

GahoY' A. 

1. SURFACE STRUCTURE AND CHElvlISORPTION BY LOW
ENERGY ELECTRON DIFFRACTION 

a. LEED Intensity Data and Structure Analysis of 
the (Sx14) Reconstructed Pt(lOO) Surface 

Larry L. Kesmodel and Gabor A. Somorjai 

It has been known for about 10 years that the 
(100) surfaces of the Sd metals Ir, Pt, and Au 
exhibi t a reconstruction from the bulk periodicity. 
It has been suggested that the reconstruction 
produces a hexagonal close-packed monolayer of 
surface atoms on top of the underlying square 
layers. However, there has been no defini ti ve 
structure analysis to support this model. We have 
obtained LEED intensity data on several fractional 
and integral order diffraction beams on the (Sx14) 
reconstructed Pt(lOO) surface at room temperature. 
A dynamical intensity analysis of the hexagonal 
overlayer model of this reconstruction has been 
initiated. The present results indicate that the 
top layer of atoms is buckled about 0.8 A from a 
perfect planar configuration: this result agrees 
with elementary considerations of the lattice 
mismatch and incompressibility of metal-metal 
bonds. However, the detailed agreement with 
experiment is not yet sufficiently close to allow 
a conclusive structure determination. 

b. The Surface Structure and Bonding of Cz!:!2 and 
~Zli4 on the Pt(lll) Surface: New Analysis of High
Order Diffraction Beams to Discriminate Between 
Bonding Models and Surface Species 

Larry 1. Kesmodel and Gabor A. Somorj ai 

The adsorption of acetylene (CZHZ) on the PtClll) 
surface at T = 300 ]( results in a "metastable" 
state (I) which transforms (irreversibly) upon 
heating to 350 K to a stable state (II). Both 
states exhibit (ZxZ) LEED patterns but are 
distinguished by their different intensity-
voltage profiles. Ethylene (CZH4) is found to 
adsorb at 300 K in a state exhibiting I-V profiles 
identical to those of (II). 

LEED, photoemission spectroscopy and, most 
recently, hi~·-resolution electron energy loss 
spectroscopy (HRELS) have been applied to the 
study of this transformation. The metastable 
state (I) is generally agreed to be CZHZ bonded 
with the C-C axis parallel to the surface. However, 
the nature of the stable state (II) derived from 
either CZHZ or CZH4 is in question. Ibach et al. 
have proposed on the basis of HRELS data that 
G-1CH3 is formed) 

We have found that analysis of high -order LEED 
beams is necessary to discriminate on a structural 
basis between a model for (II) which involves the 
C-C axis parallel to the surface as opposed to more 
nearly perpendicular. The analysis of this very 
recent data is still preliminary but supports the 
structure shown in Fig. 1 involving a C-CH3 species 
rather than C1-I=CI-I3' AI though the hydrogen atom 
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Fig. 1. Proposed structure for C-Cl13 group formed 
from ethylene or acetylene chemisorption on Pt(lll). 

(XBL 771Z-659l) 

posItIons are not readily located with LEED, the 
C-CH3 model is to be preferred since no appreciable 
tilt of the C-C axis is indicated, and a close 
H- Pt distance of 1. 8 A would favor the G-ICI-I3 model. 
Importantly, the C-CH3 model is closely analogous 
to bonding found in organometallic complexes such 
as C03(CO)gCCH3. The observed vibrational fre
quencies for such complexes offer a new inter
pretation of the HRELS spectra which favors the 
C-CH3 model. 

1. H. Ibach and S. Lewald, to be published. 

c. LEED and Thermal Desorption Studies of Small 
Molecules (HZ, OZ, CO, COZ, NO, CZH4, CZHZ, and C) 
Chemisorbed on-the Rhodium (Ill) and-rrOO) Surfaces 

David G. Castner, Brett A. Sexton, and Gabor A. 
Somorjai 

The chemisorption of HZ, 0Z, CO, COZ, NO, CZH4, 
C2HZ, and C has been studied on the clean Rh(lll) 



and (100) surfaces. LEED, AES, and thermal 
desorption were used to determine the surface 
structures, disordering and desorption temperatures, 
and displacement and decomposition characteristics 
for each species. All of the molecules studied 
readily chemisorbed on both surfaces. A large 
variety of ordered structures was observed, 
especially on the (111) surface. 'TI1e disordering 
temperatures of most ordered surface structures on 
the (111) surface were below 100°C. It was 
necessary to adsorb the gases at Z5°C or below in 
order to obtain well-ordered surface structures. 
Chemisorbed oxygen was readily removed from the 
surface by HZ or CO gas at crystal temperatures 
above 50°C. C02 appeared to dissociate to CO upon 
adsorption on both rhodium surfaces, as indicated 
by the identical ordering and desorption 
characteristics of these two molecules. CZH4 and 
CZI-12 also had very similar ordering and desorption 
characteristics, and it is likely that the adsorbed 
species formed by both molecules is the same. 
Decomposition of ethylene produced a sequence of 
ordered carbon surface structures on the (111) face 
as a result of a bu1k-surface carbon equilibrium. 
The chemisorption properties of rhodium appear 
to be generally similar to those of iridium, 
nickel, and palladium. 

d. Low- Energy Electron Diffraction, Auger Electron 
Spectroscopy, and Thenna1 Desorption Studies of 
Chemisorbed Carbon Monoxide, Oxygen, Hydrogen, 
Nitrogen, Ethylene, and Benzene on an Iridium (110) 
Surface. Correlation with Other Ir Crystal Faces 

B. E. Nieuwenhuys and G. A. Somorjai 

The interaction of CO, 02, H2, N2, CZH4, and 
C6H6 with an Ir(llO) surface has been studied by 
using LEED, Auger electron spectroscopy CAES) , 
and flash desorption mass spectrometry. Adsorption 
of oxygen at 30°C produces a (lx2) structure, while 
a C(2x2) structure is formed at 400°C. Two peaks 
have been detected in the thermal desorption 
spectrum of oxygen following adsorption at 30°C. 
The heat of adsorption of hydrogen is slightly 
higher on Ir(llO) than on Ir(11l). Carbon monoxide 
is molecularly adsorbed on clean Ir(110) at 30°C, 
yielding a (2xl) structure. The CO desorption 
spectra exhibit two peaks, one around 230°C and the 
second at about 160°C. At exposures between 250° 
and 500°C carbon monoxide is dissociatively 

253 

adsorbed on the surface, yielding a C(2x2) structure 
and a desorption peru< around 600°C. Carbon 
monoxide is adsorbed on an 1r(110) surface partly 
covered with oxygen or carbon in a new binding 
state with a significantly higher desorption 
temperature than on the clean surface. Carbon 
monoxide is more easily dissociated on a carbon
contaminated Ir(llO) surface than on clean Ir(llO). 
Adsorption of nitrogen could not be detected on 
either clean or carbon-covered Ir(110) surfaces. 
The hydrocarbon molecules do not form ordered 
surface structures on Ir(110). TI1e thermal 
desorption spectra obtained after adsorption of 
C61-16 or C2H4 are similar to those reported 
previously for Ir(lll), consisting mostly of 
hydrogen. Heating the (110) surface above 700°C 
in the presence of C6H6 or C2H4 resul ts in the 

formation of an ordered carbonaceous overlayer 
with (1 xl) structure. The resul ts are compared 
with those obtained previously on the Ir(111) and 
Ir(755) or stepped [6(lll)x(100)] surfaces. The 
CO adsorption results are discussed in relation 
to data on similar surfaces of other Group VIII 
metals. 

e. The Adsorption of Benzene on the Pt (111) 
Surface Studied by Lol\'- Energy Electron Diffraction 
Intensity Measurements and Quantitative Auger 
Electron Spectrosc~ 

Peter C. Stair and Gabor A. Somorjai 

Benzene when chemisorbed on the Pt (111) crystal 

face fonl1s an ordered metastable 16 -~ 1 surface 

structure that transforms, slowly, to a stable 

16 - ~ 1 surface structure. A complete set of 

intensity-voltage I vs V) curves are presented 
to aid in solving surface structures of this 
complex organic molecule. The size of the unit 
cells and the 1arger-than-monolayer carbon surface 
concentrations (detennined by quantitative Auger 
spectroscopy) indicate that most of the adsorbed 
benzene molecules are inclined at an angle to the 
surface. The similarity of the I-V profiles for 
the same diffraction beams from the two structures 
indicates that the carbon-platinum layer spacing 
changes very little during the order-order 
transformation. 

f. LEED Study of the Chemisorption of Metal 
Organic Molecules on the Ag(lll) Crystal Face 

Steven l'illensohn and Gabor A. Somorj ai 

Studies of the chemical bonding and surface 
reactions of metal-organic compounds ,\lith metal 
and oxide supports is of great importance for the 
construction of polymerization catalysts. We are 
investigating the adsorption of metallocenes (metal
organic "sandwich compounds") M(C5H5) 2) on the 
J\g(lll) and Ti02(1l0) surfaces with LEED and Auger 
electron spectroscopy. Ordered monolayer structures 
have been observed for ferrocene (M=Fe) on the 
clean silver surface in the temperature range 100 
to 240 K. TI1e molecule desorbs below room 
temperature, indicating weru( bonding to the surface. 

Chromocene (M=Cr) and cobal tocene (M=Co) 
exhibi t bulk physical properties nearly identical 
to ferrocene, but display radically different 
chemical properties. All three compow1ds melt in 
the temperature range 172-174 °C. Ferrocene is . 
stable on heating to 470°C in air, while chromocene 
and cobaltocene spontaneously decompose on 
exposure to oxygen or \Yater at room temperature. 

An oven is being constructed to allow the 
introduction of chromocene and cobaltocene into 
the ultrahigh vacuum chamber. A comparison of the 
surface properties of the three metallocenes 
should yield infollllation about the bonding and 
reactivity of these compounds with the surface. 



g. Chemisorption of CH3CN, Cf-13NC, CZ!:!2~2!i4, and 
Cl-l3CCCl-l3 on Ni (Ill) 

John Hennninger, Earl iVluetterties, and Gabor A. 
Somorjai 

A clean metal surface has no precise analog in 
molecular chemistry. The surface is heterogeneous; 
it presents many binding sites of different 
structure and bond strength to the incoming 
molecule. If one considers a well-ordered crystal 
face of high atomic density like the (111) face 
of nickel, which has only one or a few binding 
sites, the structural complexity of the surface 
is very much reduced. Such a uniform surface 
resembles a coordinatively unsaturated zerovalent 
complex. One may also consider coordinatively 
unsaturated metal clusters as likely models of 
these more homogeneous surfaces and view the 
ligand-metal cluster complex as the analog of the 
surface-adsorbate system. 

We would like to probe the relationship between 
the chemistry of metal cluster-ligand complexes 
and of the chemical behavior of surfaces of the 
same metal. We have chosen the (111) crystal face 
of nickel for this purpose, since the chemistry 
of zerovalent nickel coordination complexes and of 
some nickel clusters has been well established. 
We have studied Cl-l3CN, Cl-l3NC, CZNZ, CZHZ, CZH4, 
and CH3CCCl-l3 adsorbed on this surface and compared 
their structures and chemical behavior as ligands 
in coordination chemistry. 

LEED was used to determine surface structure, 
Auger electron spectroscopy (AES) to obtain 
surface composition, and thermal desorption to 
determine the binding states of the molecular 
species whenever possible. We have carried out 
displacement reactions to determine relative bond 
strengths of the various adsorbates on the Ni (Ill) 
surface and to compare this with the ligand field 
strengths in the nickel zerovalent coordination 
complexes. 

From these studies one finds strong correlations 
between the relative binding energies of adsorbates 
on Ni(lll) and of ligands in nickel complexes. . 
The surface chemistry of these hydrocarbons points 
out the necessity of comparing the surface to 
coordinatively unsaturated metal complexes. In 
particular the surface analog of an oxidative 
addition reaction appears to be in~ortant in the 
chemistry of Cf-l3NC on Ni (Ill). We also find that 
nickel, unlike platinum, is capable of breaking 
the CN bond in cyanides. This may be compared to 
recent work on the thermal decomposition of Pt(CN)Z 
and Ni(CN)Z. 

h. LEED-Auger Studies of the Structure and Growth 
of Thin Metal Films Vapor- Deposi ted onto Oxide 
Single-Crystal Surfaces 

Frederick Wagner and Gabor A. Somorjai 

The growth of filn6 of palladium and gold on 
a-Alz03(0001), Ti02 (rutile) (110), and a stepped 
rutile surface has been studied by LEED and Auger 
electron spectroscopy. Although a-alumina is an 
insulator, its clean surfaces can be studied with 
electron beams of energies greater than 70 eV. 
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At these higher energies each incident electron 
ejects one or more secondary electrons from the 
surface and no beam-deflecting negative space charge 
builds up. However, isolated metal particles on 
the surface interfere with secondary electron 
emission; the minimum useable LEED beam energy 
increases with the amount of metal deposited. 
After the deposition of two monolayers of palladium, 
LEED work below 250 eV becomes impossible due to 
surface charging. Auger spectra of 8- 30 monolayer 
deposits taken with a 3.1 keY incident beam are 
shi fted upwards in energy by up to 400 eV. 

No surface charging problems have been 
encountered during the study of metal deposition 
onto TiOZ, a 3 eV band gap semiconductor with states 
in the gap due to Ti 3+ . LEEQ patterns of Au and 
Pd on TiOZ and on a (Oll)x(Oll) stepped surface 
have been obtained by depositing 8-lZ equivalent 
monolayer filn6 on the substrate at Z5-450°C and 
annealing at 700-900°C. The Auger spectra of 
annealed Pd films show the formation of a Ti-Pd 
allow, while gold films show no sign of such alloy 
formation. iVbst of the LEED patterns are consis
tent with closest-packed or compressed closest
packed islands of the deposited metal. Films 
grmvn on the (110) surface often show fiber 
structures of random azimuthal orientation, 
whereas those grown on the stepped surface exhibit 
more definite azimuthal orientation. 

Z. ELECTRON SPECTROSCOPY STUDIES OF SOLID 
SURFACES AND ADSORBATES 

a. Construction of High Resolution Electron Energy 
Loss Spectrometer 

LmvTence Dubois and Gabor A. Somorj ai 

High resolution electron energy loss spectroscopy 
(HRELS) is a technique that has recently become 
available for studies of the vibrational spectra 
of surface aton6 and molecules. In this teclmique 
a collimated beam of monochromatic electrons is 
inelastically scattered from a crystal surface and 
the energy distribution of the specularly reflected 
bea~ recorded. The electrons excite surface 
vibrational modes (surface phonons, adsorbate and 
adsorbate-substrate vibrations) and will therefore 
lose energy corresponding to the strength of the 
vibration involved. 

Both theory and experiment have shown that this 
inelastic scattering process occurs via long-range 
dipole interactions between the incident electrons 
and the adsorbed gas molecules. Since only those 
vibrations that give rise to changing dipole 
moments prependicular to the surface can be 
excited, HRELS and infrared spectroscopy provide 
identical information. However, HRELS has an 
inherently higher surface sensitivity «1% of a 
monolayer) and covers a much larger energy range 
(0.05-1 eV or 400 to 8000 cm- ). Furthermore, 
HRELS is the only technique that provides informa
tion about how hydrogen is bound to surfaces. 

Our spectrometer has recently been completed. 
Our first detailed experiments will deal with the 
adsorption of oxygen and CO on NiClll). This 



s~ould provi~e an excellent test of the theory, 
smce extensIve low-energy electron diffraction 
experiments have been carried out on this system. 
We will then continue with a study of hydrocarbons 
adsorbed on this and other catalytically active 
surfaces. 

b. Surface Characterization of SrTi03 (111) Single
Crystal Face: 1m ELS, UPS, AES, and LEED Study 

Wei Jen Lo and Gabor A. Somorj ai 

Low-energy electron diffraction (LEED), Auger 
electron spectroscopy (AES) , electron energy loss 
spectroscopy (ELS) , and ultraviolet nhotoelectron 
spectros,:opy (UPS) were used to study the structure, 
composItIon, and electron state distribution of 
clean strontium titanate single-crystal (111) faces. 
LEED showed that the surface had a stable (lxl) 
pattern after annealing the room-temperature 
Ar-ion bombarded SrTi03 (111) surface at 600°C. 
However, the surface after Ar ion sputtering at 
600°C resulted in a complex LEED pattern that is 
completely different from (lxl) structures. AES 
showed marked variation in the values of Auger 
Sr(65 eV)/O(510 eV) ratio which increased from 
1.5 to Z. 8 in going from the SrTi03 (111) - (lxl) 
surface to the room-temperature Ar-bombarded 
surface. For the Ar-ion bombarded SrTi03 surface 
at 600°C, the Auger ratio is 4.1. 

Electron energy distribution of the SrTi03 (111) 
surface has been studied by ELS and UPS. For the 
Ar-sputtered SrTi03 (111) surface at room tempera
ture, ELS showed six transitions with energies at 
13.1, 10.3, 7.7, 5.6, 3.1, and 1.6 eV, and UPS 
showed the appearance of -0.6 eV emission in the 
band gap region. The appearances of the 1.6 eV 
transition in ELS and the -0.6 band gap emission 
in UPS indicate the presence of surface Ti3+ 
species. Subsequent annealing did not remove Ti3+ 
species. It was fOood that the concentration of 
surface Ti3+ species was a fooction of crystal 
temperature; it varies reversibly in accordance 
with the change of crystal temperature. 

An ion bombardment of the SrTi03 surface at 
600°C resulted in a Ti3+-free surface that was 
reflected from the disappearance of 1.6 eV 
transition in ELS and -0.6 eV emission in lWS. 
The combination of LEED, AES, ELS, and UPS results 
indicates that the chemical composition of the 
SrTi03 surface is strongly dependent on the 
surface treatments and plays an important role in 
determining the surface structure and electron 
energy distribution. 

The ~omparison of results obtained between TiOZ 
and SrTI03 has been nBde and gives a reasonable 
explanation for the difference in their photo
chemical reactivities. 

c. Electron Spectroscopy Studies of the 
Chemisorp~ion of,Oz~~ and HZO on the Ti02 (100) 
Surface wIth Vaned StOlchiometry: Evidence for 
the Photogeneration of Ti 3+ and Its Importance 1Il 

Chemisorption 

Wei Jen Lo, Yip Wah Choog, and Gabor A. Somorjai 

Deposition of a monolayer of titanium on the 
TiOZ (100)-(lx3) single-crystal surface produces 
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an oxygen-deficient surface that has the same 
chemical composition, electronic structure, and 
chemical reactivities as the Ar-ion sputtered TiOZ 
(100) surface. From correlations with studies of 
oxidation of Ti(OOOl) single-crystal surfaces, 
we provide firm evidence for the existence of Ti3+ 
species on the clean oxygen-deficient TiOZ surface. 
The ~hemisorption of 0Z, HZ, and HZO has been 
studIed by ultraviolet photoemission spectroscopy 
(UPS), electron energy loss spectroscopy (ELS) , 
Auger electron spectroscopy (AES) , low-energy 
electron diffraction (LEED), and thennal desorption 
on the stoichiometric and Ti3+- r ich Ti02(100) 
surface. 111e presence of Ti 3+ species causes 
distinct differences in the nature of chemical 
bonding between the adsorbed molecule and the 
substrate surface. From the combination of these 
studies, we conclude that water is adsorbed 
associatively on the stoichiometric TiOZ (100) (lx3) 
surface, while it tends to disociate into surface 
hydroxyl groups on the Ti3+_ r ich surface. UPS 
and ELS show that while adsorption of HZO changes 
the Ti3+ to a different oxidation state, 
illumination,~i band, gap energy photons can 
re~enera~e TI specIes by the reaction 
Ti + + e- -;. Ti 3+. An attempt has been made to 
correlate these results on well-characterized 
surfaces with studies using reduced TiOZ as a 
photo anode in the photo-electrochemical cell. 

3. MOLECUT~AR BEAlvI-SURFACE Ih'TERACTIONS 

Rebecca J. Gale, IVliguel Salmeron, and Gabor A. 
Somorjai 

The modulated molecular beam technique has been 
used to investigate the kinetics and mechanism 
of hydrogen-deuterium exchange on the Pt(lll) 
and Pt(S)-[6(111)x(111)] surfaces. The 
Pt(S)-[6(111)x(111)] surface consists of (111) 
terraces six atoms wide, on the average, separated 
by monatomic steps of the (111) orientation. Our 
study of this reaction as a fooction of angle of 
incidence on these two surfaces has shOl'ill that the 
reaction probability is enhanced on the stepped 
surface relative to the flat Pt(lll) by as much as 
an order of magnitude, depending on the angle of 
incidence of the reactants. Determining the 
mechanism of the reaction on these two surfaces 
should help our ooderstanding of this effect. 

1118 amplitude and phase of the HD product 
signal was monitored as a fooction of surface 
temperature, beam modulation frequency, temperature, 
and pressure, by using a mixed beam of HZ and DZ 
where HZ » DZ. 

The beam temperature dependence indicates that 
the activation energy for adsorption of hydrogen 
is less than 0.4 kcal/mole. From the angle of 
incidence dependence we have concluded that 
although there may be a small acti vat ion barrier 
on the Pt (Ill) surface, adsorption is not activated 
on the Pt(S)-[6(111)x(111)] surface. 



The mechanism of hydrogen-deuteriUlll exchange is 
complex and follows similar trends on both surfaces. 
At high surface temperatures, ~ZOO-lOOO°C, the 
reaction proceeds via two parallel processes, one 
of which dominates above ~500°C. Below ~ZOO°C, the 
reaction proceeds through a series mechanism with 
several consecutive and distinguishable steps. 

At present, the rate constants and pre
exponentials are being extTacted by mathemati.cal 
modeling the experimental data. 

4. STUDIES OF CATALYZED SURFACE REACTIONS 

a. The Effects oiJ22<:rgen Pretreatment on the 
Selecti vi ty and Rates for Low-Pressure Hydrocarbon 
Reactions on Single-Crystal Platimull Catalysts 

Jean-Paul Biberian, Carol E. Smith, and Gabor A. 
Somorjai 

Recent studies indicate that oxygen pretreatment 
of a kinked Pt single-crystal catalyst can enhance 
the low-pressure dehydrogenation and hydrogenation 
rates of cyclohexene to benzene and cyclohexane, 
respecti vely, and also change the selecti vi ty ,"ith 
respect to these two products. The effect of 
platinum oxidation on cyclohexane dehydrogenation 
to benzene and n-heptane dehydrocyclization to 
benzene has also been investigated on this kinked 
surface. The hydrocarbon reactions have been 
carried out under flow conditions in the presence 
of excess hydrogen at total pressures of 10-6 to 
10- 5 Torr using a mass spectrometer to monitor 
reactants and products. Auger electron spectro
scopy was used to detenlline the surface composition, 
and the surface structure was checked by LEED. 
These results have been compared to those on the 
clean and oxygen pretreated surface of a Pt (111) 
catalyst. It was found that the presence of low
coordination surface sites is important for the 
effects of surface oxidation on catalytic behavior. 

b. Studies of Hydrocarbon Reactions Catalyzed by 
Platinum at HignPressures 

Wil1iam Gillespie and Gabor A. Somorj ai 

The use of single-crystal platinum surfaces in 
reaction studies has provided us with a wealth of 
exciting information about the fundamentals of 
various hydrocarbon-reforming reactions. 111ese 
experiments have utilized the tecJmiques of Auger 
electron spectroscopy and low-energy electron 
diffraction to characterize the crystal surface 
and mass spectrometry to measure reaction kinetics. 
TIle major limitation of these studies has been the 
necessity of perfonning reactions at pressures of 
10- 4 Torr or less so that existing surface 
analysis instruments could be used. TIlese 
pressures, however, are not representative of those 
used in industrial processes. We have now over
come this limitation through the construction of 
a nell' type of instrUlnentation which allows us to 
conduct reaction experiments at pressures as high 
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as 100 atmospheres, as well as allowing surface 
analysis under ultrahigh vacuum conditions. Thus 
,\'e will be able to establish the link between the 
resul ts at 1m" pressure and the results one 
obtains at pressures comparable to those used by 
industry. 

The apparatus consists of an ultrahigh vaCUlUll 
chamber within which, is a hydraulically operated 
cell capable of enclosing the platinUln crystal in 
a small volUlne and isolating it from the rest of 
the main vacuum chamber. If the cell is in the 
closed position reaction studies can be perfonned 
by circulating reactants over the crystal and 
measuring the fonnation of products by gas 
chromatography. With the cell in the open position 
we are able to characterize the crystal surface by 
the usual techniques of 10lY-energy electron dif
fraction and Auger electron spectroscopy. In 
this way we are able to correlate reactivity and 
selectivity, under industry-like conditions, with 
the crystal surface structure and composition 
before and after reaction. 

Our preliminary results indicate that these 
high-pressure studies will indeed provide us with 
new information about the intimate details of 
these hydrocarbon reactions. For example, one 
reaction of interest is the dehydrocyclization of 
11-heptane to yield toluene. Although details 
are still sketchy we have observed that the physical 
and chemical state of the crystal surface can have 
a large effect on this reaction. In fact, on the 
proper platinUln surface it is possible to cause 
this reaction to selectively produce benzene rather 
than toluene, while on other surfaces the expected 
product, toluene, is fonned very selectively over 
benzene. Hopefully, by defining the parameters 
that cause such large changes in selectivity we 
will be able to control the reaction paths. 

c. Heats of Chemisorption of 02~Z, CO, COZ, and 
NZ on Polycrystalline and Single-Crystal TraJ1Sirton 
Metal Surfaces 

ISaJnu Toyoshima and Gabor A. Somorj ai 

Recent heats of chemisorption of OZ, HZ, CO, COZ, 
and NZ obtained for transition metals are tabulated 
"mel sUlmnarized. Adsorption studies on single
crystal surfaces show the presence of several 
binding states on each CTystal face. These states 
have widely different heats of adsorption with the 
magni tude of varying by more than twofold. 
Because of this variation it is not possible 
to assign a certain of adso~)tion value to a 
given metal-adsorbate system, although average 
values may be quoted from the adsorption data 
obtained for polycrystalline surfaces. 1118 nature 
and the munber of binding states vary from crystal 
face to crystal face, indicating that the chemical 
bonding is complex and localized. Trends in the 
variation of L'-Hads along the periodic table are 
noted. Correlations of LlHads with the binding 
energies of metal compounds are also indicated from 
the tabulated elata. 



5. RESEARCH PLANS FOR Cf\LENDAR YEAR 1978 

Gabor A. Somorjai 

We shall study the effects of surface additives 
on the catalytic activities of metals. TI18 effects 
of oxygen addition to platinum, potasium, and 
manganese to iron and rhodium \,ill be studied. 

TIle surface crystallography of substituted 
acetylenes and CO on rhodiwn and platinum surfaces 
will be investigated by low-energy electron 
diffraction and high-resolution electron loss 
spectroscopy. 

TIle structure and composition of binary alloy 
clusters (Ag-Pd, Au-Pd) deposited from the vapor 
on oxide (Al203, Ti02) and metal (lV, Ta) crystal 
surfaces will be studied. 

The reactivity of platinwn monolayers deposited 
on inert single-crystal substrates will be compared 
with the reactivity of platinwn crystal surfaces. 

TIle photon-assisted reactions of H20 and on 
SrTi03 surfaces will be explored. 

TIle pressure dependence of catalyzed hydrocarbon 
reactions over a range of 10-6 - 103 Torr will be 
explored using platinwn surfaces. 
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f. Nuclear Resonance* 

Alexander Pines,t Principal 

1. lvlULTIPLE QUANTUJll SPECTROSCOPY 

D. E. Wemmer, J. Tang, S. Sinton, and A. Pines 

Consider a molecule containDlg N coupled spin 
-1/2 nuclei. 111e energy level diagram is ShOlVl1 
in Fig. 1. Tne magnetic quantum nWllber M ranges 
from N/2 to -N/2. In conventional NMR spectroscopy 

I 
I 
I 
I 
I 

O~ 
I 
I 
I 
I 
I 
I 
I 

~ - 2 ~~~~~~~~~~- i 

Fig. 1. Energy level diagram of a system of N 
coupled spin -1/2 nuclei in a large magnetic field. 
M is the magnetic quantWll nwmer. Some typical 
allowed single quantum transitions are ShOll'll as 
solid arrows, and more typical forbidden ones 
(n.-quan tWll where n ~ 0, 1, ... ,N) are shOll'll as 
dashed arrows. There are considerably fewer high 
order (large n) multiple-quantum transitions. 

(A'BL 7710 -10019) 

(and other forms of spectroscopy as well) the 
transitions that are excited and observed are 
allowed single quantWll transitions (LlM=l). Some 
illustrative tnmsitions of this are indicated as 
solid arrows. We have developed further our 
double quantWll experiments, and using a teclmique 
we call Fourier Transform lvlultiple QuantWll NMR, 
,·:e can now excite coherent superpositions of states 
involving forbidden transitions, e.g., the multiple 
quantwn transitions and other forbidden ones 
indicated as dashed arrows in Fig. 1. This allows 
us to obtain n-quantwn spectra for n~O,l, ... , 
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n " I 

Oriented Benzene 
n-Quantum NMR Spectra 

n"3 

theoretical (statistical) 

3b.w 

Frequency (b.w = 5.967 kHz) 

Fig. 2. n-quantWll NMR spectra (n = 0, 1, ... 6) of 
oriented benzene obtained by Fourier Transform 
Multiple QuantWll M-lR. The top is an experimental 
run. 111e lower is the theoretical spectrWll cal
culated assWlling statistical behavior. The middle 
trace is the theoretical one broadened by now for 
each n-quantWll line where ow is the spectrometer 
resolution. (XBL 781-6770) 

N (clearly the N spins cannot absorb more than N 
quanta). An example is shOll'll in Fig. 2 performed 
on the 6-spin proton system of benzene oriented in 
a liquid crystalline matrix. 111e n-quantum 
spectra agree well with those calculated from a 
statistical model. Significant aspects of this 
n -quan tWll spectroscopy include firstly, the 
possibili ty of analyzing the high order spectra 
(high n) when the low ones are too complex. 111is 
would alleviate the need for isotopic labeling for 
molecules with more than 6-8 protons which has been 
necessary to date. Secondly, correlations of motion 
could be studied by observing the relaxation of 
the n-quantum lines. Thirdly, the distribution 



over n of the n-qu:mtum coherence is of great 
theoretical interest. 

* Supported in part by the National Science 
FOlIDdation. 

i"Alfred P. Sloan FOlIDdation Fellow and Camille and 
Henry Dreyfus Teacher-Scholar. 

2. MULTIPLE QUAl'-JTlJIvl ECHOES AND SELECTIVE DETECTIQ'-J 

D. E. Wemmer and A. Pines 

One of the problems of analyzing proton N.MR 
spectra of oriented systems (i.e., anything other 
than isotropic fluids, e. g., polymers, surface 

Oriented Benzene 

I 

I I 

I 

I 

I d I I 
I 

I III II III I1II I ~I i I 
Frequency (tolal sweep 3.3 kHz) 

Fig. 1. Illustration of increase of resolution in 
oriented sample NVffi spectrum by Fourier transforma
tion of spin echo train. Top trace is normal 
Fourier transfol1n spectrum with resolution limited 
by magnetic instability and non-lIDifonnity. Middle 
trace is result of Fourier transfonn spin echo 
experiment and lower trace is theoretical spectrum. 

(XBL 781-6769) 
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adsorbed molecules, liquid crystals, membranes, 
solids .... ) for structural and dynamical purposes 
is the limitation of resolution by magnetic field 
inhomogeneity. In mUltiple quantunl spectroscopy 
this is particularly severe since, if the resolution 
of a nonnal single quantum line is ow the 
corresponding resolution of the n-quantum lines is 
now. We have been able to overcome this problem 
by Fourier analyzing the time response of spin 
echoes. This yields extremely high resolution 
« 1 Hz) even in the presence of broad magnetic 
field profiles. An example is shmvn in Fig. 1. 
The top is the nonnal spectrum showing the limited 
resolution in our magnetic field. The center 
shows the Fourier transform spin echo spectrum 
displaying well resolved dipolar splittings and 
agreeing with the theoretical spectrum for this 
molecule. 

In the presence of the spin echo train the 
n-quantum spectra are all folded over into the 
same frequency region (i.e., they will not be 
separated from each other). It is then necessary 
to selectively detect the n-quantum spectra. This 
can be done as follows: assume we make a phase 
shift of <p in the excitation frequency; the 

n = 0 

n=1 

Oriented Benzene 

n-Quantum NMR Spectra 

n=2 n=3 n=4 

Frequency 

n=5 n=6 

Fig. 2. Demonstration of n-quantunl selectivity in 
Fourier Transform lvlul tiple Quantum NVffi. This uses 
the fact that a phase shift in the excitation of 
<p is "seen" as n<p by an n-quantum transition. 
Using this, pulse sequences can be produced to 
selectively detect different combinations of 
n-quantum spectra. Sequences A, B, C, D were 
designed to select the n I s indicated in 
parentheses. (XBL 782-7143) 



n-qu::mtum transitions "see" this as ncp. Thus, 
labe~ing the n-quantuTIl $ignal as I (n) we have 
(takmg r(n) (¢=O) :: IOlnJ): 

and Fourier analyzing the multiple quantum 
response over cp we can separate the n's. An 
example is shmvn in Fig. 2 where 4 pulse sequences 
A, B, C, D were used to detect 'selectively various 
groups of n in the multiple quantum spectroscopy 
of oriented benzene. Thus, the selectivity works 
quite well and we are now applying this high resolu
tion form of multiple quantum NMR. 

3. DISTRIBUTION OF !vlULTIPLE QUANTUM CCHERENCE 

S. Mukamel, J. Murdoch and A. Pines 

In Fourier Transfonn Multiple Quantum N!vffi, a 
spin system in thermal equilibrium is subjected 
to a pulse of excitation and the multiple quantum 
popUlations and coherences build up with time. The 
question of the distribution of intensity over the 
populations and multiple quantum coherences is of 
interest in many areas (statistical mechanics, 
chemical reactions, mu1tiphoton ionization, .... J. 
We n9w have a handle with which to monitor this 
distribution, namely the overall intensity of the 
n-quantum spectra for various pumping times. We 
find that even for only 6 coupled spins, for long 

NMR n~Quantum Coherence in Benzene 

o 

experimental 
* 

Gaussian 

2 3 4 

n (number of quanta) 

5 6 

Fig. 1. Statistical behavior of multiple-quantum 
pumping. The circles were obtained by integrating 
over ensemble averaged n-quantum spectra. They 
compare well with a Gaussian model indicating that 
the system behaves statistically under the 
constraints of symmetry. Relaxation should 
strongly affect the behavior. (XBL 781-6894) 
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enough times, the system behaves ergodically 
subject to symmetry restrictions (which are obeyed 
exactly). That is, within each irreducible 
representation of the molecular synnnetry group for 
long enough times, each n-quantum amplitude and 
phase is equally probable. This is shown in Fig. 1 
which demonstrates that the distribution of 
coherence depends in a Gaussian fashion on the 
number of quanta, as expected from a statistical 
model. The effects of relaxation on this multiple 
quantum pumping are being studied. Furthermore, 
attempts to produce non-statistical distributions 
are under way. 

4. N!vffi ANALYSIS OF WHOLE AND PROCESSED COALS* 

D. Wemmer, T. Tufano and A. Pines 

Together with The Central Research Division 
of lvlobil Oil Company and with EPRI and DOE support, 

F, Mayo 

Stanford Research Institute 

Coal + NaCIO 

Simulation 

Analysis 

ppm from Benzene 

Fig. 1. Analysis of coal and coal processing 
intermediates by 13C N!vffi. The top experimental 
spectrum is decomposed into four functional carbon 
types (sin~le aliphatic, oxygen-bonded aliphatic, 
simple aromatic, condensed aromatic) in the lower 
trace producing (with some artifically added noise) 
the computer simulated center spectrum. 

(XBL 773-8219) 



we are characterizing materials used in fuel 
technology, in particular coal and oil shale. 
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Using solid state NMR techniques we can distinguish 
four types of carbon functional groups: condensed 
aromatic, simple aromatic, oxygen bonded aliphatic, 
and simple aliphatic. This has been used to 
characterize coals by rank ffi1d to understand the 
changes that occur during processing of the coals. 
No large scale aromatic condensation is found in 
coals other than anthracite. The aromatic aliphatic 
is found to be sensitive to contact time in 
liquification and an extensive table of characteris
tic data has been produced. Previously, spectro
scopic analysis of whole coal samples in the solid 
state has been essentially impossible. 

Figure 1 shows an example of the analysis of a 
processed coal by l3C double resonance NtvlR into 
the four major constituents. The lineshapes for 
these constituents are stored in computer and are 
obtained by analysis of hundreds of model samples 
with known magnetic shielding and structure. The 
agreement between the experimental line and the 
simulated one (noise added artificially for 
comparison) give us some confidence in this method 
of analysis. Techniques are now being worked out 
to analyze deuterium so that the evolution of the 
chemistry during coal processing can be followed. 

* Supported in part by DOE Coal Research Program. 

S. SYNTIiESIS OF ISOTOPICALLY LABELED LIQUID 
CRYSTALS 

H. Zimmermann, S. Wolfe and A. Pines 

By labeling liquid crystal molecules with stable 
isotopes it is possible to enhance particular NMR 
signals, remove unwanted couplings by isotopic 
dilution, and assign otherwise unresolved resonances. 
Labeling with l3e and deuterium has been 
accomplished with a variety of techniques and 
molecules. 

Saturated aliphatic hydrocarbon chains have been 
labeled with controlled percentages of deuterium 
for use as components of lyotropic phases and as 
intermediates in the synthesis of chain deuterated 
thermotropic liquid crystals. Random deuteration 
to a desired percentage has been achieved by 
catalytic exchange of alkanoic acids with platinum 
oxide in a appropriate mixture of D20 and H20. As 
an example, for studies of aliphatic chain 
conformation we have synthesized the 2D and l3C 
labeled liquid crystal shown in Fig. 1. 

Fig. 1. Example of specifically isotopically 
labeled liquid crystal molecule. (XBL 782-7149) 

6. LOW TEMPERATURE LIQUID CRYSTAL AND PHASE 
TRANSITIONS 

G. Drobny, H. Edzes, and A. Pines 

Liquid crystals are composed of long rod-like 
molecules. They exist in a number of orientationally 
ordered phases, of which some of the common high 
temperature forms are shown in Fig. L The study 
of these materials is important since they serve 
as displays, models for phase transitions and 
biological membranes, orienting environments for 
s tereochemis try, etc. 

The behavior of the smectic-A and smectic-C 
liquid crystal phases is quite well characterized. 
On the other hand, the smectic-B phases are not 
completely understood. For example, the smectic 
BC phase is thought to be similar to smectic-e, 
the molecules tilted with respect to the u,o
dimensional liquid-like layers as in Fig. 1. It 
is important to know whether they should behave 
as smectic-C when rotated in a magnetic field. 
With the molecules attaining the lowest magnetic 
energy by coming as close to the field orientation 
as possible while maintaining the tilt. Furthermore, 
the question of orientational order about the long 
molecular axes is still open. We have studied 
these phases by deuterium- NMR of selectively labeled 
molecules. Figure 2 gives an example of the spectra 
of 50.7 in the smectic-BC phase as the sample 
(after orienting by cooling slowly from the nematic) 
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Fig. 1. Some high temperature liquid clystal 
phases. The smectic B phases sometimes appear at 
lower temperatures. (XBL 748-7063) 
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Fig. 2. Behavior Of deuterium NMR spectra of 
methine-dl labeled 50.7 in the smectic- BC phase 
as the sample is rotated about an axis 
perpendicular to the magnetic field. 'Dle behavior 
is quite different from smectic-C in which the 
molecules achieve minimal magnetic energy while 
maintaining their tilt with respect to the layers. 

(XBL 782 -7142) 

is rotated in the magnenc field. 111e behavior is 
quite different from smectic-C. From these spectra 
we find that reorientation of the tilt is not free 
as in smectic-C. There also is some evidence of 
biaxial molecular order. A variety of compounds 
and phases are being studied in this way. 

7. CONFORMATION OF ALIPHATIC Cf-LLUNS IN LIQUID 
CRYSTALS 

S. Hsi, D. Weitekamp, Z. Luz, and A. Pines 

An important question in liquid crystal physics 
and chemistry is the relationship of molecular 
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structure and conformation to the liquid crystal 
phase properties. It has been noted, for example, 
that the aliphatic end chains playa significant 
role in determining the occurrence and nature of 
the various nematic and smectic phases. 111is 
hydrocarbon chain region of the molecule poses a 
particularly difficult problenl because of the 
overlapping of resonances and the many possible 
configurations which the chain can take by 
rotational isomerization about the carbon-carbon 
single bonds (Fig. 1). We have studied the 
conformational structure of the aliphatic end 
chains in a series of Schiff's base liquid 
crystals which display a rich variety of 
mesomorphic phases. For example, 
p-heptyloxybenzylidene-p-heptylaniline (70.7) has 
isotropic, smectic-A, smectic-C, smectic-BA and 
smectic BC phases. We assume that the main 
confonnational defect of the chain is a "kink" 
shown in Fig. 2. Based on a simple model we have 
made the first quantitative measurement of kink 
density in a liquid crystal chain using deuterium 
NMR. The results for the seven-carbon alkoxy 
chain (specifically labeled) in 70.7 are shown in 
Fig. 3 for the different phases. The kink 
probability increases in progressing along the chain 
from the aromatic core, and is higher in the less 

CHZR' H H 

H H H H H 

H H CH2RI 
CH2 R' 

CHZR CH2R CHZR 

Fig. 1. Projection diagram of possible rotamers 
at a carbon-carbon single bond in a chain. 

H 

H 

(XBL 771-7397) 

2 
, , , 

(;( \3 
4 

5 

" rf ,- (2) 

t 
(I) + (2) g- <j 

t (I) 

'-- g+ 
6 

7 , , 

8 

All Trans Even Kink Odd Kink 

Fig. 2. Conformation diagrams for the all trans, 
even kink and odd kink of a seven-carbon alkoxy 
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Fig. 3. Calcula ted kink probab ili ties in 70.7 for 
selected temperatures (one for each mesophase) 
from deuterium NMR. (XBL 782 -7141) 

structural phases. Applications to systems of 
biological interest and development of methods to 
study the dynamics of the kink motion are under 
way. 

8. FERROELECTRIC PHASE T~~SITION IN SQUARIC ACID 

D. Wenuner, B. Lamotte, and A. Pines 

Squaric acid (CLjl-I204) is a very interesting 
material with a two-dimensional hydrogen bonded 
network shmvn in Fig. 1. It displays a ferro
electric phase transition in which the hydrogens 
move in some fashion in the hydrogen bonds. We 
have observed the phase transition using l3C NNlR 
in powders, supplementing the crystal work of 
Jvjehring et al. An important question is whether 
the transition from the ferroelectric to the 
paraelectric phase involves a progressively more 
rapid exchange of protons between molecules or if 
there exist ferroelectric clusters which exchange 
very rapidly with paraelectric regions. Our 
preliminary solid state NNlR data support the latter 
model, and dynamical lineshape studies are under 
way to precisely characterize the phase transition. 
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Fig. 1. One plane of squaric acid crystal structure 
showing two-dimensional eight-vertex hydrogen bond 
structure. (XBL 782-7152) 

9. ENHAl~ClJME1~T OF TI-IE ~lAGNETIC ISOTOPE EFFECT 

L. Sterna ffild A. Pines 

Nuclear spin is considered to be a very weak 
degree of freedom which is unlikely to have ffily 
effect on chemical processes. Consider, however, 
the cyclic photochemical reaction ShOMl in Fig. 1, 
which is the basis for the 0(0 theory of CImp. 
A compound is irradiated with UV light to form 
a triplet radical pair. Triplet-singlet (T-S) 
intersystem crossing allows the radicals to 
recombine and undergo photochemical excitation 
again. If T-S crossing is slow, the radicals will 
diffuse alvay from eadl other and undergo secondary 
chemical reactions producing other species. 

Clearly, there should be a differentiation 
between l3C and 12C containing radicals in these 
kinetics due to the hyperfine coupling. We, as 
well as the Russians, have previously reported the 
observation of such effects (nuclear magnetic 
isotope effect) but they were weak. We have now 
been able to enhance the effect by severely 
limi ting the radical diffusion rate in high 
viscosi ty fluids and glasses, thus enabling the 
physical separation of samples displaying substantial 
enrichment of BC by mass and nuclear magnetic 
resonffilce spectroscopy. 



R - W 

R - R 

Fig. 1. Photochemical cycle for differentiation 
between 12C and 13C through the magnetic isotope 
effect. (XBL 782-7150) 

o 47 minutes 67 minutes 

Fig. 2. Proton NMR spectra showing 12C and 13C 
containing molecules from samples at various 
intervals of photolysis. (XBL 782-7151) 

Table 1. 

Viscosity (centipoise) 0.7 7.0 70.0 

% 13C enrichmenta 
~ 8 22 36 

aAt 99.2% photolysis conversion. 

Figure 2 shows a typical example of the progres
sive enrichment of l3C in the photolysis of 
dibenzyl ketone (13CO) at high viscosity. Table 1 
summarizes the enhancement effect of viscosity on 
the isotopic enrichment process. These data 
explain why the effect has been so weal and erratic 
under normal viscosity conditions at room tempera
ture. The effect will be studied further in 
glasses and crystals at low temperatures as well 
as in the presence of magnetic fields. 
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10. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Alexander Pines 

1. Develop selective techniques for n-quantum 
excitation and detection. Combine this with 
multiple quantum echoes to produce high resolution 
multiple quantum spectra. Study the statistics of 
n-quantum coherence distribution in the presence 
of relaxation. Develop theory and experiments 
relating multiple quantum relaxation to correlated 
microscopic motion. 

2. Apply multiple quantum spectroscopy to 
study the conformation of oriented molecules, in 
particular liquid crystals. Correlate the molecular 
conformational properties with the structural and 
primary characteristic of the liquid crystal 
phases. If successfvl, this approach will eliminate 
the need for extensive and expensive isotopic 
labeling syntheses. 

3. Perform radical pair photochemistry in low 
temperature glasses and crystals to see the 
asymptotic limit of the nuclear magnetic isotope 
effect. Examine the effect of magnetic fields 
and paramagnetic impurities on the 13Cj12C isotope 
enrichment. Extend experiments on other pairs of 
isotopes 

4. Begin experiments on the coupling of nuclear 
spin to quantized lattice modes. Produce nuclear 
spin polarization by rotational excitation of 
low temperature quantum mechanical tunneling methyl 
group and transfer to protons by spin-rotor 
interaction. 

11. 1977 PUBLICATIONS AND REPORT'S 

Alexander Pines and Associates 

Books and Journals 

1. S. Vega and A. Pines, Theory of Double-Quantum 
Coherence and High Resolution Deuterium NMR in 
Solids, in Magnetic Resonance and Related Phenomena, 
K. Hausser Ed., Heidelberg (1977), p. 305.* 

2. S. Vega and A. Pines, Operator Fonnalism for 
Double Quantum NMR, J. Chem. Phys. 66, 5624 (1977). 

3. A. Pines, D. Wemmer, J. Tang and S. Sinton, 
The 5- and 6-Quantum NVffi Spectra of Oriented Benzene, 
presented at the 1978 APS ~~eting, San Francisco, 
Bull. Am. Phys. Soc. ~, 21 (1978). 

4. A. Pines, S. Vega, D. J. Ruben, T. W. Shattuck 
and D. Wemmer, Double Quantum NMR in Solids, in 
Magnetic Resonance in Condensed Matter, University 
of Ljubljana Press, R. Blinc Ed., (1977), p. 127-
179.* 



and Invited 

1. A. Pines, Coherent Multiple Quantum NMR, 
Annual Meeting of the Western Spectroscopy 
Association, Asi;~onar, California, January, 1977, 
invited talk. 

2. A. Pines, Solid State Physics Seminar, 
University of California, Berkeley, February 1977. 

3. D. Wemmer, S. Vega, S. Hsi and H. Zimmermann, 
Dipole- Dipole Coupling in Fourier Transform 
Double Quantum MvlR, 18th Experimental l";'MR 
Conference, April 1977, invited talk. 

4. A. Pines, Nuclear ~~gnetic Resonance with Lots 
of Photons, Plenary Lecture for the Award 
Symposium of the American Chemical Society, 
St. Louis, lvlissouri, April 1977, invited talk. 

5. A. Pines, Chemistry Department, Iowa State 
University, April 1977, Senunar. 

6. J. L. Ackennan and A. Pines, High Resolution 
Deuterium N1v'lR in Solids, VI International 
Symposium on ~gnetic Resonance, Banff, May 1977, 
LBL-608l Abstract. 

7. L. Sterna, S. Bustamente, S. Vega and A. Pines, 
Nuclear lv~gnetic Isotope Effect, VI International 
Symposium on mgnetic Resonance, Banff, t-'Jay 1977, 
LBL-6082 Abstract. 

8. D. Wemmer, S. and A. Pines, Fourier 
Transform Double- Quantum N1vlR in Powders, VI 
International Symposium on lv~gnetic Resonance, 
Banff, t-Jay 1977, LBL-5783 Abstract. 

9. A. Pines, Double Quantum Nt-'lRin Solids: Theory 
and E:A'Periment, University of Waterloo MvlR Summer 
School, Waterloo, Canada, June 1977, invited 
lectures. 

10. S. Vega, Double Quantum Spectroscopy and 
Deuterium MvlR in Solids, Gordon Research Conference, 
New Hampshire, June 1977, invited talk. 

11. A. Pines, Isotope Division, Weizmarm Institute 
of Science, Rehovot, Israel, July, 1977, three 
lectures on "Photon Dressing Picture of Multiple 
Quantum Processes." 
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12. A. Pines, Physics Department, University of 
Dortl11l..Uld, West Germany, August 1977, three lectures 
on "Photon Dressing Picture of lvlultiple Quantum 
Processes." 

13. A. Pines, Physics Department, Free University 
of Berlin, Germany, September 1977, Senunar. 

14. D. Wenuner and A. Pines, Developments in 
Fourier Transfonn Multiple Quantum N1v'lR, 3rd 
Conference on lvblecular Structural Methods in 
Biological Research, Stanford University, November 
1977, invited talk. 

LBL Reports 

1. A. Pines, S. Vega and M. Mehring, MvlR Double 
Quantum Spin Decoupling in SOlids, submitted to 
Phys. Rev. B, LBL-6984. 

2. A. Hohener, Carbon- 13 Shielding Tensors in 
p-Alkoxybenzenes, submitted Chem. Phys. Lett. , 
LBL-6970. 

3. A. Hahener, H. Zimmermann and A. Pines, 
Comparison of Absolute Order Parameters in Liquid 
Crystals, Determined with lv~gnetic Resonance Methods, 
submitted toOlem. Phys., LBL-6969. 

4. D. Suwelack, M. Mehring and A. Pines, 
Quantitative Aspects of Deuteron (Spin 1) Spin
Decoupling in SOlids, submitted to Chem. Phys., 
LBL-7373. * 

5. S. Hsi, H. Zinunermann and Z. Luz, Deuterium 
lv~gnetic Resonance of Some Polymorphic Liquid 
Crystals: The Conformation of the Aliphatic End 
Chains, submitted to J. Chem. Phys., LBL-6976. 

6. A. Pines, Fourier Transform Multiple Quantum 
N1v'lR, MvlR Symposium of the Faraday Division, Queen 
Elizabeth College, London, December, 1978, 
LBL-6597 Abstract. * 

* Also supported in part by Basic Energy 4737. 
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FUNDAMENTAL 

1. RADIATION SCIENCES 

a. Photochemistry of Materials Bn the Stratosphere 

Harold S. Johnston, Principal Inves 

Studies 

1. THE PHOTOCHEMI~TRY OF N03 AND THE KINETICS OF 
THE N20S-03 SYSTEM 

Richard A. Graham and H. S. Johnston 

The kinetics of the nitrogen pentoxide catalyzed 
decomposition of ozone were studied in the dark an1 
with photolytic light absorbed by the N03 radical. 
Ultraviolet, visible, or infrared absorption cross 
sections were measured for N20S, H~D3, N02, and N03 
in this study. The equilibrium constant for 
N20S '" N02 + N03 was found to be; (molecules em - 3, 
298-329 K) 

26 
K ~ (8.4 ± 1.8) x 10 exp[- 11180 ± 100)/TJ 

The rate constants for several reactions were mea
sured: (em3 mo1ecule- 1 sec-I) 

2 N0 3 -+ 2 N02 + 02 g = (8.S ± 2.8) x 10-13 

exp[- (24S0 ± 100)/TJ 

° + N
2
0

S 
-+ products m ~ 2 x 10-14 

° + N03 -+ 02 + N02 n ~ (1.0 ± 0.4) x 10-11 

By combining the equilibrililll constant K with liter
ature values2,3 of Ke and Kf, rate constants for re
actions e and f were evaluated: 

-14 
e = (2.S ± O.S) x 10 

exp[- (1230 ± 100)/TJ 

f = (1.9 ± 0.4) x 10-11 

at 297 K 

At one atmosphere total pressure, the photolysis of 
N03 occurs with a primary quantlilll yield less than 
one in the red region of the spectYlilll. Under tropo
spheric conditions with an overhead sun, the solar 
photolysis constants at 298 K for the two paths of 
dissociation are consistent with the following val-
ues: 

N0 3 
+ hv -+ NO + 02 jl 0.040 ± 0.02 -1 sec 

N0
3 

+ hv -+ N02 + ° j 0.099 ± 0.02 -1 sec 
2 

The average quantlilll yield for process two was approx
imately 0.77 for light with wavelengths between 470 
and 610 Nm, and that for process one was about 0.23 
between 470 and 610 Nm, but only 0.07 in the strong 
absorption region between 610 and 670 Nm. The photo
lysis constants may be larger at lower total pres
sures. 

Err~rs made in previous. studies in this.labora
tory4, are corrected: an Infrared absorptIon 
ascribed to N03 is due to N20S; previously reported 
visible cross sections for N03 were found to be 
about a factor of four too low and are corrected 
here. 

The photochemistry of N03 is potentially impor
tant in the balance of ozone in the troposphere aIld 
lower stratosphere. If the photolysis products are 
nitric oxide and oxygen, the net effect is catalytic 
destruction of ozone: 

N0
3 

+ hv -+ NO + 02 

NO + 03 -+ N02 + 02 

N02 + 03 -+ N0 3 + 02 

net: 2 03 + hv -+ 3 02 

If the photolysis products are nitrogen dioxide and 
atomic oxygen, there is no net chemical reaction: 

N0
3 

+ hv -+ N02 + ° 

° + 02 + M -+ 03 + M 

N02 + 03 -+ N0 3 + °2 
net: null reaction 

The primary goal of this study was to obtain the 
primary quantum yields for the photolysis of N03' 

The interactions of the higher oxides of nitro
gen and ozone provide a classic case wherein com
plex laboratory reactions a-:e e~l~inable in terms 
of sets of elementary reactIOns.' The complex re-
actions are: 1. the thermal decomposition of ni
trogen pentoxide; II. the reaction of nitrogen 
pentoxide and nitric oxide; III. the fornilltion of 
nitrogen pentoxide from nitrogen dioxide and ozone; 
IV. the nitrogen pentoxode catalyzed decomposition 
of ozone. 

I. 

II. 

2 N20S -+ 4 N02 + 02 

NZO
S 

+ NO -+ 3 NO Z 

III. Z N02 + 03 -+ N20S + 0z 

IV. 2 03 + NZOS -+ 3 0z + NZOS 

These four complex reactions are explained quantita
tively by six elementary chemical reactions (A, B, 
e, f, g, h; see below) involving the nitrate free 
radical, N03. 
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As a part of the study, it was necessary to de
tenuine the optical absorption spectra of several 
oxides and oxyadds of nitrogen and the rate con
stants of several elementary reactions. Conven
tional spectroscopic methods were used to obtain 
absorption cross sections for various oxides and 
oxyacids of nitrogen. To obtain absolute cross 
sections for the N03 absorption spectnml, simul tan
eOus molecular modulation measurements were made for 
N03 and N20S since the formation of one was primar
ily caused by the disappearance of the other in the 
system used. Four other photochemical and chemical 
kinetic studies were made: 1) The rate constant for 
the reaction between nitrogen dioxide and ozone. 6 
2) The steady-state concentration of the N03 radical 
in the presence of N205 and 03' 3) TI1e rate con
stant for the N20S catalyzed decomposition of ozone, 
with and without photolytic illtnnination of N03. 4) 
The amplitude and phase shift of the molecular mod
ulation of N03 with either oxygen or nitrogen as 
buffer gas and irradiation by reel, gold, or green 
fluorescent lamps. 

A diagram of the experimental apparatus is pre
sented in Fig. 1. The reaction cell is a cylmelri
cal quartz tube, 15 cm in diam and 178 em long. 
Three aluminum coated, 8.6 em diam mirrors are mount
ed in the end caps to give multiple reflections: 
optical paths of 861, 1717, 1-573, and 3429 cm can be 
selected by an external adjustment screw. Calciwn 
fluoride windows transmit radiation from the far
ultravlOlet to approximately 9.5)J in the infrared. 
The gas cell is enclosed in an insulated box with 
walls of six- inch- thick urethane boards faced with 
one-inch-coated fiberglass boards. 

TM source beam passes through the reactlOn cell 
and then to a McPherson Model 2051 l-m grating mono
chromator with alSO line/n1lll grating and order sort
ing filters for infrared spectroscopy and a lLOO 
line/mm grating and colored glass filters for vis
ible and ultraviolet work. As the source beam 
passes through the cell, it is amplitude modulated 
wi th the flashing frequency f of the photolysis 

To 
Tape 

Punch 

0° Ref. to Lamp Exciter 

lamps (four red, gold, or green 30 W General Elec
tric F30T8 fluorescent lamps) at wavelengths where 
the reaction species absorb radiation. TI1e modula
tion information is carried at the sideband frequen
cies 400 ± f anel extracted with lock-in amplifica-
tion teclmiques. The harmonics of the f cps 
signal are reducted by lock-- in and filters to 
less than 2% of the fundamental. A PDP 1l/E mini
comouter with a progranunable clock was interfaced 
to a multiplexer and a Preston X-Mod 723A digital 
voltmeter with an of 1 part in 20,000 and 
a maximum sampling rate 100 Hz. Spectra \,ere 
stored on a dual drive lJectape unit. The modulation 
signals were wi th a chemical kinetics pro
granl by 1V11i tten. 111is program uses the Gear meth-
0d for solving coupled differential equations and 
i.s run on Lawrence Berkeley Laboratory's CDC 7600 
computer. 

The experimental data were interpreted in terms 
of the following 15- step chemical mechanism: 

N
2
0

S N02 + N0
3 

]{ 

N02 + N03 N
2

0
S 

N02 + N0
3 

NO + + N02 

NO + N0
3 N02 + N02 

N03 + N0
3 N02 + N02 + °2 

N02 + °3 N03 + °2 

NO + 03 N02 + °2 

N0
3 

+ hv (vis.) 
jl 

• NO + °2 

j 
N0

3 
+ hv (vis.) N02 + ° 

400 cps Reference Signal 

Insulated Box 

Reaction 
Cell 

Carrier DC to 
Digital Voltmeter 

Low 
Frequency 
Modulation 

(1) 

Fig. 1. Schematic diagram of experimental apparatus. (XBL 759-7273) 
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N20
S 

+ ° products 

N03 + ° N02 + °2 

°3 
+ hv (vis) °2 + ° 

03 + ° 02 + 02 

° + °2 + M °3 + M 

N03 on \valls ~_1J~. ___ NO + 1/2 02 
2 

The full mechanism without light, reactions A 
through i plus w, involves complex expressions, but 

can be solved by a process of successive approx
imation for [N03]. 1 

1/3 (2) 
C( 

(3) 

2/3(2g)1/3(C()-1/3[N20s12/3[0312/3 

where C( is a complex correction factor l with values 
between 0.8 and 1. For the simplified mechanism 
using the first six elementary reactions, the fac
tor alpha is 1. The equilibrium constant is 

(4) 

j{ 

which depends on five observable quantlties and is 
independent of the complex, correction factor 0,. 

Measurements of the N20S decomposition 
of ozone were carried out using infrared scanning 
teclmiques for monitoring °3, N20S, and HN03' 111e 
differential rate of change of ozone was calculated. 
The rate constant from the central portions of the 
curves based on Eq. (3) were calculated. 

(1.39 ± 0.19) 

± 40)/T 
em 

-1/3 -1 
molecules sec 

The data from this work are compared to the results 
of Sclmnacher and Sprenger8 on an Arrhenius in 
Fig. 2. 

Nitrogen trioxide is a free radical intermediate 
in the N20S-03 system, and its concentration depends 
on those of 03 a11Cl N20S and on the rate constants 
relating the three species. The concentrations of 
N03, 03, and N20S were measured under steady-state 
flow conditions 111 the UV cell. At three temper
atures and over a wide range of concentrations of 
ozone and nitrogen pentoxide, a total of 136 deter
minations were made of the steady-state concentra
tion of the N03 radical. By means of successive 
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Fig. 2. Arrhenius plot for i(X71)2/3(2g)1/3. 

3.4 

(XBL 759-7282) 

approximations and17~e method of least squares, the 
quantities (Kh/2g) of Eq. (2) were evaluated: 

(6) 
. 1/3 8 (Ki1/2g) = (4.04 ± 0.47) x 10 exp(- 3730 ± 40)/T 

molecules l / 3 em-I, which is plotted in Fig. 3. 
Schott and Davidson9 measured the equilibrium con
stant ]{ and the rate constant g at high temperature, 
Jolmston and YostlO measured the rate constant h 
near room temperature, and the combined results from 
tl18se stuclies for (Kh/2g) 1/ 3 are also shOlvn in Fig. 
3. The present work differs from the older results 
by about a factor of three. 

The modulation experiments produced several types 
of kinetic infonnation, including the identification 
of reaction species, the N05 visible absorption 
cross sections, the primary quantum yields for N03 
photolysis, and the rate constants for oxygen atoms 
reacting vnth N03 and N20S. All modulation exper
iments \\rere performed in a £lOll' system at one atmos
I?here tota~ pressure .. T11e NZ0r,. modul~tion was mOl1-
1 tored at ItS 8.03 )J ll1frared abSOrptIOn peale The 
phase shift for this signal always differed from 
that for N03 by approximately 1800

, indicating that 
N03 and N20S have a reactant-product relationship. 
111e N03 modulation amplitude is directly proportion
al to its primary quantum yield using red, green, 
and gold lamps. Oxygen was used as the carrier gas 
in order to suppress possible contribution to the 
modula tion amp Ii tude from oxygen a tom reactions with 
N03 and NZOS' 111e quant1.Ull yields were calculated 
from a computer simulation of the reaction system 
for each set of condl tions. The NO j absorption spec
tr1.Ul1 and tile quantum yield spectra tor two channels 
of N03 photolysis are given by Fig. 4. 
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When nitrogen is substituted for the oxygen car
rier gas (which had suppressed the oxygen atom con
centration) the changes in modulation amplitudes can 
be attributed to reactions m and n. The primary 
quantum yields for N03 were used to calculate the 
N03 modulation amplitudes due to the photolysis re
actions hand jz. 111e residual amplitudes observed 
with the nitrogen carrier gas were attributed to re
actions m and n. Computer simulations showed a lin
ear relationship between the rate constants m and n 
the calculated modulation amplitudes due to these 
reactions. The values of m and n derived in this 
way are given in Table 1. 

111e equilibrium constant K determined in this re
search has been used wIth literature data to calcu
late rate constants for reactions B, e, and f (Table 
1) . 

The quantum yield curves for N03 and the complex 
mechanism were checked by a series of modulation ex
periments, one example of which is given by Fig. 5. 
The observed amplitudes and phases of modulation 
are given together with curves calculated from the 
complex mechanism and rate constants in Table 1. In 
general there was satisfactory agreement between 
calculated and observed quantities. 

30~~~~~-r~~~~~~~~ 

20-~. 
10- ~ 

~6.0- '" 
~x4.0- .~-
~ 2.0 - I Experimental -
~ 1.0 - - Calculated -

- I I I I -

0.6 1/4 1/2 I 4 
Flashing Frequency (cps) 

2 8 

Fig. 5. Modulation amplitudes and phase shifts of 
N03 for green lamp photolysis at 329 K. 

(XBL 759-7291) 

* Supported in part by the National Science Founda-
tion and the Climatic Impact Assessment Program. 

1. R. A. Graham (Ph.D. thesis), university of 
CalIfornia, Berkeley, California, 1975. 
2. H. S. Johnston, Gas Phase Reaction Rate Theory, 
Ronald Press Co., New York, N.Y., pp. 14-32,1966. 
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Table 1. Rate constants and N03 photolysis constants for eleven reactions in the mechanism, 
as derived from the llterature or obtained in this work. 

Quantity 

Jl (1 atm) 

Xc 

Kf 

]{ 

B (1 atm) 

e 

f 

g 

h 

i 

m 

n 

q 

*This work. 

T Range of 
Observations 

273 - 300 

338 - 396 

297 

298 - 329 

273 - 300 

338 - 396 

297 

298 - 329 

231 - 298 

198 - 330 

Sunlight 

Sunlight 

298 

298 - 329 

220 - 1000 

200 - 346 

A-factor 

(cm
3 

sec-
1 

unless noted) 

2.05 x 1013 -1 
sec 

(0.71 ± 0.014) 

(8.4 ± 1.8) x 10 26 
em 

(1.48 ± 0.33) x 10-13 

(2.5 ± 0.5) x 10-14 

(1.87 ± 0.41) x 10-11 

-l3 (8.5 ± 2.8) x 10 

(1.34 ± 0.11) x 10-13 

(9. x 10-13) 

(0.040 ± 0.02) 

(0.099 ± 0.02) 

:>: 2 x 10-14 

-1 
sec 

-1 
sec 

(1.0 ± 0.4) x 10-11 

L9x10-11 

-3 

6.6 x 10-35 cm6 sec-1 

(M; Ar 1.0, N2 = 1.6, 
O

2 
= L 7) 

E 
a 

(degrees K) 
Ref 

10,317 11 

12,406 12 

3 

11178 ± 100 * 
-861 ± 300 A/X 

1127 ± 100 Xe/X 

Xf / X 

2450 ± 100 * 
2466 ± 30 6 

1200 l3 

* 
o * 

2300 l3 

-510 l3 

Error limits are based on random errors of this study and do not include possible systematic 
errors. 
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2. PRIlvLI\RY PRODUCTS IN 11ffi PHOTOCHEMISTRY OF 
NITROGEN PE~~OXIDE 

Peter Cmmell and If. S. Jolmston 

111ere are three possible channels for the photo
lysis of nitrogen pentoxide by ultraviolet radiation 

N20S + hv + NO + N02 + 02 

+ N204 + ° + 2 N02 + ° 

At 2S3.7 Nm radiation, steady-source or "DC" photo
lysis of N20S in 02 and in NZ give results consis
tent with (Z), inconsistent with (1), and ambiquous 
with respect to (3). From the phase shift of NZOS 
when photolyzed by intermittent radiation, results 
are consistent with (1) or (2) or both, but incon
sistent with (3). By combining the conclusions 
from these two experiments, it is found that the 
primary products of NZOS photolyisis at 2S3.7 Nm is 
pathway (Z), that is, with production of atomic ox
ygen. 

TIle photochemistry of NZOS has been studied at 
254 Nm under both DC and modulated photolysis. The 
intent of the project is to provide as direct a de
termination as possible of the primary products of 
NZOS photodecomposition, as well as primary quantum 
yields. Interest in this problem is stimulated by 
the need for l<nowledge of the fate of NZOS in the 
stratossphere. This reservoir for NOx requires 
evaluation to allow more accurate diurnal strato
spheric modeling. 
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TIle 2S4 Nm Hg line was selected as the photolytic 
source because of the convenience of obtaining rel
atively hir;h intensities, in addition to the appear
ance of a minimum in the cross section of the poten
tially interfering NOZ at that wavelength. The NZOS 
cross section is about 3E-l9 cmZ and the energetic
ally possible and logical pathways are: 

N
2
0

S 
+ hv (A ~ 2S4 nm) + NO + N02 + 

+ N20~ + ° + 2 N02 + ° 
+ N02 + N03 

Previous work on this problem allpears to be confined 
to indirect observations of N02 ap~earance by 
Daniels et al. l in 1931 and lvltlrphy in 1969, who 
agreed on an apparent quantum yield of 0.6 and prob
able production of an oxygen atom. 

TIle experiment is perfonned in a 67 liter quartz 
cell nickel-plated stainless steel end caps (similar 
to that described by article 1 above), Monitoring 
of species is accomplished in the infrared using a 
Nernst glower source, a multipass white cell optical 
arrangement, a one-meter monochromator and a Ge:Cu 
photoconductive detector, operated normally at 4.2 K. 
The entire cell is surrounded bv an insulated box 
and can be cooled to 240 K. Photolysis is accom
plished with four germincidal lamps radially 

distributed. A chlorine gas chemical filter is 
placed concentric with each lamp to reduce the 
intensity of the 366 Nm Hg line, which is strongly 
absorbed with decomposition by N02. 

TIle infrared signal is passed to a lock-in ampli
fier and then, in the case of the modulated nhoto
lysis, to upi down digital cOtmters, which evaluate 
the in- and out-of-phase portions of the modulated 
NZOS concentrations. The phase angle of the result 
can distinguish between pathways in which the prod
ucts of the photolytic event cOO recombine to re
form the reactant (e, g. NZOS --NOZ + NO 3 and those 
for which the products proceed to other reactions. 
The amplitude of the signal modulation can be re
lated to the primary photolytic quantum yield. The 
NZOS chemical system is too complicated to allow 
analytical solutions to the differential equations 
describing the chemistry, but accurate numerical 
models are generated on the CDC-7600 and on our lab
oratory PDP 11/10 for comparison to experimental re
sults. 

Modulation simulation results tmder various con
di tions are sh01vn in Table 1, along with the exper
imentally obtained values. The modulation frequency 
is restricted to low values in this system to en
hance the small amplitudes obtained (~10-4), The 8 
)J NZOS band shows the modulation phase angle expect
ed in the case of either NO or ° atom production in 
the primary step. The amplitude of the observed 
modulation indicates a quantum yield on the order of 

0.6±0.2. 

If the NO production pathway predominates, NZOS 
would participate in catalytic decomposition of 
stratospheric ozone by the mechanism: 

net: 

N02 + 03 + N03 + 02 

M 
N02 + N03~ N20S 

N20 S NO + N02 + 02 

If the O-atom pathway predominates, there is a null 
cycle so far as ozone is concerned and the NZOS acts 
as a short tenn reservoir for NOx ' These two possi
bilities were distinguished in a DC photolysis flow 
experjJTIent, in which the approach to steady state of 
the NZOS concentration was monitored in both NZ and 
0z carrier gases. No difference would be observed 
in the NO production case, while the 0z carrier gas 
would scavenge the O-atom completely in the other 
case, resulting in a reduced overall quantum yield 
for NZOS destruction. The experimental results are 
sh01vn in Fig. I, along with nwnerically produced, 
predicted curves for the various possibilities. 
Clearly the combined results of the modulation and 
DC photolysis experinlents point to Z NOZ + ° as the 
princj pal products of NZOS photolysis. The conclu
sion then is that NZOS 1S a do-nothing short term 
sink for stratospheric NO-.", unless it participates 
in some other reaction schemes than thermal decompo
sition or photolysis. 
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Table 1. Calculated and experimental NZ05 modulation results. 
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Fig. 1. Calculated and observed photochemical de
composition of NZOS by 253.7 Nm radiation. 
calculated NZOS in the presence of oxygen; --
calculated NZOS in the presence of nitrogen; 0, 
experimental points in the presence of 0Z; 6, exper
imental points in the presence of NZ' A. Calcula
tions based on mechanism: NZOS + hv -+ 2 NOZ + 0; B. 
Calculations based on mechanism: NZOS + h v -+ NO 
+ N02 + OZ' (XBL 78Z-701S) 

q, Amplitude 
[N0

2 
J $NO Amplitude 

N
2

0
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5 
2 N02 

164 7EI0 1.1E12 -16 7E10 

86 1.5E11 6.7E14 -99 1.2E11 

89.4 1.3Ell 6E14 -105 1.2E11 

91.1 1.8E14 -90 4.3Ell 

95.3 2. SEll 6.6E14 174(Z) 8E10 

85.5 1. 76E11 5.6E14 -99 1.9E11 

91. 3 1. 5Ell 6.5E14 -90 1. 8Ell 

Apparently closely similar to 50 torr O
2 

case. 

A bug in the program prevents proper evaluation. 

89 1.3 ± (.5) Not observable 
Ell 

89 1.5 ± 0.5 at present 
Ell 

1. H. H. Holmes and F. Daniels, J. Am. Chem. Soc. 
56 630 (1934). 

R. Murphy, (Ph.D. thesis), University of Calif
ornia at Los Angeles, Los Angeles, California, 1969. 



3. NITROUS OXIDE ULTR~VIOLET ABSORPTION SPECTRUM 
AT STAATOSPHERIC HNPEAATURES* 

Gary Sehvyn, James Podolske and H. S. Johnston 

The absorption spectrum of nitrous oxide (N20) 
has been determined at five temperatures from 194to 
302 K and over the wavelength range 173 to 240 Nm. 
The absorption cross sections as a fLmction of wave~ 
length and temperature are expressed by a nine-term 
polynomial in a form useful for atmospheric models. 
TIle high resolution structure between 173 and 190 
Nm has been observed more clearly than by previous 
studies. 

Previously we reported1 on the near ultraviolet 
absorption spectrum of nitrous oxide (N20) at room 
temperature, with references to previous literature 
and a discussion of the resulting lifetime of ni
trous oxide in the atmosphere. 
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Holliday and Rueben2 found that the ultraviolet 
absorption cross section for nitrous oxide increased 
rapidly with increasing temperature from 293 to 953 
K over the wavelength range 200 to 270 Nm, and 
Nicolle and Vodar3 obtained the ratio of absorption 
cross sections at 293 to 183 K at wavelengths above 
200 Nm. Romand and Mayence4 reported on near ultra
violet absorption centered at 145 Nm at 291 K. Pre
vious studies have indicated that the spectrum of 
nitrous oxide may have some weak structure superim~ 
posed on the continuous absorption. Zelikoff et al. 5 
and Monahan and Walker6 have found evidence of dif
fuse bands by optical methods, and Lassettre et all 
have observed diffuse bands by electron impact spec
tra. 

Spectra were obtained with a Cary 118C spectro
photometer, fitted with either one of two thermo~ 
stated cells. A small quartz cell mounted in 
nitrogen~purged Cary s3Jllple compartment was used in 
the wavelength range 173 to 210 Nm. The optical 
pathlength was 6.5 em and each end was closed with a 
pair of Suprasil windows with a vacuum between them 
for insulation. The cell was enclosed in an insulat~ 
ing jacket and was cooled by a stream of nitrogen 
boiled off from a liquid nitrogen dewar. Temperature 
was measured by a thermocouple. A large stainless 
steel cell, used over the wavelength range 200 to 
240 Nm, had a double-pass optical pathlength of 296 
cm, and had a single optically flat, polished Supra
sil window coated with MgF2 to minimize reflective 
loss around 200 n. A one~to~one focusing mirror in~ 
side the cell was also coated with MgF2 to enhance 
reflection around 220 to prevent oxidation. The 
cell was jacketed by an ethanol bath which was cooled 
by flowing cold methanol through submerged copper 
coils that encircled the cell. The entire cell was 
covered with one inch of insulating sponge rubber. 
111e cell had an end-to~end temperature difference 
of 0.5 K at 243 K and 1 K at 225 K. At low temper
atures, a stream of dry nitrogen gas was passed 
across the window to prevent frost formation. 

The analog output of the spectrophotometer was 
collected and stored by a Fabritek 1074 data collec
tor with a 12 Bit A/D converter and 4000 words of 
storage. The data were processed by a PDP 8/L mini~ 
computer interfaced with the Fabri tek. Data points 
were taken every 0.2 Nm over the wavelength range 

studied with a resolution of 0.7 Nm. For high res~ 
olution studies, the slits were set at 0.15 mm. The 
resolution was 0.075 Nm, the time constant was 5 
seconds, the scan rate was 0.005 l\'m sec-I, and sig~ 
nal averaging on the minicomputer was carried out 
for four runs. Data points were taken every 0.05 
Nm in this case. 

Nitrous oxide from a Matheson cylinder was puri~ 
fied by passing through 3A molecular sieve to re
move water and then by four successive vacuum dis~ 
tillations with retention of the middle third of 
each. Purity of the nitrous oxide was confirmed by 
ultraviolet absorption spectra and high resolution 
mass spectrometry. Wavelength calibrations were 
made by observing the rotational structure of the 
NO absorption doublet at 226 Nm (Ref. 8) and observ~ 
ing the rotational structuring of the Schumann-Runge 
oxygen bands below 195 Nm (Ref. 9). The absence of 
photolysis of N20 by the Cary deuterium discharge 
lamp was established by the absence of any detectable 
NO produced during a special six~hour run. The radi
ation is dispersed before passing through the s3Jnple 
cell, and thus the amount of radiation available for 
photolysis of N20 is extremely low. 

The cross sections are defined as 

o = (log 10/1) (CL)-l -e (1) 

where C is concentration in molecules em- 3 and L is 
the optical pathlength in em. The absorption cross 
sections for nitrous oxide for radiation between 173 
and 240 Nm and at five temperatures between 194 and 
302 K. The portion of the data centered about the 
"stratospheric window" at about 210 Nm is shown in 
Fig. 1. The ratio of the cross sections between the 
room temperature value and the value at 225 K is 
about 2.9 at 240 Nm, about 1.6 at 210 Nm, and about 
1.15 at 190 Nm. 

At each wavelength the temperature dependence of 
the s.pectrum was expressed in the empirical form 

O(A,T) ~ A(A) exp[B(A)(T-300)] (2) 

The wavelength dependent terms A and B were fit to 
several empirical functions, the most compact and 
efficient of which was 

2 3 4 
!(,n aU, T) = Al + A2A + A3A + A4 A + A5A (3) 

+ (T-300) exp(B1 + B2A + B3A2 + B4 A3 ) 

The nine parameters were fit by a nonlinear, least
squares, minimization routine to give the coeffi
cients (where Ie is given in Nm) 

Al 68.21023 Bl 123.4014 

A2 -4.071805 B2 -2.116255 

A3 4.301146 x 10-2 
B3 1.111572 x 10-2 

A4 -1. 777846 x 10-4 
B4 -1. 881058 x 10 -5 

AS 2.520672 x 10 -7 
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for five temperatures-this work, /';. data points of 
Zelikoff, Watanabe and Inn (1953). Note the discon
tinuity at 210 Nm due to two different "room temper
ature." The estimated standard deviation of wave
length (± 2%) is indicated by the cross on the 263 K 
CURl/E. Resolution 0.7 Nm. (XBL 782-7017) 

The estimated standard deviation is about 4%. 

The high resolution data at 302 K and 44 Torr N2 
are given by Fig. 2. A vibrational progression 
superimposed on a continuous spectrum is more clear
ly defined here than in previous studies. At low 
temperatures this spectral structure is less prom
inent than at room temperature. 

The basis for the temperature dependence of the 
nitrous oxide sj:lectrum is concisely stated by Mona
han and Walker: 10 "The I/';. [+- Xl!:] transition is 
orbitally forbidden but vibronically allowed by bend
ing." The excited bending states of nitrous oxide 
have much larger Franck-Condon overlap with the up
per statt than does the (000) mode of the ground 
state molecule. The population of excited bending 
states (010, 020, ".) increases with temperature, 
as does the absorption cross section for ultraviolet 
radia'tion. With a fundamental bending frequency of 
589 cm- 1, about 2.5% of the molecules are in the 
(010) bending mode at 194 K. At 296 K there are 
about 11% in the (010) mode, and 1.5% in the (020) 
vibrational state. 
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Fig. 2. High resolution s~ect~ in the structured 
region. Cross section, cm X 10 vs wavelength, Nm. 
Temperature ~ 302 K. Pressure is 44 Torr N20. 
Resolution 0.075 Nm. (XBL 782-7018) 
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4. KINETIC ENERGY Al\1J) WAVELENGTH DEPENDENCE OF llIE 
REACTION OF NITRIC OXIDE WIllI OZONE 

Marta Kowalczyk, Carol Kahler, Y. T. Lee and H. S. 
Johnston 

The reaction of NO + 03 -+ N02 + 02 has been one of 
the most intensely studied reactions in recent years 
since it is important in the kinetics of atmospheric 
pollution, and is a very convenient system to study 
the effect of infrared laser and magnetic state 
selection on the dynamics of the reaction. I -3 We 
have undertaken to study several aspects of this re
action using a crossed beam configuration. The 
product N02 emerges from this reaction partially in 
the ground electronic state, but vibrationally ex
cited and partially in an electronically excited 
state which chemiluminesces with a lifetime up to 
70 microseconds. Using molecular beams rather than 
standard gas phase techniques insures single colli
sion conditions for the reaction, eliminating com
plications due to collisional quenching of the long 
lived electronically excited N02' A better control 
of the collision kinetic energy also becomes possi
ble. 

111e first set of experiments was a study of the 
effect of kinetic energy on the chemiluminescent 
channel of the reaction. 4 The NO beam was super
sonically expanded through one differential pumping 
chamber to the collision center. 111e energy of the 
beam was varied by using different seeding ratios 
of the NO in helium for high energies, NO in argon 
for low energies, as well as by heating and cooling 
the gas mixtures directly before expansion into the 
vacuum chamber. Beam energies thus available are 
virtually continuous from 0.5 to IS kcal/mole. The 
ozone reactant was directly expanded from a silica 
gel substrate, which was pumped to remove excess 
oxygen, through an absorption concentration monitor 
and introduced directly above the collision center. 
111e reactants then collide in the vacuum chamber 
emitting a visible-near infrared chemiluminescence. 
111is chemihnninescence was spatially filtered to 
eliminate stray light not originating from the col
lision center and detected with a PlvIT having a gal
lium arsenide photocathode. The signal was handled 
with standard photon counting teclmiques then sent 
to a dual channel gated scaler synchronized to a 
mechanical chopper in front of the NO beam. 
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Figure 1 shows a typical result for 10% NO in He 
,"hich highlights the intermediate energy range stud
ied. At room temperature, indicated by the arrow, 
the signal to background was typically 5: 1 and the 
signal to noise 180:1. The NO beam was 
changed by varying the temperature from to 430 K. 
At the lower collision energies studied, we were able 
to see the chemiluminescence rise from the reaction 
threshold. Time-of-flight analysis was done to de
termine the energies of the collision. An example 
of one done for 10% NO/He at room temperature is 
given by the dashed curve in the insert. \\Then one 
compares the velocity distribution with the Maxwel
lian one (solid line), one sees that the supersonic 
beam has three times the peak velocity, but only one
third the velocity spread. This narrow velocity 
spread enables us to determine the collision energy 
more precisely. 
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Fig. 1. Chemiluminescence signal as a function of NO 
beam energy for 10% NO in He. Insert gives velocity 
distributions at room temperature; ----- experimental 
NO beam determined by TOF; -- calculated Maxwell-
Boltzmann. (XBL782-70l6) 

Presently in progress is a study of the wavelength 
dependence of the chemihuninescence. 2,3 111is will be 
done at two different beam energies to enable us to 
determine whether the excess translational energy 
shows up proportionately in the product as electron
ically excited NOZ, or ends up in some other mode. 
An extension of these experiments is planned for the 
future. Specifically, we will study the effect of 
spin-orbit state of the reactant NO on the chemilum
inescent channel. S We may also try to determine the 
branching ratio of ground to excited state product 
for various collision energies and for both spin
orbit states of NO. 
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5. THE ORIGIN OF NITROUS OXIDE IN SMOKE STACKS 
FROM HIQ! TEMPERATURE COMBUSTION 

David Littlejolm and H. S. Johnston 
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Tropospheric nitrous oxide plays an important 
role in stratospheric chemistry. It diffuses into 
the stratosphere where it reacts 1vith singlet oxygen 
by photolysis and by chemical reaction. The nitric 
oxide so produced is a major factor in the natural 
stratospheric ozone balance. l 

The manufacture of nitrogen fertilizer, which has 
expanded at an exponential rate since 1950, now 
fixes nitrogen at a rate comparable to the natural 
rate. 2,3 Estimates are in the range of 25 to 50%. 
Eventually, this increased rate of nitrogen fixation 
is expected to increase the rate of production of 
tropospheric nitrous oxide, but the mechanism and 
time scale are regarded as very uncertain. 

Recently Pierotti and Rasmussen4 found that power 
plants are significant ground-based sources of ni
trous oxide. They found 3.1 to 37.6 parts per mil
lion by vol~ne (ppmv) of nitrous oxide in the ex
haust gases of three power plants. The power plant 
burning coal had a substantially higher yield of ni
trous oxide than the two that burned natural gas. 
The concentrations observed in the smoke stacks are 
a factor of 10 to 100 above ambient tropospheric 
nitrous oxide levels. From the observed nitrous ox
ide concentrations and the power plant operating 
conditions, Pierotti and Rasmussen estimate that 
1.0 X 103 tons of nitrous oxide are produced for 
each million tons (M ton) of coal burned, and 
2. 0 xl 02 tons of nitrous oxide are produced for each 
billion cubic meters of natural gas burned. From 
worldwide production of coal and gas, they estimate 
that 3.5 M ton per year of nitrous oxide are pro
duced from power plant combustion. 

Hahn and JWlge 5 used an atmospheric model, a 
model for production of nitrous oxide from fixed 
nitrogen, and this source of nitrous oxide from com
bustion. They assume exponential increase of nitro
gen fertilizers at a rate of 6% per year until the 
year 2000 and then no further increase. They assume 
a 3.7% per year increase in combustion of fossil 
fuels until the year 2050 and then no further in
crease. Their predicted increase of atmospheric n~ 
trous oxide over the next century is shm-m in Fig. 1. 
This model predicts an increase of atmospheric ni
trous oxide by 100 to 150% over the next century. 
111e natural nitrous oxide cycle is sufficiently un
certain at this time that this prediction

6
itself is 

uncertain by about an order of magnitude. 
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Fig. 1. Hahn and Junge's prediction of increasing 
atmospheric nitrous oxide from nitrogen fertilizer 
and from combustion over the next century. 

(XBL 782 -7019) 

If a human activity promises more or less to double 
on the global scale a natural atmospheric species 
that plays an important natural role, then it isvery 
important that the mechanism be understood, regard
less of whether the predicted effects are good, bad, 
or indifferent. This study is a preliminary attempt 
to understand the chemical mechanism for production 
of N20 from high temperature combustion. Nitrous ox
ide is an unstable molecule, and it thermally decom
poses to N2 and 02 at temperatures between 600 and 
10000K. It is also produced and destroyed by sev
eral reactions as s~mnarized in Table 1. 

Table 1. List of reactions producing and destroying 
nitrous oxide. 

N + N02 + N20 + ° 
N + OCID) + M + N ° + M 2 2 

N
2
0 + OCID) + + 02 

N
2
0 + OCID) + NO + NO 



In a combustion process, a substantial amount of 
atomic oxygen is produced and sudden quenching of 
the high temperature may "freeze out" some nitrous 
oxide by way of 

° + NZ + M -+ NZO + M. 

This process was favored by Pierotti and Rasmussen 
and by Pratt and Malte. 7 From Table 1, one sees 
that other reactions also, upon temperature quench
ing, might leave some nitrous oxide. On the other 
hand, the nitrous oxide might be formed by combus
tion of ammonia or bound nitrogen in coal. 
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We carried out a numerical experiment to see if 
known chemical reactions with reported rate con
stants are sufficient to produce the observed amount 
of nitrous oxide when the temperature is quenched at 
various assumed rates. The question asked is wheth
er "hot air" reactions are sufficient or whether 
other mechanisms perhaps involving bound nitrogen 
in fuels must be invoked. We used our Chemical 
Kinetics Computer program, which uses the Gear meth
od for solving simultaneous differential equations 
to give concentrations of chemical species with time. 
There are 39 reactions in the simulations involving 
atomic and molecular nitrogen and oxygen and oxides 
of nitrogen. 

The first exploratory calculations involve reac
tions at constant volume, instead of the more nearly 
realistic condition of constant pressure. No expli
cit consideration was given to the fuel, carbon or 
hydrogen-containing compounds. No effort was made 
to model the actual combustion process, but only 
"hot air" reactions were considered. Air was as
sumed to be heated at various rates, to a plateau 
temperature of various assumed value and duration, 
and then the temperature was quenched at various 
rates. The "freeze out" of nitrous oxide, as well 
as nitric oxide NO was noted. 

Runs were done with maximum temperatures from 
1500 to 3500 K and cooling rates of 104 to 108K/ s . 
The largest maximum temperatures and largest cooling 
rates were much greater than would be observed in 
combustion. Figure Z shows the effect of different 
cooling rates on nitrous oxide concentration. The 
species were in equilibrium at ZOOO K before cooling 
was initiated. Figure 3 shows the effect of total 
concentration on nitrous oxide concentration. Since 
the program does not change total concentration with 
temperature, the lower concentration levels would 
give more realistic results than the maximum concen
tration shown. Figure 4 shows the change in concen
tration of NZO, NO, N02 and 03 as cooling occurs. 

Variation of the rate constants within their un
certainty did not change nitrous oxide concentra
tions more than a factor of two. As mentioned by 
Pratt and Mal te, Z the reaction of NZ + ° + M -+ NZO + M 
was found to be most important in nItrous oxide pro
duction, and the reverse reaction was most important 
in nitrous oxide destruction. The results of our 
calculations indicate that less than 10% of the ni
trous oxide observed by Pierotti and Rasmussen is 
caused by the heating of air. A combination of very 
high maximum temperatures and very fast cooling rates 
were needed to produce the observed nitrous oxide 
concentrations. These conditions would not be ex
pected in combustion. 
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The tentative conclusion is that "hot air" chem
istry alone, as presently understood, may not be 
sufficient to produce the high mole fraction of N20 
observed by Pierotti and Rasmussen in the smoke 
stack of power plants. It appears that some other 
processes involving C, H, or N in the fuel may be 
necessary to account for the observed nitrous oxide. 
Further work is planned on this system. 
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6. INTERPRETATION OF OBSERVED TRACE SPECIES IN THE 
STRATOSPHERE 

H. S. Johnston and James Podolske 

Although stratospheric photochemistry is indeed 
complex, there exist some valid simplifying consid
erations. Chemical species in the stratosphere may 
be classified as major (N2, 02, Ar), minor (03,CH4, 
H20, CO2, parts per million), and trace (NO, N02, 
HO, HOO, Cl, ClO; etc., parts per billion or less). 
Consider the reaction of nitric oxide and ozone 

If this reaction occurred as a one-way reaction, the 
trace species would have only a very weak effect 

NO °3 

Before 10~9 10~6 

After 0 0.999 x 10-6 . 

Only if the trace species interacts in a cyclic man
ner, with ozone 

net: 

NO + 03 + N02 + 02 

03 + hv + 02 + ° 

can it have a significant direct effect on ozone 

NO °3 

Before 10~9 10-6 

After one cycle 10-9 0.998 x 10-6 

After two cycles 10-9 0.996 x 10-6 

After 100 cycles 10-9 0.8 x 10-6 . 

In general, free radicals, HOx , NOx, ClX, inter
act with odd oxygen to change odd oxygen by + or -
one unit. From the fundamental properties of odd 
and even numbers, it requires two such processes to 
convert odd oxygen to even oxygen or even oxygen to 
odd oxygen. The situation is summarized in Fig. 1. 
If free radical Rl is converted to free radical R2 
in a process that decreases odd oxygen by one unit 
(L'I '" - 1), the cycling of R2 back to Rl must involve 
either an increase (L'I '" +1) or a decrease (1'1 ~ -1) of 
odd oxygen. An increase cancels the decrease of the 
initial step, and one has a null cycle. A decrease 
of odd oxygen in the return loop completes a cataly
tic cycle (L'I "'-2) that destroys ozone. Two steps of 



COMPLEX I TY 

Hundreds of Reactions, Scores of Free 

Valid, Partial Simplification 

Radicals 

/::'=-1 

One RDS 
in each 

Effect of radical is minute, un less cycled. 
If cycled, each cycle is either catalytic or 
nUll. Rate-Determining steps in catalytic 
cycles are uniquely important. 

Fig. 1. Graphical slIDllllary of wherein null and cat
alytic cycles are the components of stratospheric 
photochemistry of ozone. The transformed differen
tial equation identifies the rate-determining steps 
in all catalytic cycles. (XBL782-7020) 

(I, = + 1 would constitute catalytic formation of odd 
oxygen. These cycles can be entered at any step. 
In each cycle there is a rate-determining step, RDS. 
The rate determining steps in catalytic cycles are 
uniquely important. 
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This study gives the first systematic demonstra
tion that one can take the complete (50 term, more 
or less) differential equation for odd oxygen and 
derive from it the rate-determining steps of cat
alytic cycles or consumptive sequences that produce 
P or cause the loss L of odd oxygen. If one tries 
to construct the significant cycles by inspection of 
the mechanism, there are uncertainties both with 
respect to duplication and omission of processes. 
By starting with the differential equation, by util
izing group theory of odd and even numbers, and by 
transforming the differential equation to the irre
ducible form, one can discover the essential chem
ical components of these very complex systems, name
ly the sequences and cycles that change odd oxygen 
by -2, 0, +2, +4 "'. By comparing terms in the 
differential equation with atmospheric observations, 
tables of rate constants, and model calculations, 
one can separate the complete equation into one that 
concerns dominant processes and minor ones. This 
differential equation identifies the important cy
cles and sequences in the natural ozone balance. 
These cycles and sequences are listed below. 

The first term, 2 Jl in the differential is the 
rate determining step in the sequence that converts 
oxygen to ozone 

j1 °Z+hv-+O+O 

2(0 

net: 

This sequence represents the dominant source of 
atmospheric ozone. 

The terms (4 JIZ + 2 Jl3 + 2 K43 - 2 K38) in the 
differential equatlOn represent the methane-NOx-smog 
reaction, including the effect of branching, between 
methane, formaldehyde, and carbon dioxide. Maximum 
ozone production occurs, namely 4 per CH4 consumed, 
if the sequence is 

k 
CH

3 
~ CH

3
00 -+ CH

3
0 -+ H

2
CO 

j12 
~ H + HCO -+ CO -+ CO

2
, 

Two ozones are produced per methane consumed if the 
sequence is either 

k 
CH '~HCO 

3 2 
H + HCO -+ CO -+ CO

2 

or 

k 
~ HCO -+ CO -+ CO

2
, 

No ozone is produced per methane consumed if the 
sequence is 

k 
CH ~H CO 

3 2 

The formation of ozone from the methane-smog re
action can be written as 

(d~O;J) ~ (4 j12 + 2 j13 + 2 k
43

[HOJ) [H
2

COJ 
smog 

- 2 k
3S

[CH
3

J [02 J . 

The concentration of formaldehyde and methyl rad
icals can be eliminated by means of steady-state 
relations to give a more readily interpreted expres
sion 

(d[dOt3]) 

smog 

( 

j 

2 A 1 + -j -1-2 -+-j--1-3-"=--:----c-

where 

A = (k
ll

[O(lD)] + k30lHOJ + kS1[Cl]) [CH4 ] 

is the total rate of production of methyl radicals 
from methane. 

The methane-smog reactions are catalytic in NOx 
and in HOx ' but represent consumption of methane as 
a fuel to produce ozone, carbon dioxide, and water 



as products. The amount of ozone produced is lim
ited by the amount of methane consumed. These cy
cles are lengthy and it requires another cycle for 
each branching path. These cycles have been writ
ten out in full but are not included here. 

The loss of ozone from Ox reactions involves 
three couplets of reactions for which the rate de
termining steps are ](2, ](44 and K6l. 

03 + hv -+ 02 + ° 

net: 

03 + hv -+ 02 + OClD) 

k44 03 + OClD) -+ 02 + 02 

net: 2 03 + hv -+ 3 02 

2(02 + hv -+ + 0) 

k61 + M 

net: 02 

The loss of ozone to NOx reactions involves two 
catalytic cycles with rate determining steps K4 and 
JlO· 

k4 
net: 

\0 
net: 

NO + 03 -+ N02 + 02 

03 + hv -+ 02 + ° 

+ ° -+ NO + 

03 + hv -+ 3 °2 

NO + 03 -+ N02 + 02 

N02 + °3 -+ N0
3 

+ °2 

The loss of ozone due to HOx involves five cat
alytic cycles where the rate detennining steps are 
K14, K15, K17, K18, and K19: 

net: 

net: 

HO + 03 -+ HOG + 02 

03 + hv -+ 02 + ° 
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net: 

klS 
net: 

k
19 

net: 

03 + hv -+ 0z + ° 

HO + ° -r H + 02 

03 + hv -+ 0z + OClD) 

OClD) + H ° -+ 2 
Z 

HO 

rIO + 03 -+ HOO + °2 

HO + H
Z

0
2 

-+ H
2

0 + HOO 

HOO + HOO ->- H
2
0

2 + °2 
2 03 + hv -+ 3 02 

03 + hv -+ 02 + OClD) 

OClD) + H
2
0 -+ 2 HO 

HO + 03 ->- HOO + 02 

HO + HOO -+ H
2
0 + °2 

2 03 + hv -+ 3 02 

The last two cycles are interesting in that the 
rate-determining steps do not involve odd oxygen: 
HO + HOO -+ H20 + 02 and HOO + HOO -+ H202 + 02. How
ever, thesr reactions measure the amount of OClD) 
lost by O( D) + H20 -+ 2 fIO that is not reconverted 
to odd oxygen, for example by 2 HO -+ H20 + O. It 
can also be show11 from the complete differential 
equation, that even if HOO is produced from methane 
oxidation, its loss through K18 or K19 constitutes 
a net loss of odd oxygen. 

There is one important catalytic cycle involving 
chlorine and chlorine oxide that destroys ozone, 

net: 

Cl + 03 -+ CIO + 02 

03 + hv -+ 02 + ° 

In the differential equation there are several 
other minor processes involving nitrogen atoms, N20, 
and other species, which can be shown to be very 
slow compared to the cases given above. Thus every 
term in the differential equation can be identified 
as the rate-determining step in a sequence or cycle 
that produces two molecules of ozone from three mol
ecules of oxygen or causes the loss of DvO molecules 
of ozone. 

The rate of ozone production was calculated for 
each hour of the day and averaged for 59° N, July 
which corresponds to the time of and latitude of 



measurement by Evans et al. l The results are given 
in Fig. 2, including two methods of treating Ray
leigh scattering. Similar calculations were made 
for noon conditions at 30o N, in July, October and 
December, and these calculations are plotted in 
Fig. 3. 
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Fig. 2. Rate of ozone destruction L(NOx) by ob
served N02 (Ref. 1) and calculated atomic oxygen 
compared with rate of ozone production P(02) under 
same conditions. July 22, noon, solar angle 38.4°, 
latitude 59°N. (XBL782-7021) 

Ozone is produced from methane at twice the rate 
of formation of methyl radicals and an additional 
factor that depends on the branching of formalde
hyde potolysis. Methane has been observed in the 
stratosphere by several gro~s, and the results were 
reviewed by Ackerman et al. 2 Anderson observed 
hydroxyl radicals between 30 and 42 l<m. As a good 
approximation, the rate of production of ozone from 
methane in the middle stratosphere is 

These rates are entered on Fig. 3. It is evident 
that the methane-smog reaction is a minor source of 
ozone in the middle and upper stratosphere. Mea
sured values of hydroxyl radical concentrations are 
needed in the 10 to 25 km range to establish the 
rate of ozone and water formation from methane in 
this region. 

Anderson3 measured the concentration of atomic 
oxygen in situ in the stratosphere on November 25, 
32°N, 56° solar angle. Using the standard winter 
distribution of ozone and temperature for 3ifN, we 
calculated the atomic oxygen concentration with a 
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Fig. 3. Production of ozone from 02 photolysis,. 
P(02) , as calculated from solar radiation and stand
ard ozone profiles. Destruction of ozone by ClX, 
L(ClX), as calculated from observed ClO (Ref. 4) and 
calculated atomic oxygen. Production of ozone from 
me.thane-smog reaction P(CH4) as calculated from ob
served methane and hydroxyl radicals. 

(XBL 782-7022) 

56° solar angle. Using the standard winter distri
bution of ozone and temperature for 30° N, we calcu-
1ated profile of atomic oxygen is plotted in Fig. 4 
together with the concentrations observed by Ander
son. There appears to be fairly good agreement be
tween calculated and observed atomic oxygen but since 
the ozone profile is a standard one rather than the 
simultaneously observed actual one, the agreement or 
lack of it in Fig. 2 is not highly significant. 

The only important reaction whereby odd oxygen is 
destroyed by odd-oxygen sPrcies is 2 k3[0][03]' Under 
conditions by Evans et al. observed ozone and tem
perature profiles the oxygen-atom concentrations were 
calculated for 59° N, July 22 noon, are multiplied by 
the observed ozone concentrations and the rate con
stant to give the rates of ozone loss L by this pro
cess from 10 to 48 km, Fig. 5. These rates are based 
on observed stratospheric ozone and temperature and 
on a single-step calculation, namely, the calculated 
concentration of oxygen atoms. In view of the di
rectness of this calculation, these rates of ozone 
destruction by Ox reactions are very nearly "ob
served." This "instantaneous rate" is much closer 
to observations than the corresponding rate in a 
model calculation. 

The important reaction whereby ozone is destroyed 
by the_oxides of nitrogen is 2 k4[0][N021. Evans 
et al. l observed nitrogen dioxide from a balloon by 
sighting on the sun at a 90° angle before sunset. 
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Fig. 4. Observed atomic oxygen (Ref. 3) and calcu
lated atomic oxygen based on standard ozone profile, 
November 25, 32°N, 56° solar angle. (XBL 782-7023) 

55 

50 

45 

40 

~ 35 .2 
(j) 

E 
52 30 
-"" 

W 25 u 
.2 -
<! 20 

15 

10 

5 

0 
103 

./ 
/ 

./ 

. ----
/. 

~ . 

/' 
/' 

? 
/ 

/,/UNOx ) 

/ 

106 107 108 

Reacllon Rates, molecules em -3 sec-I 

287 

Fig. 5. Comparison of ozone loss rates, based on ob
served ozone, Evans observed N02, Anderson mid-value 
observed ClO, and on calculated atomic oxygen. Noon. 
Ox and NOx, 60° N; ClX, 32° N. (XBL 782-7024) 

Evans et al. provided elevation-dependent corrections 
that convert their observed N02 profile to either the 
day time or the 24-hour average profile, The cor
rected noon time N02 profile is multiplied by calcu
lated oxygen atom concentrations and 2 k4 to give the 
rate of ozone destruction by NOx ' This rate is plot
ted in Figs. 2 and 5. 

TI1e rate of ozone production P from Z jl[02] and 
ozone loss L from 2 k2[0] [N02] are compared in Fig . 
2. At noon, 59°N, July 22, NO as reported by Evans 
destroys ozone at about 50 to to% of the rate of for
mation between 30 and 35 km, about 60 to 80% between 
25 and 30 km, and about 100 to 200% between 20 and 25 
km. The ratio between column loss, 20 to 35 km, and 
column production over the same range is 1.14. 

r'\nderson et a1. 4 have reported three in situ mea
surements of stratospheric ClO, taken on Z8 July 1976, 
Z October 1976, and 8 December 1976. All were made 
at 3ZoN and close to local noon. We used standard 
ozone distributions for 300 N and for July, September, 
and January, We based our calculations on solar 
angles n°, 34°, and 53°. We calculated oxygen atom 
concentrations, rates of ozone production P by pho
tolysis of oxygen, and rates of ozone loss L by CIX 
catalysis. The rates of ozone production and loss 
for each of the three measurements are given in Fig. 
3. A notable aspect about the measured CIO concen
tration is the wide variability from one case to an
other. At 40 km, the October value is four times 
the July or December values. At 35 km the concentra
tions for Oct/July/Dec vary as 4.7/Z.3/0.8. At 30 
km these ratios are 5.3/3.0/0.37. 

The ratio of integrated ozone loss by CIX to in
tegrated ozone production over the ranges of CIO ob
servations is 0.45 for the July values of ClO, 1. 27 
for the October values, and 0.25 for the December 
data. 

The integrated loss due to Ox reactions between 
ZS and 35 km is 10% the integrated ozone photochem
ical production over the same range. The correspond
ing figure is 7% for BOx reactions over the same 
range, based on model calculations. On the basis of 
Evans observed NOZ and 03, ozone destruction by NOx 
relative to ozone formation is 57%. With Anderson 
middle value of ClO, the profile measured in July, 
ClX destroys ozone at 40% of its formation rate be
tween Z5 and 35 km. In terms of relative rate of 
ozone destruction and formation between 25 and 35 km, 
the roles of Ox, HOx, NOx (mid values) and CIX (mid 
values) are as follows: 

° 0.10 x 
HO 0.07 x 
NO 0.57 x 
ClX 0.40. 

From measured concentrations of NOZ and ClO, it ap
pears that the principal agents in destroying ozone 
in the natural stratosphere are the oxides of nitro
gen and free radicals containing chlorine. Both 
appear to be highly important, with Ox and HOx being 
distinctly less important in the mid-stratosphere 
"ozone formation region." From the mid-values of 
published measurements of NOZ and ClO, it appears 
that the N02, ClO, and 03 are sufficient to destroy 



ozone as fast as it is formed in the range 23 to 35 
km. 111ere is no need to invoke any new or unknmffi. 
sink for ozone in this region, if the mid-values of 
measured N02 and ClO are representative of the glo
bal average. 

288 

This study is another apQlication of the "method 
of instantaneous rates." 5,0 This method takes at
mospheric measurements, and in a simple, separable, 
one-step calculation derives consequences. In cer
tain cases, firm conclusions (1Vithin the accuracy of 
the atmospheric measurements) can be reached concern
ing components of the total problem, long before the 
total problem itself is solved. This method does 
not displace model calculations, but it is supple
mentary to such calculations. This method is espe
cially useful in the interpretation of atmospheric 
observations, in the design of programs of future 
atmospheric observations, and in finding the meaning 
of the mountains of computer printout from model cal
culations. 
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7. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Frank Magnotta and David Littlejohn 

the method of pulsed, tilllable, doubled, 
laser photolysis and resonance-fluorescence detec
tion, primary products and quantillTI yields will be 
studied for the following photochemical reactants: 
N02 (calibration, detection of NO and 0); N03 (detec
tion of NO and 0); N205 (detection of NO and 0); 
HN03 (detection of HO and 0). 

b. Completion of the Study of O(lD) Quantilln Yield 
from Ozone as a Function of Wavelength and Temper
ature 

John Girman 

Ozone is being flash photolyzed at various wave
lengths between 300 and 330 ~m by a doybled tunable 
dye laser. The singlet oxygen atom O( D) reacts 
very rapidly with molecular oxygen to produce ex
cited singlet sigma molecular oxygen, which slowly 
emits characteristic visible radiation. The quan
tity of OClD) produced is measured by this emitted 

radiation. The lvavelength and temperature depen
dence of the O(lD) production is being studied. 

c. Studies of HOO Reactions in the Molecular 
Modula_tion Apparatus 

James Podolske 

Our remodeled, long-path, infrared or ultraviolet 
molecular modulation spectrometer will be used to 
study the photochemistry and kinetics of the HOO rad
ical, Hhich can be detected by its intense diffuse 
ultraviolet spectrilln or by its sharp near infrared 
electronic spectrunl. Reactions of particular inter
est are: HOO + HOO -+ 11202 + 02, HOO + 1-10 -+ 1120 + 02, 
HOO + 03 -+ 1-10 + 02 + 

d. Reactions of Acid 

Carleton Truesdale 

Peroxy-nitric acid is in rapid equilibritUTI with 
its dissociation products HOO and N02 

HOON02 '" HOO + N02. 

An added substance that reacts rapidly with HOO 
causes the irreversible decomposition of peroxy
nitric acid, for example 

HOO + NO -+ HO + 

net: HOON0 2 + NO -> HN0
3 

+ N02 

We plan to added other substances of interest such 
as ozone or olefins to get information about the re
act i vi ty of the HOO radical s . 

e. Fluorescence and Other Spectroscopic Studies of 
Nitrous Oxide in the Vacuum Ultraviolet Spectral 
RegIon 

Gary Selwyn 

~10derately high resolution vacuum ultraviolet 
spectra of N20 show some une:A'Pectedly sharp fine 
structures. 111is spectrum is being studied both in 
absorption and by excitation of long-wavelength fluo
rescence. 

Photochemical 

David Littlejolm 

The fastest reaction of ozone in the atmosphere 
is its null cycle 

03 + hv -+ 02 + ° 
+ M 

net: 



The fastest reactions of nitrogen dioxide in the at
mosphere is its null cycle 

N02 + hv ~ NO + ° 
o + 02 + M + 03 + M 

net: 
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The cycled molecules 03 and NOZ are reformed in 
highly excited vibrational ;;tates. We 12lan to study 
infrared emission from 03(V") and NOZ(v") under up
per atmospheric conditions, both to study the vibra
tional cascading mechanism and to see if there is 
significant extra chemical reactivity in these ex
cited molecules. 

g. Studies 

I-I. S. Johnston, M. Kowalczyk, J. Podolske and 
D. Littlejolm 

By now there are enough observations of atmo
spheric nitrous oxide to provide an estiJnate of the 
global distribution from the ground to the upper 
stratosphere. With our method of "instantaneous 
rates" we are studying the locus of photolysis and 
chemical reactions of NZO, based on the observed 
distribution. As new measurements of atmospheric 
HO, HOO, C1O, and NOZ are produced, we plan to carry 
out :instantaneous rate" interpretations of these 
data. We plan to continue investigating the chem
ical mechanism for the formation of nitrous oxide 
from combustion. Our chemical kinetics computer 
program will be extended to include variation of 
temperature under constant pressure conditions. 

8. 1977 PUBLICATIONS AND REPORTS 

Harold S. Johnston and Associates 
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b. Radiation 

* Michael E. Jayko 

1. INTRODUCTIQ\J 

lVlichael E. Jayko 

* 

of 

The following people have collaborated on this 
project: 

A. Appleby, visiting scientist from Rutgers 
University 

E. Christman, visiting scientist from 
Rutgers University 

A. Chatterjee, Biomedical Division, Donner 
Laboratory 

J. Magee, Biomedical Division, DonIler 
Laboratory 

H. Sokol, lVhterials and lVblecular Research 
Division. 

Dr. Warren Garrison, who was the principal 
investigator in radiation chemistry, retired in 
June of this year after serving many years in this 
position. 

The radiation chenristry of aqueous systems under 
irradiation with carbon, neon and argon beams from 
the Bevalac has been investigated. TIle study was 
undertaken as part of a program to determine the 
chemical properties of accelerated heavy particles. 
Systems were chosen that were well established in 
radiation chemistry and were most likely to provide 
basic data for the illumination of heavy-particle 
tracks. This is part of a larger program that is 
designed to better understand the processes 
invol ved in energy absorption from the initial 
physical effects that are complete in approximately 
10-12 s and the biological effects that occur from 
several minutes to several years after irradiation. 

Initial products in irradiated aqueous systems 
are hydrated electrons (eaq) , H atoms, OH radicals, 
and H30+ ions produced in the particle track. 
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These intermediates result in the primary molecular 
products H2 and HZOZ, and primary radical products, 
which are the ones that escape the initial track. 
The intermediates are formed in high concentration 
in the track; their initial concentration 
distribution is dependent on the quality of the 
radiation, i.e., the particle, its LET, charge, etc. 
These products can be studied with classical 
radia tion chemis try systems using scavengers, 
taldng into consideration that certain asswnptions 
made for low LET radiation may not be valid when 
102 to 10 3 eV/A are being absorbed. VI~len large 
amounts of energy are deposited in small volwnes 
(for example more than 50 eV/A), it is reasonable 
to asswne additional effects are being produced. 

Chemical systems were irradiated in cells 
designed to obtain measurable yields of product in 
the shortest irradiation time within the constrainto 
imposed by the Bevalac. Cells were used in matched 
sets with quartz windows 1. 65 to 1. 80 mm thick, 
3.2 cm in diameter, necks 10 cm long with ground 
glass stoppers, a depth of 1 cm, and containing 
8.3 ml of target solution. Two teclmiques were 
used to irradiate the cells simultaneously: 1) the 

entire Bragg curve was measured in some cases 
using up to 16 cells, or 2) the beam was degraded 
before entering the first cell by the variable 
water colwnn. Initially the location of the Bragg 
peal, was determined experimentally; however, by 
using a factor of 1.838 to compare the relative 
stopping power of water and quartz the Bragg peak 
could be placed at any desired position to within 
± 0.5 mm. 

At present the uncertainties in the value of G 
are greater than ± 5%. The greatest contribution 
to this uncertainty is the lack of quantitative 
knowledge of nuclear fragmentation of the incident 
beam. It is not possible at this time to extract 
beams of lower energy from the Bevalac; a water 
colwnn is currently used to reduce the beam energy 
and this introduces nuclear fragmentation. In any 
case, at the present time we cannot be entirely 
free of nuclear fragmentation since even without 
the water colwnn the beam must penetrate 2 g/cm2 

of absorbing material before it gets to the first 
ion chamber. The range and shape of the Bragg 
curves may change under actual experimental 
conditions and since the dose we calculate for 
each cell is a product of the entrance dose and the 
relative ionization at the point in the Bragg 
curve corresponding to the location of the cell 
of interest, these variations must be considered 
very carefully. 

We have so far studied five different systems 
for each of the three particles: carbon, neon, 
and argon. 

Table 1. System studied. 

HCOONa(SxlO- 3M)/air 

-3 
NaBr(lO M)/air 

TIle first two systems are at low pH and the ferric 
oxidation yields (expressed in molecules/IOO eV 
deposited) are related to the primary HZOZ, OH, H, 
and hydrated electron yields as shown in Eqs. (1) 
and (2).1,2 

3+ 
G (Fe )0

2 
(1) 



3+ 
G (Fe )N

2 (Z) 

The total reducing radical yield is derived from 
Eq. (3). 

G + G -
H e (3) 

aq 

The water decon~osition yield is derived from 
Eq. (4). 

In aerated sodium formate, hydrogen per~xide 
measured is formed according to Eq. (5) 

(4) 

G(H
2

0
2

)IJCOO- G + k: G + Y, G - + 'zGH (5) 
1 H202 2 OH e

aq 

In sodium bromide the OH radical reacts dif
ferently:4 

(6) 

Thus the difference between the observed yields of 
the formate and the bromide systems is equal to 
the yield of the OH radical. 

In deaerated ethanol/nitrate solutions the 
hydrated electron reacts to convert the nitrate 
anion to nitrite: 5 

f G -
e 

aq 

(7) 

The factor f depends on the concentration of 
ethrulol and-nitrate, but in the system used it is 
essentially equal to the hydrated electron yield. 

Using the systems so far studied, we can derive 
ele OH and hydrated electron yield in neutral 
solution and the reducing radical and water 
decomposition yield in acidic solution. 

Figure I shows the preliminary results for the 
two ferrous sulfate systems. The yields are 
plotted against the mean ion energy for each of 
the l-cm san~le cells. The G values are calculated 
from the slopes of linear plots of chemical yield 
vs dose, each plot having at least four data 
points. Between two and six nms were made, and 
this data represents the averages; the error bars 
represent one standard deviation. 

For all ions the ferric yield decreases as the 
beam energy decreases and there is a reduction in 
yield as the Z increases. Figure Z shows the HZOZ 

Z9l 

yield from formate behaving similarly but the HZOZ 
from bromide solutions is less dependent. This is 
to be expected qualitatively since HZOZ yields in 
the bromide systems are greatly affected by the 
molecular HZOZ yield. It has been shovm previously 
that molecular HZOZ is less dependent on ionization 
density than the radical yields and that it 
increases slightly with ionization density. 

I I I 

Oxidation of Ferrous ion in aerated 
and deaerated solut ion 102 M 

12- +-1;,-;----'"1'-'- Carbon 
------ --+~Neon 

10-
!--!--i-!--!i-ArgOn 

G 
8-

6-
--+-1>-=-,-,-1 _____ Corban 

-!--!!I--iji-'-+~~Neon 

4- 'Argon 

2-

0 I I I 
400 300 200 100 

MeV /omu 

Fig. 1. Preliminary results for the two ferrous 
sulfate systems: the top group is aerated; the 
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bottom group is deaerated. (XBL 775-3388) 
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Fig. Z. Hydrogen peroxide yields from aerated 
HCOONa (top) and NaBr (bottom). (:XJ3L 775-3384) 



111e nitrate yields from oxygen-free ethanol/ 
nitrate solutions are shown in Fig. 3. This is 
essentially the hydrated electron yield. 

Wi th this information we can derive some 
individual primary yields or combinations of them. 
For example, Fig. 4 shows the quantity calculated 
in Eq. (3), which, according to ~lassical . 
radiation chemistrY , gives the Yleld of reducll1g 
free radicals that' escape the spurs. 111e thick 
lines are from the experimental values; the thin 

2 

G 

NO;; yields from aerated Ethanol(2.5xI02M)j 

NaN03 (2.5 x 163M) neutral 
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MeV/omu 

Fig. 3. N02- yields from deaerated ethanol 
(2.5 x 10- 2 M)/Nal\103 (2.5 x 10- 3 !YO neutral. 

(XBL 775-3386) 
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Fig. 4. The yield of reducing free radicals that 
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lines represent a confidence interval of one 
standard deviation (± 5 - 7%). 

111e difference between the HZOZ yields of the 
neutral formate and bromide Solutlons is shown 
in Fig. 5. According to generally accepted 
reaction mechanisms for these two systems, this 
difference should be equal to the Of-! radical 
yield. 

Figure 6 shows the total water decomposition 
yield using Eq. (4) errors are greater (± 8%) 
since this is a difference between numbers of a 
similar magnitude. 
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Fig. 5. Or! radical yield. (XBL 7710-3896) 
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Fig. 6. Total water decomposition in acid. 
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'TIle observed decrease in radical yields as the 
beam penetrates is consistent with what has been 
seen previously for lower Z and is what one expects 
qualitatively. As ffil ion slows down its rate of 
energy loss increases and less energetic secondaries 
are produced. Radical recombinations are favored 
so the radical yields tend to decrease, as do the 
yields of those products that are principally 
derived from radicals, such as ferric ion, nitrite, 
and H202 from formate solutions. ~bre highly 
charged particles of the same velocity will 
produce more secondary electrons per unit path 
length traveled, with more liklihood of radical 
overlap and recombination with fewer radicals 
available for reaction with solutes. 
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c. Photon-Assisted Surface Reactions on Weli
Characterized Surfaces 

Gabor A. Somorjai, Investigator 

1. LIGHT-ASSISTED SURFACE REACTIONS: 
THERMJDYNAMICALLY UPHILL CATALYSIS 

Jolm Hemminger, Roger Carr and Gabor A. Somorj ai 

Several semiconductors have been shown to be 
effective photoassisted catalysts for therrno
chemically uphill reactions. Ti02, GaP and SrTi03 
as well as other materials have been shown to be 
capable of the photoassisted electrolysis of water 
when used as electrodes in solution. An electro
chemical cell, utilizing SrTi03 as the anode, 
photolytically decomposes water without an external 
voltage when band gap radiation is incident of the 
SrTi03 (band gap ~3. Z eV). 

The mechanism of the photoassisted decomposition 
of water on SrTi03 involves the production of 
electrons and holes in the SrTi03 with band gap 
radiation. These electrons and holes then assist 
the reaction at the solid surfaces. However, at 
present little is known of the detailed mechanism 
of this process. 

We have modified a commercial LEED, AES surface 
analysis system by the addition of an isolation 
cell for the crystal. This allows us to run 
photoassisted reactions on well-characterized 
surfaces at up to 1 atm pressure. We are 
presently using this apparatus to explore the 
possibility of using SrTi03 to photoassist several 
therrnochemically uphill reactions in the gas 
phase. 

For example: 

C + ZH20 + h\! -+ COz + ZHZ 

COZ + ZH20 + h\! -+ CH3Of-1 + 3/Z0Z 

-+ CH4 + Z02 

HZO + h\! -+ HZ + l/ZOZ 

N2 + 3HZO + h\! -+ ZNI-I3 + 3/Z0Z 

By studying the kinetics of these reactions as 
well as the effects of surface preparation, we 
hope to be able to better understand the detailed 
mechanisms of photoassisted catalytic reactions 
at semiconductor surfaces. 

Using this knowledge we should be able to 
develop materials with suitable surface structure 
and composition to optimize the photo-assisted 
reaction rates and product distributions. 

Z94 

Z. SPECTRAL SENSITIZATION OF SEMICONDUCTOR 
SURFACES BY ORGANIC DYES 

Roger Carr and Gabor A. Somorjai 

Wide band- gap semiconductors such as TiOZ and 
SrTi03 resist corrosion in photoelectrochemlCal 
cells, but can convert only short wavelength light 
into useable electric currents. Additional 
currents may be injected into the semiconductor 
by an organic dye with spectral response in longer 
wavelengths. Indeed we have found that dye, 
crystal violet, appears to erulance the photo
conductivity of SrTi03. It is likely that other 
dyes and other semiconductors will be found to 
exhibit this behavior; dyes are presently used 
to sensitize silver halides and ZnO. If it is 
possible to design sensitized ohotoelectrodes, we 
shall be able to carry out non-biological 
(inorganic) photos}TIthesis, using a substantial 
portion of the solar spectrum. We study the 
adsorption of organic dyes and their photoresponse 
on SrTi03' crystal surfaces in ultrahigh vacuum, 
and characteri'ze our surfaces well, using Auger 
electron spectroscopy; this procedure eliminates 
many of the problems encountered in studies of 
organic photosensitization of electrochemical cells 
(solid-liquid interfaces) and reveals much about 
the detailed mechanisms of the photoresponse. 

3. RESEARCH PLANS FOR CALENDAR YFAR 1978 

Gabor A. Somorjai 

The photon-assisted reactions of CO2, H20 and NZ 
will be explored using a large variety of semicon
ductor oxide surfaces. The metal contacts necessary 
to carry out photon-chemical reactions will be 
changed from platinum to the use of other transition 
metals: nickel, rhodium and iron. 
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2. CHEMICAL PHYSICS 

a. Transfer and Structural Studies of 
Molecules on Surfaces 

CharZes B. Investigator 

1. INTRODUCTION 

Charles B. Harris 

In the past year our laboratory has been engaged 
in developing several new methods for investigating 
a variety of problems associated with the electronic 
and molecular structure of molecules adsorbed on 
single-crystal metal surfaces. The first of these 
is scanning ellipsometric spectroscopy applied to 
physi- and chemisorption of molecules on Ni(111) at 
low temperatures. We have built an ultraJligh vac
uum chamber capable of operating over a range of 4 
to 450 K, maintaining a background pressure of bet
ter than 10- 11 Torr. In addition it has associated 
with it the standard surface techniques of LEED, 
Auger, and quadrupole mass spectra so that the re
sults of the ellipsometric experiments can be cor
related with the composition and strucutre of the 
adlayer. In addition, we have solved the coupled 
boundary value equations to determine the optimum 
geometry in the experiments and to assess what sort 
of signal-to-noise we can expect for various cover-
ages of molecules having different oscillator 
strengths in their transitions. TIlis proj ect has 
involved a considerable mnount of instrumentation 
and is now completely operational. The results 
from a variety of experiments on Ni(lll) are pre
sented in Sections 2a through 2e of this report. 

The second area that we have been developing is 
the use of picosecond spectroscopy for studying en
ergy transfer and relaxation processes in condensed 
phase and on metal and semiconductor surfaces. For 
these studies we have constructed a selected single
pulse Nd laser having transform-limited pulses of 5 
ps. Results on vibrational energy transfer and re
laxation in liquid and solid phases are presented 
in Section 3. 111e important questions to ascertain 
in condensed phase are whether or not energy trans
fer processes in solids at room temperature reflect 
the periodic potential of the solid or whether ther
mal motion gives rise to energy transfer processes 
similar to those in liquids. 

Finally we are continuing some research in the 
area of energy transfer processes of molecular sol
ids using the coherent spin resonance techniques 
that have been developed in the laboratories over 
the past three years. The advances in this area 
speak for themselves, as most of the published work 
from this laboratory in the past three years has 
been associated with this project. 

2 . THE SPECTROSCOPY OF MOLECULES Al::SORBED ON 
METAL SURFACES 

a. Temperature-Dependent Studies of Nickel (111) 
Surface Oxidation and Reconstruction 

C. B. Harris, A. R. Gallo, H. J. Robota and 
D. A. Zwemer 

Oxidation and corrosion are among the most famil
iar and important surface chemical processes for 
metals. In the past year we have begun an investi
gation of the oxidation of the nickel (111) surface 
by , NO, and N02 and have been able, for the first 
time, to observe separately the different stages of 
the oxidation process, e.g., deposition, reaction, 
surface reconstruction. Our experimental method 
combines optical ellipsometry with ultrahigh vacuum 
surface analysis techniques and a variable temper-

. ature sample probe. Ellipsometry is the measure
ment of the state of polarization of light reflected 
from a surface and gives both the thickness and re
fractive index of an overlayer on that surface con
tinuously and nondestructively. 

A major thrust of our first experimental work has 
been to correlate the results of ellipsometry with 
other surface-sensitive techniques. The ultrahigh 
vacuum chamber with LEED and Auger electron optics 
allows us to reproducibly clean, characterize, and 
maintain single-crystal surfaces, and to compare our 
results with those of other investigators using com
plementary techniques. By LEED and XPS it has been 
shown that initial oxygen exposure to Ni(lll) forms 
a (2 X 2) overlayer up to one-quarter monolayer cov
erage, and further exposure forms a (v'3 X v'3) R30° 
overlayer up to one-third of a monolayer. Figure 1 
shows the change in /:', an ellipsometric parameter 
which is linear in overlayer thickness here, for 
oxygen exposure. The initial rise represents the 
formation of the (2 X 2) overlayer, and the slower 
increase shows the more unfavorable compression of 
the adsorbate surface structure to (v'3 X v'3) R30° . 
TIle first stage may be fit to a Langmuir adsorption 
curve in order to calibrate the oxygen flux at the 
surface. This experiment establishes that we can 
with great sensitivity observe an already we11-
characterized oxidation process and relate our re
sults to the results of other complementary tech-
niques. 

More importantly, the techniques can provide new 
infonnation. Oxidation consists of several possible 



successive steps: deposition (physisOIVtion or con
densation of the oxidant), chemisorption, decomposi
tion of the oxidant, and surface reconstruction of 
either the metal or an oxide overlayer. At room 
temperature as in Fig. 1 for 02 or Fig. 2 for N02, 
the steps cannot be elucidated. Our experiments in
volve cooling the metal surface to liquid helium 
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Fig. 1. Change in surface optical parmneter 6 dur
ing extended exposure of NiCll1) surface of 0z at 
280 K. Observed LEED surface structures are Indi
cated. The initial increase in 6, which is linear 
in over1ayer thickness, obeys Langmuir adsorption 
kinetics. (XBL 7711- 6432) 
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Fig. 2. Change in 6 during exposure of Ni(111) to 
N02 at 280 K. (XBL 7711- 6425) 
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temperatures, depositing the oxidilnt in thicknesses 
from partial monolayer to hundreds of layers, and 
allowing the crystal to warm up slowly. cDle steps 
in the oxidation process with the lowest activation 
energy will tend to occur at the lowest temperatures, 
and so the individual steps will be separated in 
temperature. Also, at low temperatures we can pro
duce the high surface concentrations corresponding 
to real systems in nature. Our experimental results 
for NO and N02 are in Figs. 3 and 4, respectively. 

Several conclusions can already be drm\1J1 from 
the data shown here. 

(1) Several different effects can be observed 
in each graph. The sharp initial rise is the de
position; the sublimation of the condensed oxidant 
is the major drop on warming. The other changes, 
all of which are experimentally reproducible, rep
resent other processes such as dimerization, che
misorption, or decomposition (which will be dis
cussed in the next section), reconstruction, etc. 
Note that they have been at least partially re
solved in time and are separately amenable to in
vestigation not only by ellipsometry, but by all 
surface techtliques. 

(2) The final state is different from the ini
tial clean state, and the final state, which Auger 
shows in each case to be an oxide layer, is thicker 
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Fig. 3. Change in 6 for deposition of NO on Ni(lll) 
at 20 K and subsequent warming. The two arrows 
indicate introduction of NO to vacuum system and 
cut-off of coolant flow to sample. (XBL 77<J-6109) 
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for N02 than for NO or 02 (not shown). On the other 
hand, the final state for N02 in Figs. 2 and 4 is 
about the same, indicating that the oxidation pro
cesses we observe at low temperatures are the same, 
although faster, at room temperature. 

(3) The final abrupt change in Fig. 4 represents 
an increase in the over layer thickness from 2 to 7 
A. No new material is being deposited on the sur
face, so this change indicates a surface reconstruc
tion, perhaps the dissolving of surface oxygen into 
the bUlk. A similar state in the NO and 02 systems 
has not been unambiguously established. 

The next section will give additional examples 
to elucidate separate stages of the oxidation pro
cess. 

b. Catalytic Decomposition of Nitrogen Oxides: 
Investigations Using Ellipsometry, LEED, and Auger 
Electron Spectroscopy 

C. B. Harris, A. R. Gallo, H. J. Robota and 
D. A. Zwemer 

In the past year we have applied the techniques 
of spectroscopic ellipsometry to study the well
characterized catalytic decomposition of the nickel 
(111) surface. These studies complement information 
available from other surface sensitive techniques, 
such as LEED, XPS, UPS, and AES. However, our ex
perimental technique allows two important degrees of 
freedom: (1) by looking at the real part of the 
complex dielectric £unction of the adsorbed layer, 
one is not restricted to wavelengths where specific 
species absorb light, and (2) by our capability to 

cool the nickel substrate to liquid helium temper
atures (see part 2e for details) we can physisorb 
the gases of interest. This is a state of weak in
teraction between the substrate and adsorbed layer 
which provides few reactive pathways. 

From XPS and LEED studies, it is known that N02 
decomposes upon adsorption on the nickel (111) sur
face at room temperature. We have been able to ob
serve this reactIon ellipsometrically. Figure 2 of the 
preceding paper is a plot of /':., a parameter describ
ing the phase change of linearly polarized light 
upon reflection from a surface, vs. exposure time of 
N02 on a clean nickel surface. The reproducible 
shift in to is indicative of a new state on the sur
face. Auger analysis of this state, however, shows 
large oxygen and nickel peaks, with little or no 
nitrogen present. 

When the experiment is repeated on a cooled (20 K) 
clean Ni surface, the NOZ remains intact, physisorbed 
to the nickel surface. Upon warming the crystal slow
ly, we observe (see Fig. 4 preceding paper) a series 
of changes in ~ not present in the room temperature 
deposition, although the final states are the same. 
We attribute these changes to intermediate steps in 
the decomposition of N02' An expanded view of the 
rise in ~ after the initial state warms up is sho~n 
on Fig. 5. A plot of the logarithm of o~, which for 
low coverage is proportional to concentration vs. liT 
(Fig. 6), gives us an activation energy of about 2 
kcal/mole. It is conceivable that this activation 
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Fig. 5. Change in to during warming of N02 over
layer on Ni(lll) shows rise ascribed to NOZ reorien
tation and drop ascribed to N02 sublimation from 
surface. (XBL 7712-6615) 



0> 
<l> 

:::s 
<J 

b 

<l> 
0> 
b 
0 
.b 
u 

0.1 

0.0 2 lL..----'-..1_. 

Ni(lll) + N02 

Worm - up 
Et - 2 keol/mole 

Z99 

0.008 0.010 0.012 0.014 
liT (''fe l) 

Fig. 6. Rise in 6 from Fig. 1 is analyzed to obtain 
activation energy E+. Fall-off at higher temper
atures represents onset of over layer sublimation. 

(XBL 771Z-6617) 

energy is due to the orientation and mobility of the 
still intact NOZ molecule on the surface. The sharp 
drop in 6 at about 7000 seconds correlates well with 
the calculated boiling point of NOZ at the chamber 
pressure. 

In an effort to further characterize the inter
mediate steps of the NOZ decomposition, we have in
vestigated the enthalpy of reaction for the possible 
final products of the decomposition. Those which 
are consistent with the experimental observations 
are: 

(a) 4 Ni+Z NOZ + NZ+4NiO 6H~-Z46 k cal, 

(b) 4 Ni + 3 NO Z +3/ZNZ+OZ+4 NiO 6H~- 255 k cal. 

In both cases the nitrogen would simply desorb from 
the surface at the temperatures involved. 

Thermodynamically, it is possible to name an NO 
intermediate as well: 

Ni + N02 + NO + NiO 6H ~ - 44 kcal. 

There is evidence from XPS and UPS studies that this 
is a likely pathway, although it has not been con
firmed. To investigate this possibility, we repeat
ed the ellipsometer experiments with NO physisorbed 
on nickel (111); (see Fig. 3 of preceding paper) . 

These studies indicate that NO results in a final 
state quite different from that of NOZ: (1) Auger 
analysis of the final state shows no oxygen or nitro
gen, and (Z) the final drop in 6 to the initial 
state indicates a simple desorption of the unreacted 
gas. An expanded view of the rise of 6 upon warming 
is shown in Fig. 7. It is interesting to note that 
a log (86) vs. 1fT for NO shows an activation energy 
of about 1 kca1/mo1e, a factor of Z lower than for 
NOZ, (cf. Fig. 8). This supports the idea that there 
is a surface orientation and mobility of the adsorbed 
molecule, as NO has a much smaller van der Waals 
radius than NOZ. 

c. Visible and ~ JPectroscopic Ellipsometry: 
Excited States o' A sorbed Aromatic Molecules 

C. E. Harris, A. R. Gallo, H. J. Robota and 
D. A. Zwemer 

Traditionally most of our Imowledge about molec
ular orbitals and bonds has been obtained by ultra
violet and visible spectroscopy. To this day how
ever, there has been a surprisingly small effort to 

fJ. 
(deg) 

84 

85 

86 

Ni (III) + NO 

30-42°K 

~~ __ ~.~ ____ ~ ____ ~ __ ~ ____ -L __ ~ 

32 36 40 44 
Temperature (oK) 

Fig. 7. Change in 6 during warming of NO over1ayer 
on Ni(lll) shows rise and sharp fallon sublimation 
of NO from surface. (XBL 7712-6614) 
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Fig. 8. Analysis of rise in Fig. 3 for NO. on 
Ni(lll). Activation energy observed is smaller than 
in No.2-Ni system. (XBL 7712-6616) 

use this region of the spectrum to probe the proper
ties of molecules adsorbed on various metal and semi
conductor surfaces. In'part, this is due to the ex
treme tedium of conventional reflection and ellip
sometric techniques, as well as their relatively 
narrow spectral region of operation. The lack of 
energy resolution and the destructive nature of the 
higher energy surface-sensitive techniques such as 
LEED, XPS and AES has also been a deterent. The 
technique of rotating analyzer ellipsometry (see 
part 2e) is rapidly filling in the void and prom
ises to be a powerful tool in studying the electron
ically excited states of lnolecules adsorbed on sur
faces. 

Figure 9 shows the wavelength dependent dielec
tric constant for a clean Ni(lll) surface cooled to 
20 K from 260-290 nm. Figure 10 shows the same re
gion after deposition. 

d. Linewidth Studies of Radiationless Energy Trans
fer at Metal-Adsorbate Interfaces 

C. B. P,arris, A. R. Gallo, H. J. Robota 
and D. A. Zwemer 

The adsorption of an organic molecule on a metal 
surface opens up nel! channels for deactivation of 
the molecule's excited states by energy transfer to 
modes of the metal surface. Spectroscopic ellipsom
etry is the first technique capable of monitoring 
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these processes directly, by extracting lifetimes 
from absorption lineshapes that carry information 
about the radiationless relaxation processes avail- Ni (III) + Pyrazine 
able to the excited state. Previous lifetime stud
ies have required special dyes at long distances 
from the surface; our technique can be extended to 
well-characterized systems of interest to the sur
face or catalytic chemist. 

Preliminary studies of pyrazine on nickel (111) 
surfaces at low temperatures have shmm several re
markable effe:;:ts. At 20 K, no appreciable broaden-
ing of the TITI" singlet transition at 3300 A is ob
served as the coverage is varied from partial mono- t 
layer to several monolayers (Fig. 11). This is un
expected if it is assumed that the first monolayer 
will transfer energy to the surface faster and have 
a shorter lifetime than successive layers. This may £:2 
indicate either efficient long-range (~30 A) trans-
fer or an effect of the disordered physisorbtive 
binding at this temperature. The observed halfwidth 
is about 400 em-I, corresponding to a lifetime of 
~ 10- 15 seconds, much shorter than the free-molecule 
radiative lifetime, for a homogeneous lineshape. Of 
course, the linewidth may be broadened by environ
mental splitting at different adsorption sites. To 

Ni (III) + Pyrozine 

t 

3240 3280 3320 3360 3400 3440 
o 

Wavelengt h (A) 

Fig. ll . . '. Overlayer thiclmess dependence of pyra
zine InTI" transition on Ni(111). Weak feature in 
clean spectrum is attributed to Ni d-band transi
tions. (XBL 7712-6555) 

2650 2700 2750 0 2800 
Wavelength (A) 

Fig. 12. Temperature dependence of (2 for pyrazine 
lTITI* transition on Ni (Ill). (XBL 7712-6554) 

study these effects, the temperature dependence of 
the 111/' transition was observed. 111in films of 
pyrazine are lmm~n to order on the microscopic level 
at 77 K. As the temperature increases from 20 to 77 
K, the spectral lines become more easily resolvable 
and more promiYlent above the baseline (Fig. 12), 
although accurate linewidths are difficult to mea
sure because of the sloping baseline. This behavior 
is reversible; that is, it is not due to the order
ing of a disordered overlayer deposited at the low
est temperature. We are presently trying to inter
pret this unusual behavior in terms of Ci) migra
tion between different surface site and eii) fluc
tuation and differences in the interaction between 
metal and adsorbate at higher temperatures. 

e. Instrumentation and Software for Spectroscopic 
Fllipsometry of Well-Characterized Surfaces 

C. B. Harris, A. R. Gallo, H. J. Robota and 
D. A. Zwemer 

In the past year, lYe have completed and tested a 
rotating analyzer photometric ellipsometer to be 
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used for spectroscopic studies of well-character
ized single-crystal oriented metal and semiconductor 
surfaces under ultrahigh vacuum conditions. The 
combined experimental system allows great versatil
ity and control over many variables for the develop
ment of new techniques in the study of adsorbed mol
ecules on surfaces. 

The rotating analyzer ellipsometer is used to 
measure the shift in the state of polarization of 
linearly polarized light upon reflection from an 
over1ayer-covered surface. In general this allows 
the calculation of (1) the real part of the sample 
index of refraction, which is related to the elec
trical conductivity, (2) the imaginary part o~ the 
index of refraction, which is related to the adsorp
tion coefficient, and thus identifies the orbitals 
involved in surface bonding, and (3) the thickness 
of the adsorbed layer. 

Figure 13 is a schematic drawing of the ellipsom
eter system. The input leg consists of a xenon high 
pressure arc lamp and a 3/4 meter monochromator. 
The state of polarization of the quasimonochromatic 
incident beam is then selected by a calcite rhomb 
mounted on a computer-controlled stepping motor. The 
reflected beam from the sample surface then passes 
through another rotating rhomb axially mounted in a 
frequency-stabilized synchronous motor with an opti
cally encoded reference, and is detected by a photo
multiplier tube. The optical system is interfaced 
to an LSI-II minicomputer which allows data acquisi
tion and reduction of the digitized time-dependent 
transmitted light intensity. The strengths of the 
sys tem are its wavelength independence over a large 

SURFACE SPECTROMETER 

j
LEED 

UHV AUGER 
QMS 
4°K-450oK 

Fig. 13. Diagram of ultrahigh vacuum ellipsometry 
apparatus. Optical path consists of xenon arc 
source (S), 1 m monochromator CM) with stepping mo
tor (SH), polarizer (P), telescope (T), sample in 
vacuum chamber, telescope, rotating polarizer 
mounted in shaft of motor with optical encoder COE) 
reference, and photomultiplier tube (PMT), which is 
interfaced through a sample-and-ho1d circuit (SH) 
and an A/D converter CADC) to an LSI-II minicomputer 
for data analysis. (XBL 7612-7951) 

(visible-ultraviolet) spectral range, its high 
speed and sample averaging capability, and its pre
cision, greater than 1 part in 104, all of which 
were obstacles in previously used ellipsometer sys
tems. 

The UHV chamber (see Fig. 14 used in these stud
ies) allows the cleaning and full characterization 
of the crystal samples by means of low-energy elec
tron diffraction, Auger electron spectroscopy, and 
mass spectroscopy. Base pressures of the order of 
10- 11 Torr keep the prepared samples free from con
tamination during data acquisition (several hours). 
Variable sample temperature is achieved by a liquid
helium-cooled cold tip in the range 4-450 K, allow
ing the study of epi taxially grown layers. The 
flexibility of the chamber allows the system to be 
used for laser and electron beam excited fluores
cence and phosphorescence, as well as reflection 
spectroscopy. 
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Fig. 14. Detail of ultrahigh vacuum chamber. Cham
ber also contains facilities for ion sputtering, 
annealing, and mass spectroscopy of desorbed gases. 

(XBL 7711-6434) 

3. ENERGY TRANSFER STIJDIES IN CONDENSED PHASES AND 
PICOSECOND LASER SPECTROSCOPY 

Line-
to Local-

C. B. Harris 

Over the years a great deal of effort has been 
expended trying to relate the linewidths of optical 
transitions in molecular solids to phonon interac
tions with Frenkel exciton states. It has usually 
been assumed that phonon-exciton scattering times 
can be obtained directly from the homogeneous line
widths and that the coherent nature of the exciton 
state can be established to a first approximation, 
from the ratio of the linewidth vs. the intermolec
ular interaction which gives rise to the band dis
persion. This has recently been shown to be erron
eous. Al though coherent optical experiments have 
been brought to bear on some of the problems asso
ciated with relaxation processes in solids, no clear 
understanding of the mechanism for optical dephasing 
times (homogeneous T2 processes), absorption line
widths, and k-scattering in the band states has 
emerged from these studies. 



A simple and straightfonvard, although approx
imate, theory for the dephasing times of the homo
geneous component of the optical absorption line
width to localized states and to the k" 0 levels of 
the exciton states has been developed. 
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To understand the optical absorption lineshape 
function and its relation to exciton coherence, we 
have to understand two features of the phonon
exciton interaction. First, one must know whether 
or not the interaction of a phonon with the exciton 
state scatters the ini hal k" 0 state (ko) to anoth
er k' state (1<0 oF k') or whether the optic phonon 
is simply absorbed and re-emitted without an appre
ciable change in q, a process that would not cause 
a significant change in ko ' Secondly, one must 
know how fluctuations between the ground zero point 
energy (00) and the phonon state (oq) are related 
to fluctuations between the exciton k ~ 0 state, 
(koO), and the states (kq) via the scattering events, 
since these can contribute to the transition dipole 
moment autocorrelation function between (00) and 
(koO). It is in this respect that the theory devi
ates significantly from previous lineshape theories. 
The effect of specific scattering mechanism on the 
transition dipole moment can be understood more 
easily if one investigates the simpler case of a 
localized excited state interacting with the vibra
tions or phonons of a single mode. 

Consider the case illustrated in Fig. 1. ~~e 
total Hamiltonian for the system is represented by 
a zeroth-order Hamiltonian Xo' a perturbation Hamil
tonian~, and an.exchange ~amiltonian Xex' Zero~h
order states are slffiply the elgenstates of electronIc 
and vibrational (or phonon) excitations at a site N. 
These are given as 

n 

Energy E 

1-
~2W~~_-__ _ 

U O 

Zeroth Order 
Hamiltonian 

m 

~-----~-

~ ~_D_·_" ___ "_-_·D~ --I!----'fL 

'Jf. Q + Je q 

Perturbation 
Hamiltonian 

Transition 
Dipole Moment 

Fig. 1. Schematic representation of the effect 
linear and quadratic terms in the Hamiltonian have 
on introducing frequency shifts in the optical spec
tra when transitions are coupled by phonon or vibra
tional exchange. As discussed in the tex;dephasing 
of the optical transition dipole moment autocorrela
tion results from a random frequency modulation at 
Wo by an amount ow. (XBL 776-5597) 

where an refers to electronic coordinates and bm 
refers to vibrational coordinates. For simplicity, 
the perturbation Hamiltonian is taken to be com
posed of only linear and quadratic interactions and 
is given as: 

x = X + X 
P t q 

(2) 

Xt 
Kata (bt+b) 

n n n n 
(3) 

n 

and 

X C at a (bt +b)2 
q n n n n (4) 

n 

Finally, the exchange Hamiltonian is given by the 
intermolecular exchange of vibrational (or phonon) 
energy between sites. It should be noted that ex
change conserves both energy and the total number of 
particles. It is given by: 

X = "",' 
ex .LJ (5) 

n,m 

where J is a measure of the intermolecular cou
pling a~ the prime denotes the fact that the sum 
is over only states n oF m. 

For the above Hamiltonian it can be shown that 

[Xo ' Xex1 0 (6a) 

[Jf ,Jf 1 oF 0 (6b) q ex 

[ xex1as 0 (6c) 

[Xt ' Xe) s oF 0 (6d) 

The physical interpretation of the commutator rela
tionships is that random frequency modulation is 
introduced into the electronic and vibronic transi
tions by vibrational or phonon exchange from the 
quadratic terms in the Hamiltonian. AJ_though the 
linear perturbation does not commute with Xex for 
symmetric modes (s), no frequency modulation results 
from linear coupling to symmetric modes [or asymmet
ric (as) modeslbecause the commutator is a simple 
momentum operator. Finally, intermolecular vibra
tional or phonon exchange has no direct effect on 
the absorbed or emitted photons associated with the 
radiation field at the energy of the electronic or
igin and thus the exchange H3~iltonian also commutes 
wi th ]J, i. e. , 

where ~ is the electric transition dipole moment 
operator. 

(7) 

If one extends this model for optical dephasing 
processes in localized states to exciton states, the 
exciton exchange Hamiltonian must be added, i.e., 
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(8) 

nm 

The result is that a band of exci ton k states are 
fonned in addition to the locali zed and delocali zed 
phonon-exciton states (cf. Fig. 2). However, in the 
limit of small bandwidth the physical character of 
the problem remains essentially the same as described 
above. Basically, one expects specific coupling 
terms in the perturbation Hamiltonian between the 
proper symmetrized Bloch fWlCtions to also cause op
tical dephasing in the transition from (00) to the 
k = ° state of the band (koO) when phonon exchange is 
included. This is illustrated diagranmJatically in 
Fig. 2. 

In this model the dynamics of how phonon scatter
ing causes line broadening can be quantitatively re
solved by considering the effects of exchange between 
both the exciton state (koO) and the phonon-promoted 
state (l<oq) , and between (00) and (oq). This 
is valid for a simple two-state scattering process in 
all limits that are Markoffian and can be derived 
from exchange theory. The significant feature of ex
change theory that is relevant to the present case is 
that whenever two modes interact, an excitation of 
one mode can result in a line broadening 2Jld frequency 
shift of the other mode when the excitation returns 
to the initial state, bringing with it phase memory of 
the upper state I s transition dipole moment. 

The application of exchange theory to the optical 
absorption at k = 0 or optical dephasing times (in the 
case of photon echo experiments) is schematically 
illustrated in Fig. 3. The lowest phonon or vibra
tional branch in the ground state is taken to be at 
an energy w, while in the excited state it is 0J I, 

and for simplicity only one mode is assumed to be 
responsible for dephasing of the optical transition 
in a given temperature range. This gives rise to 
frequency difference OW, which is a direct result of 
the quadratic tenns of the perturbation Hamiltonian 
for both s~nmetric and as~etric modes. TIle dif
ference is given as ow=w'-w. Simply stated, the 
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Exciton Bond Sioies 

Phonon Sioies 

Fig. 2. Schematic representation of one-dimensional 
phonon branches a;1d exciton bands. (00) represents 
the ground state, (oq) is the lowest optic phonon 
branch, (kO) represents the phononless exciton band 
while (k'q') represent the delocalized scattering 
states. (XBL 776-5596) 

optical transitions (00) -> (koO) and (oq) ->- Ckoq) 
will have different frequencies because the phonon 
energy in the excited state is different from that 
in the ground state. 

Under these conditions, one expects the homogen-
eous portion of the lineshape function at to be-
come exchange-averaged with the transition Wo + 
ow at a temperature where the occupation of the pho
non or vibrational states causes the fluctuations of 
the transition dipole moment autocorrelation func
tion at Wo to become comparab~2 to ow. In such 
cases, one expects both a line broadening and fre
quency shift with temperature to either higher or 
lower frequency, depending on the of ow. This 
is illustrated diagrammatically in . 3. TIle ef-
fect of the frequency shift, ow, is to generate a 
random frequency modulation of the transition at Wo 
at a rate detennined by the phonon exchange Hamil
tonian J{r;;x' If one assumes that the exchange is a 
stochastlc process, the results can be cast into the 
more familiar rate relationships which satisfy de
tail balance. 

TIle phonon "absorption rate" from (00) to (oq) is 
given by W+ and the "lifetime" in (oq) is given by 
T lvhich is simply (\() 1, the emission rate. 

Quantitatively, the lineshape function for the 
transition from (00) to (koO) is by Fourier 
transfonn of the electric dipole autocorrelation 
function including exchange, i. e. , 

co 

lew) =f exp(iwt) <W(t»«o»dt. (9) 

-co 

Mlen the interaction that is responsible for the 
frequency shift does not appreciably mix the phonon 
branch with the k = ° exciton state, then the off
diagonal elements are small and the effect of scat
tering a t rates W + and \II _ (T - 1) can be written in 
tenns of a time-dependent frequency wo(t). 

Slow Exchange 

(OwT>I) 

lntermediate Exchange 

(&wT~I) 
Fast Exchange 

(OwT<I) 

Increasing Temperature ____ 

Fig. 3. Schematic representation of the absorption 
and emission of a phonon by the ground and exciton 
(koe l ) state. The absorption rate is given by the 

IV" while the emission rate is given by f(. T is the 
lifetime in the state (koq) or Coq). Such a process 
exchange averages the electric dipole transition 
moment (OO[w(t) IkoO) at a frequency Wo with 
(Oqiv(t) ikoq) at a frequency 0J

O 
+ow with increasing 

temperature as illustrated. ow is given by the dif
ference of the phonon energy in excited state (w') 
and ground state (w). (XBL 777-5821) 
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Near w= wo , I (w) can be approximated by a 
Lorentz lineshape function by setting (J - 00J/2 ~ - ow. 
This fonn is 

I (w) = (10) 

where D = 1 + (ow) The characteristic feature 
of this lineshape function is that it contains both 
a line-broadening tenn and a frequency shift term. 
The line shape function can be reexpressed in terms 
of an effective relaxation time and frequency. The 
effective relaxation time is given by: 

-1 2 2 =W+(ow) r /[1+ (ow) (11) 

while the effective frequency is given by 

2 2 (w)e = lU
O 

+ (lltuW+ r)/ [1 + (ow) r ] (12) 

The lineshape function in terms of the effective 
relaxation time and frequency is as 

I (w) = 
1 + (w - w 

e 

(13) 

In the tennino10gy of rates, the Iineshape flIDc
tion (or dephasing time) resulting from phonon ab
sorption and emission processes, 

(14) 

(00) + (oq) :;::=~ (oq) , (15) 
\II 

can now be simply derived. For phonons, the rela
tionship between W+' the absorption rate, r, the life
time in (k q) or (oq), and the Planck distribution 
function <IF (w» is 

1Vr= ~~ + (n (w»+l (16) 

This satisfies detail balance and is given by the 
Boltzmann equation: 

(17) 

where w is the energy of the phonon branch given by 
JCo+JrP that is absorbed by the k =0 state of the ex
clton or by (00). Because the Planck distribution 
function falls to small values for temperature where 
w > kT, the most effective phonons would be those at 
low energy having a J nm . Inserting Eq. (17) 
into the T = 0 equations (11) and (12) and rearrang
ing, expressions for the temperature-dependent por
tion of the effective relaxation time and the fre
quency shift are obtained. These are given by 

(18) 

and 

= ow l 1 ] [ j exp (-w/kT) 
[1+ (lltur)2! 

(19) 

respectively. 

The development presented above allows a measure 
of the exciton coherence time to be evaluated from 
the temperature- dependent lineshape function [Eq .10] 
in favorable cases. The utility of the approach is 
that it provides a semi-quantitative measure of the 
scattering rate with a particular phonon when the 
phonon branches are well enough separated in energy. 
In cases where the change of the occupation number 
of the phonon branch responsible for scattering the 
exciton over a given temperature range is changing 
rapidly relative to other phonon branches, 111+ can 
be detennined from the analysis of the line shape 
function in the intermediate exchange region (ow ~ 1). 
As the Boltzmann factor approaches lIDity for a par
ticular phonon mode, the line would, in principle, 
narrow to a high temperature limit similar to that 
given by the exchange theories developed for mag
netic resonance. In most cases, however, narrowing 
\vith increasing temperature might be difficult to 
observe since higher harmonics or other modes begin 
to contribute to the exchange average of the optical 
transition linewidth, causing a further increase in 
the linewidth with increasing temperature. However, 
when the line shape function can be analyzed in trems 
of exchange, one obtains the contributions the in
di vidual phonon modes have on the transition dipole 
moment autocorrelation function. As a result, one 
measures the effect a particular phonon mode has on 
the localization of the coherent exciton wavepacket. 
It is important to stress that only certain m0des 
will affect the transition dipole moment autocorre
lation function because of symmetry restrictions, 
and thus the interpretation of the line shape func
tion in tenns of the exciton coherence can only be 
valid when one demonstrates that the scattering rate 
from one mode dominates all others at a particular 
temperature. 

'" Partially supported by NSF. 

b. Inte~retation of the Optical Dephasing Time 
and LineS1ape Function in the 50;T] Excj ton Tr~nsi -_ 
tions of 1, 4-Dibromonaphthalene 

C. B. Harris 

The lineshape function for the So -7 Tl absorption 
in 1, 4 dibromonaphthalene (DBN) has been analyzed 
in terms of exchange theory. It was shown that the 
dominmlt optical dephasing mechanism for the electric 
dipole transition to the k =0 state in the band re
sults from the absorption and emission of a low en
ergy optic phonon. 111i.s proces s dephases the opti
cal absorption because of frequency differences of 
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the phonon in the ground and excited state. In ad
dition, it was shown how to extract the energy of 
the phonon responsible for dephasing, the phonon ab
sOl~tion rate, and the lifetime in the phonon pro
moted state from the data. The analysis of the data 
for DBN shows that very little dephasing of the op
tical transition occurs before ~ IS K but from IS K 
to ~ 40 K the singlet-triplet transitions to site I 
(20,192 em-I) and site II (20245 em- ) are dephased 
by absorption and emission of an ~ 38 em-I and 45 
cm- l phonon respectively. The phonon absorption 
rates by the K" 0 state in the exci to~ band are sim
i~irr for both sites, beinl[ 5 X 106 s- and 3X 105 
s at 4 K and 7 X 1011 s- at 30 K for sites I and 
II respectjvely. Finally, the lifetimes in the pho
non-promoted state for sites I and II are 0.23 and 
0.28 ps over the range 15-40 K. 

* Partially supported by NSF. 

c. Picosecond Studies of Vibrational Dephasing 

C. B. Harris, P. A. Cornelius and R. M. Shelby 

Until the application of picosecond laser tech
niques (von der Linde, Laubereau, and Kaiser, 1971) 
the only experimental probe of vibrational relaxation 
was the indirect one of vibrational lineshape anal
ysis. However, a variety of mechanisms can contrib
ute to the observed linewidth, including inhomogen
eous line broadening, vibrational energy relaxation 
or redistribution among the other degrees of freedom, 
as well as so-called "pure dephasing" which can re
sult from interactions that modulate the vibrational 
phase without causing redistribution of the energy. 
The use of picosecond techniques offers the possibil
ity of separately investigating these contributions. 

The ability to coherently excite vibrations of an 
ensemble of molecules by using stimulated Raman scat
tering of intense laser pulses provides the basis for 
a direct measurement of vibrational dephasing times 
using picosecond laser spectroscopy. The excitation 
process is coherent, because the stimulated emis
sion of stokes radiation results in a driving field 
which excites molecules to a well-defined linear 
superposi tion of vibrational states with identical 
phases (except for phase shifts due to the velocity 
of light in the medium). These excited molecules 
posses the ability to interact with a picosecond 
probe pulse to produce a coherent beam of anti
stokes scattered light. This coherent anti-stokes 
scattering is emitted toward the direction in space 
for which the anti-stokes signal can be expressed 
in terms of conditons on the wave vectors of excita
tion, probe, stokes, and anti-stokes radiation as 
depicted in Fig. 4. As has been shOlvn (Laubereau, 
Wochner, and Kaiser, 1976), by experimentally re
stricting the allowed directions of these wave vec
tors one can probe a narrow band of frequencies and 
therefore measure the homogeneous contribution to 
vibrational dephasing in the presence of inhomogen
eous broadening. 

Although the existence of an inhomogeneous vibra
tional line in a room temperature liquid may seem 
somewhat surprising, we have obtained picosecond 

(a) 
Excitation Probing 

WL Ws Wp WAS 

E E 

000 V" I 00 V"I 

V"O oOv"o 

(b) 

Fig. 4. (a) Energy levels involved in Raman excita
tion and probing are the ground state (v = 0 and a 
vibrationally excited state (v =1). Excitation in
volves scattering events in which a laser photon 
(frequency = W L) is absorbed and a Stokes photon 
(frequency'" w s) emitted, thus transferring popula
tion from v ,,0 to V" 1 . In the probing process, 
photons are absorbed from the probe pulse and anti
Stokes photons are emitted (frequencies lLlp and wAS' 
respectively). Thus the amount of vibratIonal exci
tation remaining in v = 1 can be measured by the in
tensity of the scattered signal. (b) The wavevector 
geometry necessary to observe coherent anti-Stokes 
scattering is shmvn. kvib is the wavevector of the 
vibrational excitation prepared by stimulated Raman 
scattering. (XBL 7612-7944) 

results for the 2912 em-I Raman band of p-xylene 
that indicate the presence of inhomogeneous broaden
ing. These data were obtained using well-character
ized, fully coherent 5300 A picosecond pulses pro
duced by a mode-locked Nd-glass laser system (Fig. 
5). The experimental setup used for the measurement 
is shown in Fig. 6. To demonstrate the technique, 
data obtained in these laboratories for the C-H 
stretching vibration of ethanol; 1,1,1-trichloro
ethane; and p-xylene are shown in Figs, 7, 8, and 9. 
Because of its short dephasing time (T2 = 0.5 ps) the 
ethanol data can be used to determine the shape of 
the picosecond laser pulse. The pulse shape deter
mined in this experiment can then be use to deter
mine the dephasing time for the other two samples, 
using a similar fitting process. This allows the 
determination of T2 values that are on the order of 
or somewhat smaller than the pulse width as well as 
longer decay times. For the case of 1, 1, I-trichl
oroethane, the value determined in this marmer (T 2 = 
3.5 ps) is well within the estimated experimental 
error of a factor of 2 of the literature value 
(T2 '" 2.6 ps; Laubereau, von der Linde, and Kaiser, 
1972) . 
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5300A-..L 

106p-..L KDP A2 A (2X) . u~l -~ .. -='=1 0 ~" •. '. 

~_~~ B ~--------4i41~ 
A 1M, 

Fig. 5. The laser oscillator is formed by a res
onant cavity consisting of reflectors Ml and M2, and 
the Brewster-angled Nd: glass laser rod, L. The 
aperture, A, selects for TEMoo mode, and the laser 
is mode-locked by a saturable dye, D, whose flow is 
indicated schematically. The laser system is 
aligned with a 5.0 mW helium-neon laser. The pulse 
selection system consists of an ultrafast shutter 
formed by two Glan-Thompson polarizers, GP, and a 
Pockel's cell, PC, which is energized by a spark gap 
triggered by the rejected pulse train, SG. The 
single 1. 06 )Jm pulse traverses the amplifier rod, 
AI, twice and the seond amplifier, A2• once. It 
then passes through a saturable dye cell (not shown), 
which serves to remove any low- intensi ty background 
radiation which might be present. Generation of a 
second harmonic pulse at 5300 A is possible in a 
KDP (potassium dihydrogen phosphate) crystal. 

-t 0.01-
<[ 

Wvib ~ 2916 em-I 
T ~ 295 OK 

o 

o 
Delay Time (psec) 

(XBL 7612-7942) 

T2 ~ 0.5 psec 

30 

Fig. 7. The coherent anti-Stokes scattering data 
for the C-I-I stretching mode of ethanol. The normal
ized anti-Stokes signal is plotted as a function of 
probe pulse delay time. The theoretical fit indi
cates that our laser pulse intensity can be repre
sented as a Gaussian rise [I ~Io exp(-(t/6.34 ps)2 
for t ~ Oland an exponentia11y falling tail [ I 1 ~ 10 

sech (t/3.94 ps) for t > OJ. (XBL 7612-7950) 

5300A 14 
BS 

Excitation Beam 

Fig. 6. Diagram of the setup used for the dephasing 
time measurement. BS = beam spli Her; DL = optical 
delay line; Tl and T2 = Gallilean telescopes; FI, 
F2, and F3 = filters; A/2 = quartz half-wave plate; 
PMIl, PMIZ' and PMI3 ~ photomultiplier tubes which 
monitor the laser intensity, Stokes intensity, and 
anti-Stokes intensity respectively; S ~ sample; SP 
= 3/4 m spectrometer; A = aperture. (Ref: von der 
Linde Laubereau and Kaiser, Phys. Rev. Lett. 26, 
954 (1971). (XliL 7612-7941) 
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Fig. 8. The coherent anti-Stokes data for the 2941 
em-I vibration of 1, 1, I-trichloroethane is shOl,11. 
The data can be fit by assuming a value of T2 = 3.5 
ps, which is to be compared with the accepted value 
of 2.6 ps. The calculated curve expected for a de
phasing time of 0.5 ps (e.g., ethanol) is also 
shOlffl for comparison. (XBL 7711- 6481) 
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Fig. 9. Coherent anti-Stokes data for the 2912 
cm- 1 vibration of p-Aylene. The value of T2 deter
mined in this case is 2.2 ps. (XBL 7612-7948) 
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The value for p-xy1ene, however (T2 ~ 2.2 ps), is 
a factor of 4 larger tl~an that predtcted by tho spen
taneous rZaman lineKidth of ~ 20 cm - (see Fig. 10). 
Theoretical calculations of stimulated Raman excita
tion for inhomogeneous lines suggest that this dis
crepffficy may indicate the presence of inhomogeneous 
broadening. This idea is supported by the low tem
perature Raman spectrum of p-xylene (Fig. 11) which 
shows that the 2912 cm- 1 band is made up of several 
spectral components which may be incompletely aver
age together even in the room temperature liquid. 
This averaging process is related to the exchange 
mechamism of vibrational dephasing discussed below. 

The homogeneous dephasing time can be measured 
by using the restricted wavevector geometry mention
ed above. These studies are currently in progress. 

d. Theory of Vibrational Energy Exchange in Poly
atomic Solids and Liquids" 

C. B. Harris, P. A. Cornelius and R. M. Shelby 

Studies of vibrational lineshapes and the corre
sponding dephasing and relaxation processes can 
give a great deal of infonnation about vibrational 
dynamics and an increased understanding of the in
teractions between a vibrating molecule and exci ta
tions of its surroundings. These interactions result· 
in a finite correlation time for the vibrational 
motion due to a variety of mechanisms. These in
clude inhomogeneous line broadening, vibrational en
ergy relaxation and redistribution, as well as so
called "pure dephasing" which results from interac
tions which modulate the vibrational phase without 
causing energy redistribution. 

IT 
0+ 

I 06~ 
c I :: ~ 
.~ 
" 0.4-
E 
o z 

0.2 

TOTALLY SYMMETRIC C-H STRETCH IN p'XYLENE 

From the Spontaneous Linewldfh: 
(01 IFWHMI, 21 em" 
Ibl T2'0.5psee 

From the Anti-Stokes Coherent 
Scoflering' 

101 T2 2.2 psee 
(bl IFWHMI ~ 5 em'l 

Fig. 10. The spontaneous Raman lineshape function 
(triangles) and the linewidth expected from the 
picosecond results are compared. The solid lines 
represent Lorentzian lineshape functions. The fac
tor of 4 discrepancy cannot be accounted for by ex
perimental error and may be the result of an in-
homogeneous line. (XBL 773-5230) 

3050 3000 2950 2900 2850 em" 

Solid 
Phase 

Fig. 11. The temperature-dependent Raman spectrum 
of xylene shows a number of interesting effects, 
many of which are only partially understood at this 
time. The point to note is that the picosecond 
data at room temperature in the liquid phase corre
spond to the harmonics of the C-H bending modes on 
the methyl groups. At low temperature it appears 
as if there are several spectral components in the 
region below 2925 cm- 1 that may not be completely 
averaged at room temperature, thus leading to an 
inhomogeneous line. (XBL 777-5858) 



One such mechanism that has<been overlooked re
sults from the exchan<ge of vibrational energy among 
low frequency intramolecular modes of polyatomic 
molecules. In such process, anharmonic cou-
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pling causes intramolecular interactions between dif
ferent vibrational modes to be much stronger than 
interactions between these modes and the surround
ings. Thus, excitation and de-excitation of low fre
quency modes by this exchange process causes dephas
ing by effectively modulating the vibrational fre
quency. We have developed a theory that is capable 
of calculating the effects of this modulation on 
vibrational dephasing, as reflected in the Raman 
lineshape function. This formalism correctly takes 
into account the phase memory of the modulation and 
makes it possible in favorable cases to extract rates 
of energy exchange in the dominant dephasing channels 
as well as a measure of the intramolecular anharmonic 
coupling. 

The basic ideas of this theory are depicted by the 
vibrational energy level scheme of a typical poly
atomic molecule shown in Fig. 12. The key idea is the 
partitioning of the degrees of freedom of the mol
ecule and surroundings (eXCluding the vibrational 
mode whose dephasing we wish to calculate, here
after called mode A) into two groups, the exchang
ing modes and the reservoir. The exchanging modes 
are those modes that interact strongly with mode A 
such that their excitation shifts its frequency 
(e.g., from Wo to Wo + OWj; see Fig. 12). Excita
tion and de-excitatIon of the exchanging modes can 
occur due to either resonant energy transfer from 
neighboring molecules or by interaction with the 
thermalized reservoir modes. It is the rate of the 
resulting frequency modulation of mode A relative to 
the amplitude of the modulation that determines the 
importance of phase memory. As shown in Fig. 12, the 
rates are given by W+ and W_ and the amplitude or 
frequency shift by ow. 

Ell v'- - ny" I, nt" 1 - fw: -l ~ "1:;-1 

~-.---- - v - <- ny"l, nt"O-, r --, --~ 
Scattering Processes 

W+" Scattering rate from V 

1:; " Lifetime in V' 

ny"O,nt"' 

~-lL-----nv" 0, nt" 0 -Ground State 

Fig. 12. Energy levels for vibrational exchange be
tween two modes denoted by V and VI. A Vibrational 
mode of frequency w and vibrational quantum number 
nv interacts with s8me low frequency mode, shifting 
the frequency by ow. Excitation and de-excitation 
of the exchanging mode occur with the rates W+ and 
W_. The resulting modulation of the vibrational 
frequency is similar to the modulation of the Larmor 
frequency in the two-site exchange problem in NMR. 
The exchange process manifests itself in the Raman 
spectrum through the vibrational correlation func-
tion. (XBL 774-5291) 

This frequency shift, ow, arises as a result of 
the intramolecular anharmonic coupling between mode 
A and the exchanging mode. To illustrate this, the 
anharmonic vibrational potential is expanded as a 
power series: 

V h'" '\ K, Q? + \ C, '1 Q, Q, Qk+ C, < kl Q, Q, QkQl ' an L IlL 1) ( ]) 1) 1 ) 

i ijkl 
(1) 

where the QI s are vibrational normal coordinates in 
the harmonic approximation. A perturbation calcu
lation of ow shows that the largest contribution 
come~ fr?m the Cl122Q?Q~ term in, the, above expansion, 
and IS gIven by ow = ~Cl122' ThIS gIves va~ues of 
ow on the order of a few cm- l to tens of cm 1. 

To solve the equations of motion of the exchanging 
molecule and determine the vibrational lineshape, we 
have used a reduced-density matrix technique in the 
limit of Markoffian random excitation and de-excita
tion of the exchanging modes. This procedure gives 
an expression for the vibrational correlation func
tion similar to that obtained earlier by others for 
the case of exchange in magnetic resonance: 

where the matrices Wy and 'IT incorporate the different 
values of the vibratIonal frequency (e.g., Wo and 
Wo + ow) and the rates of transition (e.g., W+ and W_) 
respectively. W is a column vector which gives the 
average distribution of frequencies and 1 is a row 
vector whose elements are all unity. The lineshape 
which corresponds to this result is plotted as a 
function of temperature in Fig. 13 and is given an
alytically 

W+(ow)2/ (I + 1V+/WJ 
I (w)= --~----~~--------------------~ 

[WI [W_(w'+ow/2)+ W (w ' -ow/2] 
(3) 

where WI = w-wo - ow/2. The important point to notice 
is that the partial retention of phase memory which 
occurs in the intermediate exchange regime (i.e., 
W+, W _ "" ow) CCluses a temperature-dependent linewidth 
and effective Raman frequency. 

'TIlese effects can be experimentally observed and 
are the signature of the vibrational exchange mech
anism of dephasing. They form the basis for anal
yses of experimental line shapes to determine ex
change rates and frequency shifts. Physically, the 
exchange rates are related to the rate of intermol
ecular resonant energy transfer and to the inter
action of the molecule with degrees of freedom of 
the macroscopic system. The frequency shift is re
lated to the strength of the intramolecular anhar
monic coupling. Thus, this type of analysis is a 
good probe for these particular features of the 
vibrational dynamics. 
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Fig. 13. This figure is shovm as an example of the 
temperature dependence of the exchange lineshape 
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(Eq. 3) for the parameters shown in the figure. The 
five curves correspond to the following temperatures: 
Curve #1 = 150 K, curve #2'" 250 K, curve 113'" 500 K, 
curve #4'" 800 K, and curve # 5'" 1500 K. For this 
calculation the exchange rates were given by 
W+='YB(n(~~))and w_"''YBln(flB)+ll, where flB"'lSO 
em-I. (XBL 7711-6474) 

* Partially supported by NSF. 

e. Observation of Vibrational Energy Exchange by 
Spontaneous Raman Spectroscopy* 

C. B. Harris, P. A. Cornelius and R. M. Shelby 

A vibrationally excited molecule in a condensed 
phase can be under the influence of numerous inter
actions, both inter- and intramolecular. Such a 
situation is very difficult to analyze theoretically, 
and a few experimental techniques allow one to dis
tinguish among the various effects that may be im
portant. For example, a Raman linewidth can be a 
composite of contributions from popUlation relaxa
tion (Tl ), dephasing (T2), and inhomogeneous broad
ening. These components are, traditionally, not 
directly separablp. However, in our recent work we 
have demonstrated that another effect, namely energy 
exchange, may facilitate the interpretation of Raman 
lineshapes in a fundamental way. When this exchange 
phenomenon makes a significant contribution to a 
Raman lineshape, it can be utilized to obtain infor
mation regarding coupling of intramolecular modes, 
lifetimes of low-energy vibrational modes, and 
characterization of important dephasing channels 
for high-energy vibrational modes. 

In another section of this report, we present 
the theoretical aspect of this problem. The pres
ent discussion concentrates on experimental appli
cations of the theory we have developed. The theory 
predicts that, when a strong anharmonic coupling 
exists between modes (in our case, a high-frequency 
one and a low-frequency one), the Raman 1ineshape 
should exhibit a temperature-dependent width and 
peak frequency. Statistical analysis of 1ineshape 

data as a function of temperature can be employed 
to extract the following parameters: (1) the life
time (T) of the first excited state of the 10w
frequency mode; (2) the size of the coupling (cSw) 
between the two modes; (3) the scattering rate (W) 
froITI the ground state of the low-frequency mode; and 
(4) the energy difference bebveen the ground and 
first excited state of the low-energy mode (this ap
pears as an "activation energy" for the line-broad
ening and frequency shift). Of particular interest 
are (1) and (4) above. The lifetime, T, that is 
measured in these experiments represents a pure pop
ulation relaxation time (Tl)--a quantity difficult 
to measure by any direct means. The activation en
ergy motion of the molecule is important for de
phasing of that mode, again providing information 
about intramolecular dynamics which is othenvise 
difficult to obtain. 

The molecule we have chosen for detailed study is 
1,2,4,S-tetramethyl benzene (durene). The Raman 
spectrum of the C-H stretch region of this molecule 
is shown in Fig. 14. As is readily seen, five lines 
in this part of the spectrum exhibit significant 
broadening and frequency shifts over this temper
ature range. Extensive computer analysis of the 
lineshape data over a number of temperatures has en
abled us to evaluate the parameters discussed above. 

SPONTANEOUS RAMAN SPECTRUM: C-H STRETCHING REGION 
1,2,4,5 -TETRAMETHYL BENZENE (SOLID) 

2850 2900 2950 3000 3050 
Raman Shifl (em-I) 

Fig. 14. The five bands which become very sharp at low 
temperatures are assigned as C-H stretches. The 
line near 3930cm- l corresponds to the aromatic ring 
protons, and the other four lines, the methyl group 
protons. The arrows in the lower panel indicate the 
magni tude of frequency shifts which occur when the 
sample is warmed to room temperature. 

(XBL 773-Sl79A) 
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These results are summarized in Fig. 15. An inter
esting facet of this problem can be seen from a con
sideration of the measured activation energies. 
Four of the five modes studied have an activation 
energy that matches the energy of some low-frequency 
motion of the molecule. Thus it appears that a 
given high-energy mode selects one of the low-energy 
modes as the dominant channel for dephasing. One 
can account for this selectivity on the basis of 
steric cO~liderations. For example, the mode at 
3027.5 em (symmetric ring-photon stretch) is de
phased by a methyl rocking motion--the one motion 
that brings the neighboring methyl groups closest to 
the ring protons. In similar fashion, we have been 
able to account for the other observed matchings of 
low- and high-frequency modes. 

Currently, several other substituted benzenes are 
under study in a similar way. For example, in Fig. 
11 of Section c above we present the temperature 
dependence of the Raman spectrum of xylene, in the 
same C-H stretch region. Several lines exhibit the 
type of temperature dependence characteristic of ex
change, and these data are currently under analysis. 
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VIBRATIONAL DEPHASING RATES FOR THE RAMAN ACTIVE C-H STRETCHES 

IN 1,2,4,5 TETRAMETHYLBENZENE (DURENE) 

Raman Active 
C-H Stretch 

Wo lem") Mode 

! a 2929.0 8 3g 
b 2957. 7 

c 2970.3 Big 

d 2987.3 Ag 

e 3027.5 Ag 

Low Frequency Dephasing Channels 

Dephasing Mode OW (em") -C Ips) 

83g-Tarsian 194±10 +13.6 0.36 

229±21 + 10.5 0.86 
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Fig. 15. The exchange rate W+ is shmm for the five 
durene lines indicated in the inset. The assumption 
is made that the rate W '" ,-1 is constant over this 
temperature range. TIle-effects of the exchange are 
observed for temperatures above about 1000K as the 
intermediate exchange region is beginning to be ap
proached. The inset shows possible assignments for 
the C-H stretching modes, the dephasing (exchanging) 
modes which are thought to be important in the ex
change process, and the values of the parameters 
determined by the fitting process. 'These include 
the effective activation energy, si' the frequency 
shift due to the perturbation 11p, OW, and the life-
time in the upper state, ,. (XBL 777-5848) 

It should be emphasized that the only experimen
tal input necessary for the type of analysis sketchr 
ed here is the Raman lineshape temperature depen
dence. On the basis of this alone, it has been pos
sible to build up a detailed picture of the intra
molecular dynamics for the modes we have consi~
ered. This application suggests that the teclmique 
may find frequent use in future energy transfer 
studies. 

* Partially supported by NSF. 

4. COHERENT SPECTROSCOPY IN EXCITED TRIPLET STATES 

a. Coherent Averaging in Excited Triplet States 
via Rotary Echoes* 

C. B. Harris and M. E. Tarrasch 

For pulsed NMR experiments satisfying certain 
cyclic criteria, it can be shown that the spin sys
tem may be described by a time-independent average 
Hamiltonian X, equal to a time-weighted average of 
the Hamiltonians the system sees as a result of each 
rf pulse. We have used this formalism to elucidate 
features of electron spin coherence techniques in 
excited triplet states. 

The rotary echo is a fairly simple two-pulse 
sequence in which each pulse is of length " but the 
second ("refocusing") pulse is 1800 phase-shifted 
from the first pulse. Unlike other optically de
tected coherence experiments, no probe pulse is re
quired, since the echo is manifested as a population 
difference rather than as a transverse magnetization. 
The phase shift removes applied field Qj 1) inhomoge
neities and results in a signal waveform resembling 
DvO back-to-back transient nutations, much as a spin 
echo removes static field ilia) inhomogeneities and 
looks like back-to-back free-induction decays. 

To apply average Hamiltonian theory, we consider 
a two-level system (since only two of the three 
triplet sublevels are coupled by the field) with a 
general relaxation Hamiltonian: 

[

H 
~ '" yy 

I\y ::J (1) 

After a general pulse of angle e, the spins' relax
ation Hamiltonian, ~ (e), can be calculated. The 
average Hamiltonian over a pulse of angle @ is: 

1 ® r JL (e) de. 

® JOK 
(2) 

If we neglect spin-lattice relaxation (Tl" (0), we 
can set H:x:y: '" ':Yx '" 0 and this integral yields, for 
both 0 and 180° pulses: 
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l [ 0 ~I +H ], 
xx yy 

(3) 

The diagonal tenTIS are nm, equal, which corresponds 
physically to adding the same energy tenn (l/Z) 
(I-Ixx + IIyy) to the energy of each sublevel coupled 
by the nucrowaves. Since this tenTI is assumed to 
vary over different sites in the sample, the rotary 
echo can be seen to eliminate the effects of an in~ 
homogeneous distribution of local relaxation fields, 
This is illustrated in Fig, L 

Energy 

Y+ Hyy 
~.;.Y-~",//'" 

Y-x 
Y-x x+ 

Uo UO+UR UO+J(R 

No Relaxation With Relaxation Relaxation Averaged 

Fig, L Schematic representation of relaxation av~ 
eraging by rotary echoes, The zero~field iY>H-ix> 
transition occurs at energy Y~X for an isolated trip~ 
let state but is shifted and broadened by the inclu~ 
sion. of ::-elaxation to a new energy Y ~ X + I-Iyy ~ Hxx ' 
AppllcatlOn of the rotary echo removes the effect of 
relaxation by by coherent 

(XBL 7711~649Z) 

We can perfonn a similar calculation for an off~ 
resonance applied field (illo-FO) to examine the detri
mental effects of going off~resonance. The results 
for the initial OOpulse only is shown, since the 

pulse calculation is too 

(I-I ~ I-I ) 
xx yy 

I-I xx 

We see that even though X R is diagonal, XR is rot, 111is 
:implies that an effective T 1 process is occurring, since 
the off~resonance condition results in a different av
erage spin polarization than that for L'iD~O, Transverse 
relaxation (TZ) processes are not eliminated (as 
for ilw ~ 0), but are partially averaged, If a local 
field has strength A, off-resonance rotary echoes 
will reduce the relaxation linewidth by a factor of 
roughly ilw/w, This may also be seen by a simple 
geometric argument, as illustrated in Fig, Z: the 
angle .t!eff makes with the 1'2 axis is ex ~ arctan 
(ilw/lJl)' Therefore, any field A along the 1'3 axis 
has a proj ection of A sinex = A (ilw/W) along .t!ef£' 
It can be shown that rotary echoes average helds 
perpendicu~ar to tl,eff' but not parallel to tleff' 
for an arb 1 trary c110lce of phase and resonance off
set LIW, Thus A(ilw/w), the component of A parallel 
to lj . .ff, represents the reduction in relaxation 
hela strength due to off~resonance averaging and 
is similar to the rigorous result obtained above, 

the most significant aspect of coherent 
averaging in excited triplet states is that the re
sult for JCR is the same for many of the coherence 
experiments including transient nutations, spin 
locking, Carr~ Purcell~Meiboom~Gill spin echoes, 

2, Definition of the angle Cl in 1"- space, 
(XBL 7711~6490) 

(4) 

(
W)Z Hl +H 

yy -- xx 
w 
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even though the relaxation times obtained can vary 
over five orders of magnitude, depending on the co
herence technique used. This allows us to separate 
the averaging properties from the geometrical con
siderations and quantitatively compare the relaxa
tion times in terms of the geometrical relations be
Dveen the psuedomagnetization r and the effective 
dri ving field Deff' ~ 

* Partially supported by NSF. 

b. Off-Resonance Effects in Rotary Echoes* 

C. B. Harris and M. E. Tarrasch 

The formation of an echo in r-space depends on 
the constructive interference of the r-vectors asso
ciated with each ensemble of two-level systems. 
Therefore, the echo intensity is dependent on the 
ability of the r-vectors to refocus along the r3 
axis at time 2r and is affected strongly by off
resonance driving fields. As an approach to this 
problem, we have used the equations of motion for the 
r-vector to numerically simulate rotary echo decays. 
We consider first a delta-flUlction absorption line 
with an off-resonance driving field. Figure 3 shows 
the echo maximum decay one would observe as a flUlc·· 
tion of the echo time 2r; these curves like all the 
curves in this section, do not represent the echo 
waveform. [In all of these calculations, r3 (r ~ 0) 
has been set equal to 1. 0 and WI has been set at 5 
MHz.J Clearly, beats are noticeable for I'1w > 0.5 MHz. 
The amplitude and frequency of the beats is~deter
mined by the magnitude of wand the angle a (see Fig. 
2 of preceding pa~er). As I'1w increases, w also in
creases, causing a higher frequency beat to be super
imposed on the decay. The heat amplitude is given 
generally by 8cos 2a 8cos 4a a maximum for c/, = 71/4, 
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Fig. 3. r3 component of the pseudomagnetization at 
at the time of the rotary echo formation for a sin
gle isochromat. The curve represents the echo in
tensity as the pulse length r is increased. 

(XBL 7711- 649 3) 

which can result in complete inversion of the echo 
signal for special values of r. 

One may now incorporate the effects of population 
"feeding and decay" kinetics, since the lowest trip
let state is continuously being populated by the 
first singlet state and depleted to the grolUld sing
let state during the rotary echo. Dynamic process
es such as exciton-trap interactions, are also 

into accolUlt by this calculation, and are in 
fact more likely to affect rotary echoes than life-
time effects, because can occur on a more rapid 
time scale. 

4 shows an example of decay curves for a 
given (1 MHz) and variable kinetic parameters 
determined by the choice 1'3 (t = 0) "' 1. 0 and kA' the 
average triplet sublevel decay rate. As kA ap-
proaches the beat frequency, the curves be-
come damped to a steady·· state r3 value dependent on 
I'1w. Thus, the rotary echo is a useful probe of pro
cesses in molecular folids which occur on the time 
scale of 104 - 106 s -. Triplet lifetimes (kA ~10 2 
s··l) are too slow to affect the decay curves and 
would be obscured by other dephasing events (spin 
diffusion, inhomogeneous broadening, etc.) 

Finally, the effects of inhomogeneous broadening 
in the absence of spin diffusion can be simulated 
by taking the equations for a single r-vector and 
numerically integrating across the resonance line. 
Figures 5 and 6 show the rotary echo decays for 
Gaussian and Lorentzian line shapes , respectively, 
with equal FWHM's of 3 IvlHz. Because the integration 
limits are 5 FWHM's on both sides of the center fre
quency, the Lorentzian decays have noticeably in
correct (~S %) normalization and are thus more qual
itative in nature. Inhomogeneous broadening shows 
up a damping of the ~cho intensity dependent on the 
parameters iJw and (T2)-1 aFWI-lM. For a given FWHM, 
the damping rate increases as iJw increases and thus 
the destructive interference of the various r-vectors 
associated with the homogeneous isochromats in the 

o 

o 

T 

----1.0' 

··········1.0 'I 

10 

Fig. 4. Off-resonance echo maximum intensity for a 
s.i.ngle isochromat as a function of pulse length T 
and decay rate leA' The resonance offset I'1w is set 
equal to 1 MHz. (XBL 7711-6498) 
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Fig. S. Off-resonance echo maximum intensity for 
Gaussian lineshape as a function of T and Lw. The 
FWl-M is fixed at 3 MHz. (XBL 7711-649S) 
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Fig. 6. Off-resonance echo maximum intensity for 
Lorentzian 1ineshape as a function of T and Lw. 
The Fl"iHM is fixed at 3 MHz. (XBL 7711-6494) 

line is more efficient as more of the isochromats 
are off-resonance. 
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The rotary echo is particularly sensitive to im
perfections in the driving field, since the field is 
on during the entire course of the experiment. This 
is verified by the preceding examples of off-res
onance rotary echos in which beats are predicted to 
be superimposed on the echo maxima decay. One must 
therefore be careful in experiments to ensure that 
Lw = 0 in order to avoid these oscillations which ob
scure the measurement of relaxation times. 

* Partially supported by NSF. 

c. Rotary Echoes in Excited Triplet States: 
Experimental 

C. B. Harris and M. E. Tarrasch 

Rotary echoes in excited triplet states has not 
been a widely used coherence technique, because the 
conditions under which the echo decay reflects pro
cesses of interest are fairly stringent. If the 
echo is to be used to measure dynamic processes like 
trap-exciton band or trap-vibronic level interac
tions, the decay rates due these processes must be 
significantly faster than rates of time-dependent 
nuclear processes. Dynamic processes which take 
place on the millisecond time scale are more amen
able to study by a technique like spin locking which 
is not sensitive to nuclear spin diffusion or in
homogeneous broadening. 

We have been engaged in a series of rotary echo 
experiments on various 1,Z,4,S-tetrach10robenzene 
(TCB) systems to learn about spin diffusion rates, de
trapping rates, and other interactions in molecular 
solids. The observed decays exhibit large amounts 
of scatter, making quantitative estimates of rate 
processes impossible. Generally, decay times (TZp) 
were temperature-independent and ranged from S to 40 
vs, depending on the system studied. The temperature 
independence is indicative of a process such as nu
clear spin flips which change the local fields at the 
triplet electrons. There is no apparent correlation 
between the approximate TZp values and the particular 
TCB system studied. 

The scatter in the data has recently been resolved 
as arising from beats superimposed on the echo decay. 
By calculating the echo intensity for an inhomogen
eous line on-resonance and displaying it as in Sec
tion 4b, we clearly see that inhomogeneous broadening 
will distort the decay of the rotary echo. Figure 7 
illustrates the on-resonance echo decay as a function 
of the inhomogeneous linewidth. Because most data 
points were taken at regularly spaced values of T 
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Fig. 7. Echo maximum intensity for Gaussian 1ine
shape as a function of T and FWl-M. The driving 
field is on-resonance. (XBL 7711-6497) 

10 



315 

chosen purely for experimental convenience and with
out knowledge of the beat pattern, data for rotary 
echoes have been difficult to treat. 

Physically, the appearance of beats is a conse
quence of two features: (1) even though 6w" 0, all 
the spins are off-resonance by an amount depending 
on their position in the line; and (2) the applied 
field is "on" continuously during the experiment, 
and one cannot make the approximation used for short 
pulses (8 =Tf/2, Tf) that all the isochromats nutate 
through 8 about the same effective field. Because 
of these characteristics, the rotary echo is the 
only cyclic coherence experiment that exhibits these 
beats for on-resonance driving fields. 

To observe these beats experimentally requires 
that the resonance line have a FWHM large enough 
(2; 2 MHz) to make the beat amplitude overcome exper
imental error and SIN problems; if the FI'iHM is very 
large (2;15 MHz) and T is chosen too long, the beats 
will be damped out and thus unobservable. This last 
point is illustrated by the dotted curve in Fig. 7, 
for which the oscillations disappear by 2T ~8)Js for 
a l5-MHz-wide Gaussian line. TCB systems are ideal 
cases to study, since the Fm~ for TCB/durene mixed 
crystals is about 3.5 MHz. We are currently in the 
process of obtaining detailed echo decays for this 
system to verify the predictions of this calculation. 

d. Energy Transfer Processes in Substitutionally 
Disordered One-Dimensional Solids 

C. B. Harris and D. A. Zwemer 

To completely understand Frenkel exciton propaga
tion in substitutionally disordered systems, ]GlOW
ledge of the lattice vibrations is just as important 
as 1Glowledge of the exciton energy levels. A chem
ical impurity with different mass and intermolecular 
force constants creates a phonon mode localized about 
the impurity and a node in the delocalized host pho
nons at the impurity. Exciton propagation at the 
impuri ty is governed by processes such as thermal de
trapping and thermally activated tunneling, which 
are in turn governed by the population of the local 
phonon modes. In the past year we have made the 
first study of the coupling between localized and de
localized phonon modes in a molecular solid. 

Our probe is the spin dephasing rate of a trapped 
exciton at a chemically induced y trap in 1,2,4,5-
tetrachlorobenzene (TCB), a pseudo-one-dimensional exci
ton conductor. The y trap is a perturbed TCB mol
ecule 45 em- below the host exciton band and lying 
adj acent to a chemical impurity. When the impurity 
energy levels are not accessible to the exciton, we 
have shovm by optically detected spin locking that 
trapped excitations are thermally promoted t~ a vi
brationally excited state of the trap 25 em- higher 
in energy. This localized phonon level is in near
resonance with a 26 em-I phonon in the pure host, but 
the promotion rate, which is extracted from the de
phasing rate in the limit of intermediate exchange, 
is extremely slow, about 100 s- at 4.2 K. In con
trast, promotion to a similar local phonon level of 
para-benzoquinone in an isotopically mixed system 

where the perturbation of the lattice phonon struc
ture is much less, is about 104 times faster. De
pending on the llature of the chemical impurity pro
ducing the y trap, excitation may be transferred to 
a low lying impurity state rather than a localized 
phonon mode. Although the activation energy for 
transfer is much less, the pre-exponential factor 
representing coupling beD,een the initial and final 
states is about the same. TIlis shows that, in these 
systems, the coupling between delocalized and local 
phonon modes is the limiting step in energy transfer. 

5. THERMAL MODULATION SPECTROSCOPY 

a. Heat Pulse Propagation in Molecular Crystals 
at Low Temperatures 

C. B. Harris and A. R. Burns 

One of the primary lnotivations for research in 
the area of high frequency phonon propagation at 
low temperatures lies on the fact that there are a 
number of important phonon-induced energy transfer 
processes in a wide variety of materials. In par
ticular, the numerous studies of exciton migration 
in aromatic molecular crystals have demonstrated 
the need for a detailed description of the phonon
induced delocalization of "trapped" excitations. A 
thorough study of the frequency dependences and the 
resonance absorption cross sections of such phonon 
interactions will certainly lead one to a greater 
understanding of the specific dynamics involved. In 
this part (a), the heat pulse method of generating 
high frequency phonons will be discussed with spe
cial attention to the problem of describing in de
tail the transmission factors for the phonon propa
gation. The specific application of the heat pulse 
technique to the study of excited triplet energy 
transfer phenomenon in molecular crystals will be 
discussed in part (b). 

In order to characterize the frequency distribu
tion of a pulse of high frequency (lOll_1012Hz) pho
nons, two basic parameters must be known: (1) the 
effective temperature of the source; and (2) the 
mean free path of the phonons from the source. The 
first parameter is easily obtained by a blackbody 
phonon radiation relation which is completely anal
ogous to the electromagnetic case described by the 
Stefan-Boltzmann equation. The effective temper
ature can be calculated from the input power at the 
heating source and the radiation constant. The sec
ond requirement entails a knowledge of the thermal 
conductance of the transmitting medium; in this case, 
it is a molecular crystal lattice. If the propaga
tion of the radiated phonons is essentially unob
structed, then the frequency spectrum of the phonons 
will always be a function of the source temperature. 
In the event of extensive phonon scattering, the 
original frequency distribution will be lost and the 
subsequent analysis of phonon absorption processes 
will be most difficult. 

The limit of free phonon propagation is usu-
ally referred to as ballistic thermal transport. 
~rhen scattering dominates the propagation, the ther
mal transport is described by the classical diffu
sion limit. In the framework of these two limits, 



one may assign a mean free path 9, for the phonons 
traveling with a mean velocity v between scattering 
events: 

(1) 

In the above equation, Ks is defined as the thermal 
conductivity of the mediwn and Cs is the heat capac
ity per unit volume. 

The molar heat capacity of 1,2,4,5-tetrachloro
benzene (TCB) in the temperature range 0.5-7.0 K 
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was determined by using a measunnent technique devel
oped by Prof. Phillips. The data shmvn in Fig. 1 in
dicate a reasonable fit to the expected Debye T3 de
pendence;. and thus yield a reliable value for v ~ 
1.58x 10;:' cm/s. 

The thermal conductivity of the medium is deter
mined by the heat pulse method, where the sample is 
situated in between a heater (source) and a bolom
eter (detector). The heater and bolometer are thin 
films of nichrome and germanium, respectively, which 
are vacuum evaporated onto separate quartz sub
strates and then bonded to the faces of the sample 
as shown in Fig. 2. The thermal coupling of the 
metal films to the crystal is accomplished by a 
thin layer of Dow-Silicone grease. The grease
mediated intefacial conductance KB is unfortunately 
too low to observe the actual transit time of a 
short phonon pulse. However, this problem can be 
circumvented if one measures the thermal rise time 
'R of the crystal lattice. The rise time is a func
tlOn of the sample heat capacity and the total ther
mal conductance Ktot between the heater and the 
bolometer: 

(2) 

LATTICE HEAT CAPACITY OF 1,2,4,5 TETRACHLOROBENZENE VS. TEMPERATURE 
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Fig. 1. Molar heat capacity of tetrachlorobenzene. 
The best fit was obtained by a least-squares analysis. 

(XBL 7612-7965) 

THIN FILM GEOMETRY 

Fig. 2. A thin slab of single crystal TeB sanm,iched 
between the heater film (bottom) and detector film 
(top). The electrical connections to the heater film 
are made by evaporated gold films running dmvn the 
side of the glass rod. The geTIlanium detector film 
is connected to a constant current supply by way of 
solder connections to chrome-gold contact pads adja-
cent to the germanium. (XBL 7612-796IA) 

The factor of 2 appearing in the KB term is there 
because one must take account of both the heater/ 
crystal interface and the identical crystal/bolom
eter interface. The rise time of the crystal lat
tice is found bv analyzing the exponential form, 
6Tmax [ 1- exp (-t/rRJ], of the bolometer signal. A 
typical bolometer signal is shmvn in Fig. 3. The 
val1!es of.'R ~n the temperature ra~g~ 1. 5-2.2 K are 
deplcted m Flg. 4 for a 0.025-cm-dnck crystal 
having a cross-sectional area of 0.06 cm2. 

If one assumes that the mean free path 9, is equal 
to the crystal thickness, then KS can be calculated 
from Eq. (1) and KB can be calculated from Eqs. (2). 

~ 
'" ~ 
'" a. 
E 
~ , 

THERMAL MODULATION RESPONSE 

BolOmeter response to 0.183 W! LO msec 
heat pulse 

0.025 em thick crystal 
IJ. Tmox "0.035 OK 

Time scale: 1.08 msec/div. 

Time~ 

Fig. 3. Electrical response to the temperature change 
experienced by the germaniwn bolometer film. The 
sharp peaks are pick-up from the leading and trailing 
edges of the electrical pulse used to generate the 
heat pulse. (XBL 7612-5960A) 
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Fig. 4. Temperature dependence of the exponential 
risetime of the bolometer signal. (XBL 7710-6246) 

The results of these calculations are shown in Fig. 5. 
Prom the comparison of the KB results (0. 0031T3. 2W/K 
cm2) with those cited in the literature for conven
tional steady- state measurements (0. 00 37T3W/K cm2 ) 
on Dow Silicone grease interfaces, one can see that 
the agreement is certainly close enough to conclue 
that 9, is indeed equal to the crystal thickness. 

Thus the propagation of the heat pulse-generated 
phonons is ballistic at these temperatures. This 
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Fig. 5. Lattice conductivity of tetrachlorobenzene 
and the crystal/heater interface conductivity. 

(XBL 76l2-7959A) 

conclusion enables one to characterize the spectral 
distribution in terms of the heater temperature. 
The bolometer will detect phonons of all frequencies 
and thus it is insensitive to the spectral distribu
tion. Hmvever, most of the phonons emitted by the 
heater, which is at an effective temperature TI_j, are 
centered around a maximal frequency \J;nax ~ 2 KT !-/h. 
The half-width of this distribution lsee 6) is 
also roughly proportional to KT1_1/h. If the response 
of the bolometer to the heat pulse is primarily due 
to the absorption of the phonons in the spectral 
maximLUll region, it can be shown that the modulation 
depth of the signal L'l1~ax will be linearly propor
tional to the input power. This can be seen in Fig. 
7 for two pulse widths. It appears that the 0.10 ms 

(K) 

A 793 
8 3.89 
C 2.39 

Fig. 6. Calculated phonon flux emitted by an ideal 
blackbody source at various temperatures TI_I' The 
bath temperature is 2.0 K. (XBL 7710-6250) 
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pulses obey the linear power dependence, whereas the 
1.0 ms pulses do not quite behave in the expected 
manner. One possible explanation for this discrep
ancy is that the 1. 0 ms pulses contain a larger-than
expected amount of higher frequency modes with re
spect to the spectral maximum. Another possible ex
planation is that the crystal is being overheated by 
the longer pulses and the diminished thermal contact 
with the bath due to the presence of the bolometer 
film. 

b. A Study of Resonant Phonon Absorption by Traps 
in Molecular Crystals Using the Heat Pulse Technique 

C. B. Harris and A. R. Burns 

As was discussed in the preceding section, the 
spectrum of phonons created at the heater film is a 
broad band centered about 2 !(fH/h. Individual pho
non frequencies cannot be selected unless they are 
specifically absorbed in an energy transfer process 
occurring in the transmission medium. One such 
process, shmvn in Fig. 8, is the phonon-assisted 
promotion of a "trapped" excited triplet state 1 to 
a higher energy state within an exciton band. If 
one monitors the population decay of this localized 
state during the propagation time of a heat pulse, 
then one can calculate the kinetics of the absorp
tion event with the transmission factors discussed 
in the preceding section. 

In TCB there exists a localized state (X-trap) 
17.3 em-I lower in energy than the top of the exci
ton band. Since thI width of the exciton band, 413, 
is equal to 1.3 cm- , one would expect that some of 
the phonons propagating in the lattice which have 
energies in the range of 16.0-17.3 em-I will be ab
sorbed in the promotion event. The intensity of 
phosphorescence emission from the X-trap is equal to 
nkave , where n is the number of localized states and 
kave is the average radiative emission constant. 

SINGLE PHONON PROMOTION PROCESS 

Exciton 
Band 

4~I~~ 

Fig. 8. Kinetic model of the phonon-assisted promo
tion of the localized (1) triplet state to the ex-
citon band. (XBL 7612-6249) 

Thus any change in the po~ulation n due to the ab
sorption of 16.0-17.3 em- phonons can be optically 
detected through the phosphorescence modulation. 
TI1is can be easily seen in Fig. 9 and 10, where the 
steady-state phosphorescence intensity is markedly 
temperature dependent. The curves in Fig. 3 are ca~ 
cUlated from a partition function that incorporates 
6, 413', and the number of band states N. For any 
given crystal, the average number of band states is 
un~que, although N is usually in the range of 104 -
10 states for extensively zone-refined material. 

PHOSPHORESCENCE SPECTRA OF NEAT 1,2,4,5 -TETRACHLOR08ENZENE CRYSTAL 

42 K 
(origin) 

T ~ 1.5 K 
Trop"""" 

u 
3750 

Fig. 9. Phosphorescence emission from extensively 
zone-refined TCB at 1. 5 and 4.2 K. The All. emission 
origin is at 3748 A and B2 emission is ~t 3781 A. 

g (XBL 757-6637) 
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Fig. 10. Normalized phosphorescence emission inten
sity from the X-trap origin in two TCB crystals. 
The curves represent fits to the data by using an 
excitation partition function. (XBL 7712-6621) 
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When a heat pulse is applied to this system, the 
change in light intensity of the trap emission will 
be proportional to the density of the heat pulse pho
nons. An example of the time-resolved heat pulse 
modulation is shown in Figs. 11 and 12. It is evident 
that the rate of decay of the trap population is gov
erned by the thermal conductance of the lattice and 
the crystal/heater interface. However, the modula
tion depth 6Imax/1ss is also a function of the num
ber of available band states and the degree of cou
pling between the phonon and the localized states. 
Thus one can define a relative phonon absorption 
cross section ¢, which is the ratio of the modulation 
depth to the resonant phonon flux F: 

(1) 

The total acoustic power Pa of the heat pulse in the 
crystal is proportional to the product of the input 
power Pi and the thermal conductance Ktot away from 
the heater surface: 

(2) 

THIN FILM GEOMETRY 

hll exciting 

Phosphorescence 

Fig. 11. The phosphorescence emitted by the crystal 
is monitored at a 90° angle to the exciting light. 
The heater film is identical to that shown in Fig. 2 
of the preceding paper. (XBL 76lZ-796lB) 

t 
.z::. PHOSPHORESCENCE MODULATION RESPONSE 

j~ 
,sl "---
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Fig. 12. Decrease in the phosphorescence intensity 
of the X-trap emission during the course of a heat 
pulse. The long relaxation back to the steady-state 
intensity is due to the combined slow rates of re·· 
trapping and singlet-to-triplet energy conversion 
("feeding"). (XBL 76lZ-5960B) 

The proportionality factor B is analogous to the 
Stephan-Boltzmann constant for electromagnetic radi
ation from a blackbody. For phonons of frequency v, 
the net flux from the heater film at temperature TH 
into the crystal which is at a bath temperature TB 
is given by: 

[OXP(h~/kTHl -] eXP(h~/kT B1-

( 3) 

Since one is concerned with the total flux F of the 
resonance phonons in a range v to v', during a pulse 
width of 6t, Eq. (3) must be integrated with respect 
to frequency: 

Ktot [rcTll{';5¥lTB{J 
(4 ) 

(5) 

As one would expect, the net flux F is a function of 
the input power. However, the power dependence 
F (P i) differs from one frequency interval to the next 
in the phonon spectral distribution. One can see 
this dependence only if the results of several traps 
having different depths are compared. In Fig. 13 we 
show the results of the phosphorescence modUlation 
of the X-trap and the DiO isotopic traps hd- and h2-
TCB in dZ - TCB. A complete analysis of these re
sults is found in Tables 1 and Z. 111e X-trap results 
indicate a fairly definite dependence of the cross 
section ¢ on the number of available band states. 
Also the results clearly show that the phosphores
cence modulation is independent of which triplet sub
level is monitored (the Ag or the B2g emission). 

The most interesting feature of the results pre
sented here is that the absorption cross sections 
for the isotopic traps are much greater than that 
for the X-trap, especially considering the fact that 
the number of band states available to the isotopic 
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traps is three orders of magnitude less. Thus 
these experiments reveal a fundamental difference in 
the mechanism for the two phonon-mediated processes. 

6. Ff'JvlOTE SA TELL ITE COMPUTEF SYSTEivlS DEVELOPMENT 

C. B. Harris and J. L. Chao 

Tn our latest effort to computerize the labora-
s experiments, a network system has been devel
to expand our computer fad li ti es . TIli s net

work, called the Femote-ll system, consists of a 
host computer and up to four remote satellites and 
three remote terminals. 

Fig. Power dependence of the phosphorescence 
The network allows rather inexpensive, yet fas t 

LSI -11 microcomputers to provide dedicated real-time 
laboratory applications, while allowing them to 
share the extensive and rather costly peripherals 
that support the complete Remote-ll system. 

modulation for three different trilps in the TCB 
lattice. The pulse widths arc all 1. 0 ms, the ba th 
temperature is ~IPt at 2.0 K, and the exciton band 
width is 1.3 cm . A complete analysis of the data 
appears in TablGs 1 and 2. (XBL 7712-6628) 

Table 1. Heat pulse transmission parameters, TCB. 

Samplea Bath temp. Thickness 

---

A 2.0 0.080 1. 26 0.449 2.80 
13 2.0 0.039 0.61 0.183 3.44 
C 2.0 0.050 0.79 0.263 2.99 
C, 132g 2.0 0.050 0.79 0.251 3.02 
C 1. 75 0.050 0.54 0.262 2.04 
C, 132g 1. 75 0.050 0.54 0.282 1. 90 
C 1.48 0.050 0.33 0.211 1. 56 
C, 132g 1. 48 0.050 0.33 0.234 1. 40 
D,hd 2.0 0.024 0.38 0.406 0.93 
D,h2 2.0 0.024 0.38 0.336 1.12 

2.90 
4.12 
3.28 
3.30 
2.23 
2.06 
1. 74 
1. 55 
1. 05 
1.:i1 

aEmission to electronic origin, unless indicated by 132g. 

bValues ± 5% . 

~alues ± 10%. 

Table 2. Phosphorescence modulation results, TCI3. 

Smnp1ea Bath /j Band 13 Power Calc. Range pnc 

----- temp. (C1ll- l ) States~ (ivlW /K4) Range (w) i 

A 2.0 17.3 72,000 0.15 0.19-1.89 0.02-10.60 0.741 
13 2.0 17.3 50,000 0.43 0.28-2.20 5.09- 8.46 0.900 
C 2.0 17.3 47,000 0.22 0.27-1.08 5.93- 8.38 0.834 
C,B2g 2.0 17.3 47,000 0.24 0.33-0.97 6.10- 7.98 0.852 
C 1. 75 17.3 47,000 0.10 0.27-0.97 7.21- 9.93 0.709 
C,B2g 1. 75 17.3 47,000 0.30 0.27-1.08 5.50- 7.75 0.909 
C 1.48 17.3 47,000 0.15 0.33-1. 08 6.85- 9.21 0.754 
C,132J 

1. 48 17.3 47,000 0.22 0.27-1.08 5.92- 8,37 0.852 
D, h 2.0 11.1 <100 0.21 0.09-0.94 4.64- 8.12 0.607 
D, !12 2.0 21.6 <100 0.38 0.38-1. 38 5.63- 7.77 1.125 

aEnlission to electronic origin, unless indicated by B2g· 
b Values ± 500 states, except last two. 

CStandard deviation of slopes'" 1% • 

cp (nonn) 

1. 00 
0.694 
0.502 
0.496 
0.744 
0.638 
0.839 
0.820 
2.27 
2.28 

====-~---==---~=-~~~---===---=-=====~=-=---::o..:==~---=====---::-,~---,=,---===~---= 
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Remote-ll is supported by DEC as a software pack
age available for the IU -11 system based on the PDP-
11 family of computers. This software was modified 
to support the LS1-11 microcomputers for which we 
structured the system. The hardware modifications 
were rather straightforward; users are connected to 
the host through asynchronous serial interface boards 
that have been properly configured for the proper 
register and vector addresses. 

Management of the host is provided through the 
RT-ll Foreground/Background monitor. This monitor 
allows high priority servicing of Remote-ll system 
requests from all users in the foreground while of
fering background execution to a single remote user 
wi th low priority. 111e distinction between users is 
of one of two kinds, the first being a satellite 
microprocessor that can be loaded to execute a pro
gram, the second being a terminal connected directly 
to the host through which files may be edited or pro
grams executed in the background. 

The major consideration in relying on the Remote-
11 system network to support the laboratory's exper
iments, is that of substantial savings on peripherals 
which would othenvise be duplicated. In particular, 
the RT-ll system is a disk-based system for which a 
disk drive singly approaches the price of a complete 
LSI microcomputer. Secondly, only in this way can 
we use the LSI-ll microcomputer to provide the ded
icated real- time wi th floppy diskettes capable of stor
ing over 250]( bytes of data for later data reduction. 

It is interesting to note that this sytem is so 
versatile that while a remote satellite could be col
lecting data on to a disk in real-time, the data re
duction could then be performed simultaneously in 
ei ther the backgrouIld of the host, or even in a sec
ond remote satellite. 

The Remote-ll system is rather simple to adapt to 
if the user is already familiar Hi th programming un
der the RT--ll system. Programs run in the satellite 
are dO\\'1l-line-loaded in the standard PDP-ll ADSOLUTE 
LOADER format using DAP and DDCMP commumications pro
tocols. 

We are presently using the RT-ll system for high 
speed data collection of ellipsometric parameters 
from our surface experiment as well as for the data 
acquisition and manipulation from the stimulated 
Raman emission from a picosecond experiment collected 
using an Optical Multichannel Analyzer COMA). 

Peripherals which the Remote-ll supports 
include a Tektronix graphics and hard copy 
plotter, a digital multi-meter, a high speed reader 
and punch, as well as a fancy teletype console. 
Each satellite will also be equipped with multiplex
ed A/D converters. 

We are presently interfacting the Optical Multi
channel Analyzer COMA) to determine the temperature 
dependence of high resolution phosphorescence line
shapes from crystals. This "state of the art" opti
cal multichannel analyzer requires a computer for 
both control and data acquisition. The requirements 
for data acquisition from the Q\1A are high speed 
data storage as well as display of the lineshape. 
We have also successfully interfaced a multichannel 
analyzer for real- time display of the data as well 

as implementing a 2-D oscilloscope for real-time 
two-dimensional display of the iMage. 

A more complicated experiment involves using the 
OMA to perform time-resolved spectroscopy on a sam
ple whose line shape exhibits "hole burning" due to 
the absorption of light from a pulsed tuneable dye 
laser. This kind of experiment requires a greal 
deal of data handled through the Remote-ll disk sys
tem. 

7. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Charles B. I-lards 

a. Surface Studies of Nitrogen Oxides on Ni (111) 

Further avenues to pursue in the study of 
tic decomposition of oxides of nitrogen include: 
(1) the studies of the kinetics of the decomposition 
to develop models for the mechanism, (2) the study 
of the dependence of the surface role in the decom
position; this can most easily be achieved by sim
ilar studies on the high-Miller- index faces of nid<el, 
and (3) the study of the decomposition on different 
metal substrates; this would provide valuable infor
mation as to the role of the metal substrates' elec
tronic structure in catalysis. 

b. The Development of Infrared Ellipsometry for 
Studying Catalytic Pathways 

We propose the development of a set of experiments 
to directly measure the reaction pathways and activa
tion energies for reactions of adsorbed molecules on 
metal surfaces. The experiments involve the use of 
infrared ellipsometry, \vhich would follow individual 
vibrational modes during the course of a reaction. 
Conventional methods for determining activation en
ergies, such as thermal desorption and work function 
measurements, are not useful in most cases in iden
tifying chemical reaction channels uirectly on the 
surface, the mode or nature of thc molecular binding 
to the substrate, or the site selectivity of the 
process. The infrared spectrum of an adsorbed mol
ecule from ellipsometry is a direct neasure of the 
strength and nature of the surface interaction and 
can be used to follow the specifics of a reaction. 
The technique is extremely sensitive, easily capable 
of detecting less than 1% of a monlayer. It does 
not induce surface decomposition, unlike the various 
electron beam techniques, and can be used with insu-
J ator suhstrates without the problems of space charge 
formation. 

Preliminary ellipsometric studies in the visible 
and ultraviolet have shown major changes in the in
teractions of various small oxidizing molecules on 
single-crystal nickel (J1I) surfaces. The studies 
have included 02, NO, and most importantly N02, a 
major constituent of smog and atmospheric systems, 
and an important molecule in metallic corrosion and 
oxidation. Detailed information about the reaction 
pathways can be anticipated from IR ellipsometric 
studies. 

The experiments require the building of an ultra
high vacuum system with stringent geometrical con
straints for infrared optics. TIle system is to have 



a cap abil i ty for a wide temperature range of the 
sample substrate, as well as support equipment to 
clean, characterize, and monitor the surface compo
sition in situ. The key innovations of the system 
are: (1) the ability to physisorb and adlayer at 
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low temperatures, (2) the ability to monitor the 
reaction from the physisorbed to chemisorbed state 
upon warming of the sample via IR ellipsometry, and 
(3) thereby directly measuring the activation energy 
for individual channels in a complex reaction. There
in lies the importance of the development of this 
tool for surface studies. 

c. Spectroscopy of Molecules Adsorbed on Metal 
Surfaces 

The development of surface spectroscopy for study
ing the changes in the electronic and molecularstruc
ture of aromatic hydrocarbons adsorbed on metal sur
faces will be an important objective for the 1978 
program. We are studying aromatic hydrocarbons on 
nickel (111) and nickel step surfaces with the ob
jective of finding site-selective transitions that 
can be used to identify molecules adsorbed at the 
site-selective surface states and for studying ener
gy transfer from the molecular to the surface states. 
In addition we will initiate a series of related ex
periments to look at electron beam damage of adlayers 
on metal surfaces, using the combined techniques of 
LEED and scanning spectroscopic ellipsometry. 
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Charles B. Harris and Associates 
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Kenneth S. Investigator 

1. EFFECTIVE POTEl'.'TIALS BASED ON RELATIVISTIC 
WAVEFUNCTIONS 

Yoon S. Lee, Walter C. Dmler and Kenneth S. Pitzer 

Many properties of molecules with heavy atoms 
may not be properly calculated unless the relativis
tic effects are included. All electron self-con
sistent-field (SCF) calculations of those mole
cules, however, are exceedingly costly even without 
relativistic effects because of the large number of 
two-electron integrals that arise. One of the 
promising ways to handle this problem is to treat 
only the valence electrons explicitly using a 
frozen core approximation. This usually involves 
the substitution of the effect of the core e1ec-
trans wi th some fonn of effective potentials or 
EP's. In order to include the effect of relativity, 
we derive our EP from the numerical Dirac-Hartree
Fock calculations of atoms using the Phillips 
Kleinman tranSf0l1l1ation. Since valence electrons 
are essentially nonrelativistic in the valence 
space and the pseudo-orbital transformation tends 
to decrease the importance of the small components 
as was shown in last year's report, the formulation 
of our EP is almost the smne as that in the non-

. relativistic case except for the j-dependency of 
the EP. This arises from the spin -orbi t spli ttings 
in the original m-n: (relativistic) atomic calcula
tions. 

The numerical EP for an atom with many valence 
electrons are obtained by solving the following 
equation for each angular quantum number v, 

[ - .l \/2 Z 
+ UEP (r) - ~ 

2 r v 

T T T T (1) + W(Xv ' Xv')] Xv EVXV 

where - 1/2 is the kinetic energy operator, 
Z the nuclear charge, r the distance from the nu
cleus, U~P(r) i;; the radial part of the EP of the 
sYlillnetry v, W(X~, X~') the sum of Coulomb and ex-· 
change interactIOns of a given two-component 
pseudo-orbital, X~' with all other valence 
pseudo-orbi tals, X~', and EV is the eigenvalue 
of the v orbital. 

T 
Two-component pseudo-orbitals, X-" are 

selected from the linear combination~ of the large 
components of the relativistic atomic spinors 
(four-component) with the same angular momentum. 

We select the pseudo-orbital that is nodeless and 
most similar to the original valence orbital in the 
outer portion of the atom. l~~len all the pseudo
orbitals are available, Eq. (1) can be solved for 
for each angular momentwn to generate the com
plete EP, UHP, which may be expressed as 
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L-I £, 1 j DP u~P (r) 
+-r u - ~ + l l l 

£,"'0 j =1 m~-j 

. DP DP xl£' J m> [U £, . (r) - U L (r)] < £, j m 1 ( 2) 
J 

where L is the smallest angular quantW11 number not 
present in the core orbitals. In Dq. (2), angular 
projections are defined in terms of the j-dependent 
mlgu1ar basis, 1 £'jm >' s, acting on two-component 
wavefunctions. The asswnption, implicit in the 
above expression, is that the radial parts of DP 
are smne for all orbitals having higher angular 
quantW11 numbers than are present in the core. This 
seellLS to be reasonable since electrons in those 
orbitals spend little time in the core region. The 
EP of Au (Fig. 1) shows that potentials are quite 
different for P1/2 and P3/2 even in the outer range 
(R > L5 a.u.) whIle they become indistinguishable 
for g7/2 and g9/'2. It may be noted that DP's de
pend on the choice of the pseudo-orbital transfor
rna tions and the definition of valence space . 

:i 
S 

N°l b 

I 

"" ~ 
"L 

Radius (a. uJ 

Fig. L Effecti ve core potentials of Au (ll-va1ence 
electrons). (XBL 776-8923) 

In order to test the EP, the atomic program is 
modified to include the EP, and to be appropriate 
for the j j -coupling scheme. Many excited and ionic 
states of Xe and Au have been studied and seem to 
yield reasonable results. Gold has been treated 
as a 1-, 11-, 17-, 19-, or 3j- valence electron 
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Table 1. Calculations with EP for Au with various assignments between valence and core electrons (a. u.). 

-1. E. 4f 

DHF 19018.1992 3.8675 3.7202 4.6873 

l-elec .2912 

ll-elec 35.3827 

l7·-elec 109.4704 

19-elec 145.2199 4.6462 

33-e1ec 610.9816 3.9555 3.8123 4.6494 

atom. TIle ground state calculations of Au shOloffi 
in Table 1 indicate that the DHF results are 
reasonably reproduced except for the 6s of 19- and 
33-valence electron cases where 6s orbitals have to 
be obtained as excited orbitals from the Ss po
tentials. This difficulty is not too critical at 
present since Au appears to be well represented 
as an ll-va1ence electron atom in the detailed 
analysis of excited and ionic states. Similar re
sults are expected for other heavy atoms. Our 
atomic progrcun has the versatility of taking al
ternate fonns of EP' s with either Slater or 
Gaussian basis sets that may be optimized for mole
cular calculations. 

The direct application of the EP requires the 
molecular fonnalism to be based on j -dependent 
atomic bases. A molecular program, which utilizes 
the Slater basis functions and EP's, is being de
veloped and will be tested for the diatomic molecules 
formed from Cu, Ag, Au, and Hg. 

2. POTEI\jTIAL CURVES FOR Xe2' 
ON EFFECTIVE POTEl'·rnALS 

+ and Xe2* BASED 

lValter C. Erm1er, Yoon S. Lee, and Kenneth S. 
Pitzer (with the collaboration of Nicholas lV. 
lVinter of L.L.L.) 

All-valence-e1ectron self-consistent-field (SCF) 
calculations were carried out for the ground 
1[+ state of Xe2' the four states of Xe2 corre
spending to the re:lloval of an electron from each 
of the outer molecular orbitals (2[+, 2rrg , 2~, and 
2[+), and the eight states resultin~ from the 
adlh tion of an electron to the 101;.vest Ryg.berg MO 
relative to each of these ions (1,3[~, 1,3rrg , 
1,3rr , 1,3[+). 

u g 

Orbital Energies -2 

2 

3.1893 2.5588 0.4934 0.4286 0.2919 

.2912 

.4932 .4254 .2936 

3.2294 2.5473 .5106 .4368 .2985 

3.2661 2.5843 .4856 .4176 .3395 

3.2376 2.5760 .4972 .4254 .3438 

The calculations used standard programs appropri
ate for the LS-coupling scheme. The method de
scribed in article 1 was used to generate EP's for 
the Xe atom. 111ese EP' s were cast into a form 
appropriate for L-S coupling by averaging the re
spective Q, - 1/2 and Q, + 1/2 components. To gauge 
the effects of the inclusion of the mass-velocity 
and Danvin terms in the Hamiltonian, EP' s for Xe 
were obtained in an analogous ma.nner using the nu
merical (nonrelativistic) Hartree-Focl< wavefunctions 
for Xe. Comparisons of the averaged relativistic 
(AREP) and nonrelativistic (NREP) results are Sh010ffi 
in Fig. 1. Although some other differences may be 
noted, the calculations indicate that the principal 
relativistic effect is a change in the 5s orbital 
energy from -0.94 to -1.00 a.u. The use of the rel
ativistic EP's in calculations on Xe dimers re
sulted in only an insignificant shift in the equi·· 
libriwll bond lengths. Consequently, it appears 
that, while there is a rather large spin-orbit in
teraction in Xe, other relativistic effects are un
important; and that the 5s electrons are not 
strongly participating in the Xe-Xe interaction. 

To account for the predominance of Bund's case 
c t~pe coupling in electronic states of and 
Xe2. an empiric~l mod~ll. was used whereby . ex
perlmelltal atollllC spllttlngs are used to deflne the 
matrix elements of the spin -orbi t I-jmniltonian. This 
matrix is then added to the diagonal matrix of the 
appropriate interacting electronic states and the 
roots of this matrix are determined for each point 
on the respective SCF curves. Thus, the spin-orbit 
interaction is asswlled to be atom-like at all in
ternuclear distances. 

The 23 potential energy curves derived from the 
13 SCF curves are plotted in Fig. 2. The Xe2+ 
curves have been shifted vertically such that the 
experimental (rather than the SCF) ionization po
tentials of the Xe atom are reproduced. Note that 
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Fig. 1. Effective core potentials of Xe. 
(XBL 78Z-7092) 

* the XeZ curves are generally parallel to the cor-
responding XeZ+ curves and that the repulsive sec
tions of the upper Xe2* curves intersect the ground 
state curve of Xez+ in the neighborhood of its 
minimum. 

Calculated spectroscopic constants for the 
ground (l/Z)u state of Xe7+ are ~ ~ 3.08 A, 
De = 0.70 eV, we = 110.4

w
cm-l , wexe = 0.5 em-I, 

Be = 0.OZ70 em-I, and ae = 0.00013 em-I; ob
served values are R = 3.Z A and D = 1.03 eV. 2 

e. e '" Constants computed tor the bound states of Xe2 are 
nearly the same as those for the (1/2)u state of 
Xe2+' Vertical transition energies fr0m ~ of the 
(1/2)u state to the+(3/2)g, (1/2)2;' and the upper 
(l/Z) states of XeZ are 1.03, 1.07, and 3.56 eV, 
respeetively. The transiti~n energies from the 0+ 
and lu states (at Re) of Xe2 to the repulsive walY 
of the ground state are 6.99 and 6.82 eV, respec
tively. The former transition is observed at 
7.Zl eV.3 
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Fig. 2. Xe2 potential energy curves. 
(XBL 782-7091) 

It should be noted that the SCF potential energy 
curves for the XeZ+ and Xe2* states do not dissoci
ate properly to Xe+ + Xe or Xe* + Xe but to wave
functions tha~ are averages of the optimum !vlO f S for 
each species. However, in rare gas dimers it has 
been found that errors of this type are cancelled 
to a large degree by errors of the same mo.gnitude 
that arise due to the neglect of molecular extra 
correlation energy. Indeed, the spectroscopic con
stants are in close agreement with all-electron CI 
calculationsS on Xe2+' although the EP leads to a 
somewhat smaller value of ~. 

The upper portion of Fig. Z is incomplete by the 
omission of higher Rydberg states of Xe 7*. There 
will be avoided crossings of states of the same 
symmetry at the higher energies as has been noted 
by others. l ,6 

1. J. S. Cohen and B. Schneider, J. Chern. Phys. 
61, 3230 (1974). 
z:- P. M. Dehmer and J. 1. Dehmer, J. Chern. Phys. 
67 1774 (1977). 

. C. K. Rhodes, IEEE J. Quantum Electron. lQ, 
153 (1974). 
4. T. L. Gilbert and A. C. Wahl, J. Chern. Phys. 
5S, S247 (1971). 
s:- W. R. Wadt, J. Chern. Phys. (in press) . 
6. R. S. Mulliken, Radiation Res. ~, 357 (1974). 

3. TIlERMODYNAMIC PROPERTIES OF AQUEOUS SOLUTIONS 
OF RARE EARTH CHLORIDES, NITRATES AND PERCHLORATES 

Kenneth S. Pitzer, John R. Peterson and Leonard 
F. Silvester 

In a very extensive series of papers Spedding 
and associates have presented various thermodynamic 



327 

data for the nitrates, chlorides, and perchlorates 
of most of the rare earths. While excellent com
parative treatments of the results for anyone 
series are given in these papers, it seemed to us 
to be of some interest to fit a general array of 
these data to a single type of equation. We have 
considered the osmotic coefficient, the heat of 
dilution, and the volumetric data for all of the 
chlorides, perchlorates, and nitrates. Thus, in 
effect, we consider the Gibbs energy and its temper
ature and pressure derivatives. Activity coeffi
cients may be calculated from these results. 

It was hoped that the trends of the parameters 
along the rare earth series would yield more re
liable and interesting structural information than 
were obtained by Spedding and his associates in 
their direct examination of the original data. Our 
results in this respect are discussed below. The 
parameters obtained are also useful for various 
thermodynamic calculations and will be especially 
valuable for mixtures where the other components 
have been treated in the same system. 

The equations for activity and osmotic coeffi
cients and for enthalpies have been published. 1 
For the volumetric properties the derivation is 
similar to that for the enthalphy, but the mea
sured property is the density rather than the heat 
of dilution and this yields the absolute rather 
than the relative apparent molal volume. The 
additional term, the partial molal volume of the 
solute at infinite dilution Vo

, must be evaluated. 
One has, then, 

(1) 

where 

(2) 

x (2/a2I) (l-(l+aI l / 2) exp(-aI l / 2)] 

The density is related to the apparent molal 
volume by the expression 

d 

(3) 

(4) 

where dO is the density of the pure solvent and M2 
the molecular weight of the solute. The Debye
HUckel parameter for volume is 

where the last term is the negative of the compressi
bility of the solvent. The equations for the volume 
and the dielectric constant for water that were 
adopted earlier were used to calculate Av' The 
value of Av is 2.626 cc kgl / 2 mole- I / 2 for water 
at 25°C. 

The specific parameters for each rare earth salt 
were evaluated by least squares from the original 
data of Spedding et al. 2 together with any other 
published data3 which was judged to be of comparable 
accuracy. For the chlorides good fits were obtained 
up to the highest concentrations, frequently satura
tion. For the perchlorates and especially for the 
nitrates, it was possible to get good fits only up 
to about 2M and the final calculations were based 
only on data up to this maximum molality for these 
salts. 

The details of this evaluation process and the 
resulting tables of parameters are available in 
Report LBL-6399 and will be published soon. 

It is interesting to note the magnitude of the 
temperature and pressure derivatives in relation 
to the parent functions. For the important param
eters 3/2 S(O), which is of the order unity, the 
temperature derivative is less than 0.0004 K-l. 
Consequently, a 25° change in temperature causes 
less than 1% change in S(O) or 2% change in y at 
1 M. The pressure derivative is less than 0.00006 
atm- l ; hence a 160 atm change causes less than 1% 
change in S(O). The Debye-Huckel coefficient is 
somewhat more sensitive to temperature, with 25° 
causing a 4% change, but is even less sensitive to 
pressure. Thus the properties of these solutions 
do not change rapidly with temperature or pressure, 
and the dominant effect is the change of Debye
HUckel parameter with temperature. 

The more significant parameters are shown as a 
function of the ionic radius of the positive ion 
in Figs. 1-3. The radii of Templeton and Dauben4 
are used for the rare earths. Many of these figures 
show the s-shaped curves noted before by Spedding 
and others and often attributed to a change in the 
inner-sphere hydration number of the cation. It is 
assumed that the inner sphere contains nine water 
molecules from La to Nd and eight water molecules 
from Tb to Lu with a transition between Nd and Tb. 
The trend with radius of the primary Eara~eter for 
short-range pairwise interaction Se) is shown 
in Figs. 2 and 3. The larger absolute value for 
perchlorates than chlorides indicates a more re
pulsive interaction for the perchlorate anion. The 
trend over a wider range of radii in Fig. 3 in
dicates that S(O) decreases with increase in 
radius. Thus the trend from Tb to Nd appears to 
be normal and the regions Lu and Dy and Pr to La 
anomalous. This is in contrast to the explanation 
for Vo values where the middle group of rare earths 
Tb to Nd "vas said to be the anomalous region. 

Additional figures are given in our full report 
together with further discussion. This research 
was supported, in part, also by the Geoscience 
program at LBL. 
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Fig. 1. The partial molal volume at zero molality 
for rare earth salts as a function of cation 
radius. (XBL 782-7090) 

1. L. F. Silvester and K. S. Pitzer, J. Phys. 
Chem. 81 1822 (1977). 
2. F. Spedding et al., J. Chem. Eng. Data 
22, 58, 142, 187, 337 (1977) and earlier papers 
therein cited. 
3. R. A. Robinson and R. M. Stokes, "Electrolyte 
Solutions", 2nd ed. (revised) Buttenrorths, London, 
1965. 
4. D. H. Templeton and C. H. Dauben, J. Am. Chem. 
Soc. ~, 5237 (1954). 

4. TI-IERlVlODYNAlvlI CS OF ELECTROLYTES; ENTI-lALPHY 
AND If-IE EFFECT OF TEtvlPERATORE ON ACTIVITY 
COEFFICIENTS 

Leonard F. Silvester and Kenneth S. Pitzer 

While the thermodynarr.ic relationship between 
the partial molal enthalphy and the temperature 
derivative of the activity coefficient is well
known, it is convenient to use the same basic 
equation for both. Then the temperature deriva
tive of each parameter in the equation for the 
activity coefficient is just the corresponding 
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parameter for the enthalphy equation. We have 
derived the detailed equations in connection 
with our analysisl of the properties of aqueous 
NaCl to 300°C. For most solutes we have only 
heat of dilution data at or near 25°C. In the 
present paper these data for 84 electrolytes are 
fitted to the enthalphy equation corresponding to 
the equations used in papers lI 2 and III3 of this 
series for the osmotic and activity coefficients 
for 237 solutes. The parameters given below allow 
the convenient calculation of properties at other 
temperatures not too different from 25°C. 

It was shown in paper IV4 that this system of 
equations was convenient and effective for mixed 
electrolytes and that the important parameters 
were those for pure electrolytes. Tnus the re
sults of this paper will allow calculations of 
mixed electrolyte properties at temperatures other 
than 25°C. 

The equation for the apparent molal enthalpy is 

where 

L CMX 

1/2 1/2 
x [1 - (1 + ex 1 I ) e xp ( - ex 1 I ) 1 

1

1/2 
X . 

The quantity AH is the Debye+liickel coefficient 
for enthalphy 

AH 6RT2CClA¢/3T)p 

-9A¢ RT
2

[T- l 
+ (d~nD/dT)p + exw/3] 

where 0.w ~ (Cl~nV/dT)p is the coefficient of 
thermal expansion of water. At 25°C, 
~/RT ~ 1.1773. 

The data for heat of dilution for 1-1 aqueou5 electrolytes were reviewed as of 1964 by Parker 

(1) 

(2) 

( 3) 

(4) 

C 5) 
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who also considered heat capacity and heat of 
solution data. For the solutions considered by 
Parker, most of our results do not differ signi
ficantly, but ,'Ie did base our calculations on the 
original data. Our contribution is in the com
pactness of the results and their direct usefulness 
in calculating activity coefficients at temperatures 
other than 25°C. 

In addition to the 1-1 electrolytes considered 
by Parker, we made a reasonable effort to consider 
most available data for higher valence electrolytes. 

In some cases there are heat of solution results 
for various concentrations and these yield, in 
effect, also heat of dilution data. The treatment 
of these heat of solution data yield also the 
ill-I~ of solution at zero molality. 

Values of the temoerature derivatives of S(O), 
S (1), and S (2) and/~r C¢ where applicable, are 
listed in tables that will be given in detail in 
Report LBL-7009 and will be published. 

The most important conclusion is that these 
temperature effects are small. Thus for 1-1 elec
trolytes where S(O) and S(l) are commonly of the 
magnitude of one tenth or a few tenths, their 
derivatives are of the order 10-3 . Hence a tempera
ture change of a few degrees or even ten or twenty 
degrees causes little change in these parameters. 
Beyond that range one must also consider the effect 
of the second derivative or of the heat capacity 
of the solution. 

This research also received support through the 
Geoscience program at LBL. 

1. L. F. Silvester and K. S. Pitzer, J. Phys. 
Chem. 81 1822 (1977). 
2. K. . Pitzer and G. Mayorga, J. Phys. Chem. 
77 2300 (1973). 

K. S. Pitzer and G. Mayorga, J. Solution Chem. 
3 539 (1974). 

K. S. Pitzer and J. J. Kim, J. Am. Chem. Soc. 
96, 5701 (1974). 
s:- V. B. Parker, Thermal Properties of Squeous 
Uni-univalent Electrolytes, Nat. Std. Ref. Data 
Series, Nat. Bur. Stds., Washington, 1965. 

5. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Kelmeth S. Pitzer 

The development of a quantum chemistry for 
heavy atoms, which has proceeded successfully 
through quantitative calculations for atoms, will 
be directed toward calculations for molecules. 
This will require the development of a new general 
set of equations and computer progranlS for mole
cules in j-j coupling (or w-w coupling). As soon 
as this is completed we will proceed to particular 
cases of interest beginning with diatomic molecules. 
As a parallel effort, and in collaboration with 
LLL, we are making more approximate calculations 
within the L~S coupling framework for examples 



where the spin-orbit effects are not too large. 
The work of this type on Xe2*' etc., is reported 
above, and other cases are being considered. 

In the work on the thermodynamics and statisti
cal mechanics of electrolytes, attention will be 
given a) to the properties of high-valence com
pounds, b) to mixed electrolytes at high tempera
tures, and c) to solid-solution equilibria of 
geochemical interest. Both theoretical and experi
mental work will be included. This activity also 
receives some support from the Geoscience program 
at LBL. 

6. 1977 PUBLICATIONS AND REPORTS 

Kermeth S. Pitzer and Associates 

Journals 

L Janice J. Kim and Kenneth S. Pitzer, Crystal 
Field Effects on Oxygen in Solid Methane aJld the 
Catalysis of Spin-Species Conversion of Methane, 
J. Chem. Phys. 66, 2400 (1977), LBL-5476. 

2. Kenneth S. Pitzer, Rabindra N. Roy and Leonard 
F. Silvester, Thermodynamics of Electrolytes. VII. 
Sulfuric Acid, J. Am. Chem. Soc. 99, 4930 (1977), 
LBL-5970. --

3. Leonard F. Silvester and Kenneth S. Pitzer, 
Thermodynamics of Electrolytes. VIII. High 
Ten~erature Properties, including Enthalpy and Heat 
Capacity, with Application to NaCl, J. Phys. Sl, 
lS22 (1977), LBL-62l7. --
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4. Kenneth S. Pitzer, Electrolyte Theory - Im
provements since Debye and HUckel, Acc. of Chem. 
Res., .lQ., 37l (1977), LBL-621S. 

5. Yoon S. Lee, Walter C. Ennler and Kenneth S. 
Pitzer, ab initio Effective Core Potentials In
cluding Relativistic Effects. I. Formalism and 
Applications to the Xe and Au Atoms, LBL-62S5 
J. Chem. Phys. ~, 5S6l (1977), LBL-62S5. 

LBL Reports 

1. Kenneth S. Pitzer, The Origin of the Acentric 
Factor, LBL-S969. (A Chapter for a book to be 
published by the Am. Chem. Soc., in late 1977 or 
early 1975.) 

2. Kenneth S. Pitzer, John R. Peterson and 
Leonard F. Silvester, Thermodynamics of Electrolytes. 
IX. Rare Earth Chlorides, Nitrates, and Per
chlorates, LBL-6399 (J. Soln. Chem.) 

3. Yoon Sup Lee, ab initio Effective Core Po
tentials Including~elativistic Effects and Their 
Applications to the Electronic Structure Calcula
tions of Heavy Atoms and Molecules, (Ph.D. thesis), 
LBL-6962. 

4. Leonard F. Silvester and Kenneth S. Pitzer, 
Thermodynamics of Electrolytes. X. Enthalpy and 
the Effect of Temperature on the Activity Coeffi
cients, LBL-7009 (J. Soln. Chem.) 



c. Chemical Dynamics Studies 

Bruce H. 

1. TRANSPORT' IN GASES: AN ALTERt"lATIVE TREATMENT* 

Bruce H. Mahan 

In this primarily pedagogical article, we show 
how the coefficients of diffusion, viscosity, 
thermal conductivity, and electrical conductivity 
can be obtained in terms of the collisional 
relaxation tin~ for gaseous systems. The approach 
has the advantage of avoiding the questionable 
geometric arguments of mean free path theory, 
emphasizing the nonequilibrium nature of the 
transport process, and providing explicit, if 
approximate, expressions for the nonequilibrium 
distribution functions. 

* Abstracted from LBL-6Z67, accepted for publication 
in the J. of Chem. Ed. 

Z. LASER INDUCED FLUORESCENCE OF GASEOUS IONS 

Richard Davis, Prederick Grieman and Bruce H . .Mahan 

Important applications of ion-molecule reaction 
kinetics have been made in the a2eas of mass 
spectrometry,l plasma chemistry, combustion 3 
radiation chemistry,4 atmospheric chemistry,S ion 
solvation,3 and the chenristry of interstellar 
matter. 6 In order to systematize, explain, and 
anticipate ion-molecule chemistry, knowledge of 
the molecular structure and electronic states of 
gaseous ions is needed. Some of this necessary 
information has been provided by photoelectron 
spectroscopy. However, photoelectron spectroscopy 
rarely reveals the rotational levels of ions, and 
is applied only with considerable difficulty to 
ions of reactive or unstable molecules. 

Direct optical spectroscopy of gaseous ions 
would supply the required information. lvhile the 
emission spectra of approximately 30 diatomic ions 
have been obtained, the absorption spectra of only 
6 of these are known. For polyatomic ions, the 
situation is much worse, with the emission 
spectra of only 6 ions known, and the absorption 
of only 4 ions detected. 

We have developed a method for obtaining the 
absorption spectra of mass selected gaseous ions 
by laser induced fluorescence. Ions are formed 
by irradiating a low pressure gas with a pulse of 
electrons. A three-dimensional quadrupole trap7 
is used to confine the ions. TIle trap can be 
operated so as to retain ions of all nllisses, or 
in a mass-selective mode. In the latter case, 
after a time sufficient for mass selection to 
occur (~l ms), the ions are irradiated with a 
10 ns light pulse from a tunable dye laser. If 
the laser is tuned to an absorption frequency of 
the ions, approximately 104 ions can become 
electronically excited. The radiation from those 
that fluoresce is detected by a gated photo
multiplier and recorded. An electrical pulse is 
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then applied to the trap to drive the ions to a 
detector, where their number is determined. The 
production-selection-fluorescence-detection 
sequence is repeated 10 to 40 times per second. 

We have recently detected one vibrational band 
of the B Zz+ - X ZZ+ transition of Nz+ in 

u g 
preliminary experiments with our apparatus. This 
spectrum is well-knmvn from conventional optical 
spectroscopy. Its detection shows that our 
apparatus is operating within the design 
specifications, and should be capable of detecting 
the spectra of small polyatomic ions with 
sufficient sensitivity and resolution to permit 
structural parameters to be derived from rotational 
analyses. The apparatus can also be used to 
obtain the internal state population distribution 
of ions formed in ion-molecule reactions as well 
as electron impact induced fragDlentations. 

1. 1. Friedman and B. Reuben, Adv. Chem. Phys. 
12., 33 (1971). 
z. M. Venuglopalan, Ed., Reactions Under Plasma 
Conditions, Vol. Z (Wiley-Interscience, New York, 
1971) . 
3. J. 1. Franklin, Ed., Ion lVlolecule Reactions, 
Vols. 1,Z. (Plenum, New York, 195Z). 
4. L. G. Christophoru, Atomic and Molecular 
Radiation Physics, (Wiley- Interscience, New York, 
1971) . 
5. E. W. McDaniel, V. Cermak, A. Dalgarno, 
E. Ferguson and L. Friedman, Ion-Molecule Reactions, 
(Interscience, New York, 1970). 
6. W. Klemperer, Nature ZZ7, lZ30 (1970). 
7. P. H. Dawson and N. R. Whetten, Adv. Electronics 
and Electron Phys. ~, 59 (1969). 

3. DYNAMICS OF 1HE F+ -HZ REACTION 

James M. Farrar, Steven G. Hansen and Bruce H. 
Mahan 

Work is continuing on the reaction F+ (HZ ,H)HF+. 
This system is particularly interesting in that 
the reactants F+ and HZ constitute an excited 
state of the system that does not correlate 
adiabatically with accessible bound states of HP+ 
Nevertheless, HP+ is observed as a product when 
the collision energy is less than approximately 
5 eV. TIle general features of the potential energy 
surfaces derived by qualitative consideration of 
the occupied molecular orbitals have been largely 
confinned by the ab initio calculation of Schaefer 
and Ungemach, and enforce the conclusion that as 
long as HZ remains near its equilibrium inter
nuclear separation, there are no crossings of the 
F+ + HZ surface with those that lead to HF+ + H. 

Consideration of correlation diagrams with 
distorted HZ molecules indicate that the surfaces 
that lead to the experimentally observed product 
HP+ may be accessible in these situations. This 



requirement may also account for the small reaction 
cross section and its disa~pearance at high 
collision energies. 111ese possj_bilities are being 
explored in collaboration with I-I. F. Schaefer and 
S. R. Ungemach. 

4. DYNi'Il\lICS OF COz + -DZ COLLISIONS AT LOW ENERGIES 

Steven G. Hansen and Bruce I-I. Mahan 

1 Earlier work by IIlahan and Schubart has shown 
that the reaction COZ+(DZ,D)DCOZ+ proceeds 
principally by a d~lrect interaction mechanism at 
relative energies higher than 2.0 eV. However, 
the product velocity vector distributions in the 
low energy regime were broad and showed considerable 
intensity near the center-of-mass velocity, then:;by 
indicating that a possible transition to a long 
li ved D2COZ + collision mechanism would be 
found at lower relative energies. 

We have investigated this reaction at relative 
energies of 1.4 eV and below. ~vhen CO2 is prepared 
by a microwave discharge through a COZ-I-Ie mixture, 
a procedure that typically produces ions in their 
electronic ground state, the velocity vector 
distributions of DCOZ+ are nearly symn'etric about 
the center-of-mass velocity. This indicates that 
at low relative energies, the reaction proceeds 
predominately through the fonnation a11d decay of 
a long lived DZCOZ+ complex. 

Somewhat different results are obtained when CO/ 
is produced by the impact of 150 eV electrons on 
CO2. Even at collision energies as low ,/:S 0.28 eV, 
the velocity vector distribution of DCOZ is 
aSYJlIDletric about the center of mass. This indicates 
that high energy electron impact on C02 produces 
significant amounts of C02 T in a metastable 
electronically excited state. The reaction of this 
metastable CO2 + with D2 then occurs directly on a 
potential energy surface that does not contain a 
potential energy well that corresponds to a DZCOt 
collision complex. 

The reaction CO2 + (D2, OD) DCO+ was also 
investigated by IIlahan and Schubart. l Although it 
has virtually the same overall energetics as the 
CO2 + (D2 , D) DCOZ + reaction, it has a much smaller 
cross section in the 2 to 10 eV relative energy 
ran.ge, and had never been detected in experiments 
at thermal energies. Mahan and Schubart1 speculated 
that a potential energy barrier might prevent DCO+ 
fonnation, but would not interfere with DCO/ 
fonnation. We have ShOlVIl in our recent experiments 
that there is a threshold for DCO+ formation at 
approximately 1. 4 eV energy. If DC02 + and DCO+ 
both come from the decay of a common D2COZ + 
intenrediate, our findings suggest that the barrier 
to DCO+ fonna tion is in the exit channel 0 f the 
potential energy surface. 

L B. I-I. lvlahan "md P. J. Schubart, J. Chem. Phys. 
66, 3155 (1977). 
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5. RESEARCH PLAt\)S FOR CALENDAR YEAR 1978 

Bruce H. IIlahan 

With our laser induced fluorescence teclmique 
we shall pursue the visible and ultraviolet 
spectroscopy of light triatomic ions such as H20+, 
mZ +, and NHZ + . We will attempt to use this 
device to obtain radiative lifetimes and vibrational 
state distributions of ions formed by various 
fragmentation and reaction processes. The 
connection between electronic structure and chemical 
reac ti vi ty will be further explored by completing 
our work on the F+ -HZ systems, and starting work on 
the reactions of CF+, S+, and p+ with HZ' 111e 
energy spread of our low energy beam apparatus 
will be improved by the addition of a velocity 
filter, and redesigned ion sources. This will 
permit the resolution of vibrational states of the 
products in certain favorable cases. lvloclifications 
to improve the perfonnance of our high energy ion
molecule collision apparatus will be completed, 
and tests of our sequential impulse model for high 
energy reactions will be made by studying the high 
energy scatterirg of C" and Cl + by HZ' 

6. 1977 Pl.,'BLICATIONS J'lND REPORTS 

Bruce H. Mahan and Associates 

Journals 

1. C. Y. Ng, D. J. Trevor, B. I-I. ~!ahan and 
Y. T. Lee, Photoionization Study of the 
der Waals t-lolecule, J. Chern. Phys. ~, 

van 
(1976). 

Z. B. I-I. lvlahan, W. E. W. Ruska and J. S. Winn, 
Sequential Impulse Model of Direct Reactions, 
J. Chem. Phys. 65, 3889 (1976). 

3. B. I-I. lvlahan and W. E. W. 
Reaction of N+ with HZ' IV. 
at Relative Energies Above 6 
~, 5045 (1976). 

Ruska, Dynamics of the 
Reacti ve Scattering 

eV, J. 01em. Phys. 

J C. Y. Ng, D. J. Trevor, B. H. lvlahan and 
Y. T. Lee, Photoionization Studied of the KrZ and 
ArZ van der Waals Molecules, J. Chem. Phys. ~, 
446 (1977). 

5. B. I-I. lvlahan and P. J. Schubart, Dynamics of 
COZ+-DZ Collisions, J. Olem. Phys. 66, 3155 (1977). 

6. C. Y. Ng, P. W. Tiedemann, B. H. lvlahan and 
Y. T. Lee, The Binding Energy Between NO and NO+, 
J. Chem. Phys. 66, 3985 (1977). 

7. C. Y. Ng, P. W. Tiedemann, B. H. lvlahan and 
Y. T. Lee, Photoionization Studies of the Diatonuc 
Heteronuclear Rare Gas lvlolecules XeKr, XeAr, and 
KrAr, J. Chem. Phys. 66,5737 (1977). 



LBL Reports 
1. B.H. Mahan, Transport in Gases: JID 
Altemative Treatment, J. Chem. Ed. (in press), 
LBL-6267, 1977. 
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2. B. I-I. Mahan, I-I. F. Schaefer III and S. R. 
Ungemach, Some Features of the Potential Energy 
Surfaces for the F++I-IZ Ion-Holecule Reaction, 
J. Chem. Phys. (in press), LBL-6679, 1977. 



d. Theory of low Energy Atomic and Molecular 
Collisions 

William H. Miller, Investigator 

1. PENNING IONIZATION OF HZ BY He *·t 

A. P. Hickman,t A. D. Isaacson and W. H. Miller 

, 1,Z d I' . h h . Recent experllllents ea Ing WIt t ~ PennIng 
ionization of closed shell species by He"'ClsZs 
IS and 3S), e.g., 

* + He + Ar -+ He + Ar + e-

+ 
+ HZ -+ He + HZ + e 

indicate interesting differences between ionization 
by singlet and triplet metastable helium. ~pecifi
cally, the interaction potential between He and 
its closed shell collision partners is deduced to 
be an kexpected) repulsive curve for He*(3S), but 
for He (IS) the experiments suggest that it has 
a relative maximum. There has been no satisfac
tory explanation of why this structure should 
appear, and if it does, why it is present for the 
singlet but not for the triplet. 

We have earlier calculated3 the interaction po
tential for He*(3S) + HZ, and this work reports 

> 
<l) 

E 

0::: -> 

Fig. 1. The two.solid curves are the present re
sults for the He*(lsZs lS)-HZ interaction potenti
al for perpendicular (CZv) and collinear (C ) 
approaches. R is the distance between He a~ the 
center of mass of HZ, and the H-H distance is fixed 
at its equilibrium value 1.4 aO' The units of 
energy are milli-electron volts and of distance 
are Bohr radii. The dashed curve is the effective 
spherically symmetric potential of Ref. Z. 

(XBL 773-79Z7) 
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similar calculations for the case of singlet He*, 
the goal being to see if the anomalous structure 
can be found, and if so, understood. Figure 1 
shows our results. For CZv geometry one sees that 
this structure in the potential curve does exist, 
but not for the collinear (Ccov) orientation. 

Analysis of the electronic wave function shows 
clearly that the anomalous structure arises from 
interaction between the lsZs IS and lsZs lp states 
of helium. For large R the electronic states cor
respond to the outer electron being in an s or in 
a p orbital, while for small R the adiabatic states 
are essentially s -p hybrids. The transition from 
atomic states to s-p hybrids takes place over a 
small region of internuclear distance, and this is 
the origin of the structure in the potential curve. 
A similar effect is not significant for the triplet 
case because the atomic splitting of lsZs 3S and 
lsZp 3p states of helium is about twice the size 
of that for the singlet case, and the triplet 
states thus interact only weakly. 

Also shown in Fig. 1 is the effective spherically 
symmetric potential deduced4 from experimental mea
surements. There is qualitative agreement, but 
more accurate scattering calculations are necessary 
before the analysis of the data is meaningful. 

tAbstracted from J. Chern. Phys. 67, 370 (1977). 
± 

Non-LBL employee. 

1. M. T. Leu and P. E. Siska, J. Chern. Phys. 60, 
Z179, 408Z (1974). 
Z. B. Brutschy, H. Haber land, H. Morgner and 
K. Schmidt, Phys. Rev. Lett. 36, lZ99 (1976). 
3. A. P. Hickman, A. D. Isaacson, and W. H. Miller, 
J. Chern. Phys. 66, 1483 (1977). 
4. R. Altpeter~H. Haberland, W. Kunz, 
P. Oesterlin and K. Schmidt, J. Chem. Phys. ~, 
836 (1977). 

2. UNIFIED TREATlvlENT OF PENNING IONIZATION AND 
EXCITATION TRANSFER* 

W. H. Miller and H. Morgner 

Penning ionization, 

A* + B -+ A + B+ + e , 

and excitation transfer 

* * A +B+A+B, 

(1) 

(2) 

are usually treated by different theoretical 
approaches. One reason for this is that reactions 
(1) and (2) are usually detected bI different ex
perimental means: in (1) the ions or electrons2 
are detected, while in (2) the excited state B* 
usually radiates so that photons are detected. 3 

In some cases, however, it is useful to consider 
both processes in a unified manner; this is partic-



ularly true if both channels exist for one set of 
reactants. This paper develops a semiclassical 
theory for this unified approach. 

Referring to Fig. 1, suppose the potential curve 
for A*-B lies above that for A-B+ at large R, but 
below it for small R. Wi thin the Born Oppenheimer 
approximation, therefore, reaction (1) takes place 
at large R (R > 14), while only reaction (2) is 
possible at small R (R < R+). The important theo
retical point we show is that feR), the autoioni
zation rate for R > R+, is not zero at R ~ R+ and 
in fact is a continuous function even for R < 14. 
We then show that the cross-section formulae de
veloped earlier by Miller4 for Penning ionization, 
reaction (1), can also be applied to the case of 
reaction (2). For the case depicted in Fig. 1, 
therefore, both reactions (1) and (2) take place, 
and our semiclassical theory--which is only a 
slight generalization of our earlier work4- -allows 
one to calculate the cross sections for both re
actions. 

-c:: 
(!) ..-
o 

0... 

R, Internuclear Distance 

* Fig. 1. Sketch of the potential curve for A -B. 
For R > R+ it is embedded in a continuum of curves 
of the type A-B+ + e-, and for R < R+ it cros~es 
t~~ infinite family of curves of the type A-B *, 
B being a Rydberg state of B. (XBL 777-9640) 

A particular system to which this situation 
applies is 

He+ + F- -+ He + F+ + e 

* -+ I-Ie + F 

We calculated the relevant potential energy curves 
and the autoionization rate function feR), as 
shown in Figs. 2 and 3. Figure 4 shows the cross 
sections, as a function of collision energy, for 
ionization (i.e., final state He + F+ + e-) and 
for ex<;:itation transfer [i.e., final states 
He + F"(2p4np)]. The lowest excited state of F 
is the most likely product, but the ionization 
cross section is not negligible. 
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Fi~. 4. Total cross sections for the reactions 
He + F- ->- He + F** (n), lIe + F++e-, as a function of 
collision energy. (XBL 777-9645) 

\bstracted from J. Chem. Phys. !ii, 4923 (1977). 

1. See, for example, E. Illenberger, A. Niehaus, 
A. Phys. B 20, 33 (1975). 
2. For a review, see A Niehaus, Ber. Bunsenges. 
Phys. Chern. 77, 632 (1973). 
3. See, forexample, W. Lee, R. M. Martin, J. 
Chem. Phvs. 64, 678 (1976). 
4. W. B'. Miller, J. Chern. Phys. g, 3563 (1970). 

3. SEMICLASSICAL DESCRIPTION OF INTERFERENCE 
EFFECTS IN ROTATIONAL STATE DISTRIBUTIONS*t 

C. W. McCurdy and W. H. Miller 

Although classical mechanics describes many fea
tures of molecular collision phenomena quite well, 
one must go beyond it in order to include intrinsi
cally quantum mechanical effects such as inter
ference and twme1ing. The general semiclassical 
approach known as classical S-matrix theory1 allows 
one to incorporate these quantum features while at 
the same time retaining a classical mechanical 
description of the mechanics itself. 
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An interesting illustration of this theory is the 
case of rotational excitation of an "almost homo
nuclear" diatomic molecule. Consider the excitation 
of diatom BC by the atom A: 

where J lS the rotational quantum nwnber. If BC is 
homonuclear (i.e., B =: C), then it is well-known 
that Lij ~ j 2 - j 1 mus~ ~e ~E' whereas there is no 
such restnctlOn on LiJ If BC lS heteronuclear. 
More quantitatively, suppose the interaction po
tential between 1-\ and BC has the form 

V(R,y) ~ VO(R) [1 + all (cosy) + al2(cosy)] 

where R is the distance from 1-\ to the center of mass 
of BC 3Jld Y is the angle between this coordinate 
and the axis of the molecule; P1 and P2 are 
Legendre polynomials. If a1 ~ 0, the dlatom is 
homonuclear, i. e., the potential is UnCh3Jlged by 
the replacement y -+ IT-y (which corre"ponds to 
interchanging B and C); if a1 'I 0, the molecule is 
heteronuc1ear. 

The rigorous selection rule thus implies that 
the cross section o(j2+- jl) is zero for odd Lij 
if a1 ~ 0, but is nonzero If a1 f O. The semi
classical analysis shows moreover that this transi
tion is continuous; i. e., if I all < < 1, then 
o (odd Lij) < < 0 (even Lij). 

Figure 1 shows an example of the calculations 
that illustrate this "weak selection rule." The 
solid line connects the results for the homonuc1ear 
case (a1 ~ 0), and the dashed line the results for 
al slTI'ill but finite. Figure 2 shows similar re
sults for larger values of a1' One sees here that 

olO.---.------l 

Fig. 1. Cross sections for rotationally inelastic 
transitions j 1 ~ 0 -+ j 2' The solid line COlmects 
values for the homonuc1ear case a1 = 0, a2 ~ 1.2, 
and the dashed line the values for the "almost 
homonuclear" case al ~ 0.15, 1. 2. 

(XBL 773-5181) 

Fig. 2. Smne as Fig. 1 except the 3Jlisotropy 
parameters a::e (a1,a2) ~ (0.3, 1.2~ (solid line) 
and (a1'a2) - (0. ,,1.2) (dashed Ime). 

(XBL 773-5182) 



the odd anisotropy is so large that the inter
ference has been shifted in phase for large 6j; 
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i. e., for small 6j, the ordinary propensity is 
seen,o (odd !\j) <0 (even !\j), but for large!\j it 
is inverted, 0 (odd 6j) > 0 (even !\j). For aniso
tropies this large it no longer makes sense to 
think of this as a rellmant of the homonuclear sel
ection rule, but simply an interference effect in 
the rotational state distribution. 

from J. Chem. Phys. 67, 463 (1977). 
"t Supported by the National Science Foundation. 

1. W. H. Miller, Acct. Chem. Res .~, 161 (1971); 
Adv. Chem. Phys. Z2, 69 (1974). 

4. SEivlICLASSICAL EIGENVALUES FOR FINITE INTERVALS'" 

J. E. Adams and W. H. Miller 

The well-known Bohr-Sollnllerfeld eigenvalue con
dition, 

dx (1) 

n = 0,1,2,3, ... , is applicable when the domain of 
the potential is the entire x-axis (-oo,co). If the 
potential is defined only on the semi-infinite in
terval (0,00), then the above equation is modified 
by the replacement, 

Vex) + vex) +- !\V(x) (2) 

where 

6V(x) 
n2 

(3) 
8mx 

2 

11 ' , k 1 d' f' , 1 lIS IS 110wn as t 1e Langer mo 1 lcatlon. 

For potential functions defined on a finite in
terval (a,b) Eq. (1) is also inappropriate, and we 
have derived the appropriate modification for this 
situation. The modification is the same forrn as 
Eq. (2), but where here 

6V(x) (4) 8 . 2 IT a+-b 
m cos [,-_. (x - --) 1 

i)-a 2 

It is easy to show that Eq. (4) has the form 
in the limits x -, a, or x + b: 

Hm M(x) 
x+a 

Hm M(x) 
x+b 

8m(x-a) 

8m(b-x) 

and if the interval (a;b) becomes (0,00), then 

!\V(x) 
112 

the Langer form is recovered precisely. 

To illustrate and test this result we consider 
the harmonic oscillator defined on the interval 
("L/2, L/2); i.e., the potential is + 00 for 
Ixl > L/2. (This specific example has relevance 
to frequency doubling in wave guides.) For 
m = h = 1 the eigenvalues have the following limits 
for large and small values of L, 

!Lim 1 
E (n +- Z)w 

L-;oo n 

!Lim E 
1 [lE+l) '11] 2 

1->0 
n = 2 L 

for n = 0,1,2, ... For intermediate values of L 
we have carried out calculations to compare the 
results of Eqs. (Ii and (4) to the exact quantum 
mechanical resultsL for this problem. 

6 
~ 

c 
w 

4 -
n"O....-

\ 
\ 

2 \ 
\ 
'\ 

"-. 
"-

0 
0 2 3 

LI-/2 

(5) 

(6) 

4 

Fig. 1. Eigenvalues of the ground (n = 0) and 
first excited state (n = 1) for a harmonic oscilla
tor of frequency w = 1/2 in a box of length L. 
The points represent the exact quantum mechanical 
values of Ref. 2, the solid curves the values cal
culated via the modified WKB quantum condition, and 
the dashed lines the results given by the ordinary 
unmodified f\~(B quantum condition. (XBL 778-2852) 



Figure I shows the lowest two eigenvalues as a 
function of L. The modified WKB eigenvalues are 
in excellent agreement with the correct quantum 
mechanical values for all L, while the unmodified 
WKB values are quite poor for small L. 

* Abstracted from J. Chem. Phys. 67, 5775 (1977). 

1. R. E. Langer, Phys. Rev. 51, 669 (1937). 
2. A Consortini and B. R. Frieden, Nuovo Cimento 
~, 153 (1976). 

* 5. SEMICLASSICAL PHASE SPACE DISTRIBUTIONS 

R. M. Stratt and W. H. Miller 

A previously obtainedl semiclassical expression 
for the canonical distribution function p(p,q) is 
investigated for several examples of the type-that 
are of interest for chemical applications. 
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The expression for the distribution in coordinate 
space p (g) is - 3 

hS/2 

-~!O de (1) 
e 

where H(p,q) = p2/Zm + V(q), is the classical 
Hamiltonian, and p(T),q(e) is the trajectory de
termined by the equations of motion 

~' (e) plm (2a) 

E'Cr) = dV (q) 

dq 
(2b) 

wi th ini tial conditions 

q(O) q (3a) 

pCO) p (3b) 

The partition function Q is given by 

Q ~Jd3 p (q) (4) 

Figure I shows a comparison of the classical, 
quantum, and semiclassical partition function for 
a particle in a box of length L as a function of 
the reduced parameter e = L/h/Zm1<T. The semi
classical approximation is seen to include quantum 
effects to some extent, but it is far from quanti
tative at very low temperatures. This is an ex
ample of the difficulty that semiclassical methods 
usually have with discontinuous potentials. 

o 0.5 1.0 

Log lo B 

1.5 2.0 

Fig. 1. Partition function for a particle in a box; 
e = L/ZmkT/h. (XBL 777 -9632) 

Figure 2 shows a similar comparison for a Morse 
oscillator. Here the semiclassical approximation 
is in quantitative agreement with the quantum re-

I!iI Semiclassical 
0.40 

0.30 

Q 

Temperature (OK) 

Fig. 2. Partition function for a Morse oscillator 
(Tchar = 4184 K). (XBL 777-9634) 



suIt for all temperatures. The semiclassical model 
is thus much more accurate for this smooth potential 
function. 

Finally, Fig. 3 shows the radial distribution 
function for two helium atoms interacting via a 

3.0 

N 
1.4 

1.2 

1.0 

0.8 

0.6 
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• Quantum f 
I 
I 
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Classic~i 
I 

1", 

2 4 6 8 
R (au) 

( b) 

10 

Fig. 3. Two particle radial distribution function 
for He4 in a Lennard-Jones potential. Distance is 
in atomic units (0 ~ 4.83 a.u.). (XBL 777-9636) 

Lennard-Jones potential. At the lower temperature, 
10K, the quantum corrections to the classical re
sult are sizeable, and the semiclassical approxima
tion does a good job of describing them. At 30K 
the quantum effects are smaller and the semiclassi
cal approximation even more accurate. 

In general, the semiclassical model does a good 
job of describing the quantum effects in the can
onical distribution function when the interaction 
potential is smooth. It could thus be a useful 
approach for exploring these effects in more com
plex systems. 

* Abstracted from J. Chem. Phys.~, 5894 (1977). 
1. W. H. Miller, J. Chem. Phys. ~, 1664 (1973). 
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6. RESEARCH PLANS FOR CALENDAR YEAR 1978 

William H. Miller 

In addition to continuing interest in various 
aspects of semiclassical theory, there are several 
new topics that we are planning to investigate. 

Classical Liouville Equation 

Classical mechanics is an adequate description 
of molecular dynamics for many purposes. In colli
sion problems the essential task is to map an ini
tial phase space distribution onto a final one, 
and this is normally accomplished by sampling the 
initial distribution (usually by Monte Carlo 
methods) and then integrating Hamilton's equations 
to follow the individual trajectories of the system 
from reactants to products. The same goal can be 
achieved somewhat more concisely (in principle) by 
solving the classical Liouville equation for the 
phase space distribution function. This effectively 
maps the initial distribution function onto the 
final one in one step. 

We have already solved some of the formal prob
lems that have obstructed this approach in the past 
and plan to apply the equations we have obtained to 
specific examples to see how useful the approach 
may be. 

Quantum Mechnical Reactive Scattering 

A number of years ago (1969) I developed a for
malism for carrying out quantum mechanical reactive 
scattering. It has many attractive features but 
has never been seriously applied. We have recently 
thought of some particular tricks that make it 
even more appealing and plan to apply it first to 
some test cases and, if encouraged, to some reac
tions of interest. 

The most important feature of this approach is 
its complete generality. It does not rely on the 
use of "natural collision coordinates" that must be 
tailored to each specific problem, and in some cases 
are not possible to use at all. 

Infrared Laser Induced Chemistry 

This is a very popular topic these days. In its 
simplest version the laser is used to exclte the 
reactan.t species vibrationally and the reaction 
usually proceeds much faster with vibrationally ex
cited products. One of the best known examples is 

K + HCl (v) -+ KCl + H , 

for which the cross section is much larger for 
v ~ 1 than for v ~ O. To be effective, therefore, 
the laser must be in the frequency region that ex
cites HEr from the v ~ 0 to the v '" I vibrational 
state. 

We have recently realized that an infrared laser 
can promote a chemical reaction even if the re
actants are infrared inactive. In H + HZ -+ HZ + H, 



for example, there is a nonzero dipole moment ,,,hen 
the three atoms are in the transition state region 
of the potential energy surface. Furthermore, the 
dipole moment changes with the aSYllmletric stretch 
(i.e., motion along the reaction coordinate) and 
can thus absorb energy from a radiation field. 
TI1e symmetric stretch, on the other hand, is in
frared inactive. The system thus absorbs energy 
.selectively in the particular degree of freedom 
most effective in making the reaction go. Test 
calculations for this and other reactions are being 
begun. 

7. 1977 PUBLICATIONS AND REPORTS 

W. H. Miller and Associates 

Journals 
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e. Photoelectrol1l 

David A. Investigator 

L TIIERIvLL\L DIFFUSE SCATTERING IN PHOTOEIvIISSION: 
A NEW EFFECT'" 

t R. S. Williams, P. S. Mlener, J. Stohr, and 
D, A. Shirley 

For any scattering mechanism occurring in a 
crystalline solid, the conservation of crystal 
momentum for the scattering process arises due to 
the assumption that infinite three-dimensional 
periodici ty exists in the solid. Any breakdown in 
the crystalline synmletry allows scattering not 
conserving crystal momentum to occur. The presence 
of phonon modes in a crystal disrupts the perfect 
periodici ty of a 'lattice and thus opens inelastic 
(i.e., phonon assisted) channels to the scattering 
process. We have observed this effect in photo
emission for the first time in a study of the 
temperature dependence of angle-resolved photo
electron spectra of a copper single·-crystal surface. 

111e temperature and energy dependence of the 
momentum conservation rules for elastically 
scattered radiation (e.g., x-rays, neutrons, or 
electrons) by a crystal lattice is governed by the 
Debye-Waller factor 

f = exp [- ( 
...,. 2 

. Llr) ) 1 (1) 

Here q = - kj is the difference between the 
wavevectors of the incident (k) and scattered (kf) 
radiation, and LI;: is the instantaneous thermal 
displacement of an atom from the equilibrium 
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lattice position. In a simple one-electron picture, 
photoemission can be viewed as a scattering 
process, ini tial state involves a photon with 
wavevector and a boun~ (e.;.g., !t valence) 
electron wavevector lei (1<j = khv + ki), while 
the final state is charac~erized by the photo-
electron kf. The diffraction law 
kf - kj = ,,,here is a reciprocal lattice 
vector describing the elastic scattering of 
radiation by a crystal lattice, also describes the 
direct transition requirement in photoemission, 
Henc~ one would expect the intensity of direct
transition features in ARP spectra to exhibit a 
temperature and energy dependence in accordance 
with Eq. (1). 

In this approximation, the indirect transltlon 
channel in photoemission corresponds closely to 
x-ray temperature-diffuse scattering. l The 
connection between x-ray diffraction and ARP is 
revealed by an evaluation of the photoexci tation 
matrix element including the time average over 
the atomic thermal displacements, 

1< lCf) IA.plcr
i

(;:) 12 'V f OifCkf ) 

x 10 - G) + (1 - 0 (q - G)) (2) 

x + ... J } 

This expression was derived asswning LCAO tight
binding initial- state and plane-wave final- state 
wavefunctions. 2 Here, oif(kf) is an atomic-type 
matrix element, kB the Boltzmann constant, and T 
the temperature. 1118 qualltities crl and cr2 involve 
sums over phonon modes familiar from first- and 
second-order temperature-diffuse 1 

To elucidate the effect of temperature on the 
ARP spectrum we consider normaIj)hotoemission from 
a Cu(llO) single crystal. lIt room temperature 
we found that photoemission from Cu in the ultra
v~olet (UPS) regime is dominated by direct tr:ansi
tlon processes. 3 111e band-6 at EB ~ 0.5 for 
hv ~ 45 e V is 811 sensi ti ve indicator of 
the direct transition channel because it can only 
originate from transitions in a very small region 

Cu (110), hv ::: 45 eV 
Normal emission 

"--~~~L~I,--. ~ L_ ul . I. 
EF I 2 3 4 5 6 7 

Binding energy (eV) 

Fig. 1. Temperature dependence of the nonnal 
photoemission spectrum from a Cu(llO) at 
hv ~ 45 eV. Emission near 0.5 eV ],inding energy 
is due almost to initial states of the 6th 
valence band on the line of the Brillouin Zone. 

(XBL 774-818) 



of the Brillouin Zone (BZ). As phonon-assisted 
processes become more import;;mt with increasing 
temperature, this peak (Fig. 1) decreases 
dramatically in intensity. Figure 1 also shows 
that as the temperature is raised the shape of the 
d-band changes as well; the d-band peru< becomes 
asymmetric, with more intensity at the top of the 
bands, until, at 800°C, the spectrum resembles that 
of polycrystalline copper for hv '" 40-50 eV.4 For 
copper, a single electron-phonon interaction can 
change the electron wavevector by a large amount, 
but ~ince the energy transfer is small, more of 
the k states in the BZ are sampled without greatly 
disrupting their energy distribution. This 
increase in the number of different states that 
can contribute to the photoemission spectrum 
washed out structure due to bands with a large 
amount of dispersion (in particular the band 6 
feature in Fig. 1.). 

In follows that the direct-transition model 
describes ARP studies at ultraviolet energies 
only if the temperature is low enough to suppress 
phonon -assisted indirect transitions. Thermal 
mean -square displacements of atoms in crystals 
approach their limiting zero-temperature values 
for temperatures somewhat below the Debye 
temperature of the material in question. Thus, 
a general rule for assuming a minimum amount of 
thermal momentum broadening is to collect ARP 
spectra at temperatures below the surface Debye 
temperature of the material studied. 

Because the ~bye-Waller factor determines the 
fraction of the k-conserving direct transitions, 
the direct transition process is less important 
at x-rax energies than at UPS energies. In fact, 
since Iql is about 5 times larger at hv '" 1486.6 eV 
(AI Ka radiation) then at hv = 45 eV, it is 
expected from Eq. (1) that room temperature XPS 
spectra are dominated by the phonon-assisted 
indirect transition process. Valence-band spectra 
of Au single crystals yield identical results at 
hv '" 1253.6 eV (Mg Ka) and 1486.6 eV for 
photoewission along the [001] and [111] directions. 5 
These experimental findings lead to the conclusion 
that the entire BZ is being sampled at high 
po 1000 eV) photon energies. The angular 
dependence observed in XPS spectra arises from the 
photoexcitation matrix element 0if(kf) in Eq. (2). 

* From LBL-62l3. 

tpresent address: Stanford Synchrotron Radiation 
Laboratory, P.O. Box 4349, Stanford, CA 94305. 

10 B. E. Warren, X-ray Diffraction (Addison-Wesley, 
Reading, MA, 1969), p. 159. 
2. R. S. Williams, P. S. Wehner, J. Stohr, and 
D. A. Shirley, Phys. Rev. Lett. 39, 302 (1977). 
3. J. Stohr, P. S. Wehner, R. S-.--Williams, G. Apai, 
and D. A. Shirley, Phys. Rev. B 16, 302 (1977). 
4. J. Stohr, F. F. McFeely, G. Apai, P. S. Wehner, 
and D. A. Shirley, Phys. Rev. B 14, 4431 (1976). 
5. Po S. Wehner, G. Apai, J. Stonr, unpublished 
results. 
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2. TI-lE BAND-6 RESONANCE IN ANGLE-RESOLVED 
PHOTOElvlISSION FROM Cu(llO): DIREcr DETERMINATION 
OF TOTAL VALENCE-BAND DISPERSION RELATIONS* 

P. S. Wehner, R. S. Williams, J. Stohr,t G. Apai, 
and D. A. Shirley 

The interpretation of angle-resolved photo
emission spectra in terms of electronic band 
structure has suffered from a lack of detailed 
information on how the crystal momentum q of the 
photoexcited electron in~ide the crystal is 
related to the momentum p of the free electron 
outside the crystal. Normal photoemission avoids 
this problem because electron refraction at the 
surface is zero and the propagation direction of 
the electron inside and outside the crystal is+the 
same. Thus the detailed relationship between q 
and p need not be considered. Using this fact, 
we have demonstrated that photon-energy-dependent 
normal photoemission, employed over a sufficiently 
large energy range, is a very effective method for 
investigating the details of the bulk band 
structure, along the photoemission direction. l ,2 

For this study a single crystal of copper with 
a (110) orientation was used. The crystal was 
cleaned in situ by argon-ion bombardment and 
annealed~o remove surface damage. Photoemission 
measurements were carried out at a pressure of 
~ x 10- 10 Torr in the experimental geometry shown 
in Fig. 1 of Ref. 3. The crystal was azimuthally 
oriented such that the surface normal, the [111] 
and [IIi] crystalline directions lay in the 
horizontal plane. The electron-analyzer resolution 
was -D.2 eV, and the monochromator resolution 
ranged between 0.01 eV (hv '" 32 eV) and 
-D.2 eV (hv '" 160 eV). 

Experimental spectra are shown in Fig. 1. The 
The most striking feature in Fig. 1 is the intense 
~eak, which we shall term the band-6 resonance, in 
the Its_p" band region between the Fermi level (EF) 
and about 2 eV binding energy (EB), which appears 
for 43 eV ,,;;; hv ,,;;; 52 eV. In contrast to previously 
published Cu spectra,3 this feature is completely 
new and initially quite surprising. The intensity 
of this peak is comparable with that of the lid" 
band peaks between 2 eV";;; EE ,,;;; 5.5 eV. Also, it 
shows strong dispersion, ranging from EE = 0.4 e V 
at hv '" 43 eV to EE '" 1.7 eV at hv '" 52 eV. The 
" S - p" intensity vanishes in the energy range 
70 eV";;; hv ,,;;; 120 eV and shows another maximum 
around hv '" 140 eV. At hv '" 160 eV it has 
diminished again. The lid" band region also 
exhibits strong changes in both peru< positions and 
intensities. The d-bandwidth narrows from 
~2.5 eV FWHlvI at low energies to ~l. 5 eV in the 
range 70 eV";;; hv ,,;;; 120 eV, then broadens to 
~2.5 eV at the highest energies. 

The observed peak positions can be related 
directly to the initial state band structure as 
shown in Fig. 2. Figure 2a illustrates that for 
photoemission along the [110] direction the final
state photoelectron wavevector q in the repeated 
zone scheme lies along the f-K-X direction. By 
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Fig. 1. Photoemission spectra from the valence 
bands of CuCllO) single crystals in the range 
32 eV ~ hv ~ 160 eV. Electrons were collected 
normal to the (110) face with an angular resolution 
of ± (5 ± 1) o. Peak A is the peak between EF and 
2 eV in the hv '" 43-52 eV spectra. (XBL 772-390) 

varying the photon energy the endpoint of q will 
thus sweep through the zone along this line. 
Figure 2b shows Burdick' s4 valence band structure 
for Cu along KrK. Superimposed are the observed 
peak positions Eex(hv) relative to the EF (cf. 
Fig. 1). The location of the experimental points 
in Fig. 2b was derived as follows. From the 
measured peak positions, relative to the EF, the 
final state energy Ef '" Eex(hv) was calculated. 
The magnitude of the final state wavevector was 
then deternuned from the frye-electron dispersion 
relation iql '" (2m Ef/h2)1/2, where the zero of the 
free-electron scale was taken to be the bottom of 
the free-electron-like bands in Byrdick's band 
structure. The relation q '" It + G wher~ G is a 
reciprocal lattice vector, then yields k in the 
first Brill£uin Zone (BZ) and the corresponding 
values Eex(k) are plotted as bars in Fig. 2b. 
Figure 2c relates the horizontal scale in Fig. 2b 
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to the corresponding photon energy in eV, assuming 
an initial state energy of 3.5 eV (middle of lid" 
band) . 

Comparison of our experimental peak positions 
with Burdick's band structure in Fig. 2b reveals 
generally good agreement. One striking result is 
the complete agreement of the energy dependence 
of the pronounded liS-pI! band resonance in Fig. 1 
with the dispersion of the uppermost band between 
K and r in Fig. 2b. The appearance of an s-p 
band at only certain photon energies is explained 
as well. Only when photoemission occurs jn a 
part of the zone where a band exists near the EF 
is an s-p band observed. The peal< positions in the 
lid" band region 2 eV ~ BE ~ 5.5 eV also follow 
Burdick's band structure. For example, the four
pecl( structure at hv '" 36 eV corresponds exactly 
to the band structure near kx '" ky '" -0.65 in 
Fig. 2b. The two-pecl( structure at energies 
around 80 eV matches the bands close to the r point. 
At hv '" ISO eV, two wider peaks and a sharp middle 
peak are observed, in full agreement with the bands 
at kx '" ky " 0.6. 

A closer examination of Figs. 1 and 2, however, 
reveals two interesting facts: 1) a band exists 
between 6 eV ~ EB ~ 9 eV in the band structure 
but no pecl(s are observed at a EB greater than 6 eV; 
and 2) for photon energies near 130 eV, the same 
portion of the BZ is sampled as at hv " 45 eV but, 
in contrast to the hv '" 45 eV spectrum, no strong 
peak is observed in the s-p region of the spectrum. 

~"[IIO] 
Cu [110] 

o 0.2 0.4 0.6 

en6 c 
u 
c 

8 OJ 
K r 
I I I I \ \ I I \ I 

30 50 70 100 130 160 
Corresponding photon energy (eV) 

Fig. 2. a) (001) projection of the three
dimensional Brillouin Zone of a fcc lattice in the 
repeated zone scheme. b) Burdick's band structure 
from the Fermi level (EF) to 9 eV binding energy 
along the UXU and KrK direction in a repeated zone 
scheme. The bars are the peak positions of Fig. 1. 
c) The lower scale establishes a correspondence 
between the wavevector in Fig. 3b and the 
experimental photon energies as discussed in the 
text. (XBL 7712-10950) 



111e first observation is readily explained by the 
relative cross section of 4s and 3d wave functions 
(a tight-binding calcualtion shows the comparison 
of the states spalming the range 6 eV « EB « 9 eV 
to be almost completely "sl! in character). TI18 
second observation can be attributed to the 
increased volume sampled in the BZ because of the 
smaller inelastic mean free path in the 130-140 eV 
region (Ae ~ 3A) as compared to that around 
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45 eV (Ae ~ 8A), alld the increased radius of the 
cylinder detected in k space. While this broadening 
is small for electron energies near 45 eV, it 
amounts to ~10% of the width of the BZ in the 
rallge 130-140 eV. TIlis amount of broadening is 
sufficient to smear out the sharp peak (an 
intense shoulder is observed) in the s-p band 
because of the steepness of the balld from which 
this structure arises (sec Fig. 2b). Indeed, 
momentum broadening in the final state poses a 
serious problem in the use of photon-energy
dependent ARP studies (as employed here) to map 
out the details of the bulk band structure. 

We close by noting that the effective photon 
energy in which dispersion relations can be deter
mined is rather narrow. At the 10Hest energies 
(~ 10 ev) band-structure effects distort the 
free-electron nature of the final states. There 
is a usable region (roughly 20--80 e\l) in which the 
electron mean free paths are still relatively 
long, permitting sharp features to be observed. 
At higher energies (~100 eV) the broad minimum in 
the electron-mean--free-path relation is approached, 
and k- broadening obviates sharp structure in the 
spectrum. Fortunately the intermediate region is 
usually wide enough to penni t studying the entire 
first BZ. 

* From LBL-6066; to be published in Physical Review 
B. 
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3. ELECTRON REFRACTIO\) INTO VACUU!vj FROM ANGLE
RESOLVED Pl-IOIOE]\[[SSION* 

.,. 
R. S. Williams, P. S. Wehner, J. Stohr,' and 
D. A. Shirley 

Photoemission from solids is considered 
to proceed in a three-step process: photoexcitation 
of an electron to an unbound state, transport of 
the hot electron to the sample surface, and escape 
of the electron into vacuum. TIle interpretation 
of experimental photoemission data has been almost 
entirely in terms of the photoexcitation step, 
relegating the transport and escape phenomena to 

nearly constant effects which do not significantly 
affect the elata. In all attempt to better understand 
the complete photoemission process, we have 
performed the first direct measurements of the 
refraction angles of photoelectrons crossing a 
solid-vacuum interface. Such determinations are 
crucial in the interpretation of angle-resolved 
photoemission (ARP) spectra collected in off-
nonna1 photoelectron emission orientations. 

For this study, the "band six" peak which has 
been observed for h\! ~ 45 eV in nOllna1 photoemission 
from CuCllO) was chosen. This resonance arises 
from a direct transition involving the valence 
~and (VB) closest to the Ferml level (EF) at 
k ~ (-0.5, -0.5, 0), in units of 21T/a (where a is 
the lattice constant of Cu). Photoelectrons 
created by this trallsition travel along the [110 J 
direction inside the crystal aIld thus provide a 
sensi ti ve indicator for directional effects in ARP. 

TIle conservation laws determining the behavior 
of an off--norma1 photoemitted electron as it trans
verses the solid-vacuUln interface en route to the 
analyzer ha\Te been discussed in detail by Mahan. 1 
If q is the wavevector of the photoelectron inside 
the crystal_,\- it is related to the free electron 
wavevector p outside the crystal by the following 
relationships: 

(1) 

Here PI anel qi are the surface nOllnal components 
of p anCl q, wlli1e P'I and qlj are the parallel 
components. Vo denbtes the inner potential, the 
energy difference between the zero of energy inside 
the crystal and the vaCUUln level. As seen from 
Eqs. (1) and (2), electron refraction in this 
simple model depends on both the ratio of the 
effective mass of the electron (m*) Llside the 
crystal to that outside (m-the free electron value) 
(transport step) and the magnitude of the inner 
potential (escape step). TIle 8 between the 
emerging photoelectron and the surface normal It 
becomes 

8 '" arcsin[(m*(E + V )/mE)1/2sin8 'J (3) 
o 

where 8' is the angle between the photoelectron 
and ,It inside the crystal and E is the measured 
kinetic energy of the detected photoelectron. TIle 
validity of Eq. (3) in photoemission has been 
assDnled in the past for m* ~ m. 

The inner potential Vo is usually taken as the 
SUln of the work function for the particular surface 
in question and the separation between the zero of 
energy for the free electron bands and the Fermi 
level (8.9 eV in copper), which yields a Vo of 
~13.8 eV. This value of Vo forms an upper limit 
for the ilmer potential seen by hot electrons. 2 
Using Vo determined above and m* '" m we may 
predict the surfacEt refraction for photoelectrons 
with a particular kf ins ide the sample. In 
particular, for electrons originating from the 



band-six peak in copper in the [llO] direction 
at 45 eV, Eq. (1) predicts refraction angles 
(8 - 8') of 10° and 7° for photoemission from (100) 
and (Ill) surfaces, respectively. 

In order to measure these refraction angles, 
ARP spectra were collected as a function of emission 
angle from (100) and (111) Cu surfaces around the 
[llO] crystalline direction. FiguTes land 2 show 
the spectra collected. In eath figure the 
spectrum which maximizes the '1)and six" peak 
intensity with respect to the total valence band 
intensity represents the external projection of 
the [110] photoemission inside the crystal. 111e 
measured refraction angles from these spectra, 
16° and 12° for emission from the (100) and (Ill) 
crystal faces respectively, is much larger than 
predicted above. 

Since 11
2k 2/2m is effectively a measured quantity, 

and Vo is taken to be fixed, the data can be fit 
by Eqs. (1) and (2) only by increasing m"'. An 
effective mass of m'" '" 1.15 m (and Vo ~ 13.8 eV) 
yields 8 ~ 6.17 0 and 45.5° for the (100) and (111) 
faces, respectively. 111at m'" may assume a value 
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Fig. 1. ARP spectra obtained as a function of 8 
from a Cu(lOO) crystal surface. 111e experimental 
geometry is ShOVill in the insert. 111e "band six" 
peal, intensity (0.5 eV EB) is maximized at an 
angle 15° closer to the surface of the crystal 
than the external projection of the [llO] axis 
(LIbeled spectnnn). CXBL 775 -1060) 
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other than the free-electron value for the final 
state photoelectron in the solid is quite likely 
due to the strong of the final state bands_ 
of Cu in this energy regime calculated by Pendry.3 
Furthermore, lYloruzzi et a1. find that a value of 
m'" ~ 1. 08 m for hot electrons 20 eV above the Fenni 
level allows a good fit of their calculated Cu 
band structure to photoemission data. 4 

111ese studies are expanding our lGlowledge of 
the photoemission process beyond the first step 
of a three-step process and leading to considerable 
insight into the nature of the hot electron final 
states of photoemission. Previously, band structure 
studies of crystalline solids by photoemission 
have been limited to normal photoelectron emission 
orientations to avoid the problem of electron 
refraction. Increased understanding of the 
transport and escape of photoelectrons will enable 
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Fig. 2. ARP spectra as a function of 8 from a 
Cu(lll) face. 111e effects of electron refraction 
are again clearly evident. (XBL 775-1061) 



detailed band structure studies using a single 
face of a crystaline solid. 

"'Condensed version of LBL-6040, submitted to 
Surface Science. 
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4. EVIDENCE FOR TIlE ITINERANT ELECTRON MODEL OF 
FERROMA.GNETISM A"JD FOR SURFACE PHOTOEMISSION FROM 
ANGLE-RESOLVED PHOTOEMISSION STUDIES OF IRON'" 

S. D. Kevan, P. S. Wehner, and D. A. Shirley 

The itinerant electron theory of ferromagnetism 
is widely accepted as describing the situation in 
the iron group ferromagnets on the basis of a 
variety of evidence. For example, de Haas-van 
Alphen studies show two Fermi surfaces-- for the 
majority and minoritYl)ands--in iron, cobalt, and 
nickel. 1 It is highly desirable to characterize 
the itinerant nature of the 3d electrons more 
completely throughout the valence bands, as well 
as at the Fermi energy EF' In particular, direct 
observation of the exchange splitting throughout 
the Brillouin Zone would be valuable. Photo
emission is clearly the method of choice for this 
problem. Although the exchange splitting has 
been the subject of numerous photoemission 
experiments in the past,2 the information obtained 
was limited. In a really definitive study, it 
would be desirable to observe separate peaks 
arising from majority and minority spin bands and 
to follow their dispersion relations through the 
zone. We have undertaken such a study on iron. 
We report here our first results, which: 
1) exhibit for the first time continuous dispersion 
of separate peru(s due to majority and minority 
bands, and 2) give clear evidence for polarization
dependent surface photoemission, as predicted by 
Kliewer. 3 

Angle-resolved photoemission (ARP) experiments 
were performed on the (001) face of an iron single 
crystal at the HeI photon energy of 21. 2 eV. An 
atomically clean surface was prepared in situ by 
repeated and simultaneous argon-ion bombardment and 
heating. The experimental geometry and results 
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are shown in Fig. 1. Spectra were taken at the 
normal emission angle (G"' 0°) and in 5 ° increments 
off normal emission toward the [101] axis (</J = 0°) 
or "backl"ard" toward the [101] axis (</J "' 180°). The 
unpolarized light beam was incident in the plane 
containing the [100] and [001] directions, at a 
constant angle of 35° from the analyzer acceptance 
direction. 

In the past, the interpretation of ARP spectra 
of three-dimensional lattices has been confused by 

the use of two inherently different models. The 
surface sensitivity of electron spectroscopy has 
led most investigators to interpret their results 
in terms of a one-dimensional density of state 
(ODDQS) model. 4,5 In this model, only the energy 
and kll, the component of crystal momentum parallel 
to the surface, are conserved, and the observed 
spect~a are predicted to reflect the ODDOS along 
that kll direction. Other workers have emphasized 
a direct transition model in which photoemission 
is treated as a bulk process, with strict con
servation of ener§Y and of all three components of 
crystal momentum. ,7 Recent results6 from this 
laboratory have demonstrated that direct transitions 
from valence band initial states into final states 
at energies given by the plane-wave dispersion 
relation adequately describe the peak positions 
in ARP spectra obtained from copper single crystals. 

Fe (001) 
hv"' 21.2 eV 

Photon 
800m 

Er:1 2345678 EFI 2345678 
Binding Energy (eV) 

Fig. 1. Experimental geometry and spectra. Note 
that the angle between light incidence and electron 
emission is fixed at 35°. 8 and </J are the spheri
cal polar and azimuthal angles, respectively, 
measuring the electron emission direction with 
respect to the sample normal. (XBL 7710-6935) 



In Fig. 2 we show the results of a similar 
direct-transition calculation on iron, for the 
conditions applicable to t~is work. The values of 
the initial state momenta ki were calculated 
assuming direct conservation of crystal momentum. 
Band energies were calculated at these ki by use 
of the interpolation scheme of Baker and Smith,8 
which was fitted to Callaway's9 majority and 
minority spin bands independently. Also shovID in 
Fig. 2 are the peak positions taken from our 
cp '" 180° spectra. Agreement between theory and 

6 

e 
Fig. 2. Direct transition calculations for peak 
positions as functions of e for cp '" 0° or 180°, 
with the experimental peak positions superimposed. 
Corrections have been made for finite angular 
resolution and refraction of the photoelectrons 
at the surface. (XBL 779-2338) 
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experiment is good, considering the approximations 
used to generate the first principles band structure 
and those inherent in our use of the interpolation 
scheme. We conclude that the agreement shown in 
Fig. 2 demonstrates clearly, for the first time, 
that majority and minority bands follow different 
dispersion relations continuously through the zone. 
TIle absence of some predicted peaks is probably 
due to cross-sectional effects. The fact that the 
fi t continues to be quite good at the highest 
values of e, where one would expect the greatest 
surface sensitivity, leads us to conclude that 
the broadening in k1 due to the variation in the 
sampling depth is unimportant in this study. 

In addition to the finite mean-free-path of 
the excited electron, p-polarized light also 

leads to an uncertainty in 1q and has been 
discussed at length by Kliewer. 3 The important 
parameter determining the amount of uncertainty 
in 1q is the magnitude of the component of the 
vector potential A perpendicular to the surface, Al. 
Since the relative positions of the photon beam 
and the analyzer are fixed in our apparatus, it is 
apparent that for fixed e this quantity is 
significantly greater for our cp = 0° spectra than 
for our cp = 180 0 spectra. On this basis, we 
expect our cp '" 0° spectra to exhibit more ODDOS 
structure than our cp = 180° spectra. In fact, an 
ODDOS calculation similar to that used by 
Grandke et al. 6 for PbS predicts a pea~ at 
EB = 0.5 eV and complicated structure at 
EB '" 1.5 - 2.5 eV for all values of e, in good 
qualitative agreement with the data for cp = 0°. 
However, the calculation does not fit the spectra 
in overall detail. Because our measurements were 
made at two azimuthal angles, cp = 0° and cp = 180°, 
we can make direct comparisons between pairs of 
spectra with the same e values and thus equivalent 
angles between the crystalline axes and the electron 
propagation direction. On this basis, we conclude 
that the "surface photoeffect" predicted by 
Kliewer3 has been observed in our cp '" 0° spectra, 
and that it is responsible for the EB '" 0.5 eV 
peru< in these spectra. Because of the magnitude 
of the effect it seems probable that surface photo
emission and bulk photoemission have been present 
in previous ARP studies in which the role of the 
photon polarization was neglected. 

In summary, we can draw the following conclusions 
from this research: 

1. Distinct, continuous dispersion relations 
for majority and minority spin bands have been 
observed throughout the d-bands of iron for the 
first time. This provides strong support for the 
itinerant electron model of ferromagnetism. 

2. Although direct transitions are of primary 
importance in predicting peak positions in ARP 
spectra of iron for near-normal incidence light, 
p-polarization leads to k1 -broadening and surface 
photoemission, as predicted by Kliewer. 3 Clear 
evidence for this effect was obtained in the fonn 
of spectra taken at cp = 0° which exhibited ODDOS 
characteristics. 

3. Electron refraction at the surface, which 
was implicit in all of our direct transition 
calculations, is important and must be taken into 
account. 

Finally, off-nonm,l ARP has been treated 
systematically and rigorously in this work, by 
carrying out appropriate interpolation calculations. 
To our knowledge this represents the first approach 
of this kind in metals. TIle significance of this 
approach is that it allows the experimenter to 
study dispersion relations along arbitrary 
directions in the Brillouin Zone, using a single 
photon energy, rather than being confined to a 
single value of k along those symmetry lines for 
which band structure calculations are available. 

* From LBL-6943; submitted to Solid State Corrmrunica-
tions. 
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5. TElvlPERATURE INDEPTh\)Db'lCE OF THE ANGLE- RESOLVED 
X- RAY PHOTOEMISSION SPECTRA OF GOLD Al\)D PLATINUM 
VALG"lCE BAl\)DS* 

O. B. Dabbousi,t P. S. Wehner, and D. A. Shirley 

Strong angular variations have been reported in 
the valence-band angle-resolved x-ray photoemission 
(AR,XPS) spectra of copper and gold single 
crystals .1- 5 TIVO models were proposed to explain 
the observed behavior. A direct-transition 
modell ,2 predicted that ARXPS would sample only a 
small volume in the first Brillouin Zone, while a 
"matrix-element" mode1 3- S interpreted ARXPS as 
sampling the valence bands widely throughout the 
Zone. A detailed comparison of both models with 
experiment showed5 that the Jl1,atrix-element model 
gave good agreement, while the direct-transition 
model failed. Recently, a compelling reason for 
breakdOlv1l of the direct-transition model--namely, 
thennal diffuse sca ttering- -has been sugges ted by 
Shevchik6 and confirmed experimentally at 
intermediate energy (45 eV) for copper. 7 If thermal 
diffuse scattering were the ~IJlyo reason for the 
failure of the direct-transition model to predict 
ARXPS spectra, then the direct-transition processes 
should be substantially restored by cooling the 
sample to liquid nitrogen temperatures. We have 
carried out low temperature ARXPS studies on gold 
and platinum that were designed to test this 
question. 

With thermal diffuse scattering taken into 
account, the angle-resolved photoemission cross 
section is given as the sum of the two terms: 
a k-conserving direct-transition tenn and an atomic 
term. 6 ,7 The relative contribut ions of these two 
terms are related to the Ilebye-Waller factor, which 
can be expressed as 

f 
+ 

e:x:p[-«(q· (1) 

It can be shQvvn that the direct-transition 
component [0 (q -G) should increase in importance, 
relative to the phonon-assisted component, as the 
temperature is lowered. For gold, bulk mean-
square displacement values derived from x-ray 
measurements 8 we calculated a Ilebye-Waller factor 
of 0.063 for = 293 K and 0.393 for T ~ 93 K. 
For platinwn, the Ilebye-Waller factor is approxi
mately 0.23 for T ~ 293 K and 0.58 for T = 93 K. 
Hence, a very substantial enhancement of the 
direct-transition contribution to the spectrum 
",ould be expected upon cooling the samples to the 
liquid-nitrogen temperature range. 

A gold single crystal was cut to produce two 
samples: one with a (111) surface orientation 
and the second with a (100) surface orientation. 
A platinwn sample with a (111) surface orientation 
was also prepared. The samples 'vere polished, 
etched, and checked for damage using back-reflection 
Laue patterns. The samples were place on a 
specially-built low-temperature probe in a Hewlett
Packard 5950A ESCA spectrometer and irradiated with 
monochromatized AIK(y, radiation (1486.6 e\l). TIle 
probe was rotated to allow analysis of electrons 
emitted along the [100] direction from the (111) -cut 
crystals and along the [111] direction fonn the 
(100) -cut crystal. 

Our experimental results are compared with 
theory in Figs. 1 and 2. In each case the lowest 
(solid) curve is the experimental room-temperature 
result, and the top (dot-dashed) curve is a 
theoretical low temperature curve, calculated on 
the direct-transition model. By using the 
experimental room-ten~)erature curves in the 
calculation, and looking for any changes in the 
spectra on cooling in the direction of the cal
culated low temperature spectra, we have a very 
sensitive experiment to detect partial restoration 
of the directotransition mode1. 

No changes were observed in the gold ARXPS 
spectra at low temperature. The middle (dashed) 
experimental low temperature curve for gold in 
Fig. 1 is identical to the room-temperature curve, 
within the accuracy of our measurements. It is in 
marked disagreement with the predicted curve. 

For platinum [100 l, which was run as a confinna-
tory experiment, the conclusion is the same, 
al though several experimental parameters are quite 
different from the gold case. TIle Debye-Waller 
factors are larger for Pt than for Au at both 
ambient and low temperatures. In acldi tion, 
because of the different lattice constant, a 
different part of the Brillouin Zone would be 
sampled in the AIKa spectTa of Pt, according to the 
direct-transition mode1. As Fig. 2 shows, there 
would be a very large change in the spectrum with 
temperature according to this model, whereas none 
whatever is observed. 

TIle direct-transition model as formulated by 
Wagner et al. 9 has had considerable success in the 
UPS energy re gimy. Shevchik 's thennal di ffuse 
scattering modelo also appears to describe the 
breakdown of the direct-transition model for large 
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L Angle-resolved x-ray photoemission spectra 
for Au valence band electrons along the [lllJ 
crystalline direction. The lowest (full) curve IS 
the experimental spectrum at room temperature. 
1he middle (dashed) curve is the experimental 
spectrwn at liquid nitrogen temperature. The top 
curve is the expected spectrwl1 at liquid nitrogen 
temperature, based on the direct-transition model. 
The curves are offset for (XBL 7710-2021) 

values of ( (q the UPS regime. However, the 
present results that the converse is not 
true in the XPS energy regime; i.e., that lowering 
the temperature does not substantially restore the 
direct-transition model in angle-resolved XPS. 
Rather, the "matrix-element" model,35 which relies 
on the assumption that Al\xPS the zone 
thoroughly enough that the spectra are predicted 
by integrating over the zone, to 
the low temperature spectra as This 
integration implies that the [100 J and [Ill J 
spectra are very given by the e g and 
projections, resRec~iyely, as has been fOWld 
copper and gold. 11ns may well also be true for 
platinum, although our data do not a criti-
cal test of this point. 

We believe that the complexity of the final 
states--i.e., band mixing combined with the 
high density of final states--is responsible 
the failure of the direct-transition model to be 
restored in J\R,\PS at low temperatures. As a 
reminder of how complex the final- state spectrU111 
is at XPS , we have plotted in Fig. 3 the 
empty-band states near 1500 eV. We note that this 
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Fig. 2. resolved x-ray photoemission 
for Pt valence band electrons along the [100 
direction. 111e format is the same as in Fig. L 

(XBL 7710-2019) 

High energy bands of Cu in the free 
approximation, along symmetry directions. 

(AbL 7712-11079) 



plot is actually unrealistically favorable to the 
direct-transition model. Band mixing would remove 
many degeneracies (producing more bands) and would 
make many of the bands shown much flatter. 

* From LBL-69ll; submitted to Solid-State Communica-
tions. 

tPermanent address: Dept. of Physics, University 
of Petroleum and ~linerals, Dhahran, Saudi Arabia. 
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6. MJLECULAR-ORBITAL PI-lOTOEMISSION ENHANCEMENT IN 
ADSORBATES AT SUBSTRATE COOPER MINIMUM ENERGIES* 

P. S. Wehner, R. S. Williams, G. Apai, t J. Stohr, 4' 
and D. A. Shirley 

1 Cooper and Fano predicted minima in the atomic 
photoemission cross section if the initial-state 
wavefunction exhibits a radial node. In such 
cases the cross section may vary strongly over a 
small energy range. We have investigated whether 
such effects can be observed in photoemission from 
valence bands in solids. We have studied the 
energy dependence of the d-band intensity in 
Cu (3d, no radial node), Ag (4d, one radial node), 
and Au (5d, two radial nodes) in the range 
40 eV ~ hv ~ 250 eV. 
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Results for Cu,2 Ag,3 and Au4 are shown in Fig. 1. 
The energy dependence of the d-band intensity is 
significantly different for the three metals. The 
d-band intensity varies the least for Cu, with a 
maximum around 130 eV. For Ag a strong intensity 
is observed with a maximum around 60 eV and a 
minimum at 140 eV. The intensity changes most 
drastically, by a factor of ~10, between 100 eV 
and 130 eV. The Au valence band also exhibits its 
maximum intensity at low photon energy ($ 40 eV) 
with a pronounced decrease, by a factor of 30, 
between 70 eV and 160 eV. 

As discussed in Ref. 3 the measured d-band 
intensities should be approximately proportional 

to the photoionization cross sections for the 3d, 
4d, and 5d levels in atomic Cu, Ag, and Au, 
respectively. The selection rules for electric 
dipole transitions (~~ ~ ±l) connect a d initial 
state to p- and f-partial-wave final states. The 
important variations in Fig. 1 can be discussed in 
terms of the d ->- f channel, which is dominant 
(relative to d->-p) at high energies (>20eV).1 
Above threshold the d-band intensities first 
exhibit maxima which occur in the order Au 5d 
«40 evr;-Ag4d (""60 eV), and Cu 3d (""130 eV). 
Such maxima have also been observed in absorption 
measurements above the d-threshold. 5 The reason 
for this shift in maximum cross section is that, 
close to threshOld, the f radial final-state 
function is restrained to be far from the nucleus 
by the centrifugal barrier 9,(9,+1)/r2; thus, little 
overlap is possible with the initial state 
d-function. As the kinetic energy increases the 
sf wavefunction begins to have greater overlap 
with the d-function, creating a larger cross 
section. Because the orbital radial expectation 
values decrease in the order Sd > 4d > 3d, maximwn 
overlap, and hence a maximum in cross section 
beyond threshold, will occur in the same order, 
as observed. At higher energies the d-band 
intensity decreases steeply to a minimum for Ag 

Fig. 1. Relative d-band intensity of Cu, Ag, and 
Au as a function of photon energy. Curves have 
been corrected for the collecting efficiency of 
the cylindrical mirror analyzer, the transmission 
of the monochromator, and inelastic background. 

(XBL 777-1372) 



and Au. These so-called Cooper minima arise from a 
change of sign in the radial dipole matrix element 
associated with the d + f channel. The photo
excitation cross section, which is proportional to 
the sum of the squares of the p and f channel 
radial matrix elements, will exhibit a minimwn 
at the energy for which one of the matrix elements 
vanishes. In general, a minimum in the cross 
section can occur provided the initial-state wave
function has at least one node. As compared to the 
4d function in Ag (one node) the 5d function in Au 
has two radial nodes and the 5d + d matrix element 
approaches zero more gradually. In this case the 
Cooper minimwn is smeared out. 
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Fig. 2. Photoemission spectra of clean Pt(lll) and 
Pt(lll) + 5L CO in the energy range 40 eV< hv < 
150 eV. Experimental resolution was 0.8 eV. Note 
increase in the intensity of the CO-derived peaks 
(at ~.7 eVand 11.8 eV EE) as hv is increased to 
150 eV. (XBL 764-2733) 
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We have reported photoemission studies of CO on 
Pt(lll) in the range 40-150 eV. 6 These can be 
discussed together with earlier studies by 
Gustafsson et a1. 7 of CO on Ni and Pd. Our main 
goal is to assess the value of photoemission 
experiments on an adsorbate-substrate system using 
variable photon energies not accessible with 
laboratory sources. Another purpose of this study 
is to learn how the photoemission spectrum of 
CO on d-band metals is modulated by cross-section 
effects, as a continuation of the studies on 
clean d-band metals, and to select the most 
appropriate energy range for angle-resolved studies 
on adsorbates. 

Experimental results for clean Pt(lll) and 
Pt(lll) + 5L CO are displayed in Fig. 2 as solid 
and dashed curves, respectively. (1L '" 1 Langmuir '" 
1 x 10-6 Torr sec exposure). CODmDn features of 
all spectra are the two peaks at ~. 7 eV and 
~ll. 8 eV EE relative to the EF' attributed to the 
(50 + In) and 40 CO molecular orbitals, respectively. 
The CO spectral intensity relative to the Pt VB, 
while low for hv < 100 eV, increases steeply at 
higher energies and is about a factor of 4 stronger 
at 150 eV than around 80 eV. Figure 3 shows 
quantitatively how the intensity ratio of the 
(50 + In) CO peak and the Pt 5d VB changes with 
photon energy. 

We attribute this adsorbate relative intensity 
enhancement above 100 eV to the steep decrease of 
the Pt 5d intensity between 100 eV and 150 eV, 

b 
to 
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:3 I o 

~1~ / 
~./o o 0 

o 50 100 150 
Photon energy (eV) 

200 

Fig. 3. Relative intensity of the (50 + In) CO 
peru( at ~. 7 eV EE to the Pt valence band intensity 
as a function of photon energy. (XBL 763-2484) 
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as shmvn in Fig. 4. The energy dependence of the 
Pt VB intensity \Vas measured in the same way as 
that of Cu, Ag, and Au discussed above, and the 
Au (cf. Fig. 1) and Pt 5d cross sections show a 
very similar dependence. In Fig. 4 we have also 
plotted the theoretical differential photoioniza
tion cross section of the (50 + h) molecular 
orbitals of CO as a function of incident photon 
energy. Although we realize the limitations of a 
plane-wave (PW) final-state calculation for CO 
for quantitative comparison with experimental 
cross sections, we have used the PW CO cross 
sections8 Shah'll in Fig. 4, for lack of any more 
reliable theoretical values, to predict the ratio 
of the integrated (50 + In) CO peak intensity 
relative to the Pt 5d VB intensity. The results 
shmvn iJ1Serted on a linear scale in 4, are 
qualitative agreement with the e;'(perimental results 
in 3. 

The above approach can also accotmt qualitatively 
for the relative cross sections of CO on Ni and Pd. 
Gustafsson et al. 7 found that the relative adsorbate 
signal falls off much more rapidly for CO on Ni 
than for CO on Pd. Ni is a 3d VB metal and should 
exhibit an increase in photoemission intensity to 
hv "" 120 eV, then a more gradual monotonic decrease 
in photoemission intensity with increasing photon 
energy, much like Cu (see Fig. 1). For this case 
the CO spectral intensity falls off more rapidly 
than the Ni VB intensity, particularly for 
hv < 120 eV, giving a steep monotonic decrease of 
the adsorbate signal relative to that of the 
substrate. On the other hand Pd is a 4d VB metal 
with a radial node in the 4d wave function and 
should exhibit a Cooper minimum s:iJnilar to the 
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4d VB of Ag (see Fig. 1). We attribute the 
increase in relative adsorbate emission for Pd at 
hv > 80 eV to this l1UJlll1lLm1. 111e restriction 
of their photon energy to hv ~ 100 eV precludes 
Gustafsson et al. from observing the full extent 
of MO enhancement. Figure 5 compares the experi
mental data (hv ~ 100 eV) of Gustafsson et al. for 
the ratios oco(1n + 50) /oNi (3d) and 
oCO(h + 50)/OPd(4d) with the ratios derived from 
PW theoretical CO cross sections8 and our experi
mental intensities for c1eem Cu and Ag (Fig. 1). 
TIle data have been normalized at hv ~ 40 eV. The 
agreement over the photon energy range 40-100 eV 
substantiates the qualitative arguments we have 
previously invoked. An extension of the calculated 
ratio for Ag and CO cross sections allow us to 
predict enhanced CO/Pd ratio results for photon 
energies up to 150 eV, as shm\1Jl in Fig. 6. Our 
results indicate that studies of molecular orbitals 
of adsorbates such as CO on 4d or 5d VB substrates 
will beneE t from synchrotron studies at 
photon energies because of the enhancement 
relative adsorbate spectral intensity. 
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7. DI IU:;CT OBSERVATION OF PHOTOELECTRQ\J LOW-ENERGY 
.eLECTRON DIFFRACTION (PLEED) AT HIQ-j PHOTON 
El\lJ:~RGIES* 

t J. Stohr, P. S. 
and D. A. Shirley 

.* R. S. Williams, G. Apal, 

Low-ener.[,')' electron diffraction (LEED) has been 
the technique of choice to characterize the crystal
lographic structure of cle311 311d adsorbate-covered 
surfaces. l However, several factors have kept 
this teclmique from being more th311 a surface 
characterization tool in most cases. First, tEED 
studies of adsorbed molecules have been h31T1pered 
by radiation damage dissociation of adsorbates 
by the electron beam. Electrons tend to be more 
damaging than photons because they have a higher 
probability per incident particle of exciting a 
valence electron, the beams have a greater flux, 
and the radiation is concentrated closer to the 
surface, with a high of collimation. l 
Secondly, LEED scattering requires ordered domains 
~500 A in diameter because of limitations on the 
coherence width of the electron beam. Thus, studies 
of low··coverage adsorbate overlayers 311d amorphous 
or disordered materials are difficult. The most 
severe problem, hOlvever, lies in the of 
the scattered LEED intensities due to strong 
nultiple-scattering effects. 

Some of these problems are eliminated by studying 
photoelectron diffraction3,4 rather than tEED. As 
illustrated classically in Fig. 1 for the case of 
CO on a substrate, a photoelectron can make its way 

Fig. L Schematic illustration of two processes 
that may contribute to the photoemission process: 
1) photoelectrons origil1ating from the molecule 311d 
making a direct path of the detector, and 
2) indirect emission after backscattering from the 
substrate. (XBL 7611-4377) 



to the detector either directly (channell) or by 
scattering from the atoms of the substrate 
(channel 2). Quantum-mechanically, the two channels 
correspond to the primary photoelectron wave and 
the backscattered wave from the substrate. It has 
been predicted theoretically that interference of 
these waves can significantly alter the photo
emission angular distributions. It is clear that 
photoelectron diffracLon not only avoids the 
radiation damage problem of LEED but is also 
applicable to isolated adsorbate units or materials 
lacking long-range order. Furthermore, by using 
synchrotron radiation the photoelectron kinetic 
energy may be tuned to maximize either channel 1 
or 2. This way photoemission from valence orbitals 
of adsorbates may yield the bonding coordination 
via channell and the site geometry via channel 2. 
Photoemission from adsorbate core levels provides 
an additional check of the site geometry via 
channel 2 and, in the case of an adsorbed molecule, 
may also determine the molecular orientation via 
channell through polarization selection rules. 5 
As yet, photoelectron diffraction has not been 
applied experimentally to this purpose, but in the 
following we present some data for CO on Pt(lll) 
which appear to indicate for the first time the 
importance of final-state interference effects. 

Several angle-resolved photoemission spectra for 
Pt(lll) + 4L CO are shown in Fig. 2. Common 
features of all spectra are the two peaks at 
~.2 eV (A) and ~11.8 eV (B) which are assigned to 
the (In + 50) and 40 CO molecular orbitals, 
respectively. Peaks A and B show strong variations 
wi th 0, the angle between the crystal normal and 
the photoelectron propagation direction. The 
polarized nature of synchrotron radiation leads to 
an enhancement of the angular dependence at 
hv " 40 eV. This is clearly shown in Fig. 3, 

, CO on PI (III) 
SYNCHROTRON He II 

hv" 150.0 eV I hv" 40.0 eV h V" 40.8 eV 

,®= A B B 

l~l _-L~'L-L-L---"-<I~_~~t-1 I I I I 

EF 4 8 12 EF 4 8 12 EF 4 8 12 

Bind ing energy (eV) 

Fig. 2. Comparison of experimental spectra of CO 
on Pt(lll) using 150 eV and 40 eV synchrotron 
radiation and 40.8 eV Hell radiation as a function 
of the photoemission angle 0, as defined in Fig. 3b 
and c. Note the strong variation in the CO peruz 
intensi ty of A and B with a change in angle or 
photon energy. (XBL 7610-4180) 
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Fig. 3. Plot of the measured intensity ratio 
40/ (lTI + 50) for two different light sources (HeII 
and synchrotron) and photon energies 
(~40 eV and 150 eV). All spectra were taken in the 
same geometry as shown in Fig. 3b and c. The 
difference between the intensity ratio derived 
from Hell and synchrotron radiation spectra is 
due to the polarized nature of the synchrotron 
light. The dr~natic inversion of the ratio 
40/(lTI + 50) between 40 eV and 150 eV may indicate 
the importance of final-state scattering effects. 

(XBL 769-4026) 

which also gives details of the crystalline 
orientation with repect to the photon beam and the 
detector (Fig. 3b,c). Figure 3 shows that the 
molecular orbitals of CO are not only more intense 
with respect to the VB at 150 eV than at 40 eV 
but also that there is a dramatic reversal in the 
angular variation of relative ~D peak intensities. 

Figure 4 shows the relative peru, intensities and 
the ratio 40/(ln + 50) for normal photoemission and 
for a 45° electron truze-off angle over the entire 
40-150 eV range. For normal enrission, the 40 and 
the (in + 50) peak intensities show modulations in 
the range 40-150 eV, while the energy dependence 
is relatively smooth for a 45° electron tru(e-off 
angle. 

The observed modulations indicate the importance 
of final-state interference effects, which have 
theoretically been sho\,ffi to vary strongly with both 
energy and photoemission angle.~ For a molecule 
on a substrate, however, final-state interference 
effects exist not only between channels 1 and 2, 
but channel 1 itself contains interference effects 
resulting from intramolecular scattering within the 
molecule. Intramolecular final-state interference 
effects are included in SW Xu. calculations and 
have been found theoretically6 and experimentally7 
to lead to cross-section resonances at energies 
not too far (~10-20 eV) above threshold. Without 
a detailed SW Xa calculation for an oriented (gas 
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phase) molecule at higher (> 40 eV) energies, the 
origin of the resonances in Fig. 4 and the reversal 
in angular photoemission distributions in Fig. 3 
therefore cannot be interpreted quantitatively. 
Analysis of the observed intensities should yield 
information about the conformation of CO on PtClll) 
and improve our general understanding of final
state scattering effects. 

1. C. B. Duke, in Advances in Chemical Physics, 
Vol. XXVII, edited by I. Prigogine and S. A. Rice 
(Interscience) . 
2. J. C. Tracy, J. Chem. Phys. 56, 2736 (1972). 

3. A. Liebsch, Phys. Rev. Lett. 32, 1203 (1974); 
A. Liebsch, Phys. Rev. B 12.., 544 lT976). 
4. S. Y. Tong and M. A. Van Hove, Solid State 
Commun. 19, 543 (1976) and references therein. 

* From LBL-6650; to be published in Physica Scripta. 
tpresent address: Stanford Synchrotron Radiation 
Laboratory, P.O. Box 4349, Stanford, CA 94305. 

* Present address: Eastman Kodak Co., Rochester, 
NY 14650. 

5. D. Dill, J. Siegel, and J. L. Dehmer, J. Chem. 
Phys. ~, 3158 (1976). 
6. J. W. Davenport, Phys. Rev. Lett. 36, 945 
(1976). -
7. C. L. Allyn, T. Gustafsson, and E. W. Plummer, 
Chem. Phys. Lett . .'!2, 127 (1977). 



356 

8. D-ORBITAL DIHECTED PHOTOEMISSION IN * 
P. M. A. Sherwood, -I- F. R. 
Clnd D. A. Shirley 

I S. p. Kowalczyk,§ 

x--ray photoemission (AlWS) has 
ShOMl to yield strong directional 

in valence-band with respect 
axes of samples.l , 2 

models have been proposed to 
the d- band SDectrWll. 111e 

transition model attributes the effect 
entirely to lattice periodicity, while the transi
tion matrix-element mode1 2 emphasizes the local 
synm18try of the d orbitals. The 
model has been Sh01\71 to be incorrect. , 
matrix-element model fits 
noble metals \Vell,2 it 

spectra of 
shown that 

field" this model, \\'hich is based on a 
picture, really would work for a 
which the field model is 
an ionic lattice. Of course the 
the test if it is to be taken 

in 
applicable; i. e. , 
model must pass 

another should be sought 
of the j\R,,(PS spectra. 

othenvise, 
its fit 

The ideal lattice for this test of the matrix
element model would be one in which transition-
metal cl-orbitals of t2g aDd eg symmetry lVould be 
clearly in the spectrwn and 
in energy. more subtle, but equally 

is that the octaIleclral axes the 
transition-metal complexes must be oriented either 
parallel (the ideal case) or at least in such a 
way that the microscopic t2g-0" as)'llUnetry would be 

in part in the macroscopic . To 
understand this consider a crystal with 
two octahedral complexes in a unit cell, oriented 
such that the [ 001] l;irection of one complex coin
cides with the [111] direction of the other. Then 
in this common direction photoelectl'ons will emerge 
from the eg orbitals of the first complex and the 

orbi tals of the second, cancelling the 
effect, d- orbi tal photoemis 

sion. Many structures have cancellation 
problems of this kind, but a c[1reful search revealed 
that MnF2 provi des a satisfactory compromise among 
the various requirements noted above, and it was 
chosen for this study. 

A of was cleaved along the 
Clll) the Laue back-
reflection msthod. crystal was mow1ted on a 
holder which allowed it to be rotated tmder vacuwn 
with the face to the x rays. 
111e axis of lay at angles to the 
z axis and parallel to this face. '111e 
holder \vas placed in the in one of 
two orientations. In the we shall 
term the "z+" orientation, the z direction 
made an 8 < 90 with the photo-
electrons accepted in the the second 
orientation, which we call z-, 90° 
and 180°. The exact arrangement 

1. 

Application of the "matrix--element" moclel 2 to 
lVfilF2, which has the rutile structure, is achieved 
by \vTiting out the photoelectron 
distribution for the of octahedra 
lattice, then 

z+ 

Fig. L 111e manganese fluoride single-crystal 
was held in two ways, \Vith geometry. The 

the (111) exposed to the beam. 
The z direction lies in the the 
(111) and at angles to the axis about 
which the crystal is rotated to change the angle 8. 

(XBL 7712-11451) 

rotational transfonnations. TIle distribu--
final states, for the 

of a single octaIledron can 

PEDeg ~ r*~J l} sin
4
8 ( 

+ %(icos28~})2l 

- 2,,) 2 SIn 'I' 

~ l t~J l sin 48 sin
2

cp cos
2

cp 

+ sin20 cos 28 + 

Figure 2 shows how the intensities of 
contributions to the ~hl(3d) peaks vary 

2 2 1 cos 8 cos cp • 

angle 8 in Fig. 1 (not to be confused 
8 in the above equation). AI though there was 

a good deal of cancellation between the two types 
of octahedra, as discussed above, a substantial 
anisotropy was still predicted by the modeL 

TIle spectra showed tlvo partially resolved 
of the ~h(3cl) peaIz, which were assigned 
character. Spectra at six values of 8 

with the intensity variation shovm 
111is provides strong support for the 

model of AEXPS. 
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Fig. 2. Graph showing how the amount of t2g and 
eg character in the ~1n(3d) peak varies as the 
cmgle 8 is varied, according to the theory described 
in the text. (XBL 7712-11450) 
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9. THE RELATION BETWEEN SATELLITE PEAKS IN X- RAY 
Elv1ISSION AND IN X-RAY PHOTOENITSSION SPECTRA'" 

. t * R. 1. Martm, S. P. Kowalczyk, and D. A. Shirley 

In this report a unified model is reported that 
explains the satellite structures observed in x-ray 
emission spectroscopy (XES) and x-ray photoelectron 

spectroscopy (XPS). This model accounts for 
electron correlation by the use of configuration 
interaction, rather than the heuristic "shal,e-up" 
approach, and actual eigenstates of the system are 
considered. The XPS final state plus its 
correlation states serve as the initial states in 
XES. The final XES states consist of the main 
state plus its satellites. Two situations are 
discussed, differing in whether the final XES 
states have holes in core or valence shells. For 
core-to-core XES transitions, the correlation-state 
structure is almost identical in initial and final 
states. Large satellite intensites may be observed 
in XPS, in accord with experiment. In core - to
valence XES transitions, the satellite structure 
should be similar to that observed in XPS, also 
in accord with experiment. Detailed C1 calculations 
for the 3s spectra of Ar have been compared with 
experiment. 

Figure 1 shows a hypothetical state diagram for 
ml ionic species. TIle states labeled PI and P2 
are two of the primary ionic states of the system; 
associated with each of them is a satellite state, 
Sl or S2. In a photoemission experiment all four 
of these states cml be reached, and the intensity 
of, e. g., Sl relative to PI will be governed by the 
projections of their respective wave functions onto 
the hypothetical "frozen-orbital" primary ionic 
state, defined by removing the photoelectron from 
the initial (neutral) ground states without 
allowing the passive orbitals to relax (i.e., as 
in Koopmans' model). 

t 

Fig. 1. A hypothetical ionic state diagram. 111e 
states labeled PI and P2 are two of the primary 
ionic states of the system; associated with each 
of them is a satellite state, Sl or S2. T11e x-ray 
emission transition labeled A produces the diagrmn 
line, while B corresponds to a semi-Auger peale 
Processes C and D are similar, but originate from 
decay of the satellite state Sl. (XBL 773-656) 



Turning to the XES process, decay of the ionic 
states PI and Sl via x-ray emission leads to 
four distinct possibilities. The transition 
labeled A in Fig. 1 produces the diagram line, 
while B corresponds to a "semi -Auger" peale 
Processes C and D are similar, but originate from 
decay of the satellite state Sl. 

For the purpose of discussing the relative 
intensities of the transitions, it is useful to 
distinguish the case in which PI and P2 are both 
core-hole states from that in which PI is a core
hole state and P2 is a valence-hole state. The 
satellite states Sl and S2 can be described in terms 
of rearrangements In the valence shell. Because 
the main effect of a core hole is manifest through 
an increase in the effective in-core charge, any 
tlvo core holes will affect the valence shells in 
a similar way. It follows that channels A and D 
in Fig. 1 will be relatively strong, while B and C 
will be weak. Because A and D will also have 
similar x-ray transition energies, they will tend 
to appear as one line, and no intense satellite 
will be expected in XES, even though one is 
observed in XPS. 

For core-to-valence transition the same 
theoretical approach yields the different result 
that satellites of similar intensity will be 
expected in XES and XPS. This follows because of 
the detailed similarity between an XES transition 
down from a core-hole state to a valence-hole 
final state and the transition up from the atomic 
or molecular ground state to the-same final state. 
In both types of transition final ionic-state 
configuration interaction dominates the spectral 
structure. 

The 3s hole state of the argon atom is a 
prototypical case. Luykenl surmised from the 
optical spectrum that the main final- state 
correlation effect involves the excitation of 
3sl 3p6(2S) to 3s23p4nd(2S). A more direct 
experimental verification of this mixing is, of 
course, provided by the strong satellites observed 
in the 3s photoelectron and L2 3 x-ray emission 
spectra. The mechanism by which this interaction 
is felt in photoemission is illustrated diagram
matically in Fig. 2. Because of the importance of 
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hv 

Fig. 2. Diagrammatic representation of the 
configuration-interaction effect in photoemission 
from the argon 3s shell. Time proceeds upward and 
holes are denoted by arrowheads pointing backward. 

(XBL 778-l769A) 

this case we carried out a detailed CI calculation 
on the relevant states of Ar and Ar+, using the 
theoretical framework discussed earlier. 2 The 
transition intensities for XES and XPS were then 
calculated rigorously. 

The results for the 2S satellite intensities 
are reproduced along with the experimental results 
of Spears et a1. 3 in the second and third colwnns 
of Table 1. A comparison shows that while the 
agreement is quite satisfactory for the first two 
states, the computed intensity for the 3s23p44d 
satellite is much too high. The reason for this 
behavior comes from the fact that there is a 
strong interaction not only between the primary 
hole state and the Rydberg channels but also with 
the shake-off continuum bases on 3s23p4sd. This 
behavior was surmised in the earlier work of 
Luykenl and observed in calculations of photo
ionization cross sections. 4 Thus the disagreement 
between experimental and theoretical intensities 

Table 1. Argon XPS and XES satellite intensities. 

(I/Io)XPS (I/Io)XES 

Final State Expt Theory Expt Theory 

3sl 3p6 100% 100% 100% (219.2, 100% (223.2 eV) 
221.4 eV) 

2 4 3s 3p 4s 3 ± 2% (8.1 eV) 2.5% (8.8 eV) 3.6% (8.8) 

3s23p43d 17 ± 2% (9.4) 14.4% (10.4) 14.7% (10.4) 
35% (11 eV) 

3s23p44d 6 ± 3% (11.9) 15.1% (13.0) 14.8% (13.0) 

2 4 3s 3p 5s -- 0.6% (14.8) 0.5% (14.8) 



of this state is not due to a flaw in our model, 
but rather to the inability at present to deal 
adequately with Rydberg orbitals. 

Finally, we swmnarize this discussion of XES 
transitions in the fonn of a set of rules below. 

1. Core-Core XES Transitions 

If the XPS structure arises from an excited 
state of the same symmetry as the primary ionic 
state, no type B and C satellites should be 
observed in XES. Furthermore, the type D 
satellite should be very nearly equal in energy to 
the diagram line and may not be resolved from it. 
This type of behavior has been noted and commented 
on by Asada et al. 5 in the KS spectrum of NiF2' 
While there are intense satellites in the Ni(2p) 
XPS spectrum, they are not observed in XES. 

Z. Core-Valence XES Transitions 

In this case, the type B (semi-Auger) satellites 
should have nearly the same relative intensity as 
the pertinent "shake-up" structure in XPS. The 
type C and D satellites should be weaker than the 
corresponding structure in XPS, primarily due to 
the reduced initial--state population. 

* From LBL-5445; to be published in Journal of 
Chemical Physics. 
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10. ABSORPTION SPECTROSCOPY IN THE CARBON Is SHELL: 
a--lOOCAL SHIFTS IN KYNAR AND EXAFS IN GRAPHITE 

D. Denley, J. Stohr, * R. S. Williams, P. Perfetti, t 
and D. A. Shirley 

The photon energy range ZOO-lOOO eV which has 
previously been inaccessible, is nonetheless of 
considerable chemical and biological interest. 
Within the region there are the K-edges of the low 
Z elements C (Z84 eV), N (399 eV), 0 (532 eV), and 
F (686 eV). We are concerned here with the first 
and last of these, carbon and fluorine, and in 
particular the fine structure in the K-edge 
absorption spectra in thin films of graphite and 
Kynar (-a--lZ-CF2-)n' 
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Absorption experiments were performed on the 4 ° 
line of the Stanford Synchrotron Radiation 
Laboratory which utilizes a grazing incidence 
monochromatorl that can yield polarized mono
chromatic radiation at energies in the range 32-
1000 eV. 

Absorption spectra at the carbon K-edge were 
taken for three graphitic sa~)les: evaporated 
carbon foils, evaporated carbon foils that had been 
annealed at 1100°C under vacuum, and a thin sample 
cleaved from a crystal of stress-annealed 
monochromator graphite. The main differences in the 
three samples are in crystallite size and 
orientation. The evaporated foils generally have 
a crystallite size of ~ 10 A and no discernable 
orientation. 2 The foils which are subsequently 
annealed have a crystallite size of .~ 250 A as 
determined by transmission electron microscopy and 
are known to show preferential ordering with the 
c-axis becoming normal to the foil surface plane. 3 
The monochromator graphite is a well-ordered 
mosaic of crystallites, with the graphite pl&~es 
parallel to the surface plane. While the ~ and b 
in-plane crystal axes do not maintain their 
orientation throughout a sample, monochromator 
graphite is otherwise quite similar to single
crystal graphite. 4 

The edge spectra for the three nnterials are 
shown in Fig. 1. There are two two main features, 
the low energy edge at 281. 5 eV and a second edge 
at 288.0 eV. The main difference among the 
samples is in the intensity of the low energy 
edge, which decreased in going from the evaporated 
to the annealed foil and finally the lnonochromator 
graphi te. We believe this effect can be under
stood as polarization effect due to the crystalline 
anisotropies in graphite. 

Graphite forms weakly interacting planes, each 
plane being composed of a hexagonal net (FigZ 2). 
The bonding within a plane is composed of sp a 
bonds and TI bonds arising from the Pz orbitals 
directed out of the plane. The resulting band 
structure as calculated by Painter and Ellis5 
using a variational LCAO method shows two critical 
points at QZg and Qlu, which lie at 2.4 eV and 

If) Graphite 
c: 
::! 

>. 
b 

0 
>---.0 
b 

0 

c: 
0 
.-
n 
b 

0 
<f) 275 .0 

<I: Photon energy 

Fig. 1. Absorption spectra for three fonns of 
graphite at the K-edge: a) microcrystalline 
graphite; b) polycrystalline graphite; c) mono-
chromator graphite. (XBL 77l2-ll088A) 



Graphite lattice 

2. Graphite lattice with the two basal plane 
lattice vectors shO\"n. (XBL 7712-11091) 

9.5 eVabove the Fermi level (EF) respectively. 
The two representations at Q have odd and even 
synm18try respectively for reflections across the 
plane of the hexagonal net. The result is that 
for b parallel to the c-axis, transitions from the 
Is core level to Qlu are forbidden, while for El 
c-axis, transitions to QZ g are forbidden. While 
the former case cannot be observed in our experi
ments' the latter case occurs naturally as the 
c-axis of the crystallites in the three samples 
become progressively more aligned with the film 
surface plane, which also contains E in our 
eAperiments. The above results provide a con
finnation of the electron diffraction results of 
the behavior of evaporated graphite upon annealing 
and show excellent agreement with the calculated 
values for the gap Q!u - QZg. 

Other kinds of infonnation are available by 
studying the absorption fine structure above the 
K-edge. In Fig. 3 we show a spectrum of an 
annealed graphite foil which we believe 

Polycrystalline graphite 

~~_LL~-L-~~-L~ I _ L~~~_~I~~~ 
280 300 320 340 360 380 400 

nW~(eV) 

Fig. 3. Above: Experimental absorption spectra of 
polycrystalline graphite above the edge. Below: 
Calculated EXAFS spectra. (XBL 7712-11090) 
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the first EXAFS structure above the carbon K-edge 
in a solid material. In the simple single scat
tering theory, the EXAFS signal is given by 

X(k) 
1 
k 

i 

N. 
~l F(k) 

2 r. 
1 

¢ (k) 
a 

sin 

(k) 

,,,here k " {2m/h 2 - EF + EB) }1/2 is the electron 
wavevector in the material with reference to the 
Fermi level (EF) after correcting for the inner 
potential EB. The sum is taken over the nearby 
nearest neighbor shells of Ni neighbors at a 
distance rio 111e scattering amplitude F(k) and 
the absorbing and backscattering phase shifts ¢a 
and ¢h respectively are generally available from 
theoretical ~alculations. 6,7 The Debye-Waller 

--20-- k 2 
factor e 1 ,\-as nearly unity in our case, and 
A(k) is the energy-dependent electron mean free 
path. 

We have found that upon taking for A(k) a 
suitable parametrization of the "universal curve"8 
and swmning over shells up to ~3. 5 times the nearest 
neighbor distance, that a gratifying agreement is 
reached. With our confirmation of the calculated 
scattering paran18ters for carbon we can now 
proceed to analyze recently obtained data for 
polyll18r films for data on interatomic spacings 
that are otherwise difficult to obtain. 

In addition to EXAFS in the polymers, one other 
effect has been measured in the polymers and in 
narticular for K)Tlar (-O-I2--CF2-)n' In Fig. 4 
existence of the two inequivalent carbons, one 
halogenated, the other not, is clearly indicated 
by chemical shifts in the K-edge to two values 
(284.5 ± 0.5 eVand 289.5 ± 0.5 eV) sepantted by 
5 ± 1 e V. We feel that the good agreement with 
photoemission data8 of 4.5 eV separation proves 
absorption spectroscopy for chemical analysis 
(ASCA) to be both a competitive and complementary 
technique to ESCA. 
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4. K -edge spectra of Kyrrar polyn18r. 
(XBL 7712-11089A) 
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11. TIME- RESOLVED FLUORESCENCE OF XeP< FROM TIiE 
VUV PHOTODISSOCIATION XeFZ + XeF* + F INDUCED BY 
SYNa-lROTRON HADIATION 

E. D. Poliakoff, M. G. Mlite, R. A. Rosenberg, and 
D. A. Shirley 

~'lany spectroscopic studies of 
been undertaken 1-7 but have 
infonnation on photodissociati ve states of 
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XeFz. Since XeF* (BZZ1/2) + XeF(XZZ1/2) + hv is 
an important lasing transition, it is desirable to 
understand the mechanisms which funnel electronically 
excited molecules of XeFz into important lasing 
levels of XeF*. 

In this report, we discuss the time-resolved 
excitation spectroscopy of photodissociative 
states of XeFz. In this experiment we have 
monitored fluorescence from the XeF* fragment 
produced in the photolysis as a function of the 
excitation photon energy. In addition, we 
demonstrate for the first time that synchrotron 
radiation at Stanford Synchrotron Radiation 
Laboratory (SS1<L) is a versatile radiation source 
for studying photodissociation. 

TIle experimental apparatus has been described 
in detail elsewhere. 8 For these s tudi es, a 
plexiglass filter, which absorbed the radiation 
from the DZITl/2 state9 (see Fig. 1), was placed in 
front of the fluorescence phototube (RCA 8850). 
For the time-resolved excitation spectra, a 
s tandarcl coincidence circlli twas usedlO such that 
photons arriving at the detector wi thin 30 ns of 
the excitation pulse were counted. 

TIle time~gated excitation spectrum, ShOlvn in 
Fig. 2, demonstrates heretofore unobserved fine 
structure. Because the onset of the fine structure 
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Fig. 1. Potential curves of XeF. (XBL 7710-10246A) 
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Fig. Z. XeFz time-gated excitation spectrum. 
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is so abrupt, we infer that the overall band shown 
in Fig. 2 is a superposition of two bands, one with 
discrete structure and one without. TIle spacings 
between peaks is ~ 600 cm- l . The decay curve 
shown in Fig. 3 (Aexcitation ~ 1622 A) was fitted 
via least-squares to a function of the form 

yielding decay constants of 11.4 and 41.2 ns. The 
decay curve generated with an excitation wave
length of 1726 A (not shown) again resulted in a 
two-exponential decay, with decay constants of 
10.9 and 44.5 ns. 
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/ ..... ' 

I-- 50 os 

I L-______ L-______ ~ ______ ~ ______ J_ ______ ~ 

o 100 200 300 400 500 

Channel nu mber 

Fig. 3. XeF* decay curve. CXBL 7711-11331) 

It is apparent that at least two states of XeF* 
are being populated because a two-component decay 
is observed. Photons from the A2rr + x2 L1/ 2 
transition are in the infrared and cannot be 
detected by our phototube. In addition, direct 
transitions from the D2rrl/2 to the x2Ll/2 levels 
are filtered out by the plexiglass 
filter. Cascading processes from the D2rrl/2 
manifold seem unlikely because the same two
component decay is observed whether or not the 
excitation energy exceeds the threshold for 
production of XeF* D2rrl/2 (the threshold corresponds 
to A '" 1692 A). 

Thus the two decay components must be due to 
the B2Ll/2 and c2rr3/2 states. Burnham and Harris 
have measured the decay rate of the B2Ll/2 and 
found a lifetime at 2.6 Torr of 11.5 ns,ll in 
good agreement with our short-lived component. 
Hence, we assign the long-lived component to the 
c2rr3/2 state. At present, we cannot distinguish 
between direct fluorescence of the c2rr3/2 state 
and cascading processes through the B2Ll/2 state. 

The 30 ns time gate was chosen on the basis of 
the aforementioned deca~ curves, allowing detection 
of most of the direct B Ll/2 fluorescence, while 
discriminating against photons originating from the 
decay of the c2rr3/2 state. 
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Pack13 and Jortner14 have suggested that direct 
photodissociation of linear symrretric triatomics 
can lead to discrete structure in absorption 
spectra, the origin of the structures being a 
bound potential for motions perpindicular to the 
reaction coordinate for dissociation. 

To our IQ1owledge, this is the first observation 
of such discrete structure in a symmetric triatomic. 
Further experiments using synchrotron radiation 
are planned to elucidate the mechanisms involved 
in this process. 
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12. VUV STl.J1)IES FOR A < 1000 A : TItvIE- RESOLVED 
SPECTROSCOPY IN N2+ 

R. A. Rosenberg, M. G. Vlliite, E. D. Poliakoff, and 
D. A. Shirley 

Time-resolved spectroscopy in the VUV region has 
been severely limited due to the lack of tunable 
light sources with good timing characteristics. 
Although tunable laboratory light sources are 
available for wavelengths greater than 10SO A 
(the LiF cutoff), none have the timing characteris
tics of synchrotron radiation, a feature which we 
have exploited in our previous work using light 
from the Stanford Synchrotron Radiation Laboratory 
(SSRL).l In order to extend this gas phase work 
to an area where there are no conventional tunable 
light sources, a window material with good 
transmission properties in this region had to be 
incorporated into the apparatus. TIle achievement 
of this allows us to extend our spectroscopic 
studies to include ions, inner- shell phenomena, 
@ld photoelectron spectroscopy of gases. This 



report presents the first results of this work: 
the lifetime of the first vibrational level of the 
B2l:t state of NZ' 

A 1500 A AI window (obtained from Luxel Corp.) 
was found to possess the best overall characteris
tics for this work. Its transmission (see Fig. 1) 
sets a low energy limit of approximately 17 eV 
and is transparent up to 80 eV. In addition, it 
is able to withstand pressure differentials up to 
3 Torr. TIle extreme thirmess of the windows and 
the ultrahigh vacuum (UHV) conditions in the SSRL 
beam lines dictated extreme caution both in the 
design and the operation of the equipment used in 
conj unction with the windown. Our previous 
apparatus la was modified to include a special 
chamber for the window and a sophisticated 
interlock system. Design of the interlocks was 
based upon the need for maintaining the UfV 
iJ?-tegrity Of. the beam line in the eventuality of 
elther the wmdow breaking or a condition that 
could possibly lead to the rupture of the window 
occu~ing. ~is necessitated, among other things, 
the lnstallatlon of a special gas handling system 
and a fast-closing gate valve on the UfV side of 
the window. 

The lifetimes of the B2L~ state of NZ have been 
studied by a variety of methods (see Table 1) 
making this an ideal choice for our initial study. 
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Fig. 1. Transmission of a 1500 A AI window. lO 

(XBL 778-2808) 
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Table 1. Lifetimes of the 

Author Lifetime (ns) Method 

This work 61.86± 0.21 pulsed photon 
excitation 

Smith et al. 3 60.6 ± 0.6 inelastic electron-
photon coincidence 

69 photoelectron-Bloch ~nd 
Turner photon coincidence 

Bingham5 61. 0 ± 0.9 pulse proton 
excitation 

Head6 58.6 ± 5 beam-gas 

Gray et al. 7 61. 3 ± 1.6 pulsed electron 
excitation 

Johnson
8
and 59.2 ± 4.0 pulsed discharge 

Flowler excitation 

Hesser9 59.2 ± 6.0 phase shift 
(electrons) 

N~ 

).: 655 A 

10· 1:·61.861:.2In8 

10' 

.2! 
'" " 0 
() 

"" 10
2 .. ' 0 

...I 

10 

r50nS -l 
1'--_.1....-
o 100 200 300 400 500 600 700 800 900 

Channel number 

P· 2 De f N+ B2 + f' d' 'lg.. cay curve 0 2 LU ltte wlth a 
single exponential. (XBL 7711-11330) 

Experiments were performed on the 8° beam line at 
SSRL. The important experimental parameters of 
this facility have been described previously.la 
Lifetimes were taken at a N2 pressure of 
5 x 10- 3 Torr, low enough to avoid collisional 
effects and any risk to the window. Excitation 
was done at 655 A, above the threshold for 
production of NZ B2l:~ (v' ~ 0),3 but b~low the 
limit of the v' = 1 vibrational level. Use of a 
visible PM tube (RCA 8850) limited the detected 
radiation to A > 2600 A, so that no prompt or 
Rayleigh scattered signal is seen in the decay 
curve. 

From Table 1 it can be seen that our lifetime 
(61.86 ± 0.21 ns), which we believe to be the most 



accurate, agrees well with others. Passing this 
threshold proves this higher energy extension of 
our work is both feasible and productive, thus 
opening up vast new areas of experimentation for 
the future. 
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13. lVlOLECULAR ORBITAL STRUCTURE OF THE IV-VI 
DIATOMICS FROM PHarOELECTRON SPECTROSCOPY 

;, 
M. G. llJhite, R. A. Rosenberg, S. -1. Lee, and 
D. A. Shirley 

Considerable effort in ultraviolet photoelectron 
spectroscopy (UPS) has been focused on the 
systematic trends observed in the electronic 
structure of valence isoelectronic molecules as 
one proceeds down the Periodic Table. In the case 
of the Group VI homonuc1ear diatomics (02, S2, Se2, 
T(2), the overall intensities and relative energy 
ordering of the valence molecular orbitals are 
similar to one another. l As the atomic number of 
the chalcogenide increases, however, spin-orbit 
interactions dominate, resulting in large splittings 
between the Q substates and non-statistical 
intensity ratios. 2 To investigate these effects 
further, we have recently studied the valence 
electronic structure of several heavy Group IV-VI 
diatomic molecules by UPS. 

TIle HeI photoelectron spectra of the GeX 
(X = 0, S, Se, Te) and the SnX (X = Se, Te) 
molecular series are shown in Figs. 1-3, with the 
assigrunents of the prominent bands labeled. The 
spectra were recorded on a modified Perkin-Elmer 
PS-18 photoelectron spectrometer3 operating at a 
nominal energy resolution of '""90 meV (FWI-JJ.<I). The 
temperatures at which the spectra were recorded 
are: GeO (550°C), GeS (380°C), GeSe (405°C), 
GeTe (550°C), SnSe (640°C), and SnTe (650°C). At 
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Fig. L Hel photoelectron spectra of GeO+ and GeS+. 
1he peaks marked S are due to ionization by the 
Hel i3 line and those marked CI states are 
correlation satellites discussed in the text. 
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Fig. 2. HeI photoelectron spectra of GeSe + and 
GeTe+. The peaks marked S are due to ionization 
by the I-leI i3 line and those marked C1 states are 
correlation satellites discussed in the text. 

(XBL 7712-11404) 



Sn Se+ 'l 

Cl States 

I (B2L:i) 

~l 
x5 

18 17 

Binding energy (eV) 

+ Fig. 3. Hel photoelectron spectra of SnSe and 
SnTe+. The peaks marked S are due to ionization 
by the I-leI S line and those marked C1 states are 
correlation satellites as discussed in the text. 
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these temperatures, mass spectroscopic 
the GeX4 and the SnX:' vapors show that 

data for 
the IvIX(g) 

diatomic is the principal TIle 
spectra GeO+ cmd GeTe+ also 
the less abundant species, (C,e0)n=2 

The spectra of GeS+ ' , and 
are to those in the previous 

work of lVu and Fehlner. b 

in 
were based on CNDO 

calculations, band shape and 
, and comparison to the UPS 

homologues, CO, CS, aDd SiO.7 
for 

studied was found to be 

where the MO ordering only considers the outer 
valence electrons and where the 10 ~D lies too 
high in energy to be observed with Her (21. 2 eV) 
photons. Photoionization from the l1r ~D 
rise to the spin-orbit partners 2rrl!2 
,vHh the S1 = level at lower binding energy. 
For the case of SnTe+ the spli tting is 
substantial and the 2TI1I2 components are 
easlly resolved. From Hie b8Jld 
shapes of the 2L:+ (30) -1 

Table 1. ::md theoretical I, P. 's for the CeX (X = 0, S, Se, Te) 

Molecule 

CeO 

GeS 

and SnX eX = Se, Te) molecules. 

Ionic State 

2 + 
X L:l/2 

2 
A 111/ 2,3/2 

v' Cv 740 ± 70 cm·· 1 

-1 
v' rv 694 ± 150 cm 

2 
X 111/ 2 ,3/2 

B 

CI STATE 

CI STATE 

CI STATE 

Experimental I. P. (eV) 
This lIJork cc JlTu & Fehlner b 

11.25(1) 

11.40(5) 

15.16(2) 

10.36(5) 10.28 

10.43(2) 10.39 

14.00(4) 

14.6(1) 

15,28(5) 

18.86(6) 

(eV) L 

11.61 

12.16 

15.21 

10.17 

10.24 

14.40 

(continued) 
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Table 1. 

Molecule Ionic State Experimental I.P. (ev) 
This Worka 1Vu & Feh1nerb 

Theory (eV)C-

GeSe 2 
X IT3/2 (9.87) 

10.14 
2 

X IT1/2 9.95(5) 9.95 

2 + 
A L1/2 10.16(1) 10.20 10.37 

2 + 
B L1/ 2 

13.56(5) 13.4 13.92 

CI STATE 14.0(1) 

CI STATE 14.88(5) 14.9 

CI STATE 16.31(5) 

GeTe 2 (9.09) -) X IT3/2 
8.67 

2 9.32(2) X IT1/2 

2 + 
A L1/ 2 

9.76(1) 9.55 

2 + 
(B L1/ 2) 13.3(1) 13.56 

CI STATE 13.88(6) 

CI STATE 15.20(5) 

SnSe 2 (9.0) X IT3/2 -) 9.30 
2 9.26(3) X IT1/2 

2 + 
A L1/2 9.56(1) 9.77 

2 + 
B L1/2 12.7(1) 12.89 

CI STATE 13.65(5) 

CI STATE 14.99(5) 

SnTe 2 
X IT3/2 8.61(4) 8.65 

8.58 
2 

X IT1/2 8.91(2) 8.95 

2 + 
A L1/2 9.30 (1) 9.39 9.57 

CI STATE 10.55(5) 

CI STATE 1l.02(5) 

2 + 
(B L1/ 2) 11. 9 (1) 12.48 ( continued) 
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Table 1. (Continued) 

C1 STATE 

CI STATE 

12.8(1) 

14.33(5) 

a) Vertical ionization potentials. Uncertainties are specified in parentheses. 

b) Ref. 6. 

ee) Koopmans' theorem ionization potentials. Empirically reduced by 0.85 to 
reflect final ionic state relaxation. 

30 and lTI ~D' s can be characterized as non-bonding 
and bonding, respectively. At higher binding 
energies a single ionization band corresponding to 
the B2/:+(Zo)-1 ionic state is predicted, and is 
observed at 15.2 eV for GeO+. The spectra of the 
heavier GeX+ ions and the SnX+ ions, however, 
show several weak ionization bands in this energy 
range. TI18se states are tentatively assi nned to 
configuration - interaction (Cl) satelli tes~ due to 
many-electron correlation effects with the (Zo)-l 
primary hole states. TIle intensities of these 
states are consistent with the low cross section 
of the 4s and 5s atomic orbitals of Ge and Sn, 
respecti vely, of which the 20 ~'D is largely 
composed. A complete analysis of this structure is 
severely hampered by the lack of additional 
information on the highly excited ionic states of 
these molecules. This s i tua tion is further 
complicated by the fact that these molecular ions 
are best described by Bunds' case (c) coupling in 
which r2 ~ 1/2 excited ionic states (2/:i/2' 2111/2, 

21'11/2' etc.) in this energy range may interact with 
the l20)-1 hole state. 

As the atomic number of the chalcogenide 
increases wi thin the GeX and snX series, the 
separation between the 2111/2 3/2 and 2/:+ levels 
increases. A similar trend has also been observed 
within the valence isoelectronic Group V-V series 
in which the 211/2/:+ ordering reverses between N2+ 
and PZ+ 9 and their separation increases in going 
to Bi2+,10 In addition, we note that the 211(lTI)-1 
ionization band becomes narrower and sharper as one 
proceeds dmvn the GeX series. These trends can be 
interpreted on the basis of the calculated charge 
distributions of 30 and lTI wavefunctions given 
in Table 2. The 11T M) is predominately localized 

Table 2. Bonding properties of the 30 and 11T ~D' s. 

Atomic Character (%) ~ Overlap 

30 lTI Populations 

~'blecule IV VI IV VI 30 lTI 

GeO 66 34 31 69 .0196 .1397 

GeS 51 49 24 76 .1150 .1861 

GeSe 58 4Z 26 74 .0833 .1855 

GeTe 52 48 Z5 75 .1140 .1587 

SnSe 65 35 24 76 .0839 .1504 

SnTe 58 42 22 78 .1153 .1298 

(~75%) on the chalcogenide, while the 30 MJ has 
significant contributions from the atomic orbitals 
of both atoms. Hence, as one proceeds down the 
GeX or SnX series, the ionization potentials of the 
(30)-1 and (lTI)-l levels decrease, follmving the 
decrease in ionization potential of the 
chalcogenide. TIle 11T ~D energy will decrease 
faster, however, since it has the proportionally 
higher Group VI atomic character. The narrowing 
of the 2;: ionization band in the [,eX+ series 
indicates a decrease in the IV-VI 1T-type 
interaction, as suggested by Wu and Fehlner. 6 The 
overall decrease in the lTI MO overlap populations 
(see Table 2) with increasing molecular weight 
supports this contention. 

For the heavier members of the GeX and SnX 
series the spin-orbit interactions become 
appreciable. Hence, the ionic states of these 
molecules are more appropriately described by 
(w,w) [Hoods' case (c)] rather than (A,/:) [Hoods' 
case (a)] coupling scheme. Z1n this coupling 
scheme, the closely spaced /:1/2(30rl and 
ZI11/Z(l1Trl are expected to interact most strongly. 
The resulting r2 = l/Z states can be expressed as 
linear combinations of the (/\,/:) states, i.e., 

To estimate the importance of these final ionic 
state interactions, an approximate spin-orbit 
model was employed. TIle molecular spin-orbit 
operator was approximated as 

JC 
so 

A i 

-7 
s. 

1 
(1) 

where the sums over A and i refer to atomic centers 
and electrons, respectively, and where 1;~ff is the 
effective atomic spin-orbit coupling constant as 
defined by Grimm.l1 In a I/\S/:]) basis the non-zero 
matrix elements are 

(11T+6I J( 111T+6) 
so 

+ 1/2 A , (2) 

- 1/2 A, (3) 

(4) 

where A is proportional to the spin-orbit splitting 
within an electronic term. The 30 and 11T wave-



functions were tal,en from the molecular orbital 
calculation of the ground state as a Koopman's 

hole state lVaveflU1ctions. 
and the appropriate matrix 

elements as well as the calculated 
splittings are swnmarized in Table the 
predicted 2JTl/2/2JT3/2 separations are 

agreement with experiment. Tl1is indicates the 
importance of including such spin-orbit terms to 
obtain all accurate description of the ionic states 
of relativistic molecules. 

Table 3. Sunnnary of spin-orbit calculations (MeV). 

a b 
Molecule A t: 'I118ory Expt 

GeO 134 20 49 19 51 45 

GeS 131 54 72 5 71 (73) 

GeSe 127 232 204 -60 161 80 

GeTe 127 521 423 -183 288 230 

SnSe 312 232 251 15 250 (260) 

SnTe 312 521 475 135 390 300 

a + 
For the Group IV atoms, sIV p and sIV p obtained 
from Lande Interval rule fot the loweSt multi
plets of the ns 2np2 and ns 2np configurations, 
respectively. 

6 111e oxygen and sulfur atomic s-o parameters taken 
from Ref. 11. For Se and Te the intermediate 
coupling yalues for sVI,p \\T~re used. See S.-T. 
Lee, S. Suzer, and D. A. Shuley, Chenl. Phys. 
Lett. 41, 25 (1976). 

address: Eastman Kodak Research Labora' 
tories, Rochester, NY 14615. 
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14. RADIATIQ\) DAMAm STUDIES BY X'RAY PHOroELECTRON 
SPECTROSCOPY. 1. HECTRON-IRRADIAT1~D LiN03 AND 

* 
t * To Sasaki, R. S. Williams, J. S. Wong, and 

D. A. ShirleY 

photoelectron spectroscopy (XPS) has been 
to the of radiation damage on the 

surfaces of LiN03 and Li2S04 single crystals that 
'vere free of carbon contamination. Irradiations 
were performed in situ at room tPl!llnlOY" 

0.3' 1.6 keVelectrons. 111e 
from chemical shifts in the binding energies of 
core levels, \Vere: LiN02 aJld Li20 from irradiated 
LiN03; and Li2S03, elemental sulfur, LiZS, LiZO, 
and adsorbed oxygen from irradiated 
Li2S04, respectively. irradiations of the 
Li 2S04 sample showed that final products of 
the radiation decomposition are Li20 and Li2S, 
Furthermore, aJlalysis of peak intensities in the 
XPS spectra allowed a quantitative analysis of the 
surface layer radiation damage caused by the 
electron bombardments. 

Radiation damage studies by XPS are of some 
importance both intrinsically and because 

the detrimental effects of XPS measurements on 
samples uns table to the source x rays. The main 
advantage of this method is that it can in 
principle provide useful information about 
molecular products as \Yell as radical species 
from their chemical shifts. Also, the chemical 
fate of the alkali -metal ions, Hhich have been 
neglected in previous radiation damage studies by 
other methods, can be elucidated. 

In the application of XPS to this series of 
radia tion daJnage studies, the follm,ing points 'vere 
especially taken into consideration: (1) The 
spectrometer should be to detect a given 
chemical shift with good energy resolution. 
lvlonochromatization of the x rays is desirable. 
(2) 111e XPS measurement should be done under UI-fV 
condi tions to minimize surface contamination with 
hydrocarbons, o:A'Ygen, \Vater vapor, etc. (3) Lo\V~ 
energy electrons or ions should be employed as a 
radiation source because they produce damage on 
the sample surface far more efficiently than soft 
x rays in a photoelectron spectrometer. 
(4) In situ irradiation wlder high-vacuum conditions 
is indispensable for the prevention of chemical 
reactions between the products and their surrotmcl
ings. 

The LiN03 sample was irradiated with 1 keV 
electrons. A t\Vo~hour irradiation at 1 mA filament 
current did not change the color of the sample 
surface. Figures la and Ib are spectra before and 
after the electron irradiation, respectively, and 
are normalized to the intensity of the parent LiN03. 
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L Spectral changes in the N(ls) 
irradiated LiN03. Peak A is assigI1ed to 
N02-. Ic is in l.ffiits of coulomb/cm2. (XBL 7710-6852) 

Irradiation causes the of peale A, \\'ith 
a energy lower than that of the 
parent. product was so stable chemically that 
further radiation decomposition was not observed 
upon continued irradiation. Since the position of 
the N(ls) product peak did not change with total 
radiation dose, the chemical fonn of the product 
can be inferred from its chemical shi ft. By 
comparison with the ~3.3 eV shift the N(ls) 
energy of from that of , the observed 
product is N02 ~ . This is consistent with 
the agreed overall reaction in 

irradiated at room temperature: 

Because only one nitrogen-containing product was 
peaJe A cannot be associated with such 

radicals as N02 aJld/ or N03. 

Figure 2 presents the in the 
O(ls) region. The broken in 2b were 
obtained by computer deconvolution in which three 
GaussiaJ1S were employed. ]11ere are two new peaks, 
Band C. Because the presence of N02·· has been 
confirmed in 1, the appearance of the O(ls) 
line from the same ion is Peak B, with 

L 85 eV less than that of the parent, 
to N02~. This assignment is supported 

by a quantitative of the product yield. 
Computer deconvolution showed that the O(ls) 
intensity of N02~ relative to the parent is 0.44, 
while the relative NUs) of NOZ" is 
0.64. The correction by stoichiometry yields 
0.66 (~0.44 x 3/Z) for the latter, which agrees 

? 
[fC,,~ 

·e 
( a) ::J 

~~J 

( b) 

540 530 525 520 
Binding energy (eV) 

2. Spectral changes in the O(ls) region of 
irradiated LiN03. Peal( B is assigned to product 
N02~ and Peak C to product LiZO. (XBL 7710~685l) 

very well with the N02~ product yield from the 
N(ls) On the other haJld peak C, Hhich 
1S located at a position lower by 4.6 e V thaJ1 the 

arises from one of the products ubiquitous 
on the surfaces of irradiated lithiwll oxyanion 
salts. \lie assign this to an O(ls) peale from LiZO. 

Bombardment of the LiZS04 crystal with a 1.4 keY 
electron beam caused a gradual black coloration 
\\llich increased with irradiation time and was 
insensitive to Figure 3 shows the 
spectral in the S(2p) region. The absolute 
total decreased with irradiation time, 
and the relative S(2p) intensities in Figs. 3b 
and 3c were 0.84 and 0.58 times that in Fig. 

After electron irradiation, the 
line into attributable to three 

chemical fonns, labeled D, E, and F. 
Comparisons of the present chemical shifts with 
the published data for the S(Zp) binding energy 
yield the oxidation states of the sulfur products. 
The chemical forms of the products are identified 
as shown in brackets in the first colwm of Table 1. 

For quantitative aJlalysis the relative 
intensities of the S(2p) are plotted against 
the total current density of the incident electrons 
in Fig. 4. 111e initial slopes of these curves 
have been used to estimate approximate G-values. 
In the irradiations, the increasing rate 
of is far larger than that of the 

and is slightly larger than the 
rate of the parent. This means that 

sulfide is one of the conmlon radiation products 
from both S04Z- and S033~. The relative con~ 2-
centrations as a function of radiation dose of S04 
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Fig. 3. Spectral changes in the S(2p) region of 
irradiated Li2S04. Each peN, is a 2Pl/2-2P3/2 
doublet only partially 2esolved. PeN, D is 
assigned to product S03 -, PeN( E to elemental 
sulfur, and PeN< F to S2- (see Table 1). 
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Table 1. The S2P3/2 binding energies and G-values 
of the products. 

Chemical forms E(ev) L'lE(ev) G (±50%) 

S02- 168.1 0 -3 
4 -4.lxlO 

D (SO~ -) 165.5 2.6 3.4xlO -3 

E (elemental) 162.2 5.9 8.4 xlO -5 

F (S2-) 158.8 9.3 6.4 xlO- 4 

Sum 0 [ products 4.lXlO- 3 

and S032- were independently checked by monitoring 
the respective O(ls) intensities from these 
species. The agreement with Fig. 4 was within a 
few percent, so the measurements are self-consistent. 

An estimate of the absolute yields of the 
products is especially important, because little 
is known about the formation of molecular species 
in solids. For this purpose the G-values (the 
number of molecules produced or decomposed per 
100 eV of radiation absorbed) should be determined. 
Because the incident electrons penetrate far beyond 
the depth detected in XPS measurements, the quantity 
obtained in this study is different from the 
G-value usually adopted in radiation chemistry, 
but it provides important information about the 
nature of the radiation damage in the surface 
layers. Obtaining the differential energy loss 
of the bombarding electrons by a semi-empirical 
methodl allows the determination of the G-values 
listed in Table 1. The G-valuZ of -4.1 x 10- 3 for 
radiation decompostiion of S04 - means that in 
order to achieve a 20% decomposition of the surface 
layer of a Li2S04 crystal with a 1.4 keY electron 
beam, a radiation dose equivalent to 1100 electrons 
per surface sulfate ion is required. 

* From LBL-6220, submitted to Journal of Chemical 
Physics. 

tpresent address: Chemistry Division, Japan Atomic 
Energy Research Institute, Tokai -mura, Ibaraki -ken, 
319-11, Japan. 

*Present address: Department of Chemistry, 
University of California, Berkeley, CA 94720. 

1. T. Tabata, R. Ito, and S. Okabe, Nucl. lnstr. 
'Method 103,85 (1972). 



15. RADIATION D~i~GE STUDIES BY X-RAY PHOTO
ELECTRON SPECTROSCOPY. II. ELECTRON IRRADIATED 
LizCr04 Al\lD Li2W04 * 
T. Sasaki, t R. S. Williams, J. S. Wong,'*' and 
D. A. Shirley 

In further studies of in situ radiation damage 
by XPS, lithium salts of the Group VI oxyanions 
Cr04'" and W04 = were studied as anhydrous single 
crystals. The results for the two salts are 
discussed separately below. 

Irradiation of LiCr04 with 1 keY electrons for 
10 minutes at 1 rnA electron gun fil~nent current 
induced considerable changes in both the core-
level and valence-band spectra, while exposure to 
source x rays for as long as 40 hours caused only 
very small changes. Figure 1 shows the spectral 
changes in the Cr(2p) region. All spectra were 
normalized to the intensity of the highest peak, 
~d tJ:e total incident charge is indica~ed ~y Ic 
In unlts of 10-1 coulomb/cm2. As seen In FIg. la, 
a small feature appears at a binding energy lower 
by ~2. 8 eV than the main peak position of Cr(2p) 3/2. 
As this spectlUlll was recorded after exposure to 
source x rays for 24 hours, this feature is due 
to x-ray induced reduction. This feature is 
conspicuously enhance2 by electron irradiation and 
about 80% of the Cr04 ". undergoes radiation-induced 
reduction following a total dose equal to Ic = 14.3 
of 1.4 keVelectrons. The oxidation state of the 
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Fig. 1. Spectral changes in the Cr(2p) region of 
electron-irradiated Li2Cr04. The units of Ic are 
coulomb/cm2. (XBL 7612-11157) 
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produ".::t is inferred to be +3 by comparison of the 
chemical shift with values reported for various 
inorganic chromium compounds. From our measure
ments, the spin-orbit splittings 2etween Cr(2p)1/2 
and Cr(2p) 3/2 are 9.1 eV for Cr04 - and 9.8 eV 
for Cr(III). Such an increase in the splitting 
energy with a decrease in the oxidation state of 
chromium has been found in previous work.l 

The assignment of the product is also supported 
by spectral changes in the Cr(3s) region, shown in 
Fig. 2. In spite of the 80% reduction shown by 
the Cr(2p) lines, Fig. 2b appears to show that a 
considerable ~unt of Cr042- remained. This is 
due to a multiplet splitting in the 3s level, which 
is well-known for compounds of transi tion metals 
possessing unpaired 3d electrons. 2 Cr(III) has 
three unpaired electrons in the 3d shell, while 
Cr(VI) in Cr042- has none. The splitting energy of 
the 3s level increases with the number of unpaired 
electrons, and we can expect ~4 eV for the 3s 
splitting of CrCIll). The splitting of 3.8 eV 
observed here is in good agreement with this 
expectation. Assuming that ionization of the 3s 
shell results in only one (exchange-split) electron 
configuration for the final state, the theoretical 
intensi ty ratio of the two peaks is predicted to 
be 0.6 from the multiplicity ratio. The observed 
value of 0.7, which wa

Z 
obtained after correcting 

for the remaining Cr04 - contribution in the high
energy peak, is consistent with this estimate. 

The valence band region as a function of 
radiation dose is displayed in Fig. 3. The 4t2 
and Sal orbitals are mainly 0(2s) in character, 

~ 
"", 
;:J 

>. ... 
0 ..... -:c ..... 
~ 

85 

Ie'" 0 

Ie "'14.3 

80 75 70 

Binding energy (eV) 

16.4 

65 

Fig. 2. Spectral changes in the Cr(3s) region of 
irradiated Li2Cr04. (XBL 7612-11153) 
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and the Ie al1d orbitals have o.(2p) character. 
After irradiation tIVO nel, peaks (1) and (II) 
appear at 10.3 2.4 eV, respectively. The 
absolute intensi of peal, (I) initially increases 
wi th total dose and then decreases 
lU1der heavy irradiation, while the of 

(II) does not change with Ie, 
peak as shm'H in . 4b and Peak (I) 

has a F\vl]]Vl of 1. 8 eV arises from o.(2p) orbitals 
in the product. Since heavy irradiation caused a 
decrease in the of this peak, it is 
attributed to molecular oxygen absorbed on the 
sample surface. T1ms the broadening of the peaks 
from o.(2s)-derived orbitals from 2.7 eV FIIIHM in 
Fig. 4a to 3.3 eV in Fig. 4c is attributable to 
additional o.(2s) contributions froin atomic oxygen. 
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]11e decrease in of peak I may be explained 
by fonnation of molecular oxygen, which is lost to 
the vacuum. On the other hand, peak (II) is 
assigned to the Cr(3d) -derived orbitals of the 
product. Photopeal(s in this position from non
bonding orbitals have been previously observed for 
both Cr(III) "md CrCIV) compounds,l 

From the above observations we conclude the 
main products are 1i thium chromi te (LiCro.2) and 
molecularly adsorbed oxygen. LiCro.2 is 
to be a more stable chemical fonn than 
the presence of Li+. This assigl1l11ent is 
on the observation that neither o.(ls) nor 

attributable to Li2o., which \\'ere observed in 
irradiated LiNo.3 and Li2So.4, appear in irradiated 
Li2Cro.4. 

The importance of the G-value estimated from 
XPS data was stressed in the preceding report. It 

to compare the surface G-value 
decomposition of Li2Cro.4 (G ~ 

with related data. Debuyst and 
obtained G-values of the order of 

for the total radicals, including 
Cro.2-, and for - fonnation in 
K2Cro.4 irradiated with 60Co gamma 
rays at room temperature. Since our surface 
G-value, which in fact is a lower linu t, is two 
orders of magnitude larger than the bulk values 
the surface must be far more sensi ti ve to 
radiation than the bulle 

Electron irradiation did not cause visible 
changes in the LiZWo.4 surface. TIle most evident 
change in the XPS spectra was a time-dependent 
shift in the core-level peaks. TIle spectral 
changes in the o.(ls) and W(4f) regions of the 
irradiated by 1 keY electrons are sho"H in Fig. 
Just after irradiation the o.(ls) and W(4f) regions 
shi ft toward lower binding energy by 1. 8 and 2. Z e V, 
respecti vely. These shifts decrease with the 
passage of time, and after 20 hours the original 
peak positions are nearly recovered. Because all 
the core-level , includingW(4p)3jZ 
(Eb "" 429 eV) and W(4d)5/Z (Eb "" 249 eV), shift to 
lower binding energy ,md require almost the same 
time for recovery, the phenomena can not be 
attributed to formation of lU1stab1e products. 
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Fig. 4. Time-dependent changes in the o.(ls) and 
W(4f) regions of LiZWo.4 irradiated with 1 keY 
electrons for a total exposure of 0.51 coulomb/ cn;2. 

(XBL 7710-6848) 
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The direction of the spectral shift means that 
photoelectrons gain kinetic energy during emission. 
This can be interpreted in tenl1S of surface 
charging. The spectral shift is caused by 
acceleration arising from the electric field 
induced between the positively charged sample 
surface and a negatively charged region around the 
tenninal site of the incident electrons. This 
would explain a larger energy shift for the W( 4f) 
peak than for the O(ls) peaJ(, because photoelectrons 
from the W(4f) shell have a larger escape depth, 
corresponding to a longer acceleration distance. 
TIle induced field strength in the surface layer of 
irradiation Li2W04 is estimated to be 1 x 107 V/cm 
from the magnitude of the energy shift and the mean 
free path of the photoelectrons. The peak 
broadening of W(4f) in Fig. 4b is presumably due 
to differences in the acceleration distance along 
the mean free path. The spectral evolution in 
Fig. 4c indicates a gradual neutralization of the 
surface charges. It is noteworthy that the time~ 
dependent shift is characteristic only of irradiated 
Li2W04; such phenomena have not been observed for 
the other ten oxyanion samples we have examined to 
date. 

Another distinguishable change in the W(4f) 
region is a broadening with a small shoulder to the 
low~energy side, as seen in Fig. 4c. Similar 
trends were also observed for the W(4p) and W(4d) 
lines. This broadening arises from the formation 
of reduced tungsten species. The spectral shape 
of W(4f) in Fig. 4c is very similar to the observa~ 
tion by De Angelis et a1. 4 for NaO. S4 7W03, which 
was exposed to AIKo: x rays for 8 hours. They 
resolved their spectrum into three components: 
WerV) , W(V), W(VI) , and the sum of their satellites 
to higher binding energy. A similar computer fit 
has been performed on our spectrum for W(4f) , as 
shown in Fig. 5. The fit indicates a 26% trans~ 
formation of W04 2~, into reduced species. While 
computer fits of partially resolved spectra are 
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Fig. 5. Deconvolution of the W( 4f) region. The 
spectrum is the same as that sho\\Tl in Fig. 4c. 

(XBL 7710~6847) 

never as satisfying as actually resolving the 
lines, we note that the 4f7/2 peak of W(V) appears 
as a readily observable shoulder on the \'I(VI) 
4h /2 peak in Fig. 5, and even the weal( W(IV) 
4f7/2 peaJ( gives rise to a visible shoulder. 

'* Brief version of LBL-6296; submitted to Journal 
of Chemical Physics. 

1-present address: Chemistry Division, Japan Atomic 
Energy Research Institute, Tokai -mura, Ibaraki ~ ken, 
319-11, Japan. 

* Present address: Department of Olemistry, 
University of California, Berkeley, CA 94720. 

1. J. C. Helmer, J. Electron Spectrosc. 1, 259 
(1972/1973) . --
2. D. A. Shirley, Adv. Chem. Phys. 23, 85 (1973). 
3. R. Debuyst, D. J. Apers, and P. C. Capron, 
Inorg. Nucl. Olem. 35, 1541 (1972). 
4. B. A. DeAngelis -and M. Schi ave 110 , Chem. Phys. 
Lett . .?~, 155 (1976). 

16. lvlOLECULAR BEA'I1 PHOTOELECTRON SPECTROSCOPY'* 

Dennis Trevor 

Ultraviolet Hel photoelectron spectra of most 
permanent gases have been measured. Unstable 
species such as free radicals, Van del' Waals' 
complexes, ions, and excited states have only 
recently begun to be studied. Several new 
techniques have been developed to exaJnine such 
systems. However, each teclmique has relied upon 
high resolution or modulation methods to study these 
minor components. These methods have been somewhat 
successful, but only with considerable sacrifice 
in intensity. Coincidence photoelectron-photoion 
spectrometry should be an ideal technique to apply 
to these systems because of its very high 
selectivity. Previous coincidence spectrometers 
have suffered from poor signal~to-noise ratios, 
preventing their application to these systems. 

We are nearing completion of the first super~ 
sonic molecular beaJll photoelectron -photoioll 
coincidence spectrometer. Our obj ecti ve is to 
study exotic species, produced only in supersonic 
expansion or in collision-free environments. TIle 
high selecti vi ty of the coincidence experiment 
enables the study of lninor components without 
several restrictions on sensi ti vi ty. 

TIle spectrometer (Fig. 1) consists of a 
supersonic molecular beam pUJllping system allowing 
for complete interchangeability with the many 
different beam sources in operation in the 
laboratorY of Y. 1'. Lee. These sources produce 
useable supersonic beclJllS, of atoms (by thennal 
dissociation), Van del' Waals' complexes (by high 
pressure expansion), and many other exotic species. 
The spectrometer's Hel capillary discharge lamp 
has been shown to produce an average photon flux 
of ~101l photons/s while being pulsed at a variable 



Fi~.~. Molecular beam photoelectron photoion 
cOlnCldence spectrometer schematic: HeI discharge 
lamp points into the page (not shown) 
(1) differential pumping chamber, (2) 'nozzle 
(~) skimmer,. (4) ion detector, (5) quadrupol~ mass 
fllter, (6) lon lens system, (7) ion space 
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focusing grid system, (8) ClvIA, (9) electron detector 
(10) dela~ line, (11) coincidence gate, (12) scaler' 
and assoclated electronics. (XBL 7712-11448) 

frequency up to 100 lillz with a duty cycle of ~l%. 
At present we are optimizing the photon pulse 
character of the lamp. The photoelectrons are 
energy-analyzed with a commercial (Physical 
Ele~tr0l!-ics Il!-dustries Model 15-250) double-pass 
cyllndrlcal rnlrror analyzer with a transmission 
of ~l% and a measured energy resolution (LIE/E) of 
~l% for our diffuse source. Due to refraction 
effects of the hemispherical grids and the low 
density of these three-dimensional sources 
higher resolution operation requires a sev~re loss 
of intensity. For higher resolution studies we 
will be using a differentially-pumped 180 0 

hemisphe-:ical analyzer with a "zoom" lens system 
and multl-channel detection. The photoions will 
be analyzed by time-of-flight and quadrupole mass 
spectrometry, with arrival-time distributions 
giving a measure of their kinetic energies. The 
quadrup?le mass filter will be used for high mass 
resol~tlon studies. When this is not necessary, 
reducmg the dc potential will alow it to be used 
only as a high mass pass filter. 

At present we have a fully operational supersonic 
beam source system, pulsable HeI resonance lamp, 
and photoelectron energy analyzer. Within the next 
fiscal year we hope to finish construction of the 
mass spectrometer and hemispherical energy 
analyzer multichannel system. 

* This project is being carried out under the joint 
direction of Y. T. Lee and D. A. Shirley. 

17. VALENCE- BAND STUDIES OF LIQur D METALS 

K. A. Mills, P. S. Wehner, and D. A. Shirley 

The electronic structure of liquid metals is a 
question of considerable technological and 

th~or~tical interest, and one may expect photo
ernlSS10n to prove of equal utility in studying such 
systems, as it does for solids. Nevertheless . . ' comparatlvely llttle work has been done along 
these lines, in part due to the ex~erimental 
difficulties involved, and in part due to the 
lack of a theoretical framework for interpreting 
the results. The recent developmentl of formalisms 
based on multiple scattering and other methods, 
however, makes the time right for such studies. 

We report here HeII photoemission spectra for 
liquid and solid Ga and In. In the case of In, 
studies using Hel and lower energy radiation have 
been reported in the literature;Z',3 we shall 
discuss these presently. 

Samples were prepared from 7 nin.es Eagle-Pitcher 
semiconductor grade Ga and 5 nines ROC/RIC In ingot. 
Initial attempts to obtain spectra by direct 
melting of these materials showed significant 
oxide contamination. * Accordingly, the following 
procedure was used for both metals. In an N2 
purged glove bag, the metal was repeatedly frozen 
and thawed in a pyrex container, the surface layer 
being discarded each time. An aliquot from the 
center of the final melt was transferred to a 
quartz crucible with a tungsten groullding ribbon; 
this assenbly was transferred under N2 to the 
spectrometer where it was mounted on a manipulator 
and inserted, again under nitrogen. Samples 
prepared in this way had a highly specular surface 
in both cases. 

Spectra were taken in an all metal/glass UHV 
chanber using a CMA analyzer, with a stated 
resolution of 0.09 eV. Pressures were in the low 
10-9 region during all runs. Both liquid and solid 
samples showed initial oxide conta~nation, but were 
easily cleaned by Ar bonbardment. AES was used to 
monitor cleanliness,t but we found the PES spectrum 
to be more sensitive to the presence of oxide. The 
criterion for cleanliness was identical spectra 
after two successive bonbardments, once the oxide 
peak had been attenuated essentially to zero. 
Sample cleanliness gradually degraded with time; 
results here are the sum of several runs terminated 
at first sign of contamination, with subsequent 
cleaning prior to repetition. The solid samples 
were at R.T. (as was the supercooled Ga) and the 
liquids were held in the range of 20-40°C above 
the M.P. using a Chromel-Alurnal TC and a 
magnetically non-inductive heater. 

The spectra are shown in Figs. 1 and 2. The 
Ga solid and supercooled results are preliminary 
due to the possibility of slight oxide contamina
tion, and insufficient statistics (around one-half 
the counts of other runs). We see the characteris
tic 3d doublet for Ga and 4d doublet for In; the 
primary peaks are due to Hell (40.8 eV) radiation 
and the remaining to higher energy Hell resonances. 
As can be seen, the core level BE's are identical 
within our resolution. In addition, the line 
widths and shapes, ~hich are indicative of relaxation 
and many-body effects in the condensed phase, are 
again virtually identical. It was shown4 in Li 
that the dominant contribution to the Is hole 
lifetime is hole-phonon coupling, and that the 
inherent width of this state is 0.04 eV. Since the 
d electrons in Ga and In are less tightly bound 
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than the Li Is, we expect their inherent hole widths 
to also be of this order. Apparently, then, the 
hole-medirun coupling in the liquid and solid are 
quite similar, or at least produce the same 
lifetimes. of 

The valence bands similarly show virtually no 
change from solid to liquid, although we note that 
the higher d resonances made it impossible to 
unambiguously assign a band width. Nevertheless, 
if one assumes a sloping inelastic tail, the results 
for liquid Ga and In both indicate a very free
electron-like VBooS. One important result is that 
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for In we seem not to observe the dip at ~2. 5 eV 
BE seen in Re fs. 2 and 3. This is in accord with 
the theoretical predictions (see Fig. 3); it is 
hard to say whether this is a photon-energy
dependent (i.e., sampling depth) effect or is due 
to contamination in the previous studies. It 
would be very interesting to obtain systematic 
variable energy spectra for these metals; if in 
fact one is seeing a change in the VBooS with hv, 
this would lend support to some recent theoretical 
work that assumes the existence of significant 
structure for liquid metal surfaces relative to 
the bulk.5 
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tRW SHAWa. NY SMITH,PHYS REV,!..TI!.,985(1969) , 
NW ASHCROFT 80 WE lAWRENCE,!.Ql!t ,~,93t3{1969} 

Visible as scum on surface, and in spectrum 
[O(2p) at ~4 eV B.E. J. 

tEstimated sensitivity a few hundredths of a 
monolayer. 

*We note that the Li results were for x ray 
exci tation, so that the electron EK was consider
ably higher there. Nevertheless, for HeIr 
radiation we feel the photoelectron is far enough 
above threshold to make our comparison meaningful. 

1. See, for example, L. E. Ballentine, in S. A. 
Rice and I. Pri gogine, eds., Adv. Chem. Phys. XXXI, 
263 (1974); 1. M. Roth, Phys. Rev. B 11, 3769 
(1975). -
2. R. Y. Koyama and W. E. Spicer, Phys. Rev. B i, 
4318 (1971). 
3. C. Novus, D. C. Rodway, and G. P. Williams, 
in Proc. 2nd Con£. Prop. Liq. 1vletals, Tokyo, 1972. 
4. Y. Baer, P. H. CitrIn, and G. K. Wertheim, 
Phys. Rev. Lett. 37, 40 (1976). 
5. J. W. Allen ancr S. A. Rice, private 
communication. 

18. RESEARo-{ PLANS FOR CALENDAR YEAR 1978 

David A. Shirley 

Our electron spectroscopic research in 1978 
will be tied to the development of new synchrotron 
radiation facilities at the Stanford Synchrotron 
Radiation Laboratory (SSRL) as well as that of 
new kinds of apparatus at Lawrence Berkeley 
Laboratory. 
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An angle-resolved movable spectrometer will be 
through the construction stage early in 1978. It 
will be used both at LBL and at SSRL for the study 
of electronic structures of clean metal surfaces 
and for elucidating molecular orbital structure 
of adsorbates on surfaces. 

Surface densities of states of liquid metals and 
alloys will be studied further to elucidate the 
effect of loss of long-range order. This research 
is the principal proj ect planned for the magnetic 
spectrometer. 

Van del' Waals 1 molecules and other clusters 
will be studied in the molecular beam machine. 
This project should yield interesting results in 
a new area of research in 1978. 

In the vacuum-ultraviolet energy range, 
absorption and fluorescence studies of molecular 
species will be pursued, with emphasis on time
resolved spectroscopy and relaxation phenomena. 
Energy analysis will be initiated in the 
fluorescence channel. l\ngle-resolved photo
emission experiments on gases at SSRL will be 
initiated. 

The newly established EXAFS (extended x-ray 
absorption fine structure) capability in the 
300 eV region at SSRL will be employed to study 
a variety of phenomena related to surface and 
adsorbate structure. 
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1. ATGUC OXYGEN SOURCE DEVELOPMENT AND A STUDY OF 
THE 0 + ICI + 10 + Cl REACTION 

Steven J. Sibner and Richard J. Buss 
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The long term stability and reproducibility of 
our high pressure radio frequency discharge beam 
source for the production of ground state oxygen 
atoms has been improved to the point where reactive 
crossed beam scattering experiments have been suc
cessfully carried out. Product angular distributions 
and time-of-flight velocity distributions have been 
obtained for reactions with three iodine containing 
compounds: ICl, C2HSI, and CF3I. When a full anal
ysis of all three systems is completed, we hope to 
refine the 10 bond strength value proposed by Grice,l 
Do (IO) ~ S3 ±3 kcal/mole. The previous spectroscopic 
value was Do (IO) = 42 ± 5 kcal/mole. 2 Our preliminary 
results fall within Grice's error limits. The reac
tants in the 0 + leI reaction approach on a triplet 
potential energy surface. The possibility that a 
surface crossing might occur to a singlet surface, 
yielding elO + I as the reaction products, was also 
investigated. However, no ClO product was detected. 
All three experiments were carried out at a collision 
energy of approximately 3.3 kcal/mole. The energet
ics for the reactions studied are: 

LID (kcal/mo1e) 
0 

o + IC1 -- 10+ C1 3.4 (1) 

o + C2HSI ---- 10 + C2HS 0.0 (2) 

0 + CF31 + CF
3 -0.2 (3) 

0 + CH31 - -'R- IO + CH
3 -3.3 (4 ) 

Reaction (4) was also attempted but no 10 product was 
detected. 

In this article the analysis of the energetics and 
dynamics of the 0 + rCl + ro + Cl reaction wil~ be 
discussed. The reaction is found to proceed VIa a 

long-lived collision complex whose IO product trans
lational energy distribution can be described by 
RRl<M-AM statistical theory (within the current un
certainties of the reaction energetics). The rCl was 
seeded in argon to a translational velocity of 4.95 
X 104 cm/s and a Mach number of 7. The oxygen atoms 
were produced in our radio frequency discharge beam 
source with a peak translational velocity of 1.29X 
10~ cm/s and a Mach number of 4. Table 1 lists typ
ical dissociation characteristics of the discharge 
source for two different nozzles. Molecular disso
ciation is always found to be greater than 80% and 
to depend weakly on RF power and nozzle pressure. 
The gas mixture used in these experiments was 95% 
argon/ 5 % O2, 

Fi0Ure 1 shows the lab angular distribution and 
the m~st probable Newton diagram for the 0 + leI re
action. Significant lab intensity appears on both 

I. 

~0.5 .M. 

I --lQ+CI 
kcal/mole 

o 0 30 60 

Lab Scattering Angle ( 

Fig. 1. Angular distribution of reactively scattered 
10 product. (XBL 7712-10934) 

Table 1. Molecular oxygen dissociation characteristics. 

Pressure (torr) RF Po,lTer (watts) Dissociation(percent) 

Nozzle A 190 115 87.6 

190 120 88.1 

190 150 92.6 

Nozzle B 100 110 88.5 

150 110 85.2 

180 110 80.7 



sides of the center-of-mass angle that is approx
imately 15° from the halogen beam direction. Cross
correlation time-of-flight (TOF) spectra taken at 
eight lab angles were combined with this angular 
distribution to give a center-of-mass contour map 
that is shown in Fig. 2. Both the fOYl'1ard (with 
respect to the oxygen beam direction) ane:' backward 
scattered peaks are observed to peak along the rel
ative velocity vector indicating the importance of 
angular momentum considerations for this reaction. 
The symmetry of the map is indicative of a long
lived collision complex. The forward peak has a 
much higher information content than the backward 
peak since it is composed of six angles at which 
TOF spectra were taken in a low noise environment 
(far from the halogen beam). Hence further discus
sions in this report on the energetics of this re
action will be based exclusively on information 
from the fOYlvard scattered 10 product peale. 
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Figure 3 compares the calculated best-fit flux 
distribution with the experiment21ly determined flux 
distributions for all eight angles at which TOF spec
tra were taken. 111ese best fit distributions were 
deconvoluted and used in the construction of the 
canonical contour map described earlier. For the 
reaction under study the anisotropy ratio for the 
center-of-mass angular distr~bution, 1 (8='0°)/1 (8=90"), 
was found to be approximately 2.5. The contour map 
and anisotropy ratio obtained for our reaction at a 
collision energy of 3.3 kcal/mole are similar in 
form to Herschbach' s3 0 + Br2 and Grice' s4 0 + 12, ICI 
results, which were obtained with effusive atomic 
oxygen beams. 

A product translational energy distribution was 
computed using information in the forward peak of 
the conSour map. This is shown in Fig. 4. The 
RFU~1-A~ statistical predictions are also shown 
when E' = 6.7 kcal/mole and E' = 8.7 kcal/mole are as
sumed available for product translation (E' = colli
sion energy + reaction exoergicity). The lower of 
these E' values aSSlillles Grice's 10 bond strength of 
53 ± 3 kcal/mole. 111ese two curves appear to define 
lower and upper bounds for the experimental peE') 
distribution when the maximum exit centrifugal bar
rier of RRKM-AM theory, ~, is set at 0.75 kcal/ 
mole. 1\!hen final bounds are calculated for the C13I 
and C2H51 reactions a composite 10 bond strength 

o + lCi -- 10 + CI 

E ::: 3.3 keel/mole 

Fig. 2. Contour map of the 10 product flux density 
in the center-of-mass coordinate system produced in 
the reaction 0 + ICI. (XBL 7712-10948) 

l'1ill be determined. Do (10) = 54 ± 1. 5 kca1/mole ap
pears consistent with the peE') distribution deter
mined in this experiment. 

o 2 4 6 8 10 0 2 4 6 8 10 

1 
Fig. 3. Flux distributions for reactively scatter
ing 10 at eight laboratory angles. • Experimental 
distributions obtained from cross-correlation TOF; 
o Calculated best -fi t distributions. 

1.0 
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(XBL 7712-10949) 

E'. 6.7 keal/mole 
E'· 87 Keal/mole 

L 
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ole 

Fig. 4. Experimental product translational energy 
distribution (.) and calculated RFU<M-Avl distribu
tions for the reaction 0 + ICI at a collision ener
gy of 3.3 kcal/mole. (XBL 7712-10931) 
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In summary, our atomic oxygen reactive scattering 
program has begun successfully and will now proceed 
on to the study of combustion reactions with unsat 
urated hydrocarbons. We hope to determine the prod
uct channels and dynamics for these syscems. Hope
fully these studies will add significantly to our 
Imowledge of the combus tion process, since the prod
ucts from these reactions are highly reactive free 
radicals that participate in subsequent chain branch
ing reactions. 

1. D. St. A. G. Radlein, J. C. Whitehead and R. 
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and J. C. Tully, Chem. Phys. Lett. 12, 

2. REACTIONS OF 0 + C21-ISI AND 0 + CF3I 

R. J. Buss and S. J. Sibener 

564 (1972) . 

Recent studies of energy randomization in long 
lived complexes have suggested that coupling between 
high and low frequency vibrations may be sufficient
ly weak as to prohibit the complete redistribution 
of energy. In the reactions of chlorine atoms ,vi th 
several bromo-oleEns, both the vibrational and 
translational energy distributions exhibit nonstatis
tical behavior. Using the teclmique of crossed mol
ecular beams, we have obtained product translational 
energy distributions for the iodine abstraction re
actions: 

o + C2HSI 

o + CF31 

(1) 

(2) 

While the IO product velocity distribution from re
action (2) agrees well with statistical predictions, 
that for reaction (1) deviates from the theoreticaL 

TIle oxygen atom beam was produced by H.F discharge 
of a mixture of 5% 02 in argon, at about 200 Torr 
pressure. The peak velocity was measured to be 
1.29 X 105 cm/s and the mach number about 4. The 
ethyl iodide was nm at vapor pressure from a 316 K 
oil bath, which produced a peak velocity of 6. SX 104 
on/s and mach number 10. With 250 Torr CF3I behind 
the 0.13 mm nozzle, the peak velocity was 3.4 XI04 
cm/s and the mach number, 6.4. The collision energy 
for both systems was about 3.3 kcal/mole. 

TIle laboratory angular distributions are shown in 
. 1, with error bars giving the 95% confidence 

limi t for twelve scans. The IO product, mass 143, 
peaks at the center of mass, as expected from the 
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. 1. Experimental laboratory angular distribu
tions of IO- product from the reaction of oxygen 
atoms with C21151 and CF3I. (XBL 7712-10935) 

relative mass of the two fragments and the low exo
ergicity of the reaction. In both systems tI:e ~n
formation on the backward scattered product IS 111-
sufficient to establish the presence of forward/ 
backward symmetry. Velocity information obtained by 
cross-correlation time of flight of the product was 
used to produce the translational energy distribu
tions shown in Figs. 2 and 3. It is significant that 
both distributions at zero energy, hence the 
products do not a repUlsive barrier in the 
exit chamleL 

Shm,1]1 in Fig. 2 are three RRKM calculations in 
which the exoergicity is varied. Angular momentum 
has been treated as described by Safron et al. l The 
agreement of the observed data is such that bounds 
can be set on the energetics of the reaction, LlI-1 ~ 0 
± 1 kcal/molZ' Using published data for the LlHf of 
CF31 and CF3" we obtain an 10 bond energy 53 ± 1 
kcal/mole, 111 good agreement with that deduced from 
the reaction of 0 + 1Cl. 3 

111e full RRl<Jv1 calculation for the C21-ISI reaction, 
with all vibrational modes assumed to be active and 
the IO bond energy 54 kcal/mole, is Sh01\1]1 in . 30 
Substantially more translational energy is observed 
in the products than is predicted. Even when the 
exoergicity is assumed to be 4 kcal/mole (dashed 
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curve in Fig. 3) the distribution is considerably 
narrower than that observed. The RRl<M calculation 
in which hydrogen modes have been removed is in mod
est agreement with our data. It is of interest to 
note that for this latter molecule without hydrogen 
modes, the RRKrvl lifetime is 0.01 ps, which is far 
shorter than a rotational period. Indeed it should 
be difficult for energy to randomize in the time 
scale of a single vibrational period. 

These two reactions provide an interesting com
parison. Although the energetics are quite similar, 
the reaction dynamics are altered by the internal 
frequency dispersion. It would appear that energy 
sharing by the hydrogen modes in C2HSI is prohibited 
by the large frequency difference. 

1. S. A. Safron, N. D. Weinstein, D. R. Herschbach 
and J. C. Tully, Chern. Phys. Lett. ~, 564 (1972). 
2. H. M. Rosenstock, K. Draxl, B. \II. Steiner and 
J. T. Herron, J. of Phys. and Chern. Ref. Data, 
Vol. 6, 1977, Suppl. No.1. 
3. See preceding article No.1 in this series. 

3. SUBSTITUTION REACTION OF Cl + BRQ~OPROPENE 

R. J. Buss and S. J. Sibener 

In chemiluminescence studies of chlorine reacting 
with bromine-substituted olefins,l the product vibra
tional energy distribution has been shown to be non
statistical. Calculations in which the energy of the 
long-lived complex is assumed to be randomly distrib
uted over the internal degrees of freedom, predict 
more energy in the high frequency modes of the prod
uct than is actually observed. This suggests that 
coupling between the hydrogen modes and the skeletal 
modes of the complex is sufficiently weak that these 
high frequency ones do not share the energy released 
in the collisional activation. A recent study of the 
Cl + C2H3Br -)- Br + C2H3Cl in crossed molecular beams 2 
has shown that the product translational energy dis
tribution does not agree with that predicted by the 
statistical theory. More energy appears as product 
translational than would be expected if all internal 
degrees of freedom are active in the complex. We 
have now used crossed molecular beams to look at the 
product angular and velocity distributions in the 
reactions of chlorine atoms with the three olefins: 
l-bromopropene, 2-bromopropene and allyl bromide. 
The product translational energy of all three is 
found to be higher than the statistical theories 
predict. 

The chlorine atoms were produced in a resistively 
heated graphite oven previously described. 3 Time-of
flight analysis was used to determine the beam's peak 
veloci ty, 1.29 X 105 em/sand its mach number 9.0. The 
bromo-olefin beams were produced from the vapor pres
sure above the liquid in an ice bath with argon added 
to bring the total pressure to 250 Torr. The beams 
had mach numbers of 11.0. The beams collide at 90° 
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gIvIng a collision energy of 6.3 kca1/mo1e. The ob
served angular distributions are shown in Fig. 1, to
gether with a typical Newton diagram. The error bars 
are 95% confidence limits on twelve, 100-second scans. 
The product mass 76.0 was detected as a weak contam
inant of the olefin beam, and elastic scattering pre
vented observation of product scattered backward from 
the center-of-mass direction. Fractional distilla
tion of the olefin failed to remove the contaminant. 
Velocity distributions were obtained at S° intervals 
using the cross-correlation time-of-f1ight wheel with 
counting times of one to three hours at each angle. 
The product translational energy distributions are 
shown in Fig. 2. 

The results of several statistical calculations 
are also shmVJ1 in Fig. 2. Because the addition of 
bromine to olefins is known to proceed without an 
activation barrier, the analysis is not complicated 
by the existence of an exit channel barrier. The 
energetics of these three reactions (shown in Fig.3) 
are quite similar. Using group contributions to the 
internal energy4 the exoergicity is estimated to be 
12.5 kcal/mole and the complex is more stable than 
the reactants by 18.0 kcal/mole. The RRKM calcula
tions with all internal degrees of freedom active 
are sh01VJ1 as solid lines in Fig. 2. These distri
butions peak at lower energy and are far narrower 
than those observed. The dashed curves are the 
RRl<M calculations in which the hydrogen modes have 
been removed. In the reactions of I-bromo and 2-
bromopropene, these calculated distributions agree 
quite well with the observed data. This su~~ests 
that the lifetime of the complex is short enough 
that the ener~Y initiallY released in formation of 

Fig. 1. Experimental laboratory angular distributions 
of chloropropene produced in the reaction of Cl + 
C3HSBr at collision energy 6.3 kca1/mole. 

(XBL 7712-10933) 
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the carbon chlorine bond remains in the vibrations 
of the heaVY atoms. 111is description is inadequate 
to the three-bromopropene results. 

The anQ:ular momentwll in these reactions is treat
ed according to the method proposed by Safron et al.5 
The model aSSLUlles that for a loose complex the dis
tribution of angular momentum will be linear in im-· 
pact parameter up to a maximum value and zero there-
after. This approximation be expected to be 
satisfactory for complexes in which the reactive 
site is coincident with the center of mass. In the 
reaction of chlorine with three-bromopropene, the 
chlorine must attack the double bond which is con
siderably removed from the center of mass. Thus the 
angular momentwll of the complexes might be consider
ably higher, on the average, than the linear approx
imation can allow. When the distribution of angular 
momentum in the complexes is changed to PCb) ~ bn , 
with n >1, the theory will predict more energy going 
to translation. In Fig. 2 the calculated distribu
tion for n = 3 with all vibrations active gives a 

good fit to the data. 

It is clear that the RRKM-AM calculation does not 
predict the correct product translational energy. 
This observation supports the results of the chemi
lwninescence experiments. As with the vinyl bromide 
reaction, there remains some doubt whether the angu
lar momenttun treatment is adequate for these reac
tions. We hope to anS\ver this question by lowering 
the collision eneegy, thereby reducing the effect of 
angular momentum to a minimwll. 
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4. IlvlPROVED POTENTIALS FOR Ar- Kr AND Ar- Xe 

C. H. Becker and R. J. Buss 

The study of interatomic potentials for rare gjl-s 
pairs has become extensive in the last few years. 
Yet the least well-known systems are heavier asym
metric pairs: Ar- Kr and Ar-· Xe. We report differen
tial cross section [ I (El)] measurements at thennal 
energies for these systems and use this data, to
gether with existing second virial coefficient data, 
[B(T)], to obtain accurate potential energy func
tions as a function of internuclear distance rVer)]. 

TIle experiments were performed by crossing two 
supersonic beams of rare gas atoms and detecting the 

lighter gas in-plane scattering by a rotatable uni-
versal detector. Apparatus details are else-
where. 2 Two collision were ; the 
argon beam was produced at room temperature and at 

2040 K by a resistively heated graphite 
the Kr and Xe beams were at room tem-
a quartz nozzle. The supersonic bea.m 
and distributions were monitored by 
technique. The velocity spread of 

perature using 
veloci ty peaks 
time-of-flight 
the beam from 8 to 15% n\~·lM depending on tem

operating conditions. perature 

Analysis proceeds by assluning a flexible analycic 
fom for the interatomic potential; we use a Morse 
function of \Vell depth E for r < r (minimwn 
tion) , another Morse function at rm> rm, then a Her
mite polynomial spline function leading to the long 
range Van der Waals tems (tvlMHV potential) : 

f(x) V(r)/E x r/r 

f(x) 

m 

i 
c./(Er ) 

l m 

o < x < 1 

< x < 

With a given potential the differential cross sec
tions [ I (8)] were calculated by the Rayleigh -Faxen -
Hol tsmark partial wave expansion utilizing JWKB phase 
shifts. Comparison with experiment for goodness of 
fit criteria was made by calculating 

2 
X (

I':'XPt __ (XI~alc 
l l 

--------~ ~--~-

,,,here J i is at scattering angle 8i , N is the number 
of data points, is one standard deviation in the 
data at 8i' and a nomalization constant neces-
sary because our Irxpt are relative values. fle 
value of 0. is detemined minimization of X . 

The fitting of the potential to the I(8) data is 
carried out with the low energy I (El) by a nonlinear 
least squares tecJmique due to Marquardt. 4 Very 
accurate C6 constants are given by Starkschall and 
Gordon. 5 Good estimates of C8 and C10 were taken 
from Cohen and Pack' s6 work (using their lower 
bounds). The value of x2 was chosen after examining 
its affect on the calculated I(8); it is consistent 
with the theoretical prediction of the location of 
electron overlap. The values of E, rm' S2, and 



f(x]) were simultaneously varied starting with a 
reasonable first guess. I:Iere.f ~xl) is ~he fw:c~ion
al value at the Morse- splme J ommg pomt, flxmg 
xl' Then the effect of 61 [repulsive part of VCr)] 
was examined using the high energy 1(0) and BCT). 
These results for 61 were in turn used in the non
linear least squares fitting and the new results 
checked with BCT) and the high energy ICO). This 
process was continued until a confidence in param
eter convergence was reached. All ICO) calculations 
take into account beam-detector resolution and beam 
veloci ty No less than nine Ne\vton diagrams 
were used any calculation. 
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The final potential parameters are given in Table 
1 and the comparison of the calculated second virial 
coefficient, BCT), with e;qJeriment7 is in Table 2. 
First and second quantum corrections8 to classical 
BCT) calculations were used. Comparison of I (0) cal
culated and experiment is shO\\'11 in Fig. 1. The po
tentials are shown in Fig. 2. 

Due to the energy range of these experiments the 
given VCr) can be considered valid only up to approx
imately 13 kcal/mole on the repulsive walls. More 
complete potentials can be constructed by using 
Ilartree-Fock self-consistent-field theory or 1110mas
Fermi -Dirac statistical theory evaluation of the 
repUlsive wall. Altematively, new estimates of A 
and b for the repUlsive Born-Mayer form V(v) ~ A 
exp(-br) can easily be evaluated following the meth
od of Tang and Toennies, 9 using only the values of 
t::, Rm, and van der Waals constants. 

Table 1. MMHV potential parameters for Ar- Kr and 
Ar-Xe. 

Ar - Kr Ar - Xe 

t::(keal/mole) .33749 .37859 

° r 
m 

(A) 3.83145 4.01028 

r 
a 

(A) 3.42287 3.58263 

f\ 6.4 6.5 

62 
6.77887 6.33309 

C
6 

(keal/mole A6
) 1304. 1957. 

C
8 

(keal/mole A8
) 7293. 12005. 

C10 
(keal/mole A1O

) 51241. 93502. 

f(x
1

) -.82407 -.75192 

1. 08021 1.10884 

1.45000 1.45000 

-.82407 -.75192 

3.30144 3.16650 

-5.22773 -5.52469 

3.11383 3.8051,7 

Table 2. E;qJerimenta1 7 and calculated values of second viral coefficients 
BCT) cc/mole. 

T(OK) B 
eale 

-B 
eale 

148.15 -1. 3127E + 02 -1.2963£ + 02 -1.61,4 

173.15 -9.8850E + 01 -9.7269£ + 01 -1. 581 

Ar - Kr 198.15 -7.5900E + 01 -7.5]l,3E + 01 -.757 

223.15 -5.9600E + 01 -5.9102E + 01 --.498 

273.15 -3.7240E + 01 -3.7480E + 01 .240 

323.15 -2.300E + 01 --2.3652E + 01 .222 

standard deviation 1. 0106 

173.15 -1.4124E + 02 -1. 4051E + 02 -.729 

198.15 -1. 0802E + 02 -1.091,5E + 02 1.429 

Ar - Xe 223.15 -8.6500E + 01 -8.7129E + 01 .629 

273.15 -5.6220£ + 01 -5.7299E + 01 1.079 

323.15 -3.6740E + 01 -3.8367E + 01 1. 627 

standard deviation ~ 1. 16L,6 
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Fig. 1. Experimental and calculated values of the 
differential cross sections I(e) for Ar-Kr and AT-Xe. 
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Fig. 2. Derived interatomic potential functions 
VCr) for Ar-Kr and Ar-Xe. (XBL 7712-10922) 
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5. PROTON AFFINITIES OF HYDROGEN FLUORIDE AND ITS 
CLUSTERS DETERMINED IN MOLECULAR BEAM-PHOTOIONIZA
TION EXPERlMENTS* 

P. W. Tiedemann, S. 1. Ceyer and C. Y. Ng 

The proton affinity of a compound is defined as 
the negative of the enthalpy variation in the pro
cess 

PA(A) -L\H 

When gas-phase proton affinities became available 
many processes in solution involving proton transfer 
could be rationalized, since previously it was not 
known to what extent the solvent could change the 
intrinsic properties of the reactants. 1 Also, ther
mochemical quantities for unstable neutrals have 
been obtained using proton affinity scales. 2 

Proton affinities have been determined mainly 
through appearance potential measurements and the 
qualitative occurrence-nonoccurrence of proton trans
fer reactions. The first method suffers from the 
difficulty of finding a suitable precursor molecule 
from which the protonated species of interest can be 
formed in its ground state; the second method pro
vides only relative proton affinities. 

In this laboratory it was found that van der Waals 
dimers produced in the supersonic expansion of a gas 
of hydrogen containing molecules constitute excel
lent precursors for the protonated species of these 
molecules. The protonated molecules are formed by 
photoionization of the van der Waals dimers and from 
the threshold energy for this process the proton af
finity of the molecule under consideration can be 
obtained. 

The apparatus used in these experiments consists 
of a differentially pumped supersonic beam source 
and a windowless vacuum ultraviolet source whose 
light is dispersed in a I m near normal incidence 



monochromator; the light beam crosses the molecular 
beam and the ions produced are mass analyzed in a 
quadrupole filter and detected using pulse counting 
techniques. 3 

An HF beam was produced by expanding the gas 
from 400 Torr through a 0.13 mm nozzle. Besides 
the dimer, (~W)z' evidence for larger clusters, up 
to (HF) 5 was obtained. The following processes were 
observed: 

HF + hv 

(HF) + hv 
n 

n = 1 - 5 
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It is noteworthy that no signal for ionized polymers, 
(HF)Q~' was observed, only for protonated species, 
(HF)nH+. Figure 1 shows the photoionization effi
ciency curves, i.e., ion flux divided by photon flux 
as a function of wavelength, for the various process
es observed. (Inclusion of data for n =5.didn't seem 
justified due to the comparatively larger uncertain
ties in the data for this case.) In order to verify 
that HZF+ is a fragment that only comes from (HF) Z, 
temperature studies in which the nozzle was heated 
were carried out. Above ZOO°C the molecular beam 
contains only ~w and (HF)Z; above 30ifC only the 
monomer is present. The thresholds measured at el
evated nozzle temperatures agree well with those ob
tained at room temperature. 

The ionization potential of HF was found to be 
15.98 ± 0.04 eV, in agreement with previous measure
ments. 4 The appearance potential of HZP+ is 15.65 
± 0.04 eV. Previous evidenceS, 6 leads to the assmrrp-
tion that HZF+ is formed by dissociative ionization 
of (HF)Z. Near threshold one of the HF molecules 
in the (HF)Z van der Waals complex is ionized to the 
Zn state; the rise in the photoionization efficiency 
curve at 661 A is due to formation of HF+ in the com
plex in the ZZ+ excited state of HF+.4 This rise can 
also be seen in the protonated dimer and trimer 
curves. Usi9g the dissociation energy of (HF)Z into 
HF molecules and th~ dissociative ionization energy 
of HF into ~ and F, the proton affinity of HF is 
calcula ted as 4.09 ± 0.06 eV or 94.3 ± 1. 4 kcal/mole. 
This is illustrated in more detail in Fig. Z, which 
includes the energetics for the higher clusters. 
The proton affinity can be considered as the solva
tion energy of a proton by one hydrogen fluoride 
molecule. Figure Z shows that attachment of addi
tional HF molecules to the proton lowers the energy 
of the system by successively smaller amounts. Thus, 
the solvation energy of a proton by one HF molecule 
is 94.3 ± 1.4 kcal/mole, by two HF molecules the sol
vation energy is 119 ± 3 kcal/mole and by three mol
ecules, 134 ± 5 kcal/mole. From the energy diagram 
in Fig. Z it is also possible to calculate the pro
ton affinity of the HF dimer (113 ± Z kcal/mole) and 
of the trimer (121 ± 4 kcal/mole). 

In order to relate the proton affinity of HF to 
proton affinities of other compounds, for which w~y 
tables have recently appeared in the literature, , 
the 0 K value determined has to be converted to 298 
K, yielding95. 5 ± 1.4 kcal/mole. (The heat capacity 
of HZF+ as a function of temperature has been approx
imated by that of the isoelectronic species HZO.)lO 
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Fig. 1. Photoionization efficiency curves for HF+, 
H2F+, (HFJ ZH+ and (HF) 3H+. (XBL 779-4881) 

Fig. 2. Energy diagram for the HF system upon 
photoionization. (XBL 779-4880) 

Ion cyclotron resonance studier led to an HF pro
ton affinity of lIZ ± Z kcal/mole. 1 The reason for 
the disagreement between this result and the present 
one is not clear, mainly

6
in light of the good agree

ment in the HZ05 and NH3 cases. Since no (HF)Z+ is 
observed, excess energy might be involved in the HZF+ 
formation, leading to a higher threshold for H2F+ 
appearance and thus to a lower proton affinity for 
HF. (In the water and ammonia systems (HZO)Z+ and 
(NH3)Z+ were observed.) This possibility is being 
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further investigated and in the course of these ex·
periments the molecular beam-photo ionization method 
will certainly more and valuable 
thermochemical 
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6. TI-IERMOCHEMICAL QUANTITIES OF Ntl3 AND ITS 
CLUSTERS * 

P. W. Tiedemar1l1 and S. T. 

Photo ionization studies of clusters of NH3 were 
performed in a similar marmer to the lIF studies. 
The Nl-13 cluster beam was formed by expansion of neat 
Nl-l3 at about 1000 Torr through a 0.003 in. diam 
zle. The photoion yield curves for (Nl-13) 2 +, 
(Nl-l3) 2H+, (NH3) 31-1+ are shovm in . 1 and 2. 
like the HF polymers, stable parent ions (l\lI3)n + 
n " 2 - 6 were observed clue to a stronger chemical 
interaction between the nitrogen lone pair of the 
neutral and the ion. From a measure of the differ
ence of the ionization potential of the monomerl and 
that of the dimer and a value for the neutral-neutral 
NH3 interaction2 the Nl-I3 ion-neutral interaction well 
depth is at least 18.36 ± 1. 8 kca1. When the inter
nal energy of the dimer species is increased by 0.052 
eV, the onset of the NI-I4+ fragment is observed. The 
appearance potential of the fragment ion is used to 
calculate the proton affinity of NI-l3 via the thermo-
chemical shown below. 

-4.0 .5 

221.1 ± 

-106.0 ' 1.1 (Ref. 3) 

+ II ---~II - 313.6 

w 
CL 

2 
9.5 ± 

. .,., . 

125 
m 

Fig. 1. Photo ionization efficiency of (Nl-13) 2 + nor
malized at 1160 A . (XBL 7712-10928) 
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Fig. 2. Ion yields of NI-I4+' (NH3) 2H+ and (Nl-I3) 3W 
normalized at 1160 A. (XBL 7712-10939) 

111e proton affinity becomes 203.9 kcal when cor
rected to 298 K. 111is value compares favorably with 
the proton affinity value of 202.3 obtained by re
cent equilibrium proton transfer experiments at 298 



389 

K.4 The previously accepted value for the proton 
affinity of l\~!3 was 207 ± 3 kcal/mole. Appearance 
potential measurements of the higher polymers, 
(NH3) 2H+ a fragment from (NI-I3) 3+ and (NI-J:3) 3I-J:+ a frag
ment from (NH3)4+ were also carried out. These 
values as well as the neutral-neutral ammonia inter
action allow the solvation energy of an annnonium ion 
or the protonated dimer species by an ammonia mol
ecule to be calculated via the cycles shovm below. 

211.0 .8 

-221.0 ./, 

_Lj .0 l 1.0 

-lLj.O , 2.1. 

208.3 '.1.0 

-211.0 l 0.8 

-7.0 i 2.8 

A plot of the log of the photo ion fragmentation 
efficiency of ]\1[-14+ vs log (E- Et hreshold) is Sh01Vll in 
Fig. 3 for the threshold region. There is a dis
tinct change in slope at A = 1274 A that corresponds 
to the calculated threshold for photodissociation of 

N 

~IO 
b 

Fig. 3. Log (0 - 0B) where 0= photoionization 
efficiency, 0B = baseline vs log (E - ET) where ET 
threshold energy for NI-J:4 formation. (XBL 7712-10924) 

(NI-J:3) 3 into NI-1]. +, NI-J:3 and NI-J:2. Similarly, a distinct 
change in slope of the threshold behavior of (NI-I4 +) 
NH3 occurs upon photodissociation of (NH3)4 into 
(NI-J:4 +) (NI-J:3) , NH3 and NI-I2. Thus the solvation ener
gies for the ammonium ion that are calculated from 
experimental thresholds are consistent with the ob
served increases in photo ion fragmentation efficiency 
of the next lower polymer ion. Our solvation ener
gies, however, do not agree well with the gas phase 
equilibrium solvation energies obtained for the am
monium ion in a high pressure ion source mass spec
trometer (Table 1).5 If one assumes that the dif
ference in energies is due to vibrational excitation 
of the resulting ion in the photoionization exper
iments and that the kinetic energy of the electron 
is zero then the ]\~I4 + (NI-13) 2 produced will have 
(42.3 - 21) " 21. 3 kcal of excitation energy. This 
value is larger than the dissociation energy of 17.5 
kca1 for NI-14+(Nl-I3)z measured by Kebarle. Thus, the 
two sets of values are inconsistent, the reason for 
which is not clear at this time. 

1, 0 

2, 1 

* 

Table 1. 

Lmo (keal/mol) 
o 

14 ± 2.8 

7 ± 2.8 

o 
LH298 (keal/mol) 

24.8 ± 0.4 

17.5 ± 0.2 
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S. T. eeyer and P. W. Tiedemann 

In most exothermic ion-molecule reactions, the 
total energy of the system is often large compared 
to the activation energy barriers along the reaction 
coordinate f~r rearrangments or decompositions. This 
condition prevents the determination of these bar
riers and the stabilities of reaction complexes in 
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an experiment involving bvo-body collisions. How
ever, if the initial reactant is an ion-cluster, not 
only can one determine the stability of the ion clus
ter from the threshold energy of formation, but also 
the highest barrier can be determined provided that 
the vibrational degrees of freedom could be excited 
precisely to overcome the potential energy barrier 
of chemical reactions. We have formed the ion clus
ter by photoionization of polymers produced by adi
abatic expansion in a beam. For example, photoion
ization of (CZH4)Z can be viewed as ionization of 
only one of the CZH4 molecules. Once ionized, fur
ther excitation of the dimer allows the zero kinetic 
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Fig. 1. Photoionization efficiency of (CZH4)Z+' 
C~S+ and C4H7+. (XBL 779-4878) 

energy ion-molecule reaction to proceed. Fragmenta
tion of the dimer ion is a common pathway. 

The (CZH4) Z and (C214) 3 systems were investigated 
and their photo ion yield and photo ion fragment yield 
curves are shown in Fi~s. 1 and 2. The appearance 
potentials for (CZH4)Z and fCZH4)3+ along with the 
ionization potential of CZH4 and the neutral inter
action energy of 0.42 ± 0.03 kcalZ, 3 yield the CCZH4) + 
CZH4 well depth as lS.Z±0.7 kcal and the (CZH4)Z+ 
CZH4 well depth as 4. 2 ± 1. 0 keal. 

-.42 ± 0.03 

224.3 ± 0.5 

-242.1 ± 0.2 

-18.2 ± 0.7 kca1 

-.42 ± 0.03 

220.5 ± 0.5 

-224.3 ± 0.5 

-4.2 ± 1.0 kca1 

With increased internal excitation both the dimer 
and the trimer exhibit H atom and CH3 elimination. 
The experimental appearance potential for C4H7+ 
yields Z06 kcal as its heat of formation in good 
agreement with tabulated values. Z Thus, there exists 
no activation energy barrier for H atom elimination. 
The experimental appearance potential for C3HS+ in
dicates that there is an activation energy barrier 
for CH3 elimination of lS.6 kcal or 8.4 kcal for the 
reverse reaction employing ZZ6 kcal as the heat of 
formation of C3HS+' This barrier could only be 
elucidated at zero relative kinetic energy of the 
ion and molecule A proposed reaction coordinate is 
shown in Fig. 3. 4 
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Fig. 2. Photoionization efficiency of (C2H4)3+, 
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The photoionization fr~gments from the trimer ap
pear to be C3Hs and C4H7 fragments solvated by 
another ethylene. That is, calculation of the acti
vation energy barrier for the reverse reactions from 
the experimental appearance potential as compared to 
tabulated values for the heat of formation of C6Hl1+ 
and CSH9+ would yield a barrier unrealistically 1arg,;. 
Therefore, the trimer upon ionization does not rear
range into one ion but remains as a solvated complex. 
From the measured appearance potentials, the well 
depths of (C3H5) (C2H4) and (C4H7)(C2H4) are calcu
lated as 16.2 ± 1.S kca1 and 8.7 ± 1.9 kcal, 
respectively. A proposed reaction coordinate is 
shown in Fig. 4. 

The intensity of the photoionization fragments 
was measured as a function of stagnation pressure 
and is shown in Fig. S. The fragments originating 
from the dimers and trimers can be seen to be clear
ly separated in stagnation pressure indicating that 
there is little contamination of the fragments from 
higher polymers. In addition, the C3HS+ and C5H9+ 
fragments peak at much lower pressure than their 
corresponding parent ions. This may indicate the 
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Fig. 4. Reaction coordinate for (C2H4)3+ decomposi
tion. Solid dots indicate experimental values. 
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essure / rr 

Fig. 5. Intensity of dimers, trimers anc1. fragments at zero order vs 
pressure of 13% C2I-!4 in Ar behind the nozzle. (XBL 7712-10925) 

presence of two discrete van der Waals structures of 
the neutral dimer and trimer formed in the expansion. 
AT-shaped dimer fragmenting exclusively to C3HS+ 
would have a larger cross section for collision and 
thus attenuation would occur at lower stagnation 
pressures. The C4H7+ and C4I-!8+ ions may be fonned 
from an ethylene dimer structure of two parallel 
planes, a structure that would have a smaller colli
sion cross section. Further investigations are re
quired in order to more fully investigate the struc
ture of van del' Waals polymers. 
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8. DECavlPOSITION CHANl\TELS IN lv!ULTIPHOTON 
DISSOCIATION* 

Aa. S. Sudbo, P. A. Schulz and E. R. Grant 

The recent interest in multi photon dissociation 
(MPD) of polyatomic molecules has revealed quite a 
bit of confusion as to what the major dissociation 
channels of some molecules are,l-!:J and whether the 
dissociation process can be described by a statisti 
cal, e.g., RRl<M, theory of unimo1ecular reactions.4·- 8 
In a gas cell experiment an experimenter often finds 
great difficulties in answering questions such as: 
do vibrationally excited molecules react with one 
another; how do reactions involving free radicals 
produced in the dissociation proceed; can these rad
icals decompose further in the presence of the laser 
field; and does the detection method used actually 
probe the primary dissociation channel. 

Using the molecular beam setup previously de
scribed,9 we have overcome most of these difficulties. 
We have studied MPD of a number of compounds, mainly 
halogenated methanes, ethanes and ethvlenes, and 
identified their maj or dissociation chalmels. To 
identify an MPD product, we realize that a unique set 
of ratios between mass spectrometer signals of vdriou5 
ion fragments must first be established for a given 
molecular species or radical, and preferably the ve
locity distributions of the dissociation products 
should be measured and checked for consistency. In 
our setup, we could measure both angular and time-of
flight distributions for the fragments, and perfonTI 
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this check. The low density of molecules in the 
beam and the extremely low c1_uty cycle in our exper
iment prevented us from observing the competing minor 
channels that have very small branching ratios 
«0.1). 

In Table 1 we give a list of the molecules we 
have studied, together with the results and a few 
parameters describing the experimental conditions. 
The purpose of heating the nozzle in some of the ex
periments was to increase the hot-band absorption 
and thus shift the absorption frequency to a value 
more easily attainable by our C02 TEA laser. A more 
extensive presentation and analysis of our data will 
be given elsewhere; here we present only the qualita
tive results. 

111e simplest compounds studied were the numbers 
of the CP3X series, X " C1, Br, I. The fragments of 
MPD were CP3, detected in the mass spectrometer 
mainly as CP2+ and CF+, both with identical velocity 
distributions, and X with a different distribution. 
The velocity distributions of CF'Z (detected as CP2+ 
and CP+) and X were correlated by the conservation 
of linear momentum in the dissociation process. The 
ratios between the mass spectrometer signals of CF3 + , 
CF2+ and Cp+ were determined for each of the three 
cases. The ratios were independent of laser energy 

fluence and the product translational energy (within 
the stated uncertainties). With an ionizing elec
tron energy of 200 eV in the mass spectrometer, the 
ratios were 

X CF + + + 
3 

CF 2 CF 

Cl 0.2 ± 0.2 2.4 ± 0.2 1.0 

Br 0.2 ± 0.3 2.11 ± 0.1 1.0 

I 0.7 ± 0.2 2.6 ± 0.2 1.0 

The species CFZC12, CF2Br2, C2HC13 also mainly 
dissociate through the rupture of a carbon halogen 
bond. Molecular elimination forming CFZ + C12 and 
CFZ + Br2 from CFZC12 and CPZBr2 were found not to 
be the major dissociation channels. l ,2 For CPC13, 
however, as previously reported for SF6, 8 we observed 
an ionization pattern that depended on laser energy 
fluence and the product translational energy. At 
moderate ("" 5 J/cm2) laser energy fluence the prod
ucts could be identified as CFClZ,and Cl, through 
the observation of the ions CFC12' and Cl+. Our re
sult agreed with Hudgens' observation,l but not with 

Table 1 

Noleculc) Fragments 
and Obset;~C::.~~~ 

+ 
) 

C1' B cr + B (Br+, CF +) '3 r - '3 r 2 

+ + 
- C1' 3 + I (I , CF 2 ) 

C1'
2

C1
2 
-- + Cl (Cl+, CF

2
CJ+) 

+ + 
CF

2
Br

Z 
~C1'2llr + Br (Br , CF

2
11r ) 

+ + 
CHF -- CF

2 
+ !lCl (lICl , ) 

CHFC1
2

---CFCl + IICl (HCJ+, CFCl+) 

+ + 
+ Cl (el , CFCI

Z 
) 

CFCI + Cl (C1'Cl+) 

CHCICF
Z 
~CZFZ + IICl (lICl-

I
-) 

I~~~ CIICF
2 

+ Cl (CHCF/) 

+ 3 - C211C1 2 + C1 (CZ!lCI
Z 

) 

+ + 
(Cl , CZF/, ) 

+ CF ZCl 

C!l3CF2Cl -CH
2

Cl'Z + lICl (lIC1+, 

CH
2

CC1
2 

+ HCl (IICl+, C11
2

CCl+) 

SF -+ + l' (SF + SF +) 
6 3' 2 

I_- SF + l' (SF + +) 
4 3 ' 

+, NF+) 

Beam 1\ozz10 

1106 1090.0 

1082 1078.6 

1076 1073.3 

1098. 923 1089.0, 925.1 25'-C. 310°C 

1090 1084.6 

1ll6, 1160 1082.3 

1070 l055.6 Z90°C 

l090 

970 967.7 

93D 929.l 

982 978.5 

963 956.2 280'C 

1075 1073.3 25°C 

91.8 25°C 

998 975.9 2S0C 
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DeveI and Grunwald's conclusion of CFC13 + CFCI + 
C12. Howe~er, at hi~her energy fluence (> 20 J/cnf) , 
products wIth very hIgh translational energy showed 
appreciably less relative fraction of CFC12+ as com
pared to CFCl+, indicating that CFC12 dissociated 
further to form CFCI and Cl. No F+ or C12+ could be 
detected throughout this experiment. 

Similar analysis has been performed for the other 
molecules listed in Table 1. Here we will just 
briefly comment on the general features we have ob
se~ed. ,A number of our systems showed hydrogen 
hallde (l.e., HCl) elimination (in some cases ex
pected on the basis of observed pyrolytic unimolec
ular reactions). The translational energy distribu
tion of HCl in all cases, with the exception of 
CHCl:CF2, indicated an exit potential energy barrier 
of the order of a few kcal/mole. 

Especially interesting cases are some of the com
pounds containing two carbon atoms, because we ob
served competing dissociation channels. They were 
inferred on the basis of observation of fragments in 
the mass spectrometer that could not have all been 
present if there were only one channel and also 
.from their unique velocity distributio~. Table 1 
lists some of the obseved fragment ions for these 
molecules. None of our observations seemed to con
tradict the assumption that dissociation always pro
ceeds through the channel(s) with the lowest disso
ciation threshold, i.e., the endoergicity plus exit 
potential energy barrier. 

In con~lusio~ we have found that our experimental 
results, mcludmg the velocity distributions of 
fragments th~t will be reported elsewhere, strongly 
support the Idea that multiphoton dissociation of 
molecules produces fragments mainly through the 
lowest-energy dissociation channel, as one would ex
pect for molecules with randomly distributed excita
tion energy. Our data is not as yet fully analyzeq, 
but so far, we have not seen any evidence that the 
process is qualitatively different from what can be 
adequately described by a statistical theory of uni
molecular reactions. 

* This work was carried out in collaboration with 
Professor Y. Ron Shen's group. 
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9. A PHENOMENOLOGICAL MODEL FOR MULTI PHOTON 
DISSOCIATION* 

E. R. Grant, P. A. Schulz and Aa. S. Sudbo 

In the many theoretical approaches to multipho
ton dissociation, one is often faced with models 
of great complexity with many parameters that are 
not all equally readily available from theory or 
independent experiments. We have constructed a 
simple model that seems to be able to describe ad
equately the dissociation for the case of a short 
exciting laser pulse, i.e., a pulse such that the 
dissociation yield is determined by the total energy 
fluence of the pulse, and not by the intensity. In 
most of the experiments done so far, this is the 
case. Then we feel justified in making the follow
ing approximations: Ignore the initial few coher
ent steps in the excitation of the molecule, since 
the effect of their influence would be strongly de
pendent on intensity. Furthermore, in analogy with 
the derivation of Fermi's Golden Rule, once the mol
ecule is excited to a region of high density of 
vibrational states, we can picture the excitation 
as molecules undergoind absorption and stimulated 
emission, between neighboring states on a ladder of 
states spaced equally apart, an energy equal to the 
photon energy. This excitation is incoherent, and 
can be described by a standard Master equation, 
where also the decay of dissociatiye states can be 
incorporated straight forwardly. The excitation is 
governed by the following set of rate equations: 

dN Idt 
m 

ca N
m

_
1 

+ c3 N 
m-l m m+l 

- (C
a + ce 

) N K N m m-l m m m (1) 

Here, Nm is the population in the mth excited level' 
Kin is the molecular dissociation rate from the mth ' 
level calculated from the RFU~1 statistical theory 
for unimolecular dissociation. l For levels below 
the dissociation energy Eo we have K ~ O. cffi and 
~ are, respectively, the absorptionmrate from level 
m to m +1 and the emission rate from m +1 to m. For 
one-photon transitions, we can 1.;rite 

I ° -m h\J (2 ) 

where om is the absorption cross section for m to 
m + 1 t~ansi t~on, h\J is the photon energy, I is the 
laser ~ntensIty, and gm is the degeneracy factor for 
the mt level. 

We used this model, with a two parameter formula 
for the effective cross section for stimulated emis
sion,and abs?rpti?n (each weighted by the appropriate 
denSIty of VIbratIonal states as obtained from a 
semiclassical count) that was adjusted for the model 
to fit two independent experimental results on SF6; 
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and with rate constants obtained from a statistical 
(RFU04) theory for unimolecular decomposition for SF6, 
The resulting set of some 50 first-order coupled 
linear differential equations can easily be solved 
on a computer. 

In Fig. 1 we see how the population distribution 
evolves in time when SF6 molecules are excited by a 
100 ns long, 200MW/cm2 square laser pulse, which is 
a reasonable representation of commonly prepared ex
perimental conditions. The population spreads slowly 
until, asit moves up in energy, the high energy tail 
starts to be depleted by dissociation, and finally 
almost all the molecules are dissociated. Figure 2 
shows how the excess vibrational energy Cas referred 
to. the dissociation threshold) is distributed in the 
dissociation products. If one then uses a statis
tical (RRKM) theory to predict the translational en
ergy distribution in the fragments (here SFs and F), 
this distribution is in good agreement with our mea
surements2 of translatio.nal energy released in the 
dissociation. The resulting high vibrational excita
tion of the SFs fragment, also seems to support our 
observation that SFs can be further excited to disso
ciate into SF4 +F. 

Fig. 1. Population distribution at vario.us times 
produced by a 100 ns rectangular laser pulse excita
tion of 200 MW/cm2. . (XBL 779-2428) 

In addition to the good qualitative description 
of, and the reasonable quantitative agreement with 
the experimental results, we want to point out that 
according to our model, laser heating is not equiv
alent to thermal heating. The latter gives a much 
too broad energy distribution for a given average 
exci tation energy- in particular the high energy tail 
is always depleted by dissociation, and is definitely 
nonthermal. This is shown in Pig. 3. The laser
exci ted distribution curve with (n) = 20 was obtained 
from our model calculation at t ~ 20 ns. The thermal 
distribution with T = 2200 K has an average excitation 
energy of (n) hv == 20 hv, while the other with T '" 
1800 K has its characteristic temperature obtained 
from the equipartition theorem 15 kT '" 20 hv. 
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Fig. 2. Calculated dissociation yields from various 
levels above the dissociation energy during the laser 
pulse (unshaded region) and after the laser pulse 
(shaded region) for a 100-ns, 200 MW/cm2 laser pulse 
excitation. (XBL 778-9879) 
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Fig. 3. Compariso.n of a laser-excited population 
distributions with (n) '" 20 and the other with T '" 
1800 K obtained from the equiparti tion theorem T = 20 
hv/lsk. (XBL 777-s750A) 

* This work was carried out in collaboration with 
Professor Y. R. Shen's group. 
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Shen and Y. T. Lee, Phys. Rev. Lett. 40, 115 (1978). 
2. E. R. Grant, M. J. Coggiola, P. A. Schulz, 
Aa. S. Sudbo, Y. R. Shen and Y. T. Lee, Chern. Phys. 
Lett. ~, 595 (1977). 



396 

10. CHEMILUlvlINESCENCE OF NO + 03 -+ NOZ * + 0z t 

Carol Kahler and Marta Kowalczyk 

The chemiluminescence~laser fluorescence crossed 
molecular beam machine described in last year's 
annual report has undergone some improvement. The 
light collecting optics were redesigned and a care~ 
ful alignment carried out. The new system (Fig. 1) 
uses four quartz lenses mounted on a precision ma~ 
chined optical rail. TIle first two lenses collect 
the light from the collision center and focus it on
to an iris that hlocks all light except that coming 
from the collision center. 1he second pair of 
lenses focus the light from the iris onto a photo
mul tiplier tube or a polychromator coupled to an 
optical multichannel analyzer. The collision center 
in the machine was located using the intersection of 
the primary and secondary be~l axes and the laser 
beam axis. By placing a 3~lTun filament at the colli
sion center, we have positioned the lenses and deter
mined that the optical system is well aligned. 

-----~-==c=L_ 

~-LN2 

I NO 

SIDE VIEW 

Fig. 1. Experimental setup for determination of 
collision energy dependence of the NO +03 reaction 
chemiluminescence. (XBL 77lZ~10937) 

The first experiment we have worked on since re~ 
designing the lens system is the study of the bi
molecular chemiluminescent reaction of NO + 03 . 
There are quite a few papers in the literature con
cerning this reaction. The reaction is exoergic by 
48 kcal/mole and has two p*thways:l NO +03 -+NOZ 
(ZAl) + 02 and NO + 03 -+ NO 2 (2Bl).: 02 with the sub
sequent emission of light by N0/'lZBl) in the 5900 A 
-+ 31000 A region of the spectrum. It has been found 
that the two pathways have similar pre-·exponential 
factors bit different activation energies and that 
about 90% of the NOZ formed is formed in the 2Al 
state at room temperature) The question of primary 
interest to u1 is whether one o~ the two spin~orbit 
states of NO, 'TTI/z (ground) and "312 (121.1 cm~ 1 above 
ground), is responsible for the cnemiluminescent 
pathway. Work has been done on this by Redpath and 
Menzinger. 3 TIley used a seeded supersonic NO be~l 
and a scattering chamber (77 K) filled with ozone. 
The collision energy was changed by changing 
ratios and nozzle temperature. They observed that 
at a given collision energy, there was an increase 
in chemiluminescence with an increase in nozzle tem~ 
perature. Since they assumed that the spin-orbit 
temperature of NO would equal the energy spread tem~ 
perature of NO down to 177 K and that therefore the 
population of NO(2'TT3/2) goes up with nozzle temper~ 
ature, Menzinger and Redpath concluded that NO(2'TT3/2) 
must be primarily responsible for the chemi1umines~ 
cent pathway. It has since been discovered by Reuss 
et al.,4 that the spin-orbit states of NO relax com
pletely in a supersonic expansion. Our experiment 
will therefore consist of two parts, one using a 
supersonic NO beam to check collision energy depen.
dence of the chemiluminescence, the second part USlng 
an effusive NO beam to observe any 111// de~ 
pendence. 

Figure 1 shows the experimental setup. We cross 
one chopped supersonic beam source at 90° with an 
effusive bemn source. The background pressure in 
the reaction chmnber is maintained at ~2 X 10~5 Torr 
(single collision conditions) with both beams run
ning. The light emitted at the collision center is 
focused by the lens system onto the photocathode of 
a dry ice cooled RCA C3l034 photomultiplier tube. 
The signal from the tube is amplified, discriminated, 
and sent into a dual channel scalar. In part one of 
the experiment we measure the light emitted from 
the reaction as a function of collision energy. lITe 
use three seeded mixtures (1%, 10% NO in I-Ie, 24% NO 
in Ar) and pure NO in the supersonic source. The 
gas is first run through a silica trap in a 
ice/isopropanol bath to remove impurities before 
going into the nozzle at ~ 400 Torr. The ozone from 
our ozonizer is stored on silica gel in a dry ice/ 
isopropanol bath and comes off the silica gel at 10 
to 15 Torr. It then goes through an ozone monitor 
and into the effusive bemn source. 1he supersonic 
source has the capability of being cooled to - 140°C 
and heated to 140°C which, combined with our differ
ent seeding ratios, gives us calculated collision 
energies of from 2 to 16 kcal/mole. 

lVe have completed the measurement of undispersed 
light as a function of collision energy. The signal
to-noise ratio peaked at 156 and we had counting 
rates of up to 630 counts/so The data near the reac
tion threshold is shmvn in Fig. 2. We have also done 
time of flight measurements on both our beams, al
though we have not finished analyzing the data and 
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near the reaction threshold. (XBL 7712-10923) 
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cannot yet report on the true collision energies. '3e
fore we are done with this experimental configuration 
we will measure the chemiltuninescence dispersed at 
low resolution at several collision energies and also 
check for NO dimers in the beam that could react with 
the ozone. 5 

In the second part of the experiment we !vill mea
sure light emitted as a function of NO spin-orbit 
populations. An effusive NO beam source is currently 
being constructed that will have the same cooling and 
heating capabili tie2 as the supersonic source" We 
will calculate the 111/2/2113/2 population ratio as a 
function of nozzle temperature. We will measure the 
undispersed and dispersed chemiluminescence as a ftmc
tion of the population ratio and again take time-of
flight measurements to determine the collison energy 
of the beams. 

·I-This program is carried out in collaboration with 
Professor Harold Jolmston' s group. 

1. Clyne, Thrush and \\layne, Trans. Faraday Soc. 
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3. Redpath and lvlenzinger, J. Chern. Phys. g, 1987 
(1975) . 

4. Reuss et aI., Nymegen, The Netherlands , private 
communication. 
S. Goltunb and Good, J. Chem. Phys. ~2., 4176 (1968). 

11. RESEARCH PL'\NS FOR CALENDAR YEA.R 1978 

Yuan T. Lee 

Reactions of oxygen atoms lVith unsaturated 
carbons is the area of research that we will spend 

effort in the year. Wi tll a high 
monoenergetic oxygen atom beam source that 

the last year and using an 018 
a series reactions that play very impor-

in combustion will be investi-
ga ted in great detail. of oxygen atoms 
wi th unsaturated hydrocarbons will be the first 
series . 

The completion of two new molecular beam machines 
will expand our program in the of the 
spectroscopy of molecule ions and molecular energy 
transfer processes. In collaboration with Dr. Y. R. 
Shen's group, a sophisticated infrared 
spectrometer for molecule ions based on an entirely 

using mass spectrometers and a tunable 
will be completed early next year. 

From the absorption spectra, we hope to derive valu
able infoDnation on the structure of many molecule 
ions. A high resolution universal crossed molecular 
beams apparatus is in the final stage of 
This machine will have a higher perfoDnance a 
higher resolution than any other universal molecular 
beams machine in our laboratories. Energy transfer 
processes and the dynalnics of photodissociation, 
especially those molecules of atmospheric importance, 
will be studied with this new machine. 

Two state selected chemical reactions ~j + HF 
(V " 1, J " 2, 3, 4) -+ LiF + H are I-Ie + (V " 0, 
1, 2, 3) + llel-I+ + H, will be studied in a crossed 
molecular beams experiment. State selection will be 
accomplished by a CIV chemical laser excitation for 
HF and by autoionization processes for 112+ using 
dispersed vacUlun UV photons. These studies are in
tended for the better tffic1erstanding of the reaction 

from first principles. 

111e investigations on the 
multiphoton processes and on 
ecule ions by molecular bear,l 
ried out in co11aboration 

of infrared 
of mol-

Dr. B. H. Mahan's groups wi11 be continued next year. 
The investigations in multiphoton processes will 
stress the dynamics of excitation and the behavior 
of highly excited molecules. FTlergetics of molecule 
ions will be investigated extensively using van del' 
Waal's molecules as precursors in photoionization 
experiments. 

The other areas of research that will be covered 
during the next year are the chemistry of radical 
molecules, high energy reactive scatterings of en
doergic reactions, various elementary processes in
volving the interaction of lasers and molecules and 
the investigation of the interaction potentials of 
open shell atoms. 
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g. Molecular Electronic Structure 

Henry P. III, 

1. ENERGY SEPARi\TION BEnmEN 11IE OPEN (C2v) }\1'ojD 
CLOSED (D3h) FORlvlS OF OZONE'" 

Robert R. Lucchese and F. Schaefer III 

One of the most important recent discoveries of 
theoretical chemists is the existence of a bound, 
low-lying cyclic (D3h) isomer of 03' 11w nonnal 
open (or C2v) form, with equilibriwn geometry 
r (0-0) ~ 1. 278 A, e (000) ~ 116.8 0

, has of course 
been knmvn for many years. However, the energy 
separation between the C2v and D3h isomers 
continues to be a rather volatile quantity. 

For reasons of brevity we cite here only the more 
recent and reliable results. To date, the 
basis set used to probe the open-closed energy 
separation (called L'lE hereafter) problem is the 
standard double-zeta-plus-polarization set employed 
by Siu and Hayes. Although they did not consider 
the effects of electron correlation, their se1£
consistent-field (SCF) L'lE value of 9.9 kcal is 
probably within a few kcal of the Hartree- Fock 
limit. In an earlier paper, Hayes and Siu stated 
their belief that correlation effects should 
increase the Hartree-Fock value of L'lE, i.e., that 
there is more correlation energy associated with 

400 

open or normal form of ozone. In their excellent 
paper on the electronic spectrwn of 03, Hay, Dunning, 
and Goddard conclude that L'lE is > 32 kca1. However, 
it appears that the methods used to calculate L'lE 
were considerably less reliable than employed in the 
rest of that important paper. 111e cyclic isomer of 
03 was discovered by Peyerimhoff and Bueru,er, and 
their more recent study employs configuration 
interaction (CI) including roughly 200 configura 
tions. Using a double-zeta basis auglllented by 
s - type bond fW1Ctions between each pair of 0 a toms, 
Shih, Buenker, and Peyerimhoff (SBP) predict L'lE 
to be 16.1 kca1. The mos t recent theoretical 
study, by Burton and Harvey, added s, Px, Py, and 
Pz bond fWlctions to a poorly contracted doUble
zeta basis and used the PNO-CEPA method to predict 
a L'lE value of 4.6 kcal. 

Since state-of-·the-art ab initio methods should 
be capable of more precision than the 30 kcal range 
seen above, we decided to markedly improve upon 
previous theoretical studies. 111e predictively 
reliable 0(9s5pld/4s2pld) double-zeta-plus
polarization basis was used, with the set of six 
d-like functions having Gaussian orbital exponent 
(j, = 0.8. Although this same basis has been used 
in SCF studies by Rothenberg and Schaefer, Siu 
and Hayes, and Hay, DW1!1ing, and Goddard, it has 
not been applied including correlation effects to 
the open-closed energy difference problem. For 
the open isomer, the experimental geometry was 
assumed, while for the closed form the generally 
accepted 0-0 separation of ~1. 44 A was used) 

CI was carried out the recently developed 
BERKELEY system of programs. The correlated 
wave functions constructed from singly and 
doubly excited configurations relative to the 
Hartree- Fock reference configurations 

open: 

closed: 

1\"0 series of CI calculations were perfonlled 
differing in the number of "core" SCF orbitals held 
doubly-occupied in all configurations. In the 
first series six molecular orbitals were frozen, 
and in the second only the (three oxygen Is-like) 
lal, 2ar, and lb2 SCF orbitals were constrained 
to be doubly-occupied. In the latter case it was 
necessary to exclude the six highest improved 
virtual orbitals from the CI. 

Our results are sUillllarized in Table 1. From the 
total energies given there it may be seen that the 
SCF energy difference is 6.8 kcal, a result Ivhich 
should be wi thin ± 3 kcal of the true Hartree - Fock 
L'lE value for the chosen geometries. Both C1 
treatments predict, as suggested first by Hayes 
and Siu, that correlation is more important for 
the C2v than the D3h isomer. 111e final pair of 
calculations should be the most reliable, since 
significantly lower total energies are obtained. 
The latter prediction must be corrected for the 
effects of higher (triple, quadruple, etc.) 
spinorbital excitations, especially unlinked 
clusters, which should be more important for the 
open form. Although there are fairly elaborate 
methods for approximately including these effects, 
one of the most useful is the simple formula derived 
by Davidson. By applying this to- the final two 
calculations in Table 1, the predicted open-
closed separation is increased to 21. 8 kcal. 
Another small correction will arise, since the 
closed fonn (with presumably a larger sY1PJIletric 
stretching frequency) will have somewhat more 
zero-point vibrational energy. 11ms we arrive at 
our final estimate for L'lE of 22±5 kcal. Hence we 
conclude that nearly all the observable properties 
of ozone may be eA'PlajJled without reference to the 
cyclic isomer. 

Finally we note that our prediction is rather 
close to that of Shih, Buenker, and Peyerimhoff. 
However, this agreement must be considered somewhat 
fortuitous since their smaller basis predicts the 
closed form to lie 7 kcal below the open at the 
SCF level. 11ms the contribution of correlation 
effects is less than suggested by their results. 
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Table 1. Swmnary of configuration interaction (Cl) results for the open (C2v) and closed (D3h) 
isomers of ozone. (TIle SCF total energies were -224.30971 and -224.29887 hartrees, 
respectively. ) 

1 Total 
SCF Orbitals Virtual Orbitals Al Energy 6E 

Isomer Doubly Occupied Excluded Configurations (hartrees) (kcal/mole) 

Open 6 0 6131 -224.65832 } 16.2 
Closed 6 0 6005 -224.63248 

Open 3 6 9641.r -224.80065 } 
17.8 

Closed 3 6 9493 -224.77229 
-----------~----.---- .. ~-

.---~-----~---------~. 

* From LBL-6062; J. Chem. Phys. §2, 848 (1977). 

L Using the 9493 configuration wavefWlction, the 
equilibrium geometry of the cyclic form is 
predicted to be re(O-O) = 1.422 A. TIle total 
energy is now -224.77289 hartrees, only 0.4 kcal 
below that obtained at the assumed 0-0 separation 
of 1.44 A. 

2. lvlETAL-CARBENE COlvJPLEXES AND THE POSSIBLE ROLE 
OF HYDROXYCARBENE IN FORtvlALDEHYDE Li\SER 
PHOTOCHEMISTRY* 

Robert R. Lucchese and Henry F. Schaefer III 

HydroA),carbene mOH is probably the most 
important very simple carbene that has not been 
characterized experimentally. First, one would 
like to relate the properties of hydroxycarbene 
to those of other simple carbenes (e. , CHF, 
mCl, G-lBr, and CHCN) for which data 
are available. Secondly, O-IOB may be considered 
the simplest alkoxycarbene 

/OR 
C 
~R 

and alkoxycarbenes have proven difficul t 
to prepare via conventional synthetic methods. 
TIlird, the Fischer--type transition metal carbenes 

/OR 
C 
"R 

which have been one of the most exciting develop-
ments in organometallic during the 
decade, contain the alkoA),carbene fragment. 
fact, as related by Fischer in his Nobel address, 
the first metal carbene complexes prepared 
were the hydroxy variety 

OIl 
C/ 
~R 

And, in fact, metal carbene complexes are even 
today considered the most realistic source of the 
extremely reactive alkoxycarbene radicals. When 

the carbene is split off from the metal, 
it appears that a hydrogen shift occurs almost 
imllediately, yielding an product. A 
simple example of this process would be 

-H c=o . (2) 
H 2 

Our interest in hydroA),carbene arose from recent 
experimental studies (some of the most importar;t by 
Dr. C. B. ]l1oore of ]lllIlRD, LBL) of the laser 
photodissociation of formaldehyde. the 
simplicity of this system and the sophistication 
of the techn.iques employed, there is 
still no adequate molecular explanation of the 
e:A.llerimental results. Specifically, neither 
triplet formaldehyde Tl nor the excited vibrational 
manifold of the groWld state So can be satisfactori.ly 
invoked as the intermediate I for the observed 
process 

h'J 

H2CO(SO)~-1I2CO + Co· 

However, if some hitherto molecular 

(3) 

species were involved in the photodissociation, a 
coherent picture might emerge. One conceivable 
such "intermediate state" would be hydroxycarbene, 
which is of course an isomer of formaldehyde. Here 
we wish to point out that experiments on Fischer
type carbenes lend credence to this hypothesis. 
As shmvn in (1) and (2) it is accepted by 
organometallic chemists that hydroxycarbenes 
spontaneously Wldergo isomerization to yield 
formaldehyde. It must be noted of course that the 
hydroxycarbene in (1) may possess as internal 
energy some of the exothermici ty resulting from the 
rupture of the metal-carbene bond. Nevertheless, 
it seems likely that there is a relatively small 
activation energy for rearrangement (2). TIlis 



conclusion is supported by detailed theoretical 
studies, incorporating the effects of electron 
correlation, of the related vinylidene 
re arrangemen t 

(4) 

for which a barrier of no more than 8 kcal/mole is 
predicted. 

If there is only a small barrier associated with 
(2), then from microscopic reversibility we know 
that formaldehyde may be converted to hydroxycarbene 
with an amount of energy only slightly greater than 
the energy difference between the two isomers. The 
second purpose of this paper then is to evaluate 
this energy difference by using reliable theoretical 
techniques. This problem has been addressed in a 
different context by Altmann, Csizmadia, Yates, and 
Yates, and we build on their research in the 
present study. 

Using the standard Huzinaga-Durming double-zeta 
(DZ) basis set, we first determined the equilibrium 
geometries of triplet and singlet hydroxycarbene 
within the single-configuration self-consistent
field CSCF) approximation. This process was 
immensely simplified by having at our disposal 
the theoretical structures obtained by Altmann 
using a slightly smaller basis set, and in fact the 
two sets of structures are nearly indistinguishable. 
We note here one of Altmann's primary conclusions, 
namely that singlet hydroxycarbene has stable cis 
and trans forms (both planar), whereas the triplet 
state has only one stable geometry, gauche. 
Relative to the lAl ground state of formaldehyde, 
the So trans, So cis, and Tl gauche states of HCOH 
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lie at 46.5, 54.2, and 48.2 kcal, respectively. 
Some idea of the reliability of these results may 
be gleaned from the SO-Tl separation in formaldehyde, 
which is knOVl'I1 experimentally to be 72.0 kcal/mole. 
In the present SCF calculations 6E(SO-Tl) is 
predicted to be 35.5 kcal. This difference of 
36.5 kcal, which is also apparent in the Altmann 
study, is sufficiently large to bring into serious 
question the validity of such theoretical 
predictions. 

For this reason, we decided to consider the 
effects of electron correlation, using configura
tion interaction (CI). Since the DZ SCF geometries 
should be quite reliable, no geometry search was 
attempted in the Cl studies. All but the final C1 
included all Slater determinants differing by one 
or two spinorbitals from the appropriate SCF 
reference configuration. This procedure was adopted 
with the restrictions (spelled out in Table 1) that 
certain SCF orbitals were held frozen (i.e., 
doubly-occupied in all Slater determinants) and 
some of the highest improved virtual orbitals 
deleted from the cr. The CI treatments thus 
described ranged from 1628 to 5697 Slater 
determinants. In the fLial and most reliable set of 
calculations, Slater determinants were selected 
(e.g., 5,561 from a total of 57,870 for triplet 
hydroxycarbene) using the cumulative perturbation 
theory method of Raffenetti, Hsu, and Shavitt. 

Our results are summarized in Table 1 and show 
that the final C1 treatment predicts the formal
dehyde SO-Tl separation to be only 3 kcal less 
than known experimentally. This and the extensive 
Cl methods employed suggest that the predictions 
in the final theoretical column should be quite 
reliable. 

Table 1. Summary of energetic predictions for H2CO and HCOH, using different theoretical methods. (The 
total energies obtained for the formaldehyde ground state were -113.8307, -113.9933, -114.0353, 
-113.8936, -114.0417, -114.0744, and -114.1338 hartrees.) 

Species [Relative Energy (kcal/mole)] 

DZ SCF DZ Cra DZ erb DZ+P DZ+P DZ+P DZ+P Experiment 

SeF Cra erb 
erc 

Formaldehyde So 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Formadelhyde Tl 35.5 56.2 58.6 48.4 66.2 67.1 68.9 72.0 

Hydroxycarbene So trans 46.5 53.2 54.1 47.9 54.2 53.0 51. 7 

Hycroxycarbene So cis 54.2 60.0 60.8 53.8 58.7 57.6 57.5 

Hydroxycarbene Tl gauche 48.2 66.7 55.9 72.6 73.0 

~e three lowest SCF orbitals were held doubly-occupied, and 13 virtual orbitals included in the cr. 
bThe two lowest (essentially C and 0 Is) orbitals were held doubly-occupied, and 14 virtual orbitals 

included in the Cl. 

cThe two lowest orbitals were held doubly-occupied, all virtual orbitals included in the cr, and 
determinants selected by perturbation theory. 
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The most important finding here is that the So 
trans, So cis, and Tl gauche electronic states of 
hydroxycarbene all lie below the formaldehyde Sl 
state (80.6 kca~ Thus all three are energetically 
accessible during the photodissociation (3) of 
H2CO. So trans CHOH is a particularly attractive 
candidate for I [in Eq. (3) above] since it lies 
~Z9 kcal below Sl H2CO, and is also favored from 
least-motion considerations. 

Finally we must emphasize that the present energy 
surface results by no means demonstrate that 
hydroxycarbene is the "intermediate state" in the 
laser photodissociation of formaldehyde. hlhat we 
have shown is that this possibility is quite 
feasible energetically. Rather detailed theoretical 
dynamical studies and/or additional experiments will 
be needed to unravel the H2CO photodissociation 
mechanism. It remains a formidable challenge to 
both theory and experiment. 

LBL-6063; J. Amer. Chern. Soc. 100, Z98 (1978). 

3. THE FUZZY INTERFACE BETI"iEEN SURFACE CHEMISTRY, 
HETEROGENEOUS CATALYSIS, AND ORGANOMETALLIC CHEMISTRY* 

Henry F. Schaefer III 

Each of the three areas of surface chemistry, 
catalysis, and organometallic chemistry is well
established an.d currently fluorishing. However, 
for some time chemists have suspected an underlying 
relationship between the three, and this relation
ship or "fuzzy interface" is the subject of the 
present account. It seems clear, and has often been 
mentioned in the literature and even in under
graduate texts, that the transition metal-organic 
fragment chemical bond is the key to linking the 
three disciplines. Unfortunately, however, few 
scientists have been willing to comment beyond 
this broad generality. Two striking exceptions 
to this noncommittal posture should be cited here. 
Based on his experimental studies, ~Detterties has 
advanced a detailed thesis that discrete metal 
cluster complexes [e.g., (CSHS)3~fu3(NO)4] may be 
considered "models of the surface structure of a 
metal where there has been extensive chemisorption 
of molecules, radicals or atoms." Second is the 
theoretical work of Goddard, who is engaged in an 
ambitious study of the methanation of CO on nickel 
surfaces modeled by finite clusters Nin . 

I have felt for some time that these three 
fields have suffered from a lack of sufficient 
thermochemical and structural information. After 
all, one of the tremendous strengths of organic 
chemistry is the existence of well-established and 
reliable values for the bond energies and bond 
lengths of C-C single, double, and triple bonds. 
Building blocks of this nature allow the facile 
correlation of vast amounts of chemical data. In 
contrast, if one asks for comparable information 
on transition metal to carbon bonds, he is likely 
to come away empty-handed. Therefore one of the 
aims of both theorists and experimentalists 
should be a more fundamental understanding of 

bonding in organometallic systems. In fact, there 
is a substantial experimental effort now in progress 
along these lines, particularly by chemists using 
gas phase transition metal atoms for chemical 
synthesis. Among the most important contributors 
have been Skell Timms, Ozin, and Klabunde. A 
particularly important recent paper is that of Ozin 
and co-workers, who have synthesized and taken the 
infrared spectra of the Cu(C2H4), Cu(CZH4)Z, and 
CU(CZH4)3 species. Such studies are extremely 
important, since they hold out the possibility of 
a detailed understanding of the nature of the 
unadorned metal-organic fragment entities. Thus 
far these experiments have not yielded either 
precise structures or bond energies, although 
these are expected to be forthcoming. In the 
meantime, the setting is ripe for theoretical 
studies of the type described in this review. 

Before moving on, let us review very briefly 
the goals of the three disciplines in question, 
in what might be considered the "region of overlap." 
In surface chemistry one traditionally attempts to 
study infinite, perfectly ordered structures, e.g., 
the (111) surface of platinum. One of the most 
exciting recent developments is the emergence of 
low-energy electron diffraction (LEED) as a 
technique capable of determining the structures 
of chemisorbed polyatomic molecules. The first 
example, acetylene on PtClll), was reported in 1976 
by Somorjai and co-workers. More generally the 
study of how chemical reactions occur on perfect 
surfaces is often considered a first step in the 
understanding of heterogeneous catalysis. This 
analogy becomes more realistic when irregularities 
are added to the surface, for example, steps, kinks, 
edges, and ledges. An extremely important recent 
realization is that stepped surfaces are vastly 
more effective than perfect surfaces as catalysts 
for gas phase chemical reactions, the most carefully 
studied example being the HZ + D2 exchange reaction. 

Heterogeneous catalysis, as carried out 
industrially, is extremely complicated in molecular 
terms. Perhaps best known is the Fisher-Tropsch 
synthesis, in which H2 and CO are passed over 
metallic catalysts at 200 0 to 300°C to produce 
hydrocarbons ranging from Cl to C40' The four 
metals that show significant activity in the 
Fischer-Tropsch synthesis are iron, cobalt, nickel, 
and ruthenium, and these require varying degrees 
of promotion and supporting. Although the structure 
of metallic catalysts is the subject of a certain 
amount of controversy, it appears that even small 
metal clusters can display catalytic behavior. 
Most strikingly Hamilton and Logel at Kodak have 
shown that the AuZ dimer and Ag4 tetramer facilitate 
the photographic process. Work by Boudart, 
Anderson, Sinfelt, and others suggests that typical 
industrial metallic catalysts consist of finely 
divided, irregular particles of 100 or more metal 
atoms. This is clearly quite different from an 
ideal metal surface. 

Perhaps best known to the readers are the 
homogeneous (i.e., in solution) catalysts of 
organometallic chemistry. These have been known 
for some time, the most widely-recognized being 
Wilkinson's catalyst, RhCl(PPh3)3 or 
tris(triphenylphosphine) chlororhodium(I). 
Wilkinson's catalyst represented the first rapid 



and practical system for the homogeneous reduction 
of olefins and acetylenes under conditions. 
111.e two most frequently cited disadvantages of 

(vs. heterogeneous) catalysis are the 
problem of separation of products from 

reactants and , and the apparent inability 
to reduce nitrogen and carbon monoxide. 111.e latter 
disparity with the Fischer··Tropsch synthesis is 
particularly obvious. However, two important 
recent advances should be noted. First, Chatt and 
co-workers have succeeded in the reduction of N2 
to NH3 under IfIild conditions, for example when 
cis- [W(N2) 2 (PlI1e2Ph) 4] is treated with sulphuric 
acid in methanol solution. 01.att I s process is 
particularly intriguing since it appears to go 

IVluetterties thesis that mononuclear metal 
complexes should not be effective 
as In another ?'w·h""m" 

cOlmnunication, the homogeneous to 
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014 has been reported by the discrete clusters 
OS3(CO)12 and Ir4(COh2. Although the reaction 
rates observed by IVluetterties CL'1d co-workers were 
relatively low, selectivity (not present in the 
Fischer··Tropsch process) was a distinctive feature, 
with no hydrocarbons besides methane being detected. 
These and other recent discoveries (e.g., concerning 
the role of metal ··carbene complexes in olefin 
metathesis, discussed briefly here) for 
the future an increasingly for 
homogeneous catalysis. 

Some discussion should be devoted to the choice 
of theoretical methods adopted here. Seemingly 
since time began, theoreticians have been forced to 
choose bet1veen and Namely, does 
one use simple, sometimes , methods to 
study molecules that have been prepared 
in the laboratory; or does one accept more rigorous 
quantum mechanical methods and settle on smaller 
systems which hopefully serve as models for the 
chemical system in question? As the full text of 
this review makes clear, we have adopted the latter 
philosophy, ab initio molecular electronic 
structure theory. This has the well-documented 
comfort of showing that, as larger basis sets and 
more extensive configuration interaction are 
employed, one eventually reaches prediction of 
genuine chemical accuracy. However, the choice 
is a difficult one and it should be noted here that 
the simpler methods have been often 
successfully, to numerous in surface 

, aJld organometallic 

from Accounts of Chemical Research lO_, 
287 (1977); LBL-6032. 

4. HECTRO;q CORRELATION EFFECTS ON '[HE EXCITATION 
ENERGIES OF THE LOWEST TRIPLET STATES OF GLYOXAL'" 

Clifford E. Robert R. Lucchese, and 
F. 

In an attempt to w1.derstand the ordering of 
~xcite~l states of glyoxal, the ~.Ag ground state and 
low-lymg tnplet states, 3Aw 3B , aJ1.d 3Bg , have 
been studied with ab initio correYated wavefw1.Ctions. 

A double- zeta basis set was used in the configura· 
tion interaction calculations, and "1S, 000 Slater 
determinants were selected for each electronic 
state. 111e predicted CI adiabatic excitation 

Te are 21,800 cm- 1 (3Au) , 25,100 cm-1(3Bu), 
and ,300 em-I (3B ). 'The effects of d functions 
and higher (thaJ1. doBble) excitations (unlinked 
clusters) have also been evaluated. For the 3Bu 
state, both d functions and higher excitations 
raise the predicted Te value, by perhaps as much 
as 5,000 cnc 1. For the 3B state, d flUlctions 
raise the predicted excitaEion energy but higher 
excitations have the opposite effect. It_is con
cluded that the excitation energy of the jBu state 
is draJllatically increased by correlation effects, 
while for the 3Au and 3Bg states is markedly 
decreased by correlation. Our results are 
sunmlari zed in I . 

40,000 

30,000 

",20,000 -
2' 
(!J 

c: 
W 

10,000-

° 

Glyoxal Adiabatic Excitation Energies 

DZ+d 
SCF 

DZ 
SCF 

DZ 
CI 

Expt. 

Fig. 1. Adiabatic excitation energies Te for the 
three lowest triplet states of glyoxal. The three 
different levels of theory plotted on the x axis 
are described in the text. DZ refers to a double
zeta basis set, SCF implies the use of self
consistent-field theory, and C1 is an abbreviation 
for the configuration interaction method. 

(:XBL 775-3502) 

"'Abstracted from J. Chem. Phys. ~lY 2422 (1977); 
LBL-6273. 

5. SOME FEATUEES OF THE POTENTIAL ENEEGY SURFACES 
FOR THE F+ + H2 ION-lVlOLECULE REACTION'" 

Bruce H. ]llahan, Henry F. Schaefer III, and Steven 
R. Ungemach 

During the past five years, molecular beam and 
theoretical studies have yielded a great deal of 
importaJ1.t infollnation conceming the dynamics of 



the C+ + H2 and N+ + ion-molecule reactions. 
TIlese systems are in some ways more interesting 
than typical neutral reactions, which can often 
be understood in terms of a single potential energy 
surface. At low energies both the C+ and N+ 
reactions with molecular hydrogen can be largely 
explained in terms of C2v or near-C2v orientations 
of approach. TIle reagents may apprQach each other 
on a potential surface (2B2 for 0-12 c and 3AZ for 
NHZ+) which is significantly atrractive [e.g., 
De (N+ -H2) ~ 60 kcal]. This surface is in tum 
connected to the ground state surface (ZAI for 
CHi" and 3Bl for NHZ +) when the approaching heavy 
ion is moved off the H2 perpendicular bisector, 
lowering the synmletry to Cs . 1he resulting 
complex formation leads to products 0-1+ + I-lor 
N!-:[+ + H. 

In the present note we present comparable 
theoretical results for the F+ + HZ system. On 
first glcll1ce this reaction mi*ht appear quite 
analogous to N+ + H2, since F with four 2p 
electrons is related to N+ (two 2p electrons) in 
its particle-hole equivalence. However, there are 
some equally obvious differences between the 
F+ + HZ and N+ + I-IZ systems. For example, + I-IZ 
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is the energetic ground state of the separated 
system while F+ + I-IZ actually lies 46 kcal above 
F + H/. FurthenllOre, even in combination with a 
reasonable understanding of the C+ and N+ reactions, 
a correlation diagraml (see Fig. 1) for the F+ + 
system does not make the route to the observed 
products I-IF+ + 1-1 apparent. 

As in Pearson's work on C+ + HZ and ours on 
+ NZ, a double-zeta-plus-polarization basis 

set was adopted in conjunction with configuration 
interaction (Cl). '111e C1 included all singly- and 

5 

o 
E (eV) 

Fig. 1. Empirical correlation diagram for the 
(F+ + I-IZ, F + H2+) system. (XBL 783-7509) 

doubly·-excited configurations relative to one or 
two reference configurations. TIlliS it seems 
reasonable to expect the present theoretical results 
to be qualitatively valid. 

In Fig. 2 we present the triplet part of a 
"vertical" ab initio analogue to the empirical 
correlation diagram seen in Fig. 1. TIle CZv 
results were obtained at re (F-H) 0.963 A, 
8e (HFH) = 112.1 0, the C1 equilibrium geometry of the 
ground state lAl BiZ+ ion, and the lloh results at 
re(F-I-I) = 0.959 A, the lowest point on the linear 
synulletric I-IFf-I+ potential surface. It is apparent 
that all the excited states of the system lie 
very high in relative energy near the ground state 
equilibrium geometry. We must conclude that the 
important features of the FHZ+ potential surfaces 
occur much "earlier" in the approach of F to I-IZ+ 
or of F+ to I-IZ. 

The critical region of configuration space for 
the C2v F" - HZ surfaces is clearly that 
"adjacent to" the reactants. This region is seen 
in Fig. 3, which illustrates the approaches of F 
to HZ+ and of F+ to HZ. We were initially 
surprisedZ to find that the 3AZ state, which is so 
strongly bound for N+ - HZ, has only relatively 
weak long-range attractive character for F+ - H2. 
Specifically, we find a potential minimUlll of only 
~.8 kcal, occurring at r(F-I-I) = 2.9 A, e(HH-I) = 15°. 
As predicted in Fig. 1, the 3Bl and 3BZ states are 

> 
ill 
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5 

-5 

-10 
Reacla nls 

Fig. Z. Ab initio correlation diagram for the 
(F+ + HZ, F + 1-12+) system. The CZv results refer 
to the ground state H-IZ+ equilibrium geometry, i.e., 
they are vertical excitation energies. Similarly 
the lloh results were all obtained at reO-I-F) ~ 
0.959 A, the optimwn for the linear sYlTUlletric 
ground state. Note that the second 3Bl state is 
very high, lying off the scale of the present 
figure. (XBL 778-3703) 
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even less attractive. Thus it would appear that 
CZv or near-Czv approaches of p+ to HZ cannot lead 
to reaction. This certainly confirms the con
clusion that p+ + HZ is a completely different 
kind of reaction than N+ + HZ. 
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Turning to the surfaces arising from P + HZ+, 
Fig. 3 makes apparent the very strongly attractive 
characterof the lAl growd state. More interesting, 
in the present context, are the three triplet 
states, which have the same spin as the. separated 
P+(3pg) + HZ' As predicted in Fig. 1, 3Bl is the 
lowest of these, with an equilibrium geometry of 
reeF-H) = 1.67 A, 8e (HFH) = 31.6 0

, corresponding 
to an F+ - HZ dissociation energy of 17.5 kcal. 
The 3BZ and 3Al states are reversed from the 
empirical correlation diagram, the 3BZ being 
significantly bowd, by 14.5 kcal, with its 
potentia~ minimum at reeF-H) = 1.7Z A, 8e (HFH) 
38.3°. 

The possible significance of the 3Bl and 3BZ 
minima lies in the fact that the growd state 
lAl surface can lead only to HF + W products, 
Le., not to HP+ + H, the products observed 
experimentally. It is not inconceivable that a 
suitable Cs distortion of these two minima might 

lead to products HF+ + H without a noticeable 
barrier. However, it is at least equally likely 
that there is a low-energy pathway to HF'f
associated with Coov or near-Coov approaches (F-H-H)+. 

* Prom LBL-6679 

1. This correlation diagram was constructed prior 
to the theoretical calculations reported here, to 
aid in the interpretation of molecular beam studies 
by S. G. Hanson and B. H. Mahan (wpublished). 
Z. In retrospect, however, it is clear that the 
origin of the small-bond-angle states of CHZ+, NHZ+, 
and OHZ+ is related (in the sense of Walsh's rules) 
to their singly-occupied IbZ orbital. However, 
for FHZ+, the dominance of the singly-occupied IbZ 
orbital is cowtered by the energertically 
unfavorable 4al orbital, not occupied in OHZ+. 

6. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Henry F. Schaefer III 

We hope to complete a number of studies in the 
organometallic chemistry-surface chemistry area, 
beginning with the examination of chemisorption 
of a number (e.g., CZHZ, CO, and NZ) of molecules 
on the (0001) beryllium metal surface. In light 
of the most recent experimental results of 
Somorj ai, Kesmodel, and co-workers, we are 
particularly anxious to eA~lore the relative 
energies of acetylene (HC~CH) and vinylidene (C=CHZ) 
at various sites on this model surface, which has 
the first two layers isostructural with 
platinum(lll). Other research in this general 
area will include a comprehensive study of the 
transition metal hydrides MH4 (M = Ti, V, Cr, Ml1, 
Fe, Co, Ni) and a study of the structures and 
energetics of singlet and triplet silaethylene 
SiHZ=CHZ. We plan to investigate a number of 
aluminum systems, including Al-CZH4, Al-CZHZ, and 
AI-HZO. For the former two, the competition between 
"-bonded forms and a-bonded radicals (analogous 
to the vinyl and ethyl radicals) is particularly 
pertinent to the organometallic-surface-catalysis 
analogy. 
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3. ATOMIC PHYSICS 

a. Low Atomic 

HouJard A. Shugart, 

Introduction. Our Atomic Physics Group studies 
experimentally the interactions of electromagnetic 
radiation (x rays, light, microwaves) with free 
single atoms, molecules, or ions. Electromagnetic 
radiation generally carries information from the 
atomic system or acts as a probe of the atomic sys
tem under investigation. The purpose of such re
search ranges from the very practical development 
of advanced technology or commercial processes to 
the purely scientific discovery or testing of basic 
physical concepts. In the reports which follow, 
laser developments and isotope selective schemes 
represent teclmological advances, while thallium 
spectroscopy (neutral weak interactions) and the 
3S1 Li + lifetime studies exemplify investigations 
of two current, puzzling, and forefront questions 
in atomic physics. 

1. LASER DEVELOPMENTS 

E. Commins, S. Chu, R. Conti and P. Bucksbaum 

Many applications for lasers require operation 
with characteristics quite different from those 
available in commercial instruments. This situa
tion frequently necessitates extensive developmental 
work which advances the state-of-the-art. In the 
thallium spectroscopy reported below stringent con
di tions on high power, narrow bandwidth and high 
repetition rates has resulted in several develop
ments: 

Injection locking. A narrow-band continuous 
wave (CW) dye laser, driven by an argon ion pump 
laser was used to supply a reference signal for am
plification by our flash-lamp pwnped dye laser at 
585 nm. 111is procedure is termed injection locking 
of the pulsed dye laser. The effect of injection 
locking was definitely observed and studies continue 
toward the goal of producing high power, single mode 
laser pulses at high repetition rates in a reliable 
way. 

Intracavity doubling. Ultraviolet light was gen
erated at 292.7 run by using a short ADA crystal as 
a doubling element inside the cavity of our CW dye 
laser. The efficiency of power conversion to 292.7 
nm light was comparable to the best efforts recently 
reported in the literature. When pumping with 4 
watts (all lines) with an Argon laser roughly 1 milli
watt of tunable narrow band ultraviolet light was 
generated. 

lmproved operation of flash-l<l:!llP pumped pulsed 
dye lasers. The following substantial improve
ments in flash lamp pumped dye lasers were made 
during the past year. First a neW-design, alumi
nized pyrex double elliptical reflector was 
developed successfully. This design makes much 
more efficient use of pump light from the flash 

lamps, can easily be fabricated, and is immune to 
deterioration of polished aluminum reflectors used 
in cOJl]nercial instruments. A second improvement in 
control of the laser occurred when thyratron firing 
of the flash lamps was used in place of spark gap 
firing. This substitution essentially eliminated 
annoying timing jitter. Finally flash lamps are 
now "siJl]nered" at ~ 800 ma between pulses. This 
procedure eliminates the need for prepulsing, re
sults in more reproducible pulses, illld much longer 
flashlamp lifetimes. These improvements give long
er life and a factor of 10 more power in less than 
1/2 the band width of the best available conmercial 
units. 

2. THALL IUM SPECTROSCOPY AND NEUTRAL -WEAK INTER
ACTIONS 

E. Commins, S. Chu, R. Conti and P. Bucksbaum 

A year ago, we reported measurements ~ade on the 
extremely weak forbidden MI transition 6 PI/2 
72PI/2 (292.7 nm) in atomic thallium (Z ~ 81) vapor. 
This result obtained with our Model 1 apparatus was 
preparatory to searching for circular dichroism ef
fects which should arise from the existence of 
parity-violating neutral, weak electron-nucleon in
teractions predicted by gauge theories. 

During the past year, the second version of our 
experimental apparatus (Model 2) was completed. 
This included a number of distinct features: a)new 
cell design with double electrodes, b) on-line com
puter handling of data, and c) overall gain in sig
nal of a factor of 50 compared to original apparatus. 

The Model 2 apparatus was used to search for par
i ty violation in neutral weak currents. Observa
tions lasting a total of 24 hr have gotten us to 
wi thin an order of magnitude of the sensi ti vity re·
qui red to test the Weinberg-Salam gauge model pre
dictions. 

Rather than continue with these observations, we 
decided to change to a new method (Model 3) which 
offers much better sensitivity and signal strength. 
In Model 3, a second infrared transition is used to 
optically pwnp Tl atoms from the 72Pl/2 state to 
the 82S1/2 state. Fluorescence is then observed in 
the decay of 82S1/,2 atoms to the 62P3/2 level (323 
nm) . The infrared optical pumping at 2.18 nm is 
achieved by use of an optical parametric oscillator 
driven by a second flash lamp pun~ed pulse dye laser 
in synchronism with the first one. 

This scheme has been tested in detail with the 
Model 3 cell in a new stainless steel oven, and it 
works satisfactorily. At the time of writing we are 
just at the point of beginning to take data with the 
Model 3 system. An overall gain in sensi ti vi ty of a 



factor of 50 or so compared to the Model 2 system is 
anticipated. This should provide a definitive test 
of the Weinberg-Salam model. 

Theoretical analysis of parity non-conservation 
effects in Tl an~ ~s was completed and published in 
Physical Review. ' 

1. D. V. Neuffer and E. D. Commins, Phys. Rev. 
A 16, 844 (1977). 
2. D. V. Neuffer and E. D. Corrnnins, Phys. Rev. 
A.!:.2., 1760 (1977) . 

3. EXPERIMENTS ON STORED IONS 

Michael H. Prior and Randall D. Knight 

Lifetime of the (ls2s)3S] State of Li+ 

410 

The (ls2s)3Sl state of He-like ions decays to 
the ls2 ISO ground state by so called forbidden mag
netic dipole radiative decay. This decay has been 
studied in the multicharged ions S+15, Cl+16 and 
Ar+17 by the beam-foil time-of-flight technique and 
an unexplained non-exponential decay curve has been 
observed in each case. In an effort to extend the 
study of this decay over a wider range of nuclear 
charge, we are currently studying it in Li + (Z ~ 3) 
where theory predicts a radiative lifetime of T =49 
s. Our technique is markedly different from the 
bea~-foil method and hence our observations will 
help to establish whether the peculiar behavior 
seen in S+15, Cl+16 and Ar+17 is a real property of 
the decay of this state or an uncorrected exper
imental artifact. 

Our method consists of the excitation and con
finement of (ls2s) 3Sl Li+ ions inside a radiofre
quency quadrupole ion-trap. After ionization and 
excitation by electron impact on a Li atomic beam, 
the decay of the 3Sl ions is studied by one of 
three methods. We also measure the decay of 
the total number of Li+ ions (most of which are in 
the ground state) as a function of storage time. 

The decay of 3S1 Li+ ions has been observed by 
a) counting spontaneously emitted magnetic dipole 
photons (Ie '" 2l0A) vs. time after filling the trap, 
and b) by a laser quenching technique in which 
photons from a dye la2er are tuned to excite the 
(ls2s) 3S1 to (ls2p) .sPl transition at Ie = 5485A. 
1he 3Pl state (see Fig. 1) then decays predominant
ly (99.9%) back to 3S1 but has a small probability, 
~ 0.1%, for decay to the ion's ground state with 
the emission of a 204 A photon. Thus on the aver
age after absorption of about 1000 photons at 5485 
A, each 3S1 ion will have decay to the ground state 
and produce one 204 A photon which we count. With 
about 100 mW of laser power we find that we can 
completely remove all the 3S1 population in a few 
tenths of a second. This time is much less than 
the 3S1 mean life and the mean life for ion loss 
from the trap so that the integrated number of 
laser induced counts is essent!ally an instantan
eous measure of the number of Sl ions in the trap. 

62, EV 

58, EV 

00. ~ ~ nN% 

-/~"'j"1 ~"""i~ (ls2p)3pl 

0,]% 99,9% 51185 ~ 

8/ -1-L n~")~l 
~~ / 
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Fig. 1. Energy level diagram of the lowest states 
of Li+. 3S1 ions decay spontaneously by Ml emission 
at 210 A. The laser excites the upward transition 

at 5485 A (dashed line).This transfers all of the 
3S1 ions into the ground state via the weak El fluo
rescence at 204 A. (XBL 781-6903) 

Accumulation of laser induced counts vs. the time 
at which the laser is switched into the trap vol
ume produces a decay curve for the 3S1 population. 

Both methods a) and b) produce curves which 
yield the total mean lifetime of 3Sl ions, a third 
technique c) yields the radiative lifetime only. 
This consists of counting spontaneous Ml photons 
for a period Tl which is short compared to the 3S1 
total mean lifetime; the number of counts collected 
is Cl '" 81frNTl where q is a detector geometry and 
efficiency factor,f r is the radiative decay rate, 
and N, the number of 3Sl ions. After Tl the laser 
is switched into the traPt 

and the integrated laser 
counts are accumulated. his gives C2 = 82N, and 
thus one has f r = (C182)/(C28f[1)' 82 is not necessa
rily equal to 81 because of a number of effects 
most of which are probably not large (~ 10% but 
which have not yet been totally explored. These are: 
1) variation of detector efficiency at 210 A vs. 
204 A; 2) possible difference in the angular distri
bution and polarization of spontaneous and laser 
induced photons caused by impact alignment and 
optical pumping. 

Figures 2, 3 and 4 show examples of our data by 
the various methods. Our current status is that by 
both methods a) and b) we measure a total mean life 
for 3?1 ?ecay. of ? ± 2 s and bl method ~) w~ o~tain 
a radlatlve lIfetlme Tr '" f r - = 50 s whlch lS In 
agreement with Tr(theory) = 49 s but has not been 
corrected for possible 82' 81 differences. We do 
not believe such a correction will shorten Tr to 
less than 2S s,and thus we conclu~e that there is 
an additional loss mechanism for Sl ions other 
than spontaneous radiative decay in our apparatus. 
The fact that we observe considerably more laser 
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Fig. 2. Example of the laser quenching of 3S1 Li+ 
ions. Counts shown up to 1 s are from spontaneous 
Ml decay, the laser is switched on at 1 s and the 
ensuing counts are the El photons at 204A. The 
ratio of the spontaneous count rate (T <; 1 s) to the 
integrated laser induced counts is a measure of the 
Ml decay rate. (XBL 781-6904 ) 
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Fig. 3. Decay curve obtained by accumulating spon
taneous Ml photons vs. time after filling trap with 
Li+ ions. (XBL 781-6905) 
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Fig. 4. Decay curves for all Li + ions in trap 
(upper curve) and 3S1 Li+ ions (lower curve) as mea
sured by accumulation of laser induced counts vs. 
time of application of the laser beam to the trap 
volume. (XBL 781-6906) 

induced counts than would be obtained from integra
tion of the spontaneous decay curve indicates that 
the additional loss mechanism does not produce 
countable photons. During all these studies the 
ion storage lifetime (mean lifetime for ion loss 
from the trap) was 15 to 25 s. Possible candidates 
for the additional loss mechanism are: 1) short
ened ion storage lifetime for 3S1 ions due to veloc
ity dependent metastability exchange cross section 
with ground state ions; 2) charge exchange and/or 
ion-molecule reactions on background gas molecules 
(background pressure is ~ 10-9 Torr). 

We plan to examine these possibilities by vary
ing the trap parameters and background gas pressure 
and composition. 

4. ATOMIC ABSORPTION SPECTROSCOPY 

Tetsuo Hadeishi and Associates 

Three separate projects have been pursued during 
the past year which cover different applications of 
atomic absorption spectroscopy. The first project 
has as its goal the discovery of an efficient and 
economical way of separating uranium isotopes by 
using a simple apparatus. The basic idea involves 
the general property that chemical reactions are 
more rapid with atoms in excited states than with 
atoms in the ground state. Thus an experiment was 
designed to vaporize uranium at approximately 27000 C 
and to excite optically one uraniwn isotope to 
resonant states uSIng light containing two watts of 
power in a linewidth of 4.5 GHz. The excited iso-
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tope preferentially reacts with various gases such 
as HZ , CIZ or to form a compound which is sep-
arated simply the system. 1\'10 preliminary re-
ports l , Z on the initial aspects of this scheme have 
been written. Tne present status of the research 
is as follows: An efficient uranium vaporization 
furnace was constructed which was capable of total 
absorption of resonant laser light. We have mea
sured the line shape and many other relevant prop
erties of the system. One of the most important 
findings so far is the vaporization properties of 
uranium from different furnace materials. This 
work has established limits and constraints on the 
type of vaporization furnace needed in a real scale 
separation apparatus. Subsequent stages of the 
separation scheme are currently under investigation. 

The second project funded by the Division of 
Biological and Environmental Research (DOE) is con
cerned with developing a general purpose molecular 
detector which is sensitive and specific. At pres
ent, there is no such device. Recently, we have 
developed a molecular detector which would, in prin
ciple, detect all the organometallic compounds that 
are soluble. This was accomplished by coupling a 
high pressure liquid chromatograph (HPLC) with a 
Zeeman Atomic Absorption Spectrometer (ZM). The 
rWLC separates molecular species while the ZM de
tects the concentration of metal present in the 
molecules. This idea was tested and preliminary 
findings submitted to Nature. 3 Another area of 
activity under this funding deals with optical de
tection of molecules is a three-dimensional space. 
At present the important application is for diagnos
tics of the nitrogen compounds in combustion 
processes. 

The third project funded by the National Science 
Foundation concerns the final stage of development 
of the Zeeman Atomic Absorption Spectrometer. After 
four years of research and development, we have 
achieved the status that almost any element can now 
be detected in the 2M spectrometer. This accomp
lishment resulted because of the development of an 
intense, stable source of optical resonance radi
ation from any atomic species. The new lamp works 
on the principle of a new discovery of two-dimen
sional plasma confinement owing to crossed electric 
and magnetic fields. We have named this new light 
source the MlI.GNETICALLY CONFINED ARC DISCHARGE 
LAMP. 

1. T. Hadeishi, Dissociation of Uranocene by 
Collision With Metastable States of Noble Gas Atoms 
Detected by Forward Level Crossing, ICPEAC, July 
21-27, 1977, U. of Paris Sud, 91405 Orsay. 
2. T. Hadeishi and T. Andersen, New Technique for 
Uranium Resonance Absorption by Means of a Zeeman 
Tuned Magnetically Confined Arc Discharge Lamp, ac
cepted for publication by Optics Communication. 
3. H. Koizami, T. Hadeishi, and R. McLaughlin, 
Species Determination of Organometallic Compounds 
Using Zeeman Atomic Absorption Spectroscopy With 
Liquid Chromatography, submitted to Nature. 

5 . RESEil,RCH PLANS FOR CALENDAR YEAR 1978 

Howard A. Shugart 

During 1978 our group's effort will be concen
trated in three principal areas of research. The 
important search for weak neutral currents in atomic 
physics should reach the point where a definitive 
test of current gauge theories is possible. Concom
mitant with this study will be continued development 
of laser techniques which improve the power and sta
bility of optical and ultraviolet lasers. In the 
subject of ion trapping, we will seek to understand 
the unknown nonradiative decay mechanism which seems 
to depopulate metastable 3Sl Li+ but does not affect 
ground state Li + ions. A search for any parameter 
which might help resolve the problem will be made. 
We also plan to replace the current trap with a new 
electrostatic trap. This should establish if a 
property of the ion or of the trap is responsible 
for the unexplained behavior of the decay. Finally, 
atomic absorption studies will provide further in
formation on the optical isotope separation tech
niques and on practical means of detecting trace 
atoms or molecules. 

6. 1977 PUBLICATIONS AND REPORTS 

Howard A. Shugart and Associates 
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Rev. A 16, 844 (1977). 

3. S. Chu and E. Commins, An Aluminum Coated Pyrex 
Double Ellipse Laser Cavity, Applied Optics 16, 2619 
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4. M. H. Prior and E. C. Wang, Hyperfine Structure 
of the 2s State of 3[-le, Phys. Rev. A 16, No.1, 6 
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Ml Transitions in Cesium, Phys. Rev. A 16, 1760 
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6. M. H. Prior and E. C. Wang, Hyperfine Structure 
of 2s 3He , Phys. Rev. A~, 6 (1977), LBL-6026. 
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Editors, Atomic 5 Plenum Press (New York) 
1977 . 

8. Atilla Ozmen, Ahsanul Huq and Howard A. Shugart, 
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Soc. 22, 623 (1977), LBL-612l Abs. 

9. M. I-I. Prior and R. D. Knight, Laser Quenching of 
the Metastable n ~ 2 3S1 State of Stored Lj+ Ions, 
BulL Am. Phys. Soc. _22, 1319 (1977), LBL-6952 Abs. 
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to be published in Optics Communication. 
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b. Studies on Highly Stripped Heavy Ions 

Richard Marru8, Principal 

1. OSCILLATOR STRENGTHS OF LOW-LYING TRANSITIONS 
OF Li-LIKE AND Be-LIKE IRON (Z~ 26) 

H. Gould, D. lvlacDonald and R. lvlarrus 

We have completed measurements of the oscillator 
strengths of the lowest-lying resonance transitions, 
2s2S1/2 - 2p2p1/2 3/2, in lithium-like Fe XXIV 
and have made a preliminary measurement of the 
oscillator strength of the transition (2s)2 
ISO - 2s2p 3Pl in beryllium-like Fe XXIII. 

Lines from low-lying transitions of highly
charged ions of the Li and Be isoelectronic 
sequences appear prominently in the spectra of hot 
plasmas, both those of astrophysical interest 
associated with solar flares,1,2 and those 
associated with the controlled fusion program. 3 
Spectral wavelengths are used to identify the ions 
present; knowledge of oscillator strengths is 
required for determination of the ion concentration4 
and the electron temperature and density.S Further, 
these simple systems with small cores should be 
susceptible to successful theoretical treatment. 
In particular, for sufficiently high effective 
nuclear charge, relativistic contributions to 
calculated oscillator strengths are expected6 to 
be large enough to be experimentally discernible. 
calZulated6 oscillator strengths of the 2s 2S1/2 -
2p Pl/2 3/2 doublet in Li-like Fe XXIV contain 
relatIVIstic contributions of 6 and 37%, 
respecti vely, of the nonrelati vistic values; the 
nonzero oscillator strength of the 2s2 ISO -
2s2p 3p~ transition in Be-like Fe XXIII IS 
entirely due to relativistic effects. Hence, these 
measurements provide a test of whether these 
calculationsl techniques may be used with con
fidence in regions not presently accessible to 
experiment. 

A 491 MeV Fe+17 beam (60 particle nanoamps) 
from the La~~ence Berkeley Laboratory SuperHILAC 
was magnetically deflected into our apparatus and 
passed through a carbon foil (206 lJg/cm2 for the 
Li-like Fe, and 40 ]Jffi/cm2 for the Be-like Fe) 
mounted on a movable support that had about OEe
half meter total travel. A 0.95 cm collimator 
mounted immediately upstream from the region 
viewed by the spectrometer (used in the standard 
"side-on" viewing configuration) insured that light 
detected by the spectrometer was emitted by ions 
that subsequently struck the dO~'l1streanl Faraday 
cup. The spectrometer (McPherson lvlodel 247, with 
stepping motor drive and a 2.2 meter, 600 £/mm 
grating) was operated with an 82° angle of 
incidence, a 3.17 n® wide grating mask slit and a 
blaze wavelength of 210 A; for an entrance slit 
width of 500 lJ, the beam length viewed was 2.1 mm. 
The photon detector (Bendix Channeltron lvlodel 4700) 
was placed behind a repelling (-300 volts) grid 
followed by a grounded grid to exclude charged 
particles. Calibration constants for the spectrom
eter were obtained from spectral scans over the 
225 to 305 A region containing the first five 
members of the He II Lyman series from a 
stationary hollow cathode source (calibration 
uncertainty = ±0.2 A). 
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Spectral scans over the regions of interest are 
shown in Fig. 1. These data were fitted7 with 
Gaussian line shapes; the quoted uncertainties 
have been calculated from twice the statistical 
uncertainty (typically 0.3 A) associated with the 
Gaussian fitting added in quadrature to the 0.2 A 
uncertainty associated with the calibration. There 
is good agreement with known accur~te wavelengths 
obtained from solar flare spectra. We identify 
the line at 271.2 ± 0.6 A as the previously 
unreported Is2s 3S1 - Is2p 3p~ transition in He-like 
Fe XXV; a scaling of the terms used by Davis8 for 
Ar XVII yields a predicted wavelength of 271.0 A, 
in agreement with our measured value. 

Decay curves from which the mean lives of the 
2p 3p~/2 3/2 levels in Fe XXIV were obtained are 
shown in'Figs. 2a and 2b. These data were obtained 
by the following procedure: for each foil position, 
with the spectrometer set on the particular 
spectral line center, the number of counts 
registered by the detector and the time elapsed 
during collection of a specified amount of charge 
in the Faraday cup were recorded (the dark 
current was"" 0.1 count/s). At the same foil 
position, background data were acquired by mm<ing 
similar measurements about 10 A above and below 
the line center. The number of detector counts 
recorded (corrected for average background and 
dark current) vs foil position is plotted in 
Figs. 2a and 2b. A single exponential has been 
least squares fitted to the data in each case; 
the quoted uncertainties in the mean lives have 
been obtained by adding in quadrature the 
uncertainty (1%) in beam velocity and twice the 
statistical uncertainty ("" 68% confidence level) 
associated with the least squares fit. 

The results of these measurements are compared 
with theoretical predictions in Table 1 and Fig. 3a. 
The oscillator strengths, fik' were calculated 
using the usual formula 

-16 ,2 gk 1 
f'l "' 1.50 x 10 f\ 

I( gi 'k 

where the transition wavelengthl 
A is in A, gk 

and gi are the statistical weights of the upper 
and lower states , respectively, and 'k is the 
mean life of the upper state in seconds (lhk is 
the transition probability Ajk, since the decay 
is unbranched) measured in this work. It is 
apparent that the relativistic calculations of 
Armstrong et al. 6 and Kim and Dec1aux9 in the 
dipole "length" gauge are in excellent agreement 
with our measurements. 

The result of our measurement is compared with 
theory in Table 1 and Fig. 3b. The relativistic 
The relativistic dipole "velocity" gauge calculation 
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Table 1. Comparison of experimental and theoretical values of oscillator strengths. 

Ion 

Fe XXIV 28 

Fe XXIV 2s 

Fe XXIII 2s 

aRef. 2. 

bThis work. 

2 

2 

2 

Transition 
obse rved 

Sl/2 - 2p 
2 0 

Pl/2 

Sl/2 - 2p 
2 0 

P3 / 2 

1 3po So - 2s2p 
1 

255.10 

192.03 

263.74 

Neasured 
lifetime (ns) 

of upper leve1b 

0.55 ± 0.02 

0.235±0.01 

13 ± 4 

Experimental 
osci 1 
strength 

0.018 ± 0.001 

0.047 ± 0.002 

0.0024±0.0007 

Calculated relativistic 
oscilJ ator 

0.018 (0.017) 0.020 (0.017) 

0.048 (0.035) 0.053 (0.035) 

0.0015 0.0024 

O.OOlSd 

eRef. 6; fL and fV are "length" and "velocity" calculations; values in parentheses are nonrelativistic. 
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of Armstrong et al. 7 appears to be in good agreement 
v.rith our measurement. This agreement may be mis
leading in vielv of the fact that a similar 
relativistic calculation by Cheng and JolmsonlO 
(v.rhich includes certain "exchange overlap" terms 
neglected by Armstrong et a1.) 7 obtains good 
agreement between oscillator strengths calculated 
in "length" and "velocity" gauges. Their results 
do not agree \vith our measurements but do agree 
v.rith the "length" gauge calculations of Armstrong 
et aL Thus it appears there is actually a 
discrepancy between theoretical and experimental 
results in this case. Theoretical inaccuracies 
may be caused by the fact that the calculated 
values rely heavily on the relativistic spin-orbit 
mixing of the 2s2p lp~ ,md 3p~ levels and are 
therefore strongly dependent on the calculated 
2s2p 1 P~ lifetime; recent measurements in sulphur 
indicate a 20% discrepancy between the measured 
and predicted 1 P~ lifetime. On the 
experimental side, it should be noted that we 
regard our measured value in this case to be much 
less reliable than those given above due to the 
obvious shortsomings of poor statistics, the small 
number of data points and the fact that we followed 
the decay curve for less than one mean life. We 
report the result because it appears to be of 
considerable interest. 

1. G. D. Sandlin, G. E. Brueckner, V. E. Scherrer 
and R. Tousey, Astrophys. J. 205, L47 (1976). 
2. K. G. Widing and J. D. Purcell, Astrophys. J. 
204,1151 (1976); K. G. Widing, Astrophys. J. 
-197, L33 (1975); W. M. Neupert and M. Swartz, 
Astrophys. J. 191, 261 (1974); W. Iv!. Neupert, PhiL 
Tram. Roy. SoC:--London A 270, 143 (1971) and 
Ref. 1 above. -
3. U. Feldman, G. A. Doschek, D. K. Prinz and 
D. J. Nagel, J. Appl. Phys. 47, 1341 (1976); 
E. I-linnov, Phys. Rev. A 14, 1533 (1976). 
4. P. L. Smith, Nuc1. Instrum & Meth. 110, 395 
(1973). -
5. U. Feldman and G. A. Doschek, J. Opt. Soc. }\m. 
67,726 (1977). 
fl: 1. Armstrong, Jr., W. R. Fielder and D. 1. Lin, 
Phys. Rev. A 14, 1114 (1976). 
7. D. Zurstaat, CAUS2Z Program (1969), Argonne 
National Laboratory, Argonne, Illinois 60439. 
8. \II. A. Davis and R. _MarTus, . Rev. A 15, 
1963 (1977). ~ 
9. Y. -K. Kim and J. P. Ileclaux, Phys. Rev. Lett. 
36,139 (1976). 
10. K. T. Cheng and W. R. Johnson, Phys. Rev. A 
1l, 1326 

2. QUENCHING OF THE IvIETASTABLE STATE OF HYDROGEN
LIKE ARGQ\) IN AN EXTERNAL ELECTIUC FIELD 

H. A. Gould and R. MarYUs 

During calendar 1977, work continued on the 
experiment to make a precision test of the Bethe
Lamb theory of Stark quenching of the 2SJj2 state 
of hydrogen-like argon in an external electric 
field. The most important goal of this experiment 
is to obtain a precision value of the Lamb shift 
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in the highest Z hydrogenic system studied to date 
(Ar+ 17). At the 1% level such a measurement will 
provide a new test of the theory of the Lamb shift. 

The basic method of the experiment is to measure 
the lifetime of the metastable state in a strong, 
external electric field. From the measured life
time, the predictions of the Bethe- Lann theory can 
be checked and values of the Lamb shift deduced. 
During calendar 1977, extensive data were taken 
on argon beams accelerated by the Berkeley 
SuperHILAC to 340 Jv1eV. These ions were excited 
to the metastable state of the hydrogenic ion by 
passing the beam through thin carbon foils. The 
spectrum emitted by these foil-excited ions was 
vimved by Si (Li) detectors. 111e1'e are two 
possible decay modes for these ions, a two-photon 
electric dipole (2El) mode and a single-photon (El) 
mode which is sometimes referred to as quench 
radiation. The 2El mode gives rise to a continuous 

spectrum with an end-point energy equal to 
- 1S1/2 energy separation (3.34 keY) 
quench peak is a distinct line at the 

ISl/2 energy separation. Both of these 
modes are in evidence in the observed spectrum 
(see Fig. 1) and each gives experimental 

2 
Electric field quenching of the 2 Sv state of 
hydrogenlike argon 2 

:;'. E~ 8,4 x 105 V/cm 
. I 
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Fig. 1. Spectnun of the 2S1/2 state decaying in 
the presence of an external electric field. 

(XBL 767-8583) 



information about the lifetime. ~bst important, 
the lifetime information provided by each is 
sensitive to different systematic errors, and 
hence provide an important check on the internal 
consistency of the data. 

During calendar 1977 a substantial amount of 
data analysis was completed. Possible systematic 
effects due to: 

® electronic dead time 
® geometrical corrections 
® counts in the quench peak from decays of 

helium-like ions 
® nonlinear nornnlization effects 
® structure in the velocity distribution of the 

beam 
® variation of the detector efficiency with 

x-ray energy 
® Doppler shifts arising from beam bending 

effects 
® cascading effects in the 2El spectrum 

were studied in detail and eliminated as sources 
of uncertainty. 

As a result of these studies, a value of the 
Lamb shift has been obtianed with an accuracy of 
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1 ~ %. This is already sufficient to distinguish 

between two discrepant calculations (due to P. Mohr 
and G. Erickson). Our result is in good agreement 
with the calculation of ]Vbhr. We have further 
identified that the most serious remaining 
systematic effect in the lifetimes determined from 
the 2El data comes from helium-like counts resulting 
from radiative decay of the 21S0 state. We plan 
to eliminate this by doing coincidence measurements 
that will unambiguously establish the fraction of 
counts that arise from decay of the 21S0 state. 
The most serious systematic effect that influences 
the lifetimes determined from the quench peak data 
arises from transitions from the 2Pl/2 and 2P3/2 
states. These counts are unresolved by our 
detectors and arise from cascades from highly
excited states populated by the beam-foil 
excitation process. We are planning a direct 
measurement of the fraction of counts due to 
cascades. 

When the measurements described in the 
preceding paragraph are completed (early 1978) , 
we anticipate an ultimate accuracy in the Lamb 
shift of 1% or better. 

3. SINGLE PHOTON DECAY OF METASTABLE 2S1/2 STATE 
IN HYDROGEN- LIKE ATOMS 

A. H. Gould and R. Marrus 

Although this decay mode was predicted over 
30 years ago by Breit and Teller1 it has not as yet 
been observed. Recently there has been a great 
deal of theoretical interest in this decay since 
it has been shown to be especially sensitive to a 
possible parity-violating interaction in the 
atomic Hamiltonian. Hence, we have initiated 
experiments to search for this transition. 

An attempt was made to observe this !vll decay 
in a foil-excited Fe bea~. A Doppler-tuned 
spectrometer2 was used to provide high energy 
resolution capable of distinguishing the x rays 
from helium-like transitions. A strong signal 
was obtained at the expected energy. However, 
subsequent measurements showed that a large part 
of this signal results from cascade transitions 
through the nearby 2Pl/2 state. Experiments are 
currently being planned to remove the cascade 
contribution. 

1. G. Briet and E. Teller, Astrophys. J. 91, 
215 (1940). -
2. R. Marrus and R. W. SdlJmeder, Nucl. Instrum. 
!veth. 110, 459 (1973). 

4. THEORETICAL STUDY OF ELECTRIC-FIELD INDUCED 
DECAYS 

P. J. ~bhr and R. Marrus 

The theory of electric field induced decays has 
been studied starting from the bound-state 
interaction picture of quantum electrodynamics. 
It is found that the problem is amenable to a 
solution if a small number of assumptions of a 
very general nature are made. As a result of the 
solutions one obtains a rigorous formula for the 
decay rate of the hydro genic 2S1/2 state in an 
external field, and an accurate prediction for the 
angular distribution of the decay photons relative 
to the electric field direction. 

It is further predicted that there should be a 
large as)~try in the angular distribution that 
results from an Ivll-electric field interference 
term in the matrix element. This has important 
consequence for several experiments that are now 
in progress. 

5. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Richard Marrus 

a. Co lete Measurements on the Stark uenching 
Experiments. The stu y of the remaining systematic 
effects in the Stark quenching experiments can be 
completed in about one week of rurming at the 
SuperHILAC. These measurements (scheduled for the 
second week in February 1978) should give a value 
for the Lamb shift at the 1% level. 

b. Study of Resonance Transitions in Helium
like ~b. Our success with the grazing-incidence 
spectrometer for studying UV transitions in iron 
leads us to attempt similar studies in !vb. The 
wavelengths and oscillator strengths of these lines 
are important in diagnostics of fusion plasmas. 

c. Theoretical Investigation of Energy Levels 
and Transition Probabilities in Highly-ionized 
Atoms. We have already shown that these transition 
rates are strongly affected by radiative corrections 



to the energy levels. For example, in helium-like 
krypton, the level shifts lead tg a change of more 
than 10% in the decay rate for 23PO + 23Sl, and the 
effect increases rapidly with increasing Z. 
Further investigations of radiative corrections 
to decay rates is being undertaken in order to 
determine the decays for which these effects are 
important. In a parallel effort, we are working 
on development of new computational techniques that 
are necessary in order to carry out rigorous 
calculations of the structure and decay rates of 
highly ionized ions. Techniques already developed 
to calculate the radiative corrections and Lamb 
shift in high-Z hydrogenic atoms need further 
refinement in order to deal with situations in 
which two bound-electron propagation functions 
appear in expressions for the energy levels and 
radiative corrections. Preliminary investigations 
suggest that the necessary improvements are 
possible. 

6. 1977 PUBLICATIONS AND REPORTS 

Richard l~rrus and Associates 

1. P. J. Mohr, Atomic Physics Tests of Quantum 
ElectrodynaJ11ics, in Atomic Physics 5, R. Marrus, 
M. H. Prior, and H. A. Shugart, Eds. (Plenum Press, 
New York, 1977), p. 37; invited paper presented at 
the Fifth International Conference on Atomic 
Physics, Berkeley, July 1976. 
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2. P. J. Mohr and Stanley J. Brodsky, Quantum 
Electrodynanrics of Strong and Supercritical Fields, 
in Topics in Current Physics, Vol. 5: Structure 
and Collisions of Ions and Atoms, I. A. Sellin, Ed. 
(Springer-Verlag, Berlin, to be published). 

3. P. J. ~bhr, Status of the Theory of the Lamb 
Shift in Hydrogenic Atoms, Abstract for an invited 
paper at the Knoxville ]'vleeting of the American 
Physical Society, Division of Electron and Atomic 
Physics, December 5-7, 1977; Bull. Am. Phys. Soc. 
~, 1314 (1977). 

4. P. J. Mohr, Lamb Shift in High -Z Ions and Atoms, 
Abstract for an invited paper at the Annual ~~eting 
of the American Physical Society, January 23-26, 
1978, San Francisco (to be published in the 
Bulletin) . 

5. A. H. Gould and R. Marrus, Quenching of the 
~tastable State of Hydrogen -like Argon (Z = 18) 
in an External Electric Field, Abstract for an 
invi ted paper at the Knoxville ~eting of the 
American Physical Society, Division of Electron 
and Atomic Physics, Decenber 5-7, 1977; Bull. Am. 
Phys. Soc. ~, 1315 (1977). 

6. R. Marrus, Forbidden Decay },bdes of One- and 
Two-Electron Ions, in Cargese Lectures in Physics, 
Vol. 7, M. Levy, Ed. (Gordon and Breach, 1977). 
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4. CHEMICAL ENERGY 

a. Formation of ,,,,,,,,,iiH'l,,, of Sulfur From 

Robert E. Inves tigato_)? 

1. mE RA.JVlAJ\J SPECTRlJlvI OF I-ISO 3 - h\JD S205 - - - ISOTOPE 
EFFECTS 

B. Meyer, L. Peter and C. Shaskey- Rosenlund;' 

Both disulfite ion, S2052-, and bisulfite ion, 
[-IS03-·, form widely used and COlmnon salts, and 
their correct molecular weight and elemental 
analysis have been known since Rarmnelsbergl 2 
investigated them. X-ray studies of K2 S20S ,3 
and (MI4) 2S205 4 have shmvn that the disulfi te ion 
contains S02 and S03 groups joined by a S-S bond 
and with a plcme of symmetry for the ion. The 
nature of the S205'" species in aqueous solution is 
still subject to some uncertainty although Herlinger 
and LongS have interpreted Raman data in terms of 
the structure found in solids. From Haman data it 
is knmvn6 , 7 that J-IS03- has the hydrogen attached 
to the sulfur. 

The purpose of this work was to prepare all 
alkali metal salts of disulfite and/or bisulfite 
and to employ isotopic substitution of hydrogen, 
sulfur, and oxygen to identify fundamental 
frequencies and improve their assigrunent. Further
more, we were interested in identifying the S-S 
stretch. Such an identification has both 
theoretical ~ld practical interest, as it yields 
infonnation about the structure of the ion, the 
S-S and s-o coupling in the molecule, and serves 
to develop an analytical tool for monitoring 
formation and dissociation of this molecule, which 

Table 1. Haman spectra 

CSH32S1603 CSD32S1603 

v reI. into v % shift 

508.5 m 500.5 1.6 

518.5 w 511 1.4 

625.5 vw 619 1.0 

1038 s 1035 0.3 

1122.5 s 832 25.9 

1193 w 1193 0 

1247.5 vw 1247 0 

1253.5 vw 

2573 s 1871.5 27.3 

in aqueous solution is in equilibrium Hith the 
bisulfi te ion. TIle equilibriwn constant and 
kinetics of this system are not yet under
stood, despite their practical illl!jortance in S02 
abatement and other applications. 

Measurements have been made of the Raman 
frequencies of six solid disulfi tes, two solid 
bisulfi tes and of an aqueous solution saturated Hi th 
potassium disulfi te. The frequencies of four 
isotopic species of cesit@ bisulfite are listed 
in Table 1. Also listed are the relative intensi
ties and the isotope shifts. In all compounds at 
least eight are observed that can be readily 
identified as components of the six fundamentals 
of HS03-, which has C3V s)'lmnetry. In the deuterated 
salts, the appearance of the spectrwll is drastically 
changed, because tvJO strong lines are strongly 
shifted and change relative positions with partners. 
In all other salts the spectra are qualitatively 
w1changeel. 

The spectra of isotopic potassiwn disulfites are 
ShOMl in Table 2. 

Bisulfite, r-rS03 111e structural parameters of 
bisulfi te are not yet knmvn, but Simon and 
co-workers6 ,7 have concluded from their Raman 
studies that bisulfites have approximately a 
pyramidal C3V structure. An A'YZ3 molecule with C3V 
synIDletry is e;q)ected to have six Raman active 
fundamental frequencies: Three Al anel three E 

of I-lS03 in CsHS03 , 

CsI_134Sl60 
3 

csr-r32S180
3 

v % shift v % shift 

506,5 0.4 484 4,8 

51'7 0,3 493 4,9 

618.5 1.1 608 2.8 

1034.5 0.3 986.5 5,0 

1122,5 0 1112 0,9 

1177.5 1.2 1163 2.5 

1231 1.3 1217 2.6 

1238 1.2 

2570 0.1 2572.5 0 

s~strong, m"'mediwll, w"'weak, vw"'very weal( 
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Table 2. Raman spectra of S205 
2- in K2S205. 

32S 160 
2 5 

K 34S 160 
225 

K 32S 180 225 

\! reI. int. \! ". shift \! % shift '0 

217.5 m 216 0.7 206 5.3 

244.5 vs 242 1.0 236.5 3.1 
317.5 m 316.5 0.3 303 4.6 

434 s 428.5 1.3 420 3.2 
516 w 513.5 0.5 492 4.6 

557 w 551 1.0 536.5 3.7 

642.5 vw 633.5 1.4 627 2.4 

652.5 s 642 1.6 635 2.7 

970 w 964 0.6 928 4.3 

1060 s 1052.5 0.7 1014.5 4.3 
1088.5 m 1076 1.1 1052 3.4 

1178.5 m 1163.5 1.3 1141 3.2 

vs=very strong, s=strong, m=medium, w=weak, 
vw=very weal, 

modes that combine to form three pairs of bands, 
a symmetric and an as~nmetric s-o stretching mode, 
a symmetric and an asymmetric s-o bending mode, 
and the stretching and bending mode of H-S. The 
six observed bands account for all six fundamentals. 

The strong deuterium isotope shifts identify 
the 2573 and 1122.5 cm- l bands as the H-S stretch 
and bend, respectively, and of .the Al and E modes. 
The 1038 cm- l band is assigned to the Al symmetric 
stretch for S-O bonds and the group around 1200 cm- l 
to the corresponding E mode asymmetric stretch. 
The intensity and isotope effects substantiatr the 
assignment. The bands at 625.5 and 508.5 cm
correspond to s-o deformation modes and are 
assigned to Al and E, respectively. The latter 
assignment and that of all bands is confirmed by 
excellent agreement of the Teller-Redlich product 
rule for the two different symmetry groups. 

Disulfite, S2Qs~. The analysis of the difulfite 
spectrwn is more difficult than that of bisulfite, 
because the molecule is more complex, and only 13 
of the IS expected frequencies are known. 
Herlinger and LongS have made a partial vibrational 
analysis, based primarily on Raman depolarization 
ratios of the aquated ion. Previtali and Baggi09 
used the x-ray structure4 and the Raman work of 
Herlinger and Long to compute nine force constants 
and the corresponding potential energy distribution. 

It is seen from Table 2 that the 180 and 34S 
isotope shifts are quite appreciable but do not 
vary greatly. Consequently it is not easy to use 
them in a qualitative fashion to make band assign
ments, particularly since the normal coordinate 
treatment of Baggi09 indicates that there is a 
great deal of mixing in the nonnal modes. To 

proceed further it will be necessary to use a 
normal coordinate analysis to calculate isotope 
effects for comparison with the experimental 
values. 

* Work done partly at Berkeley and partly at the 
University of Washington, Seattle. 

1. C. Rammelsberg, Pogg. Ann. Phys. and Chern. 143, 
2450 (1846). -
2. W. Zachariasen, Phys. Rev. 40, 923 (1932). 
3. I. Lindqvis t and M. MOrtselr; Acta Cryst. 10, 
406 (1957). -
4. S. Baggio, Acta Cryst. B 27, 517 (1971). 
5. A. W. Her1inger and T. V. Long, Inorg. Chern. 
8, 2661 (1969). 
6. A. Simon and K. Waldmann, Z. physik. Chem. 204, 
235 (1955); A. Simon and K. Waldmann, Z. physik-.
Chem. 204, 235 (1955); A. Simon and K. Waldmann, 
Z. anorg. Chern. 281, 113, 135 (1955). 
7. A. Simon andT Schmidt, Z. E1ectrochem. 64, 
737 (1960). -
8. B. Meyer, Sulfur, Energy, and Environment, 
Elsevier, Amsterdam, 1977. 
9. C. M. Previta1i and S. Baggio, Rev. Latinoamer. 
Quim 2, 54 (1976). 

2. rnEMlCAL DYNAMICS OF METAL COMPLEXES- -THE BIS
IMINODIACETATE CO!vlPLEX OF NICKEL ION 

R. E. Connick and Kevin Klotter 

For several years this laboratory has been con
cerned with the kinetics of water exchange between 
water solvent and water coordinated to a partially 
chelated paramagnetic transition metal ion. The 
polydentate ligands have been a-aminopolycarboxylates 
that quite strongly bind to metal ions in aqueous 
solution to form coordination complexes. In the 
course of measurements of the solvent water exchange 
rates from such complexes by broadline 170 nuclear 
magnetic resonance, the lability of the ligands 
themselves became apparent and deserving of further 
study. The dynamics of such systems are of general 
interest whenever comp1exed metal ions are present. 

Our solvent water exchange studies by NJvlR have 
been done by observing the line broadening and 
chemical shift effects of PY7amagnetic complexes 
in aqueous solution on the ° resonance of the 
solvent using the continuous wave technique. The 
availability of a large bore superconducting 
Fourier transform NJvlR spectrometer operating at 
42 kG has made possible the observation of 1H, 13C, 
and 170 resonance signals from the ligands, both 
comp1exed and uncomp1exed. 

Bis-iminodiacetate nicke1ate(II1 (Ni(IDA)2-) has 
been the subject of much interest. Early 
continuous wave h! NJvlR spectra provided structural 
information about this paramagnetic complex in 
solution through the large chemical shifts. observed. 
Uncertainty in the proper assignn~nt of groups of 
overlapping proton resonances, however, led to 
ambiguity in the value of the cis-trans isomer 
equilibrium. Since the l3C spectra of NiEDTA had 



been observed earlier by other workers, and 25 rum 
diameter sample tubes were available for use in the 
42 kG system, the ison'er distribution was studied 
by observing the much more widely shifted carbon 
resonances arising from the bound ligands of the 
bis complex. 

The iminodiacetate ligand has the structural 
formula 

with identical pairs of carboxylate carbons and 
methylene carbons. On forming the bis complex with 
nickelous ion the trans isomer should show two l3C 
resonances corresponding to these pairs. The cis 
complex, however, should show four l3C resonances 
because the partners in the pairs are no ronger 
identical. Experimentally it was found that three 
resonances were observed in the carboxylate 
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carbon region, two of which appeared to have the 
same area and a third which was considerably smaller. 
In the methylene region incompletely resolved 
resonances were observed. Interpreting the two 
strong carboxylate resonaces as the cis species one 
calculates a cis/trans ratio of ca. 7 based on the 
integrated areas. 

Repetition of the earlier proton work, with the 
present apparatus and on a 270 mc instrument 
yielded somewhat better resolution of the curves 
but still insufficient for identifying the isomers. 
A recently acquired curve fitting routine for the 
42 kG spectrometer's computer system may help to 
unravel the proton ambiguities, including deter
mination of relaxation mechanisms. 

Variable temperature lH and l3C spectra are also 
being used in the bis- iminodiacetato nickelate 
system to determine the rate and mechanism of 
intramolecular cis/trans isomerization. The 
aforementioned problems in the proton spectra 
prevent any clean-cut interpretation of the data 
as the intramolecule rearrangement processes 
become fast enough to cause coalescences and shifts. 
Again, careful l3C variable temperature spectra 
and line shape analysis provide a much more reliable 
value of the racenrization rate and activation 
energy and yield information on the rearrangement 
mechanism. The initial results indicate that both 
the cis and the trans carboxylate l3C resonances 
start to broaden in the same temperature region. 
The simplest interpretation would be that 
isomerization is proceeding by interconversion of 
cis to trans and vice versa, as for example by 
the twist mechanism. 

Finally, solutions highly concentrated in 
Ni(IDA)2= containing ligands highly enriched with 
170 in the carboxylate group have been used for 

the ~irect observation of the resonance of the 
nonbonded oxygen nucleus in the coordinated 
carboxylate groups of the chelated ligands. The 
variable temperature behavior of this resonance 
should provide a direct measurement of the rate 
of exchange of the two carboxylate oxygens between 
the coordinated and non-coordinated positions, 
a quantity that has been estimated indirectly by 
the observation of bulk water resonances .1 Although 
not all experimental difficulties pertaining to 
this 170 ~~ variable temperature measurement have 
been solved, the determination of this effect is 
in progress. 

1. T. N. Rowland, Oxygen-17 ~~ Studies of the 
Rate of Water Exchange from Partially Complexed 
Nickel Ion, (Ph.D. thesis), LBL-3l22, October 1975; 
Jack Vriesenga, unpublished work in this laboratory. 
2. L. Pratt and B. B. Smith, Trans. Faraday Soc. 
65,915 (1969); L. E. Erickson, F. F-L. Ho, and 
~ N. Reilley, Inorg. Chem. 9, 1148 (1970); 
D. S. Everhart and R. F. EviTia, Inorg. Chem. 14, 
2755 (1975). 

3. RESEARGl PLANS FOR CALENDAR YEAR 1978 

R. E. Connick 

Investigations will be continued on the aqueous 
chemistry of sulfur dioxide and related compounds 
with an emphasis on the identification of species, 
measurement of equilibrium constants and studies 
of rates of reaction, particularly oxidation by 
oxygen. The ionization of sulfur dioxide will be 
determined spectrophotometrically for a variety 
of conditions, yielding both equilibrium data and 
values of activity coefficients for such systems. 
Investigation of previously unidentified species 
in HS03- - S02 solutions will be continued using 
Raman and UV absorption measurements. The rate of 
exchange of oxygen atoms between water and HS03-
will be investigated by means of 1/0 ~~ffi. Studies 
will be made of the chain reaction oxidation of 
HS03- by oxygen in order to obtain reliable rate 
data under controlled conditions. All of these 
results are of importance in the scrubber 
processes for removing sulfur dioxide from stack 
gases from fossil fuel cowhustion. Some of the 
results are pertinent to atmospheric pollution 
problems. 

The study of the dynamics of the metal chelate 
bis- iminodiacetate nickel (II) will be completed 
and correlations of the rate behavior will be 
made for this and similar metal--amino acid-like 
complexes. A rather complete picture of the 
dynamics of these systems is beginning to emerge-
a matter of interest whereever metal ion complexes 
are encountered, such as in fuel processing, waste 
disposal, many enzyme systems, etc. 

Slow but continuous progress is being made on the 
computer modeling of the replacement reaction in 
the first coordination sphere of a metal ion. 
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b. Conversion of Coal to Clean liquid and Gaseous Fuels 

Gabor A. Somorjai and Alexis T. Bell, Principal 

1. HYDROGENATION OF CO MID CO2 OVER IRON FOILS. 
CORRELATIONS OF RATE, PRODUCT DISTRIBUTION At'ID 
SURFACE COMPOSITION 

D. J. Dwyer and G. A. Somorjai 

The hydrogenation of CO and COz over poly
crystalline iron foils has been investigated 
under highly controlled conditions (6 atm, 
3:1 HZ:CO, 300°C). The surface composition of 
the foil before and after high pressure reaction 
was determined by Auger electron spectroscopy. 
!he HZ/CO reaction ~r?duced Cl-Cs hydrocarbons 
In detectable quantltles. In thls reaction the 
initially clean iron surface was rapidly covered 
by a monolayer of carbonaceous material that 
appeared to be the active surface. The specific 
methanation rate on this surface was 1.9 mo
lecules site- l seel with an activation energy 
of Z7~Z kcal mole-I. The HZ/COZ reaction produced 
almost exclusively methane 197 mole %) and at a 
higher rate (10.9 molecules site- l sec-I) than 
the HZ/CO reaction. The initially clean iron foil 
was oxidized during the HZ/CO reaction. In both 
the HZ/CO and the HZ/COZ reactions the active sur
faces were eventually poisoned by excessive de
position of carbon. TIle carbon-poisoned surfaces 
produced only methane but at much slower rates 
than the active surfaces. It appears that clean 
iron is not the catalyst that is used industrially 
to carry out the hydrogenation of CO, since very 
different product distributions are obtained 
in our studies as compared to the industrial 
catalyst. The effect of promoters such as po
tassium and the activity of iron carbides and 
oxycarbides are being explored at present. 

Z. STUDIES OF FISCHER-TROPSCH SYNTHESIS ON 
SUPPORTED RUTHENIUM CATALYSTS 

J. G. Ekerdt, S. C. Kellner, G. Low, and A. T. 
Bell 

The synthesis of hydrocarbons from CO-H mix
tures was studied by using a silica-supported
ruthenium catalyst. Product composition was. de
termined by gas chromatography, and the structure 
of adsorbed species present on the catalyst sur
face was established by infrared spectroscopy. 
Working at a total pressure of 1 atm and with 
Hz/CO ratios between Z and ZO, methane was ob
served as the primary product. Small concentra
tions of ethane were detected as well, and the 
selectivity towards CZH6 increased rapidly as the 
HZ/CO ratio approached Z. Infrared spectra re
corded under reaction conditions showed only a 
single band associated with chemisorbed CO. The 
position of the band shifted from Z030 to ZOIO 
em-I as the HZ/CO ratio was increased. This 
trend suggests that adsorbed H atoms contribute 

electrons to surface Ru atoms, thereby enhancing 
the back donation of electrons at adsorbed CO. 
Back donation was also observed from C atoms pro
duced on the Ru surface through a dissociation of 
CO. 

Studies of the kinetics of CH4 synthesis 
showed that the rate could be correlated by the 
ratio of HZ/CO concentrations over the catalyst. 
However, it was observed that the catalyst activ
ity declined with time, the decline being most 
rapid for reaction mixtures in which HZ/CO was 
low. Reactivation of the catalyst could be 
achieved by heating it in hydrogen. 

The role of carbon deposited on the catalyst 
during the reaction of CO and HZ was studied by 
following the product composition obtained when 
HZ was passed over the catalyst at the end of a 
run. Plots of the partial pressures of CO and 
CH4 (normalized to unity at t ~ 0) in the efflu
ent are illustrated in Figs. 1 and Z as functions 
of time. The elimination of CO from the reactor 
is rapid and coincides with the disappearance of 
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Fig. 1. Normalized partial pressure of CO in 
the reactor effluent during catalyst reactivation 
with HZ at Z75°C. (XBL 783-75lZ) 
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Fig. Z. Nonnalized partial pressure of CH4 in 
the reactor effluent during catalyst reactivation 
with HZ at Z75°C. (XBL 783-7511) 

the CO band from the infrared spectrum, as in
icated by the arrows in Fig. 1. A most notable 
result is that the CHd production at first ex
ceeds that observed under steady state conditions 
and then continues at a noticeable level well 
beyond the point where CO is present in the gas 
phase or on the Ru surface. The amount of CH4 
produced during these experiments is equivalent 
to several monolayers of carbon. 

Current results suggest that under reaction 
conditions the catalyst surface is covered almost 
exclusively by CO and that HZ competes with CO for 
the remaining vacant sites. TIle adsorption of HZ 
promotes a weakening of the CO bond and may 
facilitate CO dissociation. That CO dissocia
tion occurs is evident from the large amounts of 
carbon present on the surface, and it appears 
that this carbon plays an active role in the 
synthesis of CH4' Oligomerization of carbon atoms 
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to form graphite is a competing reaction and is 
the most likely cause of catalyst deactivation. 

In a separate series of experiments, thermal 
desorption spectroscopy is being used to investi
gate the chemisorption and reaction of CO and HZ 
on Ru catalysts. From these studies it has been 
established that carbon monoxide adsorbs in two 
states with binding energies of 17 and Z5 
lecal/mole, while hydrogen chemisorbs in a single 
state with a binding energy of Z8 kcal/mole. 
During the desorption of CO a part of the adsorb
ate dissociates to produce adsorbed carbon atoms. 
This carbon can be removed from the surface by 
heating in HZ' Allowing the C atoms to remain on 
the surface reduces the pre-e)q)onential for CO 
desorption but does not alter the activation 
energy for CO desorption. Further studies are 
now in progress to evaluate the roles of chemi
sorbed CO and C in the formation of 014 and 
higher molecular weight hydrocarbons on Ru catalysts. 

3. NOVEL TRANSITION-METAL CLUSTER CATALYSTS I~ 
HYDROGENATION, HYDROGENOLYSIS, AND METIlANATION" 

R. E. Colborn, J. R. Fritch, D. K. Mitchell, 
P. Perkins, E. S. Strauss, and K. P. C. Vollhardt 

Polyfunctional ligands are being explored as 
potential matrices for transition-metal cluster 
formation to be used in catalytic hydrogenation 
and hydrogenolysis of benzenoids, hydroaromatics, 
and coal. 

In an atten~t to in~rove the homogeneous 
catalytic hydrogenating power of n3-allyl cobalt 
complexes in benzenoid hydrocarbon hydrogenation, 
several oligoallyl cobalt complexes were prepared 
and their catalytic activity investigated. The 
synthetic approach involved nucleophilic displace
ment reactions of NaCo[P(Q'V1e)3J4 on suitable 
oligoallyl halides: 3-bromo-l,5,9-cyclodode
catriene; 3,7,11-tribromo-l,5,9-cyclododecatriene; 
1,3, 5-tris (bromomethyl) benzene ; 1,3 ,5-tris (3-bromo·
l-propenyl)benzene; Z,3-bis(bromomethyl)buta-l,3-
diene; and ally iodide. Extremely air-sensitive 
organe-red products were isolated in all cases by 
column chromatography under nitrogen. Character
ization by spectral techniques allowed the identi
fication of complexes 1 and Z, present as re
spective mixtures of iSomers: Attempts at crystal
lization proved unsuccessful. Attempts to con
vert Z into a trinuclear cobalt cluster led to de
composition. Both 1 and 2 are powerful catalysts 

L3CO~/COl'J 
~ 

I 
CoL3 

1 2 L '" p(OHe)3 3 



in the hydrogenation of benzene to cyclohexane 
under mild conditions (room temperature, normal 
pressure). Catalyst life time is, however, 
limited as in the case of 3, the first homogene
ous benzene hydrogenation catalyst known (E. L. 
lVluetterties et al.). The hydrogenation of dried 
and oxygen-free 20-mesh Illinois 116 coal using 
catalysts 1-;2 led to only limited hydrogen up
take, again due to limited catalyst life time. 

We have completed the physical and chemical 
characterization of hexaradialene (hexamethylene 
benzene) 5 generated by the respective gas phase 
thermolysis of 1,5,9-cyclododecatriyne 4; 2,4,6-
tris(bromomethyl)mesitylene 6; and a variety of 
other hydrocarbon precursors~ Compound ~ should 
prove to be an attractive ligand to transition 
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does not sustain a diamagnetic ring current and 
is best regarded as a methylene cyclohexane deri
vative. Hydrogenation occurs rapidly to give 
hexamethylbenzene. The relative ease of forma
tion of 5 from various hydrocarbon precursors 
suggests~that structures of similar topology 
might occur in coal depolylTIerization, coal 
pyrolysis, and metal surface catalyzed hydro
reforming processes. 

In an approach to the synthesis of topologi
cally novel linear clusters of type § we have 
investigated synthetic routes to a metal com
plexed fonn of tricyclooctatetraene Z, a highly 
unusual ligand both for its inherent strain and 
its potential anti-aromaticity. During the course 
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4 

metals en route to mixed-metal clusters. It also 
constitutes one of the most abundant structural 
moieties found in polycyclic benzenoid compounds 
and coal. Its electronic structure and chemical 
reactivity is therefore of interest. The 

5 

CH2Br 

6 -

of these studies we discovered a completely novel, 
unprecedented, and fascinating gas phase re
arrangement of complex ~ to cleanly give 1Q. An 
attractive intermediate in this rearrangement is 
complex 11 with the desired tricyclooctatetraene 
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IH-NMR spectrum shows a sharp singlet at T "" 4.69, 
whereas the proton-decoupled l3C-~1R spectrum ex
hibits two absorptions at 145.0 and 110.0 ppm. 
The 13C-H coupling constant has a value of 159 Hz. 
These data show that despite benzenoid topology 5 
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11 

moiety as a ligand. The stability of the cyclo
pentadienyl and cyclobutadienyl ligand bonds 
under the conditions of the rearrangement suggest 
a novel approach to cluster synthesis by gas 
phase thermolytic chemistry. 

-4 10 torr 

9 10 



* Partially supported by NSF, NIH, PRF, and the 
A.P. Sloan Foundation. 

'" 4. ACTIVATED BENZENOID HYDROCAEBONS 

W. G. L. Aalbersberg, P. Perkins, and 
K. P. C. Vollhardt 

We are continuing the investigation of acti
vated polycyclic benzenoid hydrocarbon chemistry 
in an effort to gain further understanding of 
benzenoid aromaticity, the mechanism of hydro
genation of coal molecules, the mechanism of 
coal depolymerization and the nature of inter
mediates therein, and the mechanism of mutagenesis 
and carcinogenesis by coal structures. 

Iodine-catalyzed photooxygenation of stilbene 
derivative 1k gives rise to two novel activated 
phenanthrenes, 12 and 1~. The chemical and 
physical properties (see Fig. 1 for electronic 
spectrum) point to considerable reactivity and a 
n-electronic framework reflecting the strain-re
lated distortion of the benzenoid topology. 
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Fig. 1. Electronic spectra of phenanthrenes in 
cyclohexane solvent. (XBL 784-525) 

A layered benzenoid structure 1§ is obtained 
on pyrolysis of hydrocarbon IS. The diastereomer 
16 is generated exclusively,-no trace of the 
chiral stereosiomer 1Z being detectable. Com
pound ~~ might be regarded as a model for layered 
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asphaltene structures derived from coal. Inter
estingly, fast hydrogenation rather than hydro
genolysis occurs under mild conditions (room tc,-_:p
erature, normal pressure) to give 1§. At higher 
pressures further hydrogen uptake to 19 is ob
served. Oxidation with peracids occurs instantly 
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to give a mixture of products. The available 
evidence indicates that n-electronic interactions 
in layered benzenoids might play an important role 
in the general chemistry of coal-derived hydro
carbon mixtures. 

[~J H
2
, CH3COOH, ~ b~ Pr 

FAST 11 

1§ SLOW l HZ,Pr 
5 AT 

H ,Pr 
-4-

5 AT 

19 

TIle potential mutagenicity of 1}, 11, and 1§ 
is currently being probed by using the Ames test. 

* Supported in part by NSF, NIH, PRF, and the 
A. P. Sloan Foundation. 
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5. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Gabor A. Somorjai and Alexis T. Bell 

Studies of the effects of additives O(,Mn) 
on the rates and product distribution in CO hy
drogenation reaction on iron and rhodium. 

Studies of the structure sensitivity of CO hy
drogenation by using various crystal faces of 
iron and rhodium. 

Studies of hydrocarbon reactions on iron and 
rhodium to elucidate the mechanism of CO hydro
genation. 

Studies of iron carbides and oxycarbides to test 
their catalytic activity as compared to the metal 
surfaces. 

Investigations of hydrocarbon synthesis on 
supported ruthenium will be extended up to pres
sures of 20 atm to examine the production of 
high-molecular-weight products. R11phasis will be 
placed on establishing conditions favoring the 
formation of C5 to C12 compounds. In the course 
of this work infrared spectroscopy will be used 
to look for hydrocarbon precursors on the catalyst 
surface. 

The chemistry of carbon atoms on the surface 
of ruthenium catalysts will be studied to establish 
their role in the synthesis of hydrocarbons. 
Particular interest will be devoted towards 
establishing whether chain growth occurs via 
oligomerization of Cr~ groups or by CO insertion 
into Ru-CHx bonds. 

The effect of alkali metal oxide additives on 
the activity and selectivity of ruthenium catalysts 
will be examined. 

We will further probe the potential of novel 
polyfunctional ligands as matrices for transition 
metal cluster synthesis. 

We will embark on an exploratory program aimed 
at utilizing gas phase pyrolyses of metal carbonyls 
as a source of novel homogeneous catalysts and 
catalyst surfaces. The potential of these com
pounds in catalytic hydrogenation, hydrogenolysis, 
methanation, Fischer-Tropsch, and methanol syn
thesis will be explored. 

The nature of our polymer-supported methanation 
catalyst will be investigated. The scope of 
methanation and Fischer-Tropsch catalysis, 
catalyst life-time, and response to catalyst 
poisons should be scrutinized. We will initiate 
a search for homogeneous analogs. 



6. 1977 PUBLICATIONS AND REPORTS 

Gabor A. Somorjai, Alexis T. Bell, and "4$sociates 

Journals 

1. D. W. Blakely, E. Kozak, B. A. Sexton, and 
G. A. Somorjai, New Instrumentation and 
Techn.iques to Monitor Chemical Surface Re
actions on Single Crystals Over a Wide Pres
sure Range (10- 8-10-5 Torr) in the Same 
Apparatus, J. Vac. Sci. Techno1. 13, 1091 (1976) 
LBL-4926. -

2. Ch. Steinbruchel and G. A. Somorjai, Limita
tions of Kinetic Studies of Catalytic Reactions 
on a Single Crystal Surface at Low Pressures 
in an Ultrahigh Vacuum System, J. Vac, Sci. 
Technol. 13, 1162 (1976), LBL-4988. 

3. B. A. Sexton and G. A. Somorjai, The Iiydrogena
tion of CO and C02 Over Polycrystalline 
Rhodium: Correlation of Surface Composition, 
Kinetics and Product Distributions, J. 
Catalysis 46, 167 (1977), LBL-5l78. 

4. K. P. C. Vollhardt, Transition Metal Catalyzed 
Acetylene Cyclizations in Organic Synthesis, 
Acc. Chern. Res., 10, 1 (1977). 

5. K. P. C. Vollhardt and L. S. Yee, 1,2-Bis(tri
methylsilyl)benzocyclobutadiene, a Paratropic 
8IT-Electron System, J. Amer. Chern. Soc. 99 
2010 (1977). -' 

6. W. G. L. Aalbersberg and K. P. C. Vollhardt 
Retention of Stereochemistry in the Extrusi~n 
of Sul:::ur Monoxide from "Thiirane Oxides. 
Synthesis and Thermal Decomposition of cis and 
trans-Dideuteriothiirane Oxide, J. Amer. Chern. 
Soc. 99, 2792 (1977). 

7. R. L .. Hillard III and K. P. C. Vollhardt, 
Substltuted Benzocyclobutenes, Indans, and 
Tetralins via Cobalt Catalyzed Co-oligomeriza
tion of a,w -Diynes with Substituted Acetylenes. 
Formation and Synthetic Utility of Trimethyl
silylated Benzocycloalkenes, J. Amer. Chern. 
Soc. 99, 4058 (1977). 

8. R. L. Hillard III and K. P. C. Vollhardt, 
3,4-Bis(trimethyl)silylbenzocyclobutene. 
Synthesis by Acetylene Cotrimerization and 
Conversion to Cyclobuta[1,2-c]benzyne, Angew. 
Chern. ~, 413 (1977); Angew.-Chem. Internat. 
Edn. 16, 399 (1977). 

9. A. Naiman and K. P. C. Vollhardt, A Cobalt
Catalyzed One-Step Synthesis of Annulated 
Pyridines, Angew. Chern. 89, 758 (1977); 
Angew. Chern. Internat. Edn. ~, 708 (1977). 

10. R. L. Funk and K. P. C. Vollhardt A Cobalt
Catalyzed Steroid Synthesis, J. ~er. Chern. 
Soc. 99, 5483 (1977). 
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11. K. P. C. Vollhardt, Cobalt-Katalysierte 
Acetylen-Cyclis ierungen, Nachr. Chern. Tech. 
~, 584 (1977). . 

12, A. J, Barkovich, E, S. Strauss, and K. P. C. 
Vollhardt, Hexaradialene, J. Amer. Chern. 
Soc. ~, 8321 (1977). 

13. J. C. Smart and C. J. Curtis, Bridging 
Ligands in Organometallic Chemistry, 
1. n5:n5-Fulvalene Complexes of Molybdenum 
Carbonyl, Inorg. Chern. 16, 1788 (1977). 

14. J. C. Smart and B. L. Pinsky, The Synthesis 
and Characterization of Bis(fulvalene) 
dinickel, in Three Oxidation Levels, J. 
Am. Chern. Soc. ~, 956 (1977). 

15. J. C. Smart and C. J. Curtis, The Synthesis 
and Characterizatio of Bis(fulvalene) 
dimolybdenum and Its Monocarbonyl Adduct, 
J, Am. Chern. Soc. ~, 956 (1977). 

Invited Talks and Papers Presented 

1. G. A. Somorjai, Recent Achievements and 
Trends in Catalysis Science, at the National 
Science Foundation, Washington, D. C., 
February 3, 1977. 

2. G. A. Somorjai, Catalysis by Transition 
Metals--Pt, Fe, and Rh, at U. C. Santa 
Barbara, California, February 10, 1977. 

3. G. A. Somorjai, Active Sites for Heterogeneous 
Catalysis, at U. C. Irvine, Irvine, Califor
nia, February 28, 1977. 

4. G. A. Somorjai, Catalysis on the Atomic Scale, 
at the North hnerican Catalysis Society 
meeting, Pittsburgh, PA, April 24, 1977. 

5. G. A. Somorjai, Active Sites in Heterogene
ous Catalysis, at the Shell Development 
Corporation, Houston, Texas, July 13, 1977. 

6. G. A. Somorjai, Energy Conversion and 
Storage by Heterogeneous Catalysis, at the 
IUPAC Meeting, Tokyo, Japan, August 26, 1977. 

7. A. T. Bell, Infrared Spectroscopy Applied to 
Catalysis, at Air Products and Chemicals, 
Inc., Allentown, PA, March 1977. 

8. A. T. Bell, Applied Chemical Kinetics, at 
ASEE Summer School for Chemical Engineering 
Faculty, Snowmass Village, Colorado, August 
1977 . 

9. A. T. Bell, Infrared Spectroscopy Applied 
to Studies of Catalytic Reactions, at the 
Michigan Catalysis Society, Detroit, 
Michigan, September 1977. 

10. A. T. Bell, Infrared Spectroscopy Applied to 
Studies of Catalytic Reactions, at the 
Chemical Engineering Department, Brigham 
Young University, Provo, Utah, September 
1977 . 



11. A. T. Bell Infrared Spectroscopy Applied to 
Studies of Catalytic Reactions, at the 
Institut de Recherches sur la Catalyse, 
Villeurbanne, France, September 1977. 

12. A. T. Bell, The Search for New Coal Liquefac
tion Catalysts, at the Materials and Molec
ular Research Division, Lawrence Berkeley 
Laboratory, Berkeley, California, October 
1977 . 

13. K. P. C. Vollhardt, U. C. Riverside, River
side, California, January 26, 1977. 

14. K. P. Co Vollhardt, University of Washington, 
Seattle, Washington, February 4, 1977. 

15. K. P. C. Vollhardt, University of Oregon, 
Eugene, Oregon, February 7, 1977. 

16. K. P. C. Vollhardt, U. C. Los Angeles, 
Los Angeles, California, March 10, 1977. 

17. K. P. C. Vollhardt, l73rd ACS National 
Meeting, New Orleans, Louisiana, March 
20-25,1977. 

18. K. P. Co Vollhardt, University of Nevada, 
Reno, Nevada, March 25, 1977. 

19. K. P. C. Vollhardt, Syntex Corporation, 
Palo Alto, California, AprilS, 1977. 

20. K. P. C. Vo1lhardt, University of Nebraska, 
Lincoln, Nebraska, April 14, 1977. 

,21. K. P. C. Vollhardt, Plenary Lecturer, Sym
posium on Natural Products Synthesis, 32nd 
ACS Northwest Regional Meeting, Portland, 
Oregon, June 15-17, 1977. 

22. K. P. C. Vollhardt, 1st Annual Workshop in 
Organometallic Chemistry, Rochester, New 
York, July 5-8, 1977. 

23. K. P. C. Vollhardt, 18th International 
Conference on Coordination Chemistry, 
San Paulo, Brazil, July 18-23, 1977. 

24. K. P. C. Vollhardt, 3rd International Symp
posium on Novel Aromatic Compounds, San 
Francisco, California, August 22-26, 1977. 

25. K. P. C. Vo1lhardt, 26th IUPAC Congress, 
Tokyo, Japan, September 4-11, 1977. 

26. K. P. C. Vollhardt, 8th International Con
ference on Organometallic Chemistry, Kyoto, 
Japan, September 12-16, 1977. 

429 

27. K. P. C. Vollhardt, University of Colorado, 
Boulder, Colorado, October 3, 1977. 

28. K. P. C. Vollhardt, NSF Research Initiation 
Support Grmlt Lecturer, University of 
Colorado, BOUlder, COlorado, October 3, 
5, 1977. 

29. K. P. C. Vollhardt, Colorado State Univer
sity, Fort Collins, Colorado, October 4, 
1977 . 

30. K. P. C. Vollhardt, University of Colorado, 
Boulder, Colorado, October 5, 1977. 

31. K. P. C. Vollhardt, Pacific Conference on 
Chemistry and Spectroscopy, Anaheim, Califor
nia, October 12-14, 1977. 

32. K. P. C. Vollhardt, Plenary Lecturer, Sym
posiwn on Organometallic Chemistry, 1977, 
Pacific Conference on Chemistry and Spectro
scopy, Anaheim, California, October 12-14, 
1977. 

33. K. P. C. Vollhardt, U. C. Irvine, Irvine, 
California, October 17,1977. 

34. K. P. C. Vollhardt, Princeton Uni versi ty, 
Princeton, New Jersey, October 26, 1977. 

35. K. P. C. Vollhardt, Columbia Uni versi ty, 
New York, New York, October 27,1977. 

36. K. P. C. Vollhardt, E. I. DuPont de Nemours 
and Co., Wilmington, Delaware, October 28, 
1977 . 

,37. K. P. C. Vollhardt, U. C. Santa Barbara, Santa 
Barbara, California, November 9, 1977. 

1. 

2. 

D. Castner, B. A. Sexton, and G. A. Somorjai, 
LEED and ThemEl Desorption Studies of Small 
Molecules (HZ' 02' CO, CO2, NO, C21-14' C2HZ' 
and C) Chenllsoroed on Rhodium (111) and 
(100) Surfaces, LBL-6Z99, June 1977. 

D. J. Dwyer and G. A. Somorjai, Hydrogena
tion of CO and C02 Over Iron Foils. Corre
lations of Rate, Product Distribution and 
Surface Composition, LBL-6558, August 1977. 



c. Synthetic and Physical Chemistry 

William L. Jolly, Investigator 

1. X-RAY PHOTOELECTRON SPECTROSCOPY* 

a. Use of Oxygen Is Binding Energies and 
~fultiplicity-Weighted c-o Stretching Frequencies to 
Measure Back-Bonding in Transition Metal Carbonyl 
Complexesf 

William L. Jolly, Steven C. Avanzino and 
Richard R. Rietz 

Back-bonding in a transition metal carbonyl in
volves a decrease in the C-O bond order of the car
bon monoxide ligand 

- + 
tv! - C= 0 <--? M=C=O. 

Because a decrease of bond order corresponds to a 
decrease of bond strength, the c-o stretching fre
quencies (or the derived force constants) of transi
tion metal carbonyls have commonly been used tomea
sure the degree of back-bonding. Unfortunately 
there are very few other physLcal properties which 
can be used to measure back-bonding and which are 
correlated with the stretching frequencies or force 
constants. Carbon-13 NMR chemical shifts have been 
shown to be related to the degree of back-bonding 
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in carbonyls, but good correlations with c-o stretch
ing frequencies have been obtained only for restrict
ed sets of compounds, in which the structures are very 
similar. 

Because back-bonding in a carbonyl involves a 
shift of negative charge from the metal atom to the 
oxygen atoms of the CO ligands, we anticipated that 
o Is binding energies would be closely correlated 
with back-bonding. During the last few years we 
have measured these binding energies for a wide 
variety of transition metal-carbonyl complexes in 
which the CO ligands are terminally bound. Onewould 
expect a correlation of the 0 Is binding energies 
with the corresponding c-o stretching force constants, 
Unfortunately the force constants have not been cal
culated for all the molecules and could not be 
readily calculated without some rather poor approx
imations. As an alternative to the use of force 
constants, we have used the multiplicity-weighted 
averages of the C-O stretching frequencies, (vce>. 
These values were calculated from literature assiLm
ments of the frequencies bh giving a weight of 2 to 
those of E symmetry, and a weight of 3 to those of 
T symmetry. A plot of EB(O Is) vs. (vCO>, given in 
Fig. 1, shows that these quanti ties are closely cor
related. The straight line through the points cor
responds to the equation EB(O Is) = 0.0146 (vCO> + 
510.00. We believe that this correlation is strong 
evidence that both EB (0 Is) and ( vco) can be used to 
measure back-bonding in carbonyl complexes. 

* This work was partly supported by a National 
Science Foundation grant. 

tAbstracted from Inorg. Chem. 16, 964 (1977). 
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Fig. 1. Oxygen Is binding energies for carbonyl 
complexes vs. the mul tiplici ty-weighted c-o stretch
ing frequencies. (XBL 76l0-4840B) 

b. The Correlation of Core Replacement Energies 
with Nonbonding s Electron Density* 

William L. Jolly, Christina Gin and David B. Adams 

The equivalent cores approximation was first used 
in x-ray photoelectron spectroscopy to predict chem
ical shifts in core electron binding energies. 1- 3 
This and many subsequent applications of the approx
imation have recently been reviewed. 4 The essence 
of the approximation may be expressed as follows: 
The energy of the process in which an electron is 
transferred from a core level of an atom to the nu
cleus of the atom is independent of the chemical en
vironment of the atom. In the case of an ion M(Z)+ 
containing an atom of atomic number Z, this process 
may be represented thus: 

(1) 

The asterisk is used to indicate a core vacancy. Al
though Eq. (1) is balanced with respect to electrons, 
protons, and neutrons (assuming the elements of 
atomic number Z and Z - 1 have the same mass number), 
it is not balanced with respect to the elements in
volved, as in a normal chemical reaction. However, 
we can convert it into a balanced chemical reaction, 
and change its energy by a constant amount, by the 
appropriate addition of the species corresponding to 
the elements of atomic number Z and Z - I in their 
standard states. 
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+ 
Element(Z - l1td. state+M(Z) --> Element(Z)std. state 

*+ 
+ M (Z - 1) . (2) 

According to the equivalent cores approximation, the 
energy of reaction (2) is the same for all ions 
M(Z)+; we shall refer to the energy of this reaction 
as the core replacement energy, and shall give it the 
symbol 6Z' It can be shUI'm that a core replacement 
energy can be calculated from a binding energy and 
appropriate thermodynamic data. Thus the core re
placement energy 6N can be calculated from the C Is 
bindin~ energy for methane and the heats of formation 
of NH4 and CH4: 

= 290.88 - 0.78 - 6.61 = 283.49 eV. 

Value of 6N calculated from data for nine differ
ent nitrogren-containing cations and the isoelectronic 
carbon compoUnds (including NH4+/CH4) are given in 
Table 1. The first eight values are very close to 
their average value, 283.68 eV (average deviation 

Table 1. Core replacement energies for nitrogen-
containing cations. 

Compounds EB(C Is) 6N 
(eV) (eV) 

+ 
NHF3 /CHF3 299.1 282.9 
N02+/C02 297.71 282.69 

HN2+/HCN 293.5 283.9 
HCNH+/C

2
H2 291.14 283.86 

NH
4

+/CH
4 290.88 283.49 

CH3NH3+/C2H
6 290.74 283.39 

C5HSNH+ /Cd-16 290.42 283.46 

Cf3CN1i+ /CH3CCH 290.40 283.71 
NO+/CO 296.24 284.90 

± 0.17 eV, standard deviation 0.21 eV). The last 
value, calculated from data for NO+ and carbon monox
ide, is 1.22 eV greater than the average of the other 
values. There is no reason to doubt the accuracy of 
any of the quantities involved in calculating 6N for 
NO+/CO, and we believe the large difference is real. 
We conclude that 6Z is not exactly constant for all 
compounds of a given element and that it can shift by 
amounts considerably greater than experimental error. 
The question is, what sort of chemical information 
can be obtained from the observed shifts in core re
placement energy? 

The core replacement reaction, involving the trans
fer of an electron from a core to a nUCleus, should 

not change lnuch on going from one compound to another 
as long as the differences in electron density of the 
atom in question are mainly outside the region of the 
core. However, if the atom has a relatively high 
electron density at the nucleus (because, f0f example, 
of nonbonding valence electrons with considerable s 
character), the core replacement energy will be rel
atively endothermic--i.e., more positive. On this 
basis we can explain the very high 6N for NO+/CO. 
The nitrogen atom of NO+ differs from those of the 
other nitrogen cations in that it has a nonbonding 
pair of valence electrons. Nonbonding electrons gen
erally have a much higher fraction of s character than 
bonding electrons; hence, the nitrogen atom of NO+has 
an abnormally high electron density at its nucleus. 
Of course, the carbon atom of carbon monoxide also has 
an abnormally high s electron density. 

The effect of the s character of nonbonding elec
trons on core replacement energy can be seen in the 
data for oxygen-containing cations shown in Table 2. 
We have separated the compounds into two groups. The 
first group consists of compounds in which the non-

Table 2. Core replacement energies for oxygen-
containing cations. 

Compounds EBeN Is) 1',0 
(eV) (eV) 

OF
2
+/NF

2 413.0 400.0 

°2+/NO 4l0.6 399.S 

NO+/N 409.95 399.75 
NO + /~NNO 408.5 399.4 2 
HCO+/HCN 406.8 399.7 

CH3CO+/CH3CN 405.41 399.73 

Cl-lp-rco+ / CH2 CHCN 405.28 398.97 

°3+/N02 412.9 399.4 

OH3+/NH3 405.60 398.88 

CH3OH2+/CH3NH2 405.2 399.0 

(CH3)20H+/(CH3)2NH 405.0 398.9 

bonding electrons on the oxygen atom would be expect
ed to have a relatively high fraction of s character, 
and the second group consists of compounds expected 
to have relatively low s character in the oxygen non
bonding electrons. The average 1',0 value for the 
first group is 399.63 eV and that for the second is 
399.04. The difference of 0.59 between the average 
1',0 values for the two groups is in the expected di
rection and has a magnitude considerably greater than 
could be explained by experimental error. 

Core replacement energies can be used as indica
tors of electron density at nuclei and, in the case 
of atoms with nonbonding valence s electrons, can 
give information about the hybridization of the 
atomic orbitals. 

* Abstracted from Chem. Phys. Lett. 46, 220 (1977). 



1. \II. L. Jolly and D. N. Hendrickson, J. Am. Chem. 
Soc. 92, 1863 (1970). 
2. W-:--L. Jolly, J. Am. Chem. Soc. 92, 3260 (1970). 
3. W. L. Jolly, in Electron Spectroscopy, edited by 
D. A. Shirley (North-Holland, Amsterdam, 1972, pp. 
629-645. 
4. W. L. Jolly, in Electron Spectroscopy; Theory, 
Teclmiques and App1ictions, Vol. 1, edited by C. R. 
Brund1e and A. D. Baker (Academic Press, New York, 
1977), pp. 119-149. 

c. cfhe Estimation of Heats of Formation of Gaseous 
Cations from Core Electron Binding Energies X· --

William L. Jolly and Christina Gin 

The "core replacement energy" of an atom in a 
gaseous species is equal to a core binding energy 
plus the difference between the heats of formation 
of two isoelectronic species, and it is essentially 
a constant quantity for the atom, almost independent 
of the nature of the gaseous species. Core replace
ment energies for several elements are given in Table 
3. Core binding energies and heats of formation of 

Table 3. Recommended values of core replace-
ment energies. 

Element in cation Core level 6, Uncertainty 
for which in 6" 

EB required (eV) (eV) 

C B Is 186.89 0.73 

N C Is 283.68 0.21 

0 (high s density) N Is 399.63 0.29 

0 (low s density) N Is 399.04 0.24 

F 0 Is 529.60 0.66 

P Si 2P3/2 99.29 

S P 2P3/2 127.6 1.0 

Cl S 2P3/2 160.1 1.1 

gaseous molecules have been combined with the appro
priate core replacement energies to estimate the 
heats of fonnation of 156 gaseous cations. Most of 
these estimated values are believed to be accurate 
to ± 10 kcal mol-lor less. 
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The heats of formation of several cations can be 
estimated by the method which we have outlined by 
using two or more completely independent sets of 
data. For example, the heat of formation of NF4+ can 
be estimated either from data for CF4 or from data 
for ONF3' The results of such estimations, summar
ized in Table 4, serve as an indicator of the gen
eral reliability of the method. The average deviation 
between the independently estimated heats of forma
tion in Table 4 is ± 13 kcal mol- l 

Table 4. Heats of formation of cations calculated 
from more than one core binding energy. 

~' 

Cation 

SOF + 
3 

Compound whose BB and 
6,[~~ are used t? calcu

late 6,H f 

6,HO 

(kcal fmol-l) 

198 

Z14 

139 

142 

-94 

-77 

103 

115 

70 

67 

66 

225 

262 

Abstracted from IntI. J. Spectr. Ion Phys. ~, 
27-37 (1977). 

d. The Core Electron Binding Energies of Cyclotri
phosQhazenes and Cyclotetraphosphazenes* 

S. C. Avanzino, W. L. Jolly, T. F. Schaaf and 
H. R. Allcock 

The cyc1ophosphazenes are often cited as examples 
of inorganic aromatic systems. A large number of ex
perimental data, including structural parameters, 
ionization potentials, and mass spectrometric frag
mentation pattems, have been interpreted in terms of 
the presence of delocalized TI bonding in the rings. 
Any increase in the degree of this TI bonding involves 
the transfer of negative formal charge from the ring 
nitrogen atoms to the phosphorus atoms or to substi
tuent groups on the phosphorus atoms. Therefore the 
atomic core electron binding energies should be sen
sitive to the degree of TI bonding. 

In this study we have used x-ray photoelectron 
spectroscopy to determine the core electron binding 
energies of (NPFZ) 3, (NPFZ)4, (NPCIZ) 3, (NPC12)4, 
and [NP(CH3)Zl4 m the gas phase in an attempt to 
provide experimental infollnation related to the bond
ing arrangements in these compounds. On going from 
(~~F2)4 to (NPFZ)3 or from (NPC12)4 to (NPClZ)3, the 
binding energies increase by only 0.22 eV or less. 
This near-constancy of the binding energies suggests 
that the degree of TI bonding is similar in the trimers 
and tetramers. We believe that resonance structures 
such as the following are good representations of the 
bonding in both the trimers and the tetramers. The 
N-P-N and X-P-X bond angles are essentially the same 



in all the phosphazenes (~120 and ~ 100°, respective
ly), indicating that the hybridization of the phos
phorus orbitals is relatively constant. The N-P-N 
bond angles cannot be increased further without de
creasing the X-P-X bond angles, which are already 
so small that x-x repulsions are very great. 

* Abstracted from Inorg. Chern. 16, 2046 (1977). 

e. A Reversal of the Usual Binding Energy-vs.
Charge Relationship. The Carbon Is Binding Energies 
of BisCcyclopentadienyl) Metal Complexes in the Gas 
Phase* 

Albert A. Bakke, William L. Jolly and Theodore F. 
Schaaf 
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The carbon Is binding energies of solid bis (cyclo
pentadienyl) complexes of first-row transition mrt3 
als have been measured by several investigators. -
The experimental uncertainty of the binding energies 
(ca. ± 0.3 eV) was so great that no significant cor
relation of the binding energy with metal atomic 
number was possible. In this study we determined, 
by gas phase x-ray photoelectron spectroscopy, the 
carbon is binding energies of these compounds, as 
well as bis(cyclopentadienyl)magnesium and bis(ful
valene)diiron, with an experimental uncertainty of 
±o.os eV. Our measured binding energies are given 
in Table 5. 

Table 5. Calculated carbon atom charges in 
bis(cyclopentadienyl) metal compounds. a 

Compound 

Mg(CSHS)2 

Cr(C SHS)2 

Mn(CSHs)2 
Fe(CSHS)2 

Co (CSHS) 2 
Ni(CSHS)2 

EB(c) 

~ 

290.12 

290.13 

290.17 

290.03 

289.82 

289.85 

k' 

1.2(6) 

-2.9(6) 

2.0(7) 

-5.8(3) 

-4.3(4) 

-2.2(6) 

289.7(3) +0.3(5) 

288.9(3) -0.4(2) 

290.0(4) +0.1(3) 

288.2(1) -0.31 

288.7(3) -0.3(1) 

289.2(4) -0.3(3) 

aThe parenthesized numbers indicate the uncertainty 
in the last digit. The uncertainties were calcu
lated by using the reported standard deviations of 
the structural parameters and our estimated uncer
tainty of ±O.OS eV in the binding energies. 

We have interpreted these binding energies by us 
ing the point-charge potential equation 

EB(A) kQA+ V+9--ER, V=[ (Q./ro A). 
itA 1 1 

(1) 

Here EB (A) is the binding energy for a particular 
core level in atom A, OA and Qi are the charges on 
atoms A and i, riA is the distance between the nu
clei of atoms i and A, 9- is a constant, and ER is 
the electronic relaxation energy associated with the 
core ionization. Because all the compounds have 
similar sandwich structures, it is a reasonable ap
proximation to assume that the electronic relaxation 
energies ER associated with the carbon Is ionization 
are equal. After making appropriate substitutions, 
we can tyrite, for the C Is ionization of a bis (cycla
pentadienyl) complex, the relation 

EB(C) = k'QC + 9-', 

where k' and 9-' are parameters which can be calcu
lated for each compound. The calculated values of 
k', 9-', and QC' are given in Table 5. 

In a bis(cyclopentadienyl) complex, ten carbon 
atoms are bonded to one metal atom. Any change in 
the nature of the metal-ligand bonding causes the 
metal atom charge to change about ten times as much 
as, and in the opposite direction to, the carbon 
atom charge. Consequently there is a near cancella
tion of the kQA and V terms in Eq. (1), and the val
ues of k' are quite small. Indeed some of the k' 
values are negative. Thus we have examples of the 
rare situation in which a change in the charge of an 
atom corresponds to a chffilge of opposite sign in the 
binding energy. 

Because of the relative insensitivity of the car
bon Is binding energy to the carbon atom charge, the 
data of Table 5 Cffilnot be used to compare the ionic 
character of the metal-ligand bonds. The calculated 
Q:: values in Table 5 are too uncertain to draw mean
ingful conclusions. 

* Abstracted from J. Electron Spectros. Related 
Phenom. g, 339- 342 (1977). 

1. D. T. Clark and D. B. Adams, Chern. Commun. 740 
(1971); Chem. Phys. Lett. 10, 121 (1971). 
2. M. Barber, J. A. Conner-;- 1. M. R. Derrick, M. B. 
Hall and I. H. Hillier, J. Chem. Soc. Faraday Trans. 
II, 559 (1973). 
3. C. J. Groenenboom, G. Sawatsky, H. J. D. Miejer 
andF. Jellinek, J. Organomet. Chem.~, C4 (1974). 

f. ESCA Spectra of Trimethylenemethaneiron Tri
carbonyl and Butadieneiron TricarbonYl* 

J. W. Koepke, W. L. Jolly, G. M. Bancroft, P. A, 
Malmquist and K. Siegbahn 

The trimethylenemethane diradical (I) has been the 
subject of considerable theoretical speculation. It 
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I 

has been detected only at low concentrations as an 
unstable intennediatr. An ab initio calculation by 
Yarkony and Schaefer indicated that the central car
bon has a charge of +0.62, comparable to the charge 
of the carbon atom in CHF. Although trimethylene
methane itself is too unstable to allow investigation 
of its charge distribution by ESCA, we have studied 
the ESCA spectrum of the relatively stable complex 
trimethylenemethaneiron tricarbonyl. For comparison 
we have also studied the structural isomer butadie
iron tricarbonyl. 

Savariault and Labarre 2 reported, on the basis of 
CNDOj2 calculations, that the bonds between the iron 
atom and the three CH2 groups of trimethylenemethane
iron tricarbonyl are much stronger than the bond be
tween the iron atom and the central carbon. They 
calculated atomic charges of +0.67 for the iron 
atom, +0.09 for the carbonyl carbon atoms, -0.30 for 
the CH2 carbon atoms, and +0.17 for the central car
bon atom, and explained the weak bond between the 
iron atom and the central carbon atom in terms of 
electrostatic repulsion. We hoped that measurement 
of the carbon ls binding energies of the compound 
would give enough information regarding the charge 
distribution in the molecule to test these calcula
tions. Trimethylenemethane has been implicated as 
an intermediate in several reactions, and our re
sults will determine whether ESCA can serve as a 
tool to search for trimethylenemethane intermediates 
on catalyst surfaces. 

The C Is spectra are shown in Figs. 2 and 3. The 
peaks are easily assigned by comparison with the 
binding energies of other organometallic compounds 
and by intensity considerations. The peaks at 29317 
eV in Fig. 2 and at 293.03 eV in Fig. 3 are in the 
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" 0 

0 
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300 
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(CH 2)3CFe (CO)3 

298 296 294 
EB• eV 

292 290 288 

Fig. 2. Carbon Is spectrum of trimethylenemethane
iron tricarbonyl, deconvoluted using Lorentzian 
curves. The relative intensities of the three peaks 
are 2.96:1:5.72. (XBL 782-7223) 
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Fig. 3. Carbon Is spectrum of butadieneiron carbony~ 
deconvoluted using Gaussian curves. The relative in
tensities of the peaks are 1:2.16. (XBL 782-7224) 

region typical of metal carbonyls and can be confi
dently assigned to the CO groups in the compounds. 
In Fig. 2, the relatively weak peak at 291. 47 eV is 
undoubtedly due to the central carbon, and the 
290.18 eV peak is due to the CH2 group. The CO peaks 
in both spectra and the central carbon peak in Fig. 2 
have lost considerable intensity to shake up bands at 
higher energy. 

A very simple interpretation of the C Is binding 
energies (ignoring relaxation energies) would put the 
charge of the central carbon atom of the trimethyl
enemethane group between those of the CO carbon atoms 
and the CH2 carbon atoms. This charge distribution 
is not at all consistent with the calculations of 
Savariaut and Labarre. However, by taking account 
of relaxation energies, we can show that the data are 
consistent with a very positively charged central 
carbon atom in the trimethylenemethane group. The 
bonding in trimethylenemethaneiron tricarbonyl canbe 
crudely represented by valence bond structure II. 
This structure is somewhat misleading because it does 
not show any back- bonding to the three carbonyl groups. 



435 

However, the representation of the bonding to the 
trimethylenemethane group, which also shows no back
bonding, is probably reasonably accurate, in view of 
the fact that back-bonding to carbonyl groups is 
generally recognized to be much greater than that to 
ole fins and other unsaturated organic ligands. The 
core ionization of a ligand atom causes an increase 
in the amount of back-bonding to the ligand if the 
back-bonding effects a shift of negative formal 
charge to the core-ionized atom. This increase in 
the degree of back-bonding corresponds to an extra
ordinarily large relaxation energy associated with 
the core ionization and causes the binding energy 
associated with the core ionization to be lower than 
otherwise expected. Now let us consider the tri
methylenemethane group, in view of these facts. 
Back-bonding to this group can be represented by 
structure III, in which negative formal charge has 

::m: 

been transferred from the iron atom to the central 
carbon atom. There is no change in the formal 
charges of the CH2 carbon atoms (at least this is 
so if structure II is accepted as the non-back
bonded structure); hence, one expects no extraordi
narily large relaxation energy associated with the 
CH2 C Is ionization. On the other hand, one expects 
an extraordinarily large relaxation energy in the C 
Is ionization of the central carbon atom. In other 
words, the binding energy of the central carbon atom 
is lower than would be expected on the basis of its 
ground-state charge. Thus the C Is spectrum is con
sistent with a high positive charge on the central 
carbon atom, possibly higher than that of the car
bonyl carbon atoms. 

* Abstracted from Inorg. Chem. ~, 2659 (1977). 

1. D. R. Yarkony and H. F. Schaefer, J. Am. Chem. 
Soc. 96, 3754 (1974). 
2. J:-:-M. Savariault and J. -F. Labarre, Inorg. Chim. 
Acta~, 153 (1976). 

2. SYNTHETIC AND MECHANISTIC STUDIES 

a. A Kinetic Study of the Hydrolysis of 2-Germaace
tate in Neutral and Alkaline Solutions* 

Duck J. Yang and William L. Jolly 

In neutral and alkaline solutions, the 2-germa
acetate ion decomposes to give germane and bicarbon
ate (or carbonate): GeH3COZ- + HZO -+ GeH4 + HC03-' The 
rate of this decarboxylation is pH-independent and 
is first order in the germaacetate ion. The rate 5 
coystant at 60° and ionic strength 1.0 is 1. 6Z X lO
s- ; the activation energy is Z8.6 kcal/mol. In 
strongly alkaline solutions (expecially at hydroxide 
concentrations above 1 M), a second decomposition 
reaction, producing hydrogen and the insoluble brown 
polymer HZGeZ03"xHZO, competes with the decarboxyl
ation: ZGeH3COZ-+ zmr+ (3+x)-+6HZ+ I-lZGe203"xH20 + 
2C032-. The rate of the latter reaction is first 
order in germaacetate ion and is inversely propor
tional to the Hammett acidity function h_ (i.e., 
first order in hydroxide ion); -dln(GeH3C02-)/~t 
k2/h_. At 60° inlli NaOH, k2 =2.5X 10- 19 Ii s- ; the 
activation energy is 20.8 kcal/mol. 

1ne germane-producing reaction is analogous to 
the decarboxylation of an organic carboxylate ion, 
RC02-: 

RC02-~ R + CO2 

R- + H
2
0 fast. RH + m( . 

One would expect the rate of the slow step to be 
closely correlated with the protonic acidity of RH. 
In fact such correlation can be seen in the fact 
that the 2-germaacetate and trichloroacetate ions 
undergo decarboxylation under comparable conditions. 
The pK germane (~25) is close to that of chloroform 
(~24). Although the above mechanism is reasonable 
for the germane-producing decomposition of 2-germa
acetate, it should be pointed out that our data are 
also consistent with a four-center mechanism involv
ing initial attack of a water molecule: 

The base-catalyzed hydrogen-producing reaction is 
somewhat analogous to the well-lmowll base-catalyzed 
hydrolyses of silicon hydride derivatives. The lat
ter reactions involve the attack of hydroxide ion on 
the silicon atom, with displacement of hydride ion. 
These reactions may be SN2 processes, or they may 
involve fleeting pentacoordinate intermediates. It 
seems reasonable to assume the same sort of process 
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in the case of the Z-germaacetate ion, corresponding 
to the following mechanism; 

GeH3C02 - + OH 

H- + HZO 

HOGel-lZCOZ - + Off + z H
2
0 

z (HO) 3GeH + (x- 3 )IlZO 

slow~ HOGeH
2

CO
Z 

+ H 

fast~'lf + OIl 
Z 

Complete hydrolysis to germanate(IV) does not immed
iately occur because of precipitation of the insol
uble polymer 1-IZGeZOyxI-1ZO after the evolution of 
three moles of hydrogen per germanium atom and the 
hydrolytic cleavage of the Ge-C bond. 

* Abstracted from Inorg. Chem. 16, 2834 (1977). 

b. The Conversion of Hydrous Germaniwn(II) Oxide 
to Germynyl Sesquioxide, (I-lGe)203* 

Duck J. Yang, William L. Jolly and Anthony O'Keefe 

Germanium(II) hydroxide (hydrous germaniwn(II) 
oxide 1 is a white, yellow, or brown noncrystalline 
material, only slightly soluble in water and alkaline 
solutions, having no definite stoichiometry, and gen
erally represented by the formula Ge (OH)2 or GeO' xH20. 
We have found that digestion of a suspension of ei
ther yellow or brown germanium(II) hydroxide in aque
ous sodium hydroxide solutions yields a dark bro~~ 
insoluble compound that has properties distinctly 
different from those of the starting hydroxide. The 
compound, after being thoroughly washed and dried in 
vacuo at room temperature, is a dark-brown pyrophoric 
powder with a composition close to (HGe)Z03' The 
empirical formula and properties of the compound sug
gest that it is a polymer consisting of Ge-H groups 
lin1,ed by oxygen atoms, i.e., "germynyl sesquioxide." 

Infrared spectra indicate that (HGe )z03 is struc
turally different from various forms of germanium(II) 
h)"drcxide that not bReD treated with hydr~xide solu
tions. Bands near 2000, 835, and 760 cm- are char
acteristic of Ge-l-l stretching, vibrations of a ger
manium-oxygen network of the type 

0-
/ 

-Ge-O-

\-
and Ge-H deformation, respectively. 

When ordinary gennanium(II) hydroxide is heated 
in vacuo to 400°, the principal reaction is the de-' 
hydration to GeO, although a small amount of hydrogen 
gas is evolved during the process: 

On the other hand, when germynyl sesquioxide is sim
ilarly heated, most of the hydrogen in the compound 
is evolved as hydrogen gas, and the residue is a mix
ture of GeO and GeOZ: 

GeO + Ge02. 

The solubility of germanium(II) hydroxide in water 
and in sodium hydroxide solutions has been studied by 
various workers. The results are somewhat discord
ant; however, there is general agreement that the 
solubility is very low, i.e., <0.03 M. We believe 
that previous workers have not fully recognized that 
the nature of the solid phase changes at a measure
able rate when germanium(II) hydroxide is suspended 
in alkaline solutions, that the rate of this change 
is a function of hydroxide concentration, and that 
consequently the measured solubility changes with 
hydroxide concentration and with time. Our solubil
ity data indicate that ordinary germanium(II) hydrox
ide reacts with the hydroxide ion to fonn a soluble 
species, perhaps a complex such as OGel-leOl-I) i. The 
conversion of Ge(OI-I)2 to the relatively insoluble 
(HGe)203 appears to be catalyzed by this dissolved 
species or by hydroxide ions, perhaps through a mech
anism such as the following: 

Ge (OI-I) 2 + OH 

11 ? 
(HO)zGeO- + HO-~e-o-

* 

!-I 

--- : Ge (Ol-I) 3 -~ (HO) 26eo-

~l ? 
--;..~ (!-IO) Ge-O-~e-O- + 01-(. 

2 9 

Abstracted from Inorg. Chem. 16, 2980 (1977). 

* c. Thermal Decomposition of Nitrosyl Cyanide 

John D. Illige and William L. Jolly 

Since t2e recent first synthesis of nitrosyl 
cyanide ,1, several physical chemical studies have 
been carried out on the compound, but relatively 
li ttle is knO\vn about its chemical behavior. 
Nitrosyl cyanide undergoes both photochemical and 
thermal decomposition. In this study we mainly in
vestigated the stoichiometry of the thermal decom
position. By isotopic tracer studies we also ob
tained some information about the mechanism of the 
reaction. 

Nitrosyl cyanide decomposes at 75°C, with reaction 
times of 10 days, to form equimolar amounts of N2, 
N20, C02, and (CN)2, according to the equation 

In low pressure runs, a significant amount of NO and 
an equivalent extra amount of (CN)2 forms. Apparent
ly at low pressures the following side reaction oc
curS to an important extent: 
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In studies of the decomposition of ONCN having the 
terminal nitrogen atom labeled with lSN, the distri
bution of l5N, among the nitrogen-containing products 
was determined mass spectrometrically. The data show 
that most of the labeled nitrogen ends up as the two 
nitrogen atoms of cyanogen and the terminal nitrogen 
atom of nitrous oxide. However, small amounts of 
singly labeled (CN)2 and N2 form, and the amount of 
labeled N2 is always greater than the amount of lll

labeled N20. The data as a whole can be quantita
tively accounted for in terms of two concurrent mech
anisms. We propose the principal mechanism 

2 ONCN __ 2 NO + (CN)Z' 

NO + ONCN -N20 + OCN, 

NO + OCN ~--l,U 

(1) 

(2) 

(3) 

Reaction (1) is quite reasonable as the initiation 
step in view of the very low C-N bond dissociation 
energy of nitrosyl cyanide. Reactions (Z) can be 
envisaged as taking place in either of two ways. In 
the first way, the NO molecule essentially plucks off 
the tenninal nitrogen atom from the ONCN molecule to 
form the fulminate radical, ONC: 

ONCN + NO - ONC·· ·N·· 'NO ·_ONC + NNO. 

TI1is radical rapidly rearranges to the more stable 
cyanate radical, OCN. lAJhen labeled ONCN is used, 
this first way leads to labeled N20 and unlabeled 
OCN. In the second way, the NO and ONCN molecules 
react by a four-center process: 

ONCN + NO ··CN--ONN + OCN . 

N°' ·0 

IAJhen labeled ONCN is used, the second way yields un
labeled N20 and labeled OCN. Reaction (3) is pro
ably a four-center process. 

According to the first mechanism, the use of ter
minally labeled ONCN should yield only doubly labeled 
cyanogen, and the amount of labeled NZ should equal 
the amount of unlabeled N20. To account for the fact 
that the observed data'. deviate from these predictions, 
we propose that the following mechanism occurs con
currently with, but to a lesser extent than, the 
first mechanism: 

NO + ONCN -N20 + OCN, 

OCN + ONCN + (CN)Z' 
N02 + ONCN + NZ + NO. 

(2) 

(4) 

(5) 

This mechanism consists of three chain-propagating 
steps, involving the chain carriers NO, OCN, and 
N02. Reactions (1) and (3) can serve as the chain
ini tiating and -terminating steps , respectively, of 
this mechanism. It should be noted that the first 
step of the second mechanism [reaction (2)] is the 
same as the second step of the first mechanism. The 
second step [reaction (4)] is probably a four-center 
process; it yields singly labeled (CN)2 when theOCN 
is unlabeled and the ONCN is labeled. The third 

step [reaction(5)]may occur directly as a complicat
ed multicenter process or may actually be a two-step 
process, involving nitryl cyanide as ill1 intermediate. 

* Abstracted from Inorg. Chem. ~, 2637 (1977). 

1. P. Horsewood and G. W. Kirby, Chern. Commun. 
1139 11971). 
2. R. Dickinson, G. W. Kirby, J. G. Sweeny and K. 
K. Tyler, J. Chern. Soc., Chern. Commun. 241 (1973). 

d. The Reduction of Organic Compounds with the 
Hydroxyborohydride Ion* 

Janice W. Reed and William L. Jolly 

The hydroxyborohydride ion, BH30I-(, is formed 
during1t2e hydrolysis of the borohydride ion, 
BH4 -.' In the reduction of esters by aqueous 
borohydride solutions, Kirsch and Lee 3 observed an 
increase in the rate of reduction when the borohy
dride solutions were allowed to age before adding 
the esters, and they proposed that the increased r~ 
ducing power of the aged solutions was due to the 
formation of the BH30H- ion. By use of a quenching 
flow reactor described in a previous publication, 4 
it is possible to prepare alkaline solutions con
taining the BH30H- ion in conc~ntrations as high as 
0.35 M. The half-life of BH30H in such solutions 
is 3.9" hours at ZO° and pH > 12.5. To determine 
the utility of the BH30H- ion as a reducing agent, 
we have studied the reduction of esters, nitriles, 
nitro compounds, ketones, and alkyl halides. 

In cold solutions the BI-I30I-( ion reduces esters 
that are reduced by NaBH4 only at elevated temper
atures, e.g., in refluxing methanol. Benzonitrile 
is reduced by cold aqueous BI-I30W, whereas reduction 
of similar nitriles by NaBH4 requires special condi
tions, such as the presence of A1C13' Aqueous 
BH30fr reduces nitrobenzene all the way to aniline 
rather than just to azoxybenzene, as in the reduc
tion by NaBH4' At 0° it reduces ketones as readily 
as NaBH4 does at room temperature. We attempted the 
reduction of l-chlorooctane, 1-iodooctane, and benz
hydryl chloride with BH30H-, but were unable to iso
late any hydrocarbons. Thus the hydroxyborohydride 
ion has a reducing power intermediate beu,een that 
of the rather powerful lithium aluminum hydride and 
the rather mild and selective sodium borohydride. 

* Abstracted from J. Org. Chem. (in press). 

1. J. A. Gardiner and J. W. CoIl at , Inorg. Chem. 
4, 1208 (1965); J. A. Gardiner and J. W. Collat, 
J. Am. Chem. Soc. 86, 3165 (1965); J. A. Gardiner 
andJ. W. Collat, rAm. Chem. Soc. 87, 1692 (1965). 
2. F. T. Wang and W. L. Jolly, Inorg: Chem. 11, 1933 
(1972). -
3. J. F. Kirsch and W. N. Lee, Paper S64 presented 
at the 154th meeting of the American Chemical Society, 
Chicago, Illinois, 1967. 
4. J. W. Reed, H. H. Ho, and W. L. Jolly, J. Am. 
Chem. Soc. 96, 1248 (1974). 
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3. RESEARCH PlAl\jS FOR CALENDAR YEAR 1978 

William L. Jolly 

a. X-Ray Photoelectron Spectroscopy. Preliminary 
studies indicate that it is possible to obtain XPS 
spectra of species dissolved in glycerin at room tem
perature. Glycerin has a very low vapor pressure, 
and many ionic compounds can be dissolved in it. We 
plan to extend these studies to a wide variety of dis
solved compounds and to exploit this technique as an 
analytical method for dissolved species. 

By a careful least-squares analysis of the oxygen 
Is spectrum of Fe(CO)S, we believe that we can re
solve the band into two peaks corresponding to the 
axial and equatorial CO groups. This result means 
that quite subtle changes in the degree of back
bonding in metal carbonyls can be determined by XPS, 
and the results will help the interpretation of XPS 
spectra of CO adsorbed on metals and catalytic sur
faces. 

We plan to study a variety of transition metal co
ordination compounds to elucidate the nature of the 
metal-ligand bonds. One of the first ligands that we 
will concentrate on is the nitrosyl group, NO. 
Nitrosyl and carbonyl complexes are involved in 
automotive exhaust catalysts. We also plan to study 
"mixed-valence" compounds to help clarify the inter
actions between the metal atoms in such compoWlds. 

b. Synthetic and Mechanistic Studies. We are 
continuing our characterization of diaIDlnoborane, 
BH(NH2)2. We hope to clarify the decompostion re
action, which yields what appears to be a polymeric 
material of composition (Bt~)x. 

We hope to replace the hydrogen atoms in the two
dimensional polymers (SiH)203 and (GeH)203 with other 
groups, such as alkyl groups, SiR3 groups, etc. The 
resulting compounds may have physIcal and chemical 
properties that will make them useful as structural 
materials. 

4. 1977 PUBLICATIONS AND REPORTS 

William 1. Jolly a:nd Associates 
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d. Electrochemical Systems 

John Newman, PrincipaZ Investigator 

1. VAPOR- LIQllD EQUILIBRIA IN MULTI COMPONENT 
AQUEOUS SOLUTIONS OF VOLATILE ELECTROLYTES* 
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Thomas J. Edwards, John Ne"lvwan and John M. Prausnitz 

The phase equilibria of volatile weak 
electrolytes in aqueous solutions have become of 
major importance to chenrical engineers due to 
social and economic considerations. The solutions 
of interest vary over a wide range of concentration 
and composition, including on the one hand extremely 
dilute wastestreams of ammonia, carbon dioxide, 
and hydrogen sulfide, and on the other, concentrated 
solutions of a~onia. 

A static experimental apparatus has been 
constructedl to measure vapor-liquid equilibria of 
aqueous solutions containing one or more volatile 
WeN( electrolytes at high solute concentrations 
at temperatures to lSO°C. Both phases are sampled 
and analyzed using gas-liquid chromatography. 
Preliminary data for the ammonia-carbon dioxide
water system were obtained. 

A molecular-thermodynamic correlation has been 
established for calculating the thermodynamics of 
aqueous solutions containing one or more volatile 
weaR electrolytes: ammonia, carbon dioxide, 
hydrogen sulfide, sulfur dioxide, and hydrogen 
cyanide. The correlation holds from 0 to 170°C 
and for total solute concentrations to 10 molal. 
To represent activities of these high concentrations, 
activity coefficients are expressed as a function 
of molality. Required parameters, obtained from 
data reduction or estimated from correlations, 
are presented. An engineering-oriented computer 
program has been "lvTitten for the calculation of 
vapor-liquid equilibria of multisolute systems. 

A new expression has been proposed for 
representing the effect of composition on the 
activity coefficients of water and anunonia. At a 
fixed temperature, only one adjustable constant is 
required to give good representation of the 
experimental partial pressure of ammonia over the 
entire composition range. A new thermodynamic 
consistency test is applied to literature values 
for the ammonia-water system. 

* Funded by National Science Foundation. 

1. Thomas Edwards (Ph.D. thesis), University of 
California, Berkeley, October 1977. 

2. CORROSION OF IRON-BASED ALLOYS BY COAL mAR 

Bruce A. Gordon, Jolm Newman and Alan V. Levy 

One of the by-products of coal processing is 
coal char, a light friable material made up of ash, 
unprocessed carbon, and a mixture of inorganic 
sulfides and sulfates. Preliminary screening 
experiments indicated that at the operating 

temperatures of a coal gasifier, char contains 
sufficient fixed sulfur to corrode iron-base 
alloys. More ~etailed experiments indicate~ ~hat 
at oxygen partIal pressures of less than 10 1 
atmosphere, any sulfidation that occurs is due to 
reduction of sulfates in the char, specifically -17 
CaSOIl. At oxygen partial pressure of more than 10 , 
the sulfidation would be due to oxidation of the 
sulfides, specifically FeS. 

3. SIMULTANEOUS REACTIONS ON A ROTATING-DISK 
ELECTRODE 

Ralph White and John Newman 

A model of simultaneous reactions on a rotating
disk electrode operating in a well-supported 
electrolyte is presented and applied to copper 
deposition from an acidified copper sulfate 
solutions with simultaneous formation of dissolved 
hydrogen. 1 The effects of mass transfer, nonlinear 
kinetics, and nonuniform ohmic potential drop are 
included in the model. The governing equations 
are used to develop a parameter that can be used 
to characterize a side reaction relative to a main 
reaction. In the model the diffusion coefficients 
and other physical properties of the solution are 
assumed to depend only on the solution temperature 
(2S0C) and bulk composition. It is also assumed 
that the disk surface remains smooth during metal 
deposition. In essence, this work extends 
Newman's earlier mode12 to include multiple 
electrode reactions. 

The governing equations can be used to derive 
a parameter that is characteristic of a side 
reaction relative to a main reaction: 

u - U -~ In 
m,ref s,ref acsF I ~os,~efl m,llm 

+ ~ In I~om,~efl ' 
acmF m,llm 

(1) 

where the acs are cathodic transfer coefficients 
and the U's are open-circuit cell potentials, 
evaluated at specified reference concentrations, 
relative to a reference electrode of a given kind. 
The exchange current densities ioj ref of the 
reactions, based on reference concentrations, are 
as important as the open-circuit potentials in 
determining the influence of the side reaction. 
Another significant parameter is the dimensionless 
limiting current density 

n Fr 
N f(4/3) m 0 

sRmRrKoo i I" m, lill 



which governs the m~gnitude of the variation of the 
solution potential ¢ from the center to the edge 
of the electrode. 

The main reaction in this study is 

Cu++ + 2e + Cu (2) 

and the side reaction is 

+ - 1 
H + e +"2 HZ (3) 

Predicted and measured3 current-potential curves 
for this system are shown in Fig. 1. Figure 2 
shows how the shape of the current-potential 
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Fig. 1. Comparison of predicted and measured2 

-0.5 

limi ting current curves for copper deposi tion with 
simultaneous formation of dissolved hydrogen. The 
reference electrode was a copper wire located in 
the bulk solution; its position in the experimental 
cell was approximated in the model by placing it 
in the plane of the disk, 5 cm from the axis of 
rotation. (XBL 771-4940) 
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curve depends on N and L1Us ' Here the abscissa 
involves a modified electrode potential given by 

v ~ U _ ~ In I im, lim I 
m m, ref cIcmF i om, ref . 

Distortion of the limiting-current plateau exists 
even for N'" 0 and becomes more pronOl.IDced as N 
increases for a given L1Us or as L1Us decreases for 
a given N. For the driving forces shown in Fig. Z, 
flat-plateau limiting-current curves are predicted, 
however, for N = 0 and L1Us > 0.5 V. 

Figures 3 and 4 contain the radial current, 
surface concentration, and potential distributions 
for the case presented in Fig. 2 with N = 50 and 
V - Vm - $0(1' '" 0) '" -0.0739 V. 

Figure 3 demonstrates that the main reaction 
current density can be below its limiting value 
at the center of the disk while hydrogen gas 
bubbles may be formed at the edge, since the 
dissolved hydrogen concentration exceeds its 
saturation value there by a factor of about 2.388. 

TIle potential distribution labeled "Actual" in 
Fig. 4 is the reason for the nonuniform distribu·· 
tions in Fig. 3. The potential changes by about 
0.236 V from the center to the edge of the disk 
because of the disk's nonuniform accessibility from 
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Fig. 2. Simulated current-potential curves for 
copper deposition with simultaneous dissolved 
hydrogen formation, where the anodic portion of the 
side reaction is negligible and the anodic portion 
of the main reaction is significant only near the 
open-circuit potential. The reference exchange 
current density for the main reaction is 
if'" 3 x 10- 3 A/cm2. (XBL 771-4939) om,re 
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Fig. 3. Radial current and surface concentration 
distributions. 1ne reference concentration of the 
cupric species is the bulk value; that for hydrogen 
is the solubility. Hence, the solution is somewhat 
supersaturated in hydrogen toward the edge of the 
electrode. (XBL 771-4937) 
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Fig. 4. Radial potential distributions. 
(XBL 771-4938) 

an ohmic standpoint. The potential labeled 
"Primary" was obtained from4 

y ~ I/4K r o 00 0 

Finally, Fig. 1 illustrates that limiting
current curve plateau distortion can exist even 
for a relatively small value of N and a relatively 
large value of 6Us . 

1. Ralph Vv'hite, (Ph.D. thesis), Uhiversity of 
Califomia, Berkeley, LBL-6094, March 1977. 
2. John Newman, Current Distribution on a 
Rotating Disk Below the Limiting Current, J. 
Electrochem. Soc. 113, 1235 (1966). 
3. Charles M. lvloh~Jr. and John Newman, Mass 
Transfer to a Rotating Disk in Transition Flow, 
J. Electrochem. Soc. 123, 1687 (1976). 
4. John Newman, Resistance for Flow of Current to 
a Disk, J. Electrochem. Soc. 113, 501 (1966). 

4. A ~DDEL FOR TI~E ANODIC DISSOLUTION OF IRON IN 
H

2
S04 

Clarence Law and John Ne\VJl1all 

A model, which assumes a continuous transition 
of iron from the active to the passive state, has 
been obtained that yields a z shaped current
potential curve. The calculations are based on 
the secondary current distribution of a disk 
electrode modified to reflect the formation of a 
passive layer. Epelboin et al. l have measured the 
i-V curve of a rotating disk electrode in H2S04' 
Agreement is obtained between their data and this 
model. The significance of the z shaped 
polarization curve is discussed in terms of the 
ohmic potential variation, film cove:cage, and 
kinetic parameters. 

1. I. Epelboin, C. Gabrielli, M. Keddam, J. C. 
Lestrade and H. Takenouti, J. Electrochem. Soc. 
119, 1632 (1972). 

5 . RING ELECTRODES 

Peter Pierini and John Ne~~ 

The primary and secondary current distributions 
and the primary resistance for ring electrodes 
have been calculated. l Current distributions, 
including mass transfer effects, for various 
potential dependent heterogeneous kinetics are 
computed for a representative set of rotating ring 
electrode geometries. 

1. Peter Pierini and John Newman, Ring Electrodes, 
LBL-623S, April 1977. 



6. MASS TRANSFER IN TURBULENT AND TRANSITIONAL 
FLOW AT RING ELECTRODES 

Peter Pierini and John Newman 

Rotating ring electrodes were used to collect 
data on mass transfer rates for three different 
electrode geometries. The measurements basically 
confirm those of Daguenetl and also Deslouis and 
Keddam2 taken at the limiting current for 
tran.sitional and turbulent flows. Data were also 
collected for operating conditions below the 
linriting current. The polarization curves are 
being used as the basis to verify an extension of 
the modeling technique of Pierini and Newuw,n. 3 
The mass transfer information is 0 comparable to 
that of Mohr and NeV.ilnan4 and is being used to 
eliminate the integration of mass transfer boundary 
layers across laminar, transitional and turbulent 
zones. 

1. M. Daguenet, Int. J. Heat Mass Transfer 11, 
1581 (1968). -
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2. C. Deslouis and M. Keddam, Ibid 16, 1763 (1973). 
3. P. Pierini and J. Newman, Ring Electrodes, 
LBL-6235, April 1977. 
4. C. M. lVlohr, Jr. and J. Nmv:man, J. Electrochem. 
Soc. 123, 1687 (1976). 

7. POTENTIAL DISTRIBUTIONS IN FINITE CELL 
GEOMETRIES 

Peter Pierini and John Ne~~ 

Much work has been expended in computing 
potential and current distributions for rotating 
disk electrodes. An even larger volume of work 
has been conducted experimentally with the device. 
The mathematical solutions of Laplaces equation 
which have been used to describe the potential 
distributions assume cells of infinite dimension. 
Large cells and small disks are approximated well 
by this assumption but there exist small deviations 
that are measureable. l The method of Newman and 
Harrar2 has been extended to compute these 
deviations for cylindrical cells. 

1. B. Miller and M. 1. Bellavance, J. Electrochem. 
Soc. 120,42 (1973). 
2. J-:-Newman and J. Harrar, ibid. 120, 1043 (1973). 

8. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Jolm Newman 

A mathematical model that describes the behavior 
of high temperature batteries will be applied to 
the Li,Al/LiCl,KCl/FeSx system. Digital simulations 
for individual electrodes and the separator will 
be combined to predict the characteristics of the 
battery as a whole. A high pressure, porous flow
through electrode will be used to study the effect 
of pressure on the current efficiency of the 
removal of lead from a dilute waste stream. 

Corrosion of iron under conditions of low pH, high 
pH, and presence of Cl- will be studied experi
mentally. These experiments will provide a basis 
to test the numerical simulation developed for a 
corroding iron disk. 

Fundamental study of mass-transfer limited 
reactions in packed beds will be continued. The 
periodically constricted tube model of a bed will 
be used to predict high Peclet number mass transfer 
coefficients. An experimental correlation will be 
developed. The development of numerical simula
tions for photovoltaic devices, as well as simula
tions for the primary current distribution on thick 
rings @ld banded rings, will be continued. 

9. 1977 PUBLICATIONS AND REPORTS 

John Newman and Associates 

Journals 

1. Peter W. Appel and John Nelv:man, Application of 
the Limiting Current Method to Mass Transfer in 
Packed Beds at Very Low Reynolds Numbers, AIChE J. 
~, 979 (1976). 

2. Donald N. Hanson and John Newman, Calculation 
of Distillation Columns at the Optimum Feed Plate 
Location, Ind. Eng. Chern. Process Design and 
Development~, 223 (1977). 

3. Ralph White, James A. Trainham, John Newman 
and Thomas W. Chapman, Potential-Selective 
Deposition of Copper from Chloride Solutions 
Containing Iron, J. Electrochem. Soc. 124, 669 
(1977). -

4. Peter Pierini and John Newman, Current 
Distribution on a Rotating Ring-Disk Electrode 
Below the Limiting Current, J. Electrochem. Soc. 
124, 701 (1977). 

5. John Van Zee and John Newman, Electrochemical 
Removal of Silver Ions from Photographic Fixing 
Solutions Using a Porous FlOW-Through Electrode, 
J. Electrochem. Soc. 124, 706 (1977). 

6. Peter Fedkiw and John Newman, lVass Transfer at 
High Peclet Numbers for Creeping Flow in a Packed
Bed Reactor, AIChE J. ~, 255 (1977). 

7. Thomas J. Edwards and John Newman, Effect of 
Diffusional Resistance Upon Gas Chromatography in 
Capillary Columns, Macromolecules ~, 609 (1977). 

8. J. A. Trainham and J. NeM1Jan, A Thermo
dynmJric Estimation of the Minimum Concentration 
Attainable in a Flow-Through Porous Electrode 
Reactor 2, 287 (1977). 

9. Ralph While and John Newman, Simultaneous 
Reactions on a Rotating-Disk Electrode, J. 
Electroanal. Chern. ~, 173 (1977). 

10. James A. Trainham and John Newman, A Flow
Through Porous Electrode lVlodel: Application to 
Metal-Ion Removal from Dilute StremJlS, J. Electrochem. 
Soc. 124, 1528 (1977). 



11. John Newman, D. N. Hanson and K. Vetter, 
Potential Distribution in a Corroding Pit, 
Electrochim Acta~, 829 (1977). 

12. John Newman, Simultaneous Reactions at Disk 
and Porous Electrodes, Electrochim. Acta 22, 903 
(1977). -
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13. Peter Appel and John Newman, Radially Dependent 
Convecti ve Warburg Problem for a Rotating Disk, 
J. Electrochem. Soc. 124, 1864 (1977). 

14. William Tiedemann, John Newman and Frank De Sua , 
Potential Distribution in the Lead-Acid Battery 
Grid, D. H. Collins, Ed., Power Sources 6, 
(London: Academic Press, 1977), p. 15. -

Papers Presented 

1. John Newman, Sununary of Lawrence Berkeley 
Laboratory Programs on Battery Support Research 
and Development, ERDA Battery Contractor's 
Coordination Meeting, Germantm'lIl, Maryland, 
January 27, 1977. 

2. Ralph White and John Newman, Simultaneous 
Reactions on a Rotating Disk Electrode, (Ralph White 
presented the paper), Philadelphia ~eeting of the 
Electrochemical Society, May 13, 1977. 

3. T. J. Edwards, J. M. Prausnitz, and J. Newman, 
Vapor-Liquid Equilibria. for Multicomponent Aqueous 
Solutions of Volatile Electrolytes, (Edwards 
presented the paper), New York ~eeting of the 
American Institute of Chemical Engineers, November 
16, 1977. 

Theses 

1. Ralph Edward White, Simultaneous Reactions on a 
Rotating-Disk Electrode (Ph.D. thesis), LBL-6094, 
March 1977. 

2. Thomas James Edwards, Vapor-Liquid Equilibria 
in Multicomponent Aqueous Solutions of Volatile 
Electrolytes (Ph.D. thesis), October 1977. 

LBL Reports 

1. Peter Fedkiw and John Ne,vrnan, Mass Transfer at 
High Peclet Numbers for Creeping Flow in a Packed
Bed Reactor, LBL-5406 Rev., December 1976. 

2. Ralph White and John Newman, Simultaneous 
Reactions on a Rotating-Disk Electrode, LBL-60lS, 
January 1977. 

3. James Trainham and John Newman, A Flow-Through 
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Removal from Dilute Streams, LBL-604l, January 
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Convective Warburg Problem for a Rotating Disk, 
LBL-6053, February 1977. 
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Behavior of the Transfer Rate in Packed Beds 
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on the Performance of Flow-Through Porous 
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8. Bruce A. Gordon and V. Magaraj an , Corrosion of 
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e. Solids and High~Energy Oxidizers 

Neil Bartlett, 

1. GRAPHITE AND BORON- NITRIDE SALTS 

Barry Mcquillan, Eugene McGarren, Richard N. Biagioni 
and Neil Bartlett 

Attempts to make salts of BN other than (BN)4S03F 
have, so far, failed. Layer boron nitride interacts 
with oxidizing fluorides (to yield BF3 and N2)' Most 
of our work has involved oxidation of graphite and 
the synthetic and structural work have had, as their 
main focus, the settling of the question of the va
lidity of the salt formulation Cv+X- for the strong
acid-anion intercalates. Thus while certain of the 
intercalates of graphite with AsFS have recently 
been describedl as having electrical conductivity 
superior to that of graphite, information on the 
nature of the intercalated AsF3 has remained lneager. 
It has even been recently suggested2 that the inter
calated species were largely molecular AsFS' This 
appeared to be contrary to the behavior one antic
ipates for the strong oxidizer AsFS' Moreover, our 
work with the oxidizer S03F, in whlch both ClZS03F 
and (BN)4S03F had been achieved, persuaded us that 
salt formulations were appropriate _Jor the fluoro
sulfates (i.e., CI2+S03F-and (BN)4'S03F-) and by ex
tension would also be appropriate for intercalates 
of the higher ionization potential anions AsF6-' 
PtF6-, IrF6- and OsF6-. It seemed probable that the 
AsFS oxidation of graphite produced at least some 
AsF6-' Our investigation of the graphite/AsFS firs! 
stage material and our synthesis of the simple AsF6 
graphite intercalate3 are described in Sec. (a). 

The s~1thesis of the hexafluorometallates 
(MF6 - '" Os, Ir, Pt) was undertaken for two reasons. 
The first was to obtain a series of salts containing 
nearly isodimensional intercalated species, MF6, of 
graded electron affinity (PtF6 having the highest 
known molecular electron affinity and IrF6 and OsF6 
having electron affinities successi vely ~ I eV less). 
The second was to use magnetic susceptibility mea
surements, as an adjunct to x-ray diffraction stud
ie3, to settle the constitution of the salts. These 
transition-metal studies are reported in Sec. (b). 

a. Arsenic Fluoride Intercalates 

Treatment of pyrolytic graphite with arsenic pen 
tafluoride yielded material of approximate composi
tion CIOAsFS' This is a blue solid and corresponds 
to the material first described by Selig and his co
workers. 4 

Single crystals of graphite (previously character
ized by x-ray precession photography) were similarly 
treated with AsFS and overpressure of two or three 
atmospheres of the gas was maintained over the crys
tal by enclosing the crystal and gas in a quartz 
capillary. TIle crystal (usually smaller than 1 mm 
diam) l\Vas held steady in the capillary by quartz 
"wool." By slow intercalation much order can be 
maintained and there is a good possibility that ad
equate intensity data can eventually be collected 
to show the disposition of the arsenic fluoride 

species with respect to the graphite lattice. It 
appears that the unit cell of the first stage 
graphite/AsFS material is at least pseudohexagonal 
(it may be truly so) with ao =4.92, co =16.Z0A, 
V" 340.03 A. The observed 00£ reflectlOns have 
£ = 2n and it seems probable ----that the gallery height 
in the intercalate (i.e., the spacing beuveen adja
cent carbon sheets) is S .10 A. This is appropriate 
spacing for an octahedral AsF6- species fitted be
tween graphite sheets of thiclmess ~ 3.4 A. 

A parallel study of graphite oxidized by 0Z+AsF6-
was also made. The oxidation: 

+ - + 
graphi te + 02 AsF 6 - graphite AsF 6 + 02 t 

was carried out, at ~ -ZO°, using S02ClF as a disper
sive agent and solvent (in which the 02AsF6 is only 
slightly soluble). Gravimetric work, using pyrolytic 
graphi te, has established that a first stage material 
of limiting composition CSAsF6 is generated when an 
excess of 02AsF6 is used. Single crystals of graph
ite were similarly converted to a first stage mate
rial and proved to be hexagonal (or pseudohexagonal) 
with ao" 4.92 and Co" S.lO, V= 170 A3. Indeed, but 
for the superlattice reflexions that require a dou
bling of Co in ClOAsFS, the precession photographs 
for CSAsF6 were very nearly the same as for ClOAsFS' 

+ -
The an value for the unit cell of the Cs AsF6 

salt is twice that of graphite (ao" 2.456A) and this 
indicates that the carbon neuvork has essentially the 
same dimensions as in the unoxidized carbon. The 
doubling of 30 on intercalation may be seen from Fig. 
1. It is reasonable to assume that the AsF6'-~ species 
are centered, with respect to the graphite network, 
as shown in Fig. Z. If, as is presently indicated, 
co"S.lOA and not a simple multiple of it, then this 
implies an eclipsing of the graphite sheets. Since 
the graphite sheets are not eclipsed in graphite, 
there would have to be a massive reorganization in 
forming the CSAsF6 salt if our present unit cell is 
confirmed. 

The unit cel! of CSAsF6 also implies close pack
ing of the AsF6 species. The unit cell volwne of 
170 A3 can be divided into a carbon network component 
and an AsF6- component. Since the unit cell contains 
S carbon atoms and since, from the graphite unit cell, 
the volume occupied by 4 carbon atoms of graphite is 
3S A3, we can conclude that the volume available for 
the AsF6 - is ~ 100 A3. But this is the effective pad" 
ing volume for hexafluoride molecules ~ see Sec. (b) 1 
and in IF6+AsF6- Vfonnula unit ,,214 A . The CSAsF6 
stoichiometry probably therefore represents a pack
ing limit rather than a graphite oxidation limit. 

The similarity of the CSAsF6 and CloAsFs x- ray 
data suggested that the gallery dimensions were being 
determined by a common species: AsF6 -. X-ray I(-shell 
absorption-edge spectra for the two materials when 
compared with like spectra of AsF6 - salts and a spec
trum of AsZ03 confinn this view and show that the 
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Fig. 1. Single~crystal x~ray precision photographs of graphite 
and first-stage graphite~AsFs intercalate. (XBB 782-204S) 

AsFS must oxidize the graphite according to the 
equation: 

The spectra are shown in Fig. 3. Note that the pre
absorption edge feature, in CIOAsFS, attributable to 
As (III) has half the intensity of the feature attrib~ 
utable to AsF6- . 

b. Metal Hexafluoride Intercalations 

The electron affinities of the hexafluorides of 
osmium, iridium and platinum are estimated to be: 

Fig. 2. A probable C;MF6~ salt unit cell. • repre
sents center of /l1F6- location. (XBL 782-7236) 
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Fi~. 3. _ X-ray K-shell absorption-edge spectra of 
Cg AsF6 ' ClaAsFS and As 203. (XBL 7710-6305) 
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OsF6, 165; IrF6, 190 and PtF6, 2lS kcal/mole- l , these 
being based, for the last value on calorimetry and a 
lattice energy estimate for 02+PtF6- and, for the 
others, on interpolation between the PtF6 value and 
the more certain value for E(WF6) = 104 kcal/mole- l 
from the work of Cooper et al. S Although these 
values may be subject to considerable error,the known 
chemistry leaves no doubt about the trend and about 
the outstanding oxidizer capability of the PtF6' 

Graphite intercalates each of OsF6 and IrF6 
at room temperature to form first stage materials 
(blue) of composition CgMF6. Both are stable under 
vacuum to at le.ast 2S0°. At ~ SOOo CS1rF6 ignites 
spontaneously: Cg1rF6 -+ (CF:ln + Ir(m) +CF4+C2F6, etc. 

Single crystal work has shown that CSOsF6 can be 
made in a highly ordered state and the unit cell is 
very like that given for CSAsF6. Again the symmetry 
appears to be hexagonal wi th ao '" 4 . 9 2 A and Co = g.l A. 
It is not possible at this time to rule out a simple 
multiple of the given Co value but no superlattice 
features have yet been discerned. So far, no single 
crystal data have been obtained for the iridium and 
platinum cases and attempts to produce them by in
troducing the vapors into single crystals of graphite 
have resulted in complete loss of ab plane order. 

The magnetic data for the osmium and iridium salts 
have been obtained and show that the metals are quin
quevalent. Thus CSOsF6 magnetic susceptibility obeys 
a Curie-Weiss relationship and has a magnetic moment 
similar to that of the simple cubic salt SF3+0sF6-. 
Similarly, CS1rF6 shows a telJ1Perature independent 
paramagnetism (XM"" 7 . 5 X 10 - 4 c. g. s units above 17 K) 
akin to that of the A+1rF6- (A=K, Cs, NO) salts. 

These magnetic results, combined with the x-ray 
diffraction findings are fully in accord with the 
formulation CS+MF6- for the Os and Ir cases. Magnetic 
results for CxPtF6 are not yet available and are of 
interest because the remarkable oxidizing capability 
of PtF6 even al~ows for the possibility of there 
being some PtF6 - present. As we have seen, all gal
lery space in the CsMF6 compounds has been used up, 
hence a doubly negative anion would allow greater 
electron withdrawal from the graphite than any sys
tem hitherto. 

Conclusion. In CsMF6 eM '" As, Os, Ir) the struc
tural and magnetic data confirm the salt formulation 
CS~F6- and combined with x-ray K-shell absorption
edge spectra show that the first stage graphite/AsFS 
intercalate is also a salt with 2/3 of the arsenic 
present as AsF6-' Thus any interpretation of the 
physical properties of these salts (particularly the 
very high electrical ab plane conductivities of 
CxAsFS) must recognize-the substantial electron with
drawal from the TI electron system of the carbon net
work. 

1. E. R. Falardeau, G. M. T. Foley, C. Zeller and 
F. L. Vogel, J. C. S. Chem. Communs., 3S9 (1977). 
2. J. E. Fisher, Electronic Properties of Graphite 
Intercalation Compounds, Physics and Chemistry of 
Materials with Layered Structures, F. Levy, D. Reidel, 
Eds., Dordrecht Holland 1977, Vol. S (in press). 
L. B. Ebert and H. Selig in Abstracts Franco
American Conference on Intercalation Compounds of 
Graphite, May 23-27, La Napoule, France. 
3. N. Bartlett, R. N. Biagioni, B. W. Mcquillan, 
A. S. Robertson and A. C. Thompson, submitted to 
J. C. S. Chem. Communs. (1977). 
4. J. Binenboym, H. Selig, S. Sarig, J. Inorg. Nucl. 
Chem. 3S, 2313 (1976). 
S. C.D. Cooper, R. N. Compton and P. W. Reinhardt, 
Abstracts of Papers for the IXth International Con
ference on the Physics of Electronic and Atomic Col
lisions, J. S. Risley, and R. Geballe, Eds., Vol. 2, 
p. 922, Seattle, Wash., 24-30 July (197S). 

2. SALTS DERIVED FRC1vl CSFSN+ AND OTHER ARQ'vlATICS 

Francis Tanzella, T. J. Richardson and Neil Bartlett 

+ - +-The salts CSFSN AsF6 and CSFSN Sb2Fll have been 
prepared from S02ClF solutions of CSFSN interacting 
with the appropriate 02 salt at -45° : 

+ -
CSFSN + 02AsF6 -CSFSN AsF6 + °2t . 

+ -
CSFSN + 02Sb 2Fll _CSFSN Sb 2Fll + °2t 

The salts are blue and are thermally unstable above 
-22°. They are paramagnetic and the solids give 
broad intense ESR signals centered at g '" 2.0032. As 
yet we have no knowledge qf the temperature dependence 



of the magnetic susceptibility. Thermal decomposi
tion takes the course: 

The AsFS adducts are colorless and the CSF7N adduct 
is extensively dissociated at room temperature. A 
19F NMR spectrum of CSF7N shows that the only CSF7 N 
isomer obtained is perfluoro-l-azacyclo-hexa-l,3-
diene (A). This pyrolysis probably involves fluo
ride ton tcansfer to the cation to generate the 
CSF6N radical: 

n + AsF~ 
N 

and this radical probably interacts with another 
cation: 

and the new salt in time undergoes F- transfer from 
anion to cation: 

A 
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The reaction is remarkedly specific in products and, 
if our mechanism is correct, points to the carbon 
atom adjacent to the N atom as being the most positive 
carbon in CSFS~ and the carbon adjacent to the CF2 
group as the most positive in the CSF6N+ cation. 

A similar oxidation of perfluorotoluene by 02+ 
yields yellow-green CF3C6FS+ salts: 

This salt also decomposes rapidly at room temperature: 

The initial CF3C6F7 isomer is the 1.3 diene (B). This 
slowly isomerizes (in C6F6 as solvent to yield a 
roughly equivalent amount of the 1,4 diene (C): 

In 4 at 25@ 

em equilibrium 
mixture 

It s~ems probable that if the CSFSN+ or the 
CF3C6FS salt were attacked by other anions the prod
ucts would be analogous, but there is the possibility 

of stabilizing radicals such as CSFSNX' and CF3C6FSX' 
if X- is S03F- or N02- and if the reaction occurs in 
a flow system such that the radical has no opportun
ity to interact with unconsumed cation. 

The magnetic susceptibility of solid ClOF8+AsF6-
shows a Curie-Weiss temperature dependence, but the 
Weiss constant is small (~4°) hence it is clear that 
there are no significant interactions between the 
cations in the solid. This is what was rnticipated 
on the basis of the structural evidence. 

Attempts to prepare salts derived from large ring 
systems such as coronene, (where overlap of the cat
ionic ring systems is anticipated to occur) has been 
hampered by the lack of solvents that are compatible 
with the strong oxidizers necessary to make the cat
ions. 

1. T. J. Richardson, (Ph.D. thesis), U. C. 
Berkeley, LBL-3l83 (1974). 

3. OXIDATION OF CHLORINE BY METAL HEXAFLUORIDES 

Lionell Graham and Neil Bartlett 

Tensimetry and gravimetry (Table 1) show that 
IrF6 interacts, at ~2if, with chlorine to give a 
yellow solid of approximate composition C12IrF6. 

The established oxidizing capability of iridium 
hexafluoride is such that one anticipates 1 that it 
could oxidize C12 to form C12+IrF6-. We have, how
ever, not been able to confirm this salt formulation. 
Raman and infrared spectra of the solid deposited, 
from reaction in the gas phase, on a silver chloride 
window held at ~12 K, show unmistakable evidence for 
the formation of C13+IrF6-. Raman spectra, at~ -70°, 
of freshly precipated adduct, prepared at ~2So, also 
showed bands attributable to C13+IrF6-' The C13+ fea
tures correspond closely to those previously report
ed2 for the salt C13+AsF6- and the characteristic 
VI, V2 and Vs modes of IrF6- are also evident (Fig. 1). 

Since earlier work had established that the inter
action of C12 with IrF6 was an excellent route to 
the then novel pentafluoride of iridium,3 we were 
concerned to know what the intermediate steps were. 
We have found that the adduct slowly yields chlorine 
and another gaseous product, eX), which il character
ized by an infrared absorption at 625 cm- . The prod
uct, X, is not Cl-F nor is it any other known chlo
rine fluoride. 

The initial yellow product, which the vibrational 
data indicate is C13IrF6, falls in 48 hrs at ~ 25° to 
a new, deeper yellow, solid that gives a Raman spec
trum indicative of C13+Ir2F~1- (see Fig. 1). In ap
proximately one week at ~ 25, the material becomes a 
viscous liquid and in two or three weeks finally pro
duces a crystalline solid that is iridium pentafluo
ride. The decomposition sequence is therefore: 

2 C13IrF6 ---C13IrZFn + [C13FJ 

2 C13IrzFn--Irl20 + Z [C13FJ . 
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Table 1. Tensimetric and gravimetric data for 
the C12 + IrF6 reaction. 

Expt. Pressure (mm Hg) measured in a fixed volume 

Initial IrF6 Initial C12 Residual 

1 77 186 131 (C1 2) 

2 33 99 67 (C1 2) 

3 73 66 11 (C1 2) 

4 123 125 'V 0 

5 165 320 120 (C12) 

6 114 517 380 (C12) 

IrF6 C12/IrF6 adduct Combined CIZ 

0.Z75 g 0.339 g 0.064 g 

0.898 mmoles 0.903 mmoles 

It is possible that the gaseous species (X) referred 
to earlier is C13F. This is not a known species and 
indeed one anticIpates that it would be unstable with 
respect to C12 and CI-F. It is e~sy to visualize the 
formation of such a molecule by F abstraction from 
the anion by the strongly attracting C13+ ion: 

Cl 

" + Cl ",. F- IrF 
/ 5 

Cl 

Cl 
I 

_Cl-F + 
I 
Cl 

(the l IrFslmonomer wo~ld F-bridge with an adjacent 
I rF6 - to yield I r2F 11 ). The gas -phase species X has 
a palf-life of minutes only, at room temperature, and 
only very small quantities have been available hither
to. It merits further physical and chemical investi
gation. 

+ 
The C1 3 salts are powerful oxidizers, e.g., they 

oxidize C6F6 to yield C6F6+ salts: 

Cl + C F C + 3 
3 + 6 6 - 6F6 + 2" C12· 

1. N. Bartlett, Angew. Chern. Int. Ed. 7, 433 (1968). 
2. R. J. Gil1espie and M. J. Morton, Inorg. Chern. 
~, 811 (1970). 
3. N. Bartlett and P. R. Rao, Chern. Commun., 252 
(1965). 



4. RESEARCH PLANS FOR CALa,mAR YEAR 1978 

Neil Bartlett 

Synthesis of Highly Ordered Graphite Salts and 
Correlation of their Physical Behavior with Struc
tural Features. The strong oxidizers such as 0Z+ 
salts, S03F radical, xeonon compounds such as 
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Xe (OTeFS) Z, and the transition metal hexafluorides, 
provide opportunities for the synthesis of graphic 
intercalates in which simple, highly symmetrical 
stable anions are incorporated in the galleries. 
Moreover by slow controlled intercalation of single 
crystals there is reason to believe that reliable 
(as distinct from the present "guesswork") structures 
for the important salts can be achieved. 

A major aim is to solve the structure of a first 
stage compound such as C8MF6 (M either As or 11'). 
Low temperature « < 3 K) heat capacity studies in col
laboration with Professor N. Phillips' group and elec
trical conductivity studies in collaboration with Dr. 
T. Thompson at SRI will be undertaken simultaneously. 
These studies should provide the proper basis for an 
understanding of the electrical conductivity behavior. 
X-ray absorption fine structure studies will, hope
fully, provide structural infonnation to complement 
that from diffraction studies. 

It also is our intention to study mixed interca
late systems. We will begin by preparing the second 
stage AsF6- salt (which we have already characterized 
in our single crystal studies) and will complete the 
intercalation by adding IrF6: 

These preparations will be carried out using single 
crystals and it should therefore be a straightfor
ward matter to detennine if the system is one of al
ternating AsF6- and IrF6- gallery occupancy or not. 
If all galleries are equivalently occupied, as is 
expected, there is still the possibiblity of there 
being order within the galleries. Because of the 
considerable difference in the x-ray scattering fac
tors as As and Ir, any ordering should be readily 
detected. Again, the correlation of the physical 
behavior with the detailed structural features ought 
to provide great insight into these materials. 

Electrochemical Evaluation of Graphic Salts. 
Mixed anion Drotonic acid salts will also be exam
ined. A particularly i~tere~ting system ~s on~ first 
described by Ubbelohde: CZ4 Z HS03F S03F . ThlS ~an 
be approximately described as C8X where X is S03F or 
HS03F. The relationship to ClZS03F, prepared recent
ly in these laboratories, is an exciting one since it 
suggests that the C12S03F stoichiometry is limited by 
the capability of the S03F oxidizer to withdraw elec
trons from the graphite. If so it will prove possi
ble to incorporate neutral HS03F into the CIZS03F 
material: 

This material is then simply related to CZ4+S03F-. 
Z HS03F by an electron and proton transfer: 

The similarity in size of HS03F and S03F will ensure 
that the gallery height will not change much with the 
oxidation and reduction cycle. Conceivably this cy
cle could operate in fluorosulfonic acid. 

The excellent electrical conducting properties of 
the "salts" make them particularly attractive as 
electrodes. 

1. A. R. Ubbelohde, Nature ZlO, S034 (1966). 

S. 1977 PUBLICATIONS AND REPORTS 

Neil Bartlett and Associates 

LBL Reports 

1. N. Bartlett, Radon, LBL-6696, submitted to 
Encyclopedia della Chimica. 

Z. A. Zalkin, D. 1. Ward, R. N. Biagioni, D. H. 
Templeton and N. Bartlett, The Crystal Structure of 
(XeF+) (AsF6-), LBL-667l, submitted to Inorganic 
Chemistry. 

3. N. Bartlett, R. N. Biagioni, B. W. McQuillan, 
A. C. Thompson, Novel Salts of Graphite and a Boron 
Nitride Salt, LBL-6948, submitted to J.C.S. Chem. 
Communs. 

4. C. J. Adams and N. Bartlett, Tautomerism in Xenon 
Haxafluoride: An Investigation of Xenon Hexafluoride 
and Its Complexes by Raman Spectroscopy, LBL- 3136, 
invited paper for the issue of Israel Journal of 
Chemistry entitled "Perspective in Fluorine Chemis·· 
try." 

Invited 

1. A lecture entitled "From ot Salts to Synthetic 
Metals" was presented under the auspices of Gesell
schaft Deutscher Chemiker at the following institu
tions: 

Uni versi ties: Dortmund, May 2 
Giessen, May 8 
Frankfurt, May 10 
Saarland, June 10 

(Technical U.) Munich, June 12 
Gottingen, June 16 

filax Planck Institute, Stuttgart, May 16 
Philips Gmbh Foschungslaboratorium, Aachen, 
May 4 



2. A lecture entitled "Noble-Gas Chemistry" was 
delivered under the same auspices at the following 
universities: 

Gottingen, May 12 
Frankfurt, May 18 

3. A lecture on "synthetic Metals" was given at 
IBM Research Laboratories, San Jose, Jan. 16 
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4. A talk entitled "Noble-Gas Chemistry - Vlihat if 
Anything Has It Taught Us" was presented as a ded
ication lecture to celebrate the new chemistry build
ing at Loyola University, Chicago, March 18. 

5. An invited lecture entitled "Salts of Novel Cat
ions" at The Gordon Conference on Inorganic Chemistry 
Aug. 1-5. 

6. The Henry Werner Lectures: "Noble-Gas Chemistry" 
and "From 02'" Salts to Synthetic Metals, " University 
of Kansas, Oct. 24, 25. 
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A. LOW ENERGY NUCLEAR SCI 

1. HEAVY ELEMENT RESEARCH 

a. Actinide and Lanthanide Chemistry 

NoY~man M. Edelstein, Richard A. Anderson, Neil 
Bartlett, John G. Conway, Kenneth Raymond, Glenn T. 
Seaborg., Andrew Streitwieser, Jr., David H. 

and Allan Zalkin, Principal Investigators 

1. HIGHLY SELECTIVE SEQUESTERING AGENTS FOR 
PLUTONIUM AND OTHER ACTINIDES IN TIfB 4+ OXIDATION 
STATE 

a. The Preparation of the Multichelate Catechols 
N,N' ,Nil ,N' , '-Tetra(2 ,3-dihydroxybenzoyl) -tetraaza
cyclotetra- and hexadecanes. 

Frederick L. Weitl and Kenneth N. Raymond 

In response to the biological hazards associated 
with the nuclear fuel cycle and nuclear research 
sites, we have developed and are investigating a 
biomimetic design concept of sequestering agents for 
eight-coordinate actinide ions in general, and Pu 
(IV) I in particular. Plutonium is a potent carcin-
0gen since once absorbed by body tissues, it ex
hibits long-term retention in' mammals. This is 
known for humansZ as well as test animals such as 
dogs. 3 Although plutonium commonly exists in aque
ous solution in each of the oxidation states from 
III to VI, biological evidence indicates that most, 
if not all, exists in vivo as Pu(IV) , where it is 
complexed by available bioorganic ligands. 4 

There are many similarities of Pu(IV) and Fe(III). 
These range from the similar charge/ionic-radius 
ratio for FeCIII), and Pu(IV) (4.6 and 4.2 e/A, 
respectively) to their similar transport properties 
in mannnals, where it is lmown that Pu(IV) is bound 
by the iron transport protein transferrin at the 
site that normally binds Fe(lII). 4 Thus the design 
of Pu(IV) sequestering agents that are similar to 
naturally-occurring Fe(III) sequestering agents sug
gests itself as a biomimetic approach. Since the 2,3-

>f)< 
(~H2)n 

dihydroxybenzoyl group (DfID) is a component of sev
eral siderophores and in particular is found in 
enterobactin [cyc1otris(2,3-dihydroxybenzoyl)-N-2-
serine],a powerful iron transport and sequestering 
agent of enteric bacteria,S we anticipate that the 
macrocyclic tetra(DHB) conjugates of cyclam-14 
(6 in Fig. 1) and cyclam-16 (7 in Fig. 1) are poten
tially selective Pu(IV) sequestering agents. Molec
ular models show that 6 and 7 readily form octaden
tate complexes of Pu(IV) in which the central metal 
ion is completely encapsulated by the ligand. 

Our synthetic strategy has been to develop a gen
erally applicable procedure for the preparation of 
DHB amides. To ensure tetra-substitution of 1 and 2, 
we chose to react the 2,3-dioxomethylene benzoyl 
chloride (4 equivalents) with 1 and 2 at 95 to 10SoC 
in N,N-dimethyacetamide in the presence of pyridine 
(4 equivalents). After 24 to 48 h reaction times, 
thin layer chromotography (TLC) showed only one prod
uct, the tetraamide (30r 5). The 2,3-dimethoxybenzoyl 
chloride condensed equally well to give 4 (Fig. 1 
and Table 1). Analytically pure products were ob
tained by column chromatography on silica gel. 
Previously it has been shown that the dioxomethyl
ene acetal moiety can be removed selectively with 
BC13, and lnore readily than the corresponding de
methylation. This is consistent with our results 
that show quantitative removal of the -CH2- group 
in 3 and 5 using BC13/012C12, but incomplete re
moval of the CH3- groups in 4 with the same proce
dure. However, complete demethyla tion of 4 was 
accomplished with BBr3/01zC12. Model macro cyclic 
sequestering agent 6 (mp 281 dec.) was unchanged 

1 n '" 2 3 n "" 2 t R "" -CH 2- 6 I'll '"" 2 

2 n "'" 3 4 n '" 2 t R "" CH
3 

? n .. 3 

& n "" 3, R "" -CH 2 ~ 

Fig. 1. Synthetic scheme and formulas of the title compounds. 
(XBL 7712-10951) 
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Table 1. Title compounds and precursors. 

No. n R mE, "c Solvent of isolation % Yield 

1 :2 H 182~:3'''!' C6HSCl 

;5 :2 :2,:3-dioxomethylenebenzoyl 236-8 92 

4 :2 2,3-dimethoxybenzoyl 110-15 MeOH/Et:20 87 

{) :2 :2,3-dihydro~ybenzoyl 287d. MeOH:H:20 b 100 

2 :3 H 83-4c 

15 3 :2,3-dioxomethylenebenzoyl 178-80 CH:2Cl :2 63 

'1 3 2,3-dihydroxybenzoyl 17S-85 MeOHI 100 

aLit. mp 184-5"; purified by sublimation. 

bSee Experimental; the reaction mixture is treated with both MeOH and H20 

resulting in hydrated products. 

eLite mp 83-4", purified by sublimation. 

after base (pH 12) dissolution and acid (pH 1) pre
cipitation at room temperature and was unaffected 
in pH 1 aqueous solutions (1 mg/ml) after 20h at 
room temperature. Neither 6nor? exhibits its molec
ular ion in the low voltage mass spectrum: 6 does 
not sublime at 200°C at 10-7mm Hg. After several 
weeks of room exposure 6 and ? appear stable, in
dicating considerable resistance to air oxidation. 

1. A. Catsch, Radioactive Metal Mobilization in 
Medicine, Thoma~ Springfield, IllInois, 1964. 
2. B. J. Stoves, D. R. Atherton and D. S. Buster, 
Health Phys. 20, 369 (1971). 
3. H. Foreman, W. Moss and W. Langham, Health 
Phys. 2, 326 (1960). 
4. P.-W. Durbin, Health Phys. ~, 495 (1975), and 
references therein. 
5. J. B. Neilands, Ed., Microbial Iron Metabolism, 
Academic Press, New York, N. Y., 1974. 

b. A Status Report on the Biological Evaluation of 
New Plutonium Chelating Agents 

Patricia W. Durbin, Frederick L. Weitl and 
Kenneth N. Raymond 

Initially, biological evaluation of plutonium 
sequestering agents has been limted to two com-

pounds: (DHB)4-cyc1am-16 (A - compound? in part a, 
above) aJld (4-N02-DHB)4-cyclam-14 (B), on the basis 
of sufficient water solubility at or near pH 7. 
The data appearing in Table 2 were generated as 
follows: The control and test groups of 5 to 10,1.5-
yr-old female Swiss-~3gster mice (weight 25 g) were 
first injected with Pu(IV) citrate (i.m.), then 
test groups were additionally injected (i.p.), 1 h 
or 48 h later, with 30- 32 ]JM/kg of plutonium seques
tering agent. (This dose is close to the optimal 
DTPA dose in animals.) The compound A test and 
control groups were sacrificed four days after com
pound administration, dissected, and organ distri
bution data were recorded as radioactivity levels. 
Compound A exhibited no acute toxicity (up to 15 
days) and after six daily injections: grossly and 
microscopically both kidneys and livers appeared 
normal. The compound B test ~~8control groups 
were sacrificed one day after Pu and compound 
injections to obtain organ distribution data. 
Repeated compound B injections were fatal after 
three to four days and extensive liver damage was 
noted. In this manner, preliminary in vivo eval
uation has revealed tgat even 1 h after intramus
cular injection of 23 Pu(IV) citrate, Intraperito
neal injection of compound A resulted in some 
238Pu(IV) being sequestered and deposited in the 
kidneys of the mice with some being eliminated in 
the urine (39% and 7% more than in the control 
group, respectively). A corresponding reduction 
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Table 2. Percent absorbed 238Pu (IV) citrate. 

(DHB) 6a (4-N02-DHR)4-cyclam-14a 
Organ 

Control Test C-T Control Test C-T 

Liver 40 23 -17 38 37 

Bone 44 20 -24 36 8 -28 

Soft tissue 13 26 +13 

Viscera 0.6 0.7 10 16 + 6 

G.!. tract 6.8 3.7 - 3 

Kidneys 3.4 42 +39 1.3 6 + 5 

Urine 4.9 11. 5 + 7 0.9 1.8 + 1 

Feces 0.9 5.4 + 4 

aCompounds ;nJ'ected ; p 1 hou after 238 p ~ ~. . r u. 

in the liver- and bone-bound 23EPu (17% and 24% 
less than in the control group, resp~ctively) is 
also notable. The total amount of 2J8Pu deposited 
in the kidneys and ~~~ne of the group may be nearly 
equal to the total Pu(IV) in the circulating 
blood of the animals at the time of i.p. injection of 
compound A. Since a larger fraction of intravenously 
(compared with intramuscularly) injected 239Pu is 
present in the circulation during the first few 
hours, it is l~~l?y that injection of compound A 
one hour after Pu (i.v~1 would have resulted in 
even greater shunting of ~38Pu to the kidneys and 
urine with correspondingly lower amounts in liver 
and bone. 

If the interval between injection of 238Pu and 
compound A was extended to 48 h (when < 2% of the 
238Pu is expected to be in the blood), the fraction 
of 238Pu chelated (238Pu in urine and kidneys in 
excess of controls) was only 10%, compared with 45% 
chelated at the one-hour interval. These data sug
gest that only 238Pu in blood and extracellular 
fluid is available for chelation by this compound. 

The insolubility of sequestering agent A at kid
ney -gH < 7 may be responsible for the large amount 
of 238Pu deposited in the kidneys. (It is pertinent 
tha t pKal 8. 9 and pKa2 13.1 correspond to the acid
ities of the ionizable constitutent catechoyl groups 
in A.) 

It is currently anticipated that barring any in
creased toxicity, compound A bearing covalently 
bound -S03Na groups will be a superior chelating 
agent due to its greatly increased water solubility 
at all pH's, and enhanced acidity of the constituent 
catechoyl groups. In fact, direct sulfonation of 
compound A has been accomplished resulting in water 
SOlubility on the order of 1 g/ml. The key question 
to be answered ~~ whether the sulfonated compound 
will carry the 8Pu through the kidneys into the 
urine and eliminate it entirely from the body. 

Chelating agent B (pKal 5.6, pKa2 11.8) is two to 
three times more soluble than A at pH near 7, but 
greatly increased toxicity and decreased lyophil
icity due to the presence of the covalently bound 
-N02 groups rule it out as a potential drug. How
ever direct chemical modification of the -N02 groups 
in B may hold some promise. 

c. The High-Yield Syntheses and Crystal Structure 
of 1,5,9,13-Tetraazacyclohexadecane 

William L. Smith, James D. Ekstrand and Kenneth N. 
Raymond 

In the course of the design and synthesis of 
sequestering agents selective for the actinides, the 
tetraazacycloalkanes have been selectee as "backbones' 
for the proposed ligands. The four nitrogens of 
these macrocyclic rings provide convenient sites for 
the attachment of bidentate groups that bind strong
ly to actinides. The size of the cavity thus formed 
is predicted to be the optimum size and geometry for 
the selective encapsulation of Pu(IV) and other 
tetravalent actinide ions. In order to gain insight 
into the conformation and geometry of the proposed 
sequestering agents the structure of 1,5,9,13-tetra
azachclohexadecane, (designated as 2 in Table 1 of 
part (a) or by the trivial name 16-cyclam) has been 
determined, and a convenient high yield synthesis 
has been developed. The structure of 2 is also of 
interest in that it may be considered as a proto
type for porphyrin, and other tetraazamacrocycles, 
about which there is much current interest and ac
tivity. 

Compound 2 was synthesized as follows: 



DMF 
llOcC 
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This method produced 16-cyclam in about 60% yield 
on both a 0.1 mole and a 0.2 mole scale. 

The crystal structure of 2 was determined from 
x-ray diffraction data collected by counter methods. 
The overall symmetry of the molecule, excluding the 
nitrogen hydrogen atoms is D2d (Figs. 2 and 3). 
That the amine hydrogens on adjacent nitrogens are 
trans lowers the molecular symmetry to S4, which is 
obeyed within experimental error. The four nitro
gens form a square with an average edge length of 
2.925(4) A. The trimethylene groups are in chair 
configurations with adjacent groups folding toward 
opposite sides of the nitrogen plane. Refinement 
of F2 using all 1866 measured independent reflec
tions by full-matrix least squares led to an R
factor of 6.6%. Unit cell dimensions in the space 
group P21/n are: a= 21.764(6), b = 12.201(6), 
c = 9.579(4) A, [3 = 108.13(3r, and the calculated 
density is 1.07 g cm- 3 for z = 4. 

Fig. 2. View of 16-cyclam down the 84 axis showing 
thermal ellipsoids for nonhydrogen atoms at the 40% 
probability level. The shaded ellipsoids are car-
bon atoms. (XBL 778-2669) 

100 
54 hr 

Fig. 3. 8tereopair of l6-cyclam viewed perpendic
ular to the S4 axis. The thermal ellipsoids are 
drawn at the 40% probability level for the nonhydro
gen atoms. The shaded ellipsoids are carbon atoms. 

(XBL 778-2675) 

There is no evidence for intel1ll01ecular hydrogen 
bonding in 2. The symmetry of 2 divides the intra
molecular nonbonded N-H interactions into two 
classes. The strongest interactions, with an aver
age N··· H-N distance of 2.26 (3) A and an angle of 
123. (2)" show the possibility of weak intramolecular 
hydrogen bonds. The other class is unimportant. 
Thus, the hydrogen bonds occur in pairs which, in 
addition to the stability of the chair configuration 
of the trimethylene chain, hold the nitrogens in the 
square planar arrangment. 

d. Formation Constants of Specific Sequestering 
Agents for Plutonium 

Alex Avdeef, Tom Bregante and Kenneth N. Raymond 

Unless treatment follows immediately after an 
accidental incorporation of plutonium into the body, 
the radioactive metal becomes highly resistant to 
removal by chemical means. l Traditional chemother
apy has involved sequestering agents related to 
EDTA, such as DTPA. They don't work well, for sev
eral reasons: 1) Essential trace metals are 

BDTA DTPA 
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removed. 2) The agents can't seem to penetrate 
cell walls to get better access to plutonium in its 
long term storage areas (ferritin and hemosiderin 
deposits in liver cells and the skeleton). 3) The 
ligands have been designed for metal ions much 
smaller than the actinides. TIlUS EDTA can I t fully 
encapsulate Pu4+ 

The similarity between Fe3+ and Pu4+ in terms of 
biological transport and storage, as discussed in 
the previous sections, had led us to study catechol 
complexes with the actinides. Initial phases of 
the project have included the determination of

4
the 

fOl1nation constants of Fe3+, 'Th4+, U4+, and Pu + 
complexes with a wide variety of simple catechol 

,e(:=©f 
R 3 R 

complexes. For iron", the equilibrium above has for
mation constants 104u- 1045 . For a biological iron 
sequestering molecule, such as enterobactin, there 
is a chelate effect some ten orders of magnitude 
above the latter valuesf For Th4+ we found that wi th 
four catechols, the formation constants are as high 

as 1042 , as discussed in last year's progress report. 

Since then we have examined U4+ and Pu4+. The 
formation constants for U4+ are higher than those of 
Th4+, as expected. The observed titration curves 
for Pu4+ have not yet been interpreted. However, it 
may be noted that in solutions with pH as high as 
12, no precipitates are observed and the solutions 
are orange in color, suggesting coordination by the 
simple catechol ligands and a formation constant of 
at least 1056 . 

We frave also examined the equilibria with Th4+ 
and Pu + and the synthetic "macro-chelate" Dl-lB
cyclam-16. (See previous sections for details of 
the synthetic chelates.) One of the serious prob
lems in the experiment has been that the synthetic 
chelate is very insoluble below pH 7, a region 
where important metal complexation occurs. A tenta
tive result suggests that the above synthetic ligand 
does not fully encapsulate the metal. One of the 
simple catechol ligands, 4-nitrocatechol, has been 
studies with Th (rV) in some detail. Hydrolysis re
actions in this system have been characterized. 
These hydrolysis reactions make the coordination 
chemistry of the actinides more complex than for the 
corresponding iron(rII) compounds. 

1. P. W. Durbin, Radiobiology of Plutonium, B. J. 
Stover and W. S. S. Jee, Eds., J. W. Press, Salt 
Lake City, (1972), pp. 469-530. 

2. SYNTHETIC h~ STRUCTURAL STUDIES OF ACTINIDE 
AND OTHER COMPOUNDS 

a. Preparation and Properties of the Actinide 
Borohydrides: Pa(BH4)4, Np(BH4)4, and PuCBHa)4 

* R. H. Banks, N. M. Edelstein, R. R. Rietz, David 
H. Templeton and Allan Zalkin 

Uranium(IV) borohydride, a volatile dark green 
solid, was first synthesized

2
during the Manhattan 

Project. l Hoekstra and Katz reported the prepara
tion of the much less volatile, but isostructural 1 
'Ih(Bl14J4 in 1949. Recentlr uranium borohydride3,LJ. 

and its etherate complexes have again been the sub
ject of structural and spectroscopic investigations. 
As part of our program on the properties of actinide 
borohydrides, we report in this communication the 
syntheses of Pa(BH4)4' Np(BH4)4' and Pu(BH4)4' the 
remaining borohydride complexes of the first five 
elements of the actinide series, and some of their 
physical properties. 6 

All five actinide compounds, An (BH4) 4, are made 
by the solvent-free reaction of the anhydrous tetra
f1 uoride wi th Al (BH4 h, viz. 

One of the important properties characteristic of 
the metal borohydrides is their high volatilities, 
enabling them to be pumped out of the reaction mix
ture and purified by trap-to-trap sublimation. The 
vapor pressures increase with higher atomic number 
of the metal. Th(BH4)4, which sublimes at 120; in 
vacuum, exerts a pressure of 0.2 mm Hg at 1500 

while No and Pu borohydrides easily sublime at -lCf. 
l\1p(BH4)4 has a vapor pressure of 10mmHg at 25° 
making it the most volatile compound of tetravalent 
Np knmvn to date. Pu(BH4)4 appears to exhibit a 
vapor pressure similar to Np(BH4)4. 

The synthesis of P~(BH4)4 follows that ofTh( BH4)4 
by Hoekstra and Katz, but the reaction tube was 
modified by the addition of a demountable cold fin
ger from which the Pa(BH4)4 could be removed in an 
inert a>onosphere dry box. Pa(BH4)4 is an orange, 
air sensitive solid sublimable at 55° in vacuum. 
X-ray powder diffraction photographs have shown that 
it is isomorphous with the uranium and thorium boro
hydrides. Its tetragonal unit cell with a = 7.54 (3) 
A and c = 13.23(5)A contains four molecules, giving 
a calculated density of 2.63 g/cm3. 

The method used for making Np and Pu borohydrides 
differs from that above because their high volatil
ities require no cold finger and their thermal in
stabilities demand that the reaction be carried out 
at a lower temperature and for a shorter time. We 
have found that carrying out the reaction at 0° for 
4 hours works well after which time the An (BH4) 4 and 
unreacted Al (BH4) 3 are collected in 78° and -196° 
traps, respectively. Yields were increased by 
returning the unused Al (BH4) 3 to the reaction tube 
for another 4-hour period and repeating this pro
cedure several times until no more An(BH4)4 was ob
tained. An earlier attempt to make Np(BH4)4 was 
reported? in which only a green, nonvolatile solid 
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was obtained in the reaction vessel. This was prolr 
ab~y a mixture of NpF4 and mixed Np fluoroborohy
drIdes due to the presence of either metallic impu
rities (e.g., NiF2) and/or improper reaction condi
tions. Hoekstra and Katz7 noted a color change in 
their PuF4/Al(BH4)3 reaction vessel from tan to 
blue-green, the same color change we observe in ours, 
however, their Pu(B~)4' if it did form, must have 
decomposed before collection, as they obtained no 
volatile Pu compound. 

Np(BH4)4 is a dark green, pyrophoric liquid that 
melts at 14.2°. It must be kept in a greaseless 
storage tube under liquid nitrogen since it decom
poses fairly rapidly at 25° transforming into a yel
low, nonvolatile solid with the evolution of H2 and 
B2H6' This observation suggests that Np(BH4)3 is 
formed. At higher temperatures a shiny, metallic 
mirror is obtained that may be ~~ metal or NpB4' 
Pu(BH4)4 is a bluish-black liquid with properties 
very similar to Np(BH4)4 but is even more unstable 
to thermal decomposition. 

Diffraction patterns recorded with a low-temper
ature x-ray powder camera show that Pu(BH4)4 and 
Np(BH4)4 are isomorphous and have a new tetragonal 
crystal structure type, with a~ 8.59(1)A, c ~ 6.1(2) 
A at -20° C for the Pu compound and a ~ 8. 54(5)A, 
c ~6.l(2)A at -150°C for the Np compound. The low 
accuracy of the £ dimensions is the result of strong 
preferred orientation of the crystals and absence 
from the films of reflections with ~ values greater 
than 2. The unit cell contains two metal atoms at 
0,0,0 and 1/2,1/2,1/2. No reflections were observed 
that indicate any deviation from body-centered sym
metry. The diffraction data do not define the bor
on and hydrogen positions. 

Each metal atom has two metal atom neighbors at 
6.1A and eight more at 6.8A. These distances indi
cate that the solid is monomeric, like Zr(BH4)4 
(Ref. 8) and Hf(BH4)4,3b rather than polymerIc with 
borohydride bridges like those in U(BH4)4. 3a Th~ 
molecular volumes (225, 222, 186, 201, and 211A 
respectively, for the Pu, Np, U, Zr, and Hf com~ 
pounds) suggest the same conclusion. The metal atom 
positions in Pu(BH4)4 are closely related to those 
in solid U (BH4) 4, but are more syrmnetrical. The struc
ture can be converted into the Zr(BH4)4-type struc
ture with little distortion if molecules at 1/2,1/2, 
1/2 are moved to 1/2, 1/2,0. 

The room temperature gas phase IR spectra of Hf, 
Np, and Pu borohydrides and of U borohydride at 50° 
(Fig. 1) were taken on a Perkin- Elmer 283 IR spectro
photometer with the sample contained in a 10 em cell 
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Fig. 1. Gas phase infrared spectra of metal boro
hydrides. The spectrum of U(BH4)4 was run at 50° 
in order to have sufficient vapor pressure. Peaks 
at 2511, 2345, 1604, and 1175 em-I were due to B2H6, 
a decomposition product. (XBL 772-397) 

fitted with KEr windows. It can be seen that the Np 
and Pu compoUJ.lds have similar spectra to Hf(BH4) 4 in 
which four BH4 groups surround the metal in a tetra
hedral array each coordinated via 3 hgdrogen bridge 
bonds making the metal l2-coordinate. 

Our preliminary Raman spectrum on solid Np(BH4)4 
at -85° is equivalent to that for single crystal 
Hf(BH4)49a if one allows for effects due to the 
heavier Np atom. This reinforces our belief that 
Np(BH4)4 is a monomer in the solid state. Since poly
meric linkages need not be broken upon vaporizing, 
Np(BH4)4 and Hf(BH4)4 therefore have much higher va
por pressures than U(BH4)4 which was shown to be a 
monomer and of

9
ShrOsame structure as r~(BH4)4 in the 

gaseous state. ' 
A summary of the physical properties of the ac

tinide borohydrides is shown in Table 1. 

Table 1. Physical properties of the actinide borohydrides. 

COMPOUND COLOR STABILITY M.P. V.?(MM) RADIUS SOLID GAS DENSITY 

THCBH)4 WHITE STABLE 2030 .OS/rrJ' .972 TETR To? 2.56 

PACBH4)4 REDDISH STABLE D - .935 TETR To? 2.63 
ORANGE 

U(BH4)4 ilIIRK V. SLOW D .3/34' .913 TETR To 2.71 GREEN DECOMP 

Np(BH4)4 BLUISH DECOMP 14 "'10/25' .903 TETR To 2.21 
GREEN 

Pu(BH4)4 BLUISH DECOMP "'14 "'10125' .887 TETR Tn 2.20 
BLACK 

HFCBH4)4 \\HITE V. SLOW 29 1)125' .79 CUBIC To 1.36 
DECOI'P 
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Further studies are underway on the spectroscopic, 
structural, and magnetic properties of these new ac
tinide borohydrides. 

* Present address: Rocbvell International, P. O. 
Box 250, Richland, WA 99352. 
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b. The Preparation and Crystal Structure of Uran
ium(IV) Borohydrlde N-Propyletherate 

Allan Zalkin, Richard R. Rietz, David H. Templeton 
and Norman M. Edelstein 

In our study of Lewis base adducts of uranium(IV) 
borohydride, we have discovered a number of volatile 
etherates. Structural characterization of two of 
these compounds,l U(BH4)4'O(CH3)2 and U(BH4:l4'O(C2H5)z, 
has shown them to be linear polymers in the crystal
line state. The complex with tetrahydrofuran is a 
di-etherate and monomeric in the crystal. 2 

IVhen U (BH4) 4 and di -n -propyl ether were reacted 
a light green solid was-formed that sublimed at 
room temperature (20°) some 2iflower than the sub
limation temperature for the dimethyl or diethyl 
etherates. This unexpected increase in volatility 
with increased molecular weight prompted us to ex
amine the crystal and molecular structure of this 
solid. 

On standing in sealed capillaries for a few 
months the crystals changed to a red color. The 
structure was determined for this red material by 
the single crystal x-ray diffraction method. A pow
der diffraction pattern taken with the fresh green 

crystals corresponds to the single crystal results 
in its line positions and qualitative intensities. 
A similar color change from green to red, wi thout a 
change of crystal structure, was observed for both 
the methyl and the ethyl adducts of ur8£ium borohy
dride when they were exposed to x-rays. 

The crystals were shown to be tric1inic, space 
group PI, with a '" 12.043(10)A, b'" 10.340(8)A, 
c '" 14.752(13) A, a'" 82.81(5)", B '" 112.99(5)", 
and y ~ 110.76(5)°, at 22°C. The calculated den
sity is 1.68 g/cm3. 

The molecule structure, shown in Fig. 2, is an 
unsymmetrical dimer of two formula units in which 
two uranium atoms are bridged by a borohydride unit. 
One of the uranium atoms is at the center of an ir
regular octahedron consisting of two n-propyl ether 
ligands at the apices and four borohydride groups 
about the equator; the second uranium atom is asso
ciated with five borohydride groups alone. The firs t 
uranium atom environment is reminiscent of that found 
in the U(BH4)'2THF structure,2 but lacks one hydro-
gen atom neighbor. . -

The nearest neighbors of uranium are the two oxy
gen atoms and the hydrogen atoms from the borohydride 
ions. The bridging borohydride contributes two hydro
gen neighbors whereas the terminal ones each contrib
ute three. The interatomic U-B distances of 2.9 A 
and 2.5 A are char~cteristic of the two types ob
served in U(BH4)4. The first uranium atom has 13 
nearest neighbors, including the oxygen atoms, and 
the second uranium atom has 14 neighbors, all hydro
gen atoms. Fourteen coordination for uranium has 
been found in U(BH4)4,3 U(BH4)4' OCCH3)2,1 U(BH)4'O 
(C2H5)z,1 and U(BH4)4'2(OC4H8), 2 but the thirteen co
ordination is unique. 
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c. Structure of Uranyl Nitrate Di-Tetrahydrofuran 

John G. Reynolds, Allan Zalkin and David H. 
Templeton 
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Uranyl nitrate is soluble in a variety of organic 
solvents and forms various crystalline phases with 
them. l ,2 Extraction into ether was the classical 
method of purification of this salt, and today ex
traction with various nonaqueous sol vents remains an 
important industrial technique. To extend ourknowl
edge of the molecular basis for this solubility, we 
prepared the tetrahydrofuran complex, U02(N03)2'2 
(C4H80), and determined its crystal structure. 
Feder, Ross and Voge12 have reported a 1:1 addition 
compound of U02 (N03) 2 with tetrahydrofuran. 

Uranyl nitrate was extracted from an aqueous solu
sion with THF. The THF layer was dried and slowly 
evaporated to produce crystals of uranyl nitrate di
tetrahydrofuran; these crystals were maintained un 
der an atmosphere of THF to prevent crystal decompo
sition, 

By x-ray diffraction the crystals were shmm to 
be monoclinic, P2l /a with a '" 9.412(7)A, b=12.649(9) 
A, £ '" 7.237 (5) A, S = 117-:-12 (6 r. The calculated 

Fig. 3. An ORTEP view of U02(N03)2,2(THF). Iso
tropic thermal parameters were used in preparing 
this figure. (XBL 773-8137) 

density is 2.33 g cm- 3. The molecular structure was 
determined by a single crystal x-ray diffraction 
analysis. 

The molecular structure (Fig. 3) consists of a 
uranium atom on a center of symmetry coordinated to 
eight oxygen atoms. The two uranyl oxygen atoms are 
perpendicular to the plane of the remaining coordi
nating oxygen atoms and with them form a hexagonal 
bipyramid about the uranium atom. This coordination 
geometry is typical of uranyl nitrate :f:~ is the 
same as that found in U02 (N03) 2' 6H20, , 
U02 (N03) 2' 3H20, 5 U02 (N03) 2' 2H20,6 U02 (N03) 2' 2[ OP 
(OC2H5h], 7 and U02(N03)2,4H20· (18- crown-6).8 The 
agreement of corresponding distances and angles in 
these structures in most cases is within the quoted 
estimated errors. 

The tetrahydrofuran molecule in this structure 
appears disordered as it does in most crystallo
graphic determinations, presumably as a result of 
"pseudorotation.,,9 
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d. Synthesis and Crystal Structure of a Neodymium 
Isopropoxide Chloride, Nd6[OCHCOi3)2] 17CI 

Richard A. Andersen, David H. Templeton and Allan 
Zalkin 

It has been reported that preparation of isoprop
oxide and metal chloride results in materials that 
are contaminated by chloride th~u2h nothing was 
known about their constitution.' We have carried 
out a single crystal x-ray analysis of the chloride
containing material and have shown it to be Nd6 
(0-i- Prh7CL 

Sodium isopropoxide was prepared from sodium and 
isopropyl alcohol in benzene; it was then added to 
a gently refluxing solution of neodymium trichloride 
in isopropyl alcohol. The resulting suspension was 
refluxed, centrifuged, and washed with benzene. The 
blue solid was recrystallized from toluene as light 
blue needles. The compound did not melt nor decom
pose when heated in a sealed capillary to 30if. The 
crystals are monoclinic, P2l/n with a '" 24.52 (2) A, 
b = 22.60(2)A, c = l4.22(1)A, S = 101.05(5)° and 



Dx = 1.64 g/cm3 at 210C. The molecular structure 
was determined by a single crystal x-ray diffrac
tion analysis. 
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The neodymi~n atoms are at the corners of a very 
nearly regular trigonal prism in which the triangu
lar edges average 3. SOS ± 0.006 A and the axial edges 
4.230 ± 0.010 A, in Fig. 4. All of the angles in the 
triangular faces are wi thin 0.10 of 60°. Because of 
a slight twist of the triangular faces with respect 
to each other about the prism axis, the angles are 
about 1 degree from 90° for the three quadrilateral 
faces. The cause of this minor distortion is un
Immvn; perhaps it is a result of some steric effects 
of the isopropoxide ligands. The chloride ion is 
equidistant from the six Nd atoms at a distance of 
3.05 ± O.OlA, and is perhaps the stabilizing factor 
for this remarkable cluster of atoms. 

There are three types of oxygen-Nd bonds. Each 
Nd atom is bonded singly to an isopropoxide ligand 
wi th an average Nd -0 distance of 2.05 ± 0.02 A. A 
bridging isopropoxide ligand bonds 2 Nd atoms at each 
edge of the prism to give 18 Nd-O bond lengths that 
average 2.36 ± 0.04 A. The isopropoxide ligands that 
are centered on the triangular faces bond to three :£ 
atoms with an average bond length of 2.4S±0.OSA. 

The molecular packing resembles the hexagonal 
closest packing of spheres. The globular complexes 
with centers near y = 1/4 form a layers in which 
each cluster has six neighbors, and a similar layer 
occurs at y = 3/4. The stacking of these layers is 
according to the ABAB sequence of hexagonal closest 
packing. This description is imperfect because the 
molecules are not spherical, and Cl-Cl distances for 
the 12 nearest neighbors range from 12.94 to 16.34 
A. 

TIle magnetic susceptibility of the complex follow'
ed the Curie-Weiss equation X = CM/T+G in the temper
ature range 7.5 to 100 K. The magnetic moment, 

Fig. 4. ORTEP drawing of the Nd, Cl and 0 framework 
in Nd6 [OCH(CH3) 2 117C1. (XBL 776-9355) 

lleff' w:=s 3.22 B.M. per neodymium atom with G = -2.S' 
and CM - 1.293. 
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e. Crystal and Molecular Structure of bis-n-(cyclo
butenocyclooctatetraene)uranium(IV) , U[CSH6(012}2J2 

Stuart R. Berryhill, Wayne D. Luke, Andrew Strei t
wieser, Jr., David I-I. Templeton and Allan Zalkin 

Following the initial characterization of bis 
(cyclooctatetraenyl) uranium (IV) , "uranocene," by 
Streitwieser and MUller-Westerhoff,l its crystal 
and molecular structure was determined. 2 Subsequent
ly the preparation3 and structure4 of bis(cycloocta
tetraenyl) thorium (IV), "thoracene" was reported as 
well as the pregarations and structures of octameth
yl uranocene,5, U(CSH4(Oi3)4)2, and octaphenyl ura
nocene,7,S U(CSI-I4(C6HS)4)z' 

As part of a program to extend knowledge of the 
chemical and structural properties of compounds of 
actinide elements, we undertook a study of the struc
ture of cyclobutenouranocene synthesized by Streit
wieser, Berryhill and Luke. 9 

Crystals grown from a hexane solution were dark 
green. The material is extremely air sensitive. 

Crystals of bis-n-(bicyclo[6.2.0]deca-l,3,S,7-
tetraene) uranium CIV) , U(CSH6 (CH2) 21 2, are monoclin
ic, space group P21/n, a = 9.906(S) A, b =11.039(9) 
A, '=- = 7.221(6) A." S=98.S9(Sf, V=7S0-:-15A3, Z= 2, 
Dx = 2.122 g em-·J, at 2t C. 

The title compound exists as discreet molecules 
in the solid state. \IIi th the uranium at the origin 
of the emit cell, the molecule has a center of sym
metry imposed on it by the space group and the Cs 
rings are exactly eclipsed. The molecular symmetry 
is C2h. The uranium atom is sandwiched by the two 
cyclobutenocyclooctatetraene moieties, and it is 
accurately centered on the cyclooctatetraene (CS) 
rings; i.e., the U atom is very nearly equidistant 
to all of the atoms in the Cs ring, see Fig. S. 
The cyclobuteno (C4) ring is planar and the plane 
of the ring is bent about 6.So from the plane of 
the Cs rings toward the center of the molecule; i. e., 
the two most distant carbon atoms are both 0 .1S A 
below the least squares plane through the Cs ring; 
none of the atoms in the Cs ring is more than 0.016 
A from its least-squares plane. 

Bond angles and distances are comparable to those 
found in other uranocenes. The mean U-C value in 
this compound is 2.64 ± 0.02 A; this compares to a 
value of 2.65 A in uranocene, 5 2.66 A in U (CSI-I4 
(CH3)4)/ and 2.65 ± 0.03 A in octaphenyluranocene.9 
It lS evident from the ORTEP drawing in Fig. 5 that 
there is considerable torsional motion in the plane 
of the ring. We estimate an increase to 1.41 A for 
the average C-C bond length due to this motion. 9 
This compares to 1. 42 A (after correction for tor
sional motion) in thoracene and uranocene. S The 
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Fig. S. An ORTEP view of the molecule. 
(XBL 7711-10665) 

bond lengths of C(8)-C(9), C(7)-C(10) and C(9)-C(10) 
are aliphatic in nature with the first two being 
close to the accepted C-C bond length. The C(9)
C(lO) bond length is 1.47(2) A, which would increase 
to 1. 49 A with a correction for torsional motion, 
and is still somewhat short of the expected value 
of 1. 54 A. 
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f. + -The Crystal Structure of [XeF J [AsF6 1 

Allan Zalkin, Donald L. Ward, Richard N. Biagioni, 
David H. Templeton and Neil Bartlett 

In an earlier paper Sladky et a1. described1 the 
preparation of the 1:1 XeF2 - AsFS complex and 
showed that it lost AsFS readily under vacuum at or
dinary temperatures to yield a 2:1 complex. The 
crystal struct~re of the 2:1 complex has already 
been described and is consistent with formulation 
as the salt Xe2F3+AsF6-' The structure of the 1:1 

complex was of interest to us because of an earlier 
finding3that the structure of the 1: 1 Xef2 - RuFS 
complex was consistent with the XeF+RuF6 formula
tion and our expectation that the formulation of the 
1:1 XeF2 - AsFS complex would be similar. 

Preparative conditions for 1: 1 XeF2 - AsFS complex 
have now been established, and we have determined 
the structure by single crystal x-ray diffraction. 
The crystals are monoclinic, P2l/n, a = 6.308(3), 
b'" 6.275(3), c '" 16.023(5) A, i3 '" 99.97(S}", 
V = 624.66 A,3 Z '" 4, Dx '" 3.61 g cm- 3, at 24°C. 

The crystal structure consists of an ordered ar
rangement of discrete FXeFAsFs units, the closest 
contact between units being 2.92A, a contact be
tween F(l) and F(7). The structure of this mol
ecule is compared with that of FXeFRuFS in Fig. 6. 
The amplitudes of thermal motion are considerable. 
In each case except Xe-F(6) the minimum amplitude 
of motion is nearly parallel to the bond, and in 
every case the largest amplitude is nearly perpen
dicular to the bond. These results lend credibility 
to the physical reality of the riding model as a 
description of the thermal motion. 

In spite of the close similarity of molecular 
geometry and the fact that the arsenic and rutheni
um compounds crystallize with the same space group 
symmetry, the unit cell shapes are dissimilar and, 

F(S) 

Fig. 6. The formula units of XeFAsF6 and XeFRuF6 
(Ref. 3), the former with 50% probability 
ellipsoids, the latter with 30%. (XBL 7311-6807) 
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moreover, the molecular packing is quite different. 
In FXeFAsFS the long dimensions of the formula units 
are all nearly parallel to each other, while in 
FXeFRuFS there are two orientations nearly perpen
dicular to each other. To a first approximation we 
can represent the FXeFRuFS as developed from a CsCl 
(8:8 coordination) structure type whereas we can 
represent FXeFAsFS as derived from a NaCl type (6:6 
coordination). We attribute this difference in 
coordinating capability of the anions with differ
ences in polarizability of the F ligands in the 
MF6 -. 

1. F. O. Sladky, P. A. Bulliner and N. Bartlett, 
J. Chem. Soc. A, 2179 (1969). 
2. N. Bartlett, B. G. Deboer, F. J. HOllander, F.O. 
Sladky, D. H. Templeton and A. Zalkin, Inorg. Chem. 
13, 780 (1974). 
~ N. Bartlett, M. Gennis, D. D. Gibler, B. K. 
Morrell and A. Zalkin, Inorg. Chem. 2l, 1717 (1973). 

g. Actinide Chemistry of Highly Substituted Cyclo
octatetraenes* 

Michael J. Miller and Andrew Streitwieser, Jr. 

Although the highly hindered octaphenyluranocene 
(bis-n-l,3,S,7-tetraphenylcyclooctatetraene uranium) 
is remarkably air stable, its limited solubility 
precludes further solution experiments. A uranocene 
that is highly substituted with bulky alkyl groups 
should be both air stable and soluble. Such a ura
nocene should allow investigation of the solution 
chemistry of hindered uranocenes in order to gain 
further insight into the bonding in actinide organo
metallics. 

The previously unko~~ compound, 1,3,S,7-tetra-t
butylcyclooctatetraene, 1, was prepared in several 
steps in 24% overall yield as a colorless, low
melting solid. Treatment of the cyclooctatetraene 
with potassium metal in THF slowly forms the dianion 
Addition of a solution of UC14 in THF to a THF solu
tion of the dianion resulted in immediate reaction 
to give a black insoluble precipitate with libera
tion of the neutral cyclooctatetraene, 1. The reduc
tion potential of the cyclooctatetraene is apparent
ly too high to allow formation of a stable urano
cene and reduction of UC14 to uranium metal occurs 
instead. Similar results have been obtained with 
ThC14' 

The dianion ~ has also been prepared. This dian
ion, upon treatment with UC14, forms the stable ura
nocene, 1,1' ,4,4'-tetra-t-butyluranocene. This ura
nocene is not air stable, though, presumably due to 
the ineffective shielding of the metal by only four 
t-butyl groups. The proton NMR spectrum of thisura
nocene is quite interesting. Although the t-butyl 
protons(-9.88) exhibit a resonance much the same as 
those in 1,1'-di-t-butyluranocene (-11.08), the ring 
protons show a very large variation. The value of 
-22.48 for one set of ring protons is the lowest 
field shift yet observed for a uranocene ring proton 
This is presumably due to the large electronic pertur
bation of the t-butyl groups on the ligand n-system, 
but may also be due to a distortion of the geometry 
of the system due to the presence of the large 
groups. 

Table 2. Spectra of 1,1' ,4,4'-tetra-t-butyluranocene. 

Proton ~!R: 6 -9.8(s,18H),-24.4(s,4H),-38.0(5,411),-40.4(5,4H). 

risible: A 631, 658, 725 run. 
mu + + + 

~jass Spectrum(m/e): 670(/1 , (C16H24 )ZU ), 454(C16HZ4U), 

Z16(C
16

H
24

+), 57(C4H
9

+) 

* Partially supported by NSF. 

h. Synthesis and Chemistry of Substituted 
Thorocenes* 

Carole LeVanda and Andrew Streitwieser, Jr. 

Disubstituted bis-cyclooctatetraene thorium(IV) 
(thorocene) complexes have been prepared in good 
yield by the reaction in Eq. (1), where RC8H7 in
cludes n-butyl, phenyl, and 1,3,5,7-

2K2RCSH7 + ThC14--(RCSH7)2Th + 4KCl (1) 

tetramethyl cyclooctatetraenes. Unlike thorocene 
itself, these substituted derivatives are soluble 
in common organic solvents that allows for exploro
tion of their chemical and spectral properties. The 
substituted thorocenes provide the first group of 
diamagnetic bis-cyclooctatetraene actinide compounds 
for NMR analysis. Proton and 13C NMR spectra of 
these air-sensitive complexes show a significant de
crease in electron density in the rings relative to 
ionic cyclooctatetraene salts, which attests to their 
covalent nature. For example, in dibutylthorocene, 
the ring protons absorb at 8 6.5 ppm vs. 5.7 ppm for 
K2BuCSH7' The ring carbon resonances in (BuCSH7}z Th 
are some 20 ppm downfield from the dipotassium salts. 
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Of particular importance is a comparison of tho
rocene chemistry with the known chemistry of urano
cene, the U(IV) analog, to assess the effect of elec
tronic structure on the relative reactivity of the 
cyclooctatetraene complexes of the lower actinides. 
The limited chemistry of uranocene has been ration
alized on the basis that both the highest occupied 
and lowest vacant orbitals are predominantly metal 
in character. Reactions generally occur at the 
metal with consequent rupture of the metal-ligand 
bonds. With a closed shell configuration, the chem
istry of thorocenes differs somewhat from that of 
uranocenes. For example, uranocene is remarkably 
stable to water when compared to ionic organometal
lic complexes of cyclooctatetraene. Dibutylthoro
cene was shown to react instantaneously with both 
water and acetic acid in TI-lF to give butylcyc1oocta
tetrienes. The rate of hydrolysis, however, is not 
a criterion for convalency. With two fewer f
electrons, thorocene is expected to be more suscep
tible to nucleophilic attack than uranocene. 

Thorocenes were shown to react with nitro com
pounds to give azo compounds in a similar fashion 
to uranocenes. Previously, a mechanism had been 
proposed that involved an electron transfer to form 
a U(V) species. Since Th(V) oxidation state is un
knOl'm, this observation requires that an alternative 
mechanism be formulated. 

It was shown that thorocenes undergo ligand ex
change with cyclooctatetraene dianions (Eq. 2) in an 
analogous fashion to 

uranocenes but that in some cases the reaction is 
slow. Dibutylthorocene also undergoes a slow reac
tion with UC14 to produce dibutyluranocene. 

* Partially supported by NSF. 

i. The Syntheses, Optical and Magnetic Properties 
of Tetrakis (Di N-Propylamido)Uranium(IV), Tetrakis 
(Di N-Butylamido)Uranium(IV), Tetrakis (Di N-Propyl
amido )ThoriumCIV), and Tetrakis eDi N- Butylamido) 
Thorlum(IV), Volatlle Liquid Amides 

John G. Re)~olds* and Norman M. Edelstein 

Transition metal amides have been utilized as re
active intermediates in the synthesis of transition 
metal alkoxides, thiols, and organometallic deriv
ati ves. l Recently, we have reported many new urani
um amides, which are not only useful as extremely 
reactive intermediates,2,3 but exhibit novel phys
ical properties. 4- 7 In the solid state, these new 
uranium compounds have exhibited m9nomeric,6 di
meric,4 trimeric,S and tetrametric molecular units, 
with the U atoms being bridged by N atoms. The co
ordination about the U atom is four, five, or six 
in the crystals, while in solution the coordination 
about the U atom depends on the complexing ability 
of the solvent. In order to extend this work, we 
now report the preparation and isolation of the ac
tinide amides, U [N (O-1ZCHZ0-13) 21 4' U [N C O-1ZCH20-12 

CH3)z14, and their thorium analogs. These compounds 
are liquids at room temperature, and their physical 
and solution properties are markedly similar to 
those of UCNEt2)4 4,8 and Th(NEtZ)4,9 respectively. 

The reaction used for the syntheses of these new 
actinide amides is the same as employed previously 
for the large majority of transition metal amides:IO 

II1C1 4 + 4LiNR2 ~=~M 

M = U, Th 

4 + LiCI + 

Table 3 lists some of the physical properties of 
these actinide amides. Although the di-n-propyl and 
di-n-butyl actinide amides are the first reported 
actinide amides which are liquid at room temperature, 
this behavior is common in d -:tnmsi tion~-meta1 amides. l 
The distillation temperatures of the corresponding 
thorium and uranium dialkyl amides are quite similar. 

Table 3. Physical properties of some uranium amides. 

Compound Phase8 Distillation Temp.6 

U(N(CH2CH 3)2)44•8 solid 

U(N(CH2CH2CH3)2)4 liquid 

U(N(CH2CH,CH,CH3)Z)4 liquid 

Th(N(CH2CH3)2)4 9 solid 

Th(N(CH2CH2CH3)2)4 liquid 

Th(N(CH2CH2CH2CH3)Z)4 liquid 

U(N(C6HS)Z)4 
6 solid 

U3(CH3NCH2CH2NCH3)6 
5 solid 

a bAt room temperature. 
At less than 10- 4 mm Hg pressure. 

cDecomposi tion wi thhout sublimation. 

40· ~ 50· C 

40' e 50' C 

90· e 100· C 

40· e 50· C 

50· e 60· C 

90· e 100· C 

dec. C 

dec. 

The pmr spectra of the uranium and thorium amides 
in d8 toluene and dg 1HF are given in Table 4. The 
proton spectra of the thorium amides are almost iden
tical to those of the free ligands as expected for a 
diamagnetic Th4+ ion. The pmr spectra of the U am
ides can be classified into two groups depending on 
the solvent used. The proton spectra of the U a111-
ides in dg toluene have peaks asymmetrically placed 
about TMS, and significantly shifted from the corre
sponding diamagnetic positions. As the distance of 
the proton from the U atom is increased, the magni
tude of the shift decreases. Also, resolution of 
the spin-spin coupling occurs at the y carbon pro
tons, suggesting that at this distance the effects 
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Table 4. Proton magnetic resonance spectra of some uranium amides a with respect to ThlS (ppm). 

Compound Solvent ()! a y 5 Temperature 

U(N(CH2CH3)2)4 4 dS Benzene _13,Ob +5,4(; 24°C 

U{N(CH2CH2CH3)2)4 toluene -8,4(5) +1,9(5) -,4(t) 25°C 

U(N(CH2CH2CH2CH3)2)4 toluene -9,4(5) +3,1(5) -,3(m) +,5(t) 19°C 

U(N(CH2CH3)2'4 
4 

dS THF +18,2 +13,8 24"C 

U(N(CH,CH,CH3),)4 THF +19,8(5) +12. +8.04(t) 26"C 

U(N(CH,CH,CH2CH3)2)4 dS THF +17.9(5) +11.6(5) +6.5(5) +2,6(t) 19"C 

U(N(CH,CH2CH3)2)4 neat +1. 1(5) +11.4(s) +9,3(t) 25"C 

U(N(CH2CH2CH2CH3)2)4 neat +3,5(5) +16.5{s} +13,3(m) +14,1(t) 25"C 

Th(N(CH2CH,CH3)2)4 d6 Benzene -2, -1.1(m) -,5(m) 25"C 

Th(N(CH2CH2CH2CH3)2)4 d6 Benzene -2,95(t) -1. 3(m) -LO(m) -.7(t) 25"C 

a 
C( ~ C( carbon proton, B ~ B carbon proton, y ~ y cargon proton, 6'" 8 carbon proton, t triplet, 

b s '" singlet, m = multiplet. 
- '" downfield relative to TMS. 

c+ '" upfield relative to 11v!S. 

of line width broadening due to the very fast elec
tronic relaxation time of the paramagnetic U4+ ion, 
are much diminished. If we assume that the U spe
cies in toluene solution is monomeric as found for 
the U(NEtZ)4 compound,8 then the most likely struc
ture for the U n--alkyl amides is tetrahedral. For 
this symmetry the pseudo-contact term vanishes, and 
only the Fermi contact hyperfine interaction con
tributes to the paramagnetic shift.l1 This inter
action would be of a similar magnitude for each of 
the Un-alkyl amide compounds and would account for 
the similarity of the paramagnetic shifts in the 
series. 

The same argument may be used for the pmr of the 
Un-alkyl amides in ether solvents. Table 4 shows 
the great similarity of the shifts for the three 
compounds. It appears that the ether solvents com
plex the U amides and the solution structures are 
very similar. Therefore, the g value anisotropy, 
the pseudo-contact shifts, and the Fenni contact 
term are s:Lllilar for each of the compounds, which 
results in similar pmr spectra for each of a, B 
etc., protons in the alkyl chain for each compound. 

The pmr spectra of the neat compounds are also 
given in Table 4. These relative sp1ittings and the 
resolution of the multiplets are the same as found 
in toluene solution but there is an absolute shift 
of 10-13 ppm upfield in the line positions due to 

the effects of the bulk susceptibility of the solu
tion. These observations support our assumptions 
that the Un-alkyl amides [and U(N¢Z)41do not coor
dinate with hydrocarbon solvents and that they are 
monomeric at room temperature in these solvents. 

The optical and near IR spectra of the uranium 
n-propyl amide in various solvents at room temper
ature are Sh0\\'11 in Fig. 7 and tabulated for both 
uranium amides in Table 5. These spectra are almost 
identical to those of the previously published 
U(NEtZ)4 and U(N¢Z)4 in the same sOlvents. 4 ,6 As in 
the pmr spectra \ve suggest the spectra in the ether 
solvent are due to a U molecule associated with the 
complexing ether solvent molecules, whereas in hydro
carbon solvents the spectra are due to the uncom
plexed tetrahedral U molecule. The almost identical 
spectrum for each of the uranium n-alkyl amides in 
the same solvent shows that changing the alkyl chain 
has little effect on the f-f transitions. The major 
differences in the spectra come from changes in the 
first coordination sphere as shown by the effects of 
the ether solvent. 

The inverse of the magnetic susceptibility of 
U [N (CHZCHZCI-1ZCH3) 3] 4 in the temperature range 4. Z to 
100 K IS shown in Fig. 8. A similar curve is found 
for urN (CHZCHZCH3)Z]' The data for the three n-alkyJ 
amides are collected in Table 6. In all cases there 
is Curie behavior dmvn to ~30 ]( [ZO K for U (NEtZ) 4] 
after which the inverse of the susceptibility tends 



Fig. 7. 
various 

U(N(CH 2 CH 2 CH 3) 2) 4 in benzene 

Wavelength (microns) 

Optical spectra of U[N(CHZCHZCH3)z14 in 
solvents at room temperature. 

(XBL 7611-4390) 
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v 
'0 

8.0 
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Fig. 8. Inverse susceptibility of U[N(CHZCB2CH3)214 
vs temperature. The straight line is the calculated 
inverse susceptibility in that temperature range with 
the parameters obtained from a least-squares fit as 
given in Table 6. (XBL 7611-4393) 

Table 5. Peak positions and extinction coefficients of U(N(CHZCHZCH3)Z)4 and 
U(N(CHZCHZCHZCH3)Z)4 in various solvents. 

Peak <1 3 /I 5 6 

Compounds Solvent A,\lm (; A,llm !: A,llm E: A,llm € A,llm <: A,\lm € 

U(N(CHZCH3)2)" a Hexane .7011 SO b c 1.104 25 1.188 25 c 

U(N(CH2CH2CH3)2)4 Pentan!! .705 39 II c 1.105 24 1. 180 24 c 

U(N(CHZCHl CH2CH3)2)4 Pentane .702 45 b c 1.100 25 1.170 24 c 

U(N(CH2CH3)2)4 Il Benzene .692 47 b c 1.090 27 1.172 26 c 

U(N(CHl CH'lCH3)2)4 Benzene .705 /1/1 b c 1.105 32 1. 180 30 c 

U(N(CHl CHZCHl CH3)2)/I !lenzent! .705 45 II c 1.095 30 1.170 2B c 

U(N(CH2CH3)2'" Ii H2O .638 28 .660 211 .713 15 .990 20 1.01032 1.302 19 

U(N(CH2CH2CH3)2)1I H 2O .638 22 .658 19 .710 17 1.000 16 1.078 28 1.310 12 

U(N(CHZCHZCH2CH3)2J4 Et20 .640 24 .665 19 .710 17 1.005 17 1.070 30 1.305 18 

~rom Reference 4. 
cPeaks were not split into two components. 
Peaks masked by solvent bands. 
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Table 6. Temperature dependent susceptibility values for some 
uranium amides. 

Compound eM 

U(N(CHZCH3)Z)4 
4 

1.052 

U(N(CH,CH,CH3),'4 1.00 

U(N(CH,CH,CH,CH3),)4 .74 

U(N(C6HS)2)4 
6 

1.00 

to become less temperature dependent, The symmetry 
in the solid state of the two new uranium amides is 
unknown but the susceptibility data could be due to 
a ground state singlet with a doublet state approx
imately ~35 em-I higher in energy. The effective 
moments of all the amides in the temperature range 
where they follow the Curie law are similar, 

* Present Address: Department of Chemistry, Stanford 
University, Stanford CA 94305. 
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lJeff(BM) e( K) Temp,('K) 

2.74 ®4.B 20-100 

2.69 7.2 30-102 

2.44 2,2 27-84 

2.84 24.S 40-90 

thermodynamic calculations suggested NpFs and possi
bly PuFs should be stable.l Russian workers2 have 
recently reported the synthesis of NpFs by the oxida
tion of NpF4 in anhydrous hydrogen fluoride with KrF2 
at room temperature. Analysis of this material by 
spectroscopic and analytical methods showed it to be 
NpFs. We have recently dev~loped a new and relative
ly simple synthesis for UPs by the reaction of UP6 
dissolved in anhydrous hydrogen fluoride with excess 
PF3. A similar reaction has now been carried out 
with NpF6 with the resultant product being NpFs. 

NpF6 was dissolved in anhydrous hydrogen fluoride 
at room temperature in a Kel-F tube. This solution 
was frozen at 77K and an excess amount of PF3 was 
condensed onto the frozen solution. The liquid N2 
bath was removed and the solution was allowed to 
warm to room temperature. A bluish-white ppt formed 
during the warming process. After warming to room 
temperature the anhydrous hydrogen fluoride, PF3 and 
PFS, were removed by distillation. X-ray powder dif
fraction samples of the ppt were prepared in an ar
gon atmosphere box. 

X-ray powder patterns were obtained with a 114 mm 
Debye-Scherrer camera using copper Ka radiation. All 
the lines in the powder pattern c~uld be assigned on 
the basis of the a-UFS structure. The observed 
lines were fitted to the calculated pattern using the 
least squares program LCR-2 with the Nelson-Riley 
correction. The measured d-spacings and lattice 
parameters are shown in Table 7. 

j. Preparation and Structural Cbaracterization of NpFs 

Although the reaction utilized for the synthesis 
of NpFs was a low temperature one, the structure 
determined is the same as a-UFs, the high temper
ature form. Tne a-NpFs structure is consistent with 
the infrared and Raman spectra reported by the 
Russian workers. 2 

M. Baluka, * S. Yeh, R. Banks and N. Edelstein 

Until recently, only the pentafluorides of ura
nium and protactinium had been prepared, although 

The same reaction was run with PuF6 but the prod
uct obtained was amorphous and had the same tan 
color as PuF4. 
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Table 7. Powder diffraction data for ex-l\lpFS at room temperature. 

ill Observed d spacings 
A 

Observed 2 df.. 
(deg) 

Calculated 2 ea , b 
(deg) 

110 

101 

200 

211 

220 

002 

310 

112 

301 

202 

321 

400 

222 

330 

312 

411 

420 

4.611 

3.678 

3 . .258 

2.440 

2.308 

2.222 

2.062 

2.004 

1.955 

1.840 

1.676 

1.633 

1.604 

1.537 

1.514 

1.492 

1.459 

19.25 

24.20 

27.37 

36.83 

39.03 

40.60 

43.90 

45.24 

46.45 

49.55 

54.77 

56.35 

57.47 

60.19 

61.22 

62.22 

63.77 

19.26 

24.23 

27.35 

36.84 

39.04 

40.54 

43.87 

45.24 

46.46 

49.58 

54.74 

56.38 

57.53 

60.14 

61.24 

62.23 

63.77 

aCu radiation - A = 1.5418 A. 
b Tetragonal lattice a = 6.53 ± 0.03 fl., b 4.45 ± 0.03A. 

* Present Address: Institute for Low-Temperature 
Research, Polish Academy of Sciences Wroclaw 
Poland. " 
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k. Fluorosulfates of 

S. Yeh and Neil Bartlett 

The preparatio~ of U(OTeFS)6 in these laboratories 
several years ago and the finding that this com
pound was readily volatile led us to suppose that 
U(OSOZF)6 would also be preparable and monomolecular. 
We were. also interested in FSUOSOZF, as a possible 
monomerlC p~eudo-octahed:al species of the type FSUX. 
Our synthetlc work was duected in the first instance 
towards PSUOSOZF. 

Our approach was to oxidize UPS with SZ06FZ. Three 
solvents were tried: HS03F, SOZCIF and HF. 

. In HS03F and in SOZCIF, the UFS reacted rapidly 
wlth the SZ06FZ to yield a blue-green solid and UF6. 

·Analysis of the blue-green solid indicated that it 
had the composition UF4S03F (Found: U, 57.8; S, 
7.49% Reqd. for UF4S03F: U, 57.6, S, 7.75%), This 
material was neither soluble in the sol vents used 
nor volatile. It is probable that it is polymeric 
by S03F or F bridging. Infrared spectra give some 
support for the former possibility. It appears that 
the reaction involves disproportionation of the re
actant UFS, with concurrent oxidation by the SZ06FZ: 

The interaction in HF was different. The initial 
product was a yellow solid and the HF solution had a 
pale yellow tint. The yellow solid diminished with 
time, however. Rapid removal of HF following mixing 
of the UFS and SZ06FZ gave a yield of yellow solid 
product and was indicative of the following reaction: 



469 

[TIms 3.148 g (9. 4S nuno1es) UFS yielded 1. 42 g yellow 
solid (1. 71 nnnoles as U (OSOZF) 6]. This is in accord 
wi th earlier findings l on the dismutation of FSUOTeFS' 

The yellow solid was neither soluble in HS03F, 
SOZClF, CFC13, WF6, nor volatile. At l6So it decom
posed to yield SOZFZ and a blue-green solid. If, as 
the gravimetry, chemistry, and available spectro
scopic evidence suggest, the yellow solid is 
U(OSOZF)6, its evident polymeric nature is puzzling. 
The compound will be ex@nined further. 

1. 1. K. Templeton, D. H. Templeton 
and K. Seppelt. Inorg. Chern. lS_, 

3. PHYSICAl 1\l\lj) SPECTROSCOPIC STUDIES 

N. Bartlett 
(1976) . 

a. Absorption and Emission Spectra of U4+ Diluted 
i~ ThEr4 Single Crystals 

M. Genet,* P. Delamoye,* N. EdelsteinandJ. Conway 

High resolution optical studies of actinide ions 
have mainly dealt with the triposi ti ve state in or
der to compare the Sfn spectra directly with their 
lanthanide analogs. There have been some high res
olution stu~ies of tetrapositiv~ actinid<; ions i~ 
0J1 synunetry -3 and further studIes of U4 r (SfZ) m 
DZd synnnetry. The first reporte~ work in the lower 
symmetry sites was by McLaughlin who grew a single 
crystal of UC14 and obtained and interpreted its op
tical spectrum. 5This work. was later reexamined by 
Hecht and Gruber who obtamed more data and per
formed a more complete analysis. Richman, Kisliuk, 
and Wong6 studied the absorption spectrum of U4+ 
diluted in ZrSi04 and their work was later ex7ended 
and amplified by Mackey, Runciman, and Vance. In 
both UCL4 and ZrSi04 the local symmetry about the 
U4+ ion was D"d' The spectra obtained consisted of 
many more lin~s than could be reasonably attributed 
to zero phonon electronic transitions. 

TI1e diamagnetic material, ThBr 4, is a new host 
material for tetravalent jons with_f1 optical aJ?~ 
near infrared Kindow from 33000 on to 4000 cm 
TIle luminescent properties of pure ThBr4 are well 
characterized and single ~rr2tals doped with various 
ions can easily be grown. - 111Br4 has a tetragonal 
crystal stnlcture isostructural with UC1413,14 that 
allows the observation of polarized spectra, and its 
unique axis 2i~n. eas~ly be ob~aine~ by optical meth
ods. The Th Ion ~s. at a s~t~ or. DZd s~unetry ~d 
presumably tetraposltlve actInIde lons WIll substI
tute in these sites. It has also been shown that 
impurity ions show greater fluorescence in bromide 
hosts than in oxide or chloride materials. IS We re
port preliminary results on the absorption and emis 
sion spectrum of U4+ diluted in ThBr4' This work 
represents the first report of the fluorescence 
spectrum of U4+. 

Spectra obtained on the Cary 17 are shown in Fig. 
1. In high resolution spectra there l"ere many more 
lines observed than co~ld possibly be due to zero 
phonon lines of the Sf configuration. No constant 
differences could be found in the complete line list. 
We have arbitrarily chosen lines with an intensity 

(0) 

Room temperature 

microns 

~ 4+ ThE . . 1. Absorption spectra 01: U : 1'4 at vanous 
temperatures. (XBL 772-332) 

above 2 (on a scale of 1-10) and have used these 
lines for our fit. There was only one temperature 
dependent line observed. he assumed the7ground state 
to be a f4 state as found previous1yS- and assigned 
a number of transitions that appeared fairly certain. 
life assigned 23 levels and obtained a mean energy de
viation of 89 em- 1 . In Table 1 we list the values 
of the parameters obtained for U4+ in UC14' ZrSi04, 
and in 111Br 4 . 

The free ion parameters we obtained appear to be 
in line with Hartree-Fock ca!6u1ations and empirical 
correlations done by Rajnak. However, the crystal 
field parameters fOlmd are very tentative, and for 
B3 even the sign of the parameter ~s in doubt. There 
does not appear to be any syst?i~!a~lC trend for the 
values of the parameters for U m D2d synnnetry for 
the three crystals studied. 

4+ The fluorescence spectrum of U has been observed 
for the first time. These emission lines are strong~ 
ly dependent on temperature and the energy of the ex
citing radiation. At room temperature there is no 
fluorescence while at 77 K only three broad features 
occur at S190, 6000, and 6980A with excitation by 
the 3663 A Hg line. At 4.2 K these bands are fully 
resolved into many lines. The 2537 A r:g line did 
not produce fluorescence even though there is a 
strong absorption band of 111Br 4 at this frequency. 
IVhen the crystal was slowly heated from 77 ]( to room 
temperature while being excited by the 3663 A line, 
the fluorescence disappeared between 100 to 12S K. 

Two emission lines correspond to transitions ob
served in the absorption spectrum. From our assign
ments the emission lin3 at 6965 A ~u) corresponds to 
a transition from the Po to the HO ground state 
and the line at 5183 A (a) corresponds to a transi
tion from the I6 to the 3r{4' Selective excitation 
of this band at 5100 A causes tran;;;itions to two 
groups of levels, the ground tem 3H4 and another 
group approximately 4000 em-I higher in energy. 
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Table 1. Parameters for the U4+ ion in various 

vel .. 
. b 

4 ZrS104 

38835 44257 43770 :!: 797 

42242 40293 31302 i 4200 

18883 31287 22248 i 2425 

1666 1740 1719 :I: 44 

22,8 36 

-600 

1000 

-582 -:2000 -919 :I: 85 

-3027 :2000 -305 :!: 70 

-5680 Sl25 -825 :I: 137 

-2262 -5792 636 :!: 917 

795 -428 -1937 :!: 202 

~eference 5. 
Reference 7. 

cThis work, mean energy deviation for 23 levels is 
89 em-I. The errors represent values for the pa
rameters which increase the mean deviation by 5 em~. 

d All lli1its are em-I. 
eThe signs of both Bi and BS may be changed simul

taneously without dianging the calculated energies. 
See reference 6. 

These emission-data locate the first exci5ed elec
tronic term that we have assigned to the F2. Again 
as in the absorption spectrum there are many more 
lines in the emission spectrum than can be reasonably 
assigned to zero phonon bands of the 5f2 configura
tion. 
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b. Parametric Energy Level Analysis of Np3+ in 
Single Crystals of LaC13 and LaBr3 

R. Sarup,* J. G. Conway, G. Shalimoff, N. Edelstein, 
W. T. Camall,t H. M. Crosswhite;r and H. Crosswhitet 

Recently it has been demonstrated for some lan
thanide ions diluted in LaC13,1-3 that when a de
tailed Hamiltonian is used and the complete matrices 
are diagonalized, a significant improvement in the 
fit between experimental and calculated levels can 
be obtained. The Hamiltonian included the follow
ing interactions: 1) two-body and three-body elec
trostatic operators for configuration mixing, 2) 
two-body pseudomagnetic (correlated spin-orbit and 
electrostatic configuration mixing) effective oper
ators, 3) the conventional electrostatic, spin
orbit, and spin-other-orbit operators, and 4) four 
crystal-field operators for the D3h point group 
symmetry of LaC13' The complete matrices for all 
these operators for the f4 configuration have been 
generated and utilized for the analyses of Pm3+ and 
H0 3+ (4 holes) in LaC13.2,3 Detailed experimental 
results have been reported for the 5f4 ion Np3+, 
diluted in single crystals of LaC13 4 and LaBr3, 5 
and the analyses of these spectra are summarized in 
this report. 

The original data of Cook4 was collected on a 
LaC13 crystal that contained 5 wt% Np3+. A 1 wt% 
Np3+:LaC13 was gro~~ and photographed in the wave
length region from 3365 to 10300 A. The absorption 
spectra at 4.2 K were essentially the same in both 
the crystals. However the more dilute crystal al
lowed the observation of some new lines in the UV 
ra~~e. All the data utilized for the analysis of 
Np : LaBr3 was obtained from the paper of Krupke and 
Gruber.S 



A nineteen parameter least squares fit to 177 ob
se~ved levels was obtained for Npj+:LaC13. For 
Np +: LaBr3 142 observed levels were used for the 
least squares fit. The parameters obtained are 
gi¥en in Table 2. The Tean square deviation for 
Np +:LaC13.wa~ 17.5 on- ; for Npj+:LaC13 t~e ~e3n 
square devlatlon was 13.0 on-I. These devlatlons 

Np3+ : LaC1
3 

3+ Np :LaBr3 
Parameters (em-I) (em-I) 

B2 
0 191(28) 133(27) 

B4 
0 -512(46) -594 (46) 

B6 
0 -1741(49) -1317(50) 

B6 
6 868 (39) ~27(32) 

FO 30018(21) 29384(21) 

F2 45132(176) 44437(168) 

p4 36945(244) 36684(237) 

p6 25136(190) 25027(172) 

Zeta 1935 (2) 1928 (2) 

a 32.2(3) 31. 7 (3) 

8 -726(19) -730(18) 

Y 1022 (63) 1083(56) 

r 221(24) 259(24) 

T3 71(7) 48(6) 

14 75(7) 39(6) 

T6 -393(20) -406(20) 

T7 473(25) 470(25) 

rB 376(21) 382(21) 

~ •80a. •80a. 

~ .4l 
~ a. 

.31 .31
4 

p2 816(36) 963(36) 

p4 596a. 824a. 

p6 43:;fl 56811 

No. of levels 177 142 
-1 Mean error (em ) 17.5 13.0 

a The values of these parameters were fixed. 

471 

are 2-3 times greater them that obtained for the fit 
of 128 levels for Ho3+:LaC13' The larger deviations 
for the actinide ion probably reflects the inadequacy 
of the crystal field parametrization which, because 
of the greater magnitude of the crystal field in the 
actinide series, would result in more serious errors. 
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c. Parametric Energy Level Analysis of Ho3+:LaC13 

H. M. crosswhtte,* H. Crosswhite,* N. Edelstein, 
and K. Rajnak 

In two recent ~apers it has been demonstrated for 
Nd3+:LaC13 and Pm +:LaC13 that, when a sufficiently 
detailed Hamiltonian is used and when the complete 
matrix is diagonalized, significant reduction in the 
mean error between experimental and calculated energy 
levels can b~ realized. 1, 2 re Hamiltonian includes 
(a) two-body and three-body electrostatic operators 
for configuration mixing and (b) two-body pseudomag
netic (correlated spin-orbit and electrostatic con
figuration mixing) effective operato:s,5 i~ addi~ion 
to conventional ones for electrostatlc, spln-orblt 
and spin-other-orbit; plus tge usual four which pa
rametrize the crystal field. The latter are sing1~ 
particle effective operators, approximating the in
teractions with surrounding ligand ions, which pro
duce a static interaction having D3h point group 

. 3+ 3+ symmetry. As In the Nd and Pm cases, there are 
indications that this assumption is not completely 
valid, but as before we find that this simplified 
model is capable (for the LaC13 hOit) of yielding 
mean errors of the order of 10 on- . A15hough the 
actual symmetry is C3h (permitting the B6 parameter 
to be complex), we are at liberty to choose our 
phase such that it is real, making it equivalent to 
the D3h case for the purpose of energy-level calcu
lations. 

D3h selection rules for even-electron configura
tions provide unequivocab1e crystal quantum number 
assignments if the polarization of a line and the 
crystal quantum number of the initial state are 
knmvn and if the Zeeman analysis can determine wheth
er or not the final level is degenerate. This was 



an important aid in the early analysis and does not 
depend on detailed accuracy in the Hamiltonian diag
onalization. 
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Rajnak and Krupke7 attempted to extend the inter
pretation of Dieke and Pandey's classical work8 by 
taking advantage of the relative weakness of the 
crystal splitting compared to the atomic interac
tions. By a succession of diagonalizations of the 
"free-ion" Hamiltonian, then using computed centers 
of the Stark manifolds and diagonalizations of the 
crystal field Hamil tonicU1 over the separate manifolds 
independently, they were able to extend the correct 
quantum number assignments for those groups of levels 
that did not interact too strongly. To proceed fur
ther it is necessary to perform all of these diag
onalizations simultaneously and also to include spec
ific crystal-induced interactions between groups. 
This requires dealing with matrices of rank up to 
171, which is possi~le with modem computers. As 
discussed in the Pm +(4f4) case,2 some saving in com
puter time can be gained by using a truncated inter
mediate-coupling Hamiltonian spanning a vector space 
of about half the rank. The final diagonalizations 
reported here, however, were done using the full 
Hamil tonian. 

Dieke and Pandey were able to make SLJM quantum 
number assi~nments to most of the observed levels 
below 270~0 em-I. None of their assignments below 
23000 em- have been changed by either the Rajnak
Krupke analysis or the present one, except 22079 
(I3), which in the present analysis has been changed 
from )J = 3+ to )J = ± 1. 

In Dieke and Pandey's paper a number of lines are 
noted as being very sharp, showing no evidence of 
hyperfine structure. Any absorption from the lowest 
component Zl of the ground state can be expected to 
show hyperfine structure unless the splitting of the 
upper state should happen to exactly correspond to 
that of the ground state. Dieke and Pandey have at
tributed some of these sharp lines to absorption 
from the first excited component z2 that has )J = 0+ 
with no hyper fine splitting. There are 16 additional 
lines, 11 of which they ascribe to "unidentified im
purities" (2 of which, however, are evidently neo
dymi~n). Of the remaining 5 only 2 can be identi
fied with computed level positions and even these 
must be put down as dubious because of the above 
considerations. 

A few of the groups prove~ very difficult to fit 
into the computations. The K8(I-l) group illustrates 
this particularly well. The group is experimentally 
complete and from the polarization ru~d Zeeman data, 
quantum number assignments can readily be made. The 
discrepancies between observed and computed values 
are large and vary systematically between top and 
bottom of the group. The experimental width of the 
group is 121 em- 1 w~ereas the computed spread is 
only 70 em- 1 The ](7(L) group is less completely 
known but the behavior is similar. 

This would seem to indicate an inadequacy in the 
theory. If we a~d ad hoc parameters that param
etrize only the ](2 spectroscopic term, a much
improved fit can be found. The principal correction 
is for the sixth-order potentials, which are of the 
opposite sign and eight times larger than that as
sumed in the conventional theory. There seem to be 

similar problems with 3L(0) and 3M(R) groups but not 
enough detailed data are available for a quantitative 
determination. None of the levels associated with 
these three terms have been used in the final param
etrization. Of the 168 levels for which correspon
dence could be made with the theoretical calcula
tions, 40 were not included in the final parameter 
fit, for reasons given above. For the remaining 128, 
twenty atomic and crystal field variables were al
lowed to vary freely, with the results in Table 3. 

These are indications that some sort of config
uration interaction mechanism is needed beyond those 
absorbed by the current model. This might arise, 

Table 3. 

Parameter 

EAV 

p2 

p4 

F6 

a 

S 

'Y 

r 
T3 

T4 

T6 

T7 

~ 
!; 

B2 
0 

B4 
0 

B6 
0 

B6 
6 

3+ Parameters for I-lo : LaC13 . 

RtmA 

48189(15) 

95409(133) 

67232(111) 

46789(114) 

17.3(0.2) 

-624(7) 

2084 (32) 

287(21) 

37(1) 

98(4) 

-313(7) 

421 (13) 

359(24) 

2137(1) 

216(9) 

-282(14) 

-444(13) 

297(8) 

JJ '" 3.04(.08) 

J.t "" [1.70) 

'f.f "" [LIS] 

p2 528(14) 

p4 [396] 

p6 [264] 

No. of levels 128 
Mean error (em-I) 5.2 
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for example, from second-order perturbation theory 
by correlated crystal field and Coulomb electronic 
interactions connecting the 4flO configuration with 
other even ones;9 or by covalent effectloarising 
from overlap of 4f and ligand orbitals.' It is 
not possible from this to pinpoint the source of the 
trouble but it does give a clear indication that there 
are limitations to the model. 
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of Rare Earths Laser 

J. G. C~mvay, E. F. Worden,-t- R. W. Solarzi" and J. A. 
Paisner 

Photo ionization and Rydberg spectra of ten lantha
nide atoms have been studied using stepwise laser 

Table 4. SUllmary of the ionization potentials by the photoionization and 
Rydberg methods. Included are the results for Eu, Tm, and Yb by 
absorption spectroscopy.· 

Rydberg 
Photoionization Rydberg Convergence 

Element Threshold Conver£ence Others 

Ce 5.537(5) 5,5387 (4) 

Pr 5,464(~~2) [5.473(10)J 

Nd 5,523(2) 5,5250(6) 

Pm [5,582(10)] 

Sm 5,639(2) 5,6437(6) 

Eu 5,666(4) 5,6704(3) 5.67045(3)3. 

Cd 6,1502(6) 

Tb 5.8639(6) 

Dy 5.936(3) 5.9390(6) 

Ho 6.017(3) 6.0216(6) 

Er 6.104(2) 6.1077(10) 

TIll 6.18436(6)b 

Yb 6,25394(25)b 

( ) = error in last digit. 
[ J = extrapolated value. 

aGo Smith and F. S. Tompkins, Proc. Roy. Soc. (London) A342, 149 (1975). 

bp. Camus, Thesis, University of Paris, Orsay, 1971 
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exci tation and ionization methods. The equipment in
volves a crossed-beam spectrometer in which atoms in 
an atomic beam are irradiated and eventually ionized 
by the output of either two or three nitrogen-pumped 
tunable dye lasers. The detector is a channeltron 
in a quadrupole mass analyzer. The quadrupole mass 
analyzer is tuned to the mass of the atom understudy 
and thus discriminates against detection of oxide or 
other impurities. 

The first procedure is to identify the photoion
ization threshold for one or more excited levels of 
the atom under study using the two-step method. 
Laser one populates an excited state and laser two 
ionizes the atom. The photoionization threshold can 
usually be obtained to about 30 cm- by this method. 
Once this limit is known the search is made for Ryd
berg levels by tuning in the region of the first ex
cited level of the ion and suitably time-delaying· 
laser two (sometimes three lasers are used in a three
step method). Table 4 is a summary of the ioniza
tion potentials derived from both photoionizationand 
Rydberg series. 

ttawrence Livermore Laboratory. 
* Preprint UCRL-80034, accepted by J. Opt. Soc. Am. 

e. Free Ion Studies of Actinides 

* J. G. Conway and E. F. Worden 

We are continuing work on the free ion spectra of 
the actinides. We now have a list of about 28,000 
lines for Cf measured to an accuracy of ± 0.002A. 
About one-fifth of these lines have been assigned to 
either the neutral atom or the + 1 ion. Zeeman and 
isotope data have been obtained but not measured. 
VIi'hen this information is needed we look up the line 
of interest on the plate and measure it. A revised 
version of the line list also has been prepared in 
which all lines of very low intensity have been re
moved. We are about to search this list for new 
levels after obtaining better values for our known 
assigned levels. 

* Lawrence Livermore Laboratory. 

f. Optical Beam Foil Studies at the SuperHILAC 

J. G. Conway, H. A. Gould and R. Marrus 

In a collaborative studyl with the group at the 
University of Arizona and workers from University of 
Tennessee, Oak Ridge, and Brookhaven, we have stud
ied the lifetime of transitions in FeXXIV, Fe23+ 
exciZed by tqe interaction of a 491 MeV iron beam. 
The Sl/2 - Pl /2 transiti2n at 255 A has a lifetime 
of 0.55 ± 0.02 ns and the P3/2 transition at 192 A 
has a lifetime of 0.235 ± 0.01 ns. These results are 
in good agreement with recent relativistic Z~lcula2 
lions. A Be-li~e transition in FeXXIII, Fe +, 2s 
S - 2s2p 3PlO at 264 A was measured as 13 ± 4 ns 

megn 1ife. l 

A second phase of the program is to determine if 
there is sufficient light near the foil to record 
spectra on photographic plates. This technique 
would enable us to determine wavelengths accurately 
and also to identify unknown lines. We have obtain
ed two features on a plate after a series of exper
iments with an argon beam. The lines were due to 
Li -like Argon XV. The lines are assigned to the 
2S1/_ - 2Pl/2 3/2 transitions at 387 and 351 A. We 
plan to see if other lines can be observed to deveillp 
the method further. 

1. D. Dietrich, J. A. Leavitt, S. Bashkin, J. G. 
Conway, H. Gould, D. MacDonald, R. Marrus, B. 
Johnson and D. J. Pegg, submitted to Phys. Rev. Lett. 

g. Spectra of Highly Ionized Ions 

J. G. Conway, G. V. Shalimoff, T. Hayhurst, B. Lulu 
and S. P. Davis 

We have been studying the spectrum of Mn VI, 3d 2. 
Previous work by W. H. Kingl at LBL had been limited 
to the 1000 to 2000A region. Since then plates 
have been taken and measured in the 200A region and 
we are now able to accurately relate the upper levels 
with the ground levels. In addition we have more ac
curate measurements in the 1000 to 2000 A region and 
can improve on the accuracy of King's levels. We 
are also extending the analysis to new configurations 
that have transitions in the 200 A region. 

To obtain a better idea as to the location of 
these new configurations we have measured transitions 
of the 3d4f configuration of VIV directly to the 
ground state. 2 The levels have been previously as
signed by a cascade from the 3d4f configuration 
through several intermediate configurations to the 
ground state. The direct observation of these tran
sitions also supplies us with accurate wavelengths 
in a region where there are few standards. In fact 
these new lines supplement van Deurzen' s V V line 
list and together these lists make a good set of 
wavelengths suitable for standards from 200 to 1000 
A. 

1. W. H. King, J. of Physics B (accepted for publi
cation). 

2. G. V. Sha1imoff and J. G. Conway, LBL-6915, 
J. Opt. Soc. Am. (in press). 

4. RESEARO-I PLANS FOR CALENDAR YEAR 1978 

Norman M. Edelstein, Richard A. Andersen, Neil 
Bartlett, John G. Conway, Kenneth Raymond, Glenn T. 
Seaborg, Andrew Streitwieser, Jr., David H. Temple
ton, and Allan Zalkin 

The basic purpose of this project is to study 
lanthanide and actinide materials in order to pro
vide the basic knowledge necessary for their safe 



and economic utilization in present and future tech 
nology. This work encompasses related problems of 
an applied nature in actinide chemistry. 

This program includes the preparation of new gas
eous, liquid and solid phases, and studies of their 
physical and chemical properties. Techniques util
ized for characterization include x-ray diffraction, 
optical and vibrational spectroscopy, magnetic res
onance, and magnetic susceptibility. Equilibrium 
and kinetic data for complex formation will be mea
sured. From these complementary studies, new in
sights into the structural and chemical principles 
of actinide compounds will be obtained with which to 
design new synthetic schemes to produce new mate
rials. 
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A major aspect of our program is the design of 
sequestering agents for actinide ions that can en
gulf the ion and generate neutral or negatively 
charged complexes. A number of new reagents already 
synthesized will be tested for their ability to com
plex Pu and other actinides and for their biological 
effects. Sulfonated derivates that increase the sol
ubility of the sequestering agents will be synthe
sized and tested. Formation constant data of these 
ligands with actinide ions will be obtained. 

The preparation of new organoactinide compounds 
and their characterization is of great chemical in
terest. We have obtained evidence for the existence 
of half-sandwich compounds of the type CgHgThC12 and 
plan to isolate and characterize such structures. To 
follow up the structural and spectroscopic studies 
of the bis-cyclobutenouranocene I (Fig. 1) reported 
last year, we plan the synthesis and NMR spectro
scopic study of uranocenes prepared from the cyclo
pentenocyclooctatetraenes II (Fig. 2) and III (Fig.~ 
These compounds are significant because the protons 
are expected to be rigidly held in fixed locations 
to assist in the NMR analyses. The preparation in 
progress of the mesityluranocene IV (Fig. 4) should 
tell about barriers to rotation between rings and is 
part of the program to design stable sterically con
gested organouranium compounds. We plan to supple
ment these experimental studies with theoretical cal
culations to follow up our recent successful Xa
scattered wave SCF calculations of thorocene and ura
nocene. Finally, we plan to study the potential use 
of uranium metal as a reagent in organic chemistry. 

Fig. 1. Bis-cyclobutenouranocene I. 
(XBL 7712-10952) 

Fig. 2. Cyclopentenocyclooctatetraenes II. 
(XBL 7712 -10953) 

Fig. 3. Cyclopentenocyc100ctatetraenes III. 
(XBL 7712-10954) 

Fig. 4. Mesity1uranocene IV. (XBL 7712-10955) 

Studies on the preparation and physical studies 
of new actinide amides, alkoxides, alkyls, and boro
hydrides will continue. The properties of neptunium 
and plutonium borohydrides, liquids at room temper
ature, will be investigated in great detail, 
including x-ray diffraction experiments at low tem
perature. We will continue to attempt the prepara
tion of discrete Np VII species such as NpOF5,NpF7, 
and NpFe;. The powerful oxidizers KrF2 and XeF6 in 
combination with fluorine will be exploited towards 
these ends. 

The spectroscopic program will emphasize the crys
tal spectra of actinide and lanthanide ions in a 
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variety of host crystals. Special attention will be 
paid to the fluorescence of actinide ions in single 
crystal hosts excited by a laser. Studies of the 
spectra of highly ionized atoms will be made using 
the SuperHlLAC and its inj ectors as sources. Work 
will continue on the classification of the emission 
spectra of Cf. 

A new program just started is to explore the ap
lication of synchrotron radiation (at the Stanford 
Synchrotron Radiation Laboratory) as a source of 
x rays for diffraction experiments with heavy el
ement compolmds. TIle immediate objective is to mea~ 
sure both the real and imaginary components (f' and 
fll) of the dispersion correction (anomalous scatter~ 
ing) for cesium atoms at the L absorption edges, us~ 
ing diffractometer techniques and a crystal of 
cesium hydrogen tartrate. 
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1. LASER CONCEPTS 

Ill. Selective Photochemistry 

c. Bradley Moore, 

1. INFRARED MULTIPHaTON PROCESSES IN FORMALDEHYDE 

.Michael R. Berman 

Infrared multi photon processes have sparked 
considerable interest primarily due to their 
application to isotope separation and the 
possibility of promoting mode specific chemistry. 
During infrared multiphoton excitation and 
dissociation large amounts of vibrational energy 
are stored in a molecule. It is of considerable 
importance to know the dynamics of this excited 
molecule. In other words, how does this energy 
become distributed among the vibrational modes of 
the molecule. We are studying this problem in 
formaldehyde whose relatively small size permits 
distinct spectroscopic identification of its 
vibrational modes. In formaldehyde and deuterated 
formaldehydes we can also study the choice of 
dissociative pathway, H + HCO vs. H2 + CO, which 
gives information on the rate of energy redistribu
tion and the shape of the ground state potential 
surface. 

Initially, multiphoton dissociation of HDCO 
and D2CO was demonstrated at 944 cm- l We further 
characterized the dissociation behavior of D2CO 
by a wavelength dependent quantum yield study. 
Samples were photolyzed with a grating tuned TEA 
CO2 laser and the D2 and CO photolysis products 
were quantitatively detected using gas chromato
graphy. The most efficient laser wavelength for 
dissociation was found to be the P(14) 001 to 
100 line at 949.5 cm- l . Dissociation efficiency 
for 8 Torr DZCO was 2 x 105 photons incident on 
the cell per molecule dissociated. 

The two main photochemical routes available are: 

DZCO + nh\! -+ D + DCO. 

In pure DZCO both routes ultimately yield equal 
quantities of D2 and CO as the sole products. 

(1) 

(Z) 

The molecular dissociation mechanism (1) is the 
lower energy pathway for ultraviolet photochemistry 
and would be favored by a statistical process. 

In order to determine the operative mechanism 
small quantities (2 to 10 Torr) of a radical 
scavenger, nitric oxide, are added to the 
photolysis cell. If the radical pathway is 
favored, the NO will react with DCO radicals 
produced before two DCO's can recombine. 

2DCO -+ DZCO + CO 

WIlli NO: 2DCO + 2NO -+ 2DNO + ZCO 

A change in the relative production of D2 and CO 
would result. In experiments with 8 Torr of D2CO 
and low NO pressure we have found the molecular 
mechanism to be the only operative pathway. When 
higher NO pressures were used, the apparent onset 
of radical processes was seen. We believe this 
results from reactions such as 

D cot + NO -+ rno + DCO. 
Z 

This possibility of IR multiphoton - induced 
reaction will be explored further. 

Internal energy distribution and the rate of 
internal energy transfer during multiphoton 
excitation of D2CO is being studied by observing 
the population of vibrational levels with time
resolved infrared fluorescence. Using a Ge :Hg 
detector and appropriate filters, fluorescence 
from the C - 0 stretch at 6 )J and the C - D 
stretches at 5 )J has been individually monitored. 
Under conditions of multiphoton excitation very 
fast rising emission has been observed and is 
now under investigation. By measuring the risetime 
of the emission from different modes we can study 
the internal energy transfer during multiphoton 
processes. Pressure dependent studies will give 
the effects of collisions. Through these studies 
we hope to obtain a better understanding of 
multiphoton excitation and dissociation. 

2. 1Cl* (A3rrl' v') + HZ PHaTOOiEMISTRY 

Stephen J. Harris t 

The subj ect of laser initiated photochemistry 
has received considerable attention in recent 
years. The hope is that if reaction rate 
constants and accessibility to various reactive 
trajectories are a strong function of internal 
excitation of reactants, then different chemical 
reaction paths can be accessed by selective laser 
excitation. Furthennore, if the reaction is a 
four-center, concerted, bimolecular reaction, then 
isotope scrambling and chain reaction processes 
involving radicals are avoided. A selective, 



bimolecular reaction is an ideal type of reaction 
for isotope separation. The system 

* kl ICI + HZ -+ HI + HCl (1) 

is such a reaction. 

The rate of this laser-induced chemical 
reaction has been measured as a function of ICI* 
vibrational energy. Like the I Z + HZ and CIZ + HZ 
systems, there is no dark rea~tion. The 
reaction appears similar to IZ(Ilzt) + HZ. 1- 3 
Other examples are reported that involve electronic 
excitation of IZ.4 
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ICI (~5 or 9 Torr), prepared from IZ and CIZ,5,6 
and HZ (10 to 600 Torr) are photolyzed for about 
90 min in aIm quartz reaction cell by a 
Chromatix CMX-4 flashlamp-pumped dye laser 
(6V'" 0.3 em-I). A calibrated thermopile monitors 
the laser power. Approximately 60% absorption of 
the laser light is measured at I35Cl A-X bandheads. 
(Excitation of bandheads avoids hot bands.) 

After photolysis HCl is distilled from the 
reactants. Care is taken to eliminate the CIZ 
that is necessarily present. 5 HCl pressure is 
measured with a Validyne capacitance manometer. 
Ma~ss spectra confirm that the product is HCl. HI 
and ICI react to form HCl and IZ; thus, two 
molecules of HCl are formed in each reaction. 

ICl* is removed by reaction (1) and by quenching: 

ICl* + ICI -+ ICI + ICI 

ICl* + HZ -+ ICI + HZ 

The quantum yield for reaction is 

(HCl produced)/Z 
photons absorbed kZ [ICl] + (kl +k3) [HZJ 

(Z) 

(3) 

(4) 

A Stern-Volmer plot of ICI* fluorescence lifetime 
vs. HZ pressure gives (kl + k3) '" 1.5 x 10-11 cm3 
molecule- l sec-I. Similarly Steinfeld7 has 
measured kZ '" Z.3 x 10- 10 cm3 molecule- l sec-I; 
both are nearly independent of wavelength. kl is 
determined from the quantum yield, Fig. 1. The 
solid curve is a least square fit to the data 
using Eq. (4). Note that a two-parameter curve 
is fit with a single free parameter. The result, 
kl '" (9.0 ± 0.8) x 10- 14 cm3 molecule- l sec- l 
(90% confidence limits), corresponds to 9000 gas 
kinetic collisions. Assuming that the pre
exponential factor does not exceed the gas kinetic 
collision frequency, the activation energy is less 
than 5.5 kcal/mole. The reaction rate is quite 
large; the quantum yield is low because the 
quenching rate is even larger. 

A single vibrational level of ICl* is excited 
initially, but vibrationally inelastic collisions 
spread the population distribution so that 

~ 
~ 

0.5 

0.4 
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0.1 

He I Quantum Yi e I d 

20 

Fig. 1. Solid points are data without Ar, 
PICI = 8.9 Torr; the solid line is a fit to these 
points. Here, PICl '" 4.9 Torr except for lowest 
pressure point, where PICI = 8.9 Torr. A = 616.8 
nm, exciting lZOO cm- l below dissociation. 

(XBL 78Z-7335) 

reaction may occur from other levels. The extent 
of this spread, which is limited by quenching, can 
be e~timated by comparison with the analogous 
H2-IZ(B3rrO, v' '" 15) system. 8 Here, V-T events 
occur with a cross section of about 1/6 gas kinetic. 
This is exp~cted to be an upper limit to the V-T 
rate in rCl -HZ, since the energy level spacing 
in ICl* is greater than that in 12, The result 
is that about 75% of the ICl* that reacts does so 
from within three-vibrational levels of the 
originally excited level. From the relative 
intensities of the resolved ICl* fluorescence 
spectrum and calculated Franck Condon factors, 
it was determined that for excitation to v' = 18, 
the time-averaged fractional populations are 
v'=16, 5%; v'=17, 14%; v'=18, 4Z%; v'=19, 24%; 
v' = ZO, 15%. Thus approximately 80% of the 
fluorescence comes from v' = 18 ± 1, in good 
agreement with the above estimate. Figure 2 shows 
the quantum yield (proportional to kl) as a 
function of the excitation energy. About 
600 cm- l (3 kT) of vibrational energy increases the 
rate constant by a factor of e. 9 

Halogen atoms, formed from sufficiently 
energetic collisions of ICl*, could conceivably 
be contributing to the measured quantum yields. 
The dissociation probability, however, should 
decrease by about lie for each 200 cm- l (kT) of 
vibrational energy, 0 dashed line in Fig. 2. 
I atoms formed simply recombine, and Cl atoms are 
mostly scayenged by the fast reaction 
Cl + ICI .... C12 + I: 11 when ICI is excited 1400 cm- l 
above dissociation there is a low quantum yield 
of HCl (Fig. 2), implying that for excitation well 
below dissociation, radical reactions are not 
important. Finally, a quenching gas may be added 
to the system. Experiments with ICI :H2:Ar of 
1:25:110, 1:19:95, 1:14:69, and 1:9:41 at 
A '" 616.8 nm (v' '" 15) give quantum yields in very 
good agreement with those predicted from the 
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Fig. 2. Quantum yield vs excitation energy. 
PICI ~ 8.9 Torr. (XBL 774-722A) 

measured quenching rate constant for ICl* by Ar, 
(4.9± .5) x 10-12 cm3 molecule- l sec- l (dashed 
line in Fig. 1). These results prove conclusively 
that radicals are not important, since Ar should 
not inhibit their reactions, and that ICl*(A3TIl) 
is the reactive species. 

* The reactivity of ICI may be due to the fact 
that the di~ole moment changes sign upon 
excita tion 1 to r Cl + • The pos i ti ve Cl a tom wi th 
its partially filled valence shell, might be' 
expected to be very reactive. Experiments are in 
progress to learn more about the reactivity of this 
molecule. 
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3. APPEARANCE RATES OF PHOTOCHEMICAL PRODUCTS IN 
FORMALDEHYDE PHOTODISSOCIATION* 

Mohammad B. Zughul 

Optical radiation in the near ultraviolet 
raises formaldehyde into the first excited singlet 
state from which it may predissociate into either 
molecular (H2 + CO) or radical (H + HCO) products. 
Al though much work has been done on the energy 
dependence of its radiative lifetimes and photo
chemical quantum yields, the mechanism by which 
formaldehyde predissociates is still unknown. 

In a recent study of the energy distribution 
among molecular photoproducts, Houston measured 
the appearance rate of CO following 337 Nm 
excitation and found it to be much slower than 
the corresponding fluorescence decay rates from 
the first excited singlet state for both H2CO and 
D2CO.l This led to the conclusion that dissociation 
occurs through an intermediate state. The 
identity of this state (triplet, vibrationally 
excited ground, the valence isomer HCOH, or some
thing else) is urUG1own. Also, it is not yet known 
whether radical dissociation occurs directly or 
through an intermediate state. 

We have measured the appearance rate of 
molecular products at much lower energy of 
excitation by monitoring the intensity of CO IR 
fluorescence as a function of time. Using the 
third harmonic of a Nd:YAG laser at 355 nm 
(~ 28,200 cm- l ),H2CO is excite~ to the origin 
of the first excIted singlet (40); this subsequently 

predissociates giving off CO with a detectable 
population of the first vibrational level (v = 1). 
Figure 1 shows the pressure dependence of CO 
appearance rates; the straight line is a least 
squar! fit of data with a slope of L 7 ± 0.3 ysec- l 
Torr-. The rate is the same as that obtained 
earlier at 337 Nm, 1.65 ± 0.12 ysec- l Torr-I, 
thus indicating an energy barrier for molecular 
dissociation less than 28,200 em-I. 

Appearance rates at higher energies of 
excitation (where radical production begins to 
compete) are needed. This will show whether the 
intermediate state remains important above the 
threshold for H + HCO and H + H + CO production. 
The magnitude of radical appearance rates will 
indicate whether radicals originate from the same 
electronic state as molecular products. The 
energy dependence of the molecular production 
rate will help establish the shape of the potential 
surface for dissociation. Attempts are now 
under way to measure rates at 299 and 266 nm for 
CO production. A search for the intermediate 
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Fig. 1. Appearance rate of CO produced from HZCO 
by photolysis at 355 run. (XBL 781-70) 

state(s) and HCO IR fluorescence will also be made. 
A study of the effect of some foreign gases on 
appearance rates is now in progress. These 
results will help to elucidate the non-radiative 
photophysical processes in formaldehyde, which 
will in tum serve as a key test for unproven 
theories of radiationless processes in intermediate 
size molecules. 

*-
Partially supportes by the National Science 
Foundation and the Army Research Office, Triangle 
Park, NC. 
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4. FLUORESCENCE DECAY TIMES AND ENERGY TRiv\)SFER 
IN 111E he lAZ STATE OF FORMALDEHYDE* 

J. Weisshaar, A. Baronavski and A. Cabello-Albala 

Fluorescence lifetimes of HZCO and DZCO vapor 
have been measured as a function of pressure 
following selective laser excitation to either 
the 40 or 41 vibronic levels of the Sl (A lAZ) 
electronic state. Selective excitation to 
particular rR sub-band heads "vas achieved with a 
NZ laser pumped dye laser and two amplifier stages 
modeled after that of Hansch et aLl TIle dye 
laser pulses were ~ 5 nsec long and ~ 0.2 A FlIJl-If,j 
spectral width. In addition, the 46 band of 1-12CO 

was pumped with a frequency tripled Nd:YAG laser 
at 3547 A. Fluorescence from either 40 or 41 was 
selectively viewed through various bandpass 
interference filters by a photomultiplier tube. 
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For D2CO, it was possible to measure the rate 
constant for collisional energy transfer between 
the ~O and 41 levels, which are separated by only 
69 cm- l , by exciting the 40 level and observing 
the risetime of the 41 fiuorescence as a function 
of pressure. Ine 4° + 4 rate constwlt is 
21 ± 3 llsec- l Torr-I, or twice the gas kinetic 
rate of 10.6 llsec- l Torr-I. 

The Stem-Volmer plot of IlL vs pressure for 
DZCO is linear from 0.1 to STorr, with slope 
0.96 ± 0.06 llsec- l Torr-I. Below 0.1 Torr there 
is significant negative curvatyre that is not 
adequately explained by 40 4 energy transfer 
alone. All decays are exponential except for the 
effects of energy 8ransfer. Ille zero pressure 
lifetimes of the 4 and 41 vibronic levels are 
7.8 ± 0.7 llsec aJld 6.0 ± 0.4 jJsec, respectively. 
These values are comparable to the estimated 
radiative lifetin~. 

In contrast, the 1-12CO fluorescence are 
biexponential below 0.1 Torr, at pressures for 
which energy transfer is negligible. T1le Stem
Volmer plots of l/T s (the slm" decay component) vs 
pressure for excitation to 41 and to the ](" = 4 rR 
sub-band of 40 are shmvn in Fig. 1. The 
curvature belmv 1 Torr is quite dramatic. 
plots linearize at very low pressures « 20 mTorr) 
and exhibit low pressure slopes that are 7 to lS 
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Fig. 1. Stem -Volmer plot for the slow decay 
component of H2CO excited to ~1 (circles) wld to 
the ](" = 4 rR sub-bwld of 40 (squares). 

(XBL 7710-2038) 



times the gas kinetic rate. The fast decay rate 
liT f' which is not due to energy transfer, also 
quenches very rapidly with pressure (Fig. 2) and 
vanishes at pressures ~ 0.1 Torr. TIle zero 
pressure lifetimes and low pressure slopes of both 
the fast and s low components are swmnarized for 
various wavelengths in Table 1. The lifetimes 
and slopes depend significantly on the rR sub-band 
exci ted wi thin 4~, "md hence on the K' rotational 
quantwn nwnber. 
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2. Stem-Volmer plot for the fast decay 
component of H2CO excited to 41 (circles) and to 
the K" ~ 4 rR sub-band of 40 (squares). 

(XBL 7710-2042) 

Table 1. H2CO 

The large quenching cross sections at very low 
pressure and the dramatic curvature of the Stern
Volmer plots for HZCO can be understood in tenl1S 
of a nrixed state model of collisional internal 
conversion due to Freed. Z At very low pressures, 
long range, low energy collisions can take the 
initial mixed Sl - So state (which is primarily 
Sl in character) to essentially isoenergetic, 
primarily So levels at rates comparable to 
rotational relaxation rates within SO, or many times 
the gas kinetic rate. At higher pressures, the 
effect saturates as the isoenergetic So levels 
are rapidly nrixed by collisions to form a quasi
continuum. For D2CO, such a process is of much 
smaller cross section due to weaker intramolecular 
Sl - So couplings mld is only nrildly apparent at 
pressures below 1 mTon. Presumably the smaller 
slopes of the Stem-Volmer plots at high pressure 
are due to quenching to lower energy So levels by 
hard collisions with ~ 0.1 gas kinetic cross 
section. 

The zero pressure lifetimes of HZCO are at least 
10 times shorter than the estimated radiative 
lifetime, so that H2CO decays non-radiatively in 
the absence of collisions. It is tempting to 
attribute this decay to dissociation due to mixing 
of continuum states with the bound So levels, 
which are in tum coupled to Sl' However, Houston 
and Moore 3 have shown that at 3371 A, the product 
CO appears on time scales much longer than the decay 
of Sl. An adequate explanation for the observed 
dynmnics is not presently available. 

The huge slope of the Stem-Volmer plots below 
0.1 Torr renders the accuracy of previously 

results. 
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Vibronic rR sub - liT Results liT f Results 
s 

0 band band 
(1\) 

Low P Slope Zero P Low P Slope Zero P 

(psec 
-1 -1 

torr ) Lifetime (llS ec 
-1 -1 

torr ) Li fetime 

(nsec) (nsec) 

~~-=~~~,~~-~-

3547.0 41 
0 None 145 :c 17 435 ± 15 110 ± 30 69 ± 7 

3697.6 40 
1 K" 0 71 ± 20 550 ± 90 60 ± 40 83 ± 10 

3687.2 1 K" 4 115 ± 24 490 ± 90 210 ± 60 130 ± 24 

3681, 4 40 
1 K" 6 70 ± 22 235 ± 22 No 'f 



obtain~d zero pressure lifetimes for other 
levels ,5 uncertain. Future work will include 
very low pressure lifetime measurements for other 
vibronic levels and for selectively excited single 
rovibronic levels. 

* Partially supported by the National Science 
Foundation and the Army Research Office, Triangle 
Park, NC. 
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5. VIBRATIONAL RELAXATION OF ~!ATRlX-ISOLATED HCl 
AND DCl* 

Jay M. Wiesenfeld 

Studies of vibrational relaxation and energy 
transfer in the gas phase have illuminated some 
important intermolecular interactions operating 
during molecular collisions, and hence have a 
direct bearing on processes like isotopic 
scrambling, chemical reactions, etc. Vibrational 
relaxation studies in the solid state are just 
beginning to yield interesting results, V + V 
processes have been observed to be rapid, and 
vibrational relaxation is observed to be slow in 
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simple doped cryogenic solids (matrix-isolated 
samples), In matrix-isolated CO/Ar, V + V 
transfer within the CO system has concentrated 
excitation to levels as high as v = 8 on a single 
molecule and has preferentially excited heavier 
isotopes, while energy decay has been observed to 
be radiative.l Such high degrees of energy 
concentration and long lifetimes for vibrational 
excitation offer enticing possibilities for 
selective chemical reaction or energy storage 
applications. Recently, isotopically selective 
decomposition of SF6 in an Ar matrix and C2N4H2 
in a benzene crystal and argon matrix has been 
reported. 2 Further studies of relaxation of 
matrix-isolated species are important in under
standing the processes contributing to and 
competing with the above effects. 

We have studied the vibrational relaxation of 
HCl and DCl in Ar, N2, and 02 matrices. 3 HCl/Ar 
is a particularly valuable system to study, since 
a great deal is known about its V + R T 
relaxation behavior in the gas phase,4 as well as 
about its bound complexes. S Vibrational lifetimes 
have been measured by a tunable infrared laser 
(optical parametric oscillator) induced, time
resolved, infrared fluorescence technique. Single 
rotation-vibration lines of the fundamental or 
overtone band of the guest species are excited. 
Single vibrational band fluorescence is observed. 
Fluorescence spectra and fluorescence excitation 
spectra have also been recorded. 

Vibrational relaxation rates for isolated Hel 
and DCl species in an Ar matrix are shown in 
Table 1, for v = 2 + 1 and v = 1 + 0 relaxation 
The relaxation rates are faster than radiative,~ 
HCl relaxes more rapidly than DCl in spite of the 
fact that it has a larger vibrational frequency 
than DCl and so must ultimately transfer more 
energy to the host lattice, This result is 
explained if a V + R process, which creates a 
highly rotationally excited guest, is the rate-

Table 1, Vibrational relaxation rates of isolated guests 
(msec l ) , 

K 'b VI 
( T) 

Sys tem 9 K 15 K 20 K 

HCl/Ar v 2 + 1 3.8 ± ,4 4.9 ± ,6 5, 7 ± ,6 

HCl/Ar v '" 1 + 0 ,81 ± ,07 ,89 ± ,10 1.1 ± ,1 

DCl/Ar v 2 + 1 ,12 ± .01 ,18 ± ,01 ,20 ± ,01 



limiting step in the relaxation process,6 as shown 
in Fig. 1. Subsequent relaxation of rotation into 
lattice phonons is rapid, according to this model. 
The concentration (M/A) dependence of the 
relaxation rates for HCl/ Ar are shown in Fig. 2. 
Relaxation from v ~ 2 is independent of concentra
tion for the range shown. Relaxation from v ~ 1 is 
concentration independent from M/A > 2000; the 
rate increases rapidly for M! A < 1000. The 
increase is due to energy diffusion of v ~ 1 
excitation from guest to guest by a resonant 
dipole-dipole coupling, which allows energy to be 
irreversibly transferred to the HCl dimer. Direct 
excitation experiments show that the dimer 
relaxation is fast and hence dimer, which is 
present in increasing concentration as M/ A 
decreases, acts as an energy sink. The relaxation 
of v ~ 2 is insensitive to dimer (and all other 
guest species) since resonant transfer of two 
quanta is too weal to produce energy diffusion. 
Relaxation rates of v ~ 1 appearing in Table 1 
correspond to dilute HCI samples (M! A > 2000) . 
Rates increase slightly with temperature, as seen 
in Table 1. In N2 and 02 matrices, HCI relaxation 
is too rapid for observation, presumably due to 
rapid V -+ V transfer to the host matrix. 
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Fig. 1. V -+ R mechanism for relaxation of HCI in 
an Ar matrix. The rate-limiting steps, subsequent 
to excitation of v ~ 2, are k21 and klO ' in which 
guest rotation is the accepting mode. V -+ R 
rates decrease as the number of rotational quanta 
excited increases. (XBL 7710-10002) 

487 

10 

8 

1 
0 
Q) 6 If> 

E 

.M:. 

4 

2 

0 

.. 
400 1000 2000 

MIA 
4000 10,000 

Fig. 2. Concentration dependence of relaxation 
of HCl/Ar. M/A is the host/guest mole ratio. All 
samples presented in this figure were prepared 
under identical conditions. (XBL 7710-10004) 

The HCI and DCl kinetic results can be under
stood conceptually by a binary collision model, 
which proposes that V -+ R relaxation occurs in the 
solid during infrequent, close repulsive 
encounters between the guest and a host atom. 3 
This model also correlates data of other workers. 

The following points concerning vibrational 
relaxation in a simple doped solid can be 
concluded: 1) The non-radiative rela~ation 
mechanism is V -+ R; 2) Energy diffusion by 
resonant dipole-dipole coupling of allowed 
transitions is rapid, allowing energy to be trapped 
or lost at ffil energy sink; 3) Molecular complexes 
such as polymer relax rapidly; and 4) The 
temperature dependences for these processes are 
weak. 
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Park, NC. 
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6. OPTICAL PARAl\;IETRIC OSCILLATOR DEVELOPMENT 

A. H. 

Optical sources that have high average power, 
broad tunability, good spatial and temporal 
coherence and narrow bandwidth are particularly 
useful for the study of selective excitation of 
atoms and molecules an.d for making chemically 
analyzable amounts of photochemical reaction 
products. We have developed a tunable optical 
parametric oscillator (OPO) that meets most of 
these requirements. This OPO, using a 2.5 cm diam 
x 5.0 cm long lithiwll nitrate crystal as the 
nonlinear medium, converts the high energy pulses 
from a Nd;YAG laser at 1. 06 )Jlll to tunable 
infrared pulses from 1. 5 )Jlll to 4.0 )Jl1l with high 
efficiency. Rwming the system at ten pulses per 
second, we have obtained usable average powers of 
0.3 to 0.5 watts between 1.5 )Jlll and 2.1 )Jlll and 
typically 60 lmvatts frolll 3.0 )Jm to 3.6 )Jl1l. 

Comparable energies can be obtained from 2.1 )Jlll 
to 3.0 )Jlll. The overall photon conversion 
efficiency is better than 20%. Each infr~Ted 
pulse is typically 10 nsec long and 3 cm- in 
ban~width and is focusable to an area smaller than 
10- cm2. Thus a peak intensity of> 1 GW/cm2 has 
been achieved for experimentation. 

Two series of experiments using the OPO for 
exci ta tion are under way. In one experiment, the 
OPO at 3.3 )Jm is used to study multiphoton 
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exci ta tion of molecules possessing one or more C-I-I 
stretching modes. The high intensity available 
from this OPO is essential for this study. Answers 
to questions about mode selectivity in the multi
photon process, the energy distribution in the 
products formed and the strength of coupling 
between the C-H stretching mode and the various 
lower frequency modes are being sought. In the 
other experiment, we make use of the high energy 
per pulse of the OPO to excite methyl fluoride 
molecules in Ar or Kr matrices. 111e aim is to 
study vibrational relaxation of isolated CI-I3F in 
these matrices. In view of recent discoveries 
of isotopic selectivity in multiphoton excitation 
schemes and in matrix isolated molecular systems, 
ooderstanding the fundamcmtal kinetics involved 
in each of these systems is very important. 
Resul ts of our studies will be reported in the 
near future. 

Inprovements on the OPO that include reducing 
the linewidth of the output to less than 0.1 cm- l 
and increasing the output power with a parametric 
amplifier are in progress. Also the tuning range 
could be extended by using other nonlinear methods 
or a different crystal for the parametric 
generation. 

7. V1BRATIONALLY INDUCED PHarOCI-IElIIISTRY 

R. Glen ·MacDonald 

The effect of enhan.cing chemical reactions by 
the addition of internal energy to the reactant 
species is the subj ect of great current interest. 
The study of vibrationally induced photochemistry 
is not only important f:com a theoretical point of 

view since it enables valuable information to be 
obtained about potential energy hypersurfaces, but 
also has important practical applications such 
as isotope separation and possibly chemical 
systhesis. 

The general reaction scheme is 

HC1(V 2) + H 
kl 
~ H2 + Cl 

kZ 
---> HCl(v 1) + H 

k 
1) + H 2. HCI (v 0) + H HCl(v 

k4 
- H2 + Cl 

HCl(v 0) + H 
kS 
- H2 + Cl. 

The HCl was excited directly to v = 2 by an 
optical parametric oscillator (OPO). Since thI 
OPO is tunable with a bandwidth of ~ 0.005 cm
either species r-r 3SCI or H37Cl may be excited to 
v '" 2. 111e time dependence of HCl(v '" 2) and 
(v '" 1) was followed by monitoring the infrared 
fluorescence 2 + 1 and 1 + 0 of HCl. The 2 + 1 
and 1 + 0 fluorescence may be separated using an 
I-ICI cold gas filter to absorb the 1 + 0 radiation. 
The population of HCI (v '" 2) is direct1<, . 
proportional to the 2 + 1 fluorescence IntenSIty. 
The reactions were carried out in a fast flow 
system. The atoms were produced in a microwave 
discharge of the parent diatomic molecule and the 
atom concentration determined by an appropriate 
gas phase titration. 

By measuring the decay rates of HCl(v ~ 2) and 
HCI (v '" 1) the rate constants (k1 + 1~2) ~d 
(k3 + k4) are deternuned. The fractlOn of 
I-IC1(v'" 2) which goes into v = 1, k2/(kl + k2), 
is determined from the relative intensities of 
v = 2 and v '" 1 emission. The thermal rate 
constant k5 is generally availabl~ from classical 
kinetic studies. For 0 and H k4 IS roughly knmm 
from laser excitation of (v = 1). For Br atoms 
k4 and kS are zero since the reactions are 
endothermic. 

For the system HCl + CI only relaxation 
processes are observed 

HC1(v 
k C1 

2) + Cl ~ FlCl(v 1) + Cl 

k C1 
6 HC1(v 0) + Cl ~ 

k C1 

1) + Cl ~ FlCl(v 0) + Cl. HC1(v 
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Table 1. Observed rates (244 K). 

Atom 

Br 1.7 ± .2 

H 26 1: 5 

0 5.2 ± .40 

C1 33 ± 4 

aIncreases to 34 ± 13 at 390 K. 

Table 2. f'..v 1 vibrational relaxation 

System kv=l/v 

0 

HC1(v)+Cl 1.3 

HC1(v)+Br 0.056 

HC1(v)+O 0,11 

HCl(v)+H 0.31 

HC1(v) 

Ar matrix sec- l 

aData of LW.M. Smith. 

bSee article S. 

k 
v~2 

1 

4.2±0.4 

5,0±1.4 

5.0±L3 

1-5 

4.8±0,6 

rates. 

k 
v~3 

kFl 

(8± 2) a 

The two quantum transfer kgl is se~wn to have a 
rate of 0 ± 0.1 k~l Therefore k6 is neglected 

for all systems in discussion below. 111e rate 
constants determined, Table 1, are temperature 
independent within the 10% error margins over the 
range 294 to 440 K. 

Data for reactive collision partners are shmvn 
in Table L The reaction with Br is energetically 
possible only for v> 2. It competes rather 
unfavorably with relaxation. Nontheless isotope 
enricrunent has been reported for this reaction. l 
For H the reaction has an activation energy about 
equal to 1 quantwn of vibrational excitation. 
Studies of v " 1 show that reaction is negligible 
compared to relaxation for that level. In v " 2, 
however. reaction dominates relaxation. The 

% reaction 

of v " 2 

0.3 ± .1 17 ± l5 a 

3.4 ± .8 65 ± 15 

0.89 ± 0.13 29 ± 23 

7.4 ± .5 

results for 0 have already been discussed in 
detail. 2 

The data in Table 2 show that the rate for 
v = 2 -7- V " 1 relaxation is 4 or 5 times faster 
than for v = 1 -7- V " 0 for HCl. By contrast first 
order perturbation of an harmonic oscillator would 
yield a factor of two (linear in v). The ratio 
of rates is independent of the absolute rate and 
of the rather large differences in intermolecular 
potentials among the collision partners shmVl1. 
The ratio even holds for a solid Ar matrix at 
9 Ie The v = 3 data for I-ICl + Cl of Smith3 
indicate that probabilities may scale as v2 rather 
than v. 

L D. Arnoldi, K. Kaufman and J. Wolfrwn, 
Rev. Lett. 34, 1597 (1975). 
2. R. Glen ~lacDonald and C. B. ~bore, J. Glem. 
Phys. (to be published). 
3. I. W. M. Smith, private conununication. 

8. RESEAR01 PU\NS FOR CALENDAR YEAR 1978 

C. Bradley ~bore 

Excitation and Dissociation 

The aim is to understand the kinetics of 
multiphoton excitation and dissociation lli1d to 
demonstrate efficient schemes for isotope 
separation. Infrared multiphoton excitation work 
will be done using both C02 and OPO excitation. 
For excitation below the dissociation limit 
infrared fluorescence will be used to study the 
time evolution of different vibrational modes 
both with and without collisions. TIle first 
experiments employ the C02 laser to excite D2CO, 



a simple molecule with well documented infrared 
spectra. The tunable paranetric oscillator will 
be used for excitation of hydrogen stretching 
vibrations. The formation of dislocation 
products will be monitored kinetically by infrared 
emission and visible absorption kinetic 
spectroscopy. Final products are measured by gas 
chromatography. A clear understanding of the 
dissociation mechanism may be obtained. TIle 
selectivity of two-frequency excitation will be 
explored by using the OPO at low power and a CO2 
laser at relatively high power. By exciting narrow 
three- and four-photon resonances near 3 )l and 
dissociating at 10 )l extremely high isotopic 
selectivity should be possible. 

Detailed studies of level structure and dynamics 
require an ensemble of excited molecules of well
defined total excitation energy. This may ~est 
be accomplished in the 14,000 to 25,000 cm- range 
by single photon excitation using a cw dye laser. 
Optoacoustic spectroscopy is sufficiently sensitive 
to yield the spectral splittings and broadening 
that indicate transfer of energy among modes. 
Initial molecules for investigation include HCN, 
HCCH, etc. 

Chemical Reactions of Selectively Excited 
Ivlolecules 

* Extension of the work on reactions of ICI to 
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more reactive systems is planned. Excitation of 
high vibrational overtones yields predissociation 
(HN3) , and highly reactive species (HCN, HCCH, etc). 
Experiments will be conducted with a flashlamp 
pumped dye laser and a ov ion laser for state 
resolved excitation. Product analysis will be 
done using gas chromatography and vacuum 
distillation. 

Studies of vibrationally excited hydrogen 
halides and matrix isolated species (HCl, OCl, 
CH3F ... ) may also lead to reactions interesting 
for isotope separations. 

Photochemistry of Air Pollution - Formaldehyde 

The radical dissociation of formaldehyde, 
HZCO ..,. H + HCO, is a major source of reactive 
species in photochemical smog. Techniques for 
quantum yield measurement and kinetic spectroscopy 
of HCO have recently been demonstrated in our 
group. They will allow (if funding becomes avail
able) definitive measurement of the now unknown 
rate constants and quantum yields necessary for 
air pollution modeling calculations. Time is 
essential for this modeling with the evolution of 
alcohol-burning automobiles. 
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tz. B. H. Johnston, M. A. Jolmson, C. B. Moore, 
and J. E. Hearst, Psoralen-n~A Photoreaction: 
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b. Molecular Beam laser 

Yuan T. Lee and Y. Ron Shen, 

1. lvlOLECULAR DIlvlER DISSOCIATION BY CO2 LASER 
IRRADIATION* 

P. A. Schulz and Aa. S. Sudbo 

Molecular dimer formation in a supersonic 
expansion has been studied and used in various 
experiments. We have looked at the dissociation 
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of molecular dimers by vibrationally exciting the 
molecular monomer with a relatively high power, 
pulsecl C02 laser. The dimer fragments into two 
molecular monomers that can be detected by a rotatable 
electron bombardment mass spectrometer. Time-of
flight and angular distributions were measured 
for the monomers. The selective decomposition of 
van der Waals molecules shmvn in Fig. 1 is one of 
the schemes proposed for isotope separation. 

RELAXATION 

MOLECULAR BEAM REeO I L SEPARI\T! ON 

LASER 

EXCITATION 

RECOIL VELOCITY (SPREAD OF FRAGMENTS) 
+ SPREAD OF MOLECULAR BEAM 
+ THROUGH-PUT, 

RECOIL 

VELOC lTV 

Fig. 1. Schematic diagram of selective decomposi-
tion of van der Waals molecules. (XBL 764-1085) 

For (o-I:)NlI2) 2 and (NII3) 2 the average transla
tional energy released in the dissociation was 
observed to be up to apprOxiJll';ltely 0.5 kcal/mole 
wi th no lower bound observed. 111e 0.5 kcal/mole 
translational energy released should be compared 
with the dissociation energy of the climer, which 
in the case of (NI-13) 2 is between 4-5 kcal/mole and 
with the energy of the CO2 laser photon which is 
2.7- 3.1 kcal/mole. (O-I3NI-I2) 2 is expected to have 
a somewhat smaller dissociation energy than (NH3) 2. 

If in (NH3)2, the internal energy of the 
molecule is randomized 3nlOng all the modes of the 
molecule other than hydrogen stretches, then 
approximately 1/12 of the energy should appear 
in translational energy of the molecule. If (NH 3) 2 

absorbs only two photons, then a considerably 
larger fraction of the energy appears in transla
tion than is expected using simple statistical 
argwnents. That is, with tlvO photons absorbed 
there is only 1--2 kcal of excess energy, of which, 
[in a significant fraction of (NI-13) 2] more than 
1/4 appears to be released in the relative 
translational energy of the products. 

Thus, if (NH3) 2 is a statistical molecule, i. e. , 
the energy is randomized, then it must be absorbing 
more than two infrared photons. 

If the molecule is nonstatistical and the 
dissociation process is dominated by the time 
needed for energy transfer from the \)3 excited 
mode of NH3 to the NI-13 - NH3 stretching, then one 
expects to see a strong peaking of the translational 
energy distribution at 0 energy, which is 
observed. Thus, in this experiment as in other 
previous experiments it is difficult to elucidate 
the mechanism for the dissociation of the dimers, 
or equivalently, the rate of energy transfer 
between vibrational modes in the (NII3) 2 complex. 
However, further experiments have been done on the 
dimers to elucidate the dissociation mecha'1ism. 

The dissociation of (NH3) 2 -)- 2NI-13 as a function 
of power has revealed very little dependence of 
the yield on the power. TIle small dependence of 
the yield on the power is probably due to the 
increase·in power broadening which means that more 
rotational states can be excited by the laser. 
Also, there is no evidence for a sharp power 
(or energy) threshold for the dissociation of the 
dimer (unlike the case of IvlPD of polyatomic 
molecules). If the molecule was statistical, an 
increase in the laser power density would cause 
an increase in the translational energy released, 
thus resulting in a change in the angular 
distribution that was not observed. Also, the 
angular distribution was observed at two different 
excitation frequencies for the dissociation of 
(NH3) 2, at 944 cm- l and 1080 cm- l , The angular 
distributions were identical within the experi
mental uncertainty. Thus, a significant change in 
the energy available for translation makes no 
difference in the translational energy distribution, 
therefore strongly supporting the hypothesis of 
V- V energy transfer as the rate limiting process. 

In the case of (O-13NH2) 2 dissociation, the same 
qualitative features were observed--a narrow 
angular distribution peaking at 0° and very little 
dependence of the dissociation yield or angular 
distribution on the laser intensity. 

Thus, from the experiments on the dissociation 
of dimers one concludes that the dissociation 
mechanism is the V-V energy transfer from the 
vibrational mode excited by the laser into the 
dimer bond-stretching vibration. Of course, this 
vibrational mode will be broken and the energy 
will be released as translational and rotational 
motion of NH3' In the dissociation of (NH3) 2 the 
high--frequency vibrations of l\U-13 cannot participate 
in the energy sharing and thus the molecule is 



nonstatistical. Nor for (QI3NHZ) 2 dissociation 
does energy randomization seem to occur, again 
probably because of the number of high
frequency vibrations. However, for (GI31\JH2) 2 
dissociation there may be a partial energy 
randomization that may be elucidated by more 
experiments. It is hoped to extend the study of 
the dissociation of weak molecular bonds in 
van der Waals dimers and polymers. 

work \Vas carried out in collaboration with 
Professor Y. Ron Shen' s group. 

2. DYNJ'uvIICS OF INFRARED MULTIPI-IOTON DISSOCIATION 
OF POLY1\TOl'clIC l'c!JLECULES* 

P. A. Schulz, 1\a. S. Sudbo and E. R. Grant 
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Using a Tachisto 1I1oclel 215 line tunable CO2 
laser with 1 J of output in each pulse, observations 
of mul tiphoton dissociation of polyatomic molecules 
in a beam have been made. The translational energy 
distributions of the Droduct have been 
measured with an electron ionizer and 
mass spectrometer. In many cases, the dissociation 
has been observed also as a function of laser 

an.d power to aid our understanding of 
of the elimination of an atom. 

A considerable amount of interest and excitement 
was wi th the suggesti on that mult i photon 
dissociation is a very wlUsual method for energizing 
molecules, one that offered the potential for 
vibrational mode control of unimo1ecular reactions. 
For the present situation, this means deciding the 
dissociative outcome of a reaction by not only 

how much energy is supplied to each 
also, loosely speaking, by 

which vibrational modes the energy is 
to go into and producing dissociation products 
different from those of thermal activation. 
Initial evidence tended to support this hypothesis. 
The first reported product analysis for 
the mul tiphoton of SF6 indicated that 
this molecule dissociated to SF4 and F2, 1 
bypassing the lower energy SF5 F fragmentation 
channe1. Results of gas cell elqleriments with 
CFC13 were interpreted to direct 
dissoci.ation to CFel and C12. In addition, the 
observation of and CN from CH3CN and O-l3NI-l2 
(Ref. 3) and prompt 1wninescence for a nW1IDer of 
mo1ecules 4 under conditions ,,,hich were supposedly 
collision-free explosive dissociation of 
very highly molecules. 

The results of our experiments, 5 mainly derived 
from the dissociation pattern and the relation 
between the as well as the magnitude of 
translational energy distributions, are unambi-· 
guously consistent with a far more orderly picture 
of the excitation and dissociation process than 
that suggested by many earlier experiments and 
theoretical constructs. Work by Bloenlbergen, 
Yab10novitch, and their co-workers 6 on the 
measurements of mul tiphoton absorption by SF6 and 

their theoretical interpretation 
mental observations are in close 
our conclusion that although the 
is selective, nearly complete 
must tale place in the molecular 

of the eA1Jeri
agreement with 
initial excitation 

randomization 

of freedom before decomposition for mole
that dissociate by atomic elimination. 

For polyatomic molecules with many vibrational 
degrees of freedom, (since the state density for 
the internal degrees of freedom is a 
increasing function of energy, whereas that for 
translational is not), the statistical theory 
characteristically predicts a recoil energy 
distribution that is peaked near zero, i. e. , 
most of the excess energy is stored as internal 
excitation of , and correspondingly 
large amounts of translational energy release 
are improbable. The average recoil energy of the 
fragments is a function of laser energy, the 
nwnber of vibrational degrees of freedom, and 
density of states associated with those vibrational 
degrees of freedom. 

To date SF6, CF3C1, CF3Br, CF3I, CF2ClZ and 
have revealed atomic elimination in the 

dissociation process, always eliminating the atom 
with the weakest bond. The RRKM statistical model 
predicts translational energy distributions that 
were then transformed to velocity space for 
comparison with the angular distribution and 
velocity distributions obtained in the experiment. 
The experimental translational energy distribution 
could be obtained from the RRKM model by slight 
variations in the translational energy distributions 
from the RRl01 predictions. In each case, the 
RRlGvl model came close to fitting all the data. 
An example is in Fig. 1 where the best fit to 
the SF6 MPD (data points only) is 
compared with RRl(M prediction for translational 
energy released for a molecule with 7, 9, and 11 
excess photons absorbed (17.5, 22.9 and 28.3 kcal/ 
mole beyond dissociation) . It is evident that 
the fit between the experiment and the data is 
excellent. 

If statistical theory is applied to CF3Br and 
SF6, observed translational energy distributions 
correspond respectively to an average absorption 
of 1- 3, and 7 -11 excess C02 laser photons beyond 
the dissociation energies of CF3Br and SF6' 
J\lthough these nWllbers seem to suggest a vast 
difference in the ability of molecules to absorb 
excess photons dissociation they 
actually represent very similar degrees excita-
tion in tenns of the lifetime of excited molecules. 
For both and SF6 molecules, the range of 
excitations correspond to dissociation states with 
a lifetime ranging from 10- 7 to 10-9 s, which is 
of th& same order as the laser pulse wielth of 
5 dO - s (see 2) . Similar results are found 
when the calculations are done for the other 
molecules mentioned above. 

Comparison of the theory with experiments lS 

more difficult for SF6 and CFC13 lvlPD because they 
can undergo a two-step dissociation to form 

+ 2F and CFC1 + 2C1, respectively. The two
step dissociation can be detected by a change in 
the fractionation ratio in the mass spectrometer 
when the laser energy fluence is changed (see 
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Fig. 1. Fragment recoil energy distributions for 
SF6 + SF5 + F. Experimental data points obtained 
with ~6 J/cm2 laser pulses are denoted by @. 

Curves are calculated from the RRKM theory assuming 
a molecular excitation of E ~ Eo + nnw with 
n '" 7 (- 0 -), n '" 9 ( - ), and n '" 11 ( - - - -) where 
Eo is the dissociation energy and nw is the C02 
laser photon energy. (XBL 771-7431) 
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Fig. 2. Dissociation rate of SF6 calculated from 
the RRKM theory as a function of level of excitation 
nhw '" E - EO' (XBL 771-7437) 

Fig. 3) because the ratio of SF3+/SF2+ = 5 for 
ionization of SF5, but SF3+/SfZ = 2 for the 
ionization of SF4. Thus, for the purpose of 
looking at the dynamics of the dissociation of 
SF6 + SF5 + F, the laser energy fluence must be 
lowered so that no SF4 can be observed. In the 
future it is hoped to be able to compare RRKM 
predictions for the secondary dissociations 
(SF5 + SF4 + F and CFC12 + CFCI + Cl) with the 
experimental results. 
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Fig. 3. Angular distributions of SF3+ and SF2+ at 
higher and lower laser intensity: lower intensity, 
X, SF3+; +, SF2+; higher intensity, D, SF3+; 0, 

SF/. (XBL 776-8869) 

~WD has been observed in one case where a single 
bond is broken and two molecular fragments are 
released (N2F4 + 2NF2)' Tetrafluorohydrazine has 
a very low bond energy of only 22.3 kcal/mole 
(compared with 50-90 kcal/mole bond energies for 
the molecules just discussed). Such a small 
dissociation energy results in a very small 
prediction for the RRKM lifetime- -only 3 ns 
for 1.0 kcal of excess energy beyond the 
dissociation limit. Thus, it is eA~ected that the 
dissociation occurs after absorbing only 8 photons 
of energy 2.8 kcal/mole, (2.8 kcal/mole 0 8 = 
22.3 kcal/mole ~ dissociation energy). However, 
because the N2F4 population is initially Boltzmann 
distributed there will be a range of activated 
energies. The ambient ten~erature of the source, 



300 K, corresponds to an energy in vibration of ~2 
photons. 11ms, an even distribution of molecules 
with activated energies between 0 and 2.8 kcal/mole 
(0-1 photon) beyond dissociation can be expected. 
Such a distribution is in excellent agreement with 
the data for the NZF4 lYlPD. On the other hand, an 
RRKM predicted translational energy distribution 
corresponding to mly single activated energy does 
not give a good fit to the data. 11ms, it cml be 
concluded that the lYlPD of a polyatomic molecule 
is well described by an RRKM model, for the case 
in which a single bond of the molecule is broken. 

*This work was carried out in collaboration with 
Professor Y. Ron Shen's group. 
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Utah, lYlarch 1977. 

3. THREE-CENTER Al\JD FOUR-CENTER ELHlINATION IN 
lYlill,TIPHOTON DISSOCIATION OF MOLECULES* 

Aa. S. Sudbo mld P. A. Schulz 

A number of halogenated hydrocarbons are knmvn 
to dissociate by three-center and four-center 
elimination, as observed by chemical activation or 
in pyrolytic reactions. 111e same processes can be 
observed in the multi photon dissociation of these 
con~ounds. Since it is possible to measure 
trmlslational energy distributions of fragments 
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in a molecular beam eAperiment, valuable infonna
tion on the dynamics of three·-center and four
center elimination, especially the nature of 
potential energy surfaces for decomposition has 
been obtained. Some preliminary results on this 
are surmnarized below. 

Our experimental setup is described in Ref. 1. 
It is a molecular beam crossed with a focused 
COr laser beam. A rotatable mass spectrometer 
detector is capable of giving us a translational 
energy distribution of the fragments from the 
interaction region. Table 1 lists the molecules 
we have investigated, grouped as three-center and 
four-center elimination. Very few general state
ments cml be made about common features of these 
reactions on the basis of our experiments, so we 
will briefly conmlent on each of them. 

The molecule CHF2Cl is kn01\'l1. to dissociate in 
pyrolytic reactions by a three-center HCl 
elimination, just as is observed in rnultiphoton 
dissociation. The barrier for the back reaction 
(CF2 + I-ICI ->- 01[2 Cl) is kn01\1Jl to be between 5 and 
6 kcal/mole. We have measured translational 
energy distribution of the HCl fragment from the 
dissociation, and an RR](lI-I calculation of 
the translational energy released in the 
dissociation. Any RRI(lI-I distribution corresponding 
to dissociation lifetimes between 0.2 mld 10 ns, 
and shifted 5-6 kcal/mole to allow for the barrier 
in the reaction chmmel to be released as 
trmlslational energy, Hill peak very close to 
",here the experimental distribution peaks. A 
better fit is obtained if the RRI(lI-l distribution is 
broadened and smoothed, as one 11'ould do to take 
into account interactions between the two fragments 
after the dissociating configuration is passed. 
The energy of the distribution giving the 
best fit 6 kcal/mole, with a HVHM of around 
9 kcal/mole, indicating the presence of molecules 
exci ted with at least 4 photons above the clissocia
tion threshold (cOTresponding to lifetimes around 
1 ns). It thus looks as if quite an appreciable 
fraction of the excess (as referred to the 

grm.md molecule is released 
as trmlslational energy. As 1,12 shall see, this 
differs from the case of four-center elimination 
in 

Although the data for 0-lFC12 is of much poorer 
quality, qualitatively similar results are 
obtained for this molecule. 

Table 1. 

TInee-Center Elimination Four-Center Uimination 

CHF2Cl 

---" CFCl + HCl 

CHCICF
2 



For the l,l-difluorochloroethylene, however, 
the translational energy released seems to peak 
wi thin 0.1 kcal/inole of zero energy. For this 
molecule the three-center elimination was found 
to compete with direct Cl atom elimination, with 
comparable probability in the energy range 
typically prepared by the laser excitation. 111is 
could be inferred from the observation of !-ICl + as 
well as CI-lCF2 + in the lllass spectrometer. The 
absence of IIF+ indicated that flF was not produced. 
1118 two chmmels also have very similar distribu-
tions of translational energy in the 
]11e experimental results can be fit adequately 

E with a distribution of the form exp( - Ie ) with 
'0 

between 1.0 mld 1.5 kcal/mole. 111is is quite 
different from what is observed for the halogenated 
methmles, and implies that almost all the excess 

will remain as internal energy in the HCl 
The latter is eAl1ected to rearrange 

rapidly to vibrationally excited difluoroacetylene. 

111e molecule 1,1, I-trich10roethane is known to 
decompose in pyrolysis into GI2CC12 + !-IC1, just 85 

is observed by us in l11ultiphoton dissociation. 
The difference in heat of formation between 
molecule and fragments is 12.3 kca1/mo1e, \\fhereas 
the activation energy has been measured to be 
54 kca1/mole at temperatures around 700 K. We 
performed an RRKM calculation which indicated that 
the excess energy in the molecule should be 20-30 
kcal/11101e above the dissociation threshold for 
lifetimes to be in the 10 ns range. Our experi
mental translational energy distribution, however, 
peaks at ca. 8 ± 1 kcal/mole and is considerably 
wider than the RRKM distribution (ca. 10 ± 1 kcal/ 
mole FWHM experimental, as compared to about 2 
kcal/mole for the pure vibrational-phases-space 
RRKM calculation). 'TIms, contrary to the conclusion 
that the barrier in GIF2Cl appears as translational 
energy of the fragments, in the Gl3CCl3 four-center 
eliminations the fragments must retain almost all 
of the excess energy (as referred to the 
ground states) as vibrational energy. This can 
also explain the experimental observation that we 
were unable to detect the ion CI-I2CC1/ (Gl2CC1+ 
was the major ion fragment observed in the mass 
spectrometer), whereas the tabulated mass spectral 
data for 1,1 dichloroethylene indicate that similar 
amounts of C!-I2CCl + and CH2CC1/ will be formed 
from the groLrrld state GI2CC12 molecule. GI3CF2Cl 
is not qualitatively different--its dissociation 
products have a translational energy distribution 
peaked at a slightly higher energy (ca. 12 kcal/ 
mole) than the GI3CC13' but with approximately the 
same width. 

So at least in our experiments, we have observed 
that in four-center elimination reactions in 
halogenated ethanes, very little (typically 10 %) 
of the excess energy (referred to the fragment 
groLrrld states) in the excited molecule is released 
in translational energy in the dissociation. ~Iost 
of it will remain as vibrational energy jn the two 
fragments. 

* This \Vork \Vas carried out in collaboration with 
Professor Y. Ron Shen I s group. 
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1. lvI. J. Coggiola, P. A. Schulz, Y. T. Lee and 
Y. R. Shen, Phys. Rev. Lett. 38, 17 (1977). 

4. EFFECT OF HOT BA1\)D EXCITATION IN IclULTIPHOTON 
DISSOCIATIQ\) OF POLYATOlvIIC lvIOLECULES* 

P. A. Schulz, Aa. S. Sudbo, and E. R. Grant 

The absorption of light in multiphoton 
dissociation (lvIPD) of polyatomic molecules has been 
quali tati vely explained by the Bloembergen model. l 

Multiphoton absorption through a vibrational 
manifold occurs at the start of a high power 
infrared laser pulse. The absorption may only 
involve 3 to 6 photons of excitation, after which 
the mlharmonicity becomes too large for further 
absorption. In this the anharmonicity 
causes a coupling between vibrational modes 
strong enough that the absorption spectrum 
becomes very broad. The molecule then is in the 
quasi·· continuum. 

111e initial state of the system should have an 
effect on the multiphoton absorption; its effect 
on the quasi -continuwn, however, should be minimal. 
In our molecular bemn apparatus, although s ta te 
selection caml0t be performed, the vibrational and 
rotational temperatures can be adjusted 
inclepe:ldently. Tl18 rotational temperature in the 
molecular beam can be raised by lowering the 
stagnation pressure behind the nozzle that lowers 
the quality of the expmlsion. By changing the 
temperature of the gas behind the nozzle, the 
vibrational temperature in the heam can be 
adjusted. The nonequilibritun of the vibrations 
and rotations results from the fact that R -+ T 
energy transfer is faster than V -+ T transfer. 

Neither the total dissociation yield nor the 
dependence of the dissociation was 

by changes in the rotational temperature. 
The molecular beam was with 
pressures behind the of between 
200 Torr "i th no the dissociation 
nor the wavelength for SF6 and 
dissociations. 111e rotational temperatures 
these beall1S are eAllected to vary from approximately 
150 ]( to 50 K. 

On the other hand, for SF6, a chmlge in the 
vibrational temperature of the beam resul ts in a 
radical shift in the wavelength dependence of the 
dissociation yield (see Fig. 1). When the beam is 
created from an expansion at room temperature the 
FWHM of the dissociation yield as a fWlCtion of 

is 13 cm- l at 105°C the Hvl-If\1 
cnf 1, and at 180°C the FWHM is larger than 

Because the CO2 laser is line tunable 
only over a limited range of frequencies, the 
wavelength shows the points to 
which the laser could be tuned. At frequencies 
below 929 cm- l the C02 laser decreased in po\Ver 
so that the constmlt laser energy density/pulse 
could not be maintained. The laser energy 
density used to obtain 1 is about 5 J/cm2. 

To explain the wavelength dependence of the 
dissociation yield as a fmction of vibrational 
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Fig. 1. Frequency dependence of the rrrultiphoton 
dissociation of SF6' The SF6 beam source was 
operated at three different temperatures. 
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temperature requires consideration of the hot 
band absorption in ilnharmonicity causes 
excited SF6 to absorb at a lower 
the fundamental. 2 The shift to lower 
is even due to the fact that the 
involves a multiphoton and not a single photon 
absorption. Because vibrationally heating the 
beam did not affect the translational energy 
distribution (as measured by an angular distribu
tion) , the absorption in the quasi -continuum is 
believed to be independent of the initial vibra·· 
tional state. 

Heating of the nozzle beam has been 
shift the vibrational frequency of 
molecules into resonaJlce with the C02 
Using this effect, v!PD has been performed on a 
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wide variety of molecules for which the dissociation 
could not otherwise be observed. 

work was carried out in collaboration with 
Professor Y. Ron Shen' s group. 

1. N. Bloemergen, Optics Conunwl. 15, 250 (1976). 
2. D, M. Larsen, Optics Commun. 19~-404 (1976). 

5. INI'EHNAL ENERGY DEPE1\JDENCE OF 11-1E CC14 
CONDENSATION COEFFICIENT DETEHi'vlINED FROM 
.MOLECU'L1\R BEAjI,! SURFACE SCATTERING EXPERIJllENTS 

Steven J. Sibener 

In this report an e:>qJeriment ,yill be described 
that directly confinns the existence of 311. internal 
mode dependence of molecular sticking probabilities 
for collisions of molecules with a cold surface. 
Recr;:;nt articles, both theoreticall and e)..lJerimen
tal L, 3 have suggested that condensation coefficients 
should have this dependence. However, the 
previous bulk kinetic e)..lJeriments performed by the 
Russian groups could not probe the dynamics of 
the condensation process. vloecular beam surface 
scattering techniques are uniquely suited in their 
ability to study the dynamics of gas/solid-surface 
collision events . 

Utilizing our universal molecular beam machine 
modified to include a liqui.d ni trogen cooled target 
surface, we have studied the scattering of CC14 
from a CC14 ice surface. 'TIle underlying target 
substrate was po1ycrystalline copper. At a 
surface temperature of TS ~ 280 ]( the copper 
surface was undoubtedly contaminated with 
diffusion pwnp oil and other molecules (background 
pressure ~ 10 - 7 Torr); but at the e)..l)erimen tal 
target temperature of 90 K, where the sticking 
probability of CC14 was foWlcl to be than 
99%, a relatively "clean" surface solid CC14 
was presented to the incident molecular beam due 
to constant CC14 deposition. Figure 1 is an 
assembly diagram showing the important e:>qJerimental 
components. The effusive, heated, and velocity 
selected beaJll source constructed for this e)..lJeri
ment penni ts the independent variation of TB and 
VB, the beam temperature and beaJl1 velocity, 
respecti ve1y. This pennits the study of gas/ 
surface collisions with CC14 molecules having 

- -~GQS Inlet 

TO MASS 
SPECTROMETER 

Fig, 1. Assembly diagraJll of the experimental 
scattering configuration. (XBL 7712-10907) 
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different internal energies (i.e., beam tempera
tures) but the same translational energies. The 
beam temperatures used were 298 K and 560 K, while 
fi ve translational velocitie~ in the range 
2.5 x 104 cm/sec to 5.1 x 10 cm/sec were used. 
The target surface was cooled with liquid nitrogen 
and had an ultimate temperature TS = 90 K. Nichrome 
wire heaters eniliedded in the surface support block 
pernritted operation above 90 K. The surface 
temperature was monitored with two calibrated iron
constant thermocouples. The incident beam-surface 
angle 8i is variable and was set at 50° measured 
from the surface normal. Alignment was accomplished 
by reflecting a He-Ne laser from the surface and 
noting the angle of reflected light. The reflected 
particles were then detected by a mass spectrometer 
that rotates about the surface allowing angular 
scattering distributions to be obtained for 
reflected angles 8r ~ 30° -+ 90°. The entire 
surface assenilily could also be rotated to pem t 
direct viewing of the beam by the detector. Only 
in-plane scattering was detected in these 
experiments with the plane deternrined by the surface 
normal and the incident beam. 

TIle experiment was performed at 90 K in order 
to mininrize reevaporation background and to 
lengthen residence times of trapped molecules to 
significantly greater than 1 ms. This allows us 
to detect the reflected CC14 molecules that have 
short (relative to 1 ms) residence periods on the 
surface. In short, we have operated in the realm 
of 99+% sticking probability in order to help 
distinguish inelastic collisions from absorptions 
followed by subsequent reevaporation. 

TIle angular distributions obtained for CC14 
scattered from a warm, TS = 280 K "dirty" surface 
for various Vi and TB conditions are sho~~ in 
Fig. 2. Note the cosine behavior of the experi
mental data. This indicates virtually complete 
energy accommodation with the surface, which 
subsequent time-of-flight analysis verified. Hence 

Ts ~ 280 0 K 
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b 
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E 
'" "" 0.5 z 

.ci '" <:::I 
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t '" 
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0 
~ 

90 
Angle From Surface Norma I (deg) 

Fig. 2. Ts = 280 K experimental scattering 
distributions for translational energies of 
2.5 x 104 cm/s and 5 x 104 cm/s at beam tempera
tures of 298 K and 560 K are all described by the 
solid dots ("'). The solid line is a plot of the 
cosine (8) function. (XBL 7711-10900) 

the scattered molecules come off at a velocity 
corresponding to TS = 280 K regardless of their 
incident internal or translational energies. 

Figure 3 shows the angular distributions for 
collision with TS '" 90 K and TB = 560 K. The 
distributions are fairly broad and peak 
superspecularly 15° from the specular angle. TI1e 
angular distributions appear identical over the 
veloci ty range explored. Wi thin the hardcube 
approximation4 this implies that a constant 
relative momentum loss is taking place. Figure 4 
shows the TS = 90 K and TB = 298 K angular 
distributions. These also peak 15° from the 
specular angle and appear somewhat narrower than 
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Fig. 3. Scattering distributions obtained with 
Ts '" 90 K for six translational velocities with 
TB '" 560 K. The peaks all fall at approximately 
15° from the specular angle, denoted by the arrow 
at 50°. (XBL 7711-10905) 
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Fig. 4. Scattering distributions obtained with 
Ts ~ 90 K for two translational velocities with 
TB '" 298 K. Cosine (8) is also plotted in the 
upper graph. (XBL 7711-10903) 

do the hot beam distributions. From these angular 
distributions we can infer approximate values for 
energy accollnnodation coefficients, aE, within the 
hardcube approximation: 

E. -E 
l r a ~--E E.-E 
l s 

where Ei is the incident beam translational energy, 
Er is the reflected be3Jl1 translational energy, Es 
is the translational energy of a molecule at TS. 
For Vi = 2.5 x 104 cm/s, aE is found to be 0.37 
while for Vi '" 5.0 x 104 cm/ s (XE is 0.30. These 
values correspond to a 15% relative momentum loss 
for all velocities studied (45% loss in the 
velocity component perpendicular to the surface). 
Figure 5 shows the angular distribution obtained 
for a slightly heated surface with TS '" 117 K. 
The relatively flat behavior for 8r ~ 30 to 65° 
indicates the presence of accommodated as well as 
inelastic scattering in the detected signal. This 
may be due to significantly shorter residence times 
at 117 K. 
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Fig. 5. Scattering distribution obtained for 
Ts '" 117 K. The plateau behavior before the far 
angle fall-off indicates a significant amount of 
accommodated CC14 is contributing to the scattered 
intensity. (XBL 7711-10901) 

The relative sticking probabilities for each TB 
as a function of incident translational velocity 
were computed in the following way: 

Relative Sticking Probability (RSP)j -

( 

90 90 ) 

. n~~O :~80 
I 
I beam condition 

I reference beam, velocity"" 5 x 104 cm! s 

90 280 where the nr and nr are the reflected number 
densities measured at 8r ~ 65°. The experiments 
were conducted by first measuring the amount of 
reflected CC14 flux, n~80 v~80, for TS '" 280°. 
Note that this is proportional to the overall 
incident beam flux. Next, using the same beam 
condi tions, TS was changed to TS - 90 K ana 
reflected number densities were measured. Since 
the angular distributions are identical for each 
TB value, this determination based upon only one 
angle is warranted. Figure 6 shows the RSP values 
obtained as a function of translational energy for 
TB ~ 298 K and TB ~ 560 K. A very strong 
dependence of RSP on incident beam translational 
energy is observed. The two curves shown in 
Fig. 6 merge at high velocities but the TB '" 298 K 
curve clearly shows less reflected signal at low 
velocities. 

Finally, we have determined the internal energy 
dependence of sticking probability and have 
expressed this in the form of an enhancement 
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Fig. 6. Translational energy dependence of 
relati ve sticking probability for TB = 298 K and 
TB = 560 K. (XBL 7712-11075) 

factor, DF, which is the ratio of relative reflected 
fluxes for molecules having the same translational 
velocity vi, but different intemal energies due 
to different beam temperatures: 

T = 90 K s ( flux reflected, 
)1 T = 560 K' 

B ' 
v. 

EF l 

T = 90 K s ( fl~~ reflected, 

flux reflected, T - 280 K )1 TB=298 K; v. 
s l 

Figure 7 shows the IF valuelt determined for five 
velocities between 2.5 x 10 cm/s and 5 x 104 cm/s. 
IF ~ 4 was observed for the slowest velocities 
studied. This implies that the intemally excited 
CC14 molecules are four times more likely to 
scatter from the surface than the vibrationally 
cold molecules. 

111e velocity selector used in these studies 
trallsmi ts a 17% FW1-!J'v! velocity distribution. The 
actual distributions transmitted have been 
studied using time-of-flight analysis and are 
ShOlvn in Fig. 8. At 125 Hz and 165 Hz the 
transmi tted distributions essentially overlap for 
TE = 298 K and TB = 560 K transmitted. For higher 
frequencies the hot beam distributions are seen 
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7. Internal energy desorption enhancement 
factors as a fWlction of translational energy. 
At low velocities IF begins to increase dramatical-
ly. DF = 4 that the hot Cel4 molecules 
have a four times higher probability of scattering 
relative to the cold molecules. (XBL 7712-11076) 

to shift to 
steep slope of 
distribution in 
factors in 
shifts. 

higher velocities due to the 
= 298 K Haxwell-BoltzmclJ1n 

that velocity region. The EF 
7 have been corrected for these 

Note that is translational energy decreases the 
intemal energy of a molecule becomes important in 
determining sticking probabilities. Using the 
vibrational quantum partition fmction for all 
ideal polyatomic, the intemal energy difference 
between CC14 at 298 K ,md 560 K is found to be 
about 3.7 kcal/mole. The translational 
studied here range from about 1.1 kcal/J~lole to 
4.6 kcal/mole. Clearly this indicates that intemal 
excitation of a molecule, either thermal heating 
or laser irradiation (SF6, example), can 
significantly affect sticking probabilities. Tne 
enhancement factor, EF, will be when transla-
tional energies are decreased to point where 
the escaping (inelastically scattered) molecules 
have only a small excess (or deficit) of 
translational energy above the outer attractive 
potential wall of the surface. 
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Fig. 8. Flux distributions transmitted by the 
velocity selector at the five settings used in the 
determination of EF. These were determined by 
placing a time-of-flight wheel in front of the 
detector and looking directly at the beam with the 
rotatable detector. (XBL 7712-11073) 

Future studies will be conducted using a target 
surface that can operate at still lower Ts values. 
This will allow us to probe the sticking behavior 
of other molecules that do not condense at 90 K. 
:rvlode selective excitation of appropriate molecules 
using a continuous wave C02, CO, or I-IF laser will 
also be explored to further our understanding of 
internal mode influence on sticking probabilities. 

1. J. D. Doll, J. Chem. Phys. 66, 5709 (1977). 
2. N. F. Basov, et al., JETP Lett. 22, 102 (1975). 
3. K. S. Gochelashvili, et a1., Zh.Eksp. Teor. 
Fiz. 70, 531 (1976). 
4. R-:--M. Logan and R. E. Stickney, J. Chem. Phys. 
44, 195 (1966). 
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6. RESEARO-I PLANS FOR CALENDAR YEAR 1978 

Yuan T. Lee and Y. Ron Shen 

The completion of the construction of the 
neodymium yag laser optical parametric oscillator 
in early 1978 will give some significant impact 
to the program of molecular beam laser isotope 
separation. 

With this tunable IR laser, the scheme of 
selective decomposition of van der Waals molecules 
will be evaluated thoroughly. The first series 
of molecule that will be tested are the complexes 
of hydrogen halides. For example, 

=1= 

Ar ole!Cl 35 -7 ArHC1 35 
-7 Ar + HCl . 

The practicality of the concept of the separation 
through recoil velocity will be assessed from the 
careful measurements of angular and velocity 
distributions of dissociated molecules. 

TIle program on the dynalT'ics of multiphoton 
decomposition will mainly be concerned with 
decomposition using two frequencies. The 
understanding of this process will give a great 
impact to the success of the separation of 
uranium isotopes by the multiphoton dissociation 
process. Some investigations will also be carried 
out on the chemical behavior of highly vibrationally 
excited molecules by multiphoton excitation. 

The process of selective condensation of 
vibrationally excited molecule that was carried out 
with thermal excitation during the last year will 
be carried out by laser excitation in the coming 
year. 

7. 1977 PUBLICATIONS AND REPORTS 

Y. T. LEE ffild Y. R. Shen and Associates 

1. See Y. T. Lee in Molecular Sciences Section, 
p. 379. 

2. See Y. R. Shen in Materials Sciences Section, 
p. 180. 
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ENERGY TECHNOLOGY 

a. of Electrochemical Synthesis and 
Energy Conversion 

J. W. Evans, R. H. Muller, J. Newman, and 
c. W. 

Introduction. The aim of this program is to 
improve the energy efficiency, lower the capital 
cost, and increase the materials yield of 
electrochemical cell processes employed in the 
reversible conversion of chemical to electrical 
energy in galvanic cells and in the production of 
materials by electrolysis. 

1. PROCESS EVI\LUATION FOR THE ELECTROWINNING AND 
REFINING OF POTASSIUM 

Henry Law and Charles W. Tobias 

Overpotentials associated with potassium 
deposi tion in propylene carbonate (P. C.) containing 
0.5m KAlC14 solute have been performed by 
1) galvanostatic pulse method on a stationary 
electrode, 2) current interruption following 
steady-state electrolysis on a rotating disk 
electrode. The substantially lower overpotentials 
observed on the rotating disk (Fig. 1) indicates 
that in steady-state cathodic reduction the 
passivation of the surface by solvent impurities 
is subdued by containuing reduction of potassiwll. 

Reliable evaluation of current efficiency of 
potassium deposition is critically dependent on 
our ability to collect and remove all the metal 
deposited and separate it from the electrolyte. 
Significant difficulties are experienced in 
obtaining potassium in a coherent form, allowing 
easy collection and removal from cells. The deposit 
morphology is strongly temperature dependent: at 
30°C deposits are generally powdery and nonadherent; 
at 50° they tend to be loosely spongy (Fig. 2); 
and at 70° (above the m.p.) they are present in 
small liquid globules, which do not coalesce into 
larger droplets (Fig. 3). Development of a 
practical method for the collection and rCPloval 
of potassium from cathode compartments represents 
the highest priority task in this project. 

2. ANODIC SURFACE LAYERS ON BAm~RY :tvlATERLA.LS 

Newly developed techniques for in situ observa
tion of electrode surfaces are being used to provide 
direct experimental evidence about properties and 
modes of formation of anodic surface layers with 
desirable electrochemical properties on materials of 
interest for use in batteries. 
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Fig. 1. COll~arison of different overpotential 
measuring techniques in potassium deposition from 
0.5 m KAlCl4/propylene carbonate solution. The 
galvanostatic pulse duration is 72 msec; the 
rotational speed of the disk electrode is 1400 rpm. 

(XBL 782-7011) 

Fig. 2. Spongy potassium deposit obtained from 
0.5 m KAClC14/propylene carbonate electrolyte at SO°C. 
Cathode potential was maintained constant at -200 mV 
relative to potassium reference electrode. 

(XBB 781-791) 



Fig. 3. Spherical globules of molten potassium 
deposited from 0.5 In KAlC14/proPllene carbonate 
electrolyte at 70°C at 1.5 rnA/cm . 
Magnification: 20x. (XBB 781-792) 

a. Alkaline Battery Reactions 

Craig G. Smith and Rolf H. Jvluller 

Anodic film formation in stagnant electrolyte on 
Zn, Ag, Cd, and Cu single crystals has been studied 
by ellipsometry. The concentration of KOH has been 
varied from 0.5 to 6.0 M, and current densities 
suitable for each metal have been used. These 
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have ranged from 5 vA/cm2 for Cd to 0.5 vA/cm2 for 
Zn. Resultant film properties have been found to 
depend on current density, electrolyte concentration, 
and crystal orientation. Figure 1 illustrates a 
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Fig. 1. Anodic film fOl~tion on Ag. Effect of 
current density on ellipsometer parameters ~ and 6. 
Single crystal (100), stagnant 6 M KOH. 

(XBL 773-7988) 

dependence on current density, which according to 
preliminary computations, is caused either by a 
greater porosity of the film or a smaller roughness 
of the substrate at the lower current density. 

A flow cell is presently being used to study 
film formation under forced convection. Figure 2 
shows the response of our automatic ellipsometer to 
anodic current pulses on zinc. These measurements 
are consistent with the formation of a colloid 
layer in the electrolyte adjacent to the electrode 
surface. Ellipsometer observations also indicate 
that the rapid increase in electrode potential, 
characteristic of electrode passivation, occurs 
simultaneously with the formation of a very thin 
(10 A) surface layer. 

o 40 80 120 240 

Time, s 

Fig. 2. Anodic film formation on Zn. Response of 
the relative phase 6 and the relative ampli tude ~ 
to anodic current pulses. Single crystal ClOOO), 
Re ~ 850, 6 M KOH + 0.25 M ZnO. (XBL 7712 -10956) 

b. Acidic Battery Reactions 

Richard D. Peters and Rolf H. Muller 

The nature of anodic film growth on lead in 
sulfuric acid is being investigated. Lead sulfate 
is the first anodic reaction product; it is formed 
upon discharge on the negative plate of a lead 
acid battery and is also a corrosion product that 
appears during open-circuit wet stand. The purpose 
of this work is to determine factors that control 
nucleation, growth and structure of PbS04 layers 
on Pb . 

Dissolution-precipitation mechanisms with 
homogeneous or surface nucleationl ,2 have been 
proposed for PbS04 forma.tion. Ellipsometry is being 
used to determine the optical properties of surface 
layers and adjacent electrolyte regions. Thickness 
and porosity of the solid film are derived from 
the measurements. Of interest are the conditions 
under which passivation of the metal occurs. 3 In 
addition, the existence of a layer of colloidally
dispersed4 PbS04 in the liquid phase is being 
investigated. Such a layer could be formed by a 



homogeneous precipitation mechanism and may account 
for some poorly understood phenomena in lead-acid 
batteries. 

Experiments have been conducted with pure 
(99.96%) lead in 3M H2S04 under controlled mass
transport conditions. Optically smooth lead 
surfaces have been prepared by compression with 
a polished steel die at 30,000 psi. The observed 
initial film growth is illustrated in Fig. 3. Up 
to 900 A thickness, the measurements are consistent 
with calculations for dense PbS04 (n = 1.88). Upon 
interruption of the anodic current, the PbS04 film 
is fould to dissolve in the flowing electrolyte. 
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Fig. 3. Forn~tion and dissolution of anodic PbS04 
film on Pb in 3lv1 H2S04' Measured ellipsometer 
parameter 6 and derived film thickness. 
(1.3 mA/cm2, Re ~ 780). (XBL 7712-10957) 

The observation of the removal of any colloidal 
layer upon current interruption will require the 
elimination or precise prediction of film dissolu
tion. 

1. G. Archdale and J. A. Harrison, J. Electroanal. 
Chem. 34, 21 (1972). 
2. T.c:hiku and K. Nakaji:rn.a, J. Electrochem. Soc. 
118,1395 (1971). 
~ O. Pavlov and R. Popova, Electrochim. Acta 15, 
1487 (1970). --
4. H. Bode, Lead Acid Batteries, Wiley, New York, 
(1977), p. 147. 

c. Lithium in Aqueous Electrolytes 

Richard D. Peters and Rolf H. ~liller 
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The behavior of the Li-H20 battery is largely 
controlled by film formation on the Li metal anode. 
The feasibility of using ellipsometry for in situ 
observation of lithium anodes in aqueous electrolyte 
has been investigated for the determination of 
thiclcness and optical constants of protective 
surface layers. The properties of these films 
depend on mass transport conditions at the anode. 

Experiments were conducted galvanostatically 
with current densities ranging from 10 to 250 mA/cm2 
and electrolyte flow rates ranging from zero to 
30 cm/s (Re = 4500). Lithium samples were polished 
and transferred from a glove box to the flow 
channel in an inert atmosphere. Observations 
began when flowing electrolyte contacted the Li 
anode and electrolysis with a preset current 
density was initiated. 

Saturated 4.8 M LiOH and 14 M KOH saturated with 
0.6 M LiOH were used to keep the activity of water 
low. In the upper range of current densities and 
the lower range of flow rates, mass-transport 
theory predicts that the interfacial concentration 
of LiOH exceeds its solubility. The principal 
difficulty in this study was found to be the 
initial spontaneous reaction of lithium metal with 
aqueous electrolytes. This process causes light 
scattering of the incident beam by hydrogen 
bubbles and results in a reflected light beam of 
extremely low intensity during the first second 
after immersion. Reaction between lithium and 
water subsides after several seconds, however, by 
that time the metal surface has been significantly 
roughened. Combined with a poorly reflecting 
precipitate layer of LiOH, the reflected light 
intensity is again too low for analysis of the 
state of polarization. 

A further decrease in water activity has been 
achieved by use of water vapor diluted with argon. 
Light reflection from Li surfaces reacting with 
this mixture is strong enough for ellipsometer 
measurements. Figure 4 shows experimentally 
measured ~ and 6 values for the growth of a layer 
on lithium resulting from the reaction with water 
vapor at a partial pressure of 1.5 Torr. 
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Ellipsometer measurement of lithium 
reacting with water vapor of 1.5 Torr 
pressure. Time in seconds given along the 

(XBL 7712-10959) 

Homogeneous film calculations assuming a porous 
transparent film and a mixture of Li and LiOH are 
not able to reproduce the experimental data. 
Better agreement can be obtained with computations 
for a porous transparent film on a rough substrate. 



d. Film Formation 

Crai g G. Smith and Rolf H. lvluller 

Results of conventional computations 1 for the 
interpretation of ellipsometer measurements of the 
electrochemical oxidation of silver in alkaline 
solution indicate that in addition to a porous 
solid film a colloidal layer2 , 3 is formed in the 
electrolyte adjacent to the electrode surface. 
These interpretations are, however, not unique. 
In order to search for all possible values of 
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the parameters that describe the electrode processes, 
models for the automated interpretation of 
ellipsometer measurements of anodic film formation 
are being developed. 111ese models are designed 
to make full use of the time-dependence of the 
ellipsometer data and the current and potential 
measurements. By the consideration of mass
transport processes, continuous mass and charge 
balances are established. Thus, the interdependence 
of the observed quantities, which has not been 
previously considered, is brought to bear on the 
multidimensional interpretation problem. 

111e first model that has been Dlvestigatedl is 
illustrated in Fig. S. It assumes the formation 
of a homogeneous solid film covered by two 
inhomogeneous layers in the liquid phase. 111e 
porosity of the solid film may vary with time; the 
inhomogeneous layers represent colloidal and mass 
transport boundary layers in the electrolyte 
adj acent to the electrode surface. Flux densities 
a::ross the interfaces between these layers, in 
conjunction with the conservation of mass and 
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Fig. S. Optical model for the automated interpreta
tion of ellipsometer measurements. Definitions of 
layer thicknesses and flux densities between 
layers. (XBL 772 -7782A) 

charge, are used to cumpute changes in the thick
nesses of the films with time. Seven parameters are 
evaluated by a least squares fit of the experimental 
data. Figure 6 shows the accuracy with which the 
model describes the electrode processes. The 
accuracy of the curve fit is found to decrease if 
later portions of the experiment were also con
sidered. Qlanges in the film formation processes 
at the later stages, which are not part of the model, 
are indicated by this disagreement. 
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Fig. 6. Automated interpretation of ellipsometer 
measurements of Ag single crystal (100) in 6 M 
stagnant KOH. Experiment (x), model (0), 
0.6 mA/cm2 . (XBL 777-9501) 

A more sophisticated model is in preparation. 
It includes roughening of the metal substrate, dual 
solid film structure, and variable film porosities. 
Constant current and constant potential experiments 
with either stagnant or forced convection trmlsport 
conditions may be analyzed. The experimentally 
n~asured electrode potential and current density 
are coupled through homogeneous and heterogeneous 
nucleation mechanisms to the rates of formation 
of solid films, the colloidal layer, and the 
mass-transport boundary layer. 

1. C. G. Smith and R. H. Muller, in Optical 
Polarimetry, Instrumentation and Applications, 
Soc. Photo-Opt. Instr. Engrs., Bellinghmn, Wash., 
Proc. Vol. 112, (1977), LBL-6640 (1977). 
2. D. A. Vermilyea, Anodic Films, in Advances in 
Electrochemist and Electrochemical Engineering, 
P. Delalay, E . Vol. 3, Interscience, New York, 
1963), p. 227. 
3. C. Wagner, J. Electrochem. Soc. 101, 60 (1954). 



e. Operation of Ultrahigh Vacuum System 

Craig G. Smith and Rolf H. !vluller 

We have previously reportedl on the construction 
of an ultrahigh vacuum system in which surface 
films may be analyzed by ion-etching, Auger 
spectroscopy, and ellipsometry. Film profiles of 
porosity and chemical composition may thus be 
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investigated. (a) 

Calibration of the Auger spectroscopy capability 
has been perfonned by the use of silver and 
stainless steel samples. After modification of the 
electronics to improve the resolution, agreement 
with literature values was obtained. Modification 
of the vacuum system was required to optimize the 
position of the ion-etch gun. 

1. C. G. Smith and R. H. !vluller, i'>lMRD Annual 
Report for 1976, LEL-6016, p. 427. 

3. SURFACE l\lOHPHOLOGY OF METALS IN ELECTRO
DEPOSITION 

a. The Effect of Hydrodynamic Flow on Surface 
Morphology in the Deposi hon of Cu and Zn 

Andrew Kindler, ~lilan Jaksic and 01arles W. Tobias 

Our channel flow system, developed in this 
laboratory earlier for the measurement of mass 
transfer coefficients along planar electrodes, 1,2 
has been substantially modified to facilitate 
surface morphological studies in copper deposition. 
Because dissolved oxygen in the electrolyte attacks 
the copper deposit before it can be removed from 
the cell for examination, a ni trogen sparging system 
311d oxygen monitor has been installed. A new 
digital data acquisition system has been added 
that is capable of recording current and over
potential from nine electrically isolated mass 
transfer sections in the lsx40 cm segmented 
electrode. TIle new system has a sui table time base 
that allows determination of the number of coulombs 
that have passed through each segment. TIle flow 
apparatus is capable of providing fully developed 
turbulent flow conditions in the 1 cm deep channel 
up to Re ~ ISO ,000. 

A rotating disk electrode system is being used 
for the study of the effect of hydrodynamic flow 
on the morphology of zinc deposited from ZnC12 
solutions in the Ph range of 1- S. Solution 
composition, current density and rotational speed 
is varied over broad r31lges. Platinum, polycrystal
line zinc and zinc single crystals were used to 
evaluate the effect of the nature of substrate. 

Over a wide range of current densities (1 to 
100 mA/cm2), and aJ\.lays well below the limiting 
current density, upon prolonged deposition (up to 
180 min), distinct Archimedes spiral patterns 
appear in the deposit. The profile (depth) and 
angular frequency of these spirals depend on 
current density but not on rotational speed (Fig. 1). 

(b) 

Fig. 1. Effect of current density on angular 
frequency of spiral patterns in zinc deposited from 
1 m ZnC12 • t 25°C, time: one hour, 
rpm: 360, pH ~ 2.5. (a) 10 mA/cm2; (b) 30 mA/cm2 . 

(XBE 781-793) 

TIlese spiral helix patterns have been observed to 
occur over the entire concentration range of ZnC12 
investigated (0.1- 0.4 m). 

Addition of low concentrations of a surfactant 
(fluorosubsti tuted betaine, "Zonyl" by the 
DuPont Co.) drastically changes the appearance of 
the zinc deposits; while the presence of spirals 
is still evident (Fig. 2), these are much more 
closely spaced and less deep than in the absence 
of the addi ti ve. The deposit also demonstrates a 
much lower surface roughness and a better 
uniformi ty of structure. The growth of zinc beyond 
the edges of the rotated disk is lateral, in the 
plane of the disk. Presence of 10 ppm Fe++, Ni ++ 
or Cu++ drastically changes the surface morphology; 
spongy, plack regions appear, and eventually 
entirely cover the surface. 

The effect of flow on macromorpho10gy well below 
the limi hng current leve 1 may be caused by 
instabili ty phenomena in the velocity boundary 
layer, initiated by developing roughness as the 
deposition progresses. A detailed explanation of 
this phenomenon may lead to an improved understand
ing of the rather baffling morphological changes 



Fig. 2. Fiber-like structure and lateral growth 
of spiral patterns in zinc deposit extending beyond 
original disk diameter. 4.0 m ZnC12 + HC1, 
0.1% "Zonyl" surfactant. t = 25°C, time: fo~r 
hours, 3 pm: 710, current density: 30 IDA/cm . 

(XBB 731-794) 

that have been observed both in batteries, and in 
metal winning and refining process. 

1. J. R. Selman and C. W. Tobias, IlvlRD Annual 
Report for 1970, UCRL-20500, pp. 31-38. 
2. U. Landau, A. Kindler and C. W. Tobias, lvlMRD 
Annual Report for 1975, LBL-4550, p. 165. 

b. Dynamic Modeling of Surface Profiles in 
Electrodepositlon/dissolution 

Geoffrey Prentice and Charles W. Tobias 

A computer implemented model to determine the 
profile of an electrodeposit as a function of time 
is being developed. A finite-difference technique 
is employed, and successive-overrelaxation is used 
to hasten convergence of the potential distribution 
in the region where Laplace's equation applies. 
Accurate and efficient computation of the normal 
to the surface is facilitated by approximating 
the profile by a cubic spline. The components 
of the current density, calculated by numerically 
differentiating the potential distribution at the 
surface, are projected on the normal to the profile 
to determine the local thic1mess of the deposit. 

As a test of the precision of the technique, 
the primary current distribution on a low amplitude 
sinusoidal profile has been determined; it is in 
good agreement with the analytical results derived 
by lYagner.l The developing profiles that result 
from continuing deposition were calculated at 
suitably small time intervals by advancing the 
local deposit thic1mess according to the specific 
charge (coulombs/cm2) passed (Fig. 3). 
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Fig. 3. Surface contours at ten time steps. Upper 
curve is the initial profile. At each time step 
metal is above, electrolyte below. Right and left 
sides are insulated. Distances are in arbitrary 
units. (XBL 782-7113) 

The method previously reported2 was not 
sufficiently accurate to overcome difficulties 
resulting from the development of inherently 
unstable geometries, and the costs associated 
with evaluating a single moving boundary problem 
were quite excessive. The new technique is 
accurate and cost efficient: the complete solution 
of the problem illustrated in Fig. 3 required an 
execution time of 0.68 sec. on a CDC 7600 system. 

L C. Wagner, J. Electrochem. Soc. 101, 225 (1954). 
2. J. B. Riggs, Modeling of the Electrochemical 
lvBchining Process, (Ph.D. thesis), LBL-6019, 
January 1977. 

4. ANALYSIS AND SIMULATION OF ELECTROo-lEMICAL 
SYSTEJl.iS 

a. High Temperature Batteries 

Richard Pollard and John Newman 

The Li,Al/LiCl,KCl/FeSx battery is a candidate 
for storage of off-peak electrical energy and for 
electric vehicle propulsion. A mathematical 
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model is needed to be able to predict the operational 
characteristics of the battery and to be able to 
obtain pertinent information for its design and 
optimization. 

With this goal, concentrated electrolytic 
solution theory has been generalized to provide 
a framework for the description of transport 
processes in a mixture of two molten salts with 
a common anion. Non-steady state material balances 
for the solid and liquid phases have been developed 
together with equations for the ohmic potential 
drop and for the overall conservation of volume. 
These equations, combined with a description of 
the kinetic behavior of the system, may be used 
to predict the time-dependent and position
dependent behavior of electrolyte concentration, 
porosity, current, and reaction rate in the porous 
electrodes. 

b. Design of Flow-Through Porous Electrodes for 
Redox Energy Storage 

James A. Trainham and John Newman 

To store off-peak electrical energy for later 
use during pe&( demand periods, various rechargeable 
batteries are under consideration. One of these 
systems is the flow-redox battery. The major 
advantage of this system over other batteries is 
that it has theoretically an unlimited cycle life. 
This is due to the fact that redox reactions do 
not affect the morphology of the electrode materials. 

In the cell configuration considered here, the 
current and fluid flow are in parallel. This 
configuration is advantageous because a membrane 
separator is not required. 

A one-dimensional model for flow-through porous 
electrodes has been developed. This will be used 
to predict the optimum current density and flow
rate both on charge and discharge. The chemical 
system considered is the Ti(III) I TiCIv) IIFe(III) I 
Fe(II) redox complex in a HCl solution. 

c. The Effect of Electrode Placement and Finite 
fvlatrix Conducti vi ty on the Performance of Flow
Through Porous Electrodes 

James A. Trainham and John Newman 

A one-dimensional model for flow-through porous 
electrodes is used to predict the effluent 
concentration as a function of matrix conductivity 
and electrode length for upstrea1Jl and dmVllstream 
placement of the countorelectrode and current 
collector relative to the fluid inlet to the 
working electrode. 1 Two chemical systems are 
considered: 1) the removal of copper from sulfate 
solutions and 2) the removal of silver from 
thiosulfate solutions. 

For an infinite matrix conductivity, the lowest 
effluent concentration is achieved when the 
counterelectrode is placed upstream to the fluid 
inlet of the working electrode. When the matrix 
conductivity is small, the lowest effluent 
concentration is still achieved for upstream 
placement of the counterelectrode; however, the 
optimum placement of the current collector depends 

on the chemical system and the value of the matrix 
conductivity that can be achieved in practice. 

Calculations show that for dmVllstream placement 
of the counterelectrode a limiting current 
distribution cannot be achieved (for electrode 
lengths of interest here). The most undesirable 
configuration for achieving a low effluent 
concentration when the matrix conductivity is low 
is when both the counterelectrode and current 
collector are placed dmVllstrealfi of the fluid 
inlet. 

Distribution of potential, reaction rate, and 
electric driving force are presented for four 
different configurations: 1) upstream counter
electrode, dOlVllstream current COllector, 
2) dO\\'l1stream counterelectrode, upstream current 
collector, 3) upstream counterelectrode, upstream 
current collector and 4) do\tmstream counterelectrode, 
dOlVllstream current collector. 

1. James A. Trainham and John Newman, The Effect 
of Electrode Placement and Finite rvlatrix Conductiv
ity on the Performance of FIOlv-TIlrough Porous 
Electrodes, LBL-6260, fvlay 1977. 

d. Low Peclet Nwnber Behavior of the Transfer Rate 
in Packed Beds 

Peter Feclkiw and John Newman 

The asymptotic behavior of the mass-transfer 
coefficient in a packed bed reactor at low Pi§Clet 
nwnbers is dependent upon how the coefficient is 
defined. A singular perturbation approach coupled 
with heuristic arguments l is used to demonstrate 
that the film mass-transfer coefficient in deep 
beds approaches a constant value as the Peclet 
nwnber decreases. TIle film coefficient is utilized 
in the one-dimensional model of a bed as a sink 
term in the governing equation. The volumetric, 
or effective, mass-transfer coefficient that 
relates the overall reactant conversion to a 
logarithmic mean concentration driving force, 
decreases linearly with the Peclet nwnber as the 
Peclet number approaches zero. The distinction 
between the two coefficients is important in the 
low Peclet nwnber region. Analogous results apply 
to heat transfer. Reported experimental data 
support these predicted trends. 

1. Peter Fedkiw and John Ne\tnnan, Low Peclet Nwnber 
Behavior of the Transfer Rate in Packed Beds, 
LBL-60 74, ]I'larch 1977. 

e. Nwnerical Calcula hons for the Asymptotic, 
Diffusion Dominated fvlass-Transfer Coefficient in 
Packed Bed Reactors 

Peter Feclkiw and John Newman 

For deep beds, the effective Sherwood nwnber 
approaches a proportional relationship to the 
Peclet nwnber as the Peclet nwnber tends to zero. 
Using a sinusoidal periodically constricted tube 
model for the voids in the bed, the constant of 
proportionality has been calculated. This constant 



depends upon the dimensionless ratios of t;1ree 
lengths: tube radius, oscillation amplitude, and 
wavelength. 

f. High Pressure Flow-111rough Porous Electrodes: 
Application to Metal Ion Removal from Dilute 
Streams 

Gary Trost and John NelVlnan 

Flow-through porous electrodes offer a high 
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ratio of surface area to bed volWlle and as such find 
potential application in industrial electrochemistry. 
Increased interest has been generated in the use 
of porous electrodes for removal of heavy metal 
ions from dilute waste streams. In this area it 
has been shmvn that the porous electrode reactor 
can out perform other electrochemical methods. 
If comparison to other more established processes 
is to be made, a firm mathematical description of 
electrode behavior is needed. 

Recently a sophisticated model
l 

has been 
developed that incorpnrates one prinury reactant 
and allows for a single competing side reaction. 
It has been detennined that the model agrees \Vell 
with published data on copper deposition. 1118 
model will be further tested against data on other 
metal systems, most notably lead deposition. 

111e removal of lead ions from aqueous solutions 
is particularly troublesome due to the undesirable 
hydrogen side reaction. It is necessary to rWl 
the porous electrode reactor under pressure to 
increase the current efficiency for the lead 
deposi tion reaction and inhibit nucleation of any 
dissolved hydrogen. Data will be taken on a lead 
system to determine reactor perfonnance as a 
function of electrode pressure. Results will be 
compared to model predictions. 

1. James A. Trainham and John N8l,\~nan, A Flow
Tnrough Porous Electrode lvlodel: Application to 
Metal- Ion Removal from Dilute Streams, LBL-6041. 

5. CURRENT INEFFICIENCIES IN ALUMINUM REDUCTION 
CELLS 

J. lV. Evans and Y. Zundelevich 

111is investigation, which started in the Fall 
of 1977, is being carried out within a group 
concerned \Vi th rate phenomena (fluid flow, heat 
transfer, nUss transfer, chemical and electro
chemical reaction kinetics) that govern the 
productivity and performance of processes for 
producing metals. Other recent investigations of 
this group have been concerned with the kinetics 
of iron ore reduction, the electrodeposition of 
copper and cobalt by fluidized bed electrodes and 
melt flow in electric induction furnaces. 

Of particular interest in this investigation is 
the circulation of molten alwninum and cryolite 
(electrolyte) in the Hall-Heroult cells that are 
used for the electrolytic production of aluminwn. 
This production of aluminum entails an energy 

conswllption of the order of 100 billion kWh per/yr 
in the United States, approximately 
7% of the total energy consumption of the metals 
and mineral industries. 111e production rate of 
alwllinwll per Wlit of electricity passed through 
the cell is well below the theoretically 
value in conunercial j-Iall--!leroult cells. There is 
evidence in the literature l that the failure to 
achieve the expected production rate arises from 
a small solubility of ahuninwll in the molten 
cryolite. ]11is dissolved aluminum is then carried 
by the convection of the cryolite to the cell 
anodes where it re-oxiclizes. The convection of 
the cryolite arises partly from gas bubbles 
generated at the anode and partly from natural 
convection but in the main it is a consequence of 
electromagnetic stirring forces acting on the 
cryolite and molten alwninum. It is therefore 
expected that if these 
forces can be controlled, so as to minimize 

circulation, there will be an increase 
in cell producti vi ty and a decrease 
in the electrical energy needed to unit 
mass of metal. ]11is is the objective of the 
investigation. 

working on this proj ect has been 
concerning for a fell' 1vi th the computa-
tion of electromagnetically flows including 
a study circulation in inrluction 

and electroslag remelting units. 4 The 
computational algorithms developed in these prior 
studies are being extended to the Hall-I-Ieroul t cell. 

]ne group has been able to reach a tentative 
agreement with Kaiser Aluminum's Reduction Research 
Center in Permanente, California. This Research 
Center has two full scale reduction cells that are 
used for experimental purposes. For some time the 
Center has been performing velocity measurements on 
the aluminum wi thin the cells and electromagnetic 
field measurements in and around the cells. Veloc
i ty measurements were made by detennining the rate 
of dissolution of an iron rod inunersed in the mol ten 
aluminwm. This dissolution rate is dependent on the 
local aluminum velocity in a reproducible manner. 
Kaiser Aluminum is willing to allow the use of 
some of their data in order to test mathematical 
models for computing metal velocities. 

It is believed that a similar teclmique Gm be 
developed to measure cryoli te velocities by measur
ing the rate of dissolution of ceramic rods in the 
cryoli te. An apparatus has been built at Berkeley 
with the intention of testing this conjecture. The 
apparatus consists of an inductively heated carbon 
lined steel crucible that contains molten cryolite. 
A low speed regulated motor drives a ceramic rod 
through the melt at 1m own and the dissolu
tion rate is detel111ined by measurement of the diam-
eter change immersion for a time. 
If the device proves successful this teclmique will 
be used by Kaiser to generate cryolite velocity mea
surements that will be invaluable in testing the 
velocity computations. 

1. A. M. Arthur, Metallurgical Trans. 5, 1225 (1974). 
2. E. D. Tarapore and J. W. Evans, Metall. Trans. 
7B, 343 (1976). 



3. Ibid 179 (1977). 
4. E. D. Tarapore, Fluid Flow in ESR Units, unpub
lished report. 

6. RESEARCH PLAJ\)S FOR CALENDAR YEAR 1978 

J. W. Evans, R. H. 
C. W. Tobias 

J. NeHman and 

a. Process Evaluation for the Recovery of Potassilun 
Metal 

New methods will be systematically explored for 
the collection and removal of potassium deposits 
from cells equipped wi th Nahon membranes. Steady
state mass and voltage balances will be established 
in a 1 A cell to enable evaluation of the economic 
feasibility large scale electrowilming and refin-
ing of potassium at ambient temperatures. Alterna
tives for practical solvent preparation tecJmiques 
will be compared gas chromatography and elec-
trochemical methods analysis. 

b. Anodic Surface Materials 

111e automated computer interpretation of ellip
someter data will be refined in order to derive the 
dependence of anodic film properties on transport 
condi tions, electrolyte composition and growth rate. 
Of particular interest are determinations of the 
interfacial concentration of dissolution products 
at the onset of film formation on Zn, Ag, Cd and Pb. 
Ion etching, spectroscopy and ellipsometry 
will be used in combination to determine structural 
and chemical characteristics of anodic films. 

c. Surface Morphol()-Ey of Metals in Electrodeposi
tion 

The initiation and propagation of surface rough-
ness and of macroscopic in copper 
deposi tion from acid CuS04 will be eval-
uated over a broad range of Re and numbers in our 
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semiwork scale channel flO\\T apparatus. Attempts will 
be made for the quantitative interpretation of the 
mechanism responsible for the development of reg
ularly periodic surface profiles in zinc deposition. 
Secondary and tertiary current distributions will be 
computed for an initially sinusoidal surface con
tour, using our moving boundary theoretical model. 
Experiments will be initiated to compare actual pro
files with those obtained from the model. The devel
opment of flexible economical, user-oriented com-
puter simulation the metal deposi tion/ dissolution 
process is the primary objective. 

and Simulation of 

A mathematical model that describes the behavior 
of high temperature batteries will be applied to the 
Li ,AI/LiCI, KCI/FeSx; system. Digital simUlations for 
individual electrodes and the separator will be com
bined to predict the characteristics of the battery 
as a whole. A high pressure, porous flow-through 

electrode will be used to study the effect of pres
sure on the current efficiency of the removal of 
lead from a dilute waste stream. 

Fundamental study of mass-transfer limited reac
tions in packed beds will be continued. The period
ica11y constricted tube model of a bed will be used 
to predict high Pec1et number mass transfer coeffi
cients. An experimental correlation will be devel
oped. 

e. in Aluminum Reduction 

The method for measuring cryo1yte velocities by 
dissolution of ceramic rods will be developed on a 
laboratory scale and the test of the method on a 
large scale will be carried out at Kaiser Aluminum 
Reduction Research Center. A first mathematical 
model for computing the cryolyte and metal flow will 
be completed and tested against data from Kaiser. 

* 7. 1977 PUBLICATIONS AND REPORTS 

J. W. Evans, R. H. Muller, J. Ne1\'Jllan, C. W. Tobias 
and Associates 

Journals and Books 

1. R. H. Muller, Ellipsometry of Electrochemical 
Surface Layers, in Optical Polarimetry, Instrumenta
tion and Applications, Soc. Photo-Opt. Instr. 
Engrs. Bellingham, Wash., Proc. Vol. 112 (1977), 
p. 68-

2. C. G. Smith and R. H. Muller, Interpretation of 
Ellipsometer Observations of Anodic Films, in 
Optical Polarimetry, Instnwllentation and Applica
tions, Soc. Photo-Opt. Instr. Engrs., Bellingham, 
\~ash., Proc. Vol. 112 (1977), p. 104-109. 

3. J. Ne\vman, R. \~11ite, J. A. Trainham and T. W. 
Chapman, Potential-Selective Deposition of CoppeT 
from Chloride Solutions Containing Iron, J. Electro
chem. Soc. 124, 669 (1977). 

4. J. NeMllan and P. Fedkiw, Mass Trans fer at High 
Peclet Numbers for Creeping HOI, in a Packed- Bed 

AIChE J. ~, 255 (1977). 

5. J. Ne\,'lllan and J. A. Trainham, A. 111ermodynamic 
Estimation of the Minimum Concentration Attainable 
in a Flow-Through Porous Electrode Reactor, J. Appl. 
E1ectrochem. l, 287 (1977). 

6. J. Newman and J. A. Trainham A Flow-Through 
Porous Electrode Model: Application to Metal- Ion 
Removal from Dilute Streams, J. Electrochem. Soc. 
l24, 1528 (1977). 

7. J. Newman, Simultaneous Reactions at Disk and 
Porous Electrodes, Electrochim. Acta E, 829 (1977). 

Papers presented 

1. R. H. Muller, Ellipsometry of Electrochemical 
Surface Layers, Soc. Photo-Opt. Instr. Engrs., 
San Diego, Aug. 23-24, 1977, (Paper No. 112-09). 



2. C. G. Smith and R. H. Muller, Interpretation of 
Ellipsometer Observations of Anodic Films, Soc. 
Photo-Opt. Instr. Engrs., San Diego, Aug. 23-24, 
1977 (Paper No. 112-17). 

3. C. W. Tobias, The Role of Electrochemical Engi
neering in Energy Conservation, Keynote Address, 
Fifth Yugoslav Symposium on Electrochemistry, 
Dubrovnik, June 1-4, 1977. 

4. C. W. Tobias, Modem Problems in Current Distri
bution, Invited Address, Yugoslav Academy of 
Sciences, Zagreb, June 6, 1977; University of Banja 
Luka, June 8, 1977. 

S. J. Newman, Summary of Lawrence Berkeley Labora
tory Programs on Battery Support Research and Devel
opment, ERDA Battery Contractor's Coordination Meet
ing, Germantown, Maryland, January 27, 1977. 

LBL Reports 

L R. R. White, (Ph.D. thesis) Simultaneous Reac
tions on a Rotating-Disk Electrode, LBL-6094, March 
1977 . 

2. Peter Fedkiw and John Newman, Mass Transfer at 
High Peclet Numbers for Creeping Flow in a Packed
Bed Reactor, LBL-S406 Rev., December 1976. 
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3. James Trainham and John Newman, A Flow-Through 
Porous Electrode Model: Application to Metal-Ion 
Removal from Dilute Streams, LBL-604l, January 
1977. 

4. Peter Fedkiw and John Newman, Low Peclet Number 
Behavior of the Transfer Rate in Packed Beds, LBL-
6074, March 1977. 

5. James Trainham and John Newman, The Effect of 
Electrode Placement and Finite Matrix Conductivity 
on the Performance of Flow-Through Porous Elec
trodes, LBL-6260, May 1977. 

A full list of publications, presentations and 
reports includes listings given in other sections 
as follows: Electrochemical Processes, Charles W. 
Tobias, Principal Investigator, p. 228; Electro
chemical Phase Boundaries, Rolf H. Muller, Princi
pal Investigator, p. 247; Electrochemical Systems, 
John Newman, Principal Investigator, p. 439. 
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FOSSil ENERGY 

a. Interfacial Properties of Coal in Relation 
to Its Direct Utilization 

Douglas 1'1. Puel'stenau, Pl'inaipal Investigatol'* 

1. THE INTERFACIAL PROPERTIES OF COAL 

Douglas W. Fuerstenau 

The objective of this research program is to 
carry out investigations that will lead to a better 
understanding of the role played by surface 
phenomena in the processing and direct utilization 
of coal. Coal is an extremely complicated and 
variable material, and only through careful 
physical and chemical studies of the surface and 
bulk nature of coal can optimal utilization of 
coal as an energy resource be achieved. The 
research program "Interfacial Properties of Coal 
in Relation to its Direct Utilization" was initiated 
in January 1977. Since the program is a new one, 
most of the projects are in progress and none has 
reached the state of completion. However, 
significant progress has been made in understanding 
the porous nature of coal and in evaluating 
certain interfacial properties of coal particulates 
in aqueous medium. 

Nearly all processes involved with the direct 
utilization of coal are, in some measure, based 
on the nature of the surface of coal. For example, 
coal that is utilized directly should be separated 
from contaminating shale and pyrite, and such 
separation methods as flotation and selective 
flocculation which appear promising or have already 
proven successful in some instances, depend to a 
large extent on the surface properties of coal and 

associated mineral matter in aqueous and nonaqueous 
media. Direct-fired boilers utilize comminuted 
coal, and the efficiency of producing finely
divided coal particulates is directly related to 
the surface characteristics of these particulates. 
Hence, to improve coal utilization processes 
currently in use or to bring many coal deposits, 
which are currently unusable due to high ash and 
sulfur content, into vogue, a systematic study of 
the surface chemical properties of coal and 
associated mineral matter is necessary. 

In the past, research on coal characterization 
has involved mainly petrographic studies with but 
limited research on surface characterization, 
including gas adsorption and electrokinetic 
behavior. Coal, being a complex material, has a 
wide range of composition and characteristics, 
depending upon its rank and type. Extensive 
studies are necessary to eventually be able to 
understand and predict the behavior of any coal, 
let alone different coals, during processing and 
utilization. Hence, for a comprehensive 
investigation it is necessary to work with 
various types of coal. The coals under 
investigation are anthracite, eastern bituminous 
coal, western bituminous coal, subbituminous coal, 
lignite, and cannel coal. These coals vary in 
rank as well as in sulfur content, thus giving a 
broad spectrum of properties for study. Both 
proximate and ultimate analyses of these coals 
have been made and the results are given in Table 1. 

Table 1. Proximate and ultimate analyses of coal samples used in this research. 

% daf Fixed BTU a Vol. Total % 9" % Org. ID# Rank C Ca Ash Matter Sb Pyrite Sulf~teb Sulfurb 

A-I Anthracite 89.74 94.31 13701 1.67 4.02 0.76 0.10 0.04 0.62 

V-I Bituminous 79.31 49.73 12540 14.39 35.88 9.13 6.76 0.49 1.88 

E-l Subbituminous 76.01 43.33 10543 21.09 35.58 1. 22 0.42 0.05 0.75 

R-l Bituminous 77 .18 53.12 12757 5.53 41.35 0.68 0.06 0.00 0.62 

L-l Crumel 83.27 31.31 15093 7.73 61.36 2.31 1.07 0.03 1.11 

1-1 Lignite 70.05 35.69 8798 25.10 39.21 1.15 0.07 0.01 1.07 

aDry basis. 

bDry ash-free basis. 



The porous nature of coals of various rank has 
been investigated through nitrogen gas and water 
vapor adsorption techniques using a Micromeritics 
model 2100D Orr surface area/pore volume analyzer. 
The nitrogen adsorption/desorption isotherms on a 
sample of Navajo coal are given in Fig. 1. The 
marked hysteresis between the adsorption and 
desorption branches of the isotherm (that is a 
result of capillary condensation in the pores) 
indicates the presence of ma£ropores in this 
particular material. Other coals exhibit much 
finer pores, namely micropores, of a few Angstroms 
diameter. The results of the nitrogen gas 
adsorption experiments show that the to~al surface 
areas of coa11 could be as low as 0.5 m /g or as 
high as 100 m / g, depending on the rank and type 
(Table 2). These numbers are in line with 
published values and scanning electron micrographs 
show that the gross topography is also in accord 
with these values. The calculation of porosity 
and pore size distribution from adsorption/ 
desorption data show that pore size and distribu
tion in coal is a function of its rank. 

The results of the water-vapor adsorption 
experiments have revealed some very interesting 
things regarding the nature of the interaction of 
water molecules with various coals. Coal is an 
amphipathic material with the polar groups 
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Fig. 1. Nitrogen adsorption/desorption isotherms 
at 77 K on Navajo coal. (XBL 781-71) 

1.0 

518 

Table 2. Measured specific surface area of coal 
samples (nitrogen adsorbate) . 

Coal I. D. # Surface Area m2/g 

A-I 0.43 
V-I 14.04 

E-l 29.89 
R-l 83.01 
L-l 0.87 
I-I 19.00 

rendering surface sites of a hydrophilic nature and 
with carbon-carbon bonds resulting in a hydrophobic 
nature. Since the relative proportion of polar 
and nonpolar groups varies with the rank of coal, 
one can expect the interaction of water with coals 
of varying rank to differ considerably. Our 
experiments indicate that the adsorbed water can 
be desorbed completely only from anthracite. With 
coals of other ranks, only partial desorption could 
be achieved, which reflects some type of chemical 
interaction between the coal surface and water 
vapor (Fig. 2). However, since water molecules may 
interact strongly with the mineral matter in 
coal (shale and pyrite), great effort must be w2de 
to separate the mineral matter to be certain of the 
meaning and significance of the results. Steps are 
being taken to use high-gradient magnetic separation 
for the purpose of making coal/mineral matter 
separations. 

Although the surface structure of coal is far 
from completely established, evidence for the 
presence of various orgal1.ic functional groups 
such as alcohols, aldehydes, carboxylic acids, 
nitrogeneous bases and acids is abundant. These 
functional groups together with the numerous 
carbon-carbon double bonds in the coal structure 
render it susceptible to oxidation when exposed 
to humid atmosphere. The surface oxidation of 
coal particulates can be expected to have a 
pronounced effect on the surface charge, wettability 
and acid-base properties of coals. Several 
different approaches are being truzen to study these 
effects. For example, we are currently 
investigating the change in the surface charge of 
coal particulates with the degree of oxidation, 
using acid-base titration tedmiques. Contact 
angle measurements are being made to assess the 
deleterious effect of the degree of oxidation on 
the natural hydrophobicity of coal. Since polar 
groups on the surface of coal particles are known 
to be responsible for the establishment of surface 
charge when they come into contact with an aqueous 
medium, the surface charge characteristics of coals 
of different ranks and surface treatment are being 
investigated by means of electrokinetic (streaming 
potential) measurements. Since solution pH 
should control the ionization of surface ionogenic 
groups, electrokinetic potentials of different 
coals have been measured as a function of pH. The 
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Fig. 2. Adsorption/desorption isothenns of water 
vapor at 0 C on eastern bituminous coal. (XBL 781-72) 

pH at which the surface charge is reversed, called 
the point of zero charge (pzc) , is one of the most 
important parameters for characterizing the nature 
of the surface in liquid environment. The observed 
pzc's of coals appear to occur at pH values 
between 4 and 7. Figure 3 summarizes how the zeta 
potential (i.e., the potential at a plane located 
a few molecular diameters from the solid surface) 
varies with pH. The pzc of the different coals 
is the pH at which the zeta potential changes from 
positive to negative. Since the sign of the surface 
charge controls the adsorption of ions from solu
tion, eventually the nature and magnitude of 
charge might be exploited in effecting a selective 
separation of coal particles from associated 
mineral matter. As can be seen from the data 
given in Fig. 3, no correlation seems to exist 
between the measured pzc values and the ash content 
of the various coals investigated. 
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3. Streaming potential measurements on 
western bituminous, Navajo and anthracite coal. 

(XBL 781-73) 

'" Assistant Research Engineer: S. Raghavan. 

2. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Douglas W. Fuerstenau 

During 1978, the investigations on the surface 
chemical characteristics of fine coal particles 
will be continued with special emphasis on the 
determination of surface charge using titration and 
electrokinetic techniques in aqueous systems and 
water vapor adsorption in gaseous systems. 
Particular attention will be paid to preparing 
coals from which the mineral matter has been 
separated by high-gradient magnetic separation so 
that surface chemical results are not biased by 
the contained mineral matter. 

3. 1977 PUBLICATIONS AND REPORTS 

'Douglas W. Fuerstenau and Associates 

Paper Presented 

1. S. Raghavan, Surface Properties of Coal, 
Engineering Foundation Conference on Particle 
Science and Engineering in the Coal Processing 
Industry, Rindge, New Hanpshire, 1977. 



b. 

Victor F. Zackay and Earl R. 

Introduction. In the past year, the group has 
made some maj or changes in the direction and 
content of its research effort. These changes 
have been directed toward: one, the attainment of 
a more balanced spectrum of research activities, 
and two, toward a better identification of the 
real material needs of the Department of Energy. 

In the first instance, several large proj ects 
have been initiated that are now the mainstay of 
the group's research effort. 'These are proj ects 
funded by the Fossil Energy Research Group of 
Energy Technology. These ects encompass both 
an oriented basic and a long-range applied type of 
research. Another project on can~us, sponsored 
by the Nuclear Energy Research Group of Energy 
Teclmology involves the cooperative effort between 
several departments in the College of Engineering. 
The project is addressed to the development and 
study of metallic energy absorbing systems. 

In the second instance, the group has consoli
dated its ties with the functional elements of the 
Department of Energy, working on mid- to-long range 
material problems and needs, as enunciated by 
experts in goverrunent and industry. It has truly 
been a satisfying experience to the group this 
past year to be in the enviable position of 
translating the understanding, achieved in the 
past 15 years, of basic research into the synthesis 
of useful structural alloys required by the advanced 
energy conversion systems of the future. 

The group leadership will, in coming years, 
continue to balance its research content, 
e~hasizing the interface between materials science 
and the advanced technology of materials. 

1. WEAR RESISTANT ALLOYS FOR COAL HANDLING 
EQUIPMENT 

M. S. Bhat 

A program to develop wear resistant alloys for 
coal transport and fragmentation equipment was 
initiated at the Materials and !v'lOlecular Research 
Division of the Lalfrence Berkeley Laboratory. 
The program was divided into the three tasks 
below. 

Task I. Establish alloy design criteria 
through studies of the relationships between 
mechanisms and alloy microstructure for the 
principal wear con~onen ts of coal transport and 
fragmentation equipment. Develop evaluation tests 
that will simulate, in the laboratory, the service 
operation of the co~onents. 

Task II. Develop steels with increased hardness 
and sufficient toughness that will have acceptable 
costs in mill/fouridry production, and characterize 
their microstructure, mechanical properties and 
wear resistance. 
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Task III. Produce and evaluate experimental 
quan.tities of components from the developed alloys 
tllrough laboratory and in-service tests. 

The progress made to date is described below. 

Task 1. Alloy Performance Criteria. Discussions 
with coal equipment producers, designers and 
contractors were helpful in defining the expected 
operating conditions in coal transportation and 
fragmentation equipment. An extensive literature 
survey was conducted in the general area of 
abrasion mechanisms, wear testing, and relevant 
metallurgical factors and details of the survey 
have been reported elsewhere. 1 An alloy screening 
device which would test for abrasion resistance 
under high stress two body conditions was designed, 
constructed and calibrated with standard materials. 
An overall view of the tester is shown in 1. 

Fig. 1. 
tester. 

Overall view of high stress abrasion 
(XBB 777-6580) 

Abrasive wear ratios under high stress conditions 
were determined for an experimental low alloy 
ultra high strength steel in various heat treated 
conditions, using a jaw crusher. The wear ratios 
co~ared favorably with data available in the 
literature as shoVl.l1 in Table 1. 

Task II. Alloy Design. A review of the alloy 
steel literature, and experience gained in past 
research on high strength steels at LBL was used 
in the design of alloy steels used for this 
prograJD. In general, two types of steels were 
investigated viz. low alloy ultrahigh strength 
steels and secondary hardening steels. It was 
believed that the low alloy steels would meet the 
requirements of the ambient te~erature applica
tions that are within the scope of the current 
program. The higher alloyed steels would be useful 
for abrasive wear situations where aJ the 
application involved the use of elevated tempera
tures and b) where surface temperatures in certain 
wear situations are increased drastically by 
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Table 1. Hardness and wear ratios of modified 4340 steels and some commercial 
steels. 

Steel Austenite Temp. 
(OF) 

Tempering Temp. 
(OF) 

Hardness Wear Ratio a 
Bl:IN 

4340+ 1. SAl + 1. 5Si 
(i!X~3574) 

4340+ 1. 5Al + 1. 5Si 
(IIX~ 3584) 

4340+1.SAl+l.5Si 
(1IX~3S85) 

l2S 

1832 

1832 

1832 

572 
(lh) 

572 
(2h) 

572 
(lh) 

578 0.232 

555 0.220 

514 0.248 

514 0.266 

5S5 0.242 HiC/12S 

AISI4340 1750 Normalized 320 0.67 
1122A 

AISI4340 
1122B 

AISI4340 
#22C 

SWear ratio 

1600 

1600 

Wt. loss of test speciment 
Wt. loss of standard 

1200 
(lh) 

400 
(lh) 

340 

529 

0.72 

0.23 

The standard used was Steel Tl, heat treated to 269BHN. The data on steels 
12S and HiC/12S were provided by ESCO Corporation. The data on the AISIl4340 
steels were obtained from D. E. Diesburg and F. Borik, Materials for the 
Mining Industry, Climas lVlolybdenum Company, U.S.A., 1974, p. 15. 

friction and plastic defonnation. Substantial 
progress was made in developing the high alloyed 
secondary hardening type steels and the results 
of the studies are presented below by the individual 
investigators. 

1. M. S. Bhat, V. F. Zackay and E. R. Parker, Wear 
Resistant Alloys for Coal Handling Equipment, 
Progress Report for period Jan. 1 ~ Sept 30, 1977, 
subnutted to Fossil Energy Div. of Dept. of Energy, 
Lawrence Berkeley Laboratory, Univ. of California, 
Berkeley. 

a. 111e Effect of Al and Si Mditions on the 
Mechanical Properties of Secondary Hardening Steels 

W. Garrison 

.t-'Iost steels become progressively softer as the 
tempering temperature is increased. However, a 
certain class of steels regain hardness at higher 
tempering temperatures (450 to 600°C) by the 
precipitation of very fine secondary carbides. 
Some elements that fonn carbides are lVlo, Cr, W and 

V. However, most secondary hardening steels 
exhibit a drop in hardness in the tempering range 
from 200 to 400°C. It is known that steels with 
Si and Si + Al additions can maintain hardness on 
tempering to 400°C.l Therefore it appeared that 
a steel with the appropriate aJnoilllts of Al and Si 
and secondary carbide formers would result in a 
steel exhibiting a "flat" tempering response and 
a range of temperatures from 200 to 600°C. 

'fwo base con~ositions containing secondary 
carbide formers were designed and the effects of 
Si and Si + Al additions on the tempering response 
of these alloys were investigated. The alloy 
contents used were dictated by a desire to have 
the minimum amoilllt of carbon and of secondary 
carbide fonning elements, consistent with a desired 
hardlless of RC 53 to SS. The basis for choosing 
these alloying elements have been discussed in 
detail elsewhere. 2 

An austenitization temperature was chosen at 
which no illldissol ved carbides were observed 
metallographically. The steels were austenitized 
at llOO°C and oil quenched following which they 
were tempered at various temperatures up to 650°C. 
Some of the results are shmvn in Figs. 2 through 6. 
It was observed that the alloys with 2Si (Alloy Al6) 
and lAl + lSi (Alloy Al9) exhibited a "flat" 
tempering response up to 5S0°C. The addition of V 
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to the lAl + lSi steel (Alloy AZl) extended the 
hardness to 600°C. From these results it was 
concluded that: 

a) The addition of Si resulted in an increase in 
the secondary hardening response and also a shift 
of peak to lower temperatures. The lnagnitude of the 
effect was dependent on the amount of Si added; 
the greater the amount of Si, the larger was the 
effect. 

b) The effect of Al additions was similar to Si 
except that the magnitude of the changes were lower. 

c) The effect of adding Al + Si combinations was 
more potent than the effect of Al and Si additions 
indi vi dually. 

d) The addition of V extended the temperature 
beyond which there was a sharp drop off in hardness. 



A preliminary investigation of the impact 
touglmess of these steels indicated that the 
addition of Si could lead to an improvement in 
toughness if the tempering was done at temperatures 
below whi.ch the drop off in hardness was observed. 
However at higher temperatures some fonn of 
embrittlement occurred. This behavior is shmvn 
in Fig. 7 that shows scanning electron fracto graphs 
taken from broken 01arpy specimens of the steels 
with 1, 2 and 3 Si tempered at 550°C. The causes 
of this embrittlement are presently under study. 

1. ~1. S. Bhat, lvlicrostructure and Mechanical 
Properties of AISI4340 Steel Modified with Aluminum 
and Silicon (Ph.D. thesis), LBL-6046, February 
1977 . 
2. lvi. S. Bhat, V. F. Zackay and E. R. Parker, 
Wear Resistant Alloys for Coal Handling Equipment, 

Report for period Jan. 1 through Sept. 30, 
, submitted to Fossil Energy Division of Dept. 

of (UCID- 3921), Lawrence Berkeley 
Laboratory, Uni versi ty of California, Berkeley. 

b. Investigation of Isothermal Transformations in 
~econdary Hardening Steels 

N. Kar 

It has been suggested in the literaturel that 
the microstructural constituents, lower bainite 
and retained austenite, are likely to have a posi
ti ve effect in abrasive wear studies. In the 
present investigation, isothennal transformations 
were carried out on a series of Fe - lvlo - V 
secondary hardening steels modified with additions 
of Si, Al and Ni. One of the reasons for these 
modifications was to promote the presence of 
austenite in isothermally transformed steels. All 
the three alloying elements are known to have this 
effect on steels < Z-4 The Ni was also added for the 
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purpose of balancing the ferrite stabilizers Si, 
Al, lvlo and V. The effect of the microstructural 
variables on the mechanical properties was 
investigated. 

The isothermal decomposition kinetics of one 
of the alloys (Fe-O .4C-4Mo-lV-1.SSi-1.SAl-3Ni) 
investigated are shmvn in Fig. 8 as detennined by 
dilatometry. Using this diagram, temperature-time 
paths were chosen to obtain microstructures 
containing lower bainite, retained austenite, and 
martensi te. The isothermally transfonned steel 
was tempered at temperatures up to 650°C, and the 
hardness, room temperature charpy impact energy and 
amounts of untransformed austenite were measured. 
The results are shmvn in Fig. 9. It was observed 
beyond a tempering temperature of 400°C that an 
interesting combination of events occurred. TI18 
steel hardened rapidly to fairly high hardness 
levels; the charpy impact energy decreased rapidly 
and the a~ount of retained austenite decreased 
dramatically. This behavior suggested that the 
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Fig. 8. TIT diagram of steel Fe - 0.4C - 4Mo - IV 
- 3Ni - 1.SAl - 1.SSi showing the bainite and 
martensite transfonnation ranges. (XBL 776-l238A) 

Fig. 7. Scanning electron fracto graphs taken from broken Charpy impact specimens. 
B and C correspond to the steels containing 1, 2 and 3 Si, respectively; all 

tempered at 550°C. (XBB 770-12420) 
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transformation of the austenite could have caused 
the steep drop in charpy energy. This behavior is 
being investigated further. A steel containing no 
AI or Si, the elements that are strong promoters 
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of austenite retention in isothennally transformed 
steels, has been cast. The hardening behavior of 
this steel and the variation in impact toughness 
is being detennined. 

1. P. 1. Hurricks, Wear 26, 285 (1973). 
2. B. N. P. Babu, An Investigation of Bainite 
Transformation in Medium Carbon Low Alloy Steels 
(D. Eng. thesis), LBL-2772, August 1974. 
2. G. Kolm, Effects of the Trip Phenomenon on the 
Toughness of Heat Treatable Alloy Steels (Ph.D. 
thesis), LBL-5466, November 1976. 
4. M. S. Bhat, Microstructure and Mechanical 
Properties of AISI4340 Steel Modified with 
Aluminum and Silicon (Ph.D. thesis), LBL-6046, 
February 1977. 

c. Design of Wear- Resistant Matrix Steels 

T. Lechtenberg 

Matrix steels are secondary hardening steels 
that are single phase after austenitization. This 
means all the primary alloy carbides have been 
dissolved in the austenite. A commercial steel, 
Vasco MA, was one that was studied in this 
laboratory. 1 It was found that primary carbides 
were present even after austenitization at l350°C. 
Initial work on this alloy showed that the 
as-quenched hardness did not increase significantly 
until l200°C from which it was inferred that carbon 
remained out of solution until that temperature. 
It was also found by EDAX analysis that these 
carbides were rich in W and V. TI1is led to the 
design of two alloys with lower W and V contents. 

A study of the austenitization temperature and 
hardness of these new alloys demonstrated that 
most of the carbon dissolved at 1000°C. This is 
shown in Fig. 10 that is the microstructure of 

Fig. 10. Optical micrographs of as-quenched steels austenitized at 1000°C: 
a) base VASCO MA steel b) steel with lower W, and c) steel with lower V. 

(XBB 777-6458) 



a) Vasco ]vIA, b) the new alloy with lower IV, and 
c) lower V, after 1 hour at 1000°C and ice-brine 
quenched. _fUl the primary carbides 1\'ere either 
dissolved or in a very fine in the two 
new alloys. undissolved carbides were 
present in the base Vasco ]vIA steel. 

Figure 11 displays the tempering response for 
the two new alloys and the base steel tempered 
through the secondary hardening range. It was 
observed that steel B5 (alloy with lower V content) 
maintained the highest level of hardness over the 
secondary hardening range. TIle peak in hardness 
appeared to occur at a lower temperature (500°C) 
as compared to that of steel 131 that was located 
at 550°C. Steel B4, with lower lV, also exhibited 
higher hardness than Steel Bl. '111e increased 
hardness levels in steels 134 and B5 was attributed 
to the greater amount of C and secondary carbide 
forming elements in solution following austenitiza-
tion, which allowed more carbides to 
precipitate. Charpy impact tests were performed 
at room temperature on alloy Bl, B4 and B5 
austeni tized at 1000"C. TIle results are ShOMl in 
Fig. lZ. It is seen from the that the base 
alloy Bl had the poorest impact energies and alloy 
134 had the highest energy values. The poor impact 
values of Steel Bl could be attributed to the 
presence of undissolved carbides. 

Thus it was shown that modification of existing 
alloys resulted in an improvement in hardness and 
touglmess even though the amount of alloying 
elements was reduced. 
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1. N. Kar, Interrelationships Between 111ermal 
History and Mechanical Properties of a Secondary 
Hardening Steel (M. S. thesis), LBL-- 5449, 
December 1976. 

Z. ALLOY DEVELOPMENT FOR SULFIDATION HESISTANCE 
AI'-lD ]VlEO-]j\NICAL PROPERTIES AT ELEVATED TEMPEMTURES 

Iv!. S. Bhat, K. Wang, and R. B. Mundhe 

The objective of this program was to develop 
an alloy for applications in coal gasifier 
internals (viz. cyclones, diplegs, etc.) with 
acceptable corrosion resistance and mechanical 
properties. 111e tYVical conditions encolliltered 
in a coal gasifier are a) temperatures of 1500 to 
1800°F, b) pressure up to 1500 psig, and c) a 
gaseous environment containing a mixture of 
CO ~ COz - HZO - HZ ~ CH4 - NI-I3 - NZS. Under these 
conditions the most severe metallurgical problem 
is sulfidation attack. Work done by others l has 
shOivn that exis ting, commercial, highly alloyed, 
corrosion resistance steels such as the 310 
stainless steel do not possess the necessary 
corrosion resistance. 111ese steels contain about 
ZO wt% Ni, which can fonn a low melting eutectic 
wi th NiS that can fonn from reaction with Si. 
Since this eutectic has a melting point of about 
1200°F, it would be in the liquid phase in the 
temperature range of interest, and hence would 
lead to catastrophic failure of the alloy. 
Chromiwll additions need to be minimized since it 
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is considered to be a strategic element. Recent 
work at the Lockheed Palo Alto Research Laboratories 

,and the University of California, Berkeley2 has 
shown that acceptable corrosion resistance can be 
obtained in Fe - Cr - Al type alloys where the 
amount of Cr is kept to as Iowa level as possible 
with Al being a partial substitute for Cr. The 
mechanical properties of these alloys were 
investigated and have been reported elsewhere. 2 
It was found that the developmental alloys 
possessed good ductility at all temperatures ffild 
good mechanical properties at temperatures up to 
about 1200 0 P. Based on these findings, and a 
knowledge of strengthening mechanisms, a program 
was initiated to design iron based sulfidation 
resistant alloys that would possess better 
mechanical properties at elevated temperatures. 
The details of the program are discussed below. 

It was found that alloys with 16Cr and SAl 
offered the best sulfidation resistance. These 
Fe - Cr - Al alloys, however, were single phased 
and their strengths were not very high at elevated 
tenveratures, even with the presence of solid 
solution strengtheners. By introducing a dispersion 
of second phase particles, it was felt that 
mechanical properties could be improved. 

Conmercial, high temperature ferri tic steels 
presently in use utilize carbide dispersions. These 
carbides are thermally unstable, and not all are 
capable of altering mechanical properties to a 
great extent. Laves phases, on the other hand, 
are stable and have been shovm to be effech ve 
strengtheners, in Fe when dispersed as fine 
particles within the matrix. 3 

Alloys in this study were of the type Fe - l6Cr 
- SAl - lMo - IX (or 2X), where X was either Ta, 
W or Hf. Ta, W and Hf are known to form Laves 
phases of the type XFe3 with the MgZn2 type crystal 
structure and W can form another intermetallic 
compound, Fe7W6. 

Initial heat treatments and Vicker's hardness 
data established the existence of a quench-age 
type hardening phenomenon in these alloys. Aging 
curves for the lIa and lW alloys are plotted in 
Fig. 1. The alloys were solution treated at 1350°C, 
hot water quenched and then aged at 650°C, followed 
by air cooling. It is seen that the ITa alloy 
required a longer time to reach the peak hardness. 
The behavior was probably due to the higher 
activation energy for diffusion of Ta as compared 
to that of W. 

The laves phase tends to preClpl tate at grain 
boundaries upon quenching froTIl the solid solution 
o phase. Aging at 650°C facilitated precipitation 
within the matrix. Bend test results indicated 
that the Ta alloy was embrittled following these 
heat treatments, whereas the W alloy was 
comparatively ductile. To enhance ductility, the 
grain boundary network will be broken through 
mechanical working, which is accomplished by 
either plastically deforming the matrix prior to 
or during aging, or warm working after aging. 

TBM studies are planned to identify and reveal 
the size and morphology of each of these Laves 
phases, as well as the precipitation sequence. 

AGING TEMP. 650°C 

Ul 220 
(f) 

w 
z 
o 
0:: 
<{ 
I 

(f) :s 210 

" () 

;; 
o 
0:: 
() 

~ 
200 o 77fe-16Cr-5AJ-IMo-IW 

077 fe-16Cr-5AI-IMo-ITo 

I I I I 
10 30 60 90 120 

AGING TIME, MIN. 
300 600 

Fig. 1. Plot of hardness vs aging time for alloys 
Fe - 16Cr - SAl - lW and Fe SAl - lMo - ITa. 
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Mechanical properties will be characterized 
from high temperature and room temperature tensile 
and creep-rupture tests. 

1. M. S. Howes, Selection of Materials Used in 
Coal Gasification Plants, AGA- ERDA-MPC Program on 
~hterials for the Gasification of Coal, presented 
to the AGA 7th Pipeline Symposium, 1975. 
2. R. A. Perkins and M. S. Bhat, Sulfidation 
Resistant Alloy for Coal Gasification Service 
Annual Report for period 24 May 1976 through May 
1977, Fossil Energy Division, Department of Energy, 
Washington, D.C. FE-2299-l2. 
3. M. D. Bhffildarkar, M. S. Bhat, E. R. Parker, and 
V. F. Zackay, Met. Trans. 7A, 753 (1976). 

3. LOW ALLOY STEELS FOR THICK WALL PRESSURE VESSELS 

R. M. Hom 

-Dle objective of this research program is to 
adopt or develop low alloy steels that can be 
fabricated into large diameter, thick wall pressure 
vessels for coal gasifiers. The pressure vessels 
proposed for advanced gasification systeTIlS, 
capable of producing 250 M cu.ft of synthetic 
natural gas per day, will be greater than 20 ft 
in diameter, more than 100 ft high and must be 
capable of operating at 650 0 P at pressures up to 
1500 psig. Such a vessel would necessarily be 8 
to 12 in. thick and contain over 1500 tons of 
steel. These vessels must be assembled on site 
and must maintain structural integrity in contact 
with a potentially reactive environment. Therefore 
the steels must have 1) improved enviromnental 
resistance, 2) improved strength and toughl1ess to 
insure reliability, and 3) sufficient fabrication 
"forgiveness" requiring a limited post-weld heat 
treatment. 



In order to perform research aimed at thick 
section steels, methods were developed for 
simulating thermal histories experienced by thick 
slabs during cooling from the austenization 
treatment. Commercial data combined with numerical 
heat transfer analysis were used to determine 
appropriate cooling paths. An induction furnace 
was instrumented for programmable control, to 
perform the necessary heat treatments. 

During the first year, two primary research 
investigations were undertaken. These investiga
tions were based on modification of existing 
connnercial steels for use in thick wall pressure 
vessels. The alloy modifications were chosen to 
satisfy the first two requirements. It is 
expected that improved toughness will have a 
beneficial affect on. weldability. 

a. Modified Low Alloy Cr-.Mo Pressure Vessel Steels 

Rameshchandra J. Kar 

ASTIvl grade A 542 (quenched and tempered version 
of 2.25 Cr-l Mo) pressure vessel steel has found 
vast usage in the petro-chemical industry because 
of its excellent high temperature properties and 
low susceptibility to attack by hydrogen. However, 
its use in the quenched and tempered condition has 
been restricted to sections up to 6 in. thick. 
The problem of inadequate hardenability can be 
analyzed if one refers to the CCT diagram of A 542, 
(Fig. 1). Cooling rates slower than 0.25 C/s 
(rates 5 to 8 in Fig. 1) subsequent to austenitiza
tion, as is characteristic within the bulk of 
8 to 12 in. thick spray quenched specimens, result 
in the formation of large amounts of polygonal or 
"free" ferrite that lead to a degradiation of 
mechanical properties in thick sections. 

Based on classical hardenability calculations, 
a n~trix of ingots was designed using alloy 
additions of Ni, Mn and Cr to a base 2.25 Cr-l~b 
steel. Heat treatments to simulate thick sections, 
either spray quenched or air cooled after 
austenitization, were carried out using a 
prograrmnable induction furnace in conjunction with 
actual cooling curves for thick sections. Using 
high speed dilatometry, the CCT diagrams for the 
different alloys were plotted. .Mechanical 
properties and optical microstructures of the test 
systems were also evaluated. 

It was found that addition of Ni or ~h, either 
alone or in combination, completely eliminated 
free ferrite in very thick sections, resulting in 
a more uniform microstructure and improved 
mechanical properties. At comparable or slightly 
higher yield and ultimate tensile strength levels, 
the test alloys showed a shaD) improvement in 
impact touglmess, when compared with base 
2.25 Cr-lMo (Fig. 2). Addition of Ni or ~m caused 
a decrease in the impact transition temperature. 
The increase in upper shelf energy was attributed 
to the low S content of the test alloys as well as 
to the absence of polygonal ferrite. 
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of A542 steel showing different cooling rates. 
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Fig. 2. Charpy impact energies as a function of 
test temperatures of A542 and modified alloys. 
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Figure 3 displays an optical photomicrograph 
and scarming electron fractograph of a 0.5%Mn+0.5%Ni 
modified alloy. TIle specimen was heat treated to 
represent an 8 in. thick specimen austenitized and 
spray quenched, and tested at 1/4T location. The 
lower bainitic microstructure showed total absence 
of free ferrite, normally found in A 542. The 
fine dimples in the fracto graph are characteristic 
of a ductile fracture at room temperature. 



Fig. 3. Optical micrograph CA) and scanning 
electron fractograph CB) of a 0.5~n + 0.5Ni 
modified steel at the 1/4T location (8 in. thick 
specimen, spray quenched from austenitization 
temperature). (XBB 779-9095) 

Future research plans include complete 
characterization of cOTInnercial developmental melts 
of the test systems. lvlechanical tests planned 
include room and high temperature tensile tests, 
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and evaluation of fracture toughness using J 
integral testing to supplement Charpy V-notch tests. 
Transmission electron microscopy is being done to 
fully characterize the microstructures. In order 
to evaluate property degradation of the test 
alloys in reactive envirorunents, some hydrogen 
attack tests at high temperatures are also being 
done. A limited amount of temper embri ttlement 
studies ffild Cleeble tests to simulate weld micro
structures are also being planned. 

b. Influence of Alloy Modification on the lilick 
Section Mochanical Properties of lvln-lvlo-Ni Steels 

W. Kurtz 

Low alloy steels based on lvb-Mo additions have 
been used successfully for pressure vessel applica
tion. A particular grade, ASTM designation A533B 
steel (a quenched ffild tempered steel of nominally 
0.2 C, 1.4 1'<ln, 0.6 ~lo, 0.6 Ni) has been used in 
thick section application in nuclear pressure 
vessels. This steel has sufficient hardenability 
to prevent free ferrite from forming in spray 
quenched thick slabs, but lacks adequate environ
mental resistance. Degradation by hydrogen during 
gasification could lead to loss of strength and 
toughness. Any improvement in the steel that 
leads to increased strength with an associated 
toughness increase would also be beneficial. 

lile major alloy additions considered were Cr 
and Si for improved environmental resistance, and 
lvhl for increased strength and toughness. Micro
alloying additions of V and Al were also used for 
grain refinement. The reasons for these alloy 
modifications are as follows: Envirorunental 
resistance to hydrogen attack is dependent on the 
stabili ty of the strengthening carbide to hydrogen 
at elevated temperature. The addition of Cr to 
the base composition is expected to change the 
chemistry of the carbides formed on tempering; and 
Si additions would influence the kinetics of 
carbide formation and thereby have an indirect 
influence on the carbide chemistry. 111e lvhl 
additions should result in higher hardenability 
that would lead to more desirable as-quenched 
microstructures. 

Initial studies were aimed at determining the 
influence of these elemental additions, singly or 
in combination on mechanical properties. Chromium 
and manganese additions improved touglmess, with 
the chromium addition promoting marked increases 
in strength in material heat treated to represent 
8 in. thick slab at the 1/4 thickness location. 
Silicon additions, hmvever, had a detrimental 
effect on the toughness. The kinetics of tempering 
were changed, resulting in higher strength levels 
for equivalent tempering treatments. 

The largest effect was observed for combined 
alloy additions. Figure 4 shows the continuous 
cooling transformation behavior for the base steel 
alloyed with chromium, silicon and manganese. 
Rate 6, which corresponds to the cooling path 
experienced by an 8 in. slab at the 1/4 thickness 
location, led to a very desirable lower baini tic 
structure. The alloy conventionally heat treated 
developed a yield strength of 100 ksi. The 
associated impact properties were also very good. 
Figure 5 shows this steel in comparison to the 
base material. The transition temperature was 
shifted to below -40°C. 

Future research will be aimed at thorough 
characterizations of modified steels in thick 
section. Characterizations will focus on deter
mining the carbide structure and explaining the 
response of the steels in hydrogen environments 
in terms of this structure. 
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c. Solid State NMR of Coal 

Alexander Inves 

1. N}.ll\ A1"l;\LYSIS OF MlOLE AND PROCESSED COi\LS'" 

D. WenmJer, T. Tufano and A. Pines 

Together with The Central Research IJi vision of 
and with EPEI and DOE support, 

we are materials used in fuel 
tecJmology, in particular coal and oil shale. 
Using solid state l\l]vffi techniques we can distinguish 
four t)1)es of carbon functional groups - -condensed 
aromatic, sin~)le aromatic, oxygen bonded aliphatic, 
and simple aliphatic. 111ese have been used to 
characterize coals rank and to un.derstand the 
changes that occur processing of the coals. 
No scale aromatic condensation is found in 
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coals other than 3Jlthraci te. 111e aromatic aliphatic 
ratio is found to be sensitive to contact time in 
liquification and an extensive table of characteris
tic data has been produced. Previously, spectro
scopic analysis of whole coal samples in the solid 
state has been essentially impossible. 

1 shows ~D example of the analysis of a 
processed coal by 3C double resonance NMR into 
the four major constituents. 111e lineshapes for 
these constituents are stored in computer and are 
obtained analysis of hundreds of model samples 
wi th known magnetic shielding and structure. The 
agreement between the line and the 
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2. l-!Illl EESOLtJrION DEtJrERIUM N!vffi Dl SOLIDS 

J. Ackerman, D. Eckmanl1 and A. Pines 

We have constructed a probe capable of producing 
intensity fields upon samples rotating at 

O. million revolutions per minute, about an 
axis inclined at an arbitrary with respect 
to a high magnetic field. The probe is equipped 
with fiber optics which allow the rotation to be 
monitored and wi th the radio frequency 
and digital circui try of the spectrometer. 
A photograph the probe and optics is shmvn in 
Fig. 1. Using this setup we have produced the first 
resol ved NJvffi spectra of deuterium in the solid state, 
providing the basis for a potentially useful 
analytical technique. Even though deuterium has 
long been considered a good c3Jldidate for l\l]vll'l. 
labeling studies, the quadrupolar broadening 
causes linewidths of ~ 100 kHz in polycrystalline 
samples mal,ing it essentially useless. As shown 
in Fig. 2 the solid state NMR with synchronized 
sampling of the rotating sample produces lines of 
~ 50 I-Iz width and different species are resolved. 
The limitation on resolution comes from two courses: 
(aJ magnetic field strength and irulomogeneity 
(b) instability of the spinner that is critical 
due to the large quadrupolar broadening. This 
spinning is now being combined with our technique 
Fourier TransfoTIn Double Quantum NJvlR that 
eliminates quadrupolar broadening (see next section) 
to provide high resolution. 

Fig. 1. Analysis of coal and coal processing 
intermediates by l3C NJvffi. The top experimental 
spectnllll is decomposed into four functional carbon 
types (simple aliphatic, oxygen-bonded aliphatic, 
simple aromatic, condensed aromatic) in the lower 
trace producing (with some artifically added 
noise) the computer simulated center spectrum. 

(XBL 773-8219) 



Fig. 1. Photograph of Andrew-type NMR probe for 
high power rf, magic angle sample-spinning 
(0.25 million rpm) and optics fo~ synchronization 
of rotation to spectrometer logic. (CBB 770-9649A) 

3. DOUBLE QUANTUlvl DEUTERlUlvl NMR 

D. Wennner and A. Pines 

The magic ffilgle spinning technique with 
synchronized detection produces isotropic resolved 
deuterium NMR spectra. We have also continued 
the development of two other aspects of solid state 
deuterium NMR which should be useful for the 
analysis of whole samples. 

1. In Fourier transform double quantum NMR, the 
double quantum-transition is excited and its 
evolution monitored with detection pulses. 
Fourier tnmsformation then yields a spectrum 
devoid of quadrupolar broadening. This contains 
the chemical shift anisotropy lineshape that is 
analogous to the 13C case. We have made the first 
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Fig. 2. Illustration of first high resolution 
solid state deuterium NMR spectrum. Top is 
normal wideline deuterium spectrum of mixture of 
perdeuterohexamethylbenzene and perdeuteroferrocene 
showing extremely broad resonance due to quadrupole 
effect. Center shows effect of rapid sample 
spinning at magic angle and lower trace shows 
rapid sample spinning with synchronous detection 
using optical system. The two peaks from the 
inequivalent deuterium positions are now resolved. 

(XBL 7710-6843) 

measurements of deuterium chemical shift tensors 
in this way, including aromatic and other deuterium 
functional groups. 

2. In a perdeuterated material, the deuterium 
spin can be decoupled and the residual proton NNR 
measured. This yields good proton NMR resolution 
since the deuterium spins are decoupled by double 
quantum transitions, and not much power is required. 
We have investigated the quantitative aspects of 
this double quantum decoupling process to provide 
criteria for producing high resolution solid 
state proton NMR. Figure I shows an example of 
the excess proton ~~ linewidth as the deuterium 
spins are irradiated with an rf field of increasing 
intensity VI' Although the deuterium linewidth is 
~ 100 kHz, a VI of only 10 kHz already induces 
efficient decoupling. The solid line is calculated 
from our double quantum operator theory. 
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Fig. 1. Dependence of proton NMR linewidth in "-99% 
deuterated DvlSO as the deuterium of decoupling 
intensity is changed. The decoupling threshold 
occurs at ~10 kHz \vhich satisfies the double 
quantum criterium. (XBL 7710-10314) 

Th.ese double qucmtwll processes when coupled 
with magic angle spinning should provide high 
resolution solid state spectra. 

4. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Alexander Pines 

1. Measure deuterium chemical shift tensors 
using double quantum NMR. 

2. Combine double quantum NMR and double 
quantum decoupling with magic angle spinning to 
produce high resolution deuterium and proton ~m 
spectra. 

3. Begin development of tS)c;hniQues for solid 
state Nr.1R of other isotopes (14N, 33S, ... ) 

4. Develop and construct high field ~m 
spectrometer for high sensitivity high resolution 
solid state .NlVlR. 

5. Begin application of our techniques to 
isotopic labeling studies in coal processing 
cesearch. 

5. 1977 PUBLICATIONS AND REPORTS 

Alexander Pines and Associates 

Books 

1. S. Vega and A. Pines, Theory of Double-Quantum 
Coherence and High Resolution Deuterium l'.'MR in 
Solids, in Magnetic Resonance and Related 
Phenomena, K. Hausser Ed., Heidelberg (1977), 
p. 305.* 
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2. A. Pines, S. Vega, D. J. Ruben, T. W. Shattuck 
and D. Wemmer, Double Quantum NlvlR in Solids, in 
Magnetic Resonance in Condensed Matter, R. Elinc Ed. 
University of Ljubljana Press, (1977), p. 127-179.* 

and Invited Lectures* 

1. A. Pines, Coherent Multiple Quantum Nlvm, 
Ani'1Ual Meeting of the Western Spectroscopy 
Association, Asilomar, California, January, 1977, 
invited talk. 

2. A. Pines, Solid State Physics Seminar, University 
of California, Berkeley, February 1977. 

3. D. Wemmer, S. Vega, S. Hsi and H. Zimmenllan, 
Dipole-Dipole Coupling in Fourier Transfonll Double 
Quantum NlvlR, 18th Experimental Nlvm Conference, 
April 1977, invited talk. 

4. A. Pines, Nuclear Magnetic Resonance with Lots 
of Photons, Plenary Lecture for the Award. Symposium 
of the American Chemical Society, St. LoUlS, 
.Missouri, April 1977, invited talk. 

5. A. Pines, Chemistry Department, Iowa State 
University, April 1977, Seminar. 

6. J. 1. Ackerman and A. Pines, High Resolution 
Deuterium NJvlR in Solids, VI International Symposium 
on !vlagnetic Resonance, Banff, !Vlay 1977, LBL-6081 
Abstract. 

7. L. Sterna, S. Bustamente, S. Vega and A. Pines, 
Nuclear !vlagnetic Isotope Effect, VI International 
Symposium on Magnetic Resonance, Banff, May 1977, 
LBL-6082 Abstract. 

8. D. Wemmer, S. Vega and A. Pines, Fourier 
Transform Double-Quantum NJvlR in Powders, VI 
International SymposiUm on Ivlagnetic Resonance, 
Banff, May 1977, LBL-5783 Abstract. 

9. A. Pines, Double Quantum NlvlR in Solids: Theory 
and Experiment, University of Waterloo Nlvm Summer 
School, Waterloo, Canada, June 1977, invited 
lectures. 

10. S. Vega, Double Quantum Spectroscopy and 
Deuterium NJvlR in Solids, Gordon Research Conference, 
New Hampshire, June 1977, invited talk. 

11. A. Pines, Isotope Division, Weizmann Institute 
of Science, Rehovot, Israel, July 1977, three 
lectures on "Photon Dressing Picture of Multiple 
Quantum Processes." 

12. A. Pines, Physics Department, University of 
Dortmund West Gennany, August 1977, three lectures 
on "Phot~n Dressing Picture of Multiple Quantum 
Processes." 

13. A. Pines, Physics Department, Free University 
of Berlin, Germany, September 1977, Seminar. 

14. D. Wemmer and A. Pines, Developments in 
Fourier Transform Multiple Quantwll Nlvm, 3rd 
Conference on Molecular Structural .Methods in 
Biological Research, Stanford University, 
November 1977, invited talk. 



LBL 

L D. Suwelack, M. Mehring and A. Pines, 
Quantitative Aspects of Deuteron (Spin 1) Spin
Decoupling in Solids, submitted to Chern. Phys., 
LBL-7373. * 

2. D. Wemmer and A. Pines, Developments in Solid 
State NMR and Potential Applications to Fuel 
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Research, American Chemicc',l Society Symposium, 
Anaheim, March 1978, invited talk, LBL-697L 

3. A. Pines, Fourier Transform Multiple Quantum 
l\1MR, NMR Symposium of the Faraday Division, Queen 
Elizabeth College, London, December 1978, 
LBL-6597 Abstract. * 

* Also supported in part by Basic Energy 4081. 
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10 PHOTO VOL TAlC ENERGY CONVERSION 

<I. Research on 
Cell Materials 

Jack vlashbu:rn, 

1. GROWTH OF (Cd,Zn)S and CdS TIlin Films 

Barry Chin 

The addition of ZnS to the n-type side of the 
conventional CdSjCuxS photovoltaic cell has been 
shown to have important advantages. The mixed 
sulfide (Cd, S cells, however, have resulted in 
anomalously low short circuit currents in devices 
made to date. In order to better understand 
this problem and also to obtain cell structures 
similar to the thin film, polycrystalline cells 
without the complications of grain boundaries, the 
epitaxial growth of (Cd,Zn)S films by a hot-wall 
vacuwn deposition technique was undertaken. 

(Cd, S films of different compositions have 
been grown on single crystal GaAs substrates of 
various orientations. Different surface prepara
tions have been tried along with a sputter-etch 
of the GaAs substrate prior to· deposi tion to 
improve the epitaxy. The grown films were found 
to be mostly single crystal from x-ray diffraction 
analysis. 

To evaluate the compositional unifoTIlll ty of 
these films the energy-dispersive analysis of 
x-rays system (EDAX) of the scmBling electron 
microscope (SEivD was utilized. Figure I shows an 
x-ray line scan at the cleaved surface indicating 

Fig. 1. SEM micrograph of cleaved edge of (Cd,Zn)S 
film on GaAs substrate. Superposed are EDAX line 
scans showing spatial distribution of Cd, Zn and S. 

(XBB 777-6727) 

the weight percentages of Cd,Zn and S to be nearly 
uniform through the thickness of the mixed sulfide 
film. The line-scan images are superimposed on 
the SEtvI micrograph of the surface being analyzed. 
I t has been found that both the growth rate and 
con~osition are extremely sensitive to the 
relative rates of evaporation of the ZnS and CdS 
charges. Figure 2 shows the variation of x, the 
ZnS mole fraction in the film, with e, the ZnS 
mole fraction of spent charge. This hyperlinear 
relationship indicates a preferential incorporation 
of ZnS in the single crystal films. 

Heterojunctions of these grown films with CuxS 
have been formed by solid state reaction and by 
sputtering. 
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Fig. 2. Plot of mole fraction ZnS incorporated in 
single crystal film vs mole fraction ZnS 
evaporated. (XBL 776-9280) 

2. DEFECTS IN EPITAXIAL CdS mld (Cd,Zn)S LAYERS 

Terry Peterson and Krishna Seshan 

The epitaxial films grown as described in the 
preceding article are being exaJnined in the 
transmission electron microscope. To date we have 



found that the structural perfection of CcIS films 
and (Cd,Zn)S films gro~~ under similar conditions 
are comparable; however, perfection of the films 
has been found to be markedly affected by the 
orientation of the substrate crystal. 

On the (Ill) Ga- or A-face substrates, we have 
obtained relatively perfect film growth as is shown 
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in Fig. 1. Only isolated dislocations are seen in 
such a film. The films gro~n on the As or B-face 
substrates, however, exhibit high defect densities. 
Figure 2 shows a typical microstructure of these 
films, containing a network of dislocations, 
dislocation loops, and stacking faults. The lack 
of inversion synunetry in these crystal affects the 
growth rate at a given supersaturation of the 

d 
.. 

.. 
'" '" 

.. .. 
'" 

.. 

Fig. 1. (a) and (b) Isolated dislocations in Ga-face substrate CdS film and 
(d) uiffraction pattern and diagram showing diffraction conditions in (a) and (b). 

(XBB 779-9237) 

Fig. 2. Highly defected structure of As-face 
substrate CcIS film. (XBB 781-232) 

vapor. Apparently, nucleation of defects is also 
much more frequent when the crystal grows on the 
B face. 

Both the hexagonal (wurtzite) and cubic 
(sphalerite) phases of (Cd, Zn)S have been 
observed--sometimes in different regions of the 
same nucroscope specimen. Figure 3 shows a pair 
of diffraction patterns: (a) one hexagonal and 
(b) one cubic obtained on a single sample. Since 
the hexagonal phase is the thermodynamically stable 
one, it is believed the cubic growth is stabilized 
by the synunetry of the GaAs substrate. It seems 
plausible that the epitaxial growth always begins 
as the cubic phase. Then at some point removed 
from the substrate, faulting occurs to allow 
hexagonal growth. 
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Fig. 3, CdS film electron diffraction pattenls: a) hexagonal 
phase; b) cubic phase. (XBL 779-9243). 

3. THEORETIC/\L At\)D EXPERIMENTAL HEI'EROJ1JNCTION 
CHARACTERIZATION 

Terry Peterson 

111e method used in our elastic tunneling model 
calculations has been fully described in LBL-3985 
and UCID- 3940. Briefly it consists of 
approximating the one-dimensional, effective mass 
or "nearly- free" electron potential in a solid by 
a large number of very small steps. The solution 
to the Schroedinger equation describing the 
electron trajectory in the approximation can be 
found via N 2 x 2 complex matrix multiplications, 
where N is the number of steps in the approximating 
potential. By suitable integration of the electron 
probability flux as a function of electron energy 
one is then able to arrive at the current density 
through the given potential. 

We have applied this method to the problem of 
calculating the fon.raTd bias currents at the 
(Cd,Zn)S-CuxS junction. Our results support the 
view that these currents are dominated by the 
tunneling component of the electron flux and that 
the rate limiting part of the conduction process is 
the transfer of an electron from the conduction band 
of the (Cd,Zn)S to an interface state at the 
junction. Further testing of this modeling 
procedure awaits more detailed experimental data. 

In order to obtain the data on electrical and 
electro-optical characteristics of (Cd,Zn)S-Cu2S 
heterojunctions required for correlation with the 
electron microscope studies and with the model 
calcula tion results, we have undertaken the 
design and construction of an apparatus to measure 

the current-voltage and spectral response 
characteristics as a function of temperature. The 
block diagram of the spectral response portion 
of this apparatus is shown in Fig. 1. The heart 
of this apparatus is a microprocessor based 
computer that is programmable in BASIC. An 
experiment is conducted on this apparatus by 
simply infonning the computer/ controller of the 
desired experimental conditions and executing 
the stored progran1. Since the main program is in 
BASIC, it is very easy for the experimenter to 
modify the program--and hence the experiment. A 
further advantage of the computer is the ability 
to perform "on -line" processing of the incoming 
data that allows one, for example, to insure that 
steady-state conditions are observed. 

Fig. 1. Photovoltaic cell measurement system spec-
tral response configuration. (XBL 779-6123) 



4. RESEARCH PLANS FOR CALENDAR YEAR 1978 

Jack Washburn 

This continuing study of the CuxS-(CdZn)S hetero
junction is for the purpose of furthering the under
standing of its operation and providing insight for 
its further development as a solar energy converter. 
Work will be concentrated in the following three 
areas: 
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1) Growth of single crystal mixed-crystal layers 
of (Cd,Zn)S using the hot wall vapor deposition 
(ffiVVD) technique on (lll)-GaAs substrates; the ef
fects of substrate preparation and orientation on 
the growth kinetics and crystalline perfection of 
the mixed crystal layers; effects of deposition pa
rameters, such as source and substrate temperature, 
and amount of incorporated zinc sulfide on the mixed 
crystal layers. . 

2) Characterization using transmission and scan
ning electron microscopy, (TEM, SEM-EDAX), and x-ray 
diffraction (XRD) of the growth defects present in 
the single crystal layers as well as comparison of 
these layers with the polycrystalline layers of CdS 
deposited by other DOE contractors, e.g., University 
of Delaware Institute of Energy Conversion (IEC) , 
Westinghouse Research Labs and others. 

3) Automated spectral response and electrical 
measurement on both single crystal cells from our 
program and polycrystalline cells of other labs 
using either monochromatic or two-beam illumination 
to give information on dark and illuminated current
voltage characteristics, as a function of tempera
ture (liquid nitrogen-room temperature) yielding 
I-V-T information on the fundamental processes which 
affect the efficiency of these cells. 

5. 1977 PUBLICATIONS AND REPORTS 

Jack Washburn and Associates 

LBL Reports 

1. T. Peters on, B. Chin and J. Washburn, Recent 
Results on ·Mixed Crystal (Cd,Zn)S-CuxS 
Heterojunctions, LBL-5780. 

2. T. M. Peterson, B. L. Chin and J. Washburn, 
Recent Progress in Single Crystal (Cd,Zn)S Thin 
Film Growth and (Cd,Zn)S-C~S Heterojunction 
Research: Quarterly Report for March-June 1977, 
UCID-3940. 

3. T. M. Peterson, B. L. Chin, K. Seshan and 
J. Washburn, Second Quarterly Report of Research of 
CuxS(Cd-Zn)S Photovoltaic Solar Energy Converters. 

Papers Presented 

1. T. M. Peterson, Description of (CdZn)S-CuxS 
Research Program at Lawrence Berkeley Laboratory, 
ERDA Semi-Annual Photovoltaic Program Review 
l'vleeting, Washington D.C., March 1977. 

2. T. M. Peterson, Recent Progress in Research 
on Single Crystal (CdZn)S-Cux~ Photovoltaic Cells, 
AIl'vffi 19th Electronic Materials Conference, Ithaca, 
N.Y., July 1977. 

3. T. M. Peterson, Status of (CdZn)S-CuxS Single 
Crystal Cell Research at Lawrence Berkeley 
Laboratory, DOE Semi-Annual Photovoltaic Program 
Review Meeting, Golden, CO, October 1977. 
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E. Commins T. Hadeishi R. Conti 

M. Prior R. Knight 
D. Neuffer 

*L. Schipper 

Gabor Somorj ai *L. Atanasoska W. Aalbersberg 
A. Bell R. Bastasz S. Abensolm 
J. Smart *J. Biberian D. Castner 
P. Vollhardt *J. Blakely Y. Chung 

*D. Dwyer R. Colborn 
J. Hemminger C. Curtis 

*A. Jablonski *S. Davis 
L. Kesmodel L. Dubois 
D. Mitchell J. Ekerdt 

*Y. Nihei L. Firment 
*S. Palfi J. Fritch 
*M. Salmeron R. Funk 
*B. Sexton R. Gale 
*W. Siekhaus W. Gillespie 
*1. Toyoshima W. Guthrie 

K. ljrabe R. Hillard 
H. Wise *A. Huston 

*K. Yoshida S. Kellner 
*R. Koestner 

W. 10 
G. Low 
B. Pinsky 
J. Robbins 
A. Sievert 
C. Smith 

*J. Sokol 
P. Stair 

*F. Wagner 
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Principal Postdoctoral 
Investigators and Other Scientists Graduate Students 

Gareth Thomas *D. Clarke J. AIm 
*B. Francis *Y. Belli 

R. Gronsky M. Carlson 
*P. Karntha1er P. Costello 
J. Koo *U. Dahmen 

*0. Krivanek J. Koo 
*V. Kurdjumov K. Kubarych 

R. Mishra B. Narasimha Rao 
*P. Rez M. Okada 
*R. Sinclair T. O'Neill 
*P. Swarm T. Rabe 
K. Westmacott T. Roth 

T. Shaw 
B. Steinberg 
D. Swain 

*P. Williams 
C. Wu 

*M. Young 

Charles W. Tobias R. Atanasoski A. Kindler 
M. Jaksic H. Law 

G. Prentice 
D. Roha 
P. Sides 
S. Yu 

Jack Washburn T. Peterson *P. Angelides 
J. Punglia B. Chin 
K. Seshan R. Drosd 

*A. Srivastava T. Huo 
C. Lampert 
H. Ling 
T. Mow1es 

Kenneth Westmacott *J. Laval *A. Forouhi 
M. Sung 



K. Altes 
J. Amoroso 
1. Betters 
J. Boehlert 
G. Brazil 
M. Chin 

§ A. Czenvinski 
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J. Denney 
C. Eaton 
1. Femander 

P. Adler 
D. Ambrose 
S. Bandel 
G. Baum 
R. Bellman 
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M. Brass 
T. Bregante 
M. Brown 
R. Carr 
K. Chin 
D. Dietderich 
J. Dillon 
E. Dittmar 
E. Elliott 
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J. Fattarus0 
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J. Frease 
R. Freitag 
J. Frischkom 
1. Galovich 
R. Garriga 
W. Giba 
1. Gooden 
C. Gosnell 
J. Hanson 
H. Harrell 
G. Hirsch 
P. Hislop 
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Administrative Staff 
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E. Skrydlinski - Staff Assistant - PersOlmel 
S. Stewart - Staff Assistant - Purchasing 

E. 
W. 

C. Hacker 
J. Ingraham 
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K. Janes 
D. Jeffery 
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Y. Kim 
K. Krushwitz 
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M. Larsen 
M. Leullier 
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Edwards - ~Bchanical Coordinator 
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J. Holthuis 
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J. Jachetta 
J. Jacobsen 
N. Jacobson 
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M. Johnson 
D. Johnston 
D. Jurica 
W. Koide 
E. Kostlan 
E. Kozak 

§ D Krieger 
S. Lee 
D. Leong 
K. Leong 
G. Lesh 
V. Lewis 
R. Lindberg 
M. Lindley 
R. Lucchese 
J. Maasberg 
J. "Maccoun 
D. IIlacDonald 
G. Martin 
R. Mayer 
J. Mori 
D. Newhart 
H. Okanloto 

* Participant Status 
t Emeritus 
§ LBL Support Staff 

R. McCollough 
V. Narasimhan 
C. Payne 
M. Penton 

§ A. i\amirez 
B. Rancatore 
M. Schonbom 
M. Stefonetti 
P. Swain 
E. Walker 
A. Weightman 
C. Yoder 

K. Pedrotti 
C. Phillips 
B. Pope 
J. Randall 
J. Remer 
J. Reynolds 

§ H. Riebe 
K. Sakai 
H. Sawhill 
A. Schwartzman 
J. Sender 
J. Sevems 
A. Sferrazza 
D. Shirley, Jr. 
1. Sindelar 
B. Synder 

§ P. Stagnaro 
A. Tarafder 
C. TIlOm 
E. Tobias 
11'1. Trenary 
P. Trevor 
D. Wedge 
H. Weeks 
J. Wong 

§ W. Wong 
J. Wu 
G. Wang 
P. Yamold 
Y. Yen 



Date 

1-19-77 

1-21-77 

1-26--77 

2-2-77 

2-3-77 

2-4-77 

2-9-77 

2-16-77 

2-23-77 

2-25-77 

3-2-77 

3-9-77 

4-6-77 

4-8-77 
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APPENDIX B 

SURFACE SCIENCE AND CATALYSIS SCIENCE SEMINARS 

Spea1<er and Affiliation 

Dr. C. B. Duke 
Xerox Webster Research Center 
Rochester, NY 

Prof. T. Rhodin 
Dept. of Applied Physics 
Cornell University 

Prof. E. ~vetterties 
Miller visiting Professor 
Dept. of Chemistry 
University of California, Berkeley 

Prof. J. McTague 
Dept. of Chemistry 
University of California 
Los Angeles 

Prof. G. J. Lapeyre 
Dept. of Physics 
Montana State University 

Dr. J. Rabo 
Union Carbide Research 
Tarrytovm, NY 

Prof. J. Halpern 
Dept. of Chemistry 
University of Chicago 

Prof. J. R. Katzer 
Dept. of Chemical Engineering 
University of Delaware 

Dr. G. E. Langlois 
Chevron Research Company 

Prof. 1. Brockway 
Dept. of Chemistry 
University of Michigan 

Prof. J. R. Katzer 
Dept. of Chemical Engineering 
Uni versi ty of Delaware 

Prof. W. E. Spicer 
Stanford Electronics Laboratories 

Prof. A. T. Hubbard 
Dept. of Chemistry 
University of California 
San ta Barbara 

Prof. E. lvvetterties 
tvliller visiting Professor 
Dept. of Chemistry 
Uni versi ty of Cali fomia 
Berkeley 

Seminar Title 

The Structure of Solid Surfaces 

Chemisorption and Reaction of Molecular 
Gases and Ole fins on Iridium Surfaces 

tvletal Clusters in Catalysis 

Structure, Dynamics, and Phase Transitions 
in Physisorbed Monolayers 

fu1gle-Resolved Photoemission of 
Adsorbates on NiCIOO) and WCIOO) Surfaces 

The Role of Zeolites as Solid Electrolytes 
in Hydrocarbon Catalysis 

Aspects of the Catalytic Chemistry of 
tvletal-Oxygen Complexes 

Kinetics of Quinoline Hydrodenitrogenation 

Synthetic Fuels--Prospects and Problems 

Surface Oxidation of Copper Single 
Crystals 

Infrared Spectroscopy Investigation of 
the Absorption and Reactions of S02 on 
CuO 

Recent Studies of Electronics and 
Structural Aspects of Adsorption and 
Surface Reactions 

Electrochemistry of Chemisorbed Molecules 

tvlechanistic Features of Homogeneous 
Catalytic Reactions 



Date 

4-13-77 

4-15-77 

4- 20-77 

5-4-77 

5-ll-77 

6- 3-77 

7-29-77 

8-9-77 

10-5-77 

10-12-77 

10-19-77 

10-26-77 

ll-l-77 

ll-Z-77 

ll-9-77 

ll-16-77 

Speaker and Affiliation 

Dr. J. D. E. McIntyre 
Bell Laboratories 

Prof. E. Muetterties 
~tiller visiting Professor 
Dept. of O1emistry 
University of California 
Berkeley 

Prof. W. A. Goddard, III 
Dept. of O1emistry 
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California Institute of Technology 

Prof. M. Boudart 
Dept. of Chemical Engineering 
Stanford University 

Prof. R. J. Ivladix 
Dept. of Chemical Engineering 
Stanford University 

Prof. A. A. Ivlaradudin 
University of California 
Irvine 

Prof. M. Bienfai t 
Dept. of Physics 
University of Marseilles 
Marseilles, France 

Prof. H. Ibach 
Institut fur Grenzflachenforschung 
und Vakuumphysik 
Julich, W. Germany 

Prof. Alex Bell 
Dept. of Chemical Engineering 
University of California 
Berkeley, and MMRD-LBL 

Dr. R. C. Brundle 
IBM Research 
San Jose, California 

Dr. L. L. Kesmodel 
MIvlRD-LBL 

Dr. D. W. Blal(ely 
O1evron Research Company 
Richmond, California 

Prof. A. C. Zettlemoyer 
Sinclair Laboratory 
Lehigh University 
Bethlehem, Pennsylvania 

Prof. L. M. Falicov 
Dept. of Physics 
University of California 
Berkeley 

Dr. S. Hagstrom 
Xerox Laboratories 
Palo Alto, California 

Prof. D. R. Frankl 
Pennsylvania State University 

Seminar Ii tIe 

Optical Spectroscopy of 
Electrocatalyst Surfaces 

Introduction to Metal Cluster O1emistry 

Theoretical Studies of Chemisorption 

Single and ~fultiple Sites in Catalysis 
by Metals and Alloys 

Reaction Kinetics and Mechanisms on 
Single-Crystal Surfaces 

Dynamical Properties of Solid Surfaces 

Zero Order Adsorption or Desorption 
Kinetics: Xenon Covered (0001) 
Graphite 

Vibrational Spectroscopy from Atoms and 
~blecules on Surfaces 

The Search for Novel Coal Liquefaction 
Catalysts 

XPS, UPS, and LEED Studies of Adsorption 
(CO,OZ) and Oxidation of Single Crystal 
and Polycrystalline Metal Surfaces 
(Cu,Co,Fe) 

Quantitative Studies of Surface Structure 
with Low-Energy Electron Diffraction 

Atomic Structure Study of Ni -Mo/yAlZ03 
Catalysts by Extended X-ray Absorption 
Fine Structure (EXAFS) Analysis 

Four-Phase Systems 

Surface Physics: A Personal Overview 

Oxidation Studies on Single Crystal 
Faces of Aluminum 

Diffraction and Selective Adsorption 
of Atomic Beams 



Date 

11-23-77 

11-28-77 

11-30-77 

12-6-77 

12-7-77 

12-8-77 

12-14-77 

GPO 794-570;257 

Speaker and Affiliation 

Dr. A. West 
Sandia Laboratories 
Livermore, California 

Dr. H. H. Madden, Jr. 
Sandia Laboratories 
Albuquerque, New Mexico 

Dr, J. Yates, Jr. 
National Bureau of Standards 

Dr. A. Novrotski 
Dept. of Chemistry 
Arizona State University 
Tempe, Arizona 

Dr. R. Bastasz 
Sandia Laboratories 
Livermore, California 

Dr. H. Wise 
Stanford Research Institute 
Menlo Park, .California 

Dr. F. Lytle 
Boeing Company 
Seattle, Washington 
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Seminar Title 

Engineering Applications of Surface 
J\nalysis Techniques 

Search for Valence Band Information in 
the Auger Spectra from Lithium and 
Copper 

Surface Chemistry: A Molecular Vim" 

Thermodynamic Studies of High Pressure 
Silicates 

Ion Impact Desorption of Adsorbates on 
lvletal Surfaces 

Solid State Defects and Catalytic 
Activity 

Investigation of the Structure of 
Heterogeneous Catalysis by the Extended 
X-Ray Absorption Fine Structure (EXAFS) 
Technique 
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