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We present a polarization-resolved, high-resolution Raman scattering study of the three consec-
utive charge density wave (CDW) regimes in 1T -TaS2 single crystals, supported by ab initio cal-
culations. Our analysis of the spectra within the low-temperature commensurate (C-CDW) regime
shows P3̄ symmetry of the system, thus excluding the previously proposed triclinic stacking of the
“star-of-David” structure, and promoting trigonal or hexagonal stacking instead. The spectra of the
high-temperature incommensurate (IC-CDW) phase directly project the phonon density of states
due to the breaking of the translational invariance, supplemented by sizeable electron-phonon cou-
pling. Between 200 and 352 K, our Raman spectra show contributions from both the IC-CDW and
the C-CDW phase, indicating their coexistence in the so-called nearly-commensurate (NC-CDW)
phase. The temperature-dependence of the symmetry-resolved Raman conductivity indicates the
stepwise reduction of the density of states in the CDW phases, followed by a Mott transition within
the C-CDW phase. We determine the size of the Mott gap to be Ωgap ≈ 170 − 190 meV, and track
its temperature dependence.

I. INTRODUCTION

Quasi-two-dimensional transition metal dichalco-
genides (TMDs), such as the various structures of TaSe2

and TaS2 have been in the focus of various scientific in-
vestigations over the last 30 years, mostly due to the
plethora of charge density wave (CDW) phases [1, 2].
Among all TMD compounds 1T -TaS2 stands out because
of its unique and rich electronic phase diagram [3–6]. It
experiences phase transitions at relatively high temper-
atures, making it easily accessible for investigation and,
mainly for the hysteresis effects, attractive for potential
applications such as data storage [7], information pro-
cessing [8] or voltage-controlled oscillators [9].

The cascade of phase transitions as a function of
temperature includes the transition from the normal
metallic to the incommensurate CDW (IC-CDW) phase,
the nearly-commensurate CDW (NC-CDW) phase and
the commensurate CDW (C-CDW) phase occurring at
around TIC = 554 K, TNC = 355 K and in the temper-
ature range from TC↓ = 180 K to TC↑ = 230 K, respec-
tively. Recent studies indicate the possibility of yet an-
other phase transition in 1T -TaS2 at TH=80 K, named
the hidden CDW state [10–12]. This discovery led to a
new boost in attention for 1T -TaS2.

Upon lowering the temperature to TIC = 554 K, the
normal metallic state structure, described by the space

∗ Present address: Los Alamos National Laboratory, Los Alamos,
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group P3̄m1 (Dd
3d), [13] transforms into the IC-CDW

state. As will be demonstrated here, the IC-CDW do-
mains shrink upon further temperature reduction until
they gradually disappear, giving place to the C-CDW
ordered state. This region in the phase diagram between
554 K and roughly 200 K is characterized by the coexis-
tence of the IC-CDW and C-CDW phases and is often
refereed to as NC-CDW. At the transition temperature
TC IC-CDW domains completely vanish [14] and a new
lattice symmetry is established. There is general consen-
sus about the formation of “star-of-David” clusters with
in-plane

√
13a ×

√
13a lattice reconstruction, whereby

twelve Ta atoms are grouped around the 13th Ta atom
[15, 16]. In the absence of any external strain fields, this
can be achieved in two equivalent ways (by either clock-
wise or counterclockwise rotations) thus yielding domains
[17]. In spite of extensive investigations, both experimen-
tal and theoretical, it remains an open question whether
the stacking of “star-of-David” clusters is triclinic, trig-
onal, hexagonal or a combination thereof [15, 16, 18–20].
The C-CDW phase is believed to be an insulator [3, 21–
23] with a gap of around 100 meV [13]. Very recent theo-
retical studies based on density-functional theory (DFT)
find an additional ordering pattern along the crystallo-
graphic c-axis. The related gap has a width of approxi-
mately 0.5 eV along kz and becomes gapped at the Fermi
energy EF in the C-CDW phase [24, 25].

Nearly all of the previously reported results for optical
phonons in 1T -TaS2 are based on Raman spectroscopy on
the C-CDW phase and on temperature-dependent mea-
surements in a narrow range around the NC-CDW to
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C-CDW phase transition [13, 15, 18–20]. In this article
we present temperature-dependent polarization-resolved
Raman measurements in the temperature range from 4 K
to 370 K covering all three CDW regimes of 1T -TaS2.
Our analysis of the C-CDW phase confirms the symme-
try to be P 3̄, while the NC-CDW phase is confirmed as a
mixed regime of commensurate and incommensurate do-
mains. The Raman spectra of the IC-CDW phase mainly
project the phonon density of states due to breaking of
translation invariance and sizeable electron-phonon cou-
pling. The growth of the CDW gap upon cooling, fol-
lowed by the opening of the Mott gap is traced via the
initial slope of the symmetry-resolved spectra. The size
of 170-190 meV and the temperature dependence of the
Mott gap are directly determined from high-energy Ra-
man data.

II. EXPERIMENTAL AND NUMERICAL
METHODS

The preparation of the studied 1T -TaS2 single crystals
is described elsewhere [26–29]. Calibrated customized
Raman scattering equipment was used to obtain the spec-
tra. Temperature-dependent measurements were per-
formed with sample attached to the cold finger of a He-
flow cryostat. The sample was cooled down to the lowest
temperature and then heated. In either case the rates
were less than ±1 K/min. All measurements were per-
formed in high vacuum of approximately 5 · 10−5 Pa.

The 575 nm laser line of a diode-pumped Coherent
GENESIS MX-SLM solid state laser was used as an exci-
tation source. Additional measurements with the 458 nm
and 514 nm laser lines were performed with a Coher-
ent Innova 304C Argon ion laser. The absorbed power
was set at 4 mW. All spectra shown are corrected for
the sensitivity of the instrument and the Bose factor,
yielding the imaginary part of the Raman susceptibil-
ity Rχ′′ where R is an experimental constant. An an-
gle of incidence of Θi = 66.0 ± 0.4◦ and atomically flat
cleaved surfaces enable us to measure at energies as low as
5 cm−1 without a detectable contribution from the laser-
line since the directly reflected light does not reach the
spectrometer. The corresponding laser spot has an area
of roughly 50× 100µm2 which prevents us from observ-
ing the possible emergence of the domains [17, 30]. The
inelastically scattered light is collected along the surface
normal (crystallographic c-axis) with an objective lens
having a numerical aperture of 0.25. In the experiments
presented here, the linear polarizations of the incident
and scattered light are denoted as ei and es, respectively.
For ei horizontal to the plane of incidence there is no pro-
jection on the crystallographic c-axis. For the low numer-
ical aperture of the collection optics es is always perpen-
dicular to the c-axis. Low energy data up to 550 cm−1

were acquired in steps of ∆Ω = 1 cm−1 with a resolution
of σ ≈ 3 cm−1. The symmetric phonon lines were mod-
elled using Voigt profiles where the width of the Gaussian

TABLE I. Raman tensors for trigonal systems (point group
D3d)

A1g =

a 0 0
0 a 0
0 0 b

 1Eg =

c 0 0
0 −c d
0 d 0

 2Eg =

 0 −c −d
−c 0 0
−d 0 0



part is given by σ. For spectra up to higher energies the
step width and resolution were set at ∆Ω = 50 cm−1 and
σ ≈ 20 cm−1, respectively. The Raman tensors for the
D3d point group are given in Table I. Accordingly, par-
allel linear polarizations project both A1g and Eg sym-
metries, while crossed linear polarizations only project
Eg. The pure A1g response then can be extracted by
subtraction.

We have performed DFT calculations as implemented
in the ABINIT package [31]. We have used the Perdew-
Burke-Ernzerhof (PBE) functional, an energy cutoff of 50
Ha for the planewave basis, and we have included spin-
orbit coupling by means of fully relativistic Goedecker
pseudopotentials [32, 33], where Ta-5d36s2 and S-3s23p4

states are treated as valence electrons. The crystal struc-
ture was relaxed so that forces on each atom were below
10 µeV/Å and the total stress on the unit cell below 1
bar, yielding lattice parameters a = 3.44 Å and c = 6.83
Å. Subsequently, the phonons and the electron-phonon
coupling (EPC) were obtained from density functional
perturbation theory (DFPT) calculations, also within
ABINIT [34]. Here, we have used an 18×18×12 k-point
grid for the electron wave vectors and a 6× 6× 4 q-point
grid for the phonon wave vectors. For the electronic oc-
cupation we employed Fermi-Dirac smearing with broad-
ening factor σFD = 0.01 Ha, which is sufficiently high
to avoid unstable phonon modes related to the CDW
phases.

III. RESULTS AND DISCUSSION

A. Lattice dynamics of the charge-density wave
regimes

Temperature-dependent symmetry-resolved Raman
spectra of 1T -TaS2 are presented in Fig. 1. It is ob-
vious that their evolution with temperature is divided
into three distinct ranges (IC-CDW, NC-CDW and C-
CDW) as indicated. The lattice dynamics for each of
these ranges will be treated separately in the first part
of the manuscript. In the second part we address the
electron dynamics.

1. C-CDW phase

At the lowest temperatures 1T -TaS2 exists in the com-
mensurate C-CDW phase. Here, the atoms form so called
“Star-of-David” clusters. Different studies report either
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FIG. 1. Symmetry-resolved Raman spectra of 1T -TaS2 at
temperatures as indicated. Both C-CDW (blue lines) and IC-
CDW (red lines) domains yield significant contributions to
the Raman spectra of the NC-CDW phase (green lines).

triclinic stacking of these clusters leading to P1̄ unit cell
symmetry [16], or trigonal or hexagonal stacking and
P 3̄ unit cell symmetry [15, 18–20]. Factor group anal-
ysis predicts 57 Ag Raman-active modes with identical
polarization-dependence for P1̄ unit cell symmetry, and
alternatively 19 Ag + 19 Eg Raman-active modes for
P3̄ unit cell symmetry [13] Our polarized Raman scat-
tering measurements at T = 4 K, measured in two scat-
tering channels, together with the corresponding cumu-
lative fits are shown in Figure 2. As it can be seen, we
have observed modes of two different symmetries in the
related scattering channels. This result indicates trigo-
nal or hexagonal stacking of the “Star-of-David” clusters.
The symmetric phonon lines can be described by Voigt
profiles, the best fit of which is shown as blue (for par-
allel light polarizations) and red (crossed polarizations)
lines. After fitting Voigt profiles to the Raman spectra,
38 phonon modes were singled out. Following the selec-
tion rules for Ag and Eg symmetry modes, 19 were
assigned as Ag and 19 as Eg symmetry, meaning all ex-
pected modes could be identified. The contribution from
each mode to the cumulative fit is presented in Figure 2
as green lines, whereas the complete list of the corre-
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FIG. 2. Raman spectra at T = 4 K, i.e. in the C-CDW phase,
for parallel and crossed light polarizations. Red and blue
solid lines represent fits of the experimental data using Voigt
profiles. Spectra are offset for clarity. The short vertical lines
depict central frequencies obtained from the data analysis.
The exact energy values are presented in Table II.

sponding phonon energies can be found in the Table II.

2. IC-CDW phase

At the highest experimentally accessible temperatures
1T -TaS2 adopts the IC-CDW phase. Data collected by
Raman scattering at T = 370 K, containing all symme-
tries, is shown as a blue solid line in Figure 3. As 1T -TaS2

is metallic in this phase [35] we expect the phonon lines
to be superimposed on a continuum of electron-hole ex-
citations which we approximate using a Drude spectrum
shown as a dashed line.[36, 37]

Since the IC-CDW phase arises from the normal metal-
lic phase, described by space group P3̄m1,[13, 38] it is
interesting to compare our Raman results on the IC-
CDW phase to an ab initio calculation of the phonon
dispersion in the normal phase, shown as inset in Fig. 3.
Four different optical modes were obtained at Γ: Eu at
189 cm−1 (double-degenerate), Eg at 247 cm−1 (double-
degenerate), A2u at 342 cm−1 and A1g at 346 cm−1. Fac-
tor group analysis shows that two of these are Raman-
active, namely Eg and A1g [13].

We observe that the calculated phonon eigenvalues of
the simple metallic phase at Γ do not closely match the



4

0

5

10

15

20

25

30

35

 e i || e s

 
R
c

'' 
(
W
,T

) 
(c

o
u
n
ts

 s
-1
 m

W
 -

1
)

1T -TaS2

P
D

O
S

 (
a
rb

. 
u
n
its

)

0 100 200 300 400 500

T

 PDOS Ta

 PDOS S

Raman Shift W (cm
-1

)

T= 370 K

 PDOS Total

= 0 K

-1
W

a
ve

n
u
m

b
e
r 

(c
m

)

FIG. 3. Raman response for parallel light polarizations in
the IC-CDW phase at 370 K (blue line). The dashed line
depicts the possible electronic continuum. The contributions
of the Ta- (dark brown) and S atoms (light brown) to the
calculated PDOS (grey area) are shown below. The inset
shows the calculated phonon dispersion of 1T -TaS2 in the
simple metallic phase, with the electron-phonon coupling (λ)
of the optical branches indicated through the color scale.

observed peaks in the experimental spectra of the IC-
CDW phase. Rather, these correspond better to the
calculated phonon density of states (PDOS), depicted
in Fig. 3. There are essentially three different ways to
project the PDOS in a Raman experiment and to over-
come the q ≈ 0 selection given by the small momentum
of visible light: (i) Scattering on impurities [39], (ii) en-
hanced electron-phonon coupling [40], and (iii) breaking
of the translational symmetry in the IC-CDW phase. (i)
We rule out chemical impurity scattering, expected to
exist at all temperatures, as the low-temperature spec-
tra (Fig. 2) show no signs thereof. (ii) The additional
scattering channel may come from the electron-phonon
coupling (EPC). The calculated EPC, λ, in the opti-
cal modes (inset of Fig. 3) is limited, yet not negligible,
reaching maxima of ∼ 0.2 in the lower optical branches
around Brillouin zone (BZ) points Γ and A. The calcu-
lated atom-resolved PDOS shows the acoustic modes to
be predominantly due to Ta and the optical modes due
to S, as a result of their difference in atomic mass. The
acoustic modes display several dips that are signatures
of the latent CDW phases, for which the EPC cannot
be reliably determined. Significant EPC in the optical

TABLE II. A1g and Eg Raman mode energies experimentally
obtained at T= 4 K.

no ωAg [cm−1] ωEg [cm−1]

1 62.6 56.5

2 73.3 63.3

3 83.4 75.3

4 114.9 82.0

5 121.9 90.5

6 129.5 101.1

7 228.7 134.8

8 244.1 244.0

9 271.9 248.9

10 284.2 257.5

11 298.6 266.6

12 307.2 278.3

13 308.2 285.0

14 313.0 292.9

15 321.2 300.5

16 324.2 332.7

17 332.0 369.2

18 367.2 392.6

19 388.4 397.7

modes of 1T -TaS2 is furthermore supported by experi-
mental results linking a sharp increase in the resistivity
above the IC-CDW transition temperature to the EPC
[38]. It also corroborates calculated [14] and experimen-
tally obtained [13] values of the CDW gap, which corre-
spond to intermediate to strong EPC [38]. (iii) Although
EPC certainly contributes we believe that the majority
of the additional scattering channels can be traced back
to the incommensurate breaking of the translational in-
variance upon entering IC-CDW. Thus the ”weighted”
PDOS is projected into the Raman spectrum (see Fig. 1
(a) and (b)). These ”weighting” factors depend on the
specific symmetries along the phonon branches as well as
the ”new periodicity” and go well beyond the scope of
this paper.

3. NC-CDW phase

The nearly-commensurate phase is seen as a mixed
phase consisting of regions of commensurate and incom-
mensurate CDWs [41, 42]. This coexistence of high and
low-temperature phases is observable in our temperature
dependent data as shown in Fig. 1. The spectra for the
IC-CDW (red curves) and C-CDW phase (blue curves)
are distinctly different, as also visible in the data shown
above (Figs. 2 and 3). The spectra of the NC-CDW phase
(235 K < T < 352 K) comprise contributions from both
phases. As 352 K is the highest temperature at which the
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contributions from the C-CDW phase can be observed
in the spectra, we suggest that the phase transition tem-
perature from IC-CDW to NC-CDW phase is somewhere
in between 352 K and 360 K. This conclusion is in good
agreement with experimental results regarding this tran-
sition [4–6].

B. Gap evolution

The opening of a typically momentum-dependent gap
in the electronic excitation spectrum is a fundamental
property of CDW systems which has also been observed
in 1T -TaS2 [13, 38, 43]. Here, in addition to the CDW, a
Mott transition at the onset of the C-CDW phase leads
to an additional gap opening in the bands close to the Γ
point [44, 45]. Symmetry-resolved Raman spectroscopy
can provide additional information here using the mo-
mentum resolution provided by the selection rules. To
this end, we look at the initial slopes of the electronic
part of the spectra.

As shown in Fig. 4(a-c), different symmetries project
individual parts of the BZ [37, 46]. The vertices given
by the hexagonal symmetry of 1T -TaS2 are derived in
Appendix C. The A1g vertex mainly highlights the area
around the Γ point while the Eg vertices predominantly
project the BZ boundaries. The opening of a gap at
the Fermi level reduces NF, leading to an increase of
the resistivity in the case of 1T -TaS2. This reduction
of NF manifests itself also in the Raman spectra which,
to zeroth order, are proportional to NF [36, 46]. As a
result the initial slope changes as shown Figs. 4(d-e),
which zooms in on the low energy region of the spec-
tra from Fig. 1. The initial slope of the Raman re-

sponse is R limΩ→0
∂χ′′

∂Ω ∝ NFτ0, where R incorporates
only experimental factors [46]. The electronic relaxation
Γ∗0 ∝ (NFτ0)−1 is proportional to the dc resistivity ρ(T )
[47]. If a gap opens up there is vanishing intensity at
T = 0 below the gap edge for an isotropic gap. At fi-
nite temperature there are thermally excited quasiparti-
cle which scatter. Thus, there is a linear increase at low
energies [36]. The black lines in Fig. 4(d-g) represent the
initial slopes and their temperature dependences. The
lines comprise carrier relaxation and gap effects, and we
focus only on the relative changes.

Starting in the IC-CDW phase at T = 370 K [Fig. 4(d)]
the initial slope is higher for the Eg spectrum than for
A1g symmetry. While the CDW gap started to open al-
ready at 554 K around the M points [44], which are high-
lighted by the Eg vertex, the Fermi surface projected by
the Eg vertex continues to exist. Thus, we may interpret
the different slopes as a manifestation of a momentum
dependent gap in the IC-CDW phase and assume over-
all intensity effects to be symmetry-independent for all
temperatures. At T = 352 K [Fig. 4(e)] the slope for Eg
symmetry is substantially reduced to below the A1g slope
due to a strong increase of the CDW gap in the commen-
surate regions [44] which emerge upon entering the NC-
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FIG. 4. Evolution of the gaps. (a-c) Squared Raman vertices
and Fermi surface of 1T -TaS2 for the indicated symmetries
in the normal phase above TIC . The derivation of Raman
vertices is presented in Appendix C. (d-g) Low energy Raman
spectra for A1g symmetry (blue) and Eg symmetries (red) at
temperatures as indicated. The spectra shown are zooms on
the data shown in Fig. 1. The black lines highlight the initial
slope of the spectra. (h) High energy spectra at 4 K. Vertical
dashed lines and colored bars indicate the approximate size
and error bar of the Mott gap for the correspondingly colored
spectrum. (i) Temperature dependence of the Mott gap ∆µ

(µ = A1g, Eg)

CDW phase. Further cooling also decreases the slope for
the A1g spectrum, as the Mott gap around the Γ point
starts to open within the continuously growing C-CDW
domains[41, 42]. Below T = 270 K the initial slopes are
identical for both symmetries and decrease with temper-
ature. Apparently, the Mott gap opens up on the entire
Fermi surface in direct correspondence with the increase
of the resistivity by approximately an order of magni-
tude [3]. Finally, at the lowest temperature close to 4 K
the initial slopes drop to almost zero [Fig. 4(g)] indicat-
ing vanishing conductivity or fully-gapped bands in the
entire BZ.

Concomitantly, and actually more intuitive for the
opening of a gap, we observe the loss of intensity in
the Raman spectra below a threshold at an energy
Ωgap. Below 30 cm−1 the intensity is smaller than
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0.2 counts(mW s)−1 [Fig. 4(g)] and still smaller than
0.3 counts(mW s)−1 up to 1500 cm−1 [Fig. 4(h)]. For a
superconductor or a CDW system the threshold is given
by 2∆, where ∆ is the single-particle gap, and a pile-up
of intensity for higher energies, Ω > 2∆ [46]. A pile-up
of intensity cannot be observed here. Rather, the overall
intensity is further reduced with decreasing temperature
as shown in the Appendix in Figs. 5 and 6. In partic-
ular, the reduction occurs in distinct steps between the
phases and continuous inside the phases with strongest
effect in the C-CDW phase below approximately 210 K
[Fig. 5]. In a system as clean as 1T -TaS2 the missing
pile-up in the C-CDW phase is surprising and argues for
an alternative interpretation.

In a Mott system, the gap persists to be observable but
the pile-up is not a coherence phenomenon and has not
been observed yet. In fact, the physics is quite different,
and the conduction band is split symmetrically about
the Fermi energy EF into a lower and a upper Hubbard
band. Thus in the case of Mott-Hubbard physics the ex-
perimental signatures are more like those expected for an
insulator or semiconductor having a small gap, where at
T = 0 there is a range without intensity and an interband
onset with a band-dependent shape. At finite tempera-
ture there are thermal excitations inside the gap. For
1T -TaS2 at the lowest accessible temperature, both sym-
metries exhibit a flat, nearly vanishing electronic contin-
uum below a slightly symmetry-dependent threshold (su-
perposed by the phonon lines at low energies). Above the
threshold a weakly structured increase is observed. We
interpret this onset as the distance of the lower Hubbard
band from the Fermi energy EF or half of the distance be-
tween the lower and the upper Hubbard band, shown as
vertical dashed lines at 1350−1550 cm−1 ≡ 170−190 meV
[Fig. 4(h)]. The energy is in good agreement with gap
obtained from the in-plane ARPES[44], scanning tunnel-
ing spectroscopy [48] and infrared spectroscopy[13] which
may be compared directly with our Raman results mea-
sured with in-plane polarizations. Upon increasing the
temperature the size of the gap shrinks uniformly in
both symmetries [Fig. 4(i)] and may point to an onset
above the C-CDW phase transition, consistent with the
result indicated by the initial slope. However, we can-
not track the development of the gap into the NC-CDW
phase as an increasing contribution of luminescence (see
Appendix B) overlaps with the Raman data.

Recently, it was proposed on the basis of DFT cal-
culations that 1T -TaS2 orders also along the c-axis per-
pendicular to the planes in the C-CDW state [24, 35].
This quasi-1D coupling is unexpectedly strong and the
resulting metallic band is predicted to have a width of
approximately 0.5 eV. For specific relative ordering of the
“star of David” patterns along the c-axis this band de-
velops a gap of 0.15 eV at EF[25] which is intriguingly
close to the various experimental observations. However,
since our light polarizations are strictly in-plane, we have
to conclude that the gap observed here (and presumably
in the other experiments) is an in-plane gap. Our ex-

periment can not detect out-of-plane gap. Thus, neither
a quasi-metallic dispersion along the c-axis nor a gap in
this band along kz may be excluded in the C-CDW phase.
However, there is compelling evidence for a Mott-like gap
in the layers rather than a CDW gap.

IV. CONCLUSIONS

We have presented a study of the various charge-
density-wave regimes in 1T -TaS2 by inelastic light scat-
tering, supported by ab initio calculations. The spec-
tra of lattice excitations in the commensurate CDW (C-
CDW) phase determine the unit cell symmetry to be P3̄,
indicating trigonal or hexagonal stacking of the “star-
of-David” structure. The high-temperature spectra of
the incommensurate CDW (IC-CDW) state are domi-
nated by a projection of the phonon density of states
caused by either a significant electron-phonon coupling
or, more likely, the superstructure. The intermediate
nearly-commensurate (NC-CDW) phase is confirmed to
be a mixed regime of commensurate and incommensu-
rate regions contributing to the phonon spectra below
an onset temperature TNC ≈ 352− 360 K, in good agree-
ment with previously reported values. At the lowest mea-
sured temperatures, the observation of a virtually clean
gap without a redistribution of spectral weight from low
to high energies below TC argues for the existence of
a Mott metal-insulator transition at a temperature of
order 100 K. The magnitude of the gap is found to be
Ωgap ≈ 170−190 meV and has little symmetry, thus mo-
mentum, dependence in agreement with earlier ARPES
results [38]. At 200 K, on the high-temperature end of
the C-CDW phase, the gap shrinks to ∼ 60% of its low-
temperature value. Additionally, the progressive filling of
the CDW gaps by thermal excitations is tracked via the
initial slope of the spectra, and indicates that the Mott
gap opens primarily on the parts of the Fermi surface
closest to the Γ point.

Our results demonstrate the potential of using inelas-
tic light scattering to probe the momentum-dependence
and energy-scale of changes in the electronic structure
driven by low-temperature collective quantum phenom-
ena. This opens perspectives to investigate the effect of
hybridization on collective quantum phenomena in het-
erostructures composed of different 2D materials, e.g.,
alternating T and H monolayers as in the 4Hb-TaS2

phase.[49]

ACKNOWLEDGEMENTS

The authors acknowledge funding provided by the In-
stitute of Physics Belgrade through the grant by the
Ministry of Education, Science and Technological Devel-
opment of the Republic of Serbia. The work was sup-
ported by the Science Fund of the Republic of Serbia,
PROMIS, No. 6062656, StrainedFeSC, and by Research



7

Foundation-Flanders (FWO). J.B. acknowledges support
of a postdoctoral fellowship of the FWO, and of the Eras-
mus+ program for staff mobility and training (KA107,
2018) for a research stay at the Institute of Physics Bel-
grade, during which part of the work was carried out.
The computational resources and services used for the
first-principles calculations in this work were provided by

the VSC (Flemish Supercomputer Center), funded by the
FWO and the Flemish Government – department EWI.
Work at Brookhaven is supported by the U.S. DOE under
Contract No. DESC0012704. A. B. and R. H. acknowl-
edge support by the German research foundation (DFG)
via projects Ha2071/12-1 and 107745057 – TRR 80 and
by the DAAD via the project-related personal exchange
program PPP with Serbia grant-no. 57449106.

[1] J. C. Tsang, J. E. Smith, M. W. Shafer, and S. F. Meyer,
Raman spectroscopy of the charge-density-wave state in
1T - and 2H − TaSe2, Phys. Rev. B 16, 4239 (1977).

[2] C. J. Sayers, H. Hedayat, A. Ceraso, F. Museur, M. Cat-
telan, L. S. Hart, L. S. Farrar, S. Dal Conte, G. Cerullo,
C. Dallera, E. Da Como, and E. Carpene, Coherent
phonons and the interplay between charge density wave
and Mott phases in 1T−TaSe2, Phys. Rev. B 102, 161105
(2020).

[3] A. J. Wilson, J. F. D. Salvo, and S. Mahajan, Charge-
density waves and superlattices in the metallic layered
transition metal dichalcogenides, Adv. Phys. 24, 117
(1975).

[4] C. B. Scruby, P. M. Williams, and G. S. Parry, The role
of charge density waves in structural transformations of
1T − TaS2, Philosophical Magazine 31, 255 (1975).

[5] E. R. Thomson, B. Burk, A. Zettl, and J. Clarke, Scan-
ning tunneling microscopy of the charge-density-wave
structure in 1T − TaS2, Phys. Rev. B 49, 16899 (1994).

[6] W. Wen, C. Dang, and L. Xie, Photoinduced
phase transitions in two-dimensional charge-density-wave
1T − TaS2, Chin. Phys. B 28, 058504 (2019).

[7] D. Svetin, I. Vaskivskyi, S. Brazovskii, Mertelj, and
D. Mihailovic, Three-dimensional resistivity and switch-
ing between correlated electronic states in 1T − TaS2,
Scientific Reports 7, 46048 (2017).

[8] D. Svetin, I. Vaskivskyi, P. Sutar, E. Goreshnik,
J. Gospodaric, T. Mertelj, and D. Mihailovic, Transi-
tions between photoinduced macroscopic quantum states
in 1T − TaS2 controlled by substrate strain, Applied
Physics Express 7, 103201 (2014).

[9] G. Liu, B. Debnath, T. R. Pope, T. T. Salguero, R. K.
Lake, and A. A. Balandin, A charge-density wave os-
cillator based on an ntegrated tantalum disulfide-boron
nitirde-graphene device operating at room temperature,
Nature Nanotechnology 11, 845 (2016).

[10] R. Salgado, A. Mohammadzadeh, F. Kargar, A. Gere-
mew, C.-Y. Huang, M. A. Bloodgood, S. Rumyantsev,
T. T. Salguero, and A. A. Balandin, Low-frequency noise
spectroscopy of charge-density-wave phase transitions in
vertical quasi-2d 1T − TaS2 devices, Applied Physics Ex-
press 12, 037001 (2019).

[11] Z. X. Wang, Q. M. Liu, L. Y. Shi, S. J. Zhang, T. Lin,
T. Dong, D. Wu, and N. L. Wang, Photoinduced hidden
cdw state and relaxation dynamics of 1T − TaS2 probed
by time-resolved terahertz spectroscopy, ArXiv e-prints
(2019), arXiv:1906.01500.

[12] L. Stojchevska, I. Vaskivskyi, T. Mertelj, P. Kusar,
D. Svetin, S. Brazovskii, and D. Mihailovic, Ultrafast
switching to a stable hidden quantum state in an elec-
tronic crystal, Science 344, 177 (2014).

[13] L. V. Gasparov, K. G. Brown, A. C. Wint, D. B. Tan-
ner, H. Berger, G. Margaritondo, R. Gaál, and L. Forró,
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R. Hackl, Phonon anomalies in fes, Phys. Rev. B 97,
054306 (2018).

[41] A. Spijkerman, J. L. de Boer, A. Meetsma, G. A.
Wiegers, and S. van Smaalen, X-ray crystal-structure re-
finement of the nearly commensurate phase of 1T − TaS2

in (3+2)-dimensional superspace, Phys. Rev. B 56, 13757
(1997).

[42] R. He, J. Okamoto, Z. Ye, G. Ye, H. Anderson, X. Dai,
X. Wu, J. Hu, Y. Liu, W. Lu, Y. Sun, A. N. Pasupathy,
and A. W. Tsen, Distinct surface and bulk charge density
waves in ultrathin 1T − TaS2, Phys. Rev. B 94, 201108
(2016).
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collapse without metallization in the domain wall of the
triangular-lattice Mott insulator 1T − TaS2, Phys. Rev.
Lett. 122, 036802 (2019).

[49] A. Ribak, R. M. Skiff, M. Mograbi, P. K. Rout, M. H. Fis-
cher, J. Ruhman, K. Chashka, Y. Dagan, and A. Kanigel,
Chiral superconductivity in the alternate stacking com-
pound 4Hb-TaS2, Science Advances 6, eaax9480 (2020).

[50] P. B. Allen, Fermi-surface harmonics - general method
for nonspherical problems - application to boltzmann and
eliashberg equations, Phys. Rev. B 13, 1416 (1976).

[51] M. S. Dresselhaus, G. Dresselhaus, and A. Jorio, Group
Theory (Springer, 2008).

https://doi.org/10.1103/PhysRevB.97.195117
https://doi.org/10.1209/0295-5075/98/29902
https://doi.org/10.1209/0295-5075/98/29902
https://doi.org/10.1063/1.4805003
https://doi.org/10.1063/1.4805003
https://doi.org/10.1103/PhysRevB.88.115145
https://doi.org/10.1103/PhysRevB.88.115145
https://doi.org/10.1103/PhysRevB.69.125117
https://doi.org/10.1103/PhysRevB.69.125117
https://doi.org/http://dx.doi.org/10.1016/j.cpc.2009.07.007
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1007/s00214-005-0655-y
https://doi.org/10.1103/PhysRevLett.68.3603
https://doi.org/10.1103/PhysRevLett.68.3603
https://doi.org/10.1103/PhysRevLett.122.106404
https://doi.org/10.1103/PhysRevB.42.10732
https://doi.org/10.1103/PhysRevB.42.10732
https://doi.org/10.1088/1361-648x/ab8849
https://doi.org/10.1088/0953-8984/23/21/213001
https://doi.org/10.1088/0953-8984/23/21/213001
https://doi.org/10.1103/PhysRevLett.25.222
https://doi.org/10.1103/PhysRevB.97.054306
https://doi.org/10.1103/PhysRevB.97.054306
https://doi.org/10.1103/PhysRevB.56.13757
https://doi.org/10.1103/PhysRevB.56.13757
https://doi.org/10.1103/PhysRevB.94.201108
https://doi.org/10.1103/PhysRevB.94.201108
https://doi.org/10.1103/RevModPhys.60.1129
https://doi.org/10.1103/RevModPhys.60.1129
https://doi.org/10.1039/C4FD00042K
https://doi.org/10.1039/C4FD00042K
https://doi.org/https://doi.org/10.1038/nmat2318
https://doi.org/10.1103/RevModPhys.79.175
https://doi.org/10.1103/RevModPhys.79.175
https://doi.org/10.1103/PhysRevB.61.9752
https://doi.org/10.1103/PhysRevLett.122.036802
https://doi.org/10.1103/PhysRevLett.122.036802
https://doi.org/10.1126/sciadv.aax9480
https://doi.org/DOI 10.1103/PhysRevB.13.1416


9

Appendix A: Raw data

Figure 5 shows Raman spectra at temperatures rang-
ing from T = 4 K to 370 K for parallel [panel (a)] and
crossed [panel (b)] in-plane light polarizations. The spec-
tra were measured in steps of ∆Ω = 50 cm−1 and a reso-
lution of σ ≈ 20 cm−1. Therefore neither the shapes nor
the positions of the phonon lines below 500 cm−1 may be
resolved. All spectra reach a minimum in the range from
500 to 1600 wn. At energies above 500 cm−1 the overall
intensities are strongly temperature dependent and de-
creasing with decreasing temperature. Three clusters of
spectra are well separated according to the phases they
belong to.

In the C-CDW phase (T ≤ 200K, blue lines) the spec-
tra start to develop substructures at 1500 and 3000 cm−1.
The spectra at 200 K increase almost linearly with en-
ergy. The spectra of the NC- and IC-CDW phases ex-
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FIG. 5. Raman spectra up to high energies for (a) parallel
and (b) crossed polarizations of the incident and scattered
light at temperatures as given in the legend.

hibit a broad maximum centered in the region of 2200-
3200 cm−1 which may be attributed to luminescence (see
Appendix B). For clarification we measured a few spectra
with various laser lines for excitation.

Appendix B: Luminescence

Figure 6 shows Raman spectra measured with parallel
light polarizations for three different wavelengths λi of
the incident laser light. Panels (a-b) depict the measured
intensity I (without the Bose factor) as a function of the
absolute frequency ν̃ of the scattered light.

At high temperature [T = 330 K, panel(a)] a broad
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FIG. 6. Luminescence contribution to the Raman data. (a-
b) Intensity as a function of the absolute frequency for (a)
T = 330 K and (b) T = 4 K. The approximate peak maxi-
mum of the contribution attributed to luminescence is high-
lighted by the gray shaded area. (c-d) Raman susceptibility
calculated from panels (a) and (b), respectively, shown as a
function of frequency (Raman) shift. The luminescence peak
appears at different Raman shifts depending on the wave-
length of the laser light. At T = 4 K the spectra are identical
up to 1600 cm−1 for all laser light wavelengths.

peak can be seen for all λi which is centered at a fixed
frequency of 15200 cm−1 of the scattered photons (grey
shaded area). The peak intensity decreases for increas-
ing λi (decreasing energy). Correspondingly, this peak’s
center depends on the laser wavelength in the spectra
shown as a function of the Raman shift [panel (c)]. This
behaviour indicates that the origin of this excitation is
likely to be luminescence where transitions at fixed ab-
solute final frequencies are expected.
At low temperature [Fig. 6(b)] we cannot find a struc-
ture at a fixed absolute energy any further. Rather, as
already indicated in the main part, the spectra develop
additional, yet weak, structures which are observable in
all spectra but are particularly pronounced for blue ex-
citation. For green and yellow excitation the spectral
range of the spectrometer, limited to 732 nm, is not wide
enough for deeper insight into luminescence contributions
(at energies different from those at high temperature) and
no maximum common to all three spectra is observed. If
these spectra are plotted as a function of the Raman shift
the changes in slope at 1500 and 3000 cm−1 are found to
be in the same position for all λi values thus arguing for
inelastic scattering rather than luminescence. Since we
do currently not have the appropriate experimental tools
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for an in-depth study our interpretation is preliminary
although supported by the observations in Fig. 6(d).

As shown in the inset of Fig. 6(d) we propose a sce-
nario on the basis of Mott physics. In the C-CDW phase
the reduced band width is not the largest energy any fur-
ther and the Coulomb repulsion U becomes relevant [22]
and splits the conduction band into a lower and upper
Hubbard band. We assume that the onset of scattering
at 1500 cm−1 corresponds to the distance of the highest
energy of the lower Hubbard band to the Fermi energy
EF. The second onset corresponds then to the distance
between the highest energy of the lower Hubbard band
and the lowest energy of the upper Hubbard band. An
important question needs to be answered: Into which un-
occupied states right above EF the first process scatters
electrons. We may speculate that some DOS is provided
by the metallic band dispersing along kz or by the metal-
lic domain walls between the different types of ordering
patterns along the c-axis observed recently by tunneling
spectroscopy [48]. These quasi-1D domain walls would
provide the states required for the onset of scattering at
high energy but are topologically too small for providing
enough density of states for measurable intensity at low
energy [Fig. 4(g)] in a location-integrated experiment
like Raman scattering.

Appendix C: Derivation of the Raman vertices

Phenomenologically, the Raman vertex can be derived
based on lattice symmetry, which are proportional to the
Brillouin zone harmonics. They are a set of functions
that exhibit the symmetry and periodicity of the lat-
tice structure proposed by Allen [50]. These functions
make the k-space sums and energy integrals more con-
venient than that of the Cartesian basis or the spherical
harmonics basis, especially for those materials who have
an-isotropic and/or multiple Fermi pockets. The three
Cartesian components of the Fermi velocity vk are rec-
ommended to generate this set of functions since they in-
herit the symmetry and periodicity of the crystal lattice
naturally. However, in most cases, we do not know the
details of band dispersion. A phenomenological method
is needed to construct such a set of basis functions. Here,
we demonstrate a method based on the group theory.
The Brillouin zone harmonics can be obtained by the
projection operation on specific trial functions.

For a certain group G with symmetry elements R and
symmetry operators P̂R, it can be described by several
irreducible representations Γn, where n labels the rep-
resentation. For each irreducible representation, there
are corresponding basis functions ΦjΓn

that can be used
to generate representation matrices for a particular sym-
metry. Here, j labels the component or partner of the
representations. For an arbitrary function F , we have

F =
∑
Γn

∑
j

fΓn
j ΦjΓn

, (C1)

TABLE III. Symmetry operations P̂R and corresponding
character table of D3d point group

P̂R x
′

y
′

z
′ χΓn(R)

A1g Eg
E x y z 1 2

C1
3 − 1

2
x+

√
3

2
y −

√
3

2
x− 1

2
y z 1 -1

C−1
3 − 1

2
x−

√
3

2
y

√
3

2
x− 1

2
y z 1 -1

C
′
2 x −y −z 1 0

C
′′
2 - 1

2
x+

√
3

2
y

√
3

2
x+ 1

2
y −z 1 0

C
′′′
2 - 1

2
x−

√
3

2
y −

√
3

2
x+ 1

2
y −z 1 0

I −x −y −z 1 2

S1
6

1
2
x−

√
3

2
y

√
3

2
x+ 1

2
y −z 1 -1

S−1
6

1
2
x+

√
3

2
y −

√
3

2
x+ 1

2
y −z 1 -1

σ
′
v −x y z 1 0

σ
′′
v

1
2
x−

√
3

2
y −

√
3

2
x− 1

2
y z 1 0

σ
′′′
v

1
2
x+

√
3

2
y

√
3

2
x− 1

2
y z 1 0

According to the group theory, we can always define a
projection operator by the relation [51]:

P̂Γn =
d

N

∑
R

χΓn(R) ∗ P̂R, (C2)

that satisfies the relation:

P̂ΓnF =
∑
j

fΓn
j ΦjΓn

, (C3)

where d is the dimensionality of the irreducible represen-
tation Γn, N is the number of symmetry operators in the
group and χΓn(R) is the character of the matrix of sym-
metry operator R in irreducible representation Γn. By
projection operation on a certain irreducible representa-
tion Γn, we can directly get its basis functions ΦjΓn

.
The basis functions are not unique. In specific physi-

cal problems, it is useful to use physical insight to guess
an appropriate arbitrary function to find the basis func-
tions for specific problems. 1T -TaS2 belongs to D3d point
group. There are 12 symmetry operators in this group,
i.e. E, C1

3 , C−1
3 , C

′

2, C
′′

2 , C
′′′

2 , I, S1
6 , S−1

6 , σ
′

v, σ
′′

v , σ
′′′

v .
The coordinates transformation after symmetry opera-
tions and the corresponding character table are listed in
Tab. III.

In order to simulate the perodicity of the Brillouin
zone, trigonometric functions are used as trial functions.
According to the parity of the irreducible representations,
we can choose appropriate trigonometric function, e.g.
sine function for odd parity representation and cosine
function for even parity representation. The combina-
tions of them are also available.

Here, we use F = cos (kxa) as a trial function, where
a is the in-plane crystal constant. The basis function of
A1g can be derived as:

ΦA1g(k) =
1

3

[
cos(kxa) + 2cos

(
1

2
kxa

)
cos

(√
3

2
kya

)]
(C4)
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With the same method, we obtain a basis functions of
Eg as:

ΦE1
g
(k) =

2

3

[
cos(kxa)− cos

(
1

2
kxa

)
cos

(√
3

2
kya

)]
.

(C5)
Since the Eg is a two-dimensional representation, the pro-
jection operation provides only one of the two basis func-

tions of the corresponding subspace. The second function
is found based on the subspace invariance under the sym-
metry operations (e.g. if we operate ΦE1

g
with C1

3 sym-

metry, result can be presented as an linear combination
of ΦE1

g
and ΦE2

g
). Thus we obtain:

ΦE2
g
(k) = 2sin

(
1

2
kxa

)
sin

(√
3

2
kya

)
. (C6)
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