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The pressure evolution of the Raman active electronic excitations of the transition metal dichalcogenides
2H-TaS2 is followed through the pressure phase diagram embedding incommensurate charge-density-wave
and superconducting states. At high pressure, the charge-density wave is found to collapse at 8.5 GPa.
In the coexisting charge-density-wave and superconducting orders, we unravel a strong in-gap super-
conducting mode, attributed to a Higgs mode, coexisting with the expected incoherent Cooper-pair
breaking signature. The latter remains in the pure superconducting state reached above 8.5 GPa. Our report
constitutes a new observation of such Raman active Higgs mode since the long-standing unique case
2H-NbSe2.
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Symmetry breaking across an electronic phase transition
always occurs along with the emergence of new collective
excitations, including oscillations of the amplitude of the
order parameter. In charge-density-wave (CDW) systems,
translational symmetry breaking gives rise to the amplitu-
don [1,2]. Similarly, in superconductors Uð1Þ rotational
symmetry breaking gives rise to oscillations of the ampli-
tude of the order parameter, also called the Higgs mode
because of its analogy to the one found in high-energy field
theories [3]. The study of these collective modes and their
interaction is of great interest for the study and control of
intertwined electronic orders. In the case of coexisting
CDW and superconducting (SC) orders, recent studies
[4–7] have shown that controlling order parameters dynam-
ics of these coexisting orders using light pulses can induce an
enhancement of the superconducting critical temperature. In
the context of high Tc cuprates coexisting SC and CDW
orders have also attracted great interest recently since they
could lead to a nonuniform SC state, a pair density wave
(PDW), with a distinctive order parameter dynamics [8,9].
Raman spectroscopy is a well-known tool for the

observation of excitations in materials. It has been exten-
sively used to study amplitudons in various systems
exhibiting a CDWorder [10–12]. However, the observation
of a Higgs mode in a superconducting (SC) state remains
elusive as it is only weakly coupled to spectroscopic probes
[13] and remains short lived because of the quasiparticle
continuum developing at 2Δ [14–17]. Nevertheless the
detection of the Higgs mode has been recently reported
using strong THz pulses in conventional [18,19] and
unconventional SC [20], and also by conventional infrared

(IR) spectroscopy in disorderedSC [21].However, the nature
of the measured mode and the conditions of its observability
are still under debate [13,17,22–26]. Early on a possible
observation of the Higgs mode was also reported in the
transition metal dichalcogenide (TMDC) 2H-NbSe2 using
Raman spectroscopy [27–29] where the Higgs mode could
be visible thanks to the coupling to the CDW amplitudon
[3,16,30]. At present 2H-NbSe2 remains a unique case and
other observation of Higgs modes in CDW superconductors
are desirable to assess how generic is the coupling between
the Higgs mode and the amplitudon.
Although in high-Tc cuprates a coexisting CDWand SC

phase was recently detected [31–36], no Higgs mode has
yet been identified in the Raman spectra. On the other hand,
the family of the TMDCs contains few systems where SC
and CDW orders coexist [37–39] but low superconducting
critical temperatures prevent any Raman spectroscopy
study of the SC state. For example 2H-TaS2, for which
an incommensurate CDW develops below 77 K followed
by a superconducting state below Tc ¼ 1 K. In this com-
pound, recent reports [40] have shown a dramatic increase
in Tc with pressure, up to 8.5 K at 10 GPa. At such
temperature an observation of the coexisting superconduct-
ing and CDW states, and of the Higgs mode, becomes
accessible using Raman scattering.
In this Letter we map out the CDW phase diagram of

2H-TaS2 by following the CDW excitations and gap under
high pressure and find that the CDW completely collapses
at 8.5 GPa. In the low temperature SC state, we unravel a
low energy in-gap collective mode which is attributed to
a Higgs mode and whose interplay with the CDW mode
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points to a similar mechanism of observability as in
2H-NbSe2. Besides, in 2H-TaS2, this in-gap mode coexists
with the usual incoherent Cooper-pair breaking peak at 2Δ,
clearly differentiating both excitations, and demonstrating
that the Higgs mode is a well-defined collective mode
located below the continuum of quasiparticle excitations in
the SCþ CDW state.
Crystals of 2H-TaS2 were grown by chemical vapor

transport from the presynthetic material, using iodine as a
transport agent, as already reported [41]. Composition and
phase purity were confirmed by powder x-ray diffraction,
inductively coupled plasma spectrometry, and elemental
analysis [42]. We have performed Raman spectroscopy
measurements with a 532 nm laser line on single crystals of
bulk 2H-TaS2 under hydrostatic pressure in a membrane
diamond anvil cell using helium as a pressure-transmitting
medium as described in Refs. [29,44,45] (see also the
Supplemental Material [42]). We have tracked low energy
excitations down to 7 cm−1 under extreme conditions,
down to 3 K and up to 9.5 GPa. Superconductivity was
accessed by performing measurements at low laser power
of 0.2 mW on a 30 μm2 laser spot (30 Wcm−2). We have
followed simultaneously the phonons, the charge-density-
wave modes, and the superconducting excitations across
the pressure-temperature phase diagram.
In Fig. 1(a) we show the Raman response from 2H-TaS2

at ambient pressure at 13 K. Three regular phonons are
measured: E2

2g (26.1), E1
2g (300.3), and A1g (404.0 cm−1),

defined in the point group D6h. The incommensurate
charge-density wave (ICDW) manifests itself with ampli-
tudons, which correspond to a soft-phonon coupled to the
electronic density at QCDW and dressed by the amplitude
fluctuations of the CDWorder parameter [1,2]. Contrary to
previous works [46] where only one amplitudon could be
readily tracked, we report two well-defined amplitudons,
one in each symmetry and labeled accordingly: ECDW

(46.5) and ACDW (75.8 cm−1). In addition, only in the
ICDW state, we observe multiple weak peaks, labeled (*),
which most probably correspond to regular phonons
folded to the zone center of the Brillouin zone due to
the establishment of the CDW state. Beside, as presented
Fig. 1(d), a depletion of the electronic background develops
in the E2g symmetry below TICDW. This loss of spectral
weight at low energy is attributed to the opening of a gap
in the CDW state, similarly to what has been observed in
rare-earth telluride prototopical CDW systems [47,48].
This gap extends up to at least Δ ¼ 400 cm−1. On the
contrary, no such gap is measured in the A1g symmetry [see
inset of Fig. 1(d)]. Finally, two peaks are also detected
at ∼160 (E) and ∼270 cm−1 (A) in the E2g and A1g

symmetries, respectively. They are measured already at
300 K in the normal state and persist up to the highest
pressure. They are not associated with the CDW state and
may arise from IR phonons activated by disorder.

As shown in Figs. 1(b) and 1(c), the CDW amplitudons’
behaviors at ambient pressure is typical to this kind of
excitations: both lose intensity, enlarge, and soften toward
the zero energy with increasing temperature toward the
transition at 77 K. In the inset of Figs. 1(b) and 1(c) the
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FIG. 1. (a) Raman spectra of 2H-TaS2 at ambient pressure
at 13 K in the ICDW state and for the A1g þ E2g symmetry. We
observe three phonons (E2

2g, E
1
2g, and A1g) and two CDW modes

labeled according to there symmetry (ECDW and ACDW). Addi-
tional less intense CDW modes (denoted *) are also visible. (b),
(c) Temperature dependence of the amplitudons in the pure
symmetries. Insets: Energy of the amplitudons as a function of
temperature. The black line corresponds to a fit using a mean-
field calculation. (d) Raman spectra at various temperatures in the
E2g symmetry where a CDW gap opens. Inset: Raman spectra in
the A1g symmetry.
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amplitudons’ energy is displayed as a function of temper-
ature. They are well fitted using a mean-field-like temper-
ature dependence [49]. This typical order-parameter-like
behavior is also observed for the CDW amplitudons of
2H-NbSe2 [10]. While keeping the same energy, the folded
CDW phonons (*) smoothly loose intensity and disappear
at TICDW. The absence of a visible gap in the A1g symmetry
could be explained either because of the screening of the
electronic response in this channel due to the Coulomb
effect or because of a significant anisotropy of the CDW
gap. Interestingly, the CDW gap in 2H-TaS2 appears
clearly by Raman scattering whereas it remains elusive
in 2H-NbSe2. This is probably due to the fact that the CDW
gap is open on larger parts of the Fermi surface in 2H-TaS2,
in good agreement with recent ARPES results [51].
Figures 2(a) and 2(b) show the pressure evolution of the

Raman spectra of 2H-TaS2 in the A1g þ E2g symmetry at
10 and 40 K, respectively. While the E2

2g phonon hardens
with pressure, its width remains stable showing a good
hydrostaticity in the pressure chamber. Both A1g and E2g

amplitudons soften and enlarge as the pressure is increased
up to a complete collapse between 8 and 9.5 GPa at 10 K.
(and between 6 and 7.1 GPa at 40 K). The folded CDW
phonons (*) and the CDW gap are also no longer measured
above 8 GPa (see Supplemental Material [42]).
Following the evolution of the amplitudons energy [see

Figs. 2(c) and 2(d)], we find that the collapse of the CDW
occurs at 8.5 GPa for 10 K and 7 GPa for 40 K. Hence,
all three manifestations of the CDW in 2H-TaS2 are
consistent and point toward a complete collapse of the
CDWat 8.5 GPa. Hence we draw a new phase diagram for
the CDW in 2H-TaS2 using Raman spectroscopy, as
depicted in Fig. 2(e). Notable differences are obtained
with previous results from transport measurement [40]
where signatures of the ICDW were reported up to at least
17 GPa. This discrepancy might result from the presence
of a pseudogap as reported by ARPES measurements [51]
at ambient pressure above TCDW and which may survive
above Pc while being detected by transport measurements.
Alternatively, application of high pressure could induce
a loss of a long-range CDW order and a softening of the
amplitudon energy [52,53], while a short-range CDW
order may leave a broad signature detected by transport
measurements.
We now turn to the study of the superconducting state,

reached above 5 GPa by minimizing the laser heating.
While entering it, new features develop above 6 GPa
(Tc > 6.5 K) [see Fig. 3(a)]. At 6 GPa, an intense exci-
tation can be seen at very low energy. It is visible only in
the SC state vanishing completely above Tc. Its shape and
position is confirmed by a second pressure run spectra
reaching lower energies (∼8 cm−1). It is a narrow and
intense in-gap mode (below 2Δ, See Supplemental Material
[42]) and it is present, at least, in the E2g symmetry [see
Fig. 3(b)].

While increasing further the applied pressure, an addi-
tional feature develops at 2Δ (see Supplemental Material
[42]). It consists in a gap opening below ∼20 cm−1 and an
asymmetric peak above [see Fig. 3(c)]. This structure,
sometimes observed in simple superconductors [54] and
here observed up to 9.5 GPa in the pure superconducting
state, is the expected incoherent Cooper-pair breaking
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FIG. 2. (a),(b) Raman spectra of 2H-TaS2 in the A1g þ E2g
symmetry at 10 (a) and 40 K (b) for various pressures ranging
from 1.1 to 9.5 GPa. (c),(d) Pressure evolution of the energy of
the CDW amplitudons at 10 K (c) and 40 K (d). The A1g and E2g

modes soften with pressure toward zero energy (solid lines are
guides for the eye). (e) Phase diagram (T,P) of 2H-TaS2.
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peak (CPBP). At the highest measured pressure (9.5 GPa),
the SC transition has already reached its maximum of
8.5 K [40]. By calculating the theoretical Raman response
[purple line in Fig. 3(d)] of an s-wave superconductor, a
gap 2Δ of 22.5 cm−1 is obtained. This corresponds to a Tc

of 8.85 K, using the standard weak-coupling BCS ratio,
in good agreement with the Tc measured by transport
measurements [40]. We note that it is only visible in the
E2g symmetry [see inset of Fig. 3(d)] likely due to
Coulomb screening in the A1g channel [55–57]. Above
Pc, at 9.5 GPa, the in-gap mode disappears with the
collapse of the CDW order, thus mimicking the behavior
of the in-gap mode measured in 2H-NbSe2 [27–29].
Both modes in these two compounds from the same
family certainly share the same nature. Up to now, the
most explored hypothesis, supported by theoretical cal-
culations and investigation under high pressure, of the
nature of the in-gap modes in 2H-NbSe2, and so of
this pressure-induced one in 2H-TaS2, is its assignment
to the amplitude “Higgs” mode [3,16,30], the analogous
of the Higgs boson in superconductors.
Here, the observation of both superconducting features

in the SCþ CDW state, the in-gap mode and the incoherent
Cooper-pair breaking peak, at well separated energies is
crucial. The evolution of the Cooper-pair breaking peak
through the whole pressure phase diagram from the
coexisting CDWþ SC state to the pure SC state is gradual:
the energy follows the evolution of Tc and the spectral
weight continuously increases as the SC gap takes over
parts of the Fermi surface previously gapped by the CDW.
In particular, we do not observe any dramatic effect of
the collapse of the CDW order on the incoherent CPBP.
By contrast the in-gap mode intensity abruptly collapses in
the pure SC state, as expected for the SC Higgs modewhich
couples to the Raman probe only via the CDWorder. These
observations rule out the interpretation of the in-gap mode
as a Cooper-pair breaking peak affected by the opening
of the CDW gap. They further demonstrate that the Higgs
mode is a collective mode located below the continuum of
quasiparticle excitations in the coexistence state consis-
tently with theoretical work [3,16].
The proposed mechanism of observability of the Higgs

mode in the presence of CDW amplitudons [3,16,30] has
been shown to be consistent with the pressure dependence
of the electronic excitations in NbSe2 [29]. The present
data suggest this mechanism is also at play in 2H-TaS2.
This would then imply that in this compound, even if the
Fermi surface is significantly gapped by the CDW [51],
the superconducting and CDW gaps must overlap on some
parts of the Fermi surface.
Whereas the Cooper-pair breaking peak was not observed

in the coexisting SCþ CDW state of 2H-NbSe2, most
probably due to its reduced intensity and its proximity with
the intense in-gap mode, in 2H-TaS2 it is possible to track
the CPBP in both the pure SC and the mixed SCþ CDW
states. Quantitatively, it is shown that the ratio of the CPBP
energy (or Tc) to the Higgs mode energy is larger in
2H-TaS2; i.e., the in-gap mode is pushed further at low
energy. Since the electronic CDW gap is measured only in
2H-TaS2, we may argue that the quasiparticle states are
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FIG. 3. (a) Raman spectra of 2H-TaS2 in the A1g þ E2g
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the various features observed in the SC state at 8 GPa in the
A1g þ E2g symmetry: a sharp in-gap Higgs mode, an incoherent
Cooper-pair breaking peak (CPBP), and the E2

2g phonon. (d) Sub-
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symmetry. The SC signature fits a Cooper-pair breaking peak for
a BCS response in an s-wave superconductor with a gap 2Δ ¼
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more largely gapped by the CDW in 2H-TaS2 than in
2H-NbSe2 [51], giving rise to a larger overlap of the CDW
and SC gaps on the Fermi surface. This would then make
the Higgs mode less damped, enhancing its intensity
while pushing it to lower energy (as compared to 2Δ).
Alternatively this can be due to a stronger electron-phonon
coupling in 2H-TaS2 but such a hypothesis is at present not
supported by any calculation or experimental result.
In conclusion, we have reported the evolution of the

excitations from the charge-density wave and the super-
conducting state under pressure in the dichalcogenide
2H-TaS2 and draw its pressure-temperature phase diagram.
The pressure evolution of the amplitudons, the folded
phonons, and the gap indicate a complete collapse of the
incommensurate charge-density wave at about 8.5 GPa.
In the coexisting charge-density-wave and superconducting
states, an in-gap superconducting mode, interpreted as a
Higgs mode, is reported. This constitutes a new observation
of such a Raman active Higgs mode in condensed matter
systems since the unique case of 2H-NbSe2. It has been
clearly differentiated from the usual incoherent Cooper-pair
breaking peak which survives in the pressure-induced pure
superconducting state and our observations are consistent
with the mechanism of observability of the Higgs mode for
which an overlap of the charge-density wave and super-
conducting gaps on the Fermi surface is necessary.
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[28] M.-A.Méasson,Y.Gallais,M.Cazayous,B.Clair, P.Rodière,
L. Cario, and A. Sacuto, Phys. Rev. B 89, 060503 (2014).

[29] R. Grasset, T. Cea, Y. Gallais, M. Cazayous, A. Sacuto, L.
Cario, L. Benfatto, and M.-A. Méasson, Phys. Rev. B 97,
094502 (2018).

[30] D. A. Browne and K. Levin, Phys. Rev. B 28, 4029 (1983).
[31] G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-

Canosa, C. Mazzoli, N. B. Brookes, G. M. De Luca, A.
Frano, D. G. Hawthorn, F. He, T. Loew, M. M. Sala, D. C.
Peets, M. Salluzzo, E. Schierle, R. Sutarto, G. A. Sawatzky,

PHYSICAL REVIEW LETTERS 122, 127001 (2019)

127001-5

https://doi.org/10.1016/0038-1098(74)90868-0
https://doi.org/10.1016/0038-1098(74)90868-0
https://doi.org/10.1103/RevModPhys.60.1129
https://doi.org/10.1103/PhysRevB.26.4883
https://doi.org/10.1103/PhysRevB.26.4883
https://doi.org/10.1103/PhysRevLett.118.087002
https://doi.org/10.1103/PhysRevLett.118.087002
https://doi.org/10.1103/PhysRevB.93.195139
https://doi.org/10.1103/PhysRevB.93.195139
https://doi.org/10.1103/PhysRevB.91.174502
https://doi.org/10.1103/PhysRevB.91.174502
https://doi.org/10.1126/science.1197294
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1103/PhysRevB.95.214502
https://doi.org/10.1103/PhysRevLett.37.1407
https://doi.org/10.1103/PhysRevLett.37.1407
https://doi.org/10.1103/PhysRevLett.96.137003
https://doi.org/10.1103/PhysRevLett.96.137003
https://doi.org/10.1016/0038-1098(83)90483-0
https://doi.org/10.1016/0038-1098(83)90483-0
https://doi.org/10.1146/annurev-conmatphys-031214-014350
https://doi.org/10.1146/annurev-conmatphys-031214-014350
https://doi.org/10.1007/BF00115617
https://doi.org/10.1007/BF00115617
https://doi.org/10.1103/PhysRevB.90.224515
https://doi.org/10.1103/PhysRevLett.115.157002
https://doi.org/10.1103/PhysRevLett.115.157002
https://doi.org/10.1103/PhysRevLett.111.057002
https://doi.org/10.1103/PhysRevLett.111.057002
https://doi.org/10.1126/science.1254697
https://doi.org/10.1103/PhysRevLett.120.117001
https://doi.org/10.1038/nphys3227
https://doi.org/10.1103/PhysRevB.93.180507
https://doi.org/10.1103/PhysRevB.93.180507
https://doi.org/10.1103/PhysRevB.93.180511
https://doi.org/10.1103/PhysRevB.93.180511
https://doi.org/10.1103/PhysRevB.94.224519
https://doi.org/10.1103/PhysRevB.94.224519
https://doi.org/10.1103/PhysRevB.96.020505
https://doi.org/10.1103/PhysRevB.97.094516
https://doi.org/10.1103/PhysRevB.97.094516
https://doi.org/10.1103/PhysRevLett.45.660
https://doi.org/10.1103/PhysRevLett.45.660
https://doi.org/10.1103/PhysRevB.89.060503
https://doi.org/10.1103/PhysRevB.97.094502
https://doi.org/10.1103/PhysRevB.97.094502
https://doi.org/10.1103/PhysRevB.28.4029


E. Weschke, B. Keimer, and L. Braicovich, Science 337,
821 (2012).

[32] E. H. da Silva Neto, P. Aynajian, A. Frano, R. Comin, E.
Schierle, E. Weschke, A. Gyenis, J. Wen, J. Schneeloch, Z.
Xu, S. Ono, G. Gu, M. Le Tacon, and A. Yazdani, Science
343, 393 (2014).

[33] R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki,
E. Schierle, E. Weschke, R. Sutarto, F. He, A.
Soumyanarayanan, Y. He, M. Le Tacon, I. S. Elfimov, J.
E. Hoffman, G. A. Sawatzky, B. Keimer, and A. Damascelli,
Science 343, 390 (2014).

[34] T. Wu, H. Mayaffre, S. Krämer, M. Horvatić, C. Berthier,
W. N. Hardy, R. Liang, D. A. Bonn, and M.-H. Julien,
Nature (London) 477, 191 (2011).

[35] J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura,
and S. Uchida, Nature (London) 375, 561 (1995).

[36] B. Lake, H. M. Ronnow, N. B. Christensen, G. Aeppli, K.
Lefmann, D. F. McMorrow, P. Vorderwisch, P. Smeibidl, N.
Mangkorntong, T. Sasagawa, M. Nohara, H. Takagi, and
T. E. Mason, Nature (London) 415, 299 (2002).

[37] B. Sipos, A. F. Kusmartseva, A. Akrap, H. Berger, L. Forró,
and E. Tutiš, Nat. Mater. 7, 960 (2008).

[38] A. F. Kusmartseva, B. Sipos, H. Berger, L. Forró, and E.
Tutiš, Phys. Rev. Lett. 103, 236401 (2009).

[39] D. Bhoi, S. Khim, W. Nam, B. S. Lee, C. Kim, B.-G. Jeon,
B. H.Min, S. Park, andK. H. Kim, Sci. Rep. 6, 24068 (2016).

[40] D. C. Freitas, P. Rodière,M. R.Osorio, E. Navarro-Moratalla,
N.M.Nemes,V. G. Tissen, L.Cario, E.Coronado,M.García-
Hernández, S. Vieira, M. Núñez-Regueiro, and H. Suderow,
Phys. Rev. B 93, 184512 (2016).

[41] E. Navarro-Moratalla, J. O. Island, S. Mañas Valero, E.
Pinilla-Cienfuegos, A. Castellanos-Gomez, J. Quereda, G.
Rubio-Bollinger, L. Chirolli, J. A. Silva-Guillén, N. Agrat,
G. A. Steele, F. Guinea, H. S. J. v. d. Zant, and E. Coronado,
Nat. Commun. 7, 11043 (2016).

[42] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.122.127001 for more
details, which includes Ref. [43].

[43] A. Meetsma, G. A. Wiegers, R. J. Haange, and J. L. de Boer,
Acta Crystallogr. Sect. C 46, 1598 (1990).

[44] J. Buhot, C. Toulouse, Y. Gallais, A. Sacuto, R. de Sousa, D.
Wang, L. Bellaiche, M. Bibes, A. Barthélémy, A. Forget, D.
Colson, M. Cazayous, and M.-A. Méasson, Phys. Rev. Lett.
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