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Abstract 

Intrinsic optical heterodyne detection is applied to femtosecond two-dimensional (2-D) vibrational spectroscopy of the 
Raman active inter- and intramolecular modes of liquid CS 2 between 1 and 1000 cm -t.  Heterodyne detection is 
accomplished with a novel wave vector matching geometry that allows detection of the cross term between the third and 
fifth order response, R(3)R (5). The increase in the bandwidth and sensitivity through this detection technique will allow the 
measurement of 2-D temporal or spectral responses for a wide variety of systems in this frequency range. © 1997 Elsevier 
Science B.V. 

I. Introduction 

Fifth order nonresonant Raman spectroscopy has 
received considerable attention recently as a probe of 
the microscopic dynamics of condensed phases. This 
two-dimensional (2-D) optical rephasing technique 
has been shown to be sensitive to heterogeneous 
dynamics in condensed phases [1-3]. These predic- 
tions have led to a number of experiments to quan- 
tify microscopic variations in the intermolecular dy- 
namics of neat CS 2 [4-9], and liquid mixtures with 
CS 2 [10]. Further theoretical work has demonstrated 
the sensitivity of this experiment to anharmonicity in 
intermolecular vibrations [11,12]. In addition, fifth 
order Raman experiments have allowed experimental 
probing of the dephasing of high frequency vibra- 
tional overtones [13]. 

As with other optical echo spectroscopies, a dis- 
tribution of dynamics within the ensemble can be 
observed by the constructive interference between 

the individual microscopic responses along the diag- 
onal time axis in the 2-D temporal response [1-  
3,9,14]. In practice thus far such effects are small; 
however, the full temporal 2-D Raman response has 
been shown to be sensitive to the microscopic details 
of the liquid dynamics [9]. It is also clear that an 
extension of these experiments to the study of intra- 
molecular dynamics can give direct information on 
the coupling between well defined vibrational de- 
grees of freedom. 

The five field interaction sequence for the nonres- 
onant fifth order experiment is shown in Fig. l a. A 
vibrational coherence is created by excitation with a 
pair of Raman excitation fields at time t o = 0. The 
coherence evolves for a time ~'2 = t 2 -  to at which 
point a second pair of Raman fields induce certain 
rephasing processes. The evolution of the coherence 
after the second period 7 4 = t 4 - t  2 is probed by 
scattering a probe pulse E 5 off the coherence, gener- 
ating a polarization P. Tanimura and Mukamel orig- 
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Fig. 1. (a) Time variables in the nonresonant fifth order Raman 
experiment, a - r /  refer to the polarization of the input beams. (b) 
The heterodyned fifth order wave vector matching geometry, 
showing the cross-section of the beams and signal (circled S) 
perpendicular to the direction of propagation. In the heterodyne 
configuration both the E 3 and E 4 interactions are derived from 
pulse (circled 3). (c) The temporal regions of fifth order signal 
generation (I and II) for the two time dimensions given in (a), as 
dictated by causality and the symmetry to pulse interchange. Also 
shown is the time axis for decay of the cross term third order 
signal. 

inally showed that the fifth order polarization can be 
described by three-point Raman polarizability corre- 
lation functions in the form [1] 

1 
~ 5 ) ( ' r 2 ,  '1"4) = h"22 ( [  [ ~ ( t 4 ) ,  ~ ( t 2 ) ] ,  ~ ( / 0 ) ] ) ,  

1 
- h2 ([[ ~(~4 + ~ ) ,  ~ ( ~ ) ] ,  ~ ( 0 ) ] ) .  ( lb)  

Note that the fifth order response is a sixth rank 
tensor quantity given by the three point interaction 
with the second rank Raman polarizability tensor for 
the system. While this expression is general for any 
nonresonant fifth order Raman experiment, in the 

following we study the degenerate six-wave mixing 
signal of the Raman active modes within the band- 
width of fs excitation pulses (1-1000 cm-l) .  

Most of the experimental difficulty with fifth 
order Raman spectroscopy lies in the detection. The 
weak rephasing pathway of the fifth order signal 
must be distinguished from non-rephasing fifth order 
signals, hyperpolarizability contributions, much 
stronger third order signals, the fundamental beams, 
and scattered light. These problems have led to the 
design of selective wave vector matching jgeometries 
for the homodyne detected signal [5,8,9]. The gener- 
ation of a unique direction for the true 2-D fifth 
order signal requires the use of five independent 
pulses [9]. Even with a selective homodyrle detection 
geometry, microjoule level pulse energies are re- 
quired to observe responses in even the most polariz- 
able samples, with intensities approachingthe thresh- 
old for continuum generation. 

In order to increase the sensitivity of detection it 
is desirable to implement optical heterodyne detec- 
tion of the fifth order signal [15,16]. This phase 
sensitive technique has the further advantage that the 
signal generated is linearly proportional to the non- 
linear response, rather than the modulus squared 
homodyne response. Heterodyne detection of third 
order nonlinearities is most often accomplished by 
intrinsic heterodyne detection, in which the signal is 
generated in the same wave vector matching direc- 
tion as the probe beam [16]. In this geometry the 
probe beam that generates the signal als0 acts as a 
phase-locked local oscillator field, and the detector 
observes the intensity of the sum of the probe and 
signal fields. By chopping the pump beam; the domi- 
nant probe beam contribution to the signal can be 
eliminated yielding a signal that is effectively pro- 
portional to the third order response 

n c  
l ( t )  = ~ [JELo(t ) + R(3)(t)l ~ - IELo( t ) l  2] 

IlC 
--" 2~ Re[EEo(t)" R'3'(t)],  (2) 

when ELo >> R (31. Intrinsic heterodyne detection ex- 
periments include virtually every resonant or non- 
resonant third order pump-probe experiment. Other 
heterodyne detection techniques of third order sig- 
nals have more flexibility in selecting ithe tensor 
element to be observed, but generally require signifi- 
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cant effort in introducing or characterizing the local 
oscillator, or in signal detection. These include a 
phase-locked Mach-Zehnder interferometer [17], po- 
sition sensitive Kerr lens spectroscopy [18,19], and 
heterodyning between the nuclear response and an 
accumulated thermal grating [20]. 

Intrinsic heterodyne detection of the fifth order 
Raman signal cannot be accomplished by choosing a 
wave vector matching geometry that generates the 
fifth order signal collinear with the final probe pulse 
E 5, since there are necessarily far stronger third order 
signals generated in the same direction. Instead we 
use the third order signal as the intrinsic local oscil- 
lator field and generate the fifth order signal along 
the same wave vector matching direction with the 
addition of one additional pump beam from which 
the E 3 and E 4 interactions are derived. Fig. lb 
shows the wave vector matching geometry chosen 
for this experiment. A nonresonant third order signal 
R~3),(t4) with wave vector matching direction k s = 
k 5 + k 2 - k¿ is generated in a box grating geometry 
by the time-coincident Raman excitation pulse pair 
E ~  and E2~ and the probe beam Esa. A Raman 
interaction with an additional pump pulse (E3y E3y) 
incident at time t 2 prior to Es~ generates the fifth 
order signal ~(5) ~" t 4 - t 2) along the same wave **-qAyy~ax~2, 
vector matching direction k s --- k 5 + (k 3 - k 3 )  - ( k  1 

-kz). By chopping the pump beam and detecting 
the change in the third order signal, we can detect 
the cross term between the third and fifth order 
response 

1(7"2,7"4) ~[R(~3)a( t4)  + 0  (5) ( t 2 , t 4 - t 2 ) l  2 

_ R(3) [ t4 ) [2  ( 3 a )  

= 2Re[R(3)/3a(7-2 + 7-4) "°(5)*'na-rrOa~.-2 / "  ,7-4)] , ( 3 b )  

if the amplitude of R (3, >> R '5). Here and in the 
following, references to the time variables associated 
with R'5)(7" 2, 7"4) refer respectively to the time inter- 
vals of the correlation function (7"~ >/0). Knowing the 
third order response, which can be measured by 
nonresonant pump-probe, optical-heterodyne-de- 
tected Raman-induced Kerr effect spectroscopy 
(OHD-RIKES), or the other heterodyne techniques 
mentioned above, allows the fifth order response to 
be extracted. Likewise the cross term in Eq. 3b can 
be modeled directly in interpreting the 2-D response. 

The 2-D signal described above is generated for 
the condition t 4 > t 2 > 0 ,  which is pictured as Re- 
gion I in Fig. lc. In addition, a fifth order signal also 
exists for t 4 > 0 >  t 2 due to the pulse exchange 
symmetry between the Raman pulse pair EI~ E2~ 
and the Raman pair derived from pulse 3, E3y E3y. In 
this case, pictured by Region II in Fig. lc, the fifth 
order signal p,5) ¢ - ,  t 4 )  is generated in the **rtA/3~yy x ~2 ' 
same wave vector matching direction as the third 
order signal 

•,3) g t~(5, t t4)[ 2 l(Y2,7-4)  a . .~Z/3~.t4) + "*na/~ayy~. - - t 2 '  

- IR~3~%~( t4) l  2 , ( 4 a )  

2Re[ ,3, ./;?(5, [,'r T4) ] (4b) "~ R~:,~3,~(T4) "'rtA/~ayyk'2' T2 -{- " 

Eq. (4) demonstrates that full symmetry to the inter- 
change of the pulses does not exist in the detection 
of the R(3)R (5, cross term. Since the third order 
signal decays in the t 4 time dimension, it damps the 
2-D signal in Region I in both time dimensions, but 
only damps the z 4 dimension in the Region II signal. 

2. Experimental 

We demonstrate the fifth order heterodyne tech- 
nique by obtaining the fifth order response ~,(5) **ZZZZZZ 
from liquid CS 2 which probes the modes of the 
polarized Raman spectrum [21]. The full 2-D homo- 
dyne response for this fifth order signal has been 
previously characterized with 60 fs pulses [9]. The 
data shown here was collected with two bandwidths. 
Broad bandwidth measurements were taken with 27 
fs pulses, which allowed observing the inter- and 
intramolecular response of CS 2, while narrow band- 
width measurements with 45 fs pulses were sensitive 
only to the intermolecular response. 

For broad bandwidth measurements, the response 
was measured with amplified pulses derived from a 
cavity-dumped Ti:sapphire oscillator [22]. Pulses of 
35 nJ, dumped at a repetition rate of 3.8 kHz, were 
amplified in a double-pass Z-fold amplifier con- 
structed of two 10 cm radius of curvature mirrors 
about a 4 mm Brewster-cut Ti:sapphire crystal. 
Pumping the amplifier with 1 m J, 400 ns pulses from 
a frequency doubled Q-switched Nd:YLF, yielded 
750 nJ pulses with 45 nm bandwidth (A = 785 nm). 
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Prism compression yielded 27 fs sech z pulses with 
130 nJ total energy at the sample. Narrower band- 
width data were taken with 45 fs sech 2 pulses ob- 
tained by 3.8 kHz regenerative amplification of the 
Ti:sapphire oscillator pulses [23]. Microjoule level 
energies were available at the sample with this sys- 
tem. 

The beams were split in a manner similar to the 
arrangement in Ref. [9]. The energy in beams 1, 2, 3, 
and 5 was split in a ratio of 1:1:2:1, respectively. 
Two stepper motor translation stages allowed the 
timing of pulses 3 and 5 relative to the pulse pair 1 
and 2. In all cases, the polarization of all beams were 
parallel, implying that the R~)zzzzz  tensor component 
was measured. The beams were focused into the 
sample in the wave vector matching geometry of Fig. 
lb. For the 27 fs data, an 8 cm achromatic doublet 
was used to focus to a spot size of 50 Ixm at the 
sample, whereas the 45 fs data were taken by focus- 
ing with a 30 cm singlet to 270 Ixm. The third order 
signal k s = k 5 + k 2 - k~ and the superimposed fifth 
order response were detected with a Si photodiode, 
amplified ten times, and sampled with a gated inte- 
grator. The R(3)R (5) cross term was extracted by 
chopping beam 3 at 1.9 kHz and detecting the gated 
integrator output with a lock-in amplifier. Data was 
taken in Region II of Fig. lc, by stepping in 6.67 fs 
steps in both time dimensions. Scans along t 2 were 
averaged before stepping in the t 4 direction, with a 
total collection time of = 30 h for the 27 fs data and 
= 12 h for the 45 fs data. The integrity of the data 
set was checked by comparison of cross scans along 
t 4 at several t 2 intervals with the corresponding 
slices from the data matrix. 

ior. On longer time scales the data approaches expo- 
nential damping with a time constant of 1.6 ps, as 
expected for ~-> 2 ps [8,24]. These low frequency 
dynamics are indistinguishable from the dynamics 
observed in the depolarized response of I CS 2 mea- 
sured with OHD-RIKES [8,24]. The #(3) response 

* • Z Z Z Z  

is also modulated by beating from the: impulsive 
excitation of the 654 cm -~ ul symmetric S = C = S  
stretching mode. The imaginary Fourier transform 
spectrum of a fit to this response, after removal of 
the hyperpolarizability spike at r = 0, is also shown, 
emphasizing the clear separation of inter, and intra- 
molecular modes. 

Fig. 3 shows the 2-D response of the cross term 
R(3)(74 ) .  R(5)('r2, '/'4 ) of CS 2 taken with 27 fs pulses 
and filtered to remove frequency components above 
230 ps-  l (1200 cm- l ) .  The contour plot: shows the 
general features of the response, which bear similar- 
ity to those of the homodyne response [~]. The 2-D 
signal peaks at 72 = z 4 --~ 150 fs and decays rapidly 
along the diagonal. Ridges along % = 150 fs are 
observed in both dimensions, corresponding to the 
peak of the inertial component in the third order 
response. The rate of decay along ~'2, which follows 
the diffusive response at long time, is distinctly 
slower than along r 4 [9,14]. As seen in the surface 
plot, the signal is modulated in both dimensions by 
the intramolecular dynamics. The strong signals along 
the time axes arise from 1-D hyperpolarizability 
contributions to the fifth order signal; these have 
been discussed previously [9,14]. 

The spectral representation of the 2-D ,cross-term 
response is shown in Fig. 3 by the absolute value 

3. Results and discussion 

Fig. 2 shows the 1-D third order polarized Raman 
response of liquid CS 2 taken with 27 fs pulses. The 
data presented is the square root of the homodyne 

(3) 2 signal, ~1Rzzzz('r)l • Other than the superior signal 
to noise ratio, there is no difference between the data 
in Fig. 2 and the third order intrinsic heterodyne 
response obtained with a simple nonresonant 
pump-probe experiment (see Eq. (2)). The data show 
the inertial rise of intermolecular dynamics, peaking 
at ~-= 150 fs, and then damping to diffusive behav- 

o soo lo'oo  s'oo '; 2000 
(fs) 

Fig. 2. The third order Rzzzz response from CS2, obtained from 
the square root of the homodyne signal. The imaginary part of a 
multimode fit to the Fourier transform of the time domain data is 
shown in the inset. 
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Fig. 3. Heterodyne 2-D Raman response, R(3)zzzz ~tT4 j~RCS)zzzzzz''2(~ , z4), of CS z. The contour plot shows features in 10% contours relative to 
the 2-D signal maximum. The surface plot, with hyperpolarizability contributions truncated, shows the modulation due to the vj mode of 
CS 2. The absolute value 2-D Fourier transform of the time domain data, shown in the lower left, shows contours from 6% to 14% of 
maximum in 2% intervals. 

2-D Fourier transform of the time domain data. The 
spectrum shows the strong intermolecular peak cen- 
tered at zero frequency and the diagonal peaks of the 
v I mode at to2 =0.)4 = +653 cm -1. The diagonal 
frequency slice that contains these peaks is the 
equivalent of the 1-D observable [25]. The elongated 
shape of these peaks along o.) 4 is partially due to the 
decay of the third order response along ~'4 in the 
cross term. In addition, strong cross peaks are ob- 
served between the inter- and intramolecular modes. 
The existence of cross peaks is considered a sign of 
coupling between the dynamics of the corresponding 
diagonal frequency components [25]. With reference 
to the techniques developed with 2-D NMR, it is 
likely that analysis of the details in such spectra will 
lead to an enhanced understanding of the molecular 
motions involved in the dynamics of liquids. 

Fig. 4 shows three tests that determine uniquely 
that the true 2-D fifth order heterodyne signal is 
measured. In Fig. 4a, the full fifth order heterodyne 
response taken with 45 fs pulses in both Regions I 
and II is shown. The response shows the correct 
shape predicted by Fig. lc. Further, the long time 
decay rate along the positive diagonal t: = t 4 (Re- 
gion I) is twice as fast as the decay along - t  2 

(Region II). Fig. 4b shows the decay along - t  2 for 
t 4 = 100 fs taken with 27 fs pulses, which on ps time 
scales approaches an exponential decay with a 1.6 ps 
time constant. This observation indicates a response 
that is linearly proportional to R tS), and thus a 
heterodyned signal as predicted by Eq. 4. A homo- 
dyne signal would be expected to decay with a 0.8 ps 
time constant [8,9]. A final test of a true heterodyned 
response comes from a power dependence of the 
R(3)R ~5) cross term signal intensity, which is ex- 
pected to scale as the fourth power of the total 
incident intensity. The power dependence shown in 
Fig. 4c confirms this prediction over > 4 decades of 
signal intensity. 

For previous 1-D nonresonant intrinsic heterodyne 
experiments, i.e. OHD-RIKES [26], the polarization 
geometry has been chosen to allow the magnitude of 
the local oscillator to be adjusted within an order of 
magnitude of the third order signal level. This is 
done by rotating the polarization of the incoming 
probe beam to be approximately crossed with the 
probe beam analyzing polarizer. The slight mismatch 
allows a much attenuated part of the probe beam to 
be introduced as the local oscillator. Specifically, 
qO1 = ~ 2  = 0 ° ,  ~ 3  • 45°, q~4 = -45° ,  where ~Pi are 
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Fig. 4. Characterization of the heterodyned fifth order Raman 
experiment. (a) o(3) ocs) response of CS, taken with 45 fs • "  Z Z Z Z  ""  Z Z Z Z Z Z  

pulses, in 10% contours relative to the 2-D signal maximum. For 
comparison with the broad bandwidth data in Fig. 3, the Region II 
data should be inverted about the t 2 = 0 axis. (b) Semi-log plot of 
a slice of the 2-D signal R(31(74).R(5)('r2,'r4 ) along % with 
r 4 = 100 fs. Lines show the decay times expected for a heterodyne 
(1.6 ps) and homodyne (0.8 ps) response. The small deviation 
from a 1.6 ps decay is expected for times < 2 ps. (c) Fifth order 
signal intensity as a function of the sum total incident intensity in 
all 4 beams taken at % =74 = 150 fs. The arrow marks the 
intensity at which the data were taken. 

the linear polarization directions of the i time or- 
dered fields in the four-wave mixing process. This 
geometry limits the third order tensor component to 
be measured to the dynamics of the depolarized 
Raman spectrum. Note that as shown in Fig. 2 
above, if the signal or dynamic range is large enough, 
no attenuation of the local oscillator is required, and 
the polarized spectrum can be measured (~o i = 0°). 
The same geometries can be used in the intrinsically 
heterodyned fifth order signal. The polarized spec- 
trum dynamics are observed by keeping all polariza- 
tions parallel (q~i = 0°), as demonstrated here. Analy- 
sis of the fifth order tensor components [21] can lead 
to a geometry in which the fifth order signal is 
generated with its polarization crossed to the hetero- 
dyning third order signal field. A geometry that 
meets these requirements, and thus allows the magni- 
tude of the local oscillator to be varied with the 
analyzing polarizer is q~l = q~: = q~5 = 0°; q~3 = (~94 = 

45°; ~6 = 90°. 

The shape of the 2-D response for small % and 
the features that define the ridge along the z 4 vari- 
able are rather important in the simulation of the 
microscopic intermolecular liquid dynamics [9]. 
When trying to simulate a distribution i of micro- 
scopic dynamics in the fifth order response, echo 
formation phenomena are expected bothi along the 
diagonal (% = r 4) as well as along % = 0 [1-3]. 
Also, simulations of fifth order response from anhar- 
monic intermolecular modes show thatl the early 
portion of the r 2 time scale is sensitive to the 
magnitude of the cubic anharmonicity [12]. An im- 
portant distinction between the variable i bandwidth 
data sets, and also the 60 fs homodyne results in Ref. 
[9], is the form of the decay along r 4 for small %. 
Whereas the long time behavior along the % axis is 
very similar between each data set (allowing for the 
hetero- or homodyne detection), the magnitude and 
shape of the ridge along r 4 changes as a function of 
the detection bandwidth. A r 4 ridge is quite obvious 
in the 27 fs data and disappears as the pulse width 
lengthens. This result can be understood qualitatively 
in terms of a number of observations.: First, the 
symmetric nature of the signal depicted i in Fig. l c 
and Fig. 4a indicates that pulse width qonvolution 
effects will be far more dramatic for the response at 
small z 4 than at small r 2. In this region, the contours 
of the signal will be dictated by the superposition of 
the responses from Region I, Region I!I, and the 
% = 0 hyperpolarizability signal. This is in addition 
to narrow bandwidth spectral filtering effects, which 
in I-D measurements broaden and push back the 
inertial response of the liquid [27]. A true calculation 
of these bandwidth effects requires a Summation 
over numerous Liouville space pathways [14] 
weighted by the spectral bandwidth. This is expected 
to have a significant effect on the fifth o~'der signal, 
because a three level system is required in the de- 
scription of the signal generation. Much of the simu- 
lation of fifth order signals thus far assumes infinite 
bandwidth and an infinite level harmonic oscillator 
coupled to a bath [1], which cannot capture interfer- 
ence effects with finite pulses at delay times compa- 
rable to the pulse width. All of the statements made 
here suggest that until these issues can be resolved 
more precisely, a broader bandwidth measurement is 
more reliable for comparison to the existing theories 
for the experiment. 
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The techniques demonstrated here suggest the 
possibility of using 2-D vibrational techniques as a 
probe of structure and dynamics in condensed phase 
molecular systems. Two-dimensional spectroscopy 
has been widely developed in the field of nuclear 
magnetic resonance to separate congested spectra in 
complex systems, probe couplings between spins, 
and address dynamic relationships between spectral 
features [25]. In principle, the bandwidths of fs pulses 
allow multidimensional Raman experiments to probe 
similar issues in the vibrational regime between 1 
and 1000 cm -1. The heterodyne technique presented 
here for fifth order Raman spectroscopy is general in 
that the same optical principles can be applied to a 
wide range of higher order resonant or nonresonant 
Raman experiments. The sensitivity of this method 
will allow 2-D measurements to be made even on 
weak Raman transitions. 
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