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Influence of adsorbate-substrate interaction on the local electronic structure of g studied
by low-temperature STM
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Low coverages of gy on Cu111) and K/Cy111) have been investigated by scanning tunneling microscopy
and spectroscopy at 10 K. By combining topographic imaging and mapping of the spectral inteéh/sity)(
we have analyzed the evolution of thg-derived[lowest-unoccupied molecular orbitdlUMO)] electronic
states resulting from the difference in adsorption geometry ofiXluas well as the difference in bonding
when the substrate is precovereg & K monolayer. The spatial distribution and the spectral width of the
LUMO-derived states are observed to be particularly sensitive to the adsorbate-substrate interaction.
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I. INTRODUCTION Il. EXPERIMENTAL ARRANGEMENT AND SAMPLE
PREPARATION

Soon zafter si_zable qua_mtities_, ofef(Ref. 1) becgme For the STM measurements, we used a homemade,
available; scanning tunneling microscop{TM) unveiled 5 iahjetemperature microscope in  ultrahigh vacuum
mportant mformatlon. about the |nteraptlon of'the fullerene UHV), built according to a previously detailed desf§he
with surfaces. In particular, the resolution of bias-depende xperiments were performed at 10 K under a pressure of
internal features provided a direct visualization of the mo-2% 10711 Torr. The dI/dV data were measured through
lecular orientations and gave a first insight into the geometryock-in detection of the alternating tunneling current driven
of various electronic statédviore recently, the measurement by modulating the sample bias-(L0 mV,~200 Hz) with
of dI/dV mappings of G/Ag(100) offered a better under- the feedback loop open. The (1) substrate was cleaned
standing of the spatial distribution of the molecular orbitalsin UHV by repeated cycles of Nesputtering and annealing
upon adsorption on a given substrafeA very noticeable around 850 K. Go (99.9% purity, Aldrich was sublimated
feature is the reported splitting of the3owest-unoccupied from an alumina crucible and K from a commercial source
molecular orbital(LUMO) into two dominant empty states (SAES Getter. The microscope design allovirs situ dosing
of inverted geometr§. Theoretical investigations revealed at any temperature ranging from about 350 K down to 10 K.
that the observed spreading of the LUMO is a direct conseCso Was dosed at room temperatu(RT) on the clean
quence of the interaction with silveThe unique ability of Cu(111). On the K precovered surface, the fullerene was de-
STM to spatially resolve the electronic structure of adsorPosited at 10 K in order to avoid any strong interaction with
bates enabled the observation that the LUMO spectrum ddhe underlying copper, while the ordered K monolayer was
pends on the location of the molecules upon adsorption offown at RT before cooling the sample down.

Au(111) and AK111).%7

In order to further elucidate the role played by the sub- Ill. RESULTS
strate, we have analyzed the adsorption gf @ Cu111)
and K/Cy111). When deposited at room temperature, the
fullerene chemisorbs on met&8.However, depending on When dosed at room temperature on(Tli), Cgy mono-
the substrate, different degrees of hybridization and chargkyers start growing from the step edges, as a result of mo-
transfer are observed. On copper, the bond is thought to becular diffusion, and the molecules are expected to occupy
predominantly ionic;'° although hybridization occurs with threefold hollow sites.The topography recorded in constant-
the electronic states of the substrité! Contrary to previous current mode and presented in Fig. 1 was measured close to
work performed on similar interfaces by averaging tech-a step edge of the €ill) surface. The first image was re-
niques, such as photoemisstéi and electron energy-loss corded with the sample bias set-a2.0 V relative to the tip
spectroscopy"® we are able to distinguish different mo- [Fig. 1(a)]. According to previous investigations, the in-
lecular orientations and locations on (@L1) and to deter- tramolecular features are localized on the pentagons forming
mine their effects on the molecular electronic structurethe Gy, skeletor’ %7 The second image was recorded at
When G is deposited at low temperature on (Cil) pre- +0.7 V [Fig. 1(b)]. The intramolecular features should be
covered ly a K monolayer, we observe that ionic bonds arerepresentative of other electronic states but are still partially
established with the K atoms. By comparing both systemslocalized on the pentagons. For clarity, a map of the different
we are able to study the influence of adsorbate-substrate imlomains is shown in Fig.(&). In agreement with previous
teraction on the electronic structure ofC results® most of the molecules are adsorbed on the lower

A. Adsorption on Cu(11J)
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FIG. 1. Constant current0.1 nA) topographic images of a
Ceo-covered area of GQl11), recorded in the vicinity of a step edge,
(@ +2.0V and(b) +0.7 V. Both images have been filtered for
clarity. A map of the same location is drawn (o) and is divided
into five areas. The continuous line crossing the map indicates the
step edge; areas Il and V are situated on the upper terrace side. A
closeup of one molecule adsorbed with a pentagon facing up is

di/dV(nA/V)

shown in(d). That latter image was recorded-a2.0 V. 0.20
0.15 ]
terrace along the step edge and possess a clear threefold sym- 0.10 |
metry (clover shape, areg.lAs three pentagons should be 0.05 |
connected by one hexagon irgdC the clover-shaped mol- 0.00 1—, . . . .
ecules are adsorbed with a hexagon facing up and the oppo- 2 A 0 1 2 3

site hexagon lying on the copper, parallel to the surface.

A small number of molecules are found on the upper ter-
race along the step edgee., the seven brightly imaged mol- g1 2. Typical dI/dV curves recorded at the center of,C
ecules in area JI Such molecular positions have not beenmolecules. Spectréa)—(c) were recorded over & on Cu111): (a)
reported before and could result from the absence of anglover-shaped g on the lower terraceb) clover-shaped g on the
postdeposition annealing in our experiment. Although weupper terrace, antt) Cqo with a pentagon facing up. Spectfa—
cannot completely rule it out, the presence of an impurity(c) were measured with the tip height set at 0.1 nA ar@l0 V. (d)
that would trap one molecule and allow the growth of anA set point of 0.1 nAand+1.5 V was used for the spectrum ofC
island around it appears unlikely. Indeed, none of these seveifisorbed on K/GU11).

molecules is randor_nly or_ie_nted asis obgerved whgya@e Typical dI/dV vs V spectra are shown in Fig. 2a) over
actually 'Frapped by |mpu_r|t|es. The latter |_s_probably the case, molecule in area I(b) in area II, and(c) in area IIl. A
for the single molecule in area IV. In ad.dltl_on,.all the SeVeNgrong spatial inhomogeneity within the molecules is also
molegules ;how the sant/dV curves, |Qd|cat|ng none of gpserved and is shown below by thé/dV images. These
them is particularly perturbedee below, Fig. @)]. Atroom  gpectra were recorded with the same tip positioned over the
temperature, g are expected to migrate and eventually getcenter of the molecules. Four main features appear in the
trapped on the lower terrace along step edges or by other Cspectra: a peak at 1.68.1 V (LUMO+1), a peak at 0.77
molecules, leading to monolayer growth. However, because-0.1 V (LUMO-b), a small peak or shoulder at 0.19
of a competition between thegECqy and Gy-Cu interac- *+0.1 V (LUMO-a), and a barely visible shoulder around
tions, it is also possible that the molecules find favorable—1.65 V [highest-occupied molecular orbittHOMO)]. In
locations on the upper terrace of a decorated step edgagreement with previous studit=}®?° we propose that
whose height is much smaller than thg,@iameter. Three these peaks are derived from thg, t;,, andh, molecular
Cqo adsorbed with a pentagon facing up are also visible irprbitals of G that, respectively, correspond to the LUMO
the image(area ll). This orientation is not common on +1, the LUMO, and the HOMO of the isolated molecules.
Cu(111) but has been observed on other substrates, e.gdoth the LUMOa and the LUMOb peaks are expected to
Ag(111).8 A closeup of a molecule is shown in Figidland  derive from thet,, orbital*® For the G, adsorbed on the
testifies the fivefold symmetry of the pentagon. upper terracgb), the LUMO+1 peak is measured at 1.50
Three different adsorbed species are thus reported here far0.1 V, while another one, assigned tohg-derived mo-
Cgo dosed at room temperature on(Cil): Cgo adsorbed on lecular level, is observed at 2.2®.1 V (LUMO+2). The
lower terraces with a hexagon parallel to the surf@sea ), relative intensities and energies of these peaks are character-
Ceo ON upper terracesarea ), and Gy with a pentagon istic of the adsorption site.
facing up (area ll). Even though the topographical images Thedl/dV images provide substantial information about
do not show important differences between them, the threthe spatial distribution of the molecular electronic states. We
species have different spectroscopic behavior that has beevill now analyze two selected areas of the sample. A topog-
carefully analyzed by recording the voltage dependence afaphy of the first area recorded &t1.65 V is shown in Fig.
thedl/dV intensity and by imaging its spatial dependence at3(a). All molecules are lying on the lower terrace along a
particular bias values. step edge. Three molecules with a pentagon facing up are

Sample Bias (V)
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strate so that these molecules should adsorb with a hexagon
parallel to the surfacémolecule ). However, the symmetry
axis appears slightly tilted when the molecules are trapped
on the upper terracénolecule 1), suggesting that these;C
may not adsorb with a hexagon perfectly parallel to the cop-
per surface. If true, such a tilt could be explained by the
copper height difference that needs to be compensated in
order to accommodate the interaction between thg ad-
sorbed on the upper and lower terraces, causing the
fullerenes to face each other with a specific orientation as in
the rotationally inhibited phase of bulksg?! Given that a
similar tilt is also observed when two rows of molecules are
trapped on upper terraces, we rule out any artifact that could
occur when imaging the border of gsland. Because the
o same observation was made when using different tips, the
FIG. 3. (a) and(d) Constant current topographic imadésl nA,  influence of tip geometry can be ruled out as well. However,
+1.65 V) of two Gyrcovered areas of QU11). (b) and(e) Corre-  the possible change in the molecular orientation is not abso-
spondingd1/dV images of the LUMOs peak (+0.7 V), (c)and(f)  |ytely clear from the topography. Nevertheless, the important
LUMO+1 peak (+1.65 V). differences observed in the LUMB-spatial distribution as a
function of the molecular orientation or location indicate that
observed(round shape, i.e., molecule JlIThe other mol- the subsequent changes in bonding play a crucial role in the
ecules are adsorbed with a hexagon facindalpver shape, establishment of the electronic structure at the interface.
i.e., molecule ). In the topography of the second aiddg. Two LUMO-derived components were also detected at
3(d)], three moleculegclover shape, i.e., molecule)lare  the Gyo/Ag(100) interfacé,” labeled LUMOa and b in our
seen to be trapped on the upper terrace along a step edge. Figcussion of G,/Cu(111). On silver, the spatial distribu-
both areasdl/dV images representative of LUMB®-and tions of these two electronic states are roughly inverted and
LUMO+1 electronic states are presented_ These |magé§e LUMO-b distribution is similar to our observation when
were recorded with bias values 0.7 and+1.65 V, re- the molecules are adsorbed with a pentagon facing up or on
spectively. the upper ter_races_. However, .the results dfsnot depend on the
For the clover-shaped molecules, located on the lower tefM0lecular orientation or location on Ag0."> On Cu111),
race, the spatial distribution of the LUMB-resembles the LUMO-a peak intensity is much small¢Fig. 2) than on
bright hollow triangles whose edges are parallel to the surA9(100 and could not be mapped satisfactorily. On the con-
face (molecule ). Comparison with the topography leads to trary; the LUMO*+1 can be easily imaged here. In contrast to
the conclusion that these edges fit the pentagon-hexagdhe LUMO- state, its spatial intensity is independent of the
bonds and that the dark part is centered on the top hexagongbo orientation and position on the surface, suggesting a dif-
face of Go. In agreement with early theoretical simulations ferent type of interaction between th_ls ele(_:tronlc level and
of the charge density of the LUMO of g, 1" the molecules the ;ubstrate. We pbsferve that the intensity of.the LUMO
trapped at the border of the island reveal that the signal at th& 1 iS once again distributed on the pentagonal ringsqgf C
edge is distributed over the entire pentagon rings next to th&his is particularly clear for the molecules trapped on the
top hexagon of each & [identified by the white arrow in UPPer terracémolecule 1), oriented with a pentagon facing
Fig. 3(b)]. For molecules adsorbed with a pentagon facingP (molecule 1), and the clover-shapedsglocated at the
up, the LUMOb signal appears as a bright feature centeredJQVder of the island on the lower terrdeee _wh|te arrows in
on the pentagottimolecule 11). Interestingly, this particular Fig- 3(C)]. For the other molecules, the signal appears like
distribution cannot be accounted for by simply consideringthree bright featuregmolecule ) and not hollow triangles as
the change in the & orientation between clover- and round- for the LUMO-b. Topographical images indicate that the ac-
shaped molecules but suggests the existence of differencest@l tip trajectories are different for thetl/dV images re-
the electronic structure of the molecules. This second districorded at+0.7 and+1.65 V. The tip displacement is known
bution is, however, compatible with the one measured wheft Play a role in the appearance of such imagesd, to some
fullerenes are trapped on the upper terrM'ecu|e |D, extent, It could eXp|a|n the d|ﬁe'rences between the LUMO'
where the LUMOb spatial distribution also appears inverted and LUMO+1 for that adsorption geometry. However, it is
Compared to the one observed When the C|0ver-shaped mcﬂ.lso pOSSIble that these differences in the patterns truly re-
ecu|es are |Ocated on the |Ower terrace. |ndeed, the prevﬂ.ect variations in the Spatial distribution of these two elec-
ously dark triangle centered on the hexagon becomes brighifonic states. In any case, the LUMQ measured here
along with strong signals at the center of the pentagons boggrees ~well - with  the distribution ~measured —on
dering the top hexagon of eachC CGO/Ag(loo) ~and testifies that the LUMO components are
The dI/dV images suggest that the actual orientation ofthe electronic states affected the most upon adsorption.
the molecules with respect to the substrate changes when the
Cgo are located on lower or upper terraces. On the lower
terraces, the threefold symmetry axis passing through the top Many studies have focused on the growth of alkali-metal
hexagon of the g molecules is perpendicular to the sub- layers on metal surfaces and more particularly on the adsorp-

B. Adsorption on K precovered Cu(111)
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FIG. 4. (a Constant current three-
dimensional topography0.1 nA, +1.5V, 44
x 44 A?) of one isolated g adsorbed on a K
precovered C@11 crystal at 10 K. The g ad-
sorbs with a hexagon facing up and is surrounded
by nine K atoms(b) and(e) Topographic images
(0.1 nA,+1.3V, 30x30 A?) of two isolated G
molecules on K/C(111). (c) and(f) Correspond-
ing d1/dV images at+0.04 V (LUMO), and(d)
and(g) +1.3 V (LUMO+1).

tion of K on Cu11Y) (Ref. 22, and references thergillVhen  the charge transfer togg, we infer that the K layer donates
potassium is dosed on Ciil at liquid-nitrogen tempera- around three electrons to the fullerene molecule. The LUMO
ture, an incommensurate hexagonal lattice is formed. Due tgeak is indeed located very close to the Fermi level, which
the small lateral energy variation for alkali metals onsuggests that the electronic state is almost half filled. The
Cu(11Y), the layer density continuously increases with dos-ransferred charges can be obtained from the K atoms di-
ing, up to a saturation coverage for which a nearest-neighbaectly below the G, in line with previous photoemission
(NN) spacing between atoms of about 4.4 A is repoffed. results® Because of the charge transfer and the absence of
Although in our experiment the K monolayer was grown atinteraction with the copper atoms underneath, & ex-
room temperature and measured at 10 K, we observed vepgected to be ionically bonded to K/Ciil).
similar behavior, except that the second-layer islands were d|/dV mappings of these electronic states are shown in
already seen for a first-layer coverage corresponding to a Nigig. 4 for two different isolated molecules. Although it
distance of ~8.0 A. The alkali-metal/C(11]) interfaces crosses the Fermi level, the LUMO pefkgs 4c) and 4f)]
possess quantum welQW) states resulting from the elec- has similar spatial distribution as the LUM®- on
tronic confinement at the surfaé&The QW states appear as Ceo/Cu(111) when the molecules are adsorbed on upper ter-
strong peaks indl/dV curves recorded above the alkali- races or oriented with a pentagon facing up. However, the
metal layer. The energy of the first QW level depends on thgctual LUMO pattern for g/K/Cu(111) does not depend
density of the K layer. The density can consequently be chohere on the molecular adsorption geometry as demonstrated
sen so that no QW states are present in the expected energy comparing Figs. @) and 4f). When imaged, the
range of the G, electronic states. We used K monolayers of _lUMO+1 shows similar distribution as measured on
about 11.5-0.5 A NN distance for which the first QW level Cu(111), indicating little effect of K on that orbitdlFigs 4d)
is recorded at about 2.6 V. By comparison, the first QW and 4g)].
level appears at-1.7 V when the NN separation is 8.0
+0.5 A

When dosed at 10 K onto K precovered (CL1), Cg
molecules are relatively stable because of the formation of Theoretical evaluations of the charge density of various
ionic bonds with the alkali-metal atoms. Almost no migration Cg €electronic states are available in the literature. First-
can be observed when small tunneling currents are (.ssgd  principles band calculations ofggmonolayers on Gd11)
0.1 nA) and the molecules are adsorbed with a hexagon fadiave been performed, without considering any interactions
ing up (clover-shaped moleculgand surrounded by nine K between the substrate and the fullerene, e.g., charge transfer
atoms[see Fig. 48)]. On a hexagonal K surface, the STM and mixing of electronic levelS. There, the role of copper is
topographic image can be accounted for if thg @cupies a limited to the determination of the adsorption structure in the
threefold hollow site and stands on top of three alkali-metaimonolayer. Such computation shows almost no spreading of
atoms. After long measurements the nine surrounding K atthetq,-derived states and indicates that the associated charge
oms eventually assumed different positions, suggesting thatistribution is localized on the pentagonal rings. More re-
their interaction with G, is negligible, and some &g mol-  cently, local-density calculations have been performed for
ecules are slightly rotatee.g., see Fig. @] and displaced. isolated G, molecules adsorbed on A0).°> The experi-
These changes can be understood as resulting from a localentally observed spreading of the LUMO-derived state is
rearrangement of the K atoms underneath the moleculeeproduced when the silver substrate is explicitly taken into
which is very likely due to the small lateral variation of the account. With such a model, the charge distribution at the
potential energy felt by K on Ga11). Fermi level is also localized on the pentagonal rings. How-

A typical d1/dV curve recorded over aggmolecule is  ever, at higher energy+0.4 V), the distribution is roughly
shown in Fig. 2d). Two peaks of molecular origin are de- inverted, as in the experimeht. Therefore, it is clear that the
tected and labeled LUMO and LUMO1. They are ob- substrate plays a crucial role in determining the actual elec-
served at 0.030.03 and 1.40.1V, respectively. Their tronic structure of adsorbedg&
typical widths are around 0.15 and 0.6 V. The LUMO width  We observed that thell/dV images of the dominant
is therefore three or four times smaller than the one observedUMO-derived states are quite similar upon adsorption on
for Cey/Cu(111), while the LUMO+ 1 width does not differ. Cu(111) (molecules on upper terraces or oriented with a pen-
Given that the energy of the electronic states should refledagon facing up Ag(100, and K/Cy11l). Because only

IV. DISCUSSION
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ionic bonds between & and K atoms are expected on observed on K/C{111). Their spatial distributions have been
K/Cu(111), it is tempting to conclude that charge transferanalyzed by recordindl/dV images. We have demonstrated
plays a significant role in all these systems. However, it isghat the charge distribution ofggon Cu11ll) strongly de-
clear that charge transfer alone is unable to explain all th@ends on the molecular location and orientation with respect
features detected by the spectroscopic analysis. In accote the substrate. Comparison of the local electronic structures
dance with the calculatior’sthe observation of only one of Cs/Cu(111) and Gy/K/Cu(111) further highlights the role
particularly narrow component deriving from tlg, orbital  of the adsorbate-substrate interaction, leading to charge
for Cg/K/Cu(11)) is attributed to the absence of strong in- transfer and mixing of electronic levels.
teraction with the copper substrate. On(Cll), the elec-
tronic level mixing between copper and carbon atoms is
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