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ABSTRACT: Several investigations using the femtosecond pump−probe technique
have been made for coherent phonon dynamics in single-walled carbon nanotubes
(SWNTs), which are promising candidates as devices for nanoelectronics and
photonics due to their unique properties. However, the most relevant spectroscopic
analyses by far have been performed in the positive time range, with the pump pulse
coming before the probe. We studied the real-time coherent phonon in SWNTs using
7.1-fs pump−probe measurements for negative time delays in which vibronic coherence
between the ground state and exciton state can be observed. Coherent vibrations
corresponding to the radial breathing mode caused by the wave packet generated in the
exciton state were detected, in contrast to the ground-state wave packet dynamics for
positive delays previously reported. The present results show that excited-state wave
packets contribute greatly to radial breathing modes in four, (6,5), (6,4), (7,5), and
(8,3), chiral systems, but very little to G modes, even though the oscillation period of
the latter is 20 fs, which is much shorter than the 100 fs of the exciton life. We
discussed the differences in dephasing times in the four different chiral systems.

1. INTRODUCTION

Single-walled carbon nanotubes (SWNTs) have unique
mechanical, electronic, and optical properties due to their
one-dimensional nanostructures and are promising candidates
as devices for nanoelectronics and photonics.1−3 The peculiar
optical properties of one-dimensional systems have been
studied extensively in various other materials such as
conjugated polymers4,5 and J-aggregates,6 providing a play-
ground for studying the dynamics of confined electrons and
phonons and their interplay.4,7 Advances in optical studies such
as Raman scattering and photoluminescence excitation
spectroscopies have led to definitive assignments of spectral
features to specific chirality classes given by a set of two integers
(n,m).8−11 Recent theoretical and experimental studies have
illuminated the importance of pronounced excitonic effects in
interband optical processes and have revealed a variety of
phonon-assisted peaks, suggesting strong exciton−phonon
coupling,11−15 which is at the heart of many phenomena in
SWNTs. Significant efforts have been made to investigate the

coherent phonon dynamics in SWNTs using the pump−probe
technique in the femtosecond time regime, i.e., coherent
phonon spectroscopy or real-time vibrational spectrosco-
py.16−25 However, the most relevant spectroscopic analyses
by far have generally been performed in the positive time range,
with the pump pulse coming before the probe to perturb the
absorption spectrum of the medium, which is subsequently
probed after a set time delay. In comparison with Raman
spectroscopy, which is relevant to ground-state vibrations,26

real-time spectroscopy is much more suitable for studying the
excited-state electronic relaxation and vibrational dynamics of
materials under the same excitation and environmental
conditions. However, the coherent phonon vibrations observed
in the femtosecond pump/probe experiment include wave
packet motion effects in both the ground and excited states,
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which make it difficult to ascribe the signals to either of the two
states.27,28 To date, only a limited number of experiments have
overcome this difficulty by using chirped-pulse excitation29,30

and detailed analysis of the delay-time dependence of pump-
dump pulses in stimulated Raman scattering.31

In contrast to investigation using positive time ranges,
investigation of the real-time traces for negative time delays,
whereby the probe pulse precedes the pump pulse, can provide
information on vibronic polarization modulated by phonons
only in the excited states.28 Previous reports have discussed the
experimental results observed in the negative time range in
terms of perturbed free-induction decay and coherent
coupling.32−37 The difference absorption spectrum has been
calculated for a two-level system and has already been applied
to molecular systems.38,39 Theoretically, in this coherent regime
it is the probe that “deposits” a polarization in the medium, and
this subsequently relaxes over time. The pump then “probes”
the decay by perturbing the probe polarization, although no
pump energy is absorbed by the sample medium, and the signal
is detected in the direction of the probe beam.32,33 The
perturbed free-induction decay term, which occurs only in the
negative time range, can be used to determine the electronic
phase relaxation time and to study the vibrational phase
relaxation dynamics in excited electronic states.28 Recently, we
reported the experimental observation of absorbance changes
for several molecular systems for negative time delays.28,40 This
negative-time measurement is a powerful method for studying
coherent phonon vibration in excited states without the effect
of wave packet motion in the ground states under the same
experimental condition as the real population relaxation
associated with vibrational dynamics, including both the ground
state and excited state. In addition, knowledge of electronic
dephasing dynamics is very important for elucidating the
properties of excited states and the dynamics of optical
nonlinear processes, which offer information on the response
dynamics of various device applications such as optical
switching and optical signal processing.41,42 The time sequences
of two fields of the pump and one from the probe are the same
pulse ordering as that denoted by type SIII configuration in the
two-dimensional spectroscopy.43,44 In this paper, we report
what is to the best of our knowledge the first observation of the
vibrational and electronic coherence dynamics of SWNTs in
negative time delays using a pump−probe technique with an
extremely short (7.1 fs) and broad bandwidth pulse in the
visible spectrum and using an ultrahigh-sensitivity broadband
detection system composed of a polychromator and a
multichannel lock-in amplifier, which can detect 128 different
wavelengths simultaneously. Vibrational and electronic phase
relaxation dynamics studied under the same conditions are
elucidated and compared with the results reported in the
positive time range.

2. EXPERIMENTAL METHOD
2.1. Pump−Probe Experiment. The details of the

ultrafast pump−probe experiment were described in our
previous papers.28,45 In short, the main light source was a
7.1-fs pulse from a noncollinear parametric amplifier (NOPA)
developed by our group.46,47 The spectrum of the output pulse
from the NOPA extended from 520 to 725 nm. The focus areas
of the pump and probe pulses were about 100 and 75 μm2,
respectively, with a common center on the surface of the
sample film. The polarizations of the pump and probe pulses
were parallel to each other. In the pump−probe experiment,

the signal was spectrally dispersed with a polychromator
(JASCO, M25-TP) over 128 photon energies (wavelengths)
from 1.71 to 2.37 eV (from 722 to 524 nm). The pump−probe
step size is 1 fs. All measurements were performed at room
temperature (295 ± 1 K).

2.2. Sample Preparation. The details of the sample
preparation were described in our previous paper. In short, a
CoMoCat synthesized sample was prepared using a silica
support and a bimetallic catalyst with a Co:Mo molar ratio of
1:3.48−50

3. RESULTS AND DISCUSSION
3.1. Stationary Absorption Spectrum. Figure 1 shows

the stationary absorption spectrum of SWNTs without further

processes of fractionation of separation and extraction. More
than 15 peaks and shoulders can be distinguished in the
spectrum. Their assignment was made according to the relation
between the transition energy and chiral index as set in the
literature.8 The broadband visible laser pulse with photon
energy in the 1.7−2.4 eV range was resonant with the second
exciton transitions (E22) in the tubes. The chirality assignments
of some absorption bands and shoulders around 1.46, 1.7, 2.4,
and 2.7 eV in the spectrum were not made because they might
have been shared by more than one type of tube.

3.2. Two-Dimensional (2D) Real-Time Vibration
Spectra. In the pump−probe experiment for a simplified
two-level system, the differential absorbance ΔA(ω), propor-
tional to the differences of the imaginary parts of the
susceptibilities, can be given by
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where Im stands for the imaginary part,⊗ denotes convolution,
F[A(t)]is the Fourier transform of A(t), Epu(t) and Epr(t) are
the pump and probe fields, respectively, and Npu

(2)(t) represents
the population change induced by the pump field. Definitions

Figure 1. Stationary absorption spectrum of SWNTs, showing the E11
and E22 transitions in visible and infrared (1.2−2.7 eV) range, and the
relevant chirality assignments.
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of the remaining terms are given elsewhere.32 The three terms
contained in the right side of eq 1 represent the level
population (LP) term, pump polarization coupling (PPC) term,
and perturbed free-induction decay (PFD) term, respectively.
Reports published recently have mostly focused on LP, the first
term,16−25 which appears only after the onset of the pump
pulse, corresponding to the positive time region. The PPC term
arises from the coherent coupling between pump field-induced
polarization and the probe field appearing only when the probe
and pump overlap. In contrast to the first term, the third term,
PFD, represents the case in which the probe pulse comes earlier
than the pump pulse, contributing only to the negative time
delay, and there is no temporal overlap between them.
The 2D differential absorption ΔA(Epr, t) as a function of

probe−photon energy Epr and pump−probe delay time t from
0 to −200 fs is displayed in Figure 2a. The real-time traces

show sharp and intense peaks (or spikes) around zero delay
time and noticeable slow-decay signals with a finite size of ΔA
delaying by as much as −150 fs. The peaks are caused by PPC
when the pump and probe temporally overlap with each other,
and the slow-decay signals are due to the PFD process. Because
the coupling term is given by the convolution function of the
pump and probe pulse and provides no contribution outside of
this function, it is effective only when the pump pulse overlaps
the probe pulse in time close to the zero time range on the
order of the pump pulse duration (7.1 fs).32,33

Similar to the positive time results,16−18 there are also some
periodic structures in the time traces. For negative time delays,
the preceding probe pulse at first generates macroscopic
electronic polarization in the sample, and then later, the coming
intense pump field interferes with the probe polarization,
resulting in the formation of a grating. PFD, the third term in
eq 1, is generated by another electronic field component of the
pump pulse to be diffracted into the probe direction, satisfying
the causality. In the present case, the polarization generated by
the probe pulse is not due to a pure electronic transition but to
a vibronic transition. Therefore, the observed vibrations are
theoretically due to the vibronic transition between the
vibration levels in the ground electronic states and the vibronic
excited states. The excited-state vibrational modes can still be
observed without a population in the excited state in the
negative time range because the vibronic polarization is
modulated by lattice (or molecular) vibrations in the excited
states when the vibrational mode is at the ground level in the
ground electronic state.28 The advantages of this method are
summarized in the following way. In case of positive time the
signal can both be due to the ground state or due to excited
state and because of this ambiguity it is difficult to discuss
clearly the vibrational dynamics. However, in the case of
negative time experiment only the excited vibronic coherence
can be studied. Another advantage is the ability of the study of
the electronic excited-state coherence relaxation and vibrational
coherence decay under the same condition of laser and
samples. Usually the study of electronic and vibration requires
two different sets of lasers and detection systems. Also by
tuning the pump laser using a spectral filter, coherence
phenomena in some spectral ranges can be studied with a
bandwidth in a specific range with the expense of time
resolution.
In the case of SWNTs the main absorption spectra in near-

infrared and visible range originate from electronic transition
from the highest valence band (v1) to the lowest conduction
band (c1) with E11 of about 8000 cm−1 and that from the
second highest valence band (v2) to the second lowest
conduction band (c2) with energy E22 of about 16 000
cm−1.51,52 The laser spectrum used in the present study is
extending in the range of 520−720 nm (corresponding to 19
200−13 800 cm−1) as described in our previous paper.45

Therefore vibronic coherence above-discussed is due to the
electronic (vibronic coupling) connecting between the ground
state and E22 state, which is the excitation from v2 to c2 in a
SWNT. The electronic coupling and/or vibronic coupling
between E11 and E22 excitons are not possible. The coupling
including the ground state, E11, and E22 is also not possible, and
hence electronic coherences between E11 and E22 are not
excited.
Figure 2b depicts the differential absorption (ΔA) lines

obtained by intersecting the 2D plot of ΔA in Figure 2a at delay
times from 0 to −100 fs with a 10-fs step. Three features are

Figure 2. (a) 2D display of ΔA(Epr, t) as functions of probe photon
energy, Epr, and pump−probe delay time, t. The solid and dotted lines
are simulated traces of fringe peak and valley positions respectively.
(b) Probe photon energy dependences of ΔA at the delay times from
0 to −100 fs with a 10-fs step. The blue dashed lines and the arrows
are drawn as a guide to the eye, showing the peak position shifts with
time passage.
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shown in this figure. First is the prominent “bleaching” located
at 2.18, 1.88, and 1.77 eV, which corresponds to the peak
wavelength of the absorption (bleaching) spectra of (6,5),
(7,5), and (9,7). There is an unclear structure at ∼2.08 eV,
probably due to the shoulder from the spectrum of (6,4). The
second feature is the hyperbolic contour curves asymptotically
approaching these peaks. Third is the quasi-periodic line
features present parallel to the zero-delay time line of the
horizontal axis. The third feature is buried by the hyperbolic-
appearing contour at the shorter negative delay time, and they
start to be clear at longer negative delay than about −80 fs.
The first feature, bleaching, appears in the same positions as

in the positive delay time data.16,18 The location of the intense
bleaching is consistent with that of the E22 transitions in Figure
1. Brito Cruz et al.32 and Joffre et al.53 also reported the
existence of intense bleaching. It can be explained in the
following way. The amplitude of the grating formed by the
interference between the probe polarization and pump field is
reduced when the probe field is virtually absorbed during
interaction with the sample, even though it is not really
absorbed in the sense of true energy transfer from the probe
light to the sample. The virtual electronic energy oscillates
between the sample electronic state and probe field, as in the
case of Rabi oscillation. The diffracted pump field intensity is
then reduced because of the smaller grating modulation
amplitude. Then, the amplitude of the PFD signal has a similar
spectral dependence to the electronic population observed in
the positive delay time.45

The second feature of the hyperbolic structure can be
explained in terms of frequency domain interference between
the pump field at zero delay and probe-induced polarization of
which fringe separation in the spectral interference pattern is
inversely proportional to the separation between the two.
The negative time transmittance change is given by53
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Here, Ip(ω) is the probe light spectrum, T2 is the electronic
dephasing time, and ω0 and ω are resonance frequency and
probe light frequency, respectively. The right-hand side is
transformed into the following equations:

ω ω ω

ω ω θ

Δ ∝ − −

− +

T t I T t T

t

( , ) ( ) exp( / )

[cos(( ) ) )]

r p 0 2
2

2

0 (3)

θ ω ω= −− Ttan ( ( ))1
2 0 (4)

Equations 2 and 3 show that the coherent transient spectrum
has a sinusoidal modulation with a modulation period given by
2π/(ω − ω0) with the initial phase (at zero delay time) of θ. It
maintains the form of exponentially decaying Lorentzian
function with half-width of half-maximum of (1/T2). Because
of the (co)sinusoidal modulation, the modulation can appear
several times (in the frequency domain) as seen in the range of
2.35−2.18 eV, where the transient absorbances in both negative
time and positive time ranges are most intense. There is a
complex structure in the range of 2.07 eV because of the
coherent perturbed decay interference between the converging
signal to 2.18 and ∼2.08 eV. There are two more converging
frequencies at 2.89 and 1.78 eV. As these modulated spectra are

at the center of the resonance frequency of ω0 in the coherent
transient spectrum, this initial phase at the frequency is 0π, but
at near resonance frequency ω a small phase shift determined
by eq 4 is expected. Using the equation we plotted the fringe
peak and valley positions with solid and dotted lines,
respectively, in Figure 2a, and the theoretical expectation is
found to be satisfied.
The third feature of the coherent transient spectrum is

vibrational oscillation. As the limited life of the electronic phase
decay signals which molecular vibration is providing modu-
lation, it is difficult to determine the vibrational frequency
precisely. It decays not only because of vibrational phase decay
(including both homogeneous and inhomogeneous decay) but
also because of electronic phase decay. In this way, the decay is
different from that in the positive decay range, which is caused
by both vibrational phase decay and electronic population decay.
Therefore, it disappears even before the lattice system comes
into equilibrium due to vibrational population decay.
As previously described, the PPC and PFD terms can both

contribute to the differential absorption signals for negative
time delays. The ΔA line at zero time is governed by the PPC
term, which occurs only around zero delay, whereas for delays
of longer than 10 fs, most of the signal should be due to the
PFD term. In theory, the PPC term is proportional to the
pump-induced polarization present at the time the probe is
coexisting with the pump at the sample, whereas the PFD term
is proportional to the remaining probe-induced polarization.
This occurs because the presence of the pump field modifies
the otherwise free decay of the polarization that is “deposited”
by the probe field.32,33 For the PPC term, with our ultrabroad
optical pulses it is possible to excite polarizations in a band of
states that are resonant with the pump energy. Because the
PFD term represents the process of the relaxation of
macroscopic polarization corresponding to the transition
between the excited vibronic state and the ground state, the
sign of ΔA and its vibrational and electronic decay should also
be dependent on the relevant vibronic state belonging to the
electronic excited states.
In addition, as shown in Figure 2b, there is a perceptible

transition energy variation for the two strongest peak positions
at ∼2.16 eV (572 nm) and ∼1.92 eV (650 nm) with the
passage of time. This could occur for two reasons: the
transition energy could be modulated by coherent phonon
vibrations, as will be described later, or the macroscopic
electronic coherent polarization dephasing time could be very
different for different chiralities with absorption bands adjacent
to each other. Then, their peak positions would be affected over
time due to the overlap of the different decay components.

3.2. Electronic Phase Relaxation Time. We can use two
methods to measure the electronic coherence decay time. The
first uses eq 3, and the second uses the coefficient of the
modulation term in the left side of eq 2.
In the negative time range, the PFD term increases with the

electronic dephasing time constant, T2
el, as described in eq 2,

and shuts off quickly for times later than the peak of the pump
pulse because it is only responsive to the presence of the pump
following the probe.32,33 The vibrational dephasing time T2

vib is
mostly on the order of picoseconds in many molecules, whereas
the T2

el of medium-size molecules at room temperature is
typically as short as a few tens of femtoseconds. Pulses that are
at least shorter than 10 fs are thus required to study the
electronic and vibrational dephasing times simultaneously.41

The appearance of the slow PFD process and oscillatory
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structures discussed above is proof that T2
el is much longer than

the pump duration (7.1 fs).
The dephasing time of the electronic coherence under the

experimental conditions was determined by assuming that the
time traces followed a first-exponential decay in spectral ranges
where the interference contribution was weak relative to that of
the PFD. The results are displayed in Figure 3a. Second-order

exponential fitting was also performed because there were
spectral overlaps for adjacent chiralities. However, the two time
constants obtained were very close to each other and almost
equal to the first-exponential fittings. The single-exponential
fitting was thus approximately successful here, which also
indicates that the dephasing times were very close for different
chiralities in this sample.
Figure 3a shows that the decay time constant is also probe

photon energy dependent, similar to the behavior of PFD as a

same function. There could be two reasons for this. First, the
PFD could be the process of the relaxation of macroscopic
polarization corresponding to the transition between the
excited vibronic states and ground states, as described above.
Then, the sign of ΔA and its decay would be dependent on the
relevant vibronic state belonging to the same electronic excited
states. Because the PFD term would be proportional to the
unperturbed population differences in this scenario, the initial
decay intensity would be different according to the absorption
cross section of different transitions. Second, the PPC and PFD
terms could have mixed contributions at negative time near the
zero delay time. The sum of the two contributions could be
either constructive or destructive depending on the sign of the
two terms. Because the coherent term should provide no
contribution outside the convolution function of pump and
probe pulse, the decay could be steeper than that predicted
based on T2

el owing to the dominant contribution of the
coherent term with a minor contribution of the PFD term,
especially when the sign of the PFD term is opposite that of the
PPC term. Thus in some spectral ranges, it would be difficult to
determine the exact time constants because of the mixed
contributions of the two terms near the zero time delay, as
represented by line 3 in Figure 3b. Therefore, the longest decay
time is considered to be minimally affected by the PPC term
and is consequently closest to the true electronic dephasing
time.
The single-exponential fittings of the dephasing time

corresponding to the two maxima in ranges A and B in Figure
3a are demonstrated by lines 1 and 2 in Figure 3b, respectively.
The maximum phase relaxation time is 32 ± 1 fs in range A and
36 ± 1 fs in range B. The chiral systems of (6,5) and (7,5)
mainly contribute to ranges of A and B, respectively. The
spectral decomposition reported in our previous paper45 gave
the results of spectral half-widths of (6,5) and (7,5), which are
89.9 and 63.9 meV, respectively. If we assume that the widths
are dominantly determined by homogeneous contribution only,
the electronic dephasing time T2

el of the coherence between the
ground state and the lowest excited state is determined to be in
the range of 60−40 fs. They are 40.5, 59.7, 55.0, and 55.7 fs for
(6,5), (6,4), (7,5), and (8,3), respectively. The electronic
(polarization) dephasing time is substantially longer than the
pump duration Tpu = 7.1 fs (T2

el ≫ Tpu).
32 This is the

prerequisite that needs to be fulfilled for a noticeable signal to
be observed for negative delays in the case of the simple two-
level system. In addition, the decay lines in Figure 3b are not
following pure exponential decays. Clearly visible oscillatory
modulation is superimposed on the exponential decay lines.
These periodic oscillations are consistent with those in Figure
2a, indicating the modulation of the vibronic polarization by
lattice vibrations in excited states.
Here, we discuss the various components that contribute to

the electronic dephasing time of the four chiral systems, (6,5),

Figure 3. (a) Probe photon energy dependence of electronic
dephasing time estimated by single-exponential function fitting. (b)
Negative time traces (black lines) corresponding to the two maximum
values in ranges A and B in (a), and their fitting (red lines) with single-
exponential function. A good fitting by single-exponential for line (3)
cannot be achieved because in this case the pump polarization
coupling effect is too dominant to determine the decay time.

Table 1. Spectral Widths of the Chiral Components Separated by Simulation and Widths Obtained from the Electronic
Dephasing Time by the Negative Time Method

chirality

probe
wavelength

(nm)
probe photon
energy (eV)

fwhm of absorption
spectrum (meV)45

dephasing time from negative
time measurement (fs)

calcd fwhm from
dephasing time (meV)

1/(k2* +
k2
0) (fs)

k2* + k2
0

(1013 s−1)

(6,5) 569.5 2.18 90 31.6 262 47.0 2.13
(6,4) 580.4 2.14 65 27.8 198 58.0 1.72
(7,5) 658.6 1.88 64 35.7 232 60.5 1.65
(8,3) 675.8 1.83 49 19.4 426 26.7 3.75
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(6,4), (7,5), and (8,3), obtained by the negative time
experiment, which are listed in Table 1.
The observed dephasing time T2 = 1/k2 includes the

contributions of the population decay τ1 = 1/k1 of the E22
exciton as determined in a previous paper,45 the inhomoge-
neous broadening T*2 = 1/k*2, and pure dephasing T0

2 = 1/k2
0

using the following equation:

τ
= +

*
+ = + * +

T T T
k k kk

1 1
2

1 1
, (1/2)

2 1 2
0

2
2 1 2 2

0

(5)

Using the equation, we can obtain the value of k*2 + k2
0, as

shown in Table 1. It is difficult to separate the effects of
inhomogeneous broadening T*2 = 1/k*2 and pure dephasing
T0

2 = 1/k2
0 from the calculation. However, we can tell that the

electronic decoherence time of the E22 exciton is longer than
47, 58, 61, and 27 fs in (6,5), (6,4), (7,5), and (8,3),
respectively.
From the dephasing lifetime values, the width of each

spectrum can be calculated, as listed in the table. The table
shows that the spectra of several of the chiral systems heavily
overlap but the spectral widths of the components can be
separately obtained using the relation T2Δω = π between the
electronic dephasing time T2 and the full width at half-
maximum (fwhm) Δω of the band if the absorption band is
mainly determined by homogeneous broadening. Even in the
case of a mixture of homogeneous and inhomogeneous
broadening, the factor does not change much. This result
suggests that the estimation of the spectral widths of bands that
overlap with each other can be separated by the negative time
method. In our previous paper,45 we attempted to separate the
spectral widths of chiral components by simulation with the
Voigt function, as shown in Table S1 of the Supporting
Information. The widths obtained by this simulation method
suffered from the overlapping tail of the absorption spectrum. It
is clear from the spectra of the sample in Figures S1 and S2 in
the Supporting Information that there are broad basal widths in
the spectrum. After removing the broad basal widths, the
estimated widths become about three times narrower than
those shown in Table 1. The corrected values of the fwhm of
the bands are then nearly equal to those obtained from the
dephasing time except for (8,3), which is only a shoulder of
(7,5). Therefore, this method is very powerful for estimating
the spectral widths of each component in SWNTs systems with
many chiral systems.
3.3. Fourier Transform Power Spectra and Probe

Photon Energy-Dependent Amplitudes. As previously
described, excited-state vibrational modes can still be observed
without a population excitation in the negative time range
because the electric polarization can be modulated by lattice
vibrations in excited states. To find the vibrational signals, the
time traces in the negative and positive time ranges were
compared by Fourier transform (FT), as shown in Figure 4.
The FT was performed after removing the slowly varying
exponential decay contributions, and the initial 40-fs time range
near the zero-time delays was omitted to avoid the effect of the
initial mixed contributions from the PPC term. The positive
time FT plots in Figure 4a2, calculated from 40 to 200 fs and
from 40 to 3000 fs, identify two well-known dominant
vibrational modes,16,22 the radial breathing mode (RBM) with
frequency of ∼320 cm−1 (period of ∼104 fs) and the G mode
of ∼1587 cm−1 (∼21 fs), generated by the impulsive excitation
with sub-5-fs laser pulses. Other vibrational modes are too weak

to be resolved. In contrast, for the FT calculated for negative
time traces in both Figures 4 a1 and b1, obvious RBM signals
appear in both the positive and negative time ranges, whereas
the G-mode vibration at ∼1587 cm−1 in Figures 4a1 and b1 is
too weak to be resolved well in the negative time range. There
are bumps around 1300 and 1000 cm−1, respectively in parts a1
and b1, but they are probably the noise being covered by the
broadened FT regions due to short time range of the PFD
signal limited by the short electronic dephasing time. The high-
frequency vibration of the G mode with a period of ∼21 fs
should be able to be fully resolved in the negative time range,
which is long enough for the lattice to vibrate nearly 10 times.
Therefore, the most significant distinction in the FT power
spectrum between the positive and negative time ranges is the
intensity ratio between G mode and RBM mode. The high-
frequency G-mode vibration is much weaker in the negative
time due to exciton state than the positive time range due to
the ground state, and the former is too weak to appear clearly in
the FT power spectrum for negative delays.
To further substantiate the vibrational signals described

above, the 2D FT power spectra calculated in the negative time

Figure 4. (a1) FT amplitude spectra calculated for the real-time traces
probed at 2.21 eV from −40 fs to −200 fs. (a2) FT amplitude spectra
calculated for the real-time traces probed at 2.21 eV from 40 to 200 fs
and from 40 to 3000 fs. (b1) FT amplitude spectra calculated for the
real-time traces probed at 1.90 eV from −40 to −200 fs. (b2) FT
amplitude spectra calculated for the real-time traces probed at 1.90 eV
from 40 to 200 fs and from 40 to 3000 fs.
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range, −40 to −200 fs, are shown in Figure 5a. For comparison,
a part of the 2D FT power spectra of positive time range traces
in the 40−3000-fs region is displayed in Figure 5b. The
vibrational frequencies of below 1000 cm−1 shown in Figures 5a
and b are due to the low-frequency RBM vibrations. They are
observed in the spectral ranges corresponding to the absorption

spectra of chiral system shown in Figure 1. The most significant
distinction in the spectra between the positive and negative
time ranges is the intensity ratio between G mode and RBM
mode. The high-frequency G-mode vibration is too weak to be
resolved for negative delays, as already shown in Figure 4, even
though it is very intense in the positive time range and its

Figure 5. (a) 2D FT power spectra of negative time traces from −40 to −500 fs in spectral range of 1.7−2.4 eV. (b) Part of 2D FT power spectra of
positive time traces as a comparison from 40 to 3000 fs in range of 1.7−1.99 eV. (c) and (d) are the zoom-ins of A and B parts in (a). (e)
Comparison of probe photon energy dependence of amplitude profiles (AP, red line) and the derivative (DER, black lines) profiles of (6,5) and
(7,5) chiralities, respectively. The amplitude profiles were calculated by taking the square root of the FT powers.
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vibrational period (∼21 fs) is short enough to vibrate many
more times than RBMs (∼100 fs). As the negative time
measurement is a powerful method for studying excited-state
dynamics without the effect of wave packet motion in ground
states, the observations above indicate that the RBM is intense
in the exciton state while G mode is very weak.
To see better the RBM signal, the magnified images of

spectral ranges A and B are shown in Figures 5c and d,
respectively. In good contrast with previous positive time
studies, the dependence on the probing photon energy is still
clearly displayed for the RBMs. The modes show a clear dip
around 2.16 eV (572 nm) for range A and 1.92 eV (650 nm)
for range B, which correspond to the energies of the second
excitonic transitions in the (6,5) and (7,5) tubes, respectively,
and two further lobes at higher and lower energies, implying
that the vibration becomes minimal at the resonance transition
peak. Analogous to those in the positive time range, the
vibrational properties were interpreted using modulation
spectroscopy.17,22,45 In our previous paper, we discussed the
probe−photon energy-dependent amplitude profiles in terms of
the energy exchange between coherent lattice vibration and the
probe optical field and phase modulation induced by molecular
phase modulation.27,54

The mechanisms of the appearance of dips in Figures 5e and
f are described in our previous paper. The essential points of
the probe wavelength dependence are summarized as follows.
The molecular vibration changes electronic distribution,

which causes susceptibility change described by nonlinear
susceptibility (NS). The real part of NS induces the refractive
index change, which changes the probe spectrum by molecular
phase modulation. Because of this the amplitude dependence of
the vibration due to this mechanism depends on the first
derivative of the absorbed photon energy spectrum as seen in
Figure 5c. The imaginary part of NS provides energy loss and
gain of probe light through the stimulated Raman processes. It
gives bumps of both sides of the most intensely interacting
probe wavelength in the Stokes and anti-Stokes sides, which
can be seen in Figure 5f. The wavelength dependence are
discussed in our previous paper for positive delay time, where
the S/N is higher.45 Figures 5e and f show the amplitude
profiles and the first derivative of the relevant Gaussian
components resulting from spectral deconvolution of the
stationary absorption spectrum for different chiralities. To
obtain the amplitude profiles, the transverse cutting lines
through the 2D plot of the FT power spectra from 100 to 350
cm−1 were first averaged, and then the square root of the
resulting profile was taken. To discuss in the same way as
mentioned in our previous paper,54 we compared the profile
with the first derivative (DER) of the absorbed photon energy
spectra of chiral systems of (6,5) and (7,5) around 572 and 652
nm, respectively. It can be seen that the RBM amplitude
profiles are close to the DER spectra. However, as in the
previous paper discussing the positive time signal, there are
substantial deviations in both cases. Especially the existence of
sidebands in both higher and lower energy sides is clearly seen.
This is due to the Raman interaction inducing energy exchange
between two spectral regions through coherent vibration. It
results in the appearance of the sidebands separated by the
vibration frequency to both red- and blue-shifted directions
forming difference (DIF)-type contribution as discussed in the
previous paper.45 The fitting in the present case of the probe
photon energy dependence of the vibrational amplitude with
the sum of the DIF and DER is difficult because of low S/N

due to short time integration of Fourier in the negative time
range. Therefore, it was not made to show the fitting using the
sum of them.
So far, the low-frequency vibrational modes at ∼320 cm−1

have been assigned to RBMs. Usually, exact chirality assign-
ment can be further achieved for RBMs by combining the
resonance conditions described above with the mode
frequencies of the vibrations in the 2D coherent phonon
spectra.17,19,45 However, compared to the electronic population
decay time T1

el determined in the positive time range, the
negative time data provide a much shorter electronic dephasing
time T2

el, which limits the precision of the vibrational frequency
together with the vibrational dephasing time by the FT. As a
result, the mode patterns are severely distorted as seen in the
2D plots shown in Figures 5c and d. The most distinct
distortion is that the central frequencies of the two lobes on
both sides of the resonance position in the fingerprint
belonging to the same vibrational mode are shifted away
from their original values with respect to the frequency axis.
The distortion of the fingerprint signal pattern makes it difficult
to assign chirality. There are at least four overlapping
absorption peaks that resonate with the laser spectrum, but
resonant dips of only two appear in the 2D FT plot. The
vibrational modes with resonance dips at 2.16 eV (572 nm) and
1.92 eV (650 nm) can be ascribed to the (6,5) and (7,5) tubes
with vibrational frequencies close to their Raman shifts at 310
and 285 cm−1, respectively. The vibrational modes in the upper
right corner of Figures 5c and d represent two small dips
around 2.12 eV (584 nm) and 1.89 eV (653 nm), respectively,
which are near the resonance positions of (6,4) at 590 nm and
(8,3) at 670 nm. However, their average vibrational frequencies
of more than 600 cm−1 are much larger than their own Raman
shifts at around 334 and 301 cm−1, respectively. Some other
vibrational modes, such as D modes,21 have also been reported
below 2000 cm−1, but their vibrational amplitudes are usually
much weaker than those of RBMs and their vibrational
frequencies are higher than 1000 cm−1. Therefore the
possibility of the D modes can be ruled out, and they may
probably due to the overtones of RBMs of (6,4) and (8,3)
appearing only in the exciton state as discussed made before
using Figure 4.

■ CONCLUSIONS

We studied the vibrational and electronic coherence relaxation
dynamics for negative time delays in CoMoCat-grown SWNTs
using a 7.1-fs laser pulse. The real-time traces in negative time
provide information on the electronic dephasing time and also
the vibrational phase relaxation dynamics in excited electronic
states. The electronic phase relaxation time was found to be in
the range of 30−40 fs for this sample. The most interesting
result is that the vibrations of the RBM could be detected,
whereas those of the G mode are too weak to be resolved in the
negative time range. This implies that the RBMs in the negative
time are mostly due to wave packets generated in the exciton
state. The dynamics of vibrational RBMs are studied from the
negative time traces under experimental conditions that were
identical to those of the vibronic dephasing process. Our
findings indicate that the probe photon energy-dependent
amplitude profiles of RBMs follow a first derivative behavior
and difference type, analogous to the results in the positive time
range.
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