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Quasicrystalline nature of quasicrystal surfaces: A photoemissionstudy
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Differently preparedsurfacesf quasicrystalling-Al-Pd-Mn are analyzedusing angle-resolvegbhotoemis-
sionin thex-ray and ultravioletrangeof photonenergiesDependingon the preparationwe find both surfaces
with crystallinestructureandmetallic characterandsurfaceswith quasicrystallinestructuralfingerprintsanda
suppressedensityof statesat the Fermilevel, compatiblewith a pseudogap.

Sincetheir discovery,quasicrystafs haveattractedmuch
interest.It is the fascinatingstructurewith five-, eight-,ten-,
or 12-fold symmetryaxeswhich bringsup new challengego
conventional crystallography. Even today, the crystallo-
graphicstructureis not entirely resolved.However,the elec-
tronic structureof quasicrystalds also peculiar. Quasicrys-
tals exhibit an electricalresistivity thousand®f timeshigher
thanthat of their constituents.

Specificheatmeasurementsndicateda significantreduc-
tion of the density of states(DOS) at the Fermilevel E.
Valence-bandiltraviolet-photoemissiospectroscopyUPS
yielded conflicting results.WhereasMori etal.® reporteda
significantdepressiorin the DOS at Er for an i-Al-Cu-Fe
alloy, a very high resolutionstudy* on a seriesof icosahedral
alloys claimedthe samplegto be metallic, basedon the ob-
servationof a clearly developedsharp Fermi edge. Both
studieswere done on scrapedsurfaces.On the other hand,
angle-resolvedUPS on a well-ordered monograin i-Al-
Pd-Mn surfaceevenshowedsomeweak bandlikedispersion
in the valenceband,togetherwith a distinct pseudogagea-
ture at Er.°> Very recently, an UPS and photon-energy-
dependent core-level spectroscopy study on cleaved
monograini-Al-Pd-Mn demonstratedhat the apparentme-
tallicity atthe surfaceis decreasingvith increasingsampling
depth®

Togetherwith the remarkablestructural and electronic
bulk propertieswve find unusuallylow wettingandfriction on
their surfaces Theseare attributesthat make quasicrystals
also industrially attractive’ On a fundamentallevel, it is,
thereforejmportantto studydifferently preparedsurfacesof
a quasicrystato seeto what extentthey arerelatedto struc-
tural and electronicpropertiesof the bulk. In particular,the
geometricalandelectronicstructurehasto beinvestigatedn
parallel.

Surfacesensitivestructuraltechniqueshaveonly beenap-
plied very recently®=" Among themare scanningtunneling
microscopy? secondary-electroimaging? low-energyelec-
tron diffraction (LEED),° and x-ray photoelectrondiffrac-
tion (XPD).! In structuralsurfacestudiesit hasbeennoticed

that different surfaceterminationsare possibledependingon
the sample preparation: heat treatment, sputtering, or
cleaving®2

It is, however,not clearwhat are the electronicstructure
fingerprintsof suchdifferently preparedsurfacesTherefore,
we presenta combinedgeometricaland electronicstructure
study on differently preparedi-Al-Pd-Mn monograin sur-
faces.The resultsclearly demonstratedhat a sputteredsur-
face that is appropriatelyannealedshowsall the structural
fingerprintsof a quasicrystallinestructuretogetherwith dis-
tinct suppressiomf spectralweightin the DOS nearEg . In
contrast,if the surfaceis disorderedand the chemicalcom-
positionis slightly changeda crystallinesurfacestructureis
formedwith a sharpmetallic Fermiedge.

The photoemissiorexperimentsvere performedin a VG
ESCALAB Mk Il spectrometemwith a basepressure<5
X 10! mbar. The samplestageis modified for motorized
sequentialangle-scanninglata acquisitionover a 27 solid
angle®®* MgK, radiation (hv=1254 eV) was used for
x-ray photoelectrorspectroscopyXPS) in orderto checkthe
cleannesof the sampleand to determinethe composition.
UPS measurementwere performedwith monochromatized
He I, radiation (21.2 eV).!® The energyresolutionof the
analyzerfor the UPS measurement&as setto 30 meV. All
measurement&ere performedat room temperature.

The i-Al-Pd-Mn quasicrystalingot with its twofold axis
parallel to the surface normal has been grown using the
Bridgeman method (Ames Laboratory. Its stoichiometry
was determinedto be Al go Pdoq MN 195. It Was oriented
within 0.25° and polishedwith diamondpasteand colloidal
silical® Thesamplewasa 1.3-mm-thickdisk with a diameter
of 15 mm. It wascleanedn situ by Ar* sputteringat 1 and
0.75kV (total time: 30 to 60 min) followed by annealingat
indicatedtemperaturesiuring 5 min (an additional 10 min
were necessaryo reachthe desiredtemperaturg Tempera-
ture was controlledwith a pyrometer.

In the presentstudy, the geometricalstructureof the sur-
faces has been investigatedby XPD.}” Briefly, in angle-
scannedXPD x-ray photoemissiorpeaksare measuredas a
function of emissionangleand mappedstereographicallyn
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FIG. 1. (a) XPD patternof a quasicrystallinesurfaceof i-Al-
Pd-Mn cut perpendicularlyto a twofold symmetry axis obtained
after standardpreparation(sputteringand annealingat 650°C) (Pd
3dsp,, Ewin = 917 eV). (b) Stereographiprojectionof theicosahe-
dral symmetry elements,i.e., axesof two- (ellipses, three- (tri-
angle$ andfivefold (pentagonssymmetry.(c) A reconstructiorof
the surfaceappearsafter Ar* sputtering.(d) Superpositiorof two
experimentalXPD patternsfrom a Nb(110) single crystal (Nb
3dsp,, Ein = 1051eV) rotatedby 109° with respectto eachother
asindicated.

a linear grayscalerepresentationHigh and low intensities
aredrawnin white andblack, respectivelyNormal emission
correspondso the centerof the plot, whereasemissionpar-

allel to the surface,i.e., the 90° polar emissionangle, is

indicatedby an outer circle (Fig. 1). XPD allows for a very

simpleinterpretationin the caseof photoelectrorkinetic en-

ergiesaboveapproximately500eV.}” Photoelectrongeaving
the emitteratomarestronglyfocusedin forward directionby

the neighboringatoms. The measuredntensitiesare there-
fore high along denselypackedatomic rows and crystallo-
graphicplanes.Furthermorejn this energyregime,the so-

called forward focusing is only weakly dependenton the

atomicnumberZ. The positionof the maximathusbasically
dependsnly on the local geometricaktructure andthe pat-

tern represents simple fingerprint of the crystallographic
arrangemenhearthe surface.

Figure 1(a) showsthe angulardistributionof the Pd 3ds,
photoemissiodine intensity. The surfaceof thei-Al-Pd-Mn
monograincut perpendiculato a twofold symmetryaxis has
beensputterecandannealedo 650°C. Its XPS composition
is found to be Al,sPd,,Mn:.'® Due to the forward-focusing
propertiesof photoelectronsn the keV regime,the pattern
nicely highlights densely packed high-symmetry (two-,
three-and fivefold) axesof the icosahedrapoint group, as
displayedin Fig. 1(b) (alsoin stereographigrojection. The
experimentcanalsobe reproducedy single-scatteringlus-
ter calculationusingclustersasinferredfrom structuralmod-
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FIG. 2. LEED patternof the “quasicrystalline” andthe “crys-
talline” phasetaken with electronsof 60 eV (high intensity in
black.

els of thei-Al-Pd-Mn phasé! giving a strongindicationthat
the nearsurfaceregion (within the escapedepthof the pho-
toelectrons of this surfacepreparationis characteristiof a
quasicrystallinestructure In strongcontrastto Fig. 1(a), Fig.
1(c) displaysthe XPD patternof a sputteredsurface.This
surfaceis disorderedand exhibits a changedcompositionof
Alg,Pd;,Mn,. Locally, however,ordering persists,manifest
aswell-definedanisotropiesn the XPD angulardistribution
of Fig. 1(c). This patterncanbe understoodyy two domains
of a cubic bcq110)-like structurewhen comparingit with
Fig. 1(d) where two measurementsaken from a Nb(110)
(bco single crystal, rotated by 109°, are superimposed.
Therefore the sputteredsurfacecorrespondso two approxi-
mately equally populateddomainsof an Al-Pd alloy with a
bcc lattice.

Annealingthe sputteredsurfacefirst developsthe cubic,
crystalline structureup to ~400°C and then becomesjua-
sicrystalline.The correspondindg.EED patternsareshownin
Fig. 2. Note that eventhe sputteredsurfaceshowsdiffuse
LEED spotg! which becomesharperwith annealing,and
changeinto the “quasicrystalline” pattern(Fig. 2, left).

Figure3 displaysvalence-bandpectraakenatroomtem-
peratureof the sputterecandannealedsurfacesWe notetwo
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FIG. 3. Room-temperaturesalence-bandspectra,taken with
monochromatizede4 radiation (hv=21.2 eV), of sputteredand
annealed(as labeled surfaces.Annealing correspondgo heating
the sputteredsurface(starting at room temperaturg up to the la-
beledtemperatureXPS concentration$or the differentspectraare:

Als,Pd,Mn, (sputtered surface, AlgPd;Mn, (365°C),
Al;PcheMn,  (410°C), Al;gPdhMng  (550°C),  AlggPch;Mns
(700°C).
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FIG. 4. Closeupof spectraof Fig. 3, displayingthe near Ex
region; spectra(thin black lines) are divided by the Fermi-Dirac
distributioncalculatedfor an effective (room) temperatursbtained
from the spectrumof the sputteredsurface(seetext); all spectraare
takenat room temperaturejabelsindicate the annealingtempera-
ture.

important featuresdevelopingwith surfacetreatment:first,
the characteristicchangeof the shapeof the Fermi edge,
which is shownin a close-upin Fig. 4; second the shifting
and splitting of the strongestpeak at approximately4-eV
binding energy. Along with these systematicchangesgo

structuralfingerprintsof the XPD and LEED experiments.

Surfaceof the two topmostcurvesclearly showthe crystal-
line patternsshownin Figs.1 and2, whereassurfacesf the
threelowermostspectradisplay the quasicrystallinecharac-
teristic. LEED correspondingo the spectrumof the 410°C

annealedsurfaceexhibitsa higherbackgroundntensity,and
the 365°C annealedsurfaceexhibits sharperspotsthanthe
respectivequasicrystallineand crystalline patternshownin

Fig. 2. The prominent4-eV feature(Fig. 3) hasbeenattrib-

utedto Pd 4d electronstates® A distinct shifting towardsa
higherbinding energyis observedreachinga maximumfor

the 550°C surface.The shifting and splitting can be attrib-

utedto a specificchemicalenvironmentof nearsurfaceand
surfacePd atoms.lIt is also interestingto note that qualita-
tively, the ratio of the 4-eV peak and the spectralweight
closeto Eg (attributedto Mn 3d stated) scaleswith the
measuredXPS composition:namely, high andlow Pd con-
centrationfor the sputteredand “quasicrystalline” surface,
respectivelyandthe highestMn concentratiorfor the “qua-

sicrystalline” surface.

Figure 4 showsthe samespectra(fine black lines) asin
Fig. 3, zoomingin closerto Eg. The black dots havebeen
obtainedby normalizing the spectrawith the Fermi-Dirac
distribution function?° thereforeremovingthe sharp cutoff
and creatinga spectralfunction representinghe DOS near
Er within arangeof approximately.4 kgT, wherekg is the
Boltzmanconstanf?! 4.4 kgT representshe regionwhere
the Fermi-Dirac distribution function takesvaluesbetween
90% and 10%. We clearly seethat the two crystalline sur-
facesexhibit a linear behaviorover the completerange of
energiesFor the 410°C, 550°C, and 700°C surfacesthe
shapeis completelydifferent. Thereis a distinct decreasef

DOS towardsEg which can be interpretedas a pseudogap.

Different functionshavebeenproposedo fit this decreasef
DOS. Mori et al.® useda linear function multiplied with a
Lorentziansubtractedrom unity. Then,the amplitudeof the
Lorentziangives a measurefor the depthof the pseudogap
and its width indicatesthe width of the pseudogapOn the
other hand, Wu etal.®> used an expressionof the form
«(1—E/Eg)® connectingto the square-rootbehaviorof a
Van Hove singularity. Tunneling spectroscopg¥? and
photoemissioff datahavealso beenfitted usinga E con-
tribution in connectionwith a scalingtheory of the metal-
insulator transitionin amorphousmaterials?* However, we
find thata E fit or evenoneof the form a+b(E)® is very
muchdependenbn the energyrangeusedfor thefit andonly
reasonableon a very small interval. Using the unity minus
Lorentzian approach?, nice agreemenis obtainedover an
interval of morethanan eV (not shown. The drawbackof
this procedurehowever,is that parameterstrongly depend
on the slopeof the linear function usedto multiply, andthis
slopeis arbitrary. It is, therefore,very difficult to give reli-
able numbersof size, width, and position of a pseudogap.
Despitethis difficulty, we note from the (Fermi-Dirag nor-
malizeddatain Fig. 4, thatthe DOS at E¢ is reduced.The
decreas®f DOS extendsover severalhundredmeV andthe
minimum in the DOS doesnot appearat E¢, ratheris situ-
atedabove,consistenwith Neuholdet al.®

We canthus concludethat sufficiently high annealedsur-
facesexhibit boththe structuraland electronicfingerprintsof
a quasicrystallinesurface,and one may call themquasicrys-
talline. However,althoughthe structuralprobes(LEED for
the long-rangeand XPD for the short-rangeordel arecom-
patible with a quasicrystallinestructureand there is a re-
ducedDOS nearEg as predictedby many models,it is not
clear whetherquasicrystallinityis necessaryo find this be-
havior. Similar experimentson approximantsare neededto
give a definiteanswer.

Furthermorejt is not clear if the depressiorof DOS is
sufficient to explain the strongly reducedconductivity of
quasicrystalsor whetheran unusuallysmall electrondiffu-
sivity hasto be considered® Finally, one should mention
another possibility where photoemissionmay mimic a
pseudogap® There,a sharpFermiedgeis destroyedhrough
extrinsic, ohmic lossesinducedthrough the photoelectron,
leaving a poorly conductingsolid. Such an explanationis,
however,in contradictionwith the recentobservationof a
sharpFermi edgein high resolution photoemissiorat low
temperature$.

In conclusion,a sputteredas well as a slightly (365°C)
annealedsurfaceof a i-Al-Pd-Mn quasicrystakhowsa crys-
talline andmetallic behavior.In turn, if the sputteredsurface
is annealedo highertemperatureq410°C, 550°C, 700°C)
the structural (LEED, XPD) and electronic characteristics
(depressiorof spectralweight nearEg) showall the finger-
prints expectedfor a quasicrystallt is, however,not clear
whetherthe quasiperiodicityis a necessargonditionfor this
particularbehavioror rathera complexatomicenvironment.

Skillful technicalassistancavas providedby E. Mooser,
O. Raetzo,R. Schmid, O. Zosso, Ch. Neururer, and F.
Bourqui. This projecthasbeensupportedby the FondsNa-
tional Suissede la Recherchescientifique.
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