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Janus structures with the breaking of out-of-plane mirror symmetry have gained intensive attention. Here,
on the basis of first principles, we not only investigate the recently discovered Janus 2H-MoSH monolayer
[ACS Nano 15, 20319 (2021)], but also report the global minimum structure of a Janus 1T-MoSH monolayer.
Meanwhile, 2H-MoSH monolayer can easily transform into the 1T phase, overcoming a relatively small barrier
of 0.13 eV. Intriguingly, Janus 1T-MoSH is a charge-density wave (CDW) material and its CDW order can
be regulated via external strains. When Janus 1T-MoSH is subjected to 3% compressive strain, its CDW is
completely suppressed and a superconducting state with a superconducting transition temperature T c of 25.15 K
emerges. Moreover, Janus 2H-MoSH monolayer is an intrinsic superconductor with a T c of ∼26.81 K and its
T c can be enhanced up to 36.69 K under a 1% tensile strain. Our work provides more in-depth insights for
superconducting and CDW in low-dimensional transition metal dichalcogenides and related Janus systems.

DOI: 10.1103/PhysRevB.107.064508

I. INTRODUCTION

Two-dimensional (2D) Janus transition metal dichalco-
genides (TMDs) are an emerging generation of 2D systems
with the lack of out-of-plane symmetry of the crystal struc-
tures. Compared with traditional TMD monolayers, 2D Janus
TMDs show exotic properties, including strong Rashba spin
splitting [1], sizable piezoelectric effects [2], second harmonic
generation (SHG) response [3], and so forth, favoring their
potential applications in various fields as ferrovalley materi-
als [4], sensors [5], multiferroic materials [6], catalysts [7],
optoelectronic devices [8], etc. Importantly, 2D Janus mate-
rials have been successfully fabricated mainly via selective
epitaxial atomic replacement (SEAR) over the past decade,
although they do not exist in nature [9,10]. The most typ-
ical example is the successful fabrication of Janus MoSSe
monolayer in the 2H phase, which was obtained by fully
replacing the top S atoms layer by Se atoms in the original
MoS2 monolayer with thermal selenization methods [3,11].
Comparing with the MoS2 or MoSe2 monolayer, 2D Janus
MoSSe owns its unique merits, such as a tunable intrinsic
electric field to improve sensitivity for gas molecule adsorp-
tion [12], an intrinsic dipole to break the conventional limit of
1.23 eV in photocatalytic water splitting [13]. Thus building
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2D materials with high asymmetry on two surfaces becomes
a new kind of design technique at the atomic level.

Janus 2H-MoSH monolayer is an intermediate product in
realizing Janus TMDs by involving stripping the top-layer S of
MoS2 with H atoms [3]. Very recently, it was confirmed dur-
ing the synthesis of 2D Janus 2H-MoSSe via fully replacing
the top S atoms layer in 2D MoS2 with H atoms using gentle
H2-plasma treatment at room temperature [14]. It exhibits
a metallic nature with a highly intrinsic carrier concentra-
tion [14]. In addition, this newly obtained 2D Janus 2H-MoSH
has attracted widespread focus. Recently, it was predicted to
be a strong conventional high-temperature 2D superconduc-
tor [15]. Furthermore, Janus 2H-MoSH can be considered as
an efficient metallic contact to a MoSi2N4 semiconductor with
high charge injection efficiency in MoSH/MoSi2N4 van der
Waals (vdW) heterostructure, providing a new pathway for the
design of optoelectronic applications [16]. However, due to
the structural diversities in 2D TMDs [17] (e.g., 2H, 1T, 1T′,
and 2a × 2a phases), thus only the Janus 2H-MoSH mono-
layer was studied in the past, which greatly limits sufficient
understanding about the 2D Janus MoSH materials.

In this study, we systematically investigate the favorable
Janus MoSH monolayers, namely 2D 2H- and 1T-MoSH,
from their structure, electronic, mechanical, and supercon-
ducting properties. Here, Janus 2H-MoSH monolayer has
been determined in experiment recently and Janus 2D 1T-
MoSH is the most energetically favorable one, which we
report in our present work. Meanwhile, 2H-MoSH monolayer
can easily transform into the 1T phase with a relatively small
phase transition barrier of 0.13 eV. Interestingly, 1T-MoSH
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monolayer is a CDW material caused by electron-phonon
coupling (EPC) interactions, which is confirmed by phonon
spectrum and electron susceptibility calculations. Moreover,
the CDW order in 1T-MoSH monolayer is highly sensitive
to the electron temperature and external strains. Furthermore,
2D 1T-MoSH turns into a 2D superconductor with a high
superconducting transition temperature Tc = 25.15 K when
3% compressive strain is applied. In addition, 2H-MoSH
monolayer also exhibits a high Tc ∼ 26.81 K, and its Tc can
be further enhanced to 36.69 K when it is subjected to a
biaxial tensile strain of 1%. Our present findings enrich the
exploration of Janus MoSH families and pave an avenue for
the controllable design of future nanomaterials.

II. COMPUTATIONAL DETAILS

Based on the density functional theory (DFT) frame-
work, the first-principles calculations were performed through
the Vienna ab initio simulation package (VASP) [18]. The
generalized gradient approximation (GGA) [19] with the
Perdew-Burke-Ernzerhof (PBE) exchange correlation func-
tional and projector-augmented wave (PAW) pseudopotential
were employed to simulate the interaction between the elec-
trons and ions [20,21]. The cutoff energy for the plane-wave
basis was set as 600 eV. 21 × 21 × 1 k-point grid [22] was
adopted for geometric optimization. To avoid the interactions
of adjacent unit cells, a vacuum space in the nonperiodic
direction was set to 20 Å. The convergence criterion of atomic
relaxation was carried out 10−6 eV in total energy and all
forces on each atom were 0.01 eV Å−1. The optB88-vdw
method was applied in order to correct for dispersion inter-
actions [23]. The dipolar correction was included in Janus
structural models. The phonon modes were further studied
in the framework of density functional perturbation theory
(DFPT), in which the second-order interatomic force con-
stants were calculated based on harmonic approximation.
Here, the 6 × 6 × 1 supercell with 108 atoms and 3 × 3 × 1 k
point were utilized.

The EPC calculations were calculated via the QUANTUM

ESPRESSO (QE) code [24]. The cutoff was set to 80 Ry for
plane-wave kinetic energy and 320 Ry for the charge density.
The k point with a Methfessel-Paxton smearing width of 0.02
Ry for electronic self-consistent calculations was sampled on
36 × 36 × 1. The phonon modes were computed within DFPT
on 6 × 6 × 1 q meshes, which is in agreement with the result
obtained from VASP calculations (Fig. 8). According to the
Migdal-Eliashberg theory [25], the magnitude of the EPC λqν

can be calculated by

λqν = γqν

π h̄N (EF)ω2
qν

, (1)

where γqν is the phonon linewidth, ωqν is the phonon fre-
quency, and N(EF) is the density of states (DOS) at the Fermi
level. The γqν can be estimated by

γqν = 2πωqν

�BZ

∑
k,n,m

∣∣gν
kn,k+qm

∣∣2
δ(εkn − εF)δ(εk+qm − εF), (2)

where �BZ is the volume of Brillouin zone (BZ), εkn and
εk+qm denote the Kohn-Sham energy, and gν

kn,k+qm represents

the EPC matrix element. The gν
kn,k+qm can be determined

self-consistently by the linear response theory. The Eliash-
berg electron-phonon spectral function α2F (ω) [26] and
the cumulative frequency dependence of EPC λ(ω) can be
calculated by

α2F (ω) = 1

2πN (EF)

∑
qν

γqν

ωqν

δ(ω − ωqν ) (3)

and

λ(ω) = 2
∫ ω

0

α2F(ω)

ω
dω, (4)

respectively. Using a typical value of the effective screened
Coulomb repulsion constant μ∗ = 0.1 [27–29] as well as the
Eliashberg spectral function α2F (ω) and λ, one can calculate
the logarithmic average frequency ωlog by

ωlog = exp

[
2

λ

∫ ∞

0

dω

ω
α2F(ω)logω

]
. (5)

Finally, the Tc can be derived by the full Allen-Dynes for-
mula [30]

Tc = f1 f2
ωlog

1.2
exp

[
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

]
, (6)

with

f1 f2 = 3

√
1 +

(
λ

2.46(1 + 3.8μ∗)

) 3
2

×
(

1 −
λ2

(
1 − ω2

ωlog

)
λ2 + 3.312(1 + 6.3μ∗)2

)
, (7)

where f1f2 is a correction term and ω2 is the mean-square
frequency,

ω2 =
√

1

λ

∫ ωmax

0

[
2α2F (ω)

ω

]
ω2dω. (8)

In addition, the cutoff energy and k points used in our VASP

and QE simulations had been tested to guarantee an energy
convergence of less than 1 meV per formula unit (Fig. 9).

III. RESULTS AND DISCUSSION

A. Structure, electronic, and mechanical properties

Typically, due to the different coordination modes of tran-
sition metal atoms, 2D TMDs usually have 2H, 1T, 1T′, and
2a × 2a phases. Therefore, similar to 2D TMDs, Janus MoSH
monolayer also can exist above typical structures. In this
work, we only focus on Janus 2H- and 1T-MoSH monolayers,
due to the kinetic instabilities of Janus 1T′ and 2a × 2a MoSH
monolayers. Specifically, the energy of 1T-MoSH monolayer
is lower by 67.7 meV per atom than that of 2H phase.
This is inverse to the case in Janus MoSSe, in which the
2H phase is more energetically stable than the 1T one [31].
More discussions are presented in the Appendix materials. As
shown in Figs. 1(a) and 1(d), 2D 1T- and 2H-MoSH crystallize
in a hexagonal lattice and have a space group of P3M1 (No.
156), corresponding to the C3V point symmetry. For 1T-MoSH
monolayer, the hydrogen atoms are not in the perpendicular
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FIG. 1. (a/d) Geometric configuration from top and side views, (b/e) the projected band structure and density of states (DOS), and (c/f)
ELF plots for 1T-/2H-MoSH monolayer. The Fermi level is set to be zero. The Mo, S, and H atoms are marked in green, white, and orange,
respectively.

direction of sulfur atoms, while the hydrogen atoms locate in
the vertical direction of sulfur atoms in 2D 2H-MoSH. The op-
timized lattice constants of 1T-MoSH monolayer are a = b =
3.05 Å and the layer thickness is d = 2.58 Å. The Mo − H
and Mo − S bond lengths are 2.01 and 2.38 Å, respectively.
As for 2H-MoSH monolayer, the lattice constant a is 3.03 Å,
which is consistent with previous experimental and theoretical
values [14,16]. The layer spacing is enlarged to 2.67 Å due to
the larger Mo − H bonds (2.04 Å). The electron localization
function (ELF) is a conventional approach to analyze bonding
characteristics, which is described as

ELF = 1

1 + (D/Dh)
, (9)

D = 1

2

∑
i

|∇ϕi|2 − 1

8

|∇ρ|2
ρ

, (10)

Dh = 3

10
(3π2)5/3ρ5/3. (11)

The ϕi refer to the Kohn-Sham orbitals and ρ = ∑
i |ϕi|2 rep-

resents electron charge density. The value range of ELF is in
between 0 and 1. ELF = 1 corresponds to perfect localization
of electrons and 0.5 indicates a uniform electron gas [32,33].
As depicted in Figs. 1(c) and 1(f), the Mo − H and Mo − S

bonds in 1T- and 2H-MoSH monolayers have mainly ionic
bonding features. Moreover, as the atomic-resolved band
structures shown in Figs. 1(b) and 1(e), MoSH monolayers
exhibit metallic behavior with two bands crossing the Fermi
level and their metallic behavior is mainly dominated by the
correlative states from Mo-d orbitals.

There are three independent elastic constants in hexagonal
Janus 1T/2H-MoSH monolayers and the calculated values are
presented in Table I. Clearly, both Janus 1T- and 2H-MoSH
systems are mechanically stable, satisfying the criteria for 2D
hexagonal crystal: C11 > |C12| and C66 > 0 [34]. Besides, the
elastic properties of homogeneous and isotropic materials can
be evaluated by two independent constants—Young’s modu-
lus Y and Poisson’s ratio ν [35,36]. The Y along the x and y
directions can be defined as

Yx = (C11C22 − C12C21)/C22, (12)

Yy = (C11C22 − C12C21)/C11. (13)

Moreover, the ν is the ratio of the transverse strain to the axial
strain, which can be estimated by

vx = C12/C22, (14)

vy = C12/C11. (15)
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TABLE I. Optimized lattice constants (a/b), the layer thick-
ness (d), Bader charges on the Mo atoms (QMo), elastic constants
(Ci j), Young’s modulus (Y ), and Poisson’s ratios (ν) for MoSH
monolayers.

System 2H -MoSH 1T -MoSH

a = b (Å) 3.03 3.05
d (Å) 2.67 2.58
QMo (|e|) 0.95 1.06
C11 = C22 (N/m) 127.66 100.49
C12 (N/m) 37.66 38.51
C66 (N/m) 45.00 30.99
Yx/Yy (N/m) 116.55 85.73
νx/νy 0.29 0.38

In light of the isotropy, the in-plane Y in x and y directions
are equal. The evaluated Y values for 1T- and 2H-MoSH
monolayers are 85.73 and 116.55 N/m, respectively, which
are lower than that of MoS2 (160.12 ± 7.85 N/m) [37] and
other 2D flexible materials, i.e., borophene (210 N/m) [38]
and graphene (350 N/m) [39]. These results indicate that
Janus 2D 1T- and 2H-MoSH have great potential applications
in flexible materials, especially for 1T-MoSH monolayer. On
the other hand, the ν values of 2H and 1T systems are 0.29 and
0.38, respectively. In general, the ν value below 0.5 implies
this material possesses some compressibility [40]. Moreover,
in respect of bond characters, ν = 0.25 means the inflection
point from ionicity to metallicity. Therefore, the bond types
in 2D 1T- and 2H-MoSH are mainly ionic, which is in line
with former discussions. Furthermore, Bader charge analysis
suggests that the Mo atom acts as an electron donor and the
electrons transfer from the Mo to S and H atoms. As listed
in Table I, the electrons transfer ability in 2D 1T-MoSH is
stronger than that in 2H-MoSH monolayer.

B. 2H to 1T structural transition

The ab initio molecular dynamics (AIMD) simulations at
300 K are performed for 1T- and 2H-MoSH monolayers.
Their energy fluctuations within 10 ps along with the final
configurations are shown in Fig. 10 (in the Appendix materi-
als). Clearly, the energy fluctuations of 1T-MoSH monolayer
remain nearly constant during the entire simulation period and
no structural reconstruction occurs after 10 ps, suggesting its
thermal stability at 300 K. However, for 2H-MoSH mono-
layer, a large energy fluctuation appears at ∼0.5 ps, and the
structure is nearly stabilized to a 1T configuration and lasting
to the end of the simulation period. Therefore, 2D 2H-MoSH
has the tendency to transform to the 1T phase when a small
energy was applied.

In the following, we will discuss the structural transition
in MoSH monolayer by utilizing the climbing image nudged
elastic band method [41]. As shown in Fig. 2, the energy
barrier for the structural transition from 2H- to 1T-MoSH
monolayer is about 0.13 eV (0.04 eV/atom), which is highly
smaller than that in MoS2 (0.52 eV/atom) [17], indicating the
experimental feasibility of structural transition from 2H- to
1T-MoSH monolayer under appropriate environments.

FIG. 2. Energy barrier of phase transition from 2H-MoSH to 1T-
MoSH monolayer, including the atomic configurations of initial state
(IS), transition state (TS), and final state (FS).

C. CDW and superconductivity in 1T-MoSH monolayer

There are two evident Kohn anomalies in phonon spectrum
along the high symmetry paths for 1T-MoSH monolayer and
the imaginary mode locates at the M point [Fig. 3(a)]. Such
behavior in phonon spectrum is a classic phenomenon for
CDW materials. As we know, the critical smearing parameter
σ , which represents the electronic temperature and has been
widely used in the electronic self-consistent calculations to ac-
celerate the convergence, smears out the abrupt change of the
Fermi-Dirac statistics in the ground state [42–44]. By chang-
ing this parameter, one can qualitatively assess the effect of
electronic temperature on the CDW transition. To determine
whether the imaginary phonon modes are regulated by the σ ,
the phonon dispersions of the 2D 1T-MoSH under several σ

values are calculated and are exhibited in Fig. 3(a). Results

FIG. 3. (a) Phonon dispersions subjected to Fermi-Dirac smear-
ing widths. (b) The phonon linewidth of the lowest mode of intrinsic
1T-MoSH. (c) Real part and (d) imaginary part of the electronic
susceptibility for intrinsic 1T-MoSH monolayer.
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FIG. 4. Phonon dispersion curves of 1T-MoSH monolayer under the compressive strain of (a) 3%, (b) 1%, and (c) tensile strain of 3%.

indicate that the imaginary phonon dispersion is strongly de-
pendent on the electron temperature and the negative phonon
modes can be lifted along with the increase of σ and
then completely change to be a positive phonon mode with
σ = 0.020 Ry. This situation is highly similar to the CDW
transitions in 1T-TaSe2 [45] and 1T-TiSe2 [42] monolayers,
in which the negative phonon modes also occur at the M
point. Therefore, Janus 1T-MoSH is predicted to be a 2D
CDW material and the imaginary phonon mode at the M point
implies a commensurate CDW phase transition reconstructed
structure.

The origin of CDW has been much complicated till now
and there is no unified mechanism to explain it in differ-
ent CDW materials. Here, we discuss two typical aspects,
Fermi-surface nesting (FSN) and EPC, as the potential driving
forces in the formation of CDW order for 2D 1T-MoSH. The
concept of CDW was first proposed by Peierls [46], in order to
describe a fundamental instability of a one-dimensional (1D)
metal chain. The key feature of Peierls’ model is FSN, which
is well defined as the superposition of Fermi surfaces when
translated one to another by a nesting vector q in electronic
structure. The Lindhard susceptibility function is a crucial
method to reflect the FSN, which can be given by its real and
imaginary parts [47]

Re[χ0(�q, ω)] = 2

(2π )2

∫
BZ

d�k f �k′ − f�k
ω + ε�k − ε �k′

, (16)

Im[χ0(�q, ω)] = 1

2π

∫
BZ

d�k( f �k′ − f�k )δ(ω + ε�k − ε �k′ ), (17)

where ω is the field frequency, ε is the electron’s energy, and
f denotes the electron’s Fermi distribution function. The tran-
sition momentum is conserved with �k + �q = �k′. The Gaussian
function as smearing function with a dense 129 Å × 129 Å ×
1 k-point grid was used to calculate the Lindhard function
using the measured band structure. This further derives the
electron susceptibilities. Generally speaking, the real part
reflects the stability of the electronic system and usually in-
duces CDW in the system when divergence occurs, while
the imaginary part reveals the real topological information
of the Fermi surface. If the origin of CDW in a system is
dominated by FSN, then both the real part and imaginary
part of the Lindhard susceptibility function are required to
have a peak at the CDW wave vector [48]. In the case of

Janus 1T-MoSH, Figs. 3(c) and 3(d) show that the strongest
peaks in the real part of the electronic susceptibility occur
near the M point, while the peak of the imaginary part is
along the �-K direction, with no visible peak at the M point.
The difference in the peak locations between the real and
imaginary parts of electron susceptibility function eliminates
FSN as the driving force for the formation of CDW in 1T-
MoSH monolayer. For real materials, when the noninteracting
Lindhard function cannot properly represent the properties of
the electronic system [49], the momentum-dependent EPC
needs to be further considered to explain the phonon mode
softening and CDW origin. The phonon linewidth γ of the
lowest vibrational mode of 1T-MoSH monolayer reflects the
strength of the EPC directly. Clearly shown in Fig. 3(b), two
peaks locate in the entire BZ, the main peak being at the M
point and another peak occurring along the K-� path. Mean-
while, the location with the highest value is in accord with
the results of phonon dispersions. Therefore, the formation of
the CDW order in 1T-MoSH monolayer is attributed to the
momentum-dependent EPC effect [50].

To explore the evolution of the CDW order under external
strains, the phonon dispersions of 1T-MoSH monolayer upon
a series of biaxial strains ranging from −3% to 3% are pre-
sented in Fig. 4. Obviously, the compressive strain also can
lift the imaginary phonon frequencies [Figs. 4(a) and 4(b)]
and the intrinsic imaginary frequencies at the M point become
positive when the compressive strain reaches to 3%, indicating
that the 1T phase tends to be stabilized under compressive
strain. In contrast, the tensile strain can weaken the phonon
frequencies and largely expand the area of instability at the
CDW vector [Fig. 4(c)]. All in all, the CDW phase and normal
states in 1T-MoSH monolayer can be effectively tuned via
suitable strains.

Subsequently, we evaluate the influence of electronic tem-
perature on CDW order. Note that the smearing parameter
σ is used in the DFT calculations via a Fermi-Dirac dis-
tribution function to reflect the electronic temperature. A
smaller smearing value corresponds to a smaller electronic
temperature [51]. Significantly, the electron temperature is not
equivalent to the real temperature and cannot directly compare
to the real temperature applied to the material. The electron
temperature is proportional to the real temperature to a certain
extent, but is much larger than it. Nevertheless, it is still
significant to evaluate CDW properties of materials based on
electron temperature alone. The CDW transition temperature
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FIG. 5. (a) Phonon frequencies of softened acoustic mode at the
M point as a function of the electronic temperature under biaxial
compressive and tensile strains. (b) Fitted CDW transition temper-
atures under compressive and tensile strains.

of Janus 1T-MoSH can be obtained according to the following
function [52]

ωM (T ) = ω0 ∗ (T − TCDW)δ, (18)

where ωM is the phonon frequency at the M point, T is the
smearing electron temperature, TCDW is the CDW transition
temperature, and δ is the exponent, varying from 0.48 to 0.53
for different meshes, which is quite close to the value of 0.5
for mean-field models.

The fitted smearing electron temperature dependence of
phonon frequencies at the M point is shown in Fig. 5(a) and
the obtained TCDW as a function of biaxial strain is plotted in
Fig. 5(b). Some fitting parameters are also listed in Table II.
Clearly, the TCDW becomes higher along with the larger ten-
sile strain, further demonstrating that the tensile strain can
enhance the CDW order. Thus the control of strain is useful
to manipulate the CDW transition, which may open a promis-
ing prospect in the future to construct controllable switching
electronic devices.

When the CDW order is suppressed, the superconductiv-
ity may be induced in the Janus 1T-MoSH monolayer. As
reported in the former, the CDW instability is completely
eliminated under 3% biaxial compressive strain. Here, we thus
study the superconductivity in 1T-MoSH monolayer under
compressive strain of 3%. The decomposition of the phonon

TABLE II. Fitting parameters of CDW transition temperature.

Strain TCDW (K) ω0 (cm−1) δ

−1% 2568 2.06 0.52
0% 3069 2.19 0.50
1% 3508 2.42 0.48
2% 3828 2.32 0.50
3% 4119 2.36 0.49

spectrum with respect to the vibration directions of Mo, S, and
H atoms is shown in Fig. 6(a). Evidently, the vibration of the
H atoms occupies the high-frequency region, near 1000 cm−1.
This is because the phonon vibration frequency is inversely
proportional to the square root of the element mass. Then
S atoms occupy the midfrequency range of 200–500 cm−1,
while the Mo atoms locate below 200 cm−1. These distribu-
tions are consistent with the projected phonon density of states
(PhDOS) in Fig. 6(b). Due to the evident softened phonon
mode at the M point and mainly contributed from the in-plane
Mo atomic vibrations, this mode phonon accounts for 91.6%
of the total EPC (λ = 2.37) [Fig. 6(c)]. As a consequence,
λ(ω) increases rapidly in this range, leading to the largest peak
of the α2F(ω). For a system with strong EPC interactions, it is
necessary to introduce a correction term when evaluating the
superconducting temperature, as shown in Eq. (6). In this way,
according to the full Allen-Dynes formula [16,53], the super-
conducting transition temperature of 1T-MoSH is estimated
to be 25.15 K. The Tc of Janus 1T-MoSH monolayer is much
larger than those experimentally reported Tc values for 2D
materials, such as LiC6 (5.9 K) [54] and C6CaC6 (4.0 K) [55].
Our results clearly indicate that the compressive strain can
suppress the CDW transition and induce superconductivity in
Janus 1T-MoSH monolayer.

D. Superconductivity in 2H-MoSH monolayer

In order to better compare the superconducting proper-
ties between Janus 1T- and 2H-MoSH monolayers, we next
characterize the superconductivity of 2D 2H-MoSH. The

FIG. 6. When 3% compressive strain was applied to 1T-MoSH monolayer: (a) the phonon spectrum weighted by the eigenvalues of
vibration modes of Mo, S, and H atoms; (b) phonon density of states (PhDOS) for 2D 1T-MoSH; (c) the magnitude of the EPC λqv; (d) the
Eliashberg spectral function α2F(ω) and the cumulative contribution to the EPC strength λ(ω).
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FIG. 7. (a) Phonon spectrum of 2H-MoSH monolayer, projected
by the vibration modes of Mo, S, and H atoms and (b) PhDOS.
(c) The magnitude of the EPC λqv . (d) The Eliashberg spectral
function α2F(ω) and the cumulative contribution to the EPC strength
λ(ω). The variations of Tc as a function of (e) biaxial strains and (f)
carrier doping.

decomposed phonon spectrum and PhDOS are shown in
Figs. 7(a) and 7(b), respectively, clearly favoring that the
Janus 2H-MoSH monolayer is dynamically stable. Figure 7(c)
shows that the relatively large strength of the EPC (labeled by
λqv) is related to the soft mode in the first acoustic branch,
stemming from the Mo-xy vibrations. Thus it makes a sig-
nificant contribution to the cumulative frequency-dependent
EPC function λ(ω), evidencing the jump of the total EPC in
this range and accounting for 80.8% of the total EPC intensity
(λ = 1.27), while the S and H atoms, dominating the optical
branches, contribute the remaining EPC, ∼19.2%. Finally,
the Tc of 2H-MoSH monolayer is evaluated to be 26.81 K,
which is comparable to the former reported value (28.92 K
in 2D 2H-MoSH) [15] and is higher than many reported 2D

FIG. 8. Phonon spectra of (a) 2H and (b) 1T phases for MoSH
monolayers based on VASP and QE calculations. The VASP and QE
calculations on phonon spectra almost show the same dispersion,
indicating their validations in this work.

FIG. 9. Calculated energy difference as a function of (a/b) cut-
off energy and (c/d) k points for VASP/QE calculations. The value
pointed by the red arrow was the convergent parameters that were
used in simulations.

TMD superconductors, such as WS2 (8.8 K) [56], (WS2)2Ca
(9.3 K), and (MoS2)2Ca (13.3 K) [57]. Indeed, the softened
phonon mode in low-frequency phonons is the main factor for
this strong EPC in the Janus 2H-MoSH monolayer.

Generally, 2D materials are prepared on the appropriate
substrates, which would inevitably induce strain and doping
effects. Hence the strain engineering and carrier doping have
been adopted to modulate the superconducting properties for
various 2D materials, such as NiTe2 [58], B2O [59], 1H-
TaSi2N4 [60], and so forth. Here, the superconductivities of
Janus 2H-MoSH monolayer are also further explored when
subjected to different external strains and carrier dopings.
In Fig. 7(e), Janus 2H-MoSH monolayer remains kinetically

FIG. 10. (a/b) Variations of the energy of Janus 1T-/2H-MoSH
monolayer within the AIMD simulations at 300 K. Intriguingly, 2H-
MoSH shows a large energy fluctuation in the beginning 0.5 ps. The
insets indicate the snapshots of initial state (IS) and final state (FS)
during simulation period.
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FIG. 11. Atomic structures of the (a) 2H, (b) 1T, (c) 1T′, and
(d) 2a × 2a phases of MoSH monolayers.

stable with the strains ranging from −4% to 1%. We only op-
timize the atomic coordinates after each strain is applied. The
compressive strain has a negative feedback on the Tc, while the
tensile strain of 1% leads to the maximum value of 36.69 K.
Beyond this critical strain, the stability of the Janus 2H-MoSH
system is destroyed along with increasing the tensile strain.
For the carrier doping case, we only focused on the effect of
p-type doping on 2D Janus 2H-MoSH, because the slightly
larger n-type doping (0.1 e/cell) gives rise to dynamical insta-
bility. Within a compensating uniform charge background, the
p-type doping was simulated by directly removing electrons
from the system and then fully relaxing the lattice and atomic
positions. In Fig. 7(f), Tc decreases monotonically with hole
doping. Apparently, p-type doping cannot improve the Tc of
Janus 2H-MoSH. The same situation has also been confirmed
in Cu2Si monolayer [27]. Although we fail to modulate the Tc

to a higher level by carrier doping, we theoretically provide
clues for future experimental determinations. (See Table III.)

IV. CONCLUSIONS

In summary, we have performed systematic investigations
on possible 2D Janus MoSH crystals and the Janus 1T- and

TABLE III. Superconductive parameters of N (EF ) (in unit of
states per spin per Ry per cell), ωlog (in K), λ, and Tc (in K) calculated
by the full Allen-Dynes formula for Janus MoSH monolayers.

Systems N (EF ) ωlog λ Tc

1T 8.82 54.74 2.37 25.15
2H 10.10 197.58 1.27 26.81
2H (−4% strain) 8.94 253.96 0.91 19.88
2H (−3% strain) 9.33 222.84 0.99 20.57
2H (−2% strain) 10.19 218.85 1.17 26.32
2H (−1% strain) 10.06 216.89 1.20 26.89
2H (1% strain) 10.33 55.55 3.43 36.69
2H (0.1h/cell) 9.14 218.78 1.05 22.10
2H (0.2h/cell) 8.78 210.86 1.05 21.53
2H (0.3h/cell) 8.35 171.40 1.12 19.94

TABLE IV. Lattice parameters and total energy of per unit cell
for various phases of monolayer MoSH.

Phase a (Å) b (Å) E (eV)

2H 3.03 3.03 −13.4240
1T 3.05 3.05 −13.6273
1T′ 5.25 3.09 −13.6466
2a × 2a 6.15 2.84 −13.6469

2H-MoSH monolayers are the two most stable phases. Then,
their structures, stability, electronic, and superconducting
properties are fully investigated via the first-principles calcu-
lations. Unexpectedly, synthesized 2H-MoSH monolayer can
easily lead to a structural transition with a small energy barrier
of 0.13 eV, bringing a different CDW material, namely 2D
1T-MoSH. This is because the Janus 1T-MoSH monolayer is
the energy global minimum structure in the 2D MoSH family.
Moreover, the strong EPC interaction is the key factor for the
origin of the CDW states in 1T-MoSH monolayer. The CDW
order can be enhanced in the presence of tensile strain, while
the compressive strain could suppresses it. Similar behavior
can be drawn in the evolution of electron temperature. When
3% compressive strain is applied, the CDW states of the
1T-MoSH monolayer are completely eliminated and then the
1T-MoSH monolayer becomes a 2D superconductor with a
high Tc of 25.15 K. In addition, 2H-MoSH shows a large
Tc ∼ 26.81 K and its Tc can be enhanced to a maximum
value of 36.69 K upon applying an in-plane tensile strain
of 1%. Thus Janus MoSH monolayers are high-temperature
superconducting candidates, either in 1T or 2H phases. Our
findings enrich the comprehension among different phases of
Janus MoSH and will provide inspiration for further research
on other 2D Janus TMD materials. (See also Figs. 8–10.)

FIG. 12. Phonon spectra of (a) 2H, (b) 1T, (c) 1T′, and (d) 2a ×
2a phases for possible MoSH monolayers.
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APPENDIX

2D TMDs usually exist in a variety of phases due to
their unique layered structures and weak interlayer van der

Waals interactions. In our present studies, four typically dis-
tinct phases among 2D TMDs are further considered in Janus
MoSH monolayers, as shown in Fig. 11. Their structural pa-
rameters and energies are listed in Table IV. According to
their phonon spectra (Fig. 12), only the 2H-MoSH monolayer
is dynamically stable at first glance. However, 1T′ and 2a ×
2a phases have imaginary frequencies in the high-symmetry
paths, showing their dynamic instabilities; therefore, they are
no longer considered in the following works. Although a spe-
cial imaginary frequency appears at M point in the 1T-MoSH
monolayer, it is a classic phenomenon for possible CDW
material. From another aspect, the 1T-MoSH monolayer is
more energetically favorable than the 2H phase. Thus we fully
study the 1T- and 2H-MoSH monolayers in our work.
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