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The MoSH monolayer, one of the Janus transition metal sulfhydrates synthesized by stripping the top-layer
S of MoS, and replacing it with H atoms [Wan et al., ACS Nano 15, 20319 (2021)], has been predicted to
host strong coupling two-gap superconductivity with a calculated critical temperature 7. of about 28.58 K at
atmospheric pressure. In this work, by using machine learning aided high-throughput calculations, we narrow
down 180 possible configurations of two-dimensional Janus transition metal sulthydrates (M XH monolayers,
where M = transition metal group elements and X = S, Se, and Te) to 20 stable metals. Among them, we
identify six low-energy monolayers that are potential high-7, superconductors. Notably, the 17-TiSH monolayer
stands out with the highest 7, of approximately 48 K, surpassing the superconducting properties of 1H-MoSH
(T, = 28.58 K) and the well-known MgB, superconductor (7. = 39 K). By solving the anisotropic Migdal-
Eliashberg equations, we find that 17-TiSH naturally exhibits a one-gap superconducting nature with strong
electron-phonon coupling (A = 2.79) originating from the interactions of Ti d.. ,, orbitals and in-plane vibrations,
which is different from and better than the 1 /-MoSH monolayer (A = 1.60). The presented results enrich families
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of Janus transition metal sulthydrates and accelerate the design of novel two-dimensional superconductors.

DOI: 10.1103/PhysRevB.109.174516

I. INTRODUCTION

Achieving high-temperature superconductivity remains an
enduring scientific challenge in current condensed matter
physics and materials science. However, recent advancements
in metal hydrides, which exhibit record high-7, supercon-
ductivity, have garnered significant attention due to key
advances in the experimental synthesis technique, especially
at high pressure [1]. While metallic hydrogen has been the-
oretically proposed as a promising candidate for achieving
high-temperature superconductivity, the metallization of hy-
drogen requires exceptionally high pressures. Moreover, the
significant experimental challenges of synthesizing metallic
hydrogen may introduce inaccuracies in the measurement of
superconductivity properties [2,3]. As a result, researchers
have turned their attention to hydrides as a more accessible
and promising path towards achieving high-temperature su-
perconductivity. Recent publications reported record-breaking
or potential high-T, superconductivity in metal hydrides that
have been experimentally synthesized, including LaH;( [4],
ZrH; [5], CeHy [6], and YHy [7]. The above findings have
served as strong motivators for exploring various hydride
materials. Furthermore, there has been a notable surge in
interest in two-dimensional (2D) superconductivity, driven by
the discovery of remarkably high critical temperatures [8]

“Corresponding author: pfliu@ihep.ac.cn
fCorresponding author: wangbt@ihep.ac.cn

2469-9950/2024/109(17)/174516(9)

174516-1

and potential applications in quantum technologies [9-11].
These 2D materials are anticipated by the presence of strong
electron-phonon interactions and a multigap superconducting
nature, such as the hydrogenation of monolayer MgB, (7. =
~67 K) [12], doped graphane (hydrogenated graphene; T, =
~90 K) [13], and the intrinsic Janus MoSH monolayer (7, =
~28.58 K) [14,15]. Furthermore, these 2D materials demon-
strate high-7, superconductivity under atmospheric pressure,
driven by quantum confinement and surface effects. This
sets them apart from their bulk counterparts, which typically
require superhigh pressure conditions. Thus, it is of great
significance to study the possible high-7, superconductivity
in 2D metal hydrides and hydrogenated 2D materials.
Experimentally, determining the crystal structure and com-
position of hydrides poses a significant challenge. This com-
plexity arises from the limitations of conventional experimen-
tal techniques, such as x-ray diffraction, which is unable to
precisely detect the positions of hydrogen atoms [16]. Instead,
researchers have turned to rapidly advancing fields of compu-
tational materials science, such as density functional theory
(DFT), high-throughput computation, and machine learning,
to explore and discover metal hydrides exhibiting high-T.
superconductivity. Shipley et al. surveyed the landscape of
binary hydrides across the entire periodic table from 10 to
500 GPa using the crystal structure prediction method. They
found 36 dynamically stable superconductors hydrides with 7
above 100 K by performing high-throughput calculations of 7,
based on the predicted crystals [17]. On the basis of the first-
principles data of binary hydrogen compounds, Ishikawa et al.
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used a materials informatics approach to find hypothetical
ternary ones. They predicted KScH,, with a superconducting
critical temperature of 122 K at 300 GPa, and GaAsHg, with
a superconducting critical temperature of 98 K at 180 GPa
[18]. Using the crystal structure prediction method, Sun et al.
searched the high-pressure phase diagram of the Li-R-H
system and identified the thermodynamically ternary superhy-
drides Li,ScHyg, Li, YH;7, and Li,LaH;; with high-T. super-
conductivity [19]. Recently, Yan et al. used first-principles cal-
culations and found 73 2D transition metal hydrides, among
which two CuH, phases are predicted to have remarkably high
T, of 44.4 and 47.8 K [20]. In these studies, machine learning
based approaches have emerged as a powerful new tool for
accelerating materials modeling and new materials discov-
ery [21], which allows for the predicted energy, forces, and
stresses to closely match those derived from quantum mechan-
ical models [22]. Their efficiency in simulating large systems
and ability to carry out multiple tasks within DFT-level
accuracy make them ideal for scenarios where DFT’s compu-
tational demands are prohibitive. Therefore, using rapidly de-
veloping machine learning and/or high-throughput strategies,
it is possible to expand the family of 2D superconducting hy-
dride materials and explore the possibility of raising their 7.

Previously, we found that the experimentally synthe-
sized Janus 1H-MoSH monolayer is a robust conventional
high-temperature two-gap superconductor [15] based on first-
principles calculations. In this work, taking the 1H-MoSH
monolayer as a prototype, we perform machine learning aided
first-principles high-throughput calculations for 180 Janus
MXH monolayers (M = transition metal group elements; X =
S, Se, and Te) to expedite the discovery of new and potential
high-T, 2D superconductors. The results show that six low-
energy stable monolayers exhibit superconductivity with 7
values exceeding 8 K. Among them, the 17-TiSH monolayer
shows the highest intrinsic 7;. of 48 K with a strong electron-
phonon coupling (EPC) (A = 2.79), which arises from Ti d,, ,,
orbital driven bands cooperating with soft phonons dominated
by Ti’s in-plane vibrations. Moreover, the 17-TiSH monolayer
is a single-gap superconductor, which is distinct from the
multigap MoSH and MgB, materials. This verifies that high
T. is independent of the multigap superconducting states.

II. COMPUTATIONAL METHODS

A. Screening materials

Our calculations were completed within the Vienna Ab
initio Simulation Package (VASP), using the Perdew-Burke-
Ernzerhof exchange-correlation functional under the general-
ized gradient approximation [23,24]. The plane wave cutoff
energy was set to 500 eV. During the geometry optimization,
the convergence tolerances for the energy and forces were set
to 107° eV and 0.01 eV/A, respectively. A 15 x 15 x 1k
mesh was sampled in the 2D Brillouin zone. To minimize the
interactions between the monolayer and its periodic images, a
20 A vacuum was used for all calculations.

We employed the PHONOPY code to generate optimal sets of
atomic positions to obtain phonon dispersions [25,26]. In this
process, a class of machine learning interatomic potentials
known as moment tensor potentials (MTPs) were used

instead of potentials from VASP in the force calculation step.
To calculate MTP forces for the PHONOPY input structures,
we utilized a training set consisting of ab initio molecular
dynamics (AIMD) inputs, along with the MTP training
procedure and the integration code [21,27]. The AIMD
calculations were performed with a 4 x 4 x 1 supercell via a
canonical ensemble using a Nosé -Hoover thermostat.

The enthalpy of formation of Janus MXH monolayers was
defined as [28]

Et = {Eio — (Em + Ex + En)}/3, ey

where E\, is the total energy of the system and Ej;, Ey, and Ey
are the ground state total energies of the elementary crystals
of M, X, and H, respectively.

B. EPC and superconductivity

For the identified monolayers, we conducted EPC calcu-
lations with the QUANTUM ESPRESSO (QE) package [29,30].
In these calculations, the plane wave basis with a kinetic
energy cutoff of 80 Ry was used to simulate the valence elec-
trons, and the ultrasoft pseudopotentials were taken from the
library of ultrasoft and projector augmented wave pseudopo-
tentials (PSLIBRARY) [31]. The internal atomic positions were
fully relaxed until the force on each atom was smaller than
10 meV/A. We used a 24 x 24 x 1 k mesh with Methfessel-
Paxton smearing of 0.02 Ry to complete the self-consistent
electron densities. The phonon dispersions were calculated
within density functional perturbation theory on a 12 x 12 x
1 q mesh using the PHONON module in the QE pack-
age. The electron-phonon interpolations for 2D Janus MXH
monolayers were computed by solving the fully anisotropic
Migdal-Eliashberg equations self-consistently [32-34], as im-
plemented in the EPW code [35-37].

The isotropic Eliashberg spectral function ’F (w) was
defined as follows:

1
NeNeN. > Ik 3@08(68(@ — wq), @

4 kK, v

(sz(w) =

where Ny is the electronic density of states per spin at the
Fermi level, Ny and Ny are the total numbers of k and q points,
ek is the Kohn-Sham eigenvalue referred to the Fermi level,
and g, is the screened electron-phonon matrix element for
the scattering between the electronic states k and k’ through a
phonon with wave vector q and frequency wgy,. According to
Eq. (2), the cumulative EPC A(w) is given by

Mw) =2 / ’ dw' a®F ()] o, 3)
0

and the momentum-resolved EPC of each electronic state at
the Fermi surface associated with a specific phonon mode and
wave vector q is expressed as

? Jogu- )
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FIG. 1. (a) Top and side views of representative monolayers for 1H- and 17-phase MXH monolayers. (b) Schematic representation of
the fundamental steps to find new 2D stable superconducting Janus transition metal sulfhydrates. (c) The distribution of stable 2D MXH
superconducting materials in the periodic table. For clarity, different X are represented by different symbols, while distinct 1H and 17 phases

are denoted as different colors.

Then, the anisotropic Migdal-Eliashberg equations are
given by
. nT Wy
ZK, iw,) =1+
Nrwy K \/wi/ + A2(K, iwy)

x 8(e)AK, K, n—n'), (5)
and
T AK', iwy
Z(k, io) Ak, iw,) = =Y &, icon)
Nr & o, + N2(K, ioy)

x 8(ex) Ak, K',n—n') — u7l, (6)

where w, = (2n + 1)T (n is an integer, and T is the absolute
temperature) are Fermion Matsubara frequencies, Z(k, iw,) is
the mass renormalization function, A(K, iw,) is the supercon-
ducting gap function, and A(k, k', n — n’) is the momentum-
and energy-dependent EPC. ) is the semiempirical Coulomb
parameter, which usually is taken between 0.05 and 0.2 for
2D materials [15,38—42]. We used a mean value of u} = 0.1
here. To solve the anisotropic Migdal-Eliashberg equations for
these Janus MXH monolayers, an extremely fine interpolated
k grid of 200 x 200 x 1 and a q grid of 200 x 200 x 1
were used. In the Migdal-Eliashberg equations, the frequency
cutoff was set to 6 times the maximum phonon frequency.
To account for the Dirac § functions, we applied Lorentzian
broadenings of 100 meV for electrons and 0.5 meV for
phonons. Additionally, non-self-consistent calculations of the
electronic wave functions required for the Wannier Fourier in-
terpolations [43-45] were conducted using a uniform k mesh
of 24 x 24 x 1.

To reduce computational complexity, we also employed
the simplified McMillan-Allen-Dynes formula [46] in the

PHONON module within the QE package to quickly determine
the superconducting transition temperature 7;., which was de-
fined as follows:

Wiog —1.04(1 4+ 1)
1. = exp )
1.2 Al —0.62u*) — p*

were wiog and A are the logarithmic average frequency and
EPC constant, respectively. p* is the semiempirical Coulomb
parameter, and it is set to 0.1 in this work.

(N

III. RESULTS AND DISCUSSION

A. Screening stable candidates

We previously constructed a stable hexagonal 1H-MoSH
monolayer with the closely packed sandwich structure, that
is, the top-layer sulfur atoms in the MoS, monolayer can be
replaced with hydrogen atoms [15]. In this work, we examine
two types of phases for each constituent, namely, the 1H and
IT phases for the hexagonal MXH monolayers, where M
represents elements from the transition metal groups and X
stands for S, Se, and Te, as illustrated in Fig. 1(a). As a result,
there are 180 possible configurations for all combinations.
We further investigate their stability by performing machine
learning aided high-throughput phonon calculations. We find
that 57 configurations are dynamically stable, and 20 of them
are metals [see Figs. 1(b) and 1(c) and Figs. S1- S3 in the
Supplemental Material [47]). Notably, among them, the 1H-
MoSH monolayer was recently experimentally synthesized as
an intermediate by substituting the top layer S of MoS, with
H atoms through gentle H, plasma treatment at room temper-
ature [48,49]. Taking 1H-MoSH as a benchmark, we select
six candidates (1H-TiSeH, 17-TiSH, 17-TiSeH, 17-TiTeH,
17-ZrTeH, and 17-HfTeH) as high-7, 2D superconductors
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TABLE I. The calculated superconducting properties for several
candidates, including the total EPC constant A, the density of the
electronic states Ny (in states per spin per rydberg per unit cell),
the logarithmic-average phonon frequency wio (in K), and the es-
timated critical temperatures 7. (in K). These data were obtained
by solving the semiempirical McMillan-Allen-Dynes formulas using
the PHONON module within the QE package.

Structures A Nr Wiog T.

1H-TiSeH 1.43 2.50 119.90 13.09
1H-MoSH 1.48 8.47 178.36 20.07
17-TiSH 2.71 3.77 175.80 30.19
17-TiSeH 1.44 275 166.70 18.30
17-TiTeH 1.45 2.60 120.92 13.31
1T-ZrTeH 1.18 1.81 103.10 9.04
17T-HfTeH 1.29 1.68 81.98 7.96

with low formation energies, making them feasible for ex-
perimental realization (see Supplemental Material, Table S1).
Meanwhile, these stable sheets hold high 7, values evaluated
by the simplified McMillan-Allen-Dynes formula. The cal-
culated superconducting parameters, including the total EPC
constant A, the logarithmic average phonon frequency wiog,
the density of the electronic states Ng, and the superconduct-
ing transition temperature T, are listed in Table I. Clearly, the
17-TiSH monolayer stands out, with a remarkable 7, value
of approximately 29.26 K, which is 65% higher than that of
the Janus 1H-MoSH monolayer, as shown in Fig. 2. The EPC
constant A for the Janus 17-TiSH monolayer is exceptionally
high at 2.79, significantly surpassing the values of other candi-
dates. The high A value is likely due to the substantial electron
participation at the Fermi level (indicated by the large Ng) and
a high average phonon frequency wiog, which make strong
contributions to the formation of superconducting Cooper
pairs. Subsequently, we mainly discuss the electron structure,
phonon dispersion, and electron-phonon coupling of 17-TiSH
with the highest 7. value.

FIG. 2. Superconducting transition temperature 7, for the selec-
tive candidates. The red arrow represents 1H-phase MoSH material
that has been synthesized in experiment. These data are obtained
by solving the semiempirical McMillan-Allen-Dynes formulas using
the PHONON module within the QE package.

B. Electronic and phonon band structures

To explore the origins of the significant EPC constant
and high superconducting transition temperature 7, observed
in the 17-TiSH monolayer, we conduct calculations on its
electronic and phononic structures. The calculated orbital-
resolved band structure, partial electronic density of states
(DOS), and Fermi surfaces of the Janus 17-TiSH mono-
layer are presented in Fig. 3(a). Overall, its band structure
is metallic, with the valence band (VB) crossing the Fermi
level, which is similar to the band structure of the Janus
1H-MoSH monolayer [15]. Since Ti atoms (3d?4s”) have
fewer valence electrons than Mo atoms (4d>5s'), the band
structure of 17-TiSH is akin to the hole-doped electronic
structure of 1H-MoSH. Thus, the isolated VB shifts upward
and crosses the Fermi level for 17-TiSH. Due to the existence
of the flattened band around the K point, 17-TiSH has heavy
fermions and a Van Hove singularity in the vicinity of the
Fermi level [50,51]. The heavy band with the Van Hove singu-
larity contributes to a high electron density at the Fermi level
(5.15 states/(spin/Ry) per unit cell). It favors the formation of
high-T, electron-phonon superconductors, which is different
from semiconducting the 17-TiS; monolayer, as discussed in
the Supplemental Material [47,52,53]. In analogy to the Janus
1H-MoSH monolayer, the orbitals in the 17-TiSH monolayer
primarily originate from the Ti d orbitals, with small contri-
butions from the S p orbitals, while the contributions of the H
s orbitals can be neglected at the Fermi level. Since the crystal
belongs to point group C3,, the Ti d orbitals can be classified
into three categories: Ay, (d2), Exg (dyy 2—y2), and Ejg (dz yz)-
The presence of broken out-of-plane symmetry in the Janus
17-TiSH monolayer allows for hybridization among these
three categories. Specifically, the Ti d,> orbitals dominate the
isolated band around the I' point, while the d,;,. orbitals
mainly contribute to the band near the K point. Away from the
high-symmetry points, the band is primarily derived by the Ti
d,y >_y» orbitals. There are two crossing points between the
VB and the Fermi energy, which divides the Fermi surfaces
of the Janus 17-TiSH monolayer into two concentric regions
around the I' point in the right panel of Fig. 3(a). The inner
region features a six-petal-like hole pocket originating from
the Ti d,, ,»_,» orbitals. In contrast, the outer region exhibits a
conduit-shaped hole pocket dominated by the Ti d,. ,. states.
The coloration on the Fermi surfaces represents the relative
Fermi velocities vp with anisotropy.

Figure 3(b) illustrates the phonon dispersions and the pro-
jected phonon density of states (PDOS) for the Janus 17-TiSH
monolayer across the entire frequency range. With the prim-
itive cell containing three atoms, there are a total of nine
phonon modes: three acoustic and six optical branches. The
absence of unstable modes in any of the phonon branches
provides strong evidence of the dynamic stability of the Janus
17-TiSH monolayer. In the lowest-energy acoustic branch,
noticeable phonon softening is observed along the I'-K path,
primarily originating from the in-plane vibrations of the Ti
atoms. The high-frequency contributions above 60 meV are
predominantly due to vibrations of the H atoms, while the
low-energy region comprises three acoustic and optic phonon
branches, with the primary contributions coming from the
vibrations of Ti and S atoms. It is worth noting that the
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FIG. 3. (a) Calculated orbital-resolved band structures, partial electronic density of states (DOS), and Fermi surfaces of the Janus 17-TiSH
monolayer. The red, green, and blue circles highlight the bands arising from Ti d,, ,2_2, d\; ., and d> orbitals, respectively. The 2D Fermi
surfaces are colored according to the relative Fermi velocity. The red, green, and blue regions have high, medium, and low Fermi velocities v,
respectively. (b) Phonon dispersion highlighting the primary nature of the different modes and Eliashberg function a>F (@) with A(w) of the
Janus 17-TiSH monolayer. The in-plane and out-of-plane vibrations are shown by red and blue circles. The red, blue, and green lines in the
PDOS plot represent the contributions of Ti, S, and H atoms, respectively.

frequencies of the entire optical modes resulting from H atom
vibrations fall within the range of 100 to 120 meV, which
differs from those of the hydrogenated MoSH monolayer
(ranging from 87 to 131 meV) [15]. This discrepancy can be
attributed to the shorter thickness (d = 2.34 A) and stronger
interaction in the 17-TiSH monolayer compared to the
1H-MoSH (d = 2.65 A) monolayer. It accompanies sup-
pressed vibrations along the z direction and coupled in-plane
vibrations in the phonon dispersion. These findings further
support that our predicted 7; of the Janus 17-TiSH monolayer
should be significantly distinct from and possibly higher than
that of the Janus 1H-MoSH metal hydrides.

C. Electron-phonon interactions

Significant Van Hove singularities appear near the Fermi
level in the band structure, while pronounced Kohn anoma-
lies emerge along the I'-K path in the low-energy acoustic
mode (as seen in Fig. 3). These features suggest the poten-
tial for a strong EPC. Thus, we now turn to a discussion
of the electron-phonon Eliashberg spectral function o’F (w),
which reflects the intensity of the EPC. From the calculated
a’F (w) in Fig. 3(b), we observe a couple of prominent peaks
below 30 meV, corresponding to soft modes along the I'-K
direction and a relatively flat phonon dispersion along the
M-K direction. These characteristics primarily originate from

the in-plane vibrations of the Ti atoms. Remarkably, they
account for approximately 87.10% of the total EPC strength
of A = 2.43. The strong EPC is in favor of strong electron-
phonon superconductivity. Obviously, «>F (w) and the PDOS
can be divided into three regions: the low-frequency acous-
tic branches are dominated by the vibrations of Ti atoms,
while the medium- and high-frequency optical branches are
influenced by the vibrations of S and H atoms, respectively.
Overall, we can conclude that the EPC in the Janus 17-TiSH
monolayer is primarily governed by in-plane Ti atomic vibra-
tions. This is evident from the fact that the low-energy optical
phonons contribute only about 11.50% to the total A, while
the higher-frequency region accounts for approximately 1.4%
of the total A. It is worth noting that this EPC behavior differs
from many other hydride superconductors, such as LaH g, in
which high-frequency optical phonon modes of H vibrations
contribute 82% of A [54]. Combined with our understanding
of the electronic band structure, we can conclude that the
superconductivity in the Janus 17-TiSH monolayer mainly
originates from the in-plane Ti atomic vibrations strongly
coupled with its 3d,, ,>_,» and 3d,. ,, states.

The mode-resolved EPC Ay, as calculated by Eq. (4), is
visually represented in Fig. 4. Clearly, the EPC mainly comes
from three acoustic modes, with visible contributions from the
two lowest optical phonons, while the high-frequency vibra-
tional modes have negligible impact. These results agree well
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FIG. 4. The mode-resolved EPC A, distributions in the Brillouin
zone for the Janus 17-TiSH monolayer. The number of each mode is
shown in the top left corner of each plot. The colors represent the size
of Aqy, in which the red, green, and blue regions have high, medium,
and low values of A, respectively.

with our above analysis based upon Fig. 3(b). As phonon fre-
quencies increase, the contributions to the EPC progressively
decrease. The first acoustic phonon branch, contributing the
most to the EPC, exhibits the highest values of A along the
I'-K path, forming a discontinuous triangular ring around the
K point in Fig. 3(b). This indicates that the largest EPC val-
ues primarily originate from the previously mentioned Kohn
anomalies. Obviously, the Kohn anomaly phonon near the K
point makes larger contributions than that near the M point.
This behavior is similar to that observed in the 1H-MoSH
monolayer, where the softened modes in the low-energy
acoustic phonons exhibit very large Aqy. The A4, distributions
for the second acoustic phonon branch in the Janus 17-TiSH
monolayer are characterized by a weak discontinuous trian-
gular ring around either the K or M point. The contributions
to Aqy from the third to fifth phonon branches are relatively
small. Starting in the sixth to ninth phonon modes, A4y contri-
butions become nearly nonexistent within the Brillouin zone.
Overall, the dominant contributor to the EPC in the Janus
17-TiSH monolayer is the lowest acoustic phonon branch,
which is similar to the behavior observed in the 1H-MoSH
monolayer [15]. However, this differs from the EPC behavior
in the hydrogenated MgB, monolayer [12] and in materials
like LaH ;o [54] and H3S [55], where optical phonon vibra-
tions from hydrogen contribute the most to A.

D. Anisotropic superconductivity

To comprehensively describe the anisotropic superconduc-
tivity of the Janus 17-TiSH monolayer, we undertake the
self-consistent solution of the Migdal-Eliashberg equations.
In Fig. 5(a), we present the Fermi surface weighted by the
momentum-resolved EPC strength A, illustrating a slight
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FIG. 5. EPC parameters A,x and superconducting gaps A,k for
the Janus 17-TiSH monolayer. (a) Momentum-resolved EPC param-
eters A, on the Fermi surfaces, with the (c) normalized distribution
strength p(A) of the EPC parameters A,x. (b) Momentum-resolved
superconducting gaps Ak at 10 K on the Fermi surfaces, with the
(d) normalized distribution strength p(A,) of the superconducting
gaps Apk at 10 K. (e) Histograms of the temperature-dependent
superconducting gap A, for the electronic states around the Fermi
level. The red line is the BCS fit to the calculated data, which serves
as a guide to the eye.

anisotropic contribution of the Fermi surface electronic states
to the EPC. The most significant EPC, with a value of A
= 4.05, is observed along the I'-K line, which is mainly
due to the strong coupling between Ti d,. . states and the
in-plane vibrational modes of the Ti atoms. The normal-
ized distribution p(1) of A in Fig. 5(c) reveals that X falls
within the range of 2.25 to 4.05, with no distinct separation
in the p(A) distribution. The superconducting gaps A,k at
10 K, as displayed in Fig. 5(b), are primarily located around
the K point on the Fermi surfaces. These gaps exhibit a
maximum value of 11.5 meV and a minimum of 9.2 meV,
indicating weak anisotropy (21%). Similar to the EPC, there
is only one peak in the distribution of p(A,;), as shown
in Fig. 5(d). The absence of EPC separation in the p(A;)
distribution signifies that the Janus 17-TiSH monolayer is a
single-gap superconductor, despite possessing two sheets of
the Fermi surface. This observation is reasonable because
the Janus 17-TiSH monolayer has one band that crosses the
Fermi level without significantly different orbital contribu-
tions, which would be necessary for the formation of multiple
energy gaps. This feature distinguishes it from materials like
MgB, and the 1H-MoSH monolayer, where Fermi surfaces
result from different orbitals, leading to distinct superconduct-
ing gaps. Furthermore, Fig. 5(e) illustrates the distribution
of superconducting gaps A,k as a function of temperature.
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With increasing temperature, the superconducting energy gap
gradually diminishes and eventually vanishes at 48 K. This
temperature is approximately 2 times higher than that of
the 1H-MoSH monolayer. While this critical temperature 7
is smaller than that of the hydrogenated monolayer MgB,
(T, = 67 K, A = 1.46) [12], it is close to that of the r-CuH,
monolayer (T, ~ 44.4 K, A = 1.20) [20].

IV. SUMMARY AND CONCLUSIONS

In summary, on the basis of machine learning accelerated
high-throughput first-principles calculations, we identified
six promising candidate materials (1H-TiSeH, 17-TiSH, 17-
TiSeH, 17-TiTeH, 17-ZrTeH, and 17-HfTeH) within the
family of Janus transition metal sulfhydrates which exhibit
high 7, values exceeding 8 K. Notably, the Janus 17-TiSH
monolayer stands out, with an exceptionally high predicted
T of 48 K. This remarkable T is attributed to the Ti d,; .
electrons, which exhibit strong coupling with the soft phonons
arising from the in-plane vibrations of Ti atoms. This coupling

drives the Janus 17-TiSH monolayer into a high-7, supercon-
ducting phase, characterized by a substantial EPC at ambient
pressure. Our findings hold significant implications for both
theoretical and experimental research in the quest for high-7
superconductivity within 2D transition metal dichalcogenides
and related Janus systems.
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