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Optical properties of Cg¢, vibrations
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The tight-binding and local-density approximation (LDA) models of the electronic structure for Cg,
are applied to calculate the transition strength of the four infrared-active vibrations. The tight-binding
results are of the correct order of magntiude, but not accurate enough to have predictive power. The
LDA results give a much better description of the relative and absolute strengths of the four modes.

I. INTRODUCTION

The electron-vibration coupling in Cg, is of consider-
able interest because of the simplicity of this system and
the implications for superconductivity. The infrared-
active vibrational modes acquire oscillator strength be-
cause of the coupling, raising the question of how well
current models can reproduce the observed strengths.
There have been two previous calculations reported of
the optical properties of these vibrations, using the
modified neglect of differential (MNDO) approxima-
tion,! and using the local-density approximation (LDA).?
In this paper, we consider the local-density approxima-
tion and the tight-binding approximation, comparing the
absolute magnitudes of the oscillator strengths with
data.’?

In Cg, there are four vibrations with T, symmetry,
which is the only optically allowed symmetry. The ex-
perimental energies of these vibrations are given in Table
I, compared to the LDA prediction that we will describe
shortly. Our main interest is the oscillator strengths for
the transitions, which are given in Table II. We use the
definition of oscillator strength f as the integral over the
photon cross section

f= JodE=0.91 [ 0(A?)dE (eV) . (1)
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The oscillator strength for the entire spectrum has a

TABLE 1. Energies in eV of Cg, infrared-active vibrations.

value equal to the number of electrons in the system. We
obtained the experimental f for the vibrational reso-
nances from the data reported in Ref. 3. They quote an
extinction coefficient in A in a film of Cg; at the resonance
peak, and also give the width of the resonance y. To
deduce the oscillator strength for an isolated Cg, mole-
cule from this data, one also needs the index of refraction
n of the film and the volume per molecule in the solid, V.
Assuming that line shape is Lorentzian, the oscillator
strength may then be obtained from the formula

f= mcVAy 9n

4mre’t (2+n?)?
The last factor gives the effect of the medium on the ab-

sorption cross section.* We used n =1.9 (Ref. 5) and
¥ =716 A’ to obtain the numbers quoted in Table II.

(2)

II. THEORY

We determine the dipole transition matrix elements of
the vibrations by distorting the Cg, structure according
to the atomic displacements in the normal vibrational
modes, and then evaluating the dipole moment of the
structure. Let us assume some amplitude of motion in
the normal mode a, with the displacement of an atom i
given by the vector d. Calling the dipole moment of the
distorted structure D,, the theoretical oscillator strength
is given by the formula

TABLE II. Oscillator strength f of Cg, vibrations.

Experimental MNDO LDA
Vibrational mode Experiment LDA (Ref. 3) Tight binding  (Ref. 1) LDA (Ref. 2)
T,,(1) 0.065 0.064 1.2X1073 6.4X107° 10.0X107° 1.7X107° 1.00c
T,,(2) 0.071 0.069 0.4 0.3 33 1.1 0.63¢
T,,(3) 0.147 0.149 0.3 1.1 18.9 1.0 0.36¢
T,,(4) 0.177 0.197 0.4 - 17.0 45 0.7 0.57c
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m,|D,|?
fo=—, (3)
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where m, and M are the electron and carbon masses, re-
spectively. In our calculations, the normal modes were
obtained from the phenomenological model of Cg, vibra-
tions in Ref. 6. This model describes the low-lying spec-
tra of the vibrations fairly well, and we believe it is reli-
able for the normal-mode coordinates. Note that the
theoretical oscillator strength from Eq. (3) does not re-
quire knowledge of the frequency.

We next describe the models for the electronic struc-
ture, which will provide the induced dipole moment.

A. Tight-binding model

In the tight-binding model, the electron wave function
is represented as a linear combination of the s and p
valence orbitals of the atoms. The five parameters in the
Hamiltonian are the s-p splitting and the four distinct
matrix elements taking an electron from an orbital on one
atom to an orbital on another atom. The hopping matrix
elements depend on the separation of the carbon atoms,
giving an additional parametric degree of freedom.
There are a number of parameter sets in the literature;’ ~°
numerically they are rather close and they all assume the
same dependence on distance, v (#)~1/r2 There are also
more simplified treatments, for example, the Hiickel ap-
proximation which considers only the w-type orbital in
graphitelike structures.'°

We shall use the parameter set of Ref. 7, which was
used to calculate vibrational perturbations relevant to su-
perconductivity and vibrational couplings in the optical
spectrum of Cgy. The electron wave functions for the dis-
torted cluster may be obtained either by perturbation
theory, using d-VH as a perturbation, or more simply by
diagonalizing the Hamiltonian in the distorted structure.
The dipole operator is evaluated assuming atomic orbitals
as in Ref. 11, and neglecting wave-function overlaps be-
tween different atoms. The required dipole matrix ele-
ment between s and p orbitals on an atom is taken to be
0.5 e A. The results are shown as the second column in
Table II. We see that the order of magnitude of the ex-
perimental results is reproduced, but that there is com-
plete disagreement as to the relative strengths of the
different vibrations.

The MNDO approximation used in Ref. 1 is quite
similar in spirit to the tight-binding approximation. Both
assume a wave function of the form of a linear combina-
tion of atomic orbitals, which the wave function
represented as a vector of these atomic-orbital ampli-
tudes. However, quite different aspects of the single-
particle Hamiltonian are emphasized in constructing the
wave function. In the tight-binding approximation, the
Coulomb interactions are ignored, and all of the
electron-vibration coupling is produced by the hopping
matrix elements. In contrast, in the MNDO, the
structure-dependent aspects of the dynamics arise from
the Coulomb interactions among the electrons and ions;
the hopping matrix elements are taken as constants. The
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predictions of the MNDO are shown in the third column
of Table II. It may be seen that the agreement is no
better for this model than for the tight-binding model.
Both produce much too large strengths in the lowest and
highest modes. This indicates that the different terms in
the Hamiltonian have mutually canceling effects on
electron-vibration coupling, and it is not justified to
neglect one class of terms.

To understand somewhat better where the dipole mo-
ment comes from in the tight-binding approximation, we
have examined the contributions of individual orbitals to
the dipole moment of the T';,(2) mode. This mode has a
rather simple structure; the carbon atoms are pushed to-
gether on one side of the icosahedron and are pulled
apart on the opposite side. For this mode, the lowest o-
and m-electron orbitals behave in a rather simple way:
the electron density is increased where the atoms are
closer together, because the hopping matrix element is
larger in that region. However, the higher orbitals are
polarized differently, nearly canceling this effect. Thus
the net dipole moment comes about after a delicate can-
cellation, and does not have a simple interpretation.

B. LDA theory

The Kohn-Sham!? self-consistent single-particle theory
goes beyond Hartree-Fock theory in that effects of elec-
tron correlation are incorporated into an effective single-
particle Hamiltonian. Approximating the exchange and
correlation energies by that of the free-electron gas!?
leads to the local-density approximation (LDA). In our
calculations, based on the Car-Parrinello electronic struc-
ture technique!* !> using a code provided by Wiggs,'® we
make the further approximations that the core electrons
can be adequately represented by a relatively soft norm-
conserving nonlocal pseudopotential'’ cast in separable
form,'® that we can calculate the properties of an isolated
C¢o molecule in a box with periodic boundary conditions,
and that the wave functions are well described by a
plane-wave basis set with kinetic energy up to 35 Ry.
The pseudopotential we use produced total energies con-
verged to 0.5 eV/atom and relative energies converged to
better than 0.1 eV/atom for this energy cutoff, and has
been used successfully in earlier studies of charge transfer
and energetics for graphite intercalates.!” Similar LDA
calculations have been previously reported for various as-
pects of Cg, structure and properties.?® ™2

For the calculation of dipole moments, it is essential
that the periodic box size be large enough that neighbor-
ing Cq, molecules do not interfere. We found that the
moments had converged to within a few percent for a cu-
bic box of 12.2 A on a side, giving a vacuum gap of 5.6 A
between molecules. The associated basis set contained
21250 plane waves and produced a Fourier-transform
mesh in real space (on which the charge density was cal-
culated) of 64° points. A test calculation of the dipole
moment for the lowest T, mode with a 40-Ry cutoff
changed the dipole moment by only 1% from the result
at 35 Ry.

This technique was then applied to calculate the charge
density and dipole moment for each of the frozen T,
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modes of Cg using a displacement of amplitude
V'S, dfdF=1 A. The moments for a displaced Cgo mol-
ecule and one of the G modes were calculated using ex-
actly the same techniques, and were found to be below
0.02 e A, or 1-2 9% of the moments calculated for the
T,, modes. Since these should have been zero, this pro-
vides a measure of the accuracy of the technique. The
lowest T, mode was also evaluated with amplitude 0.25
A as a check of the linearity. The energies of the frozen
vibrational modes were also evaluated and converted to
harmonic vibrational frequencies, shown as the last
column in Table I. These vibrational frequencies have
previously been calculated in the LDA,?>?! reproducing
experimental values to 5-15%. Our results are also
quite good, showing remarkable agreement for the lowest
three frequencies.

The oscillator strengths predicted by the LDA are
shown in Table II; we see that the theory gives a rather
good description of the relative strengths of the four
modes. The absolute value seems to be roughly a factor
of 2 too large. However, experimental uncertainties are
in the 30% range,?° so the quantitative disagreement may
not be serious. (See note added in proof below.)

The LDA calculations reported in Ref. 2 are based on
the same physical approximations as our LDA calcula-
tions, differing only in details of pseudopotentials and nu-
merical implementation of the Kohn-Sham equation, and
we expect the results should be very similar to ours. Un-
fortunately, these authors did not present their absolute
transition strengths. We quote their results in Table II,
indicating the unspecified normalization by the factor c.
It may be seen that the relative magnitudes agree reason-
ably well with our results and with the experimental data.

III. CONCLUSION

The success of the LDA and the relatively poor show-
ing of simplified models such as the tight-binding model
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have implications for the treatment of the electron-
vibration coupling in other contexts. In particular, in the
theory of the superconductivity of C¢, one needs to un-
derstand the couplings that connect electrons in the #,
lowest unoccupied molecular orbital (LUMO). Calcula-
tions have been reported with the tight-binding model,?’
another semiempirical model based on atomic orbitals,?®
as well as more complete LDA calculations.”> We have
not examined atomic-orbital models other than the
tight-binding model, but our results suggest that only the
LDA is sufficiently reliable to be of interest.

Unfortunately, the LDA requires the largest computer
resources available and so is not very convenient to use.
Clearly, it would be desirable to understand the character
of the approximations better, to construct models that
have the physics of the LDA without the necessity for
such a large basis of states. One obvious path to pursue
is to include some of the Coulomb physics in the tight-
binding model. In particular, the on-site Coulomb repul-
sion would be easy to add.

Note added in proof. We just became aware that abso-
lute oscillator strengths are also available from the mea-
surements of Martin, Koller and Mihaly.29 Their abso-
lute strengths are about a factor of 4 larger than the mea-
surements of Ref. 3 and a factor of 2 larger than our
LDA calculation. The relative strengths agree well with
the LDA calculation.
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