JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 7 15 AUGUST 1999

Fifth-order two-dimensional Raman spectra of CS  , are dominated
by third-order cascades
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We have demonstrated that fifth-order stimulated Raman spectra of the intermolecular modgs in CS
are dominated by cascading third-order processes. Previous studies have successfully discriminated
against a sequential cascading process, but did not account for parallel third-order cascades. All of
our measured spectra were successfully simulated considering only cascades built directly from our
measured third-order spectra. Using an appropriately chosen phase matching geometry we also
measured the sequential cascade, which should exist with equal probability to the parallel cascade.
When employing a phase matching geometry that provided substantial discrimination against all of
the third-order cascades we were not able to measure any signal. We assign an upper limit for the
true fifth-order signal of 2% of the cascaded signal. 1899 American Institute of Physics.
[S0021-960629)00131-2

I. INTRODUCTION inhomogeneous line broadenifiThe experiment involves
anifi fort has b ; q hpreparation and probing steps that are very similar to those
In recent years, significant effort has been focused on't Bf the third-order Raman experiment. However, between the

?evelop_ment hpfh h'gh?r ord:afr | notpllnear d/Opt'?al SIOec'preparation of the initial vibrational coherence and the prob-
roscopies, which nvolve multiple ime andjor frequency; g step, there is a second interaction with an additional pair

variables, in an effort. to probe microscopic details ob_scure f light fields that transfers the initial vibrational coherence
by ensemble averaging inherent in linear spectros¢ofy

r%en probed in the final step. Thus, fifth-order time-domain

o . : . ) .
(NMR) spectroscopy to multiple dimensions that began in_Ezaman spectroscopy is a two-dimensional technique in that

the early 1970’38 Efforts to expand time-domain vibra- it has two controllable time periods, and the response is gov-

. _ . 5)
tional spectroscopy to higher dimensionality have, thus faremteshbytwe f|(1;t_h (?[rdb?r rt(_asponsg fl;llnctlcﬁtﬁ, I(Té’”g '\clete
been dominated by Raman based techniques. This has fc;"—'a e two adjustable time variables are labetgdind 7,

lowed directly from the fact that ultrafast laser technologyto remain consistent with our previous labe"‘hg—'he se-
has developed more rapidly in the visible and near-IR por_quence of pulses and a representative ladder diagram for an

; . (5) -
tion of the spectrum than at mid to far-IR wavelengths. 1 (7274) response are shown in Figsaiand 1b). The
In time-domain nonresonant Raman spectroscopy of isogallent feature of these experiments is the direct transfer of

tropic media, the third-order response is the lowest orde]he first vibrational coherence to the second vibrational co-

nonzero response. The measured response is governed by fifRfence. For example, transferring an initial coherence to_a
third-order susceptibilityy®(w), or equivalently in the time- S€cond coherence of nearly equal frequency and opposite

domain by the third-order response functi®{®)(7).*° Ex- phase resu_lts _in a rephasing process durir;g the second time
perimental examples include impulsive stimulated scattering!j‘terv4alé6th's is analogous to spin ?éﬁe’ and photon
(1SS),2° optical Kerr effect(OKE), and optical heterodyne €chd™ “"experiments, see Fig(). In this example, hetero-
detected Raman induced Kerr effect spectroscop@eneous line broadening can then be removed via the rephas-
(OHD-RIKES).??%|n these experiments, two light field in- INg events.
teractions initially overlapped in time drive a vibrational co- ~ Following the initial-proposal, fifth-order time-domain
herence, the evolution of which is probed by a final RamarRaman spectroscopy received considerable attention both
interaction occurring at some adjustable time later. There is theoretically*?’~*?and experimentally-®+%1133The ma-
single time period under experimental control, and the meajority of the experimental efforts have involved probing the
sured response carries exactly the same information that igtermolecular modes of liquid GSa standard system in
contained in an incoherent light scattering experiment in-nonresonant Raman spectroscopy due to its very large polar-
volving a single-frequency variabt@.Thus, the third-order izability and the wealth of available experimental results. It
time-domain nonresonant Raman experiment is consideredvgas quickly realized that, owing to the direct transfer of the
one-dimensional measurement that probes a macroscopic dfirst vibrational coherence to the second, the experiment
semble averaged response. offered substantially more information than had initially
Fifth-order Raman spectroscopy, originally proposed bybeen considered. There is not only the ability to generate
Tanimura and Mukamel, was initially directed towards in- rephasing events in individual vibrational modes, but also
vestigating the relative contributions of homogeneous andhe opportunity to directly probe the coupling between
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FIG. 1. (a) Diagram of the pulse sequence employed in these experiments

and the labeling of the time variable$) Ladder diagram for one represen- |G 2. Representative ladder diagrams for the possible cascading pathways
tative fifth-order Liouville pathway. The solid lines represent a ket side () sequential andb) parallel.

interaction and the dashed lines represent a bra side interaction. The wavy
line is the emitted signal.

even though the cascades generate the final signal in the

vibrations?~410:11.27.28.31.32.34.3pha axistence of coupling be- same phase-matched direction, the phase matching condi-
tween the Raman active vibrations is intrinsic to the generations for the intermediate steps in the cascades may be sig-
tion of the fifth-order signal, making the experiment an ex-nificantly different than the tru®®)(r,,r,) response. As a
quisitely sensitive probe of these microscopic interactionsresult, the phase matching, as well as the relative magnitudes
The fifth-order signal has the potential to identify the natureof both the cascaded and true responses, will dictate the rela-
of the coupling and quantify the magnitude of the couplingtive contribution from each of the possible processes to the
between Raman active vibrations. measured signal. The cascading lower order signals contain

Although there appeared to be some limited agreemento more information than the individual lower order signals
between theoretical predictions and the experimentally meaaside from the ability to directly measure the interferences
sured spectra, a number of discrepancies remained, even abetween differentR(®)(r) tensoral responsé§.Cascading
qualitative level of comparison. The most obvious differencelower order processes have been seen in a number of differ-
between theory and experiment is the high degree of asyment experimentd’~3® In both frequency-resolvéd and
metry in the experimental response along the two adjustabléme-resolvet®*! fifth-order coherent anti-Stokes Raman
time delays. In previously reported experimental spectroscopfCARS) measurements, the authors concluded
investigationd;®1°the response along the first delay, ap-  that the observed signals were dominated by cascading third-
pears to peak at,=0 with a rapid initial decay that evolves order processes.
into a single exponential decay at long times, consistent with  There are two types of third-order cascades that can lead
the reorientational relaxation identified in third-order to an overall fifth-order signal. The two types of cascades are
experiment£}?2 At early times along the second time delay, shown in Figs. 2a) and 2b), and we refer to them as sequen-
74, the response rises to a maximum near 180 fs, consistetial and parallel. Previous fifth-order stimulated Raman in-
with the early time response in the third-order experimentsvestigations of the intermolecular motions in £&nd
These early time dynamics are typically associated with inCS,/benzene binary mixtures have taken the sequential cas-
ertial and interaction induced responses. However, at longade into consideratich®'*#? However, the parallel cas-
times in 7, the response decays far more rapidly than alongade, shown in Fig.(®), was not included in the analysis of
7o reorientational relaxation appears to be missing from theéhe intermolecular fifth-order spectra. In this manuscript, we
response along,. demonstrate that the parallel cascade is the dominant con-

The deficiencies in the agreement between simulatiofributor to the previously reported fifth-order nonresonant
and experiment have warranted reconsideration of the origikaman studies of intermolecular modes, and we place an
of the experimentally measured response. One of the greatagpper limit on the ratio of the signal from cascaded processes
difficulties in measuring the tru®®)(r,,7,) response is to the trueR®)(r,,,) response. We note here that through-
avoiding contamination from cascading third-order pro-out this manuscript we refer to the measured respon&&°as
cesses. These processes generate signals in the same phiageference to the overall dependence of the observed signal
matched direction and with the same overall dependence oon the incoming laser fields. This includes both the true
the laser fluence as the tr&&°)(r,,7,) response. However, R®)(r,,7,), governed by the fifth-order response function,
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and the cascaded responses, governed by two third-order re-
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Il. EXPERIMENT S08 .
®
A. Experimental setup é“ s
The experimental apparatus has been described in detalil %0'4
previously? Briefly, 1 nJ, 28 fGaussian, full width at half 5;0.2
maximum (FWHM)] pulses centered at 800 nm are gener- ez o
ated in a standard titanium sapphire oscilldfoThe pulses T o from center of sample/mm
are regeneratively amplified resulting in 4], 47-65 fs b) 12
(Gaussian, FWHM pulses at 3.8 kH2? The output is split P
into five beams of nearly equal intensity that are focused into g ! 3 é .
a 1.0 mm long sample of Gy a 2 in. diameter, 30 cm o3 ¢ FL
focal length singlet quartz lens. Pulse widths were deter- :5’0.6 " @
mined by autocorrelations between pairs of each of the five s .
beams using a 0.2 mm BBO crystal in place of the sample. §°'4
The polarization of each beam was individually adjustable °'§0.2
by a\/2 plate. A power attenuator consisting of a cube po-
larizer and\/2 plate was used to adjust the total power at the T st from center of sample /mm
sample to 2.5-5.5uJ/pulse. Mechanical stagéblewpor) 0 12
provided the two adjustable time delays with resolutions of @
0.67 fs alongr, and 6.7 fs alongr,. For 2D fifth-order El FE ®
spectra, the stages were swept in such a fashion as to collect §0.8 A ¢
surfaces as a function of the two time delays between the Eoe
laser pulses directlyr, and r,. The skewing of the data in E
quadrant Il with respect te, and 7,, which was present in g
the previously reported spectra taken by sweeping the true “20.2

stage delays, is avoided via this mode of collecfiofhe
signal was collected by imaging onto a silicon diddéor-
labs DET-1. Beam one was mechanically chopped at one

FIG. 3. Circles are the crossing volumes of the incoming beams as a func-
half the frequency of the laser, and the data were collected btYon of position in the sample for the experimental phase matching geom-

a lock-in amplifier synchronized to the mechanical chopperetries employed. The solid lines are Gaussian fits to these distributions. The
The output of the lock-in amplifier was sent to a personalFWHM of the Gaussian fits are reported as the effective path length in Table
computer used for storing the data. Il. (Insertg The experimental phase matching geometries. The circles are

Th . f d the incoming fields. The diamonds are the positions of the sequential cas-
e experiments were preformed at room ter‘nperatur(:'tade intermediates and the squares are the positions of the parallel cascade

Carbon disulfide, 99.9%, was used as received from AldriChintermediates. The direction of the overall fifth-order signals are shown as
Chemical Co. the open circles containing ars” The angles for the different geometries
are displayed in Table | and the sidd{I/2) values for the different phase-
matched signals and intermediates are displayed in Table II.

-0.5 0 05 1
distance from center of sample / mm

B. Phase matching

The phase matching geometries employed in these ex-
periments are shown in Fig. 3. Table | lists the crossing
angles in the sample for each of the five beams accountingoming beams in the sample. To estimate the effective path
for both the air/sample cell and sample cellfGSterfaces. length as determined by the beam crossing, we have calcu-
The signals were collected along the phase-matched diretated the overlap volume of all five beams as a function of
tion k;—k,—ks+k,+ks. In addition to the overall fifth- position in the sample. Our beams had diameters of 3 mm at
order phase-matched direction, we are also concerned withe focusing lens. The crossing volume was weighted by a
the intermediate steps involved in both the sequential anGaussian transverse beam amplitude profile with a FWHM
parallel cascade processes. There are two possible intermef 40% of the beam diameter. Both the weighted crossing
diate steps for the sequential cascade, alongk;+k; and  volumes as a function of position in the sample and a Gauss-
k,—k,+k,, and there are two possible intermediate stepsan fit to the distributions are shown in Fig. 3. We assign the
for the parallel cascade alonk;—k,+ks and —ks+k,  FWHM of the Gaussian fit to the crossing volume distribu-
+ks. The overall signal intensity will be weighted by the tions as the effective path length. The resulting effective path
degree of phase matching. The degree of phase matching clangths are listed in Table Il for each of the phase matching
be expressed as sinkkl/2), whereAk represents the differ- geometries employed along with the resulting values of the
ence between the incoming wave vectors and the signal wayghase matching conditions for the overall fifth-order process
vector and is the path length® and the possible third-order cascade intermediates. The posi-

Although our sample cell has a path length of 1 mm, thetions of the cascade intermediates are shown in Fig. 3.
actual path length is determined by the crossing of the in-  Third-order measurements were collected in the phase
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TABLE I. Angles in the sample for each of the five beams in the phase matching geometries shown in Fig. 3.
All values are given in degrees. Thétd is the azimuthal angle measured counterclockwise from the positive
x axis and phi(¢) is the elevation from the (propagatioh axis.

Phase Beam 1 Beam 2 Beam 3 Beam 4 Beam 5
matching
geometry 0 ¢ 0 ¢ 0 ¢ 0 ¢ 0 ¢
3(a) 150.5 2.4 112.5 1.9 67.5 1.9 29.5 2.4 —90.0 1.8
3(b) 123.5 1.6 163.5 0.4 80.9 2.1 35.1 2.1 —90.0 1.8
3(c) —15.3 1.8 —158.2 1.7 —138.9 0.8 —40.2 1.0 168.4 2.5

matching geometry shown in Fig.(8 along k,—k;+ks 5 were taken using the phase matching geometry in Fay. 3

with beams 3 and 4 blocked. TheR),,,(7,,74) spectrum is nearly identical to that previ-
ously reported and theRY),  (,,7,) surface is in good
IIl. RESULTS agreement with the slices measured by Stefé¢ml. and

. Tominaga and Yoshihafat® Due to the symmetry of phase
A. Third order .
matching geometry (), quadrants | and Il are related by a

Figure 4 shows the third-order homodyne responsepulse pair interchange between pulses 1 and 4 and pulses 2
|IR®)|2, for CS, at room temperature and three combinationsand 3. For both of the polarizations shown, this pulse pair
of the field polarizationsR{),{7), R§3Z)y 7), and RZ?;)Y 7).  interchange does not change which tensor element is mea-
Here, and throughout the rest of this paper, we adopt theured, and as a result quadrant Il is simply a mirror image of
labeling convention for the polarization indices in which the quadrant I.
time ordering of the interacting fields reads from right to left. Away from the two time axes both surfaces show similar
Our spectra agree well with the numerous previous measurgrehavior. Alongr, the signals decay rapidly from a maxi-
ments on this systef??>**All of the third-order spectra mum atr,=0 and evolve into a single exponential decay at
contain a pulse width limited electronic response centered agng times with the same time constant~0.8 ps, that is
the time origin. The nuclear response shows an inertial comgssociated with reoganizational relaxation in the third-order
ponent at early times with the signal rising to a maximummeasurements. Along,, the response at early times rises to
around 180 fs. This is followed at long times by a singlea maximum atr,~180fs, which is similar to the inertial
exponential decay with a time constant of 0.8 ps that is aspehavior seen in the third-order measurements. The signal
sociated with reorganizational relaxation. The relativeihen decays much more rapidiy~0.25 ps, than along..

weighting of the electronic and nuclear responses varies sigy, the Rgsz)zzz§7-2174) spectrum there is a prominent ridge on

nificantly for the different polarization combinations. The 4 7,=0 axis that is pulse width limited ir, and shows

polarization depe_ndence o_f the third—order response will b‘?‘nearly identical time-dependent behavior to )Z£ 7) re-
presented and discussed in greater detail elsewReFae sponse alongr,. This ridge also exists in th@gsz)zyyz

third-order responses are presented here for use in simul§<—(T2 7,) spectrum; however, the relative intensity is sig-

tions of cascaded third-order signals, which will be com- .. : . -
ared with the measured fifth-order spectra. nificantly reduced, and the behavior along!s more similar
P to RS, (7). There also appears to be a ridge on the-0
. axis in both spectra. This ridge is more prominent in the
B. Fifth order RS, y(72,74) spectrum, and in both cases the behavior

Figures %a) and 5b) present contour plots of the com- along, appears to mirror the decay alomgaway from the
plete homodyne detectefR(®)|?, 2D fifth-order spectra for axis. Thesz)zzzgrz,u) spectrum shows a strong peak at the
two of the most commonly measured polarization combinatime origin that is pulse width limited in both time dimen-

tions,R$3),,(72,74) andR), (75,7,). The spectra in Fig. sions. This feature does appear in RE),, (,,7,) spec-

TABLE Il. Degree of wave vector matching for the overall fifth-order response and the cascade intermediates,
sinc(Akl/2). The beam geometries are shown in Fig. 3. The effective path lergng the FWHM of the
Gaussian fits to the crossing volume distributions shown in Fig. 3.

sinc(Akl/2) for geometries shown in Fig. 3.

3@ 3(b) 30
Overall fifth-order ki —ky,—ks+ks—Ks 0.89 0.46 0.88
signal
Sequential k,—ky+ks -0.20 0.96 —0.09
intermediates ki —ko+ Ky -0.19 0.96 —0.09
Parallel intermediates ki —ky+ks 0.75 —0.09 —-0.15
—Kg+ Kyt ks 0.75 -0.14 -0.15
Effective path lengtimm) 0.61 0.73 0.73
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FIG. 6. Contour plot of the 2D fifth-order spectra collected using phase

FIG. 4. Homodyne detected third-order spectra fo, @Sroom tempera-  Matching geometry(®) for CS, at room temperature fdR3),,, Sequential
ture. There are three combinations of the field polarizations shB{gh;no cascades dominate the signal.
marker(solid line only, R« + " and RE) “* " The R, spectrum has

yzyz zyyz 2227
been scaled by a factor of 0. 67

along each of the two dimensions that is very similar to the

trum, but it has a much lower intensity as compared with theone-dimensionaR(?, { 7) response. Now there is an inertial

rest of the response. rise with a maximum at-180 fs and a decay at long times
Figure 6 shows thé?gsz)zzzﬁTz,m) spectrum taken in With a time constant of-0.8 ps along bothr, and 7,4. The
phase matching geometryi8. Although the signal intensity ridges along the time axes have also become more symmet-
is comparable to that in thag)zzzﬁTz,u) spectrum taken in ric. They are both pulse width limited in one time dimension
phase matching geometrya, there is a clear change in the and have th&{’,{7) time dependence along the other time
2D response. The overall response now appears symmetmension. The ridge along, at 7,=0 has a greater inten-

about the two time variables with a time-dependent responsgity than the ridge at,=0 along,. This is the result of the
ridge at ,=0 having contributions from both quadrants |

and Il within the autocorrelation width of the pulses. There is
also a strong peak at the time origin that is pulse width

a) 800— : : : : : : . : limited in both time dimensions.
; j é , . Rezzzzz Phase matching geometryc3 was derived to provide a
SO S S S R S T S - high degree of discrimination against all four of the cascad-
_ : ‘ : ' ' ing pathways. Even though the overall fifth-order process is
E,,’_)“OO well phase matched in geometrycB we were unable to

measure any significant signal in this phase matching geom-
etry. Based on the signal levels found for the spectra in Figs.
5 and 7, we are able to place an upper limit on the signal
from phase matching geometry(c at 2% of the signals

0 et ““““ 2 »»&5
\‘—\v

200 0 200 400 600 800 1000 1200 1400 collected in phase matching geometriéa) and 3b).
T, (fsec)

Rzzzyyz 600

200 0 200 400 600 800 1000 1200 1400 -200 0 200 400 600 800 1000 1200 1400

T, (fsec) T, (fsec)

FIG. 5. Contour plots of the 2D fifth-order spectra collected using phaser|G, 7. Simulation of the 2D response, Hdd), for the case of nonlinear
matching geometry @) for CS, at room temperature. Two different com-  polarizability coupling, Eq(3), and in the isotropic limit. A sum of the three
binations of the incoming beam polarizations are sho@:RS),,,, (b) brownian oscillators reported in Ref. 33 was used to model the time depen-
Rguyyz Parallel cascades dominate the signals of both spectra. dences.
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IV. DISCUSSION the strongly asymmetric measured spectra. Figure 7 shows
a simulated room temperature homodyne response,
|IR®)(7,,7,)|?, for the NP coupling case using the three
The true fifth-order responsB{;) (72, 74), can be ex-  brownian oscillators in Ref. 33. As noted by Haénal, the
pressed as the sum of three hyperpolarizability interactiongequired assumption of a set ratio betweg® and a2 for
Egs. (1@—(10), and a three-point polarizability correlation all of the modes considered when using the NP coupling
function, which describes the two-dimensional response, Egexpression in a sum over multiple modes is often not
(1d).?” As discussed justified?® Using instantaneous normal mode simulations
(INM), Murry et al. have demonstrated that this assumption

A. Fifth-order response

5
Romii( 72 74) % (Enmikgi) O(72) (72 74) 13 clearly not appropriate for the intermolecular motions in
i CS,.%® Therefore, we only simulate the fully coupled, or iso-
+E<[anm(7'4)s7iji(o)]>5(7'2) (1b)  tropic, limiting case where the response is described by a
single mode represented by a sum of the three brownian
i oscillators.
+ o7 ([Yamid72), @i (0)1) 8(74) (10) Comparison between our homodyne spectra and the NP

coupling simulation in Fig. 7 clearly shows a number of
1 qualitative discrepancies. Compared to the data in Hig, 5
- Wmanm( 72t 74), i 72)], @i (0)]) which peaks at,=0 alongr,, the simulation peaks away
(1d)  from zero alongr, and decays too slowly along,. Com-
pared to the data in Fig. 6, the simulation decays too rapidly

i ) , alongr,. Although only the isotropic limiting case has been
terms of the coordinates via a Taylor expansion of the polarg,amined, consideration of multiple modes as the basis cor-

. - 2,31,33 . .
izability operator. The assumption of a linear depen- o 1ation functions for the NP coupling simulation would not

dence of the polarizability on the coordinates leads to a ZeMfnprove agreement with experiment: as long as the NP cou-

value for the three-point correlation function in EQd).  jing s considered time independent, the basic symmetry of
This demonstrates the intrinsic dependence of the fifth-ordeg, o response will remain the same even though the actual

signal on the microscopic coupling in the system. Two typesg;jme dependence of the experimental response might
of coupling have been identified that can generate the ﬁﬂhéhange”?

order signal, anharmonicity in the vibrational potential, AN,

and nonlinearity in the dependence of the polarizability ong Third-order cascades

the vibrational coordinate, NP'?® The individual re- _

sponses based on AN and NP coupling can be expressed in There are two types of third-order cascades that can lead

and(3).123! types of cascades are shown in Fig&) 2nd 2b), and we

have labeled them sequential and parallel. A sequential cas-
cade involves the emission of a photon from the first vibra-
tional coherence that then participates in driving a vibra-
(2)  tional coherence on a different chromophore. Previous fifth-
order investigations of the intermolecular motions in,@8d

previously, the 2D response, E(ld) can be expressed in

R(s)’ANMg(3)a(l)a(l)a(1)f drC(74— 7)C(7)C(15—17),
0

(5),NP. (2) (1) (1) ) : :
Rnmikji* @nmii’ @ji- Comik(74) - Ciji (72 72) CS,/benzene binary mixtures have addressed this type of
cascade directl§3113542The phase matching geometries in
+ agwlr%afj)“}il)cnmlk( 74) Cikji (72)- () y P 99

these experiments were designed with the express purpose of
In Egs.(2) and (3), a(™(t) is the nth derivative of the po- poorly phase matching the first step in the sequential cascade
larizability with respect to the coordinds, andg® is the in an effort to discriminate against the sequential cascade
third derivative of the ground state potential with respect tosignal. This discrimination appears to have been quite suc-
coordinates. cessful: a sequential cascade will generate a response that is
Using a fit to the third-order response consisting of threecompletely symmetric in both of the time variables; how-
brownian oscillators as the basis set of two-point correlatiorever, it has been the distinct asymmetry of the experimen-
functions, Tokmakoffet al. simulated the intrinsic hetero- tally observed spectra that makes the data so difficult to ex-
dyne response for both the AN and NP coupling c&3es. plain.
They demonstrated that anharmonic coupling was not con- The ladder diagram for the parallel cascade is shown in
sistent with the measured fifth-order observable. In particufFig. 2(b) and begins with the preparation of vibrational co-
lar, the rise of the signal in the AN simulations was far tooherences on separate chromophores as a result of interactions
slow alongr,. Simulations based on NP coupling were morewith the first and second pairs of laser fields. The probing
successful in generating the measured response. The simulateraction on one of the chromophores then results in a field
tions were for the heterodyne detected cross-ternthat is involved in a probing interaction on the other chro-
R®)(7,)R®)(7,,7,), and although the NP coupling expres- mophore. This type of cascade was not previously consid-
sion for R® in Eq. (3) is asymmetric in the two time ered in the intermolecular fifth-order spectroscopic studies
variables, theR(®) term also provided significant asymmetry and thus was not considered in the design of the phase
in the total response allowing for good agreement withmatching geometries used in these stuéife®However, the
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Iy FIG. 9. Contour plot of the simulated homodyne 2D cascaded spectra for
phase matching geometryl. The spectrum was calculated from E@.
and (5) directly using the third-order spectrum in Fig. 4 as the third-order

2000 0 200 400 600 800 1000 1200 1400 response and weighting everything by the appropriate phase matching val-

T, (fsec) ues shown in Table IIR},,,,is shown.

FIG. 8. Contour plots of the simulated homodyne 2D cascaded spectra for . . .
phase matching geometrya. The spectra were calculated from EG$) parallel case. In the simulations, the third-order responses are

and (5) directly using the third-order spectra in Fig. 4 as the third-order taken directly as the square root of the third-order homodyne

responses and weighting everything by the appropriate phase matching vaipectra, For the two polarization combinations considered,

ues shown in Table Il. Two combinations of the incoming fields are shown . T .

@RS, 0 RS, potential _mterferences between the individual thlrd-(_)rder re-
sponses in the overall cascaded process are not evident. This
is consistent with the positive tensor values for both the elec-

parallel cascade was very recently investigated and implitronic and nuclear portions of all involved third-order re-

cated as the major contributor to the signal in fifth-ordersponsesR{),{7), R, (7), andRS), (7). We have also

CARS experiment&** As shown in Eq(5), a parallel cas- added an additional Gaussian weighted ridge alongthe

cade results in an asymmetric signal about the two time vari=0 axis to simulate the counting of both quadrants | and Il

ables. that can occur within the autocorrelation width of the pulse.
The cascaded responses are expressed in terms of the There is not only excellent qualitative agreement be-
third-order responses in Eq&l) and(5). tween the simulated third-order cascaded spectra and our
(3)2 o) 53) 3) measur(_ad spectra, but also S|gn|f|can§ quantitative agree-
Rnmikjisequentiam Rsed 721 74) = Roiji( 72) Romio( 74) ment. Figure 10 shows slices from the simulated and experi-

+R(3Q--(r4)R(3)| (), (4) mental spectra for phase matching geometd) &hat dem-

7! nme onstrate the agreement in the time-dependent behavior along
both dimensions. Phase matching geomeitly) &xhibits a
similar degree of quantitative agreement. In addition to the

+R ()R (1,4 72). (5)  time-dependent behavior, the relative magnitudes of the sig-
In addition, there are terms that arise from the interchang8@lS for the two polarization combinations considered in
symmetry with respect to/j andk/I. These terms are not Figs. 5.and 8 are also in good quantitative agreement across
exactly equal in all cases; for example, note the differencéhe entire 2D spectrum.
between the measuré¢R), (7)|? and|R%), (7)|? responses
in Fig. 4. The homodyne cascaded signal is proportional t
IRGY(72,74) + REN(72,74)|%. For a given phase matching
geometry, the intermediate third-order responses must be From the third-order cascade simulations and the change
weighted by their individual phase matching values, and thén shape of the measured response with different phase
overall process will have the same phase matching conditiomatching conditions, it is clear that the measured fifth-order
as the trueR®). All of the phase matching values for the spectrum is dominated by cascading third-order signals.
geometries employed here are displayed in Table Il. Figure 8ased on(1) the degree of disagreement with the simulated
shows the simulated homodyne cascade signals for phaseie fifth-order response, Sec. IV A2) the excellent agree-
matching geometry(@) for both of the combinations of field ment with simulated third-order cascaded spectra, @d
polarizations measured in Fig. 5. The simulated cascade fayur inability to measure any significant signal in phase
phase matching geometryl8 is shown in Fig. 9 for the all matching geometry 8), which strongly discriminates

3)2 _ b5 _ (3 3
RO ki paratie™ Roat( 72, 74) = Rimii( 72+ 72) Ripy(74)

. Relative magnitudes of the cascaded and true
ifth-order signals
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FIG. 10. Comparison of slices from the spectra shown in Figs. 5 and 8. The solid lines are from the measured spectra, Fig. 5, and the dashed lines are from

the simulated cascades, Fig. 8. The spectra shown on the left are slices-alfong, =150 and 250 fs. The spectra shown on the right are slices alpng
for 7,=300 and 500 fs.

against all the cascaded pathways, we assign a lower limit dfy Tominaga and Yoshihara, we calculate an effective path
50 for the ratio of the homodyne detected third-order cascadeength of 0.5 mm and find that the sequential cascade inter-
to the true fifth-order signals. mediatek,—k;+ ks, and parallel cascade intermedidte
Other experimental investigations are also completely—k,+ks, are almost perfectly phase matched, siil(2)
consistent with signals originating from cascaded third-order=0.99° The other two cascade intermediates are poorly
processes. For the experimental conditions used by Steffgshase matched, sintkl/2)~0.1. In this case, we would
et al, we calculate an effective path length-e0.9 mm and predict spectra that have equal contributions from sequential
find a sinc@Akl/2) value of ~0.6 for each of the parallel and parallel cascades. An equally weighted sum of the two
cascade intermediates while both of the sequential cascadifferent types of cascades will have the same time depen-
intermediates are very poorly phase matched, aiR¢2) dence alongr, as that of either cascade alone, which is the
<0.11° As a result, we would predict that parallel cascadesime dependence of the third-order signal. However, the time
dominate the signals, just as in our results for phase matctdependence along, will have a decay that is faster than that
ing geometry 8a). This is consistent with the agreement be-along 7, but slower than the, decay for spectra dominated
tween the results of Steffest al. and Fig. 5b).1%'%133%We by the parallel cascades. This is consistent with the data of
note that although phase matching geometfg) 3vas de- Tominagaet al., which appear to have &, decay that lies
rived from the phase matching geometry employed by Stefbetween that of our parallel cascade dominated spectra, Fig.
fen et al, our small changes in beam positions and modesb(b), and the third-order decay shown in Fig?@l]’hus, we
increases in the incoming beam angles resulted in a reasohelieve that the signals reported by Tominaga and
ably large decrease in the phase matching for the parall&foshihara®®4? and Steffenet al,'®!*3%as well as by
cascade intermediates. For the experimental setup employdwkmakoff et al,*>3 arise predominantly from cascades.

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



J. Chem. Phys., Vol. 111, No. 7, 15 August 1999 Fifth order Raman spectra of CS, 3113

For comparison of the third-order cascade processeadditive, this type of analysis is straightforward. However,
with the nonlinear polarizability coupling model, we expressthis type of analysis is not applicable to the case of intermo-
the third-order response functions as a linear expansion décular modes. The typical approach taken when attempting
the polarizability operator in terms of the coordinate, ).  to vary the concentration of intermolecular modes is the use
Higher order nonlinear contributions RI®)(7) are assumed of binary mixtures. When one considers the many body na-
to be negligible. For this discussion, we consider the casture of the intermolecular modes and the complexity of bi-
where the incoming fields are all parallel, and the tensorahary mixtures, it is not directly evident that there is any
indices are dropped. proportionality between the ill-defined concept of concentra-

tion for intermolecular modes and the binary mixture frac-

RE(m)xaVaVC(r). ©) tion. An additional complication in the use gf binary mix-
As discussed in Sec. IV A, only the isotropic case is considiures comes from the significant changes in the polarizability
ered. Using Eq(6) for R®)(7), comparison of Eq93), (4),  weighted density of states as a function of binary mixture
and(5) shows that the ratio of the cascaded third-order profraction. In other words, the intermolecular spectrum is
cess to the NP coupling case for the true fifth-order responsehanging with binary mixture fraction. These types of effects
can be expressed in terms of the ratio of the first and secorare clearly evident in third order measurements of €5
derivatives of the polarizability with respect to the coordi- binary mixtures’* As a result, a binary mixture dependence
nate: of the signal intensity cannot be used to make an assignment

R(cg)scade (o] (a2 of the origin of a given intermolecular spectral feature.

x = : 7
RY  [aP2a@  o@ ()

. _ _ V. CONCLUSION
Using INM simulations, Murryet al. have calculated the . ) .
relative ratios of ™ and «®@ for 5000 intermolecular We have experimentally demonstrated that the signals in

modes in CS“® Although their results show this ratio to be fifth-order stimulated Raman measurements of the intermo-

somewhat randomly distributed amongst the 5000 modedgcular modes in CSare dominated by cascading third-order
the majority of the modes have a ratio af')/a(®>100. Processes. We were able to generate nearly perfect matches

This result implies that for the homodyne measurementlO the measured 2D spectra using simulations based on cas-
where the signal is proportional t&®)|2, the cascaded sig- cades of our directly measured third-order signals. In addi-
nal will be 1G—10* times larger than the fifth-order signal tion, we were unable to measure any signal when using a
from NP coupling. This is a value well above our lower limit Phase matching geometry designed to discriminate against
for this ratio of 50. the cascaded process while maintaining good phase matching
For intermolecular modes, Fourkas and Keyes have sudor the overall fifth-order response. The results show that the
gested that a cancellation among the continuous distributioRrevious measurements are predominantly the result of a par-
of frequencies for the anharmonic coupling will result in aallel cascade process that had not been previously considered
much lower contribution to the fifth-order response than NP intermolecular studies. Using an appropriately designed
coupling*® However, usingab inito calculations Hahret al. ~ Phase matching geometry, the sequential cascade process,

have found that for the intramolecular modes in Cii@he  Which should occur with an equal intensity to the parallel
AN coupling is one to ten times larger than the NP cascade, was also measured. We place an upper limit on the

coupling?® They also report values for the ratio in EG), ratio of the cascaded to true fifth-order contribution to the
and for some modes the ratio of E) approaches unity. Nhomodyne signal of 2% of the cascaded signal. This upper
This would suggest that the AN coupling contribution to thelimit is consistent with an analysis of the ratio based on
true fifth-order response in these intramolecular modes magonlinear polarizability coupling as the origin of the true
be as large or larger than the cascaded contribution. Usingfth-order signal. The ratio suggests that for G&en the
typical values and the expression provided in Ref. 9, Ulnes§0st cleverly designed phase matching geometry may not be
et al. estimated that the time-resolved sequential CARS procapable of providing sufficient discrimination against the
cess was one to ten times larger than the true fifth-orde¢ascaded processes when finite beam diameters are consid-
CARS procesé Both of these estimates suggest that forered. One possible solution, albeit quite challenging experi-
intramolecular modes, the AN coupling may result in signalsmentally, may be a heterodyne measurement where the phase
that are comparable to the cascaded processes. We note tRhthe local oscillator is adjusted to select the true fifth-order
there are features in the fifth-order nonresonant spectra ¢fgnal, which should be phase shifted from the cascaded sig-
CCl, and CHC} obtained by Tokmakof&t al? that cannot nals by=/2. This solution, along with a detailed derivation of
be explained by cascaded processes alone. the cascaded responses for both fifth- and seventh-order
An additional parameter that is typically considered stimulated Raman experiments, will be presented in Ref. 51.
when comparing cascades to the true fifth-order response is
the number density, or concentratior_l, dependgnce. The CON CKNOWLEDGMENTS
centration dependence has been cited as evidence that the
measured spectra were from the true fifth-order response for The authors thank Professor Andrei Tokmakoff, Profes-
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