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anipulating valley splitting in
MoTe2/MnS2 van der Waals heterostructure by
electric field and strains†

Xiao Liang, *ab Yiqun Liu,a Tianjun Zhong,a Ting Yang,a Jie Li, a Li Luo,a

Gao Dong,b Yanhong Chen,a Xuelian Luo,a Tingting Tang*a and Lei Bi *b

In this study, we discuss the tunability of valley splitting using first-principles calculations with a monolayer

MoTe2 and layered ferromagnetic MnS2 heterostructure as an example. We observe that, due to the

magnetic proximity effect (MPE) at the interface, a monolayer of MoTe2 can exhibit a significant valley

splitting of 55.2 meV. The production of the interlayer dipoles with spin-adapted configuration could be

the origin of MPE at the interface. Furthermore, the valley splitting can be regulated continuously by the

perpendicular electric field and biaxial strain. Interestingly, the valley splitting increases with the

increasing induced magnetic moments in MoTe2 by applying an electric field while the inverse laws are

presented by applying biaxial strains, which indicates that the mechanisms of valley splitting manipulating

in these two ways are quite different. The calculation results suggest that the electric field influences the

electric dipole distributions at the interface, which determines the induced magnetic moments in

monolayer MoTe2, and results in valley splitting variations. However, biaxial strains not only affect MPE at

the interface but also the intrinsic spin splitting caused by spin–orbital coupling (SOC) effects of

monolayer MoTe2 itself and the latter is even the dominating mechanism of valley splitting variations.
1. Introduction

Recent studies of two-dimensional transition-metal dichalco-
genides (2D-TMDCs) have revealed many new phenomena such
as the quantum spin/valley anomalous Hall effect,1–3 valley-
dependent optoelectronics,4 spin/valley polarization of
plasmons,5–7 magneto-optical conductivity,8 electrical transport
of valley carriers,9–11 and spin-polarized edge currents,12 which
have generated intense interest in these valley-polarized
systems. As a result of strong intrinsic spin–orbit coupling
(SOC) and inversion symmetry broken effect, 2D-TMDCs exhibit
distinct valley-selective states with different angular momenta,
named K and K0 valleys, which brings a new degree of freedom
to photoelectric devices.13–15 Therefore, 2D-TMDCs have
emerged as promising candidates for optical, nanoelectronics
and optoelectronics applications, propelling the development
of valleytronics.16–20 Despite signicant advances in 2D-TMDC
based valleytronics devices, maneuvering a pair of valleys in
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2D-TMDCs still poses a signicant challenge because the pair is
locked by the time-reversed symmetry (TRS) energy degrada-
tion, limiting the device's tunability of the valleys.21,22

To solve this problem, it is necessary to break TRS in 2D-
TMDCs, and then dynamically and efficiently polarize the K
and K0 valleys, which requires exciting carriers to produce
a transient non-equilibrium distribution in both valleys. One
effective strategy to break this correlation and induce non-
equilibrium carrier distributions in the valleys is through the
utilization of ultrafast circularly polarized laser pumping, which
leverages the optical Stark effect.13,23–25 Nevertheless, optical
pumping is also facing the challenge of precise control and is
constrained by the inherently short carrier lifetimes. An alter-
native strategy involves applying a vertical magnetic eld,
leveraging the Zeeman effect to break the valley degeneracy.14,22

However, achieving signicant valley splitting typically
demands the use of strong magnetic elds exceeding 10 tesla,
which greatly enhances the power dissipation and is inconve-
nient to miniaturization and integration of nano-devices.

Recent research studies have proposed an approach to
introduce non-range magnetic orders to 2D-TMDCs through
magnetic proximity effects (MPE),15,26 resulting from their
adjacency to ferromagnetic materials such as EuO,26 EuS,27–29

MnO,21 Fe2O3,30 and YMnO3.31 However, it is worth noting that
the application of the bulk substrates inherently constrains the
scalability of devices in the nanoscale regime. Traditional
magnetic materials, due to the principle of lattice adaptation,
RSC Adv., 2024, 14, 10209–10218 | 10209
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are difficult to prepare in situ heterojunctions. In addition to the
aforementioned methods, a promising avenue for enhanced
valley control involves the creation of vertical two-dimensional
magnetic van der Waals (vdW) heterostructures employing
layered two-dimensional materials. This particular approach
offers the advantage of forming exceptionally clean interfaces,
thereby mitigating impurity scattering effects. Furthermore, it
minimizes the impact of lattice mismatch, a factor that can
otherwise weaken the observed valley splitting.15 The inherent
exibility of layer stacking processes offers a versatile means of
creating van der Waals heterostructures by seamlessly
combining integration of the layered ferromagnets with
a variety of 2D materials, including graphene, Weyl semimetals
such as WTe2, and superconductors such as NbSe2.32 The bond-
free vdW interactions in heterostructure provide a natural
interfacial strain relaxation,33 and vdW heterostructure may
exhibit superior properties through strain.34 Furthermore, the
advantage of constructing heterostructures exclusively from 2D
materials cannot be overstated, as it streamlines the integration
process when fabricating valley electronic devices. Notably,
recent theoretical predictions and experimental discoveries
concerning 2D WSe2/CrI3 heterostructures have unveiled their
remarkable attributes, demonstrating signicant valley split-
ting and the potential for optically controllable valley pseudo-
spin.35 In view of these advantages, the strategic engineering
and the assembly of 2D layered magnetic/semiconductor het-
erostructures assume paramount importance in the exploration
of spin valley splitting phenomena. A recent development of
great signicance lies in the theoretical prediction of MnS2
monolayers as ferromagnetic semiconductor materials exhibit-
ing a high Curie temperature.36,37 What makes this particularly
compelling is the minimal lattice mismatch observed between
MoTe2 and MnS2 monolayers, measuring a mere 3.52 Å for
MoTe2 (ref. 38–40) and 3.47 Å for MnS2.36 This observation
underpins the promise of the MoTe2/MnS2 heterostructure,
which has the potential to manifest valleytronics properties and
holds great promise for a wide array of applications in valley-
tronics devices.

We employed density functional theory in this study to study
the precise modulation of valley degrees of freedom within
monolayer MoTe2/MnS2 heterostructures. The TRS of the MoTe2
monolayer undergoes perturbation due to the MPE arising from
the ferromagnetic (FM) MnS2 substrate. This interaction leads to
a large degree of substantial static valley polarization within the
heterostructure, accompanied by a discernible valley splitting of
55meV.Wemeticulously explored themanipulation of both spin
and valley properties by subjecting the system to an electric eld
oriented in the vertical direction and biaxial strain. Notably, our
analysis reveals that in the K-valley and K0-valley, the Berry
curvatures exhibit opposing signs. Thesendings underscore the
exciting potential for the application of 2D magnetic vdW het-
erostructures in the realm of valley electronic devices.

2. Computational method

In this work, all rst-principles calculations based on density
functional theory (DFT) were performed using the Vienna Ab
10210 | RSC Adv., 2024, 14, 10209–10218
into Simulation Package (VASP).41 The electron–ion interaction
is solved by the method of the projected enhanced wave. To
characterize the electron exchange–correlation interaction, the
generalized gradient approximation (GGA) in the Perdew–
Burke–Ernzerhof (PBE) functional was employed.42 The cut-off
energy was set to 500 eV, and a vacuum layer of 20 Å along
the z-direction was introduced to mitigate the effect of periodic
boundary conditions. In order to correctly describe the strongly
correlated electrons in the partially lled d subshells, the GGA +
Ueff method was employed, with Ueff set to 3.9 eV for Mn,36,43,44

which previous reports have conducted tests on,45,46 and the
results are in excellent accordance with the experimental data.47

Various values of Ueff were also explored in our study to
demonstrate the appropriateness of the chosen Ueff and the
general results of our study were not affected by the qualitative
tests.48 For MoTe2, MnS2, and MoTe2/MnS2 heterostructures,
the Brillouin zone integration was sampled using a 12 × 12 × 1
gamma-pack k-point meshes for both structure optimization
and static electronic structure calculations, and adjusting the
direction of the magnetic moment by adjusting the SAXIS
parameter in INCAR for band structure calculations. For the
calculation of the Berry curvature, the maximally localized
Wannier functions (MLWFs)49 from WANNIER90 (ref. 50) were
used. The force convergence criterion was set to be less than
0.01 eV Å−1, and the electron iteration convergence criterion
was established at 1 × 10−5 eV, ensuring complete relaxation of
the structural parameters and atomic positions. Additionally,
the SOC effect was taken into account in electronic structure
calculations.
3. Results and discussion

The optimized structures of the MnS2 with the space group
P3m1, MoTe2 with the space group P6/mmc and MoTe2/MnS2
heterostructures are illustrated in Fig. 1a–c. The lattice
constants for the optimized monolayers of MnS2 and MoTe2
were determined to be 3.47 Å and 3.52 Å, respectively. These
values are in agreement with those from the earlier research.
Under the aforementioned lattice parameters, the monolayers
of MnS2 and MoTe2 exhibit vertical stacking of their primitive
cells, resulting in a lattice mismatch of approximately 1.44%,
laying the groundwork for constructing the MoTe2/MnS2
vdWHs comprising MoTe2 and MnS2. In Fig. 1c, ‘d’ represents
the layer spacing at the energy nadir of the heterostructure
formation between MoTe2 and MnS2. MoTe2 and MnS2 mono-
layers exhibit four distinct congurations arising from the
translational and rotational operations, as shown in Fig. 1d, AA:
Te1 and Te2 atoms are above the S1 atoms and the Mo atom is
above the Mn atom, AA*: Te1 and Te2 atoms are above the S2
atoms and the Mo atom is above the Mn atom, AB: Te1 and Te2
atoms are above the S2 atoms and the Mo atom is above the S1
atom, AB*: Te1 and Te2 atoms are above the S2 atoms and the
Mo atom is above the S1 atom.

To ascertain the most stable conguration, the binding
energy Eb for the MoTe2/MnS2 heterostructures can be
computed using the following relationship
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The optimized structures of (a) MnS2 and (b) MoTe2 monolayers, (c) side view of the MnS2/MoTe2 vdWHs, (d) top and side views of four
stacked conformations. (e) Layer spacing of the four conformations, d, binding energy Eb and magnetic moments of Mo atoms.
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Eb = EMoTe2/MnS2
− EMoTe2

− EMnS2

where EMoTe2/MnS2, EMoTe2, and EMnS2 are the total energy of
MoTe2/MnS2 heterostructure, and pristine monolayers of
MoTe2 and MnS2, respectively. The Eb for all four patterns are
negative, indicating that these congurations are possible to
exist. Notably, the Eb value for the AB pattern is the lowest. In
our investigation, we conducted a systematic analysis of the
interlayer distances and the Mo atomic magnetic moment, as
depicted in Fig. 1e. Notably, we observed that the MoTe2/MnS2
heterostructure in the AB conguration, with a layer spacing of
2.82, exhibits the lowest binding energy Eb, indicating its
superior stability. Subsequently, we gave precedence to the AB
conguration in our subsequent exploration of valley spin
splitting. Moreover, in the same conguration, there exists
a direct correlation between the layer spacing and the magnetic
moment. Specically, the magnetic moment of the Mo atoms
intensies as the monolayer MoTe2 approaches the substrate
material within a certain range, while the magnetic moment of
the Mo atoms diminishes as it moves farther away from the
substrate material. Using the AB conguration as an example,
we observe that the relationship between the layer spacing and
valley splitting exhibits a similar trend to the variation of
magnetic moments (see Fig. S1 in the ESI†).

Fig. 2a and b illustrate the band structures at the K-valley and
K0-valley, respectively. The solid red and blue lines represent the
band edges of spin-up and spin-down states in the MoTe2 band
structure.Dc/v

soc represents the spin splitting of MoTe2 without an
applied magnetic eld, which arises from the spin–orbit
coupling in MoTe2 itself. D

C/V,+/−
spin represents the spin splitting of

MoTe2 under a magnetic eld, where ‘C’ and ‘V’ denote the
conduction band (CB) and valence band (VB), and ‘+’ and ‘−’

denote the K-valley and K0-valley, respectively. DCB/VB in the
gure represents the valley splitting in the conduction band/
© 2024 The Author(s). Published by the Royal Society of Chemistry
valence band. We dene DCB/VB = ECB1/VB10 − ECB10/VB1.
D

0
CB=VB ¼ ECB2=VB20 � ECB20=VB2, D+

opt and D−
opt represent the

absorption energy levels for le- and right-polarized light at the
K-valley and K0-valley, respectively. We dene the total K and K0

valley Zeeman splitting as EZ = D+
opt − D−

opt.
The atom-projected band structures of MoTe2 and MoTe2/

MnS2 heterostructures are depicted in Fig. 2c and d, respec-
tively. Notably, we observed that the K-valley and K0-valley of
MoTe2 are strongly retained within the heterostructures. In the
isolated MoTe2 structure, the electronic band structure exhibits
varying degrees of spin splitting at the conduction band (CB)
and valence band (VB) edges, primarily due to the inuence of
SOC. However, owing to the constraints imposed by TRS, the
spin splitting in the K-valley and K0-valley remains symmetric,
thereby precluding the occurrence of the valley Zeeman split-
ting. Upon forming a heterostructure with MnS2, the MPE
induces a limited magnetic moment in MoTe2, thereby
breaking the TRS inherent in the band structure. Consequently,
the spin splitting in the K-valley and K0-valley ceases to be
symmetric, giving rise to the emergence of valley Zeeman
splitting. Remarkably, the valley Zeeman splitting magnitude in
MoTe2 is 55.2 meV, which is greater than the reported values of
valley splitting in MoTe2/CrI3 (5.9 meV),51 MoTe2/NiCl2 (32.5
meV),45 and MoTe2/EuO.26 Our computational ndings bear
substantial signicance for prospective research endeavors. As
exemplied in Fig. 2e, we scrutinized the atom-projected band
structure of the MoTe2/MnS2 heterostructure under in-plane
magnetization. In this conguration, MoTe2 undergoes
magnetization without exhibiting valley Zeeman splitting, sug-
gesting that only the out-of-plane magnetization exerts an
inuence on valley splitting. The nuanced relationship between
magnetization direction and valley splitting is further eluci-
dated in Fig. 2f, accompanied by an inset illustrating the
magnetization angle. During the rotation of the Mn atom's
RSC Adv., 2024, 14, 10209–10218 | 10211
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Fig. 2 (a) Schematic band structure of the K-valley and K0-valley without an applied magnetic field. D+
opt, and D−

opt represent the absorption
energy levels for left- and right-polarized light in the K-valley and K0-valley, respectively. Ecsoc and Evsoc represent the spin splitting in the
conduction band and valence band induced by SOC, respectively. The valley spin states of spin up and spin down are indicated by red up arrows
and blue down arrows, respectively. (b) Schematic band structure of the KK0 valleys under applied magnetic field. DCB and DVB represent the
energy valley splitting of the conduction band and valence band, respectively.DC,+

spin,D
C,−
spin denote the spin splitting of the conduction band at the K

and K0 points, respectively, and DV,+
spin, D

V,−
spin represent the spin splitting of the valence band in the K-valley and K0-valley, respectively. (c) Band

structure of the monolayer MoTe2. (d) Band structure of the MoTe2/MnS2 heterostructure with the direction of magnetization parallel to the z-
axis. (e) Band structure of the MoTe2/MnS2 heterostructure with the direction of magnetization perpendicular to the z-axis. (f) Variation of the
valley splitting with differentmagnetization angles. The illustration shows the angle of magnetization. (g) Berry curvature of monolayer MoTe2. (h)
Berry curvature of the MoTe2/MnS2 heterostructure.

10212 | RSC Adv., 2024, 14, 10209–10218 © 2024 The Author(s). Published by the Royal Society of Chemistry
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direction of magnetization from the +Z direction (Mkc) to the in-
plane direction (Mtc), the valley splitting value remains posi-
tive, indicating that the valley splitting at the K-valley is higher
than that at the K0-valley. Simultaneously, the value of valley
Zeeman splitting gradually decreases from the maximum of
55.2 meV to 0. Therefore, the valley splitting can be adjusted by
turning the direction of magnetization. Table 1 compares the
spin splitting and valley splitting information for four different
congurations. In the AA conguration, the valley Zeeman
splitting is −11.9 meV, indicating that the valley splitting at the
K0 point is more than the valley splitting at the K point. The AA*
conguration exhibits the highest valley splitting, which may be
attributed to the closest interlayer distance between MoTe2 and
MnS2, resulting in a signicant magnetic proximity effect and
the largest magnetic moment for Mo, leading to the large valley
splitting.

To gain a better understanding of the large valley splitting
induced by MPE, we build a low-energy effective Hamiltonian
quantity according to the k$p model.15 The Hamiltonian
quantity is denoted as:5,22

H ¼ at
�
skxbsx þ kybsy

�þ D

2
bsz � ls

bsz � 1

2
ŝz þ bsz � 1

2
ðŝz þ saÞB

where a, t, D, 2l, and B are the lattice constant, effective
hopping integral, band gap, SOC strength, orbital magnetic
moment, and effective Zeeman magnetic eld, respectively.52 ŝ
are the Pauli matrices for the two base functions: jdz2i and
1ffiffiffi
2

p ��dx2�y2 þ isdxyi. In this context, s = ±1 represents the valley

index, and ŝz = ±1 represents the spin index. The Hamiltonian
under consideration comprises four terms. The rst three terms
delineate the low-energy band dispersive characteristics of
primitive monolayer MoTe2, while the fourth term encapsulates
the exchange energy arising from the magnetic proximity effect.
The valley splitting of the valence band denoted as DVB, can be

deduced as 2ð1þ aVÞBVðD0
VB ¼ 2ð1� aVÞBVÞ), and the valley

splitting of the conduction band, denoted as DCB, can be

deduced as 2ð1þ aCÞBCðD0
CB ¼ 2ð1� aCÞBCÞ by substituting

the valley index s and spin index ŝz into the energy eigenvalue
equation based on the Hamiltonian equation. By matching the
intrinsic valley splitting to the rst-principles calculations, DVB

= 17.8 meV and DCB = 37.3 meV, the effective Zeeman eld in
the valence band, BV, is obtained as 9.1 meV, and the effective
Zeeman eld in the conduction band, BC, is obtained as 18.45
meV. In light of this, the valley Zeeman splitting arises from the
interaction of the conduction and valence bands. Consequently,
Table 1 Comparison between four configurations of MoTe2/MnS2
a

DCB (meV) DVB (meV) DC,+
spin (meV)

AA −12.0 0.1 23.5
AA* −44 152.2 0.4
AB 37.3 17.8 84.2
AB* 19.8 14.4 54.8

a DCB/VB representing the valley splitting in the conduction band/valence b
splitting.

© 2024 The Author(s). Published by the Royal Society of Chemistry
we dene the entire equivalent Zeeman eld, B, is given by B =

BV + BC, which corresponds to 27.55 meV. Switching a Bohr
magneton to 5.78 × 10−5 eV T−1, the effective Zeeman elds, BV
and BC, correspond to a perpendicular magnetic eld of 476 T to
the monolayer MoTe2.

Because of the intrinsic inversion symmetry breaking of
MoTe2, along the out-of-plane, carriers at the K-valley and K0-
valley obtained a nonzero Berry curvature. According to the
derivation of the Kubo formula, the Berry curvature can be
represented as the sum of contributions from the occupation
states53,54

UzðkÞ ¼ �
X
n

X
nsn

0
fn
2Im

�
jnkjvxjjn

0
k

��
jn

0
k

��vy��jnk

�
ðEn � En0 Þ2

where fn is the Fermi–Dirac distribution function and vx(y) is the
velocity operator; jjnki is the Bloch wave function with eigen-
value En. In Fig. 2g and h, we present the calculated Berry
curvature along the high symmetry line for both monolayer
MoTe2 and the MoTe2/MnS2 heterostructure. A compelling
observation is the comparison of the Berry curvature values at K-
valley and K0-valley in monolayer MoTe2, wherein we nd that
they possess identical magnitudes but exhibit opposite signs.
Remarkably, upon the formation of the heterostructure, the
preservation of the opposite signs in the Berry curvature
suggests the retention of spin–valley properties. Furthermore,
the absolute discrepancy in the Berry curvature values indicates
the manifestation of TRS breaking in monolayer MoTe2,
attributable to the presence of the magnetic substrate.

The control of the degree of valley polarization is crucial for
fullling various device design requirements, given the signi-
cant valley properties of the MoTe2/MnS2 heterostructure. By
applying electric elds and in-plane biaxial strains to the
MoTe2/MnS2 heterostructure, there is a desire to achieve
modulation of the degree of valley splitting. Applying an
external electric eld is an easily achievable method in the
laboratory to control the electronic structure or valley proper-
ties.55 We have calculated the band structure of MoTe2/MnS2
under an externally applied electric eld in the z-direction. A
positive electric eld represents the eld pointing from MnS2
towards MoTe2, while a negative electric eld represents the
electric eld directed from MoTe2 to MnS2. Fig. 3a shows the
change in spin splitting of the valence and conduction bands.
When a negative electric eld is applied, with increasing electric
eld strength, we can observe an increase and gradual
enlargement of DC,+

spin, D
C,−
spin, and DV,−

spin compared to the case
DC,−
spin (meV) DV,+

spin (meV) DV,−
spin (meV) EZ (meV)

47.2 221.5 212.6 −11.9
72.2 77.3 31.0 115.8
10.5 200.2 238.0 55.2
15.8 204.7 236.1 34.2

and. DC/V,+/−
spin representing the spin splitting. EZ represents valley Zeeman

RSC Adv., 2024, 14, 10209–10218 | 10213
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Fig. 3 (a and d) Spin splitting in the conduction and valence bands at the K and K0 points. (b and e) Valley splitting in MoTe2/MnS2 and the induced
magnetic moment of Mo; the red and blue curves represent the valley splitting and magnetic moment, respectively. (c and f) Berry curvature and
the difference in Berry curvature at the K and K0 points.
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without an electric eld, while DV,+
spin gradually decreases. On the

other hand, when a positive electric eld is imposed, with the
increasing electric eld strength, we can observe a decrease and
gradual reduction ofDC,+

spin,D
C,−
spin, andDV,−

spin compared to the case
without an electric eld, while DV,+

spin gradually increases. Fig. 3b
presents the relationship between valley splitting EZ and the Mo
atomic magnetic moment as a function of the applied electric
eld. When the negative electric eld is imposed, the magnetic
moment of Mo atoms and the magnitude of valley splitting EZ
both increase with the increasing electric eld. At an intensity of
−0.3 V Å−1, the valley splitting reaches 56.6 meV. Conversely,
when a positive electric eld is applied, the magnetic moment
of Mo atoms and the magnitude of valley splitting EZ are
decreasing, with the valley splitting decreasing to 49.2 meV at
10214 | RSC Adv., 2024, 14, 10209–10218
an intensity of +0.3 V Å−1. These ndings establish a positive
correlation between the magnitude of valley splitting and the
magnetic moment of Mo atoms. In Fig. 3c, we present a study of
the inuence of the electric eld on the Berry curvature. Uz(K)
and Uz(K0) represent the Berry curvature at the K-valley and K0-
valley, respectively, while DU represents the difference in Berry
curvature between these two points. The electric eld has little
impact on Uz(K), but as the electric eld increases, the value of
Uz(K0) decreases, leading to a decrease in the difference in Berry
curvature DU. This trend suggests a potential connection
between the behavior of Berry curvature and the magnetic
moment of Mo atoms.

In-plane strain is also a useful method for controlling the
electronic characteristics of heterostructures and can be
© 2024 The Author(s). Published by the Royal Society of Chemistry
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performed through substrate tensile or bending.56–58 Biaxial
strain can be dened using the following equation: 3 = (a − a0)/
a0, which refers to the relative difference in the lattice constants
before and aer applying biaxial strain. a0 is the lattice constant
without the applied strain. a is the lattice constant aer
applying strain. Fig. 3d shows the variation in spin splitting
under biaxial stress. We dene tensile strain as a positive value
and compressive strain as a negative value. With an increase in
compressive strain, the spin-splitting DC,+

spin and DV,+
spin slightly

increase compared to the unstrained case, while DC,−
spin and

DV,−
spin gradually decrease. When applying tensile strain, we can

observe a decrease in DC,+
spin and DV,+

spin compared to the
unstrained case, and they decrease further with an increase in
strain. Conversely, DC,−

spin and DV,−
spin gradually increase with

increasing tensile strain. As can be seen from the gure, the
spin splitting in the K0-valley of the conduction band is changed
to be sensitive. Fig. 3e illustrates the relationship between
valley-splitting EZ and the Mo atomic magnetic moment under
strain. With increasing compressive strain, the magnetic
moment of Mo decreases, while the valley splitting EZ increases.
At −3% compressive strain, the valley splitting is 57.4 meV.
Conversely, as tensile strain increases, the magnetic moment of
Mo increases, while the valley splitting EZ decreases. At 3%
tensile strain, the valley splitting is 50.8 meV. Notably, the size
of the valley splitting does not exhibit a positive correlation with
the Mo atomic magnetic moment; rather, a larger magnetic
moment leads to a smaller valley splitting. This nding
contrasts with the conclusions drawn from studies involving
electric eld manipulation. In Fig. 3f, the values of the Berry
curvature Uz(K) and Uz(K0) display a decreasing trend with
increasing compressive strain, while increasing with escalating
tensile strain. Additionally, the difference in the Berry curvature
DU shows an increasing trend from compressive 3% to tensile
3%. Based on the observations from Fig. 3c and f, we can infer
that the difference in Berry curvature is closely associated with
the magnitude of the magnetic moment.

To gain a deeper understanding of the valley splitting char-
acteristics in the MoTe2/MnS2 heterostructure, we conducted an
extensive investigation focusing on the underlying mechanisms
inuencing the Mo atom's magnetic moment. Specically, we
examined the electron transfer between the top layer material
(MoTe2) and the substrate material (MnS2) under various
conditions. We dened the accumulation of electrons as posi-
tive and the depletion of electrons as negative. At equilibrium,
in the protocell of a heterojunction, MoTe2 loses electrons and
MnS2 gains electrons. In Fig. 4a, the transfer of electrons from
the MoTe2 layer to the MnS2 layer decreases as the electric eld
increases. According to what is shown in Fig. 3b, the Mo atomic
magnetic moment also decreases linearly with the gradual
increase of the electric eld. In Fig. 4d, the transfer of electrons
from the MoTe2 layer to the MnS2 layer increased as the strain
increased. The Mo atomic magnetic moment also linearly
increases with the gradual increase in strain according to what
is shown in Fig. 3e. The magnitude of the Mo atomic magnetic
moment shows a similar trend with the amount of MoTe2
electrons transferred. Every electron lost in the MoTe2 mono-
layer gives rise to a revised magnetic moment, which makes the
© 2024 The Author(s). Published by the Royal Society of Chemistry
magnetic moment of Mo atoms increase. We can deduce from
this analysis that the inuence of the electric eld as well as
strain on the MPE is due to changing the number of electrons
transferred between MoTe2 and MnS2. Fig. 4b presents the
planar differential charge density under different electric elds,
with the top right inset depicting the three-dimensional
differential charge density at −0.3 V Å−1 electric eld and the
bottom le inset representing the three-dimensional differen-
tial charge density at the +0.3 V Å−1 electric eld. In the inset,
the regions colored in yellow indicate electron accumulation,
whereas the blue regions represent electron loss. Notably, the
transferred electrons originating from MoTe2 do not directly
enter MnS2 but instead induce the formation of an electric
dipole moment between the two layers, as shown in the illus-
trations in Fig. 4a and d. Similarly, Fig. 4e demonstrates the
planar differential charge density at different strains, with the
top right inset representing the three-dimensional differential
charge density at −0.3 V Å−1 electric eld and the bottom le
inset representing the three-dimensional differential charge
density at +0.3 V Å−1 electric eld. Importantly, our ndings, as
shown in Fig. 4b and e, align well with the observations pre-
sented in Fig. 4a and d.

In order to gure out the conclusions that the applied elec-
tric eld and the strain appear differently we performed the
following analysis. It is well known that the valley Zeeman
splitting phenomenon is a result of the combined interaction of
SOC andmagnetic elds. Fig. 4c shows the variation rates of the
effective Zeeman eld B, conduction band Zeeman eld BC,
valence band Zeeman eld BV of MoTe2/MnS2 heterostructures
and conduction band spin splitting Dc

soc, valence band spin
splitting Dv

soc of monolayer MoTe2, under applied electric elds.
Upon applying the electric eld, the valence band Zeeman eld
BV exhibits a decreasing trend from −0.3 V Å−1 to +0.3 V Å−1,
while the conduction band Zeeman eld BC remains
unchanged. The inuence of the applied electric eld on the
spin splitting of the monolayer MoTe2 was found to be minimal.
As mentioned above, as depicted in Fig. 3b, the magnetic
moment of Mo also exhibited a decreasing trend with the
electric eld. This indicates that the change of magnetic
moment primarily affects the BV, which leads to a decrease in
the Zeeman eld B and a corresponding decrease in the valley
splitting.

In Fig. 4f, we examine the effects of different strain
conditions on the variation rates of the effective Zeeman eld
B, conduction band Zeeman eld BC, valence band Zeeman
eld BV of MoTe2/MnS2 heterostructures and conduction band
spin splitting Dc

soc, and valence band spin splitting Dv
soc of

monolayer MoTe2. We observe that the change in BV follows an
increasing trend from −3% to 3%, akin to the variation in the
magnetic moment of Mo depicted in Fig. 3e. The changes of BC
and Dc

soc show the same downward trend, which indicates that
the strain leads to the decrease of spin splitting of monolayer
MoTe2, so also it leads to the decrease of conduction band
splitting aer the formation of heterostructure; Dv

soc remains
relatively constant. This suggests that BV is primarily inu-
enced by the magnetic moment, while strain affects the extent
of SOC in the conduction band. Considering the opposing
RSC Adv., 2024, 14, 10209–10218 | 10215
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Fig. 4 (a and d) The quantity of electrons gained and lost between MoTe2 and MnS2. (b and e) Planar differential charge density under different
electric fields and strains; the top-right insets represent the differential charge density under the electric field of−0.3 V Å−1 and the strain of−3%;
the bottom-right insets represent the differential charge density under the electric field of +0.3 V Å−1 and the strain of +3%. (c and f) The effective
Zeeman field B, conduction band Zeeman field BC, valence band Zeeman field BV of the MoTe2/MnS2 heterostructure, and the conduction band
spin splitting Ecsoc and valence band spin splitting Evsoc induced by the SOC of monolayer MoTe2.
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trends of BC and BV, the overall variation of the Zeeman eld B
demonstrates a decrease, indicating that the change in BC is
more signicant than in BV. Hence, we propose that the
mechanisms underlying the inuence of electric elds and
strain on valley splitting are distinct. The modulation of valley
splitting by the electric eld is due to a direct inuence on the
MPE between the interfaces leading to a change in the Mo
atomic magnetic moment, causing a change in the Zeeman
10216 | RSC Adv., 2024, 14, 10209–10218
splitting eld in the valence band. Similarly, we dene strains
as the strain eld, which affects not only the MPE between the
interfaces leading to a change in the Zeeman splitting eld in
the valence band, but also the spin splitting caused by the SOC
of MoTe2 itself, leading to a change in the Zeeman splitting
eld in the conduction band, and thus the magnitude of the
valley splitting is modulated by the combined inuence of the
two factors.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In this study, we employed rst-principles calculations to show
the large valley splitting induced in monolayer MoTe2 when
interfaced with ferromagnetic monolayer MnS2. The results
revealed a substantial intrinsic valley splitting in the MoTe2/
MnS2 heterostructure, reaching up to 55.3 meV, which corre-
sponds to the magnitude of splitting induced by the external
magnetic eld of 476 T. Moreover, we demonstrate the tunable
valley splitting through the application of electric elds and
biaxial strains. Under electric eld conditions, the valley split-
ting can be nely adjusted within the range of 49.2 to 56.6 meV,
while the biaxial strains allow modulation from 50.8 to 57.4
meV. Therefore, the MoTe2/MnS2 heterostructure is a potential
candidate material for valley electronics with strong valley
splitting properties, presenting signicant potential for appli-
cations in valley electronic devices. Furthermore, the Berry
curvature is also inuenced by different electric elds or strains.
Additionally, we observed the inuence of electric elds and
strains on Berry curvature, with the difference in Berry curvature
decreasing under varying electric elds (−0.3 V Å−1 to +0.3 V
Å−1) and increasing under biaxial strains (−3% to 3%).
According to our study, we also found that the two modes of
action, applied electric eld and strain, have different mecha-
nisms for regulating the valley splitting of MoTe2. The electric
eld affects the MPE leading to a change in the distribution of
electric dipoles at the interface, which in turn affects the
induced magnetic moments of the Mo atoms leading to
a change in the valley splitting. Biaxial strain affects not only the
MPE at the interface, but also the intrinsic spin splitting due to
the SOC of the monolayer MoTe2 itself, and these two factors
jointly inuence the change of valley splitting, even the latter
being the main inuence mechanism.
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