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The coexistence of superconductivity (SC) and charge density waves (CDWs) was investigated for pure and
Se-doped 17T-TaS, viaelectrical resistivity under hydrostatic pressure. A universal superconducting phase diagram
was revealed on the border of CDWs. Unlike isovalent S/Se doping and uniaxial pressure, the application
of high hydrostatic pressure suppresses CDW more sensitively and thoroughly with the critical pressures
P.(x) ~ 4.70-6.55 GPa. A pressure-induced superconducting state coexists with various CDWs, then bulk SC
emerges along with the complete collapse of various CDWs. The superconducting transition temperature increases
monotonously up to ~7.3K at 15 GPa without a domelike shape. The results clarify that the superconducting
Cooper pairing is associated with the CDWs’ instability near P.(x). Above P.(x), the monotonous increase of
T. is attributed to different evolutions of the electronic structures and phonon vibration spectra under hydrostatic
and uniaxial pressures and a further inhibition of undetected CDWs.
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The competition, coexistence, and interplay of charge den-
sity waves (CDWs) and superconductivity (SC) have been
intensively studied in low-dimensional electronic systems
[1-5]. In a stable CDW state, the periodic modulations of
lattices and electrons open gaps along with enhanced electron-
phonon couplings [1,2]. Considering electron-electron corre-
lations, the interplay of CDWs and SC becomes complex and
unpredictable. For example, various phase diagrams concern-
ing SC and CDWs have been constructed in layered transition-
metal dichalcogenides (TMDs) versus the external parameters
[3-8]. But whether or not superconducting pairing belongs
to an unconventional mechanism is still under debate even
after many years of extensive efforts. These diagrams are not
universal because they rely on various factors such as lattice
symmetry, band structures, and electronic correlations, and
thus contradictory arguments regarding CDWs and SC are still
being made [9-12].

1T-TaS, exhibits several interesting phases including
CDWs, a Mott insulating state, and SC when subjected to ex-
ternal stimuli [6,9-11,13]. At ambient pressure (AP), 17-TaS;
undergoes three successive transitions: a metallic state to an
incommensurate CDW (ICCDW) at Ticcpw = 550K, to a
nearly commensurate CDW (NCCDW) at Tnccpw = 350K,
and then to a commensurate CDW (CCDW) at Tcpw = 190K;
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below Tcpw, a Mott insulating state develops with a band
gap ~0.2 eV [11,13]. SC can be induced and coexists with
CDW via chemical substitutions in 17-TaS, [14-17]. For
example, the substitution of Fe by Ta melts the Mott/CDW
state by weakening the Anderson localization of electrons. At
low temperatures, a dome-shaped SC with a 7" ~ 2.1 K
emerges, which was due to the formation of a new electron
pocketin the center of the Brillouin zones [15,18]. In the case of
the substitution of Se by S, the Mott state melts and SC appears,
but the CDW phase transition temperatures are insensitive
to chemical doping [14]. It implies that the substitution of
Se by S does not act as “chemical pressure” but the S/Se
disorders play an important role [6]. It should be noted that
bulk SC is hard to achieve in these samples because the CDW
is robust, which differs from the cases of 2H-TMDs [3,6,19].
In contrast, the application of high pressure that does not
introduce any disorder is effective to manipulate CDWs and
derives interesting phase diagrams in TMDs [3,5,11,12,16].
For example, 17T-TiSe, exhibits pressure-induced domelike SC
with 7" = 1.8 K, and an unconventional pairing mechanism
was suggested considering the indispensable hybridizations
of phonons and other exciton modes [20]. For isostructural
1T-TaS,, high pressure suppresses the Mott state and SC can
coexist with NCCDW. The onset of the superconducting transi-
tion temperature 7.°"" increases with pressures up to ~7 GPa,
but remains ~5 K at elevated pressures [11,21]. To understand
the observed phase diagram for 17°-TaS; has been challenging
because the usual domelike SC is absent [5,20,22,23]. SC has
been thought to be an effect of unconventional pairing, but
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CDW is argued to be weakly connected with conventional SC
by thinning 17-TaS, at AP, which seems to be consistent with
previous investigations [9,24,25]. The mechanism of pressure-
induced SC remains elusive. In addition, previous studies also
did not clarify whether there is a zero-resistivity state and bulk
SC in pressurized 17-TaS;. Another factor contributing to the
divergence is that the available experiments were performed
in uniaxial pressure cells [5,11,22]. Since more and more
experimental studies revealed discrepancies under hydrostatic
and/or uniaxial pressures [26-28], it is thus necessary to
reexam the intrinsic pressure effect and to establish the phase
diagram of 17-TaS, under high hydrostatic pressures.

Both 17-TaS, and 17-TaSe, crystallize in a CdI,-type
structure (space group P3m1). Ta atoms form star-of-David
clusters with a +/13 x +/13 superlattice in the Mott insu-
lating state [13,14]. Their electronic structures have been
predicted to be similarly featured by the Ta-5d band energy
gaps arising from electronic localizations, but their different
electrical transports are puzzling [13,14,29]. Based on previous
investigations, we are encouraged to reexam the underlying
mechanism of pressured-induced SC in 17-TaS; under hydro-
static pressure. A comparison study on the “chemical pressure”
versus “hydrostatic physical pressure” will allow us to acquire
a better understanding of the interplay of CDWs and SC. In
this Rapid Communication, we will uncover universal phase
diagrams of SC and CDWs for pure and Se-doped 17'-TaS,,
which are different from the results under uniaxial pressure.

High-quality 17-TaS;_Se, (x =0, 0.8, 1.0, 2.0) single
crystals were grown by the chemical vapor transport method
[14]. Single-crystal x-ray diffraction (XRD) was performed
to verify phase purity. High-pressure resistivity measurements
were performed in a cubic anvil cell apparatus, which can
generate hydrostatic pressures up to 15 GPa; a preheated MgO
cube was used as the gasket and glycerin was the pressure
transmitting medium [26,27]. Resistivity was measured by
using the standard four-probe method with current applied
within the ab plane. All the experiments were performed in
a *He refrigerator cryostat (1.9K < 7 < 300K).

Figure 1 shows the temperature-pressure-composition
phase diagram for 17-TaS;_,Se,. With increasing Se content
at AP, the CCDW in 17 -Ta$S, transits into NCCDW atx = 0.5,
and then to CCDW again in 17-TaSe;, with the transition
temperature increasing from 350 K in 17-TaS; to 473 K
in 17-TaSe, [14,28]. The ground state evolves from a Mott
state through a domelike SC region, and then to a metallic
state. It is unexpected because the Mott insulator appears in
17-TaS, with a smaller unit-cell volume, while the SC here
is induced via enlarging the unit-cell volume. Such abnormal
behavior induced by ‘“negative chemical pressure” implies
that the unit-cell volume is not the principal parameter for
the present diagrams. In contrast, the application of high
“physical” pressure suppresses both CCDW and NCCDW;
both transitions collapse near the critical pressures P.(x); bulk
SC appears above P(x) with a simple metallic behavior in the
normal state. In striking contrast, the NCCDW is very robust
in the normal state above the SC dome of 17-TaS;_,Se. With
increasing pressure, the coexistence of SC and CDW is evident.
For all samples, the superconducting transition temperatures
increase monotonously with pressure until 15 GPa, with the
maximal 7" reaching ~7.3 K on the S-rich side and ~5.3 K
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FIG. 1. Phase diagram of 17-TaS,_, Se, vs temperature, pressure,
and S/Se composition. The red dashed line separates the CCDW and
the NCCDW; the cyan-colored lines indicate the pressure dependence
of Tcepw and Tyecpw by a classical mean-field model; the lines across
data points imply trends.

on the Se-rich side, which are higher than that of 17-TaS;_, Se,
(~3.6K) at AP [14]. These comparisons underscore the dis-
tinct effects of chemical pressure versus hydrostatic pressure.
The volume shrinks ~11.6% from 17T -TaSe, to 1T-TaS, (a, b
contracts ~3.1%,c ~ 5.9%), smaller than the decrease ~5.6%
at 6.5 GPa [14]. It implies that phase diagrams of this system
strongly rely on the tuning routes [6,21]. It should be noted
that a similar temperature-pressure phase diagram of 17-TaS;
has been explored in a diamond anvil pressure cell (DAC) with
helium as the pressure-transmitting medium (PTM) [21]. But
the 7. value increases and reaches a nearly constant of 5 K,
which is similar with the case using solid NaCl as the PTM
[11]. Its origin remains confusing.

Figure 2 shows the temperature dependence of resistivity
p(T) for 1T-TaS, under various hydrostatic pressures up to
15 GPa. At AP, two sudden resistivity jumps are observed at
~350 and ~190 K, corresponding to the successive transitions
from ICCDW to NCCDW and then to the CCDW state, re-
spectively. Their transition temperatures Tncepw and Tecpw in
Figs. 2 and 3 are determined from the maximum of dp/dT . The
CCDW disappears at 1.5 GPa, and the ICCDW-NCCDW tran-
sition shifts progressively to low temperatures and broadens
up with increasing P, reflecting that lattice contraction exac-
erbates the NCCDW instability [28]. At 6.0 GPa, no detectable
jump in p(7T') implies the collapse of NCCDW. The magnitude
of p(T) decreases with similar temperature dependences in
the pressure ranges of 1.5-5.5 and 6-15 GPa. Remarkably,
p(T) at 15 GPa reduces by ~20000 times (<190 K) and ~20
times (190-350 K) compared to that at AP. Such a change
should be attributed to the delocalization of electrons because
of the closure of the CDW band gaps [11,18]. The results are
reproducible and confirmed in four independent runs. Similar
measurements were performed for x = 0.8, 1.0, and 2.0 to
track the evolutions of the CDW transitions. As shown in
Figs. S1-S3 of the Supplemental Material [30], the re-
sults are in general similar, except for some details, such
as Pc(x), the magnitude of jumps in o(7T'), and the T"**.
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FIG. 2. Temperature dependence of p(T") of 17-TaS, under various pressures up to 15 GPa. The arrows indicate phase transitions: the
CCDW-NCCDW transition (black), the NCCDW-ICCDW transition (blue), the onset superconducting transition 7.>"* (purple), and the zero-

resistivity state temperature 7. (yellow).

For x = 0.8, 1.0, and 2.0, Tnccpw at AP increases gradu-
ally to 379, 390, and 473 K, respectively. Under pressure,
Tncepw decreases to ~300K at 1.5 GPa for x = 0.8, and
1.0, lower than that of 17-TaSe, (~400K). The critical
pressure P.(x) is ~4.5 GPa for x = 0.8 and 1.0, and then
increases to ~6.5 GPa for x =2.0. This means that the
CDW state in 17-TaS, and 17-TaSe, is more robust. In-
terestingly, o(7T") shows a plateau around 75 K at 4.5 and
5.0 GPa (run 1), 4.0 GPa (run 2) for x = 0.8, and 4.5 and
5.0GPa(run?2)for x = 1.0, whichindicates the appearance of a
phase transition. Whether it is a new CDW transition or related
to the S/Se disorder-related behaviors needs to be confirmed.
The magnitude of p(T') at 15 GPa was reduced compared to that
at AP as 120 (<120 K), 25 (<390 K), and ten times (<473 K)
for x = 0.8, 1.0, and 2.0, respectively. It implies that the CDW
gaps are reduced and the interlayer couplings are strengthened
by Se doping [14,28].

Low-T p(T) is plotted for 17-TaS, in the lower panels of
Fig. 2. Along with the suppression of CCDW, a drop appears
~2.4K at 1.5 GPa as a sign of SC [11]. 7" and T/
are defined as the temperatures where po(7T) starts to drop
and reaches zero, respectively. The drop gets more evident
as P increases and TCO“Set increases, concomitant with the
suppression of NCCDW. At 5.0 GPa, T is ~1.9K, and
increases monotonically. At 15 GPa, 72" and T7*"° are ~7.3
and ~3.7K, respectively. With increasing P, a slope change
for both T2™*'(P) and T/*°(P) can be found at P.(x) in
Fig. 3(a). Above Pc(x), the pressure coefficients d 72" /d P
and dT7*"°/d P are ~0.336(6) and ~0.143(1) K/GPa, respec-
tively. For the Se-doped samples, the pressure dependences
of T2™" and T7°™ are shown in Figs. 3(b)-3(d). Both 72"
and T7*° increase with pressure and reach maxima at 15 GPa,
i.e., ~6.8 and ~4.6K for x = 0.8, ~ 6.9, and ~4.9K for
x = 1.0, and ~5.3 and ~4.6K for x = 2.0. In comparison,
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FIG. 3. The parameters as a function of pressure: (i) the temperature-pressure diagram, (ii) the residual resistivity po by fitting p = po + AT"
(from just above T to 20 K), (iii) the exponent n, (iv) 7> and 7.*°, and (v) AT, (defined as 7.°™*" — T*"); the black lines in (iv) are linear
fittings and the yellow dashed lines indicate trends.

T. ~7.3K of TaS, is the highest among 17-TMDs [4-11]. for 17-TiSe, under electrical field [7], and ~5K in 17-TaS,
For example, the maximum 7> is ~4.2K for Cu,TiSe, under P [11]. However, in most cases the zero-resistivity state
(x ~0.08) [4], ~1.8K for 1T-TiSe, under P [5], ~3.0K cannot be achieved. The coefficients dT>"" /d P (dT*" /d P)
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FIG. 4. The related parameters are compared vs the Se content: (i) 7.°™, (ii) 7/, (iii) AT, (iv) the electronic coefficient y, and the density
of states at the Fermi level DOS (EF), (v) the pressure coefficients d7,°™* /dT, dT*" /dT, (vi) the critical pressure P(x), (vii) the exponent n
at P, and (viii) the normalized Ap/po(P.); the dashed lines indicate trends.

are ~0.126(1)[~0.137(1)] K/GPa, ~0.162(9) [~0.132(8)]
K/GPa, and ~0.200(5) [~0.148(3)] K/GPa for x = 0.8, 1.0,
and 2.0, respectively. We note that dT>™'/d P (dT*"/d P)
reaches a minimum at x = 0.8 and 1.0 while 7.2 (T7°)
becomes maximum, which means that 7. is not sensitive to
pressure for the superconducting samples [21]. As reported,
a large diamagnetic response below T has been observed in
1T-TaSe; just above P.(x) [28], which is evidence of the
coexistence of SC and CDW at a narrow pressure interval. A
zero-resistivity superconducting state appears but the CDW
transition is high, which implies that some superconduct-
ing channels form and coexist with CDW domain walls
[11,21,28].

Temperature-pressure phase diagrams are plotted in
Figs. 3(a)-3(d). For each sample, the pressure dependences
of Teepw and Tncepw are well fitted by the classical mean-
field quantum fluctuation model as Tccpw (or Tncepw) =
T(AP)|1 — P(x)/Po(x)|?", where T(AP), P.(x), and B(x)
represent the estimated Tcpw at AP, the critical pressure when
Tcpw decreases to zero, and an exponent characterizing the
suppression of order parameters [5,22,31]. For x =0, 0.8,
1.0, and 2.0, T(AP) is 348.5, 377.9, 376.5, and 473.5K,
which are identical to the Tccpw (or Tncepw), and Pe(x) is
5.52(2), 4.75(9), 4.70(2), and 6.55(2) GPa, respectively. The
parameter 8(x) is 0.334(4), 0.328(2), 0.302(7), and 0.466(2).
We note that 8 is smaller than that of 17-TaS, (8 ~ 1) under
uniaxial pressure [11,21], but the model is similar to those
of 1T-TiSe; (8 ~ 0.87) [5] and 0o — TaS3 (8 ~ 0.5) [31]. It
means that CCDW and NCCDW changes more sensitively

under hydrostatic pressure and CDW correlation lengths are
different from previous reports. P, ~ 5.52 GPa in 17-TaS; is
consistent with theoretical calculations (~5 GPa) [29], but is
~1.5 GPa lower than the experiments, ~7 GPa [11], whereas
P. ~ 6.55 GPa in 1T-TaSe, is five times smaller than the
theoretical prediction of ~30 GPa [28,29].

To understand the relationship between CDW and SC,
normal-state resistivity is analyzed by p = pg + A x T" and
In Ap(= p — po) ~ InT, where pg is the residual resistivity,
and the coefficient A and the exponent n are related to inelastic
electron scatterings. For a conventional Fermi liquid, n = 2
and a departure from n = 2 can be well interpreted in terms
of the change of the electron-electron correlation effect. n is
estimated by fitting the data in the temperature range from 7,
to 20 K. For each x, py reduces as P increases and experiences
a faster reduction at P.(x) where A reaches a maximum. At
ambient P, the exponent n(AP) is 1.97, 0.90, and 2.5 for
x = 0.8, 1.0, and 2.0. Under pressure, n initially increases
slightly, decreases to a minimum, and then increases to ~3.0 at
15 GPa. At P.(x), n is ~2.61 and 2.09 for x = 0 and 2.0, and
decreases to ~0.96 for x = 0.8 and 1.0, contrary to the shape
of the SC dome. These characteristics imply that SC enhances
with a smaller n [5,28]. Unlike the empirical electron-electron
scattering n = 2, the decrease of n here is unusual [13]. In
two-dimensional (2D) 1T -TiSe,, a sizable suppression (n = 3
at AP to n ~ 2.6 in the range of 24 GPa) emerges near a
collapsed CDW, which is evidence of CDW fluctuations [5].
To a certain extent, the evolution of the exponent n can be seen
as evidence of CDW fluctuations in various reported systems
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because of the concomitant electron-electron and electron-
phonon scatterings [5,13,28]. Based on these, the decrease of
n should be attributed to the evidence of CDW fluctuations. In
Figs. 3(a)-3(d), the pressure dependences of pg, 1, Tconset, T,
and AT, (= T™ — T7"°) are plotted. At first, both 7" and
T increase, but with different pressure coefficients. As a
result, AT, of 1T-TaS, and 17-TaSe, shows a trough with a
minimum of ~1.83 and ~0.24 K at P.(x), and then increases
further up to 15 GPa, while for x = 0.8 and 1.0, AT initially
decreases and tends to saturation above P.(x). It indicates that
SC in 17-TaS; and 17-TaSe, may not be the same for the
doped samples. At P.(x), AT, is ~1.80K for x = 0, 0.8, and
1.0, higher than that of 17-TaSe; (~0.5 K), while at 15 GPa,
AT, increases up to ~3.68, ~ 2.20,~2.07, and ~0.75K for
x =0,0.8, 1.0, and 2.0. We note that AT, of 1T-TaS, is more
sensitive to pressure than the other three. One possible reason is
that S/Se atomic disorder broadens the superconducting tran-
sitions [14]. Whether this behavior is related to dimensionality
and other factors remains unclear. Using the pg and P.(x),
the magnitude of jump in p(7") can be defined as Ap/po(P.)
as in Fig. 4(viii). Its value decreases from ~36 (x =0 ) to 2
(x = 0.8 and 1.0) and 1(x = 2.0), which can be explained as
an enhancement of interlayer coupling [28]. Interestingly, both
T and T7*"° show a domelike dependence of the Se content
at P.(x), 8 GPa, and 15 GPa in Figs. 4(i)-4(iii). As shown in
Fig. S4 [30], specific heat was fitted by using C = y T + BT?,
where the former and latter are the electron and phonon contri-
butions, respectively. The electronic coefficient y was found
to increase from 0.325(1) for x = 0 to 3.396(3) mJ/mol K
for x = 1.0, which is consistent with the density of states
(DOS) at the Fermi level by angle-resolved photoemission
spectroscopy (ARPES) [18]. Combined with these features
and previous reports [14,28,29], we suspect that anisotropic
SC in 17-Ta$S, is different from that of 17-TaSe,. On this
issue, further studies on SC versus different magnetic fields
under pressure can give us the details. As above, a universal
phase diagram is revealed on the border of CDW versus
hydrostatic pressure. Bulk SC appears after complete CDW
collapse, implying the competition between SC with CDW
[1,2]. High pressure reshapes the electronic structures and

electron-phonon couplings, which usually causes an enhanced
DOS (EF) and an instability of phonon vibration modes [32].
As mentioned above, the sample contains superconducting
channels and CDW domain walls [21,28]. This model can
explain the coexistence of zero resistance SC and higher CDW
transition temperatures, and the superconducting shielding
volume in 17-TaSe; is ~65% above P.(x) [28]. Finally, we
discuss briefly the monotonic increase of 7, with pressure.
Usually, in an overdoped superconducting region of a domelike
SC diagram, enhanced impurity scatterings are dominant and
the electron-phonon couplings will reduce when they are far
from CDWs, which can explain the reduction of T;. Here, the
monotonic increase of 7. may be related to the evolutions of
the phonon vibration modes which can enhance 7. It was sup-
ported by theoretical predictions [14,29,32]. Second, hidden
CDWs cannot be detected by electrical transport measurement,
and their further suppression by pressure may cause an increase
of T, [11,21,28,33]. One example is the absence of 100% bulk
SC in 17-Cu,TiSe, because of an undetected ICCDW [33].
Third, nonhydrostatic pressure inevitably induces pressure
distributions [22,28]. Animmediate consequence is the distinct
evolutions of the electronic structures and phonon spectra
under hydrostatic and uniaxial pressures even from the same
starting point. Thus, the different phase diagram is due to this
factor [34].
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