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Electronic and geometric structures of C7o
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We have calculated the electronic structure of the C70 cluster of the D5h geometry by the local-
density approximation. The electronic levels obtained show excellent agreement with photoemission
experiments, which provides a further strong support for this geometry. The bunching of levels
is observed at several energies, including the regions around the highest-occupied state and the
lowest-unoccupied state, showing the possibility of superconductivity in doped solid C70. The total-
energy calculation suggests that the bond-length alternation found in C60 is also present in C70.
The calculated binding energy per atom of the C70 cluster is found to be slightly larger than that
of the C60 cluster. This implies the importance of dynamical effects on the relative abundance of
fullerenes.

In the last decade, atomic clusters have attracted much
interest and mass spectra of various kinds of clusters have
been reported. r In the case of carbon clusters, C~, only
even-N clusters have been found for medium-size clusters
(N ) 30) in early work on the mass spectrum. 2 A later
experiment with an additional space for cluster growth
at the supersonic nozzle has revealed the extraordinary
stability of C6p. The reported mass spectrum has only
two clear peaks at C6p and C7p, although the peak at C6p
is much stronger than that at C7p. To account for these
unusual mass spectra, cage structures are proposed for
C~ (fullerenes). s The ProPosed structures for Cso (Ref.
3) and C70 (Ref. 4) are shown in Fig. 1. These cage-
structure C~ are expected to trap atoms and molecules
inside (C~X), and C~ and CrvX are believed to have a
great potential of application in various fields.

Recently, carbon soot produced by the contact, arc in
inert gas was found to contain considerable amounts of
Cso and C70 clusters. The C7o-to-Cso ratio is about 0.1

to 0.3. Moreover, both C6p and C7p are found to form
crystalline solids. Since then, many kinds of studies on
C6p have already been done. In NMR experiments, sixty
atomic sites in Cso are found to be equivalent, and the
proposed truncated icosahedron structure [Fig. 1(a)] has
been confirmed. In the truncated icosahedron, there are
two kinds of bonds. One is on the pentagon and believed
to have a single-bond character. The other is shared by
hexagons, having double-bond character. The NMR ex-
periments on C6p have also provided the estimated values
of bond lengths of 1.45 + 0.015 and 1.40 6 0.015 A for
these single and double bonds. Electronic structui. es of
C6p cluster and solid C6p have also been reported. '' In
the case of C7p, on the other hand, NMR experiment
has revealed that there are five different atomic sites,
supporting a structure with Dsg sylTlmefry [Flg. I(b)].
Huckel, complete neglect of differential overlap, ' and
Hartree-I"ock calculations on the electronic structure of
the D5I, C7p cluster have bccn rcpolted. Thc onc-electron
energy levels of C7p, however, have not been discussed

quantitatively so far. In the present work, we have cal-
culated the electronic structure of the C70 cluster of the
D5h, geometry by using the local-density approximation
(LDA) in the density-functional theory. ~s The energy-
level distribution obtained shows interesting differences
as well as similarities compared to that of C6p, suggest-
ing the possibilitiy of superconductivity of doped solid
C7p. The electronic structure is also found to show ex-
cellent agreement with recent photoemission and inverse
photoemission spectra, providing another strong sup-
port for this geometry. The binding energy per atom of
C7p is found to be comparable to or slightly larger than
that of C6p, also showing the high stability of the D5p
C7p.

In the electronic-structure calculation, we have used
norm-conserving pseudopotentials for the C atom. The
basis functions used are the Gaussian orbitals. ~s Success-
ful results on diamond (sp C atoms) and graphite (sp
C atoms) by the present met, hod have been reported
elsewhere, showing the applicab ility of the present
method to fullerenes where C atoms have not only an sp"-

component but also a small amount of sp component. In
order to obtain the electronic structure of an isolated C6p
cluster, we have studied the face-centered-cubic C6p crys-
tal with large unit cell (lattice constant of 17.0 A), where
clusters do not interact with each other. In the present
calculation, a lar e hexagonal-primitive cell (a = 12.5
A. and c = 20.6 ) is used for C7o. Energy eigenvalues
at the I' point in reciprocal space are considered to be the
discrete one-electron energies of the isolated cluster. The
C7Q-cluster studied has the C6p bond lengths for ri to r~
and the graphite bond length for r7 and rs in Fig. 1(b)
(r) ——rs ——rs ——rs ——1.46 A, r~ = rq —1.40 A, and
p7 —ps —1.42 A). This C70 is obt ained by dividing the
Csp cluster into halves and adding Cqu [type e atoms in
Fig. 1(b)] with graphite bond length around them.

In Table I, the calculated binding energy per atom for
the C7p cluster is listed together with those of C6p and
graphite. The LDA is known to overestimate the binding
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graphite
C6O

C7o

Binding energy per atom

8.11
7.40
7.42

energy of the system. (The experimental binding energy
per atom for graphite is about 7.4 eV. ) Therefore, only
relative values in Table I are important. Csp and C7p are
found to have similar binding energies per atom, about
91% of that of graphite. It is interesting to note that the
calculated binding energy per atom of the C7p cluster is
larger than that of the C6p cluster, although the abun-
dance of C6p is much higher than C7p in the C~ cluster

TAB LE I. Calculated binding energies per atom of
graphite, the Cso cluster, and the Cra cluster (eV).

beam as well as in carbon soot. This implies the im-
portance of dynamical eA'ects on the relative abundance
of carbon clusters. If C6p clusters are less reactive than
C7p clusters, more C6p will survive in the cluster forma-
tion process, yielding a high abundance of C6p. We have
also studied another geometry of the C7Q cluster in which
all bond lengths are equal to that of graphite. We have
found that this C7Q has smaller binding energy by about
2 eV per cluster than the C7Q discussed above (i.e. , C7o
with Ceo and graphite bond lengt, hs). Hence, the bond-
length alternation of single and double bonds found in

Csu is also expected to be present. in the C7u cluster. '

In Fig. 2, the calculated energy levels of the C70 clus-
ter are shown. The energy width between the deepest va-
lence state and the highest-occupied state is about 19 eV,
which is similar to that of the C6p cluster, and to the
valence-band widths of graphite and diamond. Since the
assumed symmetry is D~g, there are only up to twofold
degenerate states in C7p. Still the bunching of the levels
at several energies is observed. This bunching proba-
bly comes from the spheroidal shape of the C7u. In the
case of C6p, the bunching of levels has been attributed
to its nearly spherical symmetry since levels can be char-
acterized by spherical harmonics. One-electron levels in
a spheroid are expected to show a similar shell structure
to the spherical shell with minor splittings to spheroidal
subshells if the spheroidal deformation from the sphere
is not so large, The D5h symmetry may introduce further
small splittings to these spheroidal subshells. Ten occu-
pied and three unoccupied orbital states are bunched to-
gether around the highest-occupied state and the lowest-
unoccupied state, respectively. The rather large energy
gap (1.65 eV) between the highest-occupied state and the
lowest-unoccupied state is found. This is in good agree-
ment with the experimental value of 1.6 eV obtained by
the photoelectron spectroscopy. Since the energy gap
found here is of similar magnitude to that of the C6p
cluster, we can expect that solid C7o is a semiconduc-
tor as in the case of solid C6p. The lower thirty-five states
above the energy gap (at +1.65 to +7.14 eV) are consid-
ered to have mainly 7t characters. There is a small gap

C70

2-
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hl
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Cl

C7O
0
-20 -10 0

Energy (eV)

FIG. 1. Geometry of (a) Ia Cso and (b) Dsa Cra. In the
Cro cluster, there are five inequivalent atomic sites (a —e)
and eight kinds of bonds (ri —rs).

FIG. 2. Calculated energy levels of the C7o cluster. En-
ergy is measured from the highest-occupied state.
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FIG. 3. Calculated density of states per cluster of (a) Cso
and (b) C70 obtained by the Gaussian broadening of the dis-
crete energy levels (solid lines). The full width at half max-
imum of the Gaussians used is 2 eV for the levels which are
lower than —10 eV, and 0.5 eV is used for higher levels. The
experimental photoemission and inverse photoemission spec-
tra (Refs. 9, 16, and 22) are also shown by the broken lines.
(The used photon and electron energies are 65 and 27.25 eV,
respectively. )

above it. To compare the energy level distribution of C7Q

to that of CqQ, we have shown the Gaussian-broadened
"density of states (DOS)" for CQQ and C7Q in Fig. 3. The
overall similarity between them is clearly seen. At the
same time, there are some differences between them. For
example, the first peak of the occupied states in order of
decreasing energy in C7Q is higher than the second peak.
In the case of CqQ, the first peak is lower than the second.
These calculations are in good accord with experimental
spectra, ' In Fig. 3 we have also shown the photoemission
and inverse photoemission spectra for solid CQQ (Refs.
9 and 22) and solid C7Q. s Although the experimental
spectra contain a cross-section effect, ~3 good agreement

between the DOS and the experimental spectra for both
CQQ and C7Q is obtained. This shows that intercluster
interaction in solid CQQ and solid C7Q is rather small.
Hence, solid C7Q is also expected to be a van der iIVaals

solid as in the case of solid CQQ.
ii The overall feature of

the unoccupied-state DOS of C7Q is also found to show

good agreement with the x-ray absorption spectrum.
These correspondences strongly support the D5h geome-
try for C7Q. In the case of C6Q, the occupied-state DOS
has been found to show the excellent agreement also with
the electron-beam x-ray emission spectrum. In a recent
theoretical work, photoemission spectra of Cqo and C7Q

have been reported, 2 and the results are found to be
in accord with the experimental spectra, and therefore,
with the present results.

Recently, alkali-atom-doped solid CqQ and solid C7Q are
found to become conductive. Moreover, superconduc-
tivities of K CQQ (Ref. 28) and Rb CqQ (Ref. 29) have
been discovered. In the case of K C6Q, the composition
of the superconducting phase is found to be very close
to KSCGQ. In our recent work, it has been found that
K CsQ is an exotic ionic metal and KsCQQ has high den-
sity of states at the Fermi energy, which seems essential to
its relatively high superconductivity transition tempera-
ture. Since the present calculation suggests that solid
C7Q also has rather high density of states around the en-

ergy gap, electron-doped as well as hole-doped solid C7Q
are also potential candidates for the superconductor. The
peak in the C7Q DOS including the highest-occupied state
is higher than the peak including the lowest-unoccupied
state. Hence, the hole-doped solid C7Q may have higher
transition temperature. The mixed solid of C6Q and C7Q
at arbitrary composition is also an interesting candidate.
Moreover, since the C7Q cluster has larger space inside
than the CqQ cluster, there will be more flexibility in
doping atoms and molecules inside the C7Q cluster. The
present work has revealed the great possibilities of appli-
cation of the second most abundant fullerene C7Q.

In summary, the electronic structure of the C7Q cluster
of the D5I, geometry has been obtained by the LDA pseu-
dopotential method. Both the occupied and unoccupied
states show excellent agreement with experimental pho-
toemission and inverse photoemission results, supporting
the assumed geometry of the C7Q cluster. Moreover, the
bunching of levels is found at several energies including
the regions around the highest-occupied state and the
lowest-unoccupied state, showing the possibility of su-
perconductivity of doped solid C7Q. Bond-length alter-
nation of single and double bonds observed in C6Q is also
expected to be present in C7Q from the calculated total
energies. The binding energy per atom of the C7Q clus-
ter is found to be comparable to or slightly larger than
that of the CQQ cluster. This implies the importance of
the dynamical effect on the relative abundance of carbon
clusters.
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