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Emergence of strong-coupling superconductivity and quantum criticality correlated with Lifshitz
transitions in the alternate stacking compound 4H,-Ta$S,
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4H,-TaS, is a naturally formed quasi-two-dimensional heterojunction material composed of alternating mono-
layers of insulating (17-) and superconducting (1H-) TaS,. We report on a comprehensive high-pressure study on
the interplay between charge-density wave (CDW) and superconductivity (SC) in 4H,-TaS,. The results uncover
a dome-shaped strong-coupling superconductor on the border of a 3 x 3 commensurate CDW at P,; ~ 2.0 GPa:
(1) nearly one order enhancement of upper critical field B.,(0); (2) the derived 2A(/kg T beyond the BCS theory,
decaying to a conventional one above 4.5 GPa; (3) the exponent of normal-state resistivity n ~ 1.50 and triply
enhanced electronic effective mass. Under pressure, a third CDW emerging from 2.0 GPa is related to the original
two CDWs, then disappears above 11.5 GPa. The temperature dependence of B.,(T') collapses into a universal
curve and the comparison of B.,(T) to a polar-state function in 4H,,-TaS,. Theoretical calculations proposed the
stronger interlayer coupling and band hybridization responsible for strong-coupling SC; the suppression of new
CDWs is related to band inversions between the 17-Ta-d,, (GM1+) and S-p. bands (GM2-) at the I'A point;
above 5.0 GPa, the coexisting weak-coupling SC and linear magnetoresistance can be attributed to the formation
of electronic bands along the M-K lines and the I'A point. Our discovery provides an excellent example to
demonstrate the interplay of the strong-coupling superconducting state and topological electronic state in van

der Waals heterojunctions.

DOLI: 10.1103/PhysRevB.109.144522

I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) with quasi-
two-dimensional (Q2D) structures and weak van der Waals
interlayer interactions have been the focus of extensive in-
vestigations in the recent years [1-7]. Its low-dimensional
anisotropic structure and singular multiple Fermi surfaces of-
fer an excellent platform to study the interplay of competitive
and/or cooperative orders and unconventional superconduc-
tivity (SC) [8—13]. The easy exfoliation of some Q2D TMDCs
offers opportunities to investigate the evolution of novel
physical properties as a function of dimensionality and the
number of stacking layers. In addition, in a fashion similar
to the magic-angle graphene, the construction of artificial
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heterostructures by stacking monolayers of different TMDCs
has emerged as a fertile playground to explore emergent novel
phenomena [4,5,9-20]. However, due to technological limita-
tions and the instability of single-layer TMDC materials in air,
it is difficult to study the relationship between CDW and SC in
17T and 1H monolayers under pressure [13,19]. Taking a step
back, heterojunction materials with weak interlayer coupling
might be a good research carrier.

As an example, 4H),-TaS, adopts a naturally formed
Q2D heterostructure and displays interesting physical proper-
ties [14-17,21-28]. As depicted in Figs. 1(a)-1(c), its unique
structure contains an alternative stacking of the monolay-
ers of the 2H- and 17-TaS, along the ¢ axis [13-16]. Both
17- and 2H-TaS; form a CdlI,-type structure but with a dif-
ferent coordination environment, i.e., the TaSg octahedron
in the former versus the TaSg triangular prism in the lat-
ter [14,18,21]. In comparison with 17- and 2H-TaS,, the a axis
remains unchanged while the ¢ axis is greatly elongated in
4H),-TaS,, which results in complicated anisotropic electronic
structures and physical properties [14,15,22,23]. To illustrate

©2024 American Physical Society
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FIG. 1. (a)—(c) Crystal structures and lattice parameters (a, ¢, and c/a) of 17-, 2H-, and 4H,-TaS,. Temperature dependence of (d) electrical
resistivity p(7) and (e) magnetic susceptibility are compared. The arrows indicate the CDW transitions.

this point, the temperature dependence of electrical resistiv-
ity of 17-, 2H-, and 4H,-TaS, was compared in Fig. 1(d).
For 17-TaS,, it exhibits three successive charge-density
waves (CDWs), i.e., an incommensurate CDW (ICCDW) at
Ticcpw = 550 K, a nearly commensurate CDW (NCCDW) at
Tnecepw = 350 K, and then a commensurate CDW (CCDW)
at Tccpw = 190 K, below which Ta atoms form star-of-David
clusters with a +/13x+/13 superlattice in the Mott insulating
state of ~0.3 eV [4,18-20]. For 2H-TaS,, it shows only one
3 x 3 CCDW transition at Tecpw =~ 78 K, prior to the SC at
T. =~ 0.8 K [29-34]. Interestingly, 4H,-TaS, undergoes two
CDW transitions: a /13x+/13 ICCDW at 315K and a3 x 3
CCDW at 22 K. At lower temperatures, 4Hy,-TaS, becomes
a superconducting state below T, =~ 2.7 — 3.7 K, which is
nearly triply enhanced compared to bulk 2H-TaS, [13-15,24—
26,33-35]. The results indicate that the interlayer coupling
of 17 and 1H monolayers is weak and the charge transfer
between them can modify physical properties [14—16]. In this
regard, it provides a good opportunity to study the interplay
of CDWs and SC in a naturally formed heterostructure com-
pound [27,28].

In terms of the SC observed in 4H,-TaS,, recent muon
spin resonance has suggested it to be a chiral superconductor
candidate due to the appearance of time-reversal symmetry
breaking [15]. It was proposed that chiral SC is medi-
ated by spin fluctuations close to a doped-Mott insulator
and triangular gapless spin liquid [15]. The combination of
angle-resolved microscopic transport and scanning tunneling
microscopy (STM) reveals the presence of two-component
SC and the chiral to nematic crossover of the supercon-
ducting state [16]. Possible pairing mechanisms including
the mixed spin-singlet and spin-triplet states have been pro-
posed. Similar to the electronic structures of 17-TaS, [14,18],
4H,-TaS, has narrow electronic bands near Fermi level due
to the destruction of interlayer dimerization [14]. The STM

results showed the Mott gap of 17-TaS, persists but shrinks to
~30 meV, which originated from the intralayer electronic cor-
relations [14,23]. However, the interplay of multiple CDWs
and the chiral SC has not been studied.

The occurrence of a CDW is usually accompanied by
symmetry breaking, lattice dimensionality crossover, and/or
multiple entangled electronic states [36,37]. High pressure
is a clean method to adjust structural and electronic prop-
erties of TMDCs [4,5,13,19,29-31,33]. Motivated by this,
we chose the 4H,-TaS, to reveal the evolution of CDWs
and exotic SC [14,15]. By a palm-type cubic anvil pres-
sure cell (CAC) [38,39], we report pressure-induced domelike
strong-coupling SC on the border of CDW1 at P,; =~ 2.0 GPa
with enhanced upper critical field B.,(0), the exponent of
resistivity n & 1.50, and the triply enhanced electronic ef-
fective mass. A third CDW emerges at P,; =~ 2.0 GPa and
changes its temperature-dependent resistivity derivative at
P, = 4.50 GPa with a crossover from strong- to weak-
coupling SC by the quick reduction of 2Ay/kgT,. Theoretical
calculations reveal the existing strong interlayer coupling and
band hybridization is responsible for strong-coupling SC. The
emerged CDW transition starting from P is suppressed by
band inversions between the 17-Ta-d,, (GM1+) and S-p,
bands (GM2-) at the I"A point.

II. EXPERIMENTAL METHODS

Single-crystal 4H,-TaS, was grown by the iodine trans-
port method [14,15]. Details of crystal growth and physical
properties at ambient pressure (AP) are summarized in the
Supplemental Material (Figs. S1 and S2) [40]. Both single-
crystal and powder x-ray diffraction confirm the high quality
of 4H,-TaS, (space group P63/mmc, No. 194). The piston-
cylinder pressure cell (PCC) and CAC were employed to mea-
sure resistivity and Hall conductivity up to 11.5 GPa [38,39].
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Glycerol is used as the pressure transmitting medium. Pres-
sure in the CAC was estimated from the calibration curves
predetermined via measuring structural transitions of bismuth
at room temperature and the superconducting transition of
Pb at low temperatures. P(T) was measured by a standard
four-probe method with the current parallel to the ab plane and
the applied field to the ¢ axis. ac susceptibility under pressure
was collected with a mutual reduction method at a frequency
of 307 Hz under a small modulation field parallel to the ab
plane [38]. All the experiments were performed in a “He
refrigerated cryostat (1.4 K < 7<295Kand0T< HLOT).
First-principles calculations were performed based on
the density functional theory (DFT) using the projector
augmented wave method [41,42] implemented in the Vi-
enna ab initio simulation package (VASP) [43,44] to obtain
the electronic structures and Fermi surfaces of materials.
The generalized gradient approximation with the exchange-
correlation functional of Perdew, Burke, and Ernzerhof [45]
was adopted. The kinetic energy cutoff was set to 400 eV
for the plane wave basis. The Brillouin zone was sampled
by the I'-centered Monkhorst-Pack method [46] with a 12 x
12 x 1 k mesh for the three-dimensional periodic boundary
conditions in the self-consistent process. The irreducible rep-
resentations of electronic states are obtained by IRVSP [47].

III. RESULTS AND DISCUSSIONS

A. Evolution of the CDW phase transitions under high pressure

Figures 2(a)-2(c) show the p(7T) of 4H,-TaS, (1#,2#)
under various pressures. At AP, p(7) retains a metallic be-
havior in 2-300 K except for a small drop of ~10 u&2 cm
at 22 K and an upturn of ~16 pu2 cm at 315 K, which
correspond to CDW1 and CDW?2, respectively. Here, the
Tepwi and Tepwo are defined as the peak in the p(7)/dT in
Fig. S3 and marked in Figs. 2(a)-2(c). The formation of
CDWI1 produces a strong anisotropy of resistivity (Fig. S2),
e.g., the ab-plane resistivity suddenly decreases while the
out-of-plane resistivity (nearly 200 times larger) firstly in-
creases due to the gap opening on the Fermi surface and then
decreases upon further cooling [14]. Magnetic susceptibility
increases steeply accompanying the sharp fall of the ab-plane
resistivity at 22 K [20,32] [Figs. 1(d) and 1(e)], in contra-
diction with common features [3,32]. Such a CDW has been
argued to be closely connected with the slightly doped-Mott
insulating 17 monolayer [4,15,33,34]. We note that the cou-
pling between two CDWs is weak at AP, which motivates us
to achieve exotic electronic behaviors through high-pressure
regulation of interlayer couplings.

With increasing pressure, CDW1 and CDW2 exhibit dif-
ferent pressure dependence. For 3 x 3 CDWI, the phase
transition broadens up and the drop in p(7T) becomes smaller
with pressure; the Tcpw; increases slightly and then cannot
be detected in the p(T) above 1.93 GPa in Figs. S3(a)-S3(c)
and S3(e); the normal-state resistivity (7. < 7 < 40 K) firstly
increases until 1.93 GPa and then decreases to one-tenth
above 5.0 GPa in Fig. 2(c). The changes in these parameters
imply the pressure-induced collapse of CDW1. However, it
looks like CDW1 undergoes a first-order transition, which
is different from the second-order 3 x 3 CDW transition in
bulk 2H-TaS,. For the CDW2, it is gradually restrained from
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FIG. 2. (a)—(c) p(T) in a PCC and a palm-type CAC for 4H,-TaS,
(1#,2#). The data in (a) and (b) are shifted a constant along the
longitudinal coordinate for comparison. (d) The derivation dp(T)/dT
to map the evolution of the CDW transition; it changes from a sharp
peak to a broad trough at 4.50 GPa. All three CDW transitions and
the superconducting transition are marked by Tepwi, Tcpw2s Tepwss
and T, respectively.

315 K at AP to ~190 K at 1.93 GPa, and then disappears
at Poy ~ 4.50 GPa as shown in Figs. 2(b)-2(c), which im-
plies the collapse of CDW2 upon compression. Interestingly,
except for these two explicit CDWs, some weak signals at
high temperatures in p(7) and dp(T)/dT for 1# and 2# can
be observed in Figs. 2(a) and 2(b). For example, p(T) shows
a clear kink and dp(T)/dT exhibits a sharp peak starting from
~200 K at 2.0 GPa, which indicates the emergence of a third
CDW. Meanwhile, upon compression, the kink in p(7) at P <
3.30 GPa transforms into a broad shoulder for P > 4.50 GPa;
accordingly, dp(T)/dT becomes a broad trough for P > 4.50
GPa, which coincides with the critical pressures for the col-
lapse of CDW2. On further compression, CDW3 reduces
rapidly and starts to collapse above 11 GPa. However, the
mechanism of CDW3 is unclear.

B. Evolution of the superconducting transition with pressure

In addition to following the evolution of CDWs, the
superconducting transition is tracked by monitoring the on-
set and zero-resistivity transition temperatures, 7.°°*" and
1.7, which show nonmonotonic pressure dependence. As in
Fig. 3(a), 7™ and 77" are enhanced firstly up to ~5.42
and 4.55 K at P,; ~ 2.0 GPa and then reduced to ~4.54 and
4.08 K at Py =~ 4.50 GPa. Upon compression, both remain
nearly constant with a slight increase accompanying the col-
lapse of CDW3 for P>11 GPa. The resistivity jump at the
superconducting transition as a function of temperature and
field near P.; ~ 2.0 GPa is approximately five times larger
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FIG. 3. (a) p(7) below 8 K for 4H,-TaS, (1#); the arrows indicate 7,°"*" and T.”*", respectively. (b) 7 dependence of ac susceptibility in
PCC. (c) H dependence of resistivity at 2 K in PCC and CAC. The across points are defined as superconducting transition temperature. The H
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field of B, (T). The B,,(0) was extracted by the WHH model, viz., B (T) = Bo(0)[(1 — ) — C;(1—t)?

— Cy(1-1)*1/0.73 with C, = 0.135

and C, = 0.134, respectively. (d) The normalized upper critical field 4* = B.,(0)/1; [(—dB./dT )] versus the reduced temperature t = 7' /T,
and the fittings by an orbital limited s wave and a polar-state function, respectively.

than those at AP and 6-11.5 GPa in Figs. 3(a) and 3(c),
implying these distinct superconducting states. As shown in
Fig. 3(b), we measured temperature-dependent ac susceptibil-
ity 47 x,(T) reflecting the superconducting shielding volume
fraction. 47 x, (2 K) increases in jumps from zero at low
P (e.g., AP, 0.05 GPa) to nearly 1 at 0.28-1.71 GPa. This
suggests that the interlayer coupling strength between 17 and
1H layers is weak at AP, and thus bulk SC is absent [38]. A
small amount of pressure increases the interlayer coherence of
Cooper pairs and charge transfer, resulting in bulk SC.

Based on these results, we constructed phase diagrams
of CDWs and SC in Fig. 4(c). Along with the collapse of
CDW1, the domelike SC phase appears, reaching a maximum
of T"™ ~ 5.42 K near ~2 GPa; however, the T; is weakly
affected by the collapse of CDW2 around ~4.50 GPa, which
is consistent with the assertion that SC mainly comes from
1H layer. Our results suggest that the critical fluctuations
close to the collapse of CDW1 may provide pairing glue for
SC [14-16,20,36,37].

C. Pressure dependence of the normal-state properties

Due to the limited sensitivity of electrical transport to de-
tect CDWs, it is difficult to find the weak or short-order CDW
with reduced CDW correlation length. Previous literature has
used an empirical formula to extract the putative critical
pressure for the vanishing of CDWs, which produces results

consistent with the experiments. In this work, the Tepw, and
Tcepws were fitted by the empirical formula, viz., Tepw (P) =
TO(I—P/PC)‘S, where Ty, P., and g represent the Tcpw at AP,
the critical pressure where the Tcpw reduces to zero, and the
pressure exponent characterizing the suppression of CDW,
respectively [13,19]. For CDW2, the best fitting yields the
Ty ~ 322.15K, P. ~ 4.51 GPa, and B~1.05, respectively. For
CDW3, the fittings give Ty ~ 245.41 K, P, ~ 12.38 GPa, and
B~0.521, respectively. The distinct values of 8 for CDW2 and
CDW3 indicate different mechanisms.

Generally, the normal-state resistivity just above the 7. can
reflect some information of the superconducting state, such as
the effective mass and electron correlation strength. To further
understand the 7-P phase diagram, we quantitatively analyzed
the resistivity just above the T, by p = pp + AT" in Figs. 4(a)
and 4(b), where p, represents the residual resistivity, and the
quadratic coefficient A(n = 2) and n positively correlate the
density of states at Fermi level N(Ef) and inelastic electron
scatterings, respectively [5,19,36]. A polynomial fitting for
T. < T < 20 K gives the po(P) and n(P) and a linear fitting
for n = 2 yields the A(P). The temperature range of 2-20 K
are empirical considering that phonon contributions in this
temperature range should be reduced to a small level or re-
mains unchanged as a function of pressure. Conversely, it is
unfavorable for analyzing experimental results at high temper-
atures when phonon scattering becomes greater. In Fig. 4(d),
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The pressure dependence of Tcpw, and Tepw, Wwas the fittings by
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AP, the critical pressure for the collapse of CDW, and the exponent
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dence of characteristic parameters: (d) the residual resistivity po, (€)
the temperature coefficient A, and (f) the exponent n. The A is linearly
fitted with p(T) = po + AT>2. The black solid lines show the trends.

po increases up to a maximum (18 w2 cm) at P, about
four to five times larger than AP (4.8 u2 cm) and reduces
to less than 1 u2 cm above P. In a similar manner, in
Fig. 4(e), A(P) enhances to nearly an order of magnitude
higher than AP at P, shows a long tail near P.,, and then is
nearly zero for P > 6.0 GPa. The positive correlation between
A(P) and T(P) suggests that the enhanced N(EF) or effective
electronic mass at P, is responsible for the enhancement of
T [5,29,48]. In Fig. 4(f), the n(AP) initially decreases from
~5.0 for phonon scatterings at AP to a minimum ~1.30 for
a non-Fermi liquid at P, and then recovers to ~1.95 at 3.0
GPa for a Fermi liquid before reaching ~3.0 at 11.5 GPa.
The initial reduction of n can be taken as the hallmark for the
critical fluctuations [5,13,19]. Our results confirm the close
relationship of the enhanced 7; and the collapsed CDW1 at
P.; ~ 2.0 GPa. Moreover, the dependence of characteristics
basically confirms the critical pressure where CDW1 disap-
pears is a quantum critical point and the sudden disappearance
of CDW1 is due to the inability of resistivity to detect CDWs.

To deeply understand the superconducting diagram, the
T and H dependence of magnetoresistance MR(T, H)(=
[o(T,H) — p(T,0)/p(T,0)]) was investigated. As shown in
Figs. 5(a) and 5(b) and S5, all the MR(T,H) are positive below
50 K, originating from the high mobility of hole-type carriers
and partial compensation [14,26]. Up to 11.5 GPa, two dif-
ferent pressure and temperature trends of MR are revealed:
the MR at 10 K and 7.0 T is ~74% at AP, reduces to ~22% at
1.12 GPa, and shows a significant double increase to 48% near
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FIG. 5. Field dependence of MR under various pressures at 10 K
in the range of (a) 0.06-3.0 GPa and (b) 3.0-11.5 GPa, respectively.
(c) Temperature dependence of electrical resistivity was investigated
under 0 and 7.0 T at a fixed pressure of 7.0 GPa. (d) The estimated
MR based on the data in Fig. S5 and (c) under various pressures. The
arrows indicate the CDW transition with an enhanced positive MR
and 60 K where the MR~0.

P, =~ 2.0 GPa, and then recovers to 62% about 11.5 GPa; the
H dependence MR(H) at 10 K shows a crossover from H'/?
dependence below 5.0 GPa to H dependence at 5-11.5 GPa,
which indicates the collapse of CDW1 [2,3,26,29-31]. In
Fig. 5(c), the temperature dependence of electrical resistivity
was investigated under O and 7.0 T at a fixed pressure of 7.0
GPa and the estimated MR was summarized based on the data
in Figs. 5(a)-5(c) and S5 under various pressures. We can
find that the MR(7,7.0 T) at 7.0 GPa increases from —2%
above 60 K (the MR~0) to a maximum ~90% at 10 K; an
enhanced positive MR up to 5.8% (H = 7.0T) is observed
around the CDW transition, which may be attributed to the
temperature-dependent change of energy bands. Based on
these results, the coexisting linear MR and weak-coupling SC
above 5.0 GPa makes 4H,-TaS, possible topological super-
conductors with nontrivial electronic states [14—17,23,24,49].
To get more electronic structures, Hall resistivity p,,(H) and
Hall conductivity oy,(H) were investigated at 10 K under
pressure in Figs. 6(a) and 6(b). It stays negative, reduces to a
minimum at P.,, and then continues to increase until 6.50 GPa,
implying the changes of carrier concentration and larger vari-
ations in Fermi surface. Its nonlinear H dependence is the
signature of multibands of electronic structures [14—17]. The
0yy(H) was plotted in Fig. 6(b) and analyzed by a two-band
model [14,40,49,50]:

ik 2_ Melt; 2>eB'
1+ (usB)” 1+ (eB)

Oxy pry/[(pX)f)2+(pxx)2] = (
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FIG. 6. (a) Hall resistivity p.,(H) of 4H,-TaS, at 10 K under
pressure; (b) Hall conductivity o,,(H) at 10 K and the mathematical
fittings by the two-band model. Pressure dependence of characteristic
parameters at 10 K: (d) carrier concentration, the electron-type n,,
and the hole-type n,; (d) the mobility, the u., and w,, respectively.
Solid lines across the experimental data indicate the changing trends.

Here, the n,, u., and ny, @;, represent the concentration and
the mobility of electron- and hole-type carriers, respectively.
oxy(H) was well fitted and the derived parameters were sum-
marized in Figs. 6(c), 6(d), and 7: the n, and n, are equal as
the features of compensating metal or semimetal; the slightly
increased n, exceeds the three times reduced n;, and electron-
type carriers are dominated above 2.50 GPa; accordingly,
the w;, enhances abruptly with nearly 40 times enhancement
above 5.0 GPa while the u, varies slightly, which implies
pressure-driven Fermi surface reconstruction [51-53].

D. Pressure dependence of superconducting-state properties

To get more information on superconducting phases, o(7)
were measured under different fields in Figs. 3(d), 3(e),
and S6(a)-S6(1). Using the criteria of T.°™°' and T,
the upper critical field B.,(0) was extracted in Fig. 3(f)
by the Werthamer-Helfand-Hohenberg (WHH) model, viz.,
Ber(T) = Bo(0)[(1 — 1) — Ci(1—1)* — Co(1—1)*1/0.73 with
C; = 0.135 and G, = 0.134, respectively [54]. In Fig. 7(b),
B.,(0) enhanced up to a maximal B, (0)™* ~ 7.37 T at 2.0
GPa and then decreased to 3.31 T at 5.0 GPa. B, (0)™*
is nearly one order larger in magnitude than those at AP
and 6-11 GPa where B.,(0)~0.35-0.55 T although T; is as
high as 4.55-5.10 K. Generally, the slope of the normalized
B (0) by T, is related to Fermi velocity and superconduct-
ing gap symmetry [55,56]. Accordingly, the P dependence

B_,(0)
SoNvbhO® N

|15
1.0
0.5
0L | 0.0

[

B

20K.T
o

Ial 1 1 I L1111 I

m*Im*(AP)

L1 1 1ALll
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FIG. 7. The characteristic parameters of normal/superconducting
state: (a) T.>*; (b) Be2(0); (c) the normalized 2A(0)/kgT,. and ef-
fective electronic mass m*/m*(AP); (d) the electron- and hole-type
carriers concentration; (e) the MR (10 K) at 5.0 T under pressure.
The solid lines across the data indicate the changing trends.

of —(1/T.)/[dB»(0)/dT]|r. exhibits a broad peak at P, ~
2.0 GPa with triple enhancement compared to those at
AP and above 5.0 GPa. To figure out a possible super-
conducting mechanism, we examined the gap symmetry by
plotting the normalized upper critical field h* = B (0)/T;
[(—dB¢,/dT )] versus the reduced temperature t = 7/7; in
Fig. 3(g). All the points collapse into one well-defined curve,
giving evidence that the superconducting gap symmetry re-
mains unchanged [55,56]. However, the data deviates from a
standard orbital limited s wave for the spin-singlet state but
close to a polar-state function pointing to partial spin-triplet
pairing, in accordance with time-reversal symmetry breaking
in 4H,-TaS, [14-17]. However, the use of the temperature
dependence of the upper critical field to deduce an unconven-
tional superconducting state is not enough because an unusual
temperature dependence of the upper critical field may origi-
nate from Fermi surface properties and weak gap anisotropy
in some conventional s-wave superconductors.

Moreover, the superconducting coupling strength
2A(0)/kgT, ~ B, (0)/(T.A'*) was roughly estimated by
B (0) ~2A0)[7wN(Ep)]'? and N(Ep) ~ A% [49,55-57].
In Fig. 7(c), with increasing P, the normalized 2A(0)/kgT.
is enhanced slightly to a maximum at P, and then reduced
rapidly to near constant for P > 5.0 GPa. For comparison,
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FIG. 8. The electronic band structures from first-principles cal-
culations for (a) AP, (b) 5 GPa, (c) 10 GPa, and (d) 15 GPa. The
dashed lines in (a) are the band structures of 4H,-TaS,. The Brillouin
zone and Fermi surfaces for (e) 5.0 and (f) 15 GPa, respectively. We
note that the new hole pocket emerges at 15 GPa in the I"'A points.

2A(0)/kgT, =~ 3.435 for 4H,-TaS, indicates weak-coupling
or moderate-coupling SC at AP by the measured A(0) ~
0.40 meV [15-17]. Interestingly, the estimated 2A(0)/kg T;. are
as large as 9.6 at P;; ~ 2.0 GPa and show strong-coupling
SC, and then reduced to 1.732 for weak-coupling SC at
P > 5.0 GPa. Moreover, the effective electronic mass
m*/m*(AP) (the m* ~ n'A[dH.(T)/T.dT.)">) [49,55-57]
in Fig. 7(c) shows a similar broad peak at P, =~ 2.0 GPa,
indicating a dramatic variation of electron correlations
near P.;. Finally, the enhanced B.(0), 2A(0)/kgT., and
m*/m*(AP) at P,; compared to those at AP and 5.0-11.5
GPa involve superconducting coupling strength, e.g., for
4H,-TaS,, low-P SC is classified as strong coupling and turns
into weak coupling at 5-11.5 GPa [3,40,49,57,58]. Such
phenomenon has been observed in iron-based and heavy
fermion superconductors [10,11,40,49].

E. Theoretical calculations and discussions

From the above analyses, the emergent strong-coupling
SC and the evolution of B.(0) and m*/m*(AP) cannot be
ascribed to the change of superconducting gap symmetry. To
further substantiate this point, we performed DFT calculations
on electronic structures of 4H,-TaS, at pressures AP, 5, 10,
15 GPa in Fig. 8. There are two bands crossing the Fermi
level: one doubly degenerate band colored in blue is from
1T layers, while the doubly degenerate band colored in red is
from 1H layers. As depicted in Fig. S7, the bands of 4H),-TaS,

are similar to the simple summation of 1H (red bands) and
1T layers (blue bands) separately, indicating the interlayer
coupling is weak at AP. Thus, at AP, the interband scatterings
do not open an energy gap in the M-K and L-H lines but bring
on a complex and crumpled Fermi surface with both electron
and hole pockets, which supports Fermi surface nesting and
CDW formation. After applying pressure, the interlayer cou-
pling and band hybridization become stronger, which would
significantly change the Fermi surfaces. Usually, this change
can suppress the CDW from 1H and 17 phases, and reduce
the Tepwi (1H) and Tepwz (17), respectively. In this regard,
the corresponding enhanced interband scatterings of the 17
and 1H layers are important and may favor strong-coupling
SC along with the collapse of CDWs at P, &~ 2.0 GPa, per-
fectly consistent with the above observations. Moreover, the
previous STM results have shown that the Mott gap of 17-
TaS, monolayer still persists but shrinks to ~30 meV, which
mainly originates from the intralayer electronic correlations.
It indicates that the Mott phase in monolayer should be rel-
atively weak, and on the contrary, interlayer charge transfer
is important, in good agreement with our DFT calculations.
In addition, the calculations are consistent with experimen-
tal results, indicating that the interlayer coupling variation
trend derived by DFT is reasonable. However, we should note
that the trends in the interlayer coupling deduced from DFT
are reasonable despite the difficulties of capturing the Mott
physics using DFT.

With further compression, the simultaneously enhanced
charge transfer from 17 to 1H layers reconstructs the Fermi
surface or weakens the Fermi surface nesting [14]. In
Figs. 8(b)-8(d), up to 5.0 GPa, 1T-layer bands in the M-K
and L-H lines move down rapidly and weaken the interlayer
coupling band hybridization; at the same time, new electronic
bands generate at 5.0 and 10 GPa in the M-K lines. The degen-
erate electronlike pocket at AP is split into topological bands
and the interband scattering gets weaker, coinciding with the
observed crossover of strong- to weak-coupling SC at 5.0
GPa. Accordingly, the coexistence of linear MR and weakly
coupled SC is a feature of the appearance of topological elec-
tronic states near Fermi level in 4H,-TaS, [14-16,40,50,52].
Such unusual behaviors emerge in topological superconduc-
tors and semimetals [49,50,52,59-61].

On further compression to 15 GPa, we find that a new hole
pocket emerges at the ['A points, and these bands broaden at
the expense of density states at Er in Figs. S7(e)-S7(h). As a
result, these bands near the I"'A points show weaker dispersion
transitioning from a hole-type pocket to an approximate flat
band near the Fermi level, which is dominated by the electron-
type carriers as indicated in Figs. 6 and 7(d). Accordingly, the
emerged Tcpws in 4H,-TaS; is suppressed by band inversions
between the 17-Ta-d,, (GM1+) and S-p, bands (GM2—) at
the I"'A points, which happened near Er at 10-15 GPa. Finally,
our DFT calculations demonstrate the importance of interband
scattering for the emerged strong-coupling SC at P} ~ 2.0
GPa; the coexistence of the weak-coupling SC and linear
MR above 5.0 GPa is accompanied by the formation of new
electronic bands along the M-K lines and the I'A points. More
in-depth studies need further detailed theoretical calculations
and microscopic experimental explorations.
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IV. CONCLUSION

We report a dome-shaped strong-coupling SC on the border
of a3 x 3 CDWI at P, =~ 2.0 GPa with enhanced upper
critical field B.»(0) and 2A¢/kgT. beyond the BCS theory.
The collapse of CDW1 is manifested by the reduced exponent
n =~ 1.50 at 2.0 GPa and enhanced m*/m*(AP). The temper-
ature dependence of B.,(T) at various pressures collapses
into a universal curve and the comparison of B, (T) to a
polar-state function, implying exotic SC at lower pressures.
A new CDW3 emerges just at P.; ~ 2.0 GPa, and changes
its behaviors at P, ~ 4.50 GPa accompanying a crossover
from strong- to weak-coupling SC. Theoretical calculations
proposed that the stronger interlayer coupling and band hy-
bridization should be responsible for strong-coupling SC and
that the coexisting weak-coupling SC and linear MR above 5
GPa is attributed to pressure-induced Lifshitz transitions.
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