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ABSTRACT

Vibrational properties and ultrafast photocarrier dynamics of 2H–TaS2 under pressures are studied by the experiments of Raman scattering
and femtosecond time resolved spectroscopy. With increasing pressure, the linewidth of two-phonon Raman mode broadens, especially
features with a sudden rapid increase above 10GPa. Meanwhile, the ultrafast dynamics show that the fast decay through optical phonon
scattering is significantly suppressed in amplitude and prolonged in lifetime; however, the weight of the slow decay component originating
from acoustic phonon scattering is enhanced at high pressures. Furthermore, the electron-phonon (e-ph) coupling constant, kq, and the
density of states (DOS) near the Fermi level, N(0), are evaluated qualitatively, which reveals a drastic decrease in e-ph coupling strength and
a sudden increase in the DOS beyond 10GPa. This turning pressure is consistent with the critical point where Tc of superconductivity peaks
while the charge density wave (CDW) vanishes, indicating the direct correlations between kq, N(0), superconductivity, and the CDW under
pressure. The anomaly of the DOS may imply the occurrence of a topological transition of the electronic structure. Our work not only
provides valuable information for the understanding of competition between the CDW and superconductivity in 2H–TaS2 but also may
open up a routine to unveil the pressure-induced electronic topological transition.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018615

Transition metal dichalcogenides (TMDs), as the layered
structure bonded with van der Waals force, exhibit tremendous novel
properties, such as charge density wave (CDW), superconductivity,
extremely large magnetoresistance, and topological transition. The
TMDs always serve as good candidates to study the origin of the
CDW orders benefiting from not only the relatively simple structure
but also the high energies of the CDW orders. These materials also
have drawn much attention since the discovery of the delicate compet-
itive behaviors between CDW orders and superconductivity.1–3 Since
the CDW also emerges in some cuprates,4,5 the exploration of the ori-
gin of the CDW orders becomes increasingly important to dredge up
the mystery about the superconductivity (SC) mechanism. Among
TMDs, 2H–TaS2 is a typical correlated electron material, which hosts
both an incommensurate CDW and a superconducting transition at
78K and 0.8K, respectively.6,7 The occurrences of the CDW and
superconducting transitions result in significant anomalies on the elec-
trical and thermal transport properties.7–10 In the Raman scattering
measurement, the two-phonon mode was found to compete with the
CDW amplitude mode, and the other vibrational modes also showed
anomalous behaviors at around the CDW lock-in temperature because

of the CDW modulation.8 Pressure is an efficient way to regulate the
Fermi surface by compressing the lattice structure. For 2H–TaS2, the
electrical transport measurements as well as the Raman scattering
studies reveal that the lock-in temperature of the CDW reduces with
increasing pressure, whereas the superconducting transition tempera-
ture behaves in the opposite way,11–14 which is consistent with the
competitive scenario between CDW and SC orders. The low tempera-
ture angle resolved photoemission spectroscopy measurement eviden-
ces that the CDW distortion in 2H–TaS2, like in other 2H-polytypes of
TMDs, originates from the strong q-dependent electron-phonon
(e-ph) coupling.15 This strong e-ph interaction is the major force to
drive the anomalous behaviors on the electrical transport, vibration,
thermodynamics, etc.15,16 Therefore, it is essential to access the evolu-
tion of e-ph coupling with pressure in order to deeply understand the
underlying physics for the CDW and SC.

Femtosecond time-resolved spectroscopy (fs-TRS) is a powerful
tool to detect the interaction mechanism among different excitations,
such as hot electrons, phonons, and excitons, by distinguishing their
different lifetimes and amplitudes at which the system translated
from the nonequilibrium state to the equilibrium state. In general, the
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two-temperature model (TTM) developed earlier17–20 can be used to
extract e-ph coupling information from the femtosecond pump-probe
measurements. However, in this model, the electron–electron (e–e)
collisions and the e-ph relaxation process are considered separately
due to the assumption that the e–e collision time is much shorter than
the e-ph relaxation time and, thus, has some limitations, such as in the
strongly correlated electron systems. Furthermore, Groeneveld et al.,21

Gusev and Wright,22 and Kabanov and Alexandrov.23 established an
analytical nonequilibrium model (NEM) connecting the e-ph relaxa-
tion time with the e-ph interaction by considering the condition that
electrons and phonons are out of equilibrium simultaneously. Based
on the models, fs-TRS has been successfully applied to obtain the e-ph
coupling parameter in superconductors and semimetals.24,25

Here, we combine the Raman scattering spectroscopy and fs-TRS
techniques to investigate the vibrational properties and ultrafast
dynamics in 2H–TaS2 under pressure. We find that the linewidth of
the two-phonon mode shows an anomalous change at around 10GPa,
corresponding to the critical pressure where the CDW order vanishes.
Meanwhile, the pressure behavior of ultrafast photocarrier dynamics
also manifests anomaly, featured with a sudden increase in the relaxa-
tion time constant, under the same pressure. The strength of the
electron-phonon coupling under pressure is analyzed. Our work pro-
vides a groundwork to the understanding of the charge density wave
orders in transition metal dichalcogenides.

In this experiment, the high-quality single crystal 2H–TaS2 was
bought from 2D materials company.8 The high-pressure condition for
both Raman and fs-TRS measurements was obtained using a diamond
anvil cell (DAC) with the anvil culet of 300lm. The transmission
medium was argon, and the ruby fluorescence method was applied to
determine the pressure. The sample loaded in the DAC was exfoliated
mechanically in order to guarantee the fresh and smooth surface. The
Raman scattering spectra were obtained by using a 488nm sapphire
laser line. The excited laser power was about 2 mW, and the beam was
focused on the samples by a �20 objective. The back-scattering light
was collected by a CCD detector equipped with a 1800 g/mm grating
(designed by Princeton instruments).

The block scheme of the fs-TRS is depicted in Fig. 1. A
Ti:sapphire femtosecond oscillator (Mira F900, Coherent) was
employed to deliver the laser pulses with a pulse duration of 150 fs, a

central wavelength of 800nm, and a repetition rate of 76MHz, which
was divided into two portions for the pump and probe, respectively.
The pump beam was modulated by an acoustic optical modulator
with 1MHz repetition. The probe pulse passes through a hollow retro-
reflector loaded on a motorized translation stage that controls the
pump-probe time delay. The cross-polarized pump (s-polarization)
and probe (p-polarization) beams were spatially separated by a polar-
ized beam splitter (PBS) cube and, then, focused onto the sample
inside the DAC with spot diameters of �9 and �4lm by an objective
lens, respectively. The reflected probe pulses pass through the PBS
again, which further suppress scattered light from the orthogonally
polarized pump. The reflected probe signal was detected by a biased
silicon photodetector and a RF lock-in amplifier. The pump fluence
on the sample is set in the range of 70–370 lJ/cm2. The ratio between
pump and probe fluences on the sample is about 5:1. Both Raman
spectroscopy and fs-TRS were performed at room temperature.

Raman spectra of 2H–TaS2 with the pressure ranging from 0 to
40GPa are presented in Fig. 2(a). All the spectra have been subtracted
a constant background. 2H–TaS2 exhibits four peaks at ambient pres-
sure, A1g; E1

2g; E
2
2g modes, and a typical two-phonon mode.8,26 As can

be seen, all of the Raman modes show blueshift with increasing pres-
sure. The Raman shifts and full width at half maximum (FWHM) for
A1g; E2

2g modes, and two-phonon mode are extracted using Lorentz
functions fitting and are shown in Figs. 2(b)–2(d) as a function of pres-
sure. The E1

2g mode is too weak and cannot be fitted well. The fre-
quency of the rigid-layer E2

2g mode exhibits a nonlinear asymptotic
increasing trend with increasing pressure. Similar pressure behavior
can also be found in the FWHM of this mode. This may indicate that
the layered structure of 2H–TaS2 gradually merges into three-
dimensional bulk at high pressure. The frequency of the A1g mode
also increases with increasing pressure. However, the FWHM of the
A1g mode is almost independent of external pressure, which can be
attributed to the multiple scattering mechanism including the
enhancement of the anharmonic scattering process, increase in the
Raman scattering cross section, etc. As shown in Fig. 2(d), the fre-
quency of the two-phonon mode increases as the pressure is increased.

FIG. 1. Block scheme of the fs-TRS setup. AOM: acoustic optical modulator; PBS:
polarized beam splitter.

FIG. 2. (a) Raman spectra of 2H–TaS2 at high pressures. The spectra have been
displaced vertically for clarification. The fitted lines of the E2

2g; A1g, and two-phonon
modes by Lorentz functions are also presented (solid lines). (b)–(d) Pressure
dependence of the frequency and FWHM of these modes.
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It is interesting that the FWHM of the two-phonon mode presents an
initial gently increase up to 10GPa, followed by rapid augment at
higher pressure. Since no any Raman mode shows discontinuousness
in the frequency around 10GPa, such an abnormal pressure behavior
in the FWMH of the two-phonon mode cannot be attributed to the
lattice abruption. Earlier studies evidenced that the two-phonon mode
shows a competition relation with the CDWmodes. This mode origins
from a soft-phonon branch and has a correlation with e-ph coupling
and the DOS at the Fermi level.8,27 Therefore, the anomaly of pressure
dependence of the FWMH implies the dramatical changes in e-ph
interactions and the DOS, which will be discussed later.

Now, we turn to the discussions on the photocarrier dynamics of
2H–TaS2 under pressure. Figure 3(a) presents the transient differential
reflectivity (DR), DR/R, acquired by fs-TRS at different pressures. As
shown in Fig. 3(a), the relaxation dynamics indicated by the DR signal
contains an initial fast decay component and subsequent long-live
slow decay in the studied pressure range. With increasing pressure, the
amplitude of the DR signal is decreased and the relaxation process is
prolonged. Since the 2H–TaS2 is a bandmetal without direct interband
recombination, the fast decay should be attributed to the energy relax-
ation of the photocarrier through optical phonon scattering. We find
that the slow decay component can last at least 500 ps and the DR sig-
nal does not go back to zero in our measurement time range. Such a
long relaxation dynamics corresponds to the energy dissipation
through the acoustic phonon interaction. For each pressure, the DR
curve can be well fitted in terms of the biexponential function with an
offset. In our study, we pay special attention to the fast decay in order
to retrieve the e-ph coupling constant. From the best fittings, the
obtained time constant sfast for the fast decay as a function of pressure
is shown in Fig. 3(b). One can see that the sfast increases moderately
with increasing pressure below 10GPa, whereas it starts to rise drasti-
cally upon further compression, indicating pressure-induced weaken-
ing of the e-ph interaction. Another main feature as shown in Fig. 3(a)
is that the fast component loses its intensity more pronouncedly than
the slow component with pressure, which is in favor of the robustness

of slow decay. We obtain the quantitative comparison between the fast
and slow decay components by calculating the ratio between the
amplitude of DR at 15 ps and peak signal (0 ps), defined as A15/A0.
The pressure dependent A15/A0 is displayed in Fig. 3(c). It is notewor-
thy that the A15/A0 manifests an increasing effect with pressure similar
to sfast, where the weight of the slow relaxation component from
acoustic phonon scattering enhances remarkably above 10GPa with
respect to the optical phonon scattering. It should be mentioned that
the pressure dependence for both A15/A0 and sfast shows somewhat
abruptions around 5GPa as marked in Figs. 3(b) and 3(c). Such
anomalies are analogous to the pressure behavior of resistivity of
2H–TaS2 at room temperature observed in earlier work, which was
tentatively attributed to the shear-induced 2H-1T transition.28 In the
future, further in situ high-pressure experiments including second har-
monic generation (SHG) and fs-TRS at low temperature may help to
unravel the 2H-1T phase transition, as well as the impact on the CDW
and SC.

In addition, we also measured the DR at different pump fluences
for 2H–TaS2 at the pressures of 4 and 12GPa, respectively. As illumi-
nated in Fig. 4(a), the amplitude of the DR signal increases with elevat-
ing pump power. The maximum DR amplitude scales up linearly with
pump power as shown in the inset, which implies the absence of non-
linear absorption. In contrast, the relaxation time [see Fig. 4(c)] and
A15/A0 [see Fig. 4(b)] of the DR signal are independent of pump
power in our measured pump level at pressures. For 2H–TaS2, the hot
carriers with excess energy above the Fermi level can be injected
immediately using the femtosecond laser pulse, which is followed by a
rapid thermalization through e–e scattering and e-ph scattering and
formation of quasi Fermi-Dirac (QFD) distributions. In general, the
excess energy of the out-of-equilibrium hot photocarriers is primarily
dissipated through high-frequency optical phonon scattering until a
level lower than the corresponding optical phonon frequency;
subsequently, the e-ph scatterings via low-frequency acoustic phonons
dominate because the optical phonon emission is inefficient for

FIG. 3. (a) Transient differential reflectivity DR/R of 2H–TaS2 at different pressures.
The fitted lines by a biexponential function are also presented (solid lines). The
inset is the zoom-in raw spectra at 0 and 12GPa. (b) and (c) Pressure dependence
of the fitted fast decay time sfast and the intensity ratio A15/A0 between the DR val-
ues at 15 ps and peak position (0 ps). Anomalies at around 5 GPa are visible and
noted by arrows.

FIG. 4. (a) Photoinduced reflectivity change DR/R at 4 GPa for different pump flu-
ences. (b) Fluence dependence of the summit amplitude and the amplitude ratio
A15/A0. (c) Fluence dependence of the fast decay times sfast at 4 and 12GPa. (d)
Pressure dependence of the calculated second moment of the Eliashberg function
kqhx2i and kqN(0).
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low-energy carriers.29 We suggest that the observed pressure evolution
of photocarrier dynamics has a close correspondence to the changes of
e-ph coupling and the DOS at the Fermi level. The large DOS near the
Fermi level allows for the distribution of electrons in the low energy
side as much as possible and, therefore, tends to reduce the carrier
temperature of QFD. Under pressure, the electron-optical phonon
coupling strength is reduced and the sfast is increased in 2H–TaS2.
Meanwhile, the DOS at the Fermi level is also increased as evidenced
later, and the temperature of photoexcited hot carriers is decreased. As
a result, the acoustic phonon scattering becomes robust compared
with the optical phonon with increasing pressure, giving rise to the
increase in relative intensity between slow and fast decay components
as shown in Fig. 3(c). It should be mentioned that other factors such
as the phonon bottleneck effect also likely slow down the photocarrier
relaxation processes by the temporal accumulation of optical pho-
nons.30 Recently, Wu et al.31 found the pressure-induced phonon bot-
tleneck effect in Sr2IrO4. However, such an effect normally takes place
for the high carrier injection level and depends on the pump fluence.
This is not in line with our measured pump power dependence of pho-
tocarrier dynamics. Therefore, the contribution from the phonon bot-
tleneck is negligible in our case.

Next, we quantitatively examine the pressure evolutions of the
e-ph coupling and DOS. Since sfast is not sensitive to the pump fluence
and the amplitude of the DR signal shows the linear relation, the con-
tributions from e-e scattering cannot be distinguished. Therefore, the
NEM is more suitable than the TTM in our case in order to extract the
e-ph coupling information from the measured DR signal. In this
model, the second moment kqhx2i of the Eliashberg function can be

obtained by23,24 kqhx2i ¼ 2p
3

kBTl
�hse�ph

. Here, kq and hx2i denote the e-ph
coupling constant and mean square phonon frequency, respectively. Tl

is the lattice temperature, and se�ph is the relaxation time due to the
electron-phonon interaction. Here, we replace se�ph with the time con-
stant of optical phonon scattering, sfast, and assume that the lattice
temperature is close to room temperature. The obtained kqhx2i under
the ambient condition is 1406 3meV2. If only considering the term
of hx2i contributed by the two-phonon mode, kq is estimated to be
about 0.27, which is slightly lower than the earlier theoretical calcula-
tion (�0.45).32 This discrepancy may result from the underestimation
of the lattice temperature Tl. The calculated kqhx2i as a function of
pressure is presented in Fig. 4(d). In view of the pressure-induced
increase in phonon frequency as shown in Fig. 2, kq must be reduced
with increasing pressure. On the other hand, as for the 2H-type TMDs
system with strong e-ph interactions such as 2H–NbSe2, 2H–TaS2,
and 2H–TaSe2,

15,16 the e-ph coupling constant kq is also connected
with the phonon vibration by the equation33–35 kq ¼ 1

2pNð0Þ
cq
x2
q
. Here,

N(0) is the electronic density of states at the Fermi energy and cq and
xq are the FWHM and frequency of the phonon mode, respectively,
which corresponds to the two-phonon mode governed by the e-ph
interaction in our case. The extracted kqN(0) values are presented in
Fig. 4(d). It decreases slightly with increasing pressure first and then
shows a remarkable increase as the pressure is beyond 10GPa. Since
the kq exhibits a decreasing trend with pressure, the sudden increase in
kqN(0) implies the abnormal augment of N(0) above 10GPa. We
notice that the turning point accords with the pressure range where
the CDW orders vanish and the Tc of the SC state concurrently
peaks.12 Therefore, our experimental results provide a roughly

framework to explain such a competition between SC and CDW
orders: (i) the weakening of the e-ph interaction should be responsible
for the suppression of CDW order under pressure.12 However, the
decreasing trend of kq with pressure violates the modified McMillan
formula, where the increased Tc with pressure should accompany with
the increase in kq.

36 Recent works reported an enhancement in the Tc

as the thickness of 2H–TaS2 was reduced to the two-dimensional
limit.37,38 However, different theoretical interpretations have been
proposed in terms of either the increase in effective electron-phonon
coupling related to repulsive Coulomb interaction37 or the increase
in the DOS at the Fermi level induced by the suppression of CDW
amplitude.38 We suggest that the significant increase in N(0) can
counteract the influence of e-ph coupling and contribute to the robust-
ness of the SC state at about 10GPa.12 (ii) On the other hand, the
distinct decrease in kq is able to restraint the SC order and reduce the
Tc under higher pressure. Nevertheless, more experimental and theo-
retical works are required to fully understand the correlations between
kq, N(0), SC, and CDW orders. In addition, it is somewhat surprising
that our observed turning pressure for the linewidth and photocarrier
dynamics at room temperature agree with the critical point of compe-
tition between SC and CDW orders,12 which is expected to be accessi-
ble only at low temperature. We speculate that the Lifshitz
transition,39 i:e:, Fermi surface topological transition, in 2H–TaS2
takes place around 10GPa, which likely gives rise to substantial modi-
fications of the DOS and e-ph coupling. Indeed, such a kind of phase
shift of DR signals as shown in the inset of Fig. 3(a) can be taken as
signatures for topological transition of the electronic structure.40 In
general, the Lifshitz transition is not accompanied by the lattice abrup-
tion and then hardly identified by Raman and resistance measure-
ments. Different from steady diagnosis methods such as electric
transport and optical absorption spectroscopy, fs-TRS permits the
excitation and detection of out-of-equilibrium photocarriers away
from band extrema, which is more sensitive to the energy dispersion
than the corresponding steady-state carriers. Therefore, fs-TRS may
provide an alternative routine to probe the topological changes of elec-
tronic states under pressure.

In summary, we have studied pressure tuning on the electron-
phonon interaction and electronic structure in 2H–TaS2 by combining
measurements of Raman scattering spectroscopy and fs-TRS. The line-
width of the two-phonon mode shows an initial slight increase, how-
ever, followed by prominent broadening above 10GPa. Fs-TRS reveals
that the time constant originating from optical phonon scattering is
dramatically prolonged; meanwhile, the energy relaxation through
acoustic phonon scattering dominates for pressures above 10GPa. The
anomalies of pressure behavior in two-phonon vibration and photo-
carrier relaxation in 2H–TaS2 emphasize a sudden weakening and
increase in e-ph coupling and the DOS above this critical pressure,
respectively. In particular, the anomaly of the DOS at high pressures
may be a signature of Lifshitz transition, which needs deeper theory
and experimental investigations. We believe that this work provides
important complementary insights into the pressure effects of the elec-
trical structure in 2H–TaS2 and also helps to understand the interac-
tions between the superconductivity state and CDW order.
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