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In this paper we report the measurement of the direct fifth-order electronically nonresonant
intermolecular response from liquid €&t 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 Physl11, 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 Cgat room temperature is well described as homogenous. Comparisons of the
data to simulations are discussed. 2000 American Institute of PhysigS0021-9606)0)00625-5

I. INTRODUCTION der nonresonant Raman signals that are typically dominated
. . . by responses that are linear in the polarizability and lacking
The extensmp of t|me—.doma|n r)onresongnt Ramari1n sensitivity to the mechanical anharmonicity. The require-
spectroggopy to fifth-order with t\.NO adjustable time delaysments for the generation of the direct fifth-order signal also
was originally proposed by Tanimura and Mukamel as

" e the h d inh 4nean that the signal intensities will be significantly dimin-
means 1o separate né nomogeneous and INNOMogeneqyz, compared with signals that have no such requirements.

contributions to vibrational line shapé$ollowing its incep- As a result, signals from cascading lower-order processes
tion, the technique received considerable attention both the%’an becomé competitive with, or even substantially larger
retically and experimentall§-2° The experiment involves an ’

initial R itati £ th tom by t itrafast | than, the desired signal from the direct process.
initial kaman excitation ot tne system by two uftratast faser - yq paye recently demonstrated experimentally that the

pulses leading to a superposition state. After the first tim reviously measured fifth-order nonresonant Raman signals
delay a second set of pulses coherently transfers the systgiy,, o5 ‘are dominated by cascading third-order sigrals.

tp a second §uperp05|t|.on state, and following the SECONG, this manuscript we show that by using an appropriately
time delay a final pulse interrogates the system via a stimuzy ocen phase matching geometry it is possible to provide

lated Raman scattering event. This sequence of events Lubstantial discrimination against the cascaded signals and

shq_wn schematically with a ladder diagram n Fig. 1. Themeasure the direct fifth-order Raman signals generated by
ability to separate the homogeneous and mhomogeneou.hsie intermolecular motions in GS
e

contributions to line shapes comes from the potential for th
two superposition states to appear as complex conjugath EXPERIMENT

with nearly equal and opposite time evolution frequenties.

The result is a rephasing event analogous to that found iA. Experimental setup

electronic echo spectroscopy, which can remove the inhomo- 5 regeneratively amplified Titanium Sapphire laser sys-

geneous contribution to the electronic line sh%Fpe._ tem provided 25uJ/pulse, 42(fs) femtosecond Gaussian,
Shortly after the initial proposal, it was realized that, q,| width at half of maximum intensity 800 nm pulses at a
beyond the ability to separate homogeneous and inhomogeaetition rate 1.5 kH2 The pulse duration was determined
neous contributions to the line shape, the technique also hag, ot_axis autocorrelations in a 150m BBO crystal. The
the potential to probe the coupling between nuclear mOtiO”Sregenerative amplifier was pumped by a Q-switched, diode-

Ge.nerati.on of the.fifth—_ord.er non(esonant Raman signal repumped Nd:YAG(LightWave Electronicswith shot-to-shot
quires either nonlinearity in the field—matter interaction Oroot-mean-squared intensity fluctuations at 532 nm of

anharmonicity in the mechanical potenttdf It is this re- g 5o, leading to very small power fluctuations at our

quirement that provides the potential for the technique t%ample. Following attenuation of the power, the pulse was
reveal the couplings between the basis modes that descriRg)ii into five pulses of nearly equal intensity, 2+ per

the nuclear motions. The inherent dependence of the sign% Ise per beam. The five beams were timed mechanically
on either the nonlinearity in the polarizability or the anhar- 5,4 the relative polarization of each beam was individually

monicity in the mechanical potential means that the teChadjusted using a/2 wave plate. The two adjustable time

nique is an exquisitely sensitive probe of one or both of thesgrjaples were swept using mechanical translation stages
nonlinearities. This is compared with the lowethird-) or- with stepping resolution of 0.Jum (Newpor). The five

beams were focused into a 1.0 mm sample cell containing
dElectronic mail: grleming@Ibl.gov CS, at room temperature using a 28.9 cm focal length singlet
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T, Ty TABLE I. Beam angles. These are the angles of the incoming beathis
a) ¢ > < > the liquid CS samplefor the geometry shown in Fig. 2. Theta is the azi-

Akl Aka A k, muthal angle measured counterclockwise from the positiaris and phi is

the elevation from the (propagatioh axis. All angles are in degrees.

_/,\l_<2 ./\.k“ i :k‘ . Beam Theta Phi
T T H g

0 T T, 1 ~22.0 1.8
2 ~154.6 1.6
b)) A A’ A 3 -133.7 0.9
. : 4 ~40.3 0.1
.l 5 158.2 2.4
1
- Ly
b | |
a T T T
0 T, T, 7T,

in a second third-order scattering event on a separate chro-
FIG. 1. () Diagram showing the pulse sequence and the labels for thenophore. The first step for these two cascades are defined by
adjustable time variables for the fifth-order experimght.Ladder diagram  the wave vector&k 1= kl_ k2+ k5 andk o=— k3+ k4+ k5,
showing one of the Liouville pathways. The solid lines represent a ket sideand we will referpto these cascades F;S parallel. The time-

interaction and the dashed lines represent a bra side interaction. The Wa\al .

line is the stimulated emission of the signal. ependent responses for both types of cascades, in terms of
the third-order response functions, are shown in Eda)
and (1b):

lens. The fifth-order signal was generated in a unique direc-

i i i i ' 3)? 5 3 3

tion, as discussed in _the phase matchlng section below. An Rﬁm)ﬂkji,sequentia? Rge)q( 72:74):R5ﬂ<)ji(72)Rfm)qlg( 74)

iris was used to spatially select the signal, which was then

detected using an IR extended photomultiplier tube + R ()R (72),

(Hamamatsu, R636-10The very low intensity of the signal (1a)

required that a tracer pulse be sent along the signal direction

for the purpose _of ahg_nlng the spatial selectloq of the signal. 372 RO 7, 1) =R (1,4 7R ()

One of the five incoming beams was mechanically chopped nmlkji,parallel™ "part 12> 74 omjit 727" 74/ Bnolkl 14

at half the laser repetition rate, and the signal was collected n Rffgn)nk( 74) Rf},)ji(rfr 74).

using lock-in amplification at the chopping frequency. b
B. Phase matching considerations The subscripts,—n, refer to the relative polarizations of the
We have previously demonstrated that, for the intermoincoming laser fields and the signal field. By convention the
lecular motions in liquid Cg cascading third-order re- time ordering of the interactions labeled by the subscripts
sponses are much larger in magnitude than the direct fifthreads from right to left beginning with the first interaction
order respons® In this manuscript we demonstrate how pulse and ending with the emitted signal.
phase matching considerations can be used to discriminate The phase matching factor is typically expressed as
against the cascaded responses, and since phase matchsimic(Akl/2), whereAk is the difference between the incom-
will provide the key to detection of the direct fifth-order ing wave vectors and the signal wave vector aiglthe path
signal we will discuss this issue in some detail. Both thelength through the sampf8.One of the assumptions re-
direct and cascaded scattering processes generate a siggalred to obtain the sin&(kl/2) term in the final expression
along the same phase matched direction. However, it is poss that the incoming beams are propagating colinearly, i.e.,
sible to decrease the magnitude of the cascaded signals liyere is no variation in the product of the amplitudes of the
arranging the five incoming beams in a geometry that proincoming beams as a function of the distance along the
vides a significant phase mismatch for the first step of eackample,z. Although our incoming beams do approach the
cascaded process. sample at small angles from the normal of the sample face,
We measure the signal along the phase matched diresee Table I, there is still a significantdependence of the
tion kgs=k;—k,—ks+k,+ks. As previously discussed in amplitude product of the incoming beams within our 1 mm
detail, there are four possible third-order cascade processeample pathlength, as illustrated in Fig. 2. In our previous
that can generate a signal along this same phase matchpdper we made a limited attempt to account for the physical
direction?>2¢2°Two of the cascaded signals result in time- crossing of the incoming beams by using the calculated am-
dependent responses that are symmetric in the two adjustalpditude product to determine an effective pathlength that was
time variables. We will refer to these cascades as sequentiadubsequently used dsin the sincAkl/2) phase matching
with their first steps defined by the wave vectdts=k,  term?® Here we account for the physical crossing of the
—k,—k; andks,=k; —k,+k,. The field emitted by the first incoming beams, as it pertains to the degree of phase match-
step, a third-order scattering event, serves as one of the twng, in a more detailed manner.
fields involved as the pump step in a third-order process ona We start from the Maxwell equation for the amplitude of
different chromophore. In the other two cascade processebe signal field using the-order induced polarization as the
the field emitted in the first step participates as a probe fieldource term,
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a) TABLE II. Phase matching factors. These are the phase matching factors,
calculated from Eq(8), for the total fifth-order process and the four possible
PY o . cascade intermediates for the geometry of incoming beams shown in Fig. 2
5 81gna1 with the angles listed in Table I.
[ I ] [ I ]
2 3 41 Wave vector F |F|?
b) Direct signal:k, —k,—ks+ks+ ks 0.7335-0.4703 0.759
sample cell Sequential intermediatéc, —k, —kj 0.0024-0.0334 0.001
L4r boundary Sequential intermediaté; —k,+ Ky 0.0024+0.0334 0.001
19 Parallel intermediatek, —k,+ ks 0.0002-0.0469 0.002

Parallel intermediate:- ks +k,+ ks 0.0022-0.0898 0.008

—

We define the integral over as the phase matching
factor, F(". Figure 2b) shows the calculated amplitude
product of the five incoming fields(™(z), integrated over
the two dimensions orthogonal i for the employed beam

S =~
B o

ossing amplitude / arb. units
(=]
)

Cr

0.2} \N__ geometry illustrated in Fig. (2). The z dependence of the
¢ : spatial overlap between the incoming beams is well repre-
- -0.5 0 0.5 1 . C
distance from center of sample / mm sented by a Gaussian distribution centereg| ahown as the

_ _ , N o ~solid line in Fig. Zb). Using a Gaussian distribution to rep-
EIG. 2. (a Dlagr_am showmg the relative positions of the flvg incoming resenta(”)(z), the phase matching factor becomes
eams and the signal in they plane orthogonal to the propagation axs,
(b) The open circles are the calculated amplitude product for the five incom- |
ing beams as a function of the propagation axisThe solid line is a fit to E(M = f dzexd — b2(z— d)Z]exm Ak-2), (6)
the calculated distribution using a Gaussian distribution with a FWHM 0

=0.712mm. . . o
m with d equal to the displacement of the distribution along

z(d=3) andb expressed in terms of the full width at half-
maximum of the distribution, FWHM,
VXV X[e"(r,t)expikey )]

,  4In(2) .
202 | 4l ~ (FWHM)? “
——7 &g (r,t)expikg - r)=—3—Ps"(1) ) ) ]
c c The integral can be solved analytically to give the phase
X expl(ike; 1), ) matching factor,
wherekg, is the combination of incoming wave vectors and F<”>=£ex i Akl AK? el 2, TAK
ks, is the wave vector of the generated field. One finds a 2b 2 4p? 2 2b
solution of the form° .
2 Efb|+|Ak bl) (8)
. —Erfl =+ —— .
sz dz PV(t,2)exp(i Ak-2), (3 2 2b

eV (t)=27i ”
s2 In the experiments presented here we have measured the
with Ak=kg —Ks,. Then-order induced polarization can be intensity of the signal field,e |, and therefore the intensi-
expressed in terms of theorder response functio®(™, ties of the signals are proport(i?nal to the modulus squared of
n _ n n the phase matching factorg; (W|?. Using Eq.(8) we have
PM(ty,... tnz-1),2) =NAM(2)R' )(tl""’t(”’z‘l))’(4) found an optimized geomdiry |for the five incoming beams
. that minimizes|F®)|? for the four cascade intermediates
whereA(™(2) refers to the-dependent amplitude product of \yhjle maximizing [F®)|2 for the total fifth-order process.
then incoming fieldsz1(2) £2(2)---en(2), andNis the num- The vajues ofF(M|2 are shown in Table Il and the geometry
ber density. . ~ for the incoming beams is shown in Fig. 2 with the angles for
Expressing A(z) as the normalized spatial each beam in the sample listed in Table I. Note that the
zdependent overlap of theincoming beamsa(™(2), times  |F(3)|2 values only represent the degree of phase matching
the magnitude of the product of tilincoming beams when  for the intermediate steps in the cascaded processes. The
perfectly overlappedA™, the signal field amplitude be- tota| cascaded processes requires additional consideration of

comes the generated intermediate field along the length of the
wg sample when calculating the phase matching factor for the
s(s”)(tl,...,t(n,z,l))=27-ri koC? NAM second step in the cascade. While here we have not calcu-

S.

lated the phase matching factor for the total cascaded pro-

[ cesses, the product of the intermedikfé®)|? value and the
><R(n)(tL---"‘<n/271>)J0(’|Z direct|[F®)|2 value in Table Il represents an upper limit for
the magnitude of the phase matching factor for the total cas-
xaM(z)exp(i Ak-z). (5) caded processes. The effect of the crossing distribution be-
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FIG. 4. Third-order nonresonant pump—probe measurement pfaC8vo
arrangements of the polarizations of the incoming beams: the solid line is
R() . the dashed line iR . Note that these are heterodyne measure-
ments, and thus the response is linear in the signal field.

dimensional responses{>0,7,>0). We will address the
R SR S response allong the time axes in greater detail in a future
0 200 400 600 800 oo  Mmanuscript . N _
T /fs For a comparison of the two-dimensional spectra with
2 both the cascaded and the third-order responses, the third-
FIG. 3. The measured two-dimensional fifth-order response fortom  Order responses were collected in a nonresonant pump—probe
temperature with the polarizations of all of the incoming beams set parallelconfiguration and are shown in Fig. 4. The third-order mea-
Rg‘?m? The m(_—:-sh plot is the three-dimensional representation of the contousyrements were in perfect agreement with previous third-
Fik;t thlh tt;e ridges along,=0 and7,=0 truncated:r,=30-600 fs, 7, order measurements for ¢4t room temperatur%‘.‘% The
~95-400%s. pump—probe signals are heterodyne detected, and thus the
response is linear in the signal field. A one-dimensional slice
tween the emitted intermediate cascade field and the remaiffom the two-dimensional response, along with the third-
ing two incoming beams, along with the distance dependenc@rder response and _the _S|mulated p_arallel ca;caded response,
of the intermediate field amplitude along the length of theEd- (1b), are shown in Fig. 5. For this comparison the third-
sample, will serve to decrease the total phase matching fact@fder response has been squared to represent the homodyne
for the cascaded processes. The total phase matching for tgtected signal, which is quadratic in the signal field. Note
cascaded processes will be addressed in more detail in 4fat when all of the polarizations of the incoming beams are

upcoming manuscript: parallel, (3., the time dependence of the sequential cas-
caded responses along each of the two adjustable time vari-
Il RESULTS ables will be the same as the third-order response (E).

Based on the clear difference between the time-dependent

Figure 3 shows the two-dimensional time domain re-response of the measured two-dimensional signal and direct
sponse for Cgat room temperature collected using the phasesimulations of the third-order cascades, in particular, the
matching geometry shown in Fig. 2 with the polarization oftime dependence along, shown in Fig. 5, we exclude the
all the incoming beams set parall&(3),,,, The response is cascaded responses and assign the major feature in the signal
qualitatively different from the previously reported fifth- to the direct fifth-order response. The direct fifth-order re-
order signals for Cg>811121418yhich were attributed to  sponse is peaked at{~60fs,7;~110fs) and rapidly de-
the cascaded respons8sThere is a large ridge along,  cays within the first 400 fs along both of the adjustable time
=0 and a large response at the time origin where all fivevariables.
of the incoming pulses overlap in time, both of which are  The dependence of the two-dimensional signal on the
shown to go off scale in the contour plot displayed in Fig.intensity of the incoming fields was measured and found to
3. There is also a weak ridge along=0 that decays be fifth-order in the total intensity of the five incoming fields
very slowly. When one of the adjustable time variables iswithin the range of intensities used in these experiments
equal to zero, there may be contributions to the signaldata not shown While this measurement cannot be used to
from one-dimensional fifth-order hyperpolarizability re- provide any discrimination between the cascaded and true
sponses? In addition, alongr,=0 there can be contribu- fifth-order responses, since they both have the same depen-
tions from the direct response that reflect population relaxdence on the intensity of the incoming fields, it does demon-
ation dynamics?33In this manuscript we focus on the two- strate that our measured signal does not originate from a
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FIG. 5. A comparison of the one-dimensional slice from the two-
dimensional response shown in Fig. 3 with the third-order response and the
parallel cascaded response. The solid line is a slice alondor 7,

=120 fs from the spectrum in Fig. 3. The line with the-* markers is the
third-order response. The line with theJ” markers is the simulated par-
allel cascaded response.

60

higher-order, for example seventh-order, process that could 407
also be emitted along the same phase matched direction. It is
important to exclude seventh-order signals since they do not 20t
require the same intrinsic nonlinearity in the response that is
required by the fifth-order response. Therefore, they cannot ol .
be excluded simply by suggesting that the higher-order pro- 0 200 o ‘}%2 600 800
cess should produce a much weaker signal. 774
In addition to the direct fifth-order response there is alsorg, 6. () The measured two-dimensional fifth-order spectrum fop &S
a very weak response at longer times alendn Fig. 3 that  room temperature with two of the polarizations of the incoming beams set at
is very asymmetric in its time-dependent response along thtse magic anglem=54.7°, R3),., (b) A one-dimensional diagonal slice
two adjustable time variables. The three-dimensidBaD)  from theR{),qspectrum.
mesh plot in Fig. 3 demonstrates how small this additional
feature is compared with the dominant feature in the signal at
earlier times. The asymmetry in the response of this addiincluding the total phase matching factors for the cascaded
tional feature, the signal decay is much slower alepghan  processes and a greater understanding of the proper defini-
74, is similar to the time dependence of the parallel cascadéion for the number density of intermolecular chromophores,
response; see Ref. 26. For the reasons discussed in Ref. 28]l be required to determine whether the small additional
such an asymmetric response is not consistent with the direstgnal in the response in Fig. 3 is the result of a cross-term or
fifth-order response. Table Il shows that, of the two types othe cascaded process alone. This work is currently underway
cascaded responses, parallel and sequential, the parallel cés-our laboratory and will be published in a subsequent
cade intermediates are much better phase matched. Thewsticle®® In addition to identifying the origin of the small
fore, any underlying cascaded contribution to the signapdditional signal, the results should also provide quantitative
should be dominated by the parallel cascade responses. Thdormation concerning the ratio for the magnitude of the
very small asymmetric contribution, which is most apparenthird- to fifth-order response functions. Presently we will fo-
in the two-dimensional contour plot in Fig. 3 @>400fs,  cus on the dominant feature in the signal, which we attribute
could involve either the parallel cascaded signal alone or 0 the direct fifth-order response.
cross-term between the direct fifth-order response and the Figure 6 shows the two-dimensional signal taken with
parallel cascade response. It has been previously pointed oifite polarization of the first two interacting pulses rotated
that, under perfect phase matching conditions, the signd#4.7°(the magic anglem) relative to the final three interact-
field from the direct fifth-order response and the signal fielding pulses and the signal polarizatioR{3,, The two-
from the cascaded responses will be phase shifted by 9afimensional response is similar to that in Fig. 3 RE),,,
with respect to each other, thus eliminating any cross-ternand peaked near the same position. The decay along each of
between the two signafS.However, the deviation from per- the two time variables is slower than in tiRs>),,,signal;
fect phase matching, Table Il, will produce phase rotation irhowever, the time dependence is still qualitatively different
the signals and allow for a nonzero cross-term. than simulations of the cascaded responses for this set of
A more detailed analysis of the signal field expressionspolarizations of the incoming beanisot shown from the

intensity / arb. units

Downloaded 08 Mar 2005 to 128.59.115.145. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



776 J. Chem. Phys., Vol. 113, No. 2, 8 July 2000 Blank, Kaufman, and Fleming

third-order measurements shown in Fig. 4. The fact that the

measured time-dependent response is not consistent with R(5)'AN(72,T4)°<; ggj?afl)afl)a(kl)

the time dependence of the cascaded responses leads to !

the conclusion that the signal originates from the direct o

fifth-order response. In addition, the small asymmetric com- X jo d7Gi(74—7)Gj(7)Gi(72— 7).
ponent that appears in t&>),,, signal is not found in the

R®)_ signal. As explained in the discussion section, (13)

Zzzzmm
the R()_ tensor element was chosen specifically to at-  The nonlinear polarizability response is generated by in-
tempt to remove the small component related to the minoglusion of the second term in the Taylor expansion of the

Zzzzmm
parallel cascaded contributions in tﬁé‘r})zzzzSignal- polarizability, Eq.(10), and it can also be expressed in terms
of two-point coordinate correlation functiong,(t),

IV. DISCUSSION RONP( 72, T4)°Ci2j [ai(jZ)“i(l)aj(DGi( 74)Gj( T2+ 74)

The origin of the electronically nonresonant fifth-order +aVal? aVGi(74)Gj(2)]. (14)

signal has been previously discussed in détaff1318-20.24 A . f these t ons for the fifth-ord
The dynamical information is contained in the time domain comparison of these two expressions for the fitth-order

response function, which for the two-dimensional signal car{re].sgonze’ Eqs13) ang (1;'))’ with the expression for the
be expressed in terms of the polarizability operator as ird-order response, Eq15),

1 ROM)=2 aiMalPGj(1), (15)

R (75,74)=— 72 ([[a(rot 74),@(72)],@(0)]peg- .

9) makes it tempting to use the measured third-order response
to determine a set of Raman active mode§)a{VG;(t),

The response functions can be expressed in terms of céised to describe the intermolecular motions in the signal.

ordinatesQ; , by Taylor expanding the polarizability opera- ThiS set of modes could then be used in HGS) and(14) to
tor, simulate the fifth-order response, leaving the cubic anharmo-

nicity, g{?, and the nonlinearity in the polarizability{>,
1 as adjustable parameters to be determined by fitting the mea-
a(t)=ag+ 2 aiVQj(t)+ > > aldQ()Qu(t)+---,  sured fifth-order signal.
J Ik However, since the intermolecular spectrum is not re-
(10 solved, fitting the third-order data requires the collection of

the thousands of intermolecular nuclear modes into general-

where oM is the nth derivative of the polarizability with . ) i :
. . . . _ized time scales, for example, Brownian oscillat®n or-
respect to the coordinates. As mentioned in the Introduction

. . . . . ... der for the measured third-order response to be used as a
generation of the fifth-order signal requires nonlinearity in, _ . - . .
. I - . basis for fitting the fifth-order response, an important as-
the form of either vibrational anharmonicity, AN, or nonlin- : ; i .
- o . sumption must be made concerning the generalized oscilla-
earity in the polarizability, NP. In other words, if one makes o
. D tors. In the case of anharmonicity, E@3), one must assume
the common assumptio(Placzek approximatignthat the (@) ¢ 211 of the modes within each generalized oscil-
polarizability is linear in the coordinates, truncating &t0) | torgg;e the same. For the case of nonlignear olarizabilit
at the first term, and one assumes the vibrational potential t 14 ¢ ' th fz)' th ¢ P Il of th Y,
be harmonic in the coordinates, E®) becomes zero. This q'é ), (.)tr;f mus hassumell aci IS _"etsarr\;s ?c.rz orthe
demonstrates that the presence of at least one of these pfgRaes within each generalized osciliator. Ve findanpri-

sources of nonlinearity, AN or NP, between the basis nucle n trel\e/llson tr;atlerl]ther of tf(\je_setanumptlons IS relasor:jable.l In
motions, is necessary to generate a fifth-order signal. Th ct, Murry €t al. have used instantaneous normal mode cal-

response is then a sum of the two potential contributions: c;ulatlons, ”.\IM’ 't.o demonstrate that in Fhe case of the non-
linear polarizability model the assumption cannot be made

for the intermolecular motions in GS’ The fact that the
third-order response cannot be used as a basis for fitting the
ffifth-order data when measuring intermolecular motions was
recently pointed out by Fourkas and co-workers, and this
important point was not yet fully appreciated at the time of
much of the previous worf>’
V= %2 kiQF+ %2 91 QiQ; Q- (12) Since the fifth-order signals cannot be constructed from
] K lower-order measurements, we will need to rely on simula-
tions to help interpret the results. INM calculations by Four-
In this expressiorgi(j3k) is the magnitude of the cubic anhar- kas and co-workers have found that the fifth-order response
monicity. The resulting fifth-order response function can beshould, on average, be distributed into higher-frequency
expressed in terms of two-point coordinate correlationcomponents of the intermolecular motions as compared with
functions?*** G, (t) = — (i/2)([Q;(t),Q;(0)]), the third-order respon$8.The comparison of our measured

R®(75,74) =REN(715,7,) + RN 7, 7). (11)

The anharmonic response is derived from inclusion o
the cubic anharmonicity in the vibrational potential,
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third- and fifth-order responses in Fig. 5 shows that our meacomponents are almost completely absent from the fifth-
sured fifth-order response is much faster than the third-ordesrder signal. The clear difference in the degree to which the
response, in good qualitative agreement with a larger relativdiffusive reorientational motions participate in the third- and
weighting for higher-frequency motions, as predicted by thefifth-order responses again highlights the inability to use the
simulations. third-order response as a basis for simulation of the fifth-
Using INM and QNM (quenched normal modgleneth-  order response. However, the relative success of our initial
ods, Saito and Ohmine have generated the only simulationsomparison between the data and the simulations suggests
of the complete two-dimensional fifth-order response forthat a more detailed comparison of the experimental results
CS,.*838 The simulations explicitly consider the nonlinear with simulations will prove fruitful.
polarizability coupling, Eq.(14), and a comparison of the Figure 6 shows the two-dimensional signal for the tensor
mesh plot of our data in Fig. 3 to the simulation in Figh)7  element with the polarizations of the first two interacting
of Ref. 18 demonstrates good agreement between the dagalses rotated to the magic angle, 54.R%) The re-

} - ; . . zZzzmm
and the simulation. Note the difference in convention forsponse is similar to that of th@gg)zzzztensor; however, there

labeling of the time axes; we have labeled the two adjustablgre several notable differences. The small asymmetric com-

beled the same two time variablgsandt,. Both responses  gpparent in theR(,, - signal. As mentioned in the results

peak at nearly the same location, and the time dependenG@ction, we attribute this small feature to a signal that in-
along each of the two time variables is in good agreement.o|yes the parallel cascaded response, either the parallel cas-
One noticeable difference between our data and Kty 7 caded signal alone or a cross-term between the direct fifth-
of Ref. 18 is the small ridge that appears in the simulation, qer response and the parallel cascaded response. The
along the time diagonal; =t,. This ridge is an indication of - ghgence of this feature in t3),, data demonstrates that

the degree of inhomoggrr;teligy in the response on the timg,q atio of the direct fifth-order signal to the cascaded sig-
scale of the measurement-= The rephasing capability of 55 is jarger for the case with the first two pulses set to the

the system reflected along the diagonal of the tWOy,54ic angle. The cascaded signals involve products of the

dimensional response will be discussed further below. In Figthird-order responses, E(L), and the large decrease in the

7(b) of Ref. 18 the only coupling mechanism considered Wasmagnitude of the third-order response betweéﬁ) and
the coupling of modes through an interaction with the laser ) z

: . . A I = Fig. 4 hat th Iti llel
fields involving the second derivative of the polarizability, sizzrrlnanlq,s WIIg” be’ gii?;n:iait tre?jur(e:ss t]:;g(:js)para Zt (;aas;lcaded
ai(jz)(i #]) in Egs.(10) and (14), referred to as the “mode- 9 y zzzzmm y

mixing” term by Saito and Ohmine. When the authors added“me the signal will be reduced by at least a factor of 10, and

. - . . . later tim he r ion will ven gr r sin h
vibrational relaxation to the intermolecular modes in the?t ater times the reductio be even greater since the

icR® i ime-
form of the Brownian oscillator model, the diagonal ridge Isotropic Ry, response does not contain the longer time

disappears from the simulation, Fig. (bl of Ref. 18. The scal_e r?,egsponses associated with anls_otroplc diffusive
. : T . motions?® On the other hand, INM calculations of Fourkas

resulting simulation is in excellent agreement with our mea- . : )

. . . .~ and co-workers suggest that the magnitude of the direct fifth-

sured data that does not contain evidence of a diagonal ridge.

The Brownian oscillator model provides a model for vibra- order response will not decrease significantly when going

(5) (5) 22 i
tional relaxation via linear coupling of a given mode to thefrom(F;)ZZZZZZtO Ry22zmm ™ It should a!so be poted .that while
theR response only probes the isotropic motion and thus

environment, which is modeled as a harmonic oscillator. Izdzmm diffusi : ) q
However, the environment in this case is the very set ofXcludes difiusive motions, thR;,;,;mmresponse does not

intermolecular motions under consideration. Thus, the introiS0late the isotropic motions, and, therefore, does not exclude

duction of vibrational relaxation by coupling to the environ- the diffusive motions based on symmetry considerations

X X ) : _ 21,40 (5) .
ment is an introduction of coupling between the harmonic2/ON€™""" As a result, theR;,mySignal appears to be free

intermolecular modes. As a result, the physical basis of thi@f €ven the small Ievel(g)f contamination from the cascaded
coupling can be thought of as anharmonic coupling betweefSPonses found in the;;;,, data. )
the intermolecular modes. The agreement between Fig) 11 (S)Another difference between thR;;;,;mmdata and the
of Ref. 18 and our data, including the absence of the diagoRzzz.-4ata, is that the relative intensity along the time diag-
nal ridge in our data, provides direct evidence that the couonal, 2= 74, is enhanced in th&'>,,, data, and the re-
pling between the intermolecular motions is not only medi-sSponse extends to longer times along=7,. The time de-
ated through the field-matter interaction, but there is als¢endence along the time diagonal is an indication of the
significant anharmonic coupling between the intermoleculapbility of the system to rephaseA greater echolike contri-
motions in liquid C$. bution in theRY),, . signal compared with th&{3),,,.data
We also note the small degree of participation in themight be an indication that th&3),,,,tensor provides a
fifth-order response from the longer time scale motions asgreater weighting for Liouville pathways that can rephase.
sociated with diffusive reorientation. Even though these moBoth Fourkas and co-workérs’? and Saito and Ohming
tions are not included in the INM/QNM calculations there is have discussed the fact that tRE),, , tensor will weight all
still excellent agreement between the simulations and thé&iouville pathways equally and, as a result, should not
data. Diffusive reorientation is reflected in the third-orderstrongly reflect the rephasing ability of the system. The
response fot>400fs, Fig. 4. A comparison of the third- reader is directed to Refs. 18, 21 and 22 for more detailed
and fifth-order responses demonstrates that the diffusivdiscussions.
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