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FOREWORD

The third International Conference on " Vibrations at Surfaces " (VAS III) was held at

Asilomar, California, from September 1-4, 1982. It followed its two forerunners held in

Juelich, West Germany in 1978 and Namur, Belgium in 1980 with clear indications of

continuing and increasing growth in both experimental and theoretical activities, sophistication

and understanding.

Almost all of the 102 papers presented at the meeting are published in this volume. A

few papers appear as abstracts only due to prior commitment to other publication channels or

choice of authors and/or editors.

The conference attracted about 165 participants active in the field, and was organized by

a group of scientists from the IBM Research Laboratory in San Jose, California acting as local

committee. The hard-working members of this group included:

D. Auerbach F. Houle

P. Bagus A. Luntz

J. Barker H. Morawitz (Chairman)

I. Batra M. Philpott

R. Brundle J. Rabolt

T. Chuang H. Seki

F. Herman J. Swalen

To cover the range of work relevant to the theme of the meeting, a set of eight session

topics were chosen with the help of an International Advisory Committee consisting of :

S. Anderson, Sweden

G. Boato, Italy

E. Burstein, U.S.A.

C. Imbert, France

H. Ibach, Germany

D. King, England

J. Kirtley, U.S.A.

A. Lucas, Belgium

B. Lundquist, Sweden

D. Menzel, Germany

A. Otto, Germany

J. E. Rowe, U.S.A.

W. Suet aka, Japan

P. Toennies, Germany

R. Van Duyne, U.S.A.

H. Weinberg, U.S.A.



The topics chosen for the eight sessions held over a span of 3 days were: (I) Vibrational

Frequency Shifts and Widths-Lateral Interactions; (II) Dynamical Processes at Surfaces; (III)

and (IV) Electron Loss Spectroscopy; (V) Raman and Surface Enhanced Raman Scattering;

(VI) Infrared Absorption and Reflection Spectroscopy; (VII) Beam Surface Scattering -

Surface Phonons; (VIII) Electron Tunnelling Spectroscopy - Surface Enhanced Raman Studies

in Electrochemistry. In addition, C. B. Duke presented an introductory keynote surveying

progress in the field sirice the last meeting. In the final session H. Ibach and T. Grimley

presented conference overviews and future prospects for the field from an experimental and

theoretical perspective.

Also included in the Proceedings are four literature surveys on Energy Loss, Inelastic

Tunnelling, Infrared and Raman (SERS) papers. The ones on EELS and Infrared are updates

of similar surveys appearing in the Proceedings of VAS II, the remaining two are new

additions.

A striking aspect of the meeting was the presence of much work related to dynamical

effects occurring in atom and molecule-surface interactions. While the static properties of both

surface and adsorbate define the zero order response, it is clear that many of the techniques

used and properties determined in vibrational surface spectroscopy in fact depend on

dynamical changes in both surface and adsorbate behavior. Typical examples are the various

enhancement mechanisms proposed in SERS, the effect of substrate phonon and electronic

excitations in atom and molecule scattering experiments and the interplay of local and

collective modes in overlayer vibrations to mention a few.

The conference proved the timeliness of a two year period and provided a convenient

geographical locus for the Pacific sector of surface vibrational spectroscopy given the

European locations of VAS I and II. The conference organizers gratefully acknowledge

generous support from the IBM Research Laboratory at San Jose, the National Science

Foundation, the Air Force Office of Scientific Research, The Office of Naval Research, the

International Union of Pure and Applied Physics and the American Physical Society for

sponsorship and financial aid. Finally, Mrs. Beth MacQuiddy as conference secretary did a

superb job keeping track of the myriad of logistical details and deserves the full gratitude of

the organizing committee and all participants.

C. R. Brundle and H. Morawitz

(Guest Editors)



VIBRATIONS AT SURFACES CONFERENCE
September 1-4, 1982

Registered Participants

Frank J. Adrian
Johns Hopkins University / APL
Laurel, MD 20707

Paul Alivisatos
Chemistry Department
University of California
Berkeley, CA 94720

Guy Allan
Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ 07974

D. Allara
Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ 07974

Brad Anton
California Institute of Technology
208-41
Pasadena, CA 91125

D. Auerbach
IBM Research Laboratory
K33/281
San Jose, CA 95193

Neil Avery
CSIRO Div. of Materials Sci.
University of Melbourne
Parkville, Victoria 3052
AUSTRALIA

Phaedon Avouris
IBM Research Center
Yorktown Heights, NY 10598

Albert G. Baca
Bldg 70A-1117
Lawrence Berkeley Laboratory
Berkeley, CA 94720

Simon R. Bare
Department I.P.I Chemistry
University of Liverpool
Mereyside L59 3BX, Liverpool
ENGLAND

John A. Barker
IBM Research Laboratory
K33/281
San Jose, CA 95193

Inder P. Batra
IBM Research Laboratory
K33/281
San Jose, CA 95193

Christopher H. Becker
SRI International
Molecular Phyiscs Laboratory
333 Ravenswood Dr.
Menlo Park, CA 94025

Hans-Ottman Beckmann
Department of Chemistry
SUNY at Stony Brook
Stony Brook, NY 11794

Giorgio Benedek
1st. di Fisica
V. Celoria 16
1-2-133 Milano, ITALY

Richard C. Benson
Johns Hopkins University/APL
Johns Hopkins Road
Laurel, MD 20707

Steven L. Bernasek
Department of Chemistry
Princeton University
Princeton, NJ 08544

J. Black
17 Valerie
L1T 3G3 St. Catharines
CANADA

C. Richard Brundle
IBM Research Laboratory
K33/281
San Jose, CA 95193



Donald Burgess
Department of Chemistry
Northwestern University
Evanston, IL 60201

Elias Burstein
Physics Department
University of Pennsylvania
Philadelphia, PA 19104

Alan Campion
Department of Chemistry
University of Texas
Austin, TX 78712

M. Casassa
California Institute of Technology
127-72
Pasadena, CA 91125

Richard Cavanagh
B-268 Physics
National Bureau of Standards
Washington, DC 20234

Francis Celii
California Institute of Technology
127-72
Pasadena, CA 91125

Yves J. Chabal
Bell Laboratories
600 Mountain Avenue, MH2D-318
Murray Hill, NJ 07974

M. A. Chesters
School of Chemical Sciences
University of East Anglia
Norwich NR4 7TJ
UNITED KINGDOM

Shirley Chiang
Department of Physics
University of California
Berkeley, CA 94720

Chih-Cong Chou
Department of Chemistry
University of California
Irvine, CA 92717

Tung J. Chuang
IBM Research Laboratory
K33/281
San Jose, CA 95193

P. Anthony Cox
Inorganic Chemistry Laboratory
South Parks Road
Oxford OXI 3QR, ENGLAND

Jon B. Cross
Los Alamos National Laboratory
CNC-2, MS 732
Los Alamos, NM 87545

John E. Crowell
Department of Chemistry
University of California
Berkeley, CA 94720

B. M. Davies
Department of Chemistry
University of Texas
Austin, TX 78712

J. E. Demuth
IBM Research Center
Yorktown Heights, NY 10598

F. W. DeWette
Department of Physics
University of Texas
Austin, TX 78712

R. E. Dietz
Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ 07974

Rolf Dornhaus
Kruppstr.6
D-5100 Aachen 1
WEST GERMANY

Lawrence H. Dubois
Bell Laboratories
600 Mountain Avenue, lA-280
Murray Hill, NJ 07974

Charles Duke
Xerox Webster Research Ctr.
Bldg. 114
Rochester, NY 14644

Hardouin Duparc
c/o A. A. Maradudin
Department of Physics
University of California
Irvine, CA 92717



Gary L. Eesley
Physics Department
GM Research Laboratory
Warren, MI 48090

Adolfo G. Eguiluz
Department of Physics
University of California
Irvine, CA 92717

Thomas Engel
Department of Chemistry
University of Washington
Seattle, WA 98195

Wulf Erley
KFA/IGV
5270 Juelich
WEST GERMANY

James L. Erskine
Department of Physics
University of Texas
Austin, TX 78712

Galen Fisher
Physical Chemistry Department
General Motors
Warren, MI 48090

John Freeman
Monsanto Company
800 N. Lindberg
St. Louis, MO 67166

J. W. Gadzuk
National Bureau of Standards
Washington, DC 20234

Nicolas Garcia
IBM Research Laboratory
K33/281
San Jose, CA 95193

S. Gauthier
Groupe de Physique des

solides de l'E.N.S.
Tour 23, 2 place Jussieu
75251 Paris, FRANCE

Steven George
Department of Chemistry
419 Latimer Hall
University of California
Berkeley, CA 94720

Nathaniel E. Glass
Department of Physics
University of California
Irvine, CA 92717

W. A. Goddard III
Department of Chemistry
California Institute of Technology
Pasadena, CA 91125

William Golden
IBM A62/44
San Jose, CA 95193

Gary Goncher
Chemistry Department
University of California
Berkeley, CA 94720

Wolfgang Gopel
Physics Department
Montana State University
Bozeman, MT 59717

Joseph G. Gordon
IBM Research Laboratory
K33/281
San Jose, CA 95193

Robert Greenler
Department of Physics
University of Wisconsin
Milwaukee, WI 53201

T. B. Grimley
Donnan Laboratories
University of Liverpool
P. O. Box 147
Liverpool L69 3BX
UNITED KINGDOM

Paul Hansma
Department of Physics
University of California
Santa Barbara, CA 93106

Bryan Hayden
Fritz-Haber-Institut
Faradayweg 416
1 Berlin 33
WEST GERMANY



Joachim Heidberg
Institut Physik. Chemie
0-3000 Hannover
WEST GERMANY

John C. Hemminger
Department of Chemistry
University of California
Irvine, CA 92717

David Heskett
Department of Physics
University of Pennsylvania
Philadelphia, PA 19104

K. W. Hipps
Department of Chemistry
Washington State University
Pullman, WA 99164

Friedrich Hoffmann
Exxon Corp. 16-A029
Linden, NJ 07036

Bill Hopewell
IBM San Jose
A57/044
San Jose, CA 95193

Frances A. Houle
IBM Research Laboratory
K33/281
San Jose, CA 95193

Heinrich E. Hunziker
IBM Research Laboratory
K34/281
San Jose, CA 95193

Jerry E. Hurst Jr.
Department of Chemistry
Stanford University
Stanford, CA 94305

Ingo Hussla
Inst. Phys. Chemie A
Collinstr. 3-3a
3000 Hannover
WEST GERMANY

Jeffrey Hylden
Department of Chemistry
University of Minnesota
Minneapolis, MN 55414

Harald Ibach
KFA Julich 1GB
D517 Julich
WEST GERMANY

Rolf P. Jaeger
2830 Malabar Dr.
Santa Clara, CA 95051

Kenneth C. Janda
California Institute of Technology
127-72
Pasadena, CA 91125

L. L. Kesmodel
Physics Department
Indiana University
Bloomington, IN 47405

David King
Physical Chemistry Department
University of Liverpool
Liverpool
UNITED KINGDOM

G. Kirczenow
Physics Department
Boston University
Boston, MA 02215

John Kirtley
IBM Research Center
Yorktown Heights, NY 10598

Richard Knochenmuss
Chemistry Department
Washington State University
Pullman, WA 99164

Bruce E. Koel
Department of Chemistry
University of California
Berkeley, CA 94720

M. L. Koszykowski
Sandia National Laboratories
Livermore, CA 94550

Glenn D. Kubiak
Department of Chemistry
Stanford University
Stanford, CA 94305



Keiji Kunimatsu
Research Inst. Catalysis
Hokkaido University
Sapporo 060, JAPAN

David K. Lambert
Physics Department
GM Research Laboratory
Warren, MI 48040

C. R. Leavens
244-2270 Cotter's Cres.
Ottawa, Ontario
CANADA K1V 8Y6

Ingolf Lindau
SLAC, Bin #69
Stanford University
Stanford, CA 94305

B. H. Loo
Materials Research Laboratory
SRI International
Menlo Park, CA 94025

John 1. Low
Noyes Laboratory (127-72)
California Institute of Technology
Pasadena, CA 91125

Alan Luntz
IBM Research Laboratory
K34/281
San Jose, CA 95193

Lahmer Lynds
United Technologies Research
East Hartford, CT 06108

Beth Mac Quiddy
IBM Research Laboratory
K31/281
San Jose, CA 95193

Robert J. Madix
Chemical Engineering Department
Stanford University
Stanford, CA 94305

Ursula Mazur
Department of Chemistry
Washington State University
Pullman, WA 94164

Michael R. McClellan
P. O. Box 969
Livermore, CA 94550

Gary McClelland
Chemistry Department
Harvard University
Cambridge, MA 02138

David R. Miller
Department A.M.E.S., B-01O
University of California
La Jolla, CA 92093

D. L. Mills
Department of Physics
University of California
Irvine, CA 92717

Hans Morawitz
IBM Research Laboratory
K33/281
San Jose, CA 95193

Cherry Murray
Bell Laboratories
600 Mountain Avenue, lE-343
Murray Hill, NJ 07974

Lee Myers
Office of Naval Research
Washington, DC 20332

Ron Naaman
Weizmann Institute
Isotopes Research Department
Rehovot, ISRAEL

Mourits Nielsen
Atomic Energy Commission
Research Establishment Riso
DK-4000 Roskilde, DENMARK

Mitsuaki Nishijima
Department of Chemistry
Faculty of Science
Kyoto University
Kyoto, JAPAN

Abraham Nitzan
Department of Chemistry
Northwestern University
Evanston, IL 60201



Fabrizio Nizzoli
Istituto di Fisica Universita
Modena, ITALY 41100

Curt Nyberg
Department of Physics
Chalmers University of Technology
S-412 96 Goteborg
SWEDEN

Andreas Otto
Physikalisches Institut III
Universitat Dusseldorf
4000 Dusseldorf
WEST GERMANY

John Overend
Department of Chemistry
University of Minnesota
107 Pleasant St. SE
Minneapolis, MN 55455

J. F. Owen
Yale University
P. O. Box 2157, Yale Station
New Haven, CT 06520

Craig Parsons
Chemistry Department
University of California
Berkeley, CA 94720

B. N. Persson
KFA Julich
D-5170 Julich
WEST GERMANY

M. Persson
Institute of Theoretical Physics
Goteborg S-41296
SWEDEN

Bruno Pettinger
Fritz Haber Institute M76
Faradayweg 4-6
1000 Berlin
WEST GERMANY

Herbert Pfnuer
IBM Research Laboratory
K33/281
San Jose, CA 95193

M. R. Philpott
IBM Research Laboratory
K33/281
San Jose, CA 95193

Jean-Jacques Pireaux
F.N.D.P.
61, rue de Bruxelles
5000 Namur, BELGIUM

Iven Pockrand
Physikalisches Institut III
Universitatsstr. 1
D-400 Dusseldorf 1
WEST GERMANY

John F. Rabolt
IBM Research Laboratory
K42/282
San Jose, CA 95193

Heinz Raether
Universitaet Hamburg
Inst. fur Angewandte Physik
Jungiusstrasse 11
2 Hamburg 36, WEST GERMANY

Talat S. Rahman
1829 Santa Ana Ave.
Costa Mesa, CA 92627

Paul L. Richards
Department of Physics
University of California
Berkeley, CA 94720

Arthur Robinson
Science Magazine
1515 Massachusetts Ave. N.W.
Washington, DC 20005

Joel W. Russell
Department of Chemistry
Oakland University
Rochester, MI 48063

Roger Ryberg
Physics Department
Chalmers Universty of Technology
S-412 96 Gothenburg, SWEDEN

David Saperstein
IBM A62/44
San Jose, CA 95193



Allen Sault
118 Mirrielees
Stanford, CA 94305

Roberta P, Saxon
SRI International
333 Ravenswood Avenue
Menlo Park, CA 94025

Kerin Scanlon
Chemistry Department
207 Pleasant SE
University of Minnesota
Minneapolis, MN 55455

Juergen Schaefer
Physics Department
Montana State University
Bozeman, MT 59717

George Schatz
Department of Chemistry
Northwestern University
Evanston, IL 60201

Zack Schlesinger
Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ 07974

D. Schmeisser
Fritz-Haber Institut
Faradayweg 4-6
1000 Berlin - West
WEST GERMANY

K. Schoenhammer
I. Institut fuer

Theoretical Physik
Universitaet Hamburg
D-2000 Hamburg
WEST GERMANY

Hajime Seki
IBM Research Laboratory
K33/281
San Jose, CA 95193

Gary Selwyn
IBM Research Laboratory
K33/281
San Jose, CA 95193

Mark Severson
Department of Chemistry
University of Minnesota
Minneapolis, MN 55455

N. Sheppard
School of Chemical Sciences
University
Norwich, Norfolk NR4 7TJ
ENGLAND

Steven J. Sibener
James Franck Institute
University of Chicago
5640 S. Ellis Ave.
Chicago, IL 60637

David M. Silver
Johns Hopkins University
Applied Physics Laboratory
Laurel, MD 20707

Paul Stevens
3353 Alma St., #139
Palo Alto, CA 94306

James P. Stone
Center for Laser Studies
University of Southern California
Los Angeles, CA 90082-1112

Roger L. Strong
E203 Colorado Apts.
Lake Austin Blvd.
Austin, TX 78703

Eric Stuve
Department of Chern. Eng.
Stanford University
Stanford, CA 94305

Wataru Suetaka
Fac. Eng.
Tohoku University
Sendai, JAPAN

Jerome D. Swalen
IBM Research Laboratory
K32/281
San Jose, CA 95193

Noriko Tani
Department of Chemistry
Kwansei Gakuin University
Nishinomiya 662, JAPAN



C. G. Tengstal
Department of Physics
Chalmers University of Technology
S-41296 Goteborg
SWEDEN

Patricia Thiel
Sandia National Laboratories
Livermore, CA 94550

Paul A. Thiry
F.N.D.P.
61, rue de Bruxelles
5000 Namur, BELGIUM

Roger G. Tobin
Department of Physics
University of California
Berkeley, CA 94720

Brian Toby
California Institute of Technology
206-41
Pasadena, CA 91125

Frank Trager
IBM Research Laboratory
K33/281
San Jose, CA 95193

Hiromu Ueba
Department of Electronics
Toyama University
Takaoka, Toyama, JAPAN

S. Ushioda
Department of Physics
University of California
Irvine, CA 92717

R. Viswanathan
Department of Chemistry
Northwestern University
Evanston, IL 60201

H. Weinberg
California Institute of Technology
206-41
Pasadena, CA 91125

Eric Weitz
Department of Chemistry
Northwestern University
Evantson, IL 60201

Eugene Wells
Physical Review Letters
Ridge, NY 11961

John F. Wendelken
P. O. Box X, ORNL Bldg. 3025
Oak Ridge, TN 37830

Charles Wong
IBM Corp. 34A/006
5600 Cottle Road
San Jose, CA 95193

Haruka Yamada
Department of Chemistry
Kwansei Gakuin University
Nishinomiya 662, JAPAN

Chien-fan Yu
The James Franck Institute
The University of Chicago
5375 S. Ellis Ave.
Chicago, IL 60637



Vibrations at Surfaces

Proceedings of the Third International Conference,
Asilomar, California, U.S.A., 1-4 September 1982

Part A

Edited by

C.R. BRUNDLE and H. MORAWITZ

IBM Research, 5600 Cottle Road, San Jose, CA 95193, U.S.A.



This page intentionally left blank



Journal of Electron Spectroscopy and Related Phenomena, 29 (1983) 1-9
ElsevierScientific Publishing Company, Amsterdam - Printed in The Netherlands

HOT ATOMS AND COLD FACTS: MYSTERIES AND OPPORTUNTIES m

VIBRATION-ASSISTED SURF ACE CHEMISTRY

C.B. DUKE
Xerox Webster Research Center, Rochester, NY 14644 (U.S.A.)

ABSTRACT

This paper is a synopsis of the keynote lecture at the Third International Conference
on Vibrations at Surfaces. The science of hot atoms at surfaces is divided into three broad
areas: spectroscopy, theory, and process dynamics. A brief overview of each area is given
in which the main advances and mysteries which have emerged during the past few years
are noted. The resolution of such mysteries provides the traditional type of opportunity
for scientific discovery. Most of the currently visible frontiers lie in the development of
applications of the techniques of vibrational spectroscopy, however, so that these
scientific opportunities tend to be different in kind than they were a decade ago.

Another type of opportunity is the development of hot-atom process technologies.
Inspection of current activity reveals that a gap exists between the development of the
techniques of vibrational spectroscopy as applied to well-defined model systems and the
systematic application of these techniques to examine and extend process technologies
based on surface chemistry. Radiation-induced surface chemistry is an example of an
area which affords a unique opportunity for surface vibrational spectroscopy and
theoretical chemistry to play a significant role in the development of fabrication
technologies for electronic devices. This type of opportunity is shown to be particularly
important for the future of surface vibrational spectroscopy in the current economic
climate for research and development.

INTRODUCTION

During the past decade surface vibrational spectroscopy has come of age as a

methodology for the characterization of molecules and atoms adsorbed on solid surfaces.

A variety of specific spectroscopic techniques have emerged for the examination of

adsorbed species in different environments. For example, infrared transmission-

adsorption spectroscopy (ITAS) is utilized to study finely divided samples at "high" (e.g.,

atmospheric and higher) pressures characteristic of operating catalysts. Inelastic Electron

Tunneling Spectroscopy (IETS) deals with samples prepared by adsorption of various

species from solution on an insulating layer deposited or grown on a metal film. Electron

Energy Loss Spectroscopy (EELS) consists of the use of high resolution inelastic electron

scattering from carefully prepared surfaces, typically in ultrahigh vacuum (p~ 10-10 Torr),

to examine the vibrations of ordered and disordered adsorbates on single crystal surfaces.

The literature on surface vibrational spectroscopy is immense, several books having been

published [1,2] since the previous (i,e., Second) International Conference on Vibrations at

Surfaces [3]. An indication of the scope of current utilizations of vibrational

0368-2048/83/0000-0000/$03.00 © 1983 Elsevier Scientific Publishing Company
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spectroscopies for surface analysis is g-iven in Table I, which is adapted from a recent

review [4] to which the reader is referred for a more systematic introduction to the

subject. Also, the acronyms which I use in this article for the various spectroscopies are

defined in Table 1.

TABLE I

List of major vibrational spectroscopies, their spectral ranges and resolutions, and the
nature of the samples used therein.

Vibrational Sample Resolution Spectral Range
spectroscopy (em-I) (em-I)

Infrared Transmission 10-100 mg, pressed 1-10 1250-4000
-absorption (ITAS) powder, solution

Infrared Reflection polycrystalline foil, 1-10 400-4000
-absorption (IRAS) single crystal

Raman Scattering 100 mg powder, some- 1-10 200-4000
times single crystals

Surface Enhanced Raman roughened single crystal, 1-10 200-4000
Scattering (SERS) polycrystalline electrode

Inelastic Electron 1-10 mm Al or other 10-50 10-4000
Tunneling (lETS) metal oxide (20 A thick

supported on metal film)

Electron Energy loss single crystal 30-90 30-4000
(EELS)

Neutron Inelastic Scatter- 50-100 g of powder 5-50 20-1600
ing (NIS)

Photoacoustic (PAS) 100 mg powder 1-10 400-4000

My purpose in this keynote lecture at the Third International Conference on

Vibrations at Surfaces is not to provide a surveyor review of the enormous literature on

surface vibrational spectroscopy, but rather to stimulate thought on the future prospects

for this field by virtue of a somewhat unconventional overview of its past presented within

the context of current trends in surface chemistry process research and US national

science policy. The central theme of the lecture is that the field of surface vibrational

spectroscopy seems to be at or near an inflection point in its growth and development.

Following a decade of rapid improvement in instrumentation, technique and theoretical

modelling, the performance and interpretation of measurements of the vibrational spectra

of surface species has reached a point of considerable refinement at which the major

physical phenomena and consequently the limitations of the individual techniques are

recognized. Thus, current efforts center around elucidating the details of comparisons

between measurements on exemplary systems and various theoretical models of the

phenomena involved. Good examples of this process may be found in recent articles on
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several of the spectroscopies emphasized at this conference, including surface enhanced

Raman scattering [5], electron energy loss spectroscopy [6], and inelastic tunneling

spectroscopy [7]. One might expect, therefore, that continued growth will require linking

surface vibrational spectroscopy with studies of specific surface chemical processes of

technological significance. Such processes, e.g., those in chemical vapor deposition,

plasma processing, and industrial catalysis, presently are described at best by empirical

kinetic models [8-10]. Consequently, an opportunity exists for the application of surface

vibrational spectroscopies to make major advances in the quantitative description and

control of technologically important processes, especially in the fabrication of electronic

devices. Moreover, capitalizing on this opportunity seems uniquely compatible with

current trends in US science policy [ll-13] .

I proceed by indicating initially a taxonomy which I found useful for organizing the

diverse contributions to the field of surface vibrational spectroscopy. This classification

scheme leads naturally to the identification of recent advances, mysteries and

opportunities in each of the three major three streams of endeavor: i.e., spectroscopy,

theory, and process dynamics. The presentation concludes with a brief consideration of

the current climate for surface chemistry research and development, and of the

consequences of this climate for the future of surface vibrational spectroscopy.

SCOPE AND ORGANIZATION OF THE LITERATURE

It is convenient to divide the literature on surface vibrational spectroscopy into

three broad areas: spectroscopy, theory, and process dynamics. The area of spectroscopy

encompasses the development and utilization of instrumentation to perform the

measurements listed in Table I as well as atomic and molecular beam scattering from

surfaces. The vast majority of the literature falls into this category, as may be

ascertained from inspection of recent books and reviews [l-4, 6]. Theoretical work in

vibrational spectroscopy encompasses three generic types of activity: the construction of

models of surface vibrational modes [3,14] , the evaluation of the interaction of electrons,

photons and atomic species with these modes [3,6] , and the model calculation of various

spectra for comparison with the experimental measurements [3, 6-7]. Process dynamics

refers to the study of energy transfer, surface atomic motion and chemical reactions

(including adsorption and desorption) at surfaces, especially reactions induced by external

radiation (e.g., LASERs, plasmas, electron and ion beams). Much of the current work in

this area is either highly theoretical [15, 16] or rather applied [10, 17-19] in nature. Indeed,

using the tools developed in the first two areas to bridge the gap between theory and

practice in studies of process dynamics is one of the main future opportunities in surface

vibrational spectroscopy.

ADVANCES, MYSTERIES AND OPPORTUNITIES
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Spectroscopy

Steady improvements in instrumentation and sample handling technique during the

past few years have led to important new discoveries. Increases in resolution of EELS

together with the introduction of low-temperature sample manipulators resulted in the

measurement of rotational excitations of H
2

and D
2

on Ag films [20J and Cu(IOO) [2I] •

Improvements in sensitivity (and angular resolution) permitted the systematic study of

EELS angular distributions, thereby enabling the Observation of surface phonon dispersion

relations [22] , the identification of the detailed nature of vibrational modes of adsorbed

species [6, 23-25J, and the examination of surface-phonon overtone and combination bands

[26, 27]. The variation of the incident electron energy in EELS yielded the observation of

both molecular [28,29J and surface-state [6, 23, 30] resonances in the electron loss cross

sections. Increases in the sensitivity of IRAS as well as the construction of instruments in

which it is used In concert with other surface analytical techniques permitted detailed

studies of interactions between adsorbed molecules [31-34] as well as of the mechanisms

of surface-phonon damping [35J. A trend in the development of new instrumentation has

been the construction of high sensitivity spectrometers for the examination of transients

in real time [4]. These spectrometers represent the initial stages of the transition of

vibrational spectroscopy from a tool for surface characterization to one for the study of

process dynamics.

As succeeding generations of new instruments have been constructed and utilized

the nature of the remaining mysteries has changed profoundly. Early questions concerning

the nature of photon-solid [36] and electron-solid [6, 37-4IJ interactions, the consequences

of interactions between adsorbates [31-34, 42] , and the relative merits of the various

spectroscopies [4] have largely been resolved, although the details must be determined

and examined in each individual case. Issues of current interest concern the continuing

refinement of each separate technique to achieve, e.g., more sensitivity or better

resolution, and the application of these techniques to examine particular systems of

interest. Indeed, recent tabulations for IETS [43], EELS [44] and IR spectroscopies [45J

reveal graphically the extensive scope of systems studied by vibrational spectroscopy.

Mysteries remain, of course, like the insensitivity of the IR spectrum of CO on cornn [31J

and Cu(IOO) [34J to the magnitude of the CO coverage, the microscopic through-space or

through-substrate origin of interactions among adsorbates [33], the mechanism of SERS

[5,46] , and the unexpectedly large damping of certain adsorbate vibrational modes [35] •

Nevertheless, resolving these mysteries seems largely a matter of the patient pursuit of

details, and the current main thrusts of vibrational spectroscopy are primarily the

development of new applications of existing techniques and secondarily the continuing

extension of the capabilities of these techniques.

Three topics loomed large during the past few years on the landscape of the theory
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of surface vibrational spectroscopy. Recent calculations of the vibrational spectra [14, 47,

48] and IR absorption [34, 49] of adsorbed species are extensions of decades of work on

this topic [49, 50]. Evaluations of EELS cross sections were performed for both dipolar

[5I] and deformation-potential [52] electron-phonon coupling, and the former were

compared exhaustively with measurements for CO on Cu(IOO) [6, 22, 42, 53]. In lETS,

three detailed applications (and extensions) of the partial charge model [54] were

attempted [7, 55, 56] , and a model of the non-linear dependence of the lETS intensities on

the adsorbate coverage was proposed [57]. All of these calculations are phenomenological

in character: i.e., the experimental data with which they are compared are utilized to fix

the values of model parameters. They illustrate well the nature of work in the main

stream of current theoretical research in vibrational spectroscopy.

The major remaining area of mystery is electron-phonon coupling. Analyses of both

EELS and lETS spectra require a model which is valid for both dipolar and resonant-

scattering ("impact") process. In spite of a growing body experimental data on resonant

scattering in EELS [20, 21, 28-30] no quantitative analyses of these data have been given.

There are comparable mysteries in lETS. For example, the unusual selection rules

exhibited by adsorbed TCNQ [58] suggest the occurrence of resonant ("two-step")

tunneling [59, 60] via TCNQ anions: a process known to require extension of the

traditional transfer-hamiltonian models of lETS. The construction of a suitably general

model applicable to both resonant and non-resonant electron scattering processes remains,

therefore, a major opportunity in the theory of vibrational spectroscopies. Another one is

the development of a theory of SERS. Although many candidates have been presented [5] ,

the subject remains in confusion [5, 46] which must be resolved if SERS is to become a

broadly useful technique for the analysis of interface composition.

Process Dynamics

Historically, most work in this area has concerned the kinetics of adsorption,

desorption and surface diffusion [6I] , with much recent activity being focussed on the role

of precursor states in adsorption and surface chemical reactions [62, 63]. Interest in such

topics has been increasing [64, 65] , in part because of their pertinence for molecular beam

epitaxy [66], chemical vapor deposition [8,9], and heterogeneous catalysis [67].

Typically, three rather independent types of activity are reported in the literature: studies

of the structures of model systems [3, 6, 48, 66,67], studies of the kinetics of model

systems [61-63, 66-68], and empirical process studies which mayor may not be

rationalized by detailed kinetic models [8-10, 66, 69, 70]. Only in a few selected examples

of heterogeneous catalysis [67] (e.g., the oxidation of CO and synthesis of ammonia) and

of molecular beam epitaxy [66] has a systematic effort been made to link quantitatively

the process studies with structural and kinetic results obtained on model systems.

During the past few years the microelectronics industry has stimulated increasing

activity in radiation-assisted surface chemistry utilizing lasers [17-19, 7I] , electron beams

[72, 73], ion beams [74-76] and plasmas [10, 70]. Current indications suggest that growth
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in these areas will continue for over a decade [77]. Therefore one of the major

opportunities in surface science will be the provision of a sound technical foundation for

the present largely empirical process chemistry involved in the fabrication of microelec-

tronics and thin films.

Considerable work has been reported on radiation-stimulated desorption. A useful

modern review of photodesorption is available [78] , and a synopsis of developments during

the past few years in both photodesorption (PSD) and electron stimulated desorption (ESD)

has just appeared [79]. One important new development is the discovery of the Auger

decay mechanism of desorption following core-hole excitation by electrons, photons or

ions [79, 80]. Another is the observation of desorption stimulated by the resonant

absorption of multiple IR photons [81]. A third is the construction of elaborate (but

largely untested) theoretical models of laser-induced surface processes, including

desorption [I5, 16, 82, 83]. One current challenge is the critical evaluation of these

models via confrontation with an adequate set of experimental measurements. Another,

probably more enduring, opportunity is the development of a sound microscopic (i.c.,

quantitative) basis for the largely empirical beam and plasma processing technologies [10,

17-19, 66, 70, 71, 74-76] currently being developed for the fabrication of electronic

devices.

COLD FACTS

Science in the USA is in the doldrums. While I defer to others the task of

speculating about the nature and causes of this observation [11, 84] , one fact reveals its

reality to the audience of this conference: The average salary in constant 1967 dollars of a

Ph.D. chemist in the USA has declined from $16,000 in 1973 ($20,000 in 1973 dollars) to

$13,000 in 1982 ($37,000 in 1982 dollars) [85]. The wages of production workers have

consistently risen faster (by roughly 30% on average) than the salaries of Ph.D., chemists

[85] • Moreover, salaries have been rising in current dollars much more rapidly than

equipment expenditures. Research during 1972-1982 was no longer a growth industry in the

USA [86]. Different circumstances prevailed in many other countries during the past

decade, although most western economies are now experiencing similar phenomena. The

present discussion is limited to the USA because I lack data on other countries.

The surface chemistry community prospered in this difficult decade. The reason, in

large part, resides in the rapid increase of research and development (R&D) activities in

the petroleum and chemical industries during a period of rapidly rising prices. Both the

rapid price increases and the build up in R&D have ended. Indeed during the past six

months both prices and R&D employment have declined. The 1980's will not be a repeat of

the relatively prosperous 1970's for surface chemists. Only sustained growth of its

industrial base will induce growth of surface chemistry research.

The major presently perceived engines of sustained growth in the 1980's are the

information and communications industries with their dependence on electronic devices as
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the raw materials of their hardware. Suppliers of these devices will face increasing

pressure on the price and performance of their products, both of which are critically

influenced by the surface chemistry of microelectronics and thin-film fabrication [77].

Ultimately, biotechnology will be another important growth area, but its prospects during

the 1980's are uncertain at this time. Moreover, biotechnology competes with process

chemistry, so that its growth may not affect the surface science community favorably.

CONCLUSIONS

By now the themes of this lecture are self-evident. First, the major unresolved

mysteries in the surface science of the early 1970's are gone, having been replaced by less

fundamental, more intricate matters of detail in specific applications of surface sensitive

spectroscopies. second, there remains a yawning chasm between the process technologies

of industrial use and most surface science studies of model systems. This chasm has been

bridged in at least one case (CO oxidation) of interest in heterogeneous catalysis, but the

chemical process industries as a whole have lost their steam as significant driving forces

for growth in surface chemistry research. Only the information and communications

industries seem likely to assume this status in the 1980's. I close, therefore, by suggesting

that the broad implications of these themes are clear. The next decade is likely to be

rather more applications oriented than the last, and the "customer" (i.e., source of

funding) is critical. If vibration-assisted surface chemistry choses growth-engine

customers it will prosper. If not it will decline. Growth during the past decade occurred

via surface chemistry for catalysis. Growth during the next one is likely to occur in

surface chemistry for electronics, with more industrial and less federal funding. Thus, a

central theme emerges: The future will not be like the past. It seems probable that

surface vibrational spectroscopy is approaching an inflection point in its growth and

development beyond which its future depends critically on the judgement and skill with

which its practitioners apply their techniques successfully to contribute to technological

advance in the electronics and other growth industries. The days of ever increasing

government funding of basic research in the physical sciences are over in the USA. I

suspect that they are numbered, if not over, elsewhere as well. Industrial funding of R&D

is increasing, however, especially in the growth areas noted above. Surface vibrational

spectroscopy has much to offer these areas. The opportunities of the past decade are by

no means over, but they are changing in character. The most successful groups of the

coming decade will be those which exploit these changes adroitly.
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ABSTRACT

11

Coverage-dependent frequency shifts have been observed for a wide variety of
adsorbates on metal single crystal surfaces. In some cases, these shifts are
attributable to changes in bonding coordination to surface metal atoms, or to
alterations in the geometry of the chemisorbed complex. The major part of this
review is concerned with the information that can be obtained from shifts which
have been observed, both upward and downward in frequency, when bonding coord-
ination or geometric effects do not occur. It is shown that when the observ-
ation of frequency shifts is combined with the measurement of singleton frequ-
encies using the dilution limit isotopic mixing method of Crossley and King
(now applied to CO adsorption on a variety of metal single crystals), shifts
due to dipole coupling in the overlayer can be deconvoluted from shifts due to
chemical (bonding) effects. A review of recent data for CO adsorption on
Pt{lll}, {100} and {lID}, Cu{lll}, {100} and {lID}, Pd{lOO} and Ru{lOO} is
presented which illustrates the information available from such data concerning
phase boundaries between lattice gas, island and condensed phases, and also
subtle changes in adsorbate bonding.

COVERAGE-DEPENDENT FREQUENCY SHIFTS FROM ADSORBATES

Vibrational spectroscopy has proved to be a powerful tool for the determin-
ation of the structure of adsorbate complexes, strengthened by analogies drawn
from inorganic complexes and matriX-isolated species. For example, it is now
widely accepted that for CO adsorption on metals the assignment of observed c-o
stretching frequencies, wco' can be made on the basis of the scheme originally
proposed by Eischens and coworkers (ref.l) and recently modified by Sheppard
and Nguyen (ref.2): for linear species (bonded to one metal atom) w

C9
is in the

range 2000 to 2130 cm- l; for CO bridged to two metal atoms, 1880 cm- < wco <

2000 cm- l; while for CO bridged to three or four metal atoms, the range wco is
1650 to 1880 cm- l. One coverage-dependent effect quite frequently observed is
the appearance of species with different metal atom coordination at specific
coverages; for example, when CO is chemisorbed on Pt{lll}, occupation occurs
initially into linear sites, with bridged sites of coordination 2 being fiiled
at higher coverages in addition to the linear species. Another effect is illus-
trated by the chemisorption of hydrogen on W{lOO} at 300 K (ref.3,4). Hydrogen
atoms are chemisorbed into bridged sites of coordination 2 at all coverages; but

0368·2048/83/0000-0000/$03.00 © 1983 Elsevier Scientific Publishing Company
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at low fractional coverages the surface Watoms are laterally displaced to form
a dimer structure, with the w/H,w bond angle 800, while at saturation coverage
the Watoms return to bulk lattice sites and the W,H,W bond angle opens up to
~1000. This change in bond angle produces a shift in the symmetric stretching
frequency of the complex, from 1250 cm- l to 1040 em-I, as the hydrogen coverage
is increased. Phase transitions involving changes in the adsorbate coordination
or in the structure of the chemisorption complex can therefore be readily foll-
owed by vibrational spectroscopies.

However, for a number of chemisorption systems relatively large coverage-in-
duced frequency shifts have been observed even where structural evidence indica-
tes no change in either the adsorbate coordination to the surface or the geom-
etry of the chemisorption complex. This effect was recorded some years ago by
transmission infrared spectroscopy from CO chemisorbed on supported Pt catalysts
(ref.l), and has since been reproduced on metal single crystals by both reflect-
ion-absorption infrared spectroscopy (RAIRS) and high resolution electron energy
loss spectroscopy (HREELS). In general, the c-o stretching frequency is found to
shift upwards with increasing coverage, from ~9 em-Ion Cu{100}(ref.5,6), thr-
ough ~35 em-Ion Pt single crystals (ref.7,IO) to 100 em-Ion Pd{IOO}(ref.ll).
In some instances the shift Aw is towards lower frequencies, ranging from Aw =
-10 em-Ion Cu{III}(ref.12) to Aw =-30 em-Ion Au and Ag films (ref.5). It is
the information content of these shifts that is the subject of the remainder of
this review.

F~EQUENCY SHIFTS INDUCED BY DIPOLE COUPLING

Frequency shifts induced by dipole coupling between molecules, first dis-
cussed by Decius (ref.13) in relation to carbonate and nitrate crystals and by
Eischens and coworkers (ref.l,14) in relationto chemisorbed CO, can be under-
stood within a very simple conceptual framework. We consider an isolated mole-
cule (singleton), such as CO, oriented in space and with a stretching frequency
wco' and then bring up to it a second oriented CO molecule, its axis aligned
parallel to the first, with a separation distance R. Due to dipole-dipole
coupling between the two molecules, the two stretching modes of the molecules
become non-degenerate as R is decreased, producing an in-phase mode ~ 8, at
a frequency Wo + Aw, and an out-of-phase mode gg, at a frequency Wo - Aw. Only
the in-phase mode is infrared (or dipole) active. ThUS, as R is decreased, Aw

becomes larger and a continuous upward shift in the infrared absorption band
frequency should be observed. This decrease in R simulates, in a simple manner,
increasing coverage of adsorbates. In the absence of any other effect, there-
fore, the observed band should increase with frequency as the coverage is
increased, provided that dipole selection rules are operative. Thus, with
RAIRS and with HREELS in the specular direction (where dipole selection rules
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dominate) the dipole coupling shift should be observed, while with off-specular
HREELS where the selection rules are relaxed, both in-phase and out-of-phase
modes should be active and no shift in the centre of gravity of the band comp-
onents should be observed.

In the derivation of a theoretical expression (refs.14-18) for the dipole-
dipole coupling shift, account must be taken of:

(i) the molecular environment of an infinite array of oscillating dipoles
(ref.14), expressed through the vibrational polarizability a and the adsorbate
site lattice sum T = L(I/Rk3); v

(ii) the screening influence of the adlayer (ref.16), which introduces the
electronic polarizability of the adsorbed molecule, a e ;

(iii) the interaction between a dipole and the images of the other adlayer
dipoles (ref.16), expressed through the image lattice sum V; and

(iv) the interaction between a dipole and its own image (ref.ll), expressed
through a term 1/4d3, where 2d is the distance between the image plane and the
dipole.

Writing the frequency of an isolated molecule in the absence of the surface,
i.e. excluding the self-image term, as wo' the frequency w observed at a cover-
age 8 relative to occupancy of an identical array of sites represented by the
lattice sums T and V, assuming random occupation of these sites, is given by:

w = w { I + a {a(T + V) - 1/4d3} 1[1 + a {8(T + V) - 1/4d3}]} -}
o v e

(1)

When 8 - 0, the observed frequency for the adsorbed singleton species,
includes the self-image term, and is given by:

w
s '

w = w [I _ a 1(4d3 _ a )]1.
s 0 v e

(2)

At infinite dilution the band should be observed at ws ' increasing with coverage
a to values given by equation (1). There has been considerable discussion in
the literature concerning the appropriate values for a v' a e and d, with
particular relation to the sensitivity of the calculated shift to the value
chosen for d (ref.19), but it is now generally accepted that the dipole-
coupling-induced upward frequency shift for CO between infinite dilution and
saturation coverage is in the range 30 to 40 cm- l.

Here we draw attention to two factors arising from expressions (1) and (2).
(I) The shift in the singleton frequency induced by its own image, is

downward, i.e. w > w , and sensitive to the spacing d. For example, for CO
o s -I

on Pt{lll}, Crossley and King estimate Wo - Ws to be ~40 cm ,and conclude
that the self-image interaction may account for as much as half of the total
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shift from the gas phase frequency (2143 cm- I) to the observed singleton frequ-
ency Ws (2065 cm- l). Any coverage-induced increase in d would, from equation
(2), result in an increase in Ws towards 00

0
, even with no change in the C-O

force constant, and, from equation (I), this would increase the size of the
overall coverage-induced shifts.

(2) If Ws can be independently evaluated, the total lattice sum S pertaining
to the actual arrangement of the adsorbate at a coverage 6 can be determined
from the observed frequency w at this coverage. (Only when the adsorbate
randomly occupies sites is S = 6(T + V)). This means that the adsorbate envir-
onment can be probed; in particular, island formation can be detected and island
dimensions evaluated, as described below.

EVALUATION OF SINGLETON FREQUENCY AND DIPOLE SHIFTS FROM ISOTOPIC MIXTURES

The dipole coupling theory was extended by Hammaker et al (ref.14) to inc-
lude the case where a mixture of two isotopes, e.g. 12CO~13CO, are adsorbed
on the surface, and a more refined treatment has recently been given by Persson
and Ryberg (ref.18). Two dipole-active bands are observed from the mixed layer,
which can be simply understood in the two-body model: a high frequency band due
to the in-phase 12CO_12CO and 12co_13CO coupled modes, and a low frequency band
composed of the in-phase 13CO_13CO and the (very weak) out-of-phase 12CO_13CO
modes. The coupling interactions bring about a significant transfer of intens-
ity into the high frequency band, which, as recently shown (ref.18), was under-
estimated in the original approximate procedure followed by Hammaker et ~.

(ref.14) Moreover, in a dilute isotopic mixture, where a molecule of one iso-
tope is effectively surrounded by an environment of the other, the coupling of
the first isotope into this environment is very weak. This led Crossley and
King (ref.8) to design an experiment for the evaluation of the singleton frequ-
ency Ws at high total adsorbate coverages. At constant total coverage, 6,
spectra are obtained as a function of the composition of an isotopic mixture.
The position of the band of the low partial coverage isotopic species then
extrapolates, in the dilution limit, to the singleton frequency for that
species, ws ' The independent measurement of Ws at finite coverage allows a
distinction to be made between coupling-induced shifts and shifts which may be
attributed to coverage-induced changes in bonding characteristics, i.e. chemical
effects, since any variation in Ws with total coverage must be ascribed to such
chemical effects. Thus, Crossley and King (ref. 8,9) have demonstrated that the
full 36 cm- l shift observed for CO on ?tllll} as the coverage increases from
6 = 0 to saturation, at room temperature, can be attributed to coupling inter-
actions. The method has now been applied to CO adsorption on a variety of
metal single crystal planes; as shown in Table I, the measured dipole coupling


