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1. INTRODUCTION
The past several years have seen a virtually eiplosiﬁe development
of structural éﬁrface science; The techniques of low-ehergy electron
diffrection and electrpn spectroscopy have found a multitude of applications
in investigetions of various surface and interfaciai'phenomena. Studies
of the atdmic struetﬁre of clean solid surfaces of loﬁ Miller index by
low-energy electron diffraction, LEED, are'being expanded to high Miller
'iedex or stepped surfaces as well as to studies of the structure of
adsorbed -gases. There are recent LEED studies of catalysts and of
electrode surfaces thet Qefe ekamined before and efter surface reactions.
Among the various techniques of electronvspectroscepy, Auger electron
spectroscopy is’the-most widely.apéliedeto studiee of surfaces. The
composition of the surface can be determinedfeith a seﬁsitivity of about
1% of aveonolayer (about lOlB'atoms/emz),‘all elements Being detectable.
this wey exceﬁt hydrogen and helium.]"Auger electron'speetrosc0py; (AES),v'
has also been utilized to determine the valency of eurface atoms, i.e.
‘the oxidation stete of the same element in various coinpounds.2 | More
recently, other techniqees.such as ultraviolet photeelectron spectrosebpy,

5
electron loss spectroscopy °’

and X-ray photoeleetroﬁ spectroscbpy6 have
all been utilized in surface studies to'determine surface composieion and
valency. These techniques are based on one-electron processes and,

therefore, the experimental data may be analyzed more easily than in the
case of AES, which involves a two electron process. . In this>report, we

~shall review the recent adyances made in surface crystallography and in

studies of surface structure of solids and of adsorbed layers. This



‘ field is deyélQp;ngvéd rapidiy that By the time this.review is.published,
_most'of the infoﬁmation reported here from the'varidhs areas of structural
o surfaée_séiencévwilltaeed updating. :

We shall first consider those surfaces for which_there.have been
_attempts at obtaining an exact structuralvapalysis from:LEED meésurementsf
TheSe'are'unrecbnstfucted metal surfaces and simple layers of éhemisorbed
étdﬁs. We éhali»go-on»to review the present state of undersﬁanaiﬁg.pf
more compiéx surfaces of metals, semiconductors and insﬁlators where é_
complete'strqctufal énalysis is'nof yét pqssible.

2. SURFACE CRYSTALLOGRAPHY

.During the past four years, rapid advénces have been made in'develOPing
the thedry“offiﬁﬁhénéfgy_glectron diffraction. The purpose of this
éffort wasatovdevelop'a'viable physical'ﬁsdel of the ldw—énergyvelectron
surface interaction tﬁat permité computatioﬁ of the diffractiqn beamv
intensities monitbred atvvaridus électron energies in'thé.rénge of 20-200 eV
(inféﬁsity:profiles)..;>Thé’computed intensities should accurately predict 
peak pbsitions an& shapes and relative diffractibn bea@ intensitiés‘thét'
#re oBservéd by expériments and the only adjustable pafaﬁeter in the
theory should be that of the positibns of surface atoﬁs. v A multiple
éca;tering theory has been successfully devélbped that éliows accurate
compUtation of'thé’diffraction beam'iﬁtenSity bfdfiles from cieén'low
_Mil;er index metal surfaces Cwith the only adjusfable parameter oﬁ thé
éurface.geometry'itself). A‘Thns, the-field of SUrface crystaliography
has been born and work is Being carried‘ént‘intmaﬁy laboratories to
determine thgnsurface Strﬁétu?e of solids of'éverrincreasing structurai
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compiexity. p'fhe development of thefmultiple scattering theory has been
reviewed recentlyy’s.and the discussion of its:main features is outside
.the scope of this review. However; review-of the results of its
applications to determine the atomic“surface struetnreiis in order.

2.1 Clean Surfaces

‘The structure of solid surfaces studied:so far are;very similar to
thevpulk etrUCtnreé-expected froﬁ'the projection of the bulk unit cell
to the‘surfaee.p This is deduced from inSpection.of the diffraction
pattern. The possibility'of;eipansion_of"contraction of the topmost
layer with respect to the-underlying_layerxin,the direction perpendieular
to-the.eurface waé studied by surface erystellography. | For the most
closely‘packed (111) éryetal face of fecc metals, there appears to be no

change in the interlayer spacing, certalnly not with any degree of

’ 9,10,11 9,12

.significance, for copper silver,: and platinum.13 There may

be a very small, 1/ contraction for nickel, 16,15 and a small expansion

for aluminum. 9,17,18, 19; .The outer'layer spacing in the (100) face of
copper remalns unchanged but there is a 2. 5/ expansion for Nleel(lOO)
Since the prec131on in the experimentally reported diffraction beam
positions allows the determlnatlon of atomic distances only to within
0.1 &, ~or approximately SA, the small changes reported are certalnly
within the accuracy of the-reported intensity data.

However, much iarger‘ohanges in the interleyer speeing have been
reported for theomore'open crystai faces., Atoms in the top layer of the

‘ Aluminum(llO) crystal face are contracted by 5-15% of the bulk interlayer

lspacing,zo and_intNickel(llO)‘by 5%. 7 For:bcc solids, theretis a substantial



contraction of the top layer reported, approximately 117 in the (001)
crystal face of moly_bdenum.s'.21 Preliminéry calculations on the LiF(iOO)v

face indicatez? that the top fluorine layer is contracted by 0.1 X, and

~ that the top lithium layer by 0.35 A towarduthe,back.i__Thhs, the two

ions do not-lie in the same plane, as predicted by séveral theoretical

calculations in the past. As surface structure. analyses of other metals,

semiconductors and ionic crystal surfaces become availéble,vit will be’

" possible to uncover trends in the Interlayer spacing at surfaces with

varied atomic density.

2.2 Chemisorbed Layers
There are several surface structure analyses of adsorbed layers
which have been:fepdrted. The $ubstrates were fcc metals in all cases,

either the (100) orientation with fourfold, or the (111) orientation with

- threefold rotational éymmetries, while the adsorbates were small étoﬁs:

Sodium, iodine, sulfur, oxygen, and selenium. These atoms appear to

occupy those at@ﬁié poéitions (fourfold or threefold) that are expected

from the overlayer,,if it were the continuation of the substrate. - Sodium

on the Nickei(iOO) occupies a fourfold coordination site23.at a distance

. of 2.87 & from the nickel layer; iodine occupies - a threefold coordination

‘site 2.25 & above the silver surface'layer;za’and oxygen, éulfur, seleniﬁm,

and tellurium all 6ccupyvfourfoid.sites on Nickel(100) at distances of
0.90 R; 1.30 &, 1.45 &, and 1.90 3 respectively, from the fop layer of -
ni'ckelvatvoms;25 | |

" Using different sets:of ekperimental data, Duke et al.26 concluded

that sulfur does indeed occupy a‘fourfold position,_but at an elevation



of 1.7 33‘iﬁst¢ad.of 1;3 k. | Using another set of,expe:imental data,
Anderson et al{z7 conclude a similar structure for the‘adéorbed oxygen,
bﬁt:at an elevation of 1.5 K; instead of 0.9 K,:‘ Duke ét 31526 céncludé 
that the Niékel(lOO) surface is reconstructed with both nickel and axygen
étoms at an elevation of 1.7551.90‘K above the nickel'substréter

'Aithﬁughfthere is uncertainty in the predicted atomic positions for
atoms in the adsbrbed'iayef{‘this, we believe, is nbtvdué to computational
problems, or to the inadequacy of the multipie,scatteriﬁg”theory.. The
disagreements are due to the lack of a large base of inten51ty data,.l e.
to the avallabllity of reproducible intensity proflles taken at a w1de
range of scattering angles. Both oxygen and sulfur can chemically
interact with the mefal substrate, and it is 1ikély that:the various .
iﬁvestigators obtained their diffraction data?ét'vafioﬁs stages of“éhemiéal
interaction. Iq is entirely possible that all pf the‘étrﬁcturé
deﬁerminatioﬁs ére cor;eét, that the chemical state of the surface was
undefiﬁéd.. At ireseqt, tﬁe lack of avéilability-of accurate intensity .
data on a'large.ﬁumbér of diffraction beams for:the ﬁarious overlayer
systems is.the.obstacie in further development of suxfaéé structure
analysis. |

2.3 T1me—Sav1qgﬁMethodS'

A new ﬁhqtogfaphic method has been deﬁelopedzs_tb'meaSuré diffraction
beam intensity prbfilés rapidly ané precisely. Sinée lowéénergy eiectron
diffraction exééfiments are carried out at reduﬁéd pressures, where
surface contamiﬂatiqn;is'time-dgpendéﬁ;,'ana on structures whose ordering
is time;dépendeht?tit.is'necesséry to measu£e'ihtensi£ie$’répidly and

obtain all offthe diffraction beam intensities,simultaneously;
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Using ‘this new technique, thelfluoreSCent screen is photographed

and the film is:machine developed for uniformity. J'The_optical densities

. ‘are converted to integrated intensities by a;computer«assisted scanner, -

‘and the relative intensities of all of the diffraction beams are

determined simultaneously;' It is hoped that a great deal of experimental

intensity data will become available in the near future, and this will

faccelerate the development of surface crystallography. - Such a'rapld

photographic technique will also make it possible to study reconstructed .

.surfaces or coincident lattices that give rise to diffraction patterns

- with many diffraction beams; for‘example; the (7x7). structure'exhibited

by the (111) face of silicon.
f
- In its'present form, the muftiple scattering theory is quite cumber-
some to -use for the purposes of surfaceﬁetructure analysis._ The computer'

time necessary to solve more complex surface structures can become

excessive and the cost,prohibitive. There is a great deal of theoretical -

and experimental effort being expended to develop a pseudo—klnematic .

theory that is adequate for the purposes- of surface crystallography, and .

averaging, or other data reduction methods, to convert the intensity

profiles to -a form useful for such simplified theoretical calculations;
" Both theoretical'and experimental efforts are justified by the

predominarice of single¥scatteringfeaturesin the I vs. eV curves (intensity

lprofilee)'obtained in low-energy electron diffraction studies. Lagally

et a1.29’30 and Bucholz et al.31 have applied the data.averaging'method

of analysis to the Silver(111) and Nickel(lll).surfaces; Clarke et al.>?

have used the Fourier transform of the 1nten51ties to examine the

Platinum(lOO) surface.' The theoretical framework for the application of



pseudoékinematical theories to structure analysis has been developed,33’34

and such an app:oach‘is'viable to analyze?more complex surface structures
ﬁhere computation by-multiple séattering theory iSUtoo expensive;

fhe éentralvproblem in the applicatidn of simplified'pseudo—kinemétic_'
theory 1s the féquirement of a large body of intensity data, I vs. eV data,
to eliminate data truncation errors; and muitip1e scatterihg. NeVergheiess,
the transforﬁation methods coﬁld provide a fast automated procedure for
édrface structure analysis.

3. MORE CdMPLEX SURFACE STRUCTURES

The preceding section'hés been concerned with the surface crystallo-
graphykof cleéﬁ, low inde# metalvsurfaces and simp1e éhemisorbéd layers
of atoms. if is fépidly becoming feasible to analyze such systems by
LEED and obtain a complete solution for the étructure ofvthe surféce’-
unit mesh. There‘gemains'a vast majority_of-suffa;es'of ﬁore complex
structurés fprvwhigh complete st;ucture analysis is a 1itt1e further 
dff._. For example, surfaées which have large unit meshgs confaining
several atoms bf-more.than one elément or wﬁich adopt'different.structure
to that of.the bulk, or  become cheﬁiéally_non?stoichiometrﬁ:thfough
seléctiﬁe evabqration of soiution of one compongnt.

A ho:e éuélitétiﬁe applicafibn of LEED has proﬁided much useful.
information on such systems particuiarly'when combinéd with ofher analytical
tools such.as électron spectroscopy, ion sCattering,.i.v. Spectroscopy,:etc.
It will be cénvenient to outline ﬁhe present state of uﬁderétandingvéf. :

the structure of complex surfaces with reference to; Reconstructed-"

surfaces, alloy:surfaCes, and stepped (higthiller index) surfaces.
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3.1 'Reconstructed Surfaces
As pointedvout in section 2; most:metals enpose'a surface which arises.

from a simple truncation of the bulk crystal structure”along”a.given plane,
although slight relaxation of the outer layers might occur, _A reconstructed
 surface is ome which_does not retain the geometry of the'bulk; this may
.arise through,a complete redistribution of surface atoms or by abmore.
-subtle dlstortion of the surface layer. Reconstruction of surfaces of -
compounds may also 1nvolve selectlve ‘evaporation or solution of one component :
producing a non—stoichiometric surface. . |

| Some reconstructed surfaces which have been identified by LEED are
listed in‘the;Table.' In most cases these structures.are thought to
representfequilibrium_or metastable states of the clean.surface, e.g.
$i(111)- (7x7) or (2xl) ‘but some have been shown to be impurity stabilized
e.g. Si(lll) (19 x19 ) This question of impurlty stabilization can only
be settled within the present limlts cf detection of- Auger electron spectro—e
scopy. Probably the test of time is most reliable; structures which have'
been observed-reproducibly in several laboratories using different
_ preparation techniques, are_most'likely to‘represent clean surfaces.

Itvis clear from the tableﬁthatrreconstructibn is most common semi—

cOnductor and insulatorﬂsurfaces; but is known on onlyﬁthree'metals -
| iridium, platinum; and ‘gold. This may be rationalized in a uery simple-
wayll When a surface of any material is instantaneously created there
will exist unstahle electronic surface'states. In the case of a metal |
these may relax intO'more stable states without disturbing the position

-of the nuclei due to the delocalized nature of the bonding.' The surface
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states (dangling bonds) of a ccralently bonded cryetal.nay cnly be
.stabilized by a rehybridization of the surface‘atoms which requires a
~relocation of its'nuclei due.to the direccionalrnature of the bonding.'
Althongh the driving force fcr reconstruction is understood in a
general Way,ﬁthe details of the process remain unknown."'It has been
propoSed that a semiconductor surface'is stabilired by a?large‘concentration
of surface vacancies (of the order of 20?50%) folloned‘by rearranéement
into an aromatic-like structure.62 63 Alrernatively, a surface bucklingi
might arise from a rehybridizaton of the surface layer without-generation'
ofbvacancies;44 Both viewpoints have been ccnsiderabiy refined, see
recent review by'MBnCH.71 |
These‘arguments_epply equally to the'reconStruction:cf compound semi~ -
conductors but here surface non—stoichiometry may exist. Crystals of.
III, V compounds‘(zinc blende_structure) possess a pclar axis, <111>,
‘such that‘an_ideal (111) surface consists of a layer of.group I11 atoms.
with group V atoms immeniately beneath and the (iii)'plane is'the,reverse.

42 65.and GaP(lll) surfaces.

Non—st01chiometry has been observed for GaAs(lll)
The (2x2) structure of cleaved GaAs(lll) converts to a Q9 X 196 structure
on heatlng in vacuum at ‘800°K and this has been correlated with evaporatlon
of arsenic.l‘-z'65 " The (2x2) structure ie restored at the elevated
temperature in e'flux of arsenicvmolecnles and 15 stable to 650-700°K in
this flux.” The sticking probability of arsenic cr phoSphorus molecules
was found to be icw on theJ ar§enic stabilized’ (2x2) surface and high on
7

the galllum stabilized (19 x19 ) surface which.accounts for the fact that

stoichiometric GaAs-films-may~be‘grown by vapor deppsition. It has been
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suggested that a further'driving force causing reconstruction of compound
surfaces is the reduction of surface charge;66 Due to the partial iemic
character of‘the bonding, ideal polar surfaces of III,V and II,YI semif‘
conductors will possess high surfsce_chsrge denSities;‘surfaces uhich

contain equal‘numbers of each ion (neutraltsurfaces).generally-display

(1x1) LEED structures, e.g. ZnQ(lOIO)51 and GaAs(llO).36 |

The reduction of surface charge density will also be important for

‘insulating compounds. The (100) cleauage planes of alkali halide crpstals

on neutral surfaces usually display (lxl) LEED patterns,64 in contrsst
_an ideal (111) ‘surface plane should ‘have one type of: ion in the top layer

and the ion of opposite charge 1n the second layer, unfortunately such surfaces
have not,.ss yet, been studied by LEED. A surface reconstruction nas been |
suggested'for AgBr(lll),von tnepoasis.ofFfilh nucleation experiments, in

which half‘of the top layer Ag+ ions are removed to produce an electricaily
- neutralﬁsurface.67 | | |
‘ ~ The interplay of ﬁorces resulting in tne reconstruCtion'of the o r

. . ‘ . [ SR N
alumina(0001) surface is probably more complex. The (312x31i).structure

48,49 probably results from a reduced surface layerAv.

observed at above 800°C
_ 1+ 2+ . T . '

containing Al1™ or Al ._ions, fig. 1. It was found possible to reverse

" this transformation by‘oxidizing the'surface in 10—4 torr of oxygen at

1000°-1200°C. - - , R -
As mentioned previously, only gold; platinum, and iridium of the

metals have been consistently reported to reconstruct.. The (5x20)

-structure observed on the (100) faces has been correlated with a hexagonally

close-packed surface lsyer56’57 thus the surface is stabilized by an



-12-

increased atom density in contrest to.semiconductor and imsulator surfaces.

It has been suggested that the anomolous behevior of'gold; iridium, and

platinum arises from the high polarizibility of tﬁese‘metal atoms which

- Intensifies the driving force towards reconstructiom-under the action of

the surface electric field.62

The large number of possible models for reconstructed surfaces will

. make rigorousicrystallographic analysis lengthy and tedious but clues

-to the most likeiy structures are being gathered by_a_variety of techniques.
‘A pseudofkimemetic LEED analysis of the Pt(lOO)—(SxZO) surface has

indicated that the surface adopts 5 buckled, hexagonei, close-packed

structure.32 -.Electronic surface states of silicon and germamium have

been detected by ion neutralization spectroscopy68 and bp photoemission

and electron'eﬁergyiloss spectroscopy.5 On the ba31s of the 1atter

study it was suggested that the metastable Si(lll) (2xl) surface is 11kely

to be a 'buckled' rehybridized structure while the equllibrium Si(111)y-(7x7)

surface probably 1nvolves vacancies to a considerable extent. - Thus, it
63

appears that, under different conditions, bOth the Haneman44 and Lander
models of reconstruction may be applicable.

3;2 Alloy Surfaces

The characterization of'31107~surfaces has receivedia great dealrof
sttention.mainiy‘through attempts at understending chemiSOrption end>
catalysis by observing trends with'elloy surface composition. ~ Since
neither the surface composition nor structure canvoe predicted from the
bulk parameters they have to be determined independently in much the

same way as for the other reconstructed surfaces.
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| In the case of a binary alloy solid solutlon, of camponents A and B,
the bulk crystal structure'may be determined (the lattice constant is
commonly a linear function of composition -~ Vegard s‘Law), but the
:probability of any lattice point being aniA atom isvsimply'xA/xB‘(where
x ; nole fractiOn), 1.éQ the crystal isisubstitutionali& disordered. At
,the'surface.of such a crystal the concentrations of A and'B'may differA
from those 'in the bulk due to the forces tending to reduce the surface
.energy, generaily the component with the lowest surfacevtension'will.be
concentrated in“theJSurface and the problem:is to determine the degree
of surface.enrichuent. | o

At.the other extreue‘we have an ordered'alloy or metallic compound.
Now the crystal structure is made up of 1attice points ‘which are uniquely
‘A or B sites, e.g. AuCu3 82 At the surface of this crystal there will
again be a tendency for surface enrichment in A or B, but this drlving
force.will-he modifiednby the force tending to order,the.crystal (the A-B
binding energy). Clearly*surface order and surface COmposition.may_differ
from the bulk'ann both will have to be'deternined by sUrface sensitive |
':techniques. | |

Almost all studies of alloy surfaces to date have been concerned only
uith surface'chemical composition, mostly of disordered»alloys. It will
be helpfulvin'discussing:them'to ﬁrite'down some important equations.

The monolayer ideai solution model has been discussed”in a recent review.

In this model there is enrichment in the top surface layer only, and the

surface composition is related to that in the bulk by '

XSA ) X A . (Q‘A E‘ OB)a (l)
s B FP\TTRT
XB X B

5



‘whére x ~.mole fraction, 0 = surface tension, and a = surface area per
gram atom which 1s assumed to be the same for A and B.

A measure of the deviation from ideal behavior is given by the

regular solution parameter, {2,

E + E .
AA BB _ .
Q = F4 EAB - '—_2_"'—' . o (2)

.ﬁherg.EAB is theé bond energy between atéms A .and B, etc, and z-is_the
number of nearest heighbors. . As Q Becomes negative, fhe system:ténds to
order while,lérge positive values of ! lead to phase separafidn,

Because of the diétinct change in surface,chemicalﬁﬁfopertieé in
passing from group VIII3 to'groﬁp-Ib metals, alloys of these twb>com§ohenté
' have reééived mostbatter_ition.72 Unfortunately, these systems are |
generally not simple.v-vThé system Cu/Ni éegrégatés into.two'bulk.phases
below.322‘°C,72 one copper-rich and oneinickel—rich.'- It has beén shown,
for polycrystalline élloy films, that the copﬁer—fichiphase forms an outer
"shell on the ailoy crystallites, thus. producing a cohstant'surface.éoﬁpbsition
for a.range of alloy eompbsitioné; Howe§er this is a somewhat_secbndary
problem since.the sﬁrface composition of the ;épper-rich phase still needs
to be'determined;73v | |

A direct méasufemeﬁt of the surface.compositién‘qf ginary alloys‘bécame'
possible wiﬁhlpbé advent of'Auger eléctrqn spectroécopy.(AES)f ‘This
technique is, aé yet, not.fuliy quantitative, see gecént review;1 the:ﬁain.:
difficulties are (1) the depth sampled is a fﬁnction of Auger eleétron
energy, and (2) the sensitivity is.a function of the eleétroﬁ scattgfing

properties of the material, Broadly speaking, two to four atom layers are

‘sampled and it is not possihle to deduce a conceﬁtrati@hvprofile over



these layers'in_syStems where surface enrichment is occurring. It has
often been shown75 76,77 that the relative Auger signals of two components
of a binary alloy are a 1inear.function of bulk alloy composition, but.this
may not be regarded,as evidence against surface enrichment.

It should be possible to detect surface enrichment by.recording'
Auger spectra at varying angles of incidence of the exciting electron beam
or by comparing compositions measured with low—energy and high-energy
;Auger peaks, but these techniques have produced negative results for the

83, Cu/Ni and Ag/Pd 5-systems.

Ag/Au
It is probably significant that surface enrichment has been positively

identified by AES for an alloy equilibrated in the liquid phasey'9 and for.

an - ordered alloy 76 |
Experiments carried out on Pb/In alloys, brought to equilibrium in

. the liquid phase, showed-considerable-surface enrichment in lead as expected

. from the relative surface tensions of the components 7?: 'lhe temperature

dependence of pr/xln showed that the“system‘behaved as an 1dea1 solution

‘hv(equation (1)), although the surface enrichment in lead was higher than |

predicted by‘the monolayer model.,v Another important’parameter affecting

surface,cOmposition was found to be the mnature of the gas phase; surface

enrichment in tin resulted in an oxygen atmo;phere'whilelexcessive'carbon

‘ contaminationbproduced surface enrichment in lead. éimilar effects have

'been reported for the platinum/tin system where changing from ox1dizing

- to reducing conditions greatly reduced the surface enrichement in tin-.76

Studies on the ordered alloys Pt3Sn and PtSn have revealed a more

coamplex pattern of surface enrichment.]6 A comhinationiof AES'(probing
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2-4 monolayers), and X-ray photéelectron spectroscopy, XPS (probing 4-8 o
monolayers);produced a qualitative concentfation profile which showed -the |
expé;ted fifst layer enrichment in tin;‘but also second layer eﬁrichment
in platinum. This situvation has been predicted theoretically for alloys
with negative values 6f_the reguiar splution parameper; Q. For 6rdered
alldys, where -0 >> kT, both surface éﬁructure.éndvgomposition may change,
as outlined ébove.

Sachtleral‘has recently discussed the‘interplay between ordering
forces and surface enrichmentvforces using Pt3Sn aé an examplg;'v The
(111) plane of this crystal; figufe 2, has fin atoms éurrounded by platindm
atom near neighﬁors; Sachtler prediéts that suiface ;in enrichment wili
occur by place.éxéhange between second layer tin aﬁbms.and top layer
platindm atoﬁs. A sharp iﬁcrease in surfaée tin enrichment is predicted
‘above the critiéal temperature at which the alloy Secoﬁes disérdered.

Clearlf ordered alloy surfaces should'pro?ide a rich area for further i
.réseérch, aithough it will only be possible to follow surface order .changes
with LEED if thé.atomic scattgring_factors of the components are sufficiently
different. This is illustrated by the fact that substitutionally |
disordered singlé crystal alloy surfaces of Cu/Ni'78 ahd Ag/PdZS‘géve~shafp
(1x1) LEED péttefﬁs with low background intensities. ~ If the atomic
scatfering factors of the components are siﬁilar, thé.effective surface -
ﬁnit mesh will not take account of sﬁbstitutibnal disdraer, fig. 3.

It is alSo‘likely-that ion scattering.experimenté Qill be useful in , . ‘,
studying surface order;disofder ttansitioﬁs on alloy surfaces, particularly

in the intermediate stage where short range ordering or clustering may occur.

3.3 High Miller Indeg_o?;sfgpped Surfaces

When surfaces are produced by the cleavage proceés,.a series of _ _ ;

monatomic steps commonly results which may Be'oidered over a 1ong range
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or disordered,$3 Such steps have i§ngvbéeh knéwﬁ to bé important in
the nucleation an& growthvof surface films this being the basis of tﬁe
éurface dquratioh technique in electron microscopy. th has been shown
that surface_&efects produéed by:electron bombardment damage assist the

86 A more detailed investigation of

deveiopment of epitaxial films,
this phenoﬁenon has.become possible through the use of. high-energy ion
scattering. ,Raﬁdomly oriented stépé on a éleaved NaC1(100) sﬁrface
bhave been ébserved‘by this techﬁique85 and it provéd possible to‘distinguish
betweeﬁ sodium,ion steps and chloride ion steps; it was also shown thét
coppér atoms are capturéd‘preférentially at chloride,ion éteps_which
suggest that the first stage in nucleation is formation of a surface
compouhd;
Stefs are also important in evaporation processes, particularly for

molecules larger than diatomic. Evaporation of arsenic in tﬁe form
of Asy, tetraﬁedrél}molecules has been shown to requi;é aICertain step
géometry in which“the-tetrahedral configuratibn is already present at
‘ the‘s't:eps7 édge.» This‘suggests that phe molecule breaks: away from the
step as a whole and is not generated from mobile fragments on‘tﬁe surface.

' Long range ordered arrays of monatomic éteps'may also be genefated
by c1éavage84 and in the méjoriéy,;f casés are the stéblelform of high
_ Mil1er index or vicinal suffaces independent of theif‘mbde of preparation. .’
Cabrer388 has develoﬁed the thermodynamics“of'vicinal surfacés thch can
bé used to predict‘théir‘freé energy and relatiﬁe stability.'
| Surfaces. of this kind.may be studied by LEED and their step and

terrace dimensions determined by a kinématic anal_ysi_s.84 When a face
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centered cubic metal, for example, is cut at.9 5° away from the (111) face
in the direction of the (100) face,a (755) Miller index surface is
obtained’ .The LEED pattern observed from such a surface indicates a
structure in which atomlc terraces of (lll) orientation, six atom rows
wide are separated'by periodic atomic steps, one atomein’heignt, fig,a.
This structure may.be identified by a shorthand'notation [6(111)x(100)],
e.g. for the stepped platinum surface Pt(S)—[6(lllja(lOO)]{' This
nbtation provides a ﬁore graphic description of thevsurface than the
Miller index. - In this way monatomic step structures have been found‘to
A be.stable on’metals§9 90 semiconductors,g4 oxides,?liand there is indirect
evidence for theiristability on .ionic surfaces.92

Restructuring of a stepped surface may occur during chemisorption
with changes.in sten’height and width, but this is reversible on °
desorption or cleaning. Crystal faces:with fourior less atom wide
iterraces,.such3asrthe»(le)vface of platinum,ohave beenifound to facet.
Clearly more research has to be carried out to exnlore the stfudture»and'
stability of vicinal surfaces in various crystallograohic orientations
and in the presence of overlayers.. | |

Special inportance has been giuen to stepped.surfaces'by the'discovery
of tneir great significance,in chenical‘reactiOns on'metals. ”.The
chemisorption characteristics of stepped platinum surfaces are ver§
different from those of low Miller index surfaces. It'has Been found
that atomic steps play a controlling role in dissociating hydrogen and _
oxygen molecules-on platinum surfaces.95 Atoms at steps in various

‘stages of coordination control the rates of breaking of C-H and C~C bonds
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‘bon platinum94 in the.aﬁsence of.stepé, édsorbed hydrocarbon molecules
tend to fgmaip.esséntially in;act'below 300°C and produce orderedisurface‘v
structures;96 | Hy&rocarbon iayer; onlstepped surfaces at low temﬁerature'

- tend to be,disorderéd.

The caﬁalyticvactivity of platiﬁum in hydrocarbon reactions is
*cbntroiled by surface atoms in or neéf steps; fhe pr6duct distribution
in_several,competing organic reactions.is markedly dependent.on tﬁé
surface. structure of platinum.97 Thus, it appears that, in additiqn
- 'to their importénce in crystal growth, condensatiph énd.vapérization,
atom;c steps play.an-importaﬁt fple in heterogeneous catalysis. \

The unique properties of atoﬁs at -steps may be due tolfheir chérge
'densitiés which are different from high coordination ﬁumber atoms in
‘low Miller index planes. - There i; eﬁidépce for increased charge
'density'on atoms at sﬁepé from measurements of the.work function of
- various crystal planes98 and from theory’;99 Thﬁs, a étepped surface is
mulﬁifunctiona;, containing atbms wi£h‘different charge densities and
therefore differént strengtﬁs to Break_or form cﬁemical bonds.

It is not necessarily true that atomic steps play an important réle
in chemical reactions oﬁ all surfaces with every molecule. vOﬁ gold,
for ekample, atomic steps do not enhance chemisorptioh of various S
'hydrocarSonvmoieculés,;oo | Conrad.et ai}ol‘have shown that while stepped
| surfaces exhibit an eghancedvinitial heat of adéorption for hydrogen on
palladium, thg'heat of adsorption of carbon moné#ide_on both‘(lll) and |

stepped palladium surfaces was the same.lo2



-20-

Thus, ip'is likely that the adsorption characteristics of strongly
chémisbrbéd s§ecies, parfiCUlarly atdms, will be more affeéied‘by‘atomic
steps and that this effect will be most.important on surfaces of
intermediaté activity{ If adsorptibn'is véry strong, e.g. on tungsten,
it should readily occur on low Miller'index.suffaceé. . It is significant :

that surfaces‘which,form chemisorption bonds of intermediate strength =

. . _
are the best candidates for heterogeneous catalysis.
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“TABLE

BECONSTRUCTED SURFACES

Pt(lOO)—(S*ZO)(56)5 . = Ir(lOO)—(sz99(58) . ..Au(lOO)“(S*ZO)(Sy)
Pe (110)- (1x2) 61 o L a@10)-(x2)
CmIn®  spaazo) ©9 | Te(OOOl)(7O)
3 L . -
s1a1-0x7), 1), ashagh |O%3:37:306 a1y aey, x| 353 39) |
§1(100)-(2x1), (4x2) |  6e(100)-(2x2), (4x4)
.51(110)(4x5),_(5x1) . e  Ge(110)-(2x1)
| Gaas(111)-(2x2) | N (40,41,42)  Gap111)-(2x2) O
Gas (I11)-(3x3), (2x2), (192%192)
Gas (100)-(6x1), R4S, (2x8) R4S |
1nSb(111)—(2*2) B RS 43,44) Gash (111) - (2%2) (40, 44)
1nsb(111)-(2x2), (3%3) : ~ casb(@IIy(2x2), (3x3))
1nSb(100)-(2x1) |
"‘ZnO(OOOi) Reconstrﬁct.ed" : « (51) v Cds(0001)-(2x2) ,)(60) _ :
Zn0(0001) Not reconstructed (53’59’60'2 CdSe (0001)- (2x2) ’
A1,03(0001)~ (312x312) - (48,49) V205 (010)(4x1) , (1x2) (47)
A1p03(I012)-(2x1) - _ L
| A1503(1133) (4x5) )y ’BaTiO3(OOl)-(57X3Z) (50)

‘Diamond (111)-(2x2) ‘45’46) : | Diamond(loo)-(le)(45’46)
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' LIST OF FIGURES

() The hexagonal unit cell of the (0001) substrate and the
(b) squére'unit cell of the dxygen—deficient overlayer whibh

" together generate the"

(c) unit cell corresponding to the rotatedf(]31 XL}&l) by

bcoincidenCe.
(111) plane of Fhe'drdered alloy Pt3Sn..
(100) piane Of';n_f.c;c. Cryétal'of a disordered alloy.
x, = xp = 0.5. |
(ﬁ) 'Pt(é)«{6(lil)x(100)] stepped surface.

(3) LEED pattern.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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