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Experimental evidencefor kinetically determined intermixed Volmer-Weber growth in thin-film
deposition of Au on Ag„110…

J. Hayoz,* Th. Pillo, R. Fasel,L. Schlapbach,andP. Aebi
Institut de Physique,Universitéde Fribourg, Pérolles, CH-1700Fribourg, Switzerland

Au films, from thesubmonolayerrangeup to 11 ML, havebeendepositedin situ at 300K. Thegeometrical
structuresof thesefilms havebeeninvestigatedcombiningfull-hemisphericalx-ray photoelectrondiffraction,
low-energyelectrondiffraction ~LEED!, low-energyion-scatteringspectroscopy,andscanningtunnelingmi-
croscopyleadingto an intermixedVolmer-Webergrowth model.The resultsdemonstratethat below 0.5 ML
mostAu atomsareburiedwithin thesecondsubstratelayer,forming invertedAg/Au areason thesurface.The
ejectedAg atomsandvacanciescreatedduring the Au-Ag exchangenucleateinto elongatedtwo-dimensional
Ag islandsand vacancyclusters,respectively,quickly breakingup the surfaceinto smaller terraces.Above
about0.5-ML coverage,theAu-Ag exchangemechanismcontinuesto beactive.In addition,dueto thereduced
mobility of Au atomsdepositedon invertedAg/Au areas,one-dimensionalAu stripesas well as elongated
three-dimensional~133!-symmetricAu islandsareobservedalreadyat submonolayercoverageson inverted
Ag/Au areas.Only after the depositionof more than 8-ML Au is the Ag substratecompletelycovered,and
missing-row reconstructedterracesextend over regions large enoughto yield a well-defined 132 LEED
pattern. The growth model is comparedto both, published thermodynamicequilibrium predictions and
molecular-dynamicssimulations,revealing that the Au/Ag~110! growth systemis kinetically determined.
I. INTRODUCTION

Thin films are of interestfrom many different points of
view.1 They are technologicallyimportant in optical coat-
ings,corrosionprotection,andsemiconductordevices.Many
of theseapplicationsinvolve increasinglycomplexand so-
phisticatedgrowth processes.Thin films are also important
within physical scienceitself in exploring differencesbe-
tweenthree-dimensional~3D! and ~quasi-! two-dimensional
~2D! statesof matter.The intenseresearchactivity aimedat
the growth of high-quality superlatticesand multilayershas
resultedin discoveriesof physical phenomenasuch as the
oscillatorymagneticinterlayercoupling2 andthe giant mag-
neto resistanceeffect.3 Thesephenomena,however,depend
stronglyon the interfaceandfilm quality. Onegoal of inter-
face and thin-film science,therefore,is to understandthe
growthprocessin sufficientdetail to manipulatethestructure
and interfaceof the film, permitting improvementin thin-
film devices.

Predictingthe morphologyand atomic arrangementof a
thin film grownon a single-crystalsubstratehasbeena con-
tinuing challenge.For epitaxywithout intermixing at the in-
terface,thegrowth is usuallyclassifiedinto threemodes:2D
layer-by-layergrowth, 3D crystallite formation, and layer-
by-layergrowth followed by 3D crystalliteformation.These
growth modes are known as the Frank–van der Merwe,
Volmer-Weber~VW!, and Stranski-Krastanov~SK! modes,
respectively.Basedon simple thermodynamicalarguments
the growth modecanbe predicted,or at leastdiscussed,us-
ing Bauer’scriteria.4 Growth in two dimensionsis preferred
if the sum of the surface-freeenergyof the adsorbate(ga)
and the interface-free energy (g i) is smaller than the
substrate-freeenergy(gs). TheSK modeis the intermediate
case,wherethis energeticdifferencechangessign at a criti-
cal layer thicknessprovoking a transition from 2D to 3D
growth.Theinterfaceenergyg i is usuallyanunknownquan-
tity. An order-of-magnitudeestimatecan sometimesbe ob-
tainedfrom bulk alloy heatof formationdata.Sucha simple
energeticpicturehasto be refinedfor heteroepitaxyby tak-
ing into accountthe strain energyarising from lattice mis-
match~LM !.5 In orderto reducestress,systemswith a large
LM usually undergostructural transformations.This may
end up with a changeof the crystallographicorientationof
the overlayer.6

To complicatemattersfurther, onehasto accountfor in-
terfacemixing, causedeitherby a surface-drivenmechanism
or a tendencyfor bulk alloy formation. Examplesof such
systemsareasfollows: ~1! Au-Cu~001! ~Ref. 7!: for 0.5 ML
of Au depositedon Cu~001!, a 2D orderedc~232! Au-Cu
monolayeris formed. ~2! Au-Pt~110! ~Ref. 8!: at submono-
layer coverages,most Au atoms are found in the second
layer below the surface.~3! Au-Ni~110! ~Ref. 9!: here a 2D
alloy is formedat low coverageseventhoughthe bulk ma-
terials are not miscible. The common characteristicof all
thesesystemswas a large LM. A criterion to evaluatethe
intermixingbehaviorof a systemwasdiscussedby Tersoff.10

In a theoreticalwork basedon surface,interface,andstrain
energy,he showedthat mixing confinedto a single atomic
layer at the surfaceis expectedquite generallyfor pairs of
elementsdominatedby a largeLM, evenif they are immis-
cible in the bulk. Furthermore,in a very recenttheoretical
study an interfacemixing energy~IFME! was definedas a
measureof the thermodynamicstability of metallic inter-
faces,and a relation betweenbulk mixing energiesand the
IFME wasproposed.11 The advantageof this relationis that
it givesthe possibility to useavailablebulk datato estimate
interfacestabilities.
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Vapordepositionexperimentsof the typeconsideredhere
are nonequilibrium kinetic phenomena. Kinetic
considerations—affectedby temperature,deposition rate,
andactivationbarriers—mayplay a dominantrole overequi-
librium thermodynamics.1 The final stateof the systemde-
pendson the microscopicpathwaytakenby the system,and
is not necessarilythe moststable.It may be determinedki-
netically. In general,certainpartsof theoverall processmay
be kinetically forbidden~e.g.,dissolutioninto the substrate!,
othersmay be in ‘‘local’’ thermodynamicequilibrium, and
somewill be kinetically rate limiting. The degreeto which
growth proceedsaway from equilibrium, therefore,decides
to which extentthe morphologywill be determinedby ther-
modynamicquantities,such as surfaceand interfaceener-
gies, or by the growth kinetics. Molecular-dynamics~MD!
simulationsareknown asa powerful tool to modelkinetics
of early film growth.12 However,suchsimulationsare still
sufficiently approximatethat the guidanceand validation
providedby experimentsarenecessary.

The Au/Ag interfaceis of technologicalrelevancein the
electronics industry, where aluminum electrodeson inte-
gratedcircuits are usually interconnectedwith external,Ag
coated lead frames by means of ultrasonic gold wire
bonding.13 In order to optimize the ultrasonicwire bonding
parameters,a detailedunderstandingof the interfaceforma-
tion processis required. In collaborationwith Schneuwly
et al.13 various aspectsof the Au/Ag wire bonding system
were studied,including its tribology, the influenceof con-
taminationon bondingcontactquality, andthe modification
of thegeometricalandelectronicstructureuponvapordepo-
sition of Au on cleanAg singlecrystalsat varioustempera-
tures.Finally, combiningall information,a devicebasedon
thermoelectrictemperaturemeasurementswas developed.13

It turnedout to be a powerful tool to carry out bondability
analysisof so-calledbond pats. Here, however,we focus
only on the geometricalstructureof the room-temperature
~RT! growth of Au on the clean Ag~110! surface.Results
concerning the electronic structure are published
elsewhere.14

Over the entirerangeof composition,Au andAg form a
single face-centered-cubic~fcc! solid solution, the so-called
electrum,15 with a phase diagram showing no major
complexities.16 The completemiscibility is causedby the
closechemicaland physical similarities of the two metals:
Au andAg haveanalmostperfectlatticematch,comparable
surfaceenergies~Ag hasanabout21%lower surfaceenergy
thanAu!, andsimilar electronicandstructuralpropertiesbe-
causethey are isoelectronic.Thereare,however,somedif-
ferences,and one of theseis evident in that the threelow-
index surfacesof Au reconstruct,while thoseof silver do
not.17 It is obviousthat upon reconstructionthe surfaceen-
ergy changesand thereforethe reconstructionmay have a
strongimpacton thegrowthmode.Moreover,theIFME cal-
culatedfor onesingleAgxAu12x alloy layer sandwichedbe-
tween a Ag and a Au crystal predicts the interface to be
unstablefor thethreelow-indexfaces.11 However,dueto the
very small RT diffusion coefficient
D300K55.5310216Å2/secof Au impurities in pureAg,18 a
thin Au film grown on a Ag crystal is not expectedto dis-
solve into the Ag bulk at RT.

For the RT growth of Au on Ag~110!, ratherunconven-
tional andcontroversialgrowth patternshavebeenreported.
Using medium-energyion scattering ~MEIS!, Fenter and
Gustafsson19 found that in the initial growth process,half of
the Au atomsoccupysecond-layersites,leaving abouthalf
of the Ag surfaceuncoveredat 1-ML Au coverage.After a
quantitativedata analysis,intermixing at the interfacewas
excluded,and the experimentalobservationwas interpreted
in termsof spontaneousAu-bilayer formation beginningin
the submonolayerregimeof Au coverages.Roussetet al.20

subsequentlyperformed a scanningtunneling microscopy
~STM! studyof this system.Below 1 ML they observed2D
fingergrowthstartingfrom monoatomicstepsandgiving rise
to anisotropic3D islandsupon further Au deposition(.1
ML !. In contradictionto Fenter’sAu-bilayer model,no evi-
dencefor islandsand biatomic stepsat submonolayerAu
coverageswasfound.By reanalyzingthe MEIS dataof Ref.
19, Roussetet al. demonstratedthat the MEIS results are
also consistentwith an interdiffusion picture. Their model
statesthat thefirst ML of Au depositedon Ag~110! burrows
below the surface,with the topmostsurfacelayer consisting
almost entirely of Ag atoms.For higher coverages,nearly
pureAu islandselongatedalong @ 1̄10# thengrow on top of
this invertedAg/Au layer.20 AnotherSTM investigationcon-
sidering exclusively submonolayerAu coveragesis only
consistentwith the STM dataof Ref. 20 in the point that no
biatomic steps are found.21 The topographic features—
islandsandholeson terraces—however,aresurprisinglydif-
ferent. Growth of 2D fingers as reportedin Ref. 20 could
only beobservedwhenAu wasdepositedat 50°C or higher.
However,dueto the absenceof biatomicsteps,the inverted
Ag/Au-layer interpretationmay also accountfor the STM
dataof Ref. 21. Furthersupportfor atomicexchangein the
submonolayerregimeis givenby thesurfacecore-levelspec-
troscopystudy of Hirschornet al.22 In contradictionto the
previousinterpretations,19,20 the authorsof Ref. 22 proposed
thegrowth to proceednearlylayerby layer.Theystatedthat
the atomic exchangemechanismcontinuesfor multilayer
coveragesandreducesthecontentof Ag remainingin thetop
surfacelayerby 11%for thegrowthof eachadditionallayer.

A further experimentalinconsistencyconcernsthe ob-
servedsurfacesymmetriesduringAu deposition.On theone
hand,FenterandGustafssonreportedthatAu films exhibit a
133 low-energyelectron-diffraction~LEED! patternat cov-
eragesbetweenthe 131 and 132 structures,19 i.e., in the
rangefrom 3.6 up to 7 ML. On the other hand Hirschorn
et al. statethat 132 half-orderspotsemergeat 0.5-ML Au
coverage,steadily becoming stronger with increasingAu
coverage.22

Both theexperimentalinconsistenciesandtheunusualob-
servedgrowthpatternsattractedthe interestof theoristsover
the lastdecade.In severaltheoreticalinvestigationstheheats
of formation per atom of relaxedideal configurationswere
predictedusing the embedded-atommethod ~EAM!,23 the
surface embedded-atommethod ~SEAM!,12 and density-
functionaltheorycalculations~DFT!.24 An overviewof these
theoreticalfindings is given in Table II of Ref. 12. SEAM
and DFT agreein that the most favorableconfigurationfor
1-ML coverageis for oneAu layer to burrow onelayer into
the surface.Both calculationsalsoagreethat alloying in the
secondlayer is favorable for 0.5-ML coverage,and that
single-layergrowth is preferredto Au-bilayer formation on
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the surface.Theseresults thereforeare largely consistent
with the inverted Ag/Au-layer interpretation.20,22 On the
other hand,the EAM potential favors burying the Au layer
two layersdeep,andalsofavorsinitial Au-bilayeroverlayer-
by-layergrowthon thesurface.Additionally, theSEAM po-
tential predictsthat the configurationfor 2-ML coverageis
for the two Au layersto be buried below one layer of Ag.
Furthertheoreticalsupportfor the invertedAg/Au-layercon-
figuration is given by Nieminen’s atomic exchangemean-
field ~AEMF! study.25 Using the Sutton-Chenpotential,he
predictedthat at 1 ML the top layer is virtually of pureAg
andthe Au concentrationof the secondlayer is 85%.When
increasingthe Au coverageup to 4 ML, further interdiffu-
sion is not favorable,but Au atomstend to stay in the top
layersforming clustersvirtually free of Ag, at 2 and 3 ML
‘‘preferring ’’ the 132 structureand above3 ML the 133
structure.Finally, it is worth noting that theMD simulations
performedby Haftel et al.12 foundthatat 1-ML Au coverage
the adlayercontains30% of the depositedAu atoms,and
with most ~about 75%! of the buried Au atoms located
within the original top substratelayer. In agreementwith
Ref. 25 MD simulationssubsequentlyprefer the growth to
becomemore 3D, resemblinga 133 missing-row~MR! re-
constructionat 3 ML, with the top layerscontaininghigher
proportionsof Au atoms.

The aim of the presentwork is to clarify the presentcon-
troversialsituationfor theRT growthof Au on Ag~110! and,
consequently,to provideexperimentaldatafor thevalidation
of theoretical predictions. Therefore, we investigatedthe
geometricstructureof 20 Au films ranging from 0.1 to 11
ML by meansof x-ray photoelectrondiffraction ~XPD!,
LEED, low-energyion-scattering~LE-ISS!, andSTM in situ
andon thevery samesamples.We demonstratethatthecom-
binationof thesefour very surface-sensitivemethodsallows
a detaileddescriptionof the growth process.For the lowest
coveragesa direct confirmationof the invertedAg/Au-layer
configurationwaspossible.The film morphologyis strongly
influencedby the anisotropicdiffusion of vacancies,of re-
placed Ag atoms and of Au atoms depositedon inverted
Ag/Au areas.The introductionof the 132 MR reconstruc-
tion, well knownfor cleanAu~110! surfaces,17 wascarefully
monitoreduponAu deposition.Sincethesurfaceenergywill
changewith the introductionof a surfacereconstruction,it is
interestingto observehow andwhenthetransformationfrom
theunreconstructedto thereconstructedphasetakesplace.A
growthmodelbasedon all the informationwill becompared
to thermodynamicequilibrium predictions,12,23–25 aswell as
to resultsobtainedfrom MD simulations.12 This comparison
revealsthat the final stateof the growth processis strongly
kinetically influenced.In order to study the stability of the
Au films, the dissolutionbehaviorof the Au films into the
Ag bulk wasinvestigateduponannealing.

Thepaperis organizedasfollows. In Sec.II, experimental
and dataanalysisproceduresare described.SectionIII pre-
sentsanddiscussesourexperimentalresultswith referenceto
previous experimentalresults. In Sec. IV, we proposea
growth modelbasedon the informationgainedfrom our ex-
perimentsand compareit to theoreticalstudies.Finally, we
summarizeour findings in Sec.V.
II. EXPERIMENT

A. Experimental procedures

XPD hasbeenchosenbecauseof its chemicalsensitivity
and its sensitivity to local real-spaceorder. It is a powerful
techniquefor surfacestructural investigations,26 and it has
been shown that full-hemisphericalXPD patternsprovide
very direct information about the near-surfacestructure.
XPD is particularlyattractivefor structuralinvestigationsof
adsorbatesystems,epitaxialgrowth,interdiffusionat thesur-
face, and structuralphasetransitions.6–8,27–33 At photoelec-
tron kinetic energiesaboveabout500eV, thestronglyaniso-
tropic scatteringby the ion coresleadsto a forward focusing
of theelectronflux alongtheemitter-scattereraxis.Thepho-
toelectronangulardistribution,therefore,is to a first approxi-
mation a forward-projectedimage of the atomic structure
aroundthephotoemitters.LEED, in contrast,showsthesym-
metry of reciprocalspace,is not chemically selective,and
containsinformationaboutthelong-rangeorderof theatoms
nearthe surface.

The scatteringtechniqueLE-ISS is a powerful tool for
surfacecharacterization.Bombardinga surfacewith noble-
gasions of somehundredsof eV, andmeasuringthe energy
andangulardistributionsof the recoiledions, the elemental
compositionandthe structurecanbe determined.LE-ISS is
uniquein that it is oneof thevery few techniquesthatprobes
the topmost layer exclusively.34,35 Elastic scatteringof the
incomingionsfrom thefirst layeris theprevalentmechanism
for their changein energyandmomentum.Hencefor a given
scatteringangle,thefinal energyof a scatteredion is directly
relatedto the massof the targetatom.By acquiringenergy
spectraof the reflectedionsanelementalanalysisof thesur-
facelayercanbecarriedout.Theexclusivefirst atomiclayer
sensitivitybasicallyresultsfrom severeneutralizationof pri-
marynoble-gasionspenetratingto deeperlayers.Practically
all incident ions, which stay too long in the vicinity of the
surfaceeither by undergoingmultiple collisions or by pen-
etratingto the secondor deeperlayers,leavethe surfaceas
neutrals and are not detectedby an electrostaticenergy
analyzer.34,35

While diffraction andscatteringtechniquesgive accessto
a statisticalaverageof the surface,STM, finally, probesits
local topography.However,evenwith atomicresolution,it is
almostimpossibleto distinguishdifferentspecieson thesur-
facewith this technique.

Theexperimentswereperformedin a VacuumGenerators
ESCALAB Mk II spectrometermodified for motorizedse-
quentialangle-scanningdataacquisition,36 equippedwith a
three-channeltronhemisphericalelectrostaticenergyanalyzer
andwith a basepressurein the low-10211-mbarregion.Pho-
toelectronspectraanddiffraction patternsweremeasuredus-
ing Mg Ka (hn51253.4eV! radiation.The He1 ion beam
usedfor the LE-ISS experimentwasproducedby a VG AG
60-185Ion Gunwith a nominalangularspreadof 0.2°. Dur-
ing operation,a liquid-nitrogentrap is activatedon the He
line in order to purgethe He gas~99.997%pureness! from
residualimpurities.The relativeanglebetweenthe fixed ion
gun and the analyzeris 142° defining the scatteringangle
usc . STM experimentswereperformedwith a DME37 Ras-
terscope 3000 using always the same electrochemically
etchedW tip. All imageswereacquiredin a constantcurrent
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mode,mainly with a negativesamplevoltagefrom 8 mV to
1.5V anda tunnelingcurrentfrom 0.5 to 3 nA. All measure-
ments, if not otherwisespecified,have beenperformedat
RT.

CleanAg~110! surfaceshavebeenpreparedby cyclesof
1.5-keVAr1 sputteringandannealingto 750K. As a result,
no C or O contaminationscouldbedetectedwith x-ray pho-
toelectronspectroscopy~XPS! and LEED displayedwell-
definedandsharp131 spots.Carewastakento ensurethat
the Ag~110! samplereachedRT beforeAu deposition.Au
was depositedfrom a liquid-nitrogen-cooledhot-filament
evaporator using a 0.3-mm molybdenum wire with a
0.09-mmAu wire wrappedaroundit, at pressuresbelow 4
310210 mbar.During Au depositionthe film thicknesswas
controlled by meansof a water-cooledquartz oscillator.
LEED picturesat differentenergiesweretakenfor eachfilm.
After Au deposition,no contaminationcould be detected
with XPS.

The samplewasthentransferredin situ to a two-axisgo-
niometerwhich enablessweepingthephotoelectronemission
direction over the whole hemisphereabovethe surfaceby
computer-controlledcrystal rotation. For eachAu film, so-
calleddiffractogramsof theAu 4 f 7/2 (Ekin51170.0eV! and
theAg 3d5/2 emission(Ekin5885.5eV! weremeasured.The
data-acquisitionprocedurefor obtainingthesediffractograms
consistsof measuringseriesof azimuthal(f) scans,at polar
angleintervalsof nu52°. It beginsat ustart588° off nor-
mal, andterminatesat uend50°. Theazimuthalangularstep
size at any polar angle is chosensuch that the solid-angle
samplingdensityis uniform. The resultingtwo-dimensional
dataI (u,f), containing5044different angularsettings,are
visualized,in the form of a gray-scaleimage,througha ste-
reographicprojection @Fig. 1~a!#. Typical data-acquisition
times were 8 h at a pressureof 4310211 mbar. Subse-
quently, the samplewas transferredto the STM and, there-
after, the ion-scatteringexperimentwasperformed.After all
theseexperiments,i.e., about20 h after Au deposition,no
contaminationcouldbedetectedwith XPSandno significant
changesof the Au 4d to Ag 3d ratio wasobserved.There-
fore, no significantdissolutionof Au into the Ag bulk oc-
curredat RT on thetime scaleof our experiments.Finally, in
order to investigatethe dissolutionof the Au films into the
Ag bulk the Au 4d to Ag 3d ratio was measuredduring
annealingthe Au films.

FIG. 1. ~a! Stereographicprojection of the Mg Ka exited Ag
3d5/2 photoelectron(Ekin5885.5 eV! distribution for the clean
Ag~110! surface.~b! Stereographicprojectionof low-index crystal
directions~spots! anddensecrystalplanes~lines! for the ~110! face
of a fcc crystalservingasa guidefor diffractogramsshownin this
work. The labeled low-index directions correspondto the black
spots.Shadedspotsrepresentequivalentdirections.
B. Data analysis

To modelthe growth of Au on Ag~110!, an exactknowl-
edgeof theAu quantitydepositedon theAg~110! surfacesis
important. In this study the numberof depositedAu ML’s
was determinedby calibrating the quartzoscillator reading
(Q) using core-levelspectroscopy~Au 4d to Ag 3d ratio!.
As will be demonstratedbelow, our XPD and LE-ISS data
revealthat, for Q below a certainvalue Qo , almostall Au
atomsare found in the secondlayer. Then, taking into ac-
count this invertedAg/Au configuration,the inelasticmean
free path of the photoelectrons,38 the analyzertransmission
function as well as the photoionizationcrosssections,one
can calculatethe nominal numberof depositedAu layers.
Since the quartz oscillator reading is independentof the
growth process,the resulting linear relation ML( Q) found
for Q<Qo canbe extendedto all Q values.

In order to facilitate the discussionof the XPD data, in
Fig. 1~b! we show the stereographicprojectionof the main
low-index directionsand high-densitycrystal planesfor the
fcc~110! crystal surface,togetherwith the experimentalAg
3d5/2 XPD patternas obtainedfrom the cleanAg~110! sur-
face @Fig. 1~a!#. Intensitymaximaandbandsappearat loca-
tionsof low-indexdirectionsandhigh-densityatomicplanes,
respectively.Notethat thecenterof thecircle correspondsto
the surfacenormal while the outer circle representsangles
parallel to the surface,i.e., 90° off normal. All diffracto-
grams,LEED patterns,and STM imageswe presentin this
paperareorientedsuchthat the @ 1̄10# directionof theunder-
lying Ag~110! crystalpointsto the right-handside,as is the
casein Fig. 1. For eachof the5044angularsettings,thetotal
intensitywasrecordedat thekinetic energycorrespondingto
the maximumof the relevantpeak (I peak) and at its high-
energyfootpoint (I high). Thebackground-correctedintensity
was then calculatedby subtractingI high from I peak. The
patternshavebeenazimuthallyaveragedexploiting the two-
fold rotationalsymmetryof the Ag~110! substrate,andnor-
malizedto a smoothpolar angle-dependentbackground.

In LE-ISS, as in any scatteringexperiment,the scattered
ion intensityI is proportionalto theprimary ion intensityI o ,
the number of scatteringcentersn, and the cross section
ds.34,35 Taking into accountour scatteringgeometry(usc
5142°) and the selectedprimary ion energy(Eo52 keV!,
we calculatedthe scatteringcrosssectionsfor scatteringat
Au atoms(dsAu) andAg atoms(dsAg), respectively,using
the Molière potential.34,35 Besidesdependingon the scatter-
ing crosssection,thebackscatteredintensityI essentiallyde-
pendson the ion neutralizationprobability P. The PAu /PAg
ratio, i.e., the ratio of the ion neutralizationprobabilitiesfor
scatteringat Au and Ag atoms,respectively,was estimated
experimentally.39 The intensitiesof He-ions backscattered
from Ag atoms(I Ag) andAu atoms(I Au), weredetermined
by fitting the LE-ISS data with two asymmetricLorentz
functions~solid line in Fig. 2!. Informationon the quantita-
tive surfacecomposition,finally, is obtainedfrom the ratio,
v, betweenthenumberof Au atoms(nAu) andthenumberof
Ag atoms(nAg) probedby the ion beam.Basedon the con-
siderationsdiscussedabove,we find

vª
nAu

nAg
5

PAgdsAgI Au

PAudsAuI Ag
50.71

I Au

I Ag
. ~1!
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A. LE-ISS experiments

Figure2 displaysLE-ISS datameasuredon the cleanun-
reconstructedAg~110! surface ~bottom curve! and on the
11-ML Au/Ag~110! sample~top curve!. As will be shown
below, the surfaceof the 11-ML-thick Au film is 132 MR
reconstructed.Thecurvein themiddleof Fig. 2 corresponds
to thespectrumof a 2.6-ML-thick Au film andis an illustra-
tive examplefor intermediateAu coverages.The spectraof
Fig. 2 were measuredin a $111%-type scatteringplanewith
the ion incidencepolar angleC in ~with respectto the sur-
face! fixed to 30°, i.e., the ion incidencedirectionis parallel
to ^01̄1̄&-type directions.In the caseof an ideal unrecon-
structedfcc~110! surfaceions incident along @01̄1̄# exclu-
sively probethe top layer atoms~seeinsetof Fig. 2!. Upon
formation of a 132 MR reconstructionhalf of the second
layer atoms,for 3D island formation even parts of deeper
layersbecomeexposedto the ion beam.~Note that the defi-
nition of ‘‘surface’’ involvesatomsfrom different layersfor
different structures.! However, the ion beam exclusively
probesthe projectionof the surfaceparallel to the incidence
directionon a planeperpendicularto theion incidencedirec-
tion ~filled circles in insets of Fig. 2!. Therefore,for the
selectedion incidencedirection the total numberof atoms

FIG. 2. LE-ISSspectraasobtainedfrom thecleanAg~110! sur-
face,coveredwith 2.6-and11-ML Au, respectively.Thesolid lines
arethe bestfits to the spectrausingtwo asymmetricLorentzfunc-
tions. The spectraweremeasuredusingHe1 ions ~the primary en-

ergy is Eo52 keV! incidentalongthe @01̄1̄# direction,i.e., the ion
incidencedirectionwasset to 30° off surfacewithin a $111%-type

scatteringplane~arrows!. The insetshowssideviews of the @ 1̄22#
azimuthfor threedifferentsurfaceterminations.Assumingtop layer
sensitivity,the filled circlescorrespondto the atomsprobedby the
He1 ions, while the atomsdrawn in a lighter shadingare not ex-
posedto the ion beam.
(ntot) probedby the ion beamis not modified upon such
surfacetransformationsandntot alwaysequals1 ML. Au and
Ag havealmostidentical lattice constantsand thereforethe
numberof atomsper layer is identical for thesetwo ele-
ments.From theseconsiderationsit follows that the sumof
nAu andnAg equalsto oneML for all Au coverages.Using
the measuredv @Eq. ~1!# we find for nAu :

nAu@ML#5
v

11v
. ~2!

Theopenmarkers~diamonds! of Fig. 3 shownAu asobtained
for ions incidentalong@01̄1̄# asa functionof theAu cover-
agecalibratedasdescribedin Sec.II B. Assumingthe com-
position of possible3D structureson averageto follow the
twofold symmetryof the substrate,we considernAu to be a
very good measureof the Au surfaceconcentration.Hence
nAu50 correspondsto a pureAg surface,while nAu51 de-
scribesa pureAu surface.The solid curve@C(Q)# of Fig. 3
representsthe best fit to nAu using the growth model dis-
cussedin Sec.IV. The growth model also accountsfor the
evolution of bare Ag-bulk areasA(Q) ~dotted curve! and
invertedAg/Au areasB(Q) ~hairline curve!. The filled tri-
anglesand crossesindicate concentrationsas predictedby
MD simulations12 and thermodynamic equilibrium
modeling,12,23–25 respectively.

Most importantly, we note that almostno Au atomsare
detectedat the surfacefor coveragesbelow 0.5 ML. This is
indicative,that at this point mostof the depositedAu atoms
are buried below the surface.The abruptincreaseof nAu at
about0.5 ML, however,revealsthat from this point on more
and more Au atomsare seenat the surface.In pronounced
contrastto previousexperimentalinterpretations20,22 which
agreethatat 1-ML Au coveragetheAu layer is almostcom-
pletelyburiedbelowoneAg layer,we find at thatcoveragea

FIG. 3. Au surfaceconcentrationnAu ~open diamonds! as a
functionof the Au coverageQ. The solid curve@C(Q)# is the best
fit to the data using our growth model and was achievedwith k
50.52 ~seeSec. IV !. The dotted @A(Q)# curve and the hairline
@B(Q)# curve show the evolution of bare Ag-bulk areasand in-
vertedAg/Au areas,respectively.The filled trianglesand crosses
correspondto the Au surfaceconcentrationas predictedby MD
simulations ~Ref. 12! and thermodynamicequilibrium modeling
~Refs.12 and23–25!.
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Au surfaceconcentrationof about16%. Moreover,a nomi-
nal Au coverageof about8 ML is requireduntil no Ag atoms
are detectedby the ions. This finding is in good agreement
with the MEIS study of Ref. 19 as well as the resultsof a
surfacecore-level shift analysis.22 The question arises of
whetherAg atomsfloat on top of the growing Au overlayer,
as proposedby the authorsof Ref. 22, or if the Au growth
proceedsvia island formation. The latter is the casebut,
basedon our LE-ISS dataalone,it is not possibleto answer
this topographicquestion.

B. XPD experiments

Figure 4~a! displays the Au 4 f 7/2 XPD result obtained
from a 0.1-ML-thick Au film. This experimentalXPD pat-
ternis very nicely reproducedby thesingle-scattering-cluste
~SSC! calculationshownin Fig. 4~b!, which hasbeendone
usingthestructuralmodel@Fig. 4~c!# discussedin thefollow-
ing andusesthe best-fitparametersof the R-factor analysis
shownin Fig. 4~d!.

Theexperiment@Fig. 4~a!# revealstwofold symmetrywith
prominent maxima at u'60° (^011&-type directions!, u

'73° (^1̄21&-type directions!, u'77° (^013&-type direc-
tions! @seeFig. 1~b!#. All thesepeaksarecausedby scatter-
ing of photoelectronsat atomslocatedin fcc sitesonelayer
above the emitter. Surprisingly, no peaks appearat very
grazingemissionangles,i.e., ashigh as88° off the surface

FIG. 4. Stereographicprojectionof experimentalandcalculated
~SSC! Au 4 f 7/2 (Ekin51170.0eV! XPD patterns.~a! 0.1-ML-thick
Au film. ~b! SSCcalculationusingthe atomicmodelof ~c! andthe

best-fitparameters.~c! Top andsideviews (@ 1̄12# azimuth! of the
atomic model used to simulate ~a!. The small and large arrows
indicatethe sideview planeandthe @011# forward-scatteringpath,
respectively.Au andAg atomsarerepresentedashatchedandfilled
circles ~different shadingindicatesdifferent layers!. ~d! R-factor
curveobtainedby comparingSSCcalculationswith theexperimen-
tal Au 4f 7/2 XPD pattern~a! as a function of the interlayerrelax-
ation dz betweenthe two outermostatomic layersin ~c!.
normal.Moreover,no featuresoriginatingfrom scatteringat
atomslocatedtwo or morelayersabovethephotoemitterare
presentin the pattern.

Au-bilayer islandson top of the Ag~110! substrate—as
proposedby FenterandGustafsson19—would accountfor the
prominentmaximain the patternof Fig. 4~a!. However,in
the caseof small clusterson top of the substrateforward-
focusingmaximafor emissionparallelto the surfaceareex-

pectedas well, i.e., along @ 1̄10# or @001#. For instance,for
theRT adsorptionof Ag on Cu~001! suchmaximahavebeen
reported.32 In very good agreementwith the STM study of
Ref. 40, thesedatawereinterpretedin termsof 2D Ag clus-
terson top of the Cu~001! substrate.32 Furthermore,for Au-
bilayer islandsonewould expecta Au surfaceconcentration

nAu of about 5% ( 1
2 30.1 ML ! at this coverage,i.e., a Au

surfaceconcentrationsignificantly larger than observedin
our LE-ISS experiment~seeFig. 3!.

Another conceivablestructureis Au atomssubstitution-
ally adsorbedin the top substratelayerwith the replacedAg
atoms or subsequentlyadsorbedAu atoms located in the
overlying hollow site. Again, it is the absenceof forward-
focusingmaximafor grazingemissionwhich excludesthis
possibility. As demonstrated for the 0.5-ML c~232!
Si/Cu~110! experiment,Si atomssubstitutedwithin the top
layerareat theorigin of the intensemaximaobservedat 88°
off normal.33 Moreover,the absenceof featuresoriginating
from scatteringat atomslocatedtwo or more layersabove
thephotoemitterexcludesAu atomsto beburieddeeperthan
onelayer below the surface.

All in all, XPD demonstratesvery directly thatat Au cov-
eragesbelow 0.1 ML, mostAu atomsarelocatedwithin the
secondlayer @Fig. 4~c!#. Furthermore,XPD indicatesthat the
replacedAg atomsdiffuse away from the inverted Ag/Au
areas.Otherwise,one would also observemaxima along
^110&-, ^010&-, and ^112&-type directions @see Fig. 1~b!#.
Note that diffusion of Ag atoms on the Ag~110! surface
shouldnot bea limiting factor,sinceAg atomsareknownto
havea very high mobility on Ag~110! surfaces.12,41

In order to accuratelydetermineatomic distancesin the
invertedAg/Au modelproposedabove@seeFig. 4~c!#, calcu-
lations have been performed using the SSC
formalism.8,28,31,36,42 The results of the calculationshave
beencomparedwith theexperimentby meansof anR factor
(RM P) basedon thespaceof multipolecoefficients.31–33 Be-
sidesthe interlayerspacingz betweenthe top Ag layer and
the Au-Ag intermixedsecondlayer, the effectivemeanfree
pathle of the Au 4 f photoelectrons,andthe effectiveinner
potentialVo ~Ref. 31! responsiblefor refractionat the sur-
facepotentialstephavebeenrefinedin theR-factoranalysis.
Figure 4~d! showsthe R-factor value as a function of the
interlayerrelaxationdz.43 The minimum of the curvecorre-
spondsto dz50.0860.1 Å, which meansthat the interlayer
distancebetweenthe two outermostatomiclayersis relaxed
by approximately5.6%.

Our value for the contractionof the first-secondlayer
spacingis somewhatsmaller than the correspondinglitera-
turevaluesfor pureAg~110!, which vary from 7% to 10%as
determinedexperimentally.19,44–49 Our value is also smaller
thanthetheoreticallypredicted9% relaxationof anunrecon-
structedAu~110! surface.50 As concernsthegrowthof Au on
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Ag~110!, it compareswell with the6.360.3% Au-Au relax-
ation foundby FenterandGustafssonassuminga Au-bilayer
growth model, thus a structure very different from our
situation.19 However, as was demonstratedby Rousset
et al.20 theMEIS dataof Ref. 19 arealsoconsistentwith the
inverted Ag/Au-layer model. Therefore,we would tend to
say that the interlayerspacingis decreasedupon the intro-
duction of Au atomsinto the secondlayer. Moreover,we
find that Au atoms—aslong as they are predominantlylo-
catedin thesecondlayer—areanexcellentprobeto monitor
thefirst-to-secondlayerspacingof the invertedAg/Au areas
by meansof XPD.

At the first view the Au 4 f 7/2 diffractogramtakenfrom a
0.5-ML-thick Au film @Fig. 5~a!# is identical to the 0.1-ML
experiment@Fig. 4~a!#. A closer look, however,revealsthe
presenceof new very faint peaksalong ^110&-, ^010&-, and
^112&-type directions@white circles in Fig. 5~a!#. All these
maximacanbe explainedby scatteringat atomslocatedtwo
layersabovetheemitter.Rathersurprisingis thefact that the
maxima along ^010&- and ^112&-type directions are more
distinct than the normal-emissionpeak. It is surprisingbe-
causeon theonehandtheatom-atomdistancein a fcc crystal
is shorter along the ^110&-type directions than along the
^010&- and ^112&-type directions.On the other hand it is
known that the crosssectionfor forward focusingdecreases
with increasingemitter-scattererdistance.26 Therefore,for
Au atomsburied two layers below the surfaceone would
expectthenormalemissionpeakto bemoreintensethanthe
two otherpeaks.

In order to explain theseunusualXPD patterns,we pro-
pose the following tentative model for the initial growth:
Most of thedepositedAu atomspenetrateto thesecondlayer
by an exchange-diffusionmechanism.The replacedAg at-
oms diffuse away from the inverted Ag/Au areas,i.e., the
invertedAg/Au areasarenot coveredby diffusing Ag atoms
~asshownby the low-coverageXPD!, until they aretrapped
at thedownhill sideof stepedges,or, until theymeetanother
diffusing Ag atom giving rise to the nucleationof 2D Ag
islandson theAg~110! surface.With increasingAu coverage

FIG. 5. Stereographicprojectionof the experimentalAu 4 f 7/2

(Ekin51170.0eV! XPD patternobtainedfrom a 0.5-ML-thick Au
film. The white circlesmark the @112#, @110#, and@010# directions.

~b! Topandsideviews(@ 1̄10# azimuth! of theatomicmodelusedto
explain~a!. Thesmallandlargearrowsindicatethesideview plane
and the @010# and @112# forward scatteringpaths,respectively.Au
andAg atomsarerepresentedashatchedandfilled circles~different
shading indicates different layers!, respectively.2D Ag islands
~right-handside! confinedby invertedAg/Au areasaccountfor the
maximaobservedalong^010&- and^122&-typedirections~seetext!.
both the invertedAg/Au areasaswell as the 2D Ag islands
expand,until they meeteachother.Sucha configurationis
illustratedin the clusterof Fig. 5~b!, whereon the left- and
right-handsidesaninvertedAg/Au areaandanAg islandare
sketched,respectively.As can be seenfrom the side view,
forward-scatteringpathsexist along ^010&-, and ^112&-type
directions~indicatedby arrows!, while thereis no pathsfor
normal emission.The very faint maxima observedin the
@110# direction, finally, may be explainedin terms of Au
atomsfalling on top of alreadyinvertedAg/Au areas.This
scenarioalso nicely fits our LE-ISS result ~Fig. 3!, which
indicatesa significantincreaseof the Au surfaceconcentra-
tion above0.5-ML Au coverage.

Figure6 showsAu 4 f 7/2 andAg 3d5/2 photoelectrondis-
tributions for two selectedAu coveragesabove 0.8 ML,
namely,1.2 ML @Figs.6~a! and6~b!# and7.9 ML @Figs.6~c!
and 6~d!#. A comparisonwith Fig. 1~b! showsthat all ob-
servedmaxima in the Au 4 f 7/2 diffractogramscan be ex-
plained with the low-index directions and high-density
planesof a fcc~110! crystal. Hencethe Au growth follows
the fcc~110! stacking sequence.The eight-leafed flower
pattern51 around the ^010&-type directions and the peaks
along the ^111&-type directions observed above around
0.8-ML coverageare causedby scatteringat atomslocated
five layers above the emitter. Assuming the formation of
pure Au islandson the invertedAg/Au areas,we conclude
that theheightof this Au islandsis equalto threelayers.Au
surfacesare known to reconstructin order to exposeclose-
packedmicrofacets.17 Therefore,spontaneousformation of
3D Au islandson invertedAg/Au areasexposingthree-row
~111! microfacets, very similar to those in 133 MR-
reconstructedsurfaces,would accountfor this behavior.It is
noteworthythat at leastup to a Au coverageof 2.5 ML no
additionalpeakswereidentifiedin theXPD patterns,but that
the eight-leafedflower patternaroundthe ^010&-type direc-
tionsandthepeaksalong^111&-typedirectionsbecomemore
intense.This is indicativethat below about2.5-ML Au cov-

FIG. 6. Stereographicprojectionsof the experimentalAu 4f 7/2

(Ekin51170.0eV! and Ag 3d5/2 (Ekin5885.5 eV! XPD patterns
obtainedfrom a 1.2-ML-thick Au film @Au 4 f 7/2 ~a!, Ag 3d5/2 ~b!#,
and a 7.9-ML-thick Au film @Au 4 f 7/2 ~c!, Ag 3d5/2 ~d!#, respec-
tively.
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eragethe averageheightof the Au islandsremainsconstant,
andthat they essentiallyexpandlaterally.

Above 2.5-ML Au coverage,the ~111!-plane intensity
bandsas well as the Y-shapeddiffraction patterncentered
around^111&-typedirections,which is typical for bulk emis-
sion from a fcc crystal at theseelectronenergies,51 become
more intense,until, at 7.9-ML Au coverage@Fig. 6~c!# the
patternvery closely resemblesthe Ag 3d5/2 diffractogram
obtainedfrom the clean Ag~110! surface@Fig. 1~a!#. After
intermixingwith Ag at the interface,Au growsthreedimen-
sionallyon theAg~110! surface,maintainingthesameorien-
tation asthe underlyingsubstrate.

As the Ag surfaceis coveredwith Au, thosephotoelec-
trons which travel longer inside the Au film are strongly
damped.The intensitiesand anisotropiesof the Ag 3d5/2
signal’sarethereforelow at grazinganglesfor Au coverages
above1 ML @Fig. 6~b!#. Moreover,at 7.9-ML coverage@Fig.
6~d!# the Ag 3d5/2 signal exhibits intensity minima along
low-index directionsand ‘‘inverted’’, low intensityKikuchi
bands52 much like diffractogramstaken from inelastically
scatteredelectrons.51 This indicates,in completeagreement
with our LE-ISSresult~Fig. 3!, thatabove7.9-ML coverage
the Ag substrateis completelycovered.

C. STM experiments

Figure 7 shows four representativeSTM experiments
starting with the clean Ag~110! surface@Fig. 7~a!#, being
coveredwith 0.3-ML Au @Fig. 7~b!#, 0.6-ML Au @Fig. 7~c!#,
and 1.9-ML Au @Fig. 7~d!#. This sequenceof STM images
illustratesthe quick breakupof the surfaceinto smallerter-
racesat Au submonolayercoverages.

A surveyover many different scanareasshowsthat the
cleanAg~110! surfaceis characterizedby terracesseparated
by unevenlyspacedmonoatomicsteps~1.45Å high! mostly
running along the @ 1̄10# direction, thus exposingenergeti-
cally favorable~111! microfacets.In good agreementwith
previous STM studies,21,53,54 we find that the terracesare
usually severalthousandsÅ long, while their widths vary
from 50 Å up to about2000 Å. Figure 7~a! showsan ap-
proximately 1000-Å large terraceborderedby two mono-
atomicstepsrunningalong@ 1̄10#, with a half-unit-cell lateral
shift of the close-packedrows of neighboringterracesin
atomicallyresolvedimages.

The clean surfaceshows‘‘frizzy’’ steps,with two con-
secutiveimagesacquiredfrom the sameareapresentingdif-
ferent images@Fig. 7~a!#. Frizzinessof the stepswas also
observedfor someothermetalsurfaces.55–58 Although inter-
preted as dynamical effects, such as thermal diffusion or
kink-creationprocessesat stepswhich are undersampledin
time, themechanismof sucha motion is not yet understood.
MD simulationsusing many-bodytight-binding potentials
indicatethat the low activationbarriersfor both theAg atom
aswell as the vacancydiffusion along @ 1̄10# stepsmay ac-
count for the frizzinessof the steps.41 On the other hand,a
recentSTM investigation54 of the Ag~110! surfaceobserved
tip-assistedatommotionon Ag~110! evenfor largetunneling
resistances(Rt54 GV) and, therefore,questionsthe previ-
ous interpretationsof the frizzinessof steps.

Figure 7~b! shows a representativeSTM picture for
sampleswith 0.3-ML Au. Here one observes2D islands
elongatedalong the @ 1̄10# directionon large terraces,while
for regionswherethe stepsaremorecloselyspaced,the ter-
racesare free of islands ~not shown!. Moreover, in some
pictureswe observe,in very good agreementwith Ref. 21,
the presenceof holes elongatedalong @ 1̄10#. Steps,espe-
cially thoseorientedalong @001#, developsawtoothlikeser-
rations~not shown!. The growth of 2D fingerlike structures
from the step edgesreportedby Roussetet al.20 seemsto
correspondto theseserrations.The slightly larger miscut
angleof about1° of thecrystalusedin thestudyof Ref. 20,
comparedto a miscutanglebelow 0.4° in the presentstudy,
hasthe consequenceof a higher stepdensity.This, in turn,
mayaccountfor theabsenceof 2D islandsin theSTM study
of Ref. 20 at a similar Au coverage.As indicatedby LE-ISS
~Fig. 3! andXPD ~Figs.4 and5! measurements,respectively,
at coveragesbelow0.5 ML mostAu atomsareburiedwithin
the secondsubstratelayer. Therefore,the islandsandserra-
tions mostly consist of replacedAg atoms,while the Au
atomsareburiedbelowtheoriginal terraces.Therectangular
shapeof the islandsreflectsthe anisotropyof the ~110! sub-
strate.Indeed,a MD calculationsimulatingthe vapordepo-
sition of Ag on Ag~110! showsthat theanisotropicdiffusion
andsticking probabilitiesareresponsiblefor the rectangular
shapeof the Ag islandsobservedin our experiment.41

Sincetheoriginal Ag~110! surfacedoesnot exhibit holes,
theyaredefinitelytheresultof theAu deposition.Thesimul-

FIG. 7. STM topographsof ~a! cleanAg~110!, and~b! Ag~110!
coveredwith 0.3-ML Au, ~c! 0.6-ML Au, and ~d! 1.9-ML Au, re-

spectively.In all STM imagesthe crystallographic@ 1̄10# direction
is orientedalong the horizontaldirection to within 610°. Linear
backgroundplaneshavebeensubtractedfrom theSTM images,but
further imageprocessingwasdeemedunnecessary.The largescan
areapicturesareof size130031300Å2, andthe zoomin pictures
of size1203120 Å2.
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taneouspositive~islands! andnegative~holes! growthcauses
the surfaceto quickly breakup into smallerterraces.This is
illustratedby the STM imagefor 0.6-ML Au shownin Fig.
7~c!. At this coveragethe surfaceis characterizedby holes
and 1–2-layers-highislandsincluding holes.Togetherwith
the low Au surfaceconcentrationrevealedby LE-ISS mea-
surements~seeFig. 3!, this is indicative that the Au-Ag ex-
changemechanismis also active on the previously formed
Ag islands.While the STM imagesbelow 0.5-ML Au cov-
erageshow frizzy stepedgesof both the islandsand serra-
tions,moststepimagesnow arestable.Oneexplanationfor
this may be, as indicatedby XPD ~seeFig. 5!, that the Ag
islandsare not allowed to overgrow invertedAg/Au areas,
confining the Ag mobility. An alternativeargumentis an
increaseof the bondstrengthdue to the presenceof Au at-
oms at or below the surface,as indicated by Nieminen’s
calculationof cohesiveenergies.25 Theseargumentswould
alsoaccountfor inhibiting tip-assistedatommotion.

Upon further Au depositionthe surfacegrows increas-
ingly roughdueto numerousterraceselongatedalong@ 1̄10#.
In the caseof a 1.9-ML-thick Au film @Fig. 7~d!#, between
30% and 40% ~seeFig. 3! of the surfaceconsistsof Au.
Therefore,the rectangularshapeof all observedislandsre-
veals that the Au atomsalso diffuse anisotropicallyon the
surface.In particular,small scanareaimagesrevealstripes
runningalong@ 1̄10#. Occasionallythesestripesjoin together
to form largerislands.Sincewe did not observesuchstripes
for submonolayercoverageswe concludethat theyconsistof
Au atoms.Three-dimensional,~133!-symmetricAu clusters
similar to a generalizedMR reconstructionwould account
for thesestripes.ConsideringNieminen’s result25 that the
Au-Au bond is strongerthan the Ag-Ag bond, the observa-
tion of 1D-like Au stripesrather than compact2D islands
can be understoodfrom MD results simulating the vapor
depositionof Ag on Ag~110!,41 if we assumean analogy
betweenstrengtheningthe bonding and reducing the tem-
perature.In this simulationthe various1D stripesformedat
low temperaturesare found to becomecompact2D aggre-
gatesat higher temperatures.

D. LEED experiments

Figure8 displaysfour typical LEED experiments,starting
with the Ag~110! surfacebeing coveredwith 2.0 ML @Fig.
8~a!#, 4.4 ML @Fig. 8~b!#, 6.1 ML @Fig. 8~c!#, and 7.5 ML
@Fig. 8~d!#, respectively.This sequenceof LEED diagrams
revealsthe symmetrychangeon the surfaceuponAu depo-
sition from 131, observedbelow2.5ML @Fig. 8~a!#, to 132,
detectedabove7 ML @Fig. 8~d!#. Thetransitionfrom 131 to
132 is characterizedby LEED patternsexhibiting streaks
alongthe @001#* directionof the reciprocallatticeaswell as
by poorly defined133 spotsat intermediatecoverages@Figs.
8~b! and8~c!#. The 133 phase,therefore,doesnot exist on
the surfaceover largeregions.Sincethe streaksareparallel
to the @001#* direction,1D disorderalong the spatial@001#
directionbecomesevident.

It is interestingto comparethesurfacesymmetrywith the
surfacecompositionasdeterminedby LE-ISSmeasurements
~Fig. 3!. In excellentagreementwith theMEIS studyof Ref.
19, we find that in the 131 phaseas well as in the streaky
133 phase,a largefractionof thesurfaceis composedof Ag
atoms.It is not until the132 phaseis formedthatthesurface
is madeexclusivelyof Au atoms.This is a clearsign that at
this point Au completelycoverstheAg substrate.Sincewet-
ting requiresthatthesurfacefreeenergyof thefilm-substrate
combinationis lowered with respectto the clean surface,4

onemay arguethat only the surfacefree energyof the 132
phasesatisfiesthis condition,while thesurfacefreeenergyof
the 131 and 133 phasedo not. Indeed,on the one hand
Foiles,Baskes,andDaw,23 usingEAM potentials,foundthat
the unreconstructedAu~110! surfacehas24% more surface
energythantheAg~110! surface.On theotherhandNiemin-
en’sAEMF calculationsrevealedthatthesurfacefreeenergy
of the132 MR-reconstructedAu~110! surfaceis about40%
smallerthanthat of the Ag~110! surface.25 However,dueto
the long rangeof interatomicpotentials,Nieminenstated,in
agreementwith our experimentalobservation@Fig. 8~d!#, that
this argumentis only valid for thick Au films. Therefore
Nieminen’s result may accountfor the surprisingly broad
transition from the 131 to the 132 symmetry upon Au
deposition.A further argumentto explain this broadtransi-
tion from the 131 to the 132 symmetryas well as argu-
mentsto explain the appearanceof the 133 phaseat inter-
mediateAu coverages,is basedon the study of Morgante
et al.,59 who investigatedboth the surfacesymmetriesof
AgxAu12x~110! bulk alloys as well as that of the
Ag/Au~110! growthsystem.On theonehand,for bulk alloys
a 133 phasewas found assoonasa critical Ag concentra-
tion was reached(x>0.1660.05). On the other hand,RT
deposition of '0.5-ML Ag on a 132 MR-reconstructed
Au~110! surface induced broadeningof the LEED spots
along the @001#* direction. Upon annealingto 470 K the
symmetrythenconvertedto 133. All in all this indicatesthe
tendencyof theAu~110! surfaceto acquirea 133 symmetry
upon the presenceof small amountsof Ag at or near the
surface.This,however,mayvery well accountfor our obser-
vationssinceAg is presentin the surface-layerup to 8 ML
~seeFig. 3!.

As revealedby STM ~Fig. 7!, the growth of Au on
Ag~110! is characterizedby the formation of holesand is-
lands elongatedalong @ 1̄10#, breakingup the surfaceinto

FIG. 8. Four selectedLEED experiments(Ekin575 eV!, start-
ing with theAg~110! surfacebeingcoveredwith ~a! 2.0ML, ~b! 4.4
ML, ~c! 6.1 ML, and~d! 7.5 ML, respectively.In all LEED images

thecrystallographic@ 1̄10# directionis orientedalongthehorizontal
directionto within 65°.
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small terraces.For fcc~110! surfaces,variousstepconfigura-
tions basedon ~111! microfacetssuch as 133 and ~331!
stepsare known.17,60–63 The formation of numeroussmall
terracesalong@ 1̄10#, therefore,disturbstheperiodicityalong
the spatial @001# direction, and causesthe streaksalong
@001#* observedin our LEED patternsat intermediatecov-
erages@Figs.8~b! and8~c!#. For further Au depositionmore
andmoreislandsgrow togetherand,consequently,thewidth
of flat Au terracesincreases.Locally this gives rise to well
defined133 phasesobservedaspoorly formed133 LEED
diagrams@Fig. 8~c!#. As discussedabove, the 133 phase
seemsto be stabilizedby the presenceof Ag nearor at the
surface.59 For thick Au films, finally, the disappearanceof
the streaksin the LEED pattern revealsthat the disorder
along @001# is reduced,i.e., the roughnessof the surfaceis
decreased.Moreover,we end up with a well-defined132
LEED diagram @Fig. 8~d!#. This is indicative of a smooth
surfacewith 132 MR-reconstructedterracesextendingover
large regions.The smoothingof the previouslyvery rough
surfacerequiresa largemasstransfer.This, however,should
not be a limiting factor in vapordepositionexperiments.

Note, that the abovediscussedbehaviorcanbe compared
to the two-phasetransitionsoccurring on clean 132 MR-
reconstructedAu~110! surfacesupon heating:17,62,63 a 2D
Ising transitionat which the surfacedeconstructs,anda 3D
rougheningtransition. STM studiesindicate that the Ising
transitionof Au~110!~132! is due to antiphasedomainsde-
veloping during the 2D rougheningof 133 steps~at '650
K!. However, the MR configurationof interior terracere-
gions remainscompletelystableup to the 3D roughening
temperatureat around700 K. The vapor depositiongrowth
of Au on Ag~110! thereforemaybeconsideredasthereverse
process.

E. Annealing experiments

As alreadymentionedin Sec.II, no significantdissolution
of Au into the Ag bulk occurredat RT on the time scaleof
our experiments.This is consistentwith the very small RT
diffusion coefficientD300K55.5310216Å2/secof Au impu-
rities in pureAg derivedfrom high-temperature~1000–1300
K! tracerdiffusion data.18

Figure 9 displaysthe temperaturedependenceof the Au
4d to Ag 3d intensity ratio upon annealingof a 2.4-ML-

FIG. 9. Behaviorof theXPSAu 4d to Ag 3d intensityratiosof
a 2.4-ML-thick Au film ~opencircles! anda 8.0-ML-thick Au film
~crosses! upon annealingwith 30 and 8 K/min, respectively.The
initial intensityratiosarenormalizedto unity. ~The initial intensity
ratio for 8 ML is greaterthanfor 2.4 ML by a factor of '18.)
thick Au film with 30 K/min ~opencircles!, and a 8.0-ML-
thick Au film with 8 K/min ~crosses!. Below 370 K the in-
tensity ratios remainconstant.For higher temperaturesthey
reduceuntil an almost constantplateauis observedin the
rangefrom 400 up to 460 K. At higher temperaturesa sec-
ond intensity ratio decreaseis observed,until no Au is de-
tectedwith XPS at around560 K. In the caseof the 8-ML-
thick Au film ~crossesin Fig. 9!, the heatingwasstoppedat
430K, i.e., in theplateauregimeof temperatures.During the
subsequentcooling the intensity ratio remainedconstant.
Note that the intensity ratiosof the otherAu films exhibit a
similar temperaturedependence.

The diffusion coefficient at 460 K (D460K59.5
31024 Å2/sec! is 12 ordersof magnitudelargerthanat RT.
As estimatedfrom Fick’s secondlaw, bulk diffusion should
becomesignificanton thetime scaleof our experimentabove
460 K.64 Therefore,we attribute the secondintensity ratio
decreaseto diffusion of theAu atomsinto theAg bulk, while
thefirst oneseemsto becharacteristicof a surfaceprocesses,
e.g.,surfaceenergydriven diffusion of Ag atomsto the sur-
face.Note that diffusion coefficientsin generalareexpected
to be substantiallyhigher in the near-surfaceregionbecause
the force constantsare reducedrelative to the bulk, and the
surface acts as an efficient source of vacanciesfavoring
exchange-diffusionmechanisms.59

In the specialcaseof the 2.4-ML-thick Au film at the
plateau,the intensity ratio correspondsto about60% of the
initial value.Accordingto our growthmodel~seebelow! the
initial structureof the 2.4-ML-thick Au film includesabout
10% pureAg-bulk regions,40% invertedAg/Au areas,and
theremaining50%consistof in averagethree-layer-highAu
islandson invertedAg/Au areas.Assumingthe structureof
theannealedsampleat theplateauto be2.4Au layersburied
belowoneAg layer,a reductionof the intensityratio to 73%
of the initial valueis expected.65 In ananalogousmannerwe
find that the intensityratio of the8-ML-thick Au film should
reduceto 31% of its initial value ~experimentalvalue19%,
Fig. 9!. Eventhoughthis conceptunderestimatesthe experi-
mentalintensity ratio reductions,it supportsthe assumption
that the first intensityratio reductionis causedby a surface-
driven process.

IV. GROWTH MODEL

In this sectionwe first proposea modelfor theRT growth
of Au on Ag~110! which is basedon our experimentalfind-
ings.Thenwe will establishthe coveragedependenceof the
different structures involved in that model. Finally, the
modelwill be comparedto both thermodynamicequilibrium
predictions12,23–25 and to results obtained from MD
simulations.12

Figure 10 illustrates the growth model displaying the
starting Ag~110! surface@Fig. 10~a!#, coveredwith a very
thin Au film (,0.5-ML! @Fig. 10~b!# andafter depositionof
morethan0.5-ML Au @Fig. 10~c!#. TheAg atomsaredrawn
as filled circles,with different shadingsindicating different
layers.Note that in Figs. 10~b! and 10~c! the replacedAg
atomsare drawn in shadingcorrespondingto their original
positions in Fig. 10~a!. The Au atoms are sketchedas
hatchedcircles. The arrows indicate the positionsof steps.
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FIG. 10. Side views (@ 1̄12# azimuth! of the atomic configurationsdevelopingupon the Au depositionillustrating the intermixedVW
growthmodelproposedin Sec.IV. ~a! CleanAg~110! surface.~b! Very low Au coverages~below0.5ML !. ~c! Au coveragesabove0.5ML.
Au andAg atomsarerepresentedashatchedandfilled circles ~different shadingindicatesdifferent layers!. Steppositionsareindicatedby
arrows.The quick breakupof the surfaceinto smallerterracesbecomesevidentin this model.
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The clean, unreconstructed Ag~110! surface is character
ized by large terraces which are separated by monoato
steps@Fig. 10~a!#. Upon vapor deposition of Au on the clea
unreconstructed Ag~110! surface, the Au atoms are random
distributed on the surface~1! @Fig. 10~b!#. Au atoms falling
on the bare Ag bulk become buried one layer below
surface by a Au-Ag exchange mechanism~2! @as demon-
strated by XPD~Figs. 4 and 5! and LE-ISS~Fig. 3!#. It is a
simple process for a deposited Au atom to exchange wi
Ag atom in the top layer. Indeed, cross-channel excha
mobility on ~110! faces of fcc transition metals has be
observed in many experiments and simulations.41,66,67How-
ever, for the Au atom to dig further into the second layer
would be a difficult process involving a large energy barri
This barrier would be that for interstitial formation, which
known to be quite large for fcc noble metals, making t
process very unlikely at RT.

For Au atoms to become buried within the second s
strate layer an alternate path of much lower resistance
proposed by Hirschornet al.21: In a first step, a Au adatom
exchanges its place with a Ag atom in the top layer. Sub
quently a Ag atom in the first layer next to the Au is eject
to create a vacancy. The vacancy becomes filled by a
atom in the second layer below the Au atom, and the
atom moves in to fill the position in the second layer~see
Fig. 5 of Ref. 21!. The net result is a vacancy formed on t
surface with two Ag atoms ejected which can either diffu
to form 2D Ag islands, diffuse to nearby step edges, or b
fill the surface vacancy.
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In the mechanism proposed by Hirschornet al., no inter-
stitials are ever formed during the entire process, and
requirement of avoiding atomic compression necessitates
movement of a Ag atom in the first layer to above the surfa
~vacancy creation!. The important question here is the ener
barrier for vacancy creation. However, since the Ag~110! can
easily be made to undergo a MR reconstruction with min
surface perturbations,68 the energy barrier for vacancy cre
ation is expected to be quite low. In fact, one side of t
vacancy is occupied by a Au atom, and Au does favor
MR reconstruction.17,60–63

In Fig. 10~b! the most important topographic features
expected from Hirschornet al.’s Au-Ag exchange mecha
nism are sketched for coverages below 0.5 ML: Once
vacancies are formed, they can diffuse just like adatom41

and agglomerate to form a vacancy cluster~hole! ~3!.69 The
ejected Ag atoms diffuse to nucleate 2D Ag islands~4! on
terraces or are at the origin of step flow~5! when they reach
step edges. Note that the Ag atoms diffuse away from
verted Ag/Au areas~6! ~as indicated by XPD, Figs. 4 and 5!,
and therefore the 2D Ag islands nucleate on the bare
bulk. Due to the anisotropic diffusion barriers for Ag atom
and vacancies, and anisotropic probabilities for atoms
stick on island edges,41 the Ag islands and holes are elon
gated along@ 1̄10#. Indeed, elongated-shaped islands a
holes are observed with STM at low coverages@Fig. 7~b!#.

For subsequently deposited Au atoms falling on bare A
bulk areas or 2D Ag islands the above-discussed Au-Ag
change mechanism is going on. Therefore, the 2D island
well as the inverted Ag/Au areas expand laterally, until th
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meet each other. However, as already mentionedabove,
XPD indicatesthat the 2D Ag islandsdo not overgrowthe
invertedAg/Au areas~Figs. 4 and 5!. The reductionof the
stepmobility observedwith STM, therefore,may be caused
by the confinementof the lateralexpansionof both features
~7! @Fig. 10~b!#. As sketchedin Fig. 10~c!, the Au-Ag ex-
changemechanismon previously formed 2D Ag islands
yields invertedAg/Au areaswith theAu layer locatedin the
original top layer ~8!, as well asvacancieswithin the islands
andAg atomson the islands.ThesevacanciesandAg atoms
caneitherdiffuseto form 2D Ag islandson theislands~9! or
holes within the islands ~10!, respectively,in good agree-
mentwith our STM results@Fig. 7~c!#.

Au atomsfalling on alreadyinverted Ag/Au areasalso
diffuse anisotropically on the surface.Due to the strong
Au-Au bondthey are,however,lessmobile thanthe Ag at-
oms.~Note that Au atomsof the invertedAg/Au configura-
tion are nearestneighborsfor diffusing Au atomswhen lo-
catedin a hollow site!. Nevertheless,if theyreachtheborder
of invertedAg/Au areasthey becomeburied in the second
layer by the alreadydiscussedAu-Ag exchangemechanism.
Otherwise,due to the strong Au-Au bond,25 they start to
form 1D Au stripes on inverted Ag/Au areas~11!. This
stripesarevery similar to theAg stripespredictedin theMD
simulation of low-temperaturevapor depositionof Ag on
Ag~110!.41 In order to reduce the surface energy,25 and
driven by the tendency of Au to form close-packed
microfacets,17,70 the Au stripescongregateandstart to form
3D, ~133!-symmetric Au islands ~12!. This is consistent
with our STM data~Fig. 7! aswell aswith our XPD results
~Fig. 6! indicatingthat threelayerhigh Au islandsstartto be
presentalreadyat 0.8-ML Au coverage.

Au atomsdepositedon alreadyexistingAu islandsremain
on theAu islandsdueto thestrongAu-Au bond25 aswell as
dueto surfaceenergetics.As a consequencethe 3D, ~133!-
symmetric Au islands laterally expand upon further Au
deposition~13!. This is indeedindicatedby XPD ~Fig. 6! and
LEED, where we observea poorly formed streaky 133
LEED patternin the rangefrom 2.5 up to 7.0 ML ~Fig. 8!.
The streaksare clearly relatedto the disorderin the spatial
@001# direction causedby the numeroussmall terracesand
Au islandselongatedalong @ 1̄10#. With further Au deposi-
tion the disorderalong @001# reduces,i.e., the roughnessof
the surfaceis decreased,until 132 MR-reconstructedter-
racesextendover regionsaslargeasto yield a well-defined
132 LEED patternat around8-ML Au coverage.At this
point thesurfaceis completelycoveredwith Au ~seeFig. 3!.

All in all our modelstatesthat thegrowthis characterized
by an Au-Ag exchangeyielding an inverted Ag/Au layer,
followed by a 3D pileup of Au on top of such inverted
Ag/Au areas.Notethatlocally theAu islandformationstarts,
while other areasof the surfacestill are terminatedwith a
pure Ag~110! surfaceor an inverted Ag/Au configuration.
This is in contrastto Roussetet al.’s intermixedSK growth
model,20 which claimsthat3D Au islandsgrowthstartsonly
after the formation of one completeinverted Ag/Au layer.
Following their nomenclaturewe assignour growthmodelas
an intermixedVW growth.

Figure11 showsa schematicdrawingof the threediffer-
ent surfacestructureswhich, according to the intermixed
VW growth model, developon the surfacewith increasing
coverageQ: A(Q) denominatesbareAg-bulk areas,B(Q)
is usedfor the invertedAg/Au areas,andthe 3D Au islands
on the invertedAg/Au areasare assignedto C(Q). A(Q),
B(Q), and C(Q) take valuesranging from 0 to 1. In the
following their coveragedependencewill be establishedre-
spectingthe conditionsgiven by our growth model. ~1! Au
atomsfalling on bareAg-bulk regionsresultin a reductionof
A(Q), and to a correspondingincreaseof B(Q). ~2! Au
depositedon invertedAg/Au areasresultsin a decreaseof
B(Q) andin a correspondingincreaseof C(Q). ~3! For Au
falling on Au islands,finally, C(Q) remainsunchanged,but
the averagenumberof layersH(Q) of the pure 3D Au is-
landson the invertedAg/Au areasincreases.Assumingthat
duringan infinitesimalcoverageincreasedQ theprobability
for a Au atomto be depositedon oneof the threedifferent
structuresis proportionalto the areaof that structure,it fol-
lows that

A~Q!5A~Q2dQ!2dQ•A~Q2dQ!

2e~Q!•dQ•B~Q2dQ!, ~3!

B~Q!5B~Q2dQ!1dQ•A~Q2dQ!

1e~Q!•dQ•B~Q2dQ!

2k~Q!•dQ•B~Q2dQ!, ~4!

C~Q!5C~Q2dQ!1k~Q!•dQ•B~Q2dQ!. ~5!

The parametere(Q) accountsfor the possibility that a Au
atom depositedon an inverted Ag/Au area can reach the
borderof that area,andby Au-Ag exchangereduceand in-
creaseareasA(Q) andB(Q), respectively.Parameterk(Q),
on the other hand,accountsfor the tendencyof Au to con-
gregateand to form 3D islandsinsteadof growing layer by
layer. Calculatingthe total numberof ML’s presenton the
areasB andC @H•C1(B1C)•1)5Q, seeFig. 11#, H(Q)
canbe calculatedasfollows:

FIG. 11. Schematicdrawingof the threedifferentsurfacestruc-
turesexisting on the surfacein the contextof the intermixedVW
growth model. Thesestructureshavebeenusedto fit the LE-ISS
data ~seeFig. 3! as describedin the text. Ag and Au layers are
drawn as openand hatchedrectangles,respectively:bareAg-bulk
areasA(Q), invertedAg/Au areasB(Q), and 3D Au islandson
invertedAg/Au areasC(Q). The averagenumberof layersH(Q)
of the 3D Au islandson invertedAg/Au areasis indicatedby the
double-headedarrow.
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H~Q!5
Q2@B~Q!1C~Q!#

C~Q!
. ~6!

As can be seenfrom Fig. 11, C(Q) correspondsto the Au
surfaceconcentrationnAu , i.e., a quantity which was mea-
suredwith LE-ISS ~seeFig. 3!. Thus, Eqs. ~3!–~5! can be
usedto fit the LE-ISS data~opendiamondsin Figs. 3!. For
simplicity e(Q) was set to zero, and the remainingfitting
parameterk(Q) wasassumedto be independentof the cov-
erageQ. In the presentcasethe bestfit @solid curve in Fig.
3# was achievedwith k50.52. The dotted curve and the
hairline curvein Fig. 3 showthe evolutionof bareAg areas
andinvertedAg/Au areas,respectively,for this bestfit.

At low coveragesH(Q) is overestimatedcomparedto our
experimentalresults.This is causedby the neglectionof the
possibility for Au atomsdiffusing on invertedAg/Au areas
to reachbareAg-bulk areas.At low coverages,i.e., for small
invertedAg/Au areasthis processmaybeimportant.Further-
more,H(Q) dependsvery sensitivelyon k(Q). Our assump-
tion thatk(Q) is constantfor all coveragesdoesnot hold for
submonolayercoverages.Indeed,the exclusiveobservation
of 2D islandsat 0.1 ML correspondsto k51. However,it is
noteworthythat in the rangefrom about0.8 ML up to 3.0
ML, C(Q) increasesfrom 11% to 62% ~seeFig. 3!, while
H(Q) only increasesfrom 2.2 to 3.3 layers.This is in good
agreementwith our experimentalXPD and LEED results,
indicating that in this regime of coverages3D, ~133!-
symmetricAu islandslaterally expand.As an estimatefor k
we canimagineoneflat Au layerrearrangedinto 3D, ~133!-
symmetricAu islands.The result is a half-coveredsurface,
i.e.,k50.5, in very goodagreementwith our optimalk value
of 0.52.

It is interestingto comparethe intermixed VW growth
model to the structures predicted by theoretical
studies.12,23–25 Accordingto our model,Au atomsdeposited
on bareAg-bulk areasor on previously formed 2D Ag is-
landsbecomeburied one layer below the surface.The for-
mation of inverted Ag/Au areason the surfacefits nicely
thermodynamic equilibrium predictions based on the
SEAM,12 DFT,24 andAEMF methods,25 respectively.These
studiesagreein that themostfavorableconfigurationfor one
Au layer is to burrow onelayer below the surface.At 1-ML
Au coverage,however,the structureof the surfaceextracted
from our model ~36% pure Ag-bulk regions,48% inverted
Ag/Au areas,and16% in average2.8-layer-highAu islands
on inverted Ag/Au areas! deviatessignificantly from the
simple inverted Ag/Au-layer picture preferredby equilib-
rium thermodynamics~crossesin Fig. 3!. This is indicative
for kinetic considerationsto play an important role in the
Au/Ag~110! growth system.

As discussedabove,theAu-Ag exchangemechanismpro-
posedby Hirschornet al.21 shouldnot bea limiting factorof
the growth process.Furthermore,Ag atomsand vacancies
are known to be very mobile on Ag~110!.41 Therefore,Ag
atoms and vacanciesresulting from the Au-Ag exchange
mechanismare expectedto arrangethemselvesin an ener-
getically favorableconfigurationaswell. Indeed,asindicted
by XPD ~Figs. 4 and 5!, ejectedAg atomsseemto diffuse
awayfrom invertedAg/Au areas,avoiding the formationof
areaswith Au buried below two Ag layers. According to
DFT ~Ref. 24! andSEAM,12 structuresincluding Au atoms
buried below two Ag layersare not favorable.This is also
consistentwith our resultthat2D Ag islandsarenot allowed
to overgrowinvertedAg/Au areas.

Au atomsdepositedon inverted Ag/Au areas,however,
aremuchlessmobile.This canbeunderstoodby taking into
account,first, the strong Au–Au bond,25 and, second,the
open geometryof fcc~110! surfaces.Indeed,the side view

alongthe @ 1̄10# azimuth~seeFigs.2, 4, and10! revealsthat
oneof the five nearestneighborsof a Au atomlocatedin a
hollow site of an invertedAg/Au areais a Au atom. As a
consequenceof the reducedmobility only part of the diffus-
ing Au atomsreachthe borderof the invertedAg/Au area.
Therethey becomeburiedwithin the secondlayer acquiring
an energeticallyfavorableposition.The restof the diffusing
Au atoms,which cannotundergothe Au-Ag exchange,con-
sequentlyseekto build other energeticallyfavorablestruc-
tureson the invertedAg/Au areas.In our growth modelwe
statethat dueto the strongAu-Au bond,1D Au stripesstart
to form. Then,in orderto reducethe surfaceenergy,the Au
stripescongregateto form 3D, ~133!-symmetricAu islands
which expandlaterallyuponfurtherAu deposition.This sce-
nario fits nicely Nieminen’sAEMF calculations25 which in
the rangeof 3–6 ML predict the formation of 3D, ~133!-
symmetricAu clusterssimilar to a generalizedMR recon-
structionon a completelyinvertedAg/Au layer. Moreover,
in excellentagreementwith our experimentalresults,Niem-
inen finds that only thick 132 MR-reconstructedAu films
satisfiesthe wetting conditions.

Furtherindicationsfor the topologyof the Au films to be
determinedby the limitation of the Au mobility is given by
the comparisonof our intermixed VW growth model with
Haftel et al.’s MD simulations.12 In very good agreement
with our results,thesesimulationsfind that the most prob-
abledynamicprocessesareatomicreplacementof Au atoms
with substrateAg, and surfacehoppingof Ag atomsalong

the @ 1̄10# channels.Furthermore,Au atomsfalling on top of
Au atoms are predicted to be relatively immobile. The
Au-Ag exchangemechanism‘‘preferred’’ by MD simula-
tions,however,is significantlydifferentfrom our experimen-
tal findingsin that the Au adatomsexchangewith Ag atoms
in the top layer, ratherthanwith secondlayer Ag atoms.In
Haftel et al.’s model,12 mostof the Au atomsareuncovered
at low coverages(<0.5 ML ! dueto thehigh mobility of the
substitutedAg atomson Ag~110!. This yields a Au surface
concentration~filled trianglesin Fig. 3! which is significantly
larger~by a factorof 8! thanour experimentalfindings~open
diamonds!. Therefore,togetherwith STM ~observationof
holes, Fig. 7 and Ref. 21! and our XPD results ~Fig. 4!,
Haftel et al.’s Au-Ag exchangemechanismcanberuledout.
At higher coverages,however,MD simulationsagreewith
our results.SubstitutedAg atomsstart to cover Au atoms
resultingin invertedAg/Au areaswith about70% of the Au
atomsresidentbelow the completeadlayerat 1-ML cover-
age.Increasingly,incident Au atomsthen stick on inverted
Ag/Au areasuntil at 3.0-ML 3D ~133!-symmetricAu ridges
are evident. In good agreementwith our model, it is the
reducedAu mobility on invertedAg/Au areas,togetherwith
the lowering of the surfaceenergy,which is at the origin of
the 3D Au islandformation.
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V. CONCLUSIONS

All in all we find that the initial RT growth of Au on
Ag~110! follows an intermixed VW growth mode. This
model is characterizedby a Au-Ag exchangemechanism
endingup with the Au atomburiedwithin the secondlayer,
a vacancyformedon the surfaceandtwo ejectedAg atoms.
The anisotropicdiffusion of both the vacanciesand ejected
Ag atoms results in step flow, 2D Ag islands,and holes
elongatedalong@ 1̄10#. Our resultsindicatethat theserectan-
gularAg islandsarenot allowedto overgrowinvertedAg/Au
areas.The formationof 2D Ag islandsandholescausesthe
surfaceto breakup quickly into smallerterracesat submono-
layer coverages.Due to the strongAu-Au bond,25 Au atoms
depositedon invertedAg/Au areasaremuchlessmobilethan
Ag atoms.~Note that Au atomsof the invertedAg/Au con-
figurationarenearestneighborsof a diffusing Au atomwhen
located in a hollow site.! Therefore,an increasingpart of
diffusing Au atomswill not reachthe borderof the inverted
Ag/Au area,where they would becomeburied in the ener-
getically favorable second-layerpositions.12,23–25 It is this
kinetic limitation which hindersthe formation of one com-
plete invertedAg/Au layer. Due to the strongAu-Au bond,
Au atomsdiffusing on invertedAg/Au areasstartto form 1D
Au stripes,and in order to reducethe surfaceenergysuch
stripescongregateresultingin 3D, ~133!-symmetricAu is-
lands already at submonolayercoverages.Upon further
depositionthe Au islandsthen expandboth in vertical and
horizontaldirections,until Ag is completelycoveredat more
than 8 ML. At this point the surfaceconsistsof 132 MR-
reconstructedterracesextendingover regionsas large as to
yield a sharp132 LEED pattern.This result indicatesthat
only 132 MR-reconstructedAu~110! surfacessatisfy the
wettingconditionsaspredictedby Nieminen.25 Theresulting
interfaceis intermixed over severallayers.This nicely fits
Niklasson,Abrikosov, andJohansson’spredictionusing the
IFME’s in that the Ag-Au interface is not sharpat RT.11

However,our resultsdemonstratethat the Au films do not
dissoluteinto the Ag bulk at RT. We find that dissolution
into the bulk startsat around460 K, while interdiffusionat
the surfaceis alreadyevidentat 370 K.
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