
Lawrence Berkeley National Laboratory
Recent Work

Title
SURFACE CRYSTALLOGRAPHY BY LOW-ENERGY ELECTRON DIFFRACTION

Permalink
https://escholarship.org/uc/item/9h79t7k6

Author
Somorjai, G.A.

Publication Date
1977-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9h79t7k6
https://escholarship.org
http://www.cdlib.org/


.. 

u ...,) " J ., / 

Submitted to the Journal of 
Electrochemical Society 

J I .J I 

SURFACE CRYSTALLOGRAPHY BY LOW-ENERGY 

ELECTRON DIFFRACTION 

G. A. Somorjai and L.L. Kesmodel 

June 2, 1977 

{1'1 . t/ 
LBL-6224 
Preprint ('_/ 

' l 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W -7405-ENG-48 

For Reference 

Not to be taken from this room 

~ 
f) tJj . ~ -, 

0' 
N 
N 
~ 



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. 



I· 

0 
"' 

0 tJ 0 ti 7 u 7 5 8 

LBL 6224 

SURFACE CRYSTALLOGRAPHY BY LOW~ENERGY ELECTRON DIFFRACTION 

by 

G. A. Somorjai and L. L. Kesmodel 

f~aterials and Molecular Research Division, Lawrence Ber.keley.-Laboratory 
and Department of Chemistry~ University of California, 

Uerkeley, California 94720 · 

l. Introduction 

In spite of the early discovery of low-energy electron, diffraction by 

Davisson and Gerr.~er in 1927, the techniques that permit one to readily 

obtain diffraction data developed only in the 1950's through the efforts 

of Farnsworth and Germer. The advent of ultrahigh vacuum technology that 

\'las the spinoff of our space exploration effort and the important appl i-

cations of semiconductor surfaces in electronic and computer technologies 

were mostly responsible for the technical breakthroughs which gave rise 

to the modern 1 0\1/-energy e 1 ectron diffraction apparatus. Between 1960 and 

1975 over 300 ordered surface structures of adsorbates were discovered by 

low-energy elect~on diffraction. 1 Yet the determination of the precise 

location of surface atoms in the ordered structures was not possible. The 

theory of low-energy electron scattering_ from solid surfaces had to be 

developed. By the combined efforts of theorists such as K •. Kambe, J. L. 

Beeby, E. G. ~kRae, J. Bo Pendry, C. B. Duke, S. Y. Tong, D. W. Jepsen and 

P. 1~. t1arcus and experimentalists including J. J. Lander, P. J. Estrup, 

i~. B. Webb, R. L. Park, F. P. Jona and the authors, the field of l0\'1-energy 

electron diffraction has developed to the point that the LEED beam inten

sities can be analyzed using a multiple-scattering theory with the only 

adjustable parameters being the locations of the surface atomso Surface 
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crystallograDhY has been born. 

This paper reviews the state o'f the art in LEELJ surface crystallo-

graphy. 1-Je shall outline the main features of the theory, the important 

physical parameters that enter and the most widely used method of surface • 

structure anal~sis. Then we shall review what we have learned by LEED 

about the structure of clean solid surfaces and of adsorbates on these 

surfaces that we did not know 10 years ago. Finally, several directions 

of future research will be pointed out. 

2. The Surface Crystallography Experimental System 

A typical apparatus used for these experiments is illustrated in 

Fig. l. Ultrahigh vacuum conditions (UHV}, base pressure approximately 

10-9 . 'f l torr are malntained to insure sur ace clean iness. The backscattered 

electrons are postaccelerated to ·a fluorescent screen, and the diffraction ' 

pattern so produced is observed through a glass viewport. A typical 

diffraction pattern that was obtai ned from the (111) face of a pl ati nurn 

single crystal ·is displayed in Fig. 2. The condition of the surface under 

study is quite appat·ent from the diffraction pattern. Sharp spots are 

indicative of long range order, i.e., the ordered domain sizes on the sur

face are larger than the lateral coherence length of the electrons (-100 
0 

A). Diffuse spots signal poor ordering or the presence of ads6rbed im-

purities. Extra diffraction spots, meaning those not exoected on the 

basis of simple termination of the bulk lattice structure along the sur

face plane, indicate either reordering (reconstruction) of the lattice in 

the surface region or the presence of ordered impurity structures. 

.. 
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There are several auxilliary techniques that are available on the 

diffraction chamber to analyze surface cleanliness and to prepare surfaces 

that are clean and ordered. These include the popular Auger electron 
. 2 

spectroscopy Hhi.ch is routinely used to identify impurities that may be 

present with about 1% of a monolayer sensitivity. It also includes ion 

bombardment capabi 1 ity using 300 vo 1 t inert gas ions that remove by di recti 

impact impurities which may have segregated at the surface. After ion 
J 

bombardment, heating is uslia lly employed to order the surface atoms by 

surface diffusion at elevated temperatures. The combined use of.~ES and 

ion bombardment or chemical treatment of the gases (for example, the re

moval of carbon by oxygen while ~he crystal is being heated) generally is 

adeCJuate to obtain and characterize ordered clean surfaces of most 

materials. 

The energy range of 15-200 eV incident energy provides optimum sur-
• 

face sensitivity. The electrons in this range do not penetrate more than 

a few atomic layers before they undergo inelastic scattering events 

(absorption) and are lost from the detected (elastic) portion of the beam. 

Furthermore, they are rather strongly scattered in. an elastic fashion by 

the attractive Coulomb forces of the atomic nuclei and may traverse very 

complex trajectories (multiple or dynamical scattering) before exiting 

fran the crystal. These considerations are, of course, quite general and 

also have srnne bearing on quantitative interpretation of Auger electron 

spectroscopy ;_}nd photoe 1 ectron spectroscopy. 

3. Experin~ntal Determination of Diffraction 

The two din~nsional unit cell vectors are readily found from observation 
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of the diffraction pattern geometry. l~e cannot in this manner, however, 

discover the arrangement of atoms or molecules in the basis of the unit 

cell, nor _information concerning spacings of the atom in the direction 

perpendicular to the surface. plane (hereafter referred to as the z-spacing). 

This essential information can be extracted, although with considerable 

difficulty, from analysis of the dependence of the intensity I of the 

diffraction spots on incident beam energy V -- so-called I-V profiles. 

These profiles (shown in Figo 3 for the Pt(lll) surface) exhibit pronoun-
• • . l 

ced peaks and valleys which are indicative of constructive and destructive 

interference of the electron waves scattered from pJanes parallel to the 

surface as the electron wavelength is varied. From analysis of the I-V 

curve, the position of Bragg peaks or single-scattering peaks can readily 

be identified. However, in addition to these peaks there are many extra 

peaks that are associated with multiple scattering of low-energy electrons 

·· that are diffracted from the surface. The combination of intensity 

features, single and multiple scattering, serve as the basis of the sur-

face crystallography analysis. The presence of well-defined peaks and 

valleys, of course, indicate that LEED is actually not a purely two

dimensional surface diffraction technique. There is a finite penetration 

and diffraction takes place in the first 3 to 5 atomic layers. The depth 

of penetration affects peak width rather markedly; the shallower the 

penetration, the broader the diffractioh peak as expected. Thus, LEED is 

fiquratively speaking more like a 11 2 1/2 dimensional .. diffraction techni

que than a 2 din~nsional diffraction technique~ This, of course, allows 

one to study the structural properties in the near surface region that 

includes atoms below the topmost layer of atoms. 

... ,. 
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The.diffraction beam intensities are measured by photographing the 

fluorescent screen or by using other means of detection of the elastically 

scattered electron flux. These include a spot photometer that monitors 

each diffraction beam as a function of energy as it moves across the 

fluorescent screen or the use of Faraday cups that detect the absolute 

current present in each diffraction beam. This latter technique is cum

berso~e and slow but provides a determination of the absolute intensities 

while all other techniques give information about relative intensities 

only. The photographic technique is at present the most versatile and 

practical one to employ. 3 Future developments v-lill 1~1ost likely include 

inage intensification and cathode ray tube display methods that are so 

well advanced in other technologi~s. 

4. The Nature of Low-Energy Electron Diffraction 

There are tv-10 major features of the electron-solid interaction evi-

denced in the I-V profiles obtained from the elastic scattering of low-

ener0.v electrons from the surfaces: (i) In contrast to the caseof X-ray 

scattering, the elastic scattering cross sections for low-energy electrons 
oz 

from atoms are large (of the order of 10 A /atom) and (ii) the incident 

electrons interact strongly ~·dth the valence electrons in the solid re":' 

sulting iil a ::i:Jh probability of ir.,:lastic scattering (plasmon, particle-

hole a11d ion-core excitations) \'lithin the first fe\'1 atomic layers of the 

surface. Feature5 (i) and (ii) taken together with the wavelike behavior 

of the electrons make low-energy electron diffraction a very sensitive 

probe of the surface atomic structure. Feature (i), however, renders 

the use of the simple kinematical (single-scattering) theory inadequate 
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ir1 low-energy electron diffraction and necessitates the use of multiple 

scatterin9 or s.o-called "dynamical" tl1eories. Feature (ii), on the other 

. hand, lileans that the electrons are removed from the elastic electron beam 

owinq to inelastic collisions with a characteristic mean-free path. in the 
0 

ran9e of 3-10 A. The inelastic collision damping tends to reduce, though 

by no means eliminates, the effect of multiple scattering. The presence 

of rnultiple scattering introduces secondary maxima in the I-V profiles in 

addition to the Gragg peaks anticipated from kinematical theory as mentioned 

above. 

In general, the effect of inelastic scattering has been shown to 

limit the .amount of secondary multiple scattering structure-- generally 

smoothing and broadening the diffraction peaks. Figure 4 compares, 

schematically, X-ray diffraction with lm-J-energy electron diffraction. 

The high elastic cross section that provides the.surface sensitivity of 

this technique is indicated by the thick arrows that show the large back-· 

scattered electron beam intensity •. The presence of multiple scattering 

in the lm-1-energy electron diffraction case is also indicated. Inelastic 

damping, of course, causes a strong attenuation of the incident electron 

beams during their transit through the near surface region. 

5. Dyliami ca 1 LEED Theory 

There have been a nwnber of formulations of low-energy electron 

diffraction wrlic:1 take proper account of multiple scattering and inelastic 

scatterin~ frolil crystalline solid surfaces. Few approximations are made; 

the important ones concern the construction of the crystal potential. The 

reader is 'referred to the excellent presentation by Pendry for a complete 

~' 

'" 

•• 
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discussion and uibliography.4 Here we shall briefly outline LEED theory 

in the context of the forma 1 ism deve 1 oped by Beeby •5 t~e sha 11 a 1 so i ndi-

cate how the resulting formulas transform to computationally more efficient 

expressions currently in use which are based upbn reflection and trans-

mission matrices from individual surface layers. 

Ao The T-matrix method 

The incident electron is taken to be in a plane-wave state with 

energy E and ~t~ave vector ~- The elastically scattered electrons are ob

served with the energy E and wave vector k'. Followinq Beeby's formu-

lation, the scattered intensity is given by 

I(h ·+ h') crifxp(-ib'· r')T(r'.r)exp(i~ 
where T is tile total scattering matrix satisfyinq 

T(r'.r) == v(r') o(r-r') +jv(r.')G0(r'-r .. )T((',r) gr .. 

and G0(r) is the usual outgoing free~particle propagator 6 

G0(r) 1 exp( i h· !)dh 
·- 3 i? 2 ! - ()Tr It 

2m + it: 

( 1 ) 

(2) 

( 3) 

The crystal potential V([) is taken to be a superoositiorr of nonoverlapping 

ion-core potentials situated at lattice sites S: 

V(r) == ~ vR(r-E) 
8 ... 

(4) 

where Vu([} is the ion-core potential at position B· Using Eqs. (2) and 
" ... 

( 4) it can be shown tlla t 7 

T (r' ,.r;) = ~ tr) (i'-B, r-E) 
R ~ 
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+ ~f (r•-R• r"-R)G (r"-r 1 ")t (r 1 "-R r-R)dr" dr 11 ~ ~ R' ~ ~ ' ~ - 0 ~ - R ~ ~' - ~ - -
R~R· -

+ (5) 

where the multiple scattering from the atom at B is given by the singlE si:te 

t-matrix 

tB(r', rl " •s(r' l 6(r-r' l + J•E(( )Go(r'-r" )tB((', rl 1r" (6) 

Equation (5) is a useful result because it expresses the total scattering 

111atrix in tertrJS of successively higi1er order scatterings betv1een single 

iltonlic sites \·Jith the h1portant provision that no two successive scatterings 

ue off the same atOJil. It also allov1s for a precise treatn1ent of the 

scattering fron1 a _sinqle atom in terms of the t-matrix tR(r:.r:•) defined 
-· 

in t•l· (G). This is a non-trivial point, in vie\1/ of the general inade-

quacy of Born approximation treatments of low-energy electron scattering 

from atomic potentials. 

The reduction of Eq. (5) to an algebraic form and the performance of 

the sums over scattering paths is accomplished by a series of manipulations 

prescribed by Beeby. The reader is referred to the original papers5,8 

for details of the methods, but we mention here the essential points. 

The atomic potentials are assumed to be spherically syriJIIetric so that the 

single-site t-matrices are appropriately expandeJ in an angular momentwn 

representation. Each scattering is on the energy shell and may be defined 

in terms of the phase shifts. 6 Taking the atoms to lie in planes 

parallel to the surface, the planes are further divided into "subplanes 11 

all of \'lhich have an identical structure termed the "~ubstructure." The 

substructure is essentially the smallest structtJre corrnnon to the primitive 

cells of all the atomic planes parallel to the surface. Furthermore, 

•• 
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each subplane, by construction, contains only one type of atom and thereby 

has scatterin!J properties described by a single 1; ... matrix. The subplane 

concept greatly facilitates the performance of the sums over scattering 

paths and naturally leads to the conceptual separation of scattering 

events taking place solely within subplanes and those linking subplanes. 

The final result for the scattered intensity is 

I(~+~')« ~-\(f)YL.(tl [4exp/i(H'l·!!v .l!vt 
(2rr) 2 2 

x · La ( ~, 1 - .!s 1, + g) 
A ~ (7) 

where the index t denotes the pair of indices (R., m), the YL (~) are the 

(real) spherical harmonics, and~ is the area of the surface uriit cell. 

The sum over delta functions expresses the momentum conservation law, 

(8) 

arising from the two-dimensional periodicity of the subplanes. Here g is -
one of the set of two-dimensional vectors of the lattice which is recip

rocal to the direct space lattice as defined in the usual manner.9 The 

variable~ indexes a given subplane with its (fixed) origin centered on 

an atom at d • The matrix T is defined by the equations -v ~v 

T = T + T 2: Gvv' (k)T 1 
~v :::v ~v• (tv) ~ - ~v 

!v = ~v(K) 11-~SP(~)~)K) 1-1 

(9a) 

(9b) 

2 2 . vv' SP where K = 2mE/h • The matr1ces g and g are appropriately defined 

structure factors similar to those found in the Korringa-Kohn-Rostoker 

method of energy band theory and are relatively straightforward to cal

culateo The matrix .1; (K) is a diagonal matrix for single-site scattering 
-V 
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\'lith elements 

(112)[ exp(2io . .9-(K))-1 ] 
t (K) = - -

9o,v 2m 2iK 

where o(K) are the phase shifts evaluated for the type of scatterer in 
. .9-

~y subp 1 ane ~· The ma.tri x represents a 11 of the sea tteri ng events taking 

place solely within the subplane v. Finally, the matrix T represents :::v 

all of the scattering events which end in plane~· 

( 10) 

Equations (7) and (9) constitute an exa~t solution of the dynamical 

LEEO prob 1 em within the context of spherically symmetric sea tterers pro

viding modifications are made for inelastic-collision damping and lattice 

vibration effects (see below). Choosing! phase shifts to describe the 

electron-ion-core scattering and dividinq the model structure· into NP sub

planes ess~ntially renuires the inversion of an (N ~2 xN 12 ~ comolex matrix 
- '1 p p .. 

for exact solutions to E~. (9a). Although such a calculation is often 

feasible Jnd has been carried out for several clean surface intensity 

analyses, computer requirements for the method become prohibitive when 
') 

i~Pz{.. ~ 300. Such restric.tions on the number of layers and phase shifts 

u~;~C?d to 1:10Jel tl1e scatterin:J are !)enerally too seve1~e. The method also 

rerjuires a ne\J soL;tion to Eq. (9a) if the :1osition of any layer is 

cil<.tn~)ed. This is a r,wjor drav,oack, for example, in chemisorbed overlayer 

systems where one ~ust evaluate -100 different possible positions of the 

cheuisorbed species \"Jith resoect to the substrate. 
10 

i..l. r<eflection and t1Aansmission anmlitudes: momentum space representation 

A considerably more efficient method for calculating ti1e reflected 

intensities is based on a beam representation of the scattering from a 

given 1 ayer. + Defining ingoing and outgoing wave vectors k (g) and k-(g) - -

• 
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( 11 a) 

(11 b) 

we note that the amplitude of a freely propagating wave varies with position 

as 

( 12) 

Beams reflected or transmitted by a given crystal layer scatter into other 

beams according to Eq. (8) with amplitudes which are c~osely related to the 

planar scattering matrix T in Eq. (9b). For example, the process of re-
== 

flection of a forward traveling beam from a single layer is given by 

. Ag- =ER-+ gg• A~f . (13) 
~ g -~ ~ 

where the 
-+ 

R22 1 

-reflection matrix is 

= -Bii. ( 2~)E 
A {2 LL I 

(14) 

Analogous expressions with appropriate sign changes give the reflection 

matrix R+- and transmission matrices T++, T--. Therefore, the reflection 

and transmission matrices from a crystal plane in the momentum-space re-

presentation are related to the angular momentum T matrix derived b.Y Beeby 
::: 

by a simple transformation. . 
In addition to b~ing conceptually simple, the beam representation has 

several computational advantages over the T~matrix method discussed earlier. 

Typically one needs 6<~<8 phase shifts, 5<N <8 crystal planes or layers 
~ ~ - p~ 

and 20~18s60 reciprocal. lattice vecto~s (or beams) to accurately model the 

electron diffraction process in the energy range 15-200 eV. Implementation 

of the T-matrix method would then require storage and inversion of a matrix 

of minimum size 180xl80 and maximum size 512x512. In the beam representation, 

however, the angular momentum components (phase shifts) are summed over 
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[Eq. (14)] and matrices of relatively modest size,N8xN8~60x60, are required. 

Furthermore, the reflectivity matrix for a combination of layers is 

readily constructed according to the "layer-doubling" scheme introduced by 

Pendry. 11 The time required to combine layers scales as NP in this scheme 

whereas the T-matrix computation scales roughly as Np3• 

Finally, we note that the beam method is well-suited to structural 

applications. For example, a typical problem in current LEED research 

is to solve Jor the position of a chemisorbed atomic or molecular over-

layer with respect to the underlying substrate. The substrate layers are 

readily combined into a single reflection matrix which need not be re

constructed. Sirni.larly, reflection and transmission matrices for the 

overlayer are calculated and stored. These initial steps are the most 

time consuming; the remaining calculation of intensi'ties for each new 

relative position of the overlayer and substrate is a small additional 

increase in computation time. 

C. Modifications for inelastic damping and lattice vibrations 

Duke and co-workers12 modified Beeby's results to include an 

approximate treatment of inelastic-collision damping and the effects of 

lattive vibrations although th~ structure of the equations is unchanged. 

Briefly, the damping effects are introduced through the inclusion of an 

electronic self-energy term t(~, E) in the propagator of Eq. (3) and a 

boundary condition on the incident electron wave vector inside the solid 

which makes it a complex number. Physically, these prescriptions cause 

the electron wave fields inside the solid. to be exponentially decaying·, 

thereby reducing the effects of multiple scattering. The effects of 

lattice vibrations are included by means of a renormalization of the 

'., 

'' ; 
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single-site t-matrices. In essence, the scattering at each site is 

modified by a Debye-Waller factor that acceunts for the loss of electrons 

by quasielastic phonon scattering. The phonon scattering is termed quasi-

elastic because the energy changes involved are very small (~E = hw ~ 

0.01 eV), and the phonon-scattered electrons are not separated from the 

purely elastic component in conventional low-energy electron diffraction 

experiments. The phonon scattering, however, can change the momentum of 

the electrons significantly thereby causing a fraction of the electrons 

to be scattered (thermal diffuse scattering) into the background between 

the diffraction spots. The Debye-Waller corrections to the I..;V profiles 

have the general effect of reducing the heights of the higher energy 

peaks in relation to those at lower energies, but such corrections may 

also change peak shapes s{gnificantly. 

D. Applications of dynamical LEED theory 

The theories outlined above or equivalent formulations have been 

successfully applied to the analysis of several clean surface and chemi

sorbed overlayer systems. Recent reviews may be consulted for a summary 
13 

of the results. The basic procedure of surface structure analysis is 

an indirect one: calculated I-V profiles for ma~y trial geometries are 
compared to experimental I-V profiles until the optimum agreement between 

' 

theory and experiment is achieved. 

For computational reasons a number of simplifying assumptions are 

inevitably made. The atomic potentials are in principle obtained from . . . . : . 

self-consistent' calculations appropriate to the surface region, but in 

practic:! bulk band structure potentials or potentials obtained from the 
overlap o-:rat'omic charge densities are. employed. The effects of 
inelastic damping are normally included by a suitably parameterized e.lectron 



self-energy term or by an optical potential model. Finally, the lattice 

vibrational amplitudes a1~e taken to be spherically symmetric and for most 

calculations independent of distance from the surface. Several system~tic 

calculations, primarily for clean metal surfaces, have indicated that the 

above approximations are acceptable for achieving adequate agreement with 

experimental I-V profiles taken at constant tempel~ature. Obtaining the 

observed t~mperature Jependence of the intensities requires ~ore accurate 

treatments of the lattice vibrations. 

i\ representati vc comparison between theory and experiment for the 

clean Pt(lll) surface is shown in Fig. 3. A beam representation with the 

layer-douuling method was employed'~ Sufficient numbers of layers, partial

wave phase shifts, and diffracted beams were included to insure numerical 

convergence. In Fig. 3 a co1apari son is made for severa 1 va 1 ues of the 

spacing between the first and second atomic layers of the Pt(lll) surface. 

The analysis indicates that the spacing is equal to that of the bulk to 

within ±2.5%. We note that for the optimum geometry very gbod agreement 

between theoryanJ experiment is achieved in relative peak intensities and 

line shapes as well as ih peak positions. Generally speaking, in most 

publi~hed LEEU analyses only visual evaluation of the profiles has been 

employed. However, it has become apparent that more objective and con
evaluation 

venient .{>rocedures, similar to those used in X-ray crystal_lography, should ~~· · 

be developed. 
14 

We should emphasize here that even with the most efficient computational 

procedures presently developed, a complete dynamical LEED intensity analysis 

is still feasible only for systems with relatively small surface unit 

cells (e.g., (lxl), (2xl), c(2x2), p(2x2)) containing up to -5 atoms in 

. - ':: 
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a unit cell. Analysis of systems having very large unit cells (e.g., 

Si(lll)-(7x7), Pt(l00)-(5xl4)) or analysis of ordered overlayers of large 
' . 

chemisorbed molecules (e.g., ~ 6H6 , c10H8 ) is still beyond the reach of 

the current methods. 

· 6. Surface Vibrations: The Debye-Waller Factor 

In addition to its primary use in giving information on the structures 

of surfaces and adsorbates, LEED may also serve as a probe of the surface 

vibrational amplitudes. We mention here the ~ost elementary model, based 

on single-scattering of electrons from identical atoms at a surface'. Just 

as in X-ray diffraction the intensities. of the diffraction spots decay ex

ponentially with the r~an-square amplitude of the atomic vibrations: 

I = I0 exp [-~ 6~; 2 <u1
2

> J (15) 
1 . 

In this expression I
0 

is the intensity. from a rigid lattice of scatterers, 

6k is the momentum transfer of the scattered electron and <ui 2> is the mean 

square amplitude of vibration of the atom from its equilibrium position. 

Using the Debye approximation in the high-temperature limit (T>G0/21T) 

we have 

< u . 2 > = ----'3:..:.;ffi_
2 

_T'--::--
1 ' 2 

fv1kB e0 

( 16) 

where~ is the Debye temperature and t1 is the atomic mass. We may specialize 

to the case of specular reflection in which only the amulitude of vibration 

perpendicular to the surface enters Eq. (15). Using Eqs. (15) and (16) and 

noting that 6kz = 2 /2mE11l2 cos¢ (where cp is the incident beam angle measured 

from the surface norma 1) it is easy to sho\'J that 
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T (17) 

This equation implies that a plot of the logarithm of the intensity at a 

given energy as a function of temperature is a straight line, the slope of 

which yields s0 (~z), a measure of the surface vibration amplitude perpen

dicular to the surface. 

In reality the electron beam penetration varies as a function of 

energy·so that Eq. (17) provides, at any given energy, an "effective Debye 

temnerature" which is some average of the surface and .. bulk layers. In an 
. . . 

empirical fashion, however, one may arrive at a "surface Debye temperature" 

from the lm1. energy limit of this effective Debye temperature. Due caution 

must be exercised in interpreting results with this method, hmvever~ since 

the electron penetration is always finite and does not increase monotoni-

cally with energy. Furthermore, multiple scattering processes are very 

important at selected energies, and a 1:1uch more elaborate approach is 

needed to correctly interpret the effect of these processes on the tern-

perature dependence of the diffracted intensity. 

The effective surface Uebye temperatures of various crystal surfaces 

have been determined by the approximate method. outlined above. 15 These 

values are listed in Table 1. In most cases the surface vibration amplitude 

appears to be roughly twice the amplitude in the bulk. 

... 
I 
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' 16 The Structure of Clean Surfaces 

There are two experimental observations in the field of the atomic 
I 

structure of clean solid surfaces that were not known 15 years ago. These 

concern a) surface reconstruction and b) the stability and structure of 

surface irregularities. The atoms at the surface are in an asymmetric 

environment. They are surrounded by atoms in the surface layer and be

neath; there are no atoms above them. The surface environment thus has 

lower symmetry than that provided for atoms in the bulk. Atoms-in the 

surfacemay move into new equilibrium positions that provide h.igher 

symmetry or greater overlap of available bonding orbitals. Let us 

briefly review what is known at present about the structure of meta 1, 

semiconductor, ionic, oxide and molecular crystal surfaces. 

A. t~eta 1 surfaces 

Metal surfaces are well suited for electron beam studies because of 

the absence of space charge build-up during the diffraction experiment 

and their resistance to electron beam damage. A variety of cleaning pro

cedures are applicable to metal surfaces, both in and -out of the vacuum 

chamber. Several metal surfaces have been extensively studied with LEED, 

by simple diffraction pattern observations as well as detailed intensity 

analysis of the diffraction beams.l 3 Indeed the study of metal surfaces 

provided the testing ground for LEED multiple-scittering theor;e~ and 

placed surface crystallography by the method mentioned earlier on a 

reasonably firm foundation; this motivated extension to the more complex 

problem of the surface structures of chemisorbed species. 

The thermodynamically favored surfaces are those with densely-packed 
~ . . 

planes of atoms exposed (Fig. 2). In conventional crystallographic terms 
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these are the lo1t1 ~1iller index planes 9 (e.g., the familiar (100), (110), 

and (111) planes of a face-centered cubic lattice). The surface unit cell 

of a low-index face of a clean metal surface has generally been found to 

be that expected from the projection of the bulk (X-ray} unit cell to the 

surface (referred to as (lxl)), and the uppermost layer z-spacing is 

equal to the bulk value to \'Jithin the estimated accuracy of about 5%. 

HO\'Jever, the Al(llO) (5-15%)~ 3 f·,1o(l00) (11~12%} 13 and W(lOO) (6%~ 7 
sur-

faces seem to show substantia 1 contra'cti on in the upper-1 ayer z:..spacing 

with respect to the bulk, while retaining the (lxl) surface unit cell. A 

simple co~traction or expansion of the interplanar z~spacing of this kind 

is usually termed a relaxation. More dramatically, the (100) and (110) 

faces of ir! 13 Pt 
19 

and Au
20

'
21 

are reconstructed, i.e., the two-dimensional 

surface unit cell is different from that given by the termination of the 

bulk structure along the plane of interest. 

In general, one observes that crystal planes having relatively less 

dense packing of atoms will be more prone to relaKation or reconstruction, 

. as compared to the most densely-packed plane of a given crystal structure. 

This is consistent with the removal of a larger number of nearest-neighbor 

atoms in forming a surface of the l.ess densely-packed planes. In order to 

minimize the surface free energy in these cases a rearrangement (perhaps 

a subtle one such as a slight buckling of the surface) of surface atoms 

from the bulk positions may, therefore, be quite favorable. The (100) 

surfaces of Ir, Pt and Au, for example, exhibit the diffraction pattern 

illustrated in Fig. 5. The spots from a nominal (1 xl) surface occur at 

the corners of the squares but there are extra or "fractional-order" spots 

in between indicative of domains of (5xl) superstructure.22 By the 

" ; 

l '. 

. ; 
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designation 11 (5xl) superstructure .. we simply mean that the unit cell 

vectors characterizing the periodicity of the reconstructed surface are 

respectively five times larger than, and equal to, the corresponding 

vectors of the (lxl) cell. This large apparent unit cell can be due to 

the superposition of smaller unit cells which are rationally related (so~ 

called coincidence structures) and a plausible, though unproven, suggestion 

is that the reconstructed surface consists of a hexagonal close•packed 

layer of atoms lying on top of the undistorted (100) planes. 

There is considerable interest in alloy surfaces due in part to their 

potential as efficient catalysts. Order-di·sorder transformations. which are 

well-characterized for some bulk alloy systems may also be studied. in the 

surface region. Studies of the surface structure by LEED have been carried 

out for alloys such as Cu-Au, Cu-Al and Ag-Pd. The appearance of super

lattice beams in the LEED patterns for the Cufu(lOO) surface, 23 •24 for 

. example, indicates the presence of long-range order in the alloy surface 

as in the bulk below the order-disorder transition temperature Tc=390°C. 

However, the temperature dependence of these beams seems to indicate a 

different behavior of the long-range order parameter for the surface of 

this alloy as compared to the bulk~ 3 

B. Semiconductor s~rfaces 

Several elemental (Si, Ge) and compound (GaAs, InSb, etc.). semicon

ductor surfaces have been studied by LEED and in some cases diffraction 

beam intensities ha~e been analyzed. Whereas surface reconstruction is 

certainly rare for metals it seems to be very common for semiconductors. 

In a general way this behavior can be ascribed to the more localized, 

·directional character of the bonding in semiconductors as opposed to the 
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delocalized bonding picture appropriate for metals. Competing models for 

the reconstruction of cleaved silicon surfaces involve either periodic 

displacements of the surface atoms from bulk positions or the formation 

of ordered surface vacancies. A quantitative LEED intensity analysis to 

discriminate between these models is presently lacki!1g but will hopefully 

be soon forthcoming. A camp 1 ete set of LEED intensity data has been ob

tained for the (2xl) reconstructed surface of Si{lOO) and its surface 

structure is currently under theoretical· investigation. 25 

We consider the case of the reconstructed silicon{lll) surface. Upon 

cleavage in UHV the LEED diffraction pattern sho1.'/S spots indicative of 

{2xl) superlattice periodicity. This structure is metastable and con

verts with annealing to the stable (7x7) superstructure {rig. 6)·which is 

preceded 'by an apparent (lx.l) structure at the phase transition temperature 
.. ?6 . 27 

near 400°C.'"" Rowe and Phillips have argued that \lthereas a surface 

buckling model of the kind proposed by Haneman 28 provides a satisfactory 

explanation. of the metastable (2xl) surface, a qualitatively different 

model such as the one proposed by Lander29 involving ordered surface 

vacancies is necessary to explain the properties of the annealed {7x7) 

surface. At present the evidence is inconclusive, and most experiments and 

theories have focused on the (2xl) structure. 

The essence of Haneman's mode1 28 for this surface is as follows. In 

the bulk material the Si atoms are tetrahedrally coordinated with an sp3 

hybrid bonding scheme. The surface atoms, however, have only three 

nearest-neighbors and the remaining "dangling bond" may have a tendency 

to become more p-like. If this happens the back bonds will tend towards 

sp2 hybridization or trigonal bonding which is essentially planar. These 

.. 
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considerations suggest a movement of the surface atom towards the second . 
rlane of atoms (contraction of the back bonds), but this will in turn give 

rise to lateral forces on the second layer atoms, forces which can be re

leased if other atoms in the upper layer are slightly raised. The net re-

. ~ult, of course, is a slight buckling or rumpling of the surface caused 
0 

by the raising and lowering (~O.l-0.2 A) of alternate rows of surface atoms, 

thereby producing a (2xl) periodicity. A number of theoretical calcu-

1 ations for the electronic structure of the idea 1 i zed Si (111)-(1 xl) 

surface have been reported, notably the initial self-consistent one due to 

Appelbaum and Hamann30 showing the partially occupied dangling-bond 

surface state band lying in the semiconductor band gap. Schluter et al.31 

have subsequently considered the effect of the buckling model for (2xl) 

reconstruction and find that the da.ngling bond state is split with a trans

fer of charge from the inwardly relaxed.atoms to the outwardly relaxed 

ones, the surface becoming partially ionic. 

Non-stoichiometry is apparently a major factor in the observed re

construction of the,polar faces of the III-V semiconductors such as GaAs 

(zinc blende structure). The (111) face, for example, would ideal"ly have 

all Ga atoms at the surface bonded to As atoms immediately beneath the 

surface while the reverse would be true of the (iii) face. However, the 

(lil) surface has been found to lose As at elevated temperatures and this 

is associated with a ( 119x ffii surface structure, while the low tempera-

t (2 2) t t . . t b '1 . d 32 , 33 s. "1 1 h h ure x s rue ure 1s arsen1c-s a 1 1ze • 1m1 ar y, p osp orous 

is found to preferentially desorb at high temperatures from the GaP(lll) 
34 . , 

surface. On the other hand, the GaAs(llO) surface wh1ch has an equal 

number of Ga and As surface atoms does not exhibit reconstruction but 
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LEED intensity analysis does favor outward (inward) movement of As (Ga) 
35 surface a toms. 

A LEED intensity analysis has been reported for the layered metal di

chalcongenide compound t·1oS2 by r~rstik et al. 36 These interesting com

pounds consist of layers of covalently bonded atoms coupled to similar 

layers by weak Van der Waals forces. Each layer has the transition metal 

atom sand\'liched between planes of chalcogen atoms. The authors found no 

evidence for surface reconstruction and good agreement resulted between 

calculated and experimental I-V profiles for the bulk. interatomic s~acings. 

C. Ionic crystal surfaces 

Ionic crystals are insulators consisting of a lattice of alternating 

positively and negatively charged ions (e.g., Na+ and Cl-) for which the 

bulk cohesive energy is due to Coulomb forces between ions. Howe.ver, at 

the surfaces of these materials there is a net electric field arising from 

the ionic half-space beneath the surface which in turn may polarize the 

ions in the surface layer. These polarization fields affect the anions 

and cations differently and may cause considerable distortion at the 

surface. Definitive studies of the surface atomic structure .of ionic mat-

erials have not yet been made by electron-diffraction techniques. However, 

McRae and Caldwell37 did find LEED evidence for a distortion of the (100) 

surface of LiF indicating that the top Li and F sublayers do not lie in the 

same plane, i.e., the surface is periodically buckled. This result is 

qualitatively consistent with the theoretical predictions of Benson and 

co-workers 33 and has been further investigated with LEED intensity 

ca 1 cul ati ons. 39 

A number of studies have pointed to possible non-stoichiometry of 

• 

-.. 
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40 41 alkali-halide crystal surfaces upon cleavage. ' These surfaces may also 

become charged or damaged under electron beam exposure. In general there 

is preferential desorption of the halogen atom from the surface by the 

electron beam with rather high efficiency and the associated formation of 

F and M color centers.40 ,42 Some of these effects may be minimized by 

working at elevated temperatures to increase conductivity and to permit 

rapid diffusion of ions from the bulk to recombine with vacancies at .the 

surface. The elementary theoretical models of the surfac~. structure out

lined above may have to be modified to include the possibility of varying 

degrees of non-stoichiometry at,the surface. 

D. Oxide surfaces 

The interaction of oxygen with metals to produce various surface ox

ides is of considerable chemical and technological. interest, but relatively 

few structural studies have been carried out by LEED. Changes in chemical 

composition have been related to the formation of new surface unit cells 

as evidenced for the (0001} surface of a-alumina (Al 203) where recon

struction at elevated temperatures in vacuum was associat~d with loss of 

oxygen.43 The observed transformation from a (lxl} to a (/.ffx8f) unit 

cell could be reversed by oxidation of the surface in 10-4 torr of oxygen 

at l000°-l200°C. The reconstructed surface has b~en interpreted 43 in 

terms of a reduced oxide surface layer containing All+ or Al 2+ ions. 

Fiermans and Vennik. 44 have stud1ed the transform~tion of a v2o5(0l0) .sur

face to one characteristic of v12o26 (0l0) under the influence of the 

electron beam. The authors found that the transformatio.r1 proceeds by 

domain formation and two different intermediate superstr~ctures of (4xl) 

and (lx2) periodicity were involved depending on the degree of sample 
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non-stoichiometry. In more recent work leading to quantitative structural 

determinations Legg et al. 45 have reported LEED intensity data for the 

(001) surface of lvtgO. Reconstruction of no2 surfaces has also been very 

recently reported. 46 

E. Molecular crystal surfaces 

~1olecular crystals constitute a large and important group of materials 

that includes rnost organic solids, but only very recently have the surface 

structures of some of these materials been investigated on an a~omic scale 

by LEED. Ice and naphthalene have been grown by vapor deposition on a 

Pt(lll) substrate and observation of the LEED diffraction patterns have 

allowed studies of the surface morphologies as a function of substrate 

structure, temperature and exposure.47 The ice structure \'/as obtained 

by exposing a clean Pt(lll) surface to water vapor flux of 1014 molecules 

crn-2sec-l at substrate temperatures of from 125 K to 155 K for several 

minutes. The diffraction pattern observed is almost identical to that of 

domains of a Pt(lll )-( 13x 13) R30° surface structure, rotated 60° to each 
0 

other; tlie domains are of the order of 30 A in linear dimensions. The 

pattern is most probably due to domains of the (111) face of fcc ice 

grown parallel to the Pt(lll) surface. Similarly, ordered surface struc

tures of naphthalene were grown between 105 and 200 K and the observed 

diffraction pattern is that expected from the monoclinic naphthalene 

crystals growing with (001) planes parallel to the Pt(lll) surface. 

Several other materials under similar study at this laboratory include 

benzene, trioxane, n-octane, cyclohexane and methanol. 

Ordered films of (Cu-, Fe- and metal-free-) phthalocyanines have re

cently been grown by vapor deposition on Cu(lOO), Cu(lll) and Pt(lll) 



0 n. . .,;r 0 i'.6 8 

-25-

0 

substrates (monolayer to 500 A film thickness) and studied by conventional 

LEEO techniques.
413 

The diffractionpatternsare consistent with a relatively 

large surface unit cell containing one phthalocyanine molecule with the 

plane of the molecule parallel to the surface plane. 'The first layer of 

molecules is chemically bonded to the substrate; it appears that the central 

metal atom of the molecule plays only a limited role in this bonding. 

Other materials presently under study in this laboratory are the amino 

acids glycine, tryptophan and alanine grown on metal substrates. 

Each of the above studies has indicated that growth of an ordered 

monolayer phase is essential to ordered growth of the film and that suit-

able matching of metal substrate and molecular crystal ·is of considerable 

importance in such studies. 

General problems encountered in LEED studies of molecular crystals 

are sample damage and space·charging under electron beam expo$ure. The 

vapor pressure of ti1e sample must also be temperature controlled to allow 

study under UHV conditions. In the above research, charging effects were 

largely avoided by vapor growth of suitably thin films on a conducting 

substrate. This procedure, however. ratherseverely 1 imi ts the kinds of 
? 

surfaces that may be studied, and it is anticipated th~t LEED systems 

utilizing much lower beam currents can remedy the charging problem as 

well as alleviate the problem of electron beam damage. These advances 

would then allml/ study of a wide variety of molecular crystal surfaces 

obtained by suitable cleavage or cutting of bulk crystals. 

F. Stepped surfaces 

·To this point v1e have been concerned with nominally 11 flat 11 surfac.e 

structures which correspond to the close-packed (low Miller index) nl~nes 
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of atoms (neglecting possible surface buckling and a small percentage of 

surface defects). It is well known, however, that surfaces obtained by 

cleavage contain regions which exhibit a stepped topology, consisting of 

flat terraces separated by steps or edges typically one atom in height. 

Regular arrays of such steps v1ere studied with LEED by Ellis and Schwoebel 49 

on uranium dioxide crystals by cutting a fe~IJ degrees off the (111) plane 

followed by cleaning and annealing in vacuum. The new periodicity intro

duced by the ordered array of steps (allowing for some variation in terrace 

width and step height) is readily apparent in the diffraction patterns by 

the splitting of spots into doublets and sometimes multiplets as quanti

fied by Ellis and Schwoebel 49 and by Henzler 5° who presented a formula 

for finding the average step height. Lang et al. 51 examined a number of 

stepped platinum surfaces prepared by cutting at different angles from a 

low-index plane. The ordered stepped surfaces were found to be stable in 

UHV for .temperatures up to 1500 K. The appropriate cutting angles are 

closely related to directions along various high t4iller index planes in 

the crystal, but these sparsely-packed, closely-spaced planes are of 

little utility for visualization purposes. t~ore conveniently, we may 

simply indicate the average terrace width in atoms and the terrace ori-

entation followed by the step orientation, e.g., Pt[6(1ll)x(lOO)J. In 

Fig. 7a we show the diffraction pattern and surface topology for an 

essentially step-free platinum surface and the correnponding diagrams for 

a high step density surface {-18%) in Fig. 7b. Figure 7c illustrates a 

stepped surface that also possesses a high density of kinks along the 

steps. 

Stepped surfaces are particularly interesting because of the presence 

.. 
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of step and kink sites having lower coordination number than terrace sites 

and, in fact, these surfaces often exhibit strikingly different chemical 

behavior from low-index planes. Ibach and co-workers 52 found an expon

ential increase with step density in the sticking coefficient for oxygen 

adsorption on cleaved silicon surfaces. Rowe et al. 53 have reported UPS 

·spectra showing strong dependence on step density for cleaved silicon. 

Somorjai and associates have found higher reactivity of stepped surfaces 

as opposed to nominally step-free surfaces in the hydrogen-deuterium ex

change reaction 54 and for several hydrocarbon reactions at low pressures.55 

Some theoretical interpretations of the electronic properties of stepped 

surfaces have been given for metals 56,57 and semiconductors.58.59 There 

may indeed be a correspondence in chemical properties between atoms in step 

and kink sites on single-crystal surfaces and surface atoms on small metal 

clusters of importance in industrial catalysts, and for this reason alone 

it is Probable that the properties of stepped surfaces will continue to be 

a topic of lively interest. 

8. The Structure of Adsorbed Gas Monolayers: .Quantitative LEED Analyses 

One of the most exciting observations of low-energy electron diffra

ction studies of adsorbed monolayers on low ~1iller index surfaces is the 

predominance of ordering within these layers. These studies have revealed 

a multitude of surface structures formed upon adsorption of a large number 

of atoms and molecules on a variety of solid surfaces. Conditions range 

from low temoerature inert gas physisorption to chemisorption of reactive 

gases and hydrocarbons at room temperature and above. A listing of over 

300 adsorbed gas surface structures, mostly of small molecules adsorbed on 
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low r~iller index crystal surfaces, can be found in a recent review. 1 In 

the vast majority of cases, ho\'Jever, only the two dimensional symmetry of 

the diffraction pattern has been observed. In current LEEOwork the focus 

is on quantitative structure analysis, and in several cases the full surface 

crystallography has been reported using multiple scattering, LEED intensity 

calculations. 

A. Examples of atomic chemisorption 

The first of these analyses was carried out by Andersson and Pendry60 

~'lho exarnined sodium adsorption ~:m a nickel (100) crystal face and reported 

that the sodium atom occupied fourfold coordinated sites at a distance of 
0 

2.37 A above the topmost nickel layer. Demuth et al. 61 have examined the 

overlayer structures of oxygen, sulfur, selenium and tellurium on nickel 

( 100). On this surface they find the adsorbed a torn to occupy fourfo 1 d 
0 

coordinated bonding sites at displacements of 0.9, 1.3, 1.45 and 1.9 A 

respectively from the center of the top nickel layer. Results are also 

given for nickel (111) and nickel (110). Forstrrtann et a1. 62 reported 

iodine adsorbed on Ag(lll) to occupy the threefold sites at a distance 
0 

of 2.25A above the topmost layer. Oxygen adsorpti~n on tungsten63 and 
64 

nitrogen onmolybdenum and other body-centered cubic metals have also been 

studied. 

Several general observations appear to be emerging from this work. 

Chemisorbed atoms seek an adsorption site which allows them to maximize 

their coordination. The substrate-adsorbate bond length, at least for 

the strongly chernisorbed systems studied thus far, can be reproduced rather 

well by adding the metallic radius of the substrate and the single bond 

covalent radius of the adsorbate. This is shown in Table 2 which lists 

' ' 
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the experimentally determined bond length and the predicted bond length 

obtained by sunming the covalent radii. In most cases, the difference is 
0 

within the 0.1 A accuracy claimed for the experimental determination and 

in no case is the discrepancy greater than ten percent. This result 

suggests tt1at the chemisorption bond of the small· adsorbate atoms studied 

so far is basically covalent in character, which means that theoretical 

treatment in terms of localized surface complexes and clusters should be 

applicable to their chemisorption • 

. ,The small adsorbate atoms that are listed in Table .. 2 invariably occupy 

sites of the highest symmetry.· These sites would ·also be the location of 

the next layer of metal atoms if we \'/ere to continue building up the solid 

layer.by layer. The adsorbate.:.metal atom bond distance is equal, within 
.. 

the experimental accuracy, to the sum of'the covalent radii of the two 

atoms. There are other types of surface 'bonding, however, that are 

neither simple nor readily rationalized using simple chemical arguments. 
~ :' 

For example, when oxygen adsorbs on nickel (110), the best agreement with 

experiment is obtained assuming that the oxygen atoms occupy twofold bridge 

sites between 1.41 and 1.51 A above the nickel layer. 65 This is clearly 

not the highest coordination site on the surface. The fact that bridge 

bonding is preferred suggests that atomic oxygen bonds to two adjacent 

nickel atoms via the oxygen px and Py atomic orbitals. The bond angles 

and atomic. distances are very close to what one expects from x·2o compounds, 

where X is the metal atom. 

Another example ofunusual bonding is detected in studies of hydrogen 

adsorption to the nickel (110) surfa~e recently. A ne~ ~urface s~ructure 

forms and surface crystallography studies indicated that this unit cell 
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is a consequence of the restructuring of the nickel (110) surface as a 

result of hydrogen chemisorption and not due to ordering of the hydrogen 

adsorbate. 65 The surface structure model that gave the best fit to the 

experimental data consists of distorting the nickel surface atoms so as 

to produce the.new (lx2) periodicity. This is carried out by simple de-

pression or raising of every alternate ro\'J of nickel atoms in one direction 

or a pair-wise distortion of every alternate row of nickel atoms in the 

plane of the surface. The optimal agreement with experimental curves is 
0 0 

obtained by a 0.1 A compression of the surface layer and a 0.1 A alternate 
; 

displacement of the rows of nickel atoms in the [110] direction. 

Another example of unusual structut·e comes from studies of the 

titanium-nitrogen system. It has been reported recently66 that upon 

chemisorption, nitrogen atoms are located below the first layer of titanium 

atoms in the (0001) surfacee There is little doubt that future studies 

wi 11 revea 1 the richness and comp 1 exi ty of surface bonding and wi 11 yi e 1 d 

many unexpected bonding configurations. 

13. Molecular chemisorption: c2H2 on Pt{lll) 

The first quantitative structure determination of molecular chemisorption 

has been reported for the unsaturated hydrocarbon acetylene (C2H2) on the 

Pt{lll) surface.67 Details have been given in recent papers, and here we 

only outline some essential features of the study. The molecule adsorbs 

on the Pt(lll) surface in at least two different undissociated chemisorption 

states which are separated by a thermal activation barrier. Upon adsorbing 

c2H2 on Pt(lll} at 300 K at low exposures a (2x2) structure forms with 

reproducible intensity features. This "metastable .. state, however, trans-

forms upon gentle heating to 350 K to a 11 Stable" adsorption state in which 
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the (2x2) diffraction features are preserved but with drama.tic changes in 

beam intens1ties. The diffraction ,beam intensities at various angles in 

the energy range of 10-200 eV ~ave been measured for both metastable and 

stable c2H2 structures.
68 

A dynamical LEED I-V analys:is of both structures 

has been carried out recently.
67 

Before we discuss the results of these 

studies, 1 et us consider the various mode 1 s of acetylene chemisorption. 

As illustrated in Fig. 8 \'le disti~guish four scites designated. as (a} 

n complex or the "atop•• site, (b) u-bridging, (c) di-a and (d) tr-iangular. 

These surface sites are labeled in. this way to draw attention to the in

teresting stereochemical analogy· between these surface configurations 

and known modes of attachment of acetylenic ligands to small transition 

metal clusters. (We refer to ligands of the type RC :: CR where the 

substitutes for H.) In Fig. 8 we schema-

tically indicate the types of bonds found in clusters of 1-3 metal atoms 

and their parallel association with the particular surface sites of 

interest. 

The one-coordinate n. complex (a) is associated with attachment of an 

acetylene to a single transition-metal atom, and the nature of this bond 

in clusters is described by a model originally developed by Dewar69 for 

metal-olefin bonding. In this model, the doubly occupied nu orbital 

transfers electron density to a metal hybrid orbital and this transfer 

of charge is offset by.formation of a bona fide n symmetry bond through 

the overlap of a filled d orbital of the metal and an empty antibonding 
7T . 

n
9 

orbital of the acetylene. A si~ilarschemehas been adopted for the 

ll-bridging configuration (b) (favored in binuclear complexes) in which 

each of the two perpendicular nu orbitals is directed towards a different 
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metal atom thereby forming two orthogonal 11 ~ 11 bonds. 

The geometries illustrated in Fig. 8c and 3d are generally associated 

in clusters with rehybri,dization of the acetylene to an olefinic bonding 

(as indicated schematically) on the basis of stereochemical data (i.e., 

CC bond length, CCR angles, as ltJell as the orientation of the acetylene 

to the metal atoms). The di-a geometry (c) involvP.s the formation of two 

carbon-metal a bonds arid has received considerable discussion in the 

catalysis literature as a probable surface complex, 70 although its 

occurrence in organometallic clusters is uncommon. The triangular geo

metry (d) is thought to involve formation of two carbon-metal a bonds as 

well but \'lith an additional J..l bond derived ftom the 1r frame\'/Ork to the 

unifJue metal ato!:l. 71 Hence, in the trianyular geometry each (equivalent) 

carbon atom has significant interaction with two metal atoms. This 

arrangement is commonly found in trinuclear metal-alkyne comolexes. 
~ 

The main results of our surface crystallography calculations are as 

follmts: (i} the metastable state involves coordination of c2H2 to 
0 

essentially one Pt surface atom at a z-distance of 2.45±0.10 A above the 
0 

to~nost plane of Pt atoms (a C-Pt bond length of 2.5 A), (ii) the bonding 

site for the stable state is a triangular position at a z-distance of 
0 0 

L%±0.10 A (C-Pt bond lengths of 2.2 and 2.6 A). Unfortunately, very 

1 i mi ted sensitivity is found to either C-C bond 1 ength or C-C-H bond ang 1 e 

variations under the present conditions of surface structure analysis 

(near-normal electron beam incidence), and hence no conclusions were re-

ported concerning intramolecular bond lengths in adsorbed c2H2• 

Comparison of calculated p~ofiles at normal beam incidence for the 

tria 1 geornetri es is shovm in Fig. 9 for the met as tab 1 e structure. The 

• 
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0 

results are shown for a z-distance of 2.5 A which was· found to be optimum 
in o 

with/0.1 A. t~any such comparisons have been made and the atop site is 

consistently favored over the other model geometries. Similar comparisons 

for the stable c2112 structure are given in Fig. 10, the optimum z-distance 
0 

being 1.9 A for this structure. There are two inequivalent triangular 

sites within the surface unit cell corresponding to the presence·or absence 

(hole site) of a platinum atom in the second layer. We find the hole 

site to be clearly preferred in the stable state • 

. To summarize, we have used dynamical LEED theory to identify the 

structure of two different chemisorption states of c2H2 on Pt(lll). The 

metastable state is coordinated to one Pt surface atom and in view of the 
. 0 

large Pt-C distance of 2.5(1) A the molecule is presumably 1r-bonded to 

the surface. The stable state, on the other hand,·.involves a·sizeable 
' ' ' ' 

0 

Pt-e bond length contraction of -0.3 A. and a coordination change from 

to 3 metal atoms. This suggests the formation of symmetric carbon-

platinum a bonds as occurs in trinuclear metal alkyne complexes, where 
0 

the C-C bond is stretched from 1.20 A (acetylenic) to a bond length 
0 

(-1.4 A) intermediate between a single and double C-C bond. Work is 

presently in progress here to enhance the sensitivity to the C-C length 

by using LEED at glancing incidence. 

Finally, we would like to emphasize the important role of the 

multiple-scattering of the electrons; were it not for the wealth of de

tail in the low-energy region (E~ 100 eV) of the fractional-order beam 

I-V profiles (which arises from multiple-scattering) the adsorbate-sub-

strate registry could not, in the present example, have been resolved. 

It is, therefore, a major irony that the very multiple-scattering effects 
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which complicate the LEED analysis (and which have ofteri been either 

neglected or "averaged out 11
) indeed provide the crucial diffraction in

formation necessary to elucidate the adsorbate-substrate registry. 

9. Conclusion 

The study of the structures of surface's using low-energy electron 

diffraction have provided us with many surprises and much excitement. 

Future studies will likely result in a systematic and quantitative under

standing of the surface chemical bond of atoms anrl small molecules ad

sorbed· on surfaces. Future work will also be directed, v-1e believe, 

toHards the more complex structures which form during surface reconstruction 

or in thechemisorption of large molecules • 
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Ir(l00) 9 1.63 175 285 
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Adsorbate-Substrate Bond Lengths Determined by LEEDt 

Substrate i\dsorbate Bond Len'gth (experimental) Ref. Bond Length (predicted)* 
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iH ( 111) (' 
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/\~J(lll) I 2.75A f 2. 77A 
0 0 
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Figure Captions 

1. A low-energy electron diffraction ~pparatus of the post-acceleration 

type. Grids A and C are at ground potential for shielding purposes, 

-and a_ voltage nearly equal to the gun acceleration potential is 

placed on grid B so that only ,the elasticall.y backscattered electrons 

may pass· through it. These electr9ns are then post-accelerated to a 

phosphor screen for observation through th~ viewport. 

2. _- _Lm'l-energy. elect_rondiffraction pattern from the Pt(lll) crystal face 
' 

_ an9 a schematic of ~h.e surface atomic arrangement. 

3. Comparison of calculated (solid lines) and experimental (dotted lines) 

, I-V profiles for cl.ean Pt(llU fo_r; ~-range of expanded (+) and con

tracted (-) values of the distance between the first and second atomic 

layers relative to the bulk spacing. A relaxation of 10% corresponds 
0 

to a displacement of 0.2 A._ {.1\fter L. L. Kesmodel, P. C. Stair and 

G. A. Somorjai~ Surf. Sci. 1977 (in press).) 

4. Schematic comparison of X-ray and el~ctron.scatterinq at a crystal 

surface. 

5. Diffraction pattern from the Pt(lOO) crystal face exhibiting the 

(5xl) surface structure. 

6. Diffraction pattern from the stable form of the Si(lll) surface l·thich 

exhibits (7x7) structure. 

7. Diffraction patterns and schematic of mean surface configurations 

for platinUil crystal surfaces exhibiting (a) a low defect density, 

(b) regulJr step arrays with an average spacin::; bet'.'lcen steps of six 

uto::1s, and (c) regular step ;;;rrays vJith kink sites along the steps. 

;Jote the sDot splittinqs iri (L>) an:l (c) inuicative of the reguiar 

step arrays._ 
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U. Schematic sh01~i ng various hi gil-symmetry bonding sites for c
2
H

2 
on 

the (111) face of an f.c.c~ crystal. In each case a simplified 

~icture of the C,)H?-metal bonding is indicated vJhich corresponds to 
'- '-

ctnalogous structures found irr organometallic complexes of acetylenes 

., (see text). 

9. Comparison of calculated r..;v profiles for the IIIOdel geometries (Fig. 

3)' to experirnent for the metastable c2H2 structure on rt(lll). The 
0 

molecule lies 2.5 A above the topmost plane of Pt atoms. 
' '• 

lo. CornpaHson of calculated 1-V profiles for the model geometries {Fig. 

8) to experiment for the stable c2H2 structure on Pt(lll). The 
0 

molecule lies 1.9 A above the topmost plane of Pt atoms. 
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