
HECE.IVI.::. ..... 
LAWRENCE . 

BERKELEY U\BORATOR'f 

LBL-24242 <.\ 
UC-400 

NOV 1 8 1988 

LIBRARY ANO f\' 
- - ~,I\.IENTS SEeTIn ' 

MATERIALS AND CHEMICAL 
SCIENCES DIVISION 

Annual Report 1987 
July 1988 

Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

Prepared for the 
u.s. Department of Energy under Contract DE-AC03-76SF00098 

N 
'<I' 
N 
'<I' 
N 
.J 
o:l 
....J 

I) . -

\' 
tFJ r-, 
.~ 

--{:; 
>u 
-P t, 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
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necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of aut~ors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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REMARKS BY THE DIVISION HEAD 

The year 1987 saw significant changes in the 
organization of materials and chemical sciences 
research at LBL. The major change was the merger 
of MMRD and CAM to form MCSD, the Materials 
and Chemical Sciences Division, as the Division is 
now called. This change followed the recommenda
tion of a task force established by LBL Director 
David A. Shirley toward the end of 1986, to consider 
future administrative arrangements for CAM. As of 
this writing, the merger has been completed. A 
major principle followed in the merger is that the 
special nature of CAM programs be preserved. CAM 
will continue to have its own annual report, separate 
from this Annual Report. 

Sometime after the formation of MCSD, the new 
Surface Science and Catalysis Laboratory, or SSCL 
(Building 66), was completed. This new building, 
adjoining Building 62, was first occupied by the 
Division Office staff in November 1987. Occupancy 
of laboratories and research offices was at the 60% 
level on March 31, 1988, and should be complete by 
September 30, 1988. 

Construction is progressing well on the second 
new building, the Advanced Materials Laboratory, or 
AML. The building had been scheduled for comple
tion in March 1989, but completion is now expected 
by December 1988. This building will be occupied 
primarily by CAM and other materials research pro
jects. 

High-temperature superconductivity developed 
into a major new focus in the Division in 1987. On 
July 28, 1987, the President's Superconductivity Ini
tiative was announced by DOE. In the initiative 
LBL was designated as the Center for Thin Film 
Applications, one of three Centers for high
temperature superconductivity research. The mis
sion of this Center includes basic research on thin 
films and devices and dissemination of research and 
information in these areas throughout the scientific 
community. The high-Tc research will be admin
istered by CAM. 

As in past years, MCSD Investigators received 
many honors and awards, which include the follow
mg: 

• Alex Bell was elected to the National 
Academy of Engineering. 

Xl 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Robert G. Bergman received the Arthur 
C. Cope Scholar Award from the Ameri
can Chemical Society. 
John Clarke was named California Scien
tist of the Year and shared the Fritz Lon
don Memorial Award for low-temperature 
physics. 
Eugene Commins was elected a member 
of the National Academy of Sciences and 
the American Academy of Arts and Sci
ences. 
Didier de Fontaine received the DOE 
Outstanding Achievement in Metallurgy 
and Ceramics for FY 1987 (with P. Tur
chi, Lawrence Livermore National 
Laboratory). 
Harold S. Johnston was elected a Fellow 
of the American Geophysical Union. 
Yuan T. Lee received an honorary Doctor 
of Science degree from the Chinese 
Academy of Sciences and honorary pro
fessorships from Nanking University and 
Nankai University, People's Republic of 
China. He also received the American 
Academy of Achievement's Golden· Plate 
Award and an achievement award from 
CEASAC. 
Alexander Pines received the IR 100 
Award from Research and Development 
Magazine for his research on nuclear mag
netic resonance. 
The University of California Berkeley 
established an annual Kenneth S. Pitzer 
lectureship in his honor. 
John Prausnitz received the Carl von 
Linde Gold Memorial Award from the 
Deutscher Kaeltetechnischer Verein. 
Robert O. Ritchie was elected a Fellow of 
the American Society of Metals (ASM 
International); he also received the Curtis 
w. McGraw Research Award from the 
American Society for Engineering Educa
tion. 
David A. Shirley received the 1987 Dr. 
rer. nat. h.c. from the Free University of 
Berlin, Federal Republic of Germany. 



• Gabor Somorjai was the G.N. Lewis Lec
turer at the University of California 
Berkeley; he also delivered the Kolthoff 
Lectures at the University of Minnesota. 

• David H. Templeton and Lieselotte K. 
Templeton received the A. Lindo Patter
son Award from the American Crystallo
graphic Association. 

• Gareth Thomas was awarded the 1987-88 
Henry Clifton Sorby Award from the 
International Metallographic Society and 
the IR 100 Award from Research and 
Development Magazine for his research on 
dual-phase steels. 

• K. Peter C. Vollhardt received the ACS 
Award in Organometallic Chemistry. 

Several new research projects started up in 1987 
using LBL Exploratory Research and Development 
Funds (formerly Program Development Funds). 
These include Structure Determination at the 
Metal/Solution Interface, with Philip Ross as the 
lead Investigator; Matter at Megabars of Pressure, 
with Peter Yu, Marvin Cohen, and Raymond Jean
loz as Investigators; Electron Electric Dipole 
Moment, with Harvey Gould and Eugene Commins 
as Investigators; Film Formation and Dislocation 
Substructures in Corrosion-Induced Cracking, with 
Thomas Devine, Ronald Gronsky, and Robert 
Ritchie as Investigators; and Novel Materials from 

Xll 

Nanocrystalline Aggregates, with Ulrich Dahmen and 
Kenneth Westmacott as Investigators. The High-Tc 
Superconductivity program is now funded with BES 
Materials Sciences funds. Although this program is 
administered by CAM, it will be reported in this 
Annual Report for 1987. 

Fortunately the downward trend in budgets of 
the past few years has not continued. Although 
funding for continuing materials sciences programs 
was constant from FY 1987 to FY 1988, additional 
funding (k$750) has been received for new programs 
in Materia1s Sciences (primarily high-Tc research). 
The Chemical Sciences budgets were increased by an 
average of 4.7%. 

MCSD staff as of September 30, 1987, totalled 
642, of which 103 were Investigators, 30 were other 
scientists, 25 were postdoctoral associates, 291 were 
graduate students, 16 were undergraduates, 31 were 
administratiye/clerical, 31 were technical, and 115 
were guests. During the calendar year 682 refereed 
journal articles and LBL reports were published by 
MCSD investigators (not counting CAM-sponsored 
publications). Students working with MCSD investi
gators received 10 M.S. and 31 Ph.D. degrees (again, 
not counting students sponsored by CAM). 

Norman E. Phillips 
Division Head 
Materials and Chemical Sciences 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; 
these interfaces completely dominate the behavior of 
thin-film electronic devices, and they strongly influ
ence the behavior of even bulk ceramic and metallic 
alloys alike. This program seeks a fundamental 
understanding of the role of interfaces in materials 
by applications of high-resolution electron micros
copy to determine local interfacial structure and 
composition, by theoretical modeling to relate these 
parameters to actual atomic structure and composi
tion, and by correlations with interfacial-specific pro
perties, including conductivity, diffusivity, ductility, 
mobility, and reactivity. 

Significant attention has been given this past 
year to various interfaces in the new high-T c super
conductor materials. Planar defects, twins, and grain 
boundaries are examples of internal interfaces that 
act as rather serious obstacles to the commercial 
implementation of these materials, no matter how 
high their critical temperatures. The continued 
emphasis in this program is to understand interfacial 
atomic structure and transformation behavior. 

1. Atomic Mechanisms of Precipitate Plate 
Growth (Publication 1) 

1.M. Howe/ U. Dahmen, and R. Gronsky 

In this investigation, the techniques of high
resolution transmission electron microscopy, image 
simulation, energy-dispersive x-ray spectroscopy, and 

*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. 

convergent-beam electron diffraction were used to 
characterize the atomic structure, chemistry, and 
growth mechanisms of "(' plate-shaped precipitates in 
an AI-4.2 at% Ag alloy aged for 30 minutes at 350°C. 
The results of this study, now complete, show that 
the "(' precipitates have the composition Ag2AI and 
are ordered during the early stages of growth, where 
the A planes in the h.c.p. precipitates contain nearly 
pure Ag and the B planes have the composition 
Al2Ag (see Figure I-I). In addition, the precipitate
matrix interphase boundary is largely coherent and 
faceted along low-energy precipitate-matrix direc
tions, and both the lengthening and the thickening of 
"(' plates occur by a terrace-ledge-kink mechanism, 
where the limiting step in the growth process appears 
to be the substitutional diffusion of Ag atoms across 
kinks in the Shockley partial dislocation ledges, 
which terminate in the Ag-rich A planes. The com-

Figure 1-1. Simulated images of a -y' precipitate-matrix interface 
as a function of objective lens defocus and specimen thickness. 
The -y' precipitate contains pure Ag on the A planes and 33 at% 
Ag on the B planes, and the interface is between the last Ag-rich A 
plane in the precipitate and the first B plane in the Al matrix; 
JEM 200CX electron microscope. (XBL 852-1378) 



plementary information obtained from each of these 
techniques allows the mechanisms of precipitate 
plate growth to be explained at the atomic level. 

tpresent address: Department of Metallurgical Engineering and 
Materials Science, Carnegie-Mellon University, Pittsburgh, PA 
15213. 

2. High-Resolution Electron Microscopy Study 
of a Si-Mo X-Ray Mirror (Publication 4) 

R. Gronsky and J. Punglia 

The science of x-ray optics has undergone rapid 
growth in recent years, spurred by the availability of 
high-intensity light sources with tunable optical 
characteristics l in the extreme ultraviolet (XUY) 
spectral region, which includes soft x-rays and ultra
violet radiation. The development of optical ele
ments for use with XUY radiation has followed a 
parallel path of development,2 with most recent 
emphasis being placed on multilayer coatings that 
enhance the reflectivity of x-ray mirrors and at the 
same time provide spectral selectivity. In their sim
plest form, these coatings consist of alternating thin 
layers of two materials with different refractive 
indices that yield both the desired high reflectivity 
and a relatively broad wavelength bandpass. Addi
tional considerations are based on their materials sci
ence: the multilayers must have atomically smooth 
interfaces and be resistant to interdiffusion or chemi
cal reaction. 

The purpose of the present study is to under
stand the structural nature of the Si-Mo multilayer 
x-ray mirrors produced in the Center for X-Ray 
Optics at LBL. The layers were sputtered onto a 3-
inch-diameter Si wafer, and for this investigation 
prepared in cross section by argon ion milling in a 
cold stage at 5 keY. Microscopy was performed in a 
JEOL JEM 200CX with ultrahigh-resolution goniom
eter. 

Figure 2-1 is a phase-contrast image of the mul
tilayer in cross section. By employing the known 
spacing (d = 3.14 A) of the Si (111) planes imaged in 
this figure as a calibration, the thickness of the car
bon intermediate layer was measured to be 
63 ± 3 A, the Mo layers 25.2 ± 1.1 A, and the Si 
layers 4.5 ± 0.5 A. No evidence of crystallinity was 
observed within either of the layered components 
over a relatively wide range of objective lens focus 
(4500 A) and thickness (1500 A). Both layered com
ponents appear to be fully amorphous, as found pre
viously for W-Si multilayers. However, even at this 

2 

Figure 2-1. Phase-contrast image of Mo-Si multilayer x-ray mir
ror in cross section. The (III) planes of the Si substrate are 
clearly visible. (XBB 884-4251) 

high magnification and resolution, the layers are 
remarkably uniform in their overall thickness and 
flatness despite the fact that the vicinal (111) Si sur
face on which they were grown has a high ledge den
sity due to its 4S deviation from exact (111) crystal
lography. The fact that these steps are not pro
pagated into the multilayers is attributed to the inter
mediate amorphous carbon layer, which acts as a 
structural buffer. Its role is precisely to remove the 
interfacial irregularities present on the substrate so 
that the interfacial geometry of the multilayers can 
be better controlled. From the present results this 
strategy appears to be successful. Work is continuing 
on other x-ray mirrors to examine the effects of sub
sequent thermal processing on interfacial stability 
and optical performance. 

I. T. Attwood, K. Halbach, and K.-J. Kim, Science 228, 1265 
(1985). 
2. J.H. Underwood, and D.T. Attwood, Physics Today, April 
1984, p. 44. 

3. Work In Progress 

Continuing work is listed by thesis topic, fol
lowed by the graduate students responsible for the 
research: metallic contacts to YBa2Cu307, M. Tid
jani; grain-boundary structure in YBa2Cu307, L. 
Yamamoto; the substrate interface in YBa2Cu307 
thin films, K. Atwal; structural transitions in 
Bi2SrCa2Cu208+O superconductors, M. Fendorf and 
K. Fortunati; corrosion susceptibility and grain 
boundaries in stainless steel, C. Willis; and x-ray 
mirrors, T. Nguyen. 
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Microstructure, Properties, and Alloy 
Design: Inorganic Materials* 

Gareth Thomas, Investigator 

INTRODUCTION 

This is a multicomponent, interdisciplinary pro
gram in advanced inorganic materials involving fun
damental quantitative studies of the structure
property relationships in technologically significant 
materials involved in energy and conservation. All 
tasks involve characterization of both structure and 
composition at the highest levels of spatial (transmis
sion electron microscopy) and chemical (spectros
copy) resolutions in order to understand the com
plexities of structure-composition-processing
property relationships, without which alloy design is 
impossible. Specific tasks include: 
(a) Dual-phase ferrite-martensite steels for rod, 

bar, and wire: optimization of microstructure 
and processing: failure analysis of drawn wire; 
fatigue (with Prof. R. Ritchie); this program 
terminated in 1987. 

(b) Effect of microalloying on structure properties 
and processing of duplex martensitic-austenite 
composite steels designed for optimum tough
ness. 

(c) Magnetic materials: ceramics, permanent and 
hard rare-earth magnets, processing by melt 
spinning (new program beginning FY 1988). 

(d) High-critical-temperature superconducting 
ceramics (new program beginning FY 1988, 
representing a redirection of effort). 

The overall objectives are to understand 
structure-property relations so as to design new 
materials, or to better utilize existing materials and 
processing routes for industrial practice and to real
ize materials and energy conservation. 

STEELS 

The demise of the steel industry in the USA is a 
reflection of both management and research limita
tions. The need for improving quality and proper
ties of steels without large capital investment is thus 
critical. In addition, cost savings by improved pro
cessing, minimizing alloying, and reducing or elim-

'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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inating heat treatments should be a prime factor in 
the research philosophy. The current purpose of this 
program has been to optimize the above factors with 
emphasis on dual-phase low-carbon steels and the 
medium carbon microcomposite steels already 
designed under this project. In particular, transfer
ring laboratory techniques to existing hot-mill prac
tice (hot plate, bars, and wire rod are specific exam
ples) has been successfully achieved. Consequently 
now, the total research effort on steels is being 
reduced (currently one graduate student and no post
doctorals). The program on fatigue of dual-phase 
steels with Professor Ritchie was completed in fall 
1987. 

1. Development of High Strength and 
Toughness Microcomposite HSLA Fe/Cr/Mn/C 
Steel With and Without Nb (Publication 34) 

G. Thomas, 1.K. Kim, D. Manojlovic, t and 
R. Milovict 

Microcomposite Fe/Cr/Mn/C steels have been 
designed to consist of fine packet martensite and 
interlath austenite films in order to attain mechani
cal and corrosion properties with superior combina
tions of strength, fracture toughness, and formability 

Conventional 

Microalloying 

Microcomposite 
Microalloying 

Toughening Mechanism 
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~ Finish Rolling >( RC 
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• (() 
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@ 
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Results 
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Moderate 
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Good Cy 
Expecting 
Excellent Kc 

High Strength 

Figure 1-1. Schematic to show processing between conventional 
and microcomposite microalloying. (XBL 881-213) 



in certain conditions. In an effort to improve these 60 -r---------------, 
properties for on-line production in a hot mill for 
rounds and plates, modifications with niobium have 
been investigated and the CCT diagrams determined. 
The addition of niobium (see Figure I-I) has 
achieved grain refinement without destroying the 
microcomposite morphology of packet martensite 
and austenite (see Figure 1-2), while yielding higher 
toughness and strength (see Figures 1-3 and 1-4). 
New results show excellent cold formability of these 
steels following short spheroidizing times; and cost 
savings applications to forgings, fasteners, and chains 
have been successfully demonstrated. Examples are 
given in Figures 1-5 and 1-6. 

tpermanent address: Boris Kidric Steel Works. Ferrous Metallurgi
cal Institute. Niksic. Yugoslav ia. 

Figure 1-2. Transmission electron micrographs of controlled 
rolled and as-quenched Nb steel. The dark-field image (on the 
right) shows interlath retained austenite. (XBB 870-9092) 
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Figure. 1-3. Tensile strength variation vs. finish rolling tempera
ture. (XBL 881-215) 
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Figure 1-4. Charpy impact energy variation vs. finish rolling 
temperature. (XBL 88 1-21 6) 

Figure 1-5. Chain made of non-Nb steel after cold forming pro
cess. Also shown is a cold headed bar, e.g., for concrete ties . 
(XBB 870-10666) 

2. Fracture Analysis of Drawn Dual-Phase Steel 
Wires (Publication 18) 

L. Sidjanin, t S. Miyasato, and G. Thomas 

The high strain-hardening rate and formability of 
dual-phase composite ferrite-lath martensite steels 
make them competitive for cold drawing into high
strength wire with no intermediate patenting heat 
treatments. In this paper, the relationship between 
the void density in drawn wires and the drawing 
limit has been studied. Detailed scanning electron 
microscopy (SEM) metallographic analysis was per
formed on Fe/2%Si/O.l %C drawn wires, treated dif-



Figure 1-6. Cold-headed screws made of non-Nb steel. 
(XBB 883-1752) 

ferently to give varied martensite morphology but at 
constant volume fraction. Void formation during 
wire drawing occurred in all the dual-phase steel 
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Figure 2-1. Schematic diagram to show the thermal and ther
momechanical heat treatments used: intermediate quenching pro
cess (top): controlled rolling process (center); intercritical anneal
ing process (bottom). (XBL 878-3479) 
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microstructures examined. A linear relationship was 
found between the true strain and void density (see 
Figures 2-1 and 2-2). The differences between the 
drawing limits of the differently treated steels are 
attributed to the differences in morphology of the 
composite microstructures relating to interface 
coherency. Void formation was found to begin 
either by decohesion of the ferrite/martensite inter
face or by shear cracking of the martensite particles 
(e.g. , Figure 2-3). The fibrous martensite-ferrite 
composite structures that formed after the intermedi
ate quenching processing appear to be the most 
promising for high-strength wire, e.g., tire cord. 

tpermanent address: Associate Professor, Univ. of Novom Sadu, 
Novi Sad, Yugoslavia. 

Figure 2-2. Scanning electron micrographs of the dual -phase 
microstructures obtained after processing: fibrous martensite pro
duced by intermediate quenching (IQ); unidirectionally aligned 
martensite island produced by controlled rolling (COR); globular 
martensite particles produced by intermediate annealing (IA). 
(XBB 876-4847) 
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Figure 2-3. Variation of void density with true strain for different martensite morphologies (A, B, 
and C for IQ: D. E. and F for COR : G. H. and I for IA: with f = 1.20. 2.09, and 3.58). (XBB 875-
3834) 

3. The Mechanical Properties of Drawn Dual
Phase Steel Wires (Publication 49) 

S. Miyasato 

In this study, Fe/xC/2Si alloys were heat treated 
to obtain different ferrite/martensite morphologies 
and relative volume fractions, and the work
hardening rate at true plastic strain f = 0.006 was 
determined. Wires were then drawn from 4.2 to 
1.4 mm in diameter, which corresponded to a strain 
of f = 2.3, and tested in tension and fatigue. The 
early work-hardening rate increased with increased 
volume fraction of martensite, increased strength of 
martensite, and decreased ferrite/martensite interface 
coherency. The wire drawing limit was raised by 
preventing void formation at ferrite/martensite inter
faces and shear cracking through martensite particles 
(see abstract 2 above). The lowest void density is 
obtained in a structure of fibrous martensite with 
coherent ferrite/martensite interfaces (i.e., produced 
by intermediate quenching). The fatigue limit of 
drawn dual phase wires is 600 MPa, or 25-30% of 
the ultimate tensile strength, which appears to be 
higher than that of similar pearlitic steel wire. There 
was no superior microstructure for fatigue resistance 
in wires, as any morphology differences produced in 
the initial structure are indistinguishable after heavy 
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deformation. Fatigue cracks initiated on the wire 
surface at inclusions, sites of interface decohesion, 
and martensite particle cracking, and in the interior 
of the wire at large cracks that formed during wire 
drawing. 

MAGNETIC MATERIALS 

4. On the Grain-Boundary Phase in Iron 
Rare-Earth Boron Magnets (Publication 1) 

R. Ramesh, 1.K. Chen, and G. Thomas 

Results of structural and microanalytical studies 
on sintered iron rare-earth boron permanent magnets 
are presented in this paper. It is shown that the 
structure of the phase present at the two-grain boun
daries is the same as that of the phase at the three
grain junctions (see Figure 4-1); both are fcc with a 
lattice parameter of 5.24 A. It is also shown that this 
fcc phase is stabilized by the presence of significant 
quantities of oxygen. The possible effects of thin foil 
preparation by ion-milling techniques in producing 
the observed bcc phase are also discussed briefly. 



II 

Grain~ 
Boundary 
Phase 

Cd) " 
Figure 4-1. General bright-field microstructure of the magnet 
depicting the grain-boundary phase at the (a) three-grain juncti on 
and (b) two-grain boundaries. Parts (c) and (d). respectively. dep
ict (a) and (b) schematically. (XBB 862-1270) 

5. Effect of Dy Additions on Microstructure 
and Magnetic Properties of Fe-Nd-B Magnets 
(Publication 7) 

R. Ramesh, G. Thomas, and B.M. Mat 

This paper addresses the effect of Dy addition on 
the magnetic properties, microstructure, and micro
composition of Fe-Nd-B magnets. It is shown that 
increasing additions of Dy causes the remanence Br 
to decrease linearly. The intrinsic coercivity iHc 
increases sharply for small additions of Dy, but the 
increase is not proportional for higher Dy contents. 
The iHc increases almost linearly with the effective 
anistropy field of the RE2Fel4B phase until the Dy 
content is about 10% of the total rare-earth content. 
Above this concentration, there is a strong deviation 
from linearity. Figures 5-1 through 5-3 show these 
properties. Various types of possible concentration 
profiles of the substituted rare earth are suggested. It 
is also argued that preferential segregation of Dy to 
the interfaces could be beneficial in increasing the 
nucleation field. Morphologically there is no 
apparent effect of Dy on the microstructure. How
ever, in the 5-at% Dy sample, Dy-rich oxides were 
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Figure 5-1. Effect of Dy content on the remanence B, of Fe-Nd
B sintered magnets. The total rarc-earth content in a ll cases is 
35.1 wt.%. (XBL 884-132 7) 

observed. It is shown through energy-dispersive x
ray spectroscopy (EDXS) line profiling that Dy parti
tions preferentially into the RE2Fel4B phase in all 
the cases. No segregation of Dy to the interphase 
interfaces has been detected. 

tpresent address: Crucible Research Cen ter, Pittsburgh, PA 15230. 

Intrinsic Coercivity vs Dy % 
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Figure 5-2. Effect of Dy content on the intrinsic coercivity iHc 
of Fe-Nd-B sintered magnets. The total rare-earth content in all 
cases is 35.1 wt.%. (XBB 884-1329) 
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Figure 5-3. Dependence of intrinsic coercivit y on the effective 
anisotropy constant cfTH A' The total rare-earth content is constant 
at 35.1 wt.%. (XBB 884-1328) 

6. Effect of Quench Rate on the Intrinsic 
Coercivity of Iron/Rare Earth/Boron Permanent 
Magnets (Publication 47) 

R. Ramesh and G. Thomas 

The effect of post-sintering cooling rate on the 
microstructure and magnetic properties of Fe-Nd
B-based magnets has been studied. It has been 
shown that the intrinsic coercivity and energy pro
duct vary inversely with the cooling rate. In all 
cases, the magnet behaves as a nucleation-controlled 
magnet characterized by a high initial permeability, 
although nucleation of reverse domains occurs at 
progressively lower fields as the cooling rate is 
increased. Samples quenched into water and oil 
exhibited extensive intergranular quench cracking. 
Scanning Auger elemental mapping as well as energy 
dispersive x-ray microanalysis showed the presence 
of oxygen, along with the rare earths, in the grain
boundary phase. A qualitative argument for the 
influence of oxygen in reducing the magnetocrystal
line anisotropy of the RE2Fel4B phase is presented. 
Finally, the effect of cooling rate on the intrinsic 
coercivity and energy product can be understood in 
terms of the effect of local strains, at the grain boun
daries and interfaces, on the magnetocrystalline 
anisotropy of the RE2Fel4B phase. 
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7. Cross-Sectioning Magnetic Thin Films for 
TEM (Publication 12) 

H.M. Ho, G. Thomas, CN. Schooley,t and J.s. Gau+ 

Oblique-incidence magnetic thin films are con
sidered the most appropriate recording media for the 
next generation of videotape applications. In order 
to study the microstructure of such thin films, a 
specimen-preparation technique employing ultrami
crotomy has been developed. Because oblique
incidence thin films have a porous structure and 
poor adhesion to the substrate, the problem of split
ting of the thin films from the substrate is severe. 
This problem is reduced considerably by taking the 
following steps: (1) using an acrylic embedding resin, 
e.g., LR White (London Resin Co.); (2) degreasing 
thoroughly with solvents; (3) using a 55" diamond 
knife; and (4) trimming the block with a microtome 
before actual sectioning. Best results have been 
obtained when the area of the block is very small 
and when the cutting direction is from the thin film 
side and normal to the film plane. 

tpresent address: Electron Microscope Laboratory, U.c. Berkeley. 
*Permanent address: Control Data Co., Minneapolis, MN 55435. 

8. Microstructure of Oblique-Incidence CoNi 
Thin Films (Publication 37) 

H.M. Ho and G. Thomas 

Because of their application as recording media 
for high-density recording, oblique-incidence thin 
films have been studied by many investigators. It is 
well known that oblique-incidence thin films have a 
columnar structure; however, localized microstruc
tural information, i.e., information obtained directly 
from individual columns, has not yet been reported. 
In this study, the microstructure of CoNi oblique
incidence thin films has been examined by transmis
sion electron microscopy and microdiffraction tech
niques. Results of thin films prepared with various 
incident angles indicate that the columns in oblique 
incidence thin films are single crystals (see Figure 8-
1), and the c-axis of the columns does not necessarily 
coincide with the column axis (see Figure 8-2). 



Figure 8-1 (a) Selected-area diffraction , (b) dark-field image, and 
(c) bright-field image of a sample prepared in a direction perpen
dicular to the incident direction , showing each column is a single 
crystal. (XBB 873-20 19) 

9. On the Minimum Grain Size for Domain 
Formation in Lanthanum-Modified Lead 
Titanate Ferroelectric Ceramics (Publication 3) 

B. G. Demczyk, A. G. Khachaturyan, and G. Thomas 

When cubic lead titanate, point group m3m, is 
cooled below its Curie point, it transforms in 
< 100>, becoming tetragonal, point group 4mm. 
This is the ferroelectric state. In order to relieve the 
transformation strain, twins (ferroelecfric domains) 
form, with (101) habit. However, ' it has been 
observed previously that twins only form if the grain 
size exceeds some minimum value. Estimates have 
been made as to this minimum size from the 
transformation and twinning strain energies. In the 
present investigation a critical grain size for twinning 
has also been found using transmission electron 
microscopy of tetragonal lanthanum-modified lead 
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Figure 8-2. (a) Convergent-beam diffraction and (b) dark-field 
image of an individual column, showing planar faults on (000 I) . 
Note that the column axis is not perpendicular to the fault plane. 
(XBB 873-2027) 

titanate. The experimentally observed mInImUm 
grain size for twinning «0.3 ,urn) is consistent with 
values derived from a balance of the cubic-to
tetragonal elastic strain and twin surface energies. 

10. Work in Progress 

Characterization of Microstructure in Magnetic 
Materials for Recording Heads 

The microstructural changes that occur during 
the B2=D03 transition in an Fe3Sio.6Alo.4 alloy and 
the interactions between defect structures and mag
netic domain walls are being investigated. The ord
ering of B2 _ D03 occurs in a classical manner, 
developing a two-phase mixture, contrary to Fe3Al 
and Fe3Si alloys, and the two-phase region can be 
identified by interfacial dislocations of the 



a/2 < 100> type. Lorentz electron microscopy has 
shown that the strain field due to dislocations 
interacts with magnetic domain walls; however, ther
mal antiphase boundaries and slip-produced anti
phase boundaries have little effect on the magnetic 
domain wall. Further studies of these interfaces are 
under way. 

Polycrystalline Ba2(CuO.SZnl.2)Fe12022 for high
frequency VTR heads exhibits large anisotropy and 
high permeability on its c-planes at high frequencies. 
The ferrite grains have been magnetically oriented 
during processing. Characterization of grain
boundary structures with TEM and AEM shows that 
some triple grain junctions have high concentrations 
of Cu. Ba-deficient second-phase particles have been 
observed and characterized by CBED. Twins and 
dislocations have also been observed. The effects of 
the microstructural defects on the magnetic proper
ties of the materials will now be studied using 
Lorentz electron microscopy. 

Analysis of Strains at Grain-Boundary Interfaces in 
Fe/Nd/B Magnets 

Since magnetostriction in these alloys is very 
high and since reverse magnetic domain nucleation 
is associated with the oxygen-stabilized grain
boundary phase, detailed analyses are planned to 
utilize convergent-beam diffraction for measurement 
of strains at and near the matrix-grain-boundary 
interfaces. 

High-Tc Ceramic Superconductors [R. Gronsky, 
CJ.D. Hetherington, G. Thomas, (NCEM), Investiga
tors; H. Zandbergen and R. Ramesh, Guest Scientists] 

The overall objectives of our research are to 
characterize the new generation of warm supercon
ductors based on the orthorhombic rare-earth 
copper-oxide 1-2-3 ceramics typified by YBa2Cu307. 
The characterization is done on samples prepared by 
Professors Stacy and DeJonghe of MCSD, and Dr. 
Paul Chu (Houston) using the unique facilities of the 
ARM at 1.6-N resolution over 40° of tilt in the 
National Center for Electron Microscopy. 

This research serves as a focal point for under
standing these ceramics, e.g., the types of grain boun
daries, interfaces, and internal defects that affect 
superconducting properties, particularly critical 
currents. 
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Electron Diffraction Studies of Domains in Rhom
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ics," Microbeam Analysis Society Conf. , Kona, HI , 
July 13-17, 1987, in Analytical Electron Microscopy, 
San Francisco Press, 1987, p. 132; LBL-23055. 
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Titanate Ceramics," 1987 Gordon Research Conf. 
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Netherlands, Sept. 24- 25, 1987; LBL-24049. 
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Fe, NM, Sept. 1987; LBL-23726abs. 

30. G. Thomas, "Materials Characterization by Modern 
Electron Microscopy," in Con! Proc. u.s.-Japan 
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LBL-24025. 
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cinnati, OH, Oct. 11-14, 1987 (in press); LBL-
24129. 

32. R. Martinez, G. Thomas, M.P. Corral, and J.S. 
Moya, " TEM Study of the Mullite Formation during 
Heating of a Kaolinite Single Crystal," Sintering '87 
Conf. Nov. 4- 6, Tokyo, Japan. t 

33. K. Srikrishna, G. Thomas, and J.S. Moya, "Charac
terization with Alumina in Mullite/ Zirconia Compo
sites," First International Conf. on Mullites, Nov. 
9-11 , Tokyo, Japan.t 

34. G. Thomas, J . Kim, D. Manojlovic, and R. Milovic, 
" Development of High Strength and Toughness 
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Solid-State Phase Transformation 
Mechanisms* 

Kenneth H. Westmacott, Investigator 

INTRODUCTION 

This research is directed towards understanding the 
structural factors that govern phase changes and 
phase stability. From such knowledge first-principles 
alloy design for specific service applications is possi
ble. A variety of electron-optical techniques, espe
cially high-voltage electron microscopy (HVEM) and 
high-resolution electron microscopy, is used to infer 
the atomic rearrangements that occur when a pro
duct 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 success
ful in identifying the specific defects associated with 
several classes of transformations characterized by 
different transformation strains. It has been possible 
to predict precipitate morphologies (growth direc
tions, habit planes, orientation relationships, etc.) 
from first principles 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. Factors Determining the Morphology of 
Precipitation in Aluminum-Germanium and 
Aluminum-Silicon Alloys (Publication 9) 

K.H. Westmacott and V. Dahmen 

HVEM in situ studies of precipitation in Al-Si 
and Al-Ge alloys complemented by high-resolution 
observations have provided a clear picture of the 
fundamental nucleation and growth processes. A 
model for the role of vacancies in precipitate growth 
was in general agreement with a dynamic sequence 
recording the loss of coherency during plate growth. 
High-resolution images obtained on NCEM's Atomic 

·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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Resolution Microscope provided direct information 
of precipitate/matrix interface structure, internal pre
cipitate structure, 'and orientation relationships, A 
striking example showing the wealth of information 
in such images is given in Figure 1-1. Figure 1-2 is a 
schematic diagram of a simple twinned Ge nucleus 
in AI. Based on the observations, simple model 
nuclei for various morphologies are proposed. These 
suggest that variations in the absolute and local 
vacancy supersaturation give rise to the precipitate 
patterns observed. 

Figure 1-1. High-resolution structure image of a < 100> needle 
of Ge in AI. Several features are noteworthy, e.g., the precision of 
the orientation relationship along the axis, < 110> Gell < 100> AI> 

and in the plane, {IOO}AI II{lIi}Ge, the internal twinning, the good 
accommodation of the precipitate in the matrix, and the interface 
structure. The observation that the particles are invariably 
twinned has led to modeis for the nucleation event. (XBB 860-
8555A) 

Figure 1-2. Schematic diagram of the simplest plausible twinned 
Ge nucleus in Al showing the excellent atomic matching and the 
small vacancy requirement. Open and solid circles represent 
at:>ms in alternate layers. (XBL 876-2964) 



2. The Accommodation of Precipitate Plates 
Modeled as a Tensile Test (Publication 10) 

U. Dahmen and K.H. Westmacott 

Thin plate precipitates in transformations with 
principal strains of mixed sign are approximately in 
a state of uniaxial stress if the interface contains an 
invariant line. This similarity to a tensile test can be 
used for the prediction of coherent and semicoherent 
plate habits; to relieve the uniaxial stress, the tensile 
axis must lie in an elastically soft direction for 
coherent plates and at approximately 45° to the 
operative slip system for semicoherent plates. In 
Figure 2-1 (a) and (b) the two cases are depicted 
schematically; in Figure 2-2 direct experimental sup
port for the semicoherent model is given. The habit 
plane is the plane that contains both the invariant 
line and the tensile axis. Predictions of this simple 
model are shown to be in excellent agreement with 
available experimental observations on plate precipi
tates in several bcc interstitial alloys. 

a 

1.1 . 

Figure 2-1. Illustration of tensile test analogy showing coherent 
plate under uniaxial stress in (a) and loss of coherency by plastic 
yielding in (b). (XBL 885-1586) 

Figure 2-2. Dark-field electron micrograph of extracted sem
icoherent precipitate plate (-y'Fe4N) with shear faults . (XBB 877-
6246) 
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National Center for Electron 
Microscopy* 

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

INTRODUCTION 

The National Center for Electron Microscopy 
(NCEM) provides advanced facilities for electron
optical characterization of materials. Its resident 
staff operate, maintain, design, and develop equip
ment and software, making it available to all Center 
users, and in addition conduct their own forefront 
research on problems in the materials sciences. 

Central to NCEM are two unique high-voltage 
electron microscopes, a I.S-MeV machine (the 
High-Voltage Electron Microscope, or HVEM), 
which is the most powerful in the U.S., and a I-MeV 
machine (the Atomic Resolution Microscope, or 
ARM), which offers the best resolution in the world 
(better than 1.6 A). These instruments are backed by 
"feeder" microscopes (for specimen screening, prel
iminary experiments, and complementary micro
chemical analysis), by specimen-preparation facili
ties, and by image processing and analysis facilities, 
all within the same building and exclusively dedi
cated to electron microscopy. 

The 200-ke V analytical electron microscope 
(AEM) is fully utilized in support of Center research. 
Current projects on the instrument include standard 
analyses as well as the development and refinement 
of new techniques (e.g., electron-energy-loss spectros
copy and convergent-beam electron diffraction) and 
software for quantification. The NCEM computer 
system is designed to assist interpretation of electron 
microscope images in three ways: (1) real-time 
enhancement of live video-rate TV images from the 
electron microscopes under control of the micro
scope operator; (2) interactive a posteriori processing 
of stored experimental images at a work station 
hosted by the computer; and (3) matching experi
mental images to ones simulated from a proposed 
model structure at a work station controlled by the 
host computer, in order to confirm (or reject) the 
suitability of the model. 

Both operations (2) and (3) are running and 
available for use by users at a two-station Gould 

*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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IP8S00 image processor controlled by the micro
V AX. For implementation of operation (3), a 
second micro VAX is available to control sets of 

. DataCube modules that will digitize. a video image in 
real time, store it in memory, and average it over a 
(selected) time interval to improve the signal-to
noise ratio and display the enhanced image on the 
microscope operator's monitor. A small array pro
cessor (MCS ZIP3232) provides background correc
tion and the capability to present the operator with 
the diffractogram of the image. 

Guidance for NCEM is provided by a steering 
committee, chaired by J.J. Hren (North Carolina 
State University). Its present members are C.W. 
Allen (Argonne National Laboratory), J.M. Gibson 
(A.T.T.), D.G. Howitt (University of California, 

. Davis), F. Ponce (Xerox Palo Alto Research Center), 
J . Barry (Arizona State University), L.E. Thomas 
(Westinghouse), T. Hayes (LBL), and the investiga
tors on this project. Meetings are held yearly. 

Research projects at the Center cover a wide 
spectrum, including phase-transformation studies in 
metals, ceramics, and minerals; high-Tc superconduc
tors, semiconductor devices, and catalyst and 
amorphous-metal investigations, as well as biological 
medical-science applications. 

Ongoing research projects at NCEM are listed in 
Table 1-1. 

Some examples of recent research at the Center 
are listed below. 

1. Surface Decomposition of Superconducting 
YBa2Cu307 (Publication 69) 

H. W. Zandbergen, R . Gronsky, and G. Thomas 

High-resolution electron microscopy has been 
performed on a number of samples of YBa2Cu307 
before and after heating at several temperatures 
between 20° and 4S0°C, and in three different atmo
spheres; oxygen, air, and vacuum. By comparison 
studies of the same crystals, it is shown that in all 
atmospheres the surface decomposes rapidly at tem
peratures above approximately IS0°C. Below ISO°C 
the rate of decomposition is much lower: crystals 
exposed to air for one week show several planar 
defects indicating the onset of the decomposition. 
The decomposition reaction proceeds by the inser
tion of extra CuO planes into the original structure 
resulting in (CuOh double layers between BaO 
planes (see Figures 1-1 and 1-2). This reaction 
induces large lattice strains at the exposed surfaces, 
sometimes resulting in fragmentation and spalling. 



Principal Investigator 

HVEM 

J. Apps 

J . Bastacky 

R. Beyers 

G. Brooks 

T. Cass 

W.A.T. Clark 

B. Constantz 

J.A. Cornie 

J. Dash 

D. deFontaine 

l. DeJonghe 

J .W. Evans 

l. Eyring 

R. Fisher 

D. Frear 

R. Geiss 

R. Gronsky 

J. Howe 

D. Howitt 

Table 1-1 
NCEM Research Proposals (active during 1987) 

Affiliation 

lBl/UC Berkeley 

lBl/UC Berkeley 

IBM Almaden 

lBl/UC Berkeley 

Hewlett-Packard 

Ohio State University 

UC Santa Cruz 

MIT 

Portland State University 

LBL/UC Berkeley 

LBl/UC Berkeley 

LBL/UC Berkeley 

Arizona State University 

lBL/Wolverhampton, U.K. 

Sandia National laboratory 

IBM 

lBL/UC Berkeley 

Carnegie-Mellon U ni versity 

UC Davis 
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Title 

Characterization of stress-induced defects in 
minerals in relation to enhanced aqueous dissolu
tion 

The phagocytic process involved in uptake of coal 
combustion particulates (fly ash) by pulmonary ma
crophage cells 

In situ TEM study of oxygen in YIBa2Cu309 -x 

Mitochondrial reticulum of rat skeletal muscle 

Defect structures in semiconductor dev ices 

Micromechanisms of polycrystalline strain propaga
tion 

The microstructure and mineralogy of coral skele
ton nuclei 

Tayloring and modeling interfaces in metal-matrix 
composites 

Electrodeposition of chromium and copper in mag
netic fi elds 

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

In situ observation of the Devil's staircase in the 
long-period superstructures of binary alloys 

Structure of Si3N4 and SiC whiskers coated with 
metal oxides or polymers 

Thermal oxidation of InP; dynamic transmission 
electron microscopy 

In situ studies of phase reactions in PrO 

Critical voltage studies of alloys 

Microstructural study of Al thin films 

Microstructure of solder interconnections in elec
tronic packaging polymers 

(Proprietary) 

In situ oxidation study of the Y/ Ba/Cu/ O super
conductors 

In situ studies of precipi tate growth by a terrace
ledge-kink mechanism 

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

In situ environmental stud ies of the leaching 
behavior in nuclear waste glasses 



Principal Investigator 

D. Howitt 

V. Jayaram 

CLyman 

D. Mattern 

J.W. Morris, Jr. 

V. Polito 

D. Olander 

A.W. Searcy 

G . Shiflet 

W. Stacy 

Gareth Thomas 

George Thomas 

R. Wenk 

K.H. Westmacott 

M.C Williams 

F. Wilt 

C Wong 

Table 1-1 (continued) 

Affiliation 

UC Davis 

UC Santa Barbara 

Lehigh University 

Data General 

LBLjUC Berkeley 

UC Davis 

LBLjUC Berkeley 

LBLjUC Berkeley 

U. Virginia 

Philips 

LBLjUC Berkeley 

Sandia National Laboratory 

LBLjUC Berkeley 

LBLjUC Berkeley 

LBLjUC Berkeley 

Cal State Hayward 

GM 
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Title 

Study of electron radiation damage in ICPP nuclear 
waste ceramics 

Structural study of thin film ceramics 

Microstructural study of rapidly solidified powders 

Reduction of CuO and CuOjZnO catalysts 

DC silicide and wafer crystallographic defect study 

Fatigue crack propagation mechanisms of structural 
alloys at cryogenic temperatures 

Fundamental study of dislocation cell formation 
and development in formable steel 

A high-voltage EM study of the ultrastructure of 
freeze-substituted pollen tubes in Pyrus communis 
L 

Electron-irradiation induced amorphization of pre
cipitates in Zircaloy 

TEM studies of decomposition reactions 

HVEM of pearlite in a Fe-C-Mn alloy 

Transistor pipes 

Domain structure of lanthanum modified lead ti
tanate ferroelectric ceramics 

High-voltage Lorentz microscopy of Fe-Nd-B mag
nets 

In situ studies of plastic deformation in Al-Li base 
alloys 

A systematic study of Cu-Ni thin films for magnet
ic recording media 

In situ oxidation studies on stainless steel 

Gases in metals 

Phase transformation in silica minerals 

Dislocation properties of silicate garnets 

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

In situ study of strain deformation of block copoly
mer microstructures 

Determining the localization of the endoskeleton of 
the sea urchin embryo 

The effects of oxidation-reduction treatments on 
the morphology of supported rhodium catalysts 



Principal Investigator 

ARM 

D. Blake 

J. Cornie 

M. Dollar 

J. Goral 

R. Gronsky 

J. Howe 

R. Hull 

J.Y. Laval 

Z. Liliental 

C. Lyman 

L. Mardinly 

N. Otsuka 

F. Ponce 

G . Shiflet 

L. Tanner 

Table 1-1 (continued) 

Affiliat ion 

NASA Ames 

MIT 

Carnegie-Mellon University 

Solar Energy Research Institute 

LBL/UC Berkeley 

Carnegie-Mellon University 

Hewlett-Packard 

CNRS, Paris 

LBL/UC Berkeley 

Lehigh University 

Lockheed 

Purdue University 

Xerox 

U. Virginia 

LLNL 
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Title 

HREM observation of interstellar diamonds in 
meteorites 

Tayloring and modeling interfaces in metal matrix 
composites 

Atomic resolution study of nickel base single cry
stal superalloys 

High-resolution structural study of YBa2Cu
3
0 7•x 

Ordering in GaInP 

Atomic mechanisms of precipitate plate growth 

Dislocations and grain boundaries in silicon
structure and segregation 

Quasicrystals 

Defects in oxide superconductors 

Study of dislocation loops in arsenic-rich GaAs 

Atomic resolution studies of shearable coherent 
precipitates in Al-Li alloy 

Atomic resolution microscopy of interfaces in 
intermetallic-matrix composites 

Atomic resolution studies of :225 : martensite
austenite interfaces 

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

Atomic structure of internal interfaces in covalent 
materials 

The structure of metal contacts to GaAs 

ARM of copper crystallites via methanol synthesis 
Cu/ZnO catalyst 

HREM study of zirconia based eutectics 

Gallium arsenide-indium gallium arsenide super
lattice 

A study of heteroepitaxial interfaces by ARM 

Atomic imaging of binary compound semiconduc
tor metals 

HREM growth ledges on Tl (AlFuLi) plates 

HR studies of interfacial pearlitic structures in a 
Fe-C-Mn alloy 

HRTEM studies of pretransformation microstruc
tures in metallic alloys 



Principal Investigator 

Gareth Thomas 

H.L. Wenk 

K.H. Westmacott 

AEM 

K. Krishnan 

K. Krishnan and C. Echer 

J. Dash 

Z. Liliental , J . Washburn , 
and R. Gronsky 

R. Ramesh , J. Chen, and 
G. Thomas 

M. Sattler, A.T . Bell , and 
P.N . Ross 

J . Kouvetakis, K. Krishnnan , 
and N. Bartlett 

E. Kamenetzky, L. Tanner, 
and W. Johnson 

P. Sattler and R. Gronsky 

Table 1-1 (continued) 

Affiliation 

LBL/UC Berkeley 

LBL/ UC Berkeley 

LBL/ UC Berkeley 

LBL/UC Berkeley 

LBL/ UC Berkeley 

Portland State University 

LBL/UC Berkeley 

LBL/ UC Berkeley 

LBL/UC Berkeley 

LBL/UC Berkeley 

LBL/ UC Berkeley, LLNL/Caltech 

LBL/UC Berkeley 
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Title 

HREM on glasses 

Investigation of ordering in tetragonal zirconia 
polycrystals and in interfaces in zirconia-mullite 

Structure of PFZ in Al-Li alloys 

Superstructure identification in carbonate minerals 

Studies of precipitate morphologies and interfaces 

Determination of the composition of the 
icosahedral phase in Al-Mn alloys at high spatial 
resolution 

Processing and microstructural characterization of 
the crystalline phases in the AI20 3-AlNd system 

Applications and development of channelling 
enhanced microanalysis 

Compound semiconductor contact metallizations 

Experimental determination of UTW K-factors for 
low atomic number elements 

Characterization of hydrides in steels by microdif
fraction and EELS 

Ohmic and Schottky Au contacts on GaAs 

Role of grain boundary phases in Fe-Nd(B) per
manent magnets 

EDX characterization and electron microdiffraction 
of submicron catalyst particles of Ti02 on Si02, Pt 
and Pt3Co on C, Rh on La20 3 and on Si02 

EELS analysis of B-C-N chemically vapor deposited 
crystallites 

Characterization of new graphite-like materials 
(C B N ) by electron energy loss spectroscopy x y z 

Solid state amorphization reactions; glass formation 
by particle melting in a Cu-Ti alloy 

Solid st;tte amorphization reactions; nucleation of 
glass at grain boundaries, Ni on Zr 

Solid state amorphization reactions; kinetics of 
glass formation in Ni -Zr multilayers 

Microstructural characterization of rapidly solidi
fied magnesium alloys and precipitates via EDX, 
CBED, and microdiffraction for microchemical and 
structural analysis 



Principal Investigator 

Gareth Thomas and 
V. Radmilovic 

D. Blake 

J. Goral and K. Jones 

P. Kuo 

M. Sattler 

M. Sattler and J. Dobson 

V. Radmilovic 

C. O'Connor 

J. Bastacky 

E. Kamenetzky 

R. Spontak 

W. Hirt and K. Krishnan 

K. Srikrishna 

H. Chan 

M. Sattler 

N. Schryvers 

H. Zandbergen 

W. Hirt 

Table 1-1 (continued) 

Affiliation 

LBL/ UC Berkeley 

NASA Ames 

Solar Energy Research Institute 

U. Utah 

LBL/UC Berkeley 

LBL/ Rasor Assoc. 

LBL/ UC Berkeley 

U. New Orleans 

LBL/UC Berkeley 

LLNL 

LBL/ UC Berkeley 

LBL/UC Berkeley 

LBL/ UC Berkeley 

UC Davis 

LLNL 

LBL/ UC Berkeley 

LBL/ U . Leiden, The Netherlands 

LBL/ UC Berkeley 
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Title 

Structure of PFZ in Al-Li alloys 

Characterization of carbonaceous phases contained 
in meteorites and interplanetary dust particles 

Characterization of interfacial island inclusions 
formed during CYD deposition of InAs (InP) on 
GaAs substrate and subsequently capped with 
GaAs 

Light element characterization of AlN-AI20C 
ceramics 

Characterization of submicron Pt3Co particles on 
carbon substrate; these catalyst powders are used in 
fuel cell applications 

Microchemical characterization of a niobium
sandwiched AI

2
0 3- 2%Y

2
0 3 insulator sheath 

Characterization of type 308 stainless steel weld
ment that showed intergranular stress corrosion 
cracking in the heat altered zone region 

Characterization of inclusions contained in Al-Li 
alloys 

Microchemical analysis to determine compositions 
of amorphous and crystalline phases in Ci-Sm-Te 
alloys 

Microchemical analysis of the alveolar walls in the 
human lung 

Characterization of glass nucleation in the grain 
boundaries of Ni-Zr layers during solid state 
amorphization reactions 

Characterization of microstructure resulting from 
microphase-separated block copolymers composed 
of polysiloxane and polymide 

Channelling enhanced microanalysis of a meta
stable intermediate phase between pure calcite and 
pure dolomite 

Characterization of oxygen content in aluminum 
oxynitride ceramics 

Microstructural characterization of simulated Idaho 
chemical processing plant nuclear waste material 

Characterization of small precipitates in Ce and Nd 
doped Gd3Sc2Ga301 2 single crystals contaminated 
with Ir and Cr 

Characterization of bulk mullite chemical composi
tion with standard mullite powder 

EDX and EELS characterization of YBaFup7 
type superconductors 

EDX and EELS characterization of pyroxene 



Table 1-1 (continued) 

Principal Investigator Affiliation Title 

COMPUTER PROJECTS 

K. Wang and H. Zandbergen LBL/ UC Berkeley 

R.S. Rai and M.A. O'Keefe LBL/ UC Berkeley 

Z. Liliental and LBL/ UC Berkeley 
M.A. O' Keefe 

M. Sattler and M.A. O' Keefe LBL/ UC Berkeley 

I. Chan, R. Csencsits, and Chevron/ LBL 
M.A. O'Keefe 

H. Zandbergen LBL/ U. Leiden 

R. Kilaas, K. Krishnan , and LBL/UC Berkeley 
R.S. Rai 

N. Schryvers and M.A. LBL/ LLNL 
O'Keefe 

J .Y. Laval and R. Kilaas LBL/ CNRS, Paris 

H. Zandbergen and R. Kilaas LBL/ UC Berkeley 

M. Sattler and M.A. O'Keefe LBL/ LLNL 

N. Schryvers and R. Kilaas LBL/LLNL 

U. Dahmen and LBL/ UC Berkeley 
M.A. O'Keefe 

B. Lee LBL/ UC Berkeley 
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Processing of images of defects in high-Tc supercon
ductors 

Processing of images of phases of yttrium disilicate 

Simulation of phases in Y2SiP7 

Processing of images of GaAs antiphase boundaries 

Processing of images of catalysts (anatase/ rutile on 
amorphous Si) 

Processing to detect Pt clusters in V-zeolite 

Processing of images of Pt on zeolite ; simulation of 
images of Pt on Ti0

2 

Processing and simulation of 32H AlN/AI20 3 
im

ages 

Simulation of images of mullite 

Silicon nitride and interface simulation 

Simulation of defects in high-Tc superconductors 

Simulation of anatase/ rutile particles on amor
phous Si02 

Simulation of "tweed" image ofNiAl 

Simulation of metastable phases in zirconia 

Simulation of defects in GaAs 
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Figure 1-1. Model of the (CuOh double layer as observed in 
YBa2CuJ07 and used for simulating the image shown in Figure 1-
2. The model consists of two un it cells of YBa2CuJ07 shifted over 
half the b axis . The composition of this model, having each 
second CuO layer replaced by a (CuOh double layer, is 
YBa2CuJ07.5' (XBL 877-3399) 

Figure 1-2. Atomic resolution image and inset simulation of the 
(CuOh double layer in the 1-2-3 phase. Agreement is excellent at 
the atomic scale of the micrograph. (XBB 877-6268) 
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2. Grain Boundaries in Sintered YBa2Cu307-<l 
(Publication 73) 

H. W. Zandbergen and G. Thomas 

High-resolution electron microscopy has been 
carried out on grain boundaries of 92% dense 
YBa2Cu30H in the tetragonal form. Grain boun
daries were found to be predominantly parallel to 
(001) of one of the adjacent grains. No amorphous 
interlayer was observed at the grain boundaries. At 
some grain boundaries highly localized strains were 
detected. 

3. Microstructural Evolution during the 
Decomposition of Mg(OHh (Publication 2) 

U. Dahmen, M.G. Kim, and A. W. Searcy 

The microstructural evolution during the decom
position of Mg(OH)4 is characterized by transmission 
electron microscopy. The reaction is pseudomorphic 
and to po tactic, with an orientation relationship of 
parallel close-packed planes and directions. High
resolution micrographs show directly the small size 
and nearly cubic shape of the resulting MgO crystal
lites and their oriented stacking (see Figure 3-1). 
The microstructure is discussed in terms of alterna
tive reaction mechanisms. 

Figure 3-1. High-resolution micrograph showing misorientation 
and overlap of individual small crystallites of MgO. (XBB 871-
62) 



4. One-Dimensional Long-Period 
Superstructures in CU3Pd Observed by High
Resolution Electron Microscopy 
(Publication 68) 

S. Takeda, t J. Kulik, and D. de Fontaine 

One-dimensional long-period superstructures 
(LPS) in CU3Pd have been studied by electron dif
fraction and high-voltage, high-resolution electron 
microscopy. Use of a high accelerating potential 
(800 to 1000 kV) for the electron microscope has 
resulted in micrographs showing well-defined anti
phase boundaries (see Figure 4-1). Boundaries con
tain frequent jogs in specimens of low Pd content. 
These observations contrast with previous electron 
microscopy studies, which failed to resolve sharp 
boundaries presumably because of dynamical diffrac
tion effects oflower energy (200 kV) electrons. 

tpresent address: Department of Physics, College of General Edu
cation, Osaka University, Toyonaka, Osaka 560, Japan 

5. TEM Study of GaAs/Si Interfaces 
(Publication 39) 

Z. Liliental- Weber 

The growth of GaAs on Si has been recognized 
as a highly desirable technology goal for a number of 
years. However, the large misfit between GaAs and 

Figure 4-1. A commensurate antiphase boundary structure with 
a domain size of 4 in a specimen of Cu-25.2 at.% Pd annealed at 
424°C. Note the sharpness of the antiphase boundaries. (XBB 
863-1715) 
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Si (4%) and the problem of growing a polar crystal 
on a nonpolar substrate can result in a high density 
of lattice defects, including antiphase disorder. 
Transmission electron microscope studies show that 
the main defects are misfit and threading disloca
tions, stacking faults , and microtwin lamellae. 

Silicon surface preparation was found to play an 
essential role on the density of defects formed at the 
Si/GaAs interface. It was observed that additional 
defects were nucleated at the Si surface irregularities 
and impurities. Distribution of the dislocations was 
not uniform at the interface (see Figure 5-1). Two 
types of misfit dislocations were found at the inter
face: one with their Burgers vectors parallel to the 
interface (-85%) and the second one with inclined 
Burgers vectors (-15%). This small fraction of 
dislocations with inclined Burgers vectors (those that 
climb to the epitaxial GaAs layer) is probably the 
reason for the substantial decrease in dislocation 
density of the GaAs layer after the special cleaning 
procedure of the Si surface. 

6. Atomic Resolution Imaging in AI-Li-Cu 
Alloy (Publication 9) 

V. Radmilovict and G. Thomas 

The structure of (:3'/0' and Tl precipitates in Al
Li-Cu alloys has been investigated using the Atomic 
Resolution Microscope and computer simulation. 
Thermal-mechanical processing was done in a pro
gram designed to define precipitate nucleation and 

Figure 5-1. Dislocation nets formed due to the mismatch of the 
Si/GaAs interface. (The dislocations may be seen by viewing the 
micrograph at a shallow angle along the atomic planes normal t? 
the interface.) Impurities present on the Si surface create addI
tional defects in the form of protrusions. (XBB 872-1471) 



growth conditions. The results show that the {3' / 0' 
complexes are misoriented (10) Ll 2 ordered particles. 
The 0' shell develops polygonal facets around a {3' 
core. An example of this effect is shown in Figure 
6-1. Figure 6-2 illustrates the good agreement found 
between the computer-simulated and experimentally 
observed high-resolution images. The Tl phase den
sity is considerably increased by mechanical process
ing between aging treatments, and the results are 
consistent with increased heterogeneous nucleation, 
especially by slip within 0' particles. The structure of 
Tl is proposed to be hexagonal with different com
position layers ABCDA, but which are faulted during 
growth. 

tpermanent address: Department of Physical Metallurgy, Univer
sity of Belgrade, Belgrade, Yugoslavia lIDO!. 

7. TEM Investigation of Orthorhombic-Type 
Phases in Stabilized Zirconias (Publication 54) 

T.A. Bielicki, t V. Dahmen, G. Thomas. and 
K.H. Westmacott 

The crystal structures of the thin-foil orthorhom
bic phases of zirconia have been investigated by 
microdiffraction and high-resolution transmission 
electron microscopy in MgO-PSZ and Y203-TZP. In 
the latter material, a slight distortion from 
orthorhombic symmetry was apparent. The struc
ture there is believed to be rhombohedral but with 
the same layered and shear-faulted character as in 

Figure 6-1. Atomic resolution image of d'jb' particles; polygonal 
morphology of the d' shell; overaged condition; zone axis [I DOl. 
(XBB 875-3898) 
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Figure 6-2. Simulated high-resolution TEM image of a d'jb' 
complex particle in Al matrix; the white spots represent atom 
positions. The projected potential for the same particles are 
shown on the right. Black spots represent atom positions. 
(XBB 875-3897) 

MgO-PSZ. Image simulation of the orthorhombic 
phase with the -(5 X 5 X 5) A unit cell was per
formed, based on a domain structure in which 0 1 

atoms can occupy either obverse or reverse posi
tions, as suggested in a previous x-ray structure 
refinement. Simulated and experimental images 
were in good agreement. A structure is proposed for 
the orthorhombic phase with the -(10 X 5 X 5) A 
unit cell, consisting of a planar arrangement of 
obverse and reverse domains in alternation. 

tpresent address: 34 Butler Avenue, Harrow, Middlesex. HA I 
4EH, U. K. 

8. A High-Resolution Electron Microscopy 
Study of the Martensitic Transformation in Ni
AI: Premartensitic Microstructures 
(Publication 49)t 

D. Schryvers and L.E. Tanne,4 

Microstructures of the {32 (B2, ordered BCC) 
parent phase in Ni-rich Ni-Al alloys prior to its ther
moelastic martensitic transformation to a rhom
bohedral 7R (52) product phase have been examined 
by HREM. The images exhibit a diffuse domain 



substructure of - 5 nm diameter, and within each 
domain are microcontrast modulations of -1.3 nm 
parallel to {l10} planes of (32 (see Figure 8-1). Dif
fraction shows diffuse < 110> * streaks emanating 
from Bragg peaks, as well as satellites at 
-0.16< 110>*; the latter values are inversely pro
portional to the modulation spacing (see inset to Fig
ure 8-1). The incommensurate modulations can be 
explained by introducing a small homogeneous 
{l 10}< 110> shear in conjunction with a transverse 
sine-wave atomic shuffle of proper periodicity to the 
(32 lattice. There are six equivalent variants of these 
elastic distortions, and each domain contains one of 
the six to produce a three-dimensional mosaic 
assembly. The foregoing are consonant with elastic 
and inelastic neutron-scattering experiments made 
on the same material by S.M. Shapiro et al. of 
Brookhaven National Laboratory. In particular, they 
find a temperature-dependent anomalous dip at 
-0.16q[11O] of the transverse acoustic [110] phonon 
branch, and this lattice "softening" is believed 
related to the evolution in the incommensurate 
premartensitic microstructure, which approximates 
the periodicity of the commensurate 7R martensite 
to be formed. Accordingly, the parent (32 is viewed 
as preparing itself as it approaches eventual transfor
mation. 

tWork . performed under the auspices of the U.S. Department of 
Energy through Lawrence Livermore National Laboratory 
(LLNL), Contract No. W-7405-ENG-48. 
~Permanent address: Chemistry and Materials Science Depart
ment, LLNL. 

Figure 8~1. Cross-fringe HREMimage in an 1001 1 orientation of 
b2(B2) N1AI showing premartensltlc domain structure. Inset is 
associated zone-axis electron-diffraction pattern. (XBB 870-
9254A) 
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9. Factors Determining the Morphology of 
Precipitation in Aluminum-Germanium and 
Aluminum-Silicon Alloys (Publication 60) 

K.H. Westmacott and U. Dahmen 

HVEM in situ studies of precipitation in Al-Si 
and Al-Ge alloys complemented by high-resolution 
observations have provided a clear picture of the 
fundamental nucleation and growth processes. A 
model for the role of vacancies in precipitate growth 
was in general agreement with a dynamic sequence 
recording the loss of coherency during plate growth 
(see Figures 9-1 and 9-2). High-resolution images 
obtained on NCEM's Atomic Resolution Microscope 
provided direct information of precipitate/matrix 
interface structure, internal precipitate structure, and 
orientation relationships. Based on the observations, 
simple model nuclei for various morphologies are 
proposed. These suggest that variations in the abso
lute and local vacancy supersaturation give rise to 
the precipitate patterns observed. 

Figure 9-1. Sequence of micrographs taken from a videotape 
that illustrates the loss of coherency of {Ill } precipitate plates in 
Al-l at% Si resulting from interaction with a matrix glide disloca
tion. The strong 1/ 2< 110> strain contrast initially exhibited by 
plate A disappears as the dislocation is incorporated in the inter
face. Subsequent thickening of the plate is manifested by changes 
in the displacement contrast in the plate interior as ledges pro
pagate and the progressive development of contrast at the plate 
periphery as the ledges fully expand across the face. (XBB 876-
5375) 



/~ c/ ~ ~ ~ 
g.b 0 ±1t3 ±2/3 

Figure 9-2. Schematic diagram showing the progressive changes 
in structure and contrast (g.b. and g.R. val ues) following loss of 
coherency induced by interaction of the plate with a 1/2< 110> 
dislocation . (XBL 876-2968) 

10. Surface Characterization of Silicon Nitride 
and Silicon Carbide Powders (Publication 10) 

M.N. Rahaman, Y Boiteux, and L.c. DeJonghe 

The nature and composition of the surfaces of 
silicon nitride and silicon carbide powders were 
investigated using high-voltage and high-resolution 
transmission electron microscopy (TEM), x-ray pho
toelectron spectroscopy (XPS), and secondary-ion 
mass spectrometry (SIMS). An amorphous oxide (or 
oxygen-rich) layer, =3-5 nm thick, present on the 
powder surfaces forms strong bridges between parti
cles. Both XPS and SIMS show that oxygen is the 
major impurity on the powder surfaces, but minor 
impurities, such as chlorine, fluorine, carbon, iron, 
and sodium, are also revealed. The extent of the 
oxide layer was reduced substantially by washing the 
powder in anhydrous hydrofluoric acid or by treat
ment in an argon/hydrogen gas mixture at = I 300°C. 
Surface treatment in the gas mixture did not cause 
further agglomeration of the powder. 

11. A Summary of the Low-Angle X-Ray 
Atomic Scattering Factors that Have Been 
Measured by the Critical Voltage Effect in 
High-Energy Electron Diffraction (HEED) 
(Publication 28) 

A.G. Foxt and R.M. Fisher4 

A tabulated summary of all the accurate (~O.l %) 
low-angle x-ray atomic scattering (form) factors that 
have been determined by the systematic critical
voltage technique in HEED is presented. For low
atomic-number elements (Z ~ 40), the low-angle 
form factors can be significantly different to best 
free-atom values, and so the best band-structure
calculated and/or x-ray-measured form factors con-
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sistent with the critical-voitage measurements are 
also indicated. At intermediate atomic numbers 
(Z = 40 _ 50), only the very low-angle form factors 
appear to be different from the best free-atom values, 
and even then only by a small amount. For heavy 
elements (Z > 70), the best free-atom form factors 
appear to agree very closely with the critical-voltage
measured values, and so, in this case, critical-voltage 
measurements give very accurate measurements of 
Debye-Waller factors. 

tpermanent address: School of Engineering, The Polytechnic, 
Wolverhampton, WVI ISB, U.K. 
tR.M. Fisher is supported by the Center for Advanced Materials. 

12. Advances in High-Resolution Image 
Simulation (Publication 59) 

M.A. O'Keefe and R. Kilaas 

Since an earlier report, continuing advances in 
hardware and software have improved both the 
speed and the range of computations that can be 
made to simulate HREM images from various struc
tures. Use of image display systems and array pro
cessors has made the image-simulation procedure 
much more interactive, while laser printers provide a 
fast high-quality hard-copy output. 

Use of array processors has enabled the rewriting 
of electron-scattering algorithms to include conver
gence effects (previously only considered after the 
scattered electron beams had emerged from the 
specimen) and upper-Laue-layer-Iine effects. With 
an array processor, it is faster to compute the effects 
of spatial and temporal coherence in real space than 
to use the approximations derived from reciprocal 
space. 

With a frame buffer and suitable software, the 
user has the facility to change parameters and view 
the results of the change almost immediately. 
Selected images can then be directed to hard-copy 
output, in contrast to batch methods, where series of 
hardcopy images are produced and then selected 
from. Given a microdensitometer for output of 
experimental images from plates, or a video camera 
attached to the electron microscope and a frame 
buffer, split-screen comparisons between experimen
tal and computed images are possible, . including 
independent control of image contrast, magnifica
tion, and orientation. 



13. Interactive Software for Simulation of 
High-Resolution TEM Images (Publication 34) 

R. Kil4as 

A new highly interactive and user-friendly 
software package for simulation and processing of 
high-resolution transmission electron micrographs 
has been developed at NCEM. Designed to be used 
by scientific visitors to the Center, the software is 
completely menu driven from a graphics terminal 
with a mouse and requires almost no computer 
knowledge for proper usage. Although the software 
is written to insure maximum performance with 
hardware available at the NCEM, hardware
dependent code is kept in separate modules that are 
easily modified. The new software package com
bines an unparalleled ease of use with the latest 
theory in the field of simulation of high-resolution 
transmission electron micrographs. 

14. On the Inclusion of Upper Laue Layers in 
Computational Methods in High-Resolution 
Transmission Electron Microscopy 
(Publication 6) 

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

Three different methods for computing scattering 
amplitudes in high-resolution transmission electron 
microscopy (HRTEM) have been investigated as to 
their ability to include upper Laue layer (ULL) 
interaction. The conventional first-order multi slice 
method using fast fourier transform (FFT) and 
second-order multi slice method are shown to yield 
calculated intensities 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 reflections approach the correct values in the 
limiting case of vanishing slice thickness and elec
tron wavelength. The third method, the improved 
phasegrating method (IPG), in principle also includes 
ULL effects but is severely limited 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 direction 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 IPG 
method does not easily allow for a slice thickness 
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different from the crystal periodicity In the beam 
direction. 

15. Channelling Enhanced Microanalysis: A 
High-Resolution Analytical Technique for 
Atomic Site and Species Determinations 
(Publication 57) 

K.M. Krishnan 

The formulation, development, and applications 
of a novel crystallographic technique to determine 
specific-site occupations of elemental additions in 
crystalline materials, using the channelling or Borr
man effect in electron diffraction, is reviewed. This 
technique is based on the effect of incident-beam 
orientations on the intensities of either the charac
teristic x-ray emissions or the characteristic electron
energy-loss edges. The formulation of the technique 
under both planar and axial channeling conditions 
for crystalline materials is presented. In general, this 
technique can distinguish neighbors in the periodic 
table; involves no adjustable parameters, external 
standards, or special specimen preparations; is appli
cable to trace-elemental concentrations (0.2-0.3 wt% 
or 1025 atoms/m\ is very accurate; and can be 
applied routinely at high spatial resolutions 
(-10-40 nm). In the EELS formulation the tech
nique can also provide specific site-valence informa
tion. Finally, applications of this technique to site
occupation studies in a variety of materials is out
lined. 

16. Determination of Ultrathin Window 
(UTW) KXSi Factors for Low-Atomic-Number 
Microanalysis: A Systematic Approach 
(Publication 36) 

K.M. Krishnan and c.J. Echer 

A systematic measurement of experimental KXSi 

factors, with particular emphasis on low-Z 
microanalysis (6 ~ Z ~ 32), at 200 kV for a 
KEVEX UTW Si(U) detector fitted to a lEOL 
200CX analytical microscope, using a variety of 
high-purity standards, has been carried out. Under 
normal operating conditions using a LaB6 filament, 
it is shown that absorption in the specimen is very 
critical, particularly for heavy-element matrices, and 
sample thicknesses need to be measured for accurate 



microanalysis of low-Z elements (C, N, 0). Using 
these measured KXSi factors, quantitative 
UTW-energy-dispersive x-ray microanalysis has 
been routinely extended to carbon. 

17. The Nature and Origin of Interstellar 
Diamond (Publication 20) 

D. Blake, t F. Freund, t K. Krishnan, C. Echer, 
C. Hetherington, R . Shipp, t T. Bunch, t A. Tielens, t 
R.J. Lipari,:j: and S. Changt 

Recently, microscopic diamond was discovered 
in oxidized acid residues from several carbonaceous 
chondrite meteorites (e.g., the Co component of the 
Allende meteorite). Previous authors have remarked 
on the results obtained by various techniques-for 
example, the "sootlike" features noted in IR spectra, 
the low combustion and gas release temperatures, 
and the anomalously low density of the material
that appear to conflict with properties expected of 
diamond. Here we present high-spatial-resolution 
analytical data that may serve in part to explain such 
results. The Co diamond is single phase, but surface 
and interfacial carbon atoms, which comprise as 
much as 2S% of the total, impart an "amorphous" 
feature to some spectral data. Nonporous clumps of 
diamond, 10-S00 nm in size, consist of tightly 
packed mosaics of O.S-1O nm crystallites. We pro
pose that Co diamond results from high-velocity 
grain-grain collisions behind a supernova shock front 
in the interstellar medium, and that other high
pressure mineral phases should also exist in primi
tive meteorites and cosmic dust as a result of such 
processes. 

tpermanent address: NASA/Ames Reseach Center, Moffett Field, 
CA 94035. 
*Permanent address: Surface Science Laboratories, Mountain 
View, CA 94043. 

18. Work in Progress 

Short-Range Order in Cu-Pd under Electron Irradia
tion (J. Kulik and D. de Fontaine) 

Restoration of short-range order (SRO) in Cu-Pd 
alloys has been observed after samples were initially 
disordered using the electron beam in NCEM's 
high-voltage (l.S-MeV) electron microscope. Com
plete disorder under the beam action is observed at 
100 K. SRO reappears at temperatures at 150 K and 
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higher due to beam-induced kinetics. In the tem
perature range of 150 K to about 300 K, such kinet
ics are likely the result of interstitialcies since vacan
cies are effectively immobile at such temperatures. 
Diffuse peaks of SRO-scattered intensity appear at 
positions [q 1 0] and equivalent in the first Brillouin 
Zone of the disordered fcc lattice. The value of q is 
known to depend on Fermi surface effects, but we 
also observe a temperature dependence in the value 
of q over the temperature range 150 to 400 K. The 
estimated displacement rate due to the action of the 
electron beam is approximately S X 10-3 displace
ments per atom per second. A reirradiation experi
ment has shown these effects to be repeatable and 
therefore not a consequence of irradiation damage or 
a local beam-induced composition change. 
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In Situ Investigation of Gas-Solid 
Reactions by Electron Microscopy* 

James W. Evans, Investigator 

INTRODUCTION 

This work is concerned with the microstructural 
changes resulting from gas-solid reactions. Of partic
ular interest is the nucleation and growth of the solid 
products from the parent phase. The experimental 
tools used in this investigation are the environmental 
cells that are placed in the two high-voltage transmis
sion electron microscopes at LBL. These cells enable 
a solid to be contacted with a gas at elevated tem
peratures 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. In addition, the new 
solid phases that are forming can immediately be 
identified from the electron diffraction pattern as 
these phases form. Conventional transmission elec
tron microscopy of cross sectioned reacted samples is 
used to obtain additional information on the mor
phology and chemistry of phases occurring at the 
reaction front. Auxiliary techniques such as 
secondary-ion mass spectroscopy (SIMS) also playa 
role in this investigation. 

The focus of this investigation is now on the oxi
dation of III-V compound semiconductor materials, 
particularly gallium arsenide and indium phosphide. 
Oxidation is a well-established technique in the pro
cessing of silicon, the most widely used semiconduc
tor material; dielectric layers can readily be formed 
on silicon in this way. This straightforward method 
of producing dielectric layers has so far eluded the 
processors of 111-V compound semiconductors. An 
objective of this research is to determine whether 
conditions can be found for the formation of oxide 
layers of suitable morphology on III-V compounds. 

*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. Oxidation of 111-V Compound 
Semiconductor Materials (Publications 2 and 3) 

OR. Monteiro and J. W. Evans 

The thermal oxidation of two important III-V 
compound semiconductor materials, GaAs and InP, 
between 300 and 600°C has been studied. In situ 
transmission electron microscopy (TEM), cross
sectional TEM (XTEM), and SIMS analyses were 
used to characterize the reaction products. The first 
technique allows observation of the reactions at the 
very moment they are occurring. XTEM provides a 
clearer picture of the distribution of phases in the 
oxidized samples. SIMS provides information on 
dopant distribution after oxidation as well as on 
enrichment of the group V element at the oxide
semiconductor interface. 

At temperatures below 400°C, both compounds 
produced amorphous oxides. In situ experiments at 
higher temperatures allowed the oxidation of GaAs 
to be followed and revealed the occurrence of an 

Figure 1-1. Cross-section micrographs of tellurium-doped GaAs 
oxidized for 2 hours at 6000C (top) and 500°C (bottom). Note 
Moire fringes occurring in As particles. [XBB 879-7467 (top); 
XBB 879-7480 (bottom)] 



intermediate phase, a-Ga203, which grows epitaxially 
on the parent GaAs prior to the final formation of 
polycrystalline /J-Ga203. Both phases are mixed with 
small quantities of arsenic oxides (As20 3 and As20 s). 
Arsenic enrichment at the oxide-semiconductor 
interface, which occurs during the reaction, leads to 
the precipitation of As at the interface, as can be 
seen in Figure 1-1. 

In situ experiments on the oxidation of InP 
showed that between 400 and 600°C the reaction 
leads to the formation of InP04 and In203, with the 
former preceding the latter. The electron diffraction 
patterns show that InP04 forms with a specific orien
tation relationship to the parent InP. The orienta
tion relationships are illustrated in Figure 1-2. The 

a b 

Figure 1-2. Four possible variants of the orientation relationship 
between epitaxial InP04 formed by oxidation of InP as deter
mined from in situ electron diffraction patterns. (XBL 8712-5310) 
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four possible posItlOns of the InP04 lattice (open 
squares) are at measured angles of 11. r to the host 
InP lattice. The O-Iattice theory predicts four possi
ble positions with an angle of 9.9° between the lat
tices. This is thought to represent reasonable agree
ment between theory and experiment. 

2. Work in Progress 

Preliminary experiments have been carried out 
on the reaction of silicon with tungsten hexafluoride 
(used in depositing tungsten films on silicon during 
semiconductor processing) and on the oxidation of 
high-Tc superconductor materials. 
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Local Atomic Configurations in Solid 
Solutions* 

Didier de Fontaine, Investigator 

INTRODUCTION 

This investigation is concerned with ordering 
phenomena in alloys, and the recent emphasis has 
been on long-period ordered superstructures (modu
lated structures) in binary fcc alloys. Two systems 
are currently under study: Cu-Pd and CePd3. 
Detailed structural observations on the Cu-Pd sys
tem have been carried out using the Atomic Resolu
tion Microscope at LBL's National Center for Elec
tron Microscopy (NCEM), and the nature of the 
periodic antiphase boundaries present in this alloy 
has been characterized. In addition, a systematic 
investigation of long and short range order in Cu-Pd 
has begun using in situ variation of temperature and 
radiation dose in the high-voltage electron micro
scope at NCEM. Other work on the Cu-Pd system, 
using standard electron microscopy techniques, is 
directed toward clarification of the equilibrium phase 
diagram. Concerning the theoretical aspect of this 
project, a statistical mechanics model for modulated 
structures in alloys has been proposed and solved 
within the mean-field approximation. Results show 
agreement with some real systems. 

Studies of the CePd3 system have just begun in 
an effort to discover if atomic ordering effects, such 
as the modulated ordered structures observed at 
other compositions, are responsible for anomalous 
resistivity measurements reported in this system. 

1. CU3Pd Observed by High-Voltage Electron 
Microscopy (Publication 3) 

J. Kulik, S. Takeda, t and D. de Fontaine 

Cu-Pd samples of compositions varying from 16 
to 26 at% Pd were irradiated in situ in a 1.5-MeV 
electron microscope at various temperatures. Low
temperature (90 K) irradiation produced completely 
disordered solid solutions. Irradiation at room tem
perature up to as high as about 500 K produced 
steady-state short-range order (SRO), which, for 

*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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specimens of 18% or more Pd, is characterized by 
diffuse intensity at [1 , ± q, 0] and equivalent posi
tions in reciprocal space (modulated SRO). In gen
eral, q is a function of composition, temperature, and 
irradiation dose. High-temperature irradiation 
tended to produce the expected equilibrium long
range order - either L12 or a long-period superstruc
ture, depending on composition and temperature. 
The 18 and 20% samples irradiated at room tem
perature exhibited steady-state modulated SRO even 
though the expected equilibrium structure is one of 
unmodulated order (L12)' It is suggested that spino
dal ordering is responsible for this latter effect. An 
fcc-based Cu-Pd phase diagram is proposed incor
porating ordering stability loci and a mestastable 
Lifshitz point. 

tpresent address: Department of Physics, College of General Edu
cation, Osaka University, Toyonaka, Osaka 560, Japan. 

2. One-Dimensional Long-Period 
Superstructures in CU3Pd Observed by High
Resolution Electron Microscopy (Publication 6) 

S. Takeda, t J. Kulik, and D. de Fontaine 

One-dimensional long-period superstructures 
(LPS) in CU3Pd have been studied by electron dif
fraction and high-voltage, high-resolution electron 
microscopy. Use of a high accelerating potential 
(800 to 1000 kV) for the electron microscope has 
resulted in micrographs showing well-defined anti
phase boundaries. Boundaries contain frequent jogs 
in specimens of low Pd content (see Figure 2-1). 

Figure 2-1. A Cu-22 at% Pd alloy annealed at 448°C shows 
sharp, well-defined antiphase boundaries. Occasional jogs in the 
boundaries are revealed in this image from the Atomic Resolution 
Microscope at LBL, as indicated by the circles. (XBB 862-1329) 



These observations contrast with previous electron 
microscopy studies, which failed to resolve sharp 
boundaries presumably because of dynamical diffrac
tion effects of lower-energy (200 kV) electrons. 

tpresent address: Department of Physics, College of General Edu
cation, Osaka University, Toyonaka, Osaka 560, Japan. 

3. Mean-Field Theory of Long-Period 
Superstructures on the fcc Lattice 
(Publication 5) 

J. Kulik and D. de Fontaine 

An Ising model with long-range competing 
interactions on the fcc lattice is examined by mean
field theory. The competition of the interaction 
parameters is characterized by a parameter k, and a 
phase diagram in the (T, k) plane is presented. 
Long-period superstructures are obtained as ordered 
states. Results are compared with the ordered struc
tures observed in Ag3Mg. 

4. Work in Progress 

Investigation of in situ evolution of short-range 
order in Cu-Pd using high-voltage electron micros
copy is continuing. Recent experiments have con
firmed that the change of the diffraction pattern with 
irradiation dose is not a consequence of a local 
beam-induced composition change but appears to be 
the natural evolution of the (nonequilibrium) short
range order as a consequence of irradiation
enchanced kinetics. The temperature dependence of 
the evolution is currently being studied. The future 
should also see further investigation of the behavior 
of long-range order under irradiation. 

Conventional electron-microscopy techniques are 
currently being used to refine the equilibrium phase 
diagram of Cu-Pd. Also, equilibrium studies on 
CePd3 have just begun in order to determine whether 
this alloy system exhibits modulated structures since 
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reports of electrical-resistivity anomalies have caused 
speculation about modulated order being the possi
ble origin of these anomalies. Detailed structural 
information about this alloy is not available in the 
literature at present. 
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Alloy Theory* 

Didier de Fontaine and Leo M. Falicov, Investigators 

INTRODUCTION 

Temperature-composition phase diagrams are of 
great practical interest as they constitute useful 
"maps" of thermodynamic systems such as binary, 
ternary, ... , alloys. These diagrams are generally 
determined experimentally, but the exciting possibil
ity now exists of deriving certain classes of phase 
diagrams virtually from first principles. This possi
bility rests on the very significant advances that have 
been made recently in the two relevant areas of alloy 
theory - electronic-band-structure calculations and 
statistical thermodynamics. The purpose of this pro
ject is to combine the latest electronic structure and 
statistical thermodynamic calculations in integrated 
packages in order to produce phase diagrams from a 
minimum amount of empirical information and to 
compare with one another various approximate com
putational methods. A temperature-composition 
diagram for the Ti-Rh system has been derived that 
agrees remarkably well with that determined empiri
cally. The same theoretical techniques are also being 
applied successfully to vacancy ordering in the high
Tc superconductors. It has also been proved that for 
some systems, and probably for many, inclusion of 
many-body effects beyond the mean-field or density
functional approximations should be taken carefully 
into account. 

1. Tight Binding Calculation of Ti-Rh-Type 
Phase Diagram (Publication 14) 

M. Sluiter, P. Turchi, t F. Zezhong,:j: and 
D.de Fontaine 

Canonical tight binding electronic-band-structure 
calculations were combined with a cluster-variation 
configurational free energy, the effective-pair interac
tion parameters of which were evaluated by the gen
eralized perturbation method. Only d-orbitals were 
included, and the numbers of d electrons per atom 
were taken to be 3 for the pure A element and 8 for 
pure B. A phase diagram was constructed incor-

*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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porating, for the first time, both fcc and bcc lattices 
and their simple ordered superstructures (see Figure 
1-1). The calculated diagram agreed reasonably well 
with those determined empirically for Ti-Rh or Ti-Ir. 
This work was given the award for Outstanding 
Scientific Accomplishments in Metallurgy and 
Ceramics by the U.S. Department of Energy. 

tpresent address: Department of Materials Sciences, Lawrence 
Livermore National Laboratory, Livermore, CA 94550. 
*Present address: California Institute of Technology, Pasadena, 
CA 91125. 

2. Stability Analysis of Special-Point Ordering 
in the Basal Plane in YBa2Cu207-d (Publications 
2 and 12) 

D. de Fontaine, L.T. Wille, and s.c. Mosst 

It is shown that the Cu-O basal plane of 
YBa2Cu307_d can undergo three types of ordering
wave instabilities at the k points < 0,0>, < 1/2,0>, 
or <1/2,1/2> , depending on the values of the 
effective-pair interactions between filled and empty 
oxygen sites. The < 0,0> instability gives rise to the 
observed chains of oxygen atoms along either the a 
or the b axis of the crystals. The < 1/2,0> and 
< 1/2, 1/2> instabilities produce doubling and qua
drupling of the unit cell, respectively. Ordered 
superstructures consisting of occupied and empty 
oxygen sites in the Cu-O basal plane of YBa2Cu30z 
have been determined. Pairwise interactions 
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Figure 1-1. Phase diagram calculated with fitted free-energy 
curve for the liquid phase included. Phases are: L=liquid, a=fcc 
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(V 1> V 2, V 3) between nearest and next-nearest neigh
bor sites are assumed, and ordering maps are plotted 
as a function of V 2/V 1 and V 3/V 1 (in the ordering 
case: VI> 0) (see Figure 2-1). The ground state of 
this Ising model is determined by a direct enumera
tion method. The predicted < 1/2,0> instability 
and z = 6.5 have since been confirmed by x-ray and 
electron diffraction and microscopy. 

tpresent address: Physics Department, Universi ty of Houston, 
Houston , TX 77004. 
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3. Oxygen-Vacancy Ordering in the YBa2Cu30z 
Basal Plane Studied by the Cluster Variation 
Method (Publication 11) 

A. Berera, t L. T. Wille, and D. de Fontaine 

The cluster variation method is used to calculate 
a phase diagram for a two-dimensional Ising model 
representing the CU20 plane of the high-Tc supercon
ductor YBa2Cu30z' Both first- (V I) and second
neighbor (V 2) interactions are considered, with 
V 2/V 1 = -1/2. At high temperatures, the transition 
from the disordered (tetragonal) to the ordered 
(orthorhombic) phase is second order. A tricritical 
point is found below which phase separation occurs. 
Fractional site occupancy and second-neighbor pair 
correlations are calculated as a function of tempera
ture. The relevance of the model to the thermo
dynamics of ordering in the high-Tc compound is 
discussed. 

tpresent address: Department of Physics, University of Califor
nia, Berkeley, CA 94720. 

4. Many-Body Tetrahedral-Cluster Model for 
Binary and Ternary Alloys (Publication 3) 

A. Reich and L.M. Falicov 

An exact solution of a four-site tetrahedral crys
tal model with periodic boundary conditions, the 
smallest face-centered-cubic crystal, is presented in 
the case of binary and ternary alloy systems. The 
model consists of (a) a single s orbital per site with 
nearest-neighbor-only hopping, (b) a Co.ulomb repul
sion between electrons on the same site, and (c) a 
single electron per atom. The model, which 
represents Cu, Ag, Au, and their alloys, shows all the 
segregational, solutional, and compound-forming 
tendencies of the real system. Such characteristics 
are absent in noninteracting independent-electron 
approaches. Calculations demonstrate extreme sensi
tivity to the input one-electron parameters, with 
minor differences resulting in widely different alloy
ing properties. 



5. Phase Stability of Ternary Alloys in the 
Four-Sublattice Bragg-Williams Approximation 
(Publication 4) 

D.C. Chrzan and L.M. Falicov 

A full Bragg-Williams calculation of a four
sublattice face-centered-cubic ternary alloy is 
presented. It corresponds to elements that, similarly 
to Cu, Ag, and Au, form disparate binaries: one pair 
that strongly segregates, one pair that forms strongly 
ordered compounds, and a third pair that forms only 
weakly ordered binaries. The obtained diagrams are 
internally consistent, have a sensible temperature 
evolution towards disorder, and present a variety of 
behaviors that include ordered and disordered 
homogeneous single phases, and regions of hetero
geneous two- and three-phase mixtures. Although 
not realistic, the calculation gives a good starting 
point for more sophisticated models that may 
include short-range correlations and a better thermo
dynamic treatment. 

6. Work in Progress 

Much progress has been made in Prof. de 
Fontaine's group in developing a very general set of 
computer codes based on a completely new theoreti
cal idea: that of computing effective pair interactions 
(EPI) for disordered alloys by direct configurational 
averaging in crystal space. Calculation of the band
structure energies is accomplished by the (real-space) 
recursion technique. Tight-binding electronic
structure parameters are obtained from the extensive 
tables recently calculated by D. Papacontantopoulos. 

The partial ordering in the Cu-O basal plane of 
YBa2Cu30z has been investigated as a function of 
oxygen content and temperature. A phase diagram is 
calculated by means of the cluster variation method 
applied to an asymmetric two-dimensional Ising 
model with interaction parameters so as to guarantee 
the stability of the experimentally observed double
cell structure around z = 6.5. The calculated transi
tion temperatures at various oxygen partial pressures 
are in excellent agreement with experimental values 
determined very recently by a research group at the 
Oak Ridge National Laboratory. The pair probabili
ties along the Cu-O chains show a plateau with vary
ing oxygen concentration, not unlike the reported 
dependence of Tc on oxygen content. 

The understanding of the various phases of face
centered-cubic binary alloys with ordering structures 
(e.g., the copper-gold system) is being reexamined. 
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Most of the forces in these phenomena are short 
range; the formation of antiphase boundaries and 
long-period superlattices, as well as their thermo
dynamic behavior, need further stu·dies. The short
range order in these alloys is paramount; the frustra
tion inherent in the face-centered-cubic lattices pro
duces statistical mechanical effects that are being 
reexamined in great detail. 
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MECHANICAL PROPERTIES 

Environmentally Affected Crack 
Growth in Engineering Materials* 

Robert 0. Ritchie, Investigator 

INTRODUCTION 

The objective of this program is to examine, 
from both macroscopic and microscopic perspec
tives, the mechanics and micro mechanisms of the 
subcritical growth of cracks. Primary studies are 
currently devoted to (i) the concept of crack-tip 
shielding in fracture and fatigue, where crack growth 
is impeded by mechanisms which locally reduce the 
"crack driving force" ; (ii) brittle fracture by 
transgranular cleavage, where statistical models have 
been developed to predict fracture toughness 
behavior; (iii) variable-amplitude fatigue-crack pro
pagation in titanium alloys, where both numerical 
and experimental studies have been used to deter
mine the mechanistic sequence responsible for 
observed transient crack-growth behavior; (iv) 
fatigue in ceramics, where cyclic studies In 

transformation-toughened partially stabilized zir
conia have resulted in the first reported evidence of 
fatigue crack propagation under tension-tension load
ing in ceramics; and (v) crack growth along 
ceramic/metal interfaces [in collaboration with 
Dr. R.M. Cannon of the Center for Advanced 
Materials (CAM)], where the roles of interface 
geometry and environment have been explicitly 
examined. The highlights of the past year have been 
the discovery that, contrary to traditional notions, 
ceramics can be very susceptible to fatigue failure 
under cyclic tension-tension loading, and that the 
fracture toughness and subcritical crack-growth resis
tance of glass/copper interfaces can be markedly 
enhanced through interface engineering, specifically 
by incorporating patterned arrays of interfacial 
microcrack-like voids, emplaced out of plane to the 
main crack. 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Science Divi
sion of the U.S. Department of Energy under Contract No. DE
AC03-76SF00098. 
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I. Crack-Tip Shielding in Fatigue 
(Publication lO) 

R.o. Ritchie 

Crack-tip shielding phenomena, whereby the 
"effective crack driving force" actually experienced 
at the crack tip is reduced compared to the far-field 
value, have been examined with reference to fatigue
crack propagation behavior in metals and ceramics. 
Sources of shielding have been analyzed in terms of 
mechanisms relying on the production of elastically 
constrained zones that envelop the crack (zone 
shielding), on the generation of wedging, bridging, or 
sliding forces between the crack surfaces (contact 
shielding), and on crack-path deflection and 
meandering (see Figures 1-1 and 1-2). These are 
applied to the problems of the fatigue behavior of 
high-strength lithium-containing aluminum alloys 
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Figure 1-1. Schematic representation of the classes and mechan
isms of crack-tip shielding. (XBL 861-7432) 
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Figure 1-2. Effectiveness of the classes and mechanisms of 
crack-tip shielding shown in Figure \-\ on the "crack driving 
force" (e.g., the stress intensity K) and the crack velocity (v), 
under monotonic and cyclic loading. (XBL 861-7433) 

and the fracture and fatigue behavior of zirconia 
ceramics. It was found that, whereas crack-tip 
shielding can provide a potent means to enhance 
"resistance" to crack growth, such extrinsic toughen
ing mechanisms can result in the apparently 
anomalous behavior of "small cracks" and the sus
ceptibility of brittle materials to fatigue failure . 

2. Statistical Modeling of Cleavage Fracture: 
Role of Sampling Volume (Publications 
1 and 16) 

T. Lin and R . 0. Ritchie 

Reported observations of an experimental varia
tion in the microscopic fracture stress for transgranu
lar cleavage (0"[*) with specimen geometry and size 
have been quantitatively examined in terms of a 
recently proposed weakest-link statistical model for 
brittle fracture, wherein failure coincides with the 
critical propagation of a particle microcrack into the 
matrix (see Figure 2-1). By analyzing the onset of 
fracture in the "sharp-crack" (KIc) specimen, the 
"rounded-notch" (Charpy) specimen, and the uniax-
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,. 

Figure 2-1. Scanning electron micrographs of particle micro
cracks in AISI 1008 microstructure at lower shelf temperatures. 
Microcracks are formed in grain-boundary carbides several grains 
ahead of the unbroken fatigue pre-crack (in a DEN specimen), just 
prior to the onset of catastrophic cleavage fracture at (a) -120·C, 
and (b) - 100°e. Note how several carbide microcracks have 
become blunted at the higher temperature. (XBB 852-1105B) 

ial tensile specimen, it has been shown that values of 
0"[* are reduced progressively in the "sharp-crack," 
notched, and unnotched geometries and with increas
ing specimen size, consistent with an increase in sta
tistical sampling volume. Quantitative predictions 
for the magnitude of this variation were derived for 
a low-strength steel. 

3. Fatigue-Crack Propagation under Variable
Amplitude Loading in Titanium Alloys 
(Publications 15 and 18) 

C M. Ward-Close and R . 0. Ritchie 

An experimental and numerical study has been 
made of the mechanisms of fatigue-crack growth and 
crack-closure behavior in an a/f3 titanium alloy Ti-
4AI-4Mo-2Sn-0.5Si (lMI 550), following both single 
and block tensile overloads (see Figure 3-1). Closure 
immediately behind the crack front (near-tip closure) 
was found to be the main factor controlling load-
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Figure 3-1. Schematic illustration of various proposed mechan
isms to account for retardation following a tensile overload. 
(XBL 864-7618) 

interaction effects_ Single tensile overloads were 
found to remove near-tip closure and to slightly 
reduce far-field closure along the crack length, result
ing in an initial acceleration in fatigue-crack growth 
rates_ Subsequent delayed retardation of crack 
growth rates were accompanied by an increase in the 
near-tip closure load, due to the enlarged compres
sive residual stress in the overload plastic zone_ 
High/low block overloads caused greater retardation 
than single overloads of the same magnitude, and 
this was attributed to changes in the degree of clo
sure in the wake of the crack. Numerical predictions 
of such transient behavior, based on a modified 
Dudgale model, are found to be in close agreement 
with experimental results, both in terms of observed 
crack growth rates and crack-opening displacements. 
Load-interaction effects were found to be most 
severe when the baseline stress intensity range (LlK) 
was close to the fatigue threshold (LlKTH), or when 
the overload maximum stress intensity (Kmax) 
approached the fracture toughness of the material. 
At low LlK levels, the magnitude of the delay was 
sensitive to microstructure (see Figure 3-2) and 
found to be enhanced in coarse-grained fJ-heat
treated microstructures compared to standard fine
grained cx/fJ microstructures. Based on these results, 
mechanistic sequences are suggested to explain the 
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Figure 3-2. (a) Optical micrograph of the crack path profile, at 
center section, in an a//3-annealed microstructure following 100% 
tensile overload at t.KB = 15 MPa Vrn. Note blunting at the pre
overload crack tip, and asperity contact is in region where crack 
extension occurred at the overload. (b) Corresponding scanning 
electron micrograph of the fracture surface. (XBB 864-2939) 

transient fatigue-crack growth behavior following sin
gle and block tensile overload cycles. 

4. Fatigue-Crack Propagation in Ceramics 
(Publication 4) 

R.H. Dauskardt, W. Yu, and R.o. Ritchie 

Fatigue-crack propagation under tension-tension 
loading has been observed in a transformation
toughened partially stabilized zirconia (PSZ) ceramic 
containing 9 mol% MgO. Such subcritical crack
growth behavior has been demonstrated for the first 
time to be cyclically induced, based on a comparison 
with behavior under sustained loading (at the max
imum load in the fatigue cycle) and at varying cyclic 
frequencies. Crack-extension rates, measured as a 
function of the cyclic stress-intensity range LlK over 



the range 10- 10 to 10- 6 m/cycle, have been found to 
be load-ratio and environment dependent and to 
show evidence of fatigue-crack closure, similar to 
behavior in metals. Cyclic crack-growth rates are 
observed at t.K levels as low as 3 MPa Vrn, and are 
typically many orders of magnitude faster than 
reported data on environmentally assisted subcritical 
crack growth in PSZ under monotonic loading condi
tions (see Figure 4-1). Such behavior has been 
rationalized in terms of both crack-tip shielding and 
fatigue "damage" mechanisms. 

5. Subcritical Crack Growth along 
Ceramic/Metal Interfaces (Publication 5) 

T.s. Oh, R.M. Cannon, and R.o. Ritchie 

Environmentally assisted sub critical crack 
growth along glass/copper interfaces has been exam
ined in ambient-temperature gas environments as a 
function of humidity. Resulting interfacial crack 
velocities (v), characterized in terms of the crack-
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Figure 4-1. Subcritical crack-growth behavior in PSZ (MgO) 
showing a comparison of cyclic crack velocities, da/dt, from the 
present study with sustained-load cracking data of Becher for 55% 
relative humidity air and distilled water. Note how fatigue
induced crack growth is much faster than environmentally 
assisted crack growth under monotonic loading conditions. 
(XBL 873-1282) 
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extension force (G) and approximate solutions for 
the linear-elastic stress-intensity factor (K), were 
found to show v-K curve behavior typical of (bulk) 
ceramics (see Figure 5-1). Subcritical crack-growth 
rates were observed to be initially highly sensitive to 
K (or G) and to show evidence of a threshold stress 
intensity between 0.1 and 0.25 MPa Vm (Region I). 
At higher crack velocities, typically between ~ 10- 5 

and 10- 4 m/sec, growth rates displayed a plateau 
and tended to become K-independent (Region II). 
Although specimen-to-specimen scatter was large in 
Region I, interfacial crack velocities in moist 
environments far exceeded those in dry environ
ments, a phenomenon associated with an environ
mentally induced weakening of interfacial bonds by 
adsorbing water molecules. In addition, interfacial 
growth rates were over 3 orders of magnitude faster 
(at fixed K) than reported rates for (bulk) soda-lime 
glass. 
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Figure 5-1. Variation in subcritical stress-corrosion crack-growth 
rates (da/dt) along plain and patterned (chemically etched) 
glass/copper interfaces as a function of the crack extension force 
(G) and approximate stress intensity (K) in wet and dry gaseous 
nitrogen environments. Note how the presence of controlled 
arrays of "microcracks/ voids" near the interface results in far 
lower crack velocities and a 6- to 7-fold increase in the threshold 
fracture energy for interfacial crack growth. (XBL 8710-4144) 



6. Toughening of Ceramic/Metal Interfaces 
using Controlled Interfacial Geometries 
(Publications 17 and 25) 

T.s. Oh, J. Radel, R.M. Cannon, and R.o. Ritchie 

Toughening of ceramic/metal interfaces through 
the use of controlled interfacial geometries and non
coplanar microcrack-like pores was examined with 
respect to both critical and subcritical crack growth. 
Patterned uniform arrays of inclined interfacial steps 
and of "microcracks/voids" (with width 22 ,urn and 
spacing 10 ,urn), out of plane to the main interfacial 
crack, were produced for glass/copper interfaces by 
photolithographic techniques combined with eva
poration and diffusion-bonding processes (see Figure 
6-1). Significant toughening and improved stress 
corrosion crack-growth resistance was achieved 
through the promotion of crack-tip shielding pri
marily from crack bridging. Specifically, plastic void 
growth within the copper was seen to generate 
bridged ligaments of metal film between the glass 
substrates; the resulting mechanical crack bridging 
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Cr Bond Layer GI 
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Figure 6-1. Schematic illustrations and scanning electron micro
graphs of interfacial "microcrack/void" geometry before (a and c) 
and after (b and d) crack growth for cracking along the plain side 
of the patterned region. Note how this configuration promotes 
shielding by crack bridging of plastically stretched ligaments of 
metal film. (XBB 8712-10272) 
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led to plastic stretching of the film and provided the 
dominant toughening mechanism, with a smaller 
contribution from crack deflection (see Figure 6-1). 
Correspondingly, subcritical (pre-instability) crack
growth rates with the patterned arrays in "wet" and 
"dry" gaseous atmospheres were found to be 
retarded by orders of magnitude compared to rates 
for plain interfaces (see Figure 5-1). The toughness 
with the various patterned interfaces was seen to 
exhibit marked resistance-curve (R-curve) behavior 
with fracture-toughness values increased by factors of 
4 to 9 compared to intrinsic fracture toughness, Go, 
values of -2 J/m2 for these plain glass/copper inter
faces. The surface roughness of the glass substrate 
was reasoned to be a controlling parameter for the 
shape and magnitude of such crack-resistance curves. 
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PHYSICAL PROPERTIES 

High-Temperature Reactions* 

Alan W. Searcy, Investigator 

INTRODUCTION 

The central purposes of this program are to 
develop and to experimentally test thermodynamic 
and kinetic models of important processes in materi
als science. A theoretical breakthrough has been the 
reconciliation of the kinetics to the thermodynamics 
of equilibria among edge, surface, and bulk 
molecules in crystalline particles. The new under
standing of the thermodynamics in particles makes it 
possible to evaluate the previously neglected roles of 
ledge nucleation and growth in sintering of crystal
line particles and in exaggerated grain growth. New 
expressions for sintering and grain growth are con
sistent with important experimental observations 
that are inconsistent with predictions of classical sur
face thermodynamic theory. A theory for sintering 
in temperature gradients has been obtained as a 
consequence of extending the new thermodynamic 
approach to non isothermal systems. Tests of various 
theoretical predictions are in progress. 

1. The Influence of Temperature Gradients on 
Sintering: Experimental Tests of a Theory 
(Publication 12) 

D. Beruto, t R. Botter,:j: and A. W. Searcy 

Temperature gradients have not been thought to 
influence densification by condensed phase or sur
face diffusion. But theoretical considerations of the 
kind summarized in Abstract 3 led to the prediction 
that thermal gradients can do so. 1 

'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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In this study the H20-catalyzed sintering of MgO 
in temperature gradients between 1303 K and 
1233 K is compared to sintering of isothermal sam
ples. Figure 1-1 shows that sample dimensions in 
planes normal to the temperature gradients are 
greater than predicted on the assumption that sinter
ing is a function only of each local temperature in 
the gradient. Figure 1-2 shows the densities meas
ured for I-mm sections of a sample heated two hours 
at a uniform temperature of 1303 ± 2 K. The band 
on Figure 1-3 shows the range of measured densities 
expected if a specimen held in a linear gradient den
sified like an isothermal sample at each local tem
perature. The measured densities (data points) all lie 
above the band. 

tpermanent address: LBL and University of Genoa, Italy. 
tpermanent address: U niversity of Genoa, Italy. 
I. A.W. Searcy, 1. Am. Ceram. Soc. 70, C-61 (1987). 
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Figure 1-1. (A) Specimen after 2 hr at 1303 K; (B) specimen 
after 2 hr in gradient from 1303 K at left to 1235 K at right; (C) 
specimen after 2 hr at 1235 K. (XBB 877-6393) 
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2. The Influence of Thermal Cycling on 
Densification: Further Tests of a Theory 
(Publication 11) 

D . Beruto, t R. Botter,:I: and A. W. Searcy 

The H20-catalyzed densification of MgO speci
mens that were thermally cycled between 1408 K 
and temperatures about 70 K lower is compared to 
the densification in specimens held isothermally. 
Both temperature gradients and rates of change in 
temperature were measured during cycling. The 
cycling produces densities that are marginally higher 
than expected from isothermal kinetics. The results 
are consistent with expectations from recent experi
ments with constant temperature gradients (Abstract 
1): the rate of temperature change does not appear to 
affect the densification rates significantly. Tempera
ture differences are as high as 3 to 5°C between dif
ferent positions on and in the 12-mm (one-half inch) 
specimens under nominally isothermal conditions. 
Such differences in temperature can provide a signi
ficant driving force for sintering in what are intended 
to be isothermal experiments. I 

tpermanent address: LBL and University of Genoa, Italy. 
ipermanent address: University of Genoa, Italy. 
\. A.W. Searcy, J. Am. Ceram. Soc. 70, C-61 (1987). 

3. Maximum Stability in a Temperature 
Gradient (Publication 13) 

A. W. Searcy 

Attempts to describe both directions and rates of 
diffusion of interstitial solutes in temperature gra
dients in terms of a single parameter, the heat of 
transport, have been unsuccessful. It is suggested 
here that a single-parameter expression is inadequate 
because interstitial solutions belong to a class of sys
tems in which diffusion is driven by a thermo
dynamic gradient, which may have a positive or 
negative temperature dependence, at rates dependent 
on a positive activation energy barrier. It is taken as 
an axiom that matter confined in a rigid vessel held 
in a fixed orientation and subjected to a constant 
thermal flux will eventually evolve to a state of max
imum stability for the imposed constraints. Three 



classes of kinetically governed states of maximum 
stability are illustrated: chaotic, oscillating, and 
steady states. A fourth class, which includes solid 
solutions and fluid phases for which cooperative 
molecular movements are prevented, is characterized 
by zero net molecular flux exchange between adja
cent volume elements. For single-phase solid solu
tions, the stable distribution of molecules and vacan
cies between temperatures i and j is found to depend 
strongly on ratios of their local partial molecular 
Helmholtz free energies to the local temperature and 
weakly on temperature-insensitive exchange-attempt 
frequencies. Stable distributions of ideal gas mixtures 
in temperature gradients are shown to be governed 
by the same basic relation, with the attempt frequen
cies now dominant terms. It is hypothesized that 
when neither cooperative movements of molecules 
nor field gradients other than temperature gradients 
are important, stable state distributions in all 
constant-volume, single-phase closed systems are 
governed by the same basic equation. Its quantita
tive application is illustrated for vacancies in copper 
and for palladium in copper, and it is shown to 
predict positive and negative partitioning in intersti
tial solid solutions. 

4. Theory and Experiments for Isothermal and 
Nonisothermal Sintering (Publication 10) 

A. W. Searcy and D. Berutot 

This paper uses new formulations of thermo
dynamics for surfaces and for nonisothermal systems 
as a basis for analyzing the kinetics of isothermal 
and non isothermal sintering. The analysis suggests 
several conclusions that differ from generally 
accepted ideas about sintering: (1) Rates of micro
structural changes in crystalline aggregates some
times are limited by layer growth instead of by diffu
sion. (2) Temperature gradients can drive micro
structural changes in a aggregate. (3) Surface diffu
sion over distances much greater than particle diam
eters can promote densification and/or coarsening. 
A fourth conclusion, which is also at variance with 
generally accepted theory, is suggested by the writers' 
experiments with aggregates of very small CaO and 
MgO crystals: coupled pore and grain growth can be 
a dominant process from the initiation of sintering. 
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Densification studies with isothermal and noniso
thermal aggregates confirm a significant effect of 
temperature gradients. Deductions from the theory 
and experiments are compared to observations of 
others. 

tpermanent address: LBL and the University of Genoa, Italy. 

5. Microstructural Evolution During the 
Decomposition of Mg(OHh (Publication 5) 

U. Dahmen, M. G. Kim, and A. W. Searcy 

The microstructural evolution during the decom
position of Mg(OHh is characterized by transmission 
electron microscopy. The reaction is pseudomorphic 
and topotactic with an orientation relationship of 
parallel close-packed planes and directions. High
resolution micrographs show directly the small size 
and nearly cubic shape of the resulting MgO crystal
lites and their oriented stacking. Optical diffraction 
reveals a relatively narrow size distribution of pores 
and crystallites. The microstructure is discussed in 
terms of alternative reaction mechanisms. 
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Structure-Property Relationships in 
Semiconductor Materials* 

Jack Washburn, Investigator 

INTRODUCTION 

The purpose of this program is to advance the 
understanding of the effects of structural defects, 
including the structure of interfaces on the electrical 
or optical properties of semiconductor materials. 
Systems chosen for study are those that have inter
faces and defects formed during state-of-the-art 
solid-state device processing, such as ion implanta
tion, oxidation, contact formation, and heteroepitax
ial growth. 

The approach has lead naturally to areas of basic 
research interest. Recent results have contributed to 
(1) improved understanding of the mechanisms of 
misfit accommodation at heteroepitaxial interfaces, 
(2) clarification of the mechanism of the crystalline
to-amorphous transformation during light-ion irradi
ation, (3) identification of factors that affect the type 
and density of secondary defects resulting from ion 
implantation, (4) an improved understanding of the 
mechanism of Schottky barrier formation, and (5) an 
understanding of the important role of thin native 
oxide layers in determining interface morphology 
and stability of the electrical properties of Schottky 
and ohmic contacts to GaAs. 

High-resolution lattice-imaging transmlSSlOn 
electron microscopy (TEM), particularly on cross
section samples and, when possible, with computer 
simulation of images, combined with analytical elec
tron microscopy has proved to be a powerful tool for 
revealing and identifying fine-scale defects and inter
face structure. The TEM information is combined 
with supplementary structural observations on the 
same specimens by electron paramagnetic resonance 
(EPR), Rutherford backscattering (RBS), secondary
ion mass spectroscopy (SIMS), x-ray diffraction, or 
microanalytical electron microscopy. These observa
tions have frequently been made on the same speci
mens from which electrical measurements such as I
V characteristics were previously measured. 

*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. Surface Faceting of (110) GaAs: Analysis 
and Elimination (Publications 1, 6, 7, and 15) 

L. Parechanian-Allen, E.R. Weber, Y.c. Pao, A.G. 
Elliot, and J. Washburn 

A systematic study has been made on (110) 
GaAs grown by molecular beam epitaxy. This work 
represents the first systematic investigation of com
monly observed faceting on the (110) GaAs surface. 
Faceting of (110) GaAs was analyzed with respect to 
facet geometry and kinetics of initial facet formation. 
This approach has, for the first time, allowed facet
free molecular beam epitaxy (MBED) (110) GaAs to 
be consistently grown. Facet-free growth was 
ensured by angling the (110) substrates 6° toward the 
(111) surface. This tilt provided stable Ga-rich 
ledges needed to promote the two-dimensional 
growth of the epitaxial layer in the ultrahigh-vacuum 
(UHV) environment. The epitaxial GaAs layers 
grown in this way exhibited a room-temperature 
electron mobility of =5700 cm2/V-sec for 
NSi =4X 1015 and a strong exciton photolumines
cence emission at 4 K. This breakthrough in MBE 
growth of III-V compounds allows for fabrication of 
(110) GaAs devices that will take advantage of the 
unique properties of this orientation. 

2. Amorphization of Silicon by Boron Ion 
Implantation (Publication 3) 

Y. Shih, J. Washburn, R . Gronsky, and E.R. Weber 

The amorphization of silicon due to implanta
tion of boron ions (boron is the lightest element used 
for integrated circuit fabrication processes) has been 
systematically studied at various temperatures, vol
tages, and dose rates. A model for formation of 
amorphous silicon by light-ion implantation was pro
posed. It was suggested that accumulation of point 
defects and/or clusters is required at the initial stage 
of the amorphization process. Diinterstitial
divacancy pairs were suggested to be the embryos of 
amorphous zones formed during implantation at 



room temperature. Out-diffusion of highly mobile 
interstitials during amorphization is thought to 
explain differences in the critical energy for amorphi
zation with low- and high-energy implantation at 
liquid-nitrogen temperature. 

3. Formation of Amorphous and Crystalline 
Ternary Phases (Publications 2 and 13) 

T. Sands, C. C. Chang, A.S. Kaplan, V. G. Keramidas, 
KM. Krishnan, and J. Washburn 

Three ternary phases of the type NixlnP have 
been observed to be the primary reaction products of 
the Ni/lnP reaction. The first phase, amorphous 
NixlnP (x :::= 2.7), forms at the Ni/lnP interface by a 
solid-state amorphization process at low tempera
tures (T ;:S 200°C). Amorphous NixlnP crystallizes 
at - 300°C to form a hexagonal NixlnP phase (ao = 
0.412 nm and Co = 0.483 nm) with a similar compo
sition. A third ternary phase, with nominal compo-
SItIon Ni21nP (monoclinic, ao = 0.681 nm, 
bo = 0.529 nm, Co = 1.280 nm, and (3 = 9SO), 
nucleates at higher temperatures and is the final reac
tion product. This final phase is stable at tempera
tures up to 500°C in samples capped with Si02. 

4. A Comparative Study of Phase Stability and 
Film Morphology in Thin-Film MetaljGaAs 
Systems (Publication 5) 

T. Sands, v.G. Keramidas, KM. Yu, J. Washburn, 
and K Krishnan 

To attain reproducible and stable contacts to 
compound semiconductor devices, it is necessary to 
achieve thermodynamically stable phases after the 
reaction of metals with the compound semiconduc
tor. In this study, the final phases produced by the 
reactions between GaAs and thin metal films of Co, 
Rh, Ir, Ni, Pd, and Pt have been investigated. The 
phases are identified as MGa for M = Co, Rh, Ni, 
Pd, and Pt; monoarsenides of Co and Ni; diarsenides 
of Rh, It, Pd, and Pt; and It3GaS' These phases, if 
deposited directly on GaAs, will produce thermally 
stable contacts. In addition to the identification of 
these stable phases, analyses of the products of thin
film M/GaAs reactions by transmission electron 
microscopy, x-ray diffraction, and Rutherford back
scattering spectrometry reveal the distribution, grain 
size, and crystallographic texture of these end phases. 
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It was found that (I) Surface and interface contribu
tions to the free energy are sufficient to alter the rela
tive phase stabilities for thin metal films on GaAs 
(e.g. , 12-nm Pd on GaAs). (2) Silica caps are effec
tive in significantly reducing the loss of As from 
metal films on GaAs at annealing temperature up to 
600°C. (3) M/GaAs systems that react to form M-Ga 
and M-As binary phases exhibit lateral phase separa
tion when the grain size in the reacted film is larger 
than the reacted film thickness and vertical phase 
separation (stratification) when it is smaller. (4) For 
M/GaAs systems annealed under the same condi
tions, the grain size in the reacted film is larger for 
deposited metals with smaller heats of vaporization. 
(5) Under conditions that yield phase stratification 
in reactive metal/GaAs systems, the arsenide resides 
at the interface due to the relatively low mobility of 
As in the reacted layer. 

5. The Influence of Residual Impurities on the 
Orientation Relationship Between Metal 
Contact Layers and GaAs (Publication 9) 

Z. Liliental- Weber 

The interface morphology of gold contacts on 
UHV -cleaved, air-exposed, and chemically prepared 
GaAs surfaces has been studied by electron micros
copy. The morphology of the overlayer was found to 
depend strongly on annealing and surface treatment. 
TEM results indicate that the interface is flat and 
abrupt for all un annealed diodes, as well as for 
annealed diodes formed on atomically clean surfaces. 
For annealed diodes formed on the air-exposed sur
faces, the metal-semiconductor interface contains 
large metallic protrusions extending up to several 
hundred Angstroms into the semiconductor. The 
interface for commercially prepared samples [chemi
cally cleaned (100) surfaces] is even more complex 
than interfaces formed on the atomically clean but 
subsequently air-exposed cleaved (110) surfaces. 
Evidence was found that Au diffuses through imper
fections or gaps in the interfacial native oxide layer, 
forming islands in intimate contact with the sem
iconductor. 

A difference in the orientation relationship 
between differently prepared samples occurred after 
annealing. Three different orientation relationships 
were discovered. Type I relationships include 
[0 T I]GaAs II [0 T I]Au, [0 ll]GaAs II [OII]Au, and [tQO]GaAs II 
[1~2 ]Au. Type IIa r~ationships include [011 haAS II 
[OII]Au, [OII]GaAs II [411]Au, and [1.Q0bAs II [Q2]AU' 



Type lIb ~Iationships include [01 !JGaAs II [1221Au, 
[OlllGaAs II [4111Au, and l.!OOlGaAs II [QII1Au. Type III 
~Iationships include [OlljcaAs II [Oll lAu, [OlljcaAs II 
[5221Au, and [lOOlGaAs II [4551Au. The type I and II 
orientation relationships exist for annealed air
exposed samples. Type I especially is formed 
because 'Y-Ga203 grows epitaxially on GaAs: 
(O~ l)Ge20J ". (OIl)GaAs with [100jce2oJ II [IOOlGaAs' This 
oXIde provIdes an excellent lattice match to Au. Our 
observations suggest that as soon as GaAs is exposed 
to air, epitaxial 'Y-Ga203 is formed, and the .depo
sited metal then epitaxially relates to the oxide 
already existing at the interface. The oxide on GaAs 
is not a continuous layer. In the areas where the 
oxide is not present, twinning takes place, giving a 
better match at the interface (type II) . 

The orientation relationship in UHV-cleaved 
and deposited Au samples annealed ex situ in N2 
was completely different (type III). A 10° angle 
occurred between (111)Au planes and (1 1 I)GaAs 
planes. The same angle was also observed for Al 
(see Figure 5-1) and Ag when the metal was depo
sited in situ in UHV on cleaved GaAs surfaces. This 
behavior can be hypothetically explained by As accu
mulation on the interfaces. The metal probably tries 
to accommodate to the accumulated As. The best 
match can be achieved with [4221GaAs II jQ301As II 
[311 ]Au. The match between [422]GaAs and [3111Au was 
observed for many grains and resulted in a 10% 
angle between (Ill) Au and (lll)GaAs' 

The special alignment between different metals 
and GaAs supports the idea that this effect originates 
from the substrate itself and that As, discovered in 
our earlier study to accumulate at the interface, can 
determine the relationship between metals and 
GaAs. . 

6. The Influence of Surface Reconstruction on 
the AljGaAs Interface Structure (Publication 10) 

Z. Liliental- Weber, R . Ludeke, C. Nelson, 
R. Gronsky, and J. Washburn 

A systematic study of AI/GaAs interfaces was 
performed by high-resolution electron microscopy. 
The Al layers were deposited in a molecular-beam 
epitaxy chamber. The GaAs substrate temperature 
varied during Al deposition from - 30°C to 400°C. 
The mechanism responsible for the final orientation 
of the Al overlayer is still far from being understood. 
Our results show that deposition of Al on cold sub
strates «25°C) resulted in in epitaxial growth of 
(001) Al on (001) GaAs. Droplets of Ga were 
observed in samples with the substrate temperature 
at - 30°C (1 X 2) and O°C [c(2 X 8)1. Postannealing of 
these samples resulted in formation of the AIGaAs 
phase. Deposition of Al on hot substrates (150°C 
and 400°C) resulted in the formation of the AIGaAs 
phase, which separated (II 0) oriented Al from (001) 
GaAs. 

7. The Role of Strained-Layer Superlattices on 
Dislocation Propagation in GaAs/Si 
Heterostructures (Publication 11) 

Z. Liliental- Weber, E.R. Weber, T. Y. Liu, 
H. Kraemer, and J. Washburn 

There has been great interest in GaAs/Si 
heteroepitaxy technology. The monolithic integra
tion of ultrahigh-speed GaAs with high-density Si 

Figure 5-1. High-resolution image of AljGaAs interface for Al deposited in situ on UHV-cleaved GaAs. Note the 10· 
angle between the {l1l}AI and {I I l}GaAS planes. (XBB 868-6147) 
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could lead to potential advantages for optical inter
connects, optoelectronic integrated circuits, and very 
large scale integration. However, the problems 
presented make the technology difficult. These prob
lems include a 4% lattice mismatch, a large thermal 
expansion coefficient, a polar/non-polar interface 
with antiphase disorder, cross-doping, and phase 
segregation. One solution to these problems may be 
the use of (211) Si substrates to grow GaAs. How
ever, in contrast to GaAs grown on a (100) Si sur
face, where a large fraction of the dislocations 
formed at the interface have Burgers vectors parallel 
to the interface, all misfit dislocations formed at the 
(211) interface have Burgers vectors inclined to the 
GaAs layers (see Figure 7-1), making them suscepti
ble to propagation into the GaAs layer. The disloca
tion density at the interface due to the mismatch 
between GaAs and Si is expected to be in the range 
of 1011/cm2, and material with such a high disloca
tion density is not suitable for device application. 
This work has shown that the dislocation density can 
be significantly reduced by first growing strained
layer superlattices (SLSLs). Two different types of 
SLSLs, InGaAs/InGaP and InGaAs/GaAs, were 
applied either directly to the Si substrate, to a graded 
layer (GaP-InGaP), or to a GaAs buffer layer to stop 
the defect propagation into the GaAs film . Growth 
of InGaAs/GaAs instead of InGaAs/InGaP was 
found to be more effective in blocking defect propa
gation. In all Sl,SLs investigated, dislocation propa
gation was stopped primarily at the top interface 

Figure 7-1. Transmission electron micrograph of stacking faults 
formed at the interface of GaAs epitaxially grown on Si . The for
mation of dislocations and stacking faults still is a major obstacle 
in the development of GaAs-on-Si devices. (XBB 872-1474) 
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between the superlattice and the GaAs (see Figure 7-
2). Graded layers and unstrained AIGaAs/Gas 
superlattices did not significantly. block dislocation 
propagation from the interface. 

By using SLSLs it was possible to obtain a dislo
cation density in the range of 5X 107/cm2. This 
value is comparable to the recently reported density 
of dislocations in the GaAs layers grown on (100) Si 
substrates. 

8. Quality of GaAs Grown on (100) Si 
(Publications 8 and 12) 

Y.H. La, M.N. Charasse, H. Lee, D. Vakhshaari, 
Y. Huang, P. Yu, and Z. Liliental- Weber 

Transmission electron microscopy (TEM) and 
Raman scattering were employed to investigate the 
quality of GaAs grown on (100) Si. Raman scatter
ing was measured along a bevel-etched GaAs epitax
ial film grown on Si by molecular-beam epitaxy. 
The strain profile calculated from the Raman peak 
shift shows that about 0.6% compressive strain exists 
near the interface because of lattice mismatch. TEM 
results showed that an ultraclean Si surface is essen
tial for dislocation confinement. The distance 
between dislocations at the interface was found to be 
nonuniform, varying from 50 A to 125 A, with an 
average distance of 81 A. Most of the dislocations 

Figure 7-2. High-quality GaAs achieved by growing 
InGaAs/ GaAs strained-layer superlattices on {211 lSi . Note the 
blocking of propagating dislocations at the uppermost interface 
between the strained-superlattice layers and the GaAs. (XBB 
871-46) 



formed at the interface with Burgers vector parallel 
to the interface (beneficial to GaAs quality) are 
formed at the double steps on the Si surface, which 
are mainly due to the substrate's being tilted instead 
of being heated before growth. Based on our study, 
the (100) Si substrate with double steps along both 
[110] and [110] axes provided the best condition for 
growing low-defect-density GaAs on Si substrates. A 
GaAs p-i-n photodetector on a Si substrate was fabri
cated, but a high dark current (50 nA) and relatively 
low responsivity (0.01 A/W) showed that the 
material quality needs to be improved further to 
make a minority carrier vertical transition device. 
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Fundamental Studies of Chemical 
Properties and Processing of 
Advanced Structural Ceramics* 

Lutgard C De Jonghe. Investigator 

INTRODUCTION 

The key barrier to the exploitation of the proper
ties of ceramics in new technologies has been recog
nized as the difficulty of fabricating these materials 
with sufficient reproducibility, reliability, and cost 
efficiency. Many of the poorly understood aspects of 
processing are common to a variety of ceramics, 
including the ceramic matrix particulate composites, 
and microcomposite electroceramics. The fabrica
tion of reliable ceramics requires the control of the 
structure of the starting powders as well as of the 
densification process, to allow for the manipulation 
of systems, such as microcomposites, at the neces
sary microscopic scale. 

The densification (with and without applied 
stress), microstructure development, and possible 
interactions of reaction and densification for such 
systems is complex and raises a range of processing 
problems that must be addressed at a fundamental 
level to provide the basis for a rational approach to 
processing. Of paramount importance in all the sys
tems is the control of microstructural and micro
chemical heterogeneities. These must be incor
porated in the development of predictive processing 
models that consider the response of the system to 
applied stresses during powder compaction and den
sification. One approach is to consider the transient 
incompatibility stresses, resulting from differential 
densification, as the basis of the effects that modify 
densification and microstructural development dur
ing the fabrication of heterogeneous ceramics. 

*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. Rearrangement During Sintering in Two
Dimensional Arrays (Publication 1) 

M . Weiser and L.C De Jonghe 

Densification of two-dimensional arrays of 
nearly monosized copper spheres was examined by 
hot-stage optical microscopy. The evolution of the 
particle arrangement was studied with computer 
methods, and statistical correlations were sought. 
Color graphics were found useful for displaying the 
spatial relationship of the local sintering parameters. 
It was found that differential densification was the 
major cause of rearrangement, rather than asym
metric neck formation (see Figure 1-1). 
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Figure 1-1. Average of the absolute rate of angular change in a 
two-dimensional raft of copper spheres during sintering, versus 
the standard deviation of the absolute local densification rate. 
The angular change refers to the interparticle angles that are 
defined as the angles between the lines radiating from a particle 
center to the nearest-neighbor particle centers. The absolute 
values of the angular changes for all particles in the system of 
about 100 particles constitute the value for the vertical axis. The 
local densification rate of a single particle in a two-dimensional 
raft is defined as the time dependence of the area of projection in 
the raft. (XBL 8511-4541) 



2. Creep and Densification During the 
Sintering of Glass Powder Compacts 
(Publication 2) 

M. N. Rahaman, L.c. De Jonghe, G. Scherer, t and 
R. BroolJ 

The simultaneous creep and densification of 
glass powder compacts was studied as a function of 
low applied uniaxial stress, temperature, and particle 
size (see Figure 2-1). The creep rate can be 
expressed as the sum of the contribution from the 
applied stress, which varies linearly with stress, and a 
contribution due to anisotropic densification, which 
varies linearly with the densification rate. For a con
stant applied stress, the ratio of the creep rate to the 
densification rate is almost independent of both tem
perature and density. While these observations are 
consistent with the model of Scherer for the viscous 
sintering of glass, other observations show significant 
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Figure 2-1. Creep rate (Ee) and densification rate (p i p) ver~us 
relati ve density for glass powders sintered at 783 K. Powders A, 
B, and C had an average particle size of 4, 8.5, and 33 /Lm , respec
tively. (XBL 873-1016) 

tpresent address: Central Research and Development Department , 
E.!. DuPont de Nemours and Co., Wilmington, DE. 
Ipresent address: Department of Ceramics, University of Leeds, 
England. 

63 

deviations from the model. Both the densification 
rate and creep viscosity, which has an exponential 
dependence on porosity, show much stronger depen
dence on density compared with theoretical predic
tions. 

3. Creep-Sintering and Microstructure 
Development of Heterogeneous MgO Compacts 
(Publication 4) 

M . Lin, M. Rahaman, and L.c. De Jonghe 

Simultaneous creep and densification and the 
microstructure development of magnesium oxide 
powder compacts were studied at 1250°C and for 
applied stresses of up to 0.25 MPa. Die-pressing the 
powder into compacts with a relative green density 
of -0.40 led to an approximately bimodal distribu
tion of pores, with one fraction having sizes of the 
order of 10 times the initial particle size, and the 
other fraction having pore sizes of the order of the 
particle size. The presence of the large pores in turn 
gave rise to rather unusual sintering effects (see Fig
ure 3-1). After first decreasing with relative density 
(p), the densification rate (dp/dt) and the creep rate 
(dp/dk) then increased dramatically for 0.6 < p 

< 0.75. This range of p corresponded to the stage of 
microstructure development when grain growth and 
coalescence of the smaller pores have created a more 
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Figure 3-1. Grainsize-compensated densification rates versus 
relative density for MgO powers sintered at 1523 K at various 
applied loads. The rise in densification rate after relative densi
ties of 0.62 can be attributed to the closure of pores that have a 
decreased grain coordination number as a result of grain growth. 
(XBL 864-1649) 



uniform pore distribution. Above p ~ 0.75, both 
dp/dt and d~/dt (the creep rate) again decreased with 
p. These trends in the densification behavior are dis
cussed in terms of material parameters such as the 
equilibrium dihedral angle and the pore coordination 
number. 

4. Intrusion Bonding of Nickel and Zirconia 
(Publication 8) 

I. Reimanis, S. Shinde. and L.C De Jonghe 

Intrusion bonding of nickel to zirconia was 
achieved by hot pressing the zirconia powder onto 
an Ni sheet, at pressures of about 55 MN/m2 and at 
temperatures of about 1573 K. The intrusion zone 
can be several hundred micrometers thick, providing 
a gradual transition from ceramic to metal (see Fig
ure 4-1). The most extensive intrusion occurred 
when pressure was applied late in the heating cycle, 
after the zirconia powder had coarsened. The 
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Figure 4-1. Intrusion bonds of specimens A, B, C, and D, and 
their corresponding temperature-time-pressure histories in the 
pressure welding operation. (XBB 873-2196A) 
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parameters determining the extent of the intrusion 
bonding are discussed. The intrusion bonds are 
compared to diffusion bonds for which a discrete 
metal/ceramic interface was maintained. Vickers 
microindentation tests in the intrusion bond zone 
indicated that metal intrusion provided improved 
bonding. 

5. Degradation in a Thermal Barrier Coating 
(Publication 5) 

S. Shinde. I. Reimanis, and L.C De Jonghe 

The failure of a thermal barrier coating involves 
cracking and spalling of the ceramic layer, primarily 
brought about by bond-coat oxidation during opera
tion. The present investigation has focused on the 
microstructural and microchemical changes in a ther
mal barrier coating, oxidized in air for 1 and 
10 hours at 900°C. The zirconia coating shows a gra
dual increase in the amount of monoclinic phase 
with time at temperature. The bond-coat layer 
shows substantial aluminum depletion in the region 
adjacent to the ceramic. This aluminum forms an 
oxide layer (AI20 3) at the interface. However, nickel 
oxide (NiO) is also found to be another important 
oxidation product. The relevance of these observa
tions to the degradation observed in thermal barrier 
coatings has been considered. 
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Structure and Electrical Properties of 
Composite Materials* 

Robert H. Bragg, In vestigator 

INTRODUCTION 

The goal of this work is to understand how the 
structure-sensitive properties of carbon materials, 
such as mechanical strength, tensile creep, magnetic 
susceptibility, and the Hall coefficient, are related to 
their microstructure. The microstructure undergoes 
disorder-order phase transformations when soft car
bons are annealed in inert atmosphere at tempera
tures above 2000°C, and ultimately they are con
verted to graphite. This graphitization is thus energy 
intensive and the critical step in the manufacture of 
carbon products, and in predicting property changes 
at high temperatures, high pressures, or other 
extreme environments. It is becoming clear that gra
phitization is a thermally activated process in which 
carbon interstitials are annihilated in several discrete 
stages with well-defined activation energies. The 
annealing induced microstructural changes are 
characterized by wide-range x-ray and neutron dif
fraction , and small-angle x-ray scattering measure
ments at room temperature; and the resulting pro
perty changes are obtained from measurements of 
electrical conductivity, Hall coefficient, and magne
toresistance at temperatures down to 2 K and in 
magnetic fields to 5 T. 

1. Kinetics of Surface Area Changes in Glass
Like Carbon: Reanalysis of the Data 
(Publication 1) 

J. Lachter and R .H. Bragg 

In a previous study, I measurements were made 
of the kinetics of the thermally activated decrease in 
the specific surface area of the pores in annealed 
glass-like carbon and used to derive an effective 
activation energy of 64 ± 10 kcal/mole for this pro
cess. The pore coarsening was attributed to vacancy 
migration, but the value of toH obtained was only in 

*This work was supported by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Materials Sciences 
Di vision of the U .S. Dep'artment of Energy under Contract No. 
DE-AC03-76SF00098 . 
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fair agreement with the literature value 71.5 ± 
4.6 kcal/mole. More recently,2 a value of 
toH = 75.0 ± 3.6 was obtained from an analysis of 
the kinetics of increase of the mean pore size during 
the annealing of glass-like carbon. Since the agree
ment in this case is considerably better, the results of 
the surface area study were questioned. A reanalysis 
of the data revealed that there had been no correc
tion for the transient heat-up time required to bring 
samples to the appropriate heat-treatment tempera
ture' the functional form of the kinetic equation used 
in the analysis required modification, and the large 
statistical error, ± \ 0 kcal/mole, was caused by the 
inclusion of data that should have been rejected or 
given a very low weight. The appropriate corrections 
were applied and the resulting data were analyzed 
according to the Lifschitz, Slyozoy, and Wagner 
theory of pore coarsening, in which the specific sur
face area was used to obtain an equivalent pore 
radius. The new result was toH = 75 ± 
7.2 kcal/mole, in excellent agreement with the gen
erally accepted value. Thus, the discrepancy has 
been removed, and it can be taken that the best 
value for the activation energy for vacancy migration 
in carbon is 75 ± 3 kcal/mole. 

I. S. Bose and R. H. Bragg, Carbon 19, 289 (1981). 
2. J . Lachter, L.G. Henry, and R.H. Bragg, J. Maler. Res. I , 832 
(1 986). 

2. A Novel Model for the Kinetics of 
Graphitization of Pyrocarbon (Publication 4) 

R.H. Bragg and J. Lachter 

The proposed mechanism of the graphitization 
of soft carbon, in which the spacing of the layers of 
fused rings of carbon atoms takes on metastable 
values of 3.44 A, 3.40 A, . 3.375 A, and finally 
3.354 A during annealing, is attributed to annihila
tion of interstitials and has been extensively tested. 
The results confirm that the transformations between 
metastable interstitial configurations are character
ized by activation energies of 243 ± 4 kcal/mole, 
274 ± 6 kcal/mole, and 330 ± 2 kcal/mole. Figure 
2- \ shows the best experimental data available in the 
literature used to test the model (points) and the 
curve (solid line) calculated from the model. It 
appears that the model correctly describes the gra
phitization behavior of both pyrocarbons and pitch 
cokes, and the adjustable parameters correlate 
strongly with known differences in microstructure. 
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Figure 2-1. Fitting of the data of Fischbach to the four-level 
model of the mechanism of graphitization. The abscissae have 
been displaced to refer all data to 2400' C. (XBL 884-1332) 

Knowledge that the same metastable states, i.e., car
bon interstitial configurations, occur in all graphitiz
ing carbons has enabled an explanation of puzzling 
features of data obtained in this laboratory. 1 The 
system of disordered carbon may be considered as a 
solid solution of interstitial carbon in carbon , with 
phase boundaries at specific concentrations of carbon 
interstitials. Thus, the discrete layer spacings 
correspond to metastable phases, and the spacings 
are a measure of the concentration and type of car
bon interstitials. Since these concentrations are only 
a few percent by weight, the interstitial concentra
tions are of the order of 1021 cm - 3. 

I. K. Kawamura and R.H . Bragg, LBL-1 7982. 
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3. Work in Progress 

Measurements are being made of the electrical 
conductivity, Hall coefficient, and rhagnetoresistance 
of pyrocarbons annealed to achieve the interstitial 
states discussed in abstract 2, and x-ray measure
ments are being made to obtain more definitive 
information on the structure of these phases in order 
to correlate types of interstitials with electronic pro
perties. 
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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 processes that dictate the 
microstructural changes occurring during materials 
fabrication and utilization. Current efforts are 
directed at studying microstructure development in 
model compacts formed from an "ideal," nominally 
monodispersed, chemically synthesized titania 
powder. The effects of crystallization, polymorphic 
phase transformations, and particle substructure on 
microstructural evolution are being examined by 
applying transmiSSIOn electron microscopy to 
ultramicrotomed sections of heat-treated compacts. 
In addition, techniques for generating controlled
geometry pore structures at bicrystal and single 
crystal-polycrystal interfaces are being refined to 
broaden the range of microdesigned interfacial struc
tures that can be produced, and thus to expand the 
range of phenomena that can be studied using model 
experiments. To date, these controlled interfacial 
pore arrays have been applied primarily to funda
mental studies of pore-boundary interactions in 
doped and undoped alumina. 

1. The Role of Particle Substructure in the 
Sintering and Coarsening of Monosized Titania 
(Publications 7, 8, and 9) 

L.H. Edelson and A.M. Glaeser 

The effects of intra particle substructure on the 
sintering and coarsening behavior of titania com
pacts constituted of monosized (=0. 35-~m diameter) 
agglomerates of =6 nm primary particles (see Figure 
1-1) was evaluated. Changes in macroscopic dimen
sions were correlated with changes in particle 
microstructure and chemistry. Five contributions to 
the total shrinkage, and to the temperature ranges for 

·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. High-resolution scanning electron micrographs of 
monosized, =0.35-/Lm-diameter agglomerates of =6-nm pnmary 
particles. The evolution of this particle substructure dunng subse
quent annealing has a significant effect on the sIntenng and coar
sening behavior. (XBB 860-9990) 

the associated processes, were identified. Firing 
schedules incorporating low-temperature thermal 
pretreatments, which crystallize the amorphous as
synthesized powder and induce controlled intra
agglomerate densification, were developed. These 
anneals had a minimal effect on the apparent particle 
size distribution, but they modified the subsequent 
coarsening behavior and the ultimate microstructural 
characteristics significantly. Porous compacts with 
controlled, extremely narrow particle size and pore 
size distributions were produced; these microstruc
tural attributes are desirable for sensor applications. 

2. The Morphological Stability of Continuous 
and Finite-Length Phases (Publications 2, 3, 4, 
and 6) 

w.e. Carter and A.M. Glaeser 

The morphological stability of finite-length inter
granular phases, with coordination numbers (n) of 2 
and 3, and with dihedral angles 1/; ranging from 1800 

to 00 for n = 2 and from 1800 to 600 for n = 3, has 
been analyzed. Dihedral angle and coordination 
number dependent aspect ratios were determined, 
specifying minimum length/"diameter" ratios nece~
sary for breakup into multiple "particles." ThiS 
work represents an extension of a previous thermo
dynamic analysis of the morphological stability of 
continuous intergranular phases. 



3. Production and Application of 
Microdesigned, Controlled-Morphology, 
Intergranular Pore Arrays (Publication 5) 

1. Rodel and A.M. Glaeser 

A technique for generating controlled-geometry 
pore arrays on single crystal sapphire surfaces, and 
then "transferring" these arrays to grain boundaries 
in bicrystals of controlled misorientation, or to single 
crystal-polycrystal interfaces, has been developed 
and refined. Arrays of pores having controlled size, 
size distribution, spacing, and shape can be produced 
(see Figure 3-1). Model experiments exploiting 
specimens containing such microdesigned interfacial 
pore structures have been developed. Phenomena 
amenable to investigation include pore-grain boun
dary interactions during sintering (see Figure 3-2), 
the morphological evolution and stability of high
aspect-ratio intergranular phases (see Figure 3-3), 
surface energy anisotropy, pore coarsening, pore 
elimination, high-temperature crack healing, and 
toughening of ceramic-metal interfaces. 

4. Work In Progress 

Microstructure development in model compacts 
formed from an "ideal," monodispersed, chemically 
synthesized titania powder is under continued inves
tigation. Ultramicrotomed sections of as-settled and 
heat-treated compacts are being examined using 
high-resolution transmission electron microscopy. 
Work on microtomed sections of as-prepared powder 

Figure 3-1. Illustration of arrays of surface features having con· 
trolled size, size distribution, spacing, and shape. Hot pressing is 
used to convert these features into internal pores. (XBB 878-
6527) 
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Figure 3-2. Etched single crystal-alumina polycrystal interface 
following annealing. The arrows indicate the original position of 
the sapphire-alumina interface. The abrupt decrease in boundary 
displacement (right to left) is the result of pore drag (left). The 
ability to systematically change the pore size and spacing is being 
used to study pore drag effects and pore-boundary separation in 
alumina. (XBB 8710-9071) 

has confirmed the particulate substructure deduced 
from (indirect) measurements of several powder pro
perties and from the sintering characteristics. The 
general objective of this work is to improve our 
understanding of how the microstructural charac
teristics of, and structural evolution within, chemi
cally synthesized ceramic precursors affect the subse
quent sintering behavior and microstructural evolu
tion. 

Controlled-geometry interfacial pore arrays have 
been introduced at single crystal-polycrystal 
(sapphire-alumina) interfaces. The pore size and 
spacing have been varied to control the magnitude of 

Figure 3-3. Optical micrographs of the morphological evolution 
of internal , controlled-aspect-ratio pore channels in sapphire at 
l600°C after anneals of (a) 0 hr, (b) 30 hr, (c) 120 hr, and (d) 
180 hr. Pore arrays were etched iD..to the basal Qiane. The direc
tions indicated as e and fare [11 OO[ and [1120[, respectively. 
Minimum aspect ratios for breakup into multIple particles can be 
determined. Corresponding anneal times can be used to estimate 
transport coefficients. (XBB 878-6528) 



the pore mobility and the total drag force. Both 
undoped and Mg-doped alumina polycrystals have 
been used. During high-temperature annealing, 
pores either migrate with the boundary or separate 
from the boundary. The objectives of this work are 
to determine pore and grain boundary mobilities in 
both doped and undoped materials, and to identify 
and "map" the conditions for pore-grain boundary 
separation and attachment. A voidance of pore
boundary separation is a requirement for complete 
densification. 

Preliminary studies investigating the feasibility 
of using controlled-aspect-ratio pore channels to 
examine the morphological stability of intragranular 
and intergranular pore channels (in sapphire bicrys
tals) have been initiated. Pore channel width, sap
phire surface orientation, bicrystal misorientation, 
annealing temperature, and dopant concentration are 
potential experimental variables. The goals of this 
work are to improve our understanding of pore 
structure evolution during sintering and to provide 
an accurate, reliable, and relatively simple method 
for measuring surface diffusion coefficients. 
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SOLID-STATE PHYSICS 

EXPERIMENTAL RESEARCH 

Far-Infrared Spectroscopy* 

Paul L. 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. 

Progress in infrared technology includes (a) 
development of a new source for broadly tuned far
infrared spectroscopy based on harmonic generation 
from microwave oscillators, (b) studies of the 
voltage-dependent nonlinearity in neutron transmu
tation doped Ge bolometers and thermometers over 
the temperature range from 0.1 to 4.2 K, and (c) 
development of ultrasensitive photoconductive 
detectors for the 50-1000 ~m range. In addition, (d) 
the bolo metric detector previously developed for 
far-infrared spectroscopy is being reconfigured as a 
microcalorimeter to measure the heat capacity of 
monolayers deposited on metal surfaces. 

Infrared experiments in progress include (a) 
measurements of the far-infrared reflectivity of the 
new high-Tc superconductors, (b) measurements of 
the infrared emission spectra of molecules chemically 
adsorbed on metal surfaces, (c) measurements of the 
infrared spectra of one-dimensional conductors, (d) 
measurements of the heat capacity of monolayer 
films on metal surfaces, and (e) an experimental test 
with unprecedented accuracy of the Planck theory for 
the shape of the spectral emissivity curve of a black
body. 

*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. Energy Gap in the High-T c Superconductor 
LaI.8SSrO.ISCu04 (Publication 7) 

U. Walter, M.S. Sherwin, A. Stacy, P.L. Richards, 
and A. Zettft 

The far-infrared (FIR) reflectance of the high-T c 
superconductor La1.85SrO.15Cu04 has been measured 
in the frequency range 15 to 400 cm- I

. Below the 
superconducting onset temperature T = 36 K, 
absorption features in the FIR spectrum indicate an 
energy gap with a functional form similar to the BCS 
gap, but with a smaller magnitude. 

tThis is a collaborative project with Prof. A. Zett!. Prof. Zettl's 
research is supported in part by the National Science Foundation. 

2. Temperature-Dependent Far-Infrared 
Reflectance of La-(Sr,Ca)-Cu-O: BCS 
Electrodynamics-but What is the Energy Gap? 
(Publication 21) 

M.S. Sherwin, P.L. Richards, and A. Zett[f 

The available far-infrared data for polycrystalline 
La-(Sr,Ca)-Cu-O show a reflectance edge with energy 
near 2.5 kB T c. This edge has been variously inter
preted as the onset of absorption due to an energy 
gap, and as a low-frequency plasma edge caused by 
strong far-infrared resonances. Our measured tem
perature dependence of the reflectance edge closely 
fits the temperature dependence of the order parame
ter in a mean-field theory, and hence is consistent 
with the energy-gap hypothesis (see Figures 2-1, 2-2, 
and 2-3). In this paper, we construct a model dielec
tric function for La1.85SrO.15Cu04 that is consistent 
with mean-field theory and the hypothesis of a 
plasma edge. We find that the temperature depen
dence of the plasma frequency in this model also 
closely fits the measured temperature dependence of 
the reflectance edge. Furthermore, both hypotheses 
accurately predict the experimentally observed tem
perature dependence of the absorption at frequencies 
much less than the reflectance edge. This observa
tion has significant implications for the construction 
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Figure 2-1. Reflectance of polycrystalline LaI.8SSrO.ISCu04 at 
selected temperatures above and below Teo. The temperature
dependent reflectance edge has been interpreted both as an energy 
gap and as a plasma edge. (XBL 881-1) 

of fast low-loss superconducting devices. We con
clude that the electrodynamics of the superconduct
ing transition in LaI.8SSrO.ISCu04 are well described 
by a BCS-like mean-field theory. However, given 
the identical predictions of the energy-gap and 
plasma-edge hypotheses, it is premature to deduce a 
precise value for the magnitude of the energy gap 
from the infrared data. 

tThis is a collaborative project with Prof. A. Zettl. Prof. Zettl's 
research is supported in part by the National Science Foundation. 
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Figure 2-2. Reflectance of polycrystalline LaI.8SSrO.ISCu04 calcu
lated at selected temperatures from a model that contains free car
riers and a strong phonon, and treats the reflectance edge as a 
plasma edge. The model qualitatively reproduces the experimen
tal data of Figure 2-1. The position of the energy gap 2<l(T=O) 
used in this calculation is marked with an arrow. There is no 
obvious feature in the calculated reflectance at this frequency. 
(XBL 881-2) 
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Figure 2-3. Frequency of the reflectance edge vs. reduced tem
perature for experiment (triangles) and for the plasmon model 
(solid line). The BCS gap is also plotted (dashed line). We con
clude from this modeling exercise that no strong feature marking 
the energy gap is expected in the far-infrared reflectivity of 
polycrystalline LaI.85SrO.ISCu04 (and probably also in YB2C30 7). 

Despite the claims of some groups, the presence of a BCS gap-like 
feature with the BCS temperature dependence in polycrystalline 
samples cannot be used as evidence that a gap has been observed. 
(XBL 881-3) 

3. A Stressed Photoconductive Detector for 
Far-Infrared Space Applications (Publication 
12) 

J.-Q. Wang, P.L. Richards, J. W. Beeman, and E.E. 
Hal/ert 

An optimized leaf-spring apparatus for applying 
uniaxial stress to a Ge:Ga far-infrared photoconduc
tor has been designed and tested. This design has 
significant advantages for space applications that 
require high quantum efficiency and stable operation 
over long periods of time. The important features 
include adequate spring deflection with relatively 
small overall size, torque-free stress, easy measure
ment of applied stress, and a detector configuration 
with high responsivity. One-dimensional arrays of 
stressed photoconductors can be constructed using 
this design (see Figure 3-1). A peak responsivity of 
38 A/W is achieved in a detector with a cutoff 
wavelength of 200 Jlm, which was operated at a tem
perature of 2.0 K and a bias voltage equal to one half 
of the breakdown voltage. 

tSamples for this study were provided by the group led by Prof. 
E.E. Haller. Prof. Haller's work is supported by the Engineering 
Division of LBL. 
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Figure 3-1. Absolute spectral responsivity of a Ge:Ga endfire 
photoconductor with large stress showing an onset of photocon
ductivity at 45 em-I. Without stress, the onset is at 85 em-I in 
Ge:Ga. (XBL 8611-6482) 

4. An Infrared Emission Study of the 
Molecule-Substrate Mode of CO on Pt( 111) 
(Publication 3) 

R.G. Tobin and P.L. Richards 

We have used infrared emission spectroscopy to 
study the molecule-substrate vibrational mode of 
on-top CO on Pt( 111), as a function of coverage and 
of temperature, in the range from 210 to 400 K. Lit
tle change in the line is observed as a function of 
coverage, except for an abrupt shift, of -6 cm-1, to 
lower frequency, at coverages >0.5. The line shape 
is asymmetric, and the linewidth varies much more 
slowly with temperature than is predicted by theories 
of lifetime broadening by phonon emission. Based 
on these observations, our conclusion is that the line 
is inhomogeneously broadened (see Figure 4-1). Our 
measurements place an upper limit on the homo
geneous linewidth for this mode. The conclusion 
that the line is inhomogeneously broadened is in 
contrast to suggestions that the corresponding mode 
of CO on Ni( I 00) is lifetime broadened by a two
phonon decay process. We also report the observa
tion of the atom-substrate mode of 0 on Pt( 111). 

5. Work in Progress 

Measurements are being carried out of the far
infrared transmittance and reflectance of a-b plane 
films of YBa2Cu307 on SrTi03 substrates. 

Measurements of the far-infrared absorptance of 
a-b plane. single-crystal samples are also in progress. 
These measurements will be analyzed in terms of 
energy-gap models. 
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Figure 4-1. Linewidth of the C-Pt stretch band as a function of 
temperature. The solid line represents the predicted temperature 
dependence of the linewidth due to either three-phonon decay or 
dephasing, calculated within the Persson model and normalized to 
the experimentalIy determined Iinewidth at 210 K. The dotted 
line represents an upper limit on the natural Iinewidth of the 
mode, which appears to be inhomogeneously broadened. (XBL 
863-7592) 

Measurements of the temperature dependence of 
the linewidth of the molecule-substrate mode of CO 
on Ni( 1 00) are being made to distinguish between 
different theoretical predictions for the effects of 
multiple phonon relaxation. 

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. 

Measurements of the spectral shape of the emis
sion from a blackbody as a function of temperature 
and far-infrared frequency are in progress. 

Construction has begun on a new source for 
broadly tuned far-infrared spectroscopy based on 
harmonic generation from microwave oscillators. 
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Experimental Solid State Physics and 
Quantum Electronics* 

Y.R. Shen, Investigator 

INTRODUCTION 

The object of this program is to further basic 
understanding of laser interaction with matter and to 
develop modern optical techniques for material stu
dies. Both theoretical and experimental research on 
various aspects of nonlinear interaction of light with 
matter are being carried out. Newly developed tech
niques are being used to study problems of current 
interest. 

Current research projects include (I) search for a 
basic understanding of surface nonlinearities at inter
faces, (2) evaluation of the possibility of using optical 
second-harmonic generation to study surface magnet
ization, (3) development of the infrared (IR)-visible 
sum-frequency generation technique for surface 
vibrational spectroscopy, (4) use of nonlinear optical 
spectroscopic techniques to study local modes of 
molecules and vibrational predissociation of molecu
lar clusters in molecular beams, and (5) development 
of coherent tunable light sources in the vacuum 
ultraviolet range. 

1. Highly Resolved Spectra of Local Modes of 
Benzene (Publication 6) 

R.H. Page, Y.R. Shen, and Y. T. Lee 

The familiar normal-mode (NM) picture 
describes well the small-amplitude molecular vibra
tions at low vibrational excitations. But as the 
vibrational energy is raised, the density of vibra
tional states increases rapidly, and anharmonic cou
plings between normal modes become important; the 
normal-mode picture then ceases to provide a good 
description of the vibrational motion. It was found 
that for some molecules even at relatively high 
vibrational energies (10,000-25,000 cm- I

), there still 
exist well-defined peaks in the vibrational spectrum. 
They were identified as overtone vibrations confined 

*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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largely to single bonds - for example, a C-H stretch. 
Such vibrations localized to single bonds are often 
known as local modes (LM). 

Couplings between the LM and other modes, 
however, add fine structure to the LM spectrum. 
For a better understanding of high excited molecular 
vibrations, we would like to know how the vibra
tional spectrum changes from the NM to the LM 
picture as the vibrational energy increases. Reported 
measurements on the C-H stretches of benzene 
showed that even in the transformation from NM to 
LM, the successive overtones seem to be always 
fairly broad, with widths in the tens of inverse cen
timeters. We wonder whether the observed widths 
were the results of poor spectral resolution or actual 
lifetime broadening. 

With the help of supersonic cooling of molecules 
and the nonlinear-labeling spectroscopic technique, 
we were able to obtain high-resolution spectra for the 
C-H stretches of benzene from v = I to v = 3. Rich 
fine structure in the spectra has been observed (see 
Figure I-I). Transformation from the NM picture to 
the LM picture seems to occur between v = 2 and 
v = 3. Vibrational lifetimes in local-mode bands 
exceed -0.5 psec. 

2. Surface Vibrational Spectroscopy by 
Infrared-Visible Sum-Frequency Generation 
(Publication 1) 

X.D. Zhu, H. Suhr, 'and YR. Shen 

We report here the first successful observation of 
a vibrational spectrum of a monolayer adsorbed by 
the technique. To see that the technique could be 
applied to surface vibrational spectroscopy in the 
mid-IR region, we chose to study modes between 
920 and 1100 cm - I using a discretely tunable CO2 
laser. The results pave the way for future dynamic 
studies of surface phonons and molecular vibrations. 

Surface vibrational spectroscopy is important for 
in-situ identification of adsorbates on surfaces and 
for understanding of interactions between adsorbates 
and between adsorbates and surfaces. This has led 
to the development of a number of surface spectros
copic techniques. However, none of these tech
niques are suitable for studies of fast surface molecu
lar dynamics. We have now developed a new optical 
probe based on infrared-visible sum-frequency gen
eration (SFG) that is also capable of following sur
face modification with a subpicosecond time resolu
tion. 
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Figure 1-1. Nonselective (Q-branch probe) spectra of v = I, 2, 
and 3 bands of CH stretches of benzene. Absorption is in arbi
trary units; error bars indicate the noise level. Band centers are 
marked at 3079, 6007, and 8827 cm- I

. "Localization" is evident 
in the spectra as v increases from I to 3. (XBL 872-6146) 

3. Observation of C-H Stretch Vibrations of 
Monolayers of Molecules Using Optical Sum
Frequency Generation: Study of Molecular 
Orientation in a Langmuir Film (Publications 7 
and 18) 

J.H. Hunt, P. Guyot-Sionnest, and YR. Shen 

We report the observation of the C-H stretch 
modes of mono layers of a number of molecules 
adsorbed on glass and water using sum-frequency 
generation. For this measurement we used a 
picosecond optical parametric amplifier tuned 
around 3.5 ~m together with a picosecond 
frequency-doubled Nd:YAG laser. The results are 
most interesting and exciting. They show that sur
face vibrational spectroscopy can be carried out with 
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picosecond or femtosecond laser pulses. The tech
nique, therefore, is potentially a very powerful tool 
for in situ studies of surface molecular dynamics and 
surface reactions. 

We have applied this technique to obtain the 
vibrational spectrum of a monolayer of pentade
canoic acid on water in the CH stretch region. From 
the polarization dependence, we were able to deduce 
the average orientation of the CH3 group on the 
molecules. We have monitored the molecular orien
tation at different surface densities (see Figure 3-1). 
It was found that the molecules in the liquid con
densed phase have their alkane chains extended and 
oriented nearly normal to· the surface, while in the 
liquid expanded phase the chains are highly disor
dered. 

4. Local and Nonlocal Surface Nonlinearities 
for Surface Optical Second-Harmonic 
Generation (Publication 9) 

P. Guyot-Sionnest and YR. Shen 

We investigated the physical ongms of the sur
face nonlinear susceptibility responsible for surface 
optical second-harmonic generation (SHG). The SH 
signal generated in reflection from an interface 
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Figure 3-1. SFG spectra of pentadecanoic acid at different sur
face coverages normalized per molecule. (la)-(Ic) were taken with 
the s-visible, p-IR polarization combination. (2a)-(2c) were taken 
with p-visible, s-IR combination. (XBL 877-3072) 



between two centrosymmetric media comes partly 
from the interfacial layer with electric-dipole contri
bution and partly from the bulk with electric
quadrupole and magnetic-dipole contributions; the 
former part often dominates or is at least comparable 
to the latter. While it is easy to see that the strong 
surface nonlinearity arises from the broken sym
metry at the interface, the more detailed physical ori
gin of the surface nonlinearity is still a subject of 
confusion: Is the field discontinuity or the structural 
discontinuity, or both, at the interface responsible for 
the nonlinearity? Is the nonlinearity dominated by 
local or nonlocal response of the interfacial layer to 
the applied field? 

Experiments performed on simple covalent sys
tems were designed to distinguish between the nonlo
cal electric-quadrupole-type nonlinearity induced by 
field discontinuity and the local intrinsic, electric
dipole-type nonlinearity of a surface or interface. 
We find that both mechanisms could operate: the 
latter usually dominates when the surface layer has a 
strong structural asymmetry with the fundamental or 
the second-harmonic frequency at resonance with a 
dipole-allowed transition. 

5. Optical Second-Harmonic Generation as a 
Probe for Surface Magnetization (Publication 4) 

R.P. Pan and YR. Shen 

Surface magnetization is a subject of great 
current interest. We suggest here that optical 
second-harmonic generation could be used as an 
effective tool to probe surface magnetization. The 
idea is based on the fact that the normally vanishing 
tensor components of the second-order nonlinear 
optical susceptibility of a surface may become non
vanishing in the presence of a surface magnetization. 
The experimental feasibility is supported by a 
numerical estimate. 

6. Infrared Vibrational Predissociation Spectra 
of Large Water Clusters (Publication 8) 

R.H. Page, M.F. Vernon, YR. Shen, and Y T. Lee 

The infrared absorption spectrum in the O-H 
stretching region of (H20)19 clusters formed in a 
supersonic molecular beam is reported. It was 
obtained with mass-spectrometric detection and is 
compared with a similarly obtained spectrum of 
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(H20)6 and a large-cluster spectrum obtained with 
bolometric detection. 

The mass-resolved spectra show a broad absorp
tion band between - 3200 and 3600 cm -I, reminis
cent of the H-bonding feature in a condensed-phase 
spectrum. The spectrum obtained with a bolometer 
is peaked in the blue of this region, suggesting that 
the level of H-bonding is much lower. It must be 
dominated by small and/or warm clusters such as 
dimers. Mass resolution is clearly advantageous in 
selectively obtaining spectra of large clusters, free of 
interference from smaller ones. 

7. Frequency Tripling into the 720-1025 A 
Region with Pulsed Free Jets (Publication 5) 

R.H. Page, R.J. Larkin, A.H. Kung, YR. Shen, and 
YT. Lee 

We have developed a coherent source of extreme 
ultraviolet (XUV) light, which is continuously tun
able between 904 and 1024 A, and line tunable to 
720 A. It employs the technique of frequency tri
pling in a pulsed free jet of gas and requires a single 
tunable laser system. Spectra of the relative XUV 
output vs wavelength in the 904-1024 A range are 
obtained for the tripling gases Ar, Kr, Xe, CO, and 
N2• Relative outputs obtained by tripling at 
resonantly enhanced lines between 720 and 900 A in 
Kr, Xe, and CO are also measured. 

8. Work in Progress 

The possibility of using optical SHG to study 
monolayer adsorption on substrates without inver
sion symmetry is being explored. With the help of 
polarization discrimination, the bulk contribution to 
the second-harmonic signal could be largely 
suppressed. The success of this experiment would 
eliminate the widely believed limitation of SHG' as a 
surface probe that can only be applied to media with 
inversion symmetry. 

Laser desorption, mass spectroscopy, and SHG 
are being used together to study thermal desorption 
with an exceptionally fast heating rate. The preex
ponential factor and the desorption energy barrier 
could be determined from the results. 

Surface diffusion, plasma deposition, and metal 
deposition on polymers are being probed by SHG. 
An ultrahigh-vacuum chamber for such experiments 
has been constructed. 



Collaboration with Y.T. Lee on the studies of 
local modes of benzene, vibrational structure of elec
tronically excited benzene, and photoionizcttion spec
tra of water cluster is being brought to an end. The 
technique developed in these experiments combines 
nonlinear optical spectroscopy with supersonic 
molecular beams; it is generally applicable to other 
molecular spectroscopic problems. 
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Excitations in Solids* 

Carson D. Jeffries, Investigator 

INTRODUCTION 

Many phenomena in solid state systems display 
nonlinear behavior under suitable excitation, and 
instabilities may arise. These instabilities can be 
advantageously studied experimentally from the 
viewpoint of nonlinear dynamical systems theory, 
which recognizes that a wide class of phenomena 
display qualitatively similar behavior that, in some 
sense, must be universal. Examples of such 
phenomena are hydrodynamic instabilities; electrical 
and mechanical oscillations; chemical reaction oscil
lations; and spinwaves, acoustic waves, plasma 
waves, and charge-density waves in solids. The gen
eral objectives of this program are (l) to study exper
imentally nonlinear behavior in solid state systems 
and (2) to develop theoretical models to interpret 
observed behavior. This report describes work on 
two specific systems: spinwaves in ferrite spheres 
and nonlinear behavior in superconducting systems. 
In the spinwave studies one measures the microwave 
ac susceptibility of a ferrite sphere in a dc field and 
finds induced self-oscillations, period doubling, 
quasi periodicity, and chaos, all of which can be 
understood from a numerical iteration of a model 
based on first principles. For superconductor sys
tems, studies are reported on (I) the theoretical non
linear effects of noise on Josephson junction 
parametric amplifiers, and (2) the microwave ac sus
ceptibility observed in low magnetic fields in high
temperature ceramic superconductors, arising from 
the intergranular Josephson junction currents in 
these materials. 

The results of this program have a bearing on a 
wide class of solid state systems of practical impor
tance and on devices of technological interest. 

'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. Nonlinear Dynamics of Spinwaves in a 
Yttrium Iron Garnet (YIG) Sphere 
(Publications 5, 6, and 7) 

CD. Jeffries, P.R. Bryant, and K. Nakamura 

Ferromagnetic resonance in a small YIG sphere 
in a dc magnetic field is excited by pumping with an 
ac magnetic field at 1010 Hz. As the microwave 
pump power is increased, the uniformly precessing 
magnetization couples to a manifold of spinwaves in 
the sphere, one of which becomes abruptly excited at 
the Suhl threshold. Figure I-I is a parameter-space 
diagram of the regions and boundaries of observed 
dynamics, showing novel behavior. When two 
modes become excited, the system displays collective 
oscillations at a frequency of the order of 105 Hz; 
these oscillations undergo a period-doubling route to 
chaos; but this cascade is sometimes interrupted by 
the excitation of a third mode and the onset of 
quasiperiodicity, frequency entrainment, and a dif
ferent route to chaos. In other regions of parameter 
space are found hysteresis and abrupt onset of chaos; 
high-level wide-band chaos; and aperiodic relaxation 
oscillations, with no resolved spectral features. This 
wide variety of behavior can be systematically 
accounted for by a first-principles theoretical model 
of coupled nonlinear oscillators, which can be 
numerically iterated. Figure 1-2 shows the computed 
behavior for two modes: asymmetric and symmetric 
modes of collective oscillations, both of which 
undergo period doubling and symmetry-breaking 
bifurcations and proceed ultimately to chaotic 
behavior. Starting from the viewpoint of micro
scopic scattering processes of spinwaves, this model 
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Figure 1-1. Regions and boundaries of observed spinwave insta
bility behavior in a 0.06 em yttrium iron garnet sphere pumped at 
9.2 GHz. (XBL 873-652) 
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Figure 1-2. Computed nonlinear behavior for two spinwave 
modes: (a) phase portrait for collective oscillations, asymmetric 
mode: (b) symmetric mode: (c) period doubling: (d) symmetry 
breaking: (e) chaotic portrait: (I) power spectrum of (e). (XBL 
873-651) 

makes a connection to the theoretical framework of 
nonlinear dynamics and elucidates the observed 
behavior. 

2. Nonlinear Effects of Noise on Josephson 
Junction Parametric Amplifiers (Publications 
2 and 3)t 

P. Bryant, K. Wiesen/eld, and B. McNamara 

An old problem is reexamined: the observed 
"noise rise" in superconducting Josephson junction 
parametric amplifiers. By exploring recent insights 
from dynamical systems theory, it is shown how the 
interplay of random noise and (nonchaotic) deter
ministic dynamics can result in a noise rise like that 
observed in experiments. The analysis leads to a 
universal first-order equation that applies to all simi
lar systems in the high-gain regime. Several predic
tions are proposed that can be tested experimentally, 
including the prediction that a similar noise rise 
should occur in modulated semiconductor injection 
lasers. Also analyzed is a previously unknown mode 
of operation-a "six-photon" mode associated with a 
symmetry-breaking bifurcation; its potential advan
tages over the previously studied three- and four
photon modes is discussed. 

tResearch in collaboration with K. Wiesenfeld, whose work was 
supported by DOE Contract No. DE-AC02-76CHOOOI6, and in 
collaboration with B. McNamara, whose work was supported by 
the U.S. Office of Naval Research under Contract No. NOOOI4-
86-K-OI54. 
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3. Work in Progress 

Detailed experiments are in progress to study the 
linear and nonlinear parts of the complex ac suscep
tibility of high-temperature ceramic superconductors 
in low-de magnetic fields. These studies reveal novel 
electrodynamic properties of these materials, owing 
to their granular structure. A large differential sus
ceptibility in samples of YBa2Cu307, provided by 
Professor A. Zettl, was discovered at 1010 Hz and 
77 K using a spin resonance spectrometer with mag
netic field modulation. The field derivative of the 
susceptibility has a typical maximum at a dc field of 
a few Gauss. This differential susceptibility is 
believed to originate from the granular character of 
the material and the existence of Josephson tunnel 
junctions or weak links between grains. In zero field 
the sample displays a large diamagnetic susceptibility 
due to bulk shielding currents. However, the inter
granular loop currents reach criticality when the 
intergranular space is penetrated by the external 
field, which can occur for a few Gauss for loop areas 
of a few square microns. For a number of samples, 
this phenomenon was observed in the temperature 
range from 4 to 90 K, with the penetration field in 
the range of 5 to 40 Gauss, somewhat dependent on 
sample. The susceptibility also displays flux jump
ing and hysteresis as the dc field is scanned sym
metrically through zero, with a hysteresis diagram of 
shape and symmetry similar to that found in Type II 
superconductors in much higher fields. The con
tinuation of these studies is expected to provide 
detailed information on the electromagnetic proper
ties of these and related granular superconductors. 
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Time-Resolved Spectroscopies in 
Solids* 

Peter Y. Yu, Investigator 

INTRODUCTION 

The pU1:pose 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 interactions 
between electrons and phonons and among electrons, 
is important in the design of the new generation of 
fast electronic devices. Nonequilibrium phonons 
and electron-hole plasmas are excited in semiconduc
tors such as GaAs by picosecond laser pulses. Their 
subsequent expansion and cooling are monitored as 
a function of time by techniques such as photo
luminescence and Raman scattering. The influence 
of defects, impurities, carrier confinement, and exter
nal perturbations such as strain are also investigated. 

The effect of pressure on the electrical and opti
cal properties of solids is also studied. Insulator-to
metal transitions induced by pressure are monitored 
by measuring sample resistance as a function of pres
sure inside diamond anvil high-pressure cells. 
Electron"':phonon interactions and superconductivity 
in the high-pressure metallic phases are studied by 
measuring the temperature dependence of the electri
cal resistance. The effect of pressure on impurity 
levels in semiconductors has been studied by capaci
tance techniques such as deep-level transient spec
troscopy (DLTS) and photocapacitance techniques. 

1. Electrical Properties of the New High-T c 

Superconductors Under High Pressure 
(Publications 4 and 9)t 

D. Erskine, ~ E. Hess, A.M. Stacy, A. Zettl, and P. Y. 
Yu 

Using a gasketed diamond anvil cell, the electri
cal resistance and superconducting transition tem
perature of the new high-Tc superconductors YBa
CuO, LaSrCuO, and LaBaCuO have been studied up 
to 20 GPa. The highly nonlinear dependence of Tc 

·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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in LaSrCuO on pressure has been compared with 
existing theories of superconductivity in these 
materials. 

tSupported in part by the LBL Director's Program Development 
Funds under Contract No. DE-AC03-76SF00098. 
*Present address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 

2. Study of Lattice Relaxation in the DX 
Center in Gal_xAlxAs Alloys and in the Related 
Pressure-Induced Deep Donors in GaAs 
(Publications 5 and 11) 

M. Li,f W. Shan, ~ w.L. Hansen, E.R. Weber, and 
P.Y. Yu 

Recently there has been much interest in 
whether deep centers in semiconductors, such as the 
DX center in GaAIAs alloys, have large or small lat
tice relaxations. To resolve this controversy, Li and 
Yu have proposed a model based on the determina
tion of the pressure coefficients of the relevant defect 
energies. Using DLTS the pressure coefficients of 
defect energies in the DX center in Gal_xAlxAs:Te 
and in GaAs:Si have been measured using a dia
mond anvil cell. From these results it is concluded 
that both the DX center in the GaAIAs alloys and 
the pressure-induced deep donors in GaAs:Si have 
large lattice relaxations associated with them. 

tpresent address: Graduate School of the University of Science 
and Technology of China, Beijing, People's Republic of China. 
*On leave of absence from the Shanghai Institute of Technical 
Physics, Academia Sinica, Shanghai, People's Republic of China. 

3. Characterization of GaAs Films Grown on 
Si by Raman Scattering (Publications 3 and 8) 

Y. Huang, Y. Lo,t M.-N. Charasse,t H. Lee,t 
S. Wang,f and P. Y. Yu 

Raman scattering has been used to determine the 
strain and crystallinity of GaAs films grown on Si 
substrates. The GaAs sample has been angle-etched 
into a bevel to reveal the interface between GaAs 
and Si. From an analysis of the longitudinal optical 
phonon lineshape and peak positions, the strain and 
dislocation density in GaAs have been determined as 
a function of distance from the interface. 

tSupported by the Joint Services Electronic Program, Grant No. 
AFOSR F49620-84-C-0057. 



4. Work in Progress 

The cooling rate of photo excited hot electron
hole plasmas is being studied with subpicosecond 
time-resolved Raman scattering using a colliding
pulse modelocked dye laser. 

The pressure dependence of electrical resistance 
and superconducting transition temperature in the 
new family of high-Tc superconductors will continue 
to be investigated. Pressure-induced insulator-to
metal transitions in various compounds, such as 
semiconductor alloys, superlattices, and oxides of 
Cu, will also be studied. 

In collaboration with materials scientists at 
LBL's Center for Advanced Materials, the effects of 
boron implanted into GaAIAs alloys and GaAs on 
the DX center are being studied. Since boron can 
change the local environment of the deep centers, it 
can potentially reduce the lattice relaxation associ
ated with these deep centers and hence remove the 
undesirable effects these centers have on devices. 
The effect of pressure on Schottky barrier heights 
formed by different metals on GaAs is also being 
investigated. 

In collaboration with scientists in the Depart
ment of Electrical Engineering at V.c. Berkeley, the 
quality of GaAs epitaxial films grown on Si sub
strates is being studied by optical techniques such as 
Raman scattering and photoluminescence. The mag
nitude of thermally induced stress and minority car
rier lifetimes in GaAs films will be studied as a func
tion of growth conditions. 
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tSupported in part by the LBL Director's Program Development 
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*Supported by the Joint Services Electronic Program, Grant No. 
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Superconductivity, Superconducting 
Devices, and llf Noise* 

John Clarke, Investigator 

INTRODUCTION 

DC Superconducting QUantum Interference 
Devices (SQUIDs) are being used in a wide variety 
of applications, including geophysical measurements, 
noise thermometry, the investigation of high-Tc 
superconductors, and nuclear and quadrupole mag
netic resonance in the frequency range from a few 
kHz to 100 MHz. SQUIDs are being operated at 
temperatures down to 20 mK to investigate their 
ultimate noise limitations for such applications as 
transducers for gravity-wave antennas. The depen
dence of the low-frequency flicker (Iff) noise on the 
materials from which the SQUIDs are fabricated is 
being studied. The lifetime of current-biased Joseph
son tunnel junctions against macroscopic quantum 
tunneling is· being measured, with particular 
emphasis on the effects of dissipation. Very small 
tunnel junctions are being studied at low tempera
tures in an attempt to observe the so-called "Bloch 
oscillations"; the observation of this phenomenon 
would lead to the development of a new current 
standard. A detailed study is being made of the 
excess low-frequency noise induced in metal films by 
electron and ion bombardment; in addition to pro
viding valuable information on the origin of the 
noise, these measurements constitute a new tech
nique for the investigation of mobile defects in 
metals. 

1. Upper Limit on the Resistivity of 
La1.8SSrO.I SCu04 (Publication 3) 

F.e. Wellstood, M.J. Ferrari, J. Clarke, A.M. Stacy, 
A. Zettl, and M.L. Cohen 

During the early stages of research on the new 
class of superconducting oxides, measurements of the 
resistive transition showed a drop of several orders 
of magnitude in the resistivity to a value 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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10- 8 n cm or higher. This value is comparable with 
the low-temperature resistivity of copper with a resi
dual resistivity ratio of about 100. We therefore 
decided to carry out an experiment to impose a 
much lower upper limit on the resistivity of an oxide 
superconductor. 

The experimental configuration is shown in Fig
ure I-I. A superconducting solenoid is attached to a 
silicon chip on the reverse side of which is a thin
film planar dc SQUID. A hollow cylinder of the 
material under investigation can be inserted coaxi
ally into the coil form. In the absence of any sam
ple, we measure the mutual inductance between the 
coil and the SQUID; we repeat this measurement in 
the presence of a Pb cylinder to determine the reduc
tion in the mutual inductance. By monitoring the 
stability of the magnetic flux in the SQUID in the 
presence of a current in the solenoid, one can infer 
the stability of the screening current in the supercon
ducting cylinder. 

We repeated the measurement on a hollow 
cylinder of LaSrCuO. From the observed lack of 
decay of flux in the SQUID, we inferred that the 
time constant for the decay of the screening current 
was greater than 3 X 106 sec. Estimating the induc
tance of the cylinder to be about 2 nH, we deduce a 
resistance of less than 6 X 10- 16 n. To estimate the 
resistivity of the material, we assume that the 
currents flow uniformly throughout the sample: this 
assumption neglects skin depth effects, and provides 
a conservative upper limit on the resistivity of 
3 X 10- 17 n cm. 

I------i 

1 mm 

/La-sr-cu-o 

// Tellon loem 

Nb solenoid 

Si wafer 

Figure 1-1. Experimental configuration for determination of 
upper limit of resistivity of LaSrCuO. (XBL 873-7617) 



2. Measurement of the Effect of Moderate 
Dissipation on Macroscopic Quantum 
Tunneling (Publication 19) 

A.N. Cleland, J.M. Martinis, and J. Clarke 

The current-biased Josephson tunnel junction 
provides an ideal device for measuring the effects of 
temperature and dissipation on macroscopic quan
tum tunneling (MQT). One can model the junction 
as a particle moving on a tilted washboard potential. 
The zero voltage state of the junction corresponds to 
the confinement of the particle in one of the wells, 
whereas the voltage state corresponds to the particle 
running down the washboard. The escape of the par
ticle from the well is manifested by the sudden onset 
of a voltage across the junction. In MQT, the parti
cle escapes from the well by tunneling through the 
potential barrier: this process is closely analogous to 
the escape of an a-particle from a radioactive 
nucleus. The theory of Caldeira and Leggett makes a 
precise prediction for the reduction of the escape rate 
in the presence of dissipation, and it is this predic
tion that we test. 

Junctions were fabricated with a resistive shunt 
to provide accurately known dissipation, and cooled 
to low temperatures in a dilution refrigerator. We 
determined the escape rate by ramping the current 
through the junction and measuring the value at 
which a voltage appeared; this process was repeated 
typically 105 times at each temperature. The escape 
rate r is conveniently expressed as an escape tem
perature Tese' defined through the relation r = 
(wp/27r)exp(-~U/kBTcse); here Wp is the plasma fre
quency and ~U is the barrier height. Figure 2-1 
shows Tese vs T, together with the theoretical predic
tion. No parameters have been fitted in this com
parison. The very good agreement establishes the 
correctness of the Caldeira-Leggett theory. 

3. Signal and Noise in Measurements of Low
Frequency Geomagnetic Fields (Publication 21)t 

E. Nichols, H.F. Morrison, and J. Clarke 

In certain geophysical prospecting techniques, 
one applies a low-frequency electrical pulse to the 
ground and measures the resulting magnetic field at 
an array of sites. The accuracy of the detection of 
the magnetic field is reduced by two classes of noise: 
geomagnetic noise, and noise due to movement of 
the magnetic field sensors in the earth's static field, 
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Figure 2-1. Te,c vs T for the shunted junction shown in the 
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Dashed line is classical prediction. (XBL 874-92660) 

for example, because of seismic motion. The pur
pose of this experiment was to determine the reduc
tion that could be achieved in the apparent noise 
level by means of an array of magnetometers 
together with. appropriate cross-correlation tech
mques. 

An array of four 3-axis SQUID magnetometers 
was fielded near Leach Hot Springs, Nevada. The 

~ magnetometers were instrumented with tilt-meters to 
enable us to correct for apparent noise due to the 
motion of the magnetometers. All the outputs were 
connected to a microcomputer for in-field data pro
cessing.~ A least-squares fitting program was used to 
predict the magnetic field at a given site from data at 
a remote site. Figure 3-1 shows the results of a typi
cal experiment. In (a), the local magnetic field varies 
by about ± 5 nT over a period of 1.8 hours. After 
the cancellation provided by the remote site, the 
variation is reduced to about ±O.OOI nT, a reduc
tion in amplitude of 5,000. This cancellation of 
spurious fields down to ± 1 pT is quite unpre
cedented and opens up new possibilities for active 
electromagnetic surveying techniques for natural 
resources. 

tWork supported in part by the Gas Research Institute. 
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Figure 3-1. (a) Observed magnetic signal and (b) residual mag
netic signal of an array of SQUID magnetometers located near 
Leach Hot Springs, Nevada. Data have been low-pass filtered at 
0.1 Hz. (XBL 8711-4972) 

4. Flicker (l/f) Noise in eu Films Due to 
High-Energy Electron and Ion Irradiation 
(Publication 18)t 

J. Pelz and J. Clarke 

We have studied the effects of electron and ion 
irradiation on thin eu films and found that it 
increases the level of I/f noise in a predictable way. 
The increase is attributed to the creation of defects, 
some of which are mobile, and all of which can be 
annealed out with a corresponding reduction in the 
nOlse. 

The films, evaporated on silicon chips, were irra
diated with 1.2-MeV electrons while maintained at 
90 K in a transmission electron microscope. One 
can determine the approximate number of Frenkel 
pairs (vacancy-interstitial pairs) so created by 
measuring the change in resistivity. In Figure 4-1, 
we show the variation in the spectral density of the 
resistivity fluctuations, Sp(fo) at fo = 5 Hz vs the 
change in resistivity, !:J.p, at 80 K; N is the number of 
atoms in the sample. We observe that the noise 
(open circles) increases linearly with !:J.p. Also shown 
is the increase Sp(fo) after irradiation with I-MeV 
Kr+ ions. We note that Sp(fo) increases with !:J.p with 
the same slope as for the electron irradiation, but 
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Figure 4-1. Change in noise magnitude vs. change in resistivity 
for irradiated Cu film. Open circles were measured after 1.1 MeV 
electron radiation, open squares after I MeV Kr+ irradiation. 
(XBL 884-1326) 

that the overall magnitude is reduced by a factor of 
about 8. This result is consistent with the notion 
that the ion irradiation creates large numbers of spa
tially correlated defects, or clusters. These clusters 
create a substantial change in resistivity, but, because 
they are largely immobile at 80 K, contribute very 
little to the noise. Thus only the relatively small 
fraction of defects that are isolated and not in clus
ters contributes to the noise. 

These results, together with detailed studies of 
the effects of annealing, establish mobile defects as a 
major source of l/f noise in metals. 

tThis work was done in collaboration with Dr. Wayne King at 
Argonne National Laboratory. Part of this work was performed at 
Argonne. 

5. Quantitative "Local Interference" Model for 
l/f Noise in Metal Films (Publication 8) 

J. Pelz and J. Clarke 

For many years there has been much interest in 
the origin of low-frequency flicker (Iff) noise in 
metal films. Recent experiments have provided very 
strong evidence that the noise arises from the motion 
of defects, which modifies the resistance of the film 
in a random manner and thus causes the voltage to 
fluctuate in the presence of a steady bias current. 
We have developed a model that accounts for this 
defect motion in a quantitative way. 

The model leads to the following expression for 
the mean square resistivity fluctuations «op)2>, 
normalized to the square of the resistivity p2: 



Here, N is the number of atoms in the sample of 
volume V, n = N/V, e is the electron mean free path, 
O(J is the average change in cross section of a defect 
when it rotates, and nm is the concentration of 
mobile defects. The measured l/f noise is often 
expressed as NSp(f)/ P2 = a/f, where Sif) is the spec
tral density of the resistivity fluctuations. Integrating 
this expression over an appropriate bandwidth, we 
obtain N «op)2> /p2 -- 5.5a. For typical metals at 
room temperature, a -- 10- 3, and one can account 
for the I/f noise with nm/n -- 10- 5, a very reason
able value. The theory also accounts for the noise 
added by electron irradiation (see abstract 4) if one 
assumes that about 5% of the added defects are 
mobile. This model is the first to explain I/f noise 
quantitatively and accounts for the observed I/f 
noise in a very satisfactory way. 
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Temperature Physics, Kyoto, Japan, Aug. 20-26, 
1987. 

33. A.N. Cleland, J.M. Martinis, and J. Clarke, "Effect 
of Dissipation on Macroscopic Quantum Tunnel
ing," Eighteenth International Conference on Low 
Temperature Physics, Kyoto, Japan, Aug. 20-26, 
1987. 

34. J. Clarke, "Quantum Behavior of a Macroscopic 
Variable: The Phase Difference across a Josephson 
Tunnel Junction," Colloquium, Michigan State 
University, E. Lansing, MI, Oct. 13, 1987. 

35. J. Clarke, "Effects of Dissipation on Macroscopic 
Quantum Tunneling and Quantized Energy Levels," 
Workshop on Quantum Mechanics of Macroscopic 
Variables, Spring Hill Conference Center, Wayzata, 
MN, Oct. 29-31,1987. 

36. J. Clarke, "Small-Scale Analog Applications of High 
Temperature Superconductors," Perspectives in the 
New Superconductivity, Boston, MA, Nov. 9-11, 
1987. 

37. J. Clarke, "Prospects for High-Tc SQUIDs," Electri
cal Engineering and Computer Science Department, 
University of California Berkeley, Nov. 17, 1987. 

38. J. Clarke, "SQUIDs," Society of Engineering Stu
dents, University of California Berkeley, Nov. 24, 
1987. 



THEORETICAL RESEARCH 

Theoretical Studies of the Electronic 
Properties of Solid Surfaces* 

L.M. Fa lico v, Investigator 

INTRODUCTION 

The purpose of this research is to further basic 
understanding of the physical properties of materials 
and materials systems, in particular their surfaces 
and interfaces. The emphasis is on carrying out 
quantum-mechanical calculations on realistic sys
tems so that a microscopic understanding may be 
obtained from first principles. Studies include bulk 
materials, surfaces and chemisorbed systems, inter
faces, defects in solids, and clusters. Comparisons 
with experiment show that the calculations are accu
rate and of predictive power. Bulk materials 
research is focused on electronic, magnetic, struc
tural, and vibrational properties; crystal structure 
determination; solid-solid phase transformations at 
high pressure; and defect properties. Surface and 
interface research is focused on atomic, electronic, 
and magnetic structures. 

During 1987 Professor L.M. Falicov was on sab
batical leave based in Copenhagen, Denmark. He 
kept constant contact with his students and colla
borators both in Berkeley and Copenhagen, as well 
as with outside coworkers at the University of Vir
ginia. He also established new collaborations with 
scientists in Denmark and Spain. 

During his stay in Europe Professor Falicov was 
a frequently invited speaker at conferences and collo
quia as well as a visitor to a variety of institutions 
throughout Europe. 

*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. Magnetoquantum Oscillations, Magnetic 
Breakdown, and Fermi-Surface Modifications in 
NbSe

3 
(Publication 2) 

M.P. Everson/ A. Johnson/ H.-A. Lu/ R. V. 
Coleman/ and L.M. Falicov 

The magnetoquantum oscillations in NbSe3 
show frequency shifts and beat structures due to 
interaction between the pinned charge-density-wave 
(CDW) configuration and the normal Fermi surface 
(FS). Spatial variations in the phase deformation of 
the CDW pinned at impurities can result in changes 
in the local Fermi level and CDW gap, giving rise to 
a distribution of extremal FS areas. Magneticbreak
down (MB) between these small FS sections and the 
open nested sheets of FS can have striking effects on 
the amplitude and frequency of the quantum oscilla
tions due to modulation of the transmission and 
reflection of coefficients at the MB junctions. A 
model using a one-dimensional open-orbit network 
and a rectangular distribution of FS areas has been 
used to fit the data in the range 0-225 kG. Good 
fits to the beat periods and frequency shifts are 
obtained and provide an accurate measure of the 
width of the frequency distribution for different 
CDW configurations. The existence of these MB 
mechanisms also provides an explanation for hys
teresis and asymmetry observed in the magnetoresis
tance as the CDW configuration is manipulated in 
electric and magnetic fields. 

tPermanent address: Department of Physics, University of Vir
ginia, Charlottesville, VA 2290 I. 

2. Delocalization and Correlation Effects in 
Atomic Systems: Solution of the Hubbard 
Model for General Spin (Publication 4) 

K.B. Whale/ and L.M. Falicov 

The effects of quantum statistics and atomic 
correlations on motion in two-dimensional periodic 
potentials is studied within a Hubbard model for 



both Bose-Einstein and Fermi-Dirac statistics. Exact 
eigenstates are obtained for finite clusters with 
periodic boundary conditions, and the extent of 
ground-state delocalization evaluated for both statis
tics. 

tpermanent address: Department of Chemistry, University of 
California, Berkeley, CA 94720. 

3. Extended One-Dimensional Hubbard Model: 
A Small-Cluster Approach (Publication 13) 

L.M. del Boscht and L.M. Falicov 

The one-dimensional Hubbard model with 
nearest-neighbor hopping, first- and second-nearest
neighbor particle interaction, and one particle per 
site is re-examined by means of a small-crystal 
approach - an exact solution of a four-site cluster 
with periodic-boundary conditions. Lines of sym
metry crossing as well as singular lines and points 
are found. Analysis of correlation functions indi
cates that although there are smooth, strong changes 
as the parameters approach the values of the charge
to-spin-density-wave transition (a suggestion of an 
incipient second-order transition), the actual change 
involves a crossover between unrelated symmetries 
(a clear indication of a first-order transition). The 
relatively simple calculation and its results agree well 
with previous Monte Carlo numerical simulations 
and settles the unresolved question of the order of 
the spin- to charge-density-wave transition. 

tpermanent address: Departamento de Fisica de la Materia Con
densada, Universidad Autonoma de Madrid, E-28049 Madrid, 
Spain. 

4. A Heavy-Fermion System: An Exact Many
Body Solution to a Periodic-Cluster Hubbard 
Model (Publication 14) 

A. Reich and L.M. Falicov 

An exact solution of an eight-site crystal model 
with periodic boundary conditions, a small face
centered cubic crystal, is presented for the case of a 
heavy-fermion system. The model consists of: (a) a 
single, fully symmetric orbital per site, with nearest
neighbor and second nearest-neighbor hopping; (b) 
an infinite Coulomb repulsion between electrons on 
the same site; (c) antiferromagnetic superexchange 
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interactions; and (d) a nearly half-filled band (7/8 
electron per site). Application of group-theoretical 
techniques yields a set of 'energies that are at most 
(analytic) solutions of quadratic equations. Depend
ing on the sign of the nearest-neighbor hopping 
parameter, the gro'und state exhibits either a huge 
accidental 'degeneracy (the heavy-fermion case), or 
simple, uniform, saturated itinerant ferromagnetism. 
The model is, at once, easy to handle and yet rich in 
structure. Fermi surface, spin-wave, and electron 
transport properties are investigated, and conse
quences for real systems are discussed. 

1987 PUBLICATIONS AND REPORTS 

Refereed J oumals 

1. E.C. Sowa and L.M. Falicov, "Photoemission, 
Inverse' Photoemission, and Fluctuations in an 
Exactly Soluble Many-Body Cluster Model of bcc 
Iron," Phys. Rev. B 35, 3765 (1987); LBL-22297. 

2. M.P. Everson, A. Johnson, H.-A. Lu, R.V. Coleman, 
and L.M. Falicov, "Magnetoquantum Oscillations, 
Magnetic Breakdown, and Fermi-Surface Modifica
tions in NbSe3," Phys. Rev. B 36, 6953 (1987); 
LBL-23491. 

3. J.M. Kahn, R.E. McMurray, Jr., E.E. Haller, and 
L.M. Falicov, "Trigonal Hydrogen-Related Acceptor 
Complexes in Germanium," Phys. Rev. B 36, 8001 
(1987); LBL-23305. 

4. K.B. Whaley and L.M. Falicov, "Delocalization and 
Correlation Effects in Atomic Systems: Solution of 
the Hubbard Model for General Spin," J. Chern. 
Phys. 87, 7160 (1987); LBL-23703. 

Other Publications 

5. J.M. Kahn, E.E. Haller, and L.M. Falicov, "Copper
Dihydrogen Acceptors in High-Purity Germanium," 
in The Physics of Semiconductors (Proc. 18th Int. 
Conf., Stockholm, Sweden, Aug. 11-15, 1986), O. 
Engstrom, Ed., World Scientific, Singapore, 1987, p. 
1003; LBL-21183. 

6. E.E. Haller and L.M. Falicov, "Hydrogen-Related 
Impurity Complexes in Germanium and Silicon," in 
Semiconductor Physics (Proc. Third Brazilian 
School, University of Campinas, Brazil, Feb. 16-26, 
1987), C.E.T. Goncalves da Silva, L.E. Oliveira, and 
J.R. Leite, Eds., World Scientific, Singapore, 1987, p. 
132; LBL-22976. 

7. R.V. Coleman, M.P. Everson, H.-A. Lu, A. Johnson, 
and L.M. Falicov, "Fermi Surface Modifications and 
Magnetic Breakdown Connected to Charge-Density 
Waves in NbSe3," in Proc. 18th Con! Low
Temperature Physics, Kyoto, Japan, 1987, Jap. J. 
Appl. Phys 26, Supplement 26-3, 615 (1987); LBL-
23493. 



LBL Reports 

8. L.E. Oliveira and L.M. Falicov, "Energy Spectra of 
Shallow Donors and Acceptors in GaAs-Gal_xAlxAs 
Superlattices," in Proc. Third Escola Brasileira de 
Fisica de Semicondutores, Campinas, Brazil, Feb. 
16-26, 1987 (in press); LBL-23492. 

9. L.M. Falicov, ':A Periodic Small-Cluster Approach 
to Many-Body Problems," in Recent Progress in 
Many-Body Theories, Vol. I, E. Pajanne and R.F. 
Bishop, Eds., Plenum, New York (in press); LBL-
23894. 

10. L.M. Falicov, "Electronic Band Structure and Pho
toemission: A Review and Projection," in J. de Phy
sique (Paris), Proc. 14th Int. Con! Xray and Inner 
Shell Processes, Paris, Sept. 14-18, 1987 (in press); 
LBL-23976. 

11. L.M. Falicov, "An Overview of Recent Develop
ments in High-Temperature Superconductivity," 
Annual European ICASE Seminar, Oct. 9, 1987; in 
Proc. ICASE Seminar, Bulletin of the Danish 
Physics-Chemistry-Math High School Teachers 
Organization (in press); LBL-24323. 

12. C.R. Proetto and L.M. Falicov, "Exact Solution of a 
Periodic-Cluster Hubbard Model with an Electron
Lattice Interaction," submitted to Phys. Rev. B; 
LBL-24642. 

13. L. Milans del Bosch and L.M. Falicov, "Extended 
One-Dimensional Hubbard Model: a Small Cluster 
Approach," accepted by Phys. Rev. B; LBL-23704. 

14. A. Reich and L.M. Falicov, "Heavy-Fermion Sys
tem: an Exact Many-Body Solution to a Periodic
Cluster Hubbard Model," accepted by Phys. Rev. B; 
LBL-24099. 

Invited Talks 

15. L.M. Falicov, "Correlation Effects "in Transition 
Metals and Rare Earth Compounds," Annual 
Hund-Klemm Lecture, Max-Planck-Institut for Solid 
State Physics, Stuttgart, Federal Republic of Ger
many, Jan. 19, 1987; NORDIT A, Copenhagen, Den
mark, Feb. 4, 1987; University of Dortmund, 
Federal Republic of Germany, June 16,1987. 

16. L.M. Falicov, "Auctuations and Photoemission in 
Highly Correlated Metals," Atomic Energy Establish
ment, Ris¢, Denmark, Feb. 23, 1987; University of 
Uppsala, Sweden, May 7, 1987; University of Lund, 
Sweden, May 25, 1987; Julich Center for Research, 
Federal Republic of Germany, May 29, 1987. 

17. L.M. Falicov, "Open Problems in Condensed Matter 
Physics," AFI Institute, University of Stockholm, 
Sweden, May 6, 1987; Annual Solid State Meeting of 
the Danish Physical Society, Nyborg, Denmark, May 
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21, 1987; Physics Department, University of Aarhus, 
Denmark, Oct. 28, 1987. 

18. L.M. Falicov, "Theory of High-Temperature Super
conductivity," Workshop on High-Temperature 
Superconductivity, NORDIT A, Copenhagen, Den
mark, May 14, 1987; Properties of Highly Correlated 
Systems, Stavenden, Holland, June 4, 1987; Joint 
meeting, Danish Physics-Math-Chemistry High 
School Teachers Association and the European 
Society of Science High School Teachers, Lyngby, 
Denmark, Oct. 9, 1987; The Danish Physical 
Society, Lyngby, Denmark, Dec. 9, 1987. 

19. L.M. Falicov, "A Periodic Small-Cluster Approach 
to Many-Body Problems," Oulu Conference on 
Recent Progress in Many-Body Problems, Oulu, Fin
land, Aug. 6, 1987. 

20. L.M. Falicov, "Superconductivity: a Brief Survey 
and Assessment," the Danish Academy of Technical 
Sciences, Lyngby, Denmark, Sept. 10, 1987. 

21. L.M. Falicov, "Electronic Band Structure and Pho
toemission: Review and Projection," 14th Interna
tional Conference on X-Ray and Inner Shell 
Processes, Paris, France, Sept. 17, 1987. 

22. L.M. Falicov, "Superconductivity and the Hubbard 
Model," H.C. <,?>rsted Institute, University of 
Copenhagen, Denmark, Sept. 29, 1987. 

23. L.M. Falicov, "Highly Correlated Metals: a Small
Cluster Approach to Heavy Fermions and Supercon
ductivity," NORDIT A Symposium on Recent Pro
gress in Condensed Matter Physics, Copenhagen, 
Denmark, Oct. 7, 1987; Catholic University of Rio 
de Janeiro, Brazil, Oct. 23, 1987; ETH, Technical 
University of Switzerland, Zurich, Nov. 5, 1987; 
Physics Department, Goteborg Institute of Technol
ogy, Goteborg, Sweden, Nov. 24, 1987; Trondheim 
Institute of Technology, Trondheim, Norway, Dec. 
4, 1987. , 

24. LM. Falicov, "A Survey of Condensed Matter Phy
sics," Third Symposium on Pan American Colla
boration, Rio de Janeiro, Brazil, Oct. 20, 1987. 

25. L.M. Falicov, Participant in the Round Table on 
"Collaboration in Physics between the United States 
and Latin America," Third Symposium on Pan 
American Collaboration, Rio de Janeiro, Brazil, Oct. 
22, 1987. 

26. L.M. Falicov, "Electronic and Magnetic Properties of 
Transition-Metal Surfaces and Overlayers," 
Goteborg Institute of Technology, Goteborg, 
Sweden, Nov. 25, 1987; Physics Department, Free 
University of Berlin, Berlin, Germany, Dec. 11, 
1987. 

27. L.M. Falicov (with A. Reich), "Superconducting 
Correlations in a Small-Cluster Hubbard Model," 
Danish Physical Society, Lyngby, Denmark, Dec. 9, 
1987. 



· Theoretical Solid State Physics* 

Marvin L. Cohen, Investigator 

INTRODUCTION 

The emphasis of the theoretical work is on the 
properties of real materials. A significant effort is 
made to interact with experimental groups at Berke
ley and elsewhere. In the area of high-temperature 
superconductivity, the collaboration has already 
resulted in a series of studies of the new high
temperature superconducting oxides. The other 
theoretical work focuses on the properties of solids 
and clusters. High-pressure studies of semiconduc
tors and insulators reveal the possibility of new 
solid-solid phase transitions. Much of the work 
relies only on first-principles approaches, which 
require only input about the constituent atoms. The 
information about the solid state is obtained in most 
cases from only a knowledge of the atomic number 
and atomic mass of the atoms making up the solid. 

HIGH-TEMPERATURE 
SUPERCONDUCTIVITY 

A series of studies of the high-temperature super
conducting oxides resulted in a series of important 
studies. The first observation of superconductivity 
above the boiling of liquid nitrogen was made by 
Chu and Wu. An independent but subsequent obser
vation of superconductivity in Y-Ba-Cu-O was made 
at Berkeley through a collaboration between theory 
and experiment. Other experiments in this area 
include the observation of a near-zero isotope effect 
in Y-Ba-Cu-O and a finite but small isotope effect in 
La-Ba-Cu-O. Other experiments include studies of 
the elasticity, transport properties, tunneling proper
ties, and a nonreproducible observation of supercon
ductivity around room temperature. The theoretical 
component of this work consisted of suggestions for 
experiments and analysis of· the results once the 
experiment was done. 

SUPERCONDUCTIVITY AND ELECTRON
PHONON INTERACTIONS 

The pseudopotential total-energy method was 
applied to examine electron-phonon scattering in 

*This work was supported jointly by the Director, Office of Ener
gy Research, Office of Basic Energy Sciences, Materials Sciences 
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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semiconducting silicon to obtain intervalley 
electron-phonon matrix elements. This work was 
analogous to the work that was done earlier to com
pute electron-phonon matrix elements to study the 
superconducting properties of highly compressed sili
con. The results were consistent with Raman 
scattering experiments, but this ·work is in a primi
tive stage and will require refinement before accurate 
determinations of the electron-phonon matrix ele
ments are made. 

HIGH PRESSURE AND STRUCTURAL 
PROPERTIES OF SOLIDS 

1. Pressure Coefficients of Band Gaps of 
Diamond (Publication 5) 

s. Fahy, K.J. Chang, s.G. Louie, and M.L. Cohen 

Ab initio pseudopotential calculations of the 
pressure dependence of the direct and indirect band 
gaps in diamond using a plane-wave and a local
orbital method are presented. The pressure deriva
tive of the fundamental gap is found to be positive, 
in contrast with the negative derivative usually 
observed near the X point in the diamond and zinc
blende-structure semiconductors. Its value is found 
to be 0.53 meV jkbar for the local-orbital method and 
0.58 meVjkbar for the plane-wave method, as com
pared to the measured value of 0.5 meVjkbar. The 
anomalous sign of the pressure derivative of the fun
damental gap is understood in terms of the absence 
of d states with the same principal quantum number 
as the low-lying sand p valence states of the carbon 
atom. 

2. High-Pressure Phases of 111-V Zincblende 
Semiconductors (Publication 7) 

S.B. Zhang and M.L. Cohen 

With the use of the pseudopotential total-energy 
approach, the stability of two likely high-pressure 
structures, the A5 (fj-Sn) and rock salt structure, for 
the III-V compounds AlP, AlAs, AISb, GaP, GaAs, 
GaSb, InP, InAs, and InSb are investigated. We 
present the calculated pressure for the phase transfor
mations and compare them with the experimental 
values. As previously reported for AlP, there are 
discrepancies in the transition pressures between 
theory and experiment for Al compounds, and these 



are discussed. A new high-pressure phase of GaSb is 
analogous to the simple hexagonal phase at a pres
sure of 528 kbar. Using the measured and calculated 
results for the high-pressure phases of the zincblende 
compounds, we conclude that the rocksalt phase is 
stabilized relative to the A5 phase by the averaged 
optical energy gap (both homopolar and heteropolar 
contributions) of the material. 

3. Theoretical Total-Energy Study of the 
Transformation of Graphite into Hexagonal 
Diamond (Publication 8) 

S Fahy, SG. Louie, and M.L. Cohen 

Variations in the structural energy of solid car
bon along a transformation path from a graphitic 
structure with ... [AA]... stacking to hexagonal dia
mond are calculated using the first-principles pseu
do potential local-orbital total-energy method. The 
transformation path is that defined in an earlier 
study of the transformation of rhombohedral gra
phite into cubic diamond. The energy barrier along 
the transformation path is found to be only slightly 
higher than that of the corresponding path in the ear
lier study. Thus, the major features of the energetics 
of the transformation are found to be relatively 
insensitive to the stac~ing of the graphite. However, 
it is found that in the region of metastability of gra
phite, the ... [AA]... stacking never has lower energy 
than the rhombohedral stacking, and so we do not 
expect a transition from rhombohedral to ... [AAJ ... 
stacking under static pressure. While the energy of 
hexagonal diamond is higher than that of cubic dia
mond in their final formation, nevertheless, as the 
sp3 bonds are forming during the transition from gra
phite, it is found that the hexagonal diamond has 
approximately the same energy as cubic diamond. 
The implications of these results for the synthesis of 
diamond from graphite are discussed. 

4. Ab initio Pseudopotential Study of Structural 
and High-Pressure Properties of SiC 
(Publication 9) 

K.J. Chang and M.L. Cohen 

An ab initio pseudopotential method is used to 
study the structural properties of SiC at low and high 
pressures. For cubic SiC, the calculated ground-state 

• properties, such as the equilibrium lattice constant, 
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bulk modulus, and cohesive energy, are in good 
agreement with experiment. The indirect band gap 
of cubic SiC is predicted to decrease with increasing 
pressure; this behavior is ·similar to Si but not to C. 
To study the structural phase stability at high pres
sures, the rocksalt and tetragonal {1-Sn phases are 
considered. Our calculations suggest that the zinc
blende structure of SiC transforms into the rock salt 
phase under a hydrostatic pressure of 660 ± 50 kbar. 
The calculated value should be regarded as an upper 
bound for the pressure of a structural phase transi
tion from the zincblende. The valence-charge distri
bution for cubic SiC resembles those for other zinc
blende semiconductors. 

5. Analytic Relation Between Bulk Moduli and 
Lattice Constants (Publication 15) 

P.K. Lam, M.L. Cohen, and G. Martinez 

An analytic relation between the bulk modulus 
of a solid. and its equilibrium lattice constant is 
sought by examining how the various components of 
the total structural energy scale with distance. Sim
ple formulas are obtained for the bulk modulus and 
its pressure derivative. A comparison is made with 
an empirical scaling approach for diamond and zinc
blende materials. 

1987 PUBLICATIONS AND REPORTS 

Refereed Journals 

I. G. Martinez, J.M. Mignot, G. Chouteau, KJ. Chang, 
M.M. Dacorogna, and M.L. Cohen, "Superconduc
tivity of Silicon," Phys. Scripta T13, 226 (1986). 

2. S.L. Richardson and M.L. Cohen, "Conduction
Band-Edge Charge Densities in Elemental and Com
pound Semiconductors," Phys. Rev. B 35, 1388 
(l9B7); Erratum: Phys. Rev. B 36, 1275 (1987).t 
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Metal Clusters and the Jellium Model," Chern. Phys. 
Lett. 134, I (1987). 
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Superconductivity in Y-Ba-Cu-O at 100 K," Phys. 
Lett. A120, 494 (1987). 
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"Pressure Coefficients of Band Gaps of Diamond," 
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A. Zettl, and M.L. Cohen, "Upper Limit on the 
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ties of SiC," Phys. Rev. B 35, 8196 (1987). 
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L.C Bourne, M.F. Crommie, A. Zettl, H.-C. 
zur Loye, S.W. Keller, K.L. Leary, A.M. Stacy, K.J. 
Chang, M.L. Cohen, and D.E. Morris, "Search for 
Isotope Effect in Superconducting Y-Ba-Cu-O," 
Phys. Rev. Lett. 58, 2337 (1987); Erratum: Phys. 
Rev. Lett. 59,1492 (1987). 
L.C Bourne, A. Zettl, K.J. Chang, M.L. Cohen, 
A.M. Stacy, and W.K. Ham, "Elasticity Studies of 
La2.xSrxCu04," Phys. Rev. B 35, 8785 (1987). 
M.F. Hundley, A. Zettl, M.L. Cohen, and A.M .. 
Stacy, "Transport Properties of the Superconducting 
Oxide Lal.85Sro.I 5CU04," Phys. Rev. B 35, 8800 
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M.F. Crommie, L.C Bourne, A. Zettl, M.L. Cohen, 
and A.M. Stacy, "Tunneling Measurement of the 
Energy Gap in Y-Ba-Cu-O," Phys. Rev. B 35, 8853 
(1987). 
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stants," Phys. Rev. B 35,9190 (1987).t 
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dent Superconducting Transition Temperature of Y
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Morris, T.W. Barbee, III, L.C Bourne, M.L. Cohen, 
S. Hoen, and A. Zettl, "Observation of an Oxygen 
Isotope Shift in the Superconducting Transition 
Temperature of Lal.85Sro.I 5CU04," Phys. Rev. Lett. 
59, 915 (1987). 
S.B. Zhang, M.L. Cohen, and M.Y. Chou, "Elec
tronic Shell Structure of Simple Metal Heteroclus
ters," Phys. Rev. B 36, 3455 (1987).+ 
L.C Bourne, A. Zettl, T.W. Barbee, III, and M.L. 
Cohen, "Complete Absence of Isotope Effect in 
YBa2Cu307: Consequences for Phonon Mediated 
Superconductivity," Phys. Rev. B 36, 3990 (1987). 
S.B. Zhang, M.L. Cohen, and J.C Phillips, "Rela
tivistic Screened Orbital Radii," Phys. Rev. B 36, 
5861 (1987). 
R.M. Wentzcovitch, M.L. Cohen, and P.K. Lam, 
"Theoretical Study of BN, BP, and BAs at High 
Pressures," Phys. Rev. B 36, 6058 (1987). 
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Cohen, "Electronic Shell Structure and Metal Clus
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and D. Turnbull, Eds., Academic Press, New York, 
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D.Erskine, P.Y. Yu, K.J. Chang, and M.L. Cohen, 
"Stability of the Si Lattice: Electron-Phonon 
Interactions and Superconductivity in Hexagonal 
Si," in Proc. 18th Int. Con{ Phl'sics of Semiconduc
tors. 1986, World Scientific, Singapore, 1987, p. 
1217. 

24. S.L. Richardson, M.M. Dacorogna, F.H. Pollak, 
M.L. Cohen, and O.J. Glembocki, "First-Principles 
Calculation of the r-x Electron (Hole)-Phonon 
Matrix Elements in Silicon," in Proc. 18th Int. Con! 
Physics 0/ Semiconductors. 1986, World Scientific, 
Singapore, 1987, p. 1353. 
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ISupported by NSF Grant No. DMR8319024. 



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 pro
perties of solids and materials systems such as sur
faces and interfaces. First-principles quantum 
mechanical calculations are carried out to obtain a 
microscopic understanding of realistic systems. The 
research effort encompasses the study of bulk materi
als, surfaces, chemisorption systems, and interfaces, 
and the formulation and development of new 
theoretical techniques for calculating ground-state 
and excited-state properties. Current projects 
include work on surface atomic and electronic struc
tures, structural and vibrational properties of solids, 
electronic excitation spectra of solids, and solid-solid 
structural phase transformations. 

1. Theory of Quasiparticle Energies in Alkali 
Metals (Publication 10)t 

J.E. Northrup, M.S. Hybertsen, and s.G. Louie 

The quasiparticle band structures of Na and Li 
are calculated by evaluation of the electron self
energy to first order in the dynamically screened 
Coulomb interaction. For Na, our results explain 
quantitatively the large bandwidth reduction 
observed in recent angle-resolved photoemission 
experiments. The inclusion of exchange-correlation 
effects in the dielectric screening and the require
ment· that the energy dependence of the electron 
Green's function be treated self-consistently are 
found to be important in our obtaining the correct 
bandwidths. 

tSupported in part (graduate student salary) by NSF Grant No. 
DMR8319024. 

*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 Contact No. 
DE-AC03-76SF00098. 
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2. Many-Body Calculation of Surface States: 
As on Ge( 111) and Si( 111) (Publications 3 
and 14)t 

M.S. Hybertsen and s.G. Louie 

A first-principles theory of the quasiparticle 
surface-state energies is given. The electron self
energy operator is evaluated with inclusion of both 
local fields and dynamical screening effects in a sur
face calculation using a repeated slab geometry. The 
results for the prototypical Ge( III ):As and 
Si( III ):As surfaces are in excellent agreement with 
recent angle-resolved photoemission data and show a 
substantially larger gap between the empty and occu
pied surface states in comparison to local-density 
functional calculations. Implications for local
density-functional calculations of surface-state ener
gies in semiconductors are discussed. 

tSupported in part (graduate student salary) by NSF Grant No. 
DMR8319024. 

3. Potential Fluctuations and Density of Gap 
States in Amorphous Semiconductors 
(Publication 2) 

e. T. Chan/ s.G. Louie, and J.e. Phillips 

The exponential-band-tail (Urbach-tail) problem 
for structurally disordered material is treated by a 
simple model in which quantum wells (used to 
model the effects of local disorder) trap states in the 
gap. The density of states in the gap is calculated 
and is shown to have approximately exponential 
behavior over a range of energy of physical interest. 
A direct relation is established between the Urbach
tail slope and the glass transition temperature. 
Agreement with experimentally determined Urbach
tail slopes is obtained for the Ge-Sn-Se glasses for 
reasonable parameters employed in the present 
model. 

tc.T. Chan was supported in part (graduate student salary) by 
NSF Grant No. DMR8319024. 



4. Pressure Coefficients of Band Maps of 
Diamond (Publication 6) 

S. Fahy/ K.J. Chang, s.G. Louie, and M.L. Cohen 

Ab initio pseudopotential calculations of the 
pressure dependence of the direct and indirect band 
gaps in diamond using a plane-wave and a local
orbital method are presented. The pressure deriva
tive of the fundamental gap is found to be positive, 
in contrast with the negative derivative usually 
observed near the X point in the diamond and zinc
blende-structure semiconductors. Its value is found 
to be 0.53 meV/kbar for the local-orbital method and 
0.58 meV/kbar for the plane-wave method, as com
pared to the measured value of 0.5 meV/kbar. The 
anomalous sign of the pressure derivative of the fun
damental gap is understood in terms of the absence 
of d states with the same principal quantum number 
as the low-lying sand p valence states of the carbon 
atom. 

tS. Fahy was supported in part (graduate student salary) by NSF 
Grant No. DMR8319024. 

5. High-Pressure Structural and Electronic 
Properties of Carbon (Publication 9) 

S. Fah/ and s.G. Louie 

The high-pressure properties of carbon in eight 
different structures are calculated using an ab initio 
pseudopotential local-orbital method. In particular, 
the structural properties of hexagonal diamond and 
variation of its fundamental band gap with pressure 
are calculated for the first time. The variation of the 
fundamental gap in hexagonal diamond is found to 
have the opposite sign to that in cubic diamond, 
although the cubic and hexagonal forms have almost 
identical structural properties. Among the structures 
examined, diamond is found to transform under 
hydrostatic pressure first to the fourfold coordinated 
bc-8 (or Si-III) structure. The bc-8 form is favored 
at pressures greater than 11.1 Mbar. This is a 
slightly lower transformation pressure than that 
recently calculated using the pseudopotential plane
wave method. The sixfold coordinated structures, 
simple cubic and iJ-tin, are found at low pressure to 
be kinetically unstable, transforming spontaneously 
without an energy barrier into the cubic diamond 
structure. This result suggests that sixfold coordina
tion of liquid carbon will be unlikely to occur at 
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moderate pressure and temperature. Similarly, six
fold coordination is not expected in carbon clusters. 

tS. Fahy was supported in part (graduate student salary) by NSF 
Grant No. DMR8319024. 

6. Theoretical Total-Energy Study of the 
Transformation of Graphite into Hexagonal 
Diamond (Publication 8) 

S. Fahy,t s.G. Louie, and M.L. Cohen 

Variations in the structural energy of solid car
bon along a transformation path from a graphitic 
structure with ... [AA]... stacking to hexagonal dia
mond are calculated using the first-principles pseu
dopotential local-orbital method. The transforma
tion path is that defined in an earlier study of the 
transformation of rhombohedral graphite into cubic 
diamond. The energy barrier along the transforma
tion path is found to be only slightly higher than that 
of the corresponding path in the earlier study. Thus, 
the major features of the energetics of the transfor
mation are found to be relatively insensitive to the 
stacking of the graphite. However, it is found that in 
the region of metastability of graphite, the ... [AA] ... 
stacking never has lower energy than the rhom
bohedral stacking, and so we do not expect a transi
tion from rhombohedral to ... [AA] ... stacking under 
static pressure. While the energy of hexagonal dia
mond is higher than that of cubic diamond in their 
final formation, nevertheless, as the Sp3 bonds are 
forming during the transition from graphite, it is 
found that the hexagonal diamond has approxi
mately the same energy as cubic diamond. The 
implications of these results for the synthesis of dia
mond from graphite are discussed. 

tS. Fahy was supported in part (graduate student salary) by NSF 
Grant No. DMR8319024. 

7. Probing Electronic Density of States and 
Magnetic Intenictions at the Rare-Earth Site 
(Publication 12) 

U. Walter, S. Fahy/ A. Zettl, s.G. Louie, M.L. 
Cohen, P. Tejedor, and A.M. Stacy 

By exploiting the 4f-shell properties of Er in the 
high-Tc superconductor ErBa2Cu307, we find by ine
lastic magnetic neutron scattering that the electro-



static field around the rare earth site is anomalously 
large. Above Tc there exists considerable magnetic 
interaction between the conduction electrons and the 
rare earth's 4f shell: N(EF)Jex = 0.025. This interac
tion is lost in the superconducting state. The 
ground-state magnetic moment of Er in the host lat
tice is Ileff = 5.3 B. 

tS. Fahy wa:s supported in part (graduate student salary) by NSF 
Grant No. DMR8319024. 
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Novel High-T c Superconductors* 

Alex Zeul, Investigator 

INTRODUCTION 

The purpose of this work is to synthesize and 
understand the properties of new classes of supercon
ducting oxides such as La-Sr-Cu-O and Y-Ba-Cu-O. 
These materials have superconducting transition 
temperatures (Tc) greatly exceeding those of conven
tional superconducting materials. In order to under
stand how the new oxide superconductors work, 
normal-state and superconducting properties have 
been tested by Hall effect, thermoelectric power, 
resistivity, infrared reflectivity, tunneling, and elasti
city measurements. Isotope substitutions, which 
allow direct tests of theories of superconductivity, 
have been performed. The results suggest that super
conductivity in the high-Tc oxides may arise from 
nonphonoh mechanisms. 

1. Onset of Superconductivity in Y-Ba-Cu-O at 
100 K (Publication 1) 

L. C. Bourne, M.L. Cohen, w.N. Creager, 
M.P. Crommie, A.M. Stacy, and A. Zettl 

A metallic oxide has been synthesized with a 
superconducting transition temperature above the 
boiling point of nitrogen. Resistive and magnetic 
measurements indicate transitions to the supercon
ducting state beginning near 100 K with transition 
widths typically around 15 K (see Figure 1-1). 

2. Temperature-Dependent Far-Infrared 
Reflectance of La-(Sr,Ca)-Cu-O (Publications 2 
and 11) 

M.S. Sherwin, P.L. Richards, U. Walter, and A. Zettl 

Far-infrared reflectance data for polycrystalline 
La-(Sr,Ca)-Cu-O show a reflectance edge with energy 
near 2.5 kB T c' This edge is interpreted as the onset 
of absorption due to an energy gap, or as a low-

*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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Figure 1-1 Electrical resistance versus temperature for two sam
ples of YI.2Bao.sCti04' The onset of superconductivity is near 
100 K. (XBL 884-1322) 

frequency plasma edge caused by strong far-infrared 
resonances. The measured temperature dependence 
of the reflectance edge closely fits the temperature 
dependence of the order parameter in a mean-field 
theory and hence is consistent with the energy-gap 
hypothesis. A model dielectric function for 
La1.85SrO.15Cu04 has also been constructed that is 
consistent with mean-field theory and the hypothesis 
of a plasma edge. It is found that the temperature 
dependence of the plasma frequency in this model 
also closely fits the measured temperature depen
dence of the reflectance edge. Furthermore, both 
hypotheses accurately predict the experimentally 
observed temperature dependence of the absorption 
at frequencies much less than the reflectance edge. 
This observation has significant implications for the 
construction of fast low-loss superconducting dev
ices. However, given the identical predictions of the 
energy-gap and plasma-edge hypotheses, it is prema
ture to deduce a precise value for the magnitude of 
the energy gap from the infrared data. 

3. Tunneling Measurement of the Energy Gap 
in Y-Ba-Cu-O (Publication 5) 

M.P. Crommie, L.c. Bourne, A. Zeul, M.L. Cohen, 
and A. Stacy 

Superconductor-insulator-normal tunneling 
measurements have been performed on the high-Tc 
superconductor YBa2Cu307 at 4.2 and 77 K. The 
results indicate an energy gap of magnitude 3.9 kBTc, 
with a temperature dependence consistent with the 
Bardeen-Cooper-Schrieffer theory of superconduc
tivity. 



4. Elasticity Studies of La2_xSr xCU04 
(Publication 9) 

L.C Bourne, A. Zettl, K.J. Chang, M.L. Cohen, 
A.M. Stacy, and w.K. Ham 

The Young's modulus and internal friction of 
La2_xSrxCu04 have been measured as a function of 
temperature and x. For x = 0.15, anomalies in the 
Young's modulus and internal friction at Te = 40 K 
are preceded by a dramatic decrease in the modulus, 
indicative of a soft phonon mode beginning near 
200 K. For x = 0.30, the softening is absent. The 
magnetic-field dependence of the elastic constants 
are investigated, and predictions are made for 
specific heat anomalies and temperature derivatives 
of the critical field. 

5. Transport Properties of La1.85SrO.15Cu04 
(Publication 4) 

M.F. Hundley, A. Zett!, A. Stacy, and M.L. Cohen 

Electrical resistivity, Hall effect, and thermoelec
tric power (TEP) measurements have been per
formed on La1.8SSrO.ISCu04 in the normal and super
conducting states. The transport properties indicate 
that in the normal state the material conducts via 
holes with a carrier concentration of 6.0 X 
1021 cm-3. Evidence is found for unusual phonon
drag effects above Te and granular or inhomogeneous 
superconductivity in the vicinity of Te. Below Te the 
resistivity, Hall constant, and TEP all drop to zero, 
as expected for a superconducting ground state. 

6. Isotope Studies on High-T c Superconducting 
Oxides (Publications 3, 7, 8, 12, and 14) 

L.C Bourne, M.F. Crommie, A. Zettl, S. Hoen, 
T. W. Barbee III, K.J. Chang, M.L. Cohen, 
H.C zur Loye, S. W. Keller, K.L. Leary, T.A. Faltens, 
w.K. Ham, A. Stacy, and D.E. Morris 

An oxygen-isotope effect has been searched for in 
YBa2Cu307 and La1.8SSrO.ISCu04 through substitu
tion of ISO for 160. In YBa2Cu307, no shift in Te is 
observed by electrical resistivity or magnetic suscep
tibility measurements, within the experimental accu
racy of 0.3 K. With Te = M-k with M the ion mass, 
k = 0 ± 0.027 for YBa2Cu307. For LaI.SSSrO.ISCu04, 
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a finite shift is observed, on the order of 0.3-0.4 K. 
This implies that for La1.8sSro.I SCU04, k = 0.15 ± 
0.03. For YBa2Cu307, Ba and Cu isotope substitu
tions have also been performed, with no detectable 
isotope shifts. For Ba, k = 0 ± 0.1, while for Cu, 
k = 0 ± 0.07. These results are examined within the 
framewdrk of phonon-mediated electron pairing. 
For YBa2Cu307, the null isotope shifts appear 
incompatible with phonon-mediated pairing alone. 
A similar result is obtained for Lal.SsSro.I SCU04, 

using the small observed value of k. 

7. Work in Progress 

Tunneling and isotope studies are under way for 
a series of superconducting oxides. 
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MATERIALS CHEMISTRY 

CHEMICAL STRUCTURE 

Low-Temperature Properties of 
Materials* 

Norman E. Phillips, Investigator 

INTRODUCTION 

The major objective of this program is to obtain 
information that contributes to an understanding of 
the behavior of materials by the measurement of 
their low-temperature properties, particularly specific 
heats. 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 1 K, where the temperature scale is 
not well established. Because accurate temperature 
determinations are important for specific-heat meas
urements, research is also conducted on methods of 
temperature measurement, and an accurate tempera
ture scale has been developed to 5 mK. The interest 
in high-Tc superconductors has led to an extension of 
the measurement capabilities to -100 K. Recent 
specific-heat measurements include measurements 
on He in the Fermi-liquid region that have esta
blished the correct values of important parameters; 
measurements on a number of heavy-fermion com
pounds, including UPt3 and UBel3-two of the three 
heavy-fermion superconductors-and CeCu6, 
(Ce,Gd)AI3, CeRu2Si2, and (U,Th)Bel3; and measure
ments on high-Tc super-conductors that have demon
strated the reality of bulk superconductivity, given 
estimates of the electronic density of states, and sug
gested the existence of an intrinsic linear term in the 
zero-field specific heat. Future objectives include 
studies on high-T c superconductors, and specific-heat 
measurements at pressures to 20 kbar and in mag
netic fields to 9T on other heavy-fermion com
pounds. 

'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. Specific Heat of High-Temperature 
Superconductors (Publications 3, 7, and 8) 

N.E. Phillips, R.A. Fisher, S£. Lacy, C. Marcenat, 
J.A. Olsen, w.K. Ham, A.M. Stacy, J.E. Gordon, and 
M.L. Tan 

The specific heat (C) has been measured for one 
or two samples of each of the La-Cu oxides, with for
mulas of the type La1.8sMo.1SCU04, with M = Ca, Ba, 
or Sr; and for five samples of "YBCO," YBa2Cu307, 
several of which were "doped" with low concentra
tions of Cr that substitute on the Cu sites. The 
measurements extend from - 0.4 K to above Tc in 
almost all cases and were also made in fields to 7 T. 
A striking feature of these results is the occurrence of 
a linear term in C, 'Y(O)T, in zero magnetic field. 
The other quantities determined by the measure
ments are the field dependence of the linear term, 
d'Y/dH; the lattice specific heat, C1; the "disc?n
tinuity" in C at Te, ~C(Te); the hyperfine speclfic 
heat, Ch; and an impurity contribution Ci, associated 
with magnetic impurities. 

2. Work in Progress 

High-Tc Superconductors 

The origin of the nonzero value of 1'(0) remains 
a major fundamental question related to an under
standing of the mechanism for superconductivity in 
these materials. Studies related to this question will 
be a major part of the program in 1988 and 1989. 
They will be based on, modification of the electronic 
density of states by substituting other metals on the 
Cu sites in YBCO and determining the values of 
1'(0), d'Y/dH, and ~C(Tc). The measurements will be 
made in samples for which the oxygen content is 
reliably determined and corresponds to the 
stoichiometry YBa2Cu307. 

Development of an apparatus for measurements 
on small samples will be initiated. Such an 
apparatus is important for measurements on high-Te 
materials because certain sample qualities can be 
obtained more easily in smaller samples. It is also 
important for other materials to be studied in this 
program in the longer term. 



Heavy-Fermion Compounds 

Work will be resumed on heavy-fermion com
pounds in 1988 and 1989. Although high-Tc super
conductors will be given a higher priority because of 
their technical importance, the heavy-fermion com
pounds remain an important source of information 
on the mechanism(s) of superconductivity and on 
other materials properties. . 

The heavy-fermion compound Ul.xThxBe13 has 
attracted a great deal of attention because, for 
o < x < 4, there is a complicated dependence of Tc 
on x, and a region of x in which there are two suc
cessive transitions that occur with decreasing tem
perature, as might be expected for a triplet-pairing 
superconductor (and as .observed in 3He). How
ever, the real nature of the second transition is still 
an open question. Preliminary specific-heat meas
urements, on a sample with relatively broad transi
tions and a linear term in Cs, have shown that both 
transitions are sharply depressed by an applied pres
sure of 8 kbar. The measurements will be extended 
to intermediate pressures to follow the course of the 
transitions as a function of pressure and, later, to 
new samples, with sharper transitions, 'that are 
currently being prepared at Los Alamos National 
Laboratory (LANL). The results will give insight 
into the nature of the second transition that cannot 
be obtained by other measurements. 

A new sample of UBel3 with a relatively sharp 
transition temperature has been prepared at LANL. 
Measurements of Cs and the normal-state specific 
heat (Cn) have already been made at zero pressure. 
The measurements will be extended to high pressure 
to investigate the pressure dependence of the 
interesting structure in the temperature dependence 
of Cn and Cs at zero pressure (a continued increase 
in CnlT with decreasing temperature, and a change 
in the coefficient of the T3 term in Cs). The results 
will give information about the interactions between 
the heavy fermions in the normal state and, possibly, 
about the nature of the superconducting state. 
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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 are 
coupled to charge-transfer processes at the electrode 
surface. 
• A model has been established for the precise 

control of composition in the electrodeposition, 
under pulsed-current conditions, of binary and 
ternary alloys. Emphasis has been placed on 
magnetic and photoelectric materials. 

• 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 
electrocrystallization are determined and corre
lated. 

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 
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. Results are 
presented in this Annual Report in the Energy 
Storage Systems Section. 

*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. Enhancement of Mass Transfer to a Rotating 
Disk by Suspended Solids (Publication 9) 

P.K. Andersen, R.H. Muller, and C. W. Tobias 

The enhancement of mass-transfer rates by 
suspended, inert solid particles was studied using a 
rotating-disk electrode (RDE). The effects of solids 
concentration, particle size, and shear rate on limit
ing currents were measured for the reduction of fer
rocyanide ion. The suspensions contained glass or 
polymer particles of various sizes (1-200 Jlm) and 
concentrations (0-40% by volume). To minimize 
sedimentation of the solid phase, the RDE was 
placed close to the cell bottom, where the rotation of 
the disk could keep the solids in suspension. 

The data show clear evidence of two different 
transport mechanisms, both of which depend on par
ticle size. Particles the same size as, or smaller than, 
the thickness of the mass-transfer boundary layer 
create small-scale "microconvective" vortices that 
increase the dispersion of solutes and the dissipation 
of energy. In such cases, the Sherwood number Sh is 
found to be a function of a Peclet number Pe: 

Sh = aPem 
, 

where a and m are experimentally determined func
tions of the solids volume fraction (see Figures 1-1 
and 1-2). The Peclet number involves the particle 
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Figure 1-1. Sherwood number as a function of Pedet number 
for various 40% suspensions of glass beads. The data were 
obtained using six different electrodes, ranging in area from 0.123 
to 5 cm2

, and four different bead samples, ranging from 2.5 to 9.0 
I'm. The line represents a least-squares fit to the data. 
(XBL 884-1324) 
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Figure 1-2. Relative power requirements to achieve the same 
increase in limiting current shown in Figure I-I. The term p* is 
the power requirement when using a 40% suspension of glass 
beads; p+ is the power required by a higher disk speed in the 
absence of solids. (XBL 8711-4900) 

diameter 2a, the thickness of the mass-transfer boun
dary layer Omh and the bulk shear rate ')': . 

where D is the molecular diffusivity and v is the 
kinematic viscosity of the liquid phase. 

To determine ex and m using the RDE system, it 
was necessary first to solve the transport equations 
assuming that the diffusivity varies with radial posi
tion on the disk. The analysis yields 

I{ [ J2/3 k a exPe/r , 

where I*JIL is the ratio of limiting current obtained 
with particles to the limiting current without, and 
PeR is the Peclet number evaluated at the outer 
radius of the electrode (r = R). 

For particles much larger than the thickness of 
the mass-transfer boundary layer, transport enhance
ment results from the formation of a particle
depleted "slip" layer at the electrode surface. The 
shear rate is higher inside the slip layer than would 
be the case in a homogeneous suspension; this has 
the effect of thinning the mass-transfer boundary 
layer. If it is assumed that this layer is of constant 
thickness, and that the r- and 8-velocity gradients are 
increased by the same factor, it can be shown that 
the limiting current is related to the torque required 
to turn the disk: 
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I{ = [T*) 1/3 

IL T 

where T* and T are the torques on the disk with and 
without particles,respectively. Measurements of the 
torque show that this equation underestimates the 
limiting current by as much as 60%, while failing to 
account for the observed increase in current density 
with electrode size. 

The torque measurements were also useful in 
estimatmg the mixing-power requirements. In most 
cases, the use of suspended solids requires signifi
cantly less power to achieve a given increase in limit
ing current than would an increase in the disk rota
tion rate. 

2. Some Experimental Aspects of the 
Cadmium-Tellurium Electrochemical 
Codeposition Process (Publication 4) 

M. W. Verbrugge and C. W. Tobias 

The cathodic codeposition of Cd and Te 
represents an intriguing problem with unique chem
istry. As is the case in the present study, most Cd
Te codeposition processes make use of an aqueous 
cadmium sulfate, tellurium dioxide, sulfuric acid 
electrolyte. Since the Cd-electrodeposit morphology 
is known to be strongly influenced by the frequency 
of the cell-current source, we were motivated to 
study the effect of a pulse-current source on the Cd
Te electrodeposit characteristics. In addition, 
steady-state and variable frequency illumination was 
employed to examine the photovoltaic properties of 
electrodepositing Cd-Te thin films. 

A low-frequency triangular current source with a 
minimum cathodic current density of 0 and a max
imum cathodic current density of 5.1 mA/cm2 is 
shown in the upper plot of Figure 2-1; in the lower 
part the potential response is given for varying inten
sities. At the beginning of the current ramp, the 
deposit is mostly Te. As the cell-current density 
approaches 1.5 times iHTeoi,lim, the diffusion-limited 
current density of the HTeOl species, the deposit 
composition nears the 1: 1 mole ratio of Cd to Te 
(1:1 CdTe), and a photoresponse is seen. The light, 
which generates minority carriers (electrons) in the 
p-semiconductor, displaces the electrode potential to 
more-positive values around the peak cathodic 
current density. Near zero current, the deposit sur
face is mostly metallic Te and no longer a semicon
ductor. It is apparent from Figure 2-1, however, that 
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Figure 2-1. Photoresponse of electrodepositing cadmium
tellurium material. Upper plot: cell-current density. Lower plot: 
potential response for varying illumination intensities. The 
illumination intensities (DARK, LOW, HIGH) are indicated for 
each curve. (XBL 884-1325) 

the open-circuit potential (at 300, 600, and 900 sec) 
is a function of the illumination intensity. This is 
due to the different deposit compositions, which 
have been altered by the incident light source during 
the deposition process. For higher illumination 
intensities, more Cd is incorporated into the electro
deposit, and a more cathodic potential is observed at 
zero current. 

The photoresponse of deposits obtained with 
pulsed square-wave current over the range of 0.1 to 
1,000 Hz was highest at 100 Hz. Although a depen
dence of surface morphology of the Cd-Te deposits 
on pulse frequency has been detected by means of 
optical and electron microscopy, the reasons for 
optimal photoresponse at 100 Hz are yet to be corre
lated with subtle changes in composition and in sur
face morphology. 

3. Work in Progress 

Work continues in this laboratory on the 
periodic electrodeposition of alloys, notably of 
cadmium-telluride. A study of the deposition of 
nickel and iron alloy, a soft magnetic material, has 
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been initiated. In addition to its practical applica
tions, this system is of interest because it exhibits 
anomalous behavior; i.e., iron, the less noble metal, 
deposits preferentially in the presence of nickel ions. 
This phenomenon is not unique to Ni/Fe systems; 
anomalous deposition occurs in the codeposition of 
nickel with a number of other metals (e.g., cobalt) 
and has also been observed in some alloys of metals 
as different in electrochemical behavior as zinc and 
palladium . 
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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 important for the preparation and fabrication of 
ceramics, metals, semiconductors, superconductors, 
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 conventional temperatures. It is 
difficult to carry out measurements to obtain the 
data needed for design of high-temperature systems. 
Thus, it is most important to develop broad predic
tive models that provide reliable prediction of high
temperature behavior. The experiments in progress 
are aimed at the testing or development of such 
predictive 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 of many metallic 
systems. At the present time the main thrust of the 
research is aimed at providing quantitative predic
tive models for the strongly interacting transition
metal alloys exhibiting generalized Lewis acid-base 
behavior. A variety of experimental methods are 
being used 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. The Thermodynamics and Vaporization 
Behavior of Oxides (Publications 1, 6, and 10) 

R.H. Lamoreaux, t D.L. Hildenbrand, t B.B. 
Ebbinghaus, and L. Brewer 

Oxide phases and species play an important role 
in many high-temperature systems. The thermo
dynamic properties are necessary to be able to 
predict the behavior over a wide range of conditions. 
In recognition of the need to have tabulations of 
thermodynamic data available, an extensive compila
tion was prepared during the Manhattan Project days 
and has been updated and expanded a number of 
times since then. In connection with the determina
tion of the thermodynamic properties of intermetal
lic phases through oxide equilibration, the number of 
oxide phases covered has been considerably 
expanded and the tabulation has been used in a 
variety of ways. Analytical equations have been 
derived for the Gibbs energy function 
-(Go- H0298)/RT as a function of temperature from 
298 to 3000 K and higher for many of the oxides. 
These equations, together with values of ~HO 29S/R, 
allow the calculation of high-temperature equilibria. 

Publication 1 illustrates one application. The 
partial pressures of the various elemental and oxide 
species in equilibrium with the condensed oxide 
phases have been calculated for congruent vaporiza
tion, vaporization under highly reducing conditions, 
and vaporization under highly oxidizing conditions. 
The results are plotted so that a reader can see at a 
glance the nature of the oxide vaporization behavior. 
The elements covered were the second-group ele
ments from Be to Ba and from Zn to Hg, the third
group metals B, AI, Ga, In, and TI, and the fourth
group elements Si to Pb. Publication 10 presents the 
procedure used to characterize the thermodynamic 
properties of all the high-temperature oxides of vana
dium that are being used in our acid-base titrations 
of metallic systems. Publication 6 is the first draft 
that is being distributed for review of the thermo
dynamic data for all of the elements and all of their 
solid, liquid, and gaseous oxides. 

tpresent address: SRI International, Menlo Park, CA 94025. 



2. Bonding Models for Actinide Metal Systems 
(Publications 2 and 6) 

L. Brewer 

The prediction of properties of actinide systems 
is important because their radioactivity makes them 
difficult to study. They are particularly challenging 
because the availability of Sf, 6d, 7p, and 7s orbitals 
considerably complicates their behavior. For
tunately, bonding models that have been tested for 
lighter elements can be extended to the actinides. 
Extensive spectroscopic data are available for the 
actinides, and predictive models can provide the 
remainder of the promotion energies of the various 
electronic configurations, so that the bonding contri
butions of the various types of electrons can be 
assigned. It is possible to understand the occurrence 
of complex crystal structures of the actinide metals 
in that atoms with different electronic configurations 
and size will occupy nonequivalent lattice positions. 
Bonding models using the effects of internal pressure 
and size differences as well as electronic interactions 
can provide predictions of thermodynamic properties 
that can be used to calculate many of the phase 
diagrams of the actinides with reasonable accuracy. 
However, the very strong generalized Lewis acid-base 
interactions between actinide metal acids and 
platinum-group bases are difficult to characterize 
with sufficient accuracy. The experimental data that 
have been accumulating for acid-base interactions 
involving 3d, 4d, and 5d orbitals should improve the 
ability to predict the interactions involving 6d and Sf 
orbitals. 

3. Acid-Base Reactions of Transition Metal 
Alloys (Publication 8) 

J. Bularzik 

The determination of the thermodynamics of the 
strongly interacting combinations of left-hand transi
tion metals with the platinum-group metals is diffi
cult to carry out reliably. The phases formed are 
among the most stable compounds of any kind 
known. Because of their strong bonding, diffusion is 
slow and they can be difficult to equilibrate. Results 
obtained using solid-electrolyte cells must be checked 
by other means to ensure that all systematic errors 
have been recognized. One of the techniques used 
has been equilibration with pairs of oxides that fix 
the metal activity. This is particularly useful for Ti, 
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V, and Nb because of the large number of oxides, 
but it would not be useful for Zr, Hf, or Ta, which 
have only a single oxide phase. Vapor pressure 
measurements are usually a straightforward method 
of obtaining thermodynamic data. However, vapor 
pressures are greatly reduced in these strongly 
interacting systems. One must go to very high tem
peratures and use sensitive methods of determining 
vapor pressures. In previous studies, some results 
have been obtained using a mass spectrometer with a 
Knudsen cell. However, the creep of the liquid up 
the walls of the cell is difficult to control. 

In the present study, vapor pressures of palla
dium and rhodium have been determined for Ti, V, 
and Nb alloys by measurement of thermally induced 
atomic emission spectra for liquids from 2000 to 
2300 K in a graphite King furnace. Measurements 
could be taken from very low concentrations of Ti, 
V, and Nb up to the concentration at which reaction 
with graphite to form the carbide takes place. The 
measurements of the concentration at which carbide 
formation takes place allow the use of the thermo
dynamics of the carbide to provide an independent 
measure of the activity of the metal. Although the 
measurements are not as reproducible as the lower
temperature cell and oxide measurements, extrapola
tion of the thermodynamic values to the lower tem
peratures confirms the measurements by the other 
methods within experimental error. 

4. Work in Progress 

The titration ofNb with Pd and Rh using oxide 
equilibration, solid-electrolyte-cell measurements, 
and vapor pressure measurements is being extended 
to Ti and V on the left-hand side of the Periodic 
Table and to Ir and Pt on the right-hand side. The 
critical evaluation of thermodynamic data for the 
oxides of niobium has been extended to vanadium 
and titanium to allow use of oxide equilibration. 
The data obtained from cell measurements and oxide 
equilibration to date are fitting in with the niobium 
data in a consistent manner. It should be possible to 
accurately characterize the acid and base bonding 
characteristics of the 3d, 4d, and 5d orbitals to 
develop a predictive model of practical accuracy. It 
should be possible to extend this model to predict 
the behavior of the 4f, Sf, and 6d orbitals of the 
lanthanides and actinides and to the prediction of a 
large number of multicomponent phase diagrams. 
The strong interactions of platinum-group metals 
with transition metals of the third to eighth groups 
and the lanthanides and actinides have not been 



widely recognized. This lack of recognition has 
caused difficulties in the use of platinum-group 
metals. The ability to quantitatively predict the 
degree of interaction should greatly improve the util
ization of these metals and should provide unusual 
combinations with unique properties. 
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Materials Chemistry Problems in 
Nuclear Technology* 

Donald R. Olander, Investigator 

INTRODUCTION 

This experimental research program has two 
principal objectives. The first is concerned with the 
chemical and physical behavior of materials of 
nuclear reactor systems, both fission and fusion. 
The experiments are designed to explore the funda
mental processes that underlie the performance of 
these materials in their service environments, which 
are characterized by combinations of high tempera
ture, intense radiation fields, and reactive gases or 
liquids. 

The second direction of the project is the study 
of gas-solid chemical reactions such as corrosion or 
etching by the method of molecular beams coupled 
with mass spectrometry. The objective of these stu
dies is to understand the kinetics and mechanisms of 
such reactions in clean, well-characterized systems. 

1. Collimator Efficiency in Laser Vaporization 
Systems Using Mass Spectrometric Detection 
(Publication 1) 

H. Ohashi, s.K. Yagnik, and D.R. Olander 

High-temperature vaporization characteristics of 
refractory solids are often investigated using laser 
pulse heating and mass spectrometric detection. The 
geometry of the vaporizing surface, collimator, and 
the detector is an important consideration in inter
preting such experimental results. The mass spec
trometer signal depends on the radial dependence 
both in the laser beam power density and of the rela
tive effectiveness of off-center radial positions on the 
surface in contributing to the total signal. The func
tion characterizing the latter effect is called the colli
mator function. Its measurement and application to 
a typical !aser evaporation experimental system has 
been described. 

*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. Lattice and Grain Boundary Diffusion in 
Polycrystalline Thoria-Urania (Publication 2) 

D.R. Olander 

Recently measured uranium-concentration distri
butions in air-annealed mixed uranium-thorium 
oxides were analyzed by a model incorporating 
simultaneous direct volume diffusion and grain 
boundary diffusion. The diffusivities for these two 
processes were strongly affected by the uranium con
tent of the mixed oxide; mobility increased with the 
cation fraction of uranium. This effect is attributed 
to the increase in hyperstoichiometry that accom
panies replacement of thorium by uranium. Porosity 
that developed as a result of loss ~f uranium from 
the solid did not appear to have a significant effect 
on grain boundary diffusion. 

3. The Transition from Free Molecule to 
Collisional Flow During Vaporization Into 
Vacuum by the Test-Particle Method 
(Publication 3) 

C-H. Tsai and D.R. Olander 

A test-particle method was developed to estimate 
the conditions that lead to collision-dominated eva
poration during pulse heating of a solid surface in 
vacuum. The method consists of calculating the 
number density of evaporated molecules above the 
surface, neglecting collisions, and then sending a test 
particle through this cloud. The probability that the 
test particle escapes from the cloud without making a 
collision is the measure of the importance of inter
molecular collisions during the blowoff. The method 
is applied to the heating of a -1-cm-diameter spot 
on the surface with a heat pulse of -1 msec dura
tion. These conditions characterize laboratory laser 
vaporization experiments intended to measure the 
vapor pressures of refractory solids at very high tem
peratures. The principal variable that determines the 
escape probability is the maximum surface tempera
ture during the transient. When applied to laser 
heating of uranium dioxide, collisional effects in the 
vapor are predicted to begin at a maximum surface 
temperature between 2600 and 2800 K. 



4. Reaction of Water and Oxygen with Liquid 
Uranium (Publication 4) 

M. Balooch, D.R. Olander, and W.J. Siekhaus 

The reactions of water vapor and oxygen with 
liquid uranium were studied by modulated
molecular-beam mass-spectrometric methods. 
Equivalent pressures of the reactant fluxes on the 
surface ranged from 6 X 10-6 to 2 X 10-4 Torr. 
Temperatures up to 1570 K were investigated. The 
metal surface was kept clean during reaction by 
mechanically removing the oxide formed with a 
tungsten needle. For the clean liquid uranium sur
face, the water reaction probability of -0.4 was 
deduced both from measurement of the reaction
product hydrogen signal and by the temperature 
dependence of the scattered reactant signal. Based 
solely on the latter measure, a reaction probability of 
0.6 was estimated for oxygen. The reaction probabil
ities on the clean surface were temperature
independent. They decreased as the coverage of the 
surface by islands of oxide increased and, for water, 
appeared to approach a value of 0.08 for a surface 
completely covered with an oxide estimated to be 
500 A thick. Bombardment of the surface during 
reaction with argon ions produced an increase in the 
reactivity of solid uranium but had a negligible effect 
on the reaction probability of the liquid. 

5. Ceramics in Fission and Fusion Technology 
(Publication 5) 

D.R. Olander 

The role of ceramic components in fission and 
fusion reactors is described. Almost all of the func
tions normally performed by ceramics, except 
mechanical, are required of nuclear ceramics. The 
oxides of uranium and plut6nium are of predom
inant importance in nuclear applications, but a 
number of other ceramics play peripheral roles. The 
unique service conditions under which nuclear 
ceramics must operate include intense radiation 
fields, high temperatures and large temperature gra
dients, and aggressive chemical environments. 
Examples of laboratory research designed to broaden 
understanding of the behavior of uranium dioxide in 
such conditions are given. The programs described 
include high-temperature vaporization, diffusional 
processes, and interaction with hydrogen. 
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6. Work in Progress 

Molecular-beam studies of the kinetics of the 
reaction of the fluorine-containing gases F2, F, and 
XeF2 with single-crystal silicon are continuing. 

The reaction of chlorine with refractory metals is 
being investigated by the molecular-beam method. 

The amorphization of intermetallic precipitates 
in Zircaloy is being studied by irradiation by high
energy electrons in the High-Voltage Electron Micro
scope (HVEM) at LBL's National Center for Electron 
Microscopy and by proton irradiation using a small 
cyclotron. 

The high-temperature corrosion of Zircaloy by 
steam in the presence of hydrogen is being studied 
by a gravimetric technique. The solubility of hydro
gen in Zircaloy is also being investigated. 

Oxygen self-diffusion in the tetragonal high
temperature form of zirconia is being measured gra
vimetrically using the oxygen isotope exchange 
method. 

The interaction of iodine vapor with oxidized 
steel is being studied in a flow system with mass
spectrometric sampling. 

The effect of grain size of V02 on the release of 
fission products is being investigated. 

A simple mathematical technique for incorporat
ing the heat effect of a phase change on moving
boundary heat-conduction problems is under investi
gation. 

The combined effects of moving grain boun
daries and solute diffusion into the lattice on solute 
transport by grain boundary diffusion are being 
analyzed theoretically. 
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Electrochemical Phase Boundaries* 

Rolf H. Muller, Investigator 

INTRODUCTION 

New experimental techniques are used to deter
mine the effect of adsorbed organic molecules on the 
initial stages in the electrocrystallization of metals 
and on the properties of thin-film metal deposits. 
Although adsorbed materials have long been used as 
leveling and brightening agents in the electrodeposi
tion of metals, it is still not clear how important the 
supply, reaction, and incorporation of adsorbed 
molecules is for their effect. Factors that limit the 
rate of metal deposition, which is of great practical 
importance, and fundamentals of electrochemical 
mass transfer are investigated in collaboration with 
c.W. Tobias. Some of this work is reported under 
"Electrochemical Processes." Studies of surface 
layers on battery electrode materials are reported 
under "Electrochemical Energy Storage." 

1. Ellipsometry as an in situ Probe for the 
Study of Electrode Processes (Publication 3) 

R.H. Muller 

Ellipsometry involves the measurement of the 
change in the state of polarization caused by the 
reflection of polarized light from a surface under 
study. Changes in the state of polarization are often 

a) 

Porous lead 
film 
Copper 

b) 

sensitive to the presence of surface layers of frac
tional monolayer coverage. Since ellipsometer meas
urements can be conducted on surfaces immersed in 
liquids, the technique is particularly attractive for 
electrochemical surface studies. 

Spectroscopic ellipsometer measurements in the 
near-visible spectral range have been used to derive 
chemical composition and electronic structure of sur
faces as well as to derive multiple unknown parame
ters of the reflecting surface. Combinations of physi
cal parameters that provide best agreement with 
measurements are determined by least-squares 
regression analysis. Multiple, porous, and island 
films have thus been determined (see Figure 1-1). 

Recent applications of ellipsometry include 
anodic oxide formation, cathodic metal deposition, 
electrochromic conversions, the physical and chemi
cal adsorption of atoms and molecules on metals and 
semiconductors, the cleaning and ion implantation 
of surfaces, and the structure of liquid surfaces. 

2. Optimum Angle of Incidence for Observing 
Thin-Film Interference Colors (Publication 4) 

R.H. Muller and M.L. Sand 

A colorimetric analysis of white-light interference 
colors for transparent films on absorbing (metal) sub
strates has shown that specific angles of incidence 
exist for which the purity of thin-film interference 
colors is predicted to be greatest for s- or p-polarized 
light. These optimal angles of incidence depend pri
marily on the optical constants of the substrate, and 

PItted and 
/ porous lead 

film 

/Copper 

c) 

Pitted and 
/' porous lead 

fIlm 

/,copper 

Figure 1-1. Two-layer island-film model for the nonuniform removal of an oxide-covered thin lead film on a copper 
substrate (a). After removal of the oxide layer, the growth of pits (b) and the gradual exposure of the substrate (c) are 
represented by an island-film optical model. (XBL 879-11166) 

'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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they decrease from the first to the third order of 
interference. They provide the best conditions for 
the determination of film thicknesses from interfer
ence colors, and their use is essential for making 
interference colors visible with highly reflective sub
strates. As an alternate measure of the observability 
of interference colors, a polychromatic fringe visibil
ity has been introduced. Its use provided similar 
predictions of optimum angles. The computations 
are in good agreement with experimental observa
tions. 

3. The Role of Long-Range Forces in the 
Formation of Thin Liquid Films on Metals 
(Publication 5) 

l.R. Gyory and R.H. Muller 

The drainage of different liquids from smooth, 
vertical metal surfaces has been observed experimen
tally to result in liquid films with thickness profiles 
that become time-independent after drainage periods 
of a few days. Several equilibrium and dynamic 
models have been investigated to explain this 
behavior. Van der Waals interactions, which result 
in a repulsive force between the two film surfaces, 
have been shown to predict the correct shape of the 
film profiles and, for dilute electrolytes, the correct 
film thickness. The model also predicts the observed 
increase in film thickness with increasing electrolyte 
concentration. The magnitude of this interaction is 
characterized by the Hamaker constant, which has 
been calculated from the dielectric functions of film 
and substrate materials at imaginary frequencies by 
use of the general theory of van der Waals interac
tions due to Lifshitz. Hamaker constants thus calcu
lated agree well with those derived from measured 
film profiles (see Table 3-1). 

4. High-Speed Electroforming of Copper 
(Publication 6) 

D.P. Barkey, with R.H. Muller and C. W. Tobias 

Factors that limit the rate at which metallic 
objects can be produced by electrodeposition (elec
troforming) have been investigated for the deposition 
of copper from sulfate solutions. Rotating cylinder 
electrodes, for which extensive mass transfer studies 
have been conducted earlier, and on which turbulent 
flow conditions can be established readily (boundary 
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Table 3-1 
Hamaker constant A, derived from film profile measure
ments and predicted from dielectric functions. 

System A (from film profile)A (calculated) 
ergs ergs 

3M KOH on platinum -2.1 X 10- 11 -1.6 X 10- 12 

2M KOH on platinum -\.7 X 10- 11 -1.5 X 10- 12 

1M KOH on platinum -1.0 X 10- 11 -1.4 X 10- 11 

O.SM KOH on platinum -8.2 X 10- 12 -1.2 X 10- 12 

O.OIM KOH on platinum -1.0 X 10- 12 -1.1 X 10- 12 

1M H)P04 on platinum -3.4 X 10- 11 -2.3 X 10- 12 

1M KOH on gold -2.0 X 10- 12 -1.3 X 10- 12 

O.SM KOH on gold -1.4 X 10- 12 -1.1 X 10- 12 

0.1 M KOH on gold -0.9 X 10-J2 -1.0 X 10- 12 

layer thickness 50-300 JLm), have been chosen for 
these studies. 

Coherent deposits have been obtained at current 
densities of up to 5 A/cm2 (0.11 mm/min). The 
deposition rate is limited by ionic mass transfer in 
the solution; surface roughness of the deposit 
represents another limitation. The development of 
surface textures has been followed by the Fourier 
analysis of digitized surface profiles. Deposits have 
also been characterized by microhardness, tensile 
strength, and density measurements. Surface rough
ness is observed to increase with deposit thickness 
(see Figure 4-1) and fraction of limiting current den
sity (see Figure 4-2), but to decrease with increasing 
absolute current density (see Figure 4-3). Thus, thin
ning of the boundary layer results in a substantially 
improved deposit surface. A stability analysis that 
includes kinetic, mass transfer, and ohmic overpo-
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Figure 4-1. Surface profiles of electroformed copper showing 
increased roughness with increasing deposit thickness (0.8 A/cm2

, 
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(XBL 877-3268) 



~ 40.0 

" "'il 
E 
o .. 
u 

1 
" -c 

" .-:! 
Q. 
E < 20.0 .. 
~ 
c: 

.<: 
be 

" o 
~ 

o 

o 

o 

o 

o 

8 

o o 

~ 0.0 '--__ L-__ -'--__ -'--__ -'--_--' 

0.0 0.2 0.4 0.6 0.8 

Fraction of Limiting Current 

Figure 4-2. Increase in the roughness of electroformed copper 
deposited at increasing fractions of limiting current density (500 
couljcm2

, 0.8 A/cm2 1M CUS04 + 1M H2S04, 50°C). (XBL 877-
3260) 

tentials has been conducted for deposition on 
sinusoidal surface profiles of different spatial fre
Quencies. The analysis predicts, in agreement with 
experiment, a decrease in the spatial period of the 
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Figure 4-3. Decrease in deposit roughness with increasing abso
lute current density at fixed (80%) fraction of limiting current (500 
coul/cm2

, 1M CUS04 + I M H2S04. 50°C). (XBL 877-3262) 

119 

roughness with current density at constant fraction 
of limiting current, but the predicted values are 
about half of those observed. 

5. Work in Progress 

Brightening of Copper Electrodeposits (M. T. 
Armstrong and R.H. Muller) 

The mechanism by which additives reduce the 
microroughness of metal deposits is investigated for 
the deposition of copper. Fifteen compounds have 
been explored as brightening agents, and two, benzo
triazole and fluorescein, were chosen for detailed 
study. Nucleation and growth of crystallites is 
altered by these agents to result in a smaller grain 
size. In a theoretical model of deposition into a tri
angular groove, the effect of local potential and com
position of the solution on current distribution is 
analyzed. The use of experimentally determined 
kinetic data in this model has shown that the inhibi
tor, even if it is not reacting or being incorporated in 
the deposit, causes a more uniform current distribu
tion between peaks and valleys of the electrode. 
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Solid State and Surface Reactions* 

Gabor A. Somorjai, Investigator 

INTRODUCTION 

The research program is centered on studies of 
the atomic structure of solid surfaces and adsorbed 
monolayers and on investigations of the surface sci
ence of catalyzed reactions. Well-characterized crys
tal surfaces are used at low and high pressures. The 
macroscopic catalytic properties are correlated with 
the atomic structure, chemical bonding, and compo
sition at the surface and in the near-surface region. 

The materials that are the focus of our studies 
are transition metals and their oxides or sulfides. 
These include iron, molybdenum, cobalt, rhenium, 
vanadium, rhodium, and platinum, and bimetallic 
layers of these. The adsorbates are mostly organic 
molecules, oxygen, nitrogen, hydrogen, ammonia, 
and water. 

The investigations are directed toward atomic
scale understanding of the catalytic behavior of solid 
surfaces. 

THE STRUCTURE OF SOLID SURFACES 
AND OF ADSORBED MOLECULES. THE 
SURFACE CHEMICAL BOND 

1. LEED Intensity Analysis of the Surface 
Structures of Pd( 111) and of CO Adsorbed on 
Pd( 111) in a (V3 X V3)R30° Arrangement 
(Publication 18) 

H. Ohtani, M.A. Van Hove, and G.A. Somorjai 

The surface structures of clean Pd( 111) and of 
CO adsorbed on Pd( 111) with a (V3 X V3)R30° 
periodicity at one-third monolayer coverage were 
investigated by dynamical low-energy electron
diffraction (LEED) intensity analyses of measured I
V curves. The clean Pd( 111) structure was confirmed 
to be close to the ideal bulk structure. Slight, possi
bly hydrogen-induced deviations were obtained for 
the interlayer spacings down to the fifth layer: 
Ad 12 = +0.03 ± 0.03 A, Ad23 = -0.03 ± 0.03 A, and 

*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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Ad34 = Ad45 = +0.05 ± 0.03 A (positive values indi
cate expansion from the bulk spacing value). The 
CO molecules are favored to adsorb at fcc-type hol
low sites with the C-O axis perpendicular to the sur
face. The optimal carbon-oxygen and metal-carbon 
bond lengths are 1.15 ± 0.05 A and 2.05 ± 0.04 A, 
respectively. This is the first LEED structure 
analysis of CO adsorbed at a hollow site on clean 
metal surfaces without coadsorbates. 

2. The Molecular Structure of Benzene 
Coadsorbed with CO on Pd( 111): A Dynamical 
LEED Analysis (Publications 48 and 50) 

H. Ohtani, M.A. Van Hove, and G.A. Somorjai 

The molecular structure of the ordered (3 X 3) 
superlattice of coadsorbed C6H6 and CO on the 
Pd( 111) crystal face was analyzed by dynamical cal
culations of LEED intensities. 

The benzene molecules were found to be 
oriented with their carbon rings parallel to the sur
face, centered over fcc-type threefold hollow sites. 
The C-C bond lengths in the benzene ring skeleton 
were found to be either 1.40 ± 0.10 A or 
1.46 ± 0.10 A, depending on the position of the C-C 
bonds relative to the underlying Pd atoms. These 
bond lengths are very close to the corresponding 
gas-phase value of 1.397 A. This contrasts with 
similar coadsorbate systems of benzene and CO on 
Rh(111) or Pt(111), where significant in-plane distor
tions and enlargements of the benzene rings have 
been detected. A trend toward more distortion and 
increasing average C-C bond length has been found 
in changing substrates from Pd to Rh and Pt, while 
the metal-carbon bond lengths decrease in that same 
sequence. This is interpreted to indicate that the 
metal-carbon bond becomes shorter, while C-C 
bonds weaken from Pd to Rh and Pt, which is 
further supported by high-resolution electron
energy-loss spectroscopy (HREELS) data. 

Coadsorbed CO molecules are necessary to form 
an ordered benzene overlayer on Pd( 111). They 
occupy fcc-hollow sites surrounding the benzene 
molecules. The C-O axis is perpendicular to the sur
face, and 'the carbon-oxygen and palladium-carbon 
bond lengths are found to be 1.17 ± 0.05 A and 
2.05 ± 0.07 A, respectively. 



3. The Missing-Row Model for the 
Reconstructed pte 11 0)-( 1 X 2) Surface: A 
LEED Intensity Analysis Showing Multilayer 
Distortions (Publication 52) 

E.C. Sowa, M.A. Van Hove, and D.L. Adams 

The (1 X 2) missing-row reconstruction of clean 
Pt( 110) was . studied with a new LEED intensity 
analysis. In order to obtain theoretical intensity
voltage curves in good agreement with experiment, it 
was necessary to consider distortions from the basic 
missing-row model in the theoretical treatment. In 
our calculations, alternating row-pamng and 
vertical-buckling distortions down to the fourth layer 
were allowed for the first time. 

Large contractions were seen in the first three 
layer spacings, and significant distortions were found 
even in the fourth layer. The distortions are similar 
to those seen in Ir and Au LEED results as well as 
those predicted by the Embedded Atom Method 
(EAM) for Pt. In the optimum geometry, the top
layer spacing contracts by 18%. The atoms in the 
second layer pair towards the missing rows, in agree
ment with LEED on Ir and Au but in the direction 
opposite to that predicted by EAM. The R-factors 
are especially sensitive to the third-layer buckling. 
The fourth-layer pairing is also towards the missing 
rows, in agreement with the EAM prediction. 

It is shown that full dynamical LEED calcula
tions of this kind can be realistically run on a per
sonal computer with suitable coprocessor board. 

4. A Tabulation and Classification of the 
Structures of Clean Solid Surfaces and of 
Adsorbed Atomic and Molecular Monolayers as 
Determined from Low Energy Electron 
Diffraction Patterns (Publication 27) 

H. Ohtani, C.-T. Kao, M.A. Van Hove, and 
G.A. Somorjai 

A tabulation was compiled of the ordering 
characteristics of clean and adsorbate-covered 
single-crystal surfaces based on diffraction patterns 
observed with LEED. Over 3000 structures are clas
sified by rotational symmetry of the substrate sur
faces, and by important sub-classes that reflect recent 
directions of LEED studies. These include metallic 
monolayers, alloy surfaces, organic overlayers, coad
sorbed overlayers, physisorbed overlayers, and high
Miller-index (stepped) surfaces. 
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5. Coadsorbate-Induced Ordering on Rh(111) . 
and Rh( 1 00) Surfaces: Structural and Chemical 
Effects (Publication 47) 

C-T Kao, G.s. Blackman, M.A. Van Hove, and ' 
G.A. Somorjai . 

Carbon monoxide (CO) induced ordering of 
atomic and molecular coadsorbates on Rh( 111) and 
Pt( 111) surfaces was first observed in this laboratory. 
To further understand the interaction between coad
sorbates in an ordered overlayer, the study has been 
extended to various pairwise combinations of coad
sorbates on Rh( 111) and Rh( 1 00) surfaces. The 
experiments were performed in tl1ree different 
ultrahigh-vacuum (UHV) chambers with a base pres
sure of 2 X to- 10 torr. Several experimental tech
niques, including' work-function measurement, 
HREELS, and dynamical LEED structural analysis, 
were utilized in these studies. It emerges that order
ing only occurs when a donor adsorbate and an 
acceptor adsorbate are combined, indicating attrac
tive interactions between them and repulsive interac
tions between adsorbates of like type. 

6. The Surface Structure and Thermal 
Decomposition of Acetylene on the Rh(111) 
Single Crystal Surface and the Effect of ' 
Coadsorbed Carbon Monoxide (Publication 45) 

CM. Mate, C-T Kao, B.E. Bent, and G.A. Somorjai 

The surface structure and thermal chemistry of 
acetylene on the Rh( 111) crystal surface have been 
studied from 30 to 800 K using HREELS, LEED, 
and thermal desorption . spectroscopy (TDS). 
Adsorbed acetylene on the Rh( 111) is disordered at 
30 K, but orders into a (2 X 2) LEED structure at 
60 K; this is the lowest ordering temperature that has 
been reported for chemisorbed acetylene on a metal 
surface. HREEL spectra of CzHz and CzDz ordered 
in' the (2 X 2) structure at 77 K on Rh( 111) indicate 
that the carbon-carbon bond of chemisorbed ace
tylene rehybridizes between spz and sp3. At 270 K, 
chemisorbed molecular acetylene decomposes 
predominantly to CCHz species. Above 400 K, 
further decomposition to a mixture of CCH and CH 
species is observed. When CO and molecular ace
tylene are coadsorbed at 220 K, we observe a 
c( 4 X 2) LEED structure rather than the (2 X 2) 
LEED structures observed for acetylene or CO 
adsorbed alone on Rh( 111). Also, chemisorbed ace-



tylene, when coadsorbed with CO, decomposes at 
270 K to a mixture of CCH3 (ethylidyne) and CCH 
(acetyl ide) species rather than the CCH2 species. 

7. Molecular Ethylene Adsorption on Rh(111) 
and Rh( 1 00): Estimation of the C-C Stretching 
Force Constant from the Surface Vibrational 
Frequencies (Publication 40) 

B.E. Bent, C.M. Mate, c.-T. Kao, A.L. Slavin, and 
G.A. Somorjai 

Molecular ethylene adsorption on Rh( 111) and 
Rh( 1 00) between 90 and 200 K has been studied by 
TDS, LEED, and HREELS. The HREEL vibrational 
spectra for molecularly adsorbed ethylene on these 
surfaces are interpreted using the Dewar-Chatt
Duncanson model for ethylene coordination to metal 
atom(s); gas-phase ethylene and gauche 1,2-
dibromoethane are used to model the coordination 
extremes. It is shown that the traditional CH2 
functional-group modes are coupled in adsorbed 
ethylene and do not adequately describe the normal 
modes of vibration. However, the C-C stretching 
force constant in adsorbed ethylene can be estimated 
from the deuterated ethylene vibrational frequencies, 
and a general correlation between deuterated vibra
tional frequency and adsorbed C-C force constant is 
proposed. Using this correlation together with 
empirical correlations between force constant and 
bond length derived for gas-phase molecules, we esti
mate C-C bond orders of 1.5 and 1.2 for ethylene 
adsorbed on Rh(111) and Rh(100), respectively. 
These results indicate that on both surfaces, chem
isorbed ethylene is strongly distorted from its gas
phase geometry. 

8. Vibrational and Electronic Spectroscopy of 
Pyridine and Benzene Adsorbed on the Rh( 111) 
Crystal Surface (Publication 25) 

CM. Mate, G.A. Somorjai, H. w,K. Tom, X.D. Zhu, 
and Y.R. Shen 

The vibrational and electronic spectra for pyri
dine and benzene adsorbed on the Rh( 111) crystal 
surface have been obtained by HREELS. LEED, 
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TDS, and optical second-harmonic generation (SHG) 
have also been used to provide complementary 
information. Pyridine adsorption on Rh(111) was 
studied over the 77 to 450 K temperature range. At 
77 K, multilayers of pyridine are observed with a 
vibrational spectrum similar to that of liquid pyri
dine. Between 185 to 230 K, HREELS and TDS 
indicate that both physisorbed and chemisorbed 
pyridine species are present on the surface. The phy
sisorbed species desorbs at 295 K, while the chem
isorbed species is stable until it decomposes on the 
surface at 400 K. We propose that the chemisorbed 
species is an a-pyridyl complex, as TDS indicates 
partial dehydrogenation of this pyridine surface 
species. Electronic-energy-Ioss spectra for both ben
zene and pyridine adsorbed at 310 K show only a 
weak transition centered at -4 eV. The absence of 
prominent 7r _ 7r* transitions, which are readily 
observed for multilayers of benzene adsorbed on 
Rh( 111), implies that the 7r orbitals are strongly 
involved in the chemisorption bond of these 
molecules with the Rh( 111) surface. 

9. Organic Monolayers on Transition Metal 
Surfaces. The Catalytically Important Sites 
(Publication 23) 

G.A. Somorjai, M.A. Van Hove, and B.E. Bent 

The structure and bonding of organic mono-' 
layers have been explored by combined LEED and 
HREELS studies. Unusual bonding arrangements 
for adsorbed ethylene and benzene have been found. 
There is a temperature-induced sequential fragmen
tation of molecules that is a unique feature of the 
surface chemical bond. All the surface species 
appear very similar to multinuclear organometallic 
clusters, revealing that the surface chemical bond is 
similar to that found in these clusters. The strongly 
bound organic surface species are not reaction inter
mediates during ethylene hydrogenation at 300 K but 
are spectators that play only secondary roles in this 
catalytic reaction. The coadsorption of electron 
acceptor molecules (CO or NO) facilitates the order
ing of benzene and other organic molecules that are 
electron donors to the transition-metal substrates. 
This ordering indicates the importance of adsorbate
adsorbate interactions in forming surface structures. 



10. The Preparation and Characterization of 
Rhenium-Modified Pt{lll) and Pt{lOO), and 
Platinum-Modified Re(OOOI) Single-Crystal 
Surfaces (Publication 46) 

D.J.Godbey and G.A. Somorjai 

. Rhenium metal grows epitaxially on Pt(llt) and 
Pt( 1 00) in a layer-by-Iayer mode, as shown by Auger 
electron spectroscopy (AES) and LEED. Platinum 
metal on Re(OOO 1) was also found to grow layer by 
layer. Rhenium evaporated onto Pt(lll) grows with 
a hexagonal close-packed structure exposing the 
(0001) face, while on Pt(100) it grows with a face
centered-cubic structure exposing the (100) face. The 
surface composition of the bimetallic Re-Pt surface 
can be determined from the Auger spectrum when 
the coverage of rhenium is less than three mono
layers. 

Following rhenium deposition on platinum, 
chemical shifts were detected in the 4f levels of both 
adsorbate and substrate using x-ray photoelectron 
spectroscopy (XPS), and this is indicative of the for
mation of a surface alloy between the two metals. 
Annealing the bimetallic surface to 1150 K caused 
further shifts to higher binding energies for both the 
platinum and the rhenium 4f lines. 

The presence of platinum on a partially oxidized 
Re(OOOl) surface was found to catalyze the decompo
sition of rhenium oxides under UHV and at a tem
perature as low as 400°C. 

11. The Conversion of Acetylene to Benzene 
Over Palladium Single-Crystal Surfaces. II. 
The Effect of Additives (Publication 2) 

M.A. Logan, T.G. Rucker, T.M. Gentle,t 
E.L. Muetterties,:j: and G.A. Somorjai 

The conversion of acetylene to benzene has been 
studied over palladium single-crystal surfaces [(111), 
(l00), and (110)] modified with submonolayer quan
tities of silicon, phosphorus, sulfur, chlorine, and 
potassium under both UHV and atmospheric pres
sure 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. The general trends 
of the (111), (100), and (110) faces indicate that at 
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low pressures potassium suppresses, silicon and 
phosphorus enhance, and sulfur and chlorine leave 
unchanged the benzene yield. Silicon on the (100) 
face showed the greatest enhancement in the benzene 
yield, possibly due to surface compound formation. 

'Present address: Dow Corning Corp., Midland, MI 48640. 
IDeceased 

12. An XPS Study of the Oxidation and 
Reduction of the Rhenium-Platinum System 
Under Atmospheric Conditions (Publication 19) 

W. T. Tysoe, F. Zaera, and G.A. Somorjai 

The oxidation and reduction of the platinum
rhenium system has been studied by using XPS. 
Rhenium was deposited on a platinum foil under 
vacuum until a film of about 10 monolayers was 
formed. This sample was sequentially exposed to 
1 atm of oxygen at different temperatures and then 
reduced with 1 atm of H2. XP spectra were taken 
after each high-pressure experiment. A mixture of 
rhenium oxides was formed after oxidation at above 
475 K, and depletion of the surface rhenium was 
observed after treatments above 575 K due to the 
formation of the volatile Re207. Hydrogen treat
ment did not completely reduce these oxides, and a 
low-oxidation rhenium state could be detected by 
XPS, perhaps ReO. The behavior of platinum
rhenium alloys after similar treatments was also stu
died. Extensive oxidation was also seen for this sys
tem, even more than for the rhenium overlayer case. 
Subsequent hydrogen treatment, however, did reduce 
all the rhenium to its metallic state, indicating that 
platinum intermixed with- the rhenium catalyzed its 
reduction. 

13. The Chemisorption and Surface Reactions 
ofD2 and Hydrocarbons on the Re(OOOI) 
Single-Crystal Surface: When Clean and in the 
Presence of CO-Adsorbed Sulfur or Carbon 
(Publication 20) 

D.G. Kelly, J.A. Odriozo/a, and G.A. Somorjai 

The chemisorption and surface reactions of 
thiophene, D2, and the hydrodesulfurization pro
ducts (1,3-butadiene and butenes) have been studied 
on Re(OOOl) at low ambient pressure (10- 9 torr) 



using TDS, LEED, and AES. D2 adsorption was 
found to be blocked by sulfur or carbon overlayers. 
Sulfur preadsorption induced small changes in the 
D2 desorption energy, and adsorption was com
pletely blocked above 0.4 monolayer of sulfur 
(Ox = 0.4). Carbon readsorption lowered the tem
perature of the desorption maxima (380 K to 290 K) 
and blocked D2 adsorption nonlinearly. Sequential 
dehydrogenation of the adsorbed unsaturated hydro
carbons leading to complete decomposition at high 
temperature (> 700 K) was observed on the clean 
Re(OOO I) surface. Addition of sulfur or carbon 
blocked dehydrogenation. No changes in the dehy
drogenation (yielding H2) TDS peak temperatures 
were observed for both sulfur or carbon preadsorp
tion. However, selective blocking of dehydrogena
tion states was observed for both sulfur or carbon 
pre-adsorption. In addition, carbon adsorption did 
allow hydrogenation of butadiene to occur. It is con
cluded that, for all systems, preadsorbed sulfur acts 
as a site-blocker for adsorption and dissociation with 
only small effects on bonding of adsorbed molecules 
on Re(OOO I). Although this also seems to be true for 
preadsorbed carbon as well, other subtle effects are 
observed that can change the surface chemistry of 
adsorbed molecules, as exemplified by the hydroge
nation of butadiene. 

THE SURFACE SCIENCE OF 
HETEROGENEOUS CAT AL YSIS 

14. The Effects of Potassium on the Ammonia 
Synthesis Over Iron Single-Crystal Surfaces 
(Publication 22) 

D.R. Strongin and G.A. Somorjai 

The effects of potassium on ammonia synthesis 
over model iron single-crystal catalysts of (Ill), 
(100), and (110) orientation have been studied under 
high-pressure reaction conditions (20 atm reactant 
pressure of nitrogen and hydrogen). Under these 
conditions, no more than 0.15 monolayer (ML) of 
potassium can be stabilized on the iron surfaces. 

The Fe(llO) surface showed no' activity for 
ammonia synthesis in this study with or without 
adsorbed potassium. The presence of potassium on 
the Fe( Ill) and Fe( I 00) surfaces increased the rate 
of ammonia synthesis markedly. At a low reaction 
conversion of 0.5%, the rate over Fe(lII) and 
Fe( I 00) was enhanced by a factor of two in the pres-

125 

ence of potassium. The effect of potassium on 
Fe( Ill) and Fe( I 00) was enhanced as higher reaction 
conversions (i.e., increasing ammonia partial pres
sures) are achieved, because potassium induces 
changes in the reaction orders for both ammonia and 
hydrogen. This is the first study showing that the 
activity of the clean Fe(lIl) surface can be improved 
upon. No change in the activation energy for the 
reaction was observed with potassium, suggesting 
that the reaction mechanism has not been altered. 
Temperature-programmed desorption showed that 
the adsorption energy of ammonia is significantly 
reduced when coadsorbed with potassium. 

A model is proposed whereby the decrease of the 
ammonia adsorption energy, induced by potassium, 
reduces the concentration of ammonia on the iron 
surface. This effect decreases the number of active 
sites blocked by the ammonia product, thereby 
increasing the rate of aminonia synthesis. The 
model also suggests that an additional effect of potas
sium is to increase the rate of nitrogen dissociative 
chemisorption by about 30% over Fe( Ill) and 
Fe(lOO) under ammonia-synthesis conditions. 

15. On the Rate Enhancement of Ammonia 
Synthesis Over Iron Single Crystals by 
Coadsorption of Aluminum Oxide with 
Potassium (Publication 44) 

D.R. Strongin and G.A. Somorjai 

The iron ammonia-synthesis catalyst that is util
ized in industry is usually mixed with potassium 
oxide and aluminum oxide additives that further 
increase the rate of ammonia synthesis. It is found 
that aluminum oxide additives alone increase the 
rate of ammonia synthesis by increasing the active 
surface area of the iron. Potassium addition 
decreases the iron surface area but still increases the 
rate by a factor of three to ten. The doubly "pro
moted" iron catalyst surface consists of regions 
where potassium oxide resides alone and areas where 
it interacts with aluminum oxide. Combined high
pressure and UHV studies in our laboratory have 
elucidated the mechanisms by which aluminum 
oxide or potassium adsorbed alone increases the 
rates of ammonia synthesis over Fe( Ill), Fe( I 00), 
and Fe( II 0) single-crystal surfaces. In this study we 
have investigated the combined effects of coadsorbed 
potassium and aluminum oxides commonly used in 
preparing the industrial iron catalyst. 



16. Thiophene Hydrodesulfurization Over 
T ransi tion -Metal Surfaces: Structure-I nsensi ti ve 
Over Molybdenum and Structure-Sensitive 
Over Rhenium (Publication 49) 

M.E. Bussell, AJ. Gellman, and G.A. Somorjai 

We have performed thiophene hydrodesulfur
ization (HDS) experiments over molybdenum and 
rhenium single crystals. Thiophene HDS activities 
were measured for three low-Miller-index single
crystal planes of molybdenum and four of rhenium. 
Surfaces of comparable openness and corrugation 
were studied for the two metals, yet thiophene HDS 
was found to be structure-insensitive over molybde-I 
num and structure-sensitive over rhenium. The 
rhenium surfaces showed a sixfold variation of HDS 
activities in the order 
(0001)<(1121)<(1120)<(1010), while the three 
molybdenum surfaces studied [(110), (100), and 
(111)] exhibited almost uniform activities. Compar
ing the activities of the rhenium and molybdenum 
surfaces, the least active rhenium surface [Re(OOO 1)] 
has an activity similar to those of the molybdenum 
surfaces, while the most active rhenium surface 
[Re(1010)] is six times more active than the molybde
num surfaces. We suggest that the active catalytic 
surface of the Mo single crystals studied is covered 
with adsorbed carbon and that this overlayer blocks 
the influence of the metal's surface structure on the 
catalyst's activity. 

17. A Novel High-Pressure Isolation Cell 
Capable of Reaching 120 Atm Mounted in an 
Ultrahigh-Vacuum Chamber (Publication 43) 

T. G. Rucker, K. Franck, D. Colomb, M.A. Logan, 
and G.A. Somorjai 

A high-pressure cell and manipulator mounted 
inside a UHV surface analysis chamber has been 
built that can reach 1800 psi. With this apparatus, 
catalytic reactions on small-surf ace-area (-1 cm2) 
single crystals and polycrystalline surfaces can be 
monitored, and the effect of reactant pressure, sur
face composition, and surface structure can be corre
lated with catalytic activity. 
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18. Work in Progress 

A digital LEED system is being applied to deter
mine the surface structures of disordered monolayers 
of small molecules (CO, C2H2, H 20) on metal crystal 
surfaces and for studies of surfaces of insulating 
materials (LiF, ice) that up to now were not accessi
ble to surface studies. 

Surface structures of organic monolayers are 
being obtained by both LEED and scanning tunnel
ing microscopy, and the results are being correlated. 

The surface science and catalytic behavior of 
copper single crystals are being explored for produc
ing alcohols from CO and H2• 

The addition of cobalt to molybdenum crystals is 
being studied to explore the formation of the supe
rior Mo-Co catalysts for hydrodesulfurization, an 
important chemical energy-conversion reaction. 

The platinum-rhenium and cobalt-molybdenum 
alloy systems are being studied using single crystals 
to elucidate the catalytic behavior of alloys for 
hydrocarbon conversion reactions. 

Potassium and alumina additives to iron greatly 
accelerate the rate of ammonia synthesis. Their role 
is being verified by combined surface science and 
catalytic studies. Their possible role in ammonia 
synthesis over rhenium surfaces is being explored. 

The copper-zinc oxide system is being explored 
to understand the surface science of methanol pro
duction from CO and H2 over this important 
catalyst. 
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Nuclear Magnetic Resonance* 

A. Pines, Investigator 
G. Chingas, Staff Scientist 

INTRODUCTION 

The nuclear magnetic resonance (NMR) program 
has two complementary directions. The first is the 
development of new concepts and techniques in 
NMR in order to extend the applicability of the 
spectroscopy to a wider range of problems and 
materials. Such a program demands a study of the 
interaction of nuclear spins with each other, with 
other degrees of freedom such as molecular rotations, 
and with external excitations such as radiofrequency 
pulses and light. It also requires the development of 
new theoretical tools and the design and implemen
tation of novel experimental methods. Such 
methods entail a substantial effort in the design and 
fabrication of next-generation NMR equipment. 
Some developments currently under way in this 

1. Iterative Maps 

H. Cho, t 1. Guckenheimer,:j: K. Mueller, and 
A.J. Shaka§ 

Iterative maps on SO(3) have been designed and 
implemented for broadband and narrowband excita
tion as well as for bilinear couplings. Maps with 
multiple fixed points have been used for bistable 
excitation. 

tpresent address: Laboratorium fUr Physikalische Chemie, 
E.T.H. , CH-8092 ZUrich, Switzerland. 
lpermanent address: Department of Mathematics, Cornell 
University, Ithaca, NY 14853. 
§Miller Fellow, University of California, Berkeley, CA 94720. 
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direction are multiple-quantum NMR and clustering, 
zero-field NMR, solid-state materials imaging, spa
tially selective NMR with surface. coils, supercon
ducting quantum interference device (SQUID) detec
tors in high-sensitivity two-dimensional NMR of 
dipolar couplings, high-temperature NMR, multiple
pulse and iterative schemes, optical polarization of 
gases, selective polarization of surfaces, and develop
ment of high-resolution quadrupolar . techniques. 
The second direction is the application of novel 
NMR methods and instrumentation to materials 
rese'arch problems in collaboration with other pro
grams at LBL as well as with outside laboratories. 
Some of the materials and problems currently under 
investigation in this direction are the structure of 
doped semiconductors, organic and organometallic 
solids, ordering and phase transitions in liquid crys
tals, dynamics of oriented and constrained 
molecules, structure and motion in silicate glasses, 
and clustering in zeolite cavities and solid-gas inter
faces. This program addresses a national need for a 
model effort to implement the rapid development 
and transfer of NMR technology to laboratories in 
industry and other organizations. 

[0,270,120,165,120,270,01 

(All figures taken from 
eBB 885-5690) 



2. Geometrical Quantum Phases 

R. Y. Chaio/ R .A. Harris,+ K. Muefler, and D. Sutel 

The quantum geometrical phases of Berry and 
Aharonov-Anandan have been studied by NMR 
interferometry. The relationship between quantum 
phases in optics and magnetic resonance has been 
elucidated. 

tpermanent address: Department of Physics, University of Cali
fornia, Berkeley, CA 94720. 
*Permanent address: Department of Chemistry, University of 
California, Berkeley, CA 94720. 
§Present address: Laboratorium flir Quantenoptik, ETH 
Honggerberg (HPT), CH-8093 Zurich, Switzerland. 

3. Multiple-Quantum Spectroscopy and 
Clusters 

J. Baum, t J. Pearson, D. Shykind, M. Trecoske, and 
U. Werner 

Multiple-quantum spectroscopy has been used to 
study clustering in solids. The time dependence of 
the multiple-quantum transitions has been modeled 
as a directed walk in Liouville space. 

tpresent address: Inorganic Chemistry Laboratory, Oxford 
University, Oxford OX! 3QR, England. 

4. Conformations of Oriented Hydrocarbon 
Chains 

M. Gochin, t M. Rosen, S. Rucker, C. Schmidt, and 
A.J. Shaka+ 

The conformational probabilities of partially 
oriented chains have been determined by two
dimensional NMR and statistical mechanics models 
in liquid crystals. 

tpresent address: Department of Pharmaceutical Chemistry, 
University of California, San Francisco, CA 94143. 
*Miller Fellow, University of Californ ia, Berkeley, CA 94720. 
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5. Spin Decoupling and Second Order Spinning 

CJ. Lee,t K. Mueller, A. Samoson,'+ B.Q. Sun, D. 
Suter/ and T. Terao 

New schemes have been developed for spin 
decoupling in solids. Magic angle spinning (MAS) 
has been extended to Second Order Spinning and 
Second Order Spectroscopy (SOS) to remove 
second-order broadening. 

tpresent address: Department of Chemistry, Princeton Univer
sity, Princeton, NJ 08544. 
tpermanent address: Institute of Chemical and Biological Physics, 
Estonian Academy of Sciences, Tallinn, U.S.S.R. 200001. 
§Present address: Laboratorium fUr Quantenoptik, ETH 
Honggerberg (HPT), CH-8093 Zurich, Switzerland. 

6. Zero-Field NMR 

D. Caplan, S. Matsui, B.Q. Sun, C Schmidt, 
T. Jarvie, and U. Werner 

Zero-field NMR has been extended to chemical 
exchange and to the study of spin diffusion. Short
range order and local symmetry have been investi
gated in disordered materials. 

7. Zeolites and High-Temperature Silicates 

B. Chmelka/ L.C deMenorval, '+ s.-B. Liu/ 
A. McCormick," E.E. Petersen, C.J. Radke, R. Ryoo,·· 
J. Stebbins, tt and M. Trecoske 

- Xenon and metal clusters have been observed in 
zeolite cavities. The structure and dynamics of sili
cate glasses and liquids have been investigated by 
NMR at high temperatures. 

tpermanent address: Department of Chemical Engineering, 
University of California, Berkeley, CA 94720. 
tpresent address: Academie de Montpellier, Universite des Sci
ences et Techniques du Languedoc, 34060 Montpellier Cedex, 
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"Present address: Department of Chemical Engineering, Univer
sity of Minnesota, Minneapolis, MN 55455. 
"Permanent address: Korea Institute of Technology, Choong-gu, 
Taejon, 300-31, Republic of Korea. 
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8. Optical Pumping and SQUID Detectors 

J. Clarke, T J. Chang, C. Connor, N. Fan, T D. Raftery, 
D. Shykind, and E. Hahn T 

Optical pumping can produce high-nuclear-spin 
polarization. Zero-field quadrupole resonance of 
aluminum-27 has been detected by a SQUID detec
tor at low temperature with circularly polarized 
radio-frequency excitation. 

tpermanent address: Department of Physics, University of Cali
fornia, Berkeley, CA 94720. 
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Synthesis of Novel Solids* 

Angelica M. Stacy, Investigator 

INTRODUCTION 

The goal of this research is to synthesize 
advanced materials with novel properties. Current 
work is focused on rare-earth transition-metal phos
phides. Rare-earth compounds have attracted atten
tion because they exhibit cooperative phenomena 
including valence fluctuations, heavy-fermion super~ 
conductivity, and unusual types of magnetic order
ing. These cooperative phenomena are difficult to 
model and remain a challenge to our understanding 
of condensed matter. The goals are to synthesize 
and characterize new classes of rare-earth transition
metal phosphides that exhibit cooperative 
phenomena (especially superconductivity). Such 
synthetic studies will lead to numerous new classes 
of materials with novel magnetic and electronic pro
perties. 

1. Magnetic Phase Transitions in EuNisP3: 

Unusual Steps in the Magnetization with Field 
(Publication 1) 

J. V Badding and A.M. Stacy 

In order to understand the unusual macroscopic 
behavior of EuNi5P3 on a microscopic leVf~I, prelim
inary powder neutron diffraction experir. .~nts were 
performed. Scans were obtained at a wavelength of 
2.371 A at 6 K (below the Neel temperature of 8 K). 
Several magnetic peaks were observed. The two 
lowest-angle peaks can be indexed in terms of a dou
bling along either the b or c axis; the data are not 
good enough to distinguish between these possibili
ties. What is significant is that there appears to be 
no cell doubling along the a axis; i.e., the Eu chains 
are ferromagnetic. Since the easy axis for magnetiza
tion is the a axis, the moments are nearly parallel to 
the a axis. 

In addition to measurements made on pure 
EuNi5P3, doped materials were prepared with the 
stoichiometry (EUO.9Mo.l)Ni5P3, where M = Ca and 

*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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Sr. The new compound SrNi5P3 was also syn
thesized and found to be isostructural with EuNi5P3. 
Fewer steps are observed in the magnetization vs. 
field curves for the doped compounds. As the field 
increases, the magnetization jumps to 1/4 the satura
tion magnetization, then 1/2, and finally to satura
tion. The first step occurs at a lower field than in 
the undoped compound, suggesting that the Ca/Sr 
substitution has weakened the magnetic interaction 
between Eu+2 ions. 

The data described above suggest ferromagnetic 
Eu chains aligned antiferromagnetically, with a cell 
doubling either along the b or c axis. As the mag
netic field applied along the a axis is increased, it is 
probable that entire chains of Eu atoms are flipping, 
but not all at once. A series of intermediate phases 
is formed with various spin configurations; this gives 
rise to steps in the magnetization and magnetoresis
tance. Although many questions remain about the 
magnetic behavior, we are applying ideas about 
commensurate-incommensurate phase transitions 
and the "Devil's Staircase." 

2. Probing Electronic Density of States and 
Magnetic Interactions at the Rare-Earth Site 
(Publication 10) 

U. Walter, S Fahy, A. Zettl, SG. Louie, M.L. 
Cohen, P. Tejedar, and A.M. Stacy 

By exploiting the 4f-shell properties of Er in the 
high-Tc superconductor ErBa2Cu307, we find by ine
lastic magnetic neutron scattering that the electro
static field around the rare earth site is anomalously 
large. Above T c there exists considerable magnetic 
interaction between the conduction electrons and the 
rare earth's 4f shell: N(EF)Jex = 0,025. This interac
tion is lost in the superconducting state. The 
ground-state magnetic moment of Er in the host lat
,tice is /-Leff = 5.3 B. 

3. Work in Progress 

Since only a few rare-earth intermetallics have 
been reported to show complex magnetization with a 
series of steps, the novel magnetic behavior of 
EuNi5P3 is being investigated further. Studies on 
large single crystals are planned, including polarized 
neutron diffraction experiments with Dr. D. Cox at 
Brookhaven National Laboratory and low
temperature heat-capacity studies with Prof. 
N. Phillips of LBL. With these measurements, it will 



be possible to examine the coupling between the 
spins on the Eu+2 ions with the conduction electrons 
and to determine the mechanism of the interaction. 
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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 surface science of pho
tocatalyzed chemical reactions that take place at the 
solid-vapor and solid-liquid interfaces. We focus on 
processes that thermodynamically could not occur 
without the presence of light as the energy source. 
The photodissociation of water to produce hydrogen 
and oxygen, of nitrogen to form ammonia, and of 
carbon dioxide to produce formic acid are investi
gated. The catalysts are semiconductor surfaces that 
absorb and convert light to separated, excited 
electron-electron vacancy pairs that initiate the 
reduction and oxidation of adsorbed species. The 
materials that are being used include iron oxides, sil
icates, and silicon carbide. The purpose of these stu
dies is to explore the elementary steps of the 
photon-assisted surface reaction by a combination of 
modern surface science techniques and then to estab
lish the optimum conditions (of surface structure, 
composition, temperature, and reactant mixture) to 
maximize the rate of production of desired chemi
cals. 

1. Photoassisted Catalytic Dissociation of H20 
To Produce Hydrogen on Partially Reduced 0'

Fe203 (Publication 2) 

M.M. Khader, G.H. Vurens, I.-K. Kim, M. Salmeron, 
and G.A. Somorjai 

The photodissociation of H20 on partially 
reduced Fe203 powders and pellets is shown to be a 

*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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catalytic p'rocess if the semiconductor is illuminated 
by visible light of energy greater than 2.2 eV. 
Activation of the Fe203 catalysts involved reduction 
in a mixture of H2 and H20 followed by oxidation. 
Up to 380 !lmol of H2 were produced with 190 !lmol 
of Fe203 powder. The rate was 40 !lmol hr-1g- 1 for 
the first 200 hr and started to decay thereafter. O2 
was also produced, as shown by using H2

180 in 
amounts of up to 40 ± 15% of the amount of H2 
detected in the same experiment. In photoelectro
chemical experiments with the use of a three
compartment cell, the active pellets produced photo
currents of approximately 4!lA cm-2mW- 1 at 
+0.5 V bias (SCE, pH = 13). Simultaneously, H2 was 
produced at a rate of 0.06 !lmol hr- 1 m W- 1. A 
lower limit to the conversion efficiency of approxi
mately 10-3 H2 molecules per photon was obtained. 

2. Photocatalysis (Publication 3) 

G.A. SomOljai 

The photocatalyzed processes may be divided 
into two classes: (1) Thermodynamically uphill reac
tions that could not occur without light. In this cir
cumstance light is a reactant. The photodissociation 
of water, nitrogen, or CO2 belongs to this class. (2) 
Photon-assisted reactions that are thermodynami
cally feasible but occur at accelerated rates or with 
altered selectivity in the presence of light. Photo
decomposition or photooxidation of organIC 
molecules are examples of this class. 

Through discussions of selected subjects, the pro
gress in these areas was reviewed using single cry
stals, small and larger size colloids, and small parti
cles as photocatalysts. 



3. Structure, Composition, and Chemisorption 
Studies of Thin Ordered Iron Oxide Films on 
Platinum(111) (Publication 4) 

G.H. Vurens. M. Salmeron, and G.A. SOIl101jai 

The epitaxial growth of iron oxide overlayers has 
been investigated on a platinum(lll) single crystal, 
in the monolayer and the multilayer regimes. Dif
ferent LEED structures have been observed for each 
of these regimes. At one-monolayer coverage, iron 
oxide forms an incommensurate overlayer with 10% 
longer unit cell vectors than those of clean platinum. 
At coverages of 3 to 10 monolayers, iron oxide forms 
a new structure, which is (2 X 2) with respect to that 
formed at one monolayer. AES and XPS studies 
show that the iron in the oxide overlayer is in the 2+ 
oxidation state, and from ISS studies it was deter
mined that both iron and oxygen are present in the 
outermost atomic layer in about equal amounts. 
Water adsorption on the iron oxide films was stu
died by TPD. It was found that the desorption spec
trum is very sensitive to the presence of various 
types of defects on the oxide. 

4. Work in Progress 

Silicon carbide single crystals, both in the hexag
onal and cubic forms, have been obtained, and their 
surface properties are being explored by a combina
tion of surface science techniques. Photochemical 
properties of these materials are under intensive 
study. 

Iron oxide monolayers and thin films are being 
epitaxially grown on platinum single-crystal surfaces, 
and their structure, ordering, composition, and pho
tochemical properties are being studied by surface 
science techniques. The chemisorption and photo
desorption of small molecules (CO, NH3, H2, O2, 

and H20) are being explored on these surfaces. 
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Photochemistry of Materials in the 
Stratosphere* 

Harold S. Johnston, Investigator 

INTRODUCTION 

This research is concerned with fundamental 
gas-phase photochemistry and with global atmos
pheric photochemical modeling. One goal is to 
measure the distribution of excess energy in the frag
ments 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 atmosphere. The experi
mental methods include laser flash photolysis, laser 
resonance absorption, resonance fluorescence, 
dispersed chemiluminescence from photolysis pro
ducts, and infrared diode lasers. In collaboration 
with others, quantum mechanical studies are made 
of the molecular structure of certain atmospheric 
molecules, and other theoretical model studies are 
made of global atmospheric photochemistry. This 
research has applications to molecular dynamics, to 
problems of atmospheric ozone, and to problems of 
global change of trace gases in the atmosphere. 

1. Quantum Mechanical Energy and Structural 
Calculations on the Nitrate Free Radical 
(Publication 1) 

B. Kim, H.S. Johnston, D.A. Clabo, t and 
H.F. Schaefer lIlt 

Ab initio molecular quantum mechanics has been 
used to study the four lowest electronic states of the 
nitrate free radical at the D3h geometry deduced by 
Ishiwata, Tanaka, Kawaguchi, and Hirota. Basis sets 
of double zeta (9s5P/4s2p) and double zeta plus 
polarization (OZ + P) quality were used. Both self
consistent-field (SCF) and configuration interaction 
(CI) functions were employed, with molecular orbi- • 
tals determined for the various electronic states of 

'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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N03 and for the ground-state nitrate anion. The CI 
wave functions included single (S), double (D), and 
in some cases triple (T) excitations. The CISDT 
wave functions included as many 'as 511,474 confi
gurations in C2v point group symmetry. The 
predicted energetic position of the 2E' state agrees 
well with the known To, 15,100 cm -I. The 2EI! state, 
not yet observed, is predicted to lie at a vertical exci
tation energy of about 3600 cm -I. On the basis of 
these theoretical calculations, an experiment has 
been designed to observe and precisely locate the 
lowest excited state of N03. 

tpresent address: University of Georgia, Athens, GA. 

2. Primary and Secondary N03 Quantum 
Yields from Photolysis of ClON02 
(Publication 2) 

D. Oh, W. Sisk, and H.s. Johnston 

The quantum yields of primary photofragments 
N03 and Cl from CION02 photolysis were investi
gated by laser flash photolysis followed by resonance 
absorption of N03 {A(O,O,O,O) - X(O,O,O,O)} at 
661.9 nm. Using 1.9 X 10- 17 cm2 for the N03 
absorption cross section at 661.9 nm, the primary 
N03 quantum yield was found to be 0.97 ± 0.09 
(10-), and the secondary N03 quantum yield (presum
ably following reaction of ClON02 with CI) is 
0.87 ± 0.09 (10-), approaching unity at high gas pres
sure. < There was a fast initial rise in the N03 
X(O,O,O,O) concentration, which was dependent on 
carrier gas pressure. This initial rise was interpreted 
as the deactivation of vibrationally excited N03 
molecules produced by laser photolysis, and analysis 
of this initial rise yielded the quenching rate constant 
k for the deactivation step: 

N03 (v > 0) + M _ N03 (0,0,0,0) + M , 

where k(N2,02) is equal to 
(4.04 ± 0.02) X 10- 13 cm3 molecule- I S-I. The 
N03 X(O,O,O, 1) level was probed via the transition, 
A(O,O,O,O) _ X(O,O,O, 1), at 679 nm. 



3. Ozone Calculations Including Large 
Perturbations of Chlorine and Nitrous Oxide 
(Publication 3) 

D. Kinnison, H.s. Johnston, and D. Wuebblest 

By bracketing realistic conditions and possible 
perturbations in a one-dimensional atmospheric 
model with unrealistic conditions and unlikely 
degrees of perturbation, this study identifies and 
graphically presents several interactions between the 
chlorine system and the oxides of nitrogen in the 
stratosphere. A contour plot of percentage ozone
column reduction is given as a joint function of stra
tospheric NOX and ClX, each varying from zero to a 
large value (see Figure 3-1). A zone is identified 
wherein increasing NOX increases the ozone 
column. When the maximum mixing ratio of stra
tospheric ClX exceeds about one-third the maximum 
mixing ratio of stratospheric NOX, the ozone reduc
tion by ClX becomes nonlinear with an increasingly 
negative slope. In this case ClX, instead of NOX, 
dominates the destruction of stratospheric ozone. In 
the hypothetical absence of all HOX and NOX in 
the stratosphere, even 1 ppb of ClX (approximately 
the 1960 value) would dominate ozone destruction 
from the bottom to the top of the stratosphere and 
reduce the ozone column to a value less than that 
presently observed in the present atmosphere. 

tpermanent address: Lawrence Livermore National Laboratory, 
Livermore, CA 94550. 
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Figure 3-1. Contour plot of percentage ozone-column reduction 
as a function of stratospheric NOX and CIX. (XBL 885-1751) 
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4. Work in Progress 

Collision-free nitrogen dioxide fluorescence is 
induced by fast (15 ns) excimer-laser photolysis of 
RN02 compounds at low pressure (5 mtorr). A large 
amount of such data was taken this year with varia
tion of the photolyzed molecules (named above), 
ultraviolet wavelength through Raman shifting of the 
excimer laser pulse, and delay time between photo
lysis and observation. The dispersed spectra give 
information about the internal energy distribution 
(first two moments) of the photolysis products, if 
one knows the fluorescence lifetime as a function of 
wavelength. Extrapolated literature values of fluores
cence lifetimes were used in the previous studies 
here, but these values are very sparse and uncertain 
at wavelengths above 600 nm. A project is under 
way to measure the collision-free N02 fluorescence 
lifetimes, especially at wavelengths above 600 nm. 
After these measurements are completed (early 
1988), it will be possible to carry through the calcula
tion of internal energy distribution from the 
observed photolysis induced fluorescence spectra for 
the cases studied here and to prepare articles for 
publication. (D. Kinnison, C. Miller, D. Oh, 
K. Patten, W. Sisk, and H.S. Johnston) 

In collaboration with Y.T. Lee and his graduate 
students, these molecules have been photolyzed in a 
molecular beam to obtain the translational energies 
of the product fragments. The internal energy distri
bution given by the photolysis induced fluorescence 
is supplementary information to the translational 
energy distribution given by the molecular beam 
experiment. By these methods, a fairly complete 
accounting will be obtained of the nascent energy of 
the photolysis products for this series of similar reac
tants with 4, 5, and 7 atoms. 
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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 includes nonlinear optical and picosecond laser 
techniques in addition to a variety of standard sur
face science tools for characterizing molecule-surface 
interactions. Recent work has centered on the 
development of picosecond infrared lasers, the eluci
dation of the mechanism of surface-enhanced photo
chemistry, surface-enhanced photoelectron emission, 
and the breakdown of classical dielectric response 
theory for explaining energy transfer from molecules 
to noble metal surfaces. The latter studies have 
resulted in a classification scheme in which molecu
lar excited states that produce intraband electronic 
excitations transfer energy to electrons localized near 
the metal surface, while those excited states that can 
access direct interband excitations transfer energy to 
electrons throughout the bulk of the metal. The 
results of this program have a direct bearing on 
high-speed technological devices and materials, and 
on other problems of general interest such as the 
dynamics of electrical transmission in conductors on 
ultrafast timescales and the optical properties of thin 
films. 

*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. Electronic Energy Transfer at Interfaces 
(Publication 4) 

C.B. Harris 

The fluorescence decays from submonolayers of 
pyrene separated from various interfaces by Xe 
spacer layers have been measured as a function of 
spacer layer thickness (17-200 A), pyrene coverage, 
and emission wavelength. The results are explained 
in terms of two decay channels: energy transfer and 
trapping among the molecules in the two
dimensional pyrene overlayer, and excitation of elec
trons at the interface. The intralayer energy transfer 
was modeled using the Kohlrausch equation N(t) = 

No exp( _1/y)a, in which a is related to the distribu
tion of pyrene molecules in energy 

2. Photoemission at Metal Interfaces 
(Publication 9) 

C.A. Parsons 

Three different pathways have been studied for 
the relaxation of an optically excited 
adsorbate/surface system. The first of these, pho
toemission, is characterized via the molecular cover
age dependence and time response of the total pho
toyield. The observed increase in the yield for the 
initial adsorbed monolayer is attributed to a lowering 
of the work function of the Ag( 111) surface, while 
the monatomic decrease in the photoyield upon 
further adsorption is interpreted as attenuation of the 
metal photoelectrons by the multilayers. Evidence of 
the structural phase transition for pyridine on 
Ag( 111) is seen in both the coverage dependence and 
photoyield thermal-desorption spectra. Long 
(100 nsec) photoyield decay times are observed for 
multilayer films. Models that account for the effects 
of trapping and diffusion of electrons in the molecu
lar film under the influence of the image potential 
have been considered. Radiative emission as a 
relaxation mechanism for an excited molecule is dif
ficult to observe when adsorbed on a noninsulator 
surface because of damping by efficient energy 



transfer to the solid. Photochemistry is a third path 
by which an excited adsorbate may relax, although 
its reactivity is also expected to be severely limited 
by competition with nonradiative energy transfer. 
Photodecomposition for a variety of aromatic 
molecules adsorbed on roughened Ag surfaces is 
reported here using continuous radiation in the 
near-uv /visible. The enhanced fields at the surface 
provide the driving force for the reaction and also 
allow it to be monitored via the Raman spectrum of 
the graphitic carbon product. A two-photon initial 
absorption step is'implicated by the intensity depen
dence of the decomposition rate for most cases. 
Energy-transfer considerations and possible decom
position mechanisms following absorption are dis
cussed. 

3. Chemical Reaction Drnamics in Condensed 
Phase (Publications 1-3) 

D. Ben-Amotz, R. Jeanloz, and C.B. Harris 

The nonradiative decay dynamics of crystal 
violet, and other triphenyl-methane dyes, dissolved 
in a variety of solvents, have been studied as a func
tion of temperature and pressure. A linear viscosity 
dependence of the excited-state absorption decay 
time in n-alcohol solvents is found at several con
stant temperatures. The theoretical predictions of 
three theories for large-amplitude dynamics on a bar
rierless excited-state potential were tested. The 
predicted forms for the time-dependent integrated 
excited-state population are compared with experi
mentally measured excited-state absorption decays of 
crystal violet in various solvents. The overall viscos
ity dependence of the excited-state decay time is 
linear. Differences between the viscosity dependence 
observed when varying pressure, temperature, or sol
vent type at low viscosities are tentatively ascribed 
to pressure- and temperature-induced conformational 
changes. In addition, results were obtained that clar
ified the time scales for predissociation and geminate 
recombination in the iodine photodissociation/ 
recombination reaction. Direct comparison of 
absorption features following A-state excitation with 
those following B-state excitation suggests that 
predissociation may be much more rapid (~1 psec) 
than previously thought, and that geminate recombi
nation is also very rapid (~2 psec). Both of these 
results lead to the conclusion that curve crossing in 
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solution is extremely facile and not the rate-limiting 
step in recombination. 

tNationai Science Foundation program using DOE equipment. 

4. Work in Progress 

Picosecond Techniques Jor Electron Emission Studies 
at SurJaces 

In order to study the dynamics of electron emis
sion at a metal surface, we are developing time
correlated single-electron counting as a means for 
studying surface dynamics. This apparatus relies on 
a synchronously pumped dye laser system as a 
source of uv light pulses of 1-3 picoseconds dura
tion. A portion of the ultrashort light pulse is used 
to generate electrons via photoemission and set the 
start pulse of an electronic clock. The electrons that 
are emitted from the surface are scattered by surface 
states or from molecular adsorbates on the surface. 
This causes a change in the electron's momentum. 
The momentum distribution can be measured by 
time of flight. In particular, the electrons are 
detected by a channel plate and stop the electronic 
clock at a time that is proportional to the electron's 
momentum. This is represented as a voltage, which 
is stored in a computer. In this manner a histogram 
of the electron's dynamics is created. This apparatus 
possesses a dynamic range of 105-106 and is very 
sensitive to low quantum yields. The time resolu
tion of this system is <50 picoseconds and has an 
upper limit of a few hundred microseconds. These 
unique capabilities will allow us to sensitively probe 
the electron dynamics at metal surfaces, with the 
time resolution necessary to elucidate the dynamics 
directly. In addition, by using femtosecond pump
probe techniques, one can in principle get 50 fsec 
time resolution. 
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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. 

Molecules produced in bound excited singlet 
states may fragment following the conversion of elec
tronic excitation energy into vibrational energy. 
Intersystem crossing to triplet states is often in com
petition with internal conversion to singlet states. In 
this work the dynamics of intersystem crossing and 
reaction of the triplet state are studied for both uni
molecular and bimolecular systems. 

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 
(lVR), 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 

*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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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. 

1. T 1 Barrier Height, S - T 1 Intersystem 
Crossing Rate, and So Radical Dissociation 
Threshold for H

2
CO, D

2
CO, and HDCO 

(Publication 3) 

M.-C Chuang, M.F. Foltz, and CB. Moore 

Vacuum uv laser-induced fluorescence has been 
used to detect the atomic products in the photofrag
mentation of H2CO, 02CO, and HOCO. The disso
ciation is shown to occur on both the ground (So) 
and the first triplet (T I) potential surfaces (see Figure 
1-1). The TI exit barrier height (2.9-6.0 kcaljmol) 
and the SI _ TI intersystem crossing rate near the 
TI barrier top (4 X 107 sec--: I) have been determined 
experimentally. The threshold energy for the radical 
dissociation channel on the So surface, 86.57 ± 
0.16 kcal/mol, has also been measured accurately by 
rovibronically resolved photolysis. The best values 
for the heat of formation (9.99 ± 0.19 kcaljmol) and 
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Figure 1-1. Potential curves for formaldehyde photochemistry. 
A monochromatic uv laser produces molecules in a single rovi-o 
bronic state of SI. For energies above the barrier to dissociation 
on the T, surface, intersystem crossing competes effectively with 
internal conversion to the ground state, So. The repulsive force 
between fragments on the triplet surface pushes the H atom away 
at a much higher velocity than on the singlet surface. (XBL 884-
1337) 



the C-H bond enthalpy (15.69 ± 0.19 kcal/mol) of 
HCO radical have been derived from the measured 
threshold energies as well. 

2. Infrared Flash Kinetic Spectroscopy of HCO 
(Publication 5) 

C.B. Dane, t D.R. Lander, t R.F. Curl, t F.K. Tittle, t 
Y. Guo, M.I F. Ochsner,t and C.B. Moore 

The high-resolution infrared spectrum of the CH 
stretching fundamental of the formyl radical (HCO) 
has been observed by means of infrared kinetic spec
troscopy using 308-nm (XeCI) excimer laser flash 
photolysis of formaldehyde or acetaldehyde followed 
by difference-frequency and diode laser probing of 
the transient absorption (see Figure 2-1). The high
resolution spectra obtained were assigned and fitted 
with rotational, spin-rotational, and centrifugal dis
tortion constants. The VI band ongm is 
2434.48 cm -I. New ground-state constants are 
reported from a least-squares fit combining this VI 

data with previous microwave and far-infrared laser 
magnetic resonance measurements. 
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Figure 2-1. A small portion of the CH stretching fundamental 
spectrum of the HCO free radical. The K = 3 +- 2 perpendicular 
Q-branches are recorded with the difference-frequency infrared 
laser. The resolution is Doppler-limited. A 35-ml pulse of 308-
nm radiation is used to photolyze 2.5 Torr of acetaldehyde. 
(XBL 884-1338) 
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More accurate equilibrium rotational constants 
are defined using the rotational constants of the 
vibrationally excited state. The unusually low vibra
tional frequency is to be expected from the very low 
bond enthalpy measured in abstract 1. The fre
quency is in excellent agreement with the theoretical 
value (0.6% higher than experiment) calculated by 
Bowman, Bittman, and Harding. I The relative inten
sities of the parallel and perpendicular components 
of the transition show that the C-H stretching transi
tion dipole moment direction is tipped 22° away 
from the C_H bond direction toward the O-C 
direction. Thus significant displacement of charge in 
the C-O bond must occur as the C-H bond vibrates. 

tpermanent address: Chemistry and Electrical Engineering 
Departments, and Rice Quantum Institute, Rice University, 
Houston, TX 77251. 
Ipresent address: CIBA-GEIGY A.G., Analytische Forschung 
F03.2, CH-4002 Basel, Switzerland. 
1. 1.M. Bowman, 1.S. Bittman, and L.B. Harding, 1. Chern. Phys. 
85, 911 (I986). 

3. Work in Progress 

Energy transfer and chemical reaction rates are 
being studied for HCO and triplet CH2 radicals. A 
diode laser infrared flash kinetic spectrometer has 
been constructed to extend this work beyond the 2-4 
micron range available with our current difference
frequency spectrometer. Reaction rates of 3CH2 with 
O2 and NO have already been measured together 
with H.S. Johnston. Bending spectra of triplet CH2 
will be recorded. Spectroscopy of radical-radical and 
radical-molecule reaction complexes is planned. 

Unimolecular reaction dynamics are being stu
died by photofragment spectroscopy. A molecular 
beam system has been constructed to use with the 
new VUV laser system being developed together 
with Y.T. Lee and A.H. Kung. The fragmentation of 
ketene on its triplet potential energy surface will be 
studied by detection of CO using a tunable photo
lysis laser below the threshold for singlet fragmenta
tion. 

Infrared spectra of intermediates in organometal
lic photochemistry in gas and liquid phase are being 
studied jointly with R.G. Bergman. Emphasis is on 
CH activation chemistry. A study of the reactions of 
coordinatively unsaturated CpCo(CO) in liquid and 
gas phase has been carried out by flash photolysis of 
CpCo(COh and time-resolved infrared spectroscopy 
of the CO stretching spectra. 
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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 and on properties close to the critical point. 
Systems comprising fused salts mixed in any propor
tion with water or other polar solvents are being stu
died experimentally and with theory. Current stu
dies also include (1) dilute ionic solutions very close 
to the critical point of the solvent where anomalous 
properties are observed and (2) the representation of 
near-critical properties in an equation of state valid 
over the full range of temperature and density. 
Recent theoretical advances include treatments of 
the dielectric constant of H20, the thermodynamics 
of ionic solutions in H20 above its critical tempera
ture, and the critical properties of pure ionic fluids 
such as NaCl. Earlier advances yielded improved 
equations for electrolyte solutions. These various 
equations are now being applied to a wide variety of 
systems of industrial or geological interest, including 
geothermal brines. Other recent research involved 
the relativistic quantum chemistry of molecules con
taining very heavy atoms. This research is reviewed 
in Publication 10. 

1. The Electrical Conductivity, Viscosity, and 
Density of a Two-Component Ionic System at 
its Critical Point (Publication 8) 

D.R. Schreiber, M.C.P. de Lima/ and K.s. Pitzer 

The density, viscosity, and electrical conductivity 
of a system composed of a fused salt in a low
dielectric-constant solvent were examined at a tem
perature just above the liquid-liquid critical point. 

*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 system examined was tetra-n-butylammonium 
picrate (TNBAP) in l-chloroheptane. The viscosity 
data showed no anomalously high values in the 
region of the critical point, in contrast to reports on 
systems with neutral molecules. The conductivity 
decreased to a minimum near 0.001 mOl/dm3 and 
then increased rapidly through the region of the criti
cal concentration. The data in the region of the 
minimum were fit using the method of Fuoss and 
Kraus to determine the ion-pair and triplet ion disso
ciation constants. The expression obtained was 
extrapolated to indicate the speciation of the TNBAP 
in the critical region. The speciation diagram indi
cated the increasing importance of the ions and ion 
triplets at the expense of the neutral ion pair. The 
conductivity results were also compared (see Figure 
1-1) to a recent treatment (Publication 6) of the res
trictive primitive model (RPM). The fraction of 
ions calculated by the RPM also shows an increasing 
importance of the ions and charged clusters, at the 
expense of neutral clusters, in the region of the criti
cal point. The dielectric constant of I-chloroheptane 
was also measured over a range of temperature. 

tpermanent address: Department of Chemistry, University of 
Coimbra, 3000 Coimbra, Portugal. 
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Figure 1-1. Comparison of conductivity data to predictions of 
the Restrictive Primitive Model, for a reciprocal temperature /3* = 

14 (-) and /3* = 17 (---). The comparison assumes the same 
equivalent conductance for all charged species at all concentra
tions. (XBL 884-1341) 



2. Improving Equation-of-State Accuracy in the 
Critical Region; Equations for Carbon Dioxide 
and Neopentane as Exarrples (Publication 13) 

K.s. Pitzer and D.R. Schreiber 

Typical equations of state fail to accurately 
represent properties close to the critical point for rea
sons that are now understood. It is shown that the 
addition of a specially designed three-term function 
solves this problem for practical purposes. Although 
the limiting behavior at the critical point is still not 
correct, the remaining deviations are negligible for 
more general applications. This method is related to 
work on H20 by Haar, Gallagher, and Kell l (HGK) 
and is tested here for CO2 and neopentane, for which 
equations are presented. Figure 2-1 shows that one 
avoids distortion of near-critical isotherms by adding 
this special function, which is negligible outside the 
range 0.99 to 1.01 in reduced temperature. 

1. L. Haar, J.S. Gallagher, and G.S. Kell, NBS-NRC Steam 
Tables, Hemisphere, Washington, 1984. 
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Figure 2-1. Near-critical isotherms for neopentane. Solid lines 
show the complete equation including the HGK function; dotted 
line, same without HGK function; dashed line, far-field equation 
without HGK function refitted and constrained to the critical 
point. Note the absence of any distortion of the isotherms when 
the HGK function is included. (XBL 884-1342) 
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3. The Critical Behavior of Ionic Fluids and the 
Role of Long-Range Fluctuations (Publication 
15) 

K.S Pitzer 

The general theory of the critical region for one
and two-component fluids is reviewed briefly, 
including the exponents that describe the behavior 
close to the critical point. In contrast to the nonclas
sical exponents experimentally displayed by non ionic 
systems and derived from theory for short-range 
forces, several ionic systems are found to show clas
sical exponents within experimental uncertainty. 
The nonclassical exponents arise from theories that 
give special recognition to fluctuations in density or 
composition of very long range, of longer range than 
the short-range interparticle forces. Alternate 
theories are considered that assume longer-range 
forces that yield classical critical exponents as well as 
the correspondence between the assumptions of these 
theories and the expected forces in the ionic fluids. 
The experimental properties of several systems are 
reviewed in comparison with these theories. Ionic 
systems appear to be classical within the uncertainty 
of the experimental data. Special attention is given 
to the system H20-NaCI under conditions close to 
the critical point of H20, for which a new equation 
of state is presented. 

Figure 3-1 shows two isotherms for NaCI-H20, 
one just below Tc for pure H20 and the other just 
above. The calculated curves reproduce very well 
the remarkable properties measured I in the near
critical region. The concentration of NaCI in the 
vapor phase is extremely small, and the differences 
are probably within experimental uncertainty. 

I. J.L. Bischoff, RJ. Rosenbauer, and K.S. Pitzer, Geochim. et 
Cosmochim. Acta 50, 1437 (1986). 

4. Work in Progress 

Research continues on the near-critical proper
ties of nonionic fluids and on the practically impor
tant and very interesting system NaCI-H20. Similar 
methods are being extended to two-component 
neutral-molecule systems showing liquid-liquid criti
cal points. 
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Figure 3-1. Phase diagram for NaCI-H20: (top) at 373°C, just 
below Tc for H20 (374T); (bottom) at 375SC, just above Tc for 
H20. The curves are calculated from the new equation of state. 
(top: XBL 884-1343; bottom: XBL 884-1344) 
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Molecular Interactions* 

William A. Lester, Jr., Investigator 

INTRODUCTION 

This research program is directed at extending 
fundamental knowledge of atoms and molecules 
including their electronic structure, mutual interac~ 

, tion, collision dynamics, and interaction with radia
tion. The approach combines the use of ab initio 
methods multiconfiguration Hartree-Fock 
(MCHF), configuration interaction (CI), and the 
recently developed quantum Monte Carlo (QMC) -
to describe electronic structure, intermolecular 
interactions, and other properties, with various 
methods for characterizing inelastic and reactive col
lision processes, and photodissociation dynamics. 
Current efforts are focused on (1) the development of 
efficient methods of generating optimum importance 
functions in QMC, (2) the introduction and applica
tion of effective-core- and model-potential methods 
in QMC, and (3) an adiabatic treatment of single
photon indirect polyatomic photodissociation with 
emphasis on product rovibrational photofragment 
distributions. 

1. Valence Quantum Monte Carlo for Many 
Valence-Electron Systems (Publications 5 
and 11) 

B.~. Hammond, t P.l. Reynolds, and W.A. Lester, 
Jr. 

A great deal of attention has been focused 
recently on valence-only methods for QMC. The 
reason for this interest is the desire to compute reli
ably molecular properties of large molecules contain
ing heavy atoms, and further, the realization of the 
steep Z (nuclear charge) dependence of the CPU 
ti~e required in QMC to achieve a given accuracy. 
ThiS Z dependence has been estimated to be approxi
mately Z6.5. When treating the valence electrons 
only, however, this dependence becomes (zeff)4.1, 
where zeff is the screened nuclear charge. 

*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 use of pseudopotentials is long established 
in solid-state physics and quantum chemistry for 
large-scale computations involvil)g heavy atoms. 
Two methods in common use in quantum chemistry 
are'the ab initio effective-core potentials (ECP) of 
Kahn et al. 1 and others, and the ab initio model 
potentials (MP) of Huzinaga et al. 2 ECP's have been 
incorporated into QMC recently by Hurley and 
Christiansen3 as well as the present authors4; how
ever, these studies involve systems of only one- and 
two-valence electron systems. Such systems are a 
special case in QMC since they have no nodes and 
can yield the exact ground-state energy for a given 
Hamiltonian. 

Extension of the ECP-QMC method to systems 
beyond two electrons should be straightforward but 
in fact the nodes can introduce large negative singu
larities in the local energy that can bias the QMC 
random walk significantly. Such singularities have 
the effect of collapsing the QMC distribution into the 
core. In severe cases the distribution reduces to a 
single point when a walker becomes trapped in a 
region of large negative energy and branches until it 
constitutes the entire ensemble. Procedures investi
gated here to alleviate this difficulty include use of 
MP's, improvement of the trial function 'liT to 
smooth out the local potential surface, use of a dif
ferent local pseudopotential, and introduction of a 
"frozen core" approximation to prevent unregulated 
branching. The latter involves a modification of the 
short-time Green's function, which restricts the 
QMC distribution in the core to be 'lit and smoothly 
connects to the usual fixed-node distribution in the 
valence region. 

t Also at Department of Chemistry, University of California, 
Berkeley, CA 94720. 
I. L.R. Kahn, P. Baybutt, and D.G. Truhlar, J. Chem. Phys. 65 
3826 (1976). ' 
2. S. Huzinaga, L. Seijo, Z. Barandiaran, and M. Klobukowski, 
J. Chem. Phys. 86, 2132 (1987). 
3. M.M. Hurley and P.A. Christiansen, J. Chem. Phys. 86 1069 
(1987). ' 

4. B.L. Hammond, PJ. Reynolds, and W.A. Lester, Jr., J. Chem. 
Phys. 87, 1130 (1987). 

2. One-Electron Property from MCHF 
Wavefunction: the Dipole Moment of Ozone 
(Publication 1) 

M. Dupui/ and W.A. Lester, Jr. 

A systematic study of electron correlation contri
butions to the dipole moment of ozone is presented. 
Generalized valence bond (GVB) and MCHF 



wavefunctions have been designed and calculated 
that point to the key role played by a charge-transfer 
configuration (CTC) in providing an accurate 
description of the charge separation in ozone. 
Although this CTC is a primary determiner of the 
dipole moment, its contribution to the structure 
determination is minor. A similar analysis should 
also apply to other molecules. 

tpresent address: IBM Corp., Kingsto~, NY 1240 l. 

3. Enforcing Fixed-Node Boundary Conditions 
in Diffusion Quantum Monte Carlo: Rejection 
versus Deletion of Random Walks 
(Publication 8) 

P.J. Reynolds, D.M. Ceperley, t R.N. Barnett,:!: and 
W.A. Lester, Jr.:!: 

This study addresses a new method of enforcing 
fixed-node boundary conditions in diffusion QMC. 
We first note that these boundary conditions do not 
have to pe enforced to maintain the required 
antisymmetry of fermion systems. Unfortunately, the 
alternative, sometimes known as "released-node" 
QMC, is numerically unstable and results in a "tran
sient estimator." Released-node QMC has been 
quite successful for H3 but has been generally diffi
cult to converge for larger systems. For most molecu
lar species there has been more success with the 
fixed-node approach. 

In fixed-node QMC, the boundary conditions 
have been traditionally enforced through the deletion 
("killing") of any walker that attempts to cross a 
node. We have shown that deletion leads to a time
step bias and results in a "growth estimator" of the 
energy whose mean is different from the local-energy 
estimator. The usual procedure of extrapolation to 
zero time step, which is necessary in the diffusion 
QMC approach due to the short-time approximation 
to the Green's function, eliminates this bias. Thus 
the deletion of random walkers on node crossing 
simply modifies the short-time bias in the diffusion 
approach. We have shown that an alternative way of 
enforcing the fixed-node boundary condition by 
rejecting moves that attempt to cross a node does 
not introduce this additional bias and numerically 
leads to a more readily extrapolated energy estima
tor. This is most readily found when the trial wave 
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function is exact. In this case the local energy esti
mator of the energy is also exact and has zero vari
ance; however, the growth estimator for the energy 
has a nonvanishing time-step bias for the case of 
walker deletion, and possibly more significantly, has 
finite variance. Using rejection rather than deletion 
results in an unbiased energy for all time-step sizes 
and zero variance. 

tpresent address: Department of Physics, University of Illinois, 
Urbana. 
+Also at Department of Chemistry, University of California, 
Berkeley, CA 94720. 

4. Direct Calculation of the Correlation Energy 
with Diffusion QMC (Publication 10) 

P.J. Reynolds, R.N. Barnett, t and W.A. Lester, Jr. t 

A method has been developed for diffusion 
QMC in which a single random walk is used to com
pute both the variational energy associated with the 
trial wave function and the fixed-node QMC energy. 
Because the two energies are correlated through their 
common random walk, the statistical uncertainty of 
their difference can be considerably smaller than the 
corresponding uncertainty of the difference of the 
two separately computed energies. Thus QMC can 
be used to obtain correlation energies directly and 
with lower variance than QMC total energies. Furth
ermore, knowledge of the variational energy, e.g., 
from self-consistent field methods, allows one also to 
obtain a low-variance QMC estimator of the total 
energy. However, in order to maintain a single ran
dom walk for both quantities, it has been necessary 
to introduce a weighting scheme in which the 
weights become unstable with increased length of the 
random walk. This causes the variance to rise as the 
walk progresses. The method is thus in the class of 
"transient estimator" approaches. To be useful it is 
necessary that the fixed-node walk reaches equili
brium sufficiently quickly that the weights remain 
small. We find that for molecular systems such as 
H20, the weights remain sufficiently small until 
equilibrium is attained. An overall gain of a factor 
of 2-4 in speed of computation has been obtained. 

tAlso at Department of Chemistry, University of California, 
Berkeley, CA 94720. 



5. The Role of Cusp Conditions in Atomic and 
Molecular Quantum Simulations (Publication 9) 

P.l. Reynolds, R.N. Barnett, t and W.A. Lester, Jr. t 

In diffusion QMC one uses an approximate 
"short-time" Green's function to propagate random 
walks. These walks stochastically solve the 
Schrodinger equation. However, a time-step bias 
arises in the computed quantities. Generally this 
bias may be removed by extrapolation to zero time 
step 7 = O. It is desirable, however, to minimize 
the magnitude of the bias for a fixed value of 7. This 
would enable one to use larger 7'S, and also possibly 
to have a more reliable extrapolation. In this way 
one can expect to reduce the computational time. 
We note that a more accurate description of the 
QMC trial wave function reduces time-step bias. 
This results from the detailed-balance step in the 
algorithm, which guarantees that the exact wave 
function will give zero time-step bias for all values of 
7. A side benefit of a more accurate description of 
the wave function is lower variance in the energy 
even when all other parameters are fixed. This 
zero-variance character of QMC is a property of the 
local energy estimator. 

From the above discussion it is clear that one 
desires a better description of the wave function. In 
most molecular QMC work a self-consistent field 
(SCF) wave function is used as a starting point. To 
improve the wave function, first some correlation is 
built in through an electron-electron Jastrow func
tion. This function, however, distorts the charge dis
tribution and necessitates an electron-nuclear Jas
trow function to restore the average size of the 
charge density. Usually the parameters in the 
electron-nuclear function are chosen to minimize the 
variational energy. In this work we have shown that 
by. satisfying the electron-nuclear cusp condition 
rather than minimizing the variational energy, one 
obtains an improved wave function, i.e., one with 
smaller time-step biases. We demonstrate this by 
comp,!ring conventional trial wave functions with 
trial functions that have been constructed to satisfy 
the electron-nuclear cusp condition on average 
[Slater-type orbital (STO) basis sets] and with trial 
functions that satisfy the electron-nuclear cusp condi
tion exactly (Gaussian-type orbital basis sets). Thus 

tAlso at Department of Chemistry, University of California, 
Berkeley, CA 94720. 
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correctly describing the wave function at even one 
point can be significant. 

6. Ab Initio Studies of the Linear Complex 
HC3N ... HC3N (Publication 13) 

e.A. TaJt/ J.e. Azevedo/ J.G.R. Tostes,+ M.N. 
Ramos/ and W.A. Lester, Jr.1I 

Ab initio calculations using a STO-3G basis set 
have been performed to obtain the optimized 
geometry of the complex HC3N ... HC3N. A 6-31G 
basis set is then used at the STO-3G optimized 
geometry to estimate hydrogen bond energies, dipole 
moments, charge-transfer effects, and rotational and 
vibrational spectroscopic constants, and to analyze 
the perturbation of the N ... H interaction on the 
intensity parameters of these atoms due to C== Nand 
C- H stretches using atomic polar tensors and the 
charge-charge flux-overlap model. These results sup
port the conclusions of our previous work, using a 
smaller basis set and partially optimized geometry, 
that the deformation modes are practically unaltered 
due to the formation of H-bonds, and that the ele
ments associated with the C == Nand H - C stretching 
modes increase substantially mainly due to a charge
flux term in which charge-transfer and polarization 
effects make important contributions. 

It is interesting that for cyanopolyacetylenes, 
smaller basis sets and experimental monomer 
geometries yield similar trends as results obtained 
using larger basis sets and completely optimized 
geometries. The 4-31 G results using the monomer 
experimental geometry show, however, better agree
ment with 6-31 G results using a completely optim
ized geometry than with STO-3G values using the 
monomer experimental geometry. 

tpermanent address: Centro Brasileiro de Pesquisas Fisicas, Rio 
de Janeiro. Brazil. 

+Permanent address: Departamento de Fisico-Quimica, Universi
dade Federal Fluminense, Niteroi, Brazil. Present address: 
Chemistry Department, UNICAMP, Campinas, Sao Paulo, Bra
zil. 

§Also at Departamento de Quimica Fundamental. Universidade 
Federal de Permambuco, Recife, Brazil, and Departamento de 
Chimica Industriale, Politeonica de Milano, Milan, Italy. 

"Also at Department of Chemistry. University of California, 
Berkeley. CA 94720. 



7. An Ab Initio Spectroscopic Study of the 
HCN ... HCN and HCN ... HNC Polar Complexes 
(Publication 12) 

M.N. Ramos,t CA. Taft,+ J.G.R. Tostes/ and W.A. 
Lester, Jr." 

Ab initio 4-31 G calculations with geometry 
optimization have been performed on the 
HCN ... HCN and HCN ... HNC complexes to deter
mine both (i) the vibrational ground-state rotational 
spectroscopic constants and (ii) the changes in the 
infrared intensity parameters of HCN and HNC due 
to complex formation. The spectroscopic constants 
obtained for HCN ... HCN are in good agreement with 
the experimental values from Buxton et al. I 

The infrared intensity parameters analyzed in 
terms of atomic polar tensors (APT's) reveal that (i) 
the APT elements associated with the bending modes 
are practically insensitive to formation of the H
bond and (ii) the largest changes in the APT ele
ments associated with the stretching modes are 
observed for the atoms participating in the H-bond 
resulting in a factor-of-two increase. According to 
the King and Mast2 model, this increase is mainly 
due to the charge-flux term. 

fAlso at Departamento de Quimica Fundamental, Universidade 
Federal de Permambuco, Recife, Brazil, and Departamento de 
Chimica Industriale, Politeonica de Milano, Milan, Italy. 
lpermanent address: Centro Brasileiro de Pesquisas Fisicas, Rio 
de Janeiro, Brazil. 
§Permanent address: Departamento de Fisico-Quimica, Universi
dade Federal Fluminense, Niteroi, Brazil. Present address: 
Chemistry Department, UNICAMP, Campinas, Brazil. 
"Also at Department of Chemistry, University of California, 
Berkeley, CA 94720. 
I. Buxton el al., Chern. Phys. 56, 399 (1981). 
2. W.T. King and G.B. Mast, 1. Phys. Chern. 80, 2521 (1976). 

1987 PUBLICATIONS AND REPORTS 

Refereed Journals 

1. M. Dupuis and W.A. Lester, Jr., "One-Electron Pro
perty from MCHF Wavefunction: The Dipole 
Moment of Ozone," Theor. Chim. Acta. 71, 255, 
(1987); LBL-21708. -

2. CE. Dateo, V.Z. Kresin, M. Dupuis, and W.A. Les
ter, Jr. "Photodissociation As a Quantum Transi
tion: Photofragment Vibrational Distributions of 
C2N2(C irru) Predissociation," J. Chern. Phys. 86, 
2639 (1987); LBL-22681. 

158 

3. P.J. Reynolds, R.K. Owen, and W.A. Lester, Jr., "Is 
There a Zeroth Order Time-Step Error in Diffusion 
Quantum Monte Carlo?" J. Chern. Phys. 87, 1905 
(1987); LBL-22681. 

4. V.Z. Kresin and W.A. Lester, Jr., "On the Mechan
ism of Singlet-Triplet Transitions," Chern. Phys. 
Lett. 138, 59 (1987); LBL-22829. 

5. 8.L. Hammond, P.J. Reynolds, and W.A. Lester, Jr., 
"Valence Quantum Monte Carlo with Ab Initio 
Effective Core Potentials," J. Chern. Phys. 87, 1130 
(1987); LBL-22745. 

LBL Reports 

6. R.M. Grimes (Ph.D. Thesis), "Theoretical Study of 
Intermolecular Energy Transfer Involving Electroni
cally Excited Molecules," LBL-22466. 

7. C.E. Dateo (Ph.D. Thesis), "Theoretical Study of 
Indirect Photodissociation: Electronic Structure and 
Product Rovibrational Distributions of 
C2N2(C irru)," LBL-23944. 

8. P.J. Reynolds, D.M. Ceperley, R.N. Barnett, and 
W.A. Lester, Jr., "Enforcing Fixed-Node Boundary 
Conditions in Diffusion Quantum Monte Carlo: 
Rejection versus Deletion of Random Walks," sub
mitted to J. Chern. Phys.; LBL-24677. 

9. P.J. Reynolds, R.N. Barnett, and W.A. Lester, Jr., 
"The Role of Cusp Conditions in Atomic and 
Molecular Quantum Simulations," submitted to 
Phys. Rev. A; LBL-24678. 

10. P.J. Reynolds, R.N. Barnett, and W.A. Lester, Jr., 
"Direct Calculation of the Correlation Energy with 
Diffusion Quantum Monte Carlo," submitted to 
Chern. Phys. Lett.; LBL-24679. . 

II. 8.L. Hammond, P.J. Reynolds, and W.A. Lester, Jr., 
"Valence Quantum Monte Carlo for Many Valence
Electron Systems," submitted to J. Chern. Phys.; 
LBL-24680. 

12. M.N. Ramos, CA. Taft, J.G.R. Tostes, and W.A. 
Lester, Jr., "An Ab Initio Spectroscopic Study of the 
HCH ... HCN and HCN ... HNC Linear Complexes," J. 
Mol. Struct. (in press); LBL-24681. 

13. CA. Taft, J.C Azevedo, J.G.R. Tostes, M.N. 
'\ Ramos, and W.A. Lester, Jr., "Ab Initio Studies of 

the Linear Complex HC3N··· HC3N," J. Mol. 
Struct. (in press); LBL-24682. ' 

14. J.G.R. Tostes, CA.' Taft, M.N. Ramos, and W.A. 
Lester, Jr., "Role of Polarization Functions on the 
Bridge Hydrogen Atom in HCN ... HCN," Int. J. 
Quant. Chern. (in press); LBL-24683. 

Invited Talks 

IS. W.A. Lester, Jr., "Theoretical Studies of Molecular 
Interactions," Combustion Research Contractors 
Meeting, Mills College, Oakland, CA, June 3-5, 
1987. 



16. W.A. Lester, Jr., "Quantum Monte Carlo for 
Molecules," Los Alamos National Laboratory, Los 
Alamos, NM, June 25, 1987; Department of Chemis
try, University of Georgia, Athens, Nov. 16, 1987; 
Department of Chemistry, Morehouse College, 
Atlanta, GA, Nov. 19, 1987; Dolphus E. Milligan 

159 

Science Research Institute, Atlanta, GA, Nov. 20, 
1987; Department of Physics, Georgia Institute of 
Technology, Atlanta, Nov. 23, 1987; Atlanta Athens 
Chemical Physics Discussion Group, Department of 
Chemistry, Emory University, Atlanta, GA, Dec. 7, 
1987. 



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 with the goal of 
improving our large-scale understanding of chemical 
reactions and energy transfer. 

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 complexes"-molecules held 
together at low temperatures only by very weak 
dispersion or induction forces or by hydrogen 
bonds--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 this is clearly 
impossible, through the investigation 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 intermedi
ates, are extremely difficult to detect and character
ize. Nevertheless, a new level of understanding of 
van der Waals forces is emerging from studies of the 
vibrational motions of the weak bonds. 

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; hence, studies of these two crucially 
important classes of molecules will be undertaken as 

*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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well, with the long-range objective of correlating the 
measured properties of these species as a means of 
understanding condensed phases in more detail.. 

1. An -Extended- Study of the Lowest II Bending 
Vibration-Rotation Spectrum of Ar-HCl by 
Intracavity Far Infrared Laser/Microwave 
Double Resonance Spectroscopy (Publication 1) 

R.L. Robinson, t D. Ray, t Dz.-H. Gwo, and 
R.J. Saykally 

The lowest II bending state in Ar-HCl has been 
more completely characterized through the use of far 
infrared laser/microwave double resonance spectros
copy. This extended analysis includes a partial reas
signment of the far infrared spectra of Ar-H35Cl pre
viously reported by Ray et al., as well as an analysis 
of the Ar-H37Cl spectra. Improved molecular con
stants have been determined. The value of the rota
tional constant is now in good agreement with that 
calculated from the M5 double minimum potential 
surface. Along with the recently reported spectrum 
of the ~ bending vibration, this extended analysis 
provides strong evidence for the existence of two
minima character in the intermolecular potential sur
face of Ar-HCI. 

tpresent address: Joint Institute for Laboratory Astrophysics and 
Department of Chemistry, University of Colorado, Boulder, CO 
80309. 

2. The High-Resolution Far Infrared Spectrum 
of a van der Waals Stretching Vibration: The V3 

Band of Ar-HCl'(Publication 2) 

R.L. Robinson, t Dz.-H. Gwo, and R.J. Saykally 

The first high-resolution measurement of a van 
der Waals stretching vibration is reported. The V3 

fundamental stretching vibration in Ar-HCl has been 
measured by intracavity far infrared laser/microwave 
double resonance spectroscopy of a supersonic free 
jet. Coupling between the stretching state and the 
nearby bending states gives the spectrum an intensity 
that is greater than predicted. The molecular con
stants for the stretching state are in close agreement 
with calculations for the M5 potential surface. 

tpresent address: Joint Institute for Laboratory Astrophysics and 
Department of Chemistry, University of Colorado, Boulder, CO 
80309. 



3. Tunable Far Infrared Laser Spectroscopy in 
a Planar Supersonic Jet: The ~ Bending 
Vibration of Ar-H35Cl (Publication 3) 

K.L. Busarow, G.A. Blake/ K.B. Laughlin, 
R. C. Cohen, Y. T. Lee, and R.J. Saykally 

The lowest ~ bending vibration (02°0) of Ar
H35Cl has been observed near 23.6cm- 1 from P(23) 
to R( 1 7), in a continuous planar jet expansion using 
a tunable far infrared laser. A least-squares analysis 
has been performed to determine the centrifugal dis
tortion constants for the ground and excited states, 
which will greatly facilitate the determination of an 
accurate intermolecular potential surface. 

tpresent address: Center for Cosmochemistry and Geochemistry, 
Division of Geology and Planetary Sciences, California Institute 
of Technology, Pasadena, CA 91125. 

4. Work in Progress 

Weare now developing tunable far infrared laser 
techniques for studying reactive molecules generated 
by excimer laser photolysis and van der Waals com
plexes. Ultimately these will possess extremely high 
sensitivity and resolution such that subtle effects on 
hydrogen tunneling migration effects can be explored 
in fluxional radicals like vinylidene and vinyl radi
cal. 
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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 and chemical reaction dynamics. 
Specific topics of interest have included the theory of 
inelastic and reactive scattering, collision processes 
involving electronically excited atoms or molecules, 
collisional ionization phenomena, statistical theories 
of chemical reactions, scattering of atoms and 
molecules from surfaces, and the interactions of 
molecular systems with high-power laser radiation. 

Most recently, research has focused on the 
development of theoretical methods for a first
principles treatment of dynamics in polyatomic 
molecular systems. The goal is to develop 
approaches that can utilize ab initio quantum chemi
cal calculations of the potential energy surface (in the 
Born-Oppenheimer approximation) as direct input 
into the dynamical treatment, and thus, to as great 
an extent as possible, have a truly predictive theory. 

The potential application of these methods is 
almost without limit. In this group hydrogen atom 
transfer processes have been studied in a variety of 
systems. Other research groups have used these 
approaches to describe a variety of reactions that are 
relevant to the primary steps in combustion. 

1. Tunneling and State-Specificity in 
Unimolecular Reactions (Publication l)t 

w.H. Miller 

The role of tunneling in unimolecular reactions 
is described. Very much related to this is the state
specific character of unimolecular reaction rates, 
which is also discussed. It is emphasized that statist
ical approximations, e.g., the well-known RRKM 
theory, are approximations to the average unimolec
ular rate constant for a molecule of energy E (and 

*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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angular momentum J). Simple models for including 
the effects of tunneling in these statistical approxi
mations are reviewed. State-specificity of unimolec
ular reaction rates is defined as significant variation 
in the rate constants for individual quantum states of 
the reactant molecule about the average rate at that 
energy (and angular momentum). Tunneling effects 
and state-specificity are illustrated by model calcula
tions and by experimental results for the unimolecu
lar decomposition of formaldehyde, 
H2CO - H2 + CO, in its ground electronic state. 

tCalculations were performed on the Berkeley Theoretical Chem
istry computing facility. supported by the National Science Foun
dation Grant No. CHE84-16345. 

2. Basis-Set Methods for Describing the 
Quantum Mechanics of a "System" Interacting 
",:ith a Harmonic Bath (Publication 2)t 

N. Makri and w.H. Miller 

The case of a "system" (e.g., a one-dimensional 
reaction coordinate) coupled to a "bath" of many 
harmonic oscillators is treated by quantum mechani
cal basis-set methods. By choosing the basis set for 
the "bath" to incorporate the coupling explicitly, it is 
shown how the "bath" can then be eliminated to 
obtain an effective Hamiltonian matrix for only the 
"system." Numerical calculations are carried out 
that show that, even in the zeroth version of the 
approach, the effect on the "system" (e.g., the tunnel
ing splitting in a double-well potential) of coupling to 
the "bath" is described well, even when the effect is 
extremely large. 

This methodology is proving very effective in 
application of reaction-path models to dynamical 
treatments in polyatomic molecular systems. 

tCalculations were performed on the Berkeley Theoretical Chem
istry computing facility, supported by the National Science Foun
dation Grant No. CHE84-16345. 

3. Monte Carlo Path Integration in Real Time 
via Complex Coordinates (Publication 4)t 

J. Chang and w.H. Miller 

A method is described for Monte Carlo path 
integration that is valid for real time propagation. 
More specifically, it is shown how matrix elements 
of the complex-time propagator 



e-~,H, f3c = {3/2 + it/h, can be evaluated by straight
forward Monte Carlo for values t »f3h/2. The 
key feature is that one distorts the path of the 
integration variables so that the kinetic energy part 
of the integrand is real. This in turn means that the 
paths are complex-valued, but it is shown that, at 
least for barrier-type potentials, this causes no diffi
culties. 

Path integral methods are the most powerful way 
to incorporate the effect of a "bath" on the dynamics 
of a "system," so that the extent to which they can 
be applied has enormous practical implications. 

tCalculations were performed on the Berkeley Theoretical Chem
istry computing facility, supported by the National Science Foun
dation Grant No. CHE84-l6345. 

4. Time-Dependent Self-Consistent-Field 
(TDSCF) Approximation for a Reaction 
Coordinate Coupled to a Harmonic Bath: 
Single and Multiple Configuration Treatments 
(Publication 11)t 

N. Makri and w.H. Miller 

This paper explores the usefulness of the time
dependent self-consistent-field (TDSCF) approxima
tion for treating the dynamics of a reaction coordi
nate coupled to a bath of harmonic degrees of free
dom. The reaction coordinate is a one-dimensional 
double-well potential, typical of a hydrogen atom 
isomerization process. The standard (i.e., one confi
guration) TDSCF approximation is found to provide 
a very poor description of the effect of coupling to 
the bath on the isomerization rate. A multiconfi
guration TDSCF treatment is thus developed and 
found to provide a much improved description. 

tCalculations were performed on the Berkeley Theoretical Chem
istry computing facility, supported by the National Science Foun
dation Grant No. CHE84-l6345. 

5. An Analysis of the Infrared and Raman 
Spectra of the Formic Acid Dimer (HCOOHh 
(Publication lO)t . 

Y- T. Chang, Y. Yamaguchi,:I: W.H. Miller, and H.F. 
Schaefer+ 

Ab imtlO molecular quantum mechanical 
methods have been used to study the formic acid 
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dimer and several isotopomers. Structures and har
monic vibrational frequencies have been predicted 
for the monomer, the equilibriu'm dimer, and the 
transition state for simultaneous hydrogen transfer. 
In an attempt to systematize results obtained at vari
ous levels of theory, three different basis sets were 
used: minimum, double zeta (DZ), and double zeta 
plus polarization (DZ+P). The predicted self
consistent-field (SCF) dissociation energies De are 
15.1 (minimum basis), 19.3 (DZ), and 14.3 (DZ+P) 
kcal/mole. Further consideration of zero-point 
vibrational energies and finite temperature effects 
allows a comparison with several experimental 
values for .:lH30o. The infrared and Raman intensi
ties (as well as the vibrational frequencies them
selves) are compared with available experimental 
results. Where comparison is possible, the agree
ment is generally good. An exception occurs for VIS, 

the O-D stretch of the (HCOODh molecule, where it 
is concluded that the experimental analysis may be 
incorrect. 

tCalculations were performed on the Berkeley Theoretical Chem
istry computing facility, supported by the National Science Foun
dation Grant No. CHE84-l6345. 
*Permanent address: Center for Computational Quantum Chem
istry, School of Chemical Sciences, University of Georgia, Athens, 
GA 30602. 

6. Work in Progress 

A new approach for describing reaction dynam
ics in polyatomic molecular systems is being devised, 
one that is based on a totally Cartesian representa
tion of the Hamiltonian. This avoids some of the 
problems encountered by our earlier approaches 
(reaction path models) and is significantly easier to 
apply than the reaction surface model that we have 
recently developed. 

A number of new ideas are also being pursued 
for evaluating Feynman path integral expressions for 
reactive flux correlation functions. These will be 
used in conjunction with the above Cartesian reac
tion Hamiltonian to treat various dynamics 
processes in complex systems. 
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Bath-Single and Multi-Configuration Treatments," 
J. Chern. Phys. (in press); LBL-23646. 

Invited Talks 

12. W.H. Miller, "Recent Developments in Quantum 
Mechanical Reactive Scattering," 14th Symposium 
on Quantum Chemistry of the Academy of Sciences 
of the German Democratic Republic, Kuhlungsborn, 
German Democratic Republic, Mar. 16-20, 1987. 

13. W.H. Miller, W. Albert Noyes Memorial Lectures, 
Department of Chemistry, University of Rochester, 
Mar. 23-27, 1987. 

14. W.H. Miller, Symposium on Few-Body Systems and 
Multiparticle Dynamics, American Physical Society, 
Crystal City, VA, Apr. 20-24, 1987. 

IS. W.H. Miller, Distinguished Summer Lecturer, 
Department of Chemistry, Northwestern University, 
Evanston, IL, June 24-26, 1987. 

16. W.H. Miller, "New Techniques in Time Dependent 
Dynamics," American Conference on Theoretical 
Chemistry, Gull Lake, MN, July 26-31, 1987. 

17. W.H. Miller, "Hydrogen Atom Transfer in Polya
tomic Molecules-a New Approach," 10th Interna
tional Conference on Molecular Energy Transfer, 
Emmetten, Switzerland, Aug. 23-28, 1987. 

18. W.H. Miller, "The Reactive Flux Correlation Func
tion for Collinear Reactions: H + H2, ce + HCe, and 
F + H2>" FaI;aday Discussion on Dynamics of Ele
mentary Gas Phase Reactions, Birmingham, Eng
land, Sept. 14-16, 1987. 

19. W.H. Miller, "Lectures on Reactive Scattering," 
NATO Advanced Study Institute on Collision 
Theory for Atoms and Molecules, Cortona, Italy, 
Sept. 14-26, 1987. 

20. W.H. Miller, Arthur D. Little Lectures, Mas
sachusetts Institute of Technology, Cambridge, Nov. 
9-13,1987. 

21. W.H. Miller, "A New (Cartesian) Reaction Path 
Model for Dynamics in Polyatomic Systems," Fara
day Discussion on Molecular Vibrations, Reading, 
England, Dec. 15-16, 1987 . 



Photoelectron Spectroscopy* 

David 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 e~ergy 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). 

1. Complete Photoemission Study of the He 
1 s2 _ 3s3p Autoionizing Resonance 
(Publication 14) 

D. W. Lindle/ T.A. Ferrett/ P.A. Heimann,+ and 
D.A. Shirley 

The total absorption cross section of He (as 
shown in Figure I-I) and the He+(ls) partial cross 
section have been measured using photoelectron 
spectroscopy and synchrotron radiation in the 
photon-energy region of the I S2 _ 3s3p resonance. 

'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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Figure 1-1. Tot~l cross section of He in the vicinity of the 
Is2 -+ 3s3p resonance scaled to Marr and West' at 68.9 eV. The 
solid curve is a fit to the data using the Fano formula convoluted 
with a Gaussian function of 0.19 eV (0.48 A) full width half max
imum to account for monochromator broadening. The dashed 
curve is an absorption measurement from Ref. 2. (XBL 872-556) 

The effects of autoionization are relatively small, 
causing deviations of 5-10% from the nonresonant 
cross sections. These new measurements, along with 
a previous study of the 3s3p resonance behavior of 
the He+(n = 2) satellite cross section, branching 
ratio, and angular-distribution parameter, allow the 
complete determination of all the parameters govern
ing the I S2 _ 3s3p resonance. From these experi
mentally determined parameters, we have derived all 
of the relevant oscillator strengths and individual 
dipole and Coulomb matrix elements that describe 
He photoionization in the vicinity of the 3s3p dou
bly excited state. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
'Present address: Technische Universitiit Miinchen, Federal 
Republic of Germany. 
I. G.V. MaTT and 1.B. West, At. Data Nucl. Data Tables 18, 497 
(1976). 
2. P. Dhez and D.L. Ederer, 1. Phys. B 6, L59 (1973). 

2. Lithium Is Main-Line and Satellite 
Photoemission: Resonant and Nonresonant 
Behavior (Publication 15) 

T.A. Ferrett,f D. W. Lindle/ P.A. Heimann,+ W.D. 
Brewer/ U. Becker, I I H. G. Kerkhoff,·· and D.A. 
Shirley 

We present experimental results on core-level 
photoemission of atomic lithium (see spectrum in 
Figure 2-1), leading to both main-line and satellite 
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Figure 2-1. Time-of-flight photoelectron spectrum taken at 
hv = 87 eV and 0 = 54.7'. The Is2s main-line photoemission is 
split into JS and IS components, with the Is2p up satellites 
unresolved at slightly higher binding energy. The relatively 
intense n = 3 satellites (ls31) have a binding energy of about 
75 eV. 1 The very weak higher n satellites are shown also on an 
expanded scale (x 20). (XBL 8611-4238) 

states of the Li+ ion (lsnl where n = 2-5). We have 
compared the measured 1 s2s 1,3S main-line cross sec
tions with recent relaxed Hartree-Fock calculations 
and with previous experimental results, finding rea
sonable agreement in both cases. For the n = 3 satel
lite, our results disagree with earlier photoemission 
work that was complicated by additional peaks at 
52 eV kinetic energy. We discuss possible explana
tions for these extra peaks. For the doubly excited 
state Is(3s3p) at 71.14 eV, we present total cross
section results in good agreement with previous pho
toabsorption measurements. The qualitative differ
ences among our partial cross-section profiles are 
discussed, and the phase for the total cross section is 
rationalized by estimating the signs of pertinent 
matrix elements. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
*Present address: Technische Universitiit Miinchen, Federal 
Republic of Germany. 
§Permanent address: Institut fUr Atom- und Festkorperphysik, 
Freie Universitiit Berlin, Federal Republic of Germany. 
''Present address: Physikalisches Institut, Universitiit Wiirzburg, 
Federal Republic of Germany. 
"Permanent address: Institut fUr Strahlungs- und Kernphysik, 
Technische Universitiit Berlin, Federal Republic of Germany. 
1. C. Moore, Atomic Energy Levels, NSRDS-NBS 35 (U.S. GPO, 
Washington, D.C., 1971), Vol. I. 
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3. Observation of Many New Argon Valence 
Satellites Near Threshold (Publication 18) 

U. Becker/ B. Langer,+ H.C. KerkhofJ,+ M. Kupsch,+ 
D. Szostak,+ R. Wehlitz,+ P.A. Heimann/ S.H. Liu, 
D. W. Lindle," TA. Ferrett,11 and DA. Shirley 

High-resolution photoelectron spectra and zero
volt electron scans were measured following synchro
tron radiation excitation of argon, to elucidate the 
photon energy range between threshold and the 
Cooper minimum region of the Ar 3s photoline. A 
number of the "correlation satellite" lines show a 
dramatic increase of fractional intensity toward 
threshold, yielding a total of about 40 observed pho-

. tolines at threshold, of which more than half were 
not previously observed in photoemission (see Fig
ure 3-1). This effect is interpreted as arising from 
inelastic scattering of the outgoing photoelectron by 
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Figure 3-1. Photoelectron spectra (b-d) taken in the near
threshold region of the satellites with lower binding energy 
together with a zero-volt electron scan (a) between 29 and 43 eV. 
(XBL 877-3286) 



the residual ion, yielding high-angular-momentum 
ionic states otherwise inaccessible by photoemission. 

tpresent address: Physikalisches Institut, Universitiit Wiirzburg, 
Federal Republic of Germany. 
*Permanent address: Institut flir Strahlungs- und Kernphysik, 
Technische Universitiit Berlin, Federal Republic of Germany. 
§Present address: Physik-Department E20, Technische Universitiit 
Mufichen, Federal Republic of Germany. 
"present address: National Bureau of Standards, Gaithersburg, MD 
20899. 

4. Photoemission Study of Kr 3d _ Np 
Autoionization Resonances (Publication 9) 

D. W. Lindle/ P.A. Heimann,+ T.A. Ferrett,t 
M.N. Piancastelli/ and D.A. Shirley 

Resonant photoelectron spectra of Kr have been 
taken in the photon-energy ranges of the 
3ds/2 - 5p,6p and 3d3/2 - 5p excitations. The spec
tra shown in Figure 4-1, which closely resemble nor
mal Kr+ 3d- 1 Auger spectra, illustrate the importance 
of "spectator" Auger-like decay for inner-shell reso
nances, in which the initially excited electron does 
not participate in the core-hole deexcitation process, 
except to respond to the change in the atomic poten
tial. Possible assignments for some of the spectator 
decay channels are made based on photoemission 
intensity measurements at the different 3d reso
nances. These assignments suggest that shake-up 
(e.g., 5p - 6p) of the "spectator" electron during the 
decay process is not quite as important as previously 
suspected. The resonance profiles of some of the 
more intense satellites have been determined over 
the 3d _ np resonances. Very small resonance 
effects were also observed in the partial cross section 
for 4p subshell ionization, which produced asym
metric Fano-type profiles. The 4p angular distribu
tion, in contrast, exhibits a pronounced effect in the 
resonance energy range. The 4p results demonstrate 
that nonspectator autoionization also is present. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 

*Present address: Technische Universitiit Miinchen, Federal 
Republic of Germany. 

§Permanent address: Department of Chemistry, University of 
Rome "La Sapienza," 00100 Rome, Italy. 
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Figure 4-1. Resonant time-of-flight photoelectron spectra of Kr 
at 89.9 eV, 91.2 eV, 92.45 eV; and 92.6 eV photon energy, which 
correspond to off-resonance excitation, and excitation of the 
3ds/2 -+ 5p, 3d3/ 2 -+ 5p, and 3ds/2 -+ 6p resonances, respectively. 
The spectra are not corrected for analyzer transmission, which 
varies monotonically from 0.5 to I between 30 and 70 eV kinetic 
energy. The spectra have been scaled so that relative peak inten
sities in different spectra can be compared. The numbered peaks 
in the resonant spectra correspond to Kr+ satellite configurations. 
The 3d peak is produced by second-order radiation, and the 3d 
Auger peak in the 89.9 eV spectrum is the M4.sN2.3N2.3 Auger from 
the decay of these "second-order" 3d-hole states. The 3d Auger 
peak also has a small contribution from valence satellites. (XBL 
8612-4889) 

5. Photoemission From Xe in the Vicinity of 
the 4d Cooper Minimum (Publication 24) 

D. W. Lindle/ T.A. Ferrett/ P.A. Heimann,+ and 
D.A. Shirley 

Partial photoionization cross sections and 
angular-distribution asymmetry parameters have 
been determined for the Xe 4d (as shown in Figure 
5-1) and "4p" subshells in the photon-energy region 
of the 4d Cooper minimum (160 eV to 270 eV, to 



·cn. 2 

---.... V , 
Q) 

!! - m, '1 Q) 
1\ /~ E III \ II c .... ~ ~ I/f 

C , 'I 
Cl.. 'lSI 

>- ~ .... 0 -Q) 

E Xe 4d E 
>-
(I) 

-1 <C( 

50 150 250 350 450 550 
Photon Energy ( eV) 

Figure 5-1. Asymmetry parameter of the Xe 4d subshell. The 
experimental measurements are from the present work (closed cir
cles), Southworth et al.' (open circles), and Torop el aU (X). The 
theortical curves are from Ong and Manson3 (DF), Huang et al.4 

(RRPA), and Kennedy and Manson5 (HF-V, HF-L). (XBL 8710-
4407) 

520 e V for the 4d asymmetry parameter). The 
Cooper minimum is observed as a distinct cross
section minimum in the 4d photoionization channel. 
The 4d angular-distribution results are in excellent 
agreement with Dirac-Fock and relativistic random
phase approximation calculations and with previous 
measurements. Effects of interchannel coupling are 
evident in the "4p" results. Both the partial cross 
section and the angular distribution for the "4p" 
photoelectron peak track the 4d cross section and 
angular distribution as functions of photon energy. 
A similar result is observed for the summed intensity 
and the angular distribution of the 4d-'5p-'np satel
lites of the 4d main line, which is probably due to 
the effects of electron correlation between the 4d and 
the satellite photoionization channels. 

tPresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
*Present address: Physik-Department E20, Technische Universitiit 
Miinchen, Federal Republic of Germany. 
1. S.H. Southworth, P.H. Kobrin, CM. Truesdale, D.W. Lindle, 
S. Owaki, and D.A. Shirley, Phys. Rev. A 24, 2257 (1981). 
2. L. Torop, 1. Morton, and J.B. West, J. Phys. B 9, 2035 (1976). 
3. W. Ong and S.T. Manson, unpublished. 
4. W.R. Johnson and K.-N. Huang, unpublished. 
5. D.J. Kennedy and S.T. Manson, Phys. Rev. AS, 227 (1972). 
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6. Photoelectron Asymmetry Parameter for the 
S 2p Level of S02 (Publication 11) 

T.A. Ferrett/ P.A. Heimann,* H.G. KerkhofJ,§ 
U. Becker,1I D. W. Lindle, t and D.A. Shirley 

We present a measurement of the asymmetry 
parameter ((3) for S 2p core-level photoionization of 
SOz in the vicinity of several continuum resonances 
(see Figure 6-1). Results are contrasted with (3(2p) 
for the central atoms of the molecules SF6 and SiF4, 

Atomic calculations for (3(S 2p) appear to reproduce 
Qualitatively the molecular curve for S02 aside from 
a shift to lower (3-values for the molecular case. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
*Present address: Physik-Department E20, Technische Universitiit 
Miinchen, Federal Republic of Germany. 
§Permanent address: Institut fUr Strahlungs- und Kernphysik, 
Technische Universitiit Berlin, Federal Republic of Germany. 
"Present address: Physikalisches Institut, Universitiit Wiirzburg, 
Federal Republic of Germany. 
\. T.A. Ferrett, D.W. Lindle, P.A. Heimann, M.N. Piancastelli, 
P.H. Kobrin, H.G. Kerkhoff, U. Becker, W.D. Brewer, and D.A. 
Shirley, unpublished results. 
2. S.T. Manson, private communication. 
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Figure 6-1. The S 2p symmetry parameter ({3) for S02 as a func
tion of photon energy (bottom scale) and kinetic energy (top 
scale). The solid curve represents experimental data for {3(S 2p) of 
SF6,' plotted as a function of kinetic energy. Hartree-Slater theory 
curve2 for the atomic {3(2p) of sulfur is also shown (dashed), as a 
function of kinetic energy. (XBL 8611-4572) 



7. High-Resolution UV Photoelectron 
Spectroscopy ofC02+, COS+, and CS2+ Using 
Supersonic Molecular Beams (Publication 20) 

L.s. Wang, J.E. Reutt/ Y.T. Lee, and DA. Shirley 

Very high resolution HeI (584 A) photoelectron 
spectra of CO2+, COS+, and CSl are presented (see 
Figure 7-1). The spectra were obtained by using 
supersonic molecular beams to eliminate the rota
tional and Doppler broadenings. The spin-orbit split 
components in the IT bands are all explicitly 
resolved. The removal of the inelastic scattering 
peaks, due to the use of molecular beams, allowed 
new features to be observed in the Band C bands of 
csl, and new spectroscopic constants were derived. 

tpresent address: AT&T Bell Laboratories, Murray Hill, NJ 
07974. 
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8. Si 2p and 2s Resonant Excitation and 
Photoionization in SiF (Publication 21) 

T.A. Ferrett, t M.N. Piancastelli,:j: D. W. Lindle, t P.A. 
Heimann/ and D.A. Shirley 

We have obtained partial cross-section results for 
Si 2p and valence photoionization of SiF4 for photon 
energies in the vicinity of the Si 2p and 2s thres
holds. The continuum shape resonances decay only 
to the Si 2p main line (see Figure 8-1), in accord 
with one-electron theory predictions. The Si L2 3 VV 
Auger spectrum was also measured and found to 
agree with earlier work. We propose that variations 
in hole-interaction energies are important in assign
ing the Auger final states. For the Si 2p discrete 
excitations, spectra obtained on the a*(al) resonances 
compare well with previous results and the above
threshold Si L2 3 VV Auger spectrum. Our results 
help to quantify the relative enhancement of satel
lites and main lines, emphasizing the dominance of 
spectator decay. Spectra obtained at several higher-
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Figure 8-1. Top panel: partial cross sections for Si 2p photoioni
zation (filled circles), compared with the results of Bancroft el al. ' 
(open circles). Our relative cross sections have been scaled to the 
absolute values of Bancroft el al. at hv = 136 eV. Bottom panel: 
summed outer-valence (solid triangles) and inner-valence (open 
squares) partial cross sections were calculated using the scaling of 
the Si 2p values. In both panels, statistical error bars are either 
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energy Si 2p and Si 2s excitations also generally sup
port spectator decay as an important mode of relaxa
tion for these discrete states. 

tpresent address: National Bureau of Standards, Gaithersburg, 
MD 20899. 
~Permanent address: Department of Chemical Sciences and Tech
nologies, II University of Rome, Italy. 
§Present address: Physik-Department E20, Technische Universitat 
Miinchen, Federal Republic of Germany. . 
I. G.M. Bancroft, S. Aksela, H. Aksela, K.H. Tan, B.W. Yates, 
L.L. Coatsworth, and J.S. Tse, J. Chern. Phys. 84, 5 (1986). 

9. C(2X2)S/Cr(OOl) Surface and Near-Surface 
Structure Determined Using ARPEFS 
(Publication 23) 

L.J. Term in ello, XS. Zhang/ Z.Q. Huang, S. Kim, 
A.E. Schach von Wittenau, and D.A. Shirley 

We report the surface and near-surface structure 
of c(2 X 2)S/Cr(00 1) determined from ARPEFS. The 
sulfur 1 s photoemission partial cross section was 
measured in the [001] and [011] emission directions, 
which yielded fine-structure amplitudes up to 
50-70%. Qualitative results are obtained from 
Fourier transforms of the ARPEFS revealing 
geometrical information beyond the 10-A path-length 
difference from the photoemitter. Structural param-
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Figure 9-1. Best-fit MSSW calculations compared to experimen
tal curves. Each experimental curve (solid line) has been Fourier 
filtered and is compared to the MSSW calculated data (dashed 
line) that gives an absolute r-factor minimum. (XBL 881-109) 
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eters are determined with greater precision by com
paring the Fourier filtered data to multiple-scattering 
spherical-wave (MSSW) calculations giving statisti
cally tractable results (as shown in Figure 9-1). The 
directional sensitivity of ARPEFS is demonstrated 
through the analysis of normal [001] and off-normal 
[011] emission-direction data. We show that sulfur 
adsorbs in the fourfold hollow site 1.17 A above the 
first chromium layer and that the first-to-second
layer chromium distance contracts to 1.31 A, 8% less 
than the 1.44-A bulk value. Analysis of the near
surface contribution to ARPEFS showed that deeper 
layers essentially retain the bulk separation. 

tpermanent address: Department of Physics, Zhejiang University, 
Hangzhou, Zhejiang, People's Republic of China. 

10. Chemisorption Structure of 
c(2 X 2)S/Fe(OO 1) Determined by ARPEFS 
(Publication 22) 

Xs. Zhang/ L.J. Terminello, S. Kim, Z.Q. Huang, 
A.E. Schach von Wittenau, and D.A. Shirley 

ARPEFS spectroscopy is a very effective method 
to determine surface structures. In this work, 
ARPEFS has been studied to measure the chem
isorption geometries of c(2 X 2)S/Fe(00 1) directions 
for the two adsorbate systems. We have analyzed 
the normal and off-normal data of both experiments 
in two ways. One is direct Fourier transform of the 
experimental data; another is using multiple
scattering spherical-wave calculations to compare 
with the experiments, which give the structure in 
detail. Multiple-scattering calculations were done 
with a cluster size that included path lengths 
> 15 A. These long path-length differences were 
necessary to model the contributions to the ARPEFS 
signal from near-surface atoms. 

The result indicates adsorption in a fourfold hol
low site for both systems, and 1.10 ± 0.03 A dis
tance above the Fe surface indicates a S-Fe bond 
length of 2.30 ± 0.01 A. The first-to-second-Iayer 
iron distance of 1.40 ± 0.02 A indicates a slight con
traction from the bulk value. This result is also in 
agreement with self-consistent field (SCF) Xa 
scattered-wave calculations. 

tpermanent address: Department of Physics, Zhejiang University, 
Hangzhou, Zhejiang, People's Republic of China. 
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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 mechanisms of elementary chemical reactions 
involving oxygen atoms with unsaturated hydrocar
bons, the dynamics of endothermic substitution reac
tions, the dependence of the chemical reactivity of 
electronically excited atoms on the alignment of 
-excited orbitals, the primary photochemical 
processes of polyatomic molecules, intramolecular 
energy transfer of chemically activated and locally 
excited molecules, the energetics of free radicals that 
are important to combustion processes, the infrared
absorption spectra of carbonium ions and hydrated 
hydronium ions, and the bond-selective photodisso
ciation through electronic excitation. 

1. Infrared Spectra of the Cluster Ions 
H 70 3+·H2 and H90/·Hi (Publication 1) 

M. Okumura, L.I. Yeh, J.D. Myers, and YT. Lee 

Infrared spectra of the hydrated hydronium ions 
H30'(H20)n+(n = 2,3), with a hydrogen molecule 
weakly bound to them, have been obtained. The 
assumption is that the H2 would bind weakly, result
ing in small perturbations of the vibrations of the 
hydrated hydronium cluster. The H2 acts as a 
"messenger"; detection of the water cluster/H2 com
plex predissociation allows indirect observation of 
the absorption by the hydrated hydronium ion itself. 
The ions are created in a corona discharge of hydro-

*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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gen, then mass selected, and trapped in a radio fre
quency ion trap. There they are interrogated spec
troscopically in the O-H stretch region. Through 
vibrational predissociation, the H2 molecule 
separates from the parent, leaving the bare hydrated 
hydronium ion. These H30'(H20)n+(n = 2,3) ions 
are then detected with a quadrupole mass spectrome
ter. 

The tetramer spectrum consists of two doublets 
centered at 3640 and 3730 cm -I. They lie close to 
the vibrational origins of the free H20 symmetric 
and antisymmetric stretches at 3657 and 3756 cm- I

, 

respectively, and are probably O-H stretches of the 
three solvating H20 ligands. In the trimer spectrum, 
two corresponding bands appear along with a third 
peak shifted to the red at 3590 cm -I. This last band 
is assigned to the free O-H stretch of the H30+. 

2. Frequency Tripling into the 720-1025 A 
Region with Pulsed Free Jets (Publication 11) 

R.H. Page, R.J. Larkin, A.H. Kung, YR. Shen, and 
YT. Lee 

We have developed a coherent source of XUV 
light, which is continuously tuneable between 904 
and 1024 A, and line tuneable to 720 A. It employs 
the technique of frequency tripling in a pulsed free 
jet of gas and requires a single tuneable laser system. 
Spectra of the relative XUV output versus 
wavelength in the 904-1024 A range are presented 
for the tripling gases Ar, Kr, Xe, CO, and N 2. Also 
listed are relative outputs obtained by tripling at 
resonantly enhanced lines between 720 and 900 A in 
Kr, Xe, and CO. Possible improvements to the 
source are discussed, and examples of its application 
are given. 

3. Highly Resolved Spectra of Local Modes of 
Benzene (Publication 12) 

R.H. Page, YR. Shen, and Y T. Lee 

Rotational cooling by supersonic expansion and 
laser-labeling spectroscopy were used to obtain high
resolution fundamental and first- and second
overtone spectra of C-H stretches of benzene in a 
molecular beam. Rich fine structure in the spectra 
has been observed. Transformation from the 
"normal-mode" picture to the "local-mode" picture 
seems to occur between II = 2 and II = 3. Vibrational 
lifetimes in local-mode bands exceed -0.5 psec. 



4. Reactive Scattering of Electronically Excited 
Alkali Atoms with Molecules (Publication 14) 

J.M. Mestdagh, B.A. Balko, M.H. Covinsky, 
P.S. Weiss, M.F. Vernon, H. Schmidt, and Y. T. Lee 

Representative families of excited alkali atom 
reactions have been studied using a crossed-beam 
apparatus. For those alkali-molecule systems in' 
which reactions are also . known for ground-state 
alkali and involve an early electron-transfer step, no 
large differences are observed in the reactivity as Na 
is excited. More interesting are the reactions with 
hydrogen halides (HC1): it was found that adding 
electronic energy into Na changes the reaction 
mechanism. Early electron transfer is responsible for 
Na(5S, 4D) reactions, but not for Na(3P) reactions. 
Moreover, the NaCI product scattering is dominated 
by the HCI- repulsion in Na(5S, 4D) reactions, and 
by the NaCI-H repulsion in the case of Na(3P). The 
reaction of Na with O2 is of particular interest since 
it was found to be state specific. Only Na(4D) 
reacts, and the reaction requires restrictive con
straints on the impact parameter and the reactants' 
relative orientation. The reaction with N02 is even 
more complex since Na(4D) leads to the formation 
of NaO by two different pathways. It must be men
tioned, however, that the identification of NaO pro
duct in these reactions has yet to be confirmed. 

5. Dynamics of Endoergic Aromatic 
Substitution Reactions (Publication 15) 

G.N. Robinson, R.E. Continetti, and Y. T. Lee 

The endoergic substitution reactions Br + 0-, 
m-,p-CH3C6H4CI - 0-,m-,p-CH3C6H4Br + CI (LlHOo 

15 kcal/mol) have been studied using the 
crossed-beams method in the collision energy range 
20-30 kcal/mol. The molecule o-chlorotoluene was 
found to be more reactive than p-chlorotoluene at 
the highest collision energy, but the reverse was true 
below 25 kcal/mol. No reaction was observed for 
the meta isomer. An explanation for the lower reac
tivity of m-chlorotoluene is offered in terms of possi
ble features of the potential energy surface. 

In all of the reactions observed, the products are 
forward scattered, indicating that the majority of col
lision complexes survive for less than one rotational 
period. This is understandable in light of the - 2 
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kcal/mol endoergicity to Br addition that results 
from the loss in resonance stabilization energy. Lit
tle of the energy available to the products of these 
reactions is channeled into translation. The experi
mental product translational energy distributions and 
excitation functions suggest that, in those complexes 
that decompose through Cl elimination, only a few 
vibrational degrees of freedom in the vicinity of the 
collision are involved in energy redistribution. 

6. Infrared-Ultraviolet Double Resonance 
Studies of Benzene Molecules in a Supersonic 
Beam (Publication 17) 

R.H. Page, Y.R. Shen, and Y. T. Lee 

We have used IR excitation to selectively create 
populations in admixtures of the zeroth-order states 
comprising the - 3000 cm -I "C-H stretching Fermi 
triad" of benzene. UV spectra of the 260-nm A 
eB2u) - X eA Ig) transition in the IR-excited 
molecules show several new bands, which we have 
assigned. Final states in the UV transitions are some 
vibrational levels that have not been detected before, 
allowing us to find several excited-state vibrational 
frequencies. We have determined II~ = 1327 ± 3 
cm- I , 11;9 = 1405 ± 3 cm- I

, and 1120 = 3084 ± 5 
cm -I. Also, vibrational structure that was 
unresolved in IR spectra of the "Fermi triad" was 
resolved in the UV double-resonance spectra, con
firming that the C-H stretching admixture is really a 
tetrad. The 3048, 3079, and 3101 cm- I states had 
formerly been given the labels 1120, II~ + 11;'9, and II;' + 
116 + 11;'9, respectively. Actually, the middle level 
most nearly resembles II;' + II; + 11;'9, and the 3101 
cm -I level is strongly mixed with II; + 116 + 11;'5. 

As predicted by molecular orbital theory, 
excited-state C-H bending and stretching frequencies 
are not very different from those in the ground state. 
Furthermore, we suggest that the four C-H stretching 
frequencies increase uniformly by - 20' cm -I in the 
excited state; reexltminalion of the Atkinson and 
Parmenter 260-nm A - X spectrum leads us to reas
sign 112 from 3130 to -3093 cm- I , which is 19 cm- I 

above 112. 
There is a Fermi resonance between the 115 + 1120 

level and another level - 13 cm - I lower in energy; 
the strength of the perturbation is -18 cm -I. Possi
bilities for the perturbing vibrational state are II~ + II~ 
+ 11;4 and 115 + 11;3. 



7. Infrared Spectroscopy of the Cluster Ions 
H3+ ·(H2)n (Publication 18) 

M. Okumura, L.I. Yeh, and Y. T. Lee 

The vibrational spectra of the clusters H3+(H2)n 
were observed near 4000 cm -1 by vibrational predis
sociation spectroscopy. Spectra of mass-selected 
clusters were obtained by trapping the ions in a radio 
frequency ion trap, exciting vibrational transitions of 
the cluster ions to predissociating levels, and detect
ing the fragment ions with a mass spectrometer. 
Low-resolution bands of the solvent H2 stretches 
were observed for the clusters of one to six H2 coor
dinated to an Hl ion. The red-shift of these vibra
tions relative to the monomer H2 frequency sup
ported the model of H9+ as an Hl with a complete 
inner solvation shell of three H2, one bound to each 
corner of the ion. Two additional bands of Hs+ were 
observed, one assigned as the Hl symmetric stretch, 
and the other as a combination or overtone band. 
High-resolution scans (0.5 and 0.08 cm- I) of Hn+, n 
= 5, 7, and 9, yielded no observable rotational struc
ture, a result of either spectral congestion or rapid 
cluster dissociation. The band contour of the Hs+ 
band changed upon cooling of the internal degrees of 
freedom, but the peaks remained featureless. The 
observed frequencies of Hl and H9+ agree well with 
ab initio predictions, but those of Hs+ did not. This 
deviation is discussed in terms of the large expected 
anharmonicity of the proton bound dimer Hs+. 

8. Infrared Vibrational Predissociation Spectra 
of Large Water Clusters (Publication 19) 

R.H. Page, M.F. Vernon, Y.R. Shen, and Y. T. Lee 

The infrared absorption spectrum in the O-H 
stretching region of (H20)I9 clusters formed in a 
supersonic molecular beam is reported. It was 
obtained with mass-spectrometric detection and is 
compared with a similarly obtained spectrum of 
(H20)6 and a large-cluster spectrum obtained with 
bolometric detection. 

The mass-resolved spectra show a broad absorp
tion band between - 3200 and 3600 cm - 1, reminis
cent of the H-bonding feature in a condensed phase 
spectrum. The spectrum obtained with the bolome
ter is peaked in the blue of this region, suggesting 
that the level of H-bonding is much lower. It must 
be dominated by small and/or warm clusters such as 
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dimers. Mass resolution is clearly advantageous in 
selectively obtaining spectra of large clusters, free of 
interference from smaller ones. 

9. Local Modes of Benzene and Benzene Dimer 
Studied by Infrared-Ultraviolet Double 
Resonance in a Supersonic Beam 
(Publication 20) 

R.H. Page, Y.R. Shen, and Y. T. Lee 

We used rotational cooling of molecules to -5 
K by supersonic expansion and state-selective, mul
tilevel saturation spectroscopy to obtain high
resolution spectra of the fundamental and first and 
second overtone transitions of C-H stretching modes 
in benzene and its dimer. Greatly reduced 
linewidths «3 cm -1 full width half maximum) in 
the rich spectra show that previously reported spec
tra have suffered from inhomogeneous congestion. 
Our observed spectral widths indicate that the vibra
tional lifetimes of the C-H stretches are at least a few 
psec, even at the energy of the second overtone 
(8800 cm -1). The "local mode" picture appears to 
apply when at least 3 quanta of C-H stretching 
motion are present. Spectra of the dimer are similar 
to those of the monomer but show a red shift of a 
few cm -1, the appearance of combination bands 
involving van der Waals vibrational modes, some 
intensity changes, and a broadening of spectral 
features that increases with the vibrational energy. 
The dimer's predissociation lifetime at - 3000 cm - 1 

vibrational energy exceeds - 3 psec. 

10. High-Resolution UV Photoelectron 
Spectroscopy of cot, COS+, and cst Using 
Supersonic Molecular Beams (Publication 21) 

L. Wang, J.E. Reutt, Y. T. Lee, and D.A. Shirley 

Very high resolution HeI (584 A) photoelectron 
spectra of col, COS+, and CS3+ are presented. The 
spectra were obtained by using supersonic molecular 
beams to eliminate the rotational and Doppler 
broadenings. The spin-orbit split components in the 
II bands are all explicitly resolved. The removal of 
the inelastic scattering peaks, due to the use of 
molecular beams, allowed new features to be 
observed in the 13 and C bands of CS2+, and new 
spectroscopic constants were derived. 



11. Work in Progress 

In the area of chemical reaction dynamics, three 
important investigations are taking place at present. 
Using oxygen-I 8 isotopes, the reaction mechanism of 
oxygen atoms with unsaturated hydrocarbons is 
starting to become clear. Recent results indicate that 
theoretical efforts on the understanding of the 
mechanism of these reactions should now concen
trate on the efficiency of the intersystem crossing 
from triplet to singlet in the reaction complexes. 
The investigation on the dynamics of endothermic 
substitution reactions has been centered on the sys
tems of bromine atoms with I, 1-, and 1,2-
dichloroethylene. These studies should further pro
vide some information on the extent of intramolecu
lar energy transfer in substitution reactions. The 
experiment on 0 + H2 - DH + H has also started 
to provide good results on product angular and velo
city distributions at high resolutions. A very sophis
ticated experimental arrangement combining a 
universal crossed molecular beams apparatus with a 
laser dissociation pulsed atomic beam source was 
perfected for this purpose. 

In the area of photodissociation dynamics, there 
have been several exciting advances. The improved 
experimental apparatus can now provide better 
information on C-H bond dissociation channels. 
The improved resolution also allows one to resolve 
both bending and stretching vibrational excitations 
of CH3 radicals in the photofragmentation transla
tion spectroscopy of CH). All the data necessary to 
understand the photodissociation processes of ben
zene have been obtained, and the competitive decay 
channels are rather complicated. 

The recently developed spectroscopic technique 
for ion clusters has been successfully applied to car
bonium ions. The spectra of C2Hl and C4H l1 were 
obtained recently and solvated ammonium ions, etc., 
are being explored. 
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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 atomic number 
(Z) atoms. These are new areas of research that 
involve physics that is not accessible at lower ener
gies or with ions of lower atomic number. This 
research is conducted at the Lawrence Berkeley 
Laboratory's Bevalac, the world's only relativistic 
heavy-ion accelerator. Recent results include meas
urements of the cross sections for multiple ionization 
of relativistic uranium ions and the channeling of 
relativistic uranium through silicon single crystals. 
These and earlier experiments in this program have 
led to an understanding of relativistic heavy
ion-atom collisions, which in most cases is now 
more complete than for nonrelativistic collisions. 
Present activities include measurement of electron
impact ionization cross sections for few-electron 
uranium, measurement of a state-dependent capture 
cross section for one-electron uranium, and a preci
sion (0.1 %) measurement of the Lamb shift in 
uranium. Future experiments will attempt to meas
ure polarization in relativistic heavy-ion collisions 
and a new electron-capture mechanism in 
ultrarelativistic-ion-atom .collisions. 

*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. Multiple Ionization in Relativistic Heavy
Ion-Atom Collisions (Publication 1) 

w.E. Meyerhof, R. Anholt, x.-Y. Xu, H. Gould, 
B. Feinberg, R.J. McDonald, H.E. Wegner, and 
P. Thieberger 

We have found that, in relativistic heavy-ion col
lisions, the independent-particle model (lPM) can be 
used to predict cross sections for multiple ionization 
in a single collision with good accuracy. According 
to the IPM, multiple ionization should follow a bino
mial distribution. Previously the distribution has 
been observed in satellite K x-ray spectra, hypersatel
lite spectra, multiple ionization and multiple capture, 
and recoil-ion measurements. In the past, detailed 
comparisons between calculated and measured 
multiple-ionization cross sections have been ham
pered by various side effects. 

However, at relativistic energies, charge-changing 
collisions can be accurately described by relatively 
simple theories for which one should be able to com
pute multiple-ionization cross sections with a high 
degree of accuracy. 

In an experiment done at the LBL's Bevalac, 
charge distributions of 430- and 955-MeVjnucleon 
U90 +, U89 +, U83+, and U68 + beams emerging from 
solid targets were used to obtain single- and 
multiple-electron stripping cross sections. The pro
babilities of stripping electrons from the K, L, or M 
shells were calculated using the semiclassical approx
imation and Dirac hydrogenic wave functions. The 
data generally agree with theory, and comparisons 
are shown in Figures 1-1 and 1-2. 

2. Work in Progress 

Experiments to measure the electron-impact ion
ization cross section for relativistic few-electron 
uranium ions have been completed, and the data are 
being analyzed. The experiments were performed by 
channeling relativistic uranium through the < 110> 
axis of silicon single crystals. These will be the first 
electron-impact ionization cross sections for a highly 
ionized ion. 



(0) 955 MeViomt> U89 + (b) 955 MeV/omu U83+ 

m= I 

m= 1 

m=2 

o 20 40 60 80 0 20 40 60 80 

Figure 1-1. SinJ§le and multiple stripping cross sections for 955-
MeV/nucleon U + (one L-shell electron) and U83+ (seven L-shell 
electrons) projectiles passing through targets as a function of the 
target atomic number (Zt). The cross sections (in barns) have 
been divided by Z? On each curve, m indicates the multiplicity 
of the stripping process. The solid curves show the independent
electron approximation results. 

z. 

FifJure 1-2. Same as Figure I-I, for 430-MeV/nucleon U90+ and 
U + projectiles. 
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Atomic Physics* 

Michael H. Prior, Investigator 

INTRODUCTION 

This program utilizes the intense multiply 
charged ion beams available from the LBL ECR 
(Electron Cyclotron Resonance) ion source for stud
ies of atomic structure, collision dynamics, and radi
ative processes. Emphasis is placed on topics that 
have relevance to applied areas such as CTR plasma 
diagnostics and advanced laser concepts and/or that 
strongly challenge the current state of atomic theory, 
and require the unique capabilities of the ECR 
source. 

Presently, efforts are under way that yield meta
stable energy-level structures of highly charged ions; 
reveal details of multiple electron-transfer processes, 
Allger electron, and x-ray emission spectra from ion
atom collisions; and determine cross sections for 
excitation of multiply charged ion states by electron 
impact. The latter studies are collaborative efforts 
with groups from other laboratories. 

1. Angular Dependence of Multiple Electron 
Capture in 90 keY Ne7+ -Ne Collisions 
(Publications 2 and 7)t 

H. Schmidt-Backing, + M.H. Prior, R. Dorner, + H. 
Berg,+ l.o.K. Pedersen/ c.L. Cocke,1I M. Stockli,1I and 
A.S. Schlachter· 

Electron-capture processes in collisions between 
slow, highly charged ions and atomic targets con
tinue to attract interest as fundamentally challenging 
and as important ingredients in the understanding 
of applied problems in plasma research. Many 
experimental and theoretical investigations have 
addressed total electron-capture cross sections, and it 
has been established by high-resolution Auger elec
tron spectroscopy, x-ray spectroscopy, and projectile 
energy-gain spectroscopy, that single-electron transfer 
from the atom to the projectile ion is very final-state 
selective. However, only a few experimental studies 
to date have been performed that measure the angu-

*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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lar dependence of the single- and multiple-electron 
capture processes. 

This work reports a study of multiple capture as 
a function of the projectile scattering angle in 90-ke V 
Ne7+ collisions with Ne atoms. The experiment was 
performed at the Lawrence Berkeley Laboratory 
using the Electron Cyclotron Resonance (ECR) ion 
source and the atomic physics beam line facilities at 
the 88-inch cyclotron. A beam of Ne 7+ ions was col
limated to near circular cross section of 0.1 mm2, 

and it struck a Neon gas jet target. A weak electric 
field in the target region transverse to the beam 
extracted target product ions (recoil ions) into a drift 
tube, after which they were detected by a channel 
electron multiplier (CEM). Projectile product ions 
proceeding in the forward direction were deflected an 
amount proportional to their charge by a transverse 
uniform electric field. The deflected projectile pro
duct ions were detected by a position-sensitive 
channel-plate detector with a 4-cm-diameter active 
area. A fast time signal from the target recoil-ion 
detector was used to start a time-to-amplitude con
verter, which was stopped by a delayed time signal 
from the projectile detector. Because the recoil ions 
had low initial velocities and were extracted by an 
electric field, their time of flight into the CEM detec
tor was proportional to 1/ v'k, (k = recoil-ion charge). 
Thus we obtained, for each true kinematic recoil-ion 
projectile coincidence, a well-resolved time peak, 
allowing the determination of k. The x-y position 
information from the projectile detector identified 
the projectile product charge and scattering angle for 
each such coincidence. Figure 1-1 summarizes the 
scattering angle data derived from this experiment. 

We have observed capture of up to 6 electrons 
per encounter by the projectile, and from the scatter
ing measurements we have inferred that capture 
occurs predominantly into multiply excited states 
and is thus nearly always followed by autoionization. 
For scattering angles greater than about 8 milliradi
ans, the projectile and recoil-ion L electron shells 
form a quasi-molecular system, completely sharing 
these electrons, which leads to nearly identical pro
duct charge-state distributions. A single electron
capture probability is extracted from our data, 
which, using binomial statistics, provides a fairly 
good description of the measured recoil-ion charge
state distributions for scattering angles less than 8 
milliradians. A parameter-free theoretical descrip
tion is not available, in part because, at this velocity 
in the multielectron system, electron screening has a 
very strong influence on the capture and scattering 
process. Finally, a simple transformation of the 
angular scattering data (Figure 1-1) yields the recoil-



k=6 CD 

Gl 
0-<::::::':':::.:;;.-

5 10 15 20 

Scattering Angle, 0 [milliradians] 

Figure 1-1. Relative differential cross-sections ~<T ,(j k O)/~O for 
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90 keV Ne + Ne collisions. j = final projectile charge state after 
the collision; k = final recoil charge state after collision. Values of 
j are circled. For most cases lines have been drawn through the 
experimental data points. The hatched areas along the curves 
indicate the statistical spread of the data where it is significant. 
Sample data is shown for cases k = 2 and k = 5. (XBL 8712-5205) 

ion transverse-energy distributions. We observed, 
from such a treatment, that the mean recoil-ion 
energy increases with approximately the 2.6 power of 
the recoil-ion charge and is nearly independent of the 
number of electrons lost to autoionization. These 
results are summarized in Figure 1-2. Direct meas
urement of such low recoil-ion energies is very diffi
cult and rare in the literature. 
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Fi~ure 1-2. .Me~n recoil-ion energies versus recoil-ion charge. 
Tnangles, solid CIrcles, and open circles are for collisions followed 
by zero-, one-, and two-electron loss (autoionization), respectively. 
(XBL 8712-5204). 
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2. Wark in Progress 

Study of the spectra of weak, forbidden (mag
netic dipole) emission lines from metastable ions 
produced by the LBL ECR ion source continues with 
emphasis on obtaining wavelength measurements for 
transitions among levels in ions with ground 3dn 

electron configurations. In particular, two new lines 
were observed from levels of 3d8 in Nb IH (Z = 41, 
26 electrons, Fe sequence). In 1986, when this 
observational technique was established, two lines 
from this ion were measured; they are reported in 
Publication 1. The immediate goal of this work is to 
obtain measurements of enough lines from transi
tions among the 3d8 levels, to determine the atomic 
parameters in the model Hamiltonian used to 
describe the level structure in this configuration. 
This would be a unique achievement in the history 
of the spectroscopic analysis of atomic energy levels, 
which are commonly derived from observation of 
much more intense allowed transitions. There are 
large improvements in accuracy to be gained through 
use forbidden wavelengths since they determine 
directly the level structure within a single configura
tion. In addition to Nb IH, forbidden lines were 
observed from Nb IO+ (Ga sequence) and Nb"+ (Zn 
sequence). These and other measurements following 
in this project will appear in a subsequent publica
tion. 

In collaboration with groups from the University 
of Frankfurt and Kansas State University, further 
studies are under way of highly charged projectile 
ion scattering following electron-capture collisions 
with atomic targets. This work will study 90-keV 
Ne9+ scattering over wider angles (out to 125 mil
liradians) than measured to date. Scattering to larger 
angles results from closer approach of the two atomic 
systems. In this case, penetration will be sufficient 
to yield detectable probabilities for transfer of the 
K-vacancy in the one-electron projectile to the target. 



A collaborative effort with Dr. D. Schneider of 
the V-division at Lawrence Livermore National 
Laboratory is being mounted at the LBL ECR 
atomic physics facility to study forward emitted 
electron-energy spectra following collisions of multi
ply charged ions with gas targets. Initial emphasis 
will be placed on examining cases similar to those 
where double electron capture has been observed and 
recently attributed to correlated behavior of the two 
active electrons at Quasimolecular curve crossings. 
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PROCESSES AND TECHNIQUES 

CHEMICAL ENERGY 

Formation of Oxyacids of Sulfur from 
S02* 

Robert E. Connick, Investigator 

INTRODUCTION 

The primary focus of the research is the funda
mental chemistry of sulfur species formed from sul
fur dioxide in aqueous solution and the reactions of 
these species. The chemistry of these species is of 
particular importance in the problems associated 
with atmospheric pollution by sulfur dioxide and the 
resulting formation of acid rain. One of the most 
important reactions is the oxidation of S(IV) by oxy
gen in aqueous solution, as this reaction plays a key 
role in both wet flue-gas desulfurization processes 
and in the formation of acid rain in aqua ted aero
sols. Work has been concentrated on this reaction, 
but additional oxidation-reduction chemistry of 
S(lV) should be investigated, particularly reactions 
involving two or more oxidation states, e.g., reac
tions involving HS03-, H2S, S8, and the 
polythionates. A secondary and not closely related 
goal is to determine the factors controlling the rate of 
substitution reactions in the first coordination sphere 
of metal ions. Computer modeling has been 
extended from two dimensions to three dimensions. 
Interesting preliminary results are being obtained for 
configurations of the activated complex. 

·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. Work in Progress 

Rate Law and Mechanism of the Oxidation of Bisul
fite Ion by Oxygen 

Research is continuing on the mechanism of this 
important chain reaction. Efforts to separate the 
three steps of the reaction-initiation, propagation, 
and termination-have been partially successful. 
The initiation step appears to be autocatalytic with 
respect to some intermediate formed in the reaction. 
The termination step seems to switch from chain 
carriers that do not react with oxygen in a propaga
tion step to the opposite case as the oxygen concen
tration becomes very small. 

Modeling of Displacement Reactions of Solvent in the 
First Coordination Sphere of Metal Ions 

Computer simulations are being run on the sim
ple displacement of a solvent molecule from the first 
coordination sphere of a metal ion surrounded by six 
solvent molecules attracted to it by charge-dipole 
forces. The model serves as a simple example of a 
reaction occurring in a condensed liquid phase; and 
aside from its intrinsic interest in such solvent
exchange processes on metal ions, it clearly illus
trates the limitation on reaction rates arising from 
the nearly complete occupancy of space by molecules 
in a condensed phase. Any appreciable movement 
of a molecule requires the simultaneous movement 
of a number of others. 



Catalytic Hydrogenation of CO * 

Alexis T. Bell, Investigator 

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 [low-energy electron diffraction (LEED), 
Auger electron spectroscopy (AES), x-ray photoelec
tron spectroscopy (XPS), electron-energy-loss spec
troscopy (EELS), nuclear magnetic resonance 
(NMR), infrared spectroscopy (IRS), and 
temperature-programmed desorption (TPD)] is used 
to characterize supported and unsupported catalysts 
before, during, and after reaction. The inforIl}ation 
thus obtained is combined with detailed studies of 
reaction kinetics to elucidate reaction mechanisms 
and the influence of modifications in catalyst compo
sition and/or structure on the elementary reactions 
involved in carbon monoxide hydrogenation. 

1. Analysis of CO Hydrogenation Pathways 
Using the Bond-Order Conservation Method 
(Publication 17) 

E. Shustorovich and A. T. Bell 

The Bond-Order Conservation (BOC) method 
has been used to identify the energetics associated 
with the hydrogenation of CO over (111) surfaces of 
Ni, Pd, and Pt. In the formation of CH4, the C-O 
bond of CO is cleaved. BOC calculations for Ni 
indicate that cleavage of the C-O bond occurs pri
marily by direct dissociation of molecularly adsorbed 
CO. The activation energy for direct dissociation of 
CO on Pd and Pt is significantly greater than that for 
hydrogen-assisted dissociation, and hence the latter 
process is more significant. The BOC calculations 

*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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indicate that for these metals the species from which 
C-O bond cleavage occurs is CH30 s' Because the 
activation barriers for CH30 s dissociation and 
hydrogenation to form CH30H are close for Pd and 
Pt, these metals are effective catalysts for both CH 4 

and CH30H synthesis. By contrast, the BOC 
method predicts that CH4 should be the principal 
product formed over Ni. 

2. Lanthana-Promoted RhjSi02: I. Studies of 
CO and H2 Adsorption; II. Studies of CO 
Hydrogenation (Publications 15 and 16) 

R.P Underwood and A. T. Bell 

Promotion of a Rh/Si02 catalyst with Ian thana 
results in a partial coverage of the supported Rh 
crystallites with LaOx islands. These moieties reduce 
the capacity of Rh to adsorb CO but have little effect 
on the chemisorption of H2 due to spillover of H 
atoms from the exposed Rh sites onto the surface of 
the LaOx islands. At elevated temperatures, the 
LaOx islands promote the dissociation of CO. It is 
proposed that this process occurs preferentially at Rh 
sites located along the perimeter of the LaOx islands. 
Support for this interpretation is provided by 
infrared spectra of CO adsorbed on Ian thana pro
moted Rh/Si02. 

Lanthana-promoted Rh/Si02 exhibits higher 
turnover frequencies for the synthesis of CH4, C2-C4 

hydrocarbons, CH 30H, and C2-oxygenates than 
unpromoted Rh/Si02• The turnover frequency for 
each product goes through a maximum with increas
ing Ian thana addition. Lanthana promotion is also 
found to increase the selectivity for the formation of 
CH30H, C2-oxygenates, and C2-C4 hydrocarbons, 
and to decrease the selectivity for CH4. The selec
tivity for Croxygenates is optimized at low levels of 
lanthana addition. In situ infrared observations 
show that Ian thana promotion blocks the chemisorp
tion of CO onto surface Rh sites. Of particular 
interest is the observation of a band at 1725 em -I. 
This feature is assigned to CO adsorbed on a Rh site 
immediately adjacent to an LaOx island. The low 
frequency of this vibration is attributed to a weaken
ing of the C-O bond caused by the interaction of lan
thana cations with the oxygen end of the adsorbed 
CO. It is postulated that the interaction of the lan
thana with the CO is responsible for the enhanced 
rates of CO dissociation and the formation CH4 and 
C2+ products. Infrared spectroscopy also provides 
evidence for acyl, formate, and acetate groups on the 



surface of Ian thana-promoted Rh/Si02. The possible 
role of these species in the synthesis of products is 
discussed. 

3. Alumina and Titania Overlayers on 
Rhodium: A Comparison of the Chemisorption 
and Catalytic Properties (Publication 19) 

M.E. Levin, J.1. Williams, M. Salmeron, A. T. Bell, 
and G.A. SOI1101jai 

The effects of submonolayer deposits of AlOx on 
the adsorption and hydrogenation of CO on a Rh 
foil have been investigated and compared with the 
earlier studied effects of TiOx deposits. . AlOx is 
found to suppress CO chemisorption in direct pro
portion to AlOx coverage without affecting the 
energy of adsorption, indicating that the only func
tion of AlOx is site blockage. CO hydrogenation 
activity of Rh decreases in proportion to AlOx cover
age, but no change is observed in product selectivity 
or rate parameters for methane synthesis. By con
trast, TiOx suppresses CO chemisorption to an extent 
greater than that expected for simple site blockage. 
With increasing TiOx coverage, the CO hydrogena
tion activity of Rh passes through a maximum at 
8Tio, = 0.15 ML. The rate parameters for methane 
synthesis are affected by TiOx coverage. Relative to 
clean Rh, the activation energy is lower and the par
tial pressure dependencies on H2 and CO are both 
larger. The unusual effects of TiOx are attributed to 
the formation of Ti3+ cationic centers at the perime
ter of TiOx islands present on the Rh surface. 

4. The Influence of Butene on CO 
Hydrogenation Over Ruthenium 
(Publication 18) 

D.S. Jordan and A. T. Bell 

Reactions of l-C4Hg with H2 and CO were inves
tigated over Ru/Si02. To identify the sources of car
bon in the products, I3C-labeled CO and unlabeled 
l-C4H g were used, and product analysis was carried 
out by isotope-ratio gas chromatography-mass spec
trometry. Butene undergoes extensive hydrogenation 
and isomerization in the absence of CO. The pro
duction of small quantities of C 1-C3 and C5+ paraf
fins is also observed, indicating hydrogenolysis and 
homologation of C4Hg. The observed product distri
bution is described by a chain growth scheme involv-
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ing C 1 and C4 monomer units. Butene added to syn
thesis gas strongly influences the reactions of CO 
while undergoing reaction' itself. With increasing 
C4Hg partial pressure, hydrocarbon formation from 
CO is suppressed, but the production of pentanal 
and pentanol via hydroformylation is enhanced. 
The rate of C4Hg homologation increases with 
increasing C4Hg pressure, resulting in higher overall 
rates of production of C5+ hydrocarbons in the 
C4Hg/H 2/CO reaction than in the H2/CO reaction. 
Implications of these results on the chain growth 
mechanism are discussed. Comparisons are made 
between the reactions of C4Hg, C2H 4, and C3H6 with 
synthesis gas. It is concluded that the efficiency of 
the olefin in producing monomers that are active in 
chain growth decreases in the order C2H 4 > C3H6 > 
l-C4H g• 
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Potentially Catalytic and Conducting 
Polyorganometallics* 

K. Peter C. Vol/hardt, Investigator 

INTRODUCTION 

The purpose of this program is to combine syn
thetic organic and organometallic methodology in 
the construction of novel organometallic materials 
that have potential in catalysis and materials science. 
In particular, iterative approaches to the synthesis of 
linked cyclopentadienyl ligands are being studied. 
Subsequent attachment of a variety of metal centers 
with control of their binding sequence is giving rise 
to linear and angular oligometallic arrays in which 
the metals are held in an unnatural configuration. 
Such materials hold promise in potential applica
tions as catalysts in a variety of processes of current 
fundamental and industrial interest, such as coal 
hydrogenation and conversion to liquid fuels, small
molecule activation, new reaction chemistry, photo
catalysis and photochemical energy storage, water 
splitting, and others. Moreover, the methods to be 
developed are anticipated to provide access to struc
tures containing alternating organic and metallic 
layers with potential conducting behavior. Thus, in 
the long run, successful execution of the proposed 
work should furnish unique catalytic and potentially 
conducting materials. 

1. Hydrogenation of Arenes by a Homogeneous 
Rhodium Catalyst (Publications 1, 2, and 3)t 

H. Amer,+ I. Amer,+ R. Ascher,+ J. Blum,+ G. HohneJ 
Y. Sasson,+ H. SchwarzJ and K.P.c. Vol/hardt 

In model studies aimed at developing novel coal 
hydrogenation catalysts, acenaphthylene, fluorene, 
anthracene, phenanthrene, benz[f!lanthracene, pyrene, 
fluoranthene, benzo[.Qjphenanthrene, and some of 
their derivatives were shown to undergo partial 
hydrogenation in the presence of a RhCl3-Aliquat 
336 catalyst in a highly selective manner. Olefinic 
double bonds were found to be hydrogenated prior 

*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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to aromatic moieties. In linear aromatic molecules, 
only the terminal rings are reduced. In 
phenanthrene, the C9-C IO bond, and in pyrene, the 
C4-C5 linkage, are the only ones to be affected. 
Benz[f!lanthracene is converted exclusively into 
7,8,9, IO-tetrahydrobenz[f!lanthracene. Benzo[.Qjphen
anthrene is hydrogenated to give primarily the 5,6-
dihydro derivative. Chlorine and bromine substi
tuents were found to undergo hydrogenolysis when 
attached to the reacting moieties, but they usually 
remain unaffected when located on nonreacting 
aromatic rings. 

The ion pair generated by RhCl3 and Aliquat 336 
in an aqueous-organic two-phase medium was shown 
to catalyze the hydrogenation and deuteration of 
arenes at 30°C and 0.9 atm under apparently homo
geneous conditions. The kinetics of the reductions 
incorporated characteristic \nduction periods. Sub
strates with electron-attracting groups proved to have 
shorter induction periods and higher reaction rates 
than those with electron-donating substituents. Ster
ically hindered benzenes yielded both cyclohexane 
and cyclohexene derivatives. Hydrogenation of deu
terated arenes and deuteration of unlabeled benzenes 
were found, by mass spectral analysis, to be associ
ated with both side-chain and ring-proton H-D 
exchange. Recovered starting materials underwent 
hydrogen exchange as well, but only if the substrate 
had an a proton in the side chain. The water proved 
essential for the reduction and played an important 
part in the H-D exchange. Comparative experiments 
were carried out with the labile 1]3-
C3H5CO[P(OCH3hb arene hydrogenation catalyst 
precursor. The cobalt- and rhodium-promoted 
processes were found to have several common 
features and were assumed to follow similar mechan-
isms. 

. 
The ion pair formed from aqueous rhodium tri

chloride and Aliquat 336 catalyzed the selective 
hydrogenation of olefinic C-C bonds of a variety of 
unsaturated nitro compounds in a two-liquid-phase 
system at 30°C. Nitrobenzene gave, under these con
ditions, a mixture of aniline and nitrocyclohexane. 

tCollaborative effort supported by the U.S.-Israel Binational Sci
ence Foundation. 
*Permanent address: Department of Organic Chemistry and 
Casali Institute of Applied Chemistry, The Hebrew University, 
Jerusalem 91904, Israel. 
§Permanent address: Institute of Organic Chemistry, The Techni
cal University, D-IOOO Berlin 12, Federal Republic of Germany. 



2. Photochemistry and Ligand Substitution 
Reactions of (Fulvalene)diruthenium
(tetracarbonyl) (Publication 4) 

W.B. Tolman t and K.P.c. Vol/hardt 

Studies of the scope and mechanism of the pho
toisomerization of (fuh;alene)diruthenium(tetra
carbonyl) [FvRu2(CO)4] to (tL2-1]I:1]5-cyclopenta
dienylhRu2(CO)4 and of the thermal reversal of the 
latter were performed (~H:j: = 29.9 ± 0.02 kcal mol- l 

and ~S:j: = 17.2 ± 2.0 eu). A rate acceleration and 
external ligand incorporation was observed when the 
thermal reversion was performed under CO. Treat
ment of FvRu2(CO)4 with PR3 (R = CH2CH3, CH3, 
and OCH3) yielded FvRu2(COh(PR'3), the IH and 
I3C NMR spectra of which indicated the presence of 
fluxional behavior in solution, probably by a process 
involving intramolecular-terminal to bridging
carbonyl exchange. These trialkylphosphine species 
failed to detectably photoisomerize when R = 

CH2CH3 or CH3, while that in which R = OCH3 
rapidly and reversibly afforded (tL2-1]I:1]5-
cyclopentadienylhRu2(COh[P(OCH3h] upon irradia
tion with uv light. Heating 
FvRu2(COh[P(CH2CH3h] in the presence of CCl4 
regiospecifically generated a novel adduct containing 
a CCl3 moiety instead of the expected dichloride 
complex. 

Treatment of E-2,2',4,4,-tetra-tert-butylfulvalene 
with RU3(CO)12 provided the tetra-tert-butyl
substituted analog of FvRu2(CO)4, which did not 
photoisomerize. When irradiated in the presence of 
CCI4, the dichloride derivative was rapidly formed. 
The diastereomers (.s.*, S*- and S*, R*-3,3'-di-tert
butylfulvalene)Ru2(CO)4 were prepared by exposing 
3,3'-di-tert-butyldihydrofulvalene to RU3(CO)12. 
Each of these stereospecifically and reversibly 
transformed upon uv irradiation to different pho
toisomers. Derivatives of FvRu2(CO)4 containing 
one tert-butyl and one P(OCH3h substituent were 
synthesized by treatment of (3-tert-butyl
fulvalene)Ru2(CO)4 with P(OCH3h. These com
plexes reversibly generated separate reglOlsomeric 
photoisomers upon uv irradiation, one of which was 
characterized by x-ray crystallography. The structure 
of its precursor was determined using NMR tech
niques. 

Exposure of FvRu2(CO)4 to an excess of P(CH3h 
at 120°C afforded trans-Ru[P(CH3h]2(COh and the 
novel "ring-slipped" FvRu[P(CH3hh(CO), which was 
characterized by an x-ray structural analysis. A 
variety of heterodi- and trinuclear complexes incor-
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porating ruthenium were synthesized by exposure of 
this compound to mononuclear early (Ti, Zr) and 
late (Cr, Mo, W, Fe) transition-metal reagents. Pre
liminary studies of the reactions of some of these 
compounds with various organic substrates were per
formed. 

tW.B. Tolman received support as a W.R. Grace Fellow. 

3. Work in Progress 

Hetero- and Homonuclear Oligocyc!opentadienyl 
Transition-Metal Complexes (D.A. Newman and 
K.P.c. Vol/hardt) 

The synthesis of novel homo- and heterometallic 
complexes bridged by cyclopentadienyl oligomers has 
been achieved. The major feature of most of these 
syntheses involves the use of oxocyclopentenyl as a 
masked cyclopentadienyl fragment. 

The complexes [(3-oxo-l-cyclopentenyl)-1]5-cyclo
pentadienyl]MLx [MLx = Mo(COhCH3, W(COhCH3, 
or Mn(COh] were prepared in low to good yields by 
combining synthetic organic and organometallic stra
tegies. Those in which M = Mo or W were con
verted to the monometallic fulvalene (Fv) deriva
tives [(cyclopentadienylh5-cyclopentadienyl][M(CO)3 
CH3], intermediates on the route to the heterobime
tallic systems FvWMo(CO)6, FvWCr(CO)6, and 
FvMoCr(CO)6, available in adequate yields (29-48%) 
by this approach. The latter were formed via 
Fv[M(COhCH3][M(COhH] intermediates. 

The reaction of fulvalene dianion with 3-chloro-
2-cyclopentenone followed by treatment with 
W(NCCH3h(COh led to the preparation of 1- and 2-
(3-oxo-l-cyclopentenyl)(1]5:1]5-fulvalene)(WLxh [Lx = 
(COh or (COhCH3]. The oxocyclopentenyl substi
tuent was converted to the required cyclopentadi
enyl, which was then complexed to tungsten. An 
x-ray structural analysis was performed on the 
novel (1]5:1]5:1]5-1,1':3', 1/1-tercyclopentadienyl)[W(COh] 
[W(COh]'[W(COhCH3]/I. Its most notable feature is 
the short metal-metal bond (3.266 A). 

The tritungsten complexes of tercyclopentadienyl 
have been shown to undergo the intermetallic 
transfer of a-bound ligands. Crossover labeling 
experiments revealed that methyl transfer in 
(1]5:1]5:1]5-1, 1 ':2', 1/1-tercyclopentadienyl)[W(COhCH3r 
[W(COhr is largely intramolecular. 

An iterative approach has led to the preparation 
of the heterotrimetallic complex (1]5:1]5:1]5-1,1':2',1/1-
tercyclopentadienyl)[W(COhCH3][Re(COh]'[Mo(COh 
CH3]". The synthetic strategy has been modified to 



prepare tetratungsten complexes of quatercyclopenta
dienyl. 

Several (fulvalene)diiridium complexes have 
been synthesized and shown to effect the double 
activation of benzeneC-H bonds. A (fulva
lene)ruthenium molybdenum mixed metal system 
exhibits unique reactivity on exposure to small 
organic molecules. 
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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. Estimated Core-Electron Binding Energies 
and Their Application in the Interpretation of 
Valence Ionization Potentials (Publication 1) 

W.L. Jolly 

Empirical group shifts for estimation of the 
core-electron binding energies of compounds of 14 

*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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elements are evaluated. It is shown, for elements of 
the first row of the periodic table,. that simple one
parameter group shifts are inadequate for estimating 
core binding energies of highly positively charged 
atoms with polarizable ligands. In the case of carbon 
1 s binding energies, a method involving two parame
ters - an "electronegativity" parameter and a 
"polarizability" parameter - is devised that signifi
cantly improves the accuracy of the predictions. The 
nitrogen 1 s binding energies of the aminoboranes, 
NH2BH2, N(CH3hBF2, NH(CH3)BF2, and NH2BF2, 

are estimated. These data, when combined with the 
nitrogen P1l" ionization potentials, lead to the conclu
sion that there is an important degree of N-B 11" 

bonding in all of these molecules. 

1987 PUBLICATIONS AND REPORTS 

Refereed Journals 

I. W.L. Jolly, "Estimated Core Electron Binding Ener
gies and Their Application in the Interpretation of 
Valence Ionization Potentials," J. Phys. Chem. 90, 
6790 (1986); LBL-22355. 

2. W.L. Jolly, "A Lecture Demonstration: The Induc
tion by ironOI) of the Oxidation of Iodide by 
Dichromate," J. Chem. Education 64, 444 (1987). 

3. W.L. Jolly, "B&W Sabatier Print Solarization. What 
Is It; and How Does It Work?" Darkroom Photog
raphy 9, 30 (1987). 



High-Energy Oxidizers and 
Delocalized-Electron Solids* 

Neil Bartlett, Investigator 

INTRODUCTION 

The rna'in 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 may find use in high-energy electrodes. 
Physical and chemical studies are being applied to 
such materials to determine the structure and bond
ing changes that accompany oxidation 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 elec
trolytes for use with the metallic layer-material salts. 

1. Novel Synthesis of Graphite 
Auorometallates with Chlorine-Assisted 
Oxidation by Lewis-Acid Auorides 
(Publication 4) 

R. Hagiwara, M. Lerner, and N. Bartlett 

Graphite intercalation compounds of main-group 
metal fluorides are being prepared for the first time 
utilizing Cl2 as an oxidizing agent. Graphite does 
not react at ambient temperatures with el2 or HF. 
The metal fluorides GeF4' PF5, and BF3 by them-

*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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selves are also unreactive towards graphite. How
ever, when graphite is brought into interaction with a 
mixture of one of these fluorides and either el2 or 
el2 + HF at ambient temperatures, a vacuum-stable 
fluoride intercalation compound is obtained. Thus, 
with these oxidizing combinations, it is now possible 
to produce such fluorometallate salts without the use 
of elemental fluorine. Table 1-1 shows the enthalpy 
changes for the formation of metal-fluoride inter
calants in some of these reactions. The previously 
reported 1,2 thermodynamic requirement of 
-120 kcal/mol for the formation of first-stage 
metal-fluoride intercalation compounds in fluorine
assisted reactions can now be expanded. A quantita
tive relationship between half-reaction enthalpy and 
higher stage formation is now proposed, which 
should hold for any fluoro-guest species with effec
tive thickness of a hexafluorospecies oriented along a 
threefold axis of the octahedron. The reaction of 
graphite with excess GeF4 (2 atm) in the presence of 
2 atm Cl2 is observed, on brief evacuation of vola
tiles, to produce a blue second-stage salt and, eventu
ally, a stable, third-stage material. The GeF4 + el2 + 
graphite reaction requires photochemical activation 
to proceed to a low-stage product. IR spectra of the 
residual gases reveal the presence of mixed chi oro
fluorogermanes, which are not produced by reaction 
of GeF4 with el2 in the absence of graphite. The 
reaction of graphite with PF5 + el2 does not appear 
to proceed unless HF is present as a reactant; in 
these reactions Hel is produced. The 
PF5 + el2 + HF reaction yields a third-stage salt that 
becomes fourth-stage after long evacuation. Interac
tion of graphite with BF3 + el2 is only observed to 

Table 1-1 
Enthalpy changes for the formation of some metal fluoride 
intercalants and the corresponding lowest stages obtained. 

Half-reaction 

e- + GeF4 + 1/2F2 .... GeFs-

e- + 2GeF4 + 1/2C12 .... GeFs - + GeF3Cl 

e- + PFs + HF + 1/2CL2 .... PF6 - + HCl 

e- + BF3 + HF + 1/2C12 .... BF4 - + HCI 

.:lHcalca Stageb 

(kcaljmol) 

-162 15t 

-116c 3rd 

-114 4th 

-95 6th 

a. t.Hca,c are for gas-phase reactions. Fluoride ion affinities have 
been previously reported I.:lH = - 100(8) kcal/mol for GeF4• 

t.H = -92(6) kcal/mol for BF3 • .:lH = -101(8) kcal/mo\ for 
PFsl· 

b. As determined by x-ray powder diffraction data for the 
vacuum-stable product. 

c. The Ge-F and Ge-CI bonding energies in GeF3Cl were approxi
mated by diatomic bond strengths It.H = 116(5) kcal/mol for 
GeF and t.H = 82(5) kcal/mol for Ge-CII. 



occur in the presence of HF, yielding a sixth-stage 
material. The vacuum-stable products in all cases 
'appear . to' "be/ intercalation;! saIts of metal
huoroanio~ls;('~ElementaJlarialyses' do not indicate a 
significarlt pre~ence oritl: j Powder diffraction data 
from the. new compounds show.gallery heights simi
lar" ,t.o) those, . obtained: .p~~vio~sly2 with acid
fluoride/fluorine combinations and are compatible 
with EF~ species,close:,packed; between the carbon 
'layers.' , .. ,,1 ""I' ',"', J: .. 

,'(: . 
L N. Bartlett, in The Chemical Industry, D.H. Sharp and T.E 
West, Eds., Ellis Horwood Ltd., London, Chichester, 1982, p. 292. 
2. G.L. Rosenthal, T.E. Mallouk, and N. Bartlett, Syn. Met: 9, 
433 (1984). 
II' ... .Jo ' .... \ • ~ , • ;1/.] r • ( 

~~'I Pi~l?a~atiori' ~ry!i d~~ract.erization· of a New 
Grap~ite : ReHitive of Composition BC2t,.r . 
(Pubhcat~onr5h ) . /, <1;1"".1',1 ' .. fq· .r·· • , 

bell> I !!;;f1"J;~'n)(nr::ur'l '"J11rfrr·';) ~rh rr; .'j! ,;tJl .. ,. ~ 

·.11.:{Sasakit~and N:r;lJar.tlett> "Ji"o~! j 

'<I .i, it .fjlj~LJ, ";'1.../)'[ 10 ~lrGl"J'HI J ,(lor ;1 fl·/( 

'." oJ,Prev,ious;. s¥ntheses~'; . of . B~C-N , graphite-like 
materi.a}:s fi~ve .. employed three 0r more reagents, 
With· the conseQuence, that! the: product has been a 
coriiposite; "'with 'microscopic' homogeneity not 
guaran'tee'd: '; To' ensure a' one~i:>hase product, with 

, t. ~J ',I . (.. I! t ".'. • 
homogeneIty down to "molecular dImenSIOns," a 
two-reactant synthetic scheme was sought that had 
"', ,'rd(l' j}d/.'~(I·"'·' ~ 

only a one-product. path .. Such a scheme has been 
realized in .the interaction 'of acetonitrile and boron 
trichloride ~t 85'0°(:' or above: 

'~, B~13 ':If ~H:3CN .?;850°,3HCl1 +' BC2N: 
,. j '.,;f"! , (.... 'f.; .~, 

The product exhibits the hk and I reflections typical 
of ' an urirJgistered~layer soli<:( prominent'd spacings 
'being similar to 'thdse' of graphite' as follows (all spac
Ihgs in K; graphite' indexiriggiven in parentheses): 
.3.40,t .. (0,02,.= ~.35);" .2.11 ,.(rao,;" 2,11);. 1.70 
(004.=: 1.68); L22 (110 = 1.22).. . • 
'. Electf0n microscopic examination shows that the 

material, as prepared, exhibits a preferred orientation 
of the microscopic plates, which are stacked parallel 
to one another. It has also established homogeneity 
of the solid at least to,the 50-A dimension level, and 
electron-energy-loss spectroscopy3 has confirmed the 
composition BC2N. The K-edge spectra of the B, C, 
and N closely resemble those of the same elements 
in hexagonal BN and graphite. These spectra estab
lish that each element resides in a graphite-like net
work, the Is - 1r* and Is _ u* features being clearly 
resolved and not significantly shifted from their 
energy values in graphite and hexagonal BN. 
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The jet-black solid absorbs, Fght throughout the 
visible range and into the near infrared. Electrical 
conductivity measurements give a specific conduc
tivity u = 18 ohm-I cm-I and have established. its 
semiconductive nature, with, log, u being linearly 
dependent upon the reciprocal temperature; the ther
mal band gap is 0.03·eV. 

A survey of the intercalation chemistry of BC2N 
has shown that it more closely resembles graphite 
than hexagonal· BN: It is less easily oxidatively 
intercalated I. than is graphite. Thus it does not 
interact with Br2 but (like graphite and BN) is inter
calated by S206F2, the dimensions and composition 
of the fi.rst-stage product being similar. to those of the 
graphite relative, as indicated· in Table 2.;1. Reduc
tive intercalation with Li, Na, and K, to yield: first
stage products, has been achieved, The lithium was 
introduced via the naphthalide in THF, whereas the 
Na and K compound's were obtained by direct attack 
of the alkalil vapor upon. the BC2N, all in a sealed 
quartz ampoule (Na; 280°C; K, 260°C). As may be 
seen trom Table 2:.. Ii, the interlayer spacing of, each 
first-stage alkali compound compares. closely with 
that of its graphite relative. 

tPresent address: Mukizaishitsu Kenkyusho, National Instit-ute for 
Research in Inorganic Materials, I-I Namiki, Sakura-Mura, 
Niihari-Gun, Ibaraki, 305 Japan. 
I. A. Badyan, T. Niemski, S. Oppenheimer, and E.Olkusuik, 
Khim. Svyaz. Popuprov. Polumetallakh., 362'(1972). 
2: R.B. Kaner, J. Kouvetakis, C.E. Warble, M.L. Sattler, and 
N., Bartlett, Mat. Res. Bull. 22, 399 (1987). 
3. Obtained in collaboration with Dr..K. Krishnan, National 
Center for Electr~n Microscopy, La~rence Berkeley Labo~atory. 

Table 2-1 
Comparison of. first-stage intercalation compounds of 
BC2N with those' of graphite relatives. 

Gallery Gallery 
Composition"' 'hght(A) Composition hght (A) 

(BC2N)xS03F 7.7 Li(BC2N)u 3.70 

x = 2.0-2.5 

C7S03F 7.6b LiC6 3.70c 

Gallery Gallery 
Composition" hght (A) . Composition hght(A) 

Na(BC2Nh 4.20 K (BC2Nh 5.42 

unknown KCg 5.40c 

a. The composition of (BC1N)xS03F was determined by gra
vimetry. The compositions given for the alkali compounds are 
those that provided the best agreement for the calculated 001 
x-ray diffraction line intensities. 

b. N. Bartlett, R.N. Biagioni, B.W. McQuillan, A.S. Robertson, 
and A.E. Thompson, J. Chern. Soc., Chern. Commun., 200 
(1978). 

c. Yu, N. Novikov and M.E. Vol' pin, Russ. Chern. Rev" 40, 733 
(1971). 
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Transition Metal-Catalyzed 
Conversion of CO, NO, "2, and 
Organic Molecules to· Fuels and 
Petrochemicals* 

Robert G. Bergman, Investigator 

INTRODUCTION 

The goal of this program is the development of 
new chemical reactions in which transition metals 
interact with organic materials, and the understand
ing of how these reactions work. A recent discovery 
on this project was the finding that certain hydri
doiridium and -rhodium complexes undergo oxida
tive 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 "alkane C-H activation" reaction 
researc~ is now being directed at examining th~ 
scope, selectivity, and mechanism of the process. 
During the current year, extensive mechanistic stud
ies were carried out on the first rhodium-based 
alkane activation system. In this work, strong evi
dence was obtained that a weak alkane-metal com
plex is formed on the reaction pathway leading to 
the final C-H inserted product. In addition, the first 
quantitative metal-hydrogen and metal-carbon bond 
dissociation energies were determined for the iridium 
C-H activating system. These results demonstrated 
that insertion of iridium into the C-H bonds of 
alkanes is very exothermic; an even more powerful 
thermodynamic driving force exists for insertion of 
the metal into the C-H bonds of arenes. 

1. Isomerization of the 
Hydrido(Alkyl)Rhodium Complexes Formed on 
Oxidative Addition of Rhodium to Alkane C-H 
Bonds. Evidence for the Intermediacy of r?
Alkane Complexes (Publication 1) 

R.A. Peri ana and R. G. Bergman 

The products of insertion of the coordinatively 
unsaturated fragment Cp*RhL (Cp* = 1)5_C5Me5; 

'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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L = PMe3) into alkane C-H bonds are generated by 
irradiation of Cp*(L)RhH2, or thermal decomposi
tion of Cp*(L)Rh(neopentyl)(H),' at temperatures 
below - 30°C in alkane solvents. The 
hydrido(alkyl)rhodium products can be converted 
into the corresponding bromo(alkyl)rhodium com
plexes, which are stable and can be fully character
ized. The structure of the bromo(cyclopropyl) com
plex has been determined by x-ray diffraction; an 
ORTEP diagram is illustrated in Figure 1-1. The 
hydrides can be synthesized independently, also at 
low temperature, from the corresponding halo(alkyl) 
complexes by lithiation with t-BuLi followed by pro
tonation. Alternatively, the highly nucleophilic com
plex Li[Cp*(L)RhH], prepared by deprotonation of 
Cp*(L)RhH2, leads to the alkyl(hydrido)rhodium 
complexes upon treatment with alkyl tosylates R
OTs. 

When Cp*RhL is generated in mixtures of linear 
alkanes, only the products of insertion into primary 
L-H bonds are observed, even at -lOO°e. The rela
tive rate constants for the formation of these pro
ducts correlate directly with the number of secondary 
C-H bonds in the alkane. This suggests that inser
tion occurs initially into all the C-H bonds of the 
alkane, but that even at very low temperatures the 
~econdary insertion products rearrange quickly, and 
mtramolecularly, to the primary products. We sug
gest that this rearrangement occurs through the inter
mediacy of 1)2-C-H alkane "sigma complexes." 

The synthetic procedures summarized above can 
be used to prepare regiospecifically 2H and l3C 

Figure 1-1. ORTEP diagram illustrating the structure of (f1s_ 
CsMes)(PMe3)(Br)Rh(CH2CH2C'H2)' (XBL 884-1334) 



htbeIea alkyl hydrides at'low temperatures. Warm
ing these complexes to temperatures above - 80°C in 
aromatk"solvent analysis of the In';action mixture by 
I Hand I3C NMR spectrometry reveals isotope rear
'rangements that' confirm· J, that ' . the alkyl
(hydrido)rhodium"complexes an~ capable of intercon
verting witli one another intramoleculatly at rates 
competitive with; or in some' cases faster than, they 
undergo reductive elimination .... For example, rear
rangement of the I3C, 2H-Iabeled ethyl(hydrido)
'rhodium and the (l-methylcyclopropyl)methyl
(hydrido)rhodium complexes has been used to show 
(Figure 1-2) that the Cp*(L)Rh fragment migrates 
and inserts most rapidly into the a position of the 
alkyl group followed by migration to the (3 and l' 
positions; reductive elimination is the slowest pro
cess that occurs. These results provide further sup
port for the existence of intermediate 1)2-C-H alkane 
complexes. 

1 , , , 
23.6 23.5 23.4 

I-SOmina. 

Ca (3a+3b) 

'-Omin, 

tOluene-de 

,1, .. ,.,. , , ! , 

2~ 22 ~ 16 13 - 10 2 0 

PPM 

Figure 1-2: The lower half shows the I3CCH}NMR spectrum 
(taken in toluene-ds solution at -60°C) of complex 3 (see insert 
for drawing of the structure of this compound) labeled with 13C in 
the IX position of the ethyl group and deuterium in the hydride 
position (3a), mixed with a similar amount of the compound 
labeled with both 13C and deuterium in the IX position (3b). The 
upper spectrum shows how the 13C and deuterium isotopes in 
these molecules have rearranged, and the other products that have 
formed, after a reaction time of 30 minutes. The new com
ponents are {3_I3C, 2-d-ethyl rhodium complex 3c, 1-13C,-I-d
ethane (triplet at 8 ppm), and small amounts of toluene C-H 
activation products (small resonances near 11 ppm). Inset spectra 
show Ca and Cp resonances for the undeuterated 13C labeled com
plex 3. (XBL 884-1335) 
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2. C-C Activatio~~9J9rgal).jc.§malbl~!I).g~Ci3i':' 
Compounds by Rearrangement:,~f -~':2-S'Jrc:~'"' 
Cycloalkyl(Hydrido )Rhooi"ti'm, ~6~ple~~~ io-v;: 
Rhodacycloalkanes. Synthesis of' _\. #. '.~~1....., 
Metallacyclobutanes, Including orie::with"a~t19~ 
Tertiary M-C Bond, by Nucleophilic Addition 
to 7r-Allyl Complexes:(PiIblication '2P\'\ d \1')1\n5\ 

R.A. Periana and R.G. Bergman 

(, j,' ) Jel(nrl I':i 
Generation of the coordinatively I unsaturated 

fragment ,[Cp*RhL] (Cp*:= 1)~-C5Me5; (:::,PMe3) ,a,t 
-60°C, in cyclopropane both by photolysis ','of 
Cp*(L)RhH2 and thermal decompositio·n J. of 
Cp*(L)Rh(miopentyl)(H) results' only in 'C-H bond 
insertion to yield Cp*{L)Rh(cyclopropyl)(H). This 
complex rearranges at - 20°C in arene solvents to 
the rhodacyclobutane Cp*'Rh-CHz-CHz-C'Hi' in 65% 
yield, The structure of this material has been deter
mined by x-ray diffraction; an ORTEP diagram is 
shown in Figure 2-1. Mechanistic studies of regio
specifically 13C-Iabeled cyclopropyl(hydrido )rhodium 
complexes indicate' that the rearrangement' is 
intramolecular and occurs by insertion of Cp*RhL 
into the a-carbon-carbon bond of the cyclopropyl 
ring. Similarly, C-C activation of I, I-dimethyl
cyclopropane is observed to occur by intramolecular 
rearrangement of Cp*(L)Rh(2,2-dimethylcyclo
propyl)(H), This rearrangement occurs with com
plete regiospecificity yielding only the (3,{3-dimethyl
rhodacyclobutane, Cp*(L)'Rh-CHz-CMe2-C'H2' The 

I ~ I I • I :"'Jt' ,"" j Ill..j 

~ i,u-... .). 

Figure 2-1. ORTEP diagram illustrating the structure of (1/5-

C5Me5)(PMe3) Rh-(CH2CH2C'H2). (XBL 884-1336)' .• - ' 



possibie intermediate formation of the isomeric 0',0'

dimethyl rhodacyclobutane was ruled out by 
independent synthesis of this isomer and the 
demonstration of its stability under the conditions 
used for isomerization of the cyclopropyl(hydrido)
rhodium complex. 

Treatment of Cp*(L)Rh(-'CH-CR2-C'H2)(X) 
(R = H, Me; X = I) with AgBF4 results in the for
mation of the catonic 7r-allyl complexes 
[Cp*(L)Rh(1J3-CR2-CH-CH2WBF4 - (R = H, Me). 
Subsequent treatment of these cations with LiEt3BH 
results in the clean formation of neutral rhodacyclo
butanes Cp*(L)'Rh-CR2CHr C'H2 (R = H, Me). In 
the case where R = H, the use of LiEt3BD indicates 
that the addition of hydride is completely regio- as 
well as stereospecific, the hydride adding to the (3-
carbon syn to Cp* ligand. 

3. The Heats of Reaction of 
Cp*(PMe

3
)Ir(R)(H) [R = C

6
H ,C

6
H

1 
and H] 

with HCI, CCI4, CBr 4' and CHl A ~olution 
Thermochemical Study of Alkane Activation 
(Publication 3) 

s.P. Nolan,' CD. HojJ,' P.o. Stoutland, L.J. 
Newman, I.M. Buchanan, R.G. Bergman, G.K. 
Yang, + and K.s. Peters+ 

In reactions where a metal insert into the C-H 
bonds of alkanes (M + R-H _ R-M-H), the sum of 
the M-H and M-C bond dissociation energies in R
M-H must be comparable to, or larger than, the 
energy of the alkane C-H bond that is broken. 
Although this principle is well accepted, little quanti
tative bond-energy information has been available 
for third-row metals, which are most often observed 
to participate in C-H insertion reactions. In this 
work, using a combination of conventional and pho
toacoustic calorimetric techniques, the first absolute 
metal-hydrogen and metal-carbon bond energies 
have been determined for the iridium-based C-H 
inserting system (1J5-CsMe5)(PMe3)Ir + R-H _ (1)5-
C5Me5)(PMe3)Ir(R)(H). Examples of these bond 
energies are: Ir-H: 74; Ir-cyclohexyl: 51; Ir-phenyl: 81 
(all values in kcaljmole). Using these values and the 
well-known C-H bond energies for alkanes and 
arenes, it can now be calculated that the insertion of 
iridium into a C-H bond in cyclohexane is 
30 kcaljmole exothermic; insertion into a benzene 
C-H bond is 45 kcaljmole exothermic. These ener
gies are surprisingly large and demonstrate that it is 
the possibility of forming strong Ir-H and Ir-C bonds 
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that provides the driving force for C.-H insertion in 
this system. 

tpresent address: Department of Chemistry, University of Miami, 
Coral Gables, FL. 
*Present address: Department of Chemistry, University of 
Colorado, Boulder, CO. 

4. Work in Progress 

Projects currently under way are aimed at: (a) 
studies of insertion of iridium into the C-H bonds of 
olefins, to determine whether weak complexes dif
ferent from 7r-complexes can be detected in the reac
tion; (b) further studies of the thermodynamics of 
C-H activation reactions; (c) investigation of the 
reaction of allyliridium complexes with arenes and 
alkanes, to determine whether the allyl group can be 
utilized as a "trap" for the hydride ligand, and the 
system applied to alkane homologation reactions; (d) 
development of new dinuclear C-H activation sys
tems. 
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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 efficient design 
of large-scale separation processes (e.g., distillation 
and extraction) in the chemical and related indus
tries. In this context, "efficient" refers to optimum 
use of raw materials and to co_nservation of energy. 

Since the variety 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, aqueous mix
tures containing electrolytes, fossil-fuel/water mix
tures, agricultural products, and mixtures encoun
tered in biotechnology. 

Development of molecular thermodynamics calls 
for a combination of theoretical, computational, and 
experimental work. Further, it demands simultane
ous awareness first, of progress in molecular science 
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-AC03-76SF0009S. 
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1. Molecular Thermodynamics of Aqueous 
Solutions Containing Electrolytes and 
Nonelectrolytes (Publication 18) 

R.K. Kruppa/ A.H. Harvey, and J.M. Prausnitz 

To measure phase-equilibrium data in mixtures 
containing electrolytes and nonelectrolytes, an exper
imental apparatus has been designed and con
structed. The composition of both phases is 
analyzed from small samples. A circulation system 
mixes the components to ensure equilibrium. The 
equipment can withstand conditions of 250°C and 
140 MPa. Experimental safety is a key element of 
the design. It can be used for systems containing 
combustible gases; the first application is to measure 
the solubility of CH4 in NaCl solutions at high pres
sures. 

Phase equilibria are predicted from a new equa
tion of state applicable to high pressures and all prac
tical fluid densities. The Helmholtz energy of a mix
ture of electrolytes and nonelectrolytes is calculated 
from molecular theory. Pure-component and binary 
parameters are used to adjust the equation of state to 
experimental data. The model predictS the solubility 
of CO2 in pure water at pressures to 100 MPa with a 
maximum deviation of less than 0.3 mole%. When 
applied to ternary mixtures containing electrolytes, 
the salting-out effect is represented correctly even at 
high pressures. 

tpresent address: Lehrstuhl B fUr Thermodynamik, Technische 
Universitiit Miinchen, SOOO Munich, Federal Republic of Ger
many. 

2. Extraction of Fatty-Acid Methyl Esters with 
Supercritical Carbon Dioxide (Publication 17) 

A.H. Wu, A. Stammer, t and J.M. Prausnitz 

A flow apparatus was constructed to measure 
vapor-phase compositions of systems containing 
fatty-acid methyl esters as solute and supercritical 
carbon dioxide as solvent at 65 to 200 bar. The 
equilibrium cell consists of a packed bed of liquid 



(or solid) solute coated on an inert solid support that 
is commonly used in gas-chromatographic columns. 

Experimental measurements were obtained for 
five binary systems containing methyl myristate, 
methyl stearate, methyl oleate, methyl linoleate, or 
methyl laurate. Each system was measured at 40 
and 60°C and at a pressure below the critical pres
sure of the mixture. In addition, a ternary system 
containing carbon dioxide, methyl oleate, and methyl 
linoleate was measured at 60°C and 107 bar. 

The measured solubility data were correlated 
using an equation of state that has a perturbation 
term of the van der Waals form and a reference sys
tem proposed by Boublik and Mansoori. A qua
dratic mixing rule with one binary parameter is suit
able for these mixtures. 

tpresent address: Institut fUr Thermische Verfahrenstechnik, 
Universitiit Karlsruhe, 7500 Karlsruhe, Federal Republic of Ger
many. 

3. A Cubic Equation of State for High-Pressure 
Phase Equilibria of Mixtures Containing 
Polymers and Volatile fluids (Publication 22) 

T. Sako, t A.H. Wu, and J.M. Prausnitz 

Generalized van der Waals theory is used to 
obtain a three-parameter cubic equation of state that 
is applicable to fluids containing small or large 
molecules, including polymers. Upon extension to 
mixtures, the equation of state is used to calculate 
high-pressure phase equilibria for the ethylene
polyethylene system. The relatively simple equation 
may be useful for engineering-design calculations for 
fluid mixtures containing polymers. 

tpresent address: National Chemical Laboratory for Industry, 
Yatabe, Ibaraki 305, Japan. 

4. Liquid-Liquid Equilibria for Water-Toluene
Phenol Mixtures at 150 and 200°C 
(Publication 20) 

H.H. Hooper, S. Michel, and J.M. Prausnitz 

Mutual solubilities at the three-phase equili
brium pressure have been measured for ternary 
aqueous mixtures containing toluene and phenol. 
The equilibrium compositions of both liquid phases, 
and the three-phase equilibrium pressures are 
reported in the temperature range 150-200°C. 
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5. Molecular Thermodynamics of Partially 
Ordered Fluids: Phase Behavior of 
Microemulsions (Publication 21) 

Y. Hut and J.M. Prausnitz 

Mixtures of water, oil, and surfactant often form 
microemulsions where tiny drops of oil (or water) 
are dispersed in a matrix of water (or oil). A 
microemulsion is a partially ordered fluid where the 
surfactant molecules exist in an oriented layer at the 
boundary between the continuous phase and the 
discontinuous phase. This work proposes a 
molecular-thermodynamic model that is useful for 
calculating a variety of phase diagrams observed in 
microemulsion-forming systems. 

The model is based on a revised form of 
Widom's abstract representation of a microemulsion; 
that representation provides a procedure for calculat
ing essential contributions to the configurational 
entropy. In Widom's representation, all molecules 
are difunctional dumbbells such that all the hydro
philic ends are situated together in some lattice sites 
and all the lipophilic ends are situated together in 
other sites. A form of Guggenheim's quasichemical 
theory is used to evaluate the combinatorial contri
butions that correspond to Widom's picture. Chemi
cal association of surfactant molecules and physical 
interactions are also taken into account. Minimiza
tion of the Gibbs energy yields a distribution func
tion for representing micelle sizes. 

Calculated ternary phase diagrams are in good 
agreement with experimental results. Different types 
of diagrams can be obtained upon changing physi
cally significant model parameters. A study of how 
these parameters affect phase behavior provides 
insight on microemulsion stability. 

tpresent address: East China Institute of Technology, Shanghai, 
People's Republic of China. 

6. Thermodynamics of Liquid-Liquid 
Equilibria Including the Critical Region: Binary 
and Ternary Mixtures (Publication 19) 

J.J. de Pablo and J.M. Prausnitz 

To obtain good representation in the critical 
region, a serriitheoretical correction is added to a 
conventional expression (e.g., van Laar or NRTL) 
for the excess Gibbs energy of a binary or ternary 
system. TJ.is correction is an exponential function 



of a carefully defined distance from the critical point; 
it is appreciable in the critical region but not else
where. In the exponential argument, two parameters 
are determined from theoretical scaling laws. While 
the coordinates of the critical point must be known 
(or estimated), no phase-equilibrium data in the crit
ical region are required to determine parameters. 
The semiclassical method presented here provides an 
excellent continuous approximation for phase equili
bria close to and remote from critical conditions. 
Further, the method allows simultaneous representa
tion of vapor-liquid equilibria and liquid-liquid 
equilibria including the critical region. 

7. Thermodynamic Properties of Polar Fluids 
from a Perturbed-Dipolar-Hard-Sphere 
Equation of State (Publication 10) 

P.P. Bryant and J.M. Prausnitz 

Based on theoretical results for a system of hard 
spheres with dipoles, a new equation of state is 
applied to the correlation of thermodynamic proper
ties for four fluids: argon, ammonia, water, and 
acetonitrile. The reference system has the same 
dependence on density as that given by the 
Carnahan-Starling equation, but the coefficients are 
now functions of temperature through the reduced 
dipole moment. These coefficients are chosen to 
match the Pade approximant developed by Rush
brooke, Stell, and H~ye for the Helmholtz energy of 
dipolar hard spheres. The reference system proposed 
here shows a phase transition for reduced dipole 
moments greater than 1.9. A simple empirical per
turbation term is added to the reference system to 
account for induction and dispersion forces. For 
polar fluids, the equation gives results significantly 
better than those obtained from conventional cubic 
equations of state, when using the same limited 
experimental data for determining equation-of-state 
parameters. 

tpresent address: Chemical Engineering and Petroleum Refining 
Department, Colorado School of Mines, Golden, CO. 
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8. A Correlation for Thermodynamic 
Properties of Heavy Fossil-Fuel Fractions 
(Publication 16) 

B.J. Schwarz and J.M. Prausnitz 

A correlation is developed for calculation of ther
modynamic properties of heavy fossil fuels, based on 
a recent version of the perturbed-hard-chain equa
tion of state. Since the correlation does not require 
experimental vapor pressqres or densities as input 
data, it is useful for heavy fossil fuels where vapor 
pressure!i. and densities are difficult or impossible to 
measure. For fossil-fuel fractions, equation-of-state 
parameters are found from approximate molecular
structure (characterization) data coupled with a cali
bration based on pure-component (model com
pound) data. Interaction parameters are given for 
mixtures of fossil fuels with methane, ethane, carbon 
dioxide, hydrogen, and hydrogen sulfide. While the 
correlation presented here is useful for calculating 
vapor-liquid equilibria, it is not intended for conven
tional fossil fuels, where other correlations are satis
factory. Instead, it is intended for heavy fossil fuels, 
where conventional correlations are often not reli
able and where the usual input data are often una
vailable. 

9. Work in Progress 

Efforts are directed at experimental and 
molecular-thermodynamic studies of (a) high
pressure vapor-liquid equilibria in multicomponent 
aqueous systems containing salts and common gases; 
(b) liquid-liquid equilibria for ternary mixtures of 
water, thiophene, and pyridine; (c) high-pressure 
liquid-liquid equilibria in aqueous systems contain
ing polymers, salts, and carbon dioxide; (d) solubili
ties of agricultural products in compressed carbon 
dioxide; (e) phase equilibria in aqueous mixtures 
containing water-soluble polymers and biomolecules; 
(f) enzyme-catalyzed transesterification in 
compressed carbon dioxide; (g) phase equilibria in 
the critical region of binary and ternary mixtures; 
and (h) enzyme-catalyzed production of high-value 
chemicals using a reversed-micelle reactor. 
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Actinide Chemistry* 

Norman M. Edelstein, Richard A. Andersen, 
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. 

ACTINIDE-SPECIFIC SEQUESTERING 
AGENTS 

The purpose of this work is the preparation and 
characterization of a series of encapsulated, kineti
cally inert lanthanide amine complexes. Such com-

*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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plexes are of interest in nuclear medicine (diagnosis 
and radiation therapy) and can serve as models for 
the synthesis of sequestering agents for the actinides. 
A novel template approach is used for the encapsula
tion of the lanthanide ion. The resulting complexes 
are characterized by spectroscopic methods, includ
ing single-crystal x-ray diffraction, and by electro
che,mical techniques. 

1. Kinetically Inert Lanthanide Amine 
Complexes (Publication 43) 

P.H. Smith t and K.N. Raymond 

The purpose of this work is to answer three basic 
questions: (1) Is it possible to encapsulate a 
lanthanide ion in a ligand cage, thereby rendering it 
kinetically inert to ligand exchange? (2) If so, what 
are the properties of such materials? (3) Using 
amine ligation, what can be learned about the 
lanthanide amine coordination chemistry? 

To answer these questions, complexes of La, Ce, 
Pr, Eu, and Yb with 1, 9-bis(2-aminoethyl)-
1,4,6,9,12,14-hexaazacyclohexadecane (L) (Figure I-
1) have been prepared, using a previously described 
template approach, involving the reaction of the 
metal trifluoromethanesulfonate (trif) salt as the tem
plate source with two equivalents of the tetradentate 
amine 2, 2', 2/1-tris(2-aminoethyl)amine (tren) and an 
excess of the formaldehyde derivative 
bis(dimethylamino)methane. An analogous lantha
num triflate complex, [La(L')j(trif)3 [L' = N,N'
bis(tris-2-aminoethylamino )methanej, has been 
prepared and structurally characterized (see Figure 
1-2). The structure is similar to the previously 
described dibridged complex [LaLj(trif)3"CH3CN, and 
a comparison of these structures suggests possible 
explanations for the difficulties in obtaining the fully 
encapsulated lanthanide complex. 

The preparation and structure of the first exam
ple of a mixed ligand lanthanide amine complex, 
[Pr(tren)(trien)j(trif)3 [trien = triethylenetetraminej 
(Figure 1-3), was investigated in an attempt to 
characterize the preferred geometry and appropriate 
bridging units for interconnecting the amine groups. 

tpresent address: Los Alamos National Laboratory, Los Alamos, 
NM. 
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Figure 1-1. ORTEP drawing of the dibridged cation 
[La(L)(trif)f+ , along with a schematic drawing of the dibridged 
ligand. (XBL 8712-5355) 

Mono·Bridged 

L' 

Figure 1-2. ORTEP drawing of the monobridged cation 
[La(L')(trif)2j+, along with a schematic drawing of the monobridged 
ligand. (XBL 8712-5356) 
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Figure 1-3. ORTEP drawing of the cation [Pr(tren)(trien)(trif)j2+, 
along with a schematic drawing of the complex. (XBL 8712-
5357) 

SYNTHETIC AND STRUCTURAL STUDIES 
OF ACTINIDES AND OTHER COMPOUNDS 

2. Electron-Transfer Reactions of Divalent 
Ytterbium Metallocenes; Synthesis of the Series 
[(Me

S
C

5
)2 Ybb [/-L-Ej, where E is 0, S, Se, or 

Te, and Crystal Structure of [(MesCS)2 Ybb [/-L-Sej 
(Publication 34) 

D.J. Berg, c.J. Burns, R.A. Andersen, and A. Zalkin 

The preparation of the divalent, base-free com
pounds (MesCshM, where M = Eu or Sm, from their 
respective diethyl ether complexes is described. 
Reaction of (MesCshM, where M = Yb or Sm, with 
N20 gives [(MesCshMj2 [wOj in high yield. Addi
tionally, (MesCsh Yb reacts with Ph3PS or As2S3 or 
COS, Ph3PSe or elemental Se, n-Bu3PTe or elemen
tal Te, to give the bridging chalcogenides 
[(MesCsh Ybj2 [wEj, where E is S, Se, or Te, respec
tively. Magnetic susceptibility studies show that 
there is no magnetic exchange between the paramag
netic f-metals across the bridging group-16 dianions. 
The variable-temperature magnetic studies also show 
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chemical principles of actinide compounds are 
obtained with which to design new synthetic schemes 
to produce new materials. 
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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 
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actinide inorganic complexes are continuing. Studies 
on optical spectra of free ions and actinide ions in 
crystals are being pursued in order to understand 
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pie xes are of interest in nuclear medicine (diagnosis 
and radiation therapy) and can serve as models for 
the synthesis of sequestering agents for the actinides. 
A novel template approach is used for the encapsula
tion of the lanthanide ion. The resulting complexes 
are characterized by spectroscopic methods, includ
ing single-crystal x-ray diffraction, and by electro
chemical techniques. 

1. Kinetically Inert Lanthanide Amine 
Complexes (Publication 43) 

P.H. Smitht and K.N. Raymond 

The purpose of this work is to answer three basic 
questions: (1) Is it possible to encapsulate a 
lanthanide ion in a ligand cage, thereby rendering it 
kinetically inert to ligand exchange? (2) If so, what 
are the properties of such materials? (3) Using 
amine ligation, what can be learned about the 
lanthanide amine coordination chemistry? 

To answer these questions, complexes of La, Ce, 
Pr, Eu, and Yb with 1,9-bis(2-aminoethyl)-
1,4,6,9,12,14-hexaazacyclohexadecane (L) (Figure 1-
1) have been prepared, using a previously described 
template approach, involving the reaction of the 
metal trifluoromethanesulfonate (trit) salt as the tem
plate source with two equivalents of the tetradentate 
amine 2, 2', 2/1-tris(2-aminoethyl)amine (tren) and an 
excess of the formaldehyde derivative 
bis(dimethylamino)methane. An analogous lantha
num triflate complex, [La(L')j(trit)3 [L' = N,N'
bis(tris-2-aminoethylamino )methanej, has been 
prepared and structurally characterized (see Figure 
1-2). The structure is similar to the previously 
described dibridged complex [LaL](trit)3·CH3CN, and 
a comparison of these structures suggests possible 
explanations for the difficulties in obtaining the fully 
encapsulated lanthanide complex. 

The preparation and structure of the first exam
ple of a mixed ligand lanthanide amine complex, 
[Pr(tren)(trien)j(trit)3 [trien = triethylenetetraminej 
(Figure 1-3), was investigated in an attempt to 
characterize the preferred geometry and appropriate 
bridging units for interconnecting the amine groups. 

tpresent address: Los Alamos National Laboratory, Los Alamos, 
NM. 
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Figure 1-1. ORTEP drawing of the dibridged cation 
[La(L)(trif)j2+ • along with a schematic drawing of the dibridged 
ligand. (XBL 8712-5355) 

Mono·Bridged 
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Figure 1-2. ORTEP drawing of the monobridged cation 
[La(L')(trif)2J+. along with a schematic drawing of the monobridged 
ligand. (XBL 8712-5356) 
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Figure 1-3. ORTEP drawing of the cation [Pr(tren)(trien)(trif)j2+, 
along with a schematic drawing of the complex. (XBL 8712-
5357) 

SYNTHETIC AND STRUCTURAL STUDIES 
OF ACTINIDES AND OTHER COMPOUNDS 

2. Electron-Transfer Reactions of Divalent 
Ytterbium Metallocenes; Synthesis of the Series 
[(MeSC5)2 Ybb [ll-Ej, where E is 0, S, Se, or 
Te, and Crystal Structure of [(MesCS)2 Ybb [ll-Sej 
(Publication 34) . 

DJ Berg, CJ Burns, R.A. Andersen, and A. Zalkin 

The preparation of the divalent, base-free com
pounds (Me5C5hM, where M = Eu or Sm, from their 
respective diethyl ether complexes is described. 
Reaction of (Me5C5hM, where M = Yb or Sm, with 
N20 gives [(Me5C5hMj2 [wOj in high yield. Addi-· 
tionally, (Me5C5hYb reacts with Ph3PS or AS2S3 or 
COS, Ph3PSe or elemental Se, n-Bu3PTe or elemen
tal Te, to give the bridging chalcogenides 
[(Me5C5h Ybb [Il-Ej, where E is S, Se, or Te, respec
tively. Magnetic susceptibility studies show that 
there is no magnetic exchange between the paramag
netic f-metals across the bridging group-16 dianions. 
The variable-temperature magnetic studies also show 
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Figure 2-1. I(Me5C5hYbblwSej viewed down a line connecting 
the centroids of the Cp rings; 50% probability ellipsoids. 
(XBL 8711-4920) 

that (Me5C5hSm and [(Me5C5hSmb [Ji-O] display 
temperature-independent paramagnetism, as 
predicted by Van Vleck. 1 The crystal structure of 
[(Me5C5h Ybb [Ji-Se] is tetragonal, P42 1c, with a = 
14.984(5) A and c = 19.165(9) A. For Z = 4 the cal
culated density is 1.491 g/cm3. The structure was 
refined by full-matrix least squares to a conventional 
R factor of 0.031 [3797 data, F2> 20"(f2)] (see Figure 
2-1). The selenium atom is on a twofold axis and 
bonds to two Yb atoms in a nearly linear structure 
[Yb-Se-Yb angle: 171.09(6)"]. The Yb atom is 1]5-
bonded to two cyclopentadienyl rings and is on a 
plane defined by the centers of the two rings and the 
selenium atom. Distances are Yb-Se: 2.621(1) A; 
Yb-C (avg): 2.609(7) A; Yb-Cp (ring centroid): 
2.319(2) A. 

I. J.H. Van Vleck, The Theory of Electron and Magnetic Suscep
tibilities, Clarendon Press, Oxford, 1932. 

3. Preparation and Crystal Structure of 
Addition Compound MeLi'U[OCH(CMe3h]4, a 

. Compound with a Uranium-to-Carbon Sigma 
Bond (Publication 35) 

J.L. Stewart and R.A. Andersen 

Reaction of MeLi and U[OCH(CMe3h]4 gives the 
addition compound LiU(Me)[OCH(CMe3h]4, which 
in the solid state has a geometry based on square 
pyramidal uranium with the apical site occupied by a 
methyl group and the four basal sites occupied by 
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Figure 3-1. ORTEP drawing of LiU(Me)I(OCH)(CMelhk 
(XBL 874-1668) 

oxygen atoms of the alkoxide ligand, two of which 
form bridges to the lithium atom. An ORTEP draw
ing of the compound is shown in Figure 3-1. 

4. Crystal Structures of (MeC5H4)4U2(.U-NRh 
Unsymmetrical Bridging, R = Ph, and 
Symmetrical Bridging, R = SiMe3, Organoimide 
Ligands in Organoactinide Compounds 
(Publication 36) 

J.G. Brennan, R.A. Andersen, and A. Zalkin 

The tetravalent uranium complexes with bridg
ing organoimide ligands, (MeC5H4hU (Ji-NRh, have 
been prepared by the valence conproportionation 
reaction of (MeC5H4hUthf and (MeC5H4hUNR. 
X-ray crystallographic study of R = Ph and SiMe3 
shows that the NPh group asymmetrically bridges 
the two uranium fragments, whereas the NSiMe3 
group symmetrically bridges the two uranium frag
ments. Crystals of (MeC5H4)4U2(NPhh are monoc
linic, P2dn, with a = 14.738(3) A, b = 9.933(2) A, c 
= 10.612(2) A, and (3 = 102.11(2t at 23°C. For Z = 2 
(dimers), the calculated density is 2.13 g/cm3. The 
structure was refined by full-matrix least squares to a 
conventional R factor of 0.029 [1600 data, 
F2 > 20"(F2)] (see Figure 4-1). Crystals of 
(MeC 5H4)4 U 2(NSiMe3h also are monoclinic, P2 dn, 



Fi~ure. 4-1. ORTEP drawing of (MeCsH4)4U2(NPhh; thermal 
ellIpsOids at 50% probability level. (XBL 8711-4922) 

with a = 15.761(6) A, b = 9.389(4) A, c = 11.052(4) 
A, and (3 = 101.36(3)" at 23°e. For Z = 2 (dimers), 
the calculated density is 2.00 g/cm3 (see Figure 4-2). 
The structure was refined by full-matrix least squares 
to a conventional R factor of 0.023 [2544 data, 
F2 > 2u(F2)]. Both complexes are dimers in which 
the two (MeC5H4hU fragments are bridged by the 
organoimide group so that an inversion center is 

Fi~ure. 4-2. ORTEP drawing of (MeCsH4)4UiNSiMe3)2; thermal 
ellIpsOids at SO% probability level. (XBL 8711-4923) 
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located in the center of the U2N2 ring. The bridging 
U-N distances are 2.156(8) A and 2.315(8) A in the 
NPh complex and 2.217(4) A and 2.230(4) A in the 
NSiMe3 complex. 

5. Crystal Structures of (MeCsH4hM(L), where 
M is Uranium or Cerium and L is Quinuclidine 
or P(OCH2hCEt; Evidence for Uranium to 
Phosphorus 1l'-Backbonding (Publication 37) 

J.G. Brennan, S.D. Stults, R.A. Andersen, and 
A. Zalkin 

The synthesis and x-ray crystal structure of 
(MeC5H4hM(L), where M is Ce or U and L is 
N(CH2CH2hCH or P(OCH2hCEt, is described. 
Qystals of (MeC5H4hUN(CH2CH2hCH are triclinic, 
PI, with a = 10.604(4) A, b = 13.552(6) A, c = 

8.333(4) A, a = 100.20(4)", (3 = 74.78(4)", and 'Y = 
104.13(4)" at 23°e. For Z = 2, the calculated density 
is 1. 7 51 g/cm 3. The structure was refined by full
matrix least squares to a conventional R factor of 
0.022 [4209 data, F2 > 2u(F2)]. Cry~als of 
(MeCsH4hCeN(CH2CH2hCH are triclinic, PI, with a 
= 10.609(4) A, b = 13.586(5) A, c = 8.348(5) A, a = 

100.15(4)", (3 = 74.75(4)" and 'Y = 104.01(3)" at 23°e. 
For Z = 2 the calculated density is 1.451 g/cm3. The 
structure was refined by full-matrix least squares to a 
conventional R factor of 0.024 [4516 data 

2 2 ' F > 2u(F )] (see Figure 5-1). The uranium(III) and 
cerium(III) atoms are each bonded to three cyclopen
tadienyl rings; the average U-C and Ce-C distances 
are 2.82 ± 0.03 A and 2.85 ± 0.03 A, respectively. 
The U-N and Ce-N distances are 2.764(4) A and 
2.789(3) A, respectively. Crystals. of 
(MeC5H4hUP(OCH2hCEt (see Figure 5-2) and 



Figure 5-2. ORTEP drawing of (CH3C5H4hU'P(OCH2hCC2H5' 
M = U. Only one conformation of the disordered ring C(7)-C(11) 
is shown. (XBL 8711-4919) 

(MeCsH4hCeP(OCH2hCEt are orthorhombic, 
P2 1212b Z = 4. The structures of the two isomor
phous complexes were determined by single-crystal 
x-ray diffraction methods and refined by full-matrix 
least squares. For the uranium complex, a = 

13.122(5) A, b = 16.363(5) A, and c = 10.922(4) A at 
23°C; the calculated density is 1.806 g/cm3; the final 
R factor is 0.044 [2292 data, F2 > 3a(F2)]. For the 
cerium complex, a = 13.163(7) A, b = 16.443(7) A, 
and c = 10.976(4) A at 23°C; the calculated density is 
1.509 g/cm3; the final R factor is 0.046 [3195 data, 
F2 > 3a(F2)]. The metal atom is tetrahedrally bound 
to the three cyclopentadienyl rings and a phosphorus 
atom. The U-P and Ce-P distances are 2.988(6) A 
and 3.086(3) A, respectively; the average U-C and 
Ce-C distances are 2.80 ± 0.05 A and 2.82 ± 0.03 
A, respectively. The metal-to-Lewis-base bond 
lengths are rationalized in terms of U-P 'If
backbonding and the lack of 'If-backbonding in both 
of the amine complexes and in the cerium phosphite 
complex. 

6. (Me5C5hYb(wMe)Be(C5Me5): A Model for 
Methane Coordination? (Publication 7) 

c.J. Burns and R.A. Andersen 

The concept of NH3 or CH3- acting as a Lewis 
base by donating a pair of electrons in a a-symmetry 
orbital to a vacant a-symmetry orbital on a metal 
fragment is a fundamental principle of inorganic 
coordination and organometallic chemistry. The 
frontier orbitals of the Lewis base are of a-symmetry, 
and therefore they are called a-donors. In principle, 
the methyl group in a compound such as CH3X 
could act as a a-donor towards a Lewis acid provided 
that X is more electropositive than the methyl group, 
such as in the molecule MeBe(CsMes), in which the 
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dipole moment is in the direction of the a-methyl 
group. Such a complex, (MesCsh Yb(J.L
Me)Be(C5MeS), may be prepared from (MesCshYb 
and MeBe(CsMes). A single-crystal x-ray diffraction 
study at - 80°C (see Figure 6-1) shows that the Yb
C(Me)-Be angle is I 77.2(3t; the averaged Yb-C-H, 
Be-C-H, and H-C-H angles are 69.6 ± 5.r, 110.6 ± 
4. r, and 108.3 ± 8.2°, respectively; and the Yb
C(Me) distance is 2.766(4) A. 

7. Tris(methylcyclopentadienyl)uranium(III) 
(p-Dimethylaminopyridine) (Publication 13) 

A. Zalkin and J.G. Brennan 

The complex (CSH4MehU(p-Me2NyH4N) was 
synthesized. The crystals are triclinic, PI, with a = 

15.541(6) A, b = 17.155(7) A, c = 10.303(4) A, ex = 

106.83(4t, {3 = 106.52(4t, and 'Y = 67.04(4t at 23°C 
(see Figure 7-1). For Z = 4, Dx = 1.671 g/cm3. The 
structure was refined by full-matrix least squares to 
an R factor of 0.033. Two independent but chemi
cally similar molecules are found in the unit cell. 
The U(III) is at the center of a distorted tetrahedron 
consisting of the pyridine N atom and the centroids 
of the three cyclopentadienyl rings. Distances are: 
U-N, 2.662(13) A and 2.627(12) A; average U
C(ring): 2.82(4) A; average U-Cp: 2.56(2) A. 

Vb -C1 2.766(4) A Vb· C1 • Be 177.2 (3)" 

Be· C1 1.705(6) A 

Vb···H11 2.54(4)A Be-C1-H11 115.2(2.4)" 

H12 2.51 (5) A H12 113.0 (3.1)" 

H13 2.71 (6) A H13 103.5(5.0)" 

Figure 6-1. ORTEP drawing of (Me5C5hYb(,u-Me)Be(C5Me5)' 
(XBL 874-1666) 
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Figure 7-1. ORTEP drawing of (MeC5H4hU'(NC5H4NMel); 50% 
probability ellipsoids. (XBL 8711-4921) 

8. Preparation and Crystal Structures of 
Tetrakis(methyltrihydroborato)uranium(lV) 
Bis(tetrahydrofuranate) and 
Tetrakis(methyltrihydroborato)uranium(lV) 
Tetrahydrothiophenate (Publication 22) 

R. Shinomoto, A. Zalkin, and N.M. Edelstein 

The U(lV) complexes U(B3H3k20C4Hg (I) and 
[(BH3CH3)4U·SC4Hg]2 (II) were synthesized and their 
structures determined. Crystals of (I) are orthorhom
bic, Aba2, with a = 12.911(3) A, b = 16.072(4) A, and 
c = 10.116(4) A at 23°C (see Figure 8-1); for Z = 2 
the calculated density is 1.574 g/cm3. Crystals of (II) 
are monoclinic, P2i/c, with a =12.054(2) A, b = 
16.372(3) A, c = 18.545(3) A, and {j = 108.82(2t at 
23°C (see Figure 8-2); for Z = 4 the calculated den
sity is 1.694 g/cm3. The structures were refined by 
full-matrix least squares to a conventional R factor 
of 0.028 (I) and 0.038 (II). The tetrahydrofuran 

Figure 8-1. ORTEP drawing ofU(BH3CH3k2(OC4Hs); 50% pro
babilityellipsoids. (XBL 8410-4299) 

208 

Figure 8-2. ORTEP drawing of [U(BH3CH3kSC4Hsb; 50% pro
bability ellipsoids. (XBL 8410-430 I) 

complex is monomolecular, with the uranium atom 
on a twofold axis and coordinated to four methyl
trihydroborato and two tetrahydrofuran ligands; the 
U-B distances are 2.55(2) A and 2.58(2) A, and the 
U-O distance is 2.485(6) A. The tetrahy
drothiophene complex is a dimer in which two sulfur 
atoms bridge the uranium atoms of two 
tetra(methyltrihydroborato )uranium(lV) molecules; 
the U-B distances range from 2.468(2) to 2.591(2) A, 
and the U-S distances are 3.120(4) and 3.239(5) A; 
the S-S and U-U distances in the bridge are 3.477(5) 
and 5.374(1) A, respectively. 

9. Preparation of Some Lewis Base Adducts of 
Tris(methyltrihydroborato)Ho and Yb and 
Crystal Structures of Tris(methyltrihydrobor
ato)ytterbium(III) Etherate and Tris(methyl
trihydroborato )holmium(III)bis(pyridine) 
(Publication 23) 

R. Shinomoto, A. Zalkin, and N.M. Edelstein 

The complexes M(B3H3h-0(C2Hsh (M = Lu, Vb, 
or Ho), M(B3H3h·OC4Hg (M = Lu, Vb, or Ho), 
M(B3H3h-20C4Hg (M Lu or Vb), and 
Ho(BH3CH3h·2C6HsN were prepared and character
ized. Crystals of (CH3BH3hYb(III)·O(C2Hs) are 
monoclinic, P2i/n, with a = 10.745(4) A, b = 
15.647(4) A, c = 9.215(3) A, and (j = 90.78(2)" at 
23°C (see Figure 9-1); for Z = 4 the calculated den
sity is 1.431 g/cm3. Crystals of 
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(CH3BH3hHo(III)'2(C5NH5) are triclinic, PI, with a 
= 9.370(4) A, b = 12.155(2) A, c = 8.840(2) A a = 
80.47(~)", (3 = 107.41(2)", and 'Y = 95.15(2)" at '23°C 
(see Figure 9-2); for Z = 2 the calculated density is 
1.32~ g/cm3. The structures were refined by full
matrIX least squares to conventional R factors of 
0.040 and 0.023, respectively. The ytterbium com
plex is monomeric with the ytterbium atom 
tetrahedrally coordinated to three boron atoms and 
an ethyl oxygen atom; the Yb-B distances are 
2 .. 40(2) A; 2.41 (2) A, and 2.43(2) A, and the Yb-O 
distance IS 2.23(1) A. The holmium complex is a 
monomer with the holmium atom at the center of a 
trigonal bipyramid that has three boron atoms on the 
equator and two nitrogen atoms at the apices; the 

Figure 9-2: <?RTEP drawing of (CH3BH3h2(NC5H5); 50% pro
bablhtyelhpsolds. (XBL 8410-4300) 
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Ho-B distances are 2.483(6) A, 2.495(6) A, and 
2.520(5) A, and the Ho-N distances are 2.535(4) A 
and 2.555(4) A. 

10. Preparation and Crystal Structures of 
Complexes of U(BH3CH3)4 with 1,2-
Dimethoxyethane, N,N,N',N'
Tetramethylethylenediamine, and 1,2-
Bis(methylthio )ethane (Publication 21) 

R. Shinomoto, A. Zalkin, N.M. Edelstein, and 
D. Zhang 

Complexes of U(BH3CH3)4 with 
MeOCH2CH20Me (I), Me2NCH2CH2NMe2 (II), and 
MeSCH2CH2SMe (III) were synthesized and their 
molecular structures determined. Complex (I) is 
tetragonal, P4/n, with a = 21.822(8) A, c = 7.681(5) 
A, Z = 8, dx = 1.61 g/cm3, and R = 0.028 (see Figure 
10-1). Complex (II) is monoclinic, P2dn, with a = 
10.206(4) A, b = 15.436(6) A, c = 12.880(5) A, (3 = 
92.25(3)", dx = 1.54 g/cm3, and R = 0.0~9 (see Figure 
10-2). Complex (III) is triclinic, PI, with a = 

8.937(4) A, b = 13.692(4) A, c = 8.186(3) A, a = 

96.46
3
(4)", (3 = 97.64(4)", 'Y = 74.07(4)", dx = 1.66 

g/cm , and R = 0.023 (see Figure 10-3). With one 
exception, all BH3CH3 groups are coordinated to the 
uranium atoms by tridentate hydrogen bridges with a 
U-B bond distance of 2.55(2) A. For (II), one B 
a~om is coordinated to the uranium atom through a 
bmdentate hydrogen bridge with a U-B distance of 

e 

/1 C7 

B' ~ ;:, \c5 C'0 ~ 
Figure 10-1. ORTEP drawing of U(BH3CH ) . 
MeOCH2CH20Me; 50% probability ellipsoids. (XBL 843-1027) 4 



Figure 10-2. ORTEP drawing of U(BH3CH3k 
Me2NCH2CH2NMe2; 50% probability ellipsoids. (XBL 843-1028) 

2.72(2) A and a U-B-C angle of 142(2t. Uranium is 
coordinated to the 0, N, or S atoms with average 
distances of 2.58, 2.73, and 3.07 A, respectively. 

Figure 10-3. ORTEP drawing of U(BH3CH3kMeSCH2CH2SMe; 
50% probability ellipsoids. (XBL 843-1026) 
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11. Synthesis of Bis(7J-l ,3,5-tri-t-butylbenzene) 
Sandwich Complexes of Yttrium(O) and 
Gadolinium(O); the X-Ray ~rystal Structure of 
the First Authentic Lanthanide(O) Complex, 
[Gd(7J)Bu3C6H3hl (Publication 12) 

J.G. Brennan, F.G.N. Cloke, A.A. Sameh, and 
A. Zalkin 

The vapors of yttrium and gadolinium react with 
1,3,5-tri-t-butylbenzene to produce the metal(O) com
plexes [M(1]-tBu3C6H3h], where M = Y or Gd. The 
x-ray crystal structure of the gadolinium complex 
shows the molecule to possess a parallel-ring 
sandwich structure (see Figure 11-1), The crystals of 
Gd[(t-C4H9hC3]2 are triclinic, PI, with a = 10.387 A, 
b = 10.579 A, c = 9.847 A, a = 72.45(5)", (3 = 
61.78(4)", and 'Y = 66.14(4t; for Z = 1, dx = 1.250 
g/cm3. The structure was refined by full-matrix least 
squares to an R factor of 0.033. The Gd atom is on 
the center of symmetry and is sandwiched by two 
cyclopentadienyl rings at a distance of 2.219 A; the 
Gd-C range is 2.59-2.66 A. 

Figure 11-1. ORTEP drawing of ['Bu3C6H3)hGd; 50% probability 
ellipsoids. (XBL 8711-4925) . 



12. Phases in the System XeF2/XeF5AsF6 and 

Structural and Vibrational Evidence for the 

Ionization Pathway: XeF2 - XeF+ + F

(Publication 26) 

B. Zemva, A. Jesih, D.H. Templeton, A. Zalkin, 
A.K. Cheetham, and N. Bartlett 

A fusion-temperature versus composItIOn curve 
has been obtained for the system XeF2/XeF5AsF6 
(see Figure 12-1). The fusion
temperature/composition curve indicates compound 
formation at XeF2-to-SeF5AsF6 ratios of 1:2 at 
89SC, 2:1 at 59SC: and 3:1 at 74.0°e. Other 
simple-integer ratios are also suggested: 1: 1 at 56SC 
and 3:2 at 56.0°e. The crystal structures of 
XeF2·2(XeF5AsF6) (I), XeF2·XeF5AsF6 (II), and 
2XeF2·XeF5AsF6 (III) were determined. All three 
crystallize in the monoclinic system. The XeF2 
molecule in all three compounds is linear, with Xe-F 
bond distances in the 1.97-2.06 A range. In (I) the 
XeF species are coordinated via their F ligands to 
two XeF5+ ions that are bridge-bonded to two AsF6-
ions to form a three-dimensional polymer (see Figure 
12-2). In (II) the structural unit is the formula unit, 
and these units are not interconnected; the XeF2 and 
the AsF6- each are coordinated via a fluorine bridge 
bond to the XeF5+ (see Figure 12-3). In (III) the for
mula unit is again a structural unit, and these units 
are not interconnected (see Figure 12-4). The three 
bridged flourine bonds to the XeF5+ come from each 
of the XeF2 molecules and from the AsF6- ion. In 
all cases the Xe-F distance in XeF2 is foreshortened 
by about 0.05 A when it is not involved in a bridge 
bond. Differences in the coordination number of the 
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Figure 12-1. Fusion-temperature composition curve for 
XeF2/XeFsAsF6. (XBL 8711-4924) 

211 

Figure 12-2. ORTEP drawing of XeF2·2(XeFs+ AsF6-); 50% pro
bability ellipsoids. (XBL 792-8266) 

XeF5+ cation in these complexes account for the 
polymeric or non polymeric nature of the complexes. 
Such differences are determined by the extent of ion
ization of the XeF2 species. The observed, essen
tially linear distortions of XeF2 are interpreted as 
points on the ionization pathway XeF2 - XeP + 
F-. From the force constants and associated intera
tomic distances, the isolated XeF+ ion is predicted to 
have a bond length of -1.92 A and a force constant 
of ,,;;;; 4.48 mdyne/ A. 

Figure 12-3. ORTEP drawing of XeF2'(XeFs+ AsF6-); 50% pro
bability ellipsoids. (XBL 792-8267) 
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Figure 12-4. ORTEP drawing of 2XeF2·(XeFs+ AsF6-); 50% pro
bability ellipsoids. (XBL 793-8719) 

PHYSICAL AND SPECTROSCOPIC 
PROPERTIES 

13. {Th(III)[1J5-C5H3(SiMe3hh}, an Actinide 
Compound With a 6d l Ground State 
(Publication 42) 

w.K. Kot, G. V. Shalimoff, N.M. Edelstein, 
M.A. Edelman, t and M.F. Lappert f 

The free ion of trivalent thorium [Th(III)] has a 
5fl ground configuration whose center of gravity is 
9897 cm -I below the center of gravity of the excited 
6d I configuration. The 7s I level is at 23,120 cm -I, 
while the 7PI/2,3/2 levels are found at energies greater 
than 60,000 cm - I above the ground state. Although· 

the free-ion spectrum of the isoelectronic ion Pa(IV) 
is not known, the difference between the centers of 
gravity of the ground 5fl configuration and the 
excited 6d I configuration for this ion is estimated to 
be - 50,000 cm -I from the interpolation of the 
known free-ion data for the isoelectronic series Ra(l), 
Ac(II), Th(lll), and U(V). Optical spectra of 
Pa(IV)/ThBr4 and PaCIl- showed that the lowest 5fl 

_ 6d I crystal-field transItIOn appeared at 
- 20,000 cm -I. Assuming that the total crystal-field 
splitting for the 6d l orbitals for PaCll- is -20,000 
cm -[, we estimate the splitting between the centers 
of gravity of the 5fl and 6d I configuration for 
PaCIl- to be -25,000 cm- I. Thus in this com
pound, the Pa(lV) 5fl _ 6d l (centers of gravity) 
splitting is lowered by 25,000 cm -[ from the free ion 
to the crystal. These arguments suggest that for 
Th(lll) in a crystal field, the ground state could arise 
from the 6d I configuration. 

The Th(lll) compound ThCp3 [Cp" = 7]5-
C5H3(SiMe2h -1 ,3] has recently been synthesized 
and structurally characterized. Electron pa,ramag
netic resonance (EPR) spectra of powdered samples 
and of solutions in dry, degassed methylcyclohexane 
were obtained at 10-300 K. The spectra obtained 
could be fit with the parameters of the spin
Hamiltonian 

Representative values of the g-tensor components at 
various temperatures are given in Table 13-1. 

An analysis of these g-tensor data is only con
sistent with a 6d I ground state for this Th(lll) com
pound. 

tpermanent address: School of Chemistry and Molecular Sciences, 
University of Sussex, Brighton BNI 9QJ, United Kingdom. 

Table 13-1 
Spin Hamiltonian parameters for Th[115_CsH3(SiMe3hb as a function of tem
perature. 

g g.L gAvg. Temp.(K) 

Methylcyclohexane 1.910 ± 0.001 300 
solution 

Methylcyclohexane 1.9725 ± 0.001 1.879 ± 0.001 1.910" 10-110 
solution 

Powdered solid 1.972 ± 0.001 1.878 ± 0.001 1.909" 10-300 

a. Calculated from 1/3(g + 2g.L)' 
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14. Optical and EPR Investigations of Np4+ in 
Single Crystals of ZrSi04 (Publication 40) 

I. Poirot, W. Kot, G. Shalimoff, N. Edelstein, 
M.M. Abraham, t C.B. Finch, t and L.A. Boatnert 

Polarized optical spectroscopy has been used to 
investigate the electronic structure of tetravalent nep
tunium incorporated as a dilute impurity in single 
crystals of the tetragonal host ZrSi04. Thirty-one 
levels were assigned from 30 intense polarized opti
cal transitions and used to obtain a fit to a 
parametric Hamiltonian to within an rms deviation 
of 34 cm -I. Thirteen other levels with comparable 
intensities and good polarization characteristics were 
observed. Inclusion of these levels using the param
eters from the 31-level fit, however, resulted in an 
increase of the rms deviation to approximately 100 
cm -I. EPR spectra of the ground crystal-field state 
were obtained at 4.2 K. The spin-Hamiltonian 
parameters, I g: ,I = 0.8 ± 0.6, I g-.ll = 2.59 ± 0.02, 
are in reasonable agreement with the values calcu
lated from the wave functions obtained from the opt
ical data analysis. 

tpermanent address: Solid State Division, Oak Ridge National 
Laboratory, Oak Ridge, TN 37831. 

15. EPR and Optical-Absorption Studies of 
Cm3+ in YP04 and LuP04 Single Crystals 
(Publication 17) 

M.M. Abraham, t L.A. Boatner, t C.B. Finch, t 
w.K. Kot, J. G. Conway, G. V Shalimoff, and 
N.M. Edelstein 

244Cm3+ has been incorporated as a dilute impur
ity in single crystals of the tetragonal-symmetry 
lanthanide orthophosphate hosts LuP04 and YP04. 
EPR spectroscopic observations were made of all of 
the excited doublets in the ground 8S7/2 multiplet of 
Cm3+ in both host crystals. Excited-state resonances 
were observed at both 77 and 4.2 K by use of X
band frequencies. The observed axial g values were 
used to compute the admixed wave functions for all 
four doublet levels in the ground manifold of Cm3+ 
and to calculate the g value expected for the lowest
lying doublet that could not be observed by EPR 
spectroscopy. Optical-absorption and Zeeman-effect 
investigations were carried out for Cm3+ in YP04, 
and a ground-state g value was obtained for the 
lowest-lying doublet in the ground-state manifold. 
The value was in excellent agreement with the value 
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predicted by use of EPR results for the three 
excited-doublet levels. The Mohr-circle construction 
was used to obtain additional information regarding 
the nature of the crystal-field interaction for Cm3+ in 
the two crystal systems. In particular, the tetragonal 
crystal-field interaction was found to be stronger in 
the YP04 host than in LuP04. Additionally, the 
crystal~field-induced admixtures were found to be 
smaller at 77 K than at 4.2 K for both hosts, and the 
signs of the Steven's parameters were determined to 
be positive for b2 and negative for b~. 

tpermanent address: Solid State Division, Oak Ridge National 
Laboratory, Oak Ridge, TN 37831. 

16. Reduced Biuranocenylene - a Mixed
Valence Organoactinide Compound? 
(Publication 15) 

D. Eisenberg and A. Streitwieser, Jr. 

Bis(bicyclooctatetraenyl)diuranium, biurano-
cenylene (see Figure 16-1), was partially reduced with 
potassium in THF-d8. The 1 H nuclear magnetic 
resonance (NMR) spectrum of the resulting mixture 
indicates that the remaining biuranocenylene under
goes fast electron exchange on the 1 H NMR time 
scale with its reduction product. Complete reduction 
results in a product that appears to be the mixed
valence (III-IV) biuranocenylene whose NMR spec
trum of seven different peaks indicates that it has 
equivalent cyclooctatetraene rings on the NMR time 
scale. If the structure was that of the U(III)-U(1V) 
compound with rapid intramolecular electron 
transfer on the NMR time scale, the visible spectrum 
would be expected to be a superposition of that of a 
uranocene with the uranocene reduction product; the 
latter is a featureless spectrum with a long tail. The 
visible spectrum of biuranocenylene is that of a typi
cal uranocene; on reduction the characteristic urano
cene cascade of peaks diminishes and finally disap
pears, and the tail into the visible increases, indicat-

Figure 16-1. Biuranocenylene. (XBL 8712-5354) 



ing that the mixed-valence compound is not valence 
localized on the visible time scale. That is, the 
reduction product has electronically equivalent 
uraniums in which the five 5f electrons are delocal
ized such that each uranium has an intermediate oxi
dation state of 3 1/2. 

17. The Structures and Energies of Main Group 
Metal Formyl Complexes. The Mechanism of 
the Reaction of LiH with CO. An Ab Initio 
Study (Publication 29) 

E. Kaufmann, t P. Schleyer, S. Gronert, 
A. Streit wieser, Jr., and M. Halpern 

Direct insertions of carbon monoxide are now 
common in early transition metal and actinide com
pounds; for example, Marks I has demonstrated rapid 
reversible addition of CO to 
alkoxybis(pentamethylcyclopentadienyl)thorium 
hydrides to generate formyl-thorium complexes. 
Spectrometric data, such as the low C=O frequencies 
of about 1477 cm- I , imply [17]2 coordination of the 
formyl ligand to the metal, and such [17]2 coordination 
has been used commonly in reaction mechanisms of 
such reactions. Thus, the nature of the bonding in 
such structures is of interest; in particular, since 
bonding to actinides frequently tends to be highly 
ionic, the important question is whether such [17]2 
coordination can result from purely ionic interac
tions or whether novel types of covalent interactions 
are required. Theoretical calculation of actinide 
compounds is still generally a formidable problem, 
but this question could be addressed by ab initio cal
culations of suitable lighter elements. 

In collaboration with the research group of Pro
fessor Paul Schleyer of the University of Erlangen
Nurnberg, formyl complexes, MCHO, of first- and 
second-row metals and metal hydrides were investi
gated by ab initio calculations (MP2/6-31+G*//6-
31 G* and lower levels). Both [17f (i.e., bridged struc
tures) and b]' coordination of the metals were found, 
but the former are favored for electropositive metals. 
Electron-density analysis shows that the formyl
metal bonding in such compounds is predominantly 
ionic. Figure 17-1 shows a projected electron density 
map of formyllithium with the 3-21 G* basis set. 
The minimum contour levels are used to demark the 
boundaries between atoms and are shown as dotted 
lines in the figure. The numbers indicate the 
integrated electron populations for each fragment 
and give a lithium charge of +0.88. 

Comparable structures are given for all of the 
bf-coordinated compounds with long C-O bond 
lengths of 1.24-1.25 A and small O-C-M bond angles 
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Figure 17-1. Projected electron-density map of formyllithium at 
3-21 G*, showing demarkation into atomic-like regions and 
integrated electron populations. (XBL 8712-5353) 

of about 65°. Optimization of HCOLi with correla
tion correction at the MP2/6-31 G* level had minor 
effects on the structure; the largest effect was a 
lengthening of the C-O bond length from 1.243 to 
1.277 A and the O-Li bond from 1.782 to 1.835 A. 
Natural populations also gave metal populations of 
about +0.85. Finally, if the interaction between the 
lithium cation and the formyl anion were completely 
ionic, then the 2s and 2p shell on lithium would be 
empty. By limiting the lithium to a basis set that 
contains only a Is shell, the lithium can be forced to 
interact completely ionically. This drastic change in 
basis sets results in only small changes in geometry. 

These results demonstrate that the [17]2 coordina
tion observed for acyl derivatives of actinides is a 
normal consequence of ionic bonding and does not 
necessarily represent unusual bonding modes.. Of 
course, this does not mean that covalent effects are 
necessarily negligible; for example, semiempirical 
extended Huckel theory results show that orbital 
overlap effects can explain significant stereochemical 
aspects of CO insertion into Th-H bonds.2 

tpermanent address: Institute of Organic Chemistry, University 
of Erlangen-Nurnberg, Federal Republic of Germany. 
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Studies of Materials Erosion in Coal 
Conversion and Utilization Systems* 

Alan V. Levy, Investigator 

INTRODUCTION 

The erosion and erosion-corrosion of materials 
were investigated at test conditions that related to 
the operating conditions in fluidized bed combustors, 
coal gasifiers, and steam turbines. Alternate, 
chromium containing steels were tested with both 
round and angular shaped particles to determine the 
effects of the morphology of the scales that formed 
on them and the resulting metal wastage rates. The 
erosivity of var'ious size bed material particles from 
an atmospheric fluidized bed was determined at 
elevated temperatures. The effect of solid solution 
strengthening of iron and copper base alloys on their 
erosion rates was investigated. Erosion protection 
coatings were studied over a range of test variables. 
The erosion-corrosion rates and mechanisms of tub
ing steels tested in a laboratory nozzle tester were 
compared to the metal wastage that occurred on in
bed tubes in an atmospheric fluidized bed combus
tor. A first attempt was made to identify a possible 
tradeoff between test variables to achieve an erosion 
severity parameter that would be common to both 
laboratory and in-service test exposures. 

1. Erosion-Corrosion of Scales on Alternate 
Steel Tubing Alloys (Publication 16) 

W. Bu-Qian 

The metal wastage mechanisms of commercial, 
chromium containing alloy steels were used as the 
basis for selecting and testing alternate compositions 
with lower chromium contents. Alloys containing 
small amounts of added silicon were tested and their 
metal loss rates were compared to similar composi
tions that contained normal amounts of silicon. The 
oxide scales that formed on the alternate alloys dur
ing erosion-corrosion tests at 650°C and 8500C were 
determined to retain the segmented scale morphol
ogy that was demonstrated in earlier work to result 

*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, and under Contract No. DE-AC03-
76SF00098. 
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in low metal wastage rates. Standard silicon content 
chromium alloy steels formed consolidated scales at 
the same test conditions that were temoved by a fas
ter, metal wastage mechanism. The differences in 
metal wastage rates were significant with the higher 
silicon content, 2-5% chromium alloys performing 
better than standard steels containing up to 20% 
chromium. The amount of difference in metal was
tage between the higher silicon and standard silicon 
content alloys decreased as the angularity of the ero
dent particles increased. The potential for the lower 
cost, alternate alloys to reduce metal wastage rates in 
erosion-corrosion environments is promising. 

2. The Erosivity of Fluidized Bed Combustor 
Bed Material (Publication 17) 

S. Zheng-Rong 

The bed material in fluidized bed combustors 
(FBCs) contains hard particles such as Si02 and 
A120 3, as well as CaO and CaS04 that cause metal 
wastage of in-bed heat exchanger tubes. An investi
gation was carried out using a laboratory nozzle tes
ter to determine the effect of the particles on the 
nature of the surface degradation. Bed material from 
the Canadian CANMET Pt. Tupper atmospheric 
FBC was obtained for testing and used as erodent 
with three particle sizes: 600, 250, and 130 J,!m in 
dia. Three alloys were tested: 9Crl Mo steel and 304 
and 310 stainless steels. It was determined that the 
largest size particles used were generally more ero
sive than smaller particles. The angular shaped bed 
material was more erosive than angular Al20 3 and 
SiC erodent particles used at the same elevated tem
perature erosion-corrosion test conditions in a 
laboratory nozzle tester. The 130 and 250 J,!m size 
particles formed a deposit on the surface of the test 
specimens at lower particle velocities that protected 
the surface somewhat, as occurs on in-bed tubes of 
FBCs. All metal loss was the result of erosion of 
oxide scale and its continual replacement by the oxi
dation of the base metal. 

3. Erosion of Solid Solution Strengthened 
Alloys (Publication 18) 

S. Zheng-Rong and W. Bu-Qian 

The hardening of many iron, nickel, and cobalt 
base structural alloys by various mechanical or ther-



mal processes to improve their erosion resistance has 
been investigated and has been found to not increase 
their erosion resistance. In order to determirie 
whether the last possible general strengthening 
mechanism for structural alloys that could be 
tried-solid solution strengthening-improved ero
sion resistance, both iron and copper base alloys 
were melted and room temperature erosion tested in 
the as-cast and rolled forms. It was determined that 
solid solution strengthening of eight different alloys 
did not improve their erosion resistance and, to 
some degree, had a small negative effect on their per
formance. There was relatively little difference in 
their erosion rates over a wide range of hardness. 
There was also essentially no difference in the ero
sion rates of as-cast and rolled versions of the same 
alloys. It appears that the solid particle erosion wear 
mechanism in ductile structural alloys transcends the 
strengthening mechanisms that generally increase the 
degradation resistance of alloys subjected to other 
types of forces. 

4. The Effects of Test Variables on the Erosion 
of Protective Coatings (Publication 19) 

W. Bu-Qian 

the use of coating systems to protect structural 
metal surfaces from elevated temperature small, 
solid particle erosion and erosion-corrosion can 
extend component life and permit operation in more 
severe environments. The room and elevated tem
perature erosion behavior of several hard material 
coating systems-i.e., carbides, borides, and 
nitrides-was determined over a range of test condi
tions. Particle velocities from 70 to 150 m/sec and 
test temperatures from 25°C to 540°C were used. 
Mechanisms of erosion were established and related 
to erosion rates in a manner that defined the require
ments of composition, morphology, and defect levels 
of coating systems for long term service. It was 
determined that small grain size, low porosity, and 
the absence of cracks were microstructural features 
that enhanced erosion resistance. Hardness levels 
and the composition and distribution of second 
phase, hard particles had less effect on coating per
formance. Angular silicon carbide particles were 
considerably more erosive than either alumina or 
mixed oxide, round shaped particles; and the ranking 
of the coatings' performances were different for each 
erodent and set of test conditions. 
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5. The Relationships Between Laboratory and 
In-Service Erosion-Corrosion Tests 
(Publication 20) 

M. Yang-Fa and N. Jee 

The comparative erosion-corrosion behavior of 
steels that are used in coal burning energy generation 
equipment as determined in both laboratory nozzle 
tester and FBC in-service exposures at elevated tem
peratures was analyzed. It was determined that the 
steels tested in both environments had the same 
types of metal wastage mechanisms and, generally, 
similar metal wastage rates. At shallow impingement 
angles and low particle velocities, scales formed on 
the steel surfaces that were segmented and were 
removed by a slow cracking and chipping mechan
ism. At steeper impingement angles and higher par
ticle velocities, consolidated scales occurred that 
were removed by a higher rate, spalling mechanism. 
As the chromium content of the steels was increased, 
the scales became thinner but were still removed by 
the same mechanisms. At lower particle velocities, 
protective erodent buildups occurred on the surface 
of alloys in both the laboratory and in-service tests. 

6. Work in Progress· 

Determination of Erosion-Corrosion Test Variable 
Tradeoffs (G. Gangquang) 

The possible development of an "erosion sever
ity" parameter based on tradeoffs between primary 
test conditions such as particle shape and velocity 
and test temperature is being investigated. Earlier 
work has indicated that combinations of various lev
els of test variables such as more rounded particles 
in combination with a higher test temperature could 
result in the same metal wastage rates as a more 
angular particle at a lower test temperature. The 
objective of the study will be to determine test vari
able tradeoff combinations that will make it possible 
to equate erosion severity in laboratory tests to in
service exposures without having to closely simulate 
the total in-service environment. 

Development of Low Velocity Erosion Tester 
(s. MacAdam) 

An erosion tester is being developed that can test 
specimens at particle velocities from < I to 10 



m/sec. The tester is designed to rotate flat surface 
specimens in a fluidized bed of erodent particles at 
elevated temperatures in a neutral or reactive gas 
atmosphere. 

Behavior of Alternate Alloy Steels at Low Elevated 
Temperatures (G. Gangquang) 

The very promising results obtained using alter
nate, low chromium content steels in erosion
corrosion tests at higher elevated temperatures to 
850°C will be pursued at lower test temperatures 
down to 300°C to determine if the low metal wastage 
rates happen at temperatures that occur in fluidized 
bed combustors. 

Erosion and Erosion-Corrosion of Materials 
(A. V. Leyy) 

The knowledge of the erosion and erosion
corrosion of materials in gas and liquid, solid parti
cle flows gained over the last decade of experimental 
work at LBL is being consolidated into a book. 
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Fundamental Studies of Catalytic 
Gasification* 

Heinz Heinemann, Investigator, with G.A. Somorjai, 
Investigator, and J. Carrazza 

INTRODUCTION 

This program studies the basic chemistry. of the 
reaction of carbonaceous materials with water in the 
presence of catalysts to produce hydrogen and/or 
synthesis gas. In the past this program has investi
gated the role of catalysts in the relatively low
temperature steam gasification of graphite and of 
chars. New mechanisms have been demonstrated, 
and it has been shown that combinations of alkali 
hydroxide with transition metal oxides form com
pounds that act as the true catalyst to produce 
mostly hydrogen and carbon dioxide. This has been 
further confirmed by surface science studies and by 
transmission electron microscopy. At the lower tem
peratures used (- 800 K), hydrogen and COz are the 
predominant products formed from graphite, but the 
effect of temperature and of the exact composition of 
the NiO/KOH catalyst that has been studied in the 
greatest detail on the COz/CO ratio remains to be 
defined. Similarly, a clear definition of the advan
tages of different alkali-transition metal oxide com
positions is required. It appears possible that with 
the right catalyst and conditions, eithersyngas or 
Hz + COz can be produced. 

1. Kinetics of the Steam Gasification of Chars 
(Publications 4 and 5) 

H. Heinemann 

Activation energies for K/Ni catalyzed steam 
gasification of graphite and of chars are identical, 
indicating that the same mechanism prevails though 
rates are much higher for chars. This result permits 
extrapolation of findings in high-vacuum equipment 
from graphite to chars. 

*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 Mor
gantown Energy Technology Center, Morgantown, WV 26505. 
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The kinetic properties of a catalyst derived from 
a mixture of KOH and Ni(N03h for steam gasifica
tion of three chars have been determined. Hz, COz, 
smaller amounts of CO, and negligible amounts of 
CH4 are the reaction products. The product distribu
tion is controlled by the activation energies for for
mation of the gases. The activation energies for Hz 
and COz formation are 29 and 36 Kcal/mol, respec
tively. The catalyst derived from the 
KOH/Ni(N03h mixture has better catalytic proper
ties, due to a cooperative effect between nickel and 
potassium, than the catalyst derived by loading the 
components alone. The mixture has a higher 
activity and lower activation energies for Hz and 
COz production than does KOH alone, and it has a 
higher resistance to deactivation than does Ni(N03h 
alone. 

The CO/COz ratio of gases produced in the pres
ence of a K/Ni catalyst along with hydrogen varies 
with different chars. The ratio is 0.8 for Illinois #6 
char and 0.08 for North Dakota char. Methane pro
duction is several orders of magnitude smaller and 
ceases after about 2 hours. North Dakota char, 
which has the highest ash content of all chars tested, 
showed higher gasification rates than the other chars 
tested and exhibited some activity even in the 
absence of an added K/Ni catalyst. However, this 
innate activity died within a few hours. North 
Dakota char was treated with steam until it was inac
tive, and then a K/Ni catalyst was added. Gasifica
tion now occurred at a higher rate than the initial 
one with the untreated char, and deactivation was 
extremely slow. About 40% of the char was gasified 
in 2 hours. A totally demineralized char (by treat
ment with HF/HCl) had no activity. Ni on this char 
had only slight activity, but NijK allowed 100% char 
consumption in 2 hours (see Figure 1-1). 

Deactivation of Ni/K containing char does not 
appear to be a function of reduced porosity or sur
face of the char during gasification, but of catalyst 
poisoning by ash components that can be deac
tivated by steaming. Potassium appears to interact 
with calcium in the ash, giving a eutecticum that 
wets the carbon and acts as a gasification catalyst, 
which is superior to either potassium or calcium 
alone in the absence of ash. Alkali earth-alkali mix
tures must therefore be investigated as potential 
catalysts. Nickel alone is very sensitive to the ash 
content of the char, apparently due to the interaction 
between nickel and either calcium or sulfur. It has 
almost no activity for gasifying the North Dakota 
char, in contrast to a short-lived high-level activity 
in the gasification of graphite and of low-ash chars. 
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Figure I-I. Rate of gas production as a function of carbon 
conversion, for all the gases formed from the steam gasification of 
demineralized char at 893 K, catalyzed by the nickel-potassium 
mixture. The molar ratio of nickel to potassium was equal to 0.9, 
and the catalyst loading was equal to 2.0 mmol cat/g char. The 
initial weight of char was 0.5 g. (XBL 884-1330) 

2. Surface Science Studies of Catalyst 
Components (Publications 4 and 5) 

H. Heinemann 

An x-ray photoelectron spectroscopy (XPS) study . 
of surface species on graphite after impregnation 
with KOH and/or NiN03 before and after gasifica
tion confirmed the chemical interaction of potassium 
and nickel compounds. The following results were 
found: (a) Nickel stabilizes potassium on the surface 
and prevents its vaporization at reaction tempera
ture. (b) Nickel alone, a brief-lived very active 
catalyst, becomes deactivated because it cannot wet 
the carbon surface. In the presence of potassium, 
wetting takes place. (c) Most of the nickel in the 
K/Ni catalyst is present in the Ni(+2) form, which is 
not reduced by carbon or hydrogen. It is possible 
that there is a very small amount (> 2%) of metallic 
nickel present in the NiO. It is also possible that 
under the influence of KOH or NiO(OH) a Ni( + 3) is 
formed, which may dissociate water (see Figure 2-1). 
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Figure 2-1. Summary of the results obtained with the catalyst 
derived from a mixture of KOH and Ni(N03l2- (XBL 884-1337) 

3. Reaction of Graphite with Various Gases 
(Publications 2 and 3) 

B. Marchon, G.A. Son1Orjai, and H. Heinemann 

Prior to an attempt to determine the surface 
species on carbonaceous materials formed by reac
tion with either CO, CO2, O2, or H20, experiments 
on adsorption and temperature-programmed desorp
tion (TPD) were carried out with graphite. CO, CO2, 
O2, and H20 chemisorption yield the same CO 
desorption precursor on three different sites, decom
posing at 700, 820, and 980°C. This species has been 
tentatively assigned to a semi-quinone functional 
group. As byproducts of the CO precursor, CO2 
adsorption gives gaseous CO, and H20 adsorption 
gives hydrogen atoms that either recombine to form 
H2 or form carbon-hydrogen bonds of two types, 
aromatic-like and aliphatic-like. The first type 
decomposes around lOOO°C to produce H2, and the 
second produces hydrocarbons below 500°c.. 

A small fraction of the CO precursors reacts with 
the adsorbing gas to produce the CO2 precursor, 
which then decomposes thermally between 200 and 
600°C. A lactone species has been proposed as the 
CO2 surface precursor. 



CO adsorbed at room temperature leads to the 
formation of a weakly bound species, assigned to a 
carbonyl group, and desorbs at 200°C as CO. Physi
cal wetting by water also leads to a weakly bound 
species, suggested to be a hydrate, and desorbs at 
350°C as H20. 

4. Work in Progress 

Work for the immediate future involves essen
tially two tasks: (1) A set of seven chars and their 
analyses have been received from Illinois Institute of 
Gas Technology. These chars vary in derivation, 
and in ash and sulfur content. The interaction of 
mineral,matter and catalysts will be further studied 
with these samples. (2) Mixtures of earth alkali and 
alkali salts will be studied as potential gasification 
catalysts. 
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ELECTROCHEMICAL ENERGY STORAGE 
Lutgard C. DeJonghe, James W. Evans, Rolf H. Muller, John Newman, Philip N. Ross, Jr., and 

Charles W. Tobias, Investigators 

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 galva no static 
control. The genesis of surface textures is stu
died, 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. 
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1. Mechanism of Leveling in Electrodeposition 
(Publication 10) 

J.o. Dukovic, K.G. Jordan, and C. W. Tobias 

According to the adsorption theory of leveling 
and brightening, the lower rate of diffusion of inhibi
tors into recesses, relative to transport to the more 
accessible areas on the surface, results in accelerated 
smoothing and evening of the electrodeposits. Simu
lation of advancing profiles based on the simultane
ous. solution of the Laplace equation for the electric 
fields, however, predicts a more rapid leveling action 
than is generally found by measuring actual deposit 
profile thicknesses. In our view this discrepancy is 
caused by a neglect of microscopic flows into 
recesses (notches, V-grooves) III computer
implemented simulations. 
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Figure 1-1. Streamlines in a notch resulting from Couette flow. 
Fluid motion originates from solid plane moving parallel to elec
trode at a distance of ten times the notch depth. Movement of 
electrolyte improves transport of inhibitor, thereby reducing level
ing action. (XBL 884-1323) 



Enhanced transport of inhibitors into recesses 
would tend to decrease the leveling action by 
interference with the deposition process in the more 
remote areas. As a first approach to the elucidation 
of this problem, we have solved the flow field in 
Couette andPoiseuille flows past angular notches 
over a range of Reynolds numbers and notch angles. 
The Polyflow program was used for the finite
element routine. Results indicate that there is a 
recirculation pattern in notches below a critical 
angle. As the Reynolds number is increased, the 

. recirculation region grows in strength and eventually 
becomes asymmetrical (see Figure 1-1). The solution 
of the convective diffusion equation based on the 
results of the hydrodynamic analysis indicates that 
these recirculation flows can indeed explain the 
decrease in leveling action when compared to a con
dition of stagnant electrolyte. Thus, while effective 
convective transport is essential for the transport of 
the reacting metal ion, the same condition has an 
adverse effect on leveling. 
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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. Experimental Observations of Free
Convection Mass Transfer to a Horizontal 
Surface with a Micromosaic Electrode 
(Publication 1) 

D. W. Dees and C. W. Tobias 

The classical limiting-current method was 
employed in performing mass-transfer experiments 
on a I-mm square micromosaic electrode facing 
upward in a horizontal position. The reduction of 
ferric to ferrous ions (Fe3+ + e = Fe2+) in the pres
ence of 1.0M H2S04 served as the indicator reaction. 
All 100 segments were polarized cathodically in the 
mass-transfer limiting region, but only to potentials 
less negative than necessary for the reduction of 
hydrogen ions. The current to each segment was 
measured, providing a direct quantitative measure of 
the mass-transfer rate of all individual segments. 

To monitor the current to each segment required 
computer data acquisition and control. A 128-
channel multiplexer connected to a current follower 
and a potentiostat were used for this purpose. Data 
sample rates range from 1.0 to 10kHz. The change 
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in limiting current to a segment after a potential step 
follows the Cottrell behavior (diffusion from a.semi
infinite column), but after about 20 seconds the 
Raleigh stability criterion is reached; the density gra
dient next to the electrode becomes large enough for 
free convection to commence. The current to each 
segment demonstrates regular periodic variation, 
with a period of 29 ± 1 sec. While the period of 
fluctuations remains constant, those of neighboring 
segments are not in phase with each other. An 
almost linear lag between distance and phase lag has 
been observed. In Figure 1-1 lines of constant phase 
lag are plotted every two seconds; the arrow points 
in the direction of increasing phase lag. This illus
trates the nature of the flow across the surface. 
From the distance between lines, a phase lag velocity 
of 40 Ilm/sec was determined. 

The periodicity indicates a repetitive fluid-flow 
pattern next to the electrode. The size of this pattern 
can be estimated from the period of fluctuations and 
the velocity with which it travels across. This velo
city multiplied by the period yields 1.1 mm for the 
characteristic length. The picture emerging from this 
analysis of the microhydrodynamic events at a hor
izontal electrode facing upward confirms the 
existence of Bernard-type cellular flows, a very effec
tive mechanism of fluid motion that enhances mass 
transfer to the surface in an otherwise stagnant pool 
of electrolyte. 
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Figure 1-1. Lines of constant phase lag of fluctuations in the 
free convection limiting current to hundred matrix segments, cov
ering a 1 X 1 mm area. Lines are plotted every two seconds; the 
arrow indicates increasing phase lag. Electrode reaction: 
Fe3+ + e = FeH . (XBL 838-6114) 



2. The Shape and Stability of Axisymmetric 
Gas Bubbles Attached to a Curved Surface 
(Publications 8 and 11) 

G.M. Whitney and C. W. Tobias 

The equation of Bashforth and Adams has been 
used to calculate the configurations of axisymmetric 
bubbles formed on a curved surface, such as on a 
hemispherical solid. The volume of the largest stable 
equilibrium bubbles that can adhere to a flat hor
izontal surface is a function of the characteristic 
length of the system, 

L= ~ 
[ ]

Y2 

c - pg , 

and the equilibrium contact angle 0 and is given by 

V max, flat = 0.285 02.96 (0 in radians) , 
7rLc3 

where 'Y is surface tension, p is density, and g is 
acceleration of gravity. 

The bubble configurations of maximum volume 
for contact angles greater than 600 have re-entrant 
contact angles. A stability analysis that accounts for 
axisymmetric disturbances in bubble shape extending 
over the entire surface of the bubble shows that, 
although re-entrant contact angles usually indicate 
instability, the profiles with re-entrant contact angles 
at the point of maximum volume are stable. 

The determination of maximum bubble volume 
has been extended to account for the destabilizing 
effect of the solid support curving away from the 
bubble. The situation described applies exactly to a 
bubble growing on a hemispherical protrusion on the 
surface, and by extension, to a bubble growing on a 
wire or screen. The reduction in the maximum 
stable bubble volume (V max, r w) for such a case can 
be described by the simple function 

V [r ]0.950 
V max, rw = ..; L (0 in radians) ; 

max,flat rw c 

where fw is the radius of the protrusion (see Figure 
2-1). 

This result is the first step in accounting for the 
role of the morphology of the substrate on bubble 
size, which profoundly affects the dynamics of gas 
evolution on electrode surfaces. In practice, gas is 
often evolved on more complex electrode geometries 
and on orientations other than horizontal, and 
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r = 0.85 0.64 0.32 mm 
max 

o o 

r = 1.61 1.06 0.47 mm 
max 

o 
Figure 2-1. Largest stable equilibrium bubble configurations 
with a contact angle of 30· (top row) and 60· (bottom row) on a 
flat horizontal surface facing upward; surface curvature rw = 
1.0 mm (middle) and rw = 0.1 mm (right). (XBL 876-2824) 

further extensions of the classical theory to describe 
these cases will prove valuable to understanding the 
factors affecting electrolytic gas evolution, and also 
nucleate boiling and mineral flotation. 
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Surface Layers on Battery Materials* 

Rolf H. Muller, Investigator 

INTRODUCTION 

Direct experimental information is obtained on 
the formation of surface layers on battery-electrode 
materials to determine factors responsible for 
enhanced cell performance. Present studies concern 
the formation of anodic oxides. A more broadly 
based program, conducted in part in collaboration 
with C.W. Tobias, is reported under "Electrochemi
cal Phase Boundaries" and "Electrochemical 
Processes. " 

1. Nucleation of Silver Oxide (Publication 3) 

s.T. Mayer and R.H. Muller 

A new mechanism for the anodic formation of 
silver oxide on silver has been derived from spec
troscopic ellipsometer measurements. The m~chan
ism involves the rapid formation of an oxide mono
layer followed by the slower growth of a thin pri
mary layer and simultaneous film dissolution; the 
latter process accounts for most of the oxidized 
material generated at low potentials. At sufficiently 
high potentials, the primary layer reaches a critical 
thickness (100-200 A) at which secondary crystals 
are nucleated. These crystals initially grow by the 
transfer of oxide materials from the primary layer, 
resulting in a sharp decrease in its thickness (see Fig
ure 1-1). After the crystals have grown to a point 
where their solubility no longer depends on size, the 
thickness of the primary layer before nucleation is 
re-established. 

2. Work in Progress 

A study of the anodic oxidation of copper in 
alkaline media by spectroscopic ellipsometry and 
scanning electron microscopy has been found to 
result in the initial growth of a compact CU20 layer, 
followed, at higher potential, by the formation of a 

*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. Thickness of primary or underlayer (A) and secon
dary or crystal layer (B) of silver oxide on silver derived from 
ellipsometer measurements for a film formed by a potential step 
at time zero to 200 mY versus Ag/Agl, 4M KCI. Note decrease of 
primary layer thickness at onset of secondary layer growth. 
(XBL 876-3024) 

highly porous Cu(OHh layer. The compositions of 
these films have been identified by the use of newly 
developed Raman spectroscopy equipment for in situ 
measurements and by ex situ x-ray diffraction. Pred
ictions of optical models agree well with measure
ments (see Figure 2-1). Angularly resolved elastic 
light scattering is also being developed to investigate 
the nucleation of anodic oxides. 

Ellipsometer measurements of anodic oxides 
with a 20-J.lm probe beam have revealed local varia
tions of film thickness and composition on a scale 
much smaller than the grain size (see Figure 2-2). 
For the further investigation of spatially varying sur
face layers, an analysis of different principles for the 
operation of an imaging ellipsometer with high spa
tial resolution has resulted in a preferred design that 
employs an array detector for photometric measure
ment. 
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Figure 2-1. Spectroscopic ellipsometer measurements (t., e, .) 
and corresponding model predictions (X, 0 , 0) for the anodic 
oxidation of copper in 1M KOH at 2211Ajcm 2 for 150 sec (.,0), 
320 sec (e, 0), and 493 sec (t., X). (XBL 884-1339) 
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Figure 2-2. Ellipsometric profiJometry of Ni(OHh with a 20-l1m 
probe beam. Locally varying refractive index and thickness on 
polycrystalline nickel of 200-300 11m grain size. Reduced form of 
102 A film after 5 potential cycles between -0.2 and +0.4 V vs 
HgjHgO in 1M KOH at 50mVjsec. (XBL 884-1340) 
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Electrode Kinetics and 
Electrocatalysis* 

P.N. Ross, 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 they 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 quasi-reversible, 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 
attractive on the basis of cost. The corrosion resis
tance of carbons is under investigation. 

*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 Contra"ct No. 
DE-AC03-76SF00098. 
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1. Structure-Property Relations for Surface 
Processes at the Metal/Solution Interface 
(Publication I) 

P.N. Ross 

The recent development of a special apparatus 
coupling electroanalytical cells directly to ultrahigh
vacuum (UHV) surface analytical chambers has 
made possible definitive determination of structure
property relations for processes at metal-electrode 
surfaces. Low-energy electron diffraction (LEEO) 
analyses of emersed platinum electrodes have pro
vided direct evidence for place-exchange processes 
accompanying anodic oxidation, and combined with 
recent x-ray photoelectron spectroscopy and thermal 
desorption spectroscopy results, these studies have 
refined our understanding of aqueous oxidation 
phenomena. The use of UHV annealed well-ordered 
single-crystal surfaces has produced some surprising 
results. The process of submonolayer metal-ion 
deposition (so-called underpotential deposition) exhi
bits unexpected sensitivity to long-range order in the 
substrate, indicating that lateral bonding forces are of 
the same magnitude as the perpendicular bonding 
force. On a well-ordered Pt( 111) surface, unexpected 
new surface processes have been observed that are 
unique to this surface, i.e., that are not seen on either 
(100) or (110) surfaces, nor on polycrystalline sur
faces. It appears that the new processes are associ
ated with atomically flat regions of the (111) surface 
with a critical region size that is quite large, at least 
2 nm. It is suggested that cooperative interactions in 
the double layer form a critical ensemble that reacts 
to form the new surface species. However, much 
further study utilizing in situ spectroscopy will be 
required to understand this new surface process in 
Pt(lll ). 

2. Long-Range Structural Effects in the 
Anomalous Voltammetry on Ultrahigh
Vacuum-Prepared Pt(111) (Publication 4) 

F. T. Wagne/ and P.N. Ross, Jr. 

The cyclic voltammetry of Pt( 111) in three dif
ferent structural states (well-ordered, restructured by 
electrochemical redox cycling, and restructured by 
Ar+ sputtering) was studied in aqueous acidic and 
basic electrolytes using a UHV -electrochemical 
transfer system. The well-ordered surface gave dis-



tinctive voltammograms characterized by reduced 
pseudocapacity in the "normal" hydrogen adsorption 
potential region , anomalous features in the potential 
range normally ascribed to double-layer charging, 
and a sharp peak [around 1080 m V reversible hydro
gen electrode (RHE) in HF] shown by Auger electron 
spectroscopy to correspond to oxidation of the sur
face. The anomalous features were identical to those 
first reported by Clavilier using flame-annealed (III) 
surfaces transferred through the air while hot. 
Cycling the well -annealed (III) surface to potentials 
above the sharp oxidation peak removed the 
anomalous voltammetric features. LEED showed 
that such cycling introduced randomly spaced mona
tomic steps to the surface. Similarly restructured 
surfaces were produced in UHV by Ar+ sputtering, 
and the voltammogram of these surfaces reproduced 
the voltammograms of annealed surfaces electro
chemically restructured by extensive cycling. This 
agreement clearly demonstrates that the mechanism 
whereby electrochemical cycling drastically altered 
the voltammogram of Pt( III) is a disruption of the 
long-range (> 5 atomic spacings) order of the surface, 
rather than a simple irreversible oxidation of adven
titious impurities. The anomalous features were 
observed on well-ordered Pt(lll) electrode surfaces 
in a variety of electrolytes over a wide range of pH 
(0-11), but the potentials at which the features 
appear and the detailed shapes of the features 
changed considerably. Based on the pH and anion
concentration dependencies, we conclude that the 
anomalous features in sulfate and chloride acid solu
tions are associated with the process of specific 
adsorption of these anions. We present a rationaliza
tion of the extreme structure sensitivity of the 
specific adsorption process based on the relative 
strengths of interactions between water, sulfate 
(chloride) ions, and Pt atoms in various states of 
coordination in the surface. The identity of the 
species and processes involved in the anomalous 
features in perchlorate, fluoride , bicarbonate, and 
hydroxide electrolytes remains uncertain. 

tpresent address: General Motors Research Laboratory, Warren , 
MI48090. 
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3. The Corrosion of Carbon Black Anodes in 
Alkaline Electrolyte: III. The Effect of 
Graphitization on the Corrosion Resistance of 
Furnace Blacks (Publication 5) 

P.N. Ross and M. Sattler 

A selection of furnace black carbons of varying 
surface area and industry type were heat-treated in 
purified helium at 2700°C and the corrosion resis
tance measured under conditions of oxygen evolu
tion in 30% KOH at 5SOC. The extent of graphitiza
tion was determined qualitatively by x-ray diffrac
tion and by transmission electron microscopy 
(TEM). Separate linear correlations of the corrosion 
rate per unit mass with the Brunauer-Emmett-Teller 
(BET) surface area were observed for furnace blacks 
and for graphitized furnace blacks, with the rate for 
the graphitized blacks being a factor of -2.5 lower 
on a unit area basis. The correlations had a rela
tively high standard deviation, however, indicating 
that the BET area was probably not the only physical 
property affecting the corrosion rate. TEM analysis 
of the carbons after extended corrosion indicated a 
strong preferential attack of the ungraphitized 
regions, i.e. , much greater selectivity that the factor 
of 2.5 indicated by the BET correlation (see Figure 
3-1 ). A unifying correlation was observed for both 
the furnace blacks and their graphitized forms using 
the corrosion rate per unit mass and the iodine 
adsorption number. It was concluded that there are 
specific sites on the carbon surface (titrated by 
iodide) that serve as the initiators for dissolution of 
carbon atoms from the bulk of the material. One 
particular type of furnace black, SRF (N774), 
appears to be an especially good precursor for form
ing a highly graphitized and very corrosion-resistant 
carbon black. 

4. Work in Progress 

New work is being started on catalysts for the 
direct oxidation of methanol in fuel cells. These stu
dies will use modern surface-analytical methods cou
pled with electrochemical methods to determine the 



Figure 3-1. Transmission electron micrograph of acetylene black 
showing preferential dissolution of amorphous (nongraphitic) 
microstructure during oxygen evolution in KOH electrolyte at 
5SOC. (XBB 874-3l53A) 

surface composition dependence of the catalytic 
activity for selected platinum alloys. Two of the 
most promising catalysts for methanol oxidation are 
Pt-Sn and Pt-Ru, but the surface composition of 
these alloys in electrolyte is not known, nor is there a 
consistent theory about why these alloys are more 
active than platinum alone. In addition, we are 
studying the effect of the electrolyte on methanol
oxidation kinetics, as there are new tluorosulfonic 
acid electrolytes available that have very different 
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properties from the inorganic (e.g., sulfuric) acids 
used previously. 
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Electrical and Electrochemical 
Behavior of Particulate Electrodes* 

James 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 have an impact 
on 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. 

Possible particulate electrodes are slurry elec
trodes (where the particles move into and out of the 
cell in suspension in the electrolyte), fluidized-bed 
electrodes, and moving-bed electrodes. The last two 
are under investigation at LBL, and investigations of 
the fundamental electrical and electrochemical 
behavior of fluidized-bed electrodes have been com
pleted (see publications 1-3, 6, and 7). The present 
focus of investigation is the moving-bed electrode, 
which appears most suitable for use in discharging 
(electrodissolution) of zinc particles. Moving beds 
have low requirements for electrolyte pumping. Of 
major interest is the performance of a cell discharg
ing a zinc moving-bed electrode against an air 
cathode. 

1. Particulate Electrodes (Publications 1-3, 6, 
and 7) 

J. W. Evans, H. Choi, t T. Huh,:I: and V. Jiricnl 

A bed of zinc or zinc-coated particles can be 
electrochemically discharged against an air electrode, 

*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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varieties of which are commercially available, driv
ing current through an external circuit. One type of 
particulate electrode that appears suitable for this 
kind of cell is a moving-bed electrode. LBL investi
gations have shown that a moving bed of zinc parti
cles has little resistance (minimizing parasitic voltage 
drops across the electrode itself), and (superficial) 
current densities of several hundred mA/cm2 can be 
maintained at these electrodes. The objective of 
research in 1987 has been the development and 
improvement of a laboratory cell with a moving-bed 
zinc electrode and a commercial air cathode. Figure 
1-1 shows the best performance to date for the cell 
discharged at two different currents (2.5 A, 
corresponding to a superficial current density of 100 
mA/cm2, and 5 A). The horizontal line at 1.7 V and 
the vertical line at 35 Ah indicate the theoretically 
expected performance. The area of this rectangle is 
therefore the expected energy of the cell, and the 
areas under the two curves form a ratio to this area 
that is the energy efficiency on discharge. These 
energy efficiencies require improvement, which is 
possible with modification of the cell design. For 
example, the better result of Figure 1-1 is an 
improvement on the 31 % discharge efficiency 
achieved in earlier cells. 

tpresent address: McGill University, Montreal, Quebec. 
*Present address: Pusan National University, Pusan, Republic of 
Korea. 
§Present address: Institute of Chemical Process Fundamentals, 
Prague, Czechoslovakia. 
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Figure 1-1. Results of constant current discharge experiments 
for a cell with a moving-bed zinc anode and a commercially avail
able air cathode. (XBL 878-3618) 



2. Other Electrochemical Investigations 
(Publications 4, 5, and 8) 

J. W. Evans and D.D.Macdonald'" 

A theoretical investigation of the response of an 
electrode to a non ideal step change in potential has 
been completed in collaboration with Dr. D.D. Mac
donald of SRI International. Stepping the potential 
(using a potentiostat) and observing the current tran
sient is a widely used technique for studying the 
kinetics of electrochemical reactions or diffusion of 
electroactive species to (or from) the electrode. Real 
potentiostats are incapable of a true step changes; 
instead they typically "overshoot" the final potential, 
and this overshoot is then followed by decaying 
oscillations leading to the final value. The investiga
tion showed that these departures from an ideal step 
change can result in spurious currents that are com
parable with those due to the step change itself. 

Publication 8 is a reinterpretation of computed 
results published in 1984 by Alkire, Reiser, and 
Sani. I Those investigators used finite-element tech
niques to calculate the concentration field and mass 
fluxes from small cavities such as those encountered 
in electrochemical processing of electronic circuits or 
in pitting corrosion. The reinterpretation of Publica
tion 8 makes the results more accessible by employ
ing fluid mechanics to show that dimensionless 
groups used by Alkire and coworkers can be recast in 
terms of bulk parameters (such as the velocity out
side a turbulent boundary layer). It was also shown 
how the results can be applied to electrodeposition 
(as well as to the electrodissolution treated by Alkire 
and coworkers). 

tpresent address: SRI International, Menlo Park, CA. 
I. R.C. Alkire, D.B. Reiser, and R.L. Sani, J. Electrochem. Soc. 
131, 2795 (1984). 

3. Work in Progress 

The further improvement of cells for discharge 
of zinc particles is in progress, as is the study of zinc 
electrodeposition from various alkaline electrolytes 
onto a fluidized cathode. 
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Electrochemical Properties of Solid 
Electrolytes* 

Lutgard C. De Jonghe, Investigator 

INTRODUCTION 

The development of high-temperature battery 
systems such as the Na/Na2Sx and LijFeS2 cells has 
progressed to a point where batteries demonstrating 
high specific power as well as long cycle life are pos
sible. Still, issues of cost and safety have prompted 
other researchers to investigate alternative systems 
operating at more moderate temperatures. The 
recent introduction of sodium/organosulfur batteries, 
resulting from work in this laboratory, has generated 
research on a wide variety of novel high-energy
density cells operating between ambient and inter
mediate temperatures (25 to 150°C). At present the 
majority of advanced and conventional batteries are 
derived exclusively from inorganic electrochemical 
couples: Pb/Pb02, Zn/MnOb Li/Tib Na/S, etc. The 
organosulfur electrodes present a departure from this 
tradition in that they are based on the general redox 
reaction for organic disulfides, 

where R is an organic moiety such as CH3, C6H5, 

CH30CH2CH2, etc. The thio/disulfide redox reac
tion is an important biochemical reaction, and the 
organic disulfides are well known for their industrial 

applications. Among the advantages of such a gen
eric redox couple for energy storage is the ability to 
control the physical, chemical, arid electrochemical 
properties of organosulfur species by appropriate 
choice of the organic moiety. Many organic disul
fides are available commercially, and although they 
share some chemical and electrochemical similarities 
due to the disulfide linkage, their physical properties 
are as different as the organic moieties attached to 
the sulfur-sulfur bond. 

1. A Novel Class of Organosulfur Electrodes for 
Energy Storage (Publication 6) 

S.J. Visco, c.c. Mailhe, L.c. De Jonghe, and M.B. 
Armand 

Sodium/organosulfur (Na/RSSR) batteries are 
tested in cells having epoxy and elastomeric O-ring 
seals, allowing access to the positive organodisulfide 
electrode (RSSR) compartment for injection of sol
vents or other additives, and/or allowing the positive 
electrode to be renewed when desired. Na/beta"
alumina/RSSR cells (see Table 1-1) are cycled gal
vanostatically under computer control, with continu
ous monitoring of internal cell resistance, open cir
cuit voltage, cell temperature, and positive electrode 
pressure as a function of current density and state of 
charge. One of the earliest cells tested was the 
sodium/tetraethylthiuram disulfide (Na/TETD) bat
tery. Na/TETD cells have been assembled with 
maXImum practical energy densities of over 

Table 1-1 
Theoretical energy densities of sodium/organosulfur cells. 

Organosulfur Equivalent 
compound weight 

(equiv /mol) 

(C2HsNCSSh 

CH3SSCH3 

(CH3OCH2CH2Sh 

(HOCH2CH2Sh 

-(SCH2CH2OCH2CH2S)-n 

C6HsSSC6HS 

F-C6H4SSC6HcF 

*This work was supported 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. 
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110 Whr/Kg at zero current drain. At 130°C, 
Na/TETD batteries are cycled between 10 and 90% 
of available capacity at power densities of 6 W /Kg at 
an overall energy efficiency of 75% and a realized 
energy density of 80 Whr/Kg. Carefully assembled 
cells are capable of delivering peak current densities 
of 100 to 150 mA/cm2 for one minute or more, 
corresponding to peak power densities of 40 to 
60 W/Kg (see Figure 1-1). Unfortunately, the TETD 
electrode is unable to sustain these peak rates of 
discharge for an appreciable fraction of available 
capacity. This is most likely due to slow mass tran
sport in the positive electrode melt; as confirmed by 
viscosity measurements. Viscosity of the positive 
electrode can be substantially lowered by the addi
tion of a low-viscosity solvent or by the use of a 
lower-viscosity organosulfur compound (see Table 
1-1), resulting in higher cycling rates. 

2. Ionic Conductivity of Organosulfur Melts for 
Advanced Storage Electrodes (Publication 7) 

S.J. Visco and L.C De Jonghe 

The attainable energy efficiency and power den
sity of a secondary battery is directly related to 
polarization losses in the cell under load. One of the 
contributing factors to polarization of an organosul
fur electrode is the rate of ionic transport in the 
melt. Among the sodium/beta" -alumina/ 
organosulfur (Na/RSSR) batteries under investiga
tion in this laboratory is the Na/TETD cell, in which 
the product of cell discharge is the thiolate salt, 
sodium diethyldithiocarbamate (NaDEDC). Accord-
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Figure 1-1. Transient power capabilities of the Na/beta"
alumina/TETD battery. Negative electrode is liquid sodium 
metal. Positive electrode is graphite felt impregnated with pure 
molten TETD. (XBL 876-2508) 

ingly, the ionic conductivity of NaDEDC and related 
electrolytes in molten TETD has been studied as a 
function of composition and temperature. The ionic 
conductivity of the TETD electrode increases by 3 
orders of magnitude in going from the neat melt to 
about 10% discharge composition of a Na/TETD 

. battery. The equivalent conductivity of the 
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NaDEDC/TETD melts implies significant ion pair
ing and formation of triplet ions, which is expected 
for electrolytes dissolved in solvents of low dielectric 
constant (see Figure 2-1). The dielectric constant for 
TETD was estimated from the conductivity data to 
be approximately 12. The low values of equivalent 
conductivity in TETD are also explained by the high 
measured values ·of viscosity leading' to low ion 
mobilities. As a solvent, TETD appears to be very 
effective at dissQlving salts having the dithiocarba
mate anion, but ineffective at dissolving other strong 
electrolytes. The addition of species - tetracyano
ethylene and tetracyanoquinodimethane -. known to 
form charge-transfer complexes with disulfides, 
strongly increased the conductivity of the melts, but 
the nature of that increase requires further study. 

3. A Novel Class of Positive Electrodes for 
Rechargeable Batteries (Publication 8) 

CC Mailhe 

The organosulfur electrodes are derived from a 
large class of organic disulfides, including the thi
uram disulfides, aliphatic disulfides, aromatic disul
fides, polymeric disulfides, etc. Although some of 
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Figure 2-1. Equivalent conductivity of NaDEDC in TETD as a 
function of (concentration)I/2 at 130·C; -'-'-': expected behavior 
at dilute concentrations; ..... : effect on equivalent conductance by 
the addition of the solvent tetramethylurea. (XBL 87 I 2-5258) 



the organosulfur electrodes such as the thiuram 
disulfides or hydroxyalkyl disulfides are capable of 
dissolving the thiolate salts generated on cell 
discharge, others, such as the alkyl or aryl disulfides, 
cannot. In this case it is necessary to choose an 
appropriate solvent to facilitate cell discharge. In 
fact the thiuram disulfide electrodes also benefit 
fro~ the incorporation of solvents, as this is a way 
of increasing the dielectric constant and/or reducing 
the viscosity of the melt, thus increasing the rates of 
mass transport in the electrode. The effects of vari
ous solvents on the performance of Na/RSSR cells 
are determined for a variety of organosulfur elec
trodes, by the response of the Na/RSSR cells to gal
vanostatic cycling. The best results for cycling of the 
Na/TETD battery are obtained with the addition of 
10 to 20 wt% dimethyl sulfoxide or sulfolane to the 
positive electrode, allowing charge/discharge cycling 
at 5 mA/cm2 at an operating temperature of 120°C. 
Simple aliphatic disulfides were also tested in 
Na/RSSR cells. Na/CH3SSCH3 cells with DMSO 
solvent in the positive electrode are capable of very 
high rates, up to 50 mA/cm2 for half of available 
capacity (see Figure 3-1). Hydroxyethyl disulfide 
(HEDS) demonstrates high sodium-ion solubilities 
and high Na/HEDS discharge rates. Laboratory 
Na/HEDS cells have been assembled with maxim~m 
practical energy densities of 200 Whr/Kg, of which 
half can be discharged at a current density of 
10 mA/cm2 at 120°C. The most promising elec
trodes may be the alkoxyalkyl disulfides, 
RORSSROR. These electrodes have been cycled at 
10 to 15 mA/cm2 at 120°C, using DMSO as solvent, 
and appear to be very thermally and electrochemi
cally stable. 
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4. Work in Progress 

Synthesis of fluorinated and/or perfluorina~ed 
organic disulfides is currently under way. High 
Na/RSSR cell voltages attainable with fluorinated 
electrodes should boost the power density of the cell. 
In addition, the use of electrocatalysts to minimize 
charge-transfer polarization in organosulfur elec
trodes is being pursued in more detail. The use of 
highly oxidizing low-viscosity organosulfur electrodes 
in combination with electrocatalysts should lead to 
cells of both high specific energy and power. Other 
organosulfur electrodes suc.h as th~ alk?xyalkyl ?~s~l
fides which should have high sodIUm IOn solublhtIes 
as w'ell as low viscosities and reasonable oxidizing 
power, are also currently being studi~d. .The ~ajor
ity of the organosulfur electrodes bemg mvestIga~ed 
for intermediate-temperature cells are also bemg 
tested in lithium room-temperature cells, particularly 
those disulfides that are liquid at room temperature, 
allowing the assembly of very high specific ener~y 
cells. A key issue for all organosulfur cells at thiS 
time is to demonstrate long cycle life at reasonable 
power densities, with high demonstrated peak power 
densities. For the lithium batteries, studies are also 
under way to determine the reversibility of the 
lithium electrode in Li/RSSR cells. 
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Analysis and Simulation of 
Electrochemical Systems * 

John Newman, Investigator 

INTRODUCTION 

This program involves fundamental investiga
tions of the transport and interfacial phenomena 
important in electrochemical systems. Results of 
this work are used to analyze experimental data, to 
identify important system parameters, and to aid in 
the design and scale-up of electrochemical systems. 
Specific projects include analysis of the thin-gap flow 
cell for electrochemical synthesis and energy storage, 
mathematical modeling of the Li-Al/FeS battery and 
the Li-Si/FeS2 battery, an investigation of porous 
electrodes with applications to molten-salt systems, 
and an ac impedance analysis of both zinc and iron 
corrosion. 

1. Design of Thin-Gap Channel Flow Cells 
(Publication 3) 

V. Edwards and J. Newman 

A model for predicting the current, concentra
tion, and potential distributions in a thin-gap chan
nel flow cell is presented. The model does not 
invoke the thin-diffusion-layer assumption or the 
assumption of straight current lines, and it allows for 
multiple reactions. The model, however, does not 
include the effect of migration; thus, it is only valid 
for systems with excess supporting electrolyte. This 
model can be used for the design and scale-up of 
channel-flow electrochemical reactors. Results are 
presented for a single reaction to show the effects of 
interacting diffusion boundary layers and of the axial 
component of current. 

'This work was supported by the Assistant Secretary of Conserva
tion and Renewable Energy, Office of Energy Systems Research, 
Energy Storage Division of The U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 
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2. Anodic Dissolution of Iron in Acidic Sulfate 
Solutions. II. Mathematical Model of Current 
Oscillations Observed under Pdtentiostatic 
Conditions (Publication 2) 

P. Russell and J. Newman 

A mathematical model describing sustained 
current oscillations observed in the iron-sulfuric 
acid system, under potentiostatic conditions, is 
presented. This model assumes that the sustained 
oscillations are due to a continuous cycling of a por
tion of the electrode between the active and the pas
sive states. The electrode surface is covered by a 
porous ferrous sulfate film. Transient changes in the 
potential and concentration profiles in the pores of 
the salt film imd in the diffusion layer are responsi
ble for the continuous cycling. A one-dimensional 
model that describes these processes is presented. 
Results from this model are compared to the experi
mental current-time curves. The calculated current
time curve shows oscillatory behavior. The charac
teristics of the calculated current-time curve differ 
from experimental results. The calculated ferrous 
sulfate film thickness is substantially thinner than 
expected from a steady-state analysis and from the 
previously reported work of others. 

Due to lack of quantitative agreement between 
experimental and calculated results, two modifica
tions to the present model are proposed in a qualita
tive manner. These modifications suggest that one 
may wish to (i) remove the requirement of passiva
tion and assume that the current oscillations are 
caused by continuous cycling in the fraction of the 
electrode surface area that is covered by ferrous sul
fate, or (ii) assume that the current oscillations are 
caused by continuous cycling in the porosity of the 
salt film in combination with changes in the amount 
of active area. Both proposed modifications would 
include kinetics of salt-film precipitation and dissolu
tion. It is anticipated that finite precipitation and 
dissolution kinetics will increase the calculated salt-



film thickness. Further work would be required to 
incorporate either modification into the model in a 
quantitative way. 

3. Mathematical Modeling of LiAljLiCl, 
KCl/FeS Cells (Publication 9) 

D. Bernardi, E.M. Pawlikowski, and J. Newman 

The behavior of the thermodynamic, open
circuit potential of the LiAljLiCl,KCljFeS cell is 
investigated, and nonequilibrium results obtained 
from a computer model of the cell are presented. 
The nonequilibrium computer model predicts the 
cell voltage, temperature, and heat-generation rate 
during cell operation. Position-dependent behavior 
such as reaction rates and concentrations within the 
cell are also calculated. The effects of state of 
discharge, electrolyte composition, porosity, KCl pre
cipitation, and temperature on cell behavior are 
investigated. Factors that can limit a cell during 
operation are identified, and the influence of changes 
in design parameters on cell performance is dis
cussed. The results of the model compare favorably 
with available experimental data .. 

4. Differential Diffusion Coefficients of Sodium 
Polysulfide Melts (Publication 11) 

S.D. Thompson and J. Newman 

The method of restricted diffusion has been 
applied to sodium polysulfide melts in order to 
determine differential diffusion coefficients spanning 
the composition range of the single-phase liquid 
region (Na2S3 to Na2Ss), at temperatures between 
300 and 350°C. Molybdenum electrodes at the ends 
of the cell gave open-circuit potentials in response to 
the transient concentration difference. The shape of 
the potential-versus-time plots showed the expected 
dependence on the initial concentration profile. 

The following expression summarizes the experi
mental data: 

D = 0.0153 exp( - 5890/T) exp(S.30xe) cm2/sec. 

The diffusion coefficients showed a temperature 
dependence in harmony with viscosity data, but not 
in harmony with conductivity data. 
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5. Current Distributions at Electrode Edges at 
High Current Densities (Publication 12) 

w.H. Smyrf and J. Newman 

At current densities large in magnitude and also 
large compared to the exchange-current density, a 
conducting disk in an insulating plane has a very 
nonuniform current distribution across the surface. 
The current distribution near the center is governed 
predominantly by ohmic effects, but near the edge, 
electrode kinetics become important. This paper 
describes the treatment of the current and potential 
distributions on the electrode, especially near the 
edge of the electrode where the nonuniformity is 
most extreme. The electrode kinetics are taken to be 
in the Tafel region. The results are valid for any and 
all large values of current density and provide a 
definitive description of the way in which the current 
and potential distributions approach the purely ohm
ically controlled (primary) distributions as the 
current is increased. The current density at the edge 
of the disk is found to increase with the square of the 
average current density. 

These results for the edge region of a disk at high 
currents and those of an earlier paper for high 
exchange currents can be applied to electrodes of 
more general geometry. 

6. Work in Progress 

Past work in the optimization of the 
Li(alloy)/FeS battery is being extended to the 
Li(alloy)/FeS2 system. In addition to the investiga
tion of stacks of rectangular cells, cylindrical cells 
with multiple positive electrodes are being con
sidered. Work will be continued with new experi
mental data obtained from Argonne National 
Laboratory. 

A model that uses Duhamel's theorem to simu
late cyclic voltammetry experiments at stationary 
and rotating-disk electrodes is being improved. The 
model can account for mass-transfer effects, Faradaic 
reactions, and adsorption phenomena, which will 
permit the quantitative interpretation of data. In 
particular, it is being used to study linear sweep vol
tammograms of the reduction of nitrate in acidic 
nickel solutions. 

A mathematical model of the 
electrode/electrolyte interface is being developed to 
calculate the frequency response of a rotating disk. 
The working algorithm accounts for the effect of sur
face coverage owing to specific adsorption and 



charge-transfer reactions. Double-layer theory is 
used to calculate the potentials at the interfacial 
planes and the surface excesses of all the electroac
tive species present in the solution. Presently, the 
microscopic model of the interface qualitatively 
predicts the measured complex impedance for the 
zinc chloride system. This mechanistic approach 
allows the proposed reaction process to be changed 
to account for the experimental observations. 
Finally, the generalized model can be used to iden
tify system limitations and to guide further experi
mental research. This microscopic model of the 
interface will be coupled with the previously 
developed macroscopic model accounting for con
vection, migration, and multicomponent diffusion in 
concentrated solutions, in addition to homogeneous 
and heterogeneous reactions. 

An experimental investigation of porous ferrous 
sulfate films is under way. Specifically, the reaction 
kinetics of film dissolution and precipitation and 
estimates of the film thickness are being investigated. 

Double-layer adsorption is an important 
phenomenon in heavy-metal ion removal from waste 
streams and in discharge transients in high-pulse
power battery systems. An experimental investiga
tion of double-layer adsorption of zinc ions on high
surface-area porous carbon and on planar carbon 
electrodes is being completed. 

The solution of Laplace's equation is important 
to many modeling efforts. Its solution is often 
expensive and difficult to obtain accurately. The 
feasibility of a boundary-integral technique for use in 
current-distribution problems is being investigated. 
Preliminary observations appear promising. This 
technique is being applied to primary and secondary 
current distributions and can be used for more gen
eral problems involving Laplace's equation. 

Additional work includes an experimental and 
theoretical ac impedance study of transport 
phenomena through membranes and an investigation 
of the effects of induced magnetic fields on battery 
performance during high rates of discharge. 
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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. U nderstand
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, Nb 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; 
and in part by NASA Contract No. W-14,606 under Interagency 
Agreement with the U.S. Department of Energy. 
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1. Trigonal Hydrogen-Related Acceptor 
Compkxes in Germanium (Publication 16) 

J.M. Kahn/ R.E. McMurray, Jr., E.E. Haller, and 
L.M. Falicov 

In germanium, an interstitial hydrogen atom 
may bind at a substitutional atom of carbon, silicon, 
beryllium, or zinc to form a shallow, monovalent 
acceptor complex. Photothermal ionization spectros
copy under uniaxial stress reveals that the complexes 
A(H,C), A(H,Si), A(Be,H), and A(Zn,H) have trigo
nal (C3v) symmetry. Each has two (1 s)-like acceptor 
levels that shift, but do not split, under stress. In the 
fourfold basis for an rg(T d) level, simultaneous diag
onalization of the perturbations of applied stress, and 
of a trigonal lowering of symmetry, yields theoretical 
piezospectroscopic behavior in quantitative agree
ment with all available experimental data. This pro
cedure has been extended to predict the stress
induced shifts of (1 s)-like shallow acceptor levels 
associated with tetragonal (D2d) and rhombic I (e2v) 

complexes in germanium, should these ever be 
observed experimentally. The four trigonal com
plexes in germanium are to be contrasted with 
A(Be,H) in silicon, in which the rapid tunneling of 
hydrogen leads to recovery of tetrahedral symmetry 
and a much more complicated energy-level structure. 
Figure 1-1 shows the photothermal ionization spectra 
of the D transitions of the acceptors A(H,Si)J, 
A(H,Sih, and aluminum under [111] uniaxial 
compression. The numbers 1 and 2 in square brack
ets refer to A(H,Si)[ and A(H,Sih, respectively. Note 
the difference between the highly symmetric splitting 
of the D lines of aluminum and boron and the 
assymetric splitting of the lines associated with 
A(H,Si). 

tpresent address: AT&T Bell Laboratories, Crawford Hill Labora
tory, Holmdel, NJ 07733. 

2. Diamond-Like Antireflective Coatihgs for 
Far-Infrared Photo conductors (Publication 27) 

J. W. Beeman, A.R. Nyaiesh, t E.E. Haller, 
w.L. Hansen and E.L. Garwint 

Diamond-like films have been used as antireflec
tive coatings on far-infrared semiconductor photo
conductors. An average increase in the detector 
responsivity of 28% was realized for optimally coated 
gallium-doped germanium photoconductors com
pared to uncoated devices. The photoconductors 
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Figure 1-1. PTI spectra of the D transitions of A(H,Si)J, 
A(H,Sih, and aluminum, under [I II] uniaxial compression. The 
numbers "I" and "2" in square brackets refer to A(H,Si), and 
A(H,Sih, respectively. (XBL 874-1719) 

were operated at 3 K without cavity in a narrow 
wavelength range from 98.45 to 99.35 mm. The 
films survived repeated thermal cycling between 
room temperature and 2.5 K. Any increase in dark 
current caused by the coating is ~ 10-14 A, a value 
given by instrumentation. The protective qualities 
of the film are explored. The potential applications 
of diamond-like coated photoconductors in large, 
unstressed and stressed arrays. that will be used in 
future, satellite-born astrophysics missions will be 
discussed. 

tpermanent address: Stanford Linear Accelerator Center, Stanford 
University, Stanford, CA 94305. 

3. Ion Implantation of Boron in Germanium 
(Publication 9) 

K.s. Jonest and E.E. Haller 

The activation of boron implanted at room tem
perature into germanium has been studied. In sharp 
contrast to all other group III elements, boron forms 
a p-type layer before any postimplant annealing 
steps. Variable-temperature Hall-effect measure-
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ments and deep-level transient-spectroscopy experi
ments indicate that all of the boron ions are electri
cally active as shallow acceptor centers over the 
entire dose range (5 X 1011 /cm2 to I X 1014/cm2) 
and energy range (25-100 ke V) investigated, without 
any postimplant annealing. The concentration of 
damage-related acceptor centers is only 10% of the 
boron-related, shallow acceptor center concentration 
for low-energy implants (25 keY), but becomes dom
inant at high energies (100 ke V) and low doses 
« I X 1012 /cm2). Three damage-related hole traps 
are produced by ion implantation of IIB+. Two of 
these hole traps have also been observed in g
irradiated Ge, and three traps anneal out at low tem
peratures «300°C). Room-temperature implanta
tion ofBF2+ into Ge does not lead to substitutionally 
active boron without annealing. A thermal cycle of 
350°C for 30 min activates 100% of the boron. Fig
ure 3-1 shows the Hall-effect sample geometry used 
for our experiments. In order to isolate the p-type 
implanted layer from the substrate, the latter was 
chosen to be lightly n-type. Figure 3-2 shows the log 
of the hole concentration as a function of the inverse 
absolute temperature. The slope at low temperature 
corresponds to one half of the boron acceptor bind
ing energy, as expected for low-compensation p-type 
material. The thermal annealing only affects the 
higher-temperature range, in which deep-level holes 
are thermally activated. The shallow-level concen
trations before and after annealing are identical, 

HALL EFFECT SAMPLE GEOMETRY 

A 

n-TYPE SUBSTRATE -2xlO ll/cm3 

A: Ion implanted contacts on all four top surface 

corners (lOOkeV B, 5XI014 Icm 2 , annealed). 

B: Ion implantation of the entire top 
surface with species to be studied. 

Figure 3-1. Van der Pauw Hall effect sample geometry for 
studying implanted layers. (XBL 8410-4377) 
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Figure 3-2. Carrier freezeout as a function of inverse absolute 
temperature for a IOO-keV boron implant into Ge at a dose of 
5 X 1011 jcm2. (XBL 853-1612) 

which means that boron is electrically active in Ge 
"as-implanted. " 

tpermanent address: Department of Materials Science, University 
of Florida, Gainesville, FL. 
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Raman Studies of Surface Processes* 

Gerd M. Rosenblatt, Investigator 

INTRODUCTION 

This project is designed to utilize and develop 
new instrumentation for the study of surfaces using 
unenhanced surface Raman spectroscopy (SRS). The 
project's goals are to use SRS to study surface com
position; to provide new information concerning 
rotational and vibrational energy levels, dynamics, 
and reactivity of molecules adsorbed on a variety of 
surfaces; to study fundamental processes under 
ultrahigh-vacuum (UHV) conditions; and to extend 
the technique to a range of chemically important 
pressures, temperatures, and interfaces. An 
apparatus has been completed that uses an imaging 
photomultiplier tube (PMT) to obtain Raman spec
tra that have unprecedented sensitivity 'and that 
yield a one-dimensional Raman image of sample 
composition along a few millimeters of an illuminat
ing, focused laser beam. The Raman system is cou
pled to an UHV chamber that enables Raman spec
tra to be obtained from solid samples and films at 
temperatures between 15 K and 800 K. The UHV 
chamber has low-energy electron diffraction (LEEO) 
and Auger surface analysis capabilities. This project 
provides a dramatic new analytical capability that 
compliments and contributes to other LBL surface 
science projects. 

1. Raman Spectroscopy Applications of an 
Imaging Photomultiplier Tube (Publication 1) 

D.K. Veirs, v.K.F. Chia, and G.M. Rosenblatt 

A Raman spectroscopy system having an unpre
cedented combination of high sensitivity and low 
noise has been built incorporating an imaging (20) 
photomultiplier tube. The number of photons 
detected for a vibrational band approaches the 
theoretical limit set by the Raman cross section and 
experimental configuration. A detector dark count 
of 10-4 counts/sec/pixel is the major electronic source 
of noise. The spectrum of air reveals low-

. 'fi II 160 180 concentratIOn gas components, speCI lca y 

*This work was supported by the Director's Program Develop
ment Funds of Lawrence Berkeley Laboratory under Contract No. 
DE-AC03-76SF00098 
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and CO2• Vibrational Raman spectra are obtained 
from solid samples as thin as 20 nm with low laser 
powers, e.g., 6.5 mW. The imaging photomultiplier 
yields 10 (along the focused laser beam) Raman 
images of interfaces (see Figure I-I) or concentration 
gradients. 

2. Ultrahigh-Vacuum Apparatus for 
U nenhanced Raman Spectroscopy at Cryogenic 
Temperatures (Publication 3) 

v.K.F. Chia, D.K. Veirs, and G.M. Rosenblatt 

An UHV apparatus for studying submonolayer 
molecular coverages on well-defined single crystals 
by means of unenhanced SRS is described. Surface 
studies at controlled temperatures from 13 K to 
900 K are possible. Sample cooling is achieved with 
a flexible thermal braid and closed-cycle helium 
refrigerator. Sample manipulation includes transla
tion in the XYZ directions, tilt, and two degrees of 
rotation. This wide range of sample movement 
allows SRS, LEED, and Auger spectroscopy to be 
carried out while maintaining a controlled tempera
ture. Optical ports, at two incident angles, permit 
the study of a variety of substrates with differing opt
ical properties. U nenhanced Raman spectra of ni tro
gen physisorbed on silver are presented in Figure 2-
1. 

Figure 1-1. Gray-scale image of the data array from a water
cyclohexane mixture. The gray scale represents the number of 
counts in a pixel. The x axis is wavelength dispersion, and the y 
axis is along the laser beam waist. (eBB 875-3689) 
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Figure 2-1. Raman spectra of physisorbed N 2 on the (III) face 
of clean, single-crystal Ag at 15 K with increasing exposure: (a) I 
Langmuir, (b) 4 Langmuirs, (c) 13 Langmuirs, and (d) 23 Lang
muirs. The data for b, c, and d have an increasing offset for clar
ity. The observed frequency, 2329 em-I, is shifted from the liquid 
N2 frequency (2326.5 em-i)' and coincides with the frequency of 
the a-phase of solid N2 (2329 cm-').2 (XBL 881-301) 

1. S.A. Akhmanor, "EN. Gadzhiev, N.!. Koroteev, R. Yu. Orlov, 
and !.L. Shvmai, JETP Lett. 27, 243 (1978). 
2. A. Anderson, T.S. Sun, and M.C.A. Donkersloot, Can. J. Phys. 
48,2265 (1971). 

3. Application of Spatially Resolved Raman 
Spectroscopy in the Study of Transformed 
Zones in Partially Stabilized Zirconia 
(Publication 5) 

D.K. Veirs, R.o. Ritchie, and R.H. Dauskardt 

Raman vibrational spectroscopy provides an 
effective phase-characterization technique in materi
als systems containing particle dispersions of the 
three polymorphs of Zr02, each of which yields a 
unique Raman spectrum. An investigation is 
reported to assess the capabilities of a novel, spa
tially resolved Raman spectroscopy system in the 
study of phase-transformation zones around crack 
tips in partially stabilized Zr02 (PSZ). The experi
mental arrangement makes use of an imaging (2D) 
photomultiplier tube that produces a I D map of 
chemical composition along a laser beam without 
translating either the sample or the laser beam and 
without scanning the spectrometer. Results· from 
phase-characterization studies of size, frontal mor
phology, extent of transformation, and degree of 
reversibility of the transformation zone surrounding 
cracks produced under monotonic and cyclic loading 
conditions are presented. 
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4. Work in Progress 

Forces between physisorbed molecules and sur
faces are being examined using Raman spectroscopy 
of N2 and H2 physisorbed on clean, well
characterized single-crystal silver surfaces. Prelim
imiry investigations indicate that N2 forms an 
ordered structure on Ag much like the low
temperature a-phase of solid N2 (see Figure 2-1). 
Further studies are under way to determine the low 
coverage limit of unenhanced SRS of this system. 
Other collaborative projects that are being actively 
investigated with this apparatus include: (1) Raman 
studies of hard carbon films and of "diamond-like" 
films; (2) Raman studies of 90 K transition tempera
ture superconductors as a function of temperature, 
oxygen isotope, and sample-preparation conditions; 
and (3) use of spatially resolved Raman spectroscopy 
to ascertain the extent of the phase-transformation 
zone in PSZ caused by crack propagation and subse
quent rel~xation. 
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4. D.K. Veirs, V.K.F. Chia, and G.M. Rosenblatt, 
"Unenhanced Surface Raman Spectroscopy of 
Adsorbed Films," abstract submitted to 62nd Col
loid and Surface Science Symposium; LBL-24566abs. 

5. D.K. Veirs, R.O. Ritchie, and R.H. Dauskardt, 
"Application of Spatially Resolved Raman Spectros
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abstract submitted to March I 988 meeting, Ameri
can Physical Society; LBL-24565abs. 
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Structure Determination at the 
Metal/Solution Interface* 

P.N. Ross. Investigato,.t 

INTRODUCTION 

Within the last decade, a number of research 
groups have developed a new type of apparatus unit
ing ultrahigh-vacuum (UHV) surface analytical tech
niques with electroanalytical cells. An apparatus of 
this type permits UHV surface preparation and char
acterization with maintenance of the UHV structure 
up to the moment of contact of the surface to the 
liquid phase. Structural transformations to the sur
face as a result of the liquid/solid interaction can be 
determined ex situ by removing the bulk liquid from 
the surface and analyzing the solid surface in 
vacuum with low-energy electron diffraction (LEED) 
or reflected high-energy electron diffraction 
(RHEED). Such experiments have the intrinsic limi
tation that they can never reveal the structure of the 
interface, nor even the structure of the solid surface 
in contact with liquid, i.e. the in situ structure. 
Recognizing these limitations, many of these same 
groups are pursuing the development of methods for 
determining the structure of the solid surface in situ. 
Among the methods being developed at LBL are 
scanning tunneling microscopy (STM) and grazing 
incidence x-ray scattering (GIXS). The latter 
method encompasses a number of techniques, 
including surface diffraction (grazing-incidence dif
fraction, or GID), in-plane wide-angle scattering 
(W AXS), and surface extended x-ray absorption fine 
structure (SEXAFS). 

'This work was supported by the Director's Program Develop
ment Funds of the Lawrence Berkeley Laboratory under Contract 
No. DE-AC03-76SF00098. 
tWork performed in collaboration with M. Van Hove (MCSD), J. 
Kortright (Accelerator and Fusion Research Division), and O. 
Melroy of IBM Almaden Research Center, San Jose, CA. 
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1. An In Situ Grazing Incidence X-Ray 
Scattering Study of the Initial Stages of 
Electrochemical Growth of Lead on Silver (Ill) 
(Publication 1) 

o.R. Melrov/ M.F. Toney/ G.L. Borges/ M.G. 
Samant, t iB. Kortright. P.N. Ross. and L. Blum+ 

The potential-dependent structure of underpo
tentially deposited lead on silver (111) and the initial 
stages of bulk lead deposition on the ad-layer have 
been studied using GIXS. Measurements were made 
in situ and under potential control. The closed
packed hexagonal lattice formed by the underpoten
tial deposition of lead (at full monolayer coverage) is 
compressed 1.4% relative to bulk lead. This strain 
increases linearly with applied potential until the 
onset of bulk deposition, where the ad-layer is 
compressed 2.8%. Bulk lead is not deposited epitaxi
ally on this template because of the large strain. 
Instead, it grows as islands with (111) texture that 
are randomly oriented in the plane of the substrate. 
After the deposition of approximately five equivalent 
monolayers of bulk lead, the initial ad-layer recon
structs, apparently becoming disordered in the plane 
of the silver substrate. 

tpermanent address: IBM Almaden Research Center. San Jose, 
CA 95120. 
Ipermanent address: Physics Department. College of Natural Sci
ences, Rio Piedras. Puerto Rico 00931. 

2. Work in Progress 

Ex situ LEED analyses of emersed (removed 
from electrolyte under potentiostatic control) single
crystal electrodes have provided direct observations 
of place-exchange during the anodic oxidation of 
both Pt and Au surfaces. These recent surface
structure determinations have confirmed, and 
refined, our understanding of anodic oxidation and 
place-exchange developed previously from purely 
electrochemical methods. The use of ex situ LEED 
to observe more subtle changes in surface structure 
has, however, proven to be problematic. In particu
lar, the stability of the UHV reconstructed surfaces 
of Au in electrolyte cannot be established in a defini
tive way by use of LEED' due to changes in surface 
excess charge (the effective potential of the electrode 
in vacuum) during emersion and evacuation. These 
changes are described more fully in Publication 3. 
GID, which we used successfully to determine the 
in situ structure of a Pd monolayer on silver (111) 
(Publications 1 and 2), is capable of providing the 



in situ structure determination essential for deter
mining the stability of the UHV-reconstructed sur
faces in electrolyte. These studies are in progress 
using the synchrotron from beamline VI at the Stan
ford Synchrotron Research Laboratory. 

1987 PUBLICATIONS AND REPORTS 
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Incidence X-Ray Scattering Study of the Initial 
Stages of Electrochemical Growth of Lead on Silver 
(Ill ):. submitted to Surf. Sci.; LBL-24455. 

2. O. Melroy. M. Toney. G. Borges. M. Samant. 1. Kor
tright. P. Ross. and L. Blum. "The Two
Dimensional Compressibility of Electrochemically 
Adsorbed Lead on Silvcr (Ill ):. submitted to Phys. 
Rev. Lett.; LBL-24454. 

3. P. Ross. "Potential Induced Structural Transforma
tions of the Au(lOO) and (111 ) Surfaces." LBL-
24442. 



Novel Properties of Matter at 
Megabars of Pressure* 

Marvin L. Cohen, Raymond Jeanloz, and 
Peter Y. Yu, Investigators 

INTRODUCTION 

The purpose of this research project is to investi
gate the properties of matter at megabars of pressure 
both experimentally and theoretically. The objective 
is to combine the expertise of experimentalists and 
theorists in the area of high-pressure technology, 
materials characterization techniques, inorganic syn
thesis, and theoretical computation of properties of 
matter to synthesize and investigate new materials 
with unusual properties or with potential applica
tions to energy technology. Examples of these new 
materials are ultrahard solids with strength compar
able to or exceeding that of diamond, and solids with 
unusual electrical, superconducting, optical, and 
magnetic properties. 

1. Synthesis of New Alloys of C-B-N with 
Diamond Structure (Publications 3, 6, and 7) 

R.M. Wentzcovitch, M.L. Cohen, P.K. Lam, 
K.J. Chang, and G. Martinez 

A new model in which the bulk moduli of solids 
with diamond and zinc-blende structure scale with 
only the nearest-neighbor bond length has been pro
posed. Results obtained from this empirical 
approach were found to compare favorably with 
values calculated by a full ab initio pseudopotential 
method. Based on this method, it was predicted that 
a compound with the formula of BCN and the struc
ture of diamond will be more densely packed and 
therefore harder than diamond. A new material with 
the composition Cx(BN)l_x has been synthesized 
under pressures of 10 to 30 GPa and temperatures of 
between 1000-2000 K inside a laser-heated diamond 
anvil cell using graphite and boron nitride as the 
starting materials. X-ray diffraction has shown that 
these new alloys have the diamond structure. The 
lattice parameters and bulk moduli of these alloys 
have been measured as a function of x. Contrary to 

*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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Vegard's law, the lattice parameter for values of x 
between a and 1 was found to be larger than the 
value obtained by a linear interpolation between the 
end-point values. This was contrary to expectations 
based on theoretical calculations of Cohen. These 
calculations have suggested a normal behavior 
according to Vegard's law, where the lattice parame
ters should be smaller than a linear interpolation. 
The bulk moduli also varied nonlinearly with x, sug
gesting that the alloys have bulk moduli lower than 
that of diamond. Although these binary alloys prob
ably will not be harder than diamond, they may still 
have important applications in electronics and 
machine tool manufacturing. 

2. Pressure Dependence of the New High-Tc 
Superconductors (Publications 1, 2, and 8) 

D. Erskine, P. Y. Yu, G. Martinez, E. Hess, 
A.M. Stacy, A. Zettl, and M.L. Cohen 

Using diamond anvil cells, we have studied the 
pressure dependence of both the room temperature 
resistance and T c in LaBaCuO, LaSrCuO, and YBa
CuO compounds up to 20 GPa. Typically we found 
that the room-temperature resistance of these 
ceramic superconductors decreased by several orders 
of magnitude at pressures ranging from 8 GPa in 
LaSrCuO to 5 GPa in YBaCuO. The transition tem
perature in the LaBaCuO and LaSrCuO compounds 
showed strongly nonlinear pressure dependence. At 
pressures below 3-5 GPa, Tc increased rapidly with 
pressure. At pressures of above 5 GPa, Tc tended to 
saturate and then decrease with pressure. In YBa
CuO, T c was almost independent of pressure and 
then decreased with pressure. In both YBaCuO and 
LaSrCuO, above a well-defined pressure the sample 
became a better metal at room temperature but also 
lost its superconducting properties. These results 
suggest that the high superconducting temperatures 
in these materials are very sensitive to bond lengths. 
There is an optimal bond length for the highest 
superconducting temperature. In YBaCuO this 
optimal bond length is achieved at atmospheric pres
sure. When the materials are compressed beyond 
this optimal bond length, superconductivity is 
quickly destroyed, while the sample also becomes a 
better normal metal. 

3. Work in Progress 

For the first time a theoretical study of the bulk 
modulus of solids based on first-principles calcula-



tion has been performed and used to guide experi
mental work in the search for new materials with 
unusual mechanical properties. Based on a sys
tematic investigation of the electronic structure, bulk 
moduli, lattice constants, and lattice vibrational 
spectra of hard materials, such as diamond, BN, SiC, 
and BP, the theoretical group of Marvin Cohen has 
concluded that materials synthesized from carbon 
and BN under high temperature and pressure can 
have a bulk modulus higher than or comparable to 
diamond. The resulting experimental investigation 
carried out by the group of Raymond Jeanloz has 
shown that alloys of the composition Cx(BN)I.x can 
be formed with new interesting properties. The 
mechanical properties and lattice constant of these 
new alloys are still being investigated. 

1987 PUBLICATIONS AND REPORTS 
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Electron Electric Dipole Moment* 

Eugene Commins and Harvey Gould, Investigators 

INTRODUCTION 

This project is an experiment to search for an 
electric dipole moment (EDM) of the electron. An 
electron EDM can exist only if the product of charge 
conjugation (C) and parity (P) are not conserved. 
CP nonconservation has been observed in neutral K 
decay and in no other system: it is not explained by 
the conventional models and is one of the most 
important unsolved problems in physics. 

A large number of models based on new physics 
predict an electron EDM at values up to about 
10-25 cm X e. Among these are calculations based 
on left-right-symmetric models, lepton family mix
ing, supersymmetry, and superstring-inspired 
models. Our experiment is designed to ultimately be 
sensitive to an electron EDM of 10-28 cm X e, a fac
tor of 10,000 below the current upper limit. 

1. Work in Progress 

We have completed extensive calculations of sys
tematic effects and of noise sources at the most sen
sitive level of the experiment. We have considered 
vXE/c effects from electric and magnetic field 
misalignments in three directions; misalignments 
and vXE/c effects due to gravitational deflection, 
misalignments of the laser, the atomic beam, and the 

*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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rf fields; electric and magnetic field inhomogeneity 
effects' electric field switching effects; effects caused 
by p~ssible inclusions of magnetic ma~eria.l; and 
other effects. Our most important findmg IS that 
gravitational deflection of a ho~zontal bea~, espe
cially in the presence of electnc or magnetIc field 
inhomogeneities, would lead to incomplete cancella
tion of vXE/C effects. To eliminate problems 
caused by gravitational deflection, we have built a 
vertical apparatus. 

We have completed a design for the entire 
apparatus. The vacuum system, consisting of five 
chambers spanning 10 feet from floor to ceiling, has 
been completed, installed, and pumped down to a 
pressure of a few microtorr. The laser optical pump
ing system has been set up and has achieved the 
design power in single mode of 378 nm. The 
fluorescence detectors were constructed and installed. 
A thallium beam has been produced and fluores
cence radiation detected. Simple laser spectroscopy 
was performed on the thallium atoms. 

1987 PUBLICATIONS AND REPORTS 
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UNITED STATES 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 advantages of the formal similarity of the 
Schr6dinger equation in imaginary time. to a diffu
sion equation. 

1. Auxiliary Walks for Atomic and Molecular 
Properties (Publication 1) 

t d t R.N. Barnett, P.l. Reynolds, an w'A. Lester, Jr.' 

Monte Carlo methods have been used previously 
in computing accurate energies for small atomic and 
molecular systems. However, it is also of interest to 
compute additional properties, such as electric dipole 
and quadrupole moments. In this work two 
methods for computing moments using QMC are 
studied. Each approach involves determining the 
asymptotic population of points sampled in a QMC 
"walk." Using one of these methods, the dipole 
moment of LiH and the quadrupole moment of H2 
and LiH are obtained. The other method in certain 
cases provides a more efficient estimator for the 
dipole moment. The resulting dipole moment for 
LiH is 2.315 ± 0.008 a.u., to be compared with the 
exact value (experiment minus vibrational effects) of 
2.293 a.u. The quadrupole moment for H2 agrees 
with the exact Born-Oppenheimer value of Kolos 

*This work was supported by the Office of Naval Research 
through an agreement with the U.S. Department of Energy under 
Contract No. DE-Ac03-76SF00098. 
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and Wolniewicz while that of LiH, with respect to 
the center of mass, is -3.004 ± 0.037 a.u., as com
pared to recent complete active space self-consistent 
field and coupled-cluster results of -3.070 and 
-3.192 a.u., respectively: 

tAlso at the Department of Chemistry, University of California, 
Berkeley, CA 94720. 

2. Transition Dipole Moments: Quantum 
Monte Carlo Methods and Results 
(Publication 2) 

t t R.N. Barnett, P.l. Reynolds, and w'A. Lester, Jr. 

Three Monte Carlo methods for computing tran
sition dipole moments are studied. To evaluate the 
quality of each method, the transition dipole 
moment between the 1 s and the 2px states of the 
hydrogen atom is calculated. It is found that one of 
the methods, the use of a variational walk with 
fixed-node side walks, yields an accurate transition 
dipole moment most efficiently. This method is 
used to compute the transition dipole moment 
between the lowest-energy Sand P states of the 
lithium atom. The total energies of each state are 
also obtained from QMC calculations. These ener
gies, -7.47809 ± 0.00024 hartrees for the ground 
state and -7.41031 ± 0.00022 hartrees for the 
excited state, are in excellent agreement with the 
nonrelativistic limit energies of -7.47807 and 
-7.41016 hartrees, respectively. The QMC transition 
dipole moment is 2.349 ± 0.012 a.u. This value, 
together with the QMC energies above, are used to 
obtain 0.7480 ± 0.0084 for the oscillator strength 
and 27.17 ± 0.40 ns for the mean lifetime of the P 
state. The QMC results are in excellent agreement 
with the experimental values of the oscillator 
strength, 0.7416 ± 0.0012, and the mean lifetime of 
the P state, 27.29 ± 0.04 ns. 

tAlso at the Department of Chemistry, University of California, 
Berkeley, CA 94720. 



3. Bounded Vibrational Energies by Quantum 
Monte Carlo (Publication 3) 

t :j: d § B. Bernu, D.M. Ceperley, an W.A. Lester, Jr. 

QMC is an attractive alternative to the conven
tional variational and perturbation-theoretic tech
niques used in physiCs and chemistry. With it one 
can obtain excited states using a trial function ~T 
that is orthogonal to the exact lowest-energy state. 
Convergence (in the QMC sense) is then to the next
lowest energy. However, when studying states of the 
same symmetry, it is generally not possible to find a 
trial wave function exactly orthogonal to all the 
lower-energy states of that symmetry. Thus one is 
not guaranteed an upper bound to the energy. 

An alternative approach is developed that allows 
a significant number of excited states, typically 
10-15, to be found in a single calculation. At the 
present time, in order to avoid problems with Fermi 
statistics, vibrational and rotational states have been 
studied through the use of potential energy surfaces. 
This restriction can be lifted, and excited electronic 
states will be explored shortly. The method involves 
the calculation of two matrices of correlation func
tions. The eigenvalues obtained from the ratio of 
the two matrices provide bounded energy estimates 
for all the eigenstates represented in the matrices. 
With this method the molecules HlO, SOl, and 
HlCO have been studied with the use of good
quality potential surfaces from the literature. Results 
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are compared with other theoretical and experimen
tal results on vibrational excited states. Good agree
ment with these results has been obtained. 

tpermanent address: Laboratoire de Physique, Theorique des 
Liquides, Universite Pierre et Marie Curie, 75230 Paris Cedex 05, 
France. 
tpresent address: Department of Physics, University of Illinois, 
Urbana. 
§Also at the Department of Chemistry, University of California, 
Berkeley, CA 94720. 
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Properties of Superconducting Thin 
Films; Electron-Phonon and N on
Phonon Coupling* 

Vladimir Z. Kresin, Investigator 

INTRODUCTION 

The main goal of this research is to develop the 
theory of high-Te superconductivity. The research is 
carried out in two directions: (1) analysis of normal 
and superconducting properties that do nOt depend 
on the precise mechanisms of high-Te superconduc
tivity (evaluation of the main parameters of the new 
high-Te oxides, fermiology, multigap structure, prox
imity effect, etc.); and (2) origin of high Te. 

1. Parameters and Exotic Properties of High-T c 

Superconductors (Publication 5) 

v.z. Kresin 

A method of determining the values of main 
parameters, such as effective mass, Fermi energy, 
and coherence length, for the new high-Te supercon
ductors is developed. The method is based on 
specific-heat data. The new high-Te materials are 
highly anisotropic systems, and this feature plays a 
crucial role in the analysis. Particularly interesting is 
the small values of the Fermi energy EF. The results 
of the analysis show that we are dealing with unusual 
systems. The energy gap appears to be comparable 
with EF, and the coherence length is small. Contrary 
to the usual case, a large fraction of carriers is paired. 

2. Strong Electron-Phonon Coupling. Multigap 
Structure (Publications 3 and 4) 

v.z. Kresin and S.A. Wolf 

It is shown that the ratio (3 = ~/Te (where f is the 
energy gap at T = 0 K) saturates with increasing 
strength of the electron-phonon interaction: the value 
(3max is calculated. The special case of a multigap 
superconductor is discussed. New high-Te supercon-

*This work was supported by the U.S. Office of Naval Research 
under Contract No. NOOOI4-86-FOOlS through an agreement with 
the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098. 
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ductors present a unique opportunity to observe a 
multigap structure. 

A simple analytical expression describing Te for 
any strength of electron-phonon coupling is derived 
directly from the Eliashberg equation. 

3. Coexistence of Phonon and Nonphonon 
Mechanisms of Superconductivity. Concept of 
Coexistence and High Tc (Publications 6 and 9) 

v.z. Kresin 

A quantitative test is presented that allows one 
to separate phononic from nonphononic contribu
tions to the superconductivity in Nb3Ge. This test is 
based- on analysis of heat capacity and tunneling 
(\'2F(w) data and neutron scattering data. Evidence 
was obtained that the superconductivity in Nb3Ge is 
caused in part by a substantial nonphononic 
mechanism. In contrast, our results suggest that the 
superconducting state in Pb and V 3Si is due to pho
nons. 

The analysis of recent experimental data shows 
that high Te is due to the coexistence of phonon and 
non phonon mechanisms. . 

4. Plasmons and Phonons in New High-Tc 
Materials (Publication 2) 

v.z. Kresin 

High-Te superconductivity is caused by the coex
istence of two mechanisms: (I) strong electron
phonon coupling and (2) plasmon mechanisms. 
Anisotropy, the presence of layer and chain struc
tures, leads to an appearance of low-lying plasmon 
branches. One can distinguish two physically dis
tinct branches. An additional increase in Te is due 
to the hybridization of plasmons with optical pho
non modes. 

5. Proximity Effect (Publications 10 and 12) 

v.z. Kresin 

A proximity system containing a high-Te super
conductor can be used in order to strengthen the 
field effect. The use of the proximity contact Sh-Nb 
in the Josephson junction Sh-Nb-InAs-Nb-Sh (Sh is a 



high-Te film) is promising from the point of view of 
making a three-terminal device. 

The proximity effect can also be used in order to 
increase the values of the parameters of a conven
tional superconductor, such as Te, critical field, and 
critical current. 
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16. V.Z. Kresin, "New Superconducting Materials," 
International Conference on RF Superconductivity, 
Argonne, IL, Sept. 1987. 

17. V.Z. Kresin, "Mechanisms of High Te," Naval 
Research Laboratory, Washington, DC, Feb. 1987. 

18. V.Z. Kresin, "New Superconductors," Jet Propulsion 
Laboratory and California Institute of Technology, 
Pasadena, CA, May 1987. 

19. V.Z. Kresin, "Theory of High Te," Frascati Labora
tory, Frascati, Italy, July 1987. 

20. V.Z. Kresin, "Exotic Properties of New High Te 
Materials," IBM Research Laboratory, Yorktown 
Heights, NY, Sept. 1987. 

21. V.Z. Kresin, "High Te and the Multigap Structure," 
University of Wisconsin, Milwaukee, Sept. 1987. 
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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 pro
perties of tetrahydrogen (H4) using the fixed-node 
quantum Monte Carlo (FNQMC) method. Proper
ties of interest include formation mechanisms, 
potential-energy surfaces, lifetimes, and decay chan
nels. At long range, the H4 species of interest corre
lates with H2e~l) + H2(B I~u+) at one asymptote 
and H + H3 at the other asymptote. Efforts are 
directed at confirming the existence and stability of 
the maximum-ionicity excited state (MIES) using 
multireference configuration-interaction wave func
tions. I The FNQMC approach will be used to deter-

*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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mine decomposition pathways and, in particular, 
classical barriers to formation of the MIES and other 
excited forms. Hartree-Fock, multiconfiguration 
Hartree-Fock, and configuration-interaction wave 
functions will be used, where appropriate, as impor
tance functions in FNQMC study. 

I. C. A. Nicolaides, G. Theodorakopoillos, and I. D. Petsalaki,s, J. 
Chern. Phys. 80, 1705 (1984). 

1987 PUBLICATIONS AND REPORTS 

/ 

Invited Talk 

1. W.A. Lester, Jr., "Quantum Monte Carlo Study of 
the MIES Associated with H2(X l~t) and 
H2(B l~u+)," University of Dayton-sponsored Cooling 
Condensation and Storage of Hydrogen Cluster Ions 
Workshop, SRI International, Menlo Park, CA, Jan. 
8-9, 1987. 



UNITED STATES DEPARTMENT· OF TRANSPORTATION 

Materials for Enhanced Heavy Fuel 
Capability Marine Diesels-Part 1 * 

Alan V. Levy Investigator 

1. The Durability of Thermal Barrier Coatings 
in Diesel Engines (Publication 3) 

A. V. Levy and S. MacAdam 

A representative selection of diesel engine 
combustion zone components coated with plasma 
sprayed zirconia thermal barrier systems was 
analyzed after 14,000 hours of practical engine ser
vice. The coating systems under investigation 
included a flame stabilized and a pre-alloyed 8% 
y 203-Zr02 coating and a flame stabilized 22% MgO
Zr02 coating. All three of these systems applied to 
piston crowns survived engine service with no 
noticeable deterioration of any kind. Coating perfor
mance on valve faces was mixed. The 22% MgO
Zr02 valve coating consistently spalled at or near the 
interface, with the expansion associated with the 
observed phase transformation of the zirconia to the 
monoclinic structure. The flame stabilized 8% 

·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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y 203-Zr02 coating on the valves consistently failed 
over large regions while a pre-alloyed coating of the 
same composition survived with only minimal loss. 
This strongly suggests that the successful coating 
system-engine component combinations indicated 
have the durability to reliably serve through the 
overhaul lifetime in this type of service (18,000 to 
22,000 hours). 

1987 PUBLICATIONS AND REPORTS 

Refereed Journals 
1. A.V. Levy and S. MacAdam, "The Behavior of 

Ceramic Thermal Barrier Coatings on Diesel Engine 
Combustion Zone Components," Surface and Coat
ings Technology 30, 51 (1987). 

Other Publications 
2. A.V. Levy and S. MacAdam, "Performance Analysis 

of Ceramic Thermal Barrier Coatings After 9000 
Hours Service in a Marine Diesel Engine," ASME 
Paper No. 87-ICE-14. 

3. A.V. Levy and S. MacAdam, "Durability of Ceramic 
Coatings in 14,000 Hours Service in a Marine Diesel 
Engine," ASME Paper No.88-ICE-19. 



Materials for Enhanced Heavy Fuel 
Capability Marine Diesels-Part 2* 

Alan V. Levy, Investigator 

1. The Performance of Thin Y 203-Zr02 
Coatings in the DDA 149 Engine (Publication 1) 

A. V. Levy 

Combustion zone components and exhaust man
ifolds of a DDA 149 diesel engine were coated and 
tested on an engine test stand for 150 hours to deter
mine engine performance characteristics and gain 
some indication of coating durability. A pre-alloyed 
8% y 203-Zr02 coating was plasma sprayed on the 
test parts. The coating performed well on the piston 
domes and exhaust manifold components. There 

*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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was a small amount of spallation of the coatings 
inward from the edges of some of the exhaust valve 
faces due to thermal-mechanical stresses that 
developed at the abrupt termination of the the coat
ing. Feathering of coating near the valve face edge 
would eliminate the type of minor coating loss that 
occurred. This is the first test segment in this pro
ject whose objective is to determine the performance 
of thin ceramic thermal barrier coatings in a variety 
of service applications. 

1987 PUBLICATIONS AND REPORTS 

Other Publications 

1. A.V. Levy, "Behavior of Y20rZr02 Plasma Sprayed 
Coatings on Combustion Zone Components of a 
DDA 149 Engine," report to Detroit Diesel Allison 
Corp., Apr. 1987. 



U.S.-SPAIN JOINT COMMITTEE FOR 
SCIENTIFIC AND TECHNOLOGICAL COOPERATION 

Improved Emission: Control 
Catalysts* 

Heinz Heinemann, Investigator, with J. Odriozola 
and J. Marti 

INTRODUCTION 

This program aims to investigate the catalytic 
removal of NOx from power plant stack gases by 
reaction with ammonia in the presence of vanadia
titania catalysts. It seeks to determine a reaction 
mechanism and means to improve catalyst perfor
mance. It is a joint program with the Catalysis Insti
tute of the Consejo Superior d'Investigaciones Scien
tificas in Madrid, Spain. Dr. Juan Garcia 
de la Banda is the Spanish principal investigator. 
Work is performed both in Madrid and at LBL 
according to an agreed upon work plan. Only the 
work at LBL is reported here. 

1. Work in Progress 

Surface Science Studies of V20 5/Ti02 Catalysts 

XPS, Auger, and TPS studies of pure vanadium 
pentoxide have shown that ammonia reduces V(V) 

*This work is supported by the U.S.-Spain Joint Committee for 
Scientific and Technological Cooperation through Register 
Number CCA-S411-0IS. 
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to V(IV) while being oxidized to N20. V20 5 does not 
sorb NO, but V(IV) can be oxidized to V(V) by NO, 
which in turn is reduced to N2. N20 can react with 
surface vacancies to decompose to nitrogen. Oxygen 
is needed in the feed gas stream, and the overall 
reaction is 

Titania in the anatase form sorbs NO readily, 
though there are differences in the amount of adsorp
tion for different titania preparations. It appears 
that NO adsorbed on titania spills over to V 205 that 
has been reduced by NH3 to V(IV). 

Dispersion of V20 5 on titania is another impor
tant factor for catalytic activity. Catalyst improve
ments can probably be made by choosing a well
dispersed V 205 on a highly NO-adsorbing titania. 

Some commercial catalysts are prepared by using 
phosphoric acid as a binder during extrusion. This 
work has shown that, in the presence of phosphorus 
compounds, the vanadia surface is greatly reduced. 
Extrusion with organic binders that can be burned 
out appears to be preferable. 



ELECTRIC POWER RESEARCH INSTITUTE 

Erosion-Corrosion of Materials in 
Coal-Water Siurries* 

Alan V. Levy, Investigator 

1. Erosion-Corrosion of Materials in Coal
Water Slurries (Publication 2) 

A. V. Levy and S. MacAdam 

Pulverized coal can be carried into coal gasifiers 
in a water slurry. The carbon steel pipes used to 
contain the slurry are subjected to erosion-corrosion. 
The potential use of erosion resistant liner materials 
to prevent an unacceptable metal loss rate of the car
bon steel was investigated by determining the room 
and elevated temperature erosion rates of mild steel 
and a number of protective layer materials. The 
tests were carried out in a slurry pot tester using neu
tral and acidic waters for test durations that caused 
steady state material loss rates to occur. It was 
determined that the materials' behaviors were in 
three performance levels. The corrosion resistance of 
materials, even in neutral slurries, was the primary 
factor in establishing their metal wastage rates. Hard, 

*This work was supported by the Electric Power Research Insti
tute. 
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basically nonmetallic materials such as alumina and 
fused basalt had very low loss rates in the range 3-7 
mils/yr. Iron-based materials with a high chromium 
content that formed carbides had low loss rates of 15 
to 20 mils/yr. The third level of materials tested was 
basically lower chromium content, thermally har
dened steel surfaces that eroded at high rates of 
200-250 mils/yr, the same as the mild steel piping 
material used as a comparative standard. The 
mechanisms of material loss were determined for 
each material and correlated well with the three dif
ferent material loss rate regimes. 

1987 PUBLICATIONS AND REPORTS 

Other Publications 

I. S. MacAdam and A.V. Levy, "Erosion of Materials 
by Coal-Water Slurries," in Proc. ASM Symp. on 
Materials for Coal Gasification, Cincinnati, OH, 
Oct. 1987. 

LBL Reports 

2. A.V Levy and S. MacAdam, "Erosion-Corrosion of 
Materials in Coal-Water Slurries," EPRI Report; 
LBL-246l3. 



A Cold Model Study of Wear on 
Fluidized Bed Combustor Tubes* 

Alan V. Levy, Investigator 

1. Work in Progress 

Energy production from the fluidized bed 
combustion of coal has many advantages over con
ventional coal burning methods. A large reduction in 
emissions of pollutants believed to cause acid rain, 
as well as a greater operating efficiency and wider 
fuel tolerance, make fluidized bed combustion an 
attractive technology. A major problem encountered 
in the combustion of coal by this process has been 
the material wastage of heat exchanger tubes 
immersed in the burning fluidized bed. This wastage 
is the result of a combination of material wear, due 
to particle/tube interactions, and corrosion, resulting 
from a favorable thermal and chemical environment. 
Erosion/corrosion of tn-bed tubes has resulted in 
unacceptable w~stage rates often as high as I 
mm/ 1 000 hours. 

Wear in fluidized beds can result from many 
causes. It is believed that a major contribution to 
wear arises from the impact of blocks of essentially 
unfluidized particles on the tubes as a result of either 
bubble passage or a cooperative bed particle motion. 
Optical experiments have shown such particle blocks 

*This work was supported by Electric Power Research Institute 
through Agreement No. RP8000-6. 
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impacting tube bottoms and sliding across their sur
faces. In an effort to investigate this process, iso
lated from other effects and in a controlled environ
ment, a cold fluidized bed unit has been designed 
and built with the unique feature of a specimen tube 
that can be quickly actuated a short distance verti
cally within a minimally fluidized bed. The down
ward specimen motion is of similar frequency and 
velocity to that of the impacting particle blocks in an 
operating fluidized bed. Because the bed is 

. minimally fluidized during testing, all other contri
butions to wear are essentially eliminated. 

Results of the cold model study have thus far 
strongly supported the particle block impact theory. 
Material wastage rates agree very well with the 
results of other cold bed tests carried out under typi
cal fluidizing conditions. Furthermore, the wastage 
pattern around the exposed tubes duplicates that 
which has often been found in practice. The 
mechanism of material removal was found to be one 
of a combination of ploughing and micro-machining 
due to the dragging of partially constrained particles 
across the tube surface. Study of tube wear behavior 
in a cold bed environment will continue so that the 
effects of material properties and particle loading 
conditions on wastage rates and distribution can be 
determined. The testing unit will then be modified 
to operate at a temperature under which the com
bined effects of corrosion and wear can be investi
gated. ' 
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APPENDIX A 

DIVISION PERSONNEL 

1987 Scientific Staff 

Investigators 
Postdoctoral and 
Other Scientists Graduate Students 

Neil Bartlett 

Alexis Bell 

Robert Bergman 

Robert Bragg 

Leo Brewer 

John Clarke 

Marvin Cohen 

Eugene Commins 

Robert Connick 

Didier de Fontaine 

Lutgard De Jonghe 

R. Hagiwara 

M. Sattler 

Y. Kaburagi 
A. Lachter 

C. Meyer 

K. Chang 

R. Adamic 

J. Kulik 
L. Wille 

M. Armand 
A. Garg 
M. Rahaman 
S. Varanasi 
S. Visco 

K. Kourtakis S. Mayorga 
M. Lerner B. Shen 

J. Brown S. Lombardo 
D. Jordan G. Went 
K. Krishna G. Yokomizo 

K. Bharucha D. Klein 
E. Burkhardt W. McGhee 
J. Chang R. Simpson 
T. Foo P. Stoutland 
D. Glueck M. Trost 
K. Goldberg P. Walsh 
J. Hartwig E. Wasserman 
D. Johnson 

M. Tidjani 

J. Bularzik K. Krushwitz 
B. Ebbinghaus S. Leonard 
J. Kouvetakis 

A. Cleland J. Pelz 
N. Fan J. Schmidt 
M. Ferrari F. Well stood 
M. Heaney 

S. Zhang 

K. Abdullah 

A. Berera P. Huang 
J. Hoyt 

Y. Boiteux M. Liu 
T. Buchanan C. Mailhe 
M. Chu E. Reiner 
D. Kapolnek C. Sheu 
T. Kueper M. Weiser 
M. Lin 
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Participating 
Guests 

T. Richardson 
T. Sasaki 

R. June 
R. Rosin 

J. Aladekomo 

R. Dalven 

C. Burmester 
B. Davis 
M. Kraitchman 
M. Wiedenmeier 

S. Shinde 



Postdoctoral and Participating 
Investigators Other Scientists Graduate Students Guests 
Norman Edelstein B. Attenberg T. Boussie J. Rigsbee T. Allyn 

S. Beshouri D. Eisenberg R. Rosen A. Bulls 
Richard Andersen J. Brennan M. Fabiano P. Smith C. Burns 
Kenneth Raymond J. Bucher T. Franczyk J. Stewart S. Evans 
Andrew Streitwieser, Jr. J. Chambron L. Gong S. Stults M. Ganz 
David Templeton G. Feige W.Kot B. Tansy S. Gokcen 
Allan Zalkin I. Poirot W. Mallet L. Uhlir E. Hahn 

G. Shalimoff P. Matsunaga G. Williams J. Koningstein 
D. Piehler S. Kretchmar 

J. Krupa 
M. Silva 
L. Templeton 
D. White 
S. Xia 

James Evans L. Feng O. Rego-Monterio H. Lee 
B. Li G. Savaskan • E. Luh 

S. Siv 
H. Tsai 

Leo Falicov D. Chrzan A. Reich 

Andreas Glaeser W. Carter J. Roedel 
L. Edelson M. Shalz 

Harvey Gould C. Bengtsson C. Munger 
J. Schweppe 

Ronald Gronsky J. Camberos 
M. Fendorf 
M. Kundmann 
S. Packer 
J. Punglia 
C. Shim 
W. Soffa 
L. Yamamoto 

Eugene Haller* 

Charles Harris M. Arndt E. Haas 
J. Brown R.Hoff 
R. Jordan W. Merry 
E. Peterson M. Paige 

D. Pennington 
M. Prisant 
D. Russell 
B. Schwartz 
D. Smith 

Heinz Heinemann J. Odriozola J. Munoz 

Carson Jeffries P. Bryant Q. Lam 
Y. Kim 

Harold Johnston A. Young J. Burley C. Miller 
P. Hunter B. Oh 
B. Kim K. Patten 
D. Kinnison W. Sisk 

William Jolly 

*Also affiliated with the Engineering Division 
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Postdoctoral and Participating 
Investigators Other Scientists Graduate Students Guests 
Yuan Lee G. Nathanson J. Allman E. Hintsa R. Ferrieri 

Q. Zhu B. Balko J. Meyers J. Mestdagh 
R. Brudzynski J. Price W. Miller 
P. Chu G. Robinson D. Neumark 
R. Continetti A. Schmoltner T. Trickl 
M. Covinsky A. Suits A. Yokoyama 
E. Cromwell M. Vrakking 
H. Davis L. Yeh 
M. Helfand X. Zhao 

William Lester, Jr. V. Kresin R. Barnett S. Huang B. Bernu 
P. Reynolds C. Dateo R. Owen J. Dixon 

B. Hammond K. Pape 
P. Pernot 
M. Srinavasan 
C. Young 

Alan Levy S. MacAdam Z. Shui 
B. Wang 

Steven Louie J. Northrup S. Fahy H. Lin 

William Miller J. Chang Y. Chang A. Makri B. Jansen 
T. Gray B. Ruf J. Zhang 
J. Tromp 

C. Bradley Moore T. ButenhotT J. Frisoli M. Chuang 
1. Chen W. Green A. Kung 
Y. Choi Y. Guo M. Ochsner 
D. Darwin V. Venturo 
M. Foltz 

Rolf Muller H. Gerischer M. Armstrong J. Gyory G. Burgess 
D. Barkey S. Mayer 
R. Crocker 

John Newman V. Battaglia A. Mason 
T. Fuller P. Shain 
C. Haili G. Sisler 
A. Hauser A. West 

Donald Olander M. Derzon J. Abrefah A. Motta M. Ballooch 
F. Tehranian K.Kim K. Park H. Harrell 

M. Moalem D. Sherman T. Wonnell 
S. Yagnik 

Norman Phillips C. Marcenant S. Kim J. Olsen R. Fisher 
S. Lacy J. Gordon 

Alexander Pines J. Anandan D. Caplan J. Pearson H. Cho 
G. Chingas J. Chang M. Raferty L. DeMenorval 
D. Suter C. Connor S. Rucker H. Huber 
K. Takegoshi M. Gochin D. Shykind S. Liu 
T. Terao T. Jarvie A. Thayer M. Luzar 

C. Lee M. Trecoske S. Matsui 
K. Mueller K. Neidig 

A. Shaka 
C. Schmidt 
A. Somoson 
U. Werner 

Kenneth Pitzer D. Schreiber J. Yang 
R. Singh 
J. Tanger 

John Prausnitz R. Cotterman A. Wu 
A. Harvey 
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Postdoctoral and Participating 
Investigators Other Scientists Graduate Students Guests 
Michael Prior H. Berg 

J. Pederson 
H. Schmidt-Bocking 
H. Shugart 

Paul Richards G. Bernstein D. Miller P. Timbie 
M. Fischer R. Phelps 
A. Lange S. Verghese 

Robert Ritchie R. Dauskardt T.Oh J. Cullinan 
J. Mason J. Shang G. Doi 

F. Haubensak 
H. Hayashigatani 
J. Miwa 
P. Spencer 
W. Yu 
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Philip Ross K. Gaugler L. Johnson 
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R. Cohen R. Robinson 
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T. Stehlin 
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David Shirley S. Kim P. Heimann A. Schach von Wittenau P. Gresser 
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L. Medhurst J. Zhang X. Zhang 
B. Niu 
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M. Xu M. Bussell C. Knight P. Bernhardt 

J. Carrazza K. Lewis F. Garin 
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D. Godbey T. Rucker J. Houlihan 
C. Kao G. Vurens M. Khader 

R. Nix 
J. Novskov 
H.Ohtani 
R. Pande 
E. Sowa 
D. Sullivan 
P. Xu 

Angelica Stacy - J. Badding S. Keller G. Holland 
M. Dixon P. Vernody 
M. Gcsclbracht J. Womack 
W.Ham H. zur Loye 
R. Hoskins 
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Postdoctoral and Participating 
Investigators Other Scientists Graduate Students Guests 
Gareth Thomas H. Zandbergen L. Chan H.Ho T. Bielicki 

M. Chandramouli T. Huynh D. Bradley 
J. Chen S. Miyasato D. Callahan 
M. Dass R. Ramesh K. Gupte 

J. Kim 
J. Kim 
C. Koestler 
V. Radmilovic 
L. Sidjanin 
K. Srikrishna 

Charles Tobias P. Andersen D. Sutija R. Anderson 
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P. McGovern W. Tolman 
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Kenneth Westmacott U. Dahmen J. Dobson 
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Y. Haung W. Shan 

Alex Zettl S. Hoen W. Creager 
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Support Staff 

Division Administrative Staff 

M. Alper - Associate Division Head 
Division Administrators: L. Maio, M. Montgomery 

Administration Personnel/Financial 

L. English 
J. Leonard 
R. Rodriguez 

Technical Editor 

R. Albert 

C. Coolahan 
R. Hunt 
P. Paladini 
G. Solomon 
S. Waters 

Travel 

S. Quarello 

Administrative/Secretarial Staff 

T. Allyn 
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M. Borgri.nk 
G. Brazil 
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Technical Staff 
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S. Gangwer 
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Technical Coordinator: M. Moebus/J. Holthuis 

D. Ackland 
H. Ackler 
D. Ah Tye 
H. Brendel 
R. Cardenas 
N. Claytor 
D. Colomb 
K. Desai 
C. Echer 

C. Flor 
G. Gager 
L. Gill 
A. Gronsky 
J. Holthuis 
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M. Moore 
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M. Penton 
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E. Nelson 
M. Ng 
T. Prussin 
R. Ruegg 
L. Rumaner 
J. Severns 
W. Smith 
H. Sokol 

Purchasing 

S. Stewart 
J. Leonard 

R. Rodriguez 
B. Tung 
A. Weightman 
A. Wingfield 
K. Wong 
S. Yamagishi 
C. Yoder 
B. Zambrano 
J. Zissler 

B. Sun 
L. Sun 
G. Tabler 
J. Turner 
J. Wu 



APPENDIX B 

DIVISION COMMITTEES 

DIVISIONAL COUNCIL 
A. Bell 
L. De Jonghe 
H. Johnston 
S. Louie 
K. Raymond 
R. Ritchie 
P. Ross 
G. Thomas 
K. Westmacott 

DIVISIONAL RESEARCH STAFF 
COMMITTEE 
N. Edelstein 
L. Falicov 
R. Muller* 
K. Westmacott 

ELECTRON MICROSCOPE USERS 
COMMITTEE 
R. Gronsky 
P. Ross* 
K. Westmacott 

EQUIPMENT REVIEW COMMITTEE 
J. Clarke 
H. Johnston 
R. Muller* 
R. Ritchie 
P. Yu 

TECHNICAL STAFF AND SHARED 
FACILITIES COMMITTEE 
L. De Jonghe* 
R. Gronsky 
P. Ross 
G. Somorjai 

ADMINISTRATIVE STAFF COMMITTEE 
C. Peterson* 
M. Van Hove 
P. Yu 

*Chairman 

MCSD SAFETY COORDINATOR 
D. MeschijR. Ellis 

SAFETY AND LABORATORY STANDARDS 
COMMITTEE 
Buildings 62, 66, and 72 

D. Ackland 
H. Brendel 
D. Colomb 
R. Ellis* 
L. English 
K. Gaugler 
J. Haley 
J. Holthuis 
J. Jacobsen 
L. Johnson 
D. Jurica 
D. Krieger 
J. Leonard 

Building 70A 

D. Lindle 
T. Minton 

E. (Fong) Mah 
D. Meschi 
M. Moebus 
B. Muhammad 
R. Muller 
E. Perez 
C. Peterson 
P. Ruegg 
M. Salmeron 
J. Severns 
G. ShalimofT 
S. Stewart 
W. Wong 
J. Wu 

G. Shalimoff'" 
A. Weightman 

CERAMICS PROGRAM ADVISORY COMMITTEE 
R. Gronsky 
R. Ritchie 
A. Searcy 

. BUILDING AND SPACE COMMITTEE 
R. Gronsky 
D. Meschi 
R. Muller* 
A. ZaJkin 

Buildings 62 and 66 Building Manager: 
D. MeschijR. Ellis 
(Alternate: C. Peterson) 

Building 72 Building Manager: 
K. Westmacott 
(Alternate: D. Ackland) 
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APPENDIX C 

LIST OF DIVISIONAL SEMINARS 

Surface Science and Catalysis Seminars 

Date 

1-8-87 

1-15-87 

1-22-87 

1-27-87 

1-29-87 

2-5-87 

2-12-87 

2-19-87 

2-26-87 

3-9-87 

3-12-87 

3-19-87 

3-20-87 

4-2-87 

4-&-87 

4-9-87 

Speaker and Affiliation 

V. Akhmedov, Azerbaidjan State University, Baku, 
USSR 

T.L. Einstein, University of Maryland 

T. Gentle, Dow, Midland, MI 

S.c. Fain, University of Washington, Seattle 

E. Sutcliffe, IBM, Yorktown Heights, NY 

D. Auerbach, IBM Almaden Research Center, San 
Jose, CA 

R. Bastasz, Sandia National Laboratory, Livermore, 
CA 

B.E. Koel, University of Colorado, Boulder 

J. Whitten, SUNY, Stony Brook, NY 

F. Hansen, University of Utah 

J.W. Larsen, Lehigh University, Bethlehem, PA, 

T. Oyama, Catalytica Associates 

A. Inspektor, Nuclear Research Center, Negev, Israel 

J.R. Anderson, CSIRO, Australia 

J. McLaren, Imperial College, London 

H. Ibach, KFA Jiilich, Federal Republic of Germany 
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Seminar Title 

Catalytic Oligomerization of Dienes and Olefins with 
Catalysts Derived Directly from Metal Atoms 

Phase Transitions of Chemisorbed Atoms: What 
Can Be Learned About and From 2-D Critical 
Properties 

Recent Developments in Silicon Surface Chemistry 

Incommensurate Hydrogen Molecular Layers on 
Graphite 

Controlled Modification and Etching of Organic 
Polymer Films by Pulsed UV Laser Radiation 

Molecular Beam Studies of Dissociative 
Chemisorption 

Hydrogen at Palladium Interfaces Studied with 
Semiconductor Devices 

Chemistry of Nitrogen Dioxide on Metal Surfaces 

Chemisorption on Metals: CH Fragments 

Syngas Conversion to Olefins over Raney Fe-Mn 
Catalysts: A Process. Variable Study 

The Macromolecular Structure of Coais 

Structure Sensitivity of Propylene Oxidation on 
Oriented Mo03 Crystallites 

Plasma-Assisted Chemical Vapor Deposition of Hard 
Wear-Resistant Coatings 

Hydrogenolysis Reactions: New Light; Old 
Problems 

Catalytic Implications of Surface Electronic Structure 
and Perturbations Induced by Coadsorbates 

Surface Phonons, Surface Stress, and Surface 
Reconstruction 



Date 

4-23-87 

4-30-87 

5-7-87 

5-13-87 

5-14-87 

5-21-87 

6-4-87 

6-11-87 

7-9-87 

7-14-87 

7-16-87 

7-30-87 

8-13-87 

8-20-87 

8-25-87 

8-27-87 

9-3-87 

9-10-87 

Speaker and Affiliation 

D. Smith, IBM, Yorktown Heights, NY 

A Ignaticv, Space Vacuum Epitaxy Center, 
University of Houston 

R. Prins, Technical University, Eindhoven, The 
Netherlands 

B.J. Kip, Eindhoven University, The Netherlands 

J. Oudar, Universite Pierre et Marie Curie, Paris 

F. Parmigiani, CISE Research Center, Milan, Italy 

M. Geusic, Battelle Pacific Northwest Laboratories, 
Richland, W A 

F. Garin, Laboratoire de Catalyse et Chemie des 
Surfaces, Strasbourg, France 

J. Norskov, Nordita, Copenhagen 

G. Maire, CNRS, Strasbourg, France 

AA Lucas, Namur, Belgium, and IBM Almaden, 
San Jose, CA 

Prof. D. Olivier, Universite Pierre et Marie Curie, 
Paris 

CM. Mate, IBM Almaden Research Center, San 
Jose, CA 

H.P. Boehm, Institute of Inorganic Chemistry, 
University of Munich 

C Minot, University of Paris, Orsay, France 

M. Asscher, Hebrew University, Jerusalem, Israel 

S. Chiang, IBM Almaden Research Center, San Jose, 
CA 

J.G. Tobin, University of Wisconsin, Madison 
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Seminar Title 

The Effect of Mismatch on the Epitaxy of Metal 
Films 

Epitaxial Crystal Growth in Outer Space 

EXAFS Study of the Metal Particle Size and Metal
Support Interface of Rh, Pt, and Ir on A120 3, SiOl> 
and Ti02 Catalysts 

Selective Formation of Oxy-Products in Synthesis 
Gas Reactions over Rh/Si02 Promoted by V 203, 
MoO, and Th02 

Butadiene Hydrogenation on Platinum Single 
Crystals 

Electronic Structure of Small Metal Clusters and 
Their Interaction With a Substrate 

Cluster Studies Within a Supersonic Molecular Beam 

A Study of Reforming Reactions on Supported 
Metallic Platinum and Single Crystal Catalysts by 
the Use of Labelled Hydrocarbons 

Adsorbate-Induced Recon.structions of fcc(llO) Metal 
Surfaces 

Catalytic Properties of Small Particles and Surface 
Crystals of Platinum-Extension to Alloys 

Theory of Tunneling Through Localized Barriers: 
Application to Scanning Tunneling Microscopy 

Dimerization of Olefins by Tailor-Made Supported 
Nickel Complexes. Selectivity Control by Electronic 
and Steric Ligand Effect 

The Atomic-Force Microscope 

Metal on Titania Catalysts, Photochemical 
Preparation and Observations of Their Catalytic 
Behavior 

Benzene and Toluene Adsorption on Hexagonally 
Packed Ru(OOO I), Rh(lll), Pd(lll), and Pt(lll) 

Structure-Sensitive Gas-Surface Interactions 

Scanning Tunneling Microscopy of Metals on 
Semiconductors 

Photoemission and Inverse Photoemission of Metal 
Overlayers Systems 



Date 

9-17-87 

9-24-87 

10-1-87 

10-8-87 

10-15-87 

10-22-87 

10-23-87 

10-29-87 

11-5-87 

11-6-87 

11-12-87 

11-19-87 

12-3-87 

12-10-87 

12-17-87 

Speaker and Affiliation 

C.R. Henry, University of Marseilles, France 

P. Pfeifer, University of Missouri, Columbia 

P. Williams, National Tritium Labeling Facility, 
LBL 

1.P. Cowin, University of California, Santa Barbara 

S. Kaiser, Union Carbide, Charleston, SC 

A.T. Hubbard, University of Cincinnati 

G. Comsa, liilich, Federal Republic of Germany 

D. Gruen, Argonne National Laboratory 

N. Spencer, W.R. Grace & Co., Maryland 

H.P. Bonzel, liilich, Federal Republic of Germany 

K.M. Ho, Iowa State University, Ames 

G. Kubiak, Sandia National Laboratory, Livermore, 
CA 

L.L. Kesmodel, University ofIndiana, Bloomington 

H.C. Siegmann, ETH-Ziirich and IBM Almaden 

G.B. Fisher, General Motors Research Laboratory, 
Warren, MI 

Chemical Dynamics Seminars 

1-28-87 

1-30-87 

2-12-87 

3-30-87 

D.l. Kouri, Dept. of Chemistry, University of 
Houston 

R. Gordon, Dept. of Chemistry, Harvard University 

G.S. Ezra, Dept. of Chemistry, Cornell University, 
Ithaca, NY 

1.1. Murrell, University of Sussex, England 
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Seminar Title 

Adsorption Kinetics on Stepped Surfaces by 
Molecular Beam Techniques 

Critical Phenomena on Fractal Surfaces 

Tritium Labeling and Tritium NMR 

Photodynamics of Molecules on a Metal Surface 

Methanol Conversion to Cr C4 Olefins Over 
Aluminophosphate Molecular Sieves 

Electrochemistry of Well-Defined· Surfaces 

Hydrogen Does Not Dissociate on Pt(lIl)~ Terraces 

Depth of Origin of Sputtered Atoms 

Partial Oxidation of Methane 

Surface Energy Anisotropy and Surface 
Reconstruction 

Theory of the Missing Row Reconstruction on 
Transition Metals 

Characterization of Normally Unoccupied Bands on 
Cu(lll) and C(lll) (2X 1) (diamond) Via Two
Photon Photoemission 

High-Resolution EELS Studies of CO and 
Hydrocarbon Adsorption on Supported Platinum 
Particles 

Magnetism in Epitaxial Films 

CO Oxidation and NO Reduction Over Rhodium 
Catalysts. High-Pressure Rates Explained Using 
UHV Surface Science 

Amplitude Density Approach to Reactive Scattering 

Chemical Vapor Deposition 

Resonances, Antiresonances, and Bottlenecks: A 
Phase Space View of Vibrational Relaxation 

Non-Adiabatic Transitions for Polyatomic Molecules 



Date 

4-20-87 

4-22-87 

4-29-87 

7-10-87 

7-16-87 

Speaker and Affiliation 

S.L. Anderson, Dept. of Chemistry, State University 
of NY, Stony Brook 

S. Nordholm, School of Chemistry, University of 
Sydney, Australia 

E. Pollak, Israel 

L. Holmlid, Dept. of Physical Chemistry, University 
of Goteborg, Sweden 

R. McGreevy, Clarendon Laboratory, Oxford, 
England 

Electron Microscopy Seminars 

1-15-87 R. Geiss, IBM, San Jose 

1-29-87 D. Attwood, LBL 

2-12-87 F. Ponce, Xerox Palo Alto Research Center 

2-13-87 S. Das, Allied Signal, NJ 

2-19-87 M. Ruhle, UC Santa Barbara 

3-3-87 D. Ayrault, Ecole des Mines, Paris 

3-12-87 B. Stacy, Philips/Signetics 

3-26-87 J. Bastacky, LBL 

4-2-87 J. Clarke, LBL 

4-16-87 H.R. Wenk, UC Berkeley 

5-1-87 G. Van Tendeloo, University of Antwerp, Belgium 

5-7-87 R. Sinclair, Stanford 

5-14-87 W.A. Soffa, University of Pittsburgh 
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Seminar Title 

Physical and Chemical Properties of Aluminum 
Cluster Ions 

An Explanation of Co valet Bonding Using 
Nonergodic Thomas-Fermi Theory 

Structure and Dynamics of Molten Salts: 
Experiments and Computer Simulations 

Transmission Electron Microscopy of Thin Magnetic 
Media 

Coherent Radiation at X-ray Wavelengths: Optics 
and Applications 

Application of HREM to the Study of 
Semiconductors 

Microstructure and Properties of RSP Light Alloys 

Structure and Chemistry of Metal-Ceramic Interfaces 

Laser Shock Loading Effects in Nickel-Base 
Superalloys 

Microstructural Studies of Silicon Integrated Circuits 

HVEM and AEM of the Lung 

The Scanning Tunnelling Microscope Looks at the 
Graphite Surface 

Microstructures in Minerals and their Geological 
Interpretations 

HREM of Different Sublattices in Complex 
Materials 

Interpretation of Semiconductor Interface Reactions 
using Ternary Phase Diagrams 

The Relationship Between Microstructure and 
Mechanisms of Magnetic Reversal in Hard Magnetic 
Materials 



Date 

6-22-87 

10-12-87 

10-19-87 

10-26-87 

10-28-87 

11-2-87 

11-9-87 

11-17-87 

11-23-87 

12-7-87 

12-14-87 

Speaker and Affiliation 

R. Egerton, SUNY, Stony Brook, NY 

K.H. Downing, LBL 

I. McFadyen, IBM, San Jose 

J.B. Kortright, LBL 

A. Loiseau, ONERA, Paris 

H. Zandbergen, University of Leiden, The 
Netherlands 

D.F. Blake, NASA Ames Research Laboratories, 
Mountain View, CA 

J.M. Gibson, A TT Bell Laboratories 

O. Krivanek, Gatan 

D. Howitt, UC Davis 

C.W.T. Bulle-Lieuwma, Philips Research, 
Eindhoven, The Netherlands 

Other Seminars Hosted 

3-9-87 

3-10-87 

4-10-87 

8-26-87 

A.L. Johnson, National Bureau of Standards, 
Gaithersburg, MD 

D. W. Lindle, National Bureau of Standards, 
Gaithersburg, MD 

B. Zemva 

O. Glemser 
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Seminar Title 

Recent Developments in Electron Energy-Loss 
Spectroscopy 

TEM Studies of Organic Materials-Reducing the 
Effects of Radiation Damage 

Characterization of Magnetic Materials Using 
Electron Microscopy 

Grazing Incidence X-ray Scattering Studies of GaAs 
on Si and Other Systems 

High Resolution Studies of Al-Cu-Li-Mg 
Quasicrystals 

HREM Studies of High Tc Superconductors, 
Structure-Property Relationships 

Analytical Microscopy of the Nature and the Origin 
of Interstellar Diamond 

In situ Studies of Molecular Beam Epitaxy by TEM 

Parallel Detection EELS 

Electron Beam Damage in Electron Microscopy 

Nucleation and Growth ofCoSiz on (100) and 
(l11)Si 

Recent Work on the Chemisorption of First Row 
Protic Hydrides on Si(lOO) Using ESDIAD 

Fluorescence Spectroscopy 

New Synthetic Routes to Fluorometallates 

Studies about Positive Electrodes for the Alkaline 
Accumulator Together with Some Aspects of 
Electrotraction 



APPENDIX D 

INDEX OF INVESTIGATORS* 

Andersen, Richard A ....................................................... 203 Marti, J ............................................................................. 266 
Miller, William H ............................................................ 162 

Bartlett, Neil ............................................................ 192, 203 Moore, C. Bradley ........................................................... 148 
Bell, Alexis T .................................................................... 185 Muller, RolfH ........................................ 107,117,227,232 
Bergman, Robert G ......................................................... 195 
Bragg, Robert H ................................................................. 66 Newman, John ......................................................... 227, 243 
Brewer, Leo ...................................................................... 111 

Odriozola, J ...................................................................... 266 
Carrazza, J. . ...................................................................... 223 Olander, Donald R .......................................................... 114 
Clarke, John ............................................................... 86, 134 
Cohen, Marvin L. ................ 86, 94, 99, 102, 103, 138, 256 Phillips, Norman E .......................................................... 105 
Commins, Eugene ............................................................ 258 Pines, Alexander .............................................................. 131 
Connick, Robert E. .......................................................... 184 Pitzer, Kenneth S ............................................................. 151 
Conway, John G .............................................................. 203 Prausnitz, John M ................................................ : .......... 199 

Prior, Michael H .............................................................. 181 
de Fontaine, Didier ......................................... 27, 32, 39, 41 
De Jonghe, Lutgard C. ................................ 30, 62, 227, 239 Raymond, Kenneth N ..................................................... 203 

Richards, Paul L. ....................................................... 71, 102 
Edelstein, Norman M ...................................................... 203 Ritchie, Robert O ...................................................... 45, 252 
Evans, James W ................................................ 37, 227, 237 Rosenblatt, Gerd M ......................................................... 251 

Ross, Philip N., Jr. .......................................... 227, 234, 254 
Falicov, Leo M .................................................... 41, 91, 247 

SaykaUy, Richard J .......................................................... 160 
Glaeser, Andreas M ........................................................... 68 Seaborg, Glenn T ............................................................. 203 
Gould, Harvey ......................................................... 179, 258 Searcy, Alan W ............................................................ 26, 52 
Gronsky, Ronald ........................................ 1, 12, 19, 56, 58 Shen, Yuen-Ron ............................... 76,123,173,174,175 

Shirley, David A ...................................................... 165, 175 
Haller, Eugene E ........................................................ 72, 247 Somorjai, Gabor A ................................. 121,141, 186,223 
Harris, Charles B ............................................................. 145 Stacy, Angelica M .. 71, 84, 86, 99, 102, 103, 105, 138, 256 
Heinemann, Heinz .................................................. 223, 266 Streitwieser, Andrew, Jr. ................................................. 203 

Jeanloz, Raymond ................................................... 146,256 Templeton, David H ....................................................... 203 
Jeffries, Carson D .............................................................. 81 Thomas, Gareth ............................................................. 5, 19 
Johnston, Harold S .......................................................... 143 Tobias, Charles W .................................. 107, 118, 227, 229 
Jolly, William L. ............................................................... 191 

Vollhardt, K. Peter C. ..................................................... 188 
Kresin, Vladimir Z .......................................................... 261 

Washburn, Jack .................................................................. 56 
Lee, Yuan T ........................................ 76,78, 161, 169,173 Westmacott, Kenneth H ............................................. 16, 19 
Lester, William A., Jr. .................................... 155, 259, 263 
Levy, Alan V ................................... 219, 264, 265, 267, 268 Yu, Peter Y. ............................................................... 84, 256 
Louie, Steven G ............................................ 94, 95, 98, 138 

Zalkin, Allan .................................................................... 203 
Zett!, Alex ............................... 71, 84, 86, 99, 102, 138, 256 

*Boldface numbers indicate investigators' main programs. 

281 



/ 


