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Using Kohn-Shamwavefunctionsandtheir energylevelsobtainedby density-functional-theoryotal-energy
calculations the electronicstructureof the two ¢(2X2) phasesof Na on Al(001) are analyzed,namely,the
metastablenollow-site structureformed when adsorptiontakesplaceat low temperatureand the stablesub-
stitutional structureappearingwvhenthe substratds heatedthereafterabove180 K or when adsorptiontakes
placeat room temperaturdrom the beginning.The experimentallyobtainedtwo-dimensionabandstructures
of the surfacestatesor resonancesre well reproducedby the calculations.With the help of charge-density
maps,it is foundthat, in both phasesfwo pronouncedandsappearasthe resultof a characteristicoupling
betweerthe valence-statbandof afree c(2x 2)-Na monolayerandthe surface-state/resonanbandof the Al
surfacesthatis, the clean(001) surfacefor the metastablgphaseandthe unstablereconstructedvacancy”
structurefor the stablephase.The higher-lying band,being Na derived,remainsmetallic for the metastable
phase whereasit lies completelyabovethe Fermi level for the stablephase leadingto the formation of a
surface-state/resonanceand structure resembling the bulk band structure of an ionic crystal.

I. INTRODUCTION

The adsorptionof alkali-metal atomson metal surfaces
hasattractedmuchattentionin recentyearspartly dueto the
discovery of a variety of adsorbatephases,in particular,
structuregthat involve a reconstructiorof the metal surface
inducedby the alkali-metalatoms(see,for example,Refs.1
and 2, and referencegherein. A commonfeatureof these
systemsds that often thereis a metastablehaseat low tem-
peratureinvolving no reconstructionof the metal surface,
while, at higher temperaturesa stablereconstructecphase
occurs.

In the presentpaperwe presenta combinedtheoretical
and experimentainvestigationof one suchsystem,namely,
that of c(2x2) phasesf Na on Al(001). Early dynamical-
theory analysesof low-energy electron-diffraction(LEED)
intensitie$** concludecthat Na occupiedthe fourfold hollow
site. It was first demonstratedy high-resolutioncore-level
spectroscopy and surface extendedx-ray-absorptionfine-
structure(Ref. 6) studiesthatthe hollow siteis takenonly for
preparationst low temperatur€LT), anda different, stable
structureis formed by adsorptionat room temperatur€RT)
or by heatingof the LT phaseabovec. 160K. It wasshown
later by a density-functionaltheory (DFT) study andby a
LEED analysi§ thatin the RT phasethe Na atomsoccupy
substitutionalsites, where every secondAl atomin the top
layer is removedand a Na atom adsorbedn its place.The

resultof an x-ray photoelectrordiffraction (XPD) study’ of
the RT phaseconcludingthat the surfacecontainstwo do-
mains,could not be confirmed®

In what follows, we performa theoreticalanalysisof the
electronicstructureof thetwo c(2X 2) structuresandcom-
pare the results with those of angle-resolvedultraviolet
spectroscopy® The measurementbave beenperformedin
whatwe call “polar scan” modeswhich deliver displaysof
photoemissionntensitiesas a function of energyandwave-
vector componentparallel to the surface,lying in selected

symmetrydirections(I'-M andI'-X) in the two-dimensional
(2D) Brillouin zone(seeFig. 1). The displaysyield directly

2D bandstructuresof surfacestates/resonancése., surface
statesor resonancegjependingon the position of the states
in or out of the gap of the 2D projectedbulk bands, which

may be comparedwith calculatedresults.

The basisof ourtheoreticalanalysisareKohn-Shanwave
functions, and their energy levels obtainedby DFT total-
energy calculations. 2D band structuresare derived and
comparedwith the experimentatesults.The obtained satis-
factory agreemenbetweentheory and experimentmay be
regardedas supportof the proposedatomic structuremodels
mentionedabove anda usefulbasisfor further studiesof the
propertiesof thesesurfaces.

Also, single-statecharge-densitgistributionsof occupied
andunoccupiedstatesarederivedfrom the DFT calculation,
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FIG. 1. SurfaceBrillouin zone of 1xX1 (full lines) and c(2

X 2) (brokenlines) structuresThe symmetrypointsT, M, and X
referto the (1< 1) structure.

and usedfor analyzingthe characterof the bands.We find

thatadsorptioneads,in bothLT andRT casesto two main
bandsof surfacestate/resonancessthe resultof a coupling
betweenthe valence-statdandof a free c(2x 2)-Na mono-
layer andthe surface-state/resonanbandof the Al surface.
Acrossthe Fermilevel the Al-derived bandis shifteddown,
andthe Na-derivedbandis shiftedup. As a consequencea
chargetransfertakesplacefrom the adsorbatedirectly into

the pre-existensurfacestate/resonancef the substrate.

FortheLT (hollow) structurejt is foundthatthe coupling
is relatively weakandthe Al-derived statealmostretainsthe
perfect 1 X1 periodicity of the clean surface.For the RT
(substitutional structure the Al-derived stateexhibitsa clear
c(2X 2) periodicity of thereconstructed\ surfaceTheNa-
derivedbandof the RT structureis completelyempty, and
leads, except for the still existent backgroundbulk con-
tinuum, to a surfaceelectronicstructurehavinga characteof
anionic monolayeiying on the surface We discusgossible
consequencesf this finding.

The paperis organizedasfollows: In Sec.ll, the experi-
mentalmethodis outlined, andis followed in Sec.lll by a
descriptionof the calculationmethods.SectionlV contains
theresultsfor the surface-state/resonanieandstructuresand
the analysisof the characterof the bandsin termsof single-
state charge-densitydistributions. Also, the charge-transfer
processeare analyzedby usingdensitydifferences.Section
V containsthe discussionand Sec.VI the conclusion.

Il. EXPERIMENT

The photoemissionexperiment¥ were performedin a
VG ESCALAB Mark Il spectrometemodifiedfor motorized
sequential angle-scanningdata acquisition'* and with a
working pressuren the lower 10~ *:-mbarregion. Ultravio-
let photoelectrorspectroscopyneasurementaere doneus-
ing unmonochromatizetle 1 (21.2eV) radiationfrom a dis-
charge lamp. The 150-mm-radiushemisphericalanalyzer
was run with an energy resolution of 50 meV.
Contamination-fresurfacesverepreparedy a combination
of Ar* sputteringand annealingat 500°C. Na was evapo-
ratedfrom a carefully outgassedSAES getter source.Par-
ticular carewas takento ensureultracleanNa deposits:All
partsof the evaporatiorsource exceptthetiny exit slit, were
surroundedwith liquid-nitrogen-cooledwalls. In this way,
the pressureduring evaporationcould be kept as low as

2.5x 10 ! mbar.Na coveragesveredeterminedaccurately
(+0.03ML) from core-levelphotoelectrorintensities:? The
sampletemperaturevas measuredwith a thermocouplein
mechanicakontactwith the sampleholder. The temperature
gradientbetweenthe sampleandthe sampleholderwas de-
terminedin a separatecalibrationexperimentwith an addi-
tional thermocouplespot welded onto a dummy sample.
Sampletemperaturegjiven here are correctedfor this tem-
peraturedifference and are estimatedto be correct within
+10K.

In orderto obtaintwo-dimensionabandstructuresof sur-

face states/resonancepolar scansalongthe I'-M andI'-X
directionsof the AI(001) surfaceBrillouin zone were per-
formed,recordingat eachangularsetting(A® =2°) theen-
tire photoelectrorspectrunbetween—0.4- and4.3-eV bind-
ing energy.The experimentabatasetsl (E; ,®) acquiredin
this way weremappedonto a regular(E; ,k)) grid, andvisu-
alized as gray-scaleplots with low intensitiesin white and
high intensitiesin black.

lll. CALCULATION METHOD

Theabinitio DFT total-energycalculationsandcompari-
sonwith LEED resultsare describedn Refs.7 and8. The
calculationswvere performedusingthe local-densityapproxi-
mation (LDA) for the exchange-correlatiofunctional. Fur-
ther detailsaboutthe methodcanbe foundin Refs.7,13and
14. The following two kinds of diagramshavebeenusedin
the presentanalysis.

(1) 2D band structures For deriving 2D bandstructures
we use the following procedure.The projecteddensity of
states(DOS) onto a chosenatomicorbital ¢,o(r) is defined
as

NAo<a>=§ Nao(Kj &), 1)
I

wherethe " k-resolved” projectedDOS is given by
2
NAO(kH ,8)22 fr<r d3r (ﬁKO(r)lﬂkH (1)
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For ¢50(r), we haveusedthe eigenfunctionof theisolated
pseudoatom$&om which the pseudopotentials/ere derived
for the total-energycalculation’ The integralwas truncated
at a cutoff radiusr,. (Herewe usedr.=3.7 A.) In the stan-
dard supercellmethodusing a slab geometry,a Kohn-Sham
state z,//kH «(r) can be specified,exceptfor the presenceof

degeneracyby indicesk; ande (both discretg, the parallel
wave vector, and the energy, respectively. The lifetime
broadeningparametety is introducedfor conveniencén nu-
merical work and for improving visibility of peaksin the
resultingplots. (Herewe take y=0.5eV.)

A simple sum of Npo(k|,&)’s are formed over atomic
orbitals of a specifiedatom.For example for Na, we have



TABLE I. Legendsof the symbolsusedin calculated2D band
structuresin Figs. 2 and 3. The “minimum fraction” is definedin
the text (the calculationmethodin Sec.lll).

Min. fraction

Structure Symbol Projectedatom X T.Mm
clean big circles Al 0.8 0.8
small circles Al 0.4 0.4

LT emptysquares Na 0.5 0.5
big circles Al 0.7 0.8

small circles Al 0.35 0.4

RT big squares Na 0.4 0.5
small squares Na 0.2 0.2

small circles Al 0.5 0.55

vacancy big circles Al 0.5 0.5
small circles Al 0.3 0.3

Nna(K| &) = Nnazs(K| &) +Nnagp (Kj, &)+ NNa3py(kH &)
+NNa3pZ(kH 78)- (3)

ThecorrespondingjuantitiesN (k| ,&) areevaluatedor the
Al atomsin the uppermostlayer. The maximum peak of
thesegquantitieswasalwaysfound at the bottomof a surface-

state/resonancdeandlying at I'. Thosepeakshavinga frac-
tional ratio to the maximum higher than a properly chosen
fixed value (“Min. Fraction” in Tablel), are selectedand
their positionsin (k,&) spacedisplayed,using squaresor

Naandcirclesfor Al (seeTablel). The plots anngY-l“ and

I'-M (seeFig. 1) arecombined,andarepresentedn Figs. 2
and3. We seethatthey producesatisfactorily2D bandstruc-
turesto be comparedo the experimentallyobtainedones.

The bulk-bandcontinuumis separatednto discretebands
dueto the useof finite (nine layen Al slabs.They appearin
Figs. 2 and 3 as weak features.The discretenes®f bulk
bandsmay have causeda small energyshift of the surface
resonancebandslying inside the bulk continuum,because
theseare replacedby one of the discretebulk bandslying
nearesto them.

We notethatin Figs.2 and3 the theoreticabandsfor the
LT andRT structuregepeathemselvesnsidethe1x 1 Bril-
louin zone,exhibitingc(2X 2) periodicity. Thatis, therange

I'-M [M referingto (1X1)] is halved,andthe bandsin the
secondhalf becomea mirror imageof thefirst half. We call
this “backfolding” here(cf. Ref. 15). It is a consequencef
our use of the density of statesprojectedto one specified
atomin eachc(2Xx2) surfaceunit cell. We notethat this is
obviously a theoreticalconstruct,and not quite adequatdor
fully representinghe charactemf the wave functionsof the
bands,particularly in the LT structure.In fact, thereis no
information included about the relation betweenthe values
of wavefunctionsaroundthetwo Al atomsin a unit cell (see

Fig. 4). Thus,in reality the wave functions may happento
have approximatelya 1X1 Bloch-type periodicity—the
backfoldingstill occurs.The samewould alsoresultevenfor
the clean-surfaceband if the artificial c(2X2) unit cell
would be imposed.In our backfoldedbandstructure,a van-
ishing deviationfrom the 1 X 1 Bloch-typeperiodicity would
becomevisible only in a vanishingbandgap at a Brillouin-
zoneboundary,that s, in our caseon the line halving the

rangel-M.
On the otherhand,the photoemissionntensity would be
determinedby a matrix element

Mk )= | & T 0. @

The symmetryof the structureleadsto the “selectionrule,”
which selectsout initial-statebandsaccordingto the symme-
try relation betweenthe initial- and final-statewave func-
tions. In the caseof the LT structure,the final state i(r)
samplegheinitial statezpk‘| ¢(r) a bothof thetwo Al atoms

in aunit cell. The selectionrule cantakeplacedifferently for

thefirst andsecondhalvesof therangel’-M, destroyingthe
mirror symmetrybetweerthetwo halves.In particular,if the
wavefunctionshavenearlythe 1 X 1 Bloch-typeperiodicity,
the selectionrule leadsto an “unfolding” of the backfolded
bandstructure.

(2) Charge-densitydistributions The chargedensity is
derivedfrom Kohn-Shamwave functionsas

p(N=2 2 [ (D], )
kH & occ
wheree occlabelsthe occupiedlevels.We usep(r) for the
study of chargetransferoccurringat adsorption.
The single-statechargedensityis definedhereas

pk”,s(r):|¢ku,s(r)|21 (6)

and used for analyzing the characterof surface states/
resonancesNe shouldkeepin mind that the charge-density
distributionsare derivedfrom pseudewave-functiongesult-
ing from the use of pseudopotentialsso that they give a
correct distribution only outside the critical radius of the
pseudopotentials.

We use crosssectionsof the chargedensitieson planes
perpendiculaand parallelto the surface.The perpendicular
crosssectionstakenare specifiedin Fig. 4.

IV. RESULTS

In Secs.IV A, IV B, and IV C, we discusssuccessively
the results for the clean AI(001) and the two
c(2x2)-Na/Al(001) surfaceslt is to be notedthat the fig-
uresare arranged,ndependentlyof the text, in the way to
facilitate a visual comparisonbetweenthe different struc-
tures.

A. Clean Al (001

Figure 2(a) showsthe experimentalleft pane) andtheo-
retical (right pane) band structuresfor the clean Al(001)
surface.lt canbe seenthat both exhibit a surface-statdand
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FIG. 2. Comparisonof experimentalleft pane) and calculated(right pane) 2D bandstructuresThe symbolsusedfor the calculated
bandsare specifiedin Tablel. (a) Cleansurface.(b) LT phase(hollow site). (c) RT phase(substitutionalsite).

which has a free-electron-like form. The paramaters obtained.00) and (110 are defined in Fig. @). An important char-
by fitting by parabolas, as indicated by broken lines in Fig.acteristic of the surface state of the clearf08l) surface is
2(a), are shown in Table Il. The energy position of the bandthat the charge density shows a pronounced maximum just
atT, Eo, agrees well between theory and experiment, withon top of the surface Al atoms. This can also be seen in the
values of 2.68 and 2.76 eV below the Fermi level, respeccross section parallel to the surface through the electron-
tively. The theoretical value lies in the range of the results ofdensity maxima as shown in Fig(&J. This particular feature
other calculation$®~232.6-2.9 eV. The experimental value of the surface state is apparently crucial in the formation of
is in very good agreement with earlier experimentalthe electronic structure of the LT phase, as we see below.
studies?*~%°

In Fig. 2 (left pane), it can be seen that the experimental
results display a number of additional features. Those which ,
are common to all structures studied on this surface are as- 1. Al-derived band
signed to bulk bands, as indicated by arrows. These bulk In Fig. 2(b), we show the experimentdleft pane) and
features do not appear in the calculated band strucfrighg  calculated(right pane) surface states/resonances for the LT
pane), reflecting the fact that the density of states projectecc(2x 2) hollow structure. The lower-lying main band is Al
onto the uppermost Al atoms are dominated by the surfacderived, as indicated by the circles in the theoretical (gt
states. , _ __ Table |). The position of the calculated bandIaties some-

In Fig. 6(@) we display the single-state charge-density disyhat |ower in energy than the experimental value; compare
tributions atI" for the main band. The two cross sections3.61 to 3.12 eV(see Table Il. (We note the calculated re-

B. LT c(2%2) hollow structure
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FIG. 3. 2D bandstructuresf (a) the LT phase(hollow site), (b)
the RT phase(substitutionalsite), and (c) the vacancystructure,
including the energyrangeaboveE . The symbolsusedarespeci-
fied in Tablel.

sults of the earliertheoreticalwork of Chulkov and Silkin'®
is also~3.6 eV, althoughtheir non-self-consistentalue of
verticaldistance2.05A, from Nato Al is differentfrom ours
2.35A, which is nearerto the experimentatesult2.57 A.8)
Comparedto the position of the surface-statéband of the

o1 =

(©)

FIG. 4. Geometriesof the c(2Xx 2)-Na/Al(001) surfacestruc-
tures: (&) cleansurface(b) LT phase(hollow site), (c) vacancy
structure,and (d) RT phase(substitutionalsite). The positionsof
perpendicularcross sectionsusedfor charge-densitydistributions
are indicated.The white circles representNa atoms,and the gray
circlesAl atoms.

(d)

cleanAl(001) surface the Al-derived bandlies lower in en-
ergy, by 0.93and 0.36 eV, as obtainedby the calculations
andasdeterminedrom experimentrespectively.The nature
of this downwardshift will be discussedelow. The differ-
enceshetweertheoryandexperimentmay havebeencaused
by the approximationsusedin the total-energycalculation
(useof LDA, Rydbergcut, k-point sampling,etc1®19

The experimentalesultsshowclearly thatthe Al-derived
statedoesnot havethe c(2X2) periodicity, but ratherthe
1x 1 periodicity of the cleansurface.In fact, we find it a
significantexperimentakesultthat the main bandin the LT

phasehas, throughoutthe whole rangeof I'-M, almostthe
sameform as that of the clean surface,being only shifted
down.

In Fig. 6(b) we displaythe single-stateharge-densitylis-

tribution atT" for the Al-derived bandof the LT phase.The
two setsof crosssectionsdifferently chosenfor Al and Na
[cf. Fig. 6(c)] aredefinedin Fig. 4(b). It canbe notedin Fig.
6(b) thatthe maximaof chargedensityremainson top of the
surfaceAl atoms,almostunchangedrom thoseof the clean
surfaceshownin Fig. 6(a). (This hasalso beenpointedout
by ChulkovandSilkin.!8) In the crosssectionparallelto the
surfaceshownin Fig. 7(b), only a small deviationfrom the
1X 1 structureis seenhavinga c(2x2) period,with some
indication of a characterf a bondingstatebetweenthe Na

TABLE Il. Parametersspecifying the main surface state/
resonancéandsin Figs.2 and3. Theexperimental/alues(Ref. 10)
areshownin brackets.

Structure E, (eV) ke [27/ag] m* (mg)
clean 2.68(2.76 0.55(0.60 1.05(1.18
LT 3.61(3.12 0.64(0.66 1.03(1.29
RT 2.14(2.3) 0.51(0.62 1.12(1.55
vacancy 1.33 0.41 1.15




and Al atoms.The smallnessof the deviation explainsthe
similarity of the experimentalband structuresbetweenthe
cleansurfaceandthe LT phaselt is to be notedthatin the
photoemissiorprocessegrom this band,not only the initial
states,but also the final stateshave apparentlymaintained
approximatelythe sameperiodicity as of the cleansurface.
The theoreticalcurvesin Fig. 2(b) appeardifferent, but this
is only causedby the backfolding,asalreadymentioned.

2. Na-derivedband

In Fig. 2(b), dark spotscanbe seenat T and M, nearthe
FermienergyEg, in the experimentatesults Althoughfrom
thefigure presentedereit is perhapglifficult to distinguish,

we find in the experimentaldatathat the dark featureat M
for the LT phaseas markedlydifferentin characteifrom that
of the cleansurface,in thatthe intensityfor the LT phaseis
strongerand sometailing with dispersionis exhibited,asis

the casealsofor the featureat I'. From the calculatedbands
of the LT phase[right panelof Fig. 2(b)], we can seethat
thereis a surface-state/resonantmnd with an energy of

about0.7 eV belowthe Fermilevel atT. As indicatedby the
opensquaresit is a Na-derivedband.We assignthis banda_s

giving rise to the experimentallymeasuredntensitiesat I'

andM at ~0.4 eV below the Fermilevel. The existenceof
this bandwasfirst theoreticallypredictedby Beneshet al.,?’
and was also reproducedby Chulkov and Silkin.*® In Fig.
3(a), we showthe samecalculatedbandstructureasin Fig.
2(b), but where the energyregion extendshigher into the
positive range. Here we can seethat the part of the Na-
derived band above Eg exhibits marked band-structureef-

fectsin themiddleof I'-M, dueto thec(2X 2) periodicity of
the adsorbed\a layer.

In Fig. 5(a), we show the band structureof a free c(2
X 2)-Namonolayerfor comparisonlt canbe observedhatat

I" thelowestbandlies ~0.8 eV lowerin energyascompared
to the Na-derivedbandof the LT phaseCorrespondinglyhe
occupiedpartof the bandis notablylargerfor thefreemono-
layer.

Figure 6(c) displaysthe distribution of the Na-derived

surfacestate/resonancat I' which clearly shows an anti-
bonding character the nodal line (not shown running be-
tweenthe Na and Al layers. A comparisonwith Fig. 5(b)
showsthat the strongly smearedut characteiof the density
betweenthe Na atomsis maintained,appearing,however,
only in the upper half of the Na layer. The lower half is
apparentlycanceledby the Al surfacestatesdueto the anti-
bonding coupling. A cross section parallel to the surface
passingthroughthe electrondensity maximaon top of the
Na atomsis shownin Fig. 7(c). Herewe seealsoa smeared
out, free-electron-likedistribution.

3. Formation mechanism
of the two surface-state/resonanckands

Combining the resultsabove,we can concludethat the
two bandsareresultingfrom a couplingbetweerthe lowest-
lying (3s-derived bandof a free c(2X2) monolayerof Na
andthe surface-statéandof the cleanAl(001) surface Ap-
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FIG. 5. Free c(2x2)-Na layer: (a) band structure,and (b)
charge-densitylistribution of valenceelctrons.The planesof cross
sectionsare definedin Fig. 4(b).

plying a simple two-term perturbationtheory,as commonly
donein molecular-orbitatheory?®2°this may be understood
as being due to the formation of bonding and antibonding
statesJeadingto the downwardshift of the Al-derived band

by 0.9 eV (calc), with an increasein populationand the

upwardshift of the Na-derivedbandby 0.8 eV (calc) with a

decreaseén population.Alternatively, it may be understood,
asin the caseof ionic crystals,that the shifts occur as the

resultof Coulombfields betweerthetwo oppositelycharged
ionic layers.Theionizationis to be expecteddueto the cat-

ionic natureof Na, which donateselectronicchargeto the

aluminum.

In Fig. 9, we showthe total chargedensityp,,; ; the den-
sity differencebetweenthe adsorptionsystemandthe corre-
spondingAl surface(for which the positionsof the Al atoms
are kept at those of the adsorptionsystem, Apgit = piot.
—pal» andthe redistribution of charge,A pregis= Piot.— Pal
— Pe2x2)-Nas Which subtractsout the chargedensity of the
freeNamonolaye(Fig. 5(b)], showingexactlywherecharge
hasbeenenhancednddepletedlt canclearly be seenfrom
Apgir andA p,oq4is. thatchargeenhancemenaccursprimarily
at the maximaof the surfacestates,andindeedalmostpro-
portionally. We can also note in A pegis. SOMe regions of
depletion,showingthat the electronchargehasbeentrans-
ferred from the upper half of the region betweenthe Na
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FIG. 6. Charge-densitydistribution of the surface state/
resonancef the main bandsat I" for (a) the cleansurface,(b) the
Al-derived band of the LT phase(hollow site), and (c) the Na-
derivedbandof the LT phase.The positionsof crosssectionsare
indicatedin Figs. 4(a) and 4(b). Large dots denoteNa atomsand
small dots Al atoms. The contoursbegin at 1.0, and the contour
spacingis 1.0. The units are X 10" 3e bohr 2.

atoms,wherethe densityfor the free Na layer[seeFig. 5(b)]
is much larger than that of the Al surfacestates[see Fig.
6(a)]. We maythusconcludethatthe electrontransferoccurs
from Na atomsdirectly into the pre-existingsurfacestates
of Al.

It is noted in passingthat this characterof the LT
phase shows a close analogy to the case of
c(2% 2)-Cs/\W001),%%3! both having the c¢(2x 2) fourfold
hollow structure.Although the electronicstructureis much
more complicatedfor Cs/W, the essentialfeature of the
charge transfer is the same. Thus the maxima of the
4d-derivedsurfacestatesof the cleanW(001) surfacelie on
top of the surfaceW atoms (seeFig. 7 of Ref. 30). The
maxima maintain their form upon Cs adsorption.Charge
transfertakesplace from Cs to thesesurfacestates.Hence
this caseand ours may be regardedasrepresentativesf the
alkali-metal-onmetalsystemsfor which the surfacestateof
the substrateplay an essentialole.

The upperNa-derivedbandcrosseghe Fermilevel andis
partly occupied,remaining “metallic.” In Figs. 6(c) and
7(c), its free-electron-likecharactercan be seen.We seein
Figs. 6(b) and6(c) thatthe chargedensityof the Al-derived
band lies well below the smearedout density of the Na-
derivedband,and also below the position of the Na atoms.
Thusthe traditional picture of a thin metallic film covering
an originally metallic substrateremainsqualitatively valid.
We seebelow that this is not the casefor the RT phase.

It is to be notedthatthe apparentlyweakinfluenceof the
Na adsorptionon the Al surfacestatesis limited to the high

/( (d) vac.

(b) hol. (Al) ) \ () sub. (Al)

~—
1

\ (f) sub. (Na)

FIG. 7. Charge-densityistribution of the main surfacestates/
resonancesn a plane parallel to the surfacepassingthrough the
electron-densitymaxima (not the atom center$: the cleansurface
(a); the Al- (b) andNa-derived(c) bandsof the LT (hollow) struc-
ture, respectively;and the vacancystructure(d) and Al- (e) and
Na-derived(f) bandsof the RT (substitutiongl structure,respec-
tively. The dotsrepresenthe positionsof the Na atoms.The con-
tours begin at 1.0, and the contour spacingis 1.0. The units are
X 10 3e bohr 3.

coverageof ® =0.5for the c(2x 2) structure for which the
densitymaximafor the Na valenceelectrons[Fig. 5(b)] lie

betweerthe Na atomsandaresituatedust at the samesite as
the surface-statemaxima. In fact, it has been found
experimentally° that at low coveragesd =0-0.15 the sur-
face statesare deterioratedby Na adsorption.Also, it has
been shown by DFT calculatiort? for a fictive ordered-
structure model p(2x2), with coverage®=3, that the
surface-statenaximaare movedfrom the on-topsitesto the
bonding-linepositionsbetweenthe Na and Al atoms.

C. RT c(2x2) substitutional structure
1. Al-derivedband

Figure 2(c) showsthe experimental(left pane) and cal-
culated (right pane) surface-state/resonandm@ndsfor the
RT c(2X 2) substitutionalstructure.lt can be seenthat the
experimentakurface-state/resonanbandclearly exhibits a
c(2x2) periodicity,in contrastto the LT (hollow) structure.
As we will seebelow, this is dueto the significantly recon-
structedAl (001) surface.The calculationsright pane) show
goodagreementith experimentandindicatethat the band
is mainly Al derived(circles, buthasasmallparticipationof
Na (squares Theenergypositionof themaintheoreticaland

experimentabandsatI" are2.14and2.31eV, respectively.
The experimentaresuﬂsdisplay someasymmetryin the

intensity neark;=0.5in I'-M, i.e. a weakeningon the left
sideanda strengthenin@gndupwardshift on theright. A few
alternativeexplanationsmay be possiblefor this anomaly.
Among others,it may be relatedto the closing of the bulk-
bandgapin this region,causingthe stateto go from beinga



(a) (100) vac.

(110)

FIG. 8. SameasFig. 6, for the RT phase(substitutionalsite).
The positionsof the crosssectionsare specifiedin Figs. 4(c) and
4(d).

pure surfacestateto a surfaceresonancégseeFig. 10(c) of
Ref. 10]. Also, additional coupling to bulk statesmay be-
comepossibleby surfaceumklappprocessesThe peakpro-
file may becomebroadand complicated asindicatedby the

split structureof the band neark;=0.5in I'-M. Different
profiles for the left and right halves may result from this
broadenegbeakin the formationof the matrix elementgiven
by Eq. (4), the final statebeingdifferent.

An importantfinding in the presentanalysisis that the
main bandin the RT structurecanbe regardedas beingde-
rived from the surface-state/resonanbandof a fictive, re-
constructedclean Al surface,thatis, the “vacancy” struc-
ture; seeFig. 4(c). In this structurethe Na atomsarereplaced

by “vacancies” of the Al atoms.The surface-state/resonance

band structureof the vacancystructureis displayedin Fig.
3(c). By comparisorwith Fig. 3(b), it is clearly seenthatthe
main Al-derived bandof the RT phaseoriginatesfrom that
of the vacancystructure andis only somewhashifteddown
in energy(by 0.81eV) dueto Na adsorption.

Figures8(a) and 8(b) showthe single-statechargedistri-

butionat I" for the main bandsof the “vacancy structure”
andthe RT phaserespectively.Figures7(d) and 7(e) show
their crosssectiongarallelto the surfacepassinghroughthe
electron-densitynaxima.Similarly to the cleanAl(001) sur-
face,the maximaof chargedensityfor the vacancystructure
lie on top of the uppermostsurfaceAl atoms,having this

time thec(2X 2) periodicity. For the Al-derived bandof the
RT phase,the maximaalso lie approximatelyat the same
position as that of the vacancy structure, with relatively
smallchangesn their form. It canbe notedthat thesestates
are rather strongly localized. This explains the well-

developedc(2X 2) characterof the bandfoundin Fig. 2(c),

and its relatively small dispersion(larger value of m*, see
Tablell).

Similarly to the LT phase,in Fig. 2(c) we find a few
additionaltheoreticalbulk bandswhich are not presentfor
the clean surface.Theseare apparentlyintroducedby the
c(2x2) periodicity as surfaceumklapp processesThereis
alsoindication of a third, relatively weak bandlying at E¢

andaroundl’ andM in boththe experimentahndcalculated
band structures.From our analysis(not showr), this band
can be regardedas being derivedfrom a second,relatively
weak, surface-state/resonanbandof the vacancystructure.

2. Na-derivedband

In Fig. 3(b), we see that the Na-derived band (filled
squaresis found only in the calculation,lying completelyin
the positive-energyange,about2.7 eV higherin energythan
for the free c(2X 2)-Na layer. Notably, this shift is much
largerthanthe downwardshift of the Al-derived band( 0.8
eV). This will be discussedelow.

Thesingle-statechargedistributionof the unoccupiedNa-

derivedstateat I' is shownin Fig. 8(c), indicatingagainan
antibonding character. Figures 8(c) and 7(f) show its
smearedout, free-electron-likestructure,with the maxima
residingthis time abovethe Na atoms.

3. Formation mechanismof the two bands

We concludethatthetwo mainbandsareresulting,justas
in the caseof the LT phasefrom the coupling betweenthe
statesof a free c(2X 2)-Na monolayerandthe surfacestate/
resonancef the Al surfacej.e., thevacancystructurein this
case.The electrontransfercanalsobe regardedasoccurring
from Na atomsinto the surfacestate/resonancef the va-
cancystructure.This can be seenclearly in comparingFig.
10 with Fig. 8(a). In the chargeredistributionA p,eqis.in Fig.
10 we note someregionsof depletion:the electroncharge
hasbeentransferredn this casemainly from the regionon
top of the Na atoms,wherethe densityof the free Na layer
dominatesthe density of the surfacestate/resonancef the
vacancystructure.The chargedepletionfoundin Fig. 10 also
near the centersof the Al atomsmay be interpretedas a
result of an upward shift of the maximum of the surface
statesinducedby Na adsorption.

Thesefindings, combinedwith the unbalancedarge up-
ward shift of the Na-derivedbandand the existenceof the
third peakat Ex, both mentionedabove,indicate that the
coupling betweenthe free Na monolayerstatesand the Al
surfacestates/resonanceaskesplacein a little more compli-
catedway thanin theLT caselt cannolongerbeinterpreted
in a simple two-term-couplingperturbationscheme Appar-
ently the coupling is too strong, and involves other states,
namely,the p, statesof Na lying originally at +1 eV [Fig.
5(a)] and the secondsurfacestates/resonances Al lying
originally at 0 eV [Fig. 3(c)].

We haveseenabovethatfor the LT phasethe traditional
picture of a thin metallic film coveringa metallic substrate
remainsqualitatively valid. For the RT phase,on the other
hand, we seein Fig. 8(b) that the completely filled Al-
derivedbandhasthe maximalying at the sameheightasthe
Na atoms.The maximaof the Na-derivedbandlie indeed
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FIG. 9. Total charge-densityistribution p,,; (left pane), den-
sity difference Apg. (middle pane), and density redistribution
Apredis. (right pane), of the LT phase(hollow site). The crosssec-
tion is in the (001)Na plane [see Fig. 4(b)]. The units are
10 3e bohr 3. In the left panelthe first contourbeginsat 4.0 with
a spacingof 4.0; for the middle panelthe first contourbeginsat 0.6
with a spacingof 0.6; andin the right panelthe contoursare the
sameas the middle panel,with the addition of a negativecontour
line (unshadegat —0.6.

higher, but they are empty. Thus, as far as the electronic
statesin the energyrangenear E- are concernedthe Al-
derived band constitutespractically the “surface” of this
structure.The Na monolayer(or the Na/Al compositemono-
layen cannotbe regardedas a metallic film on a metallic
substraterather,exceptfor the still existentbackgroundulk
continuum,the electronicstructureof the monolayemay be
viewed as being analogougto that of an ionic crystal, like
NacCl, wherethe completelyfilled Al-derived bandreplaces
thevalencebandof Cl, andformswith the emptyNa-derived
banda “band gap” of about3.5eV acrosshe Fermienergy.

We notein passinghatwe find a similarity of the surface
electronicstructureof the RT phaseto that of the system
(2% 2)-2Na/Al(111) which forms a compositedouble-layer
surfacealloy with a similar, but more complexintermixing
of Na and Al in the surfacelayers*3* For this systemwe
find alsoa filled Al-derived bandoriginatingfrom the corre-
sponding “vacancy structure,” and an empty Na-derived
band.(The latter may be assignedo that found by Heskett
et al.*® usinginversephotoemissiorspectroscopy.The simi-
larity indicatesthatalsothis layer cannotbe regardedsimply
asa thin metallic layer.

V. DISCUSSION

For all three systemsstudied[Al(001) and the two c¢(2
X 2)-Na/Al(001) phase§ we find goodoverallagreemenof
the surface-state/resonandmand structure betweenexperi-
ment and theory. In each casethere is a prominent Al-

Pdiff.

Predis.

FIG. 10. SameasFig. 9 for the RT phase(substitutionalsite).
For the middle panelthereis one contourline at — 1.2, andin the
right panel there are three negative contour lines (unshadep at
—-1.8,—-1.2,and—0.6.

derived surface-state/resonanband, showing similar free-

electron-likeparabolicdispersionat the bandbottomnearT’,

asindicatedby brokenlinesin Fig. 2. We find that the ob-

servedand calculatedvaluesof the Fermi wave vector, kg

andthe effectivemassm* of the mainband(Tablell) agree
only roughly, probably due to the approximationsusedin

calculation,asalreadymentionedIn any case thesequanti-
ties areto be regardedas global parameterspecifyingonly

the geometryof the bands,and are not intendedto indicate
that the bandsare free-electron-likeln fact, the wave func-

tions of the Al-derived bandsareratherstronglylocalized,as
we seefrom the charge-densitglistributions.The dispersion
of the bandsmay be regardedas the result of the overlap
betweenthe localizedwave functions.

The pictureof chargetransfertaking placefrom Nato the
surfacestates/resonances Al is also supportedby the al-
most equal values of the work-function change(decreask
Ad~—1.6 eV, obtainedboth experimentallj®*” and theo-
retically in the presentwork for the LT andRT phasesOb-
viously the value of A® resultsfrom p,egis, Shownin Figs.
9 and 10, as the z componentof the dipole moment. As
alreadymentioned the minima and maximaof pegis. COrre-
spondto the maximaof the Na- and Al-derived states,re-
spectively.This canbe seenby comparisorof Figs.9 and10
with Figs. 6(b) and6(c) and 8(b) and 8(c). In thesefigures,
the vertical distancesbetweenthe maxima of the Na- and
Al-derived statesarefoundto havearatio of about1.0to 0.6
betweenthe LT and RT phasesOn the otherhand,a com-
parisonbetweenFigs. 5(a) and2(b) showsthatthe decrease
of the occupancyof the Na-derivedstatesamountsto c. 0.6
for the LT phase,n contrastto 1.0 for the RT phase(being
empty. This leadsto the sameamountof Ad betweenthe
two phasesasa productof chargeanddistancelt is essen-
tial in this consideratiorio notethe fact that, while the forms
of the Al-derived statesremain always almost unchanged,
the forms of the Na-derivedstateschangedrastically,from
that of Figs. 5(b) to thoseof Figs. 6(c) and8(c).

Our resultsverify the formation of the two surface-state/
resonancdands.Various experimentamethodsof studying
surfaceelectronicpropertiesotherthanultraviolet photoelec-
ton spectroscopyasusedhere,may be usefulfor finding out
characteristideaturesinducedby thesetwo bands.Particu-
larly, EELS (electron-energy-losspectroscopy (Refs. 38
and39) andinversephotoemissiorspectroscopy>° may be
usefulfor studyingthe effectsof the bandslying in the en-
ergy rangeabovethe Fermilevel.

For the RT phasethe fact that the surfacebandstructure
is constitutedof afilled bandandan emptyband,with a gap
of approximately3.5 eV, may play animportantrole in vari-
ouspropertiesf the surface We may think of, in additionto
EELS, an anomalousfeaturein optical reflection spectr&’
near3.5 eV anda correspondinganomalyin the dispersion
curve of surfaceplasmong'

A significanteffect may be expectedin various surface-
sensitivemethods,such as ion neutralizatiorf> metastable
deexcitatiorf“3 etc., which would reflectthe dominanceof
the surfacestates/resonanc@s the outermostsurfaceregion,
and henceexposethe differencein the characterof these
statesbetweerthe LT andRT phasesWe may alsothink of
the relevanceof the occupancyof surfacestates/resonances
on surfacediffusion™ and catalytic activity.*®



VI. CONCLUSION

We have analyzedthe electronic structureof the meta-
stable hollow and stable substitutional structuresof c¢(2

X 2)-Na on Al(00]). The calculatedsurface-state/resonance

bands agree well with those measuredby angle-resolved
photoemissiorexperimentslt is found that, in both phases,
two pronouncedandsappearastheresultof a characteristic
coupling between the valence-state bands of a free

c(2x2)-Na layer and the surface-state/resonanbandsof

the correspondingi.e., cleanandreconstructedAl surfaces.
While the experimentalband structureof the substitutional
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