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Introduction 

In the past several years there has been a qualitative change in 

our understanding of the structure of surfaces on an atomic scale. Most 

of our new knowledge of the structure of surfaces came from low-energy 

electron diffraction (LEED) studies that permit one to investigate the 

' 1 
atomic structure of the topmost layers of solids at the surface. These 

studies have been carried out on single crystal surfaces of different 

kinds, most of them monatomic or diatomic solid surfaces of lov1 Miller 

index. Most recently, stepped atomic surfaces that may be characterized 

by high values of Miller indices have also been investigated. 
2 

The. lack 

of structural information in surface reactions and surface phase trans-

formations has long impeded the progress of surface science. Using n ,. 
;,. 

. \ ' 

low-energy electron diffraction one can determine the structure of the 

clean surface and monitor the structure of adsorbed gases, condensible 

or non-condensible vapors, during the various stages of adsorption and 

chemical surface reaction. .Thus the correlation between the structure 

and chemistry of surfaces can be establishM. Surface phase transformations 
•, 

. ... 
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of many types (order-order, order-diso~der) can successfully be monitored 

by LEED.3 Finally, the dynamics of surface atoms, their mean-square 

displacement or their diffusion along the surface, can also be inves-

tigated. 4 

The application of low-energy electron diffraction has led to the 

discovery of several remarkable surface phenomena. ·It was found that 

the arrangement of surface atoms in clean solid surfaces could be. dif-

ferent from the arrangement of atoms in the bulk unit cell. Solid 

surfaces may undergo structural rearrangements or changes of chemical 

composition, while no corresponding changes may occur in th~ bulk of 

the crystal. It was found that atoms adsorbed on solid surfaces form 

ordered surface structures. The nature of the surface structure. depends 

on the crystal orientation, the chemistry and the concentration of adsorbed 

atoms, and the temperature. 5 

Surface structure analysis utilizing the low-energy diffraction 

patterns, based on a scattering model in which the only adjustable 

parameter is th~ unique pos~tion of the surface atoms, has been hampered 
.---
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in the past by the inadeq_uate understanding of the low-energy electron 

scattering. process. However, in the past year scattering models have 

-. 
been developed that reproduce faithfUlly the experimental diffraction beam· 

intensities from clean monatomic metal surfaces as a function of electron 

energy.
6' 7 Analysis of the stirface structure of adsorbed atoms on metal 

I 

swfaces is being carried out in several laboratories at present, and in 

the near future there will be a steady increase in the number of surface 

structures that have been resolved using surfaces and adsorbed molecules 

of ever-increasing structural and chemical complexity. This review, however, , 

will concentrate on discussing the structural properties of solid surfaces 

·that were obtained from analysis of the symmetry and time-dependent 

variation of the low-energy electron diffraction pattern. The assignment 

'of atomic positions in surface ·structures, solely on the basis of the 

diffraction pattern, is not unambiguous. H0Wever, using the informa~ian •. 

contained in the diffraction pattern in combiilaticn "rith experimental data • 

obtained by other experimental techniques such as Auger electron spec-

troscopy (Al~S) 1 8 photoelectron spectroscopy (ESCA), 9 or ion neutralization 

,, 
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spectroscopy (INS),
10 

the surface structure can be determined with 

sufficient certainty. Auger electron spectroscopy andphotoelectron 

spectroscopy monitor the electron emission from the inner shells or the 

valence band of the surface atoms and can thus be used to identify the 

chemical composition of the surface with the sensitivity of about 1% of 

a monolayer (or 1013 atoms/cm2
). Thus, using these techniques the 

chemical identity of the surface structure, whether it is due to impurities 

or is the property of the clean s'urface, and changes of the chemical com-

position that coincide with changes of surface structure, can be detected. 

Ion neutralization spectroscopy can reveal the nature of binding between 

adsorbed surface ·atoms and the substrate. It is hoped that many other 

techniques of surface science that have been undergoil\'5 rapid development 

recently (ellipsometry, infrared spectroscopy, flash desorption, field-

ion and field-emission microscopy, surface ionization, just to mentjon a 

• . fe\'r) will also be combined vtith low-energy electron diffraction to provide 

more detailed information about the sUr-face structure and its role in 

surface chemistry. 

,. ... 
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In order to carry out low-energy electron diffraction experiments 

to study surface strUctures, one needs ultra•high vacuum, one face of a 

single crystal, and a well-focused electron beam in the energy range of 

1-500 eV. In the present state of our teChnology, such an experiment 

can be carried out vlith ·relative ease. 

This review wl.ll be divided into several parts. First, the structure 

of clean, low-index and stepped metal and non-metallic surfaces will be 

- . reviewed. Then the surface structure of solids in the presence of ad-

sorbed layers and the changes of the surface structure of the "substrate" 

on the condensation of a layer of atoms (surface reconstruction) will be 

discussed. Finally, the surface structure of the adsorbed layers of 

condensible and non-condensible vapors will be the topic of this review . 

. . 

A Simple Nomenclature of Surface Structures 

The total symmetry of a crystal surface is described by the combi-

nation of the Bravais lattices and the crystallographic point groups. 

There are 17 unique and ulloved combinu~ion~ of the five Bravais luttice 
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and ten crystallographic point groups. · These are called two-dimensional 

.. 
space groups. The reader is referred to an excellent discussion of these 

11 space groups by Wood.. In most cases studies are carried out on low-

index highest density crystal surfaces of monatomic solids of high crystal 

symmetry. These surfaces exhibit six-fold1 four-fold and two-fold rotational 

symmetry. In considering the ~tructure of adsorbed molecules on surfaces-

of high symmetry, we can Use the simple notation which is applied widely 

·in the literature. 115 If the surface structure which forms in the presence 

of adsorbed gas is characterized by a unit cell which is identical to the 

primitive unit cell of the substrate, the surface structure is denoted 

(lxl). This is shown in Figure la. The magnitude of the unit. cell vector 

[in this case(~2/2)a] is- defined in terms of the magnitude of the x-ray 

.... 
unit cell vector, a. A (2x2) surface structure is formed if the unit cell 

dimensions of the new surface structure are twice as large as the substrate 

• unit cell (Figure lb). The appearance of a diffraction pattern which is 

characteristic of this structure often indicates that the adsorbed atoms 

I 

occupy every second lattice site on the sUbstrate. If every third lattice 
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site on a hexagonal face is distinguished from the other sites by selec-

· (Fig. lc) 
tive absorption, then a (~3 x ~3)R-30° surface structure may arise) The 

angle after the(n x n)notation and. the letter R indicate that the orien- · 

tation of the new unit cell is rotated relative to the substrate unit 

cell •. If every other lattice site on a square face is unique and occupied 

by an adsorbed atom, then a (~2 x~2)R-45° surface structure could be 

(Insert *) 
formed (Figure 2b) ./ Often surface structures will exist that have the 

. dimensions of the substrate unit cell along one translation of the surface 

but a larger dimension along the other translation direction. These 

structures are frequently denoted as being (1. x n}, where the 1 indicates 

the usual bulk Unit cell dimension or substrate cell dimension along the 

x direction, while then indicates n times the ~ubstrate.unit cell dimen-

sion along the y direction. When both unit cell vectors of the substrate 

are of the same magnitude, it is possible to have two types of domains. 
\ 

One set, the (1 x n),and one set of the (n x 1) kind. The diffraction 

pattern arising from the surface which exhibits both (1 x n) and (n x 1) 

domains is in most cases distinguishable from a diffraction pattern 

*_(Insert) Surface structures that occur most frequently on surfaces with 

six-fold, four-fold and two-fold rotational symmetry are 

depicted in .Figures 1-3. 
',, 

I 

• 
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arising ·from an (n x n). surface structure. On substrates which are 

characterized by unit cell vectors of unequal magnitude, for ex~le an 

• 

fcc (110) surface (Figure 3a), surface structures of the (n x m) type, 

where n /= m, are formed most frequent]¥. If the surface structure is 

known to be associated with the adsorbed gas or condensate, it is customary 

to denote the adsorbate material in the description of the surface struc-

ture as (n x m)-s, where S is a chemical symbol or formula for the adsorbate • 

. Perhaps one of the simplest examples of this would be the surface structure 

of chemisorbed oxygen· on molybdenum where the oxygen atoms or molecules 

on the surface of the metal have the same unit mesh as the clean metal 

surface. This structure would be denoted as the Mo(lOO)- (1 x 1) -0 structure, 

the chemical symbol and crystallographic face of the substance being given 

first,then the unit mesh of the surface structure relative to that ofthe 

substrate, and final:cy the chemical symbol of the adsorbate is denoted. 

'"-
A useful and simple method for determining the real SJRce lattice on the 

surface structure from its reciprocal lattice vectors as displayed in the 

12 diffraction pattern have been developed, This method is based on the 
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inverse relationship between the reciprocal lattice matrix and the real 

spa.ce~trix and is·excellent for the-analysis of complicated surface 

•J . ., 

structures. Since the structures which are being considered in this 

L 

paper are simple and can be identified by the short-hand notation which 

we have described above, the surface structures will not be discussed in 

terms of the matrix notations. 

The Structure of Clean Metal SUrfaces 

Most of the surfaces studied by LEED so far have been high density 

- . 
low index crystal faces of monatomic metals, semiconductors and insulators. 

Without exception all of these faces exhibit ordered structures on an 

atomic scale. These ordered surfaces may be divided into two classes: 

those than have unit cells identical to the projection of the bulk unit 

cell to the surface, and those characterized by unit cells that are 

integral multiples of the unit cell dimensions in the bulk. Solids 

belonging to the first class have diffraction patterns which are charac-

teristic of a ( 1 x 1) surface structure·. The cti,ff'erent ·crystal faces of 
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tungsten [(110),(100),(211)), chromium .[(110)], vanadium [(110)], 

nickel [(110), (111)), and aluminum [ (lll) ,(100)], for example, seem to 

belong to this class. 13 14 15 However, the (100) surfaces of platinum, ' ' 

gold, 16,l7 iridium, 18 the (110) surfaces of gold16 and platinum, l9 the 

20 21 (100) surface of.palladium, · the (li2o) surface of bismuth, and the 

(li20) surface of antimony21 seem to belong to the second class. These 

surfaces exhibit diffraction patterns with extra. diffraction features 

_superimposed· on the diffraction pattern of the substrate unit mesh pre-

dieted by the bulk un1 t cell. These surface structures are listed in 

Table I. 

The first report of a surface rearrangement or the.presence of a 

surface unit cell on·a metal surface that is different from that expected 

from the projection from the bulk was made in 1965 by Lyon and Somorjai.l3,l4 

Since these studies predated the wide application of Auger electron 

spectroscopy to analyze the surface composition, it was inevitable that 

the cleanliness of th: anomalous surface structures be called into question.
22 

All three neighbors,· inthe row of 5d transition elements that have face 

centered cubic crystal structure, iridium, platinum and gold, have 
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exhibited a (5 x 1) surface ::;tructure on the (100) surface. A great deal 

·-
of investigation has been carried out to understand the nature of this 

surface phase transformation or surface structure •. Palmberg and Rh~in23 

examined the epitaxial growth of gold on a {100) silver crystal. After 

I 

deposition of three monolayers of gold, the LEED pattern assumed the (5 x 1) 

structure. 
24 Palmberg subsequently used Auger electron spectroscopy to 

demonstrate the cleanliness of the Pt(l00)-(5 x 1) surface. Similar / 

·evidence has been obtained in our laboratory. 25 Grant and Haas26 have 

suggested that the (5 x 1) surface structure is stabilized by oxygen and 

that the Pt(l00)-(1 x l) structure is representative of the clean surface, 

Their arguments are not in agreement with the Auger electron-spectroscopy 

observation which indicates that the (1 x 1) diffraction pattern is 

associated with the presence of carbon while the Auger spectrum from the 

(5 x 1) surface structure does not indicate the presence of any impurity, 
.. 

including oxygen. The adsorption of CO or hydrocarbons causes rapid 
.. 

disappearance of the (5 x 1) structure, changing the diffraction to a 

Pt(l00)-(1 x 1). The (5 x 1) structure may be regenerated by desorption 

' of the· gases if no carbon is deposited in 'the desorption process.· It is 
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clear that the pt(l00)-(5 x 1) surface structure is atomically clean. The 

interpretation of the surface structure is a more complex question. Fedak 

.... 
22 

and Gjostein analyzed the diffraction pattern as being due to a hexagonal 

overlayer forming a (5 x 20) coincidence lattice with the underlying square 

unit mesh. Palmberg24 indicates that the coincidence unit cell is not 

-rectangular but a parallelogram with dimensions close to those suggeste9. 

by Fedak and· Gjostein. ' It is possible to devise a hexagonal overlayer 

within the coincidence cell outlined by Palmberg so that the analysis of 

F'edak and Gjostein does not have to be changed. Rhodin, Palmberg and 

27 
Plummer have argued convincingly that.the rearrangement of gold and. 

platinum may be explained in terms of enhanced surface valency. A phase 

transformtion of the pt (100) surface is therefore considered to occur 

' 
along with the (100) surface of its neighbors, iridium and gold, in which 

.. the surface atoms adopt a hexagonal unit mesh resulting in small out~of-

plane displacements (buckling) of the atoms in the outermost layer. The 

reason for this rearrangement is likely to be a reduced free electron 

density.at the surface, nnd a reduction in the surface free enerCY by an 

increasein close packing. 
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It appears that these metal surfaces have undergone a phase trans-

formation from face-centered cubic to hexagonal close-packed surface struc-

ture while no corresponding structural change occurs in the bulk of the 

solid~ The crystal structure that a solid wi+l take up has been shown to 

depend primarily on the number of unpaired s and p valence electrons per 

atom that are available for bonding.28'2~or example, atoms with orie unpaired 

s or p electron have body-centered cubic crystal structure when condensed 

to solids· (like sodium or tungsten). Atoms with two unpaired s and/or p 

electrons will crystallize in the close-packed hexagonal structure (zinc, 

osmium). Three unpaired valence electrons will give face-centered cubic 

(platinum, silver), and four unpaired valence electrons give diamond crystal 

structures (germanium, carbon). A theory based on this concept, when 

extended to include the contribution of unpaired d electrons to the binding, 

can explain and predict the structure and the stability rang'e of most alloys. 29 .. 

Surface atoms, in addition to being in an anisotropic environment, have 

fewer neiehbors than atoms in the bulk of the solid. Therefore, the electron 

density distribution should be different "from that in the bulk and they mo.y 

have fewer or more valence electrons available for bondinG than the bulk 
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atoms. Thus they may undergo structural transformation within the surface 

pl.arie with respect to their crystal structure in the bulk. It appears 

that on the (100) face of gold, platinum and iridium, a face-centered cubic 

close-packed hexagonal surface phase transformation has occurred. It 

should be noted that impurity atoms with different numbers of unpaired 

valence electrons per atom may cause or accelerate surface phase trans-

formations of this type on transition metal surfaces or conversely, may 

inhibit it. For example, carbon stabilizes the (1 x 1) surface structure 

on the platinum and gold (100) surfaces. en the other hand, there appears 

to be evidence that oxygen adsorbed on these noble metal surfaces may act 

as an electron acceptor and can stabilize the hexagonal surface·structure 

(5 x 1). This mechanism would also predict the formation of surface alloys 

with a variety of structures and other interesting physical-chemical 

properties. These may be prepared by the deposition of other suitable 

metal atoms with different numbers of unpaired valence electrons. 
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The Structure of Clenn Non-Metallic Surfaces .. 

So far most of the semiconductor and insulator surfaces that have 

been.studied were characterized by law ~tiller indices and they were 

monatomic or diatomic solids. Unlike metal surfaces, most semiconductor 

surfaces that have been investigated by low-energy electron diffraction 

exhibited surface structures that are characterized by unit cells that 

are integral multiples of the unit cell dimensions in the bulk. These 

surfaces exhibit diffraction patterns with extra diffraction features 

superimposed on the diffraction pattern of the substrate unit mesh. 

Virtually all of the semiconductor surfaces that have been studied belong 

to this class of rearranged surfaces. 1 Silico~,30,3l germanium,3l,32 

gallium afsenide, 31, 33 gallium antimonide,3l,33 cadJi:lium sulfide3"4 and 

tellurium35 all exhibit surface structures that are different from that 

expected from the projection of the bulk unit cell, at least on one of 

their low. index surfaces. These surface structures are listed in Table 

II. 

The surface structures of various types appear to have well-defined 

I 

temperature ranges of stability. At tempcrat?J·es above and below this 
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range~- the surface undergoes a transformation into another ordered struc-

' ture characterized by a differen~ diffraction pattern. For example, the 

(lll) face of silicon has a (7 x 7) surface structure which forms upon 

heating the crystal to 700°C. The diffraction pattern corresponding to 

this structure has been well known. Above 8o0°C this surface structure 

transforms into·a (2 x 2) structure. Below 700°C, the (l x 1) surface net 

predominates. The (lll) surfaces of semiconductors that crystalli;ze in 

the diamond lattice seem to all form (2 x 2) surface structures. The 

mechanism of these surface structural rearrangements is under investigation. 

The most likely mechanism at present is that of surface relaxation. 36 

Surface structures may be formed by a periodic displacement of surface 

atoms out of the surface plane. The surface would thus exhibit a periodic 

buckling giving rise to new characteristic diffraction-features. This 

driving force for this type of surface rearrangement may best be ilJustrated 

by considering what happens to crystal atoms in the neighborhood of a 

vacancy, i.e., vacant lattice positibn. 37 If one removes an atom from 

its equilibrium position in the bulk to the ~as phase, the atoms surround-

ine the nmr vacant site relax, i.e., are displaced slightly toward the 
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vacancy. There are no longer restraints from larger displacement in the 

. . ' 

direction of the empty site by the strong repulsive atomic potentiaL 

Therefore the free energy of removing an atom from its bulk equilibrium 

position to the gas phase is partially offset by the lattice relaxation 

about the vacancy. The free energy of vacancy formation from a rigid 

lattice that is not allowed to relax can be approximated by the cohesive 

energy. However, the free energy of forming vacancies is appreciably 

.smaller than the cohesive energy for most solids. Thus, the magnitude of 

relaxation energy can be very large. Surface atoms are in an anisotropic 

I 

environment as though they were surrounded by atoms on one side and by 

·-
vacancies on the other. These atoms can relax out of plane perpendicular 

to the surface, a motion that is not allowed for the bulk atoms. Depending 

on the bonding properties of the solid, atoms may be displaced out of plane 

in a periodic manner. Calculations36 , 38 indicate that the formation of 

some of these buc~ed surfaces can be energetically favored over the for-

' mation of flat surfaces in temperature ranges below the melting point of 

the solid. It iz likely that surface structural rearrangements· in Ge, Si 

and other semiconductor surfaces take place by this mechanism~ It should 
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be noted that the periodic out-of..;.plane surface relaxation should be very 

sensitive to the presence of impurities or certain types of lattice defects 

.. !. 

emerging at the surface. These could cause the collapse of surface struc-

tures by changing the chemical enyironment about the surface atoms or, 

in same cases could also catalyze their formation. 

These studies of the structures of clean metal and non-metal surfaces 

indicate that the stable surface may be characterized by one of several 

. _possible ordered surface structures. These various surface structures 

must have only slightly different free energies of formation. Thus as a 

function of· temperature or due to changes in the surface chemical environ-

ment one surface structure may become more stable than another one. Such 

surface structural rearrangements must play important roles in several 

surface phenomena such as oxidation, chemisorption, and catalysis. 

The Structure .of Stepped Surfaces 

When metal or semiconductor crystals are cut to expose a high index 

plane (by cutting a low index crystal face at a small angle, 5-15°, to 

the crystal plane) a doubling of the diffraction .spots and the appearance 
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of new diffraction features is often observed. 2 · Analysis of the diffrac-

tion featU:res of crystals cut aiong high index planes indicate that the 

structure of these surfaces consists of terraces of low index planes linked 

by steps, often of monatomic height. Low-energy electron diffraction 

investigations of Ft, 2 eu, 39 Ge, 40 GaAs4o and U02
41 showed ordered step 

arrays, with terraces of constant width and steps of constant height. 

The ordered stepped surfaces can display varying degrees of thermal stability • 

. 
Stepped surfaces of Ft and Cu exhibited remarkable thermal stability. 

Since ordered steps have been noted on other metals and semicondcutors, 

these stepped surfaces must be a general property of high index surfaces 

of all types of crystalline materials. It is of ~nterest to examine the 

schematically 
thermodynamic stability of this type of surface that is shown/in Fig. 4 

with respect to that of the lawest free energy low index surface. 2 The 

variation of surface free energy with orientation is described by a polar 

r-plot in which a vector n in a particular crystallographic direction has 

mat;nitude proportional to the surface free energy in that direction. 

Herring 42 has shmm that at 0°K the r-plot has cusps for each plane of 

rational Miller index and has ir1dicated that as the ten1perature increQ.ses 

J· 
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most of the cusps disappear. At higher temperatures, for example 700°K, 

only those directions corresponding to low-index planes will possess 

. ' cusps. Winterbottom 43 has shown that the high. temperature polar plots 

for pt have minima only for the (111) and (100) planes. Therefore the 

stepped surfaces are not thermodynamically stable with respect to the 

(lll) and (100) surfaces of Ft. The stepped surfaces ma~ on these grounds 

' 
be expected to disorder at temperatures where studies have shown them to 

be stable. The remarkable thermal stability which has been observed is 

likely to be due to the difficult routes which the crystal must take to 

develop an equilibrium shape. There are only two ways in which the ordered 

surface can transform into a low free energy (lll) or (100) face: 

thermal faceting, or rearrangement by surface diffusion. In the case of 

thermal faceting the surface would transform into a hill and valley net-

work of intersecting low index faces. McLean and Mykura44 have examined 

the stability of platinum foils of various orientations tmvard thermal 
.. 

facetine. They conclude that surfaces close to tbe (111) orientation are 

stable with respect to faceting up to l9Q0°K1 in agreement with low-energy 

electron cliffraction studies of surfaces. S\,II'f'aces close to the (100) 
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face were found to be less stable, faceting above 1500°K. There is also 

the possibility that these stepped surfaces seek thermodynamically stable • 

arrangement by surface diffusion. 
45 . . 

Burton, Cabrera and Frank considered 
., . 

; 

surface roughening by the formation of kinks and suggested the existence 

of a critical temperature above which complete roughening of the surface 

will occur. Winterbottom ·has suggested that this critical temperature is 

' 
about 1/2 the melting point. McLean·and MYXura, however, could detect no 

evidence for surface roughening for platinum foils, nor was roughening 

indicated by LEED studies of stepped surfaces at high temperatures. It 

-
seems likely that earlier ideas on the critical temperature for surface 

roughening should be modified. In the case, at least, of face-centered 

cubic metals results of various studies on Ft and Cu suggest that the dis-

ordering temperature for the (111) face may be close to the melting tem-

perature of the metal. LEED studies of ordered stepped surfaces of semi- ... 

conductors (diamond structure) by Henzler, provide good evidence of the 

instability of certain stepped surfaces tm.•ard surface diffusion. The 

effect of surface diffusion has been treated from-a different standpoint 

. lU) I 

by Schwocbel and Shipsey, who considered a'stepp~d nrrny siinila:r to 
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·that observed by LEED studies of stepped surfaces that exhibit monatomic 

height steps and ordered terraces~ They examined the time-dependent 

change in terrace width as_a function of the capture probability at the 

step of atoms arriving from different directions. A diffusing atom arriving 

at the step from the right is assumed to have a different probability of 

incorporation into the step compared· to an atom arriving at the step from 

the left. Their calculations show that an array of constant step height 

·and-terrace width, the structure is time-independent, i.e., is stable under 

conditions of surface diffusion. This result is of obvious importance for 

the interpretation of the structure of stepped sUrfaces since diffusion of 

atoms, mostly metal atoms, on the surface, is known to be rapid at tempera-

tures as low as 900-1000°K1 where the stepped surfaces have been shown to 

be stable. Calculations by Schoebel and Shipsey indicate that stepped 

.. surfaces will remain stable even in the presence of the considerable 

surface diffusion which is known to occur. We may nmf see why ordered 

stepped surfaces do not transform into the lower free energy more stable 

low index surfaces. -The shape of the r-!llot is such that these stepped 

surfaces are stable with respect to thermal faceting. In addition, the 
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surfac~s should be stable under conditions of surface diffusion. As has 

been suggested above, no energetically feasible route is likely to exist 

by which the array of ordered steps may rearrange to a thermodynamically 

more favorable sUrface structure. 

It is.of interest to consider the degree of disorder on the atomic 

scale which would be detectable from LEED observations. This question 

has been considered in detail by Houston and Park47 in a recent paper 

.dealing specifically with the effect of the presence of stepped surfaces 

on LEED patterns. These authors indicate that a well-ordered diffraction 

pattern as has been observed from stepped surfaces may arise even from a 

rather disordered array of steps. Because of this and the disorder known 

to arise from the mechanical preparation of single crystal surfaces, it 
. ' 

is clear that the stepped surfaces do not possess perfect order on an 

atomic scale. 

It has also been shmrn that the adsorption of carbon or oxygen on 

stepped platinum surfaces doubles or triples the step height, and dis-

48 orders the ordered arrangement of steps. On removal of the adsorbed 

impurity atoms, the ordered step arrangement that is\cha:ractcrizcd by 
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steps of monatomic height is restored. The remarkable stability of 

these ordered stepped· surfaces · of monatomic height is also indicated by 

, . . . 
their resistance to ion bombardment. · Upon ion bombardment these surfaces 

disorder but annealing restores them to their original ordered stepped 

structure. The thermal stability of ordered stepped surfaces indicates 

that they are likely to be present on metal particles that are commonly 

used as catalysts in surface chemical reaction. 

The presence of atomic steps also changes the nature of chemisorption 

and thus plays an important role in surface reactions. For example, the 

chemisorption characteristics of stepPed platinum surfaces are markedly 

different from those of low index platim.nn surfaces. 48 Hydrogen and 

oxygen which do not chemisorb easily on (111) and (100) crystal faces of 

platinum, chemisorb readily and at relatively low temperatures 

,,. and pressures on the stepped pt surfaces used in different studies. In 

contrast to the ordti!red adsorption of CO and.ethylene on low index crystal 

faces of platinum, the adsorption of CO was disordered on the stepped 

surfaces and there is evidence for surface dissociation of the molecule. 
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' . 
There appears to be a much stronger interaction or chemisorbed gases 

.• 
with stepped surf'aces than with low index planes that must be caused by 

the dif'f'ering atomic structure and charge distribution at the steps. 

The atomic structure of stepped surfaces should be similar to the 

atomic surface structure of' polydispersed metal catalyst particles on 

high surface area silica or alumina supports. It ~s likely that low-

energy electron diffraction studies of surface reactions on ordered step?ed 

. surface will yield the structural information so far lacking and necessary 

to elucidate the mechanisms of catalytic surface reactions. 

Structural Changes due to the Variation of Surface Chemical Composition 

There are several reports of ordered surface rearrangements induced 

by changes in the stoichiometry at the surface. V2 0
5 

has been found to 

lose OAJfgcn upon heat treatment in vacuum and simultaneously to form new 

ordered surface structures that correspond to a surface oxide with lower 

oxidation number. 49 The (0001) face of aluminum oxide upon heatinG to 

l200°C in Vdcuwn changes its surface structure. Simultaneously there 'is 

.. .'· 
.. i 

. ! 
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alsoadetectable oxygen evolution from the surface. 50 The new surface 

structure may be designated as Al203(0001)-(~31 X ~3l)R-±9°. When the 

rotated (~31 x ~31) surface structure was heated in oxygen at pressures 

~ 10-4 torr, at ll00°C the (1 x 1) surface structure of alumina was re-

generated. Removal of the aeygen and heating to slightly higher tempera-

ture in vacuum caused the reappearance of the rotated (~31 x ~31) surface 

structure. This reversible phase transformation could beinduced at. will 

upon introO.uction or removal of oxygen. When aluminum metal was condensed 

on the (0001) alumina surface that exhibited the (1 x 1) surface structure, 

the rotated (-{31 x -[31) surface formed upon heating to 8o0°C. In the 

absence of excess aluminum on the surface the (1 x 1) surface structure 

would have been stable. Thus the structural changes which occur in vacuum, 

in oxygen and with aluminum indicate that the (0001) face of a.-alumina 

undergoes a surface phase transformation from the (1 x 1) surface struc-

ture to a oxygen-deficient rotated (~31 x /31) surface structure which .. 

is stable at high temperatures. 

It is difficult to explain the appc~rance of large surface unit 

cells wh1ch are also rotated '\-lith respect to the bulk unit cell without 

,, 
I 



invoking significant chemical rearrangements in the surface layer. The 

rotated (~31 x ~31) unit mesh signifies marked mismatch between the newly 

formed surface structure and the underlying hexagonal substrate. It 

appears that if the high' temperature oxygen deficient rotated (~31 x ~31) 

surface. structure has a composition that corresponds to Al2 0 or AlO it 

would be likely to form a cubic overlayer in which the cation is appreci-

ably larger than in the underlying hexagonal (0001) substrate. Large mis-

match due to the differences in structure and ion sizes in the two layers 

should be expected. If the reduced· oxides of aluminum (Al2 0 or AlO) are 

stable in the a-alumina surface at elevated temperatures, it is likely 

that other ox~des that are the~odyno.mically unstabl.e in the solid state 

might also be stable in the surface environment. 

Auger electron spectroscopy investigations of alkali halide surfaces 

that were ~imultaneously carried out with low-energy electron diffraction 

studies indicate that the stoichiometry of the alkali halide sUrfaces is 

different from that of the bulk composition. 51 There is instantaneous 

haloc;en evolution upon cleavi~ NaCl or LiF surfa~es, while such an effect 

.. 

i 

I 

.. 

! 
i 
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is not pbservable from KCl surfaces. 
~ 

It appears that the surface compo-

sition of KCl is more nearly stoichiometric while NaCl and LiF have excess 

halogen at the surface. In spite of the non-stoichiometry :i.n alkali 

halide surfaces, alkali halides exhibit (1 x 1) surface structures that 

are expected from the projection of their bulk unit cell onto the (100) 

surface. 

The. Structure of Condensed Rare Gas Surfaces 

Single crystals of xenon and argon have been grown epitaxially 

on graphite, iridium and niobium single crystal surfaces. Xenon was 
\ 

found to form ordered surface structure on the basal plane of graphite52 

and iridium, 53 while argon condensed as single crystal with (111) 

orientation on niobium (100) crystal surfaces. 54 It appears that low 

temperature studies which were necessary to affect ordering in the weakly 

adsorbed layers might be very important to investigate binding in rare 

gas single crystals and to elucidate their surface properties. 
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Studies of Surface Structure during Melting, Freezing andVaporizatiort 

There are melting theories55z56 which indicate that the surface 

properties are important in understanding the mechanistic aspect of the 

melting process. Recent kinetic studies of superheating have shown that 

surfaces play an important role in initiati.Dg or nucleat~ng melting. 57,58 

There is at least one model of melting which indicates that surfaces may 

disorder, i.e., lose their long-range order, at temperatures belrnv the 

bulk melting point. Low-energy electron diffraction is a powerful tech-

nique to study surface melting since the loss of diffraction features 

accompany the melting trans! tion. The surface melting of different low 

index crystal faces of lead, bismuth and tin was investigated by LEED. 59 

The diffraction patterns that are c.haracteristic of long-range order vrere 

detectable up to the bulk melting temperatures. Although qismuth under-

goes negative volume change upon melting and has a structure different 

from that of lead, the melting behavior of its surfaces are similar to 

that of lead surfaces. 

\ 

... 

., . 
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The low-energy electron diffraction pattern is insensitive to the 

presence of disordered atoms on the surfaces as long as their concentra-

tion is only a few percent of the total surface concentration. Thus, the 

observed LEED pattern from the different R> and Bi surfaces that would 

sl.iggest the dominance of long-range order on the surface up to the bulk 

melting point does not rule out the pre~ence of disordered atoms in few 

atom percent of surface concentrations. It is hoped that future studies 

-will verify the melting behavior of high index crystal faces that exhibit 

stepped ordered surface structures that~are the~amically less stable 

than the studied low index crystal faces of monatomic solids and that the · 

effect of impurities on surface melting will also be investigated. 

The freezing rates of molten lead and bismuth were correlated with 

the surface structures of the growing crystallites. 59 Slaw freezing rates, 

less than 0.5°C per second favored the formation of' the Pb(lll) and 
' 

Bi ( Oli2) · surfaces, vlhile during rapid cooling, at rates larger than · 

0.5°C per second, the Pb(lOO) and Bi(OOOl) facespredominated. The 

result, tha.t growth condition::: far from eqUilibrium (fast cooling rates) 
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produce different surface orientations of the two solids than those found 

during slow growth, has to be taken into account in future theoretical 

studies of crystal growth kinetics.· · 

There are many solids which sublime at an appreciable rate and have 

large vapor pressures b.elow the melting point. Silver and nickel are 

among these solids. The surface structures of the (100) and (lll) crystal 

faces of these two metals were monitored during vaporization by LEEn. 20 

·rt was found that the vaporizing surface is ordered on an atomic sc~le •. 

Although scanning electron microscope pictures reveaied a rough surface 

on a 104 ~ scale, the sharp diffraction. spots in the LEED pattern indic~ted 

the presenc~ of ordered domains of size larger or equal to 500 X. 

Reconstruction of the Surface Structure in the Presence--oi Adsorbed Atoms 

.It has been reported from several studies that a strongly exothermic 

surface reaction such as chemisorption of oxygen on nickel or on other metal 

surfaces can dislodge the substrate atoms from their equilibrium positions 

and cause rearrangements of the surface structure. This is commonly called 

.. 
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surface reconstruction.
60' 61 

The reconstructed surface structures could 

best be interpreted as composed of both metal and chemisorbed atoms in 

.. 
periodic arrays. In other cases the reconstructed surface structures 

were.more'likely a new surface str\4c~ure composed solely of substrate atoms 

that had formed in the presence of the impurity. The adsorbed impurity 

had the effect of lowering the surface free energy and has apparently 

stabilized a surface structure different from that characteristic of the 

.clean substrat_e surface. Although changes in the diffraction pattern during 

chemisorption can be analyzed in several differ~nt ways, complementary 

experimental evidence seems to indicate that reconstruction is the most 

likely interpretation of the structural changes observed during the oxi-

dation-of ma~ metal surfaces. There is evidence that other gases when 

adsorbed on the surface can also cause changes of the surface structure 

• of the substrate surface. For example, hydrogen adsorption on platinum 

causes·the appearance of new diffra~tion features that can be best inter-

preted assuming a reconstruction of the plntinum surface structure. 48 

Reconstruction of the surface may b~ looked upon in some cases as 

a precursor for oxidation reactions or other chemical reactions which 
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proceed into the bulk, Le. 1 carbide formation, via. carbon diffusion or 

nitridation via nitrogen diffusion into the bulk by a diffusion controlled 
.. 

mechanism.. Hydrogen diffusion can· also be irti tiated from such a recon-

structed surface. Since· reconstruction displaces a.nd rearranges metal 

atoms at the surface these structures may be stable to much higher tem-

peratures .than two-dimensional surface structures which are solely d~e to 

adsorbed gases. The type of surface structure which forms depends on the 

structure of the substrate and on the surface density of adsorbed atoms. 

For example, during the initial stages of chemisorption of oxygen on the 

. 61 
Ni(llO) surface (2 x 1) and (3 x 1) surface structures are formed. 

Heating these surface structures in vacuum causes their disappearance, 

which indicates that diffusion of oxygen from these surface structures 

into the bulk has occurred. Further oxygen dosing of the surface at 

high temperature regenerates these surface structures which appear to 

be surface intermediates during the dissolution of oxygen in the bulk 

nickel lattice. The dissolution of oxygen v:b. the oxygen surface structures 

continues until the solubility limit of oxygen in the metal crystal is 

·,·.! 
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reached. At that point the metal oxide may precipitate out as a second 

phase. 

Although reconstructed surfaces may persist to higher temperatures 

than those due to adsorbed gases only on top of the surface, they can also 

be removed by well;..chosen surface chemical' reactions. Oxide structures or 

structures induced by oxygen chemisorption could be removed by heating in 

hydrogen. Ion bombardment, high temperature heat treatment in vacuum 

which causes the vaporization of the topmost atomic layers cal also be 

used to rest~re the s~face to its original unreconstructecl state. 1 

There is increasing evidence that in the presence of impurity atoms 

that are adsorbed on surfaces the surface free energies of the different 

crystal faces can be changed in such a way that a crystal face 

which in its clean state had a higher surface free energy and therefore 

.. was less stable, may become more stable in the presence of impurities. For 

example, in the presence of sulfur on the surface, the chromium (100) crystal 
'0 

face appears to be more stable than the highest density lmrer surface free 

( ) f h 
. 62 

energy 110 face o c rom1um. . Similarly, sulfur that \>:as present in 



small concentrations on platinum surfaces have .caused· recrystallization 

of pl.atinum63 to a structure which consisted of predominantly (100) crystal 
...... ·· 

faces, even though in the clean state the Ft(lll) crystal face was the one 

with the lowest surface free energy. Thus it appears that changes of 

impurity 
surface free energy caused by the adsorption of/atoms can stabilize surface 

' structures that would have higher surface free' energies in the absence of 

foreign 
these/atoms and therefore would not necessarily be thermodynamically stable. 

Surface- reconstruction processes which have been discovered by LEED studies 

provide a new insight into the mechanism of chemisorption, recrystalliza-

tion and other surface chemical reactions. 

Stepped crystal faces have also shown signs of reconstruction in 

the presence of adsorbed impurities. - For example in the presence of 

carbon a stepped platinum crystal face rearranges into atomic terraces 

of different widths and the height of the steps are tripled with respect .. 

to th~ original stepped surface. 
48 

The crystal surface could be restored • 

to its original structure by heating in vacuum or by eliminating the 

carbon from the surface by heating in oxygen. In the presence of carbon 
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faceting, to form new crystal surfaces· ct'platinum, has also been detected. 

The adsorption.of oxygen has disordered the atomic steps,at the surface 

and has also changed the step height. After removal of oxygen from the 

stepped platinum surfaces the initial cl~an platinum surface structure 

could. be restored. 

>.~·· . 
. .. ~ ... 

Three-Dimensional Structures 

We have alreaqy discussed that the chemisorption of gases or the 

presence of adsorbed impurities that change the surface free energy with 

respect to that of the clean surface can cause reconstruction, changes 

.of surface structure on the solid surface. Surface reconstruction may 

. 
be follawed by further chemical reactions which take place in the bulk of 

the solid. As the surface species diffuse into the bulk the chemical 

reaction is no longer two-dimensional but actually involves species which 
• 

are below the surfii!-ce. In the final stages of oxidation, when the oxide 

phase is beginning.to precipitate, other surface structures may appear 

which are characteristic of that of the bulk oxides or some mixture of 

the metal and the oxide structures. 11161 
Threc-dimension.:~.l structures 
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. 64 
also form during the carburization of tungsten. The decomposition of 

methane yields a layer of carbon on tungsten surfaces which subsequently 

diffuses into the bulk. There are ordered structures at the surface 

during this process in which the unit cell vectors are integral multiples 
I 
I 

of the bulk tungsten unit cell vectors·. The body-centered cubic tungsten 

surface structure appears to be maintained ciuring"the carbon diffusion 

process. The surface structure changes from one ordered structure to 

. another durine carbon diffusion. ·Finally the structure indicating the 

precipitation and formation of tungsten carbide, W2 C, appears at the 

surface. Although low-energy electron diffraction studies give us infor-

mation about the structure of the surface or about structures that extend 

a few atomic layers below the surface, there is little doubt that these 

...... ~.:* .. 

oxide or carbide structures that were detected are three-dimensional. 

The condensation of second phases can be conveniently followed by monitor-

ing changes of surface structure. Streaking in the diffraction patterns 

caused by the·strain induced during the.phase transformation is.indicative 

of one-dimensional disorder and is often a precursor of the formation of 

second phases, most frequently of three-dimensional structures. 
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Amorphous Surface Structures 

·It bas .been found during 'studies of the adsorption of oxygen on 

some of the metal surfaces that chemisorption takes place via the forma-

tion of a disordered layer. For example, the chemisorption of oxygen on 

aluminum surfaces takes place in such a ma.nner.65 The adsorption of CO 

on the (100) faces of tantalum is another example of this type of adsorp-

tion. 66 As the disor.dered oxygen layer is heated, oxygen from the aluminum 

surface diffuses into the bulk and the surface returns to its original 

clean ordered metallic stat e. Further dosing with oxygen at high temper-

atures increases the concentration of oxygen in the bulk of the metal, 

but the surface structure remains characteristic of that of clean aluminum. 

{rhis is in contrast to the behavior of oxygen on nickel or on tungsten 

surfaces where oxygen chemisorption-induced surface structures are readily 

.. observed.) Once the bulk of the aluminum crystal is saturated with oxygen 

near the surface, the surface finally loses its ordered aluminum structure 

and forms a disordered oxide, which now can no longer by removed by 

heating. Under high temperature heat treatment in some cases there is a 

degree of ordering which may take place on the surface; hovrcver the oxide 
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which appears on the surface of almninum at room temperature is charac-. . 

terized by the lack of ordering. Although the experimental information 

which is presently available is scanty, it appears that those oxide layers· 

which form non-porous surface films are likely to form disordered surface 

structures. For example, oxygen on· chromium surfaces seems to behave 

similarly to chemisorbed oxygen on aluminum surfaces. The lack of order 

in the surface structures may well be correlated with the degree of non-

_porosity of the deposited oxide in future studies. 

Surface Structure of Chemisorbed Gases 

The structure of chemiso:rbed gases has been studied extensively by 

low-energy electron diffraction. LEED studies have shown that chemi-

sorption predominantly yields ordered structures on single crystal surfaces, 

1 commonly called substrates. The surface structures that form depend to 

a great extent on the symcetry of the substrate, the chemistry and size 

of the adsorbed gas molecule, and in some cases the surface concentration 

of the adsorbate which may be controlled by the gas partial pressure over 

the surface. Mozt of the experimental data were accumuln.tccl on surface 

' . 
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structures of adsorbed gases that form on the lowest index, highest 

density faces of face-centered cubic and body-centered cubic crystals. 5 

\ 
Most of the adsorbed gases studied so far have molecular dimensions 

smal.ler than or similar in size to the largest interrow distances in the 

substrate surfaces. 'l'hus these mole.cules o:i-·'atoms may easily "fit" 

into the surface without the need for overa.lpping several substrate atoms. 

The adsorbed gases are 02, CO, H2, N2, Nib and C02. Recently unsaturated 

. 6 
. hydrocarbons 7 (ole fins) and aromatic hydrocarbons with large molecular 

dimensions68 have also been studied and their surface structure forrrdng 

charact.eristics permit the investigation of steric effects in surface 

ordering. 

The experimental data accumulated so far indicate several regularities 

or trends that are operative in the formation of surface structures of 

adsorbed gases on high densi~y crystal planes. It is possible to propose 

a set of rules that appear to govern the formation of ordered surface 

structures. 5 Judicious application of these rules to other substrate-

adsorbate systems that have not been studied, allows one to predict the 

surface structure that shm:tld form. These rules,; although they are 

,,, 
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empirical,· are formulated from the correlation of existing surface 

structural data, and are based on stz:ong physical chemical foundation. 

It appears that chemisorption leads to the formation of surface structures 

that exhibit maximum adsorbate-adsorbate and adsorbate-substrate inter-

actions. It should be noted that there are systems that present excep-

tions to the rules of ordering proposed below. These have also been 

discussed in several papers.5, 69 

. . 

The rule of close packing indicates that adsorbed atoms or molecules 

tend to form surface structures characterized by the smallest unit cell 

permitted by the molecular dimensions and adsorbate-adsorbate and adsorbate-

substrate interactions. The molecules on the surface that form ordered 

surface structures prefer close-packing arrangements. The rule of rotational 

symmetry says that the adsorbed atoms or molecules are likely to form 

ordered structures that have the same rotational symmetry as the substrate 

face, and the rule of similar unit cell vectors indicates that adsorbed 
• 

atoms or molecules in monolayer thickness tend to form ordered surface 

structures characterized by unit cell vectors closely related to the 

subst.rate unit cell vectors. Thus the surface structures bears a creater 

·I I 
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similarity to the substrate structure than to the structure of the bulk 

condensate.. Only after the deposition of several atomic layers does the 

structure of the deposited layer adopt the surface structure of the pure 

condensed solid. 

Co-Adsorbed Surface Structures 

Low-energy electron diffraction studies uncovered surface structures 

-that would_form during the simultaneous adsorption or co-adsorption.of 

tw.o gases but '\orould not form during the adsorption of only one or the 

other gas component. The formation of these mixed surface structUres seems 

to be a general property of adsorbed gas layers on tungsten surfaces. It 

was shown that the simultaneous chemisorption of nitrogen and carbon 

monoxide on the (100) surface of W &ives a series of surface structures, 

not all of which can be formed by the individual gases. 70 Similar results 

can be obtained by the co-adsorption of ~ and CO on W (110) 71 or H2 and 

. 67 
CO on the ·(100) surface of pt. The appearance of such surface struc-

tures indicates that there is stronc; attractive i,nteraction within the 

absorbed layers between the unlike molecules .\rhich arrange themselves in 

.,· ,, 
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a mixed structure where both molecules apPear to be part of the surface 

~. 

unit cell. These surface structw-es appear most·frequently when both 

gases that· are being adsorbed have approximately equal probability of 

acconnnodation. If one gas adsorbs more strongly than the other (for 

example during the co .. --adsorption of Xe and CO on metal surfaces), one 

finds that the more tenacious species will replace and displace the other 

species adsorbed on the surface. In this case the co-adsorbed structures 

are unlikely to form. In fact the surface structure of several adsorbed 

molecules could not be studied because of the competition for the adsorp-

tion sites on the surfaces from gas atoms in the ambient which would 

chemisorb preferentially. For example, CO, which is one of the major 

constituents of the ambient adsorbs preferentially on several metal 

surfaces and has prevented the study of the surface structures of saturated 

hydrocarbons adsorbed at low pressures. 
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The Structur'e o'f Condensible Vapors - Epitaxy 

Thin films grcnm on a single crystal suostrate are frequently 

crystallographically oriented relative to the substrate. This orderly 

grOwth is known as epitaxy •. The sensitivity of LEED to ordering makes 

it an ideal tool for studying the epitaxial growth of such films. Many 

different systems have been studied. One of the earliest studies indicated 

that silver, depqsited on the (100) face of gold, will grow in registry 

with the (100) face of the substrate.72 The deposition o'f nickel mono-

\ 73,74 
layers on copper have also been studied. The nickel again fits into 

the copper substrate structure even though the mismatch between the latt~ce 

parameters of Ni and Cu is 2.5%. Several metal-metal systems which exhibit 

large mismatch in their interatomic distances have been studied. Taylor 

investigated the epitaxial deposition of Cu onto the (110) face of w. 75 

. . 6 
Moss and Blott7 have also studied the epitaxial growth of Cu on the 

(110) face of tungsten. Alloying has been observed when Nb3 Sn was grown 

on niobiUJ'.l. 77 JackSon and Hooker have evaporated tin onto clean niobium 

(110) · crystal face under a variety of conditions. 
I . 

Amorphous films of 
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tin were deposited at high evaporation rates while slow deposition rates 

resulted in diffraction patterns wh:ich were interpret-ed as being due, i'n 

part~ to the presence of Sn(llO). Both the ordered and the disordered 

tin films on niobium produced Nb3 Sn upon heating between 500-950°C de-

pending on the history of the film. The deposition of thorium on the (100) 

face of tantalum substrate that was held at 950°C was studied. 78 The 

deposition of Al on the (llO) face of Ta has been investigated. 79 The 

adsorption of alkali metals on several crystal surfaces of nickel have 

been studied.ao In other investigations alkali metal vapors have been 

condensed on the (100) and (lll) crystal faces of silicon and germanium. 81 

82 . ( ) Jona has investigated the amorphous deposition of silicon onto the lll 

face of silicon at low temperatures. Silicon has been a very popuiar 

substrate material for many studies.60, 83 The epitaxial layers included 

• . 6o . 
aluminum, lead, tin, calcium, barilun, cesium, indium, and gold. The 

• 
-deposition of silicon on alumina- surfaces has also been studied. 84 The 

l 

deposition of silver on mica85 has been investigated and the epitaxial 

. . 86 
growth of tellurium on copper hus been studied. · · It is apparent that due 
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to the technological importance of many of these epitaxial layer structures 

detailed studies of epitaxy will be carried out in many substrate-adsorbate 
I 

systems that provide thin film structures with important electronic or 

' 
chemical properties. · 
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TABLE I • SURFACE STRUCTURES FOUND ON CLEArl METAL SURFACES 
' . 

Surface Structures Reference 

pt(lOb) -(5xl) 3,13,14,15 

pt(llO) -(lx2) 19 

Au(lOO) -(5xl) 16,17 

Au(llO) -(lx2) 16 

Ir(100) -(5xl) 18 

Pd(l00)-c(2x2) 18 

Bi(ll20)-(2xl0) 21 

Sb(ll20) -(6x3) 21 

.. ~ 

\ 



U .. 1 d u :.5 I 'I 
~) 't,) 

TABLE n. SURFACE STRUCTURES FOUND ON CLEAN SEMICONDUCTOR SURFACES 

Ma.terial Reference Surface Structure 

Si 30,31,32 (100)-(4x4),(111)-(7x7) 

Ge 31,60 (100)-(4x4),(lll)-(2x8),(110)-(2x1) 

GaAs 33,60 (1ll)-(2x2) 

GaSb 33,60 (1ll)-(2x2) 

InSb 33,6o (100)~(2x2),(lll)-,(2x2) 

CdS 34 (0001)-(2x2) 

Te 35 (0001) -(2xl) 

I) 

II .. ;, 
I 
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Figure Captions 

Figure 1. Schematic diagrams of the most common surface structures 

appearing on substrates with sixfold rotational symmetry •. 

Figure 2. Schematic diagrams of the most common surface structures 

appearing on substrates'with fourfold rotational symmetry. 

Figure 3. Schematic diagrams·of the most cammon.surface structures 
• I . 

appearing on substrates with twofold rotat·ional symmetry. 

Figure 4. Schematic representation of the atomic structure of a 

stepped surface of platinum • 
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