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Resolving the emission times of solute and solvent four-wave mixing
signals by spectral interferometry
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Electric field-resolved transient grating measurements are used to distinguish the four-wave mixing
signal emission from a resonant solute and a non-resonant solvent. The two components of the
solution �i.e., solute and solvent� emit signal fields at different times with respect to the arrival of
the probe pulse to the sample. This gives rise to a recurrence in the temporal profile of the total
signal field. We show that the origin of this interference is the difference in relaxation time scales
of the holographic gratings associated with the solute and solvent. The grating of the resonant solute
relaxes on the time scale of a few picoseconds due to depopulation of its excited electronic state,
whereas the electronic polarizability response of the solvent relaxes on the femtosecond time scale.
This separability of responses is a general phenomenon that is particularly useful for studying
weakly absorbing solute dynamics in polarizable solvents. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2217940�
Nonlinear optical measurements of solvation and chemi-
cal reactions can, in general, contain responses from both the
solute and solvent,1–3 especially in the case of weakly ab-
sorbing solutes. Heterodyne detection can be employed to
selectively measure the real and imaginary components of
the signal, thereby enhancing sensitivity to the solvent and
solute, respectively. However, the various methods of hetero-
dyne detection differ in information content. For example,
pump-probe spectroscopy is “self-heterodyned” and selec-
tively detects the part of the solution’s polarization that is in
quadrature with the phase of the probe field. Methods that
yield the complete electric field of the signal such as spectral
interferometry4–6 obtain full information about the solvent,
solute, and their interactions through the signal phase.

Passively phase-stabilized optical heterodyned nonlinear
spectroscopies have recently been made possible by the use
of diffractive optics.7–10 The first diffractive optic-based in-
terferometers employed wavelength-integrated heterodyne
detection in transient grating experiments for separation of
absorptive and dispersive signal contributions.8,11 They have
also been used as the basis for higher-order �e.g., fifth order�
nonlinear spectroscopies due to the intrinsic phase stability
and robust wave-vector geometries that can be achieved.12,13

Recently, the technique of spectral interferometry has been
used for complete signal field resolution in photon echo
experiments.9,10,14,15

In this communication, we use spectral interferometry
to detect the full field-resolved transient grating signal for
a solution. Electric field-resolved transient grating
�EFR-TG� spectroscopy allows direct identification of the
non-resonant solvent and resonant solute �reactant�
polarization responses. The solution consists of the 1-ethyl-
4-carbomethoxypyridinyl iodide �ECMPI� ion pair complex
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dissolved in acetonitrile �MeCN�. Relaxation dynamics of
EMCPI are monitored following photo-induced charge trans-
fer. The extinction coefficient of the charge transfer band
of ECMPI ���138 M−1 cm−1 at 400 nm�16 is over an order
of magnitude smaller than that of the 1-ethyl-4-
carbomethoxypyridine radical ���4300 M−1 cm−1 at
400 nm�.17 Therefore, EFR-TG signals associated with tran-
sient absorption of the radical are �30 times greater than
those originating from the bleach of the charge transfer band.

Our data are acquired with a 1 kHz amplified
Ti:Sapphire laser system and four-wave mixing interferom-
eter for which details are given elsewhere.18 Briefly, second
harmonic generation of the 810 nm pulses in a 200 �m thick
type I BBO crystal yields 90 fs, 405 nm pulses. EFR-TG
spectroscopy involves measuring signal emission in the
phase-matched direction, ks=−k1+k2+k3, at various delays
of a probe pulse �k3� with respect to two pump pulses
�k1 and k2�, which arrive at the sample at the same time. The
pump �40 nJ� and probe �5 nJ� pulses are focused to a full-
width half-maximum spot size of 60 �m in a 1 mm optical
path length flow cell. The optical density of the ECMPI so-
lution is 0.3 with the 1 mm path length. Electric field-
resolved signal detection is accomplished using spectral
interferometry.4–6 The signal and local oscillator, which pre-
cedes the signal by 700 fs,18 are focused into a monochro-
mator �Triax 320� and integrated for 3 seconds with a back-
tinned CCD array �Hamamatsu S7032-1007� before being
read out in line-binning mode �6 ms�. The signals are aver-
aged by scanning the pump-probe delay 10 times in succes-
sion.

In our notation, T is the experimentally controlled pump-
probe delay and t is absolute time, where t=0 fs corresponds
to the time the peak of the probe pulse arrives at the
sample.18 Under perfect phase-matching conditions, the
EFR-TG signal field is related to the total third-order polar-

ization of the solution by
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Es�ks,t,T� =
i2�l�t

n��t�c
�PECMPI

�3� �ks,t,T� + PMeCN
�3� �ks,t,T�� ,

�1�

where n��t� is the solution’s refractive index, l is the path
length and c is the speed of light. The complex frequency
domain signal field obtained by Fourier transformation of
Eq. �1� with respect to t is characterized by its power
spectrum, �Es��t��2, and spectral phase, �s��t�: Es��t�
= �Es��t� �exp�i�s��t��. Equation �1� shows that the source
polarization for Es�ks , t ,T� has contributions from both
ECMPI and MeCN. Relaxation of PECMPI

�3� �ks , t ,T� in T
reflects depopulation of the charge-transfer excited state,
which occurs on the time scale of a few picoseconds.19

PMeCN
�3� �ks , t ,T� exhibits distinct contributions from the elec-

tronic and nuclear polarizability responses of the liquid. The
electronic response is essentially instantaneous in T, whereas
the weaker nuclear response relaxes on the �300 fs time
scale.3,20,21

The absolute values of EFR-TG signals measured for
neat MeCN and a solution of ECMPI in acetonitrile are
shown in the top and bottom panels of Fig. 1, respectively.
The data for MeCN are sharply peaked at a pump-probe
delay of T=0 fs because PMeCN

�3� �ks , t ,T� is dominated by the
quasi-instantaneous electronic polarizability response of
MeCN.3 This nonlinearity is the basis for the frequency re-
solved optical gating �FROG� pulse characterization
techniques.22 We note that the symmetry of the EFR-TG sig-
nal amplitude with respect to T indicates that our pulses are
well-compressed. The EFR-TG signals for ECMPI also ex-
hibit a narrow peak near T=0 fs due to a significant contri-
bution from the solvent when the pulses are overlapped in

FIG. 1. The absolute value of the EFR-TG signals for �top� neat acetonitrile,
MeCN, and �bottom� a solution of ECMPI in acetonitrile.
the solution. At greater pulse delays, the EFR-TG signal de-
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cay resembles the pump-probe profile of ECMPI, which is
dominated by two components with exponential time-
constants of 260 fs and 3.4 ps.19

The EFR-TG signal is more intuitively displayed with a
time-frequency representation.18,23 We compute signal spec-
trograms using22

���t,t� = �	
−�

�

Es���g�t − ��exp�− i�t��d��2

, �2�

where Es��� is the signal field and we take g�t−�� to be a
Gaussian function with a width equal to the 90 fs probe pulse
duration. The first two rows of Fig. 2 present data for pure
MeCN and ECMPI solution at pump-probe delays of T=
−100, 0, and 100 fs. At T=−100 fs, signal emission occurs
40 fs after the peak of the probe pulse arrives at the sample
for both pure MeCN and the ECMPI solution, whereas the
signals are emitted at t=0 and t=−20 fs for pump-probe de-
lay times of T=0 and T=100 fs, respectively. The similarity
of the data for ECMPI and MeCN suggest that signal emis-
sion from ECMPI is dominated by the solvent when the
pulses are overlapped in the solution. In the limit that the
quasi-instantaneous electronic component of PMeCN

�3� �ks , t ,T�
dominates the total polarization response of the solution, the
signal emission time is determined solely by the convolution
of the pump and probe pulses and should therefore be sym-
metric with respect to T=0 fs. However, signal emission oc-
curs at t=40 and t=−20 fs for T=−100 and T=100 fs, re-
spectively. The nuclear response of MeCN is the origin of
this asymmetry. In making these measurements with various
neat liquids, we have found that the symmetry of the signal
emission times with respect to T is determined by the
strength of the nuclear response. Liquids with the strongest
nuclear responses have the most asymmetric signal emission

24

FIG. 2. Spectrograms of experimental EFR-TG signals computed with Eq.
�2�. The delay of the probe pulse with respect to the pump pulses, T, is given
at the top of each pair of panels. The signal intensities for different panels
are not normalized with respect to each other so their magnitudes should not
be compared. Contour lines are given in intervals of 12.5%.
times with respect to T=0 fs.
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Signal spectrograms for MeCN and ECMPI at pump-
probe delays of T=240, 260, and 280 fs are given in the third
and fourth rows of Fig. 2. At these delay times, the signals
emitted by the solute and solvent in the ECMPI solution are
comparable in magnitude. The signal emission times for
MeCN occur between t=−80 and t=−90 fs. In contrast, the
spectrograms for ECMPI show a component of the signal
associated with the solute emitted near t=0 fs. As the pump-
probe delay is scanned from T=240 to T=280 fs, the mag-
nitude of PECMPI

�3� �ks , t ,T� becomes greater than that of
PMeCN

�3� �ks , t ,T�. At delay times greater than T=280 fs, the
signals emitted by the solvent are below the detection limit
of our apparatus.

The signals emitted by the solvent are higher in fre-
quency than those of ECMPI �Fig. 2, rows 3–4�. Solvation of
the excited charge-transfer state may cause signal emission
by ECMPI to occur at a slightly lower frequency. Alterna-
tively, it is also possible that the pulses possess a small
amount of higher-order spectral phase. This spectral shift is
still under investigation.

Figure 3 shows EFR-TG signals for ECMPI in the time-
domain for T=220, 240, 260, and 280 fs. Interference be-
tween the signals emitted by the solute and solvent is mani-
fested as a recurrence in the temporal profile of the total
signal field. The relative strengths of the signals emitted by
the solute and solvent evolve from being dominated by the
solvent at T=220 fs to being dominated by the solute at
T=280 fs. This clearly shows how the pump-probe
delay may be used to directly control the magnitudes of
PMeCN

�3� �ks , t ,T� and PECMPI
�3� �ks , t ,T�.

The origin of the recurrence in the signal field is illus-
trated in Fig. 4. The electronic part of the solvent’s polariz-
ability is taken to respond instantaneously and the time of
signal emission is determined purely by the convolution of
the laser pulses; the weaker nuclear response of MeCN is
neglected in this picture.3,20,21 In contrast, the population
grating of ECMPI relaxes on a time scale that is long com-
pared to the pulse durations and has significant amplitude
when the pump and probe pulses are well-separated.19

In conclusion, we have resolved four-wave mixing sig-
nals emitted by a solute and a solvent at the electric field

FIG. 3. Absolute values of EFR-TG signal fields in the time domain. The
delay of the probe pulse with respect to the pump pulses, T, is given in each
panel. The peak of the probe pulse arrives to the sample at t=0 fs.
level with spectral interferometry. This work shows that het-
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erodyned methods of detection may be generally useful for
distinguishing signals emitted by various components of so-
lutions and/or members of heterogeneous systems. We refer
to this as dynamic contrast. The key to resolving signal emis-
sion from materials with multiple components is that the
different components relax on time scales that are short and
long compared to the laser pulse durations. As we have
shown, a laser pulse configuration may then be found for
which signal emission from the different components is dis-
tinct in the time domain. We emphasize that solute and sol-
vent signal emission cannot be fully resolved with conven-
tional homodyne detected transient grating experiments or
with wavelength-integrated heterodyne detection.8,11 Com-
plete resolution of the signal field is essential.

The present results were obtained for the special case of
a weakly absorbing solute. Sufficient dilution should allow
the resolution of solute and solvent signal emission to be
accomplished with more strongly absorbing systems. It is
only important that the solute concentration be adjusted to
give solute and solvent emission strengths that are similar in
magnitude. In general, the finite electronic dephasing times
of resonant solutes �10–50 fs� give rise to a delay in the
signal emission time for short delays in T.18 Thus, the use of
pulses that are short compared to the solute’s electronic
dephasing time may lead to further enhancement of the effect
reported here.
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