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Instituto de Matemática y Fı́sica Fundamental-CSIC,c/Serrano113,28006Madrid, Spain

Thesemiconductor-metalelectronictransitionof theK/Si(100)-(231) interfaceis studiedby exploringthe
Fermi surfacewith photoemissionspectroscopy.Oncemetallizedat a critical coveragethe surfaceremains
metallic up to saturation.The experimentallydeterminedFermi surfaceconsistsof hole pocketscentered
aroundtheḠ pointsof thesurfaceBrillouin zone.Theseresultsarefairly well reproducedby calculationsbased
on a 2D Mott-Hubbardmodel.Themetallizationprocessis relatedto theoverlapof Si-confinedelectronclouds
surroundingthe K atomsratherthanto changesin the surfaceatomicstructure.
I. INTRODUCTION

Theadsorptionof alkali metalson semiconductorsurfaces
hasbeenwidely studieddueto both the technologicalappli-
cationsand,the fundamentalinterestof theseinterfaces.1 In
particular, the adsorptionof alkali-metaloverlayersurfaces
has suggestedthe possibility of producingconductingone
dimensionalchainson top of the Si~100! surface.However,
despitethe large amountof work devotedto this topic, no
agreementhasbeenachievedyet on the descriptionof the
basicelectronicandatomicpropertiesof theselayers.1 Most
of the experimentalsurfacetechniquesandtheoreticalmeth-
odshavebeenappliedfor thecharacterizationof theseprop-
erties. Thus, studies by x-ray photoelectron diffraction
~XPD!,2,3 scanningtunneling microscopy ~STM!,4,5 angle-
resolved ultraviolet photoemissionspectroscopy~ARUPS!
and inversephotoemissionspectroscopy~IPES!,6–8 surface
extendedx-ray adsorptionfine structure~SEXAFS!,5,9 pho-
toelectronspectroscopy~XPS!,10,11 thermaldesorptionspec-
troscopy ~TDS!,12 first-principles molecular-dynamics
calculations,13 semiempirical self consistent field
Hartree-Fock14 andab initio total-energycalculations15 have
beencarriedout on thesesystemsandendedup with differ-
ent structuralmodelsandelectronicdescriptions.

Mainly two different structural models have been pro-
posedfor adsorptionof alkali metalson Si~100!. In the ear-
liest acceptedmodela singleadsorptionsiteon theSi surface
is occupiedby the Alkali atomswhich are locatedeitheron
pedestal16 or cave5 sites@seeFigs. 1, sitesb andd, respec-
tively# forming one-dimensionalalkali chains ~ODAC’s!
alongthe ^001& surfacedirection.16 The metallizationof this
interfaceis claimed to take place along the ODAC with a
saturationcoverageof 0.5 ML.15 However,severalstudies
havesubsequentlychallengedthis model,proposinga non-
metallic characterof the interfaceat K saturation.In those
works a two-dimensionaldouble-layermodelwaspreferred,
with the alkali atomsforming a completeoverlayerwhere
both pedestaland valley positionsare occupied@seeFig. 1,
sitesb andc, respectively#.16 The interfaceis thenexpected
to becomesemiconductingat saturationcoverage~1 ML!.17

More recentphotoemissionstudieshavefound just the op-
positesituation; i.e., after a semiconductor-metaltransition,
the interfaceremainsmetallic up to saturationcoverage.7,8,11

The disagreementamongdifferentexperimentalresultsis
mainly causedby both the temperaturedependenceof the
saturationcoverageand the rapid oxidationof the adsorbed
layer.9 Moreover,the very low photoemissioncrosssection
of thestatesclosestto theFermienergy(EF) rendersa clear
descriptionof the metallicity difficult. In addition, Si~100!
surfacespresenta double-domain~DD! structurethat gives
rise to the mixing of parallel and perpendicularfeaturesto
the dimer rows ~Fig. 1! in angular resolved experiments
making their identificationandanalysisdifficult. As will be
shownbelow,specialattentionhasbeenpaidthroughoutthis
work to characterizingandavoidingexperimentaltendencies
that canleadto wrong results.

We shall provide some further light on the electronic
structureof theK/Si~100! system.Theorigin of its metallic-
ity of the interfaceaswell as the role of the charge-transfer
processeswill be studiedby measuringthe evolutionof the
Fermi surface~FS! at two different coverages.This will be
supplementedby a mean-fieldcalculation basedon a 2D
Mott-Hubbardmodel for a monodomainsamplewhich was
ableto reproducethe experimentalFS.

The presenceof a FS in a material is a clear signal of
metallicity. This FS is of greatimportancein understanding
the propertiesof materialsand epitaxial layersand is com-
monly mappedby making useof the de Haas–Van Alphen
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effect. Unfortunately, this technique requires high-purity
samplesand,in principle, low temperatures,andtherefore,it
is not suitablefor thin layers in ultrahigh vacuum~UHV!.
Fortunately,ARUPSappearedrecentlyasa powerfultool for
measuringthe Fermi surfacein different compounds,layers,
and especially for systems showing electronic phase
transitions.18–22 The FS shapeis characteristicof the elec-
tronic dimensionality of a system.21,22 For a three-
dimensional~3D! system the Fermi surfacemeasuredby
ARUPS consistsof continuouslines in the k spacecorre-
spondingto slicesrelatedto the intersectionbetweenthe 3D
Fermisurfaceandthefree-electronfinal-statesphere.18 How-
ever, for a 2D system,where there is no band dispersion
along k' , the Fermi surfacecan be representedas a pris-
maticsurfacein the3D k space.Therefore,theFermisurface
of a 2D film is normally characterizedby electronandhole
pocketsaroundspecificpointsof thesurfaceBrillouin zones
~SBZ’s!.20,22

Previous studies on this system by direct and inverse
photoemission8,11 have shown an electronband with para-
boliclike dispersionthat crossesthe Fermi level just above
saturation.In a previouspaperthepresenceof a cutoff at the
Fermi energypositionwasreportedfor coveragesabove0.5
ML ~Ref. 7! indicatinga metallic interfaceat saturationcov-

FIG. 1. ~a! Schematic representationof the reconstructed
Si(100)-(231) surfaceshowing the main alkali adsorptionsites
proposedin the literature: (a) bridge, (b) pedestal,(c) valley,
and (d) cave.The 231 surfaceunit cell is representedby a thin
line. ~b! First and secondsurfaceBrillouin zonesindicating the
main high-symmetrypoints.
erageand nonparabolicdispersionof the electronic states
neartheFermi level. In thepresentwork, it will beseenthat
the K/Si(100)-(231) surfacehas a 2D FS, indicating a
well-orderedmetallic interface. It will be shown that for
lower coverages~approximatelyone half of the saturation
coverage! neithertheFermiedgenor theFSis detected.The
2D Fermi surfaceis detectedat specificpoints of the SBZ
andit consistsof holepocketscenteredaroundthe Ḡ point of
the SBZ. Throughoutthis article the mechanismresponsible
for the electronictransitionfrom a semiconductingto a me-
tallic interface will be discussedwith the aid of a Mott-
Hubbardmodelfor this interface.Specifically,this transition
stemsfrom the overlapof the Si electroncloudsaroundthe
K adsorptionsites.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Experimentswere performedwith a VG-ESCALAB II
spectrometerin an UHV chamberwith a basepressuredur-
ing experimentsof 2310211 mbar. The UHV system is
equippedwith a motorizedtwo-axis goniometerand with a
data acquisitionsystemthat allows for fully automaticre-
cording of two-dimensionalphotoelectron-intensitymaps.
The overall energyandangularresolutionwere35 meV and
1°, respectively. Si~100! crystals were used ~n-type, 30
V cm! for experiments.The angle-resolvedUPS measure-
mentswere carried out with an unpolarizedHe lamp (hn
521.2eV). After severalcyclesof high-temperatureanneal-
ing in UHV the typical 231 2D surfacereconstructionwas
observedin the LEED pattern.To obtain a SD surfacewe
haveevaporatedSi on Si~100! following therecipedescribed
in Ref. 23. TheLEED patterncorrespondingto thecleanSD
Si~100! surfacepresentedminor, hardyobservablespotsdue
to the seconddomain. K was evaporatedfrom a commer-
cial SAESgetter.During evaporationthesampletemperature
was around 250 K and the pressurenever rose above
10210 mbar. The K coveragewas estimatedby comparing
the ratio and evolution of the K and Si 2p photoemission
peakswith a previouslycalibratedcurve.9,24 Also, it hasbeen
noticedthat theXPSintensityof theK 2p peaksaturatesfor
a particularcoverage,i.e.,doesnot increasewith evaporation
time, ashappensin Ref. 9. This coveragewill be calledthe
saturationcoverage.Experimentshavebeenrecordedfor two
different coverages:Saturationcoverage(us), estimatedfor
our experimentalsetupto be around0.7 ML in goodagree-
mentwith previouswork10 andhalf of the saturationcover-
age(1/2us), which is around0.35ML.

Fermi surface measurementswere performed by the
method that consistsof sequentialdata acquisition of the
total photoemissionintensityat the Fermi energyfor a com-
plete rangeof polar and azimuthalemissionangles~u,w!.
The result is representedas a 2D pattern,where emission
angles~u,w! aretransformedin ki vectorsandthephotoemis-
sion intensity representedasa gray-scaleimage~Fermi sur-
face map; darkerpixels correspondto lower intensitiesand
brighterpixels to higher intensities!. An electronicstateap-
proachingthe Fermi edgewill causea net increasein the
total numberof emittedphotoelectronsat the Fermi energy,
and then the intensity maximain the 3D mapsindicatethe
pointsof thereciprocalspacewherea bandcrossestheFermi
edge.More detailsaboutthe measurementprocedurecanbe
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found in Refs.18 and19. TheFermisurfacescanspresented
in this work havebeenrecordedby measuringthenumberof
countsat the Fermi energywith respectto the background
for around3500angularsettingswith anangularaccuracyof
1°. Thesurfacemapsarepresentedin a lineargrayscale.No
correction for the instrumentalresponseand no symmetry
averaginghasbeenappliedto the data.

This interface will be characterizedby a 2D Mott-
Hubbardmodel.As shownpreviously25 this is a reasonable
model as long as one is interestedonly in the electronic
structurenearthe Fermi level. It is thenpossibleto mapthe
resultsof a full densityfunctionalcalculationonto an effec-
tive 2D Mott-Hubbard model, in such a way that all the
informationaboutits geometricstructureis somewherebuilt
into the model parameters.This is similar to what happens
with manytransition-metaloxides.

We thereforeadopt an extendedHubbard Hamiltonian
with intra-atomicrepulsionson theSi atoms~which give rise
to the initial semiconductinggap26! and interatomic Si-K
Coulombinteractions~essentiallydue to the expectedlarge
chargetransfersfrom K to Si!. The Si~100! dangling-bond
(p* ) band and the K 4s band are describedby including
hoppingup to next-nearestneighbors,so thatboth intrachain
and interchaininteractionsare taken into account,thus en-
suring the ~expected! 2D characterof this system.The Si
bandrequiresan additionalhoppingwithin eachdimer. Fi-
nally, Si-K hoppingis allowedonly betweennearestneigh-
bors.All thesehoppingparametershavebeenscaledto the
appropriatedistances(d) according to the 1/d2 Harrison
law27 ~reasonablefor s and p orbitals!. Further, since the
Si-K hopping has beencalculatedby the geometricmean
rule, we areleft with just two basichoppingparameters~one
for Si andanotheronefor K!. Thesecanbeadjusteddirectly
from standardbulk band-structurecalculations28 so asto re-
producesomecharacteristicfeatureof Si andK, respectively.
The interatomicSi-K Coulombintegral is simply calculated
accordingto theKlopmaninterpolationformula.29 TheHub-
bardrepulsionU on theSi atomsis adjustedto reproducethe
experimentalgap of the Si(100)-(231) surface,which is
known to be about0.7 eV.30 This yields U'1 eV. Sinceall
the hoppingparameterslie in the interval 0.1–0.3 eV, our
systemis placedin the weak to moderatecoupling regime
~thewidth of thep* Si dangling-bondbandcomesout to be
'0.7eV!.

This modelHamiltonianwill now be treatedby the unre-
strictedHartree-Fockapproximationin its mostgeneralver-
sion, which includesexplicitly transverse~Sx and Sy! spin
componentsin additionto the usuallinearizationin termsof
SZ50.5 (n↑-n↓) ~longitudinalspin component! andcharge
n5n↑1n↓ ~or, what amountsto the same,n↑ and n↓! of
the moreconventionalHartree-Fockapproximation.The ex-
plicit considerationof transversespin componentsallows
one to deal with both the strong coupling limit ~large U!
wherechargefluctuationsareabsent(SZ50) andspin fluc-
tuationsdominate(Sx ,SyÞ0) and the weak-couplinglimit,
wherechargefluctuationsdominate~Sx5Sy50 andSZÞ0!.
Althoughthereliability of this approximationhasneverbeen
really proved, it was usedwith considerablesuccessin an
analysisof possiblemetal-insulatortransitionsalreadyin the
sixties.31
III. RESULTS

Severalcriteriato checkthemetallicity of aninterfacecan
be appliedwith the photoemissiontechnique.The first con-
sistsof detectingthe presenceof a cutoff in the electronic
densityat theFermienergyposition.Thesecondis relatedto
the existenceof a Fermi surface.The Fermi surfaceseenby
photoemissionconsistsof constantenergycontours,which
appearas a consequenceof the electronbandscrossingthe
Fermi energyat specificpointsof the reciprocalspace.This
pattern repeatsitself over the different SBZ obtained by
shifting the first SBZ througha reciprocallattice vector of
thesurface.Thereforethepresenceof a Fermisurfaceproves
bothmetallicity andlong rangeorderat the interface.Figure
2 shows several valence-bandphotoemissionspectra re-
corded at normal emission ~left hand! togetherwith their
respectiveFermisurfacemap~right hand! throughoutseveral
SBZ for thecleansurfaceandtwo differentK coverages.At
the top left of the figure a spectrumcan be seenfrom the
clean SD Si~100! 231 surfaceprior to the K deposition.
This spectrumshowselectronicstatesat 20.8eV binding
energy,which can be assignedto an occupiedsurfacestate
associatedto the Si dangling bonds.32 In addition, a little

FIG. 2. Valence-bandphotoemissionspectraat normalemission
~left! and its correspondingFermi surface maps ~right! for ~a!
single-domainclean Si(100)-(231) surface,~b! 0.35 ML of K
coverageon Si~100!, and~c! 0.7ML of K coverageon Si~100!. The
photonenergywas21.2eV.
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peakis observedjust at the Fermi energy.The presenceof
this peak is usually attributedto the existenceof localized
defectstatesat theSi surface.33 Coherentlywith thelocalized
natureof thosestates,the correspondingFermi surfacemap
does not show any appreciabledispersionthroughout the
whole reciprocalspace.Upon K depositionfor an approxi-
matecoverageof around0.35ML, a K interfaceis formedas
canbe inferredby the absenceof emissionat the Fermi en-
ergy ~seeFig. 2, middle-left spectra!. The peak associated
with surfacedefectshas disappeared.The main electronic
stateappearsnow at 21.3eV insteadof 20.8eV. This is a
clearindicationof stronginteractionbetweentheSi dangling
bonds and the arriving K atoms as has been already
suggested.5,32 The correspondingFermi surfacemap is pre-
sentedat theright sideof thespectra.TheFermisurfacemap
alsoindicatestheabsenceof electronicstatesin otherregions
of the reciprocalspace,supportinga semiconductingcharac-
ter of the interfacefor this coverage.However,for K cover-
agesaround0.7 ML, i.e., close to saturationcoverage,the
situationhascompletelychanged.A well-structuredpeakis
presentat theFermi level giving a clearproof of themetallic
characterof the interface.The correspondingFermi surface
map presentssomeregionswherethe photoemissioninten-
sity of the K-derivedstatesat the Fermi edgeis enhanced.

Figure 3~a! representsthe experimentally determined
Fermi surfacefor saturationcoverage.The SBZ of the SD
Si~100! 231 reconstructionhasbeendrawn superimposed.
It canbe appreciatedin this figure that the repetitionof the
featureat the zonecenter~surfaceḠ point! correspondsof
the231 reconstruction.Also, little peakscanbeappreciated

at the J̄ points of the SBZ @seeFig. 1~b!#. Thesefeatures
correspondto the minority seconddomainand the intensity
ratio of the major and minor domainsis in agreementwith
theLEED spotintensities.Thus,it canbeconcludedthat the
Fermi surfaceof this interfaceis dominatedby bandscross-
ing the Fermi edgein a regionof the reciprocalspaceclose
to the surfaceḠ points.The well-definedFermi surfacere-
peatedthroughthe whole reciprocallattice makesthe two-
dimensionalcharacterof the metallic band evident, rather
thantheone-dimensionalmetallicity predictedby theOADC
model.16 Figure3~b! representsour calculatedFermi surface
for this interface,following the methoddescribedin Sec.II.
As canbe seen,the agreementis fairly good.

In orderto understandwhatkind of electronicfeaturesare
responsiblefor the enhancementof intensity aroundthe Ḡ
points, valence-bandspectrafor different emissionangles
havebeenmeasuredpreviously.7 Their correspondingdisper-
sionsasa functionof theki vectoralongtheJ-G-J direction
~perpendicularto theSi dimersrows! of thesecondSBZ @see
Fig. 1~b!# is shownin Fig. 4. Also in this figure, our calcu-
lated bandshave beendrawn on the samegraph.Two K-
inducedbandsdispersingdownwardsfrom the Ḡ point very
close to the Fermi edgeare clearly seen.Theseelectronic
stateswill be labeledhereafterF1 andF2. At normalemis-
sion, their correspondingpeaksare centeredat 0.3 and 0.1
eV from the Fermi energy, respectively.The presenceof
thesestatesvery closeto theFermienergyis responsiblefor
the enhancementof intensity appreciatedin the Fermi Sur-
facemapsaroundthe Ḡ points.

Dueto thenaturalwidth of thevalence-bandstates,20,21 to
the experimentalenergy resolutionand to the Fermi edge
cutoff, thebindingenergyof theelectronicstatescloseto the
Fermi energycannotbe preciselyassignedand, therefore,
any photoemissionpeak appearing with binding energy
smallerthan0.1 eV will contributeto themeasuredintensity
of the Fermi surfacemaps.21 Therefore,it may happenthat
theF1 stateapproachestheFermienergywithout crossingit,
renderingthe surface,in an accuratesense,semiconducting.
Thus additionalproofs for the metallicity shouldbe given.
Riffe et al. haveshown10 by XPS that as the coveragein-
creases,a changein the K 3p binding energytogetherwith
anenlargementof thesingularityindexaredetected.Similar
behavioris found in our case~core-levelshift and enlarge-
mentof theK 2p peak! clearly indicatinga transitionfrom a
semiconductingto a metallic surface.Thus, it can be con-
cludedthat the featuresseenin Fig. 3~a! correspondto the
Fermi surfacecreatedby hole pocketsrecordedover eleven
different SBZ’s at saturationcoverageof the K/Si~100! sys-
tem.

One of the reasonsfor the disagreementexisting in the
scientificliteratureaboutthe metallicity of this interfacecan
bedueto the rapidcontaminationof theK layer. In addition
to that, the photoemissioncrosssectionfor KOx compounds

FIG. 3. ~Top! ExperimentalFermisurfacemapof theK/Si~100!
systemat saturationcoverage.The surfaceBrillouin zoneshave
been drawn superimposed. ~Bottom! CalculatedFermi surface
mapwith a Mott-Hubbardmodel.
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in thevalencebandis very high, causingsignificantchanges
in the photoemissionspectra.It is importantto remarkthat
the emissionfrom the statesthat cross the Fermi energy
aroundthe surfaceḠ point is very sensitiveto the residual
pressurein the experimentalchamber.This point is illus-
trated in Fig. 5. This figure shows UPS spectraof a K-
saturatedsurface(a), the samespectra 4 h later (b), and
againafter 10 h (c). Severalpeaksat the positionsmarked
by arrows~around6 and9 eV binding energy! developwith
time. Thesepeakshave beenfound in previousstudiesof
controlledoxidationof the K/Si~100! interface,34,35 andthey
area fingerprintof the presenceof oxygenatoms.The total

FIG. 4. Surfacebanddispersionnearthe Fermi level at satura-
tion coveragealong the J-G-J direction @see Fig. 1~b!#. Points
abovethestraightline at E520.1eV canbeconsideredasbelong-
ing to theFermisurface.Thecontinuousline is thecalculatedband
~seetext for details!.

FIG. 5. Curve (a) photoemissionspectraof the saturatedK/
Si~100! surfacerecordedright afterK deposition.(b) Samespectra
recordedafter 4 h. (c) After 10 h.
amountof oxidationin thecaseof thespectrum(c) hasbeen
estimatedby measuringXPS intensitiesto be around10%.
The effect of the oxidationon the Fermi thresholdis shown
in the insetof Fig. 5, which correspondsto a zoomingof the
Fermi energywindow. After 4 h working with the sample
within the low 10211 mbarrange,the emissionat the Fermi
edgewasstronglyreducedandafter10 h it wasnonexisting.
It is important to remark that the basepressureduring the
experimentsreportedherewasin the low 10211 mbar. If the
sameexperimentis performedat 10210 mbar, a Fermi edge
will not be detectedon the surfaceandit is theneasilycon-
cludedthat the surfaceis semiconducting.

IV. DISCUSSION

The combinationof theoreticaland experimentalresults
presentedin this paperprovide a consistentpicture of the
electronicstructureof the K/Si(100)-(231) interface.As
can be seenin Fig. 3, the Fermi surfaceof this interface
consistsof small hole pocketscenteredaroundthe Ḡ points.
In mostof the recentpublishedwork it is concludedthat the
surfaceis metallic.Nevertheless,in thepresentwork, theF2
bandof Fig. 4 showsa downwarddispersioninsteadof the
recentlyreportedupwarddispersion.11,36 The presenceof an
electronpocketaroundḠ would suggesta quasi-free-electron
metallic band and, consequently,a metallization starting
within the K overlayer.However,a hole pocket is experi-
mentally found and, therefore,the bandsforming the hole
pocketsmust havetheir origin in the Si substrate.Both in-
terpretationscould match with a combinedphotoemission
and inversephotoemissionstudy8 where,in addition to the
occupiedstates,an unoccupiedband(U2) is seenat around
0.35 eV aboveEF at the Ḡ point. This band (U2) has a
paraboliclike dispersionshowing a quasi-free-electron-like
behavior,ascould be derivedfrom K-4pz electrons.In that
work two peaksare seenat eachside of the Fermi level
~aboveandbelow simultaneously!. Due to the small energy
differencebetweenthem ~around0.5 eV! they are usually
interpretedas being the samestate.However,anotherpos-
sible interpretationof the samedatacould be that they actu-
ally correspondto differentstates~U2 andF2!, in agreement
with thecalculationof Ref. 13.Thus,in Ref. 11 it is claimed
that the F2 bandis due to a partial occupationof a K-spz
band ~S3 of Ref. 13! basedon the symmetryand upward
dispersionof this state.8,11,13,32However,this argumentcan
be discardedon the basisof a simple electroncountingar-
gument:If oneelectronper K atomis assumed,therewould
betwo electronsperSi dimer,andthennot enoughelectrons
would beavailableto fill theS1 andS2 bands~seeRef. 13!.
Therefore,we rather believe that the unoccupiedband of
Ref. 8 is remainingaboveEF at the Ḡ point.

The good agreementbetweentheory and experimentas
seenin Figs. 3 and 4 suggeststhat the scenarioof our ex-
perimentalinterpretationandcalculationshouldbe accurate.
It wascarriedout assuminga full monolayerof K atomsand
admittinga small fractionof its electronsto go into trapping
centers,so that the Si p* antibondingband doesnot get
completelyfilled. This assumptionis equivalentto supposing
that the saturationcoveragedoesnot correspondto 1 ML. If
it did, we would inevitablyhavea semiconductinginterface.
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Thus, the p* band, initially empty for the Si surface,re-
ceivesalmosttwo electronsper dimer with its maximum~at
the Ḡ point! left empty~holepocket!. On theotherhand,our
experimentalbandsare in close agreementwith the band
structurenearthe Fermi level found by Kobayasiet al.13

The existenceof a Fermi surfacerepeatedwith the peri-
odicity of the surfaceover 11 different SBZ consistingof
hole pocketsfor saturationcoverageexcludesK clustering.
Severalauthorshaveexplainedthe existenceof a densityof
statesat the Fermi energy37 as related to an excessof K
atoms,forming clumpson thesurface,which would leadto a
metallicFermi thresholdwithout long-rangeorder.Existence
of orderedK clusterscanalsoberuledout dueto theabsence
of anisotropy in the photoelectrondiffraction azimuthal
scansfor polar angles lower than 72° ~data not shown!.
Therefore,Fig. 3~a! suggestsa two dimensionalmodelwith
K atomsadsorbedin hollow and valley sites as has been
suggestedby XPD experiments.2

In Fig. 2 it is shownthat the rise of the Fermi surfaceis
directly relatedto a critical coverage.A possibleinterpreta-
tion for suchanelectronictransitioncanbefoundin termsof
chargelocalization. Indeed although the K atoms transfer
chargeto the Si dangling-bondstates,the transferredelec-
trons are not initially free to move aroundthe surface,but
insteadremainlocalizedaroundthe K sites.Figure6 which
showsschematicallythe spatialregionwith total chargedis-
tribution largerthanunity on theSi atomssurroundinga K1

ion is ~more detailsabout this calculationcan be found in
Ref. 38!. From a critical coverageonwards,therefore,this
electroncloudswill collapse,thespatiallylocalizedelectrons
beingthentransferredto thebands.Notice,however,that the
K1 ions must feel a strongcoulombrepulsion,which tends
to work againsttheir excessiveaccumulationon top of theSi
surface.Sincethe K-K distancein a bcc bulk crystal is 4.53
Å, considerablylargerthanthecorrespondingdistanceon the
Si~100! surface,3.84 Å ~Fig. 1!, the K atoms will repel
strongly near saturationcoverage.This repulsioncould be
the driving force limiting the K coverageon the surface.
Thus,differencesin both the critical andthe saturationcov-
erageare to be expectedwhen other alkali metalsare ad-
sorbedon Si~100! surfaces.Recentlythe metallicity of Li-
coveredSi surfaceshasbeenreportedat 0.25ML.39

From the aboveexplanation,one is temptedto believe
that adsorptiontakesplacefirst at hollow sites,aspredicted
by the ODAC model,16 and then,when most of thesesites

FIG. 6. Schematicrepresentationof the metallizationprocess.
The shadowedarearepresentsthe spatialregionwherethe total Si
chargedistributionaround a K atomis larger thanunity.
arecompleted,at valley positions.This would leadto a semi-
conductinginterfaceat full saturationcoverage,i.e., if the
secondlayerwerefully completed.However,our experimen-
tal andtheoreticalresultsindicatethat oncethe transitionof
the interface from semiconductingto metallic takes place
with increasingcoverage,the interfaceremainsmetallic all
the way up to saturation.No reentrantsemiconductingbe-
havior is ever found in this coveragerange,probably indi-
cating that the secondlayer is not fully occupied.The 2D
symmetry of the interface right after metallization notice
abovedoesnot supportpreviousmodelssuggesting1D be-
havior. This is the caseof the ODAC modelwheremetalli-
zation at low coveragesis inducedby a uniqueadsorption
site along the Si dimer chains.To gatherfurther evidence,
we haveperformedphotoelectrondiffraction azimuthalscans
for low and high-K coverages,a techniquethat samples
short-rangeorder at the surface.The samefeaturesin azi-
muthalscanswereobtainedin the two cases,indicatingthat
both siteswere occupiedindistinctly from the beginningof
the growth ~datanot shown!. Thereforethe semiconducting-
metallic transitiondoesnot seemto bea structuraltransition,
but mustbe ratherelectronicin nature.As shownin Fig. 2,
themetallizationis inducedby K electronswhich startto fill
the p* bandof Si. This transition takesplaceat a critical
coverage.

The disappearanceof the Fermi edgeupon oxidation of
the surface shown in Fig. 5 suggeststhat electrons are
trappedby approachingO atoms ~or other electronegative
speciesfrom the residualgas!, thuspreventingchargetrans-
fer to the Si dangling bonds. Therefore, the Si electron
cloudsdiscussedabovewill be spatially separatedand then
the metallization processdisrupted.As a consequence,a
transitionin oppositesenseto that describedin Fig. 2 ~i.e.,
from a metallic to a semiconductinginterface! will be ob-
servedby the photoemissiontechnique.

V. CONCLUSIONS

In summary,we havestudiedthe adsorptionof K atoms
on the SD Si(100)-(231) surface.Our resultsshow that
there is a critical coveragefor which a semiconductor-to-
metal transitiontakesplace,asexperimentallyevidencedby
theexistenceof a bidimensionalFermisurfacefor saturation
coverage.This FS consistof hole pocketscenteredaround
theḠ pointsof theSBZ.Theseexperimentalobservationsare
confirmed by a mean-field calculation basedon a Mott-
HubardmodelwheretheK atoms~partially ionized! transfer
electronchargeto theantibondingp* orbital.This transition
doesnot seemrelatedto structuralchangesat thesurfacebut
rather to the overlapof Si-confinedelectroncloudsaround
the K atoms.
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