PHYSICAL REVIEW B VOLUME 59, NUMBER 3 15 JANUARY 1999-1

Excitonic effects in linear and nonlinear optical properties of G

F. Bechstedt
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319
and Institut fu Festkapertheorie und Theoretische Optik, Friedrich-Schiller-Universia7743 Jena, Germany

M. Fiedler
Institut fur Festkapertheorie und Theoretische Optik, Friedrich-Schiller-Universi@r743 Jena, Germany

L. J. Sham
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319
(Received 7 July 1998; revised manuscript received 18 Septembe) 1998

A model study of the singlet excitons ing@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 s{&@163-18289)06904-0

[. INTRODUCTION ticular, our study of g, may be used as a paradigm to in-
vestigate the stability of the closed-shell ground state against
Since the discovery of &, several experimental and the excitons. By using a simple model, we hope to under-
theoretical studies have suggested that undoped and dopsthnd the factors governing such instability and to explore
Ceo solids are strongly correlated electron systems. The obeonsequences, such as in nonlinear optical properties. Even
servational basis includes the unusually high superconductt the excited states are only low in energy without causing
ing transition temperature of the alkali-metal-dopedany instability, they could play an interesting role in some
fullerites? the existence of soft ferromagnetisSnthe strong  properties, especially superconductivity.
Coulomb interaction effects in the Auger spectrum, and di- First, we study the energy ordering of the closed-shell
rect and inverse photoemissibihe theoretical motivation state and the one-electron—hole pair excited states. Shirley
is based on the narrow bandwidth compared to the strongt al*® used a molecular orbital model to make a comprehen-
intramolecular interaction. This naturally leads to theoriessive study of the exciton energy spectrum in soligh.CWe
based on the Hubbard model with an on-site interaction omdopt a similar approach, but use further simplifications. The
every carbon atorfi.® The strong correlation is used to find a excitons are not confined only to the optically active ones.
mechanism for superconductivifyParity doublets of the We restrict our attention to excitations within a singlg,C
lowest unoccupied molecular orbitalstUMO'’s) of the Gy  molecule since in the solid the weak overlapping between the
molecule are used for the pairing mechanfSfihe Coulomb  moleculed® would not qualitatively affect our results. How-
interaction of the electrons within a singlgdinolecule has ever, the intermolecular screening effect is modeled by a
also been taken into account through the configuration interdielectric costant. We use a nearest-neighbor tight-binding
action by several quantum-chemistry calculatidni$On the  model for the one-electrom orbital$?1?2with the help of
other hand, the quasiparticle correctidH to the local- symmetry consideratiorfS.The essential results of the one-
density approximatio?"*®leads to the conclusion that, while electron states are given in Sec. II. In Sec. IIl the energies of
the correlation effect is large, the electronic structure gg C the electron-hole pair states relative to the closed-shell state
is nonetheless that of a standard band insufdt&imilarly,  are determined in terms of the single-particle energies and
the superconducting transition temperature of the alkalithe Coulomb interaction. The interaction terms include direct
doped G, has been explained by the usual phononelectron-hole attraction and the exchange counteffant,
mechanisnt/ 8 teraction on the same carbon site as well as between any
A common feature among the theories mentioned above ipairs of carbon sites in the samgy@nolecule. We examine
the assumption of the closed-shell ground state fgrv@th ~ the dependence of the pair-state energies on three model pa-
the set of highest occupied molecular orbitdi®OMO’s) of  rameters, the nearest-neighbor hopping en&fgthe intra-
symmetryh, andhg and the set of LUMO’s of symmety, site interactionU (including both the direct and exchange
andt,y. We examine the Coulomb interaction effects on thecontributiong, and the typical long-range interaction term
excitation of an electron from a HOMO to a LUMO and the e?/€R,, taking into account the intersite screening effect
influence of the resultant excitons on the linear and nonlineaand setting the distance scale at the radius of the buckyball
optical properties. The method of this study may be appliedR, (=3.5 A).
to other molecular solids, clusters, and quantum dots. In par- Second, we study the effects of the excitons on the optical
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properties. In Sec. IV our calculations of the linear optical
spectra are compared with experiment and our calculations
of the nonlinear properties are used to interpret the experi-
ments on third harmonic generation and to suggest measure-
ments that will test our theory. In Sec. V we summarize the
results of our work on g and speculate on the possibility of
small systems with an excitonic state as the ground state.

Il. SINGLE-PARTICLE EXCITATIONS

The first order of business is to construct the most rel-
evant one-electron orbitals ing§&; namely, the HOMO's and
LUMO'’s. Their approximation byr orbitals seems to be
well established for low-energy excitations. For instance, the
weights of the radial orbital for thé, andt,, states were
about 98% and 95%, respectively, according to Laouini
et al?® In the discussion of the electron-hole interaction the
small o contributions may be neglected. The tight-binding
Hamiltonian with the nearest-neighbor hopping may be built
from the molecularr orbitals?® FIG. 1. Structure of the g molecule. Each dot denotes the

position of a carbon atom. The connecting solid lines indicate the
bonds. The intact icosahedron with the verticedNatS A;, and
A/ (i=1,...,5) isindicated by the dashed lines.

Dimp()=Ni 2 €imp(@)x(x~Rog), (2.2)
3
where y(Xx—Rgg) is the component of thp wave function I I*
centered around the atomic sitBgg pointing along the ra- Py Zl Dmm’(“’fi)’ 2.3

dial direction. We have neglected the difference in bond
lengths of the inequivalent bondy, gives the normalization
of the molecule state. The quantum numbisrused to index )
the irreducible representatidi®f the icosahedral grouls,, ~ Where the sum only runs over the three nearest neigtfoors
the symmetry group of the buckyball, namelyt;, h, t,, of the sitee. Th_e spin degr_ees of freedom are ur_wdersto_od.
andg, with degeneracies 1, 3, 5, 3, and 4, respectively. Théor readers interested in generatmg. the irreducible
quantum numbem runs over the degenerate states of eaciepresentation, we record the coordinatese=3(R/
irreducible representation. The quantum numpettenotes  Ro)[SiN(20¢),0,2+cos(B)], where the angle @,
the parity of the state. Its introduction indicates that the full=cos Y(1/y/5) is defined by the geodesic arc between two
symmetry group of G, is 1,XZ,, whereZ, is the two-  neighboring vertices of the icosahedron. The rotations to the
element group consisting of the inversion operator and th&earest neighboffs from the atom ae are given by the Euler
identity. The coefficients for different sites may be related toangles @¢=0,6=20,,y=m), (a=27/5=0,y=0), and
each other bY (a=—-2x/5,8=0,y=0), respectively, foi=1, 2, and 3.
The LUMO'’s and HOMO's of interest belong to the rep-
resentation$; andh, respectively, which are isomorphous to

+ the spherical harmonids=1 (p wave andl=2 (d wave.
eon(@= > D" (wg)epnm (e, (2.2  The state degeneracy is theh-2l and the normalization
e oy e P N,=+/(2l +1)/60. The corresponding Hamiltonians for these
states are

where wq is the rotation bringing the radial vector from
atomic sitee [see Fig. 1, not to be confused with the coeffi-
cients e;mp(g)] to site g. For the regular three- and five-

dimensional representations<{1,2) under consideration the _1+i B \/g 1 l_i
(21+1)x(21+1) matricesD' are simply the standard trans- 5 5 2 J5
formation matrices in a rigid body, the so-called Wigrer

functions?’ Rl N \ﬁ

The irreducible representatior&'mm,(wg) of the coeffi- S) 5 S) '

cients m,(g) reduce the nearest-neighbor Hamiltonian in 1 1 5 5

units of the hopping parameterV to a set of Hamiltonians —1-= \/: 1+ —
gl Ve
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where cos(®y)=1/\6 and cos(z/5)=(—1+5)/4 are triplets for the LUMO states and quintets for the HOMO
used. states. The complete eigenvectors with the components for

The eigenvalues. of the reduced Hamiltonians for the the other atoms follow by rotatiof®.2). Using this equation,
two LUMO and two HOMO levels are in closed form the definition of the Wigneb functions?” and the form of
the vectors in Eq(2.8) one can easily show the parity of the
statese;,+(—g)=*e,,«(0). The pairs of vectors for the
atoms at the sites and — e give instructive examples. The
corresponding  transformation matricesD'mm,(O,w,O)

1 =(- 1)'+m6m'_m, give eigenvectors at e, which fulfill the
A-=5[(3+ V5)/2— (19— \5)/2] (2.9 parity condition. Since the rigid-body transformation frem
to —g may be related to a product of transformations frem
to g ande to —e, the above property is also valid for arbi-
trary atomic positiong.

Figure 2 shows schematically the two LUMO levels and
two HOMO levels and their associated states. The energy
scale is set by the hopping matrix elem&ftin Eq.(2.7). The

Npp=1 (2.6) single-particle energy difference{_—¢,_) is taken to be
3.5 eV betweert;, andh, peaks in solid g, measured by
for =2, in agreement with other calculatioh&?3 These the photoemission and inverse-photoemission experi-
orbitals are associated, respectively, with the symmetrynents**®?This yields an estimate 0f=4.626 eV. This
tig, t1y, hy, andhgy. The single-particle energies of these value is bracketed by=3.83 and 6.61 eV representing the
molecule states are uncertainty of the estimate. The lower value follows from the
energy difference taken at the midpoint between the band
gp="NpV, 2.7 onset at 2.3 eMRef. 4 and the peak-to-peak difference at
3.5 eV to allow for the finite bandwidths in the solid. The
wherelp runs over the indices & (for the representation higher value ofV comes from the estimate of 5 eV as the
tig), 1— (t1), 2= (hy), and 2+ (hg). The normalized (difference between the electron affinity level and the ioniza-
eigenvectors with (B+1) components at carbon sieeare  tion potential of the G, molecule®® The three values of/
given by (with x=X\,_—2—1/\/5 and tany= \/5x/2)

1
M =5(=3+15),

forl=1 and

1
No-=5(=1+15),

hg ——— € (1m+>)
1 —sin
. 1 ) 1 y frg ——— £ (1m->)
en(@=7 0], (9= V2 cosy |,
1 siny
1 ~1+.5
, 4B hu H4 4 H4 G lm->)
- 1 “ 1
&-(9= 75 01, &+(9= 1 Ve |, hg HHH & l2me>)
2 11—
1 \/5 FIG. 2. Schematic four-level diagram of HOMO and LUMO
-1 -1+ \/5 states for characterization of the lowest electronic excitations in the

(2.8 Cgo molecule.
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yield the single-particle excitation spectrum, =4.63(3.83  yield the symmetry of the resulting electron-hole pair states
and 6.6} eV (tig), e,-=3.50 (2.90 and 5.00 eV  to be those of the spherical harmonitsand M with L
(t1y), €2.=0 eV (hy), and e,,=—-1.77(-1.46 and =1,2,3 and—L=<M=L. Indeed, the pair states have a
—2.52) eV (y), with respect to the position of the highest three-dimensional representatiohn, corresponding toL
occupied state. The discrepancy between these valu®s of =1 and a five-dimensional representatidp corresponding
and the local-density approximation derivdt=2.72 eV  to L=2. However, since g does not have complete spheri-
(Ref. 29 represents the phenomenological fit of the formercal symmetry, thé.=3 states split into two groups, a three-
to the renormalized one-particle energies so that, when théimensional representatiof,, and a four-dimensional one
interaction between two single-particle excitations is considGp. The symmetry-adapted electron-hole pair spin-singlet
ered later, the one-particle energies should not be furthestates may be written as linear combinations

modified by the interaction.

1 2
— 12 T
Il. EXCITONS |LNpeph>_meE E ) Cmemh(LN)ClpemeCthmh|0>,

=—-1 mh= -
A. Symmetry-adapted electron-hole pair states 33

In this paper we shall consider only electron-hole excitaWhere the operatoe],,(cipm) creates(annihilate an elec-
tions without spin flip, i.e., only singlet excitons. We have tron in a molecule statépm) with a single-particle parity.
calculated the energies of the triplet excitons, which, devoidlhe coefficients on the right-hand side of Eg.3) are re-
of exchange interaction, lie slightly lower than the singléts. lated to the Clebsch-Gordan coefficieﬁ’,',m, (Ref. 279 by
The possibility of magnetism involving the triplet state will (L=1,2 with —L<N<L andL=3 with N=0,+1)
be left to a future study.

Consideration of the electron-hole pair excitations of the Clmzemh(LN)z(—1)*th&,'}‘162,mh,
m-electron system of £, which are lowest in energy, can
be restricted to the level scheme of Fig. 2 with the empty > 3
levelstyq andt;, and the occupied statég, andhg. The  CiZ, (3= 3)=(—1)‘mh[ \@Cf,ﬁ;mhi \/;Cfr;émh},
pair excitations contain products of the typg X hph with

the single-particle paritiepe,pp=+1(g) or —1(u). With > 3
the pair parityP = pepy, whereP runs over the same values Cﬁfm (3, 2):(_1)—mh[ \ﬁcﬁfz_m = \/:Ci;SZ_m }
+1(G) and —1(U) asp, andpy,, the pair states have the © " S e 5 e (;4)

symmet
The symmetry-adapted pair states are chosen suchLthat
=1 corresponds to the basis of the irreducible representation

That is, each of these four 15-dimensional product represen-1P: L=2 o Hp, L=3 andN=0,+3 t0 Top, andL =3

tations of a singlet electron-hole pair from LUMO/HOMO of @ndN==1,221t0Gp. , o

the typehph_y[lpe splits up into two three-dimensional rep- The true singlet exciton states are linear combinations of
. . . the symmetry-adapted pair sta{@s3)

resentationsl;p and T,p, one four-dimensional, repre-

sentation, and one five-dimensionidls representation R

=G,U).%! Among them are the dipole-allowed pair excita- ILNPAY= X c,o(LNP)[LN(PpP)p), (3.5

tions T, for an electron and a hole with opposite parity. For p=t.-

these optically observable excitons, there is no need to cORyhere the summation runs over the hole papityThe sum-

sider the fourfold degenerat% hole IeVeI, which is either mation in Eq (35) indicates that pair states of different

somewhat below thé, level’® or degenerate with it within  single-particle parities may be coupled provided the total

the approximations consider&d’-**from the relation® parity P is conserved. The fourth quantum numbetabels

the two coupled pair states of the same symmetry. The four

quantum numberg, N, P, and A span the 60 pair states

(without spin under consideration. The eigenstat8s) of

fbe Frenkel excitons are orthonormalized WERCH ,CA/p

= A, following the orthonormal property of the Clebsch-

tlpeX hph:Tlp+T2p+Gp+Hp. (31)

tlpexgg:T2p+Gp+Hp, (32)

which contains no representatidn of the electric-dipole-
allowed excitons. Symmetry reasons also dictate that there
no configurational interaction between tAg ground state .
and the low-lying pair states considered. Gordan coefficients. o

We develop a method of computing the excitonic states in_ 1€ Symmetry-adapted basis pair statesl(Pp)p) of
terms of the symmetry-adapted electron-hole pair staed ~ =d-(3-3) with the third quantum number setpg=Pp block
incidentally gained some physical insight into these pairdi2gonalize the two-body Hamiltonian of theelectron sys-
state$ by exploiting the close relation of the representationst€M including the full Coulomb interaction into 2X2 ma-
of the symmetry group, of the G, molecule V:%:[h the trans-  (rices diagonal in the quantum numbérsN, andP:
formation properties of the spherical harmonidhat differ PN s
by a small perturbation. Th'qpe of the LUMO and thehph (LN(Pp)p[H|L’N"(P"p")p")
of the HOMO correspond to single-particle angular momen-
tum states with the quantum numbérandm (I=1,2 and
—l<ms=l). The angular momentum addition rules would +{(LN(Pp)p|v|LN(Pp")p")}, (3.6

=L Oy 5PP'{5pp'[81Pp_ 82p]
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(a) (b)

1peme
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FIG. 3. Feynman diagrams for the electr@rpward arrows
hole (downward arrowp interaction (dashed ling (a) the direct
attraction andb) the exchange counterpart.

with the electron in the level with the excitation enegy, ,

the hole in the level with:zph, and the Coulomb interaction

connecting pair states wittp{,py) and (—pe, —pp). In our
notation system, the exciton energy eigenvalkggp, are

independent oN for L=1,2, i.e., (1 +1)-fold degenerate.
For L= 3, the exciton energies for the two symmetry sets of
N=0,=23 and N==*=1,+2 are different but degenerate

within each set.

B. Coulomb interaction

The Coulomb interaction term in E@3.6) includes the
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the o electrons’? R, is the distance from a carbon atom to
the center of the cage and denotes a dielectric constant
representing the screening of the interatorffiat intramol-
ecule Coulomb interaction. Strictly speaking, the screening
of the Coulomb potential in the direct term includes a con-
tribution from the excitons under consideration that is absent
in the exchange terif. Our approximation is valid if the
contributions from the dynamics of the electrong? and
other Ggo molecules dominate.

The first term on the right-hand side of E@.7) comes
from the direct electron-hole attraction and the second is the
exchange counterpart. The factor of 2 may be viewed as
originating from the spin degeneracy or the structure of the
singlet. The double sums over the carbon sites in the expres-
sion (3.7) may be reduced to single sums by means of the
product relation for the Wigneb functions representing the
two rigid-body transformations to the sites. Thus, with a sim-
plifying definition for the Coulomb matrix element

Vpp (LNP)=—(LN(Pp)p[v|LN(Pp’)p")

u
~ 5o ee (LNP)

e2
+ e [Hpp (LNP) = 2Xpp (LNP)],

electron-hole attraction and the exchange term to the

electron-hole attractidfi with the diagrammatic representa-

tion in Fig. 3. The exchange terms of FighBonly exist for
the spin-singlet exciton. Assuming nonoverlap of fheor-
bitals from different carbon sites of the-like molecule
states, we express the Coulomb term in 836) in terms of
the single-particle eigenstates of E¢®.2) and(2.8) as

(LN pepn|v|LNpgpy,)

- (60)2 2 GEn(12pePn99)v(9-9")

X G n(12pgpplag’)

EG

(12peprlg9)v(g—g")

(60)2
X Gin(12p¢ppl9'g"), 3.7)
with
Gin(lelhPePrl99)
+lg +lp
B zz—l mh*E—Ih Clrﬁl% (LN)el ePeM (g)elhphr'”h(g ),
(3.9

where the coeﬁicientﬁ:Lﬁ'*;nh(LN) are defined in Eq(3.4).
The Coulomb potential takes the form

2

e? 1
v(g)=Udy+ —=- o |(1 8q0), (3.9

(3.10
where theN dependence serves only to differentiate between
T,p andGp intheL=3 case. Fo.=1,2 (—L<N=<L) and
L=3 (N=0,=1), the intra-atomic Coulomb interaction is
given by

+L

Fpp (LNP)=

2L+1 M;L

XGlu(12Pp)plegG u(12(Pp’)p’|ed)
(3.1)

and the interatomic Hartree and exchange contributions

Hpp(LNP)= 4(2L+1 E 2 Glu(12Pp)Pplge
1 ! !
XHGLM(H(Pp )p’'|ge), (3.12
+L
Xpp (LNP)=——— > > G}, (12Pp)p|gg)

4(2L+1) =L, 9

1

XT—=G.m(12Pp’)p’[es), (3.13

lg—¢
where the function§, , are defined in E¢(3.8). The intra-
atomic term(3.1]) includes both the Hartree and exchange
contributions.

In Table | are listed the values of these three terms evalu-
ated from Eqgs(3.11)—(3.13. The corresponding results us-
ing the continuum approximation of Ref. 8 differ little for the

whereU denotes the on-site Coulomb matrix element of theHartree contributions, but up to 50% for the exchange terms.
p, orbitals, which should be reduced by the correlation withTable | indicates that the interatomic electron-hole exchange



1862 F. BECHSTEDT, M. FIEDLER, AND L. J. SHAM PRB 59

TABLE I. Intra-atomic and interatomic Coulomb interaction matrix elemét$1, 3.12, 3.18 (I.R. denotes irreducible representatjon.

Quantum numbers Fop (LNP) Hyp (LNP) Xpp'(LNP)
IR L N P ++ -— +— ++ —-— +— ++ —— +—
Tic 1 s 1 0.50000 0.76690 0.61923 0.87251 0.89689 0.22713.02111 -0.03239 -0.02615
Hg 2 0x1*2 1 1.50000 1.23310 0.79877 0.85182 0.82745 0.05389 0.03329 0.04047 0.05790
T 3 0,+ 1 1.33333 1.99975 —1.63289 0.85527 0.87308 —0.09762 -—0.08122 -0.12181 0.09947
Gs 3 +1,+2 1 0.50000 0.13364 —0.23822 0.87251 0.87134-0.16449 -0.00908 -—0.00303 0.00416
Tw 1 0,x1 -1 1.54204 1.50000 1.50777 0.85363 0.84560 0.19439 0.16148 0.11124 0.13512
Hy 2 0*x1,+*2 -1 0.45796 0.50000 —0.08977 0.87070 0.87873 0.08662-0.01309 —0.02673 0.00445
Ty 3 0,3 -1 0.63864 1.00000 0.21489 0.86786 0.9154+0.18339 0.02377 —0.01409 0.01251
Gy 3 +1,+2 —1 1.54204 1.25000 —1.17978 0.85363 0.81391-0.11652 -0.06371 -—0.07559 0.07082
may be neglected in comparison to the interatomic electron- sin27)=0/ /A2+02. (3.17

hole attraction. This is in complete contrast to the intra-

atomic case, which is exchange dominated since the sing| . . .
exciton has twice the number of exchange terms of equa e coupling of the Frenkel excitons with the same repre-

magnitude as the direct attractief. Fig. 3). Since the pref- sentati_on and parit_)P destroys the Simp'e pi‘“%”e that th_e
actor U/60 is smaller thare?/eRy, it is evident that the reduction .Of the difference of 'ghe smgle.-pa_rtmle energies
diagonal element¥,,(LNP) in Eq. (3.10 are dominated by ~#1Pp~ ©2p !N Eg. (3.15)~by Vop delnes the binding energy of
the interatomic Hartree matrix elements and are thereforéhe exciton. The ratidJ/VA2+U? determines the strength
positive. The off-diagonal elemenps#p’ are strongly influ-  of the redistribution of the two coupled excitons with
enced by the intra-atomic exchange. They are often negative + 1, Therefore, the sign dfl plays an important role for
(except forT,g andHy). Table | also shows that a contact- the actual oscillator strength for the excitations of electron-
potential approximation, where the interatomic Coulomb in-hole pairs with differentA, as will be discussed in Sec.

teractions are neglected, is invalid. IV B.
In Figs. 4 anl 5 a selected set of pair excitation energies is
C. Pair excitation energies and ground-state stability plotted versus the strength of the interatomic Coulomb inter-

actione?/ eR, for two different values of the intrasite Cou-

With the Coulomb interaction given in Table |, the<2 &omb matrix element. To avoid clutter in Fig. 4, plotted are

eigenvalue problems for the 60 Frenkel excitons originate . :
frc?m the clrésestw-electron—related HOMO and LSMO only excitons of representatiof§p(L=1) andHp(L =2),
single-particle states can be solved. For a given representh?" a total of elght excnon Energies with= =1 and A
tion T,, H, T,, or G and a given total paritP= =1, the ==+1. The other eight exciton energies for the representa-

ani i / tions T,p and Gp (L=3) are not plotted since they do not
2X2 Hamil for hol f Pa 2P P ; . .
amiltonian for hole states of paritigsandp” may be usually appear in the optical spectra considered below. Fig-

written as
— ~ 1.5
pr/:(E+pA)gpp/_U(l_(Spp/), (314) @
where
10
_ 1 z
E=-(E,+E_), & D .
2 5 \\ . v
§ 05 \\ T H, 7
s R S H;
A=Z(E,~E) N .
=5 +E-), :—'1) Ty TlU
2 g ol . EN B,
_ (3.19 \ - -
U=V, (LNP), “H, H,
' -05 L \‘\ Tio —05 I I Ty
Ep:81(Pp)_82p_Vpp(|-NP)- 0.0 05 1.0 15 700 05 1.0 15

Interatomic Coulomb interaction e’/ R, (V)

The two exciton eigenvaluds, \p, With A=+*1 and the

; - FIG. 4. Excitation energies of Frenkel excitons belonging to the
corresponding eigenvectors follow as

single-particle pairfi,—1t,,, hy—1t;4, hg—t;,, andhg—1,4 ver-
. sus the effective interatomic Coulomb interaction strerggileR, .
E npa=E+AVAZ+U? The intra-atomic Coulomb interaction is fixed at two valigsU

=0 and(b) U=4V. T,p, solid line;Hp, dashed line. Both pari-
CAp(LNP)=6,, . COSp+ 8, psiny,  (3.1¢  tiesP=+,— are considered. The high-energpw-energy solu-
tions of the coupled pairA =+ (A= —) are plotted as thickthin)
where lines. All energies are given in units of the hopping param¥ter
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0 0 e?/eR, are shown in Figs. 4 and 5. The reductions corre-
@ N ) sponding to finiteU values are smaller.
\ The findings in Figs. 4 and 5 can be compared with the
o 0° \x\ 05 *\\ results of quantum-chemical calculations for the;C
& \\\ \ moleculd®~'2if the screening is taken to be entirely intramo-
g \ N S lecular. The quantum-chemical energies of igg,* T,g,
g 0.0 ANN Ag] 00 S Ag and 'Gg multiplets are quasidegenerate, within a range of
g \\\\ He \ S He 0.1 eV, at about 0.5 eV, and thtHg multiplet is higher,
3 \\ Mg \§ G separated by about 0.4 eV. Figur@op(U =4V) indicates a
Badi \\ 405 ¢ N similar situation for the reasonable parameter value of
N T - e?/eRyV~0.7 discussed above.
\ Ty “ For solids, let us take=4.6. ThenU=17.3 eV andV
-5 o5 0 151%% 05 1o 5 =4.626(3.83 and 6.61LeV yield energy values 2.86.53
Interatomic Coulomb interaction e'fe R, (V) and 390 eV for TlG , 306(265 and 42)46V for TZG , 2.75

(2.46 and 3.7LeV for Gg, and 3.16(2.71 and 4.4]leV for
FIG. 5. Lowest even-parity exciton energies versus the intery . The resulting picture is more or less consistent with
atomic Coulomb interaction. The zero line is given by the Closed'quasiparticle calculations for Solid65314 which yield the
shell Hartree-Fock ground state) U=0 and(b) U=4V. lowest excitation energy of 2.15 eV for thg—t,, transi-
tion. When the electron-hole interaction is includfethis
ure 5 compares the four lowest pair excitationsvalue is reduced to 1.57 eV, giving an exciton binding en-
Tis, Toe, Gg, andHg with the Ag Hartree-Fock ground ergy of 0.58 eV. Thisab initio band calculation also gives
state with even parity. The two intra-atomic interaction val-peak positions forT,g, Tig, Gg, and Hg that are red-
ues chosen artl=0 andU=4V. The Coulomb energy shifted in comparison to the peak positions 1.86, 1.94, 2.03,
when two electrons are in the same atomiorbital is usu- and 2.30 eV in the fine structure of the forbidden absorption
ally estimated to b&J~10-20 eV. If one uses a hydrogen- €dge of the fullerit¢” An inconsistency among the first-
like wave function with an effective nuclear chargg,,  Principles calculations is the energy ordering of g and
=3.25, a value olU=17.3 eV result§, which is close to Tac excitations. I.n Refs. 10 and 11 the Sym’T‘e”% .Of the
U =4V for the median value o¥ in Sec. Il. If the effect of Iqwest excitation isT; , whereas other ca}lculatloﬁé n-
the o electrons is includedU is reduced to 11 e¥? Both dicate theT, level to be the Iowe_stone. Figure 5 shqws that
Figs. 4 and 5 show that the explicitly choservalue has a fthe answer depends on the rt_elatlve strengths of the intra- and
minor influence on the excitation energies. A strong intra interatomic Coulomb interactions. Fok=0, T5q represents

ic Coulomb i =4V shifts the bai . “the lowest excited state. Fdy=4V, this holds only for
atomic Coulomb interactioh) =4V shifts the pair energies o2/ \/=0.7. In the more interesting region of lower inter-
slightly to higher energies by about 05

atomic valuesT,¢ is favored. For even smaller values of

The dependence on the variation of the interatomic CoUjnteratomic interactionG becomes the lowest excited state.
lomb interactione“/eR, is explored because of the uncer-

tainty of the value for the dielectric constant used to screen
the interatomic interaction. The intramolecular correlation
effects with theo electrond? gives e=1.5, which may be A. Optical transitions
regarded as the minimum screening. WRp~3.5 A and
the smallest hopping parametérin Sec. I, the maximum
value of e?/eRyV is about 0.7. In the literature, screening
values between 3 and 10 have been reported. For instance,

dielectric constants for solid fullerites have been determined P.=> (vlex|v')clc,, 4.1
ase=3.5, 3.9, or 4435 A dielectric constant in a model vy

cluster of 7.13-9.86 has been used in Ref. 36 to study the . . -
van der Waals cohesion energy. Other autfonse e=4.4 where X, is 'the ath Cart.es.lan component of the position
and 6.5 to explain the screening ingfCclusters. Hansen operator. W.'th the restriction to the LUMO. ar_ld HOMO
et al® reported a valuee=4.6 derived from a Kramers- states descrl|bed in Sec. Il and a strong _IocaI|zat|on opthe
Kronig analysis of their visible-UV electron-energy-loss _orb|tals.as'|n the case of t'he descnphon of the Coulomb
spectrum. For e=4.6, the interaction parameters of interaction in Eq.(3.9), the dipole matrix elements take the
e/ eR,V~0.19 (0.23 and 0.1¢result fromV=4.626(3.83 oM (v=Ipm)

and 6.6) eV. From Fig. 4, evidently the interatomic Cou- R

lomb interaction has much more influence on the pair!PMeX.[l"p'm’)

excitation energies than the on-site Coulomb interaction.

IV. OPTICAL SPECTRA

The coupling of light to ther-electron system of the &
molecule is governed by the polarization operator

Moreover, its presence gives rise to an effective attractive V2I+1)(21'+1) E .
interaction between electrons and holes. The exciton binding =eRy 60 5 €lom(9%a€iprm (9)-
noticeably reduces the pair excitation energies. Typical re- 4.2

ductions amount to about @3 €R,, for T;5, Hg, Hy, and
Gg and vanishing intra-atomic interactiond. For  The sum over the carbon positions can be evaluated using
Tiu (Tos), slightly smaller (largep values of 0.5(1.00  the symmetry propertiés
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(Ipmlex,[l'p'm’)=6, _,,D(Il"|pp’)
+1

X > (—n™cM, AL,
M=—1
(4.3

where the effective dipole moment is given by

(21+1)(21"+1)
3

X[ —+2Gyy(Il 'pp’ [ede,
+Gy(ll'pp’|eee,],

D(l'|pp")=eRy

(4.9
with G (Il 'pp’|e® defined in Eq.(3.8 for the reference

atom at positiore and the projection of the Cartesian com-
ponents onto thé =1 angular momentum states

AiM: 5axﬁ(5Mfl_ Om1)

i
+§ay_2(5M1+ Om-1)* 0az0Mmo- (4.9

The optical transition matrix elements from thig
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r=0.02v r=0.02v

I=0.05V =005V

Optical absorption (arb. units)

I'=0.09V

07 019 1.1
Photon energy ha/V

1.1
Photon energy hayV

0.7 0.9 13 05

FIG. 6. Absorption spectra of g versus the photon energy in
units of V for different parameters of the effective Coulomb inter-
action and damping parametdrs Solid line,U =23V, dashed line,
U=2V; dotted line,U=V; dash-dotted linel)J =0. The ratio of the
intersite and intrasite Coulomb interaction is fixed &&/eR,U
=0.2377(left pane) and 0.0517right pane).

(2Npp|P,|IN'—p'p")

\/?
=\ 3¢} %p V5D (LUp—p) + 8, D(22 — pp)]

ground state to the electron-hole pair excited states intro-

duced in Eq(3.3) are

(LNpPepy|P,|0)= 61185, —p,D(12pepn)Asy - (4.6)
Selection rules limit excitations tb=1 excitons with odd
parity, i.e., T;, state$®2 Out of the 60 singlet excitons
there are only six such states, name[{tN+—) and
|[IN—+) with N=—1,0,1. Because of the different struc-
tures of the single-particle eigenvectors in E2.8), the os-
cillator strengths vary with the parity-allowed pairs

D(12+ —)=—0.48542R,,

D(12— +)=—0.5562&R,. 4.7)

+1
X(—1N' X CiN ALy, (4.9
M”=—-1
with D(11]—+)=D(11+ —)=—0.7070@R, and
D(22|+ —)=D(22 - +)=0.7558%R,. The dipole-

allowed transitions fronT,, to bothHg and T,g excitons

are possible because of the difference of thg §ymmetry

group from the spherical symmetry.

B. Linear absorption: Optically allowed excitons
Consider the case of thi; ground state. Its optical prop-

erties are governed by the time-dependent polarization field
P.(1)=2n(0|P(1)|0), (4.10

wheren is the density of the buckyballs. The linear response

The characteristic dipole length is about half the distancen the rotating-wave approximation is, following EGt.6),

from a carbon atom to the center of the cage.

The coupling of two different excitonic states by an ex-

ternal electric field via the polarization operator is

(LNpepp|P,IL"N"pip)
+1 +2

> >

me,mé:—l my, ,mr']: -2

—mp—mp ~LN
(_1) M= Clmezfmr1

L'N’
X Clméz—mr’]{_ 5Pepé5memé<2pf,1mr,1| X,| 2PhMp)

+ é\phpr’ﬁmhmhr<-‘]-l:)en']e|exoz|:I-I:)(,amt,e»' (4.9

given by
2
Cap(1—)D(12 - pp)
p=+,—

El,A—ﬁw—irl,A ’
(4.11
where o is the frequency of light and a phenomenological

lifetime-broadening parametél, 4, has been introduced for
the electron-hole pair states. The diagonality and isotropy of

Xap(w)= 5aﬂznA

=+,—

the susceptibility tensor follows immediately from
1 1* Al
Er\;:—lAaMAﬁM:@x,@-

The resulting low-energy absorption spectrum of the
m-electron system is shown in Fig. 6 for various values of

We record here a special case needed later for the nonlinetite effective intra-atomic Coulomb interactidh The ratio

optical spectra, by Eq4.3),

of the interatomic and intra-atomic Coulomb interaction has
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been fixed at the values®/ eR,U=0.2377 (left pane) and  at higher energy is in agreement with the experimental ob-
0.0517 (right pane). Using an intrasite matrix elemend servation. Within the single-particle approximation, i.e., for
—17.3 eV, the two values correspond to the cases of n&) =0 ande®/ eR,=0, the oscillator strengths of the two tran-
screening of the interatomic interactioa=£1) and of inter- ~ sitions hy—t;4 and hy—t;, between molecule levels are
mediate screeningeE=4.6). In the spectral range considered Similar, from Eq.(4.7). The reduction of the ratio of the
the absorption in ther-electron system exhibits twd,,  Oscillator strength of the lower-energy peak to that of the
exciton peaks at abou; __~V+0.012)—0.666€%eR,)  higher-energy peak may be understood in terms of the Cou-
andE;_, ~1.139%/+0.039J — 0.488€% €R,) with different ~ lomb coupling of the twal,, excitons, as is evident from
oscillator strengths. the presence of the eigenvecterg,(1-) from Eq.(3.16 in

A comparison of the calculated absorption spectrum witithe oscillator strength of Ed4.11). Since the dipole matrix
experiment leads to two salient points for discussignthe ~ €lementsD(12+ —) and D(12]—+) have the same sign
comparison of the calculated and measured peak positiorld nearly equal magnitudes, the oscillator strengths of the
and (ii) the relative intensities of the two absorption peaks.tWo Ty excitations are governed by the relative sign of the
The two calculated exciton peaks should be compared to theoefficientsc, ,(1—) and so by the sign of the coupling term
measured absorption peaks at 3.81 and 4.90°%¥,3.65 Vi-(1—) in Eqg. (3.10. The domination of the exchange
and 4.72 eV!! or 3.78 and 4.84 eV? The weak structure termleadstd/, _(1—)<0 and hence the oscillator strength
observed at lower energies, in particular the weak peak af the low-energy exciton atw=E,__ is reduced com-
2.73 eV, for solid G, (Ref. 41) has been ascribed to dipole- pared to the high-energy absorption fa=E;_, . This
forbidden transitions, which become partially allowed due toshows not only that the relative strengths of the two exciton
lattice fluctuations, interface effects, and/or internal electrigoeaks are influenced by the Coulomb interaction but also that
fields. The same holds for the small structure occurring in théhe intersite interaction is indispensable.
energy region of 2 eV in spectra ofsLisolated in a noble ]
gas matrix’® The intense absorption band close to 5.96 eV C. Electro-optic Kerr effect:
(Ref. 4 or 5.87 eV (Ref. 42 possesses only a partial Electric-field-induced forbidden excitons
character and is also beyond the scope of our study. The In the theoretical linear optical spectra, the parity selec-
identification of the lower and uppef,, excitons ( tion rule excludes the same-parity transitions, such as those
=1,P=—) with the two absorption peaks under consider-lowest in energyh,—t4,. They can, however, be induced
ation restricts the range for the values of the paramdters by the application of a static electric field that mixes the
ande?/eR,. If we take the strong on-site interaction value even-parity excitons with the odd-parity excitons. The linear
U=17.3 eV, the dielectric constant varies drastically be-response to the external laser field of the electric polarization
tweene~2 (for the hopping parametd&f=4.62 eV) ande  [Eq.(4.10] to second order in an applied static electric field
~10 (for V=3.83 eV). With a weakelU~10 eV, the F (the Kerr effect is closely related to the third-order sus-
range of the dielectric constant is reduced to<@¢5<4.8. ceptibility, to be derived in Sec. IV D. By a similar deriva-

The theoretical result that the absorption peak at lowetion leading to Eq.(4.19, the static electric field effect on
energy possesses a smaller oscillator strength than the petide linear optical response is given by

L F22 St S
Yo =2nP(F 73 3 a2t

, : (4.12
L=1pr A=+ (BExar =By )(Ey - —fho—iT (B pn—EpLy o)

with the prefactor depending on theA direction of the appliedangle ¢ around a space diagonal afis11], [111],[111],
static field denoted by its unit vectér relative to the light  or [111]. The angle of rotation is found to be=22°

polarization direction, _ oo 43-45
3 The spectrum of the electro-optic Kerr effect is presented
PQB(IA:)=E(35QB+ IA:alA:B), (4.13 in Fig. 7 as a function of the reduced photon energy for
different model parameters of the effective Coulomb interac-
and the oscillator strengt§, , given in Eq.(4.17). tion, U ande? eR,. The electric field strength has been fixed

The selection ruledAL=0,+1 confine the contributions ateFR,/2V=0.001 to compare with the allowed transitions
to the Kerr effect from théd g and T, excitons. Because of in zero field in Fig. 6, corresponding to X@0° V/cm for a
the random orientations of thes@molecules in solutions or hopping parameter of/=4.626 eV. The positions of the
in the face-centered-cubic thin filM%;*the dependence of field-induced excitons are approximately given By,
the field direction of the prefactor is in practice averaged out=0.75%+0.019) —0.76®%/eR, for the Hg exciton or
to Paﬁ(f:)zéaﬁ. Only in the case of the low-temperature E;, - =0.75%7+0.0121) — 0.98&?/ eR, for the T,g exci-
simple cubic crystals of undopeds{is there a chance of ton. Their energy difference is determined by the interatomic
experimentally partially probing the polarization depen-Coulomb interaction E,, —E;, ~0.226%/ eRy~0.93
dence. The four molecules per unit cell are rotated by arV/e. For intermediate screening, it is smaller than the line
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ol ‘ BERETEE ' T ] These general findings seem to be in agreement with the
‘\ i results inferred from different nonlinear optical experiments,
N i such as two-photon absorptfSrand degenerate four wave
5l S it mixing.*’ A two-photon resonance at 2.73 eV or 2.67 eV is
i i observed and identified with aHg exciton. Such energy
.y values are within the range of the theoretical values given by
the parameters under discussion. The prediction of a field-
inducedHg exciton line also explains the weak absorption
structure around 2.73 e¥. The theoretical energy ordering
T1g<Hg<Tyy clearly visible in Figs. 4 and 5 agrees with
results of the second-harmonic generation on a suffate,
R \ | where a resonance near 1.8—1.9 eV is identified wilh &
{j:f__;’;)i\_;:,,_”f\ S \\’; exciton. However, the theoretical prediction of the energy
%0 02 04 08 08 1000 02 04 06 08 10 splitting betweerT ;g andH¢ is smaller than the experimen-
Photon energy ho/V Photon energy he/v tal value of 0.8—0.9 eV if we choose our model parameters,
FIG. 7. Absorption spectra of g molecules in a static electric such asu=17.3 eV,e=4.6, to obtain similar exciton ener-
field versus the photon energy near the forbidden transitipn gies as the quantum-chemical calculations.
—t4, for different parameters of the effective Coulomb interaction.
Solid line,U=3V; dashed linelJ=2V; dotted line,U=V, dash-
dotted line, U=0. (a) e%eR,U=0.2377 and (b) e%eR,U
=0.0517. The damping parameter is chosenl’as0.05/. Each . . . . .
spectrum has to be multiplied by the prefacteFQy/2V)? to com- [n this sectlon'we cons@er another' nonlinear optical ex-
pare with the strength in Fig. 6. periment, the third-harmonic generatig@HG). A three-
photon resonance occurs when three times the fundamental
broadening used in Fig. 7, explaining the appearance of onlphoton energy is equal to the lowesg— T,y one-photon
one pronounced field-induced peak in the absorption spedlipole-allowed transition(in the single-particle picturédn,
trum below the energy of the lower allowdd,, exciton(in —t;4 and hy—ty,). From the general expression for the
Fig. 4). Only for very weak screening does a weak secondhird-order suscept|b|I|ty given by Armstrongt al,>® we
T,g-related peak appear at an energy below the more intengake into account only triply resonant contributions to the
Hs-related peasee the solid and dashed curves in Fig.susceptibility describing THG. Neglecting biexciton effétts
7(@]. and using the dipole matrix elemer{s6) and(4.9) we find

Absorption (arb. units)
=
=

5t // \ /, (. "./ \‘ 4 st
| ! \
/ [ :

D. Third-harmonic generation

(3)

Xagy(s(w Pﬁy(SE 2 2 2 <0||Sa|1N'_A,>

N=-L N/ N'=—1 A, A" A"==%1

(IN'=A'|PgLN+ANLN+A|P|IN"—A")(IN"—A"|P;|0)
(El_A,—Bﬁw—iFl_A/)(EL+A—Zhw—iFL+A)(E1_A//—ﬁw—iFl_A//)

(4.19

Here n is the density{cf. Eq. (4.10] and Pg,; denotes the sum over all permutations @&f y, and & ensuring that the
fourth-rank tensor third-order susceptibility is independent of the ordering of those three indices, i.e., the Cartesian components
of the three fields creating the third-order harmonic.

Selection rules dictate that the three-photon resonance takes the system fisggitoeind state to the =1 excitons with
odd parity (T1y) and fromT,, toL=2 (Hg) andL=1 (T,¢) excitons with even parity, which may give rise to the doubly
resonant terms. We restrict ourselves to the double-resonance terms with the lower-dnergy éxcitons. The higher-lying
excitons are energetically well separated from the frequency region of intefeBtg. 4. Consequently, thl.N+ —) states

may be approximately replaced by the uncougleNpp) (p=+,L=1,2) states, corresponding to the single-particle transi-
tionsh,—t,,. The third-order susceptibility becomes

S’:A’SLA"
) (w)=2nG, , (41
Xapysl @)= ’”’521 A’ AE e (Ey_ni—3ho—iTy n)(ELs_ —2fw—iT s )(Ey yi—fio—ily_zn) “13
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60 ‘ 7 ‘ 30 ‘ ‘ I the resonance with th&,; excitons L=1P=+). The
:‘ " three-photon resonance at the frequency of the fundamental
light wave occurs at slightly lower energies defined by the
electric-dipole-allowedL =1, P=—(T,,) exciton. On the
other hand, in the case of the weaker screerthg left
pane), for the curves going from the right to the left in order
of increasing on-site Coulomb interactidh there is an in-
terchange of the energy order of the two resonarces
=1E, _ andhw=3E,,_,3E,,_. The near coincidence
of the triple and double resonances for the intermediate val-
ues ofU creates the appearance of a strong single peak in
Fig. 8@). For larger values of the on-site Coulomb interac-
tion, the Hg and T,g resonances split again and a weak
0 ST jﬁ‘"’;;“'"f?as 0 T,s-related peak occurs at the low-energy tail of the THG
Photon energy he/V Photon energy he/V structure.
o o Our calculated spectrum can be used to infer the symme-
_ FIG. 8. Spectral variation of the THG susceptibility in the re- try of two-particle elementary excitations observed experi-
gion of the lower three-photon,, and t.wo-photori-lG.resonapces ‘mentally. In the THG experime 53 two peaks were ob-
fqr the same parameters of the effectlve Coulomb interaction as 'gerved at 1.3um and 1.06 um. By taking a combination of
Fig. 7. The damping parameter is chosenlas0.03v for both - > .
allowed and forbidden excitons. relatively large parametei, U, ande /eRo,_we can inter-
pret the lower two-photon resonance to yield the measured
energy of theHg exciton at 1.9 eV and the higher triple-
photon resonance to yield the energy of thg, exciton at
+2 3.5 eV. A previous interpretation of the low-energy peak in
Gaﬁyézgpﬁyﬁ 2 Fzﬁ(M)FM(M), the THG spectrum as a two-photon resonance with the one-
M=-2 photon forbidderT ;s level > even though in agreement with
the low value of the resonance energy, could not explain the

50 : 425t

'S
o

4 20k

(5]
o
T
o1

THG spectrum (arb. units)
3
=

with the polarization-dependent prefactor

+1
_ _4\M’ Al m” 1 absence of thélg exciton in the spectrum. We have dem-
Fap(M) M’ %“:71( D™ Aam Coma-mrAgmr onstrated here that, with the help of a careful symmetry

(4.16 analysis, nonlinear optical spectroscopy can clarify the com-
plicated electronic structure of thes@molecule, especially

and the oscillator strength its electron-hole pair excitations.

Sia= Cr+(1-)D(12+—) V. DISCUSSION

1
V5—2L
In this paper we address the issue of the strong electron
[5—2L correlation in a @y molecule by studying the effects of the
+ 5 CA-(1-)D(22~+) excitons using an analytical model making maximum use of
symmetry. The basic component is a simple quasiparticle
. model based on a tight-binding schemembrbitals of the
Xp§+ CAp(1-)D(12~pp). (417 HOMO and LUMO states, with parameters deduced from
B photoemission and inverse photoemission experiments. The
Equation(4.15 may be interpreted as the third-order suscep-assumption of the closed-shell ground state is tested against
tibility of a five-level system: ground statk;, even-parity the energies of the electron-hole pair excited states. The in-
excited statedHg or T,¢, and the two odd-parity excited teraction between electrons and holes includes the Coulomb
statesT,y, in contrast to the third-order susceptibility of a interaction of ther orbitals on the same carbon atom and the
three-level system wused to fit the experimentallong-range interaction between different carbon sites with a
measurement¥:>3*Moreover, the symmetry of the states par- constant dielectric screening. The on-site electron-hole inter-
ticipating in the THG process are well defined here. On theaction is dominated by the exchange term and is therefore
other hand, only the most dominant resonant terms are comepulsive while the electron-hole interaction on different car-
sidered here, whereas the formulas used to fit the data aldmn sites is attractive. The screening of the latter is more
include less important resonant and nonresonant terms.  important in determining the energy levels of the excitons.
The spectral behavior of the magnitude of the third-order Our theory of the linear optical absorption spectra based
susceptibility is plotted in Fig. 8 for the same set of modelon the closed-shell ground state agrees with experiment for a
parameters as in Fig. 7. Only the lowEy, excitons appear. reasonably strong dielectric screening of the long-range in-
Despite the presence of many exciton levels, in the spectraéraction. We have established the relation between the en-
region considered only a pronounced double-peak structurergies or relative oscillator strengths of the dipole-active ex-
or one broad peak appears. In the case of stronger screeningions and the Coulomb interaction terms connecting these
of the intersite Coulomb interactiofthe right panel of Fig. excitons of the same symmetry. This coupling effect explains
8), the high-energy peak corresponds to the two-photon resdhe observed strond,, exciton peaks in the linear optical
nance with thd=2, P=+(Hg) exciton. It is enhanced by absorption spectra. For the third-harmonic generation, our
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theory identifies the doublet excitation at the fundamentamost interesting possibility is that a quasiparticle state now
wavelengtih~ 1.3 um as the forbiddehl 5 exciton and not  consists of an electrofor hole plus an electron-hole pair,
as theT,g exciton suggested by experiment, whereas thdeading to strong correlation effects. Symmetry consideration
triple resonance is clearly related to the, excitation. This  would lead to more photoemission lines than the closed-shell
identification is supported by the argument invoking the ap-ground state scenario. The interpretation of the THG would
proximate angular momentum selection rule in the nearlype different. A three-photon resonance would exciteHhe
centrosymmetric moleculegee Sec. IY. The same transition or G exciton. Many transitions could contribute to the two-
to the Hg pairs is found to play a role if an external static photon resonance, such lg;—T.g, Hg, Tog, andGg or
electric field is applied to the g molecules. We predict a Gy—Hg, Tog, and Gg. An experimental test of the
pronounced optical Kerr effect with a photon resonance aelectro-optic effectSec. IV O could discriminate the ground
the Hg energy. state symmetry.

Our model approach may also be used to study excitons Even in a less extreme case of a small but positive exci-
and their effects on optical properties in other molecular soltation energy of thd,¢ exciton, the quasiparticle dynamics
ids, clusters, and quantum dots, the last particularly when thean be affected by the easy Coulomb excitation of such ex-
effective-mass approximation fails. While our study indi- citons. In particular, this could provide a source of effective
cates that the closed-shélf; is the ground state indg, itis  quasiparticle interaction and thus possibly a source for super-
of interest to investigate whether an excitonic state of lowerconductivity. We leave the investigation of the above con-
symmetry than the closed-shell state might be the lowegectures to future work.
energy state in other systems. Such an event is known as
symmetry breaking. To use thg{as a temporary paradigm,
we note that the closed-shell; state would be unstable
against an electron-hole pair excitation of symmeipy, if One of the authorgF.B.) gratefully acknowledges the
either the gap between LUMO and HOMO or the interatomickind hospitality of the University of California at San Diego.
interaction were reduced. The consequences of having Bhis work was financially supported by the Volkswagen
lower symmetry exciton state, such @gg, as the ground Foundation and the National Science FoundatidiGF)
state are extraordinary. The optically dipole-allowed stateg$Grant Nos. INT-9513363, DMR-9421966, and DMR-
would no longer be ofl;, symmetry butH or G,. The 9721444,
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