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Femtosecond Two-Dimensional Spectroscopy of Molecular Motion in Liquids
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Intermolecular motion in CSand benzene is investigated by femtosecond nonresonant four- and six-
wave mixing. Impulsive stimulated six-wave mixing yields new information on dephasing of coherent
nuclear motion, not accessible from four-wave mixing experiments. The results cannot be modeled by
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

Ultrashort laser pulses, with durations of less tharMukamel [12], who calculated the higher-order nonlinear
100 fs, are very capable of exciting nuclear motion inoptical response of a nuclear harmonic mode using path-
liquids on time scales that are short compared to typicaintegral techniques in Liouville space.
collisional periods [1-4]. This opens the possibility to Recently, the first impulsive fifth-order nonlinear ex-
investigate the static and dynamical properties of locaperiments were reported by Tominagiaal. [13,14]. Ac-
structures in liquids by coherent spectroscopic techniquesording to their observations, the fifth-order response of
in real time. The memory function of the system thatCS, resembles, along both time variables, the nuclear part
is generally unknown and presumably quite complex forof the third-order TGS response: It consists of an iner-
liquids can be determined when a sequence of pulsdasal coherent contribution that rises and falls in the sub-
is applied. We report here on fifth-order nonlinearpicosecond range, followed by a slow diffusive tail. In
optical experiments that are designed to directly probe théheir analysis, based on the theory of Ref. [12], they as-
relevant memory times of nuclear propagation, by tryingsumed that the molecular dynamics is dominated by two
to rephase macroscopic nuclear coherence after a wellkdependent contributions: a homogeneously broadened
defined period of dephasing. underdamped mode to model coherent librations and an

Molecular motion in transparent liquids has been in-overdamped mode accounting for diffusive reorientation.
vestigated intensively by frequency-domain experiment®8oth the third- and fifth-order results were reported to be
such as dynamic light scattering [5] and by time-domainwell described by the theory.
experiments such as the optical Kerr effect (OKE) [1,2] We present here results of fifth-order experiments on
and transient grating scattering (TGS) [3,4]. The in-CS, and benzene. Both samples show qualitatively the
formation, obtained by these techniques, is in principlesame features. In contrast to Ref. [13], the shape of
equivalent [6]. Since the OKE and TGS signals dependhe fifth-order signals is found to be different from
on a single time variable, the short- and long-lived com-+that of third-order TGS signals when either of the two
ponents of the total memory function cannot be separatedelay times is changed. We further demonstrate that
[7]. To determine the character of the underlying micro-current theoretical models fail to explain the full two-
scopic processes in the liquid, higher-order nonlinear opdimensional fifth-order response correctly. In agreement
tical experiments are required that allow for independentvith Tominaga and Yoshihara [13] we find indications for
change of several propagation times. homogeneous broadening of ultrafast librational motion.

The Raman-echo, recently performed by Vanden BoutiHowever, this conclusion should be considered with
Muller, and Berg [8] and by Inabat al. [9], was the first caution, since the employed model fails to explain all
example of such a higher-order nonlinear experiment irobservations.
liquids. Since in these picosecond experiments a single The principle of the experiment, depicted schematically
intramolecular vibrational state is excited, this seventhin Fig. 1, is the same as that of Ref. [13], but with
order nonlinear Raman effect can be directly comparea slightly modified beam configuration. Two pairs of
to a resonant photon echo experiment on a two-levetoincident femtosecond pulses with wave vedtgrand
system [10,11]. Rephasing of vibrational coherence int&k, and a mutual delays; excite the sample. After
an echo occurs when there are slow fluctuations (e.gg variable delays, with respect to the second pulse
inhomogeneous broadening) in the propagation of theair, a fifth pulse with wave vectok,, converts the
system. propagating intermolecular coherent state into an optical

Impulsive excitation with femtosecond pulses gives risesignal with wave vectortks = k. + 2(k; — k). The
to an entirely different situation. The ultrafast pulsespulses, with a central wavelength of 620 nm and a
cover a broad range of low-frequency transitions, and theuration of 45 fs, were generated with an amplified CPM-
molecules can no longer be described as two-level systemisiser system operating at 9 kHz [11]. They were focused
This situation has been described first by Tanimura anth a 1 mm path length, room temperature sample with a
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experiments, around = —¢; and weakly around, = 0.

From the intensity dependence it followed that these were
due to lower-order grating scattering contributions [14]. In
our case such signals are absent due to the different beam
configuration, and hence the pure fifth-order response is
measured. We further find that there is no exponential tail

b due to diffusive reorientation in the dependence of the
(b) kpr O N (Q k5 fifth-order experiment. As shown in Fig. 2(b) for benzene,
¥ the position and shape of the signals do not depend on the
k?- Q Q 1 delay timer;.

FIG. 1. (a) Layout of the time-domain fifth-order experiment. ~ The fifth-order signals for variable delay and fixed
Two subsequent pulse pairs, separated by delay time 1, are presented in Fig. 3(a). The traces show fast

impulsively excite molecular motion. After a delay a  nonexponential behavior followed by single exponential

probe pulse generates an optical signal V\_/ith wave vecior decav with a decav constant df6 ~ 0.1 ps for C
ko + 201 - ko). () Spatial configuration of the beams. nd2y5 + 0.2 ps for{)enzene These fe'atSres are t% ical
The dashed circle gives the position of the third-order grating@Nd=.> = 0.2 p : yp

scattering (TGS) signal wave vectbfss = kyr + (ki — k). for the optically heterodyned detected optical Kerr effect
and for the square root of the TGS signal, instead of
for the TGS signal itself. The; dependence of GS
150 mm focal length lens. The angle between adjaceny s oniy briefly discussed in Refs. [13] and [14], but no
beams was about 45 mrad. The total applied energy, e imental results were shown. The difference between
per five-pulse cycle was kept s_,maller than 30(,) nJ forthetz dependence of the fifth-order response and the third-
CS, and 600 nJ for benzene, in order to avoid self-, 4o, 7G5 signal was not noticed in those papers, possibly

focusing and continuum generation. The pulses Witheea 56 of the lower time resolution that causes spectral
wave vectork, were polarized horizontally, the pulses iar effects [1]

k, and k,, were polarized vertically. The signal was
spatially filtered, transmitted through a vertically oriented
polarizer, detected by a photomultiplier, and processe
by a lock-in amplifier. It depends on all five pulses, is
vertically polarized (in our configuration third- and fifth-
order polarizations are orthogonal), and has.%a =+ 0.3
power dependence. The shape of the signal does n
depend on the intensity.

Formal expressions for the third-order nonlinear opti-
&al response under electronically nonresonant excitation
ave been derived by Hellwarth by evoking the Born-
Oppenheimer approximation [6]. The coupling between

the light field and the modeg of the system is then gov-
erned by the electronic polarizabilify(¢). These calcula-
fbns are easily extended to describe fifth-order nonlinear

; . processes [12,15]. The third- and fifth-order polarization
In Fig. 2(a) the fifth-order response of €% shown PO() and PY)(r) can be written in terms of the cor-

for variable delayr, and fixeds; together with the third- responding response functioi€?(r;) and R®(r,, 1)
order grating signal that was measured in the directio% 15,16] '

krcs = kye + (ki — k2) when the first pulse pair was

blocked. ltis clear that third- and fifth-order responses dif-
fer considerably: The coherent artifact in the TGS signal
around zero delay that results from nonresonant excitation A @
of electrons to virtual states (electronic hyperpolarizability)

is absent in the fifth-order traces. Such artifacts were ob-
served by Tominaga and Yoshihara [13] in their fifth-order

signal

log; (signal)
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FIG. 3. (@) Fifth-order signals of benzene (upper solid line)
and CS (lower solid line) as a function of delay timg for
L t, = 150 fs. The signals resemble the third-order heterodyned
b N O OKE effect (shown for benzene as the dotted trace), but are not
05 0 05 1 15 0 0.5 1 described by the simulations (shown for £& the long dashed
delay (ps) line). The amplitude of the calculated signal (short dashed
line) agrees with théntensityof the measured signal. This is
FIG. 2. (a) Fifth-order signal of CSas a function of delay not explained by the model. (b) The deconvoluted third-order
time 1, for r;, = 300 fs. Comparison with the third-order TGS heterodyned OKE signal of GYsolid line) and its simulation
signal (dashed line) shows that diffusion is absent in the fifth{dashed line). In the inset, the measurgdlependence of the
order trace. (b) The shape and position of the fifth-order signafifth-order signal of C$ (solid lines,z; = 0.3, 0.6, 0.9 ps from
for variable delayr, is independent of;, as shown for benzene bottom to top) is shown together with the calculated responses
for 1, = 0.5, 1.0, 1.5 ps (from bottom to top). (dashed lines).

intensity
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G4 — _ - 3) 20, for the effects of finite pulse width. The observed signals
PP = E( tl)[o dnREmE (@ —1), (D) proportional to the absolute square of the polarizations
o integrated over time. The response functionr®® and
PO =E(t—1,— tl)[ dr R® can be expressed by commutators of the electronic
0 polarizability operator in the interaction picturé;(q)
[6,15,16],

xf dr RO (15, 7)) —i -
0 RO(r)) = E<[X(71),)((0)]>

XEXt—t,—m)E*(t—m—71). (2) |
N =+ D PE) klx @D U x (g)lkye "

Here, we suppressed an explicit tensor treatment of the k.l
material response. The integration along the propagation

. ; . X Sinwy 7y, 3
timest; and 7, between subsequent interactions accournts kT (3)

RO(ry, 7)) = %ﬂf((n + 7). X ()] X O)) = 2_—,;2 > P(R) Klx (@) x (@)lm) (mlx (@)lkye ™™
k,l,m

X fe " codwpti + o) — € T Codwy Tt + @)} ()

Here, |k), |I), and |m) are energy eigenstates of the For a harmonic Hamiltonian, the eigenstates are known
system, P(k) denotes a thermal distribution over and the coordinatg can be expressed in terms of raising
initial states |k), and damping is introduced in the and lowering operators’ anda. When the polarizability
weak coupling limit by writing the difference of operatory depends linearly og, the highest-order optical
the energy eigenvalues as; — &; = w;; + il';; =  nonlinearity is the third-order response [12]. Hence, to
wi; + i[T}; + %% + %yj]- I';; and 1y describe describe fifth-order experiments in harmonic systems,
dephasing of the coherende)(j| and decay of the We have to expandy(q) up to second order ing:
population |i)(i|, respectively. Note that the treatment x(q) = c1g + c2¢>. Since the action of anda' on the

at this stage is independent of the Hamiltonian ofeigenstates is known, Egs. (3) and (4) are easily evaluated,
the system and of the form of the polarizability operatoT.

2
Cl

2mw

C2

2
RO(r)) = e "' sinwr, + <2 > 2hf(T)e " sin2wr, (5)

mao

3
c - _ _
RO (1, 71) = <—2> 2hif(T)e 2 [e 2 cos2w(ry + 71) — ¢ 7™ cOS2w ]
me
Cl 2
+ cz<—> e N'm{e 2™ cosw (T + 275) — e Y™ coswT
me

+ e "'"[cosw(r) + 72) — cosw(r; — )]} ©

Here, I';, I';, andy are the state independent dephasihg{inhomogeneous) limit, the nonlinear polarizations
rates of one- and two-quantum coherences and the populkgs. (1) and (2) have to be integrated over a distribution
tion decay, respectivelyf(T) is a temperature dependent of transition frequencies». For large inhomogeneous
factor that depends on the initial distribution of occu-width, all terms ofR® are negligible compared to the
pied statesP(k). In the limit of frequency-independent last one that reaches its maximumrat= 7,. This term
damping and provided'; = %Fz = %y holds, the sec- arises from the excitation of a one-quantum coherence
ond part of Eq. (6) agrees with the work of Tanimuralk){k + | by the first pulse pair, which through a
and Mukamel [12], who avoided the assumption of weakwo-quantum transition is converted into the coherence
coupling by explicitly including Brownian oscillators, |k + 2){k + | by the second pulse pair. The system
but it differs from expressions given by Leegwater andthen acquires phases éxp7) and exp—iw7,) during
Mukamel [17]. A detailed comparison between the vari-the first and second propagation periods, respectively.
ous models will be published elsewhere [15]. When 7, equalst;, the phases of the two propagation
The fifth-order response function is sensitive to theperiods compensate for each other, independent of the
memory times of the propagation [12]. In the staticfrequency. The nuclear coherence is then recovered, the
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signal reaches its maximum value, and hence it can b&hile both the coherent and diffusive behavior determine
called a motional echo. For homogeneous dephasing, thee ¢; dependence of the signal. A model, based on the
fifth-order signal reaches its maximum directly after thepresence of an overdamped and an underdamped oscillator,
second pulse pair. gives a good description of the third-order TGS signal

Echo-type behavior was not observed for .C&8d and thet, dependence of the fifth-order signal, but fails
benzene. Instead, as depicted in Figs. 2(b) and 3(b)p describe ther; dependence of the fifth-order signal.
the signal for variable, always rises directly after the This may be due to the crude separation of libration
second pulse pair, irrespective of delay time This and diffusion, which are projected upon two independent
indicates that inhomogeneous broadening is insignificarttarmonic motions on fixed potential surfaces. We are
for intermolecular motion in these systems. We followcurrently working out the nonlinear optics of models
Tominaga and Yoshihara [13] and use two independerthat couple coherent oscillations and diffusion in more
harmonic modes, one overdamped and one underdampe@éalistic ways. It is still an unsolved problem of theoretical
to stimulate the signals. In case the damping rate iphysics to include many body effects, which give rise
comparable to or larger than the frequency of the modeo interaction-induced polarizability, into a perturbative
the weak-coupling limit for the damping does not hold.treatment of the nonlinear optics. Within the current
Coupling with Brownian oscillators can then be used tomodel, we find indications that the oscillatory motion is
overcome this problem [12]. For an underdamped modéomogeneously broadened, implying very short memory
(w > TI'1,20 > I',), w and2w in Egs. (5) and (6) should times in the propagation of intermolecular motions in
be replaced by} = (w3 — I'7/4)"/2 and2Q = (4w? —  liquids.
I'3/4)1/2, respectively. For an overdamped mode < The investigations were supported by the Netherlands
I'l, 2w < T',), the response functions are to be continuedoundation for Physical Research (FOM) with financial
analytically. Because the two modes are assumed to baid from the Netherlands Organization for the Advance-
independent, the total response function is simply the surment of Science (NWO).
of both contributions of the form of Egs. (5) and (6).
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