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Photoemission and photoabsorption study of C60 adsorption on Cu„111… surfaces
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We have carried out an extensive study of C60 adsorption on Cu~111! surfaces using low-energy electron
diffraction, photoemission, and x-ray-absorption spectroscopy. It is found that in valence-band photoemission
a state forms right below the Fermi energy for an annealed, well-ordered monolayer, similar to the case of
K-doped C60. This peak disperses across the Fermi energy at off normal emission geometry. The spectra of
carbon core-level photoemission show that the line shape is highly asymmetric with a metalliclike tail. The
carbon near-edge absorption spectra show that the lowest unoccupied molecular orbital~LUMO! is attenuated,
and a clear Fermi edge jump appears at the absorption onset. This evidence indicates that charge transfers from
the substrate to the C60 molecular orbitals and the overlayer becomes metallic. The amount of charge transfer
can be determined to be 1.5–2 electrons per molecule from both the area of the occupied LUMO in photo-
emission and the peak shift in near-edge absorption spectra. It has been reported that many metal surfaces with
originally different work functions covered by a monolayer of C60 have a similar work function of about 5 eV.
We suggest that the measured work functions are due to the metallic C60 overlayers and are similar regardless
of the metal substrates. This is in line with the reported alignment of monolayer energy levels to substrate
Fermi energy. Since the work functions are similar, the energy levels with respect to the vacuum level are also
similar. Finally we compare near-edge x-ray-absorption with inverse photoemission spectroscopy to address
the screening effects.@S0163-1829~97!05348-4#
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I. INTRODUCTION

One of the most fascinating observations in the studie
C60 is the high temperature superconductivity in the alka
doped solids.1,2 The electronic structure of these compoun
has been measured by photoemission, inverse photoe
sion, and x-ray-absorption spectroscopies.3,4 These studies
indicate that with continuous K doping the lowest unocc
pied molecular orbital~LUMO! of C60 becomes gradually
filled. This observation lends strongest support to the ide
charge transfer from the K 4s electrons to the LUMO. For
example, the K-doped compounds are labeled KxC60. For x
56 the LUMO band is fully occupied producing an insula
ing state. Forx53 the LUMO band is half-filled, and the
compound is believed to be a normal conductor at ro
temperature and converts to superconducting phase a
K.1,2 The latter compound has also been proposed to b
Mott-Hubbard insulator.5 In addition, the compound K4C60
was found to be an insulator, in contradiction to ba
theory.6
560163-1829/97/56~23!/15412~9!/$10.00
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There is increasing interest in the study of the C60 metal
interface. All results concluded that the interaction is stro
chemisorption rather than van der Walls as in C60 solids. A
photoemission spectroscopy~PES! study of C60 on metal
films found that the C60 molecular orbitals are aligned with
the substrate Fermi levels rather than the vacuum levels,
spite large variations in the work function.7 This was inter-
preted as a partial filling of the LUMO due to charge tran
fer, as shown by broadening and rigid shift toward the Fe
level of the unoccupied MO’s in the system of C60 on a Au
film observed in inverse photoemission spectroscopy~IPES!.
There are a few cases of identifying charge transfer by
serving directly a state right below the Fermi level in PE
Another PE study of C60 on noble-metal films revealed peak
in Ag and Cu but not in Au films, in contrast to the IPE
result.8 The combined Raman-scattering study showed
largest energy shift in Ag, and the smallest in Au. Peak
below the Fermi level was also seen in C60 on Ag~111!.9

However, no peaks were observed in PES in Au~110! ~Ref.
10! and Al~111!.11 Both studies combined with near-edg
15 412 © 1997 The American Physical Society
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x-ray-absorption spectroscopy~NEXAFS! and core-level
PES. The former emphasized the hybridization between
LUMO and substrate states, while the latter concluded
the bonding nature is covalent. A recent IPES study
Cu~111! concluded on the charge transfer and metallicity
the first layer.12 A shift of carbon core-level binding energ
and of NEXAFS peaks to lower values was also claimed
be due to charge transfer.7,13,14The amount of charge transfe
has been measured in several C60 on metal systems, usin
vibrational energy shifts, in electron-energy-loss spectr
copy~EELS!. It was concluded that the transferred amoun
261 electrons per molecule in Ni~110!,15 161 electrons in
Au~110!,15,16and less than 0.8 electrons in Pt~111!.17 Charge
transfer or at least strong chemical bonding was also fo
in several other studies.18–25 In the system of C60 on
Rh~111!, a work-function lowering was observed, and it w
suspected that the net charge transfer is from the hig
occupied molecular orbitals~HOMO’s! to the substrate,26 in
contrast to all other systems. A number of scanning tunn
ing microscopy~STM! studies were performed.27–32 In par-
ticular, the study of C60 on Cu~111! suggested that the mono
layer of C60 is metallic instead of semiconducting.27

We choose Cu~111! as the substrate to study the intera
tion between C60 and a metal surface. The reasons are tw
fold. First, there is a bulk projected band gap around
Fermi energy at theḠ point in Cu~111!. As a result, the
background emission from the substrate should be very l
and any peak due to charge transfer to C60 must be easily
observed in angle-resolved photoemission. This is likely w
the charge-transfer peak could not be detected in many
vious studies. Furthermore, C60 forms a commensurate struc
ture on Cu~111! surfaces. This eliminates complications d
to multiple-site adsorption.

We focus in this paper on the electronic structure o
monolayer of C60 chemisorbed on a Cu~111! surface. The
techniques used were valence-band and core-level P
NEXAFS, and low-energy electron diffraction~LEED!. We
found in these studies that a charge-transfer model is con
tent with all the spectroscopic results. In Sec. II we outl
the experimental procedures. In Sec. III, the results are
cussed in the order of valence-band PES, carbon 1s core-
level PES, and NEXAFS; the work function of the mon
layer films and the comparison of NEXAFS with IPES a
presented separately. Finally we summarize our conclus
in Sec. IV.

II. EXPERIMENT

The experiment was carried out at the Synchrotron Ra
tion Research Center in Hsinchu, Taiwan using low-ene
spherical gravity monochromator~LSGM! and high-energy
spherical gravity monochromator~HSGM! beamlines. The
angle-resolved valence photoemission was carried out
UHV chamber equipped with LEED and a 36-mm-radi
hemispherical analyzer mounted on a two-axis goniome
The angular acceptance is61°.33 Photon energies from 16
to 25 eV were used. The overall resolution was 0.12 e
judging from the width of the Cu~111! surface state. The
core-level photoemission and absorption measurements
carried out in a separate chamber with a Vacuum Scie
Workshop~VSW! EA-125 hemispherical analyzer mounte
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perpendicular to the incident light. For carbon core-lev
photoemission, a photon energy of 330 eV was used to m
mize the intensity. The overall resolution was better than
eV, which was the width of C 1s emission from a thick film.
For the absorption measurement the carbon Auger signal
monitored from the same analyzer, and normalized to a cl
surface total yield spectrum. The photon energy was c
brated by photoemission from the second-order light. It w
also checked by monitoring the mesh current in front of
sample, and comparing the characteristic absorption dips
to carbon contamination of the beamline. The crystal w
cleaned by 1-keV Ar-ion sputtering, and annealing w
monitored by a thermal couple clamped to the sample s
face. The C60 used was high-purity (.99.5%), commer-
cially available powder. It was evaporated from a hom
made resistivity heated Ta evaporator controlled by
thermal couple and a quartz-crystal monitor. It was th
oughly degassed before deposition, and the pressure rise
less than 2310210 Torr. The evaporation rate was kep
lower than 5 min per layer. A higher rate caused signific
non-layer-by-layer growth even at a submonolayer covera
The evaporation and measurements were done at room
perature~RT!. As in previous studies of STM~Ref. 27! and
LEED,12 deposition at RT causes small domains of 434
islands in submonolayer coverage. It has been determ
that only threefold hollow sites are occupied.27 The coverage
was calibrated by observing the attenuation of a cle
Cu~111! surface state or the appearance of a second-la
peak in C 1s photoemission. Annealing to 300 °C can deso
multilayers, leaving only a ML on the surface resulting in
sharp 434 LEED pattern.12,13This means much larger well
ordered domains. The C60-C60 distance of the 434 structure
is 10.21 Å, that is, 1.7% larger than the nearest-neigh
distance of 10.04 Å in the bulk. The work function wa
obtained by subtracting photoemission spectral width fr
the known photon energy~He I!.

III. RESULTS AND DISCUSSION

A. Valence-band photoemission and Fermi-level crossing

Figure 1 shows the valence-band normal-emission spe
as a function of C60 coverage deposited at RT using 21-e
photons. The bottom curve is from a clean surface. T
strong two-peak group between 2- and 4-eV binding energ
is due to Cud band. The small peak at 0.4-eV binding e
ergy is the surface state located in the bulk-projected b
gap from about 0.9-eV binding energy and above. Upon60
deposition, peaks due to its molecular orbitals grow in inte
sity, and the substrate features diminish. The peak at 1.7
binding energy is from the HOMO. It shifts toward highe
binding energy as the second layer starts growing, in ag
ment with previous measurements. Finer scans close to
Fermi energy region show a linear decrease of the Cu~111!
surface-state intensity, and a linear increase of the inten
at the Fermi level. This behavior is consistent with isla
growth of C60 at RT; the surface-state intensity comes fro
the substrate region uncovered by C60, while the Fermi-level
emission is mainly from C60 islands. The intensity at the
Fermi energy decreases beyond 1 ML. This is because
insulating multilayer C60 makes no contribution to the emis
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sion, while it attenuates the emission intensity from the
terface above the energy of the HOMO. This is consist
with the IPES study.12

Annealing causes a dramatic change in the low-bindi
energy region, and the effect is shown in the spectra in
2. The bottom curve displays a normal-emission spectr
from a clean Cu~111! surface at 21-eV photon energy. E
cept at the surface state there is almost no emission in
band gap. The middle curve corresponds to a near-1-
film, as deposited. The surface state is almost comple
attenuated. The Fermi edge jump can clearly be seen.
tail below 1.2-eV binding energy is part of the HOMO
There are no other discernible peaks that can be identi
The top curve taken at 20-eV photon energy is obtained

FIG. 1. Coverage dependence of normal-emission photoelec
spectra of C60 on Cu~111! deposited at room temperature. The ph
ton energy was 21 eV, and the incident angle was 45°. These s
tra are normalized to the intensity above the Fermi energy.

FIG. 2. Comparison of normal-emission spectra near the Fe
level for ~a! a clean surface,hn521 eV; ~b! an unannealed 1-ML
film, hn521 eV; and~c! an annealed 1-ML film,hn520 eV.
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annealing a 2-ML film to 300 °C to desorb the second lay
For this ML film the Fermi level cutoff becomes mor
prominent, and a sharp peak at 0.15 eV appears right be
the Fermi energy. In addition, there appears another pea
0.9 eV. It is found that this latter peak resonates in a narr
photon energy range between 18 and 22 eV, and disapp
in a flat background outside this range. Submonolayer60
films were prepared, and subsequent annealing showed
coexistence of a clean surface state, the 0.15-eV peak,
this 0.9-eV peak, indicating that the appearance of this p
is associated with the ordering of the 434 islands.

The dispersion spectra of these two peaks along with
HOMO measured at 20-eV photon energy are plotted in F
3. The symmetry pointM̄ refers to the substrate, and th
fractions are measured ink space along theḠ-M̄ direction.
As the overlayer unit cell vectors are four times larger th
that of the substrate14 M̄ is actually the zone boundary, an
1
2 M̄ and M̄ become the center of higher Brillouin zones a
sociated with the overlayer. It is seen that the 0.15-eV p
attenuates away from normal emission. The 0.9-eV peak
appears more quickly at off-normal geometry, and reappe
at M̄ but not at 1

2 M̄ . We find that this is due to the matri
element effect. When a 22-eV photon was used, it appea
in all these symmetry-equivalentḠ points.

The peak right below the Fermi energy at 0.15 eV is
primary interest. Its intensity diminishes quickly away fro
normal emission, presumably dispersing across the Fe
level. The difficulty of measuring a finite dispersion could
twofold. One problem is the lack of resolution in the me
surement. The other is that there are three LUMO’s tra
forming like threep orbitals in group theory. Adsorption
removes the degeneracy and the charge transfer to
LUMO could be different from the other two. In an IPE
study of the same system, no apparent Fermi-level cros
was observed,12 and this is likely due to the relatively poore
energy and angular resolution associated with this techniq

on

ec-

i

FIG. 3. Angular dependence of photoemission spectra fr
1-ML C60 on Cu~111!. The emission angles are noted on the rig
The M̄ point refers to the zone boundary of the clean surface.
the 434 overlayer1

4 M̄ becomes the zone boundary, and1
2 M̄ and

M̄ are equivalent toḠ.
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Because this 0.15-eV peak appears, after annealing
achieve a highly ordered overlayer, one may interpret it
due to substrate emission folded back by the overlayer
tice, as observed in the Li/Be system.34 A detailed study
shows that no peak right below the Fermi level, either from
clean or annealed C60-covered surface atM̄ and 1

2 M̄ , can
account for the peak at normal emission. Thus it must
associated with the overlayer electronic structure. The fi
Fermi-level jump and peak crossing assure us that the60
overlayer becomes metallic. In the case of alkali-doped C60,
it is observed that the LUMO in IPES disappears across
Fermi level, and a peak appears at the Fermi level in P
Charge transfer from alkali atoms to the C60 LUMO is the
widely accepted explanation. In our case a similar peak
be observed, but not as prominently. If the low emiss
background of a clean surface is subtracted from the norm
emission spectrum of a monolayer surface, and the resu
spectrum is fitted with three components—the HOMO,
eV, and 0.15 eV peaks, the latter area is about 20% of
HOMO, and corresponds to approximately two electro
This ratio can only be taken as an approximate value,
cause we find that it depends upon the photon energy u
This behavior of the photon-energy-dependent cross sec
has been observed in PES of thick films.35 We thus conclude
that charge transfer is a good explanation. We note here
IPES and STM reach a similar conclusion.12,27 Changing the
incident angle shows that this peak favorsp polarization.
This implies that the transferred charge is not symmetric
distributed around the center of the molecule.7 We empha-
size here that the occupied parts of the LUMO of a particu
molecule due to charge-transfer overlap with the same p
of neighboring molecules, forming bands; these bands
perse across the Fermi level, causing the two-dimensio
monolayer film to become metallic. The intermolecular
teraction is no longer van der Walls.

The HOMO appears at 1.7-eV binding energy at norm
emission, with a width narrower than that of a 2-ML film
One observes that the HOMO peak shape changes slig
and the apparent peak position change is less than 0.1 e
the dispersion spectra. A study of a thick C60~111! film mea-
sured 400-meV dispersion using 8-eV photons.36 We note
here that our monolayer film is two dimensional instead
three dimensional for the thick film, and the nearest-neigh
distance 10.21 Å of the former is larger than that of the lat
Therefore a smaller dispersion is not surprising. Furtherm
we measure higher-kinetic-energy electrons with61° mod-
erate angular resolution that accounts for about 18% of
distance from zone center to boundary, and tends to sm
out some of the dispersion. The shape change in our
reflects partly the dispersion and partly the matrix elem
effect of the five individual orbitals composed of HOMO’
At any emission angle the width of the HOMO for 1 ML
narrower than that of a thick film. This reflects the lack
dispersion along thez direction, and, more importantly, n
interaction between the HOMO and the substrate, un
Al ~111! and Rh~111! systems.11,26

It is more difficult to understand the origin of the 0.9-e
peak. It shows up only between 18- and 22-eV photon en
gies for an annealed film, disappears even more quickly t
the 0.15-eV peak away from normal emission; and reapp
at symmetry equivalentḠ points. We attempt to interpret i
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as originally from the clean substrate surface state modi
by the presence of well-ordered C60 overlayer. It disperses
into the Cu bulk continuum at off-normal emission, so as
disappear quickly. We note here that in an IPES study12 an
image state also only shows up in an annealed, ordered
not in an unannealed, disordered film.

B. Core-level photoemission and a metallic tail

The carbon 1s core-level photoemission spectra of diffe
ent C60 thicknesses are shown in Fig. 4. From a previo
study,37 the attenuation length is measured as approxima
one layer; thus the intensity is mainly from the top layer. T
spectrum of a 4-ML film is identical to the published thic
film results. The main peak has 284.85-eV binding ene
with respect to the substrate Fermi level, and a 0.43-eV f
width at half maximum~FWHM!. Its energy shifts toward
lower binding energy for thinner films, revealing better su
strate screening.10 In the 2-ML film the second-layer pea
binding energy is 284.74 eV. The bottom curve is from
ML, prepared by annealing multilayers off. Its peak is ve
asymmetric, with 284.15-eV binding energy and a 0.73-
FWHM. The binding-energy shift 0.6 eV and asymmet
line shape of 1 ML are similar to a previous study o
Cu~110!.13 A fitting to the Doniac-Sunjic line shape convo
luted with a Gaussian produces poor results. The hi
binding-energy side of the main peak shows many sate
peaks for the 4-ML film. These satellite peaks are alm
completely attenuated for the ML film.

It may be suspected that annealing causes a struc
change such as intermixing or breaking C60 bonds to form
chains on the Cu surface. There is no evidence of interm
ing C60 with Cu in the bulk sample.38 Moreover, bulk C60
becomes polymerized only under high pressure39 or under
high laser power density illumination.40 The C60 molecules
start decomposing above 500 °C on Cu~111!.41 Our carbon

FIG. 4. Carbon 1s core-level photoemission spectra at vario
thicknesses. These spectra are normalized to have the same h
as the main peak. On the left are the enlarged spectra of the sat
region. The multiplication factors are shown. The satellites are
beled for discussion in the text.
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core-level photoemission spectrum shows no change f
submonolayer film annealed to 300 °C, thus pointing to o
an ordering effect.

The origin of the C 1s asymmetric line shape associat
with 1 ML may have a number of reasons. These include
variations and the creation of electron hole pairs or meta
screening.10 Since only threefold hollow sites are occupied27

the multiadsorption site broadening of the line shape can
neglected. In addition, the line shape could also be in
enced by the effect of different image potential screening
a core hole on different carbon sites of a single molecu
1/4z wherez is the distance from the core site to the ima
plane. The image plane lies near the jellium edge for a cl
surface.42 If the image plane does not change from the cle
surface position during C60 monolayer adsorption, it would
sit in between the whole molecule and the Cu substrate.
point-charge–metal-surface image potential is reduced
the screening of other carbon atoms and nearby molecu
and is approximated by a dielectric constant of 3.92.43 The
screening occurs when a core hole is created, thus it
final-state effect. Core holes closer to the interface are be
screened; therefore the ejected photoelectrons have h
kinetic energies. The different distances of carbon sites fr
the image plane can have up to 0.6-eV different screen
energies.44 The resulted spectrum will have an asymmet
tail toward the lower-binding-energy side, exactly oppos
to the observation. This means that the image plane does
stay at its position as in a clean surface, and a chemical
can be important on the core-level binding energy. Mo
likely, we believe that the observed tail signifies the meta
screening, and that the C60 overlayer is actually metallic
consistent with the result of valence-band photoemiss
We note here that the increasing binding energy for thic
films can also be understood by this image potential inte
tion.

There are at least six features that can be identified in
satellite region, and these features are labeled as num
successively. For a thick film or bulk the first peak~feature
1! at 1.9 eV from the main peak is identified as an excitat
from HOMO- to LUMO-derived states.45,46This transition is
monopolelike, and dipole forbidden, and does not show
intensely in EELS. One can say this is a true shakeup fea
The peak at 3.7 eV~feature 3! is weak in EELS, and is
probably not dipole allowed. The peaks at 4.9 and 6.0
~features 4 and 5! are dipole allowedp to p* transitions, and
are more complicated to interpret. The EELS experim
concludes that the peak around 6 eV is due to excitation
thep plasmon.47 Two small shoulders at about 3 and 7.5 e
~features 2 and 6! are also observed. These satellites are
servable for even a 2-ML film, but are almost complete
washed out for a ML film. What remains is a very bro
feature centered around thep-plasmon region. This again
shows the strong interaction between the substrate and
first-layer C60 molecules. These satellite peaks have rece
been discussed experimentally and theoretically. It
stressed that the core hole lowers the symmetry, and
screening of core holes involves global or local charge tra
fer within the molecule.45 The assignment of many of thes
satellites can still be interpreted as due to transition betw
MO’s of the neutral states.
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C. NEXAFS and a Fermi edge

The carbon NEXAFS spectra are displayed in Fig.
where they are normalized to the high-energy side. T
peaks are labeled according to their energies. The 4-
spectrum resembles the published results for thick films.48,49

The first peak at 284.5 eV is a C 1s transition to thep*
LUMO. The next three peaks at 285.8, 286.4, and 288.3
~peaks 2, 3, and 4! may be labeled as LUMO11, LUMO
12, and LUMO13, respectively, and are excitations
otherp* orbitals. Above the ionization threshold at 290 e
the broader structures at 291.0, 291.8, 292.9, and 295.5
~peaks 5–8! are due to transitions tos* orbitals. A com-
bined theoretical and experimental study finds that the c
hole breaks the symmetry, and the absorption spectrum
viates strongly from the ground-state density of state50

However, the low-lying absorption peaks can still be trac
back to ground-state orbitals. We shall discuss this in m
detail in Sec. III E. Unlike core-level spectra, in that the pe
energy shifts to lower binding energy slightly as the thic
ness decreases, the NEXAFS are essentially unchan
down to 2 ML ~not shown!. This is in part due to quite
different final states of these two spectroscopies. Photoe
sion leaves an ionized final state with a localized core ho
The binding energy with respect to the substrate depe
upon the distance to the substrate that offers image scr
ing. On the other hand, for NEXAFS the final state is clo
to an excited neutral state. The excitation to the more loc
ized final state becomes independent of the substrate sc
ing. Further, the small mean free path of photoelectrons
Auger electrons guarantees that most of the signal co
from the outermost layer.37

The 1-ML spectrum changes dramatically relative to th
of a thick film. The spectrum from a 1-ML film become

FIG. 5. Carbon 1s near-edge absorption spectra~NEXAFS! for
various C60 thicknesses. These spectra are normalized to the h
photon-energy sides. The ticks mark the corresponding core l
binding energies for 4- and 1-ML films. For 4-ML films, peak
corresponds to the transition from C 1s to LUMO. The rest peaks
are numbered according to the energy order. For an annealed 1
film, the peaks are labeled if the corresponding NEXAFS peaks
a thick film can be traced.
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very different. The LUMO peak becomes much more bro
ened and attenuated at 284.8 eV. This energy is higher
the LUMO peak energy in the thick films. The LUMO11
peak seems to disappear or merge with LUMO12. The
LUMO12 and LUMO13 peaks shift down slightly to
286.2 and 288.1 eV, respectively. The 291- and 291.8
peaks are attenuated, and the two rest peaks shift down a
0.4 eV. This again implies the strong interaction of the C60
monolayer with the Cu substrate. This downward shift
energy is consistent with K-doped C60 films in that charge
transfer is widely believed.4 If we assume the amount o
charge transfer is proportional to the shift as in the case
K-doped C60 films,4 there are approximately 1.5–2 electro
transferred to the C60 molecule, consistent with results from
valence-band photoemission. It is noted that the firsts*
resonance, originally at 291 eV, is more strongly attenua
than other high lyings* resonances. This is similar to th
case of K-doped C60 films.4 We note here that the spectra
Fig. 5 do not correspond to all of the core-level spec
shown in Fig. 4. Instead, the gradual transition between
and 2-ML thicknesses is emphasized.13 We find the spectra
of 1.1 and 1.6 ML can be reproduced by a linear combinat
of 1- and 4-ML spectra. This shows that the electronic str
ture of the first layer is not much affected by the second la
on top of it, and the interaction between the first and sec
layers is due to a weak van der Walls force.

It has been argued that the absorption onset corresp
to the creation of a final state where a core electron has b
placed in the lowest unoccupied state, i.e., at the Fermi le
in a metallic system.51 In the completely screened core-lev
photoemission final state, a charge redistribution has ta
place, where one electron has been taken from the Fe
level to screen the core hole locally. The two final states
indistinguishable, and the energy onset in absorption sho
correspond to the binding energy in PES.52 In Fig. 3, the
ticks mark the binding energies of C 1s core-level photo-
emission of the same thickness. For the 4-ML film the co
level binding energy is above the first absorption pe
~LUMO!. This can be understood because the C60 thick film
is an insulator. The photoelectron leaving the surface cre
a positive ion state, while absorption may be viewed as
excited neutral state.50 The system is less perturbed in th
latter process, thus the excitation energy is lower. It is s
in Fig. 3 that for the 1-ML film the C 1s core-level binding
energy coincides with a clear step edge at the onset of
absorption spectrum. We then interpret this step edge as
transition of a carbon core electron to the unoccupied st
localized within the C60 overlayer right at the Fermi energy
This again suggests that the overlayer is metallic.

D. Work-function change of a ML film

It was reported in the IPES study that the work functi
does not change from the value of a clean Cu~111! surface
for C60 adsorption, and, consistently, the image state ass
ated with the ordered overlayer appears at the same en
above the Fermi level as in the case of clean surface.12 In the
present study we check the work function by performing
photoemission measurement on the secondary edge rise
the Fermi energy cutoff. The known photon energy~He I!,
subtracting the total spectral width yields the absolute w
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function. The obtained work function of a clean surface
4.94 eV, the same as the tabulated value.53 The work func-
tion for a C60-covered Cu~111! surface is 4.86 eV, confirm
ing that the work function changes very little. This raises
serious question. It is well known in the study of alkali a
sorption on metal surfaces that charge transfer from al
atoms to the substrate results in a large decrease of the
function.54 Charge transfer from the substrate to the C60
overlayer would increase the work function. However, t
measured work function shows a slight decrease instead

We then perform a model calculation to estimate t
work-function change due to charge transfer. The work fu
tion change can be written asDf54pneqd52pnep,
wheren is the adsorbate area density,e the electron charge
q the amount of charge transfer per adsorbed molecule,d the
distance from the adsorbate to the image plane, anp
5q(2d) is the dipole moment per adsorbed molecule inclu
ing its image charge. The polarization of a particular a
sorbed molecule due to neighboring dipoles should be ta
into consideration, and this tends to reduce the total dip
moment.55 The result is a 2.9-eV work-function increase p
electron transferred. For Cu~111!, if 1.5 electrons transfer to
the C60 molecule, the work-function increase would be 4.
eV, a huge value. So why is there almost no work-funct
change?

The reason is that the C60 overlayer on the Cu~111! sur-
face is metallic. It has been argued that the image pl
moves from the interface to the outside of the metallic ov
layer; the interface dipole layer created by charge transfe
screened out by the image plane. Therefore, the meas
work function for a monolayer film is purely due to the m
tallic overlayer, and is not related to the interface.12 The
observed almost no work-function change is just a coin
dence. We note here that the absence of a tail at the l
binding-energy side of C core-level photoemission is con
tent with the induction that the image plane no longer st
at the interface. Moreover, to have an image plane at
outside of the overlayer, the overlayer itself must be meta
laterally, in consistence with the PE observation. To furth

TABLE I. Work functions of clean metal surfaces and aft
adsorption of a monolayer of C60.

Surface
Clean surface

WF ~eV!
WF of 1-ML C60

on surface WF change

Cu~111!a 4.94 4.86 20.08
Ni~111!b 5.36 4.93 20.43
Al ~110!c 4.35 5.25 10.95
Al ~111!c 4.25 5.15 10.95
Au~110!d 5.37 4.82 20.45
Rh~111!e 5.4f 4.9 20.5
Ta~110!g 4.8e 5.4g 10.6h

aPresent work.
bReference 41.
cReference 56.
dReference 58.
eReference 26.
fReference 53.
gReference 20.
hFor reference only, since C60 decomposes on this surface at RT
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extend this idea, in Table I we compile the known wor
function changes of a few systems of C60 chemisorption on
metal substrates. It is seen that the work functions for
C60-covered surface are centered around 5 eV, as pointed
before.56 This strongly suggests that the C60 overlayers on
these surfaces are all metallic, and that the measured w
functions are the property of the metallic overlayers that g
similar values regardless of the metal substrates. We
propose that charge transfer from the substrate to the o
layer plays a major role in the C60–metal-surface interaction
This is likely in line with a pioneering photoemission stud
which stated that the energy levels of the first layer
aligned to the substrate Fermi level due to charge transfe
LUMO-derived states, despite the variety of the substr
work functions.7 Since the work functions are similar, th
energy levels with respect to the vacuum level are also s
lar. We add here that for multilayers the binding energ
may be more properly referenced to the vacuum level.57

E. Comparison of NEXAFS with IPES

In addition to NEXAFS, IPES has been used to probe
unoccupied states. The latter process consists of a trans
from a high-lying free-electron-like state down to a low
lying unoccupied orbital near the Fermi energy; no core s
is involved. In contrast to a core-excited neutral final state
NEXAFS, the final state in IPES is a negative ion state. T
presence of a core hole in NEXAFS generates an attrac
potential acting on the valence-band orbitals. This effect
be discussed alternatively in terms of equivalent core orZ11
approximation52 and pulls the ground-state levels down
energy. The resulting spectrum is also governed by the
trix element between the localized core-hole state and
perturbed unoccupied state. On the other hand, in the I
process the final negative ion state is relatively nonlocal,
the spectrum closely resembles the density of states of
ground state, with possibly a uniform upward shift in ener
levels. This has been verified for the insulating thick C60
films.46,59 A comparison of IPES with NEXAFS has bee
discussed in detail on molecular chemisorption systems.60

In Table II we present a comparison of peaks in NEXA
and IPES of thick films and a 1-ML C60 on Cu~111! system.
The IPES data are extracted from Refs. 12 and 59 with
spect to the substrate Fermi energy. The peak number is
here to avoid the confusion in assigning MO’s in both tec
niques. For thick films the peaks in IPES have been analy
theoretically in terms of the density of states. Peak 1 is
LUMO, or molecular orbitals oft1u symmetry. Peak 2 is
derived fromt1g . Peak 3 is a combination of moleculart2u
andhg states, and a nonmolecular state with wave funct
localized in the cage.59 In NEXAFS, peaks 1 and 2 are de
rived from t1u andt1g, respectively.50 Peak 3 is mainly from
t2u and peak 4 has most contribution from the nonmolecu
state. This is in contrast to the IPES assignment. For
annealed 1-ML film, peaks 1 and 3 are likely directly relat
to peaks 1 and 3 in thick-film spectrum in both NEXAFS a
IPES. Peak 2 in the thick-film spectrum is most dispersive
solids,59 and is more easily affected by chemisorption a
becomes unresolved. The peak labeled 38 in IPES has no
counterpart in NEXAFS. It has been identified as an ima
potential state associated with the ordered, metallic60
ll
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overlayer.12 Because the image state is totally delocaliz
and has much weight away from the carbon atoms in
overlayer, the matrix element between the localized Cs
state and the extended image state vanishes, and cann
detected in NEXAFS. The numbers in parentheses are e
gies relative to the lowest peak. It is seen that the ene
differences of the two lowest peaks observed in both te
niques are very similar. This justifies their corresponden
The deviation of the ground-state interpretation becom
larger for higher-lying peaks in NEXAFS. For convenien
of discussion the unoccupied-state–core-level energy dif
ence is also shown from IPES and core-level photoemiss
measurements. The resulting numbers can be compare
rectly to the absorption energies in NEXAFS for monolay
systems, but are only approximations for thick insulati
films.61 It can be seen that the values of~IPES–core level!
are about 1.7 and 0.9 eV larger than NEXAFS results
thick and 1-ML films respectively. This difference reflec
the different screening in all three techniques. With the fi
state of NEXAFS being an excited neutral state, and tha
core-level PES and IPES being ionic states the NEXA
excitation energy is necessarily lower than~IPES–core
level!. These two energy differences can also be viewed
ternatively as the unoccupied orbitals being pulled down
energy by a core hole in the NEXAFS process relative to
ground-state energies, at least for the monolayer case.52 The
0.8-eV reduction for the 1-ML film relative to thick films
suggests that the 1-ML C60 overlayer has a metallic propert
that offers better screening on the ionic final states or on
core holes.

IV. SUMMARY

In summary, we carried out valence-band and carb
core-level PES and NEXAFS studies to probe both the

TABLE II. Comparison of peaks in NEXAFS and IPES o
C60/Cu(111). The difference between energy levels by IPES an
1s binding energy is displayed as~IPES2core level!. The numbers
in the parentheses are the energies relative to peak 1 or LUMO.
C 1s binding energies are 284.85 and 284.15 eV for a 4-ML fi
and a 1-ML annealed film, respectively. Most peak energies
IPES are obtained from Ref. 12. The peak 4 energy of thick-fi
IPES is from Ref. 59.

~a! Thick films
peak labels 1 2 3 4

NEXAFS ~eV! 284.5 285.8 286.4 288.3
~0! ~1.3! ~1.9! ~3.8!

IPES @E2EF ~eV!# 1.4 2.6 3.6 4.3
~0! ~1.2! ~2.2! ~3.9!

IPES2core level 286.2 287.4 288.4 289.1

~b! 1 ML ~annealed!
peak labels 1 3 38 4

NEXAFS ~eV! 284.8 286.2 288.1
~0! ~1.4! ~3.3!

IPES @E2EF ~eV!# 1.5 3.0 4.1 .5
~0! ~1.5! ~2.6! (.3.5)

IPES2core level 285.7 287.2
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cupied and unoccupied states of C60 adsorbed on Cu~111!
surfaces. All observations point to the monolayer film be
metallic, and this is due to charge transfer from the subst
to LUMO-derived states. This is consistent with previo
IPES results. The amount of charge transfer can be de
mined independently by photoemission and NEXAFS to g
1.5–2 electrons per C60 molecule. We argued that the me
sured work function is the property of the metallic overlay
and the dipole layer at the interface due to charge transfe
screened out by the image plane located outside the o
layer. Further, the fact that for many C60-covered metal sur-
faces the work functions are always around 5 eV suggest
these C60 overlayers are metallic, and charge transfer fro
the substrate to the overlayer plays a major role in
C60–metal-surface interaction. This is in line with the phot
emission study that the energy levels of the first layer
aligned to the substrate Fermi level due to charge transfe
S
-
.
el

Y

F
ey

J
J.

n

H

R

. S

d

.
y

.

r,

ys
g
te

r-
e

,
is

er-

all

e
-
e
to

LUMO-derived states despite the variety of the substr
work functions. Since the work functions are similar, t
energy levels with respect to the vacuum level are also s
lar. Finally, we compared the data from NEXAFS and IPE
and found that core hole pulls down the unoccupied orbi
by 1.7 and 0.9 eV for thick and 1-ML films, respectivel
The smaller value of the latter case reflects the better scr
ing provided by the metallic overlayer.
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