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Direct fifth-order electronically nonresonant Raman scattering from CS 2
at room temperature

David A. Blank, Laura J. Kaufman, and Graham R. Fleminga)
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In this paper we report the measurement of the direct fifth-order electronically nonresonant
intermolecular response from liquid CS2 at room temperature. We recently demonstrated that all
previous attempts to measure the direct fifth-order response were dominated by third-order cascaded
signals@J. Chem Phys.111, 3105~1999!#. Here we show that phase matching considerations can be
used to provide substantial discrimination against the cascaded third-order signals, and the direct
fifth-order response can be measured. The measured responses indicate that the intermolecular
spectrum of liquid CS2 at room temperature is well described as homogenous. Comparisons of the
data to simulations are discussed. ©2000 American Institute of Physics.@S0021-9606~00!00625-5#
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I. INTRODUCTION

The extension of time–domain nonresonant Ram
spectroscopy to fifth-order with two adjustable time dela
was originally proposed by Tanimura and Mukamel as
means to separate the homogeneous and inhomogen
contributions to vibrational line shapes.1 Following its incep-
tion, the technique received considerable attention both th
retically and experimentally.2–26 The experiment involves an
initial Raman excitation of the system by two ultrafast las
pulses leading to a superposition state. After the first ti
delay a second set of pulses coherently transfers the sy
to a second superposition state, and following the sec
time delay a final pulse interrogates the system via a sti
lated Raman scattering event. This sequence of even
shown schematically with a ladder diagram in Fig. 1. T
ability to separate the homogeneous and inhomogene
contributions to line shapes comes from the potential for
two superposition states to appear as complex conjug
with nearly equal and opposite time evolution frequencie1

The result is a rephasing event analogous to that foun
electronic echo spectroscopy, which can remove the inho
geneous contribution to the electronic line shape.27

Shortly after the initial proposal, it was realized tha
beyond the ability to separate homogeneous and inhom
neous contributions to the line shape, the technique also
the potential to probe the coupling between nuclear motio
Generation of the fifth-order nonresonant Raman signal
quires either nonlinearity in the field–matter interaction
anharmonicity in the mechanical potential.3,23 It is this re-
quirement that provides the potential for the technique
reveal the couplings between the basis modes that des
the nuclear motions. The inherent dependence of the si
on either the nonlinearity in the polarizability or the anha
monicity in the mechanical potential means that the te
nique is an exquisitely sensitive probe of one or both of th
nonlinearities. This is compared with the lower-~third-! or-

a!Electronic mail: grfleming@lbl.gov
7710021-9606/2000/113(2)/771/8/$17.00
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der nonresonant Raman signals that are typically domina
by responses that are linear in the polarizability and lack
in sensitivity to the mechanical anharmonicity. The requi
ments for the generation of the direct fifth-order signal a
mean that the signal intensities will be significantly dimi
ished compared with signals that have no such requireme
As a result, signals from cascading lower-order proces
can become competitive with, or even substantially lar
than, the desired signal from the direct process.

We have recently demonstrated experimentally that
previously measured fifth-order nonresonant Raman sig
from CS2 are dominated by cascading third-order signals26

In this manuscript we show that by using an appropriat
chosen phase matching geometry it is possible to prov
substantial discrimination against the cascaded signals
measure the direct fifth-order Raman signals generated
the intermolecular motions in CS2.

II. EXPERIMENT

A. Experimental setup

A regeneratively amplified Titanium Sapphire laser sy
tem provided 25mJ/pulse, 42~fs! femtosecond~Gaussian,
full width at half of maximum intensity!, 800 nm pulses at a
repetition rate 1.5 kHz.28 The pulse duration was determine
by off-axis autocorrelations in a 150mm BBO crystal. The
regenerative amplifier was pumped by a Q-switched, dio
pumped Nd:YAG~LightWave Electronics! with shot-to-shot
root-mean-squared intensity fluctuations at 532 nm
,0.5% leading to very small power fluctuations at o
sample. Following attenuation of the power, the pulse w
split into five pulses of nearly equal intensity, 2–4mJ per
pulse per beam. The five beams were timed mechanic
and the relative polarization of each beam was individua
adjusted using al/2 wave plate. The two adjustable tim
variables were swept using mechanical translation sta
with stepping resolution of 0.1mm ~Newport!. The five
beams were focused into a 1.0 mm sample cell contain
CS2 at room temperature using a 28.9 cm focal length sing
© 2000 American Institute of Physics
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lens. The fifth-order signal was generated in a unique dir
tion, as discussed in the phase matching section below
iris was used to spatially select the signal, which was th
detected using an IR extended photomultiplier tu
~Hamamatsu, R636-10!. The very low intensity of the signa
required that a tracer pulse be sent along the signal direc
for the purpose of aligning the spatial selection of the sign
One of the five incoming beams was mechanically chop
at half the laser repetition rate, and the signal was collec
using lock-in amplification at the chopping frequency.

B. Phase matching considerations

We have previously demonstrated that, for the interm
lecular motions in liquid CS2, cascading third-order re
sponses are much larger in magnitude than the direct fi
order response.26 In this manuscript we demonstrate ho
phase matching considerations can be used to discrimi
against the cascaded responses, and since phase ma
will provide the key to detection of the direct fifth-orde
signal we will discuss this issue in some detail. Both t
direct and cascaded scattering processes generate a
along the same phase matched direction. However, it is
sible to decrease the magnitude of the cascaded signa
arranging the five incoming beams in a geometry that p
vides a significant phase mismatch for the first step of e
cascaded process.

We measure the signal along the phase matched d
tion ks55k12k22k31k41k5 . As previously discussed in
detail, there are four possible third-order cascade proce
that can generate a signal along this same phase mat
direction.25,26,29Two of the cascaded signals result in tim
dependent responses that are symmetric in the two adjus
time variables. We will refer to these cascades as sequen
with their first steps defined by the wave vectorsks15k1

2k22k3 andks25k12k21k4 . The field emitted by the firs
step, a third-order scattering event, serves as one of the
fields involved as the pump step in a third-order process o
different chromophore. In the other two cascade proces
the field emitted in the first step participates as a probe fi

FIG. 1. ~a! Diagram showing the pulse sequence and the labels for
adjustable time variables for the fifth-order experiment.~b! Ladder diagram
showing one of the Liouville pathways. The solid lines represent a ket
interaction and the dashed lines represent a bra side interaction. The
line is the stimulated emission of the signal.
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in a second third-order scattering event on a separate c
mophore. The first step for these two cascades are define
the wave vectorskp15k12k21k5 and kp252k31k41k5 ,
and we will refer to these cascades as parallel. The tim
dependent responses for both types of cascades, in term
the third-order response functions, are shown in Eqs.~1a!
and ~1b!:

Rnmlk j i,sequential
~3!2

5Rseq
~5!~t2 ,t4!5Rsk j i

~3! ~t2!Rnmls
~3! ~t4!

1Rsk j i
~3! ~t4!Rnmls

~3! ~t2!,

~1a!

Rnmlk j i,parallel
~3!2

5Rpar
~5!~t2 ,t4!5Rsm ji

~3! ~t21t4!Rns lk
~3! ~t4!

1Rsmlk
~3! ~t4!Rns j i

~3! ~t21t4!.

~1b!

The subscripts,i –n, refer to the relative polarizations of th
incoming laser fields and the signal field. By convention t
time ordering of the interactions labeled by the subscri
reads from right to left beginning with the first interactio
pulse and ending with the emitted signal.

The phase matching factor is typically expressed
sinc(Dkl/2), whereDk is the difference between the incom
ing wave vectors and the signal wave vector andl is the path
length through the sample.30 One of the assumptions re
quired to obtain the sinc(Dkl/2) term in the final expression
is that the incoming beams are propagating colinearly,
there is no variation in the product of the amplitudes of t
incoming beams as a function of the distance along
sample,z. Although our incoming beams do approach t
sample at small angles from the normal of the sample fa
see Table I, there is still a significantz dependence of the
amplitude product of the incoming beams within our 1 m
sample pathlength, as illustrated in Fig. 2. In our previo
paper we made a limited attempt to account for the phys
crossing of the incoming beams by using the calculated
plitude product to determine an effective pathlength that w
subsequently used asl in the sinc(Dkl/2) phase matching
term.26 Here we account for the physical crossing of t
incoming beams, as it pertains to the degree of phase ma
ing, in a more detailed manner.

We start from the Maxwell equation for the amplitude
the signal field using then-order induced polarization as th
source term,

e

e
vy

TABLE I. Beam angles. These are the angles of the incoming beamswithin
the liquid CS2 samplefor the geometry shown in Fig. 2. Theta is the az
muthal angle measured counterclockwise from the positivex axis and phi is
the elevation from thez ~propagation! axis. All angles are in degrees.

Beam Theta Phi

1 222.0 1.8
2 2154.6 1.6
3 2133.7 0.9
4 240.3 0.1
5 158.2 2.4
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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“Ã“Ã@«s
~n!~r ,t !exp~ iks2•r !#

2
ns

2vs
2

c2 «s
~n!~r ,t !exp~ iks2•r !5

4pvs
2

c2 P̄s
~n!~ t !

3exp~ iks1•r !, ~2!

whereks1 is the combination of incoming wave vectors a
ks2 is the wave vector of the generated field. One find
solution of the form30

«s
~n!~ t !52p i

vs
2

ks2c2 E dz Ps
~n!~ t,z!exp~ i Dk•z!, ~3!

with Dk5ks12ks2 . Then-order induced polarization can b
expressed in terms of then-order response function,R(n),

P~n!~ t1 ,...,t ~n/221! ,z!5NA~n!~z!R~n!~ t1 ,...,t ~n/221!!,
~4!

whereA(n)(z) refers to thez-dependent amplitude product o
then incoming fields,«1(z)«2(z)¯«n(z), andN is the num-
ber density.

Expressing A(n)(z) as the normalized spatia
z-dependent overlap of then incoming beams,a(n)(z), times
the magnitude of the product of then incoming beams when
perfectly overlapped,A(n), the signal field amplitude be
comes

«s
~n!~ t1 ,...,t ~n/221!!52p i

vs
2

ks2c2 NA~n!

3R~n!~ t1 ,...,t ~n/221!!E
0

l

dz

3a~n!~z!exp~ i Dk•z!. ~5!

FIG. 2. ~a! Diagram showing the relative positions of the five incomin
beams and the signal in thex-y plane orthogonal to the propagation axis,z.
~b! The open circles are the calculated amplitude product for the five inc
ing beams as a function of the propagation axis,z. The solid line is a fit to
the calculated distribution using a Gaussian distribution with a FWH
50.71 mm.
Downloaded 08 Mar 2005 to 128.59.115.145. Redistribution subject to AI
a

We define the integral overz as the phase matchin
factor, F (n). Figure 2~b! shows the calculated amplitud
product of the five incoming fields,a(n)(z), integrated over
the two dimensions orthogonal toz, for the employed beam
geometry illustrated in Fig. 2~a!. The z dependence of the
spatial overlap between the incoming beams is well rep
sented by a Gaussian distribution centered at1

2, shown as the
solid line in Fig. 2~b!. Using a Gaussian distribution to rep
resenta(n)(z), the phase matching factor becomes

F ~n!5E
0

l

dzexp@2b2~z2d!2#exp~ i Dk•z!, ~6!

with d equal to the displacement of the distribution alo
z(d5 1

2) and b expressed in terms of the full width at hal
maximum of the distribution, FWHM,

b25
4 ln~2!

~FWHM!2 . ~7!

The integral can be solved analytically to give the pha
matching factor,

F ~n!5
Ap

2b
expS i Dk l

2
2

Dk2

4b2 D FErfS bl

2
1

i Dk

2b D
2ErfS bl

2
1

i Dk

2b
2bl D G . ~8!

In the experiments presented here we have measure
intensity of the signal field,u«su2, and therefore the intensi
ties of the signals are proportional to the modulus square
the phase matching factors,uF (n)u2. Using Eq.~8! we have
found an optimized geometry for the five incoming bea
that minimizesuF (3)u2 for the four cascade intermediate
while maximizing uF (5)u2 for the total fifth-order process
The values ofuF (n)u2 are shown in Table II and the geomet
for the incoming beams is shown in Fig. 2 with the angles
each beam in the sample listed in Table I. Note that
uF (3)u2 values only represent the degree of phase match
for the intermediate steps in the cascaded processes.
total cascaded processes requires additional consideratio
the generated intermediate field along the length of
sample when calculating the phase matching factor for
second step in the cascade. While here we have not ca
lated the phase matching factor for the total cascaded
cesses, the product of the intermediateuF (3)u2 value and the
direct uF (5)u2 value in Table II represents an upper limit fo
the magnitude of the phase matching factor for the total c
caded processes. The effect of the crossing distribution

-

TABLE II. Phase matching factors. These are the phase matching fac
calculated from Eq.~8!, for the total fifth-order process and the four possib
cascade intermediates for the geometry of incoming beams shown in F
with the angles listed in Table I.

Wave vector F uFu2

Direct signal:k12k22k31k41k5 0.733520.4703i 0.759
Sequential intermediate:k12k22k3 0.002420.0334i 0.001
Sequential intermediate:k12k21k4 0.002410.0334i 0.001
Parallel intermediate:k12k21k5 0.000220.0469i 0.002
Parallel intermediate:2k31k41k5 0.002220.0898i 0.008
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tween the emitted intermediate cascade field and the rem
ing two incoming beams, along with the distance depende
of the intermediate field amplitude along the length of t
sample, will serve to decrease the total phase matching fa
for the cascaded processes. The total phase matching fo
cascaded processes will be addressed in more detail i
upcoming manuscript.31

III. RESULTS

Figure 3 shows the two-dimensional time domain
sponse for CS2 at room temperature collected using the pha
matching geometry shown in Fig. 2 with the polarization
all the incoming beams set parallel,Rzzzzzz

(5) . The response is
qualitatively different from the previously reported fifth
order signals for CS2,

5,8,11,12,14,16which were attributed to
the cascaded responses.26 There is a large ridge alongt4

50 and a large response at the time origin where all fi
of the incoming pulses overlap in time, both of which a
shown to go off scale in the contour plot displayed in F
3. There is also a weak ridge alongt250 that decays
very slowly. When one of the adjustable time variables
equal to zero, there may be contributions to the sig
from one-dimensional fifth-order hyperpolarizability r
sponses.13 In addition, alongt250 there can be contribu
tions from the direct response that reflect population rel
ation dynamics.32,33 In this manuscript we focus on the two

FIG. 3. The measured two-dimensional fifth-order response for CS2 at room
temperature with the polarizations of all of the incoming beams set para
Rzzzzzz

(5) . The mesh plot is the three-dimensional representation of the con
plot with the ridges alongt250 andt450 truncated:t2530– 600 fs,t4

555– 400 fs.
Downloaded 08 Mar 2005 to 128.59.115.145. Redistribution subject to AI
in-
ce

tor
the
an

-
e
f

e

.

s
l

-

dimensional response, (t2.0,t4.0). We will address the
response along the time axes in greater detail in a fu
manuscript.31

For a comparison of the two-dimensional spectra w
both the cascaded and the third-order responses, the t
order responses were collected in a nonresonant pump–p
configuration and are shown in Fig. 4. The third-order m
surements were in perfect agreement with previous th
order measurements for CS2 at room temperature.34–36 The
pump–probe signals are heterodyne detected, and thus
response is linear in the signal field. A one-dimensional s
from the two-dimensional response, along with the thi
order response and the simulated parallel cascaded resp
Eq. ~1b!, are shown in Fig. 5. For this comparison the thir
order response has been squared to represent the homo
detected signal, which is quadratic in the signal field. N
that when all of the polarizations of the incoming beams
parallel,Rzzzzzz

(5) , the time dependence of the sequential c
caded responses along each of the two adjustable time
ables will be the same as the third-order response, Eq.~1a!.
Based on the clear difference between the time-depen
response of the measured two-dimensional signal and d
simulations of the third-order cascades, in particular,
time dependence alongt2 shown in Fig. 5, we exclude the
cascaded responses and assign the major feature in the s
to the direct fifth-order response. The direct fifth-order
sponse is peaked at (t2;60 fs,t4;110 fs) and rapidly de-
cays within the first 400 fs along both of the adjustable tim
variables.

The dependence of the two-dimensional signal on
intensity of the incoming fields was measured and found
be fifth-order in the total intensity of the five incoming field
within the range of intensities used in these experime
~data not shown!. While this measurement cannot be used
provide any discrimination between the cascaded and
fifth-order responses, since they both have the same de
dence on the intensity of the incoming fields, it does dem
strate that our measured signal does not originate from

l,
ur

FIG. 4. Third-order nonresonant pump–probe measurement of CS2 for two
arrangements of the polarizations of the incoming beams: the solid lin
Rzzzz

(3) , the dashed line isRzzmm
(3) . Note that these are heterodyne measu

ments, and thus the response is linear in the signal field.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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higher-order, for example seventh-order, process that c
also be emitted along the same phase matched direction.
important to exclude seventh-order signals since they do
require the same intrinsic nonlinearity in the response tha
required by the fifth-order response. Therefore, they can
be excluded simply by suggesting that the higher-order p
cess should produce a much weaker signal.29

In addition to the direct fifth-order response there is a
a very weak response at longer times alongt2 in Fig. 3 that
is very asymmetric in its time-dependent response along
two adjustable time variables. The three-dimensional~3-D!
mesh plot in Fig. 3 demonstrates how small this additio
feature is compared with the dominant feature in the signa
earlier times. The asymmetry in the response of this ad
tional feature, the signal decay is much slower alongt2 than
t4 , is similar to the time dependence of the parallel casc
response; see Ref. 26. For the reasons discussed in Re
such an asymmetric response is not consistent with the d
fifth-order response. Table II shows that, of the two types
cascaded responses, parallel and sequential, the paralle
cade intermediates are much better phase matched. T
fore, any underlying cascaded contribution to the sig
should be dominated by the parallel cascade responses
very small asymmetric contribution, which is most appar
in the two-dimensional contour plot in Fig. 3 att2.400 fs,
could involve either the parallel cascaded signal alone o
cross-term between the direct fifth-order response and
parallel cascade response. It has been previously pointed
that, under perfect phase matching conditions, the sig
field from the direct fifth-order response and the signal fi
from the cascaded responses will be phase shifted by
with respect to each other, thus eliminating any cross-te
between the two signals.29 However, the deviation from per
fect phase matching, Table II, will produce phase rotation
the signals and allow for a nonzero cross-term.

A more detailed analysis of the signal field expressio

FIG. 5. A comparison of the one-dimensional slice from the tw
dimensional response shown in Fig. 3 with the third-order response an
parallel cascaded response. The solid line is a slice alongt2 for t4

5120 fs from the spectrum in Fig. 3. The line with the ‘‘1’’ markers is the
third-order response. The line with the ‘‘s’’ markers is the simulated par-
allel cascaded response.
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including the total phase matching factors for the casca
processes and a greater understanding of the proper de
tion for the number density of intermolecular chromophor
will be required to determine whether the small addition
signal in the response in Fig. 3 is the result of a cross-term
the cascaded process alone. This work is currently under
in our laboratory and will be published in a subseque
article.31 In addition to identifying the origin of the smal
additional signal, the results should also provide quantita
information concerning the ratio for the magnitude of t
third- to fifth-order response functions. Presently we will f
cus on the dominant feature in the signal, which we attrib
to the direct fifth-order response.

Figure 6 shows the two-dimensional signal taken w
the polarization of the first two interacting pulses rotat
54.7°~the magic angle,m! relative to the final three interact
ing pulses and the signal polarization,Rzzzzmm

(5) . The two-
dimensional response is similar to that in Fig. 3 forRzzzzzz

(5) ,
and peaked near the same position. The decay along ea
the two time variables is slower than in theRzzzzzz

(5) signal;
however, the time dependence is still qualitatively differe
than simulations of the cascaded responses for this se
polarizations of the incoming beams~not shown! from the

he

FIG. 6. ~a! The measured two-dimensional fifth-order spectrum for CS2 at
room temperature with two of the polarizations of the incoming beams s
the magic angle,m554.7°, Rzzzzmm

(5) . ~b! A one-dimensional diagonal slice
from theRzzzzmm

(5) spectrum.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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third-order measurements shown in Fig. 4. The fact that
measured time-dependent response is not consistent
the time dependence of the cascaded responses lea
the conclusion that the signal originates from the dir
fifth-order response. In addition, the small asymmetric co
ponent that appears in theRzzzzzz

(5) signal is not found in the
Rzzzzmm

(5) signal. As explained in the discussion sectio

the Rzzzzmm
(5) tensor element was chosen specifically to

tempt to remove the small component related to the mi
parallel cascaded contributions in theRzzzzzz

(5) signal.

IV. DISCUSSION

The origin of the electronically nonresonant fifth-ord
signal has been previously discussed in detail.1,2,4,13,18–20,24

The dynamical information is contained in the time doma
response function, which for the two-dimensional signal c
be expressed in terms of the polarizability operator as

R~5!~t2 ,t4!52
1

\2 ^†@â~t21t4!,â~t2!#,â~0!‡req&.

~9!

The response functions can be expressed in terms o
ordinates,Qj , by Taylor expanding the polarizability opera
tor,

a~ t !5a01(
j

a j
~1!Qj~ t !1

1

2 (
jk

a j ,k
~2!Qj~ t !Qk~ t !1¯ ,

~10!

where a (n) is the nth derivative of the polarizability with
respect to the coordinates. As mentioned in the Introduct
generation of the fifth-order signal requires nonlinearity
the form of either vibrational anharmonicity, AN, or nonlin
earity in the polarizability, NP. In other words, if one mak
the common assumption~Placzek approximation! that the
polarizability is linear in the coordinates, truncating Eq.~10!
at the first term, and one assumes the vibrational potentia
be harmonic in the coordinates, Eq.~9! becomes zero. This
demonstrates that the presence of at least one of these
sources of nonlinearity, AN or NP, between the basis nuc
motions, is necessary to generate a fifth-order signal.
response is then a sum of the two potential contributions

R~5!~t2 ,t4!5R~5!,AN~t2 ,t4!1R~5!,NP~t2 ,t4!. ~11!

The anharmonic response is derived from inclusion
the cubic anharmonicity in the vibrational potential,

V>
1

2 (
j

kjQj
21

1

3! (i jk gi jk
~3!QiQjQk . ~12!

In this expressiongi jk
(3) is the magnitude of the cubic anha

monicity. The resulting fifth-order response function can
expressed in terms of two-point coordinate correlat
functions,1,4,24 Gj (t)[2( i /2)^@Qj (t),Qj (0)#&,
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R~5!,AN~t2 ,t4!}(
i jk

gi jk
~3!a i

~1!a j
~1!ak

~1!

3E
0

`

dt Gi~t42t!Gj~t!Gk~t22t!.

~13!

The nonlinear polarizability response is generated by
clusion of the second term in the Taylor expansion of
polarizability, Eq.~10!, and it can also be expressed in term
of two-point coordinate correlation functions,Gj (t),

R~5!,NP~t2 ,t4!}(
i j

@a i j
~2!a i

~1!a j
~1!Gi~t4!Gj~t21t4!

1a i
~1!a i j

~2!a j
~1!Gi~t4!Gj~t2!#. ~14!

A comparison of these two expressions for the fifth-ord
response, Eqs.~13! and ~14!, with the expression for the
third-order response, Eq.~15!,

R~3!~ t !5(
j

a j
~1!a j

~1!Gj~ t !, ~15!

makes it tempting to use the measured third-order respo
to determine a set of Raman active modes,a j

(1)a j
(1)Gj (t),

used to describe the intermolecular motions in the sign
This set of modes could then be used in Eqs.~13! and~14! to
simulate the fifth-order response, leaving the cubic anhar
nicity, gi jk

(3) , and the nonlinearity in the polarizability,a i j
(2) ,

as adjustable parameters to be determined by fitting the m
sured fifth-order signal.

However, since the intermolecular spectrum is not
solved, fitting the third-order data requires the collection
the thousands of intermolecular nuclear modes into gene
ized time scales, for example, Brownian oscillators.30 In or-
der for the measured third-order response to be used
basis for fitting the fifth-order response, an important
sumption must be made concerning the generalized osc
tors. In the case of anharmonicity, Eq.~13!, one must assume
that gi jk

(3) for all of the modes within each generalized osc
lator are the same. For the case of nonlinear polarizabi
Eq. ~14!, one must assume thata i j

(2) is the same for all of the
modes within each generalized oscillator. We find noa pri-
ori reason that either of these assumptions is reasonabl
fact, Murry et al. have used instantaneous normal mode c
culations, INM, to demonstrate that in the case of the n
linear polarizability model the assumption cannot be ma
for the intermolecular motions in CS2.

37 The fact that the
third-order response cannot be used as a basis for fitting
fifth-order data when measuring intermolecular motions w
recently pointed out by Fourkas and co-workers, and t
important point was not yet fully appreciated at the time
much of the previous work.22,37

Since the fifth-order signals cannot be constructed fr
lower-order measurements, we will need to rely on simu
tions to help interpret the results. INM calculations by Fou
kas and co-workers have found that the fifth-order respo
should, on average, be distributed into higher-freque
components of the intermolecular motions as compared w
the third-order response.22 The comparison of our measure
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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third- and fifth-order responses in Fig. 5 shows that our m
sured fifth-order response is much faster than the third-o
response, in good qualitative agreement with a larger rela
weighting for higher-frequency motions, as predicted by
simulations.

Using INM and QNM ~quenched normal mode! meth-
ods, Saito and Ohmine have generated the only simulat
of the complete two-dimensional fifth-order response
CS2.

18,38 The simulations explicitly consider the nonline
polarizability coupling, Eq.~14!, and a comparison of the
mesh plot of our data in Fig. 3 to the simulation in Fig. 7~b!
of Ref. 18 demonstrates good agreement between the
and the simulation. Note the difference in convention
labeling of the time axes; we have labeled the two adjusta
time variablest2 and t4 , while Saito and Ohmine have la
beled the same two time variablest1 andt2 . Both responses
peak at nearly the same location, and the time depend
along each of the two time variables is in good agreeme

One noticeable difference between our data and Fig. 7~b!
of Ref. 18 is the small ridge that appears in the simulat
along the time diagonal,t15t2 . This ridge is an indication of
the degree of inhomogeneity in the response on the t
scale of the measurement.1,4,18 The rephasing capability o
the system reflected along the diagonal of the tw
dimensional response will be discussed further below. In F
7~b! of Ref. 18 the only coupling mechanism considered w
the coupling of modes through an interaction with the la
fields involving the second derivative of the polarizabilit
a i j

(2)( iÞ j ) in Eqs. ~10! and ~14!, referred to as the ‘‘mode
mixing’’ term by Saito and Ohmine. When the authors add
vibrational relaxation to the intermolecular modes in t
form of the Brownian oscillator model, the diagonal ridg
disappears from the simulation, Fig. 11~b! of Ref. 18. The
resulting simulation is in excellent agreement with our m
sured data that does not contain evidence of a diagonal ri
The Brownian oscillator model provides a model for vibr
tional relaxation via linear coupling of a given mode to t
environment, which is modeled as a harmonic oscilla
However, the environment in this case is the very set
intermolecular motions under consideration. Thus, the in
duction of vibrational relaxation by coupling to the enviro
ment is an introduction of coupling between the harmo
intermolecular modes. As a result, the physical basis of
coupling can be thought of as anharmonic coupling betw
the intermolecular modes. The agreement between Fig. 1~b!
of Ref. 18 and our data, including the absence of the dia
nal ridge in our data, provides direct evidence that the c
pling between the intermolecular motions is not only me
ated through the field-matter interaction, but there is a
significant anharmonic coupling between the intermolecu
motions in liquid CS2.

We also note the small degree of participation in t
fifth-order response from the longer time scale motions
sociated with diffusive reorientation. Even though these m
tions are not included in the INM/QNM calculations there
still excellent agreement between the simulations and
data. Diffusive reorientation is reflected in the third-ord
response fort.400 fs, Fig. 4. A comparison of the third
and fifth-order responses demonstrates that the diffu
Downloaded 08 Mar 2005 to 128.59.115.145. Redistribution subject to AI
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components are almost completely absent from the fi
order signal. The clear difference in the degree to which
diffusive reorientational motions participate in the third- a
fifth-order responses again highlights the inability to use
third-order response as a basis for simulation of the fif
order response. However, the relative success of our in
comparison between the data and the simulations sugg
that a more detailed comparison of the experimental res
with simulations will prove fruitful.

Figure 6 shows the two-dimensional signal for the ten
element with the polarizations of the first two interactin
pulses rotated to the magic angle, 54.7°,Rzzzzmm

(5) . The re-
sponse is similar to that of theRzzzzzz

(5) tensor; however, there
are several notable differences. The small asymmetric c
ponent at long times alongt2 in the Rzzzzzz

(5) signal is not
apparent in theRzzzzmm

(5) signal. As mentioned in the result
section, we attribute this small feature to a signal that
volves the parallel cascaded response, either the parallel
caded signal alone or a cross-term between the direct fi
order response and the parallel cascaded response.
absence of this feature in theRzzzzmm

(5) data demonstrates tha
the ratio of the direct fifth-order signal to the cascaded s
nals is larger for the case with the first two pulses set to
magic angle. The cascaded signals involve products of
third-order responses, Eq.~1!, and the large decrease in th
magnitude of the third-order response betweenRzzzz

(3) and
Rzzmm

(3) , Fig. 4, means that the resulting parallel cascad
signals will be substantially reduced forRzzzzmm

(5) . At early
time the signal will be reduced by at least a factor of 10, a
at later times the reduction will be even greater since
isotropic Rzzmm

(3) response does not contain the longer tim
scale responses associated with anisotropic diffus
motions.39 On the other hand, INM calculations of Fourka
and co-workers suggest that the magnitude of the direct fi
order response will not decrease significantly when go
from Rzzzzzz

(5) to Rzzzzmm
(5) .22 It should also be noted that whil

theRzzmm
(3) response only probes the isotropic motion and th

excludes diffusive motions, theRzzzzmm
(5) response does no

isolate the isotropic motions, and, therefore, does not excl
the diffusive motions based on symmetry consideratio
alone.21,40 As a result, theRzzzzmm

(5) signal appears to be fre
of even the small level of contamination from the cascad
responses found in theRzzzzzz

(5) data.
Another difference between theRzzzzmm

(5) data and the
Rzzzzzz

(5) data, is that the relative intensity along the time dia
onal, t25t4 , is enhanced in theRzzzzmm

(5) data, and the re-
sponse extends to longer times alongt25t4 . The time de-
pendence along the time diagonal is an indication of
ability of the system to rephase.1 A greater echolike contri-
bution in theRzzzzmm

(5) signal compared with theRzzzzzz
(5) data

might be an indication that theRzzzzmm
(5) tensor provides a

greater weighting for Liouville pathways that can repha
Both Fourkas and co-workers21,22 and Saito and Ohmine18

have discussed the fact that theRzzzzzz
(5) tensor will weight all

Liouville pathways equally and, as a result, should n
strongly reflect the rephasing ability of the system. T
reader is directed to Refs. 18, 21 and 22 for more deta
discussions.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The time dependence along the time diagonal
Rzzzzmm

(5) is shown in Fig. 6. The signal decays rapidly beyo
100 fs and is almost completely gone by 400 fs. Therefo
even though theRzzzzmm

(5) response retains the rephasing ab
ity for a longer time than theRzzzzzz

(5) response, the rephasin
ability is still lost very rapidly. The measurement demo
strates that the intermolecular motions maintain a cohe
memory of their frequency for less than 400 fs. Since t
time scale is directly comparable to, or faster than, the t
scales associated with the intermolecular motions, 0–
cm21, this measurement is a direct indication that the int
molecular spectrum of liquid CS2 at room temperature is
essentially homogeneous. As discussed above, the com
son between the simulatedRzzzzzz

(5) response and our measure
Rzzzzzz

(5) data indicated that the coupling between the interm
lecular motions that is responsible for the rapid loss
rephasing ability is an intrinsic, or anharmonic, coupling th
does not involve the coupling induced by the light mat
interactions. The conclusion that the intermolecular spect
is well described as homogeneous is in contrast to the c
clusions inferred from third-order measurements on bin
mixtures of CS2 and alkane solvents.35

V. CONCLUSION

In our previous work we demonstrated that all previo
measurements of the electronically nonresonant fifth-or
response for the intermolecular motions in liquid CS2 were
dominated by third-order cascaded responses.26 Here we
have shown that phase matching can be used to provide
nificant discrimination against the cascaded responses
lowing the direct fifth-order signal to be measured. We ha
also demonstrated that the tensoral nature of the respons
be used to provide additional discrimination against the c
caded contributions. We are currently investigating the t
soral nature of the response in depth, and this work w
appear in a forthcoming manuscript.31 From our data we con
clude that the intermolecular spectrum of CS2 at room tem-
perature is well described as homogeneous. Our data s
good agreement with INM/QNM simulations. The agreem
between the data and simulations is promising, and it can
be over emphasized that simulation work and theoret
modeling will be essential to the success of the techni
since measured lower-~third-! order data cannot be used as
basis for the interpretation of the fifth-order data. We ho
measurements reported here will provide incentive for
proved simulations and modeling and stimulate further
provement of the experimental technique, so that the prom
of 2D spectroscopy for the study of liquid dynamics is re
ized.
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