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Abstract. We present a description of the phenomena involved in a time-resolved coherent
stimulated scattering experiment of molecules in the liquid state. The case of diiodomethane
is used to demonstrate the ability of a polarization analysis to discriminate among the
various processes evidenced by a transient grating technique. Oscillatory and nonoscilla-
tory modes are independently revealed, as well as the anisotropic parts of the nonlinear
susceptibility tensors associated with each motion. We address the problem of the puzzling
signal which may appear at zero time delay, even when the wavelength of the pump and

probe pulses is not the same.

PACS: 33.20, 42.65

The goal of any spectroscopic measurement is to
unravel its specific contributions, which correspond to
an intricate response of the material under study. In the
case of nonlinear optical experiments, if the laser
wavelengths are in the visible frequency range and the
material under study is transparent, the only relevant
nonresonant contribution will arise from virtual exci-
tation of electronic levels. The existence of other
significant terms originates in a resonant enhance-
ment. These processes may result, at lowest order, from
any algebraic sum of two of the laser frequencies that
matches the energy difference between two levels of the
ground state. When w;—w;=0, the resonance is at-
tributed to the Kerr effect. When w;—w;=w,, the
resonance corresponds to an oscillatory Raman-active
mode. A last combination (w; 4+ w;) may also resultin a
resonant term if it matches a two-photon absorption
level. These various contributions to the signal may be
detected by performing experiments in the frequency
or the temporal domain. In either case, the symmetry
properties associated with each phenomenon can be
used to differentiate among them. We present here as
an example the nonlinear response of liquid diiodo-

methane to femtosecond pulses in the visible frequency
range, where we have taken advantage of polarization
properties to give an extensive assignment of the
temporal characteristics of the signal.

1. Symmetry Properties

The experimental apparatus produces a transient
grating [1]. Two beams are at the same frequency w,,
and a third one at frequency w,. We detect the signal at
frequency o,, in the direction where the phase match-
ing condition is fulfilled. The sequence of electric fields
and frequencies in the nonlinear susceptibility tensor is
written in the usual form: y3); (—w: 0, 0, —w,).
The basic statement that governs polarization
selectivity involves the symmetry properties of
coefficients associated with each specific contribution
to the nonlinear signal. Hellwarth [2] has demon-
strated that the third-order polarization induced at
frequency w, may be cast into an electronic part and a
nuclear part where an isotropic and an anisotropic
contribution may still be distinguished. Application of
these properties to y{3); coefficients yields the relation-
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Table 1. Relative expectation values of nonlinear susceptibility elements in isotropic media. y2 stands for
the anisotropic part of the polarizability. o2 and y3 stand for isotropic and anisotropic parts of the
polarizability derivative with respect to a specific vibrational mode 4 or 4

Xijkl(_'wt; Wy, Wy, —wp) Xi111 X1212 X1221 X1122
Electronic w,+ @, % @,y o a/3 a/3 a/3
Ker.r-hke @~ w,=0 % 5 9] -3
Oscillatory (@, + A1) —(w,+4)=ws  oj+35v3 1574 574 oaf~F5vi
o0y =0, Gk d—dh 0k P

ships [2-4] gathered in Table 1 for each anticipated
single resonant linear combination of , frequencies.

The electronic susceptibility is a completely sym-
metric tensor, in the approximation of a nonresonant
process. A measurement of each x;;, element therefore
gives a direct insight into a possible contribution from
an efficient two-photon (@, + ) process, insofar as the
electronic contribution may be discriminated from the
other phenomena, which all concern nuclear motions.

When the molecular polarizability tensor is ani-
sotropic, a linearly polarized field induces a dipole on
each molecule, which results in a tendency for the
molecules to align themselves in the direction of the
field (Kerr effect). This gives rise to a peak around zero
frequency in Rayleigh depolarized experiments (Ray-
leigh wing scattering). The resonance is therefore the
result of (w,—w,) linear combination. Averaging the
anisotropic part of the polarizability associated with
each molecule over space leads to the relationships
between the susceptibility coefficients of Table 1
(second row in body of table).

All the other nuclear motions possess a character-
istic eigenfrequency Q. In these oscillatory processes,
which include rotations, translations and vibrations,
the polarizability is modulated by displacements of the
nuclei. The first two motions are well documented in
(molecular) crystals. They are commonly strongly
hindered, and only librations around an average
position are possible; these motions also exist in
liquids as a consequence of the local field surrounding
each molecule. Their characteristic frequencies range
over the very low frequency region, below 100cm ™",
and may then be driven by the pump pulses, as long as
they lie inside the laser bandwidth [5]. Described as
intermolecular modes, these processes can only con-
tribute to the signal if they are of anisotropic character.
As a consequence, the associated y;;,; coefficients are
related to each other by the same laws as Kerr
coefficients: only the y% terms are nonzero in the
corresponding row of Table 1. Any vibrational mode
may also be driven by the pump fields [6], insofar as its
specific frequency Q lies in the frequency range covered
by the spectral width of the pump pulses. For these
oscillatory modes, depending on their symmetry, iso-

tropic and anisotropic parts may contribute to the
signal. It is straightforward to see that only y;,; (0,;04,)
coefficients have an isotropic part, which consequently
acts to an equal extent for both coefficients. Scaling
between isotropic and anisotropic factors corresponds
to small step rotational diffusion model [7]. A final
possibility of oscillatory resonance is included in
Table 1: it describes the case where (w,—m,) corre-
sponds to an eigenfrequency mode of the molecule [8]:
the relationships between y,;, coefficients remain the
same as those studied previously, taking note of the
correspondence between susceptibility tensor elements
and frequency ordering.

2. Temporal Characteristics

The temporal behavior of the various phenomena
involved is of prime importance and the use of
femtosecond techniques allows direct high temporal
resolution. Nonresonant electronic processes have
characteristic response times of the order of 10™*3s. In
a time domain experiment, the electronic nonlinear
response will correspond to the temporal correlation
between pump and probe pulses. This allows, when the
signal is discriminated from other rapidly decaying
processes, a direct determination of the instrument
response as well as an unambiguous determination of
the pump and probe temporal pulse shape and width.

In the case of a Kerr process, one measures the time
the molecules take to find their random orientation
after removal of the orienting field; in the limit of small
step rotational diffusion, this rate is described by an
exponential function: r,(f) =exp(—t/z,).

The temporal behavior of an oscillatory process of
frequency  is the result of two different contributions.
The isotropic part, which is independent of the orienta-
tion of the molecules, will decay with its own charac-
teristic dephasing time T, :r,(tf)=sinQt exp(—1t/T5).

The anisotropic part will decay faster, as its
characteristic time is a combination of the T, decay
and the reorientation rate of the molecule 7, :74(t)
=sinQtexp[ —t(1/7,,+ 1/T5)].

In the limiting case of delta function pump and
probe pulses, the complex temporal response of the
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diffracted signal takes the form

S(t)= [Aé(t) +Br,(t)+ ;Cirz,i(t)
+ ZDirS,i(t)]za )

where A, B, C, and D are the pertinent linear combina-
tions of y;5, coefficients and the summations are over
the i processes involved.

3. Experimental Procedure

The existence of quadratic and cross terms gives rise to
an intricate overall signal. Nevertheless, we have
previously demonstrated [9] that using a specific
polarization scheme for the incoming pulses may result
in an induced polarization proportional to any linear
combination of y;;, coefficients. Table 2 displays, for a
given arrangement of the polarization of the incoming
pulses, the values of the direction of the polarization of
the diffracted beam, for which each contribution may
be completely cancelled. Having the results of these
various polarization arrangements in hand, one can fit
the experimental results with a higher confidence.
Thus, taking as constraints the relationships of
Table 1, the number of adjustable y® parameters is
reduced to a minimum.

4. Experimental Results

In order to illustrate the ability of a polarization
analysis to recognise all the processes that contribute
to the signal, and accurately describe their relative
contributions, we present results of the measurements
performed on liquid diiodomethane.

The experimental apparatus has been described
previously [9]. Briefly, 60fs pulses at 612 nm and 1 mJ
are delivered at 10 Hz. The high energy density avail-
able allows the creation, in a jet of ethylene glycol, of a
white light continuum from which a wavelength cen-

tered at 650 nm is selected as a probe. We use a folded
boxcar geometry for the three incoming pulses, with a
typical angle of 2°5" between the beams. A Wollaston
prism is located after the sample, in order to analyze
the polarization state of the diffracted beam and select
the appropriate linear combination of x** elements.
For all the results presented here, the two beams at
612 nm have their polarization linear and parallel. The
650 nm pulse polarization is also linear, and at 45° to
the two others.

The CH,I, molecule is anisotropic. Thus, one
expects to detect a molecular reorientation process,
and an intermolecular mode with an expectation
frequency located in the very low frequency range.
Furthermore, the Raman spectra of diiodomethane
[10, 117 reveal an intense band at 121 cm ™! attributed
to a bending mode of I-C-I angles. This motion will be
driven by the pump pulses, as their spectral width is
broader (22200 cm ™). In short, one expects that all the
processes that have been described in the preceding
sections will contribute to the signal.

The experimental results lead to the predicted
general features. At least four processes are disclosed.
Figure 1 corresponds to the expectation value of f for
which anisotropic contributions are cancelled. An
oscillatory mode is highly visible; its period of 139 {s
fits exactly twice the value of the Raman line men-
tioned above. Havingisolated this contribution, we can
therefore accurately estimate the dephasing time of this
bending mode to be T, =2.5 ps; nonidentical values of
consecutive maxima are attributed to a slight mistun-
ing of the Wollaston prism and to a residual inter-
ference with anisotropic processes whose tensor ele-
ments do not exactly obey the law of Table 1. The
instantaneous response is tentatively assigned to the
electronic nonresonant susceptibility. The molecular
reorientation decay can be measured at f=—71°30'
(Fig. 2); there, the electronic contribution would be
completely cancelled. The surprisingly large residual
signal located near zero time delay will be discussed
later. Fortunately, the vibrational Raman mode con-
tributes there to a small extent, due to a balance of its

Table 2. Expectation values of polarization direction for the diffracted beam which cancel a
specific contribution. § angle values are calculated in a scheme where pump polarizations are
linear and parallel, and probe polarization linear and at 45°. ¢ stands for the depolarization

ratio of a given Raman mode

Process cancelled

Electronic Orientational Isotropic Full Raman
contribution mode
tan f§ -3 2 -1 1/(20—1)
fvalue —T71°30 63°30 —45°
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Fig. 1. Stimulated scattering (log scale) at frequency @, and phase
matching direction as a function of temporal delay between
pump beams (at w,) and probe beam (at ). The solid line
indicates the best fit. The Wollaston angle is tuned to the value for
which only the isotropic parts of the nonlinear susceptibility
contribute

log(s)
5

||IW1]"

T Il|lII|
—,..
——

T HIIII[

T llIIﬂ'IN

oL b 1 1 1 1 1 1 |

200 fs time delay
Fig. 2. As Fig. 1 but 8=tan~!(— 3). The electronic contribution is
completely cancelled; the isotropic and anisotropic contri-
butions of the Raman mode have opposite sign

isotropic and anisotropic parts. At long delay, the main
contribution to the diffraction comes from the reo-
rientation of molecules whose relaxation time is deter-
mined to be t,,=6ps. At short delay, the signal is
attributed to an overdamped oscillatory motion [5]:
its maximum location is noticeably shifted towards
positive delays, which is characteristic of a very low
frequency mode. We have estimated the value 2=1.5
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Fig. 3. As Fig. 1 but f=tan~!(—1). Isotropic contributions are
cancelled

0

x10'2Hz (8cm™?) for this intermolecular orienta-
tional mode. The large broadening of the response is
attributed to the inhomogeneous character of the
mode in the frequency domain, and has been taken into
account in our model, as usual, by a Gaussian factor
exp(—t2/A?), with A=1ps (or 5cm™1). Both these
motions described above have the same “Kerr-like”
character. This was also the case for CS, [5, 9, 12] and
Ce¢Hg [13] molecules, where the polarization pro-
perties are easier to discern due to the absence of any
vibrational motion. We describe, in Fig. 3, a final
polarization configuration, which corresponds to
B = —45° and where accordingly only the anisotropic
contributions are present. The coupling between ori-
entational motions and the vibrational mode gives rise
to an enhancement of the vibrational mode in the
interacting temporal range. This allows us therefore to
obtain a better confidence in the respective values of T,
and 7_,. We can also deduce the anisotropic part of the
vibrational motion. The 121 cm ™! mode of CH,I, is
highly anisotropic; the calculated value of the de-
polarization ratio g is found to be equal to-0.36, not too
far from that obtained from spectroscopic measure-
ments [11].

Having adequately described the noninstanta-
neous responses to the driving pump pulses, we return
to the discussion of the signal located inside the
response function of the system. As stated in the first
part, in addition to that arising from nonresonant
electronic hyperpolarizability, efficient processes may
be anticipated from linear combinations of pump and
probe fields. A two-photon absorption corresponding
to the combination (@, + ,) is unlikely, due to a very
small cross section. On the other hand, vibrational
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modes may be driven by the combination (w0, —w,).
Therefore efficient coupling with the other pump
beam yields a coherent coupling at «, in the diffracted
probe direction. This is what actually happens: CH,1,
molecules have Raman bands at 483cm™! and
568cm~', located not far from (w,—w,). The
existence of this process has been demonstrated by
delaying one of the pump pulses with respect to the
other with the probe pulses fixed at zero time delay:
extensive experimental results and assignments will be
given elsewhere. Nevertheless, we state here that this
phenomenon has a full correspondence with other
experiments. It is directly studied in RIKE spec-
troscopy [8], where the signal arises from the
(¥1212—X1221) susceptibility element combination:
Table 1 shows that this is actually the only contri-
bution still efficient in this case, when g<1/3. The
spurious signal obtained for = —71°30' can also be
described as a coherent artifact in exactly the same
manner as in pump probe experiments [14]. Taking
into account this coherent contribution to the signal,
we can deduce a more realistic value of the electronic
hyperpolarizability of the diiodomethane molecule.

5. Conclusion

The temporal and symmetry-associated properties
have been used in a unique manner to describe
accurately the processes involved in nonlinear elastic
and inelastic experiments. The currently admitted
relationships between y3); coefficients are used to
suppress or express its maximum efficiency for any

kind of phenomenon. We give a definite assignment of
the early part of all transient grating experiments to an
intermolecular oscillatory mode, due to its anisotropic
character. Isotropic and anisotropic contributions of
the vibrational motions can also be measured sepa-
rately. We have provided evidence of a response whose
behavior recalls the so-called coherent artifact; this
additional feature occurs when the pump and probe
pulse wavelength difference is not too different from a
Raman mode of the molecule studied.
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