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Influence of hydrostatic pressure and temperature on two-photon absorption
of a C60-2-thioxo-1,3-dithiole cycloadduct
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Two-photon absorption~TPA! at l5532 nm versus applied hydrostatic pressure~p! ~up to 20 GPa! and
temperature~T! ~in the 77–300 K range! was used to study intermolecular dynamics in powderlike fullerene-
1,3-dithiolic adduct and C60 systems. For C60-1,3-dithiole adduct, we observed a sharplike maxim of the TPA
versusp-T below 230 K. Comparing the obtained results with those of C60, we have unambiguously shown
that the observed behaviors are connected with the adding of the 1,3-dithiole core. To explain the experimental
results, we performedab initio molecular-dynamics geometry optimization, taking into account the superpo-
sition of all possible molecular conformations with appropriate weighting factors and higher-order intermo-
lecular multipole interactions. We have shown an increase of the absolute value of the TPA coefficient in the
C60 cycloadduct by more than 30%. This fact is mainly caused by the asymmetry of intramolecular electronic
charge-density asymmetry. The modulatedlike dependence of the TPA versusp andT have been observed. The
latter one reflects the vibration and rotational contributions to the TPA values.@S0163-1829~99!07713-9#
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I. INTRODUCTION

Chemical modifications of fullerenes have become v
interesting from the viewpoint of improving their utility, sta
bility, processibility, and optical nonlinearity.1–3 However,
producing modified C60 is a big problem due to difficulties in
manufacturing an electron transfer added for enhancing t
intermolecular interactions.4,5 Still in view of achieving
larger nonlinear optical susceptibilities many works were
voted to the synthesis of fullerenes by the adding of alk
metals.6 Another very important aspect of the modificatio
consists in the possibility of studying the contributions
electronic, vibration, and rotational subsystems to the
served nonlinear optical susceptibilities.

Recently the fullerene derivatives have been widely st
ied for their third-order nonlinear optical properties and th
effectively showed very large third-order nonlinear optic
properties.7,8 To achieve an increase of the nonlinear opti
susceptibility coefficient one should enhance intermolecu
interaction and intramolecular noncentrosymmetric char
density distribution. It is well known that the fullerene mo
ecules preserve a strong individuality. In Ref. 9 it was sho
how to bring an essential contribution of frozen-in orien
tion disorder of the C60 molecule to the measured dielectr
susceptibilities. Therefore, one can expect the same co
bution to the higher-order nonlinear optical susceptibiliti
The intermolecular overlap leads to an increase ofp-electron
delocalization, which favors an increase of the intramole
lar hyperpolarizability. To reach a high intermolecular inte
action and high nonlinear optical hyperpolarizability of t
C60 molecule, we have grafted the 2-thioxo-1,3-dithiole m
ety. This should lead to additional intermolecular overlap

The effective tools for continuously changing the inte
molecular interaction, molecular mobility, and intramolec
PRB 590163-1829/99/59~14!/9229~10!/$15.00
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lar charge transfer, were external hydrostatic pressure
temperature. During our consideration besides the pure e
tronic contribution to the nonlinear optical susceptibility w
took into account also the vibration and rotational contrib
tions. The high mobility of the investigated molecules a
forded some ambiguity in describing the molecular dynam
~i.e., dynamics boundary conditions vary so fast in time t
the differential equations became very difficult to solve!. To
overcome this complication, we used the static appro
which is based on a superposition of separate molecular
formations for a given moment of time, which is renorma
ized by appropriate Boltzmann weighting factors.10 At the
same time it was very important to consider intermolecu
multiple interactions of higher orders.11 On the other hand,
only appropriate quantum chemical molecular-orbital~MO!
calculations with the inclusion of excited configuration inte
action~CI! states gave complete information about quant
tive nonlinear optical susceptibilities in the C60-1,3-dithiole
adduct. Therefore, we replaced time-dependent Hartree-F
procedure12 by a time-averaged~static! molecular structure.
Recently this static approach has been successfully app
to study the third-order optical properties of some tetrat
afulvalene derivatives.11 The reason why this method works
can be easily understood if we think about the role played
statistic molecular interaction and the vibration-rotational
teractions in optical response of the investigat
compound.13,14The main aim of the present work consists
the investigation of the external-induced changes in modi
fullerenes in order to detect the changes of intermolecu
electronic kinetics using optical methods.

The paper is organized as follows: the experimental me
ods are described in Sec. II. In Sec. III we present the
servedp-T dependences of the TPA. Molecular dynami
and geometry optimization procedures are presented in
9229 ©1999 The American Physical Society
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9230 PRB 59SAHRAOUI, KITYK, PHU, HUDHOMME, AND GORGUES
IV. Section V is devoted to electronic charge-density dis
bution calculations. The influence of the electron-vibratio
rotational~EVR! interactions on the TPA parameters is pr
sented in Sec. VI.

II. EXPERIMENTAL TECHNIQUE

The chemical formula of the C60-2-thioxo-1,3-dithiole cy-
cloadduct is presented in Fig. 1. The technology of prod
ing this compound is described in Ref. 15. We shall o
briefly describe the synthesis of this mentioned compoun
this paragraph. The cycloadduct 2-thioxo-1,3-dithiole w
synthesized using the Diels-Alder reaction16–18 between the
2-oxo-4,5bis ~methylene!-1,3-dithiole and C60. This diene
was generated by the thermal rearrangement of
S-propargyl xanthate. This last compound~292 mg, 1.04
mml! was heated for 2 h in dry chlorobenzene~400 mL! in
the presence of 1.035 g~1.44 mol! of C60 under a nitrogen
atmosphere. After silica gel column chromatography~CS2
then toluene as eluents!, the mono, bis, and trisadducts we
separated, respectively, in 60, 5–10 %, and below 5% yie
The basic cleavage of this 2-oxo-1,3-dithiole adduct w
achieved by treatment with a sodium methoxide soluti
Then the disodium dithiolate was trapped by thiophoge
leading to the C60-2-thioxo-1,3-dithiolie compound in a 65%
yield.

The synthesized samples had a powderlike form with
ameter sizes lying within the 10–20mm range. The powder
like specimens were dissolved in liquid oligoetheracryl
photopolymer matrices. The solidification process and e
tropoling homogenization have been carried out using
method described in the Ref. 19. A nitrogen laserl
5337 nm) with the photon energy power about 45 W/c2

was used for the solidification. This equipment allows
continuously to vary specimen thickness within the 0.5–
cm range with a step of 0.1 mm. Homogenization procedu
have been carried out using ultrasound mixing and crush
and control of the specimen homogeneity has been car
out using the optical polarized method. We have revea
that the deviation from the homogeneity was less than 3
through the specimen surface and higher homogeneity
obtained for the cycloadduct concentration about 2.3 at. w

The excitation was provided by picosecond pulses ol
51.06mm and l5530 nm generated by a YAG:Nd lase
The laser light was polarized using a rotating Fresnel po
izer and the output light intensities was detected usin
FEU-79~FEU-39! photomultipliers. The measurements we

FIG. 1. Scheme of the modified fullerence: C60 and 2-thioxo-
1,3-dithiolie cycloadduct 1.
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carried out in the single-pulse regime, with a pulse freque
repetition of 12 Hz and the tunable pulse duration within t
0.6–50 ps. Such short-time kinetics allow us to avoid
specimen heating. The pumping laser beams have b
scanned through the specimen surface in order to avoid
specimen nonhomogeneity contributions. The measurem
have been carried out both for the transmitted beam as
as for the scattered light beams. Therefore for every thi
ness we have obtained more than 120 measured point
the penetratedT, reflected and scatteredR light intensities.
Laser power beams have been diagramed to obtain the
profile inhomogeneity~usually of the gaussian form! not less
than 95% of the maximum light intensity for the energ
powers within the 0.75321.1 GWt/cm2 range. Measure-
ments devices both for the transparent and reflected cha
have been synchronized. Developing the expressionT'1
2b l I p , whereb is the two-photon absorption coefficient,l
is the thickness of investigated sample~0.5 mm!, andT is the
intensity-dependent transparency for the case of
intensity-dependent scattered and reflected light with to
coefficientR, we have calculated the absorption coefficie
according to the formula:K(I )51/d ln$„12R(I )…/2T(I )
1@„12R(I )…2/4R(I )2#%. Evaluating the dependence of th
K versus theI, we have extracted the two-photon absorpti
coefficientb. Statistical treatment using thex2 Student ap-
proach gives us a reliability with an error margin not larg
than 0.03. Due to the close values of refractive indices
the oligoetheracrylate matrices and the fullerenelike sp
mens, the light background scattering did not exceed 7%

To calibrate absolute values of the output intensity,
LiB3O5 nanoparticles embedded in the oligoetheracryl
matrices were used. Independently, we performed meas
ments for the samples of C60 and for the proper oligoethe
matrices. The last one was necessary in order to eliminat
influence of photopolymer matrix background. The TPA s
nal was extracted from the intensity-dependent transpare
measurements. Simultaneously we have extracted the in
ence of linear absorption~220 cm21, l5530 nm! and the
influence of Fresnel reflection 0.048. The choice of the o
goetheracrylate matrices is caused by the low value of t
TPA coefficient~below 0.002 cm/GW! and close values o
the corresponding refractive indices. The averaging statis
over the sample surface was performed to avoid a space
uniformity in the sample distribution within the photopoly
mer oligoetheracrylate matrices.

To exclude an influence of the hyper-Raman scatteri
we have performed additional investigations of the scatte
light from the wavelengthl5530 nm up to 3000 cm21. We
have detected three hyper-Raman maxima between 1200
1800 cm21. Their intensities were at least 13 times weak
than the transmitted light intensity. In the case of the Ram
and hyper-Raman measurements, we have used an a
(Ar1) laser at the 522 nm line and a Spex Triplemate sp
trometer. A position-sensitive photomultiplier calibrated u
ing a helium-neon gaseous mixture discharge was use
detect the integrated scattering background.

For optical measurements under applied hydrostatic p
sures, we have constructed a special thermo-baro cham
with sapphire windows which allowed us to perform the co
responding measurements in high-pressure atmosp
within the temperature range 77–450 K. A Mao-Bell-typ
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PRB 59 9231INFLUENCE OF HYDROSTATIC PRESSURE AND . . .
diamond-anvil cell supplied with diamond optical window
was used for measurements. The pressure and the tem
ture were changed within the 0.1–20 GPa and 77–450
regions, respectively. The precision of the pressure and t
perature stabilization were equal to60.2 GPa and to61 K,
respectively. All the measured optical parameters were a
aged over a great number of pulses~about 120–150! for each
p-T point. Afterwards, we have performed a fitting proc
dure using a spline smoothing andx2 statistics with a param
eter not more than 0.02.

We have used a mixture of 15:5:2 methanol:ethanol:liq
nitrogen or liquid argon as the pressure medium. Ruby fl
rescence was used for hydrostatic-pressure determinatio
pressure gradients. Our apparatus allows us to perform
TPA registration in the transparent geometry~parallel
spreading of the pumping and probing beams!. The intensity
of the laser beams was varied using neutral density filters
time-delay between the pump and tunable probe pulse
obtained using the Li2B4O7 single crystal. The reliability of
the obtained results lies within 35%.

III. EXPERIMENTAL RESULTS

In Fig. 2 we present the measured pressure-tempera
(p-T) dependences of the TPA for the C60 and
C60-1,3-dithiole compounds. One can see a modulation of
TPA versusp and T at temperature below 235 K for th
modified C60. We should notice that for temperatures belo
190 K thep-T TPA dependences are sharper compared w
the higher temperatures. In the case of C60, only one wide
maximum for temperatures higher than 250 K is observ
which is probably connected with the temperatu
orientation disordering. We performed also measureme
for benzene alcohol and benzene toluene solutions at r
temperature in order to estimate an influence of solvent
the final TPA coefficients. We revealed that solvents did
influence significantly the estimations of the nonlinear op
cal susceptibilities. The only problems consists in th
higher scattering coefficients.

The observed data did not show any pressure-tempera
hysteresis. The relative modulation of the TPA versusp-T
did not exceed 35%. The estimated values of the TPA co
ficient b for C60 and C60-2-thioxo-1,3-dithiole adduct are
presented in Table I. We observe that the grafting of
1,3-dithiole core induces an increase of TPA. We notice a
that theb values are slightly dependent upon the enviro
ment of the investigated samples.

Moreover, in the case of the modified C60 compound, we
observed a slight increase of the TPA with increasing pr
sure contrary to the case of C60 ~Fig. 2!. At lowering tem-
perature C60 showed a smooth decrease of the TPA. In
case of modified C60, we observed a sharp maxima wi
half-widths of 45 K and 0.8 GPa. The observed phenom
are clearly caused by the linking of the 1,3-dithiole core. T
curve of the TPA versusp-T indicates the important role
played by the 2-thioxo-1,3dithiole fragment in the illustrat
experimental results. In the case of C60 we have only one
maximum increasing with the pressure. The obser
maxima for C60 and C60-1,3-dithiole demonstrated a sensiti
ity to intermolecular interactions of the TPA method.
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IV. MOLECULAR DYNAMICS

To optimize the molecular geometry, we started from t
isolated molecule using theMM 1 method and derivative
procedure of Broyden-Fletcher-Goldfarb-Shanoo20–24 with
variable effective clusters cutoffs. Their radius was var
from 14 to 29 nm with increments of 0.5 nm. The conve
gence was achieved when the difference between the
successive values of the optimized total energy is less t
0.02 Ry. Then we introduced the effective intermolecu
multipole interactions of higher order~and quadrupole-
quadrupole interactions!. These higher interactions are esp
cially important for the disordered materials.25 We built up
the structural clusters taking into account different values

FIG. 2. Pressure-temperature dependence of the TPA in~a! C60,
~b! C60-1,3-dithiole. All the measurements are carried out for t
0.53mm wavelength.

TABLE I. Comparison of the two-photon absorption coefficie
b, obtained using different theoretical approaches and experime
methods.b is the theoretical value for C60 and C60-cycloadduct
without inclusion of the electron-vibration-rotation interaction
b (1) is the theoretical value for C60 and C60-cycloadduct with the
inclusion of electron-vibration-rotation interactions,b (2) is the ex-
perimental value for C60 and C60-cycloadduct embedded in the ol
goetheracrylat matrices,b (3) is the experimental value for C60 and
C60-cycloadduct in benzene alcohol solution, andb (4) is the experi-
mental value for C60 and C60-cycloadduct in benzene-toluene sol
tion.

Sample
b

~cm/GW!
b (1)

~cm/GW!
b (2)

~cm/GW!
b (3)

~cm/GW!
b (4)

~cm/GW!

C60 12.7 15.6 18.6 18.5 18.75
C60

cycloadduct
14.8 23.5 26.7 26.45 27.35
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9232 PRB 59SAHRAOUI, KITYK, PHU, HUDHOMME, AND GORGUES
the optimized total potential energy. We performed a s
consistent iteration procedure with continuously~step-by-
step! increasing values of the total energies for a given m
ecule. To introduce values of the partial contributions of
given conformation and applied pressure, we renormali
this procedure using appropriate weighting factors prop
tionalllly to their probabilitypi for a given phase:10

pi5exp~2Ui /kBT!/S exp~2U j /kBTj ! , ~1!

whereU j represents total energy minimized at temperat
Tj andkB is the Boltzmann constant.

We began the optimization using a self-consistent ite
tion procedure from low temperatures, i.e., 0.5 up to 210
Then we applied the hybrid Becke’s methods26 involving a
semiempirical contribution of the ‘‘exact’’ exchangeEx

HF

~i.e., Hartree-Fock type, but based on Kohn-Sham orbit!
and the exchange energyEg

LSDA ~LSDA means the local-
spin-density approximation! in the density-functional theory
~DFT!, together with a gradient-corrected correlation fun
tional EC

LSDA . The total DFT calculations have been pe
formed using aGAUSSIAN-94 program27 using the polarized
correlation consistent doublez basis sets~cc-pVDZ!.28 The
main advantage of the mentioned method consists of v
fast convergence with respect to the size of the basis s
But more important was the possibility of introducing a
external scalar perturbation such as pressure in order to
dict the pressure-dependent geometry optimization bec
we are able to vary the inter- and intramolecular distan
proportionally to the second space derivative of the elec
static potential. The improved integral grid29 ~option
FINEGRID! and tight criteria were used in the self-consiste
functional calculations.

The optimized modified C60 compound under applied
pressure and without the applied pressure are given in Fi
It seems that the more interesting observations are the b
of the 1,3-dithiole plane under the applied pressure. It gi
a rise to additional rotating axes shifted towards the fuller
rotation axes. This fact can play an important role in int
molecular interactions.

V. MOLECULAR ORBITAL QUANTUM CHEMICAL
CALCULATIONS

We performed the molecular orbital calculations usi
tight-binding method and linear combinations of atomic
bital ~LCAO! centered at neighboring atoms.30 To avoid an
influence of boundary conditions, the effective macrosco
dielectric susceptibility was introduced to renormalize t
intramolecular energy levels. We introduced an effect
quasiwave vectork, corresponding to the sizes of th
molecular-dynamics geometry optimized molecules.

The tight-binding quasiwave functions can be expres
using the quasi-Bloch theorem in the case of a real-sp
representation:

xk,n~r !5N21/2(
t

exp~ iktn!u1,r2tn& ~2!

where ul& is the orbital ofl-orbital angular momentum sym
metry ~i.e., s, p, d, etc.! andtn is the position vector ofnth
atom. The one-electron quasiwave function of the molec
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is usually written as a linear combination of the above ba
quasiwave functions within a momentum representation:

uk&5(
n

Cnuk,n&^xk,quĤ2E~k!uxk,q8&(
q

exp~2 iktq!* ,

~3!

which is often called the Bloch sum;xk,q are weighting fac-
tors of the corresponding quasiwave vectors;E(k) is the
eigenvalue at thekth quasiwave vector. Summation limit
are very important since they determine the cluster sizes
the number of the coordination spheres around the con
ered molecule.

It seems interesting to use the self-consistent method
linear tetrahedra for the calculation based on the so-ca
restricted model.31 Thus the traditional overlapping-atomic
potential approach for the one-electron Hamiltonian was c
culated as a superposition of individual free-atom potent
~with the Slater-type approximation for exchange integra!
at appropriate positions. All the Hamiltonian matrix elemen
were computed using the Gaussian technique for Bloch s
of the atomic orbitals as basis functions. At this step we h
included the unoccupied molecular orbital states of

FIG. 3. Perspective view of the C60-1,3dithiole molecule with-
out ~a! and under~b! applied pressure. By arrows we indicate ma
direction of C60-1,3dithiole rotation direction and their orientatio
relative fullerene axis.
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norm-conserving pseudopotential functions obtained fr
pseudopotential~PP! methods32 which were corrected by the
LCAO procedure~by the orthogonalization of the intramo
lecular terms! in order to obtain the best agreement with t
experimental energy gap. Therefore in each step we c
struct the superpositions of the starting basis coming
from the appropriate superposition of the PP and LCA
quasiwave functions with the corresponding weighting f
tors. In such a way we combined the advantages of the
methods.

The core states were removed from the basis set to res
the maximum size of the secular equation set. The remain
occupied orbitals were simultaneously orthogonalized w
respect to the core states. Such a scheme of the orthog
ization allowed us to restrict the Hamiltonian diagonalizati
to a matrix size of 866. The basis set size has been a
wards increased up to 1685 with the energy cutoff up to 2
Ry. A main iteration criterion to ensure an eigenstate sta
lization consists of a coincidence of two neighboring ene
eigenvalues within a range of 0.01 Ry.

True orbitals of free atoms were replaced by local fun
tions of the Slater type which are very similar to the tr
first-principles atomic quasiwave functions, although t
former take part in a distortion of the electron distribution.
set of the optimized orbitals obtained in such a way can
numerically estimated by a technique of the construc
Gaussians described in Ref. 33. We have built the ortho
nalized Bloch sums in the following form:

Bq8a~k,r !5Bqa~k,r !1 (
y51

N

(
l 50

N`

aqa,1gB1g~k,r !, ~4!

where theB1g(k,r ) expression is restricted to the unocc
pied MO obtained from PP quasiwaves. Allaqa,1g andB1g
coefficients are calculated with regard to the orthogona
conditions of the previously calculated norm-conserving
quasiwave functions.

A potential of the one-electron Hamiltonian was co
structed as a superposition of the atomiclike potent
Va(r ). The atomic potentials were approximated by the f
lowing expression:

Va~r !5~2Zve/r !(
i 51

n8

@ci exp~2a i r
2!1Air

2 exp~2b i r
2!#,

~5!

where all the fitting coefficientsci , a i , Ai , and b i were
calculated using a nonlinear interpolation scheme.34 The set
of 8–12 Gaussians was used to provide a good fit of
radial functions in our calculations. All the Hamiltonian m
trix elements were decomposed into a series of three-ce
integrals containing two Gaussians centered at the lo
atomic positionsA andB and the atomic potential around th
point C.

The matrix elements were expanded by using a spe
point summation method of multicenter integrals. All th
summations were carried out by solving the set of equatio

$Hi j ~k!2E~k!Si j %50, ~6!

for various points within the effective molecule. It was ne
essary to calculate the matrix element values with m
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higher precision than a desired accuracy of the eigenva
due to the large size of the obtained set from secular equa
~6!. The summations were performed up to eight neighbo
We performed the numerical integration in a real space
proximation to take into account a contribution of electro
electron interactions~the so-called Hartree functional!. An
example of the overlap integrals fors-wave andp-wave
states were determined by the following formula:

^sausb&5
1

4p (
i 51

N

(
j 51

k

cicj@p/~a i1b j !#
3/2

3exp$@2a ib j /~a i1b j !#~B2A!2%, ~7!

^saupxb&5
)

4p (
i

(
j

cicj$@p/~a i1b j !#~B2A!2%

3exp$@2a ib j /~a i1b j !#~B2A!2%DBx .

~8!

The matrix elements of the Hartree-Fock operator are

Fi j 5cicj@p/~a i1b j !#
3/2exp$@2a ib j /~a i1b j !#~B2A!2%.

~9!

The positionD of the mass center of theA andB atoms can
be written in the following way:

D5~a iA1b jB!/~a i1b j !, ~10!

with DBx5Dx2Bx and DAx5Dx2Ax . The other overlap
expressions used in our calculations have been prese
before.31 Electron screening effects were calculated using
rametrized Perdew-Zunger35 and Ceperley-Alder
expressions36 of the following form:

mxc520.6193/r S20.14392/~111.0529r S
1/210.3334r S!

3$11@~0.5264r S
1/210.3334r S!/„3~111.0529r S

1/2

10.3334r S!…#% for r S.1 ~11!

mxc520.6193/r S10.031 ln~r S!20.0583 for r S,1, ~11a!

where r S5@3/(4pr)#1/3 with r being the electron density
and the first terms of Eq.~11! and Eq.~11a! correspond to
the standard Gaspar-Kohn-Sham exchange potential.

A special point method of Chadhi-Cohen37 was used for
the intramolecular summation of the electron charge-den
distribution. This last was used to construct a charge-den
functional for electrons. The diagonalization procedure w
performed at special symmetrical weighting points of t
molecule.

The needed self-consistency was achieved by a direc
eration process. Acceleration of the iteration converge
was achieved by mixing the (m21)th iteration with 80% of
the outputr before their substitution into the next equatio
The initial screened potential has been built using
Thomas-Fermi approximation which avoids possible err
during the electron density calculation. A criterion of th
self-consistency in the charge-density formalism requi
that

urout,m2r in,mu,« ~12!
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after themth iteration step, we assumed an accuracy be
than«50.10% between the input and output iterations a
main criterion of the self-consistency. The energy eigenv
ues were stable within a range of 0.005 energy atomic un
The procedure of Hermitian diagonalization was perform
using the Querry limited method.38

The Hamiltonian has been diagonalized at 124 equ
spaced points in the 1/64th part of the molecule in orde
enhance a description precision of the electronic density
states. The numerical evaluations were performed usin
tetrahedral method. The more detailed expressions for o
lap integrals can be found in Ref. 31.

In Fig. 4 we present the results of MO electronic charg
density distribution calculations for the isolated modified C60
molecule using the described above method. From the F
one can clearly see an essential redistribution of the cha
density distribution near the 1,3-dithiole core. Moreover,
rectly on the border between C60 and the dithiolic moiety,
one can see essential intramolecular charge-density red
bution and several asymmetries. The last fact supports
previous prediction about the essential role of the char
transfer noncentrosymmetry in the molecule. It is necess
to add that the contributions to the total charge-density
tributions give both the intra- and intermolecular intera
tions. As a consequence, we noted an accentricity both in
fullerene sphere as well in the edges of the 1,3-dithiole c
So we can speak about the combined effect of the intra
lecular and intermolecular charge-density asymmetry. T
presented charge-density distribution helps also in clarify
the contributions to the Hessian matrices determining
quasiphonon harmonics contributions. Our calculations in
cate the essential role of the intermolecular interacting co
ponent in the prediction of the nonlinear optical suscepti
ity. Moreover, the mentioned charge-density redistribut
shows the necessity of considering also the correspon
electron-vibration and electron-rotational contributions to
output susceptibilities. The quantitative results are prese
in Table I.

VI. ELECTRON-VIBRATIONAL AND ROTATIONAL
CONTRIBUTIONS

In order to get a good agreement between the obse
behavior of the TPA versusp-T and the quantum chemica
model we included the contributions of vibration and ro
tional subsystems into dipole moments.

FIG. 4. Charge-density distribution in the modified C60 mol-
ecule.
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In our previous works39–41we have shown the possibility
of detecting the electron-vibration anharmonicity in hig
temperature superconducting single crystals by nonlinear
tics methods. The corresponding behaviors seem to be
close to the low-temperature detection of the electr
vibration rearrangement of the system, but in the case
fullerenelike compounds we preferred to classify the beh
ior as a low-temperature structural rearrangement that le
to partial long-range ordering. In the case of fullerenes s
methods can be useful for the interpretation of t
temperature-orientational reordering.

This method was successfully applied by us to investig
the electron-vibration contribution to the nonlinear optic
susceptibility of tetrathiafulvalenes10 and chalcogenide
glasses.25

The obtained data in this work suggest that the ab
theoretical approach can help to clarify the origin of molec
lar orientations and problems of the critical temperature
crease. Simultaneously it was necessary to stress tha
observed phenomena can be explained by low mobility
free carriers due to their self-localization in disordered tra
sublevels. The quantum chemical calculations were p
formed self-consistently after separation of the electron
vibration, and rotational degrees of freedom. Therefore
order to decrease a number of active Raman modes an
include in the quantum chemical considerations only
modes sensitive to the intermolecular interactions chang
under the applied pressure, we performed measuremen
the Raman spectra. Here we should distinguish two type
sensitive modes. The first one corresponds to the intrap
cycloadduct vibrations and are sensitive to the bending of
plains. The second one is responsible for the changes o
intracycloadduct bond lengths. As a consequence the
type of mode should vanish with increasing hydrostatic pr
sure and the second one should change the frequency. In
5 are presented the modes corresponding to the first typ
vibration. One can clearly see their sensitivity to the disa
pearance of the cycloadduct plains. Moreover, one can se
essential damping of the modes due to their widening. On
other hand, in Fig. 6 are presented modes that are sensiti
the changes of the intracycloadduct bond distances. The
ter ones reflect only a shift of the distances within the c
cloadduct group. From Fig. 6 one can clearly see that
modes sensitive to the bond distances under the applied
tures possess higher frequencies in accordance with ou
timations and for both types of modes an abrupt chang

FIG. 5. Change of the Raman spectra fragment under the
plied pressure.
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observed for pressures about 7.8 GPa. We present only
modes more sensitive to the applied pressure.

The more important observation is the independence
the observed Raman spectra of the external solvents, par
larly from benzene-alcohol and toluene-benzene solu
compared with the data obtained for the powder embed
within the oligoetheracrylate matrices. As a consequence
note the possibility of using the solidified photopolymer o
goetheracrylate matrices for the mentioned sample.

Contributions of a particular vibration mode to the outp
nonlinear susceptibility takes place through an electr
vibration interaction, particularly with the excited configur
tion interaction ~CI! states. An example of such a C
vibration mode~at 1027 cm21! is shown in Fig. 7. These
kinds of electron-vibration functions modulated by a ro
tional wave function give an essential additional contribut
to the total TPA coefficients. Particularly, the mention
mode gives the contribution within 15–22 %.

To consider the contribution of the vibration subsyste
we use the method of the Green function in a stand

FIG. 6. Pressure dependence of the three Raman modes w
are more sensitive to the intermolecular interaction.

FIG. 7. The typical electron-vibrational fragments contributi
effectively to the final nonlinear optical susceptibility.
he

of
u-
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d
e
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d

approximation.40 The Green functions were calculated b
summations over 864 points within the effective molecu
The influence of neighboring molecules was taking into
count by consideration of the effective local Lorentz fie
renormalized by the appropriate eigenvalues and eigen
tors. The quantum chemical calculations were perform
self-consistently after separation of the electron and vibra
degrees of freedom. Schrodinger equation for a purely vib
tion motion may be expressed in a harmon
approximation:41

d2Ck /dQk
21@8p2mkh

22Vk24p2mkh
22Vk

2#Ck50, ~13!

whereCk is a quasiwave function corresponding to thekth
normal coordinateQk ; mk denotes a reduced mass of th
nuclei contributing to thekth vibration mode. It is obvious
that the above equation solutions are basically determine
a model which is responsible for force-constant calculatio
i.e., the second derivatives of a cluster potential with resp
to given normal coordinates. An eigenenergy of thekth vi-
bration mode is obtained as

Vk~nk!52Vk0~nk11/2!, ~14!

whereVk05(h/2p)( f k /mk)
21/2/2 is a zero-point motion en

ergy andnk50,1,2, . . . is avibration quantum number as
sociated with the following quasiwave function:

Ck~Qk!5~2V0 /p!1/4~2nk/nk! !21/2

3exp~2Vk0Qk
2!Hn„~2Vk0!1/2Qk…, ~15!

whereHn(x) is a Hermit polynomial. The application of Eq
~15! is physically justified by an essential localization of th
considered molecular fragment. Therefore, any change in
C60-derivative clusters may be described as a local pertu
tion.

At the first stage, an electron-vibration interaction pote
tial was calculated in a nonlinear approximation:

Ve2v~r i !5e2(msMms
21/2@Zms~r s2ums!ur s2umsu23

2(m8s8Zm8s8~r s82um8s8!ur s82um8s8u
23#, ~16!

where Mms and eZms are the effective atomic mass an
charge, for corresponding atoms numbered bym and s, re-
spectively. Theums,m8s8 vector is a relative displacement o
two atoms from their equilibrium positionsr s and r s8 . The
probability of optical transition induced by the vibration of
frequencyVk is equal to25

W2~Vk!54~h/2p!22c23H21g21~r i !~vel2Vk!
2B2~Vk!,

~17!

where H is a sum of theh and j levels widths,Eel is an
electron transition energy,Vk denotes a vibration energy
andg(r i) is a degeneration degree of the corresponding e
tron energy levels. The parameterB2(Vk) is equal to40

B2~Vk!5(h
g~h!(j

g~j!u$(w^h,hVuVe2v~r i !uw,hV11&^wuduj&

3~vj2vh1Vk!
211(w^huduw&

3^w,hVuVe2v~r i !uj,hV21&

3~vj2vh2Vk!
21%u2ū, ~18!

ich
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whereh and thej are the lower and upper electron ener
levels, respectively;w denotes a virtual electron state,d is an
electric dipole moment for a given spectral transition. T
sums are performed over all degenerate initial and fi
states.ū is the average of the occupation numbers of
vibration states with frequencyVk .

On the other hand, the symmetric vibrations included
the electron-vibration interaction@Eq. ~18!# can be expresse
in normal coordinates as

B2~Vk!5Chj
g~r l

D!Chj
g8~r l8

D8!Im GDD8
gg8~r l

D ,Vk
2!,

~19!

whereGDD8
gg8 (r l

D) is a Green function~g andg8 are numbers
of the coordination sphere! defined as

GDD8
gg8~r l

D!5(w$^huVe2v~r i !uw&^wuduj&1^huduw&

3^wuVe2v~r i !uj&%~vj2vh!21. ~20!

We have performed the Green-function calculations for
C60 cycloadduct by performing the summations over 4
points in the irreducible part of the molecule. The resulti
expression is given below:38

GDD8
gg8~r l

D ,Vk
2!

5(VKD8
g8~r l

D!KD
g~r l

D!~Vk
22V22 id!21, ~21!

where the coordinatesKD
g (r l

D) are obtained for a given vi
bration type from the electron states average. To include
molecular deformations into the Green function, we cons
ered in our calculation the deformation localization that
lows us to use the Dyson relations. The deformation pot
tial and the corresponding charge defect determine
potential operator U and the corresponding Gree
functions:42

GDD8
gg8~1!5GDD8

gg8~0!1GDD8
gg8~0!UGDD8

gg8~1!,

~22!

whereGDD8
gg8(0) andGDD8

gg8(1) are the Green function
for the ideal and defected~by the vibrations! systems, respec
tively. We should point out that due to the complex aspec
the Green functions a relation between the real and im
nary parts may be obtained using Kramers-Kronig dispers
relations. These relations allowed us to extract the ene
density of the electron-vibration states and to estimate t
average lifetime 1/h, the densityI (E) of the electron vibra-
tion states is given as

I ~E!5E ~H/2p!W2~Vk!@~v2vel1Vk!
2

1~h/2!2#21dVk . ~23!

The consideration of the electron-vibration perturbation
calculations have essentially improved the agreement
tween the calculated results and the experimental data.
approximate molecular structure of the molecule toget
with the corresponding direction of the vibrations and el
trostatic potential distribution optimized by means of t
above method are presented in Fig. 7. We notice an as
metry of the charge-density distribution due to the consid
ation of the intercluster fluctuation disturbance of the stati
e
l
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ary electronic charge-density distribution~i.e., anharmonic
electron-vibration interaction! and also an asymmetry of th
CI vibration states. Such an asymmetry could essentially
fluence the optical properties of the C60-1,3dithiole adduct
and can cause a redistribution of averaging lifetimes betw
the levels determining these optical properties.

The calculated contribution of the vibration part is tak
into account by a method previously described.43 The
linear environmental field~of the oligeotheracrylate matrice
or of the benzene solutions! is presented as a linear frozen
core electrostatic potential system. Rotational functions
that state can be presented in the following form:44

R~J!
MV~a,b,g!5exp~ iM a!@~2J11!1/2D ~J!

MV~b!

3exp~ iVg!#, ~24!

where anglesa andg involve only phase factors representin
azimuthal rotations about the light polarization vector a
the internuclear axis. In the case of unoriented molecules,
ground state is isotropic and all values of the angleb are
equally available. The corresponding average using an i
gral procedure is performed using the standard method
ground-excited-state interactions in the case of the E
modes.

The appearance of the anisotropy in the longitudinal ov
lap integrals and transverse hopping integral is due to
laser pulse duration~several picosecond! which was shorter
than the rotational relaxation time of the modified C60 mol-
ecule and to the applied external pressure, which decre
the distance between the considered atom and environm
atoms. To calculate the intermolecular interaction para
eters, we introducedb-dependent orientational overlappin
integrals:

IM 5E R~J!
MV~a,b,g!c* env~r 2r 8!db8d3r 8. ~25!

A relation between the real and imaginary parts of t
Green function may be obtained within the Kramers-Kron
dispersion relations.

The calculated dependences of the TPA with the inclus
of the vibration and rotational parts are presented in Fig
In comparison with the calculated values and the experim
tal ones ~see Fig. 2!, we can consider the pressur
temperature modulation. Temperature influences first of
the vibrational part of the TPA, however, the hydrosta
pressure affects first of all the rotational part of the susc
tibility. A consequence of the observed pressure dep
dences are contributions of the superposition of the vib
tional and rotational parts to the measured nonlinear opt
susceptibilities.

From Table I, we should note that inclusion of th
electron-vibration interactions is important for the 2-thiox
1,3-dithiole modified fullerenes. Simultaneously the expe
mental values ofb are a little larger than the values predicte
by the theoretical approach. This small difference can
caused by the solvent contribution.

VII. CONCLUSIONS

We have performed measurements of the TPA in
C60-1,3dithiole cycloadduct as a function of temperature a
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hydrostatic pressure. We revealed that below 230 K in
mentioned dependences there appear sharp maxima ind
ing the competition between the pressure-induced orde
and temperature disordering of the compounds.

Using the methods of the molecular-dynamics simulat
and quantum chemical calculations, we found an asymm

FIG. 8. Calculated final TPA pressure-temperature depende
with the inclusion of rotational and vibrational contributions f
studied molecules,~a! C60, ~b! C60-1,3-dithiole.
n

n

n

n

e
at-
g

n
ry

of the CI-electron-vibration states. Such an asymmetry
sentially influences the optical properties of the C60 deriva-
tive and caused a charge-density redistribution both on
intramolecular as well as on the intermolecular level. Ram
data allowed us to simplify taking into account the vibrati
states, restricting the choice of the pressure-dependent
man modes. Directly on the border between C60 and the 1,3-
dithiole moiety, we revealed an essential electronic cha
density redistribution and several asymmetries. Two type
Raman modes effectively contributing to the output TPA
efficients are revealed. The first type corresponds to
modes responsible for the intraplain vibrations and the s
ond ones for the cycloadduct bond length.

We demonstrated an essential contribution of both the
bration and rotational subsystems to the observed pres
temperature maxima of the TPA in the case of the cyclo
duct of C60. We estimate essential additional contributions
the dithiole core to the final nonlinear optical susceptibiliti

The observed sharp structure is a result of the compet
between the temperature, which induces reorientation,
pressure, which stimulates the ordering of the investiga
molecule. The Raman experiment can serve as confirma
of the essential role played by the vibration subsystem
shows essential sensitivity to the external pressure and to
fact that the inclusion of the electron-vibration interactions
important for modified fullerenes. The Raman spectra sh
also that the influence of the solvents on nonlinear opt
behaviors of the mentioned systems can be neglected.
theoretically calculated values of theb are slightly smaller
then the measured values.
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