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Chapter 4

Surfacealloysand alloy surfaces: the platinum-tin system
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Toernooveld 1, 6525ED Nijmegen, The Netherlands

b Dipartimentodi Chimica,Universitidi Firenze,
Via G. Capponi9 —50014Firenze ltaly, bardi@unifi.it

1. INTRODUCTION

The effect of the surfacestructureandcompositionon the propertiesof metals
andalloys hasbeenrecognizedsincethe early timesof metallugy. Consider
ing noble metals,the useof diffusion phenomenan bimetallic systemshasa
historythatgoesbackto very earlytimesin humanhistory, when*“fire gilding”
techniquesusingmercury- gold alloys (amalgams)weredeveloped. In recent
times, noblemetalalloys are extensvely usedin fields suchasheterogeneous
catalysis,wherea large numberof catalystsare multimetalic and containat
leastone noble metal specieq1, 2, 3]. The propertiesof the surfaceof noble
metalalloys alsofind applicationin avariety of differentfields,atfirst sightnot
relatedto surfacescience for instancein thermalbarrier sysemswhereplat-
inum aluminidesareusedasintermediatematerialsactingascorrosionbarriers
in hightemperaturernvironmentd4].

The generalfield of the surfacestructuralpropertiesof bimetallic systems
hasbeenreviewed by Bardi [5] andmorerecentlyfor the specificfield of or-
deredsystemdyy Vasiliev [6]. The theoreticalfactorsleadingto orderingand
reconstructiorat binary alloy surfaceshave beenrecentlyreviewed by Treglia
etal [7]. Anothergeneralreview on the propertiesof bimetallic surfaceswas
reportedby Rodriguez[8] anda generalassesmentof the factorsleadingto
surface alloying hasbeenpublishedby Christensertal [9]. The presenpaper
is dedicatedo a review of the stateof the art of the knowledgeof the surface
compositionandatomiclevel structurefor platinumalloys andfor onespecific
noblemetalalloy, the Pt-Snsydem, which hasbeenextensvely studiedduring
thelastfew years.



In generalnoblemetalsalloyed with metalsof the left rows of the periodic
table producecompoundswith highly negative enthalfy of formation which
very often form orderedintermetalliccompoundsa fact alreadynoted some
time ago[10] andwhich morerecentlyhasbeenrelatedto electronexchange
amongthe speciesnvolved [11]. Thesecompoundgorm a classof materials
which givesrise to a wealth of surfacephenomenaAmong thesephenomena
we can cite the formationof ordered2D (“two-dimensional”’)phases,'sand-
wich” surfacelayers,andlong rangeundulationsformedby lattice mismatch
in turn dueto the variationsof the lattice constantresultingfrom composition
variations. Platinumalloys and bimetallic sydems are especiallyimportant
in catalysis. Platinum-tin alloys are specificallyimportantas catalytic elec-
trodematerialsfor direct methanatiorfuel cells (DMFC) [12] andascatalysts
for napthareforming and hydrogenation/dejdrogenationreactionof hydro-
carbonswherethe additionof tin to Pt supportectatalystsdecreasesoke for-
mationandincreasesfetime andselectvity [13].

The Pt-Snsystemhasa highly negative enthaly of alloying andgivesrise
to orderedbulk phaseg14]. Oneof thesephasegPt;Sn)is cubic (symmetry
Pm3m, AuCus type). This phaseaswell asthe phase®btainedby depositing
tin on pureplatinumsurfaces have beenexaminedby thefull arrayof the avail-
ablestructuresensitve surface scienceechniquesdiffractionmethodge.gion
scatteringALISS, low enegy electrondiffraction LEED and X-ray photoelec-
tron diffraction, XPD) and scanningtunnelingmicroscoly (STM). By using
thesetechniquest hasbeenpossibleto determinghe atomiccoordinate®f the
speciepresentvithin thefirst few layersof the surfacefor differentorientations
andchemicalcompositionsit hasbeenalsopossble to evidencecomplex phe-
nomenaof surfacereconstructiorandof formationof mesoscopisurfacefea-
tures. The presentpaperwill summarizeandreview the resultsobtainedand
comparghemwith the dataavailablefor otherorderingalloys.

2. METHODS

A rapidsunrwey of themethodautilized for the studyof binaryalloys, andspeci-
fically for the Pt-Snsystemwill be reportedhere. In the presentreview, we
consideronly studiesperformedin conditionsof ultra high vacuum(UHV),
wherebimetallic Pt-Snsurfacesarestable.lt is known thatin air andin general
in the presencef oxygenat pressveslargerthanca. 10-% Torr, tin alloyedwith
platinumtendsto oxidizeandde-alloy to form oxidephasesaphenomenothat
will notbetreatedhere.

In all studiesconsiderednhere the samplesexaminedwere either single
crystalalloys of P;Sn compositionpreparedoy melting and zonerefining in



vacuum,or surfacesobtaineddepositingmetallic tin on single crystalpure Pt

subgrates. The depositionwas performedin UHV conditionsusing thermal
evaporationsources The substratesiways neededa specificcleaningproce-
durein vacuum which wasobtainedoby noblegasion bombardmen(or “sput-

tering”) for the purpacse of remaving adsorled impurity and oxide layersand

for flatteningthe surface,i. e. reducingthe surfaceroughnes. The sputtering
treatmentvasnormallyfollowedby annealingstill in vacuum for thecomplete
smoothingandequilibrationof the surfaceunderstudy

In the study of the surface phasesof the Pt-Sn system, as well as of
other binary systems a variety of experimentalmethodsare available. Sur
facespectroscopiebasedon ion or electroninteractionwith the surface pro-
vide compositioninformationwith a depthresolutionthat cango from a few
atomiclayers(X-ray photoelectrorspectroscop XPSandAugerelectronspec-
troscoyy, AES) to singleatomiclayerresolution.Thelatter canbe obtainedby
low enepy ion scattering LEIS) a methodwhich hasbeenextensvely usedfor
the studyot the Pt-Snsystem. Sincesurface spectroscopiecnethodsarerather
well known we will notreview themin detailhere.

In termsof structuralinformation thatis the determinationof the atomic
coordinate®f at leastsomeof the speciesn the surfaceregion, several meth-
odsareavailable. We canclassthesemethodsn two main groups scattering
techniquegion andelectron)andscanningprobetechniquesin severalcases
andspecificallyfor the Pt-Snsydem- a combinationof thesemethodscanpro-
vide the completedeterminatiorof the crystallographigparametersf the first
2-3 atomicplanesof a surface. The surface phaseobseredin the Pt-Snsys-
temarenormally termedin referenceo their in-planeperiodicity, asobsened
mostoftenby LEED. For a descriptionof this methodandfor notesabouthow
the surfacecrystallographicconventionsneedto be somavhat modifiedwhen
appliedto thefield of alloy surfaces seethe appendixo the presenpaper

Here, we will briefly describethe surface structuralmethodsextensvely
usedfor the Pt-Snsydem.

— Electrondiffraction,Low enegy electrondiffraction (LEED) is the oldest
andstill the mostwidely appliedcrystallographidechniqueusedfor the deter
minationof the structureof orderedsolid surfaces.lIt is basedn thediffraction
procesghata monoenggetic electronbeam(ca. 20-500eV) undegoeswhen
interactingwith a surface. On well ordered singlecrystalsurfaceslong range
interferenceof the scatterecelectronsleadsto the formation of a diffraction
patternfrom which the surfaceunit meshcanbe determinedMore information
can be extractedfrom the intensity of eachspotasa function of the electron
enegy andcomparingheresultswith atheoreticalcalculation.This procedue
is definedin the literatureas ‘dynamical’ or “quantitatve” LEED analysis,or



asLEED I-V analysis,where*l-V” standsfor “Intensity vs. Potential” (see,
for instance[15]). Froma comparisorof measuredndcalculated-V curves
it is possibleto determinea model of the surfacestructurewith an accurayg
of the determinatiorof interatomicdistanceghat may be of the orderof 0.01
A. The sensitvity to compositionin LEED is highestwhenthe atomicspecies
have significantly different scatteringfactors. In favorable caseqe.g. Pt-Ni,
[16], the sensitvity to compositionhasbeenestimatedo extendto a depthof
approximatelys A from the surface. Whenthe differencein atomicnumber-
andhencen theelectrondensity- is notsolarge, the sensitvity to composition
worsensconsiderably However, a compositionprofile for the first 2-3 atomic
layersfrom the topmostsurfacecould still be obtainedfor transitionelements
in adjacentows of the periodictable,suchasthe Pt-Snsysemconsideredere
[17]. In LEED it is alsopossibleto analysethe angulardistribution of the in-
tensity of singlediffractedbeamg(spd profile analysisLEED, SFA-LEED) in
orderto obtaininformationon the domainstructureof the surfaceunderstudy
asit hasbeendonefor the P;Sn(111)surface [18]. Somestudiesby electron
diffraction of the Pt-Snsystemhave alsobeenperformedby reflectedhigh en-
ergy electrondiffraction (RHEED)which usesa grazingincidencehigh enegy
electronbeam.Thismethodcanprovide informationonstructurafeaturessuch
asmesoscopienultilayer“islands” which aredifficult to studyby LEED.

— Photoelectrordiffraction methodsPD. Thesemethodsare basedon the
photonstimulatedemissionof corelevel electronsfrom the atomic speciesn
the surfaceregion. Theseelectronsundego scatteringwheninteractingwith
the atomsaroundthe emitter Interferenceeffects causea variationin the in-
tensityof electronemissionasa functionof angleor of enegy. Measuringthis
variationit is possibleto obtaininformation aboutthe local structurearound
theemittingatom.A commonsetup for PD usesa conventionalphotonsource
in the soft X-ray domain(Al Ka or Mg Ka). In this version,the photoelec-
tron intensitiesare measuredor variableanglesandthe techniquegoesunder
thenameof XPD (X-ray photoelectrordiffraction). As the electronsexamined
areof relatvely high enegies(several hundredsof eV), the scatteringorocess
is dominatedby whatis calledthe ‘forward focusing effect [19]. This effect
enhanceshe intensityof electronsemittedalongdirectionsthat correspndto
denselypacled atomicrows andit may be exploited to obtainan immediate
gualitatve interpretatiorof the data. Calculationsassumingvarying degreesof
approximatior{19] canbe usedto fit XPD datato a detailedsurfacestructural
model. ThetechniquehasalargerprobingdepththanLEED andhasthefurther
adwantageof beingspeciesendive, but it is scarcelysensitve to the structure
of the topmostsurfacelayer XPD techniqueshave beenextensvely usedfor
the Pt-Snsystemmainly for the studyof phase®btaineddepositingin onbulk



Pt substratesAll theresultsreportedherefor the Pt/Snsystemwere obtained
usinga multichannelhemisphericaklectronanalyzeranda conventional,non
monochraonatized Mg Ka or Al Ko photonsource Unlessotherwisespecified,
the experimentaldatawereanalyzedoy meansof the singlescatteringcluster-
sphericawave (SSC-SW)model.

— lon scattering,|S. This term indicatesa family of relatedtechniquesof
which the relevant oneshereare low enepgy ion scattering(LEIS) and alkali
ion scatteringspectrosopy (ALISS). The former, LEIS, is normally usedfor
surface compositionanalysiswith a depthresolutionof the order of a single
atomiclayer, the latter (ALISS) canalsoprovide structuralinformation. Both
LEIS [20, 18] andALISS [21, 22, 23] have beenextensiely usedin the study
of Pt-Snsydem. In ALISS abeamof low enegy ions(typically Li*) is directed
atthesurface. Thebackscatteretnsareanalyzedn enegy andangle.Alkali
metalsherehave a definiteadvantageover noblegasions(e.g. He™ commonly
usedin LEIS) in thefactthatthe neutralizatiorprobabilityis muchlower. Typ-
ically, for helium only about1-10%of theionsis not neutralizedwhereador
lithium the fractionis ashigh as50-80%As olvious, the lower neutralization
crosssectionleadsto a much bettersignalto noiseratio. In ALISS (andin
LEIS aswell) theenegy lossdueto the elasticcollision of theion with species
of the surfaceis characteristioof the massof the target atomsand therefore
providescompositionalnformation. Structuralinformation,thatis information
abouttherelative positionof the scattererat the suriacecanbe obtainedusing
the “shadav cone”associateavith the targetatom. Calculatingthe theoretical
shadev coneatagivenion enegy it is possibleto determinea structuraimodel
of thesurface by apolaranglescan[24]. Theuseof this methodspecificallyfor
alloy surfacesandsurfacealloys hasbeenreviewed by O’Connorsetal [25].

— ScanningProbeMethods(SPM). Scanningprobetechniquesrebasedn
theinteractionof a sharptip with the surfaceunderstudy Thisinteractionmay
involvethepassagef currentby tunnelingeffect (STM, scanningunnelingmi-
croscop), themeasuremerdf theforcebetweerthetip andthe surface(AFM,
atomicforce microscopy) or otherphysical phenomenaln mary caseshese
techniqueprovide atomicresolutionimagesof thetopmostlayerof the surface
understudy Of these,STM is at presenthe mostusedfor the studyof metal
andalloy surfacesandatomicresolutionhasbeenattainedn studieperformed
in vacuumon samplesleanedy standardreatmentsFor thestudiesdiscussed
hereon P;Snsurfacesan OmicronSTM-1 sydem hasbeenusedhousedn an
UHV system Thebasepressurén the STM chambemwaskeptin the 10! Torr
range.

With respecto surfaceroughressSTM is rather‘touchy’ in comparisorto
structuralanalysismethodssuchas LEED. LEED is a relatvely long range



method averaging over the coherencelength (ca. 200 A) of the electrons
whereasSTM is ashortrangeordermethodwith atomicresolution.Onarough
surface goodtip-surfacecontactis hardto achiee and, in the worst case tip

damages likely to occur With respecto surfacecleanlinessSTM is assen-
sitive asfield ion microscoy (FIM), i. e. very low levels of impurities are
detectablealbeit not identifiable. Furthermore ratherlow levels of impuri-

ties, in somecaseselown the detectionlimits of AES, leadto a deterioration
of the STM tip which may pick up suchimpurities. The Pt-Snsamplesused
in the studiesdiscussedherewerefoundto give riseto no impurity segregation

phenomenahenceto provide a relatvely “easy” system. The final control of

the samplequality is, however, the STM topograply. All STM topographse-

portedherewere measuredit roomtemperaturen the constantcurrentmode.
The lateralcoordinatesvere calibratedusingthe atomically resohed surfaces
of Si(111)(7x7)andPt(110)(1x2). The vertical scalewas calibratedat atomic
stepsonsurfaces.

In the caseof the STM studiesof low-index Pt;Sn surfacesthe resultsob-
tainedarein somerespectgextbook examples: comparedo otheralloys the
chemicalcontrasiobseredby STMis large (zp; — zs, ~ 50 pm). Much lower
values(of theorderof 10 pm)wereobseredwith otherPt-alloys[26]. Also the
sign of the corrugation varieswith the alloy composition:Ptis measuredsa
protrugon in the Sn-PtandCo-Ptsygems,but asadepres®n in PtNi andPtRh.
The chemicalcontrastcanhave differentorigins. In mostcasesa differencein
theelectroniadensityof statesatthetwo speciess responible. Althoughchem-
ical discriminationis achiezedonverylocal scalethechemicalcontrasis partly
disturbingbecause¢he STM “topograply” is pollutedby the electroniceffects,
a similar effect is obsened on semiconductosurfaces eg. Si(111). However,
the variationof the contrastwith gap voltageis relatively low with Pt-Snsur
faces. Anotherreasonfor chemicalcontrastcan be a differentinteractionof
thetip with the two elementson the surface. Additionally, this interactioncan
be mediatedby a moleculeor adsorbateat the tip which canbe obsened by
meansof suddercontrastchangesiuringthe scans.Sincethe characterization
of thetip is along-standingoroblemin STM the detailsof this kind of contrast
formationare not known at present.However, the Pt-Sncontrastis never ob-
senedtogethemith tip changessuchthatonemayattributethe contrasto the
differencesn the electronicdensityof stateqd27]. Oneis temptedto relatethe
tendeng of a systemto chemicalorderwith the corrugation amplitudein the
chemicalcontrastpecauseystemswith lower chemicalorder mostoftenalso
shaw lower chemicalcontrast(e.g. AusPd,[28]) andvice versa.lt is interesting
to notethatSTM is nottheonly methodeadingto local chemicalcontrast. Also
in field ion microscopy a local tunnelprocesss exploited, however in amuch



larger field and chemicaldiscriminationwas obtainedquite early with Pt-Co
surfaces[29].

3. THE PLATINUM-TI N SYSTEM

PtandSnform highly exothermicbulk alloys. The phasediagramof the Pt-Sn
sysem s describedn detailin [14] (Fig. 1). Two stableintermetallc phases
exist: PESnandPtSn. Of these,PSn hasan enthalfy of formationof -50.2
KJ/mol, a melting point of 1675K anda cubic facecenteredstructurewhich
Is sometimesdescribedn the literature using the metallugical notationL1,.
The structureof P;Snis the sameasthat of the “prototypical” orderedbinary
alloy, CusAu, thefirst binary alloy to have beenstudiedfor its surfaceproper
tiesin ultra-highvacuumconditions.The PtSnphasds hexagonalandordered
(P63/mmc) with anenthaly of formationreportedas-58.6KJ/molandamelt-
ing point of 1549K. Otherphasesvith a definitestoichiometryarereportedio
exist [14] but only the P Snphasehasbeenstudiedin termsof surface proper
ties.

liquid
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Figure 1. Phasaliagramof Pt-Snafter Ref.[14].



3.1Low index surfacesof the Pt3Sn alloy

The possible*bulk termination”structuredor the Pt;Sn orderedalloy are
showvn in Fig. 2. We summarizeherethe resultsobtainedfor the low index
surfacesof the PSn alloy asa function of the annealingtemperature.in the
following, we will examinein detailtheresultsfor eachface.

O Pt @ Sn (1st layer) Sn (2st layer)

Figure 2: Structureof the P;Snalloy andlow index terminatons,after Ref.[30].

3.1.1 PtsSn(111)

This surfaceis the mostextensvely studiedin the P;Snsystem.It shavs
interestingphenomenaf bulk-surfaceequilibriumin the interplay of the two
surface phaseobsered: the (v/3 x v/3) R3Candthe p(2x2), with the former
stableonly in theabsenc®f subsirfacetin. Here,we will reportin somedetail
theresultsof the studiegperformed.

Thefirst reportson the surfacestructureof Pt;Snwerebasedn qualitatve
LEED obserationsandon LEIS results[20, 30, 31, 32]. In theseinitial stud-
iesonly the presencef the p(2x2) “bulk periodicity” phasewasreported.The
atomicstructureof this surfacewasstudiedby Atrei et. al [17] by quantitatve
LEED andfoundto correspondndeedto asimplebulk terminationmodel. The
other possibletermination,the (v/3 x \/3) R30, wasreportedand studiedin
detail by Atrei et al. [33] who alsodeterminedhe atomicstructureby means
of quantitatve LEED andfoundit to correspndto a singlelayersurfacealloy.



structure  composilion T composition  structure
21 | 27
<L= I P 35| elm35
=T==20 <T»=150
27 27 -
o
cLa=20 o o | ] 10 s | Am138
| |
<Te=d0 | © O 5 <T>=150
27 =

TE0K 25| . =L==135

=T»=150

a0 28
<L>=55,100 | () ] 1.
<To=100 COCJ

1160 K

<L>=20
<T=>=50

<L==120
<T==150

ie
1 pvEnvERar O [2x2) . {2xay

Figure 3. Schematioverview of the surlacemorphologyandthe surfacecomposition andal-
teredlayercompositon on Pt;Sn(111)asa functionof theanneatemperature@ndhistory.The
figure follows boththe increasinggemperaturdrajectory(left side,going down) andthe cool-
ing trajectory(right side,goingup). (L) representshe averagedomainsizeof the dominating
surfacereconstructionand (T') representshe averageterracesize. The shapeof the recon-
structeddomainsgs drawn arbitrarily. The numberdor compositon reflectthe outermostayer
composdiion (top) andthealteredlayercompositon (bottor). FromRef.[18].

Theinterplayof thetwo phase®nthe P;Sn(111)surfacehasbeenobjectof an
extensve studycarriedout by Ceelenet al. [18] who usedmainly a combina-
tion of LEIS andSFA-LEED, alsocarryingthe sampleat highertemperatures
thanthoseattainedin the previous studies. A wealth of temperaturedepen-
dentphenomenavasobseredin this studyconcerningoulk-sufacechemical
equilibrium,domainsizevariationandphasdransitions.The mainconclusions
thatcanbe dravn from thesecombinedstructuralandcompositionaktudiesis
thatthe (v/3 x v/3) R30 reconstructioris stabilizedby the depletionof tin in
the subsirfacelayersandthatthis depletionis causedy a the combinationof
sputteringandhigh temperatur@annealingFig. 3).



Figure 4: (17A)? high-resolubn STM imageof the Pt;Sn(111)surface(U,=0.9V, 1,=1.0nA)
andhard-spherenodelof the (v/3 x v/3) R30 structure asderived by crystallographid. EED
[34]. Dueto somedrift theimageis slightly elongatedn the verticaldirection. Pt corresponds
to regionsof high tunnelcurrent(brightareas) Sncorrespondso regionsof low tunnelcurrent
(darkareas) FromRef.[35].
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Figure 5: Total (perunit cell) andlocal (per space-fillingatomtc sphereof equalsizeat both
Pt and Sn sites)densites of statesof Pt;Sn, calculatedby the tight-binding linear muffin-tin
orbitalsmethod At positive (sample-biasvoltagegheunoccupiedstatesabove E » areimaged

in the STM. FromRef. [27].



A highly detailedpicture of the structureof the P;Sn(111)surfacein its
two possiblephasesould be obtainedby STM [35]. The STM studieswere
precedecandcomplementedby studiescarriedout in the samevacuumcham-
berby meansof LEED, AES andRHEED.In thesestudiesthe depletionof Sn
in thenearsurfacelayersof the sampleresultingby roomtemperaturéon bom-
bardmentvasconfirmedby AES, in agreementvith previous studieg34, 18].
Dependingontheannealingemperatur@andannealingime the LEED patterns
shaws anincreasingadmixtureof the p(2x2) patternwhich is the final pattern
afterannealingo 1000K. Here,the AES resultsconfirmedthe equilibrationof
the surface compositionto reachthe expectedoulk value.

The STM topographsakenin constanturrentmodeof the (v/3x+/3) R3C°
surfaceconfirmthethe LEED analysiq33] (Fig. 4) [35]. Thebrightspotsn the
topographareregionsof high tunnelcurrentandcanbeidentifiedasPt atoms.
This interpretationis suppated by calculationsof the local densityof states
(LDOS) of PzSn (Fig. 5)[27]. The LDOS of Sn electronicstatess consider
ably lower at the Fermi-edgecomparedo the LDOS of Pt. Hence,sinceSTM
samplesthe LDOS essentially Pt sitesshouldgive rise to a larger tunneling

Figure 6: STM-imagesof the (v/3 x v/3) R30° structureon the Pt;Sn(111)surfaceobsened
after annealingto 600K, a) U;=0.1V, 1,=0.5nA. The insetshaws a (530&)2 terracewith the
guasi-h@agmal hong/comb-netverk. The mainimageis a close-upview of the inset’s lower
left region, size (236&)2. Both the atomic structureand the height moduhktion due to the
honeg/conb-network are visible. The irregular line running from the lower left to the upper
right corneris a domainwall separatingwo different (/3 x v/3) R3°-domains. It shavs a
defectin theupperright region. From Ref. [35].



current. The contrastbetweenPt and Sn atomsin thesetopographss indepen-
dentof thetunnelingconditions for variabletunnelingcurrentsfrom 0.5to 3.0
nA andgapvoltagesirom £(0.1to 0.9) V. A large areascanof the same(111)
samplesurface asin Fig. 6 revealsa further feature[39], i. e. the formation
of the so called‘honeycomb’ network (Fig. 6). The hongzcombnetwork can
be attributedto misfit dislocationsdueto the Sn depletionin the nearsurface
region asit will bediscusedmorein detaillateron.

After thethermalequilibrationobtainedby annealingat high temperature
goodp(2x2) LEED patterndevelopsandlargeterracesareobsenedwith STM
(Fig. 7). However, theterracesaremixed,i. e. someterracesareindeedp(2x2)
but thereremainafew (v/3xv/3) R30° patcheswith their hongzgcombnetwork.
The p(2x2) areasareatomicallyflat. The p(2x2 areasaredecoratedvith fea-
turestoo largeto be singleatoms.In a smallerareascan(Fig. 8) a heightscan
is taken acrossone of thesewhite features. The heightis approximately2 A
andthe width of the orderof 10 A correspndingto a sizeableatomic cluster
mono-atomidn height. The clustersareweakly bound,evidencefor thatis the
draggingof clustersacrosshesurfaceasseenn Fig. 8 for two examplesatthe
left handside (fuzzy doubleprotrusiors). If we assumehe islandscontaining
threeatomseachand countingthe islandsleadsto an estimateof the atomic

Figure 7: STM-imageof P;Sn(111)of themixedp(2x2) and(v/3 x v/3) R30C structuretaken
afterannealingo 1000K size(444)2, U,=0.9V, 1,=1.0nA. Theimagehasbeendifferentiatecto
enhanceontrast.Thesmalladatomislandsmarkthep(2x2) domainwhereasn thelowerright
corner(v/3x1/3) R30° areaswith the hongzgcomb-netvork remain. Thelarger clustersmaybe
dueto residualcontaminantsbelow the AES-detection-lint. FromRef.[35].
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Figure8: STM-imageof theboundaryegionof ap(2x2) (uppereft half) anda(v/3x/3) R30C°
domainon Pt;Sn(111) (lower right half, not atomicaly resohed), size (2934)2, U,=0.9V,
[;=1.0nA. The grayscalehas beenrestrictedto the flat surface,to enhancevisibility of the
p(2x2) atomicstructure. The heightof the adatom-featureon the p(2x 2)- region equalsap-
prox. anatomicstep(sectionprofile). Note the two adatomfeaturesin the left region, which
have beenmovedby thetip. FromRef.[35].

concentratiorof 1%. Quantitatve LEIS data[30, 18] indicateanincreaseof Sn
surface concentratiorundertheannealingconditionsusedfor the scanreported
in Fig. 8. Hencewe concludethatthewhite featuresareSnislands.They result
from the surplusSn presentin the (v/3 x v/3) R3C structurewhich is Snrich
comparedo the p(2x2) structure.Obviously not all of the excessSnatomsca.
8% candiffusebackinto the bulk of the crystalbut arestrandedn the surface.
Theidentificaton of the clustersasSnis supportedy recentO adsorptionex-
perimentg36]. Uponoxygenadsorptiortheclustersdisappeaandbecomepart
of the Sn-Ooverlayerstructureformed.

The p(2x2)is the bulk truncatedstructurewhich developsunderannealing
via the (v/3 x v/3) R3(structure.This phasetransformatiorwasalsoobsered



in SAA-LEED studieg[18]. Extendedannealingannealingimes(> 30 min) at
1100K causeshep(2x2)structureo dominatecompletely Highertemperature
annealingcausesan additionalstructure definedas(2x2)’, to appear The de-
velopmenbf thesurfacemorpholoy andof the surfacecompositionrasderived
fromtheLEIS andSFALEED study[18] is summarizedn Fig. 3

3.1.2 Pt3Sn(001)

The PSn(001)surface shavs a more complex behaior thanthat of the
(111). In the early studiesby qualitatve LEED a c(2x2) bulk termination
structurewas obsenred, but also a a “strealed” LEED patternwas reported
[20, 30, 32]. Thestructureof thec(2x2)phasevasfoundby quantitatve LEED
to correspad to a simplebulk terminationmodel,asexpected[17]. Thelater
STM studieq27] shavedthatthe strealed patternoriginatesfrom mesoscpic
features;pyramids”on arelatiely flat surface.

In theinitial reportson this surface,LEIS andqualitatve LEED resultsfor
thePSn(100)surfacewerereportedogethemwith thosefor thePSn(111)one
[30, 32]. The preparatiorof the (001)follows the identicalrecipeusedfor the
(111). Ar™ sputteringin cycleswith annealingfirst at moderateéemperatures
followed by the 1000K annealingo geta ‘perfect’ surface. An ordered bulk
termination‘c(2x2)” phasevasreportedafterextendedannealingseeappendix
for notesonthenomenclatureised) but also“streaks”,i.e. “extra” spotsin the
LEED patternwhich move betweenthe main spotswhenvarying the electron
beamenepgy, werereportedto form after annealingat intermediatetempera-
tures. The c(2x2) phasewas analyzedby quantitatve LEED [17] anda good
agreementvith the experimentaldatacould be obtainedby a simplebulk ter-
minationmodelwheretheuppermostayeris the“Sn-rich” plane,in agreement
with the LEIS data. The LEED analysisindicatedalso an upward buckling
(0.22+-0.08A) for thetin atomsin theuppermosplane.

The STM resultsconfirmedthe LEED onesand permittedto clarify some
structuraklementghattheanalysisdhasednelectrondiffractioncouldnotsolve
[27]. TheSTM studieswvereperformedon sampledreatedn thesameway (i.e.
ion bombardmenandannealingasthe (111)surface.Also here,the STM data
were precededand complementedy parallel AES, LEIS and LEED studies
carriedout in the samevacuumchamber Evidencefor Sn depletiondueto
preferentiakputteringwvasreportedandaftertheannealingat 1000K the Pt/Sh
ratio wasfoundto becloseto thebulk valueby AES.

Thenatureof thefacetsobsenedin LEED is revealedimmediatelylooking
atthe STM images(Fig. 9). The (100) surfaceis “decorated’with squareor
rectangulampyramidswith a typical basewidth of 300to 400 A. The height
is in the rangeof 40 to 50 A. Occasionally larger pyramidsare found. The
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Figure 9: STM images(a-c) andmarblemodels(d) of the P;Sn(001)-surdceafter low tem-
peratureannealinga)Owerview, scanwidth (1600&)2, U,=0.6V, 1,=1.0nA.b)(104)-facetonthe
sideof a pyramid nearthe top. Scanwidth (1004)2, U,=0.2V, I;=1.0nA.c)(102)-faceton the
side of a pyramid nearthe base. Scanwidth (1204)2, U,=0.4V, 1,=1.0nA. d)Marble models
of the (104)-facet(left panel)andthe (102)-facet(right panel). For bettervisibility the models
correspondo a chemicallyorderedbulk (Pt atomslight grey, Sn atomsdark grey), whereas
the real pyramidsare substitdionally disorderedn the bulk. The unit cells seenby STM are

indicated.FromRef.[27].



pyramidsare sitting on a flat plane,so the structureis not ‘hill andvalley’ as
on the P3Sn(110)(describedn the next section). A closerlook to the slopes
of the pyramids(seeFigure)allows theidentificaton of thefacetsas{104} and
{102} respectiely. The orientationof the pyramidsis parallelto the [100] and
[010] directionsof the surface,the facetsare orientedperpendiculato these
directions.Marble models(Fig. 9) shav thesefacets.The {102} is, of course,
identicalto thosefoundon (110). Thedifferenceto (110)is quite obvious,due
to thefourfold symmetrycomparedo thetwofold symmetryof (110),the(001)
surface canform {10n} facetsin two directions,which canleadto hillocks or
holeswith rectangulaor squaredshape.

Figure 10: STM-imagesf a pyramidon P;Sn(001).Left panel)Flattop. Two unit cellswith

a centeredatomare indicatedas examples. Usually no centeredatomis visible. Scanwidth

(80,&)2, U,=0.5V, I,=1.0nA.Right panel)Examplesf ‘beadedtriple rows ontop of pyramids.
The distancebetweerthe rows is mostly uniform but sometineslargerthanshovn here. Scan
width (96x 1004)2, U,=0.9V, I,=1.0nA.FromRef. [27].

Betweenthe pyramidsthesurfaceis notin the‘final’ c(2x2)structuralstate,
but shavsarow structureparallelto the[100] and[010] directionsj.e. thereare
two domainsof this structure(Fig. 9a). Theserow structuresarealsofoundon
top of mostlytherectangulatype pyramids(Fig. 10, right panel). Therows are
madeof threeatomicrows, presumablyPt (seeLDOS agument)with a local
(100) symmetry a squarewith oneatomin the middle. The lateral distance
of the atomsin direction of the rows is approximately4 A. Occasionallyone
of the middle atomsis missinggiving the rows a ‘beaded’appearanceThis
reconstructiorseemso beanobviousway of the (001) surfaceto handlethe Sn
deficieng in the surface — quite differentfrom the othertwo cases(111)and



(110) respectrely. The squarepyramidstendto have a differenttop structure
(Fig. 10, left panel). Herewe obsenre the c(2x2) symmetrybut with a surplus
of Pt. As in the row structurethe centerof the 4 x 4 A2 squareis occupiedby
a Ptatom,wherein the annealedtructureSnhasto be,andare,naturally not
visible asa protrusionwith the STM.
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Figure 11: Experimental(left panel) and schematic(right panel) RHEED patternof the
PSn(001)-surdice after low temperatureannealing. The main featuresare transmision
spotslying on horizontal lines ratherthan Laue-circles. The Laue-circlesare indicatedin
the schematicpattern. Electron enegy is 12keV, direction of incidenceis along [100].
FromRef. [27].
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Beforediscusshg morein detail the structureof the fully annealedurface
we look at the RHEED resultsobtainedfrom the pyramid decoratedsurface
(Fig. 11). The RHEED patternshaws a lattice constanf the pyramidsof 4.1
+ 0.3A in goodagreementvith the bulk Pt;Sn lattice constant.However, no
half orderspotsare obsered. Suchspotsonly appearafterthe 1000K anneal
indicatinglong rangechemicalorderas expectedfor flat PzSn. We therefore
concludethat the pyramidshave no long rangechemicalorder ascanbe ex-
pectedirom the Sndeficit,i. ethepyramidsaresubstitutionallydisorcered.

It is an interestingnotion that the height of the pyramidscorrespods to
approximatelyl0 atomic layersor the tin depletionrangefound by XPD in
caseof the Pt(111)-Snsurface[37]. At ary rate, the pyramidal form of the
stressrelief is the most“aesthetic”of all threesurfacesunderstudy here. A
questiorariseswith respecto the {102} facets:why arethey favored?A simple
argumentcanbe broughtforwardin relationto the factthatno suchfacetsare
obsernedon (111) The (111) surfacecontainsno [100] rows which are the
closetspackedrows on (102). We find [100] rows on (110)and(001), so(102)
planesntersectwith thesetwo surfacessharingparallelatomicchains.Against
{10n} facetswith oddn speakghe differenceof the surfaceenegiesof Ptand
Snof 2.7 J/m? and0.62J/n? respectiely. This differencefavors facetswhere



Figure 12: STM imagesof the P;Sn(001)-surdceafter high temperaturennealing(1000K).
Left panel)Owerview, all stepsare doublestepsrunningalongthe [100] and[010] directions.
Scanwidth (1700&)2, U,=0.9V, 1;=1.0nA.Right panel)Closeup view shoving the remaining
monoatonic rows andthe substrate. Thapparenheightof therows is 1A. The squareunit cell
of the substrateshavs no centerecatoms,sinceonly Ptis imaged(seetext). Somedefectsare
seenin theupperpartof theimage.Scanwidth (1604)2, U,=10mV, I;=1.0nA.FromRef.[27].

Snrows areexposed(Fig. 9e). The {102} facetsmay be preferredwith respect
to {10n} with evenn > 2, becausg 102} affordsthe steepesslopewith the
smalleststeps.On {104} threerow wide Pt stepsoccurwhich arelessstable
thanterraceamixed with Sn (Fig. 9d). Note that dueto the lack of chemical
orderwithin the pyramidsthe facetsare not forcedto even stepheightunlike
the (100) and (110) surfacesof the well-annealedsurface. Still, thereremain
openquestionsfor instancethe balancebetweenpyramid formation andthe
‘threerow’ reconstructiorof theflat partsof (001),bothstructuredeingpartof
the effort to relieve the stres-dueto the Sndeficieng.

Thefully annealedPSn(100)surface(Fig. 12) shavsin STM theexpected
c(2x2) structuredeterminedoy LEED. All stepsobsenred are doublesteps,i.
e. all terracesdhave theidenticalchemicalcompositionandstructure. The pyra-
midstendto ‘melt’ away duringtheannealingno Oswald typeripeningeffects
areseenj. e. growth of largerpyramidspaidfor by thesmallones.Largepyra-
mids lastlongerthansmall once,real ‘big’ onesarestill found after extended
annealingoeriods.Assumingthatonly Ptis imagedthereareno protrusonsin
ary centerof the basicsquare®f the structureasarefoundon top of the pyra-
mids,i. e. no excessPt. Whatremainsaresingle,occasionallydouble,atomic
rowsthechemicalnatureof which cannotbedeterminedrom STM imaging. If



we carryonwith theLDOS argumenttheserows oughtto consistof Ptatoms.If
we make ananalogousonclusiorto the (111) casethe atomscould be Sn, left
over from theinitial sputteringandannealingeffects. Adsorptionexperiments
may shedlight onthis openquestion.

3.1.3 Pt3Sn(110)

ThePSn(110)surfaceis especiallyinterestingn view of thefactthatfew
studiesof this orientationhave beenreportedor intermetallicsystemsandalso
in view of thefactthatmary fcc metalstendto undego surfacereconstruction,
e. g. Au(110)andPt(110)form the ‘missing row (1x2) structuregl38] whereas
Ir(110) formsa mesoscoje hill andvalley structurewith (331)facetg39, 35].
Thefirst studyby qualitatve LEED onthe P Sn(110)wasreportedoy Haneret
al. [31] . A comple behaior wasreportedwith a3x1 phasdormingduringthe
initial stagesannealingprocessto bereplacedaterwith a (1x2) structure(bulk
truncation). The final, andapparentlystable patternwasdescribedas“rhom-
bic” or “quasi-heagamal” with a periodicity in matrix notation 1}2 392 )
The LEIS results[20] shaved that the outermostplaneof this surface,asthe
otherlow index Pt;Snsurfaces containtin in concentrationgargerthanin the
bulk.

Inacombined_EED, LEIS, AES andSTM studythesputteringandanneal-
ing effectshave beenrecentlyclarified[40]. The AES dataresemblethoseof
the(111)surface andafter sputteringwith 600eV Ar ionsthe surfaceis Snde-
pleted. With increasingannealingemperaturghe Pt signalreducesandlevels
of at approximately70 atomic%. The LEIS datain the sameannealingange
showv a ratherdifferentbehaior dependingon the crystallographicdirection
too. After sputtering,the Pt concentrations approximately50%. Annealing
to 500K causesanincreaseof the Pt concentratiorto 60% for both crystallo-
graphicdirections,. e. for scatteringalong[110] and[001] respectiely. In the
temperatureangebetweenr600K and900K the surfacebecomesSnrich, be-
fore, at 1000K, anequilibrationof the surface concentratiorat approximately
50 and60% is reachedor the two respecire crystallographidirections. We
canassumehatat mostthetwo outermostayerscontrituteto the Pt LEIS sig-
nal [41]. Therefore,whenscatteringalong[110] two layerscontribute to the
Pt signal, 50% from the topmostlayer andabout10% from the secondayer.
Thelower signalfrom the secondayeris dueto theremainingdepletionin the
secondayer (AES) anddueto the enhanceaheutralizatiorof the He ionsused
for scatteringfrom the secondiayer. For scatteringalong[001] the signal of
the secondayer is reducedoy additionalblocking. The LEED patternfor in-
termediateannealingcontains(1x1), (2x1) andfacetbeams. The facetbeams



shaw the proper‘wandering’'whenchangingthe electronbeamenepgy. Some-
timesthesespotssmearout into strealy featuresasreportedearlier The fully
annealedurfaceis clearly (1x2).

The structureof the surfaceandthe identificationof the “extra” beamsob-
senedin LEED is straightforvard whenlooking at the STM topographgFig.
13). Whatdowe see?Themainfeaturesarestepsand/orfacetsunningperpen-
dicularto the [110] surfacedirection. Thereare ‘up’ and‘down’ regions,that
is the surfacehasa mesosopic hill andvalley structure(Fig. 13 b). Fromthe
heightscanasin Fig. 13 b theslopeof thefacetscanbedeterminedas+ 18.4
with respecto the (110)plane.Thisangleis thecrystallographi@angleto (102)
planesj. e. thefacetsobsenedare{102} with adistanceof 1.5a¢/v/2 = 4.24
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Figure 13: STM imageof the {102} facetson the Pt;Sn(110)surfaceafter annealto 715K,
154A, -0.15V, 2.5nA (a), heightscanbetweerA andB along[110] (b) andspheremodelof a
non-tulktruncated{ 102} facet,thatis in accordancevith the data.From Ref. [40].



A betweeradjacen{001] rows. The shortes possble periodof the facetscan
be8.5A whichis e. g. obsenedin Fig. 13 b. Basedon thesefindingswe can
construcia marblemodelof thefacetedsurface(Fig. 13c).

Thehill andvalley structuremustbetheresultof thetensilestressnducedn
the (110) surfacedueto the depletionof Snduring sputtering.The stresgelief
is anisotropicwith ripples perpendicularto the [001] direction thus creating
{102} facets. The orientationof thesefacetsis in accordancevith the LEED
obserations. As a conseqanceof the choiceof thesefacetsthe [001] rows
exposedon the facetsareall monoatomicj. e. eitherPtor Sn. The exposue
of the Sn atomsof theserows on thenfacetsis the mostplausibleexplanation
for the Sn surplusobseredby LEIS at the intermediateannealingstage. The
corrugationof the hill andvalley structurereachespproximately to 5 atomic
layersor aboutl/3 of the Sndepletedegion.

As in the caseof the (110) surface, highertemperatureannealingcauses
the growth of largerterracesandthe gradualdisappearase of the {102} facets
(Fig. 14). Theterracesare borderedby stepsof 2.8A in heightor multiples
thereof,i. e. composedf doublesteps(Fig. 14 ¢ andd). Double stepsare
the conseqgenceof the surfaceterminationby only onetype (ason Pt;Sn(100),
Fig. 12, left panel). The slopeof the stepsin [00-1] directionis +18.4° again.
Sowe find here{102} facetsasin caseof the intermediateannealingstatein
the hill andvalley structure.The slopeof the doublestepsin [110] directionis
22.5 whichis smallerthanthe expected35® with respecto the (110)planedor
{111} facets.The{111} facetsareexpectedrom themarblemodelconstructed
for the stepstructurebsened (Fig. 14 e). We suspecthe 35° aretoo largean
anglefor the STM tip to follow. Additionally thereis alwaysthe possibility of
electronicsmoothingdueto the Smoluchaevski effect. Furtherdetailsresolhed
with smallerscanningareasof the stepstructureqFig. 15) suppot the identi-
fication of the stepdirectionsandthe interpretationusingthe marblemodel of
Fig. 14 e. The atomic corrugation of a fourfold stepis, for example,clearly
resohedin Fig. 15b. Sincewe never obsere ‘uneven’ stepswe have anaddi-
tional strongargumentfor the terminationof the crystal. Final suport for the
mixedterminationcomesfrom high resolutionSTM imageswith differentbias
voltages(Fig. 16 a, b). Knowing the orientationfrom the crystaland having
the STM piezoscalibratedt is obviousthattheapparensurfacelattice constant
is larger along[110] directionsthanalong[001] directions. As in caseof the
(111)and(100)surfaceswve cansafelyassumehatthe bright spotsin the STM
imagesarePtatoms.Thecontrasibof thesespotsis alsohardlydependenof the
biasvoltageappliedbetweertip andsample. At negative bias,i. e. whenprob-
ing thefilled statesthe Pt atomsappeatbrighteror largerthanat positive bias.
Thesefindingsare consistenwith the interpretationof the STM imageswith
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Figure 14: STM imagesof coexisting facetedstructuresand flat terraceson the P;Sn(110)
surface Tynnea1=920K, 300A, 0.4V, 0.8nA (a) flat surfaceT e =920K, 300A, 0.5V, 0.8nA
(b) with heightscanbetweenA andB along[110] (c) andheightscanbetweenC andD along
[001] (d). Spheremodelof doublesteps(e). Note thatthe minifacetsalongthe[110] double
stepsare{111} orientedandthemultiple minifacetsalongthe[001] stepsare{102} orientedas
foundontherealsurface. At the {102} the structuremodeldeviatesfrom the bulktermiration,
in accordancevith the data.FromRef.[40].
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Figure 15: STM imagesof meging doublestepson the Pt;Sn(110)surface,500 A, 0.45V,
0.8nA (a) and200 A, 0.40V, 0.8nA (b). The[001] stepsform double,fourfold and sixfold
stepswhereaghe[110] stepsarepredominantt double.FromRef.[40].
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Figure 16: STMimagesof the P Sn(110)surface,a) 1204, 0.5V, 0.8nA. Ptatomsarevisible
asprotrusiong(opencircles), Sn atomsare invisible (filled circles). b) 100 A, +0.4Vv (lower
part)-0.4V (upperpart),0.8nA. The Ptatomsappeatiggerwhenmeasuringhe emptystates
(lower part). The contrastis higherwhenthefilled statesare measuredupperpart). The big
bumpin themidde is presumablya contamnation. From Ref. [40].



helpof the LDOS data. In turn, this meanghatthe holesarereal Snvacancies
ratherthananelectronictip effect. It is, furthermorejnterestingto notethatin
caseof the (111) surfacewe find a surplusof Snon the well annealedurface,
whereaghe (110)tendsto bedepletedf Sn.

3.2 Surfacealloys obtained depositingtin on platinum surfaces

The term “surfacealloy” is somavhat genericand may refer to a variety
of differentsydems. Here,we applyit to thosesystemavhereultra-thin metal
layers(i.e. afew atomiclayersthick) aredepositedn a bulk metalsurfaceand
wherethesystems subseqgantly annealedn vacuumin orderto obtainalloying
in a surfaceregion a few atomsthick. In theseconditionsit is possble to ob-
tain singleatomiclayerbinary phasesor multilayersurfacealloy phasegalso
termed“epitaxial alloys” (for a generaldiscusgn of thesesurfacealloys, see
[5]. Relatvely to the subjectof the presenpapertwo Pt-Snsystemshave been
studiedSn-Pt(111)and Sn-Pt(100).The behaior andthe structuralproperties
of thesesygemswill bediscusedin detailin thefollowing.

3.2.1 $-Pt(111)

Thefirst studyof SndepositioronPt(111)wasreportedoy Paffet andWind-
hamin 1989[42] anda subsegantoneon the samesystemwas publishedby
Campbellin 1990[1]. In bothstudiestwo LEED patternsvereobseredafter
annealing:a 2x2 anda (v/3 x v/3) R3C°. Both supertructureswereinterpreted
in termsof incorporationof thetin layerin thefirst platinumlayer, but only a
gualitatve examinationof the LEED patternwasperformed.Subsequentlyhe
resultsof low enegy alkaliion scatteringspectroscopALISS [43,21] couldbe
guantitatvely interpretedasdueto ordered singleatomiclayer surfacealloys.
Theion scatteringesultshave beenconfirmedandexpandedoy a quantitatve
LEED study[34]. Theatomicstructureof both phasesorrespond exactly to
that of the topmostlayer of the phaseswith the sameperiodicity obserned on
the on P3Sn(111). The LEED and ALISS resultsfor the Sn/Pt(111)system
were confirmedby a recentSTM studyreportedby Batzill etal. [44]. Even
thoughatomicresolutionwas not attainedin this study (only the surfaceunit
meshcould be obsenred), the resultsare closelycomparablgo the atomically
resoledonesobtainedon the P;Sn(111)surface[35].

Theformationof multilayer surfacealloys hasalsobeeninvestigatedin the
Sn-Pt(111kydem,whereGaleottietal. [37] reportedheformationof ordered,
epitaxialalloyed Pt-SnphasesThedepositionof amountsof Snupto 5 mono-
layers(ML) atroomtemperaturded to disorderedr anyway non-epitaxiakin
films. Annealingthe depositedilms led to interdiffusionandto the formation
of variousalloy phaseqFig. 17). Alloying wasdetectablan XPS from the
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Figure 17: Main results obtainedby combined LEED and XPD measurement®n the
Sn/Pt(111pystem.Theleft row is a schematicepresentationf the surfacestructure.Thecen-
ter row shavs the XPD resultsfor the Srd;,, peak. The absencef oscillatiors in the pattern
indicateseithera disorderedsurface(“as deposited”)or a singleatomiclayer (after high tem-
peratureannealingwhere“forward scattering”effectscannotplay arole. Theright row shavs
the LEED resultscorrespondingdo the structuralmodelsdescribedn thetext. From[37].

shift of the Sn corelevel peaks0.3 eV with respectto the “as deposited’Sn
film. Theformationof multilayer surfacealloys could be clearly evidencedby
XPD afterdepositingamountsof tin in the rangeof 3-5 MLs andannealingat
temperaturesangingfrom 400to 600K. In LEED, this phaseshoved a (2x2)
translationaksymmetry Becauseof the forward focussng effect, the obsenra-
tion of strongoscillationsin the XPD curvesfor Snimpliesthatin this phasea
significantfraction of tin atomsarelocatedbelown the surface. A furtherresult
that canbe derived from the XPD datais thatthe Sn atomsarelocatedin the
samdocal ervironmentof the Ptatoms.Furthermorethesimilarity of the XPD
resultsindicatesthat the nearsufacestructureof the Sn/Pt(100)systemis the
sameasthatof PzSn(111)sample.Theidentity of thetwo phasess confirmed
by calculationsperformedfor a bulk truncationmodelof the P;Sn(111)sur
face. Sincethe LEED resultsclearly shav long rangeordering,it is possble



to arrive to a univocalmodelfor the (2x2) phasethatinvolvestheformationon
the surfaceof an orderedalloy multilayer of the samestructureasthat of the
bulk, orderedPt;Sn(111)intermetalliccompound The differencein the lattice
parametein PSn andpure Pt is small andthe unit meshfor the ideal bulk
truncatedstructureof the (111) planeof the alloy canbe describedas (2x2),
indexing the diffractionspotswith respecto the Pt(111)surface.

After annealingthe (2x2) multilayer surfacealloy at 1000K for several
minutes,a (v/3 x v/3) R3CLEED patternwas obsered again. In thesecon-
ditions, the XPD azimuthalcurves for the Sn 3d are flat, as thosefor the
(v/3x+/3) R30°phasenbtainedstartingfrom Sncoveragef theorderof 1 ML
(Fig. 17). Thisresultindicatesthat for extendedannealinga ‘2-dimensioral’
alloy is formedagain andthatatthistemperaturéin atomsdiffusefrom thesur
faceinto the bulk to a depththatcannotbe probedby the photoelectronsThis
transfomationis schematicallydescribedn Fig. 17, togethemwith anillustra-
tion of the significantLEED andXPD results.

Thewell characterizedndstablesurfacephase®bseredontheSn-Pt(111)
have provided researcherm the chemisorptiorand catalysisfield with a sub-
strateof greatinterestfor studyingthe propertiesof bimetallicinterfaces.Sim-
ple “probe” gasessuchasCO have beenstudiedafteradsorptioron this system
[45] aswell asa variety of organic moleculessuchas acetyleng/46], cyclo-
hexaneandbenzend47, 48], butaneandisolutane[49], methanol ethanoland
water[50]. Severalsurfacereactionsf theabove gasesverealsostudied.

3.2.2 -Pt(100)

Thefirst studyonthis sysemwaspublishedoy Paffett andWhindham[42]
togetherwith the resultsfor the Sn/Pt(111).After depositionof an amountof
Snof ca. 3 ML andsubseqgantannealingtwo periodicitieswereobsenedin
LEED: ac(2x2)anda (3v/2 x v/2) R45. Thesesurfaceswere studiedfrom a
quantitatve structuralviewpoint by Li and Koel [23] by ALISS. The experi-
mentalsetupandthe methodsusedwassimilar to thatusedfor the Sn/P{111)
sysem. Here,thecleanPtsubstrateurfacestartsreconstructedshavingin lead
thewell known “streaks”which have beenindexedin termsof a (5x20) period-
icity. Theformationof ac(2x2) phasevasobsenredafterdepositingd.5 ML of
tin andannealingn therange400-700K. In this rangethe ALISS polarangle
scanwas interpretedin termsof an overlayerof tin atoms,i.e. not a surface
alloy. At highertemperature¢T>ca. 750K) considerale structuralchanges
wereobsered. In this casethe ALISS resultsclearly indicatedthe formation
of a substitutionalPt-Snalloy of the samestructureasthe bulk terminationof
PSn(100).1n this phasepuckling of the Snatomswasfoind to be very small
(0.170.22A). The datado indicatethe presencef this subgitutional alloy in



the topmostsurfacelayer, however, evidencewasobseredfor the presencef
tin in thedeepetayers.

The alloyed c(2x2)-Snstructureon Pt(100)wasfound to be unstableand
to quickly transforminto the (31/2 x v/2) R45 phasewhich was found to be
stableup to annealingtemperaturesf 1000K. It wasnot possble to propo®
a completemodelfor this phase,however the ALISS resultsremainedvery
similar to thosefor the c(2x2) phase. It wasthereforesuggeted that the the
local structureof the (3v/2 x /2) R45’is the sameasthatof the c(2x2). Indeed
the c(2x2) periodicity can also be written in an equivalent manneras (v/2 x
v2) R45. The “extra” 3v/2 periodicity obsered for the Sn-Pt(100)surface
canbedueto aspecificsteparrangemenbr periodicdomainsof pureSnatoms
everythreelattice spacingalongthe[100] azimuth.Iltappearshattheformation
of the (3v/2 x v/2) R45’is accompaniedy the disappearancef tin atomsfrom
the subsirfaceregion.

No STM resultshave beenreportedso far for the Sn-Pt(100)systemso
it is not possibleat presentto know if the metastablepyramidsobsered on
the PSn(100)surfaceare presentalso on the surfacealloy. Chemisorfion
andcatalysisstudiesarealsolacking for the Sn-Pt(100)systemwhich hasnot
beenfoundasattractve asthe Sn-Pt(111pecausef thelack of stability of the
c(2x2) phaseandfor the difficulty of quantitatvely characterizinghe (3v/2 x
v2) R450ne.

4. DISCUSSION

Amongorderedbimetallic systemsthe Pt-Snonecanbe consideredt present
asthe mostin-depthstudiednot only for its surfacestructuralproperties but
alsofor its reactvity and catalytic properties. A comparabledetailedknowl-
edgeexists only for a few othercasesamongplatinumalloys we cancite the
Ni-Pt and Co-Ptsystemsgxaminedfor their catalytic propertiesandthe Pt-Ti
sysem studiedfor their electrocatalytiqoropertieg5]. Sparsedatarelative to
the surfacepropertiesof several other Pt alloys exist (e.g. Fe;Pt and CuzPt -
[3] andPMn [51]. All thesedataavailablepertainto fcc phase®itherrandom
subditutional or orderedcompound. Dataexist alsofor othercubic ordered
alloys which areisostructuralwith the Pt3Sncompound.e.g. NisAl [52, 53]
andAusPd[28] andfinally the Au-Cu systemwhich hasbeenobjectof interest
asthe “prototypical” L1, or Pm3m orderedsystemin the CusAu composition
[54, 55].

If we consideralsothe availability of theoreticalstudieson the surfaceseay-
regation andequilibrationphenomen4?] the Pt-Snsystemcanbe seenasthe
mostthoroughy characterizedh awhole classof alloys, thatof “ordering” al-



loys, i.e. alloys which tendtendto form orderedbulk intermetalliccompounds
with a highly negative enthally of formation. We'll seein the following that
the surfacestructuralbehaior of alloys in this classappeargo be similar for
the known caseshut thatthe Pt-Snsystemshavs a comple seriesof surface
reconstructionsot obseredon otheralloy systems.

Regardingthe high bondingenegy of somePt alloys systemwe notethat
alreadyin the 60sLeo Brewer[10] hadputforwarda simplemodel(sometimes
referredto asthe “Engel-Brever model”) which could be usedfor a qualita-
tive predictionof the strengthof the intermetallicbond. The Brewer model
predictedchagetransferbetweerdifferentmetallicspeciesn reasorof thedif-
ferentelectrongativity. It is well known how ionic compoundge.g. NacCl)
form by the reactionof elementsof the far left andfar right row of the peri-
odic table. Somethinganalogougsakesplacewith the transitionelementsyith
the elementsf the IVB andVB rows forming highly exothermicalloys with
elementsof the VIIIB row (e.g. Pt-Ti, Pt-Zr, etc). Corversely alloys of ele-
mentsof the samerow tendto have smallenthalyy of formationandtherefore
to form randomsolid solutionsor compoundsvhich have a low temperature
of orderdisordertransition. A classicexamplehereis the CusAu alloy which
hasa transitiontemperaturef 663 K. Indeedthis transitionhasbeenthe main
motive of interestwhich led to the first LEED surface studieson a bimetallic
sysemto be performedon this compoundwhich canbe by now considerech
“classic” [56, 57,54, 58,59, 55, 60]. Onthe contraryPt;Ti, for instancejs an
orderedcompoundn thewhole rangeof temperaturebelon the melting point
andhasa highly negative enthaly of formationof -19.5Kcal/mole[61].

In recenttimes, the electronicstructureof transitionmetalalloys hasbeen
studiedwith moreadwvancedmethods.The basicEngel-Braver modelhasbeen
confirmedwhentheintermetallicbhondhasbeencorrelatedo a shiftin theover-
layerlocal d-electronbandanda simultaneouslip in the noblemetal(e.g. Pt)
d-electronlocal densityof states(LDOS) at the Fermi level. Thesemodels,
however, do notdirectly applyto the platinum-tinsystemsincetin is notatran-
sition element.However, tin is anelectropositre elementandso, accordingto
the EngelBrewer model,the propertiesof Pt-Snalloys in termsof enthaly of
formationcould be expectedio be comparabldo thoseof the strondy exother
mic alloys of platinum. It hasbeenfoundthatin Pt- nontransitionmetalalloys,
the samedip in the LDOS obsenred in Pt-transitionmetal allos is causedoy
the hybridization of d-electronswith the p-electronband[62]. Accordingto
Pick [63] the electronicstructureof noblemetal/nontransitionmetalalloys is
thereforevery similar to that of noblemetal/transitiormetalalloys. This elec-
tronic structureleadsto a seriesof consequencesiot the leastinterestingone
the changen reactvity towardsadsorbatesa subjectwhich will not reviewed



herefor lack of spaceput which hasbeenstudiedin detailfor the Pt-Snsygem.

4.1 Surfaceatomic structur e of bulk PtsSnalloys

In most- but by no meansall - studiesof binaryalloy systemseportedso
far, qualitatve LEED dataindicatethat the surfaceunit meshcorrespadsto
what expectedfrom truncationof the bulk lattice [5]. The obsenration of the
“expected”patternin LEED in itself is no proof thatthe surfaceatomicstruc-
ture is actually the bulk truncationone. Furthermoren the caseof ordered
intermetalliccompoundsthe’bulk termination’modelis not normallyunivocal
sincethe planesstacled alonga specificcrystallograpit directiondo not nec-
essarilyhave all the samecomposition.In the caseof fcc CusAu (L1,) ordered
compound (Fig. 1) all thecrystallographidirections gexceptthe (111) have an
...ABAB... stackingwith — for instancein the caseof P;Sn— a planeof pure
Pt alternatingto a planeof compositionPtSn. Both terminationscorrespod to
‘bulk truncation’;andin both caseghe compositionof the outermostplaneis
differentfrom the averageoneof the bulk.

The experimentalobsenations by LEIS of a numberof bimetallic sys-
temshave shavn that in the preferredterminationmay be either “mixed” or
“pure” dependingon the chemicalspeciegresent. Quantitatve surfacecrys-
tallographic methods(especiallydynamic LEED) have confirmedthe LEIS
results. The caseswhere the atomic structureof the topmostlayer corre-
spordsto thatof a“mixed” bulk crystallographiglaneFor thelL 1, phasgfcc,
CuwAu type)hasbeenreportedamongothercasesfor instanceor CuzAu(100)
([56, 57, 54, 58, 59, 55, 60] andNi3Al(100) [52, 53] systemswhich have the
samestructureandterminationasthe PSn(100)[17, 27]. In all thesecases,
obvioudy, the presencef differentdegreesof outward relaxation(“buckling”)
for thedifferentchemicalspeciegpresenhasbeenreported.

Other bulk isostructual compoundsshav a “pure” terminationinsteadof
a mixed one. This behaior wasobsenred in the caseof the Pt3Ti(100) sur
face,aresultobtainedndependentlyrom LEIS [64] andLEED data[65]. Also
the P Ti(111) surfacewas found to be enrichedin Pt [64, 66]. This beha-
ior, which is in sharpcontrastwith that of the isostructuralPt;Sn case,may
be relatedto the differencein the relative sizesof the atomicspeciesnvolved
(Ti andSn). It may also be worth to considerthe possbility thatit could be
attributed to differencesin bulk composition. The PiTi sampleusedin the
crystallographicstudies[65] hada nominal 3:1 Pt /Ti atomicratio, but there
areelementsuggestinghata sequelof successie treatment®of ion bombard-
mentandannealinged to a depletionin titanium of the selvedgeregion [67].
The irreversible depletionin the light elementin the surfaceof a bulk alloy
asthe effect of extendedion bombardmentvas reportedfor NiAl(100) [68],



Table 1: Summaryof thestructureobseredon Pi;Snsurfacesafterannealingat moderateand
hightemperature
600K - 800K 1000K -1100K

(111) (v3x+/3) R30 (Pt Sn),mesoscopisub- p(2x2), adatomislands
surfacedislocationnetwork
(001) multiple row structure, pyramids bor c¢(2x2) , doublesteps,single atomic ad

deredby {102} and{104} facets rows
(110) hill-and-valley-like structurewith {102} (2x1), doublestepsholesatSnpositions
facets

PoFen(111) [69] and PtyyC0,,(100) [70]. Theoreticalcalculationsbasedon
thebrokenbondmodel[71] indicatethat Pt segregationin Pt;Ti is expectedfor
an excessof platinumin the bulk with respecto the 3:1 stoichiometricratio.
Hence the actualbulk composition,asoppo®dto the nominalone,may have
an effect on the surfacecompositionandstructureof analloy. For the caseof
PtSn, thereare elementdndicating that the “as prepared”Pt;Sn single crys-
tal samplesusedin the surfacestudiesreportedherewereslightly “Sn-rich” in
comparisorto the nominalcomposition for instancethe obsenation of excess
tin on the topmostlayer of the P;Sn(111)surfacewhich appeareds “white
spots in the STM scang35, 40]. The effect of the several cyclesof ion bom-
bardmen&andannealingnay have progresively reducedhis excessof tin. Al-
thoughthesephenomenareanindicationof a comple< behaior of the P;Sn
sydem(andin generabf bimetallicalloy materials)their effectonthetopmost
surface compositiorshouldnot be overestimatedindeedin the caseof systems
obtainedoy depositingin on pureplatinumsubgrates the excessof platinumis
anobviouscondition.Neverthelesstwo-dimensionasurfacephasegontaining
tin have beenobsened (asit will be discussednorein detail later) indicating
thattherearechemicalfactorswhich leadto stabilizetin in the outermostayer
independentlypf thebulk composition.Thesefactors,corversely appeato de-
stabilizethe presencen the topmostlayer of suchelementsasTi, Co, andNi.
Summarizingthe “mixed” terminationis by no meango be takenfor granted
in all Pt-M sygem. It does,however, seemto bethe generalcasefor the Pt-Sn
sydem.

Although the obsenration of bulk truncationphasesn the Pt;Sn(hkl) case
IS not surprisng, the wealthandcompleity of the reconstructionsbseredis
remarkableaswell astheinterplayof the factorswhich leadto the transitions
obsened amongthem. A list of the phasesobsened for the Pi;Sn systemis
providedin Tablel. Surfacereconstructionthatis asurfacemeshthatis notthe
sameasthebulk meshalongthe surfaceplane,hasbeenobseredalsofor other
alloys. The randomsubgitutional Pt alloys PtssC0yy (001)[72], and Pt;oNisq
(100)[16] shawv a*“pseudehexagonal’reconstructiorsimilar (but notidentical)



to theoneobseredon pureplatinumsurfacesandby someotherpuretransition
metals[73]. In bothcaseshe compositionof the outermostayerappeardo be
pureplatinum. Corversely smallamountsof depositednetals(e.g. zirconium
on Pt(100)[67]) destabilizethe Pt reconstructionreverting the surfaceto the
“expected”1x1 structure.

Reconstructionsimilar to the onesobsenedonthe Pt-Snsystemhave been
obsered in someother casesof binary alloys. For instancefor Cu-Al(111)
[74] the quantitatve LEED analysig[75, 76] shaved thatthe topmostlayeris
a mixed planeof the samestructureof the reconstructedPt;Sn(111)surfece.
Also a (v/3 x v/3) R3Creconstructiorhasbeenobseredfor the (111) surface
of the randomsubstitutionalAl-6.5at% Li alloy, [77] (Quantitatve crystallo-
graphicdatanot available). Nothing comparabldo the “pyramidal” structures
obsened by STM on the P;Sn(100)systemhasbeenreportedsofar for other
alloy systems.

The theoreticalinterpretationof theseresultsis still in progessbut the
main elementdeadingto stabilize somereconstructionseemto be well es-
tablished. Foiles [78] usedthe EAM methodto studythe stability of surface
orderedphasedow index surfacesof dilute Cu-Au (111) alloys. The calcula-
tions indicatea domainof Au bulk concentrationgfrom ca. 0.001at%to 5
at%) that producesurfaceseggregation and the formation of stablep(2x2) and
(v/3x /3) R30surfacealloys respectrely on the (100) and(111) planes.The
theoryin this caseseemgo quantifyintuitive considerationbasedntwo facts:
1) thatthe Au-Cu bondis enegeticallyfavorableandii) thatAu hasa largerra-
diusthancopper Thesetwo conditionsleadto differenttendenciesthefirst to
have Au stayin thebulk to maximizethenumberof Cuneighborsthesecondo
squeezéu atomsfrom thebulk to the surlacewhereoutwardrelaxationcanbe
enegeticallyfavoralde. Theinterplayof thetwo tendencieseadsto aninterme-
diateconditionwhereAu atomsform a singlelayer phasewherethey increase
the intermetallicbonddistanceby relaxingoutwards. Theseconsideratiorcan
help to understandvhy this kind of reconstructioroccursfor dilute, random
subditutional alloys.

The caseof Pt-Snis more comple« andwheneer the concentratiorof the
minority metalin the bulk is not neggligible, and especiallyin the caseof or-
deredintermetalliccompoundsjt is necessaryo considerthat heterogenous
bondsoccurin the interactionof thefirst layer with the underlyingone. Con-
siderthe PSn(111)case,herethe highestpackingperiodicity in the topmost
plane the (v/3 x v/3) R3C, seethestructureshavn in Fig. 4, leadsnecessarily
to a numberof Sn-Snnearesineighborsbetweenthe topmostand of the sec-
ondlayer(assuminghatthe latterwould maintainthe expectedbulk structure).
SinceSn-Snbondsarelessenepetically favorablethan Sn-Ptones, the forma-



tion of the(\/§><\/§) R30 phaseshouldbeunfavorableandindeedit is obsered
on P Snonly whenthesubstrates stronglydepletedn tin astheresultof aion
bombardmenf33]. As arule of thumb,the segregating speciess the material
with the lower melting point or cohesion Obviously, the surfaceis muchmore
drivenoutof theequilibriumsituationwhenthe preferentiallysputteredspecies
is identicalwith the sgyregatingone,asin Pt-Snalloys. Then,the segregation
cantake placeonly afterthe compositionhasbeenrestoredj.e. ata quite late
stage at high annealingemperatureThis givesrise to compromisestructural
stageswith the formation of several metastablestructures. Thesemetastable
statesarecharacterizetdy stressompensatiofeaturegdislocationspyramids,
andripples)becauséhe alteredcompositionof the surfaceregion leadsto re-
ducedlattice constantsindeed,a quantitatve studyby meansof Monte Carlo
simulationdeadto theconclusiorthatthe P;Sn(111)-¢/3x+/3) R3C°surfaceis
aconsequencef arestricted]ocal equilibriumin the surfaceregion[79]. Such
behaior is in contrasto alloy surfaceswherethe segregatingandthe preferen-
tially sputteredspeciegliffer, e.g. Au7;Pdy; [28]. A thermalequilibriumcanbe
evencompletelyoutof reachif thesublimationenegiesdiffer largely. Thelatter
wasobsenedwith Fe-Al alloy surfaceswhereat thetemperaturehatis neces-
saryto restorghesurfacecompositiorsevereevaporatiorof Al takesplace[80].
With Pt-Snsurfaceso significantevidenceof Snfor sublimationhasobsenred:
However, on the P;Sn(110)surfacemobile monolayerdeepdepressiontave
beenobsered at Sn-positiongn the topograply which aremostlikely vacan-
ciesleft after sublimationof Sn atoms. The high cohesionof heterogeneous
bondspreventsthat Pt atomsjump in thesevacanciesat Snpositions

Although thesesimple considerationdelp to framein a generallogic the
behaior of thesebimetallic surface,thereareat presenino suchsimple mod-
els to explain the more complex “mesoscopic’reconstructionssuch as the
“pyramids” obsered on Pt;Sn(100)or the hill andvalley structureobsered
on PSn(110). Thesephenomenare obviously relatedto the tendeng of the
sysemto relaxin-planestress,n turn resultingfrom the differentatomicra-
dius of the elementdanvolvedin the presencef concentratiorgradients.This
relaxationappeargo take placeon the (111) orientedplanesimply by anout-
ward relaxationof thetin atoms.On the othertwo low index surfacesjnstead,
it takesa morecomple routeleadingto reconstructiorphenomengpyramids
onthe (100)and“hill andvalley” onthe (110))which aresofar uniqueto the
Pt-Snsystem.

4.2 Defectsand disorder on Pt3Sn alloy surfaces
Thefield of atomicscaledefectson alloy surfacesis onethat hasrecently
receved a stronginpulseby STM studies.Neverthelessalsoclassiccrystallo-



graphictechniguesanbe usedto studydefects. Orderedsteparraysof alloy
surfacescan be studiedby LEED (Pt Ti(510) [81, 82], by LEIS (AINi(111),
[83], and it hasbeenshovn how it is possibleto detecta stackingfault by
XPD during the growth of a metal overlayer(Ag depositedon Pd(111)[84]).
Quantitatve LEED crystallograply hasalso beenusedto studythe effect of
ion bombardmenon the compogion of alloy surfaces(the caseof FeAl(100),
[85]). However, STM hastheuniquecapabilityof imagingdefectsn realspace.
Soit is possible,for instance,to obsere the stepdistribution and heighton
the surface(one of the first reportsin this field wason the NiAI(111) surface
[86]). Lateron [87, 88] it was obsered by STM that ion bombardmenbf
the Pt5Ni7;(111) surfaceleadsto the formationof a patternof shallov ditches
(some0.2-0.5A deep)that have beenattributedto the dislocationsgenerated
by the lattice mismatchof the top layersandthe bulk ones.Thetop layersare
enrichedn Ptby ion bombardmenandhencehave a differentlattice constant.
Thesedislocationsn sputteredilloys mayprovide diffusionpipesfor implanted
atomsto reachthesurface.Diffusionof metalatomsin thesurfaceregion atrel-
atively low temperatureBashowever beenprovento berelatedto the presence
of defectssuchasthe“pinholes” obseredby STM atthe Co/Cu(100)nterface
[89]

Thestudyof thePsSn(111)surfaceby STM hasexpandedandclarifiedthis
area.Herethemesoscopithoneycomb”structurereportedn [35] is something
thatfindsa parallelonly in the caseof the Pt-Ni sysgem[87, 88]. In bothcases,
the surfacedevelopsmesoscopideatureswhich aredueto lattice dislocations
in turn dueto the compositiongradientin the direction perpendiculato the
surface. In the caseof the P3Sn(111)system the depletionin the subsirface
which is associatedvith the formation of the (v/3 x \/3) R3C structureleads
to a lattice constantin that region which can be expectedto approachthe Pt
bulk lattice constaniof 3.92 A. This valueis lower thanthe PSn bulk lattice
constanbf 4.00A. This mismatchof the lattice constantsausegensilestress
which is obviously relieved by misfit dislocations. Additionally, stressrelief
maybethe causeof theslightbuckling of theSnatomson (111)asobseredthe
quantitatve LEED analysis[34]. A directdeterminatiorof the Burgersvector
of thedislocationis not possiblesincenoneof themreachthe surface.However
from the directionsof thewalls of the hong/combsalong112we concludethat
the Burgersvectorsmustbe parallelto the surface% (110). Goodalignment
of the walls of the network is obtainedafter annealingslightly above 600 K.
The half-width of the walls asobtainedfrom a correspnding crosssectionis
of the orderof 30 to 40 A. Fromthis width the depthof the dislocationcores
canbeestimatedo beapproximatelyl5 layers[90]. 15 layersis alsotherange
of Pt enrichmentfound in previous LEED studies[33] so the resultsof the



differentmethodaused LEIS, LEED, XPD, AESandSTM, leadto aconsistent
interpretatiorof the metastablghaseof the P;Sn(111)surface.

At presenthe caseof P;SnandPt,Ni,_; arethe only two casegeported
of STM obsenationsof misfit dislocationgesultingin mesoscoig surfacefea-
tures,howeverit is certainpossble thatnew casewill bediscoveredasdifferent
alloy systemsarestudied.

4.3Multilay er and singlelayer surfacealloys

Both singlelayer and multilayer surfacealloys canbe preparedn the Pt-
Snsystemby depositingultra-thin Snlayersandannealingn vacuumto obtain
equilibration. Thefirst casewherestructuraldatawerereportedabouta similar
phenomenowasfor the Al/Ni system91], wheretheformationof aneptiaxial
NisAl layerwasobsenedwhendepositingAl on Ni(100). Othercaseknown
wherethis occursarethe Au-Cu(100)[92] andthe Pd-Cu(001]93] systemsin
othercasessuchasCo-Pt(111)[94], only multilayer surfacealloys areknown
to form, althoughalloying appeargo belimited to the outermos® surface lay-
ersonly. So far, the structureof mostof thesesurface phasegurnedout to
be the onethat maximizesthe numberof heterogeneougairwiseinteractions.
Qualitatvely, theexpectations thatsuchphasesvould bestabilizedby a strong
intermetallicbondandhence exist for elementghatform orderedoulk alloys,
or aryway alloys with a negative enthalfy of formation.

The generalexplanationfor the existenceof singlelayer surfacealloys ap-
pearsto lie in the balanceof tendencieshatareusuallyopposte: thatof max-
imizing the numberof enegetically favorableintermetallc bonds,andthat of
minimizing surfaceenegy. The maximizationof the numberof bonds,alone,
would necessarilyeadto long rangebulk diffusion andto the formationof a
dilute bulk alloy. However, placingthe minority componentvithin thetopmost
surface layeronly may be enegetically favorablein severalways;for instance
relieving straineffectsdueto sizedifferencesAs alreadydiscussdfor thecase
of diluted bulk alloys, the stability of singlelayeralloy phasexanbetheoreti-
cally predictedfor instanceby the EAM theory[78] or by the TBIM approach
[95, 96, 97, 98]. In the caseof the Cu/Au(111)systemthe EAM theory pre-
dictsthata gold atomplacedwithin thefirst atomiclayerin the c(2x2) phasds
0.14eV morestablethanasanadatom.The stability of the W(100) c(2x2)-Cu
phasehasbeenexplainedin termsof the enegetic contrikution of the lattice
strainof the overlayerto the overall enegy of the system[99]. The caseof
the incorporationof gold atomsin the Ni (110) plane(Fig. 7) could be the-
oretically explainedin the frameavork of the EMT theory (Effective Medium
Theory)[100], thatindicatesthat the surfaceenegy of the Ni(110) surfaceis
lower whenAu is incorporatednto the first layer It could be shovn thatthe



cohesve enegy of the systemhasa minimumwhenAu is surroun@dby a low
numberof Ni neighborg6-7), asit occursin aflat surfacelayer Similarfactors
areat play in the caseof the Pt-Snsystemasdiscusedby [7].

The stablephaseat the Sn/Pt(111)interface after extendedthermaltreat-
mentat high temperatures the (v/3 x v/3) R30°single layer surfacealloy. Its
stability can be explainedin termsof the surfacefree enegy andthe atomic
size of Sn andPt, tin is expectedto segregate onto the surface of platinum.
On the otherhand,a high surfaceconcentratiorof tin is not a stablesituation
dueto thereductionof the numberof favorable Pt-Snbonds The singlelayer
Pt(111)¢/3 x v/3) R30°-Sn phaseresultsfrom the balanceof thesetwo contri-
butions sincethis phasemaximisesboth the surfaceconcentratiorof Sn (1/3
of a ML) andthe numberof Pt-Snbonds(6 Pt first nearesineighbor$. The
formationof the (v/3 x /3) R3(surfacealloy by annealingat 1000K of indi-
catesthat diffusion of Sninto the bulk is effective at sucha temperatureand
thatequilibrium canbe achieved. The conditionsof formationof this alloy on
the purePt(111)surfaceparallelexactly thoseof the PzSn(111)compound.in
the latter case the (v/3 x /3) R3Creconstructiorcanbe preparednly aftera
depletionin tin of thesubsirfacelayersis obtainedoy ion bombardmensothat,
eventually the two systemshave the samecompositionandstructureover the
first few atomiclayersfrom the surface.

In termsof multilayer surfacealloys, the depositionof multi-atomiclayers
of tin onaplatinumsubgratecanleadto theformationof multi-layersurfaceal-
loys. The obsenationof awell definedperiodicityin LEED for the Sn/P{111)
sydem andthe parallelindicationsof the presenceof tin in the subsirfacein
amountcorresponohg to approximately25 at% indicatesthat we have a true
orderedcompoundwvhich extendsfor severalatomiclayers[37]. This behaior
appeardo be similar to that of the Co-Ptsystem[94], althoughin the caseof
Sn-Ptit wasnot possble to evidencethe samekind of sharpalloy/subgratein-
terfacereportedfor Co/Pt(111).The possibility of obtaininga compoundwith
negative enthally of formationis surely a factor favoring the formation of a
multilayer homogeneasialloy in this sytemhowever, in this asin other sys-
tems, kinetic factorsmay be moreimportant,andin particularfactorsrelated
to the presencef grain boundariesn the depositedilm. The bulk diffusion
vacang mechanisnat the temperatureat which multilayer alloy phasedave
beenobseredto form areordersof magnitudetoo slow to causea significant
deeplayerdiffusion Forinstancethediffusiondepthfor the caseof the Fe-Cu
systemwasestimatechslo-?u& in the conditionsin which a multilayersurface
alloy wasobsered[101]. Egelhof [102, 103 foundthatsurfacemixing in the
Cu/Ni sygem occursrapidly at temperature$or which the bulk diffusion co-
efficientsleadto predictparametersuchasoneatomic“hop” (site exchange)



every 1010years. Clearly, othermechanismsre at play in this areaandthe
only possble conclusionis thatdiffusion proceedsn theseconditionsfrom the
subgrate into the deposit,exploiting surface defectsand imperfectionin the
depositedilm. Substratediffusion into the deposithasalreadybeenexperi-
mentally obsenred for relatvely thick In films on Ag [104]. In 1989Egelhof
[103] predictedthatfor very thin depositedayerssuchdiffusion would occur
via “pits” on the surface,andsuchpits have beenindeedrecentlyobsened by
STMin theCo/Cusystem89, 105. ICISShasalsoprovidedevidencethatdif-
fusionin the Fe/Cu(100pystemoccursonly in avery smallfractionof thearea
of thesurface[106]. Althoughthediffusioncoeficientof Snin Ptis notknown,
consideringhe bulk diffusion coeficient of othermetalsin platinumSndiffu-
sioninto the Pt subgrateshouldbe nggligible in a suchtemperatureange[37],
sothatthemechanisnof alloying appear$o bedominatecdhere too, by surface
diffusionof Ptatomsthroughdefectsof the Snfilm. However, the mechanisms
of diffusionin thesesystemsaswell asin the Pt-Snoneis somethinghatstill
needgo bestudiedin detail.

5. CONCLUSION

The presenteview hasattemptedo summarizehe experimentalobsenrations
available for the surfacestructureof the Pt-Snsystemfor both single crystal
Pt Snsamplesaandfor systembtaineddepositingandthermallyequilibrating
tin ontopurePt surfaces.In mary ways,theresultsobtainedfor this alloy indi-
catestructuralphenomenaomparablavith thoseavailablefor otherbimetallic
sysem. Several of theseresultscanbe explainedin termsof well known prop-
ertiesof compoundsvith a negative enthaly of formation,which tendto form
structuresvhich maximizethe numberof heterogeneougairwiseinteractions.
At the sametime, otherfactorsrelatedat leastin partto atomic sizetendto
influencethe surfacestructureby stabilizing or de-stabilizingmixed topmost
layer. In the caseof Pt-Snthesefactorsleadto the formationof stableandwell
characterizegdurfacephasessuchasthe (/3 x \/3) R30-Snwhich canbe ob-
tainedstartingfrom eithersinglecrystalPt;Sn or from the depositionof Snon
purePt(111). This phaseas oneof the bestknown andunderstoodmodel” for
gas-solidinteractionswhich examinehow chemisorptiongas phasercatalytic
andelectrocatalyticeactionsanbeaffectedby stericalfactors siteavailability,
andat the sametime by electronicdeinsityvariationsresultingfrom the inter-
metallic bond. In this area,the behaior of the Pt-Snsystemsharplycontrast
with thatof otherplatinum-metalsystemgwith the secondmetal,for instance,
Co, Ni, Ti) wherethereexists a strongtendenyg for platinumto segregateand
to form whatmaybe called“skin” alloy surfaced5].



Although simple,flat surfacephasesreobsered, the Pt-Snsystemis also
remarkabldor the compleity of mesoscoje phenomenabsered,suchasthe
“pyramids”’formedon the P;Sn(100)surface. Thesephenomenareobvioudy
relatedto the high surfaceenegy of the system,which is possibily the inter-
metalliccompoundwith the largestenthalfy of formationstudiedsofar for its
surface properties. No comparablephenomendave beenobsened in other
bimetallicsystemssofar.

Thefield of alloy surfaceshasundegoneremarkableadvancesin the last
few years,in large part pushedby the applicationof atomic resolutionreal-
spacemagingtechniquesThewealthof obsenationson the Pt-Snsystemcan
be consideredas a startingpoint for a more completeassesmentof this vast
field.

APPENDIX: NOTES ON NOMENCLA TURE

Somenomenclaturgroblemsgeneratlto alloy surfacesandspecificfor the Pt-
Snsystemwill be briefly reviewed in this section,a more detaileddiscussion
canbe foundin [5]. The first point to be considereds the form of writing
of the alloy composition. In metallugy it is customaryto write the elements
of analloy in orderof decreasingtomicfraction. This customcontrastswith
therecommendatiofor intermetalic compound®f the internationalunionfor
pureandappliedchemistry[107. In the lUPAC rules,elementsn intermetallic
compoundhouldbeorderedn thesameway asin inorganiccompoundsthatis
following columnsin the periodictablefrom the bottomup, androws from left
toright. Thisruleis somavhatcumbersoméo follow andit is almostneverused
for alloys. In mostcaseqandin the presenipaper)the metallugic corvention
is usedandit is probablythe bestway, thatis writing, “Pt3Sn” ratherthanthe
IUPAC style“SnPg” Elementdn “systems”in generakcanbewritten simplyin
alphabeticorder(e.g.“the Pt-Snsystem”).

Anothernomenclaturg@roblemis relatedto the definition of surfaceperi-
odicities. In surfacestudiesthe periodicity of the surfaceunit meshshouldbe
describedusingthe Wood notation[108]. Accordingto this notation,a surface
phases describedaccordingto its periodicity referredto that of the subgrate.
Thatis, a surface phasewhich hasa unit meshtwice larger than that of the
subgrateandalignedin the samedirectionis definedasa“2x2” In the caseof
binary alloys, whenan orderedintermetalliccompounl (suchasPtSn)is cut
alonga surfaceplane,the resulting‘bulk truncation’ or ‘expected’periodicity
shoudd be describedasa 1x1 accordingto the Wood corvention. Nevertheless
thisis practicallynever donein theliteraturefor binaryalloy systemsit is pre-
ferredinsteado index the surfacemeshin termsof a superlatticaneshreferred



to one of the two pure componentgplatinumin the caseof Pt;Sn). This no-
tation is formally incorrectsincewhat is describedas a ‘surfacemesh’is in

reality the periodicity of the bulk lattice, not that of the surfaceor seledge.
Neverthelessthe ‘superperiottity’ notationis almostimpossibleto avoid in

orderto describefor instancetheorderdisader(2x2+»1x1) transitionthatoc-

cursin CusAu. Otherwiseonewould have to modify the periodicity notation
for the overlayerdependingon the order/disordesstateof the substratenvhich

would leadto considerableonfusionwhencomparing,for instancejdentical
structureformedstartingfrom intermetallicbulk compound®r insteadby de-
positionof tin metalon a bulk platinumsubstrate.
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