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The electromagnetic response function of a Ceo cluster is calculated using linear-response theory. We
find that the valence electrons are quite delocalized and show collective excitations. In the low-energy
part of the excitation spectrum, the lowest allowed transition at hw==3 eV is strongly screened, and the
other transitions below 6 eV are moderately screened, in agreement with experiment. We also predict a
giant collective resonance at an unusually high energy of =20 eV.

PACS numbers: 71.45.Gm, 36.40.+d

The long-standing interest in carbon clusters [1] has
greatly increased following the recent successful synthesis
[2] of bulk quantities of Cgo clusters. The uncommon
hollow “buckyball” (or “fullerene’) structure, which has
been originally postulated for this cluster [3], promises
unusual properties for Cg¢o. So far, the interest in this
novel form of carbon has been focused primarily on
structural properties, with less experimental effort devot-
ed to electronic excitations. Stimulated by a recent mea-
surement of the photon absorption strength in Cgo clus-
ters [4], we have calculated the electromagnetic response
of this remarkable system. As we discuss in the follow-
ing, we can calculate the spectrum and obtain quantita-
tive agreement with the experiment in the observed re-
gion. Moreover, we predict a giant Mie-type resonance
at large excitation energies where no data are available so
far.

We use linear response theory, which is most appropri-
ate for large systems with mobile electrons where screen-
ing can be significant. Within the one-electron theory,
for which we shall use mostly a tight-binding model, the
dipole operator has two contributions, from the charge on
a site and from the dipole moment on a site. We write it
as
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where z (i) is the z coordinate of the ith carbon atom and
d is the s — p, dipole matrix element on a carbon atom.
Starting from an independent-particle picture, we
define the polarization propagator for the free dipole re-
sponse by [5]
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Here, p and h label partlcle and hole eigenstates of the
single-particle Hamiltonian and €, and ¢, are the corre-
sponding particle and hole energies.

The full response requires the interaction between elec-
trons. We approximate it as a pure Coulomb interaction,
and make a spherical expansion of the potential about the
center of the cluster, e?/|r—r'| =e2Xr'c /r's7' P/ (cosh).
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The response is dominated by the dipole term, for which
we only consider the fields generated by Dz” and DZ(Z)
[6]. In a first simple approximation, we shall keep only
the charge operator Dz('), and assume the atomic size to
be small in comparison with the hollow buckyball radius
R=3.5A,r<=rs = R. Then the electron-electron in-
teraction is e2D VD V/R3, and the screened response
function due to D" in Eq. (1) is given by [5]
-1
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Note that in the present approach the IT’s are ordinary
functions and the equation is algebraic and easily com-
puted. We shall later consider a more refined approxima-
tion by including the dipole moments on the sites, de-
scribed by D?). The effect will be to replace Eq. (3) by a
2 X2 matrix equation

A=0+a%y) ', 4
which separates the charge and the internal dipole opera-
tors. The elements of the 2% 2 free response matrix are

M (@) =2 (p| D)
ph
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V in Eq. (4) is the 2x2 matrix of the interaction, with the
elements V;=e/R3, V2=V, =e?/2R?, and Vy=e?/
2dR>.

We determine the single-particle wave functions and
energy levels using a tight-binding model which has been
recently developed [7] to study the relative stability of
different carbon cluster structures. The tight-binding
Hamiltonian, which considers only the s and p valence
electrons of C, is given by

H= quaalaa1+ Z taB(rU)aa:aﬁj (6)

a,i B.i.j
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Here, i labels the atomic site and a =s,p,,p,,p- labels the
atomic orbital. ¢, is the orbital energy and 7,5 are the
hopping matrix elements between different sites. The
parameters, based on local-density-approximation [8]
(LDA) calculations for different carbon structures, have
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been given in Ref. [7].

The equilibrium nearest-neighbor distance between
carbon atoms in buckyballs is 1.453 A on pentagons
(“single bonds™) and 1.369 A between pentagons (“dou-
ble bonds™) [9], corresponding to a buckyball radius R
=~3.5 A. We computed the spectrum of the tight-
binding Hamiltonian using this geometry, and obtained
the energy levels shown in Fig. 1. The total width of the
occupied band is 19.1 eV, to be compared with the LDA
values of 18.8 eV of Ref. [10] and 19.2 eV of Ref. [11].
The level ordering near the Fermi level agrees with re-
sults based on the LDA and other methods [10,12-14].
We find a gap of 2.2 eV between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) level, to be compared with
the LDA values of 1.8 eV from Ref. [10] and 1.7 eV from
Ref. [11] and the experimental value [13] of 1.9 eV.

The HOMO to LUMO transition is forbidden by pari-
ty, and the lowest optically allowed transitions are A,
—> tg, hg— t14, and h,— hg, with tight-binding excita-
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FIG. 1. (a) Single-particle energy-level spectrum of a Ceo

cluster, as obtained using the Hamiltonian described in Eq. (6).
The levels have been sorted by symmetry. (b) Expanded region
of the energy-level spectrum near the Fermi level. Allowed
transitions between states with gerade (g) and ungerade (u)
parity are shown by arrows.

tion energies of 2.8, 3.1, and 4.3 eV. These values com-
pare well with the LDA values of 2.9, 3.1, and 4.1 eV
[10] and are reflected in the free response shown in Fig.
2(a). As we discuss in the following, the electron interac-
tion changes the excitation energies significantly and is
essential for even a qualitative understanding of the tran-
sitions strengths.

Our results for the screened response, based on the
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FIG. 2. (a) Free response and (b) RPA response of Ceo clus-
ters to an external electromagnetic field (solid line). The sharp
levels have been broadened by adding an imaginary part
hn=0.2 eV to the energy. The dashed line indicates the in-
tegrated oscillator strength. (c) Observed photoabsorption
spectrum of Ref. [4].
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RPA treatment of the tight-binding Hamiltonian and the
charge dipole operator DV, are shown in Fig. 2(b). A
comparison with the free response shows that the lowest
allowed particle-hole transition is slightly shifted in ener-
gy to 2.9 eV and agrees well with the observed [4,15]
value of 3.1 eV. The oscillator strength [16] of this tran-
sition is drastically reduced by a factor of 400 from the
value 3.8 in the free response to 0.010 in the RPA. This
brings the transition strength close to the measured [15]
oscillator strength of 0.004. An independent calculation
of the interacting response has been performed using the
quantum-chemical CNDO/S (complete neglect of dif-
ferential orbitals) method [17], but this method yielded
an oscillator strength of 0.08, which is considerably less
screening than in RPA.

Turning to the next few excitations, we find the transi-
tions to be shifted substantially upward in energy as com-
pared to the free response shown in Fig. 2(a). This
brings them into fair agreement with the observed [4,15]
dipole excitations at 3.76, 4.82, and 5.85 eV. These tran-
sitions are also screened, but the screening factor is only
in the range 10-30. They thus appear relatively strong
compared to the low transition, in agreement with the ex-
perimental data of Ref. [15] [see Fig. 2(c)].

The results for the low-lying excitations are essentially
unaffected when the on-site dipole operator D% is added
to the response [18]. As we will discuss below, the effect
of DZ(Z) on the higher excitations is much more pro-
nounced.

Turning to the plasmonlike transitions at high ener-
gy, we first note that the tight-binding Hamiltonian with
the operator D" has a total oscillator strength of N
=C2m/h)Z, 4l{p|DV|HY|*(e, — €4) = 180, which is,
of course, the same in both the free response and the
RPA. This value is close to the theoretical upper bound
of 240, ignoring the core electrons, giving some credibility
to the model for the entire energy range. Figure 3
displays the excitation spectrum of Cgo extending up to
plasmon energies, obtained using several approximations.
The D" free response function, shown in Fig. 3(a), has a
broad band of transitions in the “‘intermediate” energy
range hw=10-20 eV. With the electron-electron in-
teraction present, the main effect of the Coulomb field is
to collect the strength of these transitions into a single
collective excitation, a Mie-type plasmon. The spectrum

FIG. 3. Dipole response of Ceo clusters to an external elec-
tromagnetic field, shown in an expanded energy region. (a)
Free response, (b) RPA response based on the charge term

D and (c) RPA response based on both the charge and the
dipole terms D" and D/? in Eq. (1). (d) Interacting response
of a thin jellium shell, describing the electron-electron interac-
tions in LDA. The response function is given by the solid line,
and the integrated oscillator strength is shown by the dashed
line.
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shown in Fig. 3(b) has this giant resonance at an unusu-
ally high frequency A w = 30 eV, well beyond the typical
plasmon range (hw <10 eV). In contrast to the low-
energy region, the inclusion of the on-site dipole term
D? has a substantial effect on the high-frequency
response. The total integrated oscillator strength is re-
duced to 71, leaving most of the total strength outside the
model space. We find that these extra terms shift the
plasmon energy to Aw == 20 eV and decrease the oscilla-
tor strength by a factor of = 2 when compared to the re-
sults in Fig. 3(b).

This high-frequency Mie-type plasmon has its origin in
the large valence electron density p in the Cg cluster, and
can be understood qualitatively by considering a conduct-
ing spherical shell with a radius R = 3.5 A and 240 con-
duction electrons. We have calculated the optical transi-
tion strength function for this system using the program
JELLYRPA [19], and show the results in Fig. 3(d). The
energy agrees with Fig. 3(c), but in the jellium model the
total oscillator strength is concentrated in the plasmon.
An additional plausibility argument for the jellium pic-
ture of Cgo follows from the static polarizability a. We
find the classical conducting sphere value a=R>=290
a.u. to be in good agreement with the tight-binding value
of 250 a.u. and the quantum-chemical result [14] «
== 300-400 a.u., depending on the basis set.

In summary, we have calculated the electromagnetic
response function of Cgo using linear response theory.
We found the valence electrons to be quite delocalized
and to show collective excitations. The lowest allowed ex-
citation at Aw =3 eV is strongly screened by a large fac-
tor of 400 when compared to the free response. The
higher-lying excitations in the region below 6 eV experi-
ence much weaker screening. An unexpected result of
our calculation is a giant collective resonance at Aw
== 20-30 eV which has not been observed before and can
be viewed as a Mie plasmon in a conducting sphere with
a high charge density.

This work was stimulated by discussions with Professor
R. E. Smalley, and we also acknowledge useful discus-
sions with Dr. D. Kusnezov. The research was supported
by the National Science Foundation under Grants No.
PHY-8920927 and No. PHY-8906670.

Note added.— Our calculated spectra are in very good
agreement with the recently observed giant plasmon in
isolated Ceo clusters [20]. Plasmon frequencies ranging
between 20 and 30 eV have also been observed in Cgo
films [13,21].

[11 A complete review of the carbon cluster literature up to
1988 has been compiled by William Weltner, Jr., and
Richard J. Van Zee, Chem. Rev. 89, 1713 (1989).

[2] W. Kriitschmer, L. D. Lamb, K. Fostiropoulos, and D. R.
Huffman, Nature (London) 347, 354 (1990).

[3] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and
R. E. Smalley, Nature (London) 318, 162 (1985).

[4] H. Ajie, M. M. Alvarez, S. J. Anz, R. D. Beck, F. Dieder-
ich, K. Fostiropoulos, D. R. Huffman, W. Kratschmer, Y.
Rubin, K. E. Schriver, D. Sensharma, and R. L. Whetten,
J. Phys. Chem. 94, 8630 (1990).

[5]1 G. D. Mahan, Many-Particle Physics (Plenum, New
York, 1981).

[6] We thus neglect exchange, correlation, and higher mul-
tipolarities of the Coulomb interaction, which we expect
to be small for our application.

[7]1 David Tomdnek and Michael A. Schluter, Phys. Rev.
Lett. 67, 2331 (1991).

[81 P. Hohenberg and W. Kohn, Phys. Rev. 136, B864
(1964); W. Kohn and L. J. Sham, Phys. Rev. 140, A1133
(1965).

[9] H. P. Liithi and J. Almlsf, Chem. Phys. Lett. 135, 357
(1987).

[10] Susumu Saito and Atsushi Oshiyama, Phys. Rev. ‘Lett.
66, 2637 (1991).

[11] Michael Schliiter (private communication).

[12] R. C. Haddon, L. E. Brus, and K. Raghavachari, Chem.
Phys. Lett. 125, 459 (1986); M. Oziki and A. Takahashi,
Chem. Phys. Lett. 127, 242 (1986); S. Satapathy, Chem.
Phys. Lett. 130, 545 (1986); M. D. Newton and R. E.
Stanton, J. Am. Chem. Soc. 108, 2469 (1986).

[13] J. H. Weaver, J. L. Martins, T. Komeda, Y. Chen, T. R.
Ohno, G. H. Kroll, N. Troullier, R. E. Haufler, and R. E.
Smalley, Phys. Rev. Lett. 66, 1741 (1991).

[14] P. W. Fowler, P. Lazzeretti, and R. Zanasi, Chem. Phys.
Lett. 165, 79 (1990).

[15] J. R. Heath, R. F. Curl, and R. E. Smalley, J. Chem.
Phys. 87, 4236 (1987).

[16] The oscillator strength is defined by

f=2m|{fin|D.|in)| *(Esin — Ein)/h?.

[17] Sven Larsson, Andrey Volosov, and Arne Rosén, Chem.
Phys. Lett. 137, 501 (1987).

[18] We use a value for the dipole transition matrix element
d=0.5 A, obtained from LDA wave functions.

[19] G. F. Bertsch, Comput. Phys. Commun. 60, 247 (1990).

[20] H. Steger, J. de Vries, B. Weisser, C. Menzel, B. Kamke,
W. Kamke, and 1. V. Hertel (to be published).

[21] Yahachi Saito, Hisanori Shinohara, and Akinori Ohshita,
Jpn. J. Appl. Phys. 30, L1068 (1991); G. Gensternblum,
J. J. Pireaux, P. Thiry, R. Caudano, J. P. Vigneron, Ph.
Lambin, and A. A. Lucas (to be published).

2693



