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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 ig,@nd G, 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 susceptibilitiey®(— w; w,w, — w) of this excited state reach the magnitude of 1esu for G, and G,
films.
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I. INTRODUCTION generate four-wave mixinPFWM) of Y(— w;w,0,—w), in-
dividually. The prefactor K(—w,;w1,0;,,03) in SOS
The realization of all-optical switching, modulating and method® must be taken as the same value in the THG,
computing devices is an important goal in modern opticaEFISHG, and DFWM for the static case of an input photon
technology. Nonlinear opticalNLO) materials with large energy(i.e., input frequencyof zero, and it is the relative
third-order nonlinear susceptibilities are indispensable fomagnitudes of the ground and excited state nonlinear polar-
such devices, because the magnitude of this quantity stronglgabilities for each optical process at nonzero frequéncy.
influences on the instrument performance. In order to reacfihis is due to the fact of that the prefactoK
the bistable region, for instance, very large NLO susceptibili{ — w,; @1, 0,,03) depends on distinguishable permutations
ties of materials are required in optical bistable devices. Aof the input frequencies and factors arising from the defini-
strategy in the development of materials with large NLOtion of the electric field amplitudesin the following calcu-
susceptibilities is the exploration of fullerene systems, adations, we use the same prefactérin order to make the
these systems have exceptional optical, physical, and chemiemark to justify plotting curves for the three types of non-
cal properties, such as thermal and oxidative stability. Thesknear polarizability against common axes. In SOS forrfiula
and the other exhibiting unique properties have warrantethe first summation involves the two-photon allowed states,
the vast amount of basic and applied research concerningferred to type-Il terms, and the second summation involves
fullerenes and fullerene derivatives® In this paper, we ex- four photon volleys between the reference and one-photon-
pect third-order NLO polarizabilities of the first excited sin- allowed states, referring to type-I terms. In order to obtain a
glet state and explain the origin of dramatic enhancements akliable value ofy,,.q4, the INDO-SDCI method is employed
excited states for g and G, fullerenes. We believe that they to calculate the transition energies and dipole moments that
will be good candidates for use in optical devices due to theare taken as input values. The geometrical structures;gf C
facts that the g and G, films have large third-order NLO and G, fullerenes are optimized based on the HF/3-21G
susceptibilities and unique thermal and oxidative stability. level of theab initio method in the progransaussiaN 987
The optimized geometrical parameters and atomic param-
Il. SIMPLE DESCRIPTIONS OF COMPUTATIONAL eters listed in Ref. 8 are used to compute the electronic struc-
PROCEDURES tures. The electron excited states af;@nd G, fullerenes
~ are obtained by configuration interactions of all single- and
The tensor components of the frequency-dependent third4ouple-excited configurations from the six highest occupied
order polarizability’y of molecule are obtained by the con- mojecular orbitals to the six lowest unoccupied orbitals. This
ventional sum-over-state(SOS method and an average |eads to a total of more than 700 calculated states. For the
value of y is calculated from calculation ofy, we generally truncate the infinite SOS ex-
pansion to a finite one over about 120 states after an apparent
() =15 yyoxt YyyyyT Yzzzat YxxyyT Vxxzzt YyyxxT Vyyzz convergence ofy has been reached.

+ Vaoxxt 'YZzy)) -

Hereafter the mark/(3w), (2w), and y(w) symbolizes the

third-order polarizability of third-harmonic generation  Before we investigate excited state enhancements of opti-
(THG) of Y —3w;w,w,w), electric-field-induced second- cal nonlinearities in fullerenesggand Gy, we first discuss
harmonic generatiofEFISHG of y(—2w;w,0,0), and de- the third-order nonlinear optical properties based on the cal-

Ill. RESULTS AND DISCUSSIONS
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FIG. 2. (a) The dynamic third-order polarizabilities at the
ground state of &, for different optical processe&) The dynamic
third-order polarizabilities at the excited state of,@or different
optical processes.

FIG. 1. (@ The dynamic third-order polarizabilities at the
ground state of g, for different optical processe&) The dynamic
third-order polarizabilities at the excited state of,@or different
optical processes.

shown in Figs. (a) and 2a), the first near resonant enhance-
culated results at the ground state. Figuré® and 2a) de-  ment appears at abotito=0.70 eV for the THG process and
pict the calculated frequent dependence of absolute valued abouti w=1.05 eV for the EFISHG or DFWM process.
[{y| with different optical physical processes at the groundWhen wans —3@=0 0r wyans— 20 =0, the first resonance
state, respectively. In the static case where the input photowill take place for the THG or DFWM process. Accordingly,
energy is zero, the absolute valugs(0))| of the THG, from the dispersion curve we can make crude determination
EFISHG, and DFWM processes have the same numbers aff the lowest ultraviolet-visible absorption region localized
1.776x 10 3*and 4.44k 10 34 esu for Gyand G, respec-  at about 2.1 eM3x0.70 or 2x 1.05 eVj for the fullerenes
tively. In the dynamic case, however, when the input energie€g, and Gy. This estimated value is near to the observed
of 2w are 0.80, 1.165, and 1.165 eV, the calculated values ofalue of 2.03 eV of ¢,.%1°
[(¥(Bw))|, [(12w))|, and [({w))| are individually 3.357 To gain a better understanding of the origin of the third-
X 10734 24.816<10 34 and 8.19% 10 3*esu and 10.742 order nonlinear optical response from the calculated results
X103 62.448<10 3 and 18.71kx 10 ** esu for Goand  in Cgo and Gy, fullerenes, we consider two types of compet-
C,o. Table | lists the calculatef{y)| values at three optical ing third-order virtual excitation processes in determinjng
processes in typical values of input photon energies. It iShe type-I processes are of the forBy—S,—S;—S,
shown that thé(y)| value is larger for G, than for G in the — Sy, whereS; is the ground state an§l,, is a one-photon
same optical process. This is due to the facts thgiwith a  allowed excited state. The intermediate statgjstself, and
rugbylike space structure has large dipole moments agd Cthis process makes a negative contributionytm the low-
with a football-like structure has small dipole moments atfrequency region. For examples, the calculaed0)), is
ground state. The observed values pfin one input fre- —6.981x 10 ** esu in the static case, and the calculated dy-
quency have been reported fogg@and Gg''° respectively, namic (y(3w)),, (y(2w));, and (y(w)), is —20.139
and are also listed in Table I. Note that different resonance< 10 %* —62.931x 10 ** and —26.586< 10 34 esu at an
enhancements take place in different optical processes. Aaput photon energy of 0.80 eV for/g, respectively. For the
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TABLE 1. The calculated third-order polarizabiliies physical processes at the first excited singlet state fgaad
(I{)//10"** esu) in the different optical processes at ground statec_f,lierenes, respectively. Comparing with the obtained re-
of Cgo and Go molecules. sults of the ground state shown in Figgajland 2a), we can
see that the calculated third-order optical polarizabilitfey
at the first G;) excited singlet state of g and G are en-
Energy(eV) Cso Cro Cso Cro Cso Cuo hanced throughout the considering frequency region. For ex-
amples, the calculatgéhy(3w))|, [(1(2w))|, and[{(y(w))| at the
S, excited state are 1.9%710 3%, 1.406x10 %°, and
3.9251x 10 32 esu for G, at an input energy of 0.80 eV,
respectively. The absolute vallg)| of the S; excited state
*The observed values are (£2)x10 *esu and (1.203) IS compared with(y)| of the S, ground state. Throughout the

X 10" esu for G, and Gy in toluene solution(Ref. 1) respec-  €ntire calculated frequency range, as shown in Figs. 1 and 2,
tively. the|(y)| of S is significantly larger than that &, reaching
bThe observedy value of 2< 103 esu from a third-order suscep- €nhancements as high as a factor of more than 100 dpr C

tibility value of 7x 10~2 esu for G at the DFWM optical process and more than 50 for £5. Table Il gives the calculated
(Ref. 19. |{(1(w))| values at the DFWM process in an input energy of

1.165 eV for ground and excited states. By comparisons of
type-Il processesSy— Sy— S,—Sy— Sy, the intermediate the calculated results between thg,@nd G,, we can see
stateS, is a two-photon-allowed excited state. The obtainedthat there is a small enhancement of the first excited singlet
results illustrate the positive type-Il contributing termjn  state and a large third-order optical polarizability at the
For instances, the calculatég(0)), is 3.433<10 3*esuin  ground state. However, there is a large enhancement of the
the static case, and the calculated3w)), , (y(2w)),, and  excited state and a small third-order optical polarizability at
(y(w)), is 9.397X 1073 26.029<10°%* and 10.815 the ground state. The dispersion behavior|(@$| at S, is
X 10 3* esu at an input photon energy of 0.80 eV in,C different from that atS,, and the nonresonant frequent re-
respectively. Comparing these two processes, we can fingion is smaller at th&, than at theS, in the THG, EFISHG,
that the type-l process makes a larger, negative contributioBnd DFWM processes. Enhancements of excited state of op-
to y and therefore determines the overall signjoto be tical nonlinearly in linear conjugate molecule and
negative. This situation tell us that one-photon allowed exbacteriochlorophylf-****have been observed and the third-
cited states make major contributions to the third-order nonerder optical susceptibility® can be enhanced by more
linear polarizabilities in ground state of g€ and G, than two orders of magnitude. In terms of an analysis of the
fullerenes. obtained results, we can introduce the three principal origins

In the following, we present a theoretical enhancemenin the enhanced magnitude of nonlinear optical polarizability
mechanism for third-order nonlinear processes originating()| of the S; excited state. First, the transition energies of
from real population of electronic excited states ig,@nd  %wng between theS; and intermediate virtuain (m<120
Cy fullerenes. In experiments, an electron excited state caif this study states are all smaller than the transition ener-
be generated to use laser pulse at certain wavelength agies of theS, ground state excitation processes. Second,
then populated for times long enough to permit nonresonarinany excited states with large transition dipole moments are
measurementS°Excited-state optical nonlinearities of the accessible through the populatSgstate and th&,, excited
Cso fullerence and its derivative have been investigated irstates. As we know, the smaller transition energies @f,,
terms of the pump-probe technigthe® Therefore, when an  and larger transition dipole moments pf,, cause the indi-
excited state is populated prior to a measurement, we cavidual virtual excitation processes that make upt theS;
define this state as a reference state. In the calculation of tteate to be larger than those ¢fat the S, state. Third, in
SOS, we select this excited state, usually, the first excitedontrast toy at Sy, which is primarily determined by the
singlet state as the reference state, and the beginning of surtype-I terms as mentioned aboveat S; is composed of a
mation is from this reference state. Figured)land 2Zb) great number of terms that are not only individually larger
show the frequent dependence|@f)| with different optical ~than those ofy at S, but also have a reduced degree of

THG EFISHG DFWM

0.00 1.78 444 178 444 178 4.44
0.65 2.52 7.04 13.19 32.8¢ 6.11 14.90
1.165 11.78 54.16 24.82 62.45 8%1918.71

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

state N(18' cm™3) f, (P10 3% esu) (10 2esu) xP10 2 esu)
CGO
Ground 1.4416 1.4700 8.1939 5.5158 (Ref. 19
S, state 1.4416 1.4700 724.08 487.42
C70
Ground 1.3989 1.9103 18.712 34.863
S, state 1.3989 1.9103 82.945 154.54
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cancellation, or even the same sign between the type-l anstate NLO susceptibilities can be enhanced by about two
-Il terms. For example, the calculatég(w)), and{y(w)),  orders of magnitude and that the values reach!i@su.
values at the first excited singlet state are 0618 32 and
6.562<10 32 esu at an input energy of 1.165 eV fogC
respectively.

In order to compare the calculated values with the avail- |n this study, we have presented the calculated third-order
able observed valuéSwe calculate the third-order nonlinear gptical polarizabilitiesy in the three optical processes at the
optical susceptibility of G and Gy films at the DFWM by poth ground state and first excited singlet states for the C
the formula and Gy fullerenes. We found that the at an excited state is
3y . ) = NF v — o _ 1 much larger than that at a ground state and that the nonreso-

XF(-o00-o0) AV(-woo-w). (D oy region of they at the excited state are all smaller than
HereN is the molecular density number afig is the local- ~ those at ground state in the THG, EFISHG, and DFWM op-
field correction factor at radiation frequenay We note here tical processes. We describe the principal origins in the en-
that the molecular number densiyin Eq. (1) is defined as hancements of NLO polarizability at excited states. The cal-
the product of mass density and Avogadro’s constant dividegulated nonresonance susceptibiliti® at DFWM process
by the molar mass. Thi values of Gy and Gy films calcu- ~ show that the third-order NLO responses have a strong en-
lated from the mass denstf?!and formula mass are listed hancement in excited states and are about4BY *° and
in Table 1. With the assumption of a Lorentz-Lorenz local 1.54x 10~ *° esu in the first excited singlet state of Gnd
field?? f,=[n2+2]/3=1[1— (47/3)Na,], in which n,  Czofilms, respectively.
and «,, are separately the refractive index and the polariz-
ability. Accordingly, Fhe Iocal—fie!d factofq, can be obFa}ined ACKNOWLEDGMENTS
by the calculating first-order microscopic polarizability and
described as the interaction between a selected molecule andWe are grateful to the National Science Foundation of
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