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In this work, we theoretically report a new large family of two-dimensional (2D) transition metal
sulfides M2S with MXene structure in 2H and 1T phases, which we name as MSene. Twenty-four out
of fifty-eight MSenes are proved to be stable. Notably, this family includes twelve superconducting
(SC) materials, seven SC topological metals (SCTMs), four charge density wave (CDW) materials,
and five magnetic materials including one ferromagnetic (FM) and four antiferromagnetic (AFM)
materials. For example, 2H-Mo2S is a SCTM which exhibits SC critical temperature (7%) of 10.2
K and nontrivial topological properties; 1T-Hf>S is a CDW material with the CDW originating
from electron-phonon coupling. The CDW can be suppressed by compressive strain, leading to the
emergence of superconductivity; 2H-CrsS and 1T-MnsS show FM and AFM properties, respectively.
Thus, the new large family we predicted shows rich physical properties and significantly expands
the repertoire of 2D materials. It serves as a novel platform for investigating the competition or
coexistence of multiple orders such as SC, CDW, FM, AFM and topological orders in 2D materials.

Introduction.  Since the successful fabrication of
graphene in 2004 ﬂ], 2D systems have garnered sig-
nificant attention due to their distinctive properties,
which differ from corresponding three-dimensional struc-
tures. In recent years, various 2D materials have been
investigated, such as hydrides [2-16], carbides [7-14],
borides [15117], nitrides [18 21], transition metal dis-
chalcogenides (TMDs) [22-26], and MXenes [27-30].
These materials typically exhibit outstanding electronic,
mechanical, catalytic, adsorbing and optical properties,
making them a focal point of research in physics, chem-
istry, and materials science.

TMDs are a widely studied class of 2D materials,
whose chemical formula can be written as M X, (M =
transition metal, X = chalcogenide element). TMDs
possess unique physical properties, including intrinsic
magnetism, CDW, and superconductivity, making them
highly attractive for applications in high-performance
electronic devices, catalysis, and metal electrode contacts
m, @] Experimental methods for preparing TMDs are
both simple and diverse ﬂﬂ, @] For instance, MoSy has
been successfully fabricated through hydrothermal and
thermal decomposition synthesis methods ﬂﬁ], and has
lead to wide-ranging applications M]

Apart from TMDs, MXene represents another class of
extensively studied 2D materials ﬂﬁ@] MXene can be
obtained by etching A layer from MAX phase. The sim-
plest structure in MXene is M2 X (M = transition metal,
X = Cor N). With its high metal conductivity and excel-
lent chemical stability [37], diverse physical properties of
MZXene have been experimentally and theoretically inves-
tigated, including superconductivity m—@], band topol-
ogy [44], and magnetism [45, [46], etc.

Considering the diverse and simple preparation meth-
ods of TMDs and good conductivity of MXenes, this
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work theoretically reports a new large family of transition
metal sulfides M2S (M = transition metal) combining
the element composition of TMDs and the stoichiome-
try of MXenes, and we name it MSene. In the MSene
family, we considered the M5S in 2H and 1T phases and
found twenty-four out of fifty-eight materials to be sta-
ble. Among them, there are twelve SC materials, seven
SCTMs, four CDW materials, and five magnetic materi-
als with one in FM and four in AFM ground state. The
new large family we predicted greatly enriches the family
of 2D materials, and provides a new platform for study-
ing the competition or coexistence of several orders in 2D
materials.

Structures and stability. Figures 1(a) and 1(b) show
the top and side views of 2H and 1T-MSenes MsS. The
space group of 2H- and 1T-MSenes are P-6m2 and P-
3ml, respectively. Unlike TMDs such as MoSs, MSenes
consist of two layers of transition metal atoms and one
layer of S atoms sandwiched between the M layers. The
computational methods and details are shown in the Sup-
plemental Material (SM) [47]. The relaxed lattice param-
eters of stable MSenes are listed in Table S1 in the SM
[47]. The charge density difference in Fig. S1 [47] reveals
that M atoms lose electrons while S atoms gain elec-
trons. The electron localization function (ELF) in Fig.
S1 [47] indicates that electrons are distributed around
the S atoms, suggesting the formation of ionic bonds.

Then, we demonstrate the dynamic and thermody-
namic stability of MSenes using phonon spectra, cohesive
energy E.opn, and ab-initio molecular dynamics (AIMD)
simulations. Figure 1(c) presents a complete diagram
of stability information. The absence of imaginary fre-
quency in their phonon spectra indicates the dynamic
stability, with twenty-four out of fifty-eight 2D MSenes
materials identified as dynamically stable ones. The
phonon spectra of all MSenes are shown in Fig. S2 M]

The E.,p, of dynamically stable MSenes are illustrated
in a bar graph in Fig. S3 and Table S2 [47]. Notably,
2H-Hf5S in the MSene family has been successfully fab-
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FIG. 1: Top and side views of (a) 2H, and (b) 1T-MSenes. The primitive cell is shown by the black solid line. (c¢) Distribution
of stable 2D MSenes M2S where M represents transition metal. For clarity, blue triangles and green circles represent stable

MSenes in 2H and 1T phase, respectively.
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FIG. 2: A summary of properties of MSenes. The blue, green and white blocks represent the stable 2H phase, stable 1T phase

and unstable structures, respectively.

ricated in experiment @], and the E.,;, of most MSenes
are lower than 2H-Hf5S, as shown in Fig. S3 and Table
S2 ﬂﬂ] Furthermore, the calculated E.,, of MSenes are
lower than some experimentally fabricated 2D materials,
such as CuySi (—3.46 eV/atom) [49, [50], GaSe (—2.81

eV/atom) [51], and GaS (—3.62 eV/atom) [51]. AIMD
simulations reveal that the dynamically stable MSenes
also exhibit thermodynamic stability at room tempera-
ture or above, as demonstrated in Fig. S4 [47]. In a word,
twenty-four MSenes shown in Fig. 1(c) exhibit good sta-
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bility, providing promising avenues for future experimen-
tal exploration.

Based on the stable MSenes, we discuss their interest-
ing and exciting properties. By analyzing the electronic
bands and DOS, it is found that they have bands crossing
the Fermi level and exhibit metallicity, as shown in Fig.
S5 [47]. An overview of the physical properties of the
stable MSenes is presented in Fig. 2. In the following,
we select 2H-MooS, 1T-Hf,S, 2H-Cr,S, and 1T-MnsS as
representatives of SCTM, CDW, FM, and AFM materi-
als for detailed analysis, respectively.

Band topology and superconductivity. The orbital-
projected electronic band without spin-orbit coupling
(SOC), and the partial density of states (PDOS) of 2H-
MosS are shown in Figs. 3(a) and 3(b). It can be ob-
served from Fig. 3(a) that the bands near the Fermi level
are mainly contributed by d,. and d,. orbitals. Asshown
in Fig. 3(b), the contribution of Mo-3d orbitals near the
Fermi level is much greater than that of S atoms, thus
the metallicity of 2H-MosS is mainly contributed by the
Mo-d,/d,. orbitals. As shown in Fig. 3(c), when SOC
is considered, the band near the Fermi level opens a con-
tinuous gap, which is highlighted in yellow. The presence
of continuous band gap throughout the entire Brillouin
zone enables the definition of topological invariants Zs.

Then, the calculation of the Zs yields a value of 1, prov-
ing that 2H-MosS is topologically nontrivial. Addition-
ally, the presence of edge states (red trace in Fig. 3(d))
also proves its nontrivial topology. The bands without
and with SOC, and edge states of the other six SCTMs
are presented in Fig. S6 [47].

The superconductivity of 2H-MosS is investigated with
the results shown in Figs. 3(e)-3(i). In Figs. 3(f) and
3(g), phonon DOS (PhDOS) is divided into two dis-
tinct regions, with the low-frequency region mainly con-
tributed by the vibration of Mo atoms, while the vibra-
tional modes of S atoms are mainly in the high-frequency
region, owing to the larger mass of Mo atoms. As shown
in Fig. 3(e), the main contribution of its electron-phonon
coupling (EPC) is from acoustic branches around T", con-
sistent with Fig. 3(i), and primarily from in-plane vibra-
tions of Mo atoms, as depicted in Fig. 3(f). The strong
EPC in the low-frequency region (w < 120 cm™!) con-
tributes 62.4 % to the EPC constant A as shown in Fig.
3(h). The calculated EPC constant A and T, of 2H-MoyS
are 1.06 and 10.2 K, respectivity. The superconductivity
mainly originates from the coupling between Mo-d,. /d,.
electrons and the low-frequency in-plane vibration of Mo
atoms. Considering that 2H-MosS also show nontriv-
ial topological band structure, it is a potential topolog-
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FIG. 4: Properties of pristine 1T-Hf2S (a-c) and 4% compressive strained 1T-Hf2S (d-j). (a) Phonon spectrum. (b) Nesting
function. (c) Phonon linewidth of the lowest acoustial phonon branch. (d) Orbital-projected electronic band structure. (e)
PDOS. (f) Phonon dispersion weighted by the magnitude of A\g, (EPC for phonon mode qv). (g) Phonon dispersion weighted
by the vibration modes of each atom. (h) Phonon DOS. (i) Eliashberg spectral function o?F(w) and EPC A(w). (j) The
integrated EPC distributions in the plane ¢, = 0.

ical superconductor, which maybe used in fault-tolerant If the source of CDW is F'S nesting, the nesting function
quantum computation. exhibits relative maximum at the positions imaginary fre-

The phonon spectra weighted by the magnitude of g, quency appears in the phonon spec'trum. However, in the
and Eliashberg spectral function of other SC MSenes are ~ €as€ of 1T-Hf,S, there is no relative maximum near K
presented in Fig. S7 HE] The calculated SC informa- and M. Consequently, ifc can be inferred tha‘? the CDW
tion are summarized in Table S3 [47], including logarith- of 1T-Hf,S df)es not originate from FS nesting. Ther}v
mically averaged phonon frequency wyog, total EPC con- the phonon linewidth v of the lowest phonon mode is
stant A, SC critical temperature T, sommerfeld constant calculated, which directly reflects the EPC intensity of
v, spemﬁc heat jump at T, AC (T.), SC gap at 0 K A(0), this branch, as illustrated in Fig. 4(c). It is evident that
critical magnetic field at 0 K H,(0), isotope coefficient ar, ~ tWO peaks are located at K and M, which aligns with the
2A 0) 2A(O position of the imaginary frequency shown in Fig. 4(a).
This correlation indicates that EPC is the origin of CDW

and . It is noteworthy that the calculated and
a of most MSenes are very close to the values glven by

conventional BCS theory (QA(O) ~ 3.53 and o = 0.5), con- in 1T-HES.

firming that MSenes are conventional phonon-mediated Then, the effect of biaxial compressive strain on CDW
Superconductors' MOI‘QOVGI’, the CZ—'C of several MSenes are is investigated. Biaxial CompreSSiVe strain is defined as ¢
higher than that of most TMDs and MXenes, as shownin = (@ — ao)/ag x 100%, where ag and a represent the lat-
Table S4. The calculated SC parameters provide reliable  tice constants. The phonon spectrum of 4% compressive
data for comparison with future experiments. strained 1T-Hf5S is depicted in Fig. 4(f). It is apparent

that biaxial compressive strain can suppress CDW. The
corresponding electronic states near the Fermi level are
mainly composed of Hf-d,,/d,. orbitals and the contri-
bution of S is much smaller, presented in Figs. 4(d) and
4(e). Due to the competitive relationship between CDW
and superconductivity, the superconductivity of 4% com-
pressive strained 1T-Hf5S is further investigated.

CDW property. CDW refers to a periodic fluctuation
in charge density that occurs in crystals. It is observed
that there are large imaginary frequencies near K and M
in the phonon spectrum of 1T-Hf5S, as depicted in Fig.
4(a), which is a typical phenomenon in CDW materials.
CDW primarily originates from two sources: Fermi sur-
face (FS) nesting and EPC. The imaginary part of the
electronic susceptibility and the phonon linewidth 7 of As shown in Figs. 4(f) and 4(i), the EPC around T’
the lowest acoustic phonon mode are calculated to reveal — is the strongest, consistent with Fig. 4(j). The strong
the source of CDW. Figure 4(b) shows the FS nesting. EPC in the low-frequency region (w < 110 cm™!) con-
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FIG. 5: (a) Top and side views, (b) Band structure, (c) DOS

of 2H-Cr2S. (d) to (f) are similar to (a) to (c), but for 17T-
Mn;S. The arrows in (a) and (d) indicate the the direction of
magnetic moment.

tributes approximately 85.2% to the total EPC constant
A. From Figs. 4(d), 4(e), 4(g) and 4(h), it can be seen
that the superconductivity of 1T-Hf>S mainly originates
from the coupling between Hf-d,. /d,. electrons and the
low-frequency in-plane orbital vibrations of Hf. The EPC
constant A and T, of 1T-HfsS are 0.77 and 4.5 K, respec-
tivity. 1T-ZrS shows similar phenomenon to 1T-Hf5S,
and its CDW also originates from EPC. Under 2% com-
pressive strain, the CDW is suppressed and exhibits su-
perconductivity with T, of 2.1 K in Fig. S8 [47]. Due
to the magnetism of 2H-TiyS and 2H-MnsS, we do not
investigate the complex relationship between magnetism,
CDW, and superconductivity in this work, and will study
it later.

Magnetic property. Magnetic materials are crucial for
various applications. FM materials have important appli-
cations in magnetic memory and other fields due to their
external magnetic moment, and AFM materials can be
used as spin electron materials in the field of information
storage. Within the MSenes family, 2H-Hf5S has been
experimentally prepared and theoretically predicted to
be an AFM material with surface anomalous Hall effect
and electric field-induced layer Hall effect , ] The

12

results for 2H-Hf5S in this study are consistent with pre-
vious research [52]. Additionally, 2H-CrS exhibits FM
properties, with the magnetic moment of the Cr atoms
on both layers pointing in the same direction with the
value of 3.3 uB, as shown in Fig. 5(a). Figs. 5(b) and
5(c) illustrate the band and DOS of 2H-Cr,S, with red
indicating spin-up and blue indicating spin-down. Ad-
ditionally, 1T-MnsS displays AFM properties, with the
magnetic moments of the Mn atoms on both layers being
opposite in direction with the value of 3.7 B, as shown
in Fig. 5(d). Due to the AFM nature, the bands and
DOS for spin-up and spin-down overlap with each other
in Figs. 5(e) and 5(f). The bands of other magnetic
materials are presented in Fig. S4, and their magnetic
moments are shown in Table S5 ﬂﬂ] These results pro-
vide theoretical data reference for future experimental
research.

Conclusion. In conclusion, we have predicted twenty-
four stable MSenes with diverse physical properties, in-
cluding band topology, superconductivity, CDW, and
magnetism. Among them, there are twelve SC materials,
seven SCTMs, four CDW materials, and five magnetic
materials, including one FM and four AFM materials.
Notably, the 2H-MosS among SCTMs exhibits a T, of
10.2 K, surpassing that of most TMDs and MXenes. In
CDW materials, there is a competition between CDW
and superconductivity. The CDW originating from EPC
can be suppressed by compressive strain and exhibit su-
perconductivity. Therefore, our results significantly ex-
pands the repertoire of 2D materials and provides a new
platform for studying the competition or coexistence of
several orders such as SC, CDW, FM, AFM and topolog-
ical orders in 2D materials. The predicted MSenes may
provide rich applications in condensed matter physics,
material physics, and device physics in the future.
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