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We present first-principles calculations for neutral and multiply charged Cq, clusters within the local-
spin-density approximation. We employ a Gaussian basis and pseudopotentials. The calculated equilib-
rium geometry, ionization potential, and electron affinity are in good agreement with experimental
values. We analyze Jahn-Teller distortions for C¢,~ and find that the distortion energy is X 24 meV. We
also present local-spin-density estimations for the strength of electron-electron repulsion, and for the en-
ergy scales associated with different spin and orbital configurations.

I. INTRODUCTION

Since the discovery of stable Cg, clusters as suggested
by the prominent C¢, " peak in the laser-ablation mass
spectrum of graphite,' a variety of studies on its chemical
and physical properties have been undertaken. Very re-
cently, it has been demonstrated that samples of alkali-
metal-doped Cg, become superconductors at a critical
temperature, T,, of 18 K for K;Cq and 28 K for
Rb;C¢,.>3 In these compounds, the alkali-metal valence
electron is transferred to the (threefold-degenerate)
lowest empty molecular level of C¢p.* Due to the small
overlap between wave functions on neighboring C¢, mole-
cules in the solid, one expects correlation effects associat-
ed with different molecular charge states to be important
in describing the electronic properties of these materials.
Realistic calculations based on density-functional theory
have difficulty in describing these charged states in the
solid. Thus, we have decided to study isolated neutral
and charged Cg clusters to determine the value of pa-
rameters which are relevant in describing the electronic
properties of the solid. In particular, we have studied
Jahn-Teller distortions in charged clusters, the strength
of electron-electron repulsion, and the energy scales asso-
ciated with different spin and orbital configurations.

In this paper, we present local-spin-density calculations
for neutral and charged Cg, clusters. We use a Gaussian
basis set and the pseudopotential approximation. We op-
timize the geometry of neutral Cq, with icosahedral sym-
metry, and determined vertical ionization potentials and
electronic affinities. For the C¢,~ cluster, we have inves-
tigated possible distortions within the Ds; point group
and obtained an estimate of the Jahn-Teller energy for
that cluster. This is a key parameter’ for models that ex-
plain superconductivity in alkali-doped fullerenes by an
electron-phonon interaction mechanism.*® The calculat-
ed equilibrium geometry, ionization potential, and elec-
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tronic affinity of Cg, clusters are found to be in good
agreement with experimental values.

II. METHOD OF CALCULATION

Our calculations have been carried out within the
local-spin-density (LSD) approximation of density-
functional formalism. We solve the Kohn-Sham equa-
tions in which core effects are incorporated through the
use of the tabulated nonlocal pseudopotentials of Bache-
let, Hamman, and Schliiter.” We use the exchange and
correlation potential of Ceperley and Alder® as
parametrized by Perdew and Zunger.” The Kohn-Sham
equations for the molecule are (in atomic units)

(—%V2+Vion+VH[p]+Vgc[pT’pl])d}av:Eavlpov ’ (1)

where v=1,2, ... is the orbital index, o represents spin
up or down, and the electronic spin density is given by

Po(0)=3 [ |¥, (D) and p(r)= S p,(r), ()

where 0= f,, =<1 are the occupation numbers, which are
allowed to be nonintegers only for the highest occupied
level if it is degenerate. The operators in Eq. (1) corre-
spond, respectively, to the kinetic, ionic pseudopotential,
Hartree, and exchange-correlation energies.

Our basis set contains three s and four p Gaussian
functions whose exponents were fitted to accurate numer-
ical pseudo-wave-functions (calculated for the same tabu-
lated pseudopotential). To maintain a high degree of
variational freedom, we have not contracted our Gauss-
ian basis set. The high quality of our basis is illustrated
by the fact that we reproduce the eigenvalues of the accu-
rate numerical wave functions within 0.030 eV, and the
total energy of the carbon atom within 0.13 eV.

In order to take advantage of the high symmetry of the
system under study (here the icosahedral point group [,),
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we built up a symmetry-adapted basis set starting from
the unsymmetrized basis by means of the projection tech-
nique of group theory,'” which decomposes the function-
al space in orthogonal subspaces. Each of these is
characterized by a type of irreducible representation of
the symmetry group. The advantages of using a sym-
metrized basis are multiple. First, when the irreducible
representation carried by a partially filled shell is known,
the possible modes of the Jahn-Teller distortions can be
predicted, as we will discuss later. Second, because of the
symmetry, the matrices of the operators in Kohn-Sham
equations (1) are in a block diagonal form. Thus, the
number of matrix elements to be calculated is drastically
reduced, compared to the unsymmetrized basis, making
the problem computationally manageable.

III. ICOSAHEDRAL Cg, CLUSTERS

The geometry of Cg, is fully determined by two bond
lengths: the pentagon edge and the hexagon-hexagon
bond. Minimizing the total energy of neutral Cg, gives
bond lengths of 1.453 A for the (long) pentagon edge and
1.386 A for the (short) hexagon-hexagon edge. These
lengths are typical of aromatic carbon-carbon bonds.
The calculated bond lengths are in excellent agreement
with experimental NMR (Ref. 11) values of 1.45+0.015
and 1.4010.015 A and  x-ray-diffraction values of
1.432(9) and 1.388(5) A."> Our theoretical values for the
molecule are also in excellent agreement with the calcu-
lated local-density bond lengths of 1.444 and 1.382 A for
solid Cg."* The bond lengths obtained from molecular
Hartree-Fock calculations'® are 1.453 and 1.369 A, while
second-order Mgller-Plesset (MP2) perturbation theory
yields values of 1.446 and 1.406 A."*

The basic electronic structure of Cy, has been discussed
by one of us and co-workers based on local-density calcu-
lations for the solid and experimental photoemission and
inverse-photoemission spectra.!> Our calculations for the
isolated cluster are consistent with the solid-state calcula-
tions, and we will therefore concentrate in this paper on
the aspects of the electronic structure that are specific to
clusters. The most important electronic states for Cy, are
the highest occupied molecular orbital (HOMO), which is
fivefold degenerate and has h, symmetry, and the lowest
unoccupied molecular orbital (LUMO), which is three-
fold degenerate with ¢, symmetry. The calculated ener-
gy difference between HOMO and LUMO is 1.87 eV, in
reasonable agreement with the separation between the
two first peaks of the photoelectron detachment spec-
tra.!®!” Both HOMO and LUMO are 7 molecular orbit-
als and their wave functions are dominated by an / =
component when they are decomposed into cluster-
centered spherical harmonics.'*!°

We have calculated the electronic structure and total
energy for Cg, ™, Ceo, Ceo’ , and Cgo®~ at the equilibri-
um geometry of the neutral species. In a highly symme-
trical species like the icosahedral C, the presence of or-
bital degeneracies creates problems in local-density
theory when the degenerate orbitals are only partially oc-
cupied, as discussed by von Barth.?® Here, fractional oc-
cupation numbers are used to force icosahedral symmetry
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for the charge density. Both Cg, and Cq’~ are closed-
shell systems where the problem of fractional occupation
does not exist. For Cg* we remove 1 of an electron
from each of the 1, HOMO with spin down, for C,~ we
add 1§ of an electron to each of the t;, LUMO with spin-
up orbitals, and in the case of C¢,2~ we add 2 of an elec-
tron for the ¢, LUMO orbitals with spin up.

In Table I we give total-energy differences between
neutral and charged Cg, calculated at the equilibrium
geometry of the neutral species. These are presented in
the table as electronic affinities (EA). The ionization po-
tentials (IP) of Cq"  are identical to the electronic
affinities of Cg'” “1'". For Cg, we obtain the vertical
electronic affinity of 2.78 eV, which is in excellent agree-
ment with photodetachment values between 2.6 and 2.8
eV (Ref. 16) and 2.65%0.05 eV,!” and with the predicted
values of 2.70 and 2.88 eV calculated by Ref. 18. The cal-
culated vertical ionization potential of Cy,, 7.74 €V, is
also in agreement with the recent experimental value of
7.6+0.2 eV,?! and is close to a previous local-density
valuf of 7.8 e¢V,? and to the Hartree-Fock value of 7.92
eV.!

The Cq>~ species has recently been observed? in the
gas phase with a measured lifetime greater than 1 ms.
Our calculations predict Cg,’~ to be higher in energy
than C¢,~ by 0.26 eV, indicating that the double anion is
unstable in disagreement with experiment. Because of
the incomplete cancellation of the self-interaction term of
the Hartree potential by the local-density exchange and
correlation, local-density calculations fail to predict
correctly the stability of atomic anions.»?* The fact that
we obtain a small negative value for the ionization poten-
tial of Cg,®~ in local-density calculations would be con-
sistent with either a metastable double anion or with a
stable doubly charged anion with a very small (a few
tenths of an eV) ionization potential.

The problem of using local density with anionic species
is reflected by the appearance of occupied orbitals with
positive energies in our calculations for Cg,2~ and Cgo’ ™
Formally these orbitals are unbound, and we must check
our results with the utmost care to make sure that our re-
sults have a physical meaning. For C¢" 7, the effective

TABLE 1. The calculated vertical electronic affinities (in eV)
of C, ions are compared with the values of the appearance po-
tentials observed by photoionizaion and photodetachment ex-
periments. The calculated negative electron affinities for the
anions are the result of the effective electron confinement due to
the localized basis set and their physical interpretation is dis-
cussed in the text.

Theory Experiment
Ceot 7.74 7.6+£0.2°
Ceo 2.78 2.65+0.05°
Ceo —0.26 (>0)°
Ceo? ™ —3.26

2Reference 17.
*Reference 21.
‘Reference 22.
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potential in Eq. (1) has an asymptotic repulsive behavior
for large distances, 7, from the molecule given by
Viont Vut Vi =n/r. Our calculations are an excellent
numerical approximation for the problem of the cluster
confined in a box, if our basis set has large variational
freedom in the region inside the second outermost classi-
cal turning point of the effective potential and negligible
variational freedom outside the outermost classical turn-
ing point. The first condition is satisfied by the choice of
a good atomic basis set. The outermost classical turning
point is given in a first approximation by the condition
n /r = e€zomor Where eygymo is the (positive) energy of the
highest occupied orbital. In our case, these turning
points are at 32 and 17 a.u. for Cg,2~ and Cgy®~, respec-
tively; at these distances our most extended Gaussians
have negligible weight. Our calculations are therefore
representative of systems with the electrons confined in a
sphere of radius of 17 a.u., which is much larger than the
7-a.u. C¢, molecule radius. We can therefore use the re-
sults shown in Table I to estimate the strength of the
electron-electron interaction for the t;, orbitals. The
value of the Hubbard U parameter that we obtain from
the difference in electronic affinities of (confined) Cgy™
and Cgy? " is 3 eV.

From our calculations, we can further estimate other
parameters that are relevant for a physical discussion of
the electronic structure of Cg,. For Cgy2~, we calculated
both “singlet” and “triplet” states constraining the total
charge and spin densities to have icosahedral symmetry,
resulting in a ““triplet” state lower in energy by 0.04 eV
(in agreement with Hund’s rules for atoms). On the other
hand, the energy of icosahedral Cy,~ with equal fraction-
al occupation of the three ¢, orbitals is lower by 0.02 eV
than with full occupation of a single orbital. The energy
scale for spin and orbital configurations in the molecule is
therefore small.

IV. JAHN-TELLER DISTORTION IN C¢, ™

A priori, we do not expect large Jahn-Teller distortions
in Cq,~, because we are adding a single electron to a delo-
calized orbital of a large molecule.

In a one-electron rigid-band picture, the added electron
in C¢~ will occupy one of the three degenerate ¢,
LUMO states of neutral C¢, with icosahedral symmetry.
These three ¢, states transform under the group I, like a
vector (x,y,z). The Jahn-Teller theorem tells us that the
three t,, orbitals will couple with molecular distortions
of 4, and H, symmetry. Using group-theory analysis,
one finds that there are two 4, and eight H, vibrational
modes in Cg. The formal theory of the coupling of the
t,, states with these vibrational bonds has been recently
discussed.’ The eigenmodes have been calculated with
semiempirical?® and first-principles methods,?%?’ but nu-
merical values of the ionic displacement vectors associat-
ed with the vibrations have not yet been reported by the
first-principles calculations.

Here we take a pragmatic approach to obtain a good
first-principles estimate of the Jahn-Teller distortion en-
ergy of C¢~ without having to perform an expensive
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study of the full vibrational modes of the molecule. We
suppose that the distortion breaks the symmetry in a
minimal way, and we look for the largest subgroup of I,
which can stabilize the orbital occupied by this extra
electron with respect to the two other orbitals. In our
case, the subgroup which leaves invariant an axis of max-
imal symmetry (the fivefold axis) is the Ds; group (Ds,
can be seen as Cs, XI). Furthermore, the 4, vibrations

g
leave invariant all fivefold axes, and for each H, vibra-

tional manifold we can choose one vibration thai leaves
invariant one fivefold axis. So when we vary the ten
structural degrees of freedom of the Ds; symmetry, we
are in fact exploring one mode from each of the two 4,
and the eight H, vibrational modes. The distortion of
Cg in the reduced D5, symmetry splits the three orbit-
als of the 7, representation of the icosahedral point
group to the a,, ®e,, representation of D5, of dimension
1 and 2, respectively.

We present in Fig. 1 a contour plot of the orbital
Y(r,0,¢) with a,, symmetry of the D, point group. This
corresponds to one of the ¢;, LUMO orbitals of neutral
Cgo- The orbital is plotted on the surface of a sphere as a
function of the polar coordinates 6 and ¢. The radius of
the sphere, 3.17 A, was chosen to be smaller than the
geometrical size of the spherically shaped molecule (3.6
A), to avoid the radial node associated with the 7 charac-
ter of the orbital. In this picture, the poles lie on a penta-
gon center, and the black points indicate the projections
of the atomic positions on that sphere. The figure shows
the ringlike character of the LUMO orbitals of Cg,, with
the maxima of the wave function close to the ‘“equator”
(6=m/2) of the polar coordinate plot. The thick curves
are the nodes of the wave function, and allow us to identi-
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FIG. 1. Contour plot of the a,,(Ds,) orbital corresponding
to the ¢,,(I,) LUMO orbital of C4, on the surface of a sphere of
radius 3.17 A as a function of the polar angles 6 and ¢. The
contours correspond to amplitudes of the normalized wave
function ranging (in atomic units) from —0.039 (A4) to 0.039
(G). The thick wavy (D) lines are the node of the wave func-
tion, which can be used to identify the bonding and antibonding
regions of this wave function. The black dots connected by
straight lines show the projection of the carbon atoms and
carbon-carbon bonds on the surface of the sphere. The thick
straight lines connect the atoms strongly bonded by this orbital,
the dashed lines strongly antibonded atoms.
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fy bondinglike and antibondinglike regions. As discussed
previously,!> the Cgq, wave functions can be associated
with spherical harmonics of angular momentum /. For
the function shown in Fig. 1, the appropriate combina-
tion of spherical harmonics is [6Y3(6,4)+V7Y3(6,4)
—V'7Y53%(6,4)]/5V2. From the examination of the or-
bital in Fig. 1, we conclude that it would be stabilized if
we shorten the bonds between the pairs of atoms lying
near the equator and parallel to it (thick bonds in Figs. 1
and 2) and we lengthen the bonds between those atoms
that cross the equator (dashed bonds in Figs. 1 and 2).
Based on these tendencies, we calculated a slice of the
Born-Oppenheimer (BO) surface for C¢,~ parametrized
by two coordinates. The first corresponds to the varia-
tion in the bond lengths for the ten pairs of atoms situat-
ed just above and below the equator (Fig. 2). The second
is a global vertical displacement of the two hemispheres
of the spherically shaped molecule. In this slice of the
BO surface, decreasing the bond lengths of the quasiequa-
torial pairs of atoms or elongating vertically the Cy, mol-
ecule will stabilize the a,, orbital. On the other hand,
the system prefers to stabilize the e, two-dimensional
eigenspace for the opposite distortions. In order to ex-
plore the branch corresponding to a given orbital occupa-
tion, say a,,, we force the occupation of the a,, orbital
even if that leaves orbitals with lower energy empty. In
order to investigate the effect of the non-totally-
symmetric distortion proposed, we first calculated the
equilibrium geometry of the Cq,~ in the spherical shape
with this a,, occupied orbital. The two bond lengths ob-
tained are 1.450 and 1.397 A, and correspond to the
starting geometry for the distortions. The energy gained
by the distortion is given by the difference in energy be-
tween the geometry with icosahedral symmetry and the
minimum energy in the explored slice of the BO surface.
As expected, the energy gain due to the distortion is very
small, AE =24 meV, and corresgonds to a decrease in
bond length on the order of 0.01 A for the quasiequatori-

FIG. 2. Model of the C4 molecule showing in black the key
atoms whose displacement stabilizes the a,, orbital of Cg, .
Black balls correspond to atoms which are subject to the distor-
tion in our approach. Thick lines are strengthened bonds, while
dashed lines correspond to weakened bonds.
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FIG. 3. Eigenvalue spectrum of Cq~ in the I; and the dis-
torted Ds; symmetry together with the irreducible-
representation labels. Only spin-up orbital levels are shown.
Some of the degeneracies are very close and are shown as degen-
erate. Dashed lines correspond to unoccupied levels.

al pairs of atoms. This distortion energy is too small for
the system to behave like an effective “negative-U” sys-
tem, but has the right magnitude to explain superconduc-
tivity in alkali-metal-doped fullerides with an electron-
phonon mechanism.5>

Figure 3 shows part of the two eigenvalue spectra for
the Cq,  in both I, and in the distorted Ds; symmetry.
Only the spin-up orbital levels are presented. The spin-
down orbitals are similar and do not yield any new infor-
mation. The dashed lines correspond to unoccupied lev-
els. In the icosahedral symmetry (left part of the figure)
the ¢,, levels are occupied by one electron with occupa-
tion number 1 for each of them. We see explicitly the
levels splitting due to the distortion, and remark that
some levels are still very close together, within a few
meV, and appear degenerate in the figure.

V. DISCUSSION

The calculated bond lengths, vertical ionization poten-
tial, and electronic affinity are in good agreement with ex-
perimental data. We found that the energies associated
with orbital and spin configurations of Cy, anions are
small. This is a consequence of the delocalized character
of the t;, wave function on the surface of Cq, and the
strong screening of the other 240 valence electrons which
have a similar spatial distribution. Since the energy scale
for the spin and orbital configuration energies is smaller
than the 0.5-eV width of the corresponding band in the
solid,’> we do not expect these effects to be important.
On the other hand, the U =3 eV value of the Hubbard
parameter for the cluster is large, and even after screen-
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ing effects are taken into account for the solid, the value
of the effective Hubbard parameter U= U /€ will be of
the order of magnitude of the bandwidth for any reason-
able value of the screening constant €. As many authors
have pointed out, alkali-metal-doped Cg, should have
strong electron correlations associated with the charge
states of each molecule, and the crystals should be close
to the metal-insulator transition. Experimental evidence
from the low-conductivity values?® and photoemission
spectra®® are consistent with such a transition.

The most interesting parameter obtained from our cal-
culations is the estimation of the Jahn-Teller distortion
energy, Eyp 224 meV of C¢,~ . This is again smaller than
the width of the ¢;, band in the solid, and therefore we
should not expect static distortions or effective
“negative-U”’ behavior for the negatively charged Cg,
clusters. Since we only explored a two-dimensional cross
section of the BO surface, we have a lower bound for that
energy, but our analysis of the bonding and antibonding
character of the wave functions makes us confident that
we are including the most important distortions. Recent-
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ly Lannoo and co-workers’ derived a relation,

A=2N(Ep)(5/6)E;1, between the Jahn-Teller distortion
energy, the density of states at the Fermi level, N(Ey),
and the electron-phonon interaction parameter A of
McMillan’s equation for the superconducting transition
temperature. Using an estimation of N(Ep)=6 states
per eV (3 states in a band 0.5 eV wide), we find A X 0.24
from our lower bound on the Jahn-Teller energy. Since
superconductivity in alkali-doped Cg, can be explained by
an electron-phonon coupling mechanism, if A=~0.5 our
first-principles calculation of a lower bound of the Jahn-
Teller energy has the correct order of magnitude for ex-
plaining the observed values of T,.
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FIG. 2. Model of the C¢ molecule showing in black the key
atoms whose displacement stabilizes the a,, orbital of Cg ™.
Black balls correspond to atoms which are subject to the distor-
tion in our approach. Thick lines are strengthened bonds, while
dashed lines correspond to weakened bonds.



