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Anomalous coherent phonon oscillations in the commensurate phase
of the quasi-two-dimensional I'-TaS, compound
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We have investigated the coherent dynamics of the collective motions of phonons in the commensurate
phase of quasi-two-dimensional-TaS, 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 pulseseveral phonon oscillations including an efficient CDW am-
sometimes shows time anomalies, which are deeply corplitude motion(AM) below T¢_nc. In high-resolution experi-
nected with electronic/structural instabilities and are eventuments at 3.3 K, time-dependent spectra clearly indicate that
ally responsible for transient phenomena in materialoone of theE; phonons exhibits a unique delay for its genera-
systems: 4 For example, coherent phonons in Bi under high-tion, which depends on the decay of the AM mode. The slow
density excitation show time-developed frequency changesiecay component of the single-parti¢®P response, which
which is a precursor phenomenon to photoinduced phasié attributable to the relaxation in a gap state in the C CDW,
transitions and laser ablatidrRecently, coherently excited i also identical to the decay of the AM, and therefore also
charge-density wave$CDW's) in low-dimensional com- accounts for the increase Bf. These results suggest that the
pounds have been realized and extensively studied from varfbserved time anomaly is closely associated with the SP dy-
ous viewpoint$8 Since the formation of CDW ordering is Namics in the C-phaseTiTas,. _
accompanied by ionic displacements, instantaneously excited 11me-domain reflectivity data for phonon motion as well
electrons change their equilibrium positions and resuit in col&S SP relaxations are measured with a standard pump-probe
lective motion. This occurs in the same manner as displacive€tuP: For the excitation source we use a mode-locked Ti:
excitation of coherent phonof®ECP) as predicted in vari- s?pphwe laser with a full-width at half maximu@WHM)
ous material®! Unlike bulk materials, however, low- of 130 fs centered at an energy of 1.55 eV with a repetition

. ; o . rate of 76 MHz. The pump and probe pulses were orthogo-
d|m_en3|onal systems have an underlying mst_ablllty th"’!‘ play§1ally polarized and focused by an objective lens onto a
an important role in generating coherent motion even in low

. o 'single crystallite with a domain size 6100 um. The spot
density excitations. _ size of the pulses was estimated to be aboutfDin diam-

The material used in the present study is a layered quaskier. To reduce heating effects in the sample, the average
two-dimensional(2D) compound T-Ta$, which was the  power was set to 0.1 nJ/pulse. The pump pulse was chopped
first material for which CDW's were experimentally at a frequency of 2 kHz and the reflectivity change of the
observedf and is now a typical example used for showing probe was detected at the chopping frequency by a lock-in
coherent CDW motion in time-domain measureméritSwo  amplifier.
phase transitions, incommensurate to nearly commensurate Figure Xa) shows the typical transient reflectivity change
(NC) and NC to commensurat€), take place at 350 K and measured at 3.3 K. Since the excitation photon energy of
~200 K, respectively. Below-200 K(Tc.no), the CDW un-  1.55 eV can excite the carriers into continuum states far
dergoes the first lock-in transition with a periodic lattice dis-above a CDW gap, the general trend of the data can be
tortion (PLD). The excitation of CDW’s has been studied attributed to a transient response of the photoexcited carriers,
extensively by electron, x-ray, and neutron diffraction mead.e., associated with SP transitiohAs shown in the inset,
surements. Despite its simple lattice structure, the electronithe time evolution of the SP shows a large abrupt change
properties, including the dynamics, are not fully understoodwithin 1 ps and a subsequent slower decay. The signal re-
Below Tc.ye, Where the Fermi surfag&S) nesting is impor-  turns almost to the initial level after 10 ps following the
tant for CDW formation, the residual density of sta(B®©S)  pump excitation. Subtracting the SP contributions, we can
at the Fermi level has been observed by angle-resolved phabtain a strong modulation signal as shown in Fidp)1The
toemission spectroscopARPES.*® Such pseudogafPG)  corresponding Fourier transforg#T) spectrum clearly re-
behavior in 2D materials is important because of the similarveals several vibrational modd§&ig. 1(c)]. The dominant
ity with high-temperature superconducting cupratd$SC)  oscillation at 2.4 THz shows a good correspondence with a
for which the evolution of a PG is characteristic of high- CDW AM mode observed in Raman data. Several transient
temperature superconductivity. properties of the AM oscillation including its temperature

Here we report the first observation of a temporaldependence have been reported by Derasal®
anomaly of coherent phonon motion in the C phase Besides the AM mode, the FT spectrum also shows small
1T-TaS,. Transient pump-probe reflectivity changes showpeaks with frequencies at 1.5, 2.1, and 3.2 THz. Below
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a 4 2 3 4 4 MW y Wi v v! A and a resolution of 0.83 ps. Figurg¢a® shows a gray-scale
Frequency [THz] 41 12 13 14 15 16 plot of the modulus of the TRFT as a function of delay time

Delay time [ps] and frequency. The vertical cross sectiqn of this plot corre-
sponds to the FT spectrum in each time window. In the
FIG. 1. (a) Time-resolved reflectivity change at 3.3 K. Inset: the TRFT spectra, each phonon mode exhibits constant fre-
nonoscillatory component for SP respongs. Oscillatory compo- — quency, suggesting that laser-induced lattice heating was
nent in(a), and(c) corresponding FT spectrurgd) Expanded views small. On the other hand, the time evolutions of amplitudes
of (b) with a different time range. Dashed line: a damped sinusoidabf each phonon mode are completely different from each
fit for the AM oscillation with the frequency of 2.43 THz and the other. Figure th) shows horizontal cross sections of the AM
decay of 6 ps. andEg peaks. In contrast to the abrupt appearance of the AM
amplitude with a single exponential decay, tggemode does
Tc.ne Several Raman studies have also shown a number ofot initially contribute to the signal. Its contribution gradu-
phonon peaks and attributed them to folded-phonon featureally increases until 15 ps, then decreases as a slow oscilla-
expected in C-phase 2D CDW due to the formation oftion. This difference in the evolutions suggests that these two
PLD.!* The observed phonon frequencies and their temperamotions originate from different processes. Note that Demsar
ture dependences also seem to be consistent with those of theal. has also observed phonon modes with nearly the same
Raman data while their relative intensities are quite differentfrequency as th&, mode! However, because the amplitude
The discrepancy with the relative peak intensities of the Raef the E; mode was so small during the observation time
man spectra is consistent with the DECP process for coherestale, they focused only on the AM motion in terms of tran-
phonon generatiohA feature of interest in the present study sient properties of collective excitation. Indeed, the ampli-
is the intense peak at 2.1 THz. On the basis of polarizedude of theE; mode in our data is also negligible under
Raman measurements, Sugaal. attributed this peak to one 10 ps. It is interesting to note that tig phonon motion
of the folded phonons witlk, symmetry** Thus, we tenta- remains around 30 ps after the pump excitation, which is
tively attribute the oscillation with the frequency of 2.1 THz much longer than the lifetime of the AM, as shown in Fig.
to the Eq phonon. 1(b). The long-lived coherence of tit& phonon suggests the
To understand the time evolution of the coherent oscilla-existence of homogeneously distributed PLD with long-
tions, we first tried to fit the modulation signal with a single range order.
exponentially damped sinusoidal function, in which the pa- It is surprising that there is little oscillation amplitude
rameters are optimized for the AM mode. As shown in Fig.corresponding to th&y phonon motion in the initial interval
1(d), the fitting function reproduces the experimental datadespite the relatively large oscillation in the time range
quite well up to 10 ps. The oscillation in the initial time above 10 ps. However, the absence of a signal does not mean
domain is found to be dominated by the AM mode. In con-the absence of coherent motion during that time. It is reason-
trast, the calculated AM oscillation does not match the datable to consider that the coherent oscillation of Eygpho-
in the time range beyond 10 ps, suggesting contributionson occurs during the optical excitation but cannot contrib-
from other phonon motion's3 ute to the reflectivity change. The observed long-lived
In order to clarify the time dependences of the phononsoherence of th&, phonon is a proof of such instantaneous
spectra, we next employed a time-resolved FIRFT)  excitation. The generation mechanism for the collective
analysis, where iterative FT was carried out by dividing theCDW motion is known to result from the instantaneous per-
oscillation data into time windows with intervals of 10 ps turbation of the charge density. On the other hand, the PLD
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ture. In contrast, the AM exhibits an increasingly fast decay
with increasing temperature, as shown in Figh)3 which
indicates that the AM decay is strongly correlated withEye
increase.

The inverse correlation between AM akg is also corre-
lated with the decay of the slow component of the SP relax-
ation, as seen in the inset of Figial Note that the decay
time of the SP shows a gradual decrease with increasing
temperature, which is again in good correspondence with the

Power [arb. units]

3.3K temperature dependence of the phonon motion. A relaxation
5 0 15 20 o5 process was proposed to account for the SP dynamics in such
Time [ps] 1D structureS. 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-TaS. At 140 K, i.e., even beloW_yc, @ small but finite
DOS at Fermi level has been observed by ARPER. our
time-resolved data, the initial abrupt SP relaxation may be
5 10 15 20 responsible for such a gapless feature wherein the instanta-
Time [ps] neously excited SP can relax very quickly to the ground
state!® However, SP relaxation also involves a slow decay,
FIG. 3. (8 TRFT amplitude changes &, at various tempera- which implies that a gap still exist§.Since our results are
tures. The data are shifted vertically for clarity. The ticks indicatefrom measurements far beloWic_yc, that is, deep in the
the estimated _rise time. Inset: gray-scale plots of TRFT at 140 KC-phase CDW, strongly localized electrons can produce a
(b) TRFT amplitude changes of AM. gap feature even in the presence of a remnant DOS. Indeed,
is formed at the expense of elastic energy of the lattice sub@ Strong emission peak shifted well away from the Fermi
system in the C phase. Therefore, the instantaneous modulgvel has also been observed in ARPES at 20 Khe
tion of the electronic system also induces a displacement cflowly decaying SP signal thus reflects the partially existing
ion cores of the PLD, resulting in coherent folded-phonongap states.
motion as well as CDW AM motion. On the basis of this idea, the observed correspondence
Coherent phonons coupled with multiple electronichetween SP and AM decay indicates that the AM motion
ground states is a plausible cause for the observed timgontributes to the reflectivity change through the electrons in
anomaly. The superposition of phonon motions with slightlythe gap state. This in turn explains the reflectivity change
differe.nt energie's results in a beat oscillation in_their timesfier the AM decay, which is determined by the SP response
evolutions. In this case, however, the superposition of phoy, the vicinity of the ground state. From the gradual increase
non oscillations with a relative phase differing by is ¢ the E, amplitude and its inverse correlation with the AM
_needed to explam th(=T at_)sence of signal in the initial m_tervabecay, we conclude that tH&, phonon motion cannot con-
just after optical excitation. To our knowledge there is noyijpyte to the signal in the presence of SP’s in the gap state,
generation mechanism that can account for such coheregy;; rather in the ground state. To date, little consideration has
phonon motion. In the present data it is difficult to infer a pgen given to the coherent phonon motion from PLD. How-
complete mechanism for the observed time anomaly of theyer, their time evolutions show time anomalies, suggesting

Eq phonon. However, as discussed below, the SP dynamics igyherent phonon motions associated with different electronic
the C-phase T-Ta$ is intimately associated with such time- gates.

dependent contributions of the phonon motion to the reflec-

tivity changes. _ copy of coherent phonon motions in C-phaseTaS, and

In Fig. @), we plot the TRFT amplitudes of tt§, mode  paye observed an anomalous behavior in their time evolu-
as a function of time at different temperatures within theson  Time-resolved FT showed that one of the coherent
temperature range.of the C phase. As observed at 3.3 K, ghonons withE, symmetry showed a gradual increase, in
profound increase is measured for all temperatures except ghnrast to the AM motion which appeared instantaneously.
140 K where thee, mode amplitude involves a contribution Thejr temperature dependences indicated that the rise time of

from the AM mode because these two frequencies are very,e Ey, mode was strongly correlated to the decay of both AM
close. A contour plot of TRFT at 140 K is shown in the inset, 54 SP relaxation.

showing substantially the same time evolutions as shown in
Fig. 2@). Whereas théey shows a gradual increase at each  The authors acknowledge Dr. Oliver B. Wright for very
temperature, its rise time shortens with increased temperaseful discussions.

Log,,(Power)

In summary, we have performed time-resolved spectros-
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