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Vacuume-ultraviolet plasma Frenkel excitons: elementary excitations of polymerized
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The high-frequency excitations of the molecular insulatgg &e investigated theoretically. The
model of a quantum well rolled into a sphere is used to calculate the dipuikipole in

the general cagenodes of an individual g cluster. If the spectrum and oscillator strengths of
the collective modes of an individual cluster are known, the microscopic continuum

approach can be used to calculate the spectrum of delocalized excitations in a cluster crystal.
Then the ordinary dielectric constant formalism permits calculation of the optical
characteristics of the material in the vacuum ultraviolet region studied19@8 American

Institute of Physicg.S1063-783#8)04505-3

The molecules in a g crystal are joined by weak van difficult. Nevertheless, the high-frequency excitations of the
der Waals forces. As a result, solid-state fullerene is readilypolyatomic electronic structure of fullerene is practically in-
soluble in many typical organic solvents. However, it wassensitive to the details of its spectrum.
shown in Ref. 1 that a fullerene surface undergoes a pho- Since them-electronic system of fullerene is readily po-
totransformation during prolonged illumination by incoher- larizable and the total number of valence electrons is high, it
ent UV radiation or under the action of a high-power low- turns out that both the analytical quantum-mechanical model
frequency coherent source. After such treatment, a surfacef a quantum well rolled into a sphéréand the simple
region with a thickness amounting to severgj @onolayers phenomenological hydrodynamic model of a charged liquid
becomes practically insoluble. Such a phototransformatiomn the surface of a sphérecan be applied successfully. The
has been termed polymerization, in analogy to the procedsigh-frequency multipole polarizability of a cluster can be
for unsaturated hydrocarbons, whose electronic structure exietermined from the continuity equation and the equation of
hibits some similarity to that of fullerene. Apart from photo- motion for the oscillations of a charged liquid on the spheri-
polymerization, the transformation of fullerene into an in- cal surface of a cluster:

soluble phase at high pressures and temperatures has been Ji ne?
reported® X-ray structural investigations of the polymer —JZ——V(p
phase have shown that the formation of linear or two- ot m o)

dimensional structuregsapparently chainsof Cg, clusters
bonded to one another and of a united 2D network is typical.

The present work examines the elementary excitations in 5 .
one- and two-dimensional systems of fullerene clusters. wheren=240/47R" is the density of valence electrons on

the surface of a spherical cluster of radRism ande are the
mass and charge of an electrap,is the effective electric
potential, which, by necessity, includes the potential of the
1. HIGH-FREQUENCY DIPOLE MODES OF A Cgo CLUSTER: charge induced on the cluster itself,s the density fluctua-
SURFACE-PLASMON APPROXIMATION tion, j is the current density associated with it, afds the

The foundation for the theory of elementary excitationsdradient over the surface of the sphere_z. The SOIUt'OnS O_f
in molecular insulators was laid in Ref. 3. Application of the these equations are naturally sought using an expansion in

ideas advanced by Frenkel to the solution of concrete prob® spherrécal harmonic®, (r)Y, w(Q), i.e., a multipole
lems involving calculations of the optical characteristics ofXPansior. Then the discontinuity of the field on the cluster

insulating crystals has provided explanations for numerou§“rface is reIated.to the amplitude of the multipole quctua—-
experimental findings based on the model of an exciton ofONS oL according to the Ostrogradsky—Gauss theorem:

small radius, or a Frenkel exciton. In the case of crystalline(2|‘+1)"°L"\"/R,:27T"L"\/I " Solving these equations .to-
Cqo We are clearly dealing with a typical molecular insulator, gether, we obtain the multipole dynamic response function of

whose dipole excitations are localized and migrate througf" individual cluster in the form

%9 Vi-o
ot VT

the crystal as a result of dipole-dipole interactions between —oLm R3
neighboring clusters. a ()= ¢ft,rv| = (1_w2/w5),

Despite the fact that & is similar as a whole to the
previously known molecular insulators, the theoretical dewherecp’L‘fM is the spherical harmonic of the external electric
scription of the cluster and the cluster medium is far morepotential. WherL=1, we are dealing with a dipole-moment
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excitation in the cluster. The lack of a dependence oh M n/H
is a consequence of the spherical symmetry of the mode u
and, although @ actually has icosahedral, rather than ”-9/
" 0

spherical, symmetry, the dipole polarizability of the cluster
remains isotropic. The polarizability has a resonance at th
frequency of the collective mode excited in thg, Cluster by
the external multipole potential:

L(L+1 4m7ne®  [L(L+1
om gD fAme JHEED

2L+1  V m*R 2L+1

Here w, is the characteristic plasma frequency of fullerene.
It is the excitation frequency of a surface plasmon in a me-
tallic sphere of radiu® with a surface charge density corre-
sponding to the valence electron density of fullerene. We se
that collective modé’s” in the vacuum-ultraviolet region,
for example, the dipole modew=25 eV), are excited in
Cgo in a range of frequencies much greater than the frequer
cies of all the “single-electron” modes.

In this section we examine the spectrum of dipole modes
of a chain of fullerene clusters neglecting retardation. The
Coulomb interaction of the multipole plasma modes of two
clusters was previously studied in detail in Refs. 9 and 10. Ir x>
particular, it was shown there, for a triply degenerate dipole
mode of an individual g, cluster, that it is sufficient to take
into account the interaction with the dipole mode of the
neighboring cluster. Such an axisymmetric perturbation lead
to splitting of the state with.=1 into longitudinally and
transversely polarized modes. In a chain of fullerene mol- )
ecules the solutions must be sought in the form of plane ; T
waves of the same polarizations. Therefore, an anisotropi > ~
(axisymmetrig system of @, clusters has transverse modes,
i.e., one-dimensional Frenkel excitons, which are formed or
the basis of elementary plasma excitations of an individual

fullerene cluster. We shall call such excitations “plasmaFIG. 1. Spectra of longitudindl, upper spectrujnand transverseL, lower
Frenkel excitons.” spectrum two-dimensional plasma Frenkel excitons obtained numerically
with consideration of a concrete square lattice of polymerizgd & quar-

ter of the Brillouin zone is shown: dependence of the normalized frequency
o(f )/w, of the mode on the wave vectokgH andk,H.

n/H
2. EXCITATIONS OF A ONE-DIMENSIONAL CRYSTAL: THE 0.9%2 102
COULOMB PROBLEM
996

~

H

k!

The Fourier transformation

N
UM(k):n;N e MHgu(x—nH),

wheren=—N,...,0,.. N is the number of the cluster in a
chain of length &, k is the wave number of the excitation,
and H is the distance between clusters, diagonalizes the
problem, and the spectrum takes the form )

1+3(—1)M

o(k)=w; \/l—|— —
where{(x) is a zeta functiort? which defines the lattice sum

The spectrum is doubly degenerate fdr=*1. There is for the ground, totally symmetric state of the plasma Frenkel
natural splitting between thél==*=1 and M=0 states, exciton withk=0 [{(3)=1.202, compare the results in Ref.
which describe transversely and longitudinally polarized ex-12]. It follows from (3) that the longitudinal—transverse split-
citations, respectively. For sm&H<1 the dispersion of the ting is specified by the ratioR/H)3 and amounts to 3.9 eV
modes is linear with respect to the wave vector: for k=0 and—3.1 eV fork=7/H whenH=10 A.?
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3. TWO-DIMENSIONAL PLASMA FRENKEL EXCITONS We also present the spectra of longitudinal and transverse
The theory of two-dimensional Frenkel excitons was de-rTll()delS obtgmgd by num;rlcal summation for a square lattice
scribed in detail in Ref. 13, where there are also references g POYMerz€ Go (see Fig. J‘ .

Thus, the spectra of longitudinal and transverse vacuum-

experimental results in this area. Below we present the rel_JItravioIet Coulomb excitations in one- and two-dimensional
sults of a microscopic calculation of the spectrum of Cou-

lomb 2D-plasma Frenkel excitons in a monomolecuIarperiodic systems of fullerene clusters, which were calculated

fullerene film, including results obtained analytically in the analytically in the continuum apprOX|mat|or_1 for wave num-
continuum approximation. bers that are small compared with the reciprocal lattice pe-

We choose the directions of the orthogonal polarization§iOd and nu_meri<_:a||y in the entire Brillouin zone, have k_)een
of the eigenmodes of the two-dimensional problem inanatupresem('}d In _th_'s paper. The values Of. th_e translational-
ral mannero, is a transverse mode polarized along a normafra.nsverse splitting of the elgmentary excnauon; nearthe
to the film surfaceg, is a second transverse mo@ts po- p_omt, as well as on the BnIIoum—zqne edge in the one-
larization vector lies in the plane of the film and is perpen-d'mens'onal case, have been determined.

dicular to the excitation wave vect&), ando is a longitu- This work was performed as part of Project No. 94014
dinal mode with polarization along the excitation wave of the Russian Scientific-Research Program “Fullerenes and
vector. In the continuum approximation, the two- atomic Clusters,” and one of ué/.V.R.) thanks INTAS for
dimensional lattice sum can be replaced by an integraly grant arranged through the Center for Fundamental Physics
which is taken in an expansion to the second order in thg, Moscow, as well as the Russian Fund for Fundamental

small parameter of the problerR(H)3<1/3 in the approxi- Research for its partial suppdi®rant No. 96-02-17926
mation of small wave numbers. Neglecting retardation, the

frequencies of the Coulomb 2D plasma Frenkel excnong)The distance between nearest neighbors in crystallige

have the form
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