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We present microscopic total-energy calculations which provide a cohesive property and electronic
structures of a new form of solid carbon, the face-centered-cubic Ceo crystal (fcc Ceo). We find that Ceo
clusters are condensed by van der Waals force, and that the resulting fcc Cep is a novel semiconductor
with direct energy gap of 1.5 eV at the Brillouin-zone boundary (X point). We also find that an “impur-
ity” CeoK cluster induces a shallow donor state in fcc Ceo.

PACS numbers: 71.25.Rk, 36.40.+d, 71.45.Nt, 71.55.Ht

Since the interesting proposal of the truncated-icosa-
hedron structure for the Cgo observed as a “magic” clus-
ter in carbon-cluster mass spectra and named ‘“buckmin-
sterfullerene” several years ago,' many theoretical and
experimental works have been done to confirm the pro-
posed structure and to study the physical properties of
Ceo clusters.? Recently, a macroscopic quantity of Cgg
clusters has been produced and C¢y has been shown to
bear the truncated-icosahedron structure indeed.® More
surprisingly, Cgo clusters are found in a crystallized form
(solid Cgo). In addition to Ceo, cage-structure C7o and
Cg4 clusters have been produced in large quantities and
are also found in crystallized forms.* These new forms
of solid carbon are now being studied intensively since
they have a great potential of application as new materi-
als. Moreover, these cage-structure carbon clusters Cy
are expected to trap atoms and molecules inside, ! and
such Cy X clusters (X represents trapped atoms or mole-
cules) may exhibit a variety of electronic structures.
Therefore, Cy and CnX clusters provide a new set of
atomlike units which could be used not only to construct
new materials but also to make small molecular devices.

In this Letter, we report a cohesive property and elec-
tronic structures of face-centered-cubic (fcc) solid Ceg in
which truncated-icosahedron Cgg clusters are held to-
gether on the lattice sites. [Both the fcc phase® and the
hexagonal-close-packed (hcp) phase® of solid Cg¢o have
been reported experimentally so far.] We have found
that, in fcc Cg, clusters are condensed by rather weak
van der Waals force, and that fcc Cgo exhibits peculiar
optical excitations, and it is a semiconductor with direct
energy gap at the Brillouin-zone boundary (X point).
We have also calculated donor and acceptor impurity
levels using the effective-mass theory, and the CeoK clus-
ter is proposed as a candidate for a “donor cluster” in fcc
C6().

Total energies and the one-electron energies (band
structure) are calculated using the local-density approxi-
mation’ (LDA) in the density-functional theory.® For
the exchange-correlation potential, we have used the
parametrized Ceperley-Alder potential.® The norm-
conserving pseudopotentials'? are constructed to describe

the electron-ion interaction. The wave functions are ex-
panded in terms of the Gaussian-orbitals basis set,'
whose exponents used, 0.299 and 2.908 for s and 0.362
and 2.372 for p orbitals, are determined by fitting the
numerically obtained pseudoatomic orbitals. It has been
confirmed that the present method successfully describes
both the strong bond formation and the weak van der
Waals force between C atoms: For graphite, the calcu-
lated bond length within the layer agrees with the experi-
mental value with a difference of 1.7%, and the opti-
mized interlayer distance is 94.7% of the experimental
value. For diamond, the difference between the calculat-
ed lattice constant and the experimental one is 0.2%.
The Cgo cluster consists of twenty hexagons and twelve
pentagons (Fig. 1). The former involve the sp? hybridi-
zation and the latter the sp® hybridization. (The bond
angle 108° in the pentagon is very close to the angle
109°28' in the ideal sp3 hybridization.) Since the pres-
ent method is reliable both for the sp? configuration
(graphite) and for the sp’ configuration (diamond) as
well as for describing the weak van der Waals force, we

FIG. 1. Geometry of the Cqo cluster. There are two dif-
ferent types of C-C bonds; one is on the regular pentagon (sin-
gle bond) and the other is shared by two hexagons (double
bond). Crystal axes of the fcc lattice assumed in the calcula-
tion of fcc Ceo are also shown. Each crystal axis crosses the
double bond at the midpoint.
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expect that it also provides reliable results for the Cgo
cluster and solid Cgp.

In Fig. 1, the geometry of the system studied is shown.
Each Cgo cluster has two different bonds within the ico-
sahedral symmetry. One is those which constitute regu-
lar pentagons (with the length r;), and the other those
which are shared by two hexagons (r,). The latter thirty
bonds are believed to be the so-called “double bonds.”
Actually, a recent nuclear-magnetic-resonance experi-
ment'? has shown the existence of two different bond
lengths in the Cgo cluster, 1.46 and 1.40 A, which we
have used for r| and r; in the present work. On each fcc
lattice site, we have placed the Cgo cluster so that the
point group becomes the highest symmetry, 7. The
point group T is one of subgroups of both 7, and Oy. In
this choice of the orientation of Cgg clusters on fcc lattice
sites, each cluster has twelve equivalent nearest-neighbor
clusters.'3 Then, each pentagon in a Cgg cluster has two
C atoms which are nearest to the neighboring Ceo clus-
ter. (There are three kinds of C atoms in each cluster:
24 C atoms which are the nearest neighbors of other
clusters, 12 C atoms closest to the three crystal axes in
Fig. 1, and the remaining 24 C atoms.)

In Fig. 2, the calculated total energies of fcc Cgo are
shown, measured from the total energy of the isolated
Cgo cluster, as a function of the fcc lattice constant (a)
around the experimental value (ag=14.198 A).® The
isolated cluster has been simulated by a much larger
lattice-constant calculation, a =1.2a¢, and is found to
have the cohesive energy of 7.4 eV per atom. As can be
seen from Fig. 2, Cgo clusters are condensed by rather
weak van der Waals force. Even though each cluster has
twelve nearest-neighbor clusters, the calculated cohesive
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FIG. 2. Total energy per Ceo cluster in the fcc Ceoo crystal,
measured from the total energy of the isolated Ceo cluster, as a
function of the lattice constant a. ao is an experimental lattice
constant. The solid line is a guide for the eye.
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energy per Cqo cluster is 1.6 eV, which is much smaller
than the typical C-C bond energy (more than 3 eV).
This feature is visible in the contour map of the valence-
electron density (Fig. 3). There is no chemical bond be-
tween Cgg clusters. Also, the difference between the dou-
ble bond and the single bond within a cluster can be
seen. The valence-electron density between Cgo clusters
is much lower than the densities at single and double
bonds within a Cgg cluster.

In Fig. 4(a), the calculated energy levels of the Cgo
cluster and the band structure of fcc Cgo at the experi-
mental lattice constant are shown. The isolated Cgg clus-
ter has an icosahedral symmetry (/) and its energy lev-
els have up to fivefold degeneracies. It can be seen that
the deeper levels of the Cqo cluster have very little disper-
sion even when they form an fcc crystal. These levels are
considered to be the bonding states of ¢ bonds. On the
other hand, most levels between —6 and +7 eV have
considerable dispersion in fcc Cgp. We can assign these
bands as the n-bond states since the 7 bond spreads out-
side the cluster more than the o bond and has larger in-
tercluster overlap. Levels above 7 eV again have little
dispersion in fcc Cgp and they correspond to the anti-
bonding states of o bonds. The valence-band structure is
in excellent agreement with the recent x-ray photoemis-
sion studies of solid Cgo,'* and is consistent with the
plane-wave basis-set calculation with very soft pseudopo-
tentials. '

The highest-occupied state of the Cgq cluster is the A,
state and is completely occupied by ten electrons. The
energy gap between the h, and the lowest unoccupied

FIG. 3. Contour map of the valence-electron density of the
fcc Ceo crystal on the (010) plane. Solid circles denote C
atoms. The highest-density contour around each C atom rep-
resents the equal-density line of 2.04x 10 ~2/A*. Each contour
represents twice (or half) the density of the neighboring con-
tours. In addition to the two double bonds formed by the C
atoms shown, the (010) plane vertically cuts four single bonds
and two double bonds at their midpoints in each Ceo (see Fig.
1). The highest-density region of the double bond is slightly
wider than that of the single bond.



VOLUME 66, NUMBER 20

PHYSICAL REVIEW LETTERS

20 MAY 1991

(a) (b)
10 T 2
1 [
9s === —
’»hg,tQH 1.5
t1g
t1u 1|7 1
— ot hu
- h
T et .
S—
P>
= — ——
= r 0.5}
SR |
0 r g\ Z g
=20 I I I ] ~05
5 3 1 r A X W L » X I A X W L r b X
Degeneracy

FIG. 4. (a) Electronic energy levels of the Ceo cluster (left panel) and the band structure of the fcc Ceo crystal (right panel). fcc
Ceo is found to be a semiconductor and the valence-band top at the X point is defined as the zero energy. The cluster energy levels
have been shifted so that the highest occupied state (k,) is aligned at the mean value of the five highest occupied bands of fcc Ceo at
the I" point. The optically allowed transitions with excitation energies less than 6 eV are indicated by arrows. (b) Band structure of
fcc Coo around the energy gap. Both the valence-band top and the conduction-band bottom are at the X point.

state, ,, is about 1.9 eV. In the energy levels of the Cgo
cluster, the lowest six optically allowed excitations,
hy—tig, hg— tiu, hy— hg, g¢g— t24, hg— t3,, and
h, — g, are shown by arrows in Fig. 4(a). The calculat-
ed excitation energies are 2.87, 3.07, 4.06, 5.09, 5.17,
and 5.87 eV, respectively. The experimental photoab-
sorption spectrum of the Cg cluster'® exhibits peaks at
3.06, 3.76, 4.82, and 5.85 eV, some of which agree well
with the present results. If the system has a perfect
spherical symmetry, the energy levels can be character-
ized by angular momentum number /, and the optically
allowed transitions are from / to /&1 states (Al=1).
The second and the third highest occupied states of Cgo,
g, and hg, correspond to the /=4 state of the spherical
symmetry. The highest occupied state h, is one of the
substates of the / =35 state. The optical transitions listed
above correspond mostly to A/ =1 transitions in spherical
symmetry and are expected to have considerable oscilla-
tor strength. Since there are clear correspondences be-
tween the energy levels of the Cgp cluster and the energy
bands of fcc Cgp, we can expect that the optical spectra
of fcc Cgg are similar to those of the Cgg cluster.

The energy gap of the Cgo cluster remains finite when
Ceo clusters form the solid. In Fig. 4(b), several energy
bands of fcc Cep near the energy gap are shown. Both
the valence-band top and the conduction-band bottom
are located at the X point. The present LDA calculation
indicates that the fcc Cep crystal is a direct-gap semicon-
ductor with an energy gap of 1.5 eV. The transition be-
tween the valence-band top and the conduction-band
bottom is optically forbidden.'®

The calculated effective mass of the conduction band
is 1.3m, (m, is the bare electron mass). Then, it gives a
rather shallow donor state with the ionization energy of
60+ 30 meV. Here, we have used the static dielectric
constant ¢p =18 £ 4 which is estimated from an approxi-
mate formula,'” €g=1+4zNe’h*/m.E, where N is the
valence-electron density. E, is a typical excitation ener-
gy of the system. From the experimental photoabsorp-
tion spectra,'>'81° we have assumed £, =5.3+0.6 eV.

There are two valence bands relevant to the hole
states. Their effective masses are 1.5m, and 3.4m,. The
light-hole state is found to locate slightly lower in energy
than the heavy-hole state (about 10 meV). The acceptor
levels associated with the lower and the upper valence
bands have the ionization energies of 60+ 30 and 170
+ 70 meV, respectively.

In our previous work,?? we have calculated the energy
levels of Cgo and CgoK clusters using the numerical
atomic orbitals with Slater’s Xa exchange-correlation
potential. The calculated energy levels of the Cgo cluster
are very similar to those of the present result. The C¢oK
cluster has already been produced as a cluster beam,’
and the K atom is believed to be inside the Cgo cage. In
the C¢oK cluster, the 4s valence electron of the K atom is
found to be transferred to the outer Cgo cage. If the
CeoK cluster is in fcc Cgp, the additional electron of the
Ceo cage should be bound around the CgoK cluster, but
extended due to the screening effect: the donor state dis-
cussed above. Hence, the C¢oK cluster may be used as a
“donor cluster” in the semiconductor Cgp. The bare K-
atom impurity in fcc Cgo may also act as a donor. Inter-
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stitial sites of solid Cg¢o have enough space for various
atoms to sit. Halogen atoms and halides may act as ac-
ceptors in solid Cg.

In conclusion, the present work has revealed that the
new form of carbon crystal, fcc Cep, is a novel semicon-
ducting material with a direct energy gap at the Bril-
louin-zone boundary. In addition, donor and acceptor
impurity levels have been calculated using the effective-
mass theory, and the CgoK cluster has been proposed as
a donor cluster in the solid Cgo, showing the great pos-
sibilities of application of the cage-structure clusters
(buckminsterfullerenes), Cy and Cy.X.
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