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Spectral Oscillation in Optical Frequency-Resolved
Quantum-Beat Spectroscopy With a Few-Cycle Pulse

Laser
Takayoshi Kobayashi and Zhuan Wang

Abstract—Impulsive stimulated resonant Raman scattering
was induced by a 5.7 fs visible pulse from a non-collinear optical
parametric amplifier. The pulse duration corresponded to 2.8
cycles of the central wavelength of the laser spectrum at 610 nm.
The induced spectral change was time-resolved with a 0.8 fs delay
time step and the effective absorbance change � � � was cal-
culated from the normalized transmittance change � � � .
The observed optical and vibrational 2-D spectrum was analyzed
to separate the electronic and vibrational contributions to the
transient difference absorption spectrum. The probe wavelength
dependence of the vibrational amplitude was explained in terms
of the coupling between the laser field, Stokes field, and the
vibrational coordinates. Simultaneous measurement of both the
time and wavelength dependence of the vibrational amplitudes
clearly showed that the broadband spectra of the components
corresponding to the laser and Stokes lights are oscillating in out
of phase with the corresponding vibrational frequency. The probe
delay time and probe wavelength dependence of the oscillation
in the absorbance change induced by the femtosecond laser were
fully analyzed. The results were explained by the imaginary and
real part of the third-order susceptibility, respectively.

Index Terms—Few-cycle pulse, quantum beat, quantum beat
spectroscopy, stimulated Raman, Stokes field, ultrashort pulse.

I. INTRODUCTION

Q UANTUM beat phenomena appears when two or more
transitions interfere within smaller energy separation nar-
rower than the pump energy spectrum. There are elec-

tronic quantum beats and vibrational quantum beats. Vibrational
levels belonging to the same mode near a potential minimum
exhibit almost the same separation, and so a clear wave packet
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Fig. 1. Three-level systems. (a) � -type. (b) �-type. (c) Three-level model and
parameters. The parameters are as follows. � , absorption energy of 0-0 transi-
tion;� , vibrational energy; � , electronic transverse dephasing time between
the ground state and the excited state;� , vibrational transverse dephasing time
between the vibrational states in the ground state; and �, transition dipole mo-
ment between the ground state and the excited state. In (a) �� �, �� �, and �� �
are the ground electronic state, the lowest electronic excited state, and vibronic
state of electronic energy of � and vibrational energy of � with vibrational
quantum number � . In (b) �� � and �� � are the same in (a), �� � is the vibra-
tional level of quantum number � in the ground electronic state.

with a well-defined quantum beat can be generated unlike elec-
tronic quantum beat frequencies where nearly equal spacing of
adjacent states cannot usually be expected.

Quantum-beat spectroscopy was first used to determine the
spectral structure of nearby electronic states in atomic systems
with a small gap that may be difficult to resolve in the frequency
domain [1], [2]. The transient coherence between the sublevels
of an excited atomic state induced by a short resonant light pulse
appears in quantum beats in spontaneously emitted fluorescence
light. This phenomenon is typically expected to be observed for
a coupled three-level system as shown in Fig. 1(a) ( -type);
under normal experimental conditions it does not occur in the
three-level system shown in Fig. 1(b) ( -type). It is shown that
coherence between the non-degenerate sublevels of an atomic
ground state is efficiently induced with a short resonant light
pulse [1], [2].

An even broader application of the vibration of molecular
systems [3]–[14] has become feasible by the recent develop-
ment of ultrashort pulses with a duration of less than a few
tens of femtosecond, which is less than the typical oscillation
periods of molecular vibration modes. Even incoherent pulses
with longer duration but shorter coherence time than the vibra-
tion period were used to observe real-time molecular vibration
quantum beats [15], [16]. This “incoherent” method was sub-
sequently also applied to the electronic quantum beat caused
by the small energy spacing in atomic systems [13], [14]. The
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molecular motion induced by an intense, ultrashort light pulse
gives rise to an oscillatory modulation (or quantum beat)
in the transient transmittance change . This signal can
be caused by the induced absorption from excited states and/or
reaction intermediates, stimulated emission from the excited
states, and bleaching resulting from ground-state depletion. All
of the above can be measured with the pump-probe technique.

Vibrational quantum-beat spectroscopy is sometimes called
“real-time vibrational” spectroscopy or simply “real-time”
spectroscopy. These names arise from the fact that the spec-
troscopy signal corresponds to the real-time oscillatory change
in electronic transition intensity induced by molecular vibra-
tion. In this type of experiment, beats in organic molecules in
solution with a frequency extending from several tens to a few
thousand wavenumbers have been measured [3], [4], [7], [8],
[17]–[19].

The wave packet can be generated either in the excited state
via the simultaneous coherent excitation of vibronic polariza-
tions of several (at least two) vibrational levels or in the ground
state via “impulsive” stimulated Raman scattering (ISRS)
[20]–[31]. These interactions, which are represented in terms of

-type and -type, respectively, as shown in Fig. 1(a) and (b),
are called a “split excited state” and a “split ground state,”
respectively.

A previously developed perturbative density-matrix for-
malism of quantum beats was extended to include three-level
systems with ground-state splitting and with excited-state
splitting, and four-level system with both [17], [18]. It was
shown that we should be able to observe quantum beats in a
transmission-correlation experiment when the optical pulses
are resonant or non-resonant with the excited state. The beats
may have a magnitude comparable to those from a split excited
state. In addition, they are insensitive to the amount of homoge-
neous or inhomogeneous broadening of the optical transitions
[17], [18]. This method can be used to determine the electronic
dephasing time as proposed by Walmsley et al. [18].

It has been shown that there is no laser intensity threshold in
the ISRS when a sufficiently short laser pulse is introduced to
transmit through various types of matter. The ISRS excitation
of coherent optical phonons [5], [6], molecular vibrations [24],
[25], and other excitations (including rotational, electronic, and
spin) may play important roles in femtosecond pulse interac-
tions with molecules, crystals, glasses (including optical fibers),
semiconductors, and metals [5], [6], [9].

In an electronic non-resonant condition the scheme of the in-
teraction is simple [17]–[19]. Part of the probe beam spectrum
is alternately Stokes shifted and anti-Stokes shifted by its inter-
action with the nuclear vibrational motion induced by the pump
pulse. Therefore, the energy on the Stokes side of the peak of the
probe spectrum is expected to be modulated out of phase with
the energy on the anti-Stokes side. However, with electronic
resonance the probe wavelength dependence of phase became
complicated [17]–[19]. This is also a case of electronic reso-
nance in the quantum beats. One important difference between
the resonant and non-resonant cases is that the beats occur in the

absorption of the probe pulse rather than the spectral redistribu-
tion of the probe pulse energy. In both cases, however, the beats
arise from a coherent interaction of the probe with an impul-
sively excited phonon or coherent wave packet. There have been
many general studies on more complicated systems composed
of multi-vibrational levels of multi-vibrational modes. By using
a Fourier transform (FT) of the vibrational real-time spectrum,
the dynamics of the vibrational modes including the absolute
vibrational phase and the phase relaxation time can be studied
[26]–[28].

Conventional time-resolved Raman scattering spectroscopy
and infrared (IR) absorption spectroscopy have two drawbacks.
They can be used to study time-resolved molecular structural
changes but in some cases the assignment of molecular vibration
to the electronic state differs. This is because the dynamics of
the electronic state is generally studied by another (electronic)
type of time-resolved spectroscopy such as conventional pump-
probe absorption spectroscopy. The other disadvantage of the
conventional methods is that they cannot provide the vibrational
information.

With vibrational real-time spectroscopy, both of these diffi-
culties can be overcome simultaneously. Since (1) the above
information can be obtained with this method, the problem is
completely solved, and (2) the vibrational phase can be deter-
mined by detecting the vibrational amplitude determined by the
electronic transition probability change.

A simple physical model of the beats is one where the first
pulse excites nuclear motion in a molecule. For this to take
place, the energy spectrum of the pulse must overlap with at
least two of the vibrational eigenlevels to introduce a coherent
superposition of the levels. The second pulse probes the induced
nuclear motion. For both the split excited and split ground states
shown in Fig. 1, there is a change in the absorbance of the mole-
cule, which depends on its delay from the pump pulse, because
the electronic polarizability of the molecule varies with time due
to the nuclear motion. This is immediately followed by an elec-
tronic distribution change.

Real-time spectroscopy can be extended even further to spec-
trally resolved real-time molecular vibration spectroscopy. Both
the vibrational phase spectrum and amplitude spectrum were
utilized for the dynamic spectral change associated with the
molecular vibration [26]. Real-time spectroscopy has applica-
tions in various research fields including nanotechnology and
nanoscience. If we are to develop these research fields we must
clarify the mechanisms of the dynamic processes taking place in
such systems as molecules and quantum dots, which are the key
elements of the nanosystems, by disclosing the elementary pro-
cesses essential for nanoscopic phenomena. Of these dynamic
processes, primary processes are the most important since they
determine the direction of subsequent functional processes cas-
cading into a nanoscopic size. These primary nanoscopic pro-
cesses inevitably occur in femtosecond time regime since the
time required for the nucleus in a molecule to exert motion is
on this time scale. Therefore, femtosecond spectroscopy is ex-
pected to be particularly powerful for clarifying the nanoscopic
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process by direct observation of the primary process with fem-
tosecond time resolution. In other words the quantum effect be-
comes dominant in processes in the femtosecond region.

A pump-probe experiment with a pump pulse that has a
shorter duration than the oscillation period corresponding to
the inverse of the energy separation of the neighboring states
or levels can generate electronic or vibrational wave packets.
Real-time vibrational amplitude has been observed with a
vibrational wave packet generated by the quantum beat of the
vibrational levels [15], [16], [21]–[23], [25]–[27].

With these schemes, impulsive excitations of wave packets
by ultrashort pulses can offer important information on vibronic
coupling, conformational changes, and photochemical reactions
[5], [6], [27], [28]. In contrast to conventional stationary Raman
scattering experiments, which are relevant to ground-state vi-
brations, information about excited-state vibrations can be ob-
tained by real-time spectroscopy using ultrashort pulse lasers.
An ultrashort laser pulse can in general coherently induce both
ground-state and excited-state vibrations with longer periods
than the pulse duration. The efficiency ratio of the two cases
was discussed in terms of pulse duration and laser frequency
with respect to vibrational period and electronic resonant fre-
quency, respectively [32].

This quantum beat spectroscopy can be used as a very
powerful method for the study of molecular vibration by a
pump-probe method. There are varieties of applications as
follows. 1) The method studies both electronic decay and
vibrational dynamics together in the same configuration. The
contribution of the vibrational mode to the most strongly cou-
pled electronic state can be made. The vibrational amplitude
profile can be used for providing information of the assign-
ment of the vibrational mode. This offers a kind of Raman
excitation profile information with much higher reliability and
nearly continuous wavelength dependent information of the
Raman signal. 2) It also provides the molecular structure in
the excited state [33]–[35], chemical intermediate [36] states,
or even transition state [37], [38]. This method is much more
advantageous than time resolved vibrational spectroscopies,
like time-resolved Raman scattering and infrared absorption.
By the latter methods, there is no information can be obtained
about vibrational phase but by the former it can be obtained.

There are two third-order nonlinear processes, A and B, as
shown in Fig. 2 for the molecular system we are studying and
laser we employ. The contribution of the imaginary part of the
third-order nonlinear susceptibility to the nonlinear processes
A and B are demonstrated in our previous paper [26]. In the
present paper we demonstrate for the first time the spectrally
resolved real-time measurement of impulsive resonant Raman
scattering composed of both of the A and B processes with con-
tribution both from the real and imaginary part of the third-order
nonlinear susceptibility. The work provides us with information
exclusively on the ground-state vibration dynamics, because of
the condition of the laser spectrum and the absorption spectrum
that we discuss later. The probe wavelength dependence of the
vibrational amplitude can be explained using coupled equations

Fig. 2. Double-sided Feynman diagrams of the two nonlinear processes. �� �,
�� �, and �� � are the same state as described in Fig. 1. In (a) (NL process A), the
energy of the nonlinear polarization created by the final electronic coherence is
lower than the absorption energy by the vibrational energy involved. In (b) (NL
process B), the energy of the nonlinear polarization is the same as the absorption
energy.

for the laser field, Stokes field, and the vibrational coordinates
[39]. The simultaneous measurement of both the time and wave-
length dependencies of vibrational amplitudes clearly showed
that the broadband spectra of the spectral components corre-
sponding to the laser and Stokes lights are oscillating with an
anti-phase relation. As a sample we used a quinoid thiophene
derivative in tetrahydrofuran (THF) solution.

II. EXPERIMENT

The quinoid thiophene derivative, named as Bx-2, used in
the present study has dicyanomethylene groups at the terminal
position and is a highly amphoteric redox molecule [40]. For the
pump-probe experiment, the thiophene molecule was dissolved
in tetrahydrofuran (THF), 0.02 wt%, which give an absorbance
peak of 2 at 480 nm in a 1-mm-thick quartz cell. The stationary
absorption spectrum of Bx-2 shown in Fig. 3 was recorded with
an absorption spectrometer (Shimadzu, model UV-3101PC).

The pulsed light source was a non-collinear optical para-
metric amplifier (NOPA) seeded with a white-light continuum
[41]–[43]. The pump source of this NOPA system was a regen-
erative amplifier (Spectra Physics, Spitfire) with the following
operating parameters: central wavelength, 805 nm; pulse du-
ration, 50 fs; repetition rate, 5 kHz; average output power,
740 mW. The single filament continuum was generated by
focusing a small intensity fraction of the amplifier output onto
a 1-mm-thick sapphire glass plate. The NOPA output pulse was
compressed with a pair of chirp mirrors and then with a prism
pair, resulting in a nearly FT limited pulse duration of 5.7 fs.
The pulse from the NOPA with a spectrum extending from
550 to 735 nm was split into two to obtain pump and probe
pulses with energies of about 45 and 5 nJ, respectively. The
pump-probe experiment was performed with a delay time step
of 0.8 fs in a time range of 200–1500 fs. The pump-probe
signal was collected by a system combining a polychromator
and multi-channel lock-in amplifier. The polychromator (300
grooves/mm, 500 nm blazed) was utilized to disperse the probe
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Fig. 3. Laser (thin solid line) and stationary absorption (thick solid line) spec-
trum. The dotted lines are the transition bands used in the Huang–Rhys fitting to
the stationary absorption and the fitting results are plotted in open circle. �� �

(� � � , � , � , � , and � ) is the transition from zeroth vibronic level in the
ground state to the � th level in the excited state. The inset shows the molecular
structure of quinoid thiophene oligomer studied.

pulse and guide it to Avalanche photodetectors (APDs) by a
128-channel fiber bundle. The multichannel lock-in amplifier
was designed for the purpose of detecting the signals simulta-
neously over the whole spectrum. Our system combining our
sub-6 fs pulse laser light source with an extremely broad 4500
cm bandwidth and our data collection system composed of
a polychromator and a 128 channel lock-in amplifier is well
suited to the study of broadband nonlinear processes A and B.

All experiments were performed at room temperature
.

III. THEORY

The absorption and laser spectra are shown in Fig. 3 together
with the molecular structure of the quinoid thiophene. The frac-
tions of the laser power to the vibrational levels of quantum
number in the electronic excited state in BX-2 were calcu-
lated to be 99% and 1% for and , respectively. There-
fore, we can consider that in the system is not excited by
the 5.7 fs laser via a -type mechanism. Hence, the three-level
model with several parameters shown in Fig. 1(c) can be safely
used to analyze the -type interaction. We utilized the theory
of nonlinear ultrafast spectroscopy developed by Ducas et al.
and Debeer et al. [11], [12], [14]. The two vibrational levels
under consideration are in the electronic ground state ( and

) and one vibrational ground level with vibrational quantum
number in an electronic excited state as shown
in Fig. 1(b) and (c). Interaction between the three-level system
and the pump field and probe field can be de-
picted with double-sided Feynman diagrams [44] for the two
third-order nonlinear processes (A and B) representing two dif-
ferent channels of coherent vibrational excitations in the ground
state through the stimulated Raman process.

Other nonlinear processes leading to the excitation of the
ground-state vibrations are not detected in a heterodyne pump-
probe experiment, because there is no spectral overlap between

the probe pulse and the induced nonlinear polarizations. There
are several other nonlinear processes, which contribute to non-
linear pump-probe signals such as coherent anti-Stokes Raman
scattering (CARS), coherent Stokes Raman scattering (CSRS),
bleaching of the ground state due to the depletion of the ground-
state absorption, and induced absorption due to the generation
of excited states and/or intermediate states. However, their dy-
namics is determined by the electronic longitudinal (population)
relaxation time [44]–[46], which is usually much longer than
the periods of typical molecular vibrations. This is because the
electronic states are eigenstates, between which a radiationless
transition takes place with the delay of vibronic coupling, or in
other words via the distraction of the Born Oppenheimer ap-
proximation [47], [48]. Their contributions can be clearly sepa-
rated in the following analysis of the vibrational dynamics. The
examination of the diagrams in Fig. 2 leads to the following two
important conclusions.

Firstly, the frequency difference between the nonlinear po-
larizations A and B corresponds to the energy difference be-
tween the two vibrational levels and shown in Fig. 1(c).
This energy difference could be used to distinguish the nonlinear
processes A and B.

Secondly, the pump-probe signal at frequencies below the 0-0
transition can generally be modulated by both molecular vibra-
tion modes in the ground state and in the electronic excited state.
Ground-state and excited-state dynamics can even coexist for
frequencies above the 0-0 transition as a result of many non-
linear processes such as those in CSRS and CARS mentioned
above. Therefore, in a conventional resonant pump-probe exper-
iment, it is very difficult to find a spectral range within which the
nonlinear signal will reflect excited-state dynamics exclusively.

In the present experiment as described above only the
ground-state wave packet can be generated because of the
conditions of the laser spectrum and the absorption spectrum of
the sample. Therefore, the analysis has become much simpler.
The pump-probe signal for nonlinear processes A and B were
calculated from the nonlinear polarization with the Feynman
diagrams shown in Fig. 2. The parameters describing the energy
scheme in the figure are defined as follows. Fig. 1(c) shows the
parameters and wave functions used in the present analysis.
The energy, the transition dipole moment, and the transverse
dephasing time between and are defined as ,

, and , respectively. In the same way the energy between
and is given by and its

transition dipole and dephasing time are give by and ,
respectively. The transverse vibration relaxation (vibrational
dephasing) time between and is . Since the pump
and probe pulses are split from the same NOPA output by
a beam splitter, they have the same pulse duration and the
same center frequency. After the beam splitter, they propagate
through different optical components and hence they may have
different optical phases. The effect of the difference in the delay
between the pump pulse and probe pulse caused by the group
velocity dispersion induced by the beam splitter was compen-
sated with great care with an appropriate compensator. It was
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designed and synthesized to have the same optical characteris-
tics as the beam splitter. Therefore, even though the pump and
probe pulses have different phases, their phase characteristic is
the same. The phases of the pump and probe fields,
and are defined as and , respectively.

The vibrational real-time spectroscopy utilized in the present
study is a kind of pump-probe experiment utilizing third-order
nonlinearity. The typical ratio between the pump and probe
pulse energy in our equipment was about 10 to 1. Therefore,
the contribution of the signal generated by the process whereby
the pump and probe pulses interact with the sample once and
two times is negligibly small. Hence, it can be safely assumed
that the pump and probe pulses interact with the sample twice
and once, respectively.

The effect of coherent coupling between the pump induced
polarization and the probe field appears when the pump and
probe pulses overlap. Another effect of the interaction between
the probe induced polarization and the pump field appears when
the probe pulse precedes [28], [49]–[54]. To avoid such effects
we discuss only a case where the pump pulse precedes well
ahead of the probe pulse without any overlap between them. In
such a way only the pump-pump-probe sequence of the inter-
action between pulses and the sample is maintained using the
rotating-wave approximation. The third-order nonlinear macro-
scopic polarizations of third-order nonlinear processes and

are given by the following equation, which employs conven-
tional perturbation theory using the Feynman diagram

(1)

and

(2)

The duration of the pulse used in the experiment is about 6 fs,
which is much shorter than the oscillation period of the vibra-
tional modes of interest and the vibrational and electronic de-
phasing time. Therefore, the envelope functions of the pump and
the probe electrical fields can be assumed to be functions. This
makes the FT of (1) and (2) highly simplified. Because of the
spectral distribution of the laser and the absorption spectrum of
the sample, the nonlinear susceptibility satisfies both conditions
of one-photon electronic resonance and two-photon difference
frequency resonance. Therefore, the contributions of both the

real and imaginary parts of the susceptibility make a substan-
tial contribution to the modulation of the difference absorbance.
The imaginary part is discussed below, followed by a discussion
of the real part.

The induced incident pulse intensity change is proportional
to the imaginary part of the nonlinear polarization multiplied
by the conjugate of the incident electric field

(3)

Here and are the FTs of and
, respectively. Here suffix is either A or B corre-

sponding to nonlinear process A or B. The change in the optical
absorbance of the sample appearing as pump-probe signals for
nonlinear processes A and B can be described in the following
way when the transmittance change is sufficiently small

(4)

and

(5)
where , , and . The ap-
proximation was used.
Here is the transmission of the probe pulse after the
sample without the presence of the pump pulse, and
is the transmittance change with the presence of the pump pulse.
The result was obtained because

was sufficiently small in the present experiment.
The spectral width and the vibrational dephasing time in (4)

and (5) are determined by the electronic dephasing time
and the vibrational dephasing time , respectively. Using this
principle, the electronic dephasing time and the vibrational de-
phasing time can be separately determined. The advantage pro-
vided by the direct real-time measurement of the vibrational
phase means that the results given by (4) and (5) also demon-
strate the dependence of the periodic modulation phase on the
probe frequency.

The molecular vibration information can be obtained by
probing the modulated difference absorption given
by . is the difference between the
induced absorbance change at probe time and that at the
equilibrium position of the molecular vibration after coherent
molecular vibration has been excited. The modulation of dif-
ference absorbance with the angular frequency
of the vibration and the delay time constant is given
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by the following equation as a function of the optical angular
frequency and probe delay time

(6)

Here suffix is either A or B, which corresponds to nonlinear
process A or B. The two processes have different amplitudes

and phases . The amplitudes and are given by
(4) and (5). The phases and are given by

(7)

(8)

If the spectrum is shifted downward by vibrational
frequency

(9)

then

(10)
Therefore, the signals resulting from nonlinear processes A and
B have an anti-phase relation. The physical meaning of this
phase relation is as follows. Depending on the phase of the
molecular vibrational excited by the pump pulse at zero delay
time, the spectrum in the region is amplified (deamplified)
and that in the region is deamplified (amplified) alter-
natively. This is the energy exchange process between the probe
pulse and the molecular vibration.

The difference in the phases reaches between the higher-
frequency region and the lower-frequency
region . This is an appropriate criterion
for identifying the ground-state dynamics and separation of the
origin of the vibration in such a spectrally resolved real-time
experiment [55]–[57].

Thus far we have discussed the effect of the imaginary part
of the third order susceptibility on the absorbance change. The
modulation, , induced by the molecular vibration
of the difference absorbance, , of the electronic
transition can take place via absorbance (transmittance) change.
This process involves either amplification or deamplification of
the probe pulse by the coherent molecular vibration depending
on the phase of the vibration as mentioned above. Since the
time-resolved difference absorption spectrum given by (3) is
contributed by the imaginary part of the product of
and , it is dominated by the absorbed spectrum of
the probe light by the sample.

On the other hand the real part of the third-order suscepti-
bility can also contribute to the modulation via a probe pulse
spectral change induced by the cross phase modulation mecha-
nism. This mechanism results from the refractive index change

Fig. 4. 2-D real-time absorbance change ����� ��. The legend indicate
����� �� the intensity. One example of the time dependent absorbance change
at the probe wavelength of 620 nm was plotted in the right column.

caused by the deformation of the molecular configuration during
molecular vibration. The effect of the real part of the third order
susceptibility on the absorbance change is expected to be sim-
ilar to that of the imaginary part because of the Kramers–Kronig
relation.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 3 shows the laser spectrum and the absorption spectrum
of the sample quinoid-type thiophene oligomer. The absorption
band was separated into four vibrational progression subbands.
These sub bands correspond to the transition from the vibration
level in the ground state to the excited state vibration level
with quantum numbers , , , , and , as shown in
Fig. 3. From the spectral overlap, 10.2% and 0.07% of the NOPA
output energy was calculated to be absorbed by the and

transitions, respectively. Therefore, 99% of the absorbed
pump energy was utilized to excite the vibrational level with a
quantum number of in the excited state and only 1% was uti-
lized to excite the vibrational level with a quantum number of

. This means that there is no excited-state wave-packet forma-
tion through the -type interaction [Fig. 1(a))]in this system.

Fig. 4 shows the probe delay time and probe frequency
dependences of the absorbance change . One

example of the time dependent absorbance change at a probe
wavelength of 620 nm is plotted in the right column. The photon
induced absorbance change is positive in a spectral range of
574 to 700 nm (2.16–1.77 eV) and negative beyond this spectral
range. The positive photo induced absorbance is due to the in-
duced absorption from the excited state and the negative signal
is caused by the absorption bleaching owing to the ground state
depletion. Fig. 4 clearly shows the periodic modulation of the
absorbance change as a function of probe delay time. This mod-
ulation is caused by the transition probability change induced by
molecular vibration. The FT of this periodical change will pro-
vide information corresponding to the vibrational amplitude and
phase.
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Fig. 5. 2-D FT power spectra. Solid line combines the center of masses of the
FT power spectrum for modes of 1037 and 1460 cm . The center of mass for
mode 1037 cm was calculated after Lorentzian fitting to the FT power spec-
trum. One example of FT power spectrum at the probe wavelength of 620 nm
was plotted in the right column.

The FT was performed in the following way. The real-time
traces were smoothed by adjacent averaging to obtain slow elec-
tronic relaxation. When this slow electronic relaxation was sub-
tracted from the real-time traces, the vibrational dynamics re-
mained, and these were used to calculate the FT. In the present
study, we used a 200 fs time range, which gave a cutoff fre-
quency of 167 cm . This is because the cutoff frequency was
determined by the time range of the data point used in the ad-
jacent averaging. The FT power spectrum is displayed 2-Dly
against the probe photon energy and FT frequency in Fig. 5.
There are two prominent vibrational modes with frequencies at

cm and cm . They can be attributed
to the C-C and stretching modes. These modes may be
expressed as being mixed with other local modes.

We analyzed the effect of the imaginary part of the suscepti-
bility in a similar way to that in our previous paper [26]. Broad
signals were found around 570 and 638 nm, and 622 nm for the
1460 and 1037 cm modes, respectively, which clearly shows
the probe wavelength dependence indicated by (4) even though
there is no clear signal for the 1037 cm mode on the high
photon energy side. The peaks around 638 nm and 622 nm cor-
respond to and in nonlinear process A. The
peak of 570 nm for the 1460 cm mode corresponds to in
nonlinear process B. We calculated the slope of the solid line
shown in Fig. 5 connecting the center of mass of the FT powers
of the mode with frequencies of 1460 and 1037 cm (peaks at
638 nm and 622 nm). The centers of mass of the FT amplitude
spectra determined by in (4) are related to the vibrational fre-
quency . Therefore, the slope

was expected. The experimental
slope was calculated to be , which is sufficiently
close to the expected value, thus providing evidence of the signal
being due to nonlinear process A.

The FT amplitude spectra (FT-AS) for the 1037 and
1460 cm modes are extracted from Fig. 5 and plotted as a
function of probe photon energy in Fig. 6(a) and (b), respec-
tively. In the figures, the laser spectrum (LS), the absorbed

Fig. 6. (a)–(b) For vibration modes of 1037 and 1460 cm , respectively. The
line information are: FT amplitude spectra (thick solid line), laser spectra (dash
dotted line), and absorbed spectra (blue dotted line). And the shifted laser and
absorbed spectra by the amount of the laser spectrum is plotted in thin solid and
thin dashed lines, respectively, for modes of 1037 and 1460 cm .

probe spectrum (APS), and the LS and APS downshifted to the
lower photon energy side by 1037 and 1460 cm (0.128 and
0.181 eV) are also shown. The absorbed probe spectrum is
calculated from the sample absorption spectrum and the laser
spectrum. Fig. 6 shows that the FT-AS of a mode with a
frequency of 1460 cm fitted relatively well with the LS
and shifted LS on the higher and lower photon energy sides
(nonlinear processes B and A), respectively. For the 1037 cm
mode, the FT-AS also fitted well with the shifted LS on the
lower photon energy side (nonlinear process A). This result is
different from that in our previous paper [26] where the shifted
APS fitted well with the observed FT-AS of the relevant mode
in a conjugated polymer, polydiacetylene. This indicates that
a consideration of only the imaginary part of the third-order
susceptibility is insufficient in the present study. And the real
part must also be considered.

As mentioned above, the real part of the susceptibility can
also contribute to both the and B non-
linear processes through cross-phase modulation. The cross-
phase modulation is induced by the modulated refractive index
from the electronic nonlinearity change as a result of the change
molecular structure caused by the molecular vibration. Thus, the
effect of the real part of the cross phase modulation is spectral
shift in difference absorbance spectra, which is given by the first
derivative of the laser spectrum. The 1460 cm mode was used
to analyze the effect of the real part of the susceptibility. The
effect of the imaginary part was subtracted by taking the differ-
ence between the FT-AS and the downshifted APS in the spec-
tral range below 2.03 eV (nonlinear process A). The difference
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Fig. 7. (a) FT amplitude spectrum (line 1,blue), shifted laser spectrum (line 2,
red), shifted absorbed spectrum (line 3, green), the difference between curve (2)
and (3) (line 4, pink), and the first order derivative of curve (2) (line 5, black).
(b) FT amplitude spectrum (line � , blue), laser spectrum (line � , red), absorbed
spectrum (line � , green), the difference between curve �� � and �� � (line � ,
pink), and the first order derivative of curve �� � (line � , black).

between FT-AS and the APS was also calculated in the spec-
tral range above 2.03 eV (nonlinear process B). The difference
spectrum is temporarily called the “residual” spectrum, and the
results are shown in Fig. 7(a) and (b). In order to evaluate this
effect, we calculated the first derivative of the LS and the shifted
LS as shown in Fig. 7(a) and (b). The agreement of this spectrum
with the “residual” spectrum means that the Fourier amplitude
spectrum of the 1460 cm mode is explained in terms of the
APS being downshifted by 1460 cm and the first derivative
of the LS being downshifted by the same amount in the non-
linear process A. A similar conclusion could be also made for
the nonlinear process B. This result indicates that both the real
and imaginary parts of the third-order nonlinear susceptibility
have been observed in two nonlinear processes A and B in the
present study using 2-Dly probed spectroscopy.

The modulation phases remain to be discussed. In Figs. 5 and
6(b) there is a dip around 2.03 eV in the FT spectrum. This is due
to the phase relation between (7) and (8) of nonlinear processes
A and B, which have opposite signs. Therefore, in the overlap
region of the spectra caused by nonlinear processes A and B,
they cancel each other out resulting in a much weaker Fourier
power than expected for the sum of the contributions of the laser
spectrum. As shown in Fig. 8, the experimentally observed vi-
brational phase spectrum is relatively complicated. As discussed
by Walmsley et al. [17], when electronic resonance is involved,
the probe wavelength dependence of the vibrational phase has
complicated features. The present experimental data cannot be
explained simply in terms of (7) and (8). Therefore, the differ-
ence between and was very difficult to
identify directly. However, with the help of (10) the phase rela-
tion between nonlinear processes A and B was clearly shown.

From (7) and (8), nonlinear process A has a central frequency
at and nonlinear process B has a central frequency
at . Therefore, in the present study, we considered that the

Fig. 8. Phase spectra for mode 1460 cm [line (1)], the shifted phase spectra
to the low photon energy side by the amount of vibration frequency 1460 cm
[line (2)], anddifference spectra calculated from (1) and (2) [line (3)].

phase spectrum in the spectral range eV represents
the phase spectrum of nonlinear process A . And the
phase spectrum in the spectral range eV was con-
sidered to represent the phase spectrum of nonlinear process B

. The phase term could be obtained
by downshifting the phase spectrum by 1460 cm .
Fig. 8 clearly shows that the difference between and

in the eV spectral range is , which
is consistent with (10).

The results of the FT amplitude and FT phase analysis both
reveal the coexistence of nonlinear processes of A and B. The
real part of the third order nonlinear susceptibility to these two
nonlinear processes mediated by molecular vibration was ob-
served for the first time. Both amplitude and phase are well ex-
plained by the theoretical analysis.

V. CONCLUSION

A femtosecond pump-probe experiment was performed on a
quinoid thiophene oligomer, in which the impulsive stimulated
resonant Raman scattering signal was time-resolved with a 0.8
fs delay time step. The absorbance change of the sample after
short pulse excitation was obtained with a multi-channel de-
tector. The theoretical model was described with nonlinear pro-
cesses A and B performed by broadband impulsive stimulated
Raman scattering. A vibrational phase analysis showed that the
broadband vibrational phase spectra of the components corre-
sponding to laser and Stokes lights were oscillating in out
of phase with the corresponding vibrational frequency, which
indicates the coexistence of nonlinear processes A and B. A
vibrational amplitude analysis showed that both the imaginary
and real parts of the third-order susceptibility contributed to the
modulated difference absorbance. We could thus for the first
time observe the imaginary part contribution to the the non-
linear processes in the 2-D oscillating spectrum of the trans-
mitted probe light.
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