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Photoemission, near-edge x-ray-absorption spectroscopy, and low-energy electron-diffraction
study of C60 on Au„111… surfaces
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The geometric and electronic structures of C60 adsorption on Au~111! surfaces have been studied by low-
energy electron diffraction~LEED!, angle-resolved photoemission, and near-edge x-ray-absorption spectros-
copy. An irreversible structural transition of the C60 overlayer on Au~111! was observed by LEED upon
successive annealing. These structures are 38338 ‘‘in phase,’’ R14° and (2)32))R30°, with the latter
phase predominating after annealing to 350 °C. Valence-band photoemission spectra reveals a state right below
the Fermi level for an annealed, ordered monolayer. This peak disperses across the Fermi energy that indicates
the C60 overlayer becomes metallic. Its intensity shows a resonance that primarily follows the behavior of
highest occupied molecular orbitals, identified unambiguously as lowest unoccupied molecular orbitals
~LUMO’s! filled by charge transfer from the substrate. An asymmetric distribution of LUMO charge is ob-
served. The thermal-desorption energy of the monolayer is estimated from annealing experiments to be 1.9 eV,
which is 0.5 eV larger than the desorption energy from multilayers. Comparison with available spectroscopic
data indicates that interaction of C60 with Au~111! is slightly weaker than with Au~110!, and much weaker than
with Cu~111!. The amount of charge transfer estimated from photoemission is 0.8 electrons per C60 molecule
on Au~111!, compared to 1.6 electrons on Cu~111!. We argue that charge transfer is determined by the bulksp
density of states at the Fermi energy scaled by the size of the C60 molecule, and also modified by a clean
surface electronic structure, and that charge transfer is the dominant interaction in these systems.
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I. INTRODUCTION

The interaction of C60 with metal surfaces, or the natur
of their chemical bonding, has recently attracted mu
interest.1–25 One reason for this is the discovery of the s
perconductivity of alkali-doped compounds.26,27 In these
compounds it has been proved that there exists charge t
fer from alkali atoms to the unoccupied molecular orbitals
C60. The most direct evidence of this is the gradual filling
the lowest unoccupied molecular orbital~LUMO! observed
in a combined study of photoemission and inverse pho
emission. In this study a peak of the density of sta
emerges right below the Fermi level in photoemission, at
expense of the disappearance of unoccupied states det
by inverse photoemission.28 The amount of charge transfer
closely related to transport properties. For example, for
potassium fluoride KxC60, the compoundx53 is metallic
and shows superconductivity below 24 K,26,27 while other
compounds are insulators. For systems of C60 adsorption on
metal surfaces, it is often concluded that charge transfer
occurs from metal substrate to the molecules. A char
transfer peak has been observed by photoemission
Ag~111!,11–13 Cu~111!,10 and Cu and Ag films,3,4 but not in
Au~110!.6 The amount of charge transfer on a metal surfa
has been measured indirectly by a shift of C60 vibrational
PRB 610163-1829/2000/61~3!/2263~10!/$15.00
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energies by high-resolution electron-energy-loss spect
copy ~HREELS! in Au~110!,5 Ni~110!,16 and Cu~111!,29 or
by shift of carbon core-level absorption spectra using EE
in Au~110!,5 and using new-edge x-ray-absorption spectr
copy ~NEXAFS! in Cu~111!,10 compared to shift of alkali-
doped compounds where the amount is known,30 or by a
direct comparison of relative photoemission intensities
Ag~111! ~Ref. 12! and Cu~111!.10 In cases of Al~111! ~Refs.
23 and 25! and Pt~111!,17 where no sign of charge-transfe
peaks could be observed, or the opposite direction of
shift in NEXAFS or HREELS was measured, covalent bon
ing was instead proposed to explain the experimental res
The C60 overlayer structures have also been studied by sc
ning tunneling microscopy~STM! on a variety of metal
surfaces.31–38 Information about charge transfer can b
deduced.31 In this regard the character of the overlaye
substrate interaction is crucial to understanding the ini
growth of films.39

For a number of reasons we choose Au~111! as the sub-
strate to study the electronic and geometric structures of60
overlayers. First, there exists a bulk-projected band
around the Fermi level at the surface Brillouin-zone cente
Au~111!, similar to these for Cu~111! and Ag~111!. A
charge-transfer peak has been observed in photoemissio
the latter two systems due to the low background emiss
2263 ©2000 The American Physical Society
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2264 PRB 61TZENG, LO, YUH, CHU, AND TSUEI
from the substrate.10–12Second, detailed studies on the ele
tronic structures of C60 on Cu~111! ~Ref. 10! and Au~110!
~Ref. 6! have been carried out, and the amount of cha
transfer on Ag~111! ~Ref. 12! and polycrystalline surfaces o
all three noble metals~Ref. 4! has also been reported.
study on Au~111! would enable us to compare the interacti
of C60 on the same surfaces but on different noble met
and on different surfaces but the same metal, and com
polycrystalline surfaces with single-crystal surfaces. Third
STM study reported an in-phase incommensurate struc
and a commensurate (2)32))R30° structure in the
monolayer region, but no LEED patterns could
observed,32 while another x-ray-diffraction study of thick ep
itaxial films found a third structure ofR614° that could
become dominant, depending on the growth temperature40

In this paper we report a LEED observation of all thr
structures upon annealing, probing of the electronic struc
using angle-resolved valence-band photoemission, ca
core-level photoemission, and NEXAFS, and a therm
desorption measurement. We found that the interaction
C60 with Au~111! is still chemisorption, but the weakes
among the metal surfaces studied so far. The amoun
charge transfer is measured and, by comparing with exis
studies on noble-metal surfaces, we conclude that ch
transfer from substratespelectrons dominates the interactio
in these systems.

II. EXPERIMENT

The experiment was carried out at the Synchrotron Ra
tion Research Center in Hsinchu, Taiwan using low-ene
spherical grating monochromator and high-energy spher
grating monochromator beamlines. Photoemission was d
in an ultrahigh-vacuum chamber equipped with LEED, an
200-mm-radius hemispherical analyzer aligned with a fix
50° angle to the incident photon beam with a base pres
of 1310210 torr. The angular acceptance can be control
by an adjustable aperture and it was61° for angle-resolved
valence-band photoemission measurements. Photon ene
from 22 to 60 eV were used. The overall energy resolut
was 0.1 eV at 22 eV and 0.14 eV at 60 eV. For C 1s core-
level photoemission, an acceptance angle of68° was used,
and a photon energy of 330 eV was chosen to maximize
intensity. The overall energy resolution was better than
eV. For the C 1s NEXAFS measurement, total electron yie
detection was used, and the signal was normalized to
photocurrent from a freshly evaporated Au mesh placed
front of the sample. The incident angle was 50° to the s
face normal. The crystal was cleaned by cycles of 1.5-k
Ar-ion sputtering and annealing. The C60 evaporator has
been described previously.10 Evaporation and measuremen
were done at room temperature~RT!. The C60 monolayer
could be prepared by annealing a sample to 300 °C to de
multilayers. The unannealed ML film was calibrated by co
level intensity, thickness monitor reading, and the atten
tion of surface state of Au~111!.

III. RESULTS AND DISCUSSION

A. Low-energy electron diffraction

We performed LEED measurements of C60 overlayers on
a Au~111! surface to study the evolution of structural tran
-

e

s,
re
a
re

re
on
l-
of

of
g

ge

a-
y
al
ne
a
d
re
d

ies
n

e
4

he
in
r-
V

rb
-
-

-

formation as a function of annealing temperature. A LEE
pattern at 10-eV incident electron energy for a film of abo
4 ML of C60 deposited at RT is shown in Fig. 1~a!. We found
that the LEED pattern of the C60 overlayers could only be
observed when the kinetic energy of the incident elect
beam was less than 30 eV. A higher incident electron ene
caused a higher background and, as a result, the LEED s
became difficult to see. The observed 18 spots can be c
sified as three groups of hexagons with axes either aligne
with an approximately614° azimuthal rotation with respec
to the clean substrate LEED pattern, displayed in Fig. 1~d!.
The former phase is called an ‘‘in-phase’’ structure that co
sists of a 38338 substrate unit cell containing 11311 C60
molecules.32 The rotational angle of theR14° structure may
vary slightly, as has been examined by x-ray diffraction40

The intensity modulation of the in-phase andR14° structures
are similar in the range of 7–25-eV electron energies, in
cating many domains of epitaxially grown multilayer
which suggests that the LEED patterns observed also co
spond to the structure of the first monolayer. The interm
lecular spacing of C60 is estimated to be about 10 Å, deduce
by comparing C60 LEED spots with the substrate LEED pa
tern.

Figure 1~b! shows the LEED pattern of the same film aft
annealing to 200 °C and back to RT using 8-eV incide
electrons. A structure appears in this LEED pattern with
rotated angle at 30° compared with the in-phase struct
and is identified as a (2)32))R30° structure.32 Unlike
the in-phase and R14° structures, C60 in this
(2)32))R30° structure forms a commensurate overlay
on the unreconstructed Au~111! surface. It is believed to be a
thermodynamically favored structure on Au~111!.32 We note
that the intensity of the in-phase spots decreases relativ
the R14° structure, and the new (2)32))R30° spots are
as intense as theR14° spots.

The LEED pattern using 19-eV electrons after an anne
ing to 350 °C is displayed in Fig. 1~c!. Only 1 ML remained
on the surface. Although the LEED spots of the three o
served structures show different intensity modulations at
ferent incident electron energies due to the substrate ef
we can still identify (2)32))R30° as the most dominan
structure. The other two structures disappeared almost c
pletely after annealing to 420 °C. Further annealing caus
weakening of the intensity of the (2)32))R30° LEED
spots and a simultaneous recovery of the substrate pat
indicating desorption of C60 molecules. Final annealing to
480 °C results in a clear substrate pattern only. In summ
our LEED study indicates that the C60 molecules form in-
phase andR14° structures on Au~111! surfaces at RT. An-
nealing transforms the in-phase structure toR14° structure,
and then to a (2)32))R30° structure.

Our LEED observation is in general agreement with t
x-ray-diffraction study on thick films grown between 13
and 290 °C.40 In this study the (2)32))R30° structure
appeared only as a minor component and the in-phase
R14° structures dominate at low and high temperatures,
spectively. On the other hand, we observed a large frac
of R14° even at RT. This can be attributed to our mu
lower evaporation rate~;0.05 ML/min! than that used~;22
ML/min! in Ref. 40. The C60 molecules would have enoug
time to diffuse to the more stableR14° structure even at RT
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FIG. 1. LEED patterns~a! of a 4-ML C60 film
on Au~111! deposited at RT at 10-eV electro
energy;~b! after annealing to 200 °C at 8 eV;~c!
after annealing to 350 °C at 19 eV, at which tim
only 1 ML remained on the surface; and~d! of a
clean Au~111! surface at 150 eV.
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at a low evaporation rate. It is not clear why theR14° struc-
ture was not observed in the STM study.32 It is not necessary
to stabilize this structure by multilayers because it still exi
after annealing to 350 °C, at which only one ML remains

B. Angle-resolved valence-band photoemission

The normal-emission spectra for a clean Au~111! surface,
a 1-ML C60-covered surface, and a 3-ML film are present
in Figs. 2~a!, 2~b!, and 2~c!, respectively. The peak grou
between 2- and 7-eV binding energies in the clean spect
is due to the Aud band. Two strong peaks at 0.3 (S1) and
7.7 eV (S2) are surface states in the bulk-projected ba
gaps at the surface Brillouin-zone center.41 For the 3-ML
C60-covered surface, the Au features are buried complet
and what can be observed are only the molecular orbital
C60. We label the first four features by numbers as indicat
Peaks 1 and 2 stand for the highest occupied molecular
bital ~HOMO! and HOMO-1, and they arep derived with an
angular momentuml equaling 5 and 4, respectively.42 Fea-
tures 3 and 4 are mixtures ofp and s orbitals.43 For the
1-ML film the C60 MO’s are barely discernible because
direct overlap and hybridization with substrate valen
bands. One can still observe a shift of the MO’s towards
Fermi level, and identify the small peak at 1.7 eV as HOM
derived. Both surface states attenuate completely. Furthe
can be seen that a new peak appears right below the F
energy.

In Fig. 3 we present details of the valence-band struct
near the Fermi energy for several surface conditions. Fig
3~a! is for a clean Au~111! surface, and the peak at 0.3 eV
the sp-derived surface stateS1, as stated above. The asym
s
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metric line shape toward the Fermi energy is due to stro
positive dispersion and our finite angular resolution. Figu
3~b! and 3~c! show spectra of C60 thin films about 1 and 1.2
ML, respectively. It can be seen that the surface state in
sity is very attenuated, while some new peak emerges r
below the Fermi energy. After annealing the 1.2-ML film
200 °C, which is not high enough to desorb the second la

FIG. 2. Angle-resolved valence-band photoemission spe
from ~a! Au~111!, ~b! annealed 1-ML C60 on Au~111!, and ~c! a
3-ML C60 thin film. Features 1 and 2 stand for HOMO an
HOMO-1, respectively, for the 3-ML film.
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2266 PRB 61TZENG, LO, YUH, CHU, AND TSUEI
the surface state disappears completely, leaving only
peak at 0.1-eV binding energy, as shown in Fig. 3~d!. The
second layer C60 has diffused down to fill the vacant regio
of the first layer. This indicates that the first-layer–substr
interaction is stronger than the first-layer–second-layer in
action, which is due to the van der Waals force. Furt
annealing to 300 °C to desorb the second layer causes
new peak intensity to grow drastically, as revealed in F
3~e!. Although the film annealed to 200 °C might still conta
second-layer C60, these extra C60 molecules would only at-
tenuate the emission intensity uniformly above the HOM
or 1.7 eV.10 Therefore, the peak intensity of the 300 °C a
nealed film is higher than the intensity of the 200 °C a
nealed film, which reflects the real electronic structu
change of the first adsorbed monolayer. From LEED stud
is observed that the RT monolayer structure is mixed w
in-phase andR14° structure, in which the C60 molecules
occupy many sites; further annealing causes the replace
by the commensurate, single-site (2)32))R30° structure
with larger domain size. Thus the growing in intensity of t
0.1-eV peak is closely related to the long-range ordering
the C60 overlayer and commensurability with the substra
similar to the case of C60 on Cu~111! surfaces.10

The angular dependence of the emission spectra meas
along Ḡ M̄ of the (2)32))R30° structure from the
300 °C annealed monolayer film near the Fermi energy
displayed in Fig. 4. The zone boundaryM̄ corresponds to a
polar angle of 5.2°. It is clearly seen that the 0.1-eV pe
appears only in a small range around the normal-emis
geometry, and quickly disappears away from normal em
sion presumably due to dispersion across the Fermi le
That we could not measure a finite dispersion is partly du

FIG. 3. Valence photoemission spectra near the Fermi en
~a! for Au~111!; ~b! for 1-ML C60 on Au~111!; ~c! for 1.2-ML C60

on Au~111!; ~d! after annealing to 200 °C, and~e! after annealing to
300 °C, at which time only 1 ML remained on the surface. A
spectra have been normalized to sample currents and plotte
scale except~a!, where the intensity has been multiplied by a fac
of 1/5.
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limited resolution both in the energy of 0.1 eV and the an
of 61° in the measurement. We note that this peak in
normal-emission spectrum has a low-energy tail extend
down to about 0.6 eV, where it merges into a backgrou
while the spectrum closest to the zone boundaryM̄ at 25.5°
contains only a Fermi-level step with a flat background. W
then subtract all other spectra by this background spect
aligned at 0.6 eV. The resulting difference spectra show
the tail of the peak moves toward the Fermi energy as
polar angles increase, indicating upward dispersion. We
timate the Fermi-level crossing from the disappearance
the peak intensity, and calculate the occupied charge ass
ated with this, assuming only one band to be about 0.8 e
trons per C60 molecule with an uncertainty of60.2 electrons.
This is to be compared to 1.6 electrons per C60 molecule for
C60 on Cu~111!.44,29 We thus associate this band as one
the three LUMO (t1u)-derived orbitals, which transform
like a pz orbital. The Fermi-level crossing is direct eviden
that this C60 monolayer becomes metallic.

In order to further confirm that the 0.1-eV peak is due
charge transfer to the LUMO, we measured the norm
emission valence-band spectra including the HOMO o
1-ML annealed film at various photon energies shown in F
5. It can be seen that the HOMO peak resonates in inten
at about 44 eV while the 0.1-eV peak reaches its high
intensity around a similar energy. This cross-sectional fin
state resonance behavior has been studied on thick60
films,43 single crystals,45 and on the gas phase.46 Recently
these resonances were explained semiquantitatively
simple models in which the final states are spherical wa
with a radial wave function in the form of spherical Bess
functions j l f

(kr).47 The initial-state wave function is local

ized mainly atr;R, whereR is the radius of the C60 mol-
ecule. Dipole selection rule and final-state wave function
guments further restrictj l i 21

as the major component. Thu

cross-section minima occur whenj l i 21
(kR)50. The bottom

two curves in Fig. 6 plot the intensity variation for a thic

gy

on

FIG. 4. Valence photoemission spectra from an annealed 1-
C60 thin film at different emission angles.
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film as a function of final-state energy of HOMO-
~l 54, open triangles! and the HOMO~l 55, open circles!,
respectively, normalized to the integrated area of feature
Fig. 2 to cancel the effect of the monotonic decrease of
cross section as the photon energy increases.43 This final-
state energy is referenced to the HOMO, and has to be
justed to the measured binding-energy difference, which
1.3 eV for HOMO-1. The down and up arrows indicate t
zeros and maxima, respectively, ofu j 3(kR)u and u j 4(kR)u
using parameters from Ref. 47. The agreement between
simple model and the experimental data is quite good.
the 1-ML film, the HOMO intensity is obtained by subtrac
ing the high-binding-energy tail from the substrated-band
and HOMO-1, without normalizing to the corresponding fe
ture 4 because of an overlap with substrate bands. It is s
in Fig. 6 that the HOMO resonance in a 1-ML film sti
follows thick-film behavior. For the 0.1-eV peak at 1 ML
the peak heights are plotted. The measured binding-en
difference 1.6 eV is used to convert to final-state energy.
further seen that the maximum of the 0.1-eV peak at 43
matches that of the HOMO very well. This is a strong ind
cation that the 0.1-eV peak has primarily an angular mom
tum l 55, which is exactly the same as the LUMO. It is al
noted that the minimum is not quite reproduced, and a sh
der appears at about 35 eV, which is close to the resona
maximum of anl 54 initial state like HOMO-1. The devia
tion from spherical character of the LUMO is mainly due
the fact that the transferred charge from the substrate is
uniformly distributed around the molecule, and thus mix
with other angular components.

We comment at the end of this section that a scann
tunneling spectroscopy~STS! study reported a gap of les
than 0.2 eV~Ref. 33! while our valence-band photoemissio
data shows no gap at all. Similarly, a peak right below
Fermi energy in C60/Ag~110! was observed in a photoemis
sion measurement~Ref. 15!, while STS reveals a dip in the

FIG. 5. Photon energy dependence of valence photoemis
spectra for a 1-ML C60 thin film. These spectra have been norm
ized to sample currents.
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Fermi position.34 This was interpreted as due to the differe
surface sensitivities of the two techniques. Photoemiss
probes all C atoms in the monolayer including the atoms
the interface. In contrast, STS probes just the actual to
atoms.15 It can be understood that charge transfer to
LUMO has more weight on the C atoms closer to the int
face than those on top. This explanation agrees with
resonance measurement. Finally it is noted here that an
isotropy in the remaining unoccupied part of the LUMO w
recently observed in C 1s NEXAFS of C60/Al. 24

C. Core-level photoemission and NEXAFS

Figures 7~a! and 7~b! show the C 1s core-level photo-
emission spectra for a thick film and a 1-ML film, respe
tively. It is seen that the width of the peak from a 1-ML film
is much broader than that from a thick film. This reflects t
strong interaction nature at the interface, similar to other60
on metal systems. Moreover, the monolayer line shape
slightly asymmetric toward higher binding energy, consist
with the conclusion of being metallic with a small amount
charge transfer from the angle-resolved valence-band ph
emission study, in contrast to C60 on Cu~111! where a larger
charge transfer and a very asymmetric C core-level l
shape is observed. In addition, the satellite structure see
thick-film spectra seems weakened or widened considera
The discussion of these structures has appeared in a nu
of papers, and will not be repeated here.48,49,10We just note
that the first satellite, which corresponds to a HOMO
LUMO transition, is still noticeable while completel
washed out in the case of Cu~111!,10 and barely discernible
in Au~110!.6 Further, the second-layer core-level peak

FIG. 6. Photoemission peak intensities as a function of fin
state energy relative to the HOMO binding energy for a thick fil
~open symbols! and a ML film ~closed symbols!, from Fig. 5. In-
tensities for a thick film have been normalized to feature 4 show
Fig. 1 in each spectrum. All symbols are integrated peak ar
except the LUMO of 1 ML~closed squares!, where the peak heights
are plotted. The baselines of these curves are shifted for clarity

on
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2268 PRB 61TZENG, LO, YUH, CHU, AND TSUEI
only 0.25 eV lower than that of the 1-ML film at 284.5-e
binding energy~not shown!, and the shift is much smalle
than 0.6 eV of Cu~111!,10 while comparable to 0.3 eV o
Au~110!.6

A carbon 1s NEXAFS measurement was performed
probe the conduction-band structure, as shown in Figs.~a!
and 8~b! for a 4-ML film and an annealed 1-ML film, respec
tively. It is surprising to observe that the first fou
p* -derived peaks of the 1-ML film, labeled 1–4 for th
4-ML spectrum, are not greatly deformed. The most nota
feature from the comparison of 1- and 4-ML films is th
LUMO11, or peak 2 in C60/Au~111! is only broadened,
while it completely disappears in all other studied C60/metal
systems.6,10,23,25 A closer examination shows that LUMO
11 attenuates more than LUMO and LUMO12 ~peaks 1

FIG. 7. C 1s core-level spectra for~a! a thick C60 film, and ~b!
a 1-ML film on Au~111!, scaled to have the same peak areas.
tensities in the satellite regions have been multiplied by a facto
10 as shown.

FIG. 8. C 1s NEXAFS spectra from~a! solid C60, and~b! 1-ML
C60 on Au~111!. The first four peaks are labeled in successive or
as LUMO, LUMO11, LUMO12, and LUMO13.
le

and 3!. This behavior is in agreement with the theoretic
calculation that LUMO11 has a larger dispersion due to
larger overlap with neighboring molecules.50 As a result it
becomes easier to perturb by substrate states. The surviv
the LUMO11 peak only in NEXAFS of C60/Au~111! indi-
cates that the conduction band is only slightly disturbed, a
that the interaction of C60 with Au~111! is the weakest
among the metal systems so far studied. This weak inte
tion also reflects in the coincidence of LUMO peak ener
with C 1s core-level binding energy, as in Au~110!,6 in sharp
contrast to Cu~111!, where the core-level binding energy co
responds to a clear absorption threshold at a lower pho
energy.10

D. Thermal desorption

We performed thermal-desorption measurement in or
to obtain the strength of C60-metal surface interaction. Star
ing from a completely covered ML film by annealing t
300 °C, valence-band photoemission spectra taken after
sequent annealing to higher temperatures reveal that C60 sim-
ply desorbs from the Au~111! surface and does not decom
pose into fragments, consistent with LEED studies. T
carbon 1s core-level intensity measured at RT after anne
ing provides a quantitative determination of how much C60 is
left on the surface. The results, normalized to the inten
from a complete monolayer, are plotted in Fig. 9 as op
circles. The solid curve is a smoothed interpolation betwe
the data points. It is seen that C60 desorbs almost completel
by annealing to 750 K. This temperature is the lowest amo
all metal surfaces studied so far,25 consistent with the con-
clusion based on the NEXAFS line shape described in S
III C, that the interaction of C60 with Au~111! is the weakest.
The desorption energy is thus estimated in the follow
way. According to the Polanyi-Wigner model, the desorpti
rate can be expressed as51

2dN/dt5kmNm exp~2Ed /kBT!, ~1!

whereN is the C60 coverage,km is a frequency prefactor,m
is the order of desorption process, andEd is the activation
energy of desorption. If the desorption process is only rela
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FIG. 9. Normalized C 1s core-level peak intensities as a fun
tions of annealing temperature, shown as open circles. The s
line represents a smoothed interpolation between data points.
inset shows a first-order logarithm plot of the same solid line
cording to Eq.~2! in the temperature range of desorption, and t
dashed line is a linear fit to the solid curve with a slope of 1.87 e
and is shifted for clarity.
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to individual molecules and mutual interaction is not impo
tant,m51, and the desorption is first order. However, from
submonolayer study by STM, C60 tends to form islands a
RT, indicating an attractive force between adsorb
molecules.32 If the desorption is primarily from the rim o
the islands, thenm5 1

2 , and the desorption is half order. W
further assume that the heating rate is constant for all ann
ing processes, and thus end up with two equations

ln~2d ln N/dT!52Ed /kBT1c ~2!

for first-order desorption, and

ln~2dN1/2/dT!52Ed /kBT1c8 ~3!

for the half-order process. The inset in Fig. 9 plots t
logarithms vs 1/kBT for the first-order process in th
temperature range of desorption. It is seen that the cu
can be well fitted with a straight line with a slope of 1.87 e
~43 kcal/mole!, which represents the desorption energ
Fitting to the half-order process would yield a poorer
with a value less than 1 eV. The thermal-desorpt
energy measured from multilayers gives 1.4 eV.52,53 It is
unlikely that a chemisorbed C60 molecule would desorb from
the rim of a chemisorbed monolayer island with a desorpt
energy smaller than that from thick C60 films bound by
van der Waals force. Therefore, we conclude that only
first-order process is observed in our thermal-desorp
measurement.

A first-order desorption can be understood from a
adatom near saturation coverage. For lower covera
where C60 forms islands, first-order desorption would imp
that the C60-substrate interaction is much larger th
the lateral interaction between molecules in an isla
where a molecule at the rim, though with less coordinat
than in the center, has a similar binding energy. T
lateral interaction of a C60 monolayer contains the ban
formation energy of the occupied LUMO by charg
transfer, which is of the order of 0.1 eV. For a C60 molecule
in the first layer of the~111! surface of a solid, the latera
van der Waals interaction from surrounding molecu
can be estimated from Lennard-Jones potential to
1.1 eV,54 where a measured bulk cohesive energy of 1.5
is used.55 Hence the lateral interaction cannot be neglec
in the desorption of a C60 monolayer. Another possibility
of the first-order process is that C60 transforms to a
‘‘gas’’ phase from a ‘‘solid’’ ~island! phase before desorp
tion. This would result in different desorption energies f
different coverage regimes.51 It is further complicated by the
removal of Au~111! surface reconstruction by C60
adsorption.32 These issues cannot be resolved from our li
ited results.

E. Work-function change

We measured the work function by performing a pho
emission measurement on the secondary edge rise an
Fermi-level cutoff using HeI ~21.2 eV! as the photon source
The known photon energy minus the total spectrum wi
yields the absolute work function. The measured work fu
tion of 1-ML C60 on Au~111! was 4.7 eV, which is 0.6 eV
lower than the clean surface value despite charge tran
-
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from the substrate to theC60 overlayer. For C60/Au~110! a
0.55-eV decrease from the clean surface value to 4.82 eV
been reported,25 similar to our Au~111! results. A simple
argument of dipole formation due to charge transfer wo
increase, instead of decrease, the work function, which
oppositeto the observation.9,10 Our result is similar to most
other monolayer C60/metal systems with final work function
close to 5 eV, whether or not the original substrate wo
functions are higher or lower than 5 eV.25,10 This is ex-
plained by the fact that the chemisorbed monolayer beco
metallic, due to charge transfer from the substrate. The
age plane moves from the interface to the outside of
metallic overlayer, and the interface dipole layer created
the charge transfer is screened out by the image pla
Therefore, the measured work function for a monolayer fi
is purely due to the metallic overlayer, and is not related
the interface.9,10 It is interesting to note here that the wor
function of graphite is just 5 eV.56 It has also been argue
that the large size of a C60 molecule and its many possibl
excitation channels might render the dipole model invalid25

More experimental measurements and theoretical studies
needed to clarify this point.

F. Comparison of C60-Au„111… interaction
with Au „110… and Cu„111…

In this section we discuss a further comparison of o
spectroscopic results with the existing studies on Au~110!
~Ref. 6! and Cu~111!,10 as well as their overlayer structure
A C60 overlayer removes original reconstruction on the cle
Au~111! surface, and forms three structures on an unrec
structed surface, with the commensurate, single-s
(2)32))R30° structure being the most stable structure32

On the other hand, C60 does not remove the 132 missing-
row reconstruction of the clean Au~110! surface. It further
induces multiphases of 132, 133, and 134 reconstructions
on an overdosed, annealed monolayer.35 The C60 adsorption
on a reconstructed Au~110! surface should be stronger tha
on a ~111! surface without reconstruction. This reflects t
survival of the first satellite peak in C 1s core-level photo-
emission and the LUMO11 peak in C 1s core absorption
spectra in the case of Au~111!, but these features are bare
discernible in Au~110!.6 The slightly higher desorption tem
perature of C60 on Au~110! than on Au~111! is consistent
with the above observation.32,25However, the difference can
not be large. The very asymmetric C 1s core-level line shape
of C60/Au~110! could be partly due to multiple sites, bu
should also receive a significant contribution from better m
tallic screening in that more charge transfer occurs
~110!than ~111! surfaces.5 The reason why no charge
transfer peak was observed in the photoemission study
Au~110! ~Ref. 6! could be due to disorder in the overlaye
and the lack of a substrate band gap to clearly reveal
small charge transfer.

It is obvious that C60 interacts more strongly with Cu~111!
than with Au~111! surfaces, as seen in the larger C 1s core-
level shift and in larger changes in C core-level satellites a
absorption spectra in Cu~111!. For the most stable
(2)32))R30° structure on Au~111!, STM concludes that
C60 adsorbs on an on-top site with a five-member ring fac
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the surface, and with a rotational disorder.32,33 C60, on the
other hand, forms a 434 structure on Cu~111!, and adsorbs
on a threefold hollow site with a six-member ring facin
down and an ordered orientation.31 The rotational disorder is
consistent with the weaker interaction with the substrate.
nealing experiments indicate that C60 desorbs and even de
composes on Cu~111! surfaces at a temperature higher th
the desorption temperature on Au~111!, and that offers a di-
rect comparison of their relative interaction strength.57 The
related spectroscopic studies of C60 on Ag~111! are not avail-
able. An STM study observed a (2)32))R30° structure
~Ref. 32!, and an x-ray-diffraction experiment measured
R14° phase,40 quite similar to what happens in Au~111!.

G. Charge transfer and interaction of C60

on noble-metal surfaces

Finally, we compare the measured charge transfer on
~111! and polycrystalline surfaces of Au, Ag, and Cu to d
cuss its origin. These values are listed in Table I. In the ta
we also include the clean~111! surface state charges,41 and
the bulk sp density of states~DOS! at the Fermi energy
@DOS(EF)# scaled to the size of surface unit cell fo
comparison.58 It is immediately seen that the ratios betwe
the measured charge transferred from polycrystalline
faces and the totalsp-DOS(EF) are remarkably similar for
all three noble metals. The measured charge transfer from
~111! surfaces of Au and Cu, which are slightly less than
values from polycrystalline surfaces, are also approxima
proportional to totalsp-DOS(EF), but charge transfer from
Ag~111! deviates greatly from this trend. The total cle
~111! surface-state charges of Au and Cu are approxima
half of the charges transferred to C60, while that of Ag is
much lower. The smaller quantity and higher binding ene
than those of the~occupied! LUMO indicate that this surface
state is not directly responsible for charge transfer. Howe
it strongly suggests that for noble metals charge transfe

TABLE I. Measured charge transfer per C60 molecule on noble-
metal surfaces, and some surface and bulk properties of noble
als. The total surface-state charges and total bulksp-DOS(EF)
have been multiplied by the size of the surface unit cells. They
(2)32))R30° for Au~111! and Ag~111!, and 434 for Cu~111!.

Au Ag Cu

Charge transfer
from the ~111! surface

0.8a 0.75b 1.6d

Total clean~111!
surface-state chargee

0.42 0.23 0.67

Charge transfer from
the polycrystalline surfacef

1.0 1.7 1.8

Total sp-DOS(EF)g

~states/Ry/surf. unit cell!
18.7 33.2 32.6

aPresent work.
bReference 12.
cReference 29.
dReference 44.
eReference 41.
fReference 4.
gReference 58.
-

he

le

r-

he
e
ly

ly

y

r,
is

determined by a bulksp-DOS(EF) scaled by the size of the
C60 molecule, and also modified by a clean surface electro
structure in the case of the identical single-crystal surfa
but different metals. For different surfaces of the same m
like Au~111! and Au~110! the different spectroscopic line
shapes and desorption temperatures reflect the differenc
the surface electronic structure. In the above discussion
consider onlysp electrons rather thand states, because th
former is more delocalized to make a significant contribut
to charge transfer to the C60 LUMO, which is originally de-
localized to the whole, large molecule. We now discuss
influence of thed bands on the total chemical bonding. Thed
bands are all well below the Fermi energy, and their po
tions are quite similar for Au and Cu, with Ag slightly lowe
The interaction between C60 and surfaces should not depen
much ond bands compared tosp states, and charge transfe
is the dominant interaction in these systems. We remark h
that C60 desorbs at about the same temperature on b
Ag~111! and Au~111!,32 in agreement with the fact that th
amount of charge transfer is similar on these surfaces.

IV. CONCLUSIONS

We performed an extensive study of the C60 overlayer on
Au~111! by photoemission, NEXAFS, and LEED. LEED
patterns are clearly observed at low incident electron en
gies below 30 eV on this surface. An irreversible geometri
structural transition shows successive evolution of in-pha
R14°, and (2)32))R30° structures as the sample is a
nealed, with the latter being the most stable phase. It is fo
in angle-resolved photoemission that a new state forms r
below the Fermi level for an annealed, ordered C60 mono-
layer. It disperses across the Fermi level, proving direc
that the C60 overlayer is metallic. Its intensity shows a res
nance in photon energy primarily following the character
the HOMO, thus can be identified unambiguously as
LUMO. The resonance also indicates aspherical distribut
of the LUMO charge. This result substantiates the mode
charge transfer from substrate to adsorbed C60 molecules.
Comparison of the present C 1s core-level satellite intensi-
ties and NEXAFS spectra with published data indicate
slightly stronger interaction of C60 with the Au~110! sub-
strate than with Au~111! but a much stronger interaction wit
Cu~111!. Specifically the amount of charge transfer can
estimated with 0.8 electrons per C60 molecule on
Au~111!compared to 1.6 electrons on Cu~111!. We found
that the amount of charge transfer to polycrystalline surfa
is determined by thesp-DOS at the Fermi energy of meta
sub-strates, while it is also modified by the surface electro
structure on single-crystal surfaces. We conclude that cha
transfer is the dominant term in C60–noble-metal surface in
teraction.
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