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GENERAL INTRODUCTION 

Leo Brewer, Division Head 
Victor F. Zaakay, Associate Head 

This past year has been a very productive 
and exciting one in all disciplines of the 
Division. Some of the new developments are 
illustrated briefly in the list of research 
highlights and in more detail in the body of 
this report. During 1970, 28 Ph.D., 20 M.S., 
and three Doctor of Engineering degrees were 
awarded to IMRD students, and 140 journal 
papers or book chapters were published. The 
total number of postdoctorals remained about 
the same; the fraction coming with their own 
salary support continues to be high. During 
the year the average number of graduate stu
dents was 175. 

A number of functions connected with the 
administration of the IMRD have increased to 
the point where it has become necessary for 
an expansion of our administrative structure. 
Dr. Rolf Muller, reporting to the Division 
Head, will be responsible for a variety of 
duties associated with the scientific activ
ities, such as: Seminar Chairman, Safety 
Committee Chairman, Division Representative to 
LRL committees, Computer Use Coordinator, and 
other similar activities. 

Several years ago we initiated a substantial 
expansion of our Solid State Physics Group. 
The group has now matured to full capacity and 
has reached a high state of productivity. Two 
new principal investigators, one in Chemistry 
and one in Chemical Engineering, have been 
added this past year. Professor William Miller 
received his B.S. at Georgia Institute of 
Technology and his Ph.D. at Harvard in Chemi
cal Physics. He was a NATO Post Doctoral 
Fellow in 1967-8 and a Junior Fellow of the 
Society of Fellows in 1967-9 at Harvard Uni
versity. He has developed a very promising 
method of calculating the dynamics of colliding 
atoms and molecules that should be of impor
tance for the characterization of the kinetics 
of chemical reactions. Professor Lee Donaghey 
received his Ph.D. in the Department of Mate
rials Science, Stanford University, and was a 
postdoctoral fellow at the Royal Institute of 
Technology, Stockholm, Sweden in 1969-70. He 
has studied eutectic-type and eutectoid trans
formations and Ostwald ripening in steels. 
He will be studying the kinetics of crystal
lization and transport properties to elucidate 
the influence of synthesis parameters on the 
properties of solid state materials. 

A considerable fraction of IMRD principal 
investigators are making substantial contribu
tions to University administration. Professors 
Bruce Mahan, Charles W. Tobias, and Jack 
Washburn served as chairmen of the Departments 
of Chemistry, Chemical Engineering, and Mate
rials Science and Engineering, respectively. 
Professor Harold S. Johnston was Dean of the 
College of Chemistry until June 30, 1970 and 
Professor Victor Zackay is Associate Dean of 
the College of Engineering. Professor Norman 
Phillips was Associate Dean of the Graduate 
Division until his sabbatical leave June 30, 
1970 to July 1, 1971, which is being spent at 
the Technical University of Helsinki, Finland. 
Professor Gareth Thomas was Special Assistant 
to the Chancellor--Academic Affairs and then in 
the Fall became Acting Vice-Chancellor--Aca
demic Affairs. Professor Robert Connick was 
Acting Chancellor during the summer and is now 
serving as Vice Chancellor of the Berkeley 
Campus. Professor Alan Portis is Director of 
the Lawrence Hall of Science. Professor 
Joseph Pask is Assistant Dean in the College 
of Engineering. 

Several IMRD principal investigators received 
awards and honors during the year. 
Professor Neil Bartlett--John Gamble Kirkwood 

Medal from the Yale University, Chemistry 
Department and the New Haven Section of the 
American Chemical Society Award in Inorganic 
Chemistry. 
Professor John Newman--Young Author's Award 

for 1970, Electrochemical Society. 
Professor Norman E. Phillips--NSF Senior Post

doctoral Fellowship, 1970-71. 
Professors Charles B. Harris, Ronald R. Herm, 

William H. Miller, and John Clarke--Alfred P. 
Sloan Fellowships, 1970-71. 
Professors John Dorn and Victor Zackay--ASM 

Fellows. 
Professor John Dorn--AIMME Fellow. 

The 1965 policy of instituting salary reduc
tions for graduate students who have taken too 
long to complete their degree work has been 
continued. During 1970 it was necessary to 
apply the reduction in seven instances. 

The Fourth Annual Review Symposium of the 
Inorganic Materials Research Division was held 
March 11 and 12, 1970, and the Fifth scheduled 
for January, 26 and 27, 1971. Reviewers at 



the March 1970 Review Meeting were Professor 
John Chipman, Professor Emeritus, Department 
of Chemistry, Massachusetts Institute of 
Technology, Cambridge, Massachusetts; Professor 
Jean Futrell, Department of Chemistry, 
University of Utah, Salt Lake City, Utah; 
Dr. Robert Huggins, Defense Research and 
Engineering, Department of Defense, Washing
ton, D.C.; Professor Norman Nachtrieb, 
Department of Chemistry, University of Chicago, 
Chicago, Illinois; Dr. Massoud Simnad, Gulf 
General Atomic, Incorporated, San Diego, 
California; and Dr. Norton Wilson, Shell Devel
opment Corporation, Emeryville, California. 

The Fifth International Materials Symposium 
on "The Structure and Properties of Materials-
Techniques and Applications of Electron Micros
copy" sponsored by the Inorganic Materials 
Research Division and the University of Califor
nia, Berkeley Campus, Department of Materials 
Science and Engineering in the College of 
Engineering will be held in Berkeley, September 
13-17, 1971. . 

REPRESENTATIVE HIGHLIGHTS OF THE 
1970 RESEARCH PROGRAM 

A thermodynamic method for estimating shifts 
in core-electron binding energies is very 
promising for X-ray photoelectron spectroscopy. 

The identification of the SzNZ radical in 
solutions of S4N4 in HzS04 is an interesting 
application of ESR and the use of isotope
enriched samples. 

(W. L. Jolly, p. 1) 

The Kr difluoride complex KrFz·2SbF5 has 
been. established as an oxidizer of extraordinary 
capability. It oxidizes iodine-pentafluoride 
spontaneously at room temperature to the hexa
fluoroiodate VII, IF6, with simultaneous Kr 
evolutions. Raman spectra of the complex in
dicate that it is the salt KrF+SbzF11 . 

The crystal structure of the Xe d1fluoride 
complex XeFz·RuFz has been determined and it 
confirms the salt formulation FXe+RuF6 pre
dicted by vibrational spectroscopic studies. 
This settles the structure of the series of 
compounds of general formulas XeFz·MF5 (where 
M is a metal). 

(N. Bartlett, p. 10) 

The ground electronic states of diatomic 
MgO and CaO have been established as triplets 
through analysis of perturbations of the CaO · 
spectrum and through the spectra of MgO and 
CaO in rare-gas matrices. 

The energies of the electronic states of the 
gaseous lanthanide and actinide atoms have been 
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fixed through use of heats of sublimation and 
through prediction of trends due to shielding 
of outer electrons by the f electrons. 

(L. Brewer, p. 14) 

It has been possible to extend the tempera
ture range on our germanium resistance ther
mometers in which newer types of these ther
mometers can be accurately calibrated from 77 
to 0.06°K, and it is hoped that the low tem
perature calibration can be extended to 0.02°K 
with the aid of a 3Hej4He dilution refrigerator. 
The use of these thermometers and other ad
vances in technique have made it possible to 
routinely measure the heat capacity of metallic 
samples down to 0.06°K and in magnetic fields 
as high as 65 kOe. 

(N. E. Phillips, p. 17) 

A technique has been developed for the de
termination of heat capacities to better than 
1% from a temperature of 77°K up and to pres
sures on the order of 150,000 atmospheres. 

(G. Jura, p. 23) 

Compilation and classification of surface 
structures of chemisorbed gases led to the 
development of rules of ordering that permit 
the prediction of surface structures of ab
sorbed layers that have not been or cannot be 
investigated by experiments. 

A new technique for surface chemical analy
sis, Auger electron spectroscopy, has been 
developed and applied to detect minute con
centration of impurities (less than 1013 im
puritiesjcm2) on surfaces in a nondestructive 
manner. 

(G. A. Somorjai, p. 30) 

A focusing refractometer has been built for 
the precise measurement of concentration fields 
in boundary layers immediately adjacent to the 
wall of a flow channel. 

(C. W. Tobias, p. 37 and R. H. Muller, p. 46) 

It has been shown how classical trajectories 
describing complex molecular collisions can 
be used to construct cross sections and tran
sition probabilities which correctly take into 
account the quantum mechanical effects of 
interface and tunneling . 

. (W. H. Miller, p. 60) 

The emission spectrum of the unstable 
molecule IF has been observed in detail at 
low (1 micron) pressure by use of an improved 
photon counting technique that gives a well 
resolved spectrum at a detection rate as low 
as 10 photons per second. 

(H. S. Johnston, p. 67) 

Recent studies of gas-phase collisions in 
crossed beams at thermal energies indicate that 



the cross section for electronic energy trans
fer from a Hg atom in an excited metastable 
state to a ground state T2 atom increases 
rapidly with decreasing collision energy (i.e., 
approximately E-1) and show clearly the ne
cessity of invoking a curve-crossing probabil
ity theory model in order to explore the 
results. 

(R. R. Herm, p. 70) 

The transport of energy over macroscopic 
distances in crystals via a localized, ex
cited state of a molecule, i.e., a Frenkel 
exciton, has been and is an area of consider
able importance. Although predicted, coherent 
migration has until now eluded the experi
mentalist. The exciton travels in a narrow 
band of the crystal with a specified momen
tum; and, thus, it propagates in one direction 
over long distances. Coherent migration of 
triplet Frenkel excitons in molecular crystals 
has now been detected at 4.2°K by an experi
ment which essentially monitors the average 
time between changes in momentum of the exci
ton. Specifically a resonant microwave field 
is used to couple the zero field spin sublevels 
of a triplet exciton. When energy is being 
transported coherently one observes a line 
shape which in fact is also an experimentally 
determined density of states function for the 
particular crystal. 

(C. B. Harris, p. 78) 

In the study of the oxygen-graphite reac
tion by the high-vacuum, modulated molecular 
beam techniques, it has been found that under 
certain conditions of the surface, the graph
ite oxidizes to carbon monoxide continuously 
even at room temperatures. 

(D. R. Olander, p. 80) 

Our understanding of the complex plastic 
behavior of solids can be furthered by con
sidering the simultaneous operation of several 
deformation mechanisms. In particular the 
effect of applied stress and temperature on the 
average velocity of a dislocation is computed 
for combinations of a thermal, thermally 
activated, and viscous drag stress. 
(J. E. Dorn, p. 94) 

New theoretical and experimental research 
has shown that short-range order can be phys
ically characterized in terms of small solute 
clusters whose composition is not directly re
lated to the long-range ordered state. 

Electron transmission microscopy has shown 
that the austenite in TRIP processed steels is 
twinned and may influence the morphology of 
strain-induced martensite. 

(G. Thomas, p. 107) 
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A TRIP steel having a yield strength of 
210,000 psi and an elongation of 47% has been 
shown to have the highest fracture toughness 
that has been recorded to d~~e, i.e., a Kc 
value near 500,000 psi-in.l/ The fracture 
toughness of these steels was shown to be de
pendent on the austenite stability and the 
carbon content. 

l'400 

vi 
"' w z 
J: 
g 300 

~ 
w 
a: 
:::> 
:::; 200 
<t 

fE 
(f) 
(f) 

~ 100 

w 
z 
<t 
..J 

I I 

l 

F0 

"' .K / K 
eJ / 

/ 
/ 

/\_ 
I 0.29-0.35 (C+N) 

0, E, F,l DESIGNATE STEELS OF 
THIS STUDY (Table 1) 

CHANANI(Ie) 

OOKKO 021 

~ 0~----L-----L-----L-----~--~ 
0 0.5 1.0 1.5 2.0 2.5 

TRANSFORMATION COEFFICIENT, m 

XBL 701 t ~6952 

The dependence of plane-stress fracture tough
ness, Kc, on the transformation coefficient m. 
Increasing values of m indicate decreasing 
stability of austenite. (XBL 7011-6952) 

A steel has been developed which exhibits 
the TRIP phenomena only after aging at elevated 
temperatures--a property potentially useful in 
fabrication. New high strength TRIP steels 
have been developed which have general cor
rosion resistance equal to that of the best 
austenitic stainless steels. Studies of hy
drogen embrittlement have shown carbon content 
to be an important factor and they have sug
gested means of developing new nonembrittling 
steels. 

The quantitative prediction of the engi
neering stress-strain curves of TRIP steels 
can now be predicted solely from a knowledge 
of the composition and processing history of 
the steel. The major features of the stress
strain curve including the yield strength, . 
extent of the Luder's strain, the rate .of work
hardening, the ultimate tensile strength and 
the total elongation can all be predicted. 
The principal features of the derivation in
volved the use of the rule of mixtures for 
estimating the strength of austenite-martensite 
mixtures and a simple relation between the 
amount of strain-induced martensite and the 
strain. 
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The quantitative prediction of engineering 
stress strain curves from comrosition and 
processing history. (XBL 708-1867) 

(E. R. Parker and V. F. Zackay, p. 117) 

The rates of evaporation from opposite 
basal faces of cadmium sulfide were shown to 
be different and these rates varied differently 
with temperature. 

(A. W. Searcy, p. 147) 

In the ceramic area direct measurements have 
been made on the solubility of the gases He, 
Ne, and Hz in fused silica. Also much has been 
learned concerning the role of electrochemical 
reactions in the development of adhesion at 
glass-metal interfaces. 

(R. M. Fulrath, p. 164) 

A new superconducting compound, with the 
AlS structure and the composition V3Al, was 
synthesized for the first time. The signifi
cance of this (and the ideas that led to it) is 
that it should be possible now to prepare many 
other AlS compounds that up to now have not 
existed, with the real possibility that some 
of these may have high superconducting critical 
temperatures. 

The superconductive critical temperature of 
highly disordered (or amorphous) transition 
metal elements and alloys was found (in marked 
contrast to that of the crystalline materials) 
to have an apparent correlation to the number 
of atomic-like d electrons with a symmetric 
peak at a half~filled sheli (i.e., 5) . It is 
expected that these observations will lead to 
a better understanding of superconductivity 
in the transition metal alloys and compounds. 
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exhibited by the "amorphous" T 0 is believed to 
be ~elated to the chemical bonding in the solid, 
whereas the crystalline T0 is related to the 
band structure resulting from crystal symmetry. 
(XBL 7010-4019) 

It has become possible to calculate elec
tron charge densities in the real space unit 
cell for semiconductors and insulators. In 
particular the charge distributions for Si, Ge, 
GaAs, ZnSe, a Sn, InSb, and CdTe have been 
determined. The position and magnitude of the 
bonding charge give an illustration of the 
trends in going from covalent to ionic bonding. 
In the series Ge, GaAs, and ZnSe, the bonding 
charge decreases in magnitude and moves toward 
the nonmetallic element in the III-V and II-VI 
compounds. If the bonding charge is plotted 
as a function of ionicity, a critical ionicity 
is found which agrees well with the empirical 
value of ionicity separating fourfold and six
fold coordinated compounds. 

(M. L. Cohen, p. 175) / 

Positive feedback has been applied to a 
double Josephson junction in order to produce 
current gain. Gains of 100 or more have been 
achieved and the device behaves essentially 
as a superconducting transistor. 

(J. Clarke, p. 191) 

For the first time, coherent optical umklapp 
processes in cholesteric liquid have been ob
served. It has been shown that self-focusing 
of light in a nonlinear medium can lead to a 
moving focal spot traveling faster than light. 

(Y. R. Shen, p. 196) 



I. Chemistry 



A. INORGANIC CHEMISTRY 

William L. Jolly, Principal Investigator 

1. X-RAY PHOTOELECTRON SPECTROSCOPY 

* a. X-Ray Photoelectron Spectroscopy 

Jack M. Hollander and William L. Jolly 

As far as most chemists are concerned, 
atomic core electrons are as inaccessible and 
inert as the nucleus, neither contributing to 
nor being affected by chemical bonding. How
ever, the recent development of X-ray photo
electron spectroscopy is rapidly changing this 
view, and these "forgotten electrons" are 
playing an important and growing role in 
chemistry. X-ray photoelectron spectroscopy 
is the study of the energy distribution of 
the electrons (especially the core electrons) 
emitted from X-ray-irradiated compounds. The 
power of the method lies in the fact that the 
measured quantity, the electron binding 
energy of an atom, is a function of the 
chemical environment of the atom. Various 
applications of the method are described in 
this review.* 

Abstracted from Accounts Chern. Res. l• 193 
(1970). 

b. Thermodynamic Interpretation of Chemical 
Shifts in Core-Electron Binding Energies* 

William L. Jolly and David N. Hendrickson 

By making several approximations, it is 
possible to calculate, from available thermo
dynamic data, a "thermochemical energy" 
corresponding to the core-electron binding 
energy for an a tom in a compound. For a 
given element, such calculated "thermochemical 
energies" are linearly related to experimental 
binding energies. Thus it is possible to 
estimate thermodynamic data from binding 
energies, and vice versa. The principal 
approximation made in these calculations is 
that atomic cores.which have the same charge 
are chemically equivalent. The relatively 
small shifts in core-electron binding energy 
observed for an atom in a particular cation 
or anion in a series of salts are explicable 
in terms of lattice energy considerations. 

Abstracted from J. Am. Chern. Soc. 92, 1863 
(1970). 

c. A New Method for the Estimation of 
Dissociation Ener ies and Its lication to 
t e Correlation of Core-Electron Bin ing 
Energies Obtained from X-Ray Photoelectron 
Spectra* 

William L. Jolly 

Dissociation energy is defined here as the 
energy required to break all the bonds of a 
species so that the electrons of each bond are 
divided equally between the atoms of the bond. 
A method based on electronegativities is de
vised for estimating the differences in the 
dissociation energies of pairs of isoelectronic 
species. Such differences, for appropriately 
chosen isoelectronic pairs, are closely related 
to atomic core-electron binding energies ob
tained from X-ray photoelectron spectra. It is 
shown that carbon ls electron binding energies 
for a variety of carbon compounds correlate 
reasonably well with the estimated differences 
in dissociation energies for the carbon com
pounds and the corresponding isoelectronic 
nitrogen-containing cations. By an empirical 
treatment of carbon ls binding energy data, 
a set of parameters, p., are evaluated for 
atoms so that binding ~nergies can be esti
mated from the relation 

EB = rPi• 
where the summation is carried out over the 
atoms directly bonded to the carbon atom. 

Abstracted from J. Am. Chern. Soc. ~. 3260 
(1970). 

d. Phosphorus 2p Electron Binding Energies: 
Correlation with Extended Hllckel Charges* 

M. Pelavin, David N. Hendrickson, Jack M. 
Hollander, and William L. Jolly 

Phosphorus 2p electron binding energies 
were measured for 53 phosphorus compounds. 
Phosphorus atom charges, calculated for some 
of the compounds by means of a noniterative 
as well as an iterative extended BUckel molec
ular orbital method, are correlated with the 
measured phosphorus 2p binding energies. The 
electronic structure of the cyclic phosphoni-
trilic chloride trimer, (NPCl 2)3, is briefly 

discussed. 

Abstracted from J. Phys. Chern. 74, 1116 
(1970) . 



e. Core-Electron Binding Ener~ies for * 
Compounds of Boron, Carbon, an Chromium 

David N. Hendrickson, Jack M. Hollander, and 
William L. Jolly 

Boron ls and chromium 3p binding energies 
have been measured for 25 boron compounds and 
17 chromium compounds. The data correlate 
linearly with calculated atomic charges. A 
linear correlation is also demonstrated for 
CNDO-calculated atomic charges and carbon ls 
binding energies determined by other workers. 

Abstracted from Inorg. Chern.~. 612 (1970). 

f. Chemical Shifts in Core-Electron Binding 
Energies 

William L. Jolly 

X-ray photoelectron spectroscopy is of 
great interest to chemists because the meas
ured core-electron binding energies are a 
function of the chemical environment of the 
atoms--that is, the binding energies show 
chemical shifts. Experimental binding 
energies for compounds of a given element can 
be correlated with estimated atomic charges, 
with binding energies calculated using 
Koopmans' theorem, with empirical parameters 
characteristic of the directly bonded groups, 
and with thermodynamic data based on the 
approximation that the energy of core-electron 
capture by a nucleus is independent of chem
ical environment. Applications of these 
correlations to binding energies of a wide 
variety of compounds will be discussed. 

Abstract of paper presented at A.C.S. Meeting, 
Chicago, Ill., Sept. 1970. 

2. STUDIES OF 1HE HYDRIDES OF GROUPS IV AND V 

Robert M. Dreyfuss, Chris Riddle, John R. 
Webster, Harng-Shen Kuo, and William L. Jolly 

The continuing study of anionic hydrides, 
especially potassium germyl, KGeH3, and 
potassium stannyl, KSnH3, will, it is hoped, 
result in the preparation and characterization 
of new species that may be compared with 
already known carbon analogues. The insta
bility of stannane derivatives requires care 
in selecting the most suitable reaction 
medium. We have investigated the aprotic 
solvent hexamethylphosphoramide, [(CH3)2NJ 3Po 
(HMPA), previously used in the preparation 
of potassium germyl. A solution of potassium 
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in HMPA takes up arsine, AsH3, .or stannane, 
SnH4, to form potassium arsenide, KAsH2, or 
potassium stannyl, KSnH3. These, upon reac
tion with methyl iodide, yield a series of 
methyl substituted arsines and stannanes. 

It has previously been shown that potassium 
germyl reacts with diborane to form the adduct 
K[H3GeBH3] and with carbon dioxide to form the 
adduct KLH3Geco2]. It was hoped that direct 
reaction of potassium germyl with sulfur 
trioxide would yield the so3 adduct; however, 
reaction in monoglyme and d1glyme produces a 
white material which, upon warming to 0°, 
turns yellow and gives off germane. In 
dimethylformamide, direct reaction results 
in a yellowing, decomposing solution. It was 
hoped the reaction of so3-nitrogen-compound 
adducts with potassium germyl might afford a 
stable potassium germyl-sulfur trioxide 
compound. However, apparently the dimethyl
formamide-sulfur trioxide adduct is a 
stronger protonic acid than germane, inasmuch 
as large amounts of germane are produced at 0° 
without apparent yellowing. The pyridine 
adduct also produces large amounts of germane 
along with a rose-colored solution. However, 
it is possible that neither of these amine 
adducts were pure compounds, and side reac
tions may be occurring. It is hoped that 
conditions can be found whereby the well
characterized sulfur trioxide-trimethylamine 
adduct will react with potassium germyl to 
give the stable K[H3GeS03]. 

Diglyme solutions of KAsH2 (prepared by 
the reaction of AsH3 with KOH) react with 
halobenzenes to give benzene and triphenyl
arsine. The yield of benzene ranged from 74% 
in the case of iodobenzene to 0% in the case 
of chlorobenzene. The coupling product, 
triphenylarsine, was obtained (in low yields) 
only from chlorobenzene and bromobenzene. 

Stannane and liquid ammonia react at -78° 
to give a nonvolatile red-brown product which 
decomposes at room temperature. Analysis of 
the decomposition products indicates that the 
red-brown material has the empirical composi
tion SnzNH11 . Low temperature conductivity 
and NMR studies of solutions of stannane in · 
liquid ammonia lead us to believe that stan
nane is deprotonated in ammonia to yield the 
ammonium and stannyl ions; however, there are 
serious difficulties in reconciling this 
interpretation with the results of studies of 
deuterium exchange between ammonia and 
stannane-~4· 



3. STUDIES IN LIQUID AMMONIA 

Kenneth A. Strom and William L. Jolly 

We are continuing our study of the reducing 
action of hydrogen in liquid ammonia-amide 
solutions. We have found that the hydrogen
ation of tolane (diphenylacetylene) and stil
bene (l,Z-diphenylethylene) at -45° requires 
the presence of hydrogen, potassium amide, and 
a heterogeneous catalyst. At room temperature, 
tolane and stilbene react with potassium amide 
to form phenylbenzylketenimine. The addition 
of NH3 across the triple bond of tolane is 
easily understood; the reaction with stilbene 
involves an amide-catalyzed amine-to-imine 
transformation. 

Copper(I) in potassium amide s~lution 
[probably in the form of Cu(NHz)4 -] reacts 
with hydrogen at -45° to form an orange solid. 
This solid exhibits the properties of 
ammoniated copper(I) hydride, CuH. It reacts 
with gaseous HCl to produce H2 ; it decomposes 
to m~tallic copper, Hz, and NR3 when heated, 
and 1t turns to a red color when washed with 
liquid ammonia. 

4. BORON HYDRIDE CHEMISTRY 

a. The Hydrolysis of B3Ha-

Francis T. Wang, and William L. Jolly 

Potassium octahydrotriborate, KB3H8, is 
hydrolyzed in 8 M HCl at -78° to yield 4.5 
moles of hydrogen per mole of B3H8-; upon 
warming to room temperature, another 4.5 moles 
of hydrogen is evolved, corresponding to 

~~~~e~~l~r.d~~~h~~l,~Zb~~i~%a~!~~r ~~~~~~~~s 
with HCl concentrations up to 3 M, only 1 mole 
of hydrogen per mole of B3H8- is-evolved at 
-78°. In the latter solutions the hydrolysis 
product is probably B3H7·HzO: 

- + 
B3H8 + H + HzO + B3H7•Hz0 + Hz. 

On warming the B3H7·Hz0 solution to -36°, 8 
more moles of hydrogen is evolved. The 
kinetics of these reactions are under investi
gation, as is the possibility of using KB3H8 to make B3H7·base adducts. -

b. Boron-Nitrogen Compounds 

John Illige and William L. Jolly 

Diborane"reacts with a suspension of 
sodium azide in monoglyme or diglyme to give 
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a solution of the adduct Na[H3BN3]. The boron 
NMR spectrum (at 8.134 MHz) is a quartet, with 
JB-H = 98 Hz, situated 495 Hz upfield from 
BC13. On standing, the spectruin changes, 
corresponding to a decomposition or a dispro
portionation to form borohydride, B~~ 

c. Stoichiometric Evidence for Diborane 
Dihydrate"' · _ 

Patricia A. Finn and William L. Jolly 

It is well known that diborane forms 
adducts with various Lewis bases, including 
ammonia. However, no adduct with water has · 
previously been 1solated because of the 
relatively high reactivity of water as a 
protonic acid; even at -80° diborane undergoes 
hydrolysis with hydrogen evolution. By the 
following technique, we have achieved hydrate 
formation without hydrolysis. Diborane and 
water were co-condensed as an intimate solid 
mixture at -196° by allowing their vapors to 
effuse separately but simultaneously into a 
glass vessel cooled in liquid nitrogen. The 
mixture was warmed to the highest temperature 
at which hydrogen evolution was negligible, 
i.e., -130°; at this temperature diborane has 
sufficient vapor pressure (SO mm) to facili
tate reaction with the water. 

In experiments in which an excess of water 
was used, the reaction mixture was held at 
-130° for various time intervals, and then 
any unchanged diborane was pumped out and 
measured. With a reaction time of 15 min, 
14% of the diborane was recovered; with a 
reaction time of 110 min, only Z% of the di
borane was recovered. The fact that continued 
pumping for 1 hr yielded only a trace of 
diborane is evidence that the unrecovered 
diborane had reacted with the water. 

When an excess of diborane was used, the 
unchanged diborane was removed at -130° by 
pumping after a Z hr reaction time. In 
several experiments, the observed mole ratio 
of water to consumed diborane ranged from 
1.9-Z.3, thus indicating the empirical formula 
BzH6·ZHzO for the reaction product. The 
results of similar studies of the reactions of 
diborane with methanol and ethanol indicate 
that alcoholates of the composition Bz~·ZROH 
are formed. 

We hope that, in the case of the dihydrate, 
low temperature IR spectrometry and X-ray 
photoelectron spectroscopy can be used to 
distinguish between the two likely structures, 
viz. BHz(OHz)z+BH4- and HzOBH3. 

Abstracted from Chern. Commun., 1090 (1970). 



5. SULRJR-NITROGEN CJ-IEMISTRY 

a. The Sublimation of Trithiaztk Trichloride 
. and the Equilibrium Between Tri iazyl 
Trichloride and Thiazyl Chloride* 

R. Lyle Patton and William L. Jolly 

The pressure of NSCl vapor in equilibrium 
with solid S3N3C13 was measured in a static 
system in the temperature interval 31-60° and 
can be represented by the equation 
log PNsc1Cmm) = 12.321 - 3360/T. From this we 
calculate 6H0 = 46.2 ± 1.5 kcal Tol-l and 
6S0 = 129.6 ± 4.8 cal deg-1 mol- for the 
reaction S~3Cl3Cs) + 3NSC1Cg). The pressure 
of s 3N3Cl3 vapor in equilibrium with solid 
S3N3Cl3 was measured by a gas-flow saturation 
method in the temperature interval 35-50° and 
can be represented by the equation 

log Ps N Cl Cmm) = 14.270 - 5316/T. 
3 3 3 

From this we calculate 6H0 = 24.3 ±
1
1.5 kial 

mol-l and 6S0 = 52.1 ± 4.6 cal deg- mol- for 
the reaction s3N3Cl3Cs) + S3N3Cl3Cg). Combi
nation of the above data yields 6H0 and 6S0 

for the gaseous trimerization reaction. 

Abstracted from Inorg. Chern.~. 1079 Cl970). 

b. Electron Paramagnetic Resonance Studies 
of Tetrasulfur Tetranitride in Sulfuric Ac1d* 

Steven A. Lipp, James J. Chang, and William 
L. Jolly 

The paramagnetic solutions formed by the 
reaction of tetrasulfur tetranitride with 
sulfuric acid have been studied by electron 
paramagnetic resonance CEPR). We have con
firmed previous reports that the main radical 
is positively charged and that its spectrum 
is a 1:2:3:2:1 quintet corresponding to the 
presence of two equivalent nitrogen atoms. 
By using sulfur-33-enriched S4N4, we have 
observed hyperfine coupling CAs = 8.9 G) 
corresponding to the presence of tw6 equiva
lent sulfur atoms. We t~erefore assign the 
radical the formula SzNz . In 95% sulfuric 
acid the five-line spectrum decays to a weak 
three-line spectrum with relative intensities 
1:2:1. The splitting is interpreted in terms 
of coupling to two equivalent hydrogen atoms 
(~ = 1.05 G). Weak satellite lines due to 
33s coupling CAs = 8.5 G) are also observed, 
but no lines due to nitrogen coupling are 
observed. Migration of the three-line radical 
toward the cathode during electrolysis indi
cates that it is positively charged. 

Abstracted from Inorg. Chern.~. 1970 Cl970). 
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c. Reactions of Heptasulfurimide 

Marshall H. Mendelsohn and William L. Jolly 

The reaction of s 7NH with KOH and LiOH has 
been further studied. When a THF solution of 
s7NH is stirred in contact with KOH or LiOH, 
the alkalinity of the solution, as measured 
by titration with st~dard acid, increases 
with time. Even at low temperatures, the 
alkalinity of the solution exceeds that corre
sponding to one mole of base per mole of 
dissolved S7NH. This result indicates that 
reactions other than simple deprotonation of 
s 7NH are occurring. This conclusion is 
verified by the fact that the yield of S7NCH3 
upon the addition of CH3I does not match the 
titer of the solution. Because of these 
results, we decided to try the fluorenyl anion 
as the deprotonating agent. Solutions of 
potassium fluorenyl are readily made from 
fluorene CC13H10) and KOH. We are presently 
engaged in aetermining the precise conditions 
for obtaining the maximum yield of S7N- in 
this system. · 

s 7NH is known to react with·BC13 and BBr3 
to g1ve s 7NBC12 _and s 7NBBr2.1 However, the 
reaction of S7NH with B2H6 has never been 
studied. We have studied this reaction in 
various ethers, and the following stoichiom
etry was observed: 

1 s 7NH + z B2H6 + s 7NBH2 + H2. 

The product s 7NBH2 hydrolyzes according to 
the following reaction: 

s 7NBH2 + 3H20 + s 7NH + BCOH) 3 + 2H2. 

NMR evidence indicates that the product is 
actually formed as an etherate. Further 
characterization and reactions of this com
pound are planned for the future. 

1. H. G. Heal, J. Chern. Soc. 4442-6 Cl962). 

6. NMR STUDIES OF TRANSITION METAL COMPLEXES 

a. The Proton Magnetic Resonance Spectra of 
Pentaammine Complexes of CobaltCIII), 
RhodiumCIII), and IridiumCIII)* 

. David N. Hendrickson and William L. Jolly 

The proton magnetic resonance spectra of 
some pentaammine complexes of cobaltCIII), 
rhodiumCIII), and iridiumCIII) in concentrated 
sulfuric acid have been studied. Only one 
nonsolvent peak was detected for the rhodium 
and iridium pentaammines, whereas the cobalt 
pentaammines showed two peaks with an intensity 



ratio of 4:1. Proton exchange with the solvent 
was eliminated as an explanation for the 
missing peak in the rhodium and iridium cases 
by comparing the observed signal intensity 
with that expected for a complex not under
going exchange. Intramolecular proton ex
change was excluded as the explanation for the 
missing rhodium and iridium peaks by compari
son of the temperature dependence of the 
widths of the peaks observed for various 
cobalt-, rhodium-, and iridium-ammine com
plexes. The loss of the 4:1 pattern in the 
rhodium and iridium pentaammines, the trends 
in shifts observed for CoQNH3) 5xn+ as ·a 
function of X, and the addit1v1ty of effects 
observed for the cobalt complexes can be 
explained by considering the relative magni
tudes of the "diamagnetic" and "paramagnetic" 
shielding in these complexes. 

Abstracted from Inorg. Chern.~' 1197 (1970). 

7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

William L. Jolly 

a. X-Ray Photoelectron Spectroscopy 

We plan to study the Nls binding energy 
shifts for a variety of transition metal 
complexes of the ligands N2, N3, and NO. We 
hope that definitive correlations between 
structure and chemical shift can be 
established. 

b. Studies of the Hydrides of Groups IV and V 

There are theoretical reasons for believing 
that B(GeH3) 3 should be either an extremely 
strong Lew1s acid or a dimer, B2(GeH3) 6. 
Efforts. will be made to prepare this compound, 
or at least a compound similar to it. A _ 
simple coupling reaction, as between GeR~ 
and BrBR2, may be appropriate for an initial 
study. 

The reaction of sodium with arsenic in 
liquid ammonia gives ''Na3As" (perhaps better 
represented as NaAsH2 + 2 NaNH2). This mate
rial, when treated with organic halides, yields 
organo-arsenic compounds. We plan to study 
this system, and the analogous phosphorus 
system, as potentially useful synthetic 
reagents. 

c. Studies in Liquid Ammonia 

Current work on the use of colored indi
cators to determine ammonium ion concentrations 
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in buffered solutions in liquid ammonia will 
be completed. Studies of coulornetric acid
base titrations in liquid ammonia (using the 
ammoniated electron as the cathode-generated 
titrant) will be completed. The CuH formed by 
the reaction of hydrogen with Cu(I) will be 
further characterized and analyzed. 

d. Boron Hydride Chemistry 

The mechanism of the acid hydrolysis of 
the B3H3- ion will be further studied. The 
H3BN3- ion will be further characterized and 
attempts will be made to convert it to H3BN2 (e.g., by reaction with NO+). The possibil1ty 
of preparing trialkylboron adducts of azide, 
R3BN3-, will be investigated. Infrared 
spectrometry and X-ray photoelectron spectros
copy will be used in attempts to determine 
the structure of the "dihydrate of diborane". 

e. Sulfur-Nitrogen Chemistry 

The use of potassium fluorenyl as a 
deprotonating agent for S7NH will be studied. 
Various syntheses, involv1ng s7N- as starting 
material, will then be attempted. The 
recently discovered compound s7NBH2 will be 
further characterized. 

8. 1970 PUBLICATIONS AND REPORTS 

William L. Jolly and Associates 
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Hollander and W. L. Jolly, Phosphorus 2p 
Electron Binding Energies. Correlation with 
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1116 (1970). --

3. D. N. Hendrickson, J. M. Hollander and 
W. L. Jolly, Core-Electron Binding Energies 
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4. W. L. Jolly and D. N. Hendrickson, Thermo
dynamic Interpretation of Chemical Shifts in 
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Soc. 92, 1863 (1970). 

5. R. L. Patton and W. L. Jolly, The Subli
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Robe~t E. Conniak, Principal Investigator 

1. OXYGEN -17 NMR STUDIES OF AQUEOUS 
TITANOUS ION 

Herbert L. Charles, Jr. 

Oxygen-17 NMR has been used to study the 
solvation of Ti(III) in aqueous solution. The 
temperature and frequency dependence of the 
bulk water line width, l/T2, of the 17o NMR 
signal in 'aqueous solutions of titanous ion 
has been studied in the range 0 to ~70°C at 
1.999, 4.337, 6.086, and 8.134 MHz. The 
temperature dependence of the bound water line 
width, 1/Tz, was studied in the range -25 to 
+25°C at 8.134 MHz. The chemical shifts of 
both the bulk and bound waters were measured 
as a function of temperature at 8.134 MHz. 
The former was studied in the range 0 to 70°C 
and the latter in the range -30 to l5°C. 

Below l2°C, at 8.134 MHz, the broadening 
becomes increasingly controlled by the life
time of the water molecules in the first 
coordination sphere of Ti(III). In this region 
the enthalpy and entropy of activation for the 
water-water exchange of this system have been 
calculated to be 7.7 kcal/mole and -9.4 eu 
respectively. Above l2°C the broadening is 
primarily controlled by the rate of trans
verse relaxation within the first coordination 
sphere. An investigation of the frequency 
dependence of 1/T2 and the temperature depen
dence of l/T2m at 8.134 MHz indicates that the 
relaxation is a consequence of both scalar 
coupling and /';.w mechanisms. The negative 
temperature dependence of T2m has been 
interpreted in terms of a scalar coupling 
interaction interrupted by Tie of the electron 
where the electron is probably being relaxed 
by the Van Vleck-Raman process. 

The scalar coupling constant was determined 
from the chemical shift measurements which 
were made on the bulk and bound waters. In 
spite of trigonal distortion the results of 
these studies on the time scale determined by 
NMR absorption, are consistent with six 
equivalent waters composing the first coordi
nation sphere of Ti3+ over the temperature 
range covered. 

Earlier and somewhat differing results on 
this system were reported by Fiat. 

1. Chmelnick and Fiat, Israel Journal of 
Chemistry,~. 32p. (1967). 
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2. LIFETIME OF WATERS IN THE FIRST COORD I
NATION SPHERE OF SEVERAL DIAMAGNETIC IONS 

James W. Neely 

The rate of water exchange between hydrated 
cations and solvent has been measured by 
observation of the 170 NMR signal of the waters 
in the first coordination sphere of the cations. 
Interference from the bulk water resonance was 
avoided by the addition of sufficient Mn2+ to 
broaden the bulk water signal to at least ten 
times that of the bound water signal. 

Studies of the bound water line width as a 
function of temperature have resulted in the 
observation of two distinctly different re
gions. At higher temperatures the line width 
increases with increasing temperature and is 
equal to the first-order rate constant for 
exchange of water with the solvent. The 
following values for the rate constant at 
25°C and the enthalpy an1 entropy of activa
tion have been measured. 

Mg2+ 

Ga3+ 

Be2+ 

Th4+ 

k 5.3><105 sec-1 

Lili* 10.2 kcal/mole 
!';.S* +2 eu 

k 1.4XI03 sec-1 

Lili* 14.5 kcal/mole 
!';.S* +6 eu 

k 2.1XI03 sec-1 

Lili* 8.7 kcal/mole 
/';.S* -14.1 eu 

k = 7Xl04 sec-1 

Lili* "" 26 kcal/mole 
!';.S* "" +50 eu 

At lower temperatures the line width decreases 
with increasing temperature. In this region 
the line width of the bound waters has been 
shown to be due to quadrupole interaction of 
the 17o in the water molecule modulated by 
the tumbling of the hydrated cation and the 
spinning of the waters about the cation-oxygen 
axis.2 The magnitude of the relaxation gives 
evidence that such spinning does occur and 
is fast enough to cause at least partial 
averaging of the oxygen quadrupole coupling 
tensor in the water molecule. 

No bound water resonance could be observed 
for solutions containing uo22+, T13+, sc3+, 
or zn2+. For those ions only lower limits 
could be set for the rate of water exchange. 



The magnesium work has been published in 
J. Am. Chern. Soc. 92, 3476 (1970). 

3+ 2+ 1. Earller results on Ga and Be were 
reported by Connick and Fiat, J. Chern. Phys. 
39' 1349 (1963) . . . . 
z:- R. E. Connick and K. Wuthrich, J. Chern. 
Phys. 51, 4506 (1969). 

3, PROTON EXCHANGE RATES AND NMR RELAXATION 
IN AQUEOUS SOLUTIONS OF A HYDROLYTIC TRIMER 
OF Cr(Ip) ION 

Ronald T. Lee 

The temperature dependence of the trans
verse NMR relaxation time of protons in aque
ous solutions containing a hydrolytic trimer 
of Cr(III) has been studied as a function of 
acidity at 60 and 100 MHz. The temperature 
dependence of the longitudinal relaxation 
time in these solutions at 11 MHz has also 
been studied as a function of acidity. The 
~hernical shifts of the bulk proton signal with 
'·respect ·to pure water were measured as a · 
function of temperature at 60 MHz to gain 
additional information. 

At the highest temperat~res and acidities, 
the overall rate of relaxation is controlled 
primarily by the rate of relaxation of a 
proton while it is in the first coordination 
sphere of the par~gnetic entity. The parti
cular relaxation mechanism for T1 is inter
preted as being a dipole-dipole interaction 
interrupted by rotation and electronic relaxa
tion. The mechanisms found to be operative 
for the T2 data are scalar coupling interrupted 
by electronic relaxation and dipole-dipole 
coupling interrupted by rotation and electronic 
relaxation. It is found that the ~ mechanism 
also makes a contribution. By decreasing both 
the acidity and temperature, the overall 
relaxation can be made to be controlled by 
the slowness of chemical exchange of protons 
from the first coordination sphere, where 
it is found that a two-term rate law is 
needed to describe ·the exchange. The relevant 
parameters for the exchange processes have 
been evaluated for the two mechanisms: 

1) Hydrolysis: 
k 

[Trirner·H20]S+ + H2o.~ [Trimer·OH]4+ 

. + H
3
+o 
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2) Proton addition: 

[Trirner.H
2
o]S+ + H*+ 3/2 k2 

[Trimer.H2oH*]6+ 

[Trimer H2oH*]6+ fast [Trimer·HOH*]S+ 

+W 

At the lowest temperatures measured, water 
exchange from an outer or second coordination 
sphere becomes important, and it is thought 
that dipole-dipole coupling interrupted by 
water exchange and rotation is the mechanism 
of relaxation in this region. 

The trimer has the empirical formula 
Cr3(0H)4S+ --Ref. 1. The exact structure and 
therefore the number of waters attached is 
unknown. In the data reported below it was 
assume~d thatHthe stru~ture i]s: 5+ 

...;.I/o, 1 /o"'- 1/ 
Cr Cr Cr-

/j-.........o/l""-0/l""- ' 
.H H 

where the dashes filling out the six-fold 
coordination sphere represent water ligands. 
It is further ~ssumed that only the 20 protons 
on the water. hgands exchange and that the , 
bridging proton exchange is unimportant. 

It should be emphasized that the fitting of 
all the data was done on the assumption that 
all of the protons on the different waters 
are equivalent; that is, they exchange at the 
same rate and are relaxed at the same rate. 
To the degree that this is not the case, the 
resultant parameters are subject to uncertain
ty. The fact that a fairly satisfactory fit 
can be obtained by using this assumption is, 
evidence in favor of its essential correctness. 
N? results w~re obtained that indicated strong 
dlfferences ln the behavior of the various types 
of coordinated water molecules. 

It is of interest to compare the rate con
stants for proton exchange of monomer, 'dirner, 
and trimer. Some preliminary work was done 
in the present research on the dimer as a 
function of temperature at a pH of ~2 where 
the species in solution is virtually all the 
doubly bridged dimer.l Assuming that there 
are 16 exchanging protons, where the bridges 
are assumed not to contribute to the relaxa
tion, one can estimate the first-order rate 
constant at 25°C, from a plot of the logarithm 
of the reciprocal of the relaxation times vs. 
103/T°K. The k1 is found to be 9±2Xl04 sec-1. 
Since the acidity of the solution is so low, 
one expects no contribution from k2, the 
acid-dependent step. For convenience, all the 



known rate constants for the three polymers 
at 25°C have been tabulated in Table I, as 
well as the charge per chromium atom in each 
species. 

Table I. First and second-order rate constants 
for proton exchange for some Cr(III) species 
at 25°C. 

Species k1 (sec-1) k2 (sec-lt!_-1) Charge/ 
Metal 
atom 

Monomer2•3 17Xl04 5Xl04 3 
Dimer (9±2)Xl04 2 
Trimer 3Xl04 9Xl04 1.67 

Qualitatively, the trend in the first-order 
rate constants follows what one would expect: 
the lower th~ effective charge on the metal, 
the smaller 1s the rate constant. The de
creased effective charge in the polymer should 
give a smaller electrostatic repulsion of the 
protons, thereby decreasing the rate of ex
change through the ionization mechanism. 
Conversely, since the rate-determining step 
in the proton addition mechanism is the addi
tion of a proton to a water of the metal 
species, the second-order rate constant should 
increase with a smaller effective charge on 
the metal species. The k2•s for the monomer 
and trimer reflect this trend. Since, of 
course, there are other effects involved in 
the rate constant, such as steric effects, one 
cannot expect a quantitative correlation with 
charge. 

1. Sister G. Thompson, (Ph.D. thesis), 
UCRL-11410, June 1964. 
2. B. F. Melton and V. L.Pollak, J. Phys. 
Chern. 73, 3369 (1969). 
3. T.~. Swift and T. A. Stephenson, Inorg. 
Chern. ~. 1100 (1966). 
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4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Robert E. Connick 

The measurement of lifetimes of water 
molecules in the first coordination sphere of 
selected metal ions will be continued although 
most of the simple diamagnetic ions that can 
presently be measured by this technique have 
been investigated. An attempt will be made 
to observe directly the water molecules in the 
first coordination sphere of several paramag
netic ions. 

The work on the proton exchange of the 
hydrated polymers of Cr(III) has been com
pleted. 

The water exchange on Ti(III) is nearly 
complete and will be written up this winter. 

Computer calculations in cooperation with 
Dr. Ald.er have been initiated to simulate the 
exchange process of ligands attached to metal 
ions. It is hoped that insights will be 
obtained into the geometry of the exchange 
process. 

5. 1970 PUBLICATIONS AND REPORTS 

Robert E. Connick and Associates 

Journal 

1. James Neely and Robert E. Connick, Rate 
of Water Exchange from Hydrated Magnesium 
Ion, J. Am. Chern. Soc. ~2, 3476 (1970). 

UCRL reports 

1. Ronald T. Lee, Proton Exchange Rates and 
Nuclear Magnetic Relaxation in Aqueous Solu
tions of a Hydrolytic Trimer of Cr(III) Ion 
(Ph.D. thesis), UCRL-19639, Aug. 1970. 

2. Ronald T. Lee, The Use of Ion Exchange 
Resin as an Aid in Analytical Chemistry, 
UCRL-20323, Sept. 1970; submitted to J. Chern. 
Educ. 



Neil Bartlett, Principal Investigator 

1. NOBLE GAS CHEMISTRY 

Douglas E. McKee, Philip A. BUlliner, K. 
Leary, and Neil Bartlett 

Xenon (II) Structure. The structure of the 
complex XeF2.RuFs has been completed and is 
reported below. 

Efforts to prepare suitable single crystals 
of Xe(OS02F)2 for an X-ray structure continue 
and a goniostat cooling device has been set up 
and tested. 

Xenon(II) Reagent Studies. Solutions of 
xenon difluoride in acetonitrile oxidize io
dine, in acetonitrile, to the +3 oxidation 
state, the stoichiometry being 3XeF2 + I2 
(CH3CN) . 3Xe + 2IF3; It has not proved 
possible, so far, to isolate the trifluoride 
from solution, disproportionation occurring on 
removal of the solvent at room temperature: 
SIF3 + r2 + 3IF5.1 

Oxidation of Xenon with Iodine Heptafluoride. 
In accord Wlth the reported thermodynamic data,2 
iodine heptafluoride oxidizes xenon to the di
fluoride, the interaction proceeding at 280° 
according to the equation 1enthalpies of forma
tion (kcal mole-1) and entropies (cal deg-1 

620 

1 0 

v(Xe-F) 

692 

653 

682 
612 

626 

"(Kr-F) 

619 

mole-1) in parentheses]: Xe(g)(S0 ,40.429) + 
IF7( 11:) (LIHe,.- 2~9. 7; So, 83. OS) + XeF2 (g) 
(LIH~, -28.2, S , 62.057) + IFs(g) 
(6HF 0

, -200.87; S0
, 79.96). The product at 

room temperature is the molecular adduct3 
XeF2•IFs ~!d this represents a convenient 
synthesis of it (since iodine heptafluoride 
is commercially available). 

Xenon VI Chemistry. Although crystals of 
both (XeF6)2·ASF5 and (XeF6) 2·RuF5 have been 
obtained, twinning or disorder features have, 
so far, frustrated crystallographic studies, 
but the Raman spectra4 are consistent with 
the presence of a complex fluorine bridged 
cation [FsXe ... F ... XeFs]+ reminiscent of 
[F-Xe ... F ... Xe-F]+. 

K~ton Chemistry. An effective electrical 
dis~rge cell has been developed for the 
synthesis of krypton difluoride in gram quan
tities. Initial studies have concentrated upon 
the structural and chemical characterization 
of the complex KrF2·2SbF5. 

The Raman spectrum of the complex, as may 
be seen from Fig. 1 is almost identical with 
that of XeFz·2SbFs, an X-ray single-crystal 
structure of which has shown it to be, at 
least approximately, the salt [XeF]+[Sb2F11]-. 
Cle~rly the formulation [KrF]+[Sb2F11]- may 
be lnferred for the krypton compound. X-ray 

529 230 

521 4SI 

800 600 
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Fig. 1. The Raman spectrum of the complex. 
(XBL 7011-7153A) 



powder data show the two compounds to be 
crystallographically similar also.l 

The krypton complex oxidizes iodine penta
fluoride spontaneously at room temperature! 
according to the equation: [KrF]+[Sb2F11]- + 
IFs-Kr + [IF6]+[Sb2Fn]-. However, bromine 
pentafluoride is not oxidized, but displaces 
the difluoride: KrF+[SbzFll]- + BrF5 + KrF 2 + 
BrF5 ·2SbF5. It seems, tfien, that the syn
thesis of BrF6+ will be exceedingly difficult 
to bring about. 

1. N. Bartlett and D. McKee, to be published. 
2. JANAF Thermochemical Data, The Dow Chemical 
Company, Midland, Michigan, U.S.A. (1969); 
V. I. Pepekin, Yu. A. Lebedev, and A. Apin 
Zh. Fiz. Khim. 43, 1564 (1969). 
3. G. R. Jones~R. D. Burbank, and Neil 
Bartlett, Inorganic Chemistry 9, 2264 (1970). 
4. N. Bartlett, M. Wechsberg,-D. Gibler, and 
F. 0. Sladky, paper presented at the Symposium 
on Noble Gas Compounds, 160th National ACS 
Meeting, Chicago, Illinois, Sept. 17,1970. 

2. STRUC1URAL INVESTIGATIONS OF HIGH
VALENCE FLUOROCATIONS 

Neil Bartlett, Donald D. Gibler, and M. Gennis 

It is still not clear why the fluoride ion 
donor ability of the xenon fluorides decreases 
in the sequence XeF6 > XeFz > XeF4 nor why IF7 
is a superior donor to IF5, although a favor~ 
able stability for octahedral or pseudo-octa
hedral geometries appears to be involved.l 

Xenon Compounds. Single-crystal studies2 
have shown XeF6·RuF5 to be isostructural with 
the known structure XeF5+ PtF6-. Xenon tetra
fluoride does not form a compound with RuF5. 

F3 
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/' 
F-xe-.: 

\, 

+ 

Direction of greatest 
polarizing capability 
of the cation 

Fig. 2. The (XeF)+ cation. (XBL?ll-6414) 

An X-ray single-crystal investigation of 
XeF2·RuF5 has shown3 that it possesses the 
structure predicted previously by Raman 
studies.4 The structural unit, shown in Fig.l, 
indicates at least an approach to the formu
lation XeF+[RuF6]-. The short contact between 
the "cation" and one fluorine ligand of the 

· anion may simply be a consequence of the 
pseudo-tetrahedral geometry in the cation. 
This geometry would cause the cation to be 
most polarizing along its axis, as indicated 
in Fig. 2. A1 though this salt formulation may 
be an oversimplification, it is impressive 
that the observed geometry and interatomic· 
distances were correctly predictea4 from an 
analysis of the vibrational data, on the basis 
of the salt formulation, XeF+ RuF6-· Signifi
cantly, with this model, the force constant 
for the (bridging-fluorine-ligand to xenon) 
interaction is approximately one-tenth that 
of the terminal Xe-F bond. 

The greater nuclear charge of xenon than 
iodine is presumably responsible for the 
shorter bond length of 1.88 X in XeF+, com
pared with that of 1.906X in 1ts isoelectronic 
relative I-F. · 

Iodine Compounds. Careful re-examination 
of iodine pentafluoride, metal pentafluoride 
systems has established that antimony penta
fluoride forms the salt IF4+ SbF6- and that 

Fig. 1. + -Structure of XeF [RuF6] . 
(XBL7012-7456 & 7457) 



F 

F I ,..-F "I F__....-1 "F 
. F 1.75A 

F o 
VI.7S(2 )A 

( 

/\]3\\Z)~F 
206.7(9) 0 

:\ ~FI07.0(9)0 

F 

C2v 
symmetry 

Fig. 3. Comparison of IF6+ and IF4+. 
(XBL711-6415) 

previous claims for IF5RuF5 and its noble
metal relatives are erroneous, the previously 
repor~ed products being IF6+ RuF6- and its 
relat1ves. The salt IF6+ RuF6- is monoclinic 
with a = 9.81, b = 7.61, c = 5.80 ~. 8 = 108°, 
and z = 2. A Raman spectrum has proved the ' 
salt formulation unambiguously.2 

In keeping with the absence of iodine non
b?ndin¥ valence electron pairs, the IF6+ ca
hon 1s octahedral, whereas IF4+, .which 
possesses one iodine non-bonding valence 
,el~ctron pair, has C2v symmetry (pseudo D3h), 
ak1n to that observed in SF4: 

Fig. 4. Comparison of [SF3]+ with PF3 (Ref. 5). 
(XBL711-6416) 

Sulfur Fluorocations. The steric effect of 
~he s~lfur ~onbonding valence electron pair 
1s ev1dent 1n the crystal structure of SF3+ 
~F6-, which has been solved2 from X-ray 
smg·le-crystal data. The orthorhombiC unit 
cell, a= 8.50, b = 20.37, and c = 11.2~, 
contains 12 formula units--each ion being 
represented by two crystal-lographically non
equivalent units. The ions are arranged in 
a distorted nickel-arsenide lattice. Each 
cation has approximately C3v symmetry and 
shows a close resemblance to the isoelectronic 
PF3 molecule. The AsF6- ion is slightly dis
torted from octahedral symmetry, but the mean 
~-F internuclear distance is not significantly 
d1fferent from that observed in the other 
fluoroarsenate structures carried out in this 
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and previous programs .. These are: [IF6]+[AsF6]-, 
[XeF5]+[AsF6]-, and [Xe2F3]+[AsF6]-. 

Each (SF3)+ ion is coordinated with three 
other fluorine ligands, approximately 2.5-2.6A 
distant, each such ligand belonging to a 
different AsF6- ion, the total sulfur coordi
nation being a grossly distorted octahedron. 
Counting the sulfur non-bonding valence elec
tron pair, the total sulfur coordination is 
seven. 

Summary . The structures of the tompounds 
AFx.BFs, XeF6·RuF5, XeF2·RuF5, IF7·RuFs, 
IF7·AsFs,IF5.SbF5, can all be accounted for 
in terms of the salt formulation [AFx-1]+ 
[BF6]-. The structural details support the 
rule that the central-atom non-bonding valence
electron pairs, in complex ions, are always 
sterically active when the ligands are fluo
rine atoms. 

1. N. Bartlett and F. 0. Sladky, J. Am. 
Chem.Soc. 90, 5316 (1968). 
2. D. Gibler and N. Bartlett, to be published. 
3. N. Bartlett, D. Gibler, M. Ginnis, and 
A. Zalkin, to be published. 
4. F. 0. Sladky, P. A. Bulliner, and Neil 
Bartlett, J. Chern. Soc. (A), 2179 (1969) 
5. L. E. Sutton, ed., Chemical Society Special 
Publication No. 11, (1958). 

3. TRANSITION METAL FLUORIDE CHEMISTRY 

Neil Bartlett and Warren M. Garrison, Jr. 

X-ray photoelectron spectroscopic examina
tion of palladium compounds PdCeF6, PdSnF6, 
and PdPdF6 has not revealed signif1cant chem
ical shifts for the palladium atoms in the 
different environments, but at this stage 
surface hydrolysis of the samples cannot be 
ruled out. 

4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Neil Bartlett 

a. Noble Gas and Related Chemistry 

Structural studies of the xenon compounds 
will be continued, but the major emphasis in 
this area will be in the exploitation of the 
xenon compounds as oxidizing and fluorinating 
agents. 

Since xenon difluoride is an effective oxida
tive fluorinator in the presence of fluoro
acidsl but is otherwise rather inert, it is 
possible that many xenon difluoride reacti0n~ 



can be controlled by controlling the fluoro
acid concentration. Thus it may be possible 
to generate low oxidation state species and 
perhaps maintain skeletal systems: 

s s 
I \ 

F F 

+ Xe ? 

The search for new ligands for xenon will 
continue and -OSF5, -SF5, -OCF3, and CF3 
derivatives will be particularly sought. Be
cause of the stronger bonding in the cation 
[Xe-R]+, the variety of possible ligands is 
likely to be much greater in the salts (fluoro
arsenates and fluoroantimonates). 

The solution of the crystal structure of 
KrF+Sb2F11- wi11 be attempted and efforts wi11 
be made to isolate other difluoride derivatives, 
e.g., KrF+SbF6- and Kr2F3+SbF6-· Substitution 
of the fluorine ligand in the cation, e.g., 
[Kr-0TeF5]+[Sb2Fll]-, will also be attempted. 
The major concern, however, wi11 be with the 
exploitation of the exceptional oxidizing 
capability of KrF2 and its derivatives; e.g., 
XeOF5+ and hence Xe0F6 synthesis. 

Double Versus Single Bonding in Oxyfluorides. 
Although oxygen double bonds to electronegative 
elements, or to elements in high oxidation 
states, in many cases it is not possibe to pre
dict, with assurance, that this bonding mode 
will be adopted. It is almost certain that in 
Os03F2 each oxygen is double bonded2 to the 
osmium atom, which is pseudo-octahedrally 
coordinated, and that the pseudo-octahedral 
units are linked by fluorine, bridges (bicova
lent fluorine). It is probable that this 
situation will also be found in Re02F3. Com
plete structural and vibrational spectroscopic 
studies will be carried out for both Re02F3 
and Os03F2, and it is anticipated that the 
detailed findings will throw light on the 
observed structural variety in the2penta
fluorides as well as oxyfluorides. 

If silicon and germanium oxide difluorides, 
Si(Ge)OF2, can exist, the question of their 
structure arises. Will the oxide difluorides 
be monomeric, or polymeric; e.g., 

F F 
-0-Si-0-Si-0-

F F 
? 

It is hoped that study of the systems EF4+E02 
at high temperatures and EF2+02 will cast some 
light on these questions. 

The Superfluoride Ion . An effort will be 
made to isolate salts of the F2- ion (e.g., 
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CsF2). Experimental3 and theoretical4 evi
dence indicates that the F2- ion is well bound, 
with 6H(F2fg) --F (g)+ F (g)-) greater than 
20 kcal mo e-1. Tfie higfi electron affinity 
of F2(-3.1 eV)3 suggests that the displacement 
o2- + F2 -F2- + 02 should proceed spontaneous
ly. Not only will the Fz- species provide 
physical data valuable to bonding theory, 
but it is potentially a more effective oxida
tive fluorinator than F2 itself. 

b. Transition Metal Fluorides and Oxyfluorides 

The program outlined last year remains to be 
implemented. Furthermore, X-ray photoelectron 
studies are planned for the series of gaseous 
species WF6, ReF6, OsF6, IrF6, PtF6; ReF7, 
ReF6, ReOF5; and OsOF5, OsF6, OsOa· These 
studies should throw light on the bond 
polarity in these molecules and account for 
the observed oxidizing capabilities.5 

1. Neil Bartlett and F. 0. Sladky, Chern. 
Comm. 1046 (1968). 
2. Nguyen-Nghi and Neil Bartlett, C.R. Acad. 
Sc. Paris 269, 756 (1969). 
3. J. Berkowitz, Argonne National Lab., 
private communication. 
4. J. N. Murrell, University of Sussex, 
private communication. 
5. Neil Bartlett, Angewandte Chemie, Internat. 
Ed. ]_, 433 (1968). 

5. 1970 PUBLICATIONS AND REPORTS 

Neil Bartlett and Associates 

Journals and book 

1. G. R. Jones, R. D. Burbank, and Neil 
Bartlett, The Crystal Structure of the 1:1 
Molecular Addition Compound Xenon Difluoride
Iodine Pentafluoride, XeF2.IF5, Inorg. Chern. 
~. 2264 (1970) . 

2. Neil Bartlett and F. 0. Sladky, The 
Chemistry of Krypton, Xenon, and Radon 
(UCRL-19658, June 1970), a chapter in 
Comprehensive Inorganic Chemistry (Pergamon 
Press, Ltd., New York). 

3. Neil Bartlett, Characterization of Xenon 
(II) Fluoride Complexes (UCRL-20342), sub
mitted for publication to Spectra Physica. 
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B. CHEMICAL THERMODYNAMICS 

Leo Brewer, Principal Investigator 

1. LOW-LYING ELECTRONIC STATES OF 
GASEOUS CaO* 

Helen L. Johansent 

The A 1L-X 1L bands of Ca18o have been ro
tationally analyzed and the perturbations due 
to six states lying below the A state have been 
characterized and correlated with th~corre
sponding perturbations of the cal66 system. 
The isotope shift of the perturbing levels has 
allowed the fixing of the origins of the low
lying electronic states of CaO. Taking the 
zero of energy as that of the X lL, a state 
characterized as 1rr was fixed at 8000 cm-1, 
fo~r states characterized as 3rr0+, 3rrL, 3L0+, 
3Ll were found around -3000 cmJ. and the 
lLo+ was the sixth perturbing state. These 
results also allow the predi~tion of a 162 state at around 4000 cm-1 wh1ch cannot cause 
perturbation of the A state. One can also 
predict one o- and two 2 sublevels associated 
with the observed sublevels of the 3rr and 3L
states. The establishment of triplet states 
below the lowest singlet state produces a 
change in the partition function of over a fac
tor of 10 and greatly modifies the thermody
namic properties of CaO gas. 

Abstracted from UCRL-19649. 

tPresent address: Monash University, Clayton, 
Victoria 3168, Australia. 

2. MATRIX ISOLATION OF DIATOMIC MgO 
AND CaO 

* John Ling-Fai Wang 

The previously discovered matrix reaction 
Ca + 2 0 = CaO + o3 has been further charac
terized ty a study of the infrared matrix 
spectrum of ozone with various isotopic sub
stitutions. The fact that both MgO and CaO 
give matrix spectra that do not correspond to 
known singlet systems, together with the study 
of the perturbations of the singlet system of 
CaO, fixes the ground electronic states of 
both MgO and CaO as triplets. The complex 
orange system of CaO is attributed to a tran
sition from an ~per 3rr state to the over
lapping lowest 3rr and 3L- states of CaO. The 
overlapping of these complex spectra explains 

why previous investigators have not been able 
to analyze the orange system of CaO. 

Present address: Department of Chemistry, 
Rice University, Houston, Texas. 

3. MATRIX ISOLATION OF Mg, Ca, Pb, 
AND Pb2t 

John Ling-Fai Wang* and Chin-An Chang* 

The work on characterizing the matrix spec
tra of Mg, Ca, Pb, and their dimers has been 
completed. The conditions of matrix condensa
tion that either preserve the proportion of 
monomers and dimers present in the gas or that 
enhance dimerization upon condensation have 
been fixed. 

tAbstracted in part from UCRL-19662. 
* Present address: Department of Chemistry, 
Rice University, Houston, Texas. 
*Present address: Department of Chemistry, 
National Tsing Hua University, Hsinchu, 
Taiwan. 

4. PHOTOCHEMISTRY OF IODINE AND ULTRA
VIOLET SPECTRUM OF I 2 

Joel B. Tellinghuisen* and Karl Wielandt 

The experimental work reported last year 
has been further evaluated after discussions 
with Ara Chutian, Kent Wilson, and Robert 
Mulliken and is being prepared for publication. 
Additional work is necessary to clarify the 
ultraviolet spectra. 

Present address: Department of Chemistry, 
University of Canterbury, Christchurch, New 
Zealand. 

t Present address: Physikalisches Institute 
der Universitat, Basel, Switzerland. 

S. ELECTRONIC STATES OF GASEOUS LANTHANIDE 
AND ACTINIDE ATOMS 

Leo Brewer 

The heats of sublimation of the lanthanide 
and actinide metals are dependent upon the en-



ergy differences between the electronic con
figurations with all but two electrons in f 
orbitals and those with all but three elec
trons in f orbitals for the elements Pr, Pm, 
~.Th,~,fu,&,~,fu,~,ili,~,cr, 
Es, and Fm. Where heats of sublimation are 
known experimentally, one can calculate the 
spectral energy differences. In addition, the 
energy differences between various electronic 
configurations of a given element with the 
same number of f electrons can be estimated by 
interpreting the trends with increasing atomic 
number in terms of the different shielding of 
d, p, and s electrons from the nucleus by addi
tion of f electrons. These procedures have 
been used to estimate the missing energies of 
the lowest energy states of most of the elec
tronic configurations of the lanthanides in
volving 4f, Sd, 6s, and 6p electrons and of 
the actinides involving Sf, 6d, 7s, and 7p 
electrons. 

6. PREDICTION OF METALLIC PHASE DIAGRAMS 

Leo Brewer 

The availability of energies of the various 
electronic configurations of the lanthanides 
and actinides now allows one to predict the 
structures and thermodynamic data for the lan
thanide and actinide metals and their alloy 
systems. The actinides from ili to Md are pre
dicted to be much more volatile and lower melt
ing than the corresponding lanthanides because 
of the higher stability of the fll-2s2 states 
relative to the £n-3ds2 states of the gaseous 
atoms. In contrast to the prevalence of the 
body-centered cubic structure for the lantha
nides, this structure will not be stable for 
the heavier actinides which will only be found 
with close-packed structures. Where the body
centered cubic structure is found together 
with close-packed structures, as for the lan
thanides and the lighter actinides, one can 
predict, on the basis of the electronic con
figurations involved, that the body-centered 
cubic structures will be stabilized by pres
sure. Likewise the body-centered cubic struc
ture can be predicted to be stabilized by the 
addition of transition metal solutes with 
more d electrons per atom than for the solvent 
atoms. In contrast, non-transition elements 
can be predicted to destabilize the body
centered structure. The increased stability 
of the s2 configuration upon increasing nu
clear charge which is responsible for the dif
ficulty of oxidizing Tl and Pb beyond the 1+ 
and z+ states, respectively, becomes much more 
pronounced for the 7s electrons, and one can 
predict that the elements beyond the actinides 
will have valences 2 below those of the corre
sponding transition elements. 
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7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Leo Brewer 

Analysis of the ultraviolet system of I2 will continue. Measurements of the radiative 
lifetime of TiO will be carried out. Vaporiza
tion studies will be carried out on alloys of 
third- to fifth-group 4d and Sd transition 
metals with the platinum group metals to 
characterize the free energies of mixing of 
the metals. 

Manuscripts are in preparation on the fol
lowing topics: the recombination of iodine 
atoms; the predissociation of the B state of 
Iz; the gaseous and matrix spectra of MgO; the 
low-lying electronic states of CaO; the thermo
dynamics of alloys of Zr and the noble metals; 
the matrix spectra. of Mg, Ca, Pb, and Pbz; the 
matrix spectra of isotopic ozone species; the 
energy levels of the various configurations of 
the lanthanide and actinide neutral atoms; 
precipitates of intermetallic compounds from 
body centered and face centered iron; the 
thermodynamics and metallurgy of the lantha
nides and actinides; the thermodynamic prop
erties of Mo and its compounds, the radiative 
lifetime of Cz; and the spectroscopic levels 
of the monohalides of the Group II metals. 

8. 1970 PUBLICATIONS AND REPORTS 

Leo Brewer and Associates 

Journals and books 

1. Leo Brewer, Bibliography on the High Tem
perature Chemistry and Physics of Materials, 
Part II, A. Spectroscopy of Interest to High 
Temperature Chemistry, B. Reactions Between 
Gases and Condensed Phases, ed. by J. C. Dia
mond; U.S. Nat. Bur. Stand. Special fubl. 
315-5, April 1970,ed. by M. G. Hocking, IUPAC 
Special fublication, July 1970 and Sept. 1970. 

2. L. Brewer, Chin-An Chang, and B. King, 
Sulfur Hexafluoride: Its Reaction with Am
moniated Electrons and Its Use as a Matrix for 
Isolated Gold, Silver, and Copper Atoms, 
Inorg. Chern.~, 814-6·(1970). 

3. L. Brewer and B. King, Solute-Solute In
teractions of Matrix Isolated Cu, Ag, and Au 
Atoms, J. Chern. Phys. ~' 3981-7 (1970). 

4. L. Brewer, Thermodynamics and Alloy Be
havior of the BCC and FCC Phases of Plutonium 
and Thorium, Fourth International Conference 
on Plutonium and Other Actinides, Santa Fe, 
October 1970, ed. by F. W, Schonfeld and L. C. 
Ianniello. 



Papers presented 

1. L. Brewer, American Chemical Society 
Operation Interface Address, Berkeley, August 
1970 (UCRL-20321). 

UCRL reports 

1. Helen L. Johansen, Rotational Pertrubations 
and Low-Lying Electronic States of CaO (Ph.D. 
thesis), UCRL-19649, Aug. 1970. 

2. Chin-An Chang, Optical Spectroscopic 
Studies of Metal Atoms and MOlecules in' the 
Low Temperature Matrices (Ph.D. thesis), 
UCRL-19662, Aug. 1970. 
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3. Beat Meyer and C. Carlson, The Reaction 
of S02 with Metal Oxides, UCRL-19633, May 1970. 

4. B. Meyer, T. Stroyer-Hansen, D. Jensen and. 
T. V. Ommnen, The Color of Liquid Sulfur, 
UCRL-19660, Oct. 1970. 

5. Leo Brewer and Joel B. Tellinghuisen, 
Detection of Iodine Atoms by an Atomic Fluo
rescence Technique: Application to Study of 
Diffusion and Wall Recombination, UCRL-20314, 
Oct. 1970. 

6. Jerry J. Smith, Optical Properties of 
Matrix-Isolated Tri- and Polyatomic Molecules, 
UCRL-19180, March 1970. 
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C. SOLID STATE CHEMISTRY AND PHYSICS 

Norman E. Phillips, Principal Investigator 

1. CALORIMETRIC EVID~CE FOR POSITIVE PHONON 
DISPERSION IN LIQUID He 

Norman E. Phillips, C. G. Waterfield, and 
J. K. Hoffer 

It has recently been suggested that a number 
of the discrepancies between experimental 
results and theoretical expressions for the 
propagation and attenuation of sound in liquid 
~He might be resolved if the coefficient y in 
the energy-momentum relation for phonons, 

2 4 
E = cp. (1 - yp - op ... ) , (1) 

were negative.
1 

Prior to this suggestion y 
had generally been assumed to be positive. 
However, direct experimental support for the 
suggestion is provided by the low temperature 
heat capacity.Z 

The low temperature expression for the 
constant-volume phonon heat capacity corre
sponding to Eq. (1) is 

where kB is Boltzman's constant, V is the mo
lar volume, and c is the velocity of sound. 
The total constant-volume heat capacity ~' 
includes in addition the rotor contributi~n, 
which can be approximated at T ~ lK by3 

cv,r = R[(k~T) 312 +.(k~r}12 

+ i (g)-1/2] e-ll/kBT, (3) 

where R = 2P 0
2 ~1/ 2~1/ 2 kBV/(2~) 3/ 2 . 3 In the 

derivation of Eq. (3) the energy-momentum 
relation for rotons is assumed to be 
E = ~+ (P-P0)2/2~. 

Figure 1 shows Cv!T3 vs. T2 for liquid 4~e 
at four molar volumes. The minimum in Cv/T 
for the higher molar volumes shows clearly 
that the contribution from the higher order 
terms in Eq. (2) must be negative. The exper
imental data are well represented by the sum 
of Eq. (3) and the first two terms of Eq. (2). 
The parameters c, ~. P 2 ~l/2 and their 
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Fig. 1. The constant-volume heat capacity of 
liquid 7He, plotted as Cv/T3 vs. r2. The 
solid curves are least squares fits to 
Cv = cy r + AT3 + BT5, and the dashed lines 
represent At3 + BT5. (XBL 708-3632) 

dependence on volume determined by fitting 
the data to this expression are in good agree
ment2 with values det~rmined by other methods. 
The new results obtained frow the Cv 2 measurements are y = -4.lxlO 7 g-2 cm-2 sec 
at V = 27.58 cm~~moleA inc2easing to 
y = 19.6xlo37 g em-~ sec at V = 23.79. 

Negative y values are unusual, and there is 
at present no theoreti¥al basis for their 
occurrence for liquid He. Nevertheless, as 
pointed out by Maris and Massey,l the sign of 
y can have significant consequences for the 
dynamic behavior of phonons, and may suggest 
a direction for further theoretical studies. 
The strong volume dependence of y also sug
gests that measurement of the attenuation of 
sound as a function of volume might give 
interesting results. 

1. H. J. Maris and W. E. Massey, Phys. Rev. 
Letters 25, 220 (1970). 
2. N. E:-Phillips, C. G. Waterfield, and J. 
K. Hoffer, Phys. Rev. Letters 25, 1260 (1970). 
3. J. Landau, J. Phys. USSR 11, 91 (1947). 



2. SEARCH FOE SUPERCONDUCTIVITY IN LI1HIUM 
AND MAGNESiuM' 

Timothy L. Thorp, Baylor B. Triplett and 
Norman E. Phillips 

Recent advances in the theory of metals 
raise the possibility of predicting the 
critical temperatures of superconductors from 
normal-state data. In particular, Allen and 
Cohenl have used a pseudopotential method to 
treat the electron-phonon interaction, and 
have shown that Mg and Li might be super
conducting at experimentally accessible 
temperatures. A verification of their calcu
lation would be of sufficient interest to 
justify a search for superconductivity in 
these metals even though it is not possible 
to cover the whole of the temperature regions 
corresponding to the uncertainty in the 
calculations. We have accordingly tested Mg 
and 12 for superconductivity to 4 mK. The 
results were negative, but they do serve to 
set limits for the parameters related to the 
critical temperature. The experimental 
techniques are also of interest, because the 
problems of thermal contact and temperature 
measurement in the mK region present a consid
erable barrier to further experiments of this 
type. 

Low temperatures were produced by demag
netizing cerium magnesium nitrate to which · 
thermal contact was established via copper 
vanes. Various kinds of metal-to-metal 
contacts were used to attach the samples to 
the copper vanes.. Temperatures were measured 
by using ng0lear orientation thermometers 
including Co Co thermometers made from long 
single crystals-of cobalt with the long axis 
of the crystal parallel to the easy direction 
of magnetization. These thermometers have 
the advantage of not requiring external 
magnetic fields to polarize the sample. The 
laboratory magnetic field was compensated to 
about 0.01 Oe.' The apparatus was tested by 
measuring the critical field of tungsten.2 

The lowest temperature to which the 
samples were cooled is 4 mK. Because of 
supercooling effect~, it i~ possible tha~ ~c 
could be slightly h1gher Wlthout a trans1t1on 
being observed, but the experimentally 
observed behavior of tungsten and other metals 
suggests that Tc cannot be much higher than 
4 mK. 2 

The high-purity samples of magnesium and 
lithium were supplied by R. W. Stark 
(Institute for the Study of Metals, Univer
sity of Chicago) and P. H. Schmidt (Bell Tele
phone Laboratories) to whom we are grateful. 

These experiments were carried out with the 

18 

collaboration of W. D. Brewer, D. A. Shirley, 
and J. E. Templeton of the Nuclear Chemistry 
Division. 
1. P. B. Allen and M. L. Cohen, Phys. Rev. 
187, 525 (1969). 
~More details are given in UCRL-19650. 

3. WW TEMPERATURE HEAT CAPACITIES OF Cu-Fe 
AND Cu-Cr 

Baylor B. Triplett and Norman E. Phillips 

Although Cu-Cr and Cu-Fe appear to be spin 
3/2 systems, the entropies associated with 
the formation of_th~ ~ondo state have been 1 reported to be s1gn1flcantly less than Rln4. · 
To check this discrepancy, and to test theo
retical expressions for the heat capacity at 
temperatures near its maximum, we have 
extended our measurements2 on Cu-Fe to higher 
temperatures and made new measurements on 
Cu-Cr. 

The Cr concentrations of the Cu-Cr samples 
were determined to ±5% by a spectrophotometric 
method.3 Within that accuracy, the 4.2 K resis
tivities were linear in concentration; P4.2 = 
l.08xlo-3 ~ ohm em/at. ppm. The reported com
positions were assigne~ fr?m P4, 2 and that re
lation. The heat capac1ty 1n excess of that 
for pure copper, ~C, divided by concentration 
c, is shown in Fig. 1 for three Cu-Cr samples. 
Above 0.15 K, ~C is proportional to c, showing 
that ~C is characteristic of the Kondo state. 
At lower temperatures, ~C/c for the 21 at. _ppm 
sample is less than for the 51 at. ppm sample. 
The difference is small, however, and it is 
reasonable to assume that the 21 at. ppm 

3.0 
Cu-Cr, H"O 

•• 5,1.0ot.ppm 
t. 33.6 at ppm 

co 21.2at.ppm 

' .. 
T (K) 

Fig. 1. The heat capacities of dilute solu
tions of Cr in Cu. Measurements in different 
calorimeters on the same sample are distin
guished by different symbols. The error bars 
represent the effect of 0.1% error in the 
total heat capacity for the 51 at. ppm sample. 

(XBL 708-1976) 



sample exhibits the Kondo-state heat capacity. 
The solid curve in Fig. 1 is the theoretical 
heat capacity derived by Bloomfield and 
Hamann,~ scaled to fit the data near the max
imum. The curve corresponds to T = 2.1 K in 
excellent agreement with the valu~ derived~ 
from resistivity data. The dashed curve is an 
extrapolation to 0 K suggested by the Cu-Fe 
measurements, 2 and proportional to T for 
T < 0.05 K. This curve and the theoretical 
curve at higher temperatures give an entropy 
of 1.05 Rln4. In view of the uncertainties 
in absolute concentrations and extrapolations, 
the discrepancy with Rln4 is not significant. 
For Cu-Fe the high temperature side of the . 
Kondo-state heat capacity anomaly is less 
clearly defined, because the lattice heat 
capacity is relatively large, but a reasonable 
extrapolation to high temperatures is also 
consistent with an entropy of Rln4. 
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Fig. 2. The heat capacities of 640 at. ppm 
Fe in Cu in magnetic fields. 

(XBL 708-1964) 

Figure 2 shows the heat capacity of a 640 
at. ppm Fe in Cu sample in magnetic fields. 
The dashed curve represents the dilute
impurity limit characteristic of the Kondo 
state in zero field. At low temperatures and 
~ow fie~ds t~e heat capacity. increases with 
Increasing field, corresponding to the T-1/2 
field-dependent susceptibility,6 For the 81 
and 195 at. ppm samples at the same tempera
tures, the zero-field heat capacity is very 
close to the dashed curve, and the heat 
capacities decrease with increasing field for 
all fields. This shows that the increase in 
heat capacity with applied field and the T-1/2 
susceptibility are associated with Fe-Fe 
interactions rather than with the Kondo state. 
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1. M. D. Daybell, W. P. Pratt, Jr., and W. A. 
Steyert, Phys. Rev. Letters 21, 353 (1968); 
ibid. B_, 401 (1969). . -
2. J. C. F. Brock, J. C. Ho, G. P. Schwartz 
and N. E. Phillips, in Proceedings of the ' 
Eleventh International Conference on Low
Temperature Physics, St. Andrews, 1968, p. 
1229; Solid State Commun. 8, 1139 (1970). 
3. The analysis was carried out by Mr. R. D. 
Giauque. 
4. Philip E. Bloomfield and D~ R. Hamann, 
Phys. Rev. 164, 856 (1967). 
5. A. J. Heeger, in Solid State Physics 
ed. by F. Seitz, D. Turnbull, and H. · ' 
Ehrenreich (Academic Press, New York, 1969), 
Vol. 23, pp. 376-380. 
6. M. D. Daybell and W. A. Steyert, Phys. 
Rev. 167, 536 (1968). 

4. LOW TEMPERATURE HEAT CAPACITY OF TIJNGSTEN 

Baylor B. Triplett, Norman E. Phillips, and 
Timothy L. Thorp* 

The heat capacity of high purity tungsten1 

has been measured from 0.3 to 25 K. The 
results (see Fig. 1) show that the application 
of a magnetic field of 38 kOe leads to the 
suppression of anomalous effects below 2 K, 
and these measurements give the electronic 
coefficient of the heat capacity y = (1.005 
± .005) mJjmole-K2. This value of y is noz in 
agreement with the recently reported value 
y = (0.90 ± 0.06) mJjmole-K2 based on the 
superconducting critical field*curve for*tung
sten with the assumption T = T , where T is 
the magnetic temperature for a right circular 
cylinder of powdered cerium magnesium nitrate 
(CMN). . 

1.1 

Tungsten 
o Zero Field 
o I kOe 
• 38 kOe 

Fig. 1. Heat capacities of tungsten. 
(XBL 709-6591) 
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Our measurement of y for tungsten indicates 
the assumption T = T for powdered CMN is not 
correct at low temperature and allows us to 
estimate the correction ~ in the equation 

* T = T + ~ (1) 

if the temperature dependence2of ~ is neglect
ed. The data of Black2et al. *are s~own in 
Fig. 2 on a plot of He vs. (T + ~) . The 
slopes of the lines drawn through the data 
correspond to y = 0.87 mJjmole-K2 for ~=0 and 
y = 1.005 mJjmole-K2 for~ = -0.4mK. 

w 

0 5 10 
IT* +6l 2 

(m K 2 ) 

Fig. 2. Plot of the square of the critical 
field for superconduc~ing ~sten (after W. C. 
Black, et al.) vs. (T + ~) below 20 mKz. 
Black's data have been plotted for 6 = 0 and 
~ =-0.4mK. The straight lines drawn thro~gh 
the data correspond

2
to y = 0.87 mJjmole-K and 

y = 1.005 rnJjmole-K , respectively. 
(XBL 709-3873) 

This analysis does not imply 6 need be 
small if it is allowed to be temperature 
dependent (as is expected from high temperature 
expansions of the susceptibility). For example, 
if 6 = +(4/T)mK (where T is in units of milli
kelvins), then the limiting slope of the data 
corresponds to our value of y and the data of 
Black et al. give a good fit to the BCS equa
tion for the critical field of a weakly 
coupled superconductor. A strongly tempera
ture-dependent 6 for powdered CMN is not 
inconsistent with either the Fischer equation3 

relating the susceptibility and heat capacity 
of an antiferromagnetic or the lattice sums 
which appear in expansions of the 
susceptibility. 

Solid State Physics, IMRD. 
1. A resistivity ratio of 57,000 was measured 
for the sample with stated purity 99.999%. 
2. W. C. Black, R. T. Johnson, and J. C. 
Wheatley, J. Low Temp. Phys. 1, 641 (1969). 
3. M. E. Fisher, Phil. Mag. z, 173 (1963). 
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5. USE OF CALIBRATION GERMANIUM TIIERMOMETERS 
AT '-: :RY WW TEMPERATURES 

Baylor B. Triplett and Norman E. Phillips 

For several years, calibrated germanium 
resistance thermometers have been used as a 
convenient and reliable means of measuring 
temperature and storing our temperature scale 
between 0.3 and 25 K. On the basis of our 
experience with these thermometers, we can 
now pick ones whose calibration range can be 
extended down to 0.06 K. This extension of 
their useful range, plus improved techniques 
for making thermal contact between metals at 
low temperatures, has made it significantly 
easier to measure the heat capacities of 
metallic samples down to 0.06 K. 

6. BULK SUPERCONDUCTIVITY IN a URANIUM AT 
ZERO PRESSURE 

Samuel D. Bader and Norman E. Phillips 

~tudies have been continued on the high
purity large-grained alpha-uranium rod which 
exhibited a bulk superconductive transition 
at zero pressure. The sample went supercon
ductive over the temperature range Tc equal 
0.22 to 0.45°K, and the normal state was 
characterized by an electronic heat c2pacity 
coefficient y equal to 9.6 mJ/mole-°K . A 
magnetic field of only SO Oe put the sample 
in the mixed state. The same rod, after 
swaging to give a striated cold-worked grain 
structure, exhibited a broad bulk transition 
between 0.4 and 1.2 °K. In a field of 500 Oe 
a few percent of hard superconductivity 
persisted belo~ 0.7°K. They value rose to 
9.9 mJ/mole-°K . A 2 gram single crystal 
yielded a low y value (9.2 mJ/mole-°K2) and 
exhibited no bulk superconductive behavior 
above 0.25°K, while magnetically the same 
sample started going superconductive at 0.5°K 
on a subsequent cool-down. Some of the 
features of these three samples can be seen 
in Fig. 1. 

It is known that upon the application of 
~10 kbar pressure the Ic and y value of a 
uranium both increase. Apparently, decreas
ing the grain size qualitatively produces the 
same effect as hydrostatic pressure, because 
of the anomalous expansion of a uranium below 
43°K. Hence, only single crystals of a urani
um can be strain free upon cooling to liquid 
helium temperatures. 

1. J. C. Ho and N. E. Phillips, and T. F. 
Smith, Phys. Rev. Letters~. 694 (1966). 
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7. LOW TEMPERATIJRE HEAT CAPACI1Y OF CERIUM 

Mary M. Conway and Nonnan E. Phillips 

Cerium metal exists as a mixture of two 
phases, the face-centered cubic a phase and 
the double hexagonal close-packed e phase, at 
temperatures below 100°K. A third phase, the 
y phase, may also be present in small amounts. 
The y phase is also face-centered cubic; two 
distinct phases with the same crystal struc
ture are possible in cerium because an elec
tron is promoted from the localized f band 
into the conduction band during the transition 
to the denser a phase from either the y or the 
S phase. This electronic promotion has 
contributed to interest in the low temperature 
heat capacities of the different phases of 
cerium, which should be able to give the 
electronic density of states at the Fermi 
surface for these phases. However, there has 
consistantly been difficulty in determining 
the heat capacities of the pure phases when 
only mixed-phase samples are readily measured, 

A series of heat capacity measurements 
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over a broader range of temperatures (0.08 to 
25°K) and pre~ures (0 to 10 kbar) than has 
previously been undertaken is now partially 
completed. The measurements already demand a 
re-examination of the assumption that the 
trivalent S phase has a heat capacity closely 
similar to that of its neighbor lanthanum 
(also trivalent). S cerium now appears to 
have a linear tenn in its heat capacity (and 
hence a density of electronic states at the 
Penni surface) that is significantly higher 
than that of lanthanum, higher than that of 
tetravalent a cerium, and probably higher 
than that of any other element at zero 
pressure. 

8. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Norman E. Phillips 

Heat capacities of dilute alloys and 
"weakly magnetic" metals. Heat capacity 
measurements on dilute alloys with both 
higher and lower values of the Kondo temper
ature are being planned. These will extend 
the range of reduced temperature over which 
the ordering process is observed and will also, 
in the latter case, permit an investigation of 
the ordering of impurity spins by mutual 
interactions. We are also considering further 
heat capacity measurements on exchange
enhanced metals. 

Cerium and Uranium. The zero-pressure 
measurements will be continued, and a new 
high pressure cell, now under construction, 
will be used to continue studies of the 
pressure dependence of the heat capacity. 

Apparatus for very-low-temperature 
research. Construction of a new adiabatic 
demagnetization cryostat has already been 
started and should be completed in 1971. 
Experiments with the dilution refrigerator 
will be resumed and instrumentation for 
nuclear orientation thermometry will be 
incorporated into that apparatus. In the 
latter part of the year we hope to begin work 
on a nuclear cooling stage to make experiments 
near and below 1 mK possible. 

9. 1970 PUBLICATIONS AND REPORTS 

Norman E. Phillips and Associates 

Journals 

1. J. C. F. Brock, J. C. Ho, G. P. Schwartz, 
and N. E. Phillips, Heat Capacities of Dilute 
Alloys of Fe in Cu Below l°K, Solid State 
Commun., ~. 1139 (1970) . 
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George Jura, PrinaipaZ Investigator 

1. POSITRON ANNIHILATION IN Yb METAL 
UNDER PRESSURE 

Albert F. Yee and George Jura 

Previous work by Przybylinskil showed that 
at atmospheric pressure Yb has indeed only two 
conduction electrons. It also showed that 
bee Yb has three conduction electrons. The 
surprising feature of that work was that elec
tron promotion was shown to occur continuously 
with pressure. This work was prompted by that 
rather unexpected result. 

Several improvements were made. In pre
paring the s~le epoxy was completely elim
inated, the 22Na source simply resting on top 
of the lower Yb disk. Whenever pressure was 
changed the resistance of the sample was moni
tored and as a result the 40 kbar fcc-bee 
transition served as an internal pressure 
calibration point. Better statistics for all 
points were obtained simply by counting for 
longer periods of time. Owing to the important 
role played by the core annihilation contribu
tion to the total angular correlation spec
trum, many more high momentum points were taken 
so as to better ascertain the shape of the 
Gaussian curves. 

The resulting angular correlation curves 
indicate that the high momentum points can be 
represented as two Gaussians superimposed on 
each other (Fig. 1) . One Gaussian is very low 
and wide with a maximum intensity of "-'3% of 
total intensity. It covers the highest momen
tum points and does not change in a systematic 

90 

00 Vb 9.3 kbar 

12 13 14 15 16 17 18 19 

Angle, mrod 

Fig. 1. Typical angular correlation curve. 
Dotted lines show Gaussians corresponding to 
core contribution. Solid curve is the result
ant parabola for conduction electrons. When 
no error bars are shown for the experimental 
data, errors are smaller than the circles. 

(XBL 711-6437) 
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Fig. 2. Corrected Fermi momenta of ytterbium. 
(XBL 711-6438) 

manner with pressure. It should be pointed out 
at this point that the resultant Fermi momen
tum does not depend greatly on the exact pa
rameter of this Gaussian. The other Gaussian 
is narrower but has a maximum intensity that 
increases from 55% of the total intensity to 
70% as the pressure is raised from 0 to 65 kbar. 
This Gaussian also does not show any discon
tinuous change across the phase transition to 
within experimental error. After subtracting 
off the two Gaussians the remaining angular 
correlation curve fits an inverted parabola 
quite well. 

The Fermi momentum thus determined is shown 
in Fig. 2. The solid curves represent the 
free electron theory Fermi momentum, the upper 
one being that of three conduction electrons 
and the lower one, two conduction electrons. 
Przybylinski's work is also shown. The result 
of this work suggests that the number of con
duction electrons does not increase even after 
the phase transition. This agrees with the 
conclusion of McWhan et al. 2 It also tends to 
explain why no ferromagnetism is found in bee 
Yb. 

Gustafson and Mackintosh3 measured the an
gular correlation curve of positron annihila
tion in Yb, Gd, and Ce. Their results show 
that core contributions to the angular corre
lation curves for the three rare-earth metals 
are quite different. Presumably this is due 



to the fact that the 4f bands in these metals 
are filled t; different extents with fcc Yb 
having a con;1letely filled band and also the 
smallest radLil distribution of ion core wave 
function and hence the smallest core contribu
tion. Ce, on the other hand, has the 
largest core contribution. A promotion of a 
4f electron in Yb to Sd band would almost 
certainly result in a wider Gaussian. This 
work does not tend to support this proposed 
promotion. 

It would be interesting to do positron an
nihilation on known cases of electronic tran
sition, such as that in Sr, so that the va
lidity of the theory can be tested. 

1. J. Przybylinski (Ph.D. thesis), UCRL-
19647, Aug. 1970. 
2. D. B. McWhan, T. M. Rice, P. H. Schmidt, 
Phys. Rev. 177, 1063 (1969). 
3. D. R. Gustafson and A. R. Mackintosh, 
J. Phys. Chern. Solids~. 389 (1964). 

2. HEAT CAPACITIES OF METALS UNDER HIGH 
PRESSURE 

Albert F. Yee and George Jura 

It was pointed out in previous~reports of 
this group that it is possible to determine 
the heat capacity of metals under high pres
sure by using a current-pulsing technique: if 
a pulse of constant current I is passed through 
a sample wire of resistance Ro, then the heat 
capacity ~ of the sample is: 

I~ R' 
0 

(dE/dt)t+O 

where R' is the thermal coefficient of resist
ance and (dE/dt)t+O is the rate of potential 
change across the sample during the pulse. 
The t+O limit is necessary owing to the large 
heat leak from sample to environment. 

The major difficulties with this technique 
are the accurate and precise determination of 
the current pulse, which appears as the third 
power in the equation, and the precise meas
urement of (dE/dt)t 0 . In the annual report 
of 19691 the electronics and instrumentation 
were described. Some important improvements 
have been made since that time. For the 
measurement of current, an Analog Devices 
Model 350 comparator is used to compare the 
pulse current with the signal from a variable 
precision-voltage source. The comparator 
produces a signal when the two voltages are 
within a maximum of 0.1% of each other. In 
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Fig. 1. 

R; 

Block diagram of electronics. 
(XBL 711-6439) 

other words, a precision of 1 rnA in the 1 to 
10 A range is achieved. This comparator is 
superior to the previously used Tektronix 
Type W plug-in unit because the Type W has a 
tendency to drift. Using this comparator 
also enables the use of a single beam oscil
loscope which has a much larger screen area. 
Very much faster measurements are possible 
with this modification. 

For the measurement of (dE/dt)t+O three 
Burr-Brown precision instrurnentat1on differ
ential amplifiers are used. The first differ
ential amplifier is located very close to the 
sample and has a gain of 10, thus eliminating 
the effect of noise picked up by long leads 
from the sample to the instrument rack. A 
second amplifier amplifies the current pulse 
signal such that it is exactly equal to IRa. 
The third amplifier amplifies the difference 
between the outputs of the other two amplifiers 
and its output produces a trace on the oscil
loscope which represents IR-IRo as a function 
of time. As a result of this modification, 
low noise, high precision, and reasonably fast 
rise-time signals are displayed. Figure 1 
is a block diagram of the electronics and Fig. 
2 shows a typical dE/ dt vs. I 3 plot. The 
zero intercept in this plot shows that the 
t+O limit is successfully approximated. 

9,-----~-------.------,------,------, 
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Fig. 2. 
aluminum. 

Typical dE/dt vs. I3 plots for 
(XBL 7ll-6440) 
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Heat capacities of iron (Fig. 3) and alu
minum (Fig. 4) at 296°K were measured to 
100 kbar. Although the dE/dt vs. I3 plots 
typically have very small scatter, the pre
cision of Cp is limited by how well R1 can be 
determined at various pressures. Fairly good 
values of R1 fo2 aluminum are available from 
Raimodi's work. Only partial data for R' 
for iron are available from Chen3 of this 
group. For this reason the results presented 
for iron are only qualitative. 

Q. 
() 

" > 

0 
a; 
a: 

1.005 

1.000 

0.995 

0.990 

0.985 

0.980 

0.975 

O. 970o~ -:'::10---,2:1::0-~30:---:140::---::5':-0 ----:6~0----:7:1:0---,8:1:0-~90:--.,..IIOO:-:--,JIIO 
P, .kbar 

Fig. 4. cp of aluminum as a function of 
pressure. Solid curve is calculated from 
Raimondi's work. (XBL 711-6442) 

To our knowledge no precise work has been 
done to determine the heat capacity of iron in 
this pressure range. By using the thermal ex
pansion data of Nix and McNair, 4 one finds 
that the heat capacity at zero pressure is 
about . 8% greater than at 25 kbar. Assuming 
a constant Gruneisen's constant of y = 1.7, 
one finds that Cp decreases perhaps 2% from 
0-100 kbar. Given the fact that our R' ,for 
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iron are only good to ~1%, the results seem 
quite reasonable. 

Raimondi and Jura5 determined the equation 
of state of Al to 135 kbar by measuring re
sistance as a function of temperature. From 
their work one can calculate ~ as a function 
of pressure; the results are snown in Fig. 4. 
It can be seen that the agreement is remark
ably good. 

This pulsing technique for heat capacity 
determination is most successful with metals 
with high resistivity and high molar volume. 
However, the fact that it works with aluminum, 
which has a low resistivity and not a partic
ularly high molar volume, shows that it can be 
used with practically every metal with the ex
ception of perhaps silver, copper, and gold. 
This technique can also be adapted to high 
temperature work. 

Isobars from 77 to 270°K were attempted, 
but the difficulty in controlling the temper
ature resulted in poor R' and dE/dt data. · 
Improvements on temperature controi and data
taking technique are the next steps in this 
project. 

1. UCRL-19155, pp. 28 and 29. 
2. UCRL-17095. 
3. Tang-hua Chen, tmpublished work. 
4. F. C. Nix and D. McNair, Phys. Rev. 60, 
597 (1941). 
5. D. Raimondi and G. Jura, J. Phys. Chern. 
Solids 28, 1419 (1967). 

3. ALPHA-ETA PHASE TRANSITION KINETICS 
OF IRON 

Tang-hua Chen and George Jura 

MBssbauer spectroscopy has been employed as 
an analytical tool to study the alpha-eta phase 
transition kinetics of elemental iron at room 
temperature. 

At room temperature the alpha phase is the 
more stable form up to 130 kbar. Being ferro
magnetic, it exhibits six peaks in the MOss
bauer spectrum. On the other hand, the eta 
phase gives only a single peak owing to its 
paramagnetic property. Theoretically, the 
peak area of each phase should be proportional 
to the amount of that phase. Earlier work with 
Dr. D. L. Raimondi showed that this phase tran
sition is very sluggish. This makes it feasi
ble to use Mossbauer spectroscopy, which usu
ally takes time to get good resolution. 

Work has been done to improve the detector 
system for better resolution and the computer 



program for easier and more accurate data anal
ysis. Spectra have been taken to show that 
the peak area remains constant with time when 
there is no phase change. A current pulse 
technique was used to induce a partial alpha
eta phase transition at pressures between 
100-130 kbar. Spectra were taken at definite 
time intervals thereafter, and fractions of the 
alpha phase were tabulated as a function of 
time. The preliminary result at 100 kbar and 
room temperature seems to indicate an exponen
tial nature of the phase transition. However, 
more data·are needed and being sought to get 
more detailed information. 

4. ELECTRICAL RESISTANCE 

Tang-hua Chen.and George Jura 

Previous work by Dr. Walter Stark showed a 
T3/2 dependence (150-300°K) of the resistance 
of iron under pressure greater than 20 kbar. 
Similar results had been reported for iron and 
nickel in between 0-20°K under atmospheric 
pressure. Scattering of electrons by magnons 
has been proposed to explain this phenomenon. 
Resistance measurements of iron with a wider 
temperature range (77-300°K) under higher pres
sure were made. Plots of log R vs. log T gave 
slopes of 1.42 at 20 kbar, 1.36 at 50 kbar, and 
1.38 at 75 kbar. These results were substan
tially different from those obtained by Stark. 
More work is underway to look into the roles 
impurities play, and studies on nickel and 
cobalt are also being done. 

5. PRESSURE AS A ROLE IN THE STIJDY OF 
INFRARED SPECTRA 

Che-Kuang Wu and George Jura 

A discarded Perkin-Elmer Model 21 IR spec
trophotometer was reconstructed. Its optics 
were modified for the high pressure measure
ments with a Drickamer-type high pressure 
sample cell.l For the first time, a quantita
tive study of the high pressure IR spectra. 
became possible. Some of the results obta1ned 
on naphthalene, n-paraffins, polyethylene,. and 
polystyrer1e will be presented here. Techn1cal
ly, the spectra at the higher pressure were 
of the same quality as at 1 atm. 

Naphthalene 

Transmission spectra of naphthalene single 
crystals were taken to 40 kbar with a light 
beam perpendicular to the ab plane. Volume 
dependence of Grueniesen constants, dlnv/dlnV, 
were obtained for more than 30 well-resolved 
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Fig. 1. Pressure as a role to reveal t~r 
Fermi resonance between the o6 (1266 em ) 
fundamental mode and a near-lying overtone 
(1238 cm-1) in the IR spectra of naphthalene. 

(XBL 711-6443) 

peaks in the frequency range from 700 to 
1700 cm-1. Davydov splitting was observed at 
each pressure for a fundamental, i.e., 
os (1126 cm-1 at zero pressure). 1Thr~e pairs 
of Fermi resonances are observed. F1gure 1 
shows, as a function of pressure, the spectra 
of one of the three Fermi resonance pairs. 
For this pair, both the fundamental o5 
(1266 cm-1) and the overtone at 1238 cm-1 (gas 
phase frequency indicated) belong to the B2u 
symmetry class of the -naphthalene molecular 
symmetry D2h· At the critical pressure, i.e., 
when the two final states are completely 
mixed, the absorption maxima are located at 
1264.0 and 1287.0 cm-1. The H'ij value is 
readily obtained to be 23 cm-1. Of all tran
sitions observed, the band shapes in the peak 
region are, in general, more Gaussian than 
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rocking modes. of n-C23H4g at 25 kbar. 
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Lorentzian in shape at all pressures. How
ever, in the wing region the band shape is 
perturbed by the closely lying bands. Further 
study is necessary in order to reveal the true 
band shape in the wing region. The vibration
al assignment for naphthalene is nearly com
pleted and offers a good opportunity for 
verifying the three rulesl proposed for the 
vibrational analysis. 

N-Paraffins 

The energy levels of the rocking modes, 
twisting modes, and wagging modes, dispersed 
along the direction of the n-paraffin chain 
wave vectors, as well as Davydov splittings 
of these levels are observed at each pressure. 
A typical dispersion curve is shown in Fig. 2. 
Gruneisen constants for the bands of energy 
levels across the whole Brillouin zone in one 
direction are thus obtainable. Much informa
tion about inter- and intramolecular forces 
could be calculated.2 For example, the 
intermolecular coupling force of the rocking 
motion increased 400%, while the intramolecular 
coupling force of this motion increased 4% as 
pressure increased from zero to 40 kbar. 
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Crystalline Polyethylene Film 

As shown in Fig. 3, excellent agreement in 
the volume dependence of the frequency of the 
rocking mode between isobaric data in this 
work and isothermal data in the literature is 
obtained.3 Davydov splitting of the rocking 
mode as a function of unit cell volume is 
plotted in Fig. 4. Assuming that the Davydov 
splitting of the rocking mode is due to the 
short-range interaction forces centered at 
hydrogen atoms of neighbpring molecules, the 
H-H interaction potential is calculated to be 
proportional to r-6.4 for 2.42~r~2. 71 A. 2 
This result is in very good agreement with 
that of Am~ur, et al. 1 s scattering experiment, 
i.e., r-6. 8 for 2.09~r~2. 77 A. 

Polystyrene Film 

Gruneisen constants, transition moments, 
and damping constants as a function of 
specific volume are obtained for all transi
tions in the 600 to 2000 cm-1 frequency range. 
It is noted that the shape of the absorption 
peak is unchanged in spite of the great 
change in the line width and absolute inten
sity, with pressure. The increased band 
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Fig. 4. Davydov splitting of the in-phase 
rocking mode of the crystalline polyethylene 
as a function of the specific volume, reduced 
by that at 1 atm. (XBL 711-6446) 

width might be due to the larger intermolecu
lar force at higher pressure. This is what 
would be expected in the liquid state. Never
theless, the line shapes at all pressures are 
closer to Gaussian than Lorentzian. This 
might imply that there is a short-range order 
in the polystyrene sample studied. 

1. C. K. Wu and G. Jura, Pressure (to 40 
kilobars) as a Role in the IR Spectra of 
Naphthalene Single Crystal, to be published. 
2. C. K. Wu and G. Jura, The Effects of 
Intermolecular Distance on the Inter and Intra 
MOlecular Coupling Forces of Vibrational 
MOtions in N-Paraffin Crystals and Crystalline 
Polyethylene, to be published. 
3. C. K. Wu, G. Jura, and M. Shen, Infrared 
Spectra of Polyethylene Under Pressure, to be 
presented at ACS Meeting in March 1971. 
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6. PRESSURE- INDUCED FREQUENCY SHIFTS OF THE 
TRANSVERSE OPTICAL FREQUENCIES OF· MJLECULAR 
CRYSTALS 

Che-Kuang Wu and George Jura 

For many molecular crystals, the sample 
thickness used for the transmission measure
ments is on the order of a few thousandths of 
an inch. It is possible to prepare a self

·supporting thin film of this thickness and 
measure it quite precisely. Thus the extinc
tion coefficients k(v) could be obtained from 
the absorption measurements. Through the 
Krarners-Kronig dispersion relationship, the 
refractive index n(v) could be calculated 
from the obtained extinction coefficients. 
Normal incidence reflectance R(v) as well as 
the real and. the imaginary parts of dielectric 
constants (El, Er) could readily be derived 
from the calculated refractive index together 
with the extinction coefficient. Therefore, 
with the transmission measurement alone, one 
could obtain all of the optical indices needed 
for the study of molecular crystals. It is 
well known that the transverse optical 
frequencies VT• at zero wave vector (q=O), 
correspond to the frequencies of the peak
maxima of the imaginary part of the dielectric 
constant of a crystal. It is noted that for 
many molecular crystals these frequencies are 
equal to the frequencies of the peak maxima 
of the extinction coefficient within the 
experimental error, as will be shown by what 
follows. The difference in frequency between 
the maximum of the extinction coefficient 
v Ckmax) and that of the. imaginary part of the 
dielectric constant v(Elmax) is directly 
proportional to the oscillator strength of 
the transition. For a very strong absorption 
band of an ionic crystal, e.g., v3 vibration 
mode of the chlorate ion in the sodium chlo
rate single crystal, the difference in 
frequency of th~ two corresponding maxima 
vCkroax) and v(Elmax) is about 3 crn-1, while 
the oscillator strength of many vibration 
modes of non-polar molecular crystals is at 
least one order smaller than that of v3 mode 
of chlorate ion. Therefore, for crystals 
such as naphthalene and n-paraffins, it is 
quite.all right to assume that vT (q=O) 
= v(Elmax) = v(kmax)· For high pressure 
measurements we are mainly interested in the 
pressure-induced frequency shifts instead of 
the absolute frequency value. The above 
assumption can be held for most transitions 
of all non-polar molecular crystals. 



7. RESEARGI PLANS FOR CALENDAR YEAR 1971 

George Jura 

a. Positron Annihilation 

It is expected that the calculations on 
aluminum will be completed and similar meas
urements will be made on bismuth and ytterbi
um--the former because it exhibits several 
polymorphic transitions and the latter an 
electronic transition. The choice of future 
studies will depend upon what is learned from 
the present and immediately projected exper
ments. It may even become essential to de
termine the effect of temperature as well as 
pressure. 

b. Heat Capacity 

As soon as the equipment is ready the heat 
capacity of bismuth will be determined. This 
material should be the most critical test of 
our ability to determine heat capacities, be
cause of the polymorphic transitions and the 
existence of a semiconducting state at low 
temperatures and pressures. 

c. Reflectance Measurements 

The first material whose spectrum will be 
determined is that of KC103. The reasons for 
the choice are that Raman measurements are 
available, there is the presence of a forbid
den band in the infrared, and it is an excel
lent choice for the detection of possible 
Davydov splittings. 
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d. Mossbauer Measurements 

Some preliminary measurements made several 
years ago show that it might be possible to 
determine the kinetics of the alpha-beta tran
sition in iron at room temperatures as well as 
other temperatures. This should enable us to 
determine the rate constants for the transition, 
the activation energy, and all the other quan
tities that might be of interest that can be 
obtained from such measurements. 

e. Magnon Electron Scattering 

The study of magnon electron scattering in 
thermomagnetic metals will be started. 

8. 1970 REPORT 

George Jura and Associate 

1. John L. Przybylinski, Positron Annihilation 
in Metals at Very High Pressures (Ph.D. the
sis), UCRL-19647, Aug. 1970. 



Gabor A. Somorjai, Principal Investigator 

1. VAPORIZATION KINETICS OF SOLIDS 

Studies of the Vapori.zation Mechanism of 
GaAs Single Crystalsl 

Catherine Y.Lou and Gabor A. Somorjai 

The kinetics of vaporization of gallium 
arseni4e single crystals into vacuum have been 
investigated by using microbalance-and mass 
spectrometric techniques in the temperature 
range 700-900°C. It was found that gallium 
arsenide vaporized incongruently to liquid 
gallium and arsenic vapor molecules .. The total 
evaporation rates and the .activation energies 
were found to be the same for both (111) and 
(iii) faces. The initial vacuum vaporization 
rate of gallium arsenide single crystals is 
lower than the maximum rate. calculated from 
equilibrium vapor pressures by about a factor 
of 2, but the activation energy is the same 
(90 kcal/mole) as the heat of sublimation. 

When excess gallium liquid was placed on 
top of the vaporizing surface, the rate was 
found to increase to the calculated maximum 
rate, while the activation energy 
remained unchanged. Both Te-doped and 
Zn-doped GaAs samples give lower 
evaporation rates than the undoped samples. 
The activation energy for Te-doped samples is 
90 kcal/mole, the same as that· found for 
pure samples. However, the activation energy 
of vaporization is lower for the Zn-doped 
samples (76 kcal/mole). When excess gallium 
liquid was placed on top of the surface of 
these doped samples, the vaporization rate 
was found again to have increased to the 
maximum rate, with the activation energies 
remaining the same as those without the ex
cess liquid gallium on top. __ The vapor compo
sitions for the (111) and (111) faces were 
found to be different from mass-spectrometric 
studies. Vaporization of the (111) or Ga 
face yielded only tetramers (As4}!_ However, 
during the vaporization of the (111) or As 
face both the tetramers (As4) and the dimers 
(As2) were detected. Excess gallium liquid 
on top of the crystal surfaces does not seem 
to affect the vapor compositions significantly. 
Based on these experimental results, a model 
for the vaporization mechanism of gallium 
arsenide single crystals is proposed. 

1. Catherine Yuen-Chien Lou, Vaporization 
Mechanism of Gallium Arsenide Single Crystals 
(Ph.D. thesis), UCRL-19615, Sept. 1970. 
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2. SURFACE STUDIES BY LOW ENERGY ELECTRON 
SCATTERING 

a. Low Ene~ Electron Diffraction Studies of 
the (100) and (110) Face of Chromium 

R. A. Kaplan and Gabor A. Somorjai 

The (100) and (110) surfaces of chromium 
single crystals were cleaned by vaporization. 
These surfaces seem to retain surface struc
tures that are characterized by the dimensions 
of the bulk unit cell. Accurate intensity 
data (Ihk vs. eV curves) were accumulated which 
indicated the predominance of single (kinematic) 
electron scattering.! The mean square dis
placement of surface atoms perpendicular to 
the surface plane was measured from the tem
perature dependence of the (00) diffraction 
beam intensity in the temperature range 100-
7000K. At low temperatures the zero point 
vibration was detected--the first time for 
surface atoms.2 (See Fig. 1.) 

Cr (110) 

.. v = 35.5 
• v = 435 

Fig. 1. Temperature dependence of the normal 
component of the effective mean square atomic 
displacement for the (110) surface of chromium. 
The electron energy (including inner potential) 
was 35.5 eV for the upper data, and 435 eV for 
the lower. The lines are linear fits to the 
data above 300°K, drawn to include the origin. 
(XBL707-1319). 



Attempts were made to detect a magnetic 
surfa~e.structure below the antiferromagnetic 
trans1t1on temperature (Nee! temperature is 
~soc for chromium) by the appearance of new 
diffraction beams or changes in the diffrac
tion beam intensities. None of the diffrac
tion features detected at low temperatures 
(100-300°K) could be associated with the 
presence of the ordered antiferromagnetic 
domains. 

1. R. A. Kaplan, A Method for the Kinematical 
Analysis of LEED Intensity Data, UCRL-19661, 
July 1970. 
2. R. A. Kaplan and G. A. Somorjai, Observa
tion of Zero-Point Atomic Motion Near the Cr 
_(110) Surface by Low-Temperature Diffraction 
of Slow Electrons, UCRL-19664, July 1970 
(submitted to Physical Review Letters). 

b. Low Energy Diffraction Studies of LiP, 
NaP, and NaCl Surfaces 

T. M. French and G. A. Somorjai 

The (100) faces of all three alkali halide 
crystals were studied. Alkali halides were 
found to interact chemically with the electron 
beam, resulting in halogen evolution and 
deterioration of the ordered surface struc
tures. The kinetics of the electron-beam
induced decomposition was measured, and the 
temperatures at which the regeneration rate 
due to surface diffusion cancels out the 
electron-beam-induced surface damage were 
determined. 

The intensity and position (electron 
energy) of the diffraction beams have been 
measured for all three compounds. The inten
sities due to diffraction from the anion and 
the cation sublattices seem to change in 
accordance with a single scattering model. 
Thus the scattering due to the anion and cation 
sublattices are distinguishable. These studies 
repres~nt the first attempt of intensity 
analys1s of surface structures with two atoms 
per unit cell. 

c. Low Energy Electron Diffraction Studies of 
the Surface Structures of Chemisorbed Aro
matic Molecules on the Pt(lll) and Pt(lOO) 
Single-Crystal Surfaces 

John L. Gland and Gabor A. Somorjai 

Exploratory LEED studies have been made to 
uncover the surface structures of aromatic 
hydrocarbons on the (100) and (111) faces of 
single-crystal platinum. The clean Pt(lOO) 
is characterized by a (SXl) surface structure 
while the clean Pt(lll) is characterized by a' 
(lXl) surface structure. The crystal mount 
allows examination of both faces in the same 
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Fig. 1. Auger emission spectra from (a) 
the (100), (b) the (110) crystal faces of 
vanadium, and from (c) a polycrystalline foil 
using Ep = 2500 eV. (XBL7012-7402). 

experiment. Adsorption studies were carried 
out at gas pressures ~lo-7 torr with the 
crystals at 25°C. Then the crystal-adsorbate 
system was studied by LEED as a function of 
temperature up to 1000°C. 

The gases investigated to date are benzene, 
toluene, hexamethylbenzene, naphthalene, 
pyridine, aniline, and nitrobenzene. All gases 
adsorbed on both faces of Pt except hexa
methylbenzene on Pt(lOO). The new surface 
structures observed were Pt(lll)-(3X3)-naph
thalene, Pt(l00)-(2X2)-benzene,.and Pt(l00)
c(2X2)-pyridine--the latter two having some
what diffuse diffraction features. Several 
other weak and/or streaked patterns indicating 
only partial ordering were also observed. 

d. Auger SpectroscoPY Studies of Vanadium 
Surfaces 

Frederick J. Szalkowski and Gabor A. Somorjai 

The Auger spectra of the (100) and (111) 
crystal faces of vanadium and vanadium foil 
are being studied. The presence of carbon on 
the surface, which is due partly to elemental 
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Curve a: V(IOO) After lon Bombardment 

Curve b: V(IOO) After 1100°C Anneal 
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Fig. 2. Auger emission spectra from (a) the 
gas free, and (b) the oxygen covered (100) 
crystal face of vanadium using Ep=2500 eV. 
(XBL7012-7400). 
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Fig. 3. Auger emission spectra from the (100) 
crystal face of vanadium (a) after ion bom
bardment, and (b) after heat treatment at 
1100°C in ultrahigh vacuum. (XBL7012-7401) 
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deposit and partly to chemisorbed carbon 
monoxide, has been detected. In addition to 
carbon, sulfur was found to be a major sur
face impurity. The Auger spectra of the dif
ferent surfaces are displayed in Fig . 1. 
Heat treatment changes the surface concentra
tion of impurities as shown in Fig. 2. Auger 
spectra of vanadium are easily obt ainable 
even under a monolayer of adsorbed gas (Fig. 
3). Thus surface -chemical -analysis by Auger 
electron spectro?~opy can be carried out in 
poor vacuum (<10 torr) as well. Since this 
t echnique is nondestructive it promises to 
play an important role in many fie lds of science 
and t echnology wher e surface chemical analysis 
is required.l 

1. UCRL- 20368. 

3. MOLECULAR BEAM SCATTERING FROM SINGLE
CRYSTAL SURFACES 

Lloyd Albert West and Gabor A. Somorjai 

Detailed information about the gas-solid 
interaction may be obtained from studies of 
modulated atomic and molecular beam scattering 
from single-crystal surfaces in conjw1ction 
with in situ observations on the nature of the 
scattering surface. The apparatus used in the 
>vork below has been described previously .1 
Briefly, it consists of a rnultichamber diffe
rentially pumped system that permits a sample 
surface to be contained in an ultrahigh 
vacuum (<10-8 torr) environment during the 
scattering experiment. Low energy electron 

Fig. la. (SXl) diffraction pattern character
istic of a clean platinum (100) surface at 
E=63 V. (XBB708-3757). 
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diffraction (LEED) is used to provide informa
tion on surface topography while a rotatable 
quadrupole mass spectrometer is used to 
monitor the angular distribution of, and to 
identify the constituents in, the scattered 
beam. The beam-generation system has been 
adapted to allow the use of volatile liquids 
or solids as beam sources. 
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Br , angle from surface normal 

Fig. lb. Helium scattering pattern from a 
surface yielding the (SXl). (XBL708-3696). 

Low energy electron diffraction and the 
scattering of thermal energy he lium atomic 
beams were initially combined to investigate 
on the (100) face of platinum the effects of 
changing surface structure on the gas-solid 
interaction. Angular distributions and 
intensities for helium beam scattering from 
ordered and disorder ed crystal faces were 
monitored. Figure la shows the (SXl) diffrac
tion pattern characteristic of a clean (100) 
platinum substrate and Fig. lb presents the 
angular distribution for a helium beam scatter
ed from such a surface. In contras t we give 
in Fig. 2 the scattering distribution that 
resulted when the helium beam impinged upon a 
surface that had been atomically disordered by 
bombardment with argon ions. In both cases 
the ordinate represents the percent of the 
incident beam scattered into the detector, and 
a comparison of the figures shows that the 
effect of surface roughness is to decrease the 
scattered intensity as well as to increase the 
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Fig. 2. Helium scattering pattern from an 
ion bombarded surface. The dotted line repre
sents a cosine distribution. (XBL709-6675). 
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Fig. 3. Oxygen beam scattering profile from 
a clean platinum (100) surface. (XBL708-1966). 
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dispersion of the scattered beam. Scattering 
experiments utilizing surfaces covered by 
various carbonaceous and adsorbed gas surface 
structures indicated that helium beam 
scattering appear s to be sensitive to surface 
order but r elatively insensitive to the type 
of surface structure formed. 

During the course of this work, previously 
unreported surface structure was observed on 
the Pt(lOO) substrat e. Its distinctive dif
fraction pattern consists of quarter order 
spots rotated 45° to the axes of the principle 
platinum features. This surface stru~ture, 
which may be denoted Pt(lOO) - (212XI2)R 45°, 
coul d reproducibly be generated aft er cleaning 
the surface by heat treatment in oxygen. 
From helium beam scattering data, this surface 
structure seems to be the result of surface re
construction rather than the result of gas 
adsorp tion. 

Our studies of reactive gas scattering from 
the platinum (100) surface have recently been 
initiated as we proceed wi th our plan to 
study chemi cal surface r eactions. On the 
whole , oxygen scatters rather like helium from 
the clean substrate although with less inten
sity (see Fig. 3). An oxygen beam has been 
used to clean the surface of local carbon 
deposits although the reaction products were 
undetectable. We are currently engaged in 
studying the thermally induced surface decom
position of acetylene, nitrogen oxides (NzO, 
N02, N204), and cyclic hydrocarbons in our 
search for high yield surface chemical r eac
tions. The next year's work will be devoted 
entirely to investigations of catalytic and 
t hermal surface chemical reactions . Auger 
spectroscopy should be useful in helping to 
monitor the surface composition during these 
reactions. 

1. L. A. West, E. I. Kozak, and G. A. Somorjai, 
An Apparatus for Molecular Beam Scattering 
from Single Cr ystal Surfaces in Ultra High 
Vacuum, UCRL-19181, April 1970 (submitted to 
Review of Scientific Instruments). 

4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Gabor A. Somorjai 

Low energy el ectron diffraction study of 
surface structural changes during a catalytic 
surface reaction will be carried out. The 
surface reactions of benzene on platinum 
surfaces provides a likely system for this 
investigation. The surface structur es of 
corrosive gases (Fz,Clz, etc.) on metal sur
faces wil l be studied and LEED studies will be 
extended to high ambient pressures (> l0- 4 
torr). 



Auger spectroscopy studies will be extend
ed to graphite and diamond surfaces and to 
surfaces of liquid metals. 

Molecular beam studies of the surface reac
tions of N02 , N2o4 , NH3,, and o2 , will be 
carried out. 

5. 1970 PUBLICATIONS AND REPORTS 

Gabor A. Somorjai and Associates 

Journals 

1. T. M. French and G. A. Somorjai, Composi
tion and Surface Structure of the (0001) Face 
of a-Alumina by Low-Energy Electron Diffraction, 
J. Phys. CheTJl. 74, 2489 (1970). 

2. G. A. Somorjai, Studies of Surface Phase 
Transformations by Low Energy Electron Diffrac
tion, J. de Physique~' Cl-140 (1970). 

3. R. M. Goodman and G. A. Somorjai, LEED 
Studies of Surface Melting and Freezing of 
Lead , Bismuth, and Tin Single Crystal Sur
faces, J. Chern. Phys. _g, 6325 (1970). 

4. R. M. Goodman and G. A. Somorjai, Low 
Energy Electron Diffraction Studies of Liquid 
Lead, J. Chern. Phys. _g, 6331 (1970). 

5. T. M. French, A. E. Morgan, and G. A. 
Somorjai, On the Need for Higher Gas Pressures 
to Obtain Surface Structures in Low Energy 
Electron Diffraction Studies, Surface Sci. 
Q, 486 (1970). 

UCRL reports 

1. L. A. West, E. I. Kozak, and G. A. 
Somorjai, An Apparatus for Molecular Beam 
Scattering from Single Crystal Surfaces in 
Ultra High Vacuum, UCRL-19181, April 1970 
(submitted to Rev. Sci. Instr.). 
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2. H. H. Farrell and G. A. Somorjai, Low 
Energy Electron Diffraction, UCRL-19195, 
March 1970 (submitted to Adv. Chern. Phys.). 

3. Catherine Yuen-Chien Lou, Vaporization 
Mechanism of Gallium Arsenide Single Crystals 
(Ph.D. thesis), UCRL-19685, Oct. 1970. 

4. R. Kaplan and G. A. Somorjai, Observation 
of Zero-Point Atomic Motion Near the Cr(llO) 
Surface by Low-Temperature Diffraction of 
Slow Electrons, UCRL-19664, July 1970 (sub
mitted to Solid State Communications). 

5. R. Kaplan, A Method for the Kinematical 
Analysis of LEED Intensity Data, UCRL-19661, 
July 1970. 

6. John Gordon Davy, Vaporization Mechanism 
of Ice Single Crystals (Ph.D. thesis), UCRL-
19133, Dec. 1969. 

7. L. A. West, E. I. Kozak and G. A. Somorjai, 
Molecular Beam Scattering from Single Crystal 
Surfaces Under Ultra High Vacuum Conditions, 
UCRL-20337, Oct. 1970 (submitted to J . Vac. 
Sci. and Tech. ) . 

8. L. A. West and G. A. Somorjai, Effects of 
Surface Disorder, Various Surface Structures 
of Chemisorbed Gases and Carbon on Helium Atomic 
Beam Scattering from the (100) Surface of 
Platinum, UCRL-20357, Oct. 1970 (submitted to 
J. Chern. Phys.). 

9. G. A. Somorjai and F. J. Szalkowski, 
Auger Spectroscopy on Surfaces, UCRL-20368, 
Dec. 1970 (submitted to Adv. in High Temp. Chern . ) . 

10. B. Lang and G. A. Somorjai, Structures of 
Chemisorbed Gases on Single Crystal Surfaces: 
Classification and Rules of Formation, 
UCRL-20385, Nov. 1970 (submitted to J. Che. Phys.) . 

11. G. A. Somorjai, Surface Chemistry, UCRL-
20382, Nov. 1970 (submitted to Chern. and 
Chemical Engineering News). 



Lee F. Donaghey, PrincipaZ Investigator 

1. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Lee F. Donaghey 

This program is concerned with the kinetics 
of synthesis techniques, such as crystalli
zation, and transport phenomena in solid state 
materials. Synthesis conditions and trans
port measurements will be correlated to eluci
date the influence of synthesis parameters on 
morphology and properties of materials of 
technological significance. 

A literature search for kinetic data on the 
growth of inorganic, binary and temary com
pounds will continue. Interface effects and 
kinetic growth mechanisms will be studied for 
vapor-phase and solution growth. 

Methods of thin film deposition will be 
studied, taking into account the energy spec
trum and structure of incident molecular 
species. Experimental apparatus for vapor 
phase deposition will be constructed t o pro 
vide selected growth conditions and substrate 
conditions . Morphological transitions in 
glassy thin film will be studied in the 
electron microscope. 

Electrochemical transport properties of the 
ternary compounds AgSI and Ag4Rbis will be 
studied toward predicting electrochemical 
properties of isoelectronic compounds. Elec
trochemical cell designs will be examined for 
the simultaneous measurement of electric and 
ionic transfer coefficients. Isoelectronic 
compounds of AgSI and Ag4Rbis have potential 
applications as ion-selective membranes. 
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2. 1970 PUBLICATIONS AND REPORTS 

Lee F. Donaghey and Associates 

1. L. F. Donaghey and W. A. Tiller, On the 
Diffusion of Solute During the Eutectoid and 
Eutectic Transformations, Part II: The Rod 
Morphology (submitted to J. Mater. Sci. & 
Eng.). 

2. L. F. Donaghey, Mats Hillert, and Lars 
Olert, Numerical Simulation of Ostwald Ripen
ing, presented at the Symposium on Ostwald 
Ripening, May 11-14, 1970, Las Vegas, Nevada. 

3. Stig Bjoerklund, L. F. Donaghey, and Mats 
Hillert, The Effect of Alloying Elements on 
the Rate of Ostwald Ripening of Cementite in 
Steel (to be submitted). 

4. L. F. Donaghey, Current Trends in the 
Design of Solid State Materials, University 
of California, Nov. 9, 1970, Berkeley, Ca. 
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D. ELECTROCHEMISTRY 

Charles W. Tobias> Principal Investigator 

l. FUNDAMENTAL STUDIES IN IONIC MASS 
TRANSPORT 

a. Limiting Current Studies 

J. Robert Selman and Charles W. Tobias 

The study of limiting ~urrent curve char
acteristics was continued with acidified 
cupric sulfate solutions in order to determine 
the effect of unsteady mass transfer and of 
deposited roughness, and their possible inter
actions. Steady-state curves obtained experi 
mentally (Fig. l) compared with theoretical 

E 

1.2.------,------,-------.------, 

0 .05 M CuS04, I M H2S04 
OISK 0.4 em 01 A. 

25"C 

ilim ~ 20 mo/cm2 at 200 RPM 

600 
'1 (mv) 

800 

Fig. l . Experimental limiting current curves 
for copper deposition at a rotating disk 
(solid lines), compared with theoretical 
expectations (dotted lines). ilim =limiting 
current density, i 0 = exchange current density. 

(XBL 711- 6402) 

predictions show that the exchange current 
density in the unpurified solutions common to 
engineering practice is about one order of 
magnitude lower than reported in typical 
electrode-kinetic studies with purified 
electrolyte (l-10 mA/cm2). By recording 
hydrogen evolution curves on copper electrodes 
previously plated near or above the limiting 
current, it was shown (Fig. 2) that rough 
deposits lead to hydrogen evolution at much 
lower potential than r elatively smooth 
surfaces. It is therefore to be expected 
that a slow approach to limiting current will 
lead to early hydrogen evolution, and conse
quently the plateau wil l be shortened or not 
r ealized at all, i .e ., replaced by an infl ec
tion. This hypothesi s was proven by appl ica
tion of potential ramps at various rates of 
potential increase: Fig. 3 shows that the 
apparent limiting current obtained with very 
slow ramps lies below the steady-state value. 
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Fig. 2. Hydrogen evolution curves at a 
rotating disk in 1 . 0 ~H2so4 , by potentiostatic 
current increase (32 mV/sec). The disk has 
previously been polished and plated (curve 
"Deposition',' scale = 1/ 2) with copper in a 
0.3 ~ euso4, 1.0 ~H2so4 solution by the same 
rate of potentiostat1c current increase to 
the final potential indicated for each curve. 
Dashed curve is for smooth (polished) 
el ectrode. (XBL 711 -6403) 
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Fig. 3. Apparent limiting current as a 
function of potential increase r ate in copper 
deposition at a rotating disk. ¢ = (poten
t ial)/(RT/2F) , ~ = rotation rate (rad/sec), 
Sc = Schmidt number = ~/D, i = limiting cur
rent density, i = true steady-state limiting 
current density~ (XBL 711-64041 

At high scan rates unsteady mass transfer! 
again leads to the appearance of a peak, as 
well as a rise in the apparent limiting 
current plateau. Kinetic limitations are 
responsible for the shift of the peak current 
values from those predicted by a pure 
diffusion model . 

To compare predicted current response in 
pur e diffusion with that fo r convection at a 



rotating disk, current response to a potential 
step at a rotating disk was computed. The 
pure diffusion model underestimates the tran
sient current values; convection extends the 
transition time. 

b. Physical Properties of Electrolyte 
Solutions 

J. Robert Selman, S. K. Arapkoske, and Charles 
W. Tobias 

The determination of physical properties of 
the sys tern CuSO 4-H2so4-H2o was continued 1 with 

the measurement of integral diffusivities from 
steady-state limiting current curves at a 
rotating disk. The curves were obtained by 
potentiostatic current increase. Figure 4 
shows ff as a function of concentration of 
CuS04 at two levels of H2so4 concentration. 
The 1ncreasing contribut1on of migration to 
total current accounts for the increase in 
the diffusivity with increasing Cuso4 concen
tration. In agreement with differential 
diffusivity v~lues obtained by diaphragm cell 
measurements, but in contrast to earlier 
measurements at a rotating disk,3 the diffu
sivity increases as the solut ion is more 
dilute in CuS04. 

38 

10,------------------------------------, 

0 

0 

CH29J4 

0 1.0 M 

c:. 0.5 M 

* 0 M {IONIC 
LIMIT) 

0.4 0.6 
4L_ ____ L_ __ ~L_ ____ L_ __ ~~--~----~ 

0 0 .2 

Fig. 4. Integral diffusivity of Cu++ in the 
system cuso4-H2so4-H20 at 25°C, calculated 
from rotating disk measurements. 

(XBL 711-6405) 

Fig. 5. Flow circuit for ionic mass transfer 
studies at high flow rates. (CBB 708-3711) 



c. Flow Circuit for Ionic Mass Transfer 
Studies at High Flow Rates 

Uziel Landau and Charles W. Tobias 

A flow channel for the study of the effects 
of free and forced convection on ionic mass 
transfer between planar electrodes has been 
completed. Technical details about the 
system, which was designed to operate over a 
wide range of flow rates (from laminar gravity 
flow to very high turbulence) and with differ
ent relative positions of the se~ented 
electrodes, were reported earlier. The flow 
system is shown in Fig. 5. 

Calibration runs and preliminary test runs 
were completed, using both pumps, the magnetic 
flow meters, and the ''Vi dar" high- speed multi
channel data-aquisition system. Leaks and 
cracks which developed initially, especially 
when using the 250 gpm pump, were corrected. 
The high current power supply was tested, both 
in the current and potential ramp modes, up to 
the limiting currents. Experimental runs are 
presently being carried out with the cathode 
located above the anode, i.e., no adverse 
vertical concentration profile in the copper 
sulphate solution. The respective position 
of the anode and the cathode will be changed 
in the future in order to include the effects 
of free convection. 

1. J. Robert Selman, Uziel Landau, and 
Charles W. Tobias, Convective Mass Transfer 
at Planar and Rotating Disk Electrodes, IMRD 
Annual Report, 1969, UCRL-19155, May 1970, 
pp. 42-44. 
2. A. F. W. Cole and A. R. Gordon, J. Phys. 
Chern. 40, 733 (1936). 
3. Limin Hsueh, Diffusion and Migration in 
Electrochemical Systems (Ph.D. thesis), UCRL-
18597, Dec. 1968, p. 40 . 
4. J. Robert Selman and Charles W. Tobias, 
Current and Potential Distribution in Convec
tive Mass Transfer at Planar Electrodes, 
IMRD Annual Report, 1968, UCRL-18735, April 
1969, pp. 34 and 35. 

2. ELECTROLYSIS AT HIGH CURRENT DENSITIES 

a. Mass Transfer Considerations 

Raul E. Acosta, Dieter Landolt, Rolf H. Muller, 
and Charles W. Tobias 

Copper dissolution in potassium sulfite 
solutions shows similar characteristics as 
the previously described dissolution in 
potassium nitrate solution.2 In particular, 
the dissolution process also switches to a 
transpassive mode with the formation of solid 
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products when the transport limitations for 
dissolved products appear to be exceeded. 
Oscillatory phenomena may occur under these 
conditions (Fig. 1). 

ec 

:·~"~p 
0 

900 1000 1100 1200 

Time (m sec) 

Fig. 1. Cell voltage fluctuations due to 
anodic processes durin2 copper dissolution in 
0.2 ~ K2so4 at 20 A/em with a flow of 400 
em/sec 1n a 0.5 mm gap. U = cell voltage, 
eA = apparent anode potential, i = current 
density, ec = apparent cathode potential. 

(XBL 707-3547) 
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Fig. 2. Comparison of predicted values of the 
Nusselt number with the values obtained 
experimentally. Sc = 2234. 

Experimental values 

Correlation of Ref. 3 

Leveque solution 
(XBL 7012-7486) 

A precise analysis of mass transport 
limitations for dissolved reaction products 
under electrochemical machining conditions is 
at present not possible because of uncertain
ties in the extrapolation of existing mass 



transfer correlations3 to high flow rates in 
channels of small equivalent diameter. In 
order to extend quantitative data to this 
regime, limiting currents for the reduction 
of ferricyanide ion on nickel electrodes are 
being measured. ~flow ch~nne~ cell with a 
0.5 mm gap, described earlier, was used in 
these experiments. A cooling system had to 
be added for removal of heat dissipated by 
the pump. Thus, runs of unlimited duration 
can be conducted. Preliminary results ob
tained at various values of the Reynolds 
number a:e indicated in Fig. 2. They show a 
substantial departure from the prediction 
made by using the correlation of van Shaw 
et al. for turbulent mass transfer in the 
entry region and are more closely represented 
by the Leveque solution for laminar flow. 

1. Paper presented at the 138th National 
Meeting of the Electrochemical Society, Oct. 
4-9, 1970 (UCRL-19615). 
2. D. Landolt, R. H. Muller, and C. W. 
Tobias, J. Electrochem. Soc. 116, 1384 (1969). 
3. P. van Shaw, L. P. Reiss,-afid T. J. 
Hanratty, J. Am. Inst. Chern. Engrs. 9 362 
(1963) . _, 

b. Crystallographic Factors in the High-Rate 
Anodic Dissolution of Copperl 

Dieter Landolt, Rolf H. Muller and Charles W. 
Tobias 

An important problem in the process of 
electrochemical machining is the control of 
the resulting surface finish. In the present 
study, the surface topography resulting from 
the ano2ic dissolution of copper specimens at 
50 A/em has been investigated under active 
and transpassive dissolution conditions in 
2 ~.KN03. Polyc~stalline samples of variable 
grain size and Single crystals of different 
orientation have been used. 

The r~sults show that crystallographic 
factor~ Influence the surface texture resulting 
from dissolution in the active mode . Trans
passive dissolution proceeds in the presence 
of anodic layers, which diminish the effect of 
crystal orientation and result in bright 
surfaces which can be surprisingly smooth on 
a submicroscopic scale. In the active mode 
the macroscopic surface roughness observed ' 
earlier is found to extend to the submicro
scopic region, where the development of facets 
in certain crystallographic directions (Fig. 
1) results in a differentiation between 
grains in polycrystalline material. Active 
dissolution of (100) and (111) faces has not 
resulted in the formation of facets. These 
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(a} (b) 

Fig. 1. Microtexture of copper single crystal 
oriented 10% off (110) . (a) After active 
dissolution, (b) after transpassive dissolu
tion. Electron micrographs of two stage 
carbon replicas, diameter of latex spheres = 
0.53 ~ . (XBB 709-4175) 

observations are in agreement with a disso
lution mechanism based on the motion of 
atomic ledges on tightly packed lattice 
pl~es, and show some similarities to vapori
zation processes. 

1. Abstract of paper presented at the 138th 
National Meeting of the Electrochemical 
Society, Oct. 4-9, 1970 (UCRL-19617). 

c. Anode Potentials in High-Rate Dissolution 
of Copper! 

Dieter Landolt, Rolf H. Muller, and Charles W. 
Tobias 

In anodic metal dissolution under conditions 
of electrochemical machining, the prediction 
of current distribution, which determines the 
shape of the workpiece, requires a knowledge 
of the electrode overvoltage. It is not 
certain that the dependence of electrode 
potential on current density ~alid at low 
current densities (few m A/em ) can be extrap
olated to very high current densities 
(100 A/cm2). Meaningful electrode potential 
measurements on rapidly dissolving anodes at 
high current densities cannot be obtained by 
conventional means due to large ohmic 
components in the measurement. For this 
reason, a galvanostatic interrupter technique 
with electronic compensation of ohmic voltage 
drop has been employed. 

For copper dissolution in sulfuric acid in 
the active mode, the results show that the 
overvoltage follows a Tafel relationship up 
to 100 A/cm2, the highest current densities 
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Fig. 1. Anode potential for active dissolution 
of copper in sulfuric acid. . 

o Data obtained in stagnant solution 
1 ~H2so4 + 0.1 ~ CuS04. 

• Literature v~lues for 0.5 ~H2so4 + 

0.075 CuS04. (XBL 709-3824) 

investigated. Data ob~ained in an.uns~irred 
solution up to 39 A/em are shown In Fig. 1 
in comparison with recent literature.values 
at lower current densities. Of particular 
interest is the same slope of the two sets of 
data ; the parallel displacement between the 
two is strongly dependent on surface prepa 
ration. Similar results have been obtained 
in a flow channel up to 110 A/cm2. 

Potential measurements under transpassive 
dissolution conditions have confirmed a sharp 
rise in potential, previously inferred from 
cell voltage measurements and ascribed to the 
formation of solid anodic layers. The present 
measurements have put an upper limit of a few 
tenths of a micron on the thickness of anodic 
layers formed in sulfuric ~cid and ~ast ~oubt 
on electrical conduction via pores In this 
layer. Double pulse measurement~ have shown 
the layers to be very unstable; I~ a flow 
channel their electrical effect disappears 
after a few milliseconds. 
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1. Abstract of paper presented at the 138th 
National Meeting of the Electrochemical 
Society, Oct. 4-9, 1970 (UCRL 19616). 
2. E. Mattson and J. O'M. Bockris, Trans. 
Faraday Soc.~. 1586 (1959). 

d. Periodic Phenomena in Copper Dissolution at 
Constant Currentl 

T. Cooper, Rolf H. Muller, and Charles W. 
Tobias 

Electrode potential oscillations in galva
nostatic electrolysis, or current density 
oscillations in potentiostatic electrolysis, 
have long been observed for a variety of 
electrode-electrolyte combinations.2 Anode 
potential oscillations have also been observed 
in the high-rate anodic dissolution of copper 
under several different conditions.3 These 
oscillations are most pronounced and periodic 
in chlorate solutions and may be associated 
with the desirabl~ properties reported for 
this electrolyte. 
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' ' ~/' ,,_ 
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Fig. 1. Variation of effective valence (n) 
over the course of two potential oscillation 
cycles; for copper dissolution in

2
2 ~ NaCl03, 

stationary electrolyte, 1.33 A/em . 
(XBL 709-6612) 
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> 

In order to determine the significance of 
periodic phenomena in anodic metal dissolution 
and the mechanisms by which they are generated, 
the chemical and physical processes which take 
place over a single cycle of oscillation 
during copper dissolution in sodium chlorate 
solution are being investigated. The instan
taneous effective valence of the dissolution 
process during a cycle, as determined from 
weight-loss measurements is illustrated in 
Fig. 1 for dissolution in stationary electro 
lyte at current densities above 1 A/em2. A 
valence of 1.15 is observed in the first half 



of the low voltage part of the cycle, while a 
valence of 1.33 persists in the second half 
and throughout the voltage peak. As a ten
tative explanation of the sequence of events 
taking place, it is proposed that a clean 
copper electrode, when anodically dissolved, 
first produces a film of essentially pure 
cuprous oxide, as determined by X-ray diffrac
tion. In the course of a cycle, the cuprous 
oxide is replaced by a more complex solid, 
chemical analysis of which yielded a ratio of 
copper to chlorate consistent with the 
empirical formula, CuCl03·2 cu2o. The quan
tities of cu++ and Cl- found in the anolyte 
after electrolysis suggest a simultaneous 
chemi~al oxidation of Cu20 by means of the 
react1on 

1 1 - + ++ 1 - -z Cu2o + 6 Cl03 + H = CU + 6 Cl + OH 

Studies of the texture of film and metal 
surfaces are in progress and precise mass and 
charge balances are planned. 

1. Paper presented at 138th Meeting of the 
Electrochemical Society, October 4-9, 1970. 
2. K. J. Vetter, Electrochemical Kinetics 
(Academic Press, New York, 1967), p. 786. 
3. K. Kinoshita, Studies on the Anodic 
Dissolution of Copper at High CUrrent 
Densities (Ph.D. thesis), UCRL-19051, Sept. 
1969. 
4. M. A. LaBoda and M. C. McMillan, 
Electrochem. Technol. ~. 340 (1967). 

e. Oxygen tvolution in High-Rate Anodic Metal 
Dissolution 

Kimio Kinoshita, Rolf H. Muller, and Charles 
W. Tobias 

Anodic dissolution of metals at high cur
rent densities in the transpassive state may 
result in concurrent oxidation of the solvent, 
resulting in the evolution of oxygen. The 
current efficiency of metal dissolution and 
the solution composition in the boundary 
layer, as well as the physical nature of the 
transport process, would be affected by the 
simultaneous liberation of oxygen. 

A technique for the analysis of oxygen 
evolved under conditions similar to those of 
electromachining has been developed, and upper 
limits have been established for the current 
efficiency of oxygen evolution when copper is 
dissolved in KN03, KCl, and K2so4 ~lectrolytes at current densities up to 80 A/em . As an 
oxygen sensor, a commercial polarographic type 
analyzer2 was chosen. The oxygen-selective 
membrane of this sensor excludes other reduc
ible compounds possibly present in the solu-
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A 

B 

c 

Fig. 1. Oxygen analysis cell. A= piston in 
measuring chamber, B = collection coil, C = 
needle valve, D = connecting tube to electrol
ysis cell, E = magnetic stirrer in measuring 
chamber, F = oxygen sensor. 

(XBB 695-3166A) 

tion, but contributes to the slow response of 
the sensor of approximately 10 sec. Elec
trolysis effluent therefore could not be 
continuously monitored and samples had to be 
collected for analysis after the conclusion 
of each run, which lasted from 0.4 to 12 sec. 
For this purpose an oxygen analysis cell, 
shown in Fig. 1, was constructed. 

Oxygen analysis was conducted at flow 
velocities of 100 and 500 em/sec ~t current 
densities between 2.5 and 80 A/em . Under all 
conditions the increase in oxygen concentra
tion detected by the sensor was less than the 
amount that would correspond to 1% of the 
applied current. These results are in quali
tative agreement with the extremely small 
levels of gas evolution observed optically in 
free convection experiments,3 and support the 
hypothesis that observed nonintegral valences 
of copper dissolution result from the simul
taneous dissolution in the +1 and +2 valence 
states. 

Present address: Pratt and Whitney Aircraft 
Corp., Middletown, Conn. 06457. 
1. Abstract of paper submitted to J. Electro
chem. Soc. (UCRL-20339). 
2. Beckman Model 778 analyzer with model 
76365 sensor. 
3. K. Kinoshita (Ph.D. thesis), UCRL-19051, 
Sept. 1969. 



f. The Role of Anodic Films in Electro
polis ing 

Karou Kojima and Charles W. Tobias 

Electropolishing on macroscale (> 1-10 ~) 
may be reasonably interpreted by diffusion 
mechanism. As reported earlier in the 
electropolishing of copper in phosphoric acid, 
the limiting current density, under which 
electropolishing takes place, may be calcu
lated by assuming copper phosphate to be 
the rate-limiting species. 

Electropolishing on the microscale is 
closely related to transport kinetics through 
a thin solid film on the copper surface. The 
study of the structure of this thin solid film 
is essential for understanding of the mecha
nism of electropolishing in microscale. 

8.0 

6.0 

N 
Rr 

E 
u 

c: 4.0 

2.0 

o~~L_~~~~-7~~~L--L--~~--~~~ 
0.8 1,0 1.2 1.4 

EH (volts) 

Fig. 1. Anode film resistance as a function 
of anode potential in the electropolishing of 
copper in 10 moles/1 phosphoric acid, T:30°C. 

Rr: overall re2istance of anode 
film, rl em 

resi2tance of film in pores, 
Q em (based on electrode area) . 

(XBL 711-2550) 

A critical review on impedance measurement 
of anode films on copper in concentrated H3Po4 during anodic dissolution revealed that the 
solid film under polishing condition may be 
simulated by a parallel combination of solid 
f ilm resistance, RT, and solid film capaci
tance. Further, tfte solid film is most likely 
thinner ( < SO A) at pore sites than over the 
rest of the anode surface . 

Analysis of ~edance data obtained during 
electropolishing, indicates that the overall 
resistance of fi lms, RT, reaches a constant 
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value with increasing anode potential. This 
plateau corresponds to the stable polishing 
region. Resistance of the film in pores 
increases linearly with anode potential in the 
0.4-0.8 V (EH) range, indicating film growth 
in this region of potential (Fig. 1). 

1. K. Kojima and C. W. Tobias, IMRD Annual 
Report, 1968, UCRL-18735, p. 35. 
2. K. Ohashi, T. Murakawa, and S. Nagura, J. 
Electrochem. Soc. Japan 30, 165 (1962). 

3. ELECTROCHEMISTRY IN NONAQUEOUS SOLVENTS 

a. Reduction of Active Metals in Propylene 
Carbonate 

Jacob Jorne and Charles W. Tobias 

The growing interest in propylene carbonate 
is due to its favorable nature as an excellent 
ionizing aprotic solvent with high dialectric 
constant, wide range of temperature operation, 
and high stability. The principal application 
of P.C. is as an Ilectrolyte solvent for high 
energy batteries. Electrodeposition of 
metals from P.C. is a relatively unexplored 
field. 

Current efforts in this laboratory are 
concentrated on the reduction of metals that 
cannot be deposited from aqueous solutions. 

Lithium was deposited by electrolysis of 
LiBr, LiC104 , LiBF4, LiPF6, LiBH4 solutions 
in P.C. Deposits of pure lithium were 
obtained on nickel and stainless steel cath
odes. Reduction of lithium on platinum 
cathodes resulted in Li-Pt alloys which are 
stable to exposure in the atmosphere. Sodium 
was deposited in metallic form from NaC104, 
NaBF4, NaBH4 solutions in P.C. Metallic 
potassium was obtained from electrolysis of 
KC104 and KPF6 solutions in P.C. 

Magnesium has been deposited from P.C. in 
an impure state, 2 owing to codeposition with 
lithium or sodium and decomposition of the 
solvent. The difficulty experienced with Mg 
is probably related to the existence of 
unstable Mg1+ ions which are formed at the 
cathode. This intermediate species could 
reduce the solvent while being oxidized back 
to the stable divalent state (Mg2+). 

On the basis of favorable results obtained 
with the efficient reduction of the common 
alkali metals, the criteria for economically 
feasible processes for the production of these 
metals in the pure state, at ambient temper
atures, will be investigated. Reduction of 



the group IVb, Vb, VTb transition met al s is 
still unsolved . 

1. R. Jasinski, High Energy Batteries 
(Plenum Press, New York, 1967). 
2. Jacob Jorne and Charles W. Tobias, 
Reduction of Active Metals in Propylene 
Carbonate, IMRD Annual Report, 1969, UCRL-
19155, p. 48. 

4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Charles W. Tobias 

a. Fundamental Studies of Ionic Mass Transport 

The quantitative description of the effects 
of hydrodynamic flow on metal deposition and 
dissolution processes in forced and free 
convection will be advanced, using limiting 
current distribution measurements on large 
segmented electrodes, and precise observations 
of boundary layers by the ~fuch Zehnder inter
ferometer developed in our laboratory. The 
long-range purpose of this study is to intro
duce rational methods of approach to the 
design and operation of electrolytic and 
galvanic cells, and to increase--by at least 
an order of magnitude--the specific rates 
(i.e., cell capacity) relative to current 
industrial practice. 

b. Electrolysis at High Current Densities 

Investigation of the chemical and physical 
processes and their interactions under condi 
tions characteristic of electromachining will 
be extended to metals and electrolytes of 
importance in current technology. These will 
include iron- and nickel-based alloys, and 
refractory carbides. We seek to establish 
quantitative criteria for achieving dimen
sional accuracy, appropriate surface finish 
and high cutting speed. The mechanism of 
formation of solid films on anode surfaces, 
and the transport of dissolved

2
gaseous and 

solid products in the 100 A/em range will be 
studied by high speed motion pictures, 
chemical and x-ray analysis, and by surface 
characterization by using optical techniques, 
including electron microscopy. Integration 
of results will be pursued on a commercial 
ECM machine, on which a parallel test program 
will allow the pragmatic evaluation of how 
our understanding of the fundamental processes 
involved in ECM can be translated to the 
practical execution of the shaping of metals. 
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c. Electrochemistry in Nonaqueous Solvents 

Propylene carbonate, and other closely 
related solvents, first proposed in this 
laboratory as highly stable ionizing media, 
will be employed in the development of 
processes for the electrotwinning, and 
refining of the alkali metals at ambient 
temperatures. Efforts will continue to estab
lish the feasibility of the reduction of the 
earth alkali series and of magnesium. Explo 
ration of electrolyte compositions for the 
reduction in the pure form of the group IVb, 
Vb, VIb transition metals will also be con
tinued. 

5. 1970 PUBLICATIONS AND REPORTS 

Charles W. Tobias and Associates 

Journals 

1. Dieter Landolt, Raul Acosta, Rolf H. 
Muller, and Charles W. Tobias, An Optical 
Study of Cathodic Hydrogen Evolution in High
Rate Electrolysis, J. Electrochem . Soc. 117, 
No. 8, 839 (1970). -

2. K. Kinoshita, D. Landolt, R. H. Muller, 
and C. W. Tobias, Stoichiometry of Anodic 
Copper Dissolution at High Current Densities, 
J. Electrochem. Soc. 117, No. 10, 1246 (1970). 

Papers presented 

l. Talks at Symposium on Electrochemical 
Machining, Fall Meeting of the Electrochemical 
Society, Oct. 4-8, 1970, Atlantic City, New 
Jersey : 

(a) D. Landolt, R. H. Muller, and C. W. 
Tobias, "Crystallographic Factors in High-Rate 
Anodic Dissolution of Copper. "*t 

(b) D. Landolt, R. H. Muller, and C. W. 
Tobias, "Anode Potentials in High-Rate Disso 
lution of Copper."*t 

(c) D. Landolt, R. H. Muller, and C. W. 
Tobias, "Transport Processes in ECM."* 

(d) J. Cooper, R. H. Muller, and C. W. 
Tobias, "Periodic Phenomena in Copper Dissolu
tion at Constant Current."* 

2. Lectures to local sections of the Electro
chemical Society, "Electrolysis at High Current 
Densities" at: Los Angeles, San Francisco, 
Dallas, Houston, Seattle, Philadelphia, and 
Washington. 

3. Invited lecture on "Electrolysis at High 
Current Densities" at Oregon State University, 
May 1970. 

tAccepted for Symposium volume and the JECS. 
Accepted for the JECS. 



4. Invited lecture on "Electrolysis at High 
Current Densities" at the University of 
California at Davis, Nov. 1970. 

UCRL reports 

1. D. Landolt, R. H. Muller, and C. W. Tobias, 
Crystallographic Factors in High-Rate Anodic 
Dissolution of Copper, UCRL-19617, Sept. 1970. 

2. D. Landolt, R. H. Muller, and C. W. Tobias, 
Transport Processes in ECM, UCRL-19615, Oct. 
1970. 

3. D. Landolt, R. H. Muller, and C. W. Tobias, 
Anode Potentials in High-Rate Dissolution of 
Copper, UCRL-19616, Sept. 1970. 
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4. J. Cooper, R. H. Muller, and C. W. Tobias, 
Periodic Phenomena in Copper Dissolution at 
Constant Current, UCRL-19618, Oct. 1970. 

5. K. Kinoshita, R. H. Muller, and C. W. 
Tobias, Oxygen Evolution in High-Rate Anodic 
Metal Dissolution, UCRL-20339, Dec . 1970. 

6. Charles Kortright Bon, Supersaturation at 
Gas -Evolving Electrodes (M.S. thesis), UCRL-
19612, Sept. 1970. 



Rolf H. Muller, Principal Investigator 

1. OPTICAL STUDIES OF INTERFACIAL PHENOMENA 

a. Interferometry of Mass Transfer Boundary 
Layers 

Kirk W. Beach, Frank R. McLarnon, Rolf H. 
Muller, and Charles W. Tobias 

When interferometric measurements of large 
concentration gradients are made, significant 
distortions result in the interferograms. 1 
These distortions are due to the curved light 
path in the mass transfer boundary layer, as 
shown in Fig. 1. A computer program has been 
developed to correct for these distortions: 
An expression approximating an error funct1on 
is used to fit the observed interference 
fringes, and a four - term expression is used 
to define a guessed concentration profile. An 
on-line computer television display is used 
to compare the resulting computed fringes 
with the measured fringes. By trial and error 
a match may be obtained, as shown in Fig. 2. 

1. IMRD Annual Report, 1969, UCRL-19155, 
pp. 41 and 42. 

=::!~ 
_./' 

Fig. 1. Computation of light deflection in 
boundary layer. 
Left side: Concentration profile (upper 
curve) and associated interference fringe 
(lower curve) . Abscissa: concentration of 
CuS04 in moles/1. 
Right side: Path of light rays through the 
same boundary layer in a 1-cm-wide cell and 
adjacent 12-rnm-thick glass wall. Rays enter 
the flow channel parallel to the electrode. 

(XBL 7012 -7193) 
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Fig. 2. Agreement between the observed inter
ference fringe of a boundary layer (per points 
of fitted function) and the fringe (t) com
puted from an assumed concentration profile 
under consideration of light deflection. 
Abscissa: fringe displacement in terms of 
Cuso4 molarity ; ordinate: distance from the 
electrode in rnm. (XBL 7011-7029) 

b. Focusing Refractometry 

Kirk W. Beach, Frank R. McLarnon, Rolf H. 
Muller, and Charles W. Tobias 

Due to the effect of the glass side-walls 
of the channel flow system, there is a con
siderable variation in the flow velocity 
across the channel. This gives rise to a 
variation in the mass transfer boundary layer 
across the channel, which must be accounted 
for in order to correctly interpret the 
average concentration profile seen by inter
ferometry. If the profile at the glass walls 
can be found, it may be used with the aver age 
profile found by interferometry to find the. 
profile variation across the channel. To f1nd 
the profile at the walls, a focusing Abbe 
reflectance r efractometer has been developed, 
shown schematically in Fig. 1. 

As a qualitative test of this refractometer, 
the counter-diffusion of 1 M CUS04 (bottom 
layer) and water was chosen~ The diffusion 
l ayer resulting at two different times is 
shown in Fig. 2. (The defects in the pictures 



are due to dust in the low magnification 
camera lens system used for this test only.) 
This apparatus will resolve concentration 
differences of 0.001 ~ euso4 over 0.003 mm. 

B C C B A 

Fig. 1. Focusing refractometer for the 
determination of concentration profiles 
immediately adjacent to the inside wall of a 
flow channel. 
A. Mercury vapor light source 
B. Filter 
C. Lenses 
D. Pinhole 
E. Mirror 
F. Contact prism 
G. Glass wall of flow channel 
H. Camera 
J. Electrolyte with light not totally 

reflected. (XBL 705-893) 

3min. 
I. 

Fig. 2. Counter-diffusion of 1 M Cuso4 (bottom) and water (top) observea with the 
focusing refractometer after formation of the 
liquid junction and 3 minutes later. 
Abscissa: concentration of CuS04 ; ordinate: 
distance in mm. (XBB 7011-49741 
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c. LASER Velocimetry of Channel Flow 

Kirk W. Beach, Frank R. McLarnon, Rolf H. 
Muller, and Charles W. Tobias 

A LASER velocimeter has been constructed, 
shown schematically in Fig. 1. Light 
reflected from particles suspended in flowing 
electrolyte is superimposed on part of the 
original beam. Due to a Doppler shift in the 
frequency of the reflected light, caused by 
the particle velocity, the superposi tion 
results in a beat frequency in the audio 
range. This velocimeter will be used to 
analyze the axial and transverse velocities 
in the flow channel. 

Fig. 1. LASER velocimeter for the measurement 
of fluid velocity by light scattering from 
suspended particles. 
A. LASER light source 
B. Beam splitter 
C. Pinhole 
D. Mirror 
E. Lens for focusing in flow cell 
F. Lens to accept scattered light 
G. Mirror 
H. Lens 
J. Beam uniter 
K. Filter 
L. Pinhole 
M. Photomultiplier tube 
V. Light-scattering particles suspended 

in electrolyte . (XBL 7011-7052) 

d. High Speed Photography of Anodic Metal 
Dissolution 

Kenneth G. Hellyar, Rolf H. ~~ller and Charles 
W. Tobias 

The anodic dissolution of copper i n the 
high voltafe (transpassive) regime has been 
postulated to involve the formation of solid 
reaction products. This process has been 
shown to affect the surface finish resulting 
from the dissolution and may be important in 
the technical electrochemical machining 
process. Cinematographic studies by Kinoshita2 



Fig. 1. Flow channel for high speed photog
raphy of anodic metal dissolution. A = 
channel, 6xlOmrn cross section, electrolyte 
flow in upward direction; B = anode surface, 
5x5rnrn, in bottom of channel; C =cathodes in 
sides of channel; D =camera objective; E = 
fiber optics light guide. (CBB 709-4268A) 

have demonstrated the formation of solid prod
ucts in stagnant solutions. Under certain 
conditions this formation of solids was 
accompanied by periodic electrical phenomena. 

The purpose of the present study is to 
extend the previous observations to dissolu
tion of different metals in a flow channel and 
to correlate optical and electrical data. 
For this purpose the traces of a two-channel 
oscillographic pen recorder are superimposed 
on the image of the metal surface by means of 
a beam splitter assembly inserted between lens 
and camera . 

A flow channel with gravity liquid feed has 
been constructed for experiments under forced 
convection up to Reynolds numbers of 15,000. 
Figure l shows the square anode, which forms 
part of the bottom wall near the downstream 
end of the channel. It is illuminated through 
the channel glass wall by means of a fiber 
optics light guide. Two cathodes are located 
in the side walls of the flow channel . Mag
nified observation of the surface requires 
high frame rates, even at the moderate flow 
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velocities considered (up to 150 em/sec). 
Limitations in illumination so far have 
restricted the frame rate to 1000 frames per 
second. It is expected that 5000 frames per 
second can be achieved by special film 
processing. 

For copper dissolution in chlorate solution 
at constant current, the periodic shedding of 
visible solid layers has been found to coin
cide with the peak of potential oscillations. 
It is likely, however, that the electrical 
fluctuations are caused by a dense, thin film 
underneath the optically observed layers, 
which are thick and porous. 

It is possible that transpassive metal 
dissolution is always periodic on a local 
scale, even under conditions where no overall 
fluctuations are observed. Studies with 
successively smaller surface areas, as well 
as with alloys of technical interest, are 
planned. 

1. D. Landolt, R. H. Muller, and C. W. 
Tobias, J. Electrochem. Soc. 116, 1384 (1969) . 
2. K. Kinoshita, UCRL-19051 (Ph.D. thesis), 
Sept. 1969. 

e. Ellipsometry of Surface Layers 

Hiram Gu and Rolf H. Muller 

Newly proposed conventions and definitions 
in ellipsometry! have been incorporated into 
previously established computational proce·
dures for current use in adsorption measure
ments in ultrahigh vacuum. 

In order to improve the response time 
(presently several minutes) of our manually 
operated ellipsometer for the observation of 
transient adsorption and oxidation processes, 
automatization with magneto-optical devices 
simil~r to the scheme described by H. P. 
Layer has been initiated. A response time 
of 10 msec and a dynamic range of polarizer 
and analyzer of 30° are planned. The two 
Faraday cells are designed for addition to 
the present instrument with a minimum of 
modifications. Preliminary data require the 
solenoids to be 6 in. long, consist of three 
separate windings, and be water cooled. 

1. R. H. Muller, Surface Sci. 16, 14 (1969). 
2. H. P. Layer, Surface Sci. 16, 177 (1969). 



f. Optical Interference in Thin Films 

John H. Turney and Rolf H. Muller 

In order to eliminate ambiguities in the 
determination of film thickness by light 
interference, the spectroscopy and tristimulus 
colorimetry of white light interference in 
transparent thin films on metal substrates 
has been analyzed. 

For determining the spectral attenuation 
of polarized light due to reflection from 
film-covered surfaces, a ratio-recording 
double-beam spectrophotometer has been used. 
A sample recorder trace is shown in Fig. 1. 
From the spectral location of interference 
minima and maxima in the spectrum, and with 
a knowledge of the optical constants of film 
and substrate materials, the local fi lm 
thickness can be calculated. Although the 
spectroscopy of interference colors can give 
exact and unambiguous film thickness data, 
the technique is often not practical for 
routine use because the spectral scan is slow 
and provides information on only one surface 
element. 

20 ~--~70~0~--~6~50~--~~--~~--~~------~ 

Wavelength (nm) 

Fig. 1. Interference spectrum of a 0.82 ~ 
thick film of 2 N KOH solution on a platinum 
substrate. (XBL 7Dll-4124) 

For the observation of complex film 
geometries, which change rapidly, the photog
raphy of interference colors is a more satis
factory technique. Because the conventional 
series of interference colors are not valid 
for metal-supported films, the principles of 
tristimulus colorimetry have been employed 
for the prediction of generalized interference 
color series. For the quantitative inter
pretation and prediction of interference 
colors resulting from transparent films on 
absorbing substrates, tristimulus color 
coordinates, as a function of film thickness, 
have been computed for different phase and 
amplitude changes due to reflection. An 
example is shown in the CIE chromaticity 
diagram of Fig.2, together with the color 
names employed. Thus, quantitative film 
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thickness data can be derived from the observ
ation of interference color series, partic
ularly if the assignment of a selected color 
has been checked by spectral analysis. 

Fig . 2. CIE chromaticity ~iagram with 
demarcation of color names used in the 
description of generalized interference color 
series. Sequence of interference colors 
computed for increasing thickness of a 2 N KOH 
film on platinum. Parameter along the curve is 
the optical path difference in microns 
(=1.9Sxthickness). (XBL 712-2772) 

* g. Carbon Replica for Electron Microscopy 

Walter T. Giba and Rolf H. Muller 

Procedures for the preparation of carbon 
replica from metal surfaces after anodic 
dissolution have been perfected by the con
struction of a replica washing device shown 
in Fig . 1. It consists of a solvent reservoir 
which is placed on a hot plate, an extraction 
basin where the replicating film is dissolved, 
and a valve for controlling the sol vent flow. 
In contrast to the lengthy and erratic process 
used previously, this device produces clean, 
unbroken carbon replicas, which remain 
attached to the specimen grid, in about 2 
minutes. 

Abstract of UCRL-18812 Rev., Aug. 1970. 



Fig. 1. Replica washing device for dissolution 
of replicating film. A = solvent reservoir, 
B = valve, C = extraction basin with wire mesh 
lining, D = replica on specimen grid, E = 
solvent drain. (XBB 708-3654) 

2. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Rolf H. Muller 

Systematic studies of mass transfer bound
ary layers will be conducted by using the 
newly-developed instrumentation and data 
evaluation for interferometry. Of particular 
interest are the effects due to the super
position of forced and natural convection and 
flow in channels of finite size. 

The study of anodic metal dissolution under 
conditions of electrochemical machining will 
be expanded to include alloys of technical 
interest. The validity of previous observa
tions in the dissolution of copper, such as 
the occurrence of active and transpassive 
dissolution regimes and their effect on 
surface texture, wil l be investigated. A 
search for the localized general occurrence 
of periodic phenomena in transpassive metal 
dissolution will be conducted. 

The ellipsometer will be converted to 
automatic operation and used for chemisorption 
studies in combination with low energy elec
tron diffraction. 
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3 . 1970 PUBLICATIONS AND REPORTS 

Rolf H. Muller and Associates 

Journals 

1. D. Landolt, R. Acos ta, R. H. Muller, and 
C. W. Tobias, An Optical Study of Cathodic 
Hydrogen Evolution in High-Rate Electrolysis, 
J. Electrochem. Soc. 117, 839 (1970). 

2. K. Kinoshita, D. Landolt, R. H. Muller , 
and C. W. Tobias, Stoichiometry of Anodic 
Copper Dissolution at High Current Densities, 
J. Electrochem . Soc. 117, 1246 (1970). 

UCRL reports 

1. R. H. Muller, K. W. Beach, and C. W. 
Tobias, Laser Interferometer for Mass Transfer 
Studies, UCRL-19042, June 1969. 

2. W. T. Giba and R. H. Muller, Carbon 
Replica Preparation for Electron Microscopy, 
UCRL-18818 Rev., Aug. 1970. 

3. D. Landolt, R. H. Muller, and C. W. Tobias, 
Anode Potentials in High-Rate Dissolution of 
Copper, UCRL-19616, Sept. 1970. 

4. D. Landolt, R. H. Muller, and C. W. Tobias , 
Crystallographic Factors in High-Rate Anodic 
Dissolution of Copper, UCRL-19617, Sept. 1970. 

5. D. Landolt, R. H. Muller, and C. W. Tobias, 
Transport Processes in ECM, UCRL-19615, Oct. 
1970. 

6. J. Cooper, R. H. Muller, and C. W. Tobias, 
Periodic Phenomena in Copper Dissolution at 
Constant Current, UCRL-19618, Oct. 1970. 

7. K. Kinoshita, R. H. Muller, and C. W. 
Tobias, Oxygen Evolution in High-Rate Anodic 
Metal Dissolution, UCRL-20339, Dec. 1970. 



John Newman, Principal Investigator 

1. MASS TRANSFER TO A CIRCULAR CYLINDER IN 
LOW REYNOLDS NUMBER FLOW 

Ping Huei Sih and John Newman 

Mass transfer to the rear of an object in 
low Reynolds number flows, where no eddies 
were present, was studied first theoretically. 
The case with Stokes flow over a sphere was 
analyzed in great detail. The results 
indicated that the same approach could be 
applied to a general class of practical . 
problems; for example, flow pas~ ~ symmetric 
two-dimensional object. In addition, the 
mass transfer rates to an object could be 
predicted providing that the sh~ar stress 
distribution was known. Thus, It was not 
necessary to prescribe the entire flow field. 

Combining the results for the rear and the 
front, predicted by a diffusion boun~ry 
layer as shown by Acrivos and Goddard and 
Levich Z the mass transfer rates to the 
entire' object could be determined. 

An experiment was conducted with an elec
trochemical system using potassium terri
cyanide, potassium ferrocyanide, and a lar~e 
excess of potassium nitrate as the supporting 
electrolyte--and an electrode in the ~orm of 
a circular cylinder. A flow system With a 
square flow tunnel (6 inches x 6 inches) was 
constructed. In addition, elaborate, 
vibration-free, constant temperature, and 
constant flow rate systems were provided to 
avoid oscillation and free convection in the 
flow system. 

Two types of cylinder electrodes were 
constructed, one for shear stress distribution 
measurement and the other, a two-electrode 
system, for measuring the local mass transfer 
rate. 

Reproducible data were obtained from the 
experimental setup with a cylinder Reynolds 
number of about 5. However, there were free 
convection effects due to the concentration 
difference at the electrode, contradicting 
the finding by Boeffard,3 who claimed that 
there was no detectable free convection at 
low concentrations of ferricyanide and ferro
cyanide ions. Consequently, a separate . 
research project should be performed to find 
a proper solution whose density does not vary 
with change in concentration. 
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A detailed report of this project is 
reported in reference 4, which is in the 
final stages of revision and will be completed 
shortly. 

1. A. Acrivos and J. D. Goddard, Asymptotic 
Expansions for Laminar, Forced-Convection 
Heat and Mass Transfer. Part 1. Low Speed 
Flows, J. Fluid Mechanics, 23, 273-291 (1965). 
2. V. G. Levich, Physicochemical Hydrody
namics, Section 14 (Prentice-Hall, Englewood 
Cliffs, New Jersey, 1962). 
3. A. J. P. M. Boeffard, Ionic Mass Transfer 
by Free Convection in a Redox S~stem (M. S. 
thesis), University of California, UCRL-16624, 
Jan. 1966. 
4. Ping Huei Sih, Mass Transfer to the Rear 
of an Object in Low Reynolds Number Flow 
(Ph.D. thesis), University of California, 
UCRL-20509, in preparation. 

2. DIFFUSION IN AQUEOUS KOH SOLUTIONS 

Kemal Nisancioglu, Vinay Marathe, and John 
Newman 

Experimental study for the measurement of 
diffusion coefficiints in concent:ated e~ec
trolytic solutions has been co~tmued with 
aqueous KOH systems. The expenmental sezup 
and procedure are much the same as before 
with the exception of the diffusion cell, 
which requires ample modification to cope 
with the highly corrosive quality of concen
trated KOH solutions. 

Measurements so far have been limited to 
solutions below 1 molar. At higher concen
trations the interaction of KOH with the cell 
sealant ~d ensuing leakage present consid
erable difficulties. The effort at present is 
directed towards finding an adequate sealant 
which would be amenable for use at higher 
concentrations. 

1. Kemal Nisancioglu and John Newman, IMRD 
Annual Report (UCRL-19155, 1969), p. 53. 
2. Kemal Nisancioglu, Diffusion in Concen
trated Electrolytic Solutions (M. S. thesis), 
UCRL-19128, January 1970. 



3. LAMINAR FREE CONVECTION AT A VERTICAL 
ELECTRODE IN TilE PRESENCE OF A SUPPORTING 
ELECTROLYTE 

Jan Robert Selman and Jolm Newman 

Free convection and ionic migration effects 
are reviewed. Electrolytic free convection is 
treated theoretically for CuS04 - H2S04 
solutions and for K3Fe(CN)5 - K4Fe(CN)6 
solutions without added electrolyte and with 
additions of KOH or NaOH. The effect of 
ionic migration on limiting currents is 
investigated. The presence of supporting 
electrolyte lowers the electric field, as in 
stagnant or forced convective systems. In 
addition, the concentration distribution of 
added electrolytes affects the density 
distribution, hence the velocity profile in 
free convection and, indirectly, the value 
of the calculated limiting currents.l,2 

The uniform flux condition for free con
vection at a vertical plate is also treated 
in the limit of high Schmidt numbers.3 

1. Jan Robert Selman and Jolm Newman, Free
Convection Mass Transfer with a Supporting 
Electrolyte, UCRL-20306, September 1970. 
2. Jan Robert Selman and Jolm Newman, 
Migration in Supported Electrolytic Solutions 
with Free Convection, UCRL-20322, January 1971. 
3. Jan Robert Selman and Jolm Newman, High 
Sc Limit of Free Convection at a Vertical 
Plate with Uniform Flux Condition, UCRL-20352, 
October 1970. 

4. ANALYSIS OF POROUS ELECTRODES WITH 
SPARINGLY SOLUBLE REACTANTS* 

Jolm S. Dunning, Douglas N. Bennion, and 
Jolm Newman 

A model is developed for the operation of 
a porous electrode in which slightly soluble 
reactants are present.l Numerical teclmiques 
are used to predict current distribution and 
total electrode polarization for the case of 
a uniform porous structure. This teclmique 
is extended to the case where nonuniformities 
in reactant conversion are produced by a 
nonuniform current distribution within the 
electrode. In addition, a simulation of 
electrode behavior upon repeated cycling is 
obtained. The implications of nonuniform 
reactant conversion and mass transfer limita
tions for real battery electrodes are 
discussed. 

The results of the numerical calculations 
indicate that diffusion limited currents 
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within the porous electrode are possible for 
certain input parameters. The high polariza
tion at constant current corresponding to a 
limiting current may be obtained after some 
time of discharge, but before all of the 
theoretically available active material is 
used. In the cycling simulation, significant 
changes in the relative distribution of 
reactants and products were observed as a 
function of depth in U1e electrode. These 
changes caused differences in the total 
electrode polarization from cycle to cycle. 

Work supported by the United States Naval 
Weapons Center, Corona, California and by 
the UCLA Campus Computing Network. 
1. Jolm S. Dunning, Douglas N. Bermion, and 
Jolm Newman, Analysis of Porous Electrodes 
with Sparingly Soluble Reactants, Department 
of Energy and Kinetics, University of 
California, Los Angeles, September 1970. 

5. DISK, ~ING-DISK, AND SECTIONED DISK 
ELECTRODES 

William H. Smyrl and Jolm Newman 

Integrals relating surface concentration 
to surface flux for the diffusion layer on a 
rotating disk are used to evaluate collection 
efficiencies for a ring-disk system and to 
assess the error involved in using this system 
as a sectioned electrode to measure the 
current distribution. Experimental results 
confirm these predictions at the limiting 
current and yield values for the diffusion 
coefficient of the ferrocyanide ion in 
1M KN03 solutions. Below the limiting 
current, a n£nuniform current distribution 
is obtained. 

Collection efficiencies for the ring are 
used to detect whether there is a nonuniform 
current distribution on the disk2 in the 
manner of Alvery and Ulstrup3 in an attempt 
to resolve the conflict between their results 
and theoretical predictions.4 Other methods 
of detecting a nonuniform current distribution 
are discussed. 

The edge effect on limiting currents due 
to radial diffusion is calculated by a 
singular-perturbation teclmique for large 
Schmidt numbers, and a correction to the 
Levich formula is thereby obtained.5 

Supported in part by Boeing Scientific 
Research Laboratories, Seattle, Washington. 
1. William H. Smyrl and Jolm Newman, Ring
Disk and Sectioned Disk Electrodes, 
UCRL-20379, December 1970. 



2. William H. Smyrl and John Newman, 
Detection of Nonuniform Current Distributions 
on a Disk Electrode, UCRL-20380, January 1971. 
3. W. J. Albery and J. Ulstrup, The Current 
Distribution on a Rotating Disk Electrode, 
Electrochim. Acta, 13, 281-284 (1968). 
4. John Newman, Current Distribution on a 
Rotating Disk below the Limiting Current, 
J. Electrochem. Soc., 113, 1235-1241 (1966). 
5. William H. Smyrl aii<lJohn Newman, Limiting 
Current on a Rotating Disk with Radial 
Diffusion, UCRL-20378, November 1970. 

6. RAPID AGING AND DYNAMIC SURFACE TENSION 
OF DILUTE AQUEOUS SOLUTIONS* 

C. Tsonopoulos, John Newman, and J. M. 
Prausnitz 

The mechanism controlling rapid aging of 
surfaces of aqueous solutions is considered 
with reference to the variation of dynamic 
surface tension with time.l The Ward-Tordai 
and Sutherland results for the diffusion
controlled mechanism are critically discussed 
and a new surface model is introduced which 
reduces to the Sutherland result as a special 
case. The diffusion-controlled mechanism is 
inadequate for aqueous solutions of mono
alcohols. Satisfactory agreement between 
experiment and theory is obtained through 
introduction of first-order adsorption kinet
ics, but only for values of the adsorption 
rate constant which make the governing 
relation a complex-variable equation. 

Work supported by the National Science 
Foundation and by the Petroleum Research Fund 
administered by the American Chemical Society. 
1. C. Tsonopoulos, John Newman, and J. M. 
Prausnitz, Rapid Aging and Dynamic Surface 
Tension of Dilute Aqueous Solutions, Depart
ment of Chemical Engineering, University of 
California, Berkeley, April 1970. 

7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

John Newman 

Efforts to measure the diffusion coeffi
cients of aqueous solutions of potassium 
hydroxide in the optical diffusion cell will 
be continued. The writing of a monograph on 
electrochemical systems will be completed. 
A system of two concentric cylinders, the 
inner of which rotates, will be studied with 
regard to fluid flow between the cylinders, 
mass-transfer rates in comparison with the 
predictions of turbulence correlations, and 
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the electrode kinetics for the deposition of 
copper. Theoretical predictions of the 
corrosion of iron and copper disks will be 
attempted. The velocity distribution between 
a rotating disk and'a stationary plane will 
be calculated. 

8. 1970 PUBLICATIONS AND REPORTS 

John Newman and Associates 

Journals 

1. Limin Hsueh and John Newman, The Approach 
to Limiting Current in a Stagnant Diffusion 
Cell, J. Electrochem. Soc. 117, 1242-1245 
(1970). -

2. John Newman, Frequency Dispersion in 
Capacity Measurements at a Disk Electrode, 
J. Electrochem. Soc. 117, 198-203 (1970). 

3. John Newman, Ohmic Potential Measured by 
Interrupter Techniques, J. Electrochem. Soc. 
117, 507-508 (1970). 

4. John Newman and Limin Hsueh, Currents 
Limited by Gas Solubility, Ind. Eng. Chern. 
Fundam. ~. 677-679 (1970). 

5. W. R. Parrish and John Newman, Current 
Distributions on Plane, Parallel Electrodes 
in Channel Flow, J. Electrochem. Soc. 117, 
43-48 (1970). -

Papers presented 

1. John Newman, The Rotating Disk Electrode. 
Invited lecture before the Departments of 
Chemistry and Chemical Engineering, The 
California Institute of Technology, April 30, 
1970. 

2. John Newman, Elliptic Regions in Boundary 
Layer Problems. Invited lecture before the 
Department of Chemical Engineering, The 
University of Wisconsin, May 6, 1970. 

UCRL reports 

1. Limin Hsueh and John Newman, The Role of 
Bisulfate Ions in Ionic Migration Effects, 
UCRL-19102, July 1970. 

2. John Newman, On the Resistance to 
Electrodes at Nonuniform Potential, UCRL-20332, 
Sept. 1970. 

3. Kemal Nisancioglu, Diffusion in Concen
trated Electrolytic Solutions (M. S. thesis), 
UCRL-19128, Jan. 1970. 



4. Jan Robert Selman and Jolm Newman, Free
Convection Mass Transfer with a Supporting 
Electrolyte, UCRL-20306, Sept. 1970. 

5. Jan Robert Selman and Jolm Newman, High 
Sc Limit of Free Convection at a Vertical 
Plate with Uniform Flux Condition, UCRL-20352, 
Oct. 1970. 

6. William H. Smyrl and Jolm Newman, Ring
Disk and Sectioned Disk Electrodes, UCRL-20379, 
Dec. 1970. 
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7. William H. Smyrl and John Newman, Limiting 
Current on a Rotating Disk with Radial 
Diffusion, UCRL-20378, Nov. 1970. 

8. Irene Sun and John Newman, The Electrical 
Conductivity of Aqueous Solutions of Calcium 
Chloride, UCRL-19150, Jan. 1970. 

9. Kong-Heong Tan, M:>ving-Boundary Measure
ments of Transference Numbers (M. S. thesis), 
UCRL-19141, March 1970. 
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E. PHYSICAL CHEMISTRY 

Bruce H. Mahan, Principal Investigator 

1. DYNAMICS OF Tiffi Oz + (Dz ,D) DOz + REACTION* 

Ming-Hwa Chiang, Eric A. Gislason, Bruce H. 
Mahan, Chi-Wing Tsao and Arthur S. Werner 

We report extensive measurements of the 
velocity vector distributions·of HOz+ and 
DOz+ formed by reaction of Oz+ with Hz and 
D2. Experiments were performed over a wide 
span of initial relative energies of colli
sion, which ranged from 1.5 to 11.1 eV. 
Figure 1 shows a typical result found in the 
low energy regime. A contour map of the in
tensity of HOz+ plotted in the center-of-mass 
coordinate system is isotropic, with the maxi
mum intensity occurring at the center-of-mass 
velocity. This indicates that the reaction 
proceeds in the low energy regime through a 
persistent collision complex HzOz+ which lives 
many rotational periods. The occurrence of 
such a long-lived complex is consistent with 
the energetic properties of HzOz+, which are 
known independently from mass spectrometry. 

0~ + H2 ----. 02H+ + H 

(30. 11 ev l lgo• 
Relative Energy= 1.77 eV + 

180° -

105 em/sec l-90° 

--, 
\ 
I 
I 

I __ , o· -
20% Beam 
Profile 

Fig. 1. A contour map in the center-of-mass 
coordinate system of specific intensity of 
HOz+ formed from Hz-Oz+ collisions at 1.77 eV. 
The intensity units are arbitrary, but the 
intensities in all figures may be compared 
directly. The symbol K stands for 1000. 
(XBL7012-7463). 

o~ + o2-o2o+ + o 
(99.64eV) 

Relative Energy = /1.07 eV 

105 em/sec 

0=-2.0eY 

!-90· 

Fig. 2. A contour map in the center-of-mass 
system of the specific intensity of no2+ formed 
from Dz-o2+ collisions at 11.1 eV. The small 
cross marRs the velocity of product formed by 
the spectator stripping mechanism. The quan
tity Q is the difference between the final 
kinetic energy of products, and initial kinetic 
energy of reactants. (XBL7012-7462). 

Figure 2 shows the product distribution 
obtained when the initial relative energy is 
high, 11.1 eV. The distribution is asymmetric 
about the ±90° line, which indicates that the 
DzOz+ collision intermediate lives less than 
one rotational period at these energies. This 
decrease in the lifetime of the collision com
plex with increasing energy is expected on the 
basis of unimolecular reaction rate theory. 
We have found that in Oz+-Dz collisions at 
5.5 eV relative energy, the collision complex 
lives on the average one rotational period. 
Such a lifetime at this energy is consistent 
with calculations based on semiclassical uni
molecular reaction rate theory. Thus, these 
experiments have provided a unique test and 
demonstration of the accuracy and usefulness 
of a current theory of unimolecular reactions. 

Abstracted from a paper submitted to the 
Journal of Physical Chemistry 



Z. DYNAMICS OF THE Oz+ (Dz QD) on+ REACTION* 

Ming-Hwa Chiang, Eric A. Gislason, Bruce H. 
Mahan, Chi-Wing Tsao and Arthur S. Werner 

The energy and angular distributions of 
on+ and 0~ products from the collision of 
Oz+ with Dz and Hz were measured. Experiments 
were performed at a number of initial relative 
energies of collision which ranged from Z.96 
to 11.1 eV. Over the entire span of initial 
relative energies, the product distributions 
tended to be symmetric about the ±90° line in 
the center-of-mass system. Figure 1 gives an 
example of a typical result. 

O~+ o2- oo• +? (75.5 eVl · 
Relative Energy= 8.38 eV l•oo• 

Fig. 1. A contour map of the specific inten
sity of on+ from Oz+-Dz collisions at 8.38 eV 
initial relative energy. (XBL?OlZ-7461). 

In the high energy regime above approxi
mately 6 eV, reactions in the Oz+-Hz system 
are expected to proceed through a very short
lived collision complex, and yield product 
distributions which are asymmetric about ±90° 
in the center-of-mass coordinate system. 
Our failure to observe such asymmetry in the 
0~ and on+ distributions must be attributed 
to the near-identity of the two reaction pro
ducts OH+ and OH, or on+ and OD. Another 
condition which is necessary to the produc-· 
tion of a symmetric product distribution is 
that the two oxygen atoms are dynamically 
and geometrically.equivalent throughout the 
collision. Thus we can conclude that forma
tion of 0~ in Oz+-Hz collisions involves a 
collision complex which, while short-lived 
at high energies, has equivalent oxygen atoms. 
Thus linear geometries such as 0-0 .. H-H or 1-
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shaped geometries like 0-0 

0-0 .• H 
I 
H 

do not contribute in an important manner to 
the formation of 0~. 

Abstracted from a paper submitted to 
Journal of Physical Chemistry. 

3. DYNAMICS OF THE Oz + (Hz, 0) Hz 0+ 
REACTION* 

Ming-Hwa Chiang, Eric A. Gislason, Bruce H. 
Mahan, Chi-Wing Tsao, and Arthur S. Werner 

As part of our investigation of collision 
processes in the Oz+-Hz system, we have mea
sured the velocity vector distributions of 
Hzo+ at several initial relative energies of 
collision. Figure 1 shows a typical result 
obtained in the low energy collision regime. 
The Hzo+ is distributed nearly isotropically 
in the center-of-mass system, with the maxi
mum intensity at the origin. This indicates 
that the reaction proceeds through a persis
tent collision complex whose lifetime is 

a;+ H2-~o+ + o (99.95eVl l 
Relative Energy =5.88 eV +90" 

180" -

l-90° 

o• -
20% 
Beam 
Profile 

Fig. 1. A contour map of the specific inten
sity of Hzct plotted in the center-of-mass 
coordinate system for an initial energy of 
5.88 eV. (XBL?OlZ-7460). 



Relative Energy= 8.89 eV 
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Fig. 2. A contour map of the specific 
intensity of H2ct plotted in the center-of
mass coordinate system for an initial-energy 
of 8.89 eV. (XBL7012-7459). 

several rotational periods at relative ener
gies.below 6 eV. 

Figure 2 shows a similar contour map ob
tained at a collision energy of 8.89 eV. The 
anisotropy shows that formation of H20+ now 
occurs through a short-lived interaction 
between collision partners. The transition 
from long-lived complex to a short-lived 
interaction occurs at an energy (~7 eV) which 
is somewhat higher than that observed in the 
Oz(H2,H)H02+ reaction. This difference in 
dynamical behavior may be related to the dif
ferences in the potential energy surface in 
the vicinities of the H+H02+ and O+H2Ct pro
ducts. 

Abstracted from a paper submitted to the 
Journal of Physical Chemistry 

4. INELASTIC SCATTERING OF ALKALI METAL IONS 

William L. Dimpfl and Bruce H. Mahan 

An apparatus has been constructed for the 
study of the excitation of vibrational modes 
of small molecules by collisions with alkali 
atomic ions. The apparatus consists of a 
heated zeolite alkali ion source, a 127° 
electrostatic ion energy selector, a target 
gas cell which can be cooled below room temper
ature, a 127° electrostatic energy analyzer, 
ana a channeltron electron multiplier detec-
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tor. Ion paths are short, permitting experi
ments with low energy ion beams without ser
ious loss of intensity owing to space charge 
effects. 

Initial experiments have involved the 
scattering of Na+ by He and n2 over a range 
of relative energies from 1 to 5 eV. The Na+ 
ions which have made head-on collisions with 
target particles are readily detectable with 
good signal-to-noise ratios. Comparison of 
the scattering of Na+ by He and D2 shows that 
inelastic collisions occur in the latter 
system which can only be due to the excitation 
of the D2 to its higher vibrational levels. 
Clear resolution of the excitation of indivi
dual levels of D2 has not yet been obtained, 
but results gained so far indicate that the 
apparatus is capable of this resolution. 
Experimental measurements of the transition 
probabilities for excitation of individual 
~evels in alkali ion-deuterium collisions 
should provide a revealing test of the theo
ries of vibrational excitation, and contri
bute to our understanding of intermolecular 
forces at small internuclear separations. 

5. A MOLECULAR BEAM APPARATIJS FOR LOW 
ENERGY ION-MOLECULE REACTIONS 

James A. Fair, Bruce H. Mahan, and Charles 
Maltz 

We are constructing an apparatus which will 
allow us to study the angular distributions 
of ionic products of ion molecule reactions 
in the low energy regime. Ions are formed 
by electron impact, accelerated through a 
small 90° magnetic mass spectrometer, then 
brought to the desired energy and focused 
into a beam which impinges on the collision 
region. In the collision region, the ion 
beam is crossed by a molecular beam from a 
small supersonic nozzle source. The scattered 
ions are velocity-analyzed by a Wien filter, 
and mass-analyzed with a quadrupole mass fil
ter. 

At present, all components of this appara
tus are either built or are nearing comple
tion. The source mass spectrometer has been 
tested and produces stable, well-resolved 
ion beams of usable intensity. The vacuum 
system is operable. The velocity analyzer
detector system and the molecular beam source 
are about to be tested. 

Successful operation of this apparatus in 
conjunction with our other equipment will 
allow our laboratory to investigate the dynam
ics of ion-molecule reactions over the com
plete range of energies which are of interest 
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in electrical discharges, re-entry phenomena, 
atmospheric reactions, and radiation-induced 
chemical phenomena. 

6. o2+-HD REACTIONS AT HIGH ENERGY: 
A NEW TYPE OF ISOTOPE EFFECT* 

Ming-Hwa Chiang, Bruce H. Mahan, Chi-Wing Tsao, 
and Arthur S. Werner 

In earlier work wel have demonstrated that 
rather large isotope effects occur in the 
exothermic abstraction reactions of such ions 
as N2+. In the Nz+-HD reaction, abstraction 
of hydrogen to form NzH+ is up to 20 times 
more probable than abstraction of the deute
rium atom. While the general shapes of the 
NzH+ and NzD+ angular distributions are simi
lar, the nearly head-on collisions which pro
duce large angle scattering preferentially 
produce N2D+, whereas grazing collisions pro
duce mostly N2H+. 

We have also demostrated2 a rather differ
ent isotope effect in the Oz+-HD system at 
low (<5 eV) collision energies. In this in
stance, a long-lived HDOz+ complex decays to 
give predominantly oo2+, as one would expect 
from zero-point energy and density-·of-states 
considerations. 

In this work we report a novel isotope 
effec~ which occurs in the o2+-HD system at 
high (>6 eV) relative energies of collision. 
Figure 1 shows intensity contour maps of the 
distributions of HOz+, DOz+ and Oz+ from 
Oz+-HD collisions at 8.59 eV relative energy. 
The angular distributions of Ho2+ and OOz+ 
are of totally different form, with the HOz+ 
almost exclusively in the small-angle grazing 
collision region, and the DOz+ predominantly 
in the large-angle rebound region. We have 
also found that a similar, though much less 
extreme isotope effect of the same type 
appears for the OW and OD+ products. The 

58 

Fig. l(a). Contour map of the specific 
intensity of Ho2+ from the Oz+-HD reaction at 
8.59 eV relative energy. The small cross 
marks the velocity of HOz+ formed by the ideal 
stripping process, and the circle labeled 
Q=2.0 eV is the approximate locus of product 
with no internal excitation. (b) The specific 
intensity of DOz+. Note the low intensity in 
the vicinity of the spectator stripping velo
city of oo2+. (c) The specific-intensity of 
Oz+ scattered from HD. The intensity maximum 
in the inelastic region falls very near the 
velocity of Do2+ formed by the spectator
stripping process, which is marked by a cross. 
(XBL7012-7458). 
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reason for the occurrence of this extreme 
anisotropy in the isotope effect is not clear, 
but two possible explanations are discussed 
in the paper from which this is abstracted. 

Abstracted from J. Chern. Phys. 53, 3752 
(1970). 
1. W. R. Gentry, E. A. Gislason, B. H. 
Mahan, and C. W. Tsao, J. Chern. Phys. 49, 
3058 (1968). 
2. E. A. Gislason, B. H. Mahan, C. W. Tsao, 
and A. S. Werner, J. Chern .. Phys. SO, 
5418' (1969). 

7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Bruce H. Mahan 

We will continue our analysis of the 
o2+-Hz, Dz and HD experiments in order to pro
vide a test of statistical theories of reac
tion rates. Work on vibrational energy trans
fer will continue, with emphasis on the colli
sions of polyatomic ions with small molecules, 
and on the alkali metal ion-hydrogen systems. 
The low energy ion beam apparatus will be 
completed and applied to reactions of H+ and 
Hz+ with Dz. All these projects are aimed at 
increasing our general understanding of chem
ical reactions, and specifically at clarify
ing the higher-energy charged-particle 
collision phenomena which are important in 
discharges, atmospheric and re-entry pheno
mena, and radiation chemical systems. 

8. 1970 PUBLICATIONS AND REPORTS 

Bruce H. Mahan and Associates 

Journal 

1. M. H. Chiang, E. A. Gislason, B. H. Mahan, 
C. W. Tsao, and A. S. Werner, Dynamics of the 
Reaction of Ar+ with Dz, J. Chern. Phys. 
g, (5) 2698 (1970). 
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2. Bruce H. Mahan, Refined Impulse Approxi
mation for the Collisional Excitation of the 
Classical Anharmonic Oscillator, J. Chern. 
Phys. 52 (10), 5221 (1970) . 

3. M. H. Cheng, M. H. Chiang, E. A. Gislason 
B. H. Mahan, C. W. Tsao, and A. S. Werner, 
The Collision Induced Dissociation of Mole
cular Ions, J. Chern. Phys. 52 (11) 5518 
(1970). -

4. M. H. Cheng, M. H. Chiang, E. A. Gislason, 
B. H. Mahan, C. W. Tsao, and A. S. Werner, 
Collisional Excitation of Small Molecular Ions, 
J. Chern. Phys. g (12) 6150 (1970). 

5. M. H. Chiang, B. H. Mahan, C. W. Tsao and 
A. S. Werner, The Oz+ Reactions at High Energy 
A New Type of Isotope Effect, J. Chern. Phys. 
53, (9)' 3752 (1970). 

6. Bruce H. Mahan, The Role and Structure of 
Physical Chemistry in the Undergraduate 
Curriculum, Pure and Applied Chemistry 22, 
97 (1970). -

7. Bruce H. Mahan, Ion-MOlecule Collision 
Processes, Accounts of Chemical Research l• 
393 (1970). 

UCRL reports 

1. Chi-wing Tsao, Dynamics of Ion-Molecule 
Reactions: N+ and Oz+ with Hydrogen Isotopes, 
(Ph.D. thesis), UCRL-19140, Jan. 1970. 

2. E. A. Gislason, Bruce H. Mahan, Chi-wing 
Tsao and Arthur S. Werner, Dynamics of the 
Reaction of N+ with Hz, UCRL-20371, Nov. 1970 
(submitted to J. Chern. Phys.). 



WiZZiam H. MiZZer, Principal Investigator 

1. THE CLASSICAL S MATRIX: NUMERICAL 
APPLICATIONS TO INELASTIC COLLISIONS* 

William H. Miller 

.A previously developed semiclassical 
theory of molecular collisions based on 
exact classical mechanics (i.e., numerically 
computed classical trajectories) is applied 
to the linear atom-diatom collision system 
(vibrational excitation). Classical and 
uniform semiclassical results for individual 
vibrational transition probabilities corre
sponding to the Hz + He system are presented 
and compared with the exact quantum mechanical 
values of Secrest and Johnson; Figure 1 shows 
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Fig. 1. Vibrational transition probabilities 
corresponding to linear Hz+He collisions at 
~s eV total energy with initial vibrational 
quantum number Q(top), 1, and 2(bottom). The 
dotted lines connect the results of the 
purely classical approximation, and the solid 
line connects the uniform semiclassical 
values (which are essentially indistinguish
able from the exact quantum mechanical values 
on the scale of this drawing). XBL7010-6831. 
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typical numerical values. The purely classi
cal results (the classical limit of the exact 
quantum mechanical transition probability) 
are shown by the dotted line in Fig. 1 and 
are seen to be accurate only in an average 
sense. The semiclassical results (which are 
constructed still from classical quantities 
but which take into account interference 
effects omitted by the purely classical 
approach) are shown by the solid line in 
Fig. 1; on the scale of the drawing, these 
semiclassical transition probabilities are 
essentially indistinguishable from the exact 
quantum mechanical ones. The general con
clusion seems to be that the dynamics of 
these inelastic collisions is basically 
classical, with all quantum mechanical struc
ture being of a rather simple interference. 
nature . 

Abstracted.from J. Chern. Phys. 53, 3578 
(1970) . 

2. THE CLASSICAL S MATRIX: A MORE 
DETAILED STUDY OF CLASSICALLY FORBIDDEN 
TRANSITIONS IN INELASTIC COLLISIONS* 

William H. Miller 

Procedures are investigated for describing 
classically forbidden collision processes 
within the framework of the classical limit 
of quantum mechanics. The goal is to use 
exact classical mechanics (numerically com
puted trajectories) to treat classically 
forbidden transitions in a complex collision 
(e.g., an atom plus diatomic molecule) in a 
manner analogous to the way one uses it to 
treat barrier transmission by a single parti
cle in one dimension (a classically for
bidden process); in this latter example the 
transmission coefficient is exp(-26), e 
being the classical action integral through 
the barrier (a classically forbidden region). 

The description of these tunneling pro
cesses is accomplished by analytic continu
ation: the classical trajectory functions 
necessary for constructing the S matrix are 
computed over a sample of the classically 
allowed region, and this "input" is used to 
analytically continue the trajectory functions 
into classically forbidden regions. Numerical 
application of these procedures to linear 
Hz+He collisions gives vibrational transition 
probabilities which are in as good agreement . 
with the exact quantum mechanical values as 



is the case for classically allowed transj
tions. It appears, therefore, that the 
dynamics of even these classically forbidden 
transitions are accurately described by this 
semiclassical theory. 

Abstracted from Chern. Phys. Let. 2, 431 
(1970). 

3. ADDITIONAL WKB INVERSION RELATIONS FOR 
BOUND-STATE AND SCATTERING PROBLEMS* 

William H. Miller 

The "inversion problem" in elastic 
scattering is the construction of that unique 
potential which gives rise to a specified set 
of scattering data. When dealing with molec
ular collisions, one is always content to 
seek this solution within a semiclassical 
limit--i.e., within the framework of the WKB 
approximation for the scattering phase shifts; 
this sacrifices essentially no meaningful 
accuracy in the case of elastic atom-atom 
scattering. 

Several new inversion relations for the 
diatom system (elastic scattering of two atoms 
by a single potential, or a bound diatomic 
molecule) are developed; they are exact 
within the WKB approximation for the relevant 
quantities and are closely related to the 
well-knwon RKR expressions. An example of 
the application of one of these new formulae 
is that the repulsive potential V(r) can be 
contructed directly from the energy depend
ence of the cross section for backscattering 
(i.e., the differential cross section at the 
scattering angle~. or 180°.): 

Jv 1/2 
r(V) 2~/ OdE [cr(~,E) E(V-E)]- , 

where cr(~,E) is the cross section for back
scattering. This equation gives r(V), the 
inverse function of which is V(r). 

Abstracted from UCRL-20374, the preprint 
of a paper accepted for publication in the 
Journal of Chemical Physics. 

4. THE SEMICLASSICAL NATURE OF ATOMIC AND 
MOLECULAR COLLISIONS* 

William H. Miller 

The dynamical features of atomic and 
molecular collisions (including quantum ef
fects) can be accurately described by 
classical mechanics provided one retains the 
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quantum mechanical principle of superposition. 
This means that one uses the solution of the 
classical equations of motion (i.e., numer
ically computed clas?ical trajectories) to 
construct the classical limit of the transi
tion ~litude for the process of interest, 
and t~ combines these amplitudes according 
to the laws of quantum mechanics--i.e., one 
adds probability amplitudes corresponding 
to indistinguishable processes rather than 
the probabilities themselves. In this way 
interference features absent in a purely 
classical approach are included; tunneling 
can be taken into account by analytic 
continuation of this interference structure 
into classically forbidden regions. Quanti
zation of bound degrees of freedom, the 
only quantum effect other than interference 
and tunneling, is achieved via the well
established semiclassical procedure: the 
classical action associated with each of 
these internal degrees of freedom is required 
to be an integer (or perhaps a half-integer). 
Application of these ideas to some simple 
collision systems indicates this to be an 
accurate description of molecular collision 
dynamics. 

Abstracted from UCRL-20351, the preprint of 
a paper invited by Accounts of Chemical 
Research. 

5. RESEARCH PLANS FOR CALENDAR YEAR 1971 

William H. Miller 

In 1971 we will treat three-dimensional 
versions of the A+BC collisions within the 
framework of the "classical S matrix" (i.e., 
classical trajectories for the three-body 
problem are computed numerically but used in a 
way that allows one to identify individual 
quantum transitions, including the effects of 
interference); this will make it possible to 
treat rotationally-vibrationally inelastic 
collisions in a physically real1stic way so 
that comparison with experimental collision 
measurements should be meaningful. Reactive 
(A+BC + AB+C) atom-diatom collisions will also 
be treated, both in a linear model and in 
full three dimensions. 

Regarding the above plans, more research 
is needed regarding the treatment of classi
cally forbidden processes; in particular, 
practical ways need to be found for integ
rating the classical equations of motion 
through classically forbidden regions. 

The principal new theoretical advance 
regarding the A+BC collision on one potential 



surface will be with regard to the "inversion 
problem" for this system; we hope to be able 
to contribute to the solution of this problem. 

Many collision phenomena involve more than 
one electronic state of the composite molec
ular system--particularly so at higher 
collision energies. In some cases the 
interaction of the several electronic states 
can be handled fairly easily: one solves 
the collision problem separately for each 
electronic state and then allows for the 
possibility of electronic transitions by 
some semiclassical approximation. One 
example of this situation which we are inves
tigating is the Penning ionization process: 

* + -A +B+A+B +e, 

where A* is an electronically excited state 
of atom A. Work is now in progress for the 
simplest prototype of this process, He*+H + 
He+ H+ +e-. Accurate experimental measure
ments for certain features of this-'system 
are expected to be available soon, so that 
comparison with our theoretical values should 
contribute greatly to our understanding of 
Penning ionization. 

Once the atom-diatom collision on one 
potential surface is adequately treated, the 
natural extension is to consider A+BC colli
skns which involve more than one electronic 
state .. A wealth of phenomena fall in this 
category, one example being the role of 
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electronic energy in chemical reaction: it is 
well known that many pairs of reactants are 
completely nonreactive in their ground 
electronic states, but become quite reactive 
if one is promoted to an excited electronic 
state. We plan to work on this general 
problem. 

6. 1970 PUBLICATIONS AND REPORTS 

William H. Miller 

Journals 

1. W. H. Miller, The Classical S-Matrix: 
Numerical Application to Inelastic Collisions, 
J. Chern. Phys. 53, 3578 (1970). 

2. W. H. Miller, The Classical S-Matrix: A 
More Detailed Study of Classically Forbidden 
Transitions in Inelastic Collisions, Chern. 
Phys. Let. I,· 431 (1970). 

UCRL reports 

1. W. H. Miller, Additional WKB Inversion 
Relations for Bound-State and Scattering 
Problems, UCRL-20374, Nov. 1970. 

2. W. H. Miller, The Semiclassical Nature 
of Atomic and Molecular Collisions, UCRL-
20351, Nov. 1970. 



RoZZie J. Myers, PrinaipaZ Investigator 

1. SINGLE-CRYSTAL EPR STUDIES OF TRANSITION 
METAL HYDRATES--THE EFFECTS OF HYDROGEN 
BONDING 

Akira Jindo and Rollie J. Myers 

One of the most important complexes formed 
by transition metal ions is the hexacoordi
~ated wate: complex, M(H2o) 6n+. This complex 
IS formed In water solutions of the ion ~1+ 
and in many crystal hydrates. In solution 
this complex is hydrogen bonded with addition
al water to form a dynamic complex with close 
to_octahedral_symmetry. In crystal hydrates, 
this complex IS hydrogen bonded to anions and 
to other water molecules in the lattice. This 
hydroge~ bonding structure is an important 
factor In determining the deviations from 
octahedral symmetry but unlike solutions in 
the crystal hydrates these deviations are 
fixed by the lattice. We have done EPR 
work in a number of crystal lattices with 
different hydrogen bonding structures. 

. In ZnSe04·6H20 each zn2+ is coordinated by 
SIX water molecules. This crystal is iso
morphous_with a-NiS04·6H20 where the hydro
gen bonding structure has been studied by 
neutron diffraction.l We have doped both 
these lattices with Ni2+, Cu2+, Co2+ and Mn2+ 
and studied the resultant EPR spectra at 
liquid helium temperatures. While the M-0 
structure of the M(H20)2+ site shows no sig
nificant deviation from octahedral symmetry, 
the EPR spectra all require sites with a con
siderable tetragonal crystal field. Both 
Mn2+ and Ni2+ have spin-spin D values which 
are much larger than are commonly found in 
other crystals. 

The hydrogen bonding in these lattices ex
plains the large tetragonal crystal field. 
In this structure four of the waters form two 
hydrogen bonds while two axial ones form 
three hydrogen bonds. In addition, the axis 
of the tetragonal crystal field is within 5° 
of the axis formed by the waters with the 
extra hydrogen bond. The D value found for 
Ni2+ in these lattices is positive in value 
and this sign is also consistent with an 
additional positive charge from these hydro
gen bonds. 

In the diamagnetic Zn Se04·6H2o we have 
also been able to detect that Cu2+ and Ni2+ 
do not have the exact site symmetry of the 
Zn2+, The zn2+ site has a twofold axis 
(crystal a-b bisector), while the substituted 
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hy~rate~ are twisted a few degrees away from 
this axis. The hydrogen bonding forces may 
be able to explain these twists for the 
s~bstituted ions have slightly different M-0 
distances. 

We ~ave al~o investigated M(H20) 62+ complexes 
substituted Into Zn(Br03) 2.6H20 and La2 Mg3 
(~03)12·24~20. The hydrogen bonding is quite 
different In these lattices and the M2+ are 
located at crystallographic sites with three
fold symmetry. The lanthanum double nitrate 
has two different M2+ sites and EPR spectra 
can ~e detected for each site. Hydrogen 
bonding should again explain the difference 
in the sites. 

1. B. H. O'Conner and D. H. Dale, Acta. 
Cryst. 21, 705 (1966). 

2 . THE MEASUREMENT OF SPIN- LATTICE REIAXA
TION OF HYDRATES Ni2+ AT LOW TEMPERATURES 

James J. Chang and Ro11ie J. Myers 

. As a r~sult of our study of the spin-spin 
Int~raction between Ni(H2o) 62+ ions in 
a-NI~04·6H20, w~ became interested in the spin
l~tt~ce re~axation of isolated Ni(H20)62+ at 
liquid ~el~um temperatures. In such a triplet 
system ~t IS well known that spin-lattice 
r~laxation should not follow a simple exponen
tial rate law, and three time constants can 
be evaluated. Our recently acquired small 
computer system should be ideal for a study 
of a complex rate law and so we decided to 
study Ni(H20)62+ in a convenient lattice 
~ood single crystals had been prepared of Ni2+ 
In hydrated lanthanum magnesium nitrate and 
we have done a preliminary study of this 
system. 

There have been relatively few studies of 
the spin-lattice relaxation times of Ni2+ in 
host lattices. Relaxation times have been 
reported for nickel diluted in zinc fluosili
cate:l,~ The results did not agree with the 
prediCtions of the usual theories of spin
lattice relaxation. Indeed some of the re
sults seem to be anomalous.i Relaxation 
t~mes ha~e also been reported for nickel 
diluted In magnesium oxide.3,4 The relaxa
tion times were explained in terms of a direct 
process at very low temperature, and in terms 
of a Raman process at higher temperatures on 
the basis of the temperature dependence. How
ever, the measured relaxation times were 
shorter than would be predicted from the 
relaxation theories. 
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Fig. 1. Exponential recovery curve for low 
field line at 1.37°K. Oriented along c axis 
of lanthanum magnesium nitrate doped with Ni2"!" 
An average of SO experiments. (XBL?ll-6400). 
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Fig. 2. Logarithm of data in Fig. 1 with the 
base line removed. Dashed line is straight 
line fit to data with a time constant (recip
rocal slope) of 3.15 msec. Curvature at start 
of data indicates presence of a second shorter 
time constant. (XBL?ll-6401). 
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An apparatuS consisting of a pulse-satura
tion spectrometer and an on-line digital 
computer system (a PDP-8/I computer with an 
AX08 laboratory peripheral) has been developed 
for the measurement of spin-lattice relaxation 
times. The digital computer is used to digi
tize the exponential recovery curves and to 
average the data from several recoveries. A 

marked improvement of the signal-to-noise 
ratio is obtained with this method. The 
computer is also used to analyze the recovery 
curves after the acquisition process. The 
computer evaluates the logarithm of the re
covery curve and fits a straight line to the 
data, obtaining a relaxation time from the 
slope of the line. This procedure is illus
trated in Figs. 1 and 2. 



Preliminary results have been obtained for 
the Ni/LMN system. Although a definite 
relationship cannot be established with the 
present data, the relaxation time appears to 
vary inversely with the absolute temperature. 
These results are encouraging and measurements 
on this system will be continued. The measure
ments will be performed both as a function of 
temperature and as a function of orientation. 

1. R. M. Valishev, Sov. Phys. Sol. St. 7, 
733 (1965). -
2. K. D. Bowers and W. B. Mims, Phys. Rev. 
llS, 285 (1959). 
~ M. F. Lewis and A. M. Stoneham, Phys. Rev. 
164, 271 (1967). 
4. J. B. Jones and M. F. Lewis, Solid State 
Commun. ~. 595 (1967). 

3. AN NMR METHOD FOR THE MEASUREMENT OF 
TRANSITION METAL ION RELAXATION IN SOLUTION 

Thomas M. Hynes and Rollie J. Myers 

It is possible to measure the spin-lattice 
relaxation times CTle) of some transition 
metal ions in solution by either direct satu
ration or by the dynamic nuclear polarization 
technique developed by McCain and Myers.l 
These methods will work for ions with long 
(l0-7 to lo-9_sec) :elaxation timesi but will 
not work for Ions With short (~lo-1 sec) 
relaxation times. For these short times it 
is not possible to produce sufficient electron 
spin saturation to give a detectible nuclear 
polarization. In addition, it is difficult 
to apply this method to a sample in a variety 
of magnetic fields and over a wide range of 
temperatures. For this reason we have deve
loped an indirect method which does not in
volve saturation of the electron spin system. 

An indirect measurement of T1 , and Tze can 
be made by observation of the stortening of 
the nuclear relaxation time (Tzn) of protons 
on cations in aqueous solutions of para
magnetic cations. Assuming that dipole-dipole 
interaction is the only important relaxation 
mechanism, the increase in the reciprocal of 
the transverse relaxation time of cationic 
protons at distances r from paramagnetic 
cations of spin S is 

T~N = is S(S+l)ye2 Yi h2 L ~6 

13-rz 
z zl. 

l+ws 'z 
where ws is the Larmor precession frequency 
of the electron, and Ye and YH are the mag
netogyric ratios of the electron and proton, 
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respectively. The summation is over all para
magnetic ions in solution, and the r-6 factor 
can be evaluated by use of electrolyte solu
tion theory. The quantity '1 may be either 
a molecular diffusion time or Tle• whichever 
is shorter, whereas -rz is the shorter of 
diffusion and Tze· Rotation is not important 
if the electron spin and the proton are on 
separate species in solution, If T1e and 
Tze are shorter than the diffusion times, 
the proton resonance broadening becomes in
versely proportional to the electron relaxa
tion times. Calculations indicate that 10-10 
sec is about the largest relaxation time that 
can be measured by this method. Experiments 
at different magnetic fields can separate the 
contributions of T1e and Tze and at different 
temperatures we can check the importance of 
diffusion. 

One such proton-containing cation is tri
methylphenyl ammonium. The methyl proton 
resonance of this ion is about 0.6 Hz at room 
temperature. This narrow signal allows a 
small absolute amount of broadening to be 
seen after the paramagnetic cation is added to 
the solution. 

Experiments at 60 MHz were done on solu
tions of Mn2+ eu2+ cr3+ Gd3+, Ni2+, Co2+, 
and Ti3+. Th~ broadening' in Mn2+, Cu2+, Cr3+, 
and Gd3+ solutions [after correction for the 
S(S+l) term] is large and fairly uniform. 
This indicates that molecular diffusion which 
should be similar for similar ions may be 
faster than electron relaxation at room temp
erature for these ions. The observed broaden
ing may be quantitatively accounted for by 
assuming a Debye Huckel type ionic distribu
tion and a distance-dependent diffusional 
correlation time. The much smaller broaden
ing in Ni2+, Co2+, and Ti3+ solutions indi
cates electron relaxation times in the range 
10-ll-10-12 second, much faster than diffu
sion for these ions. Relaxation times for 
these ions should be measurable over a rea
sonably wide range of temperatures. 

In general, the lanthanide series exhibits 
very fast electron relaxation times in solu
tion. These times should also be observable 
with the present method. These studies can 
help us establish the various mechanisms for 
electron spin relaxation in solution. 

1. D. C. McCain and R. J. Myers, J. Phys. 
Chern. Zl• 192 (1967). 



4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Rollie J. Myers 

Our experiments on the low temperature 
measurement of electron spin relaxation times 
in single crystals wili be continued. Em
phasis will be placed on a three-level spin 
system such as Ni2+, where multiple relaxa
tion times can be expected. Our small com
puter system is ideal for the acquisition and 
fitting of the data from such a complex 
relaxation pattern. 

The observed spin-spin splitting parameters 
for Ni(H20)62+ and related species will be 
correlated to the hydrogen bonding patterns 
in single-crystal solids. Experiments will 
also be done on the optical spectra in these 
solids so that we can better understand their 
crystal field splittings. In this way we 
hope to go beyond the mere collection of 
electron spin parameters to an understanding 
of their dependence upon the bonding in hy
drated crystals. 
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Further experiments will also be done on 
electron relaxation in solution. Experiments 
are planned which will involve electron
electron double resonance so that we can 
measure the nature of the interaction between 
unlike radicals in solution. 

5. 1970 PUBLICATIONS AND REPORTS 

Rollie J. Myers and Associates 

Journal 

1. Douglas C. McCain, A Plasma Video Detector 
(UCRL-19130, Jan. 1970) IEEE-Trans. on Micro

wave Theory and Techniques, MTT-18, No. 1, 64 
(1970). --

UCRL reports 

1. C.-T. R. Pao, Electron Spin Resonance 
Spectra of Radicals in Solutions (Ph.D. thesis) 
UCRL-19142, Jan. 1970. 

2. W. T. Batchelder, The Electron Paramagnetic 
Resonance Spectra of a-NiS04·6H20 at Liquid 
Helium Temperature (Ph.D. thesis), UCRL-19157, 
June 1970. 



Harold S. Johnston, Principal Investigator 

1. MOLECULAR MODULATION MASS SPECI'ROMETER 

Ching-Hsong Wu and Harold S. Johnston 

A quadrupole mass spectromet~r with an . 
electron-multiplying, ion-count1ng detector 1s 
the simplest and most sensitive method we have 
developed for the direct observation of free
radical intermediates in photochemical reac
tions. The reaction mixture continuously 
flows through a reaction cell and leaks 
through a pinhole into a beam-defining cham
ber and then into the mass spectrometer. The 
reaction cell is illuminated with a photo
lyzing lamp over a long p~riod of time.but 
with equal intervals of l1ght-on and llgh~
off. The total period of one cycle of th1s 
square-wave excitation is T seconds, and each 
interval is precisely divided into four equal 
parts, 0 to T/4, T/4 to T/2, T/2 to 3T/4! 
3T/4 toT. A discriminator is set to reJect 
electronic background noise, and then the 
signal, background ions, and high energy 
noise appear as ion counts. The counts 
accumulated in each of four parts over a 
large number of cycles of square wave are 
defined as 

a from 0 to T/4, 
b from T/4 to T/2, 
c from T/2 to 3T/4, 
d from 3T/4 toT. 

Two reversible counters are used to form the 
following sums and differences 

z1 = a + b - c - d, 
z2 = -a + b + c - d. 

In each case subtraction occurs for the same 
period of time as addition, and so both back
ground signal and noise are reduced to zero 
(with a standard deviation of plus or minus 
the square root of the total number of such . 
counts). The two sums, z1 and z2, are 90° out 
of phase with each other, and these two 
quantities define a convenient orthogo~al set 
of coordinates. The plane polar coord1nates 
derived from z1 and z2 are of direct physical 
significance: 

. . 2 2 1/2 ampl1tude, A = (Z1 + z2 ) , 
-1 phase, ~ = -tan z2;z1. 

In our system it.was found that Sxlo9 radi- . 
cals/cc in the reaction chamber gave an ampll
tude of one count per second in the mass 
spectrometer; with long-time averagin? th~ . 
system can detect radicals down to th1s l1m1t. 
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It is readily shownl,2 that the lifetime of a 
radical in the system is directly related to 
the phase angle~ and the photolysis period T. 

The apparatus was calibrated with the pho
tolysis of c12 in the presence of 02! both 
radicals ClO and ClOO were observed 1n the 
system, and improved data were obtained for 
certain rate constants: 

ClO + ClO ~ ClOO + Cl, 

e = 1.2 x l0-14cc/particle-sec; 
g . 

ClO + Ar ! c1 202 + Ar ~ Cl 2 + 02 + Ar, 
h -31 2 2 gi/h = 1.2 x 10 cc /particle -sec. 

ClO + 

The accumulated uncertainty in these rate 
constants is still a factor of 2. 

1. Harold S. Johnston and Gary McGraw, J. 
Chern. Kinetics 1, 89 (1969). 
2. Ching-Hsong-Wu, Ph.D. Dissertation, 
University of California, Berkeley, 1969. 

2. EMISSION SPECI'RA OF IF 

John Birks and Harold S. Johnston 

The molecule IF is unstable with respect to 
formation of IF5 and I 2, but it can be fo~ed 
as an intermediate in the gas phase react1on 
of I 2 and F . Upon mixing I2 and F2 at low 
pressure tfie well-resolved emission spectrum 
of IF ha~ been observed.l,2 Our previous 
study went to pressure as low as 10 mtorr, 
and the distribution of emitting molecules 
over excited vibrational-electronic states 
was dependent on the pressure of the inert 
gas argon. It appeared that if we could go 
down to a few tenths of a millitorr total 
pressure, we would be able to see the distri
bution of initially formed products, and then 
the alteration of this distribution by added 
argon would give interesting information about 
the collision dynamics of highly vibrationally 
excited molecules. To achieve this lower 
range of pressure, we were required to in
crease greatly the size of the reaction vessel 
and to enhance our sensitivity. The apparatus 
has been rebuilt with a stainless steel reac
tion chamber of about 400 liter volume and 
with a 6 inch mercury diffusion pump. The 
sensitivity of the detection system has been 
greatly increased by incorporating.c?mponen~s 
from Solid State Research (now aff1l1ated w1th 
Princeton Applied Research) in our photon 



counting system. A spectnnn with a substan
tial amount of detail can be obtained even 
though full scale deflection is only 10 counts 
per second. 

1. Stephen D. Gabelnick, Spectroscopic and 
Kinetic Study of Iodine Mbnofluoride 
Chemiluminescence, UCRL-18623, Feb. 1969. 
2. R. A. Durie, Proc. Roy. Soc. (London) 
A207, 388 (1951). 

3. PHai'OCl-ffiMI CAL CHAIN REACTIONS IN TilE 
OXIDATION OF NO TO N02 
Alan B. Harker, Leo Zafonte, and Harold S. 
Johnston 

The direct oxidation of nitric oxide to 
nitrogen dioxide, 

2NO + 02 = 2N02, 

is a very slow reaction in the atmosphere 
where nitric oxide rarely exceeds one part 
per million. In sunlightl some process 
rapidly converts NO to NOz by some other path, 
presumably a chain reaction. During the past 
year considerable attention has been given to 
the possibility of carbon monoxide partici
pating in a chain reaction with some free 
radical X, its peroxide XOO, and the oxide 
radical XO: 

XO + 00 + C02 + X 

X + o2 + M + M + XOO chain 

XOO + NO + N02 + XO 

net: NO + CO + 02 = N02 + C02 

One such chain occurs when the radical X is 
a hydrogen atom: 

(1) HO + 00 + 002 + H 

(2) H + 02 + M + HOO + M chain 

(3) HOO + NO + N02 + HO 

net: NO + CO + 02 = N02 + co2 

The rate constants for reactions (1) and (2) 
are well known in the chemical literature,2,3 
and during the past year·we measured' (with a 
considerable residual margin of uncertainty) 
the rate constant for reaction (3). 

k3 ~ 2 x lo-15cc/particle-sec. This rate 
constant is large enough for CO to have a 
measurable effect on the photochemical con
version of NO to N02, but it is so small that 
this chain reaction is not the fast process 
occuring in the atmosphere. 
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A second similar chain reaction uses 
chlorine atoms as X: 

(4) ClO + NO + N02 + Cl 

(5) Cl + 02 + M t ClOO + M chain 

(6) ClOO + CO + C02 + ClO 

net: NO + CO + 02 = N02 + C02 

The rate constants for
4
rSactions (4) and (5) 

are in the literature, • and we are at 
~re~ent_engaged in measu:ing k6. Present 
1nd1cat1ons are that k6 1s about lo-14cc/ 
particle-sec, and this chain, too, is not fast 
enough to be of dominant importance in the 
atmosphere. 

1. P. A. Leighton, Photochemistry of Air 
Pollution (Academic Press, New York, 1961). 
2. F. S. Larkin and B. A. Thrush, Discussions 
Faraday Soc. 37, 112 (1964). 
3. N. R. Greiner, J. Chern. Phys. 46, 2795 
(1967) and 51, 5049 (1969)., -
4. Harold 8." Johnston, Earl Morris, Jr., and 
Jack Van den Bogaerde, J. Am. Chern. Soc. 91, 
7712 (1969). -
5. J. A. Coxon, Trans. Faraday Soc. 64, 
2118 (1968). 

4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Harold S. Johnston 

The graduate students who developed the 
molecular modulation techniques (infrared, 
Paukert and Van den Bogaerde; ultraviolet, 
Morris; mass spectrometer, Wu) and who devel
oped the light-emission, photon-counting 
methods (fluorescence, Schwartz; chemilumi
nescence, Gabelnick) completed their Ph.D. 
theses during 1968 or 1969. In every case 
(except for the ultraviolet apparatus), new 
graduate students in continuing these programs 
are making major modifications and improve
ments of the experimental systems. The 
infrared molecular modulation spectrometer has 
been rebuilt to use a large quartz reaction 
cell, a fast McPherson monochromator, and a 
small dedicated computer for data storage and 
analysis. The mass spectrometer has been 
modified to include tuning-fork chopping of 
the molecular beam, and thus double modulation 
of the reactant or product signals is possible. 
The chemiluminescence apparatus has been 
rebuilt to include a much larger reaction cell 
and more efficient photon counting system. 
The fluorescence apparatus has been relocated 
to a more convenient position, and a new 
monochromator will be used for high resolution 
scanning. Whereas 1968-69 was a period of 
extensive data gathering by using the new 



experimental method, the period 1970-71 is 
more nearly one of improving the methods on 
the basis of past exPerience. During 1971 we 
expect to enter again a period of intensive 
data-taking in the following areas: (1) Wide 
range scanning of the ultraviolet spectrum, 
the infrared spectrum, and the mass spectrum 
to discover and identify the important free 
radicals in the photo-oxidation of NO to N02 
in the pr~sence of various reducing agents; 
(2) kinetic studies at fixed wavelength (IR 
or lN) or fixed mass nmbers (MS) of the 
reactions of peroxy-free radicals with oxides 
of nitrogen; (3) fluorescence spectra and 
dynamics of so2; and (4) chernilminescence 
spectra and dynamics from reactions of oxygen 
atoms or ozone with simple olefins. 
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5.. 1970 PUBLICATIONS AND REPORTS 

Harold S. Johnston and Associates 

1. Leo Zafonte, "Rate Constants for 
Atmospheric Reactions," Section 2, Task Force. 
7, Project Clean Air, University of 

· California, Berkeley, Sept. 1970. 

2. Harold S. Johnston, "Reactions in the 
Atmosphere," Section 3, Task Force 7, Project 
Clean Air, University of California, Berkeley, 
Sept. 1970. 

3. James Lewis, "Peroxyacetyl Nitrates," 
Section 4, Task Force 7, Project Clean Air, 
University of California, Berkeley, Sept. 1970. 



Ronald R. Herm,.Principal Investigator 

1. HARMONIC FORCES LINEAR MODEL FOR REACTIONS 
OF Cs ATOMS WITH ALKYL IODIDES* 

David D.· Parrish and Ronald R. ·Henn 

The Cs +alkyl iodide reaction dynamics have 
been investigated:by means of a classical, 
linear, four~part~cle model, Cs .c I - rn2 -· R, 
where R .= .H, ._rn3, ·C2Hs or C3H7, with linear 
harmonic restoring forces between adjacent 
particles. The full reaction exothennicity 
was initially partitioned between potential 
energy of Cs - I extension and I - CH2 com
pression, and the trajectories of the four 
particles were followed until the I - CH2 
distance reached a critical extension, at 
which point the reaction was assumed to be 
complete. The model was examined as a func
tion of two parameters, the I - CH2 force 
constant, k2, and the initial repulsive energy 
in I - CH2 compression, P. By varying k2, the 
model spanned the spectrum of possible direct
interaction reaction dynamics from the limit 
of the adiabatic very-slow Csi - CH2R separa
tion (low k2 limit) to the limit of impulsive 
release of the I - CH2 compression (high k2 
limit). In contrast to previous calculations, 
a good qualitative fit to the experimentally 
reported product recoil energies was obtained 
if: (1) a relatively high value of k2, near 
the impulsive limit, was used; (2) the poten
tial surface was largely repulsive, with P = 
19.0 kcal/mole out of a total 28.7 kcal/mole 
reaction exothennicity; and both (3a) the Csi 
and (3b) the CH2 - R alkyl radical carried off 
substantial internal excitations. Item (3b) 
was especially surprising and indeed suggested 
that the internal excitation in the product 
alkyl radical should be the reaction energy 
partitioning parameter which is most sensitive 
to the features of the potential energy sur
face. 

*Abstracted from J. Chern. Phys. ~. 2431 (1970). 

2. MOLECULAR BEAM KINETICS: REACTIONS OF 
ALKALI ATOMS WITH N02 AND CH3No2t 

Ronald R. Henn and Dudley R. Herschb~ch* 

Magnetic and electric deflection analysis 
of the scattering of Cs + N02 shows that the 
principal product is a paramagnetic polar 

molecule. Magnetic analysis of the K ·+ N02 
system indicates that the scattered signal is 
paramagnetic; a similar study of Na + N02 
shows a sma11 yield of diamagnetic product. 
For the analogous reactions with CH3N02; the 
product is diamagnetic and has a pseudo-first
order Stark effect. From these data and 
thennomechanical arguments, the principal 
alkali-containing products ~re identified as: 
for Cs + N02, a ZL electron1c state-of·cso; 
for Na + NOz, probably a 2rr state of NaO; for 
M + CH3N02,. almost certainly MNOz in a singlet 
state. The NOz results indicate that the 
ground state of the MO molecule changes from 
Zrr for LiO (the only species which had been 
previously observed) to 2L for CsO. The usual 
differential surface ionization detection 
fails for Cs + N02, and consequently only a 
very rough estimate of the scattering is ob
tained; this indicates that the total reaction 
cross section is ~100 A2. For the CH~Oz re
actions, differential surface ionization is 
applicable. Again the reaction cross sections 
are ~100 A2 and increase as Na+K~s. The c.m. 
product angular distribution is broad, with 
about the same intensity in the forward and 
backward hemispheres. Scattering of related 
molecules has also been studied briefly, in
cluding RONO and R'ONOz (with R = i-CsHll and 
R' = C2H5), which give diamagnetic products 
with yields very similar to CH~Oz, and NzO 
and R"OOR" (with R" = t-C4H9), for which only 
paramagnetic species are observed. 

tAbstracted from J. Chern. Phys. 52, 5783 (1970). 
The data discussed here were collected in Pro
fessor Herschbach's laboratory. 
* Not affiliated with LRL; Professor of Chem-
istry, Harvard University, Cambridge, 
Massachusetts. 

3. NEGATIVE SURFACE IONIZATION OF FLUORO
AND CHLORO- COMPOUNDS ON GRAPHITE AND ON 
THORIATED TUNGSTEN 

Shen-Maw Lin, Charles A. Mims, and Ronald R. 
Henn 

Numerous experimental molecular beam studies 
of the scattering of alkali metal vapors have 
been reported in the last decade. These 
studies have been possible because the phenom
enon of positive surface ionization, wherein 
an impinging vapor of a low ionization poten
tial is emitted as a positive ion upon colli
sion with a high-work function surface, has 
provided a highly sensitive and selective 



detector for the alkali species. In theory, 
the formation of negative ions of species with 
high electron affinities on low-work-function 
surfaces should provide an equally attractive 
molecular beam detection technique. Rela
tively few experimental evaluations of the 
practicality of negative surface ionization 
as a molecular beam detection technique have 
been reported. An early studyl reported a Cl
ionization efficiency of 30% from CsCl vapor 
impinging upon a thoriated tungsten surface. 
More recently, negative halogen ion formation 
from a number of chloro-, bromo-, and iodo
compounds on thoriated tungsten and other sur
faces have been reported,2 although the ob
served ionization efficiencies were consider
ably smaller, typically less than 1%. 

Because we have been interested in the 
study of scattering of fluoro-compounds, we 
have extended the work of Ref. 2 with a tho
riated tungsten surface. Additionally, having 
observed an extremely sluggish response of 
thoriated tungsten towards fluoro- and chloro
compounds, we have also briefly examined neg
ative ion formation at a graphite surface. 
The apparatus employed consisted of: (1) an 
ionizer, comprising a heated filament of the 
surface under study and appropriate ion col
lection optics, (2) an EAI quadrupole mass 
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Fig. 1. Halogen ion currents and surface 
residence times as a function of reciprocal 
surface temperature for CCl2F2 on an activated 
thoriated tungsten filament. (XBL 7012-7464). 
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filter, and (3) a Kiethly electrometer float
ing at the potential of the Spiraltron elec
tron multiplier and used to measure the mass
analyzed negative ion current. 

Thoriated Tungsten Surface 

Negative surface ionization of fluoro
compounds on an activated,2 polycrystalline 
thoriated tungsten surface failed to obey the 
Saha-Langmuir equation and showed little 
promise as a molecular beam detection tech
nique. Figure 1 shows data obtain with CCl2F2 
and indicates that the yields were much lower 
and the time responses far slower for forma
tion ofF- in comparison with Cl-. The 
"Arrhenius" kinetics plots of Fig. 1 give 
"activation" energies of -v40 kcal/mole for Cl-
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Fig. 2. Chloride ion current as a function of 
reciprocal surface temperature for CCl4 on 
graphite. (XBL 7012-7466). 

and -v20 kcal/mole for F-. If our Cl- data 
from CCl4 (not shown in Fig. 1) are normalized 
to the data given in Ref. 2, the F- yield is 
estimated to be on the order of 0.1% for CCl2F2 
and considerably worse for BF3 and SiF4. An 
attempt to see N02- formation from N02 failed, 
as the N02 seemed to "poison" the thoriated 
surface; SnCl4 gave a Cl- signal comparable to 
that obtained from CCl4. No molecular nega
tive ion formation was observed with any of 
the molecules studied on thoriated tungsten. 

Graphite Surface 

Graphite filaments were prepared from 
threads of graphite cloth and resistance 



heated. Figure 2 shows the data for CCl4 on 
this surface. The data are well fit by the 
Saha-Langmuir equation, if the graphite 
work function is taken as 4.2. eV. The Cl
desorption rates were conveniently fast 
(Tel-<< 1 sec), suggesting that this surface 
might be useful as a molecular beam detector 
for halogenated species at higher surface 
temperatures than those studied here, where 
the ionization efficiency should be improved. 
A peak around m/e = 24 with CCl4 on this fila
ment was also observed and tentatively as
signed as C2-. 

1. J. W. Trischka, D. T. F. Marple, and A. 
White, Phys. Rev. 85, 136 (1952). 
2. A. Persky, E. f-:-Greene, andA. Kuppermann, 
J. Chern. Phys. 49, 2347 (1968). 

4. M)LECULAR BEAM KINETICS: REACTIONS OF 
Ba ATCMS 

Charles A. Mirns, Shen-Maw Lin, and Ronald R. 
Herm 

The crossed molecular beam apparatus for 
the study of nonalkali scattering described 
in the 1969 IMRD Annual Report has been modi
fied by installing an additional vacuum cham
ber, differentially pumped by a liquid nitro
gen cooled titanium sublimator unit, directly 
behind the ionizing region of the mass spec
trometer detector. In this manner molecules 
which traverse this ionizer region without 
being ionized are prevented from reflecting 
back through the ionizer·. Preliminary tests 
indicate that this has resulted in a signifi
cant signal-to-noise ratio improvement. 

We have elected to employ this apparatus 
to study Ba atom reactions and have obtained 
an intense Ba atom beam by means of a direct
resistance-heated oven, but have no results 
on Ba scattering to report as yet. No molec
ular beam studies of the reactions of multi
valent neutral atoms have been reported as 
yet, and these Ba atom reactions should pro
vide insight into a number of qualitative 
questions regarding reaction dynamics. For 
example, the low ionization potential of Ba 
might lead one to expect that it would re
semble the al~ali atoms in its reactions with 
halogen molecules. However, the very strong 
forces between the outgoing barium halide 
molecule and halogen atom are not present in 
the alkali atom reactions, and one is led to 
speculate whether this new feature of the Ba 
reaction potential energy surface on the pro
duct side might not cause these reactions to 
proceed via a sticky complex rather than a 
direct interaction mechanism. By somewhat 
similar reasoning, it is not apparent whether 
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reaction of Ba with a polyhalogen molecule 
(e.g., CCl4, SnCl4, ... ) will produce transfer 
of one or two halogen atoms. 

5. ATOM! C BEAM KINETICS: ENERGY DEPENDENCE 
OF TOTAL CROSS SECTION FOR Hg* + Tl + Hg +Tl* 

Lambert C.-H. Loh, Charlotte M. Sholeen, 
David D. Parrish, and Ronald R. Herm 

·· A velocity- selected thermal beam of T1 
atoms was crossed by a thermal beam of Hg 
atoms in which a small fraction of the Hg 
atoms had been excited to the 6p 3po and/or 
6p 3p2 (the experiment cannot distinguish the 
two) metastable electronic states by electron 
impact. The flux of T1 atoms, Fn, was moni
tored by a surface ionization detector; the 
metastable Hg flux, FHg*, was measured (in 
arbitrary units) by Auger electron ejection 
from a continuously deposited K surface. A 
photomultiplier, equipped with a narrow band 
pass interference filter centered on the Tl 
6p 2p3/2 + 7s 2sl/2 5350 A line and located 
below the beam collision zone, provided an 
output current~ Sv, proportional to the num
ber of Tl* 7s Sl/2 atoms collisionally pro
duced per second. Consequently, assuming a 
negligible Tl fluorescence polarization cor
rection and a monoenergetic Hg* beam with 
velocity equal to the most probable source 
velocity aHg, the total cross section, Q, for 
collisional production of Tl* 7s 2sl/2 is 
given (in arbitrary units) in terms of the 
relative collision velocity V=(vrlZ+aHgZ)l/2 
by 

Q(V) (1) 

Figure 1 presents the total cross section 
vs. collision velocity derived from Eq.(l). 
Apparently this is the first reported measure
ment of the energy dependence of the total 
cross section for electronic energy transfer in 
the thermal energy region. The curves labeled 
v-1, v-z, and v-3 were arbitrarily normalized 
to the data. These curves do not provide 
comparisons of the predictions of different 
models, but are included to show that the 
quality of the data is such .as to differen
tiate between these sample functional depend
ences in favor of the v-2 dependence. 

In order to gain insight into the implica
tions of the data presented in Fig. 1, it is 
instructive to examine the Tl energy level 
diagram shown in Fig. 2. This indicates that 
the Tl* 7s Zsl/2 level being monitored ex
perimentally is much lower in energy than 
either possible Hg* level and so is almost 
certainly populated by radiative cascading 
from a higher Tl* level (or levels) directly 



produced in the collision. The data shown in 
Fig. 1 indicate that the collision cross sec
tion is increasing rapidly with decreasin~ 
collision energy down to the lowest experi
mentally accessible relative velocity of 
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Fig. 1. Derived vel?city dependen~e of the 
effective cross section for formation of 
Tl* 7s 2sl/2 in collisions with Hg* 3po 2 
metastable atoms. The different symbols 
indicate separate experimental runs which have 
been normalized for the best overall agree
ment. Included for comparison are three 
functions of relative velocity; these are nor
malized to agree at V = 6 x 104 em/sec. The 
error bars give the estimated two-thirds c?n
fidence limits evaluated by error propagation. 

(XBL 7010-6784) 

~3 x 104 em/sec, corresponding to a collision 
energy of ~.OS eV. Thus, by energy conserva
tion this result implies that the Hg* must 
predominantly excite Tl* levels ~owe: in * 
energy despite the fact that excitation of Tl 
levels higher in energy would involve a smaller 
energy defect. Moreover, the very sharp func
tional dependence of the data of Fig. 1 is in
consistent with collision models based on the 
first Born approximation or an orbiting model 
involving the long-range forces between the 
incoming atoms. Apparently it must be under
stood in terms of a model involving a crossing 
of potential curves; for example, the Landau
Zener curve crossing probability theory can 
qualitatively account for these results for 
reasonable assumed values of the parameters 
involved. 

73 

> 
a.> 

>
(!) 
0::: 
w 
z 
w 4.0-

3.0-

2.0-

1.0-

0-

Tl 

Fig. 2. Thallium energy level diagram. All 
energies are given in electron volts. For 
Tl* levels below 4 eV, the energy of the Tl* 
level above the ground state is indicated; 
for the higher energies, the difference in 
energy between the Tl* level and the nearest 
metastable Hg* level is given. Note the scale 
change at 4 eV. The two lower dashed lines 
indicate the energies of the metastable Hg* 
levels involved, while the upper dashed line 
gives the Tl ionization energy. The diagonal 
lines indicate the emissions which have been 
reported in the mercury-sensitized fl~ores~ence 
of thallium; the numbers above each line give 
the wavelengths (in A) of the transitions. 

(XBL 709-66 72) 

6. MJLECULAR BEAM KINETICS: ENERGY DEPEND
ENCE OF TOTAL CROSS SECTION FOR Hg*+Lii+Hgi+Li* 

Charlotte M. Sholeen, Lambert C.-H. Loh, 
David D. Parrish, and Ronald R. Herm 

We have used the apparatus built for the 
Hg*+Tl study to cross a thermal metastable Hg 
atom beam with a thermal velocity selected Lii 
beam and have observed the resulting emission 
from Li* 2p 2p. This emission is probably 
produced b~ the chemical reaction Hg*(3P2)+ 
Lii+Hgi+Li (2P)~ which is about 0.3 eV exo
ergic; the Hg* ~Po state is excluded from .. 
consideration owing to the strong endoergiCity 
of its collision processes. The Li* emissi?n 
observed might also be a result of the chemi
cal reaction Hg*(3P2)+Lii+Hg+I+Li*(2P), al
though this seems less likely because it is 
probably very slightly endoergic. We have 
also crossed the Hg* beam with a beam of LiBr, 



but have failed to observe Li* emission, ~re
sumably because the Hg*(3Pz)+LiBr7HgBr+Li (ZP) 
reaction is probably very slightly endoergic. 

Only very preliminary results have as yet 
been obtained with Hg*+Lii for the dependence 
on relative collision energy of the total 
cross section for Li* formation. In analogy 
to the results on the Hg*+Tl collisions, the 
total cross section, Q, is again observed to 
increase rapidly with decreasing relative 
velocity, V, down to the lowest experimentally 
accessible energy (~0.05 eV), although the 
rate of rise of Q with dropping V is less 
sharp for Lii for Tl. Nevertheless, the change 
of Q with V appears to be too rapid to be 
accounted for by an orbiting model based on 
the long-range quadrupole-quadru~ole or 
van der Waal's forces between Hg (3Pz) and Lii. 

7. A HYDROGEN ARC HIGH INTENSITY ULTRAVIOLET 
CONTINUUM SOURCE 

Boyd L. Earl, Charles A. Mims, Shen-Maw Lin, 
Thomas Weber, and Ronald R. Herm 

A low pressure Hz arc, similar to that de
scribed by Finkelstein,! has been built for 

4 .1.1/, 0-300V, 0-20A 
r---.NV\f-----1~ II r DC Arc Supply 

Collimator 

1.7 

Starting 
Ring 

node 

2.2 

Fig. 1. Schematic diagram of inside of Hz arc, 
and wiring diagram for de operation. All 
dimensions are given in em. The cathode is 
prepared by depositing a barium-strontium 
oxide solid solution on a l.Z x 15 em nickel 
gauze strip, which is then folded into an 
accordian shape 1. Z x Z. 5 x ~4 em. The start
ing electrode is a ring of nickel wire. The 
collimator is fabricated of molybdenum with a 
water-cooled copper sleeve and a large molyb
denum disk to force the discharge to pass 
through the collimating orifice. The anode 
consists of a Z.5 em diameter molybdenum disk 
mounted on a larger diameter c~s em) water
cooled copper disk. A 0.4 x 0.65 em orifice 
is cut through the collimator. and anode. 
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Hydrogen gas flows through the discharge 
chamber, which is constructed of brass and is 
water-cooled. In starting the discharge, the 
cathode is resistance heated by a variac fed 
from an isolation transformer, and the start
ing electrode is connected to the high voltage 
provided by a tesla coil; both of these aux
iliary power supplies are disconnected once 
the arc is struck. (XBL 701Z-7465) 

use with our alkali halide photodissociation 
studies. Figure 1 shows a schematic diagram 
of the lamp. A nickel cathode coated with a 
barium-strontium oxide solid solution is used 
and cathode lifetimes of 30-40 operational 
hours are routine. The lamp consumes about 
1100 watts (i.e., ~70V and ~15 A) when Hz is 
flowing through it at ~z torr and exhibits a 
negative resistance of about -1.5 ohms. The 
discharge is forced through the narrow col
linator shown in Fig. 1, and this results in 
a high current density and practically a 
"point source emission," thereby facilitating 
focusing of the output through the entrance 
slit of a monochrometor. We have operated 
the arc with both de and rectified ac (lZO Hz) 
power, although the stability is somewhat 
better with de operation. The arc provides a 
usable continuum from ZOOO A to above 3000 A; 
we_have not examined its output below ZOOO A. 
Indeed, its usable output greatly exceeds 
that of a Hanovia lkW high pressure Xe arc 
over the full Z000-3000 A range and is supe
rior to that of the Hanovia lkW Xe-Hg high 
pressure arc below ZZ75 A. 

1. N. A. Finkelstein, Rev. Sci. Instr. ~. 
509 (1950). 

8. PHOTODISSOCIATION OF Nai AND THE QUENCHING 
OF Na* 3p Zp BY FOREIGN GASES 

Boyd L. Earl, Charles A. Mirns, Shen-Maw Lin, 
and Ronald R. Herm 

The Na D-line fluorescence, due to the 
3s Zsl/Z + 3p Zpl/Z 3/Z transitions, produced 
by photodissociation of Nai vapor is being 
studied as a function of foreign-gas number 
density, [M]. Because the Na* may be produced 
with different speeds, depending upon the 
photodissociation wavelength selected, this 
makes possible a determination of the depend
ence of the foreign-gas quenching rate con
stant on relative collision velocity. Experi
mentally, UV radiation from the hydrogen arc 
described in the preceding section is focused 
through a monochromator into a high temperature 
cell (~900°K) of Nal vapor which contains an 
admixture of a foreign quenching gas at a 
known pressure. An interference filter
photomultiplier combination monitors the 



intensity of the Na D-line emission at a right 
angle to the direction of the incident UV 
radiation. The Na D-line fluorescence curve 
(intensity of D-line fluorescence vs. inci
dent UV wavelength for a fixed flux of inci
dent UV photons) was discussed in the 1969 
IMRD Annual Report; it peaks at ~2225 and 
~1925 A (the location of this second peak is 
rather uncertain). 

If one assumes that the incident UV radia
tion produces an excited Nai molecule which 
dissociates instantaneously to an excited Na* 
which in turn must either radiate (with a 
known radiative lifetime T) or be collisionally 
quenched and further assumes a steady-state 
condition for the Na* concentration, the so 
called "Stern-Volmer" relation is obtained, 

This relation is used to extract the quenching 
rate constant, k, from a measurement of the 
Na* D-line fluorescence intensity at a known 
finite M concentration, ID, and at zero M con
centration, IB. Table I gives the quenching 
data derived 1n this study (some of it pre
liminary), presented as a quenching cross 
section, Q, rather than a rate constant (the 
relationship between the two is discussed in 
Ref. 1), derived by assuming a ground state 
Nai dissociation energy of 3.12 eV. Our ex
perimental quenching data agree well with 
those of Hansonl for C02 and of Brus2 for I2. 
Previous work has always indicated a mono
tonic decrease of Q with increasing relative 
velocity V (see Refs. 1 and 2 for examples). 
In contrast, the data shown in Table I indicate 
a different behavior for several quenching 
gases (notably CF~Cl, C5H5, and SOz) which, 

Table I. Na* 3p 2P quenching cross sections 
vs. relative collision velocity.a 

Rela- Quenching gases 
tive 
velo-

I2 co2 CF3Cl CH3CN c2H4 c6H6 S02 csz city 

10 225 56 84 130 220 220 
12 200 62 70 70 93 145 185 
14 180 59 60 62 60 83 115 155 
16 165 so 53 53 52 84 115 135 
18 155 45 46 so 46 94 145 135 
20 140 42 40 49 45 110 115 
22 130 41 47 44 70 
24 115 40 36 42 

aRelative velocity in units of 104 

quenching cross sections in A2 
em/sec; 
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when confirmed by further experiments, should 
pose some interesting problems in interpreta
tion. 

1. H. G. Hanson, J. Chern. Phys. 23, 1391 
(1955). 
2. L. E. Brus, J. Chern. Phys. ~. 1716 (1970). 

9. A STUDY OF PHOTOINDUCED ELECTRONIC CHEMI
LUMINESCENCE: THE Hg* + Cl2 REACTION 

R. Peter Frosch,t Lara A. Gundel, and Ronald R. 
Herm 

Band emission between 4800 and 5600 A from 
the HgCl B 2~+ + X 2~+ transition is observed 
upon irradiation of a flowing Hg-Cl2 gas mix
ture by the Hg 2537 A resonance line. Figure 
1 shows the observed dependence of the v' = 
19 + v" = 38 band emission intensity upon Cl2 
pressure and 2537 A irradiation intensity for 
a fixed Hg vapor input rate. As indicated by 

8 
Cl 2 Pressure (torr) 

0 0.05 
• 0.14 
/:::,. 0.23 
• 0.31 
\l 0.38 
•. 0.46 
0 0.69 

HgCI"'(B2I+ v' = 19)

HgCI (X2I+v" = 39) 

• • 
0 

2537 A Exciting Light Intensity (Arbitrary Units) 
Fig. 1. Emission Intensity of the HgCl* 
(B 2~+; v' = 19) + HgCl(X 2~+; v" = 39) 
transition at 5116 A as a function of Cl2 
pressure and 2537 A mercury resonance line 
intensity for a fixed Hg vapor input rate. 
The solid lines are arbitrarily drawn to 
correlate the data points; one line is drawn 
to correlate the 0.46 and 0.69 torr data 
jointly. (XBL 7012-7467) 



the data of Fig. 1, the emission intensity be
comes independent of Cl2 pressure at suffi
ciently high pressures, whereas a linear be
havior is observed in the low pressure regime. 
Similarly, the emission intensity is roughly 
proportional to the 2537 A irradiation inten
sity at low levels of irradiation and becomes 
saturated at higher irradiation levels. These 
observations are interpreted in terms of the 
following scheme for production and destruction 
of HgCl*: 

Hg(1S0 )+hvex t Hg*(3Pl) (1) 

* 3 1 Hg ( P1)+hvex + Hg( S
0

)+2hvex (2) 

Hg* (3P 1)+Cl2 (X
1E;)-+HgCl * (B2E+)+Cl (2P) (3) 

HgCl*(B2E~) + HgCl(X2E+)+hvem' (4) 

Assuming steady-state conditions, this reaction 
scheme yields the following expression for the 
HgCl* concentration in the vapor: 

k1k3Iv [Hg][Cl2] 
[HgCl *] = ex (5) 

k4k_ 1+k4k2Iv +k4k3[cl2] 
ex 

This reaction scheme is almost certainly over
simplified because it ignores terms corres
ponding to the quenching and vibrational re
laxation. Nevertheless, Eq. (5) indicates 
that it is adequate to account for the ob
served pressure and excitation intensities 
dependences of the HgCl* emission intensity, 
which is simply proportional to the HgCl* 
concentration. 

The observed HgCl* emission bands are pre
dominantly confined to transitions originating 
from higher vibrational levels, i.e., between 
v' = 15 and v' = 26. Bands originating from 
the very low HgCl* vibrational levels are 
completely absent from the observed spectrum. 
This clearly indicates that reaction (3) 
channels most of the reaction exoergicity into 
product vibrational excitation. A more quan
titative appraisal of the reaction energy 
partitioning from the observed band intensi
ties has been hampered somewhat by a concurrent 
continuous emission which spans the entire re
gion of the observed band emission and extends 
down to about 4000 A. This continuous emission 
intensity appears to depend on Cl2 pressure 
and 2537 A irradiation intensity in the same 
manner as that observed for the HgCl* band 
emission. The origin of this continuous 
emission is obscure at present. It clearly in
volves production by excited rather than ground 
state Hg atoms. It might be associated with 
radiation from HgCl* formed in reaction (3) 
or, alternatively, might arise from un~solved 
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band emissions of a loosely bound HgCl2* mole
cule formed in a different reaction. This 
latter possibility would probably be consist
ent with the observed dependence of continuum 
emission intensity on Cl2 pressure, but seems 
somewhat unlikely because the high excitation 
energy of the HgCl2* species might be expected 
to result in an emission extending to wave
lengths much shorter than 4000 A. 

fNot affiliated with LRL; Assistant Professor 
of Chemistry, University of California at 
Berkeley. 

10. SCATTERING OF SUPERSONIC MOLECULAR BEAMS 
FROM CRYSTALS 

Albert W.-T. Wong and Ronald R. Herm 

An apparatus in Gabor Somorjai's group in 
IMRD which was built to make possible studies 
of gas-surface interactions in an ultrahigh 
vacuum environment is being adapted for use 
with supersonic molecular beams. A resistance
heated tantalum tube furnace, with temperature 
variable'to ~3000°K, will comprise the nozzle 
source. Direct or "seeded" beams will be 
used; for the latter case, high intensity 
neutral beams of heavy molecules with energies 
in excess of 1 eV should be produced. The 
target will be a metallic single crystal which 
can be heated to ~1400°K, cleared by ion 
bombardment sputtering, and monitored by LEED. 
Studies will include the collisions of high 
energy heavy molecules with platinum and other 
metals. 

11. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Ronald R. Herm 

This year has been devoted to apparatus con
struction which will enable molecular beam 
studies of gas phase Ba atom reactions and of 
surface reactions with high energy molecules·; 
it is anticipated that these projects will 
yield data during 1971. Other studies of the 
dynamics of chemical reactions are planned as 
well. For example, the study of the Hg* + Cl2 
reaction described in this report will be con
tinued and extended to other related reactions. 
Additionally, the crossed beam studies of Li 
atom reactions described in the 1968 and 1969 
IMRD Annual Reports will be extended to in
clude velocity analysis of the lithium halide 
and oxide products of these reactions. An 
attempt will also be initiated to directly 
determine, at least crudely, the vibrational 
excitation in the alkali halide products of 
alkali atom + halogenated molecule reactions 



by measuring the alkali halide photodissocia
tion thresholds. Finally, we hope to initiate 
construction of a "super crossed molecular 
beam" machine to enable studies of any arbi
trary gas phase collision of neutral species. 

The alkali atom quenching studies employing 
alkali halide photodissociation will continue. 
The existing equipment will be e~loyed to 
study the quenching of Li* and K*, obtained 
by photodissociating Lii and KI. Of possibly 
more potential interest, the equipment will be 
adapted for photodissociation in the vacuum 
UV, making possible quenching studies of: (1) 
first excited state alkali atoms by Br2 and 
c12, which require the corresponding alkali 
bromide or chloride as excited alkali atom 
precursor and (2) the second electronically 
excited states of the alkali atoms. 

Studies of the energy dependence of total 
inelastic collision cross sections of meta
stable Hg* atoms will continue with: an ex
tension of the Hg* + Tl study reported herein 
to include other Tl* emission lines and a 
similar study on Hg* + Li; the collection of 
final definitive data for Hg* + Lii + Hgi + Li*; 
penning ionization with the heavier alkali 
atoms; and possible ion-pair production in 
collision with an alkali halide or thallium 
halide molecule. 

12. 1970 PUBLICATIONS AND REPORTS 

Ronald R. Herm and Associates 

Journals 

1. R. R. Herm and D. R. Herschbach, Molecular 
Beam Kinetics: Reactions of Alkali Atoms with 
N02 and CH3N02, J. Chern. Phys. ~' 5783 (1970). 
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2. David D. Parrish and Ronald R. Herm, Har
monic Forces Linear Model for Reactions of Cs 
Atoms with Alkyl Iodides, J. Chern. Phys. 53, 
2431 (1970). -

Papers presented 

1. R. R. Herm, ''Molecular Beam Kinetics: Re- ' 
active Scattering of Neutral Species," Dynamics 
of Molecular Collisions Conference, Oak Ridge, 
Tenn., Sept. 4, 1970. 

2. R. R. Herm, "Neutral Reactions in Crossed 
Beams: Promises and Realizations," Pacific 
Conference on Chemistry and Spectroscopy~ 
San Francisco, California, Oct. 6, 1970 Lab
stracted in The Vortex 31, Sept. (1970)]. 

3. R. R. Herm, "Measurements of the Velocity 
Dependence of Sensitized Fluorescence in 
Crossed Molecular Beams," Second Annual Meet
ing of the Division of Electron and Atomic 
Physics of the American Physical Society, 
Seattle, Washington, Nov. 23, 1970 [abstracted 
in L. C.-H. Loh, D. D. Parrish, C. M. Sholeen, 
and R. R. Herm, Bull. Am. Phys. Soc. 15, 1511 
(1970)]. 

UCRL reports 

1. David D. Parrish, Molecular Beam Kinetics 
(Ph.D. thesis), UCRL-19654, Oct. 1970. 

2. David D. Parrish and Ronald R. Herm, Mo
lecular Beam Kinetics. II. Magnetic Deflec
tion Analysis of Reactions of Li with NOi, 
CH3N02, SF6, CCl4, and CH3I (UCRL-20356, Oct. 
1970), J. Chern. Phys. (to be published). 



Charles B. Harris, Prinaipal Investigator 

1. 1HE RELATIONSHIP BE1WEEN MICROWAVE 
SPECTROSCOPY, COHERENT TRIPLET EXCITONS, 
AND DENSITY .. OF STATES RJNCTIONS IN 
MJLECULAR CRYSTALS 

A. H. Francis and Charles B. Harris 

A theory for microwave band-to-band transi
tions in triplet Frenkel excitons in the co
herent migration limit for a one-dimensional 
exciton associated with translationally equiv
alent molecules has been developed. Because 
of selective spin-orbit coupling to the magnet
ic sublevels, an.anisotropy in the zero·field 
splitting across the band (k = 0 to k = .± TI/a) 
occurs which, on a reduced energy scale, mir
rors" the energy dispersion of triplet exciton 
states. As a result, if the· coherence time of 
a k state of the triplet band is longer than 
the intrinsic time associated with a micro
wave field connecting the magnetic sublevels of 
the band, one can measure both the bandwidth 
and density of states function with a zero 
field electron spin resonance experiment. 

2. 1HE OBSERVATION OF COHERENT TRIPLET 
EXCITONS AND DENSITY OF STATES RJNCTIONS 
IN l\DLECULAR CRYSTALS 

A. H. Francis and Charles B. Harris 

Coherent triplet Frenkel excitons have been 
observed in a molecular crystal: 1, 2, 4, 5 
tetrachlorobenzene. The results can be inter
preted in terms of a one-dimensional model in 
which the largest intermolecular exchange 
interaction is associated with the translation
ally equivalent molecules along the~ axis. 
Using the theory developed above, the band
width, coherence length, and density of states 
functions have been determined from a zero 
field optically detected microwave experiment 
for the lowest triplet band in tetrachloro
bepzene at temperatures below 4.2°K. 

\ 

3. MICROWAVE-INDUCED TIME-DEPENDENT EFFECTS 
IN TRIPLET PHOSPHORESCENCE 

Charles B. Harris 

The changes in the polarization and intensity 
of phosphorescent emission from triplet states 
induced by a resonant time-dependent micro
wave field coupling magnetic sublevels have 
been described in the absence of spin lattice 
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relaxation. Specifically, the microwave field 
can be used to amplitude-modulate the polariza
tion and intensity of phosphorescence from 
organic molecules or to rotate the polarization 
vector of phosphorescence. In addition, "op
tical phase precession," a phenomena closely 
resenibling quantum beats, has been predicted. 
Finally the use of adiabatic inversion of the 
magnetic sublevel populations to directly meas
ure intersystem crossing has been demonstrated. 

4. OPTICALLY DETECTED NUCLEAR QUADRUPOLE 
RESONANCE AND TRANSFERRED HYPERFINE ffiUPLING 
VIA GUEST-HOST INTERACTIONS IN MOLECULAR 
CRYSTALS 

Michael B. Payer, Charles B. Harris, and 
David L. Yuen 

A method has been developed for optically 
detecting the nuclear quadrupole interactions 
of molecules in their ground states, which 
relies on the fact that in a doped crystal a 
guest molecule in its triplet state "transfers" 
spin density to an adjacent host molecule in 
its ground state. The results are that ad
ditional simultaneous electron-nuclear spin 
transitions get intensity where the electron 
spin is associated with the guest and the 
nuclear spin is associated with the host. This 
allows the determination of the nuclear states 
of the host and thus the nuclear quadrupole 
interaction in appropriate molecules. 

5. OPTICALLY DETECTED 35c1 AND 38CI HYPERFINE 
AND NUCLEAR QUADRUPOLE INTERACTIONS IN EXCITED 
TRIPLET STATES IN ZERO FIELD 

Michael J. Buckley and Charles B. Harris 

The zero field optical detection of the elec
tron spin resonance and Cl ENDOR of 8-chloro
quinoline in its 3(7T,TI*) state has been ob
served. The data are interpreted in terms of 
a spin Hamiltonian which includes the 14N, 
35cl, and 37cl nuclear-electron hyperfine and 
nuclear quadrupole interactions. Values for 
these parameters are obtained for the excited 
triplet state. This represents, for the first 
time, Cl effects in the electron spin reso
nance of triplets. 



6. THE INTERPRETATION OF OPTICALLY DETECTED 
ENDOR IN ZERO FIELD AND THEIR RELATIONSHIP 
T0
3 

l!N NUCLEAR QUADRUPOLE INTERACTIONS IN 
(mr ) STATES 

Michael J. Buckley and Charles B. Harris 

It has been shmvn that the proper assignment 
of 14N ENDOR transitions in azaaromatic rr,rr* 
triplet states must take into consideration 
the contribution of the electron magnetic mo
ment operator to the intensity of a given 
transition. In_quinoline and quin?xaline, the 
electron magnet1c moment operator 1s found to 
give the dominant contribution to ENDOR in
tensities, and to a high degree of accuracy 
the nuclear moment operator may be neglected. 
The ENDOR of quinoxaline and quinoline is 
assigned on this basis. In particular, we 
have found for these molecules that the domi
nant ENDOR transitions do not yield the 14N 
quadrupole parameters e2qQ and n independently, 
but only the value of 3 e"ZqQ(l - n/3)/4. 

7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Charles B. Harris 

Our major emphasis will be to determine ex
plicitly the nature of exciton-phonon inter
action which destroys the coherent transport 
of electronic energy in molecular crystals. 
This will be approached from two types of ex
periments. The first will be to observe as 
a function of temperature, the averaging'ef
fect of the exciton optically detected magnet
ic resonance resulting from exciton-phonon 
collisions. In this regard the theoretical 
basis for the experiments will have to be 
formulated. Secondly, the observation of 
coherence t~es in excitons and the scattering 
processes Wlll be probed by utilizing pico
~econd laser techniques. Both methods, magnet
lC resonance and laser studies, should allow 
us to study the dynamics of energy transport 
over a wide_r~ge of time scales and tempera
tures. Add1t1onally, the effect of magnetic 
fields and impurities (triplet traps) on 
excitons will be investigated. 

The work on excited triplet states and tri
plet excitons will be extended to inorganic 
and ~iological systems in an attempt to study 
the 1mportance of coherent migration in mag
nons and photoconduction respectively. 

Several techniques for gaining additional 
information of time-dependent processes will 
be tri~d. Thes~ include both the possibility 
of opt1cal pump1ng and the detection of the 
microwave modulation of the phosphorescence 
emission. 
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An effort will be made to produce a triplet 
state laser capable of producing coherent 
radiation over a large segment of the UV. 

8. 1970 PUBLICATIONS AND REPORTS 

Charles B. Harris and Associates 

Journals 

1. M. J. Buckley, C. B. Harris, arid A. H. 
Maki, ~e Inte~retation of Optically Detected 
ENDOR 1n Zero F1eld and Their Relationship to 
14N Nuclear Quadrupole Interactions in 3(rr,rr*) 
States of Quinoline and Quinoxaline, Chern. 
Phys. Letters ±• 591 (1970). 

2. M. J. Buckley and C. B. Harris, Optically 
Detected 35cl and 37cl Nuclear Hyperfine and 
Nuclear Quadrupole Interactions in Excited 
Triplet States, Chern. Phys. Letters 5 205 
(1970). _, . 

3. M. D. Payer, C. B. Harris, and D. L. Yuen, 
Optically Detected Nuclear Quadrupole Reso
nance and Transferred Hyperfine Coupling Via 
Guest-Host Interactions in Molecular Crystals, 
J. Chern. Phys. 53, 4719 (1970). 

Papers presented 

1. C. B. Harris, "Optical Phase Precession 
in Phosphorescence," presented at the Fifth 
Molecular Crystal Symposium, Phil. Penn., 
June 1970. 

2. C. B. Harris, "Coherent Triplet Exci tons," 
presented at the EUCHEM Conference--Photo-
physical Primary Steps of Organic Compounds in 
Condensed Media, Schloss Elmau, Germany, Oct. 1970. 

3. C. B. Harris, "Optically Detected Magnetic 
Resonance in Zero Field," presented at the 
Second Symposium on Electron Spin Resonance 
Athens, Georgia, Dec. 1970. ' 

UCRL reports 

1. C. B. Harris, Microwave-Induced Time
Dependent Effects in Triplet Phosphorescence, 
UCRL-19693, Sept. 1970. 

2. A. H. Francis and C. B. Harris, The Rela
tionship Between Microwave Spectroscopy 
Coherent Triplet Excitons, and Density of 
States Functions in Molecular Crystals, 
UCRL-20387, Dec. 1970. 

3. A. H. Francis and C. B. Harris, The Obser
vation of Coherent Triplet Excitons and Den
sity of States Functions in Molecular Crystals, 
UCRL-20511, Dec. 1970. 
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F. NUCLEAR SCIENCE 

Donald R. OZandeP, PPinaipaZ InvestigatoP 

1. MJLECULAR BEAM RESEARCH 

a. Molecular Beam Sources Fabricated from 
Multichannel Arrays: V. Measurement of the 
Speed D1stribution* 

Wigbert J. Siekhaus, Richard H. Jones and 
Donald R. Olander 

A technique for measuring the speed dis
tribution of molecular beams that uses sym
metric modulation and phase-sensitive detec
tion is described. Corrections for system 
errors on experiments of this type are 
developed and verified. In addition to the 
expected 1/v depedencen of the ionizer, the 
extraction efficiency of the quadrupole 
mass spectrometer ionizer is shown to depend 
on the velocity of the molecules before ioni
zation. 

Molecular speed 
Most probable speed 

Fig; 1. Velocity distribution of molecular 
beam from multichannel source. (XBL 6911-6161A) 

Figure 1 compares the measured speed 
distribution at a source pressure well above 
the free molecule limit with theory (see last 
year's annual report). The Maxwellian distri
bution characteristics of purely effusive flow 
is also shown in the plot. The theoretical 
prediction of 5.5% energy enhancement of beams 
from channel sources operated at pressures well 
above the free-molecule flow limit was verified. 

Abstract of a paper published in J. Appl. 
Phys. 

b. Molecular Beam Investigation of the 
Oxidation of Pyrolytic Graphite 

Wigbert J. Siekhaus, Richard H. Jones, and 
Donald R. Olander 

The apparatus used for studying the kinetics 
of gas-solid reactions by the modulated 
molecular beam technique is shown in Fig. 1. 
We are currently investigating the reaction 
between oxygen and pyrolytic graphite with 
this device. 

The molecular beam emanates from a multi
channel source of reactant gas into the source 
chamber. After passing a collimating orifice 
the beam enters the target chamber and im
pringes on the graphite specimen. Species 
scattered from or emitted by the surface into 
the reflected 45° direction pass through an
other small orifice into the mass spectro
meter chamber. The detector is a quadrupole 
mass spectrometer operating as a "once through" 
density sensitive detector. 

The primary experimental variables are: 
(1) beam pressure at the target (lo-4-lo-6 
torr); (2) beam temperature (25-1000°C, re
sistance furnace at beam· source tip); (3) 
target temperature (25-2500°C, electron bom
bardment heated from the rear); (4) target 
orientation (basal or prismatic planes of 
pyrolytic graphite); (5) chopping frequency 
(10-1500 Hz). 

Molecular beam studies of this type pro
vide information in a clean, high vacuum 
environment, but with a low pressure of the 
reacting gas. The primary difficulty in 
such studies is the low signal levels. The 
electronics shown in Fig. 2 are used as a 
signal-enhancement technique. 

The molecular beam is modulated by a 
mechanical chopper, and the signal from the 
mass spectrometer is processed by narrow 
barid amplification and phase-lock detection. 
Two pieces of information, signal amplitude 
and phase lag, are obtained for each reaction 
product at each set of experimental conditions. 
In addition to extracting the signal from the 
noise the phase-sensitive technique provides 
a time scale (the phase lag) which contains 
information on the magnitude of the rate 
constants of the surface reaction. 

Experiments were performed on pyrolytic 
graphite wafers cut parallel to the normal 
to the basal planes·, so that the prismatic 
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Fig. 1. Experimental apparatus for surface 
reaction studies using modulated molecular 
beams. (XBB 711-372) 
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Fig. 2. Lock-in detection of signals in 
molecular beam surface reaction studies . 
(XBL ?ll-6412) 

planes were exposed to the reactant oxygen 
beam. The surface was polished by standard 
metallographic t echniques, but the surface 
was still not well defined; whereas the basal 
plane surface of graphite can be compared to 
the flat page of a book, the surface of 
prismatic planes resembles the edge of a 
closed book. In our experiffients, the oxygen 
beam impinged at 45° to the surface normal 
and parallel to the basal planes. 

Figure 3 shows the results of the oxygen 
reaction on this material for two different 
target conditions. The beam pressure, beam 
temperature, and chopping frequency were 
fixed in this series of experiments, in which 
only the target temperature was varied. 
These curves represent only a small fraction 



of the information that can be obtained in 
a modulated molecular beam experiment. The 
plots show the ratio of the carbon monoxide 
reaction product signal to the reflected 
oxygen signal. This ratio is very approxi
mately proportional to the reaction prob
ability of oxygen on graphite. The top 
curves show the phase lag of the CO signal 
with respect to the reflected oxygen signal. 
The existence of a phase lag signifies a 
measurable "residence time" of the CO on the 
surface before it is re-emitted. 

Fig. 3. Phase and amplitude information ob
tained in the reaction of oxygen and pyrolytic 
graphite. (XBL 711-2659) 

Target #1 represents data from freshly 
prepared graphite specimens, and has been 
repeated for two different samples. At room 
temperature, the reaction probabilitiy is 
very low--on the order of 10-s. It rises as 
the temperature is increased and reaches a 
plateau at 1700°K. From here to 2200°K the 
reaction probability is essentially tempera
ture independent. A very sharp increase be
gins at 2200°K, and the reaction probability 
reaches a value of nearly 0.1 at 2600°K (not 
shown in Fig. 3). The very complex, non
Arrhenius shape of the reaction probability 
curve suggests same sort of two-mechanism 
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process. The non-monatonic behavior of the 
phase lag also suggests that the process is 
not a simple one. 

The data labeled target #2 were taken on 
a similar type of target as #1 except that 
it had been exposed to the vacuum environment 
at high temperatures for long periods. The 
reaction probability on this target is con
siderably different from that on target #1. 
In addition to the· maximum reaction probabi
lity at about 1700°K(which has been observed 
in conventional studies of this reaction 
by other workers), the reaction probability 
does not drop to zero at room temperature. 
Even at 300°K surface temperature, graphite 
in this condition continuously oxidizes to 
carbon monoxide with an efficiency of l0-3. 
The nature of the surface condition which is 
responsible for this rather startling result 
is being actively investigated. 

c. Radiolysis of Oxygen Gas by 1 MeV Protons 

Valerie R. Kruger and Donald R. Olander 

The object of this experiment is to 
investigate the kinetics of the radiation
induced conversion of oxygen to ozone. 
Sampling by the molecular beam method and 
mass spectrometric detection permit the con
centration of the atomic oxygen intermediate 
of the reaction to be measured. Kinetic 
information is obtained by modulating the 
proton beam rather than the molecular beam. 

The NOz light titration technique will be 
used to calibrate the mass spectrometer for 
atomic oxygen. Calibration of the N02 meter
ing equipment was completed by using a 
cryopumping technique devised for this pur
pose. Work on the N02 titration procedure 
was begun. The proton beam from the Van de 
Graaff accelerator was aligned with the reac
tion chamber and the vacuum system needed 
for molecular beam sampling anu analysis. 

2. ROTATING DISK STUDY OF THE OXYGEN
GRAPHITE REACTION 

Rajarama T. Acharya and Donald R. Olander 

The low pressure (<lo-4 torr) molecular 
beam study of the oxygen-graphite reaction 
is being complemented by an investigation 
of the same reaction at oxygen pressures five 
orders of magnitude greater. Under these · 
conditions the reaction is subject to gas 
phase diffusional limitations, so that the 
rotating disk method is used to extract 
chemical kinetic information from overall 
rate data. The graphite specimens are from 
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Fig. 1. Reaction rates of basal plane 
pyrolytic graphite in oxygen-inert gas mix
tures as measured by the rotating disk method. 
(XBL 711- 2538) 

the same batch as those used in the molecular 
beam studies, but in the present case the 
basal plane reaction is being investigated 
first. 

The reaction was studied from 800°C (in 
the reaction-limited regime) to about 1800°C 
(well into the completely diffusion-limited 
regime). Series of experiments with reac
tant gases of 0.2 and 0.5% oxygen in argon 
and 0.05% oxygen in helium have been completed. 
The results are shown in Fig. 1. The diffu
sion-limited plateaus occur at reaction rates 
in good agreement with rotating disk theory 
if it is assumed that the reaction product 
is approximately half CO and half C02. Pre
liminary analysis suggests that the surface 
reaction is not first order, which complicates 
.the problem of extracting rate constants and 
reaction orders from the data. 

The morphology of the surface has required 
some attention. Experiments in a series are 
started with a polished basal plane surface. 
The oxidation process produces pits which 
grow with time. An equilibrium surface must 
be attained before reproducible results are 
obtained. In the equilibrium surface, the 
entire surface is covered by pits, and 
smaller pits begin to grow within the larger 
pits. 
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3. LASER VAPORIZATION OF SOLIDS 

Robert A. Olstad and Donald R. Olander 

A pulsed laser is used as a heat source in 
a highly transient "Langmiur" type vacuum 
vaporization experiment. The laser pulse 
(nsec to msec duration) heats the surface of 
the solid (zirconium hydride or uranium di
oxide) to temperatures at which the vapor 
pressure is appreciable. Species vaporized 
into the vacuum during the temperature tran
sient are measured by a mass spectrometer. 
The object of the experiment is to determine 
whether the time scale of the heating affects 
the nature of the vaporization process. The 
temperature transient accompanying the laser 
pulse is followed by an infrared pyrometer. 

An indium antimonide infrared pyrometer 
was calibrated as a function of temperature 
and its resolution (i.e., spot size) was 
determined. The pyrometer was found to have 
a response time of less than 10 ~sec, which 
should permit satisfactory measurement of 
the temperature transient .. An electron 
beam heated specimen of high purity iron was 
installed in the vacuum system to permit 
calibration of the mass spectrometer. 

4. LANI11ANUM DIFFUSION IN MOLTEN URANIUM 

J. Hovingh and Donald R. Olander 

Attempts to improve the experiments to 
measure the diffusion coefficient of lantha
num in molten uranium (IMRD Annual Report, 
1969) have been thwarted by the presence of 
dissolved gases in uranium and the difficulty 
in containing this metal for long periods. At 
elevated temperatures the gases dissolved in 
the uranium samples come out of solution and 
form bubbles in the liquid metal. As shown 
in the radiograph of Fig. 1, gross separation 
of the uranium occurs. To avoid this problem, 
the chunks shown in the figure are removed 
from the original crucibles and used in the 
diffusion experiment. Since the first melt
ing.effectively degasses the uranium, bubble 
formation in the second melt is avoided. 

Tantalum had been used successfully as a 
container material for molten uranium in pre
vious experiments (IMRD Annual Report, 1969). 
However, our experience with a fresh batch 
of tantalum crucibles showed gross penetra
tion of the tantalum by the uranium and loss 
of much of the charge. Consequently, beryl
lia crucibles are being used in current wor~. 
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Fig. 1. Uranium ingots after melting in 
beryllia crucibles, showing effect or release 
of dissolved gases. (XBL 711-39 

5. DESCRIPTION OF THE HYDROGEN-METAL INTER
ACTION BY A MORSE POTENTIAL FUNCTION* 

Donald R. Olander 

The interaction between hydrogen atoms 
adsorbed on the surface or dissolved in the 
interstices of a metal and the atoms of the 
hos~ ~rystal is represented by a pairwise 
additive Morse potential function. This inter
action is summed over all metal atoms surround
ing the hydrogen atom. Interactions between 
hydrogen atoms are not considered. The three 
force constants of the potential function are 
determined from three experimental values of 
the hydrogen-metal system: the heat of solu
tion, the heat of adsorption, and the acti
vation energy for bulk migration. Relaxation 
of the metal lattice surrounding the dis
solved hydrogen and reconstruction of the 
surface metal atoms next to the adsorbed hydro
gen are considered in the calculation. The 
potentials so determined are long range--metal 
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atoms many lattice constants distant from the 
hydrogen atom contribute to the binding and 
the metal· atoms closest to a dissolved hydro
gen atom are repulsive. 

Four metals are treated: bee iron and 
tantalum, and fcc nickel and copper. For each 
metal, two surface planes are investigated. 
Although both tetrahedral and'octahedral 
interstitial sites were tested as solution 
sites, only occupancy of octahedral sites 
satisfied the 'interaction energies upon which 
the calculation is based. Knowledge of the 
potential function permits other characteris
tics of the hydrogen-metal interaction, such 
as the activation energy for surface migra
tion and the vibration frequency of dissolved 
hydrogen, ~o be computed. Agreement of these 
calculated properties with experimental data 
is satisfactory, but not quantitative. The 
extreme sensitivity to crystal structure 
(bee or fcc) and the assumption that the 
nature of the binding of surface hydrogen is 
the same as that of bulk hydrogen, limit the 
utility of the pairwise model to that of an 
interpolation scheme--as a means of utiliz
ing known characteristics of the hydrogen
metal system to estimate parameters not 
experimentally available. 

Abstract of a paper submitted to J. Phys. 
Chern. Solids. 

6. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Donald R. Olander 

The effects of beam pressure and tempera
ture and the modulation frequency on the phase 
lag and amplitude of the CO signal in the 
oxygen-graphite reaction will be studied in 
d~tail. A mixture of SO% Ozl6-16 and Ozl8-18 
Will be used as a reactant gas in order to 
employ isotope mixing in the COz reaction 
product as an aid in developing a reaction 
mechanism. 

The gas phase radiolysis of oxygen will 
be continued with the proton beam source. 

The ro1ating disk investigation of the 
oxygen-graphite reaction will be extended to 
the prismatic planes of graphite. 

The laser pulsing apparatus will be used 
to investigate the transient vaporization of 
zirconium hydride. 

The viscosity of uranium dioxide and cesium 
(near its critical point) will be measured in 
the oscillating crucible viscometer. 



7. 1970 PUBLICATIONS AND REPORTS 

Donald R. Olander and Associates 

Journals 

1. D. R. Olander and V. Kruger, Molecular 
Beam Sources Fabricated from Multichannel 
Arrays. Part III: The Exit Density Probiem, 
J. Appl. Phys. 41, 2769 (1970). 

2. D. R. Olander and J. L. Schofill, Investi
gation of the Convective-Diffusion Limited 
Oxidation of Molybdenum by the Rotating Disk 
Method, Met. Trans. 1, 2775 (1970). 

3. W. J. Siekhaus, R. H. Jones, and D. R. 
Olander, Molecular Beam Sources Fabricated 
from Multichannel Arrays. Part IV: Speed 
Distribution in the Centerline Beam, J. 
Appl. Phys. 4!, 4388 (1970). 

4. W. J. Siekhaus, R. H. Jones, and D. R. 
Olander, Molecular Beam Sources Fabricated 
from Multichannel Arrays, Part V: Measure
ment of the Speed Distribution, J. Appl. 
Phys. 41, 4392 (1970). 
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UCRL reports 

1. R. A. Krakowski and D. R. Olander, Survey 
of the Literature on the Carbon-Hydrogen 
System, UCRL-19149, March 1970. 

2. Charles S. Portwood III, The Preparation 
and Characterization of Electron Beam, Vapor 
Deposited, Germanium Films (M.S. Thesis), 
UCRL-19164, June 1970. 

3. R. P. Omberg and D. R. Olander, The Effect 
of Condensation in the Boundary Layer on 
Mass Transfer from a Rotating Disk. Part .I.: 
Theoretical, UCRL-19635, May 1970; submitted 
to Physics of Fluids. 

4. R. P. Omberg and D. R. Olander, The 
Effect of Condensation in the Boundary Layer 
on Mass Transfer from a Rotating Disk; Part 
II: Experimental, UCRL-20331, Oct. 1970; 
submitted to Physics of Fluids. 

5. G. A. McCoy, D. R. Olander, and R. Olstad, 
Calibration of an Infrared Pyrometer, 
UCRL-19665, Sept. 1970. 

6. ·D. R. Olander, Description of the Hydrogen
Metal Interaction by a Morse Potential Func
tion, UCRL-19675, Oct. 1970; subm1tted to 
Journal of Physics and Chemistry of Solids. 



II. Metallurgy 
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A. CRYSTAL IMPERFECTIONS 

Jack Washburn, Principal Investigator 

1. A HIGH VOLTAGE ELECTRON MICROSCOPY STUDY 
OF SLIP BAND GROWTH IN COPPER 

Thomas H. Kosel and Jack Washburn 

Large single crystals (3.5xlxl5 em) were 
prestrained in tension along [111] to a shear 
stress of 2.5 kg/mm2. From these were cut 
smaller crystals which were given a second 
deformation by compression in a single slip 
orientation in which the active slip plane 
was the (111) plane, which was inactive during 
the prestrain. After the second deformation 
thin foils were obtained by acid sawing, 
followed by chemical thinning and j et electro
polishing. Foils were examined by using a 
650 kV Hitachi electron microscope, operat ed 
at 500 kV to avoid radiation damage, and also 
in a 125 kV Hitachi electron microscope. The 
active slip system of the second deformation 
was defined SQ that the primary Burgers vector 
was along [101] and the active glide plane was 
(111). The dislocation arrangement after the 
second geformation was studied by using (lZl) 
and (101) foils (perpendicular to the primary 
glige plane) and (hkl) foils, in which both 
[101] and the primary glide plane were at 45° 
to the plane of the foil. In sections 
perpendicular to the primary glide plane, 
traces of the well-defined slip bands which 
occur in such crystals were a very prominent 
feature (Fig. 1,2,3,4). Through the observa-

Fig. 1. (lZl) foil. The primary Burgers 
vector (b ) is in the plane of the foil; 
primary d~slocations are out of contrast. 

(XBB 7010-4517) 

Fig. 2. (lOl) foil. bp is perpendicular to 
the plane of the foil; primary dislocations 
are out of contrast. (XBB 7010-4516) 

Fig. 3. (lOl) foil. The traces of the 
prLmary and cross-slip planes are indicated. 
Primary dislocations are out of contrast. 

(XBB 7010-4513) 

Fig. 4. (lZl) foil. 
(a) Primary dislocations out of contrast. 
(b) Same area . Primary dislocations are 

in contrast. (XBB 7010-4514) 



tion of several hundred micrographs it is 
possible to describe fairly accurately a 
typical heavy slip band as follows: The 
slipped volume was elongated in the edge 
direction1 being from 10 to lOOw in length 
along [101] and about half this wide along 
[lZl]. The dimensions and relative spacings 
of the slip traces agreed well with previous 
surface replica studies of slip bands. Dense 
mats of dislocations, lying approximately 
parallel to the primarily slip plane, often 
outline a slip band over parts of its length. 
Dislocations of all Burgers vectors are pres
ent in the mats, with the three Burgers 
vectors of the cross-slip plane accounting for 
somewhat more than half the dislocations in 
the mats. Mats frequently occur in pairs. 
The volume of crystal between paired mats was 
usually rotated by a small amount (less than 
1°) with respect to the crystal above and 
below the mats. The axis of this rotation 
varied, having in general a component along 
[111) and a component along [101] . The amount 
and sense of the rotation also varied slightly 
along the length of a given pair of mats. 
The mats were also sometimes seen in groups 
of three. In parts of the slip band where 
dense mats did not occur, slip appeared to 
spread over a distance as great as 2w normal 
to the primary glide p~ane (Fig. 1). In some 
areas of (hkl) and [101) foils there was a 
notable tendency for tangles and individual 
dislocations to lie on the cross-slip plane 
(Fig.3). No significant differences were 
found between foils taken within lOOw of the 
surface and foils taken from the interior of 
the crystals, either in the (hkl) or the (lZl) 
foils. 

2. GLIDE AND CLIMB OF PRISMATIC DISLOCATION 
HALF -LOOPS IN HIGHLY PERFECT COPPER CRYSTALS 

Yasuhiro Miura and Jack Washburn 

Glide and climb of punched-out prismatic 
edge dislocation half-loops in copper crystals 
were studied by a dislocation etch pit tech
nique. Improved crystal growing procedures 
yield copper crystals of dislocation density 
less than 103 cm/cm3 so that rows of large 
prismatic dislocation half-loops (radius~lOw) 
with Burgers vectors< 110 > could be intro
duced by a ball indentation on a (111) plane 
in an originally dislocation-free area of the 
crystal (Fig. 1). Both a dislocation etch pit 
picture and an X-ray transmission topograph 
proved the low dislocation density of the 
crystals. 

Microscopically, the half-loops were 
approximatel y semicircular in shape. For 
dislocation glide it was found that larger 

88 

, , 

I . 

... .. 
: ::. 

' . 
' 

-~: ... .. . . ... : . .... 
: I 

,.. 

.. 
· ' 

: 

·. ·. 

Fig. 1. Punched out rosette of prismatic 
dislocation half-loops. Etch pits on (111). 

(XBB 704-1999 upper) 

loops were more highly mobile than smaller 
ones (Fig. 2). This was attributed to a 
lower dis location step density of large loops. 

300 
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Tc, 
g/mmZ 150 
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0 

0 

1.0 2.0 3.0 

Fig. 2. Critical shear stress (T~) vs. recip 
rocal of the radius of half loop ll/r) at 
room temperature. 'c increases monotonically 
with 1/r. (XBL 705-955) 

Corners of steps were assumed to be 
rounded; that is, the dislocation line at 
corners of steps lies on planes other than 
{111}. A higher lattice frictional stress 
acts to oppose motion of a dislocation on non
close-packed planes. Therefore, the corners 
of steps may act as pinning points on gliding 
dislocation half-loops. It was also found 
that, within a single half-loop, the segment 
with higher step density was less mobile. 



When half-loops were annealed at a temper
ature where diffusion is rapid, they shrunk. 
Macroscopically, loops maintained approxi
mately a semicircular shape during the process 
of shrinkage. The shrinkage curve r2 vs. t 
was approximately linear (r is the radius of 
loop and tis the annealing time), and the 
apparent activation energy of shrinkage was 
~ 1.28 eV(Fig. 3). The results were best 
interpreted by a model based on vacancy 
formation at the point of intersection of the 
dislocation and the crystal surface and pipe 
diffusion along the dislocation loop. 

' ' 
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(By the method of least SQua res) 

Fig. 3. Shrinkage curve r vs. t. 
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(XBL 708 -1675) 

3. PRECIPITATION IN HIGH PURITY SILICON 
SINGLE CRYSTALS 

Aasmund Erik Nes and Jack Washburn 

Precipitation in high purity, Lopex (low 
oxygen, dislocation-free), silicon has been 
examined by X-ray diffraction topography and 
transmission electron microscopy. It has been 
found that the impurity concentration in the 
as-grown silicon crystals is sufficient to 
cause precipitation of a second phase if the 
specimens are annealed in the temperature 
range 700 to 1000°C, followed by a critical 
cooling rate. The precipitating phase has 
been tentatively identified as a -Fe3Si. 

The precipitates appear in colonies. Each 
colony has a three-dimensional star-like 
configuration, where the different arms are 
planar arrangements of precipitates enveloped 
by a dislocation loop. The dislocation loops 
are of interstitial edge type and bo t h a/2 
< llO > and a < 100 > Burgers vectors are 
involved (Figs. 1, 2, 3, 4). 
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SECTION a 

Fig. 1 . X-ray diffraction topographs. 
(a) A (111) wafer annealed at 865°C for 20 
minutes, then cooled at a rate of 7°C/sec. 
(b) A (11 0) wafer annealed at 820°C for 10 
minutes and then cooled at a rate of 7°C/sec. 

(XBB 706-2835) 

Fig. 2. A colony in a (111) foil. The arm 
marked A is of< 100 > type, the other arms 
are of the < 100 > type. (XBB 706-2842) 
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Fig. 3. (100 eV, T = 893, tb = 10 min, Q = 
6°C/sec) Two-beam Bright fieTd micrographs of 
a [001] type colony arm in a (111) foil. 
(a and b) Strong dislocation contrast. 
(c) The dislocation segments parallel to the 
[110] direction is out of contrast. Note the 
double image of the [110] segments. 

(XBB 706-2841) 

The nucleation of colonies is heterogeneous 
in nature and the presence of small silica 
particles as nucleation centers is s~ggested. 
The critical cooling rate effect is explained 
in terms of a vacancy condensation mechanism. 

Following the nucleation step is the 
generation of dislocation loops with either 
a/ 2 < 110 > or a< 100 > Burgers vectors. The 
different Burgers vectors give rise to two 
growth modes resulting in colony branches with 
characteristic differences in precipitate size 
and distribution, as well as in dislocation 
structure. 
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Fig. 4. Two-beam bright field images of a 
< 110 > type arm in a (111) foil. Note how the 
line of no contrast in the precipitate image 
rotates with the g vector. (XBB 706-2850) 



4. RADIATION-INDUCED PRECIPITATION IN SILICON 
DURING HIGH VOLTAGE ELECTRON MICROSCOPE 
OBSERVATION 

Aasmund Erik Nes and Jack Washburn 

In high voltage electron microscopy, 
radiation damage occurs when the electron beam 
voltage exceeds the threshold value required 
for an electron to eject a matrix atom. This 
effect should be especially pronounced in 
foils made from the lighter elements, and the 
effect may complicate studies of annealing and 
diffusion processes. However, little work 
dealing with radiation-induced effects in the 
high voltage microscope has been reported in 
the literature. In the present experiments a 
precipitation effect was observed in specimens 
already containing precipitate colonies ten
tatively identified as aFe3Si. 

The silicon crystals were obtained from 
Texas Instruments Company. The material was 
graded as Lopex (low oxygen, dislocation-free 
silicon). The crystals were Czochralski grown 
in the form of cylindrical rods of l in. dia.x 
6 in., w1th [111] growth axis. The resistance 

Fig. l. Precipitation along the dislocations 
due to electron radiation damage. The colony 
arm is of [010] type and the three micrographs 
were exposed at time intervals of a few 
minutes. (XBB 706-2844) 
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of the crystals was SO rl-cm and the conductiv
ity was n type. The experiments were done on 
a Hitachi high voltage microscope, equipped 
with a hot stage and operating at 650 kV. 

Figure l shows three micrographs of a < 100 > 
type precipitate colony in a (110) foil. The 
dendritic shaped colony is located on the 
[010] plane and the enveloping dislocation 
has a [010] Burgers vector. The effect of 
electron radiation damage while under obser
vation in the microscope was to cause further 
precipitation around the edges of the colony 
in the form of fine whiskers. 



c 

Fig . 2. Hot-stage observations showing the 
formation of needle -like precipitates due to 
radiation damage. (a) < 110> type precipitate 
col onies in a (111) foil; the micrograph is 
taken before the heating started. (b) After 
annealing the foil for about 60 minutes at 
670°C. (c) TI1is micrograph was taken about 
10 minutes later than exposure (b) at 750°C; 
note the contrast oscillations along the 
needles marked by arrows. (d) Taken after 
cooling down to room temperature. 

(XBB 706-2849 and 2846) 
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A different mode of radiation-induced 
precipitation occurred during annealing of a 
foil in the high voltage electron microscope 
hot stage. Typical results are presented in 
Figs. 2a to d. Figure 2 shows that many long 
needles have been formed after annealing for 
about one hour and fifteen minutes at about 
700°C. This foil contained, in addition to 
the colony shown in Fig. 2, several other 
precipitate colonies. However, needles were 
formed only in the colonies illuminated by 
the electron beam. Thus, this precipitation 
effect, like the one described above, was 
caused by electron radiation damage. 

5. ATOM PROBE FIELD ION MICROSCOPE 

Hua Ching Tong, Kaj Gunnar Stolt, and Jack 
Washburn 

An atom probe field ion microscope has been 
constructed and calibrated by using single
isotope metals. This instrument consists of 
a normal field ion microscope connected to a 
time-of-flight spectrometer . The microscope 
i s a bakeable all-metal system with a capa
bility of reaching a pressure of lo-9 torr. 
A dynamical supply of the imaging gas is 
utilized to facilitate the operation of the 
probe. Cold helium gas pumped from a liquid 
helium dewar is used for cooling the tip. The 
specimen holder provides excellent electrical 
shielding of the tip region where the accel 
eration of the field-evaporated ions takes 
place, and also ·cools this region, which is a 
favorable feature. The specimen can be 
centered to within ±0.2 mm of the axis of the 
drift tube and is rotatable through its tip 
by ±45° vertically and ±90° horizontally. 

6. RESEARCH PLANS FOR CALENDAR YEAR 19 71 

Jack Washburn 

1. Experiments are in progress using 
relatively thick foils and the high voltage 
electron microscope which permit direct 
observations of pipe diffusion and "conserva
tive" climb of dislocations in magnesium 
oxide. It should be possible to obtain very 
accurate values for the temperature dependence 
of dislocation climb rate both under condi 
tions where the climb is dependent on bulk 
diffusion and when a dislocation pipe is 
the primary diffusion path. 

2. The effect of electron irradiation in 
the high voltage electron microscope on 
annealing phenomena in magnesium oxide and on 
precipitation of second phases in high purity 
silicon is being studied. 



3. Heavy ion bombardment is being used t o 
simulate damage that will be produced by the 
high energy neutron fluxes contemplated for 
fast breeder and fusion power reactors. It is 
planned to undertake cooperative electron 
microscope work in this field with the 
Livermore Laboratory on ion-bombarded niobium 
foils. 

4. An ion gun has been constructed 
which will be attached to the ion probe FIM. 
This will permit ion bombardment with 30 kV 
inert gas ions. A field ion microscope in
vestigation of the peritectoid growth of the 
ordered Ni4W phase in the Ni-W binary system 
is near completion. Some questions concern
ing details of the field ion microscope image 
after field evaporation at different temper a
tures are still being investigated. 

7. 1970 PUBLICATIONS AND REPORTS 

Jack Washburn and Associates 

Journals 

1. V. C. Kannan and J. Washburn, Direct 
Dislocation Velocity Measurement in Silicon 
by X-Ray Topography, J. Appl. Phys. 41, No. 9, 
3589 (1970). --

2. B. Escaig, The Climb of Frank Loops in 
F.C.C. Metals of Low Stacking Faul t Energy, 
Cryst. Lattice Defects!, 211 (1970). 

Papers presented 

l. T. Kosel and J. Washburn, A High Voltage 
Electron Microscopy Study of Slip Band Growth 
in Copper (UCRL-19601, Aug. 1970), 2nd 
International Conference on the Strength of 
Metals and Alloys, Asilomar, Aug. 30-Sept. 4, 
1970. 
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UCRL reports 

1. A. E. Nes, Precipitation in High Purity 
Silicon Single Crystals (Ph .D. thesis), UCRL-
19608, Aug. 1970. 

2. Y. Miura, Glide and Climb of Prismatic 
Dislocation Half-Loops in Highly Perfect 
Copper Crystals (Ph.D. thesis), UCRL-19625, 
Aug. 1970. 

3. K. G. Stolt, Atom Probe Field Ion 
Microscope (M . S. thesis), UCRL-20303, 
Sept . 1970. 

4. J. Narayan, Climb of Dislocations in 
Magnesium Oxide Single Crystals (M.S. thesis), 
UCRL-20305, Sept. 1970. 

5. E. Nes and J. Washburn, Radiation Induced 
Precipitation in Silicon During High Voltage 
Electron Microscope Observation, UCRL-20367, 
Nov. 1970. 

6. E. Nes and J. Washburn, Precipitation in 
High Purity Silicon Single Crystals, UCRL-
20354, Nov. 1970. 

7. Thomas Herbert Kosel, A Study of Slip 
Band Growth in Prestrained Copper, (M. S. 
thesis), UCRL-2037 2, Dec. 1970. 

8. Joaquin Lira-Olivares, Study of Nickel
Tungsten Alloy (Ni4W) with Field-Ion-Field
Emission Microscopy, (M. S. thesis), UCRL-
20330, Dec. 1970. 
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B. KINETICS OF DISLOCATION MECHANISMS 

John E. Dorn, Principal Investigator 

1. DYNAMIC BEHAVIOR 

Dale Klahn , Frank E. Hauser, and John E. Dorn 

High strain-rate (103 ~ y ~ 5 X 104 sec- 1) 
testing of pure Al shear specimens has been 
completed. Preliminary analysis indicates that 
in this strain-rate range both thermal activa
tion and viscous damping of dislocations are 
responsible for the material response. Tests 
at strain rates in excess of lOS sec-1 are 
planned for the near future with compression 
specimens. From a theoretical point of view, 
a review paper entitled "Strain-Rate Effects" 
was written and presented as the keynote 
paper at the 2nd International Conference on 
the Strength of Metals and Alloys, Asilomar, 
California (see UCRL-20320 reprint). In this 
work, available and pertinent experimental 
data are summarized and rate-controlling dis
location mechanisms are identified. Four ma
jor types of deformation mechanisms--namely, 
(a) diffusion-controlled creep, (b) athermal, 
(c) thermally-activated, and (d) dislocation
drag processes--are clearly identified and 
documented. The major outcome of the present 
work is the realization that all four types of 
mechanisms contribute simultaneously to the 
observed strain-rate effects and in particular, 
dislocation motion involving the combined ef
fects of thermal activation, viscous drag, 
and athermal stresses is computed. 

2. DISLOCATION MOTION THROUGH OBSTACLES 

Dale Klahn and John E. Dorn 

Current research involves the determination 
of the average velocity of a dislocation mov
ing through a random array of point obstacles. 
To solve this problem, computerized experi
ments are planned and presently a computer 
program is being written which generates the 
field of random barriers and calculates the 
average velocity for thermally activated dis
location motion through ~1ese obstacles as a 
function of applied stress, barrier strength, 
and temperature. These results are of im
portance in all fie lds involving statistical 
evaluation of motion of dislocations. 

3. DISCONTINUOUS YIELDING 

Mohamed Farghalli, K. Linga Murty, and 
John E. Dorn 

Extensive experimental work is carried out 
to determine the nature and origin of serrated 
yielding previously reported by Langdon and 
Dorn [Phil. Mag. 17, 999 (1968)] in disordered 
eu3Au. These serrations were then thought to 
be due to dynamic reordering of short-range 
order, based on the reported observation that 
no such serrated stress-strain curves were ob
tained under similar conditions for the or
dered alloy. However, the more recent results 
lead to the conclusion that these serrations 
might be attributable to dynamic strain aging. 
Two types of r epeated yiel ding were observed 
in disordered Cu~u: (a) Type A and (b) Type B. 
Type A serrations are periodic in strain, ob
served at lower strains, and characterized by 
the size (6a) increasing wi~1 an increasing 
amount of plastic strain and aging time be
tween successive yield points. Type B yield
ing is superimposed on type A, characterized 
by fine serrations, and observed to appear at 
relatively higher strains. Preliminary analy
sis yields a value of 2 for the index "m" in 
Van Bueren's equation; namely, Cv =BErn, where 
Cv is vacancy concentration due to plastic 
strain and E is plastic strain . Studies based 
on temperature dependence of this serrated 
stress-strain behavior revealed that both types 
A and B are associated with the same activa
tion energy of about 17 kcal/mole and that the 
activation energy for serrations-disappearance 
was found to be 33 kcal/mole. These values are 
believed to be associated with the activation 
energies for vacancy migration and for self
diffusion respectively . Detailed theoretical 
explanations are being sought at present. 

4. WORK -HARDENING AND STATE EQUATION IN 
Mo SINGLE CRYSTALS 

Kamal E. Amin, K. Linga Murty, and 
John E. Dorn 

Flow characteristics of bee metals are being 
investigated for molybdenum from the viewpoint 
of kinetics of dislocation motion. The study 
is done in t ension under variable sets of tem
perature, strain rates, and orientations. 
Some experimental results , obtained on Mo 
single crystals for different orientations, 
are now being evaluated in the light of fail
ure of the "mechanical equation of state." 



The variation in the strain rate during plas
tic deformation is compensated by an appro
priate temperature variation so that the stress 
for a given plastic strain may be kept con
stant. The failure of the mechanical equation 
of s~ate for molybdenum is being studied 
through a rate-temperature parameter, assuming 
that the Dorn-Rajnak model predicts the flow 
behavior. In addition, the subs tructure de
veloped during deformation (strain-hardening) 
will be examined for any possible correlat ion 
with the assumed parameter and the failure of 
the state equation. 

5. LOW TEMPERATURE BEHAVIOR OF SINGLE
CRYSTAL Mo-Re ALLOYS 

Chih-an Liu and John E. Dorn 

The low temperature plastic deformation be
havior of bee single crystals are known to 
depend not only on t emperature but also on 
crystal orientation. The asymmetric behavior 
of single crystals of Mo and Mo-Re alloys will 
be correlated with the modified Peierls mech
anism. The temperature m1d orientation de
pendencies are thought to be due to the 
splitted core structure of (a/ 2)< 111) screw 
dislocations. By adding appropriate alloy 
el ement to the otherwise pure metal, it is 
hoped to alter the detail of the core struc
ture. Preliminary results of Mo-10 at.% Re 
show that alloying decreases the strain-hard
ening rate, ther eby increasing ductility. 
Mor eover the asymmetric slip behaviors have 
been affected owing to alloying. Thus Mo-10 Re 
alloy is found to exhibit relatively small 
asymmetric slip behavior compared with pure Mo. 
The reason for these observations is at pres
ent unclear. Investigations over a wider 
range of alloy compositions are now underway 
in order to get a better understanding of the 
whole phenomenon. 

6. LOW ANGLE BOUNDARIES AND COTTRELL 
ATMOSPHERES 

Chol K. Syn and John E. Dorn 

A low-angle tilt boundary (LATB) which con
sists of an array of edge dis locations of the 
same Burgers vector, with an atmosphere of 
solute atoms around each dislocation, can es 
cape from these Cottrell atmospheres at 
stresses nearly equal to those required for 
athermal break-away of an isolated dislocation 
from its atmosphere . Thus the stress at which 
a LATB escapes from its atmosphere can be 
regarded as a solute-atom locking- force of an 
isolated edge dislocation. An experiment of 
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the Parker-Washburn type for the motion of 
LATB has been plm1ned, and necessary equip
ment has been built to measure these stresses. 
Specimens of zinc-silver alloy single crystals 
of various alloy concentrations have been 
grown with basal plane parallel to the crystal 
axis and a LATB has been introduced in each 
specimen. The stress for the escape of LATB will 
be measured for different solute concentra~1ons 
and m1nealing temperatures. Thermally acti
vated break-away of LATB at room and lower 
temperatures will be studied thereafter. 

7. SUPERPLASTICITY 

M. L. Vaidya, K. Linga Murty, and John E. Dorn 

Earlier studies on superplasticity--ductil
ity well in excess of conventional plasticity-
have revealed that this phenomenon is closely 
associat ed with aggregates of small (1 - 10 ~) 
equiaxed grains at temperatures above half the 
melting of the material. Although ext ensive 
experimental data as well as phenomenological 
explanations are available, no satisfactory 
theoretical reasoning has been possible so 
far, especially at lower stresses. Experi 
mental data at low stresses are not unambiguous 
because of nonunif orm deformation, thereby 
rendering the knowl edge of actual stress values 
doubtful. It is plm1ned to overcome this dif
ficulty by conducting tensile and creep t ests 
with double shear specimens. I t is proposed 
to work with Zn-22% Al alloy and study the 
dependence of strain r ate on stress , tempera
ture, and grain size in a wide range. It is 
hoped to prove the theoretically predicted 
transitions from climb-controlling to super
plastic and then to Coble or Nabarro creep r e
gions as lower stresses are encountered. 
These t ests , in addition, will be supplement ed 
with observations by transmission electron 
microscopy. 

8. HIGH TEMPERATURE CREEP 

K. Linga Murty and John E. Dorn 

In a solid solution such as Al-5% M~ it is 
known that at high stresses (a/G ~ 10- ) creep 
is controlled by viscous glide motion of dis
locati ons. It is suspected that the dis loca
tion climb mechanism will prevai l at lower 
stresses. Experimental verification of this 
transition is unavailable in literature, and 
so it is proposed t o work with Al-5% Mg alloy 
and span the avai l able stress range to experi
mentally observe the transition from gl ide to 
climb regions. Transmission electron micros
copy techniques will be utili zed to observe 



and correlate the substructures developed in 
the two regions with mechanical behavior. 

Recently the effect of back or internal 
stresses in high temperature creep is being 
considered. The magnitude of these back 
stresses is expected, on theoretical grounds, 
to be different in viscous glide and disloca
tion climb regions. To this end, "drop- in
stress" and "stress-reversal" tests will be 
conducted on Al-5% Mg in both the two regions, 
and theoretical implications of the same will 
be developed. 

From the theoretical viewpoint, major em
phasis will be made to develop a theory based 
on both glide and climb processes together, 
taking into consideration any substructural 
details to be expected from these models and 
theories. 

9. RESEARCH PLANS FOR CALENDAR YEAR 1971 

John E. Darn 

Major emphasis will continue to be directed 
toward the experimental and theoretical ra
tionalization of the mechanical behavior of 
metals and alloys in terms of dislocation 
mechanisms. Research already underway as 
described in sections 1 to 8 will be continued 
and extended. In addition, the following in
vestigations will be made: 

(a} Extension of investigations on strain
hardening effects in single crystals of Mo and 
on serrated yielding in Cu~u to include, in 
addition to theoretical work, transmission 
electron microscopy. 

(b) To attempt a theoretical development 
based on a model to take into account the sub
structural details in addi t ion to mechanical 
behavior during high temperature creep as well 
as superplasticity. 

(c) Extension of studies in superplasticity 
to determine the effect of shear modulus on 
superplastic properties by conducting tests 
with two alloys of vastly different shear 
moduli, such as Zn-22% Al and Pb - 8% Tl. 
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John E. Darn and Associates 
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C. RELATION OF STRUCTURE TO PROPERTIES 

Gareth Thomas , Principal Investigator 

STEELS 

1 . ON THE MORPHOLOGY AND SUBSTRUCTURE OF 
MARTENSITE 

Santosh K. Das and Gareth Thomas 

In iron-nickel and iron-carbon alloys two 
different morphologies of martensite have been 
well recognized. In Fe-C steels up to ~0.3% C 
and in Fe-Ni alloys up to about 28 wt % Ni 
the martensite consists of groups of laths . 
The l aths within each group are separated by 
low angle boundaries, and one group of laths 
may be separated from another by a high angle 
boundary . The martensite of this type has 
been called massive martensite, 1 lath martens
ite,2,3 and needl e -l i ke martensite4 and is 
known to be dislocated . In high carbonS or 
high nickel alloys acicular or plate-like 
martensite is seen which is intergally 
twinned. Recently, Ansell et al . i ndicated 
that there were internal twins in a needle 
like martensite formed after very high quench 
rates in 0.50% C steel. Abraham and 
Pascover7 observed some fine striations in the 
l ath martensite in a Fe-27 Ni-5.3 Ti al l oy, 
which they tentativel y concluded to be twins. 
Thus, there is limited evidence as to the 
presence of internal twinning in lath martens
ite . In this report, direct evidence of {112 } 
internal twinning in such a martensite is 
presented. The s teels investigated are 
basically 9 Ni -0.24 C, one with no cobalt and 
the other with 7% Co. 

Figure 1 shows an example of transformation 
twins in the laths in the 9 Ni-0.24 C all oy . 
The presence of twins was verified in the 
usual way from diffraction pattern identifica
tion and by dark field imaging of twin spots . 
Also, the fact that the laths in a group are 
separated by low angle boundaries is shown 
f rom the observed single bee orientation of a 
number of l aths , Fig. l(b), and the dar k 
fie l d micrograph of a matrix spot which 
reversed contras t for adjacent l aths. Fine 
transformation twins in some of the relatively 
narrow laths are seen in Fig. 2. The twins 
appear to be lenticular and their width vari es 
from 100 to 700 A. Such small twins in laths 
look very much l ike fine carbides in lower 
bainite l aths and can be often misinterpreted 
unless properly identified. Similar twins are 
also seen in the cobal t-containing alloy, 
Fig. 3. The fact that additions of cobalt do 

not reduce twinning has been pointed out 
earlier . ~:! 

Fig. 1. (a) Bright field micrograph of martens 
ite in 9 Ni-0 . 24 C steel showing internal 
twins inside the laths . (b) Select ed area 
diffraction of (a ), with matrix in ~ [1 2~ ]. 
Twinning on (121} pl ane and then on (112) 
p!ane brings a (llO) twin ref!~ction at (1/3) 
(4ll)matrix position and a (114)t~in reflec
tion at (033) matrix position. The other 
extra spots are due to double diffraction. 
(c) Dark f ield micrograph of (ilO) twin 
reflection showing reversal of contras t for 
twins. (d) Dark field micrograph of (Oli) 
matrix reflection. _There is no twin spot 
coincident with (011) matrix . 

(XBB 695-3499) 

These results show that the inhomogeneous 
shear in massive or l a th martensite need not 
be always slip. Thus, it is not necessarily 
a condition that b vinning is always associated 
with a martensi te which is plate-like (see 
Wayman9) . It follows that t he morphology of 
martensite, i.e., plate-like or lath-like, 
does not depend on the substructure , i.e., 
whether bvins are present or not .lO Thus, the 
classification of ferrous martensites into lath 
and twinned, as adopted by many workers,2 ,3 is 
not very appropriat e and a further distinction 
between twinned and dislocated laths is 
necessary. 

Thus, one should use metallographic 
descriptions with caution. All we really can 



Fig. 2. Another group of relatively narrower 
laths than Fig. 1, showing fine internal twins. 

(XBB 695- 3500) 

say is that there are two types of martensite : 
dislocated martensite (e.g., in low carbon 
steels) and twinned martensite . 

A recent investigation8 of a series of 
Fe-Ni -Co-C steels has shown that the martens
ites in alloys with the same Ms temperatures 
may have widely different amounts of twinning, 
and so the Ms temperature alone is not suffi
cient indication of internal twinning. From 
a comparison of Fe-C and Fe-N martensites Bell 
and Owenl1 suggested that the transition from 
a dislocated to a twinned martensite may occur 
when a critical driving force of the martens
itic transformation (6G) of about 3lr

2
cal/mole 

is exceeded. Pascover and Radcliffe 
extended this concept to Fe-Ni and Fe-Cr 
systems and found that in Fe-Ni system the 
critical driving force is about 300 to 370 
cal/mole at 29 at.% Ni, where actually the 
substructural transition is observed. In the 
Fe-5 wt. % Cr alloy, although their computed 
driving force was between 300 and 350 cal/mole, 
they did not observe any twinning in the mar
tensite. Thus, in addition to the effect of 
composition on the driving force, it is also 
necessary to consider its effect on the criti
cal resolved shear stress for twinning and 
slip. If the CRSS for twinning is less than 
that for slip at the temperature where mar
tensite forms, it will twin as discussed by 
Johari and Thomas.l3 If the driving force is 
enough and the CRSS for twinning is lower 
than that for slip, twinned martensite is 
expected irrespective of its morphology (i.e., 
lath or plate). The absence of twinning in 

98 

Fig. 3. Internal twins in lath martensite 
in 9 Ni-7 Co-0.24 C steel. (XBB 695-3501) 

Fe-5% Cr alloy,l2 even though a high driving 
force exists, may thus be explained on the 
basis that the CRSS for twinning is higher 
than that for slip at the transformation 
temperature. 
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2. MULTIPLE TRANSFQRMATION TWINNING IN 
FERROUS MARTENSITES 

Gareth Thomas and Santosh K. Das 

Transformation twinning in bulk and thin 
foil transformed specimens of Fe-Ni and 
Fe-Ni-V-C or Fe-Ni-Mo-C alloys has been 
studied in detail by high resolution selected 
area diffraction and dark field analysis which 
is particularly favorable at high voltages. 
The microscopy was done on the Berkeley 650 kV 
electron microscope. Examples of the struc
ture are shown in Figs. 1-3. These resul ts 
show that transformation twinning is complex-
at least two twin systems may operate. The 
principal twin is a {112} variant which itself 
may twin on another {112} variant [and possi
bly on a {110} plane in some steels], to give 
a small volume fraction of double uvins. The 
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Fig. 2. Calculated diffraction patterns 
obt ained from a martensite in [22i] 
orientation. 
a) The pattern if the [22lJmatrix is singly 

twi~ed on (llZ); superposed [22lJmatrix + 
(001) t . 
b) Th~ pattern c~ntaining spots due to pri
mary twins on (112) and secondary twins on 
(ll2); superposed [00l]t

1 
~ [2ZlJt2· 

c) The pattern if the [22l]matrix twins to 
[OOi] and the [OOi] partially twins to [2Zi] . 
This pattern explains Fig. l(b) 

(XBL 706-3131) 

Fig. 1. Martensite in Fe-33Ni transformed in 
bulk. 
A) Bright f i eld image. 
B) Selected area diffraction of central part 
of A. 
Cl_ Dark field image of spot C (llO)t + 
(llO)t . The twins show wedge fringelcontrast 
at W. 2 
Dl Dark field image of spot D (liO)matrix + 

(110) tl. 
E) Dark field image of spot E which is 
(200)t1, or doubly diffracted matrix and t 2 spots. __ 
F) Dark field image of spot F (240)t1 + 

(024 )matrix· 
In C the strong fringe contrast is due to 
wedge thickness changes. The Qther fringes 
are parallel to the trace of (112) in the 
(OOl)t , and could represent the double twin 

1 
interface. (XBB 7010-4373) 



Fig. 3. Fe-25 Ni -0.3 V-0.3 C thin foil trans
formed in liqui d nitrogen showing partial 
twinning. The primary twins and fringe 
contrast are reversed in this dark field image 
of the 110 twin spot. The twins are truncated 
parallel to (110) matrix. The broad faces of 
the twins contain structural details which 
may be ledges, secondary twins, or interface 
dislocations (see also Fig. 1); orientation 
near (3,1,11) . (XBB 7010 -4374) 

double twinning observed in this work is not 
due to accomodation deformation after 
transformation. 

Submitted to J. Iron Steel Inst. 

3. STRUCTIJRE AND MEGIANI CAL PROPERTIES OF 
Fe-Ni -Mn-C STEELS* 

Der-hung Huang and Gareth Thomas 

The structure and mechanical properties of 
tempered martensite and lower bainite were 
investigated in a series of high purity 0.25% 
carbon steels with varying amounts of Ni and 
Mn. The martensites in 0.25 C-5 Ni-Fe and 
0.25 C-3 Mn -Fe alloys were mainly untwinned, 
while those in 0.25 C-5 Ni-7 Mn-Fe and 
0.25 C-7 Mn-Fe alloys were heavily twinned. 
Manganese appears to promote carbide precipi
tation along the lath boundaries in tempered 
martensite. At equivalent yield and ultimate 
tensile strength levels, the tempered martens
ite of lower manganese steels showed better 
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impact toughness than the tempered martensite 
of higher manganese steels . The impact t ough
ness (compared at similar strength levels) of 
untwinned tempered martensite of 0.25% carbon 
steel with Widmanstatten precipitation of 
carbide was higher than that of lower bainite, 
which showed unidirectional carbides. 

The reasons for the difference in impact 
toughness between the alloys , and also between 
the structures, are rationalized in terms of 
internal twinning, grain boundary precipita 
tion, and carbide morphology--together with 
other microstructural features. 

* Trans. AIME (in press). 

PHASE TRANSITIONS 

4. ELECTRON MICROSCOPY OF SPINODAL ALLOYS* 

Ronald J. Livak and Gareth Thomas 

Transmission microscopy, electron diffrac
tion, and scanning microscopy were used to 
study directly the microstructure of spinodal 
alloys and to correlate the fracture mode of 
aged tensile specimens with the microstruc
tural changes. The kinetics of spinodal 

Fig. 1. Cu-Ni-Fe foil aged 6 minutes, showing 
early stages of spinodal decomposition. 
Interparticle spacing is 75 A. 

(XBB 705-2301) 



decomposition for two copper-nickel-iron 
alloys were experimentally studied by heat 
treatint specimens as described by Butler and 
Thomas. The aging times inside the spinodal 
ranged from 1 minute to 1000 hours. Thin 
foils for transmission electron microscopy 
were prepared by first using a chemical polish 
containing nitric, hydrochloric , and acetic 
acids and then by electropolishing in a 
chromic oxide-acetic ac id solution. The 
average interparticle spacing for each aging 
time was determined by direct measurements 
from micrographs, e.g. , Figs. 1 and 2, which 
were taken of specimens aged 6 minutes and 
1000 hours respectively. The contrast in 

Fig. 2. Cu-Ni-Fe foil aged 1000 hours, 
showing particle coarsening and alignment 
along {100} planes. (XBB 702-2302) 

Fig. 1 results from atomic displacements in 
the direction of the composition fluctuations. 
For interparticle spacings less than 150 A, 
sidebands or satellites are observed on both 
sides of the main diffraction spots along 100 
directions (see Fig. 3); and from the inverse 
relationship between the sideband spacing and 
the compositional periodicity in the crystal, 
the interparticle spacing could be determined 
directly from the diffraction pattern.l The 
d1ange in composition of the ferromagnetic 
Ni-Fe phase was followed by measuring the 
Curie temperature of the aged specimens. 
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Fig. 3. Sidebands on 200 diffraction spot 
along [100] corresponding to microstructure 
shown in Fig. 1. (XBB 705-2303) 

A second part of this study was the corre
lation of microstructural changes during aging 
with the changes in yield stress and fracture 
mode of the aged specimens. The yield stress 
varied directly with the difference in compo
sition of the two decomposing phases and was 
independent of the interparticle spacing. The 
fractured tensile specimens were examined 
directly in a scanning electron microscope, 
and because the specimens were conductive, no 
special preparation was necessary. The as
quenched specimens and the specimens aged 1 
minute fractured in a ductile manner charac
terized by dimples as shown in Fig. 4 . The 
spherical particles seen in the dimples 
initiated the dimple formation during the 
fracture process. For specimens aged 6 minutes 
and longer, the fracture mode was intercrystal
line with some areas of ductile tearing as 
shown in Fig. 5, which was taken of a specimen 
aged 6 minutes. 

Spinodal decomposition is a clustering-type 
reaction occurring in some fluid and solid 
systems where a homogeneous solution decomposes 
spontaneously into two phases upon cooling 
below the spinodal temperature. On a binary 
phase diagram the boundary of the spinodal 
region is defined by the locus (d2G/dc2)T,P=O, 
where G is the Gibbs free energy and c is 
composition. The spinodal is ~1e limit of 
metastability for the homogeneous solution, 
because inside the spinodal where 
(d2Gjdc2)T,P < 0 there is no activation 



10 J..L 

Fig. 4. Scanning micrograph showing ductile 
fracture of Cu-Ni-Fe tensile specimen aged 
1 minute. (XBB 705-2304) 

Fig. 5. Scanning micrograph showing inter
crystalline fracture of Cu-Ni-Fe tensile 
specimen aged 6 minutes. (XBB 705-2305) 
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barrier for the nucleation of the new phases 
which form initially as small compos ition 
fluctuations throughout the entire solution. 
In metallic crystals that are elastically 
anisotropic, the new phases form as periodi
cally spaced platelets or rods that are 
preferentially aligned along the elastically 
soft directions of the crystal in order to 
minimize the elastic strain energy component 
of the total free energy. In face centered 
cubic Cu-Ni-Fe crystals, the cube directions 
are the elastically soft directions; and the 
alignment of precipitates along the {100} 
planes is clearly seen in Fig. 2. 

Acta Met. (in press). 

1. E. P. Butler and G. Thomas, Acta Met . ~' 
347 (1970). 

5. TWO-PHASE MICROST~UCTURES OF o: -Fe -Al 
ALLOYS IN THE K -STATE 

H. Warlimontt and Gareth Thomas 

Electron diffraction and microscopy have 
been utilized to investigate t he Fe -Al system 
up to 20 at. % Al. It is found t hat alloys 
at and above 10 at. % Al aged at low tempera
tures consist of two phases as indicated by 
coherent particle strain contrast images and 
by electron diffraction. At 18 at. % Al and 
above the particles are identified as the o:1 
phase exhibiting D03-type structure. Thus the 
so-called K-state and other abnormal properties 
attributed previously to short-range order in 
these alloys are associated with very small 
ordered particles (50 A or less in diameter). 
Outside the conventional two-phase field, 
growth of these particles is severely limited . 

. Metal Sci ence Journal 4, 17 (1970). 
TPermanent Address: MaX-Planck-Institut fur 
Metallforschung, Institut fur Metal lkunde, 
Stuttgart, Germany. 

6. SHORT-RANGE ORDER IN Ni -Mo ALLOYS: 
STRUCTURAL CONSIDERATIONS* 

Paul R. Okamoto and Gareth Thomas 

In the composition range 8-33 at. % Mo, the 
disordered fcc a -solid solution of the Ni-Mo 
system exhibits diffuse spots at all equiva
lent 1-1{2 0 positions in the fcc reciprocal 
lattice. -3 Since these positions do not 
coincide with the superlattice reflections of 
any of the known ordered p~aSes in the Ni-Mb 
system, some investigators ' have concluded 
that the microdomain concept is untenable in 



this system. In this paper we discuss a 
mechanism whereby a microdomain structure can 
account for the 1-1/2 0 SRO peaks. For a 
more extensive discussion of the mechanism 
and supporting experimental evidence the 
reader is referred to reference 6. 

Within the composition range where the 
disordered a phase exhibits 1-1/2 0 SRO peaks, 
two ordered phases have been observed to 
precipitate directly from the as-quenched 
state. From approximately 12-20 at. % Mo the 
ordered phase 8(~i4Mo) has the superstructure 
of the type Dla. In the two-phase 8 + y 
region a metastable phase Ni2Mo (Pt2Mo-type 
superstructure) precedes the format1on of the 
S(Ni4Mo) and y(Ni3Mo) phases.2 

The fully ordered Ni4Mo and Ni 2Mo struc
tures can be generated from the fcc lattice 
by a periodic layering sequence on the {420} 
planes in which every >cth plane contains only 
Mo atoms; the intervening planes, only Ni 
atoms. Each structure has a characteristic 
period A : A = 5 and 3 for the Ni4Mo and Ni 2Mo 
superstructures respectively. Each structure 
exhibits a twofold degeneracy in the sense 
that certain pairs of {420} planes are crys
tallographically equivalent, i.e., the charac
teristic stacking sequence occurs on both 
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planes simultm1eously. For the Ni4Mo super
structure (A = 5) the pairs are mutually 
orthogonal {420} planes, while for tl]e N~ 2Mo 
(A= 3) the pairs are of the form (240-420), 
(240-420), etc. As a result of the twofold 
degeneracy each structure can be generated 
from the fcc lattice in only six distinct 
ways. 

Both the Ni4Mo and Ni2Mo superstructures 
are closely related to the type D022· The 
no22 structure is characterized by A = 4. 
Th1s structure exhibits a fourfold degeneracy 
so that only three distinct orientational 
varients can be generated from the fcc lattice. 

It is clear that both the Ni4Mo(A = 5) and 
the Ni2Mo(A = 3) superstructures can transform 
to the DOzz type by removing or adding respec
tively a s1ngle Ni plm1e in each periodic 
stacking cycle. Since all three structures 
are based on the fcc lattice, the transfor
mation can in principle be accomplished by 
introducing non-conservative APE's of the form 
{420} (Cll/22)0). 

Figure 1 shows three distinct kinds of 
APE's in fully ordered Ni4Mo. In Fig. la the 
(110) [(11/22)0] APB was formed by translating 
the crystal on the right of the (110) boundary 
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Fig. 1. (a) Antiphase boundaries in ful l y 
ordered Ni4Mo. 

(b) Conservative APB. 
(c) Non-conservative APB's. 
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by the vector P=[(ll/22)0]. Since this vector 
lies in the plane of the APB, no atoms were 
removed, so that no local change in composi
tion occurs across the APB. Such APE's are 
called conservative. A pair of_non-conserva
tive APE's of the form (420) [(11/22)0] and 
(420) [(ll/22)0] are shown in Figs. lb and c 
respectively. In Fig. lb a plane of Ni atoms 
was removed in order to form the APB while in 
Fig. lc an extra plane of Ni atoms was added. 
As illustrated in Fig. lb, the local change 
in composition occurs in the form of a change 
in the stacking sequence in the vicinity of 
the APB from A = 5 to A = 4. In effect such 
APE's cause local regions to transform from 
the Ni4Mo to the oo22 superstructure. 
Obviously it is poss1ble for all three struc 
tures--Ni4Mo, Ni 3Mo, and Ni2Mo--to coexist 
under certain conditions, and in fact evidence 
for this has been recently reported.2,7,8 

A similar analysis applies also to the 
Ni 2Mo superstructure. It is, therefore, 
proposed that the structure of the disordered 
a phase consists of an assembly of differently 
oriented rnicrodomains possessing either the 
Ni4Mo or Ni2Mo superstructures, depending on 
the composition. Within the microdomains, 
non-conservative APE's of the form 
{420}((11/22)0) occur, creating antiphase 
domains separated by regions possessing a 
structure of the oo22 type. If such APE's 
occur in rnicrodomains of all six orientational 
varients of the parent superstructure, all 
three varients of the 0022 structure should 
exist. 

As indicated earlier, the above model is 
expected to be valid only when the micro
domains have a low degree of long-range order. 
The degree of order can be completely speci
fied in terms of the composition variation 
normal to the {420} planes, and in reference 
6 we discuss the form of the variation 
required in order for the DJ2 2 structure to 
produce superlattice reflections at the 
1-1/2 0 positions only. Furthermore, the 
composition range for which this can occur 
was calculated and was found to include the 
range over which 1-1/2 0 peaks have been 
experimental l y observed in the disordered a 
phase. The model also predicts a peculiar 
asymmetrical broadening of the superlattice 
reflections of the parent superstructure 
which has also been observed experimentally. 
An extensive account of these observations 
is given in reference 6. 

Acta Met . : this abstract in press in Mat. 
Res. Bull. (UCRL-20319 and UCRL-20304). 
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7. EFFECT OF T~CE ELEMENTS ON PRECIPITATION 
IN Al-Cu ALLOYS 

Santosh Kt Das, Gareth Thomas, and D. 
Rowcliffe 

The addition of small amounts of
1

Cd, In, 
and Sn to the Al-Cu alloys is known to 
strongly influence the aging process. The 
formation of 8' is favored at the expense of 
8". In the present study a series of Al-4 Cu 
alloys with and without additions of Cd, In, 

Fig. l.(a) Dark field micrograph. of matrix 
reflection in 2021 Al alloy, 8' only. 

(b) Bright field micrograph of 
Al-4 Cu-0.05 Sn alloy, 8' only. 

(c) Bright field micrograph of Al-4 Cu 
alloy showing both 8" and 8 ' (marked by arrow) 
precipitates. 
All were aged for 24 hours at 163°C . 

(XBB 69ll-7ll3) 



and Sn, and a commercial 2021 Al alloy con
t aining 6.3% Cu, 0.15 Cd, and 0.05 Sn were 
investigated by transmission electron micros
copy and diffraction. The te1nary alloys had 
either 0 .12% Cd or 0.05% Sn or In. 

The structures obtained after aging for 24 
hours at 163° are shown in Fig. 1. The 2021 
Al alloy shows particles of ~sao A diameter 
with large strain fields [Fig. l(a)]. The 
ternary Al-4 Cu-0.05 Sn alloy also showed 
[Fig. l(b)] similar 8' particles, but of 
slightly larger diameter (~770 A), after 
identical aging treatment. On the other hand 
the binary Al-4 Cu alloy contained mixtures 
of 8" (average dia. ~330 A) and 8' [Fig. l(c)] 
after the same aging treatment. The size and 
distribution of the 8 ' precipitates in 2021 Al 
alloy appear to be similar to the 8" in the 
binary, and their strain fields are also very 
similar. This suggests that the 8 ' particles 
in 2021 Al alloy and also in the ternary 
alloys are probably coherent at this aging 
temperature. Coherency could be maintained 
in 8 ' by Cd, In, or Sn atoms segregating at 
the interface. This possibility is in accord 
with the diffraction pattern (Fig. 2). The 
presence of {100} {300}, etc., 8' spots 
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[including spots at x , Fig. 2(b)] could be 
explained if some of the 0, 1/2, 1/4, or 1/2, 
0, 3/4 sites in 8 ' structure (the unoccupied 
sites," Ref. 2) are occupied by Cd, In, or Sn 
atoms. To maintain coherency it may be that 
more of such sites near the 8 ' -matrix inter
faces will be filled than in the interior, 
and so it may not be necessary to assume a 
different interface structure (as in Ref. 1). 
An alternative interpretation of the pattern 
(Fig. 2) involves double diffraction, 
although dark field analysis of possible 
double diffraction spots has been inconclusive, 
so we prefer the above explanation. 

A comparison of the sizes of 8 ' particles 
in the various alloys shows that they are 
much smaller in the 2021 Al alloy compared 
with the other ternary alloys . This suggests 
that the growth rate of 8 ' in 2021 Al alloy 
containing maximum supersaturation of Cu and 
also Cd and Sn is the s lowest. This can be 
explained if one assumes that in the alloys 
containing trace elements, the growth of the 
precipitate is controlled by the movement of 
Cu-vacancy-Cd (or In or Sn) clusters to it, 
as suggested by Noble.3 In the 2021 Al alloy 
the clusters may be of Cu-Vac-Cd-Sn, which 
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Fig. 2.(a) Selected area diffraction pattern 
from an area similar to Fig. l(a) but aged 
for 12 hours at 190°C. The c/a ratio for the 
8' precipitates i s ~1.5. 

(b) Explanation of the pattern in (a). 
(XBB 702-708) 
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Fig. 3.(a) Al-4 Cu-0.05 In alloy aged for 24 
hours at 163°C showing both 8 ' and 8" 
precipitates. 

(b) Selected area diffraction pattern 
of (a) . The reflections due to 8 ' and 8" are 
indistinguishable. 

(c) Dark field of the streak [encircled 
area in (b)], showing mainly 8' precipitates. 
The 8" precipitates reverse contrast faintly. 

(XBB 6911-7112) 

may be larger in size compared with the 
clusters in the ternary. Thus, the larger 
cluster size may be responsible for the 
smaller particle diameter in 2021 Al alloy 
compared with other ternary alloys. 

In all the alloys containing trace ele
ments, 8 ' precipitates are uniformly distrib
uted [Figs. l(a) and (b)], and no nucleation 
on dislocations is observed. In binary Al-Cu 
alloys heterogeneous nucleation of 8 ' on 
dislocations is well known. The presence of 
Cd, In, or Sn atoms at the interface of 8' 
may reduce its surface energy and hence favor 
homogeneous nucleation even at lower 
temperatures. 

Figure 3 shows the presence of both 8 ' and 
8" precipitates in the Al -4 Cu-0.05 In alloy 
after aging for 24 hours at 163°C. The 
precipitates are much bigger than the 8", as 
clearly seen in dark field. For the same 
aging treatment the Al-4 Cu-0.05 Sn alloy 
does not show any 8" and only 8 ' is seen 
[Fig. l(b)]. This may be due to a greater 
binding energy between vacancy and Sn atoms 
than with In atoms. 

tMicroscopie Electronique ~. 433 (1970). 
Brown Boveri, Ltd., Baden, Switzerland. 

1. J. M. Silcock, T. J. Heal, and H. K. 
Hardy, J. Inst. Met. 84, 23 (1955-56). 
2. J. M. Silcock and'T. J. Heal, Acta. Cryst. 
9' 680 (1956). 
3. B. Noble, Acta. Met. 16, 393 (1968). 
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D. ELECTRON MICROSCOPY 

Gareth Thomas, Principal Investigator ity of organic solids to radiation damage; 
(iii) the disappearance voltage effect and 
fundamental advantages arising from many beam 
contrast phenomena at high energies. 

1. HIGH*VOLTAGE ELECTRON MICROSCOPY AT 
BERKELEY 

Gareth Thomas 

A Hitachi 650kV electron microscope was 
installed at Berkeley in May 1969. The 
Fourier resolution test showed 4 A (Fig. 1) . 

Fig. 1. Showing lattice planes of 6 and 4 A 
spacing in K2PtCl4. 

(XBB 705-2299, partial composite) 

Fig. 2. Fibres in orthograptus fossil. 
(XBB 705-2299, partial composite) 

The research program is centered around three 
principal advantages which open up new areas 
of microscopic analyses. These advantages 
are: (i) the gain i n transmiss ion power with 
increasing voltage, enabl ing thick specimens 
to be examined (up to about 6w at 650kV, 
depending on material); (ii) increased stabil-

The increase in transmission enables 
materials to be examined for which preparation 
of thin foils is difficult. It also enables 
specimens to be examined in some cases without 
any preparation. In the study of fossils it 
is particularly important to minimize prepa
ration methods since materials which have 
been imbedded in rocks for millions of years 
are usually brittle and difficult to section. 
Figure 2 shows an example of the fibrous 
structure of paSt of a graptolite specimen, 1 
which is 4 x 10 years old. Another example 
is a study of dam~ge in as-received lunar 
surface particles (Fig. 3). 

Fig. 3 . Radiation damage in Apollo 11 Lunar 
surface particles (unthinned). 

(XBB 705-2299, partial composite) 

In ceramics r esearch we ar e studying the 
substruct~re and magnetic behavior of cobalt 
ferrites. Several interesting results have 
been obtained; e.g., (i) the di s locations are 
not dissociated, but have a large Burgers 
vector (~6 A) as deduced from comparing 
experimen~al and calculated dislocation image 
profiles. (ii) Non-characteristic defects 
are produced as a result of radiation damage 
in the microscope. The defects are vacancy 
type and occur near the top surface of the 
foil. (iii) Ferrimagnetic domains are 
r esolved (Fig. 4) . The thickness f ringes 
show that this material gives good resolution 
at thicknesses up to lw. 

Radiation damage is asso being investigated 
in biological materials. Preliminary results 
indicate that the primary cause of damage i s 



due to bond rupture and that specimen heating 
is not a primary cause except at relatively 
high el ectron intensities. Other biological 

Fig. 4. 
ferrite. 

Ferrimagnetic domains in cobalt 
(XBB 705-2298, composite) 

studies include chromosomes and phages. 
Cooperative studies with the State Department 
of Public Health have involved studying air 
pollution samples on organic membranes which 
are too thick for lOOkV. Asbestos fibres 1~ 
thick of tremolite were identified by electron 
diffraction [Fig. S(a),(b)]. These phases 
consist of many small polycrystals. Dr. W. L. 
Bell is working on many beam contrast effects 
with particular applicat~ons of the disappear
ance voltage phenomenon. Computer programs 
have been developed for a wide variety of 
cases. Other research activities include 
superconducting thin films, direct studies of 
phase transitions in alloys, defects in semi
conductors, slip band growth in copper, 
radiation damage, and other metallurgical 
programs. 

Fig. 5. (a) Dark field image of tremolite 
asbestos in air pollution sample. 

(b) Diffraction pattern from (a). 
(XBB 705-2298, composite) 
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* Invited paper, Electron Microscopy Societ y of 
America, Houston, Texas, Oct. 5-9, 1970, in 
Proceedings Electron Microscopy Society of 
America (Claitor's, Baton Rouge, 1970), p. 2. 

1. W. L. Bell and G. Thomas, submitted to 
Science. 
2. W. B. Berry, Takaji, G. Thomas, and 
D. J. Jurica, EMSA Proceedings. 
3. L. C. De Jonghe (Ph.D. thesis), UCRL-
20369, Sept. 1970. 
4. L. C. De Jonghe and W. L. Bell, Electron 
Microscopy 1970, Grenoble, France. 
5. R. M. Glaeser, T. F. Budinger, B. M. 
Abersold and G. Thomas, ibid. 
6. W. L. Bell, ibid., also HVEM conferences 
Pittsburgh 1969, Harwell 1970. 

2. NON-GIARACTERISTIC DEFECTS IN THIN FILMS 
OF COBALT FERRITES 

* Lutgard C. De Jonghe and Gareth Thomas 

High voltage transmission electron micros
copy has been used to study the structure of 
thin films of cobalt ferrites of various com
posltlons. Small defects have been identified 
to result from a combination of chemical 
polishing used to prepare foils and subsequent 

7 
IF 

t.Sj.l. 

1. Change of the defect density with 
tlille. The different diffracting vectors allow 
at the same time distinction between spherical 
clusters and loops L. The elapsed time is 
indicated. (XBB 706-2774) 



radiation damage in the electron microscope. 
The defect density increases with exposure to 
the electron beam (Fig. 1). Such defects must 
be distinguished from the charact eristic 
defects, such as small precipitates, s ince 
they are representative only of the prepara
tion and examination t echniques . 

" J. Appl. Phys. 41, 4884 (1970). 

* 3. RADIATION DAMAGE IN BIOLOGICAL SPECIMENS 

Robert M. Glaeser,t Thomas F. Budinger,* P.M. 
Aebersold,t and Gareth Thomas 

Electron diffraction patterns of most crys
talline organic molecules fade extremely 
rapidly at the levels of illumination that are 
ordinarily used for high resolution biological 
el ectron microscopy. We have investigated the 
fading of diffraction patterns for crystalline 
amino acids (Fig. 1) and crystalline nucleo
tides. Three objectives of the present inves
tigation are: (i) to determine whether the 

Fig. 1. Selected area diffraction pattern 
of 1-valine taken at 80 kV, showing reflections 
in the (hko) reciprocal lattice plane extend
ing to < 1.~. The times (exposures) associated 
with complete fading of all reflections are 
shown in Fig. 3. (Courtesy Donner Laboratory) 

fading time is dependent upon dose rate (i.e., 
intensity of illumination), (ii) to quantitate 
the total dose at which complete molecular 
disorder occurs, and (iii) to compare the 
effects of radiation damage at accelerating 
voltages between 80 and 650kV. It is assumed 
that the radiation damage in amino acids 
should approximate the damage to be expected 
in unstained proteins, and a similar relation
ship should apply to crystalline nucleotides 
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and unstained nucleic acid polymers. Results 
have also been obtained for a uranyl acetate
stained protein crystal (catalase). The 
electron diffraction pattern in this case 
extends initially to a resolution of better 
than 10 A. Exposure to the minimum flux of 
electrons that is necessary for image record
ing at 30,000 magnification causes the pattern 
to fade to a resolution of less than 25 A. 

The current density passing through the 
specimen was measured in the image at a fixed 
nBgnification. Electron intensities were 
determined as single-particle counting rates, 
using a Si(Li) detector masked off by a 1.0 mm 
diameter aperture. After passing through a 
preamplifier each signal pulse was differen
tiated in order to narrow the pulse width, and 
then the signal was passed through a pulse
height discriminator. The curves of counting 
rate vs. discriminator settings that are 
shown in Fig. 2 illustrate the performance of 
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Fig. 2. Performance of Li-drifted Si detector 
system (room temperature) for the detection of 
80kV electrons and 650kV electrons. 

(DBL 703-5624) 

the detector. Signal pulses from 80kV elec
trons (and higher energy electrons) are easily 
discriminated from thermal noise in the detec
tor at room temperature. Figure 3 shows a 
log-log plot of fading time for the amino 
acid, 1-valine. The data fit, within experi
mental error, straight lines of slope minus 
one. Thus, over the range of intensities that 
were investigated, the degradation of crystal 
structure did not show any dose-rate depend
ency. The electron flux leading to complete 
molecular disorder is approximately one 
electron per square Angstrom at 80kV, and 
approximately 2.5 electrons per square Ang
strom at 500kV. On the basis of stopping 
power computations, this incident flux of 
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Fig. 3. Radiation damage curves for crystal
line 1-valine. The time that a diffraction 
pattern persists at a given illumination 
intensity is plotted as a function of the 
current density at the object. 

(DBL 703- 5623) 

electrons corresponds in both cases to an 
average of ~30eV deposited in each unit cell 
by the time that complete disorder occurs. 
There are four molecules in the unit cell. It 
therefore appears probable that the fading of 
the diffraction pattern only occurs when at 
least 1/4 to 1/2 of the molecules present have 
sustained chemical damage. Numerical simula
tions of the fading of a diffraction pattern 
have also been performed. A model scattering 
potential is "hit" at random locations, and 
the potential at the point is adjusted to be 
the average potential (thus simulating a 
"local" amorphous or disordered state). 
Figure 4 shows the resulting diffraction 
pattern calculated for zero dose (no damage), 
for a dose equal to four times the amount that 
would cause 10% destruction of the "object," 
and for a dose equal to ten times the amount 
that would cause 10% destruction of the object. 
These model calculations indicate that the 
percent reduction of intensity in the diffrac
tion pattern is roughly equal to the percent 
damage developed in the specimen. 

The conclusion drawn from these data is 
that radiation interactions that result in 
bond.rupture are the primary cause of damage 
to_b1omolecular structure. Specimen heating 
ev1dently does not occur except at much higher 
electron intensities than were used here. 
Even at higher intensities heating would only 
occur subsequent to an extensive amount of 
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Fig: 4. C?mputer simulation of the fading of 
a d1ffract1on pattern as a function of radia
tion dose. See text for details. 

(Courtesy Donner Laboratory) 

direct d~ge. Radiation damage at higher 
voltages 1s accurately predicted from the 
stopping power equation for relativistic 
particles. 

~Septiem~ Congres International de Microscopie 
Electronique, Grenoble 1, 463 (1970). 
t nonner Laboratory. -
*Medical Services. 

* 4. STACKING FAULT IMAGES AT HIQ-1 VOLTAGES 

Walter L. Bell 

Within a few hundred thousand volts either 
side of the disappearance voltage, a system 
atic 12-beam computer program predicts differ
ent contrast for high-voltage bright-field 
images of a stacking fault in a foil oriented 
for strong second-order Bragg diffraction 
when the sign of the phase change at the fault 
is reversed. The fringes of the stacking 
fault_a~e predicted to be of strong contrast 
~h~n g·R = -1/3 and of weak contrast when 
g·R = +1/3. Figure 1 shows the theoretical 
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Fig. l. Theoretical bright-field stacking 
fault image profiles for aluminum at SOOkV, 
obtained using twelve systematic reflections, 
for a foil whose thickness is s ~lll· g is the 
(lll) rel-vector and the incident angle is the 
Bragg angle for (222) planes. The theoretical 
~o~trast is better for g·b = -l/3 than for 
g·b = +l/3. (XBL 703-646) 

profiles for stacking faults in an aluminum 
crystal oriented for (222) diffraction at 
SOOkV, just slightly above the disappearance 
voltage of 430kV for this reflection. This 
figure indicates that there should be signif
icant and observable contrast differences 
between intrinsic and extrinsic stacking 
faults, using the same diffracting conditions 
or from the same fault, using reversed dif
fracting conditions. 

Figure 2 shows the images obtained from an 
Al-l% Ag alloy at SOOkV by reversing the dif
fracting conditions, using beam deflection. 
The stacking fault contrast is considerably 
reduced in Fig. 2(b) compared with that in 
Fig. 2(a). Thus the effect of the sign of 
the phase change at the boundary predicted by 
the multiple beam theory is indeed exhibited 
in the micrographs. Figure 3 shows images 
taken at 650kV, exhibiting similar behavior. 
The contrast differences were also noticed to 
some extent at 300kV, although image qualities 
were poor owing to specimen thickness. 

Rules for determining the nature of a 
stacking fault have been developed, based upon 
the two -beam dynamical theory of electron 
diffraction in an absorbing crystal which are 
quite useful when they are applicable, that 
is, when strong two-beam conditions exist and 
when the It~cking fault intersects the foil 
surfaces. • The same information can be 
obtained by using systematic multiple-beam 
images obtained under the conditions described 
above. The phase shift at the boundary can 
be determined by using a dark-field image of 
the first-order reflection taken when the 
second-order spot is on the reflecting sphere; 
the direction and indices of the second-order 
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Fig. 2. Stacking fault images from planar 
defects in Al -l% Ag alloy at SOOkV. Bright 
field images showing contrast differences for 
Bragg ref!~~tion from the planes: (a) (222) 
and (b) (222). (XBB's 703-1474 and 1473) 



Fig. 3. Similar images taken at 650kV for 
Bragg_r~flection from: (a) (222) and 
(b) (2 22). (XBB's 703 -1475 and 1476) 

r eflection can be obtained from the diffrac
tion pattern . 3 

The high voltage method further allows the 
determination of the nature of a stacking 
f ault which does not intersect the foil 
surfaces, such as the loops shown in Fig. 2. 
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The contrast difference between profiles for 
g·R = -1/3 and g•R = +1/3 are still 
noticeable at the foil center. 

The examples of Figs. 2 and 3 show that the 
contrast behavior of images of second-order 
reflections can be useful well above the 
disappearance voltage. However, the strongest 
contrast differences occur at this voltage. 
Stacking fault images of the Al -l% Ag specimen 
at 430kV showed marked differences in the 
bright field images when g·b reversed sign. 
Furthermore, at the disappearance voltage the 
weak contrast bright field image showed 
relatively strong subs idiary fringes. The 
latter could be useful for obtaining absorp 
tion parameters in multiple -beam systematic 
orientations. 

Seventh Congress, Microscopie Electronique 
1, 81 (1970). 
1. R. Gevers, A. Art, and S. Amelinckx, Phys. 
Stat. Solidi 3, 1563 (1963) . 
2. P. B. Hirsch et al . , Electron Microscopy 
of Thin Films (Butt erworths, London, 1965). 
3 . W. L. Bell and G. Thomas, Phys. Stat. 
Solidi 1l, 843 (1965). 

5. MEASUREMENTS OF DISAPPEARANCE VOLTAGES FOR 
SECOND-ORDER REFLECTIONS BY HIGH VOLTAGE 
ELECTRON MICROSCOPY* 

Walter L. Bell 

Kikuchi Line Method: Diffraction patterns 
are obtained from a thick perfect crystal at 
intervals of lOkV through the disappearance 
range, the specimen being orient ed at each 
voltage so that the second-order (disappearing) 
reflection is on the reflecting sphere . Com
parisons of the exposed plates allow a choice 
to be made as to which voltage causes the 
l east amount of electron intensity to appear 
in the second-order Kikuchi l ine. 

Bend Cont our Me thod: After sel ecting the 
correct low-indexed bend contour, dark-field 
images, using the second-order spot, are taken 
at lOkV int ervals throughout the disappearance 
range. For reasonably standard exposure 
conditions, comparisons of the exposed plates 
also allow a choice to be made as to which 
voltage produces the contour of weakest 
intensity. 

Diffraction Pattern/Image Me thod: Using 
small intermediate l ens currents, the diffrac 
tion patt ern spots of the systematic set are 
magnified to produce a seri es of images of 
the bend contour, each contour being imaged 
at its appropriate reciprocal l attice site. 
The procedure is the same as for the bend 



contour method, but information about the 
intensity of the disappearing reflection 
relative to other, non-disappearing, reflec
tions is obtained and both positive and 
negative disappearing reflections exhibit 
weakened contours. 

Divergent Beam Method: Using a fully 
focused beam and a large condenser aperture, 
the diffraction pattern from a uniformly 
thick crystal, oriented at the Bragg angle 
for the second-order reflection, will exhibit 
the rocking curve intensities for this reflec
tion inside the image of the condenser aper
ture in the diffraction pattern. Adjustment 
of the voltage to disappearance conditions 
will cause the disappearance of a central 
maximum for this reflection. The details of 
the divergent-beam image can be studied on 
the screen of the microscope with an optical 
magnifier and adjustments can be made within 
SkV of the true disappearance voltage. 

Second-order spot intensities and poly
crystalline ring patterns are found to be 
useless for determining disappearance voltages. 

Harwell Conference, 1970. 

* 6. DYNAMICAL TI-IEORY OF KIKUCHI ELECTRONS 

Teh Y. Tan, Walter L. Bell, Gareth Thomas 

In transmission electron microscopy it is 
generally believed that for the pairs of 
Kikuchi lines resulting from inelastic scat
tering, the line nearer the transmitted spot 
on the diffraction pattern should always be 
associated with deficiency of electrons while 
the other should always contain excess elec
trons. However, Thomas and Belll demonstr ated 
experimentally that in a case where the 
incident beam occurs at an exact Bragg angle, 
the intensities of the lines in a pair 
reversed, depending only on foil thickness. 
This color reversal of the Kikuchi line pair 
is associated with the dynamical behavior of 
the Kikuchi electrons where crystal absorption 
plays an essential role. 

Based on the two-beam dynamical theory for 
elastic el ectrons, a corresponding (two-beam) 
theory on the fine structures of the Kikuchi 
electron intensity distributions in relation 
to the various diffraction and absorption 
parameters has been formulated.2 In this 
theory the Kikuchi electrons were taken to be 
those inelastic electrons generated in an 
infinitesimal thickness of the specimen which 
subsequently underwent Bragg diffraction. The 
initial inelastic electron wave amplitudes 
generated at any position inside the crystal 
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were obtained phenomenologically by consider
ing the decrease in amplitude of the elastic 
electrons due to absorption by the crystal. 
Appropriate scattering factors for the 
inelastic electrons were also phenomenolog
ically introduced for the proper Bragg dif
fractions being considered. A scattering 
matrix similar to that used in dynamical 
scattering calculations (with absorption 
included) was used to describe the effect s 
upon these newly generated inelastic electrons 
as they traveled through the crystal. 

It can be shown that the asymmetrical 
nature in angular distributions of the Kikuchi 
electron intensities is due to anomalous 
absorption of the electrons by the crystal. 
With correctly chosen absorption parameters, 
specimen thickness, etc., the

1
color reversal 

experiment of Thomas and Bell can be 
explained. It is well known that the inten
s ity within the Kikuchi band, i. e. , the region 
bounded by the pair of Kikuchi lines, may 
change from a deficiency to an excess of 
electrons when the energy of the incident 
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Fig. l. Computed intensity curves showing the 
possible Kikuchi line spacing as a function of 
the inelastic electron deviation parameter W 
for two different foil thickness. The Kikuchi 
line spacing in (a) is larger than that of 
28B and in (b) smaller than that of 28B . 

(XBL 705 -977) 
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Fig. 2. Observed silicon 551 Kikuchi line 
spacing variation with increasing thickness. 
The Kikuchi line spacing in (a) is larger than 
that of 28B, in (b) and (c) is equal and 
smaller than that of 28B, respectively. 

(XBB 705-2300) 

electrons is in§r~ased or the crystal thick
ness decreased. ' This phenomenon can also 
be explained in terms of the anomalous absorp
tion of electrons. 

Finally, and also contrary to general 
assumption, the angular separation between the 
two lines of the Kikuchi pair has been shown 
to be thickness dependent and therefore may be 
appreciably different from the observed line 
spacing between the Kikuchi pair and the 
corresponding diffraction spot pattern (Figs. 
1 and 2). This phenomenon is also associated 
with anomalous absorption. Thus the principal 
experimental behavior of Kikuchi electrons is 
quite well explained by the theory. 

Abstract of UCRL-19020; submitted to Phil. 
Mag. 
1. G. Thomas and W. L. Bell, European 
Regional Conference on E. M. 283, 1968, Rome. 
2. Complete details of the theory are to be 
published; see T. Y. Tan, W. L. Bell, and G. 
Thomas, UCRL-19020 (1970). 
3. H. Boersch, Phys. Z. 38, 1000 (1937). 
4. H. Pfister, Ann. Phys~Lpz. !l, 293 (1953). 

7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Gareth Thomas 

a. Steels 

Research will be continued to characterize 

the influence of alloying elements on the 
martensitic + bainitic trans-formation sub
structures and corresponding mechanical 
properties. In particular the roles of Cr and 
Mo together with carbon will be studied. The 
overall aim is to make more efficient and 
economical structural steels by designing for 
optimal microstructures through control of 
composition and heat treatment. 

b. Phase Transitions 

Work will continue on the two main projects: 
(i) short-range order and (ii) spinodals. 
Theoretical and experimental research on S.R.O 
includes quantitative evaluation of the 
dynamical effects in diffraction patterns and 
experimental determination of the effects of 
alloying elements on the e/a ratio - Fermi 
surface shape in order to gain a better 
understanding of the parameters of ordering. 

In the spinodal we are attempting to 
control the mode of the modulated structure 
by aging under stress. Further work will be 
done on mechanical properties, particularly 
as affected by the interface structure and 
grain boundary reactions. 

c. High Voltage Electron Microscopy 

Continue to develop and refine theoretical 
many beam diffraction programs to assist in 
interpretation of lattice defects as imaged 
at high voltages. Parallel experimental 



programs include contrast work on stacking 
faults, closely spaced dislocations, and 
small particles. The dislocation program 
will be very useful for applications in 
ceramic systems. 

HVEM applications to phase transitions in 
oxide systems are continuing. Cooperative 
programs are also continuing with medical 
physics, chemical engineering, physics, 
geology, and paleontology. 

d. Velocity Analysis 

The construction of the velocity analyzing 
adaptation of the Siemens Elmiskop 1 is 
nearing completion. The analyzer will be 
used to gain insight into scattering processes 
and offers potential for qualitative chemical 
analysis down to 100 A and should be useful 
in studies of phase transition, segregation, 
etc. 

8. 1970 PUBLICATIONS AND REPORTS 

Gareth Thomas and Associates 

Journals and books 

1. E. P. Butler and G. Thomas, Structure and 
Properties of Spinodally Decomposed Cu-Ni-Fe 
Alloys, Acta Met. ~' 347 (1970). 

2. S. Das and G. Thomas, On the Morphology 
and Substructure of Martensite, Met. Trans. !, 
325 (1970). 

3. H. Warlimont and G. Thomas, Two-Phase 
Microstructures of a:-Fe-Al Alloys in the 
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E. HIGH STRENGTH MATERIALS 

Earl R. Parker, Victor F. Zackay, and William W. Gerberich 

In order to fully utilize high-strength 
materials, not only must the effect of second 
phases be jointly understood with respect to 
strength and toughness, but other limitations 
imposed by external variables which might 
degrade performance must be overcome. One 
such limitation is a material's response to 
static and dynamic loads under environmental 
conditions which may drastically reduce the 
effective surface energy for crack propagation. 
With respect to high strength steels, one of 
the most serious problem areas is in stress
corrosion cracking and corrosion fatigue as 
associated with hydrogen embrittlement phenom
ena. For example, in a typical high strength 
steel, the stress intensity level at which 
crack growth may begin mf~2be reduced from 
68,000 to 12,000 psi - in. ' in a 3.5% sodium 
chloride solution. Since similar environ
mental effects are experienced by nearly all 
high strength aluminum, titanit.nn, and steel 
alloys, it is imperative to assess the overall 
effect of adding second phases to such 
materials. 

Earl R. Parker and Victor F. Zackay, 
Principal Investigat ors 

1. CRACK PROPAGATION ENERGIES IN 
MONOCRYSTALLINE SILICON 

Charles F. St. John 

The intention of this study is to relate 
the elastic energy release rate of a moving 
crack as described by fracture mechanics 
theory to the experimentally observed energy 
absorption rate. The energy release rate is 
determined by the stress intensity factor 
required to extend the crack, while the 
energy absorption rate is determined primarily 
by the crack surface energy and the plastic 
deformation energy. 

The crack surface energy for silicon is 
obtained from room-temperature experiments 
where no plastic deformation occurs. The 
plastic energy will be estimated by X-ray 
topographic examination of the volume sur
rounding the crack path. Since the silicon 
single-crystal specimens are initially 

To facilitate this, a combination of 
experimental tecl1niques, which provide consid
erable information about the crack growth 
process, are being utilized. This consists 
of in situ analysis of the crack growth rate 
and discontinuous crack jumps via assessment 
of elastic stress waves and the post-fracture 
analysis of particle size and distribution 
and fracture morphology via transmission and 
scanning electron microscopy. These tech
niques are allowing the critical fracture 
zone to be interpreted with respect to cleav
age and ductile rupture fracture in the 
absence of environmental degradation. In 
environmental situations, they are allowing 
separation of mechanical and electrochemical 
processes as well as providing detailed 
information about the kinetics of thermally 
activated crack nucleation mechanisms. This 
information, in conjunction with theoretical 
fracture mechanics analyses, will allow a 
partial understanding of how second phases 
can be most effectively utilized in imparting 
good overall performance to high strength 
materials. 

dislocation free, the energy necessary to 
produce a particular dislocation arrangement 
at a propagating crack tip will be related 
to the energy necessary to create and subse
quently 1nove dislocations from the crack tip. 
The force exerted on a dislocation with a 
particular Burgers vector and glide plane 
can be calculated from the stress tensor 
associated with the crack, 

F . . b. • C5 • • nj' lJ l lJ 
where 

C5 . • stress tensor 
AlJ 
b. Burgers vector 
Al 
n. glide plane normal unit 

J vector. 

The force thus obtained is a function of 
angle about the crack tip, and two examples 
are shown in Fig. l(a) and (b) for the crys
tallographic orientation in (c). 

A method has been devised whereby a com
pletely brittle (sharp) crack can be intro
duced into the specimen at room temperature. 
Subsequent experiments at temperatures that 



provide limited plasticity show an extremely 
narrow temperature range where essentially 
dislocation-free crack propagation changes to 
crack tip blunting only. 

z 

y 

Crock plane (x -z ) =(Ill) 
Crock front ( z axis) = [112] 
Crock propagation direction 

(x axis) = [110] 

Fig. l(a). Relationship between specimen 
crystallography and crack morphology. 

(XBL 711- 2710) 

y 

X 

Fig. l(b). For~e acting on a dislocation with 
glide plane, (lll) and Burgers vector [011] 
as a function of e. (XBL 711-2711) 
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y 

Fig. l(c). For~e acting on a dislocation with 
glide plane (lll) and Burgers vector [110] as 
a function of e. (XBL 711-2712) 

2. SECOND-PHASE MJRPHOLOGY EFFECTS ON 
FRACTURE TOUGHNESS 

Charles S. Atherton and Roger D. Goolsby 

The relationship between second-phase 
morphology and fracture toughness is related 
to the size and volume fraction of the second 
phase, the location of the second phase, and 
the constituent properties of both second 
phase and matrix. For example, second-phase 
particles may act as localized sites for 
rnicrovoid coalescence as in the case of 
ductile rupture, or act as cleavage nuclei as 
in the case of large brittle particles on 
ferrite grain boundaries. To further quantify 
these relationships, a combination of experi
mental techniques is being utilized to assess 
the character of the crack growth process in 
ferritic and tempered-martensitic steels. 
First, consider plain-carbon steels. The 
plate -like pearlitic structure of a 1070 steel 
is a second-phase morphology especially 
susceptible to crack propagation. Transform
ing this microstructure to one of dispersed 
particles should improve the fracture tough
ness of the alloy. By means of a heavy 
deformation (s""2.0) below the a-y transforma
tion temperature, it is possible! to disperse 
the carbides throughout the ferrite matrix as 



Fig. 1. 1070 Steel (A) pearlitic, prior to 
deformation, (B) rolled to E = 1.8 at 500°C 
then annealed 10,000 minutes at 500°C, 
(C) rolled to E = 1.8 at 500°C then annealed 
10 000 minutes at 600°C, (D) rolled at E = 1.8 
at'500°C then annealed 10,000 minutes at 700°C. 

(XBB 711-170) 
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0 IOPOO 
Anneal time (min) 

Fig. 2. The effect of various annealing times 
and temperatures on the yield strength of 
warm rolled 1070 steel. (XBL 711-2648) 

particles rather than plates. As the deforma
tion temperature is reduced, the particle size 
of the dispersion decreases. Also, by holding 
at or above the deformation temperature , any 
given dispersion can be coarsened (see Fig. 1). 
By using these two means of controlling the 
distribution of carbides in the matrix, as 
well as the ferrite sub-grain size, tensil e 
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Fig. 3. Plane strain fracture toughness vs. 
tempering temperature data for 5% Mo, 0 .3% C 
steel austenitized at 1200°C, ice brine 
quenched, and tempered at the specified 
temperatures. Tests were conducted at room 
temperature. (Note: The toughness value 
for the as-quenched specimen is an apparent 
one, since the fracture was not completely 
plane strain.) (XBL 711-6413) 

and fracture specimens were prepared. The 
effect of several anneal times and t emperatures 
on a 1070 steel rolled at 500°C to a true 
strain of 1.8 is shown in Fig. 2. A second 
alloy containing 0.77% Mo to slow diffusion 
during deformation was found to require a 
strain of 1.5 to complete dispersion of the 
carbides. Comparison of the microstructures, 
fracture surfaces, and stress -wave emissions 
of these steels should yield a considerable 
amount of information on the effect of 
dispersed particles on fracture behavior. 

An investigation of the microstructure/ 
fracture relationships in a 5% Mo, 0.3% C 
secondary hardening steel is also being 
conducted . The microstructure of quenched 
and tempered specimens of this alloy consist 
of a ferritic matrix with a dispersed carbide 
phase which is either Fe3c or Mo 2c or both, 
depending on the tempering temperature. The 
fracture toughnesses of specimens tempered at 
various t emperatures are remarkably different , 
as shown in Fig. 3. Considering the as
quenched n~terial, a pl~~ sf72i~ fracture 
toughness of 114,000 ps1-1n. 1s 
extraordinarily high for a low alloy steel 
lmving a yield strength of 222,000 psi and an 
ultimate strength of 268,000 psi. This high 
toughness was not anticipated for an unt~m~ _ 
pered martensitic structure and the poss1b1l1ty 
of autotempering effects during the quenching 
of the 0.56 inch thick fracture toughness 
specimens is being investigated. The tough 
as-quenched specimen is characterized by slow 



Fig. 4. Oscillogram of stress waves recorded 
for an as -quenched specimen (top) and for a 
specimen tempered at 300°C (bottom). The 
time lines are 1/ 8 sec . apart. 

(XBB 711-129) 

tv 
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crack growth prior to instability , as evi 
denced by stress wave emission (SWE) observa
tions. In Fig. 4, SWE observations prior to 
unstable crack growth are shown for both an 
as-quenched and tempered specimen. No te the 
much larger number of stress waves recorded 
for the tougher as -quenched specimen. Trans
mission electron microscopy and scrucning 
microscopy are also being used in conjunction 
with the SWE t echnique to provide a fuller 
understanding of the influence of second
phase particles on both the frequency and 
amplitude of the local f racture instabilities 
leading up to fracture. 

1. 0. D. Sherby, Trans . ASM ~' 575 (1969). 

3. ALLOY DESIGN RESEARO-l UTILIZING TI-lE LAVES 
PHASE TO STRENGTI-!EN IRON 

Russell H. Jones, Elias M. Plaza, Go Sasaki , 
and Sungho J in 

A group research effort is being conducted 
to develop a carbon-free age -hardenable iron
base alloy. Research work has been restricted 
to two-phase systems of a -iron in equilibrium 
with the Laves phase. 

One aspect of the s tudy was to determine 
whether Laves phase of iron and another 
element would flow plastically at room 
temperature . The ductility of the Laves 
phase was inves tigat ed by determining whether 
plastic flow or cleavage cracks occurred 
around a Vickers micro hardness indentation 
in samples of predominantly Laves phase. The 
compounds investigated were Fe 2Ta,Fe2Nb, 
Fe2Ti,Fe 2Hf, and Fe 2Zr. Plast1c flow was 
detected in Fe2Ta, Fe2zr, and Fe 2Hf compounds . 

20 

tsoL-----:::-,o-----,c:'oo=-------,,o=-=o'-=o------::c,o.~ooo 
AGING TIME (MI N.) 

Fig . 1. Hardness vs . aging time for 
Fe - 2 at.% Ta alloy. (XBL 7012-7253) 
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Fig. 2. Carbon extraction replica of 
Fe-1 at .% Ta alloy aged 400 min at 700°C . 
Mag. 15,000 X (XBB 711-166) 

Fig. 3. Scru1ning electron micrograph of 
fracture in Fe -1 at.% Ta alloy aged 60 min 
at 700°C. Mag . lOOX. (XBB 7ll-168) 

Binary sys tems of Fe-Ti, Fe-Ta, and Fe-Nb 
are being studied, with emphasis on precipi
tation sequence ; particle size, shape, and 
morphology; hardness versus time and tempera
ture ; and mechanical properties. 

The hardening characteristics shown in 
Fig. 1 for the Fe-Ta system are similar to 
Fe-Nb hardening characteristics. Particles 
of Fe 2Ta and FezNb in a-iron are plate shaped 
in both systems, as shown in Fig. 2. Tension
tested Fe-Ta specimens in the aged condition 
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Table I. Tensile Mechanical Properties of 2 at . % Nb and 2 at. % Ta alloys. 

Heat Yi eld 
treatment s tress 

Material (°C, min.) 0. 2% (psi) 

Nb2 1380, 60WQ 49,400 
700, 30AC 

llOO, lOAC 

Nb2 1380, 60WQ 51,700 
700, 30AC 

llOO, 60AC 

Nb2 1380, 60WQ 47,700 
700, 30AC 

1050, 60AC 

Nb2 1380, 60WQ 42,200 
700, 30AC 

1000, 60AC 

Ta2 1400, 60WQ 50,200 
700, 40AC 

llOO, lOAC 

Ta2 1400, 60WQ 48,600 
700, 40AC 

llOO, 60AC 

Fig. 4. Carbon extraction replica of 
Fe-1 at.% Ta alloy aft er r ecrystallization 
and spheroidization treatment. Mag. 15,000X 

(XBB 7ll-167) 

were found to fail in a brittle manner as 
shown in Fig . 3. 

In order to alter this brittle f r acture a 
heat treatment was devised which refined the 
grain size and spheroidi zed the grain bound
ary network . The particl e size and shape 
and dispersion of an Fe-Ta alloy which has 

Tensile Reduction 
str ength Elongation of area 

(psi) (%) (%) 

58,800 3.2 8 .8 

58,300 5.1 33.9 

61,900 7.4 20.6 

47,200 3 . 2 ll. 5 

69,600 18. 9 33.9 

68,200 31.1 68.8 

w1der gone this heat treatment i s shown in 
Fig. 4. Some room temperature tensile 
properties of Fe-Ta and Fe -Nb alloys which 
have undergone the r ecrys t allization and 
spheroidization treatment are given in Table 
I, with a typical fractograph shown in Fig . 5. 

Fig. 5. Scanning el ectron micrograph of 
frac ture in Fe-1 at. % Ta alloy aft er 
recrystallization and spheroidization 
treatment. Mag . lO,OOOX (XBB 711-169) 



The smaller ductility of the iron-niobium 
alloys as compared with the iron-tantalum 
alloys is due to a wide precipitate-free zone 
in the prior alloy. The low diffusivity of 
tantalum and niobium in a-iron and the 
stability of Fe2Ta and Fe2Nb make this two
phase alloy of Interest for high temperature 
applications. An Fe-Ta alloy which had been 
given the recrys t allization and spheriodiza
tion treatment followed by a SO% cold rolling 
was annealed and showed little ch~ge in 
hardness after 100 hr at 700°C. 
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Future research plans include the study of an 
Fe-Ta-Cr ternary system which will have a finer 
Jispersion of Fe 2Ta in an iron matrix. Also, 
more work on the high temperature properties 
of these alloys are planned. 

4. MECHANICAL PROPERTIES OF Fe BASE, Ni, Mn, 
Ti ALLOYS 

Wade A. Horwood 

Ternary and quaternary alloys of the above 
elements show promise of providing mechanical 
properties approaching those of current 
maraging steels with a considerable reduction 
in amount and number of alloying elements. 
To investigate this possibility, 20 lb ingots 
of the following compositions were cast and 
after homogenization were forged to S/8 in. 
diameter rod at 1100°C. 

Alloy 

1 
2 
3 
4 
s 

Fe-12 Ni-O.S Ti 
Fe-12 Ni-1.0 Ti 
Fe-12 Ni-2.0 Ti 
Fe-8 Ni-4 Mn-O.S Ti 
Fe-8 Ni-4 Mn-1.0 Ti 

The aging characteristics were determined 
by using 1/8 in. sections of rod solution 

Table I. 

Solution treated 

Alloy TS YS Elong. R. A. 

1 121 ll4 18.8 8S 

2 122 122 21. 1 80 

3 128 121 17 76 

4 llO 100 17 80 

s 114 llO 19 80 

treated at 900°C for 2 hr and brine quenched. 
The specimens were aged at temperatures in 
the range of 400 to S2S°C for 0 .3 to SO hr 
and the resulting isothermal aging curves 
plotted. The set of curves for alloy 3 is 
given in Fig. 1. 

Aging all alloys for 20 to 2S hr at 4S0°C 
was found to produce maximum hardness. 
Tensile samples of 1/4 in. diameter x 1 in. 
gauge length were tested in the solution
treated and aged conditions. Results are 
shown in Table I. 

The properties of alloys 1 and 2 were quite 
satisfactory. Alloys 3, 4, and S, however, 
were very brittle. Work is currently being 
done to reach the potential of these alloys 
as indicated by their aged hardness (R"c" 4S
SO). Alloys in the range < 6% Ni, < 3% Mn, 
< 2% Ti are also under investigation. 

45 
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"' "' Q.> 
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20 30 40 
Aging time (hr) 

Fig. 1. Aging curves for Fe-12 wt.% Ni-
2.0 wt.% Ti alloy. (XBL 711-2713} 

Aged 

TS YS Elong. R. A. 

183 168 20.3 68.8 

214 198 17.2 60.2 

215 0 0 

ll4 0 0 

* 

50 

TS and YS in ksi, Elong. 
*Broke in threads. 

% in 1 in. gauge length. 



5. SYNIHESIS OF TRIP STEEL D-IARACI'ERISTICS 

Will i am W. Gerberich 

The stress-strain properties of metastable 
austenites, including total elongation and 
the strain-hardening rate, can be quantita
tively predicted. This is accomplished by 
invoking the rule of mixtures, the relation
ship between the volume of strain-induced 
martensite, strain and austenite stability, 
and an empirical description of austenite 
stability in terms of composition and 
processing variables. 

The class of materials under consideration 
have compositions in the range 0 to 16 Cr, 6 
to 35 Ni, 0 to 5 Mn, 0 to 0.5 C+N, 0 to 5 MO, 
0 to 1 V and 0 to 2 Si, which give austenite 
yield strengths of 50 to 300 ksi after warm 
working (250-600°C). Depending upon the test 
temperature and the stability of the austenite, 
the amount of martensite strain induced during 
testing between Ms and Ma can range from a 
negligible amount to nearly 100%. As a result, 
such mechanical properties as strain-hardening 
rate and elongation can vary by more than an 
order of magnitude. 

First, consider a mechanical description of 
austenite stability. If one measures the 
volume fraction of martensite, V~, transformed 
during a tensile test as a funct1on of conven
tional strain, £, a unique relationship 
between Va and£ emerges. In the present 
class of steels, wherein a certain amount of 
warm work is usually involved, the relationship 
is given by 

V = m£1/2 
a ' 

(1) 

where m is a constant for a given set of test 
conditions. The value of m would necessarily 
be zero at the Ma temperature, while at tem
peratures well below Ma it has been found to 
be near 3.5. Although this seems to suggest 
that Va may be greater ·than unity, the fact 
is that failure ensues at an elongation 
limited to values such that Va cannot exceed 
unity . The next hypothesis is that this two
phase material may be described by the rule 
of mixtures at any point during extension, 
viz., 

a= a V + a (1 - V ), 
a a y a (2) 

where the a is conventional stress and the y 
denotes austenite. The physical basis for 
this rule comes from the fact that the y - a 
mixture is a two-phase mixture of components 
of different strength levels. The martensite 
is obviously the stronger since it is substruc
turally almost fully work-hardened. Thus the 
result is a mixture of austenite and hard 
martensite having semicoherent interfaces. 
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Mechanically, the system is analogous to 
fibrous composites. It is now possible to 
show how these two very simple equations may 
be utilized to predict mechanical behavior. 

The strain hardening rate 

Combining equations (1) and (2) gives 

a = (a - a )m£1/ 2 
+ a . 

a Y Y 
(3) 

In terms of true stress, aT' and true strain, 
£, equation (3) becomes 

a = [a - a ] [m(e£- 1) 1/ 2]e£ + a e£. (4) 
T a y y 

Differentiating and assuming that 'OarJ.'O £ and 
'Oay/'0£ are negligible compared with the two
phase contribution leads to 

doT/dE = a e£ + me£ [a -a ] y a y 

[(1/2)e£(e£ - 1)-l/2 + (e£ -
1/2 (S) 

1) ] . 

At this point it is only necessary to describe 
m, aa and ay for evaluation of the strain
hardening rate from equation (5). Although 
not discussed here, it was also possible to 
determine empirical equations for aa and ay 
in terms of composition and process1ng 
variables. Utilizing these estimates and 
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Fig. 1. Prediction of strain-hardening rate 
for metastable austenites wi th varying carbon 
contents. (XBL 708-1870) 



the value of £ at the end of the Luders 
strain, the strain-hardening rate was calcu
lated from equation (5) and compared with 
data obtained from a series of 9 Cr-8 Ni-2 Mn
XC steels in Fig. 1. 

Total elongation 

In a similar way, total elongation may be 
predicted. Failure is initiated either 
because of a high martensite content or 
because of the lack of strain-hardening due 
to insufficient martensite production in the 
necked region. These will be denoted as 
transformation and necking criteria. It was 
generally observed that those materials 
obeying a transformation criterion had be
tween 70 and 100% martensite at the time of 
fracture. Using this fact in conjunction with 
equation (1) leads to the elongation in 
conventional strain to be given by 

£ = l/m2 for va = 1; 

£ =112m2 for v = 0.7. 
a 

(7) 

When the rate of strain-induced martensite is 
very low, the necking criterion is obeyed as 
given by d?T/d£ = oT. The values of aT 
occurring in the Luaers band is dependent upon 
the amount of strain-induced martensite. 
During the Luders band formation, if the 
region in the band contained much less than 
40% martensite, necking would ensue rather 
than propagation of the Luders front. Using 
40% for Vain equation (2), describing the 
true stresses in terms of true strains, and 
then equating this to equation (5), leads to 

m = 0.8[e£(e£- 1)-l/2 + 2(e£ - 1)112]-1 .(8) 

In Fig. 2 it is seen that these criteria 
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describe the elongations observed for tests 
covering a wide range of alloy contents and 
test conditions. 

Besides elongation and strain-hardening 
rate, it is al so possible to predict the 
LUders strain which allows the whole stress 
strain behavior to be predicted as indicated 
in Fig. 3. The l ow elongation of the 0.52 wt% 
C alloy was due to lack of martensite produc
tion and necking was predicted. The only 
serious discrepancy is in the total elongation 
of the 0.34 wt% C alloy. This may be attrib 
uted to a premature brittle fracture since no 
necking was observed and since the final 
strength of the material should have been 



greater than the 0.25 wt% C alloy but was not. 
In all other respects, such as Luders elonga
tion and strain-hardening rate, the agreement 
is good. 

Not only can uniaxial behavior be predicted, 
but, to a degree, the crack-propagation 
characteristics may be predicted. For example, 
a theoretical derivation demonstrated that the 
plane stress fracture toughness, Kc, may be 
approximately related to the transformation 
coefficient by 

Kc a: m 1/2 
(9) 

form values greater than about 0.5. This 
relationship was compared with six different 
steels with varying degrees of austenite 
stability in Fig. 4. Upon interpolation at 
values of m = 0.5 and m = 2, Kc values of 235 
and 460 ksi-inl/2 are obtained for the curve 
representing 0.24-0.27 C alloys. Since 
235/460 ~ (0.5/2)1/2, it would appear that 
equation (9) is reasonably well followed, 
which qualitatively confirms the theory. 

6. MEQ-!ANICAL PROPERTIES OF SOME METASTABLE 
AUSTENITE ALLOYS 

Dilip Bhandarkar 

Metastable austenitic steels undergo a 
strain-induced transformation of austenite to 
martensite at temperatures above Mn· TRIP 
steels that have been designed on this princi
ple exhibit high strengths and uniform elonga
tions. The present investigation was under
taken to study some composition variations of 
these TRIP steels with regard to the mechanical 
properties, transformation behavior, and 
structure. Some iron-nickel alloys were also 
studied for comparison. 

The alloys were austenitized and then 
deformed by rolling at temperatures ranging 
from -120 to 550°C. Subsequent mechanical 
testing was carried out at 22, -78, and -196°C, 
Structural investigations by electron micros
copy. Optical metallography, and X-ray analy
sis were undertaken along with a study of the 
transformation behavior by magnetic techniques. 
The temperature of prior deformation was the 
main variable studied. 

The results indicated that in carbon
containing alloys, the variation in yield 
strength with the temperature of prior defor
mation showed a maximum in the range 200-300°C 
if the prior deformation was above the Mn 
temperature. This was either due to the fine
scale precipitation of carbides or due to the 
formation of Cottrell atmospheres by the 
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Fig. 1. Metastable austenite rolled 70 % at 
300°C (MD < 200°C) . (a) Bright field, 
(b) dark field. (XBB 711 -130) 

diffusion of carbon atoms to dislocations. 
The effect was not present in alloys without 
carbon. The transformation behavior during 
testing was dependent on D1e prior deformation 
treatment and austenite stability. Lower 



temperatures of prior deformations resulted in 
the formation of E and a' martensite phases 
in alloys with low nickel contents, and both 
these caused hardening. Better mechanical 
properties were obtained when the transforma
tion during testing took place at rates which 
were neither too high nor too low. This 
required an austenite of proper stability 
determined by temperature and composition. 
Low austenite stabilities resulted in stress
induced formation of martensite at low s tress 
leading to premature yielding. The stress
induced transformation was not desirable since 
it caused low yield strength and low elonga
tion values, even though accompanied by high 
ultimate strengths and strain-hardening rates. 

Observation of thin foils by transmission 
electron microscopy indicated that deformation 
twins and stacking faults formed during 
rolling. The mode of deformation of austenite 
changed with the temperature of deformation. 
1\vins were formed at higher temperature and 
faults at lower temperatures. This was at
tributed to the decrease in stacking fault 
energy with decrease in temperature. Figure 
l shows the structure of an alloy with 9% Cr, 
12% Ni, 2% Mn, 0.30% C, and balance Fe after 
rolling 70% at 300°C. Deformation twins can 
be noted in austenite which has a (110) orien
tations. The twin axis is [lll]. A dark field 
reflection of the .(lll) twin spot [marked A 
in the inset of Fig. l(a)] reverses contrast 
at the twins as shown in Fig. l(b). 

7. A METASTABLE AUSTENITE WITH PLANE STRESS 
FRACTURE TOUGHNESS NEAR 500,000 psi-inl/2 

Jean-Pierre Birat and William W. Gerberich 

Recent tests on one high-strength metastable 
austenitic steel have shown it to possess an 
unusual combination of properties. This 
nominal llCr-8Ni-2Mo-0.4Mn-0.27C steel had a 
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yield strength of 210,000 psi, an ultimate 
strength of 235,000 psi, and an elongation 
of 47%. The major difference between this 
alloy and some other metastable austenitesl 
was in the ease of the strain-induced phase 
transformation, which may be described by 
the coefficient, m, in 

l/2 
Va 1 mE , (l) 

where Va' is the amount of the martensitic 
phase and E is the strain. Since the alloy 
content was 3-5% less, the value of m at room 
temperature was as much as a factor of 2 
greater than m for those alloys reported 
previously.l While the alloys of the pre
vious investigation had plane stress fracture 
toughness, Kc, values in the range of 200,000 
to 320,000 psi-in.l/2,the present result 
showed Kc values to range2 from 405,000 to 
495,000 psi-in. l /2,with the average value being 
440,000 psi-in.l/2. Keeping in mind that these 
results were obtained on 3-in. wide single
edge notch specimens, the plastic zone tra
versed the remaining plate width, and so the 
results can only be considered as rough esti
mates. Nevertheless, no plastic zone correc
tion term was utilized in the calculation and 
so this material possibly has a Kc greater 
than 500,000 psi-in.l/~which must be con
sidered very tough for a 210,000 psi yield 
strength steel. To clear up any ambiguity, 
we currently are running some tests on 7-in. 
wide plates to obtain better Kc estimates. 

To account for the high toughness obtained 
in this class of steels, it was originally 
proposedl that at the tip of a crack, the 
invariant shear of the phase transformation 
was a more efficient energy dissipator than 
other plastic deformation processes. To see 
if the present result could be accounted for 
simply by the increased amount of phase trans
formation, a calculation similar to what was 
done beforel was made. For example, the con
tribution of the invariant shear strain, Eis• 

Fig. l.Plastic zone as outlined by surface 
tilts due to second phase martensite. 

(XBB 711-131) 
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may be given by 

UIS = n/8 B IaRp mEISaa ' (ay/E)l/ 2 

• [Rp/ r -1 ]112 r dr 
(2) 

for an elliptically shaped zone where B is 
the thickness, Rp is the plastic zone length, 
and aa''~Y are the flow stresses for martensite 
and austenite. Further calculations allowed 
the_ total energy to be given by U ~ 4020 RiB 
lb/1n.2. From measurements of ~he plastic 
zone height shown in Fig. 1 and the relation
ship between the length and height, a value of 
Dp as a function of crack length was deter
ffilned as shown in Fig. 2. At the point of 
crack instability, Cl Up/Cla was roughlY, 6400 
lb/in. wh~ch, £:om K ~ [(ClU~/Cla) E]l/2 gives 
a stress 1ntens1ty of 440,0UO psi-in.l/2. 
Since the actual measured value for this speci
men was 415,000 psi-in.l/2, it would indicate 
~hat_the high toughness achieved in this al loy 
1s d1rectly attributable to the large value 
of m, sin~e Cllip/Cla is directly proportional to 
m: Thus 1t would appear that a relatively 
s1mple method for achieving excellent combina
tions of strength and toughness might be to 
make metastable austenites as unstable as 
possible, thereby giving r elatively large 
values of m. 

1. W.W. Gerberich, P. L. Hemmings, V. F. 
Zackay, and E. R. Parker, Fracture 1969, ed. 
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by P. L. Pratt (Chapman and Hall,Ltd, London 
1969) ' p . 288 . 
2. Part of what seems to be scatter is 
attributable to an adiabatic heating effect 
which is a function of crack velocity and 
hence testing speed.3 
3. W.W. Gerberich, P. L. Hemmings,and V. F. 
Z~caky, Fracture and Fractography of Ultra
High Strength Metastable Austenites to be 
published. ' 

8. FRAC1URE CHARACTERISTICS OF METASTABLE 
AUSTENITIC STEELS UNDER CYCLIC LOADING 

Govind Ram Chanani 

The behavior of a class of metastable 
austenitic steels, called TRIP steels, under 
cyclic loading was investigated . The alloy 
composition was chosen to have the Ms well 
below room temperature and the Mn above room 
temperature after thermo-mechanical process
ing. Both high-strain low cycle experiments 
on round and well -polished specimens, as well 
as fatigue crack propagation (fcp) tests on 
SEN specimens at various stress-intensity 
range (6K) levels were carried out. To study 
the effect of a mixed austenite-martensite 
matrix , low cycle fatigue tests were also 
done on the TRIP steel after inducing fresh 
martensite by a very high prestrain. To 
establish the role played by the martensite 
transformation, tests were also run at 200°C 
which was above Mn. The amount of martensit~ 
induced was magnetical l y measured by a 'permea
meter" built specifically for this purpose. 

It was found that the low cycle fatigue 
l~fe of TRIP steels both at room temperature 
(1n the presence of martensitic transformation) 
and at 200°C (in the absence of the trans
formation) was related to the plastic strain 
range, EPR• by the Coffin-Manson law. Either 
cyclic hardening or softening occurred at 
room temperature, depending primarily upon the 
EPR used in cycling. Hardening was observed 
for EPR greater than approx. 3%, while soften
ing occurs below 3% EPR· For 200°C low cycle 
fatigue tests, only cyclic softening was 
observed in all the cases. 

A simple theoretical model of fcp based on 
fracture mechanics was developed. To a first 
approximation, the experimental results were 
in agreement with the model and showed the 
correlation between the 6K and fcp rates as 
da/dn ~ (6K)4. The fatigue fracture appear
ance of TRIP steels comprised of fatigue stria
tions, quasi-cleavage, and elongated dimples 
reflecting the extremely complex structure of 
TRIP steels. 



The alloy deformed 80% at 250°C showed 
better fcp properties than a number of alloy 
steels of similar strength levels and compared 
favorably with maraging steels in the low 6K 
range. 

9. STRESS-CORROSION CRACKING IN AN AGE
HARDENED ALUMINUM ALLOY 

William W. Gerberich and William E. Wood 

For the first time, unambiguous definition 
of a mechanical jump process during the stress
corrosion cracking (SCC) of an aluminum alloy 
in aqueous solutions containing Cl - has been 
made. An age-hardenable Al-Zn-Mg alloy was 
evaluated in a 3.5% NaCl solution with AlCl 
added to lower the pH to between 1 and 2. 
Crack growth under an applied tensile load 
was initiated from a pre-fatigue crack and 
monitored as a function of stress intensity 
level. Both fractographic evidence of dimple 
rupture in the slow growth stage and stress
wave emission (SWE) evidence of discontinuious 
jumps during the sustained load tests were 
observed. The crack growth process clearly 
involved two types of growth mechanisms, one 
associated with an electrochemical dissolution 
stage and one associated with a ductile rup
ture or mechanical stage. Typical scanning 
electron microscopy of these two stages, which 
occur alternatively in the same microscopic 
region during the sec process, is shown in 
Figs. 1 (a) and (b). Typical SWE occurring 
during the slow growth stage are shown in 
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Fig. 2. By utilizing a relationship between 
the size of the elastic wave and the discon
tinuous crack area involved in emit ting such 
a wave, along with the crack growth rate and 
percent dimpled rupture observations allowed 
a detailed analysis of the step-by-step 
fracture process. 

It was found that both the electrochemical 
stage, £c, and the mechanical jump stage, £j, 
could be described in terms of the applied 
stress intensity, K, the threshold stress 
intensity for initiation of stress -corrosion 
cracking, Kiscc,the width of the elongated 
grains, w, and the diffusivity of the critical 
species controlling the thermally activated 
dissolution process. This latter value ~on
trols the secondary incubation time, 6tsx 
required for one unit movement of the whoie 
crack front. These considerations led to the 
crack growth rate being given by 

da/dt = (~+ ~Y6ts * ~ (K/Krscc-1) 2 

• [ 64 D~e -Q/RT J 
Kinetic analysis indicated that the activation 
energy controlling the thermally activated 
process is about 11.2 kcal/mole as shown in 
Fig. 3. One possibility is that this repre
sents the activation energy for hydrogen 
diffusion in aluminum (measured at elevated 
temperatures to be 10.9-13 kcal/mole) which may 
be rationalized in terms of the hydrogen 
accelerating localized chemical attack through 
a cation gradient effect. 

Fig. 1. Typical fracture morphology of a slow 
crack growth region revealing two general types 
of fracture surfaces: (a) electrochemical 
attack, (b) dimpled rupture. (XBB709-4176). 
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Fig. 2. SWE oscillogram recordings of speci
mens tested at 23°C. (A) Background noise 
only, no load applied; (B) K = 25,400 psi-in.l/2 
(C) K = 36,200 psi-in.l/2; (D) K = 48,300 
psi- in.l/2. (XBB709-4177). 

10. A SUPERPOSITION MODEL FOR ENVIRONMENTALLY 
ASSISTED FATIGUE-CRACK PROPAGATION 

William W. Gerberich and Jean-Pierre Birat 

A theoretical and experimental study of 
environmentally assisted fatigue-crack propa
gation was pursued with respect to aluminum 
alloys and metastable austenitic steels. The 
theoretical treatment considers a simple super
position of the mechanical (in the absence of 
environment) and environmental components of 
the mechanism. It should be emphasized here 
that the environmental component is also me
chanically assisted so that there is a stress
intensity dependence of both components. The 
conditions under which this analysis would 
apply are twofold. First, the cycling rate, 

Fig. 3. Arrhenius plots of relationship 
between crack growth rate and temperature for 
several stress intensity levels (XBL?OS -6417). 

f, must be sufficiently slow for the environ
mental mechanism to act within a single load
ing cycle. Secondly, the environmental mechan
ism must be the same under both static and 
dynamic loading conditions; e.g ., intergranular 
corrosion is observed on both static and 
fatigue fracture surfaces. If 6ts is the 
secondary incubation time for an environmentally 
assisted cracking mechanism under static load, 
under the condition 6ts ~ 1/f, the following 
model results: 



where m and n are constants, f is the cycling 
frequency, Tis the temperature, Krnax and Kmin 
are maximum and minimum stress intensities 
during fatigue cycling, and Krscc is the thres
hold stress intensity for the environmentally 
assisted mechanism under fatigue conditions. 
For Kmin > Krscc• the intergration limits 
change to Kffiin and Kmax· · This analysis can 
explain the exponent on CKm~ -Kmin) having 
relatively large values o£'12 or greater. It 
is shown that these are apparent exponents 
that arise when there is a transition between 
one controlling component and another. Also, 
it is demonstrated that this model is in rea
sonable agreement with some published environ
mental fatigue-crack propagation data by 
Feeney, McMillan, and Wei on 2024-T3 and 
7178-T6 aluminum alloys. 

As no data at sufficiently slow cyling rates 
were available to test this hypothesis with 
respect to the thermally activated part of the 
process, an experimental program was performed 
on metastable austenitic steels. A choice of 
a material undergoing a phase transformation 
during fatigue cycling would at first seem to 
be an undue complication. However, a previous 
in-depth study on fatigue-crack propagation in 
dry environments showed these materials to be
have in a typical manner with a CKmax-Kmin)4 
relationship nearly obeyed. Furthermore, these 
materials have several advantages with respect 
to an environmental fatigue study. Because of 
their inherent high toughness under static 
load conditions, relatively high stress inten
sities may be applied without instability. At 
low stress intensity levels, the untempered 
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Fig. 1. Effect of environment on fatigue 
crack growth rate. (XBL 711-2649) 
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martensite produced at the tip of a crack is 
susceptible to hydrogen embrittlement. Thus 
an environmentally assisted fatigue mechanism 
could be studied over a large range of stress
intensity factors and test temperatures. 

Treatment of both aluminum alloy and meta
stable austenitic steel data with respect to 
the proposed model tentatively indicates that 
a hydrogen-diffusion process is the thermally 
activated mechanism in both instances. For · 
example, the comparison of the proposed model 
with the aluminum data in Fig. 1 is seen to 
result in good agreement if Kiscc under fatigue 
conditions is taken as 4500 psi-In.l/2. 

11 . EFFECT OF FRAC1URE MODE ON HYDROGEN 
EMBRITTLEMENT IN STEELS 

Charles St. John and William W. Gerberich 

The exact role that dissolved hydrogen 
plays in the hydrogen embrittlement process in 
steels is uncertain. The amount of dissolved 
hydrogen does, however, affect the delay time 
between crack jumps, and any mechanism that 
would cause hydrogen to concentrate in the 
crack tip zone could affect the embrittlement 
process. 

Troiano has suggested that the hydostatic 
pressure systems that exist at geometries that 
provide stress concentrations could cause 
hydrogen to accumulate in these regions and 
thereby promote hydrogen embrittlement. A 
simple experimental test has been devised to 
investigate this premise. Mode I and mode II 
notch or crack loading configurations include 
oi· terms in the stress tensor and thus a 
hyarostatic pressure exists, while the mode 
III stress tensor is composed of Oij components 
only. Therefore, the effect of hydrogen con
centrating in the fracture zone due to hydro
static pressures created by the stress con
centration can be analyzed by conducting tests 
under equal conditions in modes I and mode III. 

Equilibrium calculations have shown that 
hydrogen concentrations in the regions of · 
maximum hydrostatic pressure can reach values 
several orders of magnitude greater than the 
concentration far from the pressure zone. 
Further, the pressure maxima occur in the 
vicinity of the elastic-plastic boundary 
according to slip line theory. 



12. HYDROGEN EMBRITTLEMENT OF TRIP STEELS 

Robert A. McCoy 

Hydrogen embrittlement of TRIP steels 
appears to be a dynami~ phenomenon; that is, 
static tests show no evidence of embrittlement 
whereas dynamic tests do, with the most 
severe ernbrittlement at the slowest strain 
rates. Single-edge-notch specimens, either 
electrolytically charged with hydrogen or 
contained in 3 atmospheres of gaseous hydrogen, 
were held at loads corresponding to 80% of Kc 
for over 6 hours without significant slow 
crack growth. At slow strain rates and in 
3 atmospheres of hydrogen, however, slow crack 
growth began at loads corresponding to 60% 
of Kc. Tensile tests!run in 3 atmospheres of 
hydrogen revealed a loss of elongation of 95% 
and a loss of reduction of area of 57% at 
slow strain rates relative to the same test 
run in air, as shown in Fig. 1. 
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Fig. 1. Ductility of TRIP steel tensile 
specimens vs. strain rate in air or in 3 

10 

atmospheres of H2. (XBL 711-2714) 

At higher strain rates a significant tempera
ture rise is observed owing to adiabatic heat
ing. Since a temperature rise speeds up the 
diffusion of hydrogen, an increase in the 
severity of the hydrogen embrittlement would 
be expected, other conditions remaining the 
same. However, this effect is overshadowed 
by the fact that at these higher strain rates 
there is much less time for diffusion. Hence 
hydrogen embrittlement is actually less severe 
at higher strain rates, as evidenced by the 
increase of both elongation and reduction of 
area. 

Another effect of the temperature rise is 
that the austenite is slightly more stable; 
i.e., slightly less strain-induced martensite 
per unit strain will form at the higher strain 
rates. Thus elongation by the TRIP process 
is decreased for tests conducted in air at 
higher strain rates. Reduction of area, which 
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is relatively independent of the strain-induced 
phase transformation, on the other hand, 
increases slightly at the higher strain rates 
owing to the temperature rise. 

13. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Earl R. Parker, Victor F. Zackay, and William 
W. Gerberich 

a. Low Stacking-Fault-Energy Metastable 
Austenites 

The effects of lowering the stacking-fault 
energy [thereby producing various mixtures of 
austenite (y) and bcc(a) or hcp (s) martensite] 
will be further studied with respect to mechan
ical properties and'susceptibility to hydrogen 
ernbrittlement. High Cr, Mn, Si alloys will be 
evaluated with respect to the degree of work
hardening provided by the strain-induced £ 

phase. Also, the effects of interstitial 
content on the flow and fracture characteristics 
of high-strength £ will be evaluated. The aim 
will be to attain a high-strength metastable 
austenite that is not susceptible to either 
quasi-cleavage at cyrogenic temperatures or 
hydrogen embrittlement under pressurized
hydrogen conditions. 

b. Influence of Second-Phase Particles on 
Fracture 

Additional studies on eutectoid plain carbon 
steels, eutectoid steels with 0. 7 wt % Mo, and 
5% Mo - 0.3%C steel with particle sizes ranging 
from about 100 to zo,oooX will be made at 
temperatures near the ductile-brittle transi
tion temperature. Quantitative assessment of 
plane strain fracture toughness and the micro
mechanical growth process will be attempted 
for both cleavage and ductile rupture fracture 
modes. Utilization of electron fractography, 
scanning electron microscopy, transmission 
electron microscopy, and stress-wave emission 
techniques will allow detailed analysis of the 
role of microstructural variables in the dis
continuous jump process leading up to fracture 
instability. Examination of critical cleavage 
fracture stress, critical stra~ and critical 
crack-tip displacement criteria will be made, 
with the predominant microstructural variables 
being effective grain size, particle location 
and particle size, and volume fraction. 

c. Laves Phases 

Future plans for development of an iron 
base alloy with a dispersed Laves phase in
clude study of a ternary system of Fe-Ta-Cr, 
studies of precipitation in deformed samples, 
and further investigation into the high tempera
ture mechanical properties of these alloys. 



The purpose of adding chromium to the Fe-Ta 
system is to lower the a + y and y + 8 trans
formation temperatures. A lower a-y trans
formation temperature is expected to yield a 
finer dispersion after the spheroidization and 
recrystallization treatment than was possible 
in the Fe-Ta system. Studies of precipitation 
in deformed samples of Fe-Nb and Fe-Ta will 
be undertaken with the purpose of obtaining a 
finer dispersion of Fe2Nb and Fe2Ta in iron. 

d. Environmental Effects on TRIP Steels 

Further corrosion, stress-corrosion crack
ing, hydrogen embrittlement, and corrosion 
fatigue evaluations of several metastable 
austenites will be made to allow delineation 
of proposed fracture mechanisms. Determination 
of crack growth rates under static, dynamic, 
and fatigue conditions in the presence of 
hydrogen and aqueous environments will be made. 
Accurate measurements of secondary incubation 
times for the thermally activated process will 
be made as a function of stress intensity level 
and test temperature so that a mechanical
environmental analysis will be possible. 

e. Hydrogen Embrittlement Analysis 

Theoretical analyses of the stress- and 
concentration-gradient-induced hydrogen diffu
sion near the tip of a crack will be completed. 
Exact equilibrium solutions for various types 
of potential gradients will be obtained, con
sidering elastic theory only. Approximate 
short-time diffusion solutions will be obtained 
by utilizing elastic-plastic stress distribu
tions at the root of a notch. These will be 
composed·with kinetic data for cracks under 
mode I (notched round tensile) and mode III 
(notched round torsion). Kinetic data will 
consist of stress-wave-emission estimates of 
the secondary incubation times involved be
tween crack jumps occurring in hydrogenated 
4340 steels heat treated to a 250,000 psi 
ultimate strength level. 

f. Crack Propagation Energies in Mono-
crystalline Silicon · 

The effect of crack opening rate and tempera
ture will be investigated so as to produce 
conditions amenable to slow crack propagation 
and plastic deformation analysis. The effect 
of crystallographic orientation, with respect 
to the crack morphology, on crack energetics 
will also be the subject of next year's 
research. 
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14. 1970 PUBLICATIONS AND REPORTS 

Earl R. Parker, Victor F. Zackay, and William 
W. Gerberich 

Journals and books 

1. W. W. Gerberich, V. F. Zackay, E. R. 
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F. HIGH FIELD SUPERCONDUCTIVITY 

Leo Brewer, EarZ R. Parker, Victor F. Zackay, 
and Robert H. Hammond, Principal Investigators 

I. SYNTiffiSIS OF SUPERCONDUCTING MATERIAL BY 
THE CO-CONDENSATION OF THE ELEMENTS 

Leo Brewer, Earl R. Parker, Victor F. Zackay, 
and Robert H. Hanunond 

In this program two approaches have been 
taken in attempting to find new supercon
ducting materials with high magnetic field 
properties and high critical temperatures. 
One is to take a system that is already known 
to be characteristically very good in these 
respects and attempt to synthesize new com
pounds in that system. In particular, 
compounds of the S-W (Cr3Si) structure (type 
AlS) are well known for fiaving the highest T 
and critical fields. It has been found, c 
however, that many potentially good AlS com
pounds have not been made because the phase 
seems to often have the characteristic of 
being stable only at relatively low temper
atures. A technique has been developed to 
synthesize such low temperature compounds, and 
was successfully applied to the synthesis of 
AlS v3Al for the first time. 

Another approach to finding better super
conducting materials is concerned with devel
oping a better understanding of the properties 
of the material that determine its Tc, partic
ularly the transition metals (1M) ana alloys. 
By preparing elements and alloys in the 
"amorphous" state and comparing these Tc;: with 
those of the same alloy in the crystalline 
state, it has been possible to separate out 
those contributions to the T due to the band 
structure from those contribUtions due to the 
atomic properties. The experimental result 
is that for the 4d TM series the critical 
temperature of the "amorphous" alloys is a 
smoothly increasing function of the electron/ 
atom ratio to a triangular peak at e/a~.4, 
followed by a decrease at the same rate. This 
is in marked contrast to the familiar Matthias 
curve with large peaks at ~s and 7 and a very 
deep minimum between. It is believed that 
the amorphous data is a manifestation of the 
atomic properties, while the crystalline data 
are in their main features a result of the 
band structure. 

2. THE SYNTHESIS OF LOW TEMPERATURE PHASES 
BY THE CO-CONDENSATION OF THE ELEMENTS* 

Robert H. Hanunond and Larry D. Hartsough 

Difficulties arise when conventional 
techniques, such as arc melting or sintering, 
are used to combine elements with vastly dif
ferent properties or when the reactions pro-
duce unwanted phases. For example, the , 
maintenance of stoichiometry is a problem with 
high-melting-point compounds where one of the 
elements has a high volatility. In addition, 
some elements are troublesome in that con
tainer materials contaminate the sample. A 
more basic problem is the retention of a high 
temperature phase when it is cooled to a 
temperature below which it becomes metastable 
with respect to the desired phase. It now 
appears that some structures of scientific 
or technological interest are stable only at 
temperatures so low that the time required for 
formation is impossibly long.l 

A method which has the potential to over
come these difficulties is the vacuum evapo
ration and co-condensation of the elements 
onto substrates maintained at a controlled 
temperature. In our work, the individual 
elements are evaporated from separate sources, 
usually by electron beam heating. Thus vapor 
pressure differences are unimportant. W1th 
the localized surface heating provided by 
electron bombardment, either the element 
serves as its own crucible or contamination 
from the crucible is minimized. Contamination 
from the ambient atmosphere is minimized by 
the high evaporation rates possible with 
electron bombardment. Deposition rates of 
one micron per minute are typical. The flux 
of each element is monitored by a chopped
beam ionization-type rate monitor and con
trolled by a feedback loop to the electron 
beam source. With this technique the ratio 
of the elements arriving at the substrate 
remains constant to within a few percent 
during the time required to deposit the sample. 
Thus the correct composition at a particular 
place on the substrate is assured. Enhanced 
atomic mobility due to surface diffusion no 
doubt aids in establishing equilibrium and 
homogeneity at relatively low temperatures. 

As a result of the position of the evapo
ration sources and of the extended substrate, 
the deposit displays part of an isothermal 
section of a binary phase diagram. Usually 
intermetallic compounds are readily visible 
because of their slight difference in color. 
In searching for a new compound this fact is 



convenient. Known compounds are sometimes 
conveniently near the expected composition of 
the compound in question, so that the visual 
observation of the known compound serves as 
a check on the adjustment of the rates. This 
can sometimes be in situ, since the substrate 
is visible through a window. 

Abstracted from UCRL-20381. 
1. Brewer, L., High Strength Materials 
(John Wiley & Sons, New York, 1965), pp. 31, 
39, 43, 51. 

3. THE SYNTHE~IS OF A NEW SUPERCONDUCTING AlS 
COMPOUND, V 

3
Al 

Larry D. Hartsough and Robert H. Hammond 

Examples of low temperature stability are 
found among the phases with the AlS structure. 
Of 35 systems for which data a:e readily 
available, there are 17 for wh1ch the Al5 
phase is formed by a solid state reaction 
(i.e., at relatively.low temperatures)i the 
rest melt congruently or decompose perltec
tically. Thus a number of AlS phases are 
formed peritectoidally and others, notably 
v3Ga and Nb~u, are formed from t~e.bcc solid 
solution as it is cooled. In addition, there 
are reports of new Al5 phases (not included 
above) having been formed at low temperatures 
by using techniques such as solid_state 
diffusion, low temperature annealing of 
alloys, and high pressure. These techniques 
require a certain minimum temperature 
(usually 500-1000°C) in order to achieve_ 
reasonable reaction rates. There are still 
other systems for which electrochemical arid 
size factors do not prohibit formation of 
the Al5 phase and yet it has not been 
observed, even when these low temperature 
methods are used. An explanation for this 
may be that the Al5 phase in these systems 
is stable only below these minimum 
temperatures. 

The V-Al system is one which should form 
an Al5 phase. Until now, the Al5 phase had 
not been positively identified in numerous 
experiments which ut~li~ed the usua~ methods 
mentioned above. Th1s IS true desp1te the 
interest in v3Al generated by Matthias et al., 
with their announcement of Nb3(Al,Ge), and 
their prediction that V3Al ''would be a ~ery 
high superconductor.'' The bee phase ex1sts, 
in the V-Al system, over an extended range of 
composition at high temperatures, which is 
also the case in the V-Ga system. From these 
considerations, we concluded that Al5 V3Al, 
if it existed, could only be formed at low 
temperatures. 
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For the purposes of this experiment t~e 
substrate (glass, fused quartz, and alum1na) 
was held at temperatures between 350 and 
about 450°C. The approximately 3 micron
thick deposits were smooth and of mirror-like 
quality. The system background pressure 
during evaporation was 3xlo-7 ·torr. 

The use of an extended substrate allows one 
to make, in a single experiment, a consider-

. able portion of the binary phase diagram. 
From the X-ray diffraction data of one run, 
we identified the following in decreasing 
order of their vanadium content: A2(bcc) 
solid solution, the Al5 phase, A2 solid 
solution again, and the complex cubic phase 
v5Al8. These different regions_were ~ometimes 
apparent visually because of sl1ght dlffer
ences in reflectance and color. All of the 
strong diffraction lines expected for AlS 
v3Al were.observed in t~e.region of the 
deposit Wlth the compOSltlOn V3~ (as deter
mined both by microprobe and thickness 
measurements). No extra lines, other than 
those attributed to the bee solid solution, 
were observed. 

The lattice parameter of vanadium-rich AlS 
v3Al was determined from a powder pattern by 
using material scraped from the substrate. 
The a0 was 0.4830 ± 0.0003 nm, near the values 
of 0.483 to 0.484 predicted on the basis of 
work on ternary alloys by MUller and Asada 
et al. and in agreement with our prediction 
of 0.4S3 nm, based on the Geller radii. A 
slight increase in the lattice parameter with 
increase in aluminum content indicates that 
the phase exists over a limited range of 
composition near 25 at.% Al. 

A rough value for the upper temperature 
limit for stability of the AlS phase against 
the bee solid solution was obtained by an 
experiment in which the Al5 compound was made 
at almost 350°C, and then heated in 50° steps, 
holding at each temperature for ~30 min~tes, 
then looking at the phase through the w1ndow. 
It was observed to narrow as the temperature 
increased, and finally disappeared. The limit 
is believed to be in the range 600-700°C. 

Thus far the maximum critical temperature 
is 9.6°K as measured resistively. It remains 
to be seen how much this can be increased by 
further annealing (ordering is known to be 
important in determining the Tc of the Al5 
compounds), and by alloying. 

tAbstracted from UCRL-20381. 



4. SUPERCONDUCTIVITY IN "AMJRPHOUS" 4d 
TRANSITION METAL ALLOYS 

a. Introduction 

Robert H. Hammond 

In the course of investigating the enhance
ment in the Tc of metals by a disordered 
lattice, as described in the annual report for 
1969 (UCRL-19155), it was found that, although 
low temperature deposition, and also co
deposition with Xe, did enhance Tc for the 
soft metals it did not in any consistent 
manner increase Tc for the transition metals. 
For Nb and Nb-Zr alloys the Tc was decreased, 
while for Mo it was increased. The possibil
ity was mentioned that the values found 'might 
be a measure of the Tc of amorphous transition 
metals in that region of the periodic table." 
The measurements have since been extended to 
include the elements and alloys across the 
4d~TM series, i.e. Y, Zr, Nb, Mo, and Ru 
(skipping Tc). The results are believed to 
confirm the above idea. 

b. Amorphous Transition Metals by Low 
Temperature Condensation 

Michael M. Collver and Robert H. Hammond 

The highly disordered or "amorphous" metal 
films were.made by condensing the metal onto 
a sapphire substrate maintained at 4.2°K. A 
schematic and description of the apparatus is 
in the 1969 report, the only modification 
being the replacement of the xenon gas source 
by another metal evaporation source, and a 
six-pocket rotary crucible in place of the 
fixed crucible shown there. The evaporation 
sources were electron-beam-heated slugs of 
the alloy (except Y-Zr), and the composition 
determined to ±5% accuracy later by X-ray 
microprobe. Deposition rates varied between 
20 to 100 A/sec in a total system background 
pressure of Zxlo-7 to 6xlo-8 torr. The thick
ness of the films were between 500 and 1000 A. 
A system of shutters and masks provides for 
five samples whose conductivity is measured 
and displayed continuously. The temperature 
of the samples is measured by a Ge thermometer 
and by a thermocouple. The temperature can 
be controlled between 1. 7 and 400°K. 

After a sample is made, its resistance is 
measured while the temperature is swept till 
the superconducting transition is found. Then 
after all five samples have been thus prepared 
and measured, the resistivity of all five is 
monitored as the temperature is slowly raised 
to ~300°K. Generally at some temperature · 
between 40 and 300°K the samples. will anneal 
and the resistivity decreases over a narrow 
interval of temperature. After an interval 
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at 300°K the samples are cooled back down to 
4.2°K, and the critical temperature is remeas
ured and generally found to have changed, if 
the sample had annealed as evidenced by a 
change in resistance. Generally there is no 
further irreversible change in the resistivity. 
Representative annealing curves are similar to 
those shown in Fig. 5, page 135 of the 1969 
Annual Report, UCRL-19155. 

c. Critical Temperature, Structure, and 
Effects of Annealing Amorphous TM Alloys 

Michael M. Collver, Richard B. Loop, and 
Robert H. Hammond 

The results for the superconducting criti
cal temperature, Tc, are shown in Fig. 1. The 
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Fig. 1. The critical temperature, Tc, for 
"amorphous" transition metal alloys arid ele
ments in the 4d series. The alloys are from 
neighboring elements except for Mo-Ru, and 
also for one Zr-Mo alloy. The dashed curve 
indicates the Tc for the crystalline alloys, 
except that the right-hand peak is for Tc 
alloys. Mo-Ru are lower in value. 

(XBL 7010-4019) 

dashed curve represents the behavior of the 
Tc for the same alloys and elements in the 
bulk crystalline state. The surprising 
feature of the data is that the Tc varies as 
a function of electron/atom ratio (e/a) in a 
smooth, nearly linear fashion to a rather 
definite triangular peak, then decreases at 
about the same rate for a short distance, 
followed.by a more rapid drop. There is an 
explanation for the very rapid drop at the 
.beginning and end of the transition series 
in terms of incipient magnetism. It is 
presumed that if it weren't for this the Tc 



(amorphous) would display a syrranetric curve 
beginning between Rb and Sr and ending between 
Pd and Ag with equal slopes to the peak just 
past Mo. 

This smooth variation in Tc for the 
disordered (amorphous) transition metal alloys 
is in marked contrast to the familiar Matthias
type curve for solid solution alloys, as seen 
in the dashed curve. Most noticeable in the 
case of the "amorphous" data are the absence 
of the peak in !~ between Nb and Zr, and the 
valley between Nb and Mo. It is also noted 
that this smooth behavior in Tc extends across 
complex phase regions in the equilibrium cases 
of the binary alloys Y-Zr, Zr-Nb, and Mo-Ru. 

There may be residual structure at Nb; on 
the other hand, it could be a result of our 
inability to make complete disorder. The 
evidence for this is that the films are 
tending towards the crystalline state as 
shown by the change in T after they have 
annealed. In addition there is considerably 
more scatter in the values of Tc in this 
region; the scatter is always in the direction 
towards which they tend upon annealing. 

Figure 2 shows the values of T measured 
following the annealing to 300°K.c Except for 
a few cases the Tc's have changed towards the 
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Fig. 2. The critical temperatures after 
annealing to 300°K. The straight dashed lines 
indicate the values before annealing. The 
arrows indicate alloys that showed no change 
in resistance upon warming to 300°K, and are 
believed to have remained amorphous. These 
same alloys had "amorphous"-like diffraction 
patterns also, whereas the rest showed crystal· 
structure patterns after annealing. 

(XBL 7010-4020) 
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bulk value. Those exceptions, indicated by 
the arrows, also did not exhibit any change 
in resistivity during the temperature cycling 
from 4 to 300°K and back. In fact, the 
annealing behavior, subsequent Tc, and elec
tron diffraction data form a coherent picture 
as follows: those alloys for which there was 
an annealing step (change in resistivity) also 
showed a change in Tc, and the electron dif
fraction and electron micrographs indicated 
the normal crystal structure with grain sizes 
ranging from 50 to 1000 A. On the other hand, 
for those two regions for which the T did 
not change there was also no change ih resis
tivity. Electron diffraction pictures 
revealed diffuse three- or four-ring diffrac
tion patterns, characteristic of liquid or 
amorphous materials. In addition, the electro
micrographs revealed no grain structure to the 
limit of the resolution of the microscope .. 
One of these "amorphous" films, Mo6oRu40• was 
heated on the hot stage of the electron 
microscope. The "amorphous" features remained 
until suddenly at ~soooc they changed into a 
crystalline pattern (still not determined) 
with a grain size larger than 10,000 A. 

A radial distribution function analysis of 
the electron diffraction data, or better, of 
X-ray diffraction data is required before the 
short-range order can be determined, and 
therefore, to what degree these samples can be 
considered amorphous. Nevertheless, the term 
"amorphous" will be used to describe these 
samples in subsequent sections. It is assumed 
that all samples were "amorphous" as deposited. 
Those that did not change their Tc nor their 
resistivity have conveniently remained amor
phous to room temperature to have their 
picture taken. The fact that all such samples 
are in a two-phase region probably accounts 
for this feature, whereas all of those that 
did anneal are in single-phase regions. 

5. INTERPRETATION OF 1HE CRITICAL TEMPERATURE 
OF AMORPHOUS TM 

Robert H. Hammond and Michael M. Collver 

The central fact that has come out of the 
foregoing discussions is that the Tc for amor
phous TM has a nearly linear behavior as e/a 
increases, reaching a well-defined symmetric 
triangular peak slightly past Mo. This sec
tion will examine theoretical explanations 
for this result. 

a. Density of States Considerations 

The BCS formula for Tc, 

Tc = eD exp [-1/N(o)V] 



suggests that N(o), the density of states at 
the Fermi surface, might be the quantity that 
determined the Tc. In fact, in the 4d-TM 
series there is a good qualitative correlation 
between the structure in Tc and N(o) as one 
moves across the row. 

It-can be expected that the density of 
states at the Fermi surface will be different 
for an amorphous TM as compared with the 
crystalline state. Without knowing any details 
about the short-range order and coordination 
number in the amorphous case, it is not 
possible to predict in any detail the modified 
N(o). In general, however, one can guess that 
the sharp structure in N(E)--the density of 
states as a function of energy--like that 
characteristic of the bee phase will be gone. 
It is not likely, however, that the results 
can be explained as simply a smearing of the 
N(E) over energy, say from uncertainty 
broadening--the smooth curve followed by a 
definite triangular peak does not result from 
such an averaging. It seems that no consid
erations concerning N(E) could give the result 
found for T in the amorphous case if Tc is 
explicitly aetermined by the N(o), such for 
example as found in a BCS-type formula. 

As will be shown, it is believed that the 
changes in the Tc have in fact resulted from 
the modification in the density of states. It 
is· not believed, however, that the resulting 
N(E) in the amorphous TM determine the fea
tures found in.Tc explicitly. In fact, one 
suggestion that results from the analysis that 
follows is that the N(E) is nearly flat across 
the TM series, and that the structure we 
observe in Tc is in fact due to other consid
erations. Incidentally, a nearly flat N(E) 
results from an average of the N(E) for the 
three crystal structures bee, hcp, and fcc, 
together with some energy smoothing. Lacking 
detailed knowledge of the local order found 
in the disordered "amorphous" films, such an 
average might be the best that can be done. 

b. Considerations Not Due to Band Structure 

An improvement on the simple formula of 
BCS is due to McMillan: 1 

where 

T _ 
8
D exp [- 1.04(1+>..) ] 

c - 1. 45 A. -Jl (1 +0. 62>..) 

A. = N(o) (j 2) 

M(w2) 

M is the ion mass, (/) is the mean squared 
matrix element per unit displacement for 
scattering an el~ctron off a coherent lattice 
displacement, (w ) ks the mean square lattice 
phonon frequency, )1 is the reduced Coulomb 
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coupling constant, and eD the Debye tempera
ture. McMillan observed that the product 
N ( o) (j 2) has a much smoother variation with 
e/a ratio t~an does either of the quantities 
N(o) and (j )separately, and that the transi
tion ternper~ture is governed by the phonon 
factor M (w2). 

An important point in regard to the amor
phous T data is that it is unlikely that the 
phonon ractor M(w2) could have the structure, 
i.e., a triangular peak at e/a"'6.4, to give 
the o~served Tc. The same is seemingly true 
for )1 , although this point has not been 
examined in detail. The only fact~r that 
remains then is the product N(o)(j ). 

Recently Barisic, Labbe, and Friedal2 have 
shown that with certain approximations the 
product N(o)(j2) is related to the direct 
contribution of tightly bound electrons to the 
cohesive energy of the crystal, Ec: 

N(o) (j2)"' qo 2 Ec, 

where q0 is the Slater coefficient describing 
the exponential, -q r 

e o 

decrease of the d function; ~ is assumed to 
be constant in each TM series. It is impor
tant to note that the "true" Ec above is not 
simply the measured cohesive energy. The 
measured cohesive energy is less because of 
two factors: (1) the promotion energy between 
the atomic configuration in the gaseous ground 
state and in the metallic state, and (2) the 
exchange contribution which is the energy to 
uncouple intraatomic spins and prepare them 
for interatomic spin coupling. 

An interpretation of the Tc results, i.e., 
the rather definite straight-sided tr~angular 
peak, is that this is a measure of ~ EC, and 
that (w2)is nearly flat as a function of e/a. 
This impiies that the true Ec should also 
exhibit the feature of a straight-sided trian
gular peak, with the peak occurring just 
beyond Mo. This is contrary to the usually 
expected behavior, which is a broad ~imum 
in the vicinity of a half-filled band. On 
the other hand, recent theoretical calcula
tions,3 taking into account electron correla
tions, have obtained similar triangular shaped 
curves to explain experimental chemjsorption 
energies of transition metal atoms onto a 
tungsten substrate. The implication of our 
result is that electron correlations cause 
the "true" cohesive energy to have a triangu
lar maximum instead of the commonly assumed 
parabolic maximum. The maximum in cohesive 
energy is well defined from the peak in our 
Tc, ate/a"' 6.4. (Note, however, that the 
peak in Tc was obtained with the alloy Mo-Ru, 



since it was not possible to use Tc--we can 
only assume that_Mo-Tc would give the same 
result.) The peak at e/a ~ 6.4 is probably 
where the d band has 5 electrons/atom i.e. 
is half-filled. · ' ' 

1. W. L. ~llan, Phys. Rev. 167, 331 (1968). 
2. S. Bar1s1c, J. Labbe, and J. Friedel 

·phys. Rev. Letters~' 919 (1970). ' 
3. D. M. Newns, Phys. Rev: Letters 25 1575 
(1970). __ , 

6. PREDICTIONS BASED ON MODELS OF TM 
SUPERCONDUCTORS 

Robert H. Hammond and Michael M. Collver 

a. Predictions of Debye en for the· 
Crystalline 4d-TM from the BLF Model 

As a check on the Barisic-Labbe-Friedel 
model and the ideas discussed in the previous 
section concerning the "ideal" cohesive 
energy, the values for en from the MCMillan 
and BLF models were c~lculated, with the 
approximation that (w \~ (enf1.45)Z. The · 
values of Tc, q0 , and ~ were taken from the 
literature, and several sets of values of Ec 
were used. One set used was the measured 
cohesive energies, another an "idealized" 
cohesive energy deduced from the measured 
values by filling the "hole" in the top of 
the measured curve to make a symmetric curve 
with a parabolic top (this was before the 
conclusion reached above concerning the trian
gular curve was realized). The comparison 
between the experimental en and those calcu
lated above with the measured Ec is off by 
more than 10% at ends of the series and still 
worse in the center. Use of the "idealized" 
Ec improved the comparison at the ends to 
roughly 5%, but the center is still" off by 
better than 10-15%, indicating that if a 
triangularly peaked "true" Ec is used better 
~gree~ent w~ll be found. A computer program 
1s be1ng wr1tten to carry this out. So far 
the agreement appears to support the use of 
a triangularly peaked "true" cohesive energy. 

b. Prediction of eD for the Amorphous 4d-TM 
from the BLF Model 

In order to apply the McNlillan equation to 
amorphous metals one has to assume that the 
expected changes in the phonon spectra do not 
result in large changes in the form of the 
equation. By using the McMillan equation and. 
the BLF model, values of en for the amorphous 
metals wet;e calculated. The values for Ec, 
q0 , and ~ were assumed to be unchanged. !he 
Tc obtained for the amorphous alloys were 
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used. The result is that en is roughly con
stant to 10% by using measured· cohesive 
en~r~, and to 25% for the "idealized" Ec. 
Th1s 1s compared to the ~100% variation 1n the 
crystalline alloys. 

c. Summary and Conclusions-

(i) For crystalline TM, the T is not 
eiPlicitly determined by N(o), buf byE , q , 
~ , and mostly by the phonon (w2), rela~ed 0 

to en. On the other hand, experimental values 
of eD as determined from specific heat meas
uremen~s seem to be correlated to [1/N(o)]m. 
There 1s no theoretical explanation for this, 
unless some sort of local jellium model is 
appropriate. But because of this apparent 
correlation it is possible to state that the 
variation of the T for the crrstalline as a 
function of e/a iscrelated to band structure 
effects. 

(ii) For the amorphous TM, the T vari
ation is a reflection of the "true" ~ohesive 
energy variation. The structure in the 
density of state N(o) is gone as a result of 
the lack of crystal symmetry, and the same is 
true of en. The correlation between the T 
and Ec requires that the "true" cohesive c 
energy be a triangle-shaped curve with the 
peak at an e/a ~ 6.4. 

Because of the apparent correlation of T 
with the cohesive energy it is possible to c 
state that the variation of the Tc for the 
amorphous TM as a function of e/a is related 
to atomic-like or chemical-like effects in 
contrast to the case for the crystallin~ 
alloys. 

It would be interesting to check the 
prediction concerning the en and N(o) for the 
~orphous TM alloys. Superconducting tunnel
lng ~an be used to obtain the complete phonon 
dens1ty of states and thus eD, and specific 
heat mea~urements can reveal en as well as 
N(o). Slllce :ather· large changes in eD and 
N(o) _are pred1cted, these experiments appear 
feas1ble, even on thin film samples. 

7. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Robert H. Hammond 

The general problem of the phase stability 
of the Al5 compounds will be continued in the 
search for those conditions and variables that 
determine stability. The method of co-conden
sation of the elements to synthesize new Al5 
compo~ds expected to be stable only at 
relat1vely low temperatures will be used to 
explore potential systems. In particular, 
the V3A1 work will be aimed at determining 



the phase limits and the critical temperature 
limit. The addition·of a third element in 
the hope of increasing Tc will be done. A 
pulsed magnet will be used to measure the 
critical magnetic fields of these and other 
superconducting materials. 

The work on the amorphous transition metals 
and alloys will be extended to include the 
Sd series, parts of the 3d, and certain alloys 
of elements from different rows and columns. 
Radial distribution function analysis will be 
used to determine the short-range order in 
the "amorphous" alloys. Superconducting 
tunneling measurements are planned to measure 
the phonon spectra of these alloys, in order 
to test the prediction of a large change in 
the spectra and the Debye eD as compared with 
the crystalline state. 

8. 1970 PUBLICATIONS AND REPORTS 

Robert H. Hammond and Associates 

Journals 

1. L. D. Hartsough, R. H. Hammond, R. B. 
Loop, M. M. Collver, L. Brewer, E. R. Parker, 
and V. F. Zackay, The Synthesis of a New 
Superconducting Compound: AlS v3Al, Bull. Am. 
Phys. Soc.~. 1612 (1970). 
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2. M. M. Collver, R. H. Hammond, R. B. Loop, 
L. D. Hartsough, J. Roberts, L. Brewer, E. R. 
Parker, and V. F. Zackay, Superconductivity in 
"Amorphous" 4d Transition Metal Alloy Film, 
Bull. Am. Phys. Soc.~. 1613 (1970). 

UCRL reports 

1. M. M. Collver, Superconductivity Transition 
Temperature of Disordered Transition Metal 
Films (M. S. thesis), UCRL-19186, June 1970. 

2. James Adams Roberts, Jr., A Study of the 
Superconductivity of Metals Condensed at 4°K 
(M. S. thesis), UCRL-19624, June 1970. 

3. L. D. Hartsough and R. H. Hammond, The 
Synthesis of Low Temperature Phases by the 
Co-condensation of the Elements: A New 
Superconducting AlS Compotind, V3Al, UCRL-20381, 
Dec. 1970. 
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G. ELECTRICAL PROPERTIES OF SOLIDS 

Marshall F. Merriam, Principal Investigator 

1. ELECTROSTATIC SEPARATION OF MATERIALS 
WITH DIFFERING DIELECTRIC CONSTANTS 

Walter F. Hays, R. Alvarez, and Marshal F. 
Merriam · 

A student became available to work on this 
project and I devoted some time to it, al-/ 
though it was not mentioned in last year's 
report. The .idea is to use a nonuniform 
electric field to separate particulates with 
differing dielectric constants. The force 
depends upon the dielectric constant, the 
shape of the particle, and the electric field 
gradient. Metals behave as if they had 
infinite dielectric constant. The magnetic 
analogue (force on a magnetic dipole in an 
inhomogeneous magnetic field) is in everyday 
use. However, no report of work on·this 
type of electrostatic separation could be 
found in the literature. The force avail
able is a few percent of the gravitational 
force, under realistic experimental condi
tions. Thus it is necessary to avoid the 

. electrostatic monopole force, which is much 
larger. This was accomplished by using ac; 
the dipole force depends on the field quad
ratically. The apparatus consisted of 
vertical nonparallel plates at about lOkV 
potential. The dipole force was observed on 
a macroscopic test sample, but so far it has 
not been possible to get 40 micron particles 
to behave as calculated. The geometry is now 
being redesigned. 

2. OTHER PROJECTS 

The projects on superconducting composites 
and on electrode materials for monolithic 
barium titanate capacitors are not being 
pursued actively. 

3. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Marshal F. Merriam 

This depends on how many students I can 
interest in working with me. One student, 
K. Seshan, is arriving from abroad to do 
Ph.D. research with me, starting early in 
1971. Most probably he will work on super
conducting composites. 

4. 1970 PUBLICATIONS AND REPORTS 

Marshal F. Merriam and Associates 

Journals and books 

1. M. F. Merriam, Superconducting Power 
Transmission by Low-Voltage Cable (UCRL-19190, 
March 1970), presented at Conference on 
Applied Superconductivity, Boulder, Colorado, 
June 1970; to be published in Underground 
Engineering~ 

2. N. E. Phillips, J. C. F. Brock, M. C. 
Lambert, and M. F. Merriam, Superconductivity 
and Electronic Structure·of a-Phase Indium 
Alloys, presented at International Conference 
on Low Temperature Physics, Osaka, Auglist 
1970; to be published in conference proceed
ings. 

3. V. F. Zackay, M. F. Merriam, and K. M. 
Ralls, Superconductivity and Phase Diagrams 
(UCRL-18362), Chapter 3 in Phase Diagrams, 
Vol. III, ed. by A. M. Alper (Academic Press, 
New York, 1970). 
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H. THERMODYNAMICS OF METAL SYSTEMS 

Ralph R. Hultgren, Prinoipal Investigator 

1. EVALUATION OF 1HERMODYNAMIC DATA 

Ralph R. Hultgren, Donald T. Hawkins, Kenneth 
K. Kelley, Pramod D. Desai, Stuart J. Nelson, 
and Molly Gleiser 

The project for the evaluation of Thermo
dynamic Data for Metallic Systems, the first 
edition of which was published in book form~ 
has been continued. Current evaluations as 
they are completed are distributed to all who 
request them. During 1970, selected values 
were distributed for the following 69 systems: 
Au, Cs, Cu(revised), Ga, Hg, K, Li, Na, Pt, 
Rb, Tl, Ag-Ga, Ag-Ge, Al-Cu, Al-Ge, Al-Ni, 
Al-Sb, As-Cu, Au-Co, Au-Cu, Au-Mn, Au-Ni, 
Au-Pt, Au-Si, B-Ti, Ba-Mg, Be-Cu, Bi-Ce, Bi-Er, 
Bi-U, Ca-Mg, Cd-Cu, Cd-Er, Ce-Mg, Co-Cu, Co-Mg, 
Cr-Cu, Cu-Ge, Cu-In, Cu-Mg, Cu-Mn, Cu-Ni, 
Cu-Pb, Cu-Sn, Cu-Th, Dy-Mg Er-Mg, Fe-Mn, 
Fe-Ni, Fe-Si, Ga-Mg, Gd-Mg, In-Mg, La-Mg, 
Li-Mg, Lu-Mg, Mg-Nd, Mg-Sb, Mg-Sn, Mg-Sr, 
Mg-Tb, Mg-Tl, Mg-Tm, Mg-Y, Mn-Ni, Mo-N, N-Ti, 
Pb-Pd, Pb-Pt. Evaluations were completed on 
the following additional systems: As (revised) 
Zn, Ag-Sb, Al-Au Al-Bi, Al-Cd, Al-Ga, Al-In, 
Al-Pb, Al-Sn, Au-Bi, Au-Fe, Au-Hg, Au-Na, 
Au-Pb, Au-Pd, Au-Sb, Au-Tl, Cu-Si. 

The overhauling and modernizing of the 
Termatrex system by which pertinent literature 
references are retrieved was completed. The 
microfiche system, including photographing all 
of the articles on file (approximately 8500 
at present), is approximately two-thirds com
pleted. 

R. R. Hultgren, R. L. Orr, P. D. Anderson,· 
and K. K. Kelley, Selected Values of Thermo
dynamic Properties of Metals and Alloys 
(John Wiley, New York, 1963). 

2. LOW TEMPERATURE HEAT CAPACITY OF 
BINARY ALLOYS 

Hong-il Yoon and Ralph R. Hultgren 

The heat capacity InPb, Mg3Sb2, AuCd, and 
ordered and disordered AuCu3 was measured 
between 20 and 298°K. These substances have 
widely differing heats of formation, and an 
attempt is being made to correlate this with 
the low temperature heat capacity. An inter
esting anomaly in Cp was found near 275°K for 
InPb; this will be investigated further. The 
results on ordered and disordered AuCu3 con
firm previous findings on AuCu. 

3. VAPOR PRESSURES OF Pb-Pt ALLOYS · 

Jerry L. Dickson and Ralph R. Hultgren 

Vapor pressures of several solid and liquid 
Pb-Pt alloys will be measured by the torsion 
effusion technique. The apparatus is current
ly being readied for this project. 

4. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Ralph R. Hultgren 

The low temperature study of the various 
binary alloys will be completed and will be 
issued as a Ph.D. thesis. 

Vapor pressures of Pb-Pt alloys will be 
studied. 

Evaluations of published theromdynamic 
data will be continued. Evaluations are now 
in progress for:Ba, Sn, Ag-Al, Ag-Pb, Al-Fe, 
Al-Mg, Au-Zn. 

5. 1970 PUBLICATIONS AND REPORTS 

Ralph R. Hultgren and Associates 

Journals and books 

1. D. T. Hawkins and W. L. Worrell, Hydro
gen Reduction of Mo03 at Temperatures Between 
300 and 450°C, Met. Trans. l• 271-3 (1970). 

2. R. R. Hultgren, contribution to Hand
book of Tables for Applied Engineerr:ng--
Snence ( 'Ihe Chem1cal Rubber Co., Cleveland, 
Ohio, (1970). 

3. R. R. Hultgren and P. Sommelet, The Magni
tude of Some of the Errors in Determining 
Heats of Formation of Liquid Alloys By Drop 
Calorimetry; the Silver-Lead System, in 
Proceedings of the International Conference 
on Calorimetry and Thermodynamics, Warsaw, 
Poland, Aug. 31-Sept. 4, 1969. (Po~cien
tific Publ1shers, Warsaw, L970), pp. 1027-32. 

4. R. R. Hultgren, The Role of Calorimetry in 
the Thermodynamics of Metals and Alloys, in 
Calorimetry, Thermometry, . and Thermal Analysis, 
1970 Edition, ed. by the Society of Calorimetry 
and Thermal Analysis. (Kagaku Gijitsu-Sha, 
Tokyo, Japan, 1970), pp. 101-9. 



UCRL reports 

1. D. T. Hawkins, The Effect of Ordering on 
Lattice Heat Capacities: Ordered and Dis
ordered AuCu (Ph.D. thesis), UCRL-19125 (1970). 

2. D. T. Hawkins and R. R. Hultgren, The 
Effect of Ordering on Lattice Heat Capacities: 
Ordered and Disordered AuCu, in press, J. Chern. 
Thermodynamics. UCRL-19125 Rev., Aug. 1970. 

3. Howard Bell and Ralph Hultgren, Heat Capa
city of Liquid Bismuth, UCRL-19673, Aug. 1970. 
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I. ADVANCED MATERIALS 

Robert H. Bragg, Prinaipal Investigator 

1. STRUCTURE AND PROPERTIES OF SOME 
ADVANCED MATERIALS 

Robert H. Bragg 

We have been studying the structure and 
properties of glassy carbon, a new material 
which has mechanical and electrical properties 
totally different from conventional carbons 
and graphites. In addition high-purity single 
crystals of beryllium were acquired to resolve 
a controversy regarding change of sign of the 
Hall coefficient with crystallographic orien
tation. 

Small-angle scattering studies of glassy 
carbon, pyrolytic graphite, and cleaned MgO 
single crystals, using the newly acquired 
Bonse-Hart high resolution apparatus, have re
vealed a specimen volume effect previously un
observable. This makes the observation of 
large (lOOOA) heterogeneities difficult. How
ever, it has been demonstrated that the ap
paratus produces highly polarized beams, and 
this has important applications. 

Several workable solutions to the problem 
of obtaining low resistance electrical contacts 
to glassy carbon have been obtained. A furnace 
has been found which can be modified for the 
high temperature heat treatment of glassy car
bon, and apparatus has been modified and 
tested for electrical measurements at cryogenic 
temperatures. 

2. EFFECT OF POLARIZED X RAYS IN SMALL
ANGLE SCATTERING BY PYROLYTIC GRAPHITE* 

Madan M. Biswal and Robert H. Bragg 

We have found that in our laboratories, both 
from theory and experiment, that the high reso
lution apparatus, invented by Bonse and Hart at 
Cornell, produces highly polarized X-ray beams. 
Our extensive investigations of highly oriented 
pyrolytic graphite suggest means of studying 
phenomena in textured materials by using small
angle scattering X-ray techniques. Our work 
has also uncovered a specimen volume effect 
previously regarded as negligible but antici
pated on theoretical grounds by Professor · 
Warren. 

An important consequence of this work is 
that small-angle scattering now nicely bridges 
the gap between high resolution electron 

microscopy and optical microscopy. Thus the 
range of scale of observation has been ex
tended to the point where we can now observe 
individual atoms (Mueller), aggregates (Guinier, 
Thomas) of small dimensions (~ 10-lOOA), to 
optical microscopy (2000-3000 X). 

More importantly, the strong polarized X-ray 
beams now available will make possible experi
ments in solids heretofore not possible, es
pecially in two areas: cold-worked metals and 
nearly perfect single crystals with point de
fects. The surface of this latter field has 
barely been scratched. 

Abstracted from UCRL-20517. 

3. RE~EARCH PLANS FOR CALENDAR YEAR 1971 

Robert H. Bragg 

The pace of our work will be quickened in 
several areas. The specimen volume effect in 
small-angle scattering, verified late in 1970, 
will be further investigated both theoretically 
and experimentally. Furthermore, the highly 
polarized X-ray beams available with our new 
apparatus suggests studies, on cold-worked 
metals, of order-disorder phenomena with crys
tals of high perfection which were heretofore 
impossible, and they may shed some light on 
the question of where alloying elements (atoms) 
are distributed in solids. This work will be 
pursued. 

The work projected for initiation in 1973 
will actually begin this year. Only modest 
achievements are anticipated, and may be dis
continued after 1971 temporarily, but it is 
expected that techniques of growing oriented 
composite materials of Al-Cu eutectics will be 
perfected and studies of precipitation phe
nomena in the matrix phase will be started, 
using our newly gained knowledge of polarized 
X-ray beams in small-angle scattering experi
ments. 

The work on Al-graphite composites is still 
in preliminary stages, but it appears that high 
performance composites will be obtained. Our 
concern, however, is not so much with tech
nology, but the fundamental factors underlying 
technology, interfacial phenomena, load trans
fer, and the micromechanics of composites. 
These factors must be understood in order to 
most efficiently translate innovation into 
practical utility. Significant advances can 
be expected because of acquisition of "know 



how" obtained in several field trips taken to 
laboratories active in this field of research, 
in addition to our own research. 

One interesting development is the finding 
that liquid-infiltrated B-Al composite tapes 
fracture in tension test in several places 
seemingly simultaneously. There is no ex
planation of this as yet. 
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An interesting possibility is that we may 
be able to test a hypothesis advanced by 
Linus Pauling. Stated plainly, he says that 
the accepted theory of resonating double bonds 
in benzene and graphite is wrong. However, if 
we find that the thermal expansion behavior of 
BN parallels that of graphite, while at the 
same time BN is a III-V semiconductor with en
tirely different bonding, then a modification 
of Pauling's theory is clearly required. 



III. Ceramic Science 
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A. HIGH TEMPERATURE REACTIONS 

Alan W. Searoy, PrinoipaZ Investigator 

1. SURFACE 1HEORY: I. A REPlACEMENT FOR 1HE 
YOUNG-lAPLACE-KELVIN 'IHEORY FOR CURVED SURFACES 

Alan W. Searcy 

The accepted concept for surfaces is that 
contracting forces which act in what is some
times called the surface of tension give rise 
to the thermodynaffilc effects assoc1ated with 
surfaces and interfaces. Simple mechanical 
analysis then leads to the concept of Youngl 
and Laplace2 that a pressure drop must exist 
across a curved surface from a higher pressure 
on the side from which the surface appears 
concave to a lower pressure on the opposite 
side. Kelvin3 has extended the analysis of 
Young and Laplace to deduce relationships 
between vapor pressures for drops, vapor 
cavities, and capillaries relative to the 
vapor pressures above plane surfaces. 

In the present paper it is argued that 
surfaces act to modify the chemical potential 
and vapor pressures in a manner that is analo
gous to the effect of solute additions to a 
solvent and that the contractile forces and 
consequent pressure drops across curved sur
faces do not act as envisioned in accepted 
theory. It follows that the chemical poten
tial for a one-component condensed phase is 
always given (at constant temperature, pres
sure, ~d external fields) by ~=~0 + ~Oi·Ai, 
where ~0 is the chemical potential when the 
surface area is negligible, Oi is the surface 
free energy per unit area for the i surface 
and Ai is the area of that surface. The sum
mation is for each separate kind of interface 
and its area. For example,for a liquid, any 
liquid-solid interfaces, as well as the liquid
vapor interfaces, must be included, and for 
solids crystal surfaces of different specific 
surface free energies must be separately 
summed. The new theory gives for the fugacity, 
f, when surface free energies can not be 
neglected: RTln fjfO = ~criAi, where R is the 
gas constant, T is the temperature, and fO 
is the fugacity when surface free energies 
are negligible. 

This expression leads to the accepted 
equations for relating drop and crystallite 
shapes to specific surface free energies and 
gravitational field effects and predicts the 
accepted equation for capillary rise. The 
theory leads to predictions of variation in 
vapor pressure for drops that are similar to 
those of the Kelvin equation, but predicts 
vapor pressure increases rather than decreases 

inside bubbles and vapor-filled cavities and 
predicts vapor pressures in capillaries and 
porous solids to depend upon the free energies 
of liquid-wall surface interactions, which do 
not appear in the accepted theory. 

Consequences are important in a number of 
applied fields in which surface effects are 
significant--especially in fields such as het
erogeneous catalysis, which depend upon con
densation in porous solids. The vapor pres
sures observed when liquids condense in porous 
solids have sometimes differed by one to .two 
orders of magnitude from predictions of ac
cepted theory. The explanation may well be 
that the old theory was faulty in neglecting 
the importance of the ratio of wall area to 
liquid volume. 

1. T. Young, Phil. Trans. Roy. Soc. (London) 
95' 65 (1805). 
2. T. S. Laplace, Mecaniques Celeste, Suppl. 
to Vol. 10 (1806). 
3. LordKelvin (W. Thomson)., Phil. Mag. 
42' 448 (1871). 

2. MULTIPLICITY OF ELECTRONIC GROUND STATES 
OF HIGH TEMPERATURE VAPOR SPECIES 

David J. Meschi and Alan W. Searcy 

The modified apparatus referred to in the 
previous report has been used to study S2 and 
FeF2. The molecule S2 was chosen because our 
previous studies on this molecule showed the 
presence of a large effective magnetic moment. 
Ferrous salts such as FeF2, on the other hand, 
are known to be paramagnetic in the solid state 
and in solution, but the magnetic properties 
of the free gaseous molecules of transition 
metals have never been studied. 

In ionic ferrous compounds the iron is 
usually considered to be present as a rela
tively unperturbed Fe++ ion which can be as
signed a 5n4 ground state. The Lande g factor 
for this state is 3/2, which gives a total · 
magnetic moment of 6.70 ~B(~B =Bohr magneton). 
A more sophisticated calculation gives 6.54 
VB·l However, the moments measured .in the 
solid state range from 5.0 to 5.5 ~B• and in 
solution the ferrous ion shows a moment of 
5.33 ~B· Van Vleck has suggested that in the 
solid and in solution the large interatomic 
forces of these condensed phases result in a 
"quenching" of the orbital angular momentum 
with its attendant magnetic moment, leaving 
essentially only the component of the magnetic 



moment resulting from the spin, which would 
amount to 4.90 1-lB• a value in closer agreement 
with the experimental results. 

From the above arguments one would expect 
that in the free molecule the Fe++ ion would 
have both components of the magnetic moment 
so that the total magnetic moment would be 
approximately 6.5 1-lB· However, depending on 
the type of coupling between the molecular 
rotation and the electronic spin and angular 
momentum, the magnetic moment may display a 
large component in the direction of an exter
nally applied magnetic field, or the rotation 
may cause this component to average out close 
to zero. 

The results obtained with Sz and FeF2 were 
similar in that both showed a deflection and 
a resulting attenuation of the molecular beam 
when the magnet was energized by a 25 ampere 
current. However the S2, which can have a 
maximum magnetic moment of 2 1-lB• was atten
uated by more than SO%, whereas the FeF2 was 
attenuated by about 40%, dropping to 60% of 
its original intensity. This indicates that 
the mean component of the moment in the direc
tion of the field was less for FeF2 than for 
S2, therefore considerably less than 2 1-lB· 
This low value is consistent with the exis
tence of a significant coupling between the 
molecular rotation and the atomic spin and 
angular momenta. 

We plan to continue our study with other 
molecules such as SeS and SeO, for which the 
coupling between the atomic and molecular 
momenta should be intermediate between Hund's 
cases (b) and (c). 

1. J. H. Van Vleck, The Theory of Electric 
and Magnetic Susceptibilities, (Oxford, London, 
1934), pp. 284-287. 

* 3. DEMONSTRATION OF 1HE EXISTENCE OF La2F5 
GAS AND DETERMINATION OF ITS STABILITY 

Harry B. Skinner and Alan W. Searcy 

Dimers are present at high concentrations 
in the vapors of aluminum trihalides but, 
although scandium, yttrium, and lanthanum tri
fluoridesl and many lanthanide trifluorides2-4 
have been studied with mass spectrometers, no 
dimers of these fluorides have been reported. 
We have extended mass spectrometer measurements 
of lanthanum fluoride to higher temperatures 
and have measured a low intensity peak that 
arises from dissociative ionization of La2F5. 

Ion peaks were observed at masses corre
sponding to La+, LaF+,·LaF2+, and La2Fs+. No 
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shutterable species were observed at masses 
corresponding to LaF3+ or La2F6+· A cell 
exhaustion experiment showed that the La2Fs+ 
intensity dropped simultaneously with the LaF2+ 
intensity and thermodynamic calculations 
indicated that contributions_ to the LaF2+ and 
La2Fs+ ion intensities other than from the 
main vaporization should be negligible. Thus 
it was concluded that the LaF2+ and La2Fs+ 
species were produced solely by the dissoci
ative ionization of the monomer LaF3(g) and 
the dimer La2F5(g) respectively. 

The intensities of the LaF2+ and La2F5+ 
ions were measured as a function of temperature. 
The least square fits of the monomer intensity 
plus temperature data for each run were nor
malized at the average temperature of the run 
with the torsion effusion data of Mar and 
Searcy.S The same factors, corrected for 
estimated relative cross section for electron 
impact ionization and isotopic ratio, were 
applied to the dimer intensities. The results 
are shown in Fig. 1. 

E -..3 

LaF3 La2Fs Orifice diameter 

o • 3 -O.Oi em orifices 
D. .a. 3 - 0.04 em orifices 

--This work 
-·-Mar and Searcy 
-----Kent et ol 

Apparent 
pressure 

Fig. 1. Vaporization data for lanthanum 
trifluoride. (XBL703-2600). 



I 
The second law heat of v.aporization at 

1487°K of the monomer of 97.8±.8 kcal/mole is 
in good agreement with the corresponding value 
of 99.3 kcal/mole of Mar and Searcy. The 
dimer data yield at 1577°K a heat of vapori
zation of 40.3 3 eu/mole of dimer. The quoted 
error limits here take into consideration 
uncertainties in measurement of relatively 
low pressure. 

The surprising result of this study is not 
that a dimer of a rare earth fluoride has been 
identified, but that its apparent concentration 
is so low in comparison with other similar 
systems such as the aluminum halides. An 
anomalous feature of the data is that the 
entropy change for the reaction La2F5(g)= 
2LaF3(g) calculated from our data is ~ 10 
eu/mole of dimer greater than expected from 
considering other similar reactions.6-9 

In the absence of molecular structure and 
internal energy data one cannot say with abso
lute certainty that the apparent entropy 
determined in this study is erroneous; however, 
the anomalous entropy argues strongly that some 
systematic error was made either in measurement 
of the La2F5+/LaF2+ ion intensity ratios or in 
calculating the La2F5/LaF3 pressure ratios 
from the measured intensities. The most prob
able source of the discrepancy is that La2F5(s) 
fragments are masked by fragments of the mono
mer. Thus the La2F5+ that we measure repre
sents only a small fraction of the La2F6 
ionized, with most of the ions fragmenting by 
a reaction such as: · 

Analogous fragmentations have been observed 
for other complex vapors. 

We conclude that the second law enthalpies 
of vaporization calculated from the temperature 
dependence of the La2F5+ intensities are correct 
but that the absolute pressure and consequently 
the entropy are incorrect. We have estimated 
the actual pressure of La2F5(g) (see Fig. 1) 
by assuming that the entropy of dissociation 
of the dimer to monomer is about the same as 
for other similar reactions. 

J. Phys. Chern.~. 108 (1971). 

1. R. A. Kent, K. F. Zmboy, A. S. Kana'an, G. 
Besenbruch, J. D. McDonald and J. L. Margrave, 
J. Inorg. Nucl. Chern. 28 1419, (1966). 
2. K. F. Zmbov and J.L. Margrave, J. Chern. 
Phys. 45, 3167 (1966). 
3. G.~esenbruch, T. V. Charlu, K. F. Zmbov, 
and J. L. Margrave, J. Less-Common Metals 12, 
375 (1967). -
4. K. F. Zmbov and J. L. Margrave, J. Less
Common Metals 12, 494 (1967). 
5. R. W. Mar and A. W. Searcy, J. Phys. Chern. 
71' 888 (196 7) . 
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4. STIJDIES ON THE SUBLIMATION OF ZINC SULFIDE 
SINGLE CRYSTALS 

L. Ling-Fai Wang* and Alan Searcy 

The free-surf~~e sublimation pressures of 
Zn(lll)- and S(lll)-oriented crystals of cubic 
zinc sulfide and of prismatic faces of hexa
gonal (wurtzite-type) zinc sulfide were deter
mined in the temperature range 998-1088°K by 
utilizing a weight-loss method in vacuum. The 
semimicro balance system is described else
where.! 

Wafers with the (111) and (iii) orientation 
were cut with a diamond saw from single crys
tals and were ultrasonically cleaned with 
distilled water. X-ray examinations of the 
resulting wafers demonstrated that the desired 
orientation was achieved within 2°. 

Total apparent pressures calculated from 
the weight losses are plotted in Fig. 1 as 
log P vs. 1/T, where P is the total pressure 
in atmospheres and T is the absolute tempera
ture. Least square analysis of these results 
gave the following expressions for total free
surface sublimation pressure of (111) and (iii) 
by the reaction ZnS(s) = Zn(g) + 1/2 S&(g) in 
the temperature range from 998 to 1088 K: 

for the S(iii)-face, 

logP(atm) = (7.896±0.362)-(14.770±0.382) 103/T, 

for the Zn(lll)-face, 

logP(atm) = (6.308±0.157)-(13.038±0.162) 103/T, 

where the stated errors are the standard 
deviations. From the least square fit of the 
data for the S(lli)-face, the entropy and 
enthalpy of sublimation at 1041°K (midpoint of 
the temperature range used) were calculated 
to be 51.4±2.5 eu/mole and 101.4±2.6 kcal/mole, 
respectively. For Zn(lll)-face the entropy 
and enthalpy of sublimation at 1041°K were 
calculated to be 41.4±1.1 eu/mole and 89.49±1.1 
kcal/mole. For prismatic faces of ZnS of the 
wurtzite structure, the least square analysis 
of the data gave for the total free-surface 
sublimation pressure in the temperature range 
from 997 to 1088°K: 

logP(atm) = (6.66±0.28) - (13.58±0.29) 103/T. 

The entropy and enthalpy of sublimation at 
1041°K were calculated to be 43.79±1.92 eu/ 
mole and 93.22±1.99 kcal/mole, respectively. 

Data in this paper provide the first 
opportunity either to compare the rates of 
congruent sublimation for no~:~rystallographi
cally equivalent (111) and (111) planes of a 
cubic crystal or to compare the kinetics of 
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Fig. 1. Total apparent pressures calculated 
from weight losses. (XBB 709-4042) 

sublimation for different crystallographic 
modifications of the same substances. Both 
the rates and temperature dep~~gence of rates 
of sublimation of (111) and (111) clearly 
differ from each other. Above the experimental 
range studied in the present work the rate 
curves must either become independent of 
orientation or cross. Our vaporization rates 
for prismatic planes of zinc sulfide are nearly 
identical to rates reported by Munir for 
(0001) planes (whether zinc or sulfur face 
was not specified). It is interesting that, 
although the sphalerite modification is the 
more stable at the temperature of our study, 
the wurtzite modification shows a slightly 
lower rate of sublimation for the orientations 
studied. 

Present address: Chemistry Department, Rice 
University, Houston, Texas 77001. 
1. R. B. Leonard and A. W. Searcy, J . Chern. 
Phys. ~' (12), 5419 (1969). 

2. Z. A. Munir and M. J. Mitchell, High 
Temp. Sci. l, 381 (1969). 

5. VAPORIZATION OF MAGNESIUM NITRIDE 

R. Tom Coyle and Alan W. Searcy 

Several workers have measured the vapor 
pressure of magnesium nitridel-3 and all have 
found pressures markedly lower than those cal
culated from reliable thermochemical data by 
using the reaction 

3Mg + N2. (1) 

These results are shown in Fig. 1. The t em
perature dependence of the measured vapor 
pressures were all much greater (290 kcal/mole) 
th~ the expected value (220 kcal/mole). 
Furthermore, use of the Motzfeldt4-Whitman5 
correlation of reciprocal pressure versus 
orifice area yields calculated pressures a 
factor of SO lower than calculated from the 
thermochemical data. Similar discrepancies 
have been observed in the magnesium hydroxide 
system6; however, no explanation could be pro
vided. The purpose of this work was to seek 
an explanation for this anomalous behavior in 
the magnesium nitride system. 

Chemical analysis and X-ray diffraction of 
the magnesium nitride and mass spectrometric 
analysis of the vapor were used to confirm 



1-
Q_ 

"' 0 

-7 
10 ~--~----L---~~--L---~----~~~ 

7.5 8.5 9.5 10.5 

Fig. 1. Comparison of magnesium nitride data. 
A = This work, Langmuir evaporation. B = Soulen 
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reaction (1) as the reaction under study. 
The nitride obtained from different suppliers 
was found to contain from 4 to 20 wt.% magne
sium oxide. Nitride with less than 1% oxide 
was prepared by vapor transport. 

The diffraction patterns for the various 
starting materials showed only magnesium ni
tride peaks, with a hint of magnesium oxide 
peaks for the material that contained the 
most oxide. When samples were heated for 
several hours above 1200°K the magnesium oxide 
peaks became measurable. Lattice parameter 
measurements were the same for all materials 
to within O.OOOZA before and after heating. 
These results indicate that the nitride phase 
contains very little oxygen and that the 
oxygen is probably rresent initially as poorly 
crystallized oxide and hydroxide. The mass 
spectrometric work showed Mg(g) and N2(g) peaks 
but no others when the nitride was vaporized. 

Torsion effusion measurements of the vapor 
pressure of the nitride were made in graphite 
effusion cells and nickel cells. There were 
no inconsistencies due to changing cell mate
rials. Blank and Searcy's results were repro-
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duced by using an effusion cell and ~ample 
size similar to theirs. By using much larger 
ratios of sample size to orifice area, pres
sures approaching the values calculated from 
the thermochemical data were attained. 

It was noticed that even after impurity 
vaporization became negligible, the pressures 
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Fig. 2. Variations with time of the pressure , 
in a magnesium nitride effusion cell. 

(XBL 711-2726) 

decreased as effusion time increased. A tyPi
cal result for a cell with a 0.15 mm orifice 
is shown in Fig. 2. These experiments were 
made by outgassing the effusion cell at 930°K, 
where the vapor pressure of magnesium nitride 
is very low, and then heating to the desired 
vaporization temperature, in this case 1105°K. 
It is noted that for the 0.15 mm cell the 
maximum vapor pressure is slightly greater than 
the calculated equilibrium pressure, but well 
within the uncertainty of the calculated pres
sure. For cells with 0.5 and 1.0 mm orifices 
the maximum measured pressures are successively 
lower than the calculated equilibrium pres
sures. 

Langmuir effusion experiments were conducted 
by using polycrystalline samples that were 
prepared by evaporation and condensation of 



the nitride at about 1150°C in a 304 stainless 
steel tube under a nitrogen pressure of 3 psig. 
Measured pressures in the Langmuir experiments 
were in good agreement with Blank and Searcy's 
results. Examination of the evaporated sur
faces by optical and scanning electron micro
scopy revealed the presence of a film, appar
ently of MgO. 

Presently, theoretical models are being 
explored in an attempt to explain the behavior 
of the nitride. The most promising model . 
appears to be one in which a protective oxide 
layer forms continuously by reaction of back
ground oxygen in the vacuum system. 

1. B. A. H. Blank, and A. W. Searcy, J. Phys. 
Chern. 72, 2241 (1968). 
2. J.~. Soulen, et al., J. Phys. Chern.~. 
132 (1955). 
3. D. L. Hildenbrand and L. P. Theard,; ASTIA 
unclassified Report 258410 1961 Aeroneutronic 
Report U-1274. 
4. K. Motzfeldt, J. Phys. Chern. 59, 139 (1955). 
S. C. I. Whitman, J. Chern. Phys ~. 161 (1952); 
ibid 21' 1406 (1953). 
6. E~Kay, and N. W. Gregory, J. Phys. Chern. 
67' 1097 (1958). 

* 6. THE STABILITIES OF SODIUM CHLORIDE TRIMERS 
AND TETRAMERS 

David H. Feather and Alan W. Searcy 

Good thermochemical data are available for 
gaseous alkali halide monomers and dimers in 
equilibrium with their condensed phases, 1 • 2 . 
while data for trimers and higher polymers are 
scant. It is of interest, therefore, to 
obtain as accurate data as possible for these 
higher polymers, not only for their intrinsic 
value but to allow comparison with ionic 
model~3-7 which work well for predicting the 
stabilities of gaseous alkali halide monomers 
and dimers. 

We have used a mass spectrometer to measure 
the vapor pressure of Na3Cl3(g) as a function 
of temperature and have obtained the first 
intensity measurement for the tetramer. A 
second law treatment of the trimer data pre
sented in Fig. 1 gives an enthalpy and entropy 
of sublimation of 62.2±2.3 kcal/mole and 
30.5±2.3 eu/mole, respectively. The single 
intensity measurement for Na4Cl4(g) molecule, 
when treated in the conventional manner, 
corresponds to a partial pressure of 4.3Xlo-10 
atmospheres at 968°K. 

An empirical scheme was developed to compare 
the experimental enthalpy of sublimation for 
the trimer to that predicted from the ionic 
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Fig. 1. Vapor pressure data for sodium 
chloride. (XBL709-6489). 

model calculations of Milne and Cubicciotti~,4 
Experimental enthalpies for the dissociation 
reaction M2X2(g) = 2MX(g) were tabulated and 
compared with the enthalpies derived from the 
ionic model. For the NaCl system the value of 
~o

0

(calc.)/~o0 (exp) is 1.10. This normal
izing factor was then applied to the calculated 
enthalpy for the reaction 

Na3c13(g) = NaCl(g) + Na2Cl2(g) 

to give a predicted enthalpy of 45.5 kcal/mole 
of trimer. Ne~lecting the small difference 
in 61-!rooo - 61-10 and· combining this result with 
the JANAF enthalpies of formation at 1000°K 
for the monomer, dimer, and condensed NaCl, 
we calculate a predicted enthalpy of subli
mation for the trimer of 62.0 kcal/mole, 
which is in good agreement with the value of 
62.2±2.3 kcal/mole obtained experimentally. 

In order that the~odynamic data could be 
derived from the single vapor pressure deter
mination for the tetramer, the ionic model of 
Milne and Cubicciotti was extended to this 
molecule. The customary procedure for treat
ing a single vapor pressure datum is 
to estimate the entropy of sublimation and 
combine this value with the partial pressure 
to obtain the enthalpy. Because of the 
difficulties encountered in estimating the 



entropy·of complex molecules, however, we feel 
the method described below is preferred for an 
alkali halide tetramer with the present state 
of our knowledge. 

Ionic model calculations were performed for 
two different molecular structures -- a planar 
ring and a pseudo cube. The calculated en
thalpies of formation for the two molecules 
relative to the gase~us ions at infinte separa
tion are -645.9 kcal/mole and -649.8 kcal/mole, 
respectively. Applying the normalizing factor 
to the calculated enthalpy for the reaction 

Na4Cl4(g) (pseudo cube) = 2Na2cl2(g), 

and combining this result with the heat of 
sublimation of the dimer at 1000°K yields a 
predicted enthalpy of sublimation for the 
tetramer of 70.9 kcal/mole. When this value 
is combined with the measured pressure and the 
JANAF data for the monomer we calculate an 
entropy of -99.8 eu for the reaction: 
4NaCl(g) = Na4Cl4(g). This result is in 
satisfactory agreement with the value of 
-110.4±20 eu which we calculated for the 
analogous reaction in the TlF system from the 
data reported at 595°K by Cubicciotti.8 

Accepted for publication in High Temp. Sci. 
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7. THE VARIATION OF VAPORIZATION RATES OF 
CADMIUM SULFIDE BASAL PLANES WITH ORIENTATION 

Ralph B. Leonard and Alan W. Searcy 

Recently we reported the observation that 
opposite basal faces of zinc oxide in its 
hexagonal (wurtzite) crystal modification 
vaporize in vacuo at rates that differ from 
each other by approximately a factor of 3 at 
1100°C.l 

We have extended our study to include a 
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determination of the effect of temperature 
on the rate of vaporization of opposite basal 
surfaces of cadmium sulfide, which also has 
the wurtzite structure and which has a high 
enough vapor pressure for ready study in our 
furnace. The temperature dependence of 
vaporization of cadmium sulfide basal faces 
had been studied previously by Somorjai and 
Jepsen2 and by Munir,3 who did not note a 
difference in vaporization rates for opposite 
faces. The congruent vaporization reaction 
is 2CdS(s) = 2Cd(g) + S2(g). 

The crystal wafers were held for vaporiza
tion studies in a 99.5% aluminum oxide cell 
designed so that only the chosen face was ex
posed. Essentially no vaporization was ob
served from the rear face, which was masked 
by a tight-fitting plug, which fit against 
the crystal. 

The rates of vaporization of Cd(OOOl) sur
faces are higher than those of S(OOOi) sur
faces in the temperature range studied, but 
show a lesser temperature dependence. Cd(OOOl) 
vapor!zation data were more reproducible than 
S(OOOl) data. Data points collected for the 
Cd faces of the different crystals can be fit 
to a single curve, while the S-face pressures 
show somewhat different magnitudes and slopes 
in each separate run (see Fig. 1). 

Apparent equilibrium constants were cal
culated for the congruent vaporization and the 
slopes were determined by least squares anal
ysis (Table I; errors are one standard devia
tion). Munir reports a vaporization rate 
equation which yields ~ = 175.3 kcal for the 
same reaction in the temperature range of 
measurement, and Somorjai and Jepson found 
150.4 1n a higher temperature range. 

A fine dispersion of the powder, identified 
as CdS, was apparent on the S(OOOi)surfaces. 
Probably the ready detachment of this loosely 
adhering powder from our downward-directed 
vaporizing surfaces accounts, at least in 
part, for the low reproducibility of S-face 
vaporization behavior. 

We think that the steady state surface 
morphologies of the different crystal faces 
of cadmium sulfide and zinc oxide may be pro
duced by thermal facetting for which the prin
cipal driving force is reduction in total sur
face free energy through development of planes 
of lower specific surface free energies. 

This interpretation of the data suggests 
that atoms in the self-adsorbed layer may be 
at near-equilibrium concentrations, since 
relatively long-range diffusion would be re
quired to develop the lower energy surfaces 
at the expense of higher energy surfaces. If 
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Fig. 1. Apparent pressures from ~d(OOOl) 
planes (closed symbols) and S(OOOl) planes 
(open symbols) of cadmium sulfide. 

(XBL 7012-7236) 

Table I. Apparent enthalpies of vaporization 
for 2CdS(s) (kcal) = 2Cd(g) + S2(g) 

Crystal Crystal No.1 Crystal No. 2 Sum of points of 
Face Crystals No. 1 and 2 

Cd(OOOl) 172.2±2.8 168.0±3. 7 170.8±2.2 

S(OOOi) 206.1±7 .1 183.2±8.0 193.3±6.8 
190. 2± 7'V2 

the self-adsorption layer is near equilibrium, 
desorption must be the rate-determining step 
of vaporization. The near-identity between 
the values obtained for the apparent entropy 
of vaporization from the Cd(OOOl) face (Fig. 
1), 95.4 and 91.6 eu, which is calculated for 
the equilibrium reaction at 1000°K, supports4 
the hypothesis that desorption may be 
rate determining. 

1. R. B. Leonard and A. W. Searcy, J. Chem. 
Phys. SO, 5419 {1969). 
2. G.~. Somorjai and D. W. Jepsen, J. Chern. 
Phys. 41, 1389 (1964). 
3. Z.~. Mtm.ir, High Temperature Sci. 1_, 58 
(1970). 
4. A. W. Searcy, in Chemical and Mechanical 
Behavior of Inorganic Materials, ed. by A. W. 
Searcy, D. V. Ragone, and V. Colombo (Wiley
Interscience, New York, 1970), Chapt. 6. 



8. FURTHER STUDIES OF GASEOUS OXIDES OF 
RHENIUM 

Harry B. Skinner* and Alan W. Searcy 

In the last annual report, mass spectrom
eter measurements of the vapor pressures of 
Re207 gas and Re03 gas were reported. Further 
stud1es lead to stability data for Rez06 gas, 
limits to the stability of ReOz gas and ReO 
gas, and to a precise determinator of the 
equilibrium: 

Re2o7(s) + 2 Re03(s) ± 1/2 o2. (1) 

The known weight loss as Rez07(g) per Unit 
time while Re2o7 (s) remained lll a cell was 
extrapolated to the time when the Re2o7(s) was 
all vaporized or decomposed to obtain the time 
period during which reaction (1) took place. 
This time of reaction and the weight of Re03(s) 
remaining permitted calculation of the pressure 
of the oxygen which had effused from the cell. 
This pressure plus auxiliary thermodyn~ic 
data from standard reference sources leads to 
13.2±0,3 for the heat of reaction (1) at 298°K. 

A cell exhaustion experiment was made which 
showed that Re206(g) is present in signifi
cant amounts in the vapor above zinc oxide
rhenium mixtures. 

The ratio of Re2o7+ to Re 2o6+ during the 
initial decline at ll86°Kwas ~9.4. On in
creasing the temperature to 1235, 1298, 1353, 
and 1407°K this ratio dropped to ~8.5, then 
~7.9, ~7.5, and 7.2. At 1436°K the Rezo7+; 
Re2o6+ ratio was found to be ~.5. Correction 
of measured Rez06+ ion intensities for the 
portion that was produced by fragmentation of 
Rez07 yielded .data from which the heat of 
formation of Rez06(g) was calculated to be 
-209±20 kcal at 298°K. The assumption that 
there is no contribution to Reo+, Reo2+, or 
Re03+ from fragmentation of the vapor produced 
by the reaction 

nMgO(s) + Re(s) + nMg(g) + ReOn(g) (2) 

yielded upper limits to heats of formation of 
ReOz and ReO gas as follows: Re02(g) ~f > 
-10.0 kcal/mole, ReO(g) ~ > 48 kcal/mole. 

Present address: Youngstown State Univ., 
Metallurgy Dept., Youngstown, Ohio 44503. 

9. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Alan W. Searcy 

A necessary assumption in calculation of 
thermodynamic data from the variation of 
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measured ion·intensities in the mass spectrom
eter has been that the ionization efficiencies 
are independent of temperature. This assump
tion has apparently never been experimentally 
tested for inorganic molecules at high tempera
tures. We plan to connect a gas inlet system 
to an effusion cell in a mass spectrometer 
and test the assumption for representative 
inorganic molecules by measuring these parent 
and fragment ion intensities as functions of 
temperature at known pressures. 

A new approach to surface thermodynamics 
which has been applied to one-component systems 
in the paper summarized in this report will 
be extended to regular solutions. It is ex
pected that a simpler and, therefore possibly 
more useful, formulation of surface thermody
namics can be given. In particular, the somewhat 
awkward concepts of a surface of tension and of 
surface excess quantities can probably be 
eliminated. 

Work will continue on application of the 
improved inhomgeneous magnetic field deflec
tion apparatus to study of SeS. The SeS 
molecule has apparently not yet been experi
mentally observed, but we expect it to have 
properties that will make it ideal for testing 
the capabilities of the new apparatus and for 
investigation of the effe~t of mass on the 
coupling of electrons in l: spectroscopic 
states. 

Work will be completed on a study_of 
zinc oxide single crystals with the torsion
Langmuir method and torsion effusion method as 
a function of temperature. During t~e past 
year the zinc (0001) and oxygen (0001) basal 
faces were shown to have different temperature 
dependences as well as the previously shown 
different rates. Emphasis of work is now on 
correlation of the kinetic data with surface 
morphology. 

Measurements on the stability of gaseous 
(CeF3)3 dimers relative to the monomers are 
near1ng completion. The data when analyzed 
will be compared with those recently obtained 
for the gaseous (LaF3) dimers and monomers 
to demonstrate the influence of a nominally 
nonbonding f electron on dimer stability and 
on fragmentation patterns that result from 
high energy electron impact in a mass spectro
meter. 

A theoretical analysis of nucieate boiling 
has been initiated which applies the new anal
yis of surface thermodynamics described in the 
research summary for 1970 and which uses for 
the frequency factor of the nucleation step a 
term consistent with that found applicable for 
studies of the kinetics of vaporization in 
vacuum. 



Continuous weight loss measurements in 
vacuum and scanning electron microscope measure
ments will be used to study the decomposition 
of single crystals of calcium carbonate by the 
reaction CaC03(s) = CaO(s)+C02(g). It is 
expected that the rate of reaction will de
crease with time in a manner that can be inter
preted in terms of rate limjtatian either by 
a slow surface step, by diffusion, or by 
effusion through pores in the CaO product 
layer. 

Construction of an apparatus for use in 
measuring the velocity distribution of mole
cules leaving a hot filament should be avail
able for testing in the fall of 1971. The 
apparatus will be used to study the kinetic 
energy distribution of cold gas molecules 
after collision with a hot metal surface. 
The data will complement data we have already 
obtained on the total energy exchanged be
tween a hot filament and a cold gas. 

Apparently no vaporization measurements 
have been reported for gallium or indium 
fluoride. We intend to study the vaporization 
of gallium and indium trifluorides with a 
mass spectrometer under both neutral and re
ducing conditions. Unusual fragmentation 
patterns have been observed for the thallium 
halides and it will be interesting to see if 
these trends prevail in the gallium and in
dium systems. 

10. 1970 PUBLICATIONS 

Alan W. Searcy and Associates 

Journals and books 

1. A. W. Searcy, D. V. Rag orne, and N. Colombo, 
eds., Chemical and Mechanical Behavior of 
Inorganic Materials (Wiley- Inter science, New 
York 1970). A. W. Searcy was author of the 
following chapters: 
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a) Thermodynamics and Inorganic Materials, 
pp. 1-14. 
b) Entropy and High Temperature Physical and 
Chemical Processes, pp. 15-32. 
c) Enthalpy and Predictions of Solid-State 
Reaction Equilibria, pp·. 33-56. 
d) The Reactions of High Temperature 
Materials, pp. 57-80. 
e) The Kinetics of Evaporation and Condensa
tion Reactions, pp. 107-134. 
2. R. W. Mar and A. W. Searcy, Kinetics of 
Vaporization of Zinc Single Crystals, J. Chern. 
Phys. ~. 3076-84 (1970). 

UCRL reports 

1. John H. Austin, Free Surface Sublimation 
of Magnesium Oxide, (M.S. thesis) UCRL-19156, 
March 1970. 

2. Ralph Beaumont Leonard, Vaporization . 
Kinetics of Zinc Oxide and Cadmium Sulfide Sin
gle Crystals (Ph.D. thesis) UCRL-19187, May 1970. 

3. Raymond W. Mar and Alan W. Searcy, The 
Kinetics of Vaporization of Zinc Single Crys
tals, UCRL-18257 Rev.., March 1970. 

4. Harry Bryant Skinner, Mass Spectrometric 
Studies of Gaseous Oxides of Rhenium and of 
the Lanthanum Trifluoride Dimers (Ph.D. thesis) 
UCRL-19645, July 1970. 

5. Ray G. Bedford, Investigation at High 
Temperature Condensed-Phase Equilibria and 
Vaporization Studies with a Mass Spectrometer 
(Ph.D. thesis) UCRL-50886, June 1970 .. 

6. Harry B. Skinner and Alan Searcy, 
Demonstration of the Existence of La2F6 Gas 
and Determination of Its Stability, UCRL-19611, 
June 1970. 
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B. MICROSTRUCTURE AND BEHAVIOR OF CERAMIC MATERIALS: GLASS AND CERAMIC-METAL SYSTEMS 

Joseph A. Pask, Principal Investigator 

An objective of this program is to contrib
ute to the development of a fundamental 
understanding of the factors involved in 
obtaining ceramic materials with controlled 
character, which includes microstructure, and 
of the relationship of character to mechanical 
behavior at room and high temperatures. This 
objective involves studies on the kinetics and 
mechanisms of solid state reactions, which in 
general play a part in the development of 
microstructure. It also involves studies on 
the mechanisms responsible for the mechanical 
behavior of single crystals, and on the appli
cation of such knowledge to the understanding 
of the behavior of polycrystalline ceramic 
materials. 

A second objective of this program is con
cerned with structural, thermodynamic, and 
electrochemical studies of glass, glass-metal, 
and ceramic-metal systems. It deals with 
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. 

1. REACTION AND DIFFUSION KINETICS IN TilE 
AI2o3-Si02 SYSTEM* 

Robert F. Davist and Joseph A. Pask 

The diffusion kinetics and phase equilibria 
for silica and sapphire or mullite couples 
annealed in helium and air were investigated 
with particular emphasis placed on the rela
tionships between atomistic mechanisms and 
structural changes. Dissolution occurred in 
the Si02-rich liquid, and above 1634°C this 
was accompanied by the formation of a detect
able mullite solid solution in the sapphire
silica couples. The mullite-liquid interfa
cial compositions indicated a revised liquidus 
curve between the melting point of mullite 
and the mullite-silica eutectic as shown in 
Fig. 1. This curve was extended below the 
eutectic temperature owing to the appearance 
of a metastable amorphous phase at the 
sapphire-cristobalite couple interface. The 
presence of a liquid phase at the sapphire 
interface is considered to be an initial step 
in the nucleation of mullite which occurs 
rapidly. The growth of mullite is dependent 
upon the relative dissolution rates of mullite 
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Fig. 1. New mullite liquidus curve super
imposed on published A1203-Si02 phase diagram 
with region of liquid immiscibility. 
(XBL 707-1417) 

in the liquid; in a semi-infinite diffusion 
couple the former is faster above 1634°C. 

The diffusivities of the aluminum ion vary 
greatly with concentration and temperature. 
As a result, Q and D values are very high at 
low aluminum concent~ations and decrease as 
AI2o3 is dissolved by the glass as shown by 
the following equations derived from data in 
Fig. 2: 

at 4.30 wt% AI 2o3 ( ) 
D = 3.47xlo23 exp -307.5 ~~al/mole 

at 7.60 wt% AI2o3 ( ) 
D = 1 .64 xlol9 exp -264.8 ~al/mole 

at 12.40 wt% A1203 ( 
D = 9. 93xlol2 exp -203.3 ~al/mole ) 

at 20.10 wt% AI 2o3 ( ) 
D = 3.3Sxlo2 exp -99.6 ~~al/mole . 

Aluminum coordination measurements and 
physical property data from the literature 
suggest that low AI2o3 concentrations are 
incorporated into tfie silica structure through 
the formation of "triclusters" composed of 
one Al04 and two Si04 groups. Higher concen
trations of A1 203 allow the formation of AI06 
octahedra as well as normal Al04 tetrahedra; 
however, the Al06 octahedra do not form as 
readily with an increase in temperature. 
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Fig. 2. Diffusivity or diffusion coefficient 
for Al in silica liquid vs. recip~cal of 
absolute temperature for eight Al+ 
concentrations. (XBL 707-1431) 

The diffusion process in the liquid is 
considered to be a cooperative movement of 
large oxygen-containing aluminum and silicon 
complexes in a type of ring mechanism. The 
decrease in activation energy. and viscosity 
suggests a gradual decrease in size of the 
diffusing unit with an increase in Al203 
concentration at a given temperature and a 
change in size with an increase of temperature 
at a given concentration. 

Abstracted from UCRL-19644 (Robert F. Davis, 
Ph.D. thesis), July 1970. 
tPresent address: Corning Glass Research 
Center, Corning, N. Y. 14830. 
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2. DEVELOPMENT OF MULLITE (3Al 203•2Si02) 
MICROSTRUCTURES AND DIFFUSION KINETICS IN 
MULLITE 

Ilhan A. Aksay and Joseph A. Pask 

The objectives of this program are (i) to 
develop a glass-free, theoretically dense 
mullite microstructure, and (ii) to determine 
the kinetics of Al3+ diffusion in mullite. 
Thus far mixtures of submicron size Al 2o3 
(Alon-C) and SiOz(Cab-0-Sil) and alkoxy-
deri ved mulli te nave been used. With mixtures 
of Alon-e and Cab-0-Sil, an intimate mixing 
was not achieved. Very high temperatures 
(-1750 to 1800°C) are then necessary to 
achieve a complete reaction between Al203 and 
Si02. This problem of mixing is eliminated 
with alkoxy-derived mullite, since Al2o3 and 
Si02 can be mixed intimately during the 
coprecipitation from a mutual solution con
taining their corresponding metal alkoxides. 
However, in this case the accurate control of 
the coprecipitation process to attain the 
desired Al203 to Si02 ratio becomes the 
principal problem. 

The kinetics of Al3+ diffusion in mullite 
in the temperature range of 1650 to 1840°C is 
being studied through the growth of the 
mullite phase at the alumina single crystal
glass (Si02-A1 203) interface in semi-infinite 
diffusion couples. The glasses used are 
saturated with respect to mullite in order to 
eliminate dissolution of mullite into the 
glass. The diffusion profiles are being 
analyzed with the electron beam microprobe. 
On the basis of results reported by Davis,l 
the apparent diffusivity of aluminum cation 
in mullite is expected to be in the range of 
lo-12 to lo-10cm2/sec at 1650 to 1750°C. . 

The experimental procedures to be investi
gated are: (i) freeze drying of colloidal 
silica-aluminum sulfate solutions in order to 
eliminate the problems encountered with 
alkoxy-derived powders, (ii) determination of 
aluminum cation self-diffusion zoefficients 
in mullite from 3Al2o3·2Si02-Al26o3 diffusion 
couples, and (iii) the effects of additives 
on the apparent diffusion coefficient of Al3+ 
in mullite solid solutions. 

1. Robert F. Davis, Diffusion Studies in the 
Alumina-Silica System (Ph.D. thesis), UCRL-
19644, July 1970. 



considerable number of MgO grain-grain con
tacts is evident upon examination of the 
microstructures. 

Stress-strain studies have been made in 
the range 1200-1400°C. The ultimate strength 
of test specimens has generally decreased 
with an increase in the amount of the second 
phase. A comparison of hot-pressed and 
annealed pure MgO specimens has indicated 
that the annealed specimens exhibit much 
greater strains at fracture. This behavior 
can be attributed to increased strength at 
grain boundaries in the annealed specimen, 
thus permitting more extensive dislocation 
motion across grain boundaries. 

Creep studies have also been made on these 
two-phase materials in the temperature range 
1200-1400°C. For the system containing 5% 
monticellite, it has been found that creep 
follows a power law and that the stress 
exponent decreases from a value of approxi
mately 3.4 at 1200°C to a value of approxi
mately L 3 at 1400°C. This behavior suggests 
that the contributions to the creep-process 
of grain boundary sliding increase with 
temperature. 

Measurements .of the apparent activation 
energy for creep over the temperature range 
noted have been started. The activation 
energy obtained at 1200°C, using the incre
mental temperature technique, was 104 kcal/ 
mole. 

7. CREEP OF LITHIUM FLUORIDE SINGLE CRYSTALS 
AT ELEVATED TEMPERATURES* 

Donald R. Cropper and Joseph A. Pask 

The creep deformation of lithium fluoride 
single crystals was studied in compression 
over the temperature range 650-750°C (0.8-
0.9 Tm). Extended primary creep was observed 
for crystals deformed with the compression 
axis in < 100 > orientation; strains of 0. 20 
or more were required for the establishment 
of steady-state conditions. Crystals with 
compression axes in the < 111 > direction 
reached. steady state quickly, at strains of 
0.05 or less. Despite the difference in pri
mary creep behavior for the two orientations, 
·steady-state creep rates at corresponding 
stresses and temperatures are within a factor 
of 2, with < 100 > crystals having the higher 
rate. The data for the < 100 > oriented 
crystals are shown in Fig. 1. The steady
state strain rate was found to be proportional 
to the stress raised to the power n, where n 
ranged from 3 .1 for ( 111 > crystals to 4 .1 for 
< 100 > crystals. The effect of reducing the 
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Fig. 1. True strain rate vs. stress in com
pression for LiF single crystals of several 
degrees of purity at the indicated temperatures 
(t/t ratio for starred points of 1.0, others 
1.5-2.0). (XBL 7011-7085) 

initial length-to-thickness ratios of the 
specimens from the normal 1.5-2.0 to cube 
proportions (t/t = 1.0) was to decrease the 
steady-state strain rate without changing the 
stress exponent. Attempts to determine the 
stress exponent by the incremental technique 
were unsuccessful for < 100 > crystals. The 
structural changes accompanying the long 
primary creep period apparently contribute to 
the large amount of scatter and nonreproduc
ibility observed for that orientation. In 
contrast, < 111 > crystals responded accurately 
to the incremental technique and gave results 
in good agreement with values of n obtained 
from isothermal and constant-stress tests. 

The activation energy for creep was deter
mined to be 53 ± 7 kcal/mole over the temper
ature range considered, regardless of crystal 
orientation or impurity content up to 300 ppm 
total impurities; this compares favorably with 
the activation energy for lattice diffusion of 
the fluorine ion in LiF. Well-developed 



3. DEVELOPMENT OF MICROSTRUCTURE IN TilE 
PRESENCE OF A LIQUID PHASE 

Ilhan A. Aksay, Boon Wong, and Joseph A. Pask 

The objective of this program is to deter
mine the effect of interfacial reactions and 
the diffusion kinetics on the development of 
ceramic microstructures in the presence of a 
liquid phase. The model system used consists 
of MgO as solid and rnonticellite (CaO•MgO•Si02) 
as liquid. In addition, additives of the 
sesquioxides, Cr203, Fe2o3, and Al 2o3 are 
also being made to determ1ne their effect; in 
each case, the amount is controlled to realize 
undersaturation, saturation, and oversatura
tion with respect to the additive. 

Two approaches are being followed: 
(i) Fired compacts of the different mixtures 
are being made, and (ii) the liquid is 
allowed to permeate or penetrate a presintered 
MgO substrate with open pores. These are 
being examined by electron microscopy, elec
tron beam microprobe analysis, and optical 
ceramography to observe and determine grain 
growth kinetics, equilibrium and nonequilib
riurn dihedral angles, sintering rates, and 
distribution of equilibrium phases. 

The observations indicate that (i) the 
magnitude of the dihedral angle increases with 
time at a given temperature until the equilib
rium angle is reached, (ii) additions of R203 
significantly affect the magnitude of the 
dihedral angle, (iii) the rate of grain 
growth increases as the magnitude of the 
dihedral angle decreases and as the amount of 
liquid decreases, and (iv) the rate of grain 
growth decreases in the presence of a second 
solid phase. These studies are continuing. 

4. MICROSTRUCTURE AND MEGIANICAL BEHAVIOR OF 
POLYCRYSTALLINE SPINEL DEVELOPED BY TilE 
FREEZE-DRYING TECHNIQUE 

Chi-Shine C. Tao and Joseph A. Pask · 

The development of microstructure in 
sintered ceramics is highly dependent on the 
nature of the starting material. Ultrafine 
homogeneous powders normally have high sinter
ability and thus achieve high density at lower 
firing temperatures and pressures. Freeze 
drying offers the advantages of attaining in
timately mixed material of high purity and 
submicron reactive powders after calcination. 

Aqueous solutions of MgS04·7H2o and 
A12(S04)3•l8H20 were atomized to quick 
freezing; the water was subsequently removed 
by sublimation under controlled pressure and 
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temperature. The freeze-dried powders indi
cate spherical and flaky morphology and a 
particle size range of SO to 400 microns. On 
calcination above 900°C, the powders decom
posed to yield their corresponding oxides. 
Conditions of calcination are being studied 
in order to obtain completely decomposed pow
der with a high surface area and the least 
amount of agglomeration with partial sintering 
of the fine powders. 

Spinel powders of both stoichiometric and 
nonstoichiometric composition are being 
prepared. Densification of these powders will 
be approached by sintering and hot-pressing 
techniques. High temperature mechanical 
behavior of these materials will subsequently 
be studied. 

5. DENSIFICATION MEGIANISMS IN HOT-PRESSING 
OF MgO WITH A FUGITIVE LIQUID 

Patrick E. Hart,t Robert B. Atkin,* and 
Joseph A. Pask 

The densification of MgO with LiF additions 
depend? on the formation of a liquid that is 
initially a lubricant for rearrangement of 
particles and later a material transport 
medium for pressure-enhanced liquid-phase 
sintering. The rate-controlling process in 
the latter stage is viscous flow of the liquid 
through grain-boundary channels; mass trans
port of MgO occurs through the liquid phase 
by a solution-precipitation process. After 
the liquid is distributed as a uniformly thin 
film between the MgO grains, it can be 
removed by evaporation, and transparent poly
crystalline specimens are produced. 

Abstracted from J. Am. Ceram. Soc. 53, (2), 
~3-86 (1970). 

Present address: Battelle-Northwest, 
Richland, Washington 99352. 
*Present address: IBM, San Jose, California. 

6. HIGH TEMPERATURE MEGIANICAL BEHAVIOR OF 
POLYCRYSTALLINE MgO CONTAINING A SECOND PHASE 

William E. Snowden and Joseph A. Pask 

Investigation of the effects of a second 
phase (monticellite--CaO·MgO·Si02) on the high 
temperature mechanical behavior of polycrys
talline MgO has continued. Specimens contain
ing 5, 10, and 15% of monticellite have been 
prepared by both hot-pressing and sintering 
techniques. The monticellite generally 
surrounds individual MgO grains, although a 



substructures were observed in the deformed 
crystals with the subgrain diameter varying 
inversely with the applied stress. These 
results suggest that the creep deformation of 
lithium fluoride single.crystals may be 
similar to that for metals and is probably 
dependent upon the dislocation climb process. 

* Abstracted from UCRL-20350 (Donald R. Cropper, 
Ph.D. thesis), Jan. 1971. 

8. EFFECT OF MICROSTRUCI'URE ON DEFORMATION OF 
POLYCRYSTALLINE MAGNESIUM OXIDE* 

Terence G. Langdont and Joseph A. Pask 

Six different types of polycrystalline 
magnesium oxide, one nominally fully dense and 
the others having porosities of ~1-2%, were 
tested in compression at temperatures up to 
1400°C. At temperatures of 1200°C and above, 
all materials deformed plastically, but two 
of the materials, both porous, also exhibited 
plastic flow at temperatures down to 800°C, 
and a third at 1000°C. A qualitative analysis 
of the microstructures of these materials 
indicated that the differences in behavior 
primarily arose because of variations in the 
size and distribution of pores and in the 
concentration of impurities at the grain 
.boundaries. It is suggested that the follow
ing factors aid plasticity at temperatures 
below ~1200°C: (i) strong grain boundaries 
in the absence of excessive impurities, per
mitting the build-up of stress concentrations 
with the consequent nucleation of slip on the 
UOO} system and the extension of slip across 
the boundaries, and (ii) clusters of very fine 
pores within the grains, which allow some mass 
accomodation. 

Abstracted from UCRL-17831, Oct. 1970. 
tPresent address: Department of Metallurgy, 
University of British Columbia, Vancouver 8, 
B. C., Canada. 

9. MErnANICAL BEHAVIOR OF CERAMIC MATERIALS 
AT ELEVATED TEMPERATURES 

* . Terence G. Langdon, Donald R. Cropper, and 
Joseph A. Pask 

Three review chapters have been prepared 
on the subject of mechanical behavior of 
ceramic materials at elevated temperatures. 
One of these has been published as Chapter 2 
(Mechanical Behavior of Single-Crystal and 
Polycrystalline MgO) in Part III of High 
Temperature Oxides edited by Allen M. Alper. 
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The other two chapters [Factors Influencing 
the Stress-Strain Behavior of Ceramic Mate
rials (UCRL-20383); and Creep Mechanisms in 
Ceramic Materials at Elevated Temperatures 
(UCRL-20384)] will appear in the Proceedings 
of the Sixth University Conference on Ceramic 
Science held at North Carolina State Univer
sity at Raleigh on December 7-9, 1970 on the 
subject of "Ceramics in Severe Environments." 

Present address: Department of Metallurgy, 
University of British Columbia, Vancouver 8, 
B. C., Canada. 

10. ELECTROCHEMICAL STUDIES OF THE NiO-, CoO-, 
AND Fe0.950-Na2Si2o5 GLASS SYSTEMS 

Alton M. Lacy, Robert B. Langston, and Joseph 
A. Pask 

A solid electrolyte electrochemical cell of 
the type 

PtjNi:NiOa=lj jzr02+7.5%CaOj jMe:MeOa<l+ 

Na2si2o5 glassjPt 

has been used to measure the activities of 
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Fig. 1. Variation of Soxide in Na2Si2o5 solution at 900°C. (XBL 70!2-7283) 
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NiO, CoO, and Feo 95o in Na2si2o5 glass over 
the temperature 1nterval 700-1100°C.l Partial 
molar free energies and entropies of solution, 
as well as free energies and entropies of 
mixing of these components have been calcu
lated from activity data. Comparison of 
partial molar entropies of Fe0 95o, CoO, and 
NiO in glass solution (Fig. lJ·suggests that 
the structure is basically the same for a 
given 0/Si ratio. Solubility limits are 
determined by the relative strengths of the 
-cation-0-cation- and -Si-0-cation- bond 
assemblages; these strengths are related to 
the degree of negative deviation of the glass 
solutions from Raoult's Law, Fig. 2. 

0.1 

T = 900°C 
0173°K) 

0.1 0.2 0.3 0.4 
NoxiDE 

0.5 0.6 0.7 

Fig. 2. Estimated activities of metal oxides 
in Na2Si 2o5 glass solution relative to the 
pure supercooled liquid standard state. 

(XBL 7012-7282). 

Such measurements are now being made in 
the Feo.gs- sodium silicate glass systems, 
These data will enable the determination of 
isoactivity lines at constant temperatures in 
~e range 800-1000°C on the Fe0.95o-Na20-sio2 
d1agram. 

1. UCRL-18765, UCRL~l9656, UCRL-19677 .. 
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11 . EFFECI' OF ATMJSPHERE, GLASS AND METAL 
COMPOSITIONS ON REACTIONS AT GLASS-METAL 
INTERFACES. 

Carl E. Hoge and Joseph A. Pask 

Sessile drop experiments were performed in 
the system Fe0-Na20-Sio2 glasses on iron 
substrates. The wetting behavior of the glass 
was influenced by any reactions at the inter
face which were determined by the nature of 
the iron substrate and the atmosphere present 
above the liquid. 

In high vacuum, the oxidization of metallic 
iron by reduction of sodil.Un cations in the 
glass proceeds at the glass~metal interface; 
sodium nucleates in the form of a gas bubble 
and is released into the atmosphere. As this 
reaction proceeds, the composition of the 
glass changes leading to the precipitation of 
a crystalline phase. The occurrence of 
reactions at the interface lowers the inter
facial energy of the solid-liquid interface 
and spreading of the liquid over the solid 
then generally results. This does not occur 
until a thin oxide layer, if present, is 
desorbed from the surface of the iron. The 
removal of this layer causes the solid-vapor 
interfacial energy to be raised, as well as 
causing the reaction to occur, which results 
in spreading. Impurities present in the bulk 
iron can retard these effects and thus 
spreading. When the total pressure above the 
liquid drop is sufficiently high, atomic 
sodium no longer nucleates at the solid-liquid 
interface. The free energy for the reaction 

Fe( s) + Na20 (gl) = FeO (gl) + 2Na (g) 

becomes positive before sufficient internal 
pressure can build up to cause bubble nucle
ation. In this case, Na leaves the glass by 
slow permeation to the liquid-vapor interface, 
and the extent of the reaction is then 
reduced. 

12. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Joseph A. Pask 

a. Solid State Reactions 

Diffusion experiments are continuing with 
semi-infinite couples of fused aluminum sili
cate, with and without additives, and sapphire 
to determine chemical diffusion coefficients 
of Al3+ in mullite solid solutions. Experi
ments will also be made to attempt to deter
mine the self-diffusion of Al3+ in mullite. 
Such data will then be utilized in an effort 
to develop fully dense polycrystalline mullite 
specimens. 



Studies will also be continued on the 
mechanisms and kinetics of diffusion by using 
single crystals of the NaCl-structure type. 

b. Development of Microstructures 

Freeze-drying techniques are being utilized 
in the preparation of powders for purposes of 
attaining polycrystalline materials with 
controlled microstructure. The systems of 
current interest are spinel and mullite. 

Studies of the factors that play a role in 
the development of microstructure in two- and 
three-phase systems are continuing. The 
systems being used are MgO with CaO•MgO•Si02 
liquids containing additions of A1203, Cr2o3, 
Fe2o3, or Tio2. 

c. Mechanical Behavior 

Stress-strain and creep data are being 
obtained on two-phase systems consisting of 
MgO grains and a liquid phase. Similar data 
will be obtained on spinel specimens with 
varying oxide stoichiometry. Mechanisms and 
kinetics will be determined and correlated 
with the microstructure of the specimens. 

Studies are also being planned on the 
correlation of mechanical impact resistance 
of ceramic materials with their microstructure. 

d. Glass Studies 

Determination of activities of oxides in 
sodium silicate glasses by using a solid 
electrolyte electrochemical cell and calcula
tion of thermodynamic properties is being 
continued. Mechanisms and kinetics of disso
lution studies of oxides in silicate glasses 
will also be continued. 

e. Ceramic-Metal Systems 

Studies will be continued on the effect of 
atmosphere, ceramic and metal compositions on 
electrochemical reactions in ceramic-metal 
systems. These studies will be related to 
the conditions under which a chemical bond 
occurs at the interface. 

13. 1970 PUBLICATIONS AND REPORTS 

Joseph A. Pask and Associates 

Journals and book 

1. P. E. Hart, R. B. Atkin, and J. A. Pask, 
Densification Mechanisms in Hot-Pressing of 
Magnesia with a Fugitive Liquid, (UCRL-19699, 
Sept. 1970), J. Am. Ceram. Soc. 53 (2) 83-86 
(1970). 
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2. T. G. Langdon and J. A. Pask, The Mecha
nism of Creep in Polycrystalline Magnesium 
Oxide, Acta Met.~. 505-510 (1970). 

3. J. A. Pask, The Field of Materials in 
Relation to Engineering, Engineering Education 
60 (8) 838-839 (1970) . (UCRL-19168) . 

4. A. M. Lacy and J. A. Pask, Electrochemical 
Studies in Glass: I, The System Ni0-Na2si205, 
J. Am. Ceram. Soc. 53 (10) 559-562 (1970). 

5. T. Sugita and J. A. Pask, Creep of Doped 
Polycrystalline Al 2o3, J. Am. Ceram. Soc. 53 
(11) 609-613 (1970). c 

6. T. G. Langdon and J. A. Pask, Mechanical 
Behavior of Single-Crystal and Polycrystalline 
MgO, Chap. 2 in High Temperature Oxides--Part 
III, MgO, Alz03, BeO, Ceramics: Fabrication, 
Characterization, and Properties, ed. by 
Allen M. Alper (Academic Press, New York, 
1970), pp. 53-127. 

7. A. M. Lacy and J. A. Pask, Electrochemical 
Studies in Glass: II, The System Fe0 95 -
Na2si2o5, J. Am. Ceram. Soc. 53 (12) 1081 
(1970) . (UCRL-19656) . 

UCRL reports 

1. Stuart L. Blank, A Mathematical Solution 
of the Three Phase-Two Moving Boundary Problem, 
UCRL-19182, Feb. 1970. 

2. Robert F. Davis, Diffusion Studies in the 
Alumina-Silica System (Ph.D. thesis), 
UCRL-19644, July 1970. 

3. Patrick E. Hart and Joseph A. Pask, 
Superplasticity in the LiF-MgO System, 
UCRL-19699, Sept. 1970. 

4. Alton M. Lacy and Joseph A. Pask, 
Electrochemical Studies in Glass: III, The 
System Co0-Na2si2o5, UCRL-19677, Dec. 1970. 

5. Terence G. Langdon and Joseph A. Pask, 
Effect of Microstructure on Deformation of 
Polycrystalline Magnesium Oxide, UCRL-17831, 
Oct. 1970. 

6. Terence G. Langdon and Joseph A. Pask, 
Factors Influencing the Stress-Strain 
Behavior of Ceramic Materials, UCRL-20383, 
Dec. 1970. 

7. Terence G. Langdon, Donald R. Cropper, and 
Joseph A. Pask, Creep Mechanisms in Ceramic 
Materials at Elevated Temperatures, UCRL-20384, 
Dec. 1970. 
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C. RELATION OF MICROSTRUCTURE TO PROPERTIES IN CERAMICS 

Richard M. Fulrath, Principal Investigator 

1. RELATION OF MICROSTRUCTURE TO PROPERTIES 
IN CERAMICS 

Richard M. Fulrath 

This research program has as its primary 
objective the establishment· of quantitative 
relations between the processing, the micro
structure developed in processing, and the 
properties of processed ceramics. The program 
is divided into three principal areas: (1) 
The processing and properties of ferroelectric 
piezoelectric, and ferromagnetic ceramics, (2) 
the permeation and diffusion of gases through 
and the solubility of gases in ceramics, and (3) 
the mechanical properties of brittle matrix 
composite syste~. 

Throughout the program, emphasis is placed 
on the science of processing. New and unique 
processing techniques are developed along with 
studies of more conventional processing prac
tices. 

2. EFFECT OF SELECTED ADDITIVES AND PHYSICAL 
PROCESSING PARAMETERS ON 1HE PHYSICAL AND 
MAGNETIC PROPERTIES OF LiFe5o8 

* Alton M. Lacy 

Recent studies in this laboratory of sin
tering of ferroelectric perovskite materials 
have greatly clarified the role of additives 
and processing var1ables in the development 
of microstructure and microstructure-sensitive 
properties of these materials. From this work 
it has been possible to identify the mechanisms 
of sintering, the rate-controlling factors in 
the densification process, and specific pro
cessing techniques which lead to fully dense 
sintered specimens within reasonable limits 
of time and temperature. The goal of this 
study was to apply proven experimental tech
niques to a similar study of the effect of 
selected oxide dopants and_ certain physical 
parameters on the densification, grain growth 
rates, and magetic prqperties of LiFesOg. 

Principal variables in this investigation 
were (a) dopant composition, (b) firing atmos
phere, (c) firing time, and (d) firing tempera
ture. The dopants selected were NiO, MgO, 
Ti02, Nb2o5, and Si02 -- the first four of 
which are expected to create extrinsic vacan
cies when introduced into the ferrite spinel 
lattice. Si02 forms a liquid phase. Firing 

atmosphere was controlled both by the type of 
gas filling the furnace and by the packing 
powder technique. In this case, samples were 
packed in either pure LiFesOs, LiFesOs+LiFe02, 
or LiFesOg+Fe2o3. ~e firi~g a~mo~phere con
trols the concentrat1on of 1ntr1ns1c oxygen 
vacancies. 

Extensive densification rate and grain 
growth data were taken on both doped and un
doped specimens subjected to the experimental 
conditions indicated above. The results indi
cate that densification and grain growth are 
sensitive to atmospheric conditions (i.e., to 
the oxygen vacancy concentration) in a regular 
way, and are not particularly sensitive to the 
doping ions considered here. It is concluded 
from this that Ni2+, Mg2+, and Ti4+ substitute 
for Li+, Li+, and Fe3+ respectively, creating 
cation vacancies in the crystal lattice. The 
rate-controlling specie for densification, 
however, appears to be the oxygen ion and any 
associated anion vacancies. Both Si02 and 
Nb20s show similar behavior at all sintering 
temperatures (> 1000°C), with a very rapid 
initial densification rate followed be dis
continuous grain growth and entrapment of pores 
within the grains. Such microstructures pre
vent sintering to theoretical density and often 
have a,dverse affects on magnetic properties. 

Hysteresis loops were measured at 60 Hz for 
two series of doped specimens fired to the 
same densities at 1100°C under conditions to 
give a high and a low concentration of oxygen 
vacancies in the crystal lattice. Those con
taining a low vacancy concentration showed 
uniformly improved magnetic properties (i.e., 
squarer, more well-defined loops). Some 
effects of cation dopants on magnetic proper
ties were evident even though these same 
dopants showed little effect on sintering 
behavior. An analysis of these results is 
currently in progress. These results are 
generally in agreement with studies on 
ferroelectrics-which indicated that whereas 
microstructure development in these materials 
is controlled by the concentration of anion 
defects, electrical and magnetic properties 
(for specimens with similar physical 
microstructures) are dependent upon the cations 
and the defects associated with them. 

Dr. Lacy was associated with this research 
group and supported by a Postdoctoral Research 
Fellowship awarded by the Air Force Office of 
Scientific Research -- National Research 
Council. 



3. STUDIES OF IONIC SUBSTITUTIONS IN LEAD 
ZIRCONATE TITANATE CERAMICS* 

Robert E. Atkin,t Robert L. Holman, and 
Richard M. Fulrath 

The ferroelectric and sintering character of 
lead zirconate titanate (AB03) ceramics are 
quite sensitive to additions of trivalent and 
pentavalent oxides, particularly bismuth and 
niobium. The solid state substitutions of 
these ions in the perovskite crystal structure 
of Pb(Ti.47Zr.s3)03 has been investigated by 
analyzing the sample weight-changes that occur 
at temperature in an "equilibrium" lead oxide 
atmosphere. 

The oxides were added to stoichiometric PZT, 
obtained from mixed oxides of lead, titanium, 
and zirconium that were prereacted for 30 hours 
at 850°C in air. Samples were fabricated by 
iso-statically pressing cylinders of the homo
geneously mixed powders. 

The samples were packed 'in a loose, coarse, 
undoped powder of identical composition, and 
"equilibrated" at 1150°C in air (Fig. 1). 

WEIGHT CHANGE CELL 

rl ;_/_}_}_(-~-~-i/_{_;::_:-:?-/1_?_(,~-}~-:;:'c~~=== ~~~~;~~~~iZT 
,~ PACKING POWDER 

~r:IDOOQ[i(Xi'fl.v..IC;vv2Si":~ == UN DOPED CONTROL 

-IJ---- PbO CONTROL 

tfxxxxx:xxxxxmi!fJ.,__ __ COARSE PACKING 
POWDER, PRE
SINTERED PURE PZT 

----.1'4--------- DOPED PZT SAMPLES 

--M-------Ti02 CONTROL 

Fig. 1. Experimental specimen geometry in 
high temperature weight change experiments. 
(XBL6910-571_6). 

A model was proposed that includes the 
effect of charge neutralization, requiring 
weight losses for "A" - and weight gains for 
"B"-site substitutions. 
M3+ on the Pb2+ "A" site: (bismuth) 
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[AB03 + (y/2)M203J +rel-y-~ D~ ~)03] 
(1) 

+ (3y/2)Pb0 (loss) 

[ABo3 + (y/2)M2o5J + (y/2) PbO (gain)+ 

[(\+y~~ D~) eMyt3+3yJ 

(2) 

Experiments support the substitution of bis
muth as Bi3+ on the Pb2+ "A" site and niobium 
as Nbs+ on the (Ti,Zr)4+ "B" siteof PZT. 
1.5 moles of PbO are lost by specimens for 
each mole of Bio1. 5 added (Fig. 2). For each 
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Fig. 2. Bismuth and niobium doped sample 
weight changes experimentially observed and 
predicted weight changes from the proposed 
model. (XBL705-980). 

mole of Nb02.s added, 0.5 mole of PbO is 
gained (Fig. 2). These results are in agree
ment with both the proposed model and ionic 
size arguments. The weight changes were 
observed to be time dependent during the first 



30-40 hours at temperature (1150°C). This is 
accounted for by the fonnation of transient 
second phase (liquid or solid). 

The method is applicable to any other A-B-0 
compound provided that at nonnal reaction 
temperatures: 

(i) The oxide vapor pressure of .Qilly one 
cation must be high enough to permit transport. 

(ii) A equilibrium atmosphere of this high 
vapor pressure oxide must be provided. 

(iii) This high vapor pressure oxide must 
have a sufficiently high molecular weight to. 
produce measurable weight changes. 

Abstracted from R. B. Atkin, R. L. Holman, 
and R. M. Fulrath, Ionic Substitutions in 
Lead Zirconate Titanate, UCRL-19632, June 1970. 
t Present address: IBM Corp., San Jose, Ca. 

4. SINfERING AND FERROELECTRIC PROPERTIES OF 
LEAD ZIRCONATE TITANATE CERAMICS* 

Robert B. Atkint and Richard M. Fulrath 

The ferroelectric properties, sintering and 
grain growth kinetics of Pb(Zr 5Ti 5)03 were 
investigated and interpreted by using crystal
defect chemistry. Stoichiometry was controlled 
in sintering between 1092 and 1215°C by con
trolling the PbO and 02 partial pressures in 
the sintering atmosphere. 

Single-phase lead zirconate titanate was 
found to exist over a wide range of stoichio
metry, corresponding to varying concentrations 
of lattice vacancies. The material can accom
modate high concentrations of substitutional 
impurities which have the incorrect valence; 
local electroneutrality is maintained by 
charged lattice vacancies. 

Undoped lead zirconate titanate sinters by 
the bulk diffusion of vacancies from pores to 
grain boundaries. Oxygen vacancies are be
lieved to be the slowest diffusing species. 
The rate of sintering is insensitive to the 
concentration of uncharged lead vacancies, but 
it is accelerated by increasing the concentra
tion of uncharged oxygen vacancies. 

Substitutional impurities with the incorrect 
valence retard grain growth. The charge 
vacancies associated with these ions cause 
them to be adsorbed at grain boundaries. Then 
the moving boundary must drag along the excess 
concentration of impurities. This reduces its 
mobility and changes the grain-growth kinetics. 
Ions with an excess valence compensate for ions 
with a deficiency. Charged vacancies are not 
bound to either impurity, so they are not 
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strongly adsorbed, and grain growth is not 
effectively impeded. The rate of grain growth 
is insensitive to the partial pressure of lead 
oxide and oxygen so long as the specimen re
mains single-phase. At very low lead oxide 
activities, grain growth is reduced, probably 
through grain boundary pinning by solid second 
phase particles. 

Impurities enhance sintering by keeping the 
grain size small, thereby allowing densifica
tion to continue at a rapid rate. Bismuth 
doping decreases the apparent diffusivity, but 
the grain-size effect is far more important. 
Doping alters the densification kinetics, but 
this does not necessarily indicate a basic 
change in the sintering mechanism. 

Lattice vacancies dramatically change the 
ferroelectric behavior. The charged lead 
vacancies introduced by doping increase the 
domain-boundary mobility and produce square 
hysteresis loops. Charged oxygen vacancies 
reduce boundary motion and give "propeller
shaped" loops. Compensatory doping eliminates 
both types of charged vacancies and yields a 
ferroelectric loop like that of the undoped 
waterial. The uncharged·vacancies produced by 
reducing the lead and/or oxygen activity have 
only a second-order effect upon the ferro
electric properties. 

Thus control of the ultimate ceramic pro
perties requires precise control over the type 
and concentration of impurities, maintenance 
of the correct atmosphere during sintering and 
reproducible heat-treatment schedules. ' 

Abstracted from R. B. Atkin, Sintering and 
Ferroelectric Properties of Lead Zirconate 
Titanate Ceramics, (Dr. of Engineering thesis) 
UCRL-20309, Sept. 1970. . 
t Present address: IBM Corp., San Jose, Ca. 

5. SINfERING Sc AND Nb MODIFIED LEAD ZIRCONATE 
TITANATE* 

Douglas C. Leet and Richard M. Fulrath 

The sintering and ferroelectric properties 
of Pb(Zr.53 Ti.97)03 modified with Nb addi
tions have been well documented. This investi
gation attempted to introduce extrinsic oxygen 
vacancies into the structure and establish 
their effect on the sintering and ferroelectric 
properties. Sc3+ in solid solution on the B 
site in the AB03 structure was used to enhance 
the extrinsic oxygen vacancy concentration. 

Sintering was drastically reduced by the 
addition of Sc to lead zirconate titanate con
taining 1.5 at.% Nb as shown in Fig. 1. A 



12oo•c 
1.5Nb 3.0 Sc 

Fig. 1. Densification of doped lead zirconate 
titanate. (XBL703-536). 
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Fig. 2. 60Hz ferroelectric hysteresis loops 
of modified lead zirconate titanate ceramics. 
(XBL703-540). 

more significant change, however, was found in 
the 60 Hz ferroelectric behavior and is shown 
in Fig. 2. Domain pinning by oxygen vacancies 
are thought to be responsible for the ferro
electric changes observed. 

Abstracted from D. C. Lee, Sintering Sc and 
Nb Modified Lead Zirconate Titanate (M.S. 
thesis), UCRL-19188, March 1970. 
tPresent address unknown. 

Ferroelectric Hysteresis Loops 
110 ..alts/mil 

1.5 At.% Nb 1.0 At.% Nb 

1.5 At.%Nb, 1.5At.%Sc Pure 

1.5 At.% Nb, 3.0 At.% Sc 1.0 At.% Sc 

6. CHARACTERIZATION OF SINTERING PHENOMENA 
OF (Nao.sKo.s)Nbo3* 
Wolfgang Stannekt and Richard M. Fulrath 

Investigations of sinterihg behavior, densi
fication, and grain growth of pure and barium
doped sodium-potassium niobate of the composi
tion (Nao.sKo 5)Nb03 were made in an oxygen 
atmosphere at"several temperatures. Calcin
ing conditions to form the compound were opti
mized prior to sintering. X-ray diffraction, 
microprobe analysis, weight loss data, scanning 
electron microscope, and sintering data were 
used to characterized this compound and its 
sintering behavior. A decrease in density 
accompanied by large grain growth and an in
crease iri pore size was observed. · Examinations 



employing a scanning electron microscope re
vealed a microstructure consisting of well 
marked cubical grains (Fig. 1). Ba2+ doped 
into the material in several amounts appeared 
to be a powerful grain growth inhibitor in 
this system. It is postulated that the low 
surface energy at the (100) planes of sodium
potassium niobates is responsible for the 
difficulties in conventional processing of 
these materials. 

* Abstracted from W. Stannek, Characterization 
of Sintering Phenomena of (Nao.sKo.s) Nb03 
(!M.S. thesis), UCRL-19668, July 1970. 

tPresent address: Technical University, 
Berlin, Germany. 

7. WATER CONTENT, FICTIVE TEMPERATURE AND 
DENSITY RELATIONSHIPS FOR FUSED SILICA~ 

James F. Shackelford, Joseph S. Masaryk, and 
Richard M. Fulrath 

The interactions of various gases, includ
ing water vapor, with glass have been widely 
studied.! The interaction of water vapor with 
fused silica serves as a practical and illustra
tive model system. Brlickner2 reported a de
crease in the density of fused silica with in
creased water content where the ''water" existed 
in the glass as hydroxyl units. However, 
Douglas and Isard3 reported a rise of similar 
magnitude in the density of fused silica with 
increased fictive temperature. Therefore, in 
order to have well characterized fused silica, 
it is desirable to have a knowledge of the 
simultaneous effects of both "water" content 
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Fig. 1. Microstructure of Nag sKo s)Nb03 
developed in sintering at 110 °C. ·sintering 
times were: A, 15 min; B, 1 hr; C, 4 hr; and 
D, 8 hr. (XBB707-3218). 

and fictive temperature on the glass density 
(being indicative of the glass structure). 

The sample material studied was a standard 
commerical fused silica [Amersil CFQ Rod, 
Standard Quality (T-08); Amersil, Inc., San 
Francisco, California.] Figure 1 shows the 
dependency of density on both water (or OH) 
content and fictive temperature. Figure l(a) 
indicates the best-fit isotherms for the 
density-hydroxyl content variation. Figure 
l(b) shows the density-fictive temperature 
constant composition curves corresponding to 
the isotherms of Fig. l(a). 

Figure l(a) is in general agreement with 
the results of Brlickner,Z showing a drop in 
density with increased hydroxyl content. 
Brlickner's values tended to be slightly higher 
than the 1200°C isotherm as might be expected 
from the 1300°C annealing step he used prior 
to measuring the density and water content of 
his specimens . 

Figure 1 (b) is in general agreement with 
the results of Douglas and Isard,3 with a rise 
in density with increasing fictive temperature . 
Their data agree rather closely with the 0.0 
weight percent OH curve. 

A series of studies of the permeation, 
diffusion, and solution of various gases in 
fused silica is currently underway. The data 
of Fig. 1 will allow a more complete characteri
zation of the fused sil ica used in these 
studies. 
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FUSED SILICA: p- [OH)- TF 

1 -

2.204-

p 2.202- _# 
~~{o~o~~· (~c) 0.1 o -

2.2001-
I I I 

1000 1100 1200 

"water" Content (W/o OH) Fictive Temperature, TF (°C) 

A B 
Fig. 1. The density of fused silica as a 
function of (a) water content at different 
fictive temperatures, and (b) fictive tempera
ture at different water contents. 
(XBL702-314). 

Abstracted from J. F. Shackelford, J.S. 
Masaryk, and R. M. Fulrath, Water Content, 
Fictive Temperature, and Density Relations for 
Fused Quartz, J. Am. Ceram. Soc. 53, 417 (1970). 
1. H. Scholze, Gases and Water in-Glass: 
I-III, Glass Industry, 47 [10-12] 546-51, 
622-28, 670-75 (1966).--
2. R. BrUckner, Influence of Hydroxyl Content 
on the Density and Diffusion Mechanisms in · 
Vitreous Silica, Glastechn. Ber. l8 [ 4] 
153-56 (1965) (in German). 
3. R. W. Douglas and J. 0. Isard, Density 
Changes in Fused Silica, J. Soc. Glass Tech
nology 35, 206-25 (1951). 

8. CHARACTERIZATION OF THE MATRIX OF BRITTLE 
MATRIX COMPOSITES 

James F. Holzgraf and Richard M. Fulrath 

Beginning with Hasselman and Fulrath, 1 exten
sive work in this laboratory has been done in 
the strengthening mechanisms of brittle matrix 
composites. The present investigation was to 
characterize the matrix of the composites and 
find its effect on the strength. 

Four glasses of the same soda borosilicate 
composition were prepared with widely varying 
water contents. Using Beer's law and an OH 
absorption peak in the infrared spectra of the 
glasses, the water content was determined 
quantitatively. The glasses and composites of 

Al203 microspheres and the glasses were fabri
cated by vacuum hot-pressing as described by 
Hasselman and Fulrath.l The choice of the 
composite system was such that all known 
strength-controlling factors were constant. 
This insured that the strength-controlling 
variable in this system was the water content 
of the glass. 

SiC abraded and as-sawn uniaxial strengths 
of the glasses are plotted against water con
centration in Fig. 1. The composite strengths 
followed the same trend as the glasses but 
with a higher strength in all cases. 

Strength differences were related to changes 
in the glass structure and abrasion character
istics with varying water content. With the 
use of the scanning electron microscope, the 
as-sawn and abraded surfaces showed a wide 
variation in appearance with varying water 
contents. Sawing was found to increase viscous 
flow of the glass as the water content in
creased. As a consequence, the surface damage 
of the higher water content glass was less, 
which was one reason for its higher strength. 

Abrasion by SiC was found to increase sur
face damage with increasing water contents. 
This caused the abraded strengths of high 
water content glasses to drop more from the 
sawn strengths than the low water content 
glasses. 
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Fig. 1. Uniaxial bend strengths of glasses of 
varying water content. (XBL7010-6704). 

Even after severe abrasion by the SiC, the 
composite and glass strengths were still found 
to drop with decreasing water contents. This 
was attributed to an increasing size of a 
viscous zone at the crack tip with increasing 
water contents, and a possible difference in 
the degree of stress corrosion of the crack 
tip by moisture in the air. · 

*------
Abstracted from J. F. Holzgraf, The Characteri-

zation of the Matrix of Brittle Matrix Compos
sites QM.S. thesis), UCRL-20388, Dec. 1970. 
1. D. P. H. Hasselman and R. M. Fulrath, 
Proposed Fracture Theory of a Dispersion 
Strengthened Glass Matrix, J. Am. Ceram. Soc., 
49 [2] 68-72 (1966). . 

9. STRENGTH OF INfERNALLY STRAINED BRITTLE 
MATRIX COMPOSITES* 

Christian A. Young and Richard'M. Fulrath 

Internal stresses are developed in brittle
matrix composites upon cooling from the fabri-
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cation temperature when there is a difference 
in thermal expansion coefficient of the dis
persed and matrix phases. These stresses can 
be calculated by an equation developed by 
Selsing,l which applies for a crystal of a 
high modulus elasticity embedded in a low 
modulus glass. According to this equation, 
the internal stress is directly proportional 
to the difference of thermal expansion of the 
two phases. Fulrath2 directly measured by 
X-ray diffraction techniques internal strains 
in Al203 crystals dispersed in glasses of 
varying coefficients of thermal expansion. 
Average internal stresses were then calculated 
to be as high as 30,000 psi. Fulrath also 
measured strengths of his specimens and found 
a slight decrease in strength with increasing 
internal stress. Nivas3 investigated the 
mechanical properties of spherical tungsten 
dispersed in three soda-borosilicate glasses 
whose thermal expansions were respectively 
higher, equal to, and lower than that of tung
sten. One of his results was that there was 
a decrease in strength of the composite when 
the thermal expansion coefficient of the glass 
was either higher or lower than that of tung
sten at a constant size and volume fraction of 
the dispersed phase. This result was inter
preted as a consequence of internal stress 
set up in the body. Stett4 later showed that 
the degree of chemical bonding between the 
dispersed and matrix phase greatly affects the 
strength. The degree of bonding between glass 
and tungsten was not investigated in Nivas' 
work. Therefore, the purpose of this investi
gation was to study the effect of internal 
stresses on the strength of glass matrix com
posites when a good chemical bond existed at 
the interface of the dispersed and continuous 
phase. 

Spherical Al203 particles were dispersed 
in a series of glasses whose thermal expansion 
coefficients were varied between 2.5 and 13Xlo-6 
in./in.°C. The size fraction (~25 ~) and 
volume (40 vol.%) of the dispersed A12o3 
particles were held constant for all composites. 
The uniaxial bend strengths of abraded com
posites and the individual glasses were 
determined and shown in Fig. 1. Internal 
stresses in the matrix phase of the composites 
varied from a radial tension of 33,000 psi 
to a radial compression of 30,000 psi as 
calculated by the Selsing equation.l Despite 
this wide range of internal stress the cow.pos
ites strength did not vary significantly. 
Good chemical bonding was verified by studying 
the fracture surfaces with a scanning electron 
microscope. 

These results suggest that Hasselman and 
Fulrath'sS hypothesis for the strengthening 
mechanism of dispersion-strengthened glasses 
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Fig. 1. Uniaxial strength of glasses and 
composites as a function of the coefficient 
of thermal expansion of the glass. 

(XBL 7010-6723) 

is obeyed, even if internal stresses are devel
oped in the composites. Therefore, the length 
of the Griffith flaw is limited by the average 
interparticle spacing of the dispersed phase, 
which is the strength-controlling factor. 
Since the strengths ·of the composites were all 
approximately constant, internal stresses can
not cause the existing microscopic flaws to 
extend statistically beyond the average inter
particle spacing. This occurs only if there 
is a good chemical bond between the dispersed 
and matrix phase. 

Abstracted from C.A. Young, Strength of 
Internally Strained Brittle Matrix Composites 
~.S. thesis), UCRL-20395, Dec. 1970. 
1. J. Selsing, Internal Stresses in Ceramics, 
J. Am. Ceram. Soc. 44 (8), 419 (1961). 
2. R. M. Fulrath, Internal Stresses in Model 
Ceramic Systems, J. Am. Ceram. Soc. 42, (9) 
423-29 (1959). -
3. Y. Nivas and R. M. Fulrath, Limitations of 
Griffith Flaws in Glass-Matrix Composites, 53 
(4), 188-91 (1970). --
4. M. A. Stett and R. M. Fulrath, Mechanical 
Properties and Fracture Behavior of Chemically 
Bonded Composites, J. Am. Ceram. Soc., 53, (1) 
5-13 (1970). -
5. D. P. H. Hasselman and R. M. Fulrath, 
Proposed Fracture Theory of a Dispersion
Strengthed Glass-Matrix, J. Am. Ceram. Soc., 
49, (2) 68-72 (1966). 
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10. KAOLINITE DEHYDROXYLATION STUDIES ON 
COMPACT SPECIMENS* 

Gartum Bandyopadhyay, Joseph A. Pask, and 
Richard M. Fulrath 

The kaolinite dehydroxylation reaction on 
compacted specimens was studied by a "gradient 
firing technique" and thermogravimetric araly
sis. The'gradient firing technique" is anew 
method of analysis in which the control of-the 
heating of a sample is a fixed temperature 
gradient through the specimen. Two thermo
couples, one inserted at the center of the 
sample and another in the furnace air, were 
connected differentially. The power supply 
was automatically controlled to maintain a 
fixed temperature gradient, and thus the heat
ing schedule was determined by the thermal 
gradient. Another thermocouple was used to 
measure the furnace air temperature. This 
method indicates endothermic and exothermic 
effects within the specimen without the need 
for inert references as in differential thermal 
analysis, 

It was concluded that porosity of the kao
line body and the thermal gradient through 
the body determine an equilibrium back pressure 
of H20 vapor in the gradient firing runs, which 
determines the reaction temperature. Increas
ing the thermal gradient and decreasing porosity 
increase the equilibrium back pressure. The 
reaction rate is determined by a combined effect 
of permeability and back pressure. 

In thermogravimetric analysis it was also 
found that the combined effect of permeability 
and back pressure determine the reaction rate. 

In a few specimens a part of the clay was 
replaced by an equal volume of inert alumina 
in order to control the permeation of water 
vapor through the porous mass. Both thermo
gravimetric analysis and gradient firing 
experiments were done with these specimens. 
It was concluded that two different slow steps, 
namely permeation and the reaction step, may 
control the dehydroxylation process depending 
on the porosity, temperature of the reaction, 
and the total amount of water content in the 
body. In compact specimens and in the tempera
ture range at which the present study was 
carried out, the permeation of water vapor 
seems to control the process. In few cases, 
where total amount of water present in the body 
was small, for example, in high alumina con
taining specimens, the reaction step was found 
to control the process. 

Abstracted from G. Bandyopadhyay, Kaolinite 
Dehydroxylation Studies on Compact Specimens 
(M.S. thesis), UCRL-20393, Dec. 1970. 



11. DIRECf OBSERVATION OF SINTERING 

Richard M. Fulrath 

The densification of powders and elevated 
temperatures to form dense, fine-grained ceram
ics is one of the most controversial subjects 
in the field of ceramics. Nwnerous theories 
have been proposed to describe the kinetics of 
the densification process. The development of 
the scanning electron microscope greatly en
hanced the resolution of microstructure devel
opment during the sintering process of ceram
ics. However, the possibilities of direct 
observation of microstructure changes during 
sintering required a heating stage. This 
equipment became commercially available in 
1970 and after modification in IMRD was used 
to observe the sintering characteristics of 
minus 20 vm nickel microspheres. Figure l(a) 
is a room temperature photograph of nickel 
microspheres in the heating stage of the SEM. 
Figure l(b) was taken at approximately 1100°C. 
Figure l(c) shows the same area at 1200°C. 
This technique is being extended to study the 
sintering characteristics of spherical and 
nonspherical ceramic materials. 

12. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Richard M. Fulrath 

a. Ferromagnetic and Ferroelectric Ceramics 

Processing studies on lithium ferrite, bar
ium ferrite, lead titanate, lead zirconate 
titanate, and sodium potassium niobate will 
continue. The main effort on all of these 
materials will be directed towards determining 
the stoichiometry of the system and how the 
stoichiometry affects the processing and 
properties. 

b. Brittle Matrix Composites 

Further work in characterization of these 
systems will continue. The main area of in
vestigation will be directed towards surface 
effects on determining mechanical properties. 

c. Permeation, Solubility, and Diffusion of 
Gas in Ceramics 

The main area of investigation will be· on 
He and Hz diffusion in fused silica. 

d. Direct Observation of Sintering 

The primary effort will be directed to 
increasing the temperature capability of the 
SEM hot stage for studies of sintering of 
spherical and nonspherical oxide materials. 
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Fig. l(a). Minus 20 vm nickel microspheres 
in the hot stage of the SEM at room temperature. 
The largest visible sphere is approximately 
20 vm. (b) The same area as in (a) at 1100°C. 
(c) The same area as in (a) at 1200°C. 
(XBB 711-302) 



13. 1970 PUBLICATIONS AND REPORTS 

Richard M. Fulrath and Associates 

Journals 

1. R. B. Atkin and R. M. Fulrath, Solubility 
of Aluminum in Lead Zirconate Titanate, J. Am. 
Ceram. Soc. ~. No. 1, 51 (1970). 

2. Mark A. Stett and R. M. Fulrath, Mechanical. 
Properties and Fracture Behavior of Chemically 
Bonded Composites, J. Am. Ceram. Soc. 53, No.1, 
5 (1970). -

3. Patrick S. Nicholson and Richard M. Fulrath, 
Differential Thennal Calorimetric Estimation 
of Kaolinite-Metakaolinite Endothermic Enthalpy, 
J. Am. Ceram. Soc. 53, No. 5, 278 (1970). 

4. Y. Nivas and R. M. Fulrath, Limitation of 
Griffith Flaws in Glass-Matrix Composites, J. 
Am. Ceram. Soc. 53, No. 4, 188 (1970). 
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A. THEORETICAL SOLID STATE PHYSICS 

Marvin L. Cohen, PrinaipaZ Investigator 

1. ELECTRONIC STRUCTURE OF SEMICONDUCTORS 
AND INSULATORS* 

Marvin L. Cohen 

We have continued to extend the Empirical 
Pseudopotential Method (EPMQ to explore new 
materials and new properties. The EPM 
involves the determination of potentials by 
using experimental data. The potentials are 
then used to calculate energy band structures, 
optical constants, effective masses, electron
lattice couplings, photoemission spectra, 
superconducting properties, electronic charge 
densities and various other properties. This 
method has resulted in accurate energy level 
determinations for dozens of crystals. 

It has even become possible recently to 
use Debye-Waller factors to obtain temperature
dependent structure factors and hence 
temperature-dependent band structures. This 
method allows calculations of the temperature 
dependence of energy gaps at the band edge 
and for high energy transitions. The anoma
lous temperature dependence for the PbTe gap 
(i.e., gap increases with temperature) has 
also been analyzed and explained by using 
this method. 

New precise calculations of the optical 
reflectivity and derivative of the reflectiv
ity have been made and compared with the 
wavelength modulation experiments of 
Professor Shen and his group. 

MOre work was done comparing potentials 
extracted from various compounds and elements. 
For example the potential for In determined 
from a Fermi surface analysis for the metal 
can be compared with the In potential extracted 
from the semiconductors InAs, InP, and InSb. 
The latter potentials were obtained by using 
the EPM. The overall consistency was found 
to be quite good. 

Some new results are: 
(a) To explore the optical properties of 

semiconductors and insulators, the dielectric 
function is calculated for the wave vector, 
q, assumed zero. This is because the photon 
wave vector is extremely small when compared 
with a Brillouin-zone q. However, for phonon 
spectra calculations, for impurity level calcu
lations and for electron-lattice coupling 
constant calculations, one needs the 

dielectric function at larger values of q. 
Some previous calculations based on model 
band structures and calculated band structures 
were in existence when we began our calcula
tions. However, we found that almost all 
previous calculations were in error. We did 
accurate calculations of the wave vector
dependent static dielectric function for Si, 
Ge, GaAs, and ZnSe. The results have already 
been used'to compute phonon spectra for Si and 
Ge by other workers. In addition, if these 
dielectric functions are used to screen bare 
ionic pseudopotentials, the resulting poten
tials are very similar to those obtained by 
using the EPM. This self-consistency is very 
encouraging. 

(b) A new analysis of the optical constants 
of diamond have been made. Despite the fact 
that diamond was one of the first and most 
popular materials to be analyzed from the 
band structure point of view, comparisons 
between experimental and calculated optical 
spectra have been disappointing. In an 
attempt to improve these results a non-local 
pseudopote~tial was added to the usual EPM. 
The basic problem appears to arise from the 
simple ls2 core for the carbon atom. The 
absence of p states in the core prevents a 
cancellation of the strong attractive poten
tial for p states. The reason that the local 

- potential is even partially successful is that 
the p-states have a small amplitude in the 

. core. The new results are in good agreement 
with the measured spectra. 

Publications 1, 4, 5, 6, 7, 8, 9, 11, 12, 13. 

2. ELECTRONIC STRUCTURE OF METALS 

Marvin L. Cohen 

Fermi surface data can be used to determine 
pseudopotentials for metals. These potentials 
can also be calculated or extracted from 
analysis of semiconductor compounds. We have 
used these potentials to calculate the super
conducting transition temperatures and 
electron-phonon mass enhancements for a large 
number of metals. In addition the temperature 
dependence of the effective mass was also 
calculated for many metals. The results were 
in good agreement with measurements on Zn, 
and new experiments are in progress on other 
metals. · 

Some new results follow. The band struc
ture of copper was calculated by using a non
local pseudopotential to take account of the 
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Fig. 1. Calculated and measured E2(w). The 
actual wavefunction curve refers to the 
pseudo-wavefunction augmented with core states. 
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Fig. 2. The measured R'(w)/R(w) at T = 7°K 
and· the calculated R' (w)/R(w). 

narrow d states. The resulting band structure 
was in good agreement with other calculations 
and with Fenni.surface and photoemission 

·measurements on copper. The optical constants 
were then calculated by using pseudo
wavefunctions. The results were very poor 
near the absorption edge. This discrepancy 
was also found by other workers, and several 
papers were published claiming that the origin 
of the discrepancy was the omission of many
electron effects. This problem was throught 
to be a major problem of rnanycbody physics. 
However, a more complete analysis using more 
exact wavefunctions shows that the origin is 
most likely not a many-body effect. The 
pseudo-wavefunction was augmented by using 
core wavefunctions. Once core states are 
added to the pseudo-wavefunction, excellent 
agreement with experiment is obtained. These 
results are shown in Fig. 1. When the Drude 
term is added, the reflectivity and modulated 
reflectivity can be calculated. The latter 
is plotted in Fig. 2 and compared with the 
results of Professor Shen' s group. 

(XBL 711-2512) 

Publications 2, 3, 7, 10. 



3. ELECTRONIC CHARGE DENSITY AND rnEMICAL 
BONDING 

Marvin L. Cohen 
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We have recently calculated electronic 
charge densities for Si, Ge, GaAs, ZnSe, aSn, 
InSb, and CdTe as a function of position in 
the unit cell. To illustrate the results, it 
is interesting to focus on the fourth row of 

the periodic table: Ge, GaAs, and ZnSe. The 
charge density can be plotted in a plane, 
i.e., a (1,-1,0) plane containing the two 
atoms and the pile-up of charge between the 
atoms can be analyzed. For Ge, the pile-up 
is large (Fig. 1) and decreases as one goes 
to GaAs (Fig. 2) and ZnSe. MOving from Ge to 
GaAs to ZnSe, the covalent bonding decreases 
and the ionic character of the bond increases. 
For Ge the charge is midway between the atoms 

Fig. 1. Valence electron density contour map 
(in units of e per primitive cell) for Ge in 
the (1,-1,0) plane. The orientation of the 
plane (dashed lines) with respect to the 
primitive cell is shown in the inset. The 
radii of the cores for Ge is 0.20 of the 
Ge-Ge distance. This radius is that of a 
sphere containing 80% of the outermost shell 
of core electrons. (XBL 7011-7011) 

Fig. 2. Valence electron density contour map 
(in units of e per primitive cell) for GaAs 
in the (1,-1,0) plane. See inset of Fig. 1. 
The core radii for Ga and As are 0.23 and 0.18 
of the Ga-As distance. The radii are those of 
spheres containing 80% of the outermost shell 
of core electrons. (XBL 7011-7012) 
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and· it moves closer to the nonmetallic atom 
as we explore the III ~v and II -VI's. §o the 
ionicity goes from zero to a finite value in 
GaAs and is largest in ZnSe. To study 
ionicity and bonding, we calculated the 
bonding charges for these compounds and 
plotted them as a function of ionicity by 
using the Phillips-Van Vechten and Pauling 
ionicity scales (Fig. 3). If this plot is 
extrapolated to zero bond charge a critical 
ionicity is found.. For the Phillips-Van 
Vechten scale a value of 0.78 to 0.79 is 
found. Phillips and Van Vechten empirically 
find that a value of ionicity, 0.785 ± 0.01, 
separates fourfold and sixfold coordinate 
substances. It is encouraging that our 
calculated value for the critical ionicity is 
so close to the empirical value; i.e., when 
the bonding charge decreases to zero, crystals 
prefei"ionic crystal structures. 

Publication 14. 

4. ULTRALOW-TEMPERATIJRE PHYSICS 

Marvin L. Cohen 

Operation of a helium dilution refrigerator 
constructed by Dr. T. Thorp (IMRD postdoctoral 
physicist) who had been working with our 
group is now being superVised by Professor 
John Clarke. We plan to explore the properties 
of superconductors at very low temperatures 
(experimentally and theoretically). 

- r 
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5. RESEARQI PLANS FOR CALENDAR YEAR 1971 

Marvin L. Cohen 

We plan to continue our EPM work with 
particular application to zero gap semiconduc
tors. Dielectric function calculations will 
be extended to finite frequencies. The optical 
properties of simple metals and noble metals 
will be explored, e.g., Al, Ag, and Au. The 
dilution refrigerator will be used to search 
for new superconductors. New calculations 
using,our charge density results are being 
planned. 

6. 1970 PUBLICATIONS AND REPORTS 

Marvin L. Cohen and Associates 

1. J. P. Walter, R. R. L. Zucca, M. L. Cohen, 
andY. R. Shen, Temperature Dependence of the 
Wavelength Modulation Spectra of GaAs, Phys. 
Rev. Letters 24, 102 (1970). 

2. G. Y. Pong and M. L. Cohen, Energy Band 
Structure of Copper by the Empirical Pseudo
potential Method, Phys. Rev. Letters 24, 306 
(1970). -

*3. P.-B. Allen and M. L. Cohen, Calculation 
of the Temperature Dependence of the Electron
Phonon Mass Enhancement, Phys. Rev. Bl, 1329 
(1970). -

* 4. R. N. Cahn and M. L. Cohen, A Local 
Pseudopotential Model for GaSb: Electronic 
and Optical Properties, Phys. Rev. Bl, 2569 
(i970). -

5. J. P. Walter, M. L. Cohen, Y. Petroff, and 
M. Balkanski, Calculated and Measured 
Reflectivity of ZnTe and ZnSe, Phys. Rev. Bl, 
2661 (1970). -

6. R. R. L. Zucca, J.P. Walter, Y. R. Shen, 
and M. L. Cohen, Wavelength Modulation Spectra 
of GaAs and Silicon, Solid State Commun. 8, 
677 (1970). -

*7. M. L. Cohen and V. Heine, The Fitting of 
Pseudopotentials to Experimental Data and 
Their Subsequent Applications, in Solid State 
Physics Vol. 24, ed. by H. Ehrenreich, F. 
Seitz, and D. Turnbull (Academic Press, New 
York, 1970) p. 37. 

*8. J. P. Walter and M. L. Cohen, Wave Vector
Dependent Dielectric Function for Si, Ge, 
GaAs, and ZnSe, Phys. Rev. B2, 1821 (1970). 



9. L. A. Hemstreet, Jr., C. Y. Fang, and 
M. L. Cohen, Calculation of the Band Structure 
and Optical Constants of Diamond Using the 
Non-Local Pseudopotential Method, Phys. Rev. 
B2, 2054 (1970). 

10. C. Y. Fang, M. L. Cohen, R. R. L. Zucca, 
J. Stokes, andY. R. Sherr, Wavelength 
Modulation Spectrum of Copper, Phys. Rev. 
Letters~. 1486 (1970). 

*11. M. L. Cohen andY. W. Tsang, Theory of 
Electronic Structure of Some IV-VI Semicon
ductors, J. Chern. Phys. Solids (in press). 
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*12. Y. W. Tsang and M. L. Cohen, Calculation 
of the Temperature Dependence of the Energy 
Gaps·in PbTe and SnTe, Phys. Rev. (in press). 

13. Y. W. Tsang and M. L. Cohen, Band 
Ordering in PbTe, Solid State Commun. (in 
press). 

14. J. P. Walter and M. L. Cohen, Electronic 
Charge Densities in Semiconductors, Phys. 
Rev. Letters (in press).· 

Not supported by· IMRD funds. 
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B. MAGNETIC PROPERTIES OF SOLIDS 

A. M. PoPtis. PPinaipaZ InvestigatoP 

1. NUCLEAR RELAXATION IN NICKEL ALLOYS 

Boris Chomik* and Alan M. Portis 

Nuclear spin-lattice relaxation of 61Ni and 
105Pd has been measured at liquid helium tem
peratures in Ni metal and in a Ni-Pd 2 at.% 
alloy. An external magnetic field of 6 kG 
was applied to saturate the sample, eliminat
ing the domain walls, so that relaxation 
through domain-wall motion was not present. 
The relaxation times at 4.2°K were: 0.05 sec 
for 61Ni and 0.58 sec for 105pd, The Ni 
relaxation time agrees well with a theoretical 
model based on interactions of the nuclear 
moments with orbital fluctuations of d elec
trons. This model and the Pd relaxation time 
were used to calculate a density of states 
at the Fermi level of 4-d electrons on the 
Pd impurity. Its value turns out to be 
l.OXl012 states/erg-atom. From this value we 
estimated the magnetic moment loc.alized at 
the Pd atom to be 0.14 Bohr magnetons. From 
bulk magnetization data we conclude then th~t 
the Ni neighbors nearest to the Pd impurity 
have an additional moment of 0.031 Bohr 
magnetons. 

California-Chile Predoctoral Fellow, now at 
the Department of Physics, University of Chile, 
Santiago, Chile. 

2. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Alan M. Portis 

In collaboration with Dr. Boris Chomik, 
who will be working at the University of Chile, 
it is planned to extend the initial measure
ments on copper and palladium in nickel to a 

wide range of transition metal alloys. By 
measuring nuclear relaxation at the impurity 
site, one may infer the moment localized at 
this site. Together with magnetization data 
the augmentation of neighboring host moments 
may be determined. It is planned to. search 
for the magnetic resonance of nuclei at these 
sites as a check on the current interpretation 
of dilute magnetic alloys. 

Independent of this experimental work it 
is planned to begin a review of the experi
mental study of metallic ferromagnetism with 
emphasis on neutron scattering, nuclear reso
nance and relaxation, and nuclear radiation. 
An effort will be made to critically develop 
the complementary nature of these severai 
techniques as well as their limitations. It 
is expected that this review will be published 
as a research treatise particularly directed 
to new workers in the field. 

3. 1970 PUBLICATIONS AND REPORTS 

Alan M. Portis and Associates 

Journals 

1. M. H. Bancroft, Magnetic State of Cu in 
Ferromagnetic Ni, Phys. Rev. B2, (1) 182 
(1970). -

2. Earl David Shaw, Nuclear Relaxation in 
Ferromagnetic Cobalt, Phys. Rev. B2, (7) 
2746 (1970). -

UCRL reports 

1. Boris Chomik, Nuclear Relaxation in 
Nickel Alloys (Ph;D. thesis), UCRL-20376, 
Dec. 1970. 
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C. FAR INFRARED PROPERTIES OF SOLIDS 

Paul L. Richards, Principal Investigator 

1. PHONON CONfRIBI.ITION TO 1HE FAR INFRARED 
ABSORPTIVI1Y OF SUPERCONDUCTING AND NORMAL 
LEAD 

Richard R. Joyce and Paul L. Richards 

Studies have continued of the phonon-in
duced structure on the absorptivity of super
conducting and normal lead, which was dis
covered last year. In this process, the in
coming photon scatters an electron and gener
ates a phonon. Consequently, the absorption 
·coefficient depends on the density of states 
for the longitudinal and transverse acoustic 
modes of the lead. The quantity which can be 
measured most accurately is the ratio AsiAN 
of the absorptivities in the superconducting 
and normal states. Figure 1 shows this meas
ured ratio compared with two theoretical cal
culations by Swihart based on strong-coupling 
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Fig. 1. Experimental absorptivity ratio 
(curve A) compared with non-local strong
coupling theory assuming diffuse (curve B) 
and specular (curve C) boundary conditions 
for electrons. (XBL707-16S4). 

superconductivity theory. The sharp rise in 
the ratio at ~2s cm-1 is due to the super
conducting energy gap, the fall from ~30 to SO 
cm-1 to the onset of phonon absorption in 
the normal state, and the two-stage rise be
tween SO and 100 cm-1 to the onset of first 
transverse, then longitudinal acoustic phonon 
absorption in the superconducting state. Be
tween 12S and 2SO cm-1 the data asymptotically 
approach unity. The superccinducting and 
normal states are expected to absorb equally 
at all higher frequencies. 

CalculationS! of the absorptivity ratio in 
the local (dirty sample) limit show no phonon 

structure. Essentially the incoming photon 
is more likely to scatter an electron and 
give the momentum to an impurity than to create 
a phonon. In order to test this prediction, 
the absorptivity ratio As/AN has been measured 
in Pb samples alloyed with a few percent of Bi 
or In. Figure 2 shows the decreased phonon · 
structure measured from a 1% In sample. For 
larger impurity concentrations, the structure 
seems to disappear completely. 
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Fig. 2. Comparison of the absorptivity ratios 
for pure and dirty lead. (XBL707-166S). 

2. LOW-LYING ENERGY LEVELS OF HIGH SPIN Fe3+ 

George C. Brackett and Paul L. Richards 

A study of the far infrared spectra of a 
large number of Fe(III) complexes has been 
completed. During this year the measurements 
were extended to two materials of biological 
interest, hemoglobin and ferrichrome A. Figure 
1 shows the frequencies of the magnetic absorp
tions in hemoglobin and myoglobin fluoride 
plotted as a function of magnetiC field. Theo
retical curves from a spin Hamiltonian with 
the magnetic field perpendicular to an axial 
crystalline field are also shown for compar
ison. Crystalline field parameters, such as 
the zero field splittings of 2D=l2.6 cm-1 (HbF) 
and 11. 88 cm-·1 (MbF) can be measured from these 
data. These are to be compared with the re
sults in Fig. 2 for protoporphyrin IX dimethyl 
ester Fe(III), which has similar surroundings 
for the iron but no protein chain. In this 
case 2D=l0.0 cm-1. 

The far infrared absorption of ferrichrome 
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·Fig. 1. Data obtained from the far infrared 
spectra of paste samples of the fluoro deriv
atives of ferrihemoglobin (HbF) and ferri
myoglobin QMbF) at 4.2°K. The points are the 
frequencies of the measured absorption maxima, 
and the bars indicate the approximate width 
of the observed absorptions. The curves are 
the frequencies of strong tranSitions calcu
lated from an axial spin Hamiltonian with 
f:!l z, and D=+6.30 cm-1 (HbF), and D=+S.94 cm-1 
QMbF); the dotted portions indicate regions of 
weaker absorption due to the effects of the 
Boltzmann factor. The approximate spectral 
bandpass of the sample is indicated by the 
range of frequencies plotted. (XBL706-3236). 
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Fig. 2.. Data analogous to those shown in 
Fig. 1 for a sample of polycrystalline fluoro 
protoporphyrin IX dimethyl ester Fe(III) at 
T=4.2°K. (XBL706-3181). 
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Fig. 3. Theoretical and experimental absorp
tion coefficients for polycrystalline ferri-· 
chrome A at H=S2.2 kOe and T=4.2°K. The 
points are the average of three experimental 
runs, and the bars indicate plus or minus one 
standard deviation. The solid curve is the 
theoretical bare absorption coefficient for 
g=2.0, D=-0.27 cm-1, and E=0.068 cm-1. The 
dotted curve is the best fit for positive D. 
(XBL706-3183). 

A, which is a metabolic product of a smut 
.fungus, is shown in Fig. 3. This material 
contains high spin Fe(III) in a crystalline 
field with a relatively large rhombic term. 
The theoretical curves in Fig. 3 were calcu
lated for a powder sample, assuming no inher
ent line width. The best fit was obtained 
for an axial term D=-0. 27 cm-1 and a rhombic 
term E=0.068 cm-1. Previous microwave elec
tron spin resonance experiments, which were 
less sensitive to crystalline field parameters 
in this range, were analyzed in terms of a 
positive D. 

3. FAR INFRARED DIFFERENCE FREQUENCY RADIATION 
GENERATED BY PICOSECOND LIGHT PULSES 

Kei-Hsiun Yang, Paul L. Richards, Jay W. 
Shelton, and Y. Ron Shen 

We have observed far infrared radiation 
generated in LiNb03 by picosecond light pulses 
from a mode-locked Nd glass laser. The infra
red signal was separated into two beams, one 
for normalization~ the other passing through 
a Michelson interferometer for spectral 
analysis. The interferograms were Fourier
transformed to obtain the far infrared spectra. 
In one experiment, an~= 0.77 mm thick crystal 
of LiNb03 was used to rectify the laser pulses. 
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Fig. 1. Measured spectrum (points) of recti
fied picosecond laser pulses compared with 
theoretical calculation (line) due to Morris 
and Shen (XBL7012-7288). 

The resulting spectrum shown in Fig. 1 can be 
und~r~tood as the product of an w2 radiation 
eff1c1ency, a (sin2 k£/2)(k£/2)2 phase
matching curve centered at zero frequency, 
and an approximately Gaussian frequency enve
lope corresponding to a laser pulse length of 
""2 picoseconds. 

In a second experiment, the LiNb03 was _1 oriented to obtain phase matching at 13 em 
for far infrared radiation traveling in the 
forward direction and at 6.5 cm-1 for the 
backward direction. The polarizations of 
the various beams were chosen so as to reject 
the rectified component. The backward phase
matched radiation shows clearly in Fig. 2. It 
appears in the detector owing to reflections 
from the crystal surface. The forward peak was 
not observed since it is very weak. As can be 
seen from Fig. 1, the frequency content of 
the ~2 picosecond pulses does not extend to 
13 cm-1 

These experiments yield the first observa
tion of far infrared picosecond pulses. These 
pulses have peak powers of many hundreds of 
watts and can be used to study nonlinear and 
transient phenomena. 
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Fig. 2. Measured spectrum showing backwards 
phase matched radiation at 6.5 cm-1. 
(XBL7012-7277). 

4. FAR INFRARED HETERODYNE RECEIVER USING 
JOSEPHSON JUNCTIONS 

Paul L. Richards and Yuan Taur 

The well-known ac Josephson effect experi
ment in which a microwave source beats with 
the Josephson supercurrent in a tunnel junc
tion is essentially a heterodyne detector for 
the microwave signal. Because of the way in 
which the zero-frequency beat is usually 
observed, however, this device does not 
provide frequency selectivity or sensitivity 
to small signals. We have used the super
conducting transformer and quantum interfer
ence gal~anometer developed by John Clarke 
and William Tennant to measure the jqnction 
response to a small microwave signal. This 
system shows promise as a sensitive heterodyne 
detector for small signals whose frequency and 
bandwidth can be voltage-tuned. 



5. ON- LINE COMPUTATION FACILITY FOR FOURIER 
SPECTROSCOPY 

Paul L. Richards and Mark Zaitlin 

For the past decade the technique of Fourier 
Spectroscopy has dominated work in the far 
infrared. In this technique, the path differ
ence of a Michelson interferometer is swept 
and the resulting interference pattern, or 
interferogram, is Fourier-transformed to obtain 
the desired spectrum. In the past, our inter
ferograms have been sampled and punched onto 
IBM cards and the Fourier transformation done 
on a general-purpose computer. This procedure 
is limited to slow data rates and does not 
permit viewing the resulting spectra during 
an ·experimental run. 

We have installed a PDP-11 computer and 
interfaced it to operate the interferometer 
and to accept interferogram data directly. A 
program is being prepared to compute Fourier 
transforms with arbitrary phase and to dis
play the resulting spectra continuously on an 
oscilloscope monitor and to read them out on 
a chart recorder. 

6. OBSERVATION OF COSMIC BLACKBODY RADIATION 

Paul L. Richards 

The far infrared techniques developed in 
our laboratory can be used with little modi
fication for infrared astrophysics. The out
standing problem in this region of the spec
trum is the experimental verification of the 
2.7°K isotropic blackbody radiation apparently 
left over from the creation of the universe. 
The low frequency side of the blackbody peak 
has been well-verified by a number of micro
wave measurements. The peak occurs at ~10 cm-1, 
and atmospheric water vapor absorption inter
feres with higher frequency measurements. 
Balloon and rocket measurements with low reso
lution have observed temperatures considerably 
in excess of 2.7°K in the 10-15 cm-1 region. 

A Fabry-Perot interferometer and an InSb 
detector have been constructed in collabora
tion with Michael Werner and John Mather from 
the research group headed by Charles Townes. 
These will be used for high altitude ground
based and aircraft-based observations. A 
Michelson interferometer for Fourier spectro
scopy is also being prepared for use with a 
balloon gondola constructed by Kinsey Anderson. 
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7. JOSEPHSON EFFECT PHENOMENA IN SUPERFLUID 
HELIUM 

William E. Tennant and Paul L. Richards 

Apparatus has been constructed and experi
ments begun to study the analog of the ac 
Josephson effect in superfluid helium. In a 
previous experiment two baths of helium were 
connected by a small orifice and the flow of 
liquid through the orifice was modulated with 
an ultrasonic transducer. Dynamic stability 
of the baths was observed for values of the 
chemical potential difference integrally 
related to the ultrasonic frequency. In the 
present experiment the flow is being modulated 
with an ac heater which produces second sound 
waves, rather than the pressure waves (first 
sound) produced by the ultrasonic transducer. 

8. RESEARCH PLANS FOR CALENDAR YEAR 1971 

Paul L. Richards 

All of the projects discussed above will be 
continued except for numbers 1 and 2. 

9. 1970 PUBLICATIONS AND REPORTS 

Paul L. Richards and Associates 

Journals and books 

1. P. L. Richards, Far Infrared Detectors, 
in Far Infrared Properties of Solids, ed. by 
S. Mitra (Plenum Press, New York, 1970). 

2. G. C. Brackett and P. L. Richards, Far 
Infrared EPR of Fe(III) in Myoglobin, in 
Genetical Functional, and Ph sical Studies 
of Hemoglobins S. Karger, Basel, Switzerland, 
1970). 

3. G. C. Brackett, P. L. Richards, and H. H. 
Wickman, Far ·Infrared Spectra of Several 
Fe(III) Complexes with Spin S=3/2, Chern. Phys. 
Letters~. 75 (1970). 

4. R. R. Joyce and P. L. Richards, Phonon 
Contribution to the Far Infrared Absorptivity 
of Superconducting and Normal Lead, Bull. Am. 
Phys. Soc. (Ser. II) 15, 342 (1970); 
Phys. Rev. Letters 24~1007 (1970). 

5. K. H. Yang, P. L. Richards, J. W. Shelton, 
and Y. R. Shen, Far Infrared Difference Fre
quency Radiation Generated by Picosecond Light 
Pulses, Bull Am. Phys. Soc. (Ser. II) 15, 
638 (1970). --



6. P. L. Richards, Analog of the ac Josephson 
Effect in Superfluid Helium, Ph~. Rev. 2A, 
1532 (1970). . 

UCRL reports 

1. C. G. Brackett, P. L. Richards, and W. S. 
Caughey, Far Infrared Magnetic Resonance in 
Fe(III) and Mn(III) Porphyrins, Myoglobin, 
Hemoglobin, Ferrichrome A, and Fe(III) 
Dithiocarbamates, UCRL-19622,·Nov. 1970. 

2. D. W. Faries, P. L. Richards, Y. R. Shen, 
and K. H. Yang, Tunable Far-Infrared Radiation 
Generated From the Difference Frequency Be
tween Two Ruby Lasers, UCRL-20355, Oct. 1970. 
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3. R. R. Joyce, Far Infrared Studies of 
Solids: I. Electronic Levels of ·dl Ions in 
Al203. II. Phonon Contribution to Electro
magnetic Absorption in Lead (Ph.D. thesis), 
UCRL-19666, Aug. 1970. 

4. G. C. Brackett, Far-Infrared Magnetic 
Resonance in Fe(III) and Mn(III) Porphyrins, 
Myoglobin, Hemoglobin, Ferrichrome A, and 
Fe (III)Dithiocarbonates (Ph.D. thesis), 
UCRL-19651, June 1970. 
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D. SUPERCONDUCTIVITY 

Gene I. Rochlin, Principal Investigator 

1. TIJNNELING IN TRANSITION METAL OXIDES 

Paul K.~~Qsma and-Gene I. Rochlin 
·' We have completed for the moment our 

research into the behavior of metal-Cr2o3-
metal tunnel junctions. Although-the antl
ferromagnetic energy gap of Cr was not seen 
in these experiments, the details of the cur
rent-voltage characteristics have enabled us 

0 to verify that all the observed structure is 
due to the thin cr203 layer, and that the giant 
anomalous behavior previously reported for Cr 
junctions was a spurious effect. As we have 
indicated in the last report, the second volt
age derivative, d2IjdV2, of these junctions 
indicated inelastic tunneling via excitations 
at 28, 44, 62, and 82 m eV. When the metal 
used for the counter-electrode is Pb, cooling 
the junctions below transition temperature 
yields ultrahigh-quality tllhneling junctions as 
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Fig. 1. Conductance (di/dV) vs. bias voltage 
for a Cr-Cr203-Pb tunnel junction at ~l°K, 
Despite the unusual shape of the normal con
ductance (dotted line), the Pb phonon spectrum 
determined from [(di/dV)s/(di/dV)N] is as_well 
resolved as in the best Al-I-Pb junctions. 
Note the low leakage conductance at zero bias. 
(XBL703- 2423). 
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, Normalized such that 
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for all curves 
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Fig. 2. Conductance [G (V)] vs. bias val tage 
for a series of Cr203 junctions: (A) Al-Cr203-Sn 
(B,D) Cr-Cr203-Sn; (C) Cr-Cr20-Pb. The in
creased asymmetry of (A) is due to a less 
symmetric tunneling barrier, since Al has a 
larger work function than Cr. (XBL702-2303). 

determined by the resolution of the Pb phonon 
·spectrum and the low leakage current at zero 
bias (Fig. 1~). The excitations observed have 
recently been verified as being intrinsic to 
the system by infrared spectrometry. We have 
also constructed tunnel junctions of the form 
Al-Cr203-metal by evaporating a thin Cr layer 
on an Al film and oxidizing it to completion. 
As 'shown iri Fig. 2, these junctions behave 
exactly as Cr203-metal ones, thus proving 
that the unusual shape of the I-V curve is due 
to the Cr203. · Fowler~Nordheim plots of the 
junction characteristics at several temperatures 
have indicated that typical Cr203 layers are 
soX thick and have a low barrier height of only 
0.3 eV; this low barrier height accounts for 
most of the observed nonlinearity in Cr tunnel 
junctions, with only the ·structure near the 
origin being due to excitations or related 
phenomena. 

This work is now being extended to oxides 
of vanadium by evaporating thin V films and 
chemically treating them to control the nature 
of the oxide layer. VfJ 3, ViJ 4, and VfJs are 
currently under study to examine the exc1tation 
spectrum of the oxides, the resulting barrier 
height, and to investigate the metal-insulator 



transition. We have also observed some struc
ture upon tunneling into sing£e-crystal V 
which appears to be due to the electron-phonon 
coupling in superconducting V, and should en
able "us to determine a2F(w) for this metal. 

2. MICROWAVE INTERACTIONS WITH SUPERCONDUCTIVE 
TUNNEL JUNCI'IONS 

James N. Sweet* and Gene I. Rochlin 

The interaction of 4kMHz microwave radia
tion with thin film superconducting tunnel 
junctions of-Sn or Pb has been studied by using 
the reentrant coaxial microwave cavity illus
trated in Fig. 1. This geometry lets us cal-. 
culate the rf power across the junction to a 

Tuning plunger 
.·1 

H field direction Gloss substrate 

End wall Tunne I junctions 

Fig. 1. Microwave reentrant cavity, shown 
with tunnel junction in place. At the junction 
position the rf electric field is perpendicular 
to the substrate, and the rf magnetic field 
is zero. (XBL6911-6212). 

high degree of accuracy in ·a coupling situa
tion which is theoretically simple ·to analyze. 
The rf power dependence has been studied for 
values of the coupling parameter (eVrf/hw) ~18. 
The microwave-induced current deviat1on ~I(V,a) 
is in exact agreement with the simple theory 
of Tien and Gordon if the theory is scaled by 
a single adjustable parameter, the rf coupling 
to the junction. However, this single para
meter fit still yields rf field values across 
the junction which are an order of magnitude 
above those calculated from the cavity power 
dissipation. A comparison of the functional 
form of ~I(V,a) with revised versions of the 
rf theory has determined that none of these 
fits the data as well as the simple Tien-Gordon 
model, as shown in Fig. 2. 

Recent extensions of the experiment to a 
rectangular TElOl high Q cavity have verified 
the excellence of the theoretical fit to values 
of a as high as 60. For all practical purposes, 
therefore, we have explored the rf coupling in 

Present address: Sandia Corp., Los Alamos, 
New Mexico. 
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Fig. 2. ~I(V,a) for a typical junction. Po 
is the power dissipated in the cavity, and 
Vo a voltage near where all curves intersect. 
The Tien-Gordon fit, ~ITG is seen to be func
tionally correct, in contrast to the revised 
Cook-Everett form, ~ICE· (XBL704-2724). 
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Vrf (arbitrary units) 

Fig. 3. de Josephson current vs. Vrf for a 
Sn-SnO-Sn junction. The solid line is experi
mental, the dashed is the Bessel function Jo(2a) 
predicted by theory, fitted at both ends of the 
experimental curve. XBL704-2722. 

the entire region 0~ a ~ oo; hw << ~. where ~ 
· is the energy gap. We simultaneously explored 

the rf coupling to the Josephson effect by 
induced ac Josephson steps, as well ~s the rf 
power dependence of the de Josephson current. 
In contrast to the quasiparticle steps, the 
coupling of the rf field to the Josephson cur
rents varied randomly over two orders of magni
tude from junction to junction, and could not 
be correlated with any observed physical para
meter of the samples. In addition, the rf 
power dependence of the de current was shown 
to deviate from the predicted behavior as 
shown in Fig. 3. We conclude that the theory 

/ '\..... 



of rf coupling to the Josephson effect is still 
incomplete, even for our samples which have a 
physical size << Arf· 

3. GAPLESS SUPERCONDUCTIVITI 

Michael 0. Jack and Gene I. Rochlin 

We have been studying the characteristics 
of several different tunnel junction systems 
in an effort to expand the understanding of 
the nature of gapless superconductivity in 
dilute alloys of magnetic impurities in the 
host superconductor. In these systems the 
order parameter remains finite over a small 
range of concentration where there is no per
ceptible energy gap, i.e., the system carries 
a lossless supercurrent even though excitations 
of arbitrarily small energy are permitted. A 
series of measurements on La junctions by 
using a La handling and preparation station we 
have developed has yielded only limited success 
for pure La junctions, complicating the analysis 
of the La-Ce system. We are currently attempt
ing to resolve these problems by using proxi
mity-effect sandwich electrodes, consisting of 
Sn or Pb backed with either a normal metal or 
a layer of magnetic impurities to calibrate 
our experimental technique. We shall then 
apply these tothe La-Ce system which is most 
interesting because it exhibits a Kondo effect 

.at Ce concentrations too low to kill the 
superconductivity, and should exhibit a pseudo
gap which represents the transition from the 
low-lying spin compensation states to the 
Block-like states at energies near the gap 
(order) parameter. Junction preparation 
continues to be a severe problem, but a re

·cent shift to Sn counter electrodes is yield
ing consistently good Josephson effect samples 
and appears to be very promising. 

4. AC JOSEPHSON EFFECT IN WEAK LINKS 

Yeong-du Song and Gene I. Rochlin 

We have nearly .completed our I-V apparatus 
to study the characteristics ot m1crobr1dges, 
filled scratches, overlays and other strongly
coupled "weak-link" Josephson devices as a 
function of the orientation and position of the 
applied rf electric and magnetic fields. The 
microwave apparatus consists of a very high Q 
circular X-band cavity operating in a TEall 
mode, and containing a sample holder which pro
vides for both translation and rotation of the 
link. This enables us to selectively allow 
the sample to interact with either E or H, both 
parallel and perpendicular to the axis of the 
link and thus parametrize the interaction of 
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the Josephson effect with applied rf. Some pre
liminary results have already been obtained, 
and the electronics is currently being revised 
to increase the sensitivity. A combination 
of very low noise preamplification and digital 
averaging techniques enables us to study the 
critical transition region with a voltage res
olution of 10 nV or better, which is very 
high for derivative work. Several different 
types of devices have been constructed and 
tested and we anticipate results very shortly. 

5. TUNNELING IN NORMAL METAL JUNCTIONS 

Duncan E. McBride and Gene I. Rochlin 

We are performing several experiments on 
tunneling into nonsuperconducting metals, as 
well as superconducting ones to investigate 
the effects of elementary excitations (phonons 
magnons, etc.) on the tunneling conductance. 
Although previous experimentsl on dilute CuCr 
and CuFe alloys have shown no structure 
attriDutable to magnetic impurities or the 
Kondo .. effect, an analysis of Al-Alz03-cux 
junctions to ~lo-4 of the background conduc
tance shows considerable structure at energies 
roughly comparable to bulk phonon frequencies 
in addition to the usual oxide layer impurity 
modes. Further analyses of these and related 
data have been postponed until the completion 
of our new online computer digital data acqui
sition system, which will not only enhance our 
signal-to-noise ratio by at least one order of 
magnitude, but will allow us to perform the 
complex data' reduction on-line. A variety of 
experiments have been planned for this system, 
including a study of additional dilute alloys 
of Cu, Ag, and Au; an investigation of the 
mass shift of the previously mentioned struc
ture in Cu; and a reinvestigation of such 
metals as Al which are too weak-coupling for 
observation of phonon effects with ordinary 
equipment. The increased resolution of our 
digital de technique which requires no ac 
modulation will also enable us to study further 
high resistance junction systems in which the 
shunt capacitance normally precludes the 
application of modulation derivative techniques 
as well as those whose equilibrium response 
time is too long to allow the use of reasonable 
modulation frequencies. ' 

l. L. Dumoulin, E. Guyon ·and G. I. Rochlin, 
Solid State Communications~. 287 (1970). 



6. ELECTRIC FIELD DEPENDENCE OF THE VAPOR 
PRESSURE OF CLASSICAL LIQUIDS ALONG THE CO
EXISTENCE CURVE 

Gary Williams, Gene I. Rochlin andY. R. Sherr 

The high pressure bomb used to study the 
effect of electric fields on the equilibrium 
vapor pressure of C02 has proved to be unreli
able and irreproducible, and has been discarded 
in favor of a new home-made cell built of 
lucite, using a strain gauge mounted on a dia
phragm as a sensor. We have recently per
formed our first series of experiments in this 
cell by using SF6 as a sample. Preliminary 
results obtained well below the critical tem
perature are in complete agreement with the 
theory using tabulated values for the di
electric constant of both liquid and gas. The 
cell is now being installed in the thermal 
bath, and we shall continue taking data along 
the coexistence curve up to the critical 
temperature to determine the effect of the 
electric field in the intermolecular inter
actions. By studying these effects on non
polar mqlecules such as SF6, co2, and Xe, we 
hope to obtain significant data on the nature 
of the van der Waal's interaction in classical 
non-polar fluids. In addition, by adding an
other variable, we should significantly expand 
our understanding of critical phenomena in 
general and critical-point thermodynamics. 

7. INSTRUMENTATION 

Gene I. Rochlin and Duncan E. McBride 

The all-de digital derivative technique 
developed in this laboratory by using a mult
channel analyzer has extended our capabilities 
at least to the state-of-the-art of modulation 
techniques with respect to sensitivity, while 
allowing us to perform several experiments 
which are otherwise impossible, such as those 
on high resistance Cr junctions. 

We are currently completing the installa
tion of our PDP-11 digital computer to be used 
as an on-line digital signal averager and data 
reducer. This system will include all the 
usual benefits of the direct de derivative 
technique (such as direct conductance plots, 
on-line continuous monitoring of the entire 
sweep in real time to determine running time, 
rejection of transient noise spikes, etc.), 
while enabling us to reduce our data immediate
ly in the laboratory and determine which experi
mental parameters need adjusting. We have 
developed several interfaces to the computer, 
including a high speed ADC direct memory access 
system, which will enable us to extend our 
experimental program to autocorrelation and 
noise experiments and many others. 
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8. RESEARCH PLANS FOR CALENDAR YEAR 19 71 

Gene I. Rochlin 

The project described above will be con
tinued along the lines indicated in the specif
ic reports. The electric field experiments on 
liquids will be tuned up into a full-time ef
fort now that the equipment has been debugged 
and several substances will be measured. The 
PDP-11 system will be placed in operation and 
we anticipate that further applications of the 
digital technique will be developed as we gain 
in experience and insight as to the power of 
the computer as an investigative tool. 

We have also been investigating the theory 
and experimental manifestations of 1/f noise 
in solids, membranes, and nerve axons in the 
light of recent experimental observations in 
Holland which have led to a phenomenological 
expression for the 1/f noise amplitude in many 
systems, and of recent work on Monte Carlo 
calculations of autocorrelation functions for 
tWo- and three-dimensional diffusion. We 
plan to undertake several related noise pQwer 
and autocorrelation studies of a variety of 
systems to investigate the behavior at ultra
low frequencies by using the computer. 

9. 1970 PUBLICATIONS AND REPORTS 

Gene I. Rochlin and Associates 

Journals 

1. G. I. Rochlin and P. K. Hansma, Electron 
Tunneling in Cr-Cr203-Metal Junctions, Phys. 
Rev. B2, 1450 (1970). 

2. J. N. Sweet and G. I. Rochlin, Microwave 
Photon-Assisted Tunneling in Sn-I-Sn Super
conducting Tunnel Junctions, Phys. Rev. B2, 
656 (1970). 

3. L. Dumoulin, E. Guyon, and G. I. Rochlin; 
Electron Tunneling Into Dilute CuCr and CuFe 
Alloy Films, Solid State Commun:-~, 287 lf970). 

4. J. N. Sweet and G. I. Rochlin, Low-Fre
quency Photon-Assisted Tunneling in Super
conducting Tunnel Junctions, Solid State 
Commun. ~. 1341 (1970). 

5. G. I. Rochlin, Improved Design Liquid 
Helium Temperature Regulator Using Operational 
Amplifier Circuits, Rev. Sci. Instr. 41, 73 
(1970). 

6. G. I. Rochlin, Electrons and Electrodes, 
Science, 167, 1116 (1970). 



UCRL reports 

1. J. N. Sweet, Microwave Photon-Assisted 
Tunneling in Superconducting Tunnel Junctions 
UCRL-19653 (Ph.D. thesis), Aug. 1970. 
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John CZarke, PrincipaZ Investigator 

1. A QUANTIJM INTERFEROMETER WITH 
CURRENT GAIN 

John Clarke and James L. Paterson 

The Josephson quantum interferometer has · 
been widely used for a number years in 
the measurement of tiny magnetic fields, 
currents, and voltages. One disadvantage 
of the device in certain applications has 
been the fact that its current gain is less 
than unity. We have used positive feedback 
within the interferometer to achieve current 
gains approaching 100. The current gain 
may be readily adjusted from outside the 
cryostat to values between 0 and 100. The 
device can be used in a three-terminal connec
tion to perform any operation possible with 
a conventional transistor. 

A schematic of the interferometer is shown 
in Fig. 1. The Josephson junctions, A and B, 
are assumed to be identical, and each can sup
port a maximum super current . im. The 
symmetry of the current feed to the junctions 
is variable. The symmetry is described by 
the parameter a, which determines the 

Fig. 1. Schematic diagram of a thin film 
Josephson interferometer. The junctions are 
Superconducting-Normal-Superconducting (SNS). 
(XBL7011-4088). 
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Fig. 2. Experimental plots of reduced criti
cal current, jc = ic/2im, over one period of 
applied flux showing the effect of asymmetry. 
The system is symmetric for a = 1/2 and 
becomes more asymmetric as a is increased 
to 1. (XBL7011-4094). 

division of the ring inductance, L, between 
the two current paths .A and B. The maximum 
supercurrent, ic1 which the ring can support 
varies periodically with the applied flux, 
the period being one flux quantum. If the 
current feed is symmetric (a=l/2), the modu
lation pattern is symmetric. If the current 
is asymmetric, the modulation pattern becomes 
skewed. 

We have fabricated interferometers by 
using lead-copper-lead junctions, for which 
the various parameters can be accurately 
controlled. The normal-state resistance of 
these junctions is about lo-6 n. Typical 
modulation patterns are shown in Fig. 2. The 
current gain of the device on the steep part 
of the oscillation, oic/oi, is clearly much 
larger than unity for a=l. The asymmetry in 
the oscillation arises from magnetic feed
back into the ring of the current flowing 
into the junctions. This feedback is 
negative in the low-slope region at the 
curve and positive in the high-slope region. 

We have made detailed measurements of the 
shape and amplitude of the oscillations over 
a wide range of parameters. Our measurements 
are in excellent agreement with our theoreti
cal calculations. 

The lead-copper-lead junctions have proved 
extremely reliable, but their low normal-state 



resistance is a disadvantage. We are curr,ent
ly developing a technique for producing reli
able W junctions. 

2. A SUPEROONDUCTING TRANSFORMER 

John Clarke and William E. Tennant 

A voltmeter is said to be ideal if it 
can observe the Johnson noise in the source 
resistance. A superconducting galvanometer 
used as a voltmeter (as in Fig. 1) can observe 
Johnson noise in the resistance, R~ only at 
a temperature above TG = k-1 Ls IG~ and for 
values of R less than Rc(T) = k(T-TG)/(TG rG2). 
Here, Ls is the stray inductance of the cir
cuit,IG the current resolution of the galvano
meter, and 'G its response time. A slug 
galvanometer has typical values of TG=l.8K 
and Rc(4.2) = 7Xlo-8n. 

R 

T= L 5 /R Galvanometer 
IG ' TG 

Fig. 1. A voltmeter circuit containing a 
resistanceless galvanometer in series with a 
voltage source (V), a resistance (R), and an 
inductance (Ls) which represents the total 
circuit inductance. The galvanometer response 
is detected by external circuiting which 
requires a time 'G to detect a current IG in 
the circuit. (XBL 7010-4023) 

A voltage-sensitive device such as an PET 
can observe Johnson noise in resistances 
greater than l04n at 4.2K. However, there is 
a large range at 4He temperatures for which 
ideal voltmeters do not exist. 

We have developed a de superconducting 
transformer which when coupled to a Slug 
increases RcC4.2) by more than five orders 
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of magnitude. The transformer consists of a 
1000-turn superconducting primary coil and a 
single-tum superconducting secondary in which 
the Slug is mounted. The effective inductance 
of the primary is about 4mH and the current 
resolution of the Slug is improved by a factor 
of about 600. Our experimental values of 
TG = 2.3K and Rc(4.2) = 1.6Xlo-2 n are in 
e~cellent agreement with our detailed theory. 

3. THE RESISTANCE OF SNS JUNCTIONS 

John Clarke 

The resistances of Pb/Bi-N-Pb/Bi junctions 
have been studied at temperatures below 4.2 K. 
N represents a normal metal, either Zn or Cu, 
and is sufficiently thick that Josephson tun
neling does not occur, so that the junction is 
resistive. The superconducting transition 
temperature of Zn is 0.88 K, whereas that of 
Cu is known to be less than a few mK. The 
resistances of these two types of junction 
between 4.2 and 1.2 K is indicated in Fig. 1. 
The resistance of the Cu junction is inde
pendent of temperature, whereas that of the 
Zn junction drops markedly as the temperature 
is lowered, extrapolating to zero at.approxi
mately 0.88 K. 

6=>.*F 6=>.*F 
N s N s 
6N=O 6N>O 

h e h e 2e 

>..*=0 x*>o 

Fig. 1. Variation of resistance with temper
ature of Pb/Bi-Cu-Pb/Bi and Pb/Bi-Zn-Pb/Bi 
junctions. (XBL708-1934) 

These results may be qualitatively inter
preted as follows. The superconductor .induces 
an exponentially decaying condensation ampli
tude, FN, in the normal metal near the SN 
interface. The induced pair potential, ~N = 
VNFN CVN is the B.C.S. interaction parameter), 
is therefore substantial in the Zn but small 
or zero in the Cu. A current passed through 
the Cu junction changes·fram a normal current 
to a supercurrent at each SN interface, a 
process which is not affected significantly 
by temperature in the 4He range. The resist
ance is therefore independent of temperature 
in this range. On the other hand, in the 
case of the Zn junction, the conversion occurs 
inside the Zn at two points some distance 
from each SN interface. As the temperature 
is lowered these conversion points move 
towards the center of the junction and the 
resistance drops. 



The measured resistance of an SNS sandwich 
is a strong function of the interaction para
meter of the normal metal and hence of its 
transition temperature. These experiments 
provide a powerful tool for the determination 
of the transition temperature of metals in 
which it is too low to be measured directly. 
Preliminary measurements of Pb/Bi-Cu-Pb/Bi 
junctions in the dilution refrigerator 
showed that the resistance decreased at very 
low temperatures (< 100 rnK). It is likely 
that Cu becomes superconducting at some very 
low temperature. 

4. THE DILUTION REFRIGERATOR 

John Clarke, Timothy L. Thorp, Stuart M. 
Freake, Michael L. Rappaport, and Gary I . 
Hoffer 

The dilution refrigerator has been used 
successfully in a number of experiments. A 
60co nuclear orientation thermometer has been 
incorporated and found to agree well with the 
CMN scale at temperatures below 30 rnK. The 
orientation thermometer is small in size and 
provides a thermodynamic scale against which 
we can calibrate carbon and germanium sec
ondary thermometers. 

A superconducting voltmeter and a super
conducting magnetometer have been built into 
the refrigerator. The voltmeter has a resolu
tion of lo-15 V and has been used to measure 
the resistances of Pb/Bi-Cu-Pb/Bi junctions 
(see Sec. 3 above). Our preliminary experi-
ments indicated that copper has a finite 
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a length of 10 in. and a diameter of 4 in. 

The system consists of three coaxial 
cylinders, formed from 1/16 in. Mu metal 
sheet, with diameters of 10-1/4, 11, and 
11-1/2 in. and lengths 30, 42, and 58 in. 
The smaller two cylinders have degaussing 
coils wound on them. Extensive measurements 
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transition temperature. Further junctions +10-5 
with more clearly defined SN interfaces have 
been prepared by sputtering clean the copper -1~5 

and evaporating the lead onto it. This pro-
cedure will also be applied to studies of 
gold, silver and magnesium. 

The magnetometer has a resolution of l0-7G 
and will be used to measure the susceptibility 
of degenerate semiconductors in a search for 
superconductivity in these materials. 

5. MAGNETIC SHIELDING ENCLOSURE FOR THE 
DILUTION REFRIGERATOR 

Stuart M. Freake and Timothy L. Thorp 

Since experiments in the 3He-4He dilution 
refrigerator with low temperature supercon
ductors and SNS junctions require very small 
ambient magnetic fields, a screening system 
has been designed and constructed to reduce 
the earth's magnetic field to 6Xlo-S Oe over 

60 40 20 0 20 40 60 80 
Axial Position (ems from center) 

Fig. 1. Longitudinal field profiles on the 
axes of the cylinders for a longitudinal 
external field of 0.3 Oe. Inner cylinder 
before degaussing ~; inner cylinder after 
degaussing T; middle cylinder before 
degaussing D; middle cylinder after degauss
ing •; outer cylinder (not degaussed) 0; all 
three cylinders together after degaussing the 
middle and inner cylinders 6; as 6 but with 
current of 80 vA in the solenoid wound on the 
inner cylinder¢-. ·Note that the bottom part 
of the diagram shows fields in the opposite 
direction to the external field. 

(XBL 711-6411) 



were made of the field profiles inside the 
individual cylinders and inside the combina
tion of the three, and these measurements 
were in good agreement with theoretically 
calculated results, when account was taken 
of any remanent magnetization of the metal. 
Figure 1 shows some of the axial field pro
files obtained. 

6. THE FOUNI'AIN EFFECT IN SUPERCONDUCTORS 

John Clarke and Stuart M. Freake 

The thermopower of a material in the 
superconducting s~ate is zero, since the flow 
of normal electrons caused by a temperature 
gradient is balanced by a backflow of the 
superfluid. This phenomenon is the analogy 
of the fountain effect observed in superfluid 
helium. The existence of the superconducting 
backflow has not been previously demonstrated 
directly. 

We have observed this backflowby measuring 
the critical current of a superconductor as a 
function of temperature gradient. The observ
ed critical current should be smaller if 
the applied current and the thermally induced 
superfluid backflow are in the same direction 
than if they are in opposite directions. 

We have performed experiments with point
contact junctions, which have the advantage 
that it is easy to produce a large tempera
ture gradient across the junction. Our cal
culations predicted that the asymmetry should 
be about 0.5~ for a lK temperature differ
ence across a Hl Pb-Pb junction. Measurements 
of critical currents close to the transition 
temperature showed asymmetries with tempera
ture gradient of this order of magnitude, 
but additional variable and irreproducible 
asymmetries have made measurements difficult. 
These complicating asymmetries are probably 
due to trapping of self-induced flux in the 
multiple-contact junctions. 

Experiments with Dayem bridges evaporated 
onto thin cover glass slides are now being 
tried to see if more stable characteristics 
can be obtained. 

7. JOSEPHSON TUNNELING IN Sn-Bi-Sn JUNCTIONS 

John Clarke and L. S. Schwartzkopf 

Josephson tunneling has been observed in 
Sn-Bi-Sn junctions. Specimens were prepared 
by evaporating onto a glass slide a narrow 
strip of Sn, a disk of Bi, and a second strip 
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of Sn at right angles to the first. The 
thicknesses of the Bi layers were in the range 
2000-4000~. The critical currents increased 
rapidly as the temperature was lowered and 
were typically 10 uA-lmA. Our best specimens 
showed the well-known "Fraunhofer pattern" 
dependence of critical current upon magnetic 
field, indicating that reasonably uniform 
junctions were formed and that true tunnel
ing through the Bi barrier occurred. Other 
junctions exhibited a rather random field de
pendence suggesting that marked inhomogene
ities or Sn shorts were present. At the 
present time, it seems rather unlikely that 
Bi barriers will be sufficiently reproducible 
to be useful in device work. 

8. RESEARCH PLANS FOR CALENDAR YEAR 1971 

John Clarke 

Work will continue on the quantum interfero
meter with current gain. New ways of produc
ing highly reproducible junctions will be 
investigated. One promising technique is the 
"proximity effect" junction, which consists of 
a thin film of a superconductor overlayed with 
a thin film of a normal metal. We plan to 
develop the device into a complete electronic 
system for the measurement of very small volt
ages and magnetic fields. The high current 
gain of the device will enable us to per-
form experiments at 4He temperatures in a 
range of resistances which is not accessible 
to other devices. 

The superconducting transformer will be 
used in the measurement of the i-v character
istics of Josephson junctions. The possible 
application to superconducting bolometers in 
the far infrared is also being investigated. 

Measurements of tne resistance of super
conducting-normal metal"superconducting (SNS) 
junctions will be extended to metals such as 
magnesium, silver, and gold. Work is being 
started on a detailed theory of the processes 
which occur at the SN interface when a current 
is flowing across it. 

Two main areas of research are planned for 
the dilution refrigerator. Detailed measure
ments are to be taken of the resistance of 
SNS junctions in order to estimate the transi
tion temperatures of such materials as magne
sium, copper, silver, and gold. These transi
tion temperatures are known to be below any 
temperature presently obtainable directly. 
These predicted transition temperatures can 
be compared with calculated values. The 
second area concerns the determination. of 
tra~sition temperatures of highly doped semi-



conductors for which detailed calculations 
have been performed by Professor Cohen's 
group. The magnetic shielding which provides 
a very low field environment will be essen
tial in these measurements. 

The work on the fountain effect in point 
contacts will be extended to other types of 
junction, for example, Dayem bridges. De
tailed calculations on the size of the effect 
and its dependence on materials are in hand. 

We plan a new type of experiment on magnet
ic focusing in metals. Two interlocking 
superconducting "combs" will be evaporated 
onto the surface of a normal metal. A 
magnetic field applied parallel to these 
combs should focus electrons on successive 
superconducting strips and produce an anomaly 
in the potential between the two combs. It 
is hoped that this technique will yield pre
cise information on such parameters as the 
electronic Fermi velocity. 

The use of SNS junctions as bolometers in 
the far infrared will be investigated. The 
critical current of these junctions is highly 
temperature dependent and we plan to coat them 
with an infrared-absorbing layer in order to 
use them as bolometers. 

9. 1970 PUBLICATIONS AND REPORTS 

John Clarke and Associates 

Journals 

1. J. Clarke, The Josephson Effect and e/h, 
Am. J. Phys. ~. 1071 (1970). (UCRL-19165). 

2. J. R. Waldram, A. B. Pippard, R. R. S., 
and J. Clarke, Theory of the Current-voltage 
Characteristics of SNS Junctions and Other 
Superconducting Weak Links, Phil. Trans. Roy. 
Soc. , London 268, 265 (1970) . (UCRL-19604) . 
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3. J. Clarke, The Use of Superconducting 
Junctions in Magnetometry, Rev. Phys. App. 
~. 32 (1970). 

* 4. J. D. Cushion, A. H. Cooke, T. L. Thorp 
and M. R. Wells, Magnetic Properties of 
Gadolinium Orthoaluminate, Proc. Roy. Soc. 
London A318, 473 (1970). 

* 5. C. J. Adkins, S. M. Freake, and E. M. 
Hamilton, Electrical Conduction in ,~orphous 
Carbon, Phil. Mag. ~. 183 (1970). 

6. J. Clarke, Postdoctoral Physics in the 
United States, Physics Bulletin 21, 115 
(1970). -

Not funded by IMRD. 

UCRL reports 

1. J. Clarke, Electric Transport Currents 
Across Normal-Superconducting Interfaces, 
UCRL-20312, Aug. 1970. 

2. J. Clarke, W. E. Tennant and D. Woody, 
Impedance Matching a Josephson Galvanometer 
by Means of Superconducting Transformer, 
UCRL-20360, Dec. 1970. 
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E. EXPERIMENTAL SOLID STATE PHYSICS AND QUANTUM ELECTRONICS 

Y. Ron Shen, Principal Investigator 

1. FAR INFRARED GENERATION BY PICOSECOND 
PULSES--EXPERIMENT 

Kei-Hsiun Yang, Jay W. Shelton, Paul L. 
Richards, and Y. Ron Shen 

We have observed far infrared radiation 
generated in LiNb03 by picosecond light pulses 
from a mode-locked Nd glass laser. The far 
infrared signal was separated into two beams, 
one for normalization, the other passing 
through a Michelson interferometer for spectral 
analysis. Interferograms were Fourier trans
formed to obtain the far infrared spectra. In 
one experiment an £=0.77 mm thick crystal of 
LiNb03 was used to rectify the laser pulses. 
The resulting spectrum (Fig. 1) showed peaki 
of descending power at 2, 6. 5, and 10.5 em- . 
This shape can be roughly understood as the 
product of an w2 radiation efficiency, a 
[sin2 (1/2) k£]/[(1/2) k£]2 phase-matching 
curve (centered at zero frequency} and a 
Gaussian envelope corresponding to a laser 
pulse length of ""2 picoseconds. In a second 
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Fig. 1. Far infrared spectrum generated by 
picosecond pulses (see the text). Dots are 
experimental points and the solid curve is 
obtained from theoretical calculations. 

(XBL 711 ~ 2507) 

• • •• • • • • 

0 

Fig. 2. Far infrared spectrum generated by 
picosecond pulses (see the text). Dots are 
experimental points and the solid curve is 
obtained from theoretical calculations. 

(XBL 711-2508) 

experiment the LiNb03 was oriented to obtain 
phase matching in the forward direction at 
13 cm-1 and in the reverse direction at 6.5 
cm-1 Polarizers were used to eliminate the 
rectified component. Only the reverse phase
matching peak at 6.5 cm-1 was strong enough 
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to be observed (Fig. 2). As shown in the 
figures, the spectra obtained from theoretical 
calculations (see the next section) show good 
agreement with the experimental ones. 

2. FAR INFRARED GENERATION BY PICOSECOND 
PULSES--THEORY 

James R. M::lrris and Y. Ron Shen 

An approximate expression for the broadband 
spectrum of the far infrared pulse generated 
by optical beating of a single picosecond 
pulse with itself in thin slabs of electro
optic crystals is derived. The spectrum is 
dominated by the spectral content of the input 
pulse, the radiation effect with the w2-
dependence, and the effect due to phase 
matching and mismatching. Inclusion of dif
fraction effects reduces the total energy of 
the far infrared pulse and decreases the 
relative contribution of the low frequency 



end of the spectrum. Boundary effects super
impose a Fabry-Perot pattern on the spectrum 
(Fig. 1). When the laser polarization is 
orientated so that both the ordinary and the 
extraordinary optical rays propagate within 
the crystal, phase matching for far infrared 
generation in the forward and backward direc
tions occur at different frequencies. Bound
ary reflections cause both peaks to appear in 
the spectrum of both the transmitted and the 
reflected far infrared pulses (Fig. 2). 
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0. 4. 8. 12. 16. 

Frequency (em -1) 

Fig. 1. The far infrared spectrum for a 2 psec 
(full width at half-maximum) Nd laser pulse 
normally incident on a 1 mm LiNb03 slab. The 
crystal is oriented with the c-ax1s parallel 
to the plane surfaces of the slab and the 
laser pulse is pglarized along the c-axis 
Cx33 = 1.57 x 10 esu). The other parameters 
used in the calculation are w = 0.017 em 
(corresponding to a 4 mrad di~ergence of the 
la$er beam), L = 135 em, nitwJ= 5.05 and 
nil Wo) = 2. 2. • The solid and the dashed curves 
are computed with and without boundary 
conditions respectively. (XBL 709-3793) 
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Fig. 2. The far infrared spectrum with the 
same laser parameters as in Fig. 1. Here the 
1 mm slab is oriented with the c-axis tilted 
at 16.8° away from the normal of the slab, and 
the a-axis is in the plane defined by the 
c-axis and the normal. The laser is polarized 
at ~5° to the plane, so that only x~~ = l.S4x 
10- esu is responsible for the difference
frequency signal with polariz~tion perpendic
ular to the plane. With 1 = j (along the 
b-axis) and K being the directions of polar
izations of the ordinary and the extraordinary 
light propagating along z respectively( w~ 
have n.CwJ = 6.6, Ni(wo) = 2.2, and nk WoJ = 
2.193. 1 (XBL 709-3794) 

3. SELF-FOCUSING AND SMALL-SCALE FILAMENTS 
OF LIGHT 

Michael M. T. Loy, George K. L. Wang, and 
Y. Ron Shen 

We have obtained experimental results which 
showed that the small-scale filaments obtained 
with a single-mode, Q-switched laser are 
actually tracks of moving foci. In particular, 
we have observed that the forward-moving focal 
spot has a velocity faster than the light ve
locity, in agreement with theoretical predic
tion (see Fig. 1). As a result of its high 
intensity, the moving focal spot leaves behind 
it a track of field-induced refractive index 
~ which lasts over a period of the order of 
the relaxation time. Light trailing after the 
forward-moving focal spot can therefore be 
partially trapped by this moving optical 
waveguide. Trapping can be over an appreci
able distance if the focal-spot velocity is 
close to the light velocity. Since the 
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Fig. 2. (a) Normalized power Pf of the 
filament pulse vs. time; (Pf m = 11.2 kW); 
(b) field-induced phase change~~; c~~ = 
129.3 rad); (c) Power spectrum of the ~ament 
PV~se obtained from the Fourier transform of 
Pf 2 exp(iM). The curves are obtained by 
using the parameters a = £.50 em, b = 0.05 em, 
n = t~-11 es~, T = 2x10- 2 sec, 'and T'= 
3~10- sec for a cell length of 2 = 22.5 em. 
The velocity of the focal spqt at z = 2 is 
1.124 c I. (XBL 711-31) 
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Fig. 1. Position of the focal spot of a self
focused beam as a function of time in a 
toluene cell 36 em long. The solid curve was 
calculated by using experimentally determined 
parameters K, Per• and P(t). The dots with 
the error bars at 21 and 29. 5 em are results 
obtained from direct measurements with respect 
to the focal spot appearing at the end of the 
cell. The dashed line with a slope equal to 
the light velocity is shown for comparison. 

~.-. 

(XBL 711-2509) 

trapping length varies with time as a result 
of the focal-spot movement, light emitted from 
the filament at the end of the medium is 
strongly phase-modulated, and hence, shows a 
large spectral broadening with semi-periodic 
structure (see Fig. 2). The model is success
ful in explaining many anomalous observations 
on small-scale filaments. 

4. OPTICAL TIIIRD-HARMJNIC GENERATION IN 
CHOLESTERIC LIQUID CRYSTALS 

Jay W. Shelton andY. Ron Shen 

Using De Vries' model,.we predicted 
theoretically that phase-matching of optical 
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Fig. 1. Normalized third-harmonic intensity 
vs. temperature near the phase-matching tem
peratures for the mixture of 1.75 cholesteryl 
chloride and 1 cholesteryl myristate, in a 
cell 130 ~ thick. The peak at the lower 
temperature (corresponding to left helical 
structure) is generated by left-circularly 
polarized fundamental.waves and the one at 

-

the higher temperature by right-circularly 
polarized fundamental waves. The solid line 
is the theoretical phase-matching curve and 
the dots are experimental data points. The 
uncertainty in the experimental third-harmonic 
intensity is about 20%. (XBL 711-32) 
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Fig. 2. Phase-matching peaks for third
harmonic generation in the backward direction 
is a cholesteric mixture. (XBL 711-2510) 

third-harmonic generation can be achieved in 
cholesteric liquid crystals. Because of the 
unusual characteristics of the cholesteric 
liquid crystals, many different phase-matching 
conditions can exist in the same sample. 
Besides the usual cases with the fundamental 
and the third-harmonic propagating in the same 
direction, we find that in some cases phase
matching requires simultaneous presence of 
fundamental beams propagating in opposite J 

directions, and in other cases, the phase
matched third-harmonics are generated in the 
backward direction. These latter cases 
require the contribution of lattice momentum 
to compensate the momentum mismatch and can 
therefore be called optical umklapp processes. 
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Fig. 3. Phase-matching peaks for third
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A Nd-glass mode-locked laser was used in 
the experiments. Experimental observations 
of the phase-matching peaks for third-harmonic 
generation in various cases are shown in the 
figures. In Fig. 1 the phase-matched third
harmonics are propagating in the same direc
tion as the laser beam. In Fig. 2 the phase
matched third-harmonics are generated in the 
backward direction. In Fig. 3 phase-matching 
is achieved with the fundamental beams prop
agating in opposite directions. Agreement 
between theoretical predictions and experi
mental results are excellent. 

5. RAMAN STIJDY OF NEMATIC LIQUID CRYSTALS 

Nabil M. Amer, Y. Ron Slien, and Hal Rosen 

Fig. 1. Rama. n .spectrum of P.M in the sgtlt .• ~.

1
... Raman scattering technique has been used • 
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1225-1285 em- . (a) Solid phase, (b) Liquid 
crystal phase, (c) Liquid phase. 
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different nematic members ot the homologous 
series of 4-4'-bis(alkoxy)azoxybenzene. 
Emphasis is on spectral variation in the 
phase-transition regions. Our results indi
cate that as the compounds change from solid 
to liquid crystal and then to liquid phase, 
most of the observed Raman lines broaden, 
while some decrease in intensity and others 
shift in frequencies or disappear. They can 
be explained qualitatively by the fact that 
in the liquid crystal state, the molecules 
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are aligned with respect to one another, but 
are still free to rotate about their own axes. 
Figure 1 shows as an example the Raman 
spectrum in the solid phase. Figure 2 shows 
how part of the spectrum changes as PAA 
changes from solid to liquid crystal, and 
liquid phases [(a)+ (c)]. Raman spectra 
from different nematic compounds in the homol
ogous series show the effects of the radicals 
on the spectra and help the assignment of the 
various Raman lines. 

6. RAMAN SCATIERING FROM MAGNETIC CRYSTALS 

Hal Rosen andY. Ron Shen 

We have extended Raman scattering technique 
to investigate crystals at low temperature. 
Primary interest is on Raman spectra of 
magnetic crystals. A low temperature cryostat 
with a superconducting magnet of 60 kG has 
been built for this purpose. As a preliminary 
test on the apparatus, the magnon spectrum of 
FeF2 is investigated. It is found that the 
shape of the one-magnon line is limited by the 
resolution of the spectrometer. A scanning 
Fabry-Perot has been built to increase the 
resolving power of the spectrometer. 

7. WAVELENGTH-MJDULATION SPECTRA OF SOLIDS 

Jeffrey Stokes andY. Ron Shen 

With our wavelength-modulation spectrometer, 
the high-resolution wavelength-modulation 
spectra of copper have been obtained at 7, 80, 
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Fig. 1. The measured R'(w)/R(w) at T=7°K and 
the calculated E2(w). (XBL 711-2512) 
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and 300°K in the spectral range of 2.0 to 
6.0 eV. The band structure of Cu calculated 
by the empirical pseudopotential method is 
used to compute the imaginary part of the 
dielectric function Ez{w) and the logarithmic 
derivative of the reflectivity, R' (w)/R(w). 
Good agreement between theory and experiment 
is obtained at the absorption edge and at 
higher energies by using the one-electron 
approximation if dipole matrix elements are 
calculated from wave functions including core 
contributions rather than the pseudo wave 
functions (see Fig. 1). The transitions 
causing the structure in R'(w)/R(w) are 
identified. Wavelength-modulation spectra 
of gold have also been obtained. They 
strongly resemble those of copper. 

8. DISPERSION EFFECT ON SECOND-HARMJNIC 
GENERATION FROM SEMICONDUCTORS 

Irwin Ku and Y. Ron Shen 

A tunable dye laser has been built. Pre
liminary results indicate that the laser does 
not have enough power for experiments on far 
infrared generation. The laser can, however, 
be used as a tunable light source to study 
the dispersion effect on second-harmonic 
generation. Because of critical points in the 
joint density of states in linear and non
linear dielectric constants, we expect to 
observe pronounced peaks in the variation of 
second-harmonic intensity with frequency. 
Work is in progress to obtain the second
harmonic dispersion for several semiconductors 
and to correlate the results with band 
structure. 

9. RESEARO'I PLANS FOR CALENDAR YEAR 1971 

Y. Ron Shen 

We shall continue our work on far infrared 
generation by optical beating both theoreti
cally and experimentally. The possibility of 
extending the tunable far infrared range with 
dye lasers will be investigated. The apparatus 
will also be used to generate magnons and to 
study lifetime of far infrared excitations. 

The moving focus model has been successful 
in explaining most observations on self
focusing and small-scale filaments. To con
firm the model more definitely, more experi
ments are needed. The effects of self
focusing on other nonlinear optical phenomena 
will also be investigated. 

The work on phase-matched third-harmonic 
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generation will be brought to completion. 
Various different phase-matching conditions 
will be studied experimentally and compared 
with theoretical predictions. The possible 
use of the umklapp harmonic generation 
processes to construct a back oscillator will 
be investigated. 

Work on light scattering from liquid crys
tals will continue. We expect to observe 
similar effects of phase transitions on Raman 
spectra in smectic and cholesteric liquid 
crystals. We are also interested in the 
Brillouin and Rayleigh spectra of cholesteric 
liquid crystals. In particular, we want to 
investigate the possible existence of umklapp 
light scattering in such media. Raman 
scattering work on magnetic crystals will 
also continue. 

The wavelength-modulation spectrometer will 
be used to study band structure of various 
materials. Temperature and pressure depend
ence of the reflection spectra will be 
measured. The results should enable us to 
calculate the Debye-Waller factors and the 
deformation potentials. 

Experiments on the dispersion of second
harmonic generation will be carried out to 
cover a group of III-V semiconductors. 
Results should give us better understanding 
of both the nonlinear susceptibilities and 
the band structure. 

10. 1970 PUBLICATIONS AND REPORTS 

Y. Ron Shen 

Journals 

1. J. P. Walter, R. R. L. Zucca, Y. R. Shen, 
and M. L. Cohen, Temperature Dependence of 
the Wavelength MOdulation Spectra of GaAs, 
Phys. Rev. Letters 24, 102 (1970). 

2. N. M: Amer, Y. R. Shen, and H. Rosen, 
Raman Study of Para-Azoxydianisole at the 
Phase Transitions, Phys. Rev. Letters 24, 
718 (1970) . -

3. J. W. Shelton andY. R. Shen, Phase
Matched Third-Harmonic Generation in 
Cholesteric Liquid Crystals, Phys. Rev. 
Letters~. 23 (1970). 

4. M. M. T. Loy andY. R. Shen, Experimental 
Study of Small-Scale Filaments of Light in 
Liquids, Phys. Rev. Letters~. 1333 (1970). 

5. C. Y. Fong, M. L. Cohen, R. R. L. Zucca, 
J. Stokes, andY. R. Shen, Wavelength Modu
lation Spectrum of Copper, Phys. Rev. Letters 
~. 1486 (1970). 



6. R. R. L. Zucca, J. P. Walter, Y. R. Shen, 
and M. L. Cohen, Wavelength Modulation Spectra 
of GaAs and Silicon, Solid State Comm. 8, 627 
(1970). -

7. D. W. Faries andY. R. Shen, Simultaneous 
Q-Switching of Two Independent Ruby Lasers, 
Rev. Sci. Instr. 41, 216 (1970). 

8. R. R. L. Zucca and Y. R. Shen, Wavelength 
Modulation Spectra of Some Semiconductors, 
Phys. Rev. Bl, 2668 (1970). 
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abstracts for the Sixth International Quantum 
Electronic Conference, Kyoto, Japan, 1970, 
paper 8-6. 

2. M. M. T. Loy and Y. R. Shen, Study of 
Small-Scale Filaments in Liquids; abstracts 
for the Sixth International Quantum Electronic 
Conference, Kyoto, Japan, 1970, paper 9-7. 

3. J. W. Shelton andY. R. Shen, Phase
Matching of Third-Harmonic Generation in 
Cholesteric Liquid Crystals; abstracts for 
the Sixth International Quantum Electronic 
Conference, Kyoto, Japan, 1970, paper 11-3. 

4. Y. R. Shen, Nonlinear Optical Effects, 
Conference on the Physics of Optoelectronic 
Materials, 1970 General Motors Research 
Symposium, Warren, Michigan. 

5. Y. R. Shen, Optical Harmonic Generation 
in Cholesteric Liquid Crystals, Bull. Am. 
Phys. Soc.~. 1637 (1970). 
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6. J. W. Shelton andY. R. Shen, Measurements 
of Ultrashort Pulsewidth Using Phase-Matched 
Third-Harmonic Generation in Cholesteric 
Liquid Crystals, Bull. Am. Phys. Soc. 15, 
1638 (1970). -

7. K. H. Yang, P. L. Richards, J. W. Shelton, 
andY. R. Shen, Far·Infrared Difference
Frequency Radiation Generated by Picosecond 
Light Pulses, Bull. Am. Phys. Soc. 15, 1638 
(197q). -

8. ~. R. Morris andY. R. Shen, Theory of 
Difference-Frequency Generation by a Pico
second Pulse in Electro-Optical Materials, 
Bull. Am. Phys. Soc.~. 1638 (1970). 

9. M. M. T. Loy and Y. R. Shen, Study of 
Small-Scale Filaments, Bull. Am. Phys. Soc. 
~. 1639 (1970) . 

UCRL reports 

1. Y. R. Shen, Nonlinear Optical Effects, 
UCRL-20358, Oct. 1970. 

2. D. W. Faries, P. L. Richards, Y. R. Shen, 
and K. H. Yang, Tunable Far Infrared Radiation 
Generated from the Difference Frequency 
Between Two Ruby Lasers, UCRL-20355, Oct. 1970. 

3. Y. R. Shen and M. M. T. Loy, Theoretical 
Interpretation of Small-Scale Filaments 
Originated from Moving Focal Spots, UCRL-19636, 
Nov. 1970. 

4. J. R. Morris andY. R. Shen, Far Infrared 
Generation by Picosecond Pulses in Electro
Optical Materials, UCRL-20394, Dec. 1970. 

5. J. W. Shelton andY. R. Shen, Umklapp 
Optical Third-Harmonic Generation in Choles
teric Liquid Crystals, UCRL-20397, Dec. 1970. 
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F. SOLID STATE SPIN RESONANCE AND COHERENT LASER PULSE STUDIES 

Erwin L. Hahn, Principal Investigator 

1. NUCLEAR QUADRUPOLE RESONANCE INVESTIGATION 
OF FERROELECTRIC PHASE TRANSITION IN KH2Po4 

Per-Erik Nordal 

39 41 . K ~nd K spectra In KH2P04 have been 
studied by a double resonance technique, using 
protons as "abundant" spins: 

(i) Experimental verification was obtained of 
a thermodynamic model for 39K and 41K double 
resonance line structure. This model yielded 
a method for measuring the spin-lattice relax
ation time for the 39K spins, T1(59K). 
. (ii) The temperature dependence of T1 (39K) 
In the range 99 to 250°K was measured by using 
the method mentioned above. The data suggest 
that the relaxation is dominated by the spin
phonon coupling in the whole temperature range, 
with a strong peak in the relaxation rate 
close to the ferroelectric Curie point at 
123°K. The data yield information on the 
ferroelectric mode close to the Curie point. 
Preliminary studies suggest efforts to reduce 
experimental error margins in T1 (39K). 
Modifications in apparatus are now being made. 

Preparatory work has been done for studies 
on naturally abundant deuterium in KHzP04 and 
gypsum. 

2. LOW FIELD NUCLEAR PROTON RELAXATION AT 
HELIUM TEMPERATURE 

Robert Macklin 

The low field relaxation of nuclear proton 
~aments in rotatini NH2, CHz, and CH3 groups 
IS under study at He temperatures. Anomalous 
relaxation times, in the regions of 1.0-70 
seconds, are observed in Mylar. The problem 
of distinguishing between paramagnetic impu
rity relaxation and relaxation by rotational , 
tunneling is attacked by a field cycling 
method. Knowledge of relaxation times is 
necessary for carrying out nuclear double 
resonance experiments (see the report of 
Hsieh). 

3. RESONANCE STUDIES WITH PICOSECOND LASER 
PULSES 

Bob Fisher 

Design of a camera system has been carried 
out to monitor the transverse mode structure 
and alignment of a mode-locked neodymium-glass 
laser (described in UCRL-19147). 

A review article was published (with others) 
on "Effects on the Propagation of Optical 
Beams due to Self-Induced Changes in Index of 
Refraction" to appear in Proceedings of the 
1969 Chania Quantum Electronics Conference . 

Observations were made of excited state 
absorption from the bottom of the 4Tz Pumpband 
ruby. 

Observations were made of optical pumping 
in KCl F-centers with 5300 A picosecond 
pulses and of the resultant gain for 1.06~ 
pulses. We hope to time-resolve the dynamics 
of this system. 

4 NUC~ DOUBLE RESONANCE DETECTION OF o1 7, 
N1 4, AND D ISOTOPES IN ORGANIC SUBSTANCE 

Jackson Koo and Yu-Nian Hsieh 

All . 14N 1 six nuc ear quadrupole resonances 
in imidazole were observed. By using deuter
a~ed samples, ~he ~lectQic quadrupole interac-
tion of deuterium In D-N-C bond and the first 
unamb~guous identification of the quadrupole 
coupling constants at a bicoordinate N site 
were obtained. 

A large dewar is under construction for use 
with a superconducting magnet to polarize 
proton magnetic moments at liquid helium 
temperatures. This setup is designed for the 
double :esonanc~ detectf9n of nuclear quad
rupole Interactions of 0, 4N, and 2D in 
organic substances. 

5. ACOUSTIC ATTENUATION OF SOUND WAVES IN 
RUTILE AT MICROWAVE FREQUENCIES 

Steve Grossman, Jackson Koo·, and Dr. Pomerantz 

The acoustic attenuation of hypersonic 
waves (at approximately 9· GHz) in Rutile (TiOz) 



rods of various dopings and oxidations from 
liquid helium temperature to room temperature 
has been measured. From these measurements 
the lifetime of acoustic phonons can thus be 
approximately estimated. From the different 
attenuation values for different modes, one 
can attempt to estimate the structure 
of the "conduction band" in Rutile and the 
effect of the dopings and oxidation. 

6. 1970 PUBLICATIONS AND REPORTS 

Erwin L. Hahn and Associates 

Journals 

1. J. W. Shaner and E. L. Hahn, Cyclotron 
Echoes in a Weakly Ionized Cesium Plasma, J. 
Appl. Phys. 41, No. 2, 838 (1970). 

( 
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2. M. Schwab and E. L. Hahn, Scheme for 
Sensitive Nucle~r Double-Resonance Detection: 
Deuterium and 1 C, J. Chern. Phys. 52, No. 6, 
3152 (1970). --

UCRL reports 

1. Jackson Koo and Yu-Nian Hsieh, N14 Nuclear 
Quadrupole Coupling Constants in Imidazole, 
UCRL-19667, July 1970 (submitted to Chern. 
Phys. Letters). 

2. Robert A. Fisher, The TEM6o Mode in a 
Mode-Locked Neodymium-Glass Laser, UCRL-19147, 
Jan. 1970 (Standard dist. UC-37 Instruments). 



Principal 
Investigator 

Neil Bartlett 

Robert Bragg 

Leo Brewer 

John Clarke 

Marvin Cohen 

Robert Connick 

Lee Donaghey 

John Darn 

Richard Fulrath 

Erwin Hahn 
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IMRD STAFF FOR 1970 

Postdoctoral Fellows 
and Other Scientists 

P. Bulliner 
R. Mews 
F. Slacky 

S. Freake 
T. Thorp 

R. Lee 

*A. Mukerjee 
K . .Murty 

*G. Ray 
*M. Vaidya 

*A. Allen 
*A. Lacy 
J. Reed 

J. Koo 
*J. Shaner 

Graduate Students 

D. McKee 
*B. Morrell 

P. Bihuniak 
M. Biswal 
G. Kerhuel 

C. Chang 
s. Chang 
H. Johansen 

G. Hoffer 
J. Paterson 
M. Rappaport 
L. Schwartzkopf 

*R. Boyd 
*D. Chadi 
*C. Varea de Alvarez 
*J. Walter 

H. Charles 
R. Dreyfuss 
R. Lee 
J. Neely 

R. Agnihotri 
*P. Cross 
S. Shaikh 

K. Amin 
J. Bird 
K. Klahn 
C. Liu 
F. Mohamed 
C. Syn 

R. Atkin 
G. Bandyopadhyay 
R. Holman 
J. Holzgraf 
D. Lee 
J. Masaryk 
B. _Powell 
J. Shackelford 
J. Sherohman 
W. Stannek 
C. Young 

*R. Fisher 
*Y. Hsieh 
R. Macklin 

*P. Nordal 
*T. Pierce 
*J. Shaner 
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Principal Postdoctoral Fellows 
Investigator and Other Scientists Graduate Students 

Robert Hammond M. Pickus B. Babu 
Earl Parker M. Collver 
Victor Zackay *H. Dalleinne 

*T. Garrett 
L. Hartsough 

*S. Hazra 
*C. Krause 

R. Loop 
T. Tom 

*P. Yee 

Charles _Harris A. Francis M. Buckley 
R. Hoover M. Payer 

w. Hughes 
R. Panos 

Ronald Herro B. Earl 
L. Gundel 
s. Lin 
L. Loh 
c. Mims 
D. Parrish 
c. Sholeen 

Ralph Hultgren P. Desai J. Dickson 
M. Gleiser D. Hawkins 
D. Hawkins H. Yoon 
K. Kelley 

*M. Smit 

Harold Johnston *L. Zafonte J. Birks 
A. Harker 
D. Martin 

*J. Val din 

William Jolly *M. Javet R. Dreyfuss 
*E. Jekel P. Finn 
H. Kuo J. Illige 
M. Millard s. Lipp 
C. Riddle M. Mendelsohn 
D. Singh *L. Prizant 

*R. Stairs K. Strom 
F. Wang 
J. Webster 

George Jura T. Chen 
J. Przybylinski 
c. Wu 
A. Yee 

Bruce Mahan K. Gillen M. Chiang 
C. Maltz W. Dimpfl 

J. Fair 
R. Horton 
A. Werner 

*J. Winn 

Marshall Merriam 

William Miller *C. Rankin s. Augustin 
c. Slocomb 
D. Yuen 
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Principal Postdoctoral Fellows 
Investigator and Other Scientists Graduate Students 

Rolf Muller K. Beach 
J. Cooper 
H. Gu 
K. Hellyar 

*F. McLarnon 
J. Turney 

Rollie Myers C. Pao J. Chang 
T. Hynes 
A. Jindo 
R. Swofford 
J. Tevebaugh 
D. Wilson 

*R. Wilson 

John Newman R. Homsy 
*V. Mara the 
K. Nisancioglu 
P. Sih 
B. Starr 
N. Vahdat 
H. Yip 

Donald Olander J. Schwarz R. Acharya 
w. Siekhaus *J. Hovingh 

R. Jones 
*V. Kruger 

G. McCoy 
*G. Moore 
*F. Nuh 

R. Olstad 
*C. Portwood 
*:b. Slaughter 
H: Tsai 

Earl Parker c. Bruggemann 
s. Friedrich 
R. Goolsby 
w. Horwood 
s. Jin 
R. Jones 

*W. Ludemann 
R. McCoy 
E. Plaza 
M. Sauby 
w. Wood 

Joseph Pask R. Langston I. Aksay 
D. Cropper 
R. Davis 
c. Hoge 
w. Snowden 
c. Tao 
B. Wong 

Norman Phillips B. Triplett s. Bader 
M. Conway 
B. Triplett 

Alan Portis *B. Chomik 



Principal 
Investigator 

Paul Richards 

Gene Rochlin 

Alan Searcy 

Y. Ron Shen 

Gabor Somorjai 

Gareth Thomas 

Charles Tobias 
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Postdoctoral Fellows 
and Other Scientists 

*W. McLean 
*K. Tsushima 

J. Sweet 

D. Beruto 
*A. Buchler 
*Z. Munir 
D. Meschi 
J. Wang 

N. Amer 
R. Zucca 

R. Joyner 
*R. Kaplan 
B. Lang 
M. Martin 

P. Fisher 
P. Okamoto 

*D. Jacquot 

Graduate Students 

G. Brackett 
R. Joyce 
Y. Taur 
W. Tennant 
K. Yang 

P. Hansma 
M. Jack 
D. McBride 

*G. Shen 
Y. Song 
J. Sweet 
G. Williams 

R. Coyle 
D. Feather 
R. Galluzzo 
R. Leonard 
J. Roberts 

*S. Risbud 
H. Skinner 

I. Ku 
Y. Lin 
M. Loy 
J. 1\brris 
H. Rosen 
J. Shelton 
J. Stokes 
K. Wong 

T. French 
J. Gland 
D. Howlett 
C. Lou 
F. Szalkowski 
W. Szeto 
L. West 

L. Chen 
I. Cheng 
S. Das 
L. DeJonghe 
D. Huang 

*R. Kovsky 
R. Livak 
J. McMahon 
R. Osiecki 
M. Raghavan 
G. Stone 
T. Tan 
0. Van der Biest 

R. Acosta 
*S. Arapkoske 
*W. Blanton 
J. ·Jorne 
K. Kojima 
U. Landau 

*R. Sau 
J. Selman 



Principal 
Investigator 

Jack Washburn 

Victor Zackay 

Participant Status 

209 

Postdoctoral Fellows 
and Other Scientists 

A. Nes 
H. Tong 

*K. Furusawa 
W. Gerberich 

*T. Hazlett 
*M. Williams 

*J. Chipman 
*E. Franck 
*B. Houseman 
*E. Kay 
*B. Meyer 
*L. Ryabova 

Graduate Students 

T. Astrup 
T. Kosel 
J. Lira-Olivares 
Y. Miura 
J. Narayan 
A. Nes 
K. ·Stolt 

C. Atherton 
D. Atteridge 
A. Baghdasrian 
D. Bhandarkar 
J. Birat 
G. Chanani 
C. Dokko 

*D. Leary 
*G. Sasaki 

C. St. John 
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VISITING SCIENTISTS 

SPEAKERS 

Professor J. W. Cahn, Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 

Dr. J. C. Chaston, Former Director of Research, Johnson Matthey Corporation, London, England 

Professor John Cowley, Department of Physics, Arizona State University, Tempe, Arizona 

Professor F. W. DeWette, Department of Physics, University of Texas, Austin, Texas 

Professor Karl A. Gingerich, Department of Chemistry, Texas A & M, College Station, Texas 

Dr. Nigel Harrison, Mathematics and Computing Department, Lawrence Radiation, Berkeley, California 

Dr. H. E. Hintermann, Swiss Watch Research Laboratory, Neuchatel, Switzerland 

Professor John Margrave, Department of Chemistry, Rice University, Houston, Texas 

Dr. Lloyd S. Nelson, Sandia Laboratories, Albuquerque, New Mexico 

Professor Gerd M. Rosenblatt, Department of Chemistry, Pennsylvania State University, University 
Park, Pennsylvania 

Dr. Masaki Suenga, Metallurgy and Materials Science Division, Brookhaven National Laboratory, 
Upton, New York 

Professor V. Zlomanov, Moscow State University, Moscow, U.S.S.R. 

OTHER VISITORS 

Professor J. D. Litster, Department of Physics, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 

Professor Alexei A. Maradudin, Department of Physics, University of California, Irvine, California 

Professor Rex McLellan, Department of Materials Science, Rice University, Houston, Texas 

Drs. A. Senner Milton and Roger C. Molander, Institute for Defense Analyses, Science and Technology 
Division, Arlington, Virginia · 

Professor R. S. Mulliken, Department of Physics, University of Chicago, Chicago, Illinois 

Dr. Frederick Schoen, Gulf General Atomics, Inc., San Diego, California 

Dr. Lidiya A. Ryabova, Deputy Director of Laboratory, Institute of Radio Technology and Electronics, 
Academy of Sciences, Moscow, U.S.S.R. 

Dr. T. F. Smith, Department of Physics, University of California, San Diego, California 
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DEGREES AWARDED IN 1970 

Ph.D. Degrees 

1. William Thomas Batchelder, The Electron Paramagnetic Resonance Spectra of a a-NiS04•6H20 
at Liquid Helium Temperature, (UCRL-19157, June). 
2. Ray G. Bedford, Investigation at High Temperatures Condensed-Phase Equilibria and 
Vaporization Studies with a Mass Spectrometer, (UCRL-50886, June). 
3. George Conrad Brackett, Far-Infrared Magnetic Resonance in Fe(III) and Mn(III) Porphyrins, 
Myoglobin, Hemoglobin, Ferrichrome A, and Fe(III) Dithiocarbamates, (UCRL-19651, June). 
4. Chin-An Chang, Optical Spectroscopic Studies of Metal Atoms and Jvblecules ·in the Low 
Temperature Matrices, (UCRL-19662, August). 
5. I-lin Cheng, The Enhancement of Substructure, (UCRL-19196, May). 
6. Boris Chomik, Nuclear Relaxation in Nickel Alloys, (UCRL-20376, December). 
7. Robert Foster Davis, Diffusion Studies in the Alumina-Silica System, (UCRL-19644, July). 
8. Lutgard Camiel DeJonghe, Defects and Phase Transformations in Cobalt Ferrites, ·(UCRL-20369, 
November). 
9. Donald Thomson Hawkins, The Effect of Ordering on Lattice Heat Capacities: Ordered and 
Disordered AuCu, (UCRL-19125, March). 
10. Helen L. Johansen, Rotational Perturbations and Low Lying Electronic States of CaO, 
(UCRL-19649, August) . 1 
11. Richard R. Joyce, Far Infrared Studies of Solids: I. Electronic Levels of d Ions in 
Al 203 II. Phonon Contribution to Electromagnetic Absorption in Lead, (UCRL-19666, August). 
12. Ronald Tse Lee, Proton Exchange Rates and Nuclear Magnetic Resonance Relaxation in Aqueous 
Solutions of a Hydrolytic Trimer of Cr(III) Ion, (UCRL-19639, August). 
13. Ralph Beaumont Leonard, Vaporization Kinetics of Zinc Oxide and Cadmium Sulfide Single 
Crystals, (UCRL-19187, May). 
14. Steven Lipp, Part I. EPR Studies of Tetrasulfur Tetranitride in Sulfuric Acid. 
Part II. The Reaction of Tetrasulfur Tetranitride with Sulfuric Acid, (UCRL-19183, March). 
15. Catherine Yuen-Chien Lou, Vaporization Mechanism of Gallium Arsenide Single Crystals, 
(UCRL-19685, October). 
16. Yasuhiro Miura, Glide.and Climb of Prismatic Dislocation Half-Loops in Highly Perfect 
Copper Crystals, (UCRL-19625, August). 
17. Aasmund Erik Nes, Precipitation in High Purity Silicon Single Crystals, (UCRL-19608, August). 
18. David D. Parrish, MOlecular Beam Kinetics, (UCRL-19654, October). 
19. Chia-Tung Raymond Pao, Electron Spin Resonance Spectra of Radicals in Solutions, 
(UCRL-19140, January). 
20. John L. Pryzbylinski, Positron Annihilation in Metals at Very High Pressures, 
(UCRL-19647, August). 
21. Harry Bryant Skinner, Jr., Mass Spectrometric Studies of Gaseous Oxides of Rhenium and of 
the Lathanum Trifluoride Dimers, (UCRL-19645, July). 
22. Stewart Allen Sterling, The Interaction of High Frequency Electromagnetic Radiation of 
Superconducting Point Contact Junctions, (UCRL-19096, January). 
23. James N. Sweet, Microwave Photon Assisted Tunneling in Superconducting Tunnel Junctions, 
(UCRL-19653, August). 
24. Baylor Bunting Triplett, I. The Heat Capacity of the Kondo State in Copper Chromium and 
Copper-Iron. II. Search for Superconductivity in Lithium and Magnesium, (UCRL-19672, September). 
25. Yvonne Y. W. Tsang, The Electronic Structure of IV-VI Semiconductors, (UCRL-19144, February). 
26. Chi-Wing Tsao, Dynamics of Ion-MOlecule Reactions: ~ and 02+ with Hydrogen Isotopes, 
(UCRL-19142, January). 
27. John P. Walter, Electronic Structure and Dielectric Properties of Cubic Semiconductors, 
(UCRL-20377, November). 
28. John Robert Webster, The Chemistry of Stannane, (UCRL-19689, September). 

D.Eng. Degrees 

1. Sudhir M. Ambekar, Joining Trip Steels, (UCRL-19129, February). 
2. Robert B. Atkin, Sintering and Ferroelectric Properties of Lead Zirconate Titanate 
Ceramics, (UCRL-20309, September). 
3. Govind Ram Chanani, Fracture Characteristics of Metastable Austenitic Steels Under Cyclic 
Loading, (UCRL-19620, July). 
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M. S. Degrees 

1. John H. Austin, Free Surface Sublimation of Magnesium OXide, (UCRL-19156, March). 
2. Dilip Bhandarkar, Mechanical Properties of Some Metastable Austenitic Alloys, 
(UCRL-19626, May). 
3. Jean-Pierre Birat, Strain-Rate and Environment Effects on the Mechanical Properties of a 
Metastable Austenitic Steel, (UCRL-20300, September). 
4. Charles Kortright Bon, Supersaturation at Gas-Evolving Electrodes, (UCRL-19612, September). 
5. Michael M. Collver, Superconducting Transition Temperature of Disorder Transition Metal 
Films, (UCRL-19186, April). 
6. James Frederick Holzgraf, Characterization of the Matrix of Brittle Matrix Composites, 
(UCRL-20388, December). 
7. Thomas Herbert Kosel, A Study of Slip Band Growth in Prestrained Copper, UCRL-20372, 
December). 
8. Douglas Lee, Sintering Sc and Nb Modified Lead Zirconate Titanate, (UCRL-19188, March). 
9. Joaquin Lira-Olivares, A Study of Nickel-Tungsten Alloy (Ni4W) with Field-Ion-Field-Emission 
Microscopy, (UCRL- 20330, December) . . 
10. Ronald John Li vak, Structure and Mechanical Behavior of Spinodally Decomposed Cu -Ni-Fe 
Alloys of Asymmetrical Composition, (UCRL-19189, March). ' 
11. Farghalli Abdel Rahman Mohamed, Effect of Ordering on the l~chanical Properties of 
Disordered Cu3Au, (UCRL-19121, January). 
12. Jagdish Narayan, Climb of Dislocations in Magnesium OXide Single Crystals, (UCRL-20305, May). 
13. Charles Sterling Portwood III, The Preparation and Characterization of Electron Beam, 
Vapor Deposited, Germanium Films, (UCRL-19164, June). 
14. James A. Roberts, Jr., A Study of Superconductivity of Metals Condensed at 4°K, 
(UCRL-19624, June). 
15. Go Sasaki, Mechanical Properties of Laves Phases, (UCRL-20301, December). 
16. Michael E. Sauby, The Investigation of High Strength in High Carbon Stainless Steel, 
(UCRL-19678, September). 
17. Wolfgang Stannek, Characterization of Sintering Phenomena of (Na0 5K0 5)Nb03, 
(UCRL-19668, July). · . . 
18. Kaj Gunnar Stolt, Atom Probe Field Ion Microscope, (UCRL-20303, September). 
19. Kon-Heong Tan, Moving Boundary Measurements of Transference Numbers, (UCRL-19141, March). 
20. William E. Wood, Fracture Toughness of Aluminum Alloys Under Corrosive Conditions, 
(UCRL-.19676, September). 



Date 

4/15 
4/15 
4/2~9 
4/29 
4/29 
5/18 

5/27 
5/27 
5/27 

6/5 

6/23 

6/24 

6/24 

7/1 

7/2 

7/23 

7/29 
7/29 
7/29 
8/5 

8/12 

9/9 

9/9 
9/9 
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1970 RESEARCH SEMINARS 

Title 

Positron Annihilation in Metals at Very High Pressures 
Existence and Stability of La2F(g) 
Creep of Lithium Fluoride Single Crystals 
Low Energy Electron Diffraction of Aluminum Oxide 
Structure and Mechanical Properties of Fe-Cr-Co-C Steels 
Applications and Properties of Materials Prepared by 
Chemical Vapor Deposition 

ESR Studies of MOlecules in Their Excited Triplet States 
Calibration of an Infrared Pyrometer 
Pressure-Temperature-Composition Phase Diagrams of the 
Systems Ge-S, Se, Te, SnSe and PbSc 

Oxidation of Platinum Metals 

Mass Spectrometer Studies of-Gaseous Borides, Nitrides, 
and Other High Temperature Molecules 

Effects of 02 and Na Pressures on High Temperature 
Interfacial Reactions in the System (Na2-2xFex) Si205 
on Iron 
Profiles of Supermeniscus Electrolyte Films on 
Partially Submerged Gas Electrodes 
Dynamical Surface Properties of Noble Gas Crystals 

Ordering Reactions in Solid Solutions 

Levitation and Matrix Isolation Studies of High 
Temperature Systems 

Diffusion Kinetics in the Al 2o3-Si0z Systems 
Studies of Sodium Impurities in Silicon 
Precipitation of Iron in Silicon Single Crystals 
The "Physical Optics" Approach to Electron Microscopy and 
Diffraction 

Vaporization of Single Crystals 

The Scattering of Reactive and Non-Reactive Molecular 
Beams from Clean Surfaces in Ultra High Vacuum 
Field Ionization-Field Emission Study of Ni4W Surfaces 
Low Temperature Heat Capacities of Dilute Solutions of 
Fe and Cr in Cu 

Speaker 

John Przybylinski (GS)* 
Harry Skinner (GS)* 
Donald Cropper (GS)* 
Ted French (GS)* 
Mathur Raghavan (GS)* 
Dr. H. E. Hintermann, 
Head, Physical Chemistry 
Section, Swiss Watch 
Research Laboratories, 
Neuchatel, Switzerland 
Michael Buckley (GS)* 
Gilbert McCoy (GS)* 
V. Zlomanov, Associate 
Professor, Moscow State 
University 
Dr. J. C. Chaston, 
Formerly Director of 
Research, Johnson
Matthey Corporation, 
London, England 
Prof. Karl A. Gingerich, 
Department of Chemistry, 
Texas A & M University 
Carl Hoge (GS)* 

John Turney (GS)* 

F. W. DeWette, Dept. of 
Physics, University of 
Texas 
Prof. John W. Cahn, 
Dept. of Metallurgy and 
Materials Science, 
Massachusetts Institute 
of Technology, Cambridge, 
Massachusetts 
Prof. John Margrave, 
Dept. of Chemistry, 
Rice University, 
Houston, Texas 
Robert Davis (GS)* 
Whalun Szeto (GS)* 
Eric Nes (GS)* 
John M. Cowley, 
Galvin Professor of 
Physics, Arizona State 
University, Tempe, 
Arizona 
Gerd M. Rosenblatt, 
Professor of Chemistry, 
Pennsylvania State 
University, University 
Park, Pennsylvania 
Al West (GS) * 

Joaquin Lira-Olivares(GS)* 
Baylor Triplett (GS)* 



Date 

11/2 

11/16 

12/16 

12/16 
12/23 

*(GS) 

214 

Title 

Use of Berkeley Remote Facility 

Studies of Condensed Phases at Extreme Temperatures with 
the Falling Specimen Technique 

Superconductivity in "Amorphous" 4d-Transition Metal 
Alloy Films 
The Synthesis of a New Superconducting Compound: A-15 v3Al 
Processing and Superconducting Properties of 
Multifilamentary v3Ga Wires 

graduate student 

Speaker 

Nigel furrison, Math and 
Computing Department, 
Lawrence Radiation 
Laboratory, Berkeley 
Lloyd S. Nelson, 
Sandia Laboratories, 
Albuquerque, New Mexico 
Michael Collver (GS)* 

Larry Hartsough (GS)* 
Dr. Masaki Suenaga, 
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