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Unusual molecular orientation and frozen librational motion of Cg, on Cu(110)
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Full-hemisphericalingle-scannes-ray photoelectrordiffraction hasbeenusedto investigatethe molecular
orientationandlibrational motion of Csq moleculesadsorbedn the Cu(110) surface The moleculesarefound
to face the substratesurfacein an unusualbonding configuration,rotating their symmetry axesby a few
degreesaway from the high-symmetrydirectionsof the Cu(110 substrateDespitethe asymmetricmolecular
orientation,the Cgy moleculesare immobile, i.e., they show no librational motion, up to temperaturesvell

abovethe Cgy sublimationtemperature.

In recentyears,the adsorptionof Cgy on metal surfaces
hasbeenextensivelystudied,and importantchangesn the
structural, vibrational, and electronic properties of the
fullerene moleculesdue to the interactionwith the surface
have beendetermined. By now, it is well establisheahat
Ceo formsa chemicalbondwith metalsurfaceatoms,which,
dependingon the electronicpropertiesof the surface,canbe
moreor lessionic or covalentin charactef.

Onevaluablepieceof informationon the Cgq metalinter-
action that becameexperimentallyaccessibleonly very re-
cently is the molecular orientation of adsorbedfullerene
molecules® Sincethe chargedistribution of an isolatedCgy
moleculeis strongly modulatedover the molecularcage? it
can be expectedthat its molecular orientationtaken on a
surfaceis intimately relatedto the details of the bonding
interactionwith the surface .Recently,the importanceof the
Ceo molecularorientationhas also beenrealizedin the in-
triguing fullerene-based materials TDAE-Cg, [TDAE
=tetrakigdimethylamingethyleng (Ref. 5) and A;Cgy (A
= alkali meta).®

For monolayerCyqq films adsorbedon single-crystalsur-
faces,we havepreviouslyshowrt thata variety of molecular
orientationsis observed,ranging from the intuitively ex-
pected six-memberedring facing towards the surface on
Cu(111) andAl(11Y) to the surprisingdoublebondbridging
betweenthe close-packedows of Cu(110) or a single edge
atomfacing towardsthe Al(001) substratesurface.This di-
versity of molecularorientationsclearly highlightsthe subtle
and yet still incompletely understood balance between
molecule-moleculeand molecule-surfaceinteractions that
governsthe physicsof fullerene adsorptionon metal sur-
faces.

Motivated by the fact that Cg, adsorptionvia a double
bond bridging betweenthe closed-packedows of Cu(110
represents ratherasymmetricandunusualconfigurationwe
have extendedand refined our investigationof this system.
The questionwhetherthe Cgy moleculeswould undergoli-

brationalmotion with increasingtemperatureor whetheran
orientationalflip to a more favorablemolecularorientation
would occur—asrecently observedfor Cgo/Ir(111) (Ref.
7)—hasbeenaddressed.

The experimentaimethodof choiceto determinethe Cg
molecularorientationis angle-scanned-ray photoelectron
diffraction (XPD).2 It is basedon the observationthat, at
electronenergiesabove about 500 eV, the strongly aniso-
tropic scatteringof photoelectrondy theion coresleadsto a
forward focusingof electronflux alongthe emitter-scatterer
axis. Prominentintensity maximain the angulardistribution
of photoelectronscan, therefore, often be identified with
near-neighbodirections.At sufficiently high energiesXPD
patternsthereforeare, to a first approximation,a forward-
projectedimage of the atomic structurearoundthe photo-
emitter. For the caseof Mg Ka-induced C 1s emission
from Cgy (Euin=970 eV), a correlationof dominantinten-
sity maximain the diffraction patternand C-C interatomic
directionshasclearly beendemonstrated andthe diffraction
patternghusrepresent real-space‘fingerprint” of the par-
ticular molecularorientation.Hence , XPD patternsfrom ad-
sorbedmonolayerCg films allow a directand unambiguous
determinationof molecularorientation.

The experimentswere performedin a modified VG ES-
CALAB Mark Il spectrometérwith a basepressurein the
lower 10 *:-mbar region. Mg K a-excited photoelectrons
wereanalyzedwith a 150-mmradiushemisphericahnalyzer.
The Cu(110) crystalwaspreparedoy cyclesof Ar* sputter-
ing and annealingto 840 K until the surfacewas judged
cleanand well orderedbasedon x-ray photoelectronspec-
troscopyandlow-energyelectrondiffraction (LEED). High-
purity Cgo (Ref. 10) wasdepositedonto the Cu(110) surface
by sublimationfrom a resistively-heatedantalumcrucible.
Highly-orderedCg, monolayersvere obtainedby depositing
two or more monolayersonto the surfaceand subsequent
annealingabovethe Cg, sublimationtemperatureof 575 K
for a few minutes. In agreement with previous
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FIG. 1. C 1s XPD patterny E,;,=970eV) from the Cqq mono-
layer on Cu(110. (a), (b) Experimentalpatternstakenat RT and
with the sampleheldat 720K, respectively(c) SSCcalculationfor
a G5, moleculefacing with a 5-6 bond towardsthe substrate as
schematicallyshownin Fig. 2. (d) SSC calculationfor the opti-
mized molecularorientation(seetext).

observationg! we find thatthe Cgo/ Cu(110) monolayersys-
tem preparedn this way displaysa sharp(1% ) LEED pat-
tern,where =1 correspondso the two possibledomainori-
entations(calledD1 andD2 hereaftey.

ExperimentalC 1s diffraction patternsfrom the mono-
layer Cg, film on Cu(110) takenat room temperaturg RT)
andat 720K areshownin Figs.1(a) and1(b), respectively"?
The patternshave beenazimuthallyaveragedexploiting the
twofold rotationalsymmetryof the substrateand normalized
to the smoothpolar angledependenbackgroundypical for
adsorbateemission.The diffraction intensitiesare shownin
stereographiprojectionandin alineargray scalewith maxi-
mumintensitycorrespondingo white. The orientationof the
Cu(110 substratesurfaceasdeterminedrom Cu core-level
XPD patterns(not shown is indicated. Apart from minor
differencesin the backgroundintensity due to thermal dif-
fuse scattering the two diffraction patternstakenat RT and
at 720K areidentical,at leastin what concernghe position
of prominentfeatures.

As thesepatternsare relatedin a straightforwardway to
the molecular orientation of the Cgy moleculeswithin the
monolayerfilms.2 it immediatelyfollows that the molecules
areidentically orientedat eithertemperatureWe havepre-
viously showr? that the RT diffraction patternof Fig. 1(a)
stemsfrom Cgo moleculedacingwith a 5-6 bondtowardsthe
Cu(110 surface (two inequivalent possibilitieg, and we
thereforeconcludethat this unusualorientationalconfigura-
tion is stableup to at least720K. A single-scatteringluster
(SSQ calculatiof for this molecularorientationis shownin
Fig. 1(c), andit canbe seenthat it reproduceshe overall
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FIG. 2. Structuralmodelfor the Cqo monolayeron Cu(110). For
clarity, only the carbonatomsclosestto the surfaceare shownas
solid dots, with a size proportionalto their proximity to the sub-
strate surface.In order to indicate the distortion from a perfect
hexagonalayer, circleswhoseradii corresponds$o half the Cgi-Cgo
NN spacingin bulk Cg, (5.02A) aredrawnaroundthe molecules.
Only one of the two possibledomain orientations(unit cell indi-
cated and inequivalentazimuthal orientationsof the molecules
(#+180°) areshown.Arrows indicatethe largerseparatiorbetween
adjacentrows occurring every three rows. The shortr,=9.6 A
intermoleculardistanceis indicated.

position and shape of the prominent forward-focusing
maximaobservedn the experimentapatterng Figs.1(a) and
1(b)] fairly well.

Pedersert al.'! studiedthe adsorptiorof Cgo on Cu(110)
using scanningtunnelingmicroscopy(STM) and found that
a slightly distortedhexagonaloverlayerwas formed on the
surface Fromthe STM picturesthey concludedhatthe hex-
agonalstructureconsistsof threeequidistanparallelrows of

Cgo Mmoleculesrunningalongthe [ 113] direction,with a Cgg

periodicity of 11.2 A along the rows. Every three rows, a
slightly largerseparatiorbetweenthe rows anda shift along
the rows was observed Furthermorethe centerof the three
parallelrows appearedibout0.1 A lower thanthe neighbor-
ing rows, indicating that the moleculesin the centerrow

occupyanotheradsorptionsite thanthe onesin the two ad-
jacentrows. Basedon the assumptiorthatthe fullereneswill

seekmaximum coordinationwith the substratea structural
model consistingof Cgy moleculesin twofold hollow posi-
tions as well asin (or closeto) long-bridge positionswas
proposed.Complementingthis model with our observation
of the Cgy moleculesfacing with a 5-6 bond towardsthe
surfacewe obtaina structuralmodelasshownin Fig. 2. The
unit cell as given by the LEED patterncontainsthree mol-

ecules,all of themfacing with a 5-6 bond towardsthe sur-
face. This moleculararrangementesultsin intermolecular
distanceghatvary from asmuchas9.6 A (4% compression
to 11.1A (11% expansioh andin a densitythat is reduced
by 6% with respectto that of a perfectly hexagonalclose-
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FIG. 3. R-factor plot obtainedby azimuthalrotation and polar
tilt of the Cqy moleculesaway from the symmetric5-6 orientation.
Inset: Schematicdrawing defining the anglesusedto describethe
rotations.For clarity, only the carbonatomsclosestto the surface
are shown.

packedlayer adopting Cgo bulk nearest-neighbofNN) dis-
tances.

The shortintermoleculardistancer ,,=9.6 A (Fig. 2) led
usto considerthe possibility that the moleculesmight effec-
tively increaseheir intermolecularC-C distancedy slightly
rotating away from the symmetric5-6 orientationshownin
Fig. 2. In order to examinethis possibility, we have per-
formedan extensiveR-factor analysiscomparingthe experi-
mental C 1s diffraction pattern[Fig. 1(a)] to SSCcalcula-
tions, allowing the Cgy moleculesto rotate away from their
genuine5-6 orientation.The resultingR factors™ are shown
in Fig. 3, togetherwith a schematicdrawing defining the
rotationandtilt anglesusedto quantify the molecularorien-
tation. Indeed, tilting the Cg, moleculesby a few degrees
aroundthe[001] andsubsequentharoundthe[110] direction
significantlylowersthe R factor,andthe bestagreementvith
experiment(Ry;p=0.26) is obtainedfor a polartilt angleof
4.5° and an azimuthalrotation of +4.5°. The SSCcalcula-
tion for thesevalues[Fig. 1(d)] comparesalmostin every
detail with the experimentaliffraction pattern[Fig. 1(a)].

The optimumconfigurationof two NN moleculess sche-
matically shownin Fig. 4. The two minima at =4.5° azi-
muthalrotationin the R-factor plot correspondo two differ-
ent azimuthal orientationsof the molecules[(+) and (—)]
which in turn correspondone to eachof the two different
domain orientations(D1 and D2) of the (14 9 structure.
Only one domainorientationandits correspondingnolecu-
lar orientationis shownin Fig. 4. The polar tilt of —4.5°
aroundthe [001] directioninclinesthe moleculetowardsthe
bottommosfive-membereding, whereaghe 4.5° azimuthal
rotation aroundthe [110] surfacenormal turns the bottom-
most 5-6 bond bridging betweentwo close-packedCu rows
slightly away from the [001] direction. The former rotation
might be rationalizedby the resultingbetter-balance®-Cu
bond distancedistribution, which might effectively increase
the bond strengthwith the substrate The effect of the azi-
muthalrotation,on the otherhand,clearlyis a maximization
of the intermolecularC-C distances? which might well be
the driving force behindthis peculiararrangement.
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FIG. 4. Optimized molecular orientation of Cg, adsorbedon
Cu(110). Carbonatomsare shown as circles with a size propor-
tional to their proximity to the substratesurface The atomsbelong-
ing to the five-memberedand six-memberedrings closestto the
surfaceare highlighted. Rotationsaway from the symmetric 5-6
orientationareindicatedby arrows.NN moleculesare facing each
other with six-memberedings (solid dot9, rotating the 5-6 bond
closestto the surfaceby 4.5° away from the [001] direction and
inclining their vertical axis by 4.5° towards the bottom five-
membereding.

In additionto its molecularvibrationalmodes,condensed
Ceo also exhibits externalvibrations,including translational
Ceo-Cep Vibrations and librational motions where the mol-
eculesrotationally rock in the potential of the surrounding
crystal* By meansof inelasticneutronscattering the latter
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FIG. 5. Azimuthal photoelectrondiffraction scansacrossthe
most prominentfeaturesof the Cg,/Cu(110) diffraction pattern,as
indicatedby the dashedwhite line in Fig. 1(b). (a) SSCcalculation,
extractedrom the patternshownin Fig. 1(d); (b)—(d) experimental
diffraction curves measuredat different sampletemperaturesas
indicated.The blackbarin the upperleft cornergivesa measureor
the anisotropyof the data.For eachcurve,the width andanisotropy
of the two main peakshavebeendeterminedy fitting two Gauss-
ian peakson top of a constantackgroundsolid lines) to the data.



have beenshownto occur around2-3 meV ! Librational

motions,i.e., hinderedrotations arealsoreadily observedor

moleculesadsorbedn a surface andits dynamicshavebeen
extensivelystudiedusing the electronstimulateddesorption
ion angular distribution method!® To our knowledge, the
guestionwhetheradsorbedCq, moleculesexhibit significant
librational motions, however, has not yet beenexperimen-
tally addressed.Using XPD, we have investigated the
Cso/Cu(110) systemalso with regardto this question.Azi-

muthal photoelectron diffraction scans across the most
prominent diffraction features were measuredwith the
monolayerCgo/Cu(110) sampleheld at 310 K, 600 K, and
720 K and are shown in Figs. 5(b)—5(d), respectively.A

calculationfor the samepolar emissionangleperformedfor

the optimizedmolecularorientation(Fig. 4) is shownin Fig.

5(a). It can be seenthat the width of the two main peaks
remainsconstantover the entire temperaturerange consid-
eredandis well reproducedby the calculation.The anisot-
ropy slightly decreasefrom 20%at 310K to 16%at 720K.

The anisotropyof the SSC calculation which considersa
rigid moleculeis 21%, only slightly larger than the experi-
mentalvaluefor T=310K. This clearly rulesout significant
librational motion of the adsorbedmolecules; rotational
rocking of aslittle astwo or threedegreesvould be detect-
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factorson molecularorientationshownin Fig. 3.

To summarize,using angle-scanned-ray photoelectron
diffraction, we have establisheda detailed picture of the
subtle orientationalarrangemenof Cgq moleculesadsorbed
onthe Cu(110 surface Mostimportantly,adsorptiorvia the
5-6 bondis the preferredconfigurationfor temperaturesp to
720K. However,the moleculesarefoundto havetheir sym-
metry axesrotatedaway from the high-symmetrydirections
of the Cu(110 substrateby a few degreesWe have also
observedsimilar asymmetriesn other systems,” indicating
that Cgq adsorptionin a highly symmetricorientationalcon-
figuration is an exceptionrather than the rule. Despitethe
asymmetricorientationof the Cgy moleculeswith respectto
the underlyingCu(110 surface,no librational motionis ob-
servedup to temperaturesloseto the sublimationtempera-
ture of 730 K.
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