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REMARKS BY THE DIVISION HEAD 

Probably most MMRD Investigators and staff 
members will remember 1985 as the year in which 
the FY 1986 budget crunch took effect. Our budgets 
took cuts of the order of 8% during the usual legisla
tive process, and those cuts were topped by the 
"Gramm-Rudman" effect, which ultimately turned 
out to be another 4%. As a consequence, all research 
budgets were significantly reduced, and the Division 
was in "layoff' status in the month of December. 
As of this writing, the final· effects of these cuts on 
the FY 1986 programs are not known. 

During the year, the research achievements of 
our Investigators attracted recognition in many 
forms. Work by John Clarke, Bill Morris, Paul 
Richards, and Gareth Thomas was selected by a 
panel acting for the Division of Materials Sciences 
for inclusion in a report on BES-supported outstand
ing research accomplishments of the past 15 years. 
Ron Gronsky and Yuan Lee served on LBL's Panel 
to Explore New Directions (PEND), a panel estab
lished by the Director to identify promising new 
directions for research in the Laboratory. Our Inves
tigators received a number of awards and honors: 

• Neil Bartlett and Steven G. Louie were 
awarded Miller professorships for 
1986-87. 

• Eugene E. Haller and Peter Vollhardt 
were awarded Alexander von Humboldt 
Senior U.S. Scientist awards for 1986. 

• John Clarke and Steven Louie were 
elected fellows of the American Physical 
Society. 

• Alexis T. Bell received the Paul H. 
Emmett Award, awarded biannually by 
the Catalysis Society for outstanding 
work. 

• Robert G. Bergman received .the 1986 
American Chemical Society Award in 
Organometallic Chemistry, the John C. 
Bailar Medal from the University of Illi
nois, and a distinguished alumnus award 
from Carleton College. He served as 
Dow Distinguished Lecturer at the 
University of Michigan. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Leo Brewer was honored by the January 
1985 issue of High Temperature Science, 
which was a Leo Brewer Special 
Festschrift. 
Marvin Cohen served as Chairman of the 
17th International Conference on the 
Physics of Semiconductors. His 
discovery, with coworkers, that silicon 
becomes a superconductor at high pres
sure was listed as one of the scientific 
highlights of 1985 by Science News. 
Didier de Fontaine received an Excep
tional Creativity Award from the 
National Science Foundation. 
Lutgard De Jonghe received the Richard 
M. Fulrath Award in Ceramic Science 
and was named a Fellow of the American 
Ceramic Society. 
Ronald Gronsky was the 1985 recipient of 
the Bradley Stoughton Award for Young 
Teachers of Metallurgy, presented annu
ally by the American Society for Metals. 
Harold S. Johnston received the 1985 
Award in the Chemistry of Contemporary 
Technological Problems presented by the 
American Chemical Society. 
Yuan T. Lee received the 1986 Peter 
Debye Award for outstanding research in 
physical chemistry. 
William A. Lester, Jr., was elected Vice 
Chairman of the Division of Chemical 
Physics of the American Physical Society. 
William H. Miller received one of six 
Ernest 0. Lawrence awards presented by 
the U.S. Department of Energy in 1985. 
The award is given by DOE to scientists 
at DOE laboratories who have made espe
cially distinguished contributions in scien
tific work relatively early in their careers. 
Miller was also elected a member of the 
International Academy of Quantum 
Molecular Sciences. 
J. William Morris, Jr., received the Dis
tinguished Exchange Scholar award from 
the People's Republic of China. 
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• 

• 

• 

• 

• 

• 

• 

• 
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John Newman received the David C. 
Grahame Award of the Electrochemical 
Society. 
MMRD Guest Scientist Eugene Petersen 
received the 1985 R.H. Wilhelm Award 
from the Mobil Research and Develop
ment Corporation. 
Alexander Pines received the 1985 Leo 
Baekeland A ward from the American 
Chemical Society, presented to an out
standing chemist under 40 years old. He 
was Dupont Distinguished Lecturer at the 
University of Indiana, Eigen Lecturer at 
Syracuse University, and SACS Lecturer 
at the University of South Carolina. 
John M. Prausnitz was elected a Fellow of 
the American Institute of Chemical 
Engineers; a Fellow· of the Institute for 
Advanced Study, West Berlin; a 
corresponding member of the Berlin 
Society for Arts and Sciences; and a 
corresponding member of the German 
Society of Engineers. 
Paul L. Richards was elected to the 
National Academy of Sciences. 
Robert 0. Ritchie received the 1985 
Champion H. Mathewson Gold Medal 
from the American Institute of Mining 
and Metallurgical Engineers, the 1985 
George R. Irwin Medal from the Ameri
can Society for Testing and Materials, and 
the Exxon Education Foundation Fellow
ship. 
Henry Schaefer was the John Howard 
Appleton Lecturer at Brown University. 
Glenn Seaborg received the Great Swed
ish Heritage Award and was elected a 
foreign member of the Royal Society of 
London. He was also named an honorary 
member of the Chemical Society of Japan 
and was honored with the establishment 
of the Glenn T. Seaborg Center for the 
Teaching and Learning of Sciences and 
Mathematics at Northern Michigan 
University. 
Gareth Thomas received an honorary 
professorship at the Beijing University of 
Iron and Steel Technology, People's 
Republic of China. 
Charles Tobias delivered the William N. 
Lacey Lectures in the Department of 
Chemical Engineering at CalTech and the 
College Lecture at Brigham Young 
University. 

xu 

• Peter V ollhardt was a Miller Professor 
during 1985. He also served as Associate 
Professor at the University of Bordeaux, 
France, in June and July 1985, and 
Karcher Lecturer, University of 
Oklahoma. 

In 1985 a new initiative, "Alloy Theory," was 
developed by Didier de Fontaine and Leo Falicov 
and was presented to the Division of Materials Sci
ences for their consideration early in 1986. 

During the year some initial steps were taken to 
organize the Investigators into groups according to 
their research interests. It is hoped that this group
ing will strengthen the administrative structure of the 
Division and will also lead to an increased level of 
interactions and collaborations between Investiga
tors. It is also expected that these groups will take a 
role in the development of future new initiatives. 
One such program, focusing on gas-phase laser 
chemistry, is already planned. It will involve both 
theory and experiment and would constitute a signi
ficant expansion of the Division's research in chemi
cal dynamics. The area of gas-phase laser chemistry 
is of fundamental importance and is pertinent to 
America's leadership in both science and technology . 
The existence of this new research thrust would 
enhance LBL's capability to utilize effectively the 
Advanced Light Source (ALS) and other facilities 
such as free-electron lasers. The research areas of 
primary focus will be laser spectroscopic studies; 
applications to combustion chemistry and to atmos
pheric chemistry; mechanisms of chemical reactions; 
and new applications of lasers and coherent light 
sources in chemistry. As another example, a new 
initiative in the synthesis and characterization of 
new materials has already been discussed by some 
members of one of the groups. 

MMRD's staff at the end of 1985 consisted of 11 
staff senior scientists, 52 University of California 
Berkeley faculty investigators, 42 staff scientists, 84 
postdoctorals and other temporary scientific person
nel, 285 graduate students (including guest students), 
and a support staff of 80 technical, administrative, 
and clerical personnel, for a total of 554. Among the 
current staff are 16 members of the National 
Academy of Sciences, 7 members of the National 
Academy of Engineering, and two members of the 
Royal Society of London. During the calendar year 
604 journal articles and LBL reports were published 
by MMRD members. Students associated with 
MMRD received 11 M.S. and 43 Ph.D. degrees. 

The MMRD Annual Review of 1985 programs 
was held on February 27 and 28, 1986. Professor 



William Chupka, Department of Chemistry, Yale 
University, served as Chairman of the review com
mittee. Other reviewers were Professor Alan Ardell, 
Chairman, Materials Science and Engineering 
Department, UCLA; Dr. Richard Claassen, Vice 
President, Livermore Programs, Sandia National 
Laboratories (Livermore); Professor Theodore H. 
Geballe, Center for Materials Research, Stanford 
University; Dr. Adam Heller, Head, Electronic 
Materials Research, AT&T Bell Laboratories; and 
Professor Robert W. Parry, Department of Chemis
try, University of Utah. 

A review of programs supported by the Chemical 
Sciences Division of the Office of Basic Energy Sci-

Xlll 

ences was held on February 19, 20, and 21, 1986. 
Outside reviewers for this review were Professor Wil
liam A. Goddard, Department of Chemistry, Califor
nia Institute of Technology; Professor John T. " 
Groves, Department of Chemistry, Princeton 
University; and Dr. Arthur J. Nozik, Senior 
Research Fellow, Solar Fuel Research Division, Solar 
Energy Research Institute. The review of Materials 
Sciences programs was held in Germantown, Mary
land, on March 25, 1986. 

Norman E. Phillips 
Division Head 
Materials and Molecular Research Division 
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METALLURGY AND CERAMICS 

STRUCTURE OF MATERIALS 

Structure and Properties of 
Transformation Interfaces* 

Ronald Gronsky, Investigator 

INTRODUCTION 

The modern science of materials devotes increas
ing attention to the role of solid-state interfaces; 
they completely dominate the behavior of electronic 
devices, and they strongly influence the behavior of 
ceramic and metallic alloys alike. This program 
seeks a fundamental understanding of the role of 
interfaces in materials by applications of high
resolution electron microscopy to determine the local 
structure and composition of interfaces, by theoreti
cal modeling to relate these parameters to their 
actual atomic structure and composition, and by 
correlations with their properties, including conduc
tivity, diffusivity, ductility, mobility, and reactivity. 

1. Interfacial Ledges and Growth Mechanisms 
(Publications 1, 2, 12, 13, and 15) 

J.M. Howe/ HI. Aaronson/ and R. Gronsky 

This study incorporates high-resolution electron 
microscopy, image simulation, energy-dispersive x
ray spectroscopy, selected-area diffraction, and 
convergent-beam electron diffraction to determine 
the atomic structure and composition of the hetero
phase boundaries in an Al-15 wt% Ag alloy. Speci
mens were aged for times between I 0 and 120 min at 
350°C to produce precipitates of the gamma prime 
phase. 

The spectroscopy results reveal that the precipi
tates contain about 66 at% Ag regardless of aging 
time and therefore have the equilibrium composition 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 

Ag2Al. All interfaces of the precipitates are largely 
coherent with the matrix and are faceted along low
energy { 111 } and { 11 0} matrix p~anes due to the 
influence of surface and elastic stram energ1es on the 
transformation. Using comparisons between experi
mental and simulated images (see Figure 1-1), it was 
possible to conclude that the thickening and 

Figure 1-1. Experimental high-resolution electron micrograph of 
a gamma prime precipitate/matrix interface in a < 110> // 
< 1120> orientation, with the corresponding electron (left) and 
optical (right) diffraction patterns. The superimposed simulated 
image of the interface matches at - 1440-A underfocus and 37.2-A 
thickness. (XBB 846-4293) 

lengthening of these precipitate plates occurs by the 
passage of Shockley partial dislocations along alter
nate { 111 } matrix planes, in agreement with a 
terrace-ledge-kink model of the interface (see Figure 
1-2). 

These images and complementary electron
diffraction information also led to the discovery that 
the precipitates grow by an ordered stacking of 
close-packed planes, alternating one plane of nearly 
pure Ag with one plane of nominal composition 
Al2Ag. The limiting reaction in the growth process 
was therefore revealed as the substitutional diffusion 
of Ag across kinks in the Shockley partial disloca
tions that terminate in the Ag-rich planes. Further
more, the terraces between ledges were found to be 
atomically flat, and the ledges themselves were uni-



(a) 

(b) 

Figure 1-2. Schematic drawing of an atomically smooth 
solid/ solid interface illustrating that during continuous normal 
growth, the addition of a si ngle atom onto a flat surface (a) leaves 
four unsatisfied "bonds" per atom. Addition to a ledge (b) leaves 
only two per atom, whereas addition to a kink in a ledge (b) 
leaves none. (XBL 835-5724A) 

formly stepped down from the centers to the edges of 
isolated precipitates, leading to the overall shape 
predicted by the general theory of precipitate mor
phology. 

!Permanent address: Department of Metallurgical Engineering 
and Materials Science, Carnegie-Mellon Universit y, Pittsburgh, 
PA 15213. 

2. Development of Interfacial Structure During 
Aluminum Oxidation (Publication 8) 

J. Y. Lee and R. Gronsky 

A study of the atomic mechanisms of high
temperature (> 550°C) oxidation of 99.999% pure 
polycrystalline aluminum has been carried out, using 
techniques of high-resolution electron microscopy to 
establish the nature and evolution of the metal/oxide 
interface. All images were recorded in a < II 0> 
oxide zone-axis orientation, and computer simula
tion was performed to assist image interpretation. 

The results show that crystalline Al20 3 grows 
with faceted interfaces into the aluminum matrix. 
The interfaces are highly crystallographic and 
coherent; all close-packed planes and close-packed 
directions within the oxide and the metal are paral
lel , and the interface always forms on the {Ill } 
octahedral planes of the oxide (see Figure 2-1 ). 

2 

Figure 2-1. High-resolution electron micrograph of the 
aluminum/ oxide interface showing the atomic structure of the 
boundary. The specimen was treated at 600'C for 30 min. 

(XBB 851-904) 

These results indicate that the oxidation process 
involves both shuffling and vacancy absorption for a 
portion of the AI sites referred to a unit cell of the ~ 
= 1 coincident site lattice, accompanied by a 7% 
volume contraction. 

The crystalline oxide does not always maintain a 
perfect structure, as shown in Figure 2-2. Analysis of 

Figure 2-2. High-resolution electron micrograph of two twin 
boundaries in the oxide phase, with inset of simulated image. 

(XBB 852-1 069) 



these defects at the atomic level indicates that they 
are macroscopic ~ = 3 twin boundaries, representing 
a stacking fault of type III. 1 As a result of this study, 
it has been concluded that all of the polycrystalline 
islands formed at high temperatures are composed of 
multiply twinned grains. Furthermore, the same 
twinning shear, I I 12 [211] in the oxide phase, is inti
mately involved in the oxidation reaction, even in its 
earliest stages. 

I. J. Hornstra, J. Phys. Chern . Solids 15, 311 (1960). 

3. Work in Progress 

Also under investigation in this program are: 
the atomic structure of grain boundaries in body
centered cubic metals (with E.A. Kamenetzky), a 
computer-modeling study of atomic-relaxation 
events at the interface plane; the atomic structure 
and segregation behavior of defects in silicon (with 
J.H. Rose), a high-resolution electron-microscopy 
study; and continued activity in the analysis of inter
faces in electronic materials (with Z. Liliental, T. 
Sands, and J. Washburn). 

1985 PUBLICATIONS AND REPORTS 

Refereed Journals 

I. J .M. Howe, R. Gronsky, and H.I. Aaronson, 
"Atomic Mechanisms of Precipitate Plate Growth , I. 
A Conventional Transmission Electron Microscopy 
Study of the Interfacial Structure of Gamma Prime 
Precipitate Plates," Acta Metal!. 33, 639 ( 1985); 
LBL-16503. 

2. J .M. Howe, R. Gronsky, and H.I. Aaronson, 
"Atomic Mechanisms of Precipitate Plate Growth , 
II. A High Resolution Electron Microscopy Study of 
the Interfacial Structure of Gamma Prime Precipi
tate Plates," Acta Metal!. 33, 649 (1985); LBL-
16504. 

3. T. Sands, J. Washburn , and R. Gronsky, "Crystallo
graphic Relationships between GaAs, As and Ga20 3 

at the GaAs Thermal Oxide Interface," Mater. Lett. 
3, 247 ( 1985); LBL-18636. 

4. T. Sands, V.G. Keramidas, R. Gronsky, and J. 
Washburn , " Ternary Phases in the Pd-GaAs System: 
Implicat ions for Shallow Contacts to GaAs," Mater. 
Lett. 3, 409 ( 1985); LBL-19379. 

5. J.A. Little and R. Gronsky, "The Microstructure of 
High-Rank Coals at Lattice Resolution ," J. Microsc. 
138, 79 (1985); LBL-11612. 

6. Z. Liliental , A. Wakita, C. Kocot, J . Washburn, and 
R. Gronsky, "Tita.nium Silicide Contacts on Gallium 

3 

Arsenide," in Proc. 43rd Annual Meeting EMSA, 
G.W. Bailey, Ed. , San Francisco Press, Inc. , 1985, p. 
370; LBL-19315. 

7. L.E. Tanner, L. Jacobson, and R. Gronsky, " Rapidly 
Solidified Microstructures in Eutectic Alloys," in 
Proc. 43rd Annual Meeting EMSA , G.W. Bailey, 
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Microstructure, Properties, and Alloy 
Design: Inorganic Materials* 

Gareth Thomas, Investigator 

INTRODUCTION 

This is a multicomponent, interdisciplinary pro
gram designed to advance the understanding of 
structure-property relationships in technologically 
significant materials involved in energy and conser
vation. All tasks involve characterization of both 
structure and composition at the highest levels of 
spatial (transmission electron microscopy) and chem
ical (spectroscopy) resolutions. The overall objec
tives are to design new materials or to more effi
ciently utilize existing materials, with technology 
transfer to industrial practice without large capital 
investment, and to realize materials and energy con
servation. The alloy-design program in steels has 
been successful in developing attractive medium
carbon steels for high strength and toughness and 
low-carbon steels for cold formability. Conse
quently, the basic research effort in alloy design has 
been decreased except for the projects on fatigue, 
wear, and cold formability for wire. There is now a 
concomitant increase in our effort on electronic 
materials, especially magnetic materials. Specific 
tasks include: (a) dual-phase ferrite-martensite steels 
for rod and wire: optimization of microstructure and 
processing, analytical studies of solute partitioning, 
fatigue (with Professor R. Ritchie), and wear; (b) fun
damental studies of phase transitions and applica
tions of laser surface treatments and their relation to 
wear, grain-boundary precipitation and the effect of 
copper, and optimization of processing to maximize 
properties; and (c) electronic materials, emphasizing 
nonsemiconductors, e.g., magnetic materials for 
recording systems, hard magnets utilizing rare-earth 
alloys, and ferroelectric materials. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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ALLOY DESIGN, MICROSTRUCTURE, 
AND PROPERTIES: STEEL 

1. Precipitation of Proeutectoid Cementite 
Pearlite, and Epislon-Cu in Fe-C-Cu Alloy~ 
(Publication 43) 

J. W asynczuk and G. Thomas 

The solubility of copper in cementite is 
extremely low; therefore, thermodynamic considera
tions predict a strong tendency for the partitioning of 
copper away from growing cementite. However, this 
precipitation is known to occur at temperatures such 
that the diffusion of copper through austenite is very 
limited. In order to test whether this predicted parti
tioning of copper would affect the kinetics of proeu
tectoid cementite and pearlite precipitation, the 
isothermal transformation behavior of hypereutec
toid Fe-C and Fe-C-Cu alloys was examined and 
compared. 

The time-temperature-transformation diagrams 
generated for these alloys showed that the kinetics of 
proeutectoid cementite precipitation was not signifi
cantly affected by copper. The morphology of the 
proeutectoid cementite, as seen in the optical micro
scope, was also substantially the same for both 
alloys. However, transmission electron microscopy 
revealed the presence of small precipitates within the 
proeutectoid cementite of the copper-containing steel 
(see Figure 1-1 ). Through the use of energy
dispersive x-ray microanalysis and electron diffrac
tion, these precipitates have been identified as the 
copper-rich, face-centered-cubic, epislon-Cu phase. 
The kinetics of this transformation is explained in 
terms of the strong thermodynamic tendency for 
copper to partition and a high diffusivity path pro
vided by the cementite:austenite interphase boun
daries. Copper did significantly retard the kinetics of 
pearlite precipitation. 



Figure 1-1. (A) Bright-field transmission electron micrograph of epislon-Cu precipitates within proeutectoid cemen
tite. (B) Dark-field image of the epislon-Cu precipitates. (XBB 859-7351) 

2. Solute Partitioning and Microstructural 
Development in Dual-Phase Steels 
(Publication 44) 

M. Ohmura and G. Thomas 

During intercritical annealing, solute elements, 
including carbon, redistribute to reach chemical 
equilibrium, and this redistribution affects not only 
the final hardenability of austenite in a dual-phase 
structure but also the growth rate of the transformed 
phase. 

Two types of heat treatments were employed in 
Mn- and Si-containing low-carbon steels to obtain 
dual-phase structures: (1) step cooling from the 
austenite region and (2) reheating into the intercriti
cal regions; quenching followed in both cases. The 
volume fraction of martensite was measured as a 
function of intercritical annealing time. Major 
results are as follows: (1) The growth rate of ferrite 
in the step-cooling treatment is slower than that of 
austenite in the reheating treatment. This can be 
explained by partitioning of the substitutional ele
ment during intercritical annealing. In the step
cooling case, the austenite phase transformation is 
controlled only by substitutional solute-element dif
fusion, whereas in the reheating case, it is controlled 
initially by carbon diffusion and later by substitu
tional alloying-element diffusion. (2) The growth 
rate of the transformed phase in the manganese steel 
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is slower than that in the silicon steel in both treat
ments, as is expected from experimental measure
ments of manganese and silicon partitioning using 
x-ray microanalysis. The low partitioning coefficient 
of silicon, and the fact that there is no significant 
dependence of partitioning coefficient on annealing 
time, leads to the higher growth rate in silicon steel 
(see Figure 2-1). 
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Figure 2-1. Variation of partitioning coefficient of substi tutional 
elements with annealing time in Fe-1.5Mn-O.l C alloy (M I) and 
Fe-2.1 Si-0.1 C alloy (S I). (XBL 85 1 0-6638) 



3. Low-Carbon Dual-Phase Steels for High
Strength Wire (Publication 6) 

G. Thomas and J.H. Ahn 

An investigation has been made regarding the 
production of high-strength wire from low-carbon 
dual-phase steels. Dual-phase steel wire represents 
an alternative to conventional high-strength steel 
wire that is produced by cold-drawing a high-carbon 
pearlitic steel rod to large strains with several inter
mediate annealing or patenting heat treatments. 
Dual-phase steel was selected as the starting material 
for cold drawing into high-strength steel wire because 
of its pronounced strain-hardening rate and superior 
cold formability. The rapid strain hardening pro
vides an increase in strength with less cold reduction. 
The superior formability of dual-phase steel enables 
it to be drawn to large strains in a continuous, mul
tipass drawing process. Not only can dual-phase 
steels be drawn to strength levels and ductilities 
found in conventional pearlitic steel wires, but also 
no intermediate patenting treatments are necessary. 
This results in a reduction in the complexity of the 
operation as well as reductions in production costs 
and energy consumption. Consequently, dual-phase 
steels show high promise as a new, economical start
ing material for cold drawing into high-tensile
strength steel wires. Current work indicates that 
wires of tensile strengths up to 400,000 psi can be 
obtained (see Figure 3-1 ). Potential applications for 
dual-phase steel wire include bead wire, tire cord, 
wire rope, and prestressed concrete. 
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Figure 3-1. Plot of tensile strength of dual-phase steel wire as a 
function of wire diameter (Fe-2Si-O.l C). (XBL 852-5870) 
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4. Microstructure-Mechanical Property 
Relationships of Dual-Phase Steel Wire 
(Publication 2) 

A.H. Nakagawa and G. Thomas 

The high strain-hardening rate and formability of 
dual-phase steels make them promising choices for 
drawing into high-strength wire. As the fundamental 
part of an alloy-design project, dual-phase steels with 
several different martensite volume fractions, parti
cle shapes, particle sizes, compositions, and crystallo
graphic relations with the ferrite matrix were studied. 
They were wire drawn with true strains of up to 6.1. 
The initial microstructure, void-formation tendency, 
drawability, and mechanical properties of the various 
steels were compared and correlated. The Fe-2Si
O.l C alloy was found to be the most promising, with 
a suggested reduction in the carbon level to 
0.06-0.08%. The double heat treatment that consists 
of quenching from austenite to martensite followed 
by intercritical annealing and quenching produced 
the best microstructure for drawing into wire. The 
annealing temperature should be adjusted to yield 
25-30 vol% martensite in the final microstructure. 
Stress relief after drawing provided a substantial 
increase in ductility without significant loss in 
strength. 

ELECTRONIC MATERIALS 

5. Effect of Annealing on the Microstructure of 
Sintered Nd-Fe-B Magnets (Publication 35) 

R.K. Mishra, t J.K. Chen, and G. Thomas 

A transmission electron-microscopy study of sin
tered Nd-Fe-B magnets after annealing above 650°C 
shows the formation of a thin intergranular Nd-rich 
layer extending to pockets of polycrystalline fcc Nd 
crystals (see Figure 5-l). The grain-boundary phase 
acts as a pinning site for the magnetic domain walls 
and is necessary for good magnetic hardening. On 
the other hand, the NdFe4B4 phase is an unavoidable 
product of the sintering process but need not be 
present for good coercivity. 

tpresent address: General Motors Research Laboratories, Warren, 
MI 48090. 



Figure 5-l. Dark-field image and selected-area-diffraction (SAD) 
pattern (insert) from the intergranular Nd-rich phase showing a 
semi-ring pattern from the crystallites. The dark-field image is 
formed using part of the ring. (XBB 856-4861) 

6. Microstructure of Fe-Didymium-B Magnets 
(Publication 38) 

R. Ramesh, K.M. Krishnan, E. Goo, G. Thomas, 
M. Okada/ and M. Hommat 

A TEM study has been made to characterize the 
microstructure and composition of the phases in the 
Fe-Didymium-B magnets. The main phase is the 
tetragonal Re2Fe 14B phase. In all the samples 
observed, a triple-junction fcc phase was found with 
a lattice parameter of 5.24 A and enriched in Ce, Pr, 
and Nd. The magnets with poorer properties had a 
considerable amount of the rare-earth oxide. Figure 
6-1 depicts the fcc grain-boundary phase, its micro
diffraction pattern in the < 00 1 > orientation, and 
the energy-dispersive x-ray (EDX) spectrum from 
this region. Further work is in progress to identify 
the microstructural features responsible for the 
change in the magnetic properties on heat treatment. 

tPermanent address: Department of Materials Science, Faculty of 
Engineering, Tohuku University, Sendai , Japan 980. 
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Figure 6-1. Bright-field micrograph of the grain-boundary phase 
of a Fe-Didymium-B magnet in the < I 00> zone-axis orientation. 
Insets show the EDX spectra of the fcc phase and the matrix, as 
well as the 100 IJ zone-axis SAD pattern of the matrix. 

(XBB 853-2444A) 

7. Crystal Structure and Microstructure of 'Y
Fe203 Particles (Publication 45) 

H.M. Ho and G. Thomas 

'Y-Fe20 3 particles used in magnetic recording 
media have been examined by convergent-beam elec
tron diffraction (CBED) to determine their crystal 
structure. Figure 7-1 shows the primary CBED 
zone-axis patterns (i.e., < 1 00>, < 11 0> , and 
< 111 > ) of the 'Y-Fe20 3 particles. From the high
order Laue-zone (HOLZ) symmetry, it can be seen 
that the < 1 00>, < 11 0>, and < 111 > zone-axis 
patterns show 4-mm, 2-mm, and 3-mm symmetries, 
respectively. The spacing H between layers in the 
reciprocal lattice can be calculated from the CBED 
pattern as 

H = K - K V1 - (R/ L)2, 

where K is the reciprocal of the incident electron 
wavelength, R is the radius of the high-order Laue 
ring, and L is the camera length. By using the above 
equation, the 'Y-Fe20 3 unit cell is consistently 
derived from all three primary zone-axis patterns to 
be cubic with a lattice parameter approximately 
equal to three times that of the magnetite lattice 
parameter. From these results it can be concluded 
that 'Y-Fe20 3 has a cubic threefold superstructure of 
lattice parameter 25 A as a result of cation vacancy 



Figure 7-1. CBED zone-axis patterns from -y-Fe20 3 samples, 
showing m3m point-group symmetry and a cubic threefold super
structure: (a) <I 00>, (b) < 110>, and (c) < Ill > patterns. 

(XBB 854-5970) 

ordering. The ordered structure is also observed to 
gradually change to a disordered structure, with a lat
tice parameter of 8.33 A under prolonged electron 
exposure. This is accounted for by the radiation
enhanced diffusion of cations under the electron 
beam. 

8. Ferroelectric Materials (Publication 23) 

T. Yamamoto, E. Goo, and G. Thomas 

In general, ferroelectric ceramics are sintered by 
doping with small amounts of additives. The roles 
of the additives are classified as follows: (1) Driving 
force of grain growth: the sintering temperature of 
BaTi03 ceramics using a high-purity powder is above 
1500oC. This temperature is too high for practical 
use. By adding a small amount of Si02 + Al20 3, the 
sintering temperature is decreased to 1450oC. (2) 
Improving electrical properties : ZnO varistors have 
a nonlinear relationship between electrical voltage 

9 

and current. The ZnO varistor without additives 
does not show high values. By adding Bi20 3 (2.5 
mol%) + Sb20 3 (5 mol%) + Co20 3 (2.5 mol%) + 
Mn02 (2.5 mol%), the values are greatly increased. 
Detailed electron microscopy shows that the micro
structure was greatly influenced with these additives. 
Figure 8-1 shows an electron micrograph of three 
pockets in typical BaTi03 ferroelectric ceramics. 
Three features are distinguished: one is the ferroelec
tric part shown in (a), a second is the almost pure 
Ti02 crystal, and the third is the Al203-SiOz-BaO 
crystal. Analytical microscopy shows that the addi
tives of Al20 3 + Si02 segregate into three pockets at 
the final sintering stage and crystallize with BaO 
because of the high temperature (1450°C). On the 
other hand, the Ti02 phase exists independently in 
this system. The mechanical strength of BaTi03 
ceramics is very high compared to the lead-zirconia
titanate (PZT) ceramics. The reason for this is that 
the grain boundary of BaTi03 is surrounded by a 
crystalline phase, but that of PZT is surrounded by 
amorphous PbO. 

Figure 8-1. Electron micrograph of three pockets in a typical 
barium titanate ferroelectric. (XBB 850-10228) 



9. Work in Progress 

Steels 

Higher-carbon dual-phase steels are being inves
tigated to obtain more fundamental data on work
hardening behavior upon cold drawing in order to 
facilitate applications for prestressed concrete 
strands. Fatigue studies of drawn wire have also 
been initiated. 

Improvements in toughness with little or no 
change in strength may be realized in medium
carbon steels by proper design of microstructure, 
viz., fine lath martensite surrounded by austenite 
films. High heating and cooling rates inherent in 
laser processing are beneficial to improving hardness, 
strength, wear resistance, and fatigue properties of 
steels, because of the grain-refinement capabilities. 
Samples of Fe-3.5Cr-2Mn-0.5Mo-0.2C and Fe-
10.5Cr-0.26C steels after conventional hardening 
were laser heat-treated by 1250-W C02 laser radia
tion with different scanning velocities. Melting, glaz
ing, and heating processes were realized. Samples 
after laser treatment were tempered at 200°C, 350°C, 
and 500oC for 1 hour. Wear testing was performed 
using two-body, dry abrasive-wear tests. The results 
allow the following conclusions to be drawn: ( 1) 
Laser heating with 20 in/min scanning velocity 
achieves a hardened layer (200-500 1-lm thick) with 
high wear resistance (1.3-1.6 times higher than that 
for conventionally hardened steels). (2) Laser melt
ing allows the formation of a layer with high wear 
resistance only when the scanning velocity (15 
in/min) and sample mass are sufficient to realize 
high cooling rates. (3) Highly deformed, fine lath 
and twinned martensite with some amount of thin 
interlath-retained austenite is the structure obtained 
by laser hardening that assures high hardness and 
wear resistance. 

· Another research area is microstructure and 
abrasive-wear characteristics of low-carbon dual
phase steel. For most materials, a high abrasive
wear resistance is generally associated with high bulk 
hardness. One study1 reported that the wear resis
tance of pearlitic steels was proportional to the 
volume percentage of pearlite. 

This work involves a study of the microstruc
tural changes in a low-carbon dual-phase steel (Fe-
2Si-0.1 C) due to abrasive wear. One aspect of the 
study is to investigate the effect of martensite 
volume fraction on abrasive-wear resistance, and the 
results of this aspect of the study are shown in Figure 
9-1. Details of the wear tests can be found in previ
ous work. 2 The weight loss is approximately 
inversely proportional to the martensite volume frac-
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Figure 9-1. Abrasive-wear resistance as a function of martensite 
volume fraction. (XBL 8512-5137) 

tion, since the martensite volume fraction is directly 
proportional to the bulk hardness. Thus, the mar
tensite volume fraction is a reasonable parameter for 
predicting the wear resistance of dual-phase steels. 

Magnetic Materials: Thin-Film Recording Materials 
(New Program) 

Co-Cr alloys are currently of significant interest 
due to their development as thin-film perpendicular 
magnetic recording media. Co-Cr films have been 
found to have properties suitable for high-density 
recording. A prerequisite for perpendicular aniso
tropy in films is that the anisotropy field HA be 
higher than the maximum demagnetizing field 4IIM5• 

However, Co has a comparatively high saturation 
magnetization with respect to its uniaxial magneto
crystalline anisotropy. The role of Cr is to decrease 
the saturation magnetization of Co; a Cr content 
higher than 18% but lower than 27% is needed. The 
phase diagram of the Co-Cr system has not been well 
defined in the region of solid-state transformations at 
low Cr contents and at relatively low temperatures. 
The current study will attempt to establish any 
transformations in Co-rich Co-Cr bulk alloys at low 
temperatures ( < 700°C). Emphasis will be placed on 
solute segregation and its effects on the local and 
bulk magnetic properties of the alloys, and the effect 
of Cr on the stacking-fault energy of cobalt. 

A similar program has been initiated using Co
Ni films. 

Ferroelectric Materials 

PMN Ceramics. The interest in lead-
magnesium-niobate (PMN) ceramics results from 



their potential as high-dielectric-constant materials. 
One of the problems facing PMN ceramics is the dif
ficulty in producing a single-phase material consist
ing of only the perovskite structure. Depending on 
the processing conditions, a second phase that has 
the pyrochlore structure may be present, which 
reduces the dielectric constant of the material. 

Transmission electron microscopy revealed sub
micron MgO inclusions in the perovskite phase. The 
pyrochlore phase exists as submicron rectangular 
crystals in an amorphous PbO matrix. Using the 
thin-film approximation and the perovskite phase as 
a standard, the composition of the pyrochlore phase 
was determined to be Pb2.2sM&J.21Nbu907. 

PZT Ceramics. Lead zirconate titanate, Pb(Zr, 
Ti)03, is a solid-solution ferroelectric formed 
between PbTi03 and PbZr03. In the ferroelectric 
region this ceramic undergoes a phase transforma
tion, due to the change in composition, that is nearly 
independent of temperature; this transformation is 
known as morphotrophy. The boundary between the 
tetragonal and rhombohedral phases is called a mor
photrophic phase boundary (MPB). The excellent 
electrical properties at the MPB composition are 
believed to be due to the coexistence of both the 
tetragonal and rhombohedral phases, which results in 
a better poling efficiency. However, no direct proof 
of this has yet been achieved. The aim of this work 
is to characterize the structure at the MPB composi
tion and, further, to correlate structure and electrical 
properties. 

ZnO Varistors 

It is known from x-ray diffraction that ZnO, 
prepared with Sb20 3, CoO, MnO, and Bi20 3 addi
tives, is a multiphase material. In addition to the 
ZnO phase, the spinel, bismuth oxide, and pyro
chlore phases are also present. The microstructure 
of the bismuth oxide phase is well documented; how
ever, the distribution and composition of the spinel 
and pyrochlore phases are uncertain. It was found 
that the spinel phase exists as separate grains several 
microns in diameter and as submicron inclusions in 
the ZnO grains, while the pyrochlore phase exists as 
1000-A inclusions within the ZnO grains. The pyro
chlore phase contains Sb, Bi, and Zn, while the 
spinel phase contains only Sb and Zn. 

1. J. Larsen-Basse and K. Mathew, Wear 14, 199 (1969). 
2. C. Kwok and G. Thomas, in Int. Conf Proc. Wear of Materi
als, 1985, p. 612. 
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10. J.A. Wasynczuk, R.M. Fisher, and G. Thomas, "Pre
cipitation of Proeutectoid Cementite and Pearlite in 
a Fe-1.3 wt.o/o C-3.5 wt.o/o Cu Steel," 1985 AIME 
Annual Meeting, New York, NY, February 24-28, 
1985; LBL-19723abs. 

II. R. Ramesh, N.J . Kim, and G. Thomas, "Structure 
and Properties of As Hot Rolled High Chromium 
Martensitic Steel," 1985 AIME Annual Meeting, 
New York, NY, February 24-28, 1985; LBL-
19761abs. 

12. C. Kwok and G. Thomas, "Microstructural Effects 
in Dual Phase Steels on Wear," 1985 AIME Annual 
Meeting, New York, NY, February 24-28, 1985; 
LBL-19774abs. 

13. J. Ahn and G. Thomas, "The Structure and Prop
erties of Drawn Dual Phase Steel Wire," AIME 
Annual Meeting, New York, NY, February 24-28, 
1985; LBL-19994abs. 



14. B.G. Demczyk, G. Thomas, and R.K. Mishra, 
"Transmission Electron Study of Ferro-Electric 
Domain Structure in Lanthanum Modified Lead 
Titanate Ceramics," ACers 87th Annual Meeting, 
Cincinnati, OH, May S-9, 1985; LBL-18632abs. 

IS. K. Srikrishna, G. Thomas, M.F. Melo, and J.S. 
Moya, "Electron Microscopy and Microanalysis of 
Zirconia/ Mullite/Titanate Composites," ACers 87th 
Annual Meeting, Cincinnati, OH, May S-9, 198S.t 

16. E. Goo, G. Thomas, T. Yamamoto, and K. Okazaki, 
" Microstructure of Lead-Magnesium-Niobate 
Ceramics," ACers 87th Annual Meeting, Cincinnati , 
OH, May S-9, 1985; LBL-18666abs. 

17. T.R. Dinger and G. Thomas, "A TEM Investigation 
of the Crystallization Behavior of Y -Si-Al-0-N 
Glass-Ceramics," ACers 87th Annual Meeting, Cin
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"Vacancy Distribution and Microstructure of -y
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of Annealing on the Microstructure of Sintered Nd
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21. M. Ohmura and G. Thomas, "Microstructure 
Development and Solute Partitioning in Dual Phase 
Steels," AIME Conference, Toronto, Ontario, 
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22. E. Goo, G. Thomas, and K. Okazaki, "Micro
structure and Microanalysis of Spinel and Pyrochlore 
Phases in ZnO Varistors," 38th Pacific Coast 
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by Convergent Beam Electron Diffraction," 38th 
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"Convergent Beam Electron Diffraction Studies on 
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Solid-State Phase-Transformation 
Mechanisms* 

Kenneth H. Westmacott, Investigator 

INTRODUCTION 

This research is directed towards understanding 
in detail the structural factors that govern phase 
changes and phase stability. From such knowledge 
first-principle alloy design for specific service appli
cations is possible. A variety of electron-optical 
techniques, especially high-voltage electron micros
copy (HVEM) and high-resolution electron micros
copy, are used to infer the atomic rearrangements 
that occur when a product phase precipitates from 
the parent matrix. Since accommodation of a new 
phase of disparate size or crystal structure must 
involve deformation, the role of lattice defects in 
transformations is a focus of this work. This 
approach has been successful in identifying the 
specific defects associated with several classes of 
transformations characterized by different transfor
mation strains. It has been possible to predict pre
cipitate morphologies (growth directions, habit 
planes, orientation relationships, etc.) from first prin
ciples for several model alloy systems. 

Extension of the principles to more complex 
alloys will contribute both to understanding alloy 
stability in severe operating conditions and to 
designing improved materials. 

1. A Simple Model for the Prediction of 
Coherent and Semicoherent Plate-Precipitate 
Habit Planes (Publication 4) 

U Dahmen and K.H Westmacott 

By recognizing that at its minimum strain-energy 
orientation a thin coherent plate precipitate with 
tetragonal transformation strains of mixed sign is 
approximately in a state of uniaxial stress, its 
optimum orientation in an elastically anisotropic 
cubic matrix becomes simple to predict from first 
principles. The habit plane must contain a stress-

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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free line (approximately a strain-free, or invariant, 
line) and an elastically soft direction in the plane of 
unmixed principal strains, and it will therefore be of 
the type {Okl} if A > I or {hhl} if A < I (where A ~s 
the anisotropy ratio). The inclination 8 of the habit 
plane with respect to the plane of unmixed principal 
strains is given by the ratio of the mixed principal 
strains, tan 8 = ~-

The transition from a coherent to semicoherent 
plate is modeled after a tensile test providing a phys
ical picture of the connection between the theory of 
elastic inclusions and martensite theory. Loss of 
coherency (the lattice-invariant shear of martensite 
theory) occurs in the precipitate on a rational slip 
plane in an irrational direction, with the tensile axis 
being a "plastically soft" direction in the plane of 
unmixed principal strains, i.e., the direction with the 
highest Schmid factor on the slip system. 

Comparison with experimental results on habit 
planes and orientation relationships of three different 
alloy systems agree well with the model. To within 
experimental accuracy, in all three alloys the 
predicted tensile axis is < I 00> and the predicted 
and observed habit planes are of the type {Okl}. 

2. An HVEM Study of an Unusual Ordering 
Reaction in Platinum-Carbon (Publication 5) 

K.H. Westmacott, U. Dahmen, and M.J. Witcomb 

In platinum that contains carbon in solid solu
tion, an ordered phase with twice the lattice parame
ter of the matrix has been found in regions near 
grain boundaries and inclusions. The ordering was 
observed after quench-aging treatments as well as 
during electron irradiation above 300 kV in the tem
perature range of 250 to 650°C. Micrographs show
ing the ordered phase and its diffraction pattern are 
given in Figure 2-1. Outside this temperature range, 
disordering took place thermally at high tempera
tures (> 650°C) and athermally by irradiation at low 
temperatures ( < 250°C). The threshold voltage for 
athermal disordering was -400 kV, well below the 
1300-kV threshold for displacement damage in Pt. 
The simplest ordered structure consistent with the 
diffraction evidence is face-centered-cubic Pt7C, iso
morphous with Pt7Cu. An important implication of 
these observations is that substantial amounts of car
bon can be effectively transferred from interstitial to 
substitutional sites under certain conditions. This is 
linked to the earlier observation of a large binding 
energy between interstitial carbon and platinum 
vacancies ( -0.6 eV). 



Figure 2-1. Dark-field micrograph (a) and corresponding 
selected-area-diffraction pattern (b) of radiation-induced ordering 
showing high density of ordered zones and corresponding super
lattice spots midway between matrix spots. XBB 856-4260 

3. Topics in Precipitation and Ordering 
Reactions and Their Related Phenomena 
(Publication 7) 

K.H. Westmacott and U. Dahmen 

An important application of HVEM is the study 
of the microstructural changes that occur during 
solid-solid phase transformations. The microstruc
tures that develop in situ mirror those observed in 
bulk-treated samples, provided the alloy system is 
chosen judiciously and thick regions of the transmis
sion electron microscopy (TEM) foil are used in the 
study. Several advantages accrue: often precipita
tion and dissolution processes are reversible, allow
ing extensive data to be rapidly recorded from the 
same foil; new insights into transformation mechan
isms can often be obtained from dynamic observa
tions; and the effects of electron irradiation on the 
transformation can be assessed directly. 

Recent research at Berkeley has been concen
trated on understanding the role of crystal-lattice 
defects in the precipitation of a second phase. By 
studying different simple alloy systems characterized 
by different types of transformation strain, the vari
ous defects required for the optimum elastic/plastic 
accommodation of the product phase have been 
identified. 
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As an example, the effects of electron irradiation 
on precipitation in Al/ 2.25 wt% Ge are shown in Fig
ure 3-1. The region shown in (a) was irradiated at 

Figure 3-1. The effects of electron irradiation on the precipitate 
morphology in Al-Ge are illustrated in dark-field micrographs: (a) 
irradiated and (b) unirradiated. (XBB 8512-1 0052) 

300 kV and 150°C for 20 minutes. The foil was then 
heated to 206°C, when precipitation of the Ge 
occurred over the course of 40 minutes. Figure 3-1 
(b) shows a nearby area not subjected to irradiation. 
Clear differences in the precipitate densities and 
morphologies are seen. In the absence of irradiation 
mostly needle precipitates form, whereas a high den
sity of plate or spherical precipitates form in the irra
diated region. This difference is related to the 
vacancy concentration present at the nucleation 
stage. Similar differences are found when changes in 
the quench/age schedule alter the concentration of 
quenched-in vacancies. 

1985 PUBLICATIONS AND REPORTS 

Refereed Journals 

I. K.H. Westmacott and U. Dahmen, "Plate Precipi
tate Growth Mechanisms," in Proc. Second Acta
Scripta Met. Conf , P. Haasen, V. Gerold, R. 
Wagner, and M.F. Ashby, eds., Pergamon Press, 
1984; LBL-16887. 

2. P. Ferguson, K.H. Westmacott, R.M. Fisher, and U. 
Dahmen, "Coupled Diffusion of Carbon Atoms and 
Vacancies in Platinum," Mat. Sci . Tech. 1, 53 
(1985); LBL-18344. 

3. U. Dahmen, M.J. Witcomb, and K.H. Westmacott, 
"A New Platinum Carbide, Pt7C," Electron Micros
copy Society of South Africa 15, 27 (1985). 

LBL Reports 

4. U. Dahmen and K.H. Westmacott, "A Simple 
Model for the Prediction of Coherent and Sem
icoherent Plate Precipitate Habit Planes," LBL-
19442. 



5. K.H. Westmacott, U. Dahmen, and M.J. Witcomb, 
"An HVEM Study of an Unusual Ordering Reaction 
in Platinum-Carbon," LBL-19636. 

6. U. Dahmen and K.H. Westmacott, "Binding 
Between Carbon Atoms and Vacancies in Platinum," 
LBL-20072. 

7. K.H. Westmacott and U. Dahmen, "Topics in Pre
cipitation and Ordering Reactions and Their Related 
Phenomena," LBL-20460. 

8. U. Dahmen and K.H. Westmacott, "The Use of 
Symmetry in the TEM Analysis of Precipitate Mor
phologies," LBL-20706. 

Invited Talks 

9. K.H. Westmacott and U. Dahmen, "Coupled Diffu
sion of Carbon Atoms and Vacancies in Platinum," 
TMS-AIME Annual Meeting, New York, NY, 
February 27, 1985; LBL-18344. 

10. U. Dahmen, M. Wall , and K.H. Westmacott, "The 
Role of Shear in the Heterogeneous Nucleation of() 
in Al-Cu," TMS-AIME Annual Meeting, New York, 
NY, February 27, 1985. 

II. U. Dahmen and K.H. Westmacott, "Binding 
Between Carbon Atoms and Vacancies in Platinum," 
International Seminar on Solute-Defect Interactions, 
Kingston, Ontario, August 5- 9, 1985; LBL-20072. 

12. U. Dahmen, M. Kim, and A. Searcy, "Characteriza
tion of Porous Aggregates of 20 A MgO Cubes," 
Gordon Conference on the Chemistry and Physics of 
Solids: Clusters, Plymouth, NH, August 12-16, 
1985. 
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13. U. Dahmen and K.H. Westmacott, "A Simple 
Model for the Prediction of Coherent and Sem
icoherent Plate Precipitate Habit Planes," Third 
Annual Review of Materials Research Conference, 
Argonne, IL, September 12, 1985; LBL-19442. 

14. K.H. Westmacott and U. Dahmen, " Phase Transfor
mation Mechanisms," CEN, Saclay, France, Sep
tember 12, 1985; CENG, Grenoble, France, Sep
tember 17, 1985; University of Paris Sud, Orsay, 
September 20, 1985; Ecole des Mines, Paris, Sep
tember 24, 1985, LBL-20611. 

15. K.H. Westmacott and A. Thorel , "Microstructural 
Changes in Partially Stabilized Zirconia During 
Aging at 1000°C," Ecole des Mines, Paris, September 
26, 1985. 

16. K.H. Westmacott and U. Dahmen, "HVEM Studies 
of Precipitation Reactions," Beijing Centre for Elec
tron Microscopy, People's Republic of China, 
November 15, 1985; Hokkaido University, Sapporo, 
Japan, November 22, 1985. 

17. K.H. Westmacott and U. Dahmen, "Topics in Pre
cipitation and Ordering Reactions and their Related 
Phenomena," International Symposium on HVEM, 
Osaka University, Japan, November 19, 1985; LBL-
20460. 

18. K.H. Westmacott, "Recent Applications of TEM," 
Japanese Electron Microscope Society Symposium, 
Osaka University, November 21 , 1985. 

19. U. Dahmen and K.H. Westmacott, "The Use of 
Symmetry in the TEM Analysis of Precipitate Mor
phologies," MRS Meeting, Boston, MA, December 
2-6, 1985; LBL-20706. 



National Center For Electron 
Microscopy* 

Gareth Thomas, Ronald Gronsky, and 
Kenneth H. Westmacott, Investigators 

INTRODUCTION 

The National Center for Electron Microscopy 
(NCEM) provides state-of-the art facilities for 
electron-optical characterization of materials. Its 
resident staff members operate, maintain, design, 
and develop equipment and software, making it 
accessible to the user community through a simpli
fied proposal process, and in addition conduct their 
own forefront research on problems in the materials 
sciences. 

Central to NCEM are two unique high-voltage 
el~ctron microscopes, a 1.5-MeV machine (the 
HI~h-~ oltage Electron Microscope, or HVEM), 
which IS the most powerful in the U.S., and a 1-MeV 
machine (the Atomic-Resolution Microscope, or 
ARM), which offers the best resolution in the world 
(better than 1.6 A). These instruments are sur
rounded by special vibration-proof structures and are 
sup~orted by a host of "feeder" microscopes (for 
specimen-screening, preliminary experiments, and 
complementary microanalysis), by specimen
preparation facilities, and by image processing and 
analysis facilities , all housed within the same build
ing and completely dedicated to electron microscopy. 
This integrated approach to materials characteriza
tion makes NCEM popular with many scientists 
from around the world. 

Guidance is provided by a steering committee 
chaired by J.J. Hren (North · Carolina State Univer~ 
sity), and staffed by C. Allen (Argonne National 
Laboratory), M. Gibson (A.T.&T.), D.G. Howitt 
(University of California Davis), F. Ponce (Xerox 
Palo Alto Research Center), J.C.H. Spence (Arizona 
State University), L.E. Thomas (Westinghouse), T. 
Hayes (LBL), and the investigators on this project. 
Meetings are held twice per year. A list of currently 
active proposals approved by the steering committee 
is given in tables 1-1 and 1-2 for the HVEM and the 
ARM, respectively. 

Research on the HVEM covers a wide spectrum 
of projects, including phase-transformation studies in 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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metals, ceramics, and minerals; semiconductor
device and amorphous-metal investigations· and bio-
logical and medical-science applications. ' 

Full utilization of the microscope continued dur
ing 1985. Not only was the average weekly usage 
mamtamed at better than 90%, but the addition of a 
second, evening shift increased the overall usage 
hours by 50%. As in earlier years, about 25% of the 
outside users of the facilities were from industry, 
25% were from the biological sciences, and 50% were 
from other universities and government laboratories. 
At the present time, there are approximately 50 
active projects under way. 

During the year, the performance and capabili
ties of the HVEM continued to be upgraded. The 
ambient-temperature double-tilt straining stage is 
now available; the performance of the environmental 
cell has been improved by the addition of a tur
bomolecular pump: cryopumping the specimen 
chamber has led to an ultimate vacuum in the 10-8 
Torr range; and temperatures up to I ooooc are now 
achievable with the hot stage. 

The ARM remains the highest-performance 
instrument of its kind. Users are carefully screened 
to show need for its superior capabilities, and they 
now conduct research on a wide variety of materials 
problems by direct imaging of atomic structure. 
. Improvements made to the ARM during 1985 
mclude: (I) the installation of an extended-operation 
(> 18 hour) cold finger in the specimen stage, which 
not only reduces specimen contamination but also 
im~roves vacuum as well; (2) a variable-amplitude, 
vanable-frequency wobbler on the beam-alignment 
~oils to assist in removing all beam tilt during imag
mg; (3) replacement of accelerator anodes and adjust
ment of the filament/wehnelt distance to optimize 
brightness; (4) replacement of accelerator insulators 
and modifications to the Freon gas-handling system 
for improved high-voltage stability; (5) modification 
of the objective stigmator circuitry; (6) replacement 
of o?jective-lens coils for added lens stability; and 
(7) mstallation of a new, multiple-circuit, close
tolerance water-chiller system. Hardware modifica
tions to the viewing chamber and installation of all 
wiring harnesses have also been completed in 
preparation for the new video system. 

In a recent performance test at 1 MeV the 
instrument surpassed the 1.6-A resolution limit. ' 
. The analytical microscope is now fully opera

twnal and has been made available to the user com
munity. Research on the instrument includes stan
dard analyses as well as the development and refine
ment of new techniques and software for quantifica
tion. 



Principal In vestigator 

Continuing Research 

T. Cass 

J. Dash 

Gareth Thomas 

M. Meyers 

H. Ralston 

A. Searcy 

D. Howitt 

T. Budinger 

L. Eyring 

K. Westmacott 

B. Dalgleish 

George Thomas 

W. Owen 

D. Sadana 

J. Morris , Jr. 

R. Geiss 

A. Pelton 

Table 1-1 
HYEM Research Proposals 

Affi liation 

Hewlett-Packard 

Physics Department, 
Portland State University 

LBL, MMRD 

New Mexico Institute of Mining and 
Technology 

UC San Francisco 

LBL, MMRD 

UC Davis 

LBL, Biology and 
Medicine Division 

Arizona State University 

LBL, MMRD 

LBL, MMRD 

Sandia National Laboratory 

LBL, UC Berkeley 
Biophysics Department 

Signetics 

LBL, MMRD 

IBM 

Iowa State University 
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Title 

Defect structures in semiconductor devices 

Electrodeposition of chromium and copper 
in magnetic fields 

Phase transformations induced by high pressures and 
temperatures in a ballistic compressor 

Micromechanisms of wear 

Laser surface hardening of steels 

Characterization of precipitates within cementite 

Interface migration and solute partitioning of dual
phase steels: in situ studies by HYEM 

A metallurgical study of dynamic fracture in metals 

Three-dimensional structure of thalamic neurons 

In situ study of thermal decomposition of Mg(OH)2 

In situ studies of the kinetics of transformations in 
nuclear-waste glasses 

In situ environmental studies of the leaching behavior 
in nuclear-waste glasses 

Blood-brain permeability studies 

Platelet architecture and responses to physical insults 

Leukemic white blood cell architecture 

In situ studies of phase reactions in PrO 

The mechanism of carbon precipitation in platinum 

Dynamic hot-stage studies of precipitate development 
in interstitial and substitutional alloys 

Irradiation-induced ordering in platinum-carbon alloys 

Thin-foil studies of ceramics 

In-situ oxidation studies on stainless steel 

3D reconstruction of extended cellular processes (axons, 
fibers , etc.) from serial sections of epon-embedded 
tissue 

HYEM/ ARM studies of electro migrated AI and Al-alloy 
films 

Fatigue-crack propagation mechanisms of structural 
alloys at cryogenic temperatures 

Investigation of precipitates formed in bulk 95Pb-5Sn 
solder 

(Proprietary) 

Characterization of electron-induced crystalline-to
amorphous transitions in Ti-based intermetallic 
compounds 



Principal Investigator 

D. Philpott 

L. DeJonghe 

D. Williams 

New Research 

J. Todd 

Gareth Thomas 

D. deFontaine 

L. Tanner 

W. Dewey 

W. Clark 

A. Searcy 

J. Morris, Jr. 

K. Westmacott 

L. DeJonghe 

R. Sinclair 

P. Monteiro 

George Thomas 

D. Bainton 

D. Webster 

J. Alvarado 

J. Evans 

M. Williams 

Table 1-1 (continued) 

Affiliation 

NASA Ames Laboratory 

LBL, MMRD 

Lehigh University 

University of Southern California 

LBL, MMRD 

Title 

Morphological heterogeneity of rat cardiac 
mitochondria 

Characterization of solid-electrolyte degradation 

Irradiation of iron-nickel alloys 

Kinetics and mechanisms of the interface precipitation 
reaction 

Microstructural studies of hydrogen-attached steel 

Domain structure of lanthanum-modified lead titanate 
ferroelectric ceramics 

High-voltage Lorentz microscopy of Fe-Nd-B magnets 

LBL, MMRD In situ observation of the Devil's staircase in the long
period superstructures of binary alloys 

Lawrence Livermore National Laboratory In situ examination of tweed in martensitic Ni-37.5Al 

UC San Francisco The relationship between cytoskeleton and 
hyperthermia-induced membrane blebbing 

Ohio State University Micromechanism of polycrystalline strain propagation 

LBL, MMRD TEM studies of decomposition reactions 

LBL, MMRD Fundamental study of dislocation-cell formation and 
development in formable steel 

LBL, MMRD Dynamic studies of dislocation climb in Ni3AI and 
other ordered alloys 

LBL, MMRD 

Stanford University 

LBL, UC Berkeley 

Sandia National Laboratory 

UC San Francisco 

Kaiser Aluminum 

UC San Francisco 

LBL, MMRD 

LBL, UC Berkeley 
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Phase-transition studies in NaNb03 

Characterization of N i/Zr02 interface 

High-resolution microscopy study of amorphous-to
crystalline phase transformation in silicon 

Study of cement-paste hydration using the 1.5-MeV 
microscope and the JEOL JEM 200CX analytical 
electron microscope 

Gases in metals 

Platelet plasma membrane glycoproteins and their 
redistribution following thrombin activation: an 
immunogold HVEM study 

Grain-boundary segregation in AI-Li alloys 

Cytoskeleton of human trabecular cells grown in culture 

Thermal oxidation of lnP. Dynamic transmission 
electron microscopy 

In situ study of strain deformation of block copolymer 
microstructures 



Principal Investigator 

Conlin uing Research 

R. Gronsky 

F. Ponce 

M. Gibson 

J. Washburn 

D. deFontaine 

L. DeJonghe 

L. Kihlborg 

R. Sinclair 

D. Sadana 

K. Westmacott 

New Research 

R. Gronsky 

M. Gibson 

I. Chan 

M. Sarikaya 

M. Harmer 

M. Sattler 

R. Hull 

Table 1-2 
ARM Research Proposals 

Affiliation 

LBL, MMRD 

Xerox, Palo Alto 

Bell Laboratories 

LBL, MMRD 

LBL, MMRD 

LBL, MMRD 

University of Stockholm 

Stanford University 

Signetics 

LBL, MMRD 

LBL, MMRD 

Bell Laboratories 

Chevron Research Corp. 

University of Washington 

Lehigh University 

LBL, UC Berkeley 

Hewlett-Packard 
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Title 

Structure of [00 ! [ tilt grain boundaries in Bee materials 

Atomic mechanisms of precipitate plate growth 

High-resolution study of the structural evolution of the 
Cu2- xS/ CdS interface 

Dislocations and grain boundaries in silicon - struc
ture and segregation 

Structural and compositional characterization of 
AlxGa 1- xAs/GaAs interfaces by HREM 

Atomic imaging of binary-compound semiconductor 
metals 

Structure of UHY -grown epitaxial NiSi2/ Si interfaces 
and correlation with Schottky barrier height 

Studies of in-plane ordering in intercalated graphite 

Mechanism of gettering in elemental and compound 
semiconductors 

The atomic structure of Ill-V and II-VI compound
semiconductor layers grown by molecular-beam epitaxy 

Periodic antiphase structures 

Characterization of the N i/Zr02 interface 

Studies of structural defects and related phenomena in 
inorganic materials: studies of a potassium niobium 
oxide at atomic resolution 

Structural studies in tungsten carbide 

HYEM/ ARM studies of electromigrated AI and Al-alloy 
films 

Ultrahigh-resolution studies of precipitate-matrix inter
faces 

Bulk defects in as-grown GaAs 

Atomic structure and Schottky barrier height at 
Al/GaAs interfaces 

Atomic-resolution electron microscopy of heterogeneous 
catal ysts 

Interface characterization in metal matrix composites 

High-resolution and in situ TEM studies of dielectric 
materials 

ARM characterization of catalyst-particle surfaces 

Atomic-scale structure of epitaxial semiconductor
semiconductor and semiconductor-metal interfaces 



The NCEM computer system is designed to per
form three basic functions to assist interpretation of 
electron micrographs: (1) direct acquisition and 
evaluation of the electron-microscope image in real 
time by means of an on-line image-pickup system 
under control of the electron-microscope operator; 
(2) interactive a posteriori processing of stored exper
imental images at a work station connected to the 
computer; and (3) interactive image simulation from 
hypothesized models of specimen structures at a 
work station connected to the computer. . Hardware 
required to carry out these functions includes a host 
computer, an array processor, an image processor, 
and a number of image acquisition units (one per 
electron microscope). So far, the host (Micro VAX 
II) computer has been installed, and the arra.y pro
cessor has been delivered and installed. One Image
acquisition unit is being tested on the HVEM. 

Software for image simulation has been under 
development on the LBL VAX cluster and is 
currently being transferred to the Micro VAX. This 
software has been used in · various projects and is 
continually undergoing upgrades to include the latest 
theoretical developments. It is expected that the 
computer system will be fully operational in July 
1986. 

Some research applications of the facilities avail
able at the Center are given below. 

1. Computer-Simulated Images of Platinum 
Clusters in the Channels of Y Zeolites 
(Publication 40) 

I. Y. Chan, R. Csenscits, M.A. O'Keefe, and 
R. Gronsky 

Computer-image simulation has been used to 
investigate the visibility of a 13-atom Pt cluster in 
the Y zeolite channel in high-resolution electron 
microscopy (HREM) images. This study concen
trates on the effects of specimen thickness, focusing, 
and the location of the Pt cluster. The results show 
that the Pt cluster is invisible if the specimen is 
thicker than 500 A and viewed in zone-axis orienta
tion. Even when the specimen is thinner, the 
appearance of the HREM images can be very decep
tive. Further practical aspects of studying small par
ticles using HREM are under investigation. 
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2. HVEM Studies of Wear (Publication 16) 

C.K. Kwok and G. Thomas 

Intense plastic deformation of low-carbon dual
phase steel due to abrasion is concentrated within a 
very thin surface layer. There are, consequently, 
extensive microstructural changes from the surface to 
its interior. The preparation of thin-foil specimens 
from these thin surface layers is quite difficult and 
tedious; thus, high-voltage transmission electron 
microscopy is particularly useful because of the 
much improved electron penetration. 

Specimens suitable for transmission electron 
microscopy were made as follows: ( 1) Debris parti
cles were collected during the wear tests by a magnet 
and then directly deposited onto a holey carbon grid. 
No further thinning was required. (2) Nickel-plated 
worn pins were cut in longitudinal sections, then 
mechanically polished; the area containing the wear 
surface was then electropolished using the window 
method, with final thinning by liquid-nitrogen cold
stage ion milling. In both of these cases, the second 
phases and the matrix deform homogeneously due to 
the surface traction by the abrasives, and the depth 
of the large-deformation zone ranged from 2-10 ,urn. 

Longitudinal cross-section transmission electron 
microscopy, an example of which ~s shown in. Figure 
2-1 shows that dislocation cells, With mean thickness 

' 

Figure 2-1. Cross-section micrographs of wear surface at low 
magnification (A). Insets (B) and (C) show parts of (A) at htgher 
magnification. (XBB 820-10906) 



about 30-50 nm, are elongated immediately beneath 
the worn surface with well-defined cell boundaries 
aligned in the direction of abrading. The structure of 
a debris particle from this same steel is shown in 
Figure 2-2; it consists of dense dislocation tangles in 
a very fine-grained structure. A dark-field micro
graph taken from a segment of the {II 0} diffraction 
ring indicates a fine-grain size on the order of 30-50 
nm. The corresponding selected-area-diffraction pat
tern consists of fairly uniform bee diffraction nngs. 
No extra oxide diffraction ring was found. 

The main conclusions are that wear in these 
steels occurs by intense plastic flow, and debris parti
cles are produced by ductile failure of the subsurface 
layers - perhaps nucleated at strain gradients. 

Figure 2-2. TEM micrographs of wear-debris particle: upper left: 
bright-field image; upper right: dark-field image; lower: selected
area-diffraction pattern . (XBB 830-10233) 

3. The Use of Symmetry in the TEM Analysis 
of Precipitate Morphologies (Publication 18) 

U. Dahmen and K.H. Westmacott 

The use of crystal symmetry in the TEM analysis 
of precipitate morphologies is illustrated with exam
ples of needle- and plate-shaped precipitates in dif
ferent alloy systems. In a simplified analysis the pre
cipitates are characterized by a crystallographic direc
tion, the needle axis or habit plane normal. The 
matrix single-crystal symmetry can then be used to 
determine this direction from a single micrograph 
showing a projection of all precipitate variants along 
a high-symmetry axis. This eliminates the need for 
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high-angle tilting and conventional trace analysis. 
An example is shown in Figure 3-1 , where a distribu
tion of < 110> and < 1 00> precipitate needles can 
be discerned. 

Figure 3-1. HVEM micrographs of Al-3% Ge alloy quenched 
and aged I hr at 24o·c showing precipitates projecting in the 
< I 00 > and < II 0> directions when projected along < 00 I> 
(left); 9 different needle directions are counted in a projection of 
no symmetry (right). The needles are therefore of the < II 0> 
and < 100> but not the < Ill > type. (XBB 861-300) 

A complete morphological analysis must con
sider the bicrystal symmetry of the orientation rela
tionship between matrix and precipitate. The equili
brium shapes corresponding to different orientation 
relationships are compared with shapes of Ge precip
itates in an AI matrix observed by high-resolution 
electron microscopy, as shown for 2/m symmetry in 
Figure 3-2. 

Figure 3-2. High-resolution image of < 110> Ge/ < l 00 > AI 
needle precipitate in Al-3Ge seen edge-on. The symmetry of the 
orientation relationship (Ill )Ge/ ( l OO)Al is monoclinic (2/ m). 
The needle is faceted on (IIO)Ge planes and, apart from the nar
row twin, exhibits twofold rotational symmetry in this projection. 
The orientation relationship of the twin is different but maintains 
2/m symmetry. (XBB 861-302) 



4. Accurate Structure-Factor Determination 
and Electron-Charge Distributions of Binary 
Cubic Solid Solutions (Publication 21) 

A. G. Fox and R.M. Fisher 

By combining the accurate low-angle x-ray struc
ture factors of binary cubic solid solutions deter
mined by high-energy electron diffraction (using the 
Berkeley 1.5-MeV HVEM) with higher-angle values 
obtained by interpolation between best pure-element 
form factors, a complete set of accurate x-ray
structure factors for these alloys can be produced. 
This approach is an improvement over previous ana
lyses of this sort, where the pure-element form fac
tors were considered unchanged by alloying (except 
for lattice-parameter changes). 

This new method has been applied to the alloy 
systems CuAu, CuAl, and FeCr, where sufficient 
electron-diffraction information is available for a full 
analysis. The results show that the average low-angle 
form factors are significantly modified by alloying. 
These electron-charge distribution changes can be 
explained in terms of ·the known Fermi-surface 
behavior of these alloys. 

In addition to these electron-charge distribution 
studies, the effects of short-range order (s.r.o.) were 
also investigated. Changes in s.r.o. affect the struc
ture factors of solid-solution alloys predominantly 
through the Debye-Waller factors, and both theoreti
cal and experimental investigations showed that for 
FeCr and CuAl, which have small atomic-radius 
differences, the effects of s.r.o. on the structure fac
tors is negligible. In the case of CuAu, the differ
ences in s.r.o. due to differing heat treatments have 
been detected by electron-diffraction measurements. 
Such changes, however, were found to be fairly 
small, and if the effects of s.r.o are ignored, only very 
small increases are introduced into the errors in the 
measured values of the low-angle structure factors. 

Cubic elements for which accurate form factors 
are known are indicated, and alloy combinations of 
these should provide the basis for further useful 
work. 

5. In Situ Observations of Interface-Controlled 
Dissolution of Cu Precipitates in FejCjCu 
Alloys (Publication 24) 

J. W asynczuk and G. Thomas 

Partly because of its ever increasing presence in 
recycled steel, the effect of copper as an alloying ele-

23 

ment is becoming of great importance. The solubili
ties of copper in the various phases of a ferrous 
microstructure are among the qualities that deter
mine its influence as an alloying element. Copper 
has very little solubility in carbides. Therefore, there 
is a strong tendency for it to be partitioned away 
from carbides during phase transformations in steels. 

When hypereutectoid steels are cooled from the 
austenite range, proeutectoid cementite (Fe3C) is 
often precipitated at austenite grain boundaries. In 
Fe-C-Cu alloys copper is partitioned away from the 
growing cementite by the precipitation of face
centered-cubic copper. Ex situ data indicate that the 
copper is precipitated at the cementite:austenite 
interphase boundary, and that boundary diffusion of 
copper is the mechanism of its growth. HVEM in 
situ experiments revealed that analogous behavior, 
i.e. , discontinuous dissolution of copper precipitates 
by a moving boundary, also takes place during 
reheating, when austenite grows into cementite. 

Hot-stage experiments were performed on the 
Kratos EM 1500, operated at 1.5 Mev. In situ 
transformations were recorded with a video camera. 
The starting microstructure of the Fe-1.49C-4.90Cu 
alloy contained proeutectoid cementite, which had 
small ( 400-800 A diameter) copper precipitates 
within it. Upon heating to approximately 750°C, 
austenite was nucleated, and it grew into the cemen
tite. Figure 5-l shows a sequence of photographs, 

Figure 5-1. Sequence of HVEM micrographs showing the move
ment of the austenite:cementite interphase boundary during heat
ing to 750oC. (XBB 861-231) 



taken from the video recording, illustrating this 
growth. The sequence A through D spanned 44 
seconds of real time. Two copper precipitates are 
arrowed, and the left-to-right movement to the 
austenite:cementite interphase boundary can be seen 
relative to them. Note that the boundary does not 
migrate uniformly but rather appears to move by the 
lateral passage of steps. Note also that the copper 
precipitates undergo no changes until the boundary 
contacts them, at which time their dissolution into 
the austenite is nearly instantaneous. 

6. The Combined Effect of Acceleration 
Voltage and Incident-Beam Orientation on the 
Characteristic X-Ray Production in Thin 
Crystals (Publication 30) 

K.M. Krishnan, P. Rez/ G. Thomas, Y. Yokota ,+ and 
H. Has hi motel 

A systematic experimental study has been carried 
out to determine the combined effect of acceleration 
voltage and incident-beam orientation on the charac
teristic x-ray production in thin crystals. For 
MgA120 4 it has been shown that the orientation 
dependence undergoes a reversal in character above 
a particular voltage, which is referred to now as the 
"inversion" voltage. This "inversion" voltage has 
been experimentally determined to be 270 kV for an 
MgA120 4 compound with a spinel structure and is in 
agreement with theoretical predictions based on a 
highly localized scattering model for characteristic x
ray production in thin crystals. Further, in combina
tion with theoretical calculations, this "inversion" 
voltage behavior has been shown to be different 
from the conventional critical-voltage effect. From 
the microanalysis point of view, it has been experi
mentally shown that, in order to obtain an analysis 
independent of the incident-beam orientation or the 
acceleration voltage, it is essential to systematically 
tilt the crystal to an orientation at which no lower
order Bragg reflections are excited. 

tpresent address: Center for Solid State Science, Arizona State 
University, Tempe, AZ 85287. 
iOn leave from JEOL, Akishima, Tokyo 196, Japan . 
§Permanent address: Department of Applied Physics, Faculty of 
Engineering, Osaka University, Suita, Osaka 565, Japan. 
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7. On the Improved Phase-Grating Method 
(Publication 32) 

R. Kilaas 

A new method for computing scattering ampli
tudes in high resolution transmission electron 
microscopy has been examined. The method, which 
is called the improved phase-grating (lPG) method, 
is shown to produce reasonable results only for very 
small specimen thicknesses and diverges for 
thicknesses larger than 20-40 A in copper [001] for 
accelerating voltages between 200 kV and 1 MV. 
The validity of the method is discussed and is shown 
to depend on electron wavelength, slice thickness, 
the number of reflections that are included in the 
calculation, and the choice of specimen. It is also 
shown that the method does not readily allow for 
slice thicknesses smaller than the specimen periodi
city along the incident electron-beam direction. 

8. On the Inclusion of Upper Laue Layers in 
Computational Methods in High-Resolution 
Transmission Electron Microscopy 
(Publication 33) 

R. Kilaas, M.A. O'Keefe, and K.M. Krishnan 

Three different methods for computing scattering 
amplitudes in high-resolution transmission electron 
microscopy have been investigated as to their ability 
to include upper Laue layer (ULL) interaction. The 
conventional first-order multislice method using fast 
Fourier transform (FFT) and the second-order mul
tislice method are shown to yield calculated intensi
ties of first-order Laue reflections with the use of 
slice thicknesses smaller than the crystal periodicity 
along the incident electron-beam direction. It is 
argued that the calculated intensities of ULL reflec
tions approach the correct values in the limiting case 
of vanishing slice thickness and electron wavelength. 
The third method, the lPG method, does also in 
principle include ULL effects, but it is severely lim
ited as to choice of slice thickness and sampling 
interval. 

A practical way to use slice thicknesses less than 
the crystal periodicity along the incident-beam direc
tion is shown for both the conventional FFT method 
and the second-order multislice method and tested 
on a spinel structure. It is also shown that the lPG 
method does not easily allow for a slice thickness 
different from the crystal periodicity in the beam 
direction. 



9. Determination of the Composition of the 
Icosahedral Phase in Rapidly Solidified Al-Mn 
Quasicrystals at High Spatial Resolution 
(Publication 34) 

K.M. Krishnan, R . Gronsky, and L.E. Tannert 

The existence of a metallic solid with long-range 
orientational order and an icosahedral point group 
inconsistent with lattice translations in samples of 
aluminum alloyed with manganese has been reported 
based on electron-diffraction measurements. In 
order to understand this crystallographic anomaly 
and to obtain a detailed knowledge of the distribu
tion of the aluminum and manganese in the quasilat
tice, it is necessary to determine the composition of 
this icosahedral phase as accurately as possible. 

Hence, the composition of the quasicrystalline 
icosahedral phase in rapidly solidified binary Al-Mn 
alloys has been determined at high spatial resolution 
by energy-dispersive x-ray microanalysis using con
vergent probes of 200-nm diameter (see Figure 9-1). 
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Figure 9-1. Typical energy-dispersive x-ray spectrum from the 
matrix phase (a) and icosahedral phase (b) in a rapidly solidified 
binary Al-Mn alloy. A counting time of 300 seconds and a count 
rate of 1500/second were used to ensure good statistics. 

(XBL 858-3536) 
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The icosahedral phase is found to have a composi
tion of 20.3 ± 2.0 at% Mn, balance AI, while the 
metastable aluminum-rich matrix phase contains 4.5 
± 0.4 at% Mn. It is noted that this concentration 
ratio ( 4: I) has been known to be important in certain 
glass-forming systems and may have implications in 
answering the fundamental crystallographic question 
of the atomic positions occupied by the two elements 
in the quasicrystal. 

tpresent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 

10. Characterization of Long-Period Polytypoid 
Structures in the Al20 3-AlN System 
(Publication 35) 

K.M. Krishnan, R.S. Rai, G. Thomas, N.D. Corbin, 
and J. W. McCauley 

Long-period polytypoid structures observed 
along the pseudobinary Al20 3-AIN at a composition 
of 95 mol% AIN have been investigated by 
convergent-beam electron diffraction and lattice 
imaging. A new long-period structure 32H 
(Ramsdell notation) with an interlayer repeat dis
tance of 4.3 nm has been independently identified by 
these two techniques. This polytypoid is found to 
coexist with the 27R long-period structure of periodi
city 2.4 nm. However, the 32H polytypoid is found 
to be an intermediate structure produced by compo
sitional fluctuation of the more stable 27R structure. 
As the purest AIN powders that are commercially 
available do contain about 1.5 mol% Al20 3, the for
mation of such stable long-period polytypoids is very 
likely during the processing. Further, the microstruc
ture of these polytypoids suggests a deterioration in 
thermal conductivity, and hence steps to eliminate 
these structures will have to be devised to realize the 
potential of AIN in electronic-packaging applications. 

11. In Situ Observations of Partial Dislocation 
Climb in Ni3Al (Publication 37) 

P. Veyssieret and K.H. Westmacott 

Changes in the configuration of screw and mixed 
dislocations in NiAI have been monitored continu
ously during annealing in the hot stage of the 1.5-
Me V HVEM. Differences in the configurations were 
observed depending on whether the experiments 



were performed below or above the threshold voltage 
V1 for displacement damage. 

Below V1 , initially straight dislocations in or 
close to the screw orientation slowly increased their 
length and segmented into nonscrew components 
during heating at 750°C. This behavior is attributed 
to a resulting reduction in energy, as the newly 
oriented segments climb dissociate in a more favor
able plane where the APB energy, is lower than the 
initial (00 1) glide-dissociation plane. 

Above V1 , radiation-produced interstitials 
induce an asymmetrical climb of the 1/2< 110> 
superpartial screw dislocations during irradiation at 
650°C. One partial remains essentially unchanged as 
the other climbs into a helical configuration in a 
direction away from the position of the original 
screw dislocation. A striking example of this process 
is shown in the sequence of micrographs in Figure 
11 -1 , which were taken from the video monitor. 
Energy-balance considerations show that the single
rather than double-helix configuration will be 
favored if the associated APB energy is low. It is 
suggested that the low-energy APB is produced when 

Figure 11-1. Transformation of a screw into a helical dislocation 
during irradiation at 1500 kV and 753•c. (a) at time t = 0.5 min, 
(b) t = I min, (c) t = 2 min, (d) t = 4 min, (e) t = 5 min, (f) t = 
7 min, (g) t = 8 min, (h) t = 9 min, (i) t = 10 min: 

(XBB 857-58 18) 
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helix turns are formed by the condensation of inter
stitial nickel atoms in an off-stoichiometric layer. 
The occasional observation of residual displacement 
fringe contrast supports this view. 

tPermanent address: Laboratoire de Metalurgie Physique, Poi
tiers, France. 
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In Situ Investigations of Gas-Solid 
Reactions by Electron Microscopy* 

J. W. Evans, Investigator 

INTRODUCTION 

This work is concerned with the influence of 
solid microstructure on the reaction between a solid 
and a gas. Of particular interest is the nucleation 
and growth of the second solid phase when one of 
the products of the reaction is a solid. The experi
mental tool used in this investigation is an environ
mental cell that is placed in one of the two high
voltage transmission electron microscopes at LBL. 
This cell enables a solid to be contacted with a gas at 
elevated temperatures without adversely affecting the 
vacuum in the microscope column. The evolution 
of the microstructure as the reaction proceeds can 
then be observed at high magnification. 

This year an investigation into the reduction of 
iron oxides by hydrogen was completed. Morpholog
ical changes associated with the reduction of Fe203 
via Fe30 4 to Fe, and of Fe30 4 and FeO to Fe by 
hydrogen and hydrogen-argon mixtures, have been 
determined in the approximate range of 300 to 
60o·c. 

Work continues on the oxidation of semiconduc
tor materials. Oxidation is a commonly used tech
nique for the production of insulating layers in pro
cessing silicon; the morphology of the reaction prod
uct (polycrystalline) presently prevents the use of this 
simple technique in processing GaAs. 

1. Investigation of Iron Oxide Reduction by 
TEM (Publications 1, 2, and 5) 

M.-F. Rau,f D. Rieck,+ and J. W. Evans 

The environmental cell within the Hitachi HU-
650 transmission microscope has been used to study 
the reduction of single-crystal iron oxides by hydro
gen and hydrogen-argon mixtures. The cell enables a 
direct observation of the solid during the reaction, 
thus permitting the observation of the nucleation 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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and growth of solid reaction products. Hematite has 
been reduced in the range 387 to 610•c with gas 
pressures up to 40 Torr, forming first magnetite, then 
iron, and the morphology of the reaction (e.g., loca
tion of nucleation sites, form of the reaction product) 
has been observed. Similar studies have been car
ried out on the reduction of single-crystal magnetite 
and wustite in the temperature range 300 to 514·c at 
gas pressures up to 50 Torr. In the former case, the 
iron that formed during the early stages was epitaxial 
with the host magnetite; at later stages the epitaxy 
was lost; and fissures frequently formed in the metal. 
Wustite is thermodynamically unstable in this tem
perature range, and disproportionation (to magnetite 
and iron, identified by electron diffraction) was 
observed to accompany the reduction reaction. Fig
ure 1-1 shows near-rectangular regions of dissocia
tion products in a wustite single crystal; the time in 
seconds is that since the reaction temperature 
( 4so·q was reached under hydrogen (0.5 Torr). The 
structure is interpreted as one where regions of iron 
(bright regions) are surrounded by regions of more 

405s 

Figure 1-1. A sequence of electron images showing morphologi
cal changes accompanying the disproportionation of wustite to 
magnetite and iron during the reduction of FeO by hydrogen. 
The time listed in the lower left hand corner is in seconds. 

(XBB 840-9187) 



voluminous magnetite (dark bands around the bright 
regions). A reaction front where the wustite is being 
reduced to iron is seen sweeping across the specimen 
from the upper left in the image at 485 seconds. The 
occurrence of magnetite when a wustite specimen is 
exposed to a reducing environment is remarkable 
and hitherto unreported. 

tPresent address: Morgan Semiconductor, Garland, TX 75041. 
*Present address: I 044 3rd Avenue #3, Brookings, SO 57006. 

2. In Situ Observations of GaAs Oxidation 
(Publication 3) 

M. Hall/ M.-F. Rau,* and J. W. Evans 

By means of the environmental cell, the oxida
tion of doped GaAs has been studied in the tempera
ture range 320 to 600°C under a few tens of Torr of 
oxygen. For temperatures up to 380oC amorphous 
reaction products were observed. (Amorphous layers 
are generally desired in semiconductor processing 
but were observed to grow only slowly in this and 
other studies.) At temperatures of 450°C and above, 
polycrystalline f)-Ga20 3 was formed via epitaxial y
Ga203 and polycrystalline y-Ga20 3. A sequence of 
electron-diffraction patterns identifying these phases 
appears in Figure 2-1. The occurrence of epitaxial 

Figure 2-1. A sequence of diffraction patterns obtained on oxi
dizing GaAs (Te doped) at 6oo·c under 30 Torr of oxygen. (a) 
Initial GaAs; (b) after 5 minutes; (c) after 13 minutes; (d) after 18 
minutes. (XBB 855-4065) 
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y-Ga20 3 has not hitherto been reported in the litera
ture. 

tpresent address: Coulter Steel Corp., Berkeley, CA 94704. 
*Present address: Morgan Semiconductor, Garland, TX 75041. 

3. Work in Progress 

The oxidation of polycrystalline silicon is being 
examined by a combination of in situ and ex situ 
techniques. The former are limited in that the 
environmental cell is presently restricted to tempera
tures that are well below those used commercially in 
semiconductor processing. Oxidation by nitrogen/ 
water-vapor mixtures resulted in amorphous oxide 
(as expected). No association could be found 
between the dislocations and oxide-nucleation sites, 
nor between the latter and twin planes. However, 
low-angle grain boundaries appear to be preferential 
sites for oxide nucleation. Oxidation studies on 
compound semiconductors (particularly GaAs and 
more recently InP) are continuing, with emphasis on 
the role played by dopants on the kinetics and mor
phology of reaction. The environmental cell is par
ticularly suited to such studies. 

1985 PUBLICATIONS AND REPORTS 

LBL Reports 

1. M.-F. Rau and J.W. Evans, " Investigation of Iron 
Oxide Reduction by TEM, Part I: Hematite Reduc
tion," LBL-19960. 

2. M.-F. Rau, D. Rieck, and J.W. Evans, "Investigation 
of Iron Oxide Reduction by TEM, Part II: Mag
netite and Wustite Reduction," LBL-19961. 

3. M. Hall, M.-F. Rau, and J.W. Evans, "Some In-Situ 
Observations of GaAs Oxidation," LBL-20839. 

4. A.M. Glaeser and J.W. Evans, "Effect of Grain 
Boundary Migration on Apparent Boundary Diffu
sion Coefficients," LBL-19831. 

Invited Talks 

5. M.-F. Rau, D. Rieck, and J.W. Evans, " Observations 
of Iron Oxide Reduction by Controlled Atmosphere 
Electron Microscopy," Annual Meeting of AIME, 
New York, February 24-28, 1985. 



Local Atomic Configurations in Solid 
Solutions* 

Didier de Fontaine, Investigator 

INTRODUCTION 

This investigation is concerned with ordering 
phenomena in alloys, more particularly long-period 
ordered superstructures in binary fcc alloys. Two 
systems have been selected for experimental study: 
Ag3Mg and Cu3Pd; the former exhibits sharp anti
phase boundary structures, allowing comparison to 
be made between observed and theoretically 
predicted structures. Detailed structural observation 
is carried out by high-resolution transmission elec
tron microscope (TEM), and the theoretical model 
used is that of the axial next-nearest-neighbor Ising 
(ANNNI) model. Because of the relatively diffuse 
nature of the boundaries, precise polytype structural 
information is not available for the Cu-Pd system, 
but high-energy (1.5-MeV) TEM produced an 
interesting result: that of creation of long-period 
modulated short-range order under electron irradia
tion, an explanation of which has been suggested in 
terms of the phenomenon of "spinodal ordering." 

1. Short-Range-Order Diffuse-Intensity 
Calculations in the Cluster-Variation Method 
(Publication 5)t 

T Mohri, J.M. Sanchez, and D. de Fontaine 

The cluster variation method (CVM) in the 
tetrahedron-octahedron approximation is used to cal
culate the short-range-order diffuse-intensity distribu
tion for binary ordered alloys. The results are com
pared to those derived by the Krivoglaz-Clapp-Moss 
(KCM) formula for various stoichiometric concentra
tions and temperatures. The CVM produces sharper 
diffuse-intensity spectra than does the KCM formula, 
and it better conserves the constancy of the 
integrated intensity. Use of the CVM further insures 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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that the calculated short-range-order intensity is con
sistent with derived phase diagrams and instability 
temperatures. 

1This work was initially supported by the Army Research Office, 
Durham, NC. 

2. The Two-Dimensional ANNNI Model in the 
CVM Approximation (Publication 1 0) 

A. Fine! and D. de Fontaine 

The phase diagram of the 2-dimensional ANNNI 
model is investigated by the CVM. We confirm the 
stability of the disordered phase down to T = 0 and 
the absence of a Lifshitz point at finite temperature 
for K < 1/2, where K is the ratio of second- to first
neighbor pair interactions. Two different modula
tion regimes for the correlation functions of the 
disordered phase are separated by a "disorder" line, 
along which the q-vector of the susceptibility max
imum undergoes a lock-in transition (see Figure 2-1 ). 
The study in reciprocal space of the stability of the 
disordered phase allows us to define a critical line in 
the phase diagram along which the q-vector charac
terizing the instability is incommensurate. Finally, 
we show the existence of another Lifshitz point for K 
tending to infinity. 
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Figure 2-1. Two-dimensional version of ANNNI model phase 
diagram in temperature/effective-pair interaction-ratio space, cal
culated by the CVM. Phase regions for polytypes of structural 
formulas < 1>, < 2>, < 21> , and < 221> are indicated. These 
and other similar polytypes have been observed in Ag3M. The 
dot-dash curve is the line of second-order transitions; the dashed 
curve separates modulated from unmodulated structures. 

(XBL 854-2017) 



3. The Uniaxial Brickwork Model, Exact 
Results and CVM Approximation 
(Publication 9) 

A. Fine! and D. de Fontaine 

A complete phase diagram of the uniaxial brick
work lattice is determined first by using exact results 
and then by using the CVM. Both results are in very 
good agreement, demonstrating the reliability of the 
CVM for two-dimensional systems. A well-defined 
maximum in the exact specific heat and a divergence 
of the CVM susceptibility provide strong indication 
for the occurrence of a floating phase. 

4. Application of the ANNNI Model to Long
Period Superstructures in Some Noble Metal 
Alloys (Publication 1) 

D. de Fontaine, A. Fine!, S. Takeda, and J. Kulik 

The phenomenon of long-period superstructures 
in ordered alloys is analyzed in terms of the ANNNI 
model. New ground-state results are presented and 
applied to the case of one-dimensional periodic anti
phase structures in Cu3Pd. The difference between 
systems with diffuse antiphase domain boundaries 
(as in Cu3Pd) and sharp boundaries (as in Ag3Mg) is 
discussed and is argued to be due to the influence of 
the strength of the effective transverse-pair interac
tions compared to that of the axial interactions along 
the long-period direction. Atomic-resolution 
transmission electron micrographs that clearly illus
trate the distinction are presented for Cu3Pd and 
Ag3Mg. 

5. Work in Progress 

Additional experimental work is planned on 
measuring modulation wavelengths in equilibrium 
and irradiated Cu-Pd samples as a function of irradi
ation time, temperature, and alloy composition. A 
kinetic theory will be developed for long-period 
short-range order formation in alloys maintained far 
from equilibrium by the irradiation process. Phase 
equilibria of one-dimensional polytypes will be stud
ied by mean-field techniques applied to the fcc lat
tice. Imaging of antiphase boundary structures will 
also be performed on the Atomic Resolution Micro
scope. 
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Collaborative Studies by 
Transmission Electron Microscopy* 

Norman E. Phillips, Investigator 

INTRODUCTION 

This program has been established to foster col
laborative research between scientists with special
ized skills in advanced techniques of transmission 
electron microscopy and scientists from other discip
lines with projects requiring sophisticated micro
structural characterization. Under the program, 
postdoctoral students or more mature visiting elec
tron microscopists spend up to one year at LBL 
using the unique instrumentation available at the 
National Center for Electron Microscopy (NCEM) in 
collaborative programs with MMRD investigators 
recommended for support by the NCEM Steering 
Committee. 

1. Surface Structure of Pt Crystallites 
Supported on Carbon Black (Publication 1) 

M . Sattler and P.N. Ross 

Small crystallites were deposited onto a carbon
black support by adsorption from a solution contain
ing a Pt+4 sulfite colloid. The colloidal particles were 
reduced in H2 to form metallic clusters with a very 
narrow size distribution of 2-4 nm. Larger clusters 
(crystallites) were formed by heating in a high-purity 
He atmosphere at progressively higher temperatures. 
The microstructure of the crystallites was analyzed 
using a combination of direct lattice imaging and 
weak-beam thickness fringe imaging. < 111 > lattice 
planes were observed for all crystallites independent 
of size, indicating there were no "amorphous" 
microstructures. For the largest crystallites analyzed 
(35-50 nm), comparison of direct lattice images with 
projected images from a model 55-atom cuba
octahedron indicated these crystallites were complete 

*This work was performed at the National Center for Electron Mi
croscopy (NCEM) at LBL. Funding for the operation of NCEM is 
provided by the Office of Energy Research, Office of Basic Energy 
Sciences, Materials Sciences Division of the U.S. Department of 
Energy. Funding for this research was provided by the Office of 
Coal Utilization, Advanced Energy Conversion Systems Division 
of the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098. 
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cuba-octahedra. Investigation of these fairly large 
(35-50 nm) crystallites using weak-beam dark-field 
TEM techniques corroborated these findings. The 
extinction contours over the dark-field particles were 
compared (see Figure 1-1) to contour lines from 
models of cuba-octahedra at various orientations. In 
the intermediate size range of 10-35 nm, the surface 
structures could be considered as "nearly complete" 
cuba-octahedra, with an increasing tendency for sur
face curvature with decreasing size. For the smallest 
crystallites, 2-5 nm, the apparent structure is the 

~ v 
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~ 

<lll)or ien t a l io n 

Figure 1-1. Left: weak-beam extinction contours of Pt crystal
lites of -20 nm characteristic particle size. Right: real-space pro
jection profile for cuba-octahedral fcc crystallites matching the 
thickness fringe image. (XBB 858-6699) 



"nearest sphere" formed by incomplete cuba
octahedra. It is shown that incomplete cuba
octahedral surface structures are predominantly (II 0) 

I X I type structures. These characteristic 
changes in surface structure with size appear to 
correlate with the effect of crystallite size on catalytic 
activity, especially the effect observed for oxidation 
reactions in excess oxygen. 
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Invited Talks 

I. M. Sattler, "Surface Structure of Pt Crystallites Sup
ported on Carbon Black," Workshop on Atomic 
Structure and Properties of Small Particles, Arizona 
State University, Tempe, January 7- 11 , 1986. 



MECHANICAL PROPERTIES 

Theoretical Problems in Alloy 
Design* 

J. W. Morris, Jr. , Investigator 

INTRODUCTION 

The term "alloy design" refers to the systematic 
creation of a new alloy to achieve a predetermined 
set of engineering properties. Its methodology is 
based on two principles: (1) the properties of a 
material are determined by its composition and its 
microstructure; (2) the microstructure of a material 
is determined by its composition and by the process
ing it has received. To design an alloy one uses 
known structure-property relations to identify a 
microstructure that is tentatively capable to achiev
ing the desired properties, utilizes known structure
processing relations to select a process that is 
hypothetically capable of producing the desired 
microstructure, makes and tests a trial alloy, uses the 
results to refine the target microstructure and pro
cessing sequence, and iterates the procedure until a 
successful result is obtained. The efficiency of the 
process depends on the quality of the structure
property and structure-processing relations that are 
available and on the probity of the materials
characterization techniques that are used to analyze 
the behavior of trial alloys. 

The present project is intended to advance the 
science of alloy design by clarifying those structure
property and structure-processing relations that are 
most relevant to particular classes of alloys and using 
the results in the design of laboratory alloys with 
exceptional properties. Papers published during 
1985 are abstracted by subject as follows: General 
Theory, Ferritic Structural Steel, Aluminum-Lithium 
Alloys, Pb-Sn Solder, and Superconductivity. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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GENERAL THEORY 

1. The Preferred Habit of a Coherent Thin
Plate Inclusion in an Anisotropic Elastic Solid 
(Publication 21) 

E. Kostlant and J. W. Morris, Jr. 

The work reported here was undertaken to find 
algebraic equations for the preferred habits of 
coherent thin-plate inclusions in anisotropic media 
on the assumption that the inclusion and matrix can 
be treated as linear elastic continua. The preferred 
habit minimizes the elastic energy, which depends on 
the elastic constants of the inclusion and the 
transformation strain connecting the lattices of the 
inclusion and the matrix. The paper presents four 
principal results concerning the preferred thin-plate 
habit. First, the mathematical conditions that deter
mine the preferred habit are derived in compact 
form. Second, it is shown that these conditions are 
always satisfied when the transformation strain is 
dyadic and the habit is perpendicular to a vector of 
the dyad, reproducing a result that is given by 
Khatchaturyan and included in the "crystallographic 
theory" of precipitate habits. Third, the extremal 
conditions are solved for orthorhombic symmetry, 
that is, when the elastic constants of the inclusion 
have orthorhombic symmetry with respect to the 
principal axes of the transformation stress. The 
results incorporate isotropic, cubic, hexagonal, and 
tetragonal (type II) symmetries. They are specialized 
to determine the minimum-energy habit as a func
tion of the transformation strain for three classes of 
inclusions: isotropic inclusions, cubic inclusions 
with tetragonal transformation strains, and hexago
nal inclusions with hexagonal transformation strains. 
Finally, it is shown by counterexample that there is 
no general algebraic solution for systems of arbitrary 
symmetry. 

1Present address: Department of Mathematics, University of Cali
fornia, Berkeley, CA 94720. 



2. Comparison of Convergent-Beam Electron
Diffraction Methods for Determination of Foil 
Thickness (Publication S)t 

J. Glazer,+ R . Ramesh, M.R . Hilton, and 
M. Sarikaya§ 

Modern materials science relies to an increasing 
degree on quantitative measures of microstructure 
(e.g., precipitate and dislocation densities, 
microanalysis of chemical composition). When these 
quantities are determined in the transmission elec
tron microscope, knowledge of the foil thickness is 
generally required. Two methods of determining foil 
thickness from convergent-beam diffraction patterns, 
the Kelly method and the Ackermann method, were 
compared in experiments using silicon and iron foils . 
It was necessary to use the Kelly method to deter
mine the effective extinction distances experimen
tally. However, tests showed that the thickness 
determined by the Ackermann method was less sen
sitive to both systematic and random variations in 
the data, particularly to variations in the value of the 
first intensity maximia, for which the percentage 
errors are largest. The precision in thickness meas
urement achieved here was on the order of 5%. The 
deviation in thickness determinations by both 
methods was less than 2%. The two methods are 
roughly equivalent unless errors can be reduced 
below this level. 

1This work represents a collaboration between several MMRD 
research groups. The senior author, J . Glazer, is a member of this 
project. 
1Supported in part through an ATT Bell Laboratories scholarship, 
§Present address: University of Washington, Seattle, WA 98195. 

3. The Temperature Dependence of Hyperfine 
Magnetic Fields (Publication 20) 

B. Fultz f and J. W. Morris, Jr. 

The 57Fe hyperfine magnetic field (hmf) distribu
tion in bee Fe-Ni alloys was calculated with a model 
of linear response of the 57Fe hmf to magnetic 
moments in the alloy. With the use of empirical 
parameters, the model largely accounts for the 57Fe 
hmf distribution at low temperatures. As shown by 
experiments with Si solutes in Fe-Ni, the 
anomalously strong temperature dependence of the 
57Fe hmf in Fe-Ni is not due to the temperature 
dependence of the hmf response parameters. By 
analyzing the shape of the 57Fe hmf distribution, we 
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find that this anomalous temperature dependence 
results from a large thermal sensitivity of the mag
netic moments at those Fe atoms with more Ni 
atoms as nearest neighbors. This correlated with 
strong temperature dependence of the recoil-free 
fraction and the second-order Doppler shift in Fe-Ni. 
We suggest that the large mean-square thermal dis
placement of Fe atoms in Fe-Ni is the cause of the 
anomalously strong temperature dependence, and we 
offer two explanations for this effect. Additionally, 
we have . found evidence for a pseudo-dipolar inter
faction in Fe-Ni, and we also discuss the difficulty of 
parameterizing the 57Fe hmf perturbations solely in 
terms of the number of nearest neighbors of the 57Fe 
atom. 

!Present address: Keck Laboratory for Engineering Materials, Cal
ifornia Institute of Technology, Pasadena, CA 91125. 

FERRITIC STRUCTURAL STEEL 

4. Hyperfine Fields in Fe-Ni-X Alloys and 
Their Application to a Study of Tempering of 
9Ni Steel (Publication 17) 

B. Fultz f and J. W. Morris, Jr. 

In this work Mossbauer spectroscopic techniques 
were developed and applied to measure changes in 
chemical composition during the tempering of 9Ni 
steel. The hyperfine interactions due to solutes in 
Fe-Ni-X alloys were systemitized and interpreted on 
the assumption that they respond linearly to mag
netic moments. The chemical composition of the 
austenite phase formed during the tempering of 9Ni 
steel could then be determined from the change in 
the 57Fe hyperfine magnetic fields. The composition 
of the austenite was found to depend on the diffu
sion kinetics of the solute species present. 

1Present address: Keck Laboratory for Engineering Materials, Cal· 
ifornia Institute of Technology, Pasadena, CA 91125. 

5. A Mossbauer Study of the Mechanical 
Transformation of Precipitated Austenite in 6Ni 
Steel (Publication 5) 

B. Fultz f and J. W. Morris, Jr. 

A previous study suggested that precipitated 
austenite in "QLT" 6Ni steel is sufficiently stable to 



avoid transforming to martensite in the path of a 
propagating crack. Impact specimens of "QLT" 6Ni 
steel with different geometries were broken at 77 K 
and 290 K. The depth of transformation of the 
austenite below the fracture surfaces was measured 
by backscatter electron Mossbauer spectrometry. 
The depth of transformation correlated with the 
impact energy and depth of the plastic zone but was 
mostly independent of temperature. It is concluded 
that the martensitic transformation of precipitated 
austenite occurs in the plastic deformation ahead of 
the crack, and, in ductile fracture, the precipitated 
austenite will not remain to interfere directly with 
crack propagation. 

tpresent address: Keck Laboratory for Engineering Materials Cal-
ifornia Institute of Technology, Pasadena, CA 91125. ' 

6. The Stability of Precipitated Austenite and 
the Toughness of 9Ni Steel (Publication 6) 

B. Fultz/ J.I. Kim,+ Y.H. Kim,+ H.J. Kim/ 
G.O. Fior, 11 and J. W. M orris, Jr. 

A correlation was confirmed between the good 
low-temperature Charpy toughness of 9Ni steel and 
the stability of its precipitated austenite against the 
martensitic transformation. Changes in the micro
structure during isothermal tempering were studied 
in detail. The austenite/ martensite interface is origi
nally quite coherent over -100 A distances. With 
further tempering, however, the dislocation structure 
at the austenite/ martensite interface changes, and 
this change appears to be related to the increased 
instability of the austenite particles. The strains 
inherent to the transformation of austenite particles 
create dislocation structures in the tempered marten
site. The energy required to form these dislocation 
structures affects the thermodynamics of the 
transformation. Together with a reduction in carbon 
concentration during tempering, changes in these 
dislocation structures may also reduce the thermo
dynamic stability of the austenite particles as they 
grow larger. The large deterioration of the Charpy 
toughness of overtempered material is attributed, in 
part, to these dislocation structures, which resemble 
the dislocation structures found in cold-worked 
material. 

tpresent address: Keck Laboratory for Engineering Materials, Cal
ifornia Institute of Technology, Pasadena, CA 911 25. 
*Present address: IBM T.J . Watson Research Laboratory, York
town Heights, NY 10958. 
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§Present address: Welding Research Insti tute, Hyundai Heavy 
Metals, Ulsan, Republic of Korea. 
"Present address: Tegal, Inc. , Novato, CA 94948. 

7. The Mechanical Stability of Precipitated 
Austenite in 9Ni Steel (Publication 1 0) 

B. Fultz f and J. W. Morris, Jr. 

The strains inherent to the martensitic transfor
mation of austenite particles in 9Ni steel create dislo
cation structures in the tempered martensite. These 
dislocation structures were studied by the comple
mentary techniques of x-ray line profile analysis and 
transmission electron microscopy. The energy 
required to form these dislocation structures affects 
the thermodynamics of the transformation. We pro
pose that changes in these dislocation structures 
reduce the " mechanical stability" of the austenite 
particles as they grow larger during isothermal 
tempering. 

tPres~nt address: Keck Laboratory for Engineering Materials, Cal
Iforma Institute of Technology, Pasadena, CA 91125. 

8. A Study of the Effect of Precipitated 
Austenite on the Fracture of a Ferri tic 
Cryogenic Steel (Publication 9) 

D. Frear and J. W. Morris, Jr. 

The effect of precipitated austenite on the frac
ture of an Fe-8Ni-2Mn-O. l Ti steel was investigated. 
The study attempted to correlate microstructure 
mechanical properties, and the fracture-surfac~ 
appearance of specimens heat treated to contain 
austenite or to be austenite-free. The fracture sur
faces were studied quantitatively using a 3D imaging 
technique in the scanning electron microscope. It 
was found that the presence of austenite had a bene
ficial influence of lowering the ductile-to-brittle tran
sition temperature. Part of this decrease was found 
to be due to the austenite gettering deleterious ele
ments off the grain boundaries. Specimens that con
tained precipitated austenite were also found to have 
a smaller median facet size, when fractured in a brit
tle transgranular mode, than specimens with no 
austenite. The smaller facet size is shown to be asso
ciated with a decrease in ductile-to-brittle tempera
ture. 



9. A Study of Hydrogen Embrittlement in Lath 
Martensitic Steels (Publication 23) 

Y.H. Kimt and J. W. Morris, Jr. 

The mechanisms and control of hydrogen
assisted fracture in lath martensitic steels were stud
ied. Three fracture modes have been observed in 
lath martensitic steels after charging with hydrogen: 
intergranular fracture , brittle transgranular fracture, 
and ductile rupture. The circumstances leading to 
each fracture mode were identified. Intergranular 
fracture is normally associated with impurity segre
gation on the prior austenite grain boundaries. 
High-resolution scanning Auger spectroscopy of frac
ture surfaces in 5.5Ni steel showed that intergranular 
fracture occurs on boundaries that become decorated 
with impurity species (primarily sulfur and phos
phorus) during high-temperature homogenization or 
during tempering in the temper-embrittling range. 

Hydrogen charging substantially increases the 
tendency toward intergranular fracture. As the con
centration of grain-boundary impurities is decreased, 
the fracture mode changes from intergranular to 
transgranular. High-resolution studies of 5.5Ni and 
HY 130 steel show that the transgranular fracture is 
predominantly along the martensite lath boundaries. 
Interlath cracks are also frequently observed below 
the fracture surface. These observations suggest that 
transgranular hydrogen embrittlement is governed by 
lath-boundary decohesion. 

Two metallurgical modifications were introduced 
in an attempt to enhance resistance to hydrogen 
embrittlement. In the first, precipitated austenite 
islands were introduced along the lath boundaries of 
the steel to perturb the interlath fracture path. How
ever, this treatment made the alloy more susceptible 
to hydrogen because of the premature mechanical 
transformation of the austenite. Second, thermal
cycling treatments were used to refine the lath size of 
the austenite to very low values. This treatment was 
successful in suppressing embrittlement even after 
extensive hydrogen charging and temper embrittle
ment. The latter result probably explains the benefit 
of multipass GT A welding in reducing the hydrogen 
sensitivity of weldments in lath martensitic steels. 

tPresent address: IBM T.J. Watson Research Laboratory, York
town Hetghts, NY 10958. 
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ALUMINUM-LITHIUM ALLOYS 

10. A Theoretical Analysis of the Aging 
Response of Al-Li Alloys Strengthened by Ai 3Li 
Precipitates (Publication 15) 

J. Glazer, t T.S. Edgecumbe, and J. W. Morris, Jr. 

In this study, the possibility of increasing the 
strength of aluminum-lithium alloys hardened princi
pally by the o' AI 3Li precipitate was investigated. 
The elastic theory of phase transformations was used 
to determine that the o' precipitate is not expected to 
deviate from spherical morphology even at very large 
sizes. The theory of the critical resolved shear stress 
for dislocation glide through a random array of obs
tacles was used to predict a moderate strengthening 
increment if the precipitate-size distribution could be 
narrowed . Experimental and theoretical hardening 
curves for an experimentally determined precipitate
size distribution were also compared. 

t Supported in part by an A TT Bell Laboratories scholarship. 

11 . Cryogenic Mechanical Properties of Al-Cu
Li-Zr Alloy 2090 (Publication 13)t 

J. Glazer,+ S.L. Verzasconi, E .N.C. DalderJ W. Yu, 
R .A. Emigh, R.O. Ritchie, and J. W. Morris, Jr. 

The development of high-strength aluminum 
alloys is principally governed by the needs of the air
craft industry. The dual objectives of minimizing 
operating costs and maximizing performance in air
craft and aerospace systems provide a powerful 
incentive to reduce aircraft weight. Recent design 
studies indicate that structural weight is more effec
tively lowered by reducing the density of structural 
materials than by improving their mechanical prop
erties. This conclusion has spawned renewed 
interest in producing low-density aluminum alloys to 
replace the existing alloys. A promising series of 
alloys has been developed both in the United States 
and in Europe that contains additions of lithium to 
reduce the alloy density. 

Aluminum alloys are also heavily used for cryo
genic structures that are weight-critical, for instance 
in liquid-natural-gas tankers, advanced aircraft, and 
the external tanks of the space shuttle that hold cryo
genic propellants. Most of these applications require 
a weldable alloy. 



One of the new aluminum-lithium alloys is 2090, 
nominally Al-2. 7Cu-2.2Li-0.12Zr. This alloy has a 
strength-toughness combination superior to that of 
any other standard aerospace aluminum alloy. The 
cryogenic mechanical properties of this alloy in the 
T8E41 condition (stretched and artificially aged; E41 
indicates additional proprietary processing) were 
tested at LBL. The mechanical properties of this 
alloy - strength, toughness, and tensile elongation 
- were all found to improve significantly with 
decreasing temperature. No apparent change in the 
failure mode was detected. The constant-amplitude 
fatigue-crack growth-rate behavior was also exam
ined at 298 K and 77 K. Comparison of the data 
with results for 7 4 75, a fatigue-resistant alloy, indi
cated that the shift in the fatigue threshold to higher 
values of t.K at 77 K was fairly typical and that the 
crack-growth rate at intermediate values of t.K was 
very low at both temperatures. 

At 4 K , 2090-T8E41 is superior to 2219-T87, the 
best previously available aluminum alloy for cryo
genic service. Preliminary results of other investiga
tors indicate that 2090 is likely to be at least as weld
able as 2219 (60-70% joint efficiencies as welded, 
100% joint efficiencies with post-weld heat treat
ments, some loss of toughness). If this is the case, 
2090 should see significant application as a cryogenic 
alloy. 

1This work represents a collaboration between three groups at 
LBL and Lawrence Livermore National Laboratory. J. Glazer, 
S.L. Verzasconi, and R.A. Emigh are members of this group. 
1Supported in part by an A TT Bell Laboratories scholarship. 
!Permanent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 

12. Thermomechanical Processing of a Two
Phase Al-Cu-Li-Zr Alloy (Publication 16) 

J. Glazert and J. W. Morris, Jr. 

The effect of large second-phase particles on the 
workability, mechanical properties, and response to 
thermomechanical processing of an Al-2.49Cu-2.3Li-
0.13Zr alloy was investigated. These particles, which 
often appear in heavily alloyed materials, are gen
erally thought to be harmful to the mechanical prop
erties of the alloy. However, they may be helpful as 
well if they lower the density of the alloy. In this 
study we began the process of characterizing the 
properties of these second phases and their effects on 
the microstructure and its behavior. 
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The solution-treated alloy was compared with a 
dispersoid-containing alloy fabricated by aging the 
base alloy at an intermediate temperature to bring 
out second-phase particles. Extensive deformation 
and short heat treatments that cause some of the 
solute to be incorporated into dispersoid particles 
were both found to be beneficial to the mechanical 
properties of the alloy. In specimens that failed 
intergranularly, the presence of dispersoid particles 
did not significantly affect the fracture properties. 

1Supported in part by an A TT Bell Laboratories scholarship. 

PB-SN SOLDER 

13. Observations of Precipitates in 95Pb-5Sn 
Solder (Publication 7) 

D. Frear and J. W. Morris, Jr. 

The electronic packaging of integrated-circuit 
(IC) chips has been cited as the limiting factor in the 
performance and reliability of high-speed data
processing units. A very important part of the pack
age is in the first level, where solder bonds the IC 
chip to a ceramic carrier. The most commonly used 
first-level solder is 95Pb-5Sn. The importance of 
this solder connection instigated the following funda
mental study of the microstructure of 95Pb-5Sn and 
its precipitates. 

The microstructure of bulk 95Pb-5Sn solder was 
studied using the 1.5-MeV Kratos transmission elec
tron microscope at the National Center for Electron 
Microscopy at LBL. The alloy forms discrete {J-Sn 
precipitates rapidly at room temperature. The pre
cipitates have a plate-like morphology. This is in 
contrast to previous work that found the body
centered tetragonal !3 Sn in continuous plates in the 
Pb matrix. The precipitates have a common orienta
tion relationship with the Pb matrix of {Ill }Pb I I 
{OlO}sn and [Oll ]Pb / / [OOl ]sn with a {lll }pb habit 
plane. X-ray analysis shows that the precipitates 
have zero or very small internal strains. The strain 
of transformation is not taken up in the precipitate. 
This led to an atomic-resolution study of the 
precipitate/matrix interface. Extended dislocations 
were found to eminate from the interface into the 
solder. These dislocations apparently take up the 
transformation strain. Ledges were also found on 
the precipitate, showing that growth occurs via the 
ledge mechanism. 



SUPERCONDUCTIVITY 

14. The Relationship between Critical Current 
and Microstructure of Internal-Tin Nb3Sn Wire 
(Publication 19) 

D.R. Dietderich, W. V. Hassenzahl, t and J. W. Morris, 
Jr. 

Due to its high current density, Nb3Sn is one of 
the superconducting compounds that will be used in 
wound magnets of the future. However, the Nb3Sn 
intermetallic compound with the Al5 crystal struc
ture is brittle and cannot be deformed into wire by 
common manufacturing methods. As a result, spe
cial processes are required for its fabrication into a 
wire. The most common methods used to produce 
multifilamentary conductors of Nb3Sn are the bronze 
process and one of its variants, the internal-tin pro
cess. The bronze process starts with a bronze-Nb 
composite that is deformed with intermediate 
anneals to final wire size and heat treated to form 
the Nb3Sn. The internal-tin process starts with a 
Cu-Nb-Sn composite that can be deformed to final 
size without intermediate anneals, since no bronze is 
present and the elemental units co-deform well. The 
main difference between the two processes is the 
nature of the tin supply: the internal tin has a high
tin core. Some heat treatments as long as 20 days 
have been proposed as the optimum to distribute the 
tin and achieve a high critical current. 

Prior work showed that the critical current Ic of 
an internal-tin conductor was higher than that pro
duced by a bronze-processed conductor. Due to the 
difference in fabrication methods, it is possible to 
increase the amount of Nb3Sn in the internal-tin 
conductor and therefore increase its overall Ic. This 
increase in Nb3Sn content, however, does not seem 
to account for all the improvement. 

The present work was undertaken to simplify 
and shorten the heat treatment of the internal-tin 
wire without degrading its performance and to iden
tify and quantify the sources of the observed high 
critical-current density lc. The principal results of 
the work show that the heat-treatment time can be 
substantially shortened by either of two methods 
with no degradation in critical current. One method 
uses a three-temperature heat treatment, while the 
other employs a temperature ramp. Both methods 
obtain the same result, a high critical current, by tin 
redistribution at low and intermediate temperatures 
and Nb3Sn formation at intermediate and high tem
peratures. The superior Jc of the Nb3Sn produced by 
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the internal-tin process is attributed to a larger 
volume fraction of fine-grained Nb3Sn than that pro
duced in the bronze process. 

tpermanent address: Accelerator and Fusion Research Division , 
LBL. 
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Environmentally Affected Crack 
Growth in Engineering Materials* 

Robert 0. Ritchie, In vestigator 

INTRODUCTION 

The objective of this program is to examine, 
from both macroscopic and microscopic perspec
tives, the mechanics and micromechanisms of the 
subcritical growth of cracks. Primary studies are 
currently devoted to (I) brittle fracture in low
strength steels by transgranular cleavage, where sta
tistical models have been developed to predict lower 
shelf fracture toughness, (2) ductile fracture in low
alloy steels, where models for crack growth toughness 
are being investigated by defining the microstructural 
factors governing the behavior of stationary and 
nonstationary cracks, (3) fatigue crack initiation and 
growth in dual-phase steels, where utilization of the 
concepts of crack-tip shielding through the premature 
closing of cracks (crack closure) has led to the 
development of microstructures with remarkable 
resistance to fatigue, and ( 4) variable-amplitude 
fatigue crack propagation in titanium alloys, where 
studies are aimed at defining mechanisms for the 
retardation in crack growth following certain tensile 
overload sequences. The highlight of the past year 
has been the development of our statistical cleavage 
model to predict failure ahead of both sharp cracks 
and rounded notches in structures containing a 
known distribution of particles. The model is found 
to accurately describe the temperature dependence of 
fracture toughness from the lower shelf into the 
ductile/brittle transition region. 

1. Statistical Modeling of Cleavage Fracture 
(Publications 20 and 22) 

T. Lin, A.G. Evans, and R .O. Ritchie 

Transgranular cleavage fracture in ferritic steels 
has been attributed to a sequence of mechanisms 
involving the slip-induced cracking of predominately 
grain-boundary carbides, the propagation of the 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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resultant microcracks into the ferrite matrix, and 
their subsequent growth across the next grain boun
dary. Weakest-link statistics have been applied to 
develop a stochastic model of the critical events in 
this process for failure ahead of both sharp cracks 
and rounded notches. Using ( 1) linear and nonlinear 
elastic asymptotic solutions to describe stresses 
ahead of a sharp crack and (2) slip-line field solu
tions, modified for a power hardening, to describe 
corresponding stresses ahead of a notch, the varia
tion with temperature of the fracture toughness K1c 

and the cleavage fracture load are predicted from the 
lower shelf into the ductile/brittle transition region . 
Predictions are also made for the respective roles of 
microstructure, strength level, and strain hardening. 
The statistical analysis defines the characteristic dis
tance from the crack or notch tip, where the initial 
cracking event is most probable, and provides an 
interpretation of the critical role of stress gradient in 
governing the microscopic cracking processes. 
Theoretical results have been found to agree closely 
with experimental data on low-temperature flow and 
fracture behavior in mild steel (see Figure 1-1) and 
confirm the existence of a microstructurally signifi
cant characteristic distance where cleavage fracture 
first initiates ahead of the notch or crack tip (Figure 
1-2). 
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Figure 1-1. Theoretical predictions of the temperature depen
dence of the fracture toughness K1, of mild steel from the statisti
cal model for transgranular cleavage cracking. Predictions, based 
on both linear elastic far-field stresses and nonlinear elastic near
tip stresses for work-hardening exponents n between 3 and 5, are 
compared with experimental measurements of K1c at ambient 
temperatures. (XBL 855-6190A) 



Figure 1-2. Scanning electron micrograph of the initiation of a transgranular cleavage crack in mild steel several 
grains ahead of the crack tip. (XBB 857-5776) 

2. Crack Initiation and Crack Growth 
Toughness (Publication 13) 

T.S. Oh and R .O. Ritchie 

Experimental studies on the crack initiation 
toughness J 1c and the crack growth toughness T R, the 
tearing modulus, given by the nondimensional slope 
of the crack growth h(11a) resistance curve, are being 
performed on a series of medium- to high-strength 
(ductile) steels with the objective of verifying funda
mental relationships between J1c and T R· Prior 
modeling (see Publication 3) has suggested that 
microstructural factors may have a far larger influ
ence on ductile crack growth than on crack initia
tion, due primarily to the development of a weaker 
(logarithmic) strain singularity ahead of a growing 
crack. Using resistance-curve measurements on 9Ni 
cryogenic steel, HP 9-4-20 (9Ni-4Co-0.2C), and 
ASTM A470 steels (see Figure 2-1), heat treated to 
vary systematically the · size and distribution of 
second particles, the program has thus been focused 
on documenting specific differences in the influence 
of microstructure on the toughness of stationary and 
nonstationary cracks. 
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Figure 2-1. JR(C:.a) resistance curves for HP 9-4-20 high-strength 
alloy steel following 1 050°C and 1200oC austenitization treat
ments. Whereas crack initiation toughness is assessed by the 
value of the path-independent integral J essentially at zero crack 
extension, i.e. , at J1c, crack growth toughness is assessed in terms 
of the nondimensional slope of the resistance curve, i.e., by the 
tearing modulus TR. (XBL 8512-6872) 



3. Fatigue Crack Propagation in Modes I and 
III (Publication 21) 

R. 0. Ritchie 

The propagation behavior of fatigue cracks in 
Mode III (antiplane shear), measured under cyclic 
torsion, has been compared with behavior under 
Mode I (tensile opening) loads. Unique global char
acterization of Mode III growth rates, akin to the 
Paris "law" in Mode I, is found to be feasible only if 
characterizing parameters appropriate to large-scale 
yielding are employed and allowance is made for 
crack tip shielding from sliding crack surface interfer
ence, i.e. , friction and abrasion, between mating frac
ture surfaces. Based on the crack tip stress and defor
mation fields for Mode III stationary cracks, the 
cyclic crack tip displacement and plastic strain inten
sity range are proposed as field parameters for Mode 
III crack advance and are found to provide an ade
quate description of growth-rate behavior in a range 
of steels, provided crack-surface interference is 
minimized. The magnitude of such interference, 
which is analogous to Mode I crack closure, is found 
to be a strong function of crack size, crack tip dis
placement, and the morphology of the torsional frac
ture surface (see Figure 3-1 ). Based on experimental 
observations, damage accumulation and crack tip 
displacement models for crack extension in antiplane 
shear are developed and applied to describe crack 
propagation behavior under both constant and vari
able amplitude torsional loading. 
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Figure 3-1. Scanning electron micrograph of a torsional fatigue 
fracture surface in AISI 4340 steel, showing a transition from 
macroscopically flat radial Mode III fracture to "factory-roof' 
fracture, i.e. , radial Mode III with 45• Mode I branch cracks. 

(XBB 856-4993) 



4. Fatigue Crack Initiation and Propagation in 
Dual-Phase Steels (Publication 4) 

J. Shang and R. 0. Ritchie 

The fatigue properties of duplex microstructures 
are being examined in a series of dual-phase low
carbon steels with duplex ferritic-martensitic struc
tures. By developing microstructures that cause the 
crack path to meander (see Figure 4-1 ), it has been 
shown that very potent crack tip shielding can be 
developed, leading to a sharp reduction in the local 
crack tip "driving force" through mechanisms of 
crack deflection and roughness-induced crack clo
sure. Such techniques when applied to hot-rolled 
plain-carbon AISI 1008 and 1015 steels have resulted 

Figure 4-1. Scanning electron micrographs of fatigue crack path 
morphologies in dual-phase AISI I 008 steel (yield strength 360 
MPa) with ferritic/46% martensitic microstructure, showing 
roughness-induced crack closure from asperity contact at (a) ~K = 

13 MPa v m, and (b) ~K = 25 MPa y m. Arrow indicates general 
direction of crack growth. (XBB 8512-10152) 
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in fatigue crack growth threshold values (~KTH) 
above 20 MPa y m with no loss in strength, con
sidered to be the highest crack growth threshold ever 
reported. However, since such exceptional fatigue 
properties are primarily derived through shielding 
mechanisms that act on the crack wake, current 
modeling suggests that crack initiation and short 
crack properties may not follow similar trends, as 
shielding in these cases will be minimized. This has 
been confirmed by measurements of the smooth bar 
fatigue limit, representing a crack initiation thres
hold, on the same duplex ferritic-martensitic struc
tures. As illustrated in Figure 4-2, the fatigue limit 
and crack growth threshold show exactly opposite 
trends with varying martensite content. However, 
by subtracting the primary effect of shielding from 
~KTH values, through computation of the ~Kerr from 
closure measurements, the intrinsic trends of crack 
initiation and crack growth are shown to be similar. 
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Figure 4-2. Variation of the nominal crack initiation and crack 
growth thresholds, the fatigue limit (~uTH) and threshold stress 
intensity range (~KTH), respectively, as a function of volume frac
tion of martensite in dual-phase AISI 1008 mild steel with duplex 
ferritic-martensitic microstructure. ~KTH efT represents the value of 
the crack growth threshold after subtract'ing out the extrinsic role 
of crack tip shielding from crack closure. (XBL 851 0-6697) 



5. Mechanisms of Variable-Amplitude Fatigue 
Crack Propagation in Structural Titanium 
Alloys 

C.M. Ward-Closet and R.O. Ritchie 

Mechanisms of transient fatigue crack growth 
behavior following various simple loading spectra 
have been studied in a titanium alloy IMI 550, heat 
treated in the a/(J annealed condition (grain size of 
3-7 .urn), and in the (]-annealed condition ((J-plate 
colony size of 20-300 .urn). Figure 5-1 illustrates the 
effect of a single tensile overload on crack growth in 
these two structures in the near-threshold regime. 
After the overload, growth rates are initially 
accelerated, followed by a sharp decrease in crack 
velocity before growth rates return to their baseline 
levels. At such low stress intensities (~K = 8 
MPa v m), the duration and magnitude of the delay 
is larger in the coarser grained (]-annealed material, 
whereas at higher stress intensities (~K = 16 
MPa y m) there is little difference between the two 
microstructures. Such observations are consistent 
with mechanisms of retardation involving principally 
plasticity-induced crack closure at high ~K levels 
and more microstructure-induced shielding at low 
~K. For the latter case, more closure was detected 
in the (]-annealed alloy, which was reduced instan
taneously at the overload. Evidence of crack branch
ing was also apparent. However, the expected 
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Figure 5-l. Transient crack growth retardation in a/{3 annealed 
and {3-annealed microstructures in IMI 550 titanium alloy (Ti-
4Al-4Mo-2Sn-0.5Si) following single tensile overload at near
threshold stress intensities. The delay is largest in the coarser
grained {3-annealed structures, apparently due to increased crack 
branching and roughness-induced crack closure. (XBL 8512-6871) 
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increase in closure during the subsequent retardation 
phase was too small to detect experimentally, sug
gesting that changes are confined to within 50 .urn 
behind the crack tip. 

10n leave from the Royal Aircraft Establishment, Farnborough, 
United Kingdom. 

6. Cryogenic Mechanical Properties of 
Aluminum-Lithium Alloy 2090 (Publication 23) 

J. W. Morris, J. Glazer, S.L. Verzasconi, 
E.N.C. Dalder, R.A . Emigh, W. Yu, and R.O. Ritchie 

The mechanical properties of aluminum-lithium 
alloy 2090-T8E41 were evaluated at 298 K, 77 K, 
and 4 K. Previously reported tensile and fracture
toughness properties at room temperature were con
firmed. This alloy exhibits substantially improved 
properties at cryogenic temperatures; the strength, 
elongation, fracture toughness, and fatigue crack 
growth resistance all improve simultaneously as the 
testing temperature decreases. Specifically, K 1c 

fracture-toughness values of 39 and 65 MPa v m 
were measured at 4 K in the T-L and L-T orienta
tions, respectively. In addition, fatigue crack growth 
thresholds (~KTH) exceeding 6 MPa v m were found 
for the T-L orientation at 77 K, representing a 
factor-of-2 increase over room temperature. This 
alloy has cryogenic properties superior to those of 
aluminum alloys currently used for cryogenic appli
cations. 
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PHYSICAL PROPERTIES 

Interfaces and Ceramic 
Microstructures* 

Joseph A. Pask, Investigator 

INTRODUCTION 

The purpose of this work is to advance the basic 
understanding of the nature of interfaces (primarily 
those between dissimilar materials, such as metals 
and ceramics), particularly in terms of bonding and 
the factors that control the development of adher
ence. This understanding is critical to the develop
ment of composites, protective coatings, and 
glass/ceramic-to-metal seals, and to the reduction of 
corrosion at interfaces. The work involves studies of 
thermodynamics and kinetics of reactions at inter
faces, and wetting and spreading of liquids. 

Another objective of this work is to advance the 
understanding of the factors that play roles in the 
development of desired microstructures in ceramic 
materials, with and without a liquid phase. This 
understanding depends on a knowledge of the stable 
and metastable phase equilibrium of interfacial 
phenomena from a thermodynamics point of view 
and of mass-transport mechanisms during sintering. 

1. Reactions and Bonding of Sodium Disilicate 
Glass with Chromium (Publication l)t 

A.P. Tomsia, F. Zhang,+ and J.A . Pask 

Reactions and reaction mechanisms occurring at 
sessile-drop interfacial regions of sodium disilicate 
glass on chromium at 1 OOOOC and an ambient atmos
phere of 2. 7 X 10-4 Pa with a p(02) of 1 X 10- 15 

and 1 X 1 o-5 Pa were identified. In the perimeter 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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regions of the drop, the principal reactions were 
redox reactions of Cr0 with Na+ to form cr+2 and 
Na0, and Cr+2 with Na+ to form Cr+3 and Na0. In 
the center region of the drop, the principal reactions 
were Cr0 with Si+4 to form CrSix alloy dendrites and 
Cr+2, and Cr0 with Si+4 to form Cr+2 and SiO (gas). 
Adherence was developed when the interfacial region 
was saturated with Cr+3, i.e., Cr203. 

The complexity of the reactions, and their 
sequential and concurrent occurrence over a period 
of time, makes it extremely difficult to isolate indivi
dual reactions for accurate kinetic study. Although a 
sessile-drop specimen is unsuitable for detailed 
kinetic studies, it is excellent for determining the 
reaction mechanisms and their controlling factors, 
especially if several reactions are going on con
currently. Such knowledge is important and neces
sary in understanding and undertaking fundamen
tally oriented studies of more complex systems for 
practical applications. 

tsupport was received from the National Institute of Dental 
Research of the National Institutes of Health under Grant No. 
DE-05460. 
!Present address: Ceramic Group, Department of Materials Sci
ence, Zhejiang University, Hangzhou, People's Republic of China. 

2. Work in Progress 

Studies on reactions between metals/alloys and 
glass are continuing. The redox reactions that occur 
at interfaces between these materials are important, 
because the glass in the interfacial zone becomes 
saturated with oxides of the substrate metal, leading 
to thermodynamic equilibrium and chemical bond
ing at the interface. Particular attention is being 
addressed to systems of NiCr-based alloys and glass; 
this study is supported by the National Institute of 
Dental Research of the National Institutes of Health. 

Interpretation of published data and supporting 
additional experimental studies on phase relation
ships in the Si02-Al20 3 system are also continuing. 
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High-Temperature Reactions* 

Alan W. Searcy, Investigator 

INTRODUCTION 

In 1984 a quantitative solution was presented for 
an unsolved problem posed by Gibbs - the problem 
of reconciling the dynamics of internal equilibrium 
in a crystalline particle to the fact that molecules in 
edge or corner sites are less tightly bound than are 
molecules near the center of a face. A fact that 
emerged (Abstract 1) is that, when the vacancy distri
bution of minimum free energy is taken into 
account, the internal equilibrium in crystalline parti
cles can be described without two special assump
tions that were introduced by Laplace and were used 
by Gibbs in developing classical surface thermo
dynamic theory. A surface thermodynamic theory 
that drops these special assumptions and requires 
dynamic equilibrium between bulk, surface, and 
adsorption layers was applied to derive the condition 
for particle-vapor equilibrium (Abstract 1), the ther
modynamic driving force for sintering of anisotropic 
particles (Abstract 3), and the driving force for exag
gerated grain growth (Abstract 4). The new condi
tions for particle-vapor equilibrium were also 
derived for crystalline particles as a consequence of 
the balance of molecular fluxes (Abstract 2). 

The thermodynamic relations found for sintering 
were applied to analyze the H20-catalyzed sintering 
of aggregates of MgO cubes that were initially 20 A 
in cross section. That study (Abstract 5), which was 
made in collaboration with Beruto and Batter of the 
University of Genoa, is noteworthy in that it yields 
data on surface area and porosity variations for open 
and closed pores of 10 to 30 nm cross sections. 

1. The Influence of Surfaces on Vapor 
Pressures (Publication 2) 

A. W. Searcy 

Classical surface thermodynamic theory depends 
on the first and second laws of thermodynamics and 
two special assumptions: that plane surfaces do not 
influence bulk properties beyond the range of 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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measurable bonding forces and that surfaces are 
under tension. But the author has shown that 
dynamic equilibrium in crystals requires a partition
ing of vacancies that depends on the relative 
numbers of sites of various bonding environments 
for particles of any size, and the principle of 
dynamic equilibrium requires that forces be 
separately zero not only at every point but also in 
every direction in an equilibrium surface. The 
analysis given earlier by the author' is generalized by 
means of Lagrange's method of undetermined multi
pliers to show that a one-component crystalline par
ticle of fixed size and shape is at equilibrium at con
stant temperature and pressure when the chemical 
p.otentials of molecular species J.l.i, J.l.j ····· and of vacan
Cies J.l.vi• J.l.vj· · ·· for sites i, j, ... , of different characteris-
tic bond environments fit the relation II · - 11 . = 11 1""'1 !""'VI l"'j 

- J.l.vj =.... The chemical potential differences 
between molecular species and vacancies is shown to 
be the chemical potential for the component. The 
influence of surfaces on vapor pressures is predicted 
by setting the chemical potential of the component 
in the particle equal to that of its vapor. The 
predicted effects of surfaces are larger than those of 
classical theory but are in reasonable agreement with 
measurements for liquid drops. 

I. A.W. Searcy, J. Chern. Phys. 81 , 2489 (1984). 

2. The Kinetics of Particle-Vapor Equilibrium 
(Publications 2 and 4) 

A. W. Searcy 

A standard formulation of reaction kinetics is 
used to derive the condition for dynamic equilibrium 
between a crystalline particle and its self-adsorption 
layer. The result, when combined with the well
known condition for adsorption-layer/vapor equili
brium, yields the same vapor pressure and vacancy
molecule distribution functions for the particle that 
are derived from the thermodynamic theory of 
Abstract 1. The effects of particle shape and size on 
vapor pressures are different from those of the Kel
vin equation but are consistent with the thermo
dynamic requirements that the internal free energy of 
the particle be a minimum at constant temperature 
and pressure. The classical theory, which neglects 
vacancies, is not. 



3. Driving Force for Sintering of Particles with 
Anisotropic Surface Energies (Publication 3) 

A. W. Searcy 

Crystalline aggregates at constant temperature 
and pressure are unstable toward shape changes for 
which oG = ~(uiAi + 'YihJ < 0, where oG is a differen
tial change in the Gibbs free energy, uiAi is the free 
energy of surface or interface i, and 'Yihi is the free 
energy of edge, ledge, or dislocation defect i. The 
expression reduces to the familiar expression for the 
driving force for early-stage sintering. Line defects, 
which are usually neglected in classical sintering 
theory, play central roles in driving the sintering of 
crystalline solids. 

4. Origins of Planar, Concave, and Convex 
Grain Boundaries During Exaggerated Grain 
Growth (Publication 5) 

A. W. Searcy 

The driving force for exaggerated grain growth is 
derived from a new surface thermodynamic theory 
that reconciles the kinetics of equilibrium to the 
thermodynamics of equilibrium between subparts of 
a particle with anisotropic surface energies. 1•2 Exag
gerated growth is driven by the reduction in disloca
tion and grain-boundary free energies produced when 
a larger grain sweeps out a volume element formerly 
occupied by small grains. Whether the advancing 
boundary is planar, concave, or convex depends on 
the relative rates of ledge nucleation and growth, on 
the growth direction, and on whether growth occurs 
at screw dislocations. The model is compared to 
observations, and additional tests are suggested. 

I. A.W. Searcy, J. Chern . Phys. 81, 2489 (1984). 
2. A.W. Searcy, J. Chern . Phys. 83, 3095 (1985). 

5. H20-Catalyzed Sintering of-2-nm Cross
Section Particles of MgO (Publication 6) 

D. Beruto, t R. Batter, t and A. W. Searcy 

N2 adsorption measurements are used with 
calorimetric and transmission electron-microscopy 
measurements reported elsewhere to show that the 
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decomposition of Mg(OHh in vacuum is formed as 
aggregates in which 300 m2/g of surface area and 
0.14 cm3jg volume of pores are accessible to N2 gas 
and pores of 500 ± 150 m2/g and 0.9 cm3/g volume 
are closed. Essentially complete saturation of the 
bulk MgO with H20 is reached within ten minutes, a 
time short with respect to the sintering times 
employed. The dominant process from the initiation 
of H20-catalyzed sintering at 823 K is elimination of 
the closed pores with coarsening of the open pores. 
The sintering behavior of these MgO aggregates is 
governed primarily, not by diffusion, but by a sur
face step, probably the formation of new ion layers 
by random fluctuations in closed pores and in 
smaller open pores for which edge effects are ther
modynamically favorable. Such behavior is shown 
to be consistent with the predictions of Abstract 3 
above. 

tPermanent address: Chemical Laboratory, Faculty of Engineer
ing, University of Genoa, Italy. 

6. Kinetic Studies of Decomposition of MgC03 

and Mg(OHh (Publication 7) 

M.G. Kim and A. W. Searcy 

The decomposition of single-crystal MgC03 in 
vacuum is characteristic of an irreversible process, 
with the rate-limiting step changing at 825 K (see 
Figure 6-1) from a desorption to a surface step as the 
temperature is increased. The decomposition of 
MgC03 powder in Knudsen cells shows behavior 
characteristic of a transition regime between an 
irreversible and a reversible process, depending on 
the temperature and the orifice area of the cells. 

A thermogravimetric study of single-crystal 
Mg(OHh demonstrates that the decomposition 
occurs from all the surfaces, but with flux densities 
from the (0001) habit plane that are about one-tenth 
of those from the surfaces normal to the habit plane 
at 605 K. Apparent equilibrium fluxes are measured 
from Mg(OHh powder beds in an open crucible in 
vacuum that are only 10-7 times the true equili
brium fluxes and 10- 3 times the apparent equili
brium fluxes measured in effusion cells. The low 
apparent equilibrium pressures probably result from 
an equilibrium of Mg(OHh, MgO, and H20 
adsorbed on the MgO. Equilibria governed by 
strong chemisorption of gaseous products are prob
ably common for decomposition reactions carried 
out in vacuum, but that possibility had not previ
ously been suggested. 
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Figure 6-L Log Pco vs. 1/T plot for MgC03 decomposition in 
vacuum. The pressures listed for an orifice diameter of 9.80 mm 
are measured with the open crucible. For references, see LBL-
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Structure-Property Relationships in 
Semiconductor Materials* 

Jack Washburn, Investigator 

INTRODUCTION 

The purpose of this research program is to 
advance the understanding of structural defects, 
including the structure of interfaces in semiconduc
tor materials. Particular emphasis is placed on inter
faces and defects that are formed during processing 
steps used for state-of-the-art solid-state device 
manufacture, such as ion implantation, oxidation, 
and contact formation. This approach has also led 
to several areas of basic research: for example, a 
continuing series of experiments aimed at a more 
complete understanding of the mechanism of 
crystalline-to-amorphous transformation during ion 
damage in silicon and gallium arsenide, an investiga
tion of the detailed mechanism of crystal growth into 
amorphous zones, and a study of the nucleation and 
growth of new phases during surface reactions. 

High-resolution lattice-imaging electron micros
copy combined with computer simulation of the 
images has proved to be a powerful tool for revealing 
and interpreting fine-scale defects and interface struc
tures, particularly when combined with complemen
tary observations on the same specimens, such as 
electron paramagnetic resonance, Rutherford back
scattering, secondary-ion mass spectroscopy (SIMS), 
and electrical or optical measurements. 

1. The Formation of Amorphous Silicon by 
Light-Ion Damage (Publications 13 and 18) 

Y. C. Shih and J. Washburn 

Amorphization due to implantation of boron 
ions (the lightest element generally used in 
integrated-circuit fabrication processes) has been sys
tematically studied for various temperatures, vol
tages, and dose rates. 

A continuous amorphous layer was readily 
formed at liquid-nitrogen temperature but required 
very high dose rates at room temperature. However, 
cross-sectional transmission electron microscopy 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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(TEM) at high resolution showed that at room tem
perature and at ordinary dose rates, small isolated 
amorphous zones were formed (see Figure 1-1 ). 

Figure 1-1. Small isolated amorphous zone. At lower magnifi
cation tncse zones appear as numerous small bright spots in a 
weak-beam dark-field image. (XBB 851-914A) 

Their presence was confirmed by electron paramag
netic resonance spectra. In the crystalline material 
between the isolated amorphous zones, faulted dislo
cation loops that acted as sinks for interstitial atoms 
were nucleated (see Figure 1-2). 

A model is proposed that suggests that, for a 
light ion like boron, amorphous zones can only be 
formed in the vicinity of an ion track after a critical 
concentration of point defects or small complexes 
has been built up by the radiation damage. At room 
temperature the smallest immobile complexes are 
diinterstitials and divacancies. It is suggested that 
amorphous zones are formed by additional damage 
occurring near enough to an already existing 
divacancy-diinterstitial pair to rearrange the bonding 
to form the 5- to 8-fold rings characteristic of the 

Figure 1-2. Larger amorphous regions and numerous small 
faulted dislocation loops in the damaged region after 80 kV, 3 X 
1016 boron implantation at room temperature. (XBB 851 -919A) 



amorphous structure. Therefore a continuous amor
phous layer cannot be formed if too many interstitial 
atoms are lost to other sinks such as dislocation 
loops. The role of interstitials in the amorphization 
process was also suggested by the observation that 
the critical energy deposited as nuclear stopping 
required to form continuous amorphous material 
was 7.3 times greater for a near-surface (100 kV) 
implant than it was for a deep (4 MeV) implant. 
This ratio is close to the calculated relative loss rates 
to the surface of interstitials for the two cases. 

At liquid-nitrogen temperature the formation of 
a continuous amorphous layer by light ions is sug
gested to be a two-stage process: (l) buildup of a crit
ical concentration of point defects, and (2) bonding 
rearrangement near point-defect complexes forming 
amorphous zones. Eventually amorphous zones 
overlap to form continuous amorphous material , just 
as is the case for heavy ions. As the temperature of 
implantation increases, the formation of larger and 
larger point-defect complexes becomes probable, due 
to increasing mobility of the elementary point 
defects. The model assumes that this first leads to a 
less uniform distribution of point defects so that 
there is a less clear separation between stage one 
(accumulation) and stage two (amorphous-zone for
mation), and above a critical temperature that 
depends on dose rate, no amorphous zones can be 
formed at all. 

2. Correlation of Interface Roughness with 
MOSFET Carrier Mobility (Publications 4-8, 
16, and 22) 

Z. Liliental and J. Washburn 

Si-Si02 interface roughness in MOSFET (metal
oxide-semiconductor field-effect transistor) devices 
has long been recognized as a cause of carrier scatter
ing, and hence a major limitation of carrier mobility 
in Si-Si02 inversion layers. Its role is particularly 
important at high carrier concentration, where the 
charge carriers are confined close to the interface. It 
has been suggested that the density of Coulomb 
centers at the interface increases with increased inter
face roughness. The roughness may, therefore, also 
be indirectly limiting the mobility at low carrier den
sities, where scattering by Coulomb centers predom
inates. This work was done to attain a precise quan
titative correlation of interface roughness and mobil
ity by studying carrier mobility at intentionally 
roughened Si-Si02 interfaces. The gate oxides were 
grown with Cl in the oxidizing ambient, since this is 
known to produce rough interfaces. Cross sections 
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for electron microscopy were prepared on the sam
ples for which Hall mobility measurements were 
done earlier. Starting with an actual micrograph of 
the interface (see Figure 2-1 ), the boundary between 
the outermost Si lattice protrusions and the amor
phous Si02 was traced. The trace was digitized, and 
a Fourier transform was performed to obtain a 
power spectrum of the roughness. The power spec
trum was then fitted with either a Gaussian or an 
exponential curve, and the measured roughness was 
determined from the area under the fitted curve. 
The interface roughness of the Si-Si02 interface, as 
determined from electrical measurements and from 
electron-microscopy images, is in agreement within 
30%, and the agreement is limited mainly by the sta
tistical error of the microscopy results. 

Due to its potential for high-speed device appli
cations, InP has come to prominence as a material 
for metal-insulator-semiconductor field-effect transis
tor (MISFET) devices. Si02 gate dielectrics depo
sited on InP demonstrated very high inversion-layer 
mobilities. However, there appears to be a strong 
dependence of the inversion-layer mobility, drain
current stability, and surface-state density on the InP 
surface preparation. These effects are thought to be 
due to changes in the interface chemistry and struc
ture. In our study the InP/Si02 interfaces were 
prepared in four different ways, and they were stud
ied by high-resolution electron microscopy (HREM), 
x-ray photoelectron spectroscopy (XPS), and electri
cal measurements. Considerable variation in the 
interface structure and properties was found for the 
different treatments. 

First, the presence of a 110 A thick lnP oxide is 
deleterious to both the interfacial state density and 
the interface electrical stability. However, this oxide 
consists of two separate layers, and the oxide pits the 
InP substrate. The behavior of this oxide is there
fore qualitatively different from the much thinner 

a 

b 

Figure 2-1. (a) High-resolution electron-microscopy image of an 
Si-Si02 interface; (b) trace representing the interface profile. 

(XBB 8411-8903) 



native oxides. Second, a small amount of native 
oxide seems to lower the interface state density, but 
it apparently increases the interface electrical insta
bility, with a 15-A native oxide before Si02 deposi
tion giving the same instability as a 100-A one. 
Third, the deposition of the Si02 seems to decrease 
the native oxide thickness. Fourth, the interface 
state density and instability both appear to be 
independent of the interface roughness, since the 
very rough interface on InP etched in iodic acid gave 
the second smallest interface state density and the 
smaller interface instability (see Figure 2-2). How
ever, the transport properties were not directly meas
ured in this study, and it is possible that 1 00-A 
roughness ( 40 times greater than the roughness of a 
typical SijSi02 interface) may decrease the InP MIS
FET mobility by interface-roughness scattering. 
Fifth, even though hot KOH/methanol appears to 
remove the native oxide and slightly smooth out the 
InP surface roughness, it gives inferior surface-state 
densities. This further indicates that a thin native 
oxide may be beneficial in lowering the surface-state 
densities on InP, although at the same time it leads 
to decreased interface electrical stability. 

Figure 2-2. High-resolution images of lnP-Si02 interfaces. Note 
the small crystalline particles at the interface in sample A, the 
smooth nature of sample B, and the large roughness in sample C. 

(XBB 8412-45) 
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The observed vanatwns in the InP/Si02 struc
ture were very large in comparison to those of 
Si/Si02, and the structure was altered significantly by 
small changes in the processing procedure. Consid
erable further work remains to be done if the 
InP/Si02 interface is to obtain a degree of perfection 
similar to Si/Si02. 

3. TEM Investigation of Titanium Silicide 
Schottky Contacts On GaAs 
(Publications 10 and 14) 

Z. Liliental and J. Washburn 

The formation of Schottky barriers on GaAs has 
been a field of wide interest for several decades due 
to its importance for many devices. However, our 
present understanding of Schottky-barrier formation 
is still unsatisfactory. Several present models 
assume that the interface between metal and sem
iconductor, the defects that are present there, and the 
interface chemistry can strongly influence the electri
cal properties of Schottky and ohmic contacts on 
GaAs. Successful use of titanium silicides as con
tacts on Si suggested the possibility of their applica
tion as Schottky contacts on GaAs. 

In our study, alternate layers of titanium and sil
icon were deposited on n-type GaAs by electron
beam deposition. Different layer thicknesses of Ti 
and Si were deposited on GaAs in order to achieve 
different Ti-to-Si ratios. Alloying treatment was car
ried out for 5 sec in Ar ambient on each sample by 
transient thermal annealing (flash-lamp annealing) at 
800°C, 82SOC, 87SOC, or 950°C. 

Current-voltage (I-V) forward characteristics 
were used to measure the ideality factor and barrier 
height for about I 00 diodes. The Ti:Si composition 
with a 1:3 ratio annealed for 5 sec at 87SOC resulted 
in good Schottky contacts. The barrier height and 
ideality factor for these samples were 0.8 eV and 
1.15, respectively. The same-heat treatment pro
cedure for the Ti:Si composition with a 1:2 ratio 
gave poorer electrical parameters. The barrier height 
and ideality factor for these sam pies were 0. 7 5 e V 
and 1.5, respectively. 

The results show that titanium silicide contacts 
are far from being homogeneous, continuous TiSi2 
(see Figure 3-1). However, good electrical properties 



Figure 3-1. Titanium silicide contact layers after transient ther
mal annealing at 875"C for 5 sec (note the very rough interface 
with GaAs). (XBB 852-1174C) 

are achieved for the 1:3 Ti:Si ratio (barrier height 
0.8 eV and ideality factor 1.15) in spite of the very 
incomplete reaction and rough interface. Longer 
annealing times or furnace annealing would probably 
result in more uniform structures. However, such 
longer heat treatment could be undesirable for high
electron-mobility (HEMT) GaAs-AlGaAs circuits. In 
the samples with 1:2 ratios, the TiSi2 C49 phase 
dominated (see Figure 3-2), whereas in the samples 
with 1:3 ratios, the C54 phase dominated. 

Therefore the superior electrical properties of the 
1:3 Ti:Si samples have been tentatively attributed to 
the presence of a higher volume fraction of the TiSi2 

C54 phase. Further investigations are in progress to 
correlate structural and analytical information with 
the electrical properties. 

Figure 3-2. High-resolution image of GaAs/TiSi2 (C49 phase). 
(XBB 852-1169) 

59 

4. Ternary Phases in the Pd-GaAs System 
(Publications 3 and 19) 

T. Sands, t+ V. G. Keramidas, + J. Washburn, and R. 
Gronsky 

Ternary phases of the type MxAmBv prepared by 
solid-phase reaction between a metal M and a sub
strate AB are potentially useful materials for forming 
shallow and adherent contacts to III-V semiconduc
tors. Unlike most M/ AB systems, the electrical 
behavior of reacted MxAB/ AB contacts should not be 
determined by reaction-induced nonstoichiometry of 
AB, since the ratio of A to B across the interface is 
maintained near unity. 

By application of TEM techniques, we have 
identified two such ternary phases in the Pd-GaAs 
system. The first PdxGaAs phase, " phase I," forms 
during deposition of Pd onto GaAs (see Figure 4-la). 
Phase I has a hexagonal unit cell with a0 = 
0.673 nm and C0 = 0.338 nm. During annealing at 
temperatures above 250°C, a second PdxGaAs phase, 
"phase II" (see Figure 4-1 b), nucleates at grain boun
daries in the phase I film . The unit cell of phase II 
is also hexagonal , with a0 = 0.92 nm and c0 = 
0.37 nm. Energy-dispersive analysis of x rays in the 

Figure 4-1. Cross-section TEM images of (a) phase IjGaAs and 
(b) phase 11/GaAs interfaces. Inset diffraction patterns show that 
GaAs is in the < 011 > zone-axis orientation and phases I and II 
are in the < 000 I > zone-axis orientation. (XBB 853-1997) 



TEM and Rutherford-backscattering spectrometry 
indicate that both phases have compositions in the 
range Pd3_4GaAs. Deposition and annealing condi
tions that result in uniform films of both phase I and 
phase II have been determined. 

twork performed as a visiting Industry Fellow at the Center for 
Advanced Materials, LBL. 
trresent address: Bell Communications Research, Inc., Murray 
Hill , NJ 07974. 

5. Electron Microscopy of Reactions on 
Compound-Semiconductor Surfaces 
(Publication 20) 

T. Sands, t+ V. G. Keramidas, + J. Washburn, and 
R . Gronsky 

Reactions on compound-semiconductor surfaces 
can be used to create the contacts, passivating layers, 
and heterojunctions necessary to the operation of 
compound-semiconductor electronic and photonic 
devices. These reactions, however, are often quite 
complicated due to the involvement of a minimum 
of three atomic species. The multitude of possible 
reaction paths often leads to lateral nonuniformities 
that are unacceptable for integrated-device applica
tions. Control of reacted-film morphologies requires 
an understanding of the factors that influence the 
morphological evolution of the films during deposi
tion and annealing. In this study we classify reac
tions on compound semiconductors based on 
product-phase morphologies. TEM studies of the 
Pt/GaAs reaction (formation of layered binary com
pounds), the CuCl/CdS reaction (cation exchange), 
the oxidation of GaAs (anion accumulation), and the 
Ni/GaAs and Pd/ GaAs reactions (formation of ter
nary phases) serve to illustrate the four basic types of 
reactions. The effects of a thin (l-2 nm) native 
oxide hydrocarbon layer have also been investigated. 
As can be seen in Figure 5-1, these thin intervening 

Figure S-1. Cross-section TEM micrograph illustrating the 
effects of a thin (-2 nm) native oxide layer (white band) on the 
Ni/GaAs reaction. The sample was annealed at 22o·c for 10 min 
after deposition of 44 nm of Ni. (XBB 855-4168) 
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layers can have dramatic effects on the lateral unifor
mity of the product-phase morphology. 

twork performed as visiting Industry Fellow at the Center for 
Advanced Materials, LBL. 
trresent address: Bell Communications Research, Inc., Murray 
Hill , NJ 07974. 

6. Defect Structure at Heterointerfaces 
Obtained by Molecular-Beam Epitaxy (MBE) 
Growth of a Polar Semiconductor on Nonpolar 
Substrates (Publications 1, 8, 11 , 14, and 17) 

J.H. Mazur,f J. Washburn, R. Fischer,+ 
T. Henderson,+ J. Klem, + and H.. M orko~+ 

The growth of polar III-V semiconductors on 
nonpolar substrates, especially Si, is of considerable 
technological importance, owing to the possibility of 
monolithic integration of III-V optoelectronic dev
ices with Si integrated circuits and the availability of 
cheap and highly perfect Si substrates. Two prob
lems have to be overcome in the growth process: the 
lattice mismatch (i.e., -4% for GaAs and Si, -0.1% 
for GaAs and Ge), and the possible formation of 
antiphase boundaries (APBs) originating at the 
polar/ nonpolar semiconductor interface. The 
mismatch problem could in principle be solved by 
growth of a graded transition layer, for example 
SixGe 1-x, and subsequent growth of GaAs on the 
pure Ge film. Studies of the structure and morphol
ogy of the grown GaAs/ AlGaAs films on Ge by TEM 
found defects, most probably APBs, within the 
50-70 om thick region next to the GaAs-Ge interface 
for the chosen growth conditions. Subsequent layers 
of GaAs and AlGaAs were defect free. Successful 
applications of such a system in fabrication of elec
tronic devices is limited by diffusion of Ge into 
GaAs. 

Direct growth of GaAs/ AlGaAs layers on Si 
resulted in material containing structural defects. 
However, modulation-doped field-effect transistors 
(MODFETs) fabricated using this material had 
characteristics only slightly worse than those 
obtained using GaAs/ AlGaAs layers grown on GaAs. 
Thus improved control of the growth defects could 
result in device-quality material. The high
resolution image, Figure 6-1, shows a fragment of 
the GaAs/Si interface. The observed defects include 
misfit dislocations separated by about 10.0 nm, 
microtwins, and Schockley partial dislocations 
present at incoherent twin boundaries. In addition, 
many products resulting from the interactions of 



Figure 6-1. High-resolution image of the GaAsjSi interface, 
showing the presence of misfit dislocations and microtwin confi
gurations in the vicinity of the interface. (XBB 840-7993) 

these defects have been observed. For example, per

fect ; < 11 0> dislocations were formed by inter~c
tions of Shockley partials belonging to different glide 
systems. These perfect dislocations propagated 
across the MBE-grown layer. 

Growth of superlattice structures, alternate layers 
of GaAs and AlAs, resulted in apparent reduction of 
threading dislocations. More definite conclusions 
about the role of these superlattices in the control of 
defects will require further study. 

trresent address: Materials Science Department, University of 
Southern California, Los Angeles, CA 90083-0241 . 
*Present address: University of Illinois, Urbana, IL 61801. 

7. The Atomic Structure of the Si-Si02 
Interface (Publication 21) 

J.H. Mazurf and J. Washburn 

The atomic structure of Si-Si02 interfaces 
formed by high-temperature (> 960°C) oxidation was 
studied using high-resolution electron microscopy 
(HREM). The information about the interface mor
phology was inferred from the cross-sectional speci
mens imaged along the < 110> crystallographic 
direction in the interface plane at a point-to-point 
resolution of ,.:.,0.26 nm. At this resolution, {111 } 
and {200} crystallographic planes of Si separated by 
0.314 nm and 0.272 nm can be easily resolved. 

The HREM observations of the structure of the 
Si-Si02 interfaces resulting from oxidation (in dry 

61 

0 2, p = 1 atm, T > I OOOOC) of the lowest surface 
energy (~ngular) { 111 } and vicinal ( 111 )2°[112] and 
(111)3°[110] Si surfaces suggest that (l) the Si sub
strate terminates abruptly on atomically flat (111) 
terraces at the Si-Si02 interface, (2) silica is amor
phous right up to the interface, and (3) ledges one 
interplanar distance high are observed on both singu
lar and vicinal oxidized surfaces. The structure of 
Si-Si02 interfaces resulting from oxidation (in dry 0 2 

at p = I atm, T > I OOOOC) of {I 00} and (l 00)2°[0 II ] 
Si surfaces is characterized by greater roughness than 
in the case of {Ill } interfaces, as illustrated in Figure 
7-l(a). This morphology can be interpreted as con
sisting of small (I 00) terraces separated by steps up 
to about one unit cell high, or as an interface consist
ing of small pyramids protruding into the Si02. 

(This would indicate that the {I 00} Si-Si02 interface 
is not a low-surface-energy (nonsingular) interface.) 

These TEM observations suggest a terrace-ledge
kink model for the interface structure and a ledge 
mechanism for high-temperature oxidation similar to 
that of evaporation. 

Modeling the (Ill) and (100) Si-Si02 interfaces, 
assuming only (i) the abrupt transitions for all inter-

Figure 7-1. (a) High-resolution image of the (100) Si-Si02 inter
face (dry 0 2, 1150°C). (b),( c) Two orthogonal < II 0> projections 
of the same model of the {I 00) Si-Si02 interface, with a pyramidal 
morphology for terminating the {100) Si substrate. Note that the 
projection of this morphology can produce flat {I 00) terraces 
separated by ledges. (XBB 86 1-59) 



face morphologies described earlier and 
(ii) dimensions of the [Si04] tetrahedra the same as 
in bulk Si02, leads to following conclusions: (I) The 
Si-substrate-terminating layer contains atoms in dif
ferent oxidation states (Si 1+, Si2+, and Si3+) in pro
portions that vary with the surface orientation and 
morphology. (2) Both < 110> A- and B-type ledges 
with ledge-edge Si atoms in Si 1 + and Si2+ oxidation 
states, respectively, might be found on the (Ill) Si 
surface. (3) Removal of an Si 1+ atom from an A
type ledge results in the formation of a kink pair 
containing one Si2+ atom at each kink, while remo
val of Si2+ atoms does not result in formation of 
atoms in a new oxidation state. Therefore, A-type 
ledges appear to be the more stable equilibrium con
figuration. ( 4) The topology of an Si02 network in 
intimate contact with (Ill) Si consists of 3- and 
more-membered (Si04) tetrahedra rings resulting in 
the presence of some dangling bonds normal to the 
(Ill) surface. (5) Attempts to form a first monolayer 
of the Si02 network at a B-type ledge without crea
tion of large strains and many dangling bonds 
inclined to the interface were unsuccessful; however, 
two (Ill) terraces connected by an A-type ledge 
allowed formation of a first monolayer of Si02 
without large strain and without any dangling bonds 
inclined with respect to (Ill) terraces. (6) Large 
strains and many dangling bonds were involved in 
the formation of a first monolayer of the Si02 net
work on a flat (I 00) Si surface, while little or no 
strain was involved for a {I 00} Si substrate terminat
ing in a morphology consisting of pyramids 1-2 unit 
cells high with facets on {Ill } Si (see Figure 7- 1 b 
and c). (7) Some dangling bonds normal to {Ill } 
facets were observed. (8) The interface roughness 
observed in HREM micrographs is smaller due to 
projection effects (see Figure 7-1 b and c). 

tPresent address: Materials Science Department, University of 
Southern California, Los Angeles, CA 90083-0241. 
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Chemical Properties and Processing 
of Refractory Ceramics* 

Lutgard C. De Jonghe, Investigator 

INTRODUCTION 

The chemical nature and the processing deter
mine the behavior and quality of ceramic bodies. 
Careful control of chemistry and microstructure is 
especially important when the ceramics are to be 
used in aggressive environments that are corrosive or 
impose stresses. Chemical and mechanical stability 
are therefore of primary concern when ceramics are 
considered for high-temperature structural applica
tions. Such applications, for example, could be 
either thermal-barrier coatings or structural mono
lithic parts for advanced heat engines. 

The thermal-barrier coatings contain 
metal/ceramic interfaces where chemical stability 
and resistance to spalling is especially important. 
For monolithic ceramics, high-temperature creep 
failure may originate from chemical or microstruc
tural heterogeneities that are the result of insufficient 
processing control. This program studies 
metal/ceramic interfaces in the Ni/zirconia system, 
related to the thermal-barrier coatings, under a 
variety of thermal histories in oxidizing environ
ments. Additionally, actual thermal-barrier coatings 
are also studied by microchemical methods. 

Investigations of fundamental questions relating 
to the fabrication and reliability of monolithic struc
tural ceramics were initiated in the Center for 
Advanced Materials at LBL and are continued in 
this program. The scientific aspects of fabrication of 
advanced structural ceramics are, at present, poorly 
understood. The program therefore addresses these 
fundamental aspects and in particular has investi
gated the role of microstructural heterogeneities and 
the action of shear and compressive stresses during 
the densification of powder compacts. Model 
materials, such as zinc and cadmium oxide, as well 
as practical ceramics such as magnesia, silicon car
bide, and silicon nitride are examined. The findings 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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should be relevant to a broad class of structural 
ceramics prepared by sintering of compacts of fine 
powders. 

1. Effect of Shear Stress on Sintering 
(Publications 3, 4, and 5) 

M.N. Rahaman, L.C. De Jonghe, and R.J. Brook 

A loading dilatometer was applied to study the 
interaction of stress and densification during sinter
ing of cadmium oxide. In the loading dilatometer, a 
small, measured, uniaxial load is applied to the 
sintering compact, and the resulting displacements 
are measured as a function of time and temperature. 
The system permitted the separation of the simul
taneous creep and densification contributions to the 
overall deformation. Cadmium oxide was used 
because it sinters to relatively high densities within 
the temperature range suitable for the apparatus. 

The low applied stresses cause extensive creep 
but have no effect on the volumetric densification 
rate. Between relative densities of 0.5 and 0.9, the 
dependence of the uniaxial creep rate on density can 
be described in terms of a stress-intensification factor 
that has an exponential dependence on porosity but 
is independent of grain size. Comparison of the den
sification and creep rates permits the definition of 
the sintering stress, which is found to decrease with 
increasing density (see Figure 1-1). The stress and 
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Figure 1-1. Sintering stress as a function of relative density for 
cadmium oxide compacts of two different green densities (0.39 
and 0.58) at 850'C. The sintering stress decreases with relative 
density because of grain (pore) growth. (XBL 8411-4656) 



grain-size dependence of the creep rate, and the 
grain-size dependence of the densification rate, sup
port grain-boundary diffusion as the rate-controlling 
step in both processes. 

The application of low uniaxial stresses, although 
not affecting the overall volumetric densification 
rate, causes a small microstructural bias in the sinter
ing compact. The observed effect of this bias is 
shown in Figure 1-2, where, for example, sample B, 
sintered initially under 5-N load, has a lower axial 
shrinkage rate than sample C (sintered under no 
load) when the load is removed from sample B. 
This type of hysteresis effect can be explained by 
using the microstructural model of Figure 1-3, show
ing the grain boundaries in a porous compact subject 
to an external, uniaxial load. The diffusion path is 
likely to be along the grain boundary under compres
sion to the neighboring pore A, and from the surface 
of neighboring pore B along the boundary under ten
sion, thus preserving constant volume deformation. 
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Figure 1-2. Axial shrinkage rate versus time for transient and 
constant load experiments, showing a hysteresis effect. This effect 
is due to a microstructural bias in the sintering compact produced 
by the applied uniaxial load. (XBL 847-2678) 
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Figure 1-3. Schematic of a microstructural model developed to 
explain the simultaneous creep and densification behavior during 
sintering under low loads. (XBL 84 11-4658) 

2. Transient Stresses in Bimodal Compacts 
During Sintering (Publication 6) 

L.C. De Jonghe, M.N. Rahaman, and C.H. Hsueh 

A method is described and used to evaluate the 
transient stresses in a sintering compact of zinc oxide 
containing a coarse, hard dispersion of silicon car
bide. A hard second phase can severely limit densi
fication rates by generating a mean hydrostatic stress 
that opposes the compressive sintering stress of the 
matrix. This hydrostatic stress rapidly increases with 
increasing volume fraction of the second phase. The 
interface stress at the zinc oxide/silicon carbide 
boundary can attain large values, especially in the 
intermediate stages of sintering, and it increases with 
decreasing volume fraction of second phase, as 
shown in Figure 2-1 . 
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Figure 2-1. Interface stress, normalized to the sintering stress of 
ZnO, as a function of time for bimodal compacts consisting of a 
fine-grained ZnO matrix with three different levels of coarse, hard 
inclusions of SiC. The amount of SiC is indicated in volume per
cent. (XBL 852-1283) 

3. Cross-Sectional Transmission Electron 
Microscope (TEM) Specimens from Metal
Ceramic Composites (Publication 8) 

S.L. Shinde and L.C. De Jonghe 

This study deals with a TEM sample-preparation 
technique for metal-ceramic composites. Conven
tional techniques involving grinding and ion-milling 
to perforation lead to preferential ion-milling of the 
softer metal regions, thus making it impossible to 
carry out analytical work on metal-ceramic inter
faces. The method developed involves dimpling to 
perforation, dimple polishing, and finally ion-milling 
for I to 2 hours. Figure 3-1 shows a sample 
prepared by this technique and a high-magnification 
TEM micrograph to show uniformity of thickness 
across the metal-ceramic interface. 

Figure 3-1. Transmission electron micrograph of Ni/ Zr02 thermal-barrier coatings showing (left) sample after dim
pling and 1.5 hr ion-milling and (right) bright-field image of interface between Ni, NiO, and Zr02• (XBB 858-6032) 
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Structure and Properties of Composite 
Materials* 

Robert H. Bragg, Investigator 

INTRODUCTION 

The purpose of this work is to understand how 
the properties of carbon materials are related to their 
structure. Soft carbons undergo a disorder-order 
transformation, i.e., they graphitize, when annealed 
above - 2000°C, whereas hard carbons remain disor
dered even when annealed above 3000°C. Soft car
bons become mechanically soft, e.g., the "lead" in 
lead pencils, whereas hard carbons do not. From 
studies of model carbons it has become clear that in 
both classes the basic structural unit consists of car
bon atoms arranged in layers as in the crystal struc
ture of graphite. However, soft carbons consist of 
microcrystals containing 10 to 1000 layers, with a 
spacing of about 0.34 nm, that are 50 to 10,000 nm 
wide, whereas hard carbons have no grain boun
daries and the microstructure consists of interwound 
laths or ribbons 5 to 10 layers thick and 5 to 10 nm 
wide. Both classes have small band-gap amorphous
semiconductor electrical properties when prepared at 
temperatures below 1000°C, but soft carbons 
transform into semimetals, whereas even when fully 
annealed hard carbons are virtually unaffected. In 
fully disordered carbon, the interlayer spacing is 
0.344 nm, and during annealing it decreases stepwise 
via different activation energies to spacings of 0.340, 
0.338, and ultimately 0.3354 nm. Current research is 
centered on testing the hypothesis that the disorder 
in all carbons consists of arrangements of carbon 
interstitials in structures resembling those of graphite 
intercalation compounds. 

1. Graphitization of Pitch Coke: Changes in 
Interlayer Spacing, Lattice Strain, and Weight 
(Publication 4) 

K. Kawamura, t D. Lachter, and R.H. Bragg 

Studies were made of the average interlayer spac
ing d002, the lattice strain parameter ~, and the weight 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 

68 

W of samples of pitch coke annealed at temperatures 
(HTT) in the 1250-2300oC range for heat-!!:_eatment 
times (HTt) up to 25 hours. The changes in doo2 were 
thermally activated, and Figure 1-1 shows the result 
of a superposition of the data for all temperatures 
onto that for 1250oC HTT according to an analysis 
after Fischbach. 1 The analysis showed that the time 
evolution of d002 follows activation energies of 12 ± 
3 kcal/mole, 65 ± 5 kcaljmole, 170 ± 10 kcal/mole, 
and 250 ± 20 kcal/mole as the annealing proc~ds. 
The rms fluctuation of d002 about the mean doo2, 
expressed as ~, is composed of a nonkinetic decrease 
for a stepwise increase in HTT, followed by a con
tinuous thermally activated decrease. The weight 
changes .::l W /W were also thermally activated, with 
.::lH = 100 ± 5 kcal/mole. However, the most 
important finding, shown in Figure 1-2, is a definite 
dependence of the interlayer spacing on chemical 
composition. Chemical analyses showed that the 
changes must be attributed to interstitial carbon and 
not to hydrogen, as proposed by Bragg. 2 The impli
cation is that interlayer spacings in carbons greater 
than 0.335 nm may be associated with carbon atoms 
arranged interstitially as in intercalation compounds. 

tPresent address: Department of Chemistry, The National 
Defense Academy, Yokosuka, Japan. 
I. D.B. Fischbach, in Chemistry and Physics of Carbon (P.L. 
Walker, Jr., Ed.), Marcel Dekker, New York, 1971, Vol.7, p. 28. 
2. R.H. Bragg, Syn. Met. 7, 95 (1983). 
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2. Annealing of Glassy Carbon: Changes in 
Density, Volume, and Weight 

B.N. Mehrotra, D. Lachter, and R.H. Bragg 

Samples of glassy carbon (GC) initially processed 
at IOOOOC were annealed in the 1000-2700oC HTT 
range for periods up to 150 hours HTt. The density, 
initially 1.55 gjcm3, decreased instantaneously when 
the HTT was increased stepwise, after which the 
decreases were thermally activated, ultimately reach
ing 1.33 g/cm3. The volume also increased stepwise 
with stepwise increases in HTT, and thereafter the 
increases were thermally activated, ultimately reach
ing a dilatation of about 10%. The fractional volume 
increases ~ V /V were numerically nearly equal to the 
fractional density decreases ~PIP and were attributed 
to .the expansion of pyrolysis gases up to about 
180ooc HTT. Above about 2000°C HTT, the 
irreversible dimensional changes were attributed to 
the fact that the thermal expansion of the lath-like 
microstructure is highly anisotropic, i.e., the expan
sion coefficients are 28 X I0- 6 and 1 X 10-6 per
pendicular and parallel to the layers, respectively. 
The weight losses were also thermally activated, and 
a superposition analysis showed that the data for all 
temperatures were characterized by an activation 
energy ~H = 95 ± 12 kcal/mole (see Figure 2-1). 
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Figure 2-1. Superimposed master curve of weight loss (t:.. W /W) 
versus In HTt, using 1600°C data as a basis. (XBL 863-7571A) 

The weight loss, as in the case of pitch coke, must be 
attributed to interstitial carbon, and the near identity 
of the ~H found here with that for pitch coke pro
vides strong support for the hypothesis that when 
disordered carbons are annealed the basic mechan~ 
ism is diffusion of carbon interstitials. 

3. The Effect of Grinding on the Structure of · 
Graphite (Publication 6) · 

M. Tidjani, D. Lachter, and R.H. Bragg· 

Samples of natural graphite of 60-m grain size (c 
6.710 + 0.002 A) were disordered by grinding, in 

ceramic and steel ball mills at room .'temperature for 
periods up to 90 and 62 ,hours,.~respectively. The 
structural transformations: were c.haracterized by. •X

ray diffraction with a G.E. XRD-5 diffractometer, 
using Cui(, radiation. Because of the deep .penetra
tion of the x-ray beam a~d' the very diffu~e' patterns 
obtained after prolonged· grincli~g,' the' ·line · pr~·files 
required extensive corrections" From the corrected 
line profiles the mean interlayer spacing doo2; the 
mean crystallite height L~, .and the lattice strain f 

were determined. Chemital' analyses were also· made 
of the as-received and ground samples. 

Figure 3-1 shows data of d 002 versus time of 
grinding for both the ceramic and steel mills. It can 
be seen that essentially the same increases in inter
layer spacing occur irrespective of the kind of mill 
used. For short times d 002 is unaffected by gripding, 
but for intermediate times, a ( phhe'au at' 3.38 ± 
0.005 Aiis reached: •For still longer times•doo2·attains 
a limiting·value'of 3;434 ± 0.013 A. Ontthe· other 
hand L~ and. f decrease;continuously;'beginning with 
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Figure 3-1. Superimposed master curve of doo2 versus grinding 
time for steel and ceramic ball mills. (XBL 861-7438) 

the first increment of grinding, and they approach 
limiting values. The chemical analyses showed that 
the amount of impurities introduced during the 
grinding was roughly correlated with the amount of 
grinding. 

The most important finding was the plateaus in 
the interlayer spacing at about 3.38 A and 3.44 A. 
Since the same plateaus are found for both mills, 
irrespective of the amount of contamination, they 
are to be attributed to intrinsic lattice defects. Also, 
since the same plateaus are observed in neutron
irradiated graphite' and during the annealing of 
disordered carbon,2- 4 the defects must be interstitial 
carbon. This research has shown that interlayer 
spacings greater than the 3.354 A of pristine graphite 
observed in highly disordered carbon do not have 
their origin in random-layer stacking, as has been 
generally accepted heretofore. 

I. R.W. Henson and W.N. Reynolds, Carbon 3, 277. 
2. D.B. Fischbach, in Chemistry and Physics of Carbon (P.L. 
Walker, Jr., Ed.), Marcel Dekker, New York, 1971, Vol. 7, p. I. 
3. A. Pacault, in Chemistry and Physics of Carbon (P.L. Walker, 
Jr., Ed.), Marcel Dekker, New York, 1971, Vol. 7, p. 107. 
4. B. Pandic, in Proc. 2nd Conf on Industrial Carbon and Gra
phite;Soc. Chern. Industry, 1960, p. 439. 

4. Work in Progress 

W ark on the effects of annealing on the struc
ture, weight, and electrical properties of pitch coke is 
in progress. Previous work has shown that the 
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weight changes in pitch coke are large enough for 
quantitati.ve determination of chemical changes. 
With· collaborations initiated at the Argonne 
National Laboratory and the Lawrence Livermore 
National Laboratory, it will be possible to obtain 
reliable chemical analyses for hydrogen at the ppm 
level and thus make detailed correlations between 
the amounts of chemically intercalated species and 
the interlayer spacings. It is expected that data such 
as in Figure 1-2 will contain plateaus at 0.344, 0.340, 
0.338, and 0.335 nm. The grinding experiments 
reported in abstract 3, while of fundamental signifi
cance, are still preliminary. More detailed experi
ments should reveal a plateau at 0.340 nm in graphs 
such as in Figure 3-1, and when annealed the path 
downwards should be retraced with the activation 
energies reported in abstract 1. Electrical measure
ments coupled with the chemical analyses will pro
vide a stringent test of the hypothesis of a chemical 
origin for the changes in the sign of the Hall coeffi
cient when carbons are annealed in the 1000-3000°C 
range. In particular, the magnetoresistance tl.p/ p 
should provide strong evidence for the structure of 
the C1 interstitial in carbon material. 
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Ceramic Interfaces* 

Andreas M. Glaeser, Investigator 

INTRODUCTION 

Numerous properties of ceramics depend 
strongly on microstructure, necessitating control of 
microstructural characteristics developed during pro
cessing. This research program focuses on improv
ing our understanding of several processes that dic
tate the microstructural changes occurring during 
both materials fabrication and utilization. Current 
efforts are directed at: development of thermo
dynamic and kinetic descriptions of the stability of 
continuous intergranular phases (e.g., fibers in 
polycrystalline matrix composites), theoretical assess
ment of the effects of anisotropic surface and grain 
boundary energies on microstructural evolution dur
ing sintering, modeling the effects of concurrent 
grain boundary migration and grain boundary tracer 
self-diffusion on calculated apparent grain boundary 
diffusivities, and examination of the effects of crys
tallization behavior and sintering atmosphere on 
microstructure evolution in compacts of chemically 
synthesized, amorphous, "monodispersed" Ti02. 

1. The Effect of Grain Boundary Migration on 
Apparent Boundary Diffusion Coefficients 
(Publication 5) 

A.M. Glaeser and J. W. Evans 

The effect of grain boundary migration on the 
tracer-concentration depth profiles that develop dur
ing a diffusion experiment has been evaluated. An 
expression for the average tracer concentration 
within a plane at depth x and time t for a boundary 
migrating with velocity V has been derived. This 
average concentration exceeds that expected for a 
stationary boundary (see Figure 1-1). The concentra
tion gradient is also affected by grain boundary 
migration. Apparent diffusivities both higher and 
lower than those appropriate to stationary boun
daries may be obtained. Consequently, considerable 
errors in both the magnitude and temperature depen-

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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dence of the apparent diffusion coefficient may arise 
if grain boundary migration is neglected. 

2. The Morphological Stability of Continuous 
Intergranular Phases (Publication 6) 

W.C. Carter and A.M. Glaeser 

A thermodynamic analysis of the morphological 
stability of continuous intergranular phases, incor
porating the number of bounding grains n and 
dihedral angle t/1 as variables, has been developed. 
For each n, the minimum thermodynamically 
unstable wavelength of an infinitesimal amplitude 
perturbation coincides with the Rayleigh result for t/1 
= 180•, increases with decreasing t/1, and tends to 
infinity as t/1 approaches 1r-(21r/n), or equivalently 
as the interface curvature vanishes (see Figure 2-1). 
For fixed t/1, the stability increases with n. The 
results have applicability to a wide range of 
phenomena, e.g., gas flow through densifying powder 
compacts, swelling of nuclear fuel elements, stability 
of fibers in composites, etc. 
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Figure 2-1. Illustration of effect of varying n and 1/1 on the stabil
ity of continuous intergranular phases. (XBL 862-712) 

3. Work In Progress 

The effect of sintering atmosphere on the 
densificationjcoarsening behavior of "mono
dispersed" well-packed Ti02 compacts is being stu
died. Evidence indicates the apparently "mono
dispersed" = 0.5-~m particles are composed of 
smaller (10-20 nm) particles. The amorphous -+ 

anatase -+ rutile transformation during heating is 
being studied using high-temperature x-ray diffrac
tion, dilatometry, scanning electron microscopy, and 
transmission electron microscopy. 

Packing geometry (pore coordination number) 
and interfacial energies (dihedral angle) mutually 
determine the thermodynamic stability of pores in 
powder compacts. While effects of spatial variations 
in packing geometry have been considered, those of 
dihedral angle variations within a compact have not. 
Pore-stability conditions incorporating dihedral angle 
distribution effects have been developed. A stability 
condition dependent on the dihedral angle sum is 
used to determine the fraction of stable n-sided pores 
as a function of average dihedral angle. Effects of 
dihedral angle distribution shape on pore stability 
are being evaluated. 

The effects of monovalent and divalent impuri
ties on the propensity for abnormal grain growth in 
high-density, high-purity, fine grain size sodium 
chloride compacts is being examined. Correlations 
between dopant type, dopant concentration, and 
grain boundary mobilities are being sought. 
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ENGINEERING MATERIALS 

Abrasive, Erosive, and Sliding Wear 
of Materials* 

lain Finnie, Investigator 

INTRODUCTION 

The purpose of this work is to explore the basic 
mechanisms of abrasive, erosive, and sliding wear in 
different types of materials. The ultimate objective 
of this research is quantitative predictions of wear 
resistance from simple materials tests. However, a 
challenging aspect of wear research is that materials 
show beha_vior that is not exhibited in normal con
ventional tests. For example, ductile metals show 
increased wear resistance as the size of the eroding or 
abrading particles drops below 100 ,urn. Wear rates 
are also quite insensitive to large changes in tem
perature, in contrast to most mechanical properties. 
Brittle solids, when eroded or abraded with small 
enough particles, show a transition to ductile 
behavior and a dramatic decrease in wear rate. Our 
attempts to understand such wear phenomena are 
based on analytical studies, experimental wear stud
ies, and attempts to model wear processes on a larger 
scale so that the mechanisms of removal can be 
observed directly. 

1. An Analysis of the Loaded Abrasive-Column 
Type of Wear Tester (Publication 1) 

G. Stevick, t S. Soemantri, :t: and I. Finnie 

An apparatus used to study three-body abrasive 
wear consists of a loaded abrasive column inside a 
tube that is held a small distance from a rotating 
metal specimen. In using this type of tester, it has 
been assumed that the load is transferred from the 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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abrasive column to the worn metal surface. However 
in the present paper, by using solutions developed 
for flow of granular materials, it is shown that the 
load applied to the abrasive is transferred in a short 
length to the surrounding tube. Thus the wear that 
occurs in this tester is produced by particles trapped 
between the annular region at the bottom of the tube 
and the surface. This result is of importance in com
paring results obtained with different types of test 
devices. 

tpresent address: Chevron USA, San Ramon, CA 94583. 
*Present address: Indonesian Institute of Technology, Bandung, 
Indonesia. 

2. The Size Effect in Abrasion, Erosion, 
Grinding, and Cutting of Metals (Publication 2) 

S. Soemantrit and I. Finnie 

A familiar observation in abrasion, erosion, and 
grinding experiments is that the abrasive-particle 
diameter has little effect on removal rates until it is 
decreased to less than about 100 ,urn. Below this 
size, removal rates decrease rapidly with decreasing 
particle diameter. This phenomenon, which has so 
far defied explanation, is described as the "size 
effect." The depth of the scratch or cut made by a 
particle is typically one to two orders of magnitude 
less than its diameter. Thus, as might be expected, a 
"size effect" is also observed in metal cutting when 
the depth of cut is in the 1- to 1 0-.um range. There is 
no lack of explanations for the "size effect" in the 
literature. Over a dozen have been offered, but they 
may all be shown to be in conflict with experimental 
results. 

In the present work, it is suggested that a surface 
energy comparable to that measured in a fracture test 
must be supplied in addition to the energy required 
for plastic deformation. On this basis it is shown 
that the "size effect" may be explained and expres
sions may be derived for the variation of removal 
rate with particle diameter. 

*Present address: Indonesian Institute of Technology, Bandung, 
Indonesia. 



3. Erosive Wear of Composite Materials 
(Publication 3) 

K. V. Pool, t C.K.H. Dharan, + and I. Finnie 

The erosive-wear behavior of selected polymer
matrix composite materials was investigated using an 
erosion-wear tester. Scanning electron microscopy 
was used to characterize the eroded surface. The 
results show that the erosive-wear rates in these 
materials are at least an order of magnitude greater 
than that of low-carbon steel. Of the composites 
tested, continuous graphite fiber-epoxy composites 
showed erosive wear that is typical of brittle materi
als (maximum wear rate when the impingement is 
normal to the surface), while continuous aramid 
fiber-epoxy and chopped graphite fiber
polyphenylene sulfide showed quasiductile behavior 
(maximum wear rate at 25-45° impingement angle). 
These results are discussed in terms of the observed 
failure modes. 

tpresent address: Lockheed Missles and Space Corp., Sunnyvale, 
CA 94088. 
*Associate Professor, Department of Mechanical Engineering, 
University of California Berkeley. 

4. Work in Progress 

Experiments have been carried out in which 
large indenters have been used to model abrasive 
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and erosive wear of ductile metals. Analysis of the 
results is now almost complete. Unexpected effects 
of the environment in these tests led to additional 
experimental work. 

A study of abrasive wear of composite materials 
that parallels the erosive-wear study described earlier 
is now being prepared for publication. 

Finally, with the growing interest in wear of brit
tle solids, a fresh look has been taken at the litera
ture. A new model has been developed for the 
cracking that occurs under indenting particles. Pre
liminary indications are that the model will lead to 
an understanding of the mechanisms of cracking that 
precede wear in brittle solids. 
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SOLID-STATE PHYSICS 

EXPERIMENTAL RESEARCH 

Far-Infrared Spectroscopy* 

PaulL. Richards, Investigator 

INTRODUCTION 

Improvements in infrared technology are making 
possible increases in the sensitivity of many types of 
infrared measurements. In this project, improved 
types of infrared sources, spectrometers, and detec
tors are being developed. Improved infrared tech
niques are being used to do experiments in areas of 
fundamental and applied infrared physics where 
their impact is expected to be large. 

Developments in infrared technology include: 
(a) development of a new source for broadly tuned 
far-infrared spectroscopy based on harmonic genera
tion from microwave oscillators; (b) development of 
a variable-temperature apparatus for measurement of 
polarized far-infrared reflectivity and transmissivity 
of solid samples over the temperature range from 5 
to 300 K; and (c) evaluation of new concepts for 
ultrasensitive photoconductive detectors for the 
50-1000 .urn range. In addition, the bolometric 
detector previously developed for far-infrared spec
troscopy is being reconfigured as a microcalorimeter 
to measure the heat capacity of monolayers depo
sited on metal surfaces. 

Infrared experiments in progress include: (a) an 
experimental test with unprecedented accuracy of the 
Planck theory for the shape of the spectral emissivity 
curve of a blackbody; (b) measurements of the 
infrared emission spectra of molecules chemically 
adsorbed on metal surfaces; (c) measurements of the 
infrared spectra of one-dimensional conductors; and 
(d) measurements of the heat capacity of monolayer 
films of 4He on metal films. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. Infrared Spectroscopy of Adsorbates on 
Metals: Direct Absorption and Emission 
(Publication 15) 

P.L. Richards and R.G. Tobin 

Measurements of the vibrational spectra of 
monolayers or submonolayers of adsorbates on sur
faces present a severe challenge to the infrared spec
troscopist. Small signals must be measured that are 
superimposed on background radiation that can be 
many orders of magnitude stronger. To be success
ful, an experiment must be both well conceived and 
well executed. Many approaches have been used to 
enhance the size of the surface signal relative to the 
backgrounds. These include multiple reflection, 
attenuated total internal reflection, surface elec
tromagnetic waves, and Stark modulation, as well as 
direct measurements of absorption and emission. 

A difficult spectroscopic problem, such as the 
measurement of the vibrational properties of mono
layers of adsorbates on metal surfaces, can benefit 
from the most careful experimental analysis. In 
order to make this analysis comprehensible, we 
present a summary of the present status of the 
relevant techniques of infrared spectroscopy (see Fig
ure 1-1). 

We then describe an experiment that measures 
the heat deposited in the metal substrate by the 
infrared flux from a blackbody source. This experi
ment is based on the technology of low-temperature 
bolometric detectors developed for astronomy at 
submillimeter wavelengths. It provides high sensi
tivity and broad wavelength coverage, but it is not 
easily compatible with the techniques used to pro
duce clean single-crystal surfaces. In this respect its 
limitations are similar to some of the acoustic detec
tion techniques that are used with laser sources. 

We then describe an infrared emission experi
ment in a cooled environment that has been used to 
measure the vibrational frequencies of CO on clean, 
well-characterized single-crystal surfaces of Ni and 
Pt. This experiment is compared and contrasted 
with other emission experiments designed to meas- . 
ure monolayer adsorbates on metals. 
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Figure 1-1. Infrared power per mode as a function of photon 
frequency for thermal sources at 1200 and 2000 K compared with 
the time-averaged power expected from a bending magnet and a 
wiggler magnet on the proposed Advanced Light Source. Since 
many modes are used in a typical surface experiment, the bright
ness advantage of a modern synchrotron source over a thermal 
source produces a power advantage only at long infrared 
wavelengths. · (XBL 831-14A) 

2. The Adsorbate-Substrate Mode of CO on 
Pt( 111) Studied by Infrared Emission 
Spectroscopy (Publication 16) 

R.G. Tobin and P.L. Richards 

We report the first infrared study of the fre
quency and linewidth of the C-Pt mode of CO on 
Pt( 111 ). The linewidth of the mode is 10 ± 2 em -I 
and is essentially independent of temperature in the 
range 275-400 K (see Figures 2-1 and 2·2). The line 
shape is asymmetric. These observations are incon
sistent with models of line-broadening by vibrational 
decay into substrate phonons. We conclude that 
inhomogeneous broadening makes the dominant 
contribution to the linewidth. A downward shift of 
the band frequency by 6 em -I is observed near 
saturation coverage. This shift is probably due to a 
decrease in adsorption energy caused by intermolecu
lar repulsion. 
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Figure 2-1. Linewidth of the C-Pt stretch band as a function of 
temperature. The solid and dotted lines represent the predicted 
temperature dependence of the linewidth due to three-phonon 
decay and dephasing, respectively, calculated within the Persson 
model, and normalized to the experimentally determined 
linewidth at 275 K. (XBL 8510-6728) 
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3. Heat Capacity Measurements of Monolayers 
of 4He Adsorbed on Evaporated Metal Films 
(Publication 17) · 

T W. Kenny and P.L. Richards 

We have developed a sensitive microcalorimeter 
for the study of the heat capacity of adsorbates on 
evaporated metal films. Our present sensitivity is 
about 10-tt J/K, or 3 X 10- 3 in units of C/NKB. 
This is more than enough sensitivity to study the 
melting transitions of 4He monolayers, for which 
C/NKB is of order unity. We have the freedom to 
explore the phase transitions of He on different eva
porated film substrates. This may allow us to experi
mentally probe the effects of the substrate on the 
character of the phase transition. 

4. Far-Infrared Conductivity of (TaSe4)21 
(Publication S)t 

M. Sherwin, A. Zettl, and P.L. Richards 

(TaSe4hl is a quasi-one-dimensional metal that 
undergoes a Peierls transition to a charge-density
wave (CDW) state at 265 K. Some anomalous 
response is expected at the infrared frequencies due 
to the presence of the CDW. We have measured the 
transmittance of this material with an electric field 
polarized parallel and perpendicular to the crystal 
axis as a function of frequency and temperature from 
3 to 350 cm- 1 and from 300 K to 5 K. We find a 
large anisotropy and several sharp peaks in the 
transmittance appearing below the transition tem
perature. 

tThis is a collaborative project with Professor A. Zettl. Professor 
Zettl's research is supported in part by the National Science Foun
dation. 

5. Work in Progress 

Our new technique for measuring the heat capa
city of monolayer overlayers on solid surfaces is 
being used to measure the melting transition of 
monolayers of 4He on metal films. 

The new apparatus for measurement of the 
polarized far-infrared reflectivity and transmissivity 
of solids is being tested and used for measurements 
on the one-dimensional conductors (TaSe4hl and 
Ko.3Mo03. 

\ The effects of detector geometry on the quantum 
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efficiency of far-infrared photoconductive detectors 
is being explored. 

Measurements are being carried out of the spec
tral shape of the emission from a blackbody as a 
function of temperature and far-infrared frequency. 

Construction has begun of a new source for 
broadly tuned far-infrared spectroscopy based on 
harmonic generation from microwave oscillators. 

1985 PUBLICATIONS AND REPORTS 

Refereed 1 ournals 

I. D.D. Nolte, A.E. Lange, and P.L. Richards, "Far
Infrared Dichroic Band-Pass Filters," Appl. Opt. 24, 
1541 (1985); LBL-18713. 

2. M. Berg, C.B. Harris, T.W. Kenny, and P.L. 
Richards, "Generation of Intense Tunable 
Picosecond Pulses in the Far-Infrared," Appl. Phys. 
Lett. 47, 206 (1985); LBL-19543. 

3. W.R. McGrath, A.V. Raisanen, P.L. Richards, R.E. 
Harris, and F.L. Lloyd, "Accurate Noise Measure
ments of Superconducting Quasiparticle Array 
Mixers," IEEE Trans. Magn. MAG-21, 212 (1985).t 

4. A. V. Raisanen, W.R. McGrath, P.L. Richards, and 
F.L. Lloyd, "A Simple Integrated Matching Element 
for SIS Quasiparticle Mixers," IEEE MTT-S Digest, 
669 (1985).t 

5. J.B. Peterson, P.L. Richards, and T. Timusk, "The 
Spectrum of the Cosmic Background Radiation at 
Millimeter Wavelengths," Phys. Rev. Lett. 55, 332 
(1985).* 

6. J.B. Peterson and P.L. Richards, "A Cryogenic 
Blackbody for Millimeter Wavelengths," Int. J. 
Infrared and Millimeter Waves 5, 1507 (1984).* 

Other Publications 

7. R.G. Tobin and P.L. Richards, "Linewidths of 
Adsorbate-Substrate Vibrational Modes Measured by 
Infrared Emission Spectroscopy," Bull. Am. Phys. 
Soc. 30, 360 ( 1985); LBL-18780abs. 

8. M. Sherwin, A. Zettl, and P.L. Richards, "Far
Infrared Conductivity of (TaSe4hi," Bull. Am. Phys. 
Soc. 30, 463 (1985); LBL-18782abs.§ 

9. T.W. Kenny, P.L. Richards, M. Berg, and C.B. 
Harris, "Picosecond Far-Infrared Generation by 
Parametric Mixing," Bull. Am. Phys. Soc. 30, 1152 
(1985); LBL-18781abs. 

10. D.W. Face, D.E. Prober, W.R. McGrath, and P.L. 
Richards, "High Current Density Ta/PbBi Tunnel 
Junctions for Microwave Mixer Experiments," Bull. 
Am. Phys. Soc. 30, 280 (1985).t 

11. P.L. Richards, "Infrared Detectors for Space Astron
omy," Bull. Am. Phys. Soc. 30, 626 (1985).t t 

12. J.B. Peterson (Ph.D. Thesis), "The Spectrum of the 



Cosmic Background Radiation from 2.3 cm- 1 to 
11.0 cm- 1."+ 

13. W.R. McGrath (Ph.D. Thesis), "Measurement of 
Gain and Noise in SIS Quasiparticle Mixers.''t 

LBL Reports 

14. R.G. Tobin (Ph.D. Thesis), "Vibrational Linewidths 
of Adsorbed ·Molecules by Infrared Emission Spec
troscopy," LBL-20574. 

15. P.L. Richards and R.G. Tobin, "Infrared Spectros
copy of Adsorbates on Metals: Direct Absorption 
and Emission," in Vibrational Spectroscopy of 
Molecules on Surfaces, Vol. 4 of Methods of Surface 
Characterization, J.T. Yates and T.E. Madey, eds., 
Plenum, 1986 (in press); LBL-20228. 

16. R.G. Tobin and P.L. Richards, "The Adsorbate
Substrate Mode of CO on Pt(lll) Studied by 
Infrared Emission Spectroscopy," LBL-20694abs. 

17. T.W. Kenny and P.L. Richards, "Heat Capacity 
Measurements of Monolayers of 4He Adsorbed on 
Evaporated Metal Films," LBL-20695abs. 

18. P. Dumas, R.G. Tobin, and P.L. Richards, "Study of 
Adsorption States and Interactions of CO on Eva
porated Noble Metal Surfaces by Infrared Absorp
tion Spectroscopy, I: Silver," Surf. Sci. (in press); 
LBL-19708.1

1
1 

19. P. Dumas, R.G. Tobin, and P.L. Richards, "Study of 
Adsorption States and Interactions of CO on Eva
porated Noble Metal Surfaces by Infrared Absorp
tion Spectroscopy, II: Gold and Copper," Surf. Sci. 
(in press); LBL-19709.1

1
1 

20. P. Dumas, R.G. Tobin, and P.L. Richards, "Interac
tion of CO Molecules with Evaporated Silver, Gold 
and Copper Films: An Infrared Spectroscopic Inves
tigation Using a Thermal Detection Technique," J. 
Electron. Spectrosc. (in press); LBL-19465.1

1
1 

Invited Talks 

21. P.L. Richards, "Infrared Detectors for Space Astron
omy," March Meeting of the American Physical 

78 

Society, Baltimore, MD, March 29, 1985. 
22. P.L. Richards, "Measuring the Temperature of the 

Universe," Physics Department Colloquium, 
University of California Berkeley, April 10, 1985; 
Physics Department Colloquium, U.S. Naval Post
graduate School, Monterey, CA, August 9, 1985; 
Applied Science Colloquium, University of Califor
nia Davis, November 5, 1985. 

23. P.L. Richards, "Measurements of the Spectrum of 
the Cosmic Background Radiation," Joint Seminar, 
Astrophysics and High Energy Physics, University of 
Chicago, May 22, 1985. 

24. P.L. Richards, "Long Wavelength Detectors for 
SIRTF," NASA Infrared Detector Technology 
Workshop, NASA Ames Research Center, Mountain 
View, CA, August 13, 1985. 

25. P.L. Richards, "SIS Quasiparticle Heterodyne 
Mixers," Workshop on Superconducting Electronic 
Devices, Circuits and Systems," Waterville Valley, 
NH, August 14, 1985. 

26. R.G. Tobin, "Infrared Absorption and Emission 
Spectroscopy of Adsorbates," Surface/Interface 
Research Meeting of the Northern California 
Chapter, American Vacuum Society, Palo Alto, CA, 
July 17, 1985. 

27. P.L. Richards, "Josephson Junctions and SIS Detec
tors," ARO Workshop on Submillimeter Wave 
Detectors and Receivers, Minneapolis, MN, Sep
tember 3, 1985. 

tsupported by the U.S. Office of Naval Research. 
1Supported by the U.S. National Aeronautics and Space Adminis
tration. 
iSupported in part by the National Science Foundation. 
'I'Supported through the Center for Advanced Materials Division 
by the Director, Office of Energy Research, Office of Basic Energy 
Sciences, Materials Sciences Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 



Experimental Solid-State Physics and 
Quantum Electronics* 

Y.R. Shen, Investigator 

INTRODUCTION 

The main objective of this program is to further 
basic understanding of laser interaction with matter. 
The emphasis is on the development of linear and 
nonlinear optical techniques for material studies and 
applications of these techniques to probe linear and 
nonlinear optical properties of gases, liquids, and 
solids. For this purpose, both theoretical and experi
mental research programs on various aspects of 
interaction of light with matter are being carried out. 
Newly developed techniques are being used to study 
current problems of interest: isotope separation, 
photochemistry, surface physics, and· phase transi
tions. Nonlinear optical effects in matter that are 
not yet clearly understood are also being investi
gated. 

Current research is largely concentrated in apply
ing optical second-harmonic generation to surface 
and interface studies. Experiments in progress 
include the studies of adsorbed molecules on clean 
metal and semiconductor surfaces in ultrahigh 
vacuum, measurements of molecular arrangement 
and orientation of adsorbates at liquid/solid and 
air/solid interfaces, and surface enhancement on 
rough metal surfaces. Some effort is devoted to col
laboration with Y.T. Lee's group on 
laser/molecular-beam interaction and molecular 
spectroscopy, and with theorists on calculations of 
current quantum-optics problems. Research on opti
cal properties of new materials is also being carried 
out. 

1. Probing of Submonolayer Adsorbates by 
Second-Harmonic Generation Using a 
Continuous-Wave Diode Laser (Publication 14) 

G. T. Boyd, Y.R. Shen, and T. W. Hanschf 

Optical second-harmonic generation (SHG) can 
be an extremely sensitive tool for surface studies. To 
observe a surface nonlinear optical effect, one may 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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think that high laser intensity is needed. Thus, in 
the experiments reported so far, pulsed lasers were 
used exclusively. From the consideration of practi
cal applications, however, the technique would look 
much more attractive if the bulky pulsed laser could 
be replaced by a simple inexpensive continuous
wave (CW) diode laser. We demonstrate here that 
this is indeed possible. This work constitutes the 
first experiment of surface SHG carried out with a 
CW laser. 

The system we choose to probe is the surface of 
the silver electrode in an electrolytic cell containing a 
water solution of 0.1 M KCl and 0.1 M pyridine. Fol
lowing appropriate electrolytic cycling, a submono
layer of pyridine can be adsorbed on or desorbed 
from Ag by applying proper biasing. The CW diode 
laser used in the experiments emits 20 m W at 784 
nm at room temperature. 

Figure 1-1 shows the second-harmonic (SH) 
intensity and the electrolytic current as a function of 
time. We began with an SH signal from a mono
layer of pyridine adsorbed on Ag with a negative bias 
potential, -0.78 V, on Ag. At t = 0, the bias poten
tial is switched from -0.78 to +0.08 V, and the sig
.nal drops abruptly as pyridine is desorbed from Ag. 
The residual signal at t > 0 arises from AgCl layers 
formed on Ag. At t = 2 min, the bias potential is 
switched from +0.08 to -0.01 V, and the AgCl 
layers start being reduced. The reduction is com
plete at t --5 min, when the bias potential drops to 
-0.78 \r and the monolayer of pyridine again gets 
adsorbed on Ag. The results indicate that one can 
indeed monitor the adsorption of a monolayer of 
molecules on an electrode in an electrolytic cell by 
SHG using a single-diode laser. 

tpermanent address: Department of Physics, Stanford University, 
Stanford, CA 94305. 
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Figure 1-1. SH intensity (top) from the ~g electrode ~nd cell 
current (bottom) vs. time. Ag bias potentials are relat1ve to a 
standard calomel electrode. (XBL 857-3034) 



2. Study of Oxidation of a Si Surface by 
Second-Harmonic Generation (Publication 17) 

H. W.K. Tom, X.D. Zhu, Y.R. Shen, and 
G.A. Somorjai 

The importance of controlling and characterizing 
the Si-Si02 and Si-metal interfaces has focused atten
tion on the atomic-scale chemistry and physics of 
those interfaces. Recently, we have found that opti
cal SHG, being capable of selectively responding to 
surface electronic properties, could be an effective in 
situ probe of atomic and molecular adsorption on a 
metallic surface. Here, we show that SHG is equally 
sensitive to the electronic properties of the Si surface 
and can be used to study the kinetics of the growth 
and thermal desorption of the surface oxide layers on 
Si. In both cases, the results are found to fit well 
with the Langmuir kinetics, assuming that only one 
type of adsorption site is involved (see Figures 2-1 
and 2-2). It suggests that SHG must be dominated 
by surface electronic transitions that do not have the 
sensitivity to distinguish the different oxide species 
possibly formed on Si. The temperature dependence 
of SHG from bare Si indicates that the surface elec
tronic properties do vary appreciably with tempera
ture. 
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Figure 2-1. SH intensity from the Si(lll) surface at (a) room 
temperature (RT) and (b) 8oo·c during 02 exposure. (I Langmuir 
= 10-6 Torr-sec.) The SH for the clean surface is normalized to 
1.0. The dashed curves were fit to the data using a model 
described in the text. (XBL 854-6115) 
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Figure 2-2. SH intensity from the Si(lll) surface held at 9oo·c 
as a thermally grown oxide layer desorbs from the surface. The 
time axis begins immediately after the surface is exposed to 40 L 
of 02. (XBL 854-6116) 

3. Correlation between Thermal-Desorption 
Spectroscopy and Optical Second-Harmonic 
Generation for Monitoring Surface Coverages 
(Publication 5) 

X.D. Zhu, Y.R. Shen, and R. Carr 

The possibility of using SHG to monitor quanti
tatively the amount of adsorbates on a surface with a 
good time resolution is most interesting for many 
surface studies. However, calibration is often a 
problem. For samples studied in an ultrahigh
vacuum (UHV) chamber,. surface coverages that 
exhibit clear low-energy electron-diffraction (LEED) 
patterns can be chosen as calibration points, but it is 
not certain that the calibration is good for submono
layer coverages unless the adsorption kinetics is 
known. We have found that thermal-desorption 
spectroscopy (TDS) can be conveniently used for 
calibration. It measures the number of molecules 
desorbed from a surface per unit time. Since the 
time-integrated TDS signal yields the total number 
of molecules desorbed from the surface, the number 
of molecules left on the surface can be deduced if the 
initial surface coverage is given. We demonstrate 
experimentally that such a ,calibration procedure is 
indeed valid. In our work, we chose 
adsorbate/substrate systems whose adsorption kinet
ics, and hence whose surface coverages, could be 
determined directly from SHG. The surface cover
ages deduced from SHG could then be compared 
with those obtained from the TDS measurements. 



Adsorption of CO on Cu(lOO) and Ni(l11) in a 
UHV chamber was monitored by optical SHG. In 
both cases, the adsorption kinetics were found to 
obey the simple Langmuir model. In monitoring CO 
coverages remaining on Cu(lOO) and Ni(l11) during 
a thermal-desorption process, optical SHG was 
found to correlate well with TDS. Although SHG 
and TDS can yield information on surface coverages, 
the former measures directly the amount of adsor
bates on a substrate while the latter measures the 
amount of adsorbates leaving the substrate. SHG 
has the advantage of having a much faster time 
response and can be conveniently used to study 
dynamics of molecular adsorption and desorption at 
a surface. 

4. Molecular Spectroscopy by Stepwise Two
Photon Ion-Pair Production at 71 nm 
(Publication 15) 

A.H. Kung, R.H. Page, R.J. Larkin, Y.R. Shen, and 
Y.T. Lee 

The Rydberg states of H2 have been a continuing 
subject of intensive study. However, understanding 
of the high-lying electronic states of this molecule 
has been inhibited by the lack of spectroscopic data 
in the region <75 nm. Experimental studies have 
been difficult because spectroscopic features are gen
erally buried under an intense absorption or pho
toionization continuum, and intense, high-resolution 
excitation sources are not easily available. Recent 
developments on tunable, narrowband, coherent 
extreme-ultraviolet (XUV) sources provide new 
means of studying tbe spectroscopy in this region 
with high resolution. We have applied the technique 
of stepwise two-photon excitation to study photoion
ization of H2 in the molecular beam using the two 
lowest excited states of H 2 as the intermediate level. 
This excitation, coupled with the detection of 
background-free H- ions, has enabled us to uncover, 
for the first time, spectroscopic features that are diffi
cult to observe in positive-ion detection. These 
features can be assigned to new Rydberg series con
verging to the high vibrations of the H 2+ ground elec
tronic state. 

In this study, the first photon at -96 nm is 
derived by frequency tripling of a pulsed tunable dye 
laser in a pulsed jet of CO. The frequency is tuned 
on resonance with a rovibronic level of H 2 in the 
Lyman (B 1 ~u+) band with v' = 12, 13, or the Werner 
(C 1IIu) band with v' = 2. The excited H2 molecule 
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absorbs a second photon that is the UV output from 
a second dye laser. The frequency of this second 
photon is chosen such that the sum of the frequen
cies of the first and the second· photons is higher 
than 71.57 nm, the threshold for H- ion production. 
The H- ions can be formed from H2 by either direct 
ion-pair production or photopredissociation through 
the ion-pair channel. Monitoring H- with a quadru
pole mass spectrometer as a function of the second 
laser frequency shows a threshold for ion-pair pro
duction followed by line structure superimposed on a 
continuum. 

5. Work in Progress 

The possibility of using optical SHG for mono
layer surface microscopy and monolayer optical
memory devices is being explored. Preliminary 
results suggest that it can have a spatial resolution 
better than a few microns. 

Optical SHG is being used to study adsorption of 
alkali atoms on Rh( 111 ). The variation of the signal 
with surface coverage suggests that resonant enhance
ment arising from electronic transitions between sur
face states and plasmon resonances is sufficient. 

The theory of surface optical SHG is being 
worked out in detail. In general, both the surface 
layer and the bulk contribute to the SHG, but the 
latter is always smaller in a medium with a center of 
inversion. An effective surface nonlinear susceptibil
ity can be used to characterize the medium in the 
surface process. 

One-photon and two-photon excited lumines
cences from smooth and rough surfaces of noble 
metals in ultrahigh vacuum are being measured and 
analyzed. The results will be compared with predic
tions from interband transitions in these metals and 
used to test the theory of the surface local-field 
enhancement. 

The problem of high-intensity coherent excita
tions of effective three- and four-level systems is 
being investigated theoretically. Under appropriate 
conditions, it appears possible to create an inverted 
population between a higher level and a lower level 
with such excitations. 

In collaboration with Y.T. Lee's group, at ener
gies > 1 7 e V ( < 716 A), the XUV spectrum of H2 
Rydberg states obtained by multiphoton excitation 
followed by H- ion detection is being analyzed. 
Two series of lines associated with Rydberg states 
with n extended to > 34 converging to excited rovi
brational states of Hl have been identified. 
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Excitations in Solids* 

Carson D. Jeffries, Investigator 

INTRODUCTION 

The central objectives of this program are experi-

chaotic helical density waves characterized by 
strange attractors of fractal dimension d -3, and (2) 
beyond the onset of spatial incoherence, instabilities 
of indeterminately large fractal dimension d > 8. A 
transition between these two types of behavior is 
observed as the applied fields are increased (see Fig
ure 1-1). 
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mental studies of the onset of instabilities and pseu
dorandom behavior in solids, together with a 
detailed analysis and interpretation within the 
recently developed theory of chaotic dynamics. The 
chaotic dynamics can be viewed as a consequence of 
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sions. A detailed and systematic study of the chaotic n J;] v3(t)~ 

\7(t)~ dynamics of driven p-n junctions has revealed many 
universal patterns: period-doubling bifurcations, 
onset of chaos, periodic windows, and intermittency. 
Spin-wave instabilities in ferrite spheres display 
period doubling, chaos, and intermittency and can be 
understood by a two-dimensional quadratic map. 
Spatial and temporal chaotic behavior is studied in 
electron-hole plasma-density waves in ·crystals of Ge, 
which exhibit a period-doubling route to chaos, 
periodic windows, and quasiperiodicity. These 
results have a bearing on devices of high technologi
cal interest and on a very general class of nonlinear 
problems of practical importance. 

1. Spatial and Temporal Structure of Chaotic 
Instabilities in an Electron-Hole Plasma in Ge 
(Publication 2) 

G.A. Held and C.D. Jeffries 

Helical instabilities in an electron-hole plasma in 
Ge in parallel de electric and magnetic fields are 
known to exhibit chaotic behavior. By fabricating 
probe contacts along the length of a Ge ·crystal we 
study the spatial structure of these instabilities, find
ing two types: ( 1) spatially coherent and temporally 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03"76SF00098. 
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Figure 1-1. Left: measured power spectra of the Ge crystal 
current; right: measured probe-contact voltages for two pairs of 
probe contacts (V3 and V7) separated by 4 mm along· a 10-mm 
crystal. (a) drive voltage Vdc = 10.4 V, periodic and coherent 
oscillations; (b) Vdc = 13.8 V, temporal chaos and spatial coher
ence; (c) Vdc = 21.8 V, temporal chaos and loss of spatial coher-
ence. 

(XBL 855-2543A) 

2. Chaotic Dynamics of Instabilities in Solids 
(Publication 3) 

C.D. Jeffries 

A review is given of studies of chaotic dynamics 
in several solid-state systems. In each case the phys
ical system is described, relevant equations of 
motion are given, and experimental results are 
presented and interpreted, more or less, from the 
relevant equations, including numerical solutions. 
The systems are: ( 1) An electron-hole helical 
plasma-density wave in a Ge crystal in parallel elec
tric and magnetic fields; this system shows period 
doubling and quasiperiodic routes to chaos. (2) 
Standing-mode spin-wave packets in ferrite spheres, 
excited by driving ferromagnetic resonance of the 
uniform mode; this system shows period doubling to 



chaos and periodic windows. (3) Resonantly driven 
p-n junctions in Si show extre·mely nonlinear 
behavior due to charge stored during injection; one 
junction shows period doubling to chaos and period 
adding (frequency locking); coupled junctions show, 
in addition, quasiperiodicity, entrainment, and 
behavior generic to COJlpled nonlinear oscillators. 
The fractal dimension is measured for these systems. 

3. Nonlinear Dynamics of Solid-State Systems 
(Publication 6) 

C.D. Jeffries 

A short review is given of a number of 
phenomena in solid-state physics that display non
linear dynamics. Two examples are discussed in 
more detail: plasma waves in germanium crystals 
and spin waves in ferrites. Solids are often well 
characterized and have diverse properties; they are 
quite interesting from the viewpoint of experimental 
and theoretical nonlinear dynamicists. A fundamen
tal understanding of their dynamics will have signifi~ 
cant bearing on solid-state device technology and 
applications. 

4. Characterization of Chaotic Instabilities in 
an Electron-Hole Plasma in Germanium 
(Publication 7) 

G.A. Held and C.D. Jeffries 

Helical instabilities in an electron-hole plasma in 
Ge in parallel de electric and magnetic fields are 
known to exhibit chaotic behavior. By fabricating 
probe contacts along the length of a Ge crystal we 
study the spatial structure of these instabilities, find
ing two types: ( 1) spatially coherent and temporally 
chaotic helical density waves characterized by 
strange attractors of measured fractal dimension d 
-3, and (2) beyond the onset of spatial incoherence, 
instabilities of indeterminately large fractal dimen
sion d ;;;;..8. In the first instance, calculations of the 
fractal dimension provide an effective means of 
characterizing the observed chaotic instabilities. 
However, in the second instance, these calculations 
do not provide a means of determining whether the 
observed plasma turbulence is of stochastic or of 
deterministic (i.e., chaotic) origin. 
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5. Work in Progress 

Experiments are in progress to study more fully 
the dynamics of electron-hole plasmas in Ge, using 
rods with a large number of side contacts. In addi
tion, the system is being excited by one or more ac 
perturbations. The resulting behavior is complex: 
3-frequency quasiperiodicity, 2-frequency mode lock
ing, and chaos. Several instances of universal 
behavior are being explored, including the spectrum 
of singularities of the orbit at the onset of chaos, 
under conditions where the winding number is the 
golden mean. 

Spin-wave instabilities in iron garnet spheres are 
being further studied at a higher frequency (10 GHz) 
and under higher resolution. The data are being 
compared to a detailed prediction of numerical solu
tions of the relevant equations of motion. The exact 
nature of the instability frequencies is being further 
explored to determine if they are a consequence of 
the specimen properties or of resonant boundary 
conditions. 
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Time-Resolved Spectroscopies in 
Solids* 

Peter Y. Yu, Investigator 

INTRODUCTION 

The purpose of this project is to use picosecond 
and subpicosecond laser pulses generated by 
modelocked dye lasers to study ultrafast interactions 
between elementary excitations in solids. An under
standing of these interactions, such as between elec
trons and phonons and among electrons, is impor
tant in the design of new generations of fast elec
tronic devices, such as detectors and modulators for 
optical communication and high-electron-mobility 
transistors (HEMT). Nonequilibrium phonons and 
electron-hole plasmas are excited in semiconductors 
such as GaAs by picosecond laser pulses. Their sub
sequent expansion and cooling are monitored as a 
function of time by techniques such as photo
luminescence and Raman scattering. The influence 
of defects, impurities, and external perturbations 
such as pressure on the properties of the electron
hole plasma are also investigated. 

1. Properties of Photoexcited Electron-Hole 
Plasma: Application in Measuring Picosecond 
and Femtosecond Laser-Pulse Profiles 
(Publication 1) 

R.L. Mat and P. Y. Yu 

When electron-hole plasmas are excited in sem
iconductors by short laser pulses, they modify the 
refractive index of the medium. If the sample is in 
the form of a wedge, these electron-hole plasmas pro
duce a spatial scanning of the laser pulse. By choos
ing an appropriate detector, the laser temporal pro
file can be directly determined from this self-induced 
spatial scanning. 

tPresent address: Department of Radio Engineering, South China 
Institute of Technology, Canton, People's Republic of China. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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2. Work in Progress 

The dynamical properties of electron-hole plas
mas excited in GaAs by dye-laser pulses with dura
tions of -4 psec have been studied by Raman 
scattering as a function of time. Rapid. expansion of 
the plasma into the sample has been observed. The 
Raman-scattering spectra indicated that the 
electron-hole plasma reached a quasiequilibrium 
with temperatures in excess of 800 K in less than 4 
psec after excitation. In about 20 psec the plasma 
cooled to about 400 K due to expansion and 
electron-phonon interaction. 

Facilities for applying hydrostatic stress to solids 
using a diamond anvil cell have been put into ser
vice. The cell has been tested to over 300 kilobars 
so far. The optical properties of an organic polymer 
(Kapton) has been studied as a function of pressure 
up to -200 kilo bars. The dependence of the super
conducting transition temperatures on pressure has 
been investigated in Pb and Si. 
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Superconductivity, Superconducting 
Devices, and 1/f Noise* 

John Clarke, Investigator 

INTRODUCTION 

De Superconducting QUantum Interference 
Devices (SQUIDs) are being used in a wide variety 
of applications, including geophysical measurements, 
noise thermometry, and nuclear and quadrupole 
magnetic resonance in the frequency range from a 
few kHz to l 00 MHz. SQUIDs are being operated at 
temperatures down to 20 mK to study their ultimate 
noise limitations for such applications as transducers 
for gravity-wave antennas. The dependence of the 

-------low;frequency flicker -(-1-!f)-noise on the materials 
from which the SQUIDs are fabricated is being 
investigated. The lifetime of current-biased Joseph
son tunnel junctions against macroscopic quantum 
tunneling is being measured, with particular 
emphasis on the effects of dissipation. The parame
ters of these junctions are determined in the classical 
limit, in part by the effect of microwave irradiation 
on the lifetime. In the quantum limit, microwaves 
enable one to observe quantized energy levels in the 
zero-voltage state. A detailed study is being made of 
the excess low-frequency noise induced in metal 
films by electron bombardment in an electron micro
scope. In addition to yielding information . on the 
origin of the noise, these measurements may provide 
a new technique for investigating mobile defects in 
metals. 

1. Macroscopic Quantum Tunneling from the 
Zero-Voltage State of a Josephson Junction 
(Publication 11) 

M.H. Devoret, J.M. Martinis, and J. Clarke 

The observation of macroscopic quantum tun
neling (MQR) is a test of whether quantum mechan
ics is valid for macroscopic variables. The necessary 
conditions for the observation of MQT can be real
ized in the current-biased Josephson tunnel junction, 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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where the phase difference between the two super
conductors is the macroscopic variable, and the tun
neling occurs from the zero-voltage state to the 
nonzero-voltage state. The junction can be 
represented as a particle moving in a one
dimensional tilted-washboard potential. The zero
voltage state corresponds to the confinement of the 
particle to a single well, in which it oscillates with a 
plasma frequency wP that depends on the parameters 
of the junction. After the particle tunnels out of the 
well, it runs freely down the tilted washboard, and a 
voltage appears across the junction. 

Our experiments were performed on a l 0 ,urn X 
10 ,urn Nb-NbOx-Pbln tunnel junction mounted at 
one end of an attenuating coaxial line. The mount 
for the junction and the last of a series of low-pass 
filters for the bias circuitry were thermally anchored 
to the mixing chamber of a dilution refrigerator. 
The escape rates r were determined by ramping the 
bias current and measuring the current value at 
which the junction switched to the voltage state; typ
ically 105 events were collected for each measure
ment of r. Considerable effort was expended to 
determine all the relevant parameters of the junction 
in situ in the classical (high-temperature) limit. The 
critical current was determined from the exponential 
dependence of the escape rate on bias current. The 
values of wp and the quality factor Q were deter
mined by resonant activation, in which the enhance
ment of r by microwaves is determined. Values of r 
were determined over the temperature range from 19 
to 800 mK; at the lower temperatures, r is predicted 
to be determined by MQT, and to be independent of 
temperature. As a check on the effects of external 
noise the critical current was reduced by means of a 
mag~etic field, thereby reducing wP, so that the junc
tion remained in the classical limit even at the 
lowest temperatures of the experiment. 

It is convenient to present the results in terms of 
an escape temperature Tesc defined by 

where ~U is the height of the barrier through which 
the particle tunnels. In Figure 1-1 we plot T esc vs. T 
for two values of critical current. At high tempera
tures, we see that Tesc = T, as expected for the classi
cal limit. At low temperatures, Tesc remains equal to 
T for the junction with the lower critical current, 
indicating that external noise is negligible. However, 
for the higher critical current Tesc flattens off to a 
temperature-independent value that is in excellent 
agreement with the predicted value with no fitted 
parameters. 
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Figure 1-1. Tesc vs. T for two values of critical current. The 
predicted value of T.sc for the higher critical current is indicated at 
the left. (XBL 855-6285) 

2. Energy-Level Quantization in the Zero
Voltage State of a Josephson Junction 
(Publication 1 0) 

J.M. Martinis, M. Devore!, and J. Clarke 

The observation of MQT demonstrates that a 
macroscopic variable, namely the phase difference 
across a Josephson tunnel junction, obeys quantum 
mechanics. A more graphic demonstration, how
ever, would be the demonstration that the energy of 
the particle in the well, representing the zero-voltage 
state of the junction, is quantized. The essential idea 
of the experiment is illustrated in Figure 2-1. At low 
temperature, the energy of the particle is quantized; 
because the oscillator is anharmonic, the energy-level 
spacing decreases with increasing energy. In the 
observation of MQT, the particle tunnels out of the 
ground state. If one applies microwaves of appropri
ate frequency to the junction, the particle can be 
excited to the first excited state. The lifetime of this 
state against MQT is much reduced, because both 
the height and width of the tunnel barrier have been 
decreased. Thus, one has the ability to perform 
spectroscopy of the energy levels. In practice, it is 
much easier to keep the microwave frequency fixed 
and to sweep the bias current, thereby changing the 
separation of the energy levels and obtaining a reso
nance when the separation is equal to the energy of 
the microwave photons. 
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u 

Figure 2-1. Potential U vs. phase difference o showing three 
energy levels. The transition from the ground state to the first 
excited state induced by a photon of frequency w is shown. 

(XBL 853-60 16A) 

The escape rate r was measured by sweeping the 
bias current as in the MQT experiments and collect
ing 105 events. The microwave power P was 
adjusted so that [r(P) - f(O)j/r(O) < 2. In Figure 
2-2(a) we show the change in the escape rate due to 
2-GHz microwave irradiation for a 10 JLm X 80 JLm 

junction with parameters chosen so that the well 
contained several energy levels (~U/hwp - 6) and 
there was significant ·population of the lower excited 
states (kaT/hwp - 0.3). We observe three peaks, 
characteristic of transition between discrete energy 
levels. The transition corresponding to each peak is 
indicated in the insert of Figure 2-2(a). · 

To investigate the positions of the peaks we 
computed the energy levels by solving the 
Schrodinger equation numerically. The solid lines in 
Figure 2-2(b) show the energy-level spacings En-n+t 

(n = 0,1 ,2). The dotted lines indicate the magnitude 
of the uncertainty in the curve for the E0_ 1 transi
tion. The intersection of each curve with the hor
izontal line corresponding to a microwave frequency 
of 2.0 GHz is the prediction of the bias current at 
which the peak should occur. The absolute meas
ured positions of the peaks agree with predictions to 
within the experimental uncertainty. The separa
tions of the peaks along the current axis are in excel
lent agreement with the predicted positions. It 
should be emphasized that there are no fitted param
eters. 
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Figure 2-2. (a) [r(P) - r(O)]/f(O) vs. I at 28 mK in the presence 
of 2.0-GHz microwaves (k8T/hw = 0.29). Arrows indicate posi
tions of resonances. The inset represents the corresponding tran
sitions between energy levels. (b) Calculated energy-level spacings 
En-n+l vs. I for I0 = 30.572 ± 0.017 p.A and C = 47.0 ± 3.0 pF. 
Dotted lines indicate uncertainties in the E0_ 1 curve due to errors 
in I0 and C. Arrows indicate values of bias current at which reso
nances are predicted. (XBL 853-6018) 

3. Nuclear-Spin Noise (Publication 9) 

C Hilbert, J. Clarke, T. SieatorJ and E.L. Hahnt 

In his pioneering paper on nuclear induction, F. 
Bloch noted that in the absence of any radiofre
quency (rf) driving field a sample of magnetic 
moment f.t contained in a pickup coil would induce 
very small voltage fluctuations proportional to N 112f.t. 

We have observed these fluctuations at liquid 4He 
temperatures arising from the 35CI nuclei in NaCl03 
at the nuclear quadrupole resonance (NQR) fre
quency of about 30 MHz. 

In the experiment, the sample is placed in the 
inductor of a tuned LCR circuit, and the spectral 
density of the current noise S1(w) is measured with a 
de SQUID amplifier. The influence of the sample is 
determined from its complex-spin susceptibility, 
which induces an effective spin resistance Rs(w) and 
spin inductance Ls(w) into the tuned circuit. In ther
mal equilibrium and at the modified resonant fre
quency of the tuned circuit, it can be shown that 

where Ri is the intrinsic resistance of the LCR cir
cuit. Thus, the sample produces a "dip" in S1(w) at 
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the NQR frequency. An example of such data is 
shown in Figure 3-1. The values of the NQR fre
quency fs and transverse relaxation. time r 2 obtained 
from these data are in good agreement with those 
obtained in a separate, conventional experiment. 

In a second experiment, the spins of a sample 
with a very long longitudinal relaxation time (days) 
were saturated by applying continuous rf excitation 
at frequency fs. After the radiation was turned off, 
the spin-up and spin-down states were equal. In this 
situation, it can be shown that at the modified reso
nance of the tuned circuit, 

Thus, one expects to see a "bump" in S1(w) arising 
from the term Rs(w)Ts; it can be shown that Rs(w)Ts 
has the same value as in thermal equilibrium. An 
example of our data is shown in Figure 3-2(a). The 
values of fs and r 2 are in good agreement with those 
obtained in the previous case. Figure 3-2(b) shows 
the excess noise due to the spins and represents the 
first observation of nuclear-spin noise. 

It is interesting to note that the second experi
ment represents spontaneous emission from the 
excited spins. The spontaneous-emission rate A is 
exceedingly low: A= 2 X 10- 16 sec- 1 (about 1 spin 
flip in 108 years). Since N = 2 X 1021 , the total 
emission rate (NA/2) is about 2 X 105 sec- 1, 

corresponding to a total emissive power of about 5 
X 1 o- 21 W. The extremely high sensitivity of the 
SQUID amplifier makes this very low power readily 
observable. 

tsupported by the National Science Foundation. 
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4. NQR at 30 MHz Detected with a de SQUID 
(Publication 7) 

C. Hilbert, J. Clarke, T. Sleator/ and E.L. Hahnt 

A substantial improvement in the sensitivity of 
nuclear magnetic resonance (NMR) and NQR has 
been achieved through the use of an rf amplifier 
based on a de SQUID. Figure 4-1 shows the experi
mental apparatus. An rf generator feeds a sinusoidal 
signal into a gate, and the resulting rf pulse is cou
pled into the cold transmitter coil. The sample is 
located inside a pickup coil in series with an identi
cal, oppositely-wound coil. This gradiometer-like 
configuration greatly reduces the amplitude of the rf 
pulse coupled into the SQUID. After the rf pulse is 
turned off, the precessing magnetization of the sam
ple induces a signal voltage across the pickup coil. 
The pickup coils are in series with an adjustable 
capacitor Ci, the input coil of a de SQUID, and a 
series array of 20 Josephson tunnel junctions. The 
output from the SQUID is amplified, mixed down, 
observed on an oscilloscope, and stored in a com
puter. 

A novel feature of the input circuit is a series 
array of 20 Josephson tunnel junctions, each with a 
critical current of about 4 JJ.A. For signal currents 

·below the critical current, the array has zero resis
tance. On the other hand, the relatively large current 
induced by each rf pulse causes the junctions to 
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Figure 4-1. Circuit for SQUID-based detection of NQR. 
(XBL 855-6216) 

switch rapidly to the resistive state with a total resis
tance of about 1 Kn. Thus, the array acts as a Q
spoiler, greatly reducing the ringdown time of the 
tuned circuit after each pulse.· The switching thres
hold, that is, the critical current of the junctions, can 
be varied by means of a static magnetic field applied 
parallel to the plane of the films. 

We tested our detector on about 0.32 cm3 of 
powdered NaCl03, in which the 35Cl nuclei exhibit a 
quadrupole resonance at 30.6856 MHz. The current 
and flux biases of the SQUID were adjusted to max
imize its gain. Even with very large rf pulses, the 
recovery time of the input circuit with a Q of about 
2,500 was only about 50 JJ.S for small signals. Thus, 
the Q-spoiler had the expected effect of reducing the 
recovery time, thereby enabling one to make use of 
tank circuits with very high Q. By measuring the 
spin-tipping angle required to obtain a signal-to-noise 
ratio of unity, we determined that the minimum 
number of 35CI spins observable with a single pulse 
in a bandwidth of 10 kHz was about 2 X 1016

, 

equivalent to about 2 x 1016 nuclear Bohr magne
tons. 

The system described here could readily be 
adapted to NMR. Furthermore, the Q-spoiler could 
be used with any low-temperature circuit for the 
detection of pulsed magnetic resonance, whether or 
not the amplifier involves a SQUID. 

tsupported by the National Science Foundation. 



5. Work in Progress 

In collaboration with Professor A. Pines, we 
have constructed a de SQUID amplifier for the 
detection of zero-field NMR in the frequency range 
up to 100 kHz. Work on NQR and NMR in the 
radiofrequency range is continuing, in collaboration 
with Professor E.L. Hahn. The performance of de 
SQUIDs at milliKelvin temperatures is being investi
gated, with a view to developing quantum-limited. 
amplifiers. Macroscopic quantum tunneling from 
the zero-voltage state of current-biased Josephson 
tunnel junctions with external shunt resistors is 
being studied to determine the effects of damping on 
the escape rate. In collaboration with Dr. W. King 
of Argonne National Laboratory, we are measuring 
the low-frequency noise in copper films induced by 
electron irradiation at temperatures down to 4 K. It 
is hoped that such measurements will shed light on 
the stage I recovery. 
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THEORETICAL RESEARCH 

Theoretical Studies of the Electronic 
Properties of Solid Surfaces* 

L.M. Falicov, Investigator 

INTRODUCTION 

The purpose of this program is to study proper
ties of solid surfaces. In particular, the interest is in 
determining (a) structural properties of surfaces, 
namely the organization and arrangement of atomic 
constituents at equilibrium; (b) constitutional proper
ties of the surface, in particular the segregation prop
erties of alloys at the surface as a function of crystal 
structure, surface orientation, nominal chemical 
composition, and temperature; (c) the electronic 
structure of surfaces, in particular electron states and 
electron densities in the neighborhood of the surface; 
(d) vibronic properties of surfaces; (e) magnetic prop
erties of surfaces, both in magnetic solids (ferromag
netic and antiferromagnetic) and in nonmagnetic 
solids that may develop a magnetic surface layer; 
and (f) chemical properties of solids - in particular 
their catalytic properties - as they are related to all 
the basic physical properties listed above. 

A variety of theoretical techniques and models 
have been developed to focus on the various prop
erties (band-structure models, many-body electron 
physics, numerical-relaxation techniques), but the 
emphasis is on physical aspects and their implication 
to experiments rather than on techniques per se. 

Since 1978 a collaboration has been established 
with Dr. Eugene Haller and his group to study a set 
of unusual impurities in very pure semiconductors. 
These impurities had never been seen before and 
include hydrogen complexes, lithium-based com
plexes, carbon-nitrogen complexes, and ordinary sub
stitutional impurities in an unusual charge state. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. Calculated Electronic Structure of 
Chromium Surfaces and Chromium Monolayers 
on Iron (Publication 3) 

R.H. Victora and L.M. Falicov 

A self-consistent calculation of the magnetic and 
electronic properties of the chromium ( 1 00) and 
(110) surfaces and of a chromium monolayer on t~e 
(1 00) and (11 0) iron surfaces is presented. It 1s 
found that (1) the (100) chromium surface is fer
romagnetic, with a greatly enhanced spin polariza
tion (3.00 electrons); (2) a substantial enhancement 
of the spin imbalance exists several (> 5) layers into 
the bulk; (3) the (110) chromium surface is antifer
romagnetic, with a large (2.31) spin imbalance; (~) 
the ( 1 00) chromium monolayer on ferromagnetic 
iron is ferromagnetic, with a huge spin imbalance 
(3.63), and is aligned antiferromagnetically with 
respect to the bulk iron; (5) the (110) chromium 
monolayer on ferromagnetic iron is also ferromag
netic with a spin imbalance of 2.25, and is antifer
rom~gnetically aligned to the iron. The spin imbal
ance of chromium on iron (1 00) is possibly the larg
est of any transition-metal system. 

2. Experimental and Theoretical Investigations 
of Cr(OO 1) Surface Electronic Structure 
(Publication 5) 

L.E. Klebano.IJ, R.H. Victora, L.M. Falicov, and 
D.A. Shirley 

The surface electronic structure of Cr(OO 1) is 
characterized by angle~resolved photoelectron spec
troscopy. The spectral properties of surface-related 
photoemission features are found to be consistent 
with results from a comprehensive spin-polarized 
calculation of the Cr(OO l) surface electronic struc
ture. The theory predicts the existence of a fer
romagnetic Cr(OO l) surface phase characterized by a 
very large (3.00 electrons) surface-spin polarization. 
The overall agreement between theory and experi
ment provides additional evidence that the Cr(OOl) 
surface is, in fact, ferromagnetic. 



3. Electronic and Magnetic Properties of 
Noble-Metal and Transition-Metal Alloys, 
Interfaces, and Overlayers (Publication 17) 

L.M. Falicov 

The electronic and magnetic properties of noble
metal and transition-metal alloys, interfaces, and 
overlayers are examined theoretically. In particular, 
results are reported on the electronic and magnetic 
structure of: ( l) nickel-copper alloys; (2) cobalt-iron 
alloys; (3) nickel-copper interfaces; and (4) 
chromium, cobalt, nickel, and copper overlayers on a 
variety of substrates. General trends are examined 
and qualitative rules derived. 

4. Model Calculation of Binding Energies for 
Multihole Copper Centers in .Germanium 
(Publication 8) 

L.E. Oliveira and L.M. Falicov 

Multihole binding energies of copper centers in 
germanium are calculated within a pseudoatom vari
ational scheme in which a Heine-Abarenkov-type 
model potential is used as the impurity potential. 
Screening the hole-hole interaction by a position
dependent dielectric function is found to be crucial 
in understanding the observed multihole binding 
energies. 

5. Effect ofCompressive Uniaxial Stress on the 
Binding Energies of n- Centers in Si:P and 
Si:As (Publication 19)t 

L.E. Oliveira and L.M. Falicov 

The binding energies of o- states in P- and As
doped silicon crystals are calculated as functions of 
uniaxial compressive· stress along the [100] direction 
within a variational scheme in the effective-mass 
approximation and with a Chandrasekhar-type varia
tional function. A model Hamiltonian that takes 
into account valley-orbit corrections, electron
electron interaction, and stress effects is proposed. 
Our calculation shows. that as the stress is applied, 
the outer electron orbital is driven readily into the 
two stress-deepened valleys, which leads to a strong 
decrease in the o- binding energy. With further 
increase in stress, the inner electron orbital changes 
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gradually from a function almost evenly distributed 
among the six conduction valleys into one in which 
the two stress-deepened valleys are dominant, and 
the D- binding energy increases. Our results agree 
qualitatively with previous theoretical calculations 
and are in good agreement with far-infrared photo
conductivity measurements in Si:P. 
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LBL Reports 

15. R.E. McMurray, Jr. (Ph.D. Thesis), "Impurity Com
plexes in Pure Elemental Semiconductors," LBL-
18554. 

16. R.H. Victora (Ph.D. Thesis), "Itinerant Magnetism 
and its Characterization in Heterogeneous Systems," 
LBL-19479. 

17. L.M. Falicov, "Electronic and Magnetic Properties of 
Noble-Metal and Transition-Metal Alloys, Interfaces 
and Overlayers," LBL-19695. 

18. R.H. Victora and L.M. Falicov, "Electronic and 
Magnetic Structure of Chromium Surfaces and 
Chromium Monolayers on Iron," LBL-19722. 

19. L.E. Oliveira and L.M. Falicov, "Effect of Compres
sive Uniaxial Stress on the Binding Energies of D
Centers in Si:P and Si:As," LBL-20489.t 

Invited Talks 

20. L.M. Falicov, "Electronic and Magnetic Properties of 
Noble-Metal and Transition-Metal Alloys, Interfaces 
and Overlays," Hume-Rothery Memorial Sympo-
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sium in conjunction with the Meeting of the Metal
lurgy Society of the AIME, New York, NY, February 
25, 1985. 

21. L.M. Falicov, "Electronic and Magnetic Properties of 
Transition-Metal Surfaces, Interfaces and Over
layers," 1985 Annual Review Symposium of the 
Materials and Molecular Research Division, LBL, 
Berkeley, CA, February 28·, 1985. 

22. R.H. Victora, "Electronic and Magnetic Properties of 
Transition-Metal Surfaces, Interfaces and Over
layers," in the series "What Physicists Do," Sonoma 
State University, Rohnert Park, CA, March 18, 
1985. 

23. L.M. Falicov, "Condensed Matter: Order, Disorder, 
and Somewhere in Between," Society of Physics Stu
dents, Berkeley, CA, March 29, 1985. 

24. L.M. Falicov, "Dynamic Impurities in Ultrapure 
Semiconductors," USAF Wright Aeronautics 
Laboratory, Dayton, OH, April 24, 1985. 

25. G.A. Somorjai and L.M. Falicov, "The Key Role of 
Atoms in the Second Layer to Form Active Sites for 
Catalysis over Metals," American Chemical Society, 
Petroleum Chemistry Division Symposium, Miami, 
FL, May 2, 1985. 

26. L.M. Falicov, "Propiedades Magneticas de Superfi
cies, Interfaces y Capas Metalicas Depositadas," 
Instituto de Fisica, UNAM, Ensenada, Baja Califor
nia, Mexico, August 15, 1985. 

27. L.M. Falicov, "Electron Correlations and Magnetism 
in Transition Metals," Physics Colloquium, Univer
sity of California, Santa Barbara, October 29, 1985. 
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Theoretical Solid-State Physics* 

Marvin L. Cohen, Investigator 

INTRODUCTION 

This research is based on applications of 
quantum-mechanical theory to study the properties 
of solids, surfaces, interfaces, clusters, and molecules. 
Much of the results obtained used the pseudopoten
tial method and a total-energy scheme to obtain 
structural information. 

Collaborations with experimental projects here 
and elsewhere are frequent. The motivation for the 
research is modeling the properties of real materials 
and predicting the existence of new materials. A 
new area of investigation is first-principles calcula
tion of electron-phonon interactions and supercon
ductivity. 

SUPERCONDUCTIVITY AND ELECTRON
PHONON INTERACTIONS 

1. Superconductivity in High-Pressure Metallic 
Phases of Si (Publications 7 and 28) 

M.L. Cohen, K.J. Chang, M.M. Dacorogna, 
J.M. Mignot, G. Chouteau, and G. Martinez 

Superconductivity in the simple hexagonal phase 
of silicon is predicted on the basis of an electron
phonon-coupling calculation and measured experi
mentally up to a pressure of 25 GPa in a Bridgman
type opposed-anvil device. The highest measured 
superconducting transition temperature is 8.2 K at 
15 GPa for the simple hexagonal phase. 

*This work was supported jointly by the Director, Office of Ener
gy Research, Office of Basic Energy Sciences, Materials S~ience 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098, and by the National Science Foundation 
under Grant No. DMR8319024. 
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2. Pressure Increase of the Electron-Phonon 
Interaction in Superconducting Hexagonal 
Silicon (Publication 13) 

M.L. Cohen, M.M. Dacorogna, and K.J. Chang 

Using an ab initio pseudopotential approach, 
both the pressure dependence of the electron-phonon 
interaction .parameter A and the phonon frequencies 
for metallic hexagonal phases of silicon are calcu
lated. With changing pressure A is found to go first 
through a minimum and then reach its maximum 
value near the phase transition from simple hexago
nal (sh) to hexagonal close packed (hcp). At this 
point, the superconducting transition temperature Tc 
is expected to be above I 0 K. In the hcp phase, Si is 
predicted to be superconducting with Tc in the same 
range as in the sh phase. 

3. Self-Consistent Calculation of the q 
Dependence of the Electron-Phonon Coupling 
in Aluminum (Publications 14 and 22) 

M.L. Cohen, M.M. Dacorogna, and P.K. Lam 

A new approach is developed to calculate 
electron-phonon interactions in metals. The method 
is fully self-consistent and does not assume either the 
rigid-ion or the rigid-muffin-tin approximation. 
Application is made to aluminum to compute the 
wave-vector-dependent electron-phonon coupling. 
The results are in good agreement with experimental 
estimates of the average coupling A and some previ
ous calculations of this quantity. 

SURFACES, INTERFACES, CLUSTERS, 
DEFECTS, AND MOLECULES 

4. Surfaces and Interfaces (Publications 11, 15, 
19, 20, and 2l)t 

M.L. Cohen, S.G. Louie, J.E. Northrup, and 
S.B. Zhang 

A total-energy-pseudopotential approach is used 
to calculate the properties of semiconductor-surface 
reconstruction, adsorbates on clean surfaces, and 
interfaces. 



tsupported in part through the Center for Advanced Materials 
Division by the Director, Office of Energy Research, Office of 
Basic Energy Sciences, Materials Sciences Division of the U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098. 

5. Clusters, Defects, and Molecules 
(Publications 3, 4, 10, and 24 )t 

M.L. Cohen, S.L. Richardson, M. Y. Chou, 
S. G. Louie, and A.N. Cleland 

Pseudopotential calculations of alkalai-metal 
clusters, a stacking fault in silicon, and the diatomic 
molecule Be2 yielded information about structural 
and electronic properties. 

tsupported in part through the Center for Advanced Materials 
· Division by the Director, Office of Energy Research, Office of 

Basic Energy Sciences, Materials Sciences Division of the U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098. 

HIGH-PRESSURE, STRUCTURAL, AND 
VIBRATIONAL PROPERTIES OF SOLIDS 

6. Solid-Solid Phase Transitions and Soft 
Phonon Modes in Highly Condensed Si 
(Publication 9) 

M.L. Cohen and K.J. Chang 

The pseudopotential method is used to examine 
the structural transitions of Si from {J-Sn to simple 
hexagonal (sh) to hexagonal close packed (hcp). The 
calculated transition pressures, transition volumes, 
and lattice-constant (c/a) ratios are in good agree
ment with the measured values. Furthermore, the 
phase-transition pressure from hcp to face-centered 
cubic is predicted to be 1.2 Mbar. The phonon fre
quencies are also calculated by the frozen-phonon 
approximation for the {J-Sn, sh, and hcp phases. For 
both the {J-Sn and sh phases, pressure-sensitive soft
phonon modes exist. These are the longitudinal 
optic mode at the Brillouin-zone center for {J-Sn and 
the transv.erse acoustic mode at the Brillouin-zone 
boundary for sh in the [00 1] direction. These soft 
modes are most likely associated with the phase 
transformations from {J-Sn to sh to hcp. The metal
lic sh phase has strong covalent interlayer bonding. 
This is opposite to the case for the graphite structure. 
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The weak bonding in the hexagonal plane of the sh 
phase causes the soft transverse mode for this phase. 

7. First-Principles Study of the Lattice 
Dynamical Behavior of AlAs (Publication 5) 

M.L. Cohen and K.J. Chang 

The ab initio pseudopotential method is used to 
examine lattice-dynamical properties of AlAs. The 
phonon frequencies at r and X in the Brillouin 
zone, the pressure dependence of the phonon modes, 
and the longitudinal effective charges for AlAs are 
calculated. For those properties where experimental 
data are available, the calculations yield very good 
agreement. 

CHARGE DENSITIES IN 
SEMICONDUCTORS; FRACTIONAL 
QUANTUM HALL EFFECT 

8. Electronic Charge Densities at Selected k
Points for Group IV and Ill-V Semiconductors 
(Publications 25 and 26)t 

M.L. Cohen, S.L. Richardson, S. G. Louie, and 
J.R. Chelikowsky 

Using the empirical pseudopotential method and 
an ab initio linear-combination-of-atomic-orbitals 
(LCAO) approach, the wavefunctions for specific k
points in semiconductors are calculated. By analyz
ing the charge density corresponding to these k
points, information is obtained about impurities 
states. 

tsupported through the Center for Advanced Materials Division 
by the Director, Office of Energy Research, Office of Basic Energy 
Sciences, Materials Sciences Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 
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I. M.L. Cohen, "Ab initio Calculations for High Pres
sure Properties of Solids," J. de Physique 45, Col
loque C8, Suppl. II, 7 ( 1984). 



2. W. Maysenholder, S.G. Louie, and M.L. Cohen, 
"Cohesive Properties of bee and fcc Rubidium from 
ab initio Pseudopotentials," Phys. Rev. B 31, 1817 
(1985).t 

3. S.L. Richardson, M.Y. Chou, and M.L. Cohen, 
"Ground State Properties of Be2: A Pseudopotential 
Local Density Approach," Phys. Rev. B 31, 3444 
(1985). 

4. M.Y. Chou, S.G. Louie, and M.L. Cohen, "Theoreti
cal Study of Stacking Faults in Silicon," in Proc. 
17th Int. Conf on the Physics of Semiconductors, 
1984, Springer-Verlag, New York, 1985, p. 43. 

5. K.J. Chang and M.L. Cohen, "First Principles Study 
of the Lattice Dynamical Behavior of AlAs," in Proc. 
17th Int. Conf on the Physics of Semiconductors, 
1984, Springer-Verlag, New York, 1985, p. 1151. 

6. M. Hanfland, K. Syassen, S. Fahy, S.G. Louie, and 
M.L. Cohen, "Pressure Dependence of the First
Order Raman Mode in Diamond," Phys. Rev. B 31, 
6896 (1985).+ 

7. K.J. Chang, M.M. Dacorogna, M.L. Cohen, J.M. 
Mignot, G. Chouteau, and G. Martinez, "Supercon
ductivity in High-Pressure Metallic Phases of Si," 
Phys. Rev. Lett. 54, 2375 (1985). 

8. S.L. Richardson, M.L. Cohen, S.G. 'Louie, and J.R. 
Chelikowsky, "Comment on 'Predicted Modifica
tions in the Direct and Indirect Gaps of Tetrahedral 
Semiconductors,' " Phys. Rev. Lett. 54, 2549 
(1985).+ 

9. K.J. Chang and M.L. Cohen, "Solid-Solid Phase 
Transitions and Soft Phonon Modes in Highly Con
densed Si," Phys. Rev. B 31, 7819 (1985). 

10. A.N. Cleland and M.L. Cohen, "Pseudopotential 
Calculation of Shell Structure in Sodium Clusters," 
Solid State Comm. 55, 35 (1985).t 

II. S.B. Zhang, M.L. Cohen, and J.E. Northrup, "Struc
ture of the Si(lll)-2 X I Surface with l/3ML Ge 
Coverage,'' Surf. Sci. 157, L303 (1985). 

12. R.B. Laughlin, M.L. Cohen, J.M. Kosterlitz, H. 
Levine, S.B. Libby, and A.M.M. Pruisken, "Scaling 
of Conductivities in the Fractional Quantum Hall 
Effects," Phys. Rev. B 32, 1311 (1985).t 

13. M.M. Dacorogna, K.J. Chang, and M.L. Cohen, 
"Pressure Increase of the Electron-Phonon Interac
tion in Superconducting Hexagonal Silicon," Phys. 
Rev. B 32, 1853 (1985). 

14. M.M. Dacorogna, M.L. Cohen, and P.K. Lam, 
"Self-Consistent Calculation of the q-Dependence of 
the Electron-Phonon Coupling iil Aluminum," Phys. 
Rev. Lett. 55, 837 (1985). 

15. S.B. Zhang, M.L. Cohen, and S.G. Louie, "Interface 
Potential Changes and Schottky Barriers," Phys. 
Rev. B 32, 3955 (1985).t 

Other Publications 

16. M.L. Cohen, "Applications of the Fermi Atomic 
Pseudopotential to the Electronic Structure of 
Nonmetals," in Proc. Int. School of Physics "Enrico 

99 

Fermi," Course LXXXIX, North-Holland, Amster
dam, 1985, p. 16. 

17. M.L. Cohen, "Opening Address," in Proc. 17th Int. 
Conf on the Physics of Semiconductors, 1984, 
Springer-Verlag, New York, 1985, p. xix. 

18. M.L. Cohen, "Closing Address," in Proc. 17th Int. 
Con.f on the Physics of Semiconductors, 1984, 
Springer-Verlag, New York, 1985, p. 1571. 

19. M.L. Cohen, "Theory of Surface Reconstruction," in 
The Structure of Swjaces, M.A. Van Hove and S.Y. 
Tong, eds., Springer-Verlag, Berlin, 1985, p. 4. 

20. S.B. Zhang, J.E. Northrup, and M.L. Cohen, 
"Models for Si(lll) Surface Upon Ge Adsorption," 
in The Structure of Swjaces, M.A. Van Hove and 
S.Y. Tong, eds., Springer-Verlag, Berlin, 1985, p. 
321. 

21. M.L. Cohen, "Semiconductor Surfaces and Inter
faces," in Abstract Proc. 1984 International Chemi
cal Congress of Pacific Basin Societies, 1984, Paper 
05F31. 

22. P.K. Lam, M.M. Dacorogna, and M.L. Cohen, 
"Self-Consistent Calculation of the q-Dependence of 
the Electron-Phonon Coupling in Aluminum,;, Bull. 
Am. Phys. Soc. 30, 225 ( 1985). 

23. R.B. Laughlin, M.L. Cohen, J.M. Kosterlitz, S.G. 
Libby, H. Levine, and A.M.M. Pruisken, "Scaling of 
Conductivities in the Fractional Quantum Hall 
Effect,'' Bull. Am. Phys. Soc. 30, 300 ( 1985). t 

24. M.Y. Chou, A.N. Cleland, and M.L. Cohen, "Elec
tronic Shell Structure in Alkaline Metal Clusters: 
Total Energies, Abundances, and Ionization Poten
tials,'' Bull. Am. Phys. Soc. 30, 424 (1985).t 

25. S.L. Richardson and M.L. Cohen, "Analysis of Elec
tronic Charge Densities at Selected k-Points for 
Group IV and III-V Semiconductors,'' Bull. Am. 
Phys. Soc. 30, 468 ( 1985). t 

26. S.L. Richardson, M.L. Cohen, S.G. Louie, and J.R. · 
Chelikowsky, "Study of Electron Charge Densities at 
Conduction Band Edges in Semiconductors," Bull. 
Am. Phys. Soc. 30, 468 ( 1985). t 

27. D. Vanderbilt, S.G. Louie, and M.L. Cohen, "Ab
initio Calculation of Phonon-Phonon Interactions in 
Diamond," Bull. Am. Phys. Soc. 30, 525 (1985). 

28. M.M. Dacorogna, K.J. Chang, and M.L. Cohen, 
"Superconductivity in Highly Condensed Silicon," 
Bull. Am. Phys. Soc. 30, 569 ( 1985). 

Invited Talks 

29. M.L. Cohen, "Semiconductor Surfaces and Inter
faces," 1984 International Chemical Congress of 
Pacific Basin Societies, Symposium on Surface Sci
ence in Catalysis and Semiconductors, Honolulu, HI, 
December 19, 1984. 

30. M.L. Cohen, "Calculations of Structural and Elec
tronic Properties of Solids," Department of Physics, 
University of California, Davis, February 5, 1985. 

31. M.L. Cohen, "Prediction of New Materials and 
Properties of Solids," Department of Physics, Cor
nell University, Ithaca, NY, May 5, 1985. 



32. M.L. Cohen, "Prediction of New Materials and 
Properties of Solids," Exxon Research Laboratories, 
Annandale, NJ, May 8, 1985. 

33. M.L. Cohen, "Theoretical Study of Superconduc
tivity in Highly Condensed Si," Materials and 
Mechanisms of Superconductivity Conference, 
Ames, lA, May 29, 1985. 

34. M.L. Cohen, "Mechanisms of Superconductivity and 
Higher Transition Temperatures," Symposium on 
the Occasion of the 65th Birthday of T.H. Geballe, 
Stanford, CA, June 8, 1985. 

35. M.L. Cohen, "Prediction of New Materials and 
Properties of Solids," Symposium on Future Trends 
in Material Sciences, University of Mexico, Mexico 
City, June 24, 1985. 

36. M.L. Cohen, "Pseudopotentials: Past, Present, and 
Future," Department of Physics, University of Cali
fornia Berkeley, September 18, 1985. 

37. M.L. Cohen, "Quantum Mechanical Study of Bulk 
Moduli and Related Properties of Solids," Norton 
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High Performance Ceramics Research and Develop
ment Center, Northboro, MA, October 18, 1985. 

38. M.L. Cohen, "Pseudopotentials: Past, Present, and 
Future," Invited Plenary Speaker at the 33rd 
Midwest Solid State Conference, Kansas City, MO, 
November 9, 1985. 

39. M.L. Cohen, "Pseudopotentials: Past, Present, and 
Future," Department of Physics, Brandeis Univer
sity, Waltham, MA, December 3, 1985. 

40. M.L. Cohen, "Pseudopotential Calculation of Struc
tural Properties of Solids," Invited Speaker at the 
Materials Research Society Fall Meeting, Boston, 
MA, December 5, 1985. 
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Surface, Chemisorption, and Theory 
of Solids* 

Steven G. Louie, Investigator 

INTRODUCTION 

The purpose of this work is to further basic 
understanding of the electronic and structural prop
erties of materials and materials systems such as sur
faces and interfaces. The emphasis is on carrying 
out quantum-mechanical calculations on realistic 
systems so that a microscopic understanding of 
material properties may be obtained from first prin
ciples. The research effort encompasses the study of 
bulk materials, surfaces and chemisorption systems, 
and defects, and the formulation and development of 
new theoretical techniques for calculating ground
state and excited-state properties. 

The quantities obtainable from these calculations 
include electronic states, total energies, crystal struc
tures, static structural properties, vibrational prop
erties, surface electronic and geometric structures, 
structure and properties of defects in solids, 
phonon-phonon interactions, and solid-solid phase 
transformations. The major goals. are to calculate 
and explain the properties of real· materials and to 
predict the properties of new systems. 

I. Theoretical Study of the Surface Energy and 
Surface Relaxation of the W(OO I) Surface 
(Publication 21) 

C. T. Chan and S. G. Louie 

The structural properties of the W(001) (1 X 1) 
surface are calculated using a fully self-consistent 
pseudopotential linear-combination-of-atomic
orbitals (LCAO) total-energy method. The calcu
lated surface energy (3.09 eV;surface atom) and the 
top-layer relaxation (5.9%) are in good agreement 
with available experimental data. A relaxation 
energy of 0.059 e V is predicted. The calculated 
first-layer relaxation is in much closer agreement 
with results from the recent low-energy electron-

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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diffraction (LEED) analyses than those of the earlier 
ones that suggested a relaxation ranging from 4 to 
12%. 

2. Energy-Minimization Calculations for 
Diamond (Ill) Surface Reconstructions 
(Publications 6 and 13)t 

D. Vanderbilt and S.G. Louie 

Total energies are calculated for a variety of 
structural models for the reconstructed 2 X 1 dia
mond (111) surface. An ab initio LCAO approach to 
local-density theory, which incorporates a self
consistent treatment of interatomic charge transfer, is 
used. Among the structural models considered are 
the Haneman buckled, the Pandey 11"-bonded chain, 
the Chadi 11"-bonded molecule, and the Seiwatz 
single-chain models. The results strongly favor the 
11"-bonded chain model; the others are shown to be 
implausible. When fully relaxed, the 11"-bonded chain 
model has an energy of -0.3 eV/surface atom lower 
than that of the relaxed 1 X 1 surface. 

tsupported in part (a postdoctoral salary) by NSF Grant No. 
DMR83-19024. 

3. Theoretical Study of Stacking Faults in 
Silicon (Publications II and 17)t 

M. Y. Chou, M.L. Cohen, and S. G. Louie 

The intrinsic and extrinsic stacking faults along 
the [ 111] direction in silicon are studied within the 
local-density-functional approach with ab initio pseu
dopotentials using a plane-wave basis set. The 
stacking-fault energy is obtained from first principles 
for the first time and is found to be in reasonably 
good agreement with experimental values extracted 
using elasticity models, Electronic-defect states are 
found within the energy gap. The defect state with 
energy 0.1 eV above the valence-band maximum is 
consistent with photoluminescence data. The elec
tron density near the fault is found to deviate only 
slightly from that of the perfect crystal. The 
Hellmann-Feynman force theorem is used to study 
the forces on atoms near the fault and to determine 
the resulting structural relaxations. It is found that 
the interplanar separations increase by 1% to achieve 
vanishing forces. This relaxation does not appreci-



ably affect the stacking-fault energy, the eigenvalues, 
and other electronic properties. 

tsupported in part (a graduate student salary) by NSF Grant No. 
DMR83-19024. 

4. Calculation of Optical Gaps in Silicon in the 
Screened-Exchange/Coulomb-Hole 
Approximation (Publication 12)t 

M.S. Hybertsen and S.G. Louie 

The electronic-excitation energies have been cal
culated for Si using the ab initio pseudopotential 
approach and the screened-exchange/Coulomb-hole 
approximation for the electron self energy. Within 
the approximation of neglecting local-field effects in 
screening the Coulomb interaction, the direct gaps 
are found to be in much better agreement with 
experiment than standard density functional calcula
tions. We argue that the inclusion of local-field 
effects are necessary to reproduce the band disper
sions and hence the indirect gap. 

tsupported in part (a graduate student salary) by NSF Grant No. 
DMR83-!9024. 
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tsupported in part by NSF Grant No. DMR83-19024. 
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MATERIALS CHEMISTRY 

CHEMICAL STRUCTURE 

Low-Temperature Properties of 
Materials*t 

Norman E. Phillips, Investigator 

INTRODUCTION 

Measurements of low-temperature properties of 
condensed-matter systems, particularly heat capaci
ties, are used to obtain information that contributes 
to an understanding of the behavior of materials. 
There are numerous special cases in which specific
heat data provide either a test of theoretical models 
or values of important parameters that could not 
otherwise be obtained. Much of the work is in the 
region below I K, where the temperature scale is not 
well defined and temperature-measuring techniques 
are not well established. Because accurate tempera
ture determinations are important in obtaining use
ful heat-capacity data, research is also conducted on 
methods of temperature measurement. 

In the year covered by this report, effort has 
been concentrated on measurements of the specific 
heat of heavy-fermion compounds. The measure
ments include measurements on CeAI3, UPt3, and 
UBe 13 to pressures of 10 kbar. The results for UPt3 
and UBe13 are particularly interesting, because they 
permit a comparison of the superconducting-state 
and normal-state properties of the same compound 
as a single parameter, the volume, is changed. They 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
twork on CeAI3 was performed .in collaboration with J. Flouquet 
and C. Marcenat, CRTBT/CNRS, Grenoble, France, and A.S. 
Edelstein, Naval Research Laboratory, Washington, D.C.; work on 
UPt3 and UBe 13 was performed in collaboration with G.R. Stewart 
and A.L. Giorgi, Los Alamos National Laboratory, Los Alamos, 
NM; work on CeCu6 was performed in collaboration with J. 
Flouquet; and work on CePb3 and Ce 1_,Gd,AI 3 was performed in 
collaboration with A.S. Edelstein. 
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thus provide a test of models of the interaction 
responsible for superconductivity that could not be 
obtained from measurements on different com
pounds at zero pressure (for which the values of 
many chemical and structural parameters would 
differ). In particular, comparison of the volume 
dependences of the superconducting properties and 
the spin-fluctuation parameters of UPt3 suggest that 
it is not a BCS, s-pairing superconductor. Similarly, 
the volume dependence of the specific heat of CeA13, 
the prototypical heavy-fermion compound that 
shows neither magnetic ordering nor superconduc
tivity, gives new insight into the properties of a 
"Kondo lattice." Measurements have also been 
made on CeCu6, CePb3, and Ce1-xGdxA13. For 
many of the compounds mentioned, measurements 
of the specific heat in fields to 8 T and of the mag
netic susceptibility have also been made. 

1. Pressure Dependence of Spin-Fluctuation 
Effects in the Specific Heat ofthe Heavy
Fermion Superconductor UPt3 (Publication 6) 

G.E. Brodale, t R.A. Fisher, and N.E. Phillips 

UPt3 is a heavy-fermion superconductor with 
indications of coexisting long-range ferromagnetic 
spin fluctuations. Measurements of the specific heat 
in magnetic fields to 8 T support the interpretation 
of its properties in terms of spin fluctuations. Meas
urements at pressures of 0, 3.8, and 8.9 kbar between 
0.35 and 30 K show that the spin-fluctuation terms 
are extremely sensitive to pressure: the linear term 
decreases by -25% at 8. 9 kbar; the T3 and T3 In T 
terms decrease by factors of the order of 4 (see Fig
ure 1-1 ). Comparison with the pressure dependence 
of the critical temperature suggests that the supercon
ductivity is of a form that is enhanced by spin fluc
tuations. 

tDeceased. 
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Figure 1-1. Specific heat of UPt3 at three pressures. The data 
are fit by the equation shown, which represents spin-fluctuation 
effects in C. Both fits to 4 K (dashed curves) and to 20 K (solid 
curves) are shown. (XBL 8511-4712) 

2. Pressure Dependence of the Low
Temperature Specific Heat of the Heavy
Fermion Compound CeA13 (Publication 2) 

G.E. Brodale, t R.A. Fisher, N.E. Phillips, and 
J. Flouquet 

The specific heat C of GeA13 has been measured 
between 0.35 and 20 K at pressures to 8.2 kbar. A 
very strong and nonlinear dependence on pressure is 
observed. In particular, the maximum in C/T, a 
prominent feature at zero pressure that is apparently 
closely related to the other unusual properties 
characteristic of the low-temperature behavior, disap
pears at even very lo·w pressures (see Figure 2-1). 
There is no transition to a superconducting or mag
netically ordered state under pressure. Measure
ments at zero pressure to 50 mK show a quadratic 
term in C in addition to the linear term, which is 
suggested to be characteristic of this type of "Kondo 
lattice." 

tDeceased. 
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Figure 2-1. Pressure dependence of the specific heat of CeAl3. 
For clarity, only data for 0, 0.4, and 8.2 kbar are shown forT > 4 
K. (XBL 8512-5167) 

3. Crystal Fields and the Kondo Properties of 
CeA13 (Publication 2)t 

A.S. Edelstein, G. E. Brodale, * R.A. Fisher, 
C.M. Lisse, and N.E. Phillips 

Crystal fields are included in a model calculation 
of the magnetization of the Kondo compound CeA13. 

Using parameters taken from experiment, the 
predicted magnetization at T = 1.4 and 4.2 K for 
applied magnetic fields H less than 10 T is in good 
agreement with experiment. Using this magnetiza
tion, the model also correctly predicts the decrease in 
the specific heat Cas a function of H for 0.35 ~ T 
~ 0.9 K. In particular, it correctly predicts that this 
decrease is approximately linear in H and that 
(8C/8Hh is approximately temperature dependent. 

tsupported by Assistant Secretary for Conservation and Renew
able Energy, Office of Energy Storage and Distribution of the U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098. 
*Deceased. 



4. Approach to Magnetic Saturation in CuMn 
and AgMn (Publication 5) 

G.E. Brodale, t R.A. Fisher, N.E. Phillips, arid 
K. Matho 

High-field magnetic-moment measurements on 
dilute CuMn and AgMn reveal that the magnetic 
state of an isolated Mn ion in solution is compatible 
with the free-ion spin value S = 5/2 and Lande factor 
g = 2. The most dilute sample of each system shows 
this directly, after extrapolation of M vs H- 1 to H- 1 

= 0. This result is in marked contrast to the more 
usual interpretation of the magnetic properties of 
such systems (determined at lower fields and/or 
higher concentrations) as showing reduced, nonin
tegral values of these parameters, and it has interest
ing implications for the theory of dilute magnetic 
impurities. Apparent moment reductions at higher 
concentrations may be due to residual antiferromag
netic bonds instead of a real change in the local S or 
g. From a theoretical model, the lowest moments of 
the bond distribution are determined for the CuMn 
case. 

tneceased. 

5. Work in Progress 

Above 1 K or so the properties of CeCu6 are 
very similar to those of CeA13 and CeCu2Siz. 
Specific-heat measurements at zero pressure and to 
0.06 K, however, show no sign of the maximum in 
CjT associated with the coherence of a Kondo lattice 
in the latter two compounds. To the lowest tempera
tures, C/T is linear in T, but with a negative T term 
instead of the positive T term observed below the 
maximum in C/T in CeA13. Measurements under 
pressure are planned. 

For values of x ::S 0.65, Ce1-xGdxA13 is 
apparently an example, the first, of a heavy-fermion 
compound that shows spin-glass ordering. For 
higher values of x the ordering changes to antifer
romagnetic, and heavy-fermion properties disappear. 
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Electrochemical Processes* 

Charles W. Tobias, Investigator 

INTRODUCTION 

This program is designed to advance the scien
tific foundations of electrochemical engineering and 
to broaden the range of useful applications of electro
chemical transformations. Electrolysis processes 
have inherent advantages over thermochemiCal 
methods with respect to material yield and energy 
efficiency. However, in spite of their long history of 
economically significant applications, cell processes 
have not achieved their potential with respect to per
formance and range of applications in chemical syn
thesis, nor in energy conversion or storage. A major 
reason for this condition is the complex nature of 
transport phenomena in ionic media, as they ar~ 
coupled to charge-transfer processes at the electrode 
surface. 

A model is established for the precise control of 
composition in the electrodeposition, under 
pulsed-current conditions, of binary and ter
nary alloys. 
In projects jointly directed with Dr. R.H. 
Muller, novel methods are explored for the 
reduction of mass-transfer resistance in high
rate applications, including in electroforming of 
metals, and in electroorganic synthesis. The 
effects of suspended inert solid particles in 
flowing electrolytes, on transport rates, and on 
current distribution are measured and corre
lated. Nonaqueous ionizing solvents are 
evaluated for potential use at ambient tempera~ 
tures in electrosynthesis processes. 

Applied research on the "Surface Morphology of 
Metals in Electrodeposition," on ·"Engineering 
Analysis of Electrolytic Gas Evolution," and on 
"Metal Couples in Non-Aqueous Electrolytes" is 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. . 
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supported by the Assistant Secretary of Conservation 
and Renewable Energy, Office of Energy Storage and 
Distribution of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098. 

1. On The Periodic Electrodeposition of Alloys 
(Publications 3, 5, and 7) 

M. W. Verbrugge and C. W. Tobias 

An experimental and theoretical investigation of 
periodic alloy electrodeposition is presented. A 
model is developed for the mathematical description 
of alloy electrodeposition processes with an arbi
trarily specified cell-current or electrode-potential 
waveform. Transient transport phenomena, Buder
Volmer electrode kinetics, and individual component 
activities in the electrodeposit are· considered. The 
theoretical predictions are compared with experi
mental results for the electrodeposition of CdTe. A 
number of in situ and ex situ analytical techniques 
used to characterize the thin-film alloy deposits 
clearly illustrate the effect of the cell-current 
waveform on . the electrodeposit morphology and 
physical properties. 

A convenient series solution is presented for the 
evaluation of ionic concentrations during triangular 
current-sweep chronopotentiometry at a rotating-disk 
electrode, and at a stationary, planar electrode. The 
theoretical predictions show good agreement (see 
Figure 1-1) with results obtained for the deposition 
of Cd from a cadmium sulfate/potassium sulfate 
electrolyte. 

Characterization of the CdTe-electrolyte interface 
is addressed mathematically by extending existing 
steady-state models to account for variable illumina
tion. The periodic illumination of the 
semiconductor-electrolyte interface can be used as a 
means to evaluate transport and kinetic coefficients 
of photoelectrochemical systems. 
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Figure 1-1. Electrode-potential response to a triangular current 
sweep. The cathodic-cell current density ranged from 0 to 1.53 
mA/cm2

• Dotted curve: experimental data for the Cd
electrodeposition process (235-rpm disk-rotation rate, 0.01-Hz 
current source, 0.0058M CdS04/0.25M K2S04 electrolyte main
tained at 2SOC). Lower solid curve: optimized model prediction. 
Upper solid curve: calculated potential response for no kinetic 
resistance. (XBL 862-625) 

2. Analysis of Trace Water Contamination in 
Propylene Carbonate Electrolytes 
(Publication 11) 

R.H. Mcintosh and C. W. Tobias 

The measurement and removal of trace water 
contamination in organic electrolytes are of great 
importance in nonaqueous electrochemistry. This 
work was aimed at evaluating an electrochemical 
method for determining ppm levels of water in pro
pylene carbonate (PC) electrolytes. Solutions of 
0.5M KPF6 in PC were prepared using a solvent that 
had been vacuum distilled and dried with Na/K 
alloy or molecular sieves.· Solution preparation and 
limiting-current measurements were performed in a 
helium atmosphere from which water and oxygen 
were excluded. 

The rate of mass-transfer-controlled reduction of 
water was measured on a rotating-disk electrode, at a 
potential of +0.4 V vs. K/K+ (see Figure 2-1). From 
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Figure 2-1. Levich plot of limiting current to a stainless-steel 
rotating disk of 0.8 cm2 area as a function of angular velocity and 
water concentration. Electrolyte: 0.5M KPF6 in propylene car
bonate; t = 25•c. (XBL 862-626) 

the limiting currents obtained· at various rotation 
speeds, a diffusion coefficient of 0.85 X 1 o-5 was 
calculated. A gradual decrease in water concentra
tion with time was detected under open-circuit con
ditions. The water content of solutions dried follow
ing the addition of KPF6, using Na/K alloy or molec
ular sieves, was in the range of 1-2 ppm. The water 
content of a solution in which the salt was added to 
the solvent without careful drying was above 15 
ppm, indicating that the salt may· be a significant 
source of moisture. 

3. Work in Progress 

Experimental and theoretical work is aimed at 
the quantification of mass-transfer enhancement, on 
a rotating-disk electrode, by small inert particles 
suspended in the electrolyte. Particle concentrations 
near the solid surface are lower than in the bulk 
fluid; a rational description of this "skimming effect" 
is of primary interest in this research. Simultaneous 
measurement of limiting currents and of wall shear 
stress as functions of particle concentration and velo
city of rotation serves as the experimental vehicle. 

Ionic mass transport limits the rate at which 
metallic objects may be electroformed. Deposition 
of copper onto a rotating cylindrical electrode is 



achieved at 100 to 1,000 times higher rates than 
those commonly employed in the extractive metal
lurgical and electroplating industries today. In addi
tion to extending the practical limits of transport 
rates, the role of parallel and consecutive surface
reaction steps in determining dimensional precision 
and surface finish is being evaluated. (P. Anderson, 
D. Barkey, R.H. Muller,t and C.W. Tobiast) 

teo-directors of projects. 
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HIGH-TEMPERATURE AND SURFACE CHEMISTRY 

High-Temperature Thermodynamics* 

Leo Brewer, Investigator 

· INTRODUCTION 

The understanding of high-temperature chemis
try is not only important for processes carried out at 
high temperatures, such as those of fusion and fis
sion reactors and fossil-fuel power generators, but it 
is also important for the preparation and fabrication 
of ceramics, metals, semiconductors, and many other 
materials. The understanding of high-temperature 
behavior is complicated by the occurrence of unusual 
species and phases that are often unstable at conven
tional temperatures. It is difficult to carry out meas
urements to obtain the data needed for the design of 
high-temperature systems. Thus it is most important 
to develop broad predictive modds that provide reli
able predictions of high-temperature behavior. The 
experiments that we have been carrying out are 
aimed at the testing or development of such predic
tive models. 

Previous research of this program has led to the 
development of a variety of successful models of 
predictive capability for the behavior of gases, refrac-. 
tory containment materials, and many metallic sys
tems. As an example it has been possible to calcu
late binary molybdenum phase diagrams with practi
cal engineering accuracy even for systems for which 
no measurements have ever been reported. At the 
present time the main thrust of our research is aimed 
at providing quantitative predictive models for the 
strongly interacting transition-metal alloys exhibiting 
generalized Lewis acid-base behavior. A variety of 
experimental methods are being use to characterize 
the thermodynamics of these systems. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. Chemical-Bonding Concepts Applied to 
Metals and Their Alloys (Publication 1) 

L. Brewer 

The properties of the elements vary over an 
enormous range. Some atoms stick together very 
tenaciously and others fly apart easily. For example, 
the boiling points vary by more than a factor of a 
thousand, from 4 K for helium to around 6000 K for 
tungsten. Also, the properties do not vary smoothly 
with atomic number; they go through many maxima 
and minima. Electrons are the universal glue for all 
materials. The understanding of the way in which 
they operate allows one to understand the variation 
of the properties of materials and to predict the 
properties of unmeasured systems. Upon comple
tion of this educational module designed for 
engineering and materials science undergraduates, 
the student should have the ability to predict 
strength of bonding of metallic systems and the effect 
of temperature, pressure, and composition on crystal 
structure and related properties. 

2. Vaporization Behavior of Oxides 
(Publication 2)t 

R.H. Lamoreaux,* D.L. Hildenbrand,* and L. Brewer 

A program to compile and critically evaluate 
thermodynamic and molecular constant data 
relevant to the high-temperature vaporization of 
oxides is described. The data examined were the 
standard entropies, enthalpies of formation, and 
Gibbs energy functions. For atomic species, the 
thermodynamic properties have been recalculated to 
include the contributions of unobserved atomic
energy levels. To date the analysis has been com
pleted for the lA (alkali), IIA (alkaline earth), liB 
(zinc group), IIIB (boron group), and IVB (silicon 
group) metal oxides. Computer files of selected data 
were used to generate printed tables of thermo
dynamic data and to calculate vaporization equili
bria under representative reducing, neutral, and oxi
dizing conditions. Temperature dependences of par-



tial pressures of vapor species and of maximum 
vaporization rates, estimated using the Hertz
Knudsen equation, were presented in graphical form. 
The analysis uncovered errors in the interpretation 
of experimental results and indicated areas in which 
new measurements are needed. 

tsupported in part by the Office of Standard Reference Data of 
the National Bureau of Standards. 
fPresent address: SRI International, Menlo Park, CA 94025. 

3. Work in Progress 

A high-temperature solid-electrolyte cell has been 
yielding thermodynamic data for strongly interacting 
Lewis acid-base systems such as Nb-Pd and Nb-Rh. 
These data are demonstrating the variation of bond
ing capability of different d orbitals due to crystal
field effects. Spectroscopic determinations of the 
vapor pressure of similar alloys in the liquid phase at 
around 2000 K are under way. The predictions of 
the Engel theory of relation of electronic concentra
tion to structure are being tested by characterization 
of ternary phase diagrams. The compilation of ther
modynamic data for the solid, liquid, and gaseous 
phases of the elements and their oxides from hydro
gen to lawrencium should be completed in 1986. 
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Chemistry and Materials Problems in 
Energy Production Technologies* 

Donald R. Olander, Investigator 

INTRODUCTION 

One of the purposes of this program is to charac
terize the chemical and physical behavior of the fuel 
materials in fission and fusion reactors. The proper
ties of uranium dioxide are of principal interest 
because of its importance as a fuel in light-water 
nuclear reactors. Of the many important properties 
of U02, the solubility of hydrogen in the oxide and 
its dependence on morphology, pressure, and tem
perature have been investigated. The experimental 
techniques include high-pressure infusion and high
temperature mass spectrometry. In addition, the 
release kinetics of volatile fission products (iodine, 
xenon, and tellurium) from irradiated uranium diox
ide were measured using high-resolution gamma-ray 
spectroscopy. 

The other aspect of the program involves 
molecular-beam studies of the chemical kinetics of 
gas-solid reactions. The principal experimental tools 
are modulated molecular-beam mass spectrometry 
and Auger electron spectrometry (AES). Modulated 
AES has been used for the first time in a direct 
measurement of the kinetic behavior of the surface 
intermediate (adsorbed oxygen) in the reaction of 0 2 
with molybdenum. In a separate study, the enhance
ment of the reaction of silicon and XeF2 by simul
taneous ion bombardment was demonstrated. 

1. Time-Resolved Auger Electron Spectroscopy 
Combined with Modulated Molecular-Beam 
Techniques for Gas-Surface Reaction-Kinetics 
Studies (Publication 1) 

M. Balooch, D.R. Olander, J. Abrefah, and 
W.J. Siekhaust 

An Auger electron spectrometer is combined 
with a modulated molecular-beam system, and the 
time-dependent concentration of adsorbed oxygen on 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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a molybdenum surface subject to a chopped 02 
beam is measured and compared to predictions of a 
reaction-kinetic model derived from modulated 
molecular-beam spectroscopy alone. 

This investigation has shown how to measure 
the time-dependent concentration of a surface inter
mediate in a modulated molecular-beam experiment 
by using Auger electron spectrometry and how these 
results are related to reaction-kinetic information 
obtained by the detection of reaction-product emis
sion by mass spectrometry. The AES measurements 
also provided independent confirmation of the 
mechanism of the oxygen/molybdenum reaction pro
posed by Ullman and Madix. 1 AES and mass spec
trometry probe different aspects of the surface reac
tion. The application of these two techniques in the 
same vacuum system, although not necessarily 
simultaneously, provides a very potent tool for 
mechanistic studies of gas-solid reactions. 

tpermanent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 
I. A.Z. Ullman and R.J. Madix, High Temp. Sci. 6, 342 (1974). 

2. Ion-Enhanced Chemical Reaction of XeF2 
with Silicon by Modulated Molecular-Beam 
Mass Spectrometry (Publication 3) 

M. Balooch, D.R. Olander, and W.J. Siekhaust 

The reaction of XeF2 with the Si(lOO) surface is 
studied by modulated ( 10-1000 Hz) molecular-beam 
mass spectrometry in the temperature range 
300-1300 K and equivalent XeF2 pressure of 5 X 
10-6 to 10-4 Torr. Simultaneous bombardment of 
the reacting surface by Ar+ is used to determine the 
extent of ion enhancement of the reaction. 

The only detectable reaction product resulting 
from etching the silicon surface by thermal beams of 
XeF2 is SiF4. The reaction probability at room tem
perature is estimated to be -6 X 10-2, decreasing 
with surface temperature. The reaction is slightly 
higher than first order with respect to the XeF2 beam 
intensity. 

The maximum enhancement in reactivity over 
the thermal reactions due to ion bombardment is 
estimated to be about a factor of three. This is in 
contrast to the earlier results 1 in which enhancement 
as high as a factor of 20 was observed. The effect is 
surface-temperature dependent; it is negligible as the 
surface temperature approaches the melting point. 
Beside an enhancement in the production of SiF4 by 
almost 100%, a considerable amount of SiF2 is also 



observed during ion bombardment while the XeF2 
impinges on the surface. This product, unlike SiF4, 

increases with temperature. 
The phase lags, which are measures of surface 

residence times for formation of a product, are gen
erally smaller when the reaction is assisted by the ion 
beam. This would not be the case if the sole effect 
of the energetic ions was the creation of damage 
sites, which would alter only the magnitude of the 
reaction probability. The phase-lag reduction can be 
explained by the acceleration of one or more inter
mediate steps of the surface reaction. 

tpermanent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 
I. J.W. Cobrun and H.F. Winters, J. Appl. Phys. 50, 3189 (1979). 

3. Release of Volatile Fission Products from 
U02 (Publication 4) 

S. G. Pruss in, t D.R. Olander, P. Goubeault, and 
D. Bayen 

Analysis of nuclear-reactor accidents that lead to 
severe core damage requires estimation of the rates 
of release of several classes of fission products from 
the U02 fuel: noble gases (Xe, Kr), volatiles (I, Cs, 
Te), and the not-so-volatile elements (Ru, Ba, Mo). 

The release of Xe, I, and Te from trace
irradiated unclad pellets of U02 into ambient hydro
gen containing -100 ppm H20 has been studied 
from 1400 to 1750oC by post-irradiation annealing. 
Above 1500°C, release of Ru, Ba, and Mo was also 
observed. Fractional releases were determined from 
the measurement of the intensities of characteristic 
')'-ray lines of these nuclides in the U02 specimen 
before and after annealing. Booth-model effective
diffusion coefficients of I and Te at 1600°C were 
larger than that of Xe by factors of 2 and 10, respec
tively, whereas those of Ru, Ba, and Mo were com
parable to that of Xe. No release of fission products 
soluble in U02 (Nd and Zr) was observed. Activa
tion energies (in kcaljmole) were found to be 120 ± 
12 for I, 107 ± 12 for Te, and 127 ± 13 for Xe. 
The observations suggest that formation of low
volatility compounds such as Csi or Te2 does not 
occur within the fuel body. Were the vapor pressure 
of the stable-chemical form of the particular element 
the paramount factor governing release kinetics, 
xenon diffusion should have been far greater than 
that of iodine and tellurium. Rather, the release 
kinetics are believed to represent the intrinsic migra
tion of the atomic species in the lattice and in the 
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grain boundaries of U02. Formation of chemically 
stable compounds are ex-fuel processes, or at most 
occur on the fuel surface following release of the ele
ments in atomic form. 

Fission products that are insoluble in the U02 
matrix are released from the solid even though their 
volatilities vary greatly (e.g., Xe and Ru are released 
at approximately equal rates). The soluble fission 
products, on the other hand, do not evaporate from 
the surface because their thermodynamic activity in 
the solid is drastically reduced by incorporation into 
the U02 lattice. 

tpermanent address: Department of Nuclear Engineering, Univer
sity of California, Berkeley, CA 94720. 

4. Hydrogen Retention and Release from U02 
(Publication 2) 

D.R. Olander, D. Sherman, and M. Balooch 

The solubility of hydrogen in ceramic oxides has 
applications in the prediction of tritium behavior in 
the lithium oxide blanket material of fusion reactors 
and in determining hydrogen retention and release 
from U02 during operation of the fuel elements of 
light-water nuclear reactors. This property was 
investigated in a two-stage apparatus. In the first 
stage, hydrogen is infused into the oxide sample at 
known pressure and temperature. In the second 
stage, hydrogen is outgassed by a linear temperature 
ramp with detection by an in situ mass spectrometer. 
Solubilities of hydrogen in polycrystalline U02 were 
found to be an order of magnitude larger than in 
single-crystal material, probably because of trapping 
of hydrogen by grain boundaries or in pores in the 
polycrystalline material. Solubility in hypo
stoichiometric urania was ten times greater than in 
stoichiometric U02 due to the solution sites pro
vided by the extrinsic anion vacancies in UOz-x· 
Dissolved hydrogen released during the temperature 
ramp showed several distinct release-rate peaks, indi
cating multiple binding sites of hydrogen in the 
ceramic. 

5_. Work in Progress 

The high-temperature oxidation of Zircaloy by 
steam-hydrogen mixtures is being investigated by 
electrobalance methods. Oxygen self-diffusion in the 
tetragonal modification of Zirconia is to be meas
ured. 



High-intensity millisecond laser pulses are being 
used to investigate the rapid high-temperature vapor
ization of ceramic oxides. 

The reactions of atomic hydrogen with U02 and 
with silicon are being investigated in the modulated 
molecular-beam apparatus. 
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Electrochemical Phase Boundaries* 

Rolf H. Muller, Investigator 

INTRODUCTION 

The purpose of this work is to advance the 
understanding of boundary layers and thin films at 
electrochemical interfaces. New optical techniques 
for the observation of electrode surfaces in liquid 
media are developed and used. Spectroscopic ellip
sometry combined with light-scattering measurement 
and Auger spectroscopy, thin-film interference, and 
interference microscopy are presently in use. 
Research on electrochemical mass transfer and high-

. rate electrodeposition and dissolution, conducted 
jointly with C.W. Tobias, is described under "Elec
trochemical Processes," C.W. Tobias, Investigator. 
Another project, concerned with applications in bat
tery technology, "Surface Layers on Battery Materi
als," supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Energy 
Storage and Distribution of the U.S. Department of 
Energy, is reported under "Electrochemical Energy 
Storage." 

l. Stability of Aqueous Films (Publication 8) 

J.R. Gyofy and R.H. Muller 

Thin aqueous electrolyte films are of interest in 
electrode processes that involve gaseous reactants, 
including atmospheric corrosion. Surface-tension 
gradients have been postulated to maintain such 
films. 1 However, long-term film stability has been 
observed for aqueous 0.01-lM KOH on Pt where 
the continued maintenance of surface-tension gr~
dients by temperature or concentration variations 
would not have been possible. 

Experiments have been conducted in which the 
draining of electrolyte films from a polished vertical 
metal surface was measured by the observation of 
thin-film interference colors. The films initially thin, 
as predicted for viscous flow,2 with the film thick
ness h on time t and distance z from the film attach
ment point, according to 

h = VJ.i,Z/pgt ' 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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with ll being the kinematic· viscosity, p the density, 
and g the gravitational constant. After about 20 
hours, the film thickness becomes time-invarient. 

A theoretical model based on dispersion theory3 

has been derived to predict the profiles of time
invariant films. In this model, long-range Van der 
Waals interactions result in a repulsive force between 
the liquid-solid and the liquid-gas interfaces. These 
forces cause a decrease in pressure within the film 
and an increase in surface tension in the thinner 
(upper) film regions. These two effects result in a 
dynamic steady state with a dependence of film 
thickness h on distance y from the bulk liquid sur
face represented by 

h = 3 vsA;2pgy , 

with A being the Hamaker constant. In Figure 1-1, 
measurements are compared to a theoretical film 
profile derived for a value of the Hamaker constant 
A = 10- 11 erg. No measurements of A for the 
present system are available. Measurements for the 
quartzjwaterjair system resulted in values two orders 
of magnitude lower than the present one. 

I. B.V. Deryagin et a!., Colloid J. USSR 23, 535 (1961); S.F. 
Chernyshov et al., Elektrokhimiya 6, 949 (I 970). 
2. H. Jeffreys, Proc. Cambridge Phil. Soc. 26, 206 ( 1930). 
3. H.C. Hamaker, Physica. 4, I 058 ( 1937). 
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Figure 1-1. Time-invariant film of 1M KOH on Pt. Com
parison of measured film thicknesses with prediction based on 
dispersion forces. (XBL 8512-5125) 



2. Work in Progress 

The role of adsorbed materials in the electrocrys
tallization of metals is being investigated to provide 
an understanding of the mechanism by which such 
materials influence cathodic nucleation and growth 
of metal crystals. Additives or inhibitors are widely 
used on an empirical basis in the technical electro
deposition of metals and for corrosion protection, 
but little is known about the reasons for their effec
tiveness and the limitations of their use. In particu
lar, it is not clear whether reaction and incorporation 
of the adsorbent in the deposit or the generation of a 
substantial overpotential (irreversibility) are essen
tial. Previous work1 has shown that a specific 
molecular ·orientation of an adsorbed dye was 
responsible for its inhibiting action. In the present 
study, the effect of adsorbents on metal deposition 
on terraces, edges, and kinks on a crystal surface is 
investigated. Of particular interest are the formation 
of metal monolayers on dissimilar substrates (under
potential layers) and the subsequent nucleation of 
three-dimensional crystallites. Results with stepped 
surfaces have shown a deactivation of preferred sites. 

The electrodeposition of metals at very high 
rates ( -10 A/cm2) is being investigated for possible 
use in electroforming at 100-1000 times the conven
tional plating rate. The rate of deposition of copper 
from sulfate solution on a rotating cylinder has been 
found to be entirely mass-transfer controlled, and no 
kinetic limitations were apparent. The presence of at 
least 20 mM sulfuric acid was found necessary to 
obtain a dense, fine-grained deposit. Suspended 
inert particles are studied for possible use to increase 
mass-transfer rates to electrodes. The particle con
centration at the surface and the shear stress induced 
by the particles are being measured (collaboration 
with C.W. Tobias). 

I. J.C. Farmer, with R.H. Muller, LBL-15607. 
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Solid-State and Surface Reactions* 

Gabor A. Somorjai, Investigator 

INTRODUCTION 

This research program is centered on studies of 
catalyzed surface reactions and investigations of the 
atomic structure and chemical composition of solid 
surfaces and adsorbed monolayers. The kinetics and 
mechanisms of catalytic surface reactions are studied 
for well-characterized crystal surfaces at low and high 
pressures by using a combination of surface-science 
techniques. 

The materials that are the focus of our studies 
are platinum, palladium, molybdenum, rhenium, 
rhodium, iron, vanadium, and their compounds, 
alkali metals, and bimetallic alloys. The adsorbates 
and reactants are mostly hydrocarbons, carbon 
monoxide, nitric oxide, sodium, oxygen, hydrogen, 
and water. 

Part of the investigation is directed toward 
atomic-scale understanding of the structure and cata
lytic behavior of metal surfaces. The other part is 
aimed at developing new catalyst materials that sub
stitute for precious metals and exhibit high reaction 
rates and selectivity. 

STRUCTURE AND BONDING 

1. The Structure of Adsorbed Monolayers. The 
Surface Chemical Bond (Publication 15) 

B.E. Bent and G.A. Somorjai 

Results from new electron and ion spectroscopies 
with surface sensitivities of less than 1% of a mono
layer have greatly increased our knowledge of struc
ture and bonding at the solid-vacuum interface. A 
case history is presented of some of the major con
clusions Of these surface-structural studies. Results 
on metal single-crystal surfaces of surface composi
tion using Auger electron spectroscopy (AES), bond 
energetics using thermal-desorption spectroscopy 
(TDS), and bonding geometries using low-energy 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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electron diffraction (LEED) and high-resolution 
electron-energy-loss spectroscopy (HREELS) are 
highlighted. A wide variety of bonding geometries 
and bond energies are found - one of the major rea
sons for the diverse reactivity and chemistry of sur
faces. Recent work combining vacuum, surface
science techniques with studies at solid-gas and 
solid-liquid interfaces shows promises in extending 
our understanding of surface structure and bonding 
to the interfaces. 

2. The Structure of the ( y 3 X y 3) R30° 
Superlattice Phase on (111) a-Cu-16 at% Al; a 
LEED Intensity Analysis (Publication 34) 

R.J. Baird/ D.F. Ogletree, M.A. Van Hove, and 
G.A. Somorjai 

A dynamical LEED analysis is presented of the 
( y 3 X y 3) R30o superlattice on the (111) surface 
of an a-Cu-Al alloy single crystal with a bulk AI con
centration of 16 at%. This surface ordering contrasts 
with the lack of long-range order in the bulk. In the 
ordered surface the AI atoms are found to be substi
tutionally arranged within the topmost layer with ( y 
3 X y 3) R30o symmetry. No evidence for the ord
ering of AI in deeper layers is detected by this 
analysis. The fcc-( 111) stacking sequence is main
tained at the surface, and the surface atoms occupy 
positions within ± 0.05 A of bulk Cu lattice posi
tions; i.e., no appreciable top-layer spacing change 
and no mixed-layer buckling are detected. 

tpermanent address: Ford Motor Company, Dearborn, MI 
48121. 

3. The Surface Structure of Coadsorbed 
Benzene and Carbon Monoxide on the 
Rhodium ( 111) Single Crystal Determined from 
LEED Intensities (Publication 38)t 

M.A. Van Hove, R.F. Lin,+ and G.A. Somorjai 

The first structural determination of a molecular 
coadsorbate system has been undertaken. Mutual 
reordering and site shifting are found to occur for 
benzene and CO coadsorbed in a c(2 y3 X 4) rect 
lattice on Rh( 111 ). This LEED intensity analysis 
yields the first confirmed hollow-site adsorption of 
CO on a single-crystal metal surface, with a C-0 



bond length expanded by 0.06 ± 0.05 A from the gas 
phase. The flat-lying benzene is centered over hcp
type hollow sites with a strong Kekule-type distor
tion: C-C bond lengths alternate between 1.33 ± 
0.15 and 1.81 ± 0.15 A. (Hydrogen positions were 
not determined.) This suggests the possible forma
tion of a 1 ,3,5-cyclohexatriene species. The Rh-C 
bond length is 2.35 ± 0.05 A for benzene and 2.1 ± 
0.04 A for CO. 

tsupcrcomputer time was provided by the Office of Energy 
Research of the U.S. Department of Energy. 
*Present address: Department of Physics, Fudan University, 
Shanghai, People's Republic of China. 

4. Carbon Monoxide-Induced Ordering of 
Adsorbates on the Rh( 111) Crystal Surface 
(Publication 40) 

C.M. Mate, B.E. Bent, and G.A. Somorjai 

We find that the coadsorption of CO with ethyli
dyne, propylidyne, acetylene, fluorobenzene, ben
zene, and sodium on the Rh( 111) surface induces 
ordering in the adsorbed overlayer. This 
phenomenon has been studied using HREELS, 
LEED, and TDS. HREELS indicates that the adsor
bates maintain their molecular integrity when coact
sorbed with CO, though a change in adsorption site 
sometimes occurs. In all cases, the C-0 stretching 
frequency of coadsorbed CO is substantially reduced 
from that of CO adsorbed on clean Rh( 111) and 
ranges from 1410 em - 1 for CO coadsorbed with 
sodium to 1790 em - 1 for CO coadsorbed with ethy
lidyne. 

5. Vibrational Spectroscopy of Hydrogen 
Adsorbed on Metal Surfaces (Publication 41) 

C.M. Mate, B.E. Bent, and G.A. Somorjai 

Much has been learned from vibrational spec
troscopy about adsorption of hydrogen in ultrahigh 
vacuum (UHV) . on well-defined single-crystal sur
faces. Under these conditions, the preferred tech
nique of investigation is HREELS. The adsorption of 
hydrogen has also been studied at atmospheric pres
sure on samples that have a high surface-to-volume 
ratio and that are similar to the metal surfaces of 
heterogeneous catalysts used in industry. Here, the 
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results are primarily from incoherent inelastic neu
tron scattering, infrared spectroscopy, and Raman 
spectroscopy. 

Vibrational spectra of hydrogen adsorbed on 
metal surfaces show that, on both single-crystal and 
high-surface-area metal surfaces, hydrogen is dissoci
atively adsorbed. The adsorbed state of H atoms is 
sensitive both to the chemical nature of the metal 
and to the geometry of the metal. It appears that 
hydrogen atoms bond preferentially at bridge and 
hollow sites on "flat" single crystals and thin films, 
but bonding at top sites also occurs on "rougher" 
high-surface-area metals. The observed vibrational 
frequencies depend more on the structure of the crys
tal face than on the strength of the metal-hydrogen 
bond as measured by heats of adsorption. Also, the 
vibrational frequencies are quite sensitive to changes 
in bond lengths and bond angles, so that analogous 
surface sites on different metal surfaces have dif
ferent vibrational frequencies. 

6. Thermal Decomposition of Benzene on the 
Rh( 111) Crystal Surface (Publication 42) 

B.E. Koel/ J.E. Crowell,* B.E. Bent, C.M. Mate, and 
G.A. Somorjai 

Benzene decomposition on the Rh(111) crystal 
surface has been studied over the temperature range 
of 300-800 K using HREELS, temperature pro
grammed desorption (TPD), and LEED. Our results 
show that benzene decomposition begins at 400 K, 
forming a mixture of CH and C2H species. The rela
tive amounts of these two species varies with tem
perature: at 4 70 K, the concentration ratio of CH to 
C2H is 0.4. Above 500 K, these fragments dehydro
genate and condense to form C0 H polymers. By 800 
K, the adsorbed monolayer is completely dehydro
genated, forming a polymeric carbon monolayer with 
a vibrational spectrum similar to that of an ordered 
graphite monolayer. We propose that benzene 
decomposition on Rh( 111) proceeds by decyclotri
merization to form three acetylenes that immediately 
decompose to CH and C2H species. 

tpresent address: Department of Chemistry, University of 
Colorado, Boulder, CO 80309. 
*Present address: cjo Professor John T. Yates, Jr., Department of 
Chemistry, University of Pittsburgh, Pittsburgh, PA 15260. 
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7. The Dynamics of Atomic Hydrogen and 
Deuterium Recombination on the Stepped 
Pt(557) Crystal Surface (Publication 14) 

T.H. Lint and G.A. Somorjai 

The velocity distribution of HD produced on the 
Pt(557) crystal surface from atomic hydrogen and 
deuterium incident beams was measured in the tem
perature range of 150-700 K. The striking results 
are that (1) the average kinetic energy of the desorb
ing HD increases as the crystal temperature 
decreases from 300 to 200 K; (2) at 200 K, the velo
city distribution is considerably wider than the 
Maxwellian distribution, and there is a significant 
amount of HD leaving the surface with translational 
energy corresponding to 1900 K; and (3) for a frac
tion of the incident atoms, the residence time 
decreases as the crystal temperature decreases from 
300 to 200 K. It appears that some of the incident 
atoms can react with chemisorbed atoms at high cov
erage before they achieve thermal equilibrium with 
the surface. 

tpresent address: Intel Corporation, Santa Clara, CA 95051. 

8. Surface-Science View of Heterogeneous 
Catalysis: The Past, Present, and Future 
(Publication 16) 

G.A. Somorjai 

Modern surface science determines the atomic 
structure, composition, and oxidation states of atoms 
on the catalyst surface along with the molecular 
structure and bonding of adsorbates. This molecular 
information has been correlated with the kinetic 
parameters of many catalyzed surface reactions, turn
over rates, selectivity, and activation energies. New 
catalysts have been developed and existing catalyst 
systems have been improved by systematic modifica
tions that were suggested by molecular surface sci
ence. Catalysis science may now be applied to reac
tions important for energy conversion or for produc
ing chemicals that have not yet been explored, as 
well as to other new areas. 
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9. Surface Science Studies of Catalysis: The 
Classification of Reactions (Publication 25) 

F. Zaer a, t A.J. Gellman,+ and G.A. Somorjai 

It may be concluded, from the results of selected 
surface-science studies of catalytic processes, that 
reactions that occur over metal-based catalysts can 
be divided into three classes: (1) those occurring on 
the bare metal surface, (2) those occurring on active 
overlayers bound to the metal, and (3) those occur
ring on coadsorbate-modified metal surfaces. 

tpresent address: 'Brookhaven National Laboratory, Upton, NY 
11973. 
*Present address: Department of Chemistry, Cambridge Univer
sity, Cambridge, England. 

10. Methylcyclopentane Conversion Over 
Platinum Single-Crystal Surfaces: Evidence for 
the Cyclic Mechanism of n-Hexane 
Isomerization (Publication 26) 

F. Zaera, t D. Godbey, and G.A. Somorjai 

The surface structure and temperature depen
dence of methylcyclopentane conversion was investi
gated near atmospheric pressure at 540-650 K over 
four platinum single-crystal surfaces: with flat (100) 
and (Ill) orientations and stepped (332) and (557) 
orientations. The atomic structure and surface com
position of the active catalysts were determined 
before and after reactions, using LEED and AES. 

Selective ring opening to produce 2- and 3-
methylpentanes readily occurred on both flat sur
faces studied, the (Ill) and the (100). The rate of 
formation of methylpentanes was found to be nearly 
3.5 times faster on the (100) surface than on the 
( 111) surface. The presence of steps on the platinum 
surface had no significant effect on the rates of ring 
opening or aromatization, since these line defects 
were quickly covered with carbonaceous deposits, as 
shown by carbon monoxide titration of the active 
sites. 

Methylcyclopentane and n-hexane yield the same 
distribution of isomers (2- and 3-methylpentanes), 
and the activation energy for the formation of these 
products from both n-hexane and methylcyclopen
tane is identical within experimental error. These 
results indicate that the formation of methylcyclo
pentane on the platinum surface is an intermediate 
step for the isomerization of n-hexane. 



The formation of benzene from methylcyclopen
tane was found to be much slower than it is from n
hexane on these platinum single crystals. This sug
gests that platinum alone cannot catalyze the ring 
opening of methylcyclopentane. Additional sites, like 
those found on alumina-supported platinum, are 
required for this reaction to occur. 

tpresent address: Brookhaven National Laboratory, Upton, NY 
11973. . 

11. Surface-Structure Sensitivity of Alloy 
Catalysis: Catalytic Conversion of n-Hexane 
over Au-Pt(lll) and Au-Pt(lOO) Alloy Crystal 
Surfaces (Publication 28) 

R. Yeatesf and G.A. Somorjai 

Alloys have become important catalysts for 
many chemical processes due to their superior prop
erties over single-component catalysts. These 
include increased reaction selectivity and greater 
resistance to deactivation. The reasons for their 
improved performance are not well understood, 
however. Catalytic studies, using single-component 
metal single crystals coupled with the use of surface
science techniques, have proven useful in under
standing the nature of the working catalyst. Exten
sion of these investigations to alloy single crystals at 
high pressures should be useful for elucidating the 
role of alloying to alter catalytic behavior. We have 
investigated the surface-structure sensitivity of the 
catalytic properties of platinum-gold alloys in the 
conversion reaction of n-hexane, and we present evi
dence for a mixed Au-Pt threefold site that further 
enhances the rate of the isomerization reaction. 

tPresent address: Shell Research Laboratory, Houston, TX 
77001. 

12. Structure Sensitivity and Catalytic 
Reactions (Publication 32) 

J. Carrazza and G.A. Somorjai 

The rate and product distribution of chemical 
reactions catalyzed by metals can depend on the par
ticle size of supported catalysts. This can be 
explained by the interaction between chemisorbed 
species and surface sites of different configuration in 
the metal associated with atoms in terraces, steps, 
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and kinks. Single-crystal catalysts are excellent 
models for studying these interactions. Single-crystal 
studies contribute significantly to the understanding 
of structure sensitivity in catalytic reactions. Reac
tions are Classified in three types: structure-sensitive 
reactions, structure-insensitive reactions, and reac
tions that show both behaviors, depending on the 
experimental conditions. 

13. The Conversion of Acetylene to Benzene 
Over Palladium Single-Crystal Surfaces. Part 1 
- The Low-Pressure Stoichiometric and the 
High-Pressure Catalytic Reactions 
(Publication 33) 

T. G. Rucker, M.A. Logan, t T.M. Gentle,+ 
E.L. MuettertiesJ and G.A. Somorjai 

Acetylene cyclotrimerizes to form benzene on 
palladium single crystals in UHV (10- 12 - 10-8 

atm) and at atmospheric pressures (1 o- 1 - 1 atm). 
The reaction is structure sensitive in both pressure 
regimes. In UHV the (Ill) face is the most active, 
followed by the ( 11 0) and then the ( 1 00) surfaces. At 
high pressure the (Ill) and ( 1 00) surfaces have equal 
catalytic activity, whereas the (110) face is one-fourth 
as active. In UHV the reaction products are benzene 
from cyclotrimerization, ethylene from hydrogena
tion, and hydrogen from decomposition. At high 
pressures only benzene was detected. The high
pressure catalytic reaction proceeds on the bare 
metal surface. The reaction also proceeds readily on 
Pd films and Pd supported on alumina. 

tPresent address: J.C. Schumacher Co., Oceanside, CA 92054. 
*Present address: Dow Corning Corp., Midland, MI 48640. 
!Deceased. 

14. Reactive Scattering (Publication 35) 

M. Asschert and G.A. Somorjai 

In this paper, we describe the important features, 
the data-analysis methods, and a few modifications 
of the modulated-beam relaxation-spectrometry 
method for the study of surface reaction kinetics and 
mechanisms. New and different beam sources as 
well as new detection techniques (using optical 
methods) for the analysis of the scattered products 
are discussed. Electrochemical guns as a source for 
highly reactive effusive beams that may be modu-



lated at various line shapes, and high-kinetic-energy 
supersonic beams as a tool for collision-induced 
chemical reactivity, are described as well. 

tpresent address: Department of Physical Chemistry, The Hebrew 
University of Jerusalem, Jerusalem 91904, Israel. 

15. Hydroge'hation of Chemisorbed Ethylene 
on Clean, Hydrogen-Covered, and Ethylidyne
Covered Platinum (Ill) Crystal Surfaces 
(Publication 37) 

D. Godbey, F. Zaer a, t R. Yeates,~ and G.A. Somorjai 

The hydrogenation of chemisorbed ethylene was 
examined on platinum (Ill) single crystals under 
UHV using TPD. Ethane was formed in a self
hydrogenation process with an activation energy of 
18 kcaljmole, while in the presence of preadsorbed 
hydrogen, ethane was formed with an activation 
energy of 6 kcal/mole. A mechanism is proposed for 
the low-pressure hydrogenation; the mechanism is 
supported by a computer simulation. 

At temperatures below 320 K, an ethylidyne
saturated Pt (111) surface requires hydrogen pres
sures greater than 10- 5 Torr for coadsorption. 
Ethylene binds to this surface very weakly or not at 
all, and consequently no ethane was observed to 
desorb from this surface during TPD. 

The results obtained support the model of direct 
participation of a carbonaceous layer during the 
steady~state catalytic hydrogenation of ethylene on 
platinum (Ill) at atmospheric pressures and room 
temperature. 

tpresent address: Brookhaven National Laboratory, Upton, NY 
11973. 
*Present address: Shell Development Co., Houston, TX 77001. 

16. The Role of Hydrogen in Low- and High
Pressure Hydrocarbon Reactions Over Metal 
Single-Crystal Surfaces (Publication 43) 

F. Zaerat and G.A. Somorjai 

The chemisorption and surface reactions of 
hydrocarbons on metal surfaces have been investi
gated intensively from the viewpoint of heterogene
ous catalysis. Hydrogenation, dehydrogenation, and 
skeletal-rearrangement reactions are of particular 
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importance for the catalytic reforming of petroleum 
feedstocks. 

The present paper presents a summary of the 
research that was carried out in this field, with 
emphasis on the extrapolation of knowledge obtained 
under UHV to high-pressure conditions and on stud
ies of well-characterized model single-crystal catalyst 
systems. The role of hydrogen as a unique reactant 
is also emphasized. 

tpresent address: Brookhaven National Laboratory, Upton, NY 
11973. 
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Nucle~r Magnetic Resonance* 

Alexander Pines, Investigator 

INTRODUCTION 

The primary objectives of the nuclear magnetic 
resonance (NMR) program are to develop methods 
in magnetic-resonance spectroscopy and to use them 
to study structure and molecular behavior in con
densed phases. This demands an understanding of 
the interaction of nuclear spins with each other, with 
other degrees of freedom, such as molecular transla
tions, vibrations, and' rotations, and with external 
radiation, such as radiofrequency sources and light. 
Novel methods developed under the program 
include multiple-quantum spectroscopy, high
resolution NMR and magic-angle spinning, zero-field 
NMR, nuclear-magnetic~isotope separation, solid
state imaging, and topical NMR with spatial selec
tivity. These methods are being applied to under
stand structure and dynamics at the molecular level 
in a number of materials, including doped amor
phous semiconductors, liquid crystals, polymers, 
organometallic hydrogen complexes, zeolites, silicate 
glasses, and surfaces. Some molecular properties 
change upon light excitation, and laser magnetic 
double resonance is being developed to examine how 
these changes dictate the course of photochemical 
reactions. New methods of propagation and detec
tion are being developed using rapidly switched 
superconducting fields, Josephson junction devices 
such as SQUIDs, optical pumping of inert gases, and 
spatially selective topical coils. 

1. Zero-Field NMR and Nuclear Quadrupole 
Resonance (NQR) (Publication 4) 

D.B. Zax, A. Bielecki, K. W. Zilm/ A. Pines, and 
D.P. W eitekamp+ 

Methods are described and demonstrated for 
detecting the . coherent evolution of nuclear-spin 
observables in zero magnetic field with the full sensi
tivity of high-field NMR. The principle motivat.ion 

*This work was supported by the Director, Office qf Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Division of the U.S. Department of Energy and by the Director's 
Program Development Funds of the Lawrence Berkeley Laborato
ry under Contract No. DE-AC03-76SF00098. 
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is to provide a means of obtaining solid-state spectra 
of the magnetic-dipole and electric-quadrupole 
interactions of disordered systems without the line 
broadening associated with random orientation with 
respect to the applied magnetic field. Comparison is 
made to previous frequency-domain and high-field 
methods. A general density-operator formalism is 
given for the experiments where the evolution period 
is initiated by a sudden switching to zero field and is 
terminated by a sudden restoration of the field. 
Analytical expressions for the signals are given for a 
variety of simple dipolar and quadrupolar systems, 
and numerical simulations are reported for up to six 
coupled spin-1/2 nuclei. Experimental results are 
reported or reviewed for 1 H, 2D, 7Li, 13C, and 27 AI 
nuclei in a variety of polycrystalline materials (see 
figures 1-1 and 1-2). The effects of molecular 
motion and bodily sample rotation are described. 
Various extensions of the method are discussed 
including demagnetized initial conditions and corre~ 
lation by two-dimensional Fourier transformation of 
zero-field spectra with themselves or with high-field 
spectra. 

tpresent address: Department of Chemistry, Yale University, 
New Haven, CT 06511. 
*Present address: Department of Chemistry, California Institute 
of Technology, Pasadena, CA 91125. 
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Figure 1-1. High-field spectrum of polycrystalline 1,2,3,4-
te.trachloronaphthalene bis(hexachlorocyclopentadiene) adduct. 
Like most dipolar powder patterns, little structure is resolved, 
even though only a small number of spins (4) are strongly coupled 
together, and sets of these spins are relatively isolated from others. 

(XBL 854-9808) 



I ,2,3,4 Tetrochloronophtholene
bis ( hexochlorocyclopentodiene) adduct 

H.Q!i 
6tl{) 

Zero Field NMR 

. Powder Spectrum 

Figure 1-2. Top: the molecule 1,2,3,4-tetrachloronaphthalene 
bis(hexachlorocyclopentadiene) adduct. The configuration of the 
four 1H atoms about the central ring is unknown. All other ring 
substituents are perchlorinated. Bottom: zero-field NMR spec
trum. The sharp peak at zero frequency is truncated for purposes 
of display. The evolved zero-field magnetization is sampled at 5-
JlS increments, giving an effective zero-field bandwidth of ± 100 
kHz. Only half that spectral width is plotted. (XBL 853-10397) 

2. Zero-Field NMR and NQR with Selective 
Pulses and Indirect Detection (Publication 8) 

J.M. Millar, A.M. Thayer, A. Bielecki, D.B. Zax, and 
A. Pines 

Zero-field NMR and NQR spectra are obtained 
by the application of de magnetic-field pulses to a 
demagnetized sample. Pulsed de fields allow for 
selective excitation of isotopic species and provide a 
means of coherent manipulation of the spin system 
in zero field (see Figure 2-1). Using these selective 
pulses and level-crossing techniques, indirect detec
tion of a quadrupolar nucleus may be accomplished 
via protons without obtaining the proton background 
signal in the NQR spectrum. ·Experimental results 
from a variety of 1 H, 2H, and 14N homo- and 
heteronuclear systems are presented as an illustration 
of these techniques. 
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Figure 2-1. Alternative-field cycling scheme. Adiabatic demag
netization to zero field is followed by a short, intense de field 
pulse to initiate evolution. At the end of t" a second de field 
pulse stores some of the evolved spin order as population differ
ences. The sample is then remagnetized to high field, and the 
evolution of the magnetization under the new zero-field selection 
rules is probed in high field. If level crossings between nuclear
spin species occur during the transit to and from zero field, then 
magnetization may be transferred between spin species. This 
allows for indirect detection of the zero-field time-domain signal 
of one species by its effect on a second. (XBL 847-3140) 

3. Zero-Field NQR of Deuterium 
(Publication 29) 

J.M. Millar, A.M. Thayer, and A. Pines 

Quadrupolar coupling constants are a unique 
indication of the electronic environment of a spin I 
> 1/2 nucleus. Our laboratory has continued in its 
efforts to measure e2qQ/h and rJ values and to corre
late this information with chemical bonding, crystal 
structure, and motion. New techniques, such as 
selective indirect detection with pulsed de magnet 
fields, 1 offer significant advantages in sensitivity and 
resolution, as well as the observation of low
frequency transitions often not detected by other 
means. In Table 3-1 are the results of several such 
experiments on deuterated polycrystalline solids. 
The features of these data are the resolution of simi
lar sites in aromatic systems and the determination 
of very small asymmetry parameters that are often 
assumed to equal zero. 

I. J.M Millar, A.M. Thayer, A. Bielecki, D.B. Zax, and A. Pines, 
J. Chern. Phys. 83, 934 (1985). 



Table 3-1 
Quadrupolar coupling constants and 

asymmetry parameters. 

Compound e2qQ/h (kHz) 71 

Li2S04·HDO 123.05 0.810 

Nonadecane-2,2-d2 74.03 0.390 

Polyethylene 164.93 <.010 

Terephtalic acid-d4 177.3 0.033 

Toluic acid-d4 173.74 0.028 

178.92 0.023 

Benzoic acid-d5 172.95 0.010 

179.70 0.026 

177.80 0.040 

4. Two-Dimensional Zero-Field Correlation 
Spectroscopy (Publication 30) 

A.M Thayer, J.M. Millar, and A. Pines 

Two-dimensional NMR methods detect correla
tions in nuclear-spin systems through interactions 
such as dipolar and indirect spin couplings. We 
have extended this approach to zero-field NMR 
experiments by applying a brief de pulsed magnetic 
field to a system of unlike quadrupolar nuclei in zero 
field. In this way, one may determine correlations 
within the energy levels of a single nucleus. Assign
ment of spectral lines to specific sites is possible, and 
the corresponding values of quadrupole coupling 
constants may be determined. Figure 4-la illustrates 
the field cycle used, and the resulting two
dimensional map of the peaks in the spectrum 
appears in Figure 4-1 b. 
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Figure 4-1. (A) Field cycle for two-dimensional zero-field exper
iment. The sample is shuttled from a polarizing field B0 to an 
intermediate field Bint· This field is turned off suddenly to initiate 
evolution during t1• The field is reapplied for a brief period, then 
removed for the time t2 before detection of the zero-field evolu
tion in high field. The time intervals t1 and t2 are incremented in 
successive field cycles. (B) Two-dimensional zero-field deuterium 
spectrum of the high-frequency NQR lines of the methylene deu
terons of diethylterephthalate. The peaks appearing on the diago
nal correspond to the one-dimensional zero-field spectrum and are 
shown in the projections. The off-diagonal peaks indicate connec
tivities between corresponding diagonal peaks and are used to 
assign v_, v. lines to a particular site. (XBL 862-708) 



5. Zero-Field NMR and NQR Spectrometer 
(Publication 24) 

A. Bielecki, D.B. Zax, K. W. Zilm, t and A. Pines 

This article describes a technique and apparatus 
for time-domain measurements of nuclear magne
tism in the absence of applied fields (Fourier
transform zero-field NMR and NQR). Magnetic
field cycling and high-field detection are employed to 
enhance sensitivity. The field cycling is accom
plished with an air-driven shuttle system (see Figure 
5-l ), which moves the sample between regions of 
high and low magnetic field, and switchable elec
tromagnets in the low-field region. Sudden field 
steps or pulses are used to initiate coherent nuclear
spin evolution in zero field and to monitor such evo
lution as a function of time. Experimental results 
are shown and analyzed. Possible variations on the 
basic method are described, and their relative advan
tages are discussed. 

tpresent address: Department of Chemistry, Yale University, 
New Haven, CT 06511. 
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Figure 5-l. (a) Overview of the field-cycling apparatus. 
Enlarged views of the high-field and low-field sections, and of the 
sample holder, appear in (b), (c), and (d), respectively. 

(XBL 854-10152) 
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6. Zero-Field NMR of Solid Di-p,-hydrido
decacarbonyltriosium (Publication 15) 

D.B. Zax, A. Bielecki, M.A. Kulzick, t 
E.L. Muetterties, +and A. Pines 

Di-J.L-hydrido-decacarbonyltriosium is of some 
interest as a model of small-molecule surface interac
tions. Also, in the solid state, the compound has an 
arrangement of hydrogen atoms that makes it a good 
test compound for zero-field NMR methods. By 
observing the internuclear dipole-dipole interactions, 
zero-field NMR may be used to probe molecular 
structure, even in disordered (e.g., polycrystalline) 
materials (see Figure 6-1). In this work, the zero
field proton NMR spectrum of a polycrystalline sam
ple of di-J,L-hydrido-decacarbonyltriosium is analyzed 
to give proton-proton distances that are in good 
agreement with results of other workers using single
crystal diffraction methods. 

tPresent address: Amoco Research Center, P.O. Box 400, Naper
ville, IL 60566. 
*Deceased. 

Figure 6-1. Structure of (wHh0s3(C0) 10 in the solid state. 
Upper: Approximate molecular geometry. Lower: Simplified 
representation, showing only the arrangement of hydrogen atoms 
within the unit cell. The relatively close grouping of the four 
hydrogens, and the inversion symmetry of the unit cell, make this 
view appropriate. (XBL 855-9832) 



7. Zero-Field NMR of Small-Amplitude 
Motions in a Polycrystalline Solid 
(Publication 19) 

J.M. Millar, A.M. Thayer, D.B. Zax, and A. Pines 

The librational motions of the water molecules 
in polycrystalline barium chlorate monohydrate have 
been studied using proton and deuterium zero-field 
NMR. In contrast to high-field NMR, subtle molec
ular motions produce readily observable changes in 
the zero-field spectrum. Computer simulations and· 
application of a novel pulsed zero-field technique 
confirm that the splitting observed in the zero-field 
spectrum of the hydrate results from the motionally 
induced asymetry of the magnetic dipole-dipole cou
pling· tensor. 

8. Zero Field of a Nematic Liquid Crystal 
(Publication 18) 

A.M. Thayer, M. Luzar, t T.P. Jarvie, and A. Pines 

The molecular-order parameter of CH2Cl2 in a 
nematic liquid crystal was measured using a version 
of zero-field NMR employing pulsed de magnetic 
fields (see Figure 8-1). Spectral frequencies and 
intensities are shown to reflect the ordering on a 
molecular and macroscopic scale, respectively. Sam
ples oriented in high magnetic field did not signifi
cantly change their state of alignment during the 
time scale of the field cycle. Zero-field measure
ments of the order parameter yielded values within 
experimental error of those measured in high field. 
A zero-field echo experiment was performed to 
decrease the effect of residual fields on linewidth. 
Dipolar order was created in zero field using a 
pulsed de field analogue or the Jeener-Brokaert 
experiment. 

tPermanent address: Department of Physics and J. Stefan Insti
tute, E. Kardelj University of Ljubljana, Yugoslavia. 

129 

a) 

Figure 8-1. Ordering in nematic liquid crystals. (a) The 
elongated molecules of the liquid crystal (ellipses) undergo rapid 
rotation about their long axes and fluctuations of these axes, thus 
having an average alignment with the director. In the presence of 
a magnetic field B, the average orientation of the director (shown 
by the arrow) will be aligned along the magnetic-field direction B. 
(b) Order in the nematic remaining immediately after removal of 
the field. The sample maintains its average alignment along the 
laboratory z axis. Due to the rotational motions and symmetry of 
the liquid crystals, the dipolar Hamiltonian will also be truncated 
with respect to the z axis in the absence of a magnetic field. (c) 
Dealigned system showing local-domain structure. The alignment 
of ·the local directors is no longer in the laboratory z direction. 
The average orientation of the molecules is described by the local 
directors. The dipolar Hamiltonian of a local domain is now 
truncated with respect to the local director. (XBL 8510-9011) 

9. Zero-Field Pulse Sequence (Publication 31) 

C.J. Lee and A. Pines 

We have developed a low-power de-pulse 
sequence (see Figure 9-1) that removes the dipolar 
Hamiltonian in zero field but keeps the chemical
shift term when a small static de field is applied. 
The motivation is to do a magic-angle-spinning 
analogue without spinning the sample. The develop
ment of a better sequence that keeps only the isotro
pic part of the chemical-shift Hamiltonian is under 
way. 



Figure 9-1. Zero-field pulse sequence that removes the entire 
zero-field Hamiltonian but has an effective field along the x direc
tion when a static de field is applied along the z direction. 

(XBL 862-709) 

10. Multiple-Quantum Dynamics in Solid-State 
NMR (Publication 7) 

J. Baum, M. Munowitz, A.N. Garroway, t and 
A. Pines 

Recently developed solid-state multiple-quantum 
NMR methods are applied to extended coupling net
works, where direct dipole-dipole interactions can be 
used to create coherences of very high order ( -1 00). 
The progressive development of multiple-quantum 
coherence over time depends on the formation of 
multiple-spin correlations, a phenomenon that also 
accompanies the normal decay to equilibrium of the 
free induction signal in a solid. Both the time 
development and the observed distributions of 
coherence can be approached statistically, with the 
spin system described by a time-dependent density 
operator whose elements are completely uncorrelated 
at sufficiently long times. With this point of view, 
we treat the distribution of coherence in a multiple
quantum spectrum as Gaussian and characterize a 
spectrum obtained for a given preparation time by 
its variance. The variance of the distribution is asso
ciated roughly with the number of coupled spins 
effectively interacting, and its steady growth with 
time reflects the continual expansion of the system 
under the action of the dipolar interactions (see Fig
ure 10-l). The increase in effective system "size" is 
calculated for a random-walk model for the time 
development of the density operator. Experimental 
results are presented for hexamethylbenzene, 
adamantane, and squaric acid. The formation of 
coherence in systems containing physically isolated 
clusters is also investigated, and a simple method for 
estimating the number of spins involved is demon
strated. 

tPermanent address: Naval Research Laboratory, Washington, 
DC 20375. 
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Figure 10-1. Spins, symbolically represented by the hatched 
lines, become correlated with one another over time: the closer 
the spins, the shorter the time needed for interactions to develop. 
In the polycrystalline sample shown in the inset, the effective clus
ter size remains at 4 for times up to 400 JLSec, indicating that only 
the 4 hydrogen atoms within the molecule are correlated. At long 
times, intercluster interactions will develop, and the size of the 
system will grow accordingly. (XBL 8511-11486) 

11. Multiple-Quantum NMR Study of 
Clustering in Hydrogenated Amorphous Silicon 
(Publication 20) 

J. Baum, K.K. Gleason, t A. Pines, A.N. Garroway, t 
and J.A. Reimert 

Multiple-quantum NMR techniques are used .to 
study the distribution of hydrogen in hydrogenated 
amorphous silicon (see Figure 11-l). Using the fact 
that multiple-quantum excitation is limited by the 
size of the dipolar-coupled spin system, we show that 
the predominant bonding environment for hy_drogen 
is a cluster of approximately six atoms. For device
quality films, the concentration of these six-atom 
defects increases with increasing hydrogen content. 
At very high hydrogen content, the clusters are 
replaced with a continuous network of silicon
hydrogen bonds. 

tpresent address: Department of Chemical Engineering Univer-
sity of California, Berkeley, CA 94720. ' 

*Permanent address: Naval Research Laboratory Washington 
DC 20375. ' ' 



Figure 11-1. Schematic 3-dimensional drawing of clustered 
monohydrides in hydrogenated amorphous silicon, with all silicon 
atoms in a tetrahedral . bonding configuration. Silicon atoms, 
hydrogen atoms, and covalent bonds are represented by open cir
cles, filled circles, and solid lines, respectively. The drawing is 
intended to motivate questions concerning the distribution of 
hydrogen in a-Si:H thin films; it is not a proposed structure. 

(XBL 851 0-4450) 

12. Broadband and Adiabatic Inversion of a 
Two-Level System by Phase-Modulated Pulses 
(Publication 9) 

J. Baum, R. Tycko, t and A. Pines 

We describe a class of continuously phase
modulated radiation pulses that result in coherent 
population inversion on resonance as well as over a 
large range of transition frequencies and radiation
field strengths. This is a population-inversion anal
ogy to self-induced transparency. Simulations of the 
inversion properties of the modulated inversion 
pulse (MIP) are presented (see Figure 12-1). It is 
shown that the inversion behavior can be explained 
by treating the MIP as a highly efficient adiabatic 
sweep. Criteria for establishing adiabaticity are dis
cussed in detail. Finally, a method is presented for 
generating a sequence of phase-shifted radio
frequency . pulses from the continuously modulated 
pulse. The method can be implemented on modern 
NMR and coherent optical spectrometers; experi
mental confirmation is given. 

tpresent address: Department of Chemistry, University of 
Pennsylvania, Philadelphia, PA 19104. 
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Figure 12-1. Simulations of spin inversion from the MIP as a 
function of the relative resonance offset for various values of "Y· 
Inversion is defined as the negative of the final z component of 
the spin angular momentum; initially the spin system has a z 
component of+ I. For all values of -y, the inversion is always per
fect on resonance. For "Y = "Tr/2, i.e., no phase modulation, the 
MIP is equivalent to a standard 1r pulse, which can be used here 
as a reference. As "Y -+ 0, i.e., increasing phase modulation, a 
good inversion is accomplished over an increasingly large range of 
frequencies. (XBL 855-2601) 

13. Spatially Selective NMR with Broadband 
Radiofrequency Pulses (Publication 14) 

J. Baum, R. Tycko, t and A. Pines 

The problem of noninvasive spatial localization 
in NMR is approached by constructing a spatially 
selective composite pulse sequence and incorporating 
it into a recently developed difference scheme. The 
composite sequence described, which required 9 
phase-shifted 1r pulses, functions only over a narrow 
range of radio-frequency (rf) field strengths while 
remaining effective over a broad range of resonance 
frequencies. Relying on the field gradient of a sur
face coil to label regions in space by local rf ampli
tudes, the pulse inverts all nuclear spins at a selected 
distance from the coil across a broad range of chemi
cal shifts. This approach will allow the observation 
of chemically shifted NMR signals from specific 
regions of a material or organism. Computer simula
tions are presented, and the method is demonstrated 
experimentally on a phantom sample using a surface 
coil (see Figure 13-1 ). 

tpresent address: Department of Chemistry, University of 
Pennsylvania, Philadelphia, PA 19104. 
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Figure 13-1. 1H spectra obtained according to the NOBLE 
method for the phantom water sample shown. Pulse lengths were 
calibrated with reference to the nominal rf amplitude, wP = 12.5 
kHz, existing at position 3. (a) R0 = 90180120030909027ol209030o. 
The spectrum contains signals from all five bulbs. (b) Spectrum 
read by R0 following a spatially selective inversion pulse, P0 = 
18030 180205 18023018085 180018085 180230 180205 18030, adjusted for bulb 
3. (c) Difference spectrum obtained by subtracting (b) from (a). 
Only the signal from position 3 is retained in this spatially local
ized spectrum. (XBL 862-71 0) 

14. High-Resolution NMR with a Surface Coil 
(Publication 11) 

M. Gochin and A. Pines 

An experiment is demonstrated that enables 
high-resolution heteronuclear NMR spectra to be 
obtained with a surface coil in a nonhomogeneous 
sample (see Figure 14-1). The example uses a com
bined evolution of carbon and proton spins to pro
duce a spectrum with linewidths essentially indepen
dent of the inhomogeneity of the static magnetic 
field, chemical shifts close to those of 13C, and sensi
tivity due to satellite protons. The method is found 
to have certain narrowband spatial-selectivity prop
erties. 
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Figure 14-1. By using a surface coil in conjunction with an 
NMR experiment that overcomes magnetic inhomogeneity, a 
high-resolution signal can be obtained from a localized region of a 
nonhomogneous sample. (XBL 854-9524) 

15. NMR Studies of Clustering in Solids 
(Publication 16) 

J. Baum and A. Pines 

We present a time-resolved multiple-quantum 
NMR experiment that allows us to determine the 
spatial distribution of atoms in materials lacking 
long-range order; in particular, we study the size and 
extent of atomic clustering in these materials (see 
Figure 15-1 ). The statistics of a multiple-quantum 
experiment are very sensitive to both the size and 
the interatomic distances of the irradiated system. 
Uniformly distributed materials can absorb more 
and more quanta of radiation over the tiine scale of 
the experiment, whereas isolated clusters can absorb 
only a finite number of quanta. The time develop
ment of the number of interacting spins, displayed 
by changes in the multiple-quantum spectral intensi
ties, is characterized by two time-dependent sizes. 
By studying whether the values of these parameters· 
increase or remain constant over time, different 
atomic distributions can be resolved. Model systems 
containing a large variety of hydrogen-atom distribu-
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Figure 15-1. Possible atomic distributions in solids. Uniform 
and clustered distributions can be distinguished by time-resolved 
solid-state multiple-quantum NMR. (XBL 8511-12717) 

tions and sizes are investigated. Totally isolated 
clusters, various levels of cluster concentrations, and 
uniform distributions are all distinguished from one 
another. In addition, we show how this technique 
can be used to study the distribution of hydrogen in 
hydrogenated amorphous si licon. 

16. Nutation Sequences for NMR Imaging of 
Solids (Publication 10) 

H.M. Cho, C.J. Lee, D.N. Shykind, and 
D.P. Weitekamp 

A new approach to NMR imaging suitable for 
solids has been developed. Novel rf pulse sequences 
are employed that suppress both dipolar and 
chemical-shift contributions to the NMR linewidth. 
In addition, the sequences result in a frequency shift 
proportional to the rf amplitude of certain of the 
pulses. Given the line narrowing and linear depen
dence of the observed resonance frequency on the rf 
fie ld strength, rf field gradients could be used to 
obtain NMR images of solid materials (see Figure 
16-1 ). Efforts to incorporate these sequences in 
solid-state NMR imaging experiments are currently 
under way. 
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Figure 16-1. An experimental demonstration of line narrowing 
accompanied by a rf amplitude-dependent line shift. In a rf fie ld 
gradient the frequency shift observed would be proportional to the 
position of the gradient , with the sign of the gradient determining 
the sign of the frequency shift. The line-narrowing pulse sequence 
is effective over the entire spectral width, allowing for the possi
bility of;:: 50 resolved picture elements per image dimension in a 
solid-state NMR imaging experiment. Spectra (a) through (g): 
nutation anglejcycle of</> - 2.8 radians. (XBL 856-2892) 

17. Multiple-Quantum NMR of Isotopic 
Mixtures (Publication 1 7) 

M. Gochin, D. Hugi-Cleary, and A. Pines 

Two-dimensional multiple-quantum NMR is 
used to illustrate spectroscopic separation of isotopo
mers. The example chosen is benzene, dissolved in a 
nematic liquid crystal. Random deuteration of the 
benzene to various levels ensures that the mixture 
contains all isomeric forms of molecules with 0 to 6 
protons. The four- and five-quantum spectra of 20% 
deuterated benzene show a clear separation of ben
zene from d 1-benzene in the w 1 dimension . Subspec
tra of these components are extracted by selective 
projection in w2, the single-quantum dimension. The 
line separation of d4-benzenes in an 80% deuterated 
sample is shown by the two quantum-filtered one
quantum spectra. All line assignments are verified 
by computer simulations. The significance of spec
troscopic, rather than chemical, separation as an 
analytical tool for the resolution of mixtures is dis
cussed. 



18. Fixed-Point Theory of Iterative Excitation 
Schemes in NMR (Publication 5) 

R . Tycko, t A . Pines, and J. Guckenheimer+ 

Iterative schemes for NMR have been developed 
by several groups. A theoretical framework based on 
mathematical dynamics is described for such itera
tive schemes in nonlinear NMR excitation. This is 
applicable to any system subjected to coherent radia
tion or other experimentally controllable external 
forces. The effect of the excitation, usually a pulse 
sequence, can be summarized by a propagator or 
superpropagator (U). The iterative scheme (F) is 
regarded as a map of propagator space into itself, 
Un+l = FUn· 0_!le designs maps for wh~h a particu
lar propagator U or set of propagators {U} is a fixed 
point or invariant set. The stability of the fixed 
points along various directions is characterized by 
linearizing F around the fixed point, in analogy to 
the evaluation of an average Hamiltonian. Stable 
directions of fixed points typically give rise to broad
band behavior (in parameters such as frequency, rf 
amplitude, or coupling constants) and unstable direc
tions to narrowband behavior. The dynamics of the 
maps are illustrated by "basin images" (see Figure 
18-1) that depict the convergence of points in propa
gator space to the stable fixed points. The basin 
images facilitate the optimal selection of initial pulse 
sequences to ensure convergence to a desired excita
tion. Extensions to iterative schemes with several 

Figure 18-1. Basin image for the iterative scheme 
[0,0, 120,60, 120[. Shown is a cross sect ion through S0(3), contain
ing the z axis. Convergence to the equator is displayed. Lighter 
shades correspond to more rapid convergence. The basin of the 
equator is nearly the entire space. Points that do not converge to 
the equator, depicted in black, apparently form a fractal set. 

(XBB 840-7466) 
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fixed points are discussed. Maps are shown for the 
propagator space S0(3) appropriate to iterative 
schemes for isolated spins or two-level systems. 
Some maps exhibit smooth, continuous dynamics, 
whereas others have basin images with complex and 
fractal structures. The theory is applied to iterative 
schemes for broadband and narrowband 1r (popula
tion inversion) and 1r/2 rotations, MLEV and Waugh 
decoupling sequences, selective n-quantum pumping, 
and bistable excitation. 

tPresent address: Department of Chemistry, University of 
Pennsylvania, Philadelphia, PA 19104. 
tpresent address: Department of Mathematics, Cornell Univer
sity, Ithaca, NY 14853. 

19. Iterative Maps for Bistable Excitation of 
Two-Level Systems (Publication 33) 

H. Cho, R. Tycko, t J . Baum, and A. Pines 

Recently, mathematical methods based on the 
formalism of nonlinear dynamics and iterative maps 
have been applied to the analysis of 
excitation/response problems in pulsed NMR spec
troscopy. 1 An important objective of this work is to 
develop ways of modifying the ranges of transition 
frequencies and rf amplitudes over which the rf is 
effective in exciting some desired response. Drawing 
on the theory of iterative maps, particularly those 
with more than one stable fixed point, we have dev
ised multiple rf pulse techniques that can selectively 
excite a nuclear spin depending on the amplitude of 
the incident rf radiation. In Figure 19-1, we see the 
nuclear-spin response function , in this case popula
tion inversion of the nuclear Zeeman energy levels, 
plotted as a function of normalized rf amplitude. 
The different curves demonstrate that as the multiple 
pulse sequence is refined by a derived algorithm, in 
close formal analogy with an iterative map, the 
response function becomes increasingly more square. 
Techniques such as these, which permit the discrimi
nation of nuclear spins based on the local rf ampli
tude of the spin's position in space, are an essential 
component of experiments dependent on an inhomo
geneous rf field to spatially localize an NMR signal, 
most notably in vivo topical NMR. 

tpresent address: Department of Chemistry, University of 
Pennsylvania, Philadelphia, PA 19104. 
I. R. Tycko, A. Pines, and J. Guckenheimer, J. Chern. Phys. 83, 
2 77 5 (1985). 



Figure 19-1. Basin image showing a cross section of S0(3) 1 con
taining the z axis for a nine-phase-shift scheme (shown in brack
ets) designed to produce w 1 selective population inversion. S0(3) 
is the space of three-dimensional rotations and is depicted here as 
a sphere of radius 1r. For all rotations, the axis is defined in this 
picture by a vector drawn from the origin, and the angle by the 
length of the vector. The number of iterations of the map required 
for a given point to converge to one of the two stable fixed points, 
viz, the equator or the origin, is given by the color key to the left 
of the image. The regions that are convergent appear as the light 
areas of the image. (XBB 861 -56) 

20. Two-Dimensional NMR Experiment with 
Statistical Deuterated Compounds 
(Publication 28) 

K. V. Schenker, M. Gochin, D. Hugi-Cieary, and 
A. Pines 

A sample of statistical deuterated n-hexane dis
solved in a nematic liquid crystal was used for this 
two-dimensional 1H-NMR experiment. The degree 
of deuteration was chosen to leave most n-hexane 
molecules with only one, two, or three protons. The 
experiment applies a double-quantum filter that can 
only be passed by signals from molecules carrying at 
least two protons, leading to the suppression of sig
nals from molecules with only one proton. Signals 
from n-hexane molecules with three or more protons 
are very weak due to their low abundance. Thus, the 
detected spectrum mainly originates from the sixteen 
different possible n-hexane molecules (isotopomers) 
with two protons (see Figure 20-1 ). A careful assign
ment of the signals allows one to read out the 
strength of the dipole-dipole interaction of the 
nuclear spins of the protons within each of the six
teen n-hexane molecules carrying two protons. This 
is a measure of the internuclear distance of the pro
tons involved and therefore describes the three
dimensional structure of the n-hexane molecule. 
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Figure 20-1. The signals in this two-dimensional proton spec
trum are arranged symmetrically around the vertical center lines. 
Vertical cross sections yield spectra similar to a one-dimensional 
spectrum of a single isotopomer containing information about 
chemical shifts and coupling constants. The advantage of the 
expansion into two dimensions is the separation of the signals 
belonging to spectra of different isotopomers. (CBB 850-10161) 

21. Zero-Field Motions (Publication 32) 

P. Jansen, M. Luzar, t and A. Pines 

The 2H quadrupolar interaction can have magni
tudes of 0-300 kHz. The evolution of the magneti
zation of a particular 2H nucleus depends not only 
on its spin environment but also on its spatial posi
tion. Therefore, the deuteron quadrupolar Hamil
tonian is sensitive to molecular motion on the time 
scale of its interaction magnitude. In conventional 
high-field NMR the quadrupolar interaction is inves
tigated as a perturbation of the Zeeman Hamil
tonian. Such spectra are often broad, featureless 
powder patterns, which arise from the angular 
dependence of the spatial part of the interaction with 
the applied magnetic field. In zero-field NQR, this 
angular dependence is not present, and the quadru
polar interaction is studied directly in "high resolu
tion." An analytical expression for the calculation of 
two-site exchange of a 2H nucleus and brute-force 
computer programs for larger site systems have been 



developed. Computer simulations show that zero
field NQR spectroscopy should prove a useful probe 
in the investigation of molecular dynamics. 

1Permanent address: Department of Physics and J. Stefan Insti
tute, E. Kardelj University of Ljubljana, Yugoslavia. 

22. A New Probe for High-Temperature NMR 
Spectroscopy with PPM Resolution 
(Publication 12) 

J.F. Stebbins/ E. Schneider, J.B. Murdoch ,+ 
A. Pines, and I.S.E. Carmichael§ 

A new type of instrument has been designed and 
built to make Fourier-transform NMR spectroscopic 
measurements at temperatures to at least 1200°C, 
with a resolution of about 1 ppm. A sample is 
rapidly and repeatedly shuttled between the furnace 
and the rf coil of the NMR probe (both located 
within a high-field superconducting magnet), spend
ing most of the time in the furnace. During each 
cycle, a series of rf pulses may be given and a single 
free-induction decay sampled. The rf coil is located 
outside of the furnace and is maintained at room 
temperature despite its close proximity to the sam
ple. Electronic stability and coil "fil1ing factor" are 
thus both optimized. The sample temperature drops 
below that of the furnace when cycling begins but 
rapidly approaches a nearly constant value with only 
small fluctuations. 99% BN has been successfully 
used as a sample container in experiments on 27 AI, 
29Si, and 23Na in molten silicates in the system 
Na20-Al20rSi02. 

1Present address: Department of Geology, Stanford University, 
Stanford, CA 94305. 
1Present address: Technicare Corporation, Cleveland, OH 44101. 
IPresent address: Department of Geology, University of Califor
nia Berkeley, and Earth Sciences Division, Lawrence Berkeley 
Laboratory, Berkeley, CA 94720. 

23. Defects a:nd Short-Range Order in 
Nepheline Group Minerals: A Silicon-29 NMR 
Study (Publication 21) 

J.F. Stebbins/ J.B. Murdoch,+ I.S.E. Carmichael/ 
and A. Pines 

The structurally simple minerals of the nepheline 
family (kalsilite, NaA!Si04 nepheline, carneg1e1te, 
and orthorhombic KA1Si04) have been investigated 
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by :zysi NMR using the magic-angle spinning (MAS) 
technique. Nepheline-group minerals of both natural 
and/or synthetic form were used. The room
temperature 29Si NMR spectra of these nepheline 
minerals (see Figure 23-1 ) provide information on 
details of the number of Si sites having distinct 
chemical shifts, local Si-Al distribution, ordering, 
and domain structures. 1 Spectra for natural nephe
line from a plutonic environment, synthetic kalsilite, 
pure NaA!Si04 nepheline, carnegieite, and OI
KA1Si04 show little or no evidence of short-angle 
Al-Si disorder. Although the details of changes in 
Al-Si distribution and bond angles at domain boun
daries can not generally be determined by this tech
nique, several conclusions can be made from the 
NMR spectra that complement x-ray diffraction of 
volcanic nephelines.2 

!Present address: Department of Geology, Stanford University, 
Stanford, CA 94305. 
!Present address: Technicare Corporation, Cleveland, OH 
44101. 
IPresent address: Department of Geology, University of Califor
nia Berkeley, and Earth Sciences Division, Lawrence Berkeley 
Laboratory, Berkeley, CA 94720. 
I. J.B. Murdoch, J.F. Stebbins, and I.S.E. Carmichael, Geol. Soc. 
Am. Abst. W. Prog. 16, 6:604 ( 1984). 
2. W.A. Dollase and D.R. Peacor, Contrib. Mineral Petrol. 30, 
129 (1971). 

51-29 chemical shift 

Figure 23-1. NMR spectrum for a natural, plutonic nepheline. 
(XBL 862-711) 
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Raman Studies Of Surface Processes* 

Gerd M. Rosenblatt, Investigator 

INTRODUCTION 

This project, begun during 1985, is designed to 
obtain Raman frequency shifts and intensities from 
submonolayer adsorbates, either physically or chemi
cally adsorbed, on well-defined metal single-crystal 
surfaces under ultrahigh-vacuum (UHV) conditions. 
For physically adsorbed molecular species, vibra
tional and, for the first time, rotational frequency 
shifts will be measured without resonant or surface 
enhancement. The project's long-range goals are (a) 
to gain new information about how molecules rotate, 
vibrate, move, and react on well-defined surfaces 
and (b) to use the fundamental understanding gained 
under UHV conditions to extend the technique to a 
range of chemically important pressures, tempera
tures, and interfaces. In addition, research on gas
phase Raman spectroscopy of the isotopes of molec
ular hydrogen, begun at Los Alamos National 
Laboratory, is being completed at Berkeley. 

1. Effect of J Dependence of Raman Cross 
Sections on CARS Product Quantum-State 
Distributions for the H + D2 - HD + D 
Reaction (Publication 1) 

D.K. Veirs, G.M. Rosenblatt, and J.J. Valentinit 

HD product quantum-state distributions are 
recalculated for published CARS measurements 
using J -dependent Raman cross sections determined 
from accurate, ab initio calculations. The use of J
dependent cross sections lowers calculated number 
densities by 5-10% at high J and therefore systemati
cally shifts the relative product-state distributions 
somewhat from high J to low J. This shift does not 
noticeably affect discrepancies between CARS results 
and multiphoton ionization experiments on the same 
reaction. The results indicate that J-dependent 

*This work was supported by the Director's Program Develop
ment Funds of the Lawrence Berkeley Laboratory under Contract 
No. DE-AC03-76SF00098. 
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Raman cross sections should be used in reducing 
vibrational Q-branch CARS and other Raman data 
for molecular hydrogen and its isotopes. 

tPermanent address: Department of Chemistry, University of 
California, Irvine, CA 92715. 

2. Raman Line Positions in Molecular 
Hydrogen: H2, HD, HT, DT, and T2 
(Publication 3)t · 

D.K. Veirs and G.M. Rosenblatt 

Spontaneous Raman spectroscopy has been used 
to determine the ( 1-0) fundamental Q-branch line 
positions of the six isotopomers of molecular hydro
gen: H2, HD, HT, D2, and T 2• In addition the line 
positions for the pure rotational Stokes transitions 
for H2, D2, and T 2, and the fundamental 0- and S
branch transitions and the first overtone (~-0) Q
branch transitions for H2 and D2 were determined. 
The results are compared to previous experiments 
and illustrate the limitations of molecular parame
ters. The results are also compared to recent theoret
ical calculations that include adiabatic, relativistic, 
radiative, and nonadiabatic corrections, and agree
ment is seen to the level of the experimental uncer
tainties. 

tThe experimental portion of this work was carried out at Los 
Alamos National Laboratory, operated by the University of Cali
fornia for the United States Department of Energy under Contract 
No. W-7405-ENG-36 through Contract No. DE-AC03-76SF00098. 

3. Work in Progress 

The experimental apparatus for this project is 
being assembled. A new, single-photon, sensitive 
multichannel detection system with an order of mag
nitude less noise than detectors previously used for 
Raman spectroscopy illustrates the impact of new 
technology on these experiments, which also make 
use of recent advances in continuous-wave lasers, 
laboratory computers, and UHV surface analysis and 
preparation. 
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FUNDAMENTAL INTERACTIONS 

PHOTOCHEMICAL AND RADIATION SCIENCES 

Photon-Assisted Surface Reactions, 
Materials, and Mechanisms* 

Gabor A. Somorjai, Investigator 

INTRODUCTION 

This project explores the photocatalyzed dissoci
ation of water (H20) at both the solid-liquid and 
solid-vapor interfaces to produce hydrogen and oxy
gen gases. The purposes of these studies are to 
explore the mechanism of the photon-assisted sur
face reaction, to characterize the semiconductor 
catalyst, and to establish the optimum conditions of 
surface structure, composition, temperature, and 
electrolyte solution that maximize both the rate of 
hydrogen and oxygen production and the power
conversion efficiency of the process. Materials used 
include silicon- and magnesium-doped iron oxides as 
small particles, thin films, and single crystals. 

1. Absorption of Energy in Photocatalytic 
Reactors (Publication 4) 

G.A. Somorjai 

The dissociation of water to hydrogen and oxy
gen requires energy LlG298 K = 228 kJjmole. By irra
diating a semiconductor with light of energy greater 
than this amount, one may produce electrons in the 
excited state and electron vacancies at the surface 
that can perform the photochemical reduction (2H+ 
+ 2e- - 2H - H2) and oxidation [20H- + 2+
HzOz - HzO + (l/2)0z]. 

There are several semiconductors, SrTi03, Ti02, 
CdS, and Fe20 3 among them, that can photodissoci
ate water. Some possess sites for both reduction and 
oxidation, while others carry out the two processes at 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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different surfaces. A reversible solid-state reaction 
that involves changes in the transition-metal and 
ion-oxidation state must accompany the splitting of 
water. Platinum, rhodium, and ruthenium oxide, 
when deposited on the semiconductor, serve as 
catalysts that accelerate the water photodissociation. 
These additives accelerate the recombination of 
hydrogen and oxygen atoms, shift the semiconductor 
Fermi level to a more favorable position that 
improves the thermodynamic feasibility for the pro
cess, accelerate electron transport, and inhibit side 
reactions like the photoreduction of oxygen. Many 
of the elementary reaction steps leading to photopro
duction of hydrogen and oxygen over SrTi03 and 
Fe20 3 have been identified. 

2. Photochemical Hydrogen Production from a 
Water-Methanol Mixture with Small Particles of 
Iron Oxide Suspensions (Publication 7) 

H. Nakanishi/ C. Sanchez,* M. Hendewerk/ and 
G.A. Somorjai 

Photochemical hydrogen production has been 
detected from small particles of doped iron oxide in 
a methanol-water ( 1: 1) mixture. The systems studied 
consisted· of a pure n-type semiconductor, 
Fe2-xNbxOe (x = 0.02), a pure p-type semiconductor, 
La 1-xSrxFe03 (x = 0.25), and Mg-doped a-Fe203. 
This system was found to be heterogeneous, consist
ing of both spinel- and corundum-phase iron oxides, 
and shows a much higher activity than the pure 
single-phase systems, with either corundum (a
Fe203) or spinel (Fe3-xMgxOy) structure. The effi
ciency of the reaction increased substantially when 
the powders were loaded with Pt. Hydrogen produc
tion from these Mg-doped iron oxides is photocata
lytic and occurs mainly as a result of band-gap irra
diation, but it also occurs with subband-gap illumi
nation in small amounts. There is a linearly increas-



ing dependence of H2 production with increasing 
light intensity. 

tPermanent address: Chemical Laboratory Research Develop
ment Center, Toshiba Corporation, Kawasaki City, Kanagawa 
210, Japan. 
*Permanent address: Universite Pierre et Marie Curie VI, Spec
trochimie du Solide, 75230 Paris Cedex 05, France. 
§Present address: Exxon Chemical Co., Baytown Chemical Tech
nology Center, Baytown, TX 77522-5200. 

3. Water Adsorption on the (001) Plane of 
Fe20 3: An XPS, UPS, AES, and TPD Study 
(Publication 5) 

M. H endewerk, t M. Salmeron, t and G. A. Somorjai 

The adsorption of H20 on the (00 1) plane of the 
corundum phase of Fe20 3 was studied by x-ray and 
ultraviolet photoelectron spectroscopy, Auger elec
tron spectroscopy, and temperature-programmed 
desorption. On the stoichiometric surface only ice 
condensation was observed below 200 K. Oxygen
deficient surfaces were prepared by Ar bombard
ment. This process gives rise to a decrease in work 
function up to 1 eV. On these surfaces H20 decom
posed to form OH that decomposed at higher tem
peratures to produce H2. If the bombarded surface 
was previously annealed above 475 K, no H2 evolu
tion was observed. This result, coupled with the 
observed increase in work function, indicates that 
annealing removed the Fe+2 species from the outer
most layer; however, they are still clearly visible by 
XPS and UPS in the subsurface region. 

tpresent address: Exxon Chemical Co., Baytown Chemical Tech
nology Center, Baytown, TX 77522-5200. 
*Present address: Center for Advanced Materials, Lawrence 
Berkeley Laboratory. 
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Photochemistry of Materials in the 
Stratosphere* 

Harold S. Johnston, Investigator 

INTRODUCTION 

This research is concerned with fundamental 
gas-phase photochemistry, with application to 
molecules and radicals that occur in the stratosphere. 
One goal is to measure the distribution of excess 
energy in the fragments produced after a molecule is 
broken apart by an energetic pulse of light. Another 
goal is to obtain optical and kinetic data in the 
laboratory that are needed by modelers of the atmos
phere. The experimental methods include laser-flash 
photolysis, laser-resonance absorption, resonance 
fluorescence, dispersed chemiluminescence from 
photolysis products, and infrared diode lasers. This 
research has applications to molecular dynamics, to 
problems of atmospheric ozone, and to the role of 
trace gases other than carbon dioxide on the "green
house effect." 

1. High-Frequency Modulation Spectroscopy 
with Lead-Salt Diode Lasers (Publication 5) 

A. Young, H.S. Johnston, M. Gehrtz/ and W. Lenthf 

High-frequency (57 MHz) modulation spectros
copy in the mid-infrared region (1259.1946 em -I) 
with a tunable lead-salt diode laser is demonstrated 
for the first time. The observed line shapes are 
correctly described by a straightforward theory. 
These spectroscopic measurements give the first 
quantitative data describing the high-frequency 
modulation response of a mesa-stripe lead-salt diode 
laser, yielding an AM/FM modulation-index ratio of 
0.12 and an AM/FM phase difference of approxi
mately 90°. This technique considerably improves 
the available detection sensitivity (preliminary exper
iments indicate an order-of-magnitude improvement 
over conventional low-frequency wavelength
modulation schemes), and thus it should enhance the 
usefulness of lead-salt infrared detectors in applica-

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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tion areas where high detection sensitivity is 
required. 

1Permanent address: IBM Research Laboratory, San Jose, CA 
95193. 

2. Energy Cascading in N03 Products ofN20 5 
Photolysis (Publication 4) 

D. Swanson and H.S. Johnston 

Upon photolysis of N20 5 by radiation at 249 
nm, the N03 product is at first entirely in excited 
vibrational states, and it is deactivated into the 
ground vibrational state with a relaxation time of 
about 1 0 !LSec, as can be seen by the finite rise-time 
of optical absorption at 662 nm, the 0-0 transition 
of N03 (Figure 2-1). The relatively slow decay time 
in Figure 2-1 is caused by chemical reaction of the 
nitrate radical with atomic oxygen and nitric oxide. 
When the absorption probe is set at N03 hot bands 
at wavelengths above 662 nm, the relaxation time 
into these states is about 0.5 !LSec, and these excited 
states decay into the ground vibrational states and 
the equilibrium distribution of hot states. 
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Figure 2-1. The concentration of the nitrate free radical in its 
lowest vibrational state as measured by optical absorption at 662 · 
nm as a function of tiine after photolysis of nitrogen pentoxide at 
249 nm. The 10-JLsec buildup occurs as nascent higher vibrational 
states are deactivated by collision. The slow decay is caused by 
secondary chemical reactions of N03• (XBL 851-898) 



3. Work in Progress 

It has recently been found here that photolysis of 
several molecules (N20 5, N02Cl, HN03, ClN03) 

produces electronically excited nitrogen dioxide, 
which emits visible light. At low reactant pressures 
and at short times, this visible radiation, when 
dispersed, constitutes an emission probe for the nas
cent ro-vibrational energy distribution of the product 
molecule. This emission probe promises to give 
detailed molecular dynamics during the photolysis of 
moderately complicated molecules. 
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tsupported by National Science Foundation at the National 
Center for Atmospheric Research, Boulder, CO, where the princi
pal investigator spent 3 months sabbatical leave in 1984. 



CHEMICAL PHYSICS 

Energy Transfer and Structural 
Studies of Molecules on Surfaces* 

Charles B. Harris, Investigator 

INTRODUCTION 

The goal of this research is to study the mechan
isms that are responsible for the transfer of energy 
from the excited states of molecules to metal surfaces 
and to develop new laser techniques for probing 
molecule-surface interactions. The research program 
is both theoretical and experimental in character 
and it includes nonlinear optical and picosecond 
laser techniques, in addition to a variety of standard 
surface-science tools for characterizing molecule
surface interactions. The results of this program 
have a direct bearing on high-speed technological 
?evices and materials and on problems of general 
mterest s~ch as surface-enhanced photochemistry, 
the dynamtcs of surface photoemission, and the opti
cal properties of thin films. 

1. Nonclassical Energy Transfer to Metal 
Surfaces (Publications 1 and 3) 

A.P. Alivisatos, D.H. Waldeck, and C.B. Harris 

Energy transfer from an electronically excited 
molecule to a metal surface has generally been 
thought to depend on the inverse cube of the 
molecule-metal separation. This classical model has 
been verified in previous experiments. However, 
recently a detailed and careful distance dependence 
has been performed for molecules whose excitation 
frequencies lie below the interband transitions of the 
noble metals. In these systems deviations from the 
classical model are observed. The energy-transfer 

*This work was suppo~ed by the Director, Office of Energy 
R~s~a.rch, Office . of Bas1c Energy Sciences, Chemical Sciences 
DIVISion of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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rate is faster than the classical model would predict. 
Possible explanations for the deviations include: (1) 
The dielectric constant of the metal is wavevector 
dependent. In the classical model the optical dielec
tric constant is used. (2) The response of the elec
trons near the surface of the metal differs consider
ably from those near the bulk. (3) The surface is 
modeled as perfectly flat in the classical model, 
whereas in fact it is not smooth on the atomic scale. 
(4) In the classical model the molecule is modeled as 
a point dipole, whereas in fact it is a complex distri~ 
bution of oscillating charges. . 

2. Picosecond Dynamics of Simple Chemical 
Reactions in Solutions (Publications 2 7 8 
and 9)t · ' ' ' 

M. Berg, A.L. Harris, and C.B. Harris 

The recombination of photodissociated iodine 
atoms has been a venerable system for study amo~g 
experimentalists and theorists attempting' to under
stand the molecular dynamics of chemical reactions 
in solution. It has been found that four processes 
dominate this reaction on a picosecond time scale: 
ground-state vibrational relaxation ( 50-150 psec ), 
excited-state electronic-curve crossing (50-3000 
psec), cage recombination (less than 15 psec), and 
predissociation (1 0-15 psec ). Although the relative 
rates for these processes have been determined in a 
variety of polyatomic solvents, it is desirable to 
study this reaction in simple solvents such as xenon. 
First, such experiments provide valuable data on sys
tems that can be directly compared to current 
theoretical simulations that can only describe sol
vents composed of structureless particles. Second, 
such experiments allow one to separate the effects of 
each particular degree of freedom in the solvent. 
Thus, this work will provide a clear insight as to the 
important factors involved in vibratio~al relaxation. 
For example, in liquid xenon where only a transla
tional degree of freedom exists in the solvent the 
effect of vibrational to translational energy tra~sfer 
from the hot iodine to the xenon can be isolated. 
The results of this experiment show that the. vibra-



tiona! relaxation rate is 100 times slower than in 
complex solvents where vibrational and rotational 
degrees of freedom exist. On the theoretical side 
molecular dynamic simulations of I2/Xe(l) are i~ 
progress to study the effects of boundary conditions 
and system size on molecular dynamic trajectories 
for highly exothermic systems. An appropriate 
model will be determined and used to study I2 disso
ciation and recombination. Insight from these tra
jectories coupled with experimental data should lead 
to a more complete understanding of the "chemical 
cage," vibrational relaxation, adiabatic and nonadia
batic curve crossing, and the dependence of these 
phenomena on bulk properties such as temperature 
and density. 

tNational Science Foundation program using DOE equipment. 

3. Dynamics of Rotational Isomerizations in 
Liquids (Publication 4)t 

D. Ben Amotz and C.B. Harris 

The large-amplitude torsional motion of various 
triphenylmethane dyes has been investigated spec
troscopically using an amplified picosecond dye-laser 
system recently developed in our laboratory. The 
high time resolution of this system ( < 1 psec) has 
facilitated studies in the very low viscosity regime 
(0.1 cP < 7'J < 10 cP), where torsional relaxation 
occurs within a few picoseconds. These studies have 
revealed a previously unobserved linear viscosity 
dependence of the relaxation rate. The magnitude of 
the decay rate and its viscosity dependence confirm 
that large-amplitude motion on a barrierless poten
tial is involved. Detailed wavelength-dependent 
studies indicate that the excited-state potential sur
face is relatively flat in comparison with that in the 
ground state. Torsional motion on this shallow bar
rierless excited-state potential surface can be 
modeled using the Smoluchowski equation for 
motion on a barrierless potential in the presence of 
stochastic fluctuating forces. 

tNational Science Foundation program using DOE equipment. 
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4. Work in Progress 

Photoemission and Electron Capture in Thin Films 
on Silver Surfaces (C.A. Parsons and C.B. Harris) 

The properties of physisorbed molecular films 
have been studied via photoemission-yield tech
niques. Modification of the substrate work function 
through formation of a surface dipole layer has been 
studied for chemisorbed and physisorbed molecules. 
Attenuation of electrons by amorphous thin films 
has been studied from the low-coverage ( < 1 mono
layer) range as well as into the multilayer regime. 
The data (integrated photoemission yield) below one 
monolayer of p-benzaldehyde on a Ag(111) substrate 
qualitatively fits a picture of a monotonic work
function increase, although the functional form of 
this change in work function is very wavelength 
dependent in so far as it varies considerably for 
wavelengths just above vs. just below the bare-metal 
work function. Above one monolayer the electron 
yield falls exponentially with coverage. The slope of 
this decrease provides an electron attenuation depth 
(1/e value) of 2.5 monolayers in the thin-film over
layer. In addition to the prompt photoemission 
from the Ag( 111) surface, a time-resolved tail in the 
photoemission can also be monitored by electrically 
gating out the electrons emitted coincident with the 
laser and collecting the data on a transient recorder. 
A long (- 500 ns) decay is seen to grow in with 
molecular coverage. Experiments with a variety of 
aromatic molecules revealed essentially similar 
results. Trapping of the electrons by the film fol
lowed by dielectric relaxation in the film is postu
lated to account for the decays. 
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Selective Photochemistry* 

C. Bradley Moore, Investigator 

INTRODUCTION 

The fundamental goals of this program are to 
understand the photophysics and photochemistry 
that occur following selective excitation of molecules. 
Of particular interest are the chemical reactions of 
specifically excited states and the dynamics of energy 
transfer, both within a molecule and to surrounding 
molecules. For low levels of vibrational excitation in 
small molecules, individual quantum states may be 
excited, enabling the measurement of reaction and 
energy-transfer rate constants for each quantum 
state. For larger or more highly excited molecules, it 
is usually not possible to excite single eigenstates. 
Instead, a number of eigenstates are excited simul
taneously, and a redistribution of the initial vibra
tional excitation occurs. This process, known as 
intramolecular vibrational-energy redistribution 
(IVR), is extremely rapid and severely limits the 
realization of truly mode-specific unimolecular reac
tions. 

Advances in mode-specific chemistry will come 
from a more complete understanding of the IVR 
process and the parameters that control its efficiency. 
By being able to predict the rates of IVR and the 
path of vibrational~energy flow through a molecule, 
experiments can be designed utilizing molecular sys
tems that maximize the possibilities for mode
specific effects. Studies designed to elucidate the 
coupling mechanisms and dominant pathways for 
IVR are currently under way on a number of model 
systems. 

The rates and mechanisms of free-radical reac
tions, such as are important in combustion, are often 
best studied by flash kinetic spectroscopy using lasers 
for thermal heating, for photolyzing, and for spec
troscopic probing. Reactions can be studied as a 
function of individual quantum states. A fundamen
tal understanding of these reactions is sought to 
serve as a basis for modeling combustion processes. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. Rotational-State Distribution of CO 
Photofragments from the Triplet of Ketene 
(Publication 3)t 

H. Bitto, 1-C. Chen, and C.B. Moore 

The nascent rotational-state distribution of CO(v 
O,J") following excimer-laser photolysis of ketene 

at 351 nm has been determined under collisionless 
conditions in a flow cell. At this low excitation 
energy, dissociation can only take place on the triplet 
potential surface. Triplet ketene is probably pro
duced by intersystem crossing rather than directly by 
optical excitation: 

With this available energy only the vibrational 
ground state can be populated. 1 The observed rota
tional distribution of CO(v = 0) deviates drastically 
from a phase-space-theory statistical distribution as 
well as from a thermal one. A Boltzmann plot of 
this distribution increases monotonically from J" = 0 
to its maximum at J" = 13 (see Figure 1-1). Data in 

·J" 
5 10 15 20 25 

0 

Figure 1-1. Boltzmann plot of the relative rotational popula
tions of CO(v = O,J") after photolysis of 20 mTorr ketene at 351 
nm. The error bars represent the sample standard deviation from 
the mean. (XBL 863-952) 



the range J" = 20-28 can be characterized by a tem
perature of 330 K. The nonstatistical behavior is 
attributed to a barrier along the dissociation path. 
The fragments are repelled too rapidly for energy to 
be randomized between them. Thus the photofrag
mentation dynamics of triplet ketene contrasts 
markedly with dissociation on the singlet surface, 
which has no barrier and · gives a statistical 
fragment-energy-state distribution. It is likely that 
the ceo angle is strongly bent at the top of the bar
rier; an in-plane angle of 130° is given by ab initio 
calculation for the equilibrium triplet geometry.2 

tThe excimer laser used in this work was provided by the San 
Francisco Laser Center, a regional instrumentation facility funded 
by the National Science Foundation, Grant No. CHE83-03208, 
and NIH, Grant No. 5P41 RROJ613-03. 
I. C.C. Hayden, D.M. Neumark, K. Shobatake, R.K. Sparks, and 
Y. T. Lee, J. Chern. Phys. 76, 3607 (I 982). 
2. W.D. Allen and J.F. Schaefer III, submitted to J. Chern. Phys.; 
S. Yamabe and K. Morokuma, J. Am. Chern. Soc. 100, 7551 
(I 978). 

2. Work in Progress 

The reactions of selected vibrational states of 
free-base porphyrin in solid hexane and of pure 
liquid water are being studied to determine the 
extent of selectivity and non-RRKM behavior of 
these examples of vibrationally induced unimolecu
lar reactions. Flash-kinetic-spectroscopy studies of 
energy-transfer and chemical-reaction processes of 
free radicals are focusing on CH2 and HCO. 

1985 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. W.C. Natzle and C. B. Moore, "Recombination of H+ 
and OH- in Pure Liquid Water," J. Phys. Chern. 89, 
2605 (1985); LBL-17753. 

LBL Reports 

2. J.S. Wong, W.H. Green, C.K. Cheng, W.O. 
Lawrance, and C.B. Moore, "Coupling of the CH 
Stretching and Bending Vibrations in 
Trihalomethanes," submitted to J. Chern. Phys.; 
LBL-20825. 

3. H. Bitto, I.-C. Chen, and C.B. Moore, "Rotational 
State Distribution of CO Photofragments from Tri-
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plet of Ketene," submitted to J. Chern. Phys.; LBL-
20826. 

Invited Talks 

4. C. B. Moore, "Spectroscopy and Dynamics of Molec
ular Photofragments," Western Spectroscopy Associ
ation 32nd Annual Conference, Asilomar, CA, Janu-
ary 31, 1985. · 

5. C.B. Moore "Quantum-State Resolved Photofrag
ment Dynamics," Bell Laboratories, Murray Hill, 
NJ, April 2, 1985. 

6. C.B. Moore, "Quantum-State Resolved Photofrag
ment Dynamics," IBM T.J. Watson Research 
Center, Yorktown Heights, NY, April 17, 1985. 

7. C.B. Moore, "State-resolved Photofragmentation 
Dynamics," University of California, Davis, Physi
cal Chemistry Seminar, May 16, 1985. 

8. C.B. Moore, "Vibrational Energy Transfer: Perspec
tives and Recent Results," Gordon Research Confer
ence on Molecular Energy Transfer, Wolfeboro, NH, 
July II, 1985. 

9. C.B. Moore, "Laser Instrumentation Applied to 
Chemistry," University of California Berkeley, 
Department of Chemistry and Lawrence Hall of Sci
ence, Lecture to Institute for Chemical Education, 
July 16, 1985. 

10. C.B. Moore, "Resolving Intramolecular Vibrational 
Couplings: (I) Vibrational Level Structure of For
maldehyde at its Dissociation Threshold and (2) 
Sequential Energy Flow in Trihalomethanes," Oka
zaki Conference, Institute for Molecular Science, 
Okazaki, Japan, August 3, 1985. 

II. D.J. Bamford, H. Bitto, I.-C. Chen, S.V. Filseth, 
M.F. Foltz, C.B. Moore, D.J. Nesbitt, and H. Petek, 
"Quantum-State Resolved Photofragment Dynam
ics," Xllth International Conference on Photochem
istry, Sophia University, Tokyo, Japan, August 4-9, 
1985 (Molecular Dynamics Session). 

12. C.B. Moore, "Photofragmentation in the High Reso
lution Limit," Ninth Colloquium on High Resolu
tion Molecular Spectroscopy, Riccione, Italy, Sep
tember 15-20, 1985. 

13. C.B. Moore, "Resolving Intramolecular Vibrational 
Couplings: (I) Vibrational Level Structure of For
maldehyde at its Dissociation Threshold, (2) Sequen
tial Energy Flow in Trihalomethane, (3) Vibrational 
Photochemistry in Free-Base Porphyrins," Interna
tional Workshop on Intramolecular Vibrational 
Redistribution and Quantum Chaos, University of 
Rochester, Rochester, NY, October 3-5, 1985. 

14. C.B. Moore, "Dynamics and Spectroscopy of Highly 
Vibrationally Excited Molecules," University of Cali
fornia Berkeley, Department of Chemistry, Physical 
Chemistry Seminar, October 8, 1985. 



Physical Chemistry with Emphasis on 
Thermodynamic Properties* 

Kenneth S. Pitzer, Investigator 

INTRODUCTION 

The purpose of this program is the discovery and 
development of methods of calculation of thermo
dynamic and related properties of important chemi
cal systems by the use of quantum and statistical 
mechanics together with experimental measurements 
for key systems. Current emphasis is on novel ionic 
systems. Systems comprising fused salts mixed in 
any proportion with water or other polar solvents are 
being studied experimentally and with semiempirical 
theory. Current theoretical studies also include 
dilute ionic solutions very close to the critical point 
of the solvent where anomalous properties are 
observed. Recent theoretical advances include treat
ments of the dielectric constant of H20, the thermo
dynamics of ionic solutions in H20 above its critical 
temperature, and the critical properties of pure ionic 
fluids such as NaCI. Earlier advances yielded 
improved equations for electrolyte solutions; these 
equations are now being applied to a wide variety of 
systems of industrial or geological interest, including 

· geothermal brines. 
Another general area is that of relativistic 

quantum-mechanical methods for the calculation of 
energies, bond distances, and other properties of the 
ground and excited states of molecules or molecular 
ions containing very heavy atoms. Conventional 
nonrelativistic methods are inadequate in these 
situations. Such results are important in evaluating 
possible laser systems and for models of catalytic 
entities. A review of the accomplishments in this 
area was published (see Publication 5). 

1. Critical Point and Phase Separation for an 
Ionic System (Publication 1) 

K.S. Pitzer, M. C.P. De Lima, t and D.R. Schreiber 

Liquid-liquid phase separation and a critical 
point have been observed for a system involving a 
fused salt. Specifically, the system is tetra-n
butylammonium picrate: 1-chloroheptane. Figure 1-1 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 

151 

150.-------.,.---,.-----r----,-----, 

(.) 
0

- 100 

.2 liquids 

500L---~o~.2--~o~A~-~o~.6~-~o~.ao---~~.o 

Figure 1-1. The equilibrium liquid-phase mole fraction of 
picrate for the system tetra-n-butylammonium picrate:-1-
chloroheptane. (XBL 861-245) 

shows the phase diagram with the critical tempera
ture at 414.4 K (141.2.C), also Xc = 0.085 mole frac
tion picrate and Vc = 2300 cm3·mol- 1 picrate. The 
very low mole fraction and large molal volume at 
the critical point are characteristic of an ionic sys
tem, as indicated by a corresponding-states com
parison with the properties of pure NaC1. 1 This 
comparison is not exact, however, since the relative 
importance of nonionic to ionic forces is much 
greater for the present system than for NaCI. 

One important feature is the shape of the phase 
boundary near the critical point. It is customary to 
consider the relationship 

where xt" and x1' are the mole fractions of picrate in 
equilibrium at T, and {3 and B are constants. It is 
the exponent {3 that is of particular interest. Near 
the critical point and for short-range forces, the value 
0.325 is expected. But the value 0.50 is obtained 
from various theories that should be valid when the 
range of interparticle forces is longer than the range 
of fluctuations. In view of the long-range character 
of ionic forces, one expects the value {3 = 0.50 to be 
valid relatively close to the critical point, and Figure 
1-2 shows that this is the case for the present system. 

~ -1.0 
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Figure 1-2. Logarithmic plot of xt - x1' vs. [(T, - T)/Tc) to 
show the critical exponent (3. The line shows (3 = 0.5. 

(XBL 861-246) 



Indeed, there is no indication of a shift to a smaller 
slope, in contrast to the system Na:NH3, which 
shows2 a slope of 0.50 far from Tc and 0.34 close to 
Tc. 

tpermanent address: Department of Chemistry, University of 
Coimbra, 3000 Coimbra, Portugal. 
I. K.S. Pitzer, J. Phys. Chern. 88, 2689 ( 1984). 
2. P. Chieux and M.J. Sienko, J. Chern. Phys. 53, 566 (1970). 

2. Thermodynamic Anomalies in Near-Critical 
Aqueous NaCl Solutions (Publication 6) 

J.M.H. Levelt Sengers, t C.M. Everhart, t G. 
Morrison, t and K.S. Pitzer 

Apparent molar properties of dilute NaCl-H20 
near the critical point of pure water show very large 
anomalies. 1.2 There is a published theory3 of two
neutral-component critical behavior close to the criti
cal point of one component. This theory is extended 
to allow for an ionic component. It is shown that 
the Debye-Hiickel effect must be introduced as a 
term in the Helmholtz energy. (If this effect is intro
duced as a Gibbs-energy term, false divergences are 
obtained.) 

It is found that the anomalies in the apparent 
molal volume, enthalpy, and heat capacity arise from 
ion-water interactions that yield amplified effects 
near the critical point of pure water. Interionic 
effects and ion-association effects are of higher order 
in concentration and do not contribute to the limit
ing effects at infinite dilution. 

tPermanent address: Thermophysics Division, U.S. National 
Bureau of Standards, Gaithersburg, MD 20899. 
I. R.H. Busey, H.F. Holmes, and R.E. Mesmer, J. Chern. Ther
modynam. 16, 343 ( 1984). 
2. D. Smith-Magowan and R.H. Wood, J. Chern. Thermodynam. 
13, 1047 (1981). 
3. R.F. Chang, G. Morrison, and J.M.H. Levett Sengers, J. Phys. 
Chern. 88, 3389 (1984); A.M. Rozen, Russ. J. Phys. Chern. 50, 
837 (1976). 

3. Work in Progress 

A variety of other properties are being measured 
for the prototype fused-salt/polar-solvent system that 
shows a critical point, tetra-n-butylammonium 
picrate: 1-chloroheptane. These properties include 
viscosity, solvent vapor pressure (from which other 
thermodynamic properties can be calculated), and 
electrical conductance, which indicates the degree of 
ionic dissociation. Theoretical work continues in 
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relation to various ionic systems showing critical 
behavior. In a collaboration with this project, meas
urements have been made at the U.S. Geological 
Survey, Menlo Park, CA, on the system NaCl-H20 at 
the temperatures 373 and 375SC, which are just 
below and above the critical point of pure H20. 
Theoretical interpretation of the results is in prog
ress. 

In the area of relativistic quantum chemistry, 
calculations have been made for the Hgl 2 ion. The 
bonding is much stronger oh a relativistic than on a 
nonrelativistic basis. Calculations for the hydration 
energy for this ion are now being made. 

1985 PUBLICATIONS AND REPORTS 

Refereed Journals 

I. K.S. Pitzer, M.C.P. De Lima, and D.R. Schreiber, 
"Critical Point and Phase Separation for an Ionic 
System," J. Phys. Chern. 89, 1854 (1985); LBL-
19108. 

2. S.W. Wang, "The Geometric and Electronic Struc
ture of Small Copper Clusters Cu0 (n = 1-3) by an 
Effective Core Potential Method," J. Chern. Phys. 
82, 4633 ( 1985); LBL-18155. 

3. K.S. Pitzer, "A Consideration of Pitzer's Equations 
for Activity and Osmotic Coefficients in Mixed Elec
trolytes," J. Chern. Soc., Faraday Trans. I 80, 3451 
(1984). 

4. K.S. Pitzer, J. Olsen, J.M. Simonson, R.N. Roy, J.J. 
Gibbons, and L. Rowe, "Thermodynamics of Aque
ous Magnesium and Calcium Bicarbonates and Mix
tures with Chloride," J. Chern. Eng. Data 30, 14 
(1985); LBL-1757l.t 

Other Publications 

5. P.A. Christiansen, W.C. Ermler, and K.S. Pitzer, 
"Relativistic Effects in Chemical Systems," Ann. 
Rev. Phys. Chern. 36, 407 (1985); LBL-191 09. 

LBL Reports 

6. J.M.H. Levett Sengers, C.M. Everhart, G. Morrison, 
and K.S. Pitzer, "Thermodynamic Anomalies in 
Near-Critical Aqueous NaCI Solutions," submitted 
to Chern. Eng. Commun.; LBL-20030. 

7. K.S. Pitzer and J.M. Simonson, "Thermodynamics 
of Multicomponent, Miscible Ionic Systems; Theory 
and Equations," submitted to J. Phys. Chern.; LBL-
17839.t 

8. J.M. Simonson and K.S. Pitzer, "Thermodynamics 
of Multicomponent, Miscible Ionic Systems: the 
System LiN03-KNOrH20," submitted to J. Phys. 
Chern.; LBL-20207.t 



9. R.C. Phutela and K.S. Pitzer, "Heat Capacity and 
Other Thermodynamic Properties of Aqueous Mag
nesium Sulfate to 473 K," submitted to J. Phys. 
Chern.; LBL-2004I.t 

10. R.C. Phutela and K.S. Pitzer, "Densities and 
Apparent Molar Volumes of Aqueous Magnesium 
Sulfate and Sodium Sulfate to 473 K and 100 Bar," 
submitted to J. Chern. Eng. Data; LBL-20350.t 

11. P.P.S. Saluja, K.S. Pitzer, and R.C. Phutela, "High 
Temperature Thermodynamic Properties of Several 
I: I Electrolytes," submitted to Can. J. Chern.; LBL-
20208.t 

12. J.L. Bischoff and K.S. Pitzer, "Phase Relations and 
Adiabats in Boiling Seafloor Geothermal Systems," 
submitted to Earth and Planetary Sci. Lett.; LBL-
18997.t . 

Invited Talks 

13. K.S. Pitzer, "The Art of Approximation in Theoreti
cal Chemistry," Keynote Address, American Chemi-
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cal Society, Northwest Regional Meeting, Sun Val
ley, ID, June 19, 1985. 

14. K.S. Pitzer, "Role of Theory and Molecular Models 
for the Thermodynamic Properties of Fluids," Ninth 
Symposium on Thermophysical Properties, Boulder, 
CO, June 26, 1985. 

15. K.S. Pitzer, "Thermodynamics of Aqueous NaCl 
above 3oo·c Including Both Steam and Brine 
Phases," Second International Symposium on 
Hydrothermal Reactions, State College, PA, August 
12, 1985. 

16. K.S. Pitzer, "The Critical Point and Phase Equilibria 
for Ionic Systems," Fortieth Annual Calorimetry 
Conference, Asilomar, CA, August 27, 1985. 

tThis work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Division of Engineer
ing, Mathematics, and Geosciences of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 



Molecular Interactions* 

William A. Lester, Jr., Investigator 

INTRODUCTION 

This research program is directed at extending 
fundamental knowledge of the interactions and 
dynamics that govern energy-transfer, reactive, and 
photodissociative molecular processes, with applica
tion, where appropriate, to systems of combustion 
interest. The approach combines the use of 
potential-energy surfaces constructed using rigorous 
nonempirical methods [ab initio Hartree-Fock (HF), 
multiconfiguration Hartree-Fock (MCHF), and confi
guration interaction (CI)] with quantum, semiclassi
cal, and quasiclassical approaches to nuclear dynam
ics. Current efforts are focused on ( 1) single-photon 
photodissociation of C2N2 using ab initio MCHF 
potential-energy surfaces and .a recently developed 
adiabatic treatment of photodissociation dynamics, 
(2) extension of the adiabatic photodissociation 
development to bimolecular chemical reactions, (3) 
determination of cross sections for rotational and 
vibrational energy transfer by atom impact for elec
tronically excited molecules [(He H2. 
- HD(B 1 ~u+)], and (4) the application of Monte 
Carlo methods to the computation of energies and 
other properties of molecular systems. 

1. Electron Affinity of Fluorine: A Quantum 
Monte Carlo Study (Publication 15) 

R.N. Barnett, P.J. Reynolds, and W.A. Lester, Jr. 

We have calculated the total nonrelativistic ener
gies of the fluorine atom and its negative ion using 
the fixed-node quantum Monte Carlo (QMC) 
method. Over 90% of the correlation energy has 
been obtained for both the neutral and the anion. 
Subtracting these energies yields an electron affinity 
of 3.45 ± 0.11 eV, in excellent agreement with the 
recommended experimental value of 3.40 eV. The 
significance of the current work lies in the fact that 
the accurate determination of electron affinities 
remains a challenging theoretical task because the 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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total energies of an atom or molecule and its anion 
must be computed to the same accuracy. An accu
rate difference of the total energies is difficult to cal
culate using standard ab initio approaches because, 
at a given level of wave-function and basis-set expan
sion, the neutral and the anion are usually described 
to different levels of accuracy, and the appropriate 
level for each is not clear. Accurate treatment of 
electron correlation is required. Also addressed in 
this work is the time-step behavior of the QMC ener
gies. The data strongly suggest that the energy is 
linear in T for small T. As in previous QMC studies 
in this series, only a single determinant, constructed 
with a small (double-zeta) basis set and multiplied by 
simple functions of electron-electron and electron
nuclear separation, is required as an importance 
function. The electron-nuclear function was found 
to be necessary to offset the global expansion of the 
electron distribution caused by the electron-electron 
term. These factors reduce the statistical error at 
small computational cost. 

2. Theoretical Study of Intermolecular Energy 
Transfer of an Electronically Excited Diatomic 
Molecule by Atom Impact: Hees) + H2(B 1 ~u+) 
(Publications 10 and 14) 

R.M. Grimes, W.A. Lester, Jr., and M. Dupuist 

An ab initio potential-energy surface (pes) for He 
+ H2(B 1 ~u+) suitable for rovibrational energy
transfer studies has been determined using self
consistent-field (SCF) plus CI methods. The long
range interaction is described by a multipole expan
sion. The interaction potential is found to be much 
more anisotropic than those of ground-state systems 
studied to date. 

As a first step in the dynamics studies, cross sec
tions for rotational excitation at center-of-mass ener
gies of 0.015-0.105 eV have been computed in the 
rigid-rotator model using the space-fixed coupled
channel formalism and an analytical fit to the ab ini
tio pes. Partial inelastic cross sections display a high 
degree of structure, which appears to be mainly due 
to potential anisotropy. The magnitudes of integral 
inelastic cross sections are only in fair agreement 
with those also obtained in this study using a fit by 
Farantos, Murrell, and Carter that did not emphasize 
the long-range region. 

tpresent address: IBM Corporation, Scientific and Engineering 
Computation, Kingston, NY 12401. 



3. Ab Initio Study of Cyanogen: the 
X-1~+ -a3~+ B 1 ~ andC 1ll States 

~g ' u ' U' u 
(Publication 2) 

C.E. Dateo, M. Dupuis, t and W.A. Lester, Jr. 

An ab initio MCHF study of the 
:X 1 ~t, a 3~u+, 8 1.:lu, and c 1 rru states . of cyanog.en 
(C2N2) has been carried out to determme properties 
essential for our photodissociation effort and to 
extend knowledge of electronically excited states of 
small polyatomics. Equilibrium structures, harmonic 
vibrational frequencies, excitation energies, and dis
sociation energies have been calculated and found to 
be in semiquantitative agreement with available 
experimental data. This st!!_dy confirms the 1r -+ 1r* 

character of the a 3~u+ and B 1.:lu states, and the n -+ 
1r* character of the C 1Ilu state, near their equili
brium structures. Configuration mixing among the n 
and 1r electrons is needed to correct the broken
symmetry description given by the HF method and 
leads to a qualitatively correct ~presentation of 
these states. For the a 3~u+ and B 1.:lu states, the 
harmonic-force constants show a strong through
bond interaction that is due to the dominance of the 
charge-transfer configuration +NCCN-. For the 
C 1IIu state the trans-bending vibrational mode and 
the cis-bending mode lead to different Renner-Teller 
splittings: the lower 1 A' state most likely has a 
slightly trans-bent minimum-energy structure. The 
calculated harmonic stretching frequencies of C2N2 
(C1IIu) are: v 1 (sym. CN str.) = 2145 cm- 1, v2 (CC 
str.) = 989 cm- 1, and v3 (asym. CN str.) = 1789 
cm- 1• 

tpresent address: IBM Corporation, Scientific and Engineering 
Computation, Kingston, NY 12401. 

4. Adiabatic Approach to Polyatomic 
Photodissociation: Application to C2N2 
(Publications 5 and 6) 

C.E. Dateo, M. Dupuis/ V.Z. Kresin, and 
W.A. Lester, Jr. 

Recent experimental studies indicate that C2N2 
undergoes indirect photodissociation between 164 
and 158 nm proceeding via 

- -1 C2N2(X 1 ~g+) + hv-+ C2N2(C Ilu) 

(1) 
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Fragment vibrational distributions have been 
reported for several wavelengths. A main goal of the 
present theoretical effort is the understanding of the 
relative magnitudes of these distributions. 

An adiabatic approach has been developed by 
Kresin and Lester that enables process (1), an exam
ple of type II or vibrational predissociation that 
occurs on a single multidimensional pes, to be 
treated as a quantum transition in which the frag
ment distributions are evaluated in a golden-rule for
malism. It entails the use of a diabatic state 
representation that provides a localized description 
of the unimolecular process. Vibrational predissocia
tion represents a more complicated case in this 
development, because both states belong to the same 
pes. The method explicitly treats the coupling 
between the relative and internal motion of the frag
ments. The vibrational frequencies and equilibrium 
bond lengths of the fragments are found to depend 
on the interfragment distance. Using vibrational fre
quencies and bond lengths obtained from MCHF cal
culations, qualitative agreement with measurements 
of the CN(X) vibrational distribution by W.M. Jack
son and coworkers is found in a collinear model. 

The theory has been applied to collinear predis
sociation of C2NiC 1Ilu). Ab initio minimum-basis
set MCHF calculations were performed to obtain 
molecular geometries, _vibrational frequencies, and 
force constants of the C 1 Ilu quasidiscrete state and 
the CN fragments. Computed product vibrational 
distributions are found to be highly sensitive to 
which energetically accessible vibrational state is 
reached in absorption. Uncertainty in the 
C2N2(X 1 ~g+) dissociation energy and spread in 
wavelength of the photon source are the reasons for 
this ambiguity. 

tpresent address: IBM Corporation, Scientific and Engineering 
Computation, Kingston, NY 12401. 

5. Low-Lying Electronic States of Nitrosyl 
Cyanide (NCNO): An Ab Initio MCHF Study 
(Publication 1) 

M. Dupuist and W.A. Lester, Jr. 

Ab initio MCHF calculations of the electronic 
structure of several low-lying electronic states of 
nitrosyl cyanide (NCNO) have been carried out. 
The essential features of the electronic structure of 
these states were analyzed to provide a qualitative 
correlation diagram for the dissociation process 
NCNO -+ NC + NO. The most important finding is 
that the four lowest-lying states, 1•3 A' and 1

•3 A", are 



connected directly to ground-state fragments via sin
gle potential-energy surfaces. Excitation energies and 
geometrical parameters for these states and for the 
2- 1 A" and 2- 1 A' states were determined. A key 
question regarding the lowest 1 1 A" state is the 
importance of the barrier. This study indicates that 
when NCNO is prepared in this state, it is likely to 
dissociate on the 1 1 A" potential-energy surface if the 
total energy available is greater than the barrier to 
dissociation. Otherwise, dissociation occurs via a 
radiationless transition to the ground-state surface. 

tpresent address: IBM Corporation, Scientific and Engineering 
Computation, Kingston, NY 12401. 

6. Theoretical Study of the H + 0 3 -- OH + 
02 -- 0 + H02 System (Publication 13) 

M. Dupuis/ G. Fitzgerald,* B. Hammond, 
W.A. Lester, Jr., and H.F. Schaefer III 

The key features of the H + 0 3 potential-energy 
surface have been determined using ab initio 
quantum-mechanical methods. The electronic wave 
function used is a MCHF wave function that pro
vides a qualitatively correct description of various 
reactive channels. It is found that the H + 0 3 
- HO + 0 2 reaction proceeds along a nonplanar 
pathway in which the H atom descends vertically to 
the plane containing the ozone molecule to form an 
H03 intermediate that then undergoes fragmenta
tion. No planar transition state for a direct 0-atom 
abstraction could be located. The radical-radical 0 + 
H02 reaction was found to have no energy barrier to 
formation of H03, which was determined subse
quently to decompose to HO + 0 2. The H-atom 
abstraction reaction 0 + H02 - OH + 0 2 was 
found to have a small activation energy. The 
dynamical implications of these findings are dis
cussed. The results are consistent with the observed 
vibrational excitation of the OH product in the H + 
0 3 reaction. The key features of the H + 0 3 
potential-energy surface are expected to be transfer-· 
able to the X + 0 3 systems, where X = Cl, OH, NO, 
and NH2. 

tpresent address: IBM Corporation, Scientific and Engineering 
Computation, Kingston, NY 12401. 
*Present address: Quantum Theory Project, University of Florida, 
Gainesville, FL 32611. 
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7. Vector and Parallel Computers for Quantum 
Monte Carlo Computations (Publication r2) 

P.J. Reynolds, S. Alexander/ D. Logan,+ and W.A. 
Lester, Jr. 

Monte Carlo simulations are inherently 
computer-bound. Although short computations may 
provide order-of-magnitude estimates, long CPU 
times are generally required for reliable comparison 
with experiment or theory. The advent of supercom
puters has made possible significantly increased com
puter speeds for some applications. Monte Carlo 
codes are often highly parallel, offering multiple ave
nues for both parallelization and vectorization. We 
have explored the gains to be obtained with super
computers for the QMC method, used in molecular 
calculations to obtain solutions to the Schroedinger 
equation. Ordinary computers have a single
instruction, single-data (SISD) architecture, perform
ing sequential arithmetic operations on individual 
data elements. In contrast, vector processors are 
designed to perform identical arithmetic operations 
simultaneously on multiple data elements (single
instruction, multiple-data, or SIMD). Thus, for vec
torization to occur, there needs to be one operation 
to be performed on many data elements at a given 
moment. What the compiler can recognize, even 
with user directives, is critically dependent on a 
program's overall structure. To examine the adapta
bility of QMC to vector processors, we performed 
test runs on a two-pipe and a four-pipe CDC Cyber 
205, on a Cray 1 S, and on one processor of a Cray 
XMP. In applications involving short vectors the 
Crays seetn to be superior due to their shorter 
startup tithes. They also have a faster clock cycle. 
However,; in some situations, the Cyber 205 (espe
cially with 4 pipes) may be more desirable, due to its 
higher processing rate per machine cycle, and its 
large, diverse set of vector FORTRAN instructions. 
The usual structure of the QMC algorithm, however, 
prevents it from being vectorized efficiently. Even 
explicit vector coding for vectors longer than an 
optimized length leads to a scalar/vector ratio only 
in the range of 1-1.5. Much longer vectors are 
needed to achieve high efficiency. A more appropri
ate arrangement of the code, which allows the com
piler to create long vectors, is to make the outer loop 
over configurations innermost. With this change, 
scalar/vector ratios from 6~ 10 are obtained for a 
vector length of 500. Overall, we have achieved a 
speedup of 117-186 over a VAX 11/780 running the 
same code, and a factor of 192-304 over the same 
VAX running the original algorithm. It is also 



important to note that in comparing speeds we are 
comparing 32-bit single precision on the VAX with 
64-bit single precision on the supercomputers. For 
comparisons with equal numbers of significant fig
ures, we expect a speedup over the VAX (for the 
same code) of roughly 370 (on the Cray XMP or the 
four-pipe Cyber). Expressed in millions of floating
point operations per second (MFLOPS), we have 
obtained an average rate of roughly 70 MFLOPS on 
the Cray XMP and four-pipe Cyber 205 at a vector 
length of 500, and expect 140 MFLOPS in half preci
~ion. This is to be compared to the 14 Livermore 
kernels, which range from 3-150 MFLOPS on the 
Cray XMP, with a straight average of roughly 50 
MFLOPS and a harmonic mean (a better indicator 
of the actual speed of a code running sections going 
at different rates) of roughly 14 MFLOPS. We note 
especially that our rates are for the code overall, not 
just for selected parts of it. A more ambitious 
approach than the SIMD vector machines is 
represented by the fully parallel MIMD (multiple
instruction, multiple-data) structures, in which paral
lelism is achieved at the processor level, rather than 
with the functional units. Ideally, one can envision a 
system that encompasses both strategies, i.e., a mul
tiprocessor system whose component processors are 
capable of vector processing. QMC (and other 
Monte Carlo) can be decomposed simultaneously 
into vector and parallel parts, gaining from both 
types of architecture. For QMC, virtually the entire 
code vectorizes, and the code can be decomposed in 
a number of ways into virtually identical, noncom
municating parts suitable for parallel processing. 

tpresent address: Quantum Theory Project, University of Florida, 
Gainesville, FL 32611. 
*Present address: IBM Corporation, Scientific and Engineering 
Computation, Kingston, NY 12401. 

8. Work in Progress 

A quantum chemical study of the reaction of 
OCP) + C3H4 (allene) has been undertaken to more 
fully ascertain the reaction mechanisms for this sys
tem. This research is prompted by the molecular
beam study of Y.T. Lee and coworkers. Computa
tions are in progress for oxygen approach to the cen
tral and terminal carbon atoms. The goal is to ascer
tain the energetics and mechanisms of the various 
reaction pathways leading to combustion products. 

Work on the Hees) - H2(B 1 ~u+) system will be 
extended to treat rovibrational energy transfer and 
quenching to the ground H2(X 1 ~u+). This study has 
been undertaken to complement the early studies of 
C.B. Moore and coworkers. / 
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The adiabatic theories of indirect single-photon 
photodissociation and of bimolecular chemical reac
tions are being extended to three dimensions. 

An alternative to the use of guiding functions for 
quantum Monte Carlo from ab initio Hartree-Fock 
computations is in progress in the quest for 
improved variance reduction. 
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Spectroscopy and Structures of 
Reactive Intermediates* 

Richard J. Saykally, Investigator 

INTRODUCTION 

The objective of this research is to develop new 
techniques for the detection of unstable forms of 
molecules, and to use these techniques to carry out 
detailed measurements of the structures, properties, 
and dynamics of these species. 

Reactive molecules, including neutral-free radi
cals and molecular ions, play extremely important 
roles as reaction intermediates in combustion 
processes, reactive plasmas, in the terrestrial atmo
sphere, and in interstellar space. The transient 
nature of these reactive species has made their detec
tion and characterization a very difficult task, and 
comparatively few of these important reactive 
molecules have been studied in detail. 

"Van der Waals molecules" - molecules held 
together only by very weak dispersion or induction 
forces, by hydrogen bonds, or by monopole-dipole 
forces - constitute excellent prototypes of these 
same weak interactions that dominate the condensed 
phases. One of the chemical physicist's great dreams 
has been to bridge the gap from the gas phase, where 
detailed measurements of isolated species are possi
ble, to the condensed phases, where these measure
ments are clearly impossible, through the investiga
tion of successively more complex van der Waals 
aggregates in the gas phase. This dream is still a 
long way from being realized, as these species, like 
the reaction intermediates, are extremely difficult to 
detect and characterize. 

Similarly, studies of metal clusters and metal
containing molecules can reveal important features 
of metal-metal bonds, which are inaccessible from 
studies in the solid. These species are, like the 
preceding two categories, extremely difficult to study 
by spectroscopic methods. Metal clusters assume a 
particularly important role because of possible appli
cation to catalysis, and the lack of knowledge regard
ing their structures and properties is a serious defi
ciency in accessing such possibilities. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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The primary goal of this research is to carry out 
detailed investigations of those reaction intermedi
ates that are critical species in the combustion of 
important fuels. Exactly the same experimental and 
theoretical techniques employed to study reaction 
intermediates can be applied to van der Waals 
molecules and metal molecules; hence, studies of 
these two crucially important classes of molecules 
will be undertaken as well, with the long-range objec
tive of correlating the measured properties of these 
species as a means of understanding condensed 
phases in more detail. 

1. Intracavity Far-Infrared Laser Spectroscopy 
of Supersonic Jets: Direct Measurement of the 
Vibrational Motions in van der Waals Bonds 
(Publication 3) 

D. Ray, R. Robinson, D.H. Gwo, and R.J. Saykally 

Molecules held together by van der Waals forces 
generally possess bond strengths that are -0.1-1.0% 
of normal chemical bonds, i.e., 0.1-1.0 Kcalfmole 
(0.35-350 cm- 1

). Such extremely weak bonds exhi
bit vibrational frequencies that lie in the far infrared, 
e.g., 10-100 cm- 1 (1000-100 !lm). In order to 
measure vibration-rotation spectra of van der Waals 
bonds, one must devise a method that possesses very 
high sensitivity in this region of the spectrum and 
that preferably also has very high resolution capabili
ties, such that the hyperfine interactions, which can 
provide important information on the potential sur
face of these clusters, can be resolved. In this paper 
we report the development of such a new spectros
copic technique for directly measuring vibrational 
absorption spectra of van der Waals bonds. In this 
method, van der Waals molecules are produced in a 
supersonic free-jet expansion located inside the opti
cal cavity of an optically pumped far-infrared laser. 
Electric field tuning of dipole-allowed vibration
rotation transitions into coincidence with the laser 
frequency produces an extremely sensitive detection 
method that also possesses very high (-1 MHz) 
resolution. We shall describe this new technique and 
its initial application for the measurement of the 
bending (v2) vibration in ArHCl near 34 em -I. 

A schematic diagram of the spectrometer is given 
in Figure 1-1. An optically pumped far-infrared laser 
is the radiation source; by pumping -60 different 
molecules with the lines from a C02 laser, approxi
mately 2000 discrete frequencies can be obtained 
throughout the range 10-200 em -I. The high-finesse 
(f c::: 1 00) optical cavity is divided into a gain cell 
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Figure 1-1. Intracavity far-infrared laser stark spectrometer. 
(XBL 862-702) 

and a sample region by a rotatable polypropylene 
beam splitter placed at the Brewster angle; the gain 
cell contains two parallel mirrors that are used to 
multipass the C02 pump laser in a transverse confi
guration, and an output coupler, which directs a por
tion of the laser radiation into a cryogenic Ga:Ge or 
InSb detector. The sample region consists of a large 
vacuum chamber pumped by a 10" diffusion pump 
and. contains a pair of 56-cm diameter polished 
aluminum electrodes and mounted to be parallel 
with a set of 5.0-cm Macor spacers. One of the elec
trodes is connected to a programmable power supply 
that is swept from 0 to 100 kV, while the other is 
connected to an audio oscillator, amplifier, and 
transformer combination that can provide modula
tion voltages up to 1 kV at frequencies up to 100' 
kHz. The de voltage. is controlled by a microcom
puter system and is measured with a voltage divider 
and digital voltmeter. With this configuration, elec
tric fields as high as 20 kV/cm are produced with 
high homogeneity and measured with an absolute 
accuracy of 0.02%. Both the far-infrared laser and 
the C02 pump laser are locked to the cavity of the 
far-infrared laser for suitable frequency stability. 

A 1/4" Pyrex tube with the tip drawn to a 
10-100 ~-tm orifice serves as a supersonic nozzle, 
which is inserted into the center of the electrodes 
through an XZ translation stage. Typical backing 
pressures employed range from 1 to 10 atmospheres, 
which result in pressures up to 1 mTorr in the 
vacuum chamber, above which dielectric breakdown 
becomes incapacitating. With this supersonic free-jet 
configuration, Mach numbers as high as 33 can be 
achieved, yielding average total number densities 
near 1016 em - 3 and translational temperatures near 
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10 K in the region of the intracavity far-infrared 
laser beam. Absorption of the intracavity laser radi
ation by vibration-rotation transitions in van der 
Waals molecules produced in the supersonic expan
sion are demodulated by a lock-in amplifier and 
displayed as a function of the electric-field strength. 

We have observed extensive far~infrared spectra 
of ArHCl in several of the regions where transitions 
are predicted l.2 to occur. Typical examples are 
presented in Figures 1-2 and 1-3, which are assigned 
to Stark-hyperfine components of the bending funda
mental. Optimization of the experimental condi
tions (3% HCl in Ar, 6 atm backing pressure) pro
duced signal-to-noise ratios as high as 104 for the 35 
em_, transitions. Moreover, because the signals 
were measured in the intracavity configuration, 
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Figure 1-2. High-sensitivity spectrum showing signal-to-noise 
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Figure 1-3. High-resolution spectrum exhibiting resolved hyper
fine splitting. (XBL 862-704) 



saturation dips could readily be observed. Approxi
mately 120 transitions have been measured in this 
region and assigned to Q(l ), Q(2), and R(O) com
ponents. A preliminary least-squares analysis of 
these transitions yields values for the ArH35CI rota
tional constant, 1-type doubling constant, dipole 
moment, and axial and perpendicular quadrupole 
coupling constants for the first excited bending state, 
and for the band origin of the bending vibration, 
which are given in Table 1-1. While a large number 
of transitions have been observed in the region 
where the parallel bending (24 em - 1) and the stretch
ing vibrations (33 em - 1) are predicted to occur, 
detailed assignments and analyses of these have not 
yet been achieved. Similarly, a detailed analysis of 
spectra belonging to ArH37Cl isotope has not been 
carried out at this time. 

Table 1-1 

Effective parameters for the v2 = I state of ArHCI. 

B = 1707.0(2) MHz 

v = 33.98127(1) cm- 1 

q = - 50(3) MHz 

eqQ. = 10(2) MHz 

eqQb - eqQc = -75(2) MHz 

J.L = 0.267(1) D 

Interpretation of the spectroscopic information 
presented in Table 1-1 indicates that the average 
bending angle (of the HCI bond relative to the A 
inertial axis) increases from 41.2° in the ground 
state3 to nearly 76o in the first excited bending state. 
Because the dipole moment of the ArHCl molecule 
is essentially the projection of the HCI dipole onto 
the symmetry axis, excitation of the bend clearly pro
duces a large dipole derivative, partially accounting 
for the very large signals observed for these transi
tions. Similarly large bending transition moments 
are likely to occur quite generally for weakly bound 
molecules as a result of the large amplitude motions 
they undergo. Moreover, although the stretching 
vibration should, by analogy, produce a relatively 
small dipole derivative in these molecules, a very 
large Coriolis coupling between the van der Waals 
stretching and bending vibrations is indicated by the 
anomalously large 1-type doubling constant; hence 
intensity borrowing from the bend should make van 
der Waals stretches generally accessible by direct 
absorption spectroscopy as well. One of the most 
interesting short"term prospects for these experi
ments is the probable assignment of many of the 
transitions observed near 25 em - 1 to the parallel 
bending vibration (Lll = 0). This transition correlates 
to the bending overtone (Llv2 = 2) in the high aniso
tropy limit, but it will actually occur at lower fre-
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quencies than the perpendicular bend (Lll ± 1 ), 
which correlates to the fundamental (Llv2 = I), when 
the potential surface exhibits two attractive wells. 1•2 

Assignment of the 25 em - 1 transitions to the parallel 
bend would constitute the first experimental confir
mation of the secondary minimum at the ArCIH 
configuration if this simple desorption is applicable 
to the potential surface. 

Finally, we wish to point out that the simultane
ous development of far-infrared-laser/molecular
beam electric"resonance techniques by the Klemperer 
group at Harvard University3 constitutes a powerful 
complimentary technique for the study of vibrational 
spectra of van der Waals molecules. The combina
tion of these two new approaches to the study of van 
der Waals bonding should add considerably to our 
knowledge of this important phenomenon over the 
next several years. 

I. J.M. Hutson, J. Chern. Phys. 81, 2357 (I 984). 
2. J.M. Hutson and B.J. Howard, Mol. Phys. 45, 769 (1982). 
3. S.E. Novick, P. Davies, S.J. Harris, and W. Klernperer, J. 
Chern. Phys. 59, 2273 ( 1973). 

2. Work in Progress 

We are developing a new experiment, similar to 
that described above in our study of the van der 
Waals bonds of ArHCl, but designed to measure the 
vibrational motions in metal clusters. This experi
ment employs a high-power copper laser to vaporize 
a metal target into a supersonic expansion of helium 
buffer gas located inside the cavity of a far-infrared 
laser. Metal clusters form in the expansion and are 
cooled to near 0 K. A magnetic field tunes the 
vibration-rotation energy levels of paramagnetic clus
ters into coincidence with the laser, and the rovibra
tional absorption spectrum of the cluster is meas
ured. Analysis of these spectra will yield the struc
tures and potential functions of small metal clusters, 
information that will greatly complement studies of 
their chemical reactivity and physical properties 
being conducted in other laboratories. 
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Theory of Atomic and Molecular 
Collision Processes* 

William H. Miller, Investigator 

INTRODUCTION 

This research is primarily involved with the 
development and application of theoretical methods 
and models for describing atomic and molecular col
lision processes. Specific topics of interest include 
t~e theory of inelastic and reactive scattering, colli
Sion processes involving electronically excited atoms 
or molecules, collisional ionization phenomena sta
tistical theories of chemical reactions, scatteri~g of 
atoms and molecules from surfaces, and the interac
tions of molecular systems with high-power laser 
radiation. 

Much of this research is involved with the 
development and application of a general semiclassi
cal mechanics that allows one to combine classical 
mechanics and quantum mechanics in a correct and 
useful manner. This has been extremely successful 
in providing an understanding of the various effects 
that are seen in molecular phenomena, and it also 
often provides simpler computational methods for 
carrying out quantitative calculations. Certain 
research topics are more amenable to a completely 
quantum-mechanical approach, and these sorts of 
theoretical techniques are also used. 

The ability to understand - and thus model and 
predict - chemical kinetic phenomena in the gas 
phase has widespread practical importance in a 
number of different areas. Among these are atmos
pheric chemistry and physics, the interactions of 
molecules with strong laser fields, and energy
transfer and chemical reactions in flames and 
combustion. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. "Direct" Calculation of Quantum
Mechanical Rate Constants via Path-Integral 
Methods: Application to the Reaction-Path 
Hamiltonian, with Numerical Test for the H + 
H2 Reaction in 3D (Publication 5)t 

K. Yamashita* and W.H. Miller 

The method recently proposed by Miller, 
Schwartz, and Tromp1 for determining Boltzmann 
rate constants "directly" - by the path-integral 
evaluation of a reactive-flux correlation function -
is developed within the framework of the reaction
path Hamiltonian model for a general polyatomic 
reaction. The expression for the correlation func
tion, the time integral of which is the rate constant 
is reduced to a single path integral over only on~ 
degree of freedom (the reaction coordinate). Effects 
of tunneling, "frictional" effects on the reaction coor
dinate due to coupling to other degrees of freedom, 
and the effects of re-crossing the transition-state 
dividing surface are all correctly accounted for in the 
approach. Numerical tests of the formulae for the 
30 version of the H + H2 reaction (on the Porter
Karplus potential surface) give excellent agreement 
with the (known) accurate results for this system. 

Figure 1-1 shows the flux-flux correlation func
tion obtained for the 30 H + H2 reaction. One sees 
that it is necessary to determine the correlation func
tion for times of -20-30 fsec in order to compute 
its integral (the rate constant). This is the minimum 
length of time that one must determine the quantum 
dynamics of this system in order to determine the 
reaction rate. 

tK.Yam~shita acknowledges support from the National Science 
Founda~IOn Gra.nt CHE-7920181 and the Japan Society for the 
Promotion of Science. 
*Present address:. Department of Theoretical Chemistry, Institute 
for Molecular Science, Myodaiji, Okazaki 44, Japan. 
I. W.H. Miller, S.D. Schwartz, and J.W. Tromp J. Chern Phys 
79, 4899 (1983). ' . . 
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Figure 1-1. The flux-flux correlation function for the 3D H + H2 

reaction at T = 300 K. The area under this curve is the rate con
stant. (XBL 862-380) 

2. Quantum-Mechanical Reactive Scattering 
Via Exchange Kernels: Infinite-Order Exchange 
on a Grid (Publication 4)t 

P.S. Dardi,+ S. ShiJ and W.H. Miller 

A general methodology is described for carrying 
out quantum-mechanical reactive-scattering calcula
tions. The approach is based on Miller's' formula
tion of quantum reactive scattering in which rear
rangement processes (i.e., chemical reactions) are 
characterized by nonlocal exchange interactions that 
couple different arrangements. The specific 
approach described here requires that nonreactive 
coupled~channel calculations first be carried out 
separately in the various arrangements - this is a 
relatively standard inelastic scattering problem -
and the nonlocal exchange interactions are then 
discretized on a grid in (translational) coordinate 
space; straightforward linear-algebra calculations 
then lead to the scattering matrix. (Discretizing the 
·exchange kernels on a grid is suggested because 
exchange is very short ranged.) The attractiveness of 
the overall method is its straightforwardness, gen
erality, and special suitability for the vector
processing character of modern supercomputers. 
Application to a standard test problem (the collinear 
H + H2 reaction) shows that it is numerically stable 
over a wide range of collision energies. 

tcalculations were carried out on an IBM 4381 m1mcomputer 
supported by the National Science Foundation, Grant CHE-
8320487. 
*Present address: Department of Chemistry, Michigan State 
University, East Lansing, MI 48824. 
§Present address: Department of Chemistry, Princeton Univer
sity, Princeton, NJ 08544. 
I. W.H. Miller, J. Chern. Phys. 50, 407 (1969). 
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3. Further Theoretical Examination of the F 
+ H2 Entrance-Channel Barrier (Publication 2) 

M.J. Frisch/ B. Liu,+ J.S. Binkley/ H.F. Schaefer, 
and W.H. Miller 

A new theoretical study has been conducted to 
clarify the discrepancy between ab initio predictions 
of the entrance-channel barrier in the F + H2 reac
tion and the experimentally observed thresholds for 
product formation. New results using two different 
models are in better agreement with the experimen
tal exoergicity and predict a zero-point energy
corrected barrier of 2.0 kcal mol- 1• Estimates of the 
resulting reaction cross section and thermal
activation energy suggest that this value differs from 
experiment by about 0. 5 kcal mol- 1• The theoreti
cally predicted isotope effect on the thermal
activation energy is larger than either of the recently 
suggested experimental values, which, however, are 
subject to large uncertainties. 

Figure 3-1 shows the theoretically calculated. 
reactive cross section as a function of initial transla
tional energy (including tunneling effects). The solid 
curve is the result obtained using the theoretically 
computed barrier height of 3.2 kcaljmole. (The 
arrow indicates the classical threshold for the reac
tion with this barrier height, showing that the effect 
of tunneling is to reduce the effective threshold by 
about 1 kcaljmole.) The dashed and dotted curves 
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Figure 3-1. Theoretically calculated reactive cross sections for F 
+ H2 -+ HF + H. -:using the theoretically computed barrier 
height of 3.2 kcaljmole; ---: using a barrier height of I. 7 kcaljmole; 
. .. :using a barrier height of 1.2 kcaljmole. (XBL 862-381) 



show the result obtained if the barrier height is 
lowered by 0.5 kcal/mole and 1 kcal/mole, respec
tively. 

tpresent address: Kodak Research Laboratories, Rochester, NY 
14650. 
*Present.address: IBM Research Laboratory, San Jose, CA 95193. 
!Present address: Sandia National Laboratories, Livermore, CA 
94550. 

4. Quantum-Mechanical Rate Constants Via 
Path Integral: Diffusion of Hydrogen Atoms on 
a W( 1 00) Surface (Publication 1 )t 

R. Jaquet* and W.H. Miller 

Using Monte Carlo path-Integral methods 
described recently by Miller, Schwartz, and Tromp, 1 

quantum-mechanical rate constants have been calcu
lated for diffusion of H atoms on a model W(100) 
surface. The most interesting aspect of the present 
work is that it includes the effect of surface-atom 
motion, i.e., phonons, on the H~atom tunneling 
dynamics. Although the description is fully quan
tum mechanical, the phonons enter the present 
path-integral treatment in a way very similar to how 
they appear in the classical generalized Langevin 
models; the present formulation thus provides the 
correct quantum-mechanical analogue to classical 
frictional effects. The principal qualitative result 
shown by the calculations is that surface atom 
motion increases the rate of H-atom tunneling from 
one stable site on the surface to another. 

tcalculations were carried out on a Gould 8780 minicomputer 
funded by National Science Foundation Grants, CHE-7920 181 
and CHE-8320487. R. Jaquet was partially supported by the 
Alexander von Humbolt Foundation on a Feodor Lynen grant. 
*Present address: Lehrstuhl fiir Theoretische Chemie, Ruhr
Universitat Bochum, D-4630 Bochum, Federal Republic of Ger
many. 
I. W.H. Miller, S.D. Schwartz, and J.W. Tromp, J. Chern. Phys. 
79,4899 (1983). 

5. Work in Progress 

An extension of the reaction-path Hamiltonian 
model is being developed, one that introduces two 
large-amplitude, reaction-coordinate-like degrees of 
freedom rather than just one. This is necessary par
ticularly when dealing with H-atom transfer 
processes, where large curvature of the reaction path 
make the reaction-path model - which has only one 
large-amplitude degree of freedom - inadequate. 
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Photoelectron Spectroscopy* 

/)avid A. Shirley, Investigator 

INTRODUCTION 

This program addresses both experimental and 
theoretical aspects of electron spectroscopy for the 
investigation of electronic structure of matter in the 
gaseous and condensed phases. Research is con
ducted using both laboratory sources at LBL and 
synchrotron radiation in the 5-5000 eV energy range 
available at the Stanford Synchrotron Radiation 
Laboratory, where there is participation in develop
ing the spectroscopy of this newly accessible range of 
the electromagnetic spectrum. Time-of-flight meas
urements with synchrotron radiation are used to 
measure angular distributions of photoelectrons and 
resonant photoemission phenomena in the gas phase. 
Ultrahigh-resolution photoelectron spectroscopy 
based on molecular beams is yielding new informa
tion about small molecules and about the transition 
from single metal atoms to behavior characteristic of 
a three-dimensional solid. · Employing angle~ 
resolved, variable-energy photoemission and 
electron-energy-loss spectroscopy, this program 
examines the electronic structure of solids. The pro
gram also studies the geometric and electronic struc
ture of surface-adsorbate systems using photoelectron 
diffraction, angle-resolved photoemission extended 
fine structure (ARPEFS), and surface extended x-ray 
absorption fine structure (SEXAFS). 

In 1985 the theory of ARPEFS was completed 
and applied at a high enough level to derive accurate 
surface structures, taking multiple-scattering and 
curved-wave-front phenomena into account sys
tematically, as needed. Studies of the magnetic 
chromium surface were also completed, as was the 
SF6 project and several gas-phase photoemission 
experiments. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. It was performed at the Stanford Synchro
tron Radiation Laboratory, which is supported by the Department 
of Energy's Office of Basic Energy Sciences. 
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1. Approximate Translation of Screened 
Spherical Waves (Publication 6) 

J.J. Barton and D.A. Shirley 

A Taylor-series expansion of the addition 
theorem for screened spherical waves, iehe(kr)Yem(r), 
is developed and discussed. The expansion is 
designed for orderly progression in the addition of 
curved-wave-front corrections to multiple scattering 
of electrons in solids, but it applies to any wave
scattering problem based on the addition theorem for 
spherical waves. One of the expansion indices is 
related to a magnetic quantum number in a coordi
nate system rotated to align the quantization and 
translation axes, as illustrated in Figure 1-1. 

a 

Figure 1-1. Schematic illustration of the magnetic quantum
number expansion (MQNE). Waves emanating from point a are 
scattered from a potential centered at b represented by a circle. In 
a coordinate system with its z axis along the line ab, the MQNE 
zeroth-order term considers only the scattering of the m = 0 wave 
(solid-line lobe). The first-order term includes the I m I = I waves 
(dotted line); second-order corrections use I m I = 2 waves (dot
dash line). (XBL 8412-5148) 



2. Small-Atom Approximations for 
Photoelectron Scattering in the Intermediate~ 
Energy Range (Publication 8) 

J.J. Barton and D.A. Shirley 

Five approximate models for describing the 
scattering of spherical waves by central potentials are 
explored. The point-scattering model introduced by 
Lee and Pendry 1 allows a short-range potential to be 
close to the source; a new homogeneous-wave model 
lifts the restriction on the potential diameter but 
requires asymptotic incident waves. The popular 
plane-wave model requires both an infinitesimal
diameter potential and incident waves at their 
asymptotic limit. For realistic potentials at near
neighbor separations, none of these models is ade
quate: even a hybrid model combining features of 
the point-scattering and homogeneous-wave methods 
does not allow for amplitude variation across the 
potential. The fifth small-atom model is based on a 
Taylor-series, magnetic-quantum-number expansion 
of the addition theorem for screened spherical waves. 
This Taylor-series approximation has the 
homogeneous-wave model as its zeroth-order term 
and the exact spherical-wave scattering process as its 
limit. Multiple-scattering equations for angle
resolved photoemission extended fine structure 
(ARPEFS) are derived, and the levels of effectiveness 
of these approximations are compared. We demon
strate that while the plane-wave model is reasonably 
accurate for near-180° backscattering, small-angle 
scattering requires the curved-wave-front corrections 
available in the Taylor-series expansion method. 

I. P.A. Lee an9 J.B. Pendry, Phys. Rev. B 11, 2795 (1975). 

3. Theory of Angle-Resolved Photoemission 
Extended Fine Structure (ARPEFS) 
(Publication 20) 

J.J. Barton, S. W. Robey, and D.A. Shirley 

We outline a theory for photoelectron scattering 
in the 100-1000 eV energy range to simulate experi
mental measurements of angle-resolved photoemis
sion extended fine structure (ARPEFS) from ordered 
surfaces. The zeroth-order problem of photoabsorp
tion in the solid is treated first, followed by a scatter
ing problem that incorporates the scattering ion cores 
in a perturbation series (cluster expansion). The 
Taylor-series magnetic-quantum-number expansion 
is used for the curved-wave, multiple-scattering 
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equations. We argue that a velocity-dependent sur
face barrier gives primarily an inner potential shift, 
with no clear evidence for surface electron refraction. 
Analytic formulas for aperture integration are 
derived, and thermal averaging in a correlated Debye 
model is extended to multiple scattering. Reason
able values for nonstructural parameters in the 
theory are shown to give very good simulations of 
the experimental ARPEFS measurements from c(2 
X 2)S/Ni(001), in contrast to previous theoretical 
calculations. We find, in agreement with full 
multiple-scattering calculations, that forward focus
ing is a fundamental feature of ARPEFS, and that 
curved-wave corrections are essential for quantitative 
results. Since the scattering path-length difference is 
not appreciably altered by forward scattering, the 
ARPEFS oscillation frequency is nearly equal to the 
geometrical path-length difference, but the amplitude 
and constant phase of the oscillations cannot be 
predicted by theories based on single-scattering or 
plane-wave approximations. 

4. Analysis of Angle-Resolved Photoemission 
Extended Fine Structure (ARPEFS) for Surface
Structure Determination (Publication 15) 

J.J. Barton, C. C. Bahr, S. W. Robey, Z. Hussain/ 
and D.A. Shirley 

We describe our procedures for deducing adsor
bate geometry from core-level photoemission meas
urements as they are applied to c(2 X 2)S/Ni( 1 00). 
Extracting the oscillating part of the sulfur (ls) pho
toemission partial cross section gives the angle
resolved photoemission extended fine structure 
(ARPEFS). Fourier transformation of the ARPEFS 
yields peaks at distances characteristic of the local 
site geometry and in most cases closely related to 
geometrical path-length differences. Multiple
scattering, curved-wave calculations are fitted to 
Fourier-filtered data to extract the geometry; the 
Fourier filtering reduces the size of the scattering 
cluster and the number .of free parameters in the fit. 
Sources of error in this first ARPEFS measurement 
are discussed as a guide for future work. We find· a 
S-Ni bond length of 2.19 A (d.1. = 1.31 A), a S-Ni 
second-layer bond length of 3.14 A, corresponding to 
a 4% expansion of the top Ni layer, and some evi
dence that Ni atoms in the second Ni layer beneath 
open sites in the c(2 X 2) overlayer have a larger 
expansion from the first layer. 

tpermanent address: Department of Physics, University of 
Petroleum and Minerals, Dhahran, Saudi Arabia. 



5. A Generalized Ramsauer-Townsend 
Resonance in ARPEFS Oscillations 
(Publication 19) 

J.J. Barton and D.A. Shirley 

A resonance is observed in the scattering ampli
tude for S(l s) photoelectrons from Ni atoms and is 
interpreted as a dip in the Ni-atom partial cross sec
tion for electron scattering related to the Ramsauer
Townsend · effect. This generalized Ramsauer
Townsend effect occurs at a particular energy and 
angle rather than in the total elastic cross section. 
The sensitivity of the resonance energy to curved
wave corrections is shown, and, after including 
multiple-scattering effects, the S-Ni bond length in 
c(2 X 2)S/Ni(IOO) from the ARPEFS oscillations 
from nearest-neighbor Ni atoms in the presence of 
the generalized Ramsauer-Townsend resonance is 
derived. This bond length is found to be 2.20 
± 0.03 A, corresponding to a S-Ni interplanar dis
tance (dj_) of 1.32 ± 0.04 A. 

6. Geometry of p(2 X 2)S/Cu(OO 1) Determined 
with ARPEFS (Publication 29) 

C. C. Bahr, J.J. Barton, Z. Hussain/ S. W. Robey, 
J.G. Tobin,+ and D.A. Shirley 

We have measured the adsorption geometry, 
reconstruction, and relaxation for the p(2 
X 2)S/Cu(001) surface. Multiple-scattering, 
spherical-wave calculations were compared with 
ARPEFS data and with a direct Fourier analysis to 
establish the structure. The S-Cu bond distance is 
2.25 ± 0.02 A. The S adsorption appears to induce 
a shift of the top-layer Cu atoms 0.03 ± 0.01 A 
toward the adsorbate. The second Cu layer appears 
to be buckled, with the Cu atoms that are not 
covered by S atoms slightly displaced ( -0.1 A) 
toward the surface. 

tpermanent address: Department of Physics, University of 
Petroleum and Minerals, Dhahran, Saudi Arabia. 
*Present address: Department ~f Chemistry, University of 
Wisconsin, Madison, WI 53706. 
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7. ARPEFS Investigation of c(2 X 2)S/Ni(011) 
(Publication 30) 

S. W. Robey, J.J. Barton, C. C. Bahr, G. Liu/ and 
D.A. Shirley 

We have continued our ARPEFS studies to 
include the c(2 X 2) overlayer of S adsorbed on 
clean Ni(O 11 ). 

The ARPEFS experiment measures x(k), the 
oscillatory part of the angle-resolved photoemission 
cross section from the S(ls) core level as a function 
of the photoelectron momentum hk. These modula
tions are due to interference, at the detector, between 
the direct contribution of the outgoing photoelectron 
wave and that part of the photoelectron wave that is 
scattered from .nearby ion cores. 

Data were taken on the c(2 X 2)S/Ni(011) sys
tem with several different photoelectron emission 
angles. Using standard EXAFS Fourier back
transform techniques combined with theoretical 
scattering phase shifts, the S adsorption site was 
determined to be the rectangular hollow 2.18 ± 0.02 
A above the second-layer Ni atoms. In addition, the 
interlayer distance between the first- and second
layer Ni atoms was found to be expanded by 9 ± 
4%. This determination is in excellent agreement 
with previous ion scattering and low-energy 
electron-diffraction (LEED) experiments. 

Evidence is also presented that illustrates the 
importance of including multiple-scattering and 
spherical-wave effects in theoretical calculations of 
ARPEFS. 

tpermanent address: Department of Physics, Zhejiang University, 
Hangzhou, People's Republic of China. 

8. Experimental and Theoretical Investigations 
of Cr(OO 1) Surface Electronic Structure 
(Publication 12) 

L.E. KlebanoffJ R.H. Victora,+ L.M. Falicov, and 
D.A. Shirley 

The surface electronic structure of Cr(001) is 
characterized by angle-resolved photoelectron spec
troscopy. The spectral properties of surface-related 
photoemission features are found to be consistent 
with results from the first comprehensive spin
polarized calculation of Cr(OO 1) surface electronic 
structure. The theory predicts the existence of a fer
romagnetic Cr(OO 1) surface phase characterized by a 



very large (3.00 electrons) surface spin polarization. 
The extensive agreement between theory and experi
ment provides additional evidence that the Cr(OO 1) 
surface is in fact ferromagnetic. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
*Present address: Eastman Kodak, Rochester, NY 14650. 

9. Surface Dependence of the Cr(OO 1) 3s 
Photoemission Lineshape (Publication 23) 

L.E. Klebano.fl and D.A. Shirley 

An angle-resolved photoelectron spectroscopy 
(ARPES) study of the Cr(OO 1) 3s core level is 
reported. The relative intensities of the exchange
split photoelectron components change as the 
ARPES spectra become more surface sensitive. Sur
face contamination suppresses these intensity varia
tions and decreases the energy width of the 3s spec
tral profile. Almost all of the spectral observations 
are consistent with a surface-sensitive enhancement 
of the atomic 3d spin at the Cr(OO 1) surface. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 

10. The Initial Oxidation of Cr( 1 00) 
(Publication 24) 

A.G. Baca,t L.E. Klebanoff,+ M.A. Schulz/ E. 
Paparazzo, 111 and D.A. Shirley 

Electron-energy-loss spectroscopy (EELS), Auger 
spectroscopy, and LEED have been used to study 
oxygen chemisorption on and the initial oxidation of 
Cr( 1 00). With 0 2 exposures up to 5 L, Cr-0 vibra
tional frequencies between 49S:-545 cm- 1 are 
observed. A Cr-0 stretching frequency at 635 em -I, 
probably due to rhombohedral Cr20 3, is observed to 
emerge strongly by -60 L. Based on a sequence of 
0 2 exposures at 300 K and on a second sequence 
with anneals at 625 K and 1175 K, a model of the 
initial oxidation of Cr( 1 00) is presented. Subsurface 
oxygen in interstitial sites with Cr atoms maintaining 
bulk positions is proposed to act as a nucleus for 
subsequent oxide growth. According to this model, 
oxide growth at 300 K occurs primarily through 
domain expansion, while frequent creation of new 
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domains occurs at 625 K. At elevated temperatures, 
competition between domain growth and diffusion 
into the bulk is observed. 

tpresent address: AT&T Bell Laboratories, Murray Hill, NJ 
07974. 
*Present address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
§Present address: Department of Chemistry, University of Texas, 
Austin, TX 78712. 
'l'Permanent address: lstituto di Teoria e Struttura Elettronica, 
CNR, Rome, Italy. 

11. Dissociative Adsorption of CO and 02 on 
Cr( 1 00), Cr(ll 0), and Cr( 111) in the 
Temperature Range 300-1175 K 
(Publication 27) 

A.G. Baca/ L.E. Klebanoff,+ M.A. Schulz/ 
E. Paparazzo, 111 and D.A. Shirley 

EELS, LEED, and Auger spectroscopy have been 
used to characterize the adsorption of CO and 0 2 on 
Cr( 1 00), Cr( 11 0), and Cr( 111) at 300 K and above. 
No evidence of molecular CO or 0 2 was observed on 
these surfaces at any coverage. For each surface, the 
vibrational spectra for dissociated CO and oxygen 
are very similar. Broader EELS spectra are observed 
on Cr( 111) than on Cr( 11 0) or Cr( 1 00), indicative of 
multiple sites on the very open (111) surface. For 0 2 
exposures on Cr( 11 0) and at low coverages on 
Cr( 111 ), similar Cr-0 stretching frequencies at 
-560-580 cm- 1 and at -420-440 cm- 1 are sugges
tive of similar adsorption sites for oxygen on the two 
surfaces. These sites are proposed to be the long 
bridge and threefold sites on (110) planes of the two 
surfaces. A fourfold hollow site is consistent with 
the Cr-0 stretching frequency at 520 em -I for low 
coverages of oxygen on Cr(lOO). Adsorption sites for 
carbon are the same. Frequency shifts with coverage 
and temperature are reported for both chemisorption 
systems. A (6 X 1) LEED pattern is observed after 
an 825-K anneal for a 0.75-L exposure of 
CO/Cr(110), and a model consistent with the LEED 
pattern and sites based on EELS data is presented. 

tpresent address: AT&T Bell Laboratories, Murray Hill, NJ 
07974. 
*Present address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
§Present address: Chemistry Department, University of Texas, 
Austin, TX 78712. 
'~ermanent address: lstituto di Teoria e Struttura Elettronica, 
CNR, Rome, Italy. 



12. Sulfur 1s Core-Level Photoionization of 
SF6 (Publication 26) 

T.A. Ferrett, D. W. Lindle, P.A. Heimann, 
H. G. Kerkhoff/ U.E. Becker, t and D.A. Shirley 

Photoelectron spectra have been taken at photon 
energies between 2460 and 2600 e V across the 
discrete and continuum resonances in the vicinity of 
the sulfur K edge in gaseous SF6. Results at the 
below-threshold S 1s - 6t1u resonance indicate that 
"highly excited" S 2p and S 2s satellites (with two 
core holes) are the primary autoionization final 
states of SFl. An observed asymmetric profile in 
the S(L VV) Auger angular distribution suggests 
interference effects in the alignment of these 
resonantly produced SFl ions. Decay of the low
energy S 1 s continuum resonances near 2507 e V 
photon energy and into S 2p, S 2s, and/or valence 
photoemission channels indicates autoionizing char
acter. These features are assigned as doubly excited 
states, leading to S 1 s satellite thresholds observed 
here for the first time. At higher photon energies, 
between 2520 and 2570 eV, large oscillations inthe 
S 1 s cross section are reproduced well by MSM-Xa 
calculations but are not explained adequately by 
single-scattering plane-wave extended x-ray absorp
tion fine structure (EXAFS) effects. We speculate 
that improvements in the description of both the 
molecular potential and the electron-scattering pro
cess are necessary to model the diffractive and non
diffractive (barrier-interaction) effects in this energy 
region. 

tPermanent address: Technische Universitiit Berlin, Institut fiir 
Strahlungs- und Kernphysik, Berlin, Federal Republic of Ger
many. 

13. Photoelectron Branching Ratios and Partial 
Photoionization Cross Sections for Production 
ofthe (2a 1)-

1 State of H20 up to 200 eV 
(Publication 28) 

C.E. Brion,t D. W. Lindle, P.A. Heimann, 
T.A. Perrett, M.N. Piancastelli,* and D.A. Shirley 

The photoelectron branching ratio for the pro
duction of the (2a1)-

1 state of H2o+ was measured at 
photon energies from 50 to 200 e V using synchro
tron radiation and magic-angle photoelectron spec
troscopy. Partial photoionization cross sections were 
derived from the branching ratios using previously 
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reported absolute total cross sections. The results 
are consistent with earlier measurements from thres
hold to 60 eV obtained using dipole (e, 2e) spectros
copy and show that the (2a 1) _, branching ratio 
increases at higher photon energies. 

tpermanent address: Department of Chemistry, University of 
British Columbia, Vancouver, B.C. V6T IY6. 
;Permanent address: Department of Chemistry, University of 
Rome "La Sapienza," 00100 Rome, Italy. 

14. The Relationship Between Shape 
Resonances and Bond Lengths (Publication 17) 

M.N. Piancastelli, t T.A. Ferrett, D. W. Lindle, and 
D.A. Shirley 

A discussion is presented on the general nature 
of shape resonances in small molecules and their 
relationship to the phenomenon of extended x-ray 
absorption fine structure (EXAFS). Particular atten
tion is paid to the establishment of criteria for judg
ing assignments of photoabsorption features as shape 
resonances. Using these new criteria, we examine all 
K-shell absorption features of possible shape
resonance character in an attempt to determine the 
shape-resonance energy /bond-length relationship. 

tpermanent address: Department of Chemistry, University of 
Rome "La Sapienza," 00100 Rome, Italy. 

15. Increasing Quantum Yield of Sodium 
Salicylate Above 80 e V Photon Energy: 
Implications for Photoemission Cross Sections 
(Publication 16) 

D. W. Lindle, T.A. Ferrett, P.A. Heimann, and 
D.A. Shirley 

The quantum yield of the visible scintillator 
sodium salicylate is found to increase by approxi
mately a factor of two in the 80-270 eV photon
energy range. Because of the use of sodium sali
cylate as a photon-flux monitor in recent gas-phase 
photoelectron-spectroscopy measurements, previ
ously reported partial cross sections for Hg (4f, 5p, 
and 5d subshells) and CH31 (I 4d subshell) in this 
energy range are corrected, and new values are 
reported. For Hg, the correction brings the experi
mental data into better overall agreement with 
theory. However, considerable uncertainty remains 



in the absolute scale derived from previous Hg pho
toabsorption measurements, and no single rescaling 
of the subshell cross sections could bring all three 
into agreement with available theoretical calcula
tions. 

16. Photoelectron Spectroscopy and Inferred 
Femtosecond Intramolecular Dynamics of 
C2H 2 + and C2D 2 + (Publication 14) 

J. E. Reutt, L. S. Wang, J. E. Pollard/ D.J Trevor,+ 
Y. T. Lee, and D.A. Shirley 

The 584-A photoelectron spectra of rotationally 
cold C2H2 and C2D2 were obtained with improved 
resolution, permitting the first three electronic stat~s 
of the ions to be chan~cterized in greater detaiL 
Temperature-dependent studies led to a definitive 
assignment of the low-intensity features in the 
x-2rr state, yielding v4 = 837 ± 12 cm- 1 for C2H2+ 
and v4u = 702 ± 12 em -I for C2D2 +. The vs origin of 
the Renner-Teller multiplet was identified. In ·the 
case of C2D2 +, a Fermi resonance with this multiplet 
contributed intensity to the v1 mode, facilitating its 
evaluation at 2572 ± 16 em -I. The C2h geometry of 
the A - 2A state was determined from the two previ
ously un;bserved bending progressions, assigned to 
v4 and v58, and evaluated at 492 ± 12 em ~1

1 and 605 
± 12 cm- 1 for C2H2+ and 339 ± 12 em and 516 
± 12 em -I for C2D2 +, respectively. A more exten
sive vibrational progression than previously evident, 
composed of irregular spectral features indicative of 
nonadiabatic effects, was observed for the B2~u + 
state. Autocorrelation functions were derived from 
the spectra for all three electronic states, and the two 
electronically excited states exhibit an ultrafast decay 
on a 10- 14 second time scale. The A - 2Ag state 
decays within one period of bending vibration, while 
the B-2~ + state survives only 14 femtoseconds, 

u . 
corresponding to a single period of symmetnc 
stretching motion. 

tpresent address: The Aerospace Corporation, Los Angeles, CA 
90009. 
*Present address: EXXON Research and Engineering Co., Annan
dale, NJ 08801. 
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17. Molecular-Beam Photoelectron 
Spectroscopy of Ni(C0)4 (Publication 13) 

J.E. Reutt, L.S. Wang, Y. T. Lee, and D.A. Shirley 

The nickel carbonyl He I (21.218 e V) photoelec
tron spectrum has been reinvestigated with improved 
resolution and molecular-beam sampling. The 9T 2 
and 2E photoelectron bands are shown to be intrin.s~
cally diffuse, an effect attributed to a D2d eqtuh
brium geometry for these electronic states. Vertical 
ionization potentials of higher accuracy are deter
mined and the ordering of the next seven outer
valenc~ electronic states is proposed from a linear 
least-squares fit of the photoelectron spectrum. 

18. Work in Progress 

We have measured the ARPEFS above the S(ls) 
core level for sulfur adsorbed on Ge( 111 ). This sys
tem is interesting from several viewpoints. The 
directional bonding that exists in covalent semicon
ductors could be expected to lead to interesting 
adsorption sites not normally seen in metallic 
adsorption systems. In addition sulfur has been 
shown to react quite strongly with the Ge surface. 
H2S is adsorbed irreversibly, and the S is desorbed at 
higher temperatures in the form GeS. 1 Also, expo
sure of this surface to sulfur vapor at elevated tem
peratures leads to either etching of the surface or for
mation of solid GeS. 2 Our hope is to determine the 
adsorption site for a stable, well-ordered 2 X 2 
S/Ge( 111) phase and possibly draw some conclu
sions as to the reactive processes that are occurring. · 

The S/Mo adsorption system is being studied 
with ARPEFS. This system cannot be approached 
with standard EXAFS techniques because of the 
unfortunate coincidence of Mo and S absorption 
edges. Mo Auger transitions will still obscure some 
of the ARPEFS signal. Our interest is to study the 
effect of S adsorption on the Mo surface relaxation. 

In the coming year we plan to tap the potential 
of our new time-of-flight paraboloidal-mirror 
analyzer to perform new multiple-angle 
photoelectron-diffraction measurements. Recent 
modifications of the analyzer's detector system have 
brought the performance up to design expectations. 
A new detector anode design has reduced the two
dimensional positional nonlinearity to less than 1 %; 
a new digital cross-coupling compensation should 
improve positional resolution to better than one part 
in 128. Following calibration of the electronics and 
alignment of the paraboloidal analyzer, we will test 



the time pos1t1on interface and begin multiangle 
photoelectron-diffraction measurements on sulfur
containing molecular adsorbates on metal surfaces. 

Single-crystal copper is being studied . by surface 
electron-energy-loss fine structure (SEELFS). We 
have extended the observable energy range and sub
sequently improved the accuracy of the surface
structure information through detailed analysis. For 
example, SEELFS data on Cu(001) have been 
Fourier transformed to yield four peaks above the 
noise level. We hope to refine the SEELFS tech
nique itself in order to extract interatomic distances 
with greater accuracy. 

Final diagnosis and debugging of the modified 
electron-energy-loss spectrometer3 have been com
pleted. Studies on two known systems, 0/Ni(lOO) 
and S/Ni( 1 00), indicate that there is a gain of at least 
a factor of two in the signal and in the overall 
signal-to-background characteristic, compared to the 
earlier version. Preliminary study on the chemisorp
tion of S02/Ni(l 00) is currently in progress. 

We are continuing efforts to understand mul
tilectron and resonant effects in atoms and molecules 
using the technique of gas-phase photoelectron spec
troscopy. For example, previous measurements on 
the S 1s and S 2p subshells of SF6 are being exam
ined to identify the many-electron nature of reso
nances in SF6, a molecule generally regarded as a 
classic example of strong one-electron (shape) reso
nance effects. In atoms, results on photoelectron 
satellites, which are eniirely the result of electron 
correlation, have been obtained for He and Ne using 
a new threshold electron analyzer (TEA). This work 
constitutes one of the first measurements of satellite 
intensities at threshold. The TEA also has been used 
to observe resonant decay .in Kr and Xe that yields 
zero-energy electrons, a decay channel difficult to 
measure in most photoemission studies. Further 
work on resonance decay channels has been done in 
Eu, where the 3d- 4f and "4d- 4f' excitations 
show quite different decay characteristics indicative 
of an orbital-collapse phenomenon. 

In other gas-phase photoemission experiments, 
we have determined that the visible quantum yield 
of the scintillator sodium salicylate relative to ultra
violet photons increases dramatically in the 
80-270 eV photon-energy range. This result is 
important for the normalization of cross-section· 
measurements that use sodium salicylate to monitor 
the synchrotron-radiation flux. Finally, the inner
valence 2a1 orbital of H20 has been studied up to 
200 eV photon energy. Future work on atoms and 
molecules will be done primarily with the TEA to 
learn more about electron-correlation satellites near 
threshold, resonant decay channels, and the "post-
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collision interaction" of a low-energy photoelectron 
and an Auger electron. 

Fast Fourier-transform techniques have been 
applied to molecular-beam photoelectron spectros-

. copy, allowing us to study the femtosecond 
intramolecular dynamics of C2H/, C2D2 +, H20+, 
and D 20+. Autocorrelation functions derived from 
high-resolution spectra describe the evolution of the 
excited-state species for their first 200 femtoseconds 
on the upper potential-energy surface. Future work 
will continue these investigations on SF6 and CF4• 

A high-temperature metal-cluster molecular
beam source in conjunction with photoelectron spec
troscopy has been built in our laboratory. A partial 
debugging of the high-temperature beam source has 
demonstrated the ability to achieve temperatures up 
to 2600 K noninductively, a temperature that is 
compatible with photoemission studies. The studies 
of Zn and Mg metal clusters are under progress. 
Future work will be directed at transition metals 
such as Cu, Ag, Cr, etc. 

I. A.N. Boonstra, Philips Res. Rep., Suppl. 3 (1968). 
2. S.M. Repinsky and 0.1. Semyonova, Thin Solid Films 75, 391 
(1981). 
3. M.A. Schulz, LBL-19769. 
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Crossed Molecular Beams* 

Yuan T. Lee, Investigator 

INTRODUCTION 

The major thrust of this research project is to 
elucidate detailed dynamics of simple elementary 
reactions that are theoretically important and to 
unravel the mechanism of complex chemical reac
tions or photochemical processes that play important 
roles in many macroscopic processes. Molecular 
beams of reactants are used to study individual reac
tive encounters between molecules or to monitor 
photodissociation events in a collision-free environ
ment. Most of the information is derived from 
measurement of the product fragment energy and 
angular distributions. Recent activities are centered 
on the direct probing of transition states through the 
experimental observation of quantum-mechanical 
resonance phenomena, the mechanisms of elemen
tary chemical reactions involving oxygen atoms with 
unsaturated hydrocarbons, the dependence of the 
chemical reactivity of electronically excited atoms on 
the alignment of excited orbitals, the primary photo
chemical processes of polyatomic molecules, 
intramolecular energy transfer of chemically 
activated and locally excited molecules, the energet
ics of free radicals that are important to combustion 
processes, the infrared-absorption spectra of ionic 
clusters of hydrogen, and the bond-selective photo
dissociation through electron excitation. 

1. The State-Specific Reaction of Electronically 
Excited Sodium Atoms with Oxygen Molecules 
(Publication 6) 

H. Schmidt/ P.S. Weiss, J.M. Mestdagh,* 
M.H. Covinsky, and Y. T. Lee 

The reaction of electronically excited sodium 
atoms with molecular oxygen has been studied in 
crossed molecular beams. The Na(52S1;2) and 
Na(32P312) states did not produce NaO at collision 
energies up to 18 kcaljmole, even though they were 
energetically allowed to do so. The Na(42D512) state 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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produced NaO + 0 at center-of-mass collision ener
gies higher than 16 kcal/mole, but not at 7 
kcal/mole. Electron transfer from Na* to 0 2 in the 
entrance channel is likely to form the stable inter
mediate Na+o2-, but apparently it did not lead to 
NaO production. It appears that in order to produce 
an NaO product, the electron transfer at the entrance 
channel needs to be avoided, since the decay of the 
Na+o2- complex exclusively leads to a quenching 
process rather than to a chemical reaction. The NaO 
produced was predominantly backwards scattered 
relative to the incoming sodium atoms in the 
center-of-mass frame of reference, implying that col
linear and near-collinear approach geometries are 
favored, and that the reaction proceeds directly with 
no collision-complex formation. The NaO + 0 pro
duced were very highly internally excited, and it is 
likely that O('D) atoms were produced. 

tpermanent address: Freie Universitat Berlin, Fachbereich Physik 
(FB-20), Institut fiir Molekulphysik, 1000 Berlin 33, Federal 
Republic of Germany. 
*Permanent address: Institut de Recherche Fundamental, Service 
de Physique des Atoms et des Surfaces, C.E.N. Saclay, 91191 Gif
sur-Yvette, France. 

2. The Vibrational Predissociation 
Spectroscopy of Hydrogen Cluster Ions 
(Publication 7)t 

M. Okumura, L.I. Yeh,* and Y.T. Lee 

The first infrared spectra of protonated hydrogen 
clusters in the gas phase have been observed. Predis
sociation spectra were taken with a tandem mass 
spectrometer: mass-selected hydrogen-cluster ions 
were irradiated inside a RF ion trap by a tunable 
infrared laser, and the fragment ions created by pho
todissociation of the clusters were mass selected and 
detected. Spectra for each product channel were 
measured by counting fragment ions as a function of 
laser frequency. Low-resolution spectra (Llv = 10 
em -I) in the region from 3800 em -I to 4200 em_, 
were observed for the ions H 5+, Hl, and H9+ at 3910 
em -I 3980 em -I and 4020 em -I, respectively. A 

' ' . I band was also observed for Hs+ at 3532 em- . No 
rotational structure was resolved. The frequencies of 
the band maxima agree well with the frequencies 
predicted by previous ab initio- calculations for the 
highest modes. The absorption bands of Hit H,t 
and H 11 were found to be very close to that of H9+, 
indicating that the chemical forces are saturated 
when three H2 molecules are bound to Hl. The 
larger clusters (H 11, H 1t and H,1) should be con-



sidered as van der Waals complexes of H9+ with Hz 
molecules. The absorption of photons is mainly due 
to those Hz in H9+. 

tThe F-Center laser was on loan from the San Francisco Laser 
Center, a National Science Foundation Regional Instrumentation 
Facility, funded by NSF Grant No. CHE79-16250 awarded to the 
University of California at Berkeley in collaboration with Stanford 
University. 
*NSF Predoctoral Fellow. 

3. Reactive Scattering of Na(32P312) + HCl 
(Publication 12) 

M.F. Vernon/ H. Schmidt,+ P.S. Weiss, 
M.H. Covinsky, and Y. T. Lee 

The reaction of electronically excited Na(3P) 
atoms with HCl has been studied in a crossed
molecular-beams experiment. Detailed measure
ments of the laboratory angular and velocity distri
butions of the reactively scattered NaCI product at 
5.4 kcaljmole collision energy have allowed determi
nation of the product center-of-mass translational 
and angular distributions. These experimental 
results are compared to the direct interaction with 
product repulsion (DIPR) model of electron-transfer 
reactions. The broad translational-energy distribu
tion is in qualitative agreement with the DIPR 
model, but the angular distribution exhibits reduced 
intensity for scattering perpendicular to the relative 
velocity vector that cannot be reproduced by the 
DIPR model. The preferred transition-state confi
guration, Na-Cl-H, is consistent with what would be 
predicted by a diffuse 3P orbital where the Na atom 
appears ion-like. This configuration is opposite to 
that given by the dominant· term in the long-range 
multipolar expansion of the neutral reactant poten
tial. 

Electronic excitation of Na(3S) to the Na(32P3;z) 
state certainly enhanced the reactivity immensely, 
but the cross section is still much smaller that what 
is expected from the crossing distance of a neutral to 
ionic . potential-energy curve. Only a very small 
effect was observed on the reactivity by aligning the 
orientation of p orbital with respect to the relative 
motion. 

tpresent address: Department of Chemistry, Columbia Univer
sity, New York, NY 10027. 
*Permanent address: Freie Universitat Berlin, Fachbereich Physik 
(FB-20), Institut fiir Molekulphysik, 1000 Berlin 33, Federal 
Republic of Germany. 
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4. Rydberg Spectroscopy of H2 Via Stepwise 
Resonant Two-Photon Ion-Pair (H+ +H-) 
Production (Publication 14) 

A.H. Kung, t R.H. Page, R.J. Larkin,+ Y.R. Shen, and 
Y.T. Lee 

High-resolution spectra of new Rydberg states of 
Hz that converged to higher vibrational states (v > 
7) in the XUV region were obtained by two-step 
doubly-resonant excitation followed by H- ion 
detection. Resolved Fano-line profiles showing a 
sign reversal of the profile index along the Rydberg 
series were observed for the first time in Hz. 
Dynamical information such as lifetimes and relative 
transition strengths was also derived. 

t A. H. Kung was supported by the National Science Foundation 
under Grant CHE 83-03208. 
*Present address: United Technologies Research Center, Optics 
and Applied Technology Laboratory, West Palm Beach, FL 
33402. 

5. Reaction Dynamics of Electronically Excited 
Alkali Atoms with Simpler Molecules 
(Publication 9) 

P.S. Weiss, J.M. Mestdagh,f H. Schmidt,+ 
M.F. Vernon, M.H. Covinsky, B.A. Balko, and 
Y.T. Lee 

The reactions of electronically excited sodium 
atom with simple molecules have been studied in 
crossed-molecular-beams experiments. Electronically 
excited Na(3zP31z, 4zD512, and szS1;z) atoms were 
produced by optical pumping using single-frequency 
dye lasers. The effects of the symmetry, and the 
orientation and alignment of the excited orbital on 
the chemical reactivity, and detailed information on 
the reaction dynamics were derived from measure
ments of the product angular and velocity distribu
tions. 

tPermanent address: Institut de Recherche Fundamental, Service 
de Physique des Atoms et des Surfaces, C.E.N. Saclay, 91191 Gif
sur-Yvette, France. 
*Permanent address: Freie Universitat Berlin, Fachbereich Physik 
(FB-20), Institut fiir Molekulphysik, 1000 Berlin 33, Federal 
Republic of Germany. 



6. Photoelectron Spectroscopy and Inferred 
Femtosecond Intramolecular Dynamics of 
C2 H2 + and C2D2 + (Publication 15) 

J.E. Reutt, L.S. Wang, J.E. Pollard, t D.J. Trevor,+ 
Y. T. Lee, and D.A. Shirley 

The 584-A photoelectron spectra of rotationally 
cold C2H2 and C2D2 were obtained with improved 
resolution, permitting the first three electronic states 
of the ions to be characterized in greater detail. 
Temperature-dependent studies led to a definitive 
assignment of the low-intensity features in the X2llu 
state, yielding v4 = 837 ± 12 cm- 1 for C2Hl and v4 
= 702 ± 12 em -t for C2Dl. The v5 origin of the 
Renner-Teller multiplet was identified. In the case 
of C2Dl, a Fermi resonance with this multiplet con
tributed intensity to the v1 mode, facilitating its 
evaluation at 2572 ± 16 em -t. The C2h geometry of 
the A.i sta,te was determined from the two previously 
unobserved bending progressions, assigned to v4 and 
v5b, and evaluated at 492 ± 12 em -I and 605 ± 12 
cm- 1 for C2Hl and 339 ± 12 cm- 1 and 516 ± 12 
em -I for C2Dl, respectively. A more extensive 
vibrational progression than previously evident, 
composed of irregular spectral features indicative of 
nonadiabatic effects, was observed for the B2l;u+ 
state. Autocorrelation functions were derived from 
the spectra for all three electronic states, and the two 
electronically excited states exhibit '!_n ultrafast decay 
on a 10- 14 second time scale. The A2 Ag state decays 
within one period of bending vibration, while the 
B2l;u+ state survives only 14 femtoseconds, 
corresponding to a single period of symmetric 
stretching motion. 

tPresent address: Tlie Aerospace Corporation, Los Angeles, CA 
90009. 
*Present address: Exxon Research and Engineering Company, 
Annandale, NJ 08801. 

7. Bond-Selective Photochemistry in CH2Brl 
Through Electronic Excitation at 210 nm 
(Publication 16) 

L.J. Butler/ E.J, Hintsa, and Y. T. Lee 

To explore the possibility of bond-selective pho
tochemistry in the excited electronic state, we have 
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studied the photolysis of CH2Bri in a molecular 
beam at 210 nm. Following the direct local excita
tion of a repulsive transition on the C-Br bond at 
210 nm, the fragments were detected by time-of
flight mass spectrometry as shown in Figure 7-1. 
The dominant channel was found to be C-Br fission 
(60%), releasing an average of 15 kcaljmole into 
translation, with the remainder reacting to form CH2 
+ IBr and CH2 +I + Br. There was no evidence for 
the primary fission of the C-I bond, making this the 
first clear example of the selective cleavage of a 
stronger bond in a molecule over the weakest one. 

tpresent address: Department of Chemistry, University of 
Wisconsin, Madison, WI 53706. 
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Figure 7-1. (a) Time-of-flight spectrum of mje = 141, CH2I•. e: 
Experimental points; ---: fit to the CH2I+ signal calculated 
from the product translational-energy distribution for C-Br fission. 
(b) Time-of-flight spectrum of mje = 81, 81 Br•. e: Experimental 
points; - - - - : calculated time of flight of Br product from C-Br 
fission from the product translational-energy distribution derived 
from the CH2I+ spectrum; --- - ---: contribution of Br 
atoms from the dissociation to CH2 + I + Br; ---: total sum. 
Relative scaling of calculated fits is arbitrary. (c) Time-of-flight 
spectrum of mje = 95, CH2 

81 Br+. e: Experimental points. (d) 
Time-of-flight spectrum of mje = 127, I+. e: Experimental points; 
- - - : fit to the fast signal, assuming it is all from fragmentation 

of CH2I to I+ in the ionizer; the fit is calculated from the time of 
arrival of the CH2I product at CH2I+ shifteq by 2 !Lsec to account 
for the smaller precalibrated ion flight time; --- - --- : 
contribution from I atoms from the dissociation to CH2 + I + Br; 
---: total-sum fit. Relative scaling of calculated fits is arbi
trary. (XBL 861-19) 



8. Molecular-Beam Photoelectron Spectroscopy 
- of Ni(C0)4 (Publication 17) 

J.E. Reutt, L.S. Wang, Y. T. Lee, and D.A. Shirley 

The nickel carbonyl Hei (21.2175 eV) photoelec
tron spectrum has been reinvestigated with improved 
resolution and molecular-beam sampling. The 9T2 
and 2E photoelectron bands are shown to be intrinsi
cally diffuse; the rotational cooling of Ni(C0)4 

molecules through the supersonic expansion did not 
result in the narrowing of these bands. These two 
diffuse bands are attributed to D2ct geometries. The 
ordering of the next seven outer-valence electronic 
states is proposed from a linear least-squares fit of 
the spectrum. 

9. Work in Progress 

C-H bond-dissociation energy in C2H4 has been 
determined accurately using the method of 
molecular-beam photofragmentation translational 
spectroscopy. Our value, 108 kcal/mole, is also con
sistent with the maximum translational-energy 
release measured ea,rlier in the F + C2D4 - C2D3 + 
DF(V = 4) reaction by the crossed-molecular-beams 
method. 

Experimental studies on the reaction mechanism 
of 0 + CH2=C=CH2 has been completed. In the 
reaction of Na(4D) with N02, a dramatic orbital 
orientation and alignment dependence on the reac
tivity was observed. Translational-energy distribu
tions of D + DI - D2 + I and H + HI - I reactions 
were obtained. The dynamics of endothermic substi
tution reactions on Br + C2H2Ch - C2H2C!Br + Cl 
is starting to produce some exciting results, and the 
extent of intramolecular relaxation during the 
endothermic substitution reaction will be revealed 
for the first time. 

The spectra of the first-overtone excitation (v = 
0 - v = 2) of the C-H stretching vibration from 
rotationally cold benzene molecules was successfully 
obtained using the ion-dip method. The preliminary 
results on the second-overtone excitation (v = 0 - v 
= 3) has also been obtained. 
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Potential-Energy Surfaces for 
Chemical Reactions* 

Henry F. Schaefer III, Investigator 

INTRODUCTION 

This research program has two goals, related yet 
distinct. The first goal is the development of new 
theoretical and/or computational methods for the 
description of "what electrons are doing in 
molecules," to use the words of RobertS. Mulliken. 
Specifically, the single outstanding problem in the 
field is the correlation problem, that of formulating 
models for going beyond the single-particle or 
Hartree-Fock approximation. The second goal of 
our research is to apply these theoretical methods to 
significant problems of broad chemical interest. 
Currently two areas are of special concern: ( 1) 
. model theoretical studies of chemisorption, metal 
clusters, and organometallic species, and (2) 
potential-energy surfaces that govern gas-pliase 
chemical reactions. Research in the former area is 
ultimately aimed at a truly molecular understanding 
of catalysis, a subject pertinent to future energy 
requirements. In the second area research some
times tends toward molecules that are potentially 
important in interstellar space, atmospheric chemis
try, and the development of high-power laser sys
tems. It is to be emphasized that in recent years 
theoretical chemistry has become a significant source 
not only of broad generalities, but also of specific 
predictions concerning molecular systems that may 
be very important but inaccessible to experiments. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. Why the Energetic-Minimum Aluminum 
Vinylidene Is Not Observed in Low
Temperature Aluminum + Acetylene Reactions 
(Publication 8)t 

A. C. Scheiner and H. F. Schaefer III 

Ab initio molecular electronic-structure theory 
has been used to investigate the Al + C2H2 
potential-energy surface. Particular emphasis was 
placed on resolving the apparent conflict between 
theory and experiment by examining the barrier to 
rearrangement between cis-AlHCCH (observed by 
ESR at 4 K) and AlCCH2 (theoretically predicted 
global-energy 'minimum). Analytic self-consistent
field {SCF) gradients were employed with a double
zeta (DZ) basis set to locate and characterize station
ary points on the energy surface. Single-point 
configuration-interaction (CI) calculations using a 
double-zeta + polarization (DZP) basis set have been 
carried out at the DZ-SCF stationary points. The 
results are summarized in Figure 1-1. A DZP-CI 
barrier of 39.1 kcal for the cis-AlHCCH - AlCCH2 
isomerization has been found. Such a barrier is 
clearly prohibitive to this isomerization under the 
experimental conditions of 4 K. By comparing this 
isomerization to the bare HCCH - CCH2 isomeri
zation, the effect of the aluminum atom has been 
found to be significant. 

It appears that aluminum, or possibly other 
metals, may be useful in isolating and identifying 
vinylidene. The features exhibited in the energy sur
face of Al + C2H2 are likely to be important in other 
hydrocarbon rearrangements where a metal is intro
duced. A rather interesting result in this regard is 
found here in comparison with the naked vinylidene 
- acetylene rearrangement, which (as noted) has a 
negligible barrier. In contrast, Figure 1-1 shows (fol
low arrows in reverse direction) that the Al
vinylidene complex has a substantial barrier (-52 
kcal) for rearrangement to the At-acetylene complex. 
Thus the attachment of the aluminum atom, while 
reducing the barrier height relative to noninteracting 
AI+ HCCH- AI+ CCH2, effectively introduces an 
inhibitive barrier to a reaction that otherwise 
proceeds very rapidly. 

tThe Berkeley theoretical chemistry minicomputer is supported by 
the U.S. National Science Foundation under Grant CHE-
8218785. 
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Figure 1-1. Comparison of the acetylene -+ vinylidene isomerization with the aluminum-assisted acetylene -+ 

vinylidene isomerization. The single-point DZP-CI relative energies are shown in kcal/mole. Equilibrium bond 
lengths are in A. (XBL 861-297) 

2. Geometrical Structure and Vibrational 
Frequencies of Several Electronic States of Si2C 
(Publication 5)t 

R.S. Grev and H.F. Schaefer III 

The ground state of the Si2C molecule is found 
to be a closed-shell C2v symmetry structure with 
unusually short Si-C bonds. In these theoretical 
studies a DZP basis set was used initially. At the 
SCF level of theory the DZP C2v symmetry structure 
collapses to the linear 1 ~g+ state. Extension of the 
basis set to include a second set of d functions (DZ + 
2P) on each atom, however, shows the SCF linear 
state to be a transition state and the C2v structure to 
be the minimum. Optimization of the linear and 
C2v symmetry states using CI wave functions in con
junction with the DZ + 2P basis gives a final predic
tion that the C2v structure lies 2.1 kcaljmol below 
linear Si-C-Si. The effects of basis set and correla
tion energy on the Si2C bending potential are sum
marized in Figure 2-1. 

- tThe Berkeley theoretical chemistry minicomputer is supported by 
the U.S. National Science Foundation under Grant CHE-
8218785. 
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Figure 2-1. Total energy as a function of the Si-C-Si bond angle 
for r(Si-C) = 1.67 A. (XBL 8411-8052) 



3. Molecular Structures and Energetics for the 
Lowest Triplet States of Glyoxal 
(Publication 9)t 

J.F. Gaw+ and H.F. Schaefer III 

The equilibrium geometries of the lowest three 
triplet states of trans glyoxal (HCOHCO) have been 
predicted at the SCF level of theory using a DZP 
basis set, designated C,0(9s5p1d/4s2p1d), 
H( 4s l pj2s l p ). Two of the molecular structures thus 
predicted differ radically from the known 1 Ag 
ground-state equilibrium geometry. Specifically the 
1r - 1r* 

3Bu electronic state may be best described by 
a diradical valence structure involving two C-0 sin
gle bonds and a C=C double bond. The precise 
equilibrium geometry for the 3Bu state is shown in 
Figure 3-1. The predicted relative energies of the 
three triplet states are notably altered when the 
effects of electron correlation are treated theoreti
cally. Using CI, including single and double excita
tions, the predicted adiabatic excitation energies are 
23,000 (a3Au n - 1r*), 31,000 eBg n - 1r*), and 
31,000 em -t eBu 1r - 1r*), when corrected for 
unlinked cluster effects. 

tThe Berkeley theoretical chemistry minicomputer is supported by 
the U.S. National Science Foundation under grants CHE-8218785 
and CHE-8320487. This paper was written when H.F. Schaefer 
was a Visiting Fellow at the Research School of Chemistry, Aus
tralian National University, Canberra. 
*Present address: University Chemical Laboratory, Cambridge, 
CB2 I EW, England. 
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182 

4. The Malonaldehyde Equilibrium Geometry: 
A Major Structural Shift Due to the Effects of 
Electron Correlation (Publication 4) 

M.J. Frisch/ A.C. Scheiner, H.F. Schaefer III, and 
J.S. Binkley+ 

Complete theoretical optimizations of the equili
brium geometry of malonaldehyde have been carried 
out within the framework of the SCF approximation. 
Both Huzinaga-Dunning DZP and Pople 6-3lG** 
basis sets have been used, resulting in very similar 
results. The structural predictions are shown in Fig
ure 4-1. The predicted 0 · · · H hydrogen-bond dis
tance is 1.88 A, in poor agreement with the value of 
1.68 A deduced from experiment. It appears that the 
Hartree-Fock approximation is incapable of describ
ing the equilibrium geometry of malonaldehyde in a 
qualitatively correct manner. However, second
order perturbation theory yields a structure (0 · · · H 
distance 1.69 A) in good agreement with experiment. 
The structures of the keto tautomer and the transi-
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Figure 4-1. Theoretical structures for malonaldehyde compared 
with the experimental structure determined by E.B. Wilson's 
group at Harvard. The abbreviations SCF and MP2 refer to the 
self-consistent-field and second-order-perturbation method.s, 
respectively. The transition state shown here is for symmetric 
intramolecular hydrogen transfer. The keto tautomer lies about 
12 kcal above the observed enol form. (XBL 861-298) 



tion state for symmetric intramolecular hydrogen 
transfer have also been determined, as have 
harmonic-vibrational frequencies for all stationary 
points. 

tpresent address: Kodak Research Laboratories, Rochester, NY 
14650. 
+present address: Sandia National Laboratories, Livermore, CA 
94550. 

5. The Ground State of Si3. Two Near
Degenerate Isomers (Publication IQ)t 

R.S. Grev and H.F. Schaefer III 

Two low-lying states of the Si3 molecule are 
found that are very close in energy. The equilibrium 
geometries of these states are shown in Figure 5-1. 
One is a C2v symmetry closed-shell 1A1 structure 
analogous to the ground state of Si2C. This structure 
has two short Si-Si bonds with r(Si-Si) = 2.160 A and 
a central angle (} = 78.1 degrees. The second struc
ture is a D3h symmetry triplet,. 3 A~, and has a bond 
length of 2.263 A. Theoretical studies using basis 
sets of triple zeta plus double polarization (TZ + 2P) 
quality in conjunction with CI techniques at the 
DZP SCF or two-configuration SCF (TCSCF) optim
ized geometries predict that these two states are 
within 1 kcaljmole of each other. Although our 
methods suggest that the singlet is lower in energy, 

Si A263 
Si Si 

Si 

A2.16o 
/78.1°\ 

Si-------Si 
2.721 

A 
1 

(1) 

Figure 5-l. Theoretical structures predicted for the two nearly 
degenerate states of Si3 using a DZP basis set in conjunction with 
single-reference configuration-interaction (CISD) methods. Bond 
lengths are given in A. (XBL 855-8334) 
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we are unable to make a definitive conclusion as to 
which is the true ground state of Si3. 

tThe Berkeley theoretical chemistry minicomputer is supported by 
the U.S. National Science Foundation under Grant CHE-
8218785. An unrestricted grant from Energy Conversion Devices, 
Inc., is also acknowledged. 

6. The Open-Chain or Chemically Bonded 
Structure of H 20 4, The Hydroperoxyl Radical 
Dimer (Publication 14) 

G. Fitzgerald, t T.J. Lee, and H. F. Schaefer III 

The straight-chain isomer H-0-0-0-0-H of 
H20 4 is of considerable current interest in combus
tion and atmospheric chemistry. Ab znztzo 
quantum-mechanical methods have been used to 
study the geometrical structure, energetics, and 
vibrational frequencies of this species. DZ and DZP 
basis sets have been used in this theoretical study, 
the latter designated 0(9s5pldj4s2pld), 
H(4slpj2slp). These basis sets have been employed 
in conjunction with SCF and CI methods, including 
variationally up to 470,935 configurations. For the 
straight-chain isomer, stationary points of symmetry 
Czh, Ci, and C1 have been identified, corresponding 
to Hessian indices 3, 1, and 0, respectively. The 
equilibrium geometry, having no elements of sym
metry at all, is relatively unique and is shown in Fig
ure 6-1. The highest level of theory (unlinked 
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Figure 6-1. Predicted stationary-point geometries for the open
chain or chemically bonded isomer of the H02 dimer. All bond 
distances are given in A. The dihedral angles for the DZ + P SCF 
C1 structure are 83.8° (H 1000), 81.6° (0000), and 87.8° 
(H2000). (XBL 852-8190) 



cluster-corrected DZP Cl) predicts the straight-chain 
structure of H20 4 to lie slightly lower in total energy 
than the cyclic two-hydrogen-bond isomer. 

tpresent address: Quantum Theory Project, University of Florida, 
Gainesville, FL 32607. 
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ATOMIC PHYSICS 

High-Energy Atomic Physics* 

Harvey Gould, Investigator 

INTRODUCTION 

The goal of this program is to understand atomic 
collisions of relativistic ions and to test quantum 
electrodynamics (QED) in very high-Z atoms. These 
are new areas of research involving physics that is 
not accessible at lower energies or with lower-Z ions. 
Recent results include detailed measurements of 
cross sections for electron capture into the K-shell 
and higher shells of relativistic xenon (Z = 54) and 
ionization of K-shell electrons of relativistic xenon. 
These and earlier measurements in this program 
have led to an understanding of relativistic heavy
ion/atom collisions that in many cases is now more 
complete than for nonrelativistic collisions. Present 
activities include: measurement of ionization of L
and M-shell electrons of relativistic uranium; multi
ple electron capture and ionization; and, as a test of 
the higher-order terms in the QED self-energy, a 
measurement of the 2 3P0 lifetime in heliumlike 
uranium (Z = 92). Future experiments will explore a 
new mechanism for electron capture and capture 
from electron-positron pairs produced by 
relativistic-ion/atom collisions. Other experiments 
will examine relativistic heavy-ion/electron colli
sions, and channeling and polarization of relativistic 
heavy ions. 

1. Atomic Collisions with Relativistic Heavy 
Ions III, IV: Electron Capture (Publications 1 
and 2) 

W.E. Meyerhof/ R. Anhalt/ J. Eichler/ H. Gould, 
C. Munger, J. Alonso, :t: P. Thieberger, :t: and 
H.E. Wegner* 

Cross sections for electron capture by 82-, 140-, 
and 200-MeV/amu Xe54+, Xe53+, and Xe52+ ions 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division, and Division of Nuclear Physics of the Office of High
Energy and Nuclear Physics of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098. 
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(bare-, one-, and two-electron xenon, Z = 54) 
incident on thin solid targets from Be to Au were 
measured. Cross sections for ionization of the 1 s 
state of xenon projectiles for these energies and tar
gets were also measured. Measurements of capture 
cross sections were compared with calculations of 
radiative and nonradiative capture. The 
nonradiative~«_apture calculations are based on the 
relativistic eikonal approximation. In high-Z targets, 
nonradiative capture into excited states of the projec
tile is.found to be the dominant capture mechanism. 
This is predicted by the eikonal calculation and con
firmed by comparing cross sections for capture onto 
bare Xe54+ (see Figure 1-1) and Xe52+ (see Figure 1-
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Figure 1-1. Electron-capture cross sections for Xe54
+ ions 

incident on Be, Mylar (My), AI, Cu, Ag, and Au targets. The dot
ted line shows the radiative-electron-capture cross section, the 
dashed line shows the nonradiative cross section, and the solid 
line shows the total calculated capture cross section. For Be tar
gets radiative capture is the dominant contribution. 

(XBL 862-700) 
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Figure 1-2. Same as for Figure 1-1 for Xe52
+ ions, except that 

capture into the K-shell is not allowed; hence only capture into 
the L, M, and higher orbitals of Xe occurs. (XBL 862-701) 

2), which has a full K-shell. For projectile ls ioniza
tion, measured cross sections are compared with 
cross sections calculated by the plane-wave Born 
approximation. Relativistic wave-function, target
screening, and transverse-excitation effects are 
observed. 

tsupported by the National Science Foundation. 
*Supported by the Office of High Energy and Nuclear Physics, 
Nuclear Science Division of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098. 

2. Work in Progress 

A measurement of the 2 3P0-2 3S1 splitting of heli
umlike uranium (U90+) is being performed as a test 
of quantum electrodynamics (QED). Radiative 
decay from the 2 3P0 state has been observed, and a 
measurement of its lifetime is in progress. The life
time measurement will be interpreted to give the 
2 3P0-2 3S1 splitting, which is a test of the high-order 
terms of the QED self-energy. The high-order terms 
in the self-energy are the largest QED contribution to 
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the binding energy of high-Z atoms, but in low-Z 
atoms these terms are too small to be observed. The 
consequence is that a large breakdown of QED at 
high Z is not ruled out by present lower-Z experi
ments, and even a modest-precision Lamb-shift 
measurement in high-Z ions like uranium can pro
vide a powerful test of QED in the high-Z strong
field limit. The goal for this experiment is a test to 
10%, and the long-range goal of this work is a 1% 
test. 
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Atomic Physics* 

Michael H. Prior, Investigator 

INTRODUCTION 

This research program applies the unique facilities 
and expertise available at LBL to the measurement 
of important atomic parameters that test fundamen
tal theories and advanced calculations in atomic· 
structure, collision dynamics, and radiative 
processes. Topics are selected that have relevance to 
applied areas, such as fusion plasma diagnostics and 
~dvanced laser concepts, and/or that have high 
Impact on fundamental physical theory (such as 
quantum electrodynamics or electro-weak unifica
tion). 

The current effort is concentrated on a program 
that utilizes the intense multiply charged ion beams 
~rom the LBL electron cyclotron resonance (ECR) 
wn source to perform spectroscopic and collision 
studies. These include determination of fine struc
ture in 4-electron Ar14+ and study of the spectra and 
polarization of recombination radiation following 
electron-capture collisions of highly charged ion pro
jectiles with alkali atom targets. 

l. Parity Nonconservation in Atomic Thallium 
(Publication 1) 

E. D.· Commins and P.S. Drell 

Atomic parity nonconservation (PNC) arises 
from the interference between the neutral-weak and 
electromagnetic interactions coupling valence elec
tron to nucleus. Accurate observations of the 
phenomenon in an atom with structure simple 
enough for unambiguous theoretical interpretation 
provide an important test of our understanding of 
the electroweak intereaction, now best described by 
the standard SU(2) X U(l) model. In a many
electron atom, the contribution to PNC from the 
coupling of axial electronic and vector nucleonic 
neutral-weak currents is overwhelmingly dominant 
and it scales approximately as Z3, where Z is th~ 
atomic number. Thus the effect is most readily 
detected in very heavy atoms. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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This work reports a detailed description of a new 
Stark-interference experiment on the 293-nm 6 2P112 
to 7 2P1;2 transition in 205Tl, which provides a 
greatly improved measurement of the PNC effect in 
this atom. The technique uses linearly polarized 
293-nm photons incident on atoms in crossed elec
tric (E) and magnetic (B) fields. The quantity meas
ured is the ratio of the imaginary part of the PNC 
amplitude, lmEp, to the Stark-induced amplitude ,BE. 
The radiation is incident along the electric field, with 
the polarization vector making an angle 8 with 
respect to the magnetic-field direction. The ratio is 
determined from the size of the asymmetry in the 
fluorescent response of the Tl atoms when the E-field 
direction is reversed. Figure 1-1 shows the fluores
cent response of the Tl atoms to the laser-driven 6 
2P1;2, F = 1 to 7 2P1;2, F = 1 transition for various 
angles 8 and the asymmetry vs. laser frequency. 
Determination of the asymmetry at several electric
field values allowed extraction of lmEp/,8. The result 
is lmEp/,8 = -1.73 ± 0.26 ± 0.07 mVjcm, where the 
first error is statistical and the second is systematic. 
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Figure 1-1. (a) Laser scan of 6 2PI/2> F = 1 to 7 2p F = 1 . . fi I/2• 
transitiOn or B = 3.2 kG, () = 0°, 35", and 70°. The solid curves 
are theoretical. The dashed vertical lines indicate where parity 
data are taken (for tl.mF = 0, -4.9 GHz; for tl.mF = I, -2.7 
GHz). Data taken at E 

2
= 188 Vjcrri. (bl Parity-violating .a~ym

metry v~. frequency_ for_ 6 PI 12, F = I to 7 PI12, F = I transitiOns. 
The ordmate scale Indicates the fraction of -.21mEp/i3E expected. 

(XBL 852-1121) 



2. Work in Progress 

An atomic physics program has been initiated at 
the LBL ECR ion source. The ECR source is located 
at the LBL 88-inch cyclotron, where it produces 
heavy ions for nuclear physics research. The source 
is available, however, about 45 hours per week for 
atomic physics studies. The source produces high 
currents of multiply charged ions of a wide range of 
elements. 

To facilitate the initial atomic physics work, an 
experimental station has been established that pro
vides for deflection of the low-energy (~ 10 qKeV, 
where q is the ion charge) ion beam 90 degrees from 
the transport line to the cyclotron into an ultrahigh
vacuum chamber. The system does not allow for 
complete control of the ion beam, but it does permit 
the pursuit of several experiments that do not 
require transport of the beam over large distances or 
arbitrary positioning and focusing of the beam spot. 
These include co-linear laser/ion-beam spectroscopic 
studies, spectroscopy and polarization of recombina
tion radiation following electron-capture collisions, 
and some ion-surface collision work. The first 
experiment mounted at the station is a laser spec
troscopic measurement of fine structure in 4-electron 
(Be-sequence) Ar14+. The transition to be measured 
is the 3P2 to 3P1 magnetic dipole resonance in the 
excited 2s2p configuration at a wavelength near 
594.9 nm. Signal and linewidth estimates indicate 
that a precision of a few parts per million should be 
achievable. This would strongly challenge atomic 
theory for the 4-electron system and stimulate 
advanced calculations to match this level of preci
sion. 
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PROCESSES AND TECHNIQUES 

CHEMICAL ENERGY 

Formation of Oxyacids of Sulfur from 
S02* 

Robert E. Connick, Investigator 

INTRODUCTION 

This research is primarily concerned with the 
fundamental chemistry of sulfur species formed from 
sulfur dioxide in aqueous solution and the reactions 
of these species. This chemistry is of importance in 
the problems associated with atmospheric pollution 
by sulfur dioxide and the resulting formation of acid 
rain. Past work has dealt with the identification of 
species (e.g., two isomeric forms of bisulfite ion), 
equilibrium measurements, and the study of the 
dynamics of oxygen exchange with water. Present 
work is focused on the mechanism of oxidation of 
bisulfite ion by oxygen - a chain reaction. Addi
tional oxidation-reduction reactions should be inves
tigated, particularly reactions involving two .or more 
oxidation states of sulfur. A secondary and not 
closely related goal is to determine the factors con
trolling rates of substitution reactions in the first 
coordination sphere of metal ions in solution. This 
research is being pursued both through measurement 
of such rates with nuclear magnetic resonance 
(NMR) and by computer modeling of such processes. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. An NMR Study of Dynamic Processes in 
Complexes of Ni(II) and Zn(II) with 
Iminodiacetate, N-Methyliminodiacetate, and 
N -Ethyliminodiacetate (Publication 1) 

M.R. W agnert and R.E. Connick 

The dynamics of the coordination of metal ions 
in aqueous solution was studied by observing the 
rates of exchange of water and ligands from the first 
coordination sphere of nickel ion using 170, 13C, and 
1H NMR. The 1:1 complexes of Ni(II) with N
methyliminodiacetate (mida) and N
ethyliminodiacetate (eida) both showed a single rate 
of exchange of coordinated water with solvent. With 
three coordination sites occupied by water and three 
by the ligand (facial arrangement), there must be two 
different kinds of water that, however, exchange at 
the same rate. The simplest explanation is that the 
waters become equivalent through a Bailar-twist 
mechanism more rapidly than they exchange out of 
the first coordination sphere. 

Previous experiments with the I: 1 nickel imino
diacetate (ida) complex showed two rates of water 
exchange, that of trans to the nitrogen being the 
slower one by a factor of -5. While the interpreta
tion as two separate exchange processes may have 
been correct, the data are equally well fitted by 
exchange from the two positions cis to nitrogen cou
pled with a slower Bailar twist. 



The existence of cis and trans isomers of the bis 
ida complex of Ni(II) was previously observed by 
Klotter (unpublished). More precise measurements 
and analysis indicate that the isomerization through 
a Bailar-twist mechanism occurs about as rapidly for 
the A-cis to b.-cis interconversion as for the cis-to
trans interconversion, although the steric repulsions 
are different for the two processes. 

The mechanism of ligand exchange with free 
ligand for the bis Zn(II) mida and eida complexes is 
dissociation rather than a concerted replacement. 

Inversion of Hmida· and Heida· occurs by remo
val of the proton by free amine followed by inver
sion. 

tpresent address: Department of Chemistry, University of Cali
fornia, Berkeley, CA 94720. 
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2. Work in Progress 

Work has been started again on the mechanism 
of the oxidation of bisulfite ion by oxygen. Exten
sion of programming to three dimensions is in prog
ress for computer modeling of first-coordination
sphere exchange of solvent from a metal ion. 

1985 PUBLICATIONS AND REPORTS 

LBL Reports 

1. M.R. Wagner (Ph.D. Thesis), "An NMR Investiga
tion of Dynamic Processes in Complexes of 
Nickel(II) and Zinc(II) with Iminodiacetate, N
Methyliminodiacetate and N-Ethyliminodiacetate," 
LBL-20850. 



Catalytic Hydrogenation of CO* 

Gabor A. Somorjai and Alexis T. Bell, Investigators 

INTRODUCTION 

The purpose of this program is to develop an 
understanding of the fundamental processes involved 
in catalytic conversion. of carbon monoxide and 
hydrogen to gaseous and liquid fuels. Attention is 
focused on defining the factors that limit catalyst 
activity, selectivity, and resistance to poisoning, and 
the relationship between catalyst 
composition/structure and performance. To meet 
these objectives, a variety of surface diagnostic tech
niques are used to characterize supported and unsup
ported catalysts before, during, and after reaction. 
These techniques include low-energy electron diffrac
tion (LEED), Auger electron spectroscopy (AES), x
ray photoelectron spectroscopy (XPS), electron
energy-loss spectroscopy (EELS), infrared spectros
copy (IR), and temperature-programmed desorption 
(TPD). The information thus obtained is combined 
with detailed studies of reaction kinetics to elucidate 
reaction mechanisms and the influence of modifica- · 
tions in catalyst composition and/or structure on the 
elementary reactions involved in carbon monoxide 
hydrogenation. 

1. The Hydrogenation of Carbon Monoxide 
over Model Rhenium Catalyst. Additive Effects 
and a Comparison with Iron (Publication 13)t 

E.L. Garfunkel, J. Parmeter, and G.A. Somorjai 

Small-area ( -1 cm2) rhenium and iron foil 
catalysts have been studied for CO-hydrogenation 
reactions. Rhenium produced primarily methane 
and showed lower activity than iron. The addition 
of submonolayer amounts of alkali decreased the 
overall rate of reaction and caused a selectivity 
change towards longer-chain hydrocarbons on both 
metal surfaces. Oxidation of the surface usually 

caused a higher selectivity towards methane and a 
decreased rate of carbon buildup, but the overall rate 
of methanation remained relatively constant. The 
hydrogenation of carbon or CHx fragments appears 
to be the rate-determining step in the reaction. 

tThe equipment used in this study was provided by Union Car
bide under Grant Subcontract No. 04927. 

2. Alcohol Synthesis from CO and H2 over 
Molybdenum Sulfide. The Effect of Pressure 
and Promotion by Potassium Carbonate 
(Publication 15) 

Y. Xie, B.M. Naasz, and G.A. Somorjai 

Molybdenum disulfide is an active catalyst for 
the formation of alkanes from CO + H2. Addition of 
K2C03 as a promoter greatly increases the selectivity 
to alcohols. The alcohol production also depends on 
the pressure: higher pressures of either CO or H2 
lead to significant increases in the alcohol yield. In 
particular, at 2000 psig and 250°C, a catalyst with 30 
wt% K 2C03 produces a total alcohol yield of 90%, 
mostly methanol. 

3. The Influence of TiOx Deposits on a 
Polycrystalline Rh Foil on CO Adsorption and 
Desprption (Publication 14) 

M. Levin, M. Salmeron, A. T. Bell, and 
· G.A. Somorjai 

Overlayers of TiOx on Rh foil have been grown 
by Ti evaporation in vacuo followed by oxidation in 
100 Torr of 0 2 at 420 K. Auger electron spectra 
taken as a function of Ti dosing show a two
dimensional growth of TiOx until completion of one 
monolayer; thereafter, growth is three-dimensional. 
The decrease in CO chemisorption capacity of the 
foil is substantially less than that expected for physi
cal blockage of adsorption sites by TiOx. This 
behavior is enhanced by H2 reduction at 770 K. 
TPD of CO shows a weakening in the strength of CO 
adsorption on Rh for TiOx coverages exceeding 0.5 
mi. The data suggest a model in which CO chem
isorption is inhibited at Rh sites adjacent to TiOx 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy. under Contract No. 
DE-AC03-76SF00098. · species in addition to the Rh sites covered by TiOx. 
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4. The Conversion of Acetylene to Benzene 
Over Palladium Single-Crystal Surfaces. Part 2 
- The Effect of Additives (Publication 34)t 

M.A. Logan,+ T.G.Rucker, T.M. Gentle/ E.L. 
Muetterties, 11 and G.A. Somorjai 

The conversion of acetylene to benzene over pal
ladium (111 ), (1 00), and (11 0) single-crystal surfaces 
modified with submonolayer quantities of silicon, 
phosphorus, sulfur, chlorine, and potassium has been 
studied under both UHV and atmospheric-pressure 
conditions. At atmospheric pressures electron
donating additives enhance the rate of benzene for
mation, and electron-accepting additives reduce the 
rate. Potassium and silicon reduce the amount of 
surface carbon that accumulates during the reaction 
and thereby increase the rate of benzene formation 
relative to the undoped surface. At low pressures 
potassium suppresses, silicon and phosphorus 
enhance, and sulfur and chlorine leave unchanged 
the benzene yield. Silicon on the ( 1 00) face showed 
the greatest enhancement in the benzene yield due to 
a surface-compound formation. 

tT.M. Gentle thanks Dow Corning Corp. for a graduate fellow
ship. 
•Present address: J.C. Schumacher Co., Oceanside, CA 92054. 
§Present address: Dow Corning Corp., Midland, MI 48640. 
"Deceased. 

5. The Influence of Dispersion on the 
Interactions of H 2 and CO on Pd/Si02 
(Publication 20) · 

J.S. Rieck and A. T. Bell 

The influence of dispersion on the interactions of 
H 2 and CO with Pd/Si02 has been investigated. The 
distribution of H2 adstates changes to only a small 
degree with dispersion, due possibly to a change in 
the morphology of the Pd crystallites or in the coor
dination of adsorbed H atoms with the Pd atoms. 
The ratio of linearly held CO to bridge-bonded CO 
decreases with the dispersion, as does the ratio of 
CO adsorbed on Pd( 1 00) to Pd( 111) facets of the Pd 
crystallites. CO dissociation occurs preferentially 
from bridge sites and proceeds more readily with 
decreasing dispersion. Consistent with this, the turn
over frequency for methanation increases with 
decreasing dispersion. These trends are in good 
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agreement with recent calculations indicating that 
CO dissociation occurs preferentially from bridge
bonded sites. 

6. The Effects of Metal Oxide Promoters on the 
Interactions ofH2 and CO with Pd/Si02 
(Publications 1 7 and 19) 

J.S. Rieck and A. T. Bell 

The adsorptive and catalytic properties of 
Pd/Si02 can be affected strongly by the addition of 
metal oxide promoters. The aim of these studies 
was to establish the effects of promotion by Ti02, 

La20 3, Ce02, Pr60 1 I> Nd20 3, and Sm20 3• Promo
tion was carried out by impregnation of Pd/Si02 
with a solution containing a soluble precursor for the 
promoter (e.g., a nitrate salt). The promoted catalyst 
was then calcined and reduced in H 2. In all 
instances, H2 adsorption/desorption measurements 
revealed that a portion of the oxidic promoter 
covered the surface of the supported Pd particles. 
Only in the case of Ti02 was the extent of promoter 
coverage found to depend on the catalyst-reduction 
temperature, increasing with increasing temperature. 
None of the promoters, though, influenced the distri
bution of adsorption states for H 2. 

In contrast to H2, the distribution of CO adsorp
tion states is strongly influenced by the presence of 
promoters. Both Ti02 and the rare-earth oxides 
cause a decrease in the proportion of bridge-bonded 
versus linearly adsorbed CO. For Ti02, CO 
adsorbed on Pd( 1 00) facets is more strongly 
suppressed than CO adsorbed on Pd( 111) facets. 
The opposite trend is observed for promotion with 
the rare-earth metal oxides. A further effect of the 
promoters is to facilitate the dissociation of adsorbed 
CO to carbon and oxygen. Since CO dissociation is 
the rate-limiting step in CO methanation, it is 
observed that the specific activity for this reaction 
increases with promotion. In contrast to Ti02, the 
rare-earth oxides also enhance the direct hydrogena
tion of CO to methanol. 

It is proposed that the reactivity of adsorbed CO 
is altered by interaction of the oxygen end of the CO 
molecule, with partially reduced metal centers 
located at the periphery of small islands of the pro
moter. If the interaction is strong enough, complete 
rupture of the C-0 bond occurs. Partial weakening 
of the C-0 bond facilitates the addition of H 2 to 
form methanol. 



7. Studies of the Interactions of H2 and CO 
with PdjSi02 Promoted with Li, Na, K, Rb, and 
Cs (Publication 21) 

J.S. Rieck and A. T. Bell 

The interactions of H2 and CO with Pd/Si02 
promoted with Li, Na, K, Rb, and Cs have been 
investigated using TPD and temperature
programmed surface reaction. Introduction of the 
promoter following the preparation of the Pd/Si02 
catalyst causes a small increase(= 7%) in the disper
sion of the Pd particles. Reduction of the promoted 
catalysts removes a significant quantity of oxygen 
from the promoter, but only a small _portion of the 
promoter appears to cover the Pd particles. Alkali 
promotion of Pd/Si02 does not significantly influ
ence the amounts of H2 and CO that can be 
adsorbed on the metal. The alkali promoters have a 
slight influence on the distribution of H2 adstates but 
cause a significant change in the distribution of CO 
adstates. For low reduction temperatures, alkali pro
motion of Pd/Si02 decreases the activity of Pd for' 
the dissociation of CO. However, increasing the 
reduction temperature increases the CO dissociation 
activity of the promoted samples due to the 
increased degree of reduction of the promoter. This 
enhanced dissociation activity is reversed by the 
reoxidation of the promoter by H20 or C02 formed 
under reaction conditions. The nascent carbon 
formed by CO dissociation on alkali-promoted 
Pd/Si02 is less reactive than that on unpromoted 
Pd/Si02, and the promoted catalysts have a lower 
activity for CH4 synthesis relative to that for unpro
moted Pd/Si02, decreasing in the following order: 
unpromoted > Li > Na > K > Rb > Cs. 

8. CO Hydrogenation over Rhodium 
Supported on Si02, La203, Nd203, and Sm203 
(Publication 18) 

R.P. Underwood and A. T. Bell 

The kinetics of CO hydrogenation over Rh sup
ported on Si02o La20 3, Nd20 3, and Sm20 3 were 
investigated. Large differences were observed, 
between silica-supported Rh and the rare-earth
oxide-supported Rh catalysts, in the apparent activa
tion energies for the synthesis of methane, methanol, 
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and C2 oxygenates. Large differences were also 
observed, between Rh/Si02 and the rare-earth
oxide-supported Rh catalysts, . in the H2 and CO 
partial-pressure dependences for the synthesis of c2 
oxygenates. These differences are attributable to 
metal-support interactions. No clear correlation was 
found between the activity or selectivity for CO 
hydrogenation of the rare-earth-oxide-supported Rh 
catalysts and basicity of the support. For each of the 
catalysts studied, acetaldehyde was found to be the 
primary C2-oxygenated product. Ethanol appears to 
be formed via the hydrogenation of acetaldehyde, a 
process that occurs much more readily over the 
rare-earth-oxide-supported catalysts than over the 
silica-supported catalyst. 
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Organometallic Chemistry of Coal 
Conversion* 

K. Peter C. Vollhardt, Investigator 

INTRODUCTION 

The purpose of this work is to apply organome
tallic processes and techniques to the solution of 
problems concerned with the conversion of coal and 
coal-related molecules to liquid and gaseous fuels. 
In addition, novel organometallic systems are being 
constructed that might serve to activate small 
molecules of industrial relevance to carbon-carbon 
and carbon-heteroatom bond formation. The poten
tial of selected systems as photostorage and photo
chemical water-splitting devices is being explored. 

Work concerned with the mechanistic details of 
a novel organometallic reaction, the thermal extru
sion of sulfur dioxide from cobalt-complexed 
thiophene derivatives, has been completed. Efforts 
are now concentrated on the synthesis and explora
tory chemistry of fulvalene dimetal complexes of 
both the homo- and heterobimetallic variety. These 
investigations have led to the synthesis of novel 
materials, the discovery of new reactions, including 
the activation of water, and unprecedented rear
rangements in the coordination sphere of dinuclear 
metal systems. 

1. Synthesis, Structure, and Dynamic 
Properties of a Fulvalene-Bound Fischer-Type 
Carbene Complex. A Novel Thermal 
Elimination of Propene (Publication 1) 

J.S. Drage and K.P.C. Vol/hardt 

(715:rj-fulvalene)hexacarbonyldimolybdenum dian
ion underwent dialkylation with 1 ,3-diiodopropane 
to furnish the structurally characterized, metal-metal 
bonded (1-oxacyclopenta-2-ylidene)Mo3(CO)s, the 
first Fischer-type carbene to exhibit fluxional 
behavior, presumably through a bridging carbene 
species (~G+ = 18 + 0.5 kcal mol- 1). Thermal and 
photochemical degradation led to the efficient gen-

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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eration of propene and (715:715-C10Hs)Mo2(C0)6 by a 
novel pathway not involving a metallacyle, of poten
tial relevance to the mechanism of hydrocarbon for
mation from CO-H2 on surfaces. 

2. (Fulvalene)dimolybdenum Pentacarbonyl 
Diphosphine: a Dinuclear Organometallic 
Zwitterion (Publication 2) 

M. Tilsetf and K.P. C. Vol/hardt 

Treatment of (71 5:715-fulvalene)dimolybdenum 
hexacarbonyl [FvMo2(C0)6] with P(CH3h or 
(CH3hPCH2(CH3h gives novel dinuclear zwitterions 
(CohMo-FvMo+(COhL2 in a reaction that does not 
proceed via the metal-metal bonded FvMo2(CO)sL 
as an intermediate. One of the zwitterions [L2 = 
(CH3hPCH2P(CH3h] was characterized by x-ray crys
tallography. The zwitterionic species show reactivity 
patterns consistent with the charge-localized struc
ture: the negatively charged metal center is attacked 
by electrophiles, whereas the positively charged 
center is reduced with one-electron reductants and 
LiAIH4, including conversion of coordinated CO to 
CH3. When treated with an excess of P(CH3h, both 
zwitterions undergo decomplexation by unpre
cedented ring slippage to form FvMo(COhL2, in 
which only one Cp moiety of the Fv ligand is com
plexed to Mo. 

tM. Tilset was the recipient of a fellowship from the Royal 
Norwegian Council for Scientific and Industrial Research. 

3. Mechanism of the Thermal Extrusion of 
Sulfur Dioxide from (775-Cyclopentadienyl)cobalt 
11

4-Thiophene 1 ,!-Dioxides to Complexed 
Cyclobutadienes (Publication 3) 

J.S. Drage and K.P.C. Vol/hardt 

Flash vacuum pyrolysis of (775-

cyclopentadienyl)cobalt 714-thiophene 1, !-dioxide 
complexes (500-600°C, 10-4 Torr) effects sulfur 
dioxide extrusion and formation of (7J5

-

cyclopentadienyl)cobalt 714-cyclobutadiene complexes. 
Labeling studies verify that this process occurs by an 
intramolecular pathway in which there is no posi
tional isomerization. A stereochemical labeling 
experiment provides information that suggests that 
so2 extrusion follows a stepwise mechanism, possi
bly involving novel metallacyclic intermediates. 



4. Work in Progress 

Further aspects of the photochemistry of ful
valene diruthenium tetracarbonyl are being explored 
in order to delineate its utility in photochemically 
driven organic transformations. In addition, this 
system has revealed an unprecedented ring-slippage 
reaction, similar to that reported in Publication 2. 
In this case, crystals suitable for x-ray analysis have 
helped to pinpoint the unusual structural features of 
the product. The potential of these systems to func
tion as substrates to renewed complexation with 
other metals in a designed synthesis of heterobinu
clear clusters is being investigated. Particular 
emphasis will be placed on a combination early-late 
transition metal in order to provide appropriate 
polarity for the activation of small p6lar molecules. 
Finally, an iterative sequence is being developed in 
order to allow the elaboration of the fulvalene ligand 
to polycyclopentadienyls in an effort to develop a 
synthetic entry into novel linear polymetallic clus
ters. 
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tM. Tilset was the recipient of a fellowship from the Royal 
Norwegian Council for Scientific and Industrial Research. 
*W.B. Tolman was a W.R. Grace Follow. 
§This work was carried out in collaboration with R. Moulton and 
A.J. Bard, University of Texas, Austin. 



Synthetic and Physical Chemistry* 

William L. Jolly, Investigator 

INTRODUCTION 

The purpose of this project is to use photoelec
tron spectroscopy to determine the nature of the 
bonding in significant inorganic and organometallic 
compounds. By measuring core-electron binding 
energies of appropriate transition-metal compounds, 
it is possible to study the interaction of metal d elec
trons with various ligands and to identify various 
modes of ligand-metal bonding that have analogues 
in the intermediates of catalyzed organic reactions. 
Core binding energies can also be used in conjunc
tion with valence-shell ionization potentials to quan
tify the bonding or antibonding character of molecu
lar orbitals. 

1. Photoelectron Spectroscopic Study of the 
Bonding in Borane Adducts (Publication 2) 

D.B. Beach and W.L. Jolly 

Shifts in valence ionization potential are best 
interpreted with core binding energies to correct for 
the effects of atomic charge and relaxation energy. 
The bonding in the adducts BHyNH3, BH3·N(CH3)3, 
BH3·CO, BH3·CNCH3, BH3·PF3, and BH3·P(CH3h 
was studied by using a combination of valence-shell 
ionization potentials and core binding energies. The 
data indicate that 1r back-bonding is sign-ificant only 
in BH3·CO and BH3·PF3. The stabilization of the 
Lewis-base lone pair upon coordination to BH3 is 
correlated with the proton affinity of the Lewis base. 
It is proposed that the strengthening of the C-0 bond 
in CO and the C-N bond in CH3NC upon coordina
tion to BH3 is a consequence of rehybridization of 
the carbon u orbitals. 

In the case of BH3·CO, the extent to which the 
C-0 bond is strengthened by such rehybridization 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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cannot be simply determined from measures of the 
C-0 bond strength (such as the C-0 stretching fre
quency), because 1r back-bonding causes a simultane
ous weakening of the bond. However, the situation 
is simpler in the case of the methyl isocyanide 
adduct of borane, BH3·CNCH3, because there is little 
1r back-bonding in this molecule. The marked 
increase in the C-N stretching frequency of 150 em_, 
on going from CH3NC to the adduct must be due 
entirely to rehybridization of the u N-C-B system. 
This conclusion is supported by theoretical studies. 

i\ 

2. Transition Metal-Isocyanide Bonding: A 
Photoelectron Spectroscopic Study of Iron 
Tetracarbonyl Isocyanide Complexes 
(Publication 3) 

D.B. Beach, R. Bertoncello, G. Granozzi, and 
W.L. Jolly 

The He I and x-ray photoelectron spectra of the 
iron tetracarbonyl complexes of methyl, tert-butyl, 
trimethylsilyl, and phenyl isocyanide have been 
obtained. The bonding properties of these iso
cyanides are compared with those of carbon monox
ide by using the core binding energy data to interpret 
the valence ionization energies. The data show that 
all the isocyanides have comparable u-donor ability 
and that, in the Fe(C0)4CNR complexes, they are 
significantly weaker u donors than carbon monoxide. 
The stronger u-donor character of the coordinated 
CO ligands is presumably due to the u-1r synergism 
of the Fe-CO bonding. The net interaction of an iso
cyanide ligand with the iron d orbitals leaves the 
energy of the d orbitals destabilized relative to 
Fe(C0)5• The data indicate that the relative energies 
of interaction of the d orbitals with the filled ligand 
1r orbitals and the empty ligand 1r* orbitals are dif
ferent in Fe-CO and Fe-CNR bonds, with the 
interactions of the filled ligand 1r orbitals being rela
tively more important in Fe-CNR bonds than in Fe
CO bonds. The net electron withdrawal by a coordi
nated isocyanide ligand, although significant, is 
much lower than that by a coordinated carbonyl 
ligand. It is clear that the interactions of transition 
metals 'with isocyanides (and probably also with 
other ligands with similar electronic structures) can
not be adequately described without considering the 
combined u-donor, 1r-acceptor, and 1r-donor charac
ters of the ligands. 



3. X-Ray Photoelectron Spectroscopic Study of 
Trifluoromethyl Isocyanide. Back-Bonding, 
Fluorine Lone-Pair Ionization Potentials, and 
the CF3NC- CF3CN Isomerization Energy 
(Publication 4) 

D.B. Beach, W.L. Jolly, and D. Lentz 

Core binding energy data for CF3NC, 
Cr(CO)sCNCF3, and W(C0)5CNCF3 indicate that 
CF3NC is a very strong 1r-acceptor ligand, practically 
as strong as CO. The core and fluorine lone-pair 
valence ionization potentials of CF3NC and CF3CN 
show that the net interaction of the fluorine lone-pair 
orbitals with other orbitals in these molecules is zero. 

According to the equivalent-cores approxima
tion, the valence electrons of a molecule are essen
tially equally affected by the removal of a core elec
tron from an atom in the molecule and by the addi
tion of a proton to the nucleus of that atom. By 
applying this approximation, it is possible to obtain 
the heats of ordinary chemical reactions from core 
binding energy data. The core data for CF3NC and 
CF3CN, when interpreted with the equivalent-cores 
approximation, lead to a CF3NC- CF3CN isomeri
zation energy of -23 kcal mol- 1• 
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High-Energy Oxidizers and 
De localized-Electron Solids* 

Neil Bartlett, Investigator 

INTRODUCTION 

The main aim of this program is the synthesis 
and characterization of new materials that may have 
value in electrochemical applications or in the effi
cient conversion of light to electrical energy. The 
synthetic work tests models and theories that corre~ 
late physical properties (such as electrical conduc
tivity) with chemical composition and structure. 
Major aims in the synthetic strategies are (1) to tailor 
make the band gap in semiconductor materials and 
(2) to achieve high carrier concentration and mobil
ity in the conductive materials. · The present 
emphasis is on two-dimensional networks, such as 
those related to graphite. Electron oxidation of such 
materials (with accompanying intercalation to form 
salts) generates durable and conductive materials 
(some conducting better than aluminum). The lay
ered materials can often be oxidized (and inter
calated) electrochemically in reversible processes, 
and some (e.g., CxF1_5•oHF) may find use in high
energy electrodes. Physical and chemical studies are 
being applied to such materials to determine the 
structure and bonding changes that accompany oxi
dation and reduction. Salts that are either proton 
conductors or fluoride-ion conductors, and that are 
resistant to oxidation but are not metallic, are being 
sought as solid electrolytes for use with the metallic
layer-material salts. 

1. A Novel Graphite-Like Material of 
Composition C3B (Publication 4) 

J. Kouvetakis, P. Sattler, t and N. Bartlett 

The boron-graphite C3B was formed, as a lus
trous film of metallic appearance, from interaction of 
BC13 with benzene at 800oC: 2BC13 + C6H6 - 2C3B 
+ 6HC1. The chemical composition was established 
by combustion in fluorine to BF3 and CF4, the rela
tive proportions of which, in the gaseous mixture, 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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were determined by infrared-absorption spec
trometry. This indicated a C:B atomic ratio of 3.6 
± 0. 5:1. This slightly greater than anticipated C:B 

·ratio is probably due to interaction of BF3 with the 
cell wall and windows (CF4 is inert). Hydrogen 
fluoride was absent from the combustion products, 
thus confirming the complete interaction of all C-H 
bonds. Electron micrographs show that C3B is a 
homogeneous product, with sheet-like character. 
The sheets are 3 to 4 A apart, this preferred orienta
tion being well defined, but the material is otherwise 
randomly laid down, and the individual particles 
that make up the sheets are -20 A across. Electron 
diffraction from this material confirms the graphite
like structure. As is to be expected for nonepitaxially 
grown materials at .such moderate temperatures, the 
electron-diffraction patterns reveal no general hkl 
reflections (because sheet-to-sheet registry does not 
occur), but the 001 and hkO reflections establish the 
graphite-like character, as does the cja ratio of 2. 76 
(graphite c/a = 2. 72). That the boron is truly a con
stituent of the sheet, and not an amorphous com
ponent of a mixture with graphite, is established by 
the products of interaction with chlorine: 2C3B 
(polycrystalline) + 3Cl2 - 6C (amorphous) + 2BC13• 

(Under comparable conditions pure polycrystalline 
graphite shows no change in crystallinity on treat
ment with chlorine.) X-ray-powder photographs of 
C3B are of broad-line character and exhibit only hkO 
and 001 features but show that the a and c dimen
sions are similar to those of graphite itself. The syn
thetic approach, the analysis, and the structural find
ings taken together suggest that the atomic arrange
ment within the sheets may be as illustrated in Fig
ure 1-1. The crystallinity is improved by hot press-

Figure 1-1. Proposed structure of a layer of the boron-carbon 
hybrid B2C6• (XBL 861-73) 



ing at I200°C, but at higher temperatures, graphite 
and the boron carbide, B12C3, are formed: 12C3B-
33C + B12C3. 

Four-probe electrical-conductivity measure-
ments, made at -298 K on selected pieces of the 
C3B as prepared, showed a specific conductivity of 
1.63(3) X 103 n- 1cm- 1. Similar measurements 
made on highly oriented pyrolytic graphite pieces 
(HOPG) yielded u = 104 X 103 n-1cm- 1. The C3B 
is intercalated by oxidizers and reducers. Liquid 
bromine quickly yields a deep blue solid of composi
tion (C3B) 15Br4. Interaction with sodium 
naphthalide yields a blue solid. In each case x-ray
powder diffraction photographs prove that intercala
tion has occurred. 

trresent address: National Center for Electron Microscopy, 
Lawrence Berkeley Laboratory, Berkeley, CA 94720. 

2. Novel Graphite-Like Materials of 
Composition BxCyNz (Publication 5) 

R.B. Kaner and N. Bartlett 

BxCyNz materials have been made by interac
tions of BC13, NH3, and C2H2 at 400-700°C, the 
extent of carbon incorporation depending directly on 
the temperature. The atomic arrangements within 
the sheets are more haphazard than in the case of 
C3B. The BxCyNz materials are similar to C3B in 
appearance in micrographs and in both x-ray and 
electron diffraction. Because the prepared materials 
have compositions closer to BN than to graphite, 
there is a closer match of the x-ray-powder photo
graphs to those of poorly crystallized BN than to 
those of graphite, but the d spacings are intermediate 
between those of the BN and graphite. The carbon 
content of BxCyNz prepared at 400oC is only - 3%; at 
700° it is :-30%. For the former the c/a ratio 
(graphite-like cell) is 2.68, and for the latter the ratio 
is 2.69 (graphite 2. 72, BN 2.66). 

X-ray photoelectron spectroscopy has been of 
particular value in demonstrating that the BxCyNz 
materials are true hybrids and not simply physical 
mixtures of BN and C. Figure 2-I compares the 
core-electron binding energies (B Is, CIs, N Is) for 
30% C material (solid line) with the corresponding 
binding energies in a physical mixture of BN and C 
(dotted line). The B Is binding energies for the 
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A. 811 Photoelectron Spectre of BCN and BN + C 

B. cu Photoelectron Spectra of BCN and BN + c 

\ 
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290 288 286 

C. N 1a Photoelectron Spectra of BCN and BN + C 

Figure 2-1. Photoelectron spectra of BCN (solid line) and BN + 
C (dotted line). (A) Bls spectra; (B) Cis spectra; (C) Nls spectra. 

(XBL 861-72) 

hybrid are on the average lower than for the physical 
mixture (i.e., BN), whereas the reverse is the case for 
the N Is binding energies. This is in harmony with 
the boron in the hybrid having some carbon-atom 
neighbors as well as N neighbors and the nitrogen 
having carbon-atom neighbors as well as boron 
neighbors. The Cis· spectra of the hybrid are 
appropriately broad relative to the graphite in the 
physical mixture, because there are carbon atoms in 
a wide variety of atomic environments within the 
hybrid. The room-temperature electrical conduc
tivity of BxCyNz material containing 30% C is in the 
semiconductor region, but the dependence on tem
perature has yet to be determined. The 30% C 
BxCyNz has been reductively and oxidatively inter
calated. Sodium naphthalide in THF produces a gal
lery expansion of -I.8 A, and oxidation by S206F2 
gives a material of approximate composition 
(BCNhS03F with c0 = 8 A, similar to the graphite 
salt C7S03F. 



3. An Anomalous Fluoro-Acid Displacement in 
Graphite Salts (Publication 6) 

K. Kourtakis and N. Bartlett 

Values for the enthalpies LlH 0 

[A(gl + F(g) - AF(gj] for A = BF3 (- 92 kcal mole -I) 
and PF 5 (- I 00 kcal mole- 1) lead to the expectation 1 

that, for salts of large-volume cations (e.g., tetranbu
tylammonium), the latter will 'displace the former 
from its salts, and this has been observed. In the 
case of graphite salts, however, the reverse situation 
is observed. The second-stage salt of composition 
C28PF6 (formula unit volume 396 A3) interacts with 
a greater-than-fourfold molar excess of BF3 to yield a 
second-stage salt of composition C28F(BF3)4, with 
complete elimination of PF5. (That the PF5 elimina
tion is complete has been checked by treatment of 
the C28F(BF3)4 with AsF5• This results in BF3 dis
placement and the formation of familiar "CxAsF5" 

materials.) There is no further uptake of BF3 by 
C28F(BF3)4 to yield a first-stage salt, the BF3 on its 
own being inadequate, in its interaction with the car
bon sheets, to provide the energy for the necessary 
expansion work. The formula-unit volume for 
C28F(BF3)4 (396 A3) is the same within experimental 
error as that of the C28PF6 precursor. X-ray-powder 
diffraction-line intensities for the C28F(BF3)4 confirm 
that the fluorospecies are in close-packed array, all F 
ligands forming a close-packed double layer between 
the covering carbon layers. This is consistent with 
tetrahedral BF4- units in hexagonal array, with a BF3 
dielectric spacer interposed between each close pair 
of BF4-. Half of the BF3 molecules can be removed 
reversibly (by prolonged evacuation) to yield a 
fourth-stage vacuum-stable solid of composition 
C28F(BF3h in which the F ligands are again in close
packed array. This indicates that the anomalously 
high acidity of the BF3 in these graphite salts is asso
ciated with the small space demands made by the 
flat BF3. molecule. It is readily interposed between 
the anions in the gallery of the graphite salt, thereby 
decreasing the mutually repulsive interaction of the 
anions, thus enhancing the lattice energy. When the 
fourth-stage salt C28F(BF3h is fluorinated [to 
C28(BF 4h], the product is a second-stage salt. This 
product occurs (despite the small fluorine uptake) 
because the guests are now all ions (BF4-) and their 
mutual repulsive interaction is high. 
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4. Stages in the Fluorination of Graphite and 
the Electrochemical Reversibility of that 
Fluorination (Publication 7) 

H. Takenaka, t M. Kawaguchi, and N. Bartlett 

The progress of the fluorination of graphite by 
elemental fluorine in the presence of liquid hydrogen 
fluoride has been followed by x-ray-powder diffrac
tion and gravimetry. Within several minutes of the 
start of the reaction, a second-stage salt is observable 
that is characterized by a c~axis dimension of 2 X 
9.6 A. This falls to a third-stage salt (c = 12.98 A) on 
removal of HF. As the oxidation proceeds a first
stage salt appears, the c dimension of which con
tracts, with increasing positive charge on the carbon, 
from 6.46 to 6.34 A. This first-stage salt falls to a 
second-stage bifluoride on removal of HF, and the 
composition range for the latter is C16HF2 to 
C12HF2. The first-stage hydrofluoride relatives 
corresponding to these bifluorides are C16F(HF)4.3 
and C12F(HFh, respectively, or C]l[F3(HF)13]3- and 
c48 4+[F iHF)!2]4-. Oxidation beyond CI1 results in 
C-F bond formation, which is signaled by the 
appearance of another first-stage material. As oxida
tion proceeds the c axis of the HF-rich first-stage 
material contracts, whereas the vacuum-stable 
materials derived from them show the reverse 
dependence, e.g., C3.11 F(HF)o.s3 with c = 7.55 A, less 
HF, gives C3.IIF(HF)o.26 with c = 5.55 A; whereas 
C2.64F(HF)o.s4 (c 6. 7 A), less HF, gives 
C2.64F(HF)o.22 ( c = 6.16 A). The vacuum-stable gra
phite fluorides have the composition CxF(HF)o, 
where 5.6 ~ x ~ 2 and x/o = 12. 

With the hydrofluoride salts and at least the 
lower oxidation end of the CxF(HF)~ material (x = 
5), it has been established that these materials per
form efficiently in a secondary battery in which the 
electrolyte is HFINaF. (The overpotential is small 
with this electrolyte.) The cell studied was Cu!CuF2, 
HFICxF(HF)~IPt. Both on charging and discharging 
the graphite electrode, the potential changes in step
wise fashion. The charging curve is shown in Figure 
4-1. The constant potential plateaux are associated 
with two stages in coexistence, and the long step at V 
= 1.5 V versus CuiCuF2 derives from the conversion 
of first-stage hydrofluoride salts to the first-stage 
fluoride C5.6F(HF)0.47. The electrochemical fluorina
tion is fully reversible up to and including this com
position. 

tPresent address: 1-3-5-208, Zizuka, Kawaguchi, Saitama 332, 
Japan. 
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Figure 4-1. A charge curve for the graphite in HF/NaF, using a 
!-rnA constant current. Starting material: spl graphite (0.082 g, 
surface area 2 cm2
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Transition Metal-Catalyzed 
Conversion of CO, NO, H2, and 
Organic Molecules to Fuels and 
Petrochemicals* 

Robert G. Bergman, Investigator 

INTRODUCTION 

The goal of this project is the discovery of new 
chemical reactions in which transition metals 
interact with organic materials, and the understand
ing of how these reactions work. Starting this year, 
this research is being supported jointly as a colla
borative industry/LBL project in cooperation with 
the Chevron Research Co. of Richmond, California. 
A recent discovery on this project was the finding 
that certain hydridoiridium and -rhodium complexes 
undergo oxidative addition into the carbon-hydrogen 
bonds of completely saturated hydrocarbons (M + 
R-H - R-M-H). Since this finding was the first 
example of this long-sought reaction, research is now 
being directed at examining the scope, selectivity, 
and mechanism of the process. During the current 
year, the first rhenium-based alkane oxidative
addition system was discovered. In addition, oxida
tive addition of iridium to the very strong C-H 
bonds in ethylene was identified, and the relation
ship between this reaction and Irjethylene 1r-complex 
formation was elucidated. Finally, a method for 
conveniently generating the iridium C-H activating 
intermediate Cp*(L)Ir thermally, rather than photo
chemically, was developed; this method paved the 
way for an extensive correlated mechanistic study of 
the iridium/alkane C-H oxidative-addition and 
reductive-elimination reactions. 

*This work was carried out under the auspices of a collaborative 
Lawrence Berkeley Laboratory/industrial research project support
ed jointly by the Chevron Research Company, Richmond, CA, 
and the Director, Office of Energy Research, Office of Basic Ener
gy Sciences, Chemical Sciences Division of the U.S. Department 
of Energy under Contract No. DE-AC03-76SF00098. 
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1. Inter- and Intramolecular Oxidative 
Addition of Phosphine, Methane, Alkane, and 
Alkene C-H Bonds to Rhenium (Publication 6) 

R. G. Bergman, P.F. Seidler, and T. T. Wenzel 

Inter- and intramolecular C-H oxidative-addition 
reactions have been observed from three related 
transient organorhenium intermediates: CpReL2 (4a 
in Figure 1-1), Cp'Re(CO)(L) (4b in Figure 1-l), and 
Cp'ReL2 (4c in Figure 1-1) (Cp = C5Hs, Cp' = 

C5Me5, L = PMe3). As illustrated in Figure 1-1, 
species 4a is generated by irradiation of CpReL3 (1), 
and 4b is formed . from irradiation of both 
Cp'Re(COhL (2) and Cp'Re(CO)L2 (3). Products 
formed by intermolecular insertion into C-H bonds 
of benzene, cyclopropane, methane, ethylene, and n
hexane have been observed with 4a; 4b reacts with 
benzene and cyclopropane. Irradiation of 1 or 2 in 
cyclohexane provided only the products of 
intramolecular insertion, cyclometallated complexes 
Sa and Sb. The his-phosphine-substituted cyclome
tallation product Sc is formed by exhaustive photo
lysis of 2 in the presence of excess PMe3, presumably 
by photosubstitution of initially formed Sb. The 
hydrido(alkyl) and cyclometallated compounds 
undergo reductive elimination; the coordinately 
unsaturated products thus formed can be trapped to 
give intermolecular C-H activation products~ Reduc-

a series: Cp 1 = C5H5 ; L 1 = L 2 = PMe3 
b series: Cp1 = C5Me5; L 1 =CO, L 2 = PMe 3 
c series: Cp 1 = C5Me5; L 1 = L 2 = PMe 3 

Figure 1-1. Summary of C-H activation reactions observed in 
the cyclopentadienylrhenium system. (XBL 862-383) 



tive elimination of cyclometallated product 5c pro
vides the only access to the his-phosphine-substituted 
intermediate Cp'ReL2 (4c). Like 4a, but in contrast 
to its phosphine(carbonyl) analogue 4b, 4c is capable 
of insertion into the C-H bonds of methane. 

2. Synthesis and Reactions of Hydrido (17 1-

allyl)-.and Hydrido(173-allyl)Iridium Complexes 
(Publication 7) 

W.D. McGhee and R.G. Bergman 

Pentamethylcyclopentadienyl( 71 3-

allyl)chloroiridium (1 in Figure 2-l) is prepared in 
50-55% yield by treatment of [Cp'lrC12]2 (Cp' = 

C5Me5) with allylmagnesium chloride. As shown in 
Figure 2-1, reaction of this material with lithium 
triethylborohydride gives the hydrido(713-allyl)iridium 
complex 2 in 30-60% yield, and addition of PMe3 
converts 1 to the chloro(71 1-allyl)iridium complex 3 in 
60-75% yield. Instead of producing the correspond
ing hydrido(71 1-allyl)iridium complex, LiBEt3H adds 
hydride to the !3-carbon of the 71 1-allyl ligand in 3, 
giving the iridacyclobutane 4 in 50-65% yield. The 
hydrido(71 1-allyl) complex 7 can be prepared (29-33% 
yield) in an alternative sequence involving deproto
nation of Cp'(L)IrH2 (L = PMe3), and alkylating the 
salt Li[Cp'(L)IrH] produced in this way with allyl 
tosylate. In experiments designed to examine the 
possible intervention of cationic intermediates in the 
metallacycle-forming reaction, chloroiridium com
plex 3 was treated with AgBF4. This led to the 
cationic salt [Cp'(L)Ir(713-allyl)]BF4 (8, 47% yield). 
Both hydride and carbon nucleophiles add stereo
specifically to the center carbon of the allyl ligand in 
this salt, leading to good yields of iridacyclobutane 
complexes 4 and 9. In another reaction that might 

(Cp'IrC1 2 ]
2 

""""MgCI !Et20 

LiEt3BH 

Cp'(L)Ir)<: ...,QL..B..I.L [cp'(L)Ir-~)+ BF4" 

4 (R"H) 8 
9 (A" CH3) 

Cp 1(L)Ir~ Li~!3 BH• Cp'(l)Ir~ 

'c' '" 3 T 

)~OTs 

Cp'(LllrH2 n!~e~~~~ u•[cp'CUirHr 

e 

Figure 2-1. Chemistry observed in the 
(pentamethylcyclopentadienyl)(allyl)iridium system. 

(XBL 862-382) 
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be expected to give a metallacycle, hydrido(713-

allyl)iridium complex 2 reacts with PMe3 to give 
instead Cp'IrL2 (10) and the benzene C-H 
activation/insertion product Cp'(L)Ir(n-propyl)(Ph) 
(11). 

3. Insertion of Iridium into the C-H Bonds of 
Alkenes: The 1r-Complex Cannot be an 
Intermediate (Publication 8) 

P. 0. Stoutland and R. G. Bergman 

The reactive intermediate (Cp*)Ir(L) (Cp* = 715-
C5Me5; L = PMe3), generated photochemically from 
Cp*(L)IrH2 or thermally by heating the product of 
cyclohexane C-H activation Cp*(L)Ir(C6H 11 )(H) (3) 
to temperatures between 130 and 160°C, reacts with 
ethylene in cyclohexane solvent. The products are 
the 1r- (or 712-) complex Cp*(L)Ir(CH2=CH2) (2) and 
the vinyl C-H insertion product 
(Cp*)(L)Ir(CH=CH2)(H) (1). Complex 1 has been 
synthesized independently from [Cp*IrC12]2, isolated 
by low-temperature chromatography, and character
ized by x-ray diffraction; an ORTEP diagram show
ing its structure is illustrated in Figure 3-1. Complex 
2 is converted to 1 photochemically, but in the ther
mal reaction both products are stable to the reaction 
conditions. Thus the 66:34 ratio of 1 to 2 observed 
represents the kinetic product ratio, and the 71'

complex cannot be intermediate in the formation of 
the vinyl C-H insertion product; we conclude that 

Figure 3-1. ORTEP diagram of Cp*(L)Ir(CH=CH2)(H) (1). 
Selected distances (in A) and angles (in degrees): Ir-C11 : 2.054(4); 
Ir-H 1: 1.61(5); CwC 12: 1.296(6); Ir-Cp*: 1.899; H 1-Ir-C 11 : 86.2(17); 
P-Ir-C11 : 85.8(1 ). (XBL 862-384) 



the reaction proceeds by two independent pathways. 
At temperatures higher than those required to reduc
tively eliminate cyclohexane from 3, 1 is converted 
completely to 1r-complex 2. When this reaction is 
carried out in benzene, no solvent insertion product 
Cp*(L)Ir(C6H5)(H) is formed. This demonstrates 
that the reaction is intramolecular (i.e., it does not 
extrude ethylene to give free Cp*Ir(L)), and it must 
proceed through a third transition state different 
from those leading from Cp*Ir(L) and ethylene to 1 
and 2. 

4. A Kinetic and Thermodynamic Study of the 
Reversible Thermal C-H Activation/Reductive 
Elimination of Alkanes at Iridium (Publication 
12) 

J.M. Buchanan, J.M. Stryker, and R. G. Bergman 

The hydrido(alkyl)iridium complex 
Cp*(PMe3)Ir(Cy)(H) (1, Cp* = 115-C5Me5; Cy = 
cyclohexyl) has been isolated by air-free chromatog
raphy at ~ 80°C, and its molecular structure (shown 
in Figure 4-1) has been determined by x-ray diffrac
tion. Thermolysis of 1 in benzene cleanly produces 
cyclohexane and Cp*(PMe3)1r(Ph)(H) (2). The rate 
of the reaction is first order in 1, zero order in ben
zene, and inhibited by cyclohexane; its activation 
parameters are .:lH:j: = 35.6 ± 0.5 kcaljmol, .:lS:j: = 
+ 10 ± 2 eu. An inverse isotope effect, kh/kct = 0. 7 

Figure 4-1. ORTEP diagram of one molecule in the unit cell of 
the cyclohexane C-H insertion product Cp*(L)lr(Cy)(H). Selected 
distances· (in A) and angles (in degrees): Ir-H 1: 1.55(6); Ir-Cp* : 
1.915; Ir-C11 : 2.125(4); Ir-P1: 2.215(1); Cp*-Ir-P1: 131.1; Cp*-Ir-Cll: 
129.6; Cp*-Ir-H 1: 118.9. (XBL 862-385) 
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± 0.1, is calculated from rates of cyclohexane and 
cyclohexane-d12 reductive elimination at 130°C, and 
deuterium scrambling between the hydride and a
cyclohexyl positions is observed to occur competi
tively with reductive elimination. A mechanism is 
proposed in which cyclohexane loss from 1 produces 
[Cp*(PMe3)Ir], which oxidatively adds to a C-H bond 
in a benzene solvent molecule to form 2. Evidence 
is also presented for the possible intermediacy of a 
cyclohexane/[Cp*(PMe3)Ir] a-complex, which is 
formed before free [Cp*(PMe3)Ir] is released. Equili
brium constants for the equilibration of several pairs 
of alkanes and their corresponding iridium (III) 
hydridoalkyl complexes have been determined and 
imply the following trend in solution-phase iridium
carbon bond-dissociation enthalpies: phenyl > > n
pentyl > 2,3-dimethylbutyl > cyclopentyl 
cyclohexyl > neopentyl. 

5. Work in Progress 

Studies of the iridium-, rhodium-, and rhenium
based systems that have been developed so far have 
revealed much information about the C-H 
oxidative-addition process. However, many ques
tions have also been raised, and present efforts are 
directed at answering them. Still not well under
stood are: (a) the factors that control the C-H insert
ing efficiencies characteristic of different metal-based 
systems, (b) the critical nature of the cyclopenta
dienyl ligand attached to the metal, (c) the relation
ship between the thermodynamics of the insertion 
process and the relative rates of attack on different 
types of C-H bonds, and (d) the structural and elec
tronic nature of the short-lived intermediates 
Cp*(L)M (M = Rh, lr) and Cp*(LhRe. A most 
important goal of this project is the development of 
methods for converting the C-H insertion products 
R-M-H into functionalized organic molecules R-X; 
studies directed toward solving this problem arl:,pow 
under way. 
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CHEMICAL ENGINEERING SCIENCES 

High-Pressure Phase Equilibria in 
Hydrocarbon-Water (Brine) Systems* 

John M. Prausnitz, Investigator 

INTRODUCTION 

Phase equilibria are required for the efficient 
design of large-scale separation processes (e.g., distil
lation and extraction) in the chemical and related 
industries. In this context, "efficient" refers to 
optimum use of raw materials and conservation of 
energy. 

Since the number of technologically important 
fluid mixtures is extremely large, it is not possible to 
obtain all desired equilibria from experiment. 
Therefore, the objective of this research is the 
development of molecular thermodynamics for the 
interpretation and correlation of selected phase
equilibrium data toward reliable prediction of phase 
equilibria for computer-aided engineering design. 
The correlations are expressed through semitheoreti
cal physicochemical models. In this research, partic
ular attention is given to those systems that are of 
primary interest in energy-related industries, espe
cially those concerned with fossil fuels and fossil
fuel/water mixtures. 

The development of molecular thermodynamics 
calls for a combination of theoretical, computational, 
and experimental work. Further, it demands simul
taneous awareness, first, of progress in molecular sci
ence, and second, of realistic requirements for 
engineering design. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. Inhibition of Natural-Gas Hydrates 
(Publication 22) 

F.E. Anderson and J.M. Prausnitz 

A molecular-thermodynamic correlation has 
been developed for calculating the inhibition effect 
of methanol on the formation of hydrates in moist 
natural-gas mixtures. Six phases are potentially 
present in these mixtures: gas, aqueous liquid, hydro
carbon liquid, ice, and hydrate structures I and II. 
For a given temperature and system composition, · 
the molecular-thermodynamic method described 
here allows the computation of the hydrate-point 
pressure as well as of relative amounts and composi
tions of all coexisting phases. Good agreement is 
obtained when calculated results are compared with 
diverse experimental data reported in the literature. 
The correlation given here is useful for computer
aided design for natural-gas processing and transpor
tation. 

2. Application of Continuous Thermodynamics 
to Mixtures Containing Very Many 
Components (Publications 15 and 16) 

R.L. Cotterman, t D. Dimitrelis, and J.M. Prausnitz 

A new molecular-thermodynamic framework has 
been developed that is particularly useful for describ
ing thermodynamic properties of mixtures contain
ing very many components. This framework, called 



continuous thermodynamics, is combined with an 
equation of state to calculate phase equilibria as 
required for computer-aided design of supercritical
fluid-extraction processes. To illustrate this method, 
a process for upgrading a heavy-crude residuum with 
a supercritical solvent is considered. Continuous 
thermodynamics provides an efficient tool for deter
mining optimum operating conditions. 

Continuous thermodynamics is used to calculate 
high-pressure vapor-liquid equilibria as encountered 
in the simulation of miscible-gas processes for 
enhanced oil recovery. Current methods for calcu
lating such equilibria are based on equations of state 
where the composition of the reservoir oil is 
described by pseudocomponents. Such calculations 
require much computer time, and, in some cases, 
results depend on the arbitrary definition of the 
pseudocomponents. The application of continuous 
thermodynamics avoids many of these disadvan
tages. A new equation of state, based on perturbed
hard-chain (PHC) theory, is combined with continu
ous thermodynamics to calculate the properties of 
mixtures encountered in enhanced-oil-recovery 
processes. Using continuous therm.odynamics, the 
composition of the high-molecular-weight com
ponents in a reservoir oil is described by one or 
more continuous distribution functions of some 
characterizing quantity, such as molecular weight. 
Phase equilibria have been calculated for reservoir 
fluids. Comparisons with experimental results are 
favorable. 

tPresent address: W.R. Grace and Co., Columbia, MD. 

3. Molecular Thermodynamics for Fluids at 
Low and High Densities (Publications 24 and 
25) 

R.L. Cotterman, t B.J. Schwarz, and J.M. Prausnitz 

A correlation is presented for the thermo
dynamic properties of pure fluids containing small or 
large molecules. The residual Helmholtz energy is 
given in terms of PHC theory, extended to polar 
fluids with a multipolar expansion. The novel 
feature of this correlation is a separation of the 
Helmholtz energy into low-density and high-density 
contributions. The low-density contribution follows 
from a virial expansion, and the high-density contri
bution follows from a perturbation expansion. For 
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intermediate densities, a continuous function is used 
to interpolate between the two density limits. This 
modification of PHC theory improves agreement 
with experimental second virial coefficients, vapor 
pressures, and saturated-liquid densities. Since all 
molecular parameters used here have a well-defined 
physical ·significance, they can be reliably estimated 
for high-molecular-weight fluids where experimental 
data are scarce. 

The molecular-thermodynamic correlation for 
pure fluids is extended to mixtures; this extension is 
particularly useful for mixtures of components with 
large differences in molecular size or potential 
energy. The separation of the high-density and low
density contributions to the residual Helmholtz 
energy allows use of separate mixing rules for each 
density regime, guided by theoretically defined boun
dary conditions. Such flexibility is necessary to 
represent phase equilibria in highly asymmetric fluid 
mixtures such as water-hydrocarbon systems. Phase 
equilibria are correlated for a variety of binary and 
multicomponent mixtures, including (l) a 
petroleum-reservoir fluid containing carbon dioxide 
and (2) a mixture of hydrogen and coal-derived 
liquids. 

tpresent address: W.R. Grace and Co., Columbia, MD. 

4. Comparison of Two Hard-Sphere Reference 
Systems for Perturbation Theories for Mixtures 
(Publication 23) 

D. Dimitrelis and J.M. Prausnitz 

The Carnahan-Starling equation of state for hard 
spheres can be extended to mixtures using either a 
one-fluid theory or the generalization of the scaled
particle or the Percus-Y evick theory proposed by 
Boublik and by Mansoori and coworkers, respec
tively. (These ·two generalizations are identical.) The 
two reference systems are combined with a perturba
tion term of the van der Waals form; they are then 
used to correlate the phase behavior of binary mix
tures of nonpolar molecules differing significantly in 
molecular size. In each case, one adjustable binary 
parameter is used to correlate vapor-liquid equilibria 
over the entire composition range. Predicted 
Henry's constants and liquid densities for the 
saturated mixture are compared with experiment. 
The Boublik-Mansoori hard-sphere-mixture equation 
is superior, especially in the dilute region. 



5. Thermodynamics of Liquid Mixtures 
Containing Polar Polymers and Solvents 
(Publication 21) 

A.F. Pfennigt and J.M. Prausnitz 

The Helmholtz energy of mixing for a binary 
liquid mixture is given as a function of local compo
sition, as suggested by computer-simulation studies 
for mixtures with significant differences in inter
molecular forces of the . components. Particular 
attention is given to mixtures containing polar poly
mers in polar or nonpolar solvents. For a binary 
mixture, two parameters, the interchange energy and 
the contact-site parameter, are required to represent 
solvent activity data for the entire range of concen
tration. 

The semitheoretical expression presented is used 
to reduce experimental results for solutions of 
polyglycols in benzene, dioxane, water, carbon tetra
chloride, and chloroform. The equations are 
extended to multicomponent mixtures without 
further assumptions. 

tPresent address: Technical University of Aachen, Federal 
Republic of Germany. 

6. Work in Progress 

Mutual solubilities in water-organic systems are 
of interest in fossil-fuel processing (e.g., quenching in 
coal gasification) and in water-pollution abatement. 
Experimental data are rare for multicomponent sys
tems, especially at higher temperatures. Using an 
apparatus described in LBL-17333, 1 mutual solubili
ties have been measured for the ternary system 
water-benzene-pyridine at I 00 and 150°C. Similar 
studies for other aqueous systems are now in prog
ress. 

A method has been developed for estimating 
molecular weights of heavy aromatic fossil fuels 
using gel-permeation chromatography (GPC) and 
characterization data. The correlation uses GPC elu
tion volume, hydrogen-to-carbon ratio from elemen
tal analysis, fractional aromaticity from proton-NMR 
spectroscopy, and number of methyl groups per 
molecule from infrared spectroscopy. GPC separates 
on the basis of molecular size. Work is under way to 
obtain a characteristic size parameter via frequency
dependent dielectric dispersion and viscosity meas
urements using Debye's theory. This size parameter 
should further improve the correlation of molecular 
weight to GPC data. 
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A new apparatus is under construction to meas
ure the solubilities of gases (particularly methane and 
other fluids found in natural-gas mixtures) in brine 
solutions at temperatures to 250oC and pressures to 
25,000 psi. Theoretical work on the thermodynam
ics of electrolyte solutions is under way. Perturbed
hard-sphere theory will be used to correlate and 
predict phase equilibria for a variety of systems con
taining aqueous electrolytes, including mixed solvent 
systems and highly concentrated solutions such as 
those used in heat pumps. 

An apparatus has been constructed for measuring 
the high-pressure solubilities of triglycerides in super
critical carbon dioxide. A flow method is used. 
Upon expansion to atmospheric conditions, the tri
glyceride in supercritical carbon dioxide is dissolved 
in toluene. The toluene solution is then sampled 
and analyzed using infrared spectroscopy. The 
apparatus operates from 30 to 80oC and at pressures 
to 2500 psi. While some published experimental 
phase-equilibrium studies have been reported for sys
tems containing triglycerides, these studies are for 
broad, insufficiently characterized mixtures of trigly
cerides; these published results do not permit funda
mental interpretation and subsequent correlation of 
the data. Results from this work will be useful for 
fundamental rational design for the separation of fats 
and vegetable oils. 

A numerical procedure has been developed that 
uses an equation of state to perform isenthalpic flash 
calculations for continuous or semicontinuous mix
tures. (A semicontinuous mixture is one where the 
concentrations of some components are given by 
discrete values, such as mole fractions, while those of 
others are given by distribution functions.) The flash 
results compare favorably to those obtained from the 
discrete method; however, the procedure based on 
continuous thermodynamics often requires less com
puting time. When compared to results obtained 
from the pseudocomponent method, continuous 
thermodynamics gives comparable or better results, 
depending on the choices of pseudocomponents. 

A general, systematic . approach has been 
developed for deriving explicit expressions for fuga
city coefficients and their partial derivatives from an 
equation of state. This formalized approach reduces 
the time and effort needed to implement a new equa
tion of state and yields a computationally efficient 
procedure for evaluation of the necessary . thermo
dynamic properties. A· general, iterative procedure 
for solving an equation of state for density has been 
developed that converges reliably and efficiently in 
the vicinity of a multiple root as well as for easier 
cases. A hybrid procedure has been developed for 



calculating isothermal phase equilibria from an equa
tion of state. It combines the reliability of the 
successive-substitution method with the efficiency of 
a second-order method. 

I. F.E. Anderson and J .M. Prausnitz, LBL-17333. 
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Norman M. Edelstein, Richard A. Andersen, 
Neil Bartlett, John G. Conway, 
Kenneth N. Raymond, Glenn T. Seaborg, 
Andrew Streitwieser, Jr., David H. Templeton, and 
Alan Zalkin, Investigators 

INTRODUCTION 

The purpose of this project is to study actinide 
materials in order to provide the basic knowledge 
necessary for their safe and economic utilization in 
present and future technology. The program 
includes the preparation of new gaseous, liquid, and 
solid phases and studies of their physical and chemi
cal properties. Techniques for characterization 
include x-ray diffraction, optical and vibrational 
spectroscopy, magnetic resonance, and magnetic sus
ceptibility. Equilibrium and kinetic data for com
plex formation are measured. From these comple
mentary studies, new insights into the structural and 
chemical principles of actinide compounds are 
obtained with which to design new synthetic schemes 
to produce new materials. 

A major aspect of the program is the design and 
synthesis of sequestering agents for actinide ions. 
These compounds are intended for use in the treat
ment of actinide poisoning and for possible applica
tion in the treatment of spent reactor fuels. Prepara
tive, structural, and physical studies of new types of 
organoactinide, related organolanthanide, and new 
actinide inorganic complexes are continuing. Studies 
on optical spectra of free ions and actinide ions in 
crystals are being pursued in order to understand 
their electronic structure. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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SPECIFIC SEQUESTERING AGENTS FOR 
THE ACTINIDES 

We have been engaged in an effort to develop 
effective and specific complexing agents for the 
actinides, in part to develop better therapeutic decor
poration agents for these toxic elements. Much of 
our early work has focused on the catecholate (I ,2-
dihydroxybenzene dianion) coordination chemistry 
of actinides and analogous ions such as cerium in the 
+4 oxidation state, since this is the predominant oxi
dation state of plutonium in vivo. 

Our attention has recently turned to the rela
tively unknown catecholate coordination chemistry 
of the trivalent actinides in order to understand the 
unusual excretion behavior of americium(III) 
observed in mice and dogs treated with catecholate 
chelating agents we have developed. In addition, the 
redox potentials of the catechol complexes (the metal 
IV /III oxidation-state couple), combined with the 
stability constants of the metal(III) complexes, allow 
indirect thermochemical determination of the 
metal(IV) stability constants. 

Although transuranium actinides have a wide 
variety of oxidation states available, in their trivalent 
state they exhibit ionic radii similar to those of the 
trivalent lanthanides in the same column of the 
periodic table, or one column to the left. Since the 
stability and coordination chemistry of metal 
catecholate complexes are largely determined by the 
metal's charge-to-ionic-radius ratio, the 
lanthanide(III) catecholates are excellent models for 
corresponding transuranium catecholate complexes. 
Europium is in the same column of the periodic 
table as americium; gadolinium is immediately to 
the right of europium. The eight-coordinate ionic 
radii are 1.066 A (Eu), 1.053 A (Gd), and 1.09 A 
(Am). We have examined europium catecholate 
solution chemistry. and the synthetic and structural 
chemistry of gadolinium catecholates as models of 
americium(III). 

We have also prepared and characterized some 
lanthanide amine complexes with the goal of gaining 
a better understanding of lanthanide/actinide coordi
nation chemistry. 

We also describe in this report an overview of 
the development of specific sequestering agents for 



iron and the actinides, as well as a general account of 
biomimetic chemistry, which includes the approach 
used in the development of metal specific sequester
ing agents. 

1. Specific Sequestering Agents for the 
Actinides. 11. Complexation of Plutonium and 
Americium by Catecholate Ligands 
(Publication 1) 

M.J. Kappel, H. Nitsche, and K.N. Raymond 

The results of the first in vitro experiments 
regarding the complexation of plutonium and ameri
cium by catechol and tetracatechoylamide ligands 
(see Figure 1-1) are presented. Electrochemical tech-
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Figure 1-1. Structural formulas for catecholate ligands: catechol, 
3,4,3-LICAMS, 3,4-LICAMS, 3,4,3-LICAMC. (XBL 844-1599) 

218 

niques have allowed the elucidation of the protona
tion behavior of Pu(IV)- and Pu(III)-catecholate 
complexes. Above pH 12, the Pu(IV) complex is a 
tetrakis(catecholate) complex, and the Pu(III) com
plex is a tetrakis- or tris(catecholate) complex, 
depending on ligand concentration. At neutral pH, 
the Pu(IV) complex of the octadentate ligand 3,4,3-
LICAMS (Figure 1-l) appears to be a 
tris(catecholate) complex, indicating that the full 
denticity of the ligand is not utilized in vivo. Spec
troscopic evidence is presented for the complexation 
of Am(III) by tetracatechoylamide ligands. 

The enormous potential shifts caused by com
plexation of these ligands are summarized in Table 
1-1. A summary of the protonation behavior of 
complexes of Pu(IV)-Pu(III) with 3,4,3-LICAMS and 
3,4,3-LICAMC as determined by electrochemical 
methods is diagrammed in Figure 1-2. 

Table 1-1 
Formal potential shifts of catecholate-bound Pu and Ce. 

Shift, V 

Ce(IV)/ Pu{IV)/ 
Ligand Ce(III)" Pu{III)b 

Catechol -2.00 -1.82 

3,4-LICAMS -1.87 

3,4,3-LICAMS -2.11 -1.91 

3,4,3-LICAMC -2.16 -2.03 

a. The formal potential of Ce(IV) + e- = Ce(III) has been deter
mined in IM HCI04 to be +1.7 V vs. NHE (Z. Hugus, 
UCRL-1379). 

b. The formal potential of Pu(IV) + e- = Pu(III) has been deter
mined in 1M HCI04 to be +0.98 V vs. NHE [see R.E. Con
nick and W.H. McVey, J. Am. Chern Soc. 73, 1798 (1951), 
and S.W. Rabideau and J.F. Lemons, J. Am. Chern. Soc. 73, 
2895 (1951)]. 



SuMMARY OF Pu-CATECHOYLAMIDE CoMPLEXATION 

e-H+ 
Pu([V>La- ' Pu([ !DL3[HLJ8-

•f X~· 
~T''"''- ,. e""m '" u

9

-

Pu< !Vl L3[H2LJ6- l 

OR 

L = BOUND Ll GAND ARM 

(c}r'o"
J'CY"'Pu 

C=O 
I 

(L] = FREE L1 GAND ARM 

~:~ 
C=O 
I 

Figure 1-2. Summary of the Pu-polycatecholate equilibria as 
determined by electrochemistry. (XBL 844-1600) 

2. Synthetic and Structural Chemistry of 
Gadolinium and Holmium Catecholates 
(Publication 2) 

G.E. Freeman and K.N. Raymond 

As part of a study to characterize the complexes 
formed by catechol (1,2-dihydroxybenzene) (see Fig
ure I-I) with lanthanides in aqueous solution, crys
talline samples of three gadolinium(III) complexes 
and a holmium(III) complex have been prepared and 
characterized by structural, analytical, and spectros
copic techniques. Only I: I complexes are isolated at 
pH <8, but bis-, tris-, and 
tetrakis(catecholato)gadolinium complexes have been 
prepared in basic (pH >II) solutions. The struc
tures of tris- and tetrakis(catecholato)gadolinium 
compounds have been determined by single-crystal 
x-ray diffraction methods using counter data. The 
tetrakis complex in Na5[Gd(catecholateM I9·2H20 
(see Figure 2-I) has D2ct molecular symmetry and is 
nearly isomorphous with the previously character
ized series Na4[M1v(catecholateM2IH20 (M = Tt_ 
U, Hf, or Ce). It conforms to the space group I4 
with a = I4.663(I) A and c = 9.9526(6) A. For 2536 
independent data with F0

2 > 3a(F0
2), full-matrix 

least-squares refinement with anisotropic thermal 
parameters for all nonhydrogen atoms gave R = 1.99 
and Rw 2.58%. The structure of 
Na4[HftcatecholateM2IH20 (Figure 2-I) has been 

2I9 

Figure 2-1. ORTEP drawing of [Gd(C6H402)4t anQ. 
[Hf(C6H40 2) 4]4- viewed down the molecular twofold axis. The 4 
axis is verticaL (XBL 862-627) 

newly refined to correct a small error in the previous 
solution. For 4539 independent data, refinement as 
above converged to R = 1.96 and Rw = 2.I9%. The 
tris(catecholato)gadolinium complex in 
Na6[Gd(catecholateh]2·20H20 (Figure 2-2) is a dimer 
in which the metal ion is seven-coordinate. The 
crystal conforms to the space group P2i/n, with a = 

II.93I(l) A, b = I3.507(I) A, c = I7.265(2) A, and {j 
= I05.427(8Y. For 4652 independent data, R = 1.65 
and Rw = 2.I4%. The analogous holmium complex 
has been synthesized and characterized. Another 
.stoichiometry has been found in which the complex 
salt Na[Gd(catecholateh]- IOH20 crystallizes in the 
space group Cc or C2/c, with a = I6.68I(2) A, b = 
I9.325(3) A, c = 25.868(3) A, and {j = 94.24(1 )". 
However, the crystals decomposed by desolvation 
too readily to permit structural characterization. 

c !251 

Figure 2-2. ORTEP drawing of the [Gd(C6H40 2) 3]2
6

- molecule 
showing the crystallographic numbering scheme. (XBL 862·628) 



3. A Lanthanide-Amine Template Synthesis. 
Preparation and Molecular Structures of 
Ln(L)(CH3CN)(CF3S03h [L = 1,9-bis(2-
aminoethyl)-1 ,4,6,9, 12,14-
hexaazacyclohexadecane; Ln = La, Yb] and 
La(en)4(CH3CN)(CF3S03h (Publication 3) 

P.H. Smith and K.N. Raymond 

In addition to their thermodynamic instabilities 
with respect to most oxygen-donor ligands, the 
lanthanide-amine complexes are solution-labile. 
Even the neodymium complex with the tetradentate 
amine tren, [N(CH2CH2NH2h], has been shown by 
nuclear magnetic-resonance (NMR) studies to be in 
equilibrium with excess free ligand in acetonitrile at 
room temperature. We have proposed the synthesis 
of a kinetically inert lanthanide amine in which the 
metal ion is completely encapsulated in a closed 
macrocyclic structure. Aside from its novelty, such a 
complex would be an interesting candidate for a 
lanthanide NMR-shift reagent and could have 
unusual electrochemical properties. Since amines. 
have three covalent bonds in addition to their lone
pair metal-binding site, their topology is ideal for the 
synthesis of complex polycyclic ligands. The syn
thesis by Sargeson and co-workers of cobalt cage 
complexes, the "sepulchrates," from [Co(enh]Cl3, for
maldehyde, and ammonia is a spectacular example 
of this principle and suggests the use of formal
dehyde as a general amine-coupling reagent. With 
the use of a lanthanide ion as a template, one of 
several possible schemes would be to start with a 
lanthanide-amine complex and couple the individual 
coordinated ligands to form a macrocyclic complex. 
Lanthanides have been shown to be effective tem
plate ions in the formation of macrocyclic Schiff
base complexes. 

We have reported a first step in the synthesis of 
macrocycles based on the tetradentate ligand tren. 
On the basis of the interligand N-N distances in the 
structure of [Nd(trenh(CH3CN)][Cl04b, we proposed 
the use of propyl chains as bridging groups. How
ever, the flexibility of these complexes leaves open 
the possibility of utilizing shorter bridging groups, 
including methylene, as in the formaldehyde syn
thesis. The use of formaldehyde itself in the cross-

. linking of lanthanide-amine complexes is precluded 
by the production of water in the reaction. How
ever, the formaldehyde derivative 
bis(dimethylamino)methane, CH2[N(CH3h]2, is 
equivalent, and we have developed a procedure for 
bridging NH groups of coordinated lanthanide-amine 
complexes. We have prepared and characterized the 
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molecular structures of two methylene-bridged tren
lanthanide complexes, referred to as 
Ln(L)(CH3CN)(CF3S03h (Ln = La, Yb), where L = 
1 ,9-bis(2-aminoethyl)-1 ,4,6,9, 12,14-
hexaazacyclohexadecane (Figure 3-1 ). We have also 

Figure 3-1. Diagram of the mainazele L. (XBL 862-629) 

determined the molecular structure of 
La(enMCH3CN)(CF3S03h in order to characterize 
the preferred geometry of this complex and the 
appropriate bridging units for interconnecting the 
ethylenediamine groups. These macrocycles are 
prepared in a reaction using the metal ion as a tem
plate. The structures have been determined by 
single-crystal x-ray diffraction. The lanthanum com
plex (LaC 19H39N90 9S3F9) (Figure 3-2) prepared by 
this procedure is 10-coordinate, with eight nitrogens 
from the macrocycle and two oxygens from two tri
fluoromethanesulfonate (triflate) anions. It crystal-

Figure 3-2. ORTEP drawing of [La(enMCF3S03)]
2+ drawn with 

50% probability ellipsoids and showing the crystallographic 
numbering scheme. (XBL 854-2146) 



lizes in space group Pl, with Z = 2 and a= 10.716(2) 
A, b = 13.733(2) A, c = 14.211(2) A, a= 98.87(2t, {3 
= 97.54(2t, and 'Y = 107.45(2t. For 6711 indepen
dent data with F0

2 > 3u(F0
2), full-matrix least

squares refinement with anisotropic thermal parame
ters for all nonhydrogen atoms (except disordered 
atoms) converged to unweighted and weighted R fac
tors of 3.92 and 6.04%, respectively. The analogous 
ytterbium complex (YbC19H39N90 9S3F9) (Figure 3-3) 
is 9-coordinate, with one triflate oxygen and eight 
nitrogens from_ the macrocycle. It also crystallizes in 
space group Pl, with Z = 2 and a = 9.594(2) A, b = 
10. 940(2) A, c = 18.072(2) A, a = 7 4.07(1 t, {3 = 
74.70(lt, and 'Y = 81.90(lt. For 5747 independent 
data a similar refinement converged to unweighted 
and weighted R factors of 2.49 and 2.83%, respec
tively. The lanthanum-ethylenediamine complex 
(~C13H3sN909S3F9) is 9-coordinate, with eight 
mtrogens from four ethylenediamines and one oxy
gen froJ!!. a triflate anion; it crystallizes in · space 
group Pl with Z = 2 and a = 9.526(2) A, b = 
12.919(2) A, c = 14.077(2) A, a = 102.62(1t, {3 = 
91.38(1t, and 'Y = 98.03(1t. For 6124 independent 
data, a similar refinement converged to unweighted 
and weighted R factors of 2.16 and 2. 73%, respec
tively. These structures have been compared and 
their implications considered for the completion of a 
linking of the macrocycle to form a completely 
encapsulated lanthanide environment. 

Figure 3-3. .<?RTEP drawing of [Yb(L)(CF3S03)]2P drawn with 
50% probability ellipsoids and showing the crystallographic 
number scheme. (XBL 854-2142) 
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4. Specific Sequestering Agents for Iron and 
Actinides (Publication 25) 

K.N. Raymond 

Transuranium actinide ions associated with the 
waste from the nuclear-power industry have unique 
environmental hazards. Plutonium is a major com
ponent of this waste. Because of plutonium's rela
tive abundance and chemical and biological proper
ties, it is potentially hazardous. The preparation of 
metal-ion-specific complexing agents for ions such as 
plutonium(IV) is a challenge to the synthetic chem
ist. Such agents may solve many of the problems 
associated with nuclear waste. This paper reviews a 
rational approach to the synthesis of such chelating 
agents. The structures of naturally occurring com
plexing agents, such as enterobactin, that are highly 
specific for iron(III) serve as the basis for the design 
of agents specific for plutonium(IV) because of the 
similarities in the properties of these two metal ions. 
Ligands containing the same coordinating groups 
present in the iron complexes but capable of forming 
octadentate complexes, which are favored by 
plutonium(IV), were prepared. Preliminary tests 
showed these ligands to be very effective in remov
ing plutonium from animals. 

5. Biomimetic Chemistry (Publication 26) 

K.N. Raymond and S.J. Rodgers 

Biomimetic chemistry is a term coined by R. 
Breslow in 1972 to describe the many diverse inves
tigations that mimic either the result or the style of 
biochemical reactions. This definition is necessarily 
broad because the field itself is still developing. 
Every aspect of a biological system is potentially a 
subject for mimetic study, causing this branch of 
chemistry to be extremely interdisciplinary, travers
ing both bioorganic and bioinorganic chemistry. 
Various topics, each a specialized field in itself, are 
collected under the title biomimetic chemistry 
because of their unifying approach of imitating bio
logical processes. The term is used in many different 
applications, even those that bear little structural 
similarity to any biological system other than to pro
duce similar chemical transformations. 

The goals of biomimetic chemistry are twofold: 
first, to elucidate the mechanism of biochemical 



reactions through the investigation of model systems; 
second, to develop hitherto unknown compounds 
modeled on and mimicking biological systems. 
Examples that serve to illustrate this diversity 
include cyclodextrins, vitamin B12, flavins, heme 
proteins, and iron- or actinide-chelation drugs. 

The explosion in knowledge of the biological sci
ences in the last few decades has provided the chem
ist with a seemingly endless variety of interesting 
subjects that challenge imitation. Model studies of 
biological processes are only now yielding chemical 
information on the complex and subtle nature of 
these processes. The knowledge gained from such 
systems will ultimately .allow the creation of com
pletely artificial systems, designed for a specific pur
pose, that perform functions similar to the enzymatic 
reactions found in nature. 

SYNTHETIC AND STRUCTURAL STUDIES 
OF ACTINIDES AND OTHER COMPOUNDS 

6. The Chemistry of Trivalent Uranium 
Metallocenes: Electron-Transfer Reactions with 
Carbon Disulfide; Formation of 
[(RC5H4hU]2[~-77 1 77 2-CS2] (Publication 39) 

J.G. Brennan, R.A. Andersen, and A. Zalkin 

The trivalent uranium metallocenes 
(MeC5H4hU-thf and (Me3SiC5H4hU react with CSz 
to form the binuclear U(IV) complexes 
[(RC5H4hU]3[~-77 1 772-CS2] (1 ~ := Me, 2 R =. SiMe3). 
Crystals of 1 are monochmc, P2i/n, wtth a = 
14.127(4) A, b = 14.182(4) A, c = 8.123(2) A, and {3 = 
92.36(3t at 23oC; for Z = 2 the calculated density is 
2.097 gjcm3. The structure was refined by full
matrix least squares to a conventional R factor of 
0.025, using 1402 data with F2 >2u(F2). An ORTEP 
diagram is shown in Figure 6-1. The central carbon 
atom of the complex is disordered across a center of 
symmetry. The geometry about the CS2 ligand [U-S 
= 2.973(3) A and U-C = 2.53(2) A], as well as NMR 
and susceptibility data, is consistent with two full 
one-electron transfers into the CS2. There is no 
measurable magnetic interaction between the 
paramagnetic ions to 5 K. 

The x-ray result shows that the geometry of 
[CS2t can best be represented by the valence-band 

8 8 
structureS = C-S, in accord with theory. 
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7. The Chemistry of Trivalent Uranium 
Metallocenes: Electron-Transfer Reactions; 
Synthesis and Characterization of 
[(MeC5H4hU]2E, E = S, Se, Te, and the Crystal 
Structures of[(MeCsH4hU]2S and (MeCsH4h
U-OPPh3 (Publication 38) 

J. G. Brennan, R.A. Andersen, and A. Zalkin 

The trivalent uranium metallocene 
(MeC5H4hU-thf reacts with COS, SPPh3, SeP(n-Buh, 
or TeP(n-Buh to form the bridging chalcogenide 
complexes [(MeC5H4hU]zE, where E is S, Se, or Te. 
Crystals of [(MeC5H4hU]2S are monoclinic, P2i/c, 
with a= 19.740(6) A, b = 8.302(3) A, c = 21.602(4) 
A, and {3 = 97.28(3t at 23oC; for Z = 4 the calculated 
density is 1.920 gjcm3. The structure was refined by 
full-matrix least squares to a conventional R factor 
of 0.053 using 2061 data with F2 > 2u(F2). The aver
age U-C distance is 2.77 ± 0.06 A, the U-S distance 
is 2.60(1) A, and the U-S-U angle is 164.9(5)". An 
ORTEP diagram is shown in Figure 7-1. Triphenyl
phosphineoxide does not behave in a similar fashion; 
the trivalent uranium coordination complex 
(MeC5H4hU-OPPh3 is instead isolated. Crystals of 
(MeC5H4hU-OPPh3 are monoclinic, P2J!n, with a= 
16.268(3) A, b = 17.948(3) A, c = 10.900(2) A, and f3 
= 105.01(2)" at 23oC. For Z = 4 the calculated den
sity is 1.628 gjcm3. The structure was refined by 
full-matrix least squares to a conventional R factor 
of 0.028 [2427 data, F2 > 2u(F2

)]. The av~rage U-~ 
distance is 2.82 ± 0.04 A, the U-0 dtstance ts 



Figure 7-1. ORTEP drawing of[(CH3C5H4hU]J[~t-S). 
(XBL 862-616) 

2.389(6) A, and the U-0-P angle is 162.8(4t. An 
ORTEP diagram is shown in Figure 7-2. 

The short U-S distance and the near-linear U-S
U angle may be rationalized on the basis of 1f

bonding, u~ s ~u' the first time such bonding is 
required in uranium chemistry. 

Figure 7-2. ORTEP drawing of (MeC5H4) 3UOP(C6H5h-
(XBL 862-617) 

8. Structure of Tris(methylcyclopentadienyl)
uranium(III)thiophene (Publication 12) 

A. Zalkin and J.G. Brennan 

Red air-sensitive crystals of 
(CH3C5H4hU·(SC4Hs) were prepared from thiophene 
and (MeCphU·(OC4H8) in toluene. The material 
was characterized and the molecular structure was 
determined by single-crystal x-ray diffraction. The 
crystals are orthorhombic, Pbca, a= 15.146(5) A, b = 
27.598(8) A, and c = 9.911(4) A; for Z = 8, Dx = 1.81 
gjcm3. A full-matrix least-squares refinement 
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resulted in R = 0.035 for 1382 data with F2 > 2u. 
The structure consists of uranium-centered 
monomolecular units in which the uranium atom is 
coordinated to three cyclopentadiene rings and to the 
sulfur atom of a thiophene molecule. The average 
U-C distance is 2.81 ± 0.04 A, and the U-S distance 
is 2.985(5) A (see Figure 8-1). 

Figure 8-1. Molecular structure of tris(methylcyclopentadienyl)
uranium(III)thiophene. (XBL 862-618) 

9. Structure of 
Tris(methylcyclopentadienyl)urariium(III)
trimethylphosphine (Publication 8) 

J.G. Brennan and A. Zalkin 

The complex (CH3C5H4hUP(CH3h was syn
thesized and characterized as part of a study of the 
relative affinity of Lewis bases toward (MeCphU. 
Red air-sensitive crystals were prepared by reacting 
UC13 with Na(CH3C5H4) in toluene, then adding 
P(CH3h and recrystallizing the product from pen
tane. The crystals are monoclinic, space group Cf, 
with cell dimensions a= 13.949(5) A, b = 9.280(4) A, 
c = 16.194(6) A, and {3 = 104.09°; for Z = 4, Dx = 
1.801(3) gjcm3. The structure refined to an R factor 
of 0.024 for 1568 reflections (F2 > 2u). The structure 
consists of uranium-centered monomolecular units 
(see Figure 9-1), in which the uranium atom is coor
dinated in a pentahapto fashion to three cyclopenta
diene rings and to the phosphorus atom of the 
trimethylphosphine molecule. The average U-C dis
tance is 2. 79 ± 0.06 A, and the U-P distance is 
2.972(6) A. 



Figure 9-1. Molecular structure of tris(methylcyclopentadienyl)
uranium(III)trimethylphosphine. (XBL 862-619) 

10. Structure of the Diglyme Adduct of 
Dipotassium Bis(t-butyl[8]annulene)ytterbate(II) 
(Publication 37) 

SA. Kinsley, A. Streitwieser, Jr., and A. Zalkin 

Crystals of (CH30CH2CH20CH2CH20CH3hKr 
[(CH3hCCsH1]2Yb are monoclinic, P2 1/c, with a = 

10.294 A, b = 20.588(6) A, c = 20.036(6) A, and (3 = 
103.28(4r; for Z = 4, Dx= 1.350 gjcm3. For 3212 
reflections with F2 > 3u(F2), the structure refined to 
an R factor of 0.032. The ytterbium atom is 
sandwiched between two parallel [8]annulene rings 
(see Figure 10-1), with a mean Yb-C distance of 
2.77(4) A. The potassium atoms cap the other sides 
of the rings at a mean K-C distance of 3.08(5) A; 
each potassium atom is also coordinated to four oxy
gen· atoms from the diglyme at distances that range 
from 2.86 to 3.06 A. 

Figure 10-1. Molecular structure of the diglyme adduct of dipo
tassium bis(t-butyl[8[annulene)ytterbate(II). (XBL 862-620) 
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11. Redetermination and Absolute 
Configuration of Sodium Uranyl(VI) Triacetate 
(Publication 13)t 

D.H. Templeton, A. Zalkin, H. Ruben, and 
L.K. Templeton 

Crystals of sodium uranyl acetate are cubic and 
optically active, properties that made them suitable 
for a study with synchrotron radiation of polariza-. 
tion effects in the anomalous scattering by the uranyl 
ion. 1 The structure of the crystals was redetermined 
to aid the interpretation of these experiments. 

The absolute configuration of the structure, 
determined by the sign of the anomalous-scattering 
effect, was correlated with the sign of the optical 
activity. A crystal with negative optical rotation of 
visible light has the configuration depicted in Figure 
11-l. 

The U-0 distance in the uranyl ion is l. 758(3) A, 
in agreemen~ with modern studies of other uranyl 
salts. Zachariasen and Plettinger2 found 1. 71 ( 4) A in 
an earlier and less accurate study of this compound 
and used it as the end point for a curve of uranium
oxygen bond lengths vs. bond strength. Even lower 
values were used earlier. The newer values indicate 
that this curve requires further adjustment to longer 
bond distances. 

tsalary for L.K. Templeton was provided by the National Science 
Foundation. 
I. D.H. Templeton and L.K. Templeton, Acta Crystallogr. A38, 
62 (1982). 
2. W.H. Zachariasen and H.A. Plettinger, Acta Crystallogr. 12, 
526 (I 959). 

c 

Figure 11-1. View down the threefold axis in sodium uranyl 
acetate. (XBL 862-621) 



12. Dipotassium Bis([8]annulene )ytterbate(II) 
and -calcate(II) (Publication 9) 

S.A. Kinsley, A. Streitwieser, Jr., and A. Zalkin 

The title compounds were prepared by 
stoichiometric reaction of cyclooctatetraene, potas
sium, and either ytterbium or calcium, in liquid 
ammonia solution. The dimethoxyethane adducts 
are crystalline and have similar x-ray powder pat
terns and identical infrared spectra. X-ray structure 
analysis of [K(C4H 100 2)]2[Yb(C8H8h] shows planar 
parallel eclipsed [8Jannulene rings sandwiching ~ cen
trosymmetric ytterbium. A potassium coordmated 
with dimethoxyethane is at the opposite side of each 
ring. The cryst'!!_s crystallize in the triclinic system 
of space group P 1 with a = 9.346 A, b = 9. 775 A, c = 
7.740 A, a= 91.72°, {3 = 109.16°, and 'Y = 86.22° at T 
= 23°C. An OR TEP drawing of the structure is 
shown in Figure 12-1. 

Figure 12-1. Structure of dipotassium 
ytterbate(II). 

bis([8]annulene)
(XBL 841-7) 

13. Preparations and Mechanism of Hydrolysis 
of ([8]annulene) Actinide Compounds 
(Publication 46) 

R.M. Moore, Jr. 

The mechanism of hydrolysis of bis[8]annulene 
actinide and lanthanide compounds is being studied 
in detail; the results should be general for many 
organometallic compounds. Earlier work in the 
group had shown that the hydrolysis of uranocene in 
aqueous tetrahydrofuran (THF) could be followed by 

. visible spectroscopy. The earlier work was con
firmed and extended. Reproducible results can be 
obtained under rigorously air-free conditions. 
Hydrolysis of uranocene in 1M water in THF has a 
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pseudo-first-order rate constant of 1.1 X 10-5 s- 1 at 
25oC (half life of 20 hr). Experiments at other tem
peratures give dHt = 8.1 kcal mole_, and dSt = -54 
eu. Hydrolysis rates in 1M water in THF of several 
substituted 1,1'-diaryluranocenes follow the Ham
mett ao substituent parameters with p = 2.1; that is, 
electron-withdrawing groups give rate acceleration. 
The primary isotope effect was determined with D20 
instead of water; kH/ko for uranocene at 2SOC is 
11.8, a rather large value, indicating that a bond to 
hydrogen is broken at the rate-determining step. 

These experimental results lead to the mechan
ism shown in Figure 13-1. This mechanism incor
porates a prior rapid equilibrium, giving a small con
centration of a water-coordinated uranium inter
mediate. Electron-attracting substituents increase the 
effective Lewis acidity of the uranium and give a 
higher concentration of the water-coordinated i_n~er
mediate. The next step is a slow rate-determ1mng 
transfer of a proton from the coordinated water to 
one of the [8]annulene rings. 

The reaction product, a mixture of 1,3,5- and 
1,3,6-cyclooctatriene, requires a second addition o_f a 
proton, a process that must occur while the reactmg 
ring is still associated with the uranium. The ratio 
of cyclooctatriene isomers, as summarized in Table 
13-1, depends critically on the central metal. More
over these results also show that the last step of the 
reaction, addition of two protons to the second 
[8]annulene ring, must also occur while the ri~g is 
still associated with the central metal. It seems hkely 
that in all cases the water associates with the central 
metal and then proton-transfers to the ring. Similar 
types of reactions are probably involved in all reac
tions of metal salts of carbanions and related 
sandwich complexes. 

«:::» 
H 20 + H,o--u 

«:::» 

~~ 
HO-U 

«:::» 
Figure 13-1. Proposed mechanism for hydrolysis of uranocene. 

(XBL 848-3593) 



Table 13-1 
Cyclooctatriene hydrolysis products in I M H20 in THF. 

Compound Percent 1,3,6-Cyclooctatriene 

Li2C8H 8 57 

K2C8H8 24 

Cs2C8H8 21 

K2Ca(II)(CsHsh 29 

Ce(IV)(CsHsh 38 

KYb(III)(CsHsh 40 

KSm(III)(CsHsh 44 

K2 Yb(II)(CsHsh 45 

Th(C8H 8)Cl2 52 

Th(C8H 8)z 51 

U(C8H 8)Cl2 52 

U(C8H8)z 65 

PHYSICAL AND SPECTROSCOPIC 
PROPERTIES 

14. The Magnetic Behavior of Trivalent 
Americium Compounds (Publication 43) 

L. Soderholm, t N. Edelstein, L.R. Morss, t and 
G. V. Shalimoff 

Tripositive amencmm should exhibit only 
second-order temperature-independent paramagne
tism (TIP) at low temperatures. There are few mag
netic measurements on Am3+ compounds, and the 
reported values of the TIP term vary widely. We 
report the magnetic susceptibility of Cs2NaAmC16 
and Am20 3, in which we have minimized chemical 
impurities and radiation damage from the a decay of 
243Am. 

The magnetic susceptibility of Cs2NaAmC16 as a 
function of temperature can be divided into two 
regions. Below 40 K the susceptibility shows a sharp 
increase with decreasing temperature. This behavior 
is believed to be an experimental artifact, caused by 
a rapidly increasing sample-container contribution to 
the total susceptibility as the temperature is lowered 
from :=::; 30 K. Above 40 K, the sample exhibits a 
temperature-independent susceptibility, with XTIP = 

(660 ± 40) X 10-6 emu/mol. Am20 3 exhibits TIP 
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for the temperature range 5-300 K, with XnP = (640 
± 20) X 10-6 emu (mol Am)- 1• 

tpermanent address: Chemistry Division, Argonne National 
Laboratory, Argonne, IL 60439. 

15. Photoelectron Spectra of Metal 
Tetrakismethyltrihydroborates and Thorium 
Tetrahydroborate (Publication 42) 

J.C. Green/ R. Shinomoto,+ and N. Edelstein 

The volatile metal tetrahydroborates M(BH4) 4 

(M = Zr, Hf, Th, Pa, U, Np, and Pu) have been the 
subject of structural, vibrational, optical, photoelec
tron (PE), and theoretical studies. For the actinide 
tetrahydroborates, one of the major questions has 
been the extent of the involvement of the f orbitals 
in the bonding in these complexes. Unfortunately, 
the first three members of the actinide borohydride 
series, Th(BH4) 4, Pa(BH4) 4, and U(BH4)4, are poly
meric in the solid state, with a metal-site symmetry 
much lower than the T d symmetry found in the 
vapor phase. Recently, the volatile compounds 
M(BH3CH3)4, where M = Zr, Th, U, and Np, have 
been synthesized and structurally characterized. 
These studies have shown that the metal ion is at a 
site of approximate T d symmetry in the solid state. 
Magnetic measurements for both U(BH3CH3)4 and 
Np(BH3CH3) 4 have been interpreted on this basis. 

Photoelectron spectra ofZr(BH4)4, Hf(BH4)4, and 
U(BH4) 4 have been published and discussed previ
ously by two groups. Quasirelativistic Xa-SW calcu
lations of M(BH4) 4 (M = Zr, Hf, Th, and U) have 
been reported and have reproduced the ionization 
energies satisfactorily except for a uniform shift. We 
report in this paper the photoelectron spectra of 
M(BH3CH3) 4 (M = Zr, Hf, Th, and U) and, for com
pleteness, Th(BH4) 4• These spectra are assigned on 
the basis of their similarities to the M(BH4) 4 com
pounds and the results of the Xa-SW calculations. 
These assignments are shown in Table 15-1. 

tPermanent address: Inorganic Chemistry Laboratory, South 
Parks Road, Oxford OXI 3QR, England. 
*Permanent address: Chemistry Department, University of South
ern California, Los Angeles, CA 90007. 



Table 15-1 
Ionization-energy data for M(BH3Ch3)4 (M = Zr, Hf, Th, and U) and Th(BH4)4. 

Compound Compound 

Energy Zr(BH3CH3)4 Hf(BH3CH3)4 Energy Th(BH3CH3)4 U(BH3CH3)4 Th(BH4)4 
Level Level 

M5r 8.3 

3t2 

} ltla 10.8b 10.6 10.9 11.0 12.0 

It! 

3t2 

} 2a1 12.6 2.5 2a1 

} le le 11.8 11.8 13.0 

2t2 2t2 

C-charc 14.3 14.2 C-char 13.8 13.9 

lt2 17.5 17.3 lt2 16.8 16.9 17.5 

la1 18.7 19.0 la1 18.2 18.3 18.5 

C2s 22.0 22.1 C2s 22.2 22.0 

M4r 24.7 

a. Assignments for M(BH3CH3)4, M = Zr, Hf, based on calculations for M(BH4)4 (from Rosch et a!.) 
b. All energy data in eV. 
c. Ionization energies associated with C character of the BH3CH3- ligand. 

16. Isotope Shift of Uranium in the Infrared 
Region Between 1817 and 5598 em -l 
(Publication 23) 

J.G. Conway and E.F. Wordent 

The isotope shift has been determined for 225 
emission lines of uranium in the infrared region 
between 1984 and 5593 cm- 1 (5.0-1.85 Jtm), and the 
isotope shift of several levels of neutral uranium has 
been obtained. The uranium spectrum was excited 
in a water-cooled hollow cathode to which was 
added a piece of 93% 235U. The resulting spectrum 
indicated about 12% intensity of 235U. The spectrum 
of depleted 238U was also observed. The spectra 
were taken on the McMath solar Fourier-transform 
spectrometer at Kitt Peak National Observatory near 
Tucson, Arizona. 

tpermanent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 
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17. Electronic Structure ofNeutral and Singly 
Ionized Curium (Publication 30) 

E.F. Worden/ J.G. Conway, and J. Blaisef-

Extensive observations and analyses of the emis
sion spectra of neutral and singly ionized curium, 
Cm I and Cm II, have resulted in the determination 
of 785 Cm I and 598 Cm II energy levels. The levels 
found combine to classify 9145 of the more than 
14,250 lines of 244Cm observed between 2400 and 
26,500 A. Most of the levels have Lande g-values 
from Zeeman-effect data and isotope shifts from 
measurements of spectra from sources with various 
enrichments of 244Cm, 245Cm, 246Cm, and 248Cm. 
These data allowed us to assign many levels to 
specific electronic configurations. The ground confi
gurations of Cm I and Cm II are [Rn]5f76d7s2 and 
[Rn]5f77s2, respectively. The relative energies of 
other electronic configurations of Cm are given and 
compared with analogous configurations in other 
actinides and in Gd, its lanthanide analogue. 

tPermanent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 
*Permanent address: Laboratoire Aime Cotton, CNRS II, 91405 
Orsay, France. 



18. Intensities and Asymmetries of Electronic 
Raman Scattering in ErP04 and TmP04 
(Publication 19)t 

P. C. Becker, N. Edelstein, G.M. Williams, 
J.J. Bucher, R.E. Russo, J.A. Koningstein, + 
L.A. Boatner,§ and M.M. Abraham§ 

An investigation of the low-temperature elec
tronic Raman-scattering spectra of ErP04 and 
TmP04 has been carried out. Some typical spectra 
are shown in Figure 18-1. The experimental intensi
ties have been compared with the standard second
order theory of two-photon processes for both inter
multiplet and intramultiplet transitions between 
individual crystal-field levels. Adequate agreement 
is found in the case of ErP04, but serious discrepan
cies exist for TmP04. It is shown that electronic 
Raman scattering is a sensitive technique for testing 
the Judd-Ofelt-type theories of two-photon processes 
in rare-earth crystals. Strong asymmetry, a charac
teristic feature of electronic Raman scattering; has 
been observed in several of the transitions. 

~ 
·~ 

Y(XY)X 

Y(XZ)X 

~ L_~~~~~~==~~~~~ 

~ .-----~--------------Y-(2-Y)_X, 
"&! e2 

ll e3 

Y(ZZ)X.I 

·A= I 

0 50 100 150 200 
cm-1 

Figure 18-1. Raman scans of ErP04 from 0-200 cm- 1, taken at 
-10 K with the 514.5-nm line of the Ar+ laser with various polar
izations. Lines e1 through e4 correspond to the electronic transi
tions at 33 cm- 1

, 53 cm- 1
, 105 cm- 1, and 145 cm- 1, respectively. 

(XBL 8412-5488) 
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toperated by Martin Marietta for the U.S. Department of Energy 
under Contract No. DE-AC05-840R21400. 
*Permanent address: Department of Chemistry, Carleton Univer
sity, Ottawa, Ontario. 
§Permanent address: Solid State Division, Oak Ridge National 
Laboratory, Oak Ridge, TN 37830. 

19. Role of g Electrons in the Optical 
Spectroscopy of Lanthanide Ions in Crystals 
(Publication 22) 

P.C. Becker, N. Edelstein, B.R. Judd/ R.C. Leavitt/ 
and G.M.S. Listert 

The smaller-than-anticipated asymmetry of the 
electronic Raman scattering in TmP04 is related to 
the effects of virtual excited states of the type 4tN"-1g. 
These effects almost exactly cancel t.!!e contributions 
coming from states belonging to 4fN+ 1d± 1• Revised 
calculations for ErP04 are presented. 

tPermanent address: Department of Physics and Astronomy, The 
Johns Hopkins University, Baltimore, MD 21218. 

20. Resonance Electronic Raman Scattering in 
Erbium Phosphate Crystals (Publication 41) 

P. C. Becker, G.M. Williams, N. Edelstein, 
J.A. Koningstein/ L.A. Boatner,+ and 
M.M. Abraham+ . 

Resonance-enhancement factors of 10 to 100 
have been observed for the electronic Raman
scattering transitions in crystals of pure ErP04 and 
1% Er3+ diluted in LuP04 (see Figure 20-1). The 
resonances were excited by the 488.0-nm line of an 
argon-ion laser. This line is nearly coincident with 
the crystal-field levels of the 4F712 multiplet of Er3+. 

The differences in relative intensities between the 
transitions in ErP04 and those in 1% Er3+ in LuP04 
arise from shifts in the energy levels in the two sys
tems and suggest that quantum-mechanical interfer
ence effects play an important role. 

tpermanent address: Department of Chemistry, Carleton Univer
sity, Ottawa, Ontario. 
*Permanent address: Solid State Division, Oak Ridge National 
Laboratory, Oak Ridge, TN 37830. 
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Figure 20-1. Polarized ErP04 Raman spectra at T - 10 K, with 
both resonant and nonresonant excitation, in Y(XZ)X and 
Y(ZY)Y polarizations. (XBL 859-3909) 

21. The Electronic Structure of Organometallic 
Complexes of the f Elements XVI. Absorption 
Spectrum and Parameterization of the Crystal
Field Splitting Pattern of the 
Cyclohexylisocyanide Adduct Derived from 
Tris( TJ5 -cyclopentadien yl )-neodymi um(III) 
(Publication 40) 

H.-D. Amberger/ H. Schultze/ and N.M. Edelstein 

The low-temperature absorption spectrum of 
Cp3Nd·CNC6H 11 in hydrocarbon glasses has been 
measured at 77 K and -30 K. · The bands were 
assigned based on calculations assuming the crystal
field parameters of the Nd complex were the same as 
for the previously analyzed Cp3Pr·CNC6H 11 • 

Seventy-nine levels were fit to the parameters of a 
semiempirical Hamiltonian to give a root-mean
square deviation of 26.8 em -t. 

tpermanent address: lnstitut fiir Anorganische und Angewandte 
Chemie der Universitiit Hamburg, D-2000 Hamburg 13, Federal 
Republic of Germany. 

22. Free-Ion Spectra of Interest to Solid and 
Solution Spectroscopists (Publication 31) 

J.G. Conway 

A great deal of information is known about the 
free-ion spectra of the neutral and singly ionized rare 
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earths because of the ease with which these spectra 
can be produced. Considerably less is known about 
the doubly and triply ionized rare earths. A discus
sion of the experimental difficulties, the present state 
of knowledge, and the predicted information is 
given. 

23. Electron Paramagnetic Resonance of Gd3+ 

in ThBr4 Single Crystals at Room Temperature 
(Publication 21) 

S. Hubert/ J. Emery,* N. Edelstein, and J.C. Fayet* 

The electron-spin resonance spectra of trivalent 
gadolinium impurities in the tetragonal host crystal 
of ThBr4 have been observed. The spectra show that 
Gd3+ occupies three types of sites: the Th4+ site, 
which is tetragonal, and two charge-compensation 
sites corresponding to vacancies on the nearest
neighbor nn V(ar·) and the next-nearest-neighbor 
nnn v(Br-)· Spin-Hamiltonian parameters have been 
determined for the tetragonal and the Gd3+-nnnV(Br-) 
centers. The implications of these results regarding 
the nature of the different sites are discussed. 

tPermanent address: Laboratoire de Radiochimie, lnstitut de 
Physique Nucleaire, 91406 Orsay Cedex, France. 
*Permanent address: Laboratoire de Spectroscopie du Solide, 
Faculte des Sciences, 72017 Le Mans Cedex, France. 
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PhilipN. Ross, Jr., Investigator 

INTRODUCTION 

Commercialization of phosphoric acid fuel-cell 
technology requires a capital-cost reduction and an 
extension of power-section life compared to currently 
available technology. Significant capital-cost reduc
tion can be achieved if an oxygen-reduction catalyst 
that is catalytically more active than Pt supported on 
graphitized carbon black can be developed. Surface 
studies of gas-phase oxygen adsorption by x-ray pho
toemission spectroscopy (XPS) suggest that modifica
tion of the adsorptive properties of Pt by the substi
tution of ligands to the Pt coordination sphere could 
result in enhanced Pt catalysts. Of particular interest 
are the insertion of strong-bonding base metals like 
Ti, Zr, and Ta into the Pt surface coordination, e.g., 
ordered alloys like Pt3 Ti. The objective of the 
present research is to develop the physical and chem
ical understanding of oxygen-platinum-ligand 
interaction necessary for the rational selection of 
alloying components. Fundamental studies of the Pt 
alloy-electrolyte interface using modern surface
science techniques should provide the means to 
optimize the alloy ligand or to redirect the search for 
more active materials along the most rational paths. 
Alloying may have significant beneficial effects on 
electrode performance above and beyond effects on 
the oxygen-reduction kinetics, e.g., reduced Pt disso
lution and surface-area loss. These additional alloy
ing effects will also be studied at the atomic level 
e.g., surface reconstruction and surface self-diffusion.' 

I. Structure and Chemisorptive Properties of 
the Pt3 Ti Surface (Publication 3) 

U. Bardi,t D. Dahlgren, and P.N. Ross 

Low-energy electron diffraction (LEED), x-ray 
photoelectron spectroscopy (XPS), and Auger elec
tron spectroscopy were used to determine the struc
ture and composition of the surfaces of [ 111] and 

*This work was supported by the Assistant Secretary for Fossil 
Energy, Office of Coal Fuel Cells, Advanced Concepts Division of 
the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098, through the Fuel Cell Project Office, NASA Lewis 
Research Center, Cleveland, OH 44135. 
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[ 1 00] oriented crystals of an ordered alloy of bulk 
stoichiometry Pt3Ti. Thermal-desorption spectros
copy (TDS) was used to study the adsorption of car
bon monoxide and hydrogen on these surfaces. The 
clean annealed surface of [ 111] orientation has the 
ordered structure expected from truncation of the 
bulk crystal, consisting of alternating atomic rows of 
(5?% Pt.+ 50% Ti) and 100% Pt. The surface of[IOO] 
onentatlon also has a regular truncation structure, 
with the outermost layer being 50% Ti in a c(2 X 2) 
lattice and the second layer the 100% Pt layer. At 
near-ambient temperature, the adsorption of CO is 
dissociative at the Ti sites and molecular at the Pt 
sites. The orderly substitution of Ti for Pt atoms in 
the surface changes the Pt-Pt pair site distribution to 
eliminate most of the sites for bridge bonding of the 
CO molecule. As shown in Figure 1-1, only a single 
symmetric TDS peak was observed for CO desorbing 
from the alloy surface, as opposed to the asymmetric 
peak shape observed from pure Pt surfaces, which we 
suggest is a consequence of bridge-site elimination. 
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Figure 1-1. Comparison of the thermal-desorption spectrum 
after saturation with CO of the Pt3Ti (Ill) and the Pt (100) sur
faces. (XBL 858-3295) 



At low temperature (230 K), a second molecular 
state of CO was observed that we assigned to a 
predissociative state on Ti sites with CO lying paral
lel to the surface. No hydrogen could be observed to 
desorb from clean annealed Pt3 Ti surfaces dosed 
with hydrogen at room temperature. Unfortunately, 
we were not able to distinguish between two possibil
ities: (1) that hydrogen does not adsorb on the sur
face at room temperature; or (2) that hydrogen 
adsorbed at room temperature is not desorbed by 
flashing the surface temperature to -900 K. 

tpresent address: Department of Chemistry, University of 
Florence, Italy. 

2. CO Adsorption on ( 111) and ( 1 00) Surfaces 
of the Pt 3 Ti Alloy: Evidence for Parallel Binding 
and Strong Activation of CO (Publication 4) 

S. Mehendru/ A. Anderson, and P.N. Ross 

The atom-superposition and electron-
delocalization molecular-orbital technique has been 
applied to elucidate bonding interactions of CO 
adsorption· on a 40-atom cluster model of the ( 111) 
surface and a 36-atom cluster model of the ( 1 00) sur
face of the Pt3 Ti alloy. Parallel binding to high coor
dinate sites associated with Ti and low CO bond
scission barriers are predicted for Ti sites on both 
alloy surfaces (see Figure 2-1 ). The binding of CO to 
Pt sites occurs in an upright orientation. These dis
tinct orientations are a consequence of the nature of 
the CO 1r-donation interactions with the respective 
metal atoms. On the Ti sites the 1r orbitals donate to 
the nearly empty Ti 3d band, and the antibonding 
counterpart orbitals are empty. On the Pt sites, how
ever, the 1r orbitals are in the filled Pt Sd region of 

Top View 

~~~.~ 
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Figure 2-1. The "lying down" parallel orientations of CO on the 
Ti-Pt pair sites in the ordered alloy surface. (XBL 858-3628) 
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the alloy band, causing CO to bond in a vertical 
orientation by 5-a donation from the carbon end. 

tpresent address: Department of Chemistry, Case Western 
Reserve University, Cleveland, OH 44601. 

3. Pt-Ti Alloy Formation from High
Temperature Reduction of a Titania
lmpregnated Pt Catalyst: Implications for SMSI 
(Publication 6) 

B. Beard and P.N. Ross 

Highly dispersed Pt supported on carbon black 
was impregnated with titania and heated in an inert 
atmosphere. The amount of titania used was twice 
the stoichiometric amount required for the forma
tion of the ordered-alloy phase Pt3Ti. The chemical 
state of the Ti at various stages of heating was deter
mined by XPS and by extended x-ray adsorption fine 
structure (EXAFS) analysis. The results from 
EXAFS analysis are summarized in Figure 3-1. The 
formation of alloy phases was also determined by 

Radius (A) 

Figure 3-1. Radius distribution function forTi atoms in a Pt-Ti 
bimetallic catalyst at different temperatures. The peak at -1.7 A 
is characteristic of 0 ligands in Ti02• Peaks at -2.5 A and 
-4.7 A are characteristic of Pt ligands in Pt3Ti. (XBL 857-3117) 



conventional x-ray diffraction methods. These char
acterizations showed unambiguously the conversion 
of separate Pt and Ti02 dispersed phases into Pt-Ti 
alloy phases at progressively higher heat-treatment 
temperatures, eventually resulting in the formation 
of crystallites of the ordered (intermetallic) phase 
Pt3 Ti. Based on this observation and other related 
work in the literature, we present a model for the 
chemistry occurring during the formation of the 
SMSI state of Pt/Ti02 catalysts. 

4. Work in Progress 

These previous studies have clearly shown two 
important properties of Pt Group IVb intermetallic 
surfaces: ( 1) there is a strong ligand effect from the 
intermetallic bonding in the chemisorption of reduc
ing gases like hydrogen and carbon monoxide; (2) the 
intermetallic surface is unstable with respect to oxi
dizing conditions like that of a fuel-cell cathode. 
Further studies are in progress to determine the com
position and structure of the surface formed by elec
trochemical oxidation using the gas-phase oxidation
formed surfaces as a guide. Also, studies directed at 
relating the behavior of bulk surfaces to supported 
bimetallic clusters (the practical, catalyst) are under 
way. These studies will utilize XPS and EXAFS in 
characterizing changes to the state of the base metal 

235 

and the coordination about the Pt surface atoms dur
ing use as a fuel-cell cathode catalyst. 
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Studies of Materials Erosion in Coal 
Conversion and Utilization Systems* 

Alan V. Levy, Investigator 

INTRODUCTION 

The erosion of material surfaces by small solid 
particles carried in gas and liquid carriers is being 
investigated. The materials are tested over a range 
of conditions that simulate portions of the operating 
environments of containment surfaces in coal gasifi
cation, liquefaction, and fluidized bed combustion 
processes. The effects of materials' properties, 
microstructures, and compositions on their erosion 
behavior are determined. The effects of elevated 
temperature erosion behavior are determined. The 
effects of elevated temperature corrosion in combina
tion with the erosion are studied to determine the 
mechanisms and rates of the combined surface
degradation modes. 

1. Effect of Mechanical Properties on Erosion 
(Publication 1 0) 

A. Ninham 

The roles of hardness, ductility, ahd strength in 
the erosion of ductile metals are being investigated. 
Over a wide range of the material properties investi
gated to date, only a small difference in room tem
perature erosion rates has been measured. The 
increase in hardness and strength of alloys by mar-· 
tensitic, precipitation, or strain hardening mechan
isms had very little effect on their erosion behavior 
compared to ·annealed versions of the same alloys. 
The presence of hard carbide particles, up to 50 vol% 
in some of the alloys, disrupted plastic deformation 
of the matrix, increasing erosion rates somewhat. 
The greater strength of the alloys brought about by 
the carbides was largely neutralized by the detrimen
tal, nonhomogeneous nature of the plastic flow. The 
properties of the matrix material ·in carbide-metal 
composites had a greater effect on erosion behavior 

*This work was supported by the U.S. Department of Energy 
under DOE/FE AA 15 10 10 0, Advanced Research and Technical 
Development, Fossil Energy Materials Program, Work Breakdown 
Structure Element LBL-3.5 and under Contract No. DE-AC03-
76SF00098. 
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than the amount of carbides present. Also, the effec
tiveness of the hard, wear resistant surfaces of the 
carbide particles in the ductile matrices in preventing 
erosion was neutralized to a great extent by the parti
cles being melded into the highly plastically 
deformed matrix metal. 

The concept of a unified mechanism of solid par
ticle erosion of composites of hard second phase par
ticles in ductile metal matrices was developed. · The 
concept encompasses materials containing from 0 to 
near 100% hard particles such as carbides, borides, or 
nitrides in a ductile metal matrix, as well as coatings 
of 100% hard compound on a ductile metal sub
strate. The behavior element of these composite 
materials that makes their erosion mechanisms a 
continuum is the severe plastic flow of the erosion 
surface of the ductile metal matrix at elevated tem
peratures that is caused by the impacting particles. 
As long as there is a sufficient metal matrix to 
envelop the hard second phase particles in the com
posite, the ability of the hard particles to directly 
take the impact of the erodent particles and restrict 
the large strains of the metal matrix is minimized. 
Only when the concentration of hard particles is so 
high that the plasticity of the matrix/binder can no 
longer envelop them to dominate the behavior of the 
composite may the impact forces be resisted success
fully by the hard particles and the erosion rates 
reduced. The formation of a surface layer consisting 
of a 100% hard material such as a carbide coating on 
structural alloys is the ultimate way to prevent a 
hard compound from being melded into the ductile 
matrix during the erosion process. 

This unified mechanism of erosion ties together 
the observed erosion behavior of materials ranging 
from pure ferrite, through pearlitic and spheroidized 
steels, to carbide containing Fe-Cr alloys and cast 
iron, and on to WC-Co composites and 100% car
bide coatings. It is considered to be a breakthrough 
in understanding the erosion process. 

2. Combined Erosion-Corrosion (Publication 9) 

Y.F. Man 

The erosion-corrosion of steels having from 2.5 
to 25% chromium was determined, using alumina 
particles, as a function of test temperature, particle 
impingement angle, velocity, and chromium content. 
It was determined that corrosion was the dominant 
mechanism in all cases. The impacting particles 
affected the growth rates and morphology of the 



scales that formed on the alloys. Depending on the 
test conditions and the chromium content, the scale 
formed either a segmented structure that was eroded 
by a slow cracking and chipping mechanism or a 
consolidated, densified structure that lost material by 
a fast, periodic spalling mechanism. These two scale 
morphologies were the primary factor that deter
mined the metal wastage rates of the alloys tested. 

Metallographic analysis of tubes of several alloys 
exposed for 1000-5000 hours in the Pt. Tupper, 
Nova Scotia, fluidized bed combustor revealed that 
the same division of scale morphologies and resul
tant metal wastage rates observed in the laboratory 
nozzle tester occurred on the tubes. Segmented 
scales formed on the tops of the tubes that had lower 
metal losses than the bottoms of the same tubes, 
which had consolidated scales and lost scale by 
periodic spalling of the scale. 
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Catalytic Gasification of Graphite or 
Carbon* 

Heinz Heinemann, Investigator, with 
Gabor A. Somorjai; Investigator, and J. Carrazza 

INTRODUCTION 

. This program is designed to look at the basic 
chemistry of the reaction of carbonaceous materials 
with water in the presence of catalysts to produce 
hydrocarbons and/or synthesis gas. Much of the 
work is being carried out with graphite as a carbon 
source to insure that hydrogen or hydrogen in hydro
carbons is derived from water. Relatively low tem
peratures are being used to favor the equilibrium C + 
2H20 - CH4 + C02, which is almost thermally neu
tral. Earlier work has shown that, in the presence of 
KOH as catalyst, higher hydrocarbons up to C6 can 
be formed. The formation of hydrocarbons is a 
stoichiometric reaction in which each H2 in water 
reacts to form a phenolate and a hydrocarbon: SC + 
4KOH - 4COK + CH4. The presence of phenolate 
has been demonstrated by surface spectroscopy, and 
it has been found that the phenolate can be decom
posed over metal oxides to make the reaction truly 
catalytic: 4COK ~ 2K20 + 2C + 2CO; 2K20 + 
2H20 - 4KOH. In the presence of both KOH and 
metal oxide, the major reaction products are C02 
and H2, with only traces of CH4 and CO. While the 
2:1 ratio of H2:CO may be due to a complete water
gas shift reaction, it now appears that disproportio
nation of CO - C + C02 plays a major role. It has 
also been shown that there is only minor conversion 
of CH4 by steam reforming. 

1. Flow-Reactor Experiments (Publications 1 
and 2) 

J. Carrazza, W. T. Tysoe,f H. Heinemann, and 
G.A. Somorjai 

A new flow-reactor system has been designed 
and built. The advantages of this new system are the 

*This work was supported by the Assistant Secretary of Fossil En
ergy, Office of Management, Planning, and Technical Coordina
tion, Technical Coordination Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098, through the 
Morgantown Energy Technology Center, Morgantown, WV 
26505. 
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following: (a) capability for higher steam partial
pressure reactions ( -60 psig); (b) more reproducible 
and controllable flow of steam; (c) more homogene
ous mixing of inlet gases with steam; (d) more repro
ducible gas-analysis system. 

The dependence of the reaction rate of gasifica
tion of graphite was studied in this equipment for a 
mixture of KOH and NiO. Figure 1-1 shows that 
the rate is independent of the steam pressure up to 
60 psig. Similar results have been obtained using 
char from Illinois No. 6 coal (impregnated with 
KOH-NiO) instead of graphite. The gasification 
with steam resulted in almost identical results with 
those obtained from graphite. Gaseous products 
were hydrogen and C02 in a ratio of about 2: 1. The 
char gave larger amounts of methane (about 1% of 
gas products) than graphite at gasific~tion te~p~~a
tures Of up to 900 K, but only dunng the 1mt1al 
stages of gasification. The equivalence of graphite 
and char is shown in Figure 1-2. 

It has previously been shown that KOH is not a 
catalyst for gasification at low temperatures but 
undergoes a stoichiometric reaction. Nickel oxide 
alone is not a catalyst for gasification. Metallic 
nickel, however, is a good catalyst, but it is rapidly 
poisoned by deposition of a carbon layer on its sur
face. Also, at temperatures of 800-900 K, KOH is 
quite volatile and NiO is reducible by carbon to Ni 
metal and CO. Mixtures of NiO and KOH are 
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Figure 1-1. Rate of gasification of graphite as a function of 
steam pressure. (XBL 861-247) 
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Figure 1-2. Rate of gas production as a function of temperature 
. for both graphite and char from Illinois No.6 coal.(XBL 861-248) 

greatly superior to either KOH or Ni alone. X-ray 
photoelectron spectroscopy (XPS) work shows that at 
temperatures below 923 K a compound such as 
KxNiyO is formed that appears to be catalytically 
active and that is more temperature-stable than 
either KOH or NiO. While KOH volatilizes above 
823 K and NiO is reduced to Ni metal above 823 K 
by graphitic carbon, KxNiyO is stable up to 923 K. 

The effect of adding several gases to the inlet 
stream on the total activity of a mixture of 
KOH/NiO for gasification of graphite was studied. 
It was observed that addition of CH4, H2, CO, and 
C02 did not affect the product distribution obtained. 
The rate of reaction, on the other hand, depended on 
the inlet-stream composition. Addition of H2, CH4, 

and C02 decreased the rate of gasification, while the 
presence of CO increased the rate. 

tpresent address: Department of Chemistry, University of 
Wisconsin, Milwaukee, WI 53201. 

2. Work in Progress 

XPS Studies 

Three different catalysts were studied by XPS. 
The first catalyst was loaded with both KOH and 
nickel oxide. The initial ratio of potassium to nickel 
was 1.0, and the ratio of nickel to carbon was 0.04. 
The second catalyst was loaded only with KOH in a 
ratio of potassium to carbon equal to 0.04. The 
third catalyst contained nickel oxide alone, with a 
ratio of nickel to carbon equal to 0.04. All three 
samples were treated under the same conditions used 
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in the flow-reactor experiments reported earlier. 
XPS spectra of the Ni 2p, K 2p, C 1s, and 0 1s sig
nals were taken before and after every step in the 
treatment. The XPS results discussed below indicate 
that when KOH and NiO are codeposited on gra
phite, both the temperature at which the NiO is 
reduced by carbon and the temperature at which the 
potassium desorbs from the surface increase by more 
than 100 K. This result is shown schematically in 
the diagram below. 

KOH (ads) + NiO (ads) 
[723 K, 923 Kj 
____ __.. · K,Nip (ads) 

+ 

c 
>823 K 1>823 K 

>923 K 

KOH (g) Ni (ads) Ni (ads) 

+ + 

co KOH (g) 

These results can be explained if KOH and NiO 
form a compound on the surface that decomposes 
only at temperatures above 923 K. When this tem
perature is reached, the nickel oxide is liberated and 
immediately reduced to the nickel metallic state, 
while the potassium desorbs from the surface. At 
temperatures below 923 K, the stability of the com
pound inhibits the two processes. Since it has previ
ously been shown that the mixture of KOH and NiO 
is a good catalyst for the gasification of graphite with 
steam at temperatures as low as 853 K, we conclude 
that the cooperative effect observed is due to the for
mation of a potassium nickelate compound (KxNiyO) 
that has catalytic activity for the gasification of car
bon solids with steam. 

Oxidation State of Nickel. XPS spectra of the 
NiO and Ni metal adsorbed on graphite were 
obtained. Three main differences can be observed 
between these two spectra. First, the Ni 2P3;2 energy 
shifts from 856.6 eV (binding energy) for NiO to 
854.5 eV for Ni metal. Second, the difference in 
energy between the Ni 2p31~ and Ni 2Pt;2 levels 
changes from 17.8 eV for NiO to 17.2 for Ni metal. 
Third, the NiO sample shows two satellite peaks at 
864.3 and 881.0 eV binding energy that were not 
present for Ni metal. These three differences allow 
us to determine the oxidation state of nickel on the 
catalysts studied. When nickel alone is deposited on 
the graphite surface, the oxide state is stable up to 



723 K in the presence of steam. At 823 K some 
reduction is already taking place: 

NiO + C - Ni + CO. 

At 923 K the nickel is completely reduced. When 
nickel is adsorbed with KOH on the surface, it 
remains in the oxide state at temperatures up to 
923 K. 

Ratio of Potassium to Carbon. The C Is peak of 
graphite always appears at 284 e V binding energy 
and can be used to calibrate the position of all the 
other peaks in the spectrum. The K 2p signal is a 
doublet at 293.5 (K 2p312) and 296.2 eV (K 2p112). In 
order to get a relative value of the amount of potas
sium on the surface as a function of temperature, the 
ratio of intensities of K 2p312 to C 1 s was obtained. 
For both samples (KOH adsorbed alone and KOH 
coadsorbed with NiO), the amount of potassium on 
the surface increases as a function of temperature up 
to 823 K. This is expected, since the increase in 
temperature favors the diffusion of KOH to the sur
face of the catalyst. When KOH is adsorbed alone 
on graphite, the amount of potassium on the surface 
suddenly drops at temperatures above 823 K. This 
is probably due to a desorption process. When KOH 
is codeposited with NiO, there is still a considerable 
amount of potassium on the surface at 923 K. In the 
presence of nickel, the desorption process becomes 
important only at temperatures above 1023 K. It 
should be remembered that only above 923 K is 
nickel reduced to the metallic state when it is 
codeposited with KOH. 

Thermal-Desorption Studies 

Adsorption-desorption experiments on graphite 
using labeled CO, C02, and H20 have been carried 
out. If CO is adsorbed at room temperature, most of 
it is desorbed at a relatively low temperature 
(450 K). However, about 10% is desorbed as C02 at 
400 K, indicating the presence of a CO disproportio-
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nation reaction. After adsorption of water on gra
phite at room temperature, desorption of CO and H2 
is observed at 1200 K, and methane is desorbed at 
four temperatures, most strongly at 600 K. The 
CH4/H2 ratio is less than 0.3. 
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Chemistry and Morphology of Coal 
Liquefaction* 

Heinz Heinemann, Investigator, with 
Richard H. Fish, Investigator, and A.D. Thormodsen 

INTRODUCTION 

Only the hydrodenitrogenation project was 
active for this account in 1985. In this project we 
are concerned with the selective removal of nitrogen 
from polynuclear nitrogen-containing hydrocarbons 
with minimal hydrogen consumption. In previous 
years it has been shown that it is possible to hydro
genate the hydrocarbons only in the nitrogen
containing ring with 100% selectivity and at very 
mild conditions. Wilkinson's catalyst or a hetero
genized form thereof was used, as was a ruthenium 
analogue. The main objective of the present work is 
to split out nitrogen as ammonia from the saturated 
ring without saturating the other rings, thus preserv
ing the aromatic nature of the major part of the 
molecule. 

1. Synthesis and Reactions of Dimetalla
Azacyclobutenes (Publication 2) 

R:H. Fish, J.L. Tan, and A.D. Thormodsen 

To determine possible other methods for the 
cleavage of carbon-nitrogen bonds, the reactions of 
several model-coal compounds containing a nitrogen 
atom were studied with Ru3(C0) 12. The reactions 
were run in a Parr pressure reactor at equimolar con
centrations such ·that one could isolate and identify 
reaction products by various spectroscopic tech
niques. The first reaction attempted used quinoline 
as a model compound and yielded a product, 1 in 
Figure 1-1, that was identified by mass spectroscopy, 
nuclear magnetic resonance spectroscopy, and ele
mental analysis (see Figure 1-1). 

Thus the isolation of compound 1 and its struc
tural identification clearly shows bonding of the 
metal cluster to both carbon and nitrogen. This is 
an exciting result, since it indicates that this type of 

*This work was supported by the Assistant Secretary for Fossil 
Energy, Office of Coal Research, Liquefaction Division of the 
U.S. Department of Energy under Contract No. DE-AC03-
76SF00098 through the Pittsburgh Energy Technology Center, 
Pittsburgh, PA 15236. 
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Figure 1-1. Reaction product of RuJ(C0) 12 with quinoline. 
(XBL 861-249) 

bonding could be used eventually to cleave carbon-
nitrogen bonds. · 

When phenanthridine or dihydrophenanthridine 
was reacted with Ru3(C0) 12, compound 2 in Figure 
1-2 was obtained from either starting material. 

The x-ray crystal structure of the phenanthridine · 
derivative, 2 in Figure 1-2, was recently completed. 

l6l-" 
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H~ 
H 
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Ru-H N 

oc....... I """'I co Ru..-
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2 

Figure 1-2. Reaction product of Ru3(C0)12 with phenanthridine 
(upper left) or dihydrophenanthridine (lower left). (XBL 861-250) 

An OR TEP view of the molecule, with pertinent 
bond lengths and angles, is shown in Figure 1-3. 
One interesting feature of the structure is the nearly 
planar, trans arrangement of the coordinated 
phenanthridine and bridging hydride ligands, with 
this assembly perpendicular to the Ru3 plane. The 
hydride ligand is positioned equally (within experi
mental error) between Ru(3) and Ru(2). Distances 
to N(l) and C(ll) to Ru(3) and Ru(2) are artificially 
constrained to be equal due to disorder in the struc
ture arising from the pseudo-mirror pla·ne dividing 
the 2 halves of the phenanthridine ligand. The N(l) 
= C( 11) bond length and the bonding distances of 
ruthenium atoms to these atoms are in the range of 
values expected for similar complexes. 

The Ru(2)-Ru(3) bond, bridged by the hydride 
and heterocycle, is somewhat longer than similar 
bonds in other triruthenium clusters [2.866(1) A, 
with 2.79-2.85 A as the usual value]. It has been 
suggested that while a bridging H atom normally 



Figure I-3. ORTEP drawing of the reaction. yroduct of 
Ru3(C0) 12 and phenanthridine or dihydrophenanthndme. 

(XBL 861-251) 

causes a lengthening of a metal-metal bond, M-M 
bonds bridged by H and a second nonhydride ligand 
can be shorter due to a counterbalancing effect of the 
latter ligand. This is apparently not the case in the 
present work. The phenanthridine ligand does not 
exert a strong bond-shortening effect, perhaps 
because of its weak interaction with the cluster. 

2. Work in Progress: Bond-Cleavage Reactions 

We have found that a catalyst comprising nickel 
(29 wt%) on silica can promote alkylcarbon-nitrogen 
bond-cleavage reactions. I ,2,3,4-tetrahydroquinoline 
(THQ) gives aniline and methylaniline. Hydrodeni
trogenation (I atm Hz) is promoted to also give ben
zene, toluene, and ammonia. Methane and small 
amounts of propane and ethane are the main side 
products. 

The 29 wt% nickel catalyst gives the lowest 
amount of quinoline at 32o·c (conditions: O.I4 
ml/hr of I,2,3,4-THQ and 30 ml/min Hz with 860 
mg of 29 wt% Ni/SiOz), with the formation of ben
zene, toluene, aniline, methylaniline, indole, 
methane, and ammonia (see Table 2-l). 

Using 2-n-propylaniline as the substrate, which is 
a potential intermediate in the formation of benzene, 
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Table 2-1 

Percent conversion of 1,2,3,4-THQ to various product~ at 
different temperatures, using a 29 wt% nickel-on-S102 
catalyst.• 

Percent Yield 

Product 320oC 360°C 380oC 395°C 

Benzene 8.37 12.17 14.33 16.14 

Toluene 1.44 1.77 1.80 1.96 

Aniline 27.54 18.91 18.63 17.34 

Methylaniline 7.18 2.72 2.42 1.72 

Quinoline 33.97 44.45 41.05 41.89 

Indole 6.45 9.12 9.88 9.51 

1,2,3,4-THQ 5.34 3.52 3.94 3.40 

Methylindole 2.13 0.89 0.86 0.69 

a. Conditions: 0.14 ml/hr substrate, 30 ml/min H2, 860 mg of 29 
wt% Ni/Si02 catalyst. 

toluene, anilines, methane, and propane, we found 
the same products, including THQ (see Table 2-2). 
Thus, ring opening, followed by sequential loss of 
methane and ammonia, is the apparent route to the 
observed products. Cyclic products are also formed 
by a plausible free-radical reaction. 

Table 2-2 

Percent conversion of 2-n-propylaniline to various prod
ucts at 320°C, using a 29 wt% nickel-on-Si02 catalyst.• 

Product Percent Yield 

Benzene 19.28 

Toluene 2.90 

Propylbenzene 5.30 

Aniline 9.28 

Methylaniline 5.73 

Propylaniline 36.95 

1,2,3,4-THQ 5.77 

Methylindole 2.25 

a. Conditions: 0.14 ml/hr substrate, 30 ml/min H2> 880 mg of 29 
wt% Ni/Si02 catalyst. 



Varying the amount of nickel on the catalyst to 5 
wt% nickel on silica resulted in excessive quinoline 
(dehydrogenation) production and low conversions 
to benzene and toluene from 1,2,3,4-THQ (see Table 
2-3). Other metals, such as Cu, Zn, and Cr, were 
surveyed, along with a ZSM-5 zeolite catalyst, but no 
hydrodenitrogenation chemistry was observed. 

Since propylbenzene was one of the products of 
THQ splitting, it was used as a charge material for 
the high-nickel catalyst. Complete hydrogenolysis 

Table 2-3 

Percent conversion of 1,2,3,4-THQ to various products at 
320°C, using a 4.8 wt% ni:ckel-on-Si02 catalyst.• 

Percent Yield 

Product Run I Run 2 

Benzene 0.84 1.31 

Toluene 0.23 0.30 

Aniline 2.92 2.88 

Methylaniline 1.18 1.19 

Quinoline 65.51 57.8p 

Indole 2.84 1.82 

1,2,3,4-THQ 22.07 29.25 

Methylindole 0.71 0.53 

a. T = 3200C, both runs under the same conditions listed in 
Table 2-1. 
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resulted, indicating that the presence of basic nitro
gen is required to neutralize metallic acid sites. 

Transmission electron microscopy was per
formed on the 29 wt% nickel-on-silica catalyst. Crys
tallites of nickel with particle sizes of 100 to 2000 A 
were predominant. Coking was also observed on the 
silica support. The diffraction pattern verified that 
the nickel single crystals were face-centered cubic. In 
addition, x-ray photoelectron spectra found nickel 
zero and small amounts of nickel two and four on 
the surface. 
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geneous Catalytic Hydrogenation 4. Regioselective 
Reduction of Polynuclear Heteroaromatic Com
pounds Catalyzed by 
H ydridochlorotris( tri pheny I phosphine )rutheni um(I)," 
Organometallics 4, 1743 (1985); LBL-18931. 
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Surface Morphology of Metals in 
Electrodeposition * 
Charles W. Tobias, Investigator 

INTRODUCTION 

The objective of this project is to gain under
standing of the partial processes and their interac
tions involved in the deposition and dissolution of 
metals by electrolysis. Of particular interest is the 
influence of hydrodynamic flow on electrocrystalliza
tion, and the distribution of charge-transfer rates on 
advancing and receding metal profiles, as determined 
by the electric and concentration fields in the solu
tion, and by the kinetics of the charge-transfer reac
tion. Control of the morphology of metallic deposits 
has been traditionally effected by addition agents 
that interfere with the crystallization process. In 
energy-storage applications, however, other means 
may have to be employed for the control of mor
phology. 

• Rotating-disk electrodes and planar electrodes 
in channel-type electrolyzers are used for the 
preparation of metal deposits, over large ranges 
of solution properties and hydrodynamic con
ditions, with potentiostatic or galvanostatic 
control. The genesis of surface textures is stud
ied, using in situ motion-picture microphotog
raphy, videorecording, and post mortem exami
nation by electron microscopy. 

• Developing surface contours are simulated by 
solving the Laplace equation, using either the 
finite-difference, finite-element, or boundary
element method. 

*This work was supported by the Assistant Secretary of Conserva
tion and Renewable Energy, Office of Energy Storage and Distri
bution of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. I 
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1. Work in Progress 

Effect of Current Efficiency on the Morphology of 
Zinc Deposits, (L. McVay, D. Sutija, R.H. Muller, 
and C. W. Tobias)t 

To clarify the effect of simultaneous hydrogen 
evolution on the morphology of zinc electrodepo
sited from a flowing r 1000 < Re < 4000] chloride 
electrolyte with a supporting electrolyte of potassium 
chloride, current efficiencies were measured by 
weight and by titration with EDT A. The results may 
be summarized as follows: ( 1) The current efficiency 
is very near I 00% for current densities in the range 
of 25-140 mAjcm2• (2) At low current densities the 
deposit dissolves (corrodes), while hydrogen 
discharge occurs at high current densities. (3) The 
value at which the current efficiency declines 
increases with flow rate. (4) The current efficiency is 
affected by the nature of the substrate used. (5) The 
current efficiency increases with increasing pH in the 
range of 0.5 < pH < 5.0; it also increases with 
increasing zinc concentration in the range of 65-195 
g/l. 

The developing morphology of zinc is investi
gated in situ using traveling-stage videomicroscopy. 
The visual magnification ranges from 56 to 400 X. 
Surfaces are examined after deposition by scanning 
electron microscopy. Large nuclei line up parallel to 
the direction of flow; this orienting starts upstream 
and progresses downstream. The protrusions join by 
a mechanism that involves enhanced growth parallel 
to the direction of flow. 1 After striations are fully 
formed, growth occurs over the entire electrode, 
resulting in well-defined ridges after long deposition 
times. Hydrogen-bubble evolution does not cause 
the development of striations. 

To further study the coalescence and alignment 
of protrusions, a microprofiled electrode (MPE) was 
conceived and designed. The 5 X I 0 mm platinum 
electrode is currently being manufactured in the 
Microelectronics Laboratory of the Department of 
Electrical Engineering on the U.C. Campus at Berke
ley, using advanced VSLI processing techniques. 
The MPE has periodically spaced hemispherical plat
inum surface features, with radii of approximately 2 



Jtm, on an otherwise optically smooth surface. After 
such an electrode is imbedded in an epoxy base and 
placed in a flow cell designed for the in· situ optical 
observation and video recording described above, 
the effect of coalescence of protrusions and melding 
of striations on the deposition of zinc will be 
evaluated. 

tDirected jointly by R.H. Muller and C.W. Tobias. 
I. J.L. Faltemier, T. Tsuda, and C.W. Tobias, Electrochem. Soc. 
Ext. Abstr 406, May 1985. 

Simulation of Leveling in Electrodeposition 
(J~ Dukovic and C. W Tobias) 

A model is developed for the calculation of 
advancing microprofiles during electrodeposition in 
the presence of certain leveling additives. The 
model is based on the diffusion-adsorption theory of 
leveling in which the higher rate of inhibitor trans
port to the protruding regions of a deposit produces 
a preferential inhibition at these points, which, in 
turn, causes an attenuation of microroughness. 

Mathematically, the problem is idealized as fol
lows: the concentration of the leveling agent obeys 
Laplace's equation within a Nernst diffusion layer 
having a planar boundary with the bulk solution. In 
the class of leveling phenomena treated here, the 
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consumption rate of leveling agent at the electrode 
surface is limited entirely by solution-phase trans
port. This fixes the agent concentration at the elec
trode surface to zero. Potential theory describes the 
flow of current throughout the electrolyte. The two 
field problems (concentration and potential) are 
linked at the electrode surface by a kinetic relation. 
In this study, the activation overpotential for the 
deposition reaction is assumed to depend on the 
local fluxes of inhibitor and metal to the surface. 
This corresponds to a competition between coverage 
and renewal in determining surface state. The actual 
dependence ·of overpotential on the fluxes is avail
able from polarization curves made at varying trans
port conditions on a rotating-disk electrode. Data 
for several systems are available in the literature. 
Alternatively, the dependence of overpotential on the 
fluxes can be derived from detailed models of inhi
bited deposition kinetics. 

The coupled boundary-value problem is solved 
by the boundary-element technique with quadratic 
interpolation on each element. The evolution of 
deposit shape is simulated by adjusting the surface 
profile according to Faraday's law at each time step, 
as described by Prentice. 1 

I. G.A. Prenticeand C.W. Tobias, J. Electrochem. Soc. 129, 72 
(1982). 



Metal Couples in Non-Aqueous 
Electrolytes 

C. W. Tobias, Investigator 

INTRODUCTION 

The objective of this project is to explore practi
cal alternatives to high-temperature molten-salt sys
tems, for the efficient electrochemical reduction and 
oxidation of reactive metals. Recent developments 
in advanced primary cells and projected high-energy 
rechargeable battery systems involve the _u~e. _of 
alkali-metal negatives. To expand the possibihtles 
for application of reactive metals at near-ambient 
temperatures, new ionizing media must be sought 
that have high decomposition potentials and are 
capable of dissolving ionic compounds. The pro
pylene carbonate family of solvents has been d~mon-

. strated in this laboratory to allow the reductiOn of 
alkali metals, at room temperature, with reasonably 
high efficiency. However, solve~t stabi!i~y i~ the 
presence of reactive metals remams a cnttcal Issue, 
especially so in the case of rechargeable galvanic-cell 
applications. Current work includes the explor~tion 
of the reduction of magnesium, the study of viable 
reactions for the positive electrode, and investigation 
of the role of co-solvents in improving stability, solu
bility, and conductivity. Under the support of the 
Office of Basic Energy Sciences, novel solvent
purification techniques have recently been evaluated. 
A related project, under the direction of Dr. R.H. 
Muller, concerns the chemical nature of surface films 
on alkali metals in propylene carbonate electrolytes. 

1. · The Properties of Ethylene Carbonate and Its 
Use in Electrochemical Applications 
(Publication 4) 

P. Johnson and C. W. Tobias 

Ethylene carbonate (C3H403) is an important 
industrial solvent used extensively in the textile and 
cosmetic industries. Ethylene carbonate (EC) and 
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propylene carbonate (PC) were first tested in this 
laboratory by William Harris in 1958 for use as sol
vents in electrochemical applications. High chemical 
and electrochemical stability, low toxicity, good ion
izing and solvating ability, and low volatility make 
both EC and PC suitable solvents for electrochemical 
applications. Propylene carbonate has been used 
extensively in nonaqueous electrochemical studies, 1 

and as of late, in lithium batteries. The use of EC in 
electrochemical technology has been limited, prob
ably due to the fact that EC is a solid at room tem
perature (freezing point 36.4°C). However, the high 
freezing point of pure EC should not limit its use as 
a solvent for electrochemical applications, because 
the freezing point is easily depressed by combining 
EC with another solvent, or by the addition of salts 
(freezing-point depression constant: 5.39°C-kg/mole). 
A wide range of information on the physical, spec
tral, solvent, and electrochemical properties of EC is 
available. The intent of this review is to stimulate 
the use of ethylene carbonate in nonaqueous electro
chemistry. 

I. K.J. Hanson, LBL-18335 

2. Work in Progress 

Possibilities for the electroreduction of mag
nesium from its soluble salts are being explored. 1 

Attempts to produce adequately dehydrated 
Mg(BF 4h have failed so far; a ~ew parts ~e~ million 
moisture in the electrolyte solutwns contammg up to 
1 molal/liter salt prevent the formation of dete~table 
levels of magnesium in PC. Further efforts will be 
devoted to finding soluble, dry magnesium salts that 
exhibit adequate conductivity in PC and allow the 
reduction of the metal with reasonable current effi
ciency. 

A literature search is being compiled on the 
nonaqueous electrochemistry of lanthanide metals, 
with the objective of identifying possibilities for effi
cient separation and reduction of certain of the 
metals by an ambient-temperature process. (B. 
Wines and C.W. Tobias) 

1. J. Jorne and C.W. Tobias, J. Appl. Electrochem. 5, 279 (1975). 



Engineering Analysis of Electrolytic 
Gas Evolution 

Charles W. Tobias, Investigator 

INTRODUCTION 

Electrolytic . gas evolution is among the most 
common reaction types in electrolysis and in 
advanced rechargeable batteries. Modern applica
tions in energy storage and transmission (e.g., hydro
gen) require much higher energy efficiency and lower 
capital cost than achieved in gas-generating processes 
in the past. This project is directed toward the quan
titative description of partial processes and their 
interactions involved in the nucleation, coalescence, 
and detachment of gas bubbles. Of special interest 
are the effects of moving individual bubbles and of 
gas-electrolyte emulsions on ohmic-cell resistance 
and on mass transport of charged and uncharged 
species to and from electrode surfaces. A thorough 
understanding of the physical processes involved in 
the liberation and movement of gases at electrodes 
and in the electrolyte should lead to improved 
energy efficiency and lower capital costs in process 
and device technology. 

1. Work in Progress 

Mass Transport and Supersaturation at Gas-Evolving 
Electrodes (G.M. Whitney, S. Elliott, and 
C. W. Tobias) 

High-speed cinematography is used to character
ize the motions of gas bubbles produced at vertical 
electrodes. The effect of various bubble motions and 
sizes on mass transfer to a vertical electrode is stud
ied using a microsectioned electrode produced for us 
by Hewlett-Packard Corporation and Bell Labora
tories. Bubbles produced at an auxiliary electrode 
located a prescribed distance from the micromosaic 
electrode rise parallel to the micromosaic surface. 
Temporal and spatial variations in the mass-transfer 
rate to the micromosaic are correlated, as well as 
average mass-transfer rates, as functions of distance 
of the bubble column to the measuring surface, bub
ble size, and rate of bubble generation (see Figure 1-
1). A continuous bubble stream rising near the 
measuring electrode is modeled as a cylinder moving 
parallel to a stationary wall. Mass-transfer predic
tions from this simplified model agree well with 
experimental trends. 
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Figure 1-1. The limiting current for the reaction Fe3• + e = 

Fe2+, to a 100 X I 00 J.Lm vertical platinum surface element in a 
mosaic electrode. The oscillating trace demonstrates the effect of 
microhydrodynamic fluctuations due to a stream of I 09-J.Lm
diameter bubbles rising at a distance of 50 ILm directly in front of 
the surface element. No fluctuations are observed at a surface ele
ment that is situated at a distance of 500 ILm to the side of the 
bubble stream. (XBL 862-623) 

The effect of electrode-surface morphology and 
of electrolyte composition on the concentration of 
dissolved gas at the surface of a gas-evolving elec
trode is studied using electrochemical techniques. 
Correlations of gas supersaturation versus nominal 
current density have been obtained for hydrogen 
evolution in acid and base, and for oxygen evolution 
in base. The results tend to confirm the usefulness 
of a surface-renewal model for predicting supersa
turation at gas-evolving electrodes. 

Tertiary Current Distribution on an Electrode with 
an Attached Layer of Bubbles (J. Dukovic and C. W. 
Tobias) 

A model is· advanced for the numerical determi
nation of current distribution in the vicinity of an 
attached bubble. 1 These calculations enable the 
evaluation of the net change in cell resistance caused 
by the presence of a layer of bubbles on the electrode 
surface. The model includes ohmic conduction in 
the electrolyte, diffusion of the dissolved gas, and 
total electrode overpotential, which reflects both 
activation and dissolved-gas supersaturation at the 



electrode. The attached bubbles are assumed to be 
of constant size (for a pseudosteady-state solution), 
and the transport of dissolved gas is idealized to a 
Nernst diffusion layer of uniform thickness. The 
dissolved-gas concentration is set to its saturation 
value at the edge of this layer and at the bubble sur
face. The model assumes uniform electrolyte con
ductivity, with the potential obeying Laplace's equa
tion. Within the diffusion boundary layer, the con
centration of dissolved gas also obeys Laplace's 
equation. Thus the mathematics consists of two 
boundary-value problems that are coupled through 
two boundary conditions at the electrode. These are 
a flux-matching condition and a potential-matching 
condition involving the overpotentials. A finite
element or boundary-element routine is used to solve 
Laplace's equation at each step in a Newton
Raphson iteration scheme that produces the con
verged solution. The effect of an array of attached 
bubbles with a given interbubble spacing is simu
lated by enclosing one bubble in a cylindrical cell 
whose cross section equals that of the hexagonal 
symmetry cell characteristic of a hexagonal array. 
An example of the concentration effect of a layer of 
attached bubbles on current distribution is shown in 
Figure 1-2. The remarkable feature of Figure 1-2 is 
the enhancement of current density near the bubble
contact area, which results from the local depression 
of supersaturation overpoteniial. A strong function 
of electrode kinetics, this enhancement effect dimin
ishes with increasingly sluggish kinetics and is seen 
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Figure 1-2. Current distribution in the vicinity of a bubble, in a 
close-packed hexagonal arrangement. Conditions: i 
300mAjcm2; electrolyte: 30% NaOH, 80.C; bubble diameter: 40 
~tm; contact angle: 40•; Nernst boundary-layer thickness: 20 ~tm. 
Handbook values are used for conductivity, gas solubility, and dif
fusivity. The exchange-current density, i0 , given in mAjcm2

, is a 
measure of the kinetic facility of the electrode reaction. 

(XBL 862-624) 
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to disappear completely in the limit of Tafel polari
zation. 

I. J. Dukovic and C.W. Tobias, International Meeting on Electro
lytic Bubbles, Soc. Chern. Industry, London, England, September 
13-14, 1984; Ext. Abstr. No. 12. 
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I. J.O. Dukovic and C.W. Tobias, "A Model for 
Current Distribution with Passivating Kinetics," 
Nat!. Assoc. of Corrosion Eng., Corrosion Research 
Symp., Boston, MA, March, 25-27, 1985, Ext. Abstr. 
p. 69; LBL-18819. 

2. J.L. Faltemier, T. Tsuda, and C.W. Tobias, 
"Imprints of Hydrodynamic Flow in Zinc Deposited 
from Acid Electrolytes," !68th Meeting of the Elec
trochem. Soc., Las Vegas, NV, October 13-18, 1985, 
Ext. Abstr. 71, vol. 85-2, p. 113; LBL-13057 and 
LBL-16458. 

LBL Reports 

3. C.W. Tobias, "Electrochemical Reduction of Potas
sium from KCI in Propylene Carbonate Electrolyte 
with an Aluminum Anode," accepted by J. Appl. 
Electrochem.; LBL-9207 Rev. 

4. P.H. Johnson, "The Properties of Ethylene Car
bonate and Its Use in Electrochemical Applications. 
A Literature Review," LBL~l9886. 

Invited Talks 

5. C.W. Tobias, "Distribution of Reaction Rates on 
Electrode Surfaces," 18th Annual W.N. Lacey Lec
ture, California Institute of Technology, Pasadena, 
March 19, 1985. 

6. C.W. Tobias, "Mass Transfer Boundary Layers in 
Electrolysis," 18th Annual W.N. Lacey Lecture, Cali
fornia Institute of Technology, Pasadena, March 21, 
1985. 

7. C.W. Tobias, "The Shaping and Finishing of Metal
lic Objects by Electrochemical Methods," The 
October College Lecture, Brigham Young University, 
Provo, UT, October 3, 1985. 

8. C.W. · Tobias, "Electrochemical Modification of 
Metallic Surfaces; Transition from an Old Art to 
Engineering Science," Department of Chemical 
Engineering, University of Minnesota, Minneapolis, 
October 28, 1985. 

9. C.W. Tobias, "Enhancement of Mass Transport ih 
Electrochemical Processes," Department of Chemical 
Engineering, Johns Hopkins University, Baltimore, 
MD, November 18, 1985. 

!0. C.W. Tobias, "Surface Morphology of Metals in 
Electrodeposition," Seventh Battery and Electro
chemical Contractors Conference, Washington, DC, 
November 18-21, 1985. 



Surface Layers on Battery Materials* 

Rolf H. Muller, Investigator 

INTRODUCTION 

The purpose of this work is to provide direct 
experimental information about formation and prop
erties of surface layers on battery-electrode materials 
and to find new means for controlling properties that 
enhance cell performance. Present studies are con
cerned with anodic oxide formation and the 
behavior of lithium in different ambient-temperature 
nonaqueous battery electrolytes. A more broadly 
based research program, supported by the Office of 
Basic Energy Sciences, Division of Materials Sci
ences, DOE, is described in the sections "Electro
chemical Phase Boundaries," R.H. Muller, Investiga
tor, and "Electrochemical Processes," C.W. Tobias, 
Investigator. 

1. Ellipsometric Spectroscopy Study of 
Anodically Formed Silver (I) Oxide Films on 
Silver (Publication 6) 

S. T. Mayer and R.H. Muller 

Nucleation and growth of an anodic oxide film 
on silver has been investigated. Spectroscopic ellip
sometry1 has been shown to be suitable for the deter
mination of different film properties over a wide 
range of thicknesses. The film starts as a submono
layer and then grows into a uniform multilayer (see 
Figure 1-1 ). At potentials below a nucleation poten
tial (-200 m V versus Ag/ AgCl, 4M KCl), current 
efficiencies for film growth are small, because most 
of the oxidized material dissolves. At potentials 
above the nucleation potential, a critical degree of 
supersaturation is reached, and a crystalline oxide is 
nucleated. The crystals grow, in part by the transfer 
of oxide froin the uniform multilayer, with the rate 
of oxide growth controlled by the rate of incorpora
tion of dissolved material at the crystal/solution 
interface. The size and number density of crystals 
derived from the measurements show that a transfer 
of oxide from smaller to larger crystals occurs in the 

*This work was supported by the Assistant Secretary of Conserva
tion and Renewable Energy, Office of Energy Storage and Distri
bution of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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Figure 1-1. Growth of primary silver oxide layer in 1M KOH 
after application of different potential steps: (I) 160 m V, (2) 170 
mV, (3) 190 mV (all vs. Ag/AgC14M KCl). (XBL 8511-12752) 

early stages of crystal growth due to the higher solu
bility of the smaller crystals. This change has not 
been considered in previous theories of electrocrys
tallization and is illustrated in Figure 1-2. 

I. R.H. Muller and J.C. Farmer, Rev. Sci. Instrum. 55, 371 
(1984). 
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Figure 1-2. Anodic formation of silver oxide on silver at 0.1 
mAjcm2 in 1M KOH. The decrease in the number density of 
oxide crystals is due to transfer of material from smaller to larger 
crystals. The number densities are derived from ellipsometer 
measurements. (XCG 8512-544) 



2. Impedance of Lithium Electrodes in a 
Propylene Carbonate Electrolyte (Publication 8) 

J.G. Thevenin and R.H. Muller 

Impedance spectroscopy has been employed to 
characterize surface layers formed on lithium in pro
pylene carbonate-LiCl04 electrolytes (see Figure 2-1). 
Film properties derived from the measurements 
depend on the electrical models used to represent the 
interface. If two sublayers are assumed to exist, with 
a solid electrolyte in contact with the metal and a 
polymer electrolyte in contact with the solution, one 
can determine the thickness of the two layers from 
the measurements. Alternatively, for a surface layer 
consisting of an intimate dispersion of solid electro
lyte in a polymer matrix (solid-polymer interphase), 
the overall thickness can be determined (see Figure 
2-2). For both models, film thicknesses derived 
from impedance measurements are in good agree
ment with those previously obtained from ellipsome
ter measurements. 1 

I. F. Schwager, Y. Geronov, and R.H. Muller, J. Electrochem. 
Soc. 132, 285 (1985). 
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Figure 2-1. Cole-Cole plot of the real and imaginary parts of the 
impedance of a lithium electrode immersed in a I M LiCI04 pro
pylene carbonate solution for (a) II days, (b) 14 days, and (c) 15 
days. The frequency in Hz is given along the curves. 

(XBL 861-6012) 
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Figure 2-2. Film thickness derived from impedance measure
ments by use of the solid/polymer-interphase model under the 
assumption of a film conductivity of 5 X 10-8 f! - 1cm- 1 (o) or a 
dielectric constant of 50 (e). (XBL 861-6005) 

3. Work in Progress 

Lithium nitride layers are being investigated as 
ionically conducting protective films on lithium elec
trodes in nonaqueous solutions. Nitride formed by 
the reaction of lithium with gaseous nitrogen has 
been found to be microporous, probably as a result 
of a 28% decrease in the molar volumes during the 
conversion of 3 Li to Li3N. Impedance spectroscopy 
has shown that nitrogen-formed nitride layers are not 
sufficiently protective to be of interest for recharge
able electrodes. New approaches to forming non
porous nitride coatings are being investigated to take 
better advantage of the favorable inherent properties 
of the material. 

The current efficiency for zinc deposition from 
acidic chloride solutions has been found to be close 
to 100% for intermediate current densities (25-140 
in A/cm2 for Re 1000-4000). Protrusions in the 
deposit grow primarily in the downstream direction, 
as shown with a traveling video microscope. A 
microprofiled electrode is being developed to investi
gate the growth of surface irregularities (collaboration 
with C.W. Tobias). . 



1985 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. F. Schwager, Y. Geronov, and R.H. Muller, "Ellip
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Electrochem. Soc. 132, 285 (1985); LBL-13657 Rev. 

2. G. Nazri and R.H. Muller, "In-Situ X-Ray Diffrac
tion of Surface Layers on Lithium in Nonaqueous 
Electrolyte," J. Electrochem. Soc. 132, 1385 ( 1985); 
LBL-18194. 

3. G. Nazri and R.H. Muller, "Composition of Surface 
Layers on Li Electrodes in PC, LiC104 of Very Low 
Water Content," J. Electrochem. Soc. 132, 2050 
(1985); LBL-18197 Rev. 

4. G. Nazri and R.H. Muller, "Effect of Residual Water 
in Propylene Carbonate on Films Formed on 
Lithium," J. Electrochem. Soc. 132, 2054 (1985); 
LBL-16094 Rev. 

5. G. Nazri and R.H. Muller, "Stability of Nonaqueous 
Electrolytes for Ambient Temperature Rechargeable 
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Lithium Cells," Chern. Eng. Commun. 38, 383 
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6. S.T. Mayer (M.S. Thesis), with R.H. Muller, "Ellip
sometric Spectroscopy of Anodically Formed Silver 
(I) Oxide on Silver," LBL-20503. 

7. L. McVay, C.W. Tobias, and R.H. Muller, "Continu
ous Optical Observation of Developing Morphology 
of Metal Using a Traveling Video Microscope," 
LBL-20768. 

8. J.G. Thevenin and R.H. Muller, "Study of the 
Impedance Behavior of Surface Layers formed on 
Lithium Electrodes in a Propylene Carbonate Elec
trolyte," LBL-20660. 

Invited Talks 

9. R.H. Muller, "Surface Layers on Battery Materials," 
Seventh Battery and Electrochemical Contractor's 
Conference, Crystal City, VA, November 18-21, 
1985. 



Electrode Kinetics and 
Electrocatalysis* 

Philip N. Ross, Jr., Investigator 

INTRODUCTION 

Complex electrochemical reactions in which 
chemical bonds are broken and/or formed are invari
ably catalytic, with electrode kinetics varying by 
many orders of magnitude for different electrode 
materials. The structural conformation of the elec
trode material can also have a pronounced effect on 
electrode kinetics. The structural effects complicate 
the optimization of catalytic materials for technologi
cal applications and are not effects that are well 
understood. The study of structure-related effects in 
electrocatalysis is a central theme in our research. 

Metal/metal-ion (Me/MeZ+) couples form the 
largest class of negative-electrode types for batteries. 
The kinetics of Me/MeZ+ couples used in batteries 
are relatively rapid, but they are not usually con
trolled by only a charge-transfer step. These reac
tions are often quasireversible, in the sense that they 
proceed at high rate and small overpotential, but 
they do not follow "ideal" charge-transfer rate 
expressions. Phenomena frequently cited as contri
buting to the "nonideal" behavior of Me/MeZ+ sys
tems are critical nucleation, intermediate or precur
sor formation, and impurity adsorption. The struc
tural transformations to the metallic surface as a 
result of cyclic MeZ+ formation are not well known, 
particularly at the atomic scales of structure. Yet 
these structural transformations may control critical 
phenomena in Me/MeZ+ cyclability. 

Bifunctional air electrodes, which both consume 
and evolve oxygen, are especially attractive positive 
electrodes that can be coupled with Zn negative elec
trodes to form high-energy-density (150-200 Wh/kg) 
ambient-temperature batteries. Bifunctional air elec
trodes require the development of catalytic materials 
that are both active and corrosion-resistant over a 
demanding range of electrode potentials. Electrode 
structures based on catalyzed carbon black appear 

*This work was supported by the Assistant Secretary of Conserva
tion and Renewable Energy, Office of Energy Storage and Distri
bution of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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attractive on the basis of cost. The corrosion resis
tance of carbons is under investigation. 

1. The Corrosion of Carbon-Black Anodes in 
an Alkaline Electrolyte: II. Acetylene Black 
and the Effect of Oxygen-Evolution Catalysts on 
Corrosion {Publication 5) 

N. Staud and P.N. Ross 

A review of the electrochemical literature for 
carbon-black corrosion together with the results for 
uncatalyzed acetylene black was presented earlier. 1 

Three major anodic processes were found to occur in 
uncatalyzed carbon-black electrodes at 450-600 m V 
vs. Hg/HgO in concentrated KOH: carbon dissolu
tion to carbonate ion, gasification of the carbon to 
carbon monoxide, and oxygen evolution. Due to dif
ferent potential and temperature dependences of 
these three processes, the current efficiency for oxy
gen evolution is very small below 500 mV and 50°C 
( 13% at 480 m V and 45°C), so the total anodic 
current is essentially the corrosion current. Above 
-600 mV or above 60oC at any potential above 450 
m V, oxygen evolution is the dominant anodic pro
cess (80% current efficiency at 600 m V and 45°C). 
Catalyzation of the carbon with transition-metal 
oxides was found to increase both the oxygen current 
efficiency and the rate of the corrosion processes 
severalfold. All five metal oxides (Fe20 3, Cr20 3, 
NiO, Co304, and Ru) catalyzed the corrosion process 
of the acetylene black, resulting in corrosion rates 
accelerated by factors of 3 to 15, with Fe20 3 having 
the largest effect (see Figure 1-1). The mechanism of 
this catalytic effect remains unclear. Some results 
with Co304 have indicated that direct contact 
between the oxide and the carbon is not required to 
accelerate the corrosion, suggesting a redox mechan
ism involving dissolved species. However, the 
effects of Fe203 and Cr20 3, which were significantly 
greater than with Co30 4, are difficult to rationalize 
on this basis, as their redox potentials lie well below 
the oxygen-evolution-potential range. 

I. P.N. Ross and H. Sokol, J. Electrochem. Soc. 131, 1742 (1984). 
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2. The Corrosion of Carbon-Black Anodes in 
an Alkaline Electrolyte: III. Furnace-Process 
Carbons and the Effect of Graphitizing Heat 
Treatment (Publication 6) 

P.N. Ross 

Figure 1-1. Total weight losses of catalyzed carbon expressed as 
a percentage of carbon initially present in the electrode. The solid 
line represents the uncatalyzed carbon. (XBL 853-10121A) 

A large number of furnace-process carbon blacks 
were examined for corrosion resistance in the poten
tial regime for oxygen evolution ( +400-600 m V vs. 
Hg/HgO). The carbon blacks studied were chosen to 
represent a wide range of physical and chemical 
properties, e.g., Brunauer-Emmett-Teller (BET) sur
face area, prime particle size, and agglomerate parti
cle size. An example of the range of materials exam
ined is shown in Table 2-1. Relative to acetylene 
black, all furnace-process carbon blacks exhibited 
high corrosion rates, factors of 5-l 00 times higher. 
An interesting and fundamentally important prop
erty of these carbons is the one-to-one correlation of 
surface area measured by physical adsorption (BET) 
with the area measured by chemisorption (mg 
iodine/g carbon). This correlation indicates a uni
form distribution of iodine. adsorption sites over the 
physical surface of the carbon. When furnace
process carbons are subjected to graphitizing heat 
treatment (2700oC in helium), dramatic changes 

Table 2-1 
Correlation of physical properties of carbon blacks and corrosion resistance. 

Carbon BET Iodine Particle Volatile Corrosion 
Type area adsorption sizea content rateb 

(m2/g) (mgjg) (nm) (wt.%) (Ofohr- 1) 

HCF-1 560 13 9.5 >10 

HCF-1 graphitized 220 105 0.2 0.5 

XCF 254 270 30 2.0 2.0 

XCF graphitized 128 65 3(Lc)c nil 0.6 

SAF (N110) 115 145 1.0 1.5 

SAF graphitized 85 55 nil 0.5 

HAF (N330) 80 82 27 1.0 1.0 

HAF graphitized 70 32 3(Lc) nil 0.3 

RCF 85 83 25 1.0 0.5 

RCF graphitized 70 35 3(Lc) nil 0.15 

Acetylene black 70 35 30 0.5 0.10 

a. Size of prime particles determined by electron microscopy. 
b. In 35% KOH at 50'C at 550 mV (Hg/HgO). 
c. Lc is the characteristic dimension of graphitic layer planes. 
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occur in both chemical and physical properties, with 
more dramatic changes occurring with increasing 
surface area, i.e., a larger percentage change in BET 
area and a larger percentage decrease in corrosion 
rate. Typically, the iodine adsorption is changed 
from a 1: 1 relation with BET area to a 1 :2 relation, 
indicating that approximately half of the physical 
surface of the carbon does not chemisorb iodine. 
Since inertness to iodine is characteristic of the basal 
plane of graphite, we conclude that typically half of 
the surface of a graphitized furnace-black carbon 1s 
basal-plane. 

As shown by Figure 2-1, the corrosion rate is 
correlated with the BET area (as expected), but there 
is a separate correlation for both the furnace black 
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Figure 2-1. Correlation between corrosion rate and BET surface 
area for furnace-process carbons (open circles) and the graphitized 
form of these carbons (closed circles). SD =standard deviation. 

(XBL 8511-12509) 

and its graphitized form. However, as shown by Fig
ure 2-2, the corrosion rate of both forms of carbon 
follows the same correlation with iodine adsorption, 
indicating that common active sites (for corrosion) 
exist on both forms of carbon. The optimum carbon 
support is clearly that form of carbon having the 
highest possible BET-to-iodine-adsorption ratio. 
Graphitization of furnace-black carbons is one way 
to create new carbons having higher ratios, and there 
may be other heat treatments and/or precursor car
bons that yield new materials having even higher 
ratios. 
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Figure 2-2. Correlation between corrosion rate and iodine
adsorption number for both forms of carbon black (see Figure 2-2 
for symbols and conditions). (XBL 8511-12510) 

3. Work in Progress 

Recent experiments on the graphitization of 
other types of precursor carbons has indicated that 
there is a new family of graphitic materials having 
particularly attractive BET-area/iodine-adsorption 
ratios. We characterize these new carbons as 
"polymeric graphite," and they appear to be nearly 
an order of magnitude better in corrosion resistance 
than acetylene black, a battery-industry standard 
reference material. Polymeric graphite has sufficient 
physical surface area to act as a catalyst support, e.g., 
for nickel and cobalt oxides. Preliminary testing of 
bifunctional electrodes fabricated with nickel- and 
cobalt-catalyzed polymeric graphite appeared very 
promiSing. Cycle testing of these new electrode 
materials is in progress. Further study of the chem
istry of this polymeric graphite is under way, with 
emphasis on analysis by high-resolution electron 
microscopy. A zinc-air battery-system design study 
was initiated that would incorporate this new 
bifunctional-electrode development. Various zinc
electrode concepts (zinc paste with stationary electro
lyte, particulate zinc with flowing electrolyte, a 
porous zinc flowthrough electrode, etc.) are being 
evaluated in the context of a zinc-air electrically 
recharged system. 
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Electrical and Electrochemical 
Behavior of Particulate Electrodes* 

J. W. Evans, Investigator 

INTRODUCTION 

This work is concerned with the use of particu
late electrodes (especially zinc) in the storage of 
electrical energy. One of the major difficulties 
encountered in the use of monolithic (e.g., slablike) 
zinc electrodes in batteries is the change in the mor
phology of the electrode as the battery is cycled. For 
example, there is a tendency for zinc to form nodular 
or dendritic growths; this growth can impact battery 
performance by forming shorts or by penetrating cell 
diaphragms. These problems might be overcome by 
use of a particulate electrode where the zinc is 
present either as particles or as a thick coating on a 
particle substrate; the morphology and mechanical 
integrity of the particle is then of less concern. 

One possible particulate electrode is a fluidized
bed electrode where zinc particles are maintained in 
a state of agitated suspension by the upward-flowing 
electrolyte. Such electrodes have been the main sub
ject of this investigation to date. The behavior of a 
fluidized-bed electrode is very different from that of 
a conventional (monolithic) electrode. The latter 
operates at a nearly uniform and constant (or slowly 
varying) potential, while, in contrast, the potential at 
a point within the fluidized-bed electrode shows 
rapid fluctuations with time. Furthermore, if the 
potential fluctuations at a point are averaged over 
time, then this average potential varies with position 
in the electrode. These changes in potential affect 
the electrochemistry of zinc deposition and the mor
phology of the deposit. This investigation is con
cerned with these effects, as well as with the 
engineering issues of cell design and the production 
of zinc particles. 

*This work was supported by the Assistant Secretary of Conserva
tion and Renewable Energy, Office of Energy Storage and Distri
bution of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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1. The Performance and Electrochemical 
Behavior of Fluidized-Bed Electrodes 
(Publications 2-5) 

T. Huhf and J. W. Evans 

A probe has been used to simultaneously meas
ure the electrolyte and particle potentials within a 
fluidized-bed electrode. . The difference between the 
two signals then yielded the overpotential. Tran
sients of all three potentials were stored by a micro
computer and the data processed to yield potential 
probability distributions and power spectra. Experi
ments were performed on beds of copper particles 
undergoing cathodic deposition from acidified sulfate 
solution and on beds of zinc-coated particles under
going deposition or dissolution of zinc with an alka
line zincate electrolyte. Both low-frequency and 
wide-band noise were observed in the potentials of 
copper particles, while the former was much less for 
zinc-coated polymer particles. An explanation was 
offered in terms of the hydrodynamics of the elec
trode, particularly the presence or absence of rising 
particle-free regions ("bubbles"). The distributions 
of time-averaged potentials with position in the bed 
were measured and found to be in qualitative agree
ment with theory. 

In a second part of the study, alternating 
currents were passed through fluidized beds of 
copper particles and zinc-coated polymer particles 
(Sorapec particles). The sinusoidally varying poten
tial across the bed, and that across a known resistor 
in series with the bed, were stored in a microcom
puter. For the copper particles the former potential 
showed amplitude variations thought to be due to 
voids ("bubbles") within the bed. These amplitude 
variations depended on bed expansion. Beds of 
Sorapec particles were free of these variations. Effec
tive bed resistivities were determined and found to 
increase with bed expansion (rapidly in the case of 
copper particles). 

tpresent address: Proc. Dev. Section, R&D Center, Samsung Sem
iconductor and Telecommunications Co., Kyunggi-Do, Korea. 

2. Fluidized-Bed Electrowinning of Zinc from 
Chloride Electrolytes (Publication I) 

N.E. Tuffrey, t V. Jiricny, * and J. W. Evans 

The production of zinc particles is relevant to 
this investigation. Prior studies have indicated that 



fluidized-bed electrodes are inefficient in producing 
zinc particles from the acidic sulfate electrolytes typi
cal of commercial zinc production; an investigation 
was carried out to examine the electrodes' use ·for 
chloride electrolytes, chloride technology being an 
alternative to present-day sulfate technology. 

The fluidized-bed electrowinning of zinc from 
chloride electrolytes has been studied in a laboratory 
cell. The cell was operated at superficial current 
densities in the range 1200-7500 A/m2 with catho
lytes containing up to 62 kgjm3 Zn and up to 28 
kgjm3 HCI. Anolytes examined contained 58 kgjm3 

NaCl and up to 100 kgjm3 HCl and, in some 
instances, had the same composition as the catho
lyte. Both "pure" catholytes and ones with delib
erate additions of impurities (Ni, Co, and Sb) were 
used. Pure solutions yielded current efficienCies and 
power consumptions comparable to or better than 
those of cells with conventional electrodes. 
Antimony (particularly in combination with Ni and 
Co) had a detrimental effect on cell performance; 
this detrimental effect was largely alleviated by 
simultaneous additions of glue. 

Figure 2-1 is representative of results from this 
investigation. It shows that zinc can be 
electrodeposited from chloride electrolytes onto a 
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Figure 2-1. Effect of Ni and Co impurities (singly, in combina
tion, or in combination with Sb) in the electrolyte on power con
sumption, cell voltage, and current efficiency during the 
fluidized-bed electrodeposition of zinc from chloride electrolytes. 

(XBL 8412-6024) 
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fluidized cathode at high current efficiencies and 
moderate energy costs, provided impurities are con
trolled. 

tPresent address: Metallurgical Engineering Dept., University of 
British Columbia, Vancouver, BC V6T 1W5. 
*Present address: Institute of Chemical Progress Fundamentals, 
Czechoslovak Academy of Science, 165 02 Praha 6 - Suchdol, 
Czechoslovakia. 

3. Work in Progress 

An investigation has been completed on the 
effect of potential fluctuations (such as are encoun
tered in fluidized-bed electrodes) on the morphology 
of zinc electrodeposited from alkaline zincate electro
lytes. In most cases the fluctuations have a marked 
effect on both macrostructure and microstructure. 
Investigations to date indicate that a fluidized-bed 
electrode might be most suitable for charging a bat
tery (depositing zinc) but that a "moving-bed" elec
trode would be more suitable for discharge. In the 
latter electrode the particles form a bed that moves 
slowly downward under the influence of gravity. 
Upflow of electrolyte through the bed is sufficient to 
minimize polarization but not to fluidize the parti
cles. At the bottom of the bed the particles are con
veyed back to the top, perhaps by a rapidly flowing 
sidestream of electrolyte. A bed of this design has 
been built with an air counterelectrode, and evalua
tion of cell is in progress. 
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Electrochemical Properties of Solid 
Electrolytes* 

Lutgard C. De Jonghe, Investigator 

INTRODUCTION 

High-energy-density and high-power-density 
electrical storage batteries can be used to increase the 
efficiency of large-scale electrical-energy systems or 
to power electrical vehicles. The technical and 
economic requirements for such batteries are quite 
severe; the battery must demonstrate an energy den
sity exceeding 100 Whjkg and deliver peak power 
output above 100 W /kg. In addition, these batteries 
have to be of low cost with a service life that exceeds 
5 years. To date, only the sodium/sulfur solid elec
trolyte system is recognized as a viable candidate for 
fulfilling all of these requirements. Considerable 
development of this battery system has taken place 
since its invention. Performance of existing 
sodium/sulfur cells is now at a level where commer
cialization can be envisaged within the next five 
years. The most serious problem to be overcome 
prior to successful application of the battery is that 
of cell reliability. While individual cells have 
achieved impressive cycle lives of 2000 or more over 
a period of a year or more, the distribution of failure 
times is still a source of concern. 

Failure of the sodium/sulfur cell may originate 
from a variety of primary causes, such as improper 
cell assembly, seal failure, or container corrosion. 
Ultimately, cell failure often involves the catas
trophic fracture of the beta/beta" -alumina ceramic 
electrolyte, causing an internal short circuit of the 
cell. Consequently, the performance of the solid 
electrolyte continues to be of importance. 

The difficulty in understanding and controlling 
the various solid-electrolyte degradation processes in 
the sodium/sulfur battery has been that the effects 
may be interactive, and that various, difficult-to
trace impurities may have a significant effect on the 
severity of the degradation. This research program · 
investigates the fundamental processes involved in 

*This work was supported by the Assistant Secretary of Conserva
tion and Renewable Energy, Office of Energy Storage and Distri
bution of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 

260 

degradation of the beta and/or beta" -alumina 
ceramic electrolyte in the sodium/sulfur cell. The 
various forms of degradation can be classified in four 
catagories: (1) chemical coloration: the darkening of 
the electrolyte after prolonged contact with molten 
sodium; (2) Mode I degradation: the penetration of 
sodium-filled cracks through the solid electrolyte; (3) 
Mode II degradation: the internal formation of 
metallic sodium; (4) sulfur-side attack. The investi
gation of these processes has led to an enlightened 
understanding of the factors controlling the perfor
mance of the beta/beta" -alumina ceramic electrolyte 
in the sodium/sulfur cell, and consequently to 
improved cell reliability. The current emphasis of 
this program includes the investigation of increased 
electrolyte performance through transformation 
toughening, sulfur-side attack on the electrolyte, and 
the role of impurities on cell operation. Work has 
also been initiated on a novel positive electrode 
material allowing cell operation below 150°C and 
unlimited freeze-thaw cycling. 

1. Time-Dependent Degradation in Sodium 
Beta"-Alumina Solid Electrolytes (Publication 2) 

D.C. Hitchcock and L.C. De Jonghe 

The most significant form of solid-electrolyte 
degradation during the operation of sodium/sodium 
or sodium/sulfur cells involves the rapid propagation 
of a sodium-metal-filled crack, driven by the 
Poiseuille pressure of sodium cathodically plated in 
it, leading to an electronic short circuit. A possible 
slow mode of degradation, Mode II, can occur when 
sodium is electrolyzed through a solid electrolyte 
that contains a gradient in the transport-number 
ratios of electrons and ions. Observations on elec
trolytes used by battery developers under conditions 
where Mode II failure was unlikely to be active 
showed evidence of other forms of slow degradation. 
Laboratory tests in which failure initiation is moni
tored by acoustic emission as a function of the rate 
of current-density increase indicate the presence of 
slow crack growth associated with Mode I failure. 
The results of these tests indicate that the time 
dependence for initiation of Mode I degradation is 
greater than for the propagation of Mode I cracks, 
showing that the crack velocity is high once the 
critical-current density has been exceeded. Results 
from sodium/sulfur cell testing also indicate the 



existence of a current-density threshold below which 
slow crack growth does not occur. 

Microstructural examination of used electrolytes 
shows in many cases the formation of a damage 
layer at the sodium-exit side of the electrolytes. This 
strongly darkened layer does not develop when the 
electrolyte is in static contact with sodium, but it 
appears only as a result of electrolysis. Not all exam
ined electrolytes show the extra-darkened layer after 
use. The results imply that the slow degradation 
processes associated with the formation of the 
"extra-dark" damage layers observed in many elec
trolytes are not an intrinsic form of degradation but 
may be due to some as yet unidentified impurity. 
Figure 1-1 shows a cross section of electrolyte with 
several of the characteristics listed above. 

5/37 

Figure 1-1. Polished and stained cross section of electrolyte 
from a Compagnie Generale d 'Eiectricite sodium/ sodium cell. 
The features shown include a Mode I crack, chemical coloration 
(A), and an "extra-dark" degradation layer (B). The sodium-exit 
surface is marked as EX. (XBB 826-5037A) 
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2. Oxygen Depletion and Slow Crack Growth 
in Sodium Beta"-Alumina Solid Electrolytes 
(Publication 3) 

D.C. Hitchcock and L.C. De Jonghe 

In this model slow crack growth in sodium 
beta"-alumina is considered to result from oxygen 
depletion at the tip of a sodium-filled crack during 
sodium electrolysis. Extreme depletion of oxygen 
may lead to a destructive reduction of the electrolyte 
at the crack tip, thus producing slow crack propaga
tion. The time-dependent and steady-state oxygen
concentration profiles in the sodium electrode are 
calculated and related to a flaw size for slow-crack 
propagation. The critical flaw size at a charging 
current of 100 rnA/ cm2 is predicted by this model to 
be between 50 and I 00 /-lm. This is near the size of 
the largest grains that can develop in the usual elec
trolytes during fabrication, as a result of abnormal 
grain growth. The analysis underscores the necessity 
of careful microstructural control during the process
ing of the ceramic electrolyte, so that grains and 
other flaws with a size exceeding about 50 1-Lffi are 
absent in the electrolyte surface exposed to the 
sodium electrode. Figure 2-1 shows the steady-state 
oxygen concentration at the crack tip as calculated 
from this model. 

vf'(D 

Figure 2-1. Steady-state oxygen concentration at the crack tip 
vs. vi'/D, where v is the sodium velocity, I' is approximately 
equal to the crack length, and D is the diffusion coefficient for 
oxygen in sodium at 3oo·c. (XBL 853-10133) 



3. Oxygen Activity and Asymmetric 
Polarization at the Sodium/Sodium Beta"
Alumina Interface (Publication 4) 

C. Mailhe, S. Visco, and L.C. De Jonghe 

Asymmetric polarization at the sodium/beta"
alumina interface during ionic charge transfer has 
been studied using cyclic voltammetry with 
Na/beta"-alumina/Na cells. It is observed that con
tamination of the sodium electrode by oxygen, as 
either 0 2 or H20, leads to asymmetric polarization. 
Polarization is quite severe in the 150-200°C tem
perature range (see Figure 3-1) and is attributed to 
the presence of an adsorbed oxide film. The 
adsorption/desorption behavior of the resistive film 
can be described by a simple Langmuir model. 
Asymmetric polarization can be eliminated by lower
ing the oxide content of the sodium electrode to lev
els such that adsorption is negligible. This is 
achieved by the use of carefully dried electrolyte 
tubes with either electrolytically generated sodium or 
sodium from which the oxygen has been scavenged 
with a Ti sponge. Under these conditions the asym
metric polarization is removed and is absent at tem
peratures as low as 120°C, even at high current den
sities (200 mAjcm2). Also, the beta"-alumina tubes 
wet with sodium almost instantaneously at 300°C 
and remain wetted down to the melting point of 
sodium. 
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Figure 3-1. Resistance-potential curve of a Najbeta"
aluminaj Na cell at 2oo·c. Sodium used in the cell had been fil
tered prior to use. Scan rate is 20 m V /sec. (XBL 851 0-4385) 
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4. Work in Progress 

The effect of a 15-vol% zirconia dispersion on 
the critical-current density for failure initiation of a 
beta"-alumina solid electrolyte has been examined. 
Single-phase and composite electrolytes were tested 
in standard sodium/sodium test cells and subjected 
to increasing ionic currents. The onset of degrada
tion in the electrolyte was detected by monitoring 
acoustic emissions from the cell. Preliminary exami
nation of the electrolyte material showed that the 
problem of producing a uniform dispersion of zir
conia in pure beta"-alumina had not been solved. 
However, the electrolytes were of sufficient quality to 
draw important conclusions about the potential of 
transformation toughening for improving electrolyte 
performance. 

A novel low-temperature, high-energy-density, 
secondary battery has been developed in this labora
tory. In its present form , the new secondary battery 
is composed of a liquid sodium negative, beta"
alumina electrolyte, and a novel positive electrode. 
The cell operates at 120-lSOoC and can withstand 
freeze-thaw cycles without harm. The theoretical 
energy density of the battery is 360 Wh/kg, and 
laboratory cells have already been assembled with 
energy densities of 80 Wh/kg. Practical energy den
sities of 120 Wh/kg appear readily attainable. These 
batteries can charge and discharge at very high rates, 
up to 100-150 mA/cm2, and the technology of cell 
assembly is simple. 

The corrosive nature of the sodium polysulfide 
electrode toward beta"-alumina was evaluated by a 
series of tests in which samples of electrolyte were 
immersed in molten polysulfide of various composi
tions and levels of contamination. It was found that 
there was significant attack on the electrolyte surface, 
particularly in the case of oxygen or water contami
nation. The polysulfide melt was found to be more 
corrosive toward the beta"-alumina samples as the 
activity of sulfur increased. Crystalline deposits were 
observed on the surfaces of the corroded electrolyte; 
these deposits were identified as Al2CS04) and 
Na2S04• The crystalline deposits were particularly 
abundant for the samples contaminated with oxygen 
or water. Thermodynamic calculations have been 
made for reaction schemes consistent with the obser
vations. 
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5. 

C. Mailhe, S.J. Visco, and L.C. De Jonghe, "Oxygen 
Activity and Asymmetric Polarization at the 
Sodium/Sodium-Beta" -Alumina Interface," LBL-
19359. 
D.A. Olson (M.S. Thesis), "Transformation 
Toughening of Na-Beta" -Alumina," LBL-19896. 
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L.C. De Jonghe, "Ceramics for Battery Applica
tions," Soc. Metals and Welding, San Francisco, 
CA, February 1985. 
L.C. De Jonghe, "Microstructural Aspects of Solid 
Electrolyte Degradation," Snowbird, UT, May 1985. 
L.C. De Jonghe, "Solid Electrolyte Degradation," 
Dow Chemical Co., Walnut Creek, CA, June 1985. 



Analysis and Simulation of 
Electrochemical Systems* 

John Newman, Investigator 

INTRODUCTION 

This program includes the investigation of effi
cient and economical methods for electrical-energy 
conversion and storage, development of mathemati
cal models to predict the behavior of electrochemical 
systems and to identify important process parame
ters, and experimental verification of the complete
ness and accuracy of the models. Specific projects 
include analysis of the thin-gap flow cell for electro
chemical synthesis and energy storage, mathematical 
modeling of the Li-Al/FeS battery and the Li-Si/FeS2 
battery, alternating-voltage measurements on the dis
solution of zinc, and modeling and measuring the 
response of a redox system to alternating current in a 
flow-through porous electrode. 

1. Experimental Methods and Software Tools 
for the Analysis of Electrochemical Systems 
(Publication 5)t 

M. Matlosz and J. Newman 

This dissertation is concerned with the develop
ment of models of electrochemical systems and with 
the efficient and reliable analysis of those models. 
The presentation is divided into three parts. 

Part 1 is an investigation of a porous electrode 
made of reticulated vitreous carbon for the removal 
of mercury from contaminated saltwater. Experi
ments with a bench-scale reactor show that the mer
cury concentration of contaminated saltwater solu
tions can be reduced by as much as a factor of five 
thousand in a single pass through the electrode. 

Part 2 describes a functional style for writing 
computer programs to solve the one-dimensional 
boundary-value problems that arise frequently in the 
modeling of electrochemical systems. In addition, it 
presents a software tool, BandAid, that supports pro
gramming in this style. BandAid creates a finite-

*This work was supported by the Assistant Secretary of Conser
vation and Renewable Energy, Office of Energy Storage and Dis
tribution of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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difference representation of the problem, and it uses 
a banded-matrix algorithm to solve the resulting set 
of algebraic equations. 

Part 3 is a presentation of a fast, simple algo
rithm for simulating the transient current response of 
complex electrochemical reaction systems to arbi
trary applied-potential waveforms. Development of 
a general-purpose software package is discussed, and 
simulated voltammograms for two electrochemical 
systems are compared to experiment. 

tThis work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 

2. Mass Transport in Sodium Polysulfide Melts 
(Publication 1 0) 

S.D. Thompson and J. Newman 

Mass transport plays an important role in the 
operation of the positive electrode in a 
sodium/sulfur cell. Diffusion of reactants and prod
ucts to and from the electrode surface is especially 
important. The rate of diffusion in sodium polysul
fide melts is the focus of this research. The method 
of restricted diffusion was used to determine dif
ferential diffusion coefficients as a function of melt 
composition and temperature. 

The method of restricted diffusion is inherently 
accurate, and each measured diffusion coefficient 
corresponds to a single, unique composition. The 
theory of restricted diffusion is presented for both 
dilute and concentrated solutions. 

Diffusion coefficients were measured as a func
tion of melt composition (range: Na2S3 to Na2S5) 

and temperature (range: 300 to 350°C). The results 
are in good agreement with predictions based on the 
microscopic model and fall in the middle of the large 
range of results of other investigators (2 X 10-7 to 2 
X l0- 5cm2/s). The following expression summar
izes the experimental data: 

D = 0.0153 exp(-5.89 X 103/T) exp(5.30xe)cm2/s. 

This correlation agrees with all but one data point 
within 6. 7%; the largest variation is 17.5%. 

Values of the diffusion coefficients based on a 
thermodynamic driving force, and of the binary 
interaction coefficients, are calculated from the 
experimental diffusion coefficients. 



3. Anodic Dissolution of Iron in Acidic Sulfate 
Electrolytes (Publications 7 and 8)t 

P. Russell and J. Newman 

High-rate anodic dissolution of iron in a sulfuric · 
acid electrolyte causes the solution near the electrode 
surface to become supersaturated in ferrous sulfate. 
Ferrous sulfate crystals precipitate on the electrode 
surface when the surface concentration exceeds a 
critical value. This critical value is about 1.8 times 
greater than the saturation concentration of ferrous 
sulfate. Continued precipitation results in the 
growth of a porous ferrous sulfate film on the sur
face. A mathematical model describing the initial 
formation and subsequent growth of this salt film is 
developed. A perturbation analysis serves as the 
foundation of this model. The salt-film thickness is 
nearly proportional to the square root of time shortly 
after the initial precipitation. The film growth rate 
falls off sharply in time following this initial period 
because of depletion of ferrous ions from the solu
tion adjacent to the electrode surface. 

*This work was partially supported by the National Science Foun
dation under Grant No. CPE-8219827. 

4. Work in Progress 

A mathematical model is being developed to cal
culate the frequency response of a rotating-disk elec
trode. Theoretical predictions will be compared to 
experimental impedance data for the zinc/chloride 
system. The model has been used to examine the 
effect of Schmidt number on the two components of 
the faradaic impedance - the mass-transfer (War
burg) impedance and the charge-transfer resistance. 
In future work, the effects of surface coverages and 
double-layer charging will be added to the model. 

A mathematical model has been developed to 
calculate the concentration, potential, and current 
distribution in a thin-gap channel flow cell. The 
model predictions show the effects of interacting 
boundary layers on the concentration and current 
distribution. Preliminary experiments have been 
carried out to test the model, and the agreement 
between simulated and experimental results is good. 
More experimental data will be taken in various 
Graetz-number regimes to test the model further. 

\ 
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Mathematical models simulating the behavior of 
LiAl/FeS2 and Li(Si)/FeS2 cells employing LiCl, KCl 
electrolyte have been developed. The models help 
identify the factors that can limit the cell during 
operation and determine the influence of changes in 
design parameters on the performance of the cells. 

An experimental and theoretical investigation of 
the precipitation of nickel hydroxide from acidic 
nickel nitrate solutions has been performed. The 
system warrants investigation because it is the pro
cess that occurs in the fabrication of nickel battery 
electrodes. Experimental results have been analyzed 
in conjunction with a proposed mechanism ·to 
attempt to explain the observed behavior. Future 
work to explain the potential-sweep behavior will use 
a program that has been modified to account for 
adsorption of chemical species on the electrode and 
for the chemical or electrochemical reaction of the 
adsorbed species. 

A computer model is being developed to predict 
the response to alternating-current signals of a redox 
reaction with soluble reactants and products in a 
flow-through porous electrode. Terms accounting for 
double-layer.capacity have been added to the model. 
An experimental investigation is under way to 
accompany the modeling efforts. 

· The corrosion of iron in sulfuric acid is being 
studied experimentally, using rotating iron hemis
pherical electrodes. The anodic polarization curve, 
the sustained electrochemical oscillations, and the 
alternating-current impedance for this system are 
being determined. The experimental results will be 
compared with the predictions of theoretical models 
to elucidate the fundamental processes governing the 
behavior of the iron-sulfuric acid system. 

Double-layer adsorption is an important 
phenomenon in heavy-metaJ ion removal from waste 
streams and in discharge transients in high pulse
power battery systems. Mathematical models that 
include double-layer effects will be developed for 
both the pollution-control and the high-rate-battery 
applications. · 

It has been suggested recently that the boundary 
integral technique is useful for solving current
distribution problems. The feasibility of this tech
nique will be investigated, and the method will be 
compared to others. The boundary-integral tech
nique will be applied to various current-distribution 
problems. 
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Transfer 28, 503 (1985); LBL-16455. 

Other Publications 

3. V. Edwards (speaker) and J. Newman, "Design of 
Thin-Gap Channel Flow Cells," Toronto meeting of 
the Electrochemical Society, May 14, 1985, Ext. Abs. 
No. 405; LBL-19959. 

4. M.M. Jaksvic and J. Newman, "The Kramers
Kronig Relations and Evaluation of Impedance for a 
Disk Electrode," 36th Meeting of the International 
Society of Electrochemistry, Salamanca, Spain, Sep
tember 27, 1985, Ext. Abs. No. 05010; LBL-19201. 

LBL Reports 

5. 

6. 

7. 

M. Matlosz (Ph.D. Thesis), "Experimental Methods 
and Software Tools for the Analysis of Electrochemi
cal Systems," LBL-19375.t 
P. Russell, "Current Oscillations Observed within 
the Limiting-Current Plateau for Iron in Sulfuric 
Acid," submitted to J. Electrochem. Soc.; LBL-
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Sulfate Electrolytes. Part I: Formation and Growth 
of a Porous Salt Film," submitted to J. Electrochem. 
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8. P. Russell, "Anodic Dissolution of Iron in Acidic 
Sulfate Electrolytes. Part II: Mathematical Model of 
Current Oscillations Observed under Potentiostatic 
Conditions," submitted to J. Electrochem. Soc.; 
LBL-19773.t 

9. M. Matlosz and J. Newman, "Experimental Investi
gation of a Porous Carbon Electrode for the Remo
val of Mercury from Contaminated Brine," submit
ted to J. Electrochem. Soc.; LBL-1961I.t 
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Engineering," Gordon Research Conference on Elec
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12. J. Newman, "Film Formation at Electrodes," David 
C. Grahame Award Address at the Toronto meeting 
of the Electrochemical Society, Toronto, Ontario, 
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13. J. Newman, "Analysis of Thin-Gap Flow Cells," 
Seventh DOE Battery and Electrochemical Contrac
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tThis work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy under Contract No. 
DE-ACOJ-76SF00098. 
*This work was partially supported by the National Science Foun
dation under Grant No. CPE-8219827. 
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Structural Alloys and W eldments for 
High-Field Superconducting 
Magnets* 

J. W. Morris, Jr., Investigator 

INTRODUCTION 

This project is concerned with advanced cryo
genic structural alloys and weldments for the struc
ture of high-field superconducting magnets for mag
net fusion systems. It is concerned with three basic 
problems: (1) the development of weldable struc
tural steels with outstanding cryogenic mechanical 
properties for use in the magnet case; (2) the elucida
tion of the unusual aspects of mechanical behavior at 
low temperatures that may influence the selection or 
use of magnet structural materials; and (3) the design 
of appropriate testing tools and procedures to specify 
the engineering properties of structural alloys at cryo
genic temperatures. Research published during the 
past year is abstracted below. 

1. Structural Alloys for High-Field 
Superconducting Magnets (Publication 7) 

J. W. Morris, Jr. 

The alloys used in the structures of high-field 
superconducting magnets are subjected to high 
mechanical loads at extreme cryogenic temperatures. 
The identification or creation of suitable alloys for 
the large magnets that will be needed for magnetiC
fusion devices is a challenging problem for metal
lurgical science. The principal materials needs fall 
into two categories: structural alloys for the case or 
exoskeleton of the superconducting coil, and the 
alloys for the conduits of the force-cooled conductors 
that will be employed in some devices.· Other, spe
cial alloys will also be required for particular applica
tions in the structure. Active research to address 
these alloy needs is included in the fusion-energy 
programs of the United States, Japan, and the Soviet 
Union. The former two programs have identified 
target properties for magnet case and conduit materi-

*This work was supported by the Director, Office of Energy 
Research, Office of Fusion Energy, Development and Technology 
Division of the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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als and are in the process of establishing the test 
matrix that will be used to qualify new alloys for ser
vice. The target properties will be met through a 
combination of careful selection of existing alloys 
and the development of new alloys and weldments 
with exceptional cryogenic structural properties. In 
this paper alloy properties are discussed, the alloys 
that are under development to achieve these proper
ties are described, and the most likely directions for 
future work are identified. 

2. Magneto-Mechanical Effects in Steels with 
Metastable Austenites 19233 (Publication 6) 

B. Fultz/ G. Fior,+ R. Kopa, and J. W. Morris, Jr. 

We report effects of high magnetic fields on 
mechanical properties of two steels, 304 stainless and 
9Ni steel. In both of these materials high magnetic 
fields induced additional fcc - martensitic transfor
mation. This increased amount of martensitic 
transformation, in turn, affected the mechanical 
behavior of the materials. We performed tensile 
tests in 18-T magnetic fields to measure how the 
flow stress of 304L stainless steel is modified by high 
magnetic fields. In the magnetic field, the flow 
strength immediately after yielding is lowered, but 
stronger work hardening occurred after strains of 
about 0.1. Tensile tests of 9Ni steel in 18-T mag
netic fields showed that the flow strength was 
enhanced for strains at which the martensitic 
transformation is most extensive. The observed 
magneto-mechanical effects are consistent with 
mechanisms that described how the martensitic 
transformation affects plastic deformation. 

tpresent address: Keck Laboratory for Engineering Materials, Cal
ifornia Institute of Technology, Pasadena, CA 91125. 
1Present address: Tegal, Novato, CA 94948. 

3. Tensile-Deformation Behavior of 
Mechanically Stabilized Fe-Mn Austenite 
(Publication 2) 

Y. Tomota/ M.J. Strum, and J. W. Morris, Jr. 

The mechanical stabilization of austenite (y) 
against hcp epsilon martensite (~) formation on cool
ing has been investigated in Fe-17 and 25 wt% Mn 
binary alloys. Prior deformation at 673 K (above 
Ar), by rolling to a 30% reduction in thickness, is suf-



ficient to suppress the 'Y - ~ transformation in 25Mn 
steel. The deformation behavior of the ausformed, 
i.e., mechanically stabilized, austenite in 25Mn is 
found to differ significantly from that of l7Mn steel. 
In 25Mn, the onset of plastic deformation occurs by 
the stress-induced 'Y - ~ transformation, resulting in 
a positive temperature dependence of the yield 
strength. The uniform elongation is enhanced by the 
'Y - ~ transformation during deformation. On the 
other hand, in ausformed l 7Mn, bee a' martensite is 
induced with ~ during deformation, and a plateau 
region similar to Luders-band deformation appears 
at the beginning of the stress-strain curve. Ausform
ing was also found to suppress the intergranular frac
ture of l7Mn steel at low temperatures. 

tPresent address: Faculty of Engineering, lbaraki University, 
Hitachi-City, Japan. 

4. Relationship Between Toughness and 
Microstructure in Fe/High-Mn Binary Alloys 
(Publication 3) 

Y. Tomota/ M.J. Strum, and J. W. Morris, Jr. 

The influence of Mn content on ductile-brittle 
transition behavior in 16 to 36 wt% Mn steels was 
investigated. It was found that the hcp ~ martensite 
existing in the as-quenched condition and/or formed 
during deformation deteriorates the toughness. This 
appears to be due to the formation of planar void 
sheets. The deformation-induced a' martensite in 16 
to 20% Mn alloys enhances the toughness, but leads 
to a ductile-to-brittle transition at low temperatures 
that is associated with the onset of intergranular frac
ture. Alloys with greater than 36% Mn also fracture 
in an intergranular mode at 77 K, although the 
impact energy remains quite high. Auger spectros-

. copy of the fracture surfaces has not shown clear evi
dence of impurity segregation. The importance of 
slip heterogeneity in controlling intergranular frac
ture in these alloys is discussed. 

tpresent address: Faculty of Engineering, lbaraki University, 
Hitachi-City, Japan. 

5. Microstructural Dependence of Fe/High-Mn 
Tensile Behavior (Publication 4) 

Y. Tomota/ M.J. Strum, and J. W. Morris, Jr: 

The tensile properties of Fe/high-Mn (16 to 36 
wt% Mn) binary alloys were studied over the tern-
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perature range 77 to 553 K. The Mn dependence of 
the deformation and fracture behavior in this alloy 
system was clarified by placing special emphasis on 
the starting microstructure and its change during 
deformation. In general, the intrusion of hcp epsilon 
martensite (~) into austenite ('Y) significantly 
increases the work-hardening rate in these alloys by 
creating strong barriers to plastic flow. Due to the 
resulting high work-hardening rates, large amounts of 
~ lead to high flow stresses and low ductility. Alloys 
of 16-20 wt% Mn are of particular interest. While 
these alloys are thermally stable with respect to bee 
a' martensite formation, 16 to 20 wt% Mn alloys 
undergo a deformation-induced ~ - a' transforma
tion. The martensitic transformation plays two con
trasting roles. The stress-induced ~ - a' transforma
tion decreases the initial work-hardening rate by 
reducing locally high internal stresses. However, the 
work-hardening rate increases as the accumulated a' 
laths become obstacles against succeeding plastic 
flow. These rather complicated microstructural 
effects result in a stress-strain curve of anomalous 
shape. Since both the M5 and Mct temperatures for 
both the ~ and a' -martensite transformations are 
strongly dependent on the Mn content, a characteris
tic relationship between the tensile behavior and the 
Mn content of each alloy is observed. 

tpresent address: Faculty of Engineering, lbaraki University, 
Hitachi-City, Japan. 

6. The Influence of Welding on the Mechanical 
Properties of Nitrogen-Strengthened High
Manganese Stainless Steel (Publication 5) 

J. W. Chan and J. W. Morris, Jr. 

The next generation of fusion reactors will utilize 
high-field superconducting magnets, requiring struc
tural alloys with high strength and high toughness in 
the welded condition at cryogenic temperatures. 
Proposed yield strength/toughness requirements of 
1000 MPa and 200 MPa-m 112 at 4 K have been met 
by an austenitic, nitrogen-strengthened alloy with 
nominal composition 18Mn-5Ni-l6Cr-0.02C-0.22N 
in the as-rolled condition. In an investigation of the 
weldability of this alloy, tensile and fracture
toughness tests were performed on autogenous 
GT A W weld samples. The 4-K yield strength in the 
welded condition is lower than that of the base alloy, 
due at least in part to nitrogen depletion from the 
fusion zone. Nitrogen additions to the weld through 
the shield gas can increase the 4-K yield strength to 



approximately that of the base metal. However, for 
the welds currently investigated, there is some loss in 
toughness. 

1985 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. R. Ogawa and J.W. Morris, Jr., "Fatigue Crack 
Growth Behavior in a Nitrogen-Strengthened High
Manganese Steel at Cryogenic Temperatures," Amer. 
Soc. Testing and Mat., STT Pub. No. 857, 47 (1985); 
LBL-16024. 

LBL Reports 

2. Y. Tomota, M.J. Strum, and J.W. Morris, Jr., "Ten
sile Deformation Behavior of Mechanically Stabil
ized Fe-Mn Austenite," Metall. Trans. (in press); 
LBL-19042. 
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Steels," Acta Metal!. (in press); LBL-19871. 
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Semiconductor Materials and 
Devices* 

Eugene E. Haller, Investigator 

INTRODUCTION 

The recently achieved ultrahigh purity and crys
talline perfection of large germanium single crystals 
and, to a lesser degree, silicon single crystals have led 
to the discovery of a large number of novel impurity 
and defect complexes that exhibit energy levels in 
the band gap of these semiconductors. Understand
ing the composition and electronic structure of these 
novel acceptors and donors through the use of sensi
tive far-infrared spectroscopy techniques and novel 
radioactive-tracer schemes represents one component 
of this research effort. Another closely coupled com
ponent focuses on the formation of these centers dur
ing crystal growth. 

Two factors have helped greatly in identifying 
the composition of these novel acceptors and donors: 
( 1) correlations between concentration and 
electronic-structure effects of a given center, and (2) 
control of the materials involved in the crystal 
growth and purification, such as the crucible material 
(typically synthetic silica or graphite) and the 
ambient (typically H2, N2, or vacuum). One of the 
major findings is that atomic hydrogen plays an 
important role in the formation and composition of 
many of the new impurity complexes. The informa
tion gained through this research is of immediate use 
to LBL's semiconductor radiation-detector program, 
which originated this research. 

The use of ultrapure crystals as starting material 
for specially doped crystals is studied in connection 
with the development of sensitive far-infrared photo
conductors for low-photon-flux applications in outer 
space and neutron-transmutation-doped germanium 
bolometers. The high ratio of intentional-dopant 
concentrations and residual-impurity concentrations 
has led to photoconductors with very high respon
sivity working at close to the photon noise limits. 

The close coupling between crystal synthesis and 
analysis has enabled us to effectively study and use 
these extremely pure and structurally perfect materi
als. 

*This work was supported by the Director, Office of Energy 
Research, Office of Health and Environmental Research, U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098. 
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1. Imaging of Radio-Carbon Clusters in High
Purity Germanium Using a Self-Detection 
Scheme (Publication 23) 

P.N. Luke and E.E. Haller 

A new isotope-specific and quantitative tech
nique based on self-detection in a position-sensitive 
detector has been developed for the imaging of 
radio-carbon clusters in high-purity Ge. Using a 
novel position-sensitive detector concept, a one
dimensional spatial resolution of -6 X 107 14C 
atoms per cluster has been obtained. This technique 
can be applied to other semiconductors that can be 
used to fabricate self-counting position-sensitive 
nuclear-radiation detectors. Figure 1-1 shows some 
aspects of the new detector. 
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Figure 1-1. (a) Structure of the semiconductor drift chamber. 
(b) Potential distribution inside the detector at full depletion. (c) 
Schematic representation of the signal currents and the charges 
induced at the three contacts arising from the movement of elec
trons ( -Q) and holes ( +Q) deposited at a point inside the detec
tor. The time difference t2-t1 corresponds to the carrier drift 
time, and it contains the position information. (XBL 8~ 10-4387) 



2. Novel Deep Donors in As-Grown Ultrapure 
Germanium (Publication 7) 

G.S. Hubbard, E.E. Haller, and S.J. Pearton 

A new group of deep donors, designated ETI, has 
been studied in as-grown, n-type, ultrapure ger
mani urn single crystals [ (N 0 - N A) - 1010 em- 3]. 

The donors produce three or more closely spaced 
peaks (Ec- 40 MeV to Ec- 1 00 MeV) as determined 
by deep-level transient spectroscopy (DLTS) (see Fig
ure 2-1). Reverse-electrode germanium (REGe) radi
ation detectors that contain ETI are shown to exhibit 
electron trapping, leading to a degradation in resolu
tion as measured by the 1.33-MeV ')'-ray peak of 
6°Co. The concentration of ETI and the degradation 
in resolution are strongly correlated. Our data sug
gest that the donors . are impurity complexes pro~ 
duced during crystal growth that behave in a fashion 
analogous to the oxygen-related donors in silicon. 
We hypothesize that the complex consists of at least 
one substitutional impurity and a di-vacancy or 
interstitial impurity. 
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Figure 2-1. DLT spectrum of ultrapure germanium sample 441-
23.1. AC/C at the maximum of Erl indicates a concentration of 6 
X 109 cm- 3• The broad band-like spectrum appears to be com
posed of at least 3 separate peaks centered at 45, 55, and 65 K. 
The lowest-temperature peak is due to shallow level freeze-out. 

(XBL 847-3009) 
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3. Defect Identification in Ultrapure 
Semiconductors (Publication 11) 

E.E. Haller 

The elemental semiconductors silicon and ger
manium can be purified to electrically active impur
ity concentrations as low as - 1010 em - 3. Highly 
sensitive, energy-dispersive analytical techniques 
have been developed to identify and measure the 
concentration of the residual elemental impurities 
(see Figure 3-1 ). The application of these techniques 
to very pure materials has also resulted in the 
discovery of a large number of new levels that are 
due to impurity /defect complexes. Photothermal ion
ization spectroscopy using uniaxial stress or a mag
netic field, electron paramagnetic resonance, and 
doping experiments using stable and radioactive ele
ments have been used in combination to identify the 
composition and the structure of some of the new 
centers. 
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Figure 3-1. High-resolution spectrum {Av ::.: 0.1 em -I) of shal
low acceptors in ultrapure germanium. The ground-state to 
bound-excited-states transition lines of boron {B) and aluminum 
(AI) are split due to stress. The lines of the carbon- and 
deuterium-related acceptor A (D,C) do not show any splitting · 
because of the unusual ground-state symmetry of this tunneling 
deuterium center. (XBL 854-2046) 



4. Work in Progress 

The role of hydrogen in passivating deep-level 
centers and in changing the number of energy levels 
of multilevel acceptors is studied with the double 
acceptors Be and Zn and the triple acceptor Cu in 
Ge. The Cu-dihydrogen complex is the first center 
that contains more than one hydrogen atom. Using 
isotropic substitution, we are in the process of 
evaluating the interaction effects of the two hydrogen 
atoms. 

A novel infrared-device concept requires the 
growth of pure epitaxial germanium. We are study
ing processes that allow the growth of such layers. 
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OFFICE OF NAVAL RESEARCH 

Quantum Monte Carlo for Molecular 
Studies* 

William A. Lester, Jr., Investigator 

INTRODUCTION 

We are pursuing the use of the quantum Monte 
Carlo (QMC) method for the computation of molec
ular properties. This approach, borrowed from sta
tistical mechanics, allows one to calculate essentially 
exact quantum-mechanical expectation values. 
Thus, it provides an alternative to traditional ab ini
tio quantum-chemical approaches. The method 
takes advantage of the formal similarity of the 
Schr6dinger equation in imaginary time to a diffu
sion equation. 

1. Quantum Chemistry by Quantum Monte 
Carlo: Beyond Ground-State Energy 
Calculations (Publication 2) 

P.J. Reynolds, R.N. Barnett, B.L. Hammond, 
R.M. Grimes, and W.A. Lester, Jr. 

The QMC method is a procedure for solving the 
Schr6dinger equation statistically by the simulation 
of an appropriate random process. The formal simi
larity of the Schrodinger equation with a diffusion 
equation allows one to calculate quantum
mechanical expectation values as Monte Carlo aver
ages over an ensemble of random walks. Using 
QMC we have previously obtained highly accurate 
correlation energies for a number of molecules, as 
well as the singlet-triplet splitting in methylene, and· 
the barrier height for the H + H2 exchange reaction. 
We are now computing expectation values of proper
ties other than the energy, obtaining molecular 
excited states, and extending the QMC approach to 
the calculation of analytic derivatives of the energy. 

*This work was supported by the U.S. Office of Naval Research, 
through an agreement with the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 

275 

For expectation values of quantities whose operators 
do not commute with H, the usual QMC mixed 
average, ( <t>IAI'~'T), is only approximate. One 

·suspects that the mixed average is in some sense 
halfway between the exact expectation value with 
respect to the ground-state eigenfunction ¢ and the 
variational expectation value taken with respect to 
the trial wave function, i.e., ('~'TIAI'I'T). Taken 
literally, this implies that (¢1AI<t>) = 2('1'TIAI¢) -
('~'TIAI'~'T). This result can be formalized through 
the following argument. The trial function 'ItT, if it 
is a good one, differs from ¢ only by a "small" func
tion ~. i.e., ¢ = 'ItT + ~. Then 

(<t>IAI<t>) = ('~'TIAI¢) + (~IAI<t>) 

This gives an approximate formula for expecta
tion values taken solely with respect to ¢ from just
mixed and variational averages. It is, however, diffi
cult to know how significant it is to drop terms of 
order ~2 . Thus, it is desirable to be able to sample 
exactly from the distribution 1¢1 2. This can be done, 
however, with some changes to the usual QMC algo
rithm. The QMC distribution 'ItT¢ must be weighted 
locally by ¢(.R)/'~'TCBJ This latter quantity is essen
tially the asymptotic number of survivors of the local 
configuration R. Thus, algorithmically, one must 
follow each configuration into the future before com
puting any averages. Our results show that while the 
variational approximation is poor, the approximate 
formula is quite good. Furthermore, excellent agree
ment with exact results for the electric quadrupole 
moments are obtained by sampling from the pure 
l<t>l 2 distribution. 

While conventional · ab initio approaches regu
larly compute the analytic derivative of the energy 
with respect to nuclear coordinates in order to deter
mine equilibrium geometries and (by finite
difference or higher analytic derivatives) vibrational 
frequencies, thus far only finite-difference approaches 
have been implemented in QMC. To compute the 



energy derivative with respect to a nuclear coordi
nate p, we write 

1 d'l'T + (- -EL) 
'liT dp 

1 d'l'T 
(- --)(EL) 

'liT dp 

The second equality is obtained from differentia
tion using the chain rule followed by expressing the 
resulting ratios as averages over the distribution 'liT¢· 
The derivative d¢/dp is unknown; it is, however, 
possible to sample it. The other terms may be 
evaluated straightforwardly during the QMC simula
tion. Rather than sampling d¢/dp, as a first approxi
mation we may take ¢ - 1d¢/dp = 'lli 1d'l'T/dp. This 
turns out to. be a good approximation even when 'liT 
is only of moderate accuracy (e.g., a double-zeta 
Hartree-Fock function). Using this approach, we 
have performed calculations on H2 at a few nuclear 
separations with excellent results. 

All previous work with QMC has been limited to 
ground-state potential-energy surfaces and lowest
energy states of a particular symmetry. This restric
tion comes from an essential feature of the mapping 
of the Schrodinger equation into its diffusion analog 
- that time in these two equations differs by a fac
tor of i. This means that the expansion of a time
dependent molecular-state vector in energy eigen
functions multiplied by exp( -iEt/h) results in a 
series in which only the lowest-energy term (i.e., ¢) 
survives at large t. Thus one obtains exponential 
convergence to the lowest-energy eigenstate. How
ever, the fixed-node approximation used to treat the 

276 

Fermi problem also assists in obtaining excited-state 
energies. In the fixed-node approximation, the 
nodes of 'liT are used to divide R-space into distinct 
volume elements. The Schrodinger equation is 
solved separately in each of these elements. This 
results in a solution of the SchrOdinger equation with 
added boundary conditions. Viewed this way, the 
Fermi problem is handled by forcing the generation 
of an antisymmetric state above the Bose ground 
state through the placement of nodes in the solution 
¢. In like manner, other excited states can be treated 
approximately by imposing additional nodes. The 
accuracy of the approximation will depend on how 
well these nodes are placed. If 'liT is not orthogonal 
to all lower energy states, the approximation is no 
longer variational. Traditional ab initio methods 
generate excited-state wave functions that generally 
contain the correct number and dimensionality of 
nodal surfaces. Thus such wave functions are a good 
place to begin in choosing a trial wave function 'liT. 
Interestingly, in our approach the fixed-node approx
imation, which is the only obstacle to calculating 
exact ground-state energies, is the very tool needed 
in the calculation of excited-state energies. 
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Properties of Superconducting Thin 
Films; Electron-Phonon arid Non
Phonon Coupling* 

Vladimir Z. Kresin, Investigator 

INTRODUCTION 

Several problems connected with the properties 
of superconducting thin films have been studied. 

1. Electromagnetic Properties of Proximity 
Systems (Publication 1) 

V.Z. Kresin 

Magnetic screening in the proxn'Iuty system 
Sa-M11, where M11 is a normal metal N, semiconduc
tor (semimetal), or superconductor, has been studied. 
Primary attention was paid to the low-temperature 
region where nonlocality plays an important ·role. 
The thermodynamic Green method was employed in 
order to describe the behavior of the proximity sys
tem in an external field. The temperature and thick
ness dependences of the penetration depth A. were 
obtained. The dependence A.(T) differs in a striking 
way from the dependence in usual superconductors. 
The strong-coupling effect was taken into account. A 
special case of screening in a superconducting film 
backed by a size-quantizing semimetal film was con
sidered. The results obtained were in good agree
ment with experimental data. 

2. Josephson Tunneling ~nto a Proximity 
System and the Induced State of 
Semiconductors (Publications 2 and 3) 

V.Z. Kresin 

The properties of a Josephson junction contain
ing a proximity system are discussed. The value of 
the maximum de Josephson current IM(T) depends 
strongly on the parameters of the proximity system. 
If N is a semiconducting film, the value of IM may 

*This work was supported by the U.S. Office of Naval Research 
under Contract No. NOOOI4-84-F-0095, through an agreement 
with the U.S. Department of Energy under Contract No. DE
AC03-76SF00098. 
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be affected by incident radiation. If N is a size
quantizing semimetal film, IM becomes an oscillating 
function of the thickness LN. The weak link can be 
formed by the inversion layer, and IM can be con
trolled by the applied field. 

3. Work in Progress 

The field effect in superconductor-
semiconductor-superconductor systems is being 
investigated. The behavior of superconductors with 
intermediate and strong coupling is being studied. 
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UNITED STATES AIR FORCE 

Quantum Monte Carlo Study of. 
Tetrahydrogen* 

William A. Lester, Jr., Investigator 

INTRODUCTION 

The purpose of this project is to investigate 
properties of tetrahydrogen (H4) using the fixed-node 
quantum Monte Carlo (FNQMC) method. Prop
erties of interest include formation mechanisms, 
potential-energy surfaces, lifetimes, and decay chan
nels. At long range, the H4 species of interest corre
lates with HA 1 ~g+) + H2(B 1 ~u+). Initial efforts are 
directed at confirming the existence of the 
maximum-ionicity excited state (MIES) predicted by 
Nicolaides et al., 1 using multireference 
configuration-interaction wave functions. Analytical 
derivative methods in the FNQMC approach will be 
used to determine decomposition pathways and, in 
particular, classical barriers to formation of the 

*This work was supported by the U.S. Air Force Rocket Propul
sion Laboratory under Contract No. F04611-85-X-0068, through 
an agreement with the U.S. Department of Energy under Contract 
No. DE-AC03-76SF00098. 
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MIES and other excited forms. Hartree-Fock, mul
ticonfiguration Hartree-Fock, and configuration
interaction wave functions will be used, where 
appropriate, as importance functions ~n the FNQMC 
study. 

1. Work in Progress 

As a first step in this study, we judged it 
appropriate to confirm the existence of the H4 MIES 
predicted by Nicolaides et al., 1 using multiconfigura
tion self-consistent-field wave functions with large 
(triple-zeta plus polarization) basis sets. The present 
calculations confirm the earlier results. Computa
tions are in progress using the FNQMC method to 
refine the magnitude of the interaction energies. It is 
anticipated that an improved binding energy for the 
MIES can be obtained by FNQMC with a statistical 
uncertainty within chemical accuracy. 

I. G. Nicolaides eta!., J. Chern. Phys. 80, 1705 (1984). 



DEPARTMENT OF TRANSPORTATION 

Enhanced Fuel Capability of Marine 
Diesels* 

Alan V. Levy, Investigator 

1. Materials for Enhanced Heavy-Fuel
Capability Marine Diesels (Publication l) 

A. V. Levy 

The surfaces of all of the combustion zone com
ponents, i.e., exhaust valves, piston crowns, and 
cylinder heads of a medium-speed marine diesel 
engine, were coated with 250-375 .urn thick ceramic 
thermal barrier coatings and tested for over 8000 
hours in an engine operating on a tow boat on the 
Mississippi River. The coatings were applied by two 
suppliers: one applied an 8% Y 20 3 Zr02 ceramic 
coating over a NiCoCrAlY bond coat, and the other 
applied a 22% Mg0-Zr02 ceramic coating over a 
NiCrAlY bond coat. The excellent performance of 

*This work was supported by the U.S. Department of Transporta
tion, Maritime Administration, P.O. No. 400-49002, through an 
agreement with the U.S. Department of Energy under Contract 
No. DE-AC03-76SF00098. 
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the coatings selected for this service has prevented 
the engine from being taken out of service, so that 
destructive performance analyses of the coatings 
could not be conducted as originally planned. Such 
analyses are now planned for early 1986. 
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Diesel Engine Environments," ASME Energy 
Sources Technology Conference, Dallas, TX, Febru
ary 1985. 



OAK RIDGE NATIONAL LABORATORY 

Tribology of Cylinder Wall-Piston 
Ring Couples in Adiabatic Diesel 
Engine Service* 

Alan V. Levy, Investigator 

1. Elevated Temperature Sliding Wear of 
Ceramic and Hard Metal Coatings 
(Publication 1) 

A. V. Levy and N. Jee 

The unlubricated sliding wear behavior of 
several coating material pairs that are candidates for 
the piston ring-cylinder wall application in adiabatic 
diesel engines was determined in air at 25°C, 425°C, 
and 730oC. Plasma sprayed, metal bonded carbide 
composites on a washer component were worn in a 
90oC reversing oscillatory mode agains~ a slurry 
deposited and impregnated mixed oxide on a wider 
surface disc at contact pressures from 0.1 7 to 14 

*This work was supported by Martin Marietta Corp., Oak Ridge 
National Laboratory, Work Order No. 34667-5225 (AC423GAI), 
through an agreement with the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 
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MPa. It was determined that the morphology of the 
coatings was more important than composition in 
establishing wear rates. The ductile binder metal of· 
the carbides was the dominant constituent on the 
wear interface of both the washer and the disc . .Wear 
rates generally increased with temperature. A pretest 
wear-in at 25°C and a low contact pressure enhanced 
the wear resistance of the plasma sprayed carbide 
materials both at higher pressures and higher tem
peratures. 
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ELECTRIC POWER RESEARCH INSTITUTE 

Deactivation and Poisoning of Fuel
Cell Catalysts* 

Philip N. Ross, Jr., Investigator 

INTRODUCTION 

The object of this program is to develop an 
understanding of processes causing deactivation 
and/or poisoning of catalysts used in fuel cells. 
Fuel-cell catalysts suffer from deactivation and pois
oning phenomena that are either identical to or 
strongly analogous to the processes that occur in 
heterogeneous catalysis. As in conventional catalytic 
reactors, fuel-cell performance is degraded by poison
ing from impurities, loss of surface area of noble 
metals, and physical deterioration of the catalyst 
structure. Unlike conventional catalytic reactors, 
where some catalyst-regeneration capability is usually 
designed into the system, the fuel-cell catalyst is an 
integral part of the physical structure of the electrical 
generator, and there are at present no designs that 
are able to employ catalyst regeneration. Therefore, 
catalyst deactivation and poisoning phenomena are 
even more serious technological problems in fuel 
cells than in conventional reactors. 

The fuel~cell technology discussed in the context 
of these phenomena is the phosphoric acid fuel cell. 
The operating conditions for this technology are typi
cally 180-210°C, 95-99% acid, and, in pressurized 
versions, 50-120 psig. The anode catalyst is Pt sup
ported on a conductive, high-area carbon black (usu
ally Cabot Vulcan XC-72R), usually at a loading of 
10 wt%. This catalyst is tolerant to some level of car
bon monoxide, the level depending on temperature 
and pressure. Carbon monoxide poisoning has been 
studied extensively, including detailed adsorption 
studies at various temperatures and pressures. Pois
oning of the . Pt catalyst by other potential fuel
stream impurities has not been studied to the same 

*This work was performed under funding by the Electric Power 
Research Institute under Contract RP 1676-2, through an agree
ment with the U.S. Department of Energy under Contract No. 
DE-AC03-76SF00098. 
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degree. A particularly important class of potential 
poisons is sulfides (e.g., hydrogen sulfide and car
bonyl sulfide) coming from coal-gas fuels, but their 
effect on Pt catalysts in a fuel cell is unknown. 

The cathode catalyst is typically Pt supported on 
a graphitic carbon black, usually a furnace black 
heat-treated to· 2700oC. The Pt loading is typically 
10 wt%, and the dispersion (Pt surface area expressed 
as percent of all Pt atoms present as surface atoms) 
as prepared is typically 30%. The suspected mechan
isms of cathode catalyst deactivation are loss of Pt 
dispersion ("sintering" or "coarsening"), Pt corrosion 
(dissolution), and the corrosion of the carbon black. 
The loss of dispersion in use depends on the opera
tional parameters, e.g., temperature, acid concentra
tion, and electrode potential history. Relatively few 
fundamental studies of this phenomenon have been 
published, and those available appear to contradict 
experience in cells. The mechanism of loss of 
dispersion is not well known. The graphitic-carbon 
support corrodes at a finite rate that is notably 
potential dependent. Support corrosion causes thick
ening of the electrolyte film between the gas pores 
and the catalyst particles, which in turn causes 
increased diffusional resistance and performance 
loss. Platinum corrosion (dissolution) causes loss of 
Pt into the separator. 

1. The Effect of H2S and COS on the 
Performance of Phosphoric Acid Fuel Cells 
(Publication 3) 

P.N. Ross, Jr. 

The objective of this project was to determine in 
laboratory cells the tolerance of phosphoric acid fuel 
cells (PAFC) to hydrogen sulfide and carbonyl sul
fide impurities in the anode feed gas. This objective 
arises from the interest in coupling fuel cells to ccial 
gasifiers and from the interest in expanding the fuel 
base for current PAFC technology to relatively heavy 
sulfur-containing liquid fuels. EPRI supplied the 
compositions of three different coal-gasifier effluent 
streams of interest to their coal-gasifier/fuel-cell pro
gram. These gas streams and their compositions are 
shown in Table 1-1. For the purposes of this study, 



Table 1-1 

Composition of feed gases proposed by EPRI 

Percent of Composition• 

Component Gas A Gas B Gas C 

H2 35 35 35 

C02 25 25 25 

N2 36 34.5 30.4 

H20 1.6 1 

Impurities 

CH4 2 5 

co 1 2 3 

argon 0.4 0.5 0.6 

C2H4b 100 500 1000 

C2+b,ct 100 1000 4000 

C12b 2 5 10 

H2Sb,c 

:} 6 
50} 100} 

100 200 
cosb,c 50 100 

NH3b,ct 50 100 

HCNb,ct 5 10 

a. Trace impurities listed in ppm. 
b. Trace impurity. 
c. Impurity of primary importance. 
d. Impurity of secondary importance. 

we simplified the compositiOns of the laboratory 
gases to hydrogen/carbon monoxide mixtures (bal
ance nitrogen) containing various levels of hydrogen 
sulfide and carbonyl sulfide. Therefore, this study 
did not include the possibly additive negative effect 
of the other impurities (particularly the olefins) 
present in real coal-gasifier effluents. 

The study was conducted in three phases. The 
first phase was testing in a small (1 cm2) free
electrolyte cell to examine the effect of electrode 
structure on cell tolerance and to determine,the 
"order of magnitude" of sulfur causing failure in 
cells at zero utilization. The second phase was test
ing of standard 2" X 2" PAFC laboratory hardware 
at ambient pressure to examine the effect of hydro
gen utilization on tolerance and the possible effect of 
fuel impurities on cathode performance. The final 
phase was testing with a 2" X 2" cell in a pressure 
vessel to determine the effect of pressurized opera
tion on cell tolerance. 
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The poisoning effect of hydrogen sulfide was 
characteristically different from the effect of carbon 
monoxide, in that it was not manifested by a margi
nal (e.g., 0-50 m V) increase in anode potential but 
either had no effect or caused catastrophic polariza
tion. Therefore, we derived critical levels for hydro
gen sulfide related to cell operating conditions. The 
poisoning effect of hydrogen sulfide was entirely an 
anode effect. The effect of carbonyl sulfide was com
plicated by the thermodynamic instability of COS in 
a hydrogen-rich hydrogen/carbon monoxide gas mix
ture. We observed conversion of COS to hydrogen 
sulfide in our test cell by mass-spectrometer analysis, 
but the kinetics of the hydrogenation of COS to H2S 
could not be determined within the limitations of the 
study. Therefore, we recommend that the sum (total 
sulfur) be used as the criterion together with a specif
ication on the hydrogen sulfide level. 

The following conclusions were reached: ( 1) 
Acceptable performance at electric-utility operating 
conditions can be retained with (H2S + COS) <50 
ppm and H 2S <20 ppm, provided CO levels are 
below -2%. (2) With respect to the EPRI gas com
positions listed in Table 1-1, gas A is acceptable, but 
neither gas B nor gas C is acceptable .. (3) Cell failure 
due to sulfur poisoning was irreversible; i.e., removal 
of the sulfur impurity from the gas did not alone 
restore performance. (4) Failed cells can be restored 
by air purging in the "hot" state, or equivalently by 
clamping the anode to the cathode (after inert gas 
purging of the anode plenum). (5) The critical level 
of sulfur was relatively insensitive to cell operating 
conditions near the region of interest (e.g., 50-120 
psig, 190-205°C, 200-325 mA/cm2). ( 6) A cell 
operating with a subcritical but significant (e.g., 10 
ppm) level of H 2S exhibits greater sensitivity to tem
perature, i.e., greater l:lV/I:lT. 

2. Work in Progress 

Cathode catalyst-deactivation studies are con
tinuing, with an emphasis on the Pt dissolution 
phenomenon in phosphoric acid. Spectroscopic 
studies to identify the ionic form of Pt in solution in 
phosphoric acid are in progress. The effect of various 
phosphoric acid additives on Pt solubility are being 
investigated. The potential advantages of using 
newly synthesized perfluoroalkane sulfonic acids as 
electrolytes in fuel cells are also being examined. 
Anticipated advantageous properties of these new 
acids include better oxygen-reduction kinetics, 
reduced transport losses, and reduced Pt solubility. 
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Selective Catalytic Hydrogenation of 
Polynuclear Heteroaromatic Nitrogen 
Compounds* 

Heinz Heinemann and Richard H. Fish, Investigators 

INTRODUCTION 

This project was completed in 1985 and was 
active for only a few months. It is related to Chem
istry and Morphology of Coal Liquefaction (see the 
Fossil Energy Section of this annual report) but did 
not overlap. It had three main purposes: (1) to 
study the effect of various components present in 
coal liquids on the performance of selective catalysts 
for the hydrogenation of nitrogen-containing rings in 
polynuclear aromatics, such as homogeneous or 
heterogenized Wilkinson's catalysts; (2) to evaluate 
inorganic supports for such catalysts, e.g., silica; and 
(3) to provide information on the role of hydrogen 
donors, e.g., 9, 10-dihydrophenanthridine, in the pres
ence and absence of the catalysts and in the presence 
and absence of hydrogen gas. 

1. Effect of Coal-Liquid Components 
(Publication 1) 

R.H. Fish and H. Heinemann 

The important question of selectivity for 
nitrogen-ring hydrogenation in the presence of other 
model coal-liquid constituents was answered by 
hydrogenating quinoline (7.5 wt%) in the presence of 
pyrene (30 wt%), tetralin (5 wt%), methylnaphthalene 
(38 wt%), p-cresol (17 wt%), and 2-methylpyridine 
(2.5 wt%). The result was that 1,2,3,4-

*This work was supported by a grant from the Electric Power 
Research Institute under Project RP 2147-7, through an agreement 
with the U.S. Department of Energy under Contract No. DE
AC03-76SF00098. 
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tetrahydroquinoline was the only reduction product 
formed. The initial rate of reduction of quinoline in 
the model-coal liquid was found to be 0.42%/min, or 
2.2 times faster than in the absence of the above
mentioned constituents. In further experimentation, 
we found that p-cresol was responsible for this rate 
enhancement. Recent 31 P and 1H nuclear magnetic 
resonance spectroscopy experiments indicate that p
cresol hydrogen can bond to triphenylphosphine 
groups and may affect the equilibria in the polymer
supported catalyst by tying up free triphenylphos
phine groups, making the binding of quinoline to 
rhodium more facile. 

2. Hydrogen-Transfer Catalysis (Publication 1) 

R.H. Fish and H. Heinemann 

Catalytic-transfer hydrogenation is known to be 
an important component in the donor-solvent coal
liquefaction process. Several of the saturated 
polynuclear heteroaromatic nitrogen compounds 
being studied were able to transfer hydrogen to other 
model coal-liquid compounds using homogeneous 
and polymer-supported transition-metal catalysts. 
Thus, methods for the transfer of hydrogen at low 
temperatures are now available and give a better 
understanding of the influence of metals in the 
donor-solvent coal-liquefaction process. 
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I. R.H. Fish and H. Heinemann, "Selective Hydroge
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Inhibitive Salts for Reducing High
Temperature Oxidation and 
Spallation* 

John Stringer, Acting Investigatorf 

INTRODUCTION 

It has been known for many years that the addi
tion of reactive elements such as yttrium, cerium, 
lanthanum, or hafnium to heat-resisting alloys form
ing Cr20 3 or Al20 3 protective oxides could have a 
number of beneficial effects. Most notably, the scale 
adhesion is considerably improved. More recently, 
it has been shown that fine dispersions of the oxides 
of the reactive elements within the alloy have virtu
ally the same effect. However, treatments that 
appear to be superficial can also be beneficial. These 
include ion implantation of the reactive element, and 
the use of an aqueous solution of a water-soluble salt 
of the reactive element, or of a solgel containing the 
element. From the point of view of elucidating the 
mechanism of the "reactive-element effect," these 
superficial techniques are particularly interesting, 
since several aspects of the most successful current 
model imply that the reactive element is present 
within the alloy. No systematic study of these tech
niques has been made, however; they have been used 
only as a means of enhancing the oxidation resis
tance of already resistant materials. 

1. The Effect of Surface-Applied Reactive
Element Oxides on the Oxidation of Cr
Containing Binary Alloys (Publication 1) 

P. Y Hou and J. Stringer 

The influence of surface-applied Ca, Ce, Hf, La, 
Y, and Zr nitrate-covered oxides on the oxidation 
behavior of Co-15 wt% Cr, Co-25 wt% Cr, and Ni-25 
wt% Cr alloys at 1 OOOOC and 11 OOOC in 1 atmosphere 
of 0 2 was studied. The surface oxides appeared to 
be most beneficial on the established Cr20rforming 

*This work was supported by the Electric Power Research Insti
tute under Contract No. RP 2261-1 , through an agreement with 
the Director, Office of Energy Research, U.S. Department of Ener
gy under Contract No. DE-AC03-76SF00098. 
tor. Stringer is affiliated with the Electric Power Research Insti
tute, Palo Alto, California. He is continuing to direct the research 
program of the late Dr. D.P. Whittle. 
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alloy. Surface-applied Ce02. Y 20 3, and La20 3 were 
particularly effective in reducing the growth rate of 
the Cr20 3 and improving the scale adhesion. The 
presence of these surface oxides also prevented base
metal oxide formation and changed the growth direc
tion of the scale. All of these observed effects were 
similar to those found when the reactive-element 
oxides were present within the alloys. However, the 
presence of surface Hf02 made the oxide scales very 
nonadherent, causing a breakaway behavior at the 
early stage of the oxidation process. 

None of the surface-applied oxides showed any 
effects on the non-Cr20 3-forming alloy, and they 
acted as a semibarrier on the borderline Cr20 3 
former. Unlike the case when dispersoids were 
present in the alloy, these surface-applied oxides 
were unable to promote a continuous Cr20 3 layer at 
alloy Cr levels lower than those normally required to 
form the Cr20 3 scale. 

2. Work in Progress 

The effect of ion-implanted y+ on the oxidation 
behavior of the three alloys mentioned in abstract l 
was studied at 1 OOOoC in 1 atmosphere of 0 2. The 
implanted y+ atoms were unable to promote a con
tinuous Cr20 3 scale formation on the non-Cr20r 
forming alloys. Only when the implanted dosage is 
as high as 1018 atoms/cm2, which gave a peak y+ 
concentration of approximately 20 wt%, can the 
Cr20 3 scale be formed on the Co-25 wt% Cr alloy. 
However, the effect was temporary, and the Cr20 3 
layer broke down after - 30 hours of oxidation, giv
ing rise to fast CoO growth. 

On the Ni-25 wt% Cr alloy, which by itself is a 
good Cr20 3 former, the implanted y+ had a pro
nounced effect similar to that observed with the 
aqueous salt deposition. 

1985 PUBLICATIONS AND REPORTS 
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ASSOCIATION OF AMERICAN RAILROADS 

Performance Analyses of Protective 
Coating Systems on Diesel Engine 
Components* 

Alan V. Levy, Investigator 

1. Performance Analyses of Protective Coating 
Systems on Locomotive Diesel Engine 
Components (Publication 3) 

A. Levy 

A number of diesel engine combustion zone 
components were coated with 250-375 ,urn thick 
ceramic thermal barrier coatings (see Figure 1-1) and 
tested in a locomotive size diesel engine for 500 
hours at a number of engine power settings ranging 
from full throttle to idle for 250 cycles. The coatings 
were applied on exhaust valve faces and tulips, pis-

Figure 1-1. Cross section of 8% Y20 TZr02 ceramic thermal bar· 
rier coating. (XBB 857-5877) 

*This work was supported by the Association of American Rail
roads under AAR/ DOE Agreement 85-43, through an agreement 
with the U.S. Department of Energy under Contract No. DE
AC03-76SF00098. 
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ton crowns, and cylinder heads by two coating sup
pliers. One supplier applied an 8% Y 20 3-Zr02 
ceramic coating over a NiCoAlY bond coat, and the 
other supplier applied a 22% Mg0-Zr02 ceramic 
coating over a NiCrAlY bond coat. 

One component of each type coated by each sup
plier was metallographically analyzed after the engine 
test, and the condition of the coatings was compared 
to pretest coatings of the same type on the same 
types of components. Properly applied coatings on 
all of the components performed satisfactorily in 
spite of a wide variation in coating thickness. How
ever, when the coating composition was incorrect, 
due either to the absence of a constituent in the 
ceramic to stabilize it or to the complete absence of 
the bond coat, the coatings failed by spalling due to 
phase transformation or substrate oxidation, respec
tively. The direct relationship between coating com
position and performance pointed up the importance 
of quality control in the application of the coatings 
to the engine component surfaces to be protected. 
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in Proc. ASM Symp. on Thermal Barrier Coatings, 
Toronto, Ontario, October 1985; LBL-21067. 
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APPENDIX C 

LIST OF DIVISIONAL SEMINARS 

Surface Science and Catalysis Seminars 

Date 

1-17-85 

1-24-85 

1-31-85 

2-7-85 

2-14-85 

2-21-85 

3-1-85 

3-7-85 

3-11-85 

3-14-85 

3-15-85 

3-21-85 

3-25-85 

3-28-85 

4-3-85 

4-4-85 

4-11-85 

Speaker and Affiliation 

Dr. J.D. Idol, Ashland Chemical Co., Columbus, OH 

Dr. R. W. McCabe, General Motors, Detroit, MI 

Prof. Y.R. Shen, University of California Berkeley 
and MMRD 

Dr. T. Bein, E.I. Dupont de Nemours & Co., 
Wilmington, DE 

Dr. C.R. Brundle, IBM, San Jose, CA 

Prof. J. Weare, University of California, San Diego 

Dr. W. Moritz, University of Wisconsin, Madison 

Dr. W.G. Golden, IBM, San Jose, CA 

Prof. A.B. Anderson, Case Western Reserve 
University, Cleveland, OH 

Prof. J.R. Shapley, University of Illinois 

Drs. B. Sun and Y. Wang, Beijing Society of Energy, 
People's Republic of China 

Dr. J.C. Carver, Exxon Research and Development 
Laboratories, Baton Rouge, LA 

Dr. W.E. Garwood, Mobil Research and 
Development Corp., Paulsboro, NJ 

Dr. J. Garces, Dow Chemical Co. 

Prof. H. Pines, Northwestern University, 
Evanston, IL 

Prof. C.S. Fadley, University of Hawaii, Honolulu 

Prof. M. Boudart, Stanford University, Stanford, CA 
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Seminar Title 

Horizons in Nitrile Polymer Chemistry 

Adsorption and Reactions of Acetaldehyde on Pt(S)
[6(111) X (100)] 

Surface Studies by Optical Second-Harmonic 
Generation 

Interaction of Iron Clusters with Zeolite 

Kinetics and Mechanisms of Dissociative Oxygen 
Adsorption and Oxide Nucleation on Ni Single
Crystal Surfaces 

Atomic Beam Scattering from Random Molecular 
Adsorbates 

Analysis of Surface Disorder by LEED 

Fourier Transform Infrared Reflection-Absorption 
Spectroscopy of Surface Species: Technique and 
Applications 

Structural and Electronic Factors Influencing the 
Orientation and Reactivity of Carbon Monoxide and 
Acetylene on Transition Metal Surfaces 

Organometallic Cluster Chemistry in Relation to 
Heterogeneous Catalysis and Surface Chemistry 

Energy Science in China; Study of Effects of Basic 
Properties of Coal and Chemical Conversion 

Surface Science Studies on Co/Mo/ Al20 3 Catalysts 

Update on Shape-Selective Catalysis 

Catalysis on Basic Molecular Sieves 

The Use of Organic Probes in Detecting Active Sites 
in Heterogeneous Catalysis 

Surface Structures from Photoelectron Diffraction 

The Catalytic Activity ofMolybdenum Carbide 



Date 

4-18-85 

4-25-85 

4-26-85 

5-2-85 

5-3-85 

5-9-85 

5-10-85 

5-30-85 

6-6-85 

6-14-85 

6-27-85 

7-3-85 

7-18-85 

7-25-85 

8-8-85 

8-20-85 

8-29-85 

9-5-85 

9-19-85 

9-26-85 

Speaker and Affiliation 

Prof. J.M. Cawley, University of Arizona, Tuscan 

Dr. W.F. Egelhoff, Jr., National Bureau ofStandards, 
Gaithersburg, MD 

Prof. G.V. Smith, Southern Illinois University, 
Carbondale 

Dr. P. A vouris, IBM, Yorktown Heights, NY 

Dr. G. Kellogg, Sandia National Laboratory, 
Albuquerque, NM 

Dr. J.L. Moran-Lopez, Centro Investigation lPN, 
Mexico City 

Dr. J. Idol, Ashland Chemical Co., Columbus, OH 

Prof. M.W. Roberts, University College, 
Cardiff, Wales 

Dr. P.M. Etxenique, Cavendish Laboratory, 
Cambridge, England 

Prof. J. Oudar, Universite Pierre et Marie 
Curie, Paris 

Dr. D.G. Castner, Chevron Research Corp., 
Richmond, CA 

Prof. R. Prins, University of Eindhoven, 
The Netherlands 

Dr. M. Huber, Universite Pierre et Marie 
Curie, Paris 

Prof. M. Schiavello, University of Palermo, Italy 

Prof. M. Schiavello, University of Palermo, Italy 

Prof. T. Engel, University of Washington, Seattle 

Dr. R.J. Madix, Stanford University, Stanford, CA 
) 

Dr. R. Snel, CSIR, Pretoria, South Africa 

Dr. R. von Ballmoos, Mobil Research and 
Development Corp., Princeton, NJ 

Dr. D.J. Dwyer, EXXON, Annandale, NJ 
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Seminar Title 

The Use of High-Energy Electrons for Studying 
Surface Structure 

The Role of Forward Scattering in XPS: Application 
to Surfaces, Interfaces, and Epitaxy 

Characterization of Dispersed Metal Catalysts with 
(t)-apopinene 

Excited States and Virtual Levels at Surfaces 

Oxide Formation on Rhodium and the Self
Poisoning of the CO Oxidation Reactions 

Phase Transitions at the Surface of Binary Alloys 
with fcc Crystal Structure 

Some Aspects of Selected Catalytic 
Oxydehydrogenation Reactions 

Chemisorption and Catalysis at Metal Surfaces: the 
Impact of Photoelectron Spectroscopy 

Image Potential Effects for Low- and High-Energy 
Electrons near Metal Surfaces 

Poisoning by Carbonaceous Deposits in 
Hydrogenation Reactions 

XAS, XPS, and TEM Characterization of Cobalt 
Catalysts: Reduction and Sulfidation Properties 

EXAFS Study of Very Well Dispersed Rh on Al20 3 

and on Ti02 Before and After Co Adsorption 

Partial Disorder in Two- and Three-Dimensional 
Phases 

The Photoassisted Dinitrogen Reduction to 
Ammonia in the Presence of Water Vapor Over 
Iron-Ion-Doped Titania in a Flow Apparatus 

The Photodecomposition of Ethanoic Acid Adsorbed 
over Silica Gel and Related Solids 

' 

Low-Temperature Surface Structure of Ni(115) and 
Observation of the Rough State at Elevated 
Temperatures 

The Dynamics of Adsorption on Metal Surfaces 

Fischer-Tropsch Synthesis on Iron-Based Catalysts: 
The Effect of Addition of Small Alkenes and 
Mechanistic Implications 

Synthesis of Molecular Sieves 

CO Activation on Clean and Modified Transition 
Metal Surfaces 



Date 

10-3-85 

10-8-85 

10-10-85 

10-17-85 

10-24-85 

10-31-85 

11-7-85 

11-12-85 

11-14-85 

11-21-85 

12-5-85 

12-12-85 

Speaker and Affiliation 

Dr. M.C. Lin, National Research Laboratory, 
Washington, DC 

Dr. J.R. Katzer, Mobil Research and 
Development Corp. 

Prof. C.M. Falco, University of Arizona 

Dr. E.W. Stern, Engelhard Corp., Edison, NJ 

Dr. T.H. Fleisch, AMOCO, 
Naperville, IL 

Prof. M. Ban, University of Szeged, Hungary 

Prof. K. Klier, Lehigh University, Bethlehem, PA 

Dr. G. Maire, Universite Louis Pasteur, 
Strasbourg, France 

Dr. P. Tamm, Chevron Research Corp., 
Richmond, CA 

Dr. A. Weickowski, University of Illinois, 
Champaign-Urbana 

Prof. S. George, Stanford University, Stanford, CA 

Dr. F. Abraham, IBM, San Jose, CA 

Reaction Dynamics Seminars 

1-29-85 

2-4-85 

3-8-85 

3-15-85 

4-13-85 

4-15-85 

5-28-85 

Dr. A. Pine, National Bureau of Standards, 
Gaithersburg, MD 

Dr. S. Leach, National Center for Scientific 
Research, Orsay, France 

Prof. D. Haarer, University of Bayreuth, Federal 
Republic of Germany 

Dr. M. Klein, National Research Council of Canada, 
Ottawa, Ontario 

Dr. J.T. Hougen, National Bureau of Standards, 
Gaithersburg, MD 

Prof. H.L Metiu, University of California, 
Santa Barbara 

Prof. C.H. Zhang, Academia Sinica, Dalien, People's 
Republic of China 
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Seminar Title 

Laser Studies of Surface Reactions 

Structure of Supported Nickel Catalysis via EXAFS 

Properties of Artificial Metallic Superlattices 

Medical Applications of Platinum Group Metals 

Surface Characterization of Catalytic and Electronic 
Materials 

Theoretical Aspects of the Charge Effect on the 
Electronic Properties of Transition Metal Clusters 

Mechanisms and Catalysts for Low Alcohols 

Correlations Between Reaction Mechanisms and 
Structures of Mono- and Multimetallic Catalysts for 
the Contact Reactions of Hydrocarbons 

The Aromatization of Hydrocarbons over Platinum 
Alkaline Earth Zeolites 

Electrochemical and Gas Phase Surface Processes: 
Synopsis of the Similarities and Differences 

Surface Diffusion on Ru(OOOl) Measured Using 
Laser-Induced Thermal Desorption 

Computer Simulation of Clusters, Interfaces, and 
Films 

High-Resolution Studies of Predissociation in 
Hydrogen-Bonded and van der Waals Complexes 

Recent Studies in Gas Phase Ion Relaxation 
Processes 

Photochemical Holeburning: A Method for Studying 
Amorphous Polymers and Glasses with High 
Resolution Laser Spectroscopy 

Computer Simulation of Phase Transitions in 
Molecular Crystals 

Tunneling Motion in the Water Dimer 

The Use of Gaussian Wave Packets and Classical 
Simulations to Solve Time Dependent Quantum 
Problems in Surface Science 

Optical-Optical Double Resonance Multiphoton 
Ionization Studies of Small Molecules: CO and NH3 



Date 

7-22-85 

8-5-85 

8-16-85 

9-11-85 

9-27-85 

11-20-85 

11-27-85 

Speaker and Affiliation 

Prof. V. Aquilanti, University of Perugia, Italy 

Prof. G. Lucazeau, University of Paris North, France 

Prof. S.F. Fisher, Technische Universitiit Munchen, 
Garching, Federal Republic of Germany 

Prof. R. Zahradnik, Czechoslovak Academy of 
Sciences, J. Heyrovsky Institute of Physical 
Chemistry and Electrochemistry, Prague, 
Czechoslovakia 

Prof. W.M. Jackson, University of California, Davis 

Prof. W.P. Reinhardt, University of Pennsylvania, 
Philadelphia · 

Dr. R. Naaman, Weizmann Institute of Science, 
Rehovot, Israel 

Electron Microscopy Seminars 

1-22-85 

3-22-85 

4-10-85 

5-20-85 

6-17-85 

12-4-85 

Dr. J.M. Rincon, CSIC Institute, Madrid, Spain 

Dr. V.E. Cosslett, Cambridge University, England 

Dr. C. Corbel, CEN Saclay, France 

Dr. W. Mader, Max-Planck-Institute, Stuttgart, 
Federal Republic of Germany 

Dr. C. Boulesteix, Faculte des Sciences St. Jerome, 
Marseille, France 

Dr. A.J. Dragt, University of Maryland, College Park 

Other Seminars Hosted 

2-26-85 

3-1-85 

3-13-85 

4-25-85 

4-25-85 

4-25-85 

R. Ernst, ETH, Zurich, Switzerland 

T. Wenkebach, University ofLeiden, The 
Netherlands 

D. Ederer, National Bureau of Standards, 
Gaithersburg, MD 

J. Reimer, Department of Chemical Engineering, 
University of California Berkeley 

N. Zumbulyadis, Kodak 

S. Vega, Weizmann Institute, Rehovot, Israel 
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Seminar Title 

What Are We Learning From Atom-Atom and 
Atom-Molecule Collision Studies 

Reorientational Motions in the Solid State Studied 
by Incoherent Neutron Scattering and Raman 
Spectroscopy 

Electron Transfer in Linked Donor-Acceptor Systems 

Theory of Chemical Reactivity: Present State and 
Prospects 

Laser Studies of Reaction Dynamics in Gases and on 
Surfaces: A Vignette of Some New Results 

Semiclassical Quantization on Fractal Tori 

Reactions of van der Waals Molecules 

Application of Analytical Electron Microscopy to the 
Study of Mullite-Zirconia Ceramic Composites 

Electron Microscopy at the Cavendish - Then and 
Now 

Positron Lifetime Measurements of Vacancy 
Clustering in Gold and Iron Alloys 

A Novel Description of 2-Beam Intensities in TEM 
Images of Defects 

Domain Structures and Interfaces Related to Phase 
Transitions 

Lie Algebraic Theory of Charged Particle Optics and 
Electron Microscopes 

Multiple Quantum Transitions Involving lzlz Order 

Microwave Induced Optical Nuclear Polarization 

Atomic Physics with Synchrotron Radiation 

NMR Studies of Amorphous Silicon 

Cross Polarization Studies in Polymers 

Rotating Frame Analysis of Multiple Photon 
Absorption 



Date 

4-25-85 

4-26-85 

4-26-85 

5-2-85 

5-15-85 

5-21-85 

5-28-85 

5~85 

5-85 

6-12-85 

6-19-85 

6-25-85 

6-27-85 

7-l-85 

7-5-85 

7-9-85 

7-19-85 

7-22-85 

8-2-85 

8-5-85 

8-12-85 

Speaker and Affiliation 

D. Zi.essow, Technical University of Berlin 

K. Packer, University of East Anglia, 
United Kingdom 

J. Garbow, Monsanto Corp. 

R. Silbey, MIT, Cambridge, MA 

Prof. P.C. Clapp, University of Connecticut 

Dr. J.G.H. du Preez, University of Port Elizabeth, 
South Africa 

Prof D. Greenspan, University of Texas at Arlington 

Dr. A. Jhingan, Memorex Corp. 

Dr. Y.G. Kim, KAIST, Republic of Korea 

Dr. D. Attwood, Center for X-Ray 
Optics, LBL 

A. Bell (Chair), MMRD, LBL 

M. Herman, MMRD, LBL 

Dr. D.G. Castner, Chevron Research Corp., 
Richmond, CA 

A. Bell (Chair), MMRD, LBL 

M. Watanabe, Hokkaido University, Sapporo, Japan 

0. Kanert, Dortmund University, Federal Republic 
of Germany 

U. Becker, Institut fUr Strahlungs- und Kernphysik, 
Technische Universitiit Berlin, Federal Republic of 
Germany 

V. Schmidt, Albert-Ludwigs Universitat, Federal 
Republic of Germany 

E. Dorman, University of Bayreuth, Federal 
Republic of Germany 

Dr. H.G. Haubold, Atomic Energy Research Center, 
Julich, Federal Republic of Germ~ny 

Mr. M. Caffarel, Dynamique des Interactions 
Moleculaires, Universite Pierre et Marie 
Curie, Paris 
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Seminar Title 

Two Dimensional NMR Analysis 

Carbon-13 Studies of Polymers 

Triple Resonance Studies of Metabolism in 
Glyphophosphate 

Relaxation and Tunneling at Low Temperatures 

Molecular Dynamics Studies of Phase 
Transformations 

Aspects of the Chloro, Bromo, and lodo Chemistry 
of Uranium (IV), (V), and {VI) 

Rapid Computation of the Energy State of Two
Electron Systems 

Magnetic Recording Materials 

Development of Cu-Ni-Si-P Alloys for 
Semiconductor Lead Frame Material 

New Tools for Materials and Biological 
Microanalysis: Coherent Soft X-Ray Capabilities 
with Synchrotron Radiation 

Third International Symposium on Catalyst 
Deactivation and Poisoning (July 19-21) 

Theory of Molecular Photoemission 

XAS, XPS, and TEM Characterization of Cobalt 
Catalysts: Reduction and Sulfidation Properties 

Second China-Japan-U.S. Symposium on 
Heterogeneous Catalysis (July l-3) 

Aluminum Motion in Metal Alloys 

Time-of-Flight Photoelectron Spectroscopy at DESY 
and BESSY 

Electron Spectrometry of Free Atoms Using 
Synchrotron Radiation at BESSY 

Magnetic Resonance in Organic Conductors 

Atomic Interactions and Ordering in Ni-Cr Alloys 
Studied by Diffuse Scattering and Monte Carlo 
Simulation 

Treatment of the Schroediger Equation Through a 
Monte Carlo Method Based Upon the Generalized 
Feynman-Kac Formula 



Date 

8-14-85 

8-16-85 

8-21-85 

8-30-85 

9-3-85 

9-4-85 

9-11-85 

9-18-85 

9-25-85 

10-2-85 

10-9-85 

10-10-85 

10-11-85 

10-16-85 

10-21-85 

10-22-85 

10-23-85 

10-25-85 

10-30-85 

11-5-85 

11-6-85 

Speaker and Affiliation 

M. Mehring, University ofStuttgart, Federal 
Republic of Germany 

A.J. Shaka, Oxford University, United Kingdom 

M. Mehring, University of Stuttgart, Federal 
Republic of Germany 

R. Perera, Center for X-Ray Optics, LBL 

Prof. F. Gautier, University of Strasbourg, France 

Dr. P. Platzman, AT&T Bell Laboratories, Murray 
Hill, NJ 

Dr. W. Hsu, Dupont Research & Development 
Department 

Dr. R. Sprik, University of Amsterdam 

Dr. C.A. Balseiro, Department of Physics, University 
of California Berkeley 

Dr. G. Berkovic, Department of Physics, University 
of California Berkeley 

Dr. W. de Heer, Department of Physics, University 
of California Berkeley 

Prof. M. Froment, Universite Pierre et Marie 
Curie, Paris 

Dr. J.W. Cahn, National Bureau of Standards, 
Washington, DC 

Dr. J. Foster, Stanford University, Stanford, CA 

Dr. W. de Heer, Department of Physics, University 
of California Berkeley 

Dr. D. Gratias, Institute for Theoretical Physics, 
Santa Barbara, and Physical Metallurgy Research 
Center, Vitry, France 

Dr. V. Kresin, MMRD, LBL 

P. Meier, University of Stuttgart, Federal Republic of 
Germany 

R.G. Tobin, Department of Physics, University of 
California Berkeley 

M. Howells, Center for X-Ray Optics, LBL 

Dr. R. Laughlin, Lawrence Livermore National 
Laboratory and Stanford University 
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Seminar Title 

Multiple Quantum Excitation; Migration in Liouville 
Space 

Rotation Operations and NMR 

Zero-Field Exchange in Spin-! Systems 

X-Ray Emission Spectroscopy in the Soft X-Ray 
Range 

Phase Stability and Local Order in Magnetic 
Transition Metal Alloys 

Fractional Quantum Hall Effect: Superfluidity and 
Magneto-rotons 

Composite Nature and Properties of Perfluorinated 
Ionomers 

Recent Experimental Results on Spin Polarized 
Atomic Hydrogen 

Density Waves in High Magnetic Fields 

Electronic Energy Trapping by Exciplexes 
(Heteroexcimers) in Molecular Crystals 

Shell Structure in Alkali Metal Clusters: What We 
Know, and What We Need to Know 

Electrochromism of W03 Anodic Layers 

Coherency Strain Energy Effects in Phase Equilibria 

Acoustic Microscopy and Nonlinearity in Superfluid 
Helium 

Shell Structure Related to Clusters 

Short Range Order Studied by Inverse CVM and 
Monte Carlo Techniques 

Induced Superconducting State (Proximity Effect) 

Computer Simulations of Zero Field Exchange 

Infrared Vibrational Spectroscopy of Molecules 
Adsorbed on Metal Surfaces 

Proposed Final Design for Beam Line 6 VUV 
Branch 

Sequential Phonon Emission in Heterostructure 
Tunnel Junctions 



Date 

11-11-85 

11-11-85 

11-13-85 

11-18-85 

11-20-85 

11-22-85 

12-4-85 

12-85 

Speaker and Affiliation 

Dr. G. Sugayama, Lawrence Livermore National 
Laboratory 

P. Osment, University of York, United Kingdom 

Dr. T.J. Jach, National Bureau of Standards, 
Gaithersburg, MD 

Prof. B. Gimarc, University of South Carolina 

Prof. D. Scalapino, University of California, 
Santa Barbara 

Prof. H. Schumann, Technical University of Berlin, 
Federal Republic of Germany · 

Dr. J. Pekola, Department of Physics, University of 
California Berkeley 

A.M. Sange, Highveld Steel and Vanadium 
Corp. Ltd. · 
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Seminar Title 

Auxiliary Field Monte Carlo Algorithm of Many
Body Ground State 

Zero Field Studies of Fast Ion Conductors; and 
Experimental Aspects of Zero Field Studies of Fast 
Ion Conductors 

Dynamical Diffraction of X Rays from Crystal 
Surfaces and Its Use in Surface Science 

Qualitative MO Theory 

Numerical Simulations of Quantum Fields: A New 
Tool for Studying the Properties of Condensed 
Matter Systems 

Synthesis, Structure, and Reactivity of New 
Organolanthanides 

Persistent Currents in Superfluid 3He 

Microalloyed HSLA Steels with Vanadium 
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*Boldface numbers indicate investigators' main programs. 
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