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The electronic structure of pure solid Css has been studied using high-energy electron energy-
loss spectroscopy in transmission and photoemission spectroscopy. Information is obtained on the
occupied and unoccupied o and m bands. The reduced degeneracy of the electronic states and
smaller band gap of Cs4 in comparison with Ceo are evident, as well as the excitonic nature of the

transition across the band gap of solid Css.

I. INTRODUCTION

Several years after the first preparation of bulk quan-
tities of Cgo,! it still remains a formidable practical chal-
lenge to separate and purify macroscopic amounts of the
higher fullerenes C,, particularly for z > 70. Conse-
quently, in contrast to the case of Cgo and Crg, there have
been relatively few studies of the structure and proper-
ties of the third most abundant fullerene, Cgy, in the solid
state. However, advances in separation techniques have
meant that purified higher fullerenes have become avail-
able and have been studied using a number of techniques
including 13C NMR,? ultraviolet /visible absorption,? and
ultraviolet® (uv) and x-ray photoelectron spectroscopy
(XPS).5 Ordered thin films of Cg4 can be grown on mica,
which are face centered cubic (fcc) with a lattice constant
ao = 15.9 A.% Recently, results from an electron energy-
loss spectroscopy (EELS) in transmission study of Cg4
were reported.”

There are a large number of possible fullerene struc-
tural isomers of Cgq, but it appears from NMR studies
that the samples from different laboratories are remark-
ably similar.? The consensus is that there are D,q(23)
and D, (5 or 22) isomers® in the ratio 1:2, with the D,(22)
isomer thought to be the energetically favored D, form.?

In this paper, we report an investigation of the solid
state electronic structure of well characterized Cgy4 thin
films using EELS in transmission and high-resolution
photoemission spectroscopy (PES). Our results show
that the general features of the electronic structure of
Cgy are similar or analogous to those of Cgo. However, in
comparison with Cgg, the lower molecular symmetry and
correspondingly lower degeneracy of the electronic levels
do result in significant reductions in both the sharpness
of the electronic bands in Cg4, and the magnitude of the
fundamental gap.
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II. EXPERIMENT

Cgq of purity 97.5% by weight was prepared us-
ing state-of-the-art liquid chromatographic treatment
of fullerene-containing carbon soot produced using the
Kratschmer/Huffman gas discharge method.! Details of
the separation, purification, and characterization proce-
dures will be published elsewhere.?

The thin films for EELS investigations (~1000 A thick)
were prepared by sublimation of Cgq4 at ~550°C from a
copper crucible onto KBr single crystal substrates held at
140°C in a vacuum chamber with base pressure 5x10~?
mbar. The films were subsequently floated off the sub-
strates in distilled water, mounted on standard electron
microscopy grids, and immediately transferred to the
EELS spectrometer (base pressure 3 x 10~° mbar) in
which they were annealed in vacuo at 350 °C. The same
free-standing films were also characterized using trans-
mission electron microscopy (TEM). The energy-loss as
well as electron diffraction data were recorded at room
temperature in transmission using a spectrometer!! hav-
ing a primary beam energy of 170 keV. The energy res-
olution of the spectrometer was set to 0.14 eV. The mo-
mentum resolution was chosen to be 0.04 A~ for the
valence band excitations and elastic scattering (electron
diffraction) measurements, and 0.20 A~! for the C 1s
core excitations.

For the photoemission measurements, Cgq was sub-
limed from a well-degassed Knudsen cell at 500 °C onto
a freshly evaporated gold film held at room temperature.
The film thickness was ~40 A, deposited at a rate of ~0.6
A /min, as determined by a quartz crystal thickness mon-
itor. After deposition, the Cg4 was annealed at 150 °C for
1 h to improve crystallinity. The photoemission spectra
were recorded using He I radiation (hv = 21.22 V), with
a total energy resolution of 25 meV. Both the resolution
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and the position of the Fermi level of the spectrometer
(and hence the sample) were monitored using measure-
ments on a clean Au film at 15 K. The data shown here
contain no correction for He 1 satellite lines.

III. RESULTS

From analysis of the TEM data (not shown), as well
as electron diffraction experiments carried out in situ in
the EELS spectrometer, the Cgq4 thin films grown on KBr
present a (111) surface of a face centered cubic (fcc) lat-
tice with ag = 15.8 A. Within error, this is identical to
the result of Saito et al.® from films grown on mica. The
TEM images revealed that the films were comprised of
mainly single-domain ordered regions of average exten-
sion ~700 A, which is slighly larger than the domain size
reported by Saito et al.®

In Fig. 1 we show the loss function Im(—1/¢) of Cgq
for small momentum transfer (g=0.1 A~'). After sub-
traction of the contributions from the direct beam and
multiple scattering,'? the absolute value of the loss func-
tion can be obtained from a Kramers-Kronig analysis.
This provides the real and imaginary part of the dielec-
tric function, €; and ez, respectively. These quantities
are also shown in Fig. 1. For the purposes of comparison
with present and future optical data, we have also eval-
uated the optical conductivity o(w). This can be seen in
the bottom panel of Fig. 1.

The low-energy excitations of Cg4 shown in Fig. 1 con-
tain two main groups of features.” The first of these is
located at energies less than ~ 10 ¢V with a maximum at
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FIG. 1. The loss function Im(—1/€), the real and imaginary
parts of the dielectric constant, €; and €z, and the optical
conductivity o(w) of solid Css. The momentum transfer is
0.1 A"
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~ 6.2eV in the loss function, while the second set of fea-
tures at higher energy is centered on a peak at ~ 24.6 eV.
We note that a clear gap is observed at low energy, with
an onset in the loss function at 1.2+0.1 eV, in agreement
with Kuzuo et al.”

The C 1s core level excitations of Cg4 can be seen in
Fig. 2. Neglecting the effect of the core hole, these exci-
tations from the C 1s level into C 2p—derived bands are
related to the unoccupied density of states (DOS) having
C 2p character. The onset of the C 1s transitions in Cgq
is 283.7 eV. The first peak is found at 284 eV, followed
by a broad peak with a maximum at ~ 285.9 eV which
has three shoulders at lower energy (~ 284.7, ~ 285.2,
and ~ 285.6 eV). There then follows a weak maximum
at ~ 287.3 eV and a steplike structure at ~ 290 eV.

The photoemission spectra of Cg4 as a function of tem-
perature are shown in Fig. 3. In the room temperature
spectrum, the onset of spectral weight is located at a
binding energy (BE) of 1.3 eV, with maxima at 2.1, 3.4,
5.4, 6.4, and 7.8 eV BE. Further bands are evident as
shoulders on the main peaks, located at 1.7, 3.1, 4.5,
5.1, and 8.5 eV BE. These results are broadly in agree-
ment with an earlier photoemission study of Cg4,* al-
though the superior energy resolution and statistics of
the present data allow the discrimination of more fea-
tures with greater certainty. The widths of the leading
features are estimated from peak fitting to be 1.3 and 1.4
eV. It can be seen that there are no great changes in the
spectral profile across the measured temperature range.

IV. DISCUSSION

Before discussing the valence band excitations shown
in Fig. 1 in detail, it would be useful to consider the as-
sumptions made in applying the Kramers-Kronig analy-
sis to the loss function. To perform the Kramers-Kronig
analysis, the absolute scale of the ..ss function has to
be known. This is usually determined either from prior
knowledge of the value of €;(0) from another source, or
from the value required for agreement with the oscillator
strength sum rule, in which the effective density of va-
lence electrons, neg, is related to the imaginary part of
the dielectric function, €3, by the following relation:
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FIG. 2. C 1s absorption edge for Cas.
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FIG. 3. He 1 photoemission spectra of Cs4 as a function of
temperature. The solid lines are intended as a guide to the
eye.

in which F is the energy and m the electron mass. For
Ceo, the value of €;(0) = 4.2 is known from ellipsometric
measurements.'® This allows the experimental derivation
of neg for Cgp,'* which is found to be 10% lower than
that arrived at from the total number of valence electrons
(4nc, where nc is the number of carbon atoms) and the
volume of the unit cell.!® To the best of our knowledge no
direct experimental value of €;(0) has been determined
for Cgyq; thus, by analogy with Cgp, we scale the loss
function using the sum rule (1), taking n.g, as in Cego,
to be 10% lower than the value derived from 4nc and
the unit cell volume. This results in €;(0) = 5-6 for Cgy,
taking a fcc unit cell with g = 15.8 A. This value of
€1(0) is higher than that of Cgo, which is in keeping with
the smaller band gap of the higher fullerene.

The loss function of Cg4 seen in Fig. 1 displays two
main features familiar from the spectra of other m-bonded
carbon systems such as Cgo and Crp,'* graphite,!! and
polyacetylene.!! In these compounds, the prominent
peak in the region of 20 eV (24.6 eV in Cgy) is ascribed
to a collective excitation of the total 7 + o valence elec-
tron system. The preceding structure with a maximum
near 6 eV is the corresponding plasmon of the m electrons
alone (this appears at ~ 6.2 eV in Cg4). In Cags4, both of
these features appear at slightly different energies than
in Cgo. In common with Cgg, the energy of the m and
7 + o plasmons observed in Cg4 cannot be correctly re-
produced within calculations based on the Drude model
alone.’®'® Assuming the same electron density as was
used in the Kramers-Kronig analysis of the loss function
discussed above, the Drude model predicts the energy
of the m + o plasmon of Cgq to be ~ 20 eV, some 5
eV lower than is experimentally observed. However, the
energy of the plasmon, E;, can be more satisfactorily
calculated using a Drude-Lorentz model,’* which gives
E, = (E? + 4mnege®h?/m)'/2, in which the presence of
oscillators at an energy greater than zero, Eg, is included.
In this model, we achieve good agreement with the ex-
perimental plasmon energy (25 eV) taking E; ~ 14 eV.
This value is reasonable in light of the optical conductiv-
ity data shown in Fig. 1, in which the largest contribution
to the oscillator strength, due to ¢ — o* transitions, is
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situated between ~ 8 and 35 eV and has a maximum
at ~14 eV. The value of the onset in the loss function
closely resembles the gap value obtained from uv absorp-
tion measurements of Cgq4 in solution (~ 1.2 eV),® as well
as that from C 1s core level photoemission shakeup satel-
lite structure (~ 1.4 eV).® The similarity of the size of
the solution and solid state gap points to the molecular
nature of the latter transition in solid Cgs. These gap
values are smaller than those of solid Cgg,%'” and result
from the reduction of the w-m* energy level separation
as a consequence of the lower degeneracy in the higher
fullerene.

The C 1s absorption spectrum shown in Fig. 2 rep-
resents transitions from the C 1s core level into the
bands derived from the unoccupied 7* and o* molec-
ular orbitals of the Cgs molecules in the solid [i.e.,
C 1s -»LUMO (lowest unoccupied molecular orbital),
LUMO+1, LUMO+2, etc.]. There is a pronounced min-
imum between the first feature due to C 1s -LUMO
transitions and the higher excitation channels, together
with clear fine structure in the latter. These details were
not observed in an earlier EELS study of Cgs.” However,
the C 1s absorption spectrum of Cg, still shows less dis-
tinct spectral features than is the case for Cgo.'* This is
a consequence of the lower symmetry of Cgy with respect
to Ceo, and thus of the lower degeneracy of the electronic
levels of the higher fullerene. In particular, the structure
observed at energies above the C 1s -LUMO peak (i.e.,
between 286 and 290 eV) in Cgp is smeared out in Cgs.
Additionally, the relative intensity of the first peak (C
1s -LUMO) is also lower in Cg4 than in Cgo. This last
point results, at least in part, from the presence of a min-
imum of 32 inequivalent carbon sites in the solid resulting
from the Cgy isomer mixture in the sample. From anal-
ogy with graphite'* and Cgo,'* the steplike structure at
~ 290 eV is assigned to the onset of transitions from the
C 1s level to the unoccupied o*-derived bands.

Turning to the photoemission spectra shown in Fig. 3,
the width of the features in the Cgq spectrum, and in
particular the two peaks at lowest BE, is greater than
in Cgp [in which the highest occupied molecular orbital
(HOMO) and HOMO-1 have widths 1.0 and 1.2 eV,
respectively®]. At this stage it is difficult to definitively
assign the observed peaks in the photoemission spectrum
to bands derived from particular molecular orbitals of
Cgs. This follows from both the polyisomeric nature of
the sample, and the high degree of overlap between the
different features in the spectrum (which in turn results
from the relatively low degeneracy of the molecular en-
ergy levels of Cgq). However, by analogy with Cgo, and
together with the photon-energy-dependent photoemis-
sion data of Cgs from Hino et al., it would appear likely
that at least the first two features are derived from the
uppermost groups of w-bonding molecular orbitals.

The onset of the occupied DOS of Cg4 seen in Fig. 3
is at 1.3 eV BE. In inverse photoemission (IPES), the
onset of the first unoccupied band of Cg4 is found at 0.4
eV above Er.!° Thus the gap from PES and IPES is
~ 1.7 eV. This quantity is a measure of the gap between
the (N — 1) and (IV + 1) electronic states, where N is
the number of electrons in the ground state electronic
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configuration of Cg4, and represents the energy gap that
needs to be overcome in the transport of electrical cur-
rent through the material. In Cgg, this so-called trans-
port gap is ~2.3 eV and is some 0.8 eV higher than the
gap value from optical or EELS studies of solid Cgo.2%%!
Thus, as expected, Cgq has a smaller gap between the oc-
cupied and unoccupied bands derived from the molecular
orbitals than Cgo. Additionally, in Cgg this discrepancy
between the PES-IPES gap and the EELS gap is taken
as evidence that the low-energy excitations correspond to
Frenkel-type molecular excitons. In the case of Cgy4, the
transport gap from PES-IPES is ~0.5 eV greater than
that from EELS and thus it would seem that in this case
too the low-energy excitation observed in EELS is exci-
tonic in nature. This conclusion is further strengthened
by the fact that the size of the gap of solid Cgy4 is the
same as that observed in solution.

By analogy with other fullerenes, it would be reason-
able to expect that the quasispherical shape and weak
intermolecular interactions in solid Cg4 would result in
a significant degree of temperature-dependent orienta-
tional disorder. It is seen from Fig. 3 that the PES pro-
file of Cg4 remains essentially unchanged on either heat-
ing (415 K) or cooling (10 K) from room temperature.
This result does not necessarily preclude the existence of
temperature-dependent orientational disorder in Cgy4, as
similar behavior has been observed for Cgo, in which the
expected changes in the occupied DOS resulting from the
solid state phase transitions were not observed in high-
resolution PES.!® This was suggested to be a result of a
smearing out of the expected fine structure due to the
excitation of phonons, possible Jahn-Teller distortion,
or the existence of satellites resulting from the effects
of strong correlation.'® The same potential broadening
mechanisms may also lead to the lack of any observed
temperature dependence in the PES spectra of Cgs. In
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addition, the existence of at least two isomers may pre-
clude the observation of phase transitions related to ori-
entational ordering, due to the extra disorder inherent
in the mixed isomer system. The apparent temperature
independence of the PES profiles of Cgo and Cgg is in con-
trast to the case of Cvg, in which several features show an
enhancement in intensity above room temperature, with
increasing broadening of these features as the tempera-
ture is decreased to 40 K.22

V. CONCLUSIONS

The present study of the electronic structure of thin
films of Cg4 using EELS and PES has revealed the gen-
eral similarities of the electronic structures of Cgq and
Cego. However, the lower symmetry and thus degeneracy
of the electronic levels of the former leads to the broaden-
ing of many of the features in the spectra in comparison
to Cgo. The lifting of the degeneracy in Cgy is also evi-
dent in the smaller gap observed in the loss function (1.2
eV) compared to Cgo. In common with Cgo, the gap
excitation in solid Cg4 is excitonic in character.

ACKNOWLEDGMENTS

Our thanks to the authors of Ref. 19 for the com-
munication of their results prior to publication. M.M.K.
acknowledges the support of the Bundesministerium fiir
Forschung und Technologie (BMFT) under “Pilotpro-
gram Fullerene,” and also gratefully acknowledges the
assistance of M. Bulla in the Cg4 purification. M.S.G.
thanks SERC/NATO for funding and H.A.R. acknowl-
edges support of the BRITE/EURAM research project
HICOPOL.

* Present address: Institut fiir Festkorper- und Werkstoff-
forschung Dresden eV, Institut fiir Festkorperforschung,
Postfach 16, D-01171 Dresden, Federal Republic of Ger-
many.

! W. Kratschmer et al., Nature (London) 347, 354 (1990).

2 F. Diederich and R. L. Whetten, Acc. Chem. Res. 25, 119
(1992); K. Kikuchi et al., Nature (London) 357, 142 (1992);
D. E. Manolopoulos et al., J. Chem. Soc. Faraday Trans.
88, 3117 (1992).

* K. Kikuchi et al., Chem. Lett. 16, 1607 (1991).

4S. Hino et al., Chem. Phys. Lett. 190, 169 (1992).

5D. M. Poirier et al., Z. Phys. D 26, 79 (1993).

Y. Saito et al., Phys. Rev. B 48, 9182 (1993).

" R. Kuzuo et al., Phys. Rev. B 49, 5054 (1994).

8 The notation used here corresponds to that shown in Fig.
3 of D. E. Manolopoulos and P. W. Fowler, J. Chem. Phys.
96, 7603 (1992).

9 D. Bakowies et al., Chem. Phys. Lett. 200, 411 (1992).

19 R. Michel et al. (unpublished).

1 3. Fink, Adv. Electron. Electron Phys. 75, 121 (1989).

12 p Livins et al., Phys. Rev. B 38, 5511 (1988).

135, L. Ren et al., Appl. Phys. Lett. 59, 2678 (1991); M. K.
Kelly et al., Phys. Rev. B 46, 4963 (1991).

14 B Sohmen, J. Fink, and W. Kriatschmer, Z. Phys. B 86,
87 (1992).

15 This reduction in n.g is reasonable in light of the difficulties
associated with carrying out the integration of Eq. (1) up
to infinity.

16 B. Sohmen and J. Fink, Phys. Rev. B 47, 14532 (1993).

17 G. Gensterblum et al., Phys. Rev. Lett. 67, 2171 (1991).

18 M. Merkel et al., Phys. Rev. B 47, 11470 (1993).

D, M. Poirier, R. J. Pechman, J. H. Weaver, K. Kikuchi,
and Y. Achiba (unpublished).

20 J. H. Weaver, J. Phys. Chem. Solids 53, 1433 (1992).

21 R. W. Lof et al., Phys. Rev. Lett. 88, 3924 (1992).

22 M. Knupfer, D. M. Poirier, and J. H. Weaver, Phys. Rev.
B 49, 2281 (1994).



