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We have investigated the coherent dynamics of the collective motions of phonons in the commensurate
phase of quasi-two-dimensional 1T-TaS2 using femtosecond laser pulses. One of the coherent phonons in-
creased in intensity as a function of time, this behavior being strongly correlated with the decay of charge-
density-wave oscillations as well as the slow decay component in single-particle relaxation.
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Coherent phonon motion excited by ultrashort laser pulses
sometimes shows time anomalies, which are deeply con-
nected with electronic/structural instabilities and are eventu-
ally responsible for transient phenomena in materials
systems.1–4 For example, coherent phonons in Bi under high-
density excitation show time-developed frequency changes,
which is a precursor phenomenon to photoinduced phase
transitions and laser ablation.1 Recently, coherently excited
charge-density waves(CDW’s) in low-dimensional com-
pounds have been realized and extensively studied from vari-
ous viewpoints.5–8 Since the formation of CDW ordering is
accompanied by ionic displacements, instantaneously excited
electrons change their equilibrium positions and result in col-
lective motion. This occurs in the same manner as displacive
excitation of coherent phonons(DECP) as predicted in vari-
ous materials.9–11 Unlike bulk materials, however, low-
dimensional systems have an underlying instability that plays
an important role in generating coherent motion even in low-
density excitations.

The material used in the present study is a layered quasi-
two-dimensional(2D) compound 1T-TaS2, which was the
first material for which CDW’s were experimentally
observed12 and is now a typical example used for showing
coherent CDW motion in time-domain measurements.6,7 Two
phase transitions, incommensurate to nearly commensurate
(NC) and NC to commensurate(C), take place at 350 K and
,200 K, respectively. Below,200 KsTC-NCd, the CDW un-
dergoes the first lock-in transition with a periodic lattice dis-
tortion (PLD). The excitation of CDW’s has been studied
extensively by electron, x-ray, and neutron diffraction mea-
surements. Despite its simple lattice structure, the electronic
properties, including the dynamics, are not fully understood.
Below TC-NC, where the Fermi surface(FS) nesting is impor-
tant for CDW formation, the residual density of states(DOS)
at the Fermi level has been observed by angle-resolved pho-
toemission spectroscopy(ARPES).13 Such pseudogap(PG)
behavior in 2D materials is important because of the similar-
ity with high-temperature superconducting cuprates(HTSC)
for which the evolution of a PG is characteristic of high-
temperature superconductivity.

Here we report the first observation of a temporal
anomaly of coherent phonon motion in the C phase
1T-TaS2. Transient pump-probe reflectivity changes show

several phonon oscillations including an efficient CDW am-
plitude motion(AM ) belowTC-NC. In high-resolution experi-
ments at 3.3 K, time-dependent spectra clearly indicate that
one of theEg phonons exhibits a unique delay for its genera-
tion, which depends on the decay of the AM mode. The slow
decay component of the single-particle(SP) response, which
is attributable to the relaxation in a gap state in the C CDW,
is also identical to the decay of the AM, and therefore also
accounts for the increase ofEg. These results suggest that the
observed time anomaly is closely associated with the SP dy-
namics in the C-phase 1T-TaS2.

Time-domain reflectivity data for phonon motion as well
as SP relaxations are measured with a standard pump-probe
setup. For the excitation source we use a mode-locked Ti:
sapphire laser with a full-width at half maximum(FWHM)
of 130 fs centered at an energy of 1.55 eV with a repetition
rate of 76 MHz. The pump and probe pulses were orthogo-
nally polarized and focused by an objective lens onto a
single crystallite with a domain size of,100 mm. The spot
size of the pulses was estimated to be about 10mm in diam-
eter. To reduce heating effects in the sample, the average
power was set to 0.1 nJ/pulse. The pump pulse was chopped
at a frequency of 2 kHz and the reflectivity change of the
probe was detected at the chopping frequency by a lock-in
amplifier.

Figure 1(a) shows the typical transient reflectivity change
measured at 3.3 K. Since the excitation photon energy of
1.55 eV can excite the carriers into continuum states far
above a CDW gap, the general trend of the data can be
attributed to a transient response of the photoexcited carriers,
i.e., associated with SP transitions.5 As shown in the inset,
the time evolution of the SP shows a large abrupt change
within 1 ps and a subsequent slower decay. The signal re-
turns almost to the initial level after 10 ps following the
pump excitation. Subtracting the SP contributions, we can
obtain a strong modulation signal as shown in Fig. 1(b). The
corresponding Fourier transform(FT) spectrum clearly re-
veals several vibrational modes[Fig. 1(c)]. The dominant
oscillation at 2.4 THz shows a good correspondence with a
CDW AM mode observed in Raman data. Several transient
properties of the AM oscillation including its temperature
dependence have been reported by Demsaret al.6

Besides the AM mode, the FT spectrum also shows small
peaks with frequencies at 1.5, 2.1, and 3.2 THz. Below
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TC-NC, several Raman studies have also shown a number of
phonon peaks and attributed them to folded-phonon features
expected in C-phase 2D CDW due to the formation of
PLD.14 The observed phonon frequencies and their tempera-
ture dependences also seem to be consistent with those of the
Raman data while their relative intensities are quite different.
The discrepancy with the relative peak intensities of the Ra-
man spectra is consistent with the DECP process for coherent
phonon generation.8 A feature of interest in the present study
is the intense peak at 2.1 THz. On the basis of polarized
Raman measurements, Sugaiet al.attributed this peak to one
of the folded phonons withEg symmetry.14 Thus, we tenta-
tively attribute the oscillation with the frequency of 2.1 THz
to theEg phonon.

To understand the time evolution of the coherent oscilla-
tions, we first tried to fit the modulation signal with a single
exponentially damped sinusoidal function, in which the pa-
rameters are optimized for the AM mode. As shown in Fig.
1(d), the fitting function reproduces the experimental data
quite well up to 10 ps. The oscillation in the initial time
domain is found to be dominated by the AM mode. In con-
trast, the calculated AM oscillation does not match the data
in the time range beyond 10 ps, suggesting contributions
from other phonon motions.1,3

In order to clarify the time dependences of the phonons
spectra, we next employed a time-resolved FT(TRFT)
analysis, where iterative FT was carried out by dividing the
oscillation data into time windows with intervals of 10 ps

and a resolution of 0.83 ps. Figure 2(a) shows a gray-scale
plot of the modulus of the TRFT as a function of delay time
and frequency. The vertical cross section of this plot corre-
sponds to the FT spectrum in each time window. In the
TRFT spectra, each phonon mode exhibits constant fre-
quency, suggesting that laser-induced lattice heating was
small. On the other hand, the time evolutions of amplitudes
of each phonon mode are completely different from each
other. Figure 2(b) shows horizontal cross sections of the AM
andEg peaks. In contrast to the abrupt appearance of the AM
amplitude with a single exponential decay, theEg mode does
not initially contribute to the signal. Its contribution gradu-
ally increases until 15 ps, then decreases as a slow oscilla-
tion. This difference in the evolutions suggests that these two
motions originate from different processes. Note that Demsar
et al. has also observed phonon modes with nearly the same
frequency as theEg mode.7 However, because the amplitude
of the Eg mode was so small during the observation time
scale, they focused only on the AM motion in terms of tran-
sient properties of collective excitation. Indeed, the ampli-
tude of theEg mode in our data is also negligible under
10 ps. It is interesting to note that theEg phonon motion
remains around 30 ps after the pump excitation, which is
much longer than the lifetime of the AM, as shown in Fig.
1(b). The long-lived coherence of theEg phonon suggests the
existence of homogeneously distributed PLD with long-
range order.

It is surprising that there is little oscillation amplitude
corresponding to theEg phonon motion in the initial interval
despite the relatively large oscillation in the time range
above 10 ps. However, the absence of a signal does not mean
the absence of coherent motion during that time. It is reason-
able to consider that the coherent oscillation of theEg pho-
non occurs during the optical excitation but cannot contrib-
ute to the reflectivity change. The observed long-lived
coherence of theEg phonon is a proof of such instantaneous
excitation. The generation mechanism for the collective
CDW motion is known to result from the instantaneous per-
turbation of the charge density. On the other hand, the PLD

FIG. 1. (a) Time-resolved reflectivity change at 3.3 K. Inset: the
nonoscillatory component for SP response.(b) Oscillatory compo-
nent in(a), and(c) corresponding FT spectrum.(d) Expanded views
of (b) with a different time range. Dashed line: a damped sinusoidal
fit for the AM oscillation with the frequency of 2.43 THz and the
decay of 6 ps.

FIG. 2. (a) Gray-scale plots of TRFT spectra corresponding to
the data in Fig. 1(b) as a function of delay time and frequency.(b)
Cross-sectional view of the TRFT amplitudes. The solid and open
circles correspond to the AM andEg oscillations, respectively.
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is formed at the expense of elastic energy of the lattice sub-
system in the C phase. Therefore, the instantaneous modula-
tion of the electronic system also induces a displacement of
ion cores of the PLD, resulting in coherent folded-phonon
motion as well as CDW AM motion.

Coherent phonons coupled with multiple electronic
ground states is a plausible cause for the observed time
anomaly. The superposition of phonon motions with slightly
different energies results in a beat oscillation in their time
evolutions. In this case, however, the superposition of pho-
non oscillations with a relative phase differing byp is
needed to explain the absence of signal in the initial interval
just after optical excitation. To our knowledge there is no
generation mechanism that can account for such coherent
phonon motion. In the present data it is difficult to infer a
complete mechanism for the observed time anomaly of the
Eg phonon. However, as discussed below, the SP dynamics in
the C-phase 1T-TaS2 is intimately associated with such time-
dependent contributions of the phonon motion to the reflec-
tivity changes.

In Fig. 3(a), we plot the TRFT amplitudes of theEg mode
as a function of time at different temperatures within the
temperature range of the C phase. As observed at 3.3 K, a
profound increase is measured for all temperatures except at
140 K where theEg mode amplitude involves a contribution
from the AM mode because these two frequencies are very
close. A contour plot of TRFT at 140 K is shown in the inset,
showing substantially the same time evolutions as shown in
Fig. 2(a). Whereas theEg shows a gradual increase at each
temperature, its rise time shortens with increased tempera-

ture. In contrast, the AM exhibits an increasingly fast decay
with increasing temperature, as shown in Fig. 3(b), which
indicates that the AM decay is strongly correlated with theEg

increase.
The inverse correlation between AM andEg is also corre-

lated with the decay of the slow component of the SP relax-
ation, as seen in the inset of Fig. 1(a). Note that the decay
time of the SP shows a gradual decrease with increasing
temperature, which is again in good correspondence with the
temperature dependence of the phonon motion. A relaxation
process was proposed to account for the SP dynamics in such
1D structures.5 The SP, excited above the band gap, can
quickly relax by a number of possible scattering events, and
then reach the band edge that arises from the FS nesting.
Because the gap acts as a bottleneck for relaxation, the SP’s
around the band edge undergo a slow decay process. A simi-
lar bottleneck should be expected in the C-phase 2D CDW;
however, the situation seems to be more complicated in
1T-TaS2. At 140 K, i.e., even belowTC-NC, a small but finite
DOS at Fermi level has been observed by ARPES.13 In our
time-resolved data, the initial abrupt SP relaxation may be
responsible for such a gapless feature wherein the instanta-
neously excited SP can relax very quickly to the ground
state.15 However, SP relaxation also involves a slow decay,
which implies that a gap still exists.16 Since our results are
from measurements far belowTC-NC, that is, deep in the
C-phase CDW, strongly localized electrons can produce a
gap feature even in the presence of a remnant DOS. Indeed,
a strong emission peak shifted well away from the Fermi
level has also been observed in ARPES at 20 K.17 The
slowly decaying SP signal thus reflects the partially existing
gap states.

On the basis of this idea, the observed correspondence
between SP and AM decay indicates that the AM motion
contributes to the reflectivity change through the electrons in
the gap state. This in turn explains the reflectivity change
after the AM decay, which is determined by the SP response
in the vicinity of the ground state. From the gradual increase
of the Eg amplitude and its inverse correlation with the AM
decay, we conclude that theEg phonon motion cannot con-
tribute to the signal in the presence of SP’s in the gap state,
but rather in the ground state. To date, little consideration has
been given to the coherent phonon motion from PLD. How-
ever, their time evolutions show time anomalies, suggesting
coherent phonon motions associated with different electronic
states.

In summary, we have performed time-resolved spectros-
copy of coherent phonon motions in C-phase 1T-TaS2 and
have observed an anomalous behavior in their time evolu-
tion. Time-resolved FT showed that one of the coherent
phonons withEg symmetry showed a gradual increase, in
contrast to the AM motion which appeared instantaneously.
Their temperature dependences indicated that the rise time of
theEg mode was strongly correlated to the decay of both AM
and SP relaxation.

The authors acknowledge Dr. Oliver B. Wright for very
useful discussions.

FIG. 3. (a) TRFT amplitude changes ofEg at various tempera-
tures. The data are shifted vertically for clarity. The ticks indicate
the estimated rise time. Inset: gray-scale plots of TRFT at 140 K.
(b) TRFT amplitude changes of AM.
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