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Pressure-induced evolution of superconductivity and structural stability in a bulk
4H, -TaSeS heterostructure
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Transition-metal dichalcogenides (TMDs) are characterized by their unique layered structures and diverse
electronic properties. Recent studies have highlighted the distinctive superconducting and charge density wave
(CDW) behaviors of 4H,-TaS, and 4H,-TaSe,. To explore the intriguing characteristics of these structurally
modulated compounds, we synthesized 4H),-TaSeS, which alternates between 1H and 17 layers, and investigated
its structural and superconducting properties. At ambient pressure, 4H,-TaSeS displays superconductivity with
a transition temperature (7;) of approximately 3.8 K. Under increasing pressure, 7. decreases to a minimum
of around 2.3 K at 37 GPa, followed by a gradual recovery that forms an unusual valley in the 7.-pressure
curve. High-pressure synchrotron x-ray diffraction measurements show that 4H,-TaSeS maintains its hexagonal
symmetry up to 82 GPa without undergoing any structural transitions. Resistivity measurements also indicate a
transition from non-Fermi liquid to Fermi liquid behavior induced by pressure. Further theoretical calculations
shed light on the pressure-dependent superconducting mechanism, demonstrating that superconductivity is
primarily influenced by Ta atoms, with contributions predominantly from H-layer Ta at lower pressures, grad-
ually shifting to 7'-layer Ta as pressure increases. These findings offer valuable insights into pressure-induced

superconductivity in TMDs and other complex layered systems.

DOI: 10.1103/PhysRevB.111.144103

I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) have garnered
significant interest because of their unique structural con-
figurations and a range of physical properties, including
superconductivity, charge density waves (CDW), and topolog-
ical characteristics [1-4]. TMDs, represented by the general
formula MX, (where X =S, Se, Te), are layered materi-
als characterized by a central transition metal atom (M)
coordinated by six neighboring chalcogen atoms (X) in a
X — M — X arrangement. This configuration results in either
trigonal prismatic (H-layer) or octahedral (7T-layer) struc-
tures, leading to diverse crystalline phases such as 17, 2H,
3R, 4H,, and 4H, [4-9]. These materials exhibit complex
phase diagrams featuring numerous structural phase transi-
tions, particularly under external conditions such as high
pressure. As one of the most studied TMDs, tantalum disulfide
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(TaS,) hosts a rich variety of crystal structures and electronic
properties. For instance, 17-TaS, exhibits three successive
CDW states at different temperatures and transitions to a
superconducting state under high pressure [10,11]. In contrast,
2H-TaS, demonstrates metallic behavior, with the coexistence
of a commensurate CDW at 78 K and superconductivity at
0.8 K [12,13]. Notably, the heterojunction material 4H,-TaS,,
comprising alternating 1H-TaS, (metallic) [14] and 17-TaS,
(Mott-insulating) [15] layers stacked along the ¢ axis. The
unique arrangement leads this quasi-two-dimensional (Q2D)
heterostructure to enhanced superconductivity with 7, ~
2.7-3.7K, nearly threefold higher than that of bulk 2H-TaS,
[16,17]. The coexistence of metallic and insulating phases,
coupled with interlayer interactions, provides an excellent
platform for exploring the competition and synergy between
CDW and superconductivity [13,17-22].

With regard to the tuning of the electron system, isova-
lent substitution has emerged as an effective approach for
modulating TMD properties without introducing additional
electrons or holes. Substituting sulfur (S) with selenium (Se)
in 4H,-TaS, profoundly modifies its structural and elec-
tronic properties [23-25]. The incorporation of Se into the

©2025 American Physical Society
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lattice increases the interlayer distance, reduces interlayer
charge transfer, and alters CDW order. These changes affect
electron-correlation-driven phenomena such as superconduc-
tivity and Mott insulating behavior [26-28]. Notably, in
the 4H,-TaSe,S,_, system, the superconducting transition
temperature increases to ~4.1 K at optimal compositions,
illustrating the impact of chemical substitution [29,30]. The
superconductivity and CDW phase are found to be coexis-
tent in a wide doping range [29,30]. The H layer primarily
contributes to superconductivity, whereas the 7 layer pre-
dominantly exhibits Mott insulating behavior, as evidenced by
TaS 3Seq7. Additionally, Se substitution affects the interplay
between the H and T layers, reducing interlayer hybridization
and charge transfer.

As another powerful tool, high pressure also offers a clean
method for modulating structural and electronic properties
of TMDs. For 4H)-TaS,, high-pressure studies reveal the
emergence of a third CDW at 2.0 GPa, which disappears
above 11.5 GPa, concomitant with enhanced superconduc-
tivity. Similarly, in 4H)-TaSe,, superconductivity competes
with intralayer and interlayer CDW orders, with pressure sup-
pressing CDW and boosting superconductivity continuously
[31,32]. It reveals that pressure enhances superconductivity
not only within individual layers but also across neighboring
layers, thereby facilitating a form of double-layer supercon-
ductivity as the CDW order collapses [33]. These findings
highlight the role of pressure in unraveling the complex in-
terplay between structural and electronic properties.

The 4H,-TaSe,S,_, system provides an excellent platform
for exploring electron-correlation-driven quantum phenom-
ena under high-pressure conditions [29,30]. Particularly,
4H)y-TaSeS (4H,-TaSe,S,_,, x = 1) is highly attractive owing
to its balanced Se and S composition, which enables precise
tuning of interlayer interactions. Motivated by these insights,
we synthesized 4H)-TaSeS using high-pressure cubic anvil
press, featuring alternating 7 and H layers of TaSeS. Al-
though the CDW behaviors of 4H,-TaSe,S;_, system have
been extensively studied [28,29], the superconductivity of iso-
valently substituted systems remains unexplored under high
pressure. We systematically examined the crystal structure
and electronic properties of 4H,-TaSeS under both ambient
and high-pressure conditions, aiming to elucidate the in-
terplay between superconductivity and structural transitions
influenced by sulfur and selenium. Our results demonstrate
a distinctive pressure-dependent behavior, with 7; exhibiting
a valley-shaped trend, reaching a minimum near 37 GPa.
Structural analysis confirmed a transition from quasi-2D to
quasi-3D stacking across this pressure range, corresponding to
the observed superconducting trends. This study enhances the
understanding of the intricate relationship between structural
and electronic properties in TMDs and contributes to further
understanding of electronic structure modifications induced
by the substitution of homologous elements and structural
changes in similar TMDs materials under high pressure.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

4H,-TaSeS was synthesized by high-pressure cubic anvil
press. High-purity starting materials of Ta, Se, and S were
pressed into pellets of approximately 3.5 mm in diameter and

3 mm in thickness with an equal ratio of Ta:Se:S and were
loaded in a cylindrical hexagonal BN crucible. The crucible
was surrounded by a graphite sleeve resistance heater and
inserted into a pyrophyllite cube as a pressure transmitting
medium. The pyrophyllite cell was then placed inside a high-
pressure cubic anvil press and cold pressed to 5 GPa. Then,
the cell was fast brought to 1400 °C at 1200 °C/h, held for
30 min at this temperature and then slowly cooled to 800 °C
before being quenched to room temperature. The chemi-
cal composition and microscopic morphology of 4H,-TaSeS
were checked by energy dispersive spectroscopy (EDS) and
scanning electron microscope (SEM). The single crystals,
with sizes tens to hundred of microns, were selected from
the synthesized samples and checked by single-crystal x-ray
diffraction (SXRD) using Bruker D8 Venture SXRD with
multilayer monochromator Mo K, radiation (A = 0.71073 10%).
Structures were solved by dual space methods (SHELXT)
[34] and refined by full-matrix least-squares on F> (SHELXL)
using the graphical user interface ShelXle [35]. Electronic
transport properties were measured by a physical property
measurement system and magnetic properties were measured
by a magnetic property measurement system. High pressure
was created by nonmagnetic Diamond-anvil cell with anvil
culets of 200 um in diameter, and the Be-Cu gasket was
covered by a cubic BN insulator layer with a diameter of
~80 wm, which was drilled as the sample chamber. The
pressure-transmitting medium was KBr. In situ high-pressure
powder x-ray diffraction (PXRD) experiments were carried
out at Extreme Methods of Analysis beamline (EMAO) of the
Brazilian Light Source, SIRTUS (A = 0.4859 A) [36] using
Mao-Bell type diamond anvil cell with 200 um culet anvils
and Rhenium gaskets. The pressure dependence of ruby fluo-
rescence was used to calibrate the pressure in the lower range
[37] while the Raman spectrum of diamond was employed
as a pressure calibrant in the higher region [38]. The XRD
image integrations were processed using the Dioptas program
[39] and then the XRD patterns were fitted using GSASII
software [40].

Because of partial occupancy of the S and Se sites in the
TaSeS structure, we utilized the electrostatic energy criterion
in the Python Materials Genomics (pymatgen) code to deter-
mine the optimal arrangement of these atoms [41,42]. Struc-
tural relaxations and electronic property calculations were
conducted using the Vienna Ab initio Simulation Package
(VASP) within the density functional theory (DFT) frame-
work [43,44]. The Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) was
employed for the exchange-correlation potential [45]. The
electron-ion interactions were described using the all-electron
projector augmented wave (PAW) method [46], with Ta, S,
and Se treated as having 5d°6s%, 3s23p*, and 4s’4p* va-
lence states, respectively. A plane-wave energy cutoff of
500 eV and a Monkhorst-Pack k-point grid with a spacing of
27 x 0.03 A~! were used to sample the Brillouin zone, en-
suring convergent enthalpy calculations within 1 meV/atom
[47]. Phonon calculations for assessing the dynamic stability
of predicted phases were performed using the finite displace-
ment method in the PHONOPY code [48]. The crystal orbital
Hamilton populations (COHP) were employed as imple-
mented in the LOBSTER package [49-51]. Electron-phonon
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FIG. 1. (a) Crystal structure of 4H,-TaSeS under ambient conditions. (b) The SEM image of 4H,-TaSeS, showing the cleaved layered
morphology along the ¢ axis. (c) The EDS spectrum. (d) HAADF STEM image of 4H,-TaSeS. (e) Rietveld refinement profiles of 4H,-TaSeS.

coupling was analyzed within density functional perturbation
theory using the QUANTUM ESPRESSO package with ultra-
soft pseudopotentials [52].

III. RESULTS AND DISCUSSION

The crystal structure of 4H,-TaSeS, synthesized under
pressure, was determined by SXRD, revealing that it belongs
to the space group P63/mmc (No. 194), which is similar to
4H,-TaS, and 4H)-TaSe; but with co-occupancy of the Se
and S atoms. The lattice parameters are a = b = 3.397(7) A
and ¢ = 24.62(5) A (see Tables 1- 3 within the Supplemen-
tal Material, SM [53] for structural information), consistent
with previous reports [29,30]. Scanning electron microscopy
(SEM) images [Fig. 1(b)] show a cleaved layered morphology
along the ¢ axis. Compared with the 4H,-TaS, or 4H),-TaSe,
structure, the interlayer distance between the adjacent T — T’
or H — H layer in 4H,-TaSeS (12.31 A) is between the
4H,-TaS, (11.86 A) and 4H,-TaSe, (12.6 A) [33,54]. Energy
dispersive spectroscopy (EDS) images [Fig. 1(c)] confirm the
near-stoichiometric composition of TaSeS, with an atomic
ratio of Ta: Se: S &~ 34.4: 34.1: 31.5. Figure 1(d) shows
high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF STEM) image of 4H;-TaSeS
along the [001] direction. Furthermore, the PXRD pattern of
4H,-TaSeS, refined using the Rietveld method with Mo K,
radiation [Fig. 1(e)], provides additional confirmation of the
crystal structure in the bulk sample. These results demonstrate
the high quality of the synthesized samples. Low-temperature
electrical transport measurements under various pressures
were conducted using the van der Pauw method. Figure 2(a)
presents the resistance (R) as a function of temperature (7')
at pressures up to 70 GPa, with the inset showing R/Rjox
versus 7. A zero-resistance state is observed at low tempera-
tures under the lowest pressure, indicating a superconducting
transition. To further confirm superconductivity at ambient
conditions, we conducted temperature-dependent magnetiza-
tion measurements under an applied magnetic field [Fig. 2(b)].

Both zero-field cooled (ZFC) and field-cooled (FC) modes ex-
hibit a clear diamagnetic response, confirming that 4H,-TaSeS
is superconducting with a critical temperature 7; of 3.8 K,
This T; is notably higher than that of the bulk 4H,-TaSe,
(~2.5K) and 4H,-TaS, (~2.7K) [17,33]. A similar enhance-
ment in superconductivity has also been reported in related
structures, such as 4H,-TaSe,S,_, [29,30]. Here, T is defined
as the temperature at which the resistivity reaches 90% of
its normal state value [Fig. 2(c)]. Notably, the zero-resistance
state disappears above approximately 30 GPa. To further in-
vestigate superconductivity, the temperature dependence of
resistance under varying magnetic fields was measured at
various pressures, as shown in Fig. 2(d) (more results are
shown in Fig. S1 within the SM [53]). With increasing mag-
netic field strength, the superconducting critical temperature
declines until the zero-resistance state is completely replaced
by normal resistance. As pressure increases, the supercon-
ducting critical temperature 7; decreases, reaching a minimum
of approximately 2.3 K at around 37 GPa, after which T
rises again, resulting in a valley-like behavior in the 7; versus
pressure curve [Fig. 2(e)].

To investigate the structural evolution of 4H),-TaSeS under
pressure, in situ high-pressure synchrotron PXRD measure-
ments were performed. Figure 3(a) displays synchrotron XRD
patterns at room temperature up to approximately 82 GPa.
All diffraction peaks shift to higher angles with a decrease
in intensity, indicating 4H,-TaSeS retains its ambient crys-
tallographic symmetry. The diffraction peaks can be well
indexed to a hexagonal structure with space group P6s;/mmc
(see Fig. S2 within the SM [53]), confirming that 4H;-TaSeS
retains its original structure at atmospheric pressure and ruling
out structural phase transitions as the cause of the observed
changes in superconductivity. We then extracted the struc-
tural parameters, including lattice parameters, bond lengths,
and unit-cell volume, through a structural refinement analysis
of the XRD patterns from ambient pressure to 82 GPa. As
shown in Fig. 3(b), the lattice parameter ratios a/ay exhibit
near-continuous compression, while c¢/cy demonstrates a clear
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FIG. 2. (a) Temperature-dependent resistance of 4H,-TaSeS under various pressures. (Inset) The value of ratio R(T")/R(10 K) under various
pressures. (b) Magnetization rate of 4H,-TaSeS in field-cooled and zero-field-cooled modes in the temperature range 2—6 K at a magnetic field
of 10 Oe. (c) An example to illustrate the criteria used to determine the T, which is taken as the 90% of resistivity upon the transition.
(d) Temperature dependence of resistance R(T) at different magnetic fields and pressures. (e) Pressure dependence of superconducting

transition temperature of 4H,-TaSeS.

two-stage compression behavior: rapid shrinkage for 0 GPa
< P < 30 GPa, followed by a linear compression rate for
30 GPa < P < 82 GPa. The ratio of c¢/a also exhibits similar
two-stage behavior. Such discontinuities in lattice parameters
under varying pressure have been reported for other transi-
tion metal dichalcogenides (TMDs), such as 17-TiTe, [55]
and 4H,-TaSe, [33]. The nearly pressure-independent c/a
ratios observed in 4H,,-TaSeS indicate a transformation from a
quasi-2D to a quasi-3D structure. The experimental pressure-
volume (P — V) data are well fitted using the third-order
Birch-Murnaghan equation of state (EOS) [56]. The obtained

(a) Unit: GPal (b)Q 1.00f ;j
~ 1/.
j _3 0.95} 171
:’f I - < leo
= sh*- : \§ 0.85 : e
‘? ﬁzw : © 0.80 L
E &u ) 240
E ‘h :
k= o~
157 < 200}
3411 ; V,=221.67(4)
16 160 F,=1363(19)
. . . . Ki=30G) , ., .
5 10 15 20 25 0 20 40 60 80
20 (degree) P (GPa)

FIG. 3. (a) XRD patterns of 4H,-TaSeS under different pres-
sures. (b) Pressure-dependent normalized parameters a/ag, c/co, and
c¢/a ratio extracted from the Rietveld refinements. The solid lines are
guides for the eyes. (c) Pressure dependence of the volume of TaSeS
fitting by the third-order Birch-Murnaghan equation of state. Solid
lines are the fitting curves using the Birch-Murnaghan equation of
state.

bulk modulus (Kjy) is 42.5(17) GPa with V) = 246.04 A3 and
Ky = 7.3(4) in the range of 0 GPa < P < 30 GPa (V; is
determined by SXRD). For the range of 30 GPa < P <
82 GPa, K, is 136.3(19) GPa with V, = 221.67(4) A> and
Ko’=3.0(3) [Fig. 3(c)].

We analyzed the evolution of electrical resistance using
the standard fitting model, R(T) = Ry + AT", where Ry is
the residual resistance, A is a prefactor related to the strength
of pairing interactions, and n is an exponent associated with
inelastic electron scattering. In the case of electron-electron
scattering, n takes on a value of 2, while in the case of
electron-phonon scattering, it takes on a value of 5 [57,58].
This model effectively describes the fitted normal-state resis-
tance R(T ) below 80 K. As shown in Fig. 4, the fitted exponent
n increases from 1.6 to 2.2. The value of n = 2 is attributed to
electron-electron scattering and is considered a signature of
Fermi liquid (FL) behavior for the electronic spectra of the
studied compound [59,60]. This demonstrates a two-stage be-
havior: transitioning from a non-Fermi liquid to a Fermi liquid
between 0 and 30 GPa (region I), and then reverting to a non-
Fermi liquid state from 30 to 70 GPa (region II). The transition
from a non-Fermi liquid to a Fermi liquid is accompanied by a
weakening of electron-electron interactions, which may con-
tribute to the reduction of 7. Conversely, the transition from
a Fermi liquid back to a non-Fermi liquid enhances electron-
electron interactions, potentially leading to an increase in T;.
The pressure-dependent crossover between Fermi-liquid and
non-Fermi-liquid regimes plays a crucial role in governing
the evolution of 7. The initial suppression of T; corresponds
to weakened electron-electron interactions in the Fermi-liquid
state, while the subsequent recovery of 7. above 30 GPa
arises from strengthened correlations in the non-Fermi-
liquid regime. The pre-factor A exhibits rapid shrinkage for
0 GPa < P < 30 GPa, followed by near invariance for
30 GPa < P < 70 GPa. Empirically, the reduction in A
corresponds to a weakening of the pairing interaction strength,
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FIG. 4. The normal-state temperature dependencies of the resis-
tance curves are fitted up to 80 K by the empirical formula [R(T) =
Ry + AT"]. Pressure dependence of the residual resistance Ry, the
parameter A and the exponent n (a)—(c) Runl, (d)—(f) Run2.

contributing to a decrease in 7; [57,61]. The observed gradual
decrease of T; below approximately 37 GPa aligns with this
relationship.

To further explore the pressure-induced structural and
superconducting behavior of TaSeS, we conducted a com-
prehensive search for 12- and 24-atom structures using
enumeration methods, based on experimental structural data.
From the resulting pool of 5000 structures, we selected 322,
including all 22 structures with 12 atoms and the 300 struc-
tures exhibiting the lowest electrostatic energy among the
24-atom configurations. We then calculated the enthalpies
of these structures using density functional theory (DFT) at
0 GPa (see Fig. S3 within the SM [53]). Given that the density
of states at the Fermi level (Ngr) is proportional to supercon-
ducting temperature according to BCS theory, we carried out
electronic property calculations for the eight lowest-energy
structures. As shown in Fig. S4, Ngp for these structures
exhibits similar variations with pressure. Consequently, for
our theoretical analyses, we focused on the phase with the
lowest energy (see Fig. S4d within the SM [53]).

For the TaSeS structure, we conducted bonding analy-
ses, electronic and electron-phonon coupling calculations. To
estimate the structural and electronic properties at higher pres-
sures, we extended our calculations up to 100 GPa, beyond the
experimental range of 0—70 GPa. Below 20 GPa, the interlayer
spacing exceeds 2 A, and the Se-S and Se-Se bond lengths
are approximately 3 A, indicating a two-dimensional (2D)
structure. Above 30 GPa, however, the Se-S and Se-Se bond

lengths decrease to less than 2.8 A, with interlayer spacings
falling below 2 A, suggesting a quasi-three-dimensional (3D)
structure. This behavior aligns well with the pressure-induced
transition from 2D to 3D structures observed in experimen-
tal analyses. Furthermore, the electron localization function
(ELF) and crystal orbital Hamiltonian population (COHP)
results reveal covalent bonding between Se-S and Se-Se in the
T layer and H layer at high pressures (see Fig. S5 within the
SM [53]). In contrast, the Ta-Se and Ta-S bonds exhibit ionic
characteristics owing to electron transfer from Ta to Se and S
atoms (see Fig. S5c within the SM [53]), with Ta atoms in the
T layer transferring more electrons compared to those in the
H layer.

To further understand the changes under low and high
pressures, we compared the electronic band structures and
density of states (DOS) of the 2D structure at 20 GPa with
those of the quasi-3D structure at 60 GPa. As illustrated in
Fig. S6 within the SM [53], the band structures at 20 and
60 GPa exhibit similarities. For instance, the Fermi level is
predominantly contributed by T -layer Ta atoms and H-layer
Ta atoms along the Y-S-X and U-R directions, respectively. In
the I'-Z-T and X-U directions, both H-layer Ta and T -layer
Se atoms contribute to the Fermi level, although H-layer Ta
atoms are more prominent at 20 GPa while T -layer Se atoms
dominate at 60 GPa. Importantly, the contributions of Ngp at
20 GPa differ from those in the quasi-3D structure at 60 GPa.
At 20 GPa, the contributions from Se and S atoms in both
layers are similar, with H-layer Se atoms contributing slightly
more. In contrast, at 60 GPa, Se atoms contribute more sig-
nificantly than S atoms, and the Ngy for T-layer Se and S
atoms slightly exceeds that of their counterparts in the H layer.
Although Ta atoms remain the primary contributors to Ngr at
both pressures, H-layer Ta atoms contribute more at 20 GPa,
whereas the contributions from H-layer and T -layer Ta atoms
are nearly equal at 60 GPa.

We subsequently analyzed the variation of Ngz from O to
100 GPa, as depicted in Fig. S7 within the SM [53]. Notably,
Ngr decreases significantly below 10 GPa, exhibits a slow
decline from 10 to 30 GPa, and then gradually increases from
40 to 70 GPa. This trend correlates with the experimental
observations of T; at different pressures. Throughout the pres-
sure range of 0-100 GPa, Ta atoms consistently dominate
the contributions to Ngr. Below 50 GPa, H-layer Ta atoms
contribute more significantly than T-layer Ta atoms; how-
ever, above 50 GPa, T-layer Ta contributions surpass those
from the H layer. Similar trends are observed for Se and
S atoms, with their contributions transitioning from the H
layer to the T layer at 40 GPa and 30 GPa, respectively.
Based on these observations, we infer that superconductivity
at low pressures primarily originates from the H layer, with
the decline in T; at low pressures attributed to a decrease in
Ngr for H-layer Ta atoms. Conversely, the increase in 7; at
high pressures can be attributed to the rise in Ngp for T -layer
Ta atoms.

To analyze the superconducting mechanism of TaSeS,
we conducted electron-phonon coupling simulations across
pressures in the range 20—100 GPa. The phonon dispersion,
phonon density of states (phDOS), Eliashberg spectral func-
tion a®F (w), and accumulated frequency-dependent electron-
phonon coupling (EPC) constants A(w) are illustrated in
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FIG. 5. Phonon dispersion relations, phonon DOS, Eliashberg
spectral function, and the electron-phonon coupling parameter A of
TaSeS at (a) 20 GPa and (b) 60 GPa.

Fig. 5 and Fig. S8 within the SM [53]. At 20 GPa, the low-
frequency phonon branches, primarily originating from Ta
atoms, contribute approximately 74% of the total A. Using
direct numerical solutions of the Migdal-Eliashberg equa-
tions with typical Coulomb potential parameters (u*) of 0.1
and 0.13, the calculated T; is around 5 K (see Fig. S9 within
the SM [53]). As pressure increases, 1. decline sharply in the
2040 GPa range, dropping to approximately 2 K. Between
50 and 70 GPa, T. remains relatively stable, exhibiting only a
negligible decline. At 80 GPa, T, begins to slightly increase,
reaching approximately 2.5 K at 100 GPa. Notably, the con-
tribution to total A from low-frequency phonons decreases to
around 55%, still primarily derived from Ta atoms. Mean-
while, contributions from mid- and high-frequency phonons,
originating mainly from Se and S atoms, gradually increase
with pressure (from 17% and 9% at 20 GPa to 26% and
14% at 60 GPa, and ultimately to 27% and 18% at 100 GPa,
respectively). This trend indicates that low-frequency modes
predominantly contribute to superconductivity, with the de-
cline in T attributed to a reduction in electron-phonon
coupling strength associated with the Ta-related phonon den-
sity of states. At higher pressures, however, the enhanced
contributions from mid- and high-frequency phonons, primar-
ily from Se and S atoms, become increasingly significant
for the electron-phonon coupling, which partially offsets the
reduction in ;.

IV. CONCLUSION

We synthesized a TMD heterostructure, 4H,-TaSeS, with
a P63;/mmc space group, consisting of alternating 7 lay-
ers and H layers, and investigated its superconducting
properties under varying pressures. At ambient pressure,

superconductivity was observed in 4H;-TaSeS with a T; of
approximately 3.8 K. Under high-pressure conditions, we
performed electrical transport measurements and synchrotron
XRD to explore the evolution of its phase diagram. Our
results show that 7; initially decreases from 3.8 K to a
minimum of about 2.3 K at a critical pressure of approxi-
mately 37 GPa, followed by a gradual increase, forming a
distinct “valley” in the Ti-pressure curve. Structural analysis
suggests that near this critical pressure, 4H,-TaSeS under-
goes a transition from a quasi-2D structure to a quasi-3D
structure, which likely contributes to the observed T be-
havior. Additionally, resistivity measurements indicate a shift
from non-Fermi liquid to Fermi liquid behavior, highlighting
the complex nature of the electronic states in 4Hj-TaSeS.
Further theoretical calculations confirm this structural tran-
sition and show that superconductivity is primarily driven
by contributions from Ta atoms. Electronic property analy-
sis and electron-phonon coupling simulations indicate that
at lower pressures, superconductivity is dominated by Ta
atoms, predominantly from H-layer Ta, while at higher pres-
sures, the main contribution to Fermi level shifts to T'-layer
Ta, and the contributions of Se, and S atoms to EPC grad-
ually increase. This layer-dependent transition emphasizes
the role of interlayer interactions in determining the su-
perconducting properties of 4H,-TaSeS. Our findings offer
insights into pressure-induced superconductivity in TMDs,
providing valuable perspectives for future studies of struc-
tural and superconducting behaviors in other complex layered
materials.
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