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Enhancements of third-order nonlinear optical response in excited state
of the fullerenes C60 and C70
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Dynamic third-order nonlinear polarizabilities of three optical processes of third-harmonic generation,
electric-field-induced second-harmonic generation, and degenerate four-wave mixing have been calculated at
the both ground and excited states in C60 and C70 fullerenes in terms of the sum-over-states formula. The
transition moment elements and the transition energies in this formula are obtained using the intermediate
neglect of differential overlap and single- and double-excitation configuration interaction method. The calcu-
lated third-order polarizabilities show a dispersion behavior with different from ground state and a strong
enhancement of third-order nonlinear optical response in the first excited singlet state. The calculated nonreso-
nant susceptibilitiesx (3)(2v;v,v,2v) of this excited state reach the magnitude of 10210 esu for C60 and C70

films.
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I. INTRODUCTION

The realization of all-optical switching, modulating an
computing devices is an important goal in modern opti
technology. Nonlinear optical~NLO! materials with large
third-order nonlinear susceptibilities are indispensable
such devices, because the magnitude of this quantity stro
influences on the instrument performance. In order to re
the bistable region, for instance, very large NLO susceptib
ties of materials are required in optical bistable devices
strategy in the development of materials with large NL
susceptibilities is the exploration of fullerene systems,
these systems have exceptional optical, physical, and ch
cal properties, such as thermal and oxidative stability. Th
and the other exhibiting unique properties have warran
the vast amount of basic and applied research concer
fullerenes and fullerene derivatives.1–4 In this paper, we ex-
pect third-order NLO polarizabilities of the first excited si
glet state and explain the origin of dramatic enhancement
excited states for C60 and C70 fullerenes. We believe that the
will be good candidates for use in optical devices due to
facts that the C60 and C70 films have large third-order NLO
susceptibilities and unique thermal and oxidative stability

II. SIMPLE DESCRIPTIONS OF COMPUTATIONAL
PROCEDURES

The tensor components of the frequency-dependent th
order polarizabilityg of molecule are obtained by the con
ventional sum-over-states~SOS! method5 and an average
value ofg is calculated from

^g&51/5~gxxxx1gyyyy1gzzzz1gxxyy1gxxzz1gyyxx1gyyzz

1gzzxx1gzzyy!.

Hereafter the markg~3v!, g~2v!, and g~v! symbolizes the
third-order polarizability of third-harmonic generatio
~THG! of g~23v;v,v,v!, electric-field-induced second
harmonic generation~EFISHG! of g~22v;v,v,0!, and de-
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generate four-wave mixing~DFWM! of g~2v;v,v,2v!, in-
dividually. The prefactor K(2vp ;v1 ,v2 ,v3) in SOS
method5,6 must be taken as the same value in the TH
EFISHG, and DFWM for the static case of an input phot
energy~i.e., input frequency! of zero, and it is the relative
magnitudes of the ground and excited state nonlinear po
izabilities for each optical process at nonzero frequenc6

This is due to the fact of that the prefactorK
(2vp ;v1 ,v2 ,v3) depends on distinguishable permutatio
of the input frequencies and factors arising from the defi
tion of the electric field amplitudes.5 In the following calcu-
lations, we use the same prefactorK in order to make the
remark to justify plotting curves for the three types of no
linear polarizability against common axes. In SOS formu6

the first summation involves the two-photon allowed stat
referred to type-II terms, and the second summation invol
four photon volleys between the reference and one-pho
allowed states, referring to type-I terms. In order to obtai
reliable value ofgabcd, the INDO-SDCl method is employed
to calculate the transition energies and dipole moments
are taken as input values. The geometrical structures of60
and C70 fullerenes are optimized based on the HF/3-2
level of theab initio method in the programGAUSSIAN 98.7

The optimized geometrical parameters and atomic par
eters listed in Ref. 8 are used to compute the electronic st
tures. The electron excited states of C60 and C70 fullerenes
are obtained by configuration interactions of all single- a
double-excited configurations from the six highest occup
molecular orbitals to the six lowest unoccupied orbitals. T
leads to a total of more than 700 calculated states. For
calculation ofg, we generally truncate the infinite SOS e
pansion to a finite one over about 120 states after an appa
convergence ofg has been reached.

III. RESULTS AND DISCUSSIONS

Before we investigate excited state enhancements of o
cal nonlinearities in fullerenes C60 and C70, we first discuss
the third-order nonlinear optical properties based on the
©2002 The American Physical Society01-1
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culated results at the ground state. Figures 1~a! and 2~a! de-
pict the calculated frequent dependence of absolute va
u^g&u with different optical physical processes at the grou
state, respectively. In the static case where the input ph
energy is zero, the absolute valuesu^g~0!&u of the THG,
EFISHG, and DFWM processes have the same number
1.776310234 and 4.441310234 esu for C60 and C70, respec-
tively. In the dynamic case, however, when the input energ
of \v are 0.80, 1.165, and 1.165 eV, the calculated value
u^g~3v!&u, u^g~2v!&u, and u^g~v!&u are individually 3.357
310234, 24.816310234, and 8.193310234 esu and 10.742
310234, 62.448310234, and 18.711310234 esu for C60 and
C70. Table I lists the calculatedu^g&u values at three optica
processes in typical values of input photon energies. I
shown that theu^g&u value is larger for C70 than for C60 in the
same optical process. This is due to the facts that C70 with a
rugbylike space structure has large dipole moments and60
with a football-like structure has small dipole moments
ground state. The observed values ofg in one input fre-
quency have been reported for C60 and C70

1,19 respectively,
and are also listed in Table I. Note that different resona
enhancements take place in different optical processes

FIG. 1. ~a! The dynamic third-order polarizabilities at th
ground state of C60 for different optical processes.~b! The dynamic
third-order polarizabilities at the excited state of C60 for different
optical processes.
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shown in Figs. 1~a! and 2~a!, the first near resonant enhanc
ment appears at about\v50.70 eV for the THG process an
at about\v51.05 eV for the EFISHG or DFWM process
When v trans 23v50 or v trans22v50, the first resonance
will take place for the THG or DFWM process. Accordingl
from the dispersion curve we can make crude determina
of the lowest ultraviolet-visible absorption region localize
at about 2.1 eV~330.70 or 231.05 eV! for the fullerenes
C60 and C70. This estimated value is near to the observ
value of 2.03 eV of C60.9,10

To gain a better understanding of the origin of the thir
order nonlinear optical response from the calculated res
in C60 and C70 fullerenes, we consider two types of compe
ing third-order virtual excitation processes in determiningg.
The type-I processes are of the formSg→Sm→Sg→Sm
→Sg , whereSg is the ground state andSm is a one-photon
allowed excited state. The intermediate state isSg itself, and
this process makes a negative contribution tog in the low-
frequency region. For examples, the calculated^g(0)& I is
26.981310234 esu in the static case, and the calculated
namic ^g(3v)& I , ^g(2v)& I , and ^g(v)& I is 220.139
310234, 262.931310234, and 226.586310234 esu at an
input photon energy of 0.80 eV for C70, respectively. For the

FIG. 2. ~a! The dynamic third-order polarizabilities at th
ground state of C70 for different optical processes.~b! The dynamic
third-order polarizabilities at the excited state of C70 for different
optical processes.
1-2
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type-II processes,Sg→Sm→Sn→Sm→Sg , the intermediate
stateSn is a two-photon-allowed excited state. The obtain
results illustrate the positive type-II contributing term ing.
For instances, the calculated^g(0)& II is 3.433310234 esu in
the static case, and the calculated^g(3v)& II , ^g(2v)& II , and
^g(v)& II is 9.397310234, 26.029310234 and 10.815
310234 esu at an input photon energy of 0.80 eV in C70,
respectively. Comparing these two processes, we can
that the type-I process makes a larger, negative contribu
to g and therefore determines the overall sign ofg to be
negative. This situation tell us that one-photon allowed
cited states make major contributions to the third-order n
linear polarizabilities in ground state of C60 and C70
fullerenes.

In the following, we present a theoretical enhancem
mechanism for third-order nonlinear processes origina
from real population of electronic excited states in C60 and
C70 fullerenes. In experiments, an electron excited state
be generated to use laser pulse at certain wavelength
then populated for times long enough to permit nonreson
measurements.11–15Excited-state optical nonlinearities of th
C60 fullerence and its derivative have been investigated
terms of the pump-probe technique.16–18Therefore, when an
excited state is populated prior to a measurement, we
define this state as a reference state. In the calculation o
SOS, we select this excited state, usually, the first exc
singlet state as the reference state, and the beginning of
mation is from this reference state. Figures 1~b! and 2~b!
show the frequent dependence ofu^g&u with different optical

TABLE I. The calculated third-order polarizabilitie
(u^g&u/10234 esu) in the different optical processes at ground s
of C60 and C70 molecules.

Energy~eV!

THG EFISHG DFWM

C60 C70 C60 C70 C60 C70

0.00 1.78 4.44 1.78 4.44 1.78 4.44
0.65 2.52 7.04 13.19a 32.89a 6.11 14.90
1.165 11.78 54.16 24.82 62.45 8.19b 18.71

aThe observed values are (7.562)310234 esu and (1.360.3)
310233 esu for C60 and C70 in toluene solution~Ref. 1! respec-
tively.

bThe observedg value of 2310234 esu from a third-order suscep
tibility value of 7310212 esu for C60 at the DFWM optical process
~Ref. 19!.
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physical processes at the first excited singlet state for C60 and
C70 fullerenes, respectively. Comparing with the obtained
sults of the ground state shown in Figs. 1~a! and 2~a!, we can
see that the calculated third-order optical polarizabilitiesu^g&u
at the first (S1) excited singlet state of C60 and C70 are en-
hanced throughout the considering frequency region. For
amples, the calculatedu^g~3v!&u, u^g~2v!&u, andu^g~v!&u at the
S1 excited state are 1.927310231, 1.406310230, and
3.9251310232 esu for C60 at an input energy of 0.80 eV
respectively. The absolute valueu^g&u of the S1 excited state
is compared withu^g&u of theS0 ground state. Throughout th
entire calculated frequency range, as shown in Figs. 1 an
the u^g&u of S1 is significantly larger than that ofS0 , reaching
enhancements as high as a factor of more than 100 for60
and more than 50 for C70. Table II gives the calculated
u^g~v!&u values at the DFWM process in an input energy
1.165 eV for ground and excited states. By comparisons
the calculated results between the C60 and C70, we can see
that there is a small enhancement of the first excited sin
state and a large third-order optical polarizability at t
ground state. However, there is a large enhancement of
excited state and a small third-order optical polarizability
the ground state. The dispersion behavior ofu^g&u at S1 is
different from that atS0 , and the nonresonant frequent r
gion is smaller at theS1 than at theS0 in the THG, EFISHG,
and DFWM processes. Enhancements of excited state of
tical nonlinearly in linear conjugate molecule an
bacteriochlorophylls11,12,14have been observed and the thir
order optical susceptibilityx (3) can be enhanced by mor
than two orders of magnitude. In terms of an analysis of
obtained results, we can introduce the three principal orig
in the enhanced magnitude of nonlinear optical polarizabi
u^g&u of the S1 excited state. First, the transition energies
\vmS1 between theS1 and intermediate virtualm ~m,120
in this study! states are all smaller than the transition en
gies of theS0 ground state excitation processes. Seco
many excited states with large transition dipole moments
accessible through the populatedS1 state and theSm excited
states. As we know, the smaller transition energies of\vmn
and larger transition dipole moments ofmmn cause the indi-
vidual virtual excitation processes that make upg at theS1
state to be larger than those ofg at theS0 state. Third, in
contrast tog at S0 , which is primarily determined by the
type-I terms as mentioned above,g at S1 is composed of a
great number of terms that are not only individually larg
than those ofg at S0 but also have a reduced degree

e

cess
TABLE II. The calculated third-order NLO susceptibilities at energy of 1.165 eV in the DFWM pro
for both ground and first excited singlet states of fullerenes.

state N(1021 cm23) f v u^g&u(10234 esu) xcal.
(3)(10212 esu) xobs

(3)(10212 esu)

C60

Ground 1.4416 1.4700 8.1939 5.5158 7~Ref. 19!
S1 state 1.4416 1.4700 724.08 487.42
C70

Ground 1.3989 1.9103 18.712 34.863
S1 state 1.3989 1.9103 82.945 154.54
1-3
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cancellation, or even the same sign between the type-I
-II terms. For example, the calculated^g(v)& I and^g(v)& II
values at the first excited singlet state are 0.678310232 and
6.562310232 esu at an input energy of 1.165 eV for C60,
respectively.

In order to compare the calculated values with the av
able observed values,19 we calculate the third-order nonlinea
optical susceptibility of C60 and C70 films at the DFWM by
the formula

x~3!~2v;v,v,2v!5N fv
4 ^g~2v;v,v,2v!&. ~1!

HereN is the molecular density number andf v is the local-
field correction factor at radiation frequencyv. We note here
that the molecular number densityN in Eq. ~1! is defined as
the product of mass density and Avogadro’s constant divi
by the molar mass. TheN values of C60 and C70 films calcu-
lated from the mass density20,21 and formula mass are liste
in Table II. With the assumption of a Lorentz-Lorenz loc
field,22 f v5@nv

2 12#/351/@12(4p/3)Nav#, in which nv

and av are separately the refractive index and the pola
ability. Accordingly, the local-field factorf v can be obtained
by the calculating first-order microscopic polarizability a
described as the interaction between a selected molecule
the surrounding molecules in the film.23 At an input energy
of 1.165 eV, the calculatedx (3)(2v;v,v,2v) values at
ground and first excited singlet states of C60 and C70 films are
listed in Table II, respectively. It is shown that the excit
iu
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state NLO susceptibilities can be enhanced by about
orders of magnitude and that the values reach 10210 esu.

IV. SUMMARY

In this study, we have presented the calculated third-or
optical polarizabilitiesg in the three optical processes at th
both ground state and first excited singlet states for the60
and C70 fullerenes. We found that theg at an excited state is
much larger than that at a ground state and that the nonr
nant region of theg at the excited state are all smaller tha
those at ground state in the THG, EFISHG, and DFWM o
tical processes. We describe the principal origins in the
hancements of NLO polarizability at excited states. The c
culated nonresonance susceptibilitiesx (3) at DFWM process
show that the third-order NLO responses have a strong
hancement in excited states and are about 4.87310210 and
1.54310210 esu in the first excited singlet state of C60 and
C70 films, respectively.
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