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Angle-resolved electron distribution curves have been measured for two diferent excitation en-
ergies on heteroepitaxial Csp(ill) films. At Ru = 29 eV, the limited k~~ resolution together with
broadening induced by vibronic excitations results in a weak dependence of the peak positions and
line shapes of the photoemission features on the emission angle. We demonstrate that at the low
photon energy of ihu = 8.1 eV the k~~ resolution becomes suKcient to resolve two bands in the
feature derived from the highest;-occupied molecular orbital which show a dispersion of the order of
400 meV.

C60 fullerite is a molecular solid, whose electronic
properties are essentially determined by the covalent
bonding within individual molecules. The valence- and
conduction-band spectra of solid C60 as measured by
direct and inverse photoemission exhibit very sharp
spectral features which compare well with the electronic
states obtained from molecular cluster calculations. Fur-
thermore, the photoemission spectra recorded from the
solid and gas phases are quite similar. Hence, the elec-
tronic energy levels of the C60 molecules are only slightly
perturbed by band formation due to electron interactions
between the C60 molecules in the solid state. Neverthe-
less, a detailed knowledge of the band structure and es-
pecially the bandwidth are important issues for under-
standing many properties of the fullerenes.

Prom a theoretical point of view the band structure
has been extensively studied and calculations predict an
energy dispersion of 400—500 meV. ' On the experimen-
tal side, Wu et al. reported angle-resolved photoemission
measurements at ~ = 25 eV on a small C60 single crystal
(0.3x0.4 mm2). They observed no significant energy dis-
persion [the highest occupied inolecular orbital (HOMO)
derived band disperses as little as 50 meV] and only small
changes in the photoemission line shape and peak width
over a wide range of crystal momentum (k). Further-
more, since the gas-phase photoemission spectrum of
the HOMO state is also very broad, and can be resolved
into at least two features, they conclude that the disper-
sion of individual bands is small and the width of the
valence band in photoemission is broadened by transi-
tions to excited vibrational states and does not re8ect
the intrinsic bandwidth.

In this paper, we present angle-resolved electron distri-
bution curves (EDC's) on heteroepitaxial Csp(ill) films
grown on GeS(001). ' The use of such films for photo-
emission measurements has several advantages over C6o
single crystals. In particular the small size of available
single crystals may give rise to a high background and a
limited count rate. Furthermore, insulating C6o crystals
exhibit charging eKects which have to be compensated.

The heteroepitaxial Csp(111) films were grown in situ
on a GeS(001) single crystal (7x7 mm2). s P The film
was about 120 A thick which was enough to attenuate
the substrate emission completely. The angle-resolved
EDC's have been recorded on the high resolution SU3
beamline at the Laboratoire pour l Utilisation du Rayon-
nement Electromagnetique (LURE, Paris) with a photon
energy of Lu = 29 eV and at lower photon energies on
the Seya-Namioka beamline at the Hamburg Synchrotron
Radiation Laboratory (HASYLAB). The overall energy
resolution was about 100 meV for both experiments.

Figure 1 shows raw data of the 6rst two valence-band
peaks in the form of EDC's recorded at diferent emis-
sion angles (0,) along the I'-K-M direction of the surface
Brillouin zone (SBZ) with a photon energy of 29 eV. The
energies are measured with respect to the Fermi level of
a clean rhodium plate, which is part of the manipula-
tor. The I, K, and M points correspond, respectively,
to normal, 10, and 15 emission angles. Although the
width of the photoemission peaks is much larger than
our resolution, the individual bands (e.g. , the HOMO-
derived feature at —2.6 eV is fivefold degenerate) are not
resolved. The maximum of the asymmetric HOMO peak
shows only limited dispersion and no signi6. cant change
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FIG. 1. Set of EDC's of the first two valence bands of C6p
for different emission angles (lsi, ) recorded in the I'-K'-M di-
rection with a photon energy of flu = 29 eV.

of the line shape with emission angle is observed. One
could argue that the shift of about 100 meV observed
at the zone center, i.e. , for normal emission, may be an
experimental artifact. We shall show later that this ap-
parent maximum at I' is physically relevant.

As pointed out by Wu et al. the small observed dis-
persion can be explained by a broadening caused by
transitions to excited vibrational states. On the other
hand, since C6O fullerite has a large lattice parameter
[a = 14.17 A at 300 K (Ref. 10)j its Brillouin zone is
very small. The dimensions of the SBZ in the I'-K and
I'—M directions are kr = 47rv 2/3a = 0.418 A. ~ and

II

kii
——2vr1/2/~3a = 0.362 A. . At a photon energy of

29 eV, the wave-vector component parallel to the surface,
associated with the maximum of the HOMO-derived fea-
ture is given by kii = 2.37sin8, (A. ). Consequently
the zone boundary is reached for an emission angle of
about 10' (9') in the F-K (I'-M) direction. With a typ-
ical analyzer acceptance 40 2 this implies that each
spectrum in Fig. 1 integrates over about 20% of the SBZ.
It is then plausible that averaging over such a sizable part
of the SBZ together with broadening induced by vibronic
excitations wipes out the individual bands and produces
one single broad asymmetric peak whose centroid and
shape hardly vary as a function of the particular wave
vector of the SBZ around which one is integrating, espe-
cially since the intrinsic band dispersion is small.

In order to resolve the individual bands in the SBZ,
one has to decrease drastically the photon energy so as
to improve the kII resolution. Figure 2 shows a set of
EDC's (raw data) of the HOMO-derived feature recorded
in the I'-K azimuth with a photon energy of Lu = 8.1 eV.
The energies are referenced to the Fermi level of a tan-

Energy relative to E„(eV) Energy relative to EF (eV)

FIG. 2. Set of EDC's of the HOMO-derived feature for
different emission angles (8,) recorded in the I'-K direction
with a photon energy of Ru = 8.1 eV. Representative results
of the fit procedure are shown for 8 = 7 and 17 . The tick
marks indicate the positions of the maxima of the four peaks
obtained from the fit.

talum foil. At this low photon energy the cutoff of the
analyzer occurs in the second peak and from its position
the work function of Cso can be determined to be eP
= 4.7 eV. The wave vector parallel to the surface associ-
ated with the maximum located at E; = —2.2 eV is given
by kii = 0.51+%v —eP+ E; sin8, = 0.56sing, (A. ~), so
the zone boundary is reached at an emission angle of
about 48 (40 ) in the F-K (1-M) direction. The kii

resolution, Akii = 0.56cos 6I,AO, varies from 0.020 A.

to 0.013 A ~ for normal and 48 emission angles, respec-
tively. This corresponds to between 4.8% and 3.1% of the
dimension of the SBZ when moving from the zone center
to the zone boundary along the I'-K direction, which is
reasonable for angle-resolved measurements.

In Fig. 2 significant changes of the line shape with
emission angle can be seen; two components are clearly
resolved at some emission angles (13 and 15'), and their
dispersion can be followed up to emission angles of 21
The maximum of the photoemission feature at low an-
gles (peak 3) shows a dispersion of the order of 400 meV
and shrinks into a shoulder for higher emission angles.
On the other hand, the pronounced shoulder (peak 2)
observed at low angles (e.g. , at 7 ) which develops into
a well-resolved peak with increasing emission angle and
becomes the dominant feature for high emission angles,
shows a smaller dispersion. The data recorded in the I'-
M direction (not shown here) are very similar around the
zone center, but are somewhat different in the second half
of the SBZ as far as the peak intensity is concerned. Al-,
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though there are only two components which are clearly
visible in both directions, the line shapes of the different
photoemission peaks suggest that it consists of at least
four components. We found that the HOMO-derived fea-
ture could not be fitted well with less than four bands.
In order to retrieve the energy position of the individual
bands we have used a maximum likelihood fit algorithm
assuming Gaussian line shapes for the individual bands.
The quality of the fitting procedure can be judged &om
the two representative results shown in Fig. 2 for emission
angles of —7 and 17'.

Figure 3 shows the energy dispersion curves along the
I'-K azimuth obtained &om the peak positions produced
by the fit. We estimate the uncertainty in the peak posi-
tion to be about 100 meV. The two upper bands (peaks 1
and 2) seem to originate from the same degenerated en-
ergy level at I' which splits when moving away &om the
zone center. While the upper band only shows small dis-
persion, the lower one disperses by as much as 400 meV
with a broad maximum around I . In all of the fits, the
two lower bands (peaks 3 and 4) always appeared at the
same energy position with respect to the second band;
the energy separations are about 200 meV to band 3 and
400 meV to band 4. It is clear that a detailed knowledge
of the band structure can only be obtained by comparing
our photoemission spectra with sophisticated theoretical
calculations which take into account electron-phonon in-
teractions, since they obviously cannot be neglected in
the interpretation of the photoemission spectra.
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The observed dispersion in our photoemission spectra
could also arise &om relative variations of the matrix el-
ements of the different bands, which would also change
the photoemission line shape and shift the maxima with
emission angle. At Ru = 8.1 eV transitions are made
to states just above the vacuum level which show a lot
of structure (see, e.g. , the inverse photoemission data
by Jost et al.s) so final-state effects are highly plausi-
ble. Further experiments are in progress to separate the
initial-state dispersion &om the final-state effects. How-
ever, the shift of about 100 meV observed in I' with ~ =
29 eV can be explained on basis of the spectra obtained
with Lu = 8.1 eV, which would not be the case if ma-
trix elements played a significant role. As explained at
the beginning, the small dispersion observed in the I"-K
direction for Ru = 29 eV is related to the poor k~l reso-
lution; each spectrum integrates information over 20% of
the SBZ. For ~ = 8.1 eV the analyzer covers only about
4%%up of the SBZ, so the band-structure information con-
tained in the Lu = 29 eV data can be simulated by adding
up five successive EDC's recorded with ~ = 8.1 eV in
the I'-K direction. In Fig. 4 we show the result of the
summation and compare it to the ~ = 29 eV data. One
can see that this operation eliminates the two compo-
nents resolved at )hu = 8.1 eV and considerably reduces
the dependence of the line shape on emission angle. The
dispersion of the maximum of the calculated photoemis-
sion spectrum is similar to that of the data measured at~ = 29 eV with a shift of about 100 meV at normal
emission. This apparent shift is, therefore, real and re-
sults &om averaging over the broad maximum around I
in the dispersion curve (see Fig. 3) which lowers the peak
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FIG. 4. Comparison between a set of simulated EDC's ob-
tained by summing up five successive EDC's recorded at ~
= 8.1 eV (filled symbols) and the EDC's recorded at bc' =
29 eV (open symbols). The energy scale is referenced to the
valence-band maximum at I'.
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position at normal emission. Thus, we believe that the
changes in the line shape with emission angle observed at~ = 8.1 eV result primarily from band dispersion and
not &om matrix element effects.

In conclusion, we have reported photoemission mea-
surements on crystalline Csp(111) at low photon energy
(Ru = 8.1 eV), which present direct evidence of signif-
icant valence-band dispersion. Furthermore, we have
shown that the photoemission line shape cannot be ex-
plained by phonon broadening alone, but band dispersion
has also to be included. A detailed comparison between
the experimental data presented here and more elabo-

rate theoretical calculations taking into account electron-
phonon interaction should permit an improved determi-
nation of the band structure of C6p fullerite.
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