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Abstract

Recent theoretical results for the response of Cyq, Cge and Crg fullerene clus-
ters to external electromagnetic fields are reviewed. The calculated static re-
sponse of free Cgp has large linear and nonlinear components, the latter being
much smaller than originally suggested and significantly reduced by screening
effects. Random field approximation calculations indicate that the dynamical
dipole response of Cag, Cgo and Crg is characterized by two strongly collec-
tive modes, namely a Mie-type o-plasmon at kw20 eV, and a #x-plasmon at
hw=6 eV. These modes also dominate the response of these systems to mul-
tipolar external fields and hence the electron energy loss spectra. The large
oscillator strength of these modes is collected from lower-lying particle-hole

excitations which consequently experience strong dynamical screening.
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I. INTRODUCTION

The discovery of the Cgp “buckyball® molecule [1] and the subsequent synthesis of this
and other fullerenes in bulk quantities [2] has triggered an enormous interest in the scientific
community in these systems. All fullerenes have a hollow graphitic shell structure composed
of three-fold coordinated carbon atoms. The similarity between the large fullerenes and
graphite in terms of their local bonding geometry and the sp* bonding of carbon atoms
suggests that also their dielectric response may be similar. It is not clear, however, whether
this similarity can persist down to fullerene sizes of few tens of atoms, where the dielectric
response may be dominated by finite size effects, the discreteness of the electronic spectrum,
and the large size of the fundamental gap between the highest occupied molecular orbital
(HOMOQ) and the lowest unoccupied molecular orbital (LUMO). In the following, I will
review recent calculations of the dielectric response for fullerenes in the range from Cop to
Cro.

In the following Section II, I will summarize the formalism used to determine the response
of carbon fullerenes to external electromagnetic fields. In Section III, this formalism will be
first used to address the question, whether the semimetallic nature of graphite, with its highly
polarizable system of 7 electrons, is reflected in an unusually large static polarizability of Ceg.
In Section IV, I will discuss results for the dynamical dipole response of free Cgp molecules,
in particular the possibility of exciting collective modes. As will be shown, such collective
modes, reminiscent of a Mie plasmon, indeed occur in spite of a large HOMO-LUMO gap of
~2 eV, In Section V, the discussion will be extended to the Cyg and Cyg fullerenes and fields
of higher multipolarity. Theoretical and experimental results both indicate the occurrence
of callective modes in response to external multipolar fields, which can be related to the
o and 7 plasmon modes occurring in graphite. Intéresting consequences of the multipolar
response for inelastic electron scattering will be addressed in Section VI. A brief summary

and main conclusions will be presented in Section VII.



II. THEORY

The following is a brief summary of the application of linear response theory to deter-
mine the response of fullerenes to external fields. This formalism is most appropriate for
large systems with mobile electrons, such as the carbon fullerenes, where screening can be
significant.

In the independent particle picture, the particle-hole propagator is given by [3]

< rlph > 2(g, — €4) < phlr’ >
(5 — en)? — (B + i)

Go(r,riw) =3 , (1)

v,k

where p and £ are the particle and hole states, €, their corresponding energies, hw the
excitation energy and 0 its (small) imaginary part. Dynamical screening in the system is
described, to first order, by the Random Phase Approximation (RPA) Green function, which

is a solution of the integral equation
GRPA — GO _ GUVGRPA , (2)

where V = e?/|r — r'| is the Coulomb interaction among electrons.
Once the RPA Green function is known, the (dynamical) response to any weak external

field F(r) is given by
S(w) = lIm < F|G’RPA|F > (3)
K3

The single-particle spectrum can be conveniently determined using the Linear Combination
of Atomic Orbitals (LCAQO) Hamiltonian
H=Y aaltiat 3 timjs(tiglalaajs + hec. (4)
o i,
Here, ¢ labels the atomic sites and a = s, p;, py, p- labels the atomic orbitals. €, is the orbital
energy, and %,4 are the hopping matrix elements between different sites. The single-particle

states, used in Eq. (1), are the solutions of the Schédinger equation

Hh/)n = Enhbn > . (5]
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Here, the single-particle wavefunctions |, > are linear combinations of s and p orbitals

@ia(r) centered on the atoms 7, and are given by

"/’n(r) = Zcianﬁoia(r) . (6)

This expression provides a straight-forward way to evaluate the particle-hole wave functions
< r|ph > used in Eq. (1).

The matrix elements of the Hamiltonian given in Eq. (4) have been determined using the
Slater-Koster parametrization [4] in terms of two-center integrals, by performing a careful fit
of ab initio Local Density Functional (LDA) [5] calculations for Cq, graphite and diamond
at different interatomic distances [6]. The diagonal elements of the Hamiltonian are s—
and p—level energies ¢, = —7.3 eV and ¢, = 0.0 eV. The off-diagonal matrix elements are
a linear combination of Slater-Koster parameters with a d~? distance dependence. Their
values for d = 1.546 A, which is the equilibrium nearest-neighbor distance in diamond, are
Vise = —3.63 eV, Vy,, =4.20 eV, V., = 5.38 eV, and V,,r = —2.24 V.

The electronic spectrum of the Cgo molecule in equilibrium, obtained using this Hamil-
tonian, is reproduced in Fig. 1. It is characterized by a relatively large occupied band
width W,., = 19.1 eV, and a HOMO-LUMO gap of AFnomo_Lumo = 2.2 eV. These
values compare favorably with ab initic Local Density Functional results for the band-
width Woewp = 18.8 eV [7], Woeewp = 19.2 eV [8], the gap AExomo-Lumo = 1.8 eV [T7],
AEyomo-Lumo = 1.8 eV [8], and the experimental value AEpomo-Lumo = 1.9 eV. This
formalism has also been used successfully to describe the growth and relative stability of C,
clusters [6]. Most important, this technique is computationally very efficient, which allows
the calculation of excitation spectra in molecules as large as tens to hundreds of atoms.

In the following, this formalism will be applied first to address the static response of the

Cgo fullerene to an external electric field.



II1. STATIC POLARIZABILITY OF Cg

The theoretical work on the static polarizability of Cgp, published in Ref. [9], has been
motivated by a recent experimental report [10] of a very large absolute value [11] of the third-
order optical polarizability |y| = 1.5 x 10742 m3/V? = 1.07 x 10=2® esu for Cgp molecules
in benzene solution. This value would make these systems prime candidates for a direct
application in nonlinear optical devices. Subsequent experimental studies [12,13] indicated
a substantially smaller value of the hyperpolarizability than the initially observed.

The dipole moment p which is induced by an external electrostatic field £ in an isolated

Ceo molecule is given (to the lowest three orders) by
p=oaf +E%. (7)

Here, « is the (linear) polarizability and # is the (third order) hyperpolarizability. This
expression takes into account the fact that the second order hyperpolarizability is zero in
centrosymmetric systems such as the Cgy cluster. The polarizabilities can be determined

from the energy change of a molecule due to an external field £

1 1
AE = ——af? — —~&4 .
5% 77 (8)

The energy change AE in Eq. (8) can be evaluated either directly from
AE=E(£)- E(&=0) (9)

or by applying perturbation theory to the LCAO Hamiltonian given in Eq. (4). Calculation
of o requires a second order, that of 4 a fourth order perturbation theory expression, given

by

2B =2y T gt (10)
g

and
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where V;; =< i| — e€z|j >.

This calculation yiclds a large bare polarizability of the Cgy molecule < apyre >=
215.0 A3, which is one order of magnitude larger than that of other small aromatic
molecules such as benzene. When considering the screening of the external field by the
induced dipole field in the Cgp, this value gets reduced to < agereencd >= 35.7 A3, This
is only slightly smaller than the value for a classical metal sphere of the same radius R,
< Qgereened >= 2 = 42,5 A3 and in the same range as small molecules such as benzene.
The right order of magnitude of this value has been confirmed by LDA calculations yielding
< Qpereened >= 82.7 A% [14].

The calculated value for the bare third order hyperpolarizability < Ypre >= +346.2 x
103 esu is larger by more than two orders of magnitude than values found in small aromatic
molecules such as benzene. This value also lies well within the range of two of the experiments
which find | < Yezp: > | = 750 x 1073 esu (Ref. [12]) and | < Yegpe > | = 313 x 10736 esu
(Ref. [13]), yet well below the value | < ~Yezpe > | = 1.07 x 107% esu originally reported
in Ref. [10]. This apparently good agreement is, however, marred by the intramolecular
screening which reduces the molecular hyperpolarizability significantly to < ~esreened >=
2.3 x 107% esu, a value which is no larger than in aromatic molecules such as benzene. It
appears as unlikely that this result is a mere artifact of the computational technique, since
the LDA calculation of Ref. [14] also finds a very small value of < Ysoreened >= 7.0x107°¢ esu
While the origin of this discrepancy is presently not resolved, one can suspect the high laser
frequency hw =~ 1.2 eV used in the experiments to be a possible origin of this discrepancy.

In the following, I will review calculations of the dynamical response of fullerenes to
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external electromagnetic fields. To illustrate the most important effects, 1 will start with

the dipole response of Cego.

IV. DYNAMICAL DIPOLE RESPONSE OF Cg

The large static polarizability of Cgp, discussed in the previous Section, suggests the
possibility of a collective response to external dipole fields at least for photon energtes hw
exceeding the HOMO-LUMO gap. The LCAO-RPA calculation of the dynamical dipole
response of Cgo, published in Ref. [15], has been originally motivated by the observed photon
absorption strength of Cgp clusters in solution [16].

As will be shown in the following, the calculated spectrum of Ref. [15] is in quantitative
agreement with the experiment in the observed low-frequency region. More important, the
RPA calculation also predicted a giant Mie-type resonance at large excitation energies hw =
20 eV which has subsequently been confirmed by gas phase photoionization experiments
[17].

The use of the RPA formalism to describe the response of fullerenes to weak arbitrary
fields has been reviewed in Section II. It is useful to note that Cgo has perfect spherical
symmetry, so that good angular quantum numbers can be introduced [15,18]. The total
angular momentum J of a |[ph > state, used in Eq. (1), can be written as a sum of an on-ball
angular momentum L and an on-atom angular momentum 1, as J = L+ 1. The L value
assigned to a |ph > state depends only on the amplitudes ¢;,, of the atomic wavefunctions
in the |ph > wavefunction, which are defined in Eq. (6). The angular momentum | describes
only the {ransitions on each site: { = ( results from 8 — s and p — p; { =1 from s — p and
p— s; I =2 from p — p transitions [18].

In the particular case of a dynamical dipole field applied to a spherical molecule such
as Cgo, the calculation can be simplified significantly by anticipating the form of the dipole
operator which describes the response of the system [6]. The dipole operator D s dominated

by two contributions, one from the intersite charge transfer across the molecule, characterized



by L =1 and [ = 0, and the other from the induced dipole moment on a site, characterized

by L =0 and ! = 1. For a field aligned with the z-axis, D, can be written as
D, =DM 4+ D
= al jaai2(5) +dY (al 0, +al a0, (12)

where z(i) is the z-coordinate of the i-th carbon atom and d is the s — p, dipole matrix
element on a carbon atom.
In the independent particle picture, the polarization propagator for the free dipole re-

sponse is defined in analogy to Eq. (1) as [3]

2(ep — €1)

Oy = 2
H z( ] Zl<p|Dzlh>| (Ep—fh)z—(w+i?])2 -

p,h

(13)

The full response requires the interaction between electrons, which can be approximated as
a pure Coulomb interaction. It is convenient to use a spherical expansion of the potential
about the center of the cluster, given by e?/|r — r'| = €2 ;. /ri* Pi(cos 8). As mentioned
above, the response is dominated by the dipole term, for which only the fields generated
by D and D{? are considered in the following. As I will discuss in the following Section,
this approximation reproduces correctly the overall response, but misses out some important
details.

The RPA response, as described in Ref. [15], can now be obtained in the following way.
In a first simple approximation, one can keep only the charge operator D), and assume
the atomic size to be small in comparison with the hollow “buckyball” radius R =~ 3.5 A,
r< ~ ry & R. Then the clectron-clectron interaction is e D{Y DM /R3. The screened
response function ITFFA due to D{V in Eq. (12) can be determined using the procedure

outlined in Section II. The Dyson equation (2) leads to [3]

P () = (14 TP(w) ) I0w). (14)

Note that in this approach the II’s are ordinary functions and the equation is algebraic and
easily computed. In a more refined approximation, one can consider the dipole moments on

the sites, described by D). The effect will be to replace Eq. (14) by a 2 x 2 matrix equation
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= (1 +0OV)'© (15)
which separates the charge and the internal dipole operators. The elements of the 2 x 2 free

response matrix are

) e
i (w) = ¥ < p|DP|k >< h|DI™|p > (& — en) 06)

(= eV — (i)}
V in Eq. (15) is the 2 x 2 matrix of the interaction, with the elements V}; = €?/R®, V;p =
f/-n = e2/2R3, and Vag = e?/2dR?.

The lowest optically allowed transitions in Cgo are found to be hy — £y, hy — ¢4, and
hy — hy, and are shown in Fig. 1(b). The respective excitation energies, obtained using
the LCAO Hamiltonian of Eq. (4), are 2.8 eV, 3.1 eV, and 4.3 eV. These values compare
favorably with the LDA values 2.9 €V, 3.1 eV and 4.1 eV [7] and are reflected in the free
response shown in Fig. 2(a}. As will become clear in the following, the electron interaction
changes the excitation energies significantly and is essential to obtain even a qualitative
understanding of the transition strengths.

The results for the screened response [15], based on the RPA treatment of the LCAO
Hamiltonian and the charge dipole operator V), are reproduced in Fig. 2(b). A comparison
with the free response shows that the lowest allowed particle-hole transition is slightly shifted
in energy to 2.9 eV and agrees well with the observed [16,19] value of 3.1 eV [see Fig. 2(c)].
The oscillator strength [20] of this transition 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 [19] oscillator strength of 0.004. The higher excitations shown in
Fig. 2(b) are found to be shifted substantially upward in energy as compared to the free
response shown in Fig. 2(a). This brings them into fair agreement with the observed [16,19]
dipole excitations. These transitions 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 experimental data of Ref. [19].

Since the integrated oscillator strength in the region below 10 eV is substantially below

the theoretical npper bound of 240 (based on the fsum rule and ignoring the core electrons),
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one expects substantial oscillator strength at higher energies. Fig. 3 displays the excitation
spectrum of Cgo extending up to 40 eV, obtained using several approximations. The D{)
free response function, shown in Fig. 3(a), has a broad band of transitions in the “interme-
diate” energy range hw = 10 — 20 eV. With the electron-electron interaction present, the
main effect of the Coulomb field is to collect the strength of these transitions into a single
strongly collective excitation. The spectrnm shown in Fig. 3(b) has this giant resonance at
an unusually high frequency Aw == 30 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, as
shown in Fig. 3(c). The total integrated oscillator strength is strongly reduced, leaving most
of the total strength outside the model space. These extra terms shift the energy of the
giant resonance to fiw = 20 eV and decrease the oscillator strength by a factor of &2 when
compared to the results in Fig. 3(b). These predictions have been confirmed by the observa-
tion of a giant plasmon resonance at these energies in isolated Cgo clusters [17]. Collective
excitations at frequencies ranging between 20 — 30 eV have also been observed in Cgp films
[21-23].

The high frequency collective mode has its origin in the large valence electron density p
in the Csa cluster, and can be understood qualitatively by considering a conducting spherical
shell with a radius R &~ 3.5 A and 240 conduction electrons. Results for the optical transition
strength function of this system, based on the program JELLYRPA [24], are shown in
Fig. 3(d). The energy of the collective mode agrees with Fig. 3(c), allowing an interpretation
of the high frequency collective mode of Cgg at = 20 ¢V as a Mie plasmon of a conducting
shell. Tt is interesting to note that this frequency is close to the Mie plasmon frequency of
a solid metal sphere with 240 free electrons and the radius of the Cgg cluster, which occurs

at hwygie = h[dmpe?/(3m)]'/? =25 eV.
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V. DYNAMIC RESPONSE TO MULTIPOLAR FIELDS: Cy, Cs¢ AND Cyp

The occurrence of the strongly collective dipole mode in Cgo, which was discussed in the
previous Section, suggests also the existence of collective excitations with higher multipolari-
ties (quadrupolar, octupolar, etc.) in these and other fullerenes. Of particular interest is the
frequency dependence of the excitation spectra, the nature of these collective excitations,
and the cutoff of collective response for fields with a large multipolarity.

The results presented in the following, which are are based on the LCAO-RPA formalism
described in Section II, have been published in Ref. [1§]. These calculations consider all
parity allowed particle-hole states and are not affected by the restriction to the dominating
values for the on-ball angular momentum L and the on-atom angular momentum 1, namely
(L,1) = (1,0) or (0,1), imposed in Ref. [15] and discussed in Section V. Fragmentation of
the oscillator strength due to the coupling to more complicated states can not be described
by RPA. This coupling of the RPA modes to surface electronic oscillations is addressed by
the Landau damping, which can be modeled by an imaginary part in the energy 5 o hw in
Eq. (1), similar to Ref. [25].

The calculated free and RPA response of carbon fullerenes to an external multipolar field
F(r) = riY p(2), for L = 0 — 8 (F(r) = r? for L = 0), is presented in Fig. 4. Results for
the particular fullerenes Cgg, Cgo, and Cyy are given in Fig. 4(a), (b), and (c), respectively.
Except for the monopole, all other multipole spectra are characterized by a low-frequency
peak at fiw = 6 — 10 eV and a high-frequency peak at fiw =~ 18 — 22 eV. These features are
nearly independent of size, and are also observed in the elongated Cygo tubule.

The multipolarity L of the external field is given by the ratio of the circumference of the
fullerene and the wavelength of the surface mode, L = 2r B/A = ¢R. The maximum expected
multipolarity of a collective electronic excitation L, can be estimated by comparing the C-
C bond length de_c to A/2, yielding L,... = #R/dc_c. This criterion gives L., & 5 for Cag
and a larger value L., = 8 for Cg and Cqq. This estimate agrees very well with the RPA

results in Fig. 4. The states with higher angular momentum are essentially single-particle
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in nature and show little collective behaviour.

The low-frequency mode around 6-10 eV and the high-frequency mode around 18-22 eV,
which have been also observed in electron energy loss spectroscopy of Cgp fullerite films
[23], are the obvious analogues of the 7 and ¢ plasmons in graphite [26]. In graphite the
low-frequency 7 mode has been interpreted by the in-plane response of the weakly bound
P system to a field parallel to the layers. The high-frequency o mode has been assigned to
the out-of-plane motion of the strongly bound & system of s and p electrons in response to
a field perpendicular to the layers. A simple jellium plate model of a graphite monolayer
would show the n plasmon at Aiw = 0 and the ¢ plasmon at a much higher finite frequency.

The high-frequency o mode, which has been already discussed in Section V (albeit in a
more approximate way) agrees quite well with the giant resonance observed in the photoion-
ization spectrum [17]. The slight red-shift by 2-3 eV of the calculated peak with respect to
the experiment could be partly due to an insufficiently precise parametrization of the LCAO
Hamiltonian underlying this calculation, or the fact that Aw, lies very close to 3kw, opening
the possibility of a resonant coupling between these modes. A more precise treatment of the
excitation spectrum including multiparticle-hole excitations, which are responsible for the

Landau damping, would require a formalism beyond the RPA framework.

VI. INELASTIC ELECTRON SCATTERING OF Cg AND Cr

Since a plane wave representing a monochromatic electron beam has contributions from
all multipoles, one can expect that collective excitations with large multipolarities can be
observed in an electron energy loss spectroscopy (EELS) experiment. The theoretical de-
scription, given in Ref. [18], is based on the differential cross section for electron excitation

in the Born approximation,

d*c _ e*m 24p’|< |Zex (—iq- )0 > [
MQdw  \ B2 ) pgt ~ ISP R
elm 24;(9r :
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Here, p and p’ are the initial and final linear momenta of the electron, m is the mass of the
electron, q = p— p’ is the momentum transfer, and Aw is the energy transfer. S(q,w) is the
spectral function (or dynamical structure factor) of the scattering fullerene which depends
solely on the properties of this molecule.

For a fixed value of q, the calculated SFFPA(q,w) of Cs and Cry, obtained using the
LCAO-RPA formalism [18], is dominated by two peaks. These resonances lie at excitation
energies around 6 — 10 eV and around 18 — 22 eV, and correspond to the m and ¢ modes
discussed in the previous Sections. A similar two-peak spectrum has recently been observed
on Cgp and Crg gas targets [27]. The maximum of S(q,w) occurs at at momentum transfer
values ¢ & 1.5—2 A. This suggests that the response is mainly due to multipolar components
of the electron plane wave which are characterized by L = ¢R =~ 5—7. This is consistent with
the strongest occurrence of the 7 and ¢ modes in Cgp and Cyzp for these field multipolarity

values L.

VII. SUMMARY AND CONCLUSIONS

In summary, the LCAO-RPA formalism has been found successful in determining the
polarizability and electronic excitation spectra of Cyg, Ceo and Cyo fullerene clusters.

The calculated static polarizability of free Cgg has large linear and nonlinear components,
the latter being much sinaller than originally suggested and significantly reduced by screen-
ing effects. Random field approximation calculations indicate that the dynamical dipole
response of isolated Cyg, Cgo, and Crp is characterized by two strongly collective modes,
namely a Mie-type o-plasmon at hw=20 eV, and a 7-plasmon at hw=s6 eV. These modes
also dominate the response of these systems to multipolar external fields with a multipolarity
LX8 and hence shape the electron energy loss spectra. The large oscillator strength of these
modes is collected from lower-lying particle-hole excitations which consequently experience
strong dynamical screening.

The LCAO-RPA formalism, in spite of its success, has certain limitations. The single-
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particle spectrum of the fullerenes, as given by the LCAO Hamiltonian, spans a finite-
dimensional model space. Even though such a description seems to account very well for
the electronic response of the systems investigated, sum rules are strongly violated [15].
Effects of the exchange and correlation energy on the excitations energies have only approx-
imately been addressed in the LCAO parametrization, and treatment of self-consistency in
the excitation spectra is only approximate. Finally, the fragmentation of the collective ex-
citations into multiparticle-hole excitations goes beyond the RPA description and has not
been included explicitly. In spite of these limitations, the overall agreement with available

experimental data 1s surprisingly good.
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FIGURES

FIG. 1. {(a) Single-particle energy level spectrum of a Cgp cluster, obtained using the LCAO
Hamiltonian defined in Eq. (4) and deseribed in Ref. [6]. (b) Detailed view of the energy level
spectrum in the vicinity of the Fermi level, with optically allowed transitions indicated by arrows.

The levels have been sorted by symmetry (from Ref. [15], © American Physical Society 1991).

FIG. 2. (a) Free response and (b) RPA response of Cgo clusters to an external time-dependent
dipole field (solid line). The sharp levels have been broadened by adding an imaginary part
n = 0.2 eV to the energy. The dashed line indicates the integrated oscillator strength. (¢) Observed

photoabsorption spectrum of Ref. [16] (from Ref. [15], © American Physical Society 1991).

FIG. 3. Dipole response of Cgp clusters to an external electromagnetic field, shown in an ex-

panded energy region. (a) Free response, (b) RPA response based on the charge term Dgl), and
(c) RPA response based on both the charge and the dipole terms D and D in Eq. (12). (d)
RPA response of a thin jellium shell, describing the electron-electron interactions in LDA. The
response functions are given by the solid line, and the integrated oscillator strengths are shown by

the dashed lines (from Ref. [15], ©American Physical Society 1991).

FIG. 4. Free (dotted lines) and RPA (solid lines) response of (a) Cgo, (b) Cso, and (c) Crp to
external multipolar fields F(r) = r&¥y ps(2), for L = 0 — 8 (F(r) = #2 for I = 0). Damping of
the sharp excitations has been described by an imaginary part of the energy # = hw/8 in Eq. (1).

(from Ref. [18], ©American Physical Society 1993).
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Multipole response of Cy,
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Multipole response of Cqy
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