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First-Principles Calculation of Optical Properties of Cgo in the fcc Lattice
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The electronic and optical properties of Ceo in the fcc lattice have been studied by a first-principles
method. It is shown that Cgo has a low dielectric constant and an optical spectrum rich in structures;
this is drastically different from diamond and graphite. The spectrum shows five disconnected absorp-
tion bands in the 1.4 to 7.0 eV region with sharp structures in each band that can be attributed to
critical-point transitions. This is a manifestation of the localized molecular structure coupled with long-

range crystalline order.

PACS numbers: 78.20.Bh, 71.25.Tn

The recent discovery of the third form of carbon in the
form of Cgo fullerene [1] and its crystalline form with a
fcc lattice [2] has prompted an upsurge of experimental
and theoretical studies [3-11]. Research efforts were fur-
ther accelerated by the announcement of the fact that
when intercalated with alkali elements such as K [12-14]
and Rb [15], the Cgo crystal becomes superconducting
with a T. approaching 28 K [15]. Therefore, it is ex-
tremely important to understand the fundamental elec-
tronic properties of this fascinating material. In this pa-
per we report a first-principles calculation of the electron-
ic and optical properties of Ceo in the fcc lattice. Al-
though a number of theoretical calculations on isolated
Ceo clusters exist (see references cited in [4]), the study
of the optical properties of the Cgo crystal is especially
important. The unique structure of Cgo in the crystalline
form raises the question of the proper interplay of the lo-
calized molecular structure and the long-range periodici-
ty in the determination of the electron wave function.

We have used the first-principles, self-consistent, or-
thogonalized linear combination of atomic orbitals
(OLCAO) method in the local-density approximation to
calculate the electronic structure of fcc C¢o. The Wigner
interpolation formula was employed for the correlation
correction. This method has been widely used in the
study of band structures and optical properties of a large
number of solids, especially those with complex structures
[16]. The method is uniquely suited for Cgo since even
with a simple fcc structure, the unit cell contains 240
valence electrons and an economic expansion in the basis
function is crucial [17]. The fcc lattice constant used was
14.20 A with two types of C-C bonds (1.46 and 1.40 A)
in the icosahedral Cgg cluster. The relative orientation of
the Cgo cluster with respect to the z axis was chosen to be
the same as that in Ref. [7]. The basis functions were
Bloch functions which are linear combinations of atomic
C 1s, 2s, and 2p orbitals. The atomic orbitals were ex-
pressed as combinations of sixteen Gaussian-type orbitals
with decaying exponents ranging from 50000 to 0.15. A
high degree of accuracy in fitting the electron charge dis-
tribution as a sum of atom-centered Gaussian functionals
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has been achieved [16]. Because of the large unit cell,
only two special k points were used in the self-consistent
cycle, while for the density-of-states (DOS) calculation,
89 k points in the irreducible portion of the fcc Brillouin
zone (BZ) were employed. The large degree of k-point
sampling in the BZ in conjunction with the linear analyt-
ic tetrahedron method enabled us to evaluate the DOS
with high precision without using the Gaussian broaden-
ing procedure which may wash out van Hove singulari-
ties. For the optical calculation, we have limited the
transition frequency to within the 10 eV range, i.e., all in-
terband transitions from 10 eV below the top of the occu-
pied valence band (VB) to 10 eV above are included. All
relevant dipole matrix elements associated with each pair
of transitions at each k point were included using the
wave functions obtained from the band calculation.
Symmetry-forbidden transitions were automatically ex-
cluded by having zero transition matrix elements between
the Bloch states.

Figure 1 shows the calculated band structure near the
gap. This band structure is similar to the work of Ref.
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FIG. 1. Calculated band structure of Ceo in the fcc lattice
near the gap. Arrows show critical-point transitions.
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[7]1 with the exception of some different ordering in ener-
gy at the X point. We obtained direct band gaps of 1.34
eV at X and 1.87 eV at I'. This difference of about 0.5
eV may represent the difference in the gap value between
a cluster calculation and the present band calculation.
Since the local-density theory generally underestimates
the band gap of an insulator, it is conceivable that the
true gap may be somewhat larger. A similar calculation
for diamond gives an indirect band gap of 4.54 eV com-
pared to the experimental value of 5.47 eV. The band-
widths of the top VB and the first set of unoccupied con-
duction bands (CB) are 0.55 and 0.54 eV, respectively.
The averaged electron and hole effective masses at X are
estimated to be 1.45m and 1.17m, respectively.

The high-resolution DOS spectrum from —6 to +6 eV
is shown in Fig. 2. In this region, the VB and the CB can
be roughly characterized as having five major pieces each
(labeled V1, V2, V3, V4, and V5 and C1, C2, C3, C4,
and C5, respectively). The bandwidths for each piece
range from 0.5 to 1.0 eV. The considerable band disper-
sion implies that it is not adequate to approximate the
electronic structure of a fcc Cgo with that of an isolated
Ceo cluster. However, the narrow bands with minigaps
do originate from the rather flat molecular crystal-like
band structures. For example, V5 actually consists of
two separate pieces with a gap of 0.11 eV. The calculat-
ed DOS is in good agreement with the photoemission
data from Refs. [4,12] and also with other recent calcula-
tions [4,6,7].

The calculated real and imaginary parts of the dielec-
tric function and the energy-loss function are shown in
Figs. 3(a)-3(c). The results of Fig. 3 can be summarized
as follows: (1) The optical spectrum of fcc Cgp is very
rich in structure. The absorption intensity decreases with
increasing photon energy with no noticeable absorption
beyond 7 eV. (2) Broadly speaking, the spectrum con-
sists of five major structures (labeled A4, B, C, D, and E)
centered at 1.8, 2.7, 4.3, 5.3, and 6.3 eV, respectively.
Each absorption band has many sharp substructures. It
is easy to assign these transitions as arising from the oc-
cupied to the unoccupied localized bands shown in Fig. 2
as follows: A4, V1— C1; B, V1— C2 and V2— C1; C,

100

5 10y
[}
o 80 v, v,
> c Cs c
2 60 "2 1 a
B v %
2 40 C,
S
o 20
8
a 0
—6 —4 —2 0 2 4 6
ENERGY(eV)

FIG. 2. Calculated DOS of fcc Ceo. Zero energy at the top
of VB.
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Vi—C3and V2—C2; D, V2—C3 and V1— C4; E,
V1— C5 and V2— C4. We shall return later to the dis-
cussion of specific transitions in the structure 4 near the
threshold. In the inset of Fig. 3(a), we compare the cal-
culated conductivity o(w) =(w/4rn)e(w) with the visi-
ble-ultraviolet absorption spectrum of solid C¢p on quartz
[3] in arbitrary units without any shift in wavelength.
Peaks C and D agree with the data well. Peak B appears
as a weak plateau in the data. The measured peak at 339
nm is absent in the calculated curve and could possibly
come from the presence of Cy. (3) The real part of the
dielectric function & (w) is obtained from the imaginary
part &(w) through the Kramers-Kronig transformation.
The static dielectric constant g or £ (0) of 4.4 is low and
comparable to that of diamond, but is much smaller than
that of Si or GaAs with similar gap sizes. (4) The
energy-loss function (=Im[—1/e(w)]) for fcc Cgo is
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FIG. 3. Calculated (a) imaginary part of the dielectric func-
tion, (b) real part of the dielectric function, and (c) energy-loss
function. Inset: Calculated conductivity curve (solid line) com-
pared with the visible-ultraviolet absorption spectra from Ref.
[3] (dashed line) in arbitrary units.
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shown in Fig. 3(c). There are three very sharp structures
at 3.5, 4.8, and 5.8 eV corresponding to the energy loca-
tions where &(w) vanishes. A broader peak centered at
6.7 eV is also evident. This peak can be fitted by a
Gaussian form with a full width at half maximum of 0.5
eV. This broad peak may come from a collective excita-
tion of the shelled electronic charges of the icosahedral
cage. Such structures in the energy-loss function can be
measured by the inelastic electron-scattering technique
[18].

We now return to discuss the optical absorption within
2 eV of the threshold and defer the discussion for other
regions to future publication. The enlarged &(w) curve
for this region is shown in Fig. 4. Transitions in this re-
gion are from the top set of VB near the gap to the first
set of unoccupied CB shown in Fig. 1. The &(w) curve
shows the transition threshold to be at 1.46 eV, larger
than the minimum direct gap of 1.34 eV at X. This is be-
cause the transition from the top of VB to the bottom of
CB at X is symmetry forbidden as already pointed out in
Ref. [7]. The transition threshold E, appears to be from
the top of VB to the second CB at X. This is similar to
the case in the CuyO crystal [19], except in Cu,O the
minimum transition occurs at the zone center. One
might expect that some transitions at other k points away
from X would be allowed, such that the threshold may be
at an energy between E, and Eo. Such was not the case
because the dipole matrix elements for transitions in the
vicinity of X are all vanishingly small. The small band
gap, a similar symmetry-forbidden direct transition as in
Cu,0, leads to the speculation that an exciton may form
at X in fcc Cgp as in CuO. The other structures in Fig. 4
can also be assigned to specific critical-point transitions.
For example, the major structures P1, P2, and P3 at
1.67, 1.87, and 2.17 eV can be traced to direct interband
transitions at the W, I', and L points, respectively. Other
smaller structures (Po, P¢, Ps, and P4) at 1.6, 1.65, 1.78,
and 2.03 eV can be similarly identified as arising from
critical-point transitions. These critical-point transitions
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FIG. 4. Imaginary part of the dielectric function of fcc Ceo
near the threshold. Ey is the transition threshold. Po-P¢ are
critical-point transitions marked in Fig. 1.

and the threshold are marked by arrows in the band dia-
gram of Fig. 1. The sharpness of optical transitions in fcc
Ceo is the result of the unique combination of a molecular
cluster structure in Cgo, which gives rise to the localized
bands, and the long-range fcc lattice, which gives the crit-
ical points in the BZ.

It is of high interest to compare the optical dielectric
function of fcc Cep with those of the other two forms of
carbon, diamond and graphite. Diamond is an insulator
with a measured optical gap of 5.7 eV while graphite is a
semimetal with a zero gap. In Fig. 5, we show the &
curves of diamond and graphite (in the | and L direc-
tions) calculated by the same OLCAO method for photon
frequency up to 25 eV. It is clear that there is no resem-
blance with C¢o whatsoever. In diamond, the single wide
absorption band in g, is at 12.0 eV with a maximum only
slightly lower than that in Ce. For graphite, the absorp-
tion is much weaker. In the Il direction, the absorption is
in the 11 to 16 eV region while in the L direction (x-y
plane), the absorptions are below 6 eV or above 12 eV.
In Ceo, there is virtually no absorption above 7 eV.

In summary, we have presented the first detailed opti-
cal calculation of Cgy in the fcc lattice which shows a
spectacular pattern of structures that can be analyzed in
terms of the calculated band structure. It is pointed out
that a direct minimal-gap transition at X is symmetry
forbidden and the threshold comes from the transition to
the second CB, similar to Cu,0. All the structures in the
& spectrum can be assigned to critical-point transitions
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FIG. 5. Imaginary parts of the dielectric function of (a) dia-
mond, (b) graphite in the Il direction, and (c) graphite in the L
direction, calculated by the same OLCAO method.
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superimposed on broad band-to-band transitions. Since
Ceo may exist in other crystalline forms [10], or may be
doped with alkali or halogen elements that may result in
different crystals with different band structures and opti-
cal properties, fundamental research along these lines
may lead to important applications for Ceo as a useful op-
tical material. We are currently investigating the effects
of pressure on the optical properties of the Cqo crystal
[20] and are performing similar calculations for the
Ceo: K, system with x varying from 1 to 6 [21]. Prelimi-
nary results on Cgo:K, indicate the formation of a par-
tially occupied metallic band within an enlarged semicon-
ductor gap. These and other results will be reported
later.

This work is supported by the U.S. Department of En-
ergy under Grant No. DE-FG02-84ER45170.

Note added.— Since the submission of this Letter, we
became aware of the high-electron-energy-loss spectros-
copy measurement of Sohmen, Fink, and Kratschmer
[22]. Their data are in excellent agreement with our cal-
culated result of Fig. 3(c). Also, a recent band-structure
calculation by Troullier and Martins [23] using pseudo-
potential method shows the band ordering at X to be the
same as ours and different from Ref. [7].
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