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Excitonic effects in linear and nonlinear optical properties of C60
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A model study of the singlet excitons in C60 with emphasis on the Coulomb interaction between an excited
electron and hole and with the aid of the molecular symmetry leads to a physical understanding of the
interaction effects on the absorption spectra and to an identification of the forbidden excitons in the third-
harmonic generation spectra. These conclusions may be tested experimentally on the model predictions related
to the optical Kerr effect. Briefly discussed is the application of the model to other molecules, small clusters,
and quantum dots, with the possibility of an excitonic ground state.@S0163-1829~99!06904-0#
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I. INTRODUCTION

Since the discovery of C60,1 several experimental an
theoretical studies have suggested that undoped and d
C60 solids are strongly correlated electron systems. The
servational basis includes the unusually high supercond
ing transition temperature of the alkali-metal-dop
fullerites,2 the existence of soft ferromagnetism,3 the strong
Coulomb interaction effects in the Auger spectrum, and
rect and inverse photoemission.4 The theoretical motivation
is based on the narrow bandwidth compared to the str
intramolecular interaction. This naturally leads to theor
based on the Hubbard model with an on-site interaction
every carbon atom.4–6 The strong correlation is used to find
mechanism for superconductivity.7 Parity doublets of the
lowest unoccupied molecular orbitals~LUMO’s! of the C60

molecule are used for the pairing mechanism.8 The Coulomb
interaction of the electrons within a single C60 molecule has
also been taken into account through the configuration in
action by several quantum-chemistry calculations.9–12On the
other hand, the quasiparticle correction13,14 to the local-
density approximation15,16 leads to the conclusion that, whil
the correlation effect is large, the electronic structure in60

is nonetheless that of a standard band insulator.14 Similarly,
the superconducting transition temperature of the alk
doped C60 has been explained by the usual phon
mechanism.17,18

A common feature among the theories mentioned abov
the assumption of the closed-shell ground state for C60 with
the set of highest occupied molecular orbitals~HOMO’s! of
symmetryhu andhg and the set of LUMO’s of symmetryt1u
andt1g . We examine the Coulomb interaction effects on t
excitation of an electron from a HOMO to a LUMO and th
influence of the resultant excitons on the linear and nonlin
optical properties. The method of this study may be app
to other molecular solids, clusters, and quantum dots. In
PRB 590163-1829/99/59~3!/1857~13!/$15.00
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ticular, our study of C60 may be used as a paradigm to i
vestigate the stability of the closed-shell ground state aga
the excitons. By using a simple model, we hope to und
stand the factors governing such instability and to expl
consequences, such as in nonlinear optical properties. E
if the excited states are only low in energy without caus
any instability, they could play an interesting role in som
properties, especially superconductivity.

First, we study the energy ordering of the closed-sh
state and the one-electron–hole pair excited states. Sh
et al.19 used a molecular orbital model to make a compreh
sive study of the exciton energy spectrum in solid C60. We
adopt a similar approach, but use further simplifications. T
excitons are not confined only to the optically active on
We restrict our attention to excitations within a single C60

molecule since in the solid the weak overlapping between
molecules20 would not qualitatively affect our results. How
ever, the intermolecular screening effect is modeled b
dielectric costant. We use a nearest-neighbor tight-bind
model for the one-electronp orbitals8,21,22 with the help of
symmetry considerations.23 The essential results of the one
electron states are given in Sec. II. In Sec. III the energie
the electron-hole pair states relative to the closed-shell s
are determined in terms of the single-particle energies
the Coulomb interaction. The interaction terms include dir
electron-hole attraction and the exchange counterpart,24 in-
teraction on the same carbon site as well as between
pairs of carbon sites in the same C60 molecule. We examine
the dependence of the pair-state energies on three mode
rameters, the nearest-neighbor hopping energyV, the intra-
site interactionU ~including both the direct and exchang
contributions!, and the typical long-range interaction ter
e2/eR0 , taking into account the intersite screening effece
and setting the distance scale at the radius of the bucky
R0 ('3.5 Å).

Second, we study the effects of the excitons on the opt
1857 ©1999 The American Physical Society
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1858 PRB 59F. BECHSTEDT, M. FIEDLER, AND L. J. SHAM
properties. In Sec. IV our calculations of the linear optic
spectra are compared with experiment and our calculat
of the nonlinear properties are used to interpret the exp
ments on third harmonic generation and to suggest meas
ments that will test our theory. In Sec. V we summarize
results of our work on C60 and speculate on the possibility o
small systems with an excitonic state as the ground stat

II. SINGLE-PARTICLE EXCITATIONS

The first order of business is to construct the most
evant one-electron orbitals in C60, namely, the HOMO’s and
LUMO’s. Their approximation byp orbitals seems to be
well established for low-energy excitations. For instance,
weights of the radial orbital for thehu and t1u states were
about 98% and 95%, respectively, according to Laou
et al.25 In the discussion of the electron-hole interaction t
small s contributions may be neglected. The tight-bindi
Hamiltonian with the nearest-neighbor hopping may be b
from the molecularp orbitals:23

f lmp~x!5Nl (
g

elmp~g!x~x2R0g!, ~2.1!

wherex(x2R0g) is the component of thep wave function
centered around the atomic sitesR0g pointing along the ra-
dial direction. We have neglected the difference in bo
lengths of the inequivalent bonds.Nl gives the normalization
of the molecule state. The quantum numberl is used to index
the irreducible representations26 of the icosahedral groupI h ,
the symmetry group of the buckyball, namelya, t1 , h, t2 ,
andg, with degeneracies 1, 3, 5, 3, and 4, respectively. T
quantum numberm runs over the degenerate states of ea
irreducible representation. The quantum numberp denotes
the parity of the state. Its introduction indicates that the f
symmetry group of C60 is I h3Z2 , where Z2 is the two-
element group consisting of the inversion operator and
identity. The coefficients for different sites may be related
each other by8

elpm~g!5 (
m852 l

1 l

Dmm8
l* ~vg!elpm8~e!, ~2.2!

where vg is the rotation bringing the radial vector from
atomic sitee @see Fig. 1, not to be confused with the coef
cients elmp(g)# to site g. For the regular three- and five
dimensional representations (l 51,2) under consideration th
(2l 11)3(2l 11) matricesD̂ l are simply the standard trans
formation matrices in a rigid body, the so-called WignerD
functions.27

The irreducible representationsDmm8
l (vg) of the coeffi-

cients elmp(g) reduce the nearest-neighbor Hamiltonian
units of the hopping parameter2V to a set of Hamiltonians
given by8
l
ns
ri-
re-
e

l-

e
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hmm8
l

5(
i 51

3

Dmm8
l* ~v f i

!, ~2.3!

where the sum only runs over the three nearest neighbof i
of the sitee. The spin degrees of freedom are understo
For readers interested in generating the irreduci
representations,27 we record the coordinatese5 1

3 (R/
R0)@sin(2Q0),0,21cos(2Q0)#, where the angle 2Q0

5cos21(1/A5) is defined by the geodesic arc between t
neighboring vertices of the icosahedron. The rotations to
nearest neighborsf i from the atom ate are given by the Euler
angles (a50,b52Q0 ,g5p), (a52p/5,b50,g50), and
(a522p/5,b50,g50), respectively, fori 51, 2, and 3.

The LUMO’s and HOMO’s of interest belong to the rep
resentationst1 andh, respectively, which are isomorphous
the spherical harmonicsl 51 (p wave! and l 52 (d wave!.
The state degeneracy is then 2l 11 and the normalization
Nl5A(2l 11)/60. The corresponding Hamiltonians for the
states are

ĥ15S 211
2

A5
2A2

5
2

1

2S 12
1

A5
D

2A2

5
21

1

A5
A2

5

2
1

2S 12
1

A5
D A2

5
211

2

A5

D ,

FIG. 1. Structure of the C60 molecule. Each dot denotes th
position of a carbon atom. The connecting solid lines indicate
bonds. The intact icosahedron with the vertices atN, S, Ai , and
Ai8 ( i 51, . . . ,5) isindicated by the dashed lines.
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where cos(2Q0)51/A5 and cos(2p/5)5(211A5)/4 are
used.

The eigenvaluesl of the reduced Hamiltonians for th
two LUMO and two HOMO levels are in closed form

l115
1

2
~231A5!,

l125
1

2
@~31A5!/22A~192A5!/2# ~2.5!

for l 51 and

l225
1

2
~211A5!,

l2151 ~2.6!

for l 52, in agreement with other calculations.8,22,23 These
orbitals are associated, respectively, with the symme
t1g , t1u , hu , and hg . The single-particle energies of thes
molecule states are

« lp52l lpV, ~2.7!

where lp runs over the indices 11 ~for the representation
t1g), 12 (t1u), 22 (hu), and 21 (hg). The normalized
eigenvectors with (2l 11) components at carbon sitee are
given by ~with x5l122221/A5 and tany5A5x/2)

ê11~e!5
1

A2S 1

0

1
D , ê12~e!5

1

A2S 2siny

A2 cosy

siny
D ,

ê22~e!5
1

A10S 1

2

0

2

21

D , ê21~e!5
1

A30S 211A5

11A5

A6

212A5

211A5

D ,

~2.8!
y

triplets for the LUMO states and quintets for the HOM
states. The complete eigenvectors with the components
the other atoms follow by rotation~2.2!. Using this equation,
the definition of the WignerD functions,27 and the form of
the vectors in Eq.~2.8! one can easily show the parity of th
stateselm6(2g)56elm6(g). The pairs of vectors for the
atoms at the sitese and 2e give instructive examples. The
corresponding transformation matricesDmm8

l (0,p,0)
5(21)l 1mdm,2m8 give eigenvectors at2e, which fulfill the
parity condition. Since the rigid-body transformation frome
to 2g may be related to a product of transformations frome
to g ande to 2e, the above property is also valid for arb
trary atomic positionsg.

Figure 2 shows schematically the two LUMO levels a
two HOMO levels and their associated states. The ene
scale is set by the hopping matrix elementV in Eq. ~2.7!. The
single-particle energy difference («122«22) is taken to be
3.5 eV betweent1u and hu peaks in solid C60 measured by
the photoemission and inverse-photoemission exp
ments.4,28,29 This yields an estimate ofV54.626 eV. This
value is bracketed byV53.83 and 6.61 eV representing th
uncertainty of the estimate. The lower value follows from t
energy difference taken at the midpoint between the b
onset at 2.3 eV~Ref. 4! and the peak-to-peak difference
3.5 eV to allow for the finite bandwidths in the solid. Th
higher value ofV comes from the estimate of 5 eV as th
difference between the electron affinity level and the ioni
tion potential of the C60 molecule.30 The three values ofV

FIG. 2. Schematic four-level diagram of HOMO and LUM
states for characterization of the lowest electronic excitations in
C60 molecule.
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1860 PRB 59F. BECHSTEDT, M. FIEDLER, AND L. J. SHAM
yield the single-particle excitation spectrum«1154.63~3.83
and 6.61! eV (t1g), «1253.50 ~2.90 and 5.00! eV
(t1u), «2250 eV (hu), and «21521.77 (21.46 and
22.52) eV (hg), with respect to the position of the highe
occupied state. The discrepancy between these valuesV
and the local-density approximation derivedV52.72 eV
~Ref. 25! represents the phenomenological fit of the form
to the renormalized one-particle energies so that, when
interaction between two single-particle excitations is cons
ered later, the one-particle energies should not be fur
modified by the interaction.

III. EXCITONS

A. Symmetry-adapted electron-hole pair states

In this paper we shall consider only electron-hole exc
tions without spin flip, i.e., only singlet excitons. We ha
calculated the energies of the triplet excitons, which, dev
of exchange interaction, lie slightly lower than the singlets19

The possibility of magnetism involving the triplet state w
be left to a future study.

Consideration of the electron-hole pair excitations of
p-electron system of C60, which are lowest in energy, ca
be restricted to the level scheme of Fig. 2 with the em
levels t1g and t1u and the occupied stateshu and hg . The
pair excitations contain products of the typet1pe

3hph
with

the single-particle paritiespe ,ph511(g) or 21(u). With
the pair parityP5peph , whereP runs over the same value
11(G) and 21(U) as pe and ph , the pair states have th
symmetry10

t1pe
3hph

5T1P1T2P1GP1HP . ~3.1!

That is, each of these four 15-dimensional product repres
tations of a singlet electron-hole pair from LUMO/HOMO o
the typehph

→t1pe
splits up into two three-dimensional rep

resentationsT1P and T2P , one four-dimensionalGP repre-
sentation, and one five-dimensionalHP representation (P
5G,U).31 Among them are the dipole-allowed pair excit
tionsT1U for an electron and a hole with opposite parity. F
these optically observable excitons, there is no need to c
sider the fourfold degeneratedgg hole level, which is either
somewhat below thehg level10 or degenerate with it within
the approximations considered,8,22,23 from the relation10

t1pe
3gg5T2P1GP1HP , ~3.2!

which contains no representationT1U of the electric-dipole-
allowed excitons. Symmetry reasons also dictate that the
no configurational interaction between theAG ground state
and the low-lying pair states considered.

We develop a method of computing the excitonic state
terms of the symmetry-adapted electron-hole pair states~and
incidentally gained some physical insight into these p
states! by exploiting the close relation of the representatio
of the symmetry groupI h of the C60 molecule with the trans-
formation properties of the spherical harmonics23 that differ
by a small perturbation. Thet1pe

of the LUMO and thehph

of the HOMO correspond to single-particle angular mom
tum states with the quantum numbersl and m ( l 51,2 and
2 l<m< l ). The angular momentum addition rules wou
f
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yield the symmetry of the resulting electron-hole pair sta
to be those of the spherical harmonicsL and M with L
51,2,3 and2L<M<L. Indeed, the pair states have
three-dimensional representationT1P corresponding toL
51 and a five-dimensional representationHP corresponding
to L52. However, since C60 does not have complete spher
cal symmetry, theL53 states split into two groups, a three
dimensional representationT2P and a four-dimensional one
GP . The symmetry-adapted electron-hole pair spin-sing
states may be written as linear combinations

uLNpeph&5 (
me521

1

(
mh522

2

Cmemh

12 ~LN!c1peme

† c2phmh
u0&,

~3.3!

where the operatorclpm
† (clpm) creates~annihilates! an elec-

tron in a molecule stateu lpm& with a single-particle parityp.
The coefficients on the right-hand side of Eq.~3.3! are re-
lated to the Clebsch-Gordan coefficientsClml8m8

LM ~Ref. 27! by
(L51,2 with 2L<N<L andL53 with N50,61)

Cmemh

12 ~LN!5~21!2mhC1me22mh

LN ,

Cmemh

12 ~3,63!5~21!2mhFA2

5
C1me22mh

363 6A3

5
C1me22mh

372 G ,
Cmemh

12 ~3,62!5~21!2mhFA2

5
C1me22mh

372 7A3

5
C1me22mh

363 G .
~3.4!

The symmetry-adapted pair states are chosen such thL
51 corresponds to the basis of the irreducible representa
T1P , L52 to HP , L53 and N50,63 to T2P , and L53
andN561,62 to GP .

The true singlet exciton states are linear combinations
the symmetry-adapted pair states~3.3!

uLNPL&5 (
p51,2

cLp~LNP!uLN~Pp!p&, ~3.5!

where the summation runs over the hole parityp. The sum-
mation in Eq. ~3.5! indicates that pair states of differen
single-particle parities may be coupled provided the to
parity P is conserved. The fourth quantum numberL labels
the two coupled pair states of the same symmetry. The f
quantum numbersL, N, P, and L span the 60 pair state
~without spin! under consideration. The eigenstates~3.5! of
the Frenkel excitons are orthonormalized with(pcLp* cL8p

5dLL8 , following the orthonormal property of the Clebsch
Gordan coefficients.

The symmetry-adapted basis pair statesuLN(Pp)p& of
Eq. ~3.3! with the third quantum number set tope5Pp block
diagonalize the two-body Hamiltonian of thep-electron sys-
tem including the full Coulomb interactionv into 232 ma-
trices diagonal in the quantum numbersL, N, andP:

^LN~Pp!puHuL8N8~P8p8!p8&

5dLL8dNN8dPP8$dpp8@«1Pp2«2p#

1^LN~Pp!puvuLN~Pp8!p8&%, ~3.6!
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with the electron in the level with the excitation energy«1pe
,

the hole in the level with«2ph
, and the Coulomb interaction

connecting pair states with (pe ,ph) and (2pe ,2ph). In our
notation system, the exciton energy eigenvaluesELNPL are
independent ofN for L51,2, i.e., (2L11)-fold degenerate
For L53, the exciton energies for the two symmetry sets
N50,63 and N561,62 are different but degenerat
within each set.

B. Coulomb interaction

The Coulomb interaction term in Eq.~3.6! includes the
electron-hole attraction and the exchange term to
electron-hole attraction24 with the diagrammatic representa
tion in Fig. 3. The exchange terms of Fig. 3~b! only exist for
the spin-singlet exciton. Assuming nonoverlap of thepz or-
bitals from different carbon sites of thep-like molecule
states, we express the Coulomb term in Eq.~3.6! in terms of
the single-particle eigenstates of Eqs.~2.2! and ~2.8! as

^LNpephuvuLNpe8ph8&

52
15

~60!2 (
g,g8

GLN* ~12pephugg8!v~g2g8!

3GLN~12pe8ph8ugg8!

12
15

~60!2 (
g,g8

GLN* ~12pephugg!v~g2g8!

3GLN~12pe8ph8ug8g8!, ~3.7!

with

GLN~ l el hpephugg8!

5 (
me52 l e

1 l e

(
mh52 l h

1 l h

Cmemh

l el h ~LN!el epeme
* ~g!el hphmh

~g8!,

~3.8!

where the coefficientsCmemh

l el h (LN) are defined in Eq.~3.4!.

The Coulomb potential takes the form

v~g!5Udg01
e2

eR0

1

ugu ~12dg0!, ~3.9!

whereU denotes the on-site Coulomb matrix element of
pz orbitals, which should be reduced by the correlation w

FIG. 3. Feynman diagrams for the electron~upward arrows!-
hole ~downward arrows! interaction ~dashed line!: ~a! the direct
attraction and~b! the exchange counterpart.
f

e

e

the s electrons.32 R0 is the distance from a carbon atom
the center of the cage ande denotes a dielectric constan
representing the screening of the interatomic~but intramol-
ecule! Coulomb interaction. Strictly speaking, the screeni
of the Coulomb potential in the direct term includes a co
tribution from the excitons under consideration that is abs
in the exchange term.24 Our approximation is valid if the
contributions from the dynamics of thes electrons32 and
other C60 molecules dominate.

The first term on the right-hand side of Eq.~3.7! comes
from the direct electron-hole attraction and the second is
exchange counterpart. The factor of 2 may be viewed
originating from the spin degeneracy or the structure of
singlet. The double sums over the carbon sites in the exp
sion ~3.7! may be reduced to single sums by means of
product relation for the WignerD functions representing the
two rigid-body transformations to the sites. Thus, with a si
plifying definition for the Coulomb matrix element

Vpp8~LNP![2^LN~Pp!puvuLN~Pp8!p8&

52
U

60
Fpp8~LNP!

1
e2

eR0
@Hpp8~LNP!22Xpp8~LNP!#,

~3.10!

where theN dependence serves only to differentiate betwe
T2P andGP in theL53 case. ForL51,2 (2L<N<L) and
L53 (N50,61), the intra-atomic Coulomb interaction i
given by

Fpp8~LNP!5
15

2L11 (
M52L

1L

3GLM* ~12~Pp!puee!GLM~12~Pp8!p8uee!

~3.11!

and the interatomic Hartree and exchange contributions

Hpp8~LNP!5
1

4~2L11! (
M52L

1L

(
g

8 GLM* ~12~Pp!puge!

3
1

ug2eu
GLM~12~Pp8!p8uge!, ~3.12!

Xpp8~LNP!5
1

4~2L11! (
M52L

1L

(
g

8 GLM* ~12~Pp!pugg!

3
1

ug2eu
GLM~12~Pp8!p8uee!, ~3.13!

where the functionsGLM are defined in Eq.~3.8!. The intra-
atomic term~3.11! includes both the Hartree and exchan
contributions.

In Table I are listed the values of these three terms ev
ated from Eqs.~3.11!–~3.13!. The corresponding results us
ing the continuum approximation of Ref. 8 differ little for th
Hartree contributions, but up to 50% for the exchange ter
Table I indicates that the interatomic electron-hole excha
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TABLE I. Intra-atomic and interatomic Coulomb interaction matrix elements~3.11, 3.12, 3.13!. ~I.R. denotes irreducible representation!

Quantum numbers Fpp8(LNP) Hpp8(LNP) Xpp8(LNP)
IR L N P 11 22 12 11 22 12 11 22 12

T1G 1 0,61 1 0.50000 0.76690 0.61923 0.87251 0.89689 0.2271320.02111 20.03239 20.02615
HG 2 0,61,62 1 1.50000 1.23310 0.79877 0.85182 0.82745 0.05389 0.03329 0.04047 0.0
T2G 3 0,63 1 1.33333 1.99975 21.63289 0.85527 0.87308 20.09762 20.08122 20.12181 0.09947
GG 3 61,62 1 0.50000 0.13364 20.23822 0.87251 0.87134 20.16449 20.00908 20.00303 0.00416

T1U 1 0,61 21 1.54204 1.50000 1.50777 0.85363 0.84560 0.19439 0.16148 0.11124 0.1
HU 2 0,61,62 21 0.45796 0.50000 20.08977 0.87070 0.87873 0.0866220.01309 20.02673 0.00445
T2U 3 0,63 21 0.63864 1.00000 0.21489 0.86786 0.9154720.18339 0.02377 20.01409 0.01251
GU 3 61,62 21 1.54204 1.25000 21.17978 0.85363 0.81391 20.11652 20.06371 20.07559 0.07082
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may be neglected in comparison to the interatomic electr
hole attraction. This is in complete contrast to the int
atomic case, which is exchange dominated since the sin
exciton has twice the number of exchange terms of eq
magnitude as the direct attraction~cf. Fig. 3!. Since the pref-
actor U/60 is smaller thane2/eR0 , it is evident that the
diagonal elementsVpp(LNP) in Eq. ~3.10! are dominated by
the interatomic Hartree matrix elements and are there
positive. The off-diagonal elementspÞp8 are strongly influ-
enced by the intra-atomic exchange. They are often nega
~except forT1G andHU). Table I also shows that a contac
potential approximation, where the interatomic Coulomb
teractions are neglected, is invalid.

C. Pair excitation energies and ground-state stability

With the Coulomb interaction given in Table I, the 232
eigenvalue problems for the 60 Frenkel excitons origina
from the closestp-electron-related HOMO and LUMO
single-particle states can be solved. For a given represe
tion T1 , H, T2 , or G and a given total parityP561, the
232 Hamiltonian for hole states of paritiesp andp8 may be
written as

Hpp85~Ē1pD!dpp82Ũ~12dpp8!, ~3.14!

where

Ē5
1

2
~E11E2!,

D5
1

2
~E12E2!,

~3.15!
Ũ5V12~LNP!,

Ep5«1~Pp!2«2p2Vpp~LNP!.

The two exciton eigenvaluesELNPL with L561 and the
corresponding eigenvectors follow as

ELNPL5Ē1LAD21Ũ2,

cLP~LNP!5dLp,1 cosh1dLp,2 psinh, ~3.16!

where
n-
-
let
al

re

ve

-

d

ta-

sin~2h!5Ũ/AD21Ũ2. ~3.17!

The coupling of the Frenkel excitons with the same rep
sentation and parityP destroys the simple picture that th
reduction of the difference of the single-particle energ
«1Pp2«2p in Eq. ~3.15! by Vpp defines the binding energy o

the exciton. The ratioŨ/AD21Ũ2 determines the strengt
of the redistribution of the two coupled excitons withL
561. Therefore, the sign ofŨ plays an important role for
the actual oscillator strength for the excitations of electro
hole pairs with differentL, as will be discussed in Sec
IV B.

In Figs. 4 and 5 a selected set of pair excitation energies
plotted versus the strength of the interatomic Coulomb in
action e2/eR0 for two different values of the intrasite Cou
lomb matrix elementU. To avoid clutter in Fig. 4, plotted are
only excitons of representationsT1P(L51) andHP(L52),
i.e., a total of eight exciton energies withP561 and L
561. The other eight exciton energies for the represen
tions T2P and GP (L53) are not plotted since they do no
usually appear in the optical spectra considered below. F

FIG. 4. Excitation energies of Frenkel excitons belonging to
single-particle pairshu→t1u , hu→t1g , hg→t1u , andhg→t1g ver-
sus the effective interatomic Coulomb interaction strengthe2/eR0 .
The intra-atomic Coulomb interaction is fixed at two values~a! U
50 and~b! U54V. T1P , solid line; HP , dashed line. Both pari-
ties P51,2 are considered. The high-energy~low-energy! solu-
tions of the coupled pairsL51 (L52) are plotted as thick~thin!
lines. All energies are given in units of the hopping parameterV.
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ure 5 compares the four lowest pair excitatio
T1G , T2G , GG , andHG with the AG Hartree-Fock ground
state with even parity. The two intra-atomic interaction v
ues chosen areU50 andU54V. The Coulomb energyU
when two electrons are in the same atomicp orbital is usu-
ally estimated to beU'10–20 eV. If one uses a hydrogen
like wave function with an effective nuclear chargeze f f

53.25, a value ofU517.3 eV results,8 which is close to
U54V for the median value ofV in Sec. II. If the effect of
the s electrons is included,U is reduced to 11 eV.32 Both
Figs. 4 and 5 show that the explicitly chosenU value has a
minor influence on the excitation energies. A strong int
atomic Coulomb interactionU54V shifts the pair energies
slightly to higher energies by about 0.05V.

The dependence on the variation of the interatomic C
lomb interactione2/eR0 is explored because of the unce
tainty of the value for the dielectric constant used to scr
the interatomic interaction. The intramolecular correlati
effects with thes electrons32 gives e51.5, which may be
regarded as the minimum screening. WithR0'3.5 Å and
the smallest hopping parameterV in Sec. II, the maximum
value of e2/eR0V is about 0.7. In the literature, screenin
values between 3 and 10 have been reported. For insta
dielectric constants for solid fullerites have been determi
as e53.5, 3.9, or 4.4.33–35 A dielectric constant in a mode
cluster of 7.13–9.86 has been used in Ref. 36 to study
van der Waals cohesion energy. Other authors37 usee54.4
and 6.5 to explain the screening in C60 clusters. Hansen
et al.38 reported a valuee54.6 derived from a Kramers
Kronig analysis of their visible-UV electron-energy-lo
spectrum. For e54.6, the interaction parameters
e2/eR0V'0.19 ~0.23 and 0.14! result fromV54.626 ~3.83
and 6.61! eV. From Fig. 4, evidently the interatomic Cou
lomb interaction has much more influence on the pa
excitation energies than the on-site Coulomb interacti
Moreover, its presence gives rise to an effective attrac
interaction between electrons and holes. The exciton bind
noticeably reduces the pair excitation energies. Typical
ductions amount to about 0.8e2/eR0 for T1G , HG , HU , and
GG and vanishing intra-atomic interactionU. For
T1U (T2G), slightly smaller ~larger! values of 0.5 ~1.0!

FIG. 5. Lowest even-parity exciton energies versus the in
atomic Coulomb interaction. The zero line is given by the clos
shell Hartree-Fock ground state.~a! U50 and~b! U54V.
-

-

-

n

ce,
d

e
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.
e
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e2/eR0 are shown in Figs. 4 and 5. The reductions cor
sponding to finiteU values are smaller.

The findings in Figs. 4 and 5 can be compared with
results of quantum-chemical calculations for the C60
molecule10–12if the screening is taken to be entirely intram
lecular. The quantum-chemical energies of the1T1G ,1 T2G ,
and 1GG multiplets are quasidegenerate, within a range
0.1 eV, at about 0.5 eV, and the1HG multiplet is higher,
separated by about 0.4 eV. Figure 5~b! (U54V) indicates a
similar situation for the reasonable parameter value
e2/eR0V'0.7 discussed above.

For solids, let us takee54.6. ThenU517.3 eV andV
54.626 ~3.83 and 6.61! eV yield energy values 2.86~2.53
and 3.90! eV for T1G , 3.06~2.65 and 4.24! eV for T2G , 2.75
~2.46 and 3.71! eV for GG , and 3.16~2.71 and 4.41! eV for
HG . The resulting picture is more or less consistent w
quasiparticle calculations for solid C60,14 which yield the
lowest excitation energy of 2.15 eV for thehu→t1u transi-
tion. When the electron-hole interaction is included39 this
value is reduced to 1.57 eV, giving an exciton binding e
ergy of 0.58 eV. Thisab initio band calculation also give
peak positions forT2G , T1G , GG , and HG that are red-
shifted in comparison to the peak positions 1.86, 1.94, 2
and 2.30 eV in the fine structure of the forbidden absorpt
edge of the fullerite.39 An inconsistency among the first
principles calculations is the energy ordering of theT1G and
T2G excitations. In Refs. 10 and 11 the symmetry of t
lowest excitation isT1G , whereas other calculations12,39 in-
dicate theT2G level to be the lowest one. Figure 5 shows th
the answer depends on the relative strengths of the intra-
interatomic Coulomb interactions. ForU50, T2G represents
the lowest excited state. ForU54V, this holds only for
e2/eR0V>0.7. In the more interesting region of lower inte
atomic valuesT1G is favored. For even smaller values o
interatomic interaction,GG becomes the lowest excited stat

IV. OPTICAL SPECTRA

A. Optical transitions

The coupling of light to thep-electron system of the C60
molecule is governed by the polarization operator

P̂a5 (
n,n8

^nuexaun8&cn
1cn8 , ~4.1!

where xa is the ath Cartesian component of the positio
operator. With the restriction to the LUMO and HOMO
states described in Sec. II and a strong localization of thepz
orbitals as in the case of the description of the Coulo
interaction in Eq.~3.9!, the dipole matrix elements take th
form (n[ lpm)

^ lpmuexau l 8p8m8&

5eR0

A~2l 11!~2l 811!

60 (
g

elpm* ~g!gael 8p8m8~g!.

~4.2!

The sum over the carbon positions can be evaluated u
the symmetry properties27

r-
-
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^ lpmuexau l 8p8m8&5dp,2p8D~ l l 8upp8!

3 (
M521

11

~21!m8Clml82m8
1M AaM

1 ,

~4.3!

where the effective dipole moment is given by

D~ l l 8upp8!5eR0

A~2l 11!~2l 811!

3

3@2A2G11~ l l 8pp8uee!ex

1G10~ l l 8pp8uee!ez#, ~4.4!

with GLN( l l 8pp8uee) defined in Eq.~3.8! for the reference
atom at positione and the projection of the Cartesian com
ponents onto theL51 angular momentum states

AaM
1 5dax

1

A2
~dM212dM1!

1day

i

A2
~dM11dM21!1dazdM0 . ~4.5!

The optical transition matrix elements from theAG
ground state to the electron-hole pair excited states in
duced in Eq.~3.3! are

^LNpephuP̂au0&5dL1dpe ,2ph
D~12upeph!AaN

1 . ~4.6!

Selection rules limit excitations toL51 excitons with odd
parity, i.e., T1U states10,12. Out of the 60 singlet excitons
there are only six such states, namely,u1N12& and
u1N21& with N521,0,1. Because of the different stru
tures of the single-particle eigenvectors in Eq.~2.8!, the os-
cillator strengths vary with the parity-allowed pairs

D~12u12 !520.48547eR0 ,

D~12u21 !520.55626eR0 . ~4.7!

The characteristic dipole length is about half the dista
from a carbon atom to the center of the cage.

The coupling of two different excitonic states by an e
ternal electric field via the polarization operator is

^LNpephuP̂auL8N8pe8ph8&

5 (
me ,me8521

11

(
mh ,mh8522

12

(21)2mh2mh8C1me22mh

LN

3C1m
e822m

h8
L8N8 $2dpep

e8
dmem

e8
^2ph8mh8uexau2phmh&

1dphp
h8
dmhmh8

^1pemeuexau1pe8me8&%. ~4.8!

We record here a special case needed later for the nonli
optical spectra, by Eq.~4.3!,
o-

e

ar

^2NppuP̂au1N82p8p8&

5A 3

20
@dpp8A5D~11up2p!1dp,2p8D~22u2pp!#

3~21!N8 (
M9521

11

C2N12N8
1M AaM

1 , ~4.9!

with D(11u21)5D(11u12)520.70700eR0 and
D(22u12)5D(22u21)50.75585eR0 . The dipole-
allowed transitions fromT1U to both HG and T1G excitons
are possible because of the difference of the C60 symmetry
group from the spherical symmetry.

B. Linear absorption: Optically allowed excitons

Consider the case of theAG ground state. Its optical prop
erties are governed by the time-dependent polarization fi

Pa~ t !52n^0uP̂a~ t !u0&, ~4.10!

wheren is the density of the buckyballs. The linear respon
in the rotating-wave approximation is, following Eq.~4.6!,
given by

xab
~1!~v!5dab2n (

L51,2

U (
p51,2

cLp~12 !D~12u2pp!U2

E12L2\v2 iG12L
,

~4.11!

wherev is the frequency of light and a phenomenologic
lifetime-broadening parameterGLPL has been introduced fo
the electron-hole pair states. The diagonality and isotropy
the susceptibility tensor follows immediately from

(M521
11 AaM

1* AbM
1 5dab .

The resulting low-energy absorption spectrum of t
p-electron system is shown in Fig. 6 for various values
the effective intra-atomic Coulomb interactionU. The ratio
of the interatomic and intra-atomic Coulomb interaction h

FIG. 6. Absorption spectra of C60 versus the photon energy i
units of V for different parameters of the effective Coulomb inte
action and damping parametersG. Solid line,U53V; dashed line,
U52V; dotted line,U5V; dash-dotted line,U50. The ratio of the
intersite and intrasite Coulomb interaction is fixed toe2/eR0U
50.2377~left panel! and 0.0517~right panel!.
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been fixed at the valuese2/eR0U50.2377~left panel! and
0.0517 ~right panel!. Using an intrasite matrix elementU
517.3 eV, the two values correspond to the cases of
screening of the interatomic interaction (e51) and of inter-
mediate screening (e54.6). In the spectral range consider
the absorption in thep-electron system exhibits twoT1U
exciton peaks at aboutE122'V10.012U20.666(e2/eR0)
andE121'1.139V10.039U20.488(e2/eR0) with different
oscillator strengths.

A comparison of the calculated absorption spectrum w
experiment leads to two salient points for discussion:~i! the
comparison of the calculated and measured peak posit
and ~ii ! the relative intensities of the two absorption pea
The two calculated exciton peaks should be compared to
measured absorption peaks at 3.81 and 4.90 eV,40 or 3.65
and 4.72 eV,41 or 3.78 and 4.84 eV.42 The weak structure
observed at lower energies, in particular the weak pea
2.73 eV, for solid C60 ~Ref. 41! has been ascribed to dipole
forbidden transitions, which become partially allowed due
lattice fluctuations, interface effects, and/or internal elec
fields. The same holds for the small structure occurring in
energy region of 2 eV in spectra of C60 isolated in a noble
gas matrix.40 The intense absorption band close to 5.96
~Ref. 41! or 5.87 eV ~Ref. 42! possesses only a partialp
character and is also beyond the scope of our study.
identification of the lower and upperT1U excitons (L
51, P52) with the two absorption peaks under consid
ation restricts the range for the values of the parameterU
and e2/eR0 . If we take the strong on-site interaction valu
U517.3 eV, the dielectric constant varies drastically b
tweene'2 ~for the hopping parameterV54.62 eV) ande
'10 ~for V53.83 eV). With a weakerU'10 eV, the
range of the dielectric constant is reduced to 2.5,e,4.8.

The theoretical result that the absorption peak at low
energy possesses a smaller oscillator strength than the
ie
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at higher energy is in agreement with the experimental
servation. Within the single-particle approximation, i.e., f
U50 ande2/eR050, the oscillator strengths of the two tran
sitions hu→t1g and hg→t1u between molecule levels ar
similar, from Eq. ~4.7!. The reduction of the ratio of the
oscillator strength of the lower-energy peak to that of t
higher-energy peak may be understood in terms of the C
lomb coupling of the twoT1U excitons, as is evident from
the presence of the eigenvectorscLp(12) from Eq.~3.16! in
the oscillator strength of Eq.~4.11!. Since the dipole matrix
elementsD(12u12) and D(12u21) have the same sign
and nearly equal magnitudes, the oscillator strengths of
two T1U excitations are governed by the relative sign of t
coefficientscLp(12) and so by the sign of the coupling term
V12(12) in Eq. ~3.10!. The domination of the exchang
term leads toV12(12),0 and hence the oscillator streng
of the low-energy exciton at\v5E122 is reduced com-
pared to the high-energy absorption at\v5E121 . This
shows not only that the relative strengths of the two exci
peaks are influenced by the Coulomb interaction but also
the intersite interaction is indispensable.

C. Electro-optic Kerr effect:
Electric-field-induced forbidden excitons

In the theoretical linear optical spectra, the parity sel
tion rule excludes the same-parity transitions, such as th
lowest in energy,hu→t1u . They can, however, be induce
by the application of a static electric field that mixes t
even-parity excitons with the odd-parity excitons. The line
response to the external laser field of the electric polariza
@Eq. ~4.10!# to second order in an applied static electric fie
F ~the Kerr effect! is closely related to the third-order su
ceptibility, to be derived in Sec. IV D. By a similar deriva
tion leading to Eq.~4.15!, the static electric field effect on
the linear optical response is given by
xab
~1!~v!52nPab~ F̂ !

F2

4 (
L51

2

(
L8,L956

SLL8
* SLL9

~E12L82EL12!~EL122\v2 iGL12!~E12L92EL12!
, ~4.12!
ted
for
ac-
d
s

ic

ine
with the prefactor depending on the direction of the appl
static field denoted by its unit vectorF̂ relative to the light
polarization direction,

Pab~ F̂ !5
3

10
~3dab1F̂aF̂b!, ~4.13!

and the oscillator strengthSLL given in Eq.~4.17!.
The selection rulesDL50,61 confine the contributions

to the Kerr effect from theHG andT1G excitons. Because o
the random orientations of the C60 molecules in solutions o
in the face-centered-cubic thin films,43–45 the dependence o
the field direction of the prefactor is in practice averaged
to Pab(F̂)5dab . Only in the case of the low-temperatu
simple cubic crystals of undoped C60 is there a chance o
experimentally partially probing the polarization depe
dence. The four molecules per unit cell are rotated by
d

t

-
n

anglef around a space diagonal axis@111#, @11̄1̄#,@ 1̄11̄#,

or @ 1̄1̄1#. The angle of rotation is found to bef522°
226°.43–45

The spectrum of the electro-optic Kerr effect is presen
in Fig. 7 as a function of the reduced photon energy
different model parameters of the effective Coulomb inter
tion, U ande2/eR0 . The electric field strength has been fixe
at eFR0 /2V50.001 to compare with the allowed transition
in zero field in Fig. 6, corresponding to 2.63105 V/cm for a
hopping parameter ofV54.626 eV. The positions of the
field-induced excitons are approximately given byE212

50.757V10.019U20.760e2/eR0 for the HG exciton or
E11250.757V10.0121U20.986e2/eR0 for the T1G exci-
ton. Their energy difference is determined by the interatom
Coulomb interaction E2122E112'0.226e2/eR0'0.93
eV/e. For intermediate screening, it is smaller than the l
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broadening used in Fig. 7, explaining the appearance of o
one pronounced field-induced peak in the absorption sp
trum below the energy of the lower allowedT1U exciton~in
Fig. 4!. Only for very weak screening does a weak seco
T1G-related peak appear at an energy below the more inte
HG-related peak@see the solid and dashed curves in F
7~a!#.

FIG. 7. Absorption spectra of C60 molecules in a static electric
field versus the photon energy near the forbidden transitionhu

→t1u for different parameters of the effective Coulomb interactio
Solid line, U53V; dashed line,U52V; dotted line,U5V; dash-
dotted line, U50. ~a! e2/eR0U50.2377 and ~b! e2/eR0U
50.0517. The damping parameter is chosen asG50.05V. Each
spectrum has to be multiplied by the prefactor (eFR0/2V)2 to com-
pare with the strength in Fig. 6.
ly
c-

d
se
.

These general findings seem to be in agreement with
results inferred from different nonlinear optical experimen
such as two-photon absorption46 and degenerate four wav
mixing.47 A two-photon resonance at 2.73 eV or 2.67 eV
observed and identified with anHG exciton. Such energy
values are within the range of the theoretical values given
the parameters under discussion. The prediction of a fi
inducedHG exciton line also explains the weak absorpti
structure around 2.73 eV.41 The theoretical energy orderin
T1G,HG,T1U clearly visible in Figs. 4 and 5 agrees wit
results of the second-harmonic generation on a surface48,49

where a resonance near 1.8–1.9 eV is identified with aT1G

exciton. However, the theoretical prediction of the ener
splitting betweenT1G andHG is smaller than the experimen
tal value of 0.8–0.9 eV if we choose our model paramete
such asU517.3 eV,e54.6, to obtain similar exciton ener
gies as the quantum-chemical calculations.

D. Third-harmonic generation

In this section we consider another nonlinear optical
periment, the third-harmonic generation~THG!. A three-
photon resonance occurs when three times the fundame
photon energy is equal to the lowestAG→T1U one-photon
dipole-allowed transition~in the single-particle picturehu

→t1g and hg→t1u). From the general expression for th
third-order susceptibility given by Armstronget al.,50 we
take into account only triply resonant contributions to t
susceptibility describing THG. Neglecting biexciton effects51

and using the dipole matrix elements~4.6! and~4.9! we find

.

ponents

ly

si-
xabgd
~3! ~v!5

2n

3!
Pbgd (

L51

2

(
N52L

1L

(
N8,N9521

11

(
L,L8,L9561

^0uP̂au1N82L8&

3
^1N82L8uP̂buLN1L&^LN1LuP̂gu1N92L9&^1N92L9uP̂du0&

~E12L823\v2 iG12L8!~EL1L22\v2 iGL1L!~E12L92\v2 iG12L9!
. ~4.14!

Here n is the density@cf. Eq. ~4.10!# and Pbgd denotes the sum over all permutations ofb, g, and d ensuring that the
fourth-rank tensor third-order susceptibility is independent of the ordering of those three indices, i.e., the Cartesian com
of the three fields creating the third-order harmonic.

Selection rules dictate that the three-photon resonance takes the system from theAG ground state to theL51 excitons with
odd parity (T1U) and fromT1U to L52 (HG) andL51 (T1G) excitons with even parity, which may give rise to the doub
resonant terms. We restrict ourselves to the double-resonance terms with the lower-energy (L52) excitons. The higher-lying
excitons are energetically well separated from the frequency region of interest~cf. Fig. 4!. Consequently, theuLN12& states
may be approximately replaced by the uncoupleduLNpp& (p51,L51,2) states, corresponding to the single-particle tran
tions hu→t1u . The third-order susceptibility becomes

xabgd
~3! ~v!52nGabgd (

L51

2

(
L8,L956

SLL8
* SLL9

~E12L823\v2 iG12L8!~EL1222\v2 iGL12!~E12L92\v2 iG12L9!
, ~4.15!
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with the polarization-dependent prefactor

Gabgd5
1

8
Pbgd (

M522

12

Fab* ~M !Fdg~M !,

Fab~M !5 (
M8,M8521

11

~21!M8AaM8
1 C2M12M8

1M9 AbM9
1

~4.16!

and the oscillator strength

SLL5F 1

A522L
cL1~12 !D~11u12 !

1A522L

5
cL2~12 !D~22u21 !G

3 (
p56

cLp* ~12 !D~12u2pp!. ~4.17!

Equation~4.15! may be interpreted as the third-order susc
tibility of a five-level system: ground stateAG , even-parity
excited statesHG or T1G , and the two odd-parity excited
statesT1U , in contrast to the third-order susceptibility of
three-level system used to fit the experimen
measurements.52,53Moreover, the symmetry of the states pa
ticipating in the THG process are well defined here. On
other hand, only the most dominant resonant terms are
sidered here, whereas the formulas used to fit the data
include less important resonant and nonresonant terms.

The spectral behavior of the magnitude of the third-or
susceptibility is plotted in Fig. 8 for the same set of mod
parameters as in Fig. 7. Only the lowerT1U excitons appear
Despite the presence of many exciton levels, in the spec
region considered only a pronounced double-peak struc
or one broad peak appears. In the case of stronger scree
of the intersite Coulomb interaction~the right panel of Fig.
8!, the high-energy peak corresponds to the two-photon re
nance with theL52, P51(HG) exciton. It is enhanced by

FIG. 8. Spectral variation of the THG susceptibility in the r
gion of the lower three-photonT1U and two-photonHG resonances
for the same parameters of the effective Coulomb interaction a
Fig. 7. The damping parameter is chosen asG50.03V for both
allowed and forbidden excitons.
-

l

e
n-
lso

r
l

al
re
ing

o-

the resonance with theT1G excitons (L51,P51). The
three-photon resonance at the frequency of the fundame
light wave occurs at slightly lower energies defined by t
electric-dipole-allowedL51, P52(T1U) exciton. On the
other hand, in the case of the weaker screening~the left
panel!, for the curves going from the right to the left in orde
of increasing on-site Coulomb interactionU, there is an in-
terchange of the energy order of the two resonances\v

5 1
3 E122 and \v5 1

2 E212 , 1
2 E112 . The near coincidence

of the triple and double resonances for the intermediate
ues ofU creates the appearance of a strong single pea
Fig. 8~a!. For larger values of the on-site Coulomb intera
tion, the HG and T1G resonances split again and a we
T1G-related peak occurs at the low-energy tail of the TH
structure.

Our calculated spectrum can be used to infer the sym
try of two-particle elementary excitations observed expe
mentally. In the THG experiment52,53 two peaks were ob-
served at 1.3mm and 1.06mm. By taking a combination of
relatively large parametersV, U, ande2/eR0 , we can inter-
pret the lower two-photon resonance to yield the measu
energy of theHG exciton at 1.9 eV and the higher triple
photon resonance to yield the energy of theT1U exciton at
3.5 eV. A previous interpretation of the low-energy peak
the THG spectrum as a two-photon resonance with the o
photon forbiddenT1G level,52 even though in agreement wit
the low value of the resonance energy, could not explain
absence of theHG exciton in the spectrum. We have dem
onstrated here that, with the help of a careful symme
analysis, nonlinear optical spectroscopy can clarify the co
plicated electronic structure of the C60 molecule, especially
its electron-hole pair excitations.

V. DISCUSSION

In this paper we address the issue of the strong elec
correlation in a C60 molecule by studying the effects of th
excitons using an analytical model making maximum use
symmetry. The basic component is a simple quasipart
model based on a tight-binding scheme ofp orbitals of the
HOMO and LUMO states, with parameters deduced fro
photoemission and inverse photoemission experiments.
assumption of the closed-shell ground state is tested ag
the energies of the electron-hole pair excited states. The
teraction between electrons and holes includes the Coul
interaction of thep orbitals on the same carbon atom and t
long-range interaction between different carbon sites wit
constant dielectric screening. The on-site electron-hole in
action is dominated by the exchange term and is there
repulsive while the electron-hole interaction on different c
bon sites is attractive. The screening of the latter is m
important in determining the energy levels of the exciton

Our theory of the linear optical absorption spectra ba
on the closed-shell ground state agrees with experiment f
reasonably strong dielectric screening of the long-range
teraction. We have established the relation between the
ergies or relative oscillator strengths of the dipole-active
citons and the Coulomb interaction terms connecting th
excitons of the same symmetry. This coupling effect expla
the observed strongT1U exciton peaks in the linear optica
absorption spectra. For the third-harmonic generation,

in
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theory identifies the doublet excitation at the fundamen
wavelengthl'1.3 mm as the forbiddenHG exciton and not
as theT1G exciton suggested by experiment, whereas
triple resonance is clearly related to theT1U excitation. This
identification is supported by the argument invoking the
proximate angular momentum selection rule in the nea
centrosymmetric molecule~see Sec. IV!. The same transition
to the HG pairs is found to play a role if an external stat
electric field is applied to the C60 molecules. We predict a
pronounced optical Kerr effect with a photon resonance
the HG energy.

Our model approach may also be used to study excit
and their effects on optical properties in other molecular s
ids, clusters, and quantum dots, the last particularly when
effective-mass approximation fails. While our study ind
cates that the closed-shellAG is the ground state in C60, it is
of interest to investigate whether an excitonic state of low
symmetry than the closed-shell state might be the low
energy state in other systems. Such an event is know
symmetry breaking. To use the C60 as a temporary paradigm
we note that the closed-shellAG state would be unstabl
against an electron-hole pair excitation of symmetryT2G if
either the gap between LUMO and HOMO or the interatom
interaction were reduced. The consequences of havin
lower symmetry exciton state, such asT2G , as the ground
state are extraordinary. The optically dipole-allowed sta
would no longer be ofT1U symmetry butHU or GU . The
E.
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most interesting possibility is that a quasiparticle state n
consists of an electron~or hole! plus an electron-hole pair
leading to strong correlation effects. Symmetry considerat
would lead to more photoemission lines than the closed-s
ground state scenario. The interpretation of the THG wo
be different. A three-photon resonance would excite theHU
or GU exciton. Many transitions could contribute to the tw
photon resonance, such asHU→T1G , HG , T2G , andGG or
GU→HG , T2G , and GG . An experimental test of the
electro-optic effect~Sec. IV C! could discriminate the ground
state symmetry.

Even in a less extreme case of a small but positive e
tation energy of theT2G exciton, the quasiparticle dynamic
can be affected by the easy Coulomb excitation of such
citons. In particular, this could provide a source of effecti
quasiparticle interaction and thus possibly a source for su
conductivity. We leave the investigation of the above co
jectures to future work.
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