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ABSTRACT
Measurements of electrical transport and Raman spectroscopy are performed on 2H-TaS2 to study the formation and the character of
the charge density wave. The entry of the charge-density-wave state below the lock-in temperature is detected by the sudden change of the
resistivity slope with temperature, the sharp rise of the magneto-resistivity, and the signiﬁcant change in the Hall coefﬁcient. Meanwhile, the
frequency of the two-phonon mode decreases with decreasing temperature. When approaching the lock-in temperature, the formation of
the charge density wave is also evidenced by the disappearance of the two-phonon mode. In the charge density wave state, the newly born
charge-density-wave modes in the E2g- and A1g-symmetries exhibit a blue-shift with decreasing temperature. These results suggest that the
combined techniques of electrical transport measurement and Raman spectroscopy are powerful in studying the charge-density-wave order
in materials with strong electron-phonon coupling.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5086951

Transition metal dichalcogenides (TMDs), with the van der
Waals force connected layered structure, have great signiﬁcance in
application and scientiﬁc research in many ﬁelds.1 They, especially the
2H-polytype TMDs, always show complex electronic behaviors such
as charge density wave (CDW) orders.2 This makes them potential
candidate materials for studying the origin of the lattice instability, as
well as the interaction between CDW and superconductivity for which
a competitive relationship has been demonstrated to exist.3–5 The
CDW orders were found to be general in many cuprate superconductors.6–8 These high temperature superconductors almost share the
similar phase diagram with TMDs.9,10 The study of the relationship
between superconductivity and CDW is useful for understanding the
unsolved mechanism of superconductivity. However, to date, the reason for CDW formation is still shrouded in mystery. It has been proposed by several hypotheses, such as saddle-point,11,12 Fermi-surface
(FS) nesting,10,13,14 q-dependent electron-phonon coupling,15–20 etc.
The former two have been excluded because of the inappropriateness
in explaining their origin.15,16,21–23 The electron-phonon interaction
mechanism becomes the most persuasive standpoint. This mechanism
has certiﬁed by a lot of angle-resolved photoemission spectroscopy
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measurements and the related theoretical studies.17–20 Nonetheless,
the study of those interactions also faces enormous challenges, and
understanding the origin of the CDW order in TMDs is still a longterm issue.
Amongst those TMDs, 2H-NbSe2, 2H-TaS2, and 2H-TaSe2 draw
more attention because of the coexistence of CDW and superconductivity.24–26 These three materials almost have the same properties, and
thus are always used as examples to study those collective modes in
TMDs. However, in contrast to the other two materials, little attention
has been paid toward 2H-TaS2. The major reasons are summarized as
follows: The superconducting transition temperature (Tc) of 2H-TaS2
is lower than that of 2H-NbSe2, and the CDW lock-in temperature
(TCDW) is lower than that of 2H-TaSe2. Even so, the study of the properties of 2H-TaS2 is also important for understanding the physics of
TMDs. The TCDW and Tc of 2H-TaS2 are 78 K and 0.8 K, respectively.26,27 Previous works found that the occurrence of CDW orders
signiﬁcantly impacts the internal properties of materials.26,28–31 The
formation of the CDW order can give rise to some anomalies in heat
capacity, speciﬁc heat, resistivity, magnetic susceptibility, and so on.
Raman spectroscopy is also an efﬁcient and convenient tool to detect
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these collective excitations. The redshift of a broad peak, named a soft
mode, was found from early Raman measurements.32 Below TCDW, an
E2g-symmetric CDW mode was also reported to appear. However, the
detailed temperature dependencies of these modes are not analyzed.
The origin of the CDW order remains unclear. 2H-TaS2 offers a good
opportunity to address the above-mentioned issues.
In this work, we combine the electrical transport and Raman
scattering measurements to study the CDW orders in 2H-TaS2. The
electrical resistivity, the magneto-resistivity (MR), and the Hall coefﬁcient (RH) all have anomalies when the sample enters the CDW state.
In the Raman scattering measurement, a competitive behavior is
observed between the two-phonon mode and the CDW modes. This
study is targeted to provide a combined method of electrical transport
measurement and Raman spectroscopy to study the CDW order in
those materials with strong electron-phonon coupling.
In this experiment, all the data were obtained on fresh surfaces in
order to reduce the problem of surface smudginess. The resistivity,
magneto-resistivity, and Hall effect measurements were performed
using a standard four-point technique on a commercial physical
property measurement system (PPMS). Contacts were made with
silver paint. All data were taken with a magnetic ﬁeld perpendicular to
the layers.
Raman scattering spectra were obtained in a back-scattering conﬁguration on surfaces with 488 nm and 532 nm sapphire laser beams.
The laser beams were focused on the sample by a 20 objective. In
order to reduce the laser heating effect on the sample, the laser powers
were stabilized at 0.3 mW for a 488 nm laser and 0.4 mW for a
532 nm laser before the samples. The low-temperature condition was
obtained using a specially designed cryostat, and the temperature was
measured by a diode mounted near the sample.
The resistivity and MR measurements as a function of temperature were performed from 0.4 K to room temperature (300 K). The
results are described in Fig. 1(a). The resistivity rapidly decreases with
decreasing temperature. Below TCDW, the resistivity starts to increase,
and then decreases more faster upon cooling. Upon further lowering
the temperature, the resistivity displays a drop to zero at 0.8 K, as
shown in the inset of Fig. 1(a). This signals a superconducting transition. The resistivity under the magnetic ﬁeld of 9 T was also measured
and the MR was calculated using [R(9 T)–R(0 T)]/R(0 T). The results
are shown in a solid blue line in the right of Fig. 1(a). As seen in this
ﬁgure, the MR is almost constant in the normal state, whereas it drastically increases below TCDW. The details of the low-temperature behavior of the Hall coefﬁcient RH are shown in Fig. 1(b). As can be seen,
RH above 78 K is positive and almost independent of temperature.
Below TCDW, RH starts to decrease rapidly and changes its sign at a
certain temperature. Our ﬁndings are similar to those reported data.31
The drop in RH and its sign reversal should also be closely related to
the CDW transition. Furthermore, a minimum appears at about 20 K.
Those anomalies in the resistivity, MR, and RH at around TCDW
indicate that the modulation of the electronic structure that resulted
from the CDW formation heavily impacts the electronic transport
properties. For the sister system 2H-NbSe2, the appearance of the
spots at 23 CM below TCDW was found to be essential to drive the
system into an ordered state.17,20,33 These spots were suggested to be
strongly coupled by CDW modulation. Thus, the electron scattering
around these areas is effectively reduced. 2H-TaS2 shares almost the
same Fermi surfaces with 2H-NbSe2. This material is also expected to
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FIG. 1. (a) Temperature dependences of the resistivity (left) and the MR (right) of
2H-TaS2. Anomalies at TCDW are visible and noted by an arrow and a dashed line.
Inset presents a zoomed view of the resistivity curve below 4 K. Tc0 marks the offset
Tc. (b) Temperature dependence of the Hall coefﬁcient of 2H-TaS2 from 5 K to
250 K. TCDW is marked by a vertical dashed line.

have a similar modulation below TCDW.20,33 These ordered areas
availably enhance the electrical transport properties. As a result, this
material becomes more metallic in the CDW state even though a portion of the FS is gapped. The hump structure in the R-T curve around
TCDW might result from the modiﬁcation of the FS. This scenario
agrees with the previous electrical transport measurement of the 2H
TMDs. The resistivity behavior is explained by using the two-band
model. Otherwise, the modulation on the FS should also result in the
anomalies of the MR. The anomalies of the Hall coefﬁcient can be
well explained by the geometric interpretation developed by Ong.34–36
The strongly coupled portion is located at the areas of electron pockets.17,33 Thus, the mean free path of electrons increases drastically.
However, the holes behave differently. Their mean free path has only
a modest increase.36 Consequently, the RH decreases after the CDW
modulation.
The crystal structure of 2H-TaS2 is hexagonal D46h . Thus, the
Raman active modes are A1g, E1g, and E2g.37,38 The details of the schematic diagram of each mode are shown in Fig. 2(a).
2
The E2g
mode is a common mode in the layered materials. This
mode comes from the relative motions between neighboring layers.
This rigid-layer mode has an energy of about 27 cm1 at room tem1
and A1g, are at
perature. The energies of another two modes, E2g
1
1
286 cm and 400 cm , respectively. Another Raman active mode
E1g cannot be observed; it is presumably because of the small Raman
cross-section.32 In addition, a broad two-phonon scattering mode is
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FIG. 2. Raman active vibrational modes of 2H-TaS2. (a) Schematic diagrams of the
A1g, E1g, and E2g modes for one-phonon processes. The 2H polytype contains two
layers per unit cell. (b) Raman spectra at 300 K and 3.5 K excited by a 532 nm
laser. Each peak has been marked by a short arrow.

observed at about 195 cm1. This mode is common to the 2H-compounds with CDW phase transitions. At temperatures below TCDW,
several new peaks appear at around 48 cm1 (E2g-mode) and 75 cm1
(A1g-mode). These modes are suggested to correspond to the Raman
active amplitude excitations of the CDW orders.32,39
Raman spectra at different temperatures are measured by the 532
and 488 nm laser excitations. In order to analyze the vibration modes,
we removed a constant background from the raw data. Then, we normalized the scattering intensity by the statistical factor n for the Stokes
side by IðxÞ ¼ I0 ðxÞ=½nðx; TÞ þ 1, where n(x, T) is the BoseEinstein distribution function evaluated at mode energy x and temperature T, and I0(x) is the observed intensity. The normalized

FIG. 3. Temperature maps of the Raman scattering intensity excited by (a) the
532 nm and (b) 488 nm lasers. The spectra at 5 K and 300 K are presented for
clariﬁcation.
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Raman spectral maps are shown in Fig. 3. The frequency distinctions
of the vibrational modes between these two spectra should result from
different calibration accuracies.
These two maps almost show the same behavior. The three
1
2
; E2g
, and A1g exhibit blueshifts with decreasing temperamodes E2g
ture, and their intensities also simultaneously increase. Meanwhile,
both the frequency and the intensity of the two-phonon mode
decrease with decreasing temperature. Below TCDW, the two-phonon
mode disappears. Upon cooling, the CDW amplitude modes appear.
Interestingly, these two spectra show a different scenario. Below
TCDW, two CDW modes appear in the 532 nm laser excited spectra. In
contrast, the A1g-CDW mode almost disappears in the 488 nm laser
excited spectra, and only a weak tail can be observed on the right of
the E2g-CDW. The A1g-CDW was mentioned in the early Raman scattering measurement that this mode can hardly be observed due to the
weak intensity and the broad spectral width.32 However, our work discovers that the E2g-DW mode is very sensitive to the applied excitation
energy. The intensity of this mode excited by a higher energy laser is
stronger than the low energy laser excited intensity. The intensity is
even higher than the A1g mode [see the Raman spectrum at 5 K in Fig.
3(b)]. The A1g-CDW is less sensitive to the laser energy. Thus, the
weak A1g-CDW excited by the 488 nm laser drowns in the E2g-CDW.
The energies of these two CDW modes all increase with decreasing
temperature.
Lorentzian function is used to analyze the detailed vibration
properties of those modes, and the results are presented in Figs. 4 and
2
modes can hardly be ﬁtted due to the weak intensity. The
5. The E2g
1
modes excited by the 532 nm and 488 nm lasers show almost the
E2g
same behaviors above TCDW. Below TCDW, the energy of the former
mode monotonously increases, whereas the latter shows a drastic
increase and then becomes constant. The A1g modes in these two
Raman spectra show unusual behaviors. The A1g mode in the spectra
excited by the 532 nm laser shows an obvious blueshift from 401 cm1
at room temperature to 407 cm1 at 7 K. However, in the 488 nm laser
excited Raman spectra without the appearance of A1g-CDW, the
energy of the A1g mode is almost a constant, and this mode moves less

1
FIG. 4. Temperature dependences of the frequencies of the E2g
and A1g modes.
(a) and (b) are the results with the excitation of the 532 nm laser. (c) and (d) are the
results with the excitation of the 488 nm laser. The CDW transition temperature is
pointed out by pink lines and arrows.
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FIG. 5. Temperature dependences of the frequencies and the FWHM values of the
E2g-CDW, A1g-CDW, and two-phonon modes. (a) and (b) are the results with the
excitation of the 532 nm laser. (c) and (d) are the results with the excitation of the
488 nm laser. The CDW transition temperature is pointed out by pink lines and
arrows.

than 1 cm1. The distinctions indicate that the A1g mode is also sensitive to the applied excitation energy, and this mode is seemingly connected to the A1g-CDW mode. In addition, as shown in this ﬁgure,
one can see that the A1g peaks in the former spectra are always excellent Lorentzian proﬁle peaks in the full temperature range, whereas in
the latter spectra, this peak becomes increasingly asymmetric. This
situation should result from the Fano resonance.40
The frequencies and FWHM values of the two-phonon modes
and CDW modes as a function of temperature are presented in Fig. 5.
The two-phonon mode always draws a lot of attention due to the
extraordinary correlation with CDW orders. The energies of the twophonon modes decrease with decreasing temperature. Meanwhile,
their FWHM values increase and the intensities decrease.
Interestingly, the soft modes absolutely disappear at TCDW. Below
TCDW, the E2g-symmetric and A1g-symmetric CDW modes appear,
and their energies increase with decreasing temperature. The growth
rate gradually decreases, and the extrapolated energies to 0 K are
50 cm1 for the E2g-CDW and 80 cm1 for the A1g-CDW, respectively. These anomalies at around TCDW indicate that there are some
competitive relations between the two-phonon mode and CDW
modes.
Recent inelastic X-ray scattering experiments18 measured the
temperature dependence of phonon dispersion in the prototypical
charge-density-wave compound 2H-NbSe2. They discovered that a
broad dispersion anomaly appears at qCDW. This anomaly deepens
considerably upon cooling to TCDW, and the damping strongly
increases. However, below TCDW, the energies become hardened and
the damping reduced. The frequency of the two-phonon mode is
revealed to be approximately twice that of a broad dip or anomaly in
the dispersion curves of the longitudinal-acoustic (LA) phonon near a
wave vector q ¼ 23 CM.41 Consequently, the damping here directly
impacts the energy of the two-phonon mode, to wit, the two-phonon
mode is also damped from the normal state on approaching the CDW
phase taking the interaction with d-electrons near the Fermi energy of
Ta into account.41 Below TCDW, the CDW mode appears, hardens,
and narrows with decreasing temperature, as seen in Fig. 5. This
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results from the growing electron-phonon coupling in this material.17,18,20 Meanwhile, the damping also impacts the anharmonicity of
the two-phonon mode, so the FWHM of the two-phonon mode
increases.
In summary, we have reported a combined study of electrical
transport measurements and Raman scattering spectroscopy of 2HTaS2 at low temperatures. The resistivity, the magneto-resistivity, and
the Hall coefﬁcient all show signiﬁcant changes at around the CDW
lock-in temperature. Such a phenomenon is suggested to result from
the modulation of the electron pockets in the CDW state. Below
TCDW, the mean-free path of electrons increases drastically. This
increase results in the occurrence of an anomaly in the magnetoresistivity, as well as a sharp drop in the Hall coefﬁcient. Meanwhile,
our Raman data show a softening behavior of the two-phonon peak at
low temperatures. This phenomenon should result from the increasing
damping caused by the strong electron-phonon interactions on the
soft-mode branch with decreasing temperature. As the CDW formation occurs below TCDW, the two-phonon peak disappears and the
CDW peaks appear. In addition, the E2g-CDW mode is found to be
more sensitive to the energy of the excitation. The properties of the
CDW in other types of materials with superconductivity such as highTc cuprate superconductors with strong electron-phonon coupling
are also highly attractive. Our study provides a combined method of
electrical transport and Raman spectroscopy measurements to study
the CDW order in those materials.
REFERENCES
1

E. Gibney, “The super materials that could trump graphene,” Nat. News 522,
274 (2015).
2
J. A. Wilson, F. J. Di Salvo, and S. Mahajan, “Charge-density waves and superlattices in the metallic layered transition metal dichalcogenides,” Adv. Phys.
24, 117–201 (1975).
3
R. Grasset, T. Cea, Y. Gallais, M. Cazayous, A. Sacuto, L. Cario, L. Benfatto,
and M. A. Measson, “Higgs-mode radiance and charge-density-wave order in
2H-NbSe2,” Phys. Rev. B 97, 094502 (2018).
4
R. Sooryakumar and M. V. Klein, “Raman scattering by superconducting-gap
excitations and their coupling to charge-density waves,” Phys. Rev. Lett. 45,
660–662 (1980).
5
M. A. Measson, Y. Gallais, M. Cazayous, B. Clair, P. Rodiere, L. Cario, and A.
Sacuto, “Amplitude Higgs mode in the 2H-NbSe2 superconductor,” Phys. Rev.
B 89, 060503 (2014).
6
J. X. Li, C. Q. Wu, and D. H. Lee, “Checkerboard charge density wave and
pseudogap of high-Tc cuprate,” Phys. Rev. B 74, 184515 (2006).
7
W. D. Wise, M. C. Boyer, K. Chatterjee, T. Kondo, T. Takeuchi, H. Ikuta, Y.
Wang, and E. W. Hudson, “Charge-density-wave origin of cuprate checkerboard visualized by scanning tunnelling microscopy,” Nat. Phys. 4, 696–699
(2008).
8
T. Wu, H. Mayaffre, S. Kr€amer, M. Horvatić, C. Berthier, W. N. Hardy, R.
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