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Femtosecond Two-Dimensional Spectroscopy of Molecular Motion in Liquids

Thomas Steffen and Koos Duppen
Ultrafast Laser and Spectroscopy Laboratory, Department of Chemistry, Materials Science Cente

University of Groningen, Nijenborgh 4, 9749 AG Groningen, the Netherlands
(Received 20 September 1995)

Intermolecular motion in CS2 and benzene is investigated by femtosecond nonresonant four- and
wave mixing. Impulsive stimulated six-wave mixing yields new information on dephasing of coher
nuclear motion, not accessible from four-wave mixing experiments. The results cannot be modele
two independent harmonic modes accounting for coherent librations and rotational diffusion.

PACS numbers: 33.70.Jg, 33.15.Vb, 42.50.Md, 78.47.+p
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Ultrashort laser pulses, with durations of less tha
100 fs, are very capable of exciting nuclear motion
liquids on time scales that are short compared to typi
collisional periods [1–4]. This opens the possibility t
investigate the static and dynamical properties of loc
structures in liquids by coherent spectroscopic techniqu
in real time. The memory function of the system th
is generally unknown and presumably quite complex f
liquids can be determined when a sequence of pul
is applied. We report here on fifth-order nonlinea
optical experiments that are designed to directly probe
relevant memory times of nuclear propagation, by tryin
to rephase macroscopic nuclear coherence after a w
defined period of dephasing.

Molecular motion in transparent liquids has been i
vestigated intensively by frequency-domain experimen
such as dynamic light scattering [5] and by time-doma
experiments such as the optical Kerr effect (OKE) [1,
and transient grating scattering (TGS) [3,4]. The i
formation, obtained by these techniques, is in princip
equivalent [6]. Since the OKE and TGS signals depe
on a single time variable, the short- and long-lived com
ponents of the total memory function cannot be separa
[7]. To determine the character of the underlying micr
scopic processes in the liquid, higher-order nonlinear o
tical experiments are required that allow for independe
change of several propagation times.

The Raman-echo, recently performed by Vanden Bo
Muller, and Berg [8] and by Inabaet al. [9], was the first
example of such a higher-order nonlinear experiment
liquids. Since in these picosecond experiments a sin
intramolecular vibrational state is excited, this sevent
order nonlinear Raman effect can be directly compar
to a resonant photon echo experiment on a two-le
system [10,11]. Rephasing of vibrational coherence in
an echo occurs when there are slow fluctuations (e
inhomogeneous broadening) in the propagation of t
system.

Impulsive excitation with femtosecond pulses gives ri
to an entirely different situation. The ultrafast pulse
cover a broad range of low-frequency transitions, and t
molecules can no longer be described as two-level syste
This situation has been described first by Tanimura a
0031-9007y96y76(8)y1224(4)$06.00
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Mukamel [12], who calculated the higher-order nonline
optical response of a nuclear harmonic mode using pa
integral techniques in Liouville space.

Recently, the first impulsive fifth-order nonlinear ex
periments were reported by Tominagaet al. [13,14]. Ac-
cording to their observations, the fifth-order response
CS2 resembles, along both time variables, the nuclear p
of the third-order TGS response: It consists of an ine
tial coherent contribution that rises and falls in the su
picosecond range, followed by a slow diffusive tail. I
their analysis, based on the theory of Ref. [12], they a
sumed that the molecular dynamics is dominated by tw
independent contributions: a homogeneously broaden
underdamped mode to model coherent librations and
overdamped mode accounting for diffusive reorientatio
Both the third- and fifth-order results were reported to b
well described by the theory.

We present here results of fifth-order experiments
CS2 and benzene. Both samples show qualitatively t
same features. In contrast to Ref. [13], the shape
the fifth-order signals is found to be different from
that of third-order TGS signals when either of the tw
delay times is changed. We further demonstrate th
current theoretical models fail to explain the full two
dimensional fifth-order response correctly. In agreeme
with Tominaga and Yoshihara [13] we find indications fo
homogeneous broadening of ultrafast librational motio
However, this conclusion should be considered wi
caution, since the employed model fails to explain a
observations.

The principle of the experiment, depicted schematica
in Fig. 1, is the same as that of Ref. [13], but wit
a slightly modified beam configuration. Two pairs o
coincident femtosecond pulses with wave vectork1 and
k2 and a mutual delayt1 excite the sample. After
a variable delayt2 with respect to the second pulse
pair, a fifth pulse with wave vectorkpr converts the
propagating intermolecular coherent state into an optic
signal with wave vectork5  kpr 1 2sk1 2 k2d. The
pulses, with a central wavelength of 620 nm and
duration of 45 fs, were generated with an amplified CPM
laser system operating at 9 kHz [11]. They were focus
in a 1 mm path length, room temperature sample with
© 1996 The American Physical Society
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FIG. 1. (a) Layout of the time-domain fifth-order experime
Two subsequent pulse pairs, separated by delay timet1,
impulsively excite molecular motion. After a delayt2 a
probe pulse generates an optical signal with wave vectork5 
kpr 1 2sk1 2 k2d. (b) Spatial configuration of the beam
The dashed circle gives the position of the third-order grat
scattering (TGS) signal wave vectorkTGS  kpr 1 sk1 2 k2d.

150 mm focal length lens. The angle between adjac
beams was about 45 mrad. The total applied ene
per five-pulse cycle was kept smaller than 300 nJ
CS2 and 600 nJ for benzene, in order to avoid se
focusing and continuum generation. The pulses w
wave vectork2 were polarized horizontally, the pulse
k1 and kpr were polarized vertically. The signal wa
spatially filtered, transmitted through a vertically orient
polarizer, detected by a photomultiplier, and proces
by a lock-in amplifier. It depends on all five pulses,
vertically polarized (in our configuration third- and fifth
order polarizations are orthogonal), and has a4.9 6 0.3
power dependence. The shape of the signal does
depend on the intensity.

In Fig. 2(a) the fifth-order response of CS2 is shown
for variable delayt2 and fixedt1 together with the third-
order grating signal that was measured in the direct
kTGS  kpr 1 sk1 2 k2d when the first pulse pair wa
blocked. It is clear that third- and fifth-order responses d
fer considerably: The coherent artifact in the TGS sig
around zero delay that results from nonresonant excita
of electrons to virtual states (electronic hyperpolarizabili
is absent in the fifth-order traces. Such artifacts were
served by Tominaga and Yoshihara [13] in their fifth-ord

FIG. 2. (a) Fifth-order signal of CS2 as a function of delay
time t2 for t1  300 fs. Comparison with the third-order TGS
signal (dashed line) shows that diffusion is absent in the fi
order trace. (b) The shape and position of the fifth-order sig
for variable delayt2 is independent oft1, as shown for benzene
for t1  0.5, 1.0, 1.5 ps (from bottom to top).
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experiments, aroundt2  2t1 and weakly aroundt2  0.
From the intensity dependence it followed that these w
due to lower-order grating scattering contributions [14].
our case such signals are absent due to the different b
configuration, and hence the pure fifth-order response
measured. We further find that there is no exponential
due to diffusive reorientation in thet2 dependence of the
fifth-order experiment. As shown in Fig. 2(b) for benzen
the position and shape of the signals do not depend on
delay timet1.

The fifth-order signals for variable delayt1 and fixed
t2 are presented in Fig. 3(a). The traces show f
nonexponential behavior followed by single exponent
decay with a decay constant of1.6 6 0.1 ps for CS2

and2.5 6 0.2 ps for benzene. These features are typic
for the optically heterodyned detected optical Kerr effe
and for the square root of the TGS signal, instead
for the TGS signal itself. Thet1 dependence of CS2
was only briefly discussed in Refs. [13] and [14], but n
experimental results were shown. The difference betwe
thet2 dependence of the fifth-order response and the th
order TGS signal was not noticed in those papers, poss
because of the lower time resolution that causes spec
filter effects [1].

Formal expressions for the third-order nonlinear op
cal response under electronically nonresonant excita
have been derived by Hellwarth by evoking the Bor
Oppenheimer approximation [6]. The coupling betwe
the light field and the modesq of the system is then gov-
erned by the electronic polarizabilityxsqd. These calcula-
tions are easily extended to describe fifth-order nonlin
processes [12,15]. The third- and fifth-order polarizati
Ps3dstd and Ps5dstd can be written in terms of the cor
responding response functionsRs3dst1d and Rs5dst2, t1d
[6,15,16],

FIG. 3. (a) Fifth-order signals of benzene (upper solid lin
and CS2 (lower solid line) as a function of delay timet1 for
t2  150 fs. The signals resemble the third-order heterodyn
OKE effect (shown for benzene as the dotted trace), but are
described by the simulations (shown for CS2 as the long dashed
line). The amplitude of the calculated signal (short dashe
line) agrees with theintensityof the measured signal. This is
not explained by the model. (b) The deconvoluted third-ord
heterodyned OKE signal of CS2 (solid line) and its simulation
(dashed line). In the inset, the measuredt2 dependence of the
fifth-order signal of CS2 (solid lines,t1  0.3, 0.6, 0.9 ps from
bottom to top) is shown together with the calculated respon
(dashed lines).
1225
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Ps3dstd  Est 2 t1d
Z `

0
dt1 Rs3dst1dE2st 2 t1d , (1)

Ps5dstd  Est 2 t2 2 t1d
Z `

0
dt2

3
Z `

0
dt1 Rs5dst2, t1d

3 E2st 2 t1 2 t2dE2st 2 t2 2 t1d . (2)

Here, we suppressed an explicit tensor treatment of
material response. The integration along the propaga
timest1 andt2 between subsequent interactions accou
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for the effects of finite pulse width. The observed sign
are proportional to the absolute square of the polarizati
integrated over timet. The response functionsRs3d and
Rs5d can be expressed by commutators of the electro
polarizability operator in the interaction picture,̃xsqd
[6,15,16],

Rs3dst1d 
2i
2h̄

kfx̃st1d, x̃s0dgl


1
h̄

X
k,l

Pskd kkjxsqdjll kljxsqdjkle2Gkl t1

3 sinvklt1 , (3)
Rs5dst2, t1d 
21
4h̄2 kffffx̃st2 1 t1d, x̃st1dg, x̃s0dgggl 

21
2h̄2

X
k,l,m

Pskd kkjxsqdjll kljxsqdjml kmjxsqdjkle2Gklt1

3 he2Gkmt2 cossvklt1 1 vkmt2d 2 e2Gmlt2 cossvklt1 1 vmlt2dj . (4)
t

wn
g

l
to
s,

ted,
Here, jkl, jll, and jml are energy eigenstates of th
system, Pskd denotes a thermal distribution ove
initial states jkl, and damping is introduced in th
weak coupling limit by writing the difference o
the energy eigenvalues aśi 2 ´j ; vij 1 iGij 
vij 1 ifGp

ij 1
1
2 gi 1

1
2 gjg. G

p
ij and gi describe

dephasing of the coherencejil k jj and decay of the
population jil kij, respectively. Note that the treatme
at this stage is independent of the Hamiltonian
the system and of the form of the polarizability operato
f

For a harmonic Hamiltonian, the eigenstates are kno
and the coordinateq can be expressed in terms of raisin
and lowering operatorsay anda. When the polarizability
operatorx depends linearly onq, the highest-order optica
nonlinearity is the third-order response [12]. Hence,
describe fifth-order experiments in harmonic system
we have to expandxsqd up to second order inq:
xsqd  c1q 1 c2q2. Since the action ofa anday on the
eigenstates is known, Eqs. (3) and (4) are easily evalua
Rs3dst1d 
c2

1

2mv
e2G1t1 sinvt1 1

µ
c2

2mv

∂2

2h̄fsT de2G2t1 sin2vt1 , (5)

Rs5dst2, t1d 

µ
c2

mv

∂3

2h̄fsTde2G2t1 fe2G2t2 cos2vst2 1 t1d 2 e2gt2 cos2vt1g

1 c2

µ
c1

mv

∂2

e2G1t1he2G2t2 cosvst1 1 2t2d 2 e2gt2 cosvt1

1 e2G1t2 fcosvst1 1 t2d 2 cosvst1 2 t2dgj . (6)
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Here,G1, G2, andg are the state independent dephasi
rates of one- and two-quantum coherences and the pop
tion decay, respectively.fsT d is a temperature dependen
factor that depends on the initial distribution of occ
pied statesPskd. In the limit of frequency-independen
damping and providedG1 

1
2 G2 

1
2 g holds, the sec-

ond part of Eq. (6) agrees with the work of Tanimu
and Mukamel [12], who avoided the assumption of we
coupling by explicitly including Brownian oscillators
but it differs from expressions given by Leegwater a
Mukamel [17]. A detailed comparison between the va
ous models will be published elsewhere [15].

The fifth-order response function is sensitive to t
memory times of the propagation [12]. In the sta
g
la-

t
-

k

d
i-

e
c

(inhomogeneous) limit, the nonlinear polarizatio
Eqs. (1) and (2) have to be integrated over a distribut
of transition frequenciesv. For large inhomogeneou
width, all terms ofRs5d are negligible compared to th
last one that reaches its maximum att2  t1. This term
arises from the excitation of a one-quantum cohere
jkl kk 1 lj by the first pulse pair, which through
two-quantum transition is converted into the coheren
jk 1 2l kk 1 lj by the second pulse pair. The syste
then acquires phases expsivt1d and exps2ivt2d during
the first and second propagation periods, respectiv
When t2 equalst1, the phases of the two propagatio
periods compensate for each other, independent of
frequency. The nuclear coherence is then recovered,
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signal reaches its maximum value, and hence it can
called a motional echo. For homogeneous dephasing
fifth-order signal reaches its maximum directly after t
second pulse pair.

Echo-type behavior was not observed for CS2 and
benzene. Instead, as depicted in Figs. 2(b) and 3
the signal for variablet2 always rises directly after the
second pulse pair, irrespective of delay timet1. This
indicates that inhomogeneous broadening is insignific
for intermolecular motion in these systems. We follo
Tominaga and Yoshihara [13] and use two independ
harmonic modes, one overdamped and one underdam
to stimulate the signals. In case the damping rate
comparable to or larger than the frequency of the mo
the weak-coupling limit for the damping does not ho
Coupling with Brownian oscillators can then be used
overcome this problem [12]. For an underdamped mo
sv . G1, 2v . G2d, v and2v in Eqs. (5) and (6) should
be replaced byV  sv2

2 2 G
2
1y4d1y2 and2V  s4v2 2

G
2
2y4d1y2, respectively. For an overdamped modesv ,

G1, 2v , G2d, the response functions are to be continu
analytically. Because the two modes are assumed to
independent, the total response function is simply the s
of both contributions of the form of Eqs. (5) and (6).

We fitted the third-order nuclear response of CS2, ob-
tained from OKE measurements using unamplified CP
laser pulses and a setup as described in Ref. [1]. Ba
on the parameters of this fit, we calculated thet1 and
t2 dependence of the fifth-order experiments. The re
tive amplitudes for the homogeneously broadened un
damped and the overdamped mode are7.3:1, and the
corresponding parameters forv are 8.2 and 2.2 (ps)– 1 and
for G1 

1
2 G2 

1
2 g, 7.4 and 4.5 ps– 1, respectively. The

third-order signals and thet2-dependent fifth-order signal
are well simulated, as shown in Fig. 3(b). However, t
t1 dependence of the fifth-order signal cannot be mode
at all. The square root rather than the calculated sig
itself resembles the measured signal. This is shown
Fig. 3(a). Introduction of inhomogeneity of the unde
damped mode considerably reduces the quality of th
simulations.

For benzene, the general picture is the same.
t2-dependent fifth-order signals point to the presence
a homogeneously broadened underdamped mode.
t1 dependence again resembles the OKE effect, wh
is the square root of the response expected from
model. We therefore have to conclude that the mo
fails to describe the fifth-order response properly, alo
the t1 time coordinate. Hence, any interpretation of t
experimental results, based upon this model, should
considered with great care.

In conclusion, we observed two-dimensional fifth-ord
signals that differ along both time axes from third-ord
TGS results. The coherent part of the induced mot
dominates thet2 coordinate of the fifth-order respons
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while both the coherent and diffusive behavior determ
the t1 dependence of the signal. A model, based on
presence of an overdamped and an underdamped oscill
gives a good description of the third-order TGS sign
and thet2 dependence of the fifth-order signal, but fa
to describe thet1 dependence of the fifth-order signa
This may be due to the crude separation of librati
and diffusion, which are projected upon two independ
harmonic motions on fixed potential surfaces. We a
currently working out the nonlinear optics of mode
that couple coherent oscillations and diffusion in mo
realistic ways. It is still an unsolved problem of theoretic
physics to include many body effects, which give ri
to interaction-induced polarizability, into a perturbativ
treatment of the nonlinear optics. Within the curre
model, we find indications that the oscillatory motion
homogeneously broadened, implying very short mem
times in the propagation of intermolecular motions
liquids.
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