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A sub-5-fs ultrafast pump–probe experiment was applied to neat liquid tetrahydrofuran (THF). The
observed periodic modulation of transmittance change (DT), �5 �10�3, is assigned to the ground-state
vibrational mode of C–H stretching. Although the sample has no stationary absorption in the wavelength
region under study, the modulation amplitude shows strong dependence on the probe photon energy. A
model is proposed to explain this feature based on the coherent Raman coupling between the fundamen-
tal and Stokes-shifted spectral components. The results demonstrate that a special attention is required
in distinguishing the ground- and excited-state vibrational signals in ultrafast transient absorption
spectroscopy.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Recent improvements in femtosecond pulsed lasers have en-
abled detailed real-time investigation of high-frequency vibra-
tional processes and ultrafast electronic relaxations [1–6]. The
use of impulsive stimulated Raman scattering (ISRS) has been pro-
posed and investigated in a pump–probe setup [7–14]. In these
experiments, pump pulses produce wave packets in the ground-
state due to the ISRS process and the intensity modulations of sub-
sequent probe pulses are detected for different delay times.

In ultrafast transient absorption spectroscopy using the pump–
probe setup, it is sometimes essential, but often difficult, to distin-
guish the excited-state vibrational modes from the ground-state
ones; several methods have been proposed to identify the origin
of the signals in terms of wave packets in either the ground state
or excited states. Based on a simple model that the vibrational har-
monic potential in the excited state is shifted from that of in the
ground state, the initial phase of the modulation is expected to
be sinusoidal and cosinusoidal for the ground- and excited-state
vibrations, respectively [15,16]. Though the derivation of informa-
tion on the initial phase is a benefit of real-time observation, it is
sometimes difficult to precisely determine the initial phase be-
cause of the complex mixing of the sinusoidal and cosinusoidal
phases or the presence of some unspecified artifacts at the zero-
delay time.
ll rights reserved.
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Since the ground-state wave packets modulate the induced
absorption from the ground state, the signals of quantum beats
due to the wave packets in the ground state are expected to appear
only in the spectral region where there is stationary absorption or
stimulated emission. In addition to this conventional understand-
ing, our previous report has revealed that the ground-state vibra-
tion modulates the spectral region lower than the absorption
edge. This energy region is separated from the absorption edge
by the vibrational energy [9]. In a transparent medium, the effect
of electronic transition is negligible and the ground-state vibra-
tional modes are induced through ISRS using pump pulses.

In the present Letter, we report on our theoretical model and
our experimental results showing that the power spectrum of the
ground-state vibrational modes of neat liquid THF may have a
complex structure even in regions where no stationary absorption
is expected. This investigation is enabled by our novel setup that
can detect broadband ultrafast transient spectrum with single-de-
lay-scan.

2. Experimental

The detailed experimental setup for pump–probe spectroscopy
has been reported [17]. The output beam of a regenerative ampli-
fier (Spitfire, Spectra Physics) was separated into two beams: One
fraction was frequency-doubled and used as a pump for a noncol-
linear optical parametric amplifier (NOPA); the other was focused
onto a sapphire plate to generate a white-light continuum, which
was used as a seed for the NOPA. The output of the NOPA was used
for the pump and probe pulses after including chirp compensation
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Fig. 1. Laser spectrum (solid line) and its first derivative (dashed line) after
smoothing.
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with a pair of chirped mirrors and prisms. Thus obtained laser
spectrum after chirp compensation is shown in Fig. 1. The setup
was optimized to obtain pump and probe energies as high as 40
and 6 nJ, respectively, for efficient ISRS excitation.

A liquid tetrahydrofuran (THF) sample (Kanto Chemicals) was
taken in a cuvette of 1 mm thickness. The positive chirp induced
at the cuvette window was pre-compensated by optimizing the
prism compressor to give the shortest possible pulse inside the
sample. All the experiments were performed at room temperature.

3. Results and discussion

3.1. Normalized transmittance change

With a home-developed multi-channel lock-in amplifier, the
real-time traces were measured in the range of 1.68–2.28 eV. The
experimental data represent two-dimensional plots of the normal-
ized transmittance change (DT/T) as a function of the probe photon
energy and the probe delay time. Fig. 2 shows the resultant DT/T
Fig. 2. Real-time traces of normalized transmittance change (DT/T) for probe photon ener
and (j) 2.15 eV.
plots for the probe photon energies ranging from 1.70 to 2.15 eV.
Modulation by molecular vibration is clearly observed around the
zero-signal line. The modulation amplitude of DT/T, �5 � 10�3,
corresponds to the change in the equivalent absorbance,
DA, �2 � 10�3.

In addition to the apparent vibrational mode with a period of
37 fs, higher-frequency vibration components with periods of
�12 fs were also identified. From a Fourier transform analysis of
these real-time traces, the following modes were obtained:
911 ± 12, 2836 ± 11, 2880 ± 11, and 2924 ± 10 cm�1. The last mode,
2924 cm�1, is one of the highest frequencies observed in real time
[6]. The higher-frequency modes seemed to fade out with a delay
time as short as �200 fs. This behavior can be ascribed partly to
the interference among the high-frequency modes. The revival
was observed at �300 fs. By comparing with the results of Raman
spectroscopy [18], the three modes with higher frequencies were
assigned to the C–H stretching modes. The baseline of the DT/T
signal up to �150 fs deviates slightly from the zero-signal line. A
possible mechanism is the libration of THF, as observed for CS2

[19–22].

3.2. FFT power spectrum of the real-time trace

The real-time traces obtained at each probe photon energy level
were Fourier transformed to obtain the vibrational fast Fourier
transform power spectrum as a function of the probe photon
energy. Fig. 3 shows the probe photon energy dependence of the
Fourier power of the 2880 cm�1 mode. The spectrum contains
two peaks at �2.14 and �1.78 eV. Since the laser spectrum shown
in Fig. 1 lies in the visible region, far from the absorption band of
the sample, the effects of electronic transition are negligible. Note
that a plot of the vibrational power versus the probe photon energy
is complicated and contains narrow peaks, even in a transparent
medium without single-photon transition.

As reported in Ref. [8], the probe pulse can be modulated by a
dynamic alternation of the refractive index caused by the
ground-state vibrational wave packets produced by ISRS. If this is
the case, the FFT spectrum should be reproduced by the first
derivative of the laser spectrum under the approximation of small
gies of (a) 1.70, (b) 1.75, (c) 1.80, (d) 1.85, (e) 1.90, (f) 1.95, (g) 2.00, (h) 2.05, (i) 2.10,



Fig. 3. Fourier power spectrum of the 2880 cm�1 mode (dashed line) and the fit to
the model curve (solid line).
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modulation. Fig. 1 shows the first derivative of the laser spectrum
for comparison with the FFT power spectrum shown in Fig. 3. Since
no essential correlation is observed between the two plots, the for-
mer model can hardly explain the observations.

In order to interpret this FFT spectrum, we propose the exis-
tence of dynamic coherent coupling through the Raman process
between the fundamental field and the Stokes-shifted field due
to ground-state molecular vibration. The Raman coupling under
various conditions among the fundamental, Stokes, and anti-Stokes
fields and molecular vibrational polarization has been studied the-
oretically and experimentally [23–25]. In the presence of vibra-
tional polarization, energy transfer can occur between pairs of
spectral components whose energy difference is equal to the vibra-
tion energy. The relative phase between the vibrational polariza-
tion and the laser field determines the direction of the energy
transfer between the fundamental and the Stokes fields. In the
pump–probe experiments, the delay time corresponds to the rela-
tive phase, because the ground-state vibration is induced impul-
sively by the pump pulse.

3.3. Modeling of the Raman process

For a further examination of this phenomenon, the following
model is formulated: The general coupling equations of the funda-
mental (f), Stokes-shifted (s), and anti-Stokes-shifted (as) fields
with the molecular vibrational polarization are given as

Pxv ¼ cQ ; ð1aÞ

@2

@t2 þx2
v

 !
Q ¼ aðEf E

�
s þ EasE

�
f Þ; ð1bÞ

Pxf ¼ dsEsQ þ dasEasQ
�; ð1cÞ

Pxs ¼ dsEf Q
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@Em
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@2Em
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@2Pxm
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Here, Q, E, and P indicate the relevant vibrational normal coordi-
nates, electric field, and macroscopic polarization, respectively.
The symbols dm, a, and c represent the proportional constants.
The angular frequency of molecular vibration is denoted as xv. At
the focal point in the sample, the plane-wave approximation for
both the electric fields and the sinusoidal molecular vibration is
applied as follows:

Q ¼ Q 0 expðiðxvt � /ÞÞ; ð2aÞ
Em ¼ EmðzÞ expðiðxmt � kmzÞÞ: ð2bÞ
Here, the relative phase between the molecular vibration and the
laser field, denoted as /, is proportional to the delay time between
the pump pulse and the probe pulse. Em(z) represents the slow evo-
lution of field intensity by the Raman-coupling process. Since the
energy of the vibrational mode focused here is approximately equal
to the laser spectrum bandwidth, the coupling of only the higher-
and lower-energy spectral portions (the regions of A and B in
Fig. 1, respectively) must be considered. In the present report, we
denote the spectral regions corresponding to A and B as the funda-
mental field and the Stokes-shifted field, respectively.

Under the assumption of slowly varying envelope approxima-
tion, Eqs. (1) and (2) give the following coupling equations be-
tween the fundamental and Stokes fields, by neglecting the anti-
Stokes field in the weak interaction limit, which is well satisfied
in this experiment

@Ef ðzÞ
@z

¼ � il0dsQ0x2
f

2kf
EsðzÞ expð�iðks � kfÞz� i/Þ; ð3aÞ

@EsðzÞ
@z

¼ � il0dsQ0x2
s

2ks
Ef ðzÞ expðiðks � kfÞzþ i/Þ; ð3bÞ

For simplicity, we investigate here the behavior for small z by
expanding the solution of Eqs. (3) to the first order of z:

EsðzÞEsðzÞ� ¼ E2
s0 þ

zdsksQ 0

es
Ef0Es0 sinð�/Þ; ð4aÞ

Ef ðzÞEfðzÞ� ¼ E2
f0 þ

zdskf Q 0

ef
Ef0Es0 sinð/Þ: ð4bÞ

In these expressions, Ef0 and Es0 indicate the initial values of the
electric fields: Ef0 � Ef(z = 0) and Es0 � Es(z = 0). The effect of phase
mismatch is ignored.

Eqs. (4) show the sinusoidal modulation of the Stokes and fun-
damental fields when / is scanned by changing the pump and
probe pulse delay. It can also be seen that the modulation ampli-
tude is expressed by the product of Stokes-shifted and fundamen-
tal field amplitudes. This is a direct consequence of Raman
coupling, in which two photons of fundamental and Stokes fields
both contribute to the process. Thus, in the absence of spectral
overlap between the Stokes- and anti-Stokes-shifted laser spectra,
the FFT power spectrum can be expressed by the product of the
original laser spectrum and the shifted laser spectrum by the vibra-
tional energy:

ðDTðxÞÞFFTpower ¼ x2ða2IðxÞIðx�xvÞ þ b2IðxþxvÞIðxÞÞ; ð5Þ

where I(x) is the laser intensity at the optical angular frequency x,
and a, b are free parameters.

3.4. Comparison with the experiment

The experimental FFT power spectrum is reproduced based on
Eq. (5), and shown in Fig. 3. The two free parameters are adjusted
to obtain the best-fit data. The agreement obtained both for the
peak positions and the peak widths indicates that the proposed
model is reasonable. The high- and low-energy peaks correspond
to the fundamental and Stokes fields, respectively.

The initial phases of the modulations of the fundamental and
Stokes-shifted field are expected to be shifted by p radians from
each other, as can be seen by the negative and positive / values
appearing in the sine functions in Eqs. (4). The experimental initial
phase of the mode of 2880 cm�1, obtained by the FFT analysis, is
shown in Fig. 4. This phase shows a clear p phase jump at
1.98 eV. This energy is located just between the fundamental and
Stokes peaks of the FFT spectrum, which also supports our model.
Similar phase features are also observed for other high-frequency
modes at 2836 and 2924 cm�1.



Fig. 4. Initial phase of the 2880 cm�1 mode. The dashed line is a guide for the eye.

Fig. 5. Energy difference between two peaks in the FFT power spectrum as a
function of the mode wavenumber.
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As expected from Eq. (5), the energy difference between the two
peaks of the FFT power spectrum increases with the vibrational
energy. In order to study this property for the three observed
modes, the energy difference between the two peaks of the FFT
spectrum was calculated. As shown in Fig. 5, the energy difference
clearly increased. The plot fitted with a linear function gave a
gradient of 1.1 ± 0.2, which is close to the expected value of 1.

These evidences, gained from the fitting of the FFT power spec-
trum, the initial phase and the FFT spectral shift, lead to the conclu-
sion that the observed higher-frequency modulation is due to the
dynamic coupling between the two spectral components in the
probe pulse through molecular vibrations of the ground state. This
process is versatile, as it is also expected in the pump–probe exper-
iments with resonant electronic transition. The modulation
observed in the spectral region remote from that of stationary
absorption has been often assigned to excited-state molecular
vibration. It is revealed that the Raman process can also produce
complex structures of vibrational amplitude in the spectral region
without absorption, which may have been misinterpreted as con-
tributions from excited-state molecular vibrations.
4. Conclusion

The transparent neat liquid of THF was investigated by sub-5-fs
time-resolved absorption spectroscopy. Intensity modulation of
the transmitted probe pulse was observed, and its FFT power
was obtained as a function of the probe photon energy. It was
revealed both experimentally and theoretically that the vibrational
FFT power spectrum may have peak structures even in the opti-
cally transparent spectral region without electronic transitions.

This observation is explained by the Raman process, which cou-
ples the two spectral components of the driving laser that are sep-
arated by the energy of molecular vibration. These results suggest
the possibility that the constitution of the ISRS process is confused
with those of excited-state wave packets in conventional interpre-
tations of pump–probe experiments. The present study gives
warning that a careful study is needed in the interpretation of
vibrational components in transient absorption spectroscopy.
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