ARTICLES

SCIENCE CHINA Materials

mater.scichina.com link.springer.com

Published online 5 March 2024 | https://doi.org/10.1007/s40843-023-2708-4
Sci China Mater 2024, 67(4): 1160-1172

CrossMark

& click for updates

SPECIAL TOPIC: Computation-assisted Materials Screening and Design

A new 2D Janus family with multiple properties: auxetic behavior, strain-
tunable photocatalyst, high Curie temperature ferromagnets, and
piezoelectric quantum anomalous Hall insulator

Yu Liu, ShuaiYu Wang and Fengyu Li"

ABSTRACT Discovering new two-dimensional (2D) mate-
rials, exploring their unique properties and potentials in
various applications are of paramount importance to con-
densed matter physics and materials science. Here based on
the diverse properties of the novel square lattice S-XS, mate-
rials found in experiments and computations, we identified 7
novel 2D Janus $-XSSe (X = Si, Sn, V, Cr, Mo, Re, Os)
monolayers by means of density functional theory computa-
tions. Remarkably, both $-SiSSe and S-SnSSe monolayers
possess the auxetic behavior. In addition, they can act as po-
tential photocatalysts, and their photocatalytic performance
can be enhanced by changing the pH and applying biaxial
strains. Without spin-orbit coupling (SOC), the S-VSSe,
S-CrSSe, and S-MoSSe are ferromagnetic half-metals, and have
high Curie temperatures Tc (210, 810, and 390 K, respec-
tively). When SOC is included, the S-VSSe becomes a quantum
anomalous Hall insulator with a sizable gap (45.4 meV) and
one chiral edge state (Chern number C = —1). By symmetry
analysis of semiconducting S-XSSe (X = Si, Sn, V) monolayers,
only out-of-plane piezoelectric response can be induced by a
uniaxial strain in the basal plane, and among them, S-VSSe has
both the largest out-of-plane piezoelectric coefficients ds; and
ds,, with values of —0.013 and 0.025 pm V7', respectively. The
concurrence of ferromagnetism, topology, and piezoelectricity
empowers the S-VSSe monolayer as a potential platform for
multi-functional spintronics applications with a large gap and
high Tc. This theoretical work brings new members, also
manifoldness in the properties and functions to the renown
2D materials family.

Keywords: two-dimensional Janus structure, square transition
metal dichalcogenides, negative Poisson’s ratio, quantum
anomalous Hall effect, photocatalyst, piezoelectricity, density
functional theory

INTRODUCTION

In 2004, Novoselov et al. [1] successfully exfoliated graphene,
which can be widely used in the fields of sensors, transistors,
new energy batteries and biomaterials due to its outstanding
mechanical, electronic, thermal and optical properties [2-4].
Since then, the research on two-dimensional (2D) materials has
entered an era of rapid development, which consequently

accelerates the emergence of other 2D materials, such as boron
nitride (BN) [5], silicene [6], and transition metal dichalcogen-
ide (TMDC) monolayers MX, (M = Mo, W; X = §, Se, Te) [7,8].
Among them, TMDCs are one family of the representative 2D
materials, which have been widely studied in recent years [9-11],
due to the elements contained in the TMDCs are abundant in
the earth, with about 3% of sulfur element, which is higher than
C, N, B, and P [12]. More importantly, the multiple combina-
tions of transition metal and chalcogen elements make the
crystal structures of TMDCs diverse and exhibit rich physical
properties [13-15], enabling TMDCs valuable in applications of
field effect transistors, photodetectors, nanoelectronics, nano-
photonics, and other optoelectronic devices [16-18].
Subsequently, researchers proposed a Janus structure to fur-
ther investigate its physical properties by replacing one side of
the S in the TMDC materials with Se, and MoSSe monolayer was
successfully synthesized experimentally after theoretically prov-
ing its stability [19]. The internal perpendicular electric field
brought about by the broken mirror symmetry brings new
quantum effects, such as considering giant spin-orbit coupling
(SOC) originating from the d orbitals of the transition metal
atoms induces the larger spin splitting from ~150 to ~500 meV
[20,21]; surprisingly, Liu et al. [22] discovered the intrinsic spin
valley-coupled Dirac semimetal (svc-DSM) in Janus BrBiAsCl
monolayer; in addition, monolayers Janus XMnY (X, Y = S, Se,
Te) are antiferromagnetic and spin-split gapped systems [23];
moreover, polar MXY (M = Mo, W; X, Y = §, Se, Te) mono-
layers can show additional Rashba spin splitting [24,25]. On the
other hand, hydrogen as a clean and sustainable energy source,
produced by photocatalytic water-splitting technology, offers the
prospect of solving the increasingly serious energy and envir-
onmental issues. Ma et al. [26] demonstrated that the Janus
MoSSe monolayer is potentially an efficient wide solar-spectrum
water-splitting photocatalyst due to the optical absorption effi-
ciency and high carrier mobilities. In recent years, seeking 2D
multifunctional piezoelectric materials is a compelling problem
of novel physics and materials science [27]. Using density
functional theory (DFT) computations [28], the strong in-plane
piezoelectricity was predicted in MoS, monolayer and was later
confirmed by experiments [29,30]. Surprisingly, Dong et al. [31]
reported a strong out-of-plane piezoelectric polarization in the
Janus MXY (M = Mo, W; X/Y =S, Se, Te) monolayers due to the
lack of reflection symmetry (ds; = 5.7-13.5 pm V™! in multilayer
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MXY depending on the stacking pattern), larger than that of the
commonly used 3D piezoelectric material AIN (ds;; =
5.6 pm V™') [32]. Further, the coexistence of intrinsic piezo-
electricity and ferromagnetism, namely piezoelectric ferro-
magnetism (PFM), was predicted in vanadium dichalcogenides
[33]; the combination of piezoelectricity and a topological
insulating phase was also achieved in Janus monolayer SrAl-
GaSey [34]; Guo et al. [35] successfully predicted an intriguing
piezoelectric quantum anomalous hall insulator (PQAHI) Janus
Fe,IX (X = Cl, Br) monolayer, indicating the enormous potential
of utilizing the piezoelectric effect to control the quantum or
spin transport process, which may lead to novel device appli-
cations or scientific breakthroughs.

Numerous previous studies have shown that Janus materials
possess a wealth of physical properties and a wide range of
application scenarios. However, most of the current studies are
focused among the materials with hexagonal lattice. In the
experiment, Huang et al. [36] successfully prepared square lat-
tice GeS, monolayers with P-4m2 symmetry. In our previous
work, a series of S-XS, (X = Si, Ge, Sn, Pb, Ti, V, Cr, Mn, Zr, Mo,
Re, and Os) monolayers with square lattice have been predicted
to expand the family of 2D materials. These materials possess
excellent properties such as auxetic behavior, high carrier
mobility, great electrocatalytic and photocatalytic water-splitting
properties, and high Curie temperature [37].

In this work, inspired by the already synthesized Janus
monolayer MoSSe, it is possible to achieve the Janus structure
based on the S-XS, monolayer, named S-XSSe, and further
explore its physical properties. By examining the thermo-
dynamical, dynamical, mechanical, and thermal stabilities via
first-principles calculations, 7 $-XSSe (Si, Sn, V, Cr, Mo, Re, and
Os) structures were verified to be stable. Among them, non-
magnetic S-SiSSe and S-SnSSe semiconductors possess auxetic
behavior, and are potential photocatalytic candidates, and their
photocatalytic performance can be further enhanced by chan-
ging the pH and applying biaxial strains; nonmagnetic S-ReSSe
and S-OsSSe monolayers exhibit metallicity; while ferromagnetic
S-VSSe, S-CrSSe, and S-MoSSe are half-metallic, and the Curie
temperatures are estimated to be about 210, 810, and 390 K,
respectively. By DFT+SOC calculations, the nontrivial topolo-
gical state of the monolayer S-VSSe is firmly confirmed by a
nonzero Chern number (C = —1) and chiral edge state, and the
nontrivial band gap is 45.4 meV. By symmetry analysis, only an
out-of-plane piezoelectric response can be induced by a uniaxial
strain, and the predicted out-of-plane d;; and d; of semi-
conductor S-VSSe is comparable to some 2D known materials,
indicating the enormous potential of Janus S-VSSe monolayer in
developing 2D piezoelectric spin topological devices.

CALCULATION METHODS

The geometric, magnetic, and electronic properties of all the S-
XSSe monolayers were calculated by projector augmented wave
(PAW) projection [38] in Vienna ab initio simulation package
(VASP) [39]. The Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) approx-
imation was used to describe the exchange and correlation
functional [40]. To better describe the strongly correlated
d electrons of transition atoms, the GGA+U method was
employed [41]. The plane-wave cutoff energy was set to 500 eV.
The total energy convergence criterion was set at 107> eV. All the
lattice constants and atomic coordinates were optimized with the
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force on each atom being less than 0.01 eV A~!. A vacuum space
larger than 15 A was used to avoid the interaction between two
adjacent slabs. The I'-centered Monkhorst-Pack k-point mesh of
11 x 11 x 1 was adopted in calculations involving structural
relaxation calculations, while a denser k-point mesh of 21 x 21 x
1 was chosen in the magnetic calculations.

To assess the stability of the S-XSSe monolayers, various
computational methods were employed. The dynamical stability
was evaluated through phonon dispersion calculations using the
Phonopy code, which is based on density functional perturba-
tion theory (DFPT) implemented in VASP [42]. The thermal
stability was investigated by first-principles molecular dynamics
(FPMD) simulations with the PAW method and the PBE
functional. In the FPMD simulations, an initial configuration of
the S-XSSe system, consisting of a 6 x 6 x 1 supercell with 108
atoms, was heated at room temperature (300 K). Each FPMD
simulation in an NVT canonical ensemble was performed for a
duration of 5 ps with a time step of 1 fs.

The hybrid functional (HSE06) [43] was used to better predict
the band structures. Because of the intrinsic dipole in the S-XSSe
monolayers, a dipole correction in z direction was included
throughout the calculations of work function [44]. The magnetic
anisotropy energy (MAE) was evaluated by a difference in the
obtained total energies for two different magnetization direc-
tions when considering SOC [45], i.e., MAE = E, (or E,) — E,
the selection of E, or E, was determined by the lower energy. The
Curie temperature simulations were carried out in the Vampire
[46]. The elastic stiffness tensor Cj was calculated by using the
strain-stress relationship (SSR) with GGA, and the piezoelectric
stress tensor e; of S-SiSSe and S-SnSSe (S-VSSe) was calculated
by the DFPT method [47] using GGA (GGA+SOC). The topo-
logical properties were identified by calculating Berry curvature
and Chern number via Wannier90 [48] and WannierTools [49]
packages.

RESULTS AND DISCUSSION

Geometric structures of the S-XSSe monolayers

Based on previous work, we discovered 12 stable S-XS, (X = Si,
Ge, Sn, Pb, Ti, V, Cr, Mn, Zr, Mo, Re, and Os) monolayers with
square lattice [37]. In this work, we replaced a layer of S by Se to
construct the Janus structures and further explored their phy-
sical properties. As shown in Fig. 1, the atomistic configuration
of 2D S-XSSe monolayers is one transition metal atom or main
group atom layer sandwiched by S and Se layers. In comparison
with the P-4m2 (no. 115) space group of the S-XS,, the space
group of the Janus monolayer S-XSSe is reduced to the
orthorhombic Pmm2 (no. 25), since the different radius of S and
Se. To distinguish the hexagonal phases, here we still denote our
Janus structure as S-XSSe.

To locate the ground state of magnetic order in these 12
S-XSSe monolayers, the GGA+U method (U = 3 eV for tran-
sition metal atoms Ti, Cr, Mn, Zr, Mo, Re, and Os [50-53], and
U = 4 eV for V atom [54], for details see Fig. S1 in Supple-
mentary information) was applied, and four different magnetic
configurations, ferromagnetic (FM) and three antiferromagnetic
states (AFM1, AFM2, and AFM3) were considered (see Fig. S2).
Our calculations revealed that the S-VSSe, S-CrSSe, and
S-MoSSe monolayers are FM, S-MnSSe monolayer is AFM1,
while the other 8 S-XSSe (X = Si, Ge, Sn, Pb, Ti, Zr, Re, and Os)
monolayers show nonmagnetic behavior (Table SI).
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Figure 1

time (fs)

(a) Top and side views of the 4 x 4 x 1 supercell of S-XSSe monolayer (the primitive cell is marked by the red rectangle dash line, the yellow, green,

and blue balls represent S, Se, and X atoms, respectively); (b) the first Brillouin zone (BZ) of $-XSSe monolayers with high symmetric k points; (c) the phonon
dispersion of S-SiSSe; (d) the final structure and energy fluctuation of S-SiSSe through a 5 ps FPMD simulation at 300 K.

Table S2 presents the main geometric parameters of 12 S-XSSe
monolayers in their ground states after structural relaxation,
including the lattice constants (a and b), monolayer thickness
(h), bond lengths (ry y.)> and bond angles (Ogs. x gs.). Generally,
the lattice constants, monolayer thickness, and bond lengths of
these S-XSSe monolayers are well correlated with the radius of X.
For example, the a/ la,° h, and ry o, values increase from 3.43/3.55,
2.82, and 2.18/2.31 A for Si to 3.97/4.10, 3.32, and 2.55/2.67 A
for Pb, respectively. In addition, since the atomic radius of S is
smaller than that of Se, the 7y g/ is smaller than 7y g,/ b.

Stability of S-XSSe monolayers
After structural optimization, we got 12 possible stable S-XSSe
(X = Si, Ge, Sn, Pb, Ti, V, Cr, Mn, Zr, Mo, Re, and Os) struc-
tures. To confirm the manufacturability in the experiment, we
examined its thermodynamical, dynamical, mechanical, and
thermal stabilities.

Firstly, we calculated the cohesive energy (E.y;) of S-XSSe
structures to evaluate their thermodynamical stability, which is
defined as

Ecoh:(EX+ES+ESe7Emt)/3’ (1)

where E, is the total energy of the monolayer, and Ex/ Eg/ Eg,
is the energy of an isolated X/S/Se atom. The calculated cohesive
energies are shown in Table S2. All the 12 §-XSSe monolayers
have positive cohesive energies (2.92-5.18 eV atom™), indicat-
ing that thermodynamical stability is satisfied. In addition, these
E ., of our S-XSSe materials are slightly lower than our previous
S-XS, materials, but comparable to a number of Janus structures
of the hexagonal lattice (see Table S2), including MoSSe and
WSSe (4.87 and 5.48 eV atom™, respectively), which have been
synthesized experimentally [55], VSSe and CrSSe (4.69 and
3.83 eV atom™, respectively), which are global minimum
structures obtained by CALYPSO [56,57], and SnSSe
(3.12 eV atom™) predicted by theory [58]. Considering that
GeS, in square lattice has been synthesized experimentally [36],
we believe that the Janus structures in this work are expected to
be synthesized experimentally in the future [59].

Secondly, the dynamical stability of the S-XSSe monolayers
was investigated by calculating the phonon dispersions. As
shown in Fig. S3, except for AFM S-MnSSe, whose imaginary
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frequencies in its phonon spectrum exceeding —100 cm™', the
other 11 monolayers are dynamically stable as demonstrated by
the absence of imaginary frequencies using S-SiSSe in Fig. 1c as a
reference). Compared with the $-XS, system, the maximum
frequency of phonon dispersion is reduced by less than 50 cm™
(ranging from 300 cm™ of S-PbSSe to 580 cm™ of S-SiSSe);
however, it is comparable to or larger than the maxima of
vibrational modes of the hexagonal MoS, monolayer (473 cm™)
[60] and black phosphorene (440 cm™) [61], which suggests that
the chemical bonds in the S-XSSe structures are still strong.

Then, the mechanical stability of 11 structures (in Table S2)
was examined by means of the Born criterion (C,,C,,— C,;> 0
and Cg > 0), and 9 S-XSSe (X = Si, Sn, Ti, V, Cr, Zr, Mo, Re, and
Os) monolayers show mechanical stability [62]. The mechanical
properties are described in detail in the next section.

Finally, the thermal stability of the screened 9 S-XSSe
monolayers was evaluated by FPMD simulations at 300 K for
5 ps. In Figs S4a and S5, S-TiSSe and S-ZrSSe were excluded due
to their structural distortion, while the total energy fluctuation
amplitude of other 7 S-XSSe (X = Si, Sn, V, Cr, Mo, Re, and Os)
monolayers is less than 4 eV, and these structures were well
preserved, indicating that these 7 S-XSSe monolayers were
thermally stable (using S-SiSSe in Fig. 1d as a reference). Con-
sidering that the experimental synthesis is at a higher tempera-
ture, we raised the temperature of the FPMD simulation to
500 K. The results show that all the structures except S-VSSe and
S-ReSSe can remain thermally stable within 5 ps (see Fig. S4b),
implying a high synthesis possibility in the experiments.

To better understand the high stability of 7 stable S-XSSe
monolayers, we have explored the bonding properties using
electron localization functions (ELFs) and Bader charge analysis.
Generally, ELF values of 1.0 and 0.5 represent the fully locali-
zation and the free electron gas, respectively, while ELF values
close to 0 represent areas of low electron density. As displayed in
Fig. S6, the S-SiSSe shows the covalent bonding because a large
number of electrons are accumulated between S/Se and Si atom.
For the other 6 S-XSSe monolayers, the electrons are accumu-
lated around the S/Se elements, exhibiting ionic bonding char-
acteristics. To qualitatively describe the electron transfer in these
structures, we conducted the Bader charge analysis (Table 1) and
found that each X atom donates 0.45-2.03 electrons to the

April 2024 | Vol.67 No.4
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Table 1 Bader charge analysis of S-XSSe monolayers (in |e|)
Bader-X Bader-S Bader-Se
S-SiSSe +2.03 -1.13 —0.90
S-SnSSe +1.27 -0.71 —-0.56
S-VSSe +1.33 —0.73 —0.60
S-CrSSe +1.00 —0.56 —0.43
S-MoSSe +1.03 —0.58 —0.45
S-ReSSe +0.77 —0.47 —0.30
§-OsSSe +0.45 —0.31 —-0.14

adjacent chalcogen atoms. Among them, the Si atom in S-SiSSe
transfers the highest amount of electrons, as expected from
covalent bonding. In addition, S atoms accept more electrons
than Se do, due to the larger electronegativity.

Mechanical properties

Based on the 7 stable S-XSSe (X = Si, Sn, V, Cr, Mo, Re, and Os)
monolayers, we explored the mechanical properties (Table S3).
The mechanical properties associated with elastic constants (Cy,
Ci2, Cy, and Ce) can be described by two independent para-
meters, the orientation-dependent Young’s modulus Y(6) and
Poisson’s ratio v(6), which can be expressed as follows [63]:

Cl 1C22_ C122
| Sin*0+ Asin%0cos 20+ Cc0s40’

Y(0)= C (@)
C,,8in*0— Bsin%fcos 20+ Ccos*6
C,sin*0+ Asin?fcos 60+ Cpc0s40’

where 4= (C,Cp,—C2)/ Cg=2C,, B=C+Ci=(C,Cy
~C2)/ Ce

According to the above equations, the Y and v with the var-
iation of angle 6 were plotted in Figs S7 and S8, respectively
(using S-SiSSe in Fig. 2 as a reference). We found that the in-
plane Young’s modulus of these 7 S-XSSe monolayers are all
small (less than 100 N m™") and anisotropic. For $-SiSSe and S-
SnSSe monolayers, the largest value of Young’s modulus is along
x-direction (95.64 and 54.43 N m™!, respectively), while in y-
direction, the Young’s modulus is slightly lower (77.42 and
43.07 N m™, respectively) due to weaker bonding of X-Se than

V() = G)

@
o

T
D
o

180°

T
N
o

Young's modulus (N m-')

N
o

270°

X-S. When X is a transition metal element, all the Young’s
modulus along x/y-direction are less than 50 N m™ (28.54/27.16,
34.20/29.66, 31.34/22.22, 45.12/12.10, and 25.63/22.83 for S-
VSSe, S-CrSSe, S-MoSSe, S-ReSSe, and S-OsSSe, respectively).
The Y values of 7 S-XSSe monolayers are much lower than that
of hexagonal MoS, monolayer (120 N m™!) [64], indicating their
promising application as flexible devices.

The Poisson’s ratios of the S-XSSe monolayers are shown in
Fig. S8, ranging from —0.06 to 0.56. Specifically, for S-ReSSe, the
highest Poisson’s ratio is along the x-direction, but other
structures have their highest Poisson’s ratios along with 6 = 45°
x n (n =1, 2, 3, 4) directions. Remarkably, the two main group
based S-XSSe (S-SiSSe and S-SnSSe) monolayers possess negative
Poisson’s ratios (NPRs) up to —0.06, which is suggested that
interesting auxetic effects have been found, such as resistance to
denting [65], high fracture toughness [66], and outstanding
vibration or sound absorption capabilities [67]. Besides, the NPR
values of both S-SiSSe and S-SnSSe are more negative than those
of §-phosphorene (—0.027) [68] and borophene (—0.022) [69],
which suggests that these two S-XSSe monolayers exhibit a more
pronounced response as auxetic materials. In order to examine
the NPR characteristics of S-SiSSe and S-SnSSe, we applied
uniaxial strain (§) ranging from —5% to 5% along the x-direc-
tion. As shown in Fig. S9, as the uniaxial strain &, varies from
—5% to 5%, the response in the y-direction (§,) increases
monotonically (—0.28%-0.34% for S-SiSSe, and —0.30%-0.26%
for S-SnSSe), conforming the NPRs.

To further understand the emerging NPR phenomenon, we
examined both geometric and electronic responses exemplified
for monolayers S-SnSSe and S-OsSSe under x-axial strains. The
geometric response along the y-direction is related to the bond
length I of X-Se and the bond angle 6 of Se-X-Se in S-XSSe.
Therefore, we believe that the NPR and positive Poisson’s ratio
(PPR) features of the material are mainly related to the above
two key parameters in the geometric evolution. Applying uni-
axial strains, the changes in 6 and / will determine the NPR or
PPR characteristics of the material, as shown in Fig. 3a, an
increase in 6 or | produces NPR and vice versa for PPR feature.
In particular, for the two Janus monolayers, under the uniaxial
strains ranging from —5% to 5% along the x-direction, the
changes in their 6 and I, were illustrated in Fig. 3b, c, respec-
tively. As expected, for the NPR material S-SnSSe, the changes in
0 and [ are positively correlated with strain, while the PPR

Q
o

Poisson's ratio

r
o
IS

r0.2

0.0

270°

Figure 2 (a) Orientation-dependent in-plane Young’s modulus Y(6) and (b) Poisson’s ratio v(6) for the S-SiSSe monolayer.
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Figure 3 (a) Schematic representation of the bond length I and the bond angle 8 in relation to NPR and PPR. Geometric response of (b) S-SnSSe and
(c) S-OsSSe monolayers under the uniaxial (ranging from —5% to 5%) strain along the x-direction. The ELF profile of (d) S-SnSSe and (e) S-OsSSe under

strain along the orange dashed line in (a).

material S-OsSSe shows a negative correlation. For some specific
materials, the changes in 8 and [ may be opposite, thus creating
competition to decide whether the material is an NPR material
or not [70]. This intralayer interaction response originates from
the arrangement of electron clouds, which can be visually
reflected in the ELF as shown in Fig. 3d, e. When strain was
applied from 0% to 5%, the distance of the electron cloud of two
Se atoms in S-SnSSe was elongated (from 2.347 to 2.353 A) due
to repulsion, while the distance in S-OsSSe is shortened (from
2.383 to 2.333 A).

Electronic properties

To investigate the potential application of S-XSSe (X = Si, Sn, V,
Cr, Mo, Re, and Os) monolayers, the electronic properties
should be investigated. As shown in Fig. 4, we calculated the
atom-projected band structures of 7 S-XSSe monolayers, and the
band structure information (including band gap, band edge
position, and band type) of semiconductors is summarized in
Table 2. Since the PBE functional usually underestimate the
band gap, we used the HSE06 method to have more reliable
value of band gap (Eg;). The Janus structures have a slight effect
on the electronic properties of the original counterparts (see
Table S4). The HSEO06 results revealed that the S-SiSSe and
S-SnSSe (Fig. 4a, b) are semiconductors with the indirect band
gaps of 1.65 and 1.69 eV, respectively, which are significantly
reduced compared with the original S$-SiS, and S$-SnS; (2.77 and
2.59 eV, respectively) [37]. The main reason is the difference in
atomic radius and electronegativity between S and Se atoms,
which will result in inequivalent X-S/Se bond lengths and charge
distributions (see the Bader charges in Table 1). For the Janus
S-SiSSe/S-SnSSe monolayer, the larger amount of charges
transferred from Si/Sn to S than that to Se atoms. This asym-
metry atomic configuration breaks the charge balance along the
vertical direction of the monolayers, which leads to a vertical
potential alone the out-of-plane direction, and further affects the
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band structures. From the atom-projected band structures, it can
be seen that the valence band maximum (VBM) and conduction
band minimum (CBM) are dominantly contributed by p orbital
of Se atom and p orbital of Si/Sn atoms. The hybridization of the
orbitals moves both CBM and VBM closer to the Fermi level,
producing the narrowed band gaps. This trend is also similar to
the Janus MXY (M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W; X/Y =S,
Se, Te) monolayers of hexagonal lattice [71].

Furthermore, the S-ReSSe and S-OsSSe (Fig. 4c, d) are metals.
The metallicity stems mainly from the d orbitals of the transition
metal Re and Os atoms. Remarkably, the ferromagnetic S-VSSe,
S-CrSSe, and S-MoSSe monolayers (Fig. 4e-j) exhibit half-
metallic characteristics, where the spin-up channel behaves as a
metal, and the spin-down channel acts as an indirect band-gap
semiconductor (band gap of 2.70, 3.07 and 2.24 eV, respec-
tively), leading to 100% spin polarization in certain spin channel
[72].

Photocatalytic properties

It is well known that photocatalysts must be semiconductors,
and their band gaps and edge positions must meet certain
requirements [73,74]. According to the investigation of elec-
tronic properties, the band gaps of S-SiSSe and S-SnSSe (indirect
band gap of 1.65 and 1.69 eV, respectively) monolayers fulfill the
first requirement (1.23-3.00 eV) for water splitting. Further, the
indirect band gap could efficiently restrain the combination of
photoexcited carriers [75]. For the second requirement to pho-
tocatalyze water splitting, the band edges must straddle the
redox potential of water. The standard reduction potential of
H*/H, (E*4(H*/H,)) and the oxidation potential of H,0/O, (E°*
(H,0/0,)) with the inclusion of environmental pH could be
expressed by E°Y(H*/H,) = —4.44 + pH x 0.059 eV and E*(H,0/
0,) = —5.67 + pH x 0.059 eV, respectively. To obtain the
energies of CBM and VBM, the work functions were calculated
by ¢ = E ..~ Eg, where £, is the energy of a stationary electron
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Table 2 The band gaps (Eg, in eV), positions of VBM and CBM, and band
type of S-XSSe monolayers computed by the HSE06 functional

S$-SiSSe  S-SnSSe  S-VSSe™  S-CrSSe?™ S-MoSSe™
Egp 1.65 1.69 2.70 3.07 2.24
VBM Y Y Y Y r
CBM T r S S S-Y
Type Indirect  Indirect  Indirect  Indirect  Indirect

in the vacuum nearby the surface, £y is the Fermi energy. Thus,
we can take ¢ as the energy of VBM (Egy), and the energy of
CBM can be obtained via the expression of Ecpy = Evgm + Egyp,

where E,,, is the HSE06 bandgap.

Interestingly, for the S-SiSSe and S-SnSSe monolayers, due to
the electronegativity difference between the S and Se elements,
the built-in electric field (Ees) is generated in the direction
perpendicular to the plane, resulting in the electrostatic potential
difference (A®), which can promote the separation of electrons
and holes [76]. As shown in Fig. 5a, b, the electrostatic potential
difference between Se surface and S surface is 0.31 and 0.38 eV
for S-SiSSe and S-SnSSe, respectively. Considering the influence
of pH values, as shown in Fig. S10a, b, we found that S-SiSSe is
suitable as a photocatalyst in alkaline (pH 14) conditions,
S-SnSSe in acidic or neutral (pH 0 or pH 7) conditions. How-
ever, there is a significant energy difference (AE,/AE,) between
the CBM/VBM and the reduction/oxidation potential. For
intrinsic S-SiSSe and S-SnSSe, considering the most appropriate
pH, the AE|/AE, values are 0.51/0.22 at pH 14 and 0.44/0.40 eV
at pH 1 (in Fig. 5¢, d), respectively. Thus only S-SnSSe possess
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comparable driving forces for the oxidation and reduction
reactions, and have the potential to be an effective photocatalyst
for water splitting.

The optical absorption properties of the photocatalyst play a
vital role in the entire water-splitting process, and an efficient
photocatalyst should be able to absorb visible and ultraviolet
(UV) light. Thus, we further investigated the absorption spectra
of the S-SiSSe and S-SnSSe monolayers in x, y, and z directions
using the complex dielectric constants (¢) at a given frequency
with the HSE06 functional [77]. As illustrated in Fig. 5e, f,
because of the symmetry of the lattice structure [78], the optical
absorption intensity is significantly weaker under z than under x
and y directions. Specifically, S-SiSSe has a high light absorption
efficiency of 10°cm™ orders of magnitude in the UV light
region, while S-SnSSe exhibits a good light absorption efficiency
both in the visible and UV regions of the order of 10° and
10° cm™!, respectively. The high absorption coefficients in both
visible and UV light indicate that the S-SnSSe monolayer pos-
sesses efficient light harvesting capabilities, making the favorable
candidates for photocatalyze water splitting. Although S-SiSSe
possesses a high light absorption efficiency only in the UV
region, its reaction driven force is poor compared with S-SnSSe.
We believe that it can be modulated to increase its light
absorption efficiency, e.g., by strain engineering [26,79].

Strain engineering is an effective way to tune the band gap,
which in turn affects the position of the band edges. In order to
explore how strain affects the photocatalytic properties, we
applied the biaxial strains of —6%-6% (with an interval of 2%),
and calculated their band gaps and band edge positions by
HSE06 method (see Fig. S11 and Fig. 6a, b). Generally, the CBM
and VBM positions of S-XSSe (X = Si, Sn) decrease with
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Figure 5 The surface potential differences of (a) S-SiSSe and (b) S-SnSSe monolayer. The alignment of energy levels for monolayer (c) S-SiSSe at pH 14 and
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spectra for monolayers for (e) S-SiSSe and (f) S-SnSSe in x, y, and z directions using the HSE06 method.

increasing tensile strain. In acidic environment (pH 0), only S-
SiSSe at 6% tensile strain, S-SnSSe at —2%-4% strain, their band
edge positions simultaneously cross the redox potential of water,
can be used as a photocatalysts; while in alkaline (pH 14) con-
dition, the band edge positions of S-SiSSe and S-SnSSe cross the
redox potential of water under strains of 0%-4% and —6%-—4%,
respectively. Therefore, the reaction driving force of both S-XSSe
(X = Si, Sn) can be tuned by applying biaxial strain as well as
varying the acidic-alkaline conditions (pH from 0 to 14, we only
considered two extreme conditions). Furthermore, the absorp-
tion of S-SiSSe and S-SnSSe extends progressively to the lower
energy part with increasing the biaxial strains. When the strain
reaches 6%, the light absorption peaks of S-SiSSe (in Fig. 6¢c-e)
in the x, y directions reach the visible region and the light
absorption coefficients reach 10* and 10° cm™, respectively, and
the absorption in the z direction is a little weaker and almost
reaches 10* cm™ in the visible light region; for S-SnSSe (in
Fig. 6f-h), the absorption coefficients reach 10*cm™ in the x
direction and 10° cm™ in the y direction in both tension and
compression, and the absorption peaks are in the visible region,
while in the z direction the light absorption peaks are close to the
visible region only at 6% tensile strain and the absorption
coefficients reach 10°cm™. The overall performances are
superior to that of the famous 2D g-C;Ny4 photocatalyst [80],
demonstrating that our S-SiSSe and S-SnSSe are potentially
efficient photocatalytic materials.

Moreover, for S-SiSSe and S-SnSSe monolayers, the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
during water splitting were simulated using the model developed
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by Nerskov [81]. We used a supercell of 5 x 5 x 1 for HER and
OER calculations (eight adsorption sites on each surface were
considered: S1-S8, see Fig. S12), and ultimately we found that
HER and OER are most likely to occur at the S5 site of the S-
surface. The Gibbs free energies of these electrochemical ele-
mentary steps in the OER were calculated at zero cell potential
(U = 0) and the equilibrium potential (U = 1.23 V), respectively,
see Fig. S13. For the OER, the rate-determining step (RDS) is the
oxidation of *O to *OOH with a limiting reaction barrier
(AGpax) 0of 2.17 and 0.52 eV at U = 1.23 eV (3.40 and 1.75 eV at
U = 0 eV) for S-SiSSe and S-SnSSe, respectively. The results are
slightly higher or much better than 1.92 eV of 2H-MoS, at U =
1.23 eV [82]. Meanwhile the AGp.x of HER are 1.17 and 1.82 eV
for S-SiSSe and S-SnSSe, respectively, both lower than 2.1 eV of
2H-MoS, toward HER [83]. Therefore, both S-SiSSe and S-
SnSSe, especially the latter one, have more potential as photo-
catalysts for OER.

Carrier mobility

The high mobility of photogenerated carriers is important to
reduce the carrier recombination rate, thus ensuring better
photocatalytic performance. The deformation potential (DP)
theory was employed to calculate the carrier mobility via the
following equation [84]:

__eh’Cyp
K kgTmim EZ

4)

The detail for calculations can be found in the Supplementary
information. The value of elastic modulus C,p, DP constant E;
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(Fig. S14), effective mass m*, and carrier mobility u are listed in
Table 3. In the x-direction, the electron and hole mobility for S-
SiSSe/S-SnSSe are 575.93/166.73 and 66.91/36.97 cm? V™' s7%; in
y-direction, they are 2512.81/130.12 and
152.61/39.29 cm? V™! s7%. These values are comparable or higher
than that of the 2D Janus WSSe (125.01/723.42 and
124.70/433.22 cm? V™' s7! for electron and hole mobility along
the armchair/zigzag direction, respectively) [79]. Generally, lar-
ger electron and hole mobility discrepancy could induce a lower
bulk and surface recombination of photoexcited carriers during
the migration, thus increasing the photocatalytic efficiency.
Along the x (y) direction, the electron mobility is about 9/3
(16/3) times higher than the hole mobility of SiSSe/SnSSe. Thus,
due to the large carrier mobility discrepancy, both S-SiSSe and S-
SnSSe monolayers have the capability to strengthen the separa-
tion of photogenerated carriers, then can serve as excellent
photocatalysts.

Magnetic properties

The MAE is an important requirement for the thermal stability
of magnetic orderings, which is the key factor for the long-range
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ferromagnetic orderings of 2D materials. MAE also indicates the
energy required to overcome the barrier when switching the
direction of the magnetic moment from the easy axis to the hard
axis [85]. For the 3 FM S-XSSe (X =V, Cr, and Mo) monolayers,
the MAE values are 0.379 meV/V, —0.166 meV/Cr, and
1.646 meV/Mo, respectively (see Table 4), indicating that the
easy axis for both S-VSSe and S-MoSSe are along the out-of-
plane direction, while for S-CrSSe is in-plane direction.

Then we evaluated the Curie temperature (Tc) of these 3
monolayers by Monte Carlo simulations based on the Heisen-
berg model. The Hamiltonian is described by [86]

Y ssnY ss
1 (i) [l 2 (i.0) ~k

—J, Z(,- ) SS,—AS7Ss7, ©)

where the J;, J5, and J; are the nearest (N), next-nearest (NN),
and next-next-nearest (NNN) magnetic exchange interaction
parameters (as shown in Fig. S2), S; is the spin vector of each
atom, A is the anisotropy energy parameter, which can be

obtained by using the MAEs as A = MAE/|S|%, and S is the Z

H
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Table 3 Computed effective mass (m*) of the electron and hole, elastic constant (Cyp), DP constant (E)), and carrier mobilities (¢) for the S-SiSSe and S-

SnSSe monolayers

Type m*/my Cp (Nm™) E (eV) u (em?V7ls™)
m m, Cip-x Cop-y Bi-x By Hx H
Hole -0.27 —1.35 13.70 3.65 66.91 152.61
S-SiSSe 95.93 77.65
Electron 0.31 0.40 8.07 6.12 575.93 2512.81
Hole —0.38 —-2.23 9.49 3.38 36.97 39.29
S-SnSSe 54.57 43.18
Electron 0.43 0.31 6.67 7.91 166.73 130.12

Table 4 On-site magnetic moments (M) for transition metal, exchange coupling parameters J;, />, and J5, MAE, and Curie temperature (T¢) of S-VSSe, S-

CrSSe, S-MoSSe, and Crl; monolayer (italics indicate values in Ref. [87])

M (up) Ji (meV) J> (meV) J5 (meV) MAE (meV) Tc (K)
§-VSSe 1.00 134.68 110.02 -1.60 0.379 210
S-CrSSe 2.00 137.91 107.25 —2.85 —0.166 810
S-MoSSe 2.00 51.14 70.29 —6.27 1.646 390
Crl; 3.00 2.76/2.7 0.565 —0.149 0.725/0.803 57/45

component of the spin vector. Four magnetic configurations of
FM, AFM1, AFM2, and AFM3 are used to extract the magnetic
parameters:

Hpyyy = Hy= 40,87+ 40,82+ 8,8~ 4| S |, (6)
H gz = Hyt 47,8+ 47,82 =818~ 4| S I, (7
H ez = Hyt 4,82 = 41,82+ 81,8~ 4| S |, ®)
Hgyy= H,~4J,S°~4J,8*~8/,S*~4|S " ©)

As shown in Table 4, we have obtained the value of on-site
magnetic moments (M), exchange coupling parameters (J;, /5,
and J3) and T¢ of S-VSSe, S-CrSSe, and S-MoSSe monolayers,
respectively. The T¢ of S-VSSe, S-CrSSe, and S-MoSSe are about
210, 810, and 390 K, respectively, as shown in Fig. 7, which can
be comparable or higher than a recently studied 2H-VSSe
monolayer (346 K) [56]. Our method predicts the T¢ for the
synthesized Crl; monolayer to be 57 K (see Fig. S15). This is in
good agreement with the experimental and theoretical values
(45 K) [87], which validates the Monte Carlo method used in
this work.

Topological properties
From the electronic properties, we give the band structure of FM
state S-VSSe monolayer by HSE06 method (in Fig. 4e, f), where
the gapless Dirac semimetal for spin-up and a large-gap insu-
lator for spin-down (2.70 eV), namely the 2D half Dirac semi-
metal. In this section, we focus on the electronic structure and
topological properties of S-VSSe by GGA theory. Fig. 8a, b show
the energy band structures of the S-VSSe monolayer with GGA
and GGA+SOC. When the SOC is absent, the energy band
structure is in high agreement with the results of the HSE06
method. It is found that the spin-up bands near the Fermi level
are mainly contributed by d,, of V, p, and p, of S/Se atoms (see
Fig. S16). The special electronic structures suggest that the S-
VSSe might be a QAH insulator when the SOC is included.

To verify whether the S-VSSe is a QAH insulator or not, we
reexamined the band structure including SOC, and found that a
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band gap of 45.4 meV is opened near the Fermi level in the I'-X
path, as shown in Fig. 8b. If the band gap is topologically
nontrivial, it suggests that QAH effect can be realized. Then we
calculated the Chern number (C) of the S-VSSe monolayer by
integrating the Berry curvature (€2,(k)) of the occupied bands:

1
C= ELZdeQZ(k), (10)

Q) =V xi<p, | Vu, >, (11)

where g is the lattice periodic part of the Bloch wave functions.
The calculations reveal that nonzero Berry curvatures only dis-
tribute along the I'-X path (see Fig. 4i). The topologically non-
trivial Chern number of C = —1 was obtained by integrating the
Berry curvatures, corresponding to the quantized Hall con-
ductance of o, = —e?/h, where h is the reduced Planck constant.
We also found a chiral edge state along the edge (see Fig. 8c),
further confirming the QAH characteristic of S-VSSe monolayer.

Piezoelectricity

Considering our semiconductor monolayer S-XSSe (X = Si, Sn,
and V), it is possible to use them as piezoelectric materials due to
the prohibition of current leakage. By symmetry analysis, our
Pmm?2 space group lacks reflectional symmetry across the xy
plane, but has reflectional symmetry across the xz or yz plane.
This means that in-plane piezoelectricity will disappear, and
only out-of-plane piezoelectricity can exist. The third-rank pie-
zoelectric stress tensor e;; and strain tensor dj can be used to
describe the piezoelectric effects of a material, which include
ionic and electronic contributions. A detailed derivation of the
piezoelectric coefficients can be seen in the supplementary
material.

After derivation, only vertical piezoelectric polarization
(es1/ds1 and esp/ds, # 0) exists in our S-XSSe monolayers. The
esi/es; indicates the amount of polarization change in the z
direction produced by the monolayer under the influence of an
applied strain in the x/y direction in the plane. The unit cell is
used to calculate the es;i/ds; and es/ds, of Janus monolayer
S$-XSSe (X = Si, Sn, and V), and the results are summarized in

April 2024 | Vol.67 No.4



SCIENCE CHINA Materials

ARTICLES

1

1.0 | @ S-VSSe
s '  S-CrsSe
= , ® S-MoSSe
N 08 :
o
) 1 |
< 1 1
8’ 0.6 1 | |
£ 1 |
T | 1
g 0.4 ‘ Uq ”gl
© * &
E o2 . £
o) |
= k '\ :

0.0 . = : L, . r . -

0 200 400 600 800 1000

Temperature (K)

Figure 7 Normalized magnetization of S-VSSe, S-CrSSe, and S-MoSSe monolayers by performing Monte Carlo simulations.

Energy (eV)

[

S B
a —— Spinop —— Spinan _ D GGA+SOC 1
2 2 AP
10.2]
1
I
1044
S g
9 1
1
] 10044~
8 il
[ 1
o 1
L 1-0.11
]
1
|_o-2_
]
1
1
' r
]
"

¥ 1
\\i )

Figure 8 The energy band structure of S-VSSe monolayer (a) without and (b) with SOC at the FM ground state. The orange (blue) lines represent the band
structure in the spin-up (spin-down). The enlarged image shows the Dirac cone in the GGA+SOC at the I'X line, opened a gap of 45.4 meV, and the
corresponding anomalous Hall conductivity (AHC). (c) The topological edge state of S-VSSe monolayer along the (010) direction.

Table 5. The piezoelectric strain coefficient dj; is an important
factor in measuring the efficiency of mechanical and electrical
energy conversion of piezoelectric devices, and is a bridge
between theoretical predictions and practical applications. In
our S-XSSe systems, the out-of-plane piezoelectric coefficients of
S-SiSSe and S-SnSSe are relatively tiny, with d3; and ds; less than
0.004 pm V™!, whereas the S-VSSe monolayer has both the lar-
gest out-of-plane piezoelectric coefficients ds; and ds; of —0.013
and 0.025 pm V™!, respectively, which are comparable with the
values of some 2D materials with out-of-plane piezoelectricity
properties reported previously, such as Janus TMD monolayers
MoSSe, MoSeTe, and MoSTe (0.020, 0.030, and 0.028 pm V7,
respectively) [31].

CONCLUSIONS
By constructing the Janus structure based on the square disulfide

Table 5 Piezoelectric coefficients e3;/ds; and es,/ds; of S-XSSe (X = Si, Sn,
and V) monolayers

S-XSSe e (pPCm™) e (pPCm™) diyy (pm V™) dsy, (pm V™)
S-SiSSe 0.272 0.103 0.004 0.002
S-SnSSe 0.154 0.051 0.003 0.001
S-VSSe 0.103 0.696 —-0.013 0.025
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monolayers, we obtain 7 §-XSSe (X = Si, Sn, V, Cr, Mo, Re, and
Os) monolayers which have good thermodynamical, dynamical,
mechanical and thermal stabilities. Among them, S-SiSSe and
S-SnSSe possess auxetic behavior. Through electronic structure
calculations, it was found that the S-SiSSe and S-SnSSe are
indirect band-gap semiconductors with HSE06 band gaps of 1.65
and 1.69 eV, respectively. The suitable band-edge positions,
efficient absorption coefficients in the visible region, and large
carrier mobility differences render them as potential water-
splitting photocatalysts. Furthermore, it is found that the pH and
external biaxial strains can effectively increase the solar-to-
hydrogen energy conversion efficiency. Thus, the findings not
only predicted a promising photocatalyst for water splitting
under visible light irradiation, but also proposed a method to
improve the photocatalytic efficiency and extend the absorption
spectrum.

While ferromagnetic S-VSSe, S-CrSSe, and S-MoSSe are half-
metallic, the Curie temperatures are estimated to be about 210,
810, and 390 K respectively. By GGA+SOC calculations, the
intriguing 2D PQAHI S-VSSe is predicted. The nontrivial
topological state of the monolayer S-VSSe, identified by Chern
number C = -1 and chiral edge state, has a nontrivial band gap
of 454 meV. The out-of-plane piezoelectric ds; and ds, of
S-VSSe is —0.013 and 0.025 pm V™!, comparable to some 2D
known materials, which is highly desirable for ultrathin piezo-
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electric devices. These indicate the enormous potential of Janus
S-VSSe monolayer in developing 2D piezoelectric spin topolo-
gical devices. Our predicted close to room temperature PQAHI
is of crucial importance to fundamental research and to the
future development of electronics, piezoelectronics and spin-
tronics, and these findings provide new opportunities to realize
novel practical quantum applications.

It is worth noting that our 7 Janus S-XSSe materials are only

constructed based on the 12 S-XS, in our previous theoretical
calculations, so it is still worth investigating the stability of the
other X elements in our Janus S-XSSe system, and there is a
possibility that other novel physical properties may be dis-
covered. Our work not only theoretically proposes a series of
novel 2D Janus materials, but also provides guidance for further
theoretical as well as experimental studies.
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