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Chapter 4
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1. INTRODUCTION

Theeffect of thesurfacestructureandcompositionon thepropertiesof metals
andalloys hasbeenrecognizedsincetheearly timesof metallurgy. Consider-
ing noblemetals,the useof diffusion phenomenain bimetallic systemshasa
historythatgoesbackto veryearlytimesin humanhistory, when“fire gilding”
techniquesusingmercury- gold alloys (amalgams)weredeveloped.In recent
times,noblemetalalloys areextensively usedin fields suchasheterogeneous
catalysis,wherea large numberof catalystsare multimetallic and containat
leastonenoblemetalspecies[1, 2, 3]. The propertiesof the surfaceof noble
metalalloysalsofind applicationin avarietyof differentfields,atfirst sightnot
relatedto surfacescience,for instancein thermalbarriersystemswhereplat-
inum aluminidesareusedasintermediatematerialsactingascorrosionbarriers
in high temperatureenvironments[4].

The generalfield of the surfacestructuralpropertiesof bimetallic systems
hasbeenreviewed by Bardi [5] andmorerecentlyfor the specificfield of or-
deredsystemsby Vasiliev [6]. The theoreticalfactorsleadingto orderingand
reconstructionat binaryalloy surfaceshave beenrecentlyreviewedby Treglia
et al [7]. Anothergeneralreview on the propertiesof bimetallic surfaceswas
reportedby Rodriguez[8] anda generalassessmentof the factorsleadingto
surfacealloying hasbeenpublishedby Christensenet al [9]. Thepresentpaper
is dedicatedto a review of the stateof the art of the knowledgeof the surface
compositionandatomiclevel structurefor platinumalloys andfor onespecific
noblemetalalloy, thePt-Snsystem,which hasbeenextensively studiedduring
thelastfew years.



In general,noblemetalsalloyedwith metalsof theleft rows of theperiodic
table producecompoundswith highly negative enthalpy of formation which
very often form orderedintermetalliccompounds,a fact alreadynotedsome
time ago[10] andwhich morerecentlyhasbeenrelatedto electronexchange
amongthe speciesinvolved [11]. Thesecompoundsform a classof materials
which givesrise to a wealthof surfacephenomena.Among thesephenomena
we cancite the formationof ordered2D (“two-dimensional”)phases,“sand-
wich” surfacelayers,and long rangeundulationsformedby lattice mismatch
in turn dueto the variationsof the lattice constantresultingfrom composition
variations. Platinum alloys and bimetallic systems are especiallyimportant
in catalysis. Platinum-tinalloys are specifically importantas catalytic elec-
trodematerialsfor directmethanationfuel cells (DMFC) [12] andascatalysts
for napthareforming and hydrogenation/dehydrogenationreactionof hydro-
carbons, wheretheadditionof tin to Pt supportedcatalystsdecreasescoke for-
mationandincreaseslifetime andselectivity [13].

ThePt-Snsystemhasa highly negative enthalpy of alloying andgivesrise
to orderedbulk phases[14]. Oneof thesephases(Pt� Sn) is cubic (symmetry�������

, AuCu� type).This phase,aswell asthephasesobtainedby depositing
tin onpureplatinumsurfaces, havebeenexaminedby thefull arrayof theavail-
ablestructuresensitivesurfacesciencetechniques:diffractionmethods(e.gion
scatteringALISS, low energy electrondiffractionLEED andX-ray photoelec-
tron diffraction, XPD) and scanningtunnelingmicroscopy (STM). By using
thesetechniquesit hasbeenpossibleto determinetheatomiccoordinatesof the
speciespresentwithin thefirst few layersof thesurfacefor differentorientations
andchemicalcompositions.It hasbeenalsopossible to evidencecomplex phe-
nomenaof surfacereconstructionandof formationof mesoscopicsurfacefea-
tures. The presentpaperwill summarizeandreview the resultsobtainedand
comparethemwith thedataavailablefor otherorderingalloys.

2. METHODS

A rapidsurvey of themethodsutilized for thestudyof binaryalloys,andspeci-
fically for the Pt-Snsystemwill be reportedhere. In the presentreview, we
consideronly studiesperformedin conditionsof ultra high vacuum(UHV),
wherebimetallicPt-Snsurfacesarestable.It is known thatin air andin general
in thepresenceof oxygenatpressureslargerthanca.10	�
 Torr, tin alloyedwith
platinumtendsto oxidizeandde-alloy to form oxidephases,aphenomenonthat
will notbetreatedhere.

In all studiesconsideredhere the samplesexaminedwere either single
crystalalloys of Pt� Sn compositionpreparedby melting andzonerefining in



vacuum,or surfacesobtaineddepositingmetallic tin on singlecrystalpurePt
substrates. The depositionwas performedin UHV conditionsusing thermal
evaporationsources. The substratesalwaysneededa specificcleaningproce-
durein vacuum,which wasobtainedby noblegasion bombardment(or “sput-
tering”) for the purposeof removing adsorbed impurity andoxide layersand
for flatteningthesurface,i. e. reducingthesurfaceroughness. Thesputtering
treatmentwasnormallyfollowedby annealing,still in vacuum,for thecomplete
smoothingandequilibrationof thesurfaceunderstudy.

In the study of the surface phasesof the Pt-Sn system,as well as of
other binary systems,a variety of experimentalmethodsare available. Sur-
facespectroscopiesbasedon ion or electroninteractionwith the surface pro-
vide compositioninformationwith a depthresolutionthat cango from a few
atomiclayers(X-ray photoelectronspectroscopy, XPSandAugerelectronspec-
troscopy, AES) to singleatomiclayerresolution.Thelattercanbeobtainedby
low energy ion scattering(LEIS) amethodwhichhasbeenextensively usedfor
thestudyot the Pt-Snsystem.Sincesurface spectroscopicmethodsarerather
well known wewill not review themin detailhere.

In termsof structuralinformation, that is the determinationof the atomic
coordinatesof at leastsomeof thespeciesin thesurfaceregion, severalmeth-
odsareavailable. We canclassthesemethodsin two main groups: scattering
techniques(ion andelectron)andscanningprobetechniques.In severalcases-
andspecificallyfor thePt-Snsystem- acombinationof thesemethodscanpro-
vide thecompletedeterminationof thecrystallographicparametersof thefirst
2-3 atomicplanesof a surface. The surface phasesobserved in the Pt-Snsys-
temarenormally termedin referenceto their in-planeperiodicity, asobserved
mostoftenby LEED. For a descriptionof this methodandfor notesabouthow
the surfacecrystallographicconventionsneedto be somewhat modifiedwhen
appliedto thefield of alloy surfaces,seetheappendixto thepresentpaper.

Here, we will briefly describethe surfacestructuralmethodsextensively
usedfor thePt-Snsystem.

– Electrondiffraction,Low energy electrondiffraction(LEED) is theoldest
andstill themostwidely appliedcrystallographictechniqueusedfor thedeter-
minationof thestructureof orderedsolidsurfaces.It is basedon thediffraction
processthat a monoenergetic electronbeam(ca. 20-500eV) undergoeswhen
interactingwith a surface. On well ordered,singlecrystalsurfaceslong range
interferenceof the scatteredelectronsleadsto the formation of a diffraction
patternfrom which thesurfaceunit meshcanbedetermined.More information
canbe extractedfrom the intensityof eachspotasa function of the electron
energy andcomparingtheresultswith a theoreticalcalculation.This procedure
is definedin the literatureas‘dynamical’ or “quantitative” LEED analysis,or



asLEED I-V analysis,where“I-V” standsfor “Intensity vs. Potential” (see,
for instance,[15]). Froma comparisonof measuredandcalculatedI-V curves
it is possibleto determinea modelof the surfacestructurewith an accuracy
of the determinationof interatomicdistancesthat may be of the orderof 0.01
Å. Thesensitivity to compositionin LEED is highestwhentheatomicspecies
have significantlydifferentscatteringfactors. In favorablecases(e.g. Pt-Ni,
[16], thesensitivity to compositionhasbeenestimatedto extendto a depthof
approximately5 Å from the surface. Whenthedifferencein atomicnumber-
andhencein theelectrondensity- is notsolarge,thesensitivity to composition
worsensconsiderably. However, a compositionprofile for the first 2-3 atomic
layersfrom the topmostsurfacecould still be obtainedfor transitionelements
in adjacentrowsof theperiodictable,suchasthePt-Snsystemconsideredhere
[17]. In LEED it is alsopossibleto analysethe angulardistribution of the in-
tensityof singlediffractedbeams(spot profile analysisLEED, SPA-LEED) in
orderto obtaininformationon thedomainstructureof thesurfaceunderstudy,
asit hasbeendonefor the Pt� Sn(111)surface [18]. Somestudiesby electron
diffractionof thePt-Snsystemhave alsobeenperformedby reflectedhigh en-
ergy electrondiffraction(RHEED)which usesagrazingincidencehighenergy
electronbeam.Thismethodcanprovideinformationonstructuralfeatures,such
asmesoscopicmultilayer“islands”whicharedifficult to studyby LEED.

– Photoelectrondiffraction methods,PD. Thesemethodsarebasedon the
photonstimulatedemissionof corelevel electronsfrom the atomicspeciesin
the surfaceregion. Theseelectronsundergo scatteringwhen interactingwith
the atomsaroundthe emitter. Interferenceeffectscausea variation in the in-
tensityof electronemissionasa functionof angleor of energy. Measuringthis
variation it is possibleto obtain informationaboutthe local structurearound
theemittingatom.A commonsetup for PD usesa conventionalphotonsource
in the soft X-ray domain(Al K � or Mg K � ). In this version,the photoelec-
tron intensitiesaremeasuredfor variableanglesandthe techniquegoesunder
thenameof XPD (X-ray photoelectrondiffraction).As theelectronsexamined
areof relatively high energies(severalhundredsof eV), thescatteringprocess
is dominatedby what is calledthe ‘forward focusing’ effect [19]. This effect
enhancesthe intensityof electronsemittedalongdirectionsthat correspondto
denselypacked atomic rows and it may be exploited to obtainan immediate
qualitative interpretationof thedata.Calculationsassumingvaryingdegreesof
approximation[19] canbeusedto fit XPD datato a detailedsurfacestructural
model.ThetechniquehasalargerprobingdepththanLEED andhasthefurther
advantageof beingspeciessensitive, but it is scarcelysensitive to thestructure
of the topmostsurfacelayer. XPD techniqueshave beenextensively usedfor
thePt-Snsystem,mainly for thestudyof phasesobtaineddepositingtin onbulk



Pt substrates.All the resultsreportedherefor thePt/Snsystemwereobtained
usinga multichannelhemisphericalelectronanalyzeranda conventional,non
monochromatized,Mg K � or Al K � photonsource.Unlessotherwisespecified,
theexperimentaldatawereanalyzedby meansof thesinglescatteringcluster-
sphericalwave (SSC-SW)model.

– Ion scattering,IS. This term indicatesa family of relatedtechniquesof
which the relevant oneshereare low energy ion scattering(LEIS) andalkali
ion scatteringspectroscopy (ALISS). The former, LEIS, is normally usedfor
surface compositionanalysiswith a depthresolutionof the orderof a single
atomiclayer, the latter (ALISS) canalsoprovide structuralinformation. Both
LEIS [20, 18] andALISS [21, 22, 23] have beenextensively usedin thestudy
of Pt-Snsystem.In ALISS abeamof low energy ions(typically Li 
 ) is directed
at thesurface. Thebackscatteredionsareanalyzedin energy andangle.Alkali
metalsherehave a definiteadvantageover noblegasions(e.g.He
 commonly
usedin LEIS) in thefactthattheneutralizationprobabilityis muchlower. Typ-
ically, for heliumonly about1-10%of the ions is not neutralized,whereasfor
lithium the fraction is ashigh as50-80%As obvious, the lower neutralization
crosssectionleadsto a muchbettersignal to noiseratio. In ALISS (and in
LEIS aswell) theenergy lossdueto theelasticcollisionof theion with species
of the surfaceis characteristicof the massof the target atomsand therefore
providescompositionalinformation.Structuralinformation,thatis information
abouttherelative positionof thescatterersat thesurfacecanbeobtainedusing
the“shadow cone”associatedwith thetargetatom. Calculatingthetheoretical
shadow coneatagivenion energy it is possibleto determineastructuralmodel
of thesurfaceby apolaranglescan[24]. Theuseof thismethodspecificallyfor
alloy surfacesandsurfacealloyshasbeenreviewedby O’Connorset al [25].

– ScanningProbeMethods(SPM).Scanningprobetechniquesarebasedon
theinteractionof asharptip with thesurfaceunderstudy. This interactionmay
involvethepassageof currentby tunnelingeffect(STM,scanningtunnelingmi-
croscopy), themeasurementof theforcebetweenthetip andthesurface(AFM,
atomicforce microscopy) or otherphysical phenomena.In many casesthese
techniquesprovideatomicresolutionimagesof thetopmostlayerof thesurface
understudy. Of these,STM is at presentthe mostusedfor the studyof metal
andalloy surfaces, andatomicresolutionhasbeenattainedin studiesperformed
in vacuumonsamplescleanedby standardtreatments.For thestudiesdiscussed
hereon Pt� SnsurfacesanOmicronSTM-1 systemhasbeenusedhousedin an
UHV system.Thebasepressurein theSTM chamberwaskeptin the10	���� Torr
range.

With respectto surfaceroughnessSTM is rather‘touchy’ in comparisonto
structuralanalysismethodssuchas LEED. LEED is a relatively long range



methodaveragingover the coherencelength (ca. 200 Å) of the electrons
whereasSTM is ashortrangeordermethodwith atomicresolution.Onarough
surface goodtip-surfacecontactis hardto achieve and, in the worst case,tip
damageis likely to occur. With respectto surfacecleanlinessSTM is assen-
sitive as field ion microscopy (FIM), i. e. very low levels of impurities are
detectablealbeit not identifiable. Furthermore,rather low levels of impuri-
ties, in somecasesbelow the detectionlimits of AES, leadto a deterioration
of the STM tip which may pick up suchimpurities. The Pt-Snsamplesused
in thestudiesdiscussedherewerefoundto give riseto no impurity segregation
phenomena,henceto provide a relatively “easy” system.The final control of
thesamplequality is, however, theSTM topography. All STM topographsre-
portedhereweremeasuredat roomtemperaturein the constantcurrentmode.
The lateralcoordinateswerecalibratedusingthe atomicallyresolved surfaces
of Si(111)(7x7)andPt(110)(1x2).The vertical scalewascalibratedat atomic
stepsonsurfaces.

In the caseof the STM studiesof low-index Pt� Sn surfacesthe resultsob-
tainedare in somerespectstextbook examples:comparedto otheralloys the
chemicalcontrastobservedby STM is large( ��������������� 50pm). Much lower
values(of theorderof 10pm)wereobservedwith otherPt-alloys [26]. Also the
signof the corrugationvarieswith the alloy composition:Pt is measuredasa
protrusion in theSn-PtandCo-Ptsystems,but asadepression in PtNi andPtRh.
Thechemicalcontrastcanhave differentorigins. In mostcasesa differencein
theelectronicdensityof statesatthetwo speciesis responsible. Althoughchem-
ical discriminationis achievedonverylocalscalethechemicalcontrastis partly
disturbingbecausetheSTM “topography” is pollutedby theelectroniceffects,
a similar effect is observedon semiconductorsurfaces, eg. Si(111). However,
the variationof the contrastwith gap voltageis relatively low with Pt-Snsur-
faces. Another reasonfor chemicalcontrastcanbe a different interactionof
thetip with the two elementson thesurface.Additionally, this interactioncan
be mediatedby a moleculeor adsorbateat the tip which canbe observed by
meansof suddencontrastchangesduringthescans.Sincethecharacterization
of thetip is a long-standingproblemin STM thedetailsof this kind of contrast
formationarenot known at present.However, the Pt-Sncontrastis never ob-
servedtogetherwith tip changes,suchthatonemayattributethecontrastto the
differencesin theelectronicdensityof states[27]. Oneis temptedto relatethe
tendency of a systemto chemicalorderwith the corrugation amplitudein the
chemicalcontrast,becausesystemswith lower chemicalorder, mostoftenalso
show lowerchemicalcontrast(e.g.Au � Pd,[28]) andviceversa.It is interesting
to notethatSTM is not theonly methodleadingto localchemicalcontrast.Also
in field ion microscopy a local tunnelprocessis exploited,however in a much



larger field andchemicaldiscriminationwasobtainedquite early with Pt-Co
surfaces[29].

3. THE PLATINUM–TI N SYSTEM

Pt andSnform highly exothermicbulk alloys. Thephasediagramof thePt-Sn
system is describedin detail in [14] (Fig. 1). Two stableintermetallic phases
exist: Pt� Sn andPtSn. Of these,Pt� Sn hasan enthalpy of formationof -50.2
KJ/mol, a melting point of 1675K anda cubic facecenteredstructurewhich
is sometimesdescribedin the literatureusing the metallurgical notationL1 � .
Thestructureof Pt� Sn is thesameasthatof the“prototypical” orderedbinary
alloy, Cu� Au, thefirst binaryalloy to have beenstudiedfor its surfaceproper-
tiesin ultra-highvacuumconditions.ThePtSnphaseis hexagonalandordered
(
�! "�$#%�&�&'

) with anenthalpy of formationreportedas-58.6KJ/molandamelt-
ing point of 1549K. Otherphaseswith a definitestoichiometryarereportedto
exist [14] but only thePt� Snphasehasbeenstudiedin termsof surfaceproper-
ties.

Figure1: Phasediagramof Pt-SnafterRef. [14].



3.1Low index surfacesof the Pt � Sn alloy
Thepossible“bulk termination”structuresfor the Pt� Sn orderedalloy are

shown in Fig. 2. We summarizeherethe resultsobtainedfor the low index
surfacesof the Pt� Sn alloy asa function of the annealingtemperature.In the
following, we will examinein detailtheresultsfor eachface.

Figure2: Structureof thePt( Snalloy andlow index terminations,afterRef. [30].

3.1.1 Pt � Sn(111)
This surfaceis themostextensively studiedin thePt� Snsystem.It shows

interestingphenomenaof bulk-surfaceequilibrium in the interplayof the two
surface phasesobserved: the ( ) �+* ) �", R30- andthe p(2x2),with the former
stableonly in theabsenceof subsurfacetin. Here,wewill reportin somedetail
theresultsof thestudiesperformed.

Thefirst reportson thesurfacestructureof Pt� Snwerebasedon qualitative
LEED observationsandon LEIS results[20, 30, 31, 32]. In theseinitial stud-
iesonly thepresenceof thep(2x2)“bulk periodicity” phasewasreported.The
atomicstructureof this surfacewasstudiedby Atrei et. al [17] by quantitative
LEED andfoundto correspondindeedto asimplebulk terminationmodel.The
otherpossibletermination,the ( ) ��* ) ��, R30- , was reportedandstudiedin
detail by Atrei et al. [33] who alsodeterminedthe atomicstructureby means
of quantitative LEED andfoundit to correspondto a singlelayersurfacealloy.



Figure 3: Schematicoverview of thesurfacemorphologyandthesurfacecomposition andal-

teredlayercomposition onPt( Sn(111)asa functionof theannealtemperatureandhistory.The

figure follows both the increasingtemperaturetrajectory(left side,goingdown) andthecool-

ing trajectory(right side,goingup). .0/21 representstheaveragedomainsizeof thedominating

surfacereconstruction,and .4351 representsthe averageterracesize. The shapeof the recon-

structeddomainsis drawn arbitrarily. Thenumbersfor composition reflecttheoutermostlayer

composition (top)andthealteredlayercomposition (bottom). FromRef. [18].

Theinterplayof thetwo phasesonthePt� Sn(111)surfacehasbeenobjectof an
extensive studycarriedout by Ceelenet al. [18] who usedmainly a combina-
tion of LEIS andSPA-LEED, alsocarryingthe sampleat highertemperatures
than thoseattainedin the previous studies. A wealth of temperaturedepen-
dentphenomenawasobserved in this studyconcerningbulk-surfacechemical
equilibrium,domainsizevariationandphasetransitions.Themainconclusions
thatcanbedrawn from thesecombinedstructuralandcompositionalstudiesis
that the ( ) �6* ) �$, R30- reconstructionis stabilizedby the depletionof tin in
thesubsurfacelayersandthat this depletionis causedby a thecombinationof
sputteringandhigh temperatureannealing(Fig. 3).



5 Å

Figure 4: (17Å) 7 high-resolution STM imageof the Pt( Sn(111)surface(U 8 =0.9V, I 8 =1.0nA)

andhard-spheremodelof the( 9 :2;<9 :>= R30? structure,asderivedby crystallographicLEED

[34]. Dueto somedrift theimageis slightly elongatedin theverticaldirection.Pt corresponds

to regionsof high tunnelcurrent(brightareas),Sncorrespondsto regionsof low tunnelcurrent

(darkareas).FromRef. [35].
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A highly detailedpictureof the structureof the Pt� Sn(111)surfacein its
two possiblephasescould be obtainedby STM [35]. The STM studieswere
precededandcomplementedby studiescarriedout in thesamevacuumcham-
berby meansof LEED, AES andRHEED.In thesestudies,thedepletionof Sn
in thenearsurfacelayersof thesampleresultingby roomtemperatureion bom-
bardmentwasconfirmedby AES, in agreementwith previousstudies[34, 18].
Dependingontheannealingtemperatureandannealingtime theLEED patterns
shows an increasingadmixtureof the p(2x2)patternwhich is the final pattern
afterannealingto 1000K. Here,theAES resultsconfirmedtheequilibrationof
thesurfacecompositionto reachtheexpectedbulk value.

TheSTM topographstakenin constantcurrentmodeof the( ) �B* ) �$, R30-
surfaceconfirmthetheLEED analysis[33] (Fig.4) [35]. Thebrightspotsin the
topographareregionsof high tunnelcurrentandcanbeidentifiedasPt atoms.
This interpretationis supported by calculationsof the local densityof states
(LDOS) of Pt� Sn (Fig. 5)[27]. The LDOS of Sn electronicstatesis consider-
ably lower at theFermi-edgecomparedto theLDOS of Pt. Hence,sinceSTM
samplesthe LDOS essentially, Pt sitesshouldgive rise to a larger tunneling

50 Å

200 Å

[112]

[110]

Figure 6: STM-imagesof the ( 9 :C;D9 :>= R30? structureon the Pt( Sn(111)surfaceobserved

after annealingto 600K, a) U 8 =0.1V, I 8 =0.5nA. The inset shows a (530Å) 7 terracewith the

quasi-hexagonal honeycomb-network. Themain imageis a close-upview of the inset’s lower

left region, size (236Å) 7 . Both the atomic structureand the height modulation due to the

honeycomb-network arevisible. The irregular line running from the lower left to the upper

right corneris a domainwall separatingtwo different ( 9 :E;F9 :>= R30? -domains. It shows a

defectin theupperright region. FromRef. [35].



current.ThecontrastbetweenPt andSnatomsin thesetopographsis indepen-
dentof thetunnelingconditions,for variabletunnelingcurrentsfrom 0.5to 3.0
nA andgapvoltagesfrom G (0.1 to 0.9)V. A largeareascanof thesame(111)
samplesurface as in Fig. 6 revealsa further feature[35], i. e. the formation
of the so called ‘honeycomb’ network (Fig. 6). The honeycombnetwork can
be attributedto misfit dislocationsdueto the Sn depletionin the nearsurface
regionasit will bediscussedmorein detail lateron.

After thethermalequilibrationobtainedby annealingat high temperaturea
goodp(2x2)LEED patterndevelopsandlargeterracesareobservedwith STM
(Fig. 7). However, theterracesaremixed,i. e. someterracesareindeedp(2x2)
but thereremaina few ( ) �5* ) �", R30- patcheswith theirhoneycombnetwork.
Thep(2x2)areasareatomicallyflat. Thep(2x2) areasaredecoratedwith fea-
turestoo largeto besingleatoms.In a smallerareascan(Fig. 8) a heightscan
is taken acrossoneof thesewhite features.The height is approximately2 Å
andthe width of the orderof 10 Å correspondingto a sizeableatomiccluster
mono-atomicin height.Theclustersareweaklybound,evidencefor that is the
draggingof clustersacrossthesurfaceasseenin Fig. 8 for two examplesat the
left handside(fuzzy doubleprotrusions). If we assumethe islandscontaining
threeatomseachandcountingthe islandsleadsto an estimateof the atomic

500 Å

Figure7: STM-imageof Pt( Sn(111)of themixedp(2 ; 2) and( 9 :�;H9 :I= R30? structuretaken

afterannealingto 1000K,size(44Å) 7 , U 8 =0.9V, I 8 =1.0nA.Theimagehasbeendifferentiatedto

enhancecontrast.Thesmalladatomislandsmarkthep(2 ; 2) domainwhereasin thelowerright

corner( 9 :�;H9 :>= R30? areaswith thehoneycomb-network remain.Thelargerclustersmaybe

dueto residualcontaminants, below theAES-detection-limit. FromRef. [35].
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concentrationof 1%. QuantitativeLEIS data[30, 18] indicateanincreaseof Sn
surfaceconcentrationundertheannealingconditionsusedfor thescanreported
in Fig. 8. Henceweconcludethatthewhite featuresareSnislands.They result
from the surplusSn presentin the ( ) �L* ) �", R30- structurewhich is Sn rich
comparedto thep(2x2)structure.Obviously notall of theexcessSnatoms,ca.
8%candiffusebackinto thebulk of thecrystalbut arestrandedon thesurface.
Theidentification of theclustersasSnis supportedby recentO adsorptionex-
periments[36]. Uponoxygenadsorptiontheclustersdisappearandbecomepart
of theSn-Ooverlayerstructureformed.

Thep(2x2) is thebulk truncatedstructurewhich developsunderannealing
via the( ) �M* ) ��, R30- structure.This phasetransformationwasalsoobserved



in SPA-LEED studies[18]. Extendedannealingannealingtimes( N 30 min) at
1100K causesthep(2x2)structureto dominatecompletely. Highertemperature
annealingcausesanadditionalstructure,definedas(2x2)’, to appear. Thede-
velopmentof thesurfacemorphology andof thesurfacecompositionasderived
from theLEIS andSPALEED study[18] is summarizedin Fig. 3

3.1.2 Pt � Sn(001)
The Pt� Sn(001)surfaceshows a morecomplex behavior than that of the

(111). In the early studiesby qualitative LEED a c(2x2) bulk termination
structurewas observed, but also a a “streaked” LEED patternwas reported
[20, 30,32]. Thestructureof thec(2x2)phasewasfoundby quantitativeLEED
to correspond to a simplebulk terminationmodel,asexpected[17]. The later
STM studies[27] showedthat thestreakedpatternoriginatesfrom mesoscopic
features,“pyramids”ona relatively flat surface.

In the initial reportson this surface,LEIS andqualitative LEED resultsfor
thePt� Sn(100)surfacewerereportedtogetherwith thosefor thePt� Sn(111)one
[30, 32]. Thepreparationof the(001) follows the identicalrecipeusedfor the
(111). Ar 
 sputteringin cycleswith annealingfirst at moderatetemperatures
followedby the1000K annealingto geta ‘perfect’ surface.An ordered,bulk
termination“c(2x2)” phasewasreportedafterextendedannealing(seeappendix
for noteson thenomenclatureused),but also“streaks”,i.e. “extra” spotsin the
LEED patternwhich move betweenthe main spotswhenvarying the electron
beamenergy, were reportedto form after annealingat intermediatetempera-
tures. The c(2x2) phasewasanalyzedby quantitative LEED [17] anda good
agreementwith the experimentaldatacould be obtainedby a simplebulk ter-
minationmodelwheretheuppermostlayeris the“Sn-rich” plane,in agreement
with the LEIS data. The LEED analysisindicatedalso an upward buckling
(0.22G 0.08Å) for thetin atomsin theuppermost plane.

The STM resultsconfirmedthe LEED onesandpermittedto clarify some
structuralelementsthattheanalysisbasedonelectrondiffractioncouldnotsolve
[27]. TheSTM studieswereperformedonsamplestreatedin thesameway(i.e.
ion bombardmentandannealing)asthe(111)surface.Also here,theSTM data
were precededand complementedby parallel AES, LEIS and LEED studies
carriedout in the samevacuumchamber. Evidencefor Sn depletiondue to
preferentialsputteringwasreportedandaftertheannealingat 1000K thePt/Sn
ratiowasfoundto becloseto thebulk valueby AES.

Thenatureof thefacetsobservedin LEED is revealedimmediatelylooking
at the STM images(Fig. 9). The (100) surfaceis “decorated”with squareor
rectangularpyramidswith a typical basewidth of 300 to 400 Å. The height
is in the rangeof 40 to 50 Å. Occasionally, larger pyramidsare found. The
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Figure 9: STM images(a-c) andmarblemodels(d) of thePt( Sn(001)-surfaceafter low tem-

peratureannealing.a)Overview, scanwidth (1600Å) 7 , U O =0.6V, I 8 =1.0nA.b)(104)-facetonthe

sideof a pyramidnearthe top. Scanwidth (100Å) 7 , U O =0.2V, I 8 =1.0nA.c)(102)-faceton the

sideof a pyramid nearthe base. Scanwidth (120Å) 7 , U O =0.4V, I 8 =1.0nA. d)Marblemodels

of the(104)-facet(left panel)andthe(102)-facet(right panel).For bettervisibility themodels

correspondto a chemicallyorderedbulk (Pt atomslight grey, Sn atomsdark grey), whereas

the real pyramidsaresubstitutionally disorderedin the bulk. The unit cells seenby STM are

indicated.FromRef. [27].



pyramidsaresitting on a flat plane,so the structureis not ‘hill andvalley’ as
on the Pt� Sn(110)(describedin the next section).A closerlook to the slopes
of thepyramids(seeFigure)allows theidentificationof thefacetsas PRQ�S�T�U andPRQ�S$V�U respectively. Theorientationof thepyramidsis parallelto the[100] and
[010] directionsof the surface,the facetsareorientedperpendicularto these
directions.Marblemodels(Fig. 9) show thesefacets.The PRQ�S$V�U is, of course,
identicalto thosefoundon (110). Thedifferenceto (110)is quiteobvious,due
to thefourfold symmetry, comparedto thetwofold symmetryof (110),the(001)
surfacecanform PRQ�S�WXU facetsin two directions,which canleadto hillocks or
holeswith rectangularor squaredshape.

Figure 10: STM-imagesof a pyramidon Pt( Sn(001).Left panel)Flat top. Two unit cellswith

a centeredatomare indicatedasexamples.Usually no centeredatomis visible. Scanwidth

(80Å) 7 , U O =0.5V, I 8 =1.0nA.Right panel)Examplesof ‘beaded’triple rows on top of pyramids.

Thedistancebetweentherows is mostlyuniform but sometimeslarger thanshown here.Scan

width (96 ; 100Å) 7 , U O =0.9V, I 8 =1.0nA.FromRef. [27].

Betweenthepyramidsthesurfaceis not in the‘final’ c(2x2)structuralstate,
but showsarow structureparallelto the[100] and[010] directions,i.e. thereare
two domainsof this structure(Fig. 9a). Theserow structuresarealsofoundon
topof mostlytherectangulartypepyramids(Fig. 10,right panel).Therowsare
madeof threeatomicrows, presumablyPt (seeLDOS argument)with a local
(100) symmetry, a squarewith oneatom in the middle. The lateral distance
of the atomsin directionof the rows is approximately4 Å. Occasionallyone
of the middle atomsis missinggiving the rows a ‘beaded’appearance.This
reconstructionseemsto beanobviouswayof the(001)surfaceto handletheSn
deficiency in the surface – quite differentfrom the othertwo cases,(111) and



(110) respectively. The squarepyramidstendto have a differenttop structure
(Fig. 10, left panel).Herewe observe thec(2x2)symmetrybut with a surplus
of Pt. As in therow structurethecenterof the4 x 4 Å � squareis occupiedby
a Pt atom,wherein theannealedstructureSnhasto be,andare,naturally, not
visibleasaprotrusionwith theSTM.

Figure 11: Experimental(left panel) and schematic(right panel) RHEED patternof the

Pt( Sn(001)-surface after low temperatureannealing. The main featuresare transmission

spotslying on horizontal lines rather than Laue-circles. The Laue-circlesare indicatedin

the schematicpattern. Electron energy is 12keV, direction of incidence is along [100].

FromRef. [27].

Beforediscussing morein detail thestructureof thefully annealedsurface
we look at the RHEED resultsobtainedfrom the pyramid decoratedsurface
(Fig. 11). TheRHEEDpatternshows a latticeconstantof thepyramidsof 4.1G 0.3 Å in goodagreementwith thebulk Pt� Sn lattice constant.However, no
half orderspotsareobserved. Suchspotsonly appearafter the1000K anneal
indicatinglong rangechemicalorderasexpectedfor flat Pt� Sn. We therefore
concludethat the pyramidshave no long rangechemicalorder, ascanbe ex-
pectedfrom theSndeficit, i. e thepyramidsaresubstitutionallydisordered.

It is an interestingnotion that the height of the pyramidscorresponds to
approximately10 atomic layersor the tin depletionrangefound by XPD in
caseof the Pt(111)-Snsurface[37]. At any rate, the pyramidal form of the
stressrelief is the most “aesthetic”of all threesurfacesunderstudyhere. A
questionariseswith respectto the PRQ�S�V$U facets:why arethey favored?A simple
argumentcanbebroughtforward in relationto the fact thatno suchfacetsare
observed on (111). The (111) surfacecontainsno [100] rows which are the
closetspackedrows on (102).We find [100] rows on (110)and(001), so(102)
planesintersectwith thesetwo surfacessharingparallelatomicchains.AgainstPRQ�SYWXU facetswith odd W speaksthedifferenceof thesurfaceenergiesof Pt and
Snof 2.7 J/m� and0.62J/m� respectively. This differencefavors facetswhere



Figure 12: STM imagesof thePt( Sn(001)-surfaceafterhigh temperatureannealing(1000K).

Left panel)Overview, all stepsaredoublestepsrunningalongthe [100] and[010] directions.

Scanwidth (1700Å) 7 , U O =0.9V, I 8 =1.0nA.Right panel)Closeup view showing theremaining

monoatomic rows andthesubstrate.Theapparentheightof therows is 1Å. Thesquareunit cell

of thesubstrateshows no centeredatoms,sinceonly Pt is imaged(seetext). Somedefectsare

seenin theupperpartof theimage.Scanwidth (160Å) 7 , U O =10mV, I 8 =1.0nA.FromRef. [27].

Snrows areexposed(Fig. 9e).The PRQ�S�V�U facetsmaybepreferredwith respect
to PRQ�S�WXU with even W N V , becausePRQ�S�V$U affords the steepestslopewith the
smalleststeps.On PRQ�S�TRU threerow wide Pt stepsoccurwhich arelessstable
thanterracesmixed with Sn (Fig. 9d). Note that dueto the lack of chemical
orderwithin the pyramidsthe facetsarenot forcedto even stepheightunlike
the (100) and(110) surfacesof the well-annealedsurface. Still, thereremain
openquestions,for instancethe balancebetweenpyramid formation and the
‘threerow’ reconstructionof theflat partsof (001),bothstructuresbeingpartof
theeffort to relieve thestressdueto theSndeficiency.

Thefully annealedPt� Sn(100)surface(Fig. 12)showsin STM theexpected
c(2x2) structuredeterminedby LEED. All stepsobserved aredoublesteps,i.
e. all terraceshave theidenticalchemicalcompositionandstructure.Thepyra-
midstendto ‘melt’ awayduringtheannealing,noOswald typeripeningeffects
areseen,i. e. growth of largerpyramidspaidfor by thesmallones.Largepyra-
mids last longerthansmall once,real ‘big’ onesarestill foundafter extended
annealingperiods.Assumingthatonly Pt is imagedthereareno protrusionsin
any centerof thebasicsquaresof thestructureasarefoundon top of thepyra-
mids,i. e. no excessPt. Whatremainsaresingle,occasionallydouble,atomic
rowsthechemicalnatureof whichcannotbedeterminedfrom STM imaging.If



wecarryonwith theLDOSargumenttheserowsoughtto consistof Ptatoms.If
we make ananalogousconclusionto the(111)casetheatomscouldbeSn,left
over from the initial sputteringandannealingeffects. Adsorptionexperiments
mayshedlight on this openquestion.

3.1.3 Pt � Sn(110)
ThePt� Sn(110)surfaceis especiallyinterestingin view of thefactthatfew

studiesof this orientationhavebeenreportedfor intermetallicsystemsandalso
in view of thefactthatmany fcc metalstendto undergosurfacereconstruction,
e. g. Au(110)andPt(110)form the‘missing’ row (1x2)structure[38] whereas
Ir(110) formsa mesoscopic hill andvalley structurewith (331)facets[39, 35].
Thefirst studyby qualitativeLEED onthePt� Sn(110)wasreportedby Haneret
al. [31] . A complex behavior wasreported,with a3x1phaseformingduringthe
initial stagesannealingprocess, to bereplacedlaterwith a (1x2)structure(bulk
truncation).The final, andapparentlystable,patternwasdescribedas“rhom-

bic” or “quasi-hexagonal” with a periodicity in matrix notation

Z[ Q SQ # V ��# V
\]

.

The LEIS results[20] showed that the outermostplaneof this surface,asthe
otherlow index Pt� Snsurfaces, containtin in concentrationslarger thanin the
bulk.

In acombinedLEED, LEIS,AESandSTM studythesputteringandanneal-
ing effectshave beenrecentlyclarified [40]. The AES dataresemblethoseof
the(111)surfaceandaftersputteringwith 600eV Ar ionsthesurfaceis Snde-
pleted.With increasingannealingtemperaturethePt signalreducesandlevels
of at approximately70 atomic%. TheLEIS datain thesameannealingrange
show a ratherdifferent behavior dependingon the crystallographicdirection
too. After sputtering,the Pt concentrationis approximately50%. Annealing
to 500K causesan increaseof thePt concentrationto 60%for bothcrystallo-
graphicdirections,i. e. for scatteringalong[ ^ Q 10] and[00 ^ Q ] respectively. In the
temperaturerangebetween600K and900K thesurfacebecomesSnrich, be-
fore, at 1000K, anequilibrationof thesurfaceconcentrationat approximately
50 and60% is reachedfor the two respective crystallographicdirections. We
canassumethatat mostthetwo outermostlayerscontributeto thePt LEIS sig-
nal [41]. Therefore,whenscatteringalong[ ^ Q 10] two layerscontribute to the
Pt signal,50% from the topmostlayer andabout10% from the secondlayer.
Thelower signalfrom thesecondlayeris dueto theremainingdepletionin the
secondlayer(AES) anddueto theenhancedneutralizationof theHe ionsused
for scatteringfrom the secondlayer. For scatteringalong[00 ^ Q ] the signalof
the secondlayer is reducedby additionalblocking. The LEED patternfor in-
termediateannealingcontains(1x1), (2x1) andfacetbeams.The facetbeams



show theproper‘wandering’whenchangingtheelectronbeamenergy. Some-
timesthesespotssmearout into streaky featuresasreportedearlier. The fully
annealedsurfaceis clearly(1x2).

Thestructureof thesurfaceandthe identificationof the“extra” beamsob-
served in LEED is straightforwardwhenlooking at theSTM topographs(Fig.
13). Whatdowesee?Themainfeaturesarestepsand/orfacetsrunningperpen-
dicular to the [ ^ Q 10] surfacedirection. Thereare‘up’ and‘down’ regions,that
is thesurfacehasa mesoscopichill andvalley structure(Fig. 13 b). Fromthe
heightscanasin Fig. 13b theslopeof thefacetscanbedeterminedas G 18.4-
with respectto the(110)plane.Thisangleis thecrystallographicangleto (102)
planes,i. e. thefacetsobservedare PRQ�S�V�U with adistanceof 1.5 _R` # ) VbacTedfV%T
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Figure 13: STM imageof the jlknmIoqp facetson the Pt( Sn(110)surfaceafter annealto 715 K,

154Å, -0.15V, 2.5nA (a),heightscanbetweenA andB along[ r kIkKm ] (b) andspheremodelof a

non-bulktruncatedjlkKm>oqp facet,thatis in accordancewith thedata.FromRef. [40].



Å betweenadjacent[00̂ Q ] rows. Theshortest possible periodof the facetscan
be8.5 Å which is e. g. observedin Fig. 13 b. Basedon thesefindingswe can
constructamarblemodelof thefacetedsurface(Fig. 13c).

Thehill andvalley structuremustbetheresultof thetensilestressinducedin
the(110)surfacedueto thedepletionof Snduringsputtering.Thestressrelief
is anisotropicwith ripples perpendicularto the [00 ^ Q ] direction thus creatingPRQ�S$V�U facets.The orientationof thesefacetsis in accordancewith the LEED
observations. As a consequenceof the choiceof thesefacetsthe [001] rows
exposedon the facetsareall monoatomic,i. e. eitherPt or Sn. Theexposure
of theSnatomsof theserows on thenfacetsis themostplausibleexplanation
for the Sn surplusobservedby LEIS at the intermediateannealingstage.The
corrugationof thehill andvalley structurereachesapproximately4 to 5 atomic
layersor about1/3of theSndepletedregion.

As in the caseof the (110) surface,higher temperatureannealingcauses
thegrowth of largerterracesandthegradualdisappearanceof the PRQ�S�V�U facets
(Fig. 14). The terracesareborderedby stepsof 2.8 Å in heightor multiples
thereof,i. e. composedof doublesteps(Fig. 14 c andd). Doublestepsare
theconsequenceof thesurfaceterminationby only onetype(asonPt� Sn(100),
Fig. 12, left panel).Theslopeof thestepsin [00-1] directionis GsQ�t�duT - again.
So we find here PRQ�S�V�U facetsasin caseof the intermediateannealingstatein
thehill andvalley structure.Theslopeof thedoublestepsin [ ^ Q 10] directionis
22.5- which is smallerthantheexpected35- with respectto the(110)planesforPRQ"QvQ%U facets.The PRQvQ"Q%U facetsareexpectedfrom themarblemodelconstructed
for thestepstructuresobserved(Fig. 14e). Wesuspectthe35- aretoo largean
anglefor theSTM tip to follow. Additionally thereis alwaysthepossibilityof
electronicsmoothingdueto theSmoluchowski effect. Furtherdetailsresolved
with smallerscanningareasof thestepstructures(Fig. 15) support the identi-
ficationof thestepdirectionsandthe interpretationusingthemarblemodelof
Fig. 14 e. The atomiccorrugation of a fourfold stepis, for example,clearly
resolvedin Fig. 15 b. Sincewe never observe ‘uneven’ stepswe have anaddi-
tional strongargumentfor the terminationof thecrystal. Final support for the
mixedterminationcomesfrom high resolutionSTM imageswith differentbias
voltages(Fig. 16 a, b). Knowing the orientationfrom the crystalandhaving
theSTM piezoscalibratedit is obviousthattheapparentsurfacelatticeconstant
is larger along[ ^ Q 10] directionsthanalong[00 ^ Q ] directions. As in caseof the
(111)and(100)surfaceswe cansafelyassumethatthebright spotsin theSTM
imagesarePt atoms.Thecontrastof thesespotsis alsohardlydependentof the
biasvoltageappliedbetweentip andsample.At negative bias,i. e. whenprob-
ing thefilled states,thePt atomsappearbrighteror largerthanat positive bias.
Thesefindingsareconsistentwith the interpretationof the STM imageswith
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Figure 14: STM imagesof coexisting facetedstructuresandflat terraceson the Pt( Sn(110)

surface,3������������ =920K, 300Å, 0.4V, 0.8nA (a)flat surface3������������ =920K, 300Å, 0.5V, 0.8nA

(b) with heightscanbetweenA andB along[ r kIknm ] (c) andheightscanbetweenC andD along

[ m�m rk ] (d). Spheremodelof doublesteps(e). Note that the minifacetsalongthe [ r kIknm ] double

stepsare jlkIkIk�p orientedandthemultiple minifacetsalongthe[ mIm rk ] stepsare jlknm>oqp orientedas

foundon therealsurface.At the jlknm>oqp thestructuremodeldeviatesfrom thebulktermination,

in accordancewith thedata.FromRef. [40].
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Figure 15: STM imagesof merging doublestepson the Pt( Sn(110)surface,500 Å, 0.45V,

0.8 nA (a) and200 Å, 0.40V, 0.8 nA (b). The [ m�m�rk ] stepsform double,fourfold andsixfold

stepswhereasthe[ r kIkKm ] stepsarepredominantly double.FromRef. [40].
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Figure16: STM imagesof thePt( Sn(110)surface,a)120Å, 0.5V, 0.8nA. Ptatomsarevisible

asprotrusions(opencircles),Sn atomsareinvisible (filled circles). b) 100 Å, +0.4 V (lower

part)-0.4V (upperpart),0.8nA. ThePt atomsappearbiggerwhenmeasuringtheemptystates

(lower part). The contrastis higherwhenthe filled statesaremeasured(upperpart). The big

bumpin themiddle is presumablya contamination.FromRef. [40].



helpof theLDOS data.In turn, this meansthat theholesarerealSnvacancies
ratherthananelectronictip effect. It is, furthermore,interestingto notethat in
caseof the(111)surfacewe find a surplusof Snon thewell annealedsurface,
whereasthe(110)tendsto bedepletedof Sn.

3.2Surfacealloysobtained depositingtin on platinum surfaces
The term “surfacealloy” is somewhat genericandmay refer to a variety

of differentsystems.Here,we applyit to thosesystemswhereultra-thinmetal
layers(i.e. a few atomiclayersthick) aredepositedonabulk metalsurfaceand
wherethesystemis subsequentlyannealedin vacuumin orderto obtainalloying
in a surfaceregion a few atomsthick. In theseconditionsit is possible to ob-
tain singleatomiclayerbinaryphases, or multilayersurfacealloy phases(also
termed“epitaxial alloys” (for a generaldiscussion of thesesurfacealloys, see
[5]. Relatively to thesubjectof thepresentpaper, two Pt-Snsystemshavebeen
studiedSn-Pt(111)andSn-Pt(100).Thebehavior andthestructuralproperties
of thesesystemswill bediscussedin detail in thefollowing.

3.2.1 Sn-Pt(111)
Thefirst studyof SndepositiononPt(111)wasreportedbyPaffet andWind-

hamin 1989[42] anda subsequent oneon thesamesystemwaspublishedby
Campbellin 1990[1]. In bothstudies,two LEED patternswereobservedafter
annealing:a 2x2 anda ( ) ��* ) �$, R30- . Both superstructureswereinterpreted
in termsof incorporationof the tin layer in thefirst platinumlayer, but only a
qualitative examinationof theLEED patternwasperformed.Subsequentlythe
resultsof low energy alkali ion scatteringspectroscopy ALISS [43,21] couldbe
quantitatively interpretedasdueto ordered,singleatomiclayersurfacealloys.
The ion scatteringresultshave beenconfirmedandexpandedby a quantitative
LEED study[34]. Theatomicstructureof bothphasescorresponds exactly to
that of the topmostlayer of the phaseswith the sameperiodicity observed on
the on Pt� Sn(111). The LEED andALISS resultsfor the Sn/Pt(111)system
wereconfirmedby a recentSTM studyreportedby Batzill et al. [44]. Even
thoughatomicresolutionwasnot attainedin this study(only the surfaceunit
meshcould be observed), the resultsarecloselycomparableto the atomically
resolvedonesobtainedon thePt� Sn(111)surface[35].

Theformationof multilayersurfacealloys hasalsobeeninvestigatedin the
Sn-Pt(111)system,whereGaleottietal. [37] reportedtheformationof ordered,
epitaxialalloyedPt-Snphases.Thedepositionof amountsof Snup to 5 mono-
layers(ML) at roomtemperatureled to disorderedor anyway non-epitaxialtin
films. Annealingthedepositedfilms led to interdiffusionandto the formation
of variousalloy phases(Fig. 17). Alloying wasdetectablein XPS from the



Figure 17: Main results obtained by combinedLEED and XPD measurementson the

Sn/Pt(111)system.Theleft row is aschematicrepresentationof thesurfacestructure.Thecen-

ter row shows theXPD resultsfor theSn:I�q��� 7 peak.Theabsenceof oscillations in thepattern

indicateseithera disorderedsurface(“as deposited”)or a singleatomiclayer (after high tem-

peratureannealing)where“forwardscattering”effectscannotplaya role. Theright row shows

theLEED resultscorrespondingto thestructuralmodelsdescribedin thetext. From[37].

shift of the Sn core level peaks0.3 eV with respectto the “as deposited”Sn
film. Theformationof multilayersurfacealloys couldbeclearlyevidencedby
XPD afterdepositingamountsof tin in therangeof 3-5 MLs andannealingat
temperaturesrangingfrom 400to 600K. In LEED, this phaseshoweda (2x2)
translationalsymmetry. Becauseof the forward focussing effect, the observa-
tion of strongoscillationsin theXPD curvesfor Snimpliesthat in this phasea
significantfractionof tin atomsarelocatedbelow thesurface.A further result
that canbe derived from the XPD datais that the Sn atomsarelocatedin the
samelocalenvironmentof thePtatoms.Furthermore,thesimilarity of theXPD
resultsindicatesthat thenear-surfacestructureof theSn/Pt(100)systemis the
sameasthatof Pt� Sn(111)sample.Theidentity of thetwo phasesis confirmed
by calculationsperformedfor a bulk truncationmodelof the Pt� Sn(111)sur-
face. Sincethe LEED resultsclearly show long rangeordering,it is possible



to arrive to a univocalmodelfor the(2x2)phasethatinvolvestheformationon
the surfaceof an orderedalloy multilayer of the samestructureasthat of the
bulk, orderedPt� Sn(111)intermetalliccompound. Thedifferencein thelattice
parameterin Pt� Sn andpurePt is small and the unit meshfor the ideal bulk
truncatedstructureof the (111) planeof the alloy canbe describedas (2x2),
indexing thediffractionspotswith respectto thePt(111)surface.

After annealingthe (2x2) multilayer surfacealloy at 1000 K for several
minutes,a ( ) ��* ) �", R30- LEED patternwasobserved again. In thesecon-
ditions, the XPD azimuthalcurves for the Sn 3d are flat, as thosefor the
( ) ��* ) �$, R30- phaseobtainedstartingfrom Sncoveragesof theorderof 1 ML
(Fig. 17). This result indicatesthat for extendedannealinga ‘2-dimensional’
alloy is formedagainandthatat this temperaturetin atomsdiffusefrom thesur-
faceinto thebulk to a depththatcannotbeprobedby thephotoelectrons.This
transformationis schematicallydescribedin Fig. 17, togetherwith an illustra-
tion of thesignificantLEED andXPD results.

Thewell characterizedandstablesurfacephasesobservedontheSn-Pt(111)
have provided researchersin the chemisorptionandcatalysisfield with a sub-
strateof greatinterestfor studyingthepropertiesof bimetallic interfaces.Sim-
ple “probe” gasessuchasCOhavebeenstudiedafteradsorptionon thissystem
[45] aswell asa variety of organic moleculessuchasacetylene[46], cyclo-
hexaneandbenzene[47, 48], butaneandisobutane[49], methanol,ethanoland
water[50]. Severalsurfacereactionsof theabovegaseswerealsostudied.

3.2.2 Sn-Pt(100)
Thefirst studyon thissystemwaspublishedby Paffett andWhindham[42]

togetherwith the resultsfor the Sn/Pt(111).After depositionof an amountof
Snof ca. 3 ML andsubsequent annealing,two periodicitieswereobserved in
LEED: a c(2x2) anda (

� ) V * ) V , R45- . Thesesurfaceswerestudiedfrom a
quantitative structuralviewpoint by Li andKoel [23] by ALISS. The experi-
mentalsetupandthemethodsusedwassimilar to thatusedfor theSn/Pt(111)
system.Here,thecleanPtsubstratesurfacestartsreconstructed,showing in lead
thewell known “streaks”whichhavebeenindexedin termsof a (5x20)period-
icity. Theformationof ac(2x2)phasewasobservedafterdepositing0.5ML of
tin andannealingin therange400-700K. In this rangetheALISS polarangle
scanwas interpretedin termsof an overlayerof tin atoms,i.e. not a surface
alloy. At highertemperatures(T N ca. 750 K) considerable structuralchanges
wereobserved. In this case,theALISS resultsclearly indicatedthe formation
of a substitutionalPt-Snalloy of thesamestructureasthe bulk terminationof
Pt� Sn(100).In this phase,buckling of theSnatomswasfoind to bevery small
(0.17-0.22A). The datado indicatethepresenceof this substitutional alloy in



the topmostsurfacelayer, however, evidencewasobservedfor thepresenceof
tin in thedeeperlayers.

The alloyed c(2x2)-Snstructureon Pt(100)wasfound to be unstableand
to quickly transforminto the (

� ) V * ) V , R45- phasewhich was found to be
stableup to annealingtemperaturesof 1000K. It wasnot possible to propose
a completemodel for this phase,however the ALISS resultsremainedvery
similar to thosefor the c(2x2) phase. It was thereforesuggested that the the
local structureof the(

� ) V * ) V , R45- is thesameasthatof thec(2x2). Indeed
the c(2x2) periodicity can also be written in an equivalent manneras ( ) V *) V , R45- . The “extra” 3 ) V periodicity observed for the Sn-Pt(100)surface
canbedueto aspecificsteparrangementor periodicdomainsof pureSnatoms
every threelatticespacingalongthe[100] azimuth.Itappearsthattheformation
of the(

� ) V * ) V , R45- is accompaniedby thedisappearanceof tin atomsfrom
thesubsurfaceregion.

No STM resultshave beenreportedso far for the Sn-Pt(100)systemso
it is not possibleat presentto know if the metastablepyramidsobserved on
the Pt� Sn(100)surfaceare presentalso on the surfacealloy. Chemisorption
andcatalysisstudiesarealsolacking for theSn-Pt(100)systemwhich hasnot
beenfoundasattractive astheSn-Pt(111)becauseof thelackof stability of the
c(2x2)phaseandfor the difficulty of quantitatively characterizingthe (

� ) V *) V , R45- one.

4. DISCUSSION

Amongorderedbimetallicsystems,thePt-Snonecanbeconsideredat present
asthe most in-depthstudiednot only for its surfacestructuralproperties,but
also for its reactivity andcatalyticproperties.A comparabledetailedknowl-
edgeexists only for a few othercases,amongplatinumalloys we cancite the
Ni-Pt andCo-Ptsystems,examinedfor their catalyticpropertiesandthePt-Ti
system studiedfor their electrocatalyticproperties[5]. Sparsedatarelative to
the surfacepropertiesof several otherPt alloys exist (e.g. Fe� Pt andCu� Pt -
[3] andPt� Mn [51]. All thesedataavailablepertainto fcc phaseseitherrandom
substitutional or orderedcompounds. Dataexist alsofor othercubic ordered
alloys which are isostructuralwith the Pt3Sncompound,e.g. Ni � Al [52, 53]
andAu � Pd[28] andfinally theAu-Cusystem,whichhasbeenobjectof interest
asthe“prototypical” L1 � or

�����Y�
orderedsystemin theCu� Au composition

[54, 55].
If we consideralsotheavailability of theoreticalstudieson thesurfaceseg-

regation andequilibrationphenomena[7] the Pt-Snsystemcanbe seenasthe
mostthoroughly characterizedin a wholeclassof alloys, thatof “ordering” al-



loys, i.e. alloys which tendtendto form orderedbulk intermetalliccompounds
with a highly negative enthalpy of formation. We’ll seein the following that
the surfacestructuralbehavior of alloys in this classappearsto be similar for
the known cases,but that the Pt-Snsystemshows a complex seriesof surface
reconstructionsnotobservedonotheralloy systems.

Regardingthe high bondingenergy of somePt alloys systemwe notethat
alreadyin the60sLeoBrewer [10] hadput forwardasimplemodel(sometimes
referredto as the “Engel-Brewer model”) which could be usedfor a qualita-
tive predictionof the strengthof the intermetallicbond. The Brewer model
predictedchargetransferbetweendifferentmetallicspeciesin reasonof thedif-
ferentelectronegativity. It is well known how ionic compounds(e.g. NaCl)
form by the reactionof elementsof the far left andfar right row of the peri-
odic table.Somethinganalogoustakesplacewith thetransitionelements,with
the elementsof the IVB andVB rows forming highly exothermicalloys with
elementsof the VIIIB row (e.g. Pt-Ti, Pt-Zr, etc). Conversely, alloys of ele-
mentsof thesamerow tendto have smallenthalpy of formationandtherefore
to form randomsolid solutionsor compoundswhich have a low temperature
of order-disordertransition. A classicexamplehereis theCu� Au alloy which
hasa transitiontemperatureof 663K. Indeedthis transitionhasbeenthemain
motive of interestwhich led to the first LEED surface studieson a bimetallic
systemto beperformedon this compound,which canbeby now considereda
“classic” [56, 57,54, 58,59, 55, 60]. On thecontraryPt� Ti, for instance,is an
orderedcompoundin thewholerangeof temperaturesbelow themeltingpoint
andhasahighly negative enthalpy of formationof -19.5Kcal/mole[61].

In recenttimes,the electronicstructureof transitionmetalalloys hasbeen
studiedwith moreadvancedmethods.ThebasicEngel-Brewermodelhasbeen
confirmedwhentheintermetallicbondhasbeencorrelatedto ashift in theover-
layer local d-electronbandanda simultaneousdip in thenoblemetal(e.g. Pt)
d-electronlocal densityof states(LDOS) at the Fermi level. Thesemodels,
however, donotdirectlyapplyto theplatinum-tinsystemsincetin is nota tran-
sition element.However, tin is anelectropositive elementandso,accordingto
theEngelBrewer model,thepropertiesof Pt-Snalloys in termsof enthalpy of
formationcouldbeexpectedto becomparableto thoseof thestrongly exother-
mic alloysof platinum.It hasbeenfoundthatin Pt-nontransitionmetalalloys,
the samedip in the LDOS observed in Pt-transitionmetal allos is causedby
the hybridization of d-electronswith the p-electronband[62]. According to
Pick [63] theelectronicstructureof noblemetal/nontransitionmetalalloys is
thereforevery similar to thatof noblemetal/transitionmetalalloys. This elec-
tronic structureleadsto a seriesof consequences, not the leastinterestingone
thechangein reactivity towardsadsorbates,a subjectwhich will not reviewed



herefor lackof space,but whichhasbeenstudiedin detailfor thePt-Snsystem.

4.1Surfaceatomic structur eof bulk Pt � Sn alloys
In most- but by no meansall - studiesof binaryalloy systemsreportedso

far, qualitative LEED dataindicatethat the surfaceunit meshcorrespondsto
what expectedfrom truncationof the bulk lattice [5]. The observation of the
“expected”patternin LEED in itself is no proof that thesurfaceatomicstruc-
ture is actually the bulk truncationone. Furthermore,in the caseof ordered
intermetalliccompounds, the’bulk termination’modelis notnormallyunivocal
sincetheplanesstackedalonga specificcrystallographic directiondo not nec-
essarilyhave all thesamecomposition.In thecaseof fcc Cu� Au (L1 � ) ordered
compounds(Fig. 1) all thecrystallographicdirections,exceptthe � 111� havean
...ABAB... stackingwith – for instancein the caseof Pt� Sn – a planeof pure
Pt alternatingto a planeof compositionPtSn.Both terminationscorrespond to
‘bulk truncation’;andin both casesthe compositionof the outermostplaneis
differentfrom theaverageoneof thebulk.

The experimentalobservations by LEIS of a numberof bimetallic sys-
temshave shown that in the preferredterminationmay be either “mixed” or
“pure” dependingon the chemicalspeciespresent.Quantitative surfacecrys-
tallographicmethods(especiallydynamic LEED) have confirmedthe LEIS
results. The caseswhere the atomic structureof the topmost layer corre-
spondsto thatof a “mixed” bulk crystallographicplaneFor theL1 � phase(fcc,
Cu� Au type)hasbeenreported,amongothercases,for instancefor Cu� Au(100)
([56, 57, 54, 58, 59, 55, 60] andNi � Al(100) [52, 53] systemswhich have the
samestructureandterminationasthe Pt� Sn(100)[17, 27]. In all thesecases,
obviously, thepresenceof differentdegreesof outwardrelaxation(“buckling”)
for thedifferentchemicalspeciespresenthasbeenreported.

Otherbulk isostructural compoundsshow a “pure” terminationinsteadof
a mixed one. This behavior was observed in the caseof the Pt� Ti(100) sur-
face,aresultobtainedindependentlyfrom LEIS [64] andLEED data[65]. Also
the Pt� Ti(111) surfacewas found to be enrichedin Pt [64, 66]. This behav-
ior, which is in sharpcontrastwith that of the isostructuralPt� Sn case,may
berelatedto the differencein the relative sizesof theatomicspeciesinvolved
(Ti andSn). It may alsobe worth to considerthe possibility that it could be
attributed to differencesin bulk composition. The Pt� Ti sampleusedin the
crystallographicstudies[65] hada nominal3:1 Pt /Ti atomic ratio, but there
areelementssuggestingthata sequelof successive treatmentsof ion bombard-
mentandannealingled to a depletionin titanium of the selvedgeregion [67].
The irreversibledepletionin the light elementin the surfaceof a bulk alloy
as the effect of extendedion bombardmentwas reportedfor NiAl(100) [68],



Table1: Summaryof thestructuresobservedonPt( Snsurfacesafterannealingatmoderateand

high temperature
600K - 800K 1000K -1100K

(111) ( 9 :�; 9 :>= R30? (Pt7 Sn),mesoscopicsub-
surfacedislocationnetwork

p(2 ; 2) , adatomislands

(001) multiple row structure, pyramids bor-
deredby jlkKm>oqp and j 104p facets

c(2 ; 2) , doublesteps,single atomic ad
rows

(110) hill-and-valley-like structurewith jlknm>oqp
facets

(2 ; 1) , doublesteps,holesatSnpositions

Pt��` Fe� ` (111) [69] andPt��` Co� ` (100) [70]. Theoreticalcalculationsbasedon
thebrokenbondmodel[71] indicatethatPt segregationin Pt� Ti is expectedfor
an excessof platinumin the bulk with respectto the 3:1 stoichiometricratio.
Hence,theactualbulk composition,asopposed to thenominalone,mayhave
aneffect on thesurfacecompositionandstructureof analloy. For thecaseof
Pt� Sn, thereareelementsindicating that the “as prepared”Pt� Sn singlecrys-
tal samplesusedin thesurfacestudiesreportedherewereslightly “Sn-rich” in
comparisonto thenominalcomposition,for instancetheobservationof excess
tin on the topmostlayer of the Pt� Sn(111)surfacewhich appearedas “white
spots” in theSTM scans[35, 40]. Theeffect of theseveralcyclesof ion bom-
bardmentandannealingmayhave progressively reducedthis excessof tin. Al-
thoughthesephenomenaarean indicationof a complex behavior of thePt� Sn
system(andin generalof bimetallicalloy materials),theireffectonthetopmost
surfacecompositionshouldnotbeoverestimated.Indeedin thecaseof systems
obtainedby depositingtin onpureplatinumsubstrates,theexcessof platinumis
anobviouscondition.Nevertheless,two-dimensionalsurfacephasescontaining
tin have beenobserved (asit will be discussedmorein detail later) indicating
thattherearechemicalfactorswhich leadto stabilizetin in theoutermostlayer
independentlyof thebulk composition.Thesefactors,conversely, appearto de-
stabilizethepresencein the topmostlayerof suchelementsasTi, Co, andNi.
Summarizing,the “mixed” terminationis by no meansto be taken for granted
in all Pt-M system. It does,however, seemto bethegeneralcasefor thePt-Sn
system.

Although the observation of bulk truncationphasesin the Pt� Sn(hkl) case
is not surprising, thewealthandcomplexity of thereconstructionsobserved is
remarkable,aswell asthe interplayof thefactorswhich leadto thetransitions
observed amongthem. A list of the phasesobserved for the Pt� Sn systemis
providedin Table1 . Surfacereconstruction,thatis asurfacemeshthatis notthe
sameasthebulk meshalongthesurfaceplane,hasbeenobservedalsofor other
alloys. The randomsubstitutional Pt alloys Pt��` Co� ` (001) [72], andPt� ` Ni � `
(100)[16] show a“pseudo-hexagonal”reconstructionsimilar (but not identical)



to theoneobservedonpureplatinumsurfacesandby someotherpuretransition
metals[73]. In bothcasesthecompositionof theoutermostlayerappearsto be
pureplatinum. Conversely, smallamountsof depositedmetals(e.g. zirconium
on Pt(100)[67]) destabilizethe Pt reconstruction,reverting the surfaceto the
“expected”1x1structure.

Reconstructionssimilar to theonesobservedonthePt-Snsystemhavebeen
observed in someother casesof binary alloys. For instancefor Cu-Al(111)
[74] the quantitative LEED analysis[75, 76] showed that the topmostlayer is
a mixed planeof the samestructureof the reconstructedPt� Sn(111)surface.
Also a ( ) ��* ) �$, R30- reconstructionhasbeenobserved for the (111)surface
of the randomsubstitutionalAl-6.5at% Li alloy, [77] (Quantitative crystallo-
graphicdatanot available). Nothingcomparableto the “pyramidal” structures
observedby STM on thePt� Sn(100)systemhasbeenreportedsofar for other
alloy systems.

The theoreticalinterpretationof theseresultsis still in progressbut the
main elementsleadingto stabilizesomereconstructionsseemto be well es-
tablished. Foiles [78] usedthe EAM methodto studythe stability of surface
orderedphaseslow index surfacesof dilute Cu-Au (111)alloys. The calcula-
tions indicatea domainof Au bulk concentrations(from ca. 0.001at% to 5
at%) that producesurfacesegregation andthe formationof stablep(2x2) and
( ) ��* ) �$, R30- surfacealloys respectively on the(100)and(111)planes.The
theoryin thiscaseseemsto quantifyintuitiveconsiderationsbasedontwo facts:
i) thattheAu-Cubondis energeticallyfavorableandii) thatAu hasa largerra-
diusthancopper. Thesetwo conditionsleadto differenttendencies;thefirst to
haveAu stayin thebulk to maximizethenumberof Cuneighbors, thesecondto
squeezeAu atomsfrom thebulk to thesurfacewhereoutwardrelaxationcanbe
energeticallyfavorable. Theinterplayof thetwo tendenciesleadsto aninterme-
diateconditionwhereAu atomsform a singlelayerphasewherethey increase
the intermetallicbonddistanceby relaxingoutwards.Theseconsiderationcan
help to understandwhy this kind of reconstructionoccursfor dilute, random
substitutional alloys.

The caseof Pt-Snis morecomplex andwhenever theconcentrationof the
minority metal in the bulk is not negligible, andespeciallyin the caseof or-
deredintermetalliccompounds,it is necessaryto considerthat heterogenous
bondsoccurin the interactionof thefirst layerwith the underlyingone. Con-
siderthe Pt� Sn(111)case,herethe highestpackingperiodicity in the topmost
plane,the( ) �M* ) �", R30- , seethestructureshown in Fig. 4, leadsnecessarily
to a numberof Sn-Snnearestneighborsbetweenthe topmostandof the sec-
ondlayer(assumingthatthelatterwouldmaintaintheexpectedbulk structure).
SinceSn-Snbondsarelessenergetically favorablethanSn-Ptones,theforma-



tion of the( ) �v* ) ��, R30- phaseshouldbeunfavorableandindeedit is observed
onPt� Snonly whenthesubstrateis stronglydepletedin tin astheresultof a ion
bombardment[33]. As a rule of thumb,thesegregatingspeciesis thematerial
with thelower meltingpoint or cohesion.Obviously, thesurfaceis muchmore
drivenoutof theequilibriumsituationwhenthepreferentiallysputteredspecies
is identicalwith thesegregatingone,asin Pt-Snalloys. Then,thesegregation
cantake placeonly after thecompositionhasbeenrestored,i.e. at a quite late
stage,at high annealingtemperature.This givesrise to compromisestructural
stageswith the formationof several metastablestructures.Thesemetastable
statesarecharacterizedbystresscompensationfeatures(dislocations,pyramids,
andripples)becausethe alteredcompositionof thesurfaceregion leadsto re-
ducedlatticeconstants.Indeed,a quantitative studyby meansof MonteCarlo
simulationsleadto theconclusionthatthePt� Sn(111)-() ��* ) ��, R30- surfaceis
aconsequenceof arestricted,localequilibriumin thesurfaceregion [79]. Such
behavior is in contrastto alloy surfaceswherethesegregatingandthepreferen-
tially sputteredspeciesdiffer, e.g.Au � � Pd��� [28]. A thermalequilibriumcanbe
evencompletelyoutof reachif thesublimationenergiesdiffer largely. Thelatter
wasobservedwith Fe-Al alloy surfaceswhereat thetemperaturethat is neces-
saryto restorethesurfacecompositionsevereevaporationof Al takesplace[80].
With Pt-Snsurfacesnosignificantevidenceof Snfor sublimationhasobserved:
However, on the Pt� Sn(110)surfacemobile monolayer-deepdepressionshave
beenobservedat Sn-positionsin the topography which aremostlikely vacan-
cies left after sublimationof Sn atoms. The high cohesionof heterogeneous
bondspreventsthatPt atomsjump in thesevacanciesat Snpositions.

Although thesesimpleconsiderationshelp to framein a generallogic the
behavior of thesebimetallic surface,thereareat presentno suchsimplemod-
els to explain the more complex “mesoscopic”reconstructions,such as the
“pyramids” observed on Pt� Sn(100)or the hill and valley structureobserved
on Pt� Sn(110).Thesephenomenaareobviously relatedto the tendency of the
system to relax in-planestress,in turn resultingfrom the differentatomicra-
diusof theelementsinvolved in thepresenceof concentrationgradients.This
relaxationappearsto take placeon the (111)orientedplanesimply by anout-
wardrelaxationof thetin atoms.On theothertwo low index surfaces,instead,
it takesa morecomplex routeleadingto reconstructionphenomena(pyramids
on the(100)and“hill andvalley” on the(110))which aresofar uniqueto the
Pt-Snsystem.

4.2Defectsand disorder on Pt � Sn alloy surfaces
Thefield of atomicscaledefectson alloy surfacesis onethathasrecently

receiveda stronginpulseby STM studies.Nevertheless,alsoclassiccrystallo-



graphictechniquescanbe usedto studydefects.Orderedsteparraysof alloy
surfacescanbe studiedby LEED (Pt� Ti(510) [81, 82], by LEIS (AlNi(111),
[83], and it hasbeenshown how it is possibleto detecta stackingfault by
XPD during the growth of a metaloverlayer(Ag depositedon Pd(111)[84]).
Quantitative LEED crystallography hasalso beenusedto study the effect of
ion bombardment on thecomposition of alloy surfaces(thecaseof FeAl(100),
[85]). However, STM hastheuniquecapabilityof imagingdefectsin realspace.
So it is possible,for instance,to observe the stepdistribution and height on
the surface(oneof the first reportsin this field wason the NiAl(111) surface
[86]). Later on [87, 88] it was observed by STM that ion bombardmentof
thePt��� Ni � � (111)surfaceleadsto theformationof a patternof shallow ditches
(some0.2-0.5Å deep)that have beenattributedto the dislocationsgenerated
by the latticemismatchof the top layersandthebulk ones.Thetop layersare
enrichedin Pt by ion bombardmentandhencehave a differentlatticeconstant.
Thesedislocationsin sputteredalloysmayprovidediffusionpipesfor implanted
atomsto reachthesurface.Diffusionof metalatomsin thesurfaceregionat rel-
atively low temperatureshashoweverbeenprovento berelatedto thepresence
of defects,suchasthe“pinholes”observedby STM at theCo/Cu(100)interface
[89]

Thestudyof thePt� Sn(111)surfaceby STM hasexpandedandclarifiedthis
area.Herethemesoscopic“honeycomb”structurereportedin [35] is something
thatfindsa parallelonly in thecaseof thePt-Ni system[87, 88]. In bothcases,
the surfacedevelopsmesoscopicfeatureswhich aredueto lattice dislocations
in turn due to the compositiongradientin the direction perpendicularto the
surface. In the caseof the Pt� Sn(111)system,the depletionin the subsurface
which is associatedwith the formationof the ( ) ��* ) �$, R30- structureleads
to a lattice constantin that region which canbe expectedto approachthe Pt
bulk lattice constantof 3.92A. This valueis lower thanthe Pt� Sn bulk lattice
constantof 4.00A. This mismatchof the lattice constantscausestensilestress
which is obviously relieved by misfit dislocations. Additionally, stressrelief
maybethecauseof theslightbucklingof theSnatomson(111)asobservedthe
quantitative LEED analysis[34]. A directdeterminationof theBurgersvector
of thedislocationis notpossiblesincenoneof themreachthesurface.However
from thedirectionsof thewalls of thehoneycombsalong112weconcludethat
the Burgersvectorsmustbe parallel to the surface �� �nQ"QqS�� . Goodalignment
of the walls of the network is obtainedafter annealingslightly above 600 K.
The half-width of the walls asobtainedfrom a correspondingcrosssectionis
of the orderof 30 to 40 A. From this width the depthof the dislocationcores
canbeestimatedto beapproximately15 layers[90]. 15 layersis alsotherange
of Pt enrichmentfound in previous LEED studies[33] so the resultsof the



differentmethodsused,LEIS, LEED, XPD, AESandSTM, leadto aconsistent
interpretationof themetastablephaseof thePt� Sn(111)surface.

At presentthe caseof Pt� Sn andPt  Ni   	�� arethe only two casesreported
of STM observationsof misfit dislocationsresultingin mesoscopic surfacefea-
tures,howeverit is certainpossible thatnew caseswill bediscoveredasdifferent
alloy systemsarestudied.

4.3Multilay er and singlelayer surfacealloys
Both singlelayer andmultilayer surfacealloys canbe preparedin the Pt-

Snsystemby depositingultra-thinSnlayersandannealingin vacuumto obtain
equilibration.Thefirst casewherestructuraldatawerereportedaboutasimilar
phenomenon wasfor theAl/Ni system[91], wheretheformationof aneptiaxial
Ni � Al layer wasobserved whendepositingAl on Ni(100). Othercaseknown
wherethisoccursaretheAu-Cu(100)[92] andthePd-Cu(001)[93] systems.In
othercases,suchasCo-Pt(111)[94], only multilayersurfacealloys areknown
to form, althoughalloying appearsto belimited to theoutermost2 surfacelay-
ers only. So far, the structureof most of thesesurfacephasesturnedout to
be theonethatmaximizesthe numberof heterogeneouspairwiseinteractions.
Qualitatively, theexpectationis thatsuchphaseswouldbestabilizedby astrong
intermetallicbondandhence,exist for elementsthat form orderedbulk alloys,
or anywayalloyswith anegativeenthalpy of formation.

Thegeneralexplanationfor theexistenceof singlelayersurfacealloys ap-
pearsto lie in thebalanceof tendenciesthatareusuallyopposite: thatof max-
imizing the numberof energetically favorableintermetallic bonds,andthat of
minimizing surfaceenergy. Themaximizationof thenumberof bonds,alone,
would necessarilyleadto long rangebulk diffusion andto the formationof a
dilutebulk alloy. However, placingtheminority componentwithin thetopmost
surface layeronly maybeenergetically favorablein severalways;for instance
relieving straineffectsdueto sizedifferences.As alreadydiscussedfor thecase
of dilutedbulk alloys, thestability of singlelayeralloy phasescanbetheoreti-
cally predicted,for instanceby theEAM theory[78] or by theTBIM approach
[95, 96, 97, 98]. In the caseof the Cu/Au(111)systemthe EAM theorypre-
dictsthatagold atomplacedwithin thefirst atomiclayerin thec(2x2)phaseis
0.14eV morestablethanasanadatom.Thestability of theW(100)c(2x2)-Cu
phasehasbeenexplainedin termsof the energetic contribution of the lattice
strainof the overlayerto the overall energy of the system[99]. The caseof
the incorporationof gold atomsin the Ni (110) plane(Fig. 7) could be the-
oretically explainedin the framework of the EMT theory (Effective Medium
Theory)[100], that indicatesthat the surfaceenergy of the Ni(110) surfaceis
lower whenAu is incorporatedinto the first layer. It could be shown that the



cohesiveenergy of thesystemhasaminimumwhenAu is surroundedby a low
numberof Ni neighbors(6-7), asit occursin aflat surfacelayer. Similar factors
areat play in thecaseof thePt-Snsystemasdiscussedby [7].

The stablephaseat the Sn/Pt(111)interfaceafter extendedthermaltreat-
mentat high temperatureis the ( ) �6* ) ��, R30- singlelayer surfacealloy. Its
stability canbe explainedin termsof the surfacefree energy and the atomic
size of Sn and Pt, tin is expectedto segregate onto the surfaceof platinum.
On the otherhand,a high surfaceconcentrationof tin is not a stablesituation
dueto thereductionof thenumberof favorablePt-Snbonds. Thesinglelayer
Pt(111)() �D* ) �$, R30- -Snphaseresultsfrom thebalanceof thesetwo contri-
butions, sincethis phasemaximisesboth the surfaceconcentrationof Sn (1/3
of a ML) and the numberof Pt-Snbonds(6 Pt first nearestneighbors). The
formationof the( ) ��* ) �$, R30- surfacealloy by annealingat 1000K of indi-
catesthat diffusion of Sn into the bulk is effective at sucha temperatureand
thatequilibriumcanbeachieved. Theconditionsof formationof this alloy on
thepurePt(111)surfaceparallelexactly thoseof thePt� Sn(111)compound.In
the latter case,the ( ) �F* ) �$, R30- reconstructioncanbepreparedonly aftera
depletionin tin of thesubsurfacelayersis obtainedby ion bombardmentsothat,
eventually, the two systemshave the samecompositionandstructureover the
first few atomiclayersfrom thesurface.

In termsof multilayersurfacealloys, thedepositionof multi-atomiclayers
of tin onaplatinumsubstratecanleadto theformationof multi-layersurfaceal-
loys. Theobservationof a well definedperiodicityin LEED for theSn/Pt(111)
system andthe parallel indicationsof the presenceof tin in the subsurfacein
amountcorresponding to approximately25 at% indicatesthat we have a true
orderedcompoundwhich extendsfor severalatomiclayers[37]. This behavior
appearsto be similar to that of the Co-Ptsystem[94], althoughin the caseof
Sn-Ptit wasnot possible to evidencethesamekind of sharpalloy/substratein-
terfacereportedfor Co/Pt(111).Thepossibilityof obtaininga compoundwith
negative enthalpy of formation is surely a factor favoring the formation of a
multilayer homogeneous alloy in this sytemhowever, in this as in othersys-
tems,kinetic factorsmay be more important,andin particularfactorsrelated
to the presenceof grain boundariesin the depositedfilm. The bulk diffusion
vacancy mechanismat the temperaturesat which multilayeralloy phaseshave
beenobserved to form areordersof magnitudetoo slow to causea significant
deeplayerdiffusion. For instance,thediffusiondepthfor thecaseof theFe-Cu
systemwasestimatedas10-3Å in theconditionsin whicha multilayersurface
alloy wasobserved[101]. Egelhoff [102, 103] foundthatsurfacemixing in the
Cu/Ni system occursrapidly at temperaturesfor which the bulk diffusion co-
efficientsleadto predictparameterssuchasoneatomic“hop” (siteexchange)



every 1010years. Clearly, othermechanismsareat play in this areaandthe
only possible conclusionis thatdiffusionproceedsin theseconditionsfrom the
substrate into the deposit,exploiting surfacedefectsand imperfectionin the
depositedfilm. Substratediffusion into the deposithasalreadybeenexperi-
mentallyobserved for relatively thick In films on Ag [104]. In 1989Egelhoff
[103] predictedthat for very thin depositedlayerssuchdiffusionwould occur
via “pits” on thesurface,andsuchpits have beenindeedrecentlyobservedby
STM in theCo/Cusystem[89, 105]. ICISShasalsoprovidedevidencethatdif-
fusionin theFe/Cu(100)systemoccursonly in averysmallfractionof thearea
of thesurface[106]. Althoughthediffusioncoefficientof Snin Pt is notknown,
consideringthebulk diffusioncoefficient of othermetalsin platinumSndiffu-
sioninto thePt substrateshouldbenegligible in asuchtemperaturerange[37],
sothatthemechanismof alloying appearsto bedominatedhere,too,by surface
diffusionof Pt atomsthroughdefectsof theSnfilm. However, themechanisms
of diffusionin thesesystems,aswell asin thePt-Snoneis somethingthatstill
needsto bestudiedin detail.

5. CONCLUSION

Thepresentreview hasattemptedto summarizetheexperimentalobservations
available for the surfacestructureof the Pt-Snsystemfor both singlecrystal
Pt� Snsamplesandfor systemsobtaineddepositingandthermallyequilibrating
tin ontopurePt surfaces.In many ways,theresultsobtainedfor this alloy indi-
catestructuralphenomenacomparablewith thoseavailablefor otherbimetallic
system. Severalof theseresultscanbeexplainedin termsof well known prop-
ertiesof compoundswith a negative enthalpy of formation,which tendto form
structureswhich maximizethenumberof heterogeneouspairwiseinteractions.
At the sametime, other factorsrelatedat leastin part to atomic size tend to
influencethe surfacestructureby stabilizingor de-stabilizingmixed topmost
layer. In thecaseof Pt-Snthesefactorsleadto theformationof stableandwell
characterizedsurfacephases, suchasthe( ) �<* ) ��, R30- -Snwhich canbeob-
tainedstartingfrom eithersinglecrystalPt� Snor from thedepositionof Snon
purePt(111).This phaseis oneof thebestknown andunderstood“model” for
gas-solidinteractionswhich examinehow chemisorption,gasphasercatalytic
andelectrocatalyticreactionscanbeaffectedby stericalfactors,siteavailability,
andat thesametime by electronicdeinsityvariationsresultingfrom the inter-
metallic bond. In this area,the behavior of the Pt-Snsystemsharplycontrast
with thatof otherplatinum-metalsystems(with thesecondmetal,for instance,
Co, Ni, Ti) wherethereexistsa strongtendency for platinumto segregateand
to form whatmaybecalled“skin” alloy surfaces[5].



Althoughsimple,flat surfacephasesareobserved,thePt-Snsystemis also
remarkablefor thecomplexity of mesoscopic phenomenaobserved,suchasthe
“pyramids”formedon thePt� Sn(100)surface.Thesephenomenaareobviously
relatedto the high surfaceenergy of the system,which is possibily the inter-
metalliccompoundwith thelargestenthalpy of formationstudiedsofar for its
surface properties. No comparablephenomenahave beenobserved in other
bimetallicsystemssofar.

The field of alloy surfaceshasundergoneremarkableadvancesin the last
few years,in large part pushedby the applicationof atomic resolutionreal-
spaceimagingtechniques.Thewealthof observationson thePt-Snsystemcan
be consideredasa startingpoint for a morecompleteassessmentof this vast
field.

APPENDIX: NOTES ON NOMENCLA TURE

Somenomenclatureproblemsgeneralto alloy surfacesandspecificfor thePt-
Sn systemwill be briefly reviewed in this section,a moredetaileddiscussion
can be found in [5]. The first point to be consideredis the form of writing
of the alloy composition. In metallurgy it is customaryto write the elements
of analloy in orderof decreasingatomicfraction. This customcontrastswith
therecommendationfor intermetallic compoundsof theinternationalunionfor
pureandappliedchemistry[107]. In theIUPAC rules,elementsin intermetallic
compoundshouldbeorderedin thesamewayasin inorganiccompounds,thatis
following columnsin theperiodictablefrom thebottomup,androws from left
to right. Thisruleissomewhatcumbersometo follow andit is almostneverused
for alloys. In mostcases(andin thepresentpaper)themetallurgic convention
is usedandit is probablythebestway, that is writing, “Pt � Sn” ratherthanthe
IUPAC style“SnPt� ” Elementsin “systems”in generalcanbewrittensimply in
alphabeticorder(e.g.“the Pt-Snsystem”).

Anothernomenclatureproblemis relatedto the definition of surfaceperi-
odicities. In surfacestudiestheperiodicityof thesurfaceunit meshshouldbe
describedusingtheWoodnotation[108]. Accordingto this notation,a surface
phaseis describedaccordingto its periodicity referredto thatof thesubstrate.
That is, a surfacephasewhich hasa unit meshtwice larger than that of the
substrateandalignedin thesamedirectionis definedasa “2x2” In thecaseof
binary alloys, whenan orderedintermetalliccompound (suchasPt� Sn) is cut
alonga surfaceplane,the resulting‘bulk truncation’or ‘expected’periodicity
should bedescribedasa 1x1 accordingto theWoodconvention. Nevertheless
this is practicallyneverdonein theliteraturefor binaryalloy systems;it is pre-
ferredinsteadto index thesurfacemeshin termsof asuperlatticemeshreferred



to oneof the two purecomponents(platinumin 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 selvedge.
Nevertheless,the ‘superperiodicity’ notationis almostimpossibleto avoid in
orderto describe,for instance,theorder-disorder(2x2¡ 1x1) transitionthatoc-
cursin Cu� Au. Otherwiseonewould have to modify the periodicity notation
for the overlayerdependingon the order/disorderstateof the substratewhich
would leadto considerableconfusionwhencomparing,for instance,identical
structuresformedstartingfrom intermetallicbulk compoundsor insteadby de-
positionof tin metalonabulk platinumsubstrate.
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