AR o LBL-31510
" UC-404

ational Center for
Electron Microscopy

hysics, Chemistry and
Materials Sciences

enter for Advanced
Materials

B pls
4 3 4
R W e e

A e i =

U. C. Lawrence Berkeley Laboratory
* Library, Berkeley

FOR REFERENCE

‘ . i o

Not to be taken from this room J e
Q
u
S
-
-
o Q
5 0
® o
H <
D

Lawrence Berkeley Laboratory ¢ University of California N

- @TSTE-TET



DISCLAIMER

This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ernment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors 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
and shall not be used for advertising or product endorsement pur-

poses.

This report has been reproduced directly
from the best available copy.

Available to DOE and DOE Contractors
from the Office of Scientific and Technical Information
P.O. Box 62, Oak Ridge, TN 37831
Prices available from (615) 576-8401, FTS 626-8401

Available to the public from the
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road, Springfield, VA 22161

Lawrence Berkeley Laboratory is an equal opportunity employer.




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
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
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 authors 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.



Materials Sciences Division
1990

Annual Report

National Center fo
The Groups in Physic
Center f

ectron Microscopy
and Materials Sciences
Materials

All research described in this report was supported by funds from the Division of Materials Sciences, Office of Energy Research of the U.S.
Department of Energy under contract DE-AC03-76SF00098. Portions of this work were also supported by Chemical Sciences Division, Office
of Basic Energy Sciences, Office of Conservation and Renewable Energy, Office of Energy Storage and Distribution, Energy Storage Division,
Advanced Utility Concepts Division, Energy Biosciences Division, Magnetic Fusion Divison, Fossil Energy Materials Program, Office of
Advanced Research and Technical Development in the U.S. Department of Energy; the Department of Defence; U.S. National Aeronautics
and Space Administration; U.S. Army; Office of Naval Research; UCSD Center for Recording Materials (NSF); Electric Power Research
Institute; National Science Foundation; Morris Research, Inc.; The State of California, California Competitive Technology Program;
Conductus, Inc.; University of Houston; Cargill Corporation; Ford Motor Company; LTV Steel; Digital Equipment Corporation; Hewlett Packard;
Sandia National Laboratory.

Cover:

1 Schematic diagram of xenon atoms distributed within the a-cages of Na-A zeolite.

2 Benzene adsorbs with notable distortions on Pi(111). Top panel shows side view parallel to surface, exhibiting a buckling (bending) distortion.
Bottom panel shows view perpendicular 1o surface, illustrating location of benzene relative to metal atoms. Note expanded carbon-carbon bond
lengths, relative to the gas phase value of 140A. Hydrogen atom positions are guessed.

3 Computer generated structure of the enzyme subtilisin as modified by site-direcied mulagenesis to improve its activity and lifetime. Surface amino
acid residue that are practical targets for further modifications are shown.

4 Transformation-zone morphology, indicated by the volume fraction of transformed monoclinic phase, F,,,,, surrounding a crack in the TS-grade
Mpg-PSZ. The extent of transformation is clearly observed to respond to the applied loading conditions.

S Detail of a stepped interface, showing an edge dislocation, labeled “d” , in which the associated extra half plane is normal to the interface.
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National Center for Electron Microscopy

The National Center for Electron Microscopy (NCEM) is a DOE-designated User
Facility established in 1984 to provide the U.S. electron microscopy community with
advanced instrumentation for electron-optical characterization of materials.

At the heart of the NCEM are two unique high voltage microscopes—the 1.5 MeV
Kratos HVEM and the 1 MeV JEOL Atomic Resolution Microscope (ARM). The HVEM,
which hasthehighestaccelerating voltage availablein the United States, isanall-purpose
instrument designed primarily for dynamic in situ studies. Itis equipped with a variety
of heating, cooling, and straining stages and an environmental (or gas reaction) cell for
performing experiments in a controlled gaseous atmosphere. An excellent specimen
chamber vacuum (cryopumped to better than 107 torr), LaB, filament, and high resolu-
tion, low-light-level 80mm television camera complement its other capabilities.

One of the main research objectives at the NCEM is to characterize microstructures at
theatomiclevel. This goal motivated thedesignand construction of the ARM. Sincebeing
installed in 1983, its performance has been progressively improved, mainly by mechani-
cal and acoustical vibration suppression, to where atomic columns with spacings less
than 0.15nm can be resolved. The high-resolution asset of the ARM is enhanced further
by the high-angle biaxial tilt goniometer stage which allows images to be obtained (at full
resolution) along any zone axis in the stereographic triangle. In these respects the ARM
can provide additional structural information not obtainable on its progeny, the JEOL
4000CX.

An essential complement to the instrumental performance is computer image simu-
lation. This component of the NCEM facilities provides users with a variety of services.
In addition to user-friendly programs for image simulations from structure models,
averaging methods are available for enhancing image quality. Also, links between the
computer and various microscopes are being established that streamline the procedures
for alignment and performance optimization and greatly increase the microscopist’s
efficiency.

The third major instrument in the Center is a JEOL 200CX TEM/STEM Analytical
Electron Microscope (AEM). Equipped with high-angle and ultra-thin-window x-ray
detectors and PEELS, the microscope is used both independently and in support of the
HVEMs. It provides users with complementary information such as chemical micro-
analyses, x-ray maps, convergent beam electron diffraction patterns, EXELFS, and
ELNES.

The resident staff of the Center operate, maintain, design, and develop equipment
and software, and provide assistance in supporting the work of its users. Inaddition,
staff members conduct their own forefront research on problems in the materials
sciences.

Guidance for the NCEM is provided by a steering committee chaired by ].J. Hren
(North Carolina State University). Its present membership is C.W. Allen (Argonne
National Laboratory), R. Geiss (IBM), T. Hayes (LBL), D.G. Howitt (University of
California, Davis), D.J.Smith(Arizona State University), L.E. Thomas (Battelle Pacific
Northwest Laboratory), M.M. ]. Treacy (NEC Research Institute, Inc.), and the
investigators on this project. Meetings are held yearly.

Research activities at the Center cover a broad spectrum of techniques, problems and
materials. This is evidenced by the list of currently active projects given in Table 1.

2 National Center for Electron Microscopy




Staff Research

Resolution of Oxygen Atoms in Staurolite by

Three-Dimensional Electron Microscopy
K. H. DowNING®, H. MeisHENG*, H.-R. WENK! anD M. A. O’KEEFE

High-resolution electron microscopy has progressed to the point of distinguishing
metal atom positions within crystalline specimens. However, the positions of
associated oxygen atoms are not seen. The unique capabilities of the NCEM atomic-
resolution electron microscope (ARM), combined with image processing at the
NCEM and Donner Lab, have enabled us to obtainimages showing not only the metal
atom positions in a silicate specimen, but for the first time, the oxygen atom positions
as well. Electron crystallography, in which information from several views is
combined, has been developed to obtain three-dimensional information on proteins,
generally at resolutions in the 10A to 20A range. We applied this technique to the
mineral staurolite, at a resolution of 1.6, using the high-angle tilt stage of the ARM
(#40° on two axes) to obtain micrographs in five projections (the three orthogonal
directions plus[101] and [310]. Images were processed to reduce noise, confirmed by

comparison with simulations, and combined to form a three-dimensional model.

Sections through the model (Figure 1) show the metal atom positions as dark spots;
in addition, the positions of the accompanying oxygens can be seen as smaller black
spots. Thefinalimage showsall atom positionsina specimen far too small to be useful
for x-ray crystallography.

High Resolution Electron Microscopy Study of the Cationic Disorder in AL TiO,

T. EPICIER?, G. THOMAS, H. WoHLFROMM?, AND J. S. Moya®

As part of a research program devoted to the microstructural characterization of
AL TiO;-based compounds, high resolution electron microscopy (HREM) has been
undertaken in order to study the crystallographic arrangement, especially ordering
possibilities, of Al and Ti cations
in the metallic sublattice of alumi-
nium titanate. It is seen that ad-
equate experimental conditions,
mainly defocus setting, for areso-
lution of at least 2.5A point-to-
point, enable thedisordered model
to be directly and unambiguously
proved on [100]-oriented micro-
graphs, despite the fact that both
ordered and disordered structures
have the same space group. This
work illustrates the good poten-
tial for the ARM for structure
analysis directly.

Figure 1

Sections displaying the Coulomb potential as derived from the three-
dimensional structure reconstruction in a full unit cell of staurolite, at a density
level that displays all fully occupied cations and oxygens. Sections at 2=0
and z=0.25 are shown above, each corresponding to a slice 0.2A thick. The
corresponding crystal structure indicating cation and oxygen positions is

shown below. Schematic polyhedral representation with Al octahedra and Si
a osa Si Fo O and Fe tetrahedra is below right. (XBB 900-10026)

* Donner Laboratory, LBL

t Depanment of Geology and Geophysics, University of California at Berkeley
*INSA, GEMPPM, Villeurbanne-Cedex, France
$ Instituto de Ceramica y Vidrio, Madrid, Spain
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Microstructure of o-Al Base Matrix/SiC Particulate Composites
V. RapmiLovic*, G. THOMAS AND S.K. Dast

The microstructures of monolithic Al-Fe-V-Si alloy and a-Al base matrix/SiC
particulate composites (MMC) have been characterized by conventional and high
resolution transmission electron microscopy, microdiffraction and X-ray spectros-
copy techniques. Silicide particles of average composition Al,,(Fe,V),Si are present in
both of these materials. These particles are unstable under the electron beam at
voltages above 200kV, and exhibit radiation induced disordering. SiC particulates
present in the MMC structure are predominantly of the hexagonal 6H polytype, but
the hexagonal 5H polytype is also observed. A very thin reaction layer is present
between the matrix and SiC particles. No segregation of alloying elements such as Fe,
V, or Si at the m/SiC interface has been observed. The second phase present at the
o—Al/SiC interface seems to be a disordered silicide.

HVEM Studies of the Sintering of MgO Nanocrystals
Prepared by Mg(OH), Decomposition

'N. THANGARAJ, K.H. WESTMACOTT AND U. DAHMEN

Hot stage high voltage electron microscopy (HVEM) combined with high resolu-
tion electron microscopy (HREM) has been employed to study the microstructural
evolution during in-situ decomposition of thin Mg(OH), flakes and during early
stage sintering of the resultant nanocomposite. The decompositionreactionisknown
to be pseudomorphic and topotactic, resulting in a regular composite of highly
aligned nearly cubic MgO nanocrystals interspersed with a roughly equal volume of
pores. This structure was characterized by selected area and optical diffraction
techniques as well asby HREM, depending on its microstructural scale. Immediately
after decomposition and in the early stages of sintering the fine scale and regular,
nearly periodic nature of the microstructure gave rise to diffuse small angle diffrac-
tion rings that could be used as a measure of coarsening during in-situ heating in the
temperature range 350-900°C. A series of micrographs recorded during an in-situ
heating sequence at 900°C in the
HVEM is given in Figure 2. The
progressive coarsening of themi-
crostructure during sintering is
readily apparent. Consistent
results were obtained from elec-
tron diffraction, optical diffrac-
tion and Fourier transforms of
digitized images. These mea-
surements werecomplementary
to direct imaging by HREM or
conventional imaging tech-
niques. SR

Figure 2

Sequence of micrographs of a MgO pseudomorph recorded at 900°C for
different annealing times showing sintering of microstructure. a) The
microstructure of a fully decomposed Mg(OH), crystal viewed along [0001]
direction immediately after decomposition; b) The same crystal annealed
for 40 minutes; ¢) 90 minutes; d) 120 minutes. (XBB 908-6555)

* University of California at Berkeley
' Electric Power Research Institute, Palo Alto, CA

4 : National Center for Electron Microscopy




counts

Figure 3a

A typical microstructure of thin film diamond synthesized by plasma CVD
methods. A high density of microtwins on the (111) planes are observed.
The diffraction pattern (insets) confirms the diamond crystal structure. The
twin spots are indexed separately and the streaking is due to the close
proximity of neighbouring microtwins. (XBB 894-3261)

Figure 3b

The C-K edge profiles of plasma CVD diamond, HOPG and natural diamond. The
o _ fine structure of the diamond is in good agreement with recent theoretical predictions
e e, PDAS, based on a projected density of states (r-DOS) method. However, a fine n* peak,

280 2146 b 298 304 310 3t6 32 . 2 [T _
energy loss (V) representative of sp car}aon is present. (XBL 894-1465A)

Advances in the Microanalytical Characterization of Optical Materials
by Electron Microscopy and Related Spectroscopies
K. M. KRISHNAN

The fine probe forming capabilities of an analytical electron microscope combined
with the development of related spectroscopic (EDXS, EELS), diffraction (CBED) and
imaging (phase contrast) techniques, make it possible to obtain structural and
chemical information from multiphase materials at high spatial resolution. These
microanalytical methods will be described with relevant examples from our studies
of compounds-in the Al,O,-AIN pseudobinary system, a potential optical window
material, and low-pressure diamond and diamond-like carbon films. In particular,
efforts to extend energy dispersion x-ray spectroscopy quantification procedures to
low atomic number elements (C, N, O) will be discussed. A comprehensive example
of the characterization of a novel AION polytypoid structure, illustrative of both the
information content obtainable from these techniques at any particular level of
resolution and the need to use all the complementary methods of analysis, will be
presented. Finally, our efforts to characterize a variety of diamond and diamond-like
carbon films, by the measurement of both the low-loss plasmon resonances and the
fine structure of the core-loss edges observable in their electron energy-loss spectrum,
to obtain sp3/ sp2 ratios, will be outlined. Asanexample of this work, the microstruc-
ture and corresponding diffraction pattern from a plasma CVD diamond filmis given
inFigure 3a. In Figure 3b the electron energy loss spectrum for this material is shown
together with spectra from Highly Oriented Pyrolite Graphite and natural diamond
for comparison.

Iron L, , Near Edge Fine Structure Studies
K.M. KRISHNAN

L;, near edge fine structures of iron in different oxidation states and coordination
numbers, measured with a parallel electron energy-loss spectrometer operating at
1.0-1.3 V resolution, show distinct splittings of the white lines. The splittings have
been interpreted in terms of a simple atomic approach involving ligand field splitting
of the d orbitals. It is shown that Fe(Ill) fine structure is particularly sensitive to its
coordination.

NCEM 5



. Structure and Composition Characterization of Submicronic Mullite Whiskers
N. Merk.aND G. THOMAS

Analytical, high resolution electron microscopy, and x-ray diffraction
has allowed a full characterization to be made of two sets of submicronic
mullite whiskers. One set of whiskers had the metastable tetragonal
symmetry which transformed upon heating to the stable orthorhombic
phase. The other set was orthorhombic. From theseresultsitisclear that the
structure of mullite is very process- and not just composition-dependent. It
may be that fluorine is involved in stabilizing the tetragonal form. Anneal-
ing of both sets of whiskers under vacuum results in a continuous loss in
silicon and finally the appearance of the a-Al,O, phase in the form of
sintered powders. Mullite whiskers of composition as high as 79.6 mole%
AL, were detected. The loss in silica is accompanied by a loss of oxygen.
The appearance of antiphase boundaries and twinning indicate the occur-
rence of oxygen vacancy ordering. The detection of pure aluminum metal
at the tips of single annealed mullite whiskers suggests the existence of a
strong reducing atmosphere. An alternative path for a-alumina formation

may be through the reoxidation of the aluminum.

Table 1-1

NCEM Research Proposals (active during 1990)

Principal Investigator

Aftiliation

Title

P. Alivisatos LBL Melting of semiconductor nanocrystals
J. Bastacky LBL/UC Berkeley Phagocytic process in uptake of coal combustion particulates by pulmonary macrophage cells
T. Cass Hewlett-Packard Defect structures in semiconductor devices
U. Dahmen LBL Characterization of nanocrystals by TEM
K. Dante UC Berkeley Alteration of pyrite to chalcocite
J. Dash Portland State Phase transformation induced by high pressures and temperatures in a ballistic compressor
S. Farrens UC Davis NCEM proposal to prepare diamond films in the HVEM
R. Fisher LBL/IBM Microstructure investigations of ceramic model interface
D. Frear Sandia Microstructural study of Al thin films
Microstructure of solder interconnections in electronic packaging polymers
S. Frisia-Bruni LBL/U. Milano Microstructural investigation into the diagenetic history of Haupt dolomite of the Southemn Alps
W. E. Glassley LBL/LLNL Investigation of the alpha/beta cristobalite transition in the preseni:e of a vapor phase
H. W. Green, I UC Davis The olivine to spinel transformation in MgaGeO4
J. Heuer Rockwell Intemnat. _ Materials study of mixed composition thin films
D. Howitt UC Davis - Structural study of thin film ceramics
M. E. Kassner Oregon State U. Delayed failure of Ag-aided diffusion bonds by microvoid coalescence
E. Kvam LBL Dislocation dynamics in strained epitaxial Ge-Si alloys on (001) silicon
Z. Liliental-Weber LBL Kinetics of the Au crystallites formation on the periphery of Au Schottky contacts
A. Meike, C. Ruscher LBL/U. Hanover Elementary steps of biotite buffer reactions ’
W. Moberly Sievens Institute Martensitic transformations in thin-film TiNi alloys
J. W. Morris, Jr. LBL/UC Berkeley Dislocation substructures and work-hardening in BCC polycrystalline metals
TEM studies of electromigration induced failure in Al/Al alloy interconnection
D. Noble Stanford Misfit dislocation in SiGe/Si heterostructures
L. E. Rehn Argonne NL Comparison of electron and ion irradiation-induced grain growth in gold films
J. Reyes-Gasga U. Mexico In-situ HVEM studies of metal-semiconductor interfaces
M. M. Robinson U. Capetown, S. A. In-situ straining of Al and Al-Mg alloys within the serrated flow regime
A. E. C. Spargo U. Melbourne The tuned voltage effect in HREM
L. Tanner LLNL Study of metastable phase formation in Cu-Zr and Al-Ni
M. A. Taylor UC Davis Hydration of Portland cement in enviromental cell
G. Thomas, V. Radmilovic LBL/U. Belgrade Critical voltage studies of PFZ in Al-Li alloys
G. Thomas, A. Berkowitz LBL/UC San Diego

6

The oxidation-reduction transitions in aFe,0,/Fe,0O, transformation
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Table 1-1 (Continued)

Principal Investigator  Affiliation Title
P. Vasconcelos UC Berkeley Microstructures in natural gold—Influence of high Hg and Pd content
M. Vittoni ENEA, Rome Electron irradiation effects on Ni-Zr interfaces
R. Wenk UC Berkeley Phase transformation in silica minerals
Deformation mechanisms in dolomite polycrystals as a function of orientation
Influence of defects on a-b quartz transformation and Dauphine twinning
LBL ic h dies of ipitate devel in i iti

S. Chumbley
U. Dahmen

G. Thomas, T. Epicier

T. Epicier

A. Fitzgerald
J. Goral
R. Gronsky

R. A. Herring
A. Jankowski
K.M. Krishnan
E. Kvam

J. Y. Laval

Z. Liliental-Weber
J. Mayer
R. L. McConville
M. Mills
G. B. Olson

. F. Ponce
M. Ruhle
A. Schwartzman
A. E. C. Spargo
L. Tanner

G. Thomas
G. Thomas

M. Wall
H.R. Wenk

K. H. Westmacott

NCEM

Ames Laboratory
LBL

LBL/INSA, France

INSA, GEMPPM, France

U. Dundee
SERI
LBL/UC Berkeley

Martin-Marrietta
LLNL

LBL

LBL .
CNRS, Paris

LBL

UC Santa Barbara
Raychem

Sandia, Livermore
‘Northwestern
LBL/Xerox

UC Santa Barbara
Stanford

U. Melbourne
LLNL

LBL/UC Berkeley
LBL

LLNL
UC Berkeley

LBL

Analysis of deformed superconductors

Characterization of nanocrystals by HREM

HREM study of ionized-cluster beam (ICB) deposited metal clusters
Atomic resolution microscopy of light atoms in some ceramic compounds
HREM study of alumina-based ceramics; aluminum titanate

HREM of copper/cordierite interfaces

HREM of interfaces in alumina-based ceramics

HREM study of defects in chloritoid

Electron microscopy study of precipitation in Al-Fe-Mo alloys obtained by rapid solidification

Atomic resolution electron microscopy of amorphous and microcrystalline silicon films
Defect generation and propagation in MBE-grown GaAs/GalnAs

Atomic mechanisms of precipitate plate growth

Quasicrystals

Defects in oxide superconductors

Defect reduction in ISE SOI material

HREM of thin film superconductors: epitaxy and metal contact interfaces
Microstructures of C-implanted and Ge-implanted Si

Site specific occupancy in Sb-Pb-Bi-Ca-Sr-Cu-O superconductors

HREM of VPI-5 and AlPO,-8

Studies of Si/Si0, interface between ECR oxide films and [100] Si substrates
HREM of T,-type phases in Al alloys

Characterization of short period Au/Ni and Ni/Ti layers

Interface structure of ultrathin multilayers

Systematic study of grain boundary structures in fcc[001] tilt boundaries

Atomic structure of internal interfaces in covalent materials

Atomic structure of coincidence tilt boundaries in YBaCuO superconductors

The structure of metal contacts to GaAs

HREM studies of interfaces between high-temperature superconductors and substrates
A proposal to study grain boundary regions in ZnO based varistors using the NCEM ARM
Core structure of screw superdislocations in Ni;Al

Fine structure of martensitic interfaces

Structure of early stages of growth in GaAs/Si epitaxy

HREM study of Pd/ALQ, interfaces with modulated structures

Core structure of Lomer dislocations at the CdTe/GaAs and ZnTe/GaAs interfaces
The tuned voliage effect in HREM

HRTEM studies of pretransformation microstructures in metallic alloys

Study of metastable formation in Cu-Zr and Al-Ni

HREM on glasses

Atomic imaging of structure and defects in high T, superconductors

Structure and interfaces in NiQ/CoO

Formation mechanism of 8’(Al,Li)

Characterization of short period Au/Ni and Ni/Ti multilayers

Superstructure identification in carbonate minerals

Electron crystallography of minerals

Studies of precipitate morphologies and interfaces



Table 1-1 (Continued)

Principal Investigator

Affiliation

Title

K.M. Krishnan

K.M. Krishnan, N. Cho
K.M. Krishnan, et al.
K.M. Krishnan, C. Echer
C. Ortiz, K.M. Krishnan
C. Ortiz, et al.

R. Shen, et al.

D. Blake, C. Echer

Z. Liliental-Weber, et al.
Z. Liliental-Weber, et al.
N. Merk, L. Tanner

N. Merk, G. Thomas

N. Kijima, R. Gronsky

N. Benson, et al.

S. Menon, et al.

K. C. Liu, G. Thomas

C. Koehler, G. Thomas

C. Leroux, G. Thomas

T. Li, G. Thomas

M. Cinibulk, G. Thomas
V. Radmilovic, G. Thomas
A. Goldstein, P. Alivisato
J. Goral

S. Bruni, R. Wenk

K. Dante, M. Hu, R. Wenk
R. Wenk, et al.

D. Sinitsyna, R. Wenk

J. Douin, et al.

M. Witcomb, et al.

A. Fox

C. Salvadori, K.M. Krishnan
C. Gouthama

W. Cao, G. Thomas

A. Hutten, G. Thomas

M. Berkson, G. Thomas

B. Schuler, et al.

N. Thangaraj, U. Dahmen
R. Spontak

J.-Y. Laval

LBL

LBL
LBL
LBL
LBL/IBM San Jose
LBL/BM San Jose

LBL/UC Berkeley
LBL/NASA-Ames
LBL

LBL/UC Berkeley
LBL/LLNL

LBL/UC Berkeley

LBL

LBL/Cal State, Hayward

LBL/UC Berkeley
LBL/UC Berkeley
LBL/UC Berkeley
LBL/UC Berkeley
LBL/UC Berkeley
LBL/UC Berkeley
LBL/UC Berkeley
UC Berkeley
SERI

U. Milano/UCB
UC Berkeley

UC Berkeley

UC Berkeley

LBL

LBL/U. Witwatersrand,

Naval Postgraduate
U. Sao-Paulo, LBL
U. Nevada
LBL/UC Berkeley
LBL/UC Berkeley
UC Berkeley
LBL/UC Berkeley
LBL

Procter & Gamble
CNRS, France

Iron L, , near edge fine structure studies

Characterization of low pressure diamond films

Applications and development of channelling enhanced microanalysis

Characterization of diamond-like carbon

White lines in manganese oxides and complexes

Experimental determination of energy loss cross sections for low atomic number elements
Microstructural characterization of Fe-oxide magnetic recording media

Microstructural characterization

of laser modified Br-Te-Se thin films

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

Characterization of new materials (C_ ByN,) by Electron Energy Loss Spectroscopy
Characterization of carbonaceous phases contained in meteorites and interplanetary dust
Carbon characterization of Murchison meteorite

Ohmic and Schottky Au contacts on GaAs

Microstructural characterization of Zr oxides and nitride interfaces with GaAs
Characterization of Ni/Al and Cu/Zr solid state phase transformations

Characterization of mullite whiskers

Characterization of metal/ceramic interfaces

Microstructural characterization of Sb-Pb-Bi-Sr-Ca-Cu-Co superconductors
Characterization to determine the presence and valence of reduced selenium in bacteria
Characterization of short range order and long period superstructures in Cu-Pd alloys
Reaction sintering: kaolinite & mullite

Microstructural evaluation to improve high temperature properties of Y-SiAION
Characterization of antiferromagnetic NiO/CoO films

Characterization of Co-Ni-Cr and Co-Ni-Ta recording thin films

Characterization of silicon nitride/SiAlON composites

Interfacial characterization of silicon carbide and aluminum alloys

Elevated temperature characterization of CdS microcrystallites

Characterization of copper containing impurity phases in CulnSe, polycrystalline thin films
Microstructural investigation of Southern Alps dolomites

Characterization of copper containing pyrite

Characterization of Amazonian gold nuggets

Characterization of perovskites and dolomites

Microstructural characterization of precipitates in aluminum - 1% germanium alloys
Microstructural characterization of chromium rich precipitates in Cu-Cr alloys
Microchemical analysis of small precipitates in steels

Characterization of CVD diamond films

Characterization of coated and clad superconductors

Characterization of interfaces and grain boundaries in Fe-SiO, thin films
Characterization of hard magnets Sm-Fe-Ti alloys

Characterization of grain boundary precipitates in Ti-Ni alloys

EELS analysis of B-C-N graphites

TEM study of microstructural evolution during decomposition of magnesium hydroxides
Correlation of polymer resin/cellulose fiber interactions with nitrogen

Operational procedures for parallel electron energy loss spectroscopy

R. S.Rai, M. A. O’Keefe

M. L. Sattler, M. A. O’Keefe
M. L. Sattler, M. A. O'Keefe
U. Dahmen, M. A. O’Keefe
N. Merk

M. Stampfer

C. Hetherington

C. Hetherington
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LBL/UC Berkeley
LLNI/LBL
LLNL/LBL
LBL/UC Berkeley
LBL/LLNL

LBL

LBL

LBL

Simulation of phases in Y,Si,0;

Processing of images of multilayer structures formed from amorphous materials
Simulation of interfaces in amorphous materials

Simulation of metastable phases in zirconia

Diffraction pattern calculation in CuZr-NiAl

Quantification in energy loss spectroscopy

ARM characterization (CTF’s, on line ODM)

Al grain boundary-processing (SEMPER)
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Table 1-1 (Continued)

Principal Investigator  Affiliation Title

C. Hetherington, et al. LBL/Naval Postgraduate Wedge crystal study of experimental image vs. calculated image

C. Hetherington, U. Dahmen LBL Hexagonal silicon and hexagonal/cubic interface

U. I. Douin, U, Dahmen LBL Interface simulation in A)/Si - Al/Ge

T. Epicier, et al. INSA/LBL Studies of mullite; studies of C60 cluster

M. A. O’Keefe, et al. LBL/U. Penn Simulation of Al grain boundaries

M. A. O'Keefe, M. Sattler LBL/LLNL Simulation of multilayer structures

N. Thangaraj, J. Tamer LBL Diffraction pattern profiles of MgOH

J. Tumer, M.A. O’Keefe LBL Processing ICB aluminum grain boundary images to determine periodicity and atom positions
J. Ulan, M. A. O’Keefe LBL/UC Berkeley Simulation of Zeolite images

J. Ulan, I. Tumer, LBL/UC Berkeley Processing of Zeolite images

R. Ramesh, R. Kilaas LBL/Bell Comm. Studies of copper vacancies in high T, superconductors

N. Merk, R. Kilaas LBL/UC Berkeley Simulation studies of displacement waves and concentration waves in NiAl

R. Kilaas LBL Development of software algorithms for the construction of general crystal interfaces
U. Dahmen, R. Kilaas LBL Computer models for cluster formation under vapor deposition

M. Hu, et al. LBL/UC Berkeley Simulation studies of staurolite

M. Hu and J.Tumer LBL/UC Berkeley Processing of staurolite images

M.A. O’Keefe LBL Theoretical verification of EREM parameters

N. Merk LBL Simulations of mullite whisker images

T. Epicier Lyons, France Simulations of BaTiO, images

M.A. O’Keefe, T. Epicier
T. Nguyen, et al.

T. Nguyen, J. Tumer

N. Kijima

N. Kijima, J. Tumer

N. Thangaraj, M.A. O’Keefe
R. Kilaas

R. Kilaas, C. Echer

K.M. Krishnan

E.S.K. Menon

J. Tumer, et al.

J. Tumer, A. Goldstein

J. Tumer, A. Goldstein

J. Tumer, Y. Zhu

J. Turner, C. Burmester
M.A. O’Keefe, et al.

M. Fendorf, J. Tumer

C. Leroux

P. Lours

C. Burmester

Acting Director*
Ulrich Dahmen

Investigators

Ronald Gronsky
Kannan M. Krishnan
Gareth Thomas
Kenneth H. Westmacott

Staff Scientists

Roar Kilaas

David Loretto
Michael A. O’Keefe

NCEM

LBL/Lyons, France

Simulations of mullite images

Staff

LBL/UC Berkeley Simulations of muliilayer boundary images

LBL/UC Berkeley Processing and analysis of multilayer images

UC Berkeley BiSr superconductor image simulation

LBL/UC Berkeley BiSr superconductor image processing

LBL Line measurements from diffraction pattemn

LBL Software development for X-ray image processing

LBL X-ray image processing

LBL SLEEP software for PEELS data processing

UC Berkeley PEELS data processing

LBL/UC Berkeley Diffraction pattern analysis

LBL/UC Berkeley Image analysis of CdS nanocrystals

LBL/UC Berkeley Diffraction analysis of CdS nanocrystals

LBL/Brookhaven Image processing of 123-superconductor boundaries

LBL/UC Berkeley Image processing of oxygen deficient YBa,Cu,0;,

LBL/U. Belgrade Simulation of SiC images

LBL/UC Berkeley Image processing of superconductor images

LBL Simulation of anti-ferromagnetic NiO/CoO films

LBL Aluminum bicrystal image simulations

LBL Image simulation by Monte Carlo method of oxygen ordering of YBa,Cu,0;,
Postdoctoral Fellows Technicians
Nam-Hee Cho Cyril Gleeson
C.P.Luo Doreen AhTye
M. Cecilia Salvadori
Nagappan Thangaraj Administrative Assistance

Theda Crawford
Principal Technician Madeline S. Moore

Douglas Owen

Senior Technicians
Charles J. Echer
John Turner

* Effective 1991
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Publications and Reports

Refereed Journal Articles

Douin, J., U. Dahmen, and K.H. Westmacott, “A High Resolution Study of Twinned Precipitates in Al-Ge Alloys,” ]. Phys. 51, Suppl.
C1 809, 1990.

K.H. Downing, H. Meisheng, H.-R. Wenk, and M.A. O’Keefe, “Resolution of Oxygen Atoms in Staurolite by Three-dimensional
Electron Microscopy, “ Nature 348, 1990. :

Koestler, C., L. Schultz, and G. Thomas, “Microstructure of Mechanically Alloyed Fe7gMo10Sm12-magnets with ThMn12-structure,”
J. Appl. Phys. 67,5, 1990.

Kramer, M. J., L.S. Chumbley, R W. McCallum, W ]. Nellis, 5. Weir, and E.P. Kvam, “Deformation Induced Defects in ReBa,Cu;,0,4,”
Physica C 166,115 ,1990.

Motta, A. T., D.R. Olander, and A.]. Machiels, “Electron Irradiation-induced Amorphization of Precipitates in Zircaloy-2,” Standard
Technical Publication 1046-1990, Amer. Soc. Testing & Materials, p. 457, 1990.

Pirouz, P., R. Chaim, U. Dahmen, and K.H. Westmacott, “The Martensitic Transformation in Silicon. I. Experimental Observations,”
Acta Met. 38, 1990.

Pirouz, P., R. Chaim, U. Dahmen, and K.H. Westmacott, “The Martensitic Transformation in Silicon. II. Crystallographic Analysis,”
Acta Met. 38,313, 1990.

Pirouz, P,, R: Chaim, U. Dahmen, and K.H. Westmacott, “The Martensitic Transformation in Silicon. Ill. Comparison with Other
Work,” Acta Met. 38, 1990.

Tabbernor, M. A., and A.G. Fox, “The Low-angle AtomicScattering Factors and Charge Density of Zinc,” Phil. Mag. Letters 62,291,1990.

Zhu, Y., M. Suenaga, and A.R. Moodenbaugh, “Displacement Wave of the Tweed Structure in Y-Ba-Cu-O Oxides,” Phil. Mag. Letters
62, 51, 1990.

Conference Proceedings

Cho,N.-H,, D.Bogy, and K. Krishnan, “Chemical Structure of Diamond-like Carbon Thin Films,” Proc. XII Intl. ICEM, S. F. Press, p. 710,
1990.

Dahmen, U.,-C. Hetherington, and K.H. Westmacott, “A Technique for Measuring Small Atomic Displacements in HREM Images,”
Proc. XiI Int’l. ICEM, S.F. Press, p. 338, 1990.

Goral, J. P., MM. Al-Jassim, D. Albin, J.R. Tuttle, and R. Noufi, “TEM Identification of Secondary Phases in Non-stoichiometric
Polycrystalline CulnSe) thin films,” Proc. XIith Internat. Congress for E. M., San Francisco Press, p. 604, 1990.

Hetherington, C., “High-resolution Image Simulation of a Tilted Crystal,” Proc. XII ICEM, p. 68, 1990.
Kilaas, R., “Image Simulation: Concepts/software/hardware,” Proc. XII Intl. ICEM, S. F. Press, p. 54, 1990.
Krishnan, K., “Crystallographic Effects in x-ray Microanalysis,” Proc. XII Intl. ICEM, S. F. Press, p. 466, 1990.

Menon, E., K. Krishnan, P. Huang, C. Echer, P. Singh, and D. deFontaine, “Electronic Structure of Cu-Pd Alloys,” Proc. XII Intl. ICEM,
S. F. Press, p. 38, 1990.

Merk, N., A.P. Tomsia, and G. Thomas, “Analytical and High Resolution Electron Microscopy Study of Crystalline Phases Formed at
Metal-ceramic Interface,” Proc. XIIth Congress for EM, S.F. Press, p. 426, 1990.

O’Keefe, M. A. and M. Sattler, “HRTEM Simulation of Amorphous Materials,” Proc. XII Int'l. ICEM, S. F. Press (1990), p. 112, 1990.
Westmacott, K. H., “In-situ Studies in the High Voltage Electron Microscope,” Proc. XII Int'l ICEM, S. F. Press, p. 504, 1990.

LBL Reports (including journal articles submitted or in press)

10

Cho, N.-H., K.M. Krishnan, D.K. Veirs, M.D. Rubin, C.B. Hopper, B. Bhushan, D.B. Bogy, LBL-28908, “Chemical Structure and Physical
Properties of Diamond-like Amorphous Carbon Films Prepared by Magnetron Sputtering,” J. Mat. Res. (In press.)

Epicier, T., G. Thomas, H. Wohlfromm, and J.A. Moya, LBL-28569, “High Resolution Electron Microscopy Study of the Cationic
Disorder in AlpTiOs,” . Mat. Res. (Submitted.)

Epicier, T.,, M.A. O'Keefe, and G. Thomas, LBL-27169, “Atomic Imaging of 3:2 Mullite,” Acta Cryst.(In press).

Epicier, T., G. Thomas, and M. A. O’Keefe, LBL-29597, “Comments on ‘Interpretation of HREM Images of Mullite’,” by S. Hamid
Rahman and H.-T. Weichert, Acta Cryst. (Submitted.)

Mayer,]., C.P.Flynn, and M. Ruhle, “High Resolution Electron Microscopy Studies of Nb/ AlpO3 Interfaces,” Ultramicroscopy. (In press.)

Merk, N., and G. Thomas, LBL-29679, “Structure and Composition C}1aracterizaﬁon of Submicronic Mullite Whiskers,” J. Mat. Sci. (In
press).

O’Keefe, M. A. and R. Kilaas, LBL-29350, “Comments on ‘HRTEM Bildkontrastsimulation von Strukturen mit Punktdefekten in
speziellen Lagen’,” Z. Krist. (Submitted.)

Radmilovic, V., G. Thomas, and S.K. Das, LBL-28366, “Microstructure of a-Al Base Matrix/SiC Particulate Composites,” ]. Mat. Sci.
and Engrg. (In press.)

Washburn, ], E. Kvam, and Z. Liliental-Weber, LBL-29037, “Defect Formation in Epitaxial Crystal Growth,” J. Elec. Mat. (Submitted.)
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Invited Talks

Dahmen, U., Model/Observation Comparisons for Grain Boundaries in Metals and Covalent Materials, Meeting of the American Physical Society,
Anaheim, March 1990.

Dahmen, U., Mirrors Make Markers in Microscopy of Materials Mlicrostructures, Spring Meeting of Pacific Northwest Electron Microscopy Society,
Seattle, April 1990.

Dahmen, U., Comparisons Between Models and HREM Observations of Near-90° <110> Tilt Boundaries in Aluminum, Third Conference on Frontiers
of Electron Microscopy, Oak Brook, May 1990.

Dahmen, U., Of Broken Mirrorsand Split Reflections: Symmetry in Electron Microscopy of Microstructures, Northwestern Univ., Chicago, May 19%.
Dahmen, U, Interfaces in ICB Al Studied by Transmission Electron Microscopy, 13th Symposium on ISIAT '90, Tok yo, June 1990.

Dahmen, U., Interfaces in ICB Al Films, Mitsubishi Electric, May 1990.

Dahmen, U., TEM Characterization of Grain Boundaries and Heterophase Interfaces in ICB Al, AMMTRA Meeting, Osaka, May 1990.

Dahmen, U,, High Resolution Microscopy as a Tool for the Study of ICB Al Thin Films, Kyoto University, June 1990.

Dahmen, U., Microstructure and Interfaces in ICB Al on Siand Ge Substrates Studied by TEM, Toshiba R&D Center, Kawasaki, June 1990.
Dahmen, U., HREM Observations on the Structure of Tilt Boundaries in Continuous Bicrystals of Al, CENG, Grenoble, France, Oct. 1990.

Dahmen, U., Beobachtungen der Struktur von Kippgrenzen in Aluminium Bikristallen Mithilfe der Hochauflosenden Elektronenmikroskopi, Max-Planck-
Institut, Stuttgart, Oct. 1990.

Dahmen, U., TEM Analysis of Enclosed Crystal Microstructures and Interfaces, Carnegie-Mellon University, Pittsburgh, Dec. 1990.
Krishnan, K. M., Crystallographic Effects in X-ray Microanalysis, XII ICEM, Seattle, WA, August 1990.

Ramesh, R, D. Hwang, T. Ravi, A. Inam, T. Venkatesan, C. Hetherington, and G. Thomas, Structural Imaging of Y-Ba-Cu-O Thin Films, MRS
Spring Meeting, San Francisco, CA, April 1990.

Thomas, G., Characterization of Advanced Materials, Spanish Society for Electron Microscopy, Madrid, Spain, April 1990.
Thomas, G., 5lectures, The Applications of Electron Microscopy to Inorganic Materials, Chemistry Department, Univ. of Madrid, Spain, April 1990.

Thomas, G., Electron Microscopy and Microanalysis of Boundaries in Structural and Superconducting Ceramics, ENEA and Institute for Materials
Research, Rome, Italy, May 1990.

Thomas, G., 3 lectures, Electron Microscopy and Design of Advanced Materials, Postgraduate Summer School on Materials, Holland, June 1990.

‘Thomas, G, Electron Microscopy of High T Superconductors, CNRS Institute for Cyrstallography, Grenoble, France, October 1990.

Thomas, G.,C. Hetherington, R. Kilaas,and M.A. O’Keefe, Atomic Discrimination and Occupancy Measurement by HREM, MRS Spring Meeting,
April 1990.

Westmacott, K. H. and U. Dahmen, In-situ Annealing Studies of Aluminum Bicrystals, Frontiers of EM in Mat. Conf,, Oak Brook, IL, May 1990.
Westmacott, K. H., Dynamic Studies of Precipitate Shape Changes, Frontiers of EM in Mat. Sdi., Oak Brook, Illinois, May 1990.

Westmacott, K. H., In-situ Studies in the High Voltage Electron Microscope, Xlith ICEM, Seattle, WA, August 1990.

Westmacott, K. H., Some Roles for TEM in the Development of New Materials, New Materials 90 Japan, Osaka, Japan, October 1990.

Contributed Talks

NCEM

Cho, N.-H.,, KM. Krishnan, and D.B. Bogy, Chemical Structure of Diamond-like Carbon Thin Films, XIlth ICEM, Seattle, WA, August 1990.

Cho, N-H., KM. Krishnan, D.K. Viers, M.D. Rubin, B. Bushan, and D. Bogy, Power Density Effects in the Physical and Chemical Properties of
Diamond-like Carbon Thin Films, MRS Symposium on Materials Issues in Microcrystalline Semiconductors, April, 1990.

Hetherington, C., U. Dahmen, M.A. O’Keefe, R. Kilaas, ]. Turner, and K.H. Westmacott, An HREM Investigation Into the Atomic Structure of an
Aluminum Grain Boundary, MRS Spring Meeting, San Frandsco, CA, April 1990.

Hetherington, C., HREM of Defects in Silicon at Twin Interactions, MRS Spring Meeting, San Frandisco, CA, April 1990.

Hutten, A., and G. Thomas, Characterization of Rare Earth Permanent Magnets, 6th Internat. Symp. on Rare-Earth Magnets, Pittsburgh, PA,
October 1990.

Lowe, T. L., N. Merk, G. Thomas, An Historical Mullite Fiver-Reinforced Ceramic Composite: Characterization of the ‘wootz’ Crucible Refractory, MRS
Spring Meeting, San Frandisco, CA, April 1990.

Menon, E. $. K., KM. Krishnan, P. Huang, C. Echer, P. Singh, and D. deFontaine, Electronic Structure of Cu-Pd Alloys, XI1th ICEM, Seattle, WA,
August 1990.

O’Keefe, M.A., and MLL. Sattler, HRTEM Simulation of Amorphous Materials, XIIth ICEM, Seattle, WA, August 1990.

O’Keefe, M.A,, and R. Kilaas, Theory and Application of Simulated High-Resolution Electron Micrographs, Frontiers of EM in Mat. Sci., Oak Brook,
Illinois, May 1990.

Thangaraj N.,K.H. Westmacott,and U. Dahmen, HVEM Studies of the Sintering o MgO Nanocrystals Preparedby Mg(OH)» Decomposition, Frontiers
of EM in Mat. Sci., Oak Brook, Illinois, May 1990.
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Microstructure, Properties and Design—Inorganic Materials
G. THOMAS, PRINCIPAL INVESTIGATOR

Characterization

This is a multicomponent, interdisciplinary program investigating the interrela-
tion between processing-structure-properties in technologically significant materials
related to energy and conservation. The goals are to understand these relations so it
becomes possible to design new or improved materials. The major current emphases
are on permanent rare earth alloy magnets to improve energy product properties. A
new approach has been to model the magnetization reversal process for nucleation
controlled magnets and this method is promising for predicting ideal compositions
and microstructures and is related to the methods currently used for processing viz.,
sintering, melt spinning and mechanical alloying. Work has beeninitiated to produce
idealized composites of single domain size particles (~ 200 nm ) in a non-magnetic
matrix.

Effortsare continuing to study grain boundary defectsin ceramic superconductors
resulting from non-ideal oxygen effects which create low T, polytypoids and hence
impair performance.

All tasks involve characterization of materials by advanced electron microscopy
and microanalytical techniques exploited to their maximum capability. More empha-
sis is also being placed on the processing of materials.

of Rare Earth Magnets—Electron Microscopy

A. HOTTEN AND G. THOMAS

14

Melt-spun SmFe,;Ti and mechanically alloyed Sm,sFe,,Ti,, magnets (Figure 1)
have been investigated with x-ray microanalysis and microdiffraction. The micro-
structure of annealed SmFe,;Ti ribbons consists mainly of the tetragonal SmFe,; Ti
(1:12) hard magnetic phase with an average grain size of (30 + 20) nm and o-Fe.
Comparison of the overall composition measured in the as-quenched specimens with
that of the annealed ones shows a significant loss in the Sm content in the latter. This
causesa shift of the nominal composition toward the Fe-richside of the phase diagram
and hence an increase in the volume fraction of the o-Fe phase. The loss in Sm can be
attributed to its high vapor pressure according to calculations of the equilibrium
vapor pressure.

Mechanical alloying produces magnets with a grain size comparable to that in
melt-spun samples but requires long milling times of the elemental powders and
consequently more exposure to oxidation. The microstructure of annealed Sm,,Fe,Ti,




Melt-spun Mechanically alloyed

Figure 1 smFe, (Ti- aq SmygFeq,Tiy
Comparison of TEM micrographs shows different G
microstructures (XBB 908 - 6887 A)

Smibeyli-ag + §10°C 15 min StagFegy Fiy - 830%¢

consists of three Fe-rich phases. Grains
100-300 nm in diameter of nonmagnetic
Fe,Ti, most likely of soft magnetic
(Fe,Ti),Sm and of SmyFe,,Ti, are sur-
rounded by a SmO grain boundary phase.
The most striking result is that in these
specimens the magnetic properties are not
determined by the 1:12 phase but by the
new hard magnetic Sm,;Fe;;Ti,phase with
a large anisotropy field. From the com-
parison of as-mechanically alloyed samples with subsequently annealed ones it can
be concluded that Sm0 was already formed during the milling process.

RUBTIT

Microstructure of Mechanically Alloyed Fe,;Mo,,Sm,, Magnets
with the ThMn,, Structure

C. KOSTLER*, L. ScHuLZ' AND G. THOMAS

The ThMn,,- type Fe,sMo,,Sm,, magnets have been characterized by high-resolu-
tion electron microscopy, x-ray microanalysis, and microdiffraction. In general, the
microstructure of mechanically alloyed and annealed magnets consists of the tetrago-
nal 1:12 matrix phase with an average matrix grain diameter of 200 - 300 nm and two
rare-earth oxide phases, the SmO and the Sm,O, phases. Microdiffraction data clearly
verify the fcc structure of the single and polycrystalline SmO grains, while the Sm,0,
phase was found to exist only in a single-crystal hcp and monoclinic structure. In this
material, no grain boundary phases at multigrain junctions were observed. The high
defectconcentrationin the matrix grains seems to be responsible for the pinning of the
domain walls and the good magnetic properties of the Fe,Mo,;Sm;, magnets.
However, it was not possible to resolve magnetic domains by Lorentz imaging
methods.

Improvement in Toughness of Fe-Cr-Mn-C Steels by

Thermo-Mechanical Treatments
R.RaMESH?, N.J.KiM® AND G.THOMAS

Using designed guidelines laid out by earlier research on Fe-Cr-Mn-C steels,
excellent combinations of strength and toughness have been obtained in an Fe-0.2 wit
pct C-10 wt pet Cr-1 wt pet Mn steel. It was determined that the ideal microstructure
required to obtain high toughness, i.e., primarily dislocated autotempered lath

* Hoechst, Frankfurt, Germany

t Siemens AG Research Laboratories, Etlangen, Germany

*Bellcore, Red Bank, NJ
$ Postec, Pohang, Korea
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Figure 2
(a, left) Cross section of CoNiCr film deposited on Cr and NiP. A carbon layer is deposited on the film to protect the film.
(b, right) Dark field image using part of the 1010 ring pattern of the polycrystalline film. (XBB 908-6962)

martensite, with thin contiguous films of retained austenite at the lath boundaries,
can be obtained either by air cooling or by oil quenching from single-phase austenite.
Attractive mechanical properties have been obtained by a two-step hot-rolling
treatment, with finish rolling between 900°C and 1000°C, followed by air cooling or
oil quenching. The rolling conditions have been optimized by examining the effect of
finish and start rolling temperature and tempering temperature on the mechanical
properties. Themechanical properties of the steels after the two-steprolling treatment
are superior to those after thermal cycling treatments. Thus, the alloy appears to be
an attractive one for commercial, on-line hot mill production for high-strength, high-
toughness, corrosion-resistant applications. The process is economical in that subse-
quent tempering is not needed to achieve high impact toughness.

Magnetic Properties and Microstructures of Cobalt

Based Magnetic Thinfilms
L. TANG*, G. THoMAS, S. L. Duan®, M.R. KHAN'

The trend in magnetic recording is towards higher frequencies and larger storage
capacities. In rigid-disk data systems thin-film media are used to meet these high
demands. The thin films of Co alloys are deposited on Niand Cr substrates and grow
in a polycrystalline array of non epitaxial columnar grains (Figure 2) which shows a
cross section. (CoCry,), . Ta, films (x=0,1,1.5, and 2 at.%) with or without applying a
-200V bias between the substrate (Ni-P coated Al ) and the ground and heating the
substrate at 300°C for different time were deposited by DC magnetron sputtering.
Possible effects of biasing and heating the substrate are increasing the mobility of
atoms sputtered from the target on the substrate. Films of CoNiZrand CoNiNb with
different compositions of Zr (0-4at.%) and Nb (0-6.5at.%) were also deposited.
Possible grain boundary segregation of Zr and Nb is suggested due to their small
solubility in cobalt. Itis found that biasing and heating on the substrate can increase
the coercivities of CoCrTa films with relatively high Ta composition (1.5,2 at. %) and
coercivityashighas 1000 Oe canbe achieved at2.5at. % Zrand 1-4 at.% Nb for CoNiZr
and CoNiNDb films, respectively. SEM and TEM studies show that the grains of high
coercivity films are more equiaxied in shape and more densely packed than that of
low coercivity films. This may be correlated to the influences of biasing, heating, and
alloying on the nucleation and growth mechanism of thin films. Currently, more
detailed studies on the microstructures of these films are being carried out.

* Partly supported through UCSD Center for Recording Materials (NSF)
T Seagate Magnetics, Fremont, CA
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Figure 3

Convergent Beam
Electron Diffraction
Patterns taken from
the same polycrystal-
line AIN ceramic
indicating that the
impurity content does
not change from (a)
the center of a grain,
(b) the center of a
different grain in the
same sample (c) and
the grain boundary
of the previous grain
(XBB 890-9535)

Figure 4
Convergent Beam
Electron Diffraction
Patterns taken from
three types of
polycrystalline AIN;
arrowed lines
indicate three FOLZ
deficiency lines;
plain lines indicate
two SOLZ deficiency
lines. (XBB890-1)
890891))109920)

Impurity Distribution in Polycrystalline Aluminum Nitride Ceramics
D.L. CALLAHAN' AND G. THOMAS

Convergent-beam electron diffraction (CBED) and diffuse dark field (DDF) imag-
ing transmission electron microscopy were used to obtain qualitative information
regarding the distribution of impurities in polycrystalline AIN. Convergent beam
electron diffraction analysis shows internal uniformity of lattice parameter and hence
uniformity of impurity content throughout the crystalline matrix as shown (Figure 3).
Distinctdifferencesin higher-order Laue zone deficiency line symmetriesare, however,
apparent between the different AIN ceramics as illustrated by Figure 4. The mea-
surement of absolute differences in lattice parameter and hence oxygen content (or
total impurity contentin solid solution) may be complicated by the competing effects
of oxygen and carbon in solid solution. Thin glassy phases (~1nm) are found at all

grain boundaries, and are believed to be an oxynitride phase of similar origin to that
found in Si;N,.

* Currently with the Department of Mechanical Engineering and Materials Science, Rice University, Houston, TX
$ Department of SSEAS, University of California at Berkeley
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An Historical Mullite Fiber-Reinforced Ceramic Composite—
Characterization of the ‘Wootz’ Crucible Refractory
T.L. Lowe®, N. Merk, AND G. THoMAS

Since at least the sixteenth century, the ‘wootz’ ultra-high carbon white cast-iron
ingot was produced in India by melting or carburising ironina crucible. This ingot
was forced into sword blades of so called ‘Damascus’ steel. The charged crucible was
fired in a long (24 hour) single cycle at high temperature (1150-1250°C) in a strongly
reducing atmosphere. Raw materials for the refractory vessel are clay and ‘coked’ rice
husks. At high temperatures, two phases reinforce the glassy matrix: cristobalite
relics of rice husks and a network of mullite crystals. The microstructure and
chemistry of the mullite network in the glassy matrix was characterized by means of
a combination of techniques: optical microscopy, XRD, SEM, TEM with EDS and
HREM.

Staff
Principal Investigator Graduate Students
Gareth Thomas S. Miyasato
A. McFayden
Scientists A. Nowakowska
W.Cao M. Chandramoul
V. Radmilovic B. Simion
K. Yanagimoto
Visiting Scientist M. Berkson
A. Hiitten—T. Lynen Humboldt Fellow
Awards

¢ M. Cinibulk won the Student Award, American Society of Metals

Publications and Reports
(See also CAM High-T, Superconductivity Program, and CAM High Performance Metals Program.)

Refereed Journal Articles

Theses

Radmilovic, V., A.G. Fox, and G.Thomas,”Spinodal Decomposition of Al-Rich Al-Li Alloys”, Acta Met., vol.37, p. 2385, 1989.
Thomas, G., “Research Needs and Opportunities in Magnetic Materials”, Materials Sci. & Eng. vol.BS, p. 409, 1990.

Srikrishna, K., G. Thomas, R. Martinez, M.P. Corral, S. DeAza and J.5. Moya, “Kaolinite-Mullite Reaction Series: A TEM Study”, J. of
Mat. Sci., vol. 25, p. 607, 1990.

Koestler, C., L. Schultz and G. Thomas, “Microstructure of Mechanically Alloyed Fe,;Mo,,Sm,, Magnets with the ThMn,,Structure”,
J. Appl.Phys. vol.67 p. 2532, 1990.

Ramesh, R., N.J. Kim and G. Thomas, “Improvement in Toughness of Fe-Cr-Mn-C Steels by Thermal-Mechanical Treatments”, Met.
Trans. A, vol. 21A p.683, 1990.

Callahan, D.L.,and G.Thomas, “Impurity Distribution in Polycrystalline AIN Ceramics”, J. Am. Ceram. Soc.,vol. 73, p.2167, 1990.

Cinibulk, M.K.,S.M. Johnson, and G. Thomas,”Grain Boundary Phase Crystallization and Strength of Silicon Nitride Sintered with
Y-SiAION Glass”, |. of Am. Cer. Soc., vol. 73, p.1606, 1990.

Callahan, D.L.,Metal-Ceramic Bonding in DiCalcium Silicate Composites with Ni, 1990. (Ph.D. Thesis, Department of Materials Science and
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Conference Proceedings

K.C.Lin, G. Thomas and G.].S. Gau, “Effect of Media Properties on Side Erase Bands”, Conf. Proc. M.R. M. ‘89, Romini, Italy, IEEE Trans.
of Magnetics, vol.26 p. 132, 1989.

Thomas, G.,“Design and Processing of Strong-Tough Microcomposite Steels”, Proc. Conf. on Steel, Krakow, Poland, Archives of
Metallurgy, Polish Academy of Sciences Quarterly, vol.35, 1990.

Koehler, C. and G. Thomas, “Characterization of Grain Boundary Phases in Si;N, Sintered using Y-Si-Al-O-N Additives”, Proc. of
XIIth ICEM Conf. in Seattle, Washington, p.1070, 1990.

Chandramouli, M. and G.Thomas, “Microstructure and Microanalysis of Sintered Fe-Nd-B Permanent Magnets”, ibid., 1990.

Cinibulk, M. and G. Thomas, “Microstructure and Microanalysis of Silicon Nitride Ceramics in the Y-5i-Al-O-N and Y-Si-O-N
Systems”, ibid., p.1072., 1990.

Merk, N., A.P. Tomsia and G. Thomas, “Analytical & High Resolution EM Study of Crystalline Phases Formed at Metal-Ceramic
Interface”, ibid., p.426.,1990.

Ramesh, R., B.G. Bagley, ]. M. Tarason and G. Thomas, “Atomic Imaging and Spectroscopy of Bismuth Cuprate High Temperature
Superconductors”, ibid., p.60., 1990.

Liu, K.C., G. Thomas, A. Cabellero, ].5. Moya, and S. deAza, “Microstructure and Microanalysis of Mullite Processed by Reaction
Sintering of Kaolinite”, Proc. 7th Cimtec World Ceramics Congress, Monte Catini Terme, Italy, 1990, p 177.

Komega, K., M. Komatsu and G. Thomas, “High Temperature Strength and Microstructures in Si,N,~Y,0, Base Ceramics”, ibid.

Tang,L. and G. Thomas, “Magnetic Properties and Microstructures of CoNiCr and CoFeCr Thin Films”, MMM Conference, San
Diego, California, Journal of Applied Physics, 69, 5166, 1990.

Hutten, A. and G. Thomas, “Characterization of Rare-Earth Permanent Magnets”, Proc.6th Internat. Symp. on Magnetic Materials,
Pittsburgh, Pennsylvania, p 110, 1990.

Other Publications

Ramesh, R., S.M. Green and G. Thomas, “Microstructure Property Relationships in the Bi(Pb)-Sr-Ca-Cu-O Ceramic Superconduc-
tors”, in Studies of High Temperature Superconductors, Nova Science, vol. 5, ed. A. Narlikar, p. 361 1990.

LBL Reports (Including journal articles submitted/in press)

Qayum, H. and G. Thomas, “Crystallization of Glasses and the High Temperature Phases in the Y-5i-Al-O-N System”, ]. Am. Ceram.
Soc..(Submitted).

Callahan, D.L., G. Thomas, J.S. Moya and P. Pena, “Reaction Sintering of Ca,SiO,-CaZrO, Composites”, |. of Materials Reasearch.
(Submitted.)

Radmilovic, V., G.Thomas and S.K. Das, “Microstructure of a-Al Base Matrix/SiC Particulate Composites”, . Mat. Sci. & Eng..(In
press.)

Epicier, T., G. Thomas, H. Wohlfromm and ].S. Moya, LBL-28569, “High Resolution Electron Microscopy Study of the Cationic
Disorder in the AL, TiO,”, ]. of Materials Research. (In press.)

Contributed Talks
Callahan, D.L. and G. Thomas, CBED Microanalysis of Oxygen in AIN,92nd Annual Meeting ACS, Dallas, Texas, April ,1990.
Wohlfromm, H. , A.P. Tomsia and G. Thomas, Melting and Reaction in the System Al,O;-TiO,”, ibid.
Thomas,G.and ].S. Moya, Interface Engineering in Ceramic Composites, Workshop, Madrid, Spain, March,1990.

Ramesh,R., D.M.Hwang, T.S. Ravi, A. Inam, T. Venkatesan, C.].D. Hetherington and G. Thomas, Structural Imaging of Y-Ba-Cu-O Thin
Films presented at MRS Meeting, San Francisco, California, March, 1990.

Lowe, T.L., N. Merk and G. Thomas, An Historical Mullite Fiber Reinforced Ceramic Composite: Characterization of the ‘Wootz’ Crucible
Refractory, presented at MRS Meeting, San Francisco, California, March 1990.
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 Solid-State Phase-Transformation Mechanisms
K:H._ WESTMACOTT, PRINCIPAL INVESTIGATOR

This research is directed towards obtaining an atomic-level understanding of the
structural factors that govern phase changes and phase stability. Transmission
electron microscopy techniques, particularly high-voltage and high-resolution mi-
croscopy, are employed to characterize phase changes and to infer the atomic
rearrangements occurring during a transformation. By studying alloy systems
characterized by strains of different signs and magnitudes the fundamental mecha-
nisms for a broad range of phase transformations are being identified. It has been
possible to predict precipitate morphologies (growth directions, habit planes, orien-
tation relationships, substructure, twinning, etc.) from first principles and to relate
them to nucleation-and-growth processes. Extension of the principles from simple
model alloy systems to more complex materials is now in progress.

An HREM Investigation of the Structure of Carbide Platelets in Platinum
M.J. Witcoms*, U. DAHMEN AND K.H. WESTMACOTT

High-purity platinum with only trace amounts of carbon in supersaturated solid
solution forms thin precipitate plates on {100} planes during aging after a rapid
quench from near the melting point. These plates develop in stages from the single
layer o plates through the double-layer o’ to the four-layer o” plates with the tran-
sition from one to the next proceeding via a ledge mechanism. The precipitates could
be interpreted alternatively as carbon-decorated {100} stacking faults, as combined
precipitates of carbonand vacancies, or as platinum carbide precipitates whose excess
volume was accommodated by vacancy loops. All three interpretations led to the
same structure which was confirmed by microdiffraction from single platelets in
edge-on orientation. The proposed structures in <001> projection are illustrated
schematically in Figure 1. Direct evidence for these models has been obtained by
HREM imaging.

Figure 1

Structure models for the three stages of {100} plates in Pt-C alloys. Single layer a’structure in (a), double layer o' precipitate in (b) and
four-layer o” precipitate in (c). (XBB 9012-3987)

* Electron Microscope Unit, University of the Witwatersrand, Johannesburg, S.A.
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Figure 2 shows the ocand o platelets seen edge-on in a <011> orientation imaged
on the JEOL ARM 1000 at 800 kV. At a defocus of -80nm, the atoms appear as white
dots and the contrast level is optimized because the contribution of specimen noise
from surface contamination is selectively filtered out. The specimen thickness is
estimated to be around 10nm. Due to a strong <112> texture a 30° tilt was required
to reach a symmetrical <011> orientation. Figure 2 confirms the predicted structure
of o.and o’ precipitates as single and double-layer precipitates. Both plates are clearly
atomically and uniformly flat along their entire length. The single-layer o precipitate
shownin (a) has the appearance of a simple {100} stacking fault. In the collapsed layer,
small white dots appear at the position of the carbon atoms. However, whether these
are actually due to the presence of the carbon remains to be examined by image
simulations. The double-layer o precipitate seen in (b) clearly has the stacking
sequence corresponding to that proposed in Figure 2(b). Again, faint white spots are
present at the proposed positions of carbon atoms. These observations suggest the
potential exists for using high resolution imaging to determine the location of

interstitial atoms in ordered precipitate structures.

Figure 2

High resolution images of «. (a)
and o (b) precipitates seen
edge-on in <011> orientation.
(XBB 9012-10148)

A Technique for Measuring Small Atomic Displacements in HREM Images
U. DAHMEN, C.J.D. HETHERINGTON, AND K.H. WESTMACOTT

An important problem in materials science is the measurement of elastic strain
fields, lattice rotations and rigid body shifts. High resolution microscopy is a simple
and direct means of mapping displacement fields near defects, interfaces or precipi-
tates. Large and highly localized atomic relaxations such as those found near the core
of dislocations or structural units in grain boundaries are sensitive to thickness and
defocus conditions and must be interpreted with the use of image simulations.
However, displacements of small magnitude or displacement fields that vary slowly
enough to allow only a gradual change of the periodic interatomic distance avoid
artifacts caused by oscillations of the contrast transfer function. Such displacements
are accurately reflected in the position of atomic column images under most imaging
conditions and can be measured directly and without the aid of image simulations.
Spot-to-spot measurements can be performed directly ona high resolutionimage, but
such measurements are tedious and of low accuracy. Plane-to-plane measurements
are more accurate but require the use of a microdensitometer. The present contribu-
tion introduces an alternative method based on interference effects between two
overlaid images or lattices to produce moiré patterns that display the displacement
field in a graphic and accurate manner. The method makes use of the fact that small
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Figure 3a

High resolution micrograph of the end of a 8' precipitate in Al-Cu
alloy (a) and illustration of displacement field by superposition of
reference lattice (b).

(XBB-906-4600)

o
wf;

Figure 3b

Bright field micrographs taken from video tape showing the transformation,
with B = 111 and g = 220, of a tetrahedron to an octahedron during in-situ
heating. The temperatures are approximately 250°C in (a) 420°C in (b) and
250°C in (c). (XBB 907-6066)

violations of perfect translation, rotation and mirror symmetries will give rise to large
changes in the periodicity of the moirés.

A strain field is difficult to measure directly by tracing the positions of atomic
planes or columns in a high resolution micrograph. But by overlaying an ideal
undistorted lattice with a slightly different lattice parameter, any deviation from
perfect translation symmetry will be detected as a large change in the parallel moiré
pattern. Figure 3a shows a high resolution micrograph of the end of a 6" precipitate
in Al-Cu. Although present, lattice distortions are difficult to detect. Figure 3b
illustrates the moiré effect when a smaller reference lattice is overlaid. The distortion
field around the end of the particle, including a dislocation are now clearly visible.
This displacement can be quantified by using the basic relationships for the spacing
and orientation of moirés.

An HVEM Study of Tetrahedral and Octahedral Precipitates in Al-Ge Alloys

K.H. WESTMACOTT AND U. DAHMEN

The shapes of faceted precipitates of Ge in cube-cube orientation relationship
within an Al-Ge alloy were investigated by in-situ high voltage electron microscopy,
which allows observation of bulk behavior in thick foils. It was found that in addition
to the regular tetrahedral particles reported by other workers, during bulk aging
precipitates also form as regular octahedra. Tetrahedra were generally larger than
octahedrabut transitional morphologies such as tetrahedra truncated by further {111}
planes were also observed as well as truncations of the octahedra by {100} planes. In
situ temperature cycling of a tetrahedron across the phase boundary led to
spheroidization followed by refaceting to an octahedron. A series of micrographs
taken on the same particle showing these shape transformations is given in Figure 3.
It was concluded that the variability of morphologies was a result of the anisotropic
growth kinetics but that temperature cycling led to shapes approaching equilibrium.
Possible implications of these observations for different interface structures are
discussed.
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Publications and Reports

Refereed Journal Articles

Pirouz, P., Chaim, R. Dahmen, U., and Westmacott, K.H., “The Martensitic Transformation in Silicon I. Experimental Observations,"
Acta Met. 38, 313 (1990) (LBL-27071). Dahmen, U., Westmacott, K.H., Pirouz P., and Chaim, R., “The Martensitic
Transformation in Silicon II. Crystallographic Analysis”, Acta Met. 38, 323 (1990) (LBL-27072).

Pirouz, P., Chaim, R., Dahmen, U., and Westmacott, K.H., “The Martensitic Transformation in Silicon III, Comparison With Other
Work," Acta Met. 38, 329 (1990) (LBL-27073).

Dahmen, U.,WitcombM.].,and Westmacott, K.H. “Aspects of Faceting in the Study of Precipitate Interfaces," ]. de Physique, 51, Suppl.
C1, 737 (1990) (LBL-27834).

Douin, J. Dahmen, U. , and Westmacott, K.H. “A High Resolution Study of Twinned Precipitates in Al-Ge Alloys," ]. de Physique , 51
Suppl. C1, 809 (1990) (LBL-28389).

Other Publications

Dahmen, U., Hetherington, C.].D., and Westmacott, K.H. ,“A Technique for Measuring Small Atomic Displacements in HREM
Images," Proc. IFSEM 1990, 4, 338, G.W. Bailey, ed. (LBL-28784).

LBL Reports

Witcomb, M.].,, Dahmen U., and Westmacott, K.H. , LBL-29882, “An HREM Investigation of the Structure of Carbide Platelets in
Platinum," EMSSA Proc. 20. (In press.)

Westmacott, K.H., and Dahmen, U., LBL-30072, “An HVEM Study of Tetrahedral and Octahedral Precipitates in Al-Ge Alloys.”
Invited Talks

Dahmen, U., Model/Observation Comparisons for Grain Boundaries in Metals and Covalent Materials, Meeting of the American Physical
Sodiety, Anaheim, March, 1990.

Dahmen, U., Mirrors Make Markers in Microscopy of Materials Microstructures, Spring Meeting of Pacific Northwest Electron Micros-
copy Society, Seattle, April, 1990.

Dahmen, U., Comparisons Between Models and HREM Observations of Near-90° <110> Tilt Boundaries in Aluminum, Third Conference
on Frontiers of Electron Microscopy, Oak Brook, May, 1990.

Westmacott, K.H., and Dahmen, U., In Situ Annealing Studies of Aluminum Bicrystal, Frontiers of E.M. in Material Science, Oak Brook,
IL, May, 1990.

Dahmen, U., and Westmacott, K.H., Interfaces in ICB Al Studied by Transmission Electron Microscopy, 13th Symposium on ISIAT "90,
Tokyo, June, 1990.

Dahmen, U., and Westmacott, K.H., Interfaces in ICB Al Films, Mitsubishi Electric, May, 1990.

Dahmen, U.,and Westmacott, K.H., TEM Characterization of Grain Boundaries and Heterophase Interfaces in ICB Al, AMMTRA Meeting,
Osaka, May, 1990.

Dahmen, U., and Westmacott, K.H., High Resolution Microscopy as a Tool for the Study of ICB Al Thin Films, Kyoto University, June,
1990.

Westmacott, K.H., In Situ Studies in the High Voltage Electron Microscope, X1Ith ICEM, Seattle, WA, August, 1990.

Dahmen U., and Westmacott, K.H., Microstructure and Interfaces in ICB Alon Siand Ge Substrates Studied by TEM, Toshiba R&D Center,
Kawasaki, June, 1990.

Dahmen U., and Westmacott, K.H., Beobachtungen der Struktur von Kippgrenzen in Aluminium Bikristallen Mithilfe der Hochauflosenden
Elektronenmikroskopie, Max-Planck-Institut, Stuttgart, Oct., 1990.

Westmacott, K.H., Some Roles for TEM in the Development of New Materials, New Materials 90, Osaka, Japan, October, 1990.
Dahmen, U., TEM Analysis of Enclosed Crystal Microstructures and Interfaces, Carnegie-Mellon University, Pittsburgh, Dec., 1990.
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Crystallography of Microstructures

U. DAHMEN, PRINCIPAL INVESTIGATOR

This program is aimed at understanding the fundamental features that underlie
the evolution of microstructures in solids by applying crystallographic techniques to
the analysis of topology and defects in crystalline materials. Many microstructures
possess a degree of order that reflects crystallographic relationships with precursor
or parent phases. Such relationships are put to use both analytically, to examine the
structure of defects, as wellas synthetically, to produce new and unique microstructures
with defect configurationsreflecting composite symmetries. The aimis to understand
and ultimately gain control of the structure and distribution of defects such as
inclusions, grain boundaries, domain walls and dislocations. Because of the scale and
nature of such microstructures, electron microscopy is an integral part of these
investigations, both as an analytical tool and as a subject of technique development.
Detailed characterization of the atomic structure of interfaces through extensive use
of conventional, “insitu” and atomicresolution microscopy in tandem with computer
image simulations allows critical testing of theoretical models.

Atomic Structure of a £99 Grain Boundary in Aluminum: A Comparison Between Atomic-

Resolution Observation, Pair Potential and Embedded Atom Simulations
U. DAHMEN, C.J.D. HETHERINGTON, M.A. O’KEeere, K.H. WESTMACOTT, M.J. MiLLs*, M.S. Daw* anD V. ViTek!

An atomic resolution image of a symmetrical 299 {557} <110> tilt boundary in
aluminum is compared with images simulated from models based on atomistic
calculations using pair potentialsand the Embedded Atom Method. The two methods
for atomistic modelling resultin very similar structures, and image simulations based
on these structures closely match the experimental results. Because it was possible to
discard unambiguously a number of other structures found in the process of computer
modeling as clearly mismatched with the observation, a comparison of this kind isan
accurate measure of the quality of the match between theory and experiment. This is
an important point since it demonstrates that the technique of high resolution
microscopy now allows the experimental distinction between different atomic
boundary structures in close packed metals. This study shows that high resolution
electron microscopy can now assess quantitatively the degree of coincidence between
experimental and theoretical atomic structures of high-Z grain boundaries.

* Sandia National Labs
T University of Pennsylvania
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Refereed Journal Articles

Dahmen, U., C.J.D. Hetherington, M.A. O’Keefe, K.H. Westmacott, M.]. Mills, M.S. Daw and V. Vitek “Atomic Structure of a £99
Grain Boundary in Aluminum: A Comparison Between Atomic-Resolution Observation, Pair Potential and Embedded
Atom Simulations," Phil. Mag. Lett., vol. 62, p. 327, 1990.

Other Publications

Dahmen, U., and K.H. Westmacott, LBL- 29034, “Transmission Electron Microscopy Study of ICB Al on Ge and Si {001} Substrates,"
Proc. ISIAT ‘90.

Witcomb, M.]., and U. Dahmen, LBL-29967, “A Jet Polishing Technique for Thinning Two-Phase Materials," EMSSA Proc. 20.
Penisson, ].M., U. Dahmen and M. Mills, “HREM Study of a £=3 {112} Twin Boundary in Aluminum," Phil. Mag. Lett. (Submitted.)
Invited Talks

Dahmen, U., Of Broken Mirrors and Split Reflections: Symmetry in Electron Microscopy of Microstructures, Northwestern University,
Evanston, IL, May 1990.

Dahmen, U., HREM Observations on the Structure of Tilt Boundaries in Continuous Bicrystals of Al, CENG, Grenoble, France, October
1990.

Dahmen, U., TEM Analysis of Enclosed Crystal Microstructures and Interfaces, Carnegie-Mellon University, Pittsburgh, PA, December
1990.
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Alloy Phase Stability
' D.’D_E FONTAINE, PRINCIPAL INVESTIGATOR

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 possibility
now existsof deriving certain classes of phase diagrams virtually from first principles.
This possibility 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 project is to combine the latest
electronic structure and statistical thermodynamic techniquesin integrated packages
in order to produce phase diagrams from a minimum amount of empirical informa-
tion and to compare with one another various approximate computational methods.
These methods have been used to derive various binary alloy phase diagrams, such
as Al-Li and Cu-Pd, which agree remarkably well with those determined experimen-
tally. The same theoretical techniques have been applied successfully to vacancy
ordering in high-T, superconductors.

First-Principles Calculation of Phase Equilibria in the Aluminum Lithium System
M. SLUITER,* D. DE FONTAINE, X.Q. Guo,’ R. PobLoucky,® AND A.J. FREEMAN'

Volume-dependent total energies of Al, Li, and various intermetallic Al-Li com-
pounds have been calculated by the first-principles full-potential linearized aug-
mented-plane-wave (FLAPW) method. These values have been used to calculate Al-
Li phase diagrams according to the cluster variation method in the tetrahedron
approximation. Methods for performing lattice-parameter optimization and for
including relaxation effects are presented. Truly first-principles-based phase dia-
grams for solid phases computed without any fitting parameters or empirical
formulas are shown to exhibit a remarkable agreement with experimental data.
Subsequently, some empirical equations for the free energy of the liquid and the
vibrational entropy have been added to the first-principles results and striking
similarities with experimental phase diagrams were obtained. Special attention has
been paid to the metastable Al,Li phase and to the mechanical properties of Al-rich
Al-Li alloys. Furthermore, the influence of relaxation and vibrational entropy are
discussed.

Additional support was provided by the Austrian Ministry of Science, the Air
Force Wright Aeronautics Laboratory administered through Los Alamos National
Laboratory, the National Science Foundation, and the Air Force Office of Scientific
Research.

Ab Initio Study of the Cu-Pd One-Dimensional Long Period
Superstructure Phase Diagram
G. CEDER, D. b FONTAINE, H. DReyssE,? D. M. NicHoLsoN,* G. M. Stocks,” AND B. L. GYORFFY**

The f.c.c. superstructure phase diagram for Cu-Pd is calculated by means of
isotropic effective interactions derived from an ab initio KKR-CPA electronic struc-
ture calculation. We prove the existence of a region in which one-dimensional long
period superstructures are stable. This region is composed of several single phase
fieldsin which the modulation period is constantand in close agreement with results
from High Resolution Electron Microscopy. The change from wavy antiphase bound-
aries atlow Pd concentration to sharp antiphase boundaries at high Pd concentration is

* Lawrence Livermore National Laboratory, Livermore, CA.

' Department of Physics and Astronomy, Northwestern University, Evanston, IL.
* Present address: Institute for Physical Chemistry, University of Vienna, Austria.
$ Laboratoire de Physique du Solide, Université de Nancy, France.

# Oak Ridge National Laboratory, Oak Ridge, TN.

** H.H. Wills Physics Laboratory, University of Bristol, England.
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related to a significant change of the interactions with Pd concentration. The role of
the Fermi surface and the applicability of the ANNNI model are clarified.

Additional support was provided by grants from the CNRS-NSF (France), the
Belgian American Educational Foundation, NATO, and the Division of Materials
Science, U.S. Department of Energy, under contract with Martin Marietta Energy
Systems, Inc.

A Comparison of the Direct Configurational Averaging and Connolly-Williams
Methods of Obtaining Effective Pair Interactions in Substitutionally Disordered Alloys
C. WoLVERTON, H. DReyYssE,! AND D. DE FONTAINE

Inorder to calculate thermodynamic properties of disordered alloys, it is necessary
to extract certain parameters (namely effective cluster interactions) from electronic
band structure models. Several of these methods exist, thus necessitating a compari-
son of their accuracy and convergence. Direct configurational averaging is per-
formed in both a canonical (concentration-dependent) and grand canonical (concen-
tration-independent) scheme. These results are compared with those derived from
the Connolly-Williams method and “exact” results obtained on a simple, tight-
binding, d-band model.

Additional support was provided by grants from NATO and from CNRS-NSF. A
large portion of the FY 1990 research effort was redirected to studies of oxygen
orderingin the YBa,Cu,O, high-temperature superconducting compound. Results of
this investigation are reported in a special high-T. CAM report. The effort paid off as
we were awarded the 1990 DOE prize for “Outstanding Scientific Accomplishment
in Metallurgy and Ceramics.”

Investigator Graduate Students
Didier de Fontaine Mark Asta

Gerbrand Ceder
Post-Doctoral Fellows Mark Kraitchman
Erik Salomons Ryan McCormack
Prabhakar P. Singh Christopher Wolverton

Staff

Publications and Reports
(See also CAM High-T, Superconductivity Program.)

Refereed Journal Articles

Ceder, G., M. Asta, W.C. Carter, M. Kraitchman, D. de Fontaine, M. E. Mann, and M. Sluiter, “Phase Diagram and Low Temperature

Behavior of Oxygen Ordering in YBa,Cu,O, Using ab Initio Interactions,” Phys Rev. B, vol. 41, p. 8698, 1990.

de Fontaine, D., G. Ceder, and M. Asta, “Low Temperature Long-Range Oxygen Order in YBa,Cu,0,,” Nature, vol. 343, p. 544, 1990.

de Fontaine, D., “Comment on Structural Properties of the Tetragonal Superconductors LaBaCaCu,O,_,” J. Less-Common Metals, vol.

160, p. L5, 1990.

Dreyssé, H., G. Ceder, L.T. Wille, and D. de Fontaine, “Determination of Effective Pair Interactions and Segregation Behavior at Alloy

Surfaces,” Vacuum, vol. 41, p. 446, 1990.

Sluiter, M., D. de Fontaine, X.Q. Guo, R. Podloucky, and A.]. Freeman, “A First Principles Calculation of Phase Equilibria in the Al-

Li System,” Phys. Rev. B, vol. 42, p. 10460, 1990.
Other Publications

de Fontaine, D, “States of Oxygen Ordering in YBa,Cu,0,,” in Oxygen Disorder Effects in High T, Superconductors, ed. ].L. Moran-Lépez

and Ivan K. Schuller, p. 75, Plenum, 1990.

fLaboratoire de Physique du Solide, Université de Nancy, France
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Menon, E. S. K., K. M. Krishnan, P. Huang, C. Echer, P. Singh, and D. de Fontaine, “Electronic Structure of Cu-Pd Alloys,” in Proc.
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Wastage of Steels in the Erosion-Corrosion (EC)
Environments of Fluidized Bed Combustors*

ALAN V. LEVY, PRINCIPAL INVESTIGATOR

The erosion-corrosion (E-C) of carbon and low alloy steels in environments that
simulated those found in fluidized bed combustions (FBC) were studied as a function
of variables at levels that were much closer to those that occur in bubbling bed, coal
burning fluidized bed combustors than earlier work. Velocities of 2.5 m/s, the
presence of Ca SOy in the erodent mixtures, and the use of several different micro-
structures of mild steel and 2.5 Cr1Mo steel were all investigated. The chemical and
mechanical mixture characteristics of the scale/deposit layer that forms on eroded-
corroded surfaces were studied further to determine how and why they formed and
how they modified the E-C behavior of the target metals. The comparative metal
wastage of several alloys that were subjected to as near as possible the same test
conditions in gas-solid particle, liquid-solid particle (slurry) and cavitation erosion
were determined. The erosivity of flyash from pulverized coal boilers was deter-
mined over a range of test conditions and was compared to the bed materials from
FBCs. Additional studies of the erosion behavior of diffusion coatings on steels were
conducted. Currentand planned research will gain additional understanding of the
E-C metal wastage of materials used in fossil fueled boilers. Additional natural gas
fired internal combustion engines have been operated with consistent major im-
provements in durability and operating characteristics.

Effect of Microstructure on the Erosion-Corrosion of Steels
B. Q. WanG

1018 plain carbon steel and 2.25 Cr1Mo steel, two commonly used boiler tubing
steels, were prepared in five different conditions, i.e., annealed, hot rolled, normal-
ized, quenched and tempered and cold rolled, and erosion-corrosion tested at room
and elevated temperatures using SiO, particles at V = 20 m/s, «< = 30°. Static and
dynamic oxidation tests were also performed. It was determined that the various
microstructures caused measurable differences in the metal wastage from erosion at
both room and elevated temperatures and from both static and dynamic oxidation.
The oxidation rate was influenced by microstructures in opposing manners. A non-
equilibrium microstructure generally resulted in higher staticand dynamic oxidation
rates than an equilibrium microstructure. However, the extra phase and grain
boundaries and/ or finer substructure of the non-equilibrium microstructure some-
times provided greater numbers of short circuit diffusion paths for Cr and Mn that
increased the amount of these elements in the scale, resulting in the formation of a
more protective oxide layer that reduced the oxidation rate.

The influence of microstructures on the room temperature erosion metal wastage
depended on the distribution of hard, brittle and soft, ductile phases in the steel,
which determined their combination of ductility and strength. The erosion metal
wastage of steel was not related to its hardness. There was a complex relationship
between the microstructure of the steels tested and their elevated temperature
erosion-corrosion metal wastage. The influence of ductility and strength, oxidation
resistance, and the morphology and behavior of the scale formed at the test tempera-
ture combined to establish the metal wastage mechanisms and rates.

Effect of Calcium Sulfate Particles on

Erosion and Erosion-Corrosion of Carbon Steel
G. Q. GENG

Tests were performed to determine the effect of CaSO, in FBC bed materials on
their erosivity. A series of mechanical mixtures of SiO, (sand) and calcium sulfate

* This work was supported by the U.S. Department of Energy Fossil Energy Materials Program,
Advanced Research and Technical Development Office.
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were used for erodent particles. Both high and low particle velocities were used, i.e.,
20 and 2.5 m/s. 1018 plain carbon steel was selected as the target material. The tests
were carried out at a temperature of 450°C except the tests to determine the effect of
temperature, which ranged from 350° to 450°C. The impingement angle was . = 30°.
It was determined that calcium sulfate which occurs in FBC bed materials from the
reaction of calcined limestone sorbent with the sulfur in the coal fuel can either protect
the base metal against erosion-corrosion or enhance the formation of destructive
sulfides. The formation of mixed calcium compound-iron oxide layers on the surface
helps to protect the metal surface from E-C attack. Sulfidation, which depends on the
calcium sulfate content of the erodent particles and the test temperature, particle
velocity, and duration, caused a reaction to occur between calcium sulfate particles
and metal substrates that formed iron sulfide under certain test conditions.

Characteristics of Scale Layers on Steels in FBC Service
B. Q. WaNG

The characteristics of scale-deposit layers that form on and protect steel surfaces
eroded-corroded at elevated temperature, i.e., composition distribution, morphol-
ogy, deformation, thickness, porosity, mechanical integrity, were determined and
related to metal wastage at various laboratory test and in-service conditions. It was
found thatin the outer part of the scale layer either straight bed material or a mixture
of itand iron oxide can form. Near the scale-metal interface, the bed material content
of the layer was markedly decreased and it primarily consisted of iron oxide. The
gradation of the constituents through the layer were determined using line scan and
x-ray maps. the distribution of ironand calciumhad alinear gradient through aninner
layer near the substrate interface. The iron, calcium and sulfur in the outer layer were
neither linear nor could they be directly correlated with the distance from the outside
surface to the scale layer-metal interface. The composition distribution depended on
both the chemical and mechanical processes that occurred. In the inner layer the
chemical process predominated and in the outer layer only the mechanical process
occurred.

The erosion-corrosion (E-C) scales that formed at the test conditions used appeared
to be relatively ductile. The microhardness of the scale layers could not be correlated
with the E-C metal wastage. However, single particle impact behavior of a pre-
formed layer could be directly related to the E-C metal wastage.

Erosion-Corrosion of 1018 Steel Eroded at Low Velocities by CFBC Bed Material
G. Q. GENG

The erosion-corrosion (E-C) behavior of 1018 carbon steel eroded by fluidized bed
combustor (FBC) bed material particlesatlow elevated temperatures and low particle
velocities was determined in a nozzle type laboratory tester. Bed material erodent
particles from operating, circulating fluidized bed combustors were used for tests in
air at different temperatures from 25°C to 550°C for exposure periods up to 100 hours
at particle velocities aslow as 2.5 m/s. Thelowest velocity test conditions were meant
to simulate those experienced by in-bed FBC heat exchanger tubes. Metal wastage
rates were determined from thickness loss measurements of the specimens.

It was determined that particle velocity influenced the relationship between metal
wastage and test temperature. At the low velocity of 2.5 m/s, there was a peak in the
metal wastage curveat 350°C. At the higher velocity of 10 m/s there was a continuous
increase in the curve of metal wastage vs. test temperature. There was a basic
difference in the behavior of the scales that formed on the metal surface at low and
higher particle velocities. At the lower velocity of 2.5 m/s the scale behaved in a
pseudoplastic manner. At the higher velocity of 10m/s, the scale behaved in a brittle
manner. The scale layers that formed on the metal surfaces in low particle velocity E-
C behaved in a ductile manner with the peak loss rate occurring at < = 45° impact
angle. The scale formed at thelower velocity was thicker, denser and more continuous
than that formed at the higher particle velocity. At 450°C the former became more
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ductile, resulting in more deformation and retention, while the latter was still brittle
and cracked and chipped off.

Ceramic Coatings in Gas Lined Internal Combustion Engines
A. LEvy

The performance of natural gas fired, internal combustion engines with ceramic
coated combustion zone surfaces has continued to be excellent. Sufficient numbers
of engines (>40) have now been coated and are in operation to have firmly demon-
strated the improved durability and operating characteristics of the coated engines.
Reduced fuel consumption, increased power output, reduced engine vibration, and
markedly lower exhaust emissions have all accrued from the use of the coating. A
combustion research project is planned to determine how and why the many
desirable engine operating characteristics modifications occur.

Erosivity of Fly Ash from Pulverized Coal Boilers
M. LIEBHARD

In order to calibrate an erosion model which was designed to predict the erosion
or erosion-corrosion metal wastage in pulverized coal boiler power-plants, several
tests wererunina laboratory erosion-corrosion tester. Target material fromanactual
heat exchanger steel tube and flyash from a pulverized coal boiler power plant were
used as test specimen and erodent. The parameters in the test equipment were
adjusted so the conditions in the actual plant were simulated.

Evenata temperature as low as 300°C, a scale of SiO,, Al,O, (the main constituents
of the flyash) and iron oxide was built up on the metal surface. The metal wastage
mechanism was found to be a simultaneous building up of this scale and the removal
of it by cracking and chipping. The primary result of the tests was the simulation of
a pattern of metal wastage vs. test temperature that occurred in operating boilers but
that had never been achieved in laboratory tests. The material underwent high metal
wastage atlow temperatures and low wastage at higher temperaturesin testsat 250°,
300°and 350°C. The reason for this behavior wasrelated to the occurrence and nature
of the scale deposit layer that formed.

A Study of Bubble Induced Wear of In-Bed

Tubes in Fluidized Bed Combustors*
A. V. Levy, S. MACADAM

Fluidized bed combustion of coal has many potential advantages over conven-
tional coal burning systems. These benefits stem from the excellent gas and solid
particle mixing that occurs within fluidized environments. However, there are some
problems that need to be addressed as fluidized bed combustors (FBCs) become
commercially viable. One of these is unacceptable metal wastage of heat exchanger
tubes and other internal bed components. The present study is concerned with the
development of an understanding of a frequently observed and perhaps intrinsic
source of wastage in bubbling FBCs. This is the wastage of submerged horizontal or
inclined heat exchanger tubes arising from interactions with bubbles upward from
below to impact the bottom of tubes and cause localized wear. This effectis simulated
in two specially designed wear rigs by quickly driving a specimen rod downward
within a bed of fluidized particles.

* This work was supported by the Electric Power Research Institute
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Room Temperature Fluid Bed Wear Tester

A laboratory scale fluid bed wear tester apparatus was operated at room tempera-
ture to study the behavior of aluminum rod shaped specimens exposed to fluidized
erodent particle beds having different ratios of SiO, to bed material from operating
AFBC’s. Themassand circumferential thickness change distributions of the specimen
rods were measured. Only part of the specimen surface was worn while a deposited
layer of bed particles and aluminum was formed on other regions of the cylinder’s
surface that prevented metal wastage. The morphologies and compositions of the
deposit layer on several specimen rods were measured. It was determined that the
SiO, constituent in the bed material particles caused the metal wastage while the
calcium compounds in the AFBC bed material contributed to the formation of the
deposit layers. The more SiO, in the bed particles, the more metal wastage occurred.
The larger the particle size was, the greater was the metal wastage. Direct metallo-
graphic evidence was found that both particle impact erosion and 3 body abrasive
wear metal wastage mechanisms occurred.

Elevated Temperature Fluid Bed Wear Tester

Construction of a new high temperature fluid bed wear rig began in 1989. this rig
is similar to the room temperature rig except that it is capable of operating at bed
temperatures up to 700°C, and it utilizes a PC based data acquisition, control, and
analysis system. There have been in excess of 700 h testing with this rig at elevated
temperature. Among the early findings is that the maximum wear/oxidation rate at
a particular impact energy for 1018 steel increases exponentially above 400°C. Thisis
indicativeof an oxidation limiting process. Furthermore, the activation energy for the
wastage process is considerably lower than for static oxidation, and it varies around
the underside of the rod. Near the sides of the rods and near the bottom, the presence
of either a complete or discontinuous oxide layer prevented wastage under some
conditionsabove 400°C. The transition from protected to heavily worn materials was
abruptand discontinuous. Oxide protection showed some relationship to the impact
energy, with more protection at lower energies. Under the least severe condition
tested, there was an almost complete oxide layer over the entire underside. At
temperatures below 400°C, there was no protective oxide. Whereloss did occur at the
bottom, it was found that the rate relative to the maximum loss increased from 0% at
room temperature up to 80% at 650°C. Testing under a wide range of conditions
indicated that the impact energy rate (power) controlled the wastage observed.
Hence, changing the impact severity and the impact frequency, both of which change
the power, have the same effect on wastage.
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 Gas-Solid Reactions

‘ JAMES W. EVANS, PRINCIPAL INVESTIGATOR

This research is concerned with reactions between gases and solids in materials
science. In many such reactions of actual or potential technological significance (e.g.,
the reaction of tungsten hexafluoride with silicon in the chemical vapor deposition of
tungsten during silicon semiconductor processing) new solid phases appear. The
nucleation, growth, epitaxy and crystallinity of these phases, as well as changes to the
microstructure of reactant phases, are the focus of this research.

The principal experimental tools are the transmission electron microscopes at
Berkeley which permit the examination of the phases formed both by imaging and
electron diffraction, either during in-situ experiments or following ex-situ experi-
ments. Other characterization techniques such as Rutherford backscattering spec-
troscopy and scanning electron microscopy are used in this investigation.

Dopant Concentration Influence on Tunnel Formation in Chemically

Vapor-Deposited Tungsten on Silicon
L.M. FeEnG

The effect of dopant concentration on tunnel formation in CVD tungsten was
studied. Depositions were carried out in a reduced-pressure, cold-wall reactor in the
range of 250-350°C, temperatures which are commonly used for CVD tungsten. It has
long been recognized that under some circumstances, tunnels form in the silicon, to
the detriment of the integrated circuit formed on the silicon. Experimentally, it was
found that

e Higher substrate dopant concentration tends to cause more tunnels
e Tunnel formation appears not to depend on wafer orientations
* Higher deposition temperature produces more tunnels.

The mechanism for tunnel formation is explained in terms of fluorine etching.
Specifically, the effect of doping on the etching rate is considered in terms of its
influence on the electronic structure near the surface. The roughness observed along
the W/Si interface is attributed to the presence of an oxide layer. Thermodynamic
calculations suggest that the particles found in the tunnels are tungsten.

Thermodynamic calculations were performed to find the gaseous species distribu-
tion at equilibrium with the most stable condensed phases deposited from gas
mixtures of H,-WF,. Differentamounts of reactants and different pressure conditions
were used in the temperature range 400-1000 K. The calculations indicated that the
gas molecules inside the reactor are predominantly HF and SiF,.

Figure 1

Cross-sectional transmission electron micrograph shows a
rough tungsten-silicon interface. Tungsten islands are
evident. Most tunnels are not decorated with tungsten
particles at their ends. (XBB 904-3405)
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ental Research

Solid-State Physics

EXPERIMENTAL RESEARCH

Far Infrared Spectroscopy

PauL L. RiIcCHARDS, PRINCIPAL INVESTIGATOR

In this project, improved infrared techniques are being used to do experiments in
areas of fundamental and applied infrared physics where their impact is expected to
be large. Improved types of infrared sources, spectrometers, and detectors are also
being developed. Experiments in progress include: measurements of the far-infrared
absorptivity of the new high T, superconductors, measurements of the infrared
spectra of one-dimensional conductors, measurements of the heat capacity of mono-
layers of adsorbates on metal films, and measurements of lossless quasiparticle
tunneling in superconducting tunnel junctions. Improvements in infrared technol-
ogy include: development of thin film high T, superconducting bolometers for
detecting x-ray, infrared and microwave radiation, and development of supercon-
ducting thin film quasiparticle detectors and mixers for near-millimeter wavelengths
that approach quantum limited sensitivity:

Quasiparticle Mixers and Detectors™
QiING Hu AND P.L. RICHARDS

The superconducting components that have been developed for infrared and
millimeter-wavereceivers werereviewed. A brief descriptionis givenof the scientific
principleson which each deviceis based, followed by a discussion of the performance
thathasbeen achieved in terms of the appropriate figures of merit. Finally, comments
are made about the possibility that useful device performance can be achieved by
using the new high-T, oxide superconductors. This review emphasizes photon-
assisted quasiparticle tunneling and the SIS quasiparticle mixer, which is the only
superconducting component to find substantial applications atinfrared or millimeter
wavelengths. Descriptions are given of the SIS quasiparticle direct detector, the
Josephson effect oscillator, the Josephson effect parametric amplifier, and the various
superconducting bolometers, for which practical applications appear possible. The
less promising Josephson effect detector and mixer and the various ideas for super-
conducting photon detectors are described because of the current interest in possible
high-T_ versions of these devices.

Design Analysis of a Novel Low Temperature Bolometer
M. NaHuM AND P.L. RICHARDS

A novel antenna-coupled superconducting bolometer which makes use of the
thermal boundary resistance available at low temperatures has been proposed. The
radiation is collected by a planar self-complementary antenna, as is shown in Figure
1, and thermalized in a small thin film resistor. The resulting temperature rise is
detected by a transition edge thermometer which can be (but need not be) a separate

* Supported in part by the Department of Defense.
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Figure 1

Quasi-optical coupling scheme. a) Cross
section. The substrate is mounted on the
flat side of a hyperhemispherical lens. A
TPX lens is used to further narrow the
beam. b) Planar log-periodic antenna.
This self-complementary structure gives a
frequency-independent real antenna
impedance and very broadband response.
In addition, it has a nearly Gaussian beam
pattern. (XBL 9012-4017)
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film. All components are deposited directly on a substrate so that arrays can be
conveniently produced by conventional lithographic techniques. The active area of
the bolometer is thermally decoupled by its small size and by the thermal resistance
of the boundaries with the substrate and the antenna terminals. Design calculations
based on a 2 x 2 mm square film of a superconductor with T, = 0.1 K give an NEP
~10" WHZz'"?, time constant =10®s and responsivities up to =10° V/W. These
specifications meet the requirements for NASA’s Space Infrared Telescope Facility
and Sub-Millimeter Moderate Mission. Useful applications also exist at*He and ‘He
temperatures. The calculated NEP scales as T/, as is shown in Figure 2. Materials,
architectures, and readout schemes will be discussed.

The Effect of the Quantum Susceptance on the Gain of
Superconducting Quasiparticle Mixers
C.A. MEeARs, QING Hu, AND P.L. RICHARDS

A detailed analysis of the effects of the quantum susceptance on the performance
of superconductor-insulator-superconductor (SIS) mixers was performed. It was
found that the principal effects of the quantum susceptance are to change the dc bias
at which optimum coupling of the signal to the mixer occurs, and to change the

output admittance at the IF frequency, thus changing the available gain.
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Figure 2 :
Estimates of the Johnson, phonon and total NEP
as a function of operating temperature for the
proposed new antenna-coupled low T, supercon-
ducting bolometer. We assume the heat flow to be
limited by the thermal boundary resistance from a
2 x 2 mm square contact area and pick a boundary
resistance coefficient of B=20 K‘cm*W. The
optical efficiency is assumed to be 50% and the
superconducting transition width 10% of the
operating temperature. Under these conditions the
sensitivity is limited by the phonon noise.

(XBL 9012-4018)
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L T T T Figure 3
a) Frequency dependence of the real part of the conductivity for

a) TaSy :
800 I- I Ta$S, deduced from infrared and microwave data. b) Frequency
Pinned Acoustic Peierls gap | dependence of the real part of the conductivity for (TaSe,),| from our
- Phason \ [— previous work combined with work by others. There is no evidence
i ! for a giant far infrared (FIR) mode in TaS,; comparable to the mode
400 - Y II | previously found in (TaSe,),l. (XBL 9012-4032)
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Far Infrared Conductivity of TaSs: Identification of the Intrinsic

Charge Density Wave Excitation Modes™
W.N. CReAGER, P.L. RICHARDS, AND A. ZETTL

The far infrared (FIR) reflectance of the charge density wave (CDW) conductor
TaS, has been measured from 3 to 700 cm™ over the temperature range from 15 K to
300K asisshowninFigure 3. For incident radiation polarized parallel to thelong axis
of the crystals, a strong reflection edge correlated with the formation of the CDW
appears near 80 cm™. The associated conductivity shows no dramatic conduction
mode in the FIR. These results, which are in sharp contrast to the observed behavior
in therelated CDW materials (TaSe,),] and K;;MoO,, rule out models of a “generic FIR
mode” in CDW excitations.

Staff
Investigator Graduate Students
P.L. Richards John Birmingham
Carl Mears
Postdoctoral Fellow David Miller
Qing Hu Michael Nahum
Robert Phelps
Simon Verghese
Awards
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Mears, C. A, Hu, Qing, Richards, P. L., Worsham, A., and Prober, D. E., “Quantum Limited Quasiparticle Mixers Using Tantalum
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Timbie, P. T., Searching for Anisotropy in the Cosmic Background Radiation, Seminar, Physics Department, University of Washington,
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Richards, P.L., Rocket and Balloon Measurementsof the CMB,NASA AmesResearch Center Colloquium, Moffett Field, CA,March,1990.

Richards, P.L., Measurements of the Cosmic Microwave Background, Physical Sciences Colloquium, IBM Thomas J. Watson Research
Center, Yorktown Heights, NY, March, 1990.

Richards, P.L., Rocket and Balloon Measurements of the CMB, Physics Colloquium, Univ. of Washington, Seattle, WA, April, 1990.
Richards, P.L., Superconducting Detectors: Low Tcand High T¢, Applied Physics Seminar, Yale University, New Haven, CT, April, 1990.

Mears, C.A., Quantum Limited Quasiparticle Mixers at 100 GHz, Applied Superconductivity Conference, Snowmass Village, Aspen,
CO, September, 1990.

Contributed Talks

40
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Hu, Qing, Observation of Quantum Susceptance in Superconducting Tunnel Junctions, American Physical Society March Meeting, Ana-
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Verghese, S., Low Frequency Voltage Noise Measurements in HTSC Thin Films, American Physical Society March Meeting, Anaheim, CA,
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Creager, W.N., Far Infrared Transmittance and Reflectance of the Charge Density Wave Material TaS3, American Physical Society, March,
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Nahum, M., Design Analysis of a Novel Low Temperature Bolometer, Applied Superconductivity Conference, Snowmass Village,
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Experimental Solid State Physics and Quantum Electron[

Y. R. SHEN, PRINCIPAL INVEST

The general objective of this program is to study laser interaction with matter and
to develop and apply modern optical techniques to studies of materials. Work is
being carried out in both theory and experiment. Over the past several years, optical
second harmonic generation hasbeendeveloped asa powerful and versatile probe for
surfaces and interfaces in our laboratory. More recently, the method has been
generalized to infrared-visible sum-frequency generation used for surface vibra-
tional spectroscopy. Current projects are focused on using these techniques to study
orientation, conformation, and interaction of molecules adsorbed at various inter-
faces and to probe adsorption, desorption, and diffusion of atoms and molecules on
metal surfaces in ultrahigh vacuum. Other surface dynamic processes suchassurface
photon echoes are being explored.

A Nonlinear Spectroscopic Study of Coadsorbed Molecular Monolayers:
Conformation and Interaction
J.Y. Huang, R. SUPERFINE, AND Y_.R. SHEN

In recent years, we have demonstrated that surface second harmonic generation
(SHG) is a valuable and versatile probe of monolayer systems, and its extension to
infrared-visible sum frequency generation (SFG) makes surface vibrational spec-
troscopy possible. We now show that SHG and SFG simultaneously allow us to learn
about the orientation and conformation of pure molecular monolayers and interac-
tion between different molecular species in mixed monolayers.

Figure 1 shows the CH spectra of a half monolayer of pentadecanoicacid (PDA)on
water, a full monolayer of DMOAP [CH;(CH,);7(Me),N*(CH,);5i{(OMe);C¢] on
glass, and a 0.7 monolayer of octyl-cyanobiphenyl (8CB) on a DMOAP-coated glass.
It is seen that the spectrum of DMOAP is very similar to that of PDA. This is because
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Figure 2 1.60
FG spectrum at CH3 vg resonance for PDA
monolayer on water. Both curves are from a
fit of the SFG intensity to Eq. (3).
(XBL-903-5451)
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the alkane chain densities of the two cases are nearly the same. Their spectra indicate
that the chains have a significant amount of trans-gauche defects. In comparison, the
spectrum of 8CB deposited on DMOAP-coated glass (8CB/D) shows clear evidence
of interaction between 8CB and DMOAP. The 8CB molecules must have penetrated
the alkyl chain layer to adsorb on the head groups of DMOAP or glass and via
interaction, straighten the alkane chains of DMOAP.

These results together with other SHG and SFG measurements of 8CB on different
substrates provide a detailed picture of the interfacial structure of cyanobiphenyl
systems. The existence of interaction between the 8CB monolayer and the surfactant
treated glasses reveals the importance of competing effects of surface polar adsorp-
tion sites and surfactant alkyl chains in aligning bulk liquid crystals.

Experimental Determination of the Sign of Molecular Dipole Moment Derivatives—

An Infrared Visible Sum Frequency Generation Absolute Phase Measurement Study
R. SUPERFINE, J.Y. HUANG AND Y.R. SHEN

Knowledge of the bond dipole, bond polarizability, and their derivatives with
respect to the normal mode coordinates is important for the understanding of
molecular structure. They have been intensely studied in the past. Although the
magnitudes of these quantities are accessible through standard techniques, the
experimental determination of their sign has proven much more difficult. However,
itis well known that coherent nonlinear optical techniques can measure the phase of
a material response. Knowing the polar orientation of the monolayer, the sign of the
surface nonlinear susceptibility ys obtained directly from infrared-visible sum-
frequency generation measurements (see Figure 2) directly determines the relative
sign of the derivatives of the dipole moment and polarizability, dm/0Q, respectively,
with respect to the normal mode. When the sign of one of these quantities is well
established, the sign of X, allows us to determine the sign of the unknown quantity.

We have applied the technique to the determination of signs of dit/0Q for the
symmetric CHj stretch of the C-CHj; group and of the O-CHj group. For the alkane
methyl group (C-C-H, sp?), our result of djiz/ dr < 0 is in agreement with the ab initio
calculations.? For the methoxy group (O-C-H, sp?), we have djg/dr > 0, but the
corresponding ab initio calculation is not yet available. The different signs of dp /dr
in the two cases are consistent with the trend noted in theoretical studies of oy /or
becoming more positive with the increasing electronegativity of the substituent X in
X-C-H.3 To our knowledge, this represents the most direct determination of the sign
ou/9Q by experiment.
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Phase Measurement for Surface Infrared-Visible Sum-Frequency Generation
R. SUPERFINE, U.Y. Huang, AND Y.R. SHEN

Coherent nonlinear-optical measurements have allowed us to deduce separately
the amplitude and phase of a nonlinear susceptibility 1" of a material system, both
of which carry useful information about the material. For example, infrared-visible
sum-frequency generation (SFG) spectroscopy can yield the vibrational spectrum of
a surface monolayer of molecules and the or1entat10n of a group of atoms in these
molecules through }Nt1, and the phase of X" determines the polarity of the
orientation of the atomic group. The latter information, though important for the
understanding of many problems in surface science, cannot be obtained by the more
conventional techniques. While phase measurements on surface ™ have been
reported with surface second-harmonic generation by a number of researchers, none
has so far been attempted in surface SFG.

Wehave developed two nonlinear interference techniques that can determine the
phases of %™ in surface SFG and hence the polar orientations of specific atomic
groups in the adsorbed molecules. We have used the techniques to find out that the
alkane chains of cyanobiphenyl molecules adsorbed on water or glass are pointing
away from the surface.

Surface Photon Echoes in the Infrared Range
X.D. ZHu AND Y.R. SHEN

We have explored the possibility of using infrared photon-echoes to study surface
vibrational relaxations. As is well known, the technique has been widely adopted for
studies of relaxations of excitations in bulk samples. Applications of the same
technique to surface excitations, however, have not yetbeen demonstrated. The main
difficulty lies in the fact that the total number of excited molecules in a surface
monolayer is much smaller than in a bulk. This, together with the lower oscillator
strengths of vibrational excitations compared to electronic excitations, results in
rather weak IR photon echoes which are difficult to detect because of the lack of
sensitive IR detectors. Nevertheless, our estimates show that photon echoes from
surface vibrational excitations should be detectable. We consider three different
schemes that could work with a sufficient signal-to-noise ratio: one with a sensitive
IR detector, one with an in-situ up-conversion scheme, and one with an external up-
conversion of the 51gnal

Up-conversion is inherently an optical gatmg process, and is naturally suited for
detection of surface echoes. The external up-conversion scheme converting the IR
echo signal in a nonlinear crystal is most promising because the high conversion
efficiency could lead to a very high signal-to-noise ratio. However, it is not capable
of providing discrimination against bulk emission. The in-situ up-conversion at the
surface has the advantage of being an inherently surface-specific process. Although
the signal-to-noise ratio is worse because of the greatly reduced conversion efficiency,
thislatter scheme will be far superior in cases where bulk emission is overwhelming.

Multipolar Contributions to Optical Second-Harmonic Generation in Isotropic Fluids
X.D. ZHu AND Y.R. SHEN

In this work we have demonstrated that higher-order multipole, especially elec-
tric-quadrupole contributions to SHG in an isotropic bulk medium are generally
nonvanishing, and they are usually present in surface SHG from such a medium.
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press.)
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Shen, Y. R., “Nonlinear Optical Study of Materials,” Combustion Dynamics Facility Workshop, Berkeley, CA, April 1990.
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NCCAVS, Menlo Park, CA, June 1990.

Shen, Y. R., “Surface Nonlinear Optics and Applications,” Les Houches Summer School on “Fundamental Systems in Quantum Optics,”
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Feller, M. B., W. Chen, and Y. R. Shen, “The Study of Surface-Induced Molecular Alignment by a Non-linear Optical Technique,” Applied
Optics and Opto-Electronics Conference, Nottingham, England, September 1990.

Shen, Y. R., “Surface Instrumentation and Laser Optics,” Advisory Board Review on Surface Science, Lawrence Berkeley Laboratory,
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Shen, Y. R., “Nonlinear Optical Characterization of Surface Molecular Monolayers,” International Symposium on Nonlinear Optical
Materials, El Paso, TX, October 1990.

Shen, Y. R., “Nonlinear Optical Techniéues for Investigation of Surfaces and Interfaces,” Annual Meeting of the Optical Society of America,
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Shen, Y. R., “Nonlinear Optics,” Seminar, Raychem Corporation, Menlo Park, CA, November 1990.
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e-Resolved Spectroscopies in Solids
Y. YU, PRINCIPAL INVESTIGATOR

Relaxation of Photoexcited Hot Electrons and Phonons in Semiconductors
D.S. Km, P.Y. Yu

The purpose of this project is to study ultrafast processes in bulk semiconductors
and in semiconductor quantum wells fabricated from GaAs and related compounds.
Short laser pulses are used to excite dense electron-hole plasmas in the sample. The
dynamics of the excited hot electron and hot optical phonons are studied by time-
resolved Raman scattering or photoluminescence.

The cooling of hot electrons in bulk GaAs and InGaAs has been studied with

. subpicosecond Raman scattering. In both materials the cooling of hot electrons
within one picosecond has been shown to be dominated by intervalley scattering. The
strength of the intervalley electron-phonon interaction has been determined for the
first time in InGaAs. The generation of hot phonons by hot electrons in GaAs/AlAs
quantum wells have been studied as a function of well width. It has been found that
the phonon generation efficiency decreased as the well width was decreased. This
result is in good agreement with theory based on the Frohlich electron-phonon
interaction. '

Defects in Semiconductors
M.F. LI, P. SEGcuy anD P.Y. Yu

The objective of this project is to study the properties of defects in semiconductors
using optical and electrical techniques in conjunction with uniaxial and hydrostatic
stress.

A new metastable level related to the DX center have been observed in Si doped
GaAlAs but not in Te doped samples. The properties of this level can be explained
by a complex consisting of a substitutional Si and an adjacent As atom displaced into
an interstitial site.

The effect of uniaxial stress on the DX center in GaAlAs alloy doped with Te has
been measured. The results are consistent with a model of the DX center proposed by
Chadi and Chang but not with models in which the DX center does not have large
lattice relaxations.

Properties of Matter under High Pressure
T. CHEN AaND P.Y. Yu

In this project diamond anvil cells are used to apply high pressure to materials in
order to modify their properties. Many materials undergo structural phase transitions
under pressure. As a result of such structural phase transition, insulators often
transformin metals. Some of these high pressure metallic phases possess interesting
properties such as superconductivity.

A technique hasbeen developed to perform four-terminal resistivity measurements
inside the diamond anvil cell. This techniques has been applied to determined the
insulator to metal transition in an anti-ferrromagnet Nil, at pressures above 190
kilobars. Associated with this transition Nil, changes from an antiferromagnet to a
diamagnet. The unusual feature of this phase transition is that the Nil, crystal
structure remain unchanged. This transition has been explained by a pressure-
induced Mott transition of the Ni ions. As the Niion separationsare reduced by their
pressure, the Ni 3d electrons changed from their localized magnetic state to a
diamagnetic delocalized state. The transition is purely electronic and therefore
involves no change in crystal structure.
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Pasternak, M., R.D. Taylor, A. Chen, C. Meade, L. M. Falicov, A. Giesekus, R. Jeanloz, and P.Y. Yu, “Pressure Induced Metallization
and the Collapse of the Magnetic State in the Antiferromagnetic Insulator Nil2,” Phys. Rev. Lett. Vol. 65,p. 790, 1990.

Seguy,P., P.Y. Yu, M. F. Li, R. Leon and K. T. Chan, “Effect of Light on the DX Centers in Si and Te Doped GaAlAs,” Appl. Phys. Lett.
Vol.57, p.2469, 1990.

Refereed Conference Proceedings

Kim, D.S. and P.Y. Yu, “Study of Hot Carrier Relaxation in Quantum Wells by Subpicosecond Raman Scattering,” Ultrafast Laser
Probe Phenomena in Bulk and Microstructure Semiconductors III, ed. by Robert R. Alfano SPIE Proceeding Series, Vol.

1282, p.39, 1990.
Thesis
Kim, D.S, A Subpicosecond Raman Scattering Study of Hot Electrons and Hot Phonons in GaAs, In0.53Ga0.47As, and GaAs/AlAs
Multiple Quantum Wells, (Ph. D. Thesis, Department of Physics, University of California, Berkeley. Advisor: P.Y. Yu.)
LBL Reports ’

Kim, D.S. and P.Y. Yu, “Subpicosecond Raman Study of Hot Electrons and Hot Phonons in GaAs,” Proc. of NATO Advanced
Research Workshop Light Scattering in Semiconductor Structures and Superlattices, ed. by J.F. Youngand D.L. Lockwood
(In press.)

Kim,D.S.and P.Y. Yu, “Study of Hot Electron Relaxation and Hot Phonons in GaAs by Subpicosecond Raman Scattering,” Phys. Rev.
(In press.)

Seguy,P and P.Y. Yu, “Optical Excitation of DX Centers in GaAlAs Alloys doped with Si and Te,” preprint LBL-29886.

Yu, P.and M.F. Li, “Pressure dependence of deep centers by capacitance spectroscopiesinside the diamond anvil cell,” preprint LBL-
29888.

Li,M.F, P.Y. Yu, E. Bauser, W.L. Hansen and E. E. Haller, “Deep Level Transient Spectroscopy of DX Centers in A10.38Ga0.62As:Te
under Uniaxial Stress,” Preprint LBL-29887.

LiM.F, P.Y. Yy, Y.B. Jia, J. Zhou and ].L.. Gao,” Reply to “Comment on ‘Negative U Property of the DX Center in AlxGal-xAs:Si"."
Phys. Rev. (In press.)
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Yu, P.Y., Studying Hot Electron Relaxation and Hot Phonons in Bulk and MQW of GaAs with Subpicosecond Raman Scattering, Clarendon
Laboratory, Oxford University, Oxford, England, July, 1990.

Yu, P.Y., Studying Hot Electron Relaxation and Hot Phonons in Bulk and MQW of GaAs with Subpicosecond Raman Scattering, Cavendish
Laboratory, Cambridge University, Cambridge, England, July, 1990.

Yu, P.Y., Pressure Dependence of Deep Centers by Capacitance Spectroscopies inside the Diamond Anvil Cell, Fourth International Con-
ference on High Pressure in Semiconductor Physics, Porto Carras, Greece, August 1990.

Yu, P.Y., Studying Hot Electron Relaxation and Hot Phonons in Bulk and MQW of GaAs with Subpicosecond Raman Scattering, Department
of Physics, Brown University, Providence, R, Oct., 1990.

Yu, P.Y., DX Centers in AlGaAs Have Small or Large Lattice Relaxations?, Xerox Palo Alto Research Center, Palo Alto, Ca., Oct., 1990.

Yu, P.Y., Condensed Matter Physics under High Pressure, Colloquium, Department of Physics, University of Missouri-Columbia,
Columbia, Missouri, Dec., 1990.
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Superconductivity, Superconducting Devices, and 1/f N

JoHN CLARKE, INVESTI

This program is focussed on understanding fundamental phenomena in supercon-
ductors, and on the application of these phenomena to novel devices and the measure-
mentofultrasmall signals. Atpresent, the programhasthree major components. Thefirst
involves tunnel junctions of submicron dimensions, and thenovel effects thatoccur when
the energy associated with the transfer of a single electron (¢?/2C, where C is the
capacitance) is much less than the thermal energy (k;T, where Tis the temperature). The
second is concerned with low-transition temperature (T,) Superconducting QUantum
Interference Devices (SQUIDs) and their applications to ultrasensitive measurements
thatare inaccessible to any other device. The third component of the programis focussed
on fundamental noise properties of high-T, thin-films and the application of these films
to prototype devices and is discussed in the section devoted to the CAM High-T,
Superconductivity Program.

Resonant Tunneling in a Current-Biased Josephson Junction
J. ScHMIDT, A. CLELAND AND J. CLARKE

A current-biased Josephson junction has been shown to be a macroscopic system
which exhibits quantum effects. The phase difference ¢ between the superconduct-
ing condensates in the electrodes obeys an equation of motion identical to that of a
particle moving in a cosine potential that is tilted in proportion to the bias current.
Quantized energy levels exist in the potential wells, and a particle initially trapped in
a well can tunnel through the potential barrier to run freely down the potential,
resulting in a nonzero junction voltage. Recently it hasbeen predicted thatinaddition
to this tunneling to the free running state, tunneling will occur resonantly between
states of adjacent wells for values of bias currents where the energies of these states
are equal.

We have undertaken a theoretical study to determine the experimentally observ-
able effects resulting from resonant tunneling. We have shown that resonant tunnel-
ing provides a new mechanism by which the particle can make the transition to the
free running state, and have calculated the rate of this transition as a function of the
bias current. Peaks which correspond to the alignment of energy levels occur in this
distribution. This non-monotonic behavior is distinct from that resulting from
thermally induced switching or direct quantum tunneling, and provides a unique
signature for the existence of resonant tunneling in this system.

We are now carrying out low temperature (20mK) experiments on Al-Al-oxide-Al
tunnel junctions in an attempt to observe these switching characteristics.

Figure 1
Schematic representation of resonant tunneling in a current-biased
Josephson junction. Path B represents a sequence of resonant

tunneling events which causes the junction to switch to the free ) - A
running state. (XBL 906-5537)
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(a) Spin echo of *N nuclei in NH,CIO, obtained from real-time signal demodulated with 35 kHz.

(b) Fourier transform of spin echo. The three resonant peaks are due to transitions between energy levels (shown inset) of **N nuclei in
presence of electric field gradient in NH,CIO,. Ininset, [0 > ={10>and | £> = (|11 > £ |1-1 >)V2, where symbol | 1 m > is the eigenstate of
"N nuclei (I = 1) with |, = m. (XBL 906-5595A)
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Zero Field NMR and NQR with a dc SQUID

N. FaN, M. HORLIMANN, C. PENNINGTON AND J. CLARKE

NMR spectra of powdered solids in a strong applied magnetic field are broadened
by the anisotropic frequency shifts that result from magnetic dipole-dipole and
electric quadrupole interactions. The random orientation of crystallites with respect
to the applied field gives a broad spread of resonance frequencies, often obscuring
important information. In zero applied field such broadening is not present, since in
the absence of an applied field all crystallites are equivalent. We have developed a
versatile spectrometer for pulsed zero field NMR and NQR studies in the frequency
range 10-200 kHz. Because the signals generated at these low frequencies are
extremely weak, we use a low-T,dc SQUID as an amplifier; this amplifier has much
lower noise than any other amplifier in this frequency range. '

As an example of the sensitivity of our spectrometer, we have measured the zero
field spectrum of NH,CIO, at 1.5K (Figure 2). The spectrum consists of three sharp
N nuclear quadrupoleresonancelinesat 17.4 kHz, 38.8 kHz, and 56.2 kHz, each with
a linewidth of about 0.5 kHz. These lines do not display splitting by the neighboring
protons, indicating that the ammonium ions undergo fast quantum tunneling. We
have found that even low levels of deuteration strongly affect the N resonance
frequencies and relaxation times. For example, 4% deuteration results in an increase
in the transverse relaxation rate from (42+4) sec™ to (80+10) sec ™.

This spectrometer offers a new window on low frequency magnetic resonance as
a probe of weak spin-spin and electric quadrupole interactions. We are currently
developing a second spectrometer that will allow us to vary the temperature of the
sample between 4.2K and 100K and to apply a small, stable magnetic field (up to
10mtesla).

Principal Investigator Graduate Students
John Clarke Andrew Cleland
Non Fan
Postdoctoral Fellows Michael Heaney
Martin Hiirlimann John Schmidt

Charles Pennington
Administrative Assistant
Barbara Salisbury
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Publications and Reports
(See also CAM High-T, Superconductivity Program.)

Refereed Journal Articles
Cleland, A.N,, ]J. M. Schmidt, and J. Clarke, “Charge Fluctuations in Small Capacitance Junctions,” Phys. Rev. Lett. 64, 1565 (1990).
Theses

Fan, N., Low-Frequency NMR and NQR Spectrometer with a dc SQUID Amplifier, November, 1990 (Ph.D. Thesis, Physics Department,
U.C. Berkeley. Advisor: J. Clarke.)

Heaney, M. B., Nuclear Magnetic Resonance Experiments with dc SQUID Amplifiers, November, 1990 (Ph.D. Thesis, Physics Department,
U.C. Berkeley. Advisor: ]. Clarke.)

Other Publications

Clarke, J., “SQUIDs: Principles, Noise, and Applications,” chapter in Superconducting Devices, eds. S. T. Ruggieroand D. A. Rudman,
p- 51, Academic Press, Inc., Boston, 1990.

LBL Reports .

Bindslev Hansen, ]., T. Holst, F. C. Wellstood, and J. Clarke, LBL-28891, “Low Frequency Noise in Resonant Josephson Soliton
Oscillators,” IEEE Trans. Magn. (Submitted.)

Cleland, A. N,, J. M. Schmidt, and |. Clarke, LBL-29364, “Resonant Tunneling in Small Current-Biased Josephson Junctions,” Phys.
Rev. B1 (In press.)

Fan, N.Q,. and J. Clarke, LBL-30090, “Low-Frequency NMR and NQR Spectrometer Based on a dc SQUID,” Rev. Sci. Instru.
(Submitted.)

Invited Talks

Ferrari, M. J., SQUIDs: Principles, Applications, and Prospects, IEEE nétrumentation and Measurement Technology Conference, San
. Jose, California, February 1990.

Cleland, A. N, J. M. Schmidt, and J. Clarke, Coulomb Blockade in Single Small Tunnel ]unctwns, Quantum Fluctuations in Mesoscopic
and Macroscopic Systems, Trieste, Italy, July 1990.

Fan, N. Q., Fourier Transform Zero Field NMR and NQR with dc SQUIDs, seminar at Schlumberger-doll Research, September 1990.

Clarke, J., SQUID Magnetometers, Applications of Metallic and Ceramic Superconductivity, NATO Advanced Study Institute, Fort
Collins, CO, September 1990.

Heaney, M., Direct Detection of Transverse NMR at 32 MHz with a dc SQUID, seminar at IBM Almaden Research Center, San Jose, CA
September 1990.

Fan,N. Q., Fourier Transform Zero Field NMR and NQR with dc SQUIDs, seminar at Hewlett-Packard Laboratory, High-Speed Devices
Division, October 1990.

Heaney, M., Direct Detection of Transverse NMR at 32 MHz with a dc SQUID, seminar at Raychem Corporation, Menlo Park, CA,
October 1990.

Clarke, J., Closing summary at Third International Symposium on Superconductivity, Sendai, Japan, November 1990.

Heaney, M., Direct Detection of Transverse NMR at 32 MHz with a dc SQUID, seminar at Quantum Magnetics, San Diego, CA, December
1990.

Heaney, M., Direct Detection of Transverse NMR at 32 MHz with a dc SQUID, seminar at Intel Corporation, Santa Clara, CA December
1990.

Contributed Talks

Cleland, A. N.,J. M. Schmidt, and J. Clarke, The Effect of Charge Fluctuations on the Coulomb Blockade in Small Tunnel Junctions , March
Meeting of the American Physical Society, Anaheim, CA, March 1990.

Fan,N. Q., M. D. Hiirlimann, J. Clarke, A. Pines, and E. L. Hahn, Fourier Transform Zero Field NMR and NQR with a dc SQUID, March
Meeting of the American Physical Society, Anaheim, CA, March 1990.

Fan, N. Q., M. D. Hiirlimann, J. Clarke, E. L. Hahn and A. Pines, Fourier Transform Pulsed NQR with a SQUID Detector, The
Experimental Nucdlear Magnetic Resonance Conference, Monterey, CA, April 1990.

Cleland, A.N., J. M. Schmidt, and J. Clarke, Quantum Fluctuations and Coulomb Blockade in Small Tunnel Junctions , XIX International
Conference on Low Temperature Physics, Brighton, England, August 1990.
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EORETICAL RESEARCH
eoretical Studies of the Electronic Properties of Solids and Solid Surfaces

. FaLicov, PRINCIPAL INVESTIGATOR

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

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

Since 1978 a collaboration has been established with Dr. Eugene Haller and his
group to study a set of unusual impurities in very pure semiconductors. These
impurities include hydrogen complexes, lithium-based complexes, carbon-nitrogen
complexes, and ordinary substitutional impurities in an unusual charge state.

Pressure-Induced Metallization and the Collapse of the Magnetic State in the
Antiferromagnetic Insulator Nils
M. P. PasTERNAK, R. D. TAYLOR, A. CHEN, CHARLES MEADE, L. M. FaLicov, A. GIESEKUS, R. JEANLOZ, AND P. Y. Yu

The first observation of a pressure-induced metallization accompanied by the
spontaneous collapse of magnetic ordering was reported. This isostructural concur-
rence was observed in the layered antiferromagnetic insulator Nil,. Electrical
transport, x-ray-diffraction, and "I Mossbauer studies were carried out in diamond-
anvil cells. The evidence points to a mechanism by which the originally filled 5p-
iodide band shifts and overlaps with the partially filled nickel-3d states. The
formation of a hybridized conduction band at P > 19 GPa results in the onset of a
diamagnetic metallic ground state.

Exact Many-Body Solution of the Periodic-Cluster t-t'-J Model for Cubic Systems:
Ground-State Properties
J. K. FREeRICKS AND L. M. FaLicov

The t-t'-] model (strongly interacting limit of a particular Hubbard model) was
solved exactly on small clusters of eight sites with periodic boundary conditions for
the simple-, body-centered-, and face-centered-cubic lattices and for the two-dimen-
sional square lattice. The symmetry, k vector, and spin of the ground state were
studied as functions of crystalline environment, interaction strength, and electron
concentration. Phase diagrams are presented for stable solutions, and regions of
parameter space that exhibit ferromagnetism and heavy-fermionic behavior are
identified.

Superconducting Vortex-Line Configurations in Materials with Twin Boundaries
H. SVENSMARK AND L. M. FaLicov

We havestudied numerically the classical states of equilibrium, stable and metastable,
of magnetic-field vortex lines in a type-II superconductor in the presence of twin
boundaries which attract the vortex lines. Depending on the value of the magnetic field
and the density of the twin boundaries, a variety of situations are found.
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Among them are Abrikosov lattices, anisotropic structures in which the vortex
lines are mostly localized at the twin boundaries, and a consistently large regime of
disordered structures. Statistical analysis of the distributions, their energies, and
their pair-correlation functions are presented.

Staff
Principal Investigator Graduate Students
L. M. Falicov James K. Freericks
Amitesh Maiti
Postdoctoral Fellow Randolph Hood

H. Svensmark
Secretary
Sandra Ewing

Publications and Reports

Refereed Journal Articles

Coleman, R. V., M. P. Everson, H-A Lu, A. Johnson, and L. M. Falicov, “Effects of High Magnetic Fields on Charge-Density Waves
in NbSe3,” Phys. Rev. B, vol. 41, p. 460, 1990.

Freericks, J. K. and L. M. Falicov, “Two-State One-Dimensional Spinless Fermi Gas,” Phys. Rev. B, vol. 41, p. 2163, 1990.

Chrzan, D. C., L. M. Falicov, J. M. MacLaren, X.-G. Zhang, and A. Gonis, “Magnetic Structure of {111} Stacking Faults in Nickel,” J.
Appl. Phys., vol. 67, p. 4558, 1990.

Falicov, L.M., D.T. Pierce, S. D.vBader, R. Gronsky, K. B. Hathaway, H.]. Hopster, D. N. Lambeth, S.S. P. Parkin, G. Prinz, M. Salamon,
I. K. Schuller, and R. H. Victoria, “Surface, Interface, and Thin-Film Magnetism,” ]. Mater. Res., vol. 5, p. 1299, 1990.

Pasternak,M.P.,R.D. Taylor, A. Chen, C.Meade, L.M. Falicov, A. Giesekus, R. Jeanloz, and P. Y. Yu, “Pressure-Induced Metallization
and the Collapse of the Magnetic State in the Antiferromagnetic Insulator Nily,” Phys. Rev. Lett., vol. 65, p. 790, 1990.

Freericks, ]. K. and L. M. Falicov, “Exact Many-Body Solution of the Periodic-Cluster t-t’-] Model for Cubic Systems: Ground-State
Properties,” Phys. Rev. B, vol. 42, p. 4960, 1990.

Svensmark, H. and L. M. Falicov, “Superconducting Vortex-Line Configurations in Materials with Twin Boundaries,” Phys. Rev. B,
vol. 42, p. 9957, 1990.

Chen, C., “Surface Magnetism in an Exactly Soluble Many-Body Periodic-Cluster Model of bee Iron,” Phys. Rev. B, vol. 41, p. 1320,
1990; LBL-28961.

Other Publications

Falicov, L.M.and D. C. Chrzan, “Incommensurable Surface Spin Structurein MnO-Type Antiferromagnets,” in Magnetic Properties
of Low-Dimensional Systems II, eds. L. M. Falicov, F. Meji'a-Lira, and L. J. Morén-Lépez, p. 86, Springer-Verlag, 1990.

Falicov, L. M., “Impacto de la Fisica en la Comprension del Mundo Contemporaneo,” in Proc. of the Chilean Academy of Sciences,
1990.

Heyman, J., A. Giesekus, L. Falicov, and E. E. Haller, “Ground State Splitting of the Beryllium Double Acceptor in Silicon,” Bull. Am.
Phys. Soc., vol. 35, p. 279, 1990.

Svensmark, H. and L. M. Falicov, “Superconducting Vortex Line Configurations in Materials with Twin Boundaries,” Bull. Am. Phys.
Soc., vol. 35, p. 260, 1990.

Freericks, J. K. and L. M. Falicov, “The Two-State One-Dimensional Spinless Fermi Gas,” Bull. Am. Phys. Soc., vol. 35, p. 692, 1990.

Chrzan, D. C. and L. M. Falicov, “Magnetic Structure of {111} Stacking Faults in Nickel,” Bull. Am. Phys. Soc., vol. 35, p. 374, 1990.

Bernaola, O., V. Grunfeld, and L. M. Falicov, “Enrique Gaviola” (obituary), Physics Today, vol. 43, No. 11, p. 105, 1990.

Falicov, L. M., book review, “Workshop on First-Order Displacive Phase Transformations,” MRS Bulletin, vol. XV, No. 12, p. 57,1990.
LBL Reports

Svensmark, H., LBL-29771, “Dynamical Squeezing.”

Maiti, A. and L. M. Falicov, LBL-29080, “Local Chemical Potential Approach to Small-Cluster Many-Body Systems,”Phys. Rev. B. (In
press.)

Freericks, J. K. and L. M. Falicov, LBL-29922A, “Exact Many-Body Solutions of Ordinary and Magnetic-Flux Frustrated Hubbard
Models on a Periodic Eight-Site Square-Lattice Cluster.”
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Invited Talks

Falicov, L.M., Pressure-Induced Mott Transition in NiI2, presented at: H.C. @rsted Institute, University of Copenhagen, Denmark, June
1990; Institute for Theoretical Physics, University of Lund, Sweden, June 1990; Physics Department, Rise National
Laboratory, Denmark, June 1990; Department of Physics, University of California, Berkeley, September 1990; Department
of Physics Colloquium, University of California, San Diego, October 1990; Sandia National Laboratories, October 1990.

Falicov, L. M., Electron Spectroscopy of Highly Correlated Metals, ALS Workshop, Lawrence Berkeley Laboratory, August 1990.
Falicov, L. M., Ginzburg-Landau Theory of Deformable Superconductors, Lawrence Berkeley Laboratory, October 1990.
Falicov, L. M., Solid State Theory, Society of Physics Students, University of California, Berkeley, October 1990.
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Surfaces, Chemisorption, and Theory of Soli

S.G. LouEE, PRINCIPAL INVESTIGA

The goal of this work is to further basic understanding of the electronic and
structural properties of materials. First-principles quantum mechanical calculations
are carried out to investigate real systems at a microscopic level. The research effort
encompasses the study of bulk materials, surfaces and interfaces, and defects in
crystals. New theoretical methods for ab initio treatment of many-electron effects in
calculating the ground-state and excited-state properties are developed. Current
projects include work on surface atomic and electronic structures, insulator-metal
transition and properties of materials under high pressure, structural and vibrational
properties of solids, electronic excitation spectra of semiconductor superlattices and
heterojunctions, impurity centers in quantum wells, optical properties of high T,
superconductors, and metal clusters.

Quantum Monte Carlo Study of Materials Properties
S. FaHy, X. W. WaNG, AND S. G. Louie

The recently developed quantum Monte Carlo pseudopotential approach was
applied to study the properties of crystals. Accurate results for binding energy and
structural properties of diamond, graphite, and silicon were obtained. The use of
correlated many-electron wavefunctions allowed a detailed investigation of electron
correlation effects in these materials. The calculated electron pair-correlation func-
tion reveals striking anisotropy and spatial-dependent structures that result from the
crystal structure and chemical bonding of the real material. The effects of correlation
on the occupation of single-particle states has also been calculated, as well as
quasihole energies within a single-mode approximation.

Quasiparticle Band Offset at the (001) Interface and Band Gaps in Ultrathin

Superlattices of GaAs-AlAs Heterojunctions
S.B. ZHANG, M.L. CoHEN, S.G. Loute, D. TOMANEK, AND M.S. HYBERTSEN

First-principles quasiparticle theory is used to calculated the band offset at the
(001) interface and band gaps in 1 x 1 and 2 x 2 superlattices of GaAs-AlAs
heterojunctions. We find a sizable many-body contribution to the valence-band offset
which is dominated by the many-body corrections to bulk GaAs and AlAs quasipar-
ticle energies. The resultant offset AE, = 0.53 + 0.05 eV is in good agreement with the
recent experimental values of 0.50-0.56 eV. Our calculated direct band gaps for
ultrathin superlattices are also in good agreement with experiment. The X -derived
state at point I', is however, above the I'; ~derived states for both the 1 x 1 and 2 x 2
lattices, contrary to results obtained under the virtual-crystal approximation (a
limiting case for the Kronig-Penny model) and some previous local-density approxi-
mation (corrected) calculations. The differences are explained in terms of atomic-
scale localizations and many-body effects. Oscillator strengths and the effects of
disorder on the spectra are discussed.

Negative-Donor Centers in Semiconductors and Quantum Wells
T. PanG AnD S.G. Loue

The negative-donor centers D"in a magnetic field in semiconductors and quantum
wells are studied by an effective-mass model which is solved exactly by a diffusion
quantum Monte Carlo method. For D’in bulk GaAs, excellent agreement is found
between theory and magneto-optical experiments. For D in a 100-A GaAs/
Gay55Al,,5As quantum well, a sevenfold increase in binding energy over that of the
bulk case is predicted at zero field and the calculated field-dependent ground-state
energy is in good agreement with the interpretation of recent high-field magneto-
optical data.
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Theory of the Quasiparticle Effective Masses in Semiconductors Based on

an Electron Self Energy Approach
X.J. ZHu, M. S. HYBERTSEN, AND S. G. Louie

A conceptually complete formalism for the quasiparticle effective masses in
semiconductors was proposed. Our approach is based on a generalized form of the
k - p theory, including the effects of the nonlocal, energy dependent electron self
energy operator X, which accounts for the electron-electron interaction. This intro-
duces two important effects on the expression of the effective mass: an explicit energy
renormalizationand an extra contribution to the matrix elements that enters the usual
k - p-perturbation. Our preliminary numerical results for prototypical GaAs show
promising improvements over the results from the local density approximation for
the calculated electron effective mass compared to experimental data.

Metal-Insulator Transition in Solid Xenon at High Pressures
H. CHacHaMm, X. J. ZHu, AND S. G. Louie

Under megabar pressures, solid hcp-Xenon underwent a metal-insulator tran-
sition without a concomitant structural phase transition. We have performed a first-
principles quasiparticle calculation to investigate the properties of this transition
resulting from the band gap closure. The theory places the transition pressure at 128
GPa. Themany body correction to the LDA band gapis found to decrease significantly
as the pressure increases. This is tied with an increase of the dielectric screening,.

Magnetic Structure and Equation of State of BCC Solid Hydrogen:

A Variational Quantum Monte Carlo Study
X.W. Wang, J. ZHy, S.G. Louig, aND S. Fany

Solid hydrogen in the atomic bcc structure was studied using a variational
quantum Monte Carlo (VQMC) approach. Various magnetic phases were investi-
gated at densities between Wigner-Seitz radius of rg=1.6 and rg = 3.0 a.u. Correlated
wavefunctions of the Jastrow-Slater form were used with their antisymmetric part
constructed from the Kohn-Sham self-consistent orbitals. A transition from paramag-
netic to anti-ferromagnetic phase at lower density is found at rs = 24. There is,
however, no evidence for metastable partial ferromagnetic structure.

New Method for Determining Excitation Spectra of Many—Body Systems:

Formalism and Application to Small Alkali-Metal Clusters
S. SaITo, S.B. ZHANG, S.G. LouE, AND M.L. COHEN

A new general formalism for determining the excitation spectrum of interacting
many-body systems was developed. The basic assumption is that the number of the
excitations is equal to the number of sites. Within thisapproximation, itis shown that
the density-density response functions with two different pure-imaginary energies
determine the excitation spectrum. The method is applied to the valence electrons of
sodium clusters of differing sizes in the time-dependent local-density approximation
(TDLDA). A jellium-sphere background model is used for the ion cores. The
excitation spectra obtained in this way represent well the excitation spectra given by
the full TDLDA calculationalong thereal energy axis. Important collective modesare
reproduced very well.
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Many-Body Calculation of the Surface State Energies for Si(111)2x1

J.E. NORTHRUP, M.S. HYBERTSEN, AND S.G. LOUIE

The surface state excitation energies for Si(111)2x1 were calculated via a first
principles self-energy approach. Results for the quasiparticle surface state energies
are in excellent agreement with photoemission and inverse photoemission experi-
ments. We find that excitonic effects are important in obtaining a qualitatively correct
surface optical absorption spectrum.

| Awards
e S5.G. Louie received a John S. Guggenheim Fellowship.

Publications and Reports
(See also CAM High-T, Superconductivity Program.)

Refereed Journal Articles

Zhang, S. B, M. L. Cohen, S. G. Louie, D. Tomanek, and M. S. Hybertsen, “Quasiparticle Band Offset at the (001) Interface and Band
Gaps in Ultrathin Superlattices of GaAs-AlAs Heterojunctions,” Phys. Rev. B, vol.41, p.10058, 1990.

Hybertsen, M. S. and S. G. Louie, “Self-Energy Approach to Quasiparticle Energies Using a Density Functional Treatment of
Dielectric Screening,” in Density Functional Theory of Many-Fermion Systems , ed. S. B. Trickey, Advances in Quantum
Chemistry, Vol.21, p.155, 1990.

Louie, S. G., “Variational Quantum Monte Carlo Calculation of Electronic and Structural Properties of Crystals,” in Quantum
Simulation of Condensed Matter Phenomena, ed. ]. Gubernatis, p.168 (World Scientific, Singapore, 1990).
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Theoretical Solid State Phys

MARVIN L. COHEN, PRINCIPAL INVESTIG)

The major areas of focus for our theoretical research this past year have been:
* high temperature superconductivity, discussed in section devoted to
CAM High-T, Superconductivity Program
e the use of the total-energy pseudopotential method to predict and
explain properties of solids at low and high pressures
* studies of excited states and quasiparticles using formalism developed
by S. G. Louie
¢ solid hydrogen at high pressures
* metallic clusters
In much of this work, we are trying to collaborate with experimentalists. Some of
the research is purely theoretical, but the motivation for developing the formalism is
usually connected with attempts to understand existing data or to predict new
properties and new materials.

Prediction of New Materials and High Pressure Properties

A first-principles study examined the structural and electronic properties of a
hypothetical superhard material B-C3Ny and of 3-Si3Ng. A calculation of the high
pressure properties of lead was done, and comparison with high-pressure melting
properties was made. This- study bears on problems in planetary science and
condensed matter physics. The high-pressure structures of InSb were examined
using the total energy pseudopotential method. An examination of the high density
phases of BN included structural transformation paths, electronic structure, and the
exploration of possible high pressure phases of BN.

Quasiparticles and Excited States of Solids

The formalism introduced by Professor Louie and his collabortors was applied and
extended. In particular, a study of the quasiparticle band offset at the (001) interface
of GaAs-AlAs heterojunctions determined the role of many-body effects. A new
formalism was developed for determining the excitation spectrum of many-body
systems. The method was applied to a study of sodium clusters.

Predicting Properties of Metallic Hydrogen

Our studies of the possible properties of hydrogen at high pressures continue. We
predict that molecular hydrogen, which is an insulating solid at low pressures, can
become a “molecular” metal or semimetal because of band overlap at pressures in the
range of 150-200 GPa. At higher pressures, the calculations indicate that hydrogen
will become an atomic metal. In both metallic forms, we expect hydrogen to be a
superconductor with a high transition temperature.

Properties of Metallic Clusters

The jellium model was used several years ago by our group to explain the
abundance spectra of alkali metal clusters as observed by Professor Knight's ex-
perimental group. Current experiments on optical properties have motivated more
elaborate theoretical studies of excited state properties. To do this, it was necessaryto
develop a new formalism. The results of the application of this new approach are
promising, and the applications to sodium and potassium clusters indicate that the
new theory constitutes a significant improvement over the local density approxima-
tion which was used previously.
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idies of the Metal/Solution Interface with X-rays

0SS, PRINCIPAL INVESTIGATOR

During the last two decades there have been great advances in the development of
methods for the analysis of the structure of surfaces in ultrahigh vacuum (UHV),
which has led to a detailed understanding of the chemistry of free surfaces. Further
advances of comparable magnitude will be necessary to develop an equivalent level
of understanding of structure at interfaces, particularly the technologically important
cases of interfaces between condensed phases. In this work, we address the problem
of structure determination at the metal/solution interface. Study of the metal/
solution interface is relevant to technologies like metal corrosion, electrochemical
energy conversion (fuel cells), and storage devices (batteries), and the rapidly
growing new technology of electrolytic epilayers for photovoltaics, magnetic record-
ing, and electro-optic devices.

The problem of structure determination at the interface between condensed phases
is a difficult one. Most of the techniques developed for the study of solid surfaces in
UHYV cannot be applied to the interface between condensed phases, since they rely on
the diffraction, scattering, or emission of electrons. The electrons scattered or emitted
from the interface are too severely attenuated by the condensed phases for external
detection and analysis. New techniques must be developed that utilize more pen-
etrating, higher momentum photons like x-rays, gamma-rays, or neutrons. We are
pursuing the use of x-rays, and especially x-ray diffraction, for structure determina-
tion at the metal/solution interface.

In recent years there have been several approaches to the development of surface-
sensitive x-ray diffraction, including x-ray standing waves, direct-transmission dif-
fraction from thin substrates, and grazing-incidence Bragg diffraction at the critical
angle for total reflection (GID). The grazing-incidence geometry appears to be the
most generally applicable technique for our purposes. GID isa very new surface tool
that has been used only a few times, for some solid /solid interfaces (multilayers) and
submonolayer metal /metal surfaces in UHV. Prior to this study, the application of
GID to a solid/liquid interface was a totally new experiment.

The Role of Defects in the Specific Adsorption of Anions on Pt(111)
P.N. Ross

The specificadsorption of anions from hydrochloric and sulfuricacids was studied
on Pt(111) surfaces containing a variety of deliberately induced defects. One type of
defect was an ordered step array produced by cutting a Pt(111) crystal a few degrees
off the [111] zone axis. Another was a randomly stepped surface produced by ion
bombardmentand annealing. Inall cases, the structure of the defects was determined
by low energy electron diffraction (LEED) in a UHV system directly coupled to an
electrochemical cell. The vacuum work function of the surfaces was determined by
UV photoemission. The potential of the pseudocapacitive charging from anion
adsorption/desorption was found to correlate with the work function of the surface.
All the step defects of the type studied lowered the work function of the surface in
proportion to the step density, indicative of a local dipole at the step. The processes
of hydrogen adsorption and anion desorption are coupled on Pt surfaces having
relatively low work functions (5.2-5.4 eV), while the hydrogen adsorption and anion
desorption processes become decoupled on the high work function (5.7-5.8 eV)
surface of Pt(111) having no steps detectable by LEED. An electrostatic model for
selective adsorption of anions at the step due to the intrisic dipole is proposed to
explain these observations.
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Materials Chemistry

SYTHESIS AND CHEMICAL STRUCTURE

Low-Temperature Properties of Materials
NORMAN E. PHILLIPS, PRINCIPAL INVESTIGATOR

This program is directed to obtaining information that contributes to an under-
standing of the behavior of materials by the measurement of their low-temperature
properties, particularly specific heats, and including measurements in magnetic
fields and under pressure. 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. Since much of the work is in the region below 1 K
where the temperature scale is not well established, an accurate laboratory tempera-
ture scale that extends to 5 mK has been developed. The interest in high-T,
superconductors has led to an extension of the measurement capabilities to above
100 K. Recent measurements have been made on a number of heavy-fermion
compounds, including heavy-fermion superconductors, and on high-T. supercon-
ductors. The High-T. work is discussed in the section devoted to the CAM High-T,
Superconductivity Program.

Pressure and Magnetic Field Dependence of the Specific Heat of

Heavy Fermion YbCus 5
A. AmaTO* R.A. FISHER, N.E. PHiLLIPS, D. JAccARD' anD E. WALKER!

The specific heat of a polycrystalline sample of YbCu, s has
been measured between 0.3 and 20 K at pressures to 8.2 kbar,
and, at zero pressure, in fields to 7T. Unlike cerium-based
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Figure 1
Pressure dependence of C/T for YbCu, .

T (K) (XBL 903-833)
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Figure 2
Field dependence of C/T. The dashed lines show C/T after subtraction of a
hyperfine contribution. (XBL 903-835)

with increasing pressure, with the linear term enhanced by about 16% at 8.2 kbar.
Above7K, (0C/0P) isnegative. Thenuclear contribution observed atP=0isincreased
by roughly a factor of two at 8.2 kbar. At zero field a minimum in C/T is observed
near 11 K. Below that temperature C/T increases and below 0.5 K exhibits an upturn
ascibed to a hyperfine contribution. The increase in C/T below 11 K is reduced by a
factor 1.5 for H=7T, whereas the hyperfine term is enhanced due to the contribution
of the ®*Cu and ®Cu nuclei.
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ctrochemical Processes
ToBIAs, PRINCIPAL INVESTIGATOR

This program is designed to ad vance the scientific foundations of electrochemical
engineering and to broaden the useful applications of electrochemical transforma-
tion. Electrochemical 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 haven’t
achieved their potential with respect to performance and range of applications in
chemical synthesis, nor in energy conversion and 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.

For the elucidation of reaction mechanisms associated with the co-deposition of
iron-nickel alloys, a new method, including theoretical underpinnings, has been
developed for the in sifu measurement of interfacial pH. The method uses a rotating
disk electrode as the site of deposition and a ring electrode on open circuit as the
measuring element. The pH at the interface is a critical parameter in the deposition
of iron-nickel magnetic alloys.

Ina project jointly directed with R. H. Muller, reduction of mass transfer boundary
layers by means of suspended inert solids in moving electrolytesis investigated using
arotating cylindrical electrode as an experimental vehicle. This technique for increas-
ing limiting rates of metal deposition is of particular promise in electroforming, and
in electroorganic synthesis.

Appliedresearch on the “Surface Morphology of Metalsin Electrodeposition”,and
on “Engineering Analysis of Gas evolution” 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 ACO3-765F00098. Results are
presented in this Report in the “Electrochemical Storage” Section.

In Situ Measurement of Interfacial pH Using a Rotating Ring-Disk Electrode.
S. Hessami AND C.W. Toslas

A non-intrusive technique for thein situ measurementof interfacial pHand current
efficiency has been developed. A ring electrode, operated potentiometrically at open
circuit is used to measure the pH change at a rotating disk electrode. The technique
takes advantage of the well-characterized hydrodynamics at the rotating disk elec-
trode and has the added advantage that the pH probe, the ring electrode, is not
interfering with the flow field and the current distribution on the disk. To determine
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0 ) \ . . . . . L Current efficiency of nickel deposition as 1) measured with the rotating ring-
0 5 10 15 20 disk electrode and 2) by weighing the deposit, bulk pH=2.9, 0.2M NiCl,, 800
rpm. The ring electrode, monitored at open circuit, responds to the concurrent
i (mA/cmz) _ hydrogen evolution reaction. (XBL 9011-3669)
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the pHat the disk electrode by measuring the potential of thering, the radial transport
of hydronium ions across the insulating gap and on the ring is analyzed, taking into
account the effect of homogeneous dissociation reactions of water, metal-hydroxide
complexes, and buffering agents. Shifts in the ring potential caused by hydrogen
super-saturation and by ohmic drop in the electrolyte are also evaluated.
A platinized platinum electrode in a hydrogen-saturated electrolyte provides a
- stable and reproducible sensor with a Nernstian response to changes in the bulk pH.
Performance of the ring is evaluated by generating hydrogen at the disk electrode
from a dilute acid solution, in the absence of other electrochemical reactions. The
technique is then applied to determine the interfacial pH and the current efficiency in
the electrodeposition of iron and nickel,with concurrent hydrogen evolution.
(Figure 1)

Mass Transport to Cylindrical Electrodes Rotating in

Suspension of Inert Microspheres
C.W. Tosias, D.W. GiBsoNs, aND R.H. MuLLER

Mass transfer enhancement produced by the addition of inert microspheres was
investigated on a rotating cylinder electrode operating in the turbulent regime. The
effects of rotation speed, rotor radius, particle size, solids volume fraction, and
particle density on the rate of mass transfer were determined by limiting current
measurements for ferricyanide reduction. In comparison to transport rate observed
with clear electrolytes, up to two and a half fold higher limiting currents were
observed in concentrated suspensions containing 5-80 micron diameter spheres with
densities ranging from 0.7 to 2.1 g/cm,. Transport enhancement is attributed to the
microconvective eddies produced by particle rotation in the shear field adjacent to the
spinning electrode, and to the increased shear rate caused by the formation of a
particle free-wall layer.

Experimental data could be correlated in the form: Sh=oRe’Sc'/*where Sh, Re,and
Sc are the Sherwood, Reynolds, and Schmidt numbers, respectively, and are empiri-
cal function of solids volume fraction, determined from mass transport rate measure-
ments (Figure 2).

Addition of appreciable volume fractions of inert particles to the electrolyte results
in significant improvements of production capacity when the latter is limited by
transport rates. The use of suspended particles to achieve a given increase in limiting
current density is shown to require far less power than simply increasing electrode
rotation speed to enhance mass transport.

10.00
p=214qg/ cm3
1.00+ '
Sh
Sc!/3
010+ — %= .10 Figure 2
—— % _ ‘20 Summary of mass transfer correlation results as
= 30 a function of ¢ for various sizes of elctrodes and
,,,,,, ¢ = .40 microspheres (p,= .14g/cm3). Sh, Re, and Sc
0.01 — " ) . are the Sherwood, Reynolds and Schmidt
o1 1.0 10.0 100.0 1000.0 numbers, respectively. The lines represent a
least squares fit to the data at each respective
Re volume fraction. (XBL 9011-3813)
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Investigator Graduate Students
Charles W. Tobias Sholeh Hessami
Danile Gibbons*

Awards

e Charles W. Tobias received the Vittorio de Nora-Diamond Shamrock Award of
the Electrochemical Society, for his seminal contributions to the field of electro-
chemical engineering.

¢  Sholeh Hessami received an IBM Manufacturing Research Fellowship for a
second year.

*  Davor Sutija received a Herz Scholarship for a third year.
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Refereed Journal Articles
Tobias, C. W.R. Andersen and Muller, R. 5., “Porous Silicon for Vapor Sensing,” Sensors and Actuators, vol. A21-A23, p.835-839,1990.
Refereed Conference Proceedings '

Tobias C. W.,and Hessami S., “A Mathematical Model for Anomalous Codeposition of Nickel-Iron on a Rotating Disk Electrode”,
Proceedings of the Symposium on Magnetic Materials, Processes and Devices, vol. 90-8, p. 449-460, The Electrochemical Society,
1990. .

LBL Reports (including journal articles submitted or in press
Tobias, C. W., Anderson, and Muller R. S., “Investigations of the Electric Properties of Porous Silicon,” ].Electrochem. Soc. (In Press.)

Tobias, C. W. and Hessami, S., LBL 30031, “Method for the In Situ Measurement of pH at a Rotating Ring-Disk Electrode,” AICHE
J. (In press.)

Tobias, C. W., Gibbons, and Muller R. S., LBL 29846, “Mass Transport to Cylindrical Electrodes Rotating in Suspensions of Inert
Microspheres,” ]. Electrochem. Soc. (In press.).

*Jointly supervised with R.H. Muller
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High-Temperature Thermodynami

LEO BREWER, INVESTIG

The understanding of high-temperature chemistry is not only important for
processes carried out at high temperature such as those of fusion and fission reactors
and fossil-fuel power generators, but it is also 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
predictive 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, refractory
containment materials, and of many metallic systems. At the present time the main
thrust of the research is aimed at providing quantitative predictive models for the
strongly interacting transition-metal alloys exhibiting generalized Lewis acid-base
behavior. A variety of experimental methods are being used to characterize the
thermodynamics of these systems.

Generalized Lewis Acid-Base Reactions of Metals
L. BREWER, B. EBBINGHAUS, K. KRUSCHWITZ, S. LEONARD, AND R. REDDY

This general program was initiated during the Manhattan Project when it was
necessary to predict the high-temperature properties of plutonium and other sub-
stances, so that materials could be developed for their high-temperature processing
when they became available. A combination of chemical bonding theory with a
framework of thermodynamics was used to predict high-temperature behavior and
to point the way to new materials that could be developed to carry out the high-
temperature processing.

This program has been quite successful in the following areas: (1) characterization
of important molecular species in high-temperature vapors; (2) development of
improved refractory materials that can withstand rigorous high-temperature envi-
ronments; and (3) improvement of understanding of the chemical interactions
between atoms and moleculesin solutions, particularly metallicalloys. Models based
on this background, together with spectroscopic information and thermodynamics,
have provided for the successful prediction of multicomponent phase diagrams of the
metals. This information has been valuable for the development of new materials to
meet the design criteria of new applications.

The present emphasis on strongly interacting combinations of metallic acids and
bases is aimed at improving the predictive ability for these systems, which have
unique properties of importance for many applications. However, work is continu-
ing toward theimprovementof understanding of the behaviorof all types of materials
at high temperatures.

The present research could be described as the study of two types of acid-base
titrations. For one, the acid is an electron deficient element such as Ti, Zr, V, or Nb,
while the base is a metal, such as Rh, Ir, Pd, or Pt, which has excess nonbonding

“electrons. For the other type, all of the transition metals are bases and nontransition
metals such as Al or Si are acids. One procedure for studying the titration is to use an
electrochemical cell with solid electrolytes such as thoria doped with yttria. By
repeating the electrochemical potential measurements for a series of compositions,
the partial molal Gibbs energies of the components can be characterized. This method
is limited to rather low temperatures, in the 800 to 1200°C range. The many oxide
phasesof Ti, V,and Nbhavebeen used by equilibrating a pair of adjoining oxides such
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as NbO, and Nb,,0,,, with fixed Nb and O thermodynamic activity, with Rh, for
example, and analyzing the Nb content in the equilibrated Rh phase.

Sufficient data are now available for combinations of Ti, V, Nb, and Zr with Ru, Rh,
Pd, Os, Ir, and Pt to characterize the main features of the variation of base strength of
3d to 4d to 5d electron pairs. These data are being used for development of a crystal
field model. Data are being obtained for the enthalpies of formation of intermetallics
of Al and Ga and other nontransition metals with the transition metals to extend the
acid-base bonding models with aluminum as a base interacting with transition metals
acting as acids by changing their electronic configurations to d" for most of the
transition metals but also to d*'? for left-hand transition metals. The elimination of
electrons from the s orbitals of the transition metals allows Al, Ga, Si, and other
nontransition metals with s’p™? ground electronic states to use all of their valence
electrons in bonding without having to pay promotion energy to promote one of the
s electrons. The interaction of aluminum with transition metals is particularly
important, as intermetallics with unique high-temperature properties can be pro-
duced. Experiments are under way to characterize the binary Ti-Al system between
TiAl and TiAl,. This work will be extended to ternary systems. A published paper
discusses the relation between the character of bonding in binary aluminum alloys
and the structure and stability of the resulting phases.

Staff

Investigator

Leo Brewer Graduate Students
Bart Ebbinghaus

Visiting Scientist Karen Krushwitz

Ramana Reddy Susan Leonard

Publications and Reports

Refereed Journal Articles

Brewer, L., “The Nature of Bonding in Transition Metal Aluminides,” J. Phys. Chem., vol. 94, p. 1196, 1990.
Brewer, L., “Ionic Metallic Solutions,” J. Phys. Chem., vol. 94, p. 7839, 1990.
Other Publications

Brewer, L., Bibliography on the High Temperature Chemistry and Physics of Materials, Vol. 34, Part 2: Gases: a: Spectroscopy of -
Interest to High-Temperature Chemistry; B: Reactions Between Gases and Condensed Phases M. G. Hocking and V.
Vasantasree, Eds., [UPAC Commission on High Temperatures and Refractory Materials, London, 1990.

LBL Reports
Brewer, L., LBL-29847, “Unusual High-Temperature Behaviour of Neptunium and Plutonium Systems.”
Brewer, L., LBL-29848, “High Temperature Chemistry.”

Invited Talks

Brewer, L., and K. Krushwitz, Amphoteric Palladium Metal, High-Temperature Gordon Research Conference, Meriden, NH, July
1990.

Brewer, L., Unusual High-Temperature Behavior of Neptunium and Plutonium Systems, American Chemical Society, Washington, D.C.,
August 1990.
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Materials Chemistry Problems in Nuclear Technolog

F
D.R. OLANDER, PRINCIPAL INVESTI

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
fundamental processes that underlie the performance of these materials in their
service environments, which are characterized by combinations of high temperature,
intense radiation fields, and reactive gases or liquids. Leaching of actinides from
minerals for nuclear and high-temperature vaporization of nuclear ceramics are
investigated in this program. The effects of radiation on the microstructure of Zircaloy
and hydrogen solubility in nonmetals are also studied. ‘

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

Laser-Pulse Vaporization of Refractory Materials
D.R. OLANDER

Recent experimental and theoretical developments concerning the interaction of
laser light with refractory solids were reviewed, with emphasis on long, low-power
density pulses. Compared to short, high-power density irradiation, long pulses
produce principally thermally-driven evaporation that can be related to the thermo-
chemical properties of the heated surface. Surface temperature measurement and
calculation methods were outlined and the use of mass spectrometry to analyze the
vapor was reviewed. '

Hydrogen Dissolution in and Release from Nonmetals—Crystalline Silicon
J. ABREFAH AND D.R. OLANDER

The solubility of hydrogen in crystalline silicon from 1363-1473 K and from
1.7-9.2 atm has been measured using the method of high-temperature, high-
pressure infusion followed by high-temperature vacuum outgassing with
mass-spectrometric detection. The measured solubilities were in the range 1-
5x10'® atoms/cm® and exhibited a temperature dependence consistent with a
heat of solution of 30-40 kcal /mole. The pressure dependence of the solubility
was consistently smaller than the square-root dependence characteristic of
simple interstitial solution. The release rate curves showed multiple peaks,
which are incompatible with the classical diffusion model of release. Instead
the peaks correspond to trapping of hydrogen at distinct binding sites in the
silicon lattice. The release kinetics were modeled as detrapping processes.

Reduction of UO,,, Atomic Hydrogen

J. ABREFAH, D.F. DooLEY anD D.R. OLANDER

The modulated molecular beam technique with in situ mass spectrometric
phase sensitive detection was used to study the kinetics of atomic hydrogen
reduction of hyperstoichiometric uranium dioxide. The atomic hydrogen
portion of an incident mixed-collisionless H/H, beam chemisorbed onto
urania surface with a sticking probability of 0.7+ 0.1. A major fraction of the
chemisorbed H atom recombined to produce H, gas, and only a small fraction
entered the parallel channel leading to water production. Both the recombi-
nation and the water production processes were linear with respect to the
incident H-atom beam intensity. The recombination step was rapid, but a
slow desorption-like step controlled the kinetics of water production. A
phenomenological model was fitted to the data.
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Concentration Profiles of Neutron-Iinduced Radioactivities in UO, Fuel Specimens
F. E. Osaisal, S. G. PrussiN AND'D. R. OLANDER

A chemical etching technique has been developed to measure concentration profiles
of neutron-induced activities in specimens of UO, fuel. Tests on material withan average
grain diameter of about 20 um in thickness were performed. Deviations from planarity
of the etched surface were generally hidden within the surface roughness. The quality of
concentration profiles afforded by the overall procedure was demonstrated by near-
quantitative agreement between experimental and calculated *’Np/*Zr activity ratios
which exhibit marked peaking near a specimen surface from intense resonance absorp-
tion in ”*U. The method has been used for measurement of fission product distributions
after high-temperature annealing of irradiated UQ, .

Electron Irradiation-Induced Amorphization of Precipitates in Zircaloy-2
A.T. MoTTa, D.R. OLANDER, AND A.J. MACHIELS®

The crystalline-amorphous transformation of Zr, (Ni, Fe) precipitates in Zircaloy
by electron irradiation has been studied in the high voltage electron microscope at
temperatures ranging from 92 to 283 K and dose rates between 10° and 4 x 102 dpa/s.
The dose-to-amorphization was found to increase exponentially with temperature
and to decrease with increasing dose rate. The occurrence of the transformation was
modeled by calculating the increase in free energy because of irradiation effects:
accumulation of point defects and lattice disordering. The time-dependent diffusion
equation with recombination was solved to find the interstitial and vacancy concen-
trations as functions of dose, dose rate, and temperature. Randomrecombination was
the assumed disordering mechanism. The transformation was assumed to occur
when the free energy increase of the crystalline phase became equal to the difference
in free energy between the amorphous state and the unirradiated crystal. The dose-
to-amorphization predicted by the model agreed well with experimental results for
reasonable values of the fitting parameters.

Leaching of Uranium and Thorium from Monazite
D.R. OLANDER AND YEHUDA EvaLt

Interaction of three natural monazite specimens with a bicarbonate-carbonate
solution was investigated for times up to 6.8 years. Dissolution was observed to be
incongruent with respect to *U and “’Th as well as their radiogenic daughters U,
#°Th, and **Th. Leaching was divided into a very rapid initial stage lasting a few
hours and a slower process active for the remaining time. The initial stage was
modeled as the sum of a contribution from a mechanico-chemically damaged portion
of the specimen. Data on the leaching of U and Th from monazite are analyzed by a
solid-state, moving-boundary diffusion model with a surface reaction boundary
condition. Nonstoichiometric leaching of the actinide elements with respect to each
other and to the matrix is due to different transport properties of the former in the
near-surface layers of the mineral and to the interplay of the diffusion process with
mineral dissolution, which causes surface motion. Surface chemical kinetics (i.e., the
rate of actinide element detachment from the surface into the solution) is rapid
compared to diffusion in the solid, except for Th in an annealed monazite specimen.
Diffusion coefficients between 10% and 10" cm?/s are deduced from comparison of
the model to the data. These mobilities represent movement of the actinide elements
along various high-diffusivity pathways rather than true lattice diffusion.

The solid-state diffusion model is also applied to leaching of radiogenic daughters
of the actinide decay chains. For an untreated natural monazite, the direct leaching
component of **Th release is larger than for “Th because of enhanced solid-state

* Electric Power Research Institute, Palo Alto, CA -
tDept. of Chemistry. Technion, Haifa, Israel
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mobility for *Th provided by *Ra-recoil tracks. A significant portion of the **Th
whichappears in the leachate, however, is attributed to decay of insoluble”’Ra which
is continually released from the mineral by matrix dissolution and recoil ejection.

Y Ba-Cu-O Superconducting Films by Pulsed Laser Vaporization
M. BaLoocH*, D.R. OLANDER, R.E. Russo', aND W.J. SiEkHAUS®

The quality of superconducting thin films evaporated from YBa,Cu,0, targets has
been improved using a long-pulse (ms) Nd-glass laser with 50 ]/ pulse energy. The
film produced on SrTiO,, held at 690°C, and post-annealed at 880°C for about three
hours began the transition to superconductivity at 85 K and had zero resistance at 79
K. The observed variation in film thickness corresponded to diffuse emission from
the target, and no significant variation in composition as a function of angle of
emission up to 40° with respect to surface normal was seen. (See section on High-T,
Superconductivity Research.)

Staff
Investigators and Scientific Staff Graduate Students
Donald Olander Wei-E Wang
Mehdi Balooch Y.S. Kim
John Abrefah U. ElSaid
Mehran Moalem H. Abreu
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(See also CAM High-T, Superconductivity Program.)
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Phys., vol. 67, p. 1, 1990.
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Olander, D.R.and Y.Eyal, “Leaching of Uranium and Thorium from Monazite: II. Elemental Leaching” Geochim. et Cosmochimi. Acta,
vol. 54, p. 1879, 1990.

Olander, D.R. and Y. Eyal, “Leaching of Uranium and Thorium from Monazite: III. Leaching of Radiogenic Daughters,” Geochim.
et Cosmochim. Acta, vol. 54, p. 1889, 1990.

Osaisai, F., 5.G. Prussin, and D.R. Olander, “Concentration Profiles of Neutron-Induced Radioactivities in UO, Fuel Specimens,” J.
Nucl. Mater., vol. 173, p. 149, 1990.

LBL Reports

Balooch, M., D.R. Olander, W.]. Siekhaus, and D.E. Miller, LBL-29529, “Reaction of Chlorine and Molybdenum by Modulated
Molecular Beam Mass Spectrometry.”

*Chehwistry and Materials Science Dept. Lawrence Livermore National Laboratory
t Applied Science Division LBL
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Thesis

Moalem, M. and D.R. Olander, LBL-29130, “The High-Temperature Solubility of Hydrogen in Pure and Oxygen-Containing
Zircaloy.”

Moalem, M. and D.R. Olander, LBL-30094, “Oxidation of Zircaloy By Steam.”

Park, K. and D.R. Olander, LBL-29801, “Defect Models for the Oxygen Potentials of Gadolinium- and Europium-Doped Urania.”
Park, K. and D.R. Olander, LBL-29859, “Hydrogen Dissolution in and Release from Nonmetals III-Tetragonal Zirconium Dioxide.”
Park, K. and D.R. Olander, LBL-30093, “Oxygen Diffusion in Single-Crystal Tetragonal Zirconia.”

Abreu, H., Iodine Absorption on Oxidized Stainless Steel, 1990. (M.S. Thesis, Department. of Nuclear Engineering, D.R. Olander,
Advisor).
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Olander, D.R., Nuclear Materials Research and Development in Japan, Report at the Japan Technology Evaluation Center Nuclear Power
Panel Workshop, Washington, D.C. February 1990.

Olander, D.R., Nuclear Materials, Special Summer Program for DOE Interns, Mass. Institute of Technology, Cambridge, MA, August
1990.

Olander , D.R.,, Nuclear Power in the U.S. and Japan — A Comparison, Nuclear Engineering Department Colloquim, University of
California, Berkeley, CA, March 1990.

Olander , D.R., Prospects for Nuclear Power — Japan and the U.S., Rossmoor Engineer’s Club, Walnut Creek, CA, April 1990.
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Electrochemical Phase Boundaries
R.H. MULLER, PRINCIPAL INVESTIGATOR

Nucleation and growth processes in the electrosolidification of metals and poly-
mers from aqueous media are investigated to advance the understanding of the
development of deposit properties from the first atomic layers to macroscopic
thicknesses. Parameters of electrochemical kinetics and mass transfer are studied in
the early stages of deposition to gain insight into the action of leveling and brighten-
ing agents that control deposit properties. The results of measurements are used to
develop theoretical models for prediction of microstructure and surface morphology.

New experimental techniques are developed and used for determining microto-
pography and composition of deposit surfaces, particularly during their formation
while immersed in the electrolyte.

Studies of electrochemical surface layers on battery materials are reported in the
section “Electrochemical Energy Storage” of this report. Research on electrochemical
mass transfer, conducted in collaboration with C.W. Tobias, is reported in his section
“Electrochemical Processes.”

The Role of Inhibitors During Electrodeposition of Thin Metallic Films
M.J. ARMSTRONG AND R. H. MULLER

The role of brightening agents during the deposition of thin metal films was
analyzed. The brightness of a surface, characterized by a low intensity of scattered
light is related to its topography. Additives are used in plating baths to reduce the
roughness. The model brightening system studied was copper deposition in the
presence of benzotriazole (BTA). Emphasis was placed on the early stages of
deposition. Brightening was found to occur when the concentration of BTA is greater
than 100 uM and the current density is greater than 50 mA/cm” Benzotriazole was
not incorporated into the copper deposits, as determined by x-ray photoelectron
spectroscopy and secondary ion mass spectroscopy. Benzotriazole altered the
morphology of the deposited Cu. Deposits from BTA free electrolyte consisted of flat
planes terminated by ledges with growth occurring at the ledges (Figure 1). Deposits

Figure 1

STM images of a Cu deposit formed by a 30 s pulse to -500 mV followed by a step to -25 mV vs Cu in BTA-free 10 mM
Cu(CIO,),, 0.5 M NaCIO,, 0.1 M HCIO, electrolyte; displayed with a derivative-coded grey scale. a) initial deposit and b)
following 30 seconds at -25 mV vs Cu. Propagation of crystal facets (2nm height) from lower left corner of a) to center of b).
(XBB 880-11214-A)
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Figure 2

STM image of a 20 mC/cm? Cu deposit on a Pt substrate displayed with
a derivative-coded grey scale. Deposit formed by a 100 mA/cm? pulse in
0.5 M CuSO,, 0.5 M H,SO,, with 100 uM BTA. FFT of the deposit
contour indicates periodicity of nuclei of 32 nm (9.8x10"° nuclei/cm?).
(XBB 901-554)

from BTA containing electrolyte consisted of hemispheres with growth occurring
uniformly on the surface (Figure 2). The brightening of copper deposited in the
presence of BTA for a given current density is a result of an increased nucleation rate.

In Situ Scanning Tunneling Microscopy of Copper Deposition with Benzotriazole
M. J. ARMSTRONG AND R. H. MULLER

The sub-micron topography of Cu deposits has been studied with scanning
tunneling microscopy to investigate the effect of benzotriazole in the initial stages of
deposition. The presence of benzotriazole results in a marked increase in overpoten-
tial for the deposition (Figure 3). The number density of nuclei, determined from
Fourier transforms of the surface profiles of 7 nm-thick films, is found to increase with
increasing overpotential of the deposition but is independent of the presence of the

inhibitor (Figure 4).
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(x) 200 uM BTA. (XBL 906-2301)
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Effect of Suspended Particles on Mass Transfer to a Rotating Cylinder Electrode
D.W. GiBeons, R.H. MULLER AND C.W. ToBias

Mass transfer enhancement produced by the addition of inert microspheres was
investigated on a rotating cylinder electrode operating in the turbulent regime. The
effects of rotation speed, rotor radius, particle size, solids volume fraction, and
particle density on the rate of mass transfer were determined by limiting current
measurements for ferricyanide ion reduction. In comparison to transport rates
observed with clear electrolytes, up to two and a half fold higher limiting currents
were obtained in concentrated suspensions containing 5-80 pm diameter micro-
spheres with densities ranging from 0.7 to 2.1 g/ cm3. Transport enhancement is
attributed to the microconvective eddies produced by particle rotation in the shear
field adjacent to the spinning electrode, and to the increased shear rate caused by the
formation of a particle-free wall layer. The use of suspended particles to achieve a
given increase in limiting current density is shown to require far less power than
increasing electrode rotation speed to obtain the same transport enhancement.

Composition Modulated Alloys Plated in Fluctuating Flow
D.T. ScHwARTZ

Soft magnetic alloy films for data storage devices are typically electrodeposited in
a fluctuating flow field. Experimental and theoretical results show that time-periodic
modulation of the flow field and potential ata rotating disk electrode induces periodic
deposition rates for a mass-transfer-limited species and an activation-limited species,
respectively. The time-periodic deposition of either alloy species can result in a
deposit with nanometer-scale periodic composition variations; a composition modu-
lated alloy (CMA) is formed. Nanoscale CMAs often exhibit material properties that
are dramatically different from the properties of the homogeneousalloy. Dimension-
less groups are formulated to characterize the operating regimes where CMAs
deposit from a single electrolyte, and where fluctuating flow influences the compo-
sition distribution of the alloy. Itis shown that the phase angle difference between the
flow and potential modulation waveforms is an important parameter in determining
the interfacial character of the resulting CMA.

Staff
Investigator Graduate Students
Rolf H. Muller Feliz Kinaci
Postoctoral Fellow
Daniel Schwartz

Publications and Reports
LBL Reports

Armstrong, M.].,, and R H. Muller, LBL-29476, “In Situ Scanning Tunneling Microscopy of Copper Deposition with Benzotriazole,”
J. Electrochem. Soc. (Submitted.)

Gibbons, D.W., with R.H. Muller and C.W. Tobias, “Mass Transport to Cylindrical Electrodes Rotating in Suspensions of Inert
Microspheres,” (submitted to J. Electrochem. Soc.).

Theses

Armstrong, M.J., “The Role of Inhibitors during Electrodeposition of Thin Metallic Films,” (Ph.D Thesis).

Gibbons, D.W.,"The Effect of Suspended Particles on the Rate of Mass Transfer to a Rotating Cylinder Electrode,” (MS Thesis).
Invited Talks

Schwartz, D.T., Composition-modulated Alloys Plated in a Fluctuating Flow Field, S.F. Section, Electrochem. Soc., Stanford, CA, October
1990.

Contributed Talks

Armstrong, ML]., and R.H. Muller, Nucleation of Copper Films on Platinum: Effect of Benzotriazole, Electrochem. Soc. Meeting, Seattle,
WA, October 1990, ext. abs. no. 693.
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clear Magnetic Resonance
NES, PRINCIPAL INVESTIGATOR '

The goals of this program are the development of novel theory and experiments in
magnetic resonance and the demonstration of their application to materials research.
Recent techniques developed in our laboratory include multiple-quantum spectros-
copy, zero-field nuclear magnetic resonance (NMR), iterative maps, double rotation
(DOR), dynamic-angle spinning (DAS), optical pumping, and SQUID magnetic
resonance. Materials appliciations include clusters, semiconductors, oxides, liquid
crystals, zeolites, and intercalated graphite.

Atomic Distribution Statistics in Zeolites
B.F. CHMELKA, M.D. RAFTERY, R.D. LEVINE* AND A. McCormick!

1%Xe NMR spectroscopy has been used to probe directly the distribution of xenon
atoms confined in atomic-size NaA zeolite cavities. For mean xenon occupanciesless
than about three Xe atoms per a-cage, the guest populations are well described by
binomial statistics. At higher guest loadings the finite volumes of the xenon atoms
become significant, asreflected by a fit of the experimental populations to a hypergeo-
metric distribution. The data and hypergeometric analysis indicate a maximum
occupancy of seven Xe atoms/cage. At the highest xenon loadings the experimental
distribution is narrower than hypergeometric.

Figure 1

Schematic diagram of xenon atoms distributed within the a-cages of Na-A zeolite.
(XBL 9011-3828)

NMR Studies of Molecular Clustering in Zeolites
M. D. RAFTERY, B. F. CHMELKA, J. G. PEARSON, C. J. RADKE?, S. F. PEDERSEN?, AND A. PINES

Figure 2 (see page 79, top)

Macroscopic and local distributions of aromatic molecules adsorbed within NaY
zeolite samples have been investigated using ”Xe and multiple-quantum NMR.
Room temperature xenon-129 NMR is a sensitive probe of macroscopic adsorbate
distributions, allowing the observation of adsorption fronts and other intercrystalite
adsorbate hetrogeneities. Multiple-quantum NMR has been used to measure the
intracrystalite adsorbate distributions by “counting” the number of spins (hydrogen
nuclei) present in each adsorbate cluster. We are also investigating the use of dipole-
dipole coupled spin network growth rates in the determination of homonuclear
dipole coupling strengths, and therefore distances, between molecular clusters. Low
temperature (123 K) xenon-129 NMR is also being used to determine local adsorbate
distributions within NaY zeolite.

a) Graph of the apparent cluster size, N, as a function of preparation time for a NaY zeolite sample containing a bulk average of one
benzene molecule per two supercages. Data was acquired at room temperature. N—6 as preparation time —o, indicating a random
distribution of benzene molecules between the zeolite supercages. b)is a '**Xe spectrum of a similar sample at 150 K, with '®Xe added.
The two peaks in the '**Xe spectrum indicate two distinct environments, supercages with and without benzene guests. (XBL 918-1905)

* Hebrew University of Jerusalem, Israel
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Conformations and Motion of Tetrahydrofuran (THF) in Graphite
C. ScHMiDTS, M. E. RoseN, D. F. CarLan, M. F. QUINTON#

The orientation and motion of THF in the ternary graphite intercalation com-
pounds Cs(THF), ,C,, and K(THF), ;C,, has been determined by proton NMR. Simu-
lations of the NMR spectra indicate that the THF molecules in Cs(THF), ,C,, are
oriented with theirmean planes parallel to the layers of the hostlattice. INK(THF), ;C,,
the THF molecules appear to be oriented with their mean planes between 50 and 75°
relative to the graphene layers. The spectra show evidence of rotation of the THF
molecules about the layer normal and also a degree of orientational disorder which
corresponds to a mosaic spread of the samples, as determined by X-ray diffraction.
The conformation of THF in Cs(THF), ,C,, was studied by modelling its intramolecu-
lar motion and simulating the experimental NMR data. Good agreement was found
for THF interconverting between two conformations with C, symmetry and a
puckering'amplitude of 0.30 A or for just one conformation with C, symmetry and a
puckeringamplitude of 0.32 A. Free or slightly hindered pseudorotation as observed
in free THF does not seem to occur. For K(THF), ;C,, reasonable agreement is found
for either one or two conformations with C, symmetry.

Figure 3

Schematic pictures of Cs(THF), ,C,, and K(THF), .C,, that are consistent with the results of the simulations of the
proton NMR spectra. The values of |, determined by x-ray diffraction are 7.1 A for Cs(THF), ,C,, and 8.9 A for
K(THF),C,.. (XBL 918-1908)

NMR Imaging of Flow and Turbulence
G. C. CHINGAS, L. FRYDMAN, AND J. S. HarwooD™

A variety of novel multidimensional NMR sequences have been developed which
provide a history of the displacements affecting fluid samples. This macroscopic
characterization of motions was applied to investigate the behavior of fluids under-
going diffusion, Poiseuille flow and Taylor flow; the observed results have shown
very good agreement compared with the known statistics of the motions. This way
of describing complex fluid behavior is based on Fourier principles which show that

§ Institut fur Makromolekulare Chemie, Universitat Freiburg, Germany.
* Laboratoire de Physique Quantique, Paris
** NMR Facility Manager, School of Chemical Sciences, University of Georgia, Athens, GA
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gradient strengths can be used to extract the statistical distribution of displace-
ments in a way intimately related to NMR signal formation. Figure 4 presents
an application of this technique to vortex motion in a Taylor column. The plot
shows a series of displacement distributions for an initial fluid slice selected
midway between a cell wall and center. Right and left branches indicate the
presence of motion in both upward and downward directions in the column,
while the re-appearance of the central peak shows return of some fluid to the
initial slice plane after reversing direction after encountering the cell wall. This
indication of cyclic return of portions of the fluid to their initial positions is
unique to this technique, and distinguishes it from laser methods where only

- velocities are available.

Figure 4
NMR characterization of Taylor flow. The horizontal scale is given in mm, whereas
the second dimension is given in milliseconds. (XBL 918-1907)

Isotropic Time Reversal in Zero-Field NMR
A. LLoR*, Z. OLEJNICZAK!, AND J. SACHLEBEN

Coherent magnetic field pulses applied in zero-field NMR have been used
to selectively average the zero-field Hamiltonian while preserving the intrin-
sic orientational invariance of the spectrum. General theoretical results have
defined the limits of isotropic zero-field scaling for first and second rank
interactions. From these general theoretical results, it was found that negative
scalings are possible allowing isotropic time-reversal of the zero-field Hamil-
tonian. Experimental realizations of two such time-reversal sequences have
been observed by the formation of a magnetization echo. These sequences
generated the following combined zero-field scalings for first and second rank
interactions: (-1/3, 1/5) the optimum first rank time reversal, and (1/5,-1/5)
a second rank time reversal.

Figure 5

The allowed combinations of isotropic scaling factors for first and second rank tensors, A1
and A2, are limited by the thick solid line in the A112 plane. Some combinations of special
importance in applications are: (i) (-1/3, 1/5); (i) ((1-5'/2)/6,0) to (1+51/2)/6,0); (iii) (0.-1/5) to
(0,2/5); (iv) (1/6,-1/4). (XBL 918-1908)

Icosahedral Sequences in the Laboratory and Rotating Frame
Z. OLEJINICZAKE, Z. Y. PENGS, B. SuN, AND A. SAMOSON#*

v

The icosahedral symmetry provides a sufficient approximation to a full
spherical symmetry when itis imposed on the internal nuclear spin Hamilto-
nian, which contains the irreducible spherical tensors of maximum rank equal
to four. Therefore a stroboscopically observed internal Hamiltonian can be
made to look isotropicin the Average Hamiltonian Theory approximation. An
icosahedral sequence of dc magnetic field pulses applied in zero-field NMRis
the most efficient way to produce fully isotropic and selective scaling, decou-
pling or time reversal of the internal Hamiltonian. Similarly, a sequence of rf
pulses that have the icosahedral symmetry in the rotating frame can be applied
to the spin part of the truncated Hamiltonian in high magnetic field. When it
is combined with a synchronous reorientation of the sample along the icosa-
hedral vertices, an isotropic zero-field Hamiltonian will be recovered which
contains structural information about interacting spins.

Figure 6

A set of discrete configurations of the internal nuclear spin
Hamiltonian which consists of twelve vertices of icosahedron
is the minimum number necessary to remove the anisotropic
effects in the NMR spectrum. (XBL 918-1909)
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Dynamic-Angle Spinning

K. T. MUELLER, G. C CHINGAS, E. W. WOOTEN, B. SuN, J. ZWANZIGER™, J. BALTISBERGER

The Dynamic-Angle Spinning (DAS) Pulse sequence has been improved.
The original DAS pulse sequence did not allow pure absorption lineshapes to
be obtained. Through consideration of the coherence transfer (CT) pathways
involved in the experiment, two pure phase pulse sequences have been
developed which yield significantly narrower lines. In addition, one of these
new sequences allows the high resolution DAS dimension to be correlated
with an MAS dimension. Since DAS can now be correlated with MAS, the
second dimension lineshape is independent of chemical shift anisotropy
(CSA), and the powder patterms in the F2 dimension can be easily simulated
to give quadrupolar parameters for each site. By performing DAS experi-
ments at two different fields, separation of the total shift into the isotropic
chemical and second-order quadrupolar shift contributions is possible. O-
labelled alanine, leucine, and tyrosine in high yield and high O incorpora-
tion have been obtained, and initial "O DAS spectra of these have also been
obtained. The attempt is now being made to obtain better spectra with
increased resolution by working at higher field. This will allow chemical and
quadrupolar shifts as described above to be obtained.

Figure 7 (T IR S TR SR N
70O DAS spectra of diopside at two different field strengths showing field dependent shifts of 100 50 0
the resonances corresponding to the three crystallographic oxygen sites. From the shifts at Frequency (ppm from H,170)
the two fields the contributions of the isotropic chemical shift and the second-order isotropic

quadrupolar shift to the total shift can be determined. (XBL 918-1910) . .
Oxygen-17 NMR in Silicates

K.T. MUELLER, Y. WU, B. F. CHMELKA, AND J. STeBBINS'T

Until recently it has been difficult to resolve NMR resonances from distinct oxygen
environments in polycrystalline and amorphous solids. Individual spectral lines
from oxygen-17 can now be distinguished in a variety of compounds containing from
one to nine distinct sites. Several oxygen-17 enriched solids have been studied using
Dynamic-Angle Spinning (DAS) and Double Rotation (DOR) nuclear magnetic
resonance spectroscopy. These methods average away second-order quadrupolar
interactions by reorienting a sample about a time-dependent axis. A narrow spectral
line is observed for each distinct oxygen site at the sum of the isotropic chemical shift
and the field-dependent isotropic second-order quadrupolar shift, and resolution is
increased by up to two orders of magnitude compared to conventional magic-angle
spinning (MAS). New sets of experiments are also being performed using DAS at two
field strengths to retrieve the isotropic chemical shifts (which are independent of the
field strength) and the quadrupolar parameters for each oxygen site. These param-
eters teach us about the environments of the oxygen sites in important materials.

Diopside Figure 8
MAS

Resolution of the three crystallographically inequivalent oxygen-17 sites in a
polycrystalline sample of the silicate diopside (CaMgSi,O;) using DAS and DOR
NMR spectroscopy. (XBL 918-1911)
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Aluminum-27 NMR in Aluminophosphates
Y. Wu, B. F. CHMELKA, AND R. JELINEK

Unprecedented high resolution Al-27 NMR spectra of the aluminophos-

@ 11.7 T phates AIPO,-5,8,21,25 and VPI-5 are obtained using Double-Rotation (DOR).
Physical adsorption of water molecules onto the framework causes structural

changes which are demonstrated by the shape and position of the resonances.

Less short-range order, leading to broader spectral lines, is observed for AIPO,-

* 5 and AIPO4-8 upon dehydration. The two tetrahedral aluminum sites of the
AIPO,-25 framework are not resolved in a 11.7 Tesla field. The isotropic
resonances, however, are distinguished in 4.2 Tesla because the difference
50 0 50 between the isotropic quadrupolar shifts of the two sites is bigger at a lower
magnetic field. The quadrupolar parameters extracted for the two sites at the

dehydrated and hydrated AIPO,-25 samples, indicate a less distorted frame-

work aluminum environment in the presence of water molecules. In VPI-5, the

) 42T novel-18-membered-ring molecular sieve, several tetrahedral aluminum envi-
ronments are detected during the hydration process.
* *
L . A Figure 9
50 ~ 0 50 ZA| DOR spectra of dehydrated AIPO,-25: (a) Acquired at 11.7T; (b) Acquired at 4.3T. Outer rotor
chemical shift (ppm) spinning speed for both spectra was 750 Hz. (XBL 9010-3383)

NMR Study of Multi-Site Structures in Quasicrystals
Y. Wu, T. H. CHANG, Z. M. STaNIK'

The sharp X-ray diffraction patterns with fivefold rotational symmetry which are
observed in icosahedral crystals, are incompatible with the concept of periodicity in
crystals but can be reproduced, however, by quasicrystal model as well as by glass
model. The former contains bothlong-range transitional - although nonperiodic-and
orientational orders whereas the latter contains only long-range orientational orders.
Instead of multi-site structures as required by quasicrystal model, only broad distri-
butions of local environments have so far been observed by local probes such as
Mossbauer spectroscopy and NMR which indicate the glassy features of icosahedral
crystals. These distributions, however, may notbeintrinsic to the icosahedral crystals
like in the glass model but rather are the consequences of defects in quasicrystals.
Using high magnetic field (11.7 Tesla) and magic angle spinning technique, multi-site
structures in various icosahedral crystals were observed. NMR resolutions compa-
rable to those obtained in crystals have been achieved in annealed AlCu,Fe;;
icosahedral crystals (Figure 10a). The Knight shifts, the spin-spin relaxation times

' and the spin-lattice relaxation times provide detailed information on the electronic

states around the Fermi level and the changes of these parameters with sample

{ annealing reveal the nature of the distributions of thelocal environments. The results
strongly indicate the presence of translational orders in icosahedral crystals.

T T T T L Figure 10
160 80 0 -80 -160 Al-27 MAS spectrum of annealed Al,,Cu, Fe,s icosahedral crystal. The
Frequency (kHz) arrows indicate the distinct resonance peaks. (XBL 918-1912)

* Department of Physics, University of Ottawa, Ottawa, Ontario, Canada
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Nitrogen-14 Effects in 13C and 4N NMR Spectroscopy

Y. LEE, P. GRANDINETTI, AND M. EASTMAN

DAS and DOR sample reorientation methods known to increase resolution in
spectra of quadrupolar nuclei with spin n/2 in polycrystalline solids, are being
developed for application to structural studies on peptides and proteins. The
%uadrupolar nucleus of interest in these materials is “N. Dipolar coupling between
“C and directly bonded “N results in splitting and broadening of the lines in the 13C
spectrum. By removing this broadening, DAS should allow accurate measurement
of the splitting of the *C resonances due to N, which can then be correlated to local
molecular structure. Currently, w *C-DAS technique is also being applied to amino
acids and peptides. Also being pursued is the possibility of observing “N directly in
these compounds by combining the DOR technique, for removal of second order
quadrupolar line broadening, and observation of overtone transitions, which, unlike
fundamental transitions, are not affected by first order broadening.

COO
_i3c / Figure 11

+, .14
H N The C-N bond shown here in alanine, is present in all amino
3 Ve \ acid residues. Quadrupolar parameters for '“N, which are
H C H indicators of local molecular structure, can be determined using

the °C-DAS and N overtone-DOR methods.

Boron SQUID Resonance in Crystalline and Glassy Borates
J. CHANG, C. CONNOR AND B. BLack

A magnetic resonance SQUID (Superconducting QUantum Interference Device)
spectrometer has been used to detect Boron-10 and Boron-11NQR (Nuclear Quadru-
pole Resonance) in crystalline B,0,Q x H,O (where x =0, 1, and 3) and vitreous B,0,.
The observation of "B and "B resonances in the crystalline borates has allowed the
calculation of the quadrupolar parameters and given structural information on the
boron sites. The "B signal in vitreous B,0, had a linewidth of about 70 kHz, showing
that he SQUID spectrometer has the ability to detect quadrupole resonances even
when there is a distribution of nuclear sites as is expected in an amorphous system.
This opens up the possibility of performing some hole-burning experiments to
determine the spatial distribution of these varying sites.

B04+3H,0

8503

B,03+Hp0

Figure 12
Boron-11 in 3 crystalline and glassy B,O,. (XBL 918-1913)

B503 Glass
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Figure 13a (left)
Plot of the correlation between tunneling frequency and enthalpy of fusion for the straight-chained carboxylic acids with an odd number of
carbon atoms. The two distinct crystallographic phases, A’ and C’, show different correlations. (XBL 918-1914)

Figure 13b (right)

a) Rotational energy levels of a methy! group in a triple well potential, where no tunneling is allowed. b) The eight spin states of the n =
0 rotational state are degenerate in zero order. When tunneling is allowed, the spin states are split into two manifolds consisting of four
degenerate states each. The splitting between these manifolds is the tunneling frequency, wt. When a magnetic field is applied, the A
states split into a spin 3/2 manifold and the E states split into a double degenerate spin 1/2 manifold. The energy level diagram corre-
sponds to the experimental situation. (XBL 918-1915)

Methyl Quantum Tunneling and Molecular Packing at 4 K

B. BLACK aND G. MAJER'

Rotational tunneling of methyl groups has been studied by a low magnetic field
nuclear magnetic resonance (NMR) spectrometer utilizing a Superconducting QUan-
tum Interference Device (SQUID) as a magnetic flux detector. The tunneling frequen-
cies for the series of straight-chained carboxylic acids, from propanoic acid to
hexadecanoic acids, were measured at 4.2K. All the tunneling frequencies were
observed between 80 to 250 kHz and, in some cases, tunneling frequencies were
obtained for two separate crystallographic phases of a given sample. A correlation
between the enthalpy of fusion and the tunneling frequency were also found. Such
a correlation exists because of the dependence of both quantities on the intermolecu-
lar and intramolecular interactions of the methyl group.

NMR of Adsorbed Xenon Polarized by Laser Pumping

M. D. RaFTERY, H. LoNg, T. MEersMAN, B. P. J. GRANDINETTI, AND L. REVEN

Optical pumping has been used to enhance the pulsed NMR signal of ?Xe,
allowing the detection of low pressure xenon gas and of xenon adsorbed on powdered
solids. An increase in sensitivity of more than two orders of magnitude over
conventional NMR is observed, the current limitation being the laser g)ower. Ad-
sorbed xenon is observed at 298 K on graphitized carbon (about 10m°/g) and on
powdered benzanthracene (~0.5 m?/g) below 170 K. The increased sensitivity of this
technique allows the study of a large class of amorphous materials with surface areas
below 10 m?/g including semiconductors, polymers, metal oxides, and catalysts.

* Institute for Physical and Theoretical Chemistry, University of Tubingen, Germany.
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Figure 14a (left)

Schematic diagram of the experimental apparatus a) and timing
diagram b). Circularly polarized 794.7 nm laser light is focused onto
the optical pumping cell. A silicon photo detector is used to detect
the rubidium absorption. The oven used to heat the pumping cell,
and the nitrogen cooling system for the sample region are not
shown. Shim coils can be used to cancel gradients or reduce the
overall magnetic field in the pumping coil. (XBL 918-1916)
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Figure 14b (right)

NMR spectra of enriched '*Xe in the presence of powdered
benzanthracene following optical pumping: a) xenon gas peak only,
T = 298K, P = 20 torr; b) xenon gas and adsorbed, T = 158K, P = 21
torr; ¢) xenon gas and adsorbed, T = 153K, P = 22 torr; d) solid
xenon, T = 123 K. (XBL 918-1917)
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Berry's Amplitude and Nonadiabatic Rapid Passage

J. W. ZwanziGer', S. P. RUcKER, G. C. CHINGAS, AND K. T. MUELLER

By performing rapid passage experiments outside the adiabatic regime, we have
succeeded in observing a component of the nonadiabatic transition probability P that
is independent of the sweep rate through resonance. In a two-level system, the
longitudinal magnetization after a sweep is given by (2P-1)Iz, so that P = 0 corre-
sponds to completeinversion. Foralinear frequency sweep Pisdescribed by Landau-
Zener theory, which predicts that P is exponentially small in the sweep rate. For more
complicated sweep profiles (such as the spiral shown in Figure 15) Berry has
predicted that, near the adiabatic limit, P is a product of two factors, one which is
exponentially small in the sweep rate, and one which is constant. The constant factor
is predicted to depend only on the shape of the sweep profile. P was measured as a
function of sweep rate for the 13C resonance in carbon disulfide, for selected sweep
profiles, and showed that it can indeed be so factored. The results confirm the
existence of a geometric part of the transition probability, and show thatits formis as
predicted by Berry’s theory.

Figure 15
Certain trajectories for the nonadiabatic inversion of a two-level system

manifest a Berry's amplitude. (XBL 918-1918)
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ELECTROCHEMICAL ENERGY STORAGE
Electrode Kinetics and Electrocatalys

P.N. Ross, PRINCIPAL INVESTIGA

Carbon blacks are important materials used in a variety of battery systems, and
each system often makes use of a specific property of the carbon, e.g., conductivity,
corrosion resistance, capacitance, catalytic activity, etc. In spite of their importance
and wide use, the relation of their chemical properties to precursor and treatment
history is not well understood, and considerable advancement in technologies using
carbon materials appears possible.

In the case of air electrodes in metal-air batteries, the carbon is used as a support
for the active catalyst, i.e., to achieve and maintain high dispersion, and as a current
collector, since the active catalyst may not have high bulk conductivity and may be
relatively expensive and/or heavy. Thus, the unique properties of carbon of interest
in thisapplication are conductivity, surface area, and corrosion resistance. Itisknown
that dramatic changes in structure and chemical properties occur when carbonblacks
are heat-treated in an inert atmosphere at temperatures varying from 1000 to 3000°C.
Heat-treatment conditions can be combined with selection of the carbon precursor to
tailor the properties of the carbon black to suit the application. The particular
technical challenge in air electrodes is to develop a carbon with sufficient corrosion
resistance, conductivity, and surface area to meet the lifetime and performance
requirements for electric-vehicle applications.

Thebestknown catalysts for the direct oxidation of methanol are platinum surfaces
modified by underpotential deposition (UPD) of certain admetals, most especially
tin. The state of the admetal, valence, number and type of ligand, coordination to the
platinum surface, are all unknown even for the most studied systems like tin. Some
studies have speculated that the “active” state of admetal on platinumisan alloy state
produced by electrodeposition from the admetal ions in electrolyte, others have
suggested the active state is an adsorbed (complexed) ion. We have addressed this
question initially by preparing single crystal surfaces having adatoms in known
chemical state and atomic position, more specifically, by using ordered Pt;M alloy
surfaces prepared by UHV methods. In the bulk-alloy Pt,M structure, M atoms are
substituted for Pt at the corners of the unit cell. In vacuum, the surfaces of the alloy
would ideally have M atoms substituted in an ordered manner for Pt atoms in the
surface. It is postulated that the intermetallic bonding in these substitutional
positions will stabilize the admetal (M) in these positions in the surface when emersed
in electrolyte, and that they will remain in these positions by equilibrium with
admetal ions in solution. Study of methanol electro-oxidation kinetics on these
ordered surfaces of known composition and structure will enable us to determine the
“active” state of the adatomin platinum bimetallic catalysts. This study uses modern
surface analytical methods [(e.g., low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES), x-ray photoelectron spectroscopy (XPS), ion scattering
spectroscopy (ISS)] coupled with electrochemical methods to determine the depen-
dance of catalytic activity on the composition and structure of modified platinum
surfaces.

The Electrochemical Oxidation of Methanol on Tin-Modified

Platinum Single Crystal Surfaces
A.N. HaneEr anD P.N. Ross

To understand the role of tin as a promoter in the electrochemical oxidation of
methanol, we have studied the geometricand electronic effect of tin atomsin different
chemical stateson/in the platinum surface by using single crystal faces of the ordered

*This work was supported by the Assistant Secretary, Conservation and Renewable Energy, Office of Energy Storage and
Distribution, Energy Storage Division of the U.S. Department of Energy
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alloy Pt,Snand single crystal faces of pure Pt modified by electrodeposited /adsorbed
tin, i.e. the so-called adatomstate. We found that none of thealloy surfaces were more
effective catalysts than any of the pure platinum surfaces under the conditions of
measurement employed here, and that alloying platinum with tin to any extent
significantly reduced the activity. Asreported previously by others, we observed tin
to spontaneously adsorb on platinum surfaces from dilute sulphuric acid supporting
electrolyte containing Sn(Il) in concentrations above ca. 5 uM. Ata given concentra-
tion, the coverage by tin decreased as the atomic density of the platinum surface
increased. However, we did not observe any enhancement methanol oxidation of
any platinum modified by this irreversibly adsorbed tin. We did observe a diffusion
limited enhancement on Pt(111) and on Pt(100) due to Sn(Il) in the electrolyte at 1 uM
concentration. At this concentration, tin did not appear to be adsorbed to any
observable extent, and the catalysis appeared to occur via the direct interaction of a
dissolved tin species with the surface. We propose a mechanism of catalysis that is
a hybrid homogeneous-heterogeneous sequence based on known homogeneous Pt-
Sn talysts.

The Surface Structure and Composition of <111>, <100>, and
<110> Oriented Single Crystals of the Ordered Alloy Pt,Sn

A.N. HANER, P.N. Ross anp U. Barolt

The surface composition and structure of <111>, <100>, and <110> oriented
crystals of the ordered alloy Pt,Sn (L1, or Cu;Au-type) were determined using the
combination of low energy electron diffraction (LEED) and low energy ion scattering
spectroscopy (LEISS). The cleanannealed surfaces displayed LEED patternsand Sn/
Pt LEISS intensity ratios consistent with the surface structures expected for bulk
termination. In the case of the <100> and <110> crystals, preferential termination in
the mixed (50% Sn) layer was indicated, suggesting this termination to be the
consequence of a thermodynamic preference for tin to be at the surface.

Investigator Postdoctoral Research Associate
Phillip N. Ross, Jr. Alexandra Haner

Staff Scientist Research Associate

Harvey Sokol Lee Johnson
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Electrical and Electrochemical Behavior of Particulate Electrod

J. W. Evans, PRINCIPAL INVESTIG

EI |
A zinc-air cell wherein the zinc is present as particles has been invented and a
patent will have been issued when the annual report is published. The cell employs
a commercially available air electrode and electrolyte flow, which is necessary for
mass transport and replenishment of electrolyte, is due to solutal natural convection,
rather than the usual external pumps. Investigation of the performance of the cell
during discharge has been carried out on a laboratory scale and the performance

extrapolated to predict that of a full scale battery for an electric vehicle.

A Mechanically Recharged Zinc-Air Cell for Electric Vehicle Appllcatlons

J.W. Evans AND G. SAVASKAN

A mechanically rechargeable zinc-air cell has been studied on a laboratory
scale (up to 400 cm? air electrode area). Zinc is present in the cell as particles.
The cell employs no pumps, relying on solutal natural convection for circula-
tion of the electrolyte through the bed of zinc particles. Results of discharge
experiments have been used to perform a preliminary battery design and
calculated results suggest that such a battery would be competitive with other
battery technologies for electric vehicles.

The laboratory cell has been tested under the SFUDS discharge regimen
where the power drawn from the cell is varied to simulate that required by an
electric vehicle under various traffic conditions. Figure 1 shows the results of
these tests and the cell is seen to respond quickly to step changes in power
requirement. The results from the SFUDS discharge were used to design a
battery meeting criteria set by DOE for a battery for an electric vehicle:
maximum mass 700 kg, maximum volume 600 liters, minimum peak power 55
kW, minimum energy 21 kWh. The significant results of the design are: mass
= 565 kg, volume = 600 liters, peak power 55 kW or greater, energy 62 kWh,
specific energy 110 Wh/kg, specific peak power 97 W/kg or greater.

Figure 1
Results of discharging laboratory zinc-air cell under SFUDS power profile (modified to eliminate
regenerative braking) a) start of discharge b) At 3 hours ¢) at 6.9 hours. (XBL 9012-4031)
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Evans, J. W. and G. Savaskan, LBL-30079, “A Zinc-Air Cell with a Packed Bed Anode, Intended for Electric Vehide Applications.”
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Meeting of the Electrochemical Society, Seattle, Washington, 1990.
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face Layers on Battery Materials *

MULLER, PRINCIPAL INVESTIGATOR

The structure, composition, and mode of formation of electrochemical surface
layers on electrodes for rechargeable galvanic cells are determined in order to find
means to control film properties that result in high power density, cycle life and
energy efficiency. Anodic oxide formation and cathodic metal deposition of interest
for battery applications in aqueous media are presently investigated.

Experimental measurements are centered on in situ optical techniques sensitive to
surface microtopography and composition. Results are employed in theoretical
models for the quantitative description of the formation of surface layers.

Studies about the effect of adsorbed materials on the electrocrystallization of
metals and the exploration of new means to accelerate electrochemical mass transfer
for high-rate metal deposition are reported in “Electrochemical Phase Boundaries.”

An In Situ Study of the Anodic Film Formation of Cu, Ag, and Zn in Alkaline Media

S. T. MAYER AND R. H. MULLER

Theanodic film formation on Cu, Ag,and Zninalkaline solutions wasinvestigated
using several in situ as well as ex situ techniques. These included angular resolved
elastic light scattering, Raman spectroscopy, spectroscopic ellipsometry, scanning
tunneling microscopy, scanning electron microscopy, and x-ray diffraction. A
discussion of the apparatus and theory of in situ elastic light scattering and Raman
spectroscopy for studying thin-film nucleation and growth is presented.

The mechanisms of film formation were inferred from the observations. The
solubility and conductivity of the oxides/hydroxides formed strongly influence the
morphology and reversibility of the electrochemical reactions. Low solubility tends
to favor solid-state, planar film growth. However, planar film growth was generally
accompanied by a formation of soluble reaction products.

Ag,0 formation begins with the production of a planar precursor layer (primary
layer) in which nucleation of three-dimensional crystals occurs after a critical thick-
ness is reached. After nucleation, a redistribution of material among the growing
crystals causes the number density of growth sites to decrease. The redistribution
occurs via the transport of oxide material through the electrolyte from small crystals
to larger ones.

The formation of cuprous oxide is controlled by diffusion.
Cu,Oisless soluble than Ag,Oand forms a compact layer that
does not exhibit three-dimensional nucleation. At higher
potentials, the formation of the divalent cuprite ion from the
Cu,O film results in the precipitation of Cu(OH),. The

o thermodynamically more favored CuO is formed only at
o higher potentials and longer periods of time from the under-
28 lying Cu,O layer. At potentials near oxygen evolution, a
~5.0 SN broad Raman band, which we associate with the formation of
;g,, ~751 ~:~\\~:\~\\\§\:\\\\ a trivalent copper species, is observed at around 550 em™.
s “oo] .§§\\\\$\\: The oxides of zinc are much more soluble than those of
& ~iag] .#i.@ silver and copper. The major soluble zinc species at all
=150 .. ‘
175l Figure 1
<2 v 3-dimensional plots of measured ellipsometer parameter A vs time for the
%p:?’ ' anodization of Agin 1 M KOH. Potential stepped from -50 to 295 mV at
Sy

%ﬁ, ' % : time zero. Potential held at 295 mV from 0 to 60 sec. From 60 to 360
4 sec, potential held at 250 mV. After 360 sec, potential increased at 0.5
mV/sec. (XBL 899-7297)

*This work was supported by the Assistant Secretary, Conservation and Renewable Energy, Office of Energy Storage and
Distribution, Energy Storage Division of the U.S. Department of Energy under contract No. DE-AC03 76SF00098.
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concentrations (including supersaturated solutions) is the tetrahedral Zn(OH),”ion.
This ion does not polymerize or form polynuclear aggregates at higher concentra-
tions. Solutions containing silicate show no new Raman bands, therefore, silicate
does not radically alter the Zn(OH),Z environment.

In Situ Laser Raman Spectroscopy of Zinc Film Formation in Alkaline Media
S.T. Maver anD R.H. MULLER

Anodic surface films formed on zinc in 1 M KOH were studied using Raman
spectroscopy. During a potential sweep, evidence has been obtained for the forma-
tion of an e-Zn(OH), film during the active portion the anodic potential sweep. In this
region the rate of e-Zn(OH), formation is balanced by its rate of dissolution, and
therefore most of the charge ends up as products in the electrolyte and not in the film.
Near the active/passive transition potential, the diffusion of hydroxide to the metal /
film interface becomes rate limiting, and a film containing kinetically less favored
ZnQOis formed. The conductivity of this layer is small and therefore causes a marked
decrease in the observed current once the layer is formed. The low rate of dissolution
of ZnO is balanced by its rate of formation.

Copper Oxidation Under Intense lllumination—Effects of a Raman Probe Beam
D. T. ScHwaRTZ, S.T. MAYER, AND R.H. MULLER

High intensity illumination, which is common in Raman spectroscopy, is shown
to modify the interfacial electrochemistry of Cu oxidation in alkaline media. The
cathodic photodecomposition of semiconducting CuO to form Cu,0O is observed
using Raman spectroscopy and intensity modulated photocurrent techniques. The
reduction of Cu,O to Cu is also facilitated by illumination. The results indicate that
the Cu(Il) valence state is present as a thin film containing both CuO and Cu(OH),
phases, at least when oxidation occurs under intense illumination.

Photoelectrochemical Evidence for Saturated Optical

Absorption in Electrolytic Cuprous Oxide
D.T. ScHwaRTz, AND R.H. MULLER

An illuminated cuprous oxide-covered electrode immersed in alkaline media
exhibits a nonlinear dependence of photocurrent on the intensity of 488 nm laser
illumination. Results fromintensity modulation experiments show that the differen-
tial efficiency for converting photons to photocurrentin the p-type cuprous oxide film
is inversely proportional to the square root of illumination intensity (Figure 2). A
charge transfer model that includes intensity-dependent optical absorption in the
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0 Decrease of photon-to-photocurrent conversion
107} oy L x 3 efficiency with increasing laser illumination intensity.
0.1 1.0 10 100 Experimental points are obtained from the peak
) - 2 heights of ac photocurrent density, the solid line is
Laser Intensity, I (W/cm®) calculated. (XBL 909-3159) '
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cuprous oxide layer is found to be consistent with the observed photocurrent
response. Analysisof the experimental results usmg the charge transfer model shows
that the saturation intensity for cuprous oxide is approximately 100 mW/cm’.
Photochemical charge transfer is found to be efficient in the potential region where the
nonlinear photocurrent response is observed, with nearly all photo-injected minority
carriers being consumed by the interfacial charge transfer reaction rather than
recombination.

Oxidation Films on Copper in Alkaline Media—
Intensity Modulated Photoelectrochemical and Raman Spectroscopy Studies
D.T. ScHwarTZ AND R.H. MULLER

The composition of thin surface layers on copper oxidized in alkaline media has
been determined by combining in situ intensity modulated photocurrent measure-
ments and laser Raman spectroscopy with cyclic voltammetry Photocurrent mea-
surements showed that the high intensity (250 W/cm?) laser Raman probe beam
facilitated reduction of the oxidized surface. Laser-facilitated reduction was used to
identify the presence of CuO and Cu,0O and, when combined with Raman spectros-
copy, to differentiate between the formation of CuO and Cu(OH), films. Raman
spectra confirmed thata thin Cu,O film formed as oxidation of the copper surface was
initiated. Increasing the potential produced a Cu(OH), layer on top of the Cu,O film.
Further oxidation at higher potentials converted the Cu,O film to a CuO underlayer
that coexisted with the Cu(OH), overlayer (Figure 3).

15
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} '0\ s Figure 3
/—_6*—5' 0.5 Electrochemically oxidizing copper in alkaline media creates a thin film
’ ) on the copper surface. The valence and structure of the film depends
on the electrode potential: (A) cuprous oxide layer forms; (B) cupric

Potential (volts vs. HgO)

hydroxide overlayer covers cuprous oxide film; (C) solid-state conver-
sion of cuprous oxide (underlayer) to cupric oxide. (XBL 911-18)

In situ Observation of EIectrbchemicaIly-Formed Surface Layers
R. H. MuLLER

Properties of electrochemically-formed surface layers, such as microtopography,
porosity, or conductivity are of interest in many applications. They also reflect the
mechanism of film formation. Thus, means for the control of film properties can be
derived. Early stages in the formation of metallic and oxidic thin films have been
investigated in situ by spectroscopic ellipsometry, elastic light scattering, Raman
spectroscopy and scanning tunneling microscopy in combination with electrochemi-
cal measurements and several ex sifu techniques for surface analysis. Information on
nucleation and growth of oxide layers on silver and copper and deposition of copper
on platinum has been derived from the measurements.
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Application of Videomicroscopy to /n situ Studies of Electrodeposition

L. McVay, R. H. MULLER, aND C. W. ToBIAS

A videomicroscope has been set up for the continuous observation and recording
of the developing surface morphology of electrodeposited metals in a channel flow
cell. With areciprocating, motor-driven traveling stage moving in the flow direction,
quasi-simultaneous observation of several electrode areas is possible over extended
periods of time. A dual eye-piece enables the experimenter to either observe the
experiment in progress or to record still photos without affecting the video camera’s
alignment. With fiber-optic illumination, adequate light for good quality micro-
graphsis provided. With a maximum magnification of 375X, an area of 300 um x 200
pm can be observed at any one time with a diffraction limited resolution of 0.5 um.
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face Morphology of Metals in Electrodeposition™

ToBIAS, PRINCIPAL INVESTIGATOR

The objective of this project is to advance our understanding of the partial
processes and their interactions in the deposition and dissolution of metals by
electrolysis. Of particular interest is the influence of hydrodynamic flow on electro-
crystallization, and the distribution of charge transfer reactions on advancing and
receding metal profiles as determined by the electric- and concentration-fields, and
by reaction kinetics on the electrode surface. Control of morphology of electrodepos-
its has been traditionally effected by addition agents that interfere with the crystal-
lization process. This highly empirical practice is curious contrast with modern
technologies, moreover, use of such agents is not possible in energy conversion and
storage applications, because they adversely affect energy efficiency.

Models are established for the simulation of the effects of inhibitors on developing
surface morphology in metal deposition. The ability of.a plating system to yield
smooth, compact deposits, characterized by levelling efficiency is evaluated as it
depends on transport of the additive to microprofiles. Results of simulations are
compared to experimental measurements of levelling efficiency. As part of this
project, the influence of corrosive agents present in the electrolyte on developing
contours during electrodeposition is evaluated.

Rotating disk, rotating cylinder, and planar electrodes in channel type electrolyz-
ers are used for the study of the morphology of zinc deposits in the presence of well
characterized hydrodynamic flow. The genesis of surface textures is studied using in
situ video-microscopy, and post- mortem examination of deposits by profilometry,
SEM, X-ray diffraction, and surface Raman spectroscopy. Quantitative evaluation of
morphological features involves Fourier analysis of experimental profiles, and deter-
mination of the dependence of characteristic patterns on electricand flow parameters.

Simulation of the Role of Convection in Electrodeposition Microscopic Trenches
K. G. JORDAN AND C. W. ToBiAs

Levelling or smoothing of a microprofile in electrodeposition is usually accelerated
by the addition of so-called inhibitors to the electrolyte. When the inhibitor is present
atlow concentrations, and hence it is consumed on the electrode, whereitis adsorbed
at the mass transport limited rate, deposition of more accessible areas is inhibited
relative to recessed regions. A theoretical study was undertaken to clarify the role of
recirculating flows in small cavities, of various shapes, in the electrode surface. The
effect of Couette and Poisieulle flows passing by two-dimensional microscopic
cavities was calculated by the finite element technique. Recirculation regions were
characterized as a functionof Reynolds number, notchshapeand depth. Theincrease
in transport rates caused by convective eddies was assessed relative to the pure
diffusion case, for various boundary layer thicknesses. Secondary flows were shown
to noticeably enhance transport of inhibitors into microscopic trenches only at high
Peclet numbers, i.e. at very high flow velocities.

The effect of Inhibitor Transport on Levelling in Electrodeposition
K. G. JORDAN AND C. W. ToBiAS

The electrodeposition of nickel into an angular trenchin the presence of coumarin,
a widely used inhibitor, is simulated, using various boundary layer approximations
representative of flow parallel or transverse to the groove. Based on the diffusion-
adsorption mechanism of levelling action, the dependence of developing contours on
the Langmuir coefficient and on the metal-ion/inhibitor flux ratio is investigated.
Levelling efficiency is shown to be highest for thin, planar boundary layers, and

*This work was supported by the Assistant Secretary, Conservation and Renewable Energy, Office of Energy Storage and
Distribution, Energy Storage Division of the U.S. Department of Energy under contract No. DE-AC03 76SF00098.
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Figure 1

Comparison of simulated profiles for 25 mm, and 50 um
5 mm thick layers, respectively, deposited far

away from a trench. Note that the profile

following mass transfer boundary layer yields the

least effective levelling performance.

(XBL 9012-3912)

(a) Boundary Layer Thickness = 25 um
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lowest for contour following boundary layers which result in simple geometric
levelling (Figure 1). The model successfully predicts the levelling-off of the inhibitor
effect with increasing inhibitor vs. metal ion flux, and that there is an optimal mass
transfer boundary layer thickness, or flux of additive which results in superior
levelling performance. Agreement was found between the predicted contours, and
experimental levelling efficiencies determined by previous investigators.

(b) Boundary Layer Thickness = 10 um
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Tobias, C. W., and Jordan, K. G., LBL 28343, “The Effect of Inhibitor Transport on Levelling in Electrodeposition”, J.Electrochem. Soc.
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lysis and Simulation of Electrochemical Systems *
WMAN, PRINCIPAL INVESTIGATOR

This program involves fundamental investigations 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 the analysis
of transient and steady-state transport processes in solid polymer electrolytes,
determination of the diffusion coefficient of sulfuric acid in an aqueous medium, an
experimental investigation of the conductivity of sodium polysulfide melts at various
conditions, an investigation of the ac impedance behavior of porous electrodes,
mathematical modeling of current distributions and its extension into corrosion
protection, a mathematical investigation of the transport through and growth of
passive oxide films, experimental and theoretical treatment of the electroless deposi-
tion of copper, theoretical investigations of inductance effects in high-power batter-

-ies, and the rigorous interpretation of cyclic voltammetry and ac impedance experi-
ments.

Determining Current Distributions Governed by Laplace’s Equation
A. C. WEST AND J. NEwMAN

Techniques have been developed for solving Laplace’s equation, V’¢ = 0. An
emphasis is placed on analytic procedures and how they can be used with numerical
methods to obtain accurate solutions at relatively low computer costs. Analytic
proceduresarealso important because asymptotic solutions provide valuable valida-
tions of numerical calculations and insights into how results are best displayed and
correlated.

By studying in detail the rotating disk electrode, the framework for determining
theoretically the current distribution under the condition where both migration and
convective mass transfer are important was established. Other important geometries
for which this general problem has been investigated include the flow channel
reactor, the rotating ring-disk electrode system, and the tubular reactor.

Mathematical Modeling of the Sodium/Iron Chloride Battery

M. SupoH AND J. NEWMAN

A mathematical model of the sodium/iron chloride battery containing a molten
AICl,-NaCl electrolyte is presented. A cylindrical cell consisting of a positive iron
electrode, an electrolyte reservoir, a separator, and a negative sodium electrode is
considered. The analysis uses concentrated-solution theory within the framework of
a macroscopic porous electrode model. The effects of the state of discharge, the cell
temperature, the precipitation and dissolution rates of NaCl, and the current density
on the current-potential relation during the discharge and charge cycles are dis-
cussed. The major influences on battery performance are changes in porosity and
component volume fractions during cycling.

Current Distribution Near an Electrode Edge as a Primary Distribution is Approached
A. C. WEST AND J. NEWMAN

When ohmic resistances dominate over electrode kinetic resistances, the distribu-
tion of current density on an electrode can be highly nonuniform. In the limit of zero
kinetic resistance (i.e., a primary current distribution) the current density at the edge
of anelectrode willbe infinite if theinteriorangle of intersectionbetween theelectrode
and insulator is obtuse. In practical cases, nonzero kinetic resistances exist, and the
current density remains finite. Previous results demonstrate that, when the ohmic

*This work was supported by the Assistant Secretary, Conservation and Renewable Energy, Office of Eneray Storaae and
Distribution, Energy Storage Division of the U.S. Department of Energy
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resistance is large compared to the kinetic resistance, the current distribution can be
described by the primary distribution everywhere except the edge region. The
purpose of this paper is to describe the deviations from the primary distribution and
to show explicitly the manner in which the current density at the edge of the electrode
approaches extreme values as the ohmic resistance becomes large. The analysis is
valid for any angle of intersection and can be applied in the edge region (for a large
ohmicresistance) regardless of the geometric details of the rest of the electrochemical
cell. Results are given for linear and Tafel kinetics.

The Effect of Schmidt Number on the Faradaic Impedance of the Dissolution
of a Copper Rotating Disk

A. K. HAUSER AND J. NEWMAN

Frequency-response results, as calculated by the Stefan-Maxwell macroscopic
impedance model, are presented for a copper rotating disk in chloride solutions. The
working algorithm uses concentrated-solution theory and accounts for multicompo-
nent diffusion, migration, and homogeneous and heterogeneous reactions, as well as
a finite Schmidt number and interfacial velocity. The validity of the general program
was checked by comparing the concentrated-solution model in the limit of dilute
solutions, excess of supporting electrolyte, and infinite Schmidt number to known
analytic solutions. Excellent agreement was obtained. Results for copper dissolution
are plotted in various forms, enabling the effect of the Schmidt number (Sc) on the
frequency-response of the faradaic impedance to be studied. Specifically, plotting the
low frequency data according to Re{Z;) vs pIm {Z;} and the high frequency data as Z;
vs p'/? allows the entire frequency spectrum to be utilized in the determination of
unknown diffusion coefficients for a given electrochemical system. Additionally, the
effect of electrode kinetics on the faradaic impedance as applied to the Sc-determina-
tion procedure has been studied. Finally, new ways of plotting the dimensionless
convective diffusion impedance reduce the Schmidt number dependence of the
frequency response nearly to one curve by stretching the abscissa using pSc'’® and
(pSc '/%)'”? . These plots confirm that the slope of the low-frequency linear region is
proportional to Sc* and that the slope of the high-frequency linear region is propor-
tional to Sc'/2.

Differential Diffusion Coefficients of Sodium Polysulfide Melts
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 (Na,5, to Na,S;), at temperatures between 300°
and 350 °C. Molybdenum electrodes at theends of the cell gave open-circuit potentials
in response to the transient concentration difference. The shape of the potential vs.
time plots showed the expected dependence on the initial concentration profile. The
following expression summarizes the experimental data D = 0.0153exp(-5890/
T)exp(5.30x,) cm?/s. The diffusion coefficients showed a temperature dependence in
harmony with viscosity data, but not conductivity data.

Potential and Concentration Variations of a Reacting, Supporting Electrolyte
A. K. HAUSER AND J. NEWMAN

Steady-state electrolytic mass transfer to a rotating disk has been characterized in
dilute solutions, with anexcess of supporting electrolyte, for systems where the major
ions of the supporting electrolyte participate in the electrochemical reaction. Al-
though it is difficult a priori to predict accurately concentration variations of the
electrolyte, the analytic model that has been developed can be used to calculate
concentration-difference ratios enabling the concentration profiles next to the disk to
be sketched qualitatively. In three of the four electrochemical systems investigated,
the model predicts unexpected maxima in the counterion concentration profile. An
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explanation for this interesting behavior is presented in terms of the speed at which
the species move, according to the magnitude of their diffusion coefficients. Alterna-
tively, examination of the diffusion potential yields insight into this occurrence and
the corresponding minima in the potential.
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West, A. C,, ]. H. Sukamto, and J. Newman, “A Criterion to Verify Current Distribution Calculations,” J. Electrochem. Soc., vol. 137,
p- 2745, 1990.

LBL Reports
West, A. C. and J. Newman, LBL-28045, “Current Distribution on Recessed Electrodes,” . Electrochem Soc. (Submitted.)
West, A. C. and ]J. Newman, LBL-28075, “Determining Current Distributions Governed by Laplace’s Equation.”

Theses » :

Grabowski, A. J., Current and Potential Distributions on a Cylinder Electrode. (M.S. Thesis.)
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of Porous Electrodes. (Ph.D. Thesis.)
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udies of Defects and Impurities in I1I-V Semiconductors

Mechanisms at Heterointerfaces

Electronic Materials Program

102

The CAM Electronic Materials Program concentrates on scientific
problems impeding the development of large scale digital integrated
circuits and optoelectronic devices based on gallium arsenide and
related III-V semiconductors. Research is focused in four main areas.

BASIC STUDIES OF DEFECTS AND IMPURITIES IN III-V SEMI-
CONDUCTORS—the study of the structural and electronic properties
of defects and impurities and the mechanisms of their incorporation.
Many of the properties of compound semiconductors are determined
by intrinsic imperfections of the crystal lattice introduced during
crystal growth and processing. These must be understood and con-
trolled. Recent results in this area include:

¢ First measurements of magnetic properties of deep DX
donors in Al Ga, ,As semiconductors. These strongly indi-
cate that the deep donors bind only one electron rather than
two.

* Excess Asin GaAshasbeen shown tobe present in the layers
just under an evaporated metal contact layer and has been
related to the Schottky barrier height.

BULK CRYSTAL GROWTH —the development of advanced tech-
niques for the growth and characterization of gallium arsenide crystals.
Studies rely on the close coupling of crystal growth and the character-
ization of those crystals in order to gain an understanding of the
relationships between growth conditions and the structural and elec-
tronic properties of the crystals.

Results achieved during the past year include:

* The vertical gradient freeze growth of GaAs crystals using
total liquid encapsulation with B,O,. The process eliminated
detrimental effects of PBN crucible wetting by liquid GaAs.




THIN FILMS AND INTERFACES—the study of dislocations, inter-
faces and point defect structures in thin films and solid state devices,
their origin, processing dependence, and effect on properties. The
approach emphasizes high resolution electron microscopy combined
with microanalytical techniques. Recent results include:

¢ The mechanism of misfit dislocation generation has been
shown to undergo a dramatic change for epitaxial thin films
depending on whether the misfit with the substrate is above
or below 2%.

¢ Deposition of metal layers on GaAs by evaporation or
sputtering has been shown to cause damage in the first few
layers of the semiconductor.

¢ Progress hasbeen made toward the development of a stable
metal contact to In,Ga ,,As.

GROWTH MECHANISMS AT HETEROINTERFACES— a new ini-
tiative at LBL aimed at probing the process of interface formation
between disparate materials. As materials are more dissimilar in their
electrical and structural properties, the formation of stable heterostruc-
tures becomes increasingly difficult. Basicresearch with these systems
is vital for establishing a firm scientific foundation on which to base the
rational exploitation of these materials in emerging technologies. Such
technologies include, for example, integrated multi-component de-
vices, high temperature electronics, and protective coatings. As an
exploratory research program, however, we do not limit ourselves to
specific device applications which have already been proposed, and
our motivation in selecting specific experiments and systems for study
is based on scientific issues. Systems chosen for initial study include:
epitaxial growth of silicide-fluoride heterostructures; formation of
interfaces between boron nitride and disparate materials; and growth
of the polar semiconductor InP on single crystal Pt using various
techniques.
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SIC STUDIES OF DEFECTS AND IMPURITIES IN 11I-V SEMICONDUCTORS

Saturation of Free Hole Concentration and the Impurity Lattice Location in Zn-
Diffused GaAs and InP Single Crystals

K.M. Yu, L.Y. CHan, M. Ben-Tzur, E.E. HaLLER, J.M. JakLEvic® ano W. WALUKIEWICZ
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Figure 1

Understanding of the physical and chemical processes limiting incorporation of
electrically active impurities is one of the basic issues of semiconductor materials
science. It has been recognized for some time that the maximum free hole concentra-
tion in GaAs is almost two orders of magnitude higher than in InP. Up to the present
time there is no clear explanation of the disparity in the incorporation of electrically
active acceptors in both materials. To shed light on the issue we have undertaken an
investigation of the relationship between this free carrier saturation and the lattice
location of the impurity atoms in single crystal GaAs and InP.

Highly doped GaAs:Zn (~10” atoms/cm®) and InP:Zn (~6x10" atoms/cm®)
samples were obtained by closed-ampoule diffusion with a Zn solid source. Com-
bined particle induced X-ray emission (PIXE) and ion channeling, Hall effect and
capacitance-voltage measurements, and transmission electron microscopy (TEM)
were performed on these samples. For the GaAs:Zn system, the free hole concentra-
tion is close to the total Zn concentration in the sample. PIXE channeling results
indicate that over 95% of the Zn atoms occupy substitutional Ga sites. The free hole
saturationin this systemis thereforebelieved tobe due to the solubility of limit of Zn,
in GaAs.

For the InP:Zn system, the free hole concentration saturates at mid 10'*/cm®and is
not limited by the solubility of Zn in InP. Precipitates of Zn,P, and of Zn are found
by TEM and they appear to be partly responsible for the hole saturation. However,
ion channeling results on a quenched sample indicate that some Zn atoms (~ 20%)
may remain on the interstitial sites after diffusion. Therefore, the presence of these
interstitial donors also reduces the hole concentration through compensation. Figure
1 shows a comparison of the channeling PIXE angular scan along the <111> channel
from the GaAs:Zn and InP:Zn samples. A very good substitutionality of Znatomsin
GaAsisobserved, whilein InP the Zn is only partly substitutional. Theseresultshave
been analyzed in terms of the amphoteric native defect model. We found that the
difference in the free hole saturation phenomenon in GaAs and InP can be attributed
to the differencein the Fermilevel stabilization energy in the two materials. It wasalso
found thatin InPitis energetically more favorable for atoms to reside in the interstitial
site or form precipitates rather than substitute Ga atoms to form acceptors.

GaAs:Zn (111) 1.8 MeV He PIXE 12 7 InP:Zn (111) 1.4 MeV H PIXE
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Comparison of the channeling PIXE angular scan along the <111> channel for GaAs:Zn and InP:Zn samples. Note that most of the Zn is
substitutional in GaAs while in InP a substantial concentration of Zn is the interstitial or random position in the channel. (XBL 905-1975)

* Engineering Division

104

Center for Advanced Materials




Frequency (cm-1)

370

0 10 20 30 40

P (kbar)

Figure 2

The shift of frequency of LVM modes with pressure for the Si on a Ga site peak (J) and

for the pressure induced DX defect (). (XBL 918-1717)

Effects of High Hydrostatic Pressure on
Local Vibrational Modes of Substitutional
Impurities in GaAs

J.A. Wolk, M. Kruaer, J. HeEyman, W. WaLukiewiicz, R.
JeanLoz, anp E.E. HALLER

We have successfully performed Fourier transform infrared absorption spectros-
copy of impurities in semiconductors in a diamond anvil cell (DAC). DACs are
valuable tools for studying semiconductors because they provide the only means
available for studying solids under large, hydrostatic pressure in a cell which allows
optical access. Although this technique is commonly used to study absorptions
involving intrinsic lattice effects (i.e., 107 atoms/cm?), this is the first reported appli-
cation of this technique to studies of semiconductor phonon spectra associated with
defects, where typical concentrations are 10" cm™. The most important problem for
this new approach is the signal-to-noise ratio. We have achieved a sufficient ratio (~
10:1) by using a cone to concentrate incoming light on the diamond cell, which is only
200-300 um in diameter, and placing a specially designed detector directly behind the
DAC to efficiently capture all light passing through the sample.

The first application of this technique has been to study DX centersin GaAs doped
with Si. Si normally forms a shallow donor in GaAs, but when hydrostatic pressures
of greater than approximately 20 kbar is applied, deep levels related to the Si donor
atoms appear. These defects are known as DX centers, and they are seen in many n-
type, IlI-V compound semiconductors and their alloys. After many years of debate,
there is still no widely accepted microscopic model for this class of defects. Our
contribution to solving this puzzle comes from studying how the local vibrational
mode (LVM) of the Si atom changes when it transforms into a DX center. The
frequency of the LVM is an invaluable clue in determining how the atom is bonded
to its nearest neighbors. Figure 2 shows the shifts in the LVM frequencies with
pressure for two peaks observed in our spectra. The shifts are linear, and are both
approximately 0.65 cm™ /kbar (8.1x107? meV /kbar). The peaks above 20 kbar were
observed in a GaAs:Si with n=3x10"® cm™. The sample is opaque below this pressure
due to free carrier absorption, which is eliminated when the shallow levels transform
into the deep DX levels. The peaks below 20 kbar were observed in an electron
irradiated GaAs:Si sample with n=6x10" cm™. Irradiated samples are transparent at
all pressures, but their donors cannot undergo a DX transformation. The peak which
occurs at 384 cm™ at zero pressure is the LVM of a Si atom sitting substitutionally on
aGasite. We have identified the second peak as the LVM of the DX center. We expect
that an analysis of the LVM peak intensities combined with the results of electrical
measurements will provide information on the charge state of the defect. The
information is crucial for all theoretical models of the DX center.

Electronic Materials Program
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7 IR Absorption of LTMBE GoAs:Be 1616 cm=-3 Figure 3
1. As grown Infrared absorption as a function of the wavelength for LTMBE
-6 2. 370 C GaAs annealed at different temperatures. The absorption at 1000
s 415 nm is proportional to the concentration of the midgap native
-5 defects. A very strong reduction of the concentration of native
4. 475 defects for annealing in the temperature range 415°C—550°C is
44 5. 550 observed. (XBL 918-1718)
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Studies of Native Defects in p-Type Doped Low Temperature Grown
- GaAs Buffer Layers

D. Buiss, K. CHan*, E.E. HatLer, anD W. WALUKIEWICZ

We are investigating a newly developed GaAs buffer layer grown by molecular
beam epitaxy at a low substrate temperature (LTMBE) of 300°C. Such low tempera-
ture growth results in the formation of a high concentration, 10°°cm™, of native defects
associated with excess As. The material is unique since roughly 1% of all atomic
positions are occupied by defects, while the GaAs layer remains crystalline. Com-
pared tobulk grown GaAs, the concentration of defectsin LTMBE layersis four orders
of magnitude higher. Because of the high concentration of native defects the LTMBE
layers offer a unique opportunity to study native defect formation and defect
reactions with intentionally introduced impurities. For our studies, a series of Be
doped samples, 10" - 10° cm™, were grown to investigate defect-impurity interac-
tions. Impurities are intentionally introduced into semiconductors to increase the
electrical conductivity. We are interested in finding out how the defects in LTMBE
material reduce the free carrier concentration to make highly resistive GaAs. Do the
defects form complexes with impurities, or do they just compensate the charge?
Photoluminescence spectra show an acceptor-exiton peak, indicating a fraction of the
Be is incorporated as an isolated substitutional atom on Ga sites. Electrical and IR
absorption measurements show that the Be is fully compensated by native defects for
all doping concentrations studied. We find that the conduction occurs through
hopping via nearest neighbor native deeplevel defects. Figure 3 shows IR absorption
spectra for the sample doped 10'® cm™ after increasing temperature anneals. The
absorption at 1000 nm is due to As antisite defects and is proportional to the defect
concentration. The annealing study indicates the defects begin to anneal away at
450°C. High temperature annealing at 800°Cisrequired to fully activate Be acceptors.

Paramagnetic Relaxation of Substitutional Defects in

I1I-V Semiconductors
M. Hoinkis anp E.R. WEeBER

Arsenicantisite defects (As atoms on Ga sites, Asg,) in GaAs and their relationship
to the technologically important EL2 defect have been a controversial subject for the
last decade. Recently, we have shown through studies of the Electron Paramagnetic
Resonance (EPR) signalintensity versus temperature thatarange of As;,* defectsexists
in GaAsand that EL2 isan As,"-related defect in the lowest possible strain field with
the longest spin-relaxation times of this class of defects.

* Hewlett Packard, Microwave Technology Division, Santa Rosa
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Signal Intensity versus (Microwave Power)!/2 Figure 4

Relationship between the EPR
signal intensity of Asg," in
GaAs, Feg 0 in GaAs, and
Ps.” in GaP vs. square root of
the microwave power, which is
proportional to the microwave
magnetic field strength.
Typical EPR spectra for these
defects are shown in the side
panels. (XBL 918-1715)
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These previous studies developed empirical relationships between strain fields
and relaxation times. Specifically, increasing distortion fields were found to resultin
decreasing spin-relaxation times. Therefore, it appeared to be necessary to investi-
gate further the correlation between spin-relaxation times and the paramagnetic
electron wavefunctions.

To address this issue, quantitative spin-relaxation studies were performed on
several defects in III-V semiconductors. The common feature between the defects
studies was that the defect atom substitutionally occupied the Ga lattice site in the
host crystal. Specifically, we compared the Asg,” defectin GaAs with the Fe ;" defect
in GaAs, and the Pg,* defect in GaP.

Many qualitative features of the saturation behavior of these three defects are very
similar. Figure4 shows the relationship between EPR signal intensity and microwave
power for these spectra, takenat4.2 K(Asg,"and P;," ) and 21.5 K (Feg, ), respectively.
A detailed quantitative analysis found the Pg,” spin relaxation time constants to be
T, =107 sec. and T,=10" sec. at 4.2 K, those of the Fe," defect at 21 K were
T, = 6.1x10° sec. and T, = 1.5x10® sec., and the product, T, . T, of the Asg,* spectrum
(=EL2 in the positive charge state) was 2x10™*sec.? at 4.2 K. As relaxation times
increase strongly with decreasing temperature, this result demonstrates a much
weaker coupling of the Feg, " wavefunction to the lattice than those of the two anion
antisite defects. The similarity of relaxation behavior of the antisite defects in GaAs
and GaP suggests that both spectra are likely due to corresponding atomic configu-
rations, which for the GaP case was shown to be isolated, undistorted antisite defects.

CRYSTAL GROWTH RESEARCH

Studies of Semi-Insulating GaAs Grown by Vertical Gradient Freeze
E. BourreT, J. GuiTRoN, AND E.MeRk*

It has been demonstrated that the vertical gradient freeze method produces single
crystals of GaAs of improved electrical homogeneity and low dislocation densities.
Reproducible growth of semi-insulating crystals has been achieved by using total
liquid encapsulation by B,O, . The effect of B,O, water content on the structural and
electrical characteristics of the crystals was investigated.

The crystals grown by total liquid encapsulation do not exhibit the highly inhomo-
geneous dislocation distribution typically found in crystals grown by LEC. A W-
shape pattern can be identified, but the absence of slip systems at the periphery of the

* Postdoctoral fellow supported by the Swiss National Science Foundation
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100 Figure 5
g Activation of silicon implants on wafers from crystals grown with dry
& BoO3 (e). Data are compared with activation obtained by others on
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Figure 6

New experimental set-up for growth of n-type Te doped 3" diameter GaAs
crystals: view of the growth chamber which can be operated in a vertical
gradient freeze or vertical Bridgman mode. (BBC 902-1507)

wafer is encouraging. The crystals grown with wet B,O, have a lower dislocation
density distributed in a less pronounced W-shape than the crystals grown with dry
B,0O,.

Total encapsulation with wet B,O, results in crystals with a low concentration of
boron (10" em™) and carbon (<10 cm™). The silicon contamination however is
increased by the use of wet B,O,. Wet B,O, oxidizes SiO released by devitrification of
the quartz ampoule which in turn is released to the GaAs by reaction of the silicon
oxide with Ga. Dry B,O, is always a good barrier to ambient contamination since it
is extremely stable up to high temperatures. Therefore by using total encapsulation
with dry B,O, in a PBN crucible, crystals of purity comparable to crystals grown by
Czochralski can be obtained even in the presence of a quartz chamber.

The crystal grown with wet B,O, shows a sharp drop in resistivity toward the tail
end which is due to an increase in both Si and Ga concentrations. The EL2
concentration of these crystals is slightly lower than those of crystals grown with dry
encapsulant and drops toward the end of the crystals. Using As-rich charges, semi-
insulating crystals of a resistivity up to 3x10°Q cm and a mobility of about 5500 cm?/
Vs have been obtained using dry B,O, as the encapsulant.

The activation efficiency of implanted Si has been investigated to assess the
suitability of the crystals for doping by direct implantation techniques. Silicon ions
%Si were implanted at a 62angle off <100> to prevent channeling. The implants were
activated by a one step, capless proximity method, rapid thermal annealing of the
samples at 950°C for 7 seconds. The implantations were performed under various
conditions with an energy range from 120 to 140 keV and a dose range from 5x10'% to
10" cm™. The activation efficiency is defined as the ratio of the carrier concentration
obtained by Hall measurements to the atomic concentration of a particular implant.
The results are reported in Figure 5 and compared to results obtained by others for
silicon implants on undoped LEC grown crystals. The activation efficiencies for
implants in our crystals are similar to those of implants in LEC crystals. This
demonstrates that total liquid encapsulation for the vertical gradient freeze tech-
nique, even in the presence of a quartz chamber, is a viable technique for producing
semi-insulating crystals.
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Vertical Bridgman growth of 3" Diameter Te-Doped GaAs Crystals

R. My, E. BourgerT, J. Guitron, A. ST. AMouRr, anp A.G. ELuoT*

A new experimental set-up (Figure 6) has been implemented for growth of n-type
Te doped 3" diameter GaAs crystals. The apparatus can be best described as a
Czochralski puller converted into a computer-controlled vertical gradient freeze/
vertical Bridgman furnace. The heating element is a graphite “picket-fence” type
heater. It is surrounded by layers of graphite and low density alumina shaped to
provide proper insulation and so that a temperature environment suited for the
crystal growthisachieved. The seedingand growth conditions havebeendetermined
experimentally by using a BN dummy charge to simulate the GaAs since the two
materials have close thermal conductivities. The equipment is now ready for the
growth experiments.

THIN FILMS AND INTERFACE
METAL CONTACTS TO IlI-V SEMICONDUCTO

Stability of Pt/InGaAs Contacts
D.A. Ouson, K.M. Yu, J. WasHBurN, aND T. SanDs

Many metal/AIIIBV systems react to form layered structures, with a metal-BV or
metal-Alll phases present at the substrate/reacted layer interface. The reaction rate
is usually diffusionlimited, i.e., exhibits a parabolicdependence on time. The product
phases often exhibit an orientation relationship with the substrate. By varying the
composition (and hence lattice parameter) of the semiconductor, the misfit between
the product phase and the substrate can be added. The impact of this change in misfit
on the morphology of the dipnictide product phase and the reaction kinetics was the
focus of this study.

The interactions between Pt and In Ga, , As for different values of x were investi-
gated using 70 nm Pt films. Pt/In;,Ga;As was shown to form many of the product
phases encountered in the Pt/GaAs and Pt/InP reactions: PtGa, Pt,Ga, PtIn,, and
PtAs,. The reaction products showed a layered structure, especially for higher
temperatures and longer annealing times. However, unlike the binary cases, the
PtAs, phase was randomly oriented and was intermingled with a significant amount
of PtIn,. For this ternary composition, the PtIn, product phase developed a particu-
larly strong orientation preference on the substrate, despite its large mismatch (~8%)
and the reaction progressed at a rate lower than vt. This reduced reaction rate is of
interest for achieving more stable contacts for use in solid state devices.

The Influence of Near-interfacial Stoichiometry on the Barrier Height of
Schottky Contacts to GaAs’

Z. LiuentaL-WeseR, E.R. WEBER, J. WasHsuan, J.H. Weaver

One of the fundamental unresolved questions in electronic materials research is
the mechanism of Schottky barrier formation at metal/semiconductor interfaces. We
found consistently that metal deposition on GaAs causes an accumulation of excess
Asinthe semiconductor near the metal interface. The stoichiometry near the interface
depends on the deposited metal and the annealing history of the sample.

A confirmation of this mechanism was achieved by studying contacts formed
without the disruption of the semiconductor surface typical of atom-by-atom depo-
sition. These contacts were prepared using a novel method of depositing pre-formed
clusters on the semiconductor surface, a method that minimizes surface disruption.
In these structures, the interface between the clusters and the substrate was abrupt,
and no reconstruction in the GaAs beneath the clusters was found. Analytical

* Hewlett-Packard, Optoelectronic Division
tSupported in part by the SDIO/Innovative Science and Technology program administered through ONR
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electron microscopy performed in the semiconductor below the clusters did not show
any deviation from stoichiometry of the sort observed for atom-by-atom deposition
of metals onto the GaAs surface. The Fermi-level positions of these structures
determined in-situ by photoemission spectroscopy showed pinning distinctly differ-
ent from the pinning positions near the midgap determined for the same metals
deposited atom-by-atom by normal evaporation.

This contribution represents a major breakthrough in the fundamental under-
standing of Schottky barrier formation.

Characterization of Thin Epitaxial Films
High Resolution Study of Quantum Well Interfaces

Z. LILIENTAL-WEBER

Samples with differing thicknesses of AlGaAs/GaAs were investigated. A special
technique, chemical imaging, was applied to study the roughness at the AlGaAs/
GaAs and GaAs/AlGaAs interfaces. It was found that the interfaces where AlGaAs
was grown on GaAs were abrupt (roughness not larger than 2.8A) but the interface
where GaAs was grown on AlGaAs was much broader (up to 9A) . The roughness of -
the interfaces was found not to depend on the thickness of the quantum wells.

Structure of MBE GaAs Layers Grown at Low Temperatures
Z. LiientaL-WeseR, E.R. WeseR, J. WasHeurn, W. Swiber, K.M. Yu, K. KorTaigHT, F.W. SmitH* AND A.R. CaLawa*

A systematic study of the change in structural quality of GaAs layers grown at
temperatures between 180°C and 210°C by molecular beam epitaxy (MBE) was
performed by transmission electron microscopy (TEM). It was found that the crystal
quality is related to the growth temperature. At lower growth temperatures a higher
amount of As was incorporated and larger changes in the lattice parameter were
observed. These layers have high resisitivity, a large trap density, and a dielectric
breakdown strength about ten times that of semi-insulating GaAs, and they can be
used to eliminate sidegating in GaAs MESFET circuits.

LT GaAs of high crystalline perfection can be grown by MBE when the lattice
parameter difference between the layer and the substrate is not larger than 0.1% for
layer thicknesses as large as 2.7um. This can be achieved with a growth temperature
of 200°C or above. At lower growth temperatures (190°C and below), pyramidal
defects with polycrystalline cores surrounded by microtwins, stacking faults, and
dislocations are formed if the layer exceedsa certain critical thickness. Their formation
isdueeither tohigh Asincorporationin the LT-GaAslayer related to lattice strain (0.45
eV per atom) due to the lattice parameter change, or to poor growth morphology at
lower temperature. A 600°C anneal of LT GaAs epilayers grown at 200°C leads to the
formation of As precipitates, which removes a large part of the excess As from the
GaAs unit cell, leading to a decrease of the lattice parameter of the layers . In the
absence of structural defects, these precipitates are small (~2 nm). In contrast,
structural defects may serve as nucleation sites for the excess As, leading to the
formation of large precipitates (~20 nm).

Structure of Photodectors with InGaAs/GaAs Graded Superlattices’
Z. LILENTAL-WEBER AND R. MARIELLE

The study between vertical electron transport and crystal defects at strained
InGaAs/GaAs layers were investigated. The samples were grown on GaAs substrate
doped by Si (1x10"” em®) followed by In,Ga, , As/GaAs strained-layer-superlattices
(SLSL) finished by p-type GaAs. The SLSL consisted of two or three parts: a region
withaveragebandgap decreased from that of GaAs, and a region withbandgap larger
than GaAs.

* MIT Lincoln Laboratory
T Work sponsored by Lawrence Livermore National Laboratory
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Figure 7

High resolution transmission electron micrograph of AlGaAs/GaAs quantum wells.
(XBB 897-5637)
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TEM study showed formation of large half loops beneath SLSL, but no threading
dislocations can be seen in the SLSL region. The layer with constant SLSL exhibit
more strain. The P-i-N devices exhibited useful detection efficiencies for light
wavelength from 0.9 to 1.15 mm.

A\IGaAs:

Variation of Dislocation Morphology with Strain in GexSi1-x
Epilayers on (100) Si

E.P. Kvam, D.M. Marer, C.J. HumpHREYS, J. WASHBURN

A change in microstructure, including dislocation Burgers vector, length, and
behaviour has been observed to occur when the epilayer mismatch is varied in
GexSil-x grown on (100) Si. Atlow mismatches (<1.5%), there is an orthogonal array
of very long 60° misfit dislocations. At higher mismatches (>2.3%) there is a mixture
of 60°and edge dislocations. The nature of the microstructure hasa pronounced effect
on the density of threading dislocations in the epilayer, which increase by a factor of
~60 x through a relatively small range of mismatch (1.7 to 2.1%, corresponding to x
ranging from 0.4 to 0.5).

The production of misfit 60 °dislocations in the low-mismatch materials examined
was shown to be due to an internal faulted loop (the diamond defect) operating as a
modified Frank-Read source. The resultant microstructure was very inhomoge-
neous, with dislocations highly clustered (in comparison to the random spacing of
thearray ofedge dislocationsat high mismatch). Further, despite extensive dislocation,
very little of the dislocation content at low mismatch was edge type. Typical low-
mismatch and high mismatch epilayer microstructures are shown in Figure 7.

The gradual change from 60° to edge type interfacial dislocations with increasing
mismatch hasbeen documented, as has the concurrent rapid increase of epithreading
dislocation density.

A two-stage process of dislocation introduction is proposed to explain the transi-
tion in misfit dislocation morphology which occurs inSi-Ge on 5i(001) epilayers, with
predominantly 60° type at low mismatch to predominantly edge type above about
45% Ge (~2% bulk mismatch). This transition seems to be associated with a point of
critical strain for surface nucleation of 60° misfit dislocations, followed by a coopera-
tively-induced nucleation and propagation of a second, complementary dislocation
to forma pure sessile edge dislocation. The subsequent locking up of dislocations in
a sessile state resultsinarapid increase in the number of threading dislocations in the
epilayer.
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Figure 8.

1.8 MeV *H’* channeling spectra from Ge implanted Si <100>
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Size Effect in Parabolic Quantum Wells
W. WaLukiewicz, P.F. Hopkins®, M. Sunpram*, A.X. Gossarp*, ano R.M. WesTerveLTt

Recently, new semiconductor heterostructure devices, the remotely-doped wide
parabolic wells, have been introduced. These structures have been demonstrated to
contain thick layers (> 1000 A) of high mobility (> 200,000 cm?/Vs) electron gas with
roughly uniform three- dimensional electron densities.

We have studied three different, remotely doped parabolic well structures.
Experimentally, low temperature electron mobility as high as 3x10°cm?/Vs has been
found in the parabolic well with electron concentration n = 10" cm™. This mobility
is much higher than the electron mobilities in uniformly doped GaAs crystals with
the same electron concentration. However, it is still at least one order of magnitude
lower than mobilities of 2D-electron gas in high quality modulation doped hetero-
structures. We have found that lower than expected electron mobilities can be
attributed to electron scattering from rough walls of the wells. This phenomenonis
anequivalentof the so-called “size effect,” which hasbeen extensively studied in thin
metal films. However, this is the first observation of the size-effect in a semiconduc-
tor system.

In order to quantitatively explain the electron mobility in these structures we
assumed that the roughness of the walls is related to screening length of the 3-
dimensional electron gas in the walls. Incorporation of the size effect reduces the
electron mobility by the factor 2 to 3. Also, asis shown in Figure 8, the absolute value
as well as temperature dependence of the experimental mobility, can be only
understood if scattering from rough walls is accounted for.

Formation of Buried Strained Si,_,Ge, Layer in Single

Crystal Si by High Dose Ge lon Implantation
K.M. Yu anp I.G. Brown?

Recently, there was a renewed interest in Si, ,Ge, alloys. The alloy in the
composition range x=2 to 30% have been grown on Si by molecular beam epitaxy
(MBE), chemical vapor deposition (CVD) and limited reaction processing. In our
study we have adopted a differentapproach. We have investigated the formation of
Si,Ge, alloy by high dose Ge implantation and solid phase epitaxy.

The implantation was carried out with the high current metal vapor vacuum arc
(MEVVA) ion source developed by researchers at LBL. Ge ions with a total dose of
~ 10" atoms/cm’ wereimplanted intoa <100> Si wafer at an average energy of 90 kV.
The implanted wafer was annealed at temperatures ranging from 500-600°C. Ruth-

* University of California at Santa Barbara
t Harvard University, Cambridge
* Accelerator and Fusion Research Division, LBL
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erford backscattering spectrometry (RBS) measurements show that the as-implanted

sample has a Ge range at = 400 A below the Si surface with maximum Ge concentra- o¥
tion of =5 atomic %. The width of the Ge distribution is measured to be~700 A. Solid

phase epitaxy of the amorphous Si and the Si; ,Ge, layer was found to startat 500 «C.

Figure 8 shows the RBS spectra in the <100> alignment from a series of samples

unannealed and annealed at 600°C for 10 min. The low backscattered yield from the

Ge in the regrown sample indicates that a coherent layer of Si; ,Ge, is formed below

~400 A of single crystal Si.

GROWTHMECHANISMS AT HETEROINTERFA C

Important scientific issues in heteroepitaxy include the role of the differing depar-
tures from thermodynamic equilibrium exhibited by different growth techniques in
controlling the interface formation; the role of interface stoichiometry in the growth
of compound materials; the difference between the growth of one material (A) on
another (B) and theinverse process (Bon A); therole of the substrate in controlling the
structure of polymorphic materials; the role of interdiffusion across growing inter-
faces in controlling defect properties. Our goal is to determine the roles of various
structural, chemical, electronic, and kinetic constraintsin controlling thin film hetero-
structure growth and properties. This multifaceted, multidisciplinary program in-
volves a variety of approaches to common materials systems. To study the role of the
growth process, we are investigating the growth of boron nitride films by sputtering,
electrochemical and chemical beam methods. To study the role of stoichiometry and
interface dipole formation, as well as the order of deposition (A/B or B/A), in
controlling the properties of metal/semiconductor and metal/insulator interfaces,
we are studying the growth of silicides (CoSi,, NiSi,) and alkaline-earth fluorides
(CaF,, SrF,) by sputtering, evaporation and molecular beam epitaxy. We also aim to
investigate the growth of II-VI materials by chemical vapor deposition and compare
that with alternative growth means, possibly including electrochemical and molecu-
lar or chemical beam methods. The resultant thin films in all of these projects are
studied both in situ and ex situ with high resolution characterization of structural and
electronic properties.

Boron Nitride Heterointerface Formation
J. KorTRIGHT, M. OwMmsTEAD, J. PorTER. J. Lo, F. EcHEGARAY, P. CuLLeN

Boron nitride is commonly found in two polymorphs, cubic and hexagonal, with
highly disparate properties. The cubic form is similar to diamond, while the
hexagonal form is structurally similar to graphite, although an electrical insulator.
We are investigating means to stabilize cubic and hexagonal boron nitride phases a
low defect density by studying growth on cubic and hexagonal substrates with
sputtering, electrochemical and chemical beam deposition techniques. The compari-
son of low temperature solid (electrochemical) and plasma (sputtering) deposition as
well as higher temperature UHV chemical beam deposition will allow us to explore
directly the influence of growth kinetics and mechanism upon order and disorder in
thin films, as well as their electrical and optical properties.
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Sputter Deposition of Boron Nitride Films
J. KorTRigHT, J. Lo, P. CuLLen

The energetic ions which form the source material in sputter deposition can over-
come kinetic barriers to the formation of metastable structures, and it is hoped that
these processes may lead to growth of the the metastable cubic form of boron nitride.
Ourinitial experiments of RF magnetron sputtering from a compound BN target onto
unheated substrates confirm literature reports that amorphous, boron-rich films
result. Using Rutherford back scattering (RBS) for composition analysis confirms that
nitrogen added to the sputtering gas reacts during the growth process to increase the
nitrogen content in the films, even making them nitrogen-rich. Future work will
further investigate this method to control stoichiometry and investigate the effects of
substrate temperature and the possibility of inducing epitaxy by using different
substrates. The sputter deposited films will be compared and contrasted with films
deposited by other means. Characterization methods will include x-ray scattering,
near-edge soft x-ray absorption, RBS, and various photon and electron spectrosco-
pies.

Electrochemical Deposition of Boron Nitride Films
J. PorTER, F. ECHEGARAY _

Unlike more traditional high-temperature methods, the low-temperature syn-
thetic processes in electrochemical deposition often produces materials which are far
from their equilibrium state. We are able to utilize a wide variety of conducting
substrates and non-traditional synthetic precursors to explore the influence of spe-
cific interfacial interactions upon thin film structure and properties. By working at
low temperature, we can effectively freeze out species or structures which may be
transient, reactive intermediates at higher growth temperatures, allowing precise
kinetic measurements. Manipulation of the oxidation state of the reagents allows us
to generate reactive intermediates on the growing surface of the heterostructure in
sub-monolayer quantities. Working with dilute solutions of oxidized solid reagents,
these experiments pose enormously reduced safety and health hazards when com-
pared to the more traditional synthetic precursors forIII-V materials. To date, we have
studied the electrochemistry of several chemical systems, including compounds of
boron, gallium, indium, thallium, nitrogen, phosphorous, arsenic and antimony. We
have designed and constructed specialized apparatus and electrochemical cells with
which to handle moisture-sensitive reagents and we have developed methods to
purify and dry the solvents and reagents.

Figure 9 shows a result related to the reduction of a boron containing compound
of possible usein BN film growth. Anoxidized precursor, in this case borontrifluoride
(BF,) is reduced at a copper surface in two steps to produce a polymeric deposit
consisting mostly of elemental boron. In the first step (A in Figure 9) a soluble reactive
intermediate, probably the BF, radical, is produced by reductive elimination. of
fluoride ion. Step B is associated with the reductive elimination of fluoride ion from
the surface of the growing film to produce local boron radical sites. The film probably
grows by a radical coupling mechanism. the resulting film is black, and sufficiently
conductive to allow growth to continue indefinitely.

Figure 10 shows an Auger spectrum of the outer surface of the deposit after it has
been exposed to humid air. Terminal fluorides have been largely replaced by oxygen,
and the presence of copperindicates that the film is discontinuous. In the coming year,
our emphasis will be upon physical characterization of the ele- mental and alloy thin
film heterostructures which we can produce by these novel low-temperature routes.
Determination of the physical structure of the films will be performed using x-ray and
Raman scattering methods as well as microscopic study using SEM, TEM and STM.
Thermal and/or photochemical processing will be explored as a method of produc-
ing films with controlled disorder. Optical spectroscopies and electrical characteriza-
tion will be used to determine the electronic properties of the materials.
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Reduction of Borontrifluoride

Figure 9

The electrochemical reduction of BF, in dry acetonitrile

35 at room temperature is shown. The rate of the reaction
< a B is proportional to the reduction current, and the driving
£ ° force for the reaction can be controlled through the
~ 25 A temperature (25°C) and the electrode potential. The
€ S~ reaction proceeds in two steps on a copper electrode
o 2 surface. A soluble reactive intermediate is produces in
5 \ process A, probably the BF, radial. A black, conductive
O 15 thin film is deposited on the electrode surface during
c T \ process B, probably by reductive elimination of FP ion
.2 1 from the surface of the fiim followed by radical-radical
g 05 coupling with BF,. The structure, composition and
go] ) properties of these thin film heterostructures are being
g o studied. (XBL 9011-3502)
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Chemical Beam Deposition of Boron Nitride Films

M. OuwmsTeAD, P. CuLLen

The standard process for the chemical vapor deposition of boron nitride films in-

volves the decomposition of gaseous diborane (B,H,) and ammonia (NH,). It is
difficult to control the stoichiometry of the films deposited in this manner, and the
constituent gasesare also toxic, requiring special handling. We are developing novel
chemical precursors which are solids or liquids at room temperature and can be easily
contained and controlled; a likely candidate is F;B:N(CH,),. Initial experiments in a
quartz ampule furnace to determine the reaction products are in progress. When
appropriate molecular precursors are se- lected, they will be utilized in the chemical
beam epitaxy chamber in the AML to grow boron nitride films.

Epitaxial Semiconductor/Metal/Insulator Systems

Silicide and Fluoride Growth on Silicon Substrates
M. OumsTeaDp, G. Wong, P. CuLLEN

The growth of epitaxial metal/insulator interfaces is not well characterized, in
spite of its significant technological implications. Complications in the growth of
such complex heterostructures include the variable stoichiometry at the interface and
the extreme differences in typical surface and electronic energies between the metals
and the insulators. Both factors influence the difference between metal-on-insulator
and insulator-on-metal deposition as well as the kinetic approach to thermodynamic
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Figure 10

Auger spectroscopy reveals that the thin
films produces by reduction of BF3 on Cu
consist primarily of elemental boron. This
figure shows an Auger spectrum of the
outer surface of an electrodeposited film
which has been exposed to humid air. It
is likely that the pristine films are fluorine
terminated on the surface, but hydrolysis

‘of this surface has resulted in displace-

ment of fluorine by oxygen. The composi-
tion of the outer surface of this deposit is
B(52%):0(36%) F(12%). The film grew as
islands, as indicated by the presence of a
signal for Cu. (XBL 9011-3503)
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stability or metastability. We plan to investigate the growth of such epitaxial metal/
insulator interfaces, with CoSi, and NiSi, as the metal layer and CaF, as the insulator,
and with silicon as the substrate. We are completing the design for the evaporation
system within the CBE/MBE chamber and are doing theoretical simulations of the
expected experimental results. In the next year we expect to grow silicide/siliconand
fluoride/silicide interfaces and investigate them with photoelectron and x-ray spec-
troscopies. We have submitted a proposal to the Stanford Synchrotron Radiation
Laboratory to perform photoelectron diffraction on these systems once SSRL returns
to full operation.

X-ray Characterization of Interface Formation

X-ray Scattering, Diffraction and Reflectance
J. KoRrTrigHT, C. Lucas

We are developing x-ray scattering, diffraction and reflectance techniques to
investigate structural aspects of interface formation. Grazing-incidence techniques
which enhance sensitivity to just the near surface region will be employed, as will
more traditional diffraction techniques to study thicker films. Early experimental
developments will include development of the capability to transfer samples from the
MBE/CBE system in UHV into x-ray experiments either at LBL or at SSRL. Subse-
quent developments will include compact vacuum deposition experiments which
will allow structural aspects of plasma-assisted interface formation processes to be
studied in situ by x-ray techniques, and the application of similar techniques to study
interface formation by electrochemical techniques. Wearealso involved inthe design
and development of an x-ray wiggler beamline at the ALS.

Growth of Wide Band Gap lI-VI Materials

J. PorTeR, M. ARNDT, F. ECHEGARAY

The non-equilibrium conditions which exist near a heterointerface during growth
have been shown to influence the generation and concentration of native defects, as
well as the lattice location and solubility of impurities on either side of the interface.
Group II-VI compounds are particularly attractive for fundamental studies because
of their promise as optical materials, and because the understanding of interface
structure at the atomic level is still very limited for this class of materials. In
preparation to form II-VI compound interfaces, we have started to evaluate available
compounds with regard to toxicity, purity, and physical parameters for use in the
existing metal-organic chemical vapor deposition (MOCVD) system in the AML
building. The synthesis and purification of new low toxicity compounds is being
discussed with members of the chemistry department at UCB. Depending on the
progress regarding the location of acceptable liquid organometallics of zinc and the
in situ generation of gaseous group VI compounds, we plan to grow the first layers
in the coming fiscal year.
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The CAM Surface Science and Catalysis program pursues interdiscipli-
nary, basic research studies of surface and interface materials, phenom-
ena, and processes at the molecular level. Theresearchisfocused on the
chemical and mechanical properties of surfaces and on the develop-
ment of new surface instrumentation to permit atomic level character-
ization of interfaces. Current research focuses on three areas.

The aim of the CATALYST DESIGN, CHARACTERIZATION AND
APPLICATIONS project is to develop a fundamental understanding of
the factors governing synthesis and performance of catalysts for a
variety of processes. The focus is on the synthesis and characterization
of novel microporous materials, including zeolites and transition metal
nitrides, carbides, and oxides; the preparation and characterization of
single-crystal, model catalysts; and the investigation of the fundamen-
tal aspects of methane conversion and char gasification. Recent research
results include several new findings:

¢ Thenucleation of NaY zeolite depends on the formation of a
high Al- content seed material (Si/Al~1).

¢ Grand canonical ensemble Monte Carlo simulations prov1de
an accurate description of the adsorption isotherm for meth-
ane in silicalite over a wide range of pressures.

e Molybdenum modified by the deposition of cobalt and sul-
fur exhibits superior hydrodesulfurization activity over clean
molybdenum single crystals.

¢ Chlorine is found to disperse platinum over aluminum ox-
ide.

o Titania deposited on rhodium can increase the catalytic
activity of rhodium manyfold for the hydrogenation of ac-
etone, carbon monoxide, and carbon dioxide.

¢ A catalyst has been discovered to oxidatively couple meth-
ane to C_ and higher olefins and paraffins with close to 100%
selectivity, producing essentially no CO.,.

The SURFACE STRUCTURE AND INTERFACE COMPOUNDS
project consists of three closely-linked efforts. The objective of the
Surface Structure and Bonding group is the development of the mo-
lecular science of surface phenomena by means of the understanding of
atomic-scale surface structure and chemical bonding of adsorbed
monolayers; the Coatings and Tribology effort produces surface films
that impart novel mechanical properties (scratch resistance, hardness)




and investigates the buried interface (solid-solid, solid-liquid) on the
molecular level. In addition to interface structure, tribological proper-
ties (friction, lubrication and wear) are measured on the atomic scale
using the atomic force microscope. The Surface Compounds effort in-
volves studies on submonolayers of atomic and molecular adsorbates,
as well as metal oxides (TiO,, ZrO, and FeO), which can modify the
chemical and mechanical properties of metal surfaces. During the past
year:

e New two-dimensional phases of sulfuradsorbed on Re(0001)
have been discovered by scanning tunneling microscopy
studies. The new phases consist of aggregates of S in the
form of trimers. They form when the local concentration
exceeds 0.25 monolayers.

* Disordered benzene molecules bonded to a Pt(111) surface
have been found to exhibit marked bending of their carbon
rings.

The INSTRUMENTATION FOR SURFACE SCIENCE project is
concerned with the development of new techniques and instruments
for the study of surfaces. These include the scanning tunneling (STM)
and atomic force (AFM) microscopes, nonlinear optical techniques,
laser and electron spectroscopies, and low energy electron diffraction
(LEED). A surface analysis facility that provides service for the entire
division is also part of this project. During the past year:

¢ . Anatomicforce microscope operating at 143 Khasbeen used
toimage ferritin, a spherical protein, adsorbed on polylysine-
treated mica.

¢ Unenhanced surface Raman scattering was observed from a
physisorbed film of methane on highly ordered pyrolytic
graphite at 12.1 K. The coverage is estimated to be about
three monolayers.

¢ An ultra-low current scanning tunneling microscope has
been used to image large polymer and biological molecules.
It avoids the typical problems of tip induced displacements
of the deposited molecules.

* Electrodeposition processes are imaged in situ on the atomic
scale with a newly developed solid-liquid interface STM.
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ATALYST DESIGN, CHARACTERIZATION AND APPLICATIONS
Microporous Materials

Zeolite Synthesis
A.T.BeL, D.M. Ginter, W.M. Henoricks anp R.F. MorTLOCK

Zeolites are widely used in industry as catalysts for petroleum processing and
chemical synthesis. The aimof this projectis to understand the chemical and physical
transformations occurring during the synthesis of zeolites from highly alkaline
aqueous gels and the function of these processes in determining the structure and
composition of the zeolites formed. These questions are being pursued through the
use of such modern spectroscopic techniques as nuclear magnetic resonance (NMR)
spectroscopy, Raman spectroscopy, x-ray diffraction, and electron microscopy, some
of which were specifically modified for these studies at CAM.

Changesin the composition and structure of the solid and liquid phases of faujasite
synthesis gels were measured over time using elemental analysis, NMR spectros-
copy, vibrational spectroscopies and x-ray diffraction. Initial mixing of the colloidal
silica, caustic and aluminate has no noticeable chemical or structural effects beyond
gelation via flocculation and adsorption of aluminum and sodium onto the silica
surface. The colloidal silica dissolves with room-temperature aging through the
successive breakage of siloxane bonds in a kinetically limited reaction. The presence
of aluminumslows the rate of siloxane bond breakage and suppresses theappearance
of dissolved silica through the precipitation of aluminosilicate species. Once the
dissolved aluminum is depleted from the liquid phase, the remaining colloidal silica
dissolves away, leaving only an aluminosilicate solid phase which can then rearrange
through interaction with silicates in solution.

An investigation was conducted of the effects of gel aging on the rate of NaY
formation, and the structure and composition of the final zeolite. The kinetics of
crystallization were followed by powder x-ray diffraction with supplemental infor-
mation provided by elemental analysis, NMR spectroscopy, vibrational spectrosco-
pies and scanning electron microscopy. The rate of crystallization and the composi-
tion of the crystalline productsare affected and strongly influenced by the composition
of anamorphous aluminosilicate solid produced during aging. Initial aging produces
an Al-rich aluminosilicate solid which readily reacts to form nuclei upon heating. The
number of nuclei is directly related to the amount of aluminosilicate precipitated.
Prolonged aging leads to incorporation of additional Siinto the aluminosilicate solid,
which appears to decrease the amount of coalescence of nuclei. Compositional
heterogeneities in the initial gel are reduced by aging. This serves toincrease the yield
of NaY zeolite and to suppress the formation of NaR and NaS zeolites.

Studies of the reactions of aluminate anions with silicate anions in highly alkaline
solutions were continued as part of an ongoing effort to understand the fundamental
physical and chemical factors governing the formation of alumino-silicates. *Si and
“Al NMR spectroscopies have been used to characterize dilute, highly alkaline
tetrapropylammonium aluminosilicate solutions. The solution compositions ranged
from 0.1 to 2 mole % SiO,, silicate ratios ([SiO,] /[(TPA),0O)) from 0.05 to 1, and Si/ Al
molar ratios from 0.25 to 5. ®Si NMR resonances were observed for Al incorporation
into the dimer, linear trimer, cyclic trimer, branched cyclic trimer, double three
membered ring (D3R), and double four membered ring (D4R) anions. Inaluminosili-
cate solutions with 2mole % SiO,, silicate ratios of less than 1.5 lead to the stabilization
of D3R(1Al) anions. The addition of DMSO (dimethylsulfoxide) to TPA (tetrapropyl
ammonium) aluminosilicate solutions provides the solutions with a high concentra-
tion of D3R(1Al) and D4R(1Al) anions. Semi-empirical quantum mechanical calcu-
lations were performed to calculate the partial charge on Si atoms in silicate and
aluminosilicate anionic structures. A correlation between the Si atom partial charge
and its experimentally observed chemical shiftassistsin theassignment*SiNMR peaks
due to soluble aluminosilicates (see Figure 1).
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In a separate investigation, the effects of tetraalkylammonium (TAA) cations on
the equilibriumdistribution of silicate oligomers in aqueous alkalinessilicate solutions
were investigated using “Si NMR spectroscopy. The results indicate that intrinsic
differences exist in the interactions involving TAA cations and those involving alkali
metal cations. The large size of the TAA cations precludes significant ion-pairing,
however, hydrophobic solvation and ion-crowding playimportantrolesin determin-
ing silicate speciation at equilibrium.

Effects of solvent structure on the equilibrium distribution of silicate oligomers in
mixed organic/aqueous solutions of tetramethylammonium hydroxide (TMAOH)
wereinvestigated using ®SiNMR spectroscopy. Theresultsindicate that the presence
of organic moleculesleads to condensation of thessilicates, particularly to double-ring
structures. Equilibrium calculations indicate that the observed extent of silicate
condensation exceeds what would be expected from mass action. The variety of
organic solvents used allowed elucidation of structure effects due to the following:
carbon chain length, carbon chain morphology, functional group, and placement of
the functional group. The structure effects of organic solvents can be attributed to the
ordering of water around the solvent molecules.

Transition Metal Nitride Catalysts
K.S. Leg, P.A. ArmsTRoNnG, A.T. BELL, anD J.A. REIMER

Hydrodenitrogenation of model compounds has been investigated over Mo,N.
Unsupported Mo,N was prepared by temperature-programmed reduction of MoO;
inammonia. The BET surface area of the final product was ~ 150m*/g. The reactions
of quinoline over Mo,N were studied in a microreactor at a total pressure of 1 atm.
Above 250°C, quinoline was observed to undergo hydrogenation to 1,2,34 tetra-
hydroquinoline, the extent of hydrogenation being determined by equilibrium. At
temperaturesabove 325°C, hydrogenolysis occurred to yield a variety of alkylanaline
derivatives. Further increase in temperature resulted in the release of ammonia and
the formation of alkylbenzene products. Atno stage was any evidence found foralkyl
cyclohexanes. The observed selectivity to alkylbenzene products is significant and
distinctly different from that observed for Ni-promoted MoS, catalysts now used
industrially. Preliminary experiments with pyridine suggest that this molecule
undergoes hydrogenation to piperidine and subsequent hydrogenolysis to form
ammonia and pentane. Investigations of the structure of pyridine adsorbed on Mo,N
using D NMR spectroscopy have recently been initiated.

Surface Science and Catalysis Program

Correlation between the *Si chemical shift
of Si atoms in silicate and aluminosilicate
anions and the partial charge on the Si
atom. (XBL 918-1709)
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Supported Vanadia Catalysts
G.T. WenT, S.T. Ovama, anp A. T. Bewl

Supported vanadia catalysts were studied using Raman spectroscopy to establish
the effects of vanadia loading and support composition on the structure of the
dispersed vanadia species. Three types of vanadia species were found to be present
on Si0,, TiO,and Al,O, supports: monomeric vanadyls, one-and two dimensional
vanadate chains, and crystallites of V,0,. Monomeric vanadyls are characterized by
a narrow Raman band in the region of 1026—1042 cm’’; the position being sensitive
to the identity of the support. The terminal V=0 groups of polyvanadate chains give
rise to a broad feature in the region of 800-1000 cm™ which, in the case of TiO,-sup-
ported V,0;, shifts to higher frequency as V,0;loading increases. Crystalline V,0O;
was detected at higher loading on three supports. Evidence from Raman spectros-
copy and O,chemisorption indicate that the dispersion of vanadia increases in the
order SiO,> Al,O,~TiO,. Raman spectra taken after the catalysts were exposed to
ethanoland water show thatonly themonomeric speciesinteract with the adsorbates.
For SiO,-supported V,O;, these interactions result in a reduction in the extent of

" bondingbetween the vanadyl groupsand the support. Similarexperiments conducted
with TiO,- and AlL,O,-supported V,O; show no evidence of a reduction in the extent
of vanadyl bonding to the support.

Catalytic Hydrogenation of CO*

The purpose of this project is to develop an understanding of the fundamental
processes involved in the catalytic conversion of carbon monoxide and hydrogen to
gaseous and liquid fuels. Attention is focused on defining the factors which limit
catalystactivity, selectivity, and resistance to poisoning, and therelationship between
catalyst composition/structure and performance. To meet these objectives, a variety
of surface diagnostic techniques are used to characterize supported and unsupported
catalysts before, during, and after reaction. The information is combined with
detailed studies of reaction kinetics to elucidate reaction mechanisms and the
influence of modifications in catalyst composition and /or structure on the elemen-
tary reactions involved in carbon monoxide hydrogenation. -

Deactivation of Ru/T iOZCataIysts During Fischer-Tropsch Synthesis*
K.R. KrisHna anD A.T. Bewl

An investigation of the causes of catalyst deactivation during Fischer-Tropsch
synthesis over Ru/TiO, catalysts has been carried out. The effects of Ru dispersion,
TiO, phase, and TiO, surface area on catalyst activity and selectivity were examined.
CO chemisorption capacity and carbon species accumulation were determined as a
function of reaction time using isotopic tracer techniques in conjunction with tem-
perature-programmed surfacereaction. The results of thisinvestigation show thatall
of the catalysts undergo deactivation with time, with no change in product selectivity.
Initially, deactivation is very rapid followed by a slower activity loss. The long-term
rate of deactivation is proportional to the initial CO turnover frequency, obtained by
extrapolation of the long-term activity data. Deactivation is accompanied by a
progressive loss in CO chemisorption capacity as well as an accumulation of various
types of carbon species. The activity and the CO chemisorption capacity can be
restored to their initial values by reduction in H, or D,. Differences in the initial ac-
tivity (measured at 1 min after start-up of reaction) of Ru supported on anatase and
Degussa P-25 titania (70% anatase, 30% rutile) can be ascribed to differences in Ru
dispersion; Ru supported on rutile exhibits a lower initial activity than the anatase-
supported catalyst with the same dispersion. TiO,-supported Ruhasahigheractivity
than SiOV, or AL,O, supported Ru, and the formation of Ti* ff sites at the adlineation
of Ru and titania is proposed to be the cause for this. Carbidic carbon, C, and

*This work was supported by the Division of Chemical Sciences, Office of Basic Energy Sciences, U.S. Department of Energy
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Figure 2

adsorbed sulfur. (XBL 918-1710)

alkylcarbon chains, C,, were observed to accumulate as reaction proceeds. C, consists
of two species C,,, which is the precursor to C,, hydrocarbons, and C,. which consists
of longer alkyl chains and does not participate in the production of gas phase
products. The inventory of the reactive C,and C,, passes through a maximum in the
first 10 min of reaction, while the longer chain C,. grows monotonically. Both types
of carbon result in a loss in CO chemisorption capacity. The rapid initial loss in
activity in the first ten minutes correlates with the C, + C,accumulation; the long-term
loss in CO uptake and catalyst activity are probably due to C,.. The alkyl chains
comprising C,. do not undergo hydrogenolysis under reaction conditions, probably
due to inaccessibility to hydrogen.

Metal and Bimetallic Single Crystal Catalyst Systems:
(Pt, Pt-Re, Mo-Co, Ni, Rh)

Fundamental aspects of catalysis are investigated by the use of well-characterized
single crystal metal surfaces. Bimetallic surfaces are produced in ultra-high vacuum
by deposition of a second metal. Additives, such as sulfur, chlorine or oxygen are
added from the vapor phase when appropriate.

Platinum-Rhenium Bimetallic System
C. Kim anD G.A. SOMORJAI

A pulsed metal vapor vacuum arc plasma gun was developed and applied to
deposit rhenium and platinum from submonolayer to multilayer quantities (Figure
2). The co-deposition of sulfur onto the Pt-Re bimetallic system has been investigated
in order to develop a Pt-Re-S model catalyst that was found to have superior activity
and selectivity for dehydrocyclization in the petroleum refining technology. The
bonding and desorption of sulfur was studied in high pressures of hydrogen and n-
hexane. It was found that the presence of the co-adsorbed hydrocarbon enhanced the
sulfur removal rate but the desorption mechanism did not change.

Selective Reduction of Nitric Oxide Using Ammonia
T. Katona AnD G.A. SOMORJAL

NO reduction by NH, to produce N, and H,0 over V,0,-TiO, catalysts in the
presence of excess oxygen is an important chemical process to reduce NO, emission
from stationary combustion based power plants. We explored platinum as a catalyst
for this reaction and it proved to be a much more active one by at least two orders of
magnitude than the oxide system. We found that NO inhibits ammonia oxidation by

Surface Science and Catalysis Program

Schematic of a Pt-Re bi metallic surface with the co-
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Figure 3
Rate oscillation of NO consumption at 316°C.
(XBL918-1711)
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O, below 250°C. Oxygen appears to catalyze the NO-NH, reaction probably by
converting NH, to reactive NH, surface species. An oscillatory reaction between NO
and NH, wasuncovered at 300°Cin certain partial pressure regimes of nitric oxide and

ammonia (Figure 3).

The Surface Science and Catalytic Behavior of Cobalt and
Sulfur Covered Molybdenum Crystals

C. KnigHT anD G.A. SoMORJAI
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Molybdenum modified by the deposition of cobalt and
sulfur was utilized for the hydrodesulfurization of thiophene
tobutenes and butane (Figure 4). When cobaltis deposited on
a stepped molybdenum crystal surface, the reaction rate in-
creases over that of clean Mo. The structures and chemisorp-
tion properties of cobalt and sulfur are explored to develop a
model catalyst thatis superior for the HDS reaction utilized in
the petrochemical technology.

Figure 4
Model Co-Mo-S Surfaces for HDS. (XBL 9010-3356)
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Studies of Catalyzed Hydrogenation Reactions on
Single Crystal Metal (Pd, Pt, Ni) Surfaces

M. Quinean, D. Garoin anD G.A. SoMORJAI

The selective hydrogenation of polyolefins and the hydrogenation of nitriles to
amines are facile reactions that readily occur near 25°C either in the vapor phase or
in a liquid solvent. We aim to understand the mechanisms of these important
reactionsby studying model single crystalnickel [Ni(111)], rhodium (stepped surfaces)
and palladium [Pd(111)] catalysts of low (1cm®) surface area and by developing a
catalytic cell for the combined liquid phase rate studies and uhv surface character-
ization. While our reaction cell is under construction, we are investigating the
structure of chemisorbed ethylene and propylamine on the metal single crystals by
thermal desorption techniques, high resolution electron energy loss spectroscopy
and low energy electron diffraction.

Oxide and Oxide-Metal Single Crystal Catalyst Systems:
_Pt/Ales, Rh/Ti iOz,- Pt/ZrOz, Cu/ZnO, Cu O, Y-Zeolite

Oxides and oxide-metal systems have unusual chemical properties and are often
used as catalysts. These model studies are aimed to explore how their structure and
composition relates to their catalytic activity and selectivity. Oxide layers are
deposited in submonolayer coverages on single crystal surfaces or on polycrystalline
foils of transition metals by depositing the metal from the vapor and subsequently
oxidizing it. The surface coverage of the oxide is monitored by selective chemisorp-
tion, electron photon and ion spectroscopies (AES, XPS, ISS). The structure of the
oxide-metal system is studied by LEED, XPS and scanning tunneling microscopy.
The chemisorption and catalytic behavior of oxide-metal systems is compared with
that of the clean metal.

The Role of Chlorine in Controlling the Surface Area and

Catalytic Activity of Platinum in Hydrocarbon Conversion
l. Bosz6RMENYI AND G.A. SOMORJAI

Chlorine, when added to platinum hydrocarbon conversion catalysts is known to
cause redispersion of the metal on the high surface area alumina support during
catalyst preparation or regeneration. In order to explore the mechanism of this
important phenomenon, model catalysts consisting of Pt-Al,O,-Cl have been pre-
pared by 1) depositing AlO, on an atomically clean platinum foil which had been
exposed to chloroform and 2) depositing Pt followed by chlorination on AlO,
prepared on a polycrystalline gold foil (Figure 5).

Figure 5
Fabrication of the Pt-Al,O -Cl catalyst system on small area (~1cm?) platinum
or gold foils. (XBL 9010-3354)
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Figure 6
The hydrogenation of CO, as a function of TiO, coverage over
the Rh-TiO, catalyst system. (XBL 905-1978)
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Ourresultsindicate that Claids theredispersionof Pton AlO, and an enhancement
of mobility of surface species is observed in the AlO,/Cl/Pt system. AlO, appears to
simply block Pt sites, and no shifts in the methyl cyclopentane toward a more
statistical ring opening can be observed.

CO TPD results show that Cl and O, are both aiding the redispersion of the metal
onsintered model Pt/ AlO, / Au catalysts, although the presence of Cl produces a new
CO adsorption site. We found no differences in the catalytic properties between
catalysts redispersed by O, and CHCL,+O, treatments.

TiOzon Rhodium
A. Borra K. WiLLiams, H.-C. Wang, D.F. OaLeTRee, M. Saumeron, G.A. SomoRual anD A.T. BewL

The growth and structure of atomically thin films of TiO,on Rhis studied by AES,
ISS, XPS and STM. The catalytic properties of the noble metal-titania system are
investigated by reactivity and selectivity studies of hydrogenation reactions involv-
ing CO bond activation. Examples include CO,, acetone, and CO hydrogenation.

Titania has been found to promote all three of the hydrogenation reactions, with
each reaction exhibiting a maximum rate at a titania coverage of 0.5 monolayer
(Figure 6). The maximum rate of CO, hydrogenation is 15 times that of the bare Rh
surface. Acetone hydrogenation showsa 6-fold rate enhancement, while COdisplays
a3-fold increase. Changes in the selectivities for each reaction are also observed upon
titania promotion. The effects of titania on these reactions are attributed to an
interaction between C-O bonds and Ti* ions located at the Rh-titania interface.

Scanning tunneling microscopy has been used to study the structure of the
monolayer of titanium oxide. After reduction with CO, titania is shown to form two
dimensional patches of atomic thickness nucleating at the steps. These patches are
composed of smaller structures with diameters around 20A. Enhanced electronic
conductivity at the periphery of the structures is revealed by the STM and is
associated with the presence of Ti*’species.

Surface Science Studies of Catalyzed Methanol Synthesis on

Copper and Cu-Zn-O Surfaces
S. Fu anp G.A. SoMoRJAl

128

The Cu-Zn-O system is important as a catalyst for methanol productioh from CO,
CO, and H,. Submonolayers to multilayers of zinc and oxygen deposited in UHV on
Cu(110) were characterized by Auger Electron Spectroscopy (AES), Low Energy
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Electron Diffraction (LEED), and Temperature Programmed Desorption (TPD) of
CO, CO, and zinc (Figure 7). Carbon monoxide adsorbs well on copper at 150K but
only poorly on the oxides of copper and zinc. Carbon dioxide adsorbs on zinc oxide
at 150K but not on copper or oxidized copper We used a combination of COand CO,
adsorption to follow theinitial growth of two-dimensional ZnO, islands and the effect
of heat and oxygen treatments on these two-dimensional islands. It is shown that
heating above 300 K leads irreversibly to three-dimensional island formation.

The interaction of methanol with Cu-Zn-O surfaces are modeled by zinc oxide
islands on Cu(110) covered with various amounts of chemisorbed oxygen. Methanol
reduces the zinc oxide, as seen by zinc Temperature Programmed Desorption (TPD)
and confirmed by Auger Electron Spectroscopy (AES), and takes oxygen away from
copper as confirmed by Low Energy Electron Diffraction (LEED) and AES. The
decomposition temperature of the formate and methoxy species from the separate
components of Cu(110) or oxygen covered Cu(110) and ZnO, are unaffected by the
presence of the other component.

The Catalytic Activity and Characterization of
Sputter Deposited Silica-Alumina Thin Films

T. NAKaYAMA, |. BézORMENYI AND G.A. SOMORJAI

These studies attempt to investigate the acid catalytic properties of thin (<100A)
silica-alumina films prepared on polycrystalline gold foil by sputter deposition using
zeolite Y catalysts with different Si/ Al ratios. We found that using this method the
thin film of silica-alumina and the target zeolite Y have a very similar compositionand
chemical Al, Si, and O environments. To clearly distinguish the activity of these
model catalysts from the background in cumene cracking as test reaction, a glass
reactor and a geometric surface area of at least 20 cm” was needed. Catalytic prop-
erties of the sputtered films using zeolite Y, silica and alumina as targets correlated
well with that of the corresponding target materials. Thus, it appears that this is a
promising technique for exploring the surface science of microporous oxide catalysts.

A review is presented of the theoretical approaches available for describing the
kinetics of gas adsorption, diffusion, desorption, and reaction on metal surfaces. The
prediction of rate and diffusion coefficients based on molecular dynamics, transition-
state theory, stochastic diffusion theory, and quantum mechanics are discussed, and
the success of these theoretical approaches in representing experimental observation
is examined. Consideration is also given to the effects of lateral interactions between
adsorbates and to the ability of lattice-gas models to provide a representation of the
dependences of rate and diffusion coefficients on adsorbate coverage. Finally, the
utility of continuum and Monte Carlo models for describing the kinetics of complex
surface processes in terms of elementary processes is addressed.

Monte Carlo Simulations of Adsorption-Assisted Desorption of CO*
8. J. Lomaaroo anp A. T. BeLL

A Monte Carlo simulation technique is presented for describing the adsorption,
surface diffusion, and desorption kinetics of molecules from metal surfaces. Lateral
interactions between adsorbed molecules are taken into account using the Bond-
Order-Conservation-Morse-Potential method. The rate of desorption observed in the
presenceof a gas-phase speciesishigher than that observed ina vacuum. The increase
in the apparent rate coefficient for desorption with increasing pressure can be
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Theoretical Models of Adsorption, Diffusion, Desorption,

and Reaction of Gases on Metal Surfaces*
S. J. LomBarpo anp A. T. Bew
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ascribed to the effects of repulsive lateral interactions on the activation energy for
desorption. The simulated kinetics are in good agreement with the experimentally-
observed kinetics for the isothermal desorption of CO from polycrystalline Pd and for
the temperature-programmed desorption of CO from Ni(100).

Analysis of Fischer-Tropsch Synthesis by the BOC-MP Approach*

E. SHustorovicH ano A, T. Bl

The BOC-MP (bond-order-conservation-Morse-potential) approach hasbeen used
to calculate the heats of chemisorption of adspecies and activation barriers for
elementary reaction steps envisioned to occur during Fischer-Tropsch (F-T) synthesis
over the periodic series Fe/W(110), Ni(111), Pt(111), and Cu(111). Dissociative
adsorption of CO to form carbidic carbon is projected to occur spontaneously on Fe/
W(110) and with a small activation barrier on Ni(111). The calculated barrier heights
for this reaction on Pt(111) and Cu(111) are high enough to preclude appreciable
dissociation of CO. Hydrogen-assisted dissociation of CO, is found to have an even
smaller activation barrier on Fe/W and Ni, but not on Pt or Cu. On all the metal
surfaces, the energeticallypreferred path for initiation of alkyl chain growth is via
insertion of a CH, group into the carbon-metal bond of a CH, group. The activation
barrier for COinsertion into the metal-carbon bond of a CH, groupis greater than that
for CH, insertion. Asa consequence, the acetyl group formed by CO insertion serves
mainly as a precursor to oxygenated products. On Fe/W, Ni, and Pt the activation
barrier for termination of alkyl chain growth by b-elimination of hydrogen is found
to be lower than that for a-addition of hydrogen, and, as a consequence, olefins are
projected to be formed more readily than paraffins. By using as examples Fe(100) and
Fe(100)-c(2x2)C,0, it is shown that carburization of an Fe (100) surface reduces the
heats of adsorption of C, O, and CO, resulting in non-dissociative chemisorption of
CO, similar to that on Pt(111). The BOC-MP model projections are consistent with the
available experimental data and contain claims that can be tested experimentally in
the future.

Analysis of Methanol Synthesis from CO and CO, by the BOC-MP Approach*

E. SHustorovicH anD A.T. Bewl

The mechanisms of methanol synthesis from CO and CO,on Cu(111) and Pd(111)
have been analyzed using the BOC-MP (bond-order-conservation-Morse-potential)
approach. The analysis was based on calculations of the heats of chemisorption, Q,
for all adsorbed species and the activation barriers, DE*, for all elementary reactions
believed to be involved in the synthesis of methanol from CO and CO,. The relevant
experimental values of Q and DE*, although scarce, agree well with the BOC-MP
estimates. The formyl and formate routes to methanol were compared. On Cu(111),
the activation barrier for hydrogenation of CO, to HCO, is found to be much larger
than that for the desorption of CO, which makes formyl formation noncompetitive.
By contrast, on Pd(111) the two barriers are calculated to be practically equal, making
it very likely that formyl groups are formed. In the presence of OH, groups, formate
formation via the reaction CO, + OH, £ HCOQO, is found to have a low activation
barrier, particularly on Cu(111), where the formate route to methanol is preferred.
The rate determining step in this case is projected to be the hydrogenolysis of formate
groups to form formaldehyde and atomic oxygen. On Cu(111) the formate route also
appears to be efficient for the hydrogenation of CO, to methanol, since the activation
barrier for H + CO, £ HCOOQ, is calculated to be smaller than that for desorption of
CO,.. The reverse is true for Pd(111), which makes the formate route to methanol
energetically unfavorable in this case. The mechanism of the WGS reaction has also
been considered. It appears that the reaction does not proceed via the formate
intermediate, and the rate-determining step for this reaction is projected to be the
dissociation of water. On Cu(111), the reverse WGS reaction is found to be competi-

*This work was supported by the Division of Chemical Sciences.
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tive with methanol formation. The BOC-MP projections are generally consistent with
the observed features of hydrogenation of COand CO, on Cu and Pd catalysts. Some
apparent inconsistencies are pointed out and discussed.

Molecular Simulations of Methane Adsorption in Silicalite’
R.Q. SnurR, R.L. Jung, A.T. BeLL ano D.N. THeoborou

Grand canonical ensemble Monte Carlo (GCMC) simulations of methane in the
zeolite silicalite have been used to predict adsorption isotherms over a wide range of
occupancies at several temperatures (see Figure7 next page). The zeolite has been
modeled using a detailed atomistic description, as have the methane molecules.
Lennard-Jones parameters for the atomic interactions have been taken from the
literature. Adsorption isotherms and heats of sorption have been predicted in good
agreement with experiment. Structural features of the intracrystalline fluid have also
been studied. Ina complementary study, the test particle insertion method has been
used to generate isotherms from molecular dynamics simulations. The results are in
excellent agreement with those from GCMC.

Kinetic Model for Cooperative Dissociative Chemisorption and
Catalytic Activity Via Surface Restructuring

R.D. LeviNe anD G.A. SoMORJAI

A kinetic model for catalytic reactions involving metal surface restructuring has
been developed. The model is an extension of the equilibrium model for cooperative
dissociative chemisorption and provides a possible explanation as to: (a) why strong
binding sites (e.g. those at high surface roughness) can also exhibit a high turnover
rate resulting in efficient catalytic activity, (b) why bond breaking occurs preferen-
tially over a narrow temperature range and, (c) why this range is lower for more open
surfaces.

All these and other conclusions derive from the central result of the model that
dissociative chemisorption of the physisorbed molecules is a cooperative process.
This behavior is due to the cooperative rearrangement of the substrate metal atoms
upon the chemisorptive dissociation of the absorbate and not to the weaker forces that
may operate among the adsorbates.

The model is a kinetic one and depends on input from experiment. In particular,
we take two general results as given. One is the well documented restructuring of the
surface upon bond breaking. The other is that upon a bare, defect-free, smooth
surface, the probability for dissociative chemisorption of an isolated physisorbed
molecule is low.

Real-Space Multiple Scattering Theory Calculations of

LEED Intensities for Stepped Surfaces
X.-G. ZHang, P.J. Rous, J.M. MacLAREN, A. Gonis, M.A. VaN Hove anp G.A. SoMORJAl

Wehave applied an extension of a newly developed real-space multiple scattering
theory (RS-MST) to calculate low-energy electron diffraction (LEED) intensities from
stepped surfaces. This will open up the possibility of determining the structure of
steps on single crystal surfaces, a major advance is understanding catalytic reactions.
In this new calculation the electron wave functions are expanded in terms of an
angular momentum basis, utilizing the property of removal invariance of systems
with semi-infinite periodicity. This strongly reduces the dependence of the calcula-
tion on the interlayer spacing and thus opens up the possibility of treating more open
surfaces. This includes in particular, stepped surfaces, to which conventional
methods cannot be applied. Applications of the formalism to various stepped
surfaces confirm the value of this new approach. Numerical techniques which can
improve the convergence as well as the speed of the RS-MST approach have been
investigated as well.

tThis work was supported by the Division of Advanced Industrial Concepts
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Figure 7

Comparison of predicted and
measured isotherms for
methane in silicalite. The
predicted isotherms were
determined using the Grand
Canonical Monte Carlo method.
(XBL918-1713)
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Composition of the Reconstructed o SiC(000-1) Surface

P. Bapziag

The structure of a silicon carbide surface has been explored theoretically. Selfcon-
sistent total energy quantum chemical calculations were performed on clusters
modelling unreconstructed as well as (V3 x V3) R30° reconstructed a SiC(000-1)
surfaces. In order to preserve the partially ionic nature of the bonds terminating the
clusters in bulk-like positions, the investigated clusters were saturated by two
different types of hydrogen-like pseudoatoms. The approach was first tested on
clusters modelling the bulk and then it was applied to model the surface. Calculated
surface energies clearly favor the Si adatom terminated (V3 x ¥3) R30° reconstructed
surface with the Sj atoms directly underadatoms (second layer in the unreconstructed
surface) substituted by carbon (Figure 10). The mechanism which favors this
particular composition is found to be a more stress-free combination of bond lengths
and bond angles.

Prediction of the Effect of the STM Sample Biasing and of Surface Defects
on the Observed Character of the Dimers in the Si(001)-(2x1) Surface

P. Babziag, W.S. VerwoEero anp M.A. Van Hove

132

Various experimental and theoretical studies have given rise to a controversy
about whether or not the dimers in the Si(001)-(2x1) reconstruction are buckled; i.e.,
tilted asymmetrically. We have performed selfconsistent quantum chemical cluster
calculations to address this controversy . The results indicate that biasing the surface,
as in the scanning tunneling microscopy (STM) experiment, is likely to produce a

- relatively symmetric STM image even if dimers in the unbiased surface are buckled,

as deduced from scattering experiments. We have also investigated a dimer close to
a surface defect, such as a step, and propose a mechanism which makes the dimer
there appear buckled to STM. This explanation would also satisfy the other results
that predict a buckling.
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Fundamental Studies of Catalytic Gasification

Selective Conversion of Methane to Higher Hydrocarbons*
H. Heinemann, P. Pereira AND G.A. SOMORJAI

In the 1989 Annual Report some early exploratory work was reported which
showed that coal gasification with steam in the presence of alkali-alkali earth oxide
catalysts could be applied to the conversion of methane to C, hydrocarbons. It was
found that when methane and oxygen were introduced during the last stages of
gasification, yields of about 10-15% of C,hydrocarbons were formed at the relatively
low temperature of 600°C.

During the current year, the discovery was made that the alkali-earth alkali oxide
catalysts could be modified with transition metal oxides and can act as methane
conversion catalysts in the absence of external carbon. It was found that methane
could be oxidatively and catalytically coupled to C, and smaller amounts of C;and C,
hydrocarbons at close to 100% selectivity at about 10% methane conversion per pass.
At this high selectivitiy oxygen consumption is minimized as is the need for purifi-
cation of recycle methane.

It appears that the reaction path is catalytic and there is no evidence for homoge-
neous gas phase oxidative reaction in contrast to most of the methane conversion
studies reported in the literature that are usually performed at higher temperatures
(about 800°C) and higher space velocities. The reaction of methane with small
amounts of oxygen is carried out in the presence of steam, typically at molar ratios of
methane:oxygen:water = 3:1:6.5 at temperatures below 600°C and at atmospheric
pressure. The role of water is not understood, but it has been shown to be essential.
In the absence of water, much lower selectivities are obtained and substitution of inert
gases, e.g., helium for water, to achieve the same partial pressure of the reactants and
products results in lower yields of hydrocarbons. The preferred catalyst used is a
calcium-nickel-potassium oxide and care has to be taken for its formulation. A very
active catalyst consists of oxides of calcium:nickel:potassium in the atomic ratio of
3:1..1. In the absence of potassium, the catalysts are not nearly as stable as in the
presence of potassium oxides. Essentially no carbon oxides are produced over
extended periods of time and selectivities are therefore about 100%. The catalyst has
tobeactivated inoxygenatabout 680 ‘Cbefore being exposed to the methane-oxygen-
steam mixture atbelow 600°. The degree of oxidation influences both conversionand
product distribution. Atabout 10-12% conversion of methane per pass, selectivity to
ethaneand ethyleneisabout86% and selectivity to C,hydrocarbonsisabout 11% with
3% selectivity to C, hydrocarbons. The total olefin to paraffin ration in this case is
about .8. .

There is an induction period to the reaction and carbon material balances indicate
that some carbon may initially be deposited on the catalyst and that this carbon may
play asignificantrolein thereaction. This and other features of the mechanismas well
as optimization of yields are currently under investigation.
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éRFACE STRUCTURE AND INTERFACE COMPOUNDS
Surface Structure and Bonding

This project aims to elucidate the atomic-scale structure and bonding of surfaces,
in particular for surfaces covered with adsorbed atoms and molecules. The surfaces
of interest are mostly metals, due to their catalytic importance, while other materials
are studied in connection with either catalysis (oxides) or tribology (Si and SiC).

The main techniques used in this project are scanning tunneling microscopy
(STM), low-energy electron diffraction (LEED) to obtain structural information, and
electron spectroscopies, primarily high-resolution electron energy loss spectroscopy
(HREELS) to determine surface composition.

Atomic Adsorption on Metal Surfaces: Sulfur on Re(0001)

J. Dunphy, D. ZecLinski, R. Hwang, A. Lopez Vazauez-De-Paraa, D.F. OaLeTree, G.A. SomMoRrial AND M. SALMERON

The structure of sulfur adsorbed on the basal plane of rhenium has been studied
inUHV with AES, LEEDand STM. Atlow coverages(<0.25 monolayers) single sulfur
adatoms form open structures with p(2x2) and c(v 3x5) rect lattices see Figures 8 (a,b)
and 9 (a,b). In these structures both the sulfur adatoms and some of the rhenium
substrate atoms are imaged simultaneously, identifying the sulfur adsorption site as
a three fold hollow site. At coverages above 0.25 ML sulfur adatoms aggregate into
trimers, first disordered and then ordered into a (3V3x3v3) R30° lattice at a coverage
of 0.45 monolayers see Figures 10 (a,b—see page 136). Two types of trimers form that
are centered around different substrate sites. Between 0.45 and 0.5 ML diamond-
shaped sulfur tetramers appear until an ordered B(ACO,(3,1,1,3)) structure forms,
as shown in Figure 11 (a, b—see page 136). With further exposure to H,S a final
structure is formed, consisting of hexagonal sulfurringsina (2¥3x2V3)R30lattice. All
of the sulfur adatoms in the three high coverage structures occupy the same type of
three fold hollow sites as in the low coverage structures.

Sulfur-Induced Metal Relaxations in the Re(0001) Surface
D. Jentz, G. Hewp, M.A. Van Hove anp G.A. SoMoRJAI

Atomic adsorbates have increasingly been found to generate relaxations of the
atomic positions at the surface of metal substrates, thanks to accurate modern
analyses. Such relaxations are thought to play a significant role in catalytic processes
over such surfaces. We studied the case of sulfur adsorption at a quarter-monolayer
coverage in a (2x2) lattice on Re(0001), using low-energy electron diffraction. The
measured diffraction intensities were compared with multiple-scattering calcula-
tions based on many possible structural models. Itis found that each S atom adsorbs
in a 3-fold coordinated hcp-type hollow site confirming the STM finding reported
above: the 3 adjacent metal atoms relax toward the S atom, while another metal atom,
not bonded to any S atom, moves up out of the surface. In the second metal layer, a
Re atom directly below the Satomrelaxes outward in the direction of the Satom. The
atomic displacements are on the order of 0.05-0.10A.

Figure 8 (Facing page)
(a) STMimage (35 x 69A) taken in the current mode of a 2x2 sulfur layer on Re(0001). (XBB 900-8700)
(b) Schematic model showing S (shaded) and Re atoms (open circles). (XBL 907-6444)

Figure 9 (Facing page)

(a) STMimage of the ¢(¥3x5) Rect. structure formed by S on Re(0001). The Re atoms are visible as the weaker spots zig-
zag inbetween the S atom rows. Notice defects (vacancies and interstitials) in the S layer. (XBB 906-5057)

(b) Schematic representation of {(a). (XBL 907-6443)

*This work was supported by the Office of Fossil Energy, U.S. Department of Energy
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A Directed LEED Search for Many Structural Parameters: Substrate Relaxations
and Buckling in Mo(100)-c(2x2)-C and -S
P.J. Rous, D. Jentz, D.G. KeLLy, R.Q. Hwang, M.A. Van Hove AnD G.A. SoMoRJAl

A newly developed automated structural search method has been applied to the
determination of as many as 15 unknown structural parameters for two different
adsorption structures on Mo(100). The method is based on tensor LEED coupled with
asteepest descentsearch thatlocatesa minimumin the R-factorin a high-dimensional
parameter space. The results are very stable despite the large number of fitted
parameters and give very reasonable structures that exhibit adsorbate-induced first
and second layer relaxationsin the substrate. A second-layerbucklingisdetected due
to S adsorption. Itis shown that an experimental angle of incidence accidentally set
off-normal by about 1° can induce artificial lateral relaxations in the surface atoms of
about 0.1A.

A Diffuse LEED Study of the Adsorption Structure of Disordered Benzene on Pt(111)
A. WaNDER, G. Hewp, R.Q. Hwang, G.S. Brackman, M.L. Xu, P. De AnpRes AND G.A. SoMoRJAI

Previous LEED structural studies of benzene chemisorption on transition metal
surfaces have relied on the presence of coadsorbed carbon monoxide to induce
ordering in the overlayer. To investigate the effect of CO on the benzene structure,
the disordered pure benzene layer chemisorbed on Pt(111) has been studied by
diffuse LEED intensity analysis. The diffuse LEED intensity has been measured using
a digital LEED apparatus and analyzed using an extension of the beam set neglect
method. The benzene is found to chemisorb in a twofold bridge site rotated by 30°
with respect to the site found for the ordered phase formed in the presence of
coadsorbed CO (Figure 12 see page --). In addition, the benzene ring is found to be
distorted. Parallel distortions are subject to large error bars, but perpendicular
spacings have been more accurately determined. These include a buckling distortion
not previously seen for benzene chemisorption on transition metal surface.

Sulfur 2 x 2 on Re(0001) Sulfur ¢(¥3 x 5)rect on Re(0001)
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Sulfur (3V3 x 3Y3)R30° on Re(0001) Sulfur (33) on Re(0001)

Figure 10 Figure 11

(a) Topographic image formed by S trimers in the (3vV3 x 3Y3)R30" (a) Periodic arrangement of S tetramers in a B(ACO2(3 ,1,1,3))
structure on Re(0001). Each triangle in the figure is made of 3 lattice on Re(0001). Although one S atom appears brighter than the
sulfur atoms as shown in the model in (b). Notice defects in the other three, it does not necessarily imply a higher elevation over the
form of S monomers surrounded by trimers and tetramers. surface. This is due to electronic effects.

(XBB 907-5511, XBL 907-6445) (b) Schematic representation of (a). (XBB 907-5508, XBL 907-6446)

Induced Ordering of Ethylidyne on the Pd(111) Surface by the

Pre-Adsorption of Oxygen: A LEED and HREELS Study
P.A.P. Nascente, M.A. Van Hove anD G.A. SoMORJAI

Overlayers of oxygen coadsorbed with acetyleneand ethyleneonaPd(111) surface
were studied by low-energy electron diffraction (LEED) and high-resolution electron
energy loss spectroscopy (HREELS) in the temperature range 150-320 K. Low
temperature adsorption of both C,H, and C,H, resulted in nondissociatively chemi-
sorbed molecules, and the pre-adsorption of oxygen did not change the LEED or
HREELS data. Atroom temperature both C,H, and C,H, formed ethylidyne (C,H,),
which poorly ordered in a (V3xV3)R30° structure. We found that pre-adsorption of
oxygen induced better ordering for C,H,;formed from acetylene exposure, but not for
C,H, derived from ethylene adsorption. We propose that pre-adsorbed oxygen
helped the ordering of the C,H,overlayer by (a) efficiently removing surface hydro-
gen and (b) attractively interacting with C,H, to give coadsorbate induced ordering.

The Surface Structure of SiC(100)-c(2x2) from a LEED Intensity Analysis

J. Powers, R. KapLan, V.M. BerMubez, A. WaANDER, M.A. VAN Hove AnD G.A. SoMoRJAI

SiC possesses important mechanical and electronic properties. In particular, it is
nearly as hard as diamond (9.2 on Mohs scale vs. 10 for diamond) and hence can be
used as a hard coating. We have initiated the first detailed structural study of the
surface of SiC, starting with the (100) crystallographic face. Several ordered struc-
tures occur, depending on the ratio of C and Si in the near-surface region. Utilizing
Auger electron spectroscopy (AES) and video low energy electron difraction (LEED),
we have examined the stoichiometric Si-terminated b-SiC(100)-(2x1) surface and the
C-rich b-5iC(100)-c(2x2) surface. The latter surface structure may be produced by Si
sublimationfroma (2x1) surface or by thermal decomposition of C,H, ona(2x1) surface.
Both routes produce the same surface structure, although the C,H, decomposition
produces a better ordered surface. The (2x1) surface is presumed to be similar to the
Si(100)-(2x1) surface, in which adjoining surface atoms bend towards each other
(dimerize), reducing the number of unsaturated surface bonds. Our dynamical LEED
study concentrated on the carbon-rich c(2x2) structure. Preliminary findings strongly
suggest that C-C dimers bridge adjacent pairs of Si atoms with an otherwise bulk-like
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Figure 12

Benzene adsorbs with notable distortions on Pt(111). Top panel shows side view parallel to
surface, exhibiting a buckling (bending) distortion. Bottom panel shows view perpendicular
to surface, illustrating location of benzene relative to metal atoms. Note expanded carbon-
carbon bond lengths, relative to the gas phase value of 1.40A. Hydrogen atom positions are
guessed. (XBL 9011-3575)

o

Figure 13

Expected structure of SiC(100)-c(2x2), from a
dynamical LEED analysis. Top panel shows
view perpendicular to surface, with C-C dimers

|1.26A| between uppermost Si atoms. Bottom panel
Cec= shows critical dimensions. (XBL 918-1714)
o N 162A
Si Si -
| 3.08A |

substrate (Figure 13). Reasonable Si-Cand C-C bond lengths are found. Investigation
of possible relaxations in the SiC substrate is underway.

Coatings

Zirconium Oxide on Platinum
V. Mauricg, K. TakeucH:, M. SALMERON AND G.A. SOMORJAI

Zirconium oxide films were deposited onto a Pt(111) surface by resistively heating
a Zr wire under oxidative conditions. The composition and structure of the surface
was determined by AES, ISS, XPS and LEED. Below 700K, the growth of the oxide
films is 2D up to the completion of a monolayer. Zr is in the 3+ oxidation state. Upon
brief annealing above 900K in oxidative conditions, ordered ZrO, films are formed
with the fcc structure of bulk ZrO,. The (111) planes of the ZrO, films grow parallel
to the (111) substrate plane. Multilayer ordered films can be grown with a thickness
of at least 7 monolayers, although with a substantial amount of defects.

The schematic drawing in Figure 14 shows the atomic arrangement of O (large
circles) and Zr (small circles) as seen from above the crystal surface. This model is
based on LEED studies. Notice the periodic O vacancies on the last surface plane.

Figure 14

Schematic model of the atomic arrangement of
oxygen (big spheres) and zirconium (small
spheres) at the surface of a multilayer deposit on
the Pt(111) surface. Notice the oxygen
vacancies. The model is based on the LEED
symmetry and cell dimensions. (XBC 903-2062)
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Bonding Properties of Perfluorinated Ethers on Zirconium Oxide Thin Films
V. Mauricg, K. TakeucH!, M. SALMERON, G.A AND SOMORUJAI

The ordered zirconium oxide thin films grown on platinum (111) crystal surfaces
are used as model systems of ZrO, hard coatings. Their surface chemisorption
properties have been explored. Ethers and fluorinated ethers that are used as
lubricants on ZrO, have low heats of adsorption, 11kcal/mole. While the chemisorp-
tion of ethers is sensitive to the presence of surface defects that present higher binding
energy sites, the heat of adsorption of fluorocarbon ethersremain unchanged. Theco-
adsorption of water decreases the binding energy of fluorinated ethers on ZrO, while
ethers are unaffected in this circumstance.

The Structure, Interface and Mechanical Properties of Hard Carbon Thin Film
Produced by Plasma Assisted Chemical Vapor Deposition (PACVD)

K. KosavasHi, G. VANDENTOP AND G.A. SOMORJAI

Hard, amorphous carbon films are produced from methane by PACVD. The
coatings contain hydrogen (H:C=1) and their hardness is proportional to the ion
power (number of ions times their kinetic energy) of the plasma. They adhere well
to the substrates (silicon, glass, gold) only if a silicon carbide layer is formed at the
substrate-carbon interface during the film deposition. These studies are extended to
produce diamond films that require different experimental conditions (high H,/CH,
ratio, higher substrate temperatures) for its formation.

The Preparation and Characterization of SiC Thin Films Produced From Methyl-

Silane by Plasma Assisted Chemical Vapor Deposition
M.P. DeLpLancke , J.M. PoweRrs, G.J. VANTOP AND G.A. SOMORJAI

SiC hard coatings were produced from CH,SiH, plasma. The films contain
hydrogen (H:Si~1) but their Si:C ratio is that in silicon carbide. Silicon carbide films
were deposited by plasma enhanced chemical vapor deposition (PECVD) utilizing
monomethylsilane (CH,SiH,). Silicon (100) and polycrystalline gold were used as
substrates. A mass spectrometric analysis of the monomethylsilane plasma showed
that the majority of the Si-C bonds were preserved in the gas phase. The composition,
the density and morphology of the amorphous SiC: H(a : SiC : H) films were studied
as a function of substrate temperature, composition of the ion flux bombarding the
surface and the kinetic energy of these ions. The surface science techniques utilized
for these investigations include XPS, AES, SEM , FTIR and Raman spectroscopies.

It was observed that films formed at the powered electrode at high temperature
(573 K) exhibited superior properties compared with films formed at the grounded
electrode under the same conditions. The density of the powered electrode films
formed at 573 K was high (3.2 g/cm?) and close to the bulk value. A large amount of
compressive stress was developed in these films, but their adhesion to the substrates
(gold or silicon) suggested the formation of strong chemical bonds at the interfaces.

The differences between the powered and the grounded electrode films could be
attributed to the energetic ion flux bombarding the surface of the powered electrode.
This bombardment was responsible for the lower hydrogen incorporation, for the
purity of the films grown at this electrode, and for the possible formation of interfacial
bonds.

The substrate temperature also controlled the properties of the films. Its increase
reduced the hydrogen concentration as well as the oxygen contamination.

The mass spectrometric analysis of CH,SiH, plasma showed clearly the advantage
of this gas in the preparation of SiC. The majority of the Si-C bonds were preserved
in the gas phase, increasing the probability to include this type of bonds in the films.
Differences in the ion flux composition were observed between the two electrodes
and could explain the difference in the film composition.
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INSTRUMENTATION FOR SURFACE SCIE
Scanning Probe Microscopy

Scanning probe microscopes such as the scanning tunneling microscope (STM)
and the atomic force microscope (AFM) are powerful tools for the determination of

the atomic and electronic properties of surfaces. We describe six different novel :

applications of these microscopes.

STM of Chafge Density Waves

J. CLarkg, R. E. THomson, A. ZETTL AND B. Burk

There has been a continuing debate concerning the commensurability of charge
density waves (CDW) with the underlying atomic lattice. The layered material 1T-
TaS, hasa complex series of phase transitions and exhibits a CDW atall temperatures
at which the material is stable (T<600 K). This CDW undergoes several rotations
relative to the atomic lattice and in recent years the phase known as the nearly-
commensurate (NC) phase hasbeen particularly controversial. This phaseis present
when 1T-TaS, is cooled from 350 K to 180 K, and the average CDW wavevector (as
measured by x-ray diffraction) is incommensurate with the underlying atomic
lattice. However, a theory has been proposed in which the CDW arranges itself into
small commensurate domains which are separated by discommensurations. Atthe
discommensuration, the CDW undergoes a phase slip which corrects for the
mismatch between the average CDW wavevector and the commensurate CDW
wavevector, thus insuring that the average CDW wavevector is the measured
incommensurate value.

Several STM studies have been performed on the NC phase of 1T-TaS, to answer
the question of whether these commensurate domains and accompanying discom-
mensurationsexist in this phase. Most groups have tried to analyze the STM images
directly for evidence of commensurate domains or phase slips. These analyses have
been unconvincing because they were quite subjective and there was no consensus
about the existence and character of the domains. We have performed a careful
study using not only the real space STM images butalso the Fourier transform of the
images. The theory that first proposed the domain model predicted satellite peaks
surrounding the CDW peaksin the Fourier transform. We have analyzed the Fourier

transform of our data in the NC phase and found these satellite points. This is the -

first clear demonstration of this discommensuration in the NC phase of 1T-TaS, by
any technique.

Low Temperature Force Microscopy of Biological Materials
J. CLARKE M. G. L. GustarssoN anD K. A. FisHer®

Biological systems are notin general conductive enough to be 1maged with STM.
Since the atomic force microscope (AFM) does not require the sample to be conduct-
ing, it is a more suitable instrument for such samples. At room temperature, large
biomolecules undergo strong thermal motion, which limits the possible resolution
of any microscopy. These molecules are also mechanically soft, and are thus easily
deformed or moved even by the weak forces applied by the AFM tip. These problems
are all alleviated by lowering the temperature. However, work at low temperatures
must be done either in ultra high vacuum or under a suitable liquid, to avoid
condensing contaminants onto the surface. For these reasons, we have developed an
AFM system which operates at 143 K immersed in n—pentane.

Figure 19 (see next page) shows a demonstration of sample stabilization at low
temperature. The sample is ferritin, a 10 nm spherical protein, adsorbed on polyl-
ysine-treated mica. At room temperature, (a), the ferritin molecules are severely
deformed and moved by the tip. As shown in (b), they can be immobilized by
applying a 2 nm amorphous carbon coating, but the coating prevents high resolu-
tion. At 143 K, the sample is stabilized without any coating (c). These results
demonstrate graphically the improvements in rigidity gained by cooling b1010g1ca1
samples. We are now working towards higher resolution.
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Figure 15

a)

AFM images of individual molecules of ferritin (a 10 nm spherical protein), demonstrating stabilization at low temperature. Image (a) is
acquired at room temperature, and is severely blurred by sample deformation. In (b), the sample has been stabilized at room temperature
by a 20 nm carbon coating, but the coatmg prevents high resolution. At 143 K, (c), the molecules are stable without the need for coating.
(XBL 900-9004)
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Atomic Force Microscopy (AFM) Studies of Organic Overlayers
G. Neusauenr, W. KoLeg, D.F. OgLeTree anp M. SaLMERON

-The AFM is applied to the study of the forces exerted by the tip as it approaches a
layer of organic molecules bound to a silicon substrate. These molecules include
octadecilsilane (OTS) that forms self-assembled monolayers. As the tip approaches
the film, it experiences first an attractive force (van der Waals) and then a repulsive
one as it contacts the top of the film and later the hard Si substrate as shown in Figure
16. Simultaneously the tunnel current is being measured. The objective is to
understand the mechanism of electron transport through the non- conductmg mo-

lecular layers of polymers and blomolecules

Application of STM to Studies of Bio-Organic Materials: Low Current STM

T. Witson, M. Murray, D.F. OcLeTReg, M. Beonarski, C. CANTOR AND M. SALMERON

The existence of repulsive forces between the tip and the surface in the STM is
responsible for many of the difficulties encountered when merging biomolecules.
These molecules are usually weakly bound to the surface and are displaced by the
scanning tip. Inaddition, these large molecules are poorly conducting. To solvesome
of these problems we have modified our STM in such a way that they can operate at
lower currents on the picoampere range. Thisis three orders of magnitude lower than
typically used in standard STM instruments.

In this manner we can operate the STM with the tip moved farther away from the
substrate as to allow imaging of large molecules without displacement. When the
same area is imaged at lower gap resistances only the graphite substrate structure is
visible, and the organic overlayer is disrupted.
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Figure 16

Force exerted on the tip by a Si surface with a self-assembled monolayer of
alkylsilane (27A thick). As the tip approaches the surface, first an attraction is felt
(upward bending curve). The attraction turns into weak repulsion as the tip
contacts the molecular layer, and then into a strong repulsion (straight inclined
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PR line) as the tip contacts the silicon substrate. (XBL 909-3062)
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In Situ Investigations of Surface Reactivity by STM

B. McInTYRe , M. SALMERON, G.A. SoMORJAI

A scanning tunneling microscope designed to operate in controlled environments
of temperature (273473 K) and pressure (107°-10° torr) has been constructed. With
this we plan to study catalyst surfaces in situ in an attempt to obtain atomic level
information of phenomena such as mass transport, adsorbate induced restructuring,

and the role of defects and steps in surface chemistry.

ESTM for Solid-Liquid Interface Studies

J.-X. CHen, T. Devine, M. SALMeERON

We have developed an Electrochemical Scanning Tunneling Microscope (ESTM)
to study solid-liquid interface phenomena in-situ. We have investigated the change
in surface morphology of a silver electrode that was roughened by an oxidation-
reduction cycle in 0.1 M KCl. The roughening treatment was known to produce
Surface Enhanced Raman Scattering (SERS) signals. Coarsening of this roughened
surface was observed after immersion at -0.2V (SCE) for 24 hours. This implies that
decrease in SERS signals may be caused by such relaxation phenomena.

We have also investigated the deposition of Ag onto HOPG substrate. The
deposition took place at the atomic step. Stripping away the Ag deposits restored the
atomic resolution of the substrate.

The in-situ ESTM will be applied to atomic scale studies of surface process driven
by electrochemical reactions, such as chemisorption, under potential deposition
(UPD), etc. ‘

Theory of Surfaces

S. G. Louig, X. -W Wang, D. TomANek

First-principles calculations are carried out to explainand predict the structureand
properties of surfaces and chemisorption systems. Emphasis is on providing a
microscopic understanding of the scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) images and the optical and photoemission spectra of
systems of particular relevance to the experimental efforts in CAM. The theoretical
methods employed include ab initio pseudopotential density functional calculations
for ground-state properties and quasiparticle self-energy calculations for excitation
spectra. These methods allow accurate determination of solid state and surface
properties from those of the atoms. Systems under investigation include hydrogen
chemisorption on Pd surfaces and diamond surfaces, atomic-scale friction of Pd layer
on graphite, and limits of resolution in AFM images of graphite.

Ab initio density functional calculations have been carried out to investigate the
interaction of hydrogen with the Pd(001) and Pd(110) surfaces and with bulk
palladium. The results for the H-Pd systems are further complemented by calcula-
tions for the H, molecule, the bulk and the clean (001), and (110) surfaces of Pd. In the
case of H in bulk Pd, the equilibrium geometry and electronic structure are deter-
mined, and the nature of the Pd-H bond elucidated. For the adsorption systems H/
Pd(001) and H/Pd(110), the calculations from first-principles yielded the preferential
adsorption sites, bond lengths, and vibration frequencies of the adsorbate. The H-
induced softening of Pd surface phonon frequencies is related to a corresponding
softening of Pd-Pd interactions in the bulk hydride phase.

The atomic scale friction associated with a layer of Pd atoms moving across a
graphite substrate is investigated by performing ab initio total energy calculations.
The friction energy caused by variations of the chemical bond strength and work
against an external force (load) due to variations of the bond length along the
trajectory is evaluated. It is found that there is only a very small dependence of the
Pd-graphite interaction on adsorption site which gives rise to a very small friction
coefficient m =10 for loads near 10° newtons. The computed mis shown to increase
with load in agreement with recent (AFM) experiments.
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Hydrogen plays an important role in determining the structure and properties of
diamond surfaces and in the growth of diamond films. First-principles calculations
are being carried out to study the electronic and structural properties of clean and
hydrogenated diamond surfaces. This is the theoretical part of a coordinated effort
to investigate these systems. On-going experimental work includes electron-stimu-
lated desorption measurements at Sandia Livermore and surface phonon measure-
ments using Second Harmonic Generation techniques at LBL. For the (100) surface,
the calculated results yield a dimer surface geometry with structural parameters
analogous to the 5i(100) surface. The theoretical objectives for themonophydrideand
dihydride surfaces include the determination of the geometry, hydrogen vibration
spectra, and chemisorption energetics.

Linear and Nonlinear Optical Studies of Interfaces

Probing the Structure of the Adsorption Layer of Soluble
Amphiphilic Molecules at the Air/Water Interface

Viowa Voaet, C. S. MuLLiN, anp Y. R. SHeN

Adsorption of soluble amphiphilic molecules from a bulk solution to an air/water
interface is a problem of great importance in several disciplines. It is, however, not
well studied because of the lack of experimental probes. The surface concentration
is determined by the bulk concentration but the relationship (adsorptionisotherm) is
difficult to obtain experimentally. Whether the excess molecules at the interface form
a single monolayer or multiple ordered monolayers of totally or partially polar-
oriented molecules is also not known. We have found that the recently developed
optical second harmonic generation (SHG) technique is ideally ‘suited for such
investigations. The SHG process is forbidden in a system with inversion symmetry,
and is therefore particularly sensitive to polar ordering of molecules at an interface.

Figure 17 shows that the adsorbed layer of soluble C;H,,-C,,H,-SO,Na (C6NS)
molecules at the air/water interface of a saturated C6NS solution has the same
nonlinear susceptibility ¢® as a fully packed monolayer of insoluble C,;H,,-C,;H,-
SO,Na (C18NS) molecules, indicating that both have the same surface density and
orientational ordering. No ordered surface sublayer can be detected in the C6NS case.

A High-Power, Widely Tunable, Picosecond Coherent Source from
Optical Parametric Amplification in Barium Borate
J. Y. Huang, J. Y. ZHang, Y. R. SHen, C. CHen*, ano B. Wu*

In spectroscopic studies and other applications, widely tunable, high-power, psec
coherent laser pulses are often desirable. This can be achieved with a psec laser-
pumped optical parametric amplifier (OPA). We report our preliminary results of
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Figure 17

(a) Second-order susceptibility xF((2),pm) versus the surface density of insoluble C18NS molecules at the air/water interface (0.5 M NaCl
solution with pH 5.6 at 20°C). The monolayer is close-packed at the surface density of 2.7 molecules per nm? as indicated by the broken
line. The accuracy of xF((2),pm) is + 2%. (XBL903-5414Y) (b) Second-order susceptibility xF((2),pm) versus the bulk concentration of
the soluble C6NS molecules (0.5 M NaCl solution with pH 5.6 at 20°C). xF((2),pm) of a saturated absorption layer is indicated by the

broken line. (XBL901-5415)

* With Fujian Institute of Research on the Structure of Matter
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experiments on such a device using a newly discovered nonlinear optical crystal,
barium borate (BBO). The crystal has not only a large nonlinearity and a high laser
damage threshold but also a wide transparent range from near infrared to uv (4-0.2
mm). We show thatit is possible to obtain, from angular tuning of BBO, narrow-band
(o(~,)3 A) high-energy (> 200 m]) widely tunable (0.4-2 mm) pscc pulses with a
maximum pump-to-signal energy conversion better than 30%.

Study of Copper Diffusion into Polyimides by Optical Second Harmonic Generation
J. Y. ZHang, Y. R. SHen, D. S. Soang, anp D. PauscHINGER

Optical second harmonic generation (SHG) can be used to study metal cluster
formation and diffusion into polyimide (Pl) by monitoring the signal in-situ and as a
function of time. The highly sensitive SHG and its ability to perform in-situ
measurements allow a mechanistic study of diffusion and formation of metal clusters
at polyimide surface. We report here some preliminary results on our recentdiffusion
measurements of Cu into fully cured polyimide at different temperatures using SHG.
It was found that the formation of Cu clusters on the surface impedes the diffusion of
Cuinto polyimide. Figure 18 showshow SHG responds to the diffusion of Cu clusters
into polyimide. We also observed the effect of an intermediate titanium (Ti) layer as
a diffusion barrier ata Cu/Pl interface. A monolayer of Ti appears to be sufficient to
restrict Cu diffusion into PL

SHG versus time from a polyimide sample covered with an 8

40 hours to remove Cu atoms and small Cu clusters from the
“sample surface via diffusion into the bulk. (XBL 9010-4704)
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Unenhanced surface Raman spectroscopy is used as a vibrational probe of phy-
sisorbed and chemisorbed molecules and films on a variety of surfaces from 12 K to
well above room temperature.

Recent developments in two-dimensional low noise detectors as implemented in
our laboratory allow unenhanced surface Raman spectroscopy of physisorbed and
chemisorbed adsorbates and of thin films. The sensitive Raman apparatus is coupled
with an ultrahigh vacuum chamber capable of cooling samples to 12 K and equipped
with LEED/ Auger surface characterization and with ion bombardment and heating
for surface cleaning. The goal of this work is to study the vibrational-rotational
energy levels of molecular adsorbates.

Following the first Raman measurements of a physisorbed system at low, near-
monolayer, coverages—N, adsorbed on Ag(111) at 14 K down to a coverage of 1.7
monolayers—other adsorbates and substrates have been investigated.

In order to investigate adsorbates whose interactions with the substrate are too
weak for physisorption at 14 K, the sample holder and its thermal connection to the
cryogenic cooling unit were carefully re-evaluated and redesigned. Itis now possible
to cool substrates down to 12.1 K.

Surface Science and Catalysis Program
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Background signal from inelastic scattering from surface plasmons and Raman
scattering from carbon impurities were observed to limit the ability to study sub-
monolayer coverages on silver. To avoid these effects, studies have been initiated on
highly ordered pyrolytic graphite (HOPG) substrates. Itis relatively easy to prepare
an HOPG surface which has a background signal comparable to that of the cleanest
Ag(111) surface away from spectral regions containing the well-known first- and
second-order HOPG Raman bands. Utilizing the redesigned sample holder the
Raman spectrum of a physisorbed film, from an exposure between two and ten
Langmuirs (2 L is one monolayer) of CH, on HOPG at 12.1 K, has been observed.
Raman spectra from thicker multilayer N, and CH, films on HOPG have also been
obtained. During these experiments it was observed that laser powers as low as 10
mW could drive off CH, films as thick as20 monolayers. Laser heating of the substrate
requires further investigation.

Raman Studies of Surfaces and Materials *

G.M. RosensLATT

The purpose of this project is to utilize and develop Raman and related optical
techniques for the study of surfaces and materials. The project uses unenhanced
Raman spectroscopy to study surface and near-surface composition; to characterize
technologically important materials; to study materials systems under both ultrahigh
vacuum (UHV) conditions and at chemically important pressures and temperatures;
and to provide new information concerning rotational and vibrational energy levels,
dynamics, and reactivity of molecules adsorbed on a variety of surfaces. Raman
instrumentation developed for this project uses an imaging photomultiplier detector
to achieve the sensitivity required to obtain unenhanced Raman spectra from mono-
layer films on well characterized surfaces. By explicitly utilizing the two-dimensional
detection capability of the imaging photomultiplier, spatially-resolved Raman spec-
tra are obtained. Combined with automated computer analysis and sample move-
ment, these spectra provide unique, spatially-resolved vibrational data for the map-
ping of chemical, physical, and mechanical properties at or near the surface of
materials, with unprecedented speed. The high sensitivity of the apparatus allows
materials studies by Raman spectroscopy which were heretofore impossible.

Mapping Materials Properties with Raman Spectroscopy

Utilizing a Two-Dimensional Detector
D.K. Vers, J.W. Ager lll, E.T. Loucks, ano G.M. RosensLaTT

Figure 19

Profiles of the monoclinic
fraction, me, across crack tips
in microengineered zirconias
having varying degrees of
fracture toughness, obtained in
a spatially resolved Raman
experiment. Upper graph:
MgO stabilized zirconia with
22% maximum transformation
and a zone width (FWHM) of 1
mm with a fracture toughness
of 16 MPaV¥m. Lower graph:
CeO_ stabilized zirconia with
2% maximum transformation
and a zone width (FWHM) of
230 pm with a fracture
toughness of 9.5 MPavm.
(XBL 903-872)

Raman spectroscopy probes the atomic vibrations of a material and can yield
important information about the chemical, physical, and mechanical properties of
materials. Measurements of chemical composition, thermodynamic phase, tempera-
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* This work was supported by the Director's Exploratory Research and Development Fund of the Lawrence Berkeley Laboratory
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ture, or stress can be made with Raman spectroscopy with a spatial resolution
approaching 5 um. We have developed a technique that allows us to obtain and
analyze many Raman spectra, over a significant area of a sample, in a reasonable
period of time, in order to profile or map the property of interest. Producing a detailed
map of the chemical or physical properties of a material may require collection and
analysis of tens of thousands of spectra. Previously, it was not possible to produce
such maps, because of the time taken to acquire and analyze Raman spectra from
many individual points.

Inour approach, Raman scattered light is collected from a slit-like illuminated area
on the sample and imaged onto the entrance slit of a monochromator. A two-
dimensional detector collects the dispersed light. We use a microchannel plate PMT
detector with a position-sensitive resistive anode, but the method could also be
implemented with a charge coupled device (CCD) detector. Up to 1024 Raman
spectra are collected simultaneously, each representing a point along the illuminated
line. The data are analyzed to produce a one-dimensional profile of the desired
chemical or physical property. Successive sample translations build up a two-
dimensional map of the desired property from successive one-dimensional profiles.
The spatial resolution and spectral precision are 5 um and 0.16 cm’, respectively.
Although our experiments have utilized Raman scattering, the approach can be
adapted to the collection and analysis of data from other spectroscopic techniques
which disperse light collected from a sample, e.g., photoluminescence.

One application of spatially resolved Raman is the quantitative measurement of
phase-transformed zones in phase stabilized zirconias (PSZ’s). Phase stabilized
zirconias are members of a new class of fracture-resistant ceramics based upon the
discovery that the stress-induced martensitic transformation from the tetragonal to
the monoclinic phase may be induced in the fine ZrO, grains in the vicinity of a
propagating crack. The degree of toughening is related to the spatial extent and the
amount of transformation of the transformed zone. For a complete understanding of
these materials, a quantitative measure of the extent of transformation (spatial and
amount) is required. These experiments were performed in collaboration with R.O.
Ritchie and R. Dauskardt of LBL’s Center for Advanced Materials.

Spatially resolved Raman spectroscopy of phase transformations accompanying
cyclic-fatigue crack growth in PSZ has revealed zone sizes ranging from 230 to 1500
pm and amounts of transformations ranging from 0.2% to 20%. Figure 1 shows
transformed zones in two zirconia samples. Individual maps have been constructed
from the acquisition and analyses of 66,560 Raman spectra in 5.4 hours (0.3 seconds
per spectrum); the total time includes sample translation, data collection, data
analysis, display, and storage of results. Performing the same experiment using a

-linear multichannel detector and two-dimensional sample translation would take
several months; single channel detection extends the required time to many years.
The sensitivity of the technique is shown in the first quantitative measurement of the
transformation zone ina CeO, stabilized zirconia (CeO,-TZP, cf. Figure 19). The small
amount (ca. 2%) and extent (230 um) of the transformed zone would make this
analysis very challenging with any other technique.

Laser Heating Effects in the Characterization of

Carbon Fibers by Raman Spectroscopy
J.W. Ager lll, D.K. VERs, J. SHAMIR, AND G.M. ROSENBLATT

Carbon fibers are widely used as a structural material in composites because of
their high tensile strength-to-weight ratio (up to ten times that of steel). The first-
order Raman spectrum of single crystal graphite (e.g., highly ordered pyrolytic
graphite or HOPG) consists of a single peak at 1581 cm™ (G-band). In disordered
graphites a second peak (D-band) appears near 1355 cm™. Both the D- and G-bands
appear in the first-order spectra of the annealed carbon fibers we studied. The ratio
of the integrated intensities of the D-and G-bands, I,/I;, can berelated to the in-plane
microcrystallite size, La. The I,/]; ratios of carbon fibers annealed at successively
higher temperatures decrease steadily, indicating that the average microcrystallite
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size is larger in fibers annealed at higher temperatures.

In the Raman characterization of single carbon fibers, the fiber isheated by thelaser
in the probed area. Because the frequencies of both the G- and D-bands are
temperature dependent, changes in the Raman spectrum occur. At sufficiently high
laser powers permanent changes in the physical structure of the fibers can be
produced. ‘In this work changes in the Raman spectra of carbon fibers caused by
different processing conditions are separated from changes caused by laser heating.

The Raman spectra of individual 8 pm diameter PAN-derived carbon fibers which
had been annealed at five temperatures from 1700°C to 2800°C were measured as a
function of incident laser power from 1 to 140 mW. In all fibers studied, the
frequencies of the G-band and the disordered-induced D-band shift to lower fre-
quency with increasing laser power. The largest shifts observed before the fiber is
physically damaged are about 13 cm™ at a laser power of 30 mW. The band positions
decrease further at higher laser power, up to a maximum of about 20 cm’at 40 mW,
and at powers above 30 mW the linewidths and the I,/I; intensity ratio change
irreversibly as the fiber begins to erode. The irreversible changes extend several
hundred um away from the 2 pm spot illuminated by the laser.

To quantify the degree of laser heating the temperature dependence of the Raman
shift (G-band) in pure bulk, highly oriented pyrolytic graphite (HOPG) was mea-
sured. The present experiments show thata laser power of 30 mW heats an 8 um fiber
to 330°C and that above 330°C irreversible changes are produced by erosion of the
fiber. Even a laser power aslow as 10 mW causes a temperature increase of ca. 100°
and a G-band shift of ca.3.5cm™ ina 2800 ‘C annealed fiber. To study the heating effect
in more detail, a Raman imaging experiment was carried out in which a 0.1 mm spot
on a fiber is heated by a focused laser beam while the fiber is illuminated for Raman
characterization along a 1.6 mm length by a low power probe beam. The spatially
resolved Raman shifts obtained in this way are combined with the HOPG frequency-
temperature calibration to obtain the in situ temperature profile of the laser heated
fiber, as shown in Figure 20.

The observations show that reproducible room-temperature characterization of
the bonding and microstructure in fine carbon fibers by Raman spectroscopy must be
carried out at very low incident laser power and/or by extrapolating measurements
back to zero laser power. Upon doing this, the present experimental conclusions are
in accord with previous studies that used similarly annealed fibers. For example, for
the fibers studied here, the G-band frequency and the I,/ I ratio both decrease with
increasing heat treatment temperature. The results also indicate that the I,/ ratio
may be larger in the interior of the fiber than in the surface layer.

o

Al

Figure 20

In situ temperature profile of a high-modulus carbon fiber determined from the
measured G-band frequency as a function of vertical position along the fiber. The
solid line is a fit to a simple heat transfer model with a laser power absorbed by the

-1

0

Position (mm)

1

fiber of 20 mW and a fiber thermal conductivity of 1.1 W em™ K. The inset shows
the experimental geometry, with a point-focused, high power heating laser beam
and a line-focused, lower power, probe beam. (XBL 903-872)
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Went, G. T, 5. T. Oyama, and A. T. Bell, “Laser Raman Spectroscopy of Supported Vanadium Oxide Catalysts,” J. Phys. Chem., vol.
94, p. 4240, 1990.

Williams, K. J., A. B. Boffa, J. Lahtinen, M. Salmeron, A. T. Bell, and G. A. Somorjai, “Hydrogenation of CO2, Acetone, and COon a
Rh Foil Promoted by Titania Overlayers,” Catal. Lett., vol. 5, p. 385, 1990.

Other Publications

Zhang, X.-G., P.]J. Rous, ].M. MacLaren, A. Gonis, M.A. Van Hove, and G.A. Somorjai, “LEED from Stepped Surfaces: A New Method
Based on Removal Invariance in Angular Momentum Space,” Bull. Am. Phys. Soc., vol. 35, p- 250, 1990.

Surface Science and Catalysis Program 149



LBL Reports

Badziag, P., W.S. Verwoerd, and M.A. Van Hove, LBL-29058, “Prediction of the Effect of the Sample Biasing in Scanning Tunneling
Microscopy and of Surface Defects on the Observed Character of the Dimers in the 5i(001) (2x1) Surface,” Phys. Rev. B. (In
press.)

Chang, C. D. and A. T. Bell, LBL-30011, “Studies on the Mechanism of ZSM- 5 Formation,” Catal. Lett. (Submitted.)
Fu, S. and G.A. Somorjai, LBL-29027, “Surface Studies of Zinc Oxide Growth on Cu(110),” Surf. Sci. (Submitted.)
Ginter, D. M., A. T. Bell, and C. J. Radke, LBL-30010, “The Effects of Gel Aging on Faujasite Synthesis,” Zeolites. (Submitted.)

Ginter, D.M.,G. T. Went, A. T. Bell, and C. J. Radke, LBL-30009, “A Physico-Chemical Study of the Aging of Zeolite Synthesis Gels,”
Zeolites. (Submitted.)

Hendricks, W. M., A. T. Bell, and C. J. Radke, LBL-30012, “The Effects of Organic and Alkali Metal Cations on the Distribution of .
Silicate Anions in Aqueous Solutions,” submitted to J. Phys. Chem. (Submitted.)

Hendricks, W.M., A. T. Bell, and C.]. Radke, LBL-30013, “The Effects of Solvent Structure on the Distribution of Silicate Cations in
Mixed Aqueous/Organic Solutions of Alkaline Tetramethylammonijum Silicate,” ]. Phys. Chem. (Submitted.)

Knight, C.C. and G.A. Somorjai, LBL-28834, “Surface Science Studies of Cobalt Overlayers on Clean and Sulfur Covered Mo(100)
Single Crystal Surfaces,” Surf. Sci. (Submitted.).

Krishna, K. R.and A. T. Bell, LBL-29427, “An Isotopic Tracer Study of the Deactivation of Ru/TiO7 Catalysts During Fischer-Tropsch
Synthesis,” J. Catal. (In press.)

Lewis, K.B.,5.T. Oyama, and G.A. Somorjai, LBL-28030, “The Preparation and Reactivity of Thin, Ordered Films of Vanadium Oxide
: on Au(111),” Surf. Sci. (In press.)

Lombardo, S. J. and A. T. Bell, LBL-29460, “Monte Carlo Simulations of the Effect of Pressure on Isothermal and Temperature-
Programmed Desorption Kinetics,” Surf. Sci. (In press.)

Lombardo, S.J. and A. T. Bell, LBL-29470, “A Review of Theoretical Models of Adsorption, Diffusion, Desorption, and Reaction of
Gases on Metal Surfaces,” Surf. Sci. Repts. (In press.)

Mortlock, R. F., A. T. Bell, A. K. Chakraborty, and C. J. Radke, LBL-29670, “Effect of Silicate Ratio on the Distribution of Silicate and
Aluminosilicate Anions in TPA Aluminosilicate Solutions,” J. Phys. Chem. (In press.)

Mortlock, R. F., A. T. Bell, and C. J. Radke, LBL-29327, “NMR Investigations of Tetrapropylammonium Aluminosilicate and
Borosilicate Solutions,” ]. Phys. Chem. (In press.)

Qdriozola,].A.,].Soria, H. Heinemann, ].F. Garcia dela Banda, M. Lopez Granados, ].C. Conesa, and G.A. Somorjai, LBL-26825, “The
Adsorption of NO and NH3 on Vanadia-Titania Catalysts: ESR and XPS Studies of the Adsorption,” J. Phys. Chem.
(Submitted.)

Oyama, S.T. and G.A. Somorjai, “The Effect of Vanadium Oxide Surface Structure in the Selective Oxidation of Ethanol and Ethane,”
Proc. TOCAT 1, Tokyo, Japan,1990, .LBL-29201.

Oyama, T. and G.A. Somorjai, “Structural Effects in the Selective Oxidation of Ethanol and Ethane on Vanadium Oxide,” Boston ACS
Meeting. (In Press.)

Shustorovich, E. and A. T. Bell, LBL-29418, “An Analysis of Fischer-Tropsch Synthesis by the Bond-Order-Conservation-Morse-
Potential Approach,” Surf. Sci. (In press.)

Shustorovich, E. and A. T. Bell, LBL-29624, “Analysis of Methanol Synthesis from CO and CO2 on Cu and Pd Surfaces by the Bond-
Order-Conservation-Morse-Potential Approach,” Surf. Sci. (Submitted.)

Snurr, R. Q., R. L. June, A. T. Bell, and D. N. Theodorou, LBL-30014, “Molecular Simulations of Methane Adsorption in Silicalite,”
Mol. Simul. (Submitted.)

Somorjai, G.A. and S. Ted Oyama, LBL-28055, “The Effect of Structure in Selective Oxide Catalysis: The Oxidation Reactions of
Ethanol and Ethane on Vanadium Oxide,” J. Phys. Chem., 1990.

Somorjai, G.A., K.]. Williams, LBL-29100, A.B. Boffa, M.E. Levin, M. Salmeron, and A.T. Bell, “Hydrogenation of CO7, Acetone, and
CO on a Rh Foil Promoted by Titania Overlayers,” Catal. Lett., 1990.

Somorjai, G.A., LBL-29110, “The Structure Sensitivity and Insensitivity of Catalytic Reactions in Light of the Adsorbate Induced
Dynamic Restructuring of Surfaces,” Catal. Lett. (Submitted.)

Somorjai, G.A., S. Ted Oyama, and Ann M. Carr, LBL-29024, “The Kinetics of Ethane Oxidation on Vanadium Oxide,” ]. Phys. Chem.
(Submitted.)

Somorjai, G.A., The Catalyzed Hydrogenation of Carbon Monoxide an Overview and Future Directions, in New Tr-ends in CO
Activation, ed. L. Guczi, Elsevier Sci. Publ. Co, Amsterdam, 1990, LBL-29083.

Wang, H.-C,, D.F. Ogletree, M.B. Salmeron, and G.A. Somorjai, LBL-29368, “Scanning Tunneling Microscopy Study of TiOx on
Rh(111),” ]. Va. Sci. Technol. A. (In press.)

Zhang, X.-G.,P.J. Rous, ] M. MacLaren, A. Gonis, M.A. Van Hove, and G.A. Somorjai, LBL-29082, “A Real-Space Multiple Scatttering
Theory of Low Energy Electron Diffractfion: A New Approach for the Structure Determination of Stepped Surfaces,” Surf.
Sci. (In press.) )

Invited Talks

Bell, A. T., Catalysis by Design: Will It Ever Be Possible?, College of Engineering 75th Anniversary Symposium, The University of Akron,
Akron, OH, February 1990.
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Bell, A.T., Studies of the Physicochemical Processes Involved in Zeolite Synthesis, Mobil Research and Development Corp., Princeton, NJ,
December 1990,

Bell, A. T., The Contributions of Catalyst Science to Catalyst Design of Development, Engineering Foundation Meeting on Chemical
Reaction Engineering III, Santa Barbara, CA, February 1990.
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Somorjai, G. A., Materials Science in Berkeley, Universite de Paris-Sud, January 1990.
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Kawasaki, M., G.J. Vandentop, M. Salmeron, and G.A. Somorjai, “Analysis of the Interface of Hydrogenated Amorphous Carbon
Films on Silicon by Angle-Resolved X-ray Photoelectron Spectroscopy,” Surf. Sdi., vol. 227, p. 261, 1990.
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Somorjai, G.A., P.J. Rous, and M.A. Van Hove, “Directed Search Methods for Surface Structure Determination by LEED,” Surface
Sdience, vol. 226, 15 (1990), LBL-27427.

Van Hove, M.A., M.-L. Xu, P. de Andres, A. Wander, G.S. Blackman, R.Q. Hwang, and G.A. Somorjai, “Adsorption Structure of
Disordered Benzene and Other Molecules on Pt(111) from Diffuse LEED,” Bull. Am. Phys. Soc. vol. 35, p. 589, 1990.

Van Hove, M.A., “A Glimpse of Solid Surfaces, in Multiparticle Dynamics,” Festschrift for L. Van Hove, eds. A. Giovannini and W.
Kittel, World Sci. Publ. Co., Singapore,1990, p. 821, LBL-27158.

Van Hove, M.A,, “Theory of Surface Crystallography by Forward Focusing of Secondary Electrons,” Bull. Am. Phys. Soc., vol. 35,
p. 325, 1990.

Vandentop, G.J., M. Kawasaki, R.M. Nix, I.G. Brown, M. Salmeron, and G. A.Somorjai, “The Formation of Hydrogenated Amorphous
Carbon Films of Controlled Hardness from a Methane Plasma,” Phys. Rev., vol. Bl, p. 41, (5), 1990.

LBL Reports

Badziag, P., W.S. Verwoerd, and M. A. Van Hove, LBL-29647, “Prediction of the Effect of the Sample Baising in Scanning Tunneling
Microscopy and of Surface Defects on the Observed Character of the Dimers in the 5i(001) (2x1) Surface,” Phys. Rev. B.
(In press.)

Delplancke, M.P, ]. M. Powers, G.]. Vandentop, M. Salmeron, and G.A. Somorjai, LBL-29623, “Preparation and Characterization of
PECVD Amorphous SiC:H Thin Films, J. Vac. Sci. & Tech. A. (Submitted.)

Delplancke, M.P., .M. Powers, G.J. Vandentop, and G.A. Somorjai, LBL-29461, “Preparation of SixCyHz Films from Methylsilane
by Plasma Enhanced Chemical Vapor Deposition,” Thin Solid Films.

Hwang, R.Q. and D.M. Zeglinski, A. Lopez Vazquez-de-Parga, C. Ocal, D.F. Ogletree, M. Salmeron, and G.A. Somorjai, LBL-29333,
“Formation of Sulfur Aggregates on Re(0001) Surfaces Observed with the Scanning Tunneling Microscope,” Phys. Rev.
Lett. (Submitted.)

Maurice, V., K. Takeuchi, M. Salmeron, and G.A. Somorjai, LBL-29487, “The Bonding of Diethyl Ether, Ethanol and Their Fluorinated
Analogs to Zirconium Oxide Thin Films,” Surf. Sci. (In press).

Maurice, V., M. Salmeron, and G.A. Somorjai, LBL-28699, “The Epitaxial Growth of Zirconium Oxide Thin Films on Pt(111) Single
Crystal Surfaces,” Surf. Sci. (Submitted.)

Nascente, P.A.P., M.A. Van Hove, and G.A. Somorjai, “Induced Ordering of Ethylidyne on the Pd(111) Surface by the Pre-Adsorption
of Oxygen: A LEED and HREELS Study,” Surf. Sci. (Submitted.)

Ogletree, D.F., K. Frank, and G.A. Somorjai, LBL-21694, “An Ultra-High Vacuum Sample Manipulator for Angle-Resolved Electron
Spectroscopy,” ]. of Vac. Sci. and Tech. Microelectronics, Center of North Carolina. (Submitted.)

Ogletree, D.F., RQ. Hwang, and D.M. Zeglinski, A. Lopez Vazquez-de-Parga, M. Salmeron, and G.A. Somorjai, LBL-29367,
“Scanning Tunneling Microscopy Studies of Sulfur Overlayers on the Re(0001) Surface,” ]. Vac Sci. Tech. A. (Submitted.)

Powers, ]., G.A. Somorjai, LBL-29191, “The Surface Oxidation of Alpha-Silicon Carbide by Op from 300K to 1373K,” Surf. Sci.
(Submitted.)

Somorjai, G.A.and M.A. Van Hove, LBL-27397, “Surface Crystallography by Low-Energy Electron Diffraction,” in Physical Methods
of Chemistry, Vol. 9B, eds. B.W. Rossiter, J.F. Hamilton and R.C. Baetzold, Interscience Publ., 1990. (In press.)

Somorjai, G.A., LBL-29277, “The Puzzles of Surface Science and Recent Attempts to Explain Them,” Surf. Sci. (Submitted.)

Van Hove, M.A., “Surface Crystallography at the Metal-Gas Interface,” LBL-28688, in Structure of Electrified Interfaces, eds. ].
Lipkowski and P.N. Ross, VCH Publishers, New York, 1990. (In press.) -

Vandentop, G.J., P.A.P. Nascente, M. Kawasaki, D.F. Ogletree, M. Salmeron, and G.A. Somorjai, LBL-29459, “Observation of the
Initial Stages of Growth of Hydrogenated Amorphous Carbon Films by Scanning Tunneling Microscopy,” J. Vac. Sdi. &
Tech. A. (Submitted.)

Wander, A, G.Held, R.Q. Hwang, G.S. Blackmém, M.L.Xu, P.de Andres,M.A. Van Hove, and G.A. Somorjai, “A Diffuse LEED Study
of the Adsorption Structure of Disordered Benzene on Pt(111),” Surf. Sci. (Submitted.)

Zeglinski, D.M., D.F. Ogletree, T.P. Beebe, Jr., R.Q. Hwang, M.B. Salmeron, and G.A. Somorjai, LBL-28848, “An Ultra-High Vacuum
Scanning Tunneling Microscope for Surface Science Studies,” accepted Rev. of Sci. Instr. (Submitted.)

Invited Talks

Somorjai, G.A., Computational Methods in Chemical Design, Molecular Modeling, Theory and Experiment, The Development of
Models of Surface Structure, Chemical Bonding and Reactivity. The Transition from Static to Dynamic Concepts, Elmau
3 Symposium, Schloss Elmau, Germany, October 1990.

152 Center for Advanced Materials




Somorjai, G.A., Monolayers on Single Crystal Surfaces. New Models for the Surface Chemical Bond Dunng Adsorption and
Catalysis, ACS Langmuir Lecture, August 1990.

Somorjai, G.A., Surface as a New Material, The Puzzles of Surface Science and Recent Attempts to Explain Them, 26th Yamada
Conference, Osaka, Japan, July 1990.

Somorjai, G.A., The Application of New Techniques to Study Surface Structure on the Atomic Scale. LEED, STM, AFM and SIMS,
ACS National Meeting-Boston, Kendall Award Symposium II, April.

Somorjai, G.A., The Puzzles of Surface Science and the Dynamical Reétrﬁcturing Model to Explain Them, University of Washington,
Department of Chemical Engineering, May 1990.

Somorjai, G.A., The Surface Chemical Bond, UC San Diego Colloquia, May 3.
Van Hove, M.A., Challenges to Interface Theory, Univ. of British Columbia, Vancouver, Canada, May 1990.
Van Hove, M.A., Molecular Chemisorption on Metal Surfaces vs. Metal Clusters, Univ. of British Columbia, Vancouver, Canada,

May 1990.
Van Hove, M.A,, Theory of Surface Crystallography by Forward Focusing of Secondary Electrons, APS Meeting, Anaheim,
California, March 1990.
Instrumentation for Surface Science
Refereed Journal Articles

Ager, JW,,III, D.K Veirs, J; Shamir, and G.M. Rosenblatt, “Laser Heating Effects in the Characterization of Carbon Fibers by Raman
Spectroscopy,” J. Appl. Phys., vol. 68, p. 3598, 1990.

Ager,].W.III, D. K. Veirs, and G. M. Rosenblatt, “Raman Intensities and Interference Effects for Thin Films Adsorbed on Metals,”
J. Chem. Phys., vol. 92, p. 2076, 1990.

Fisher, K. A., K. C. Yanagimoto, S. L. Whitfield, R. E. Thomson, M. F. G. Gustafsson, and J. Clark, “Scanning Tunneling Microscopy
of Planar Biomembranes,” Ultramicroscopy, vol. 33, p. 117, 1990.

Fisher, K. A, S.L. Whitfield, R. E. Thomson, K. C. Yanagimoto, M. G. L. Gustafsson, and]. Clarke, “Measuring Changesin Membrane
Thickness by Scanning Tunneling Microscope,” Biochim. et Biophys. Acta vol. 1023, p. 325, 1990.

Johnson, M. and J. Clarke, “Spin Polarized Scanning Tunneling Microscope: Concept, Design and Preliminary Results from a
Prototype Operated in Air,” J. Appl. Phys., vol. 67, p. 6141, 1990.

Rosenblatt, G.M. and D. K. Veirs, “Raman Characterization of High Temperature Materials Using an Imaging Detector," High Temp.
Sci., vol. 26, p. 31, 1990.

Salmeron, M., T. Beebe, J. Odriozola, T. Wilson, D.F. Ogletree, and W. Siekhaus, “Imaging of Biomolecules with the Scanning
Tunneling Microscope: Problems and Prospects,” J. Vac. Sci. Tech. A, vol. 8, no. 1, p. 635, 1990.

Wang, W. and S. G. Louie, “First Principles Studies of S/Mo(001) Surfaces,” Surf. Sci., vol. 226, p. 257, 1990.
Zhong, W., and D. Tomanek, “First Principles Theory of Atomic-Scale Friction,” Phys. Rev. Lett., vol. 64, p. 3054, 1990.
Referred Conference Proceedings '

Rosenblatt, GM., D.K. Veirs, JW. Ager II], and J. Shamir, LBL-27905, “Characterization of Materials with Raman Spectroscopy,” in
Proceedings of the Symposium on High Temperature and Materials Chemistry, 1990.

Rosenblatt, G. M., ]. W. Ager, 11, and D. K. Veirs, “Interference Effects in the Raman Spectroscopy of Thin Films,” Proceedings of
the Twelfth International Conference on Raman Spectroscopy, ed. J. R. Durig and J. F. Sullivan, John Wiley and Sons, p.
334, Chichester, 1990.

Veirs, D. Kirk, J.W. Ager III, and G.M. Rosenblatt, “Mapping Chemical and Physical Properties of Advanced Materials Using
Spatially Resolved Raman Spectroscopy,” in Proceedings of the XX International Conference on Raman Spectroscopy, eds. ] R.
Durig and J.F. Sullivan, p. 898, Wiley, Chichester, UK, 1990.

Other Publications

Chen, C,, Z. Yu, and Y. R. Shen, “Recent Advances in Growth and NLO Characteristics of LiB305,” Opt. Soc. of Am. 1990 Tech. Dig.
Series, vol. 7, p. 30, 1990.

Mullin, C.S., V. Vogel, M. W. Kim, and Y. R. Shen, “Study of Equilibria and Dynamics of Surfactants at the Air/Water Interface with
Optical Second Harmonic Generation,” Bull. Am. Phys. Soc., vol. 35, p. 347, 1990.

Rosenblatt, GM. and D K. Veirs, “Raman Characterization of High Temperature Materials Usingan ImagingDetector,” in Materials
Chemistry at High Temperature, ed. ] W. Hastie, Vol. 1, Humana Press, Clifton, NJ, 1990.

Shen, Y.R., R. Superfine, and J. Huang, “Up or Down? Molecular Polar Orientation Determined by Infrared-Visible Sum-Frequency
Generation Phase Measurement,” Bull. Am. Phys. Soc., vol. 35, p. 346, 1990.

Veirs, D.K,, ].W. Ager II], E.T. Loucks, and G.M. Rosenblatt, “Mapping Chemical Properties of Advanced Materials Using Imaging
Raman Spectroscopy,” in Digest of Topical Meetmg on Laser Applications to Chemical Analysis, Vol. 2, p. 10, Optical Society
of America, Washington, DC, 1990.

Vogel, V., C. Mullin, Y. R. Shen, and M. W.Kim, “Surface Adsorption Studies by Optical SHG: Soluble Monolayers at the Air/Water
Interface,” Mat. Res. Soc. Sym. Proc., vol. 177, p. 363, 1990.

Zhang,]. Y., D. Pauschinger, D. Soane, and Y. R. Shen, “Study of Metal / Polymer Interfaces by Second Harmonic Generation,” Opt.
Soc. of Am., 1990 Tech. Dig. Series, vol. 7, p. 520, 1990.

Surface Science and Catalysis Program 153



Zhang, J. Y., ]. Y. Huang, Y. R. Shen, C. Chen, and B. Wu, “Picosecond Tunable Optical Parametric Amplification in Barium and
Lithium Borates,” Opt. Soc. of Am., 1990 Tech. Dig. Series, vol. 7, p. 246, 1990.

LBL Reports rie

Burk, B, R. E. Thomson, A. Zett], and J. Clarke, “Charge Density Wave Domains in 1T-TaS2 Observed by Zagellite Structure in
Scanning Tunneling Microscopy Images,” Phys. Rev. Lett. (Submitted.)

Cho, N.-H., KM. Krishnan, D.K. Veirs, M.D. Rubin, C.B. Hopper, B. Bhushan, and D.B. Bogy, LBL-28908, “Chemical Structure and
Physical Properties of Diamond-like Amorphous Carbon Films Prepared by Magnetron Sputtering,” J. Mat. Res. (Inpress.)

Dauskardt, RH., W.C. Carter, D.K. Veirs, and R.O. Ritchie, LBL-26682, “Transient Subcritical Crack-growth Behavior in Transfor-
mation-toughened Ceramics,” Acta. Metall. Mater. (In press.)

Marchon, B, N. Heiman, M.R. Khan, A. Lautie, J.W. Ager III, and D.K. Veirs, “Raman and Resistivity Investigations of Carbon
Overcoats of Thin Film Media — Correlations with Tribological Properties,” J. Appl. Phys. (In press.)

Huang,J.Y.,]. Y. Zhang, Y. R. Shen, C. Chen, and B. Wu, “A High-Power, Widely Tunable, Picosecond Coherent Source from Optical
Parametric Amplification in Barium Borate,” Appl. Phys. Lett. (In press.)

Salmeron, M., D., D.F. Ogletree, C. Ocal, H.-C. Wang, G. Neubauer, W. Kolbe, and G. Meyers, LBL-29714, “Tip-Surface Forces during
STM Imaging,” J. Vac. Sci. Technol. (In press.)

Salmeron, M., D., M. Zeglinski, D. F. Ogletree, T. P. Beebe, R. Q. Hwang, and G. A. Somorjai, LBL-28848, “An Ultra-High Vacuum
Scanning Tunneling Microscope Providing Interfacing with Standard Surface Science Techniques and In Vacuo Tip and
Sample Transfer, Rev. Sci. Instrum. (In press.)

Salmeron, M., T. E. Wilson, M. N. Murray, D. F. Ogletree, M. D. Bednarski, and C. R. Cantor, LBL-29737, “STM Imaging at High Gap
Resistances and on Chemically Modified Silicon Surfaces,” ]. Vac. Sci. Technol. (In press.)

Salmeron, M., X. Godechot, D.F. Ogletree, ]. E. Galvin, R. A. MacGill, M. R. Dickinson, K. M. Yu, and I. G. Brown, Proceedings
Materials Research Society, Spring 1990. (In press.)

Tomanek, D., Z. Sun, and S. G. Louie, “Ab initio Calculation of Chemisorption Systems: H on Pd(001) and Pd(110).” (Submitted.)

Veirs, D.K., J.W. Ager III, E.T. Loucks, and G.M. Rosenblatt, LBL-28369, “Mapping Materials Properties with Raman Spectroscopy
Utilizing a Two-dimensional Detector,” Appl. Opt. (In press.)

Vogel, V., C.S.Mullin, and Y. R. Shen, “Probing the Structure of the Adsorption Layer of Soluble Amphiphilic Molecules at the Air/
Water Interfaces,” Langmuir. (Submitted.)

Xiao, X. D., V. Vogel, Y. R. Shen, and G. Marowsky, “Molecular Monolayers of Charge-Transfer Complexes: Protonation and
Aggregation Studied by SHG,” J. Chem. Phys. (Submitted.)

Zhang,]. Y., J. Y. Huang, Y. R. Shen, C. Chen, and B. Wu, “Picosecond Optical Parametric Amplification in Lithium Triborate,” Appl.
Phys. Lett. (Submitted.)

Invited Talks

Cho,N.-H.,M.D.Rubin, K.M: Krishnan, D.K. Veirs, B. Bhushan, and D.B. Bogy, Characterization of Diamond-like Amorphous Carbon Thin
Films, International Conference on Metallurgical Coatings, San Diego, CA, March 1990.

Fisher, K. A. and ]. Clarke, Quantifying Biological Membrane Thickness with the Scanning Tunneling Microscope, March Meeting of the
American Physical Society, Anaheim, CA, March 1990.

Fisher, K. A, M. G. L. Gustafsson, R. E. Thomson, S. L. Whitfield, K. C. Yanagimoto, M. B. Shattuck, and J. Clarke, Low Temperature
Scanning Probe Microscopy, 4th International Meeting on Low Temperature Biological Microscopy and Analysis, Cam-
bridge, England, April 1990.

Gustafsson, M., K. A. Fisher, and ]. Clarke, Studies with a Cold Atomic Force Microscope, Pacific Conference on Chemistry and
Spectroscopy, San Francisco, CA, October 1990.

Rosenblatt, G.M., Recent Developments in the Raman Characterization of Materials, Gordon Research Conference on High Temperature
Chemistry, Meridan, NH, July 1990.

Salmeron, M., Observing the Atomic Structure of Surfaces with the Scanning Tunneling and Atomic Force Microscopes, Conference
at Texas Instruments, Inc., Dallas, Texas, August 1990.

Shen, Y. R., Nonlinear Optical Characterization of Surface Molecular Monolayers, International Symposium on Nonlinear Optical
Materials, El Paso, TX, October 1990.

Thomson, R. E., U. Walter, B. Burk, Z. Zett], and J. Clarke, Scanning Tunneling Microscopy of Charge Density Waves in 1T-Ta$, Pacific
Conference on Chemistry and Spectroscopy, San Francisco, CA, October 1990.

Veirs, D.K., Imaging Using Vibrational Raman Spectroscopy, Gordon Research Conference on Vibrational Spectroscopy, Wolfeboro, NH,
August 1990.

Veirs, D.K,, Spectroscopic Imaging of Materials’ Properties, NMT Seminar, Los Alamos, NM, February 1990.Vogel, V., Organic Molecular
Assemblies at Interfaces: Structural Investigations by Novel Technique, Department of Bioengineering, University of Bioengi-
neering, University of Washington, Seattle, WA, June 14, 1990.

Vogel, V., X-D. Xiao, and Y. R. Shen, Adsorbates at Interfaces Studied by Nonlinear Optics, Topical Meeting on Laser Application to
Chemical Analysis, Incline Village, NV, February 1990.

154 Center for Advanced Materials




Zhang, ]J. Y., Y. R. Shen, D. S. Soane, and D. Pauschinger, American Society of Metals International’s 3rd Electronic Materials and
Processing Congress, San Francisco, CA, August 1990.

Contributed Talks

Burk, B., U. Walter, R. E. Thomson, M. F. Crommie, J. Clarke, and A. Zettl, Scanning Tunneling Microscopy of the Blue Bronzes
(Rb,K)0.3Mo0O3 March Meeting of the American Physical Society, Anaheim, CA, March 1990.

Chen, C., Z. Yu, and Y. R. Shen, Recent Advances in Growth and NLO Characteristics of LiB305 , Conference on Laser and Electro-Optics,
Anaheim, CA, May 1990.

Fisher, K. A., S. L. Whitfield, R. E. Thomson, K. G. Yanagimoto, M. G. L. Gustafsson, and J. Clarke, Measuring Changes in Biomembrane
Thickness with the Scanning Tunneling Microscope, poster at the 34th Annual Meeting of the Biological Society, Baltimore,
Maryland, February 1990.

Gustafsson, M. and ]. Clarke, Microfabricated Springs for Atomic Force Microscopy with Tips Made by Controlled Fracture, March Meeting
of the American Physical Society, Anaheim, CA, March 1990.

Johnson, Mark and J. Clarke, Ferromagnet-Air-Ferromagnet Tunneling and Application toa Spm Polarized STM, Meeting of the American
Physical Society, Anaheim, CA, March 1990.

Mullin, C. S, V. Vogel, M. W. Kim, and Y. R. Shen, Study of Equilibria and Dynamics of Surfactants at the AirfWater Interface with Optical
Second Harmonic Generation, Meeting of the American Physical Society, Anaheim, CA, March 1990.

Rosenblatt, GM., ]. W. Ager III, and D. K. Veirs, Interference Effects in the Raman Spectroscopy of Thin Films, 12th International
Conference on Raman spectroscopy, Columbia, SC, August 1990.

Shattuck, M. B, R. S. Bhatnagar, M. Stewart, S. L. Whitfield, R. E. Thomson, and ]. Clarke, Scanning Tunneling Microscopy of Native
Collagen, Meeting of the American Physical Society, Anaheim, CA, March 1990,

Shen, Y. R., R. Superfine, and J. Huang, Up or Down? Molecular Polar Orientation Determined by Infrared-Visible Sum-Frequency
Generation Phase Measurement, Meeting of the American Physical Society, Anaheim, CA, March 1990.

Zhang, ]. Y., D. Pauschinger, D. Soane, and Y. R. Shen, Study of Metal Polymer Interfaces by Second Harmonic Generation, Conference on
Laser and Electro-Optics, Anaheim, CA, May 1990.

Surface Science and Catalysis Program 155



Ceramic Science Program

156

The Ceramic Science Program has three linked objectives that aim to
provide a science-based framework for the improvement of perfor-
mance and the development of novel ceramics for energy technologies.
e MODEL STUDIES —the fundamental study of processes
that dictate the microstructural changes occurring during
processing and utilization of ceramics

¢ PROCESSING—the definition of quantitative constitutive
equations for densification and microstructural evolution of
powder compacts and the application of these relationships
in the development of improved or novel ceramics with
mechanical functions

¢ MECHANICAL PERFORMANCE—thestudy andimprove-
ment of the mechanical performance of ceramic materials

While the focus of program is the relationship between processing
and mechanical properties of singleand multiphase structural ceramics,
it can be appreciated that mechanical properties, characterized by
strength and toughness, often limit the performance of ceramics in
functions other than structural. Examples are ceramic electrolytes or
dielectric ceramics where limits to performance can be related to the
fracture toughness raised to a power higher than one, when failure is
accompanied by slow or catastrophic crack growth.

The MODEL STUDIES project focuses on the effects of crystalliza-
tion, polymorphic phase transformations, and particle substructure on
microstructural evolutionin powder compacts formed from an “ideal,”
nominally monodispersed, chemically synthesized titania powder are
being examined. Model experiments utilizing photolithographically
introduced, microdesigned pore/flaw structures are being used to
study high-temperature crack healing in glass.

Recent results include:

¢ The successful development of a lithography-based proce-
dure for introducing controlled-geometry internal cracklike
flaws in glass. Defects introduced in this manner form the
basis for high-temperature crack healing studies in isotropic
materials.

e The completion of an extensive study of microstructural
developmentduringsintering within compactsformed from
monosized agglomerates of nanophase TiO,.




The PROCESSINGproject looks at the important parameters influ-

encing mechanical behavior, reproducibility, and reliability of perfor-

mance—structural and chemical uniformity. The required uniformity,
however, is not readily achieved, and novel or highly controlled
processing methods need to be devised to improve significantly to
assure the required uniformity. Mechanical behavior, including high
temperature creep in particulate composites, R-curve behavior, creep-
rupture, and fatigue susceptibility, as well as the statistical distribution
of performance limits are expected to be strongly dependent on unifor-
mity. Two avenues toward structural uniformity have been developed
in this program: the manipulation of the heating schedule to include
limited grain coarsening before sintering, and the use of coated pow-
ders. With the latter, it has been possible to fabricate aluminum oxide
ceramics, containing up to 40 vol% of SiC whiskers or platelets, by
pressureless sintering of coated particles produced in this program.

Recent results include:

¢ Development of a method to produce coated powders by
controlled heterogeneous precipitation in slurries.

* DPreparation of special ceramics and homogeneous micro-
composites from coated powders.

* Structural mullite made by coating hollow silica spheres
with alumina.

The MECHANICAL BEHAVIOR project focuses on the develop-
ment of improved or novel ceramics with mechanical functions. Ce-
ramics intended for use at high temperature require not only the
retention of high strength and high fracture toughness. While chemical
stability under operating conditions is the prime factor in determining
the utility of a structural ceramic, other, less frequently assessed
properties are of concern. For example, while silicon nitride and
transformation toughened zirconias can be made with high fracture
strength and toughness, these material may suffer slow deterioration
under fluctuating load. It has been demonstrated in this program that
anumber of tough ceramics have significant fatigue susceptibility. The
origin of this fatigue susceptibility of tough ceramics is investigated.

Recent results include:
* The first demonstration of cyclic-fatigue crack growth in
SiC.
* The Modeling of transient fatigue crack growth following
overloads in PSZ.
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DEL STUDIES

Microstructural Evolution in Chemically Synthesized Titania
M.L. SHaLzZ AND A.M. GLAESER

Chemical synthesis can produce ceramic powders of highly controlled particle
size, size distribution, and shape. However, the reaction product is often a chemical
precursor to the desired material, oritis not the stablecrystalline phase. Thechemical,
physical, and crystallographic changes that produce the desired form of the powder
occur during heating, and often initiate at temperatures well below the normal
sintering temperature of the material. These changes can have a dramatic impact on
the ultimate sintering characteristics of the powder, and the microstructure and
properties of the sintered compacts. This research project has focussed on character-
ization of microstructural changes that accompany low-temperature heat treatment
of amodel powder, titania prepared by the controlled hydrolysis of titanium alkoxide
solutions.

Electron diffraction suggests the existence of short-range order in as-precipitated
titania particles; this short-range order was not detected in prior work . “Crystalliza-
tion” of this material produces one or more crystalline phases. Anatase and rutile
were observed previously; more recent work indicates that brookite can also be
formed. The differing phases that form may reflect local differences in the degree of
order, which in turn may be a consequence of local differences in the nucleation and
growth conditions. Differences in degree of short-range order may also contribute to
the batch to batch differences in the heat of transformation indicated by DSC results.
Transformation energies also depended upon the reaction atmosphere (-248-284]/g
in argon versus -337-367 J/g in air). Compact surfaces densified before internal
porosity was removed, imposing a mechanical constraint on the interior that restricts
densification, and causes the interior material to reduce its energy by faceting rather
than by densification.

High Temperature Crack Healing in Glass
H. AckLER AND A.M. GLAESER

A novel method of introducing controlled-geometry cracklike defects at internal
interfaces was developed as part of the Model Studies research program. The
morphological evolution of such defects at high temperature, high-temperature crack
healing, was studied in sapphire. Crack face and crack edge crystallography had a
profound impacton the healing mode. It was desirable to complement this work with
studies of high-temperature crack healing in an isotropic material.

The lithographic methods and bonding techniques developed to study high
temperature crack healing in sapphire have been adapted and successfully applied to
glass. Controlled-geometry internal defects can now be produced. Preliminary
studies of high-temperature crack healing by viscous flow in soda-lime silica glass
have been initiated. In this glass, morphological changes characteristic of crack
healing compete with those accompanying crack enlargement. Gas-evolving reac-
tions become important in the same temperature range within which viscous flow
initiates. Experiments utilizing ahigher-purity vacuum-degassed glassarein progress.
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PROCESSING

Effect of Particle Size on the Creep-Sintering of Narrow Size Alumina
F. Lin AND L.C.DE JONGHE

Alumina powder is classified to produce three narrow size fractions: 1.13 + 0.28
pum, 0.83£0.21 pm, and 0.39 £0.10 um. The effect of particle size on the creep sintering
is assessed from the loading dilatometry. The fine-sized compact has a higher
densification strain rate compared with those of the other two sized compacts. The
ratio of densification strain rate to creep strain rate is inversely proportional to the
initial particle size, i.e., the driving force, the sintering stress, is proportional to
(particle size)l. Under constant heating rate sintering condition (CHR =4 °C/min.),
there is negligible grain growth for all three compacts.

Dopant Effects in Particulate Ceramic Composites
G. BrRown AND L.C. DE JONGHE

The achievement of full densification in ceramic matrix composites remains an
unsolved problem in ceramic processing. The effects of doping the ZnO matrix, in
ZnO-SiC composites, with 340 ppm Al (a known coarsening inhibitor for ZnO) is
being investigated. Systematic improvements in isochronal sintered density have
been observed in doped samples containing 1, 5, 10 and 20 volume percent of
inclusions. The competition between densifying and coarsening mechanisms is
therefore of importance in the sintering of polycrystalline ceramic materials contain-
ing rigid inclusions.

Characterization of Modified Fibers for use in High Temperature Ceramic Composites
C.P. JAcoBsON AND L.C. DE JONGHE

The purpose of this work is to investigate a process for stabilizing polymer
precursor SiC fibers. In parallel to this work is an investigation into the properties of
a ceramic matrix composites made from the stabilized SiC fibers and a SiC polymer
precursor + SiC filler matrix to determine the mechanical property gains achieved by
using these modified fibers.

Silicon Carbide is a good candidate for making refractory high strength fibers due
to its high Young’s modulus and strength, high thermal stability, and low coefficient
of thermal expansion. However, the pyrolysis of organometallics to produce SiC
ceramics does not convert all the precursor material to silicon carbide and this leads
to thermal instability and fiber degradation beginning around 1000°C. Fiber degra-
dation and the subsequent reduction in fiber strength has limited these SiC fibers to
low or intermediate temperature (T < 1000°C) and so their potential for high
temperature (T > 1400°C) applications has not been realized.

This research has focused on the successful development of a simple technique for
thermally stabilizing SiC fibers derived from polymer precursor. As-received fibers
are shown in Figure 1. As-received fibers heat treated to
2000°C in an inert atmosphere are shown in Figure 2 (page
60). Stabilized fibers, heat treated in 2000°C in an inert
atmosphere are shown in Figure 3 (page 60). The stabilized
fibers clearly retain their shape even at extreme temperatures.
Future work will include mechanical testing of the stabilized
fibers and a ceramic matrix composite containing these modi-
fied fibers.

Figure 1
SEM micrograph of Nicalon fibers (magnified 770x). (XBB 911-8139)
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Figure 2
SEM micrograph of Nicalon fibers treated at 2020° C in flowing Nitrogen
(Magnified 760x). (XBB 9110-8140)

Figure 3
SEM micrograph of stabilized Nicalon fibers treated at 2020° C in flowing
Nitrogen. (Magnified 750x). (XBB 9110-8141)

Size Effects in SiC-TiB2 Composites

T. BucHANAN AND L.C. DE JONGHE

The effect of varying TiB, particle size on the mechanical properties and the
microstructure of SiC-TiB; particulate composites was investigated. The TiB; par-
ticles were classified by sedimentation methods into three size ranges: 3, 10, and 15
um. These powders and an as-received powder with a 3-10 um size range were mixed
with SiC at 10, 20, 30, and 40% volume fractions of TiBy and free sintered. The fracture
strength and toughness were tested and the microstructure examined.

Crack deflection, crack pinning and crack branching were observed. The choice of
TiB; particle size determined the primary toughening mechanism. Crack deflection
was the primary toughening mechanismin the S (3 um) series and microcracking was
the primary mechanism in the other composite series. The 30 vol% S composite had
the optimum of strength and toughness with values of 421 MPa and 5.8 MPam!/2,
respectively.

Alumina-Silicon Carbide Composites from Coated Powders
T.D. MiTcHELL AND L.C. DE JONGHE

The purpose of coated particle research is to solve problems in the fabrication of
microcomposites caused by the presence of the reinforcing phase. Agglomeration of
the reinforcing phase hinders densification of the microcomposite, requiring large
external pressures and high temperatures to achieve dense compacts. Second phase
distributionisalso hindered. These problems were greatly reduced by encapsulating
heterogeneous precipitation each reinforcing particle (SiC whisker or platelet) in
alumina prior to sintering. Coated whisker composites up to 30 volume percent were
pressureless sintered to closed porosity, previously thought to be impossible for
microcomposites with greater than 20 volume percent reinforcement. Mechanical
testing yielded average fracture toughness values of 7MPa for these composites.
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Processing of Thin Film Ceramic Electrolytes
S.J. Visco, T.W. KUEPER, AND L.C. DE JONGHE

Thin film coatings of several materials were prepared using sol-gel processing;
polymerized gels were synthesized from the appropriate metal alkoxides. The
viscosities of the gels are controlled by the amount of water added. TiO,, SrCeO,, and
ZrO, systems have been studied. Initially, thin films for process characterization were
obtained by dipping a polished single-crystal silicon wafer into the solution. This
substrate was chosen because it provides a clean, flat surface for the study of film
morphology, and because the <100> silicon gives rise to only a single peak in x-ray
diffraction, making analysis of the film structure easier. Spin coating has also been
used, and other substrates under investigation include soda glass and fused quartz.
X-ray analysis shows that TiO, and ZrO, films were successfully deposited, while
initial attempts to form SrCeO, resulted in CeO, films with another unidentified phase.
Further studies are being conducted on the relative gelling rates of cerium and
strontium alkoxide solutions.

Effect of Heating Rate on Sintering and Coarsening
M.-Y. CHu, M.N. RaHaMAN AND L.C. DE JONGHE

The sintering of zinc oxide powder compacts has been investigated at constant
rates of heating of 0.5-15°C/min. For samples with the same initial relative density
(0.50), the temperature derivative of the densification strain versus density fits within
a single, relatively narrow band. At low temperatures the densification rate as a
function of temperature increases almost linearly with the heating rate. The data,
covering a wide density range of 0.5-0.98, are consistent with an analysis thataccounts
for the coarsening, (defined asanincrease in the mean pore separation)in terms of two
classes of microstructural coarsening processes: those associated with densifying and
with non-densifying mechanisms.

Pre-Coarsening to Improve Microstructure and Sintering of Powder Compacts
M.-Y. CHu, L.C. DE JONGHE AND M.K.F. LIN

MgOand Al,O, were sintered by two types of processes: a conventional isothermal
sintering, and a two-step sintering consisting of an initial low temperature pre-
coarsening treatment before conventional isothermal sintering. The final microstruc-
ture from two-step sintering is more uniformand finer than that of compacts sintered
conventionally.

The differences between two-step and conventional processing are clarified by
experiments in pre-coarsened and as-received ZnO powders. These compacts were
pre-coarsened at 450°C for 90 hours with virtually no increase in the overall density.
The resulting grain size was 1.7 times the starting one, but the standard deviation of
the pre-coarsened powder size distribution was narrower than that of the as-received
powder. The sintering stress of the pre-coarsened ZnO is approximately 0.8 that of
the as-received one. A computational model has been used with two components of
coarsening to describe the differences in pore spacing evolution between the pre-
coarsened and the as-received system.

The benefit of two-step sintering is attributed to the increase in uniformity
resulting from pre-coarsening. The increased uniformity decreases sintering damage
and allows the system to stay in the open porosity state longer, delaying or inhibiting
additional coarsening (grain growth) during the final stage of densification. Two-
step sintering is especially useful for non-uniform powder systems with a wide size
distribution and is a simple and convenient method of making more uniform ceramic
bodies without resorting to specialized powders or complicated heat schedules.
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SYNTHESIS OF COMPOSITE CERAMICS

JAMES W. EvANS AND LUTGARD C. DEJONGHE,
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Ceramic-ceramic composites are ideally suited to high-performance aerospace
and gas turbine applications where high-temperature stability, high strength-to-
weightratios,and non-catastrophic failure modesare required. Considerable progress
has been made in chemical vapor infiltration (CVI) of fiber- and whisker-reinforced
ceramic composites. Silicon carbide/silicon carbide composites exhibit good fracture
toughness and high strain-to-failure. They are damage tolerant, i.e., the energy
required for crack propagation increases with the size of the damaged region. They
retaina large fraction of their room temperature strength at high temperaturesand are
resistant to thermal shock. A significant processing advantage of CVI composites is
the ability to form them in near-net shapes.

The primary obstacle to large-scale commercial manufacture of these materials by
CVlis the long infiltration time required to achieve low residual porosity. Infiltration
must be carried out at low temperatures and low reactant pressures (where the
deposition is controlled by the surface reaction rather than gas diffusion) in order to
avoid preferential deposition near the exterior of the preform and blocking of the pore
entrances.

Improved penetration of the gases to the interior of the preform may be achieved
by establishing a temperature gradient within the preform such that the inside is hot
relative to the outside. Preliminary mathematical modeling work at LBL has shown
that much higher rates of infiltration can occur under these conditions. Microwave
heating of the substrate, combined with poor insulation to facilitate heat loss from the
surface, produces such a thermal gradient.

A Mathematical Model for Chemical Vapor Infiltration with

Microwave Heating and External Cooling
D. GupTa AND J. W. Evans

A mathematical model has been used to compute temperature profiles in ceramic
preforms that are heated by microwaves. The temperature profiles are then input to
a second part of the model describing chemical vapor infiltration of the preform, that
is the diffusion of gaseous reactants, heterogeneous reaction and evolution of the pore
structure. Equations were solved numerically for parameters corresponding to the
infiltration of SiC preforms by pyrolysis of trichloromethylsi-
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lane. While based on some simplifications, the model leads to
the conclusion that infiltration proceeds more rapidly, and to a
200 greater extent, with microwave heating/ external cooling than
in isothermal infiltration. The model suggests that infiltration
might be optimized by manipulation of microwave power and
external cooling. The computed extent of infiltrationis seen tobe
very sensitive to the initial pore size. For example, Fig. 1 shows
the pore volume (as a fraction of the initial volume) for a pore in
a 1-cm-thick perform that is being infiltrated in this way. The
curves end at the point when the pore mouth closes, and
therefore further infiltration is prevented. Parameters in the
figure are the initial pore diameter and the heat transfer coeffi-
cients at the exterior of the preform. 3 um pores are readily
infiltrated to nearly theoretical density while smaller pores are
only partially filled.
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Figure 1

Filling of two different sizes of pores by chemical vapor infiltration under
microwave heating and external cooling. Computed results for 2.4 GHz
incident microwaves at a power density of 2 MW/m?. Preform is 1 cm thick
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L S Jal and has properties of silicon carbide; infiltration is by decomposition of
trichloromethyl silane. H is the heat transfer coefficient external to the
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Crack-Tip Transformation Zones in Toughened Zirconia
R.H. DauskaRDT, R.O. RiTcHIE, D.B. MARSHALL,* M.C. SHaw*, M.J. Reapeyt, A.H. HEuert

Transformation zones surrounding cracks in several toughened magnesia-par-
tially-stabilized zirconia ceramics were characterized by optical interference mea-
surements of surface uplift and by Raman microprobe spectroscopy. The measure-
ments demonstrated that the volume fraction of transformation is nonuniform within
the zone and that the extent of the frontal zone is approximately the same as that of
the wake. Results were used to evaluate the crack-tip shielding stress-intensity factor
and to compare with measured fracture-toughness values. The primary conclusions
from this study were that frontal zone shapes wereapproximately circular, in contrast
to that of a hydrostatic stress contour which has been previously assumed, that the
volume fraction of transformed (monoclinic) material is not uniform within the zone,
and that transformation-zone sizes for cyclically-loaded cracks were determined by
the maximum stress intensity and not influenced by the cyclic nature of the load. In
addition, computations of the reduction in crack-tip stress intensities due to transfor-
mation shielding were significantly smaller than measured toughness increases;
since these calculations were based on only the dilation component of the transforma-
tion, this result implies that other toughening mechanisms may be operating or that
the transformation shear strain component is not relieved by twinning.

Transient Subcritical Crack-Growth in Transformation-Toughened Ceramics
R.H. DauskarDpT, W.C. CARTER!, D.K. VEIRS, R.O. RITCHIE

Transient subcritical crack-growth behavior following abrupt changes in the
applied load have been studied in transformation-toughened ceramics. A major part
of this study—to develop a mechanics analysis—was developed to model the
transient nature of transformation shielding of the crack tip, Ks, with subcritical crack
extension following the applied load change. Conditions for continued crack growth,
crack growth followed by arrest, and no crack growth after the load change, were
considered and related to the magnitude and sign of the applied load change and to
materials properties such as the critical transformation stress. The analysis was found
to provide similar trends in K, compared to values calculated from experimentally
measured transformation zones in a transformation-toughened Mg-PSZ (Figure 5).
In addition, accurate prediction of the post load-change transient crack-growth
behavior was obtained using experimentally derived steady-state subcritical crack-
growth relationships for cyclic fatigue in the same material.
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MECHANICAL PERFORMANCE

This project has two major foci—fatigue of ceramics and the mechanical properties
of ceramic/metal interfaces.

Mechanical Properties of Ceramic/Metal Interfaces
Cyclic Fatigue-Crack Propagation
R.M. CanNON, B.J. DALGLEISH, R.H. DAauskaRDT, T.S. OH*, R.O. RITCHIE

The integrity of ceramic/metal joints has been investigated under mechanically
applied cyclic stresses using double-cantilever-beam and compact-tension sandwich
test specimens. Specifically, fatigue-crack propagation rates for interfacial cracks
were characterized over a range of velocities from 10 to 10* m/sec for glass/copper
and alumina/aluminum-alloy interfaces tested in moist air. Compared to corre-
sponding (stress-corrosion) results under sustained loading, it was found that true
interfacial cracks in glass/copper joints were significantly accelerated under cyclic
loads. In addition, crack extension force (G) thresholds for interfacial crack growth
under cyclic loads were some 46% lower than under sustained loads, and were
typically over 6 times lower than the interfacial toughness (G). For the alumina/
aluminume-alloy system, conversely, fracture never occurred in the interface; under
monotonic loading cracking progressed near the interface in the ceramic layer
whereas under cyclic loading failure occurred either in the ceramic or in the metal
(Figure 4). Based on a comparison with fatigue-crack growth data in bulk alumina
and bulk aluminumalloys, it was found that near interfacial crack-growth rates in the
metal were much lower than those of the bulk ceramic and showed a far higher
dependency upon the range of G than behavior in the bulk metal.

Cyclic Fatigue in Ceramics

Transformation tougheningof inherently brittle ceramic materials hasbeen widely
studied and a well developed mechanics analysis exists from which the impressive
achievements in toughening may be estimated. Compelling arguments for the
morphology of the transformation zone based on various martensitic nucleation
criterion and stress couplings, the effect of the transformable precipitate shape and
orientation on toughening, and resistance-curve behavior between the initial and
fully developed zone configurations have been formulated. The objective of this
project has been to characterize more completely the extent of transformation ahead
of a growing crack, and to consider how this phenomenon influences the growth of
cracksunder cyclic (fatigue) loading. Initial emphasis hasbeen centered on the fatigue
behavior of MgO-partially stabilized zirconia, specifically under variable-amplitude
loading and in the presence of small cracks.

Figure 4

Scanning electron micrographs of the fracture surfaces for
interfacial cracking along alumina/aluminum-alloy inter-
faces, illustrating a) cyclic fatigue failure in the aluminum
metal (by ductile fatigue striations), b) low magnification
view of the monotonic fracture surface showing intergranu-
lar cracking in the ceramic and regions of ductile fracture in
the metal, ¢) monotonic failure in the ALLO, (by brittle
intergranular fracture), and d) monotonic failure in the metal
(by microvoid coalescence). Bold arrow indicates direction
of crack growth. (XBB 900-9362)

IBM, Yorktown Heights, N.Y.
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Cyclic Fatigue Life and Crack-Growth Behavior of Microstructurally-Small Cracks
A.A. STEFFEN, R.H. DauskaRrpT, R.O. RITCHIE

Cyclic fatigue stress/life (S/N) and crack-growth properties have been investi-
gated in Mg-PSZ in a range of toughened conditions. S/N data from unnotched
samples were found to show markedly longer lives under tension-compression
compared to tension-tension loading. Moreimportantly, naturally-occurring “small”
(1to100um) surface cracks 