
 

 

 

Strain-tuned electronic and valley-related properties in Janus monolayers of SWSiX2(X = 

N, P, As) 

Yunxi Qi(戚云西), Jun Zhao(赵俊), and Hui Zeng(曾晖) 

Citation:Chin. Phys. B, 2024, 33 (9): 096302.   DOI: 10.1088/1674-1056/ad6077 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb  

 

What follows is a list of articles you may be interested in  

 

Synthesis and thermoelectric properties of Bi-doped SnSe thin films 

Jun Pang(庞军), Xi Zhang(张析), Limeng Shen(申笠蒙), Jiayin Xu(徐家胤), Ya Nie(聂娅), and Gang Xiang(向钢) 

Chin. Phys. B, 2021, 30 (11): 116302.   DOI: 10.1088/1674-1056/ac11da 

Inverted V-shaped evolution of superconducting temperature in SrBC under pressure 

Ru-Yi Zhao(赵如意), Xun-Wang Yan(闫循旺), and Miao Gao(高淼) 

Chin. Phys. B, 2021, 30 (7): 076301.   DOI: 10.1088/1674-1056/abfbcc 

Two-dimensional MnN utilized as high-capacity anode for Li-ion batteries 

Junping Hu(胡军平), Zhangyin Wang(王章寅), Genrui Zhang(张根瑞), Yu Liu(刘宇), Ning Liu(刘宁), Wei Li(李未), 

Jianwen Li(李健文), Chuying Ouyang(欧阳楚英), and Shengyuan A. Yang(杨声远) 

Chin. Phys. B, 2021, 30 (4): 046302.   DOI: 10.1088/1674-1056/abdda8 

Effect of strain on electrochemical performance of Janus MoSSe monolayer anode 

material for Li-ion batteries: First-principles study 

Guoqing Wang(王国庆), Wenjing Qin(秦文静), and Jing Shi(石晶) 

Chin. Phys. B, 2021, 30 (4): 046301.   DOI: 10.1088/1674-1056/abca24 

Theoretical analysis of cross-plane lattice thermal conduction in graphite 

Yun-Feng Gu(顾云风) 

Chin. Phys. B, 2019, 28 (6): 066301.   DOI: 10.1088/1674-1056/28/6/066301 

 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad6077
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad6077
https://doi.org/10.1088/1674-1056/ad6077
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac11da
https://doi.org/10.1088/1674-1056/ac11da
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abfbcc
https://doi.org/10.1088/1674-1056/abfbcc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abdda8
https://doi.org/10.1088/1674-1056/abdda8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca24
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca24
https://doi.org/10.1088/1674-1056/abca24
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/6/066301
https://doi.org/10.1088/1674-1056/28/6/066301


Chin. Phys. B 33, 096302 (2024)

Strain-tuned electronic and valley-related properties in Janus
monolayers of SWSi𝑋2 (𝑋 = N, P, As)

Yunxi Qi(戚云西)1, Jun Zhao(赵俊)1,†, and Hui Zeng(曾晖)2,‡

1New Energy Technology Engineering Laboratory of Jiangsu Province & School of Science,
Nanjing University of Posts and Telecommunications, Nanjing 210023, China

2School of Microelectronics, Nanjing University of Science and Technology, Nanjing 210094, China

(Received 7 March 2024; revised manuscript received 27 May 2024; accepted manuscript online 9 July 2024)

Exploring novel two-dimensional (2D) valleytronic materials has an essential impact on the design of spintronic and
valleytronic devices. Our first principles calculation results reveal that the Janus SWSiX2 (X = N, P, As) monolayer has
excellent dynamical and thermal stability. Owing to strong spin–orbit coupling (SOC), the SWSiX2 monolayer exhibits
a valence band spin splitting of up to 0.49 eV, making it promising 2D semiconductor for valleytronic applications. The
opposite Berry curvatures and optical selection rules lead to the coexistence of valley and spin Hall effects in the SWSiX2
monolayer. Moreover, the optical transition energies can be remarkably modulated by the in-plane strains. Large tensile
(compressive) in-plane strains can achieve spin flipping in the SWSiN2 monolayer, and induce both SWSiP2 and SWSiAs2
monolayers transit from semiconductor to metal. Our research provides new 2D semiconductor candidates for designing
high-performance valleytronic devices.

Keywords: first-principles calculations, two-dimensional, valleytronic, spintronic
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1. Introduction

The degree of freedom and related contrasting transmis-
sion properties of the valley provide a new direction for the
fabrication of high-performance spintronic devices.[1,2] As a
local extremum within the band, the non-equilibrium distribu-
tion of charge carriers within valleys that degenerate but not
equivalent can be used to achieve information encoding.[3–5]

Furthermore, the distance between different valleys in momen-
tum space is relatively large, leading to suppression of inter-
valley scattering.[6,7] Pioneering research on valleytronics ini-
tially relied on traditional semiconductors such as aluminum
arsenide quantum wells and silicon.[8,9] However, the manipu-
lation of valley indices is hindered by distinguishing different
valleys in these systems.

In recent years, the successful synthesis of two-
dimensional (2D) graphene has sparked extensive interest
in valleytronics.[10] Research indicates that 2D transition-
metal dichalcogenides (TMDs), such as the MoS2 and WSe2

monolayers, are suitable materials for manipulating spin and
valley.[11,12] The inversion symmetry breaking and strong
spin–orbit coupling (SOC) result in opposite transport coef-
ficients and optical selection at the two valleys. Some emer-
gent phenomena, such as valley Hall effect, spin Hall effect,
and valley-resolved optical selection rules, can be obtained
in 2D monolayer.[3,4,13,14] However, the small growth size
and low carrier mobility impede the application of 2D MoS2

for valleytronics.[15,16] Searching for high-performance ma-

terials is crucial for the development of valleytronics. Re-
cently, the MA2Z4 family with a seven-layer atomic struc-
ture (Z–A–Z–M–Z–A–Z) has been experimentally synthe-
sized by chemical vapor deposition.[17] Compared to the
MoS2 monolayer, the MA2Z4 family exhibits a larger size,
higher photo-generated carrier mobility, indicating its po-
tential advantages for valleytronic devices.[17–22] Moreover,
previous studies have shown that some outstanding elec-
tronic, optoelectronic, and catalytic properties can be obtained
by constructing various MA2Z4-based van der Waals (vdW)
heterostructures.[23–28]

Recently, a new class of Janus XMAZ2 (X = S, Se, Te;
M = Mo, W, V, Cr; A = Si, Ge; Z = N, P, As) monolay-
ers has been proposed.[29–38] These materials are considered
as modifications of the MA2Z4 monolayer. Previous investi-
gations have shown that nontrivial topological phase can be
induced by using a small strain in the VSi2N4 monolayer,
Janus SVSiN2 monolayer, and SVGeN2 monolayer, facili-
tating the achievement of dissipationless transport for device
application.[39–42] Furthermore, the Janus nanostructure could
give rise to exotic electronic properties such as Rashba spin
splitting.[32] In this Letter, we propose a 2D Janus SWSiX2

(X = N, P, As) derived from the WSi2N4 monolayer, where
S atoms substitute the N atoms on one side of the WN2 and
the Si–N layer on the same side is removed. Based on den-
sity functional theory (DFT) calculation, we establish that
the SWSiX2 monolayer is a candidate for valleytronics. The
SWSiX2 monolayer exhibits dynamical and thermal stabil-
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ity, which is consistent with previous studies.[30,31] Signifi-
cant spin splitting at valence bands of the SWSiX2 monolayer
is achieved due to strong SOC. The SWSiX2 monolayer ex-
hibits a co-existence of anomalous valley Hall effect and spin
Hall effect. Moreover, in-plane strains can effectively tune the
spin splitting and optical transition energy at the valley for the
SWSiX2 monolayers. Specifically, an in-plane strain of −2%
to 6% can reduce the conduction band splitting of SWSiN2

monolayer at the K/−K valley. It is predicted that 6% strain-
driven spin flipping at the K/−K valley can be obtained at
the bottom of conduction band for the SWSiN2 monolayer.
Both SWSiP2 and SWSiAs2 monolayers experience a transi-
tion from semiconductor to metal. Our findings offer promis-
ing candidates for the design of spintronic devices.

2. Computational methods
We use Vienna ab initio simulation package (VASP)

to study the electronic structures of the SWSiX2

monolayers.[43,44] The projected augmented wave (PAW)
method is used to describe the interaction between elec-
trons and ions.[45] The Perdew–Burke–Ernzerhof (PBE) meth-
ods are used as exchange and correlation functions.[46] The
Heyd–Sculeria–Ernzerhof (HSE06) hybrid functional is used
to calculate electronic structures for comparison.[47] A vac-
uum layer of 20 Å is used, and he cutoff energy is set to
500 eV. The convergence criteria for energy and atomic force
are set at 1×10−8 eV and 1×10−4 eV/Å, respectively. The
Brillouin zone is sampled by 16×16×1 k-mesh for structural
optimization and electronic structure calculations.[48] Based
on the density functional perturbation theory (DFPT) method,
the phonon dispersion of a 5×5×1 supercell is calculated
by PHONOPY code to examine the dynamical stability.[49]

The ab initio molecular dynamics (AIMD) simulation is per-
formed at 300 K by using a 4×4×1 supercells to determine the
thermal stability.[50] The VASPBERRY subroutine is used to
calculate the Berry curvature and circular polarization of the

SWSiX2 monolayer.[51] The VASPKIT post-processing tool is
used to process calculation results.[52] All atomic structures
are visualized by VESTA software.[53]

3. Results and discussion
3.1. Atomic structures

The optimized atomic structure of the SWSiX2 (X = N, P,
As) monolayers is shown in Fig. 1. The SWSiX2 monolayer
has a hexagonal lattice. From the side view, its atomic order
is S–W–X–Si–X , consisting of five atomic layers. Compared
with the WSi2N4 structure, the S atom replaces the N atom on
the same side of WN2 and removes the Si–N layer on the same
side. The symmetry of the SWSiX2 (space group: P3m1) is
lower than that of the MA2Z4 monolayer (space group: P6m2).
Therefore, the SWSiX2 monolayer can be regarded as a 2D
Janus structure with broken inversion symmetry. According
to Table 1, the lattice constants of the SWSiN2, SWSiP2, and
SWSiAs2 monolayers are increased since the atomic numbers
are increased.[54,55]

(a) (b)

(d)(c)

(e)
(f)

W

Si

S

P

N

As

Fig. 1. Top and side views of the Janus SWSiN2 (a)–(b), SWSiP2 (c)–(d),
and SWSiAs2 (e)–(f) monolayers. Gray, blue, green, yellow, light purple,
and silver white represent W, Si, As, S, P, N atoms, respectively.

Table 1. Lattice constants a and b, elastic constant (C11 and C12), bandgap without SOC (Eg), bandgap with SOC (ESOC
g ), the spin splitting in

the valence band (∆V ), and cohesive energy (Ecoh).

Structure a = b (Å) C11 (N/m) C12 (N/m) Eg (eV) ESOC
g (eV) ∆V (eV) Ecoh (eV)

SWSiN2 2.989 143.792 32.540 2.31 2.00 0.38 –4.985
SWSiP2 3.381 91.705 21.352 0.97 0.76 0.45 –3.692

SWSiAs2 3.501 84.040 22.143 0.44 0.37 0.49 –3.405

3.2. Structural stabilities and mechanical properties

We explore the stability of SWSiX2 monolayer via AIMD
simulation, phonon spectra, cohesive energy Ecoh, and Born–
Huang mechanical criterion.[56] In Figs. S1(a)–S1(c) of the
supporting information, we investigate the thermal stability of
the SWSiX2 monolayer at 300 K via AIMD simulation. The
total energies of the three monolayers fluctuate near the equi-

librium position, and their atomic structures almost unchanged
throughout the entire simulation process. The phonon disper-
sions are shown in Figs. S1(d)–S1(f). The absence of negative
branch verifies the dynamical stability of the SWSiX2 mono-
layer. Furthermore, the the cohesive energy Ecoh is calculated
by the following expression:

Ecoh =
[E (SWSiX2)−E(S)−E(W)−E(Si)−2E(X)]

5
, (1)
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where E(SWSiX2) is the total energy of single-layer SWSiX2,
and E(S), E(W), E(Si), and E(N) are the energies of sepa-
rated S, W, Si, and N atoms, respectively. The lower the Ecoh

value, the higher the stability. The calculated cohesive ener-
gies of the SWSiN2, SWSiP2, and SWSiP2 monolayers are
−4.985 eV/atom −3.692 eV/atom, and −3.405 eV/atom, re-
spectively. It indicates that these SWSiX2 monolayers are en-
ergetically favorable to be synthesized in experiments.

Furthermore, we also analyze the elastic constant (Ci j)
of the 2D Janus SWSiN2 (SWSiP2 and SWSiAs2) monolayer.
Two independent parameters C11 and C12 are obtained, which
are listed in Table 1. The calculation results indicate that the
SWSiX2 monolayers satisfy Born–Huang stability criterion:
C11 > 0 and C2

11 > C2
12. This confirms the mechanical stabil-

ity of the SWSiX2 monolayer. Considering that strain is a key
mechanism for regulating the monolayer valleytronic proper-
ties, we plotted the Young’s modulus of SWSiN2 (SWSiP2

and SWSiAs2) monolayer, as shown in Fig. S2 of the sup-
porting information. The Young’s modulus is 136.387 N/m
(86.446 N/m and 78.188 N/m). SWSiX2 monolayer exhibits
excellent flexible mechanical properties.

3.3. Electronic structures

The electronic properties of the SWSiN2 monolayer are
shown in Fig. 2. Additionally, figures S3 and S4 correspond to
the SWSiP2 and the SWSiAs2 monolayers, respectively. Fig-
ures 2(a) and 2(b) show the band structure of the SWSiN2

monolayer without SOC under different functionals (PBE and

HSE06). The SWSiN2 monolayer is a semiconductor with an
indirect bandgap of 2.31 eV (HSE06 bandgap of 2.84 eV).
The valence band maximum (VBM) is located at the K/−K
valley, forming a pair of degenerate valleys. The highest un-
occupied state of the SWSiN2 monolayer forms a local en-
ergy minimum at the K/−K valleys. The band structures of
the SWSiP2 and the SWSiAs2 monolayers are similar to that
of the SWSiN2 monolayers, as shown in Figs. S3(a), S3(b)
and S4(a), S4(b) of the supporting information. Compared
with the SWSiN2 monolayer, the bandgaps of the SWSiP2 and
SWSiAs2 monolayers are reduced to 0.97 eV and 0.44 eV, re-
spectively, which are larger than the bandgaps of the WSi2X4

(X = N, P, As).[54,55,57] The above results are consistent with
previous studies.[30,33] When the SOC is not taken into ac-
count, the VBM of the of the SWSiP2 and SWSiAs2 monolay-
ers is located at the G-point, and their conduction band mini-
mum (CBM) are located at the K/−K valleys. Figures 2(a),
2(b), S3(a), S3(b), and S4(a), S4(b) of the supporting informa-
tion clearly show that the characteristics of the electronic band
obtained by GGA and HSE06 are consistent with each other,
i.e., SWSiN2, SWSiAs2, and SWSiP2 monolayers exhibit in-
direct bandgaps when spin–orbit coupling is not considered.
Therefore, we study the electronic properties of the monolay-
ered SWSiX2 by using the PBE functional hereafter. For the
SWSiX2 monolayer, its local energy minima are located at the
K/−K valleys, facilitating its practical application for 2D val-
leytronics.
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Fig. 2. The projected band structures of the Janus SWSiN2 monolayer obtained from (a) PBE functional and (b) HSE06 functional, respectively. The
(c) projected band structure obtained from PBE+SOC, and (d) the corresponding band structure with opposite spin components along z direction (red
is up; blue is down). The Fermi level is set to 0 eV. (e) Schematic diagram of valley spin splitting at the K/−K valley. The red and blue parabolas
represent spin-up and spin-down, respectively. The red and blue arrows represent the optical transition energy at ωu and ωd frequencies.

The VBM and CBM of the SWSiX2 monolayer are
mainly contributed by the d-orbitals of W atoms, and the p or-
bitals of X and S atoms also have small contributions, as shown
in Fig. S5. We calculate the band structures with SOC. Owing
to the strong SOC of W atoms, all the SWSiX2 monolayers
exhibit significant band splitting. For the the SWSiN2 and the

SWSiAs2 monolayers shown in Figs. 2(c) and S4(c), the band
characteristics remain unchanged when considering SOC, and
the bandgaps decreases to 2.00 eV and 0.37 eV, respectively.
For the SWSiP2 monolayer in Fig. S3(c), considering that the
top valence band of the K/−K valleys with SOC is higher
than the valence band of the G-point, based on the intrinsic
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properties of SOC, the SWSiP2 monolayer is a semiconductor
with a direct bandgap of 0.76 eV. Rudi et al. found that the
bandgaps of SWSiN2 monolayer and SWSiP2 monolayer un-
der PBE+SOC were 2.06 eV and 0.74 eV, respectively, which
are similar to our results.[30] For the SWSiX2 semiconductor,
the valley characteristics and orbital contributions in the va-
lence and conduction bands remain unchanged under SOC.

The inclusion of SOC leads to significant spin splitting
at the K/− K valley of the SWSiX2 monolayer, as shown
in Figs. 2(d), S3(d), and S4(d). Similar to the W/MoSi2X4

(X =N, P, As) monolayer,[54,55,57,58] the intensity of spin split-
ting in the SWSiX2 system increases with the increment of
atomic number of X atoms. In Fig. 2(e), we show the en-
larged details of the K/− K valley. Specifically, the spin
splitting in the valence bands (∆V ) of SWSiN2, SWSiP2, and
SWSiAs2 monolayers are 0.38 eV, 0.45 eV, and 0.49 eV,
respectively, which is much higher than that of the MoS2

monolayer.[57] Our calculated results agree well with previous
investigation regarding to the valence band spin splitting of
the SWSiN2 monolayer (∆V = 0.382 eV) and SWSiP2 mono-
layer (∆V = 0.462 eV),[30] ensuring the reliability of our the-
oretical study. Compared with the ∆V , the spin splitting of
the conduction bands (∆C) is much smaller. In addition, in
Figs. 2(e), S3(e), and S4(e), the highest occupied state at the
K (−K) valley of the SWSiX2 monolayer is contributed by
spin-down (spin-up) state. For the conduction band, the lowest
unoccupied state at the K (−K) valley of the SWSiN2 mono-
layer is governed by spin-up (spin-down) state, which is oppo-
site to SWSiP2 and SWSiAs2 monolayers. Owing to the spin
splitting, the optical transition energy ωu (ωd) of SWSiN2,
SWSiP2, and SWSiAs2 monolayers is 2.58 (2.22) eV, 1.22
(0.76) eV and, 1.10 (0.57) eV, respectively. In addition, we
constructed Wannier functionals and obtained the correspond-
ing tight-binding (TB) Hamiltonians using the maximum lo-
calized Wannier function (MLWFs).[59] The VBM and CBM
of the SWSiX2 monolayer are mainly dominated by dz2 , dxy,
and dx2−y2 orbitals of the W atoms. In order to reproduce
the effective model of low-energy states by using MLWFs, we
consider the d orbitals of W atoms, p orbitals of S atoms, and
p orbitals of X atoms as initial Wannier basis to establish our
TB model, as shown in Fig. S6. The electronic bands fitted by
the TB model are well consistent with our first principles cal-
culation results, ensuring that the TB Hamiltonians could ac-
curately describe the valley-related properties of the SWSiX2

monolayer. In summary, compared to the SWSiN2 monolayer,
the larger spin splitting and relatively moderate optical transi-
tion energy in the SWSiP2 and SWSiAs2 monolayers are ben-
eficial for establishing robust valley–spin coupling.

3.4. Valley-related properties

The spin splitting at the K/−K valley of the SWSiN2

monolayer is significantly correlated with SOC intensity. To

explain the difference in spin splitting between the valence
and conduction bands of the SWSiX2 monolayer, we calculate
the SOC intensity of the W-d orbitals in the SWSiX2 mono-
layer, as shown in Fig. S7. It can be seen that the SOC in-
tensity in the SWSiX2 monolayer is mainly dominated by the
dxy/dx2−y2 orbitals, while the valence band at the K/−K val-
ley are mainly contributed by the dxy/dx2−y2 orbitals. The large
spin splitting of the SWSiX2 monolayer in the valence band
is closely related to the dxy/dx2−y2 orbitals. The conduction
band at the K/−K valley of the SWSiX2 monolayer is mainly
contributed by dz2 orbitals, and the dxy/dx2−y2 orbitals have ob-
servable contributions. Figure S7 shows that the SOC intensity
of dz2 /dx2−y2 orbitals and dz2 /dxy in the SWSiX2 monolayer is
almost zero, leading to almost zero spin splitting in the con-
duction band of the SWSiX2 monolayer.

Different valley spin splitting can lead to spin or valley
Hall effect. To confirm the non-equivalent valences at K and
−K in the SWSiX2 monolayer, we investigate the nonzero out
of plane Berry curvature Ωz(k):

Ωz(k) =−∑
n

∑
n6=n′

fn
2Im〈ψnk |vx|ψn′k〉

〈
ψn′k

∣∣vy
∣∣ψnk

〉
(En−E ′n)

2 , (2)

where fn is the equilibrium Fermi–Dirac distribution function,
ψnk and En is the Bloch wave function and its eigenvalues, υx,
υy is the velocity operator along different components.[55,60]

Owing to the inversion symmetry breaking and time reversal
symmetry breaking in the SWSiX2 monolayer, it is anticipated
that the Berry curvatures at the K and −K valleys should be
opposite, i.e., Ωz(−k) =−Ωz(k). Figures 3(a) and S8 confirm
our prediction. The Berry curvatures of the SWSiX2 mono-
layer near the K/−K valleys possess the same values but op-
posite signs. In addition, the Berry curvature of the SWSiX2

monolayer at the K/−K valley increases with the increase of
X atomic number. Combined with an in-plane electric field,
it is expected that carriers near the K/−K valley will acquire
different anomalous lateral velocities, as shown in Fig. 3(c).
When the injected carriers are between the two spin states of
the valence band at the valley, the carriers with opposite spin
states will accumulate on opposite boundaries due to the oppo-
site Berry curvatures at the K and −K valleys. Consequently,
the valley and spin Hall effect can be obtained in the SWSiX2

monolayer.
The non-equivalent K/−K valleys and Berry curvature

indicate that K/−K valley has chirality, which can be de-
scribed by circularly polarized light selection rules. Circular
polarization is defined as

η(𝑘) =
|P+(𝑘)|2−|P−(𝑘)|2

|P+(𝑘)|2 + |P−(𝑘)|2
, (3)

where P±(𝑘) =
〈
c𝑘

∣∣px± i py
∣∣v𝑘

〉
are the inter-band transition

matrices, which describe vertical transition from valence band
(υ) to conduction band (c) in the 𝑘-space stimulated by left-
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and right-handed circularly polarized light, respectively.[61]

As shown in Figs. 3(b) and S8, left-handed (right-handed) cir-
cularly polarized light can be selectively absorbed at the −K
K) valley, while right-handed (left-handed) light is completely
suppressed. Therefore, circularly polarized light pumping
can selectively generate electrons and holes in a desired val-
ley in the SWSiX2 monolayer, as shown in Fig. 3(d). Opti-
cally generated carriers selectively excited by circularly po-
larized light will obtain opposite transverse velocities due to
their opposite Berry curvatures. This is similar to the situa-
tion in 2D MoS2.[6] In addition, the SWSiP2 monolayer has
a direct bandgap located at the K/−K valleys, facilitating
the manipulation of valley-related properties by optical and
electrical excitation.[62] Correspondingly, the SWSiP2 mono-
layer is a promising candidate for valleytronic application.
The SWSiP2 monolayer exhibits approximately 100% valley-
contrasting physics.

(a) (b)

(c) (d)

K ↩K K ↩K

.

.

↩.

↩.

.

.

↩.

↩.

Fig. 3. (a) Berry curvature and (b) circularly polarized polarization of the
Janus monolayer SWSiN2. (c) Schematic diagrams of valley and spin Hall
effects under hole doping and (d) right-handed polarized light irradiation in
the SWSiX2 monolayer. The up/down arrows indicate spin up/spin down.
The ± symbol in the ball represents holes/electrons.

3.5. Strain engineering

Strain engineering is shown to modulate the valley-
related properties of 2D monolayers.[63] The magnitude of the

in-plane biaxial strain ε is defined as: ε =
(

a−a0
a0

)
× 100%,

where a0 and a represents the lattice constants without- and
with-biaxial strains, respectively. As shown in Figs. 4(a)–
4(c), as the strain changes from −6% to 6%, the ∆V of the
SWSiX2 monolayer gradually increases, and the growth rate
of ∆V gradually decreases. The variation trend of ∆V in the
SWSiN2 monolayer and SWSiP2 monolayer mentioned above
are consistent with previous studies.[30,31] For ∆C, as shown
in Figs. S9–S11, the spin splitting of the conduction bands for
the SWSiX2 monolayer gradually disappears under −6% and
−4% strain modulation. Therefore, when the strain changes
from −2% to 6%, the ∆C of the SWSiP2 monolayer gradually
increases from 1.51 meV to 7.55 meV. However, the ∆C of the
SWSiN2 and the SWSiAs2 monolayers gradually decreases,
which is expected to achieve spin flipping in the conduction
band at the K valley. As shown in the inset of Fig. 4(a), the
lowest unoccupied state of the conduction band at the K valley
changes from spin-up to spin-down when the strain changes
from 4% to 6%, and the spin flipping is simultaneously ob-
tained at the −K valley. Therefore, the opposite spins at the
K/−K valleys are still coupled by time reversal symmetry.
Since the ∆C of the SWSiAs2 monolayer gradually decreases
with the increase of strain, spin flipping phenomenon does not
occur.

For the optical transition energy ωu/ωd of the SWSiX2

monolayer, as shown in Figs. 4(d)–4(f), it is found that the
ωu/ωd is monotonously decreased when the strain is changed
from −2% to 6%. Figure S8 indicates that the SWSiP2 can
achieve semiconductor–metal transition under large in-plane
tensile. Similar semiconductor–metal transition is also ob-
served for the SWSiAs2 monolayer when ε ≥ 4% and ε ≤
−6%. Compared to the modulation of the spin splitting, the
strain engineering has more significant influence on the opti-
cal transition.
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Fig. 4. (a)–(c) spin splittings and (d)–(f) optical transition energies under different in-plane strains. Panels (a) and (d) are the calculated results for the
SWSiN2 monolayer; panel (b) and (e) are corresponding results for SWSiP2 monolayer; panels (c) and (f) are the corresponding results for the SWSiAs2
monolayer. The inset in panel (a) illustrates the spin flipping at the K valley when the strains change from 4% to 6%.
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4. Conclusions
In summary, our calculations show that the 2D Janus

SWSiX2 monolayer with inversion symmetry breaking and
strong SOC arising from W-dxy/dx2−y2 orbitals gives rise to
significant spin splitting in the valence band. In particular,
the SWSiP2 monolayer has a direct band gap located at the
K/−K valley, making it most promising candidate to achieve
valleytronics. The opposite Berry curvatures and the optical
selection rule result in the coexistence of valley and spin Hall
effects in the SWSiX2 monolayer. The in-plane strain could
sensitively modulate the optical transition energy. Large in-
plane tensile (compressive) strain can induce semiconductor-
to-metal transition for the SWSiP2 and SWSiAs2 monolayers,
and the spin flipping can be achieved for the SWSiN2 mono-
layer.
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