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Theelectronicstatesof Na on Al ~001! havebeenstudiedby angle-scannedultraviolet photoelectronspec-
troscopy.In the initial stageof Na depositionat roomtemperature,theAl ~001! sp surfacestateis found to be
rapidly quenched.Fromthelineardecreasein intensitywith coverage,thescatteringcrosssectionfor electrons
in this zone-centersurfacestatescatteringoff Na surfaceimpuritieshasbeendetermined.For the two struc-
turally different c~232! phasesformedat low temperatureandat room temperature,the surface-statedisper-
sionsalongtheG M andG X directionsof thesurfaceBrillouin zonehavebeenmeasuredandcomparedto the
correspondingresultsfrom thecleanAl ~001! surface.Oppositeenergyshifts anddistinctly different effective
masseshavebeenfound for the electronicstatesin the two c~232! phases.

INTRODUCTION

The terminationof theperfectcrystal-structureat thesur-
facecausesamodificationof thebulk electronicbandstruc-
ture reflectedby the occurrenceof surfaceresonancesand
surfacestates.As thesestatesare confinedto the surface,
theyhavea profoundinfluenceon its physicalandchemical
properties.Moreover, thesestatesreact very sensitively to
externalperturbationssuchasadsorption,disorder,or exter-
nal fields. Establishinga linkage between the electronic
structureof a surfaceandothersurfacepropertiessuchasthe
geometricalstructure,surfacedipole layer formation, dy-
namicalproperties,chemicalreactivity, or catalyticactivity,
therefore,is oneof themost importantgoalsin surfacesci-
ence.In thiswork, thechangesin surfaceelectronicstructure
inducedby Na adsorptionon Al ~001! at room temperature
andat150K arediscussed.Different local geometricalstruc-
turesareformedat thesetwo temperatures,which is clearly
reflectedin the electronicsurfaceproperties.

Dueto their prototypicalnatureandtheir importantrole in
the developmentof theoriesof chemisorption,alkali metal
on metal adsorptionsystemshavebeenextensivelystudied
for a long time.1 Despitethesecontinuousefforts,it hasbeen
realizedduring the pastfew yearsthat our understandingof
alkali metalon metaladsorptionis incomplete.Recentfind-
ingsof surprisingandcontroversialadsorbatestructureshave
stimulated intense experimental and theoretical work.2–6

Even thougha satisfactoryunderstandingof formerly unex-
pected and unintelligible phenomenahas been gained in
manycases,severalsubjectshaveremainedcontroversialon
thetheoreticalaswell ason theexperimentalside.A particu-
larly intriguing caseis representedby theNa/Al~001! adsor-
bate system, which has recently attracted considerable
interest.7–11 In contradictionto earlierresults,12,13 it hasbeen
shownby high-resolutioncore-levelphotoelectronspectros-

copy that Na adsorptionon Al ~001! at room temperature
~RT! leadsto a disruptionof the Al surfaceand to the for-
mationof a surfacealloy.7 A recentsurface-extendedx-ray-
absorptionfine-structure~SEXAFS! studyof theRT c~232!-
Na/Al~001! systemat 0.5ML ~ML; 1 ML equalsthenumber
of surfaceAl atoms! coverageproposedNa adsorptionbe-
neatha reconstructedsurfaceAl layer,8 whereasvery recent
investigationsusing density-functionaltheory ~DFT! con-
clude that the adsorptionenergyof the hollow site is the
lowest for very low coverages,and that at a coverageof
about0.15ML a transitionfrom hollow to substitutionalsite
occupationshould occur.9 Substitutionaladsorptionin this
c~232! structureimplies that everysecondsurfaceAl atom
has beenkicked out and replacedby a Na atom. From a
quantitativex-ray photoelectrondiffraction study, the coex-
istenceof Na atomsadsorbedin hollow andin substitutional
sites has beenproposed,10 whereasin a quantitativelow-
energyelectron-diffraction~LEED! study adsorptionat RT
was found to occur in substitutionalsites only.11 There is
thussomecontroversyasto thestructureof theRT c~232!-
Na/Al~001! phase.

Interestingly,thesamec~232! LEED patternasobtained
uponNadepositionatRT is alsoobtainedupondepositionof
0.5ML Naat low temperatures~LT! below150K. As in the
caseof K andRb on Al ~111!, it has,however,beenshown
by high-resolutioncore-levelphotoelectronspectroscopythat
eventhoughtheLEED patternis not temperaturedependent,
thelocal geometryvarieswith temperatureandthatthestruc-
tural transitionfrom theLT c~232! phaseto theRT c~232!
phaseis irreversible.7 Whereasthe local geometryin theRT
c~232! phase—andaccordinglythenatureof theirreversible
order-orderphasetransition—arecontroversial,thereis gen-
eral agreementin that the LT c~232! structureis a chemi-
sorbedphasewheretheNaatomsoccupythefourfold hollow
sites.7–9,11
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In orderto characterizethesurfaceelectronicstructureof
the two c~232!-Na/Al~001! phasesand the buildup of the
controversialRT c~232! structure,we have investigated
thesesystemsby meansof angle-resolvedultraviolet photo-
electron spectroscopy~ARUPS!.14,15 For Na depositionat
RT, normalemissionspectraof theAl ~001! sp surfacestate
havebeenmeasuredasa functionof Nacoveragefrom 0ML
up to thesaturationcoverageof 1 ML. A rapidquenchingof
theAl ~001! sp surfacestateis observedat coveragesbelow
0.2 ML, followed by the build up of lower-binding-energy
surface-statefeaturescharacteristicfor the reconstructedRT
c~232! phase.A differentbehavioris observedin thechemi-
sorbedLT phase,wheretheAl surfacestateis found to shift
towardshigherbindingenergyandto hybridizewith Al bulk
states.In addition to the oppositeenergyshift in the two
c~232! phases,thesurface-statebandsarefound to beasso-
ciatedwith distinctly different effectivemasses.

EXPERIMENT

The measurementswere performedin a VG ESCALAB
Mark II spectrometermodified for motorized sequential
angle-scanningdata acquisition.16 Photoelectronsexcited
with Mg Ka ~1253.4eV! andHe I ~21.2eV! radiationwere
analyzedwith a 150-mmradiushemisphericalanalyzer.The
Al ~001! surfaceswere preparedby severalcycles of Ar1

sputtering~750 eV! andannealing~500°C!, until no traces
of contaminantsas judgedby core-levelphotoemissionand
UPS could be detected.The surfaceorder was checkedby
LEED andby the detectionof theAl ~001! surfacestate.Na
was evaporatedfrom a carefully outgassedSAES getter
source.Particular care was taken to ensureultracleanNa
deposits.All partsof theevaporationsource,exceptthe tiny
exit slit, weresurroundedwith liquid-nitrogencooledwalls.
In orderto enablea real time characterizationof the surface
during Na evaporation,very low evaporationratesof about
0.03ML/min werechosen.In this way, the pressureduring
evaporationonly marginally rosefrom the basepressureof
1.5310211 to 2.5310211 mbar.Thesampletemperaturewas
measuredwith a thermocouplein mechanicalcontactwith
thesampleholder.Thetemperaturegradientfrom thesample
surfaceto the sampleholder was determinedin a separate
calibrationexperimentwith a thermocouplespotweldedonto
a dummysample.Sampletemperaturesgiven hereare cor-
rectedfor this temperaturedifferenceandareestimatedto be
correctwithin 610 K.

EXPERIMENTAL RESULTS AND DISCUSSION

TheNaKVV intensityasa functionof Na coveragemea-
suredwith Mg Ka radiationduringNa evaporationonto the
Al ~001! surfaceheld at RT is shownin Fig. 1. The experi-
mentalpoints of this Na uptakecurve are found to follow
straightlineswith a pronouncedchangein slopeafter about
14min. evaporation.After 33min. evaporationthesaturation
coverageis reachedandtheNaKVV intensityquiteabruptly
levelsoff. As indicatedin Fig. 1, the LEED patternfor the
sampleat saturationcoverageis (A173A17)R614°, andat
thecoveragecorrespondingto thechangein slopeof theNa
uptakecurvea very sharpc~232! LEED patternis observed.
Sincethe coveragewherethe c~232! LEED patternis most

clearly observedis 0.5 ML and the Na KVV intensity at
saturationis twice the intensityat 0.5ML, we assigna cov-
erageof 1 ML to the (A173A17)R614° structure.Inter-
pretingthe LEED patternof this structurein termsof a dis-
tortedhexagonaloverlayer,a different coverageof 7/8 ML
haspreviouslybeenassignedto this structureby Porteus17

from geometricalarguments.This value, however,is defi-
nitely not compatiblewith the datashownin Fig. 1.

The strictly linear increaseof theNa KVV intensitywith
evaporationtime showsthat sticking is constantwithin the
different sectionsand that our evaporationsourceis very
stable.This allows an accuratecoverageassignmentto the
individual spectraobtainedduringadepositioncycle,evenif
only the initial and final coveragesare known. The respec-
tive coveragesof the ARUPSspectrashownin Fig. 2 have
beenassignedaccordingly.Thesenormal-emissionspectra
havebeentakenwith He I radiationduring Na deposition
ontotheAl ~001! substrateheldatRT. Thetopmostspectrum
is from thecleanAl ~001! surface,andthe last spectrumcor-
respondsto the (A173A17)R614° structureat saturation
coverage.Alreadyfor very low coverages,theAl sp surface-
stateintensityat 2.76-eVbinding energyis stronglyattenu-
ated,and at a coverageof 0.28 ML this surfacestatehas
practicallydisappeared.Above0.3ML apeakat lower bind-
ing energy develops and reachesmaximum intensity at
0.5-ML coverage.At this coverage,high intensityis further-
moreobservedat theFermiedge.For coveragesbetween0.5
and1 ML a continuousshift of the 2.31-eVpeakto higher
bindingenergiesandfinally theappearanceof two additional
weakfeaturesat 1.6 and0.95eV is observed.

At very low coverages,the adsorbedNa atomscan be
viewed as impurities on an otherwiseundisturbedsurface,
which actasscatteringcentersfor theelectronsboundin the
zone-centersurfacestate~Fig. 3!. In this simplified picture,
the only influenceof the Na atomsis to perturbthe surface
electronicstructureovera rangecharacterizedby thescatter-
ing crosssections. For scatteringin two dimensions,this
surfaceimpurity scatteringcrosssections hasdimensionsof
length, and the surfacearea influencedby the impurity is
givenby ps2 ~Fig. 3!. In the low coverageregimewherethe
adsorbedimpurities are randomly distributed, the surface-
stateintensityis thusproportionalto theunperturbedsurface
area:

FIG. 1. Na KVV Auger electron intensity measuredduring
room-temperatureNa depositionon Al ~001!. The solid lines are
linear fits to the respectivepartsof the experimentalcurve.
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ISS~c!;V02cps2 ~1!

whereV0 is the surfaceunit-cell areaandc is the impurity
concentrationor coverage.In order to verify whether this
linear relationshipbetweensurface-stateintensityandcover-
ageholdsin thepresentcase,we havedeterminedthe inten-
sity of theAl ~001! sp surfacestateasa functionof Na cov-
erage by backgroundsubtraction and integration of the

spectrain Fig. 2. Theresultingintensityversuscoverageplot
is given in Fig. 4. For coveragesbetween0 and0.18ML the
dataarewell fitted by a straightline, andusingEq. ~1! the
scatteringcrosssections canthusbe determined.From the
slopeof thefit indicatedby thesolid line in Fig. 4 a valueof
s5~3.560.2! Å is obtained.This valueseemsreasonablefor
a metallic system;the rangeof the screenedCoulombscat-
tering potentialis of the orderof oneunit cell.

A close-upof thespectrashownin Fig. 2 for thecoverage
regimebetween0 and0.5 ML is given in Fig. 5, wherethe
gradualdisappearanceof the Al sp surfacestateat 2.76-eV
binding energyand the appearanceof the c~232! surface

FIG. 2. He I excited normal-emissionphotoelectronspectra
takenduringroom-temperatureNa depositiononAl ~001!. Thecov-
eragescorrespondingto the individual spectraareindicatedin units
of 1 ML.

FIG. 3. Schematicillustrationof theassumptionsunderlyingEq.
~1!. The isolatedNa atomsperturbthe surfaceelectronicstructure
over a ranges, and the surface-stateintensity is assumedto be
proportionalto the unperturbedsurfacearea.V0 is the areaof the
surfaceunit cell.

FIG. 4. Intensityevolutionof thesurfacestatedeterminedfrom
the spectrashownin Fig. 2. The straightline representsa linear fit
to the datain the rangefrom 0 to 0.18ML.

FIG. 5. Expandedview of the 0–0.5-ML spectraof Fig. 2. A
shift of the graduallydisappearingAl sp surfacestatetowardsthe
Fermi level is observedfor coveragesabove0.12ML. As indicated
by the shadedareas,thegrowingof the c~232! surfacestatestarts
at a coverageof about0.18ML.
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stateat2.31eVwith increasingNacoverageareclearlyseen.
As mentionedpreviously,the formationand local geometry
of the RT c~232!-Na/Al~001! structureare somewhatcon-
troversial.Basedon DFT calculationsof the adsorptionen-
ergies,theoccupationof hollow siteshasbeenpredictedfor
coveragesup to about0.15ML.9 At this critical coveragea
phasetransitionshouldoccur,wherethe adatomsswitch to
substitutionalsitesandform c~232! islandsthat increasein
sizewith increasingcoverage.

Interestingly, the Al sp surface-stateintensity decrease
~Fig. 4! starts to deviate form the straight-line behavior
slightly above0.15ML, which is just thecoveragepredicted
for the change in Na-Na interaction from repulsive to
attractive.9 Islandgrowthof thec~232! structureis indicated
by the appearanceof the c~232! surface-statepeakat cov-
eragesmuch below the nominal coverageof 0.5 ML. At
0.18-ML coverage,a very weak shoulderat about 2.2-eV
bindingenergyappearsfirst, overlappingwith theresidualAl
surface-statepeak. With increasingcoveragethis feature
continuouslybecomesmore intenseand slightly shifts to
higherbinding energies,until the maximumintensity anda
binding energyof 2.31eV arereachedat 0.5-ML coverage.
This downwardshift is exactlywhatwould beexpectedfor a
surfacestateconfinedon a growing island;with increasing
island size the lateral confinementis released,the formerly
discretesurface-statebandbecomescontinuousandshifts to
higherbinding energies.18 The inversebehavioris observed
for the Al ~001! sp surfacestatebeforedying out: With in-
creasingNa coverage,this stateis confinedto successively
smallersurfacepatchesandthereforeshifts to lower binding
energies.For confinementon a squaretwo-dimensionalis-
land, the critical islandwidth belowwhich the surfacestate
is completelydepopulatedis givenby&lF/2,

19 which in the
presentcaseis of theorderof 5 Å. Thismeansthat islandsas
small as a few unit cells can supporta surfacestate,and
islandformationcan,therefore,bedetectedby ARUPSmuch
beforethe correspondingLEED patternis observed.

The observationsmadeup to herecanbe summarizedas
follows: At very low coveragesbelow0.15ML theNaatoms
are randomly distributed over the surface,perturbing the
electronicstructureof the substratesurfaceover a rangeof
3.5 Å. Island formation startsat a coverageof about 0.18
ML, andthesec~232! islandscontinuouslygrow in sizeup
to a coverageof 0.5 ML. The low binding energyof the
surfacestateat 2.31eV indicatessubstitutionalsite occupa-
tion in theRT c~232!2Na/Al~001! phase,in agreementwith
resultsfrom othermethods.7,9,11,20Alkali-metal adsorptionin
hollow sites~aswell as in the otheron-surfacesites! results
in a downwardshift of the surfacestate,becauseof charge
transferfrom the adsorbateto the substrate.This geometry
canthusberuledout for thec~232! islands.It can,however,
not be decidedwhetherthe systemadditionallycontainsNa
atoms trappedin the metastablehollow site,10 in patches
small enoughto preventthe formationof a surfacestate.

A comparisonof the normal-emissionspectrafrom the
cleanAl ~001! surface,theRT c~232!-Na phase,andtheLT
c~232!-Na phaseis given in Fig. 6. Thedifferent local geo-
metricalstructuresof the two c~232! phasesareclearly re-
flected in their electronicstructures.In agreementwith ex-
pectationsfor the hollow site geometry,the surfacestatein
theLT c~232! phaseis foundto beshiftedto higherbinding

energies.A secondstatecloseto the Fermi level ~;0.4-eV
binding energy! is observedwith high intensity. Enhanced
intensityat theFermi level is alsoobservedin the spectrum
from theRT c~232! phase,which might be explainedby a
stateright at the Fermi edgeor by an unoccupiedstatecen-
teredslightly abovetheFermi level.Similar featurescloseto
the Fermi energyhavebeenobservedfor relatedsystemsin
photoemission21 and in metastable deexitation spec-
troscopy,22 andhavebeeninterpretedas emissionfrom the
alkali s level.

In orderto further characterizethesestates,we haveper-
formedpolarscansalongthe Ḡ M̄ andḠ X̄ directionsof the
Al ~001! surfaceBrillouin zone~SBZ! ~Fig. 7!, recordingat
eachangularsetting the entire photoelectronspectrumbe-
tween 20.4 and 4.3 eV binding energy. The data sets
I (Ei ,q) havethenbeenmappedontoa regular(Ei ,ki) grid
andvisualizedasgray-scaleplots with black corresponding
to maximumintensity.The dispersionplots obtainedin this
mannerfrom Al ~001!, theLT c~232!-Na/Al~001! phaseand
theRT c~232!-Na/Al~001! phaseareshownin Fig. 8. Forall
three systems,a free-electron-likedispersionof the zone-
centersurfacestatealong the Ḡ M̄ and Ḡ X̄ directions is
observed.As indicatedby thewhite dashedlines,thedisper-
sion of thesestatescan be well fitted by parabolasof the
form

E~ki!5E01
\2

2m*
ki
2. ~2!

In order to locate precisely the position of the bands,fits
havebeenperformedon theki axisratherthanon theenergy
axis, which avoids the problemsinvolved with ill-defined

FIG. 6. He I excited normal-emissionphotoelectronspectra
from Al ~001!, the RT c~232!-Na/Al~001! phase and the LT
c~232!-Na/Al~001! phase.
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lineshapes.Thevaluesfor theeffectivemassesm* obtained
from the parabolicfits to thesebands,the locationsof the
Fermi-levelcrossingkF , andthebandenergiesE0 aregiven
on the right-handsideof eachdispersionplot ~Fig. 8!. In all

cases,the effectivemassis found to be isotropic.The band
energyof 2.76 eV and the effectivemassof 1.18me deter-
mined for the sp surfacestateof the cleanAl ~001! surface
are in goodagreementwith earlierdata.The corresponding
valuesdeterminedby Levinson,Greuter,andPlummer23 are
2.75 eV and1.18me , 2.8 eV, and1.03me weredetermined
by GartlandandSlagsvold,24 and2.75eV and1.02me were
foundby HanssonandFlodström.25

As schematicallyshownin Fig. 7, the c~232! real-space
periodicity is associatedwith a SBZ half as large as the
~131! SBZ. Whereas the periodicity along Ḡ X̄ is un-
changed,the c~232! SBZ boundaryresultsin a periodicity
doubling along Ḡ M̄ . In the dispersionplots for the two
c~232!-Na/Al~001! phases~Fig. 8, centerandbottom!, this
zoneboundaryof the c~232! SBZ is indicatedby a dashed
vertical line at ki50.5. Contraryto the expectationfor a Na
derivedsurfacestate,the LT c~232! surfacestatedoesnot
have the periodicity of the c~232! SBZ, but is rather ob-
servedto disperseacrossthec~232! SBZboundaryup to the
Fermi level. At a closer look, a very weak band, maybe
resultingfrom surfaceUmklappprocesses,canberecognized

FIG. 8. Dispersion plots from
~a! clean Al~001!; ~b! the LT
c~232!-Na/Al~001! phase; and~c!
the RTc~232!-Na/Al~001! phase.
These plots represent a series of
energy spectra taken on a dense
grid of polar angles along
theḠ M̄ andḠ X directions of the
Al ~001! surface Brillouin zone.
The representation is in a linear
gray scale with low intensities in
white and high intensities in
black. The white dashed parabolas
centered around theḠ points rep-
resent the fits to the surface-state
bands. Effective mass, Fermi-
level crossing, and band energy
obtained from these fits are indi-
cated on the right-hand side of
each plot.

FIG. 7. SurfaceBrillouin zonescorrespondingto Al ~001! ~con-
tinuous lines! and c~232!-Na/Al~001! ~dashed lines!. High-
symmetrypoints of the Al ~001! surfaceBrillouin zone are indi-
cated.
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in the secondc~232! SBZ. This state~which is actually lo-
catedoutside the projectedvolume band gap and is more
correctlytermeda surfaceresonance—seebelow!, therefore,
cannotbeexplainedasaNa-derivedstate,but is ratherdueto
the Al ~001! surfacestatemodifiedby the adsorbate.Due to
the additional chargefrom the Na atomsadsorbedin the
hollow sitestheAl surfacestatebecomesfurther populated,
which resultsin a downwardsshift of the bandenergy.The
chargedensitydistribution of this state,however,doesnot
seemto bemodifiedby the c~232! periodicity of the over-
layer.The intensepeakat about0.4 eV bindingenergyat Ḡ
~Fig. 6, top!, however,is well explainedby a Na 3s derived
state. In going along Ḡ M̄ and Ḡ X̄, it shifts towards the
Fermi level anddecreasesin intensity@Fig. 8~b!#. At ki'0.2
this peak disappearsand reappearsin the secondc~232!
SBZat ki'0.8.Theseobservationsareconsistentwith emis-
sion from a partially occupied two-dimensionalNa 3s-
derivedband.We thusconcludethattheLT c~232!-Na layer
exhibitsmetallic behavior.

A quite different situation is encounteredin the RT
c~232! phase~Fig. 8, bottom!. The surfacestatefrom this
phase~bandenergy2.31eV at Ḡ! dispersesslowly towards
the Fermi energy, but before reaching the c~232! SBZ
boundary,it disappearsat ki'0.45, reappearsin the second
c~232! SBZ whereit dispersesdownwards,andfinally lev-
elsoff at M̄ at anenergyof 2.31eV. Apart from thefact that
the two branchesof this statein thefirst andsecondc~232!
SBZarenot quitesymmetricwith respectto thezonebound-
ary ~seebelow!, the propersymmetryof the c~232! SBZ is
respected.For substitutionalsiteoccupation,however,every
secondtop-layer substrateatom is missing, and a c~232!
periodicity is, therefore,expectedfor an Al-derived stateof
this surfaceaswell. Consideringan effectivemassas large
as1.55me asimprobablefor a surfacestateof a chemisorbed
Na layer, we associatethe zone-centersurfacestateof the
RT c~232! phaseto theAl ~001! surfacewith c~232! vacan-
cies createdby the substitutionallyadsorbedNa atoms.In
agreementwith this, recentDFT calculationshaveidentified
anoccupiedfeaturein theadsorbate-induceddensityof states
at about2 eV below theFermi level to be largelydueto the
Al structure.2 Therelatively largeeffectivemassof theelec-
tronswithin this surface-statebandmay reflect the fact that
directionalbondsareformedbetweenAl atomsof theupper-
mostlayerandtheir four nearest-neighboratomsin the layer
underneath.2,9 In contrast to the LT c~232! phasewhere
strongemissionfrom a two-dimensionalNa3s-derivedband
is observed,intensityneartheFermilevel is only observedat
ki valuesvery closeto the Ḡ point of the first SBZ. If this
feature is interpretedin terms of emissionfrom a Na 3s-
derivedband,it mustbeconcludedthat its occupancyis very
low. Finally, it is notedthat in thedispersionplot for theRT
c~232! phasean additionalstateis seento dispersearound
ki'0.3alongḠ M̄ , with anenergyat thebottomof theband
of about0.5 eV.

In the discussiongiven above, the observedelectronic
stateshavebeentermed‘‘surfacestates’’in thegeneralsense
that theyarein relationwith theparticularsurfaceelectronic
structure.Strictly speaking,a distinction between‘‘true’’
surfacestatesandsurfaceresonanceshasto be made.True
surfacestatesarerestrictedto regionswherenobulk statesof
the samesymmetryandquantumnumberexist ~gapsin the

projectedbulk bandstructure!. The wave function of a sur-
face state,therefore,cannotmix with any bulk wave func-
tion, and the stateis confinedto the very surfaceregionof
the crystal. The opposite is true for a surfaceresonance,
which may also be viewed as a modification of the wave
functionof abulk electronicstatewith anenlargedamplitude
in the surfaceregion of the crystal. For the caseof alumi-
num, a hybridizationbandgap existsat the X point of the
bulk band structuresuch that there are no bulk statesbe-
tweenroughly 2.0 and3.0 eV below theFermi level.23 This
bulk bandgapresultsin a gapin theprojectedbandstructure
at Ḡ in the SBZ of Al ~001!; thus a surfacestatecan exist
there.In the following, the natureof the statesobservedin
Fig. 8 with regardto their locationwithin theprojectedbulk
bandstructureis discussed.

The experimentaldispersionplot for the clean Al ~001!
surfaceis comparedin Fig. 9 with two calculationsof the
Al ~001! surface-statedispersion,takenfromRef.26andRef.
27.The~001! projectedbulk bandstructureis representedby
the gray-shadedareas@Figs.9~b!, 9~c!#. In both calculations
a gapat Ḡ is found to bebetween1.5 and2.9 eV below the
Fermi level, reaching out to ki'0.5 along Ḡ M̄ and to
ki'0.35 along Ḡ X̄. An additional narrow gap extending
from about4.55eV at X̄ up to about1.5eV at ki'0.35along
Ḡ X̄ is seenin thesecalculations.In goodagreementwith the
experimentalresults shown in Fig. 9~a!, both calculations
find a parabolicsurface-statebandcloseto thebottomof the
gap at Ḡ. Even though this band leavesthe gap when ap-
proachingthe Fermi level and thereforebecomesa surface
resonance,themixing with bulk bandsseemsto haveno—or
only marginal—influenceon its parabolic dispersionand
lifetime. Both, theenergylocationof this stateandits effec-
tive massresulting from the two calculations,agreewell
with theexperimentalvaluesof 2.76eV and1.18me , respec-
tively. FromtheDFT calculation26 shownin Fig. 9~b! values
of 2.67eV and1.11me arefound,anda bandenergyof 2.84
eV is obtained from the self-consistentpseudopotential
calculation27 shownin Fig. 9~c!. Thesurfaceresonanceclose
to M̄ found in the DFT calculation@Fig. 9~b!# is not seen
experimentally@Fig. 9~a!#.

In Fig. 10, theexperimentaldispersionplots from thetwo
c~232!-Na/Al~001! phasesarecomparedto a self-consistent
pseudopotentialcalculationassumingNa adsorptionin the
fourfold hollow sites.27 The locationof thegapaccordingto
the DFT calculation26 is schematicallyindicated in these
plots. It canbeseenfrom Fig. 10~a! @LT c~232! phase# that
the stateshowingparabolicdispersionaroundḠ is located
entirelyoutsidethegap,andit thusrepresentsa surfacereso-
nanceratherthana truesurfacestate.In thepseudopotential
calculationshown in Fig. 10~b!, this surfaceresonanceis
foundat somewhathigherbindingenergiesthanexperimen-
tally observed,whichmaybedueto thesmallverticalNa-Al
separationof 2.05Å usedfor thesecalculations@experimen-
tal value2.57Å ~Ref. 11!#. The charge-densitydistribution
of this surfaceresonanceat Ḡ hasbeenfoundto be localized
mainly abovethe topmostAl atoms,very similar to the one
of the surfacestate for Al ~001!. A Na-derivedstate, the
chargedensityof which is localizedmainly betweentheNa
layer and the secondAl layer is found in the calculations
with anenergyof 0.1eV at Ḡ @continuousline in Fig. 10~b!#,
which may correspondto the Na 3s-derivedstateobserved
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in Fig. 10~a! at 0.4 eV belowtheFermi level. A few notable
differencesbetweenthis calculation and the experimental
dispersionplot from the LT c~232! phasecanbe noted.In
the calculation, the surface resonancediscussedabove is
foundto bebackfoldedinto thefirst SBZat thec~232! zone
boundary,whereasdispersionall the way up to the Fermi
level is experimentallyobserved.An additionalsurfacereso-

nancedispersingupwardsfrom X̄ is foundin thecalculation,
but not seenin the experiment.

As mentionedabove,the two branchesof thezone-center
surfacestatefrom the RT c~232! phasearenot quite sym-
metric with respectto the c~232! SBZ boundary.In Fig.
10~c! it is seenthat along Ḡ M̄ , this state is locatedwell
insidethegapup to thec~232! SBZboundarywherethegap

FIG. 9. Experimentaldispersionplot from Al ~001! ~a! comparedwith theoreticalcalculationsby Heinrichsmeier,Fleszar,andEguiluz
~Ref. 26! ~b! andby Chulkov andSilkin ~Ref. 27! ~c!.

FIG. 10. Experimentaldispersionplots from the LT c~232!-Na/Al~001! phase~a! andtheRT c~232!-Na/Al~001! phase~c! compared
with a theoreticalcalculationfor Na adsorbedin hollow sitesby ChulkovandSilkin ~Ref. 27! ~b!. The locationof thebandgapaccording
to the calculationby Heinrichsmeier,Fleszar,andEguiluz ~Ref. 26! is indicatedin the plots.
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disappears.In the secondSBZ this statebecomesa surface
resonance,and strong hybridization with bulk statesmay
modify its dispersion,renderingthis branchasymmetricwith
respectto theonein thefirst SBZ.Unfortunately,we do not
know of any calculationof the RT c~232!-Na/Al~001! sur-
face electronicstructure.Given the controversialstructural
resultsregardingthis phase,a comparisonof theexperimen-
tal datashown in Fig. 10~c! with a state-of-the-artsurface
electronicstructurecalculationwould bemost interesting.

CONCLUSIONS

The surfaceelectronicstructuresof the two c~232!-Na/
Al ~001! phaseshavebeeninvestigatedby meansof angle-
scannedUPS.In thevery low coverageregime,theadsorbed
Naatomsarefoundto perturbthesurfaceelectronicstructure
over a rangeof s5~3.560.2! Å. For Na depositionat room
temperature,the formationof c~232! islandsis observedto
beginat a coverageof about0.18ML. A surfacestatewith a
relatively large effectivemassof 1.55me and an energyof
2.31eV is found for the room temperaturec~232! phase.It

is attributedto the Al top layer c~232! vacancystructure
ratherthanto theadsorbatelayer.In thesecondc~232! SBZ
strong hybridization of this state with bulk bands is ob-
served.Due to the additionalchargesuppliedby the Na at-
oms in the hollow sites,the Al-derived surfacestatein the
LT c~232! phaseis shifted downwardswith respectto its
energyon the cleanAl ~001! surface.Even thoughthis state
is locatedoutside the gap and has resonantcharacter,its
dispersionandlifetime appearunaffectedby themixing with
bulk bands.An effectivemassof 1.29me anda bandenergy
of 3.12eV havebeendeterminedfor this LT c~232! surface
resonance.
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22J. Küppers,in PhysicsandChemistryof Alkali Metal Adsorption

~Ref. 1!.
23H. J. Levinson,F. Greuter,andE.W. Plummer,Phys.Rev.B 27,

727 ~1983!.
24P.O. GartlandandB. J.Slagsvold,Solid StateCommun.25, 489

~1978!.
25G. V. Hanssonand S. A. Flodström, Phys. Rev. B 18, 1562

~1978!.
26M. Heinrichsmeier,A. Fleszar,andA. G. Eguiluz,Surf.Sci.285,

129 ~1993!.
27E. V. Chulkov andV. M. Silkin, Surf. Sci. 215, 385 ~1989!.

8


