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Femtosecond optical Kerr dynamics in various transparent liquids were measured using 
incoherent light with a 60 fs autocorrelation width. From the measurement of the optical Kerr 
effect (OKE) of binary mixtures of CS, and various liquids, the contribution of the 
intermolecular interaction-induced polarizability change to the OKE was found to be affected 
remarkably by the femtosecond molecular dynamics of CS,. Especially, data from diluted 
solutions of CS, in nonviscous solvents composed of molecules with a low molecular weight 
are consistent with the binary collision model in free space. An oscillatory feature, which was 
attributed to an intermolecular vibrational mode, was found in the OKE dynamics of neat 
benzene and several benzene derivatives. A theoretical expression for the delay-time 
dependence of the signal intensity was also derived with no restriction on the statistical 
properties of the incoherent light. It is expressed in terms of the autocorrelation function of the 
intensity fluctuation of the incident incoherent light which was utilized as both the pump and 
the probe. 

I. INTRODUCTION 

A large amount of information about the molecular dy- 
namics of liquids has been obtained from frequency-domain 
dynamical light scattering (DLS) spectroscopy. In particu- 
lar, spectral features in the high-frequency region of Ray- 
leigh scattering spectrum, which have been attributed pri- 
marily to an intermolecular interaction-induced (I-I) 
polarizability change, have provided information about the 
subpicosecond dynamics of molecules.‘-‘6 Recently, several 
time-domain studies have been reported which employ fem- 
tosecond optical pulses. In these studies, the femtosecond 
response of the optical Kerr effect (OKE) of liquids has 
been measured. The optical Kerr response has been observed 
to exhibit an initial rise and a fast decay in the femtosecond 
time domain.‘7-26 The short-time behavior observed in the 
time-domain studies has been tentatively attributed to inho- 
mogeneously frequency-distributed librational motion 
and/or to the intermolecular oscillations.17Y23 This attribu- 
tion is in contrast to the theoretical work of Madden et aZ.,le3 
which showed that the far wing in the DLS spectrum is due 
mainly to intermolecular translational motion of molecules 
via I-I effects. Although many theoretical studies and ex- 
perimental frequency-domain studies have shown that the I- 
I effects, induced primarily by dipole-induced-dipole 
(DID) interactions, are responsible for the far wing of DLS 
spectra of liquids of small molecules, the origin of the subpi- 
cosecond response is still poorly understood. 

In the present work, a technique using incoherent light 
instead of ultrashort pulses was applied. The time response 
of the OKE of carbon disulfide (CS,) was found to have 
both fast and slow components, in agreement with the re- 
sults obtained with femtosecond pulses.‘9-2’ Signal enhance- 
ments and an increase in the relaxation time of the fast com- 
ponent were found upon dilution of CS, in hexane and in 
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several other Kerr-inactive liquids. We will show that this 
can be explained in terms of the motion of CS, molecules in 
the diluted liquids by attributing the fast component mainly 
to I-I contribution. We also found a slightly oscillatory be- 
havior in the Kerr response of benzene and several benzene 
derivatives, which may be due to intermolecular vibrational 
motion. 

In a previous paper, theoretical arguments have been 
presented, which demonstrate that incoherent light (with a 
correlation time shorter than the OKE relaxation time) can 
be used to obtain time-resolved measurements of the OKE 
response as an alternative to the measurement of the OKE 
response using short pulses with a pulse duration shorter 
than the OKE relaxation time. In addition, we previously 
performed the measurement of the OKE response by using 
incoherent light with a correlation time of about 150 fs.27-30 
In this paper, we report results obtained by the use of inco- 
herent light with a correlation time of 60 fs, offering a time 
resolution higher than that obtained in previous reports of 
measurements with short pulses. “-I9 

Theoretical sections precede the description of the ex- 
perimental results and the discussion. In Sec. II, general fea- 
tures of femtosecond optical Kerr response will be reviewed 
and theoretical models which are applied to the interpreta- 
tion of the experimental results will be presented. In Sec. III, 
a theoretical treatment will show that the delay-time depen- 
dence of the signal intensity, from the measurements by de- 
generate four-wave mixing (DEWM) with incoherent light, 
can be expressed in terms of the OKE response of the sample 
and the autocorrelation function of the intensity fluctuation 
of the incident incoherent light. This result is also applicable 
to the interpretation of data from measurements of popula- 
tion relaxation dynamics by the use of incoherent light, 
which was performed by Morita et al.” 

II. FEMTOSECOND OPTICAL KERR RESPONSE 
Recent studies have revealed the OKE response of sev- 

eral molecular liquids in the femtosecond time region.‘7-26 
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TABLE I. Origins of the optical Kerr effect and associating molecular motions in molecular liquids. 

3333 

Origins Molecular motions 

Electronic hypxpolarizability - No motion 
Nuclear origins 

~~~~~~~~~er~~~:~~~tion 

~~~$~$~~g;depanden’ t Intramolecular vibration 

When the time resolution of the measurement was restricted 
to the picosecond region or longer, only a couple of exponen- 
tially-decaying components were observed in the OKE re- 
sponse of liquids and they have been attributed to diffusive 
reorientational motions of molecules with anisotropic 
polarizability.32.33 In the femtosecond region, however, var- 
ious types of nonexponential response, such as a rise and 
oscillations, have been observed, which are due to coherent, 
or inertial molecular motions.‘7-26 

Origins of the optical K.err effect and associating molec- 
ular motions in molecular liquids are summarized in Table I. 
The electronic response is due to the nonlinear electronic 
polarizability of the molecules. It is virtually instantaneous 
and not accompanied by any molecular motions under the 
nonresonant condition, where the Born-Oppenheimer ap- 
proximation is valid.34 

The mechanisms of the nuclear response can be classi- 
fied as listed in Table I. These mechanisms are coupled with 
various molecular motions. Those listed in Table I are such 
molecular motional modes that have a nonnegligible contri- 
bution to the OKE response in the picosecond-femtosecond 
region. 

Although the diffusive reorientational motion decays 
exponentially in the longer delay time region, at short time 
delays, the reorientational response should inevitably rise 
continuously from the equilibrium value up to the maxi- 
mum. The main mechanism of the susceptibility change is 
the anisotropy of the molecular polarizability. The I-I effect, 
which is present in the long-time’reorientational response, 
can be neglected since it shows the same time response as the 
orientational motion in the long time scale. Librational mo- 
tion is a small-angle oscillation of the orientation of mole- 
cules, which can be regarded as a precursor of the diffusive 
reorientational motion in the OKE response. Librational 
motion affects the polarizability of the molecular system via 
the molecular polarizability anisotropy and the I-I effect. 
Intermolecular translational motion affects the susceptibil- 
ity only by the I-I effect. The most important term responsi- 
ble for the OKE response is the two-particle dipole-induced- 
dipole (DID) polarizabi.lity.‘*4*6*35*36 In dense media, 
intermolecular translational motion can have an oscillatory 
feature like the librational motion. Raman-active intramole- 
cular vibrational modes are also excited impulsively by short 
pulses with a duration shorter than the oscillation period of 
the mode?’ 

A large amount of experimental and theoretical investi- 
gation has been done on the molecular dynamics in iiquids 
and gases by studying the dynamical light scattering (DLS) 
spectra. The OKE response function G(t) is related to the 
DLS spectrum IDLs (w) by the fluctuation-dissipation 
theorem as 

I 
m IDLS(O) a [n(w) + 11 dt G( t)sin wt. (1) 

0 

Here, n(w) = [ exp(734kT) - 1 ] - ’ is the Bose factor and 
IDLs (w) is the light scattering intensity on the Stokes side.38 
In the high temperature limit (ti/kT< 1 ), we have a 
simpler relation3’ 

G(t) a -6(t)& 
I 

m 

dt -rn 
dw IDLs (co )cos wt. (2) 

Here 6(t) is the normalized step function and the integral in 
the right-hand side of this equation is proportional to the 
autocorrelation function of the susceptibility fluctuation of 
the medium. 

A. Reorientational response 
DLS spectra of many organic solvents have been investi- 

gated for the study of the molecular dynamics in the liquid 
phase. They are very often composed of a sharp central peak 
with a Lorentzian line shape and a broad background scat- 
tering with an exponentially decaying far wing.‘” 

Mori’s transport theory for correlation functions has de- 
veloped a method to obtain the equation of motion of the 
“primary” variable from a generalized Langevin equation.39 
Keyes and Kivelson have applied the Mori theory to the 
analysis of DLS spectra of liquids.40 They have shown that 
the sharp central line is attributed to the reorientational mo- 
tions, whereas the broad background should be explained in 
terms of an independent origin other than the molecular ori- 
entation. 

Ho and Alfano have studied the reorientational relaxa- 
tion in binary mixtures of organic solvents.32’33 They ex- 
plained the relaxation time of the reorientational decay of a 
series of mixtures with various mixed contents and viscos- 
ities by applying Hill’s theory of an effective viscosity.32 
They analyzed their later experimental results with an im- 
proved signal-to-noise ratio33 by using a more refined theory 
of Kivelson and Tsay,41 where the reorientational relaxation 
of the system of solute and solvent molecules exhibits two- 
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component exponential decay. We adopted, however, the 
simpler theory with a single decay component for the analy- 
sis of our experimental results since the weaker component 
of the two can be neglected in the analysis in the present 
paper, where the dynamic range of the experimental data 
was not better than 10 for the reorientational OKE response 
because of a large background signal inherent in the mea- 
surement using incoherent light. 

ground signal, which is inherent in the method using inco- 
herent light. To circumvent this difficulty, we determined 
the relaxation time of the orientational component by mea- 
suring the viscosity of the mixture. The single-particle orien- 
tational relaxation time has been shown to follow the rela- 
tion44 

The susceptibility fluctuation due to the reorientational 
motions of molecules in liquids has an exponentially decay- 
ing correlation function at sufficiently long delay times, as 
described by the rotational diffusion equation. This results in 
a sharp central Lorentzian peak in the DLS spectra or an 
exponential decay of the OKE response in the long time 
scale. The deviation from a simple exponential response, 
however, should be taken into consideration in the femtose- 
cond region, where the molecular moment of inertia cannot 
be neglected. This effect can be included in the response 
function by assuming an exponential rise as 

r, a r],,/kT. (f-5) 
Here veff is the effective viscosity for the relevant molecule, 
which is expressed approximately as 

G,B(t)ae(t)exp(--tr,0,)[1-exp(-ft/r,)].(3) 
Here 8(t) is the normalized step function and rcO, is the 
collective orientational relaxation time, which describes the 
decay of OKE. The relation of rcO, to the single-particle 
orientational relaxation time was derived by Keyes and Ki- 
velson4’ as 

?1 eff =fA77‘4B +fBrle* (7) 
In this equation, fA and fB are the molar fractions of mole- 
cule A and B, respectively, and qen is the effective viscosity 
relevant to the orientational motions of molecule B. The vis- 
cosities of molecules A and B, 7” and ve, and the mutual 
viscosity vAB were obtained by fitting the viscosity of the 
mixture v,,, to the Hill’s equation32,45 

77, =fivAaA/am + 2fAfBsABaAB/am +fivBaB/a,. 

(8) 

7 cd = (g*/jzb,* (4) 
where g, andj, are the static and the dynamic orientational 
correlation coefficients of the liquid, respectively. 

The initial rising behavior, as described in Eq. (3), is a 
consequence of a finite decay rate of the molecular angular 
momentum and the rise time rU is the relaxation time of the 
angular momentum. The response function of the angular 
momentum does not necessarily decay monotonously, but 
can have oscillatory structure due to the librational effect. In 
the analysis of the experimental results in the present paper, 
however, an exponential response is assumed since the time 
resolution of the measurement was not good enough to ob- 
serve a short-time oscillatory structure in the response, and 
any oscillations with a period longer than or comparable to 
the rise time of the reorientational response can be treated 
separately as done in the literature.‘7.23 

Here, aA, aB, aAB, and a,,, are defined by 

aA = (MA/pANO)1’3, VW 

aB = (MB/pBNO)“39 (5%) 

a AB = (aA + aB )j2, (SC) 

a, = (Mm/p,NoP3. (9d) 
In these equations, MA and MB are the molecular weights of 
A and B and Mm is the average molecular weight of the 
mixture. The densities of these liquids are designated by pA , 
pB, and pm. No is the Avogadro number. 

The decay time of the orientational contribution to the 
OKE r,,, was derived from r, by 

r co1 = rr [ 1 + fB @2/j, - 1 > 1. (10) 

Here, g2/j2 is the value for the neat liquid of molecule B and 
the correction by the orientational correlation of molecule B 
is assumed to be linear in the molar fraction of B. This model 
of an effective viscosity, as described above, follows the treat- 
ment of Ho et aL3* in their analysis of the reorientational 
Kerr relaxation in binary mixture liquids. 

The angular momentum decay time 7, and the orienta- 
tional decay time r, are correlated to each other by 

7;r, = J/6kT. (5) 

This equation is known as the Hubbard relation, which is 
derived from the Langevin equation describing the orienta- 
tional motion of the molecule.39V42~43 In the equation, J, k, 
and Tare the molecular inertial moment, Boltzmann factor, 
and the temperature, respectively. The exponential rise as in 
Eq. (3) corresponds to a delta-function autocorrelation of 
the random torque in the Langevin equation. 

We use the literature values for the neat CS, rr = 1.45 
ps and rcO, = 1.70 ps, which lead to g2/j2 = 1. 17.46 The dis- 
tance between the nitrogen and the carbon atoms in the CS, 
molecule 1.57 A” and the temperature T = 294 K yield 
r,r, = 1.07 X 10 - 25 s*. In neat CS,, rU is obtained to be 74 
fs. This is consistent with the values 100 and 75 fs, which 
were tentatively adopted in the literature. ‘9*24 

B. Interaction-induced response 

If rco, is determined from the long-time OKE relaxa- 
tion, r, can be derived using Eq. (4) and the value ofg,/j,. In 
the analysis of the OKE signal from neat carbon disulfide 
and binary mixtures of carbon disulfide and other liquids, 
however, we could not determine precisely the relaxation 
time of the long-time OKE response owing to a large back- 

The broad background in the DLS spectra of liquids and 
dense gases has been attributed mainly to the I-I susceptibil- 
ity change. 1-3~7911~13 The origin, however, of the fast compo- 
nent in the OKE response, which should correspond to the 
broad background in the DLS spectra, has not been unam- 
biguously understood in time-resolved studies. Ruhman et 
al. attributed the fast component primarily to librational 
motions of molecules, which affect the susceptibility of the 
medium via I-I mechanism.23 However, McMorrow et al. 
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have tentatively separated the fast part into two compo- 
nents; i.e., an ultrafast component and an intermediate 
one.” They attributed the ultrafast component to librational 
motions, which affect the susceptibility mainly through the 
molecular polarizability anisotropy and the intermediate 
one to an I-I contribution coupled to intermolecular transla- 
tional motions. 

We attributed the fast component observed in the ex- 
perimentally obtained OKE response of neat CS, and binary 
mixtures to the I-I contribution induced mainly by intermo- 
lecular translational motions and fitted it to one function, 
instead of two as in the analysis by Kalpouzos et a1.24 The 
present results are well reproduced by one function, as 
shown below. Especially in mixtures of a small content of 
CS, and a liquid with a low polarizability, the fitting was 
excellent and it is also justified theoretically since librational 
motions are expected to be suppressed and the I-I effect 
between two CS2 molecules should be the main origin of the 
fast component in these mixtures. 

The fast component has been attributed only to I-I con- 
tribution in many theoretical and experimental studies on 
frequency-domain DLS of CS,. This has also been supported 
by recent molecular simulations.36 Theoretical studies have 
also predicted that the I-I polarizability change is caused 
mainly by translational motions of the molecules and that 
the DLS spectrum is not sensitive to the anisotropy of the 
CS, molecule.‘~2~7*48 

Bucaro and Litovitz have derived an expression for the 
DLS intensity as a function of the angular frequency of the 
shift w as 

ZDLs (0 ) a wqexp ( - w/w,) (11) 
to describe the I-I DLS spectrum of spherical molecules in- 
duced by binary collisions.49 This equation has very often 
been used to interpret DLS spectra from nonspherical mo- 
lecular systems as we11.8*49-5’! In the derivation of this equa- 
tion, an effective polarizability change ha is assumed to be 
proportional to a power of the distance between the interact- 
ing molecules r as 

Aaar-“. (12) 
The relation between exponent q in Eq. ( 11) and m in Eq. 
(12) 

q = 2(m - 7)/7 (13) 
has been derived49 and the frequency parameter w. corre- 
sponds to the time duration in which the interaction occurs. 
Although in dense media the assumption of the binary colli- 
sion does not hold, and the cancellation does occur, this rela- 
tion has often been used for the analysis of I-I DLS spectra of 
liquids.8*49-52 In dense media, w. has been suggested to be 
correlated to the decay time of the translational motion auto- 
correlation’ and q can be regarded as the exponent in an 
effective function for the intermolecular I-I polarization 
change. 

The OKE response function can be derived from the 
DLS spectrum using the fluctuation-dissipation theorem as 
f0110ws”‘: 

G,,(t)a0(t)Im[(l -io,t)-q-*1, (14) 
where 8(t) is the normalized step function. We used this 

function for the analysis of the experimental data and ob- 
tained a good fit for the fast component of experimental 
OKE response. 

III. THEORY OF MEASUREMENT 

The time response of OKE in CS, and other molecular 
liquids has been measured by both the transient grating 
(TG>53 and Kerr-shutter technique by many researchers.54 
The experimental configuration of both schemes is depicted 
in Fig. 1. In a TG experiment, two pump beams (using either 
short pulses or incoherent light) are incident on the sample 
to prepare a grating via the OKE. The amplitude of the grat- 
ing with respect to time varies according to the Kerr re- 
sponse within the sample. The intensity of the diffracted por- 
tion of the probe beam, which is delayed with respect to the 
pump beams, yields the time response of the OKE as a func- 
tion of the delay time. In a Kerr-shutter experiment, the 
optical anisotropy is detected by the polarization change of 
the probe. These two methods are special types of DFWM 
which have both been described in terms of impulsive stimu- 
lated scattering.37’38 In the TG configuration, the combina- 
tion of the polarization directions of the incident beams and 
that of the light to be detected can be fixed independently. 
This makes it possible to discriminate between several con- 
tributions which comprise the OKE by detecting their polar- 
ization dependence. 19,22 In contrast, in the Kerr-shutter con- 
figuration, no grating is produced. The Kerr-shutter 
technique can be regarded as a special case of the TG config- 
uration, in which the two pump beams are combined and the 
spatial period of the grating produced by the two pumps goes 
to infinity. This two-beam configuration makes the experi- 
ment easier than the three-beam TG measurement. In this 
paper, however, theory is presented only for the interpreta- 
tion of signals measured with the TG configuration, since 
this configuration is theoretically more general. 

In a previous paper, we have reported a time-resolved 
OKE measurement with incoherent light in phase-conjuga- 

(al 
kl Sample 

(b) 

.::;x* 

FIG. 1. Schematics for the measurement of dynamics of the optical Kerr 
effect. (a) Degenerate four-wave mixing (DFWM) in the transient grating 
configuration. (b) DFWM in the Kerr-shutter configuration. 
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tion type DFWM. s5 In phase-conj g u ation configuration, al- where E *( t) is the complex conjugate of E( t), the integral 
though the optical alignment is easier than in the TG config- variables is the time at which the grating is produced, and g 
uration, the part of the signal which exhibits the time is a factor which depends on the combination of the polariza- 
response of OKE is much smaller, as shown later in this tion directions of the incident beams and that of the light to 
paper. be detected and depends also on the relative values of the 

The third-order polarization P (3)(t), which is responsi- contributing tensor elements of the third-order susceptibil- 
ble for the signal light in the TG measurements with a trans- ity.28 In Eq. ( 15), the instantaneous electronic response is 
parent medium, can be expressed in terms of the pump light omitted and the probe light is a time-delayed replica of the 
field envelope E(t) and the response function of the OKE pump light and the delay time is represented by 7. The sec- 
G(t) as 28 ond term in the bracket in the right-hand side of Eq. ( 15) 

I 

m corresponds to the contribution of the coherent coupling of 
PC3’(f,7) = dsG(f-s)[E(f-~)E*(s)E(s) the pump and the probe beams. The intensity of the signal 

--co light is proportional to the squared magnitude of the polar- 
+ gE(OE*WE(s - 7) I, (15) ization 

1 

I,(r) a IP”)(f,r)j2 
m 

= 
I I 

m 
ds ds’G(f-.s)G(f-s’)[E(f-r)E*(s)E(s) +gE(f)E*(s)E(s--)I 

-co --co 
X[E*(f--)E(s’)E*(s’) +gE*(f)E(s’)E*(s’--)I. (16) 

A. In the case of Gaussian light 
When the incident light is incoherent, in order to obtain 

the signal intensity, it is necessary to perform a statistical 
average of Eq. ( 16) by assuming the envelope function of the 
electric field of the incoherent light E(f) to be a random 
process. Equation (16), which consists of sixth-order mo- 
ments of the field E(f) can be factorized into products of 
second-order moments by assuming that E(f) is a complex 
Gaussian random process, which was sometimes performed 
for the evaluation of the signal intensity.56 This factorization 
procedure for the interpretation of the optical Kerr dynamic 
measurement has already been described in the previous pa- 

\ per28 for the limiting case where the response function of the 
OKE is a single exponential. For a general case of the re- 
sponse function, the factorization procedure is quite analo- 
gous to the previous one. This leads to the following expres- 
sion,which is applicable when the correlation time of the 
incoherent light f, ( f, will be used in this paper as a nonspeci- 
fic time parameter on the order of the width of the field 
amplitude or the intensity autocorrelation function of the 
incident light) is much shorter than the decay time of the 
OKE: 

1s(r)al+g(g+2)1f(7)12 
o? 

+ (2/P’-) 
I 

dt lftf) 12G(r - f)/G,,,,, 

= 1 I-g(g + 21 it:1 ,2 + (2r~/TKe”)G(r)/G,,,, 
(17) 

wheref( 7) is the normalized autocorrelation function of the 
envelope of the optical field 

f(r) = (E*(f)E(f+ r))/(E*(f)E(O), (18) 
G,,,,, is the maximum value of G(f), 7: is a time parameter 
for the width of the autocorrelation function as 

7: = 
s 

co dW)12, (19) 
-m 

and T Kerr is the characteristic time for the Kerr relaxation 
defined by 

T Kerr = 
I 

* df G(f)/G,,,,,. (20) 
-co 

The signal intensity profile represented by Eq. ( 17) con- 
sists of the first constant background term, the coherent 
spike term, and the last signal term, which represents the 
Kerr response. The ratio of the peak intensity of the signal 
term to the constant background is on the order of 7:/T Kerr, 
although the correlation time must be short enough to tem- 
porally resolve the Kerr dynamics. When the phase-conju- 
gation configuration is employed for the OKE measure- 
ment, the magnitude of the signal term is on the order of 
(fc/TKe”)2 with respect to the coherent spike, as shown 
previously.28,55 Therefore, the OKE measurement in the TG 
or the Kerr-shutter configuration, as presented in this paper, 
is more advantageous regarding the signal amplitude. 

Here it should be noted that the signal term does not 
represent the squared magnitude of the response function as 
in the measurements with short pu1ses,37 but the response 
function itself. When short pulses are used, the diffracted 
signal intensity is proportional to the square amplitude of the 
grating generated by the pump pulses and relaxes after the 
excitation according to the Kerr response function. How- 
ever, with incoherent light, the signal term is proportional to 
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the response function because the diffracted light field is he- 
terodyne detected with the large background signal. Hetero- 
dyne detection technique has been employed in the measure- 
ment with short pulses, in which there is no inherent 
background signal, by using a fraction of the probe light as a 
local oscillator.” This heterodyne technique which uses a 
part of the probe instead of the background signal can also be 
employed even with incoherent light. Pump-probe measure- 
ments performed by Tomita ef aL5’ correspond to this case in 
which the imaginary part of the nonlinear susceptibility was 
detected. 

B. In the case of incoherent light with more general 
characteristics 

In the preceding section, the incident incoherent light is 
assumed to have Gaussian properties. This makes it possible 
to obtain the analytical expression of the signal intensity in 
terms of the second-order autocorrelation of the light field. 
A more general expression can be obtained by considering 
higher-order correlations of the incoherent light field. It has 
been shown by Asaka et al. that the signal intensity of accu- 
mulated photon echoes can be expressed in terms of the sec- 
ond-order autocorrelation function of the field amplitude of 
the incoherent light, even when the light is not Gaussian.58 It 

has been suggested by Tomita and Matsuoka that the time 
resolution of the measurement of absorption recovery by the 
pump-probe technique with incoherent light is determined 
by the intensity correlation of the incident incoherent lights7 
The lowest-order, i.e., second-order, intensity autocorrela- 
tion is a fourth-order correlation of the field amplitude and 
the sixth-order amplitude correlations in Eq. ( 16) contain 
fourth powers of the field amplitude. 

In the following section, we will show the following: ( 1) 
that the intensity correlation of the incident light determines 
the time resolution of the OKE measurement and (2) that 
the signal intensity can be expressed in terms of the second- 
order intensity autocorrelation function of the incident inco- 
herent light, when the following conditions are satisfied: (i) 
the statistical properties of the incoherent light are station- 
ary: (ii) f, < T Kerr; and (iii) the intensity and the field ampli- 
tude autocorrelation functions are negligible at 1 r] + t,. 

When the condition 

,dGi(fVdt l-t, < P(t) I (21) 

is satisfied, which corresponds to the condition that 
t, 4 T Kerr, each pair of field envelopes in the integrand in Eq. 
(16) which contains s or s’ [i.e., E*(s), E(s) and E*(S)), 
E(s’) ] can be replaced by the statistical average of the prod- 
uctofthepair [i.e., (E*(s)E(s)) and (E:*(s’)E(s’))].This 
yields 

r(r)aJ-_dsJ-_ ds’G(t-S)G(t-s’)[(E*(t--)E(t--))(E*(s)B(s))(E*(S’)E(s’)) 

+g(E*(t - T)E(t))(E*(s)E(s- r))(E*(s’)E(s’)) +g(E*(f)E(t - d)(E*(s)E(s)) 
xE*(s’)E(s’- 7)) +&E*(t)E(t))(E*(s)E(s- 7))(E*(s’)E(s’- r))] 

a [= ds[- ds’G(t-s)G(t-S’)[(1)3+2g(1)3[f(7)12+g2(1)3[f(7)12l 
J-, J-.x 

= (TKerr)2G,,,,,(I)3[1 +g(g+2)1f(d,21. 

Here (I) is the mean value of the intensity of the incident 
light. This expression yields the constant background term 
of 1 and the coherent spikeg(g + 2) if(r) 12, which both ap- 
peared in Eq. ( 17). The signal term, which represents the 
OKE response in the general case, as is the last term in Eq. 
( 17), does not appear in this expression since correlations 
between the second-order autocorrelation functions in Eq. 
(22) are responsible for the signal term and these correla- 
tions are neglected in the averaging procedure, as described 
above. The first term which results from the expansion of Eq. 
(16) can be written in terms of the intensity of the incident 
incoherent light I(t) as 

co I,(r) = 
I I 

cc ds ds’G( t - s) G( t - s’) 
-cc --m 

x (I(f - 7)I(s)I(s’) >. (23) 

(22) 

I 

Other terms in FCq. ( 16), which vanish when IQ-] $f,, yield 
only the coherent spike. Equation (23)) which is expressed 
in terms of a third-order correlation function of the light 
intensity, confirms the important role of the intensity corre- 
lation for this type of measurement with incoherent light.57 
When t, is much shorter than TKerr, we can obtain an 
expression of the signal intensity in terms of the second-or- 
der intensity autocorrelation function, which can be experi- 
mentally measured, as shown in the following: 

If the intensity of the incident light is divided into the 
mean value and the intensity fluctuation as 

I(t) = (1) + Wt), (24) 

Eq. (23 ) can be expressed as 
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ds’G(t-S)G(t--‘)([(I) +Ut--dl[U) +AW)l[(I) +AW)l). (25) 

The term in Eq. (25) which contains (I )’ is the constant background term of Eq. (22). Besides the background term, only the 
following terms contribute to the signal intensity: 

I; (7) = ds’G(t-s)G(f-s’)[(l)(AI(t--)A&)) + (I)(AI(t-+I(s’)) 

(26) 

since the other terms, which are proportional to AI, vanish 
by the statistical average. In Eq. (26), the third term con- 
tributes to the constant background signal and can be ne- 
glected since it is smaller by a factor of tc/TKe” than the 
background term in Eq. (22). The last term in Eq. (26) can 
also be neglected since it is on the order of ( t,/T Kerr) 2 with 
respect to the background term and on the order of t,/T Kcrr 
with respect to the other terms. This order evaluation proce- 
dure, as described above, is similar to those performed by 
Asaka et al. in the derivation of the expression for the signal 
intensity of accumulated photon echoes using incoherent 

I 

light.58 The other terms, the first and the second terms in Eq. 
( 26)) can be approximated as 

I; (7) r2(1)3TKe”G,,,~G(7), (27) 

where d is defined by 

<= 
s 

co df (AI(O,AI(t,)/(I)‘. (28) 
--m 

The summation of expressions in Eqs. (22) and (27) gives 
the expression for the signal intensity 

m I(r +g(g+2)lf(r)l”+ (2/TK”‘) 
I 

dt[G(T 
-co 

=l +gk+ 2)1f(7)12+ 2(</TK”‘)G(r)/G,,,,,. 

‘- - WG,,,, ] W(O)Ut) )/(I )’ 

(29) 

This expression shows that the coherent spike is proportion- 
al to the square of the field amplitude autocorrelation func- 
tion and that the signal term is a convolution of the Kerr 
response function and the autocorrelation function of the 
intensity fluctuation of the incident light. This result is km- 
ployed in the analysis of the experimental results of the pres- 
ent study. 

This expression can be also used for the interpretation of 
the signal intensity obtained by DFWM for the measure- 
ment of other processes which are dependent on the light 
intensity, such as population dynamics.3’ For population 
dynamics studies by DFWM using incoherent light, only a 
simple analysis has been reported previously, in which the 
incoherent light was assumed to be Gaussian and the re- 
sponse function was taken to be an exponential decay.3’ 
However, an analysis utilizing more general response func- 
tions [in Eq. (29) ] is required for the OKE, since the re- 
sponse function of the nuclear contribution to the OKE can- 
not be described by an exponential function in the 
femtosecond regime. In the femtosecond regime, it is neces- 
sary that the response function is zero at f = 0.59 

IV. EXPERIMENT 
Measurements of OKE dynamics were performed with 

the Kerr-shutter configuration. The experimental setup is 
shown in Fig. 2. Incoherent light was generated by a nano- 
second dye laser (Molectron DL-14). Both the oscillator 

and the amplifier of the dye laser, which were pumped by an 
excimer laser (Hamamatsu, C2540) contained coumarin 
102 (Exciton) . No frequency tuning element was employed 
in the dye laser. The output incoherent light had a peak at 
476 nm. The power spectrum was close to a Gaussian shape 
with a full width at half-maximum (FWHM) of 8 nm. The 
width and the energy of the output pulse were 5 ns and about 
300 pJ, respectively. In the measurement of the OKE, the 
output light was attenuated by 10% to 20%. 

Previous experiments with this experimental setup used 
rhodamine 6G as the laser dye.27 The output light was found 
to closely approximate the Gaussian light. This result was 
obtained from the comparison of the intensity autocorrela- 
tion, the field amplitude autocorrelation, and the power 
spectrum of the output of a strongly saturated and a nonsa- 
turated amplifier. a In the present study, in which coumarin 
102 was used, the Gaussian statistical properties of the laser 
light could not be verified, since phase matching cannot be 
achieved with the SHG crystal KDP at 476 nm. However, 
significant deviations from Gaussian properties of the light 
are not expected. Non-Gaussian contribution from satura- 
tion of the gain or the absorption, which can suppress the 
intensity fluctuation of the light, is not expected to occur in 
the subpicosecond region.61 

The dye laser output was divided into the pump and the 
probe beams by a beam splitter, with an intensity ratio of 
about 70/30. The pump beam, which was linearly polarized 
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FIG. 2. Experimental setup for the measurement of femtosecond optical 
Kerr dynamics. BS, beam splitter; C1. and C2, dispersion compensators for 
the beam splitter and the Glan-Thompson polarizer, respectively; HW, 
half-wave retarders; P, Glan-Thompson polarizers; PMT, photomultiplier 
tube; VD, variable delay. Details are described in the text. 

at 45” with respect to the linear polarization of the probe 
beam, was focused to a 1 mm glass cell. The probe beam 
traveled through a variable delay line and a Glan-Thomp- 
son polarizer, which was positioned in front of the sample 
cell to eliminate any polarization change that occurred in the 
optical elements. After the probe was focused into the sam- 
ple, the probe was passed through a polarization analyzer 
and the intensity of the signal light, whose polarization di- 
rection was perpendicular to that of the incident probe light, 
was detected by a photomultiplier tube. The rotation of the 
polarization of the probe light in the sample of less than 
1 X 10 - ’ could be detected. The signal intensities were aver- 
aged typically over 500 laser shots. The laser pulse energy 
was monitored by a photodiode and any shots with a pulse 
energy outside + 2% of the average laser pulse energy were 
excluded. The dispersion of the beam splitter and the polar- 
izer was compensated for by inserting the same optical com- 
ponents in the other arm of the delay line. The pump and the 
probe beams must undergo the same group-velocity disper- 
sion to achieve the time resolution determined by the Four- 
ier transform of the power spectrum of the incident light. 

To obtain the autocorrelation function of the incident 
incoherent light, the OKE due to a thermal grating or a 
population grating produced by the interference of the pump 
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FIG. 3. A typical autocorrelation curve of the incoherent light obtained by 
the thermal-grating measurement. The line is a Gaussian function with a 
FWHM of 63 fs. 

and the probe was measured with benzene solution of 4- 
diethyl-4’-aminonitrostilbene (DEANS). Since DEANS 
has a broad absorption band at the laser wavelength of 476 
nm, the intensity of the signal should be proportional to the 
squared magnitude of the field amplitude autocorrelation of 
the incident light.62 A typical autocorrelation trace is shown 
in Fig. 3, which can be well fitted to a Gaussian function with 
a width of 63 fs. In the measurement of the OKE, incoherent 
light with an autocorrelation width of 57-65 fs was em- 
ployed. This correlation width corresponds to a coherent 
pulse width of 40-46 fs, which is below those of femtosecond 
pulses employed in the Kerr measurements.‘7-‘9 From the fit 
of the data using a Gaussian function, both tails of the auto- 
correlation curve were found to decay as exp( - i?). This 
result is in contrast to the exponential tails observed with 
femtosecond pulses, obtained by a colliding-pulse mode- 
locked ring laser.63 

Mixtures of CS, and various solvents were prepared for 
the OKE measurement. The viscosities of them were mea- 
sured with an Ostwald viscosimeter. All the measurements 
of the OKE and the viscosity were performed at 22 + 1 “C. 

V. RESULTS AND DISCUSSION 
A. Carbon disulfide and carbon tetrachloride 

The Kerr signal intensity from CS, is shown in Fig. 4, as 
a function of the delay time. The background signal, which 
was about 50% of the total signal intensity at zero delay, has 
been subtracted from the data shown here. The large signal 
at zero delay time agrees with the autocorrelation data 
shown above. It is attributed to the coherent spike and to a 
contribution from the instantaneous electronic response. 
The maximum intensity of the noninstantaneous nuclear 
Kerr response was ten times smaller than that of the coher- 
ent spike. Besides the coherent spike, two other components 
were observed in the signal. The first component appears at 
early delay times with a peak at - 140 fs and then decays. 
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FIG. 4. The delay-time dependence of the OKE signal intensity obtained 
from carbon disulfide. The lower line is the experimental data. Circles are 
the data expanded by a factor of 10. The upper line is the fitting curve. The 
fitting procedure is described in Sec. V Band the fitting parameters are giv- 
en in Table III. 

FIG. 5. Signal intensities obtained from carbon tetrachloride. Circles are 
the experimental data and the line is the fitting curve. The fitting functions 
and the parameters are described in the text. 

until z 500 fs. The other component remains after the disap- 
pearance of the fast component and slowly decays from 500 
fs until 1 ps, which was the longest delay time used. These 
two components have also been observed with femtosecond 
pulses.‘7,23,24 The OKE response of CS, was first time re- 
solved by Ippen and Shank by using picosecond optical 
pulses and a 2.1 ps decay time was observed.54 Measure- 
ments with subpicosecond resolution were performed by 
several groups later and another component with a decay 
time of0.20-0.36 ps was reported.53*64*65 The fast component 
in the present data decays at 360 fs if an exponential decay is 
assumed and the decay time of the slow component is 1.7 ps. 
Recent measurements with sub-100 fs pulses, however, have 
revealed the inertial feature of the OKE response of CS, and 
inappropriateness of the description of the fast component 
by a simple exponentially decaying response function. 19-2’ 
The delay in the nuclear response of the optical Kerr effect in 
the femtosecond region has been widely observed with many 
molecular liquids and it is now well understood that the exis- 
tence of the delay is essential because of the inertial character 
of the nuclear motions.‘7*‘8’22-26*66*67 The procedure of fitting 
of the obtained data, fully taking account of this inertial 
character, is described in the next section. 

The results shown above are consistent with the pre- 
vious results of McMorrow et al.,” except that the intensity 
ratio of the vibrational components to the I-I component 
was enhanced by five to ten times in the present experiment. 
This discrepancy can be explained by the difference in the 
spectral width of the excitation light. In experiments em- 
ploying the impulsive stimulated scattering, vibrational 
modes are excited by combinations of two frequencies, with- 
in the excitation light spectrum, with a difference frequency 
in resonance with the relevant mode. In the experiment of 
McMorrow et al., light of 180 cm - ’ FWHM was employed. 
The 8 nm width of the incoherent excitation light at 476 nm 
corresponds to a FWHM of 350 cm - I, which is larger than 
the frequencies of the two vibrational modes. 

Thus, the measurement of CS, and Ccl, demonstrated 
that the incoherent light technique, which has been applied 
in time-resolved measurements of various processes, such as 
electronic dephasing,30*68 vibrational dephasing,69 popula- 
tion relaxation,57 and fluorescence decay,” can also be ap- 
plied to obtain the OKE response with a femtosecond time 
resolution, 

In Fig. 5, the OKE signal from neat carbon tetrachlor- 
ide is shown. The signal intensity was fitted with two vibra- 
tional components and an I-I contribution. The former are 
damped sine functions with a 2 ps exponential decay and the 
periods are obtained, by the fitting, to be 164 and 116 fs. For 
the I-I component, the function shown in Eq. ( 14) was used. 
These three functions were convoluted with the autocorrela- 
tion data and the coherent spike and a constant background 
were used besides them for the fitting. The I-I component 
was necessary to fit the appreciable shift of the center of the 
oscillation above the background value at delay times 
shorter than 400 fs. These three features have also been ob- 
served with the use of femtosecond pulses by McMorrow et 
ai.” The oscillations of the signal intensity with the delay 
time have been attributed to the scissoring and the deforma- 
tion modes with wave numbers of 2 18 and 3 14 cm - I, respec- 
tively. 

B. Binary mixtures of CS2 and other solvents 
Kalpouzos et al. measured the Kerr dynamics of CS, in 

binary mixtures with alkane solvents.24 They observed an 
increase in the amplitude of the intermediate component by 
a factor of 2 upon dilution of CS, in each solvent. This en- 
hancement was explained by cancellation between the two-, 
three-, and four-body interaction terms in the effective mo- 
lecular polarizability, which has been observed also in the 
density dependence of the DLS of compressed rare gases.M 
However, an increase by a factor of 2 is too small compared 
to the theoretical estimate of the reduction of the amplitude 
of the I-I contribution by the cancellation mechanism to be 
two orders of magnitude.’ 

Therefore, we measured the Kerr response of binary 
mixtures of CS, with liquids less viscous than those used in 
the measurement by Kalpouzos et aI.24 to clarify the origin 
of the fast component in the OKE response, since I-I contri- 
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FIG. 6. The delay-time dependence of the signal intensity obtained from 
binary mixtures of CS, and hexane. The signal intensity, after the back- 
ground intensity was subtracted from it, was multiplied by a factor of 6-12 
in order to normalize the intensity of the shoulder part of the signal. The 
volume fractions ofCS, are l&l%, 50%, 25%, and 10% from the top to the 
bottom. Dots are the experimental data points and the lines are the fitting 
curves. The fitting functions are described in the text and the obtained fit- 
ting parameters are presented in Table III. 

bution should be reduced in viscous solvents by the hin- 
drance of the translational motions of CS, molecules by sur- 
rounding solvent molecules, resulting in the amplitude 
enhancement smaller than expected from the decrease of the 
cancellation effect. Mixtures with five liquids were mea- 
sured. Four liquids-hexane, methanol, ethanol, and bu- 
tanol-xhibit only an instantaneous electronic Kerr re- 
sponse. Chloroform, in contrast, has a small nuclear 
contribution to the OKE.2s 

The signal intensity obtained from mixtures with hex- 
ane are shown in Fig. 6. Upon dilution, both the rise and the 
decay times of the fast component become longer and the 
amplitude increases with respect to the reorientational con- 
tribution. The enhancement of the amplitude ratio of the fast 
component to the reorientational contribution is attributed 
mainly to enhancement of the amplitude of the fast compo- 
nent, as shown later. 

Analysis of these results, including those obtained from 
other mixtures, is performed by fitting them using two func- 
tions, i.e., the reorientational response and the I-I response 
as expressed in Eqs. (3) and ( 14) for the nuclear response. 

Using the relations shown in Sec. II and the literature 
value of rr of neat CS,, 46 we can obtain rr of the mixture by 
measuring the viscosity of the binary mixture as a function of 
the mixing ratio. The obtained values of viscosities v~, vae, 
and vA are summarized in Table II, with the molecular 
weight and the density of each molecule. Since the effective 
viscosity, which affects the reorientational motion of CS, 

TABLE II. Viscosities and mutual viscosities of C’S, and various solvents 
obtained from the measurement of viscosities of the binary mixtures. In this 
table, B designates CS,. The molecular weight and the density of each sol- 
vent are also summarized. The molecular weight and the density of CS, are 
76.14 CP and 1.258 g/cm3, respectively. 

Molecular density 
78 (W ‘l&3 (W 7” (CR weight (g/cm’) 

Hexane 0.36 0.31 0.29 86.18 0.657 
Methanol 0.33 0.53 0.56 32.04 0.789 
Ethanol 0.35 0.50 1.15 46.07 0.787 
Butanol 0.36 0.43 2.79 74.12 0.808 
Chloroform 0.35 0.41 0.54 119.38 1.484 
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molecules as a frictional force, changes by 40% at most; as 
seen in Table II, the peak value of the reorientational contri- 
bution per molecular density should vary by no more than 
40%. Therefore, the change in the amplitude ratio of the fast 
component to the reorientational contribution, which was 
observed in the mixing ratio dependence of the OKE re- 
sponse, is attributed mainly to a change in the amplitude of 
the fast component. 

The cross correlation between the I-I contribution and 
the orientational one was neglected, which is justified since 
the time scales of these two contributions are different from 
each other by one order of magnitude.35 The experimentally 
obtained data were fitted with these two components convo- 
luted with the coherent spike, besides the constant back- 
ground and the coherent spike, following Eq. (29). 

Figure 7 shows the experimental data for the CS,/meth- 
anol binary mixture series, together with the best fits and 
curves for the two components-I-I, and orientational ones. 
The results of the data analysis for the different mixtures are 
presented in Table III. In this table, M(2) is the second- 
order moment of the I-I contribution to the DLS spectrum, 
which is defined by 

ca - M(2) = 
s 

dw W21DLS ( w ) / 
s 

dw I,,, (ml. (30) 
0 0 

By using Eq. ( 11) ,. M( 2) can be expressed as 

M(2) = (q+2)(q+ 114. (31) 
This second-order moment has been used in the literature4’6’7 
as a measure of the broadening of the DLS spectrum, or the 
relaxation rate of the Kerr response. For the data from mix- 
tures with chloroform, the intramolecular vibrational mode 
of 262 cm - ’ was included in the data analysis besides the I-I 
and the orientational components. 

From the data shown in Fig. 7 and Table III, several 
trends are found for mixtures with three solvents, i.e., hex- 
ane, methanol, and ethanol: ( 1) q decreases upon dilution 
down to - 0.6 to - 0.8; (2) w. does not vary essentially; 
(3) M( 2) decreases upon dilution: (4) the peak ratio of the 
I-I component to the orientational one increases upon dilu- 
tion and the amplitude of the orientational component be- 
comes negligible at the CS, volume fraction of 10%. An 
error in the amplitude of the orientational component is less 
than 10% of that of the I-I component. 
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broadening, or a decrease in decay time, at high densities. 

0.0 cl5 1.0 
Delay (ps) 

At low densities, on the other hand, the description of 
the I-I polarization change, or the I-I OKE, by binary inter- 
actions is appropriate. The I-I polarization change in CS, 
has been attributed primarily to DID interaction, which is 
proportional to the cubic inverse of the intermolecular dis- 
tance.’ When the binary collision model, in which the mole- 
cules are assumed to be in free space, is applied,49 the expo- 
nent q in Eq. ( 11) is derived to be - 8/7 at low volume 
fractions of CS,, in which the binary collision approximation 
is good, by using Eqs. ( 12) and ( 13 1. The present obtained 
values, as shown in Table III, of - 0.6 to - 0.8 are close to 
this theoretical value. This shows that molecular motions of 
CS, in dilute solutions in these solvents are fairly free in spite 
of the presence of the solvent. The good fitting and the con- 
sistent change of parameters in a series of binary mixtures 
with different mixing ratios support the attribution of the 
fast OKE component mainly to the I-I effect even in neat 
cs,. 

Delay (PSI 

The trends mentioned above have also been observed by 
Kalpouzos et a1.24 in their study of the OKE response of a 
series of CS,/alkane binary solutions. Although comparison 
cannot be done straightforwardly between our results and 
theirs because of the different sets of fitting functions, it can 
be seen that in their data, the change in the ratio of the ampli- 
tudes of the fast component to the slow one upon dilution of 
CS, is much smaller than that in ours. This difference should 
be due to the difference of the solvents. In their study, rela- 
tively viscous alkanes were used as the Kerr-inactive solvent, 
which affect the motion of CS, molecules and presumably 
conceal the cancellation effect of the I-I contribution due to 
many-body correlation. 

I I I I I I I I I 

Delay (ps) 

FIG. 7. The delay-time dependence of the signal intensity from binary mix- 
tures of CS, and methanol. Closed circles are experimental data. Fitting 
curves together with two components-I-I and orientational contribu- 
tions-aredisplayed. The volume fractions ofCS, are (a) 100%; (b) 33%; 
and (c) 10%. The fitting functions are described in the text and the ob- 
tained fitting parameters are presented in Table III. 

These trends have also been observed in the DLS studies 
of rare gases. Density dependence of light scattering from 
argon, krypton, and xenon in a compressed gas phase and 
liquid phase has been reported.4”ti’0*” In the I-I DLS of these 
neat gases, a decrease in amplitude and a broadening of the 
spectra upon increase in the density have been observed. 
This dependence on density has also been observed by theo- 
retical and simulation studies4*6V’2-‘4 and has been attributed 
to the three- and four-body correlations which cancel the 
two-body correlation contribution to the I-I polarizability 
fluctuation. Especially, polarizability fluctuation at low fre- 
quency is reduced efficiently, which results in the spectral 

In the mixtures with butanol and chloroform, on the 
other hand, the change in the parameters obtained by the 
fitting is much smaller than with the other three solvents, as 
presented in Table III. This result shows that the transla- 
tional motions of CS, molecules, which contribute primarily 
to the I-I polarizability change, are suppressed by solvent 
molecules. As shown in Table II, butanol is a viscous solvent, 
compared with the other four, and the molecular weight of 
chloroform is much larger than the other. Therefore, the 
motions of CS, molecules in these solvents are expected to be 
hindered by surrounding solvent molecules. This hindrance 
should reduce the I-I contribution in the mixtures at low 
volume fractions of CS,. Therefore, the present experimen- 
tal result can be explained in terms of the suppression of 
translational motions of CS, molecules in the femtosecond 
time regime in these mixtures. 

Although we analyzed the data shown above by fitting 
the fast component to the nonoscillatory response function 
as given in Eq. ( 14) in order to focus on the molecular dy- 
namics in dilute CS, solutions, where the fitting is excellent, 
we do not exclude the possible contribution of a damped 
oscillatory component, as supposed in some reports21,24 in 
neat CS,. Ruhman et al. have reported that oscillatory re- 
sponses are observed in the OKE response of neat CS, at low 
temperatures below 240 K.23 Even at the room temperature, 
a possibility of any contribution of intermolecular vibration- 
al motions to the OKE response may not be disregarded, 
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TABLE III. Parameters obtained from the fitting of OKE signal intensities, rc,,, ‘s are calculated values using 
viscosities. Peak ratios are the ratios ofthe peak values ofthe I-I contribution to the orientational contribution 
before convolution with the coherent spike. *. . shows that the best fit was obtained without the orientational 
contribution. 

Volume (molar) 
fraction 
of cs, 

~,‘>I 
(PS) Q  

-1 *o 
(f-s) 

co = o@I2lrc M(2)/(2m? 
(cm-‘) (cme2) Peak ratio 

1.00( 1.00) 

Hexane 
0.50(0.68) 
0.25(0.42) 
O.lO(O.19) 

1.70 0.580 4al 13.3 721 2.6 

1.56 - 0.759 265 20.0 65 
1.44 - 0.756 290 18.3 102 
1.35 - 0.622 357 14.9 115 

11.4 
8.7 

Methanol 
0.33(0.25) 
0.10(0.07) 

Ethanol 
0.50(0.49) 
0.10(0.10) 

2.17 - 0.768 300 
2.25 - 0.591 361 

1.92 0.052 410 
2.06 - 0.801 310 

17.7 
14.7 

13.0 
17.1 

90 4.2 
125 . . . 

363 3.0 
68 

Butanol 
O.lO(O.14) 

Chloroform 
O.lO(O.13) 

1.72 - 0.009 367 14.5 413 2.2 

1.66 - 0.054 247 21.4 847 6.3 

although we suppose that they are essentially of translational 
character and affect the susceptibility of the medium mainly 
through the I-I effect. ‘*7*“V13 

However, the mutual viscosities of CS, with these two 
solvents are not appreciably larger than with the other three, 
as shown in Table III. Since the viscosity of liquids is a mea- 
sure of the frictional force which is relevant to the macro- 
scopic motions of the liquid, 1 he molecular motions of CS, in 
the macroscopic scale are not suppressed appreciably by the 
presence of these two solvent molecules. This difference in 
the molecular motions which depend on the time scale and 
on the spatial scale requires further studies of the molecular 
dynamics in liquids. 

C. Benzene and benzene derivatives 
The signal intensities of the OKE measurement from 

neat liquids of benzene, toluene, fluorobenzene, chloroben- 
zene, and m-xylene are shown in Fig. 8. These liquids-ben- 
zene and mono- or disubstituted benzene derivatives-show 
very similar OKE response. In the data, besides the coherent 
spike, there is a feature which rises until 100 fs and decays 
fast until about 300 fs and there is also a slowly decaying 
feature. Optical Kerr dynamics of benzene and chloroben- 
zene have been reported using femtosecond pu1ses26@’ and 
the present data are consistent with them. The fast compo- 
nent in the OKE response of benzene has been attributed 
primarily to an I-I contribution from the study of the DLS 
spectrum.15 

Another feature which is common in the data shown in 
Fig. 8 is a slightly oscillatory behavior of the slow compo- 
nent. This oscillatory feature is also seen in the data from 

benzene obtained by Etchepare et al. using femtosecond 
pulses, although it was not mentioned.26 It was not seen in 
the data from chlorobenzene reported by Lotshaw et aZ.,66 
which may be due to its worse time resolution. Similar oscil- 
latory response has been observed in the femtosecond optical 
Kerr dynamics of CS, at temperatures lower than 240 K and 
attributed to a librational motion of CS, molecules.23 

The oscillatory feature observed from benzene and its 
derivatives should be attributed to an intermolecular vibra- 
tional mode. Librational motions of molecules, which are 
orientational intermolecular vibrations, can affect the opti- 
cal susceptibility via the molecular polarizability anisotropy 
or via the intermolecular I-I effective polarizability change. 
Intermolecular translational vibration can also contribute to 
the oscillatory behavior of the susceptibility via the I-I mech- 
anism. The oscillatory feature in the OKE response, there- 
fore, can be attributed to either of these two origins. 

Dill et al. have argued about the librational motions of 
benzene molecules in the study of the DLS spectrum of neat 
benzene.” They separated the DLS spectrum into I-I and 
orientational contributions by assuming the spectral shape 
of the I-I contribution to be w12’7exp( - w/w,). From this 
analysis, they concluded that the orientational motions of 
benzene are librational in the subpicosecond time domain, 
which have a period of =: 300 fs and decay until z 600 fs. 
These values are consistent with the oscillatory feature ob- 
served in the present data. However, this result is a conse- 
quence of the assumption of the spectral shape of the I-I 
contribution, which yields a nonoscillatory time response. 
Therefore, the attribution of the oscillatory feature in the 
Kerr response to the librational motions is not proved by 
their analysis. 
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Here, we discuss the possibility of an I-I origin of this 
oscillatory feature. The orientation of benzene molecules is 
known to be highly correlated to each other in neat liquid 
and the bimolecular configuration has been suggested to 
have a “T’‘-shaped geometry, in which the molecular planes 
are perpendicular to each other and the edge of one molecule 
is close to the center of the other.16 The existence of benzene 
dimers in molecular beams has also been reported. ” Theo- 
retically, the binding energy of the dimer was calculated to 
be 2 kcal/mol in the T orientation. This strong coupling 
between molecules is attributed to short-distance interac- 
tions, such as permanent-quadrupole-permanent-quadru- 
pole interaction, dispersion force, and electron overlap. ‘* 
Because of this short-distance strong intermolecular cou- 
pling, translational and orientational motions of each ben- 
zene molecule in liquid phase are expected to be highly cor- 

FIG. 8. The delay-time dependence of the signal intensity from (a) benzene 
and benzene derivatives; (b) toluene; (c) f luorobenzene; (d) chloroben- 
zene; and (e) m-xylene. Cirlces are the experimental data and the line is the 
fitting curve. Although the set of functions used for the fitting was the same 
as that for the data from CS, mixtures, the curves should be regarded as the 
eye’s guides. 

related with those of the surrounding molecules. 
Intermolecular vibrational modes are likely distributed in an 
appreciably narrow spectral region since the strong orienta- 
tional correlation between molecules does not allow a wide 
distribution in the local configuration of the liquid. Spectral- 
ly narrow distribution is required for the vibration to be ob- 
served as oscillations in the OKE response. Intermolecular 
motions should affect the effective polarizability by the I-I 
mechanisms, as shown above. Even librational motions, 
which can affect the susceptibility via the molecular polariz- 
ability anisotropy, should hive a large I-I contribution in 
highly polarizable liquids such as benzene. The same discus- 
sion can be applied to benzene derivatives, since the small 
substituents are not expected to prevent contact between 
benzene rings of these molecules. Therefore, the I-I origin of 
the oscillatory feature in the optical Kerr response of ben- 

J. Chem. Phys., Vol. 94, No. 5,i March 1991 



zene and benzene derivatives cannot be excluded. Further 
experimental and theoretical studies are required to clarify 
the physical origin of this oscillatory behavior. 

VI. CONCLUSION 

In the theoretical section, we derived an expression for 
the signal intensity of the OKE measurement using incoher- 
ent light. A Gaussian assumption on the statistical proper- 
ties of the incoherent light was not employed in the deriva- 
tion. The time resolution for the OKE response is 
determined by the width of the autocorrelation function of 
the intensity fluctuation of the incident incoherent light. 
This expression can also be applied to the analysis of the 
signal intensity of the measurement of the population dy- 
namics using incoherent light. 

Experimentally, femtosecond dynamics of the optical 
Kerr effect in various neat and mixed liquids were measured 
by the use of incoherent light with a correlation time of 60 fs. 
From the measurement of the OKE of binary mixtures of 
CS, and various solvents, the I-I contribution to the OKE 
was found to be affected remarkably by the femtosecond 
molecular dynamics of CS,. Especially, data from diluted 
solutions of CS, in nonviscous solvents composed of mole- 
cules with a low molecular weight are consistent with the 
binary collision model in a free space. 

An oscillatory feature was found in the OKE dynamics 
of neat benzene and several benzene derivatives. This feature 
was attributed to intermolecular vibrational modes, which 
change the optical susceptibility of the liquids either via the 
molecular polarizability anisotropy or via the I-I effective 
polarizability change. 
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