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Electronic structure of high- and low- temperature c(2x2)-Na/Al(001) phases
from angle-scannedultraviolet photoemission
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The electronicstatesof Na on Al(001) havebeenstudiedby angle-scannedltraviolet photoelectrorspec-
troscopy.In theinitial stageof Na depositionat roomtemperaturethe Al(001) sp surfacestateis foundto be
rapidly quenchedFromthelineardecreasén intensitywith coveragethe scatteringcrosssectionfor electrons
in this zone-centesurfacestatescatteringoff Na surfaceimpurities hasbeendeterminedFor the two struc-
turally differentc(2x2) phasedformedat low temperatureand at room temperaturethe surface-statelisper-
sionsalongthef M and[ X directionsof the surfaceBrillouin zonehavebeenmeasureéindcomparedo the
correspondingesultsfrom the cleanAl(001) surface.Oppositeenergyshifts anddistinctly different effective
massesavebeenfound for the electronicstatesin the two c(2X2) phases.

INTRODUCTION

The terminationof the perfectcrystal-structureat the sur-
face causesa modificationof the bulk electronicbandstruc-
ture reflectedby the occurrenceof surfaceresonancesnd
surfacestates.As thesestatesare confinedto the surface,
they havea profoundinfluenceon its physicaland chemical
properties.Moreover, thesestatesreact very sensitivelyto
externalperturbationsuchasadsorptiondisorder,or exter-
nal fields. Establishinga linkage betweenthe electronic
structureof a surfaceandothersurfacepropertiessuchasthe
geometrical structure, surface dipole layer formation, dy-
namical properties chemicalreactivity, or catalytic activity,
therefore,is one of the mostimportantgoalsin surfacesci-
ence.In thiswork, the changesn surfaceelectronicstructure
inducedby Na adsorptionon Al(001) at room temperature
andat 150K arediscussedDifferentlocal geometricabtruc-
turesareformedat thesetwo temperatureswhich is clearly
reflectedin the electronicsurfaceproperties.

Dueto their prototypicalnatureandtheirimportantrole in
the developmentof theoriesof chemisorption,alkali metal
on metal adsorptionsystemshave beenextensivelystudied
for along time ! Despitethesecontinuousefforts, it hasbeen
realizedduring the pastfew yearsthat our understandingf
alkali metal on metaladsorptionis incomplete.Recentfind-
ings of surprisingandcontroversiabdsorbatestructureshave
stimulated intense experimentaland theoretical work2~®
Eventhougha satisfactoryunderstandingf formerly unex-
pected and unintelligible phenomenahas been gained in
many casesseveralsubjectshaveremainedcontroversialbon
thetheoreticalaswell asonthe experimentakide.A particu-
larly intriguing caseis representedy the Na/Al(001) adsor-
bate system, which has recently attracted considerable
interest’ ~ In contradictionto earlierresults?*®it hasbeen
shownby high-resolutioncore-levelphotoelectrorspectros-

copy that Na adsorptionon Al(001) at room temperature
(RT) leadsto a disruptionof the Al surfaceandto the for-
mationof a surfacealloy.” A recentsurface-extendeg-ray-
absorptiorfine-structurd SEXAFS studyof the RT c(2X2)-
Na/Al(001) systemat0.5ML (ML; 1 ML equalsthe number
of surfaceAl atomsg coverageproposedNa adsorptionbe-
neatha reconstructedgurfaceAl layer® whereasvery recent
investigationsusing density-functionaltheory (DFT) con-
clude that the adsorptionenergy of the hollow site is the
lowest for very low coveragesand that at a coverageof
about0.15ML atransitionfrom hollow to substitutionakite
occupationshould occur® Substitutionaladsorptionin this
c(2x2) structureimplies that every secondsurfaceAl atom
has beenkicked out and replacedby a Na atom. From a
quantitativex-ray photoelectrordiffraction study, the coex-
istenceof Na atomsadsorbedn hollow andin substitutional
sites has been proposed? whereasin a quantitative low-
energyelectron-diffraction(LEED) study adsorptionat RT
was found to occur in substitutionalsites only.** Thereis
thussomecontroversyasto the structureof the RT c(2X2)-
Na/Al(00]) phase.

Interestingly,the samec(2x2) LEED patternasobtained
uponNadepositionat RT is alsoobtainedupondepositionof
0.5ML Naatlow temperature$LT) below150K. As in the
caseof K andRb on Al(111), it has,however,beenshown
by high-resolutiorcore-levelphotoelectrorspectroscopyhat
eventhoughthe LEED patternis not temperaturelependent,
thelocal geometryvarieswith temperaturendthatthe struc-
tural transitionfrom the LT c(2X2) phaseto the RT c(2X2)
phaseis irreversible’ Whereashe local geometryin the RT
c(2x%2) phase—andccordinglythe natureof theirreversible
order-ordemphasetransition—arecontroversialthereis gen-
eral agreementn thatthe LT c(2X2) structureis a chemi-
sorbedphasenherethe Na atomsoccupythefourfold hollow
sites/ %11



In orderto characterizehe surfaceelectronicstructureof
the two c(2X2)-Na/Al(001) phasesand the buildup of the
controversial RT ¢(2X2) structure,we have investigated
thesesystemdby meansof angle-resolvediltraviolet photo-
electron spectroscopy(ARUPS.2*15 For Na depositionat
RT, normalemissionspectraof the Al(001) sp surfacestate
havebeenmeasuredsa functionof Na coveraggrom O ML
up to the saturationcoverageof 1 ML. A rapid quenchingof
the AI(001) sp surfacestateis observedat coverageselow
0.2 ML, followed by the build up of lower-binding-energy
surface-statéeaturescharacteristidor the reconstructedRT
c(2X?2) phaseA differentbehavioris observedn the chemi-
sorbedL T phasewherethe Al surfacestateis foundto shift
towardshigherbinding energyandto hybridizewith Al bulk
states.In addition to the oppositeenergy shift in the two
c(2x2) phasesthe surface-statbandsarefoundto be asso-
ciatedwith distinctly different effective masses.

EXPERIMENT

The measurementwere performedin a VG ESCALAB
Mark 1l spectrometermodified for motorized sequential
angle-scanningdata acquisition'® Photoelectronsexcited
with Mg Ka (1253.4eV) andHe | (21.2eV) radiationwere
analyzedwith a 150-mmradiushemisphericalnalyzer.The
Al(001) surfaceswere preparedby severalcycles of Ar*
sputtering(750 eV) and annealing(500°C), until no traces
of contaminantsas judgedby core-levelphotoemissiorand
UPS could be detected.The surfaceorder was checkedby
LEED andby the detectionof the Al(001) surfacestate.Na
was evaporatedfrom a carefully outgassedSAES getter
source. Particular care was taken to ensureultracleanNa
deposits All partsof the evaporatiorsource exceptthe tiny
exit slit, were surroundedvith liquid-nitrogencooledwalls.
In orderto enablea realtime characterizatiorof the surface
during Na evaporationyery low evaporationratesof about
0.03 ML/min were chosen.In this way, the pressureduring
evaporationonly marginally rosefrom the basepressureof
1.5x10  to 2.5x10 ! mbar. The sampletemperaturavas
measuredwith a thermocouplein mechanicalcontactwith
the sampleholder. Thetemperaturgradientfrom the sample
surfaceto the sampleholder was determinedin a separate
calibrationexperimentith athermocouplespotweldedonto
a dummy sample.Sampletemperaturegiven here are cor-
rectedfor this temperaturelifferenceandareestimatedo be
correctwithin =10 K.

EXPERIMENTAL RESULTS AND DISCUSSION

TheNa KVV intensityasa function of Na coveragemea-
suredwith Mg K« radiationduring Na evaporatioronto the
Al(001) surfaceheld at RT is shownin Fig. 1. The experi-
mental points of this Na uptakecurve are found to follow
straightlines with a pronouncedcchangein slopeafter about
14 min. evaporationAfter 33 min. evaporatiorthe saturation
coveragds reachedandthe Na KVV intensityquite abruptly
levels off. As indicatedin Fig. 1, the LEED patternfor the
sampleat saturationcoverages (/17X y17)R+14°, andat
the coveragecorrespondingo the changein slopeof the Na
uptakecurveavery sharpc(2x2) LEED patternis observed.
Sincethe coveragewherethe c(2xX2) LEED patternis most
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FIG. 1. Na KVV Auger electron intensity measuredduring
room-temperaturéNa depositionon Al(001). The solid lines are
linear fits to the respectivepartsof the experimentakurve.

clearly observedis 0.5 ML and the Na KVV intensity at
saturationis twice the intensityat 0.5 ML, we assigna cov-
erageof 1 ML to the (17X {17)R=14° structure.Inter-
pretingthe LEED patternof this structurein termsof a dis-
torted hexagonaloverlayer,a different coverageof 7/8 ML
has previously beenassignedo this structureby Porteud’
from geometricalarguments.This value, however,is defi-
nitely not compatiblewith the datashownin Fig. 1.

The strictly linear increaseof the Na KVV intensity with
evaporationtime showsthat sticking is constantwithin the
different sectionsand that our evaporationsourceis very
stable.This allows an accuratecoverageassignmento the
individual spectraobtainedduring a depositioncycle, evenif
only the initial andfinal coveragesare known. The respec-
tive coveragef the ARUPS spectrashownin Fig. 2 have
been assignedaccordingly. These normal-emissionspectra
have beentakenwith He | radiation during Na deposition
ontothe Al (002) substratéheldat RT. Thetopmostspectrum
is from the cleanAl (001) surface,andthe last spectrumcor-
respondsto the (/17X \/17)R+14° structureat saturation
coverageAlreadyfor very low coveragesthe Al sp surface-
stateintensity at 2.76-eV binding energyis strongly attenu-
ated,and at a coverageof 0.28 ML this surfacestate has
practicallydisappearedAbove 0.3 ML a peakat lower bind-
ing energy develops and reachesmaximum intensity at
0.5-ML coverageAt this coveragehigh intensityis further-
moreobservedat the Fermiedge.For coveragebetweerD.5
and1 ML a continuousshift of the 2.31-eV peakto higher
binding energiesandfinally the appearancef two additional
weakfeaturesat 1.6 and0.95eV is observed.

At very low coveragesthe adsorbedNa atomscan be
viewed as impurities on an otherwiseundisturbedsurface,
which actasscatteringcenterdfor the electronsboundin the
zone-centesurfacestate(Fig. 3). In this simplified picture,
the only influenceof the Na atomsis to perturbthe surface
electronicstructureoverarangecharacterizedby the scatter-
ing crosssectiono. For scatteringin two dimensions this
surfaceimpurity scatteringcrosssectiono hasdimensionof
length, and the surfaceareainfluencedby the impurity is
givenby mo? (Fig. 3). In thelow coveragaegimewherethe
adsorbedimpurities are randomly distributed, the surface-
stateintensityis thusproportionalto the unperturbedurface
area:
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FIG. 2. He | excited hormal-emissionphotoelectronspectra
takenduring room-temperaturéla depositionon Al (001). The cov-
eragescorrespondindo theindividual spectraareindicatedin units
of 1 ML.
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where(), is the surfaceunit-cell areaand c is the impurity
concentrationor coverage.ln order to verify whetherthis
linear relationshipbetweensurface-staténtensityandcover-
ageholdsin the presentcase we havedeterminedhe inten-
sity of the AI(001) sp surfacestateasa function of Na cov-
erage by background subtraction and integration of the

Surface state

FIG. 3. Schematidllustration of theassumptionsinderlyingEq.
(2). The isolatedNa atomsperturbthe surfaceelectronicstructure
over a range o, and the surface-staténtensity is assumedo be
proportionalto the unperturbedsurfacearea.(), is the areaof the
surfaceunit cell.
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FIG. 4. Intensityevolutionof the surfacestatedeterminedrom
the spectrashownin Fig. 2. The straightline represents linear fit
to the datain the rangefrom 0 to 0.18 ML.

spectran Fig. 2. Theresultingintensityversuscoverageplot
is givenin Fig. 4. For coveragedbetween0 and0.18 ML the
dataare well fitted by a straightline, and using Eq. (1) the
scatteringcrosssectiono canthusbe determined From the
slopeof thefit indicatedby the solid line in Fig. 4 a valueof
0=(3.5+0.2) A is obtained This valueseemgeasonabldor
a metallic system;the rangeof the screenedCoulombscat-
tering potentialis of the orderof oneunit cell.

A close-upof the spectrashownin Fig. 2 for the coverage
regimebetween0 and 0.5 ML is givenin Fig. 5, wherethe
gradualdisappearancef the Al sp surfacestateat 2.76-eV
binding energy and the appearancef the c(2x2) surface
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FIG. 5. Expandedview of the 0—0.5-ML spectraof Fig. 2. A
shift of the graduallydisappearindAl sp surfacestatetowardsthe
Fermilevel is observedor coveragesbove0.12ML. As indicated
by the shadedareasthe growing of the c(2X2) surfacestatestarts
at a coverageof about0.18 ML.



stateat2.31eV with increasingNa coveragereclearlyseen.
As mentionedpreviously,the formation and local geometry
of the RT c(2x2)-Na/Al(001) structureare somewhatcon-
troversial.Basedon DFT calculationsof the adsorptionen-
ergies,the occupationof hollow siteshasbeenpredictedfor

coveragesip to about0.15ML.° At this critical coveragea

phasetransition should occur, wherethe adatomsswitch to

substitutionalsitesand form c(2X2) islandsthatincreasen

sizewith increasingcoverage.

Interestingly,the Al sp surface-staténtensity decrease
(Fig. 4) startsto deviate form the straight-line behavior
slightly above0.15ML, whichis just the coveragepredicted
for the changein Na-Na interaction from repulsive to
attractive® Islandgrowth of the c(2xX2) structureis indicated
by the appearancef the c(2X2) surface-statpeakat cov-
eragesmuch below the nominal coverageof 0.5 ML. At
0.18-ML coverage,a very weak shoulderat about 2.2-eV
bindingenergyappeardirst, overlappingwith theresidualAl
surface-statepeak. With increasing coveragethis feature
continuously becomesmore intense and slightly shifts to
higher binding energies,until the maximumintensity and a
binding energyof 2.31 eV arereachedat 0.5-ML coverage.
This downwardshift is exactlywhatwould be expectedor a
surfacestateconfinedon a growing island; with increasing
island size the lateral confinements releasedthe formerly
discretesurface-statbandbecomesontinuousand shifts to
higher binding energies® 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 island width below which the surfacestate
is completelydepopulateds givenby v2\¢/2,1° whichin the
presentaseis of theorderof 5 A. This meanghatislandsas
small as a few unit cells can supporta surfacestate,and
islandformationcan,therefore be detectecoy ARUPSmuch
beforethe correspondind_EED patternis observed.

The observationsnadeup to herecanbe summarizedas
follows: At very low coverage®elow0.15ML theNaatoms
are randomly distributed over the surface, perturbing the
electronicstructureof the substratesurfaceover a rangeof
3.5 A. Island formation startsat a coverageof about0.18
ML, andthesec(2X2) islandscontinuouslygrow in sizeup
to a coverageof 0.5 ML. The low binding energy of the
surfacestateat 2.31 eV indicatessubstitutionalsite occupa-
tion in the RT c(2X2)—Na/Al(001) phasejn agreementvith
resultsfrom othermethods’:®*12°Alkali-metal adsorptionin
hollow sites(aswell asin the otheron-surfacesites results
in a downwardshift of the surfacestate,becauseof charge
transferfrom the adsorbateo the substrate This geometry
canthusberuledoutfor thec(2X2) islands.It can,however,
not be decidedwhetherthe systemadditionally containsNa
atoms trappedin the metastablehollow site!° in patches
small enoughto preventthe formationof a surfacestate.

A comparisonof the normal-emissionspectrafrom the
cleanAl(00)) surfacethe RT c(2X2)-Na phaseandthe LT
c(2x2)-Na phasés givenin Fig. 6. The differentlocal geo-
metrical structuresof the two ¢(2X2) phasesare clearly re-
flectedin their electronicstructures.in agreementvith ex-
pectationsfor the hollow site geometry the surfacestatein
theLT c(2X2) phases foundto be shiftedto higherbinding
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FIG. 6. He | excited normal-emissionphotoelectronspectra
from AI(001), the RT c(2X2)-Na/Al(00]) phase and the LT
c(2X2)-Na/Al(001) phase.

energiesA secondstatecloseto the Fermilevel (~0.4-eV
binding energy is observedwith high intensity. Enhanced
intensity at the Fermilevel is alsoobservedn the spectrum
from the RT c(2X2) phasewhich might be explainedby a
stateright at the Fermi edgeor by an unoccupiedstatecen-
teredslightly abovethe Fermilevel. Similar featurescloseto
the Fermi energyhavebeenobservedor relatedsystemsn
photoemissioft and in metastable deexitation spec-
troscopy?? and have beeninterpretedas emissionfrom the
alkali s level.

In orderto further characterizéhesestateswe haveper-
formedpolarscansalongthel” M andI’ X directionsof the
Al(001) surfaceBrillouin zone(SBZ2) (Fig. 7), recordingat
eachangularsetting the entire photoelectronspectrumbe-
tween —0.4 and 4.3 eV binding energy. The data sets
I (E;,?¥) havethenbeenmappedonto a regular(E; ,k;) grid
and visualizedas gray-scaleplots with black corresponding
to maximumintensity. The dispersionplots obtainedin this
mannerfrom Al(001), the LT c(2X2)-Na/Al(001) phaseand
theRT c(2X%2)-Na/Al(001) phaseareshownin Fig. 8. Forall
three systems,a free-electron-likedispersionof the zone-
centersurfacestatealongthe ' M and I' X directionsis
observedAs indicatedby the white dashedines, the disper-
sion of thesestatescan be well fitted by parabolasof the
form

,}_LZ
E(kp)=Eo+ 5 ki @

In order to locate preciselythe position of the bands,fits
havebeenperformedon the k; axisratherthanon the energy
axis, which avoids the problemsinvolved with ill-defined
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FIG. 7. SurfaceBrillouin zonescorrespondindo Al(001) (con-
tinuous lines) and c(2xX2)-Na/Al(001) (dashed lines). High-
symmetry points of the AI(001) surfaceBrillouin zone are indi-
cated.

lineshapesThe valuesfor the effective massesn* obtained
from the parabolicfits to thesebands,the locationsof the
Fermi-levelcrossingkg , andthe bandenergies,, aregiven
on the right-handside of eachdispersionplot (Fig. 8). In all

casesthe effective massis found to be isotropic. The band
energyof 2.76 eV and the effective massof 1.18n, deter-
mined for the sp surfacestateof the cleanAl(001) surface
arein good agreementvith earlier data. The corresponding
valuesdeterminedby Levinson,Greuter,and Plummef® are
2.75eV and1.18n,, 2.8 eV, and 1.03n, were determined
by Gartlandand Slagsvold®* and2.75 eV and 1.02m, were
found by Hanssorand Flodstran 2°

As schematicallyshownin Fig. 7, the c(2X?2) real-space
periodicity is associatedwith a SBZ half as large as the
(1X1) SBZ. Whereasthe periodicity along I X is un-
changedthe c(2Xx2) SBZ boundaryresultsin a periodicity
doubling along I' M. In the dispersionplots for the two
c(2x2)-Na/Al(001) phasegqFig. 8, centerand bottom), this
zoneboundaryof the c(2Xx2) SBZ is indicatedby a dashed
vertical line at k,=0.5. Contraryto the expectatiorfor a Na
derivedsurfacestate,the LT ¢(2X2) surfacestatedoesnot
have the periodicity of the c(2X2) SBZ, but is rather ob-
servedto disperseacrosshe c(2x2) SBZ boundaryup to the
Fermi level. At a closerlook, a very weak band, maybe
resultingfrom surfaceUmklappprocesses;anberecognized
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FIG. 8. Dispersion plots from
(@) clean A(001); (b) the LT
c(2x2)-Na/Al(001) phase; andc)
the RTc(2X2)-Na/Al(00)) phase.
These plots represent a series of
energy spectra taken on a dense
grid _of polar angles along
thel’ M andI” X directions of the
Al(001) surface Brillouin zone.
The representation is in a linear

Effective mass m*=129 m, gray scale with low intensities in
Fermi wave vector  kg=0.66 [2/a;] White and high intensities in
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Effective mass m* =1.55m,
Fermi wave vector  kg=0.62 [21/a,]
Energy at T E,=231¢eV

centered around thE 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.



in the secondc(2Xx2) SBZ. This state(which is actuallylo-
catedoutside the projectedvolume band gap and is more
correctlytermeda surfaceresonance—seeelow), therefore,
cannotbe explainedasa Na-derivedstate butis ratherdueto
the Al(001) surfacestatemodified by the adsorbateDue to
the additional chargefrom the Na atoms adsorbedin the
hollow sitesthe Al surfacestatebecomedurther populated,
which resultsin a downwardsshift of the bandenergy.The
chargedensity distribution of this state,however,doesnot
seemto be modified by the c(2X?2) periodicity of the over-
layer. The intensepeakat about0.4 eV binding energyat I'
(Fig. 6, top), however,is well explainedby a Na 3s derived
state.In going alongI’ M and I'" X, it shifts towardsthe
Fermilevel anddecrease# intensity[Fig. 8(b)]. At k,~0.2
this peak disappearsand reappearsn the secondc(2x2)
SBZ at k;~0.8. Theseobservationsire consisteniith emis-
sion from a partially occupied two-dimensionalNa 3s-
derivedband.We thusconcludethatthe LT c(2X2)-Nalayer
exhibits metallic behavior.

A quite different situation is encounteredin the RT
c(2x2) phase(Fig. 8, bottom)._The surfacestatefrom this
phase(bandenergy2.31eV atI') disperseslowly towards
the Fermi energy, but before reachingthe c(2xX2) SBZ
boundary,it disappearst k,~0.45, reappearsn the second
c(2x2) SBZ whereit disperseslownwardsandfinally lev-
elsoff at M atanenergyof 2.31eV. Apart from thefact that
the two branchef this statein the first andsecondc(2x2)
SBZ arenot quite symmetricwith respecto the zonebound-
ary (seebelow), the propersymmetryof the c(2x2) SBZ is
respectedFor substitutionakite occupationhowever,every
secondtop-layer substrateatom is missing, and a c(2X2)
periodicity is, therefore,expectedfor an Al-derived stateof
this surfaceas well. Consideringan effective massaslarge
as1.55m, asimprobablefor a surfacestateof a chemisorbed
Na layer, we associatehe zone-centessurfacestateof the
RT c(2Xx2) phaseo the Al(001) surfacewith c(2X2) vacan-
cies createdby the substitutionallyadsorbedNa atoms.In
agreementvith this, recentDFT calculationshaveidentified
anoccupiedieaturein the adsorbate-inducedensityof states
at about2 eV belowthe Fermilevel to belargely dueto the
Al structuré? Therelatively large effectivemassof the elec-
tronswithin this surface-statdand may reflectthe fact that
directionalbondsareformedbetweenAl atomsof the upper-
mostlayerandtheir four nearest-neighbatomsin the layer
underneati® In contrastto the LT c(2x2) phasewhere
strongemissionfrom a two-dimensionaNa 3s-derivedband
is observedintensitynearthe Fermilevelis only observedat
k, valuesvery closeto theI" point of the first SBZ. If this
featureis interpretedin terms of emissionfrom a Na 3s-
derivedband,it mustbe concludedhatits occupancys very
low. Finally, it is notedthatin the dispersiorplot for the RT
c(2x2) phasean additionalstateis seento dispersearound
k,~0.3alongl" M, with anenergyat the bottomof the band
of about0.5eV.

In the discussiongiven above, the observedelectronic
stateshavebeentermed surface states”in thegenerakense
thattheyarein relationwith the particularsurfaceelectronic
structure. Strictly speaking,a distinction between“true”
surfacestatesand surfaceresonance$iasto be made.True
surfacestatesarerestrictedo regionswhereno bulk statesof
the samesymmetryand quantumnumberexist (gapsin the

projectedbulk bandstructurg. The wave function of a sur-
face state,therefore,cannotmix with any bulk wave func-
tion, and the stateis confinedto the very surfaceregion of
the crystal. The oppositeis 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 hybridization band gap existsat the X point of the
bulk band structuresuch that there are no bulk statesbe-
tweenroughly 2.0 and 3.0 eV below the Fermilevel > This
bulk bandgapresultsin agapin the projectedbandstructure
at I' in the SBZ of Al(001); thus a surfacestatecan exist
there.In the following, the natureof the statesobservedn
Fig. 8 with regardto their locationwithin the projectedbulk
bandstructureis discussed.

The experimentaldispersionplot for the clean Al(001)
surfaceis comparedin Fig. 9 with two calculationsof the
Al(00)) surface-statdispersiontakenfrom Ref. 26 andRef.
27.The (001 projectedbulk bandstructureis representethy
the gray-shadedireaq Figs. 9(b), 9(c)]. In both calculations
agapatI' is foundto be betweenl.5and2.9 eV belowthe
Fermi level, reachingout to k~0.5 along I' M and to
k,=~0.35 along I' X. An additional narrow gap extending
from about4.55eV at X upto aboutl.5eV atk,~0.35along
I' X is seenin thesecalculationsin goodagreementvith the
experimentalresults shown in Fig. 9(a), both calculations
find a parabolicsurface-statbandcloseto the bottomof the
gap at I'. Even thoughthis bandleavesthe gap when ap-
proachingthe Fermi level and thereforebecomesa surface
resonancethe mixing with bulk bandsseemgo haveno—or
only marginal—influenceon its parabolic dispersionand
lifetime. Both, the energylocation of this stateandits effec-
tive massresulting from the two calculations,agreewell
with the experimental/aluesof 2.76eV and1.18n,, respec-
tively. Fromthe DFT calculatiorf® shownin Fig. 9(b) values
of 2.67eV and1.11Im, arefound,anda bandenergyof 2.84
eV is obtained from the self-consistentpseudopotential
calculatiort” shownin Fig. 9(c). The surfaceresonancelose
to M found in the DFT calculation[Fig. 9(b)] is not seen
experimentally{Fig. 9(a)].

In Fig. 10, the experimentatispersiorplots from the two
c(2x2)-Na/Al(001) phasesarecomparedo a self-consistent
pseudopotentiatalculationassumingNa adsorptionin the
fourfold hollow sites?’ The locationof the gapaccordingto
the DFT calculatiorf® is schematicallyindicated in these
plots. It canbe seenfrom Fig. 10(a) [LT c(2X2) phaség that
the state showing parabolicdispersionaroundI” is located
entirely outsidethe gap,andit thusrepresents surfacereso-
nanceratherthana true surfacestate.In the pseudopotential
calculationshownin Fig. 10(b), this surfaceresonancds
found at somewhatigherbinding energieghanexperimen-
tally observedwhich may be dueto the smallvertical Na-Al
separatiorof 2.05A usedfor thesecalculationg experimen-
tal value 2.57 A (Ref. 11)]._The charge-densityistribution
of this surfaceresonancet I hasbeenfoundto belocalized
mainly abovethe topmostAl atoms,very similar to the one
of the surfacestate for Al(001). A Na-derived state, the
chargedensityof which is localizedmainly betweenthe Na
layer and the secondAl layer is found in the calculations
with anenergyof 0.1eV atI" [continuoudine in Fig. 10(b)],
which may correspondo the Na 3s-derivedstateobserved
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FIG. 9. Experimentaldispersionplot from Al(001) (a) comparedwith theoreticalcalculationsby HeinrichsmeierFleszar,and Eguiluz

(Ref. 26) (b) andby Chulkov and Silkin (Ref. 27) (c).

in Fig. 10(a) at 0.4 eV belowthe Fermilevel. A few notable
differencesbetweenthis calculation and the experimental
dispersionplot from the LT c(2X2) phasecan be noted.In
the calculation, the surface resonancediscussedabove is
foundto be backfoldedinto thefirst SBZ atthe c(2x2) zone
boundary,whereasdispersionall the way up to the Fermi
level is experimentallyobservedAn additionalsurfacereso-
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nancedispersingupwardsfrom X is foundin the calculation,
but not seenin the experiment.

As mentionedabove the two brancheof the zone-center
surfacestatefrom the RT c(2X2) phaseare not quite sym-
metric with respectto the c(2X2) SBZ boundary.In Fig.
10(c) it is seenthat alongI" M, this stateis located well
insidethegapup to thec(2X2) SBZ boundarywherethegap

c(2x2)-Na/Al(001)
Surface State Dispersion
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FIG. 10. Experimentaldispersionplots from the LT c(2x2)-Na/Al(001) phase(a) andthe RT c(2Xx2)-Na/Al(001) phase(c) compared
with a theoreticalcalculationfor Na adsorbedn hollow sitesby Chulkov andSilkin (Ref. 27) (b). The locationof the bandgapaccording
to the calculationby HeinrichsmeierFleszar,and Eguiluz (Ref. 26) is indicatedin the plots.



disappearsin the secondSBZ this statebecomesa surface
resonanceand strong hybridization with bulk statesmay
modify its dispersionyenderingthis branchasymmetriawith
respecto the onein the first SBZ. Unfortunately,we do not
know of any calculationof the RT c(2x2)-Na/Al(001) sur-
face electronicstructure.Given the controversialstructural
resultsregardingthis phasea comparisorof the experimen-
tal datashownin Fig. 10(c) with a state-of-the-arsurface
electronicstructurecalculationwould be mostinteresting.

CONCLUSIONS

The surfaceelectronicstructuresof the two c(2x2)-Na/
Al(001) phaseshave beeninvestigatedby meansof angle-
scannedJPS.In thevery low coverageegime,the adsorbed
Naatomsarefoundto perturbthe surfaceelectronicstructure
over a rangeof 0=(3.5+0.2) A. For Na depositionat room
temperaturethe formation of c(2x2) islandsis observedo
beginat a coverageof about0.18 ML. A surfacestatewith a
relatively large effective massof 1.55n, and an energyof
2.31eV is found for the roomtemperature(2x2) phaselt
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