JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 5 1 FEBRUARY 2001

Polarization selectivity in fifth-order electronically nonresonant
Raman scattering from CS ,

Laura J. Kaufman, David A. Blank,? and Graham R. Fleming
Department of Chemistry, University of California, and Physical Biosciences Division,
Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Received 22 August 2000; accepted 8 November 2000

This paper presents several experimentally collected tensor elements of the direct fifth-order Raman
signal of room temperature GSAIl results were collected so as to reduce contamination from
third-order cascade signals, and it is shown that while these cascade signals are of varying
importance in different tensor elements, phase matching considerations are sufficient to make the
direct fifth-order signal the dominant signal in every tensor element collected. We show, as
predicted, that the different tensor elements appear to weight particular Liouville pathways of the
direct fifth-order signal, and thus particular dynamics of the studied system, differently. The magic
angle signals are shown to contain information about the intermolecular vibrational echo and to put
a limit on the time scale of rephasing of the room temperature liquid Ribg,,,tensor element, in
conjunction with theR, ., tensor element, is shown to be useful in studying the pure dephasing
and population dynamics of the liquid. From these data it appears that population dynamics occur
on a much longer time scale than pure dephasing dynamics, even though this is not obvious for the
intermolecular motions of a room temperature liquid that are studied here. Further, intensities and
behaviors of different tensor elements of the experimental data are compared with the only detailed
theory currently available that explicitly includes polarization dependence20@1 American
Institute of Physics.[DOI: 10.1063/1.1337042

I. INTRODUCTION evolution (as determined by the frequency differences be-
tween the vibrational levels involved in the two states
~ Much experimental and theoretical attention has beeryjows for rephasing.Rephasing effects removal of inhomo-
given to the development of time-domain nonresonant fifthyeneous contributions to the line shapes for certain values of
order Raman spectroscopy since Tanimura and Mukamghe 1 time-delays involved. Generation of these echo-type
proposed it as a means to separate homogeneous and 'm?g'sponses, as well as all generated fifth-order Raman signals,

Mmogeneous contributions to V|prat|onal line shapétswas requires either that one of the transitions initiated by the sets
later pointed out that the technique could not only separat f pulses is a two or zero quantum transition or that a one

homogeneous and inhomogeneous contributions to line L . .
4 . quantum transition induced by a pulse pair effectively be-

shapes, but also was potentially a sensitive probe of cou- " .
. L comes a zero or two quantum transition during the second
plings between nuclear motions: this stimulated further ef-v riable tim ri0d®39Such transition N fonlv if
forts to develop the experimental technique and the theoret 2 1aP€ ime period. uch transitions can occuronly it a

ical basis of this powerful. new spectroscdog® nonli-n.ear.ity in the polarizability and/qr a vibratio.nal anhar-
P P oy monicity is present:>1°23®thuys the fifth-order signal has

The potential of this technique to both deconvolute con- X . .
tributions to line shapes and probe couplings between modd8€ Potential to be an exquisitely sensitive probe of both the

rests in the fact that the fifth-order nonresonant Raman exlature and magnitude of coupling between nuclear motions
periment gives no signal unless a nonlinearity in the polariz©f @ system. While such information content allows this ex-
ability and/or the mechanical potential is probed. The experiPeriment to be viewed as an optical analogue to 2D-NMR
ment begins with an electronically nonresonant RamanVith vastly increased time-resolution, the dependence of the
excitation of a system by two ultrafast laser pulses, leavingignal on these nonlinearities ensures that the signal magni-
the system in a superposition state of two vibrational levelstude will be significantly reduced compared to signals with
a vibrational coherence. After a time delay, a second pair ofo such dependencg.
ultrafast pulses can transfer the system to a second superpo- It has been shown that previous attempts to measure the
sition state or to a population state. After a second time defifth-order signal had, in fact, measured third-order cascade
lay, a final pulse stimulates a Raman scattering event in aignals, which contain no more information than ordinary
particular phase matched direction. The fact that the twdhird-order electronically nonresonant measurem&h&uich
states induced by the first two sets of pulses may be supesignals do not depend on the nonlinearities discussed above
position states that have nearly equal and opposite timeand unless carefully avoided will dominate the desired direct
fifth-order response. It has recently been shown that by care-
dpresent address: Department of Chemistry, University of Minnesota, Min-]cUI consideration of the phase matching requirements for the
neapolis, MN 55455-0431. cascade and the direct fifth-order signals, serious contamina-
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tion of the direct fifth-order signal by cascades can beorder signaf® It was shown that the two-step nature of the
avoided?® Other efforts are currently underway to use inher-cascade signals could be exploited to greatly diminish the
ently phase-sensitive heterodyne detection to separate contrmiagnitude of the cascade responses in the measured fifth-
butions from the cascade and direct fifth-order signals basedrder signaf>?® This was accomplished by poorly phase
on the difference between the phases of the sigitafs?®in matching the first step of each of the four cascade processes
this manuscript we report on direct fifth-order signals col-while leaving the overall fifth-order process well phase
lected with homodyne detection with an incoming beam geimatched. The phase matching geometry with which we ac-
ometry carefully chosen to greatly reduce contamination dueomplished this is depicted in Fig(d. In this paper, we will

to third-order cascade signals. Several tensor elements of tlydve a more quantitative picture of the phase matching con-
signal have been collected, and we report observations asiderations in an effort to assess the ratio of cascade to direct
polarization selectivity that show qualitative agreement withfifth-order responses in our geometry chosen expressly to
theoretical studies to date. These observations relate to thsippress cascade contributions.

relative magnitudes of the tensor elements of the direct fifth-  The signal is measured along the phase matched direc-
order signals and to the apparent selective weighting differtion kgs= (k1 —ks) — (k3—k,) + k5. Both the cascade and di-
ent tensor elements give to different Liouville pathways suctrect fifth-order signals emerge in this direction. The two

as the rephasing pathway mentioned above. types of cascade responses are the symmetric cascades,
which are symmetric in the two adjustable time varialiles
Il. EXPERIMENT andr,), and the parallel cascades, which are symmetric;in

andr,+ 7,.24"%3Figures 1b) and 4c) schematically show
the excitation and emission events for the direct fifth-order

As discussed in detail elsewhere, a standard titaniunprocess and for the cascade processes. The symmetric cas-
sapphire oscillator was used to generate 1 nJ, J&#Iss- cades have two possible intermediate stdng, and ke, ,
ian, full width at half maximum(FWHM)] pulses centered at which emerge with the wave vectoks; =k; —k,—k3 and
800 nm*! The pulses were regeneratively amplified resultingk,,=k,—k,+k,. The parallel cascades have two possible
in 25 ud/pulse, 48 fs, 800 nm pulses at a repetition rate of 1.9ntermediate steps,,; andk,,, which emerge with the wave
kHz.3? Pulse duration was determined by off-axis autocorrevectorsk,, =k; —k,+ ks andkp,= —ks+k,+ks. Each cas-
lations in a 15Qum BBO crystal. The regenerative amplifier cade uses an emitted field produced by a third-order scatter-
was pumped by aQ-switched, diode-pumped Nd:YLF ing event to either pumfsymmetric cascadgsr probe(par-
(Lightwave Electronics with shot-to-shot root-mean- allel cascadesanother third-order scattering event on a
squared intensity fluctuations ef0.5% at 532 nm resulting separate chromophore. The time dependent responses for the
in very small power fluctuations at the sample. Followingtwo types of cascades in terms of the third-order response
attenuation to approximately 1@J/pulse, the pulse was split functions are shown in Egs(d and Xb):
into five pulses of nearly equal intensity2 uJ per pulse per )
beam. Mechanical translation stages with stepping resolutioﬁfn)].kjiysequemieﬂ: Rgse)q( To,T4)
of 0.1 um (Newpor) were used to sweep the two adjustable
time variables,r, and r,, in such a wa - =RGi(T2)R(7a)

T2 4 y as to collect sur okji nmlo

faces as a function of the two time delays between the pairs (3) (3)
of laser pulses directl§? The polarization of each beam was Rt (72)Romie(74), (13
individually adjusted by a\/2 waveplate. The five beams 3)? —RO)(7,.74)
were focused into a 1.0 mm sample cell containing, @ "™'kii-parallel™ "part 72 14

A. Experimental setup

room temperature with a 28.9 cm focal length singlet lens. :Rff%ji(72+ )R (74)
The fifth-order signal emerged in a phase matched direction . .
described in detail below. Irises were used to spatially select +R3(74) Rl('w?ji(TZJ’_ 4). (1b)

the signal, which was filtered through an nm filter The subscriptsi-n, refer to the relative polarizations of the
and detected using an IR extended photo-multiplier tube ptsi-n, b

i . . . incoming laser fields and of the signal field. By convention
(Hamamatusa, R636-10To assist in spatial location of the the time-ordering of the subscripts reads from right to left

signal, a sixth beam aligned along the signal direction Walith the right-most label referring to the first pulse and the

used to arrange the detection setup and was blocked beforgft—most label describing the signal field polarization.

data collection began. One of the five incoming beams was . : !
Typically, a phase matching factor is expressed as a

mechanically chopped at half the laser repetition rate, and ; .
the signal was collected by a lock-in amplifier synchronizednurnber from O to Awith 1 being perfect phase matching

to the mechanical chopoing frequenc described by the expression sind(l/2) with 1 the length of
ppIng 1req y the sample cell andk the phase mismatct. This expres-

sion depends on the assumption that there is no variation in
the product of the amplitudes of the incoming beams as a
We have previously shown that early measurements ofunction of distance along the samp#® While our incom-
fifth-order electronically nonresonant Raman responses froring beams approach the sample at small angles from the
the intermolecular motions of GSvere dominated by third- normal of the sample face, there is still a significadepen-
order cascade signals, which emerge in an experimentallgence of the amplitude product of the incoming beams
inseparable phase matched direction from the direct fifthwithin our 1 mm sample path length. In a recent paper we

B. Phase matching
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ments discussed hefEig. 1(a)]. Such calculations, however,

do not account for the second step in the cascade and thus
the overall degree of phase matching for the cascade pro-
cesses. To correctly account for the complete cascade pro-

(a) cesses, the signal field generated from the first step of the
cascade, which develops at some angle to the normal of the
sample face and with sonedependent amplitude build-up
through the sample, must be considered. Here we account for
this generated field that participates in the second step of the
cascade. This will allow for a more quantitative accounting
of the cascade and cascade/direct fifth-order cross-terms in
the signals collected in the geometry used here and in Ref.
29 to be made. As in the previous calculations, it is assumed

(b) that the incoming laser pulses have Gaussian transverse am-
plitude profiles. In this calculation this form is also assumed

A' for the generated signal beam that emerges from the first step
1 2 2 of the cascade processes.
] 12 We start from the Maxwell equation for the amplitude of
Iv T 0 the signal field using tha-order induced polarization as the
. source term,
1 00
(l) ';z T, ':‘1"4 0> <0l n2w2
* VXV x{e™(r,tyexpik, 1)} — Zzse(s“)(r,t)exp(ikg~r)
(c) 477a)§—(n) .
1)  Sequential Cascade == Ps (Dexpliks-r). @)
4
© Here,ks is the combination of incoming wave vectors add
I is the wave vector of the generated field. A solution is found
Al n§ : of the form
T
¥ 2
chromophore eM(t)= ﬁf dz PV (t,z)exp(iAk-2) 3)
S
11) Parallel Cascade
, y using the assumption that the signal field is emitted along the
ﬂ T,+71, Lé u T, Lz zdirection. In this equatiodk=ks— k¢ . The difference of a
> 5 factor of 271 in Eq. (3) as compared to Ed3) in Ref. 29 is
ShomophorEE - ComohoeE accounted for within the integral in the expression presented
A . here. It was previously taken out of the integral through anal-
Ty T2+T4 . . . N .
ogy with the expression for the electric field given when

chromophore b clhromophoreb phase matChing is considered within the Smk(/Z) ap-

FIG. 1. (a) The phase matching geometry used in this experiment: the numprOXImatlon' However, in the formulation to be used here,

bered circles are the incoming fields, and the circle labef8tiis the signal the .27Ti factor is not brouQ_ht outside the 'int_egral il’! a
field in thex-y plane orthogonal to the axis of propagatian(b) Ladder  Straightforward manner and is therefore left inside the inte-

diagram and Feynman diagram showing one of the Liouville pathways ofgral in all expressions that follow. Theorder induced po-

the fifth-order Raman experiment. In the ladder diagram solid lines represerltarization can be expressed in terms of therder response
a ket side interaction and dashed lines indicate a bra side interaction. In tI;e

H n
Feynman diagram time runs up and the numbers indicate the vibration unction, R( ).
state of the excited oscillator. In both diagrams the wavy line represents the

emitted field.(c) Ladder diagrams fofi) one of the two sequential cascades p(n) _ (n) (n)
and (i) both of the parallel cascades. Pty "t(”lz’l)’z) NO™(2)R (tl""’t(”/zfl))’ (4)

whereO((z) is thez-dependent amplitude product of the
accounted for this by analytically solving an integral thatincoming fields, €;(z) €5(2)...€,(2z), and N is the number
accounts for the-dependence of the spatial overlap betweerdensity of chromophores.
the incoming beam®’ The value of this integral was termed For the generated direct fifth-order field, expressing
the phase matching factor, and it was calculated for the dired®®)(z) as the normalized spatiallzdependent overlap of
fifth-order process and for the first step in each of the fouthe five incoming beamsp®>#321{z), multiplied by the
cascades. Minimization procedures allowed determination afnagnitude of the product of the five incoming beams when
the beam geometry used both in Ref. 29 and in the experperfectly overlappedD‘®), the signal field amplitude is
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2
w
5 S
Eé )(7'2,74): —|k’|02 NO(5)R(5)(72,74)
S

X f;dzd‘r"“'&z*]’(z)exp(mkz). (5)

The integral overz can be used to compare relative degrees
of phase matching between different geometries of incoming
beams, and we define this as the phase matching faefor,
Similarly, the first step in a cascade process generates a sig-
nal field given by
2

® |
SUCHE |k,|12NO(3)R(3)(rz)f dzd>2(z)expiAk-2).

s 0

(6)

To correctly account for the phase matching of the second
step in the cascade, the buildup of the generated sigfal
through the sample must be accounted for. Then, the overall ©)

€

generated cascade field can be expressed as follows:
w: Wl )
—_ s SI_N2O(2O(3IR3 3 =
€s(72,74) = |kr|cz |k’-|C2N 0?0CR )(TZ)R( )(7'4) o &
S S1
1008 .
I !
xf dzd>?(z)expiAk-z) A== A S S—
0 % {fs)
z . . . .
' (32,0 o1 . - FIG. 2. Contour plots of two-dimensional fifth-order signals of room tem-
X fo dz'o (z')exp(iAk’-2"). ) perature Cgcollected using the phase matching geometry in Fg) (and

of Ref. 29. Different tensor elements are showarR;,,,,, (b) R,yzy:» (C)
Here, thew; andk; factors refer to the frequency and wave Ryyzzz> and(d) Ryz;;;y
vector of the intermediate signal emitted in the cascade. This

eq_uation is inexact in th_at to_truly account for the amplitudey,easured signals vary greatly in intensity, and a plot of
build-up of the intermediate field through the sample alang  gjices atr,=180fs displaying these intensity differences is
we must look for a solution of a different form for the Max- ghown Jater. These signals are all homodyne detected and
well equation, and this solution for the generated field shoulgperefore measure the intensity of the direct fifth-order re-

be useq for the |ntermed|ate .cascade.fleld. sponse. The measureRl,,,,,signal [Fig. 2a)] was previ-
While the double integral in Eq7) gives a phase match- ously discussed in Ref. 29. It peaks at~60fs and 7,
ing factor for the overall cascade process, this number is not. 110 fs. It is rather symmetric about, and 7,. There is a
directly comparable to the phase matching number for thgmq asymmetric component that extends along
direct fifth-order process. The two integrals differ by a factor__ 150 ts. The signal on the, =0 fs axis is stronger than that
of length, which is recovered in the extaf/(|k(|c?) factor o ther,=0 fs axis, although both extend beyond one pico-

present in the cascade expression. Even with this inclusioyecong. TheR,,.,signal[Fig. 2Ab)] also peaks in the two-
which makes the units of the phase matching numbers thgimensional area(r,>0fs, 7,>0fs), at 7,~80fs, 7,

same for the cascade and direct fifth-order signals, the twa. 1005 This signal is also quite symmetric, with a very

numbers are difficult to compare since they do not includesmall extension along the, dimension, similar to that seen
the different orders oi, R®), andR®) factors presentin the i the R,,,22,5ignal. On the axes, this signal is much more

two signals. Despite this difficulty comparing phase matchintense alongr,=0 fs than alongr,=0fs. Similarly, the
ing numbers for different terms, comparing phase matchingy y222:5ignal [Fig. 2c)] has a longer, more intense signal
numbers for the four cascade processes to each other for ng 7,=0fs than alongr,=0fs. The signal around the
given geometry of incoming beams is straightforward, as is., — g s axis is intense and not pulse-width limited. The sig-
comparing phase matching ratios between each of the cagy| does not peak away from thg=0 fs axis, and it falls off
cade and direct fifth-order signals between geometries.  yery quickly and symmetrically about the and 7, axes as
compared to th&,,,,,signal. TheR,,,,, signal[Fig. 2(d)]
shows significantly different features than any of the tensor
Several tensor elements were collected in the geometrglements discussed previously. The signal in the two-
used in Ref. 29 and are presented here. Rhg,,,signal is  dimensional area has a strikingly elongated feature along the
shown, as are several other tensoRyy;,,» Ryyzyz» 7, dimension with the peak of the signal &~ 160fs, 7,
Ryz222y Rzzzzmm Rzzmmza @ndRmm,,.(Figs. 2 and 8 As  ~260fs. The signal extends to several picoseconds along the
discussed previously, the measured signal intensity is fifths, dimension, as does the signal on the=0 fs axis, which
order in the total incoming intensity of the five beafidhe is much less intense than the signal on the=0 fs axis.

Ill. RESULTS

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



2316 J. Chem. Phys., Vol. 114, No. 5, 1 February 2001 Kaufman, Blank, and Fleming

on the axes are of approximately equal intensity and decay
on similar time scales. ThR,,,,,,Signal[Fig. 3(@)] appears
similar to theR,,,,mnSignal with the exception of a stronger
74=0 fs signal and a concomitant extension of the signal out
to approximately one picosecond along TheR,,nmzSi0-

nal [Fig. 3(b)], on the other hand, peaks a~180fs, 7,
~140fs. It extends along both time dimensions, with a
somewhat greater extension along. This signal falls off
remarkably slowly compared to that of thR,,,,,and
R,,,;mmsurfaces, and it begins to show some echolike be-
havior along ther,= 7, ridge as will be discussed below. In
this tensor element, like many of the others discussed, the
signal along ther,=0 fs axis is more intense and decays
faster than the signal on the=0 fs axis.

IV. DISCUSSION

A. Fifth-order response

The fifth-order response has been discussed in detail
previously!310:1218.1923303%ha response consists of three
hyperpolarizability responses, Eqs.aB-8(c), and a three-
point polarizability correlation function, Eq. (8. While
each term is part of the direct fifth-order signal, terial)8
will be the contribution discussed most frequently. It is the
only term that can contribute to the measured signal away
from both axes.

(; 200 400 600 800 Rﬁn)nkji(Tz'T4)°‘<§nm|kji>5(72)5(72+ 4) (8a)
+ g (Lol Wi O 8(7) (8D

() i
+ ﬁ([?’nmlk( 72),ji(0)]) 8(74) (80

1
Ty ([[anm(m2t 7a), (7)), @i (0)]).
(8d)

Here, ann(t) is the polarizability response induced at timne
by thenm-polarized pulse pair. Taylor expanding the polar-
izability operator in terms of coordinateg gives

T, (fs)

1
a()=agt X alda(0)+ 52 allda(Dap(D .. (9
1, (fs) where «{" is the n-th derivative of the polarizability with

respect to the coordinate of tlaeth oscillator. Here the ten-
FIG. 3. Contour plots of the magic angle tensor elements of the two-soral nature of these operators is suppressed for clarity. As-
dimensional fifth-order signal of room temperature,C$2) Rmmzzz2 0 suming harmonic potentials and truncation of the Taylor ex-
Rezmmza 3NA(C) Rezzzmm pansion at first order ig (Placzek approximationthe three-

point polarizability correlation function that appears in Eg.

h her th | q 8(d) will be exactly zero. This three-point polarizability cor-
The other three tensor elements presented are Magig|aion function is responsible for all fifth-order signal away

angle signals. In each of these, one pulse pair was set at #dm the time axes. Thus the generation of fifth-order signal

angle of 54.7° relative to the other pulse pairs. This is theaway from the time axes requires the presence of anharmo-
angle regularly used in third-order spectroscopy to Selechicity in the potential and/or nonlinearity in the
tively probe isotropic dynamic®:3-3"Such absolute selec- polarizability2 #1239 Then, the portion of the direct fifth-
tion for isotropic dynamics is not possible in fifth-order Ra- order signal that arises fr,om ternidB can be expressed as
man spectroscopy, but the magic-angle signals may still - (5).AN (5).NP
contain interesting and different information from that evi- R™(72,74) =R (72, 74) + R™ (72, 74), (10
dent in the other tensor elements collected. Ryg,,nSig-  with AN referring to the signal arising from anharmonicity in
nal [Fig. 3(c)] peaks on ther,=0 fs axis and decays within the potential and NP referring to that arising from nonlinear-
500 fs alongr, and even more quickly along,. The signals ity in the polarizability. Either of the two nonlinearities al-
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lows for a two or zero quantum transition, a transitionlecular modes of a system with the third-order response. The
present in all Liouville pathways that allow for fifth-order reasons the third-order response is an inappropriate basis for
signal generation. For the signal generated through nonlinedie fifth-order response of intermolecular modes have been
polarizability, this two or zero quantum transition must occurdiscussed in detail elsewheéf®?22°So, to gain insight into
coincident with the interaction of a pulse pair and thethe meaning of the measured fifth-order response and dy-
sample. For the signal generated through anharmonicity, thisamics of the system, comparisons to instantaneous normal
two or zero quantum transition is effected later: a one quanmode(INM) analysis, quenched normal mod@NM) analy-

tum interaction occurs coincident with the first and secondsis, and molecular dynamid®1D) simulations will play a
pulse pairs and an anharmonic interaction between moddey role.

makes this effectively a two or zero quantum transition dur-

ing the second variable time period. In signal arising from

anharmomcny, the three-point polarizability cc_)rrelatlon B. Measured signals

function can be expressed as products of two-point correla-
tion functions regularly used to express third-order response As discussed in Ref. 29, despite good agreement with

functions>3° The signal is then expressed as the QNM analysis presented in Ref. 18, it was noted that our
R,,,,,Adata and the simulations differed in that the data dis-
R(S)’AN(TZ’TA)OCaZbC g aMaValt) played a small extension along, a feature not seen in the

simulations. Because QNM simulations cannot capture dif-
fusive dynamics, it is possible that the difference between

X fwd7<[qa( 74),da(7) IX[Ab(7),Gp(0) 1) data and simulation is due to the presence of these dynamics
0 (or a cross-term between these and other dynaniicshe
X([Ac(72),0c(7)]) (11y  Measured direct fifth-order signal. However, in part because
C "MC

simulations show that lower frequency motions may show up
with g}, the magnitude of the cubic anharmonicity also less strongly in the direct fifth-order signal than in the third-
typically expressed a¥®)(q), the third derivative of the order signaf*??this extension of the signal was previously
potential with respect to the coordinate. As in £9), beam  suggested to be due to, not diffusive dynamics, but a residual
polarizations have been suppressed in this expression. Thigiscade signal or a cross-term between a cascade signal and
expression is obtained through the use of Wick's theoremhe direct fifth-order signaf Here, our more complete ac-
and a perturbative treatment of the anharmonicity. It hagounting of the phase matching factors allows us to discuss
been shown recently that if the factorization using Wick'sthis in greater detail.
theorem is not applied, a different expression for the anhar-  Given that discrimination based on phase matching con-
monic term, which reflects the non-Markovian fluctuationssiderations alone can never provide complete contrast be-
of the system-bath interaction and level dependent vibratween direct and cascade fifth-order signals, there is the po-

tional dephasing, result§. tential for cascade and cascade/direct fifth-order cross-terms
Similarly the nonlinear polarizability contribution to the to remain in our measured signal. While under perfect phase
signal can be expressed as matching conditions, the direct fifth-order signal field would
be 90° phase-shifted from cascade fields, deviation from per-
RONP(ry 7)o Y, [ ol alM([qa(74),04(0)]) fect phase matching produces phase rotation in the signals
a.b and allows for the existence of cascade/direct fifth-order
([l 2+ 72),06(0) ) + P 2P D) cross-termé*%° Thus we consider both the cascade and the

cascade/direct fifth-order cross-terms in detail to account for
X{[9a(74),9a(7) ){[Ab(72),0p(0)])], (12)  their potential presence in our measured signal. Using homo-

whereagzb) is the second derivative of the polarizability with dyne detection, we measure the intensity of the signal,

respect to the coordinate for modasand b, and, for cases [~ 5) (cas 5

wherea#b, expresses the coupling between modesdb S(72’74)_f_30dt|5 (72,74)+ € (75, 1)[%, (13

induced by the interaction with light*° Again, it has re-

cently been shown that a third term should be present in thigith

expression even in the case of Markovian system-bath inter- w2

actions. This term arises from level-dependent vibrational — €®(7,,74)= —7 5 NO®RO®) (7, 7,)F®),

dephasing and describes a Liouville pathway in which the [ksle

«'?) interaction occurs with the first set of puls€é€®Inthe  where F® is the single integral in Eq(5) of the phase

approximatedR®) N7, , 7,) of Eq. (10), the @ interaction  matching section. Let us consider the cascade contributions.

necessarily occurs in the second or third step of the experie(®®is the sum of the four cascade signal fields, an example

ment. Within the approximated response functions presentedf which was given in Eq(7). These four cascade signals

in Egs. (11) and (12), the termsg$}). and a{3) hold the po-  will contribute both individually and via cross-terms to the

tential information on the magnitude of coupling betweentotal measured intensity. The double integral comprising

nuclear motions that this experiment can probe. beam overlap discussed in the phase matching section and
However, it is also the presence of these terms that prepresent in Eq(7) is defined asF(®®) and this number is

vents the modeling of the fifth-order response of intermo-defined for the four possible cascade pathways, gi¥igg
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Fs2, Fp1, Fp2. Combining these elements gives the expression for the measured signal that includes both direct and cascade
contributions:

5(7'217'4):f dt|€(5)(7'2,7'4)+E(Ca9(7'217'4)|2

“ 2
fﬁ dt[O(5) [AéNZR(S)( T2, 7'4)2| I:5| 2+A§1A§1i N4R§( 72) Rﬁ( 4) | Fsl|2+ A§2i N4R§( 72) Ri( 4) | F52|2

+A§1A;2;1iN4R§( T2t 74)R$(T4)|Fpl|2+A[2)2iN4R§(T2+ IALAEH] Fp2|2+A5AslAsliN3
XR® (75,74 Ra(72)Ro(74)[ 2 REFEF5) ]+ AsAALIN R (75, 74)Re( 72) Ry( 74)[2 REF &F 5) ]

+AsA 1AL NP R (75, 74)Re( 72+ 74)Re( 74)[ 2 RE FpiFs)] +AsAp2A 2N R (75, 74) Ry( T2+ 74) Ru(74)
X[2 RE(F p2F5) ]+ AsiAcAs1iAsai N*Ra( 2) Ro( 74) Re( 72)Ry(74)[ 2 REF 5 F )]

+AslAp1AsliAp1iN4Ra( 72)Ro(74)Re( T2 74)Re(74)[2 REF 5 F 1) ] +A51Ap2AsliAp2iN4Ra( 72)Rp(74)
XRy( 72+ 74)Ri(74)[2 REFHF 52) 1+ AApi AgiAptiN*Re( 72) Ry( 74) Re( 72+ 74) Ri(74)[2 REF &F 1) ]
+A2Ap2A Ap2iN*Re(72) Ry( 74) Ry( T2+ 74) Ru(74)[2 REF5F ) ]

+Ap1Ap2AD1 Ap2i N*Re( 7o+ 74) Ri( 74) Rg( 72+ 74) Rn(74)[ 2 RE(F 5 F o) 111. (14
|
Here, ='w§’5/ (|kég/c?) whereas for the 2first ste,p in tr21e first symmet-
Ru(72)=R&(72), Ro(7)=REh(7a), el 2 (i€ L and for the
Re(72) =RGhi(72), Ra(74)=RE4(74), The phase matching numbe(is factors have been cal-

e G culated for the geometry that was employed in this paper and
Re(72t 74)=Rsei( 72+ 7). Ri(74)=Risad 7a), in Ref. 29. Again, these numbers are defined above, and the
Ry(To+ 74) = Righ( 7o+ 74),  Ru(74) =R (74, squares of these numbers have unite'92, €93, or €94

with e an electric field andl a length. Of the 15 terms above,

wherex is the signal field emitted from the first step of the 10 I d ributi dth h e of
cascade andis the final signal field. Th® factors are those are purely cascade contributions, and these have unis o
1* for the square of the phase matching factor. The num-

defined in the phase matching section of this paper, as are tfge for th ributi thus directl ble t
F factors. To reiterate, the factors are ers for these contributions are thus directly comparable to

| each other. Table | presents thefactors for each of these
Fs:f dzd54323(z)exp(iAk- 2), ten contributions. Because each of théactors is complex,
0 any of the cross-term contributions to the signal can be nega-

[ tive. Table Il lists the phase matching numbers for the four
FslzJ’ dzd>¥(z)expiAk-z)
0

TABLE |. Phase matching terms and factors for the ten pure cascade terms.
F4, refers to the phase matching factor associated with the first symmetric

z
Xj dz’ 02V (z" yexpiAk'-2"),
0

I cascade K;—k,—k3), Fs with the second symmetric cascadke; { k
_ 53 . 17 K27 K3), Fs2 1T K2
Fs2= f OdZd (2)expliAk-2) +kg), Fpy with the first parallel cascade{—k,+ks), andF,, with the
, second parallel cascade k;+k,;+Ks). The phase matching numbers have
. . : 1014
% dZ’0(4'2'1)(Z’)eXFIIAk' 7', _tl)_ﬁen calculated numerlcall)_/ accor(_img tq Ed). and have unlt_s of'94, _
0 ese numbers were used in the simulation of all cascade signals shown in

this paper in accordance with E@.4).

|
_ 43 ;
Fp1= deZd (z)exp(iAk-z) Phase matching terms Phase matching factet34)
z ) [Fal? 374
xf dz' 0529 (2" yexp(iAk'-2'), IFol? 396
0 |Fpal? 3220
| . |Fpal? 3463
szzf dzd?Y(z)exp(iAk-z) 2* ReFyFo) ~692
0 2* ReFaFpy) 2133
z , 2* ReFyF 2202
XJ dz' 0®*3(z")expliAk’-2"). o Re(l('zszi; 2204
0 p:
2* ReFoF —2294
The factors ofA are thew?/(|k}|c?) factors, and there are o Re(‘E:szf) 6676

nine of these. For the overall direct fifth-order process, A%
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TABLE II. Phase matching terms and factors for the four cross-terms bepecause different tensor elements of the response are ex-
tween the direct fifth-order signal and the cascades present ifiL&g. pected to have different magnitudes for the direct fifth-order

Phase matching terms Phase matching factet3%) signal as well as different magnitudes for the third-order sig-
nals that comprise the cascad@s??35364142ypjike the

;: 22('(551?"; :ggig R,,,2z510nal, which is expected to have a large direct fifth-
o% RE(FzFZ) 789 order signal, certain tensor elements are expected to have
2* ReFoFs) 1998 small direct fifth-order signals and large third-order signals.

Such tensors may still be dominated by, and generally re-
semble, a cascade signal. This will be discussed further in the
terms that are cascade/direct fifth-order cross-terms. following sections in reference to other tensor elements col-
To compare the measured signals to the expected Ca(lfe_cted. In the only analysi's to date of thg coherent part of the
cade signals, simulations of the cascade signals using thirddth-0rder response that includes explicit dependence of the
order measurements in accordance with Eda) and Xb) ~ Si9nal on incoming beam polarizations, Murey al. have
are performed. These simulations include all of the cascad®Plored the sizes of the third- and fifth-order polarizability
terms listed in Table I. In all simulations to be presented inV€ighted densities of statd®WDOSS, frquenc_;;zdepen-
this paper, third-order measuremetfig. 4) are used as the dent quantltles.proportlonal to signal amplituide? They
basis with which to simulate the cascades. Because the tot4f€ INM analysis to calculate the PWDOSs for,C&nd this
cascade signals are simulated using measured signals, th@Jlysis both predicts the sizes of various tensor elements
implicitly include A, N, andO factors(as well as arF factor and.shows t_hat polarlzatlon selectivity can selectively welght
that in the generally used phase matching formulation would@@rticutar L_|0UV|II1e pathways that contribute to the direct
be assumed to be 1 herdhe fact that thesé, N, andO fifth-order signaf* The way in which this approach explores
factors do not have the same values as would those presentfilarization selectivity will be discussed in more detail be-
a measured cascade signal only introduces an amplitude dieW: here, the expected sizes of the direct fifth-order signal

ference from the true cascade. will be discussed. o
The contributions to the PWDOSs can be described in
C. Relative intensities of the tensor elements terms of three rotationally invariant quantities. To calculate

) _ the PWDOS corresponding to a particular tensor element of
Reference 29 concluded that tRg; ., signal was domi-  {he girect fifth-order response, Murry, Fourkas, and Keyes
nated by direct fifth-order signal with a small amount of (\irk) calculate the appropriate combination of rotational
contamination by residual cascade signals, a conclusion sUpsyariants for two interactions via® and one viax®. The
ported by work presented in this paper. This will be dis-g,ms of these rotational invariants are then binned according
cussed in much more detail below. Importantly, the fact thag, frequency to create the PWDOS for each tensor element of
the R;;,,tensor element is dominated by direct fifth-order yieresfl An earlier analysis of rotational invariants for the

signal does not necessarily imply that this will be true _Ofyarious tensor elements, based on symmetry arguments in-
other tensor elements collected in the same geometry. This Bead of INM simulations, was also done and reached similar
conclusions®

5 . . . . . Before further comparison of experimental data to theo-
retical predictions is undertaken, it is important to note that
4 | MFK make several assumptions in deriving their results. One

of these assumptions is that direct fifth-order signal is fully
generated through nonlinear polarizability. They justify this
based on analysis showing that the rotational invariants con-
tributing to the fifth-order signal generated through anharmo-
nicity would average to near zefbEven if this is the case,
it excludes the impact of anharmonicity-driven relaxation on
the shape and decay of the signal. Further, these results do
not include mode-couplingdR® "? including a{3) with a
#b terms. As will be discussed in relation to thR,,,,,,
tensor element, while the diagonal termgd) may dominate,
) ) ) ) , , mode-coupling is likely to be important in determining the
o 500 1000 1500 2000 2500 3000 signal shape and decay at longer tin{es lower frequen-
Time (fs) cies, and it is thea!?) terms that include the interesting
FIG. 4. Third-order data of room temperature ,CR,,,,(solid line), Ry, information regarding couplings betv,veen nuclear I‘T]OIIOI’IS.
(dashed ling Ry, (dash-dot ling, andR,,, (dash-dot-dot ling All data  AlSO, MFK do not fully explore contributions from signals
were collected in the heterodyne pump—probe configuration except for tharising from terms dictated byr(®a(?a(?) interactions,
R,y.ydata, which were collected in the homodyne “box-car” configuration. though they do suggest these should not be very important in

The square root of tth_yZydatg(arbltrarlly scaled to the other_da_lta Seits many tensor elements. However, more attention to such
shown here for comparison with the heterodyne data sets. Similar data were

used throughout this paper to simulate the cascade signals according to EcR@tth_in may b_e W?rranted be_cause these terms are likely
(1a) and(1b). more important in fifth-order signals than are analogous

Intensity (arb. units)
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terms in third-order signalésignals due tax(?)«(® interac- 150————

tions), which are generally unimportant even for highly po-

larizable systems like GS'®20-22 . —— Rzz7z727/20
Within these assumptions, MFK calculate relative inten- '#3 :: ﬁmmzzzz/zl/(%o

sities of the PWDOSs as a function of frequencies in the g 100F- « -— Rzy%,rznzélzz

range of 0—200 cAt. Figure 2 of Ref. 21 displays that in- S \\ —— Rzyzyzz

formation. The PWDOSs are calculated for different contri- & . »e==+= Ryzzzzy

butions to the direct fifth-order signal and do not necessarily : Y —e— Rzzzzmm

correspond directly to measured experimental signals. For.a sol 1\

example, MFK tabulate the PWDOS for direct fifth-order &

signal due to am'Ya{Va(? set of interactions. This means *q-é

any signal, regardless of time-ordering, in which th&) —

interaction is induced by a-polarized pulse pair and two Ry

oY interactions are induced bypolarized pulse pairs is 000 200 300 400 500 600 700 800 900 1000

included in this PWDOS. In this case, the PWDOS does T, (fs)

correspond directly to the measured sigRgal,,,{given that

it is generated solely through nonlinear polarizabjlitn  riG. 5. siices atr,=180fs for the different polarization tensors. As indi-

the other hand, aglz)aglz)a%,) PWDOS, for example, would cated in the legend, slices have been scaled so as to be more easily viewed.
correspond to a combination of &R, ,,,,signal and an

R,.yy-Signal, since in general thel?) interaction may occur

with either the second or third interaction. We have previ-ments of the signal vary so greatly, to choose any one point
ously mentioned that in certain cases, the two or zero quargt which to compare signal intensities is misleading. The
tum interaction may also occur with the first puldé’and  relative measured signal intensity is judged by taking slices
then this PWDOS would also include ti;,y,signal. along 7, at 7,= 180 fs(Fig. 5). These slices were taken con-

Looking at the PWDOSs shown in the figures in Ref. 21,sacutively, varying the polarizations of the incoming beams
we see thate$y)al}alz) has the largest PWDOS. Assuming and the polarization selection for the signal. All signals were
the «(® excitation only occurs with the second or third in- polarization-selected except the,m,,,,signal. Its actual in-
teraction, this PWDOS describes both th,m,,,;and  tensity compared to the other tensor elements was evaluated
R,zmmzSignals. The next largest is thg;) o)t PWDOS by subsequent measurements of R, ,,,signal with and
(Ry2222). This is followed closely byat)al)al?) (Ryy,.,,  without a polarizer cube. In general terms, judging by the
and Ry,yy,) and el alal? (this PWDOS must describe slices measured at,=1801fs, R,,,,,,iS the most intense
the R,,,,mmsignal and describes thR,,mm,,and Rymz2,;  signal. TheRym,52,Signal is next in intensity, followed by
signals depending on when the® interaction occurs; theR,,,,,,signal. A moderately steep drop-off in intensity is
R;;2zmm Should be a measure of the strength of thisseen between that tensor element and the one next highest in
PWDOSY). Next is thea%’a%)ag‘;) PWDOS (R,,,y,yand  signal intensity, theR,,mm,Signal. Following this are the
R,y222)- Then comes the)a()al? PWDOS (necessarily  Ry,,,5y Royzyza @ndR,,, mrsignals.
R,22zy), Which is actually negative, a property unseen inany  While theR,,,,,,signal is certainly the most intense one
third-order PWDOS calculation. Finally come§yay)al?)  measured, it is predicted to be the second or third largest
(necessarilyR,y,y,), which is very small in magnitude over based on the rotational invariant analysis of MFK. This may
the entire frequency range calculated. Figure 8 of referenchbe evidence that residual cascade and/or cascade/direct fifth-
21 shows the third-order PWDOSs that would act to creat®rder terms are present in this measured tensor element
the cascade contributions in each of the measured tensor elthereas this is likely untrue of some of the other tensor
ements. The one notable feature of these calculations witlements studied. Th®,m,2z,Signal is rather intense, as
respect to our measurements is that the third-order magipredicted by the PWDOS calculations. TRg, ,,m,Signal is
angle PWDOS is much smaller than the polarized ondess so, but still at a substantial level compared to the small-
(RzzmmandRymzzVS R,,27- This is already well known from  est tensor elements collected. TRe,,,mmsignal is much
third-order spectroscopit™® and theoreticdP*5“® results, ~ smaller than the other magic angle signals, also in agreement
which show that by symmetry this signal will be zero atwith the calculated PWDOSs. None of these signals is ex-
times corresponding to reorientational diffusive motions.pected to have significant residual cascade contributions, as
This suggests that the magic angle direct fifth-order signalgjiscussed above. The,,,,,,signal is quite large, also in
R;;mmzz Rmmzzzz @NdR,,,,mm have the greatest ability to agreement with calculations. The sizes of the three least in-
select against any residual cascade present in the signaknse tensor elements collectétie Ry,,,,, R;y;y,» and
measured in the geometry used here. R,,,zmmsignals, in order of decreasing intengigre not in

The measured intensities of the fifth-order signals do notomplete agreement with calculations. Calculations suggest
in all cases agree with the predicted intensities of MFK, al-the order would b&,,,,mm Ry;;;zy andR,,,,,,in order of
though again a direct comparison of most of the tensor eledecreasing intensity. The deviations in sizes are small in
ments is impossible based on the one dimensionality of théhese cases, and any number of small failures of the assump-
PWDOSs and their inclusion of all time-orderings. Becausdions made in the calculations of MFK could account for the
the time-dependence of the various measured tensor eldifferences between simulations and experiment. Further, re-
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producibility of the data for the least intense tensor elements(a)
collected is imperfect. Small differences in alignment allow

for different amounts of cascade signals to be present in the
measured signals. In addition, incomplete elimination of
third-order signals that emerge in a number of directi@ss
determined by any three of the incoming beams’ wave vec-
tors) and may scatter into the direction of the desired signal
allows for heterodyning of the measured fifth-order signal
with small amounts of these scattered third-order signals,
also potentially changing the measured intensities of the sig:

nals. (b)

T, (f5)

D. The R,,,,,, tensor element

T, (fs)

Figure Ga) presents the measur®yj,,,,,signal. Figure
6(b) shows the results of the total cascade simulation for the -
R,,,,,tensor element. As mentioned above, the simulations L 500 1000 1500
were performed using third-order measurements in accor-
dance with Egs. () and Xb) and the phase matching values
given in Table I[in conjunction with Eq.(14)]. Figure &c) ( )
shows the measured signal with the total cascade simulatiol
removed. This subtraction was performed assuming that sig
nal at 7,=1200fs, 7,=100fs [signal of intensity corre-
sponding to the last contour present in Figa)§is attribut-
able to residual cascades: this is based on argument
presented in Ref. 29. The cascade simulation is then scale
to this point and subtracted from the measured signal, leav:
ing the data displayed in Fig.(§. Slices from theR,,,,,,

measured surface, the simulated cascade surface, and tl —— measured Rzzzzzz signal (a)
. 14F v . .
measured surface from which the cascades have been r (d) \ ---  simulated Rzzzz22 signal (b)
o 4 -.=. ‘"cascade-free" Rzzzzzz signal (c)

moved are shown in Fig.(6). These slices were taken at
7,=100fs, close to where both the measured and simulatec
surfaces peak along that dimension. The slices are presente
from 50 fs onward because the simulation in Fi¢h)&oes
not include the contribution around time zero from the cas-
cade terms that contribute to the back quadrant of the signa
(where pulses three and four precede pulses one and two 2r
The contribution in the back quadrant is different from that o
in the front quadrant, unlike in Ref. 25, because the phase
matching geometry used here is not symmetric. The mosi
notable difference between the simulated cascade signal and _
the measured? signal (as well as the signal with the FIG. 6. (a) Contour plot (_)f th_eRmZZZteQSN el_ement shown to longer times
‘222777 ) . in 7, than as presented in Fig(&. (b) Simulation of cascade terms present
suspected residual cascade subtraciedhat the simulated i, gq. (14) with intensities given in Table | for th, ,,,, tensor elementc)
cascade signal decays much more slowly than does the me@entour plot of theR,,,,,,signal when the simulation ifb) is scaled to the
sured signal along the, dimension. This is also true for the Iagt visible contour ir(a) and then subtracted from the measure_d siglatal.
decay of these signals along. These differences in decay Ellces from the three contour plots apovefat: 100 f§. The_ slices h'ave .
. . ) . een scaled so that they have approximately equal intensity at their peaks:
time scales suggest that there is not much contribution of thgis highiights the similarity in the time dependencies of the measured and
cascades to the measured signal. These differences coulgrected signals and their distinct difference from the time dependence of
also suggest that the remaining cross-terms, those betwe#l§ cascade signal.
the direct fifth-order signal and the cascades, contribute in a
negative manner and thus alter the time scale of the decay.
We will discuss below why this possibility is not expected to the symmetric cascade/direct fifth-order cross-terms will be
be important here. more important than those from the parallel cascade/direct
Table Il presents the phase matching numbers for théifth-order cross-terms. Here, we assume that the fifth-order
cascade/direct fifth-order cross-terms. There are two negativ@gnal (the shape of which is priori unknown will be
terms, the cross-terms between the symmetric cascades arather symmetric with respect to the two time axes, which
the direct fifth-order signal. The numbers presented in Tablseems to be a reasonable assumption based on INM, QNM,
[l show that in theR,,,,,,Signal (in which all cascades are and MD simulations. Then, among the cascade/direct fifth-
comprised ofR,,,, third-order signals contributions from order cross-terms, the major contribution to the measured

Intensity (arb. units)

200 400 600 800 1000 1200 1400

T, (fs)
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signal would be a symmetric signal that is negative in amtimated from the peak values of the third- and fifth-order
plitude with respect to the pure cascade tefmigh intensi-  anisotropies as calculated with a finite field nonequilibrium
ties given in Table)land the direct fifth-order signal. We see MD method. The third-order peak value is approximately
no evidence for symmetric residual contributions in the meathree orders of magnitude greater than the fifth-order peak
sured signal at long times, where the signal dies off signifivalue. However, typical values of the ratio a@f® to
cantly slower alongr, than alongr,. If these symmetric a®a(V), the ratio of polarizability derivatives that determine
cascade/direct fifth-order cross-terms contributed signifithe difference in response functions between the nonlinear
cantly, they would subtract from the direct fifth-order signal polarizability generated direct fifth-order signal and the cas-
and any residual pure cascade terms, and we may expect ¢ade signals, are randomly distributed but appear closer to
see an extension along thg axis instead of ther, axis two orders of magnitude differeAt. Such discrepancies
where it is present. This is because the contribution from theould make up the difference between the predicted neces-
pure cascade terms and the parallel cascade/direct fifth-ordsary phase mismatch for the cascades of Jaesehand our
cross-terms would add positively to the direct fifth-order sig-experimental evidence showing that £200° difference in
nal, resulting in an extension along. Then, subtracting the squared phase matching factors is sufficient to produce a
symmetric cascade/direct fifth-order terms from this signakignal dominated by the direct fifth-order response.
would result in both a negative dip along at times longer So, we believe theR,,,,,,Signal to be dominated by
than the direct fifth-order signal extends and a decrease idirect fifth-order signal, with a small amount of contamina-
signal magnitude along,. Homodyne detection of such a tion by pure parallel cascade terms, and this contamination is
signal would result in a measured response extended alodiely evident only in the final one or two contours along
the 7, dimension or symmetric with respect tg and 7,, visible in Fig. §a). Thus when comparing to QNM, INM,
depending on how large the symmetric cascade/direct fifthand MD simulations of th&,,,,,tensor element, we assume
order terms were. So, the extension of the measured signalir measured data is dominated by the direct fifth-order sig-
along 7, as well as the similarity in peak positions in Figs. nal and directly compare our results to simulations. We have
6(a) and Gb) suggest that it is indeed pure cascade terms angdreviously reported qualitative agreement with the QNM
not cascade/direct fifth-order cross-terms that contribute tgsimulations that include damping. We have phenomenologi-
the probable residual cascades in the measured signal. Addially associated this damping with anharmonicity, which can
tionally, as seen in Table I, the symmetric/parallel cascadeboth give rise to fifth-order signal and contribute to its rapid
cascade cross-terms largely cancel out in the case of th#ecay?® In addition, we now report agreement with prelimi-
R,,222:,5ignal (in which the only third-order signal that con- nary MD simulations performed by Stratt and co-worfér.
tributes to the cascades is tRg,,,tensor element leaving  While these simulations are for an atomic liquid, there is
the pure parallel cascades and the parallel/parallel cascad@alitative agreement in both the shape and time scales be-
cross-term the dominant terms in the residual cascade. Qiveen the calculated and measured signals. The MD simula-
course, as shown in Figs(@ and &d), even these contribu- tions for the R,,,,,,tensor element produce a signal that
tions appear to contribute only very minimally to the mea-peaks atr,~20fs, 7,~300fs. It extends te~400 fs along
sured signal. 7, and~1 ps alongr,: this extension along the, axis is in

Our results showing that direct fifth-order signal domi- general agreement with thie,,,,,,Signal when given the
nates cascade signals in this geometry disagree in a quantiensiderations for cascade contributions mentioned above.
tative sense with recent calculations by Janseal?’ They  Both the simulated and experimental signal are flat along the
calculate that the intensity of the cascade signal compared tnti-diagonal §,+ 7,=constant) and do not exhibit signifi-
the direct fifth-order signal is-4x 10° when using 620 nm cant echo-like behavid(signal alongr,= 7,).
light. For our 800 nm light, the ratio would be 2.4x 10°. Stratt and co-worker also perform an INM calculation
Such a ratio would necessitate a ratio of at leastihthe  for the atomic liquid and compare it to the MD results. The
squared phase matching factors for the direct fifth-order sigh\M simulation indicates that for atomic liquids th@(a%)
nal to effectively compete with the cascade signals. Our cagerm is largely diagonal in the mode index, which results in a
cade phase matching factors are given in Table I. Our direcitrong, long-lived echo-ridge that peaks ai~1 ps, 74
fifth-order squared phase matching fadtibe integral in Eq.  ~1 ps. The MD simulations, which unlike the INMs include
(5)]is 3.2<10° €92, So, we have aratio of only #610°in  anharmonicity, die off much more quickly. The conclusion is
the squared phase matching factors for the direct fifth-ordein agreement with the one drawn earlier from comparison of
and cascade signals: however, we believe we do see preur data to the QNM simulations by Saito and Ohmine: an-
dominantly direct fifth-order signal. One important factor harmonicity plays a large role in determining the shape and
that may contribute to this discrepancy is that Janseal.  time scale of decay of the polarized fifth-order sighei?
do not account for local field effects and thus only accountowever, the importance of anharmonicity may be less ob-
for single molecule motions: while it has been suggested thatious in the case of molecular liquids whee€?) with a
single molecule motions are important in third-order spec-#b may become more significant, as not only intermolecular
troscopies, they are suspected to be much less important thaistance but also orientation will determine the magnitude of
collision-induced terms(and molecular/collision-induced «{2) in molecular liquids. This is also in agreement with the
cross-terms in fifth-order spectroscopi€8-22 Further, the INM and QNM simulations(done for C$) of Saito and
ratio of the third-order response functiofwghich participate  Ohmine, which do decay much more quickly than those of
in the cascadedo the fifth-order response function was es- Stratt, but only when th@a#b mode coupling is included.
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However, in those simulations the{?)=a (Mo assump- magic angle response function,Rym,{t)=R,,,{t)
tion is used: this has been shown to be invalid but may stilt-2R,,,{t), with one pulse pair set at an angle of 54.7°
produce a qualitative picture of how mode-coupling affectsrelative to the other pulse pair, probes only the isotropic
the fifth-order signat®#22°Thus the rapid decay of the ex- response of a liquid®“® It also has been suggested that in-
perimental fifth-order signal of GSnay arise as much from formation about the response coming frartf)a(?) type in-
these nonlinear polarizability induced mode—mode couplingseractions may be accessible by measuremerf&s,gf, {t).%°
as from anharmonicity. Given this, the type of anharmonicityThe number of beams involved in a fifth-order experiment
(diagonal vs off-diagonal in the mode indefound in the and the requirement for an‘® interaction(as induced by
MD simulations of atomic liquids may be more applicable tononlinear polarizability for the analysis presented hdoe
molecular liquids than the magnitude of anharmonicity foundgeneration of any fifth-order signal, allows for a greater
in such simulations. In preliminary work, Stratt and co-range of polarization selectivity in fifth-order experiments
worker have found thagg%)c is largely dominated by diago- than in third-order ones. This selectivity provides the poten-
nal terms 6=b=c). However, in analogy with the off- tial to give different weightings to different Liouville path-
diagonal coupling terms in the signal generated throughlways and dynamic behaviors and can be achieved by chang-
nonlinear polarizability, it may be found that off-diagonal ing the polarizations of the incoming beams.
terms of the anharmonicity will also be very important inthe ~ Echolike pathways necessarily contain a two quantum
decay of the signal. interaction in the second stép?° Using the calculations of
Previously the characteristics of the direct fifth-order MFK to selectively weight for the echo, the tensor element in
signal were only discussed in the fully two-dimensional areavhich the desired pathways are dominated by the largest
(r,>0fs, 7,>0 fs). Here, however, we note the distinct ex- rotational invariant and the undesired pathways are domi-
tension along ther,=0fs axis present in the measured nated by the smallest rotational invariant is the one that
R,2222751gnal and not present in measured cascade signalshould be measured. MFK attempt to identify such tensors
This extension may arise in part from direct fifth-order sig-by varying the polarizations of the pulse pair for which the
nals probing population dynamics that can occur along thag(?) interaction is desired: in the case of the echolike path-
dimension.” Steffen and Duppen have discussed in detail thavays this is, as mentioned, the second pulse pair. This can be
direct fifth-order signal described by E¢Ba that can be understood by reference to the Feynman diagram in Fig.
produced along the,=0 fs axis, where a hyperpolarizability 1(b). In this diagram, the first coherence excited is that be-
signal described by E¢8b) may also residd Such pathways tween the ground and first excited vibrational levels of the
can be seen in Feynman diagrams such as the one showngrobed oscillator or coupled oscillators. The coherence to
Fig. 9(c)]. Here, the first two sets of pulses are overlappedwhich this superposition state is transferred upon arrival of
and this gives a Liouville pathway in which the systemthe second pulse pair is a coherence between the first and
evolves in a population state, or a diagonal element of th@econd excited vibrational levels of the probed oscillajor
density matrix, during the second variable time interval.gqr 4 nearly harmonic case, in which the energy difference
Thus the extended features seen along#re0 fs axis in  petween the first two vibrational levels is nearly equal to that
theR;,,,,signal and many other tensor elements may reflechetween the second and third vibrational levels, this diagram
population dynamics along this axis. In the absence of hytgoks like a rephasing diagram used to describe photon ech-
perpolarizabilities and residual cascade signals, the signal djes. The energy differences of the two superposition states
the 7,=0 fs axis is a direct measure of population dynamicseycited are nearly equal in magnitude but opposite in sign, so
whereas a slice taken at a given nonzero valug,@long7,  that when the second coherence is excited, the dynamics of
is a direct measure of pure dephasing. In the case of thge first coherence period are reversed, potentially allowing
R;.22:,tensor element, the cascade simulatiorhich in-  for yephasing and the formation of an echo. In the two-
cludes the pure cascade terms expected to contribute Moggmensional experiment this echo would appear along the
substantially to any residual cascade signal than the cascac{gégonaLTZ: 4. All echolike signals that can be obtained
direct fifth-order cross-termsioes not have significant sig- i the two-dimensional Raman measurement haveatf3e
nal along ther,=0fs axis[Fig. 6b)]. Thus cascades are jnieraction producing a two guantum interaction in the sec-
expected to contribute very minimally along thg=0fs ;.4 step, as in the Feynman diagram displayed in Fig). 1
axis; however, a hyperpolarizability signal governed by Eq.  ne |east effective way to select for the echo or any
(8_b) may contribute there, although its ex_pected intens_ity is_ specific pathway is to measure tRe,,,,,signal: this mea-
priori unknown. The slow decay of the signal along this axisg,;ement always includes twd?) interactions and one?

sugges.ts that we are indeed sgeing evidgnce of dire_ct ﬁf,ﬂihteraction, thus weighting all pathways equallyow the
order signal that reflects population dynamics along this ax'ssubscripts indicating polarizations of the incoming pulse

This will be discussgd_in more detall for other tensor ele‘pairs have been explicitly includgd On the other hand,
ments that showad|st|nct tc_andency to either select or des@yrk have suggested several tensor elements that will
lect for these types of Liouville pathways. heavily weight Liouville pathways where the?) interaction
comes second. These tensor elements will weight for the
echo pathways. Of the suggested tensor elem&3is, ;A4S
the most promising for our experiment: because the third-
Polarization selectivity has long been used to select foorder respons&,,,,,iS very small, any cascade contribu-
certain dynamics. For example, it is well known that thetions to the fifth-order signal will be very weak, even com-

E. Magic angle signals
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FIG. 7. Slices from the measured signal shown in Fitp) 8R,,mm,)- The
solid line is the data along,=180fs. The dashed line is that along
=180fs.

pared to the very small contributions evident in Rg,,,,,
signal. Significantly, as mentioned above, this tensor element
is expected to have the largest direct fifth-order signal of any
of the tensor elements studied by MFK. In addition, the
RmmzzSignal reflects only isotropic dynamics and therefore
contains none of the long-time anisotropic reorientational dy-
namics seen in other third-order sign#ig®Conversely, any o
fifth-order tensor element with a pair of pulses set at the

magic angle need not exclude diffusive motions based on T~ T (fs)

symmetry arguments alone, as no fifth-order tensor elements

. -20,21,38,4 . FIG. 8. (a) Contour plot of the combined magic angle surfgeeesented as
are purely ISOtrOple. *The presence of any Ionger time the square of the response so that it is directly comparable to the measured

components in these signals then can not be attributed tgmodyne signajsthat isolates the contribution from terms with the polar-
cascades and can provide valuable insight into which dynanizability derivativea(a?)aly) . (b) Diagonal slices from th®, ,,,(solid
ics the fifth-order experiment can probe. line), Rzzmmzz(dash_ed Iin_): RZZ_szm(dot—dash ling and the combination
THeR,,.Signal i presented in Fgit. The peak of | 21e6e reseted i@ (I wih oss marets Mot e pesof e
the signal is atr,~150fs andr,~150fs, and the signal is of either of the other two slices.
fairly symmetric with a slightly slower decay along than
along 7,. The signal extends in each direction well beyond
600 fs as can be seen in slices shown in Fig. 7. While wea diagonal slice only provides a lower limit on the inhomo-
might reasonably expect some discrimination against anisageneity of the sample, not an absolute value.
tropic behavior in the magic angle signals through analogy Following the suggestion of Murnet al, the magic
with third-order magic angle signals, the long time behaviorangle responses have been summed in a particular manner in
in this tensor element is striking and suggests that this is natrder to compare our data directly to their PWDOS
the case. Here, we concentrate on the response in the puralglculations’! While this procedure was originally suggested
two-dimensional areér,>0 fs, 7,>0 fs) since this is where for the tensor elements consisting yfand z polarizations,
rephasing dynamics would be manifest. Compared to thave perform it on the magic angle signals where cascade rem-
R,,,,251gnal, there is a significantly slower decay along bothnants are much less of a concern. Such an addition procedure
dimensions and along the diagonab € 7,), where echolike is performed assuming pathways with aff interaction in
behavior would appear. Diagonal slices from fRg,,,,and  the first step do not contribute to the sighaf® While this
R,;mmzSurfaces are shown in Fig(l8. Clearly the echolike assumption has been used previously, it has been shown to
signal extends to longer time in tig,,m,Signal. However, be inexact for systems with either non-Markovian system-
as concluded in a previous paper, which showed a diagon&lath fluctuations or systems with level dependent vibrational
slice from theR,,,,mmsignal, another tensor element that dephasind’*° The addition procedure is as follows: add to-
was suggested to weight for the ecliahe time scale of gether theR,,mms,aNd Rymzz2,Signals and subtract the
rephasing is comparable to that of the inverse frequencies &,,,,mmSignal from this sum. The relative magnitudes and
the modes being probed, and thus the liquid is well-describedcaling of the surfaces used are taken from the slices pre-
as homogeneou$. Of course, because the damping of thesented in Fig. 5. The three measured magic angle signals are
signal can be due to both anharmonicity and pure dephasinghown in Fig. 3. The combined surface and diagonal slices

Intensity (arb. units)

100 200 300 400 500 600
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through two of the magic angle surfaces are shown in Figs. (a) (b)

8(a) and 8b). - a1
The combined surface reflects the size of the - /

aPalVal) PWDOS and can be compared directly to the — Y | 1 © 10

size of thea') ¢V {2 PWDOS and moreover can be com-

pared directly to Fig. @) of Ref. 21. If we assume that the 0 0 0 0

a'?) interaction comes in one of the final two steps of the (0> <0 |0> <ol

experiment, the combined surface reflects the size of

aDaPal?) because th,,nm,signal has anr® interac- (c) (d)

tion induced by either &z or an mm pair, as does the 1 1 11

RmmzzzzSignal, whereas th&,,,,mmsSignal necessarily has P4

the a® interaction originating from a-polarized pair of 11 -~ 11

pulses. The addition/subtraction procedure then leaves the

«® interaction necessarily induced by amm pulse pair, 00 10

whereas th&,,,,mrsighal has thex®) interaction necessar- o> <ol

ily generated by &z pulse pair. The comparison of the di- 0 0

agonal slices in Fig. ®) is consistent with several of the 0> <ol

observations made by MFK in conjunction with their genera- () )

tion of the ! aMa? and alYa{Val?) PWDOSs shown 0 0 o)

in Fig. 2(d) of Ref. 21. First, comparing the diagonal slice } 1.0 ‘XA 2 2

from the combined surface to that of tRe,,,,,Slice shows 1 1 2 2

that theR,,mzzSlice peaks at-160 fs whereas that of the

combined surface peaks closer to 130 fs. This de-emphasis 1o 2 0

on the echo is expected, as the combined surface equally 0 0

weights those signals with the-polarized pulse pair second 0 0

and third, whereas th®,,,mz,IS chosen in an attempt to 10> <ol 0> <ol

more heavily weight the signal with the{?) term second.
Further, the comparison between the diagonal slice from theic. 9. Several double sided Feynman diagrams that depict pathways im-
R,,..mrSurface and that of the combined surface shows thagortant in the measured signala) A hyperpolarizability pathway described

; ; by Eq. (8b) and potentially appearing on the=0 fs axis.(b) A hyperpo-
the combined surface is larger than Rg,,,mmsurface as larizability pathway described by E¢8c) and potentially appearing on the

pre_dicted by Fig. @) of Ref. 21. Also, the c_ombined surfac_e 7,=0 fs axis.(c) A direct fifth-order signal pathway described by E§d)
weights slower, or lower frequency, motions more heavilyand potentially appearing on the=0 fs axis. It includes population dy-

than does th&,,,,nsSurface. This is also in agreement with namics alongr,. (d) A direct fifth-order signal pathway described by Eq.
the MEK calculations. (8d) that is generated through nonlinear polarizability terms and includes
population dynamics(e) A direct fifth-order signal pathway described by
Eq. (8d) and generated through anharmonicity. It also includes population
) ) ) dynamics.(f) A direct fifth-order signal pathway described by Egd) and
F. Semi-polarized signals generated through nonlinear polarizability allowe® «®a® terms.

While the magic angle signals provide both the ability to
detect a direct fifth-order signal unblemished by cascade con-
tributions and potential selection for echolike pathwaysKeyes discuss such pathways, many of which have a zero
some of the semi-polarized measured signals also appear ¢uantum interaction occurring in the third step, less directly
differently weight select Liouville pathways. Here, however,than they discuss the echolike pathways. In this case, our
they appear to preferentially select or deselect for pathwaysbservations do not completely agree with their suggestions.
in which the system is in a diagonal state during at least parf\s mentioned previously, the two surfaces that will be dis-
of the second time period. In the discussion of Rg,,,, cussed for their apparent potential to select or deselect for
tensor element, the presence of such pathways has alreaggpulation dynamics are thBy,,,,, and Ry, surfaces
been mentioned: here, we discuss these pathways in moshown in Figs. &) and Zd), respectively. First, because
detail. The pathway discussed in reference toRhg,,ten-  according to the PWDOS calculations of MFK, these direct
sor element is shown in Fig.(®. The signal this Feynman fifth-order signals are smaller than any of those previously
diagram depicts is generated through the three-point polariddiscussed, the potential cascade contributions to these signals
ability correlation function in Eq(8d) and contributes on the will be considered.
7,=0fs axis. This Feynman diagram shows that the signal As discussed in the relative intensities section of this
along ther,=0 fs axis measures population dynamics, as-discussion, th&®,m,;,2NdR,,mmztensor elements have the
suming hyperpolarizability and residual cascade signals arkargest PWDOSs for the frequency range probed in this ex-
not present. Now, however, we also consider pathways thaggeriment. TheR,,,,,,Signal has the next-largest PWDOS.
contribute in ther,>0fs, 7,>0 fs area. Two types of dia- Other tensor elements have somewhat smaller PWDOSs,
grams, which will be discussed in more detail below, thatwith that corresponding to thR,,,,,,signal very small in
depict signals that give rise to population dynamics in thismagnitude over the entire frequency range calculated. As
area are shown in Figs(® and 9e). Murry, Fourkas, and mentioned previously, thR,,,,,,signal was among the least
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FIG. 10. Slices from theR,,,,,,signal shown in Fig. @) compared to . . - .

cascades simulated according to Eds) and(1b) and amplitudes given in FIG. 11, S“CSS f_roml_th&yyzzzéygnal zhcl)_wn in Ftlhg QI:)' @ SI|(ICES irom
Table I. In both cases the measured signal is given by the solid line and thttpe measure signdlines) and cascadg Ines with plus mar gr‘)sa 72
cascade simulation is given by the dashed liag Slices atr,=100 fs. (b) =0 fs(solid lineg and atr,=0 fs (dashed lines both cascade slices decay

g e e T
(solid lineg and atr,= 200 fs(dashed lines both signal slices decay on the
same time scale and much more slowly than the cascades decay.

intense signals collected. It is presented in Fidp) 2Figures

10(a) and 1@b) show slices from the measured signal and the

full cascade simulation at,=100fs[Fig. 10a)], close to  still appears to be larger than the cascade and cascade/direct

where both the measured and simulated signals peak, arfifth-order contributions bodes well for the phase matching

74=200fs[Fig. 1Qb)], at which point the measured signal discrimination achieved in this geometry and strongly sug-
has mostly decayed and the simulated signal has a dip bgests that the other tensor elements measured are also domi-
tween two extended features alomg. Figures 10a) and  nated by direct fifth-order signal. Two such signals collected

10(b) show that the slices from the full cascade simulationare theR,,,,,,andRy,,,,,tensor elements. Both tensor ele-

decay much more slowly than do those from the measurethents are expected to have larger direct fifth-order signals

signal. This strongly suggests that even thoughRhg,,,, than theR,,,,,tensor element discussed abdYahe time-
direct fifth-order signal is expected to be very small, thedependence of thR,,,,,,signal[Figs. 1Xa) and 11b)] and
measured signal is not dominated by pure cascade contribtie time-dependence and the shape oRpg ,,,signal[Fig.
tions. Since we have na priori reason to believe this tensor 12(a)] do not resemble those of the respective cascade simu-
element of the direct fifth-order signal should be symmetridations. TheR,,,,,signal seems to selectively weight Liou-
with respect to the two time variables and no simulations toville pathways including population dynamics while the
suggest this is a good assumption, we can not concludBy,,,,,Signal seems to deselect for these pathways, and this
cascade/direct fifth-order cross-terms are negligible throughvill be discussed further below.

examination of the shape of the measured signal. However, Steffen and Duppen have discussed in detail the direct

the suspected overall small size of the cascades comparedfttih-order signal that can be produced along the=0 fs

the direct fifth-order signal does suggest that this tensor eleaxis, shown in Fig. @).}" Here, the first two sets of pulses

ment has only minimal contributions from cascade/directare overlapped, and this gives a Liouville pathway in which

fifth-order cross-terms. The fact the direct fifth-order signalthe time evolution is in a population state. Thus the extended
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the 7, dimension for small values of, should carry infor-
mation about the pure dephasing rate of [0)¢1| coherence

(as well as other low oscillator state coherencésong both

of these axes, however, hyperpolarizabilities may contribute,
though choosing tensor elements wisely may diminish the
size of these hyperpolarizability signals. When this is the
case, the interesting direct fifth-order signals near and on the
7,=0fs axis and near the,=0 fs axis may be examined
directly.

Feynman diagrams, such as those shown in Fi¢gd. 9
and 9e), show that away from the two time axes, and thus in
an area not contaminated by hyperpolarizabilities,
population-type dynamics may also be in evidence. Here, as
the first time period increases, vibrational dephasing occurs,
and the population-type signal along will be diminished.
Figure 1 of Ref. 50 shows a simulation, based on a harmonic
system coupled to a bath, that displays these characteristics.
The population-type signals generated solely through nonlin-
ear polarizability that contribute to the measured signal off
the axes are all generated via pathways with a zero quantum
interaction occurring in the final step. Thus by using MFK-
type analysis, the tensor elements that weight pathways hav-
ing the a® interaction last most heavily should be those
tensor elements that reflect population dynamics most
strongly, just as theR,,,m.zSignal weights echolike dia-
grams most heavily. Of course, as seen in Fige),9
anharmonicity-type diagrams can also give rise to
population-type diagrams, and these cannot be analyzed
through reference to the MFK PWDOSs.

One tensor element that appears to deselect for
population-type dynamics Ryy,,,, In terms of hyperpolar-
izability signals, on ther,=0 fs axis we expect to have a
([ @yy(74),722240)]p) interaction, and on the,=0 fs axis
we expect to have g vyy,{72),a,A0)]p) interaction. The
cascade simulation of this surface does have some contribu-
tion along ther, and 7, axes, so if cascade residual terms are
present, these residual cascade signals likely contaminate
these areas. However, we assume cascade contributions ev-
erywhere are small, in part because the time dependence of
the simulated cascades versus the measured signal on the
axes indicates that cascade terms do not contribute signifi-
cantly to the measured sigri@ig. 11(a)]. The cascade simu-

FIG. 12. () Cascade simulation of thR,,,,,,tensor element(b) Slices
from the measure®,,,,,,signal shown in Fig. @): 7,=0 fs (solid line),
7,= 200 fs(dash-dot ling and r,= 200 fs(dashed ling

lation of this surface, unlike the others presented, includes
the contribution around time zero from the pure cascade
terms that contribute to the back quadrant of the signal
(where pulses three and four precede pulses one and two
features seen along thg=0 fs axis in many tensor elements The contribution in the back quadrant is different from that
may reflect population dynamics. Of course, because we aii@ the front quadrant, unlike in Ref. 25, because the phase
speaking of low frequency intermolecular motions, the popumatching geometry used here is not symmetric and because
lation dynamics we measure are likely a combination of thefor this tensor element different third-order signals contribute
lifetimes for several of the excited states of these modedo the cascades in the front and back quadrants. The back
While such population dynamics can appear on the quadrant cascade signal has been explicitly included in this
=0fs axis, nonhyperpolarizability direct fifth-order signal simulation because we present the=0 fs slice, which
cannot appear on the,=0 fs axis because the correlation clearly is affected by signal from the back quadrant. In ad-
function that governs it{[ a(75),@(75)],@(0)]] p), will al- dition to the apparent lack of cascades in our measured sig-
ways be identically zero. So, in the absence of hyperpolarizhal based on comparison to simulated cascades, our mea-
abilities and residual cascade signals, the signal onrthe suredR,y,,,,signal is qualitatively similar to that collected
=0fs axis is a direct measure of population dynamicsby Miller and co-workers in the first reported true heterodyne
While the 7,=0 fs axis should have no signal, slices alongmeasurement of a direct fifth-order sigR&lThat experiment
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was performed with a combination of 400 and 800 nm pasthe axes of th&r,,,,,,signal, the fast time scale decay seen
sively phase-locked pulse pairs produced with diffractive opin each of these slices relates to the vibrational pure dephas-
tics. The tensor element collected in that experiment, iring time scale of liqguid Cgand shows that the hyperpolar-
which the signal was phase-selected for the direct fifth-ordeizability signals may probe the same dynamics as third-order
signal and thus phase-deselected for the cascades, was onerirasurements.
which the polarizations were all parallel for the excitation The tensor element collected that appears to weight for
pulses and at 45° for the probe beam. The analyzer was setabpulation dynamics is thR, ,,,,,signal shown in Fig. @l).
90° relative to the probe. In terms of our collected tensorThis signal looks remarkably similar to thR,,,,,,signal
elements this corresponds to a linear combination of theollected by Tokmakoff and co-workers in a passively
Ryyz22-Signal being discussed here and tRg,,,,,tensor  phase-locked intrinsically heterodyne measurement of the di-
element discussed previously. Both our measured signal améct fifth-order signaf’ This signal should be identical to our
their measured signal extend along the=0 fs axis and are  Ry,,,,, signal by Kleinman symmetry>*® Aside from a
not pulse-width limited around that axi¥. small difference in peak position along, the two measure-
Our signal on ther,=0 fs axis decays on the same time ments (when taking the square root of our data so as to
scale, approximately 120 fs when the square root of the dateompare the amplitudes of the signatsok virtually identi-
is fit to a single exponential, as the signalat=200fs[Fig.  cal. Figure 120) shows slices from our collected surface.
11(b)]. Interestingly, the nonpulse-width limited signal The square roots of the slices aloaghave also been fit to
around ther,=0 fs axis decays on a similar time scale assingle exponentials. Here the signals were collected to longer
well [Fig. 11(@)]. This slice has been fit to an exponential times than in theR,,,,,, signal, although still not long
with a time constant of 200 fs, although data were not takeenough to accurately fit the long time decays. The 0 fs
to long enough times in any of these slices to accurately fiand ther,=200fs slices were fit with time constants of ap-
the long time decay. Instead, such time constants are usefptoximately 2 ps and 1.6 ps, respectively, when fitting over
in relative terms to compare the time scale of decay of varithe time range of 1000-1500 fs. When third-order hetero-
ous slices fit over the same time range. The similarity bedyne CS data are fit over the same time range, it is best fit to
tween the decay times of the signals on theand 7, axes  an exponential with a time constant of approximately 1.2 ps.
suggests that these signals are governed by the hyperpolari@e, the data in this region of tt®, ,,,,,signal appear to be
abilities as opposed to being governed by a hyperpolarizabidecaying more slowly than third-order £8ata that at long
ity along the 7,=0fs axis and &[a(74),a(0)],a(0)]]) times probes the molecular reorientational dynamics of the
type interaction along the,=0 fs axis. These two signals liquid. On the other hand, the signal ai=200fs decays
would presumably have different decay times because of theery quickly, much like that of th&,,,,,,signal, potentially
different weightings of the dynamics by the two types of probing the same dynamics as seen in all discussed slices of
signals, although as will be discussed below, such a distinathat tensor element. Then, the presence of the slowly decay-
tion is less obvious for intermolecular modes than for highing features in the signal may be an indication that what is
frequency vibrations. The fact that hyperpolarizabilities mayselected for in this tensor element is a population-type path-
govern the signal on both axes in this tensor element may beay of the direct fifth-order signal. A perusal of all the other
less surprising than in other tensor elements since here wagnals presented, excepting th,,,,, signal discussed
expect the signal generated through the three-point polarizbove, strongly suggests that the long lived signals along the
ability correlation function to be quite small based on ther,=0 fs axes are indeed probing population dynamics, and
PWDOS calculations. A weak three-point polarizability gov- this signal is dominated by[ a(74),a(0)],a(0)]]p) type
erned direct fifth-order signal on the=0 fs axis would not interactions.
preclude relatively strong hyperpolarizability signals on the = When examining the signal on the =0 fs axis of the
axes. The very fast time constant associated with decay oR,,,,,,tensor element, we must of course consider both po-
the time axes is somewhat unexpected from a hyperpolarizential hyperpolarizability and cascade contributions along
ability signal, though, since it resembles a third-orderthat axis. In the case of the,,,,, signal, the expected hy-
([a®,aM]p) type interaction. Heterodyne third-order mea- perpolarizability signal is([ ay,(74),¥,22(0)]p) on the 7,
surements of C§ dominated by([ &'V, V] p) interactions, =0 fs axis. It previously had been suggested that such a
can be fit to an exponential with a time constant of 1.6 ps fothyperpolarizabilty signalin which the y interaction has an
times beyond 2 p& However, the third-order signal’'s ap- odd number ofy and z indice would be zerd® While the
parent time scale drops apprecialfly time scales of~300  rotationally averagedy,,,, would be zero, the signal we
fs) when fit to the same time scale ran@50-600 f$ over ~ measure does not include a rotational average,of, alone.
which we fit the slices from our two-dimensional signal. So, we cannot maintain that hyperpolarizability signals
Also, the decay along the, =0 fs axis of this tensor element should not be present in thg,,,,,,tensor element based on
is significantly faster than the decay of that axis’s signal insymmetry arguments. Further, as in the case ofRpg .,
other tensor elements measured. This indicates that the othgignal, we assume cascades everywhere are small, and this is
tensor elements have a different proportion of contributionsupported by the full cascade simulation of this tensor ele-
on that axis from the direct population-type fifth-order sig- ment, which does not resemble the measured signal in either
nals compared to the hyperpolarizabilities, with theshape or time scale of decélfig. 12a)]. So, while the hy-
population-type signals more important in those tensor eleperpolarizability signal likely contributes to a certain extent,
ments. If we are indeed seeing the hyperpolarizabilities orthe remarkable consistency between all the tensor elements
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(exceptRyy,,) in their extension along the,=0fs axis observations hold true for all but the,,,,,signal)

strongly suggests that we are truly seeing population dynam- Attributing the extended features of thg,,,,,signal to
ics as probed by direct fifth-order processes along that diPopulation dynamics also allows us to turn to the MFK PW-
mension. DOSs to attempt to explain why a particular tensor element
Further, neither the hyperpolarizability signal nor the Would weight such dynamics heavily. In terms of the MFK
presence of cascades can explain the most striking feature 5VPOSS, t02 heavily weight population dynamics pathways,
the measure®,,,,,,signal, the off-axis extension along. either the a(? |nteract|o_n would occur last or that tensor
This feature of the signal looks very much like the simula-&lément would be dominated by anharmonically generated
tion of Fig. 1 of Ref. 50 and suggests that this tensor elemertidnal. According to the PWDOSs generated by MFK, the
may be weighting population dynamics heavily. Anotherte.nsor elerz‘n(_ent mos_t likely Fo weight the types of diagrams
possibility has been suggested by Golonekal. to explain ~ With the a'?) interaction last iRmmz.,, The fact that we see
the presence of this feature in their signal. They suggest thal° indication of population-type dynamics in that signal sug-
the long time signal present is related to molecular reorien9€StS teRyzzz,ysignal may be generated mostly through
tations or cross-correlations between molecular reorients2narmonicity, though there is no obvious reason why this
tions and interaction-induced effeésWhile it is certainly ~ Snould be more true of this tensor element than of others.
possible that some tensor elements would weight these d%}ne assumption MFK m?"‘e that could contribute to the dif-
namics more heavily than others, it is completely unclear a erences between experiment and theory seen here is that

this point why these dynamics would only appear along thei9nals due to ther®(?a(?) interactions are not included.
T, time period of a tensor element that probed said dynam-SUCh a signal could be described by the Feynman diagram

ics. On the other hand, attributing this feature of Ryg,,,, Isrlpwndln F|g: %), Iand th"T‘f ctlr?arly c:)gtljdtgwe rnse tq pc.)fpu-
signal to population dynamics is more attractive because on&Hon dynamics alongy IS contribution were signifi-

can easily understand why this feature should be present fGANt for th?RYZZZZY.tensor elem.ent, 'gh|s .COU|d explain the_
long times along ther, dimension for small values of, observed signal. If indeed the signal in this tensor element is
4

[Fig. 9c)]. Additionally, the fifth-order signal is expected to weighting population dynamics more heavily than dynamics

weight higher frequency motions more heavily than is thedes;cribed by other Feynman diagrams, it is clear that more

third-order signal, and thus we would be less likely to Seeattention in tensor analysis should be given to the possibili-

long-time reorientations in the fifth-order signal than in t1es for sgnal_generatlon and_welghtlng t)h?g)h‘?z\;e not yet
third-order measuremerfts?2 been studied in depth: these include ®& «a® type

Of course, in the case of the low frequency intermolecu_interactions and anharmonically generated signal. Another
lar motions of7C§ that we probe, it is not obvious that popu- interesting aspect of the extended feature of this tensor ele-
lation relaxation time scales and pure dephasing time scaldgent .that can not currently be explamgd e|t_her_ by under—
should follow the trend seen in high frequency vibrations. Instandlng this feature as molecular reorientation/interaction-

the case of high frequency vibrations, the large mismatch iﬁnduced cross-terms or as populatlon dynamics is that the
eak of the feature as a function @ moves to progres-

frequencies between the interrogated oscillator and the baff) " -
lean” in the

modes causes population relaxation to be significantly sIowe?'Vely lower 7, values asr, increases. This

than pure dephasing. The processes of population reIaxaticifSponse implies a progressive decrease in the amplitude of

and pure dephasing are often thought of in terms of inelasti ower frequency Components in the response ascreases.

and elastic collisions, respectively: population relaxation, hus an understanding of this feature could give detailed

comes about due to inelastic collisions in which there is enlnSight into the frequency dependence of the liquid's relax-

ergy exchange with the bath, and pure dephasing comddion processes.
about due to elastic collisions in which only the phase of th
wavefunction of the oscillator of interest chang@&or high
frequency vibrations it is the energy mismatch between the The various tensor elements collected in the geometry
vibration and the solvent bath modes that results in the indesigned expressly to suppress all cascade contributions to
elastic processes being much less efficient than the elasttbe measured fifth-order signal indeed appear to be domi-
ones that result in rapid pure dephasing. The intermoleculanated by direct fifth-order signal. This appears to be true
motions of C$, on the other hand, function in this model as even of theR,,,,,,signal, which is expected to be the small-
both the chromophore and the bath, and there is a continuoest according to the calculations of MFK. It does appear that
spectral density. However, despite the fact that the mismatcim some tensor elements collected there is still a small
in frequencies between the oscillator of interest and the batamount of contamination by cascade signals. This contami-
no longer exists, it does still appear that this separation ofation is now believed to arise predominantly from pure cas-
time scales holds for this system. This is seen in the timeade terms and not from cascade/direct fifth-order cross-
scales of the decay of the direct fifth-order signal from theterms. These contributions could be diminished even further
intermolecular motions of Glong ther,=0 fs axis, where in a perfectly executed heterodyne detected measurement
the three-point polarizability correlation function can only performed in a geometry such that all of the cascades and the
give rise to population-type Liouville pathways. The signalsdirect fifth-order signal were perfectly phase matched. Then,
on this 7,=0 fs axis are significantly longer lived than any the direct fifth-order signal field would be 90° out of phase
other portions of the signal, all of which must include with the cascade signal field and could be selected for with
dephasing effects before any population is creat@tiese phase-sensitive detection. However, the probe pulse must be

e\/. CONCLUDING REMARKS
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phase-locked in relation to the local oscillator for this to betion dynamics, one of the most interesting applications of
accomplished. This is difficult experimentally and has beerthis experiment.
approached through the wuse of diffractive optics
elsewheré”?® We are currently pursuing this through the
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