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Photoemission, autoionization, anti x-ray-absorption spectroscopy of ultrathin-film C6o on Au(110)
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The occupied and unoccupied electronic states of C60 have been studied for single monolayer and mul-

tilayer coverages on Au(110). Only the electronic structure of the first layer, which is chemisorbed, is

changed by the interaction with the substrate, due to hybridization with the possibility of charge
transfer. There is no measurable bonding interaction with the second layer, which has essentially the
same electronic structure as the thick film. The unoccupied electronic states below the ionization level

are shown to be largely localized around the C60 molecule. The energy levels of the molecules not in

direct contact with the substrate are referenced to the vacuum level.

I. INTRODUCTION

A great deal of work has been carried out on the C60
molecule since the discovery of a method for producing
and purifying it in macroscopic quantities. ' There is
enormous interest in the electronic structure of the mole-
cule, especially because of the superconductivity observed
at unexpectedly high temperatures in alkali-metal doped
fullerenes. The crystal structure of solid C60 at room
temperature is fcc, and the molecules rotate rapidly.
The intermolecular bonding is generally thought to be
van der Waals, 3 although significant intermolecular hop-
ping contributions have been indicated by theory.

Many electron and soft x-ray spectroscopic studies
have been carried out on a pure C60 solid. Extremely
sharp features are seen in the occupied and unoccupied
valence levels, resembling spectra for small molecules
rather than those for other pure forms of solid carbon.
Similar studies have been carried out on alkali-metal
doped compounds. ' In particular the electronic struc-
tures of K3C60 and K6C60 have been understood in terms
of complete charge transfer of the K 4s electrons to the
LUMO (lowest unoccupied molecular orbital) of C6o.

"
In the case of K3C6o the LUMO becomes a partly filled

band at the Fermi level, and the compound is believed to
be a conductor at room temperature, though there have
been suggestions that it is a doped Mott-Hubbard insula-
tor. ' For K6C6O the LUMO is fully occupied with six
electrons, and there is an intramolecular band gap
around the Fermi level.

It would be interesting to compare the bonding in these
compounds with that of C60 on a metal surface. Indeed
STM (scanning tunneling microscopy) studies have been
carried out using several different substrates, ' ' and in
one case a strong bond has been surmised between C6O
and Au(111}. A study combining NEXAFS (near-edge
x-ray-absorption fine structure), ' LEED (low-energy
electron difi'raction}, and photoemission' indicated that a
charge-transfer-type interaction occurs for a monolayer

of C6o adsorbed on Cu(100), with charge from the sub-

strate moving into the LUMO. There it was concluded
that shifts observed in the C 1s binding energy are due to
this charge transfer. Another study using photoemission
and inverse photoemission' interpreted changes in the C
1s line shape and shake-up structures as evidence of
chemisorption on several substrates. This study conclud-
ed that the energy levels for a thick film are aligned on
the substrate Fermi level. Raman scattering and photo-
emission of C6o on polycrystalline noble-metal surfaces
provided further evidence of charge transfer to the
LUMO, while coverage-dependent binding energy shifts
in the C 1s line were also observed. The charge-transfer
model is supported by model calculations, which suggest
that the amount of charge transferred is dependent on the
choice of substrate. '

We have studied the electronic structure of the first
layer of C6o on Au(110} using photoemission, autoioniza-
tion, and NEXAFS. We have also investigated the evolu-
tion of the occupied and unoccupied electronic states
with film thickness. The first layer is chemisorbed, and
its electronic structure changes due to interaction with
the substrate. In films thicker than 1 ML (monolayer) the
electronic structure of C60 molecules not in direct contact
with the substrate is essentially independent of coverage.
However, the binding energies of all core and valence lev-
els shift with film thickness in a manner consistent with
van der Waals bonding, such that the energy levels are
properly referenced to the vacuum level.

II. EXPERIMENTAL DETAILS

The majority of spectra were taken at Beamline 22 of
MAX-lab in Lund, which consists of a modified SX700
monochromator as well as a high ef5ciency electron spec-
trometer. Calibration of absorption spectra was carried
out by measuring the photon energy, using the Au 4f7/2
core line or C6o HOMO (highest occupied molecular or-
bital) excited by first- and second-order light. Binding en-
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ergies in photoemission were calibrated by measuring the
Fermi level, or Au 4f7/2 core line, whose position rela-
tive to the Fermi level did not change for coverages
greater than 1 ML. Shake-up spectra were taken on a
high-resolution electron spectrometer at Uppsala Univer-
sity using monochromatized A1Ko. x rays. Pure C«was
purchased from a commercial source, the purity of which
we checked by mass spectrometry. Films were evaporat-
ed from a degassed tantalum crucible onto a clean single-
crystal Au(110) substrate. Pressure during evaporations
was 5X10 ' torr. Pressure during measurements was
5 X 10 " torr. Reproducibility of the C«evaporations
was guaranteed by monitoring the temperature of the
source.

The C«coverage for a complete monolayer was deter-
mined from the appearance of a second component in the
C 1s spectra due to multilayer growth, an observation
supported by other photoemission studies. ' Single
monolayers could also be prepared by heating a thick film
to approximately 450'C, after which a single C 1s line
was observed at 284.4-eV binding energy. Subsequent
monolayers were deposited from an estimate of the time
for deposition of 1 ML. The quality of the films is best
judged by the C 1s linewidths, which indicate that there
were no significant distributions of film thickness for a
given nominal coverage.

III. RESULTS

A. NKXAFS

NEXAFS allows one to study the local unoccupied
states of a system by measuring the absorption close to a
core-level ionization threshold. In the present case we
excite the C 1s electron to the unoccupied C« ~ mani-
fold, i.e., LUMO, LUMO+1, etc., where we use the
description of Martins, Troullier, and Weaver. Howev-
er, it is important to note that in the present case the ex-
cited electron populates molecular orbitals whose degen-
eracy has been broken by the symmetry-reducing effect of
the core hole. The molecular orbitals of the excited sys-
tern can be m.odeled using the Z+1 or equivalent core
approximation, in which the core hole is simulated by the
addition of unit nuclear charge at the excited atomic site.
This approximation has been successful in the analysis of
experimental results from solid-state and molecular sys-
tems. The strongest peaks in the spectrum generally
correspond to excitations to energy levels localized by the
core hole, similar to excitons in large systems. '

In Fig. 1(a) we compare the NEXAFS spectra for 1, 2,
and 3 ML, and a thick film of C6O on Au(110). The raw
data have been divided by a spectrum taken for clean
Au(110), proportional to the monochromator throughout
function over this energy range. Normalization was car-
ried out by comparison of the o.* features at 290—295 eV.
The thick-film spectrum is similar to those reported in
earlier studies; ' to our knowledge this is the first NEX-
AFS spectrum published for a single monolayer.

The overlayer structure and alignment of the spectra is
constant for the series. However, the 1-ML spectrum is
greatly broadened. Features characteristic of the thick

film return strongly already in the 2-ML spectrum; this
can be seen particularly well in the difference spectrum
shown in Fig. 1(b), where a weighted 1-ML spectrum
(50%%uo of total intensity) has been subtracted from the 2-
ML spectrum. The C 1s binding energy for each film is
indicated in the figure, and its location is discussed below.

In Fig. 1(c) we present a comparison between the C Is
NEXAFS and photoemission for 1 ML. It is clear that
the center of the C 1s photoemission line coincides with
the center of the C 1s —LUMO absorption feature in the
NEXAFS spectrum. There is also a similarity in the line
shape, with both photoemission and NEXAFS features
showing a broadening to the low-energy side, as well as a
pronounced asymmetry to the high-energy side with
respect to the thick-film spectra. In particular we note
the virtually equal broadening.

B. Autoionization

Autoionization (also cominonly referred to as resonant
photoemission) spectroscopy provides information on the
decay of the core excited state (i.e., the final state in
NEXAFS). Auger and autoionization are very similar, in
that two valence electrons take part in the deexcitation of
the system. These processes are diagrammed in Fig. 2 for
a free molecule. In the single-particle picture of Auger a
core-ionized molecule relaxes by a process in which the
core hole is filled by a valence electron, while another
electron is ejected carrying away the excess energy. In
autoionization the initial state is neutral. Autoionization
events can be divided into two categories, "participator"
and "spectator" decays, as shown in Fig. 2. In the final
state of the spectator decay process the excited electron
remains in a previously unoccupied orbital, while a
valence electron annihilates the core hole and another is
ejected; this results in a two-hole —one-particle final state.
In the participator process the final state is identical to
photoemission, i.e., the initially excited electron partici-
pates in the decay. For excitations near threshold, the
autoionization and photoemission spectra overlap.

We focus here on the HOMO participator, because it is
the highest-kinetic-energy part of the autoionization
spectrum, and easy to identify. Figure 3 shows a com-
parison of autoionization spectra for 1, 2, and 3 ML and
a thick film, taken at a photon energy of 284.5 eV corre-
sponding to the first absorption feature in the NEXAFS
spectrum. These spectra are normalized to the Auger-
like part of the spectrum, which has its peak at approxi-
mately 20-eV binding energy. A background spectrum
taken at a photon energy below the first absorption
feature in the NEXAFS spectrum for each coverage, and
therefore containing only direct photoemission contribu-
tions, has been subtracted from these spectra. The C 1s
second-order line, which is superimposed on the spec-
trum at a binding energy of between —0.1 and 0.7 eV de-
pending on coverage, has also been removed. The C 1s
first-order line for each coverage was used to model the
second-order line shape and shake-up intensity.

The autoionization spectrum for 1 ML shows at most
only a small contribution in the energy range of the
HOMO participator. Stronger participator transitions
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are observed for all higher coverages. The peak intensi-
ties for 2 and 3 ML are less than for the thick film, be-
cause the spectra are normalized to the Auger-like part of
the spectrum which shows contributions from the first
layer, as discussed below. The results for the thick film
are identical to spectra published earlier. The binding
energy of the HOMO participator is =2.0 eV for 1 ML,
2.2 eV for 2 ML, 2.3 eV for 3 ML, and 2.6 eV for a thick
film.

Figure 4(a) contains the valence photoelectron spectra
of clean Au(110), 1-ML C6II/Au(110), and a thick C6II
film, all taken at a photon energy of 110 eV. The 1-ML
spectrum shows additional structure relative to clean
Au(110), which can be identified by comparison with the
spectrum of the thick film, as indicated. All features shift
by 0.9 eV to lower binding energy relative to those of the
thick fi1m, except the first structure below the HOMO.
The HOMO is now located at a binding energy of ap-
proximately 1.7 eV, in contrast to a value of 2.6 eV for
the thick-film spectrum. This is approximately the in-
tramolecular gap energy, and led us to search for new
structure near the Fermi level associated with a partly
filled LUMO. However, spectra taken at widely different
photon energies (21.2 eV & hu & 180 eV) revealed no new
structure at the Fermi level. This is best seen for excita-
tion at 21.2 eV, Fig. 4(b).

D. Core levels and shake-up

The Au 4f7&2 line before and after deposition of 1 ML
C60 is shown in Fig. 5. Two components are observed for
clean Au(110), assigned to the surface and bulk. Upon
deposition of 1-ML C60 only one component is observed,
at the same binding energy as the bulk component for
clean Au(110), and this profile remains for higher cover-
ages. There is an asymmetry to lower binding energy,
which we associate with a distribution of Au sites.

In Fig. 6(a) we present the C ls core line for CsII as a
function of film thickness. One can see that there are
great changes in the line shape and position: for a thick
film the line is symmetric, lying at 285.2-eV binding ener-

gy; at 3 ML the binding energy is 284.8 eV, with a slight
asymmetry to the low-binding-energy side; for 2 ML the
line clearly has two components, with the main line at
284.7 eV and another peak at lower binding energy; for 1

ML the position of the peak is 284.4 eV, and the line
shape shows broadening relative to all other coverages on
the low-binding-energy side, as well as a pronounced
asymmetry to the high-binding-energy side. The width of
the C 1s line is constant for 2 and 3 ML and a thick film,
and is given by a full width at half maximum equal to
0.45 eV. The C 1s shake-up spectra for 1 and 2 ML and a
thick film are shown in Fig. 7. In the I-ML spectrum the
features of the thick film are apparent as broadened
structures, which become sharper in the 2-ML spectrum.
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FIG. 3. C 1s autoionization spectra as a function of C60 layer
thickness for excitation at hv =284.5 eV, corresponding to the
first absorption feature in the NEXAFS spectrum. The inset
shows the original data as well as the background subtracted for
the I-ML and thick-film spectra. The background is the sum of
a spectrum faken below the carbon adsorption edge, and a C 1s
second-order line.

IV. DISCUSSION

A. Electronic structure of the first ML

I Formation of a. chemisorption bond

In the following discussion we will present various ar-
guments from results of the spectroscopic measurements
that a true chemical bond is formed between a C60 mono-
layer and Au(110). We begin with the Au(110) 4f7&2
spectrum, shown in Fig. 5. The change in line shape of
this level clearly involves the modification of the clean
surface component, a pattern associated with chemisorp-
tion in previous studies of smaller adsorbates. We as-
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cribe the remaining asymmetry in the line to inequivalent
Au atomic sites, consistent with the reported structure. '

It can be seen from Fig. 1(c) that the C 1s binding ener-

gy measured for 1 ML is 284.4 eV, equal to the photon
energy of the NEXAFS absorption edge. It has been not-

ed previously that in the case of a metallically screened
core hole, in which the screening electron comes from the
Fermi level, the core-ionized final state corresponds to
the lowest x-ray-absorption final state. The coincidence
of the absorption edge and core-level binding energy can
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FIG. 4. Valence photoemission spectra (a) for clean Au(110), 1-ML C60/Au(110), and a thick film of C60, hv = 110eV; (b) for clean
Au(110) compared to 1-ML C~Au(110), hu =21.2 eV (He I); and (c) for 1-ML C6+Au(110), in which different background intensi-
ties have been subtracted to model the emission from the substrate.
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therefore be explained in terms of metallic screening, pro-
viding strong evidence for a chemisorption bond in the
final state through which screening charge can be redis-
tributed between the molecule and the surface upon the
creation of a core hole.

Further support for the chemisorption model is ob-
tained by studying the C 1s line shape of 1-ML C6p,
shown in Fig. 6(b). The asymmetry toward higher bind-
ing energies in the 1-ML spectrum is due to an unknown
combination of two factors: the creation of electron-hole
pairs in the partly filled band formed at the interface be-
tween the chernisorbed monolayer and the substrate, and
site variations within the C6p molecule. Electron-hole
pairs are certainly excited, because the LUMO is located
at the Fermi level in the core-excited state, as described
above. It is also clear from STM studies that great varia-
tions in atomic site exist, which go beyond those al-
ready expected for adsorbed C6p due to the reconstruc-
tion induced by the adlayer. In principle, there could be
an increased probability for excitation of low-energy
molecular vibrations upon adsorption, as has been ob-
served in other studies of adsorbates. '

The broadening observed in the 1-ML NEXAFS spec-
trum compared to the thick film, seen in Fig. 1(a), could
be due to several factors: inequivalent carbon sites on the
molecule, vibrational broadening, or hybridization in the
core-excited final state. ' The first two mechanisms
will also cause broadening in the C 1s photoemission line,
discussed above. In Fig. 1(d) we present a comparison be-
tween the 1-ML spectrum, and the thick-film spectrum
broadened by a function which models the increase in
linewidth of the C 1s XPS line between the thick-film and
1-ML spectra. The NEXAFS linewidths therefore are
not dominated by hybridization in the core-excited final

state, and NEXAFS features can still be seen right up to
the ionization threshold. However, there is an increase in
intensity around 285.4 eV, and a decrease around 285.8
eV, the latter being the position of the second feature in
the unbroadened thick-51m spectrum. This is clear evi-
dence of hybridization between the unoccupied valence
levels of C6p and the substrate, and can be understood in

terms of the thick-film NEXAFS feature at 285.8 eV
shifting to lower photon energy. This is consistent with
our previous studies, which suggest that this level has the
largest spatial extent of the first three unoccupied orbit-
als, ' and is therefore more likely to take part in bond-
ing with the substrate.

From Fig. 3 one can see that the intensity due to parti-
cipator autoionization decreases significantly between a
thick film and single monolayer. This is due to the
transfer of the excited electron from the chemisorbed
molecule to the substrate Fermi level in the time scale of
the deexcitation process, so that only Auger decay is pos-
sible. This intensity loss provides further direct evidence
that a hybridized level is formed in the final state, i.e., be-
tween the core-hole-perturbed Sti„orbital (67a"; see
Ref. 37) and the sp band of the Au(110) surface, with a
bonding interaction of the order of several times the C ls
lifetime of 0.1 eV. This can be understood from our oth-
er work. The autoionization spectrum for 1 ML ap-
pears to show a little intensity in the HOMO participator
region, although normalization here is dificult due to the
strength of the Au d bands in the direct photoemission
background. A complete loss of intensity would be ex-
pected for a strongly chemisorbed species, assuming the
core-hole-modified n. orbital being probed had weight in
the whole molecule.

The energy shift of all the features in the 1-ML valence
spectrum of 0.9 eV relative to a thick film [see Fig. 4(a)] is
consistent with the pinning of the LUMO at the Fermi
level, although a crude model based on image charge
screening is not inconsistent with the results (see Sec.
IV C) and explains the trends in the shifts between 2 ML
and a thick film. The feature directly to higher binding
energy from the HOMO appears to be strongly affected
by the bonding interaction; this feature is also shifted rel-
ative to all the other levels, and there is an indication of
splitting in the difference spectra, Fig. 4(c). Theory indi-
cates that this band is derived from two molecular orbit-
als the 7Ag and 5gg, where one component of the
symmetry-split 7h orbital is predicted to have a large
dispersion in the solid, " suggesting that it may also be
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str ate is not sufficient to dominate the NEXAFS
linewidth. Changes observed in the C6p valence photo-
emission spectruxn give direct evidence of hybridization
between the Au d bands and C6p ~ orbitals in the ground
state. The loss of the surface component from the
Au(110) 4f7/2 photoemission line is also strong evidence
for chemisorption in the ground state.

2. Charge transfer bettaeen the substrate
and chemisorbed C60 monolayer

Previous reports have shown evidence of charge
transfer from the conduction band of noble-metal sub-
strates to the C6p LUMO, ' ' ' implying that the bond
between C6p and the substrate is ionic. A charge-transfer
model is at first glance unreasonable since C6p has an
electron affinity of 2.7 eV, and the work function of
gold is 5.37 eV. However, one must consider the self-
consistent final state, taking into account charge overlap
and molecular distortion. If we start with the general
case of a spherical dielectric shell on a metal surface, ad-
dition of a unit electrical charge to the shell will release,
in addition to the electron affinity of the isolated shell,
the image potential energy given by V =q /2R. The en-

ergy gain is approximately 2 eV for this case, and should
be added to the electron affinity to make a total of 4.7 eV.
The molecule may distort somewhat to enhance this
effect, and if the image plane were to be located inside the
C6p molecule an even greater net electron affinity could be
attained. It is therefore possible for charge to be
transferred from Au(110) to the LUMO of C60. However,
photoemission difference spectra shown in Fig. 4(c), be-
tween 1 ML on Au(110) and the clean surface, show that
we cannot identify a new feature at the Fermi level in the
valence photoemission spectrum for 1-ML C60/Au(110),
as suggested for thin C6p films on polycrystalline Ag and
Cu. Different substrate contributions were subtracted
for comparison. A quantitative analysis is precluded due
to the strong Au d bands in this region, and the possible
changes in the Au conduction band at the surface due to
C6p adsorption. The difference spectra do indicate unam-

biguously that any states corresponding to partial filling
or hybridization of the LUMO are very broad.

B. Electronic structure of the second and subsequent layers

Changes in electronic structure for coverages greater
than 1 ML are important, since they reflect the evolution
of the molecular bonding to the substrate with coverage,
and will turn out to provide insight into the bonding of
solid C6p. It has been c1aimed that the energy 1eve1s are
influenced by the substrate even in a thick film, ' imply-
ing significant electron transport among neighboring
molecules. On the other hand, correlation and vibronic
effects would be expected to greatly diminish or eliminate
such transport, rendering C6p a more traditional molecu-
1ar solid in this respect.

We note that in the NEXAFS spectrum for 2 ML [see
Fig. 1(a)], the features of the thick-film spectrum immedi-

ately return. Indeed, if the spectrum for 1 ML is sub-
tracted from the spectrum for 2 ML, as shown in Fig.

1(b), the result is sharp unbroadened features, similar to
spectra for individual C6p molecules isolated in a Xe ma-
trix. The thick-film features also return in a valence
photoemission difference spectrum between 1 and 2 ML.
The narrowing of the line profile between 1 and 2 ML C
1s photoemission lines indicates that surface effects are
not observed in the second layer. Features of the thick-
film spectrum are also seen to return in the 2-ML C 1s
shake-up spectrum shown in Fig. 7, in hne with the
NEXAFS and valence photoemission results. The
second-layer spectra are strong evidence that the chem-
isorption bond is restricted to the first layer.

Autoionization results, shown in Fig. 3, show that the
amount of participator autoionization in the second layer
is approximately equal to that observed at the surface of
a thick film of C6p. The steady increase in intensity be-
tween the HOMO participator for 2 and 3 ML and a
thick film (see Fig. 3) is due to the fact that the spectra
have been normalized by making the total Auger intensi-

ty equal; the 2- and 3-ML spectra show Auger contribu-
tions from the first layer. This interpretation is support-
ed by our measurement of the electron mean free path,
carried out by measuring the contributions to the C 1s
line shape due to the first and subsequent layers for
different thicknesses. Thus the autoionization data show
that the second layer has very little hybridization with
the first layer. There is no charge transfer to the second
layer, as this would require a partly filled band via which
the excited electron could tunnel away.

C. Relaxation efFects

TABLE I. Binding energies of the C60 HOMO and C 1s line

for the coverages indicated.

1 ML 2 ML 3 ML Thick film

HOMO
C 1s

1.7 eV
284.4 eV

2.2 eV
284.7 eV 284.8 eV

2.6 eV
285.2 eV

The shift in C 1s binding energy between 1, 2, and 3
ML and the thick film is close to the shift in the binding
energy of the C6p valence levels discussed earlier, as
shown in Table I. The chemisorption of the first layer ac-
counts for the relatively low binding energy of the C 1s
and HOMO levels for this coverage. We assign the sub-
sequent binding-energy shifts to screening effects, because
the binding-energy shifts follow a pattern found in studies
of rare-gas films.

Charging was observed for very thick coverages, with
the binding energies of the C 1s line and valence band de-
creasing with greater film thickness, although we have
not studied this in detail. Values given here for a thick
film are those measured for a "plateau*' where the max-
imum binding energy was observed. The C 1s and
HOMO binding energies have been measured by several
different groups with different values obtained, e.g., for
the C 1s line: 285.2 eV, 285.0 eV, ' 284.7 eV, ' and
284.5 eV. ' The binding energy of the HOMO, as we11 as
other photoemission features, is also strongly coverage
dependent and tracks the C 1s binding energy nearly per-
fectly as shown in Table I. Because C6 multilayers are
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weakly bound, and their energy levels are aligned to the
vacuum level, the importance of good coverage calibra-
tion must be stressed.

V. CONCLUSIONS

We have investigated both occupied and unoccupied
electronic levels of C6+Au(110). In spectra taken for a
carefully prepared monolayer, the C 1s binding energy
coincides with the NEXAFS threshold, there is a strong
decrease in participator autoionization, and a large asym-
metry to higher binding energies in the C 1s photoemis-
sion line. This is all strong evidence for hybridization be-
tween the C60 LUMO and the occupied states around the
substrate Fermi level in the core-excited final state.
Changes in the NEXAFS spectrum for 1 ML compared

to a thick film show that hybridization also occurs with
the unoccupied levels making up the NEXAFS feature at
285.8 eV. However, the bonding interaction is not
sufficient to dominate the NEXAFS linewidth. Changes
in the valence photoemission spectrum give direct evi-
dence of hybridization between Au d bands and C60 m.

levels in the ground state. Further ground-state support
for chemisorption is given by the loss in the surface com-
ponent of the Au 4f7&2 photoemission line. The electron-
ic structure of the second and third layers is very similar
to that of a thick film, and the chemisorptive bond is
shown to be restricted to the first layer. Binding-energy
shifts of the C60 valence and C 1s levels as a function of
coverage are consistent with a substrate image screening
model, modified by increasingly important C60 dielectric
screening as the coverage is increased.
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