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Orientation of Adsorbed Cgo MoleculesDetermined via X-Ray PhotoelectronDiffraction
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Although significantinsightinto fullerene-substratateractionshascomefrom recentsurfacescience
studies,to datetherehasbeenno unambiguousvay to determinethe molecularorientationof adsorbed
Ceo molecules. We showthat photoelectrordiffraction patternsirom monolayerCyg, films are directly

relatedto the intramolecularstructureof Cg.

This allows for the first time a direct and unambiguous

identification of the molecularorientationof the adsorbedullereneswith respectto the substrate. A
variety of molecularorientationsis observedn different substrates.

Quantitative structural information is fundamentalto
the understandingof the physical propertiesof a solid,
e.g., for the interpretationof spectroscopicresults or
as a starting point for theoretical calculations. The
structureof solid Cgy hasbeenstudiedextensivelyusing
techniqueslike x-ray diffraction or neutron diffraction,
anda quite detailedpictureof its structural electronic,and
vibrational propertieshas been establishedoy now [1].
Recently,much work hasbeencarried out on fullerene-
substratesystems,and important insight into electronic
and vibrational energy levels has been gained [2-7].
However, the link between electronic and vibrational
propertieson one hand and structural propertieson the
other hand has still been missing. The question of
molecularorientationin fullerene-substratsystemshas
resisteda solution by “conventional” techniquessuchas
thosementionedaboveor low-energyelectrondiffraction.
There have been a few reports of internal molecular
contrastin scanningunnelingmicroscopy(STM) [8—-10],
but the inherentproblemof tip-sampleinteractionrenders
the interpretatiorof theseSTM imagesfar from obvious.

Becauseof the chemical sensitivity and the sensitiv-
ity to local order x-ray photoelectrondiffraction (XPD)
is a powerful techniquefor surfacestructuralinvestiga-
tions [11]. It has been shown that full hemispherical
XPD patternsprovide very direct information aboutthe
near-surfacetructure[12,13]. At electronenergiesabove
about500 eV, the strongly anisotropicscatteringof pho-
toelectronshy the ion coresleadsto a forward focusing
of electronflux along the emitter-scattereexis. Promi-
nent intensity maximain the XPD patterncan therefore
often be identified with near-neighbordirections. The
scatteringsituationfor a Cgy moleculechemisorbedn a
single-crystakurfaceis schematicallyshownin Fig. 1(a).
All the 60 carbon atoms of the molecule act as pho-
toemitters,and the photoelectronsre scatteredrom the
surroundingion cores. Becauseof the forward-focusing
effect discussedabove, intensity maxima are observed
in directionscorrespondingo C-C interatomicdirections
[Fig. 1(b)]. The photoelectrorangulardistributionthere-
foreis, to afirst approximationaforward-projectedmage

of the atomic structurearoundthe photoemitters. Anal-
ysis of the symmetryand positionsof forward-focusing
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FIG. 1. X-ray photoelectrondiffraction from chemisorbed
Ceo molecules. (a) When the surface is illuminated by x

rays photoelectronsare emitted from each of the 60 carbon
atomswithin the moleculeand scatteredrom the surrounding
ion cores. (b) Becauseof the anisotropic scattering, the

photoelectronintensity is forward focusedalong the emitter-
scattererdirections. The photoelectronangular distribution
therefore is, to a first approximation, a forward-projected
image of the atomic structure around the photoemitter. (c)

X-ray photoelectrondiffraction pattern calculatedfor a Cgo

moleculefacing with a 6-ring towardsthe surface,as sketched
in (a). The photoelectronangular distribution is shown in

stereographicprojection and in a linear gray scale with

maximumintensity correspondingo white. The centerof the

plot correspondsto the surface normal and the outer circle

representsgrazing emission along the surface. In the right

half of this plot, the interatomic directions within the Cgq

molecule are indicated by black spots with sizes inversely
proportional to the correspondingC-C distance. Correlation
of dominantintensity maxima in the diffraction patternand

interatomic directionsis observed,and the diffraction pattern
thus representsa real-space“fingerprint” of the particular
molecularorientationconsidered.



maxima thus permits a very straightforward structural
interpretationof XPD data. Furthermoredetailedstruc-
tural parametergan be determinedby comparingthe ex-
perimental XPD patternsto calculatedones, optimizing
the structuralparametersintil bestagreements achieved.
The relatively simple and efficient single-scatteringlus-
ter (SSC) formalism [11] has proven adequaten most
caseq12,13], andspecificallyfor othercarbonallotropes
[14]. Figurel(c) showsan XPD pattern calculatedfor
a Cgo moleculefacing with a six-membereding (6-ring)
towardsthe surface,assketchedn Fig. 1(a). In theright
half of this plot, theinteratomicdirectionswithin the mol-
eculeareindicatedby black spotswith sizesinverselypro-
portionalto the corresponding-C distance.As expected,
correlationof dominantintensity maximain the diffrac-
tion patternand interatomicdirectionsis observed,and
the diffraction patternthusrepresents real-spacéfinger-
print” of the particularmolecularorientationconsidered.
We show that full-hemisphericalXPD patternsfrom ad-
sorbedmonolayerCgq films indeedallow a very direct
andunambiguousleterminatiorof molecularorientation.

Experiments were performed in a VG ESCALAB
Mark Il spectrometemodified for motorized sequential
angle-scanningdata acquisition [13], and with a base
pressurein the lower 10~!'! mbar region. Photoelectron
spectra and diffraction patterns were measuredusing
Mg Ka (hv = 1253.6 eV) radiation with the samples
kept at room temperature. Contaminationfree surfaces
were preparedby standardAr* sputteringand annealing
cycles. Cgo of 99.9% purity [15] was evaporatedrom
a resistively heatedTa crucible while the crystal was
maintainedat room temperature. Monolayer Cg, films
were preparedby depositionof two or more layers of
Ceo and subsequenannealingof the sampleto 320°C.
The purity of the C4, layers,aswell asthe coveragewas
checkedby core-levelphotoemission.

ExperimentalC 1s diffraction patternsfrom monolayer
Ceo films on Cu(111),Al(111), Cu(110),and Al(001) are
shownin Fig. 2. Eachadsorbatesystemgivesrise to a
uniqueandwell-defineddiffraction pattern. The patterns
from Cgo0on Cu(111)andAl(111) [Figs. 2(a)and2(b)] re-
veal sixfold symmetrywith two setsof prominentmax-
ima at =60° and =74° polar-emissionangle, while the
patternfrom Cg,/Cu(110)is clearly twofold symmetric,
with two dominantmaximaat =46° [Fig. 2(c)]. A four-
fold symmetricpatternis obtainedrom Cg,/AI(001), with
four prominentmaximaat a polar-emissiorangle of 47°
[Fig. 2(d)]. As discussedabove,the diffraction patterns
of Fig. 2 arerelatedin a straightforwardwvay to the molec-
ular orientationof the Cgz; moleculeswithin the mono-
layer films. By symmetryargumentsalone, restrictions
to the possiblemolecularorientationscanimmediatelybe
made. Thefivefold rotationalsymmetryof the Cg, mole-
culefacingwith a 5-ring towardsthe surfaceexcludeghis
orientationfor all the systemspresentedn Fig. 2. The
twofold andfourfold symmetriesof the patternsrom Cgg
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FIG. 2. ExperimentalC 1s x-ray photoelectrordiffraction pat-
terns (Mg Kea, Ey, = 970 eV) from monolayer Cgy films
adsorbedon (a) Cu(111), (b) Al(111), (c) Cu(110), and (d)
Al(001). The patternshavebeenazimuthallyaveragedexploit-
ing the rotational symmetry of the respectivesubstrateand
normalizedto the smooth polar angle dependentackground
typical for adsorbateemission. The diffraction intensitiesare
shown in stereographigrojection and in a linear gray scale
with maximumintensity correspondingo white. The orienta-
tion of the substratesurfaceasdeterminedrom substratecore-
level XPD patterns(not shown)is indicated.

on Cu(110)and Al(001), respectively,also exclude ad-
sorptionon a 6-ring, which representa configurationwith
threefoldrotationalsymmetry,on thesesurfaces. Further-
more, it canbe recognizedthat the patternsin Figs. 2(a)
and2(b) arevery similar exceptfor a 30° rotation,which
indicatesthat on Cu(111)and Al(111) the moleculesare
facing with the sameatomgrouptowardsthe surface but
with azimuthalorientationgdiffering by 30°.

In orderto explainthe diffraction patternsof Fig. 2, we
haveconsideredhe five symmetricmolecularorientations
of a Cgy moleculeadsorbedon a surface,namely, a 5
ring or a 6-ring facing towards the surface,adsorption
on two carbon atoms belonging to two 6-rings (6-6
bond) or to a 6-ring and a 5-ring (5-6 bond), and finally
adsorptionon a single carbon atom forming the edge
betweentwo 6-ringsand a 5-ring. SSC calculationsfor
these five molecular orientationshave been performed
usingrigid Cg, cagegeometries.The SSCmodelusedfor
photoelectrorliffraction calculationds describedn detail
elsewherdl1], andwe haveusedit in aform thatcontains
spherical-wavescatteringand the corrects — p angular



momentunfinal statein C 1s photoemission.The partial-
wave scatteringphaseshifts 6, for scatteringat C atoms
have beencalculatedby meansof an algorithm which is
basedon the muffin-tin approximation[16]. Scattering
phaseshifts calculatedfor C muffin-tin potentialswithin
the diamondor the graphitelattice have beenverified to
resultin indistinguishableésSCcalculationsfor Cgo. A C
1s inelasticmeanfree pathof 30 A hasbeenusedfor the
calculations. The effectiveinner potentialV, responsible
for therefractionof the photoelectrorwaveat the surface-
potential step has been setto 5eV. The possibility
that a particularmolecularorientationoccursin different
azimuthalorientationsdependingon the symmetryof the
substratesurfacehasbeentakeninto account.

The whole setof calculationsaswell asthe individual
adsorptionsystemswill be discussedn detail elsewhere
[17,18]. In Fig. 3 we show a compilation of the SSC
calculationscorrespondingo the experimentapatternsof
Fig. 2. We find that on Cu(111),the Cgy moleculesare
adsorbedacing with a 6-ring towardsthe surface,in two
azimuthalorientationsdiffering by 60° [Fig. 4(a)]. The
bondswithin the 6-ring are found to be perpendiculato
the closepacked(101) directionsof the Cu(111)surface.
This is consistentwith the conclusionsbasedon a STM
study where threefold internal molecular contrast was
observed[9]. On Al(111), where covalent bonding of
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FIG. 3. Single-scatteringluster calculationsreproducingthe

experimentalXPD patternsshownin Fig. 2. The molecular
orientationscorrespondingo these calculationsare discussed
in the text and schematicallyshownin Fig. 4. No attemptto

optimizethe structuralandnonstructuralnput parameterin the

calculationshasbeenmade.
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the Cg, moleculeshas recently been reported[5], the
samemolecularorientationas on Cu(111)is found, but

with the difference that the bonds within the 6-ring

are aligned along the close-packed101) directions of

the Al(111) surface[Fig. 4(b)]. On Cu(110),adsorption
takes place on a 5-6 bond aligned along the (001)

surfacedirections[Fig. 4(c)], whereason Al(001) the Cgq

moleculesare adsorbedfacing with a single edge atom
towardsthe substratgFig. 4(d)]. Fourdifferentazimuthal
orientationscorrespondingto the 5-ring being oriented
alongthe four (110)-like directionsareobserved. As can
be seenby a comparisorof Figs. 2 and3, the calculations
reproducethe experimental XPD patternsrather well,

eventhoughno structuralrefinementhasbeenattempted
up to this point. This is very promising in that also
more complicatedsystemsinvolving many inequivalent
molecular orientationsor some degreeof orientational
disordermight be successfullyanalyzedusing XPD.

We have shown that full-hemisphericalphotoelectron
diffraction allows an unambiguousdeterminationof the
molecular orientation of monolayerCg, films adsorbed
on single-crystal surfaces. Adsorption on 6-rings, on
5-6 bonds, as well as on edge atoms has been found
for Cg Oon Cu(11ll)and Al(111), Cu(110)and Al(001),
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FIG. 4. Molecular orientationsof Cg, in monolayerfilms on

(@) Cu(111), (b) Al(111), (c) Cu(110), and (d) AI(001) as
determinedfrom the XPD patternsshown in Fig. 2. The

substratesare aligned as in Figs.2 and 3. Substratelattice

spacingsand C-C distancesare properly scaled. For clarity,

only the lower carbon atoms of the moleculesare shown.
The atomsclosestto the substratesurfaceare shown as black
dots. Theapproximatesize of the moleculess indicated. The

molecule-substratgegistry and the intermolecular distances
shownarearbitrary.



respectively(Fig. 4). The presentesultsopentheunique
opportunity to correlatemolecularorientationand elec-
tron/vibrational propertiesas obtainedfrom other meth-
ods. We would like to point out that the applicationof
XPD is by no meanslimited to the caseof Cg, Higher
fullerenes coadsorptiorsystemsgndofullerenesandnan-
otubed6] areexpectedo be similarly well imagedby this
technique. Off-centerpositionsof metalatomsencapsu-
lated into Cg; moleculesshould be easily detectableby
core-levelXPD from the metalatom. Quenchedr elon-
gatedmoleculesadsorbedon a surfaceare equally well
suitedcandidategor aninvestigationby this technique.
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