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Lifting the valley degeneracy of monolayer transition-metal dichalcogenides (TMDs) can substantially
break the balance of carriers in the K and K ′ valleys. This opens a promising way to utilize magnetic
materials to break time-reversal symmetry to achieve valley splitting. In the work presented in this paper,
we find that the magnitude of the valley splitting in TMD-based van der Waals (vdW) heterostructures is
correlated with the strength of the magnetic proximity effect, which is positively related to the interlayer
charge transfer and Coulomb interaction. As a result, for the same stacking, large valley splittings can be
obtained only when the vdW heterostructure has a type-III, instead of a type-I or type-II, band alignment.
We demonstrate this finding in TMD/NiY2 (Y = Cl, Br, I) vdW heterostructures in detail based on first-
principles calculations, and predict several heterostructures with large valley splittings. This discovery can
help to distinguish whether a magnetic material can enable TMDs to produce large valley splittings, and
guide experiments for technological applications.
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I. INTRODUCTION

Utilizing and manipulating the valley degree of free-
dom of electrons as an information carrier has attracted
increasing interest [1–3]. The combination of a large spin-
orbit coupling (SOC) and the locked degrees of freedom
between the spins and valleys makes monolayer transition-
metal dichalcogenides (TMDs) the best candidate materi-
als for studies of valleytronics [2,4,5]. Because of time-
reversal symmetry (TRS) protection, the intrinsic pure
spin-valley Hall current between the two inequivalent K
and K ′ valleys with degenerate energies is not available
[6,7], but such a current can be achieved by means of
optical [8–12], electric [13,14], and magnetic modulation
[15–25]. Among these methods, breaking TRS through
magnetism is the most effective method to lift the valley
degeneracy and achieve a polarized spin-valley current.

Generally, there are three schemes to use magnetic
effects to break TRS in TMDs. The first is to use an
external magnetic field directly [15,16], the second is to
use doping to generate an intrinsic magnetic moment in
the TMD [17–19], and the last is to create heterostruc-
tures on magnetic substrates to create a magnetic proximity
effect [20–25]. However, the desired valley splitting has
not largely been obtained by the first scheme; only a
splitting efficiency as low as 0.1–0.2 meV/T has been
obtained when an external magnetic field was utilized
directly [15,16]. Although it has been demonstrated that
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both p-type and n-type doping can induce an intrinsic mag-
netic moment in TMDs and produce large valley splittings
[17–19], the stability of the doped system and band scat-
tering from the impurities will damage its application as
a valley electronic device. In the last scheme, the mag-
netic substrate must have an effective magnetic moment
in the vertical direction, since the spin quantization axis
of TMDs is out-of-plane. Recently, large valley splittings
have been achieved both theoretically and experimentally
in two-dimensional (2D) TMD/bulk (three-dimensional,
3D) magnetic-substrate heterostructures [20–23,26]. For
example, in TMD/EuO(EuS), a giant splitting of over 44
meV was predicted in monolayer MoTe2 by first-principle
calculations [20,21]. The enhancement of valley splitting
was also confirmed in experiments, where the splitting effi-
ciency was one to two orders of magnitude larger than
that caused by external magnetic fields, and reached 2.5
meV/T [22] and 16 meV/T [26], respectively. The magni-
tude of the valley splitting in such 2D/3D heterostructures
formed from monolayer TMDs and bulk magnetic materi-
als is indeed significantly increased, but defects in the form
of lattice mismatches, polycrystalline anisotropic mag-
nets, and dangling bonds at the interface will limit their
application to devices [24].

With the development of thin-film-preparation technol-
ogy and high-throughput calculations, an increasing num-
ber of 2D magnetic semiconductor materials have been
discovered [27,28]. It seems that the dilemmas associated
with 2D/3D heterostructures may be avoided by using van
der Waals (vdW) heterostructures with a 2D/2D structure
[29,30]. Recently, a variety of magnetic substrates, such as
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the layered ferromagnetic semiconductor CrI3, have been
tried to induce valley splitting in TMDs [24,31,32], and a
modest splitting of about 3.5 meV, which corresponds to
an effective magnetic exchange field of 13 T, was observed
[24]. Despite this, satisfactory magnetic substrates for the
purpose of achieving a large valley splitting are few and
far between. What is more frustrating is that it is still not
clear what kind of magnetic substrate should be selected
and what types of heterostructures are required to pro-
duce a large valley splitting. Therefore, finding a rule for
the realization of valley splitting in TMDs in heterostruc-
tures has become important. In heterojunction physics,
heterostructures are classified into three types, namely type
I, type II, and type III [33]. Specifically, when semicon-
ducting materials A and B are merged, if the valence-
band maximum (VBM) and conduction-band minimum
(CBM) satisfy the relation VBMA < VBMB < CBMB <

CBMA, the resulting heterostructure is type I; if VBMA
< VBMB < CBMA < CBMB, it is type II; and if
VBMA < CBMA < VBMB < CBMB, it is type III. The
type-I and II heterostructures are still semiconduc-
tors, while the type-III heterostructures become metals.
The stronger charge transfer in type-III heterostructures
enhances the magnetic proximity effect and the Coulomb
interaction between the substrate and the TMD to possi-
bly enhance the valley splitting. This implies opportunities
to find large valley splittings in type-III vdW heterostruc-
tures.

In this paper, we perform a comparative study of
valley splitting in a series of 2D/2D vdW heterostruc-
tures and find that only type-III, rather than type-I
and type-II, band-alignment heterostructures can provide
large valley splittings. Our research on stacking also
shows that, for the same stacking, type-III heterostruc-
tures have the largest valley splitting compared with type-
I and type-II ones. We demonstrate this criterion with
TMD/NiY2 vdW heterostructure models in detail, and
predict several vdW heterostructures with large valley
splittings.

II. COMPUTATIONAL METHODS

First-principles calculations are performed using the
Vienna ab initio simulation package (VASP) [34]. We
approximate the exchange-correlation potential with the
Perdew-Burke-Ernzerhof (PBE) functional [35]. Projector-
augmented-wave potentials are used [36]. The tetrahedron
method is used for structural optimization and for total-
energy calculations. All of the atoms are optimized until
the total energy converges to below 10−5 eV, and the forces
acting on the atoms are less than 10−2 eV/Å. The plane-
wave energy cutoff is set to 500 eV, and the Monkhorst-
Pack grid of the k-point mesh is set to 11 × 11 × 1. To
avoid interactions between periodic images, the thickness
of the vacuum regions is not smaller than 16 Å. Spin-orbit

coupling and van der Waals interactions are taken into
account to optimize the heterostructure geometry, as well
as to perform further calculations by the DFT-D2 method
[37]. To consider the on-site Coulomb interaction in NiY2,
the GGA+U calculation method is adopted [38,39], and
the Coulomb and exchange parameters U and J are set to
4.0 and 0.8 eV, respectively, for the d orbitals of the Ni
atom [40]. For the calculation of the Berry curvature, we
employ the maximally localized Wannier-function method
as implemented in the WANNIER90 package [41,42]. Ten
d orbitals of the Mo atom and six p orbitals of each Te
atom are selected as the initial orbital projections, and a
16 × 16 × 1 uniform k grid is used for the construction of
the maximally localized Wannier function. The difference
in the spread of the total Wannier functions between two
successive iterations converges to 10−10 Å 2 within 2000
iterative steps.

III. RESULTS AND DISCUSSION

A. Geometry, band alignment, band structure, and
Berry curvature

The transition-metal dihalides NiY2 (Y = Cl, Br, I) crys-
tallize in a CdI2-type structure, where edge-sharing NiY6
octahedra form two-dimensional triangular lattice sheets,
stacked along the z direction with weak van der Waals
interactions between them. The crystal structure of mono-
layers of these compounds is the same as that of the 1T
phase of monolayer TMDs [43]. The optimized in-plane
lattice constants of the monolayer structures are 3.48, 3.68,
and 3.95 Å, respectively, as Y varies from Cl to I, whereas
the lattice constants for TX2 monolayers (T = Mo, W;
X = S, Se, Te) are 3.16, 3.35, and 3.56 Å, respectively, as
X varies from S to Te. To reduce the lattice mismatch to
less than 5%, MoSe2/NiCl2, WSe2/NiCl2, MoTe2/NiCl2,
WTe2/NiCl2, MoTe2/NiBr2, and WTe2/NiBr2 heterobilay-
ers are created with corresponding 1 × 1 unit cells, and the
other TX2/NiY2 heterobilayers are constructed by use of
superlattice structures with slabs of monolayer TX2 (2 × 2)
on top of NiY2(

√
3 × √

3).
Three pairs of typical stackings, containing a total of six

different stable stacking configurations, are considered for
comparison. To show these stacking configurations more
clearly, we choose a lattice-matched WTe2/NiCl2 heter-
obilayer in the form of a 3 × 3 superlattice pattern as
an example, as shown in Fig. 1(a). The specific features
of the six configurations, denoted by (C-1/C-1′), (C-2/C-
2′), and (C-3/C-3′), are as follows. The configuration in
which an interfacial Te1 atom is directly above a Ni atom
(Te1⊥Ni) and a W atom is directly above an interfacial
Cl1 atom (W⊥Cl1), indicated as (Te1⊥Ni & W⊥Cl1), is
C-1; the configuration in which an interfacial Te1 atom
is directly above a Ni atom but a W atom is directly
above a noninterfacial Cl2 atom, expressed as (Te1⊥Ni
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(a) (b)

(c) (d)

FIG. 1. Top and side views of WTe2/NiCl2 heterostructure in six stackings. (a) The C-1 and C-1′ stackings have a Ni atom directly
on top of an interfacial Te atom. (b) The C-2 and C-2′ stackings have a Ni atom directly on top of a W atom. (c) The C-3 and
C-3′ stackings have no atom superpositions with Ni atoms. The pink dashed line indicates the unit cell of the heterobilayer. d0 is the
interlayer distance. (d) First Brillouin zone of monolayer TMDs; the high-symmetry point K for C-N stackings (left) corresponds to
the K ′ point for C-N′ stackings (right).

& W⊥Cl2), is C-1′. In the same way, the (W⊥Ni &
Te1⊥Cl2) configuration is C-2, the (W⊥Ni & Te1⊥Cl1)
configuration is C-2′, the (Te1⊥Cl1 & W⊥Cl2) configu-
ration is C-3, and the (Te1⊥Cl2 & W⊥Cl1) configuration
is C-3′. Accordingly, (C-1/C-1′) has a superposition of Ni
and Te atoms, (C-2/C-2′) has a superposition of Ni and
W atoms, and (C-3/C-3′) has no superposition of Ni and
W or Te atoms. In fact, C-1′ and C-2′ (C-3′) can be seen
as 60◦ (180◦) counterclockwise rotations of C-1 and C-
2 (C-3) while keeping the NiY2 layer stationary. So, for
a monolayer of WTe2, the high-symmetry point K in the
Brillouin zone for the C-N stacking is the K ′ point for the
C-N′ stacking.

NiY2 can be exfoliated as a stable monolayer struc-
ture [28], having a similar crystal structure to TMDs [43],
and possessing ferromagnetism with a high Curie temper-
ature [44] and an intrinsic band gap from 0.88 to 2.22 eV
(calculated from GGA + SOC + U, with U = 4 eV). This
means that these structures not only are excellent mag-
netic substrates for experiments, but also allow us to obtain

structurally stable TMD/NiY2 vdW heterostructures with
all band-alignment types to investigate the mechanisms of
valley splitting achieved in heterostructures. As shown in
Fig. 2(a), the MoS2/NiI2 and WS2/NiI2 heterostructures
show type-I band alignment, WTe2/NiCl2, WTe2/NiBr2,
and WTe2/NiI2 show type-III band alignment, and the
other heterostructures show type-II band alignment [33].
Note that the band gap of the monolayer TMDs is obtained
with the PBE functional, because this is agrees well with
the reported experimental value. Taking MoS2 as an exam-
ple, the gap of 1.72 eV obtained with the PBE functional
is close to the reported experimental value of 1.80 eV
[45]. The feasibility and thermal stability of these het-
erostructures are determined by the binding energy and
the phonon spectrum [46–49], respectively. The results and
the electronic band structures are presented in Figs. S1
and S2 in the Supplemental Material [50]). In the fol-
lowing example, a WTe2/NiCl2 heterobilayer is used to
illustrate the band-structure characteristics of these vdW
heterostructures.

014064-3



LI, CHEN, and TANG PHYS. REV. APPLIED 13, 014064 (2020)

(a) (b)

(c) (d)

FIG. 2. (a) Band alignment of monolayer NiY2 and TMDs. The vacuum level is taken as the zero reference. (b) Band structure of
NiCl2 monolayer, WTe2 monolayer, and WTe2/NiCl2 heterobilayer. The green and red arrows denote the spin-down and spin-up bands,
respectively, for monolayer NiCl2. Evac denotes the vacuum energy, and the Fermi level lies at the intersection of the white and yellow
regions. (c) Enlarged details of the valley splitting and optical selection rule for the WTe2 monolayer in the WTe2/NiCl2 heterostructure.
�VB and �CB are the valence- and conduction-band valley splittings, respectively. E(σ±) indicates the energy of photons with circular
polarizations σ±. (d) Calculated Berry curvature � of the monolayer WTe2 in the heterobilayer at the high-symmetry k-points.

Figure 2(b) presents the band structure of a NiCl2
monolayer (ML), a WTe2 monolayer, and a C-2-stacked
WTe2/NiCl2 bilayer (BL). It is found that the band edges of
monolayer NiCl2 are composed of 3d states of Ni, and the
VBM is spin-up but the CBM and CBM+1 are spin-down,
exhibiting ferromagnetic semiconducting properties. The
magnetic moments of the Ni and Cl atoms are 1.72 and
0.11 μB, respectively. When the vacuum-level alignment
is adopted, it is obvious that the VBM (� point) is much
lower than that of WTe2, and the CBM (between � and
K) is also slightly smaller than the VBM of WTe2. These
band-edge characteristics make the spin-polarized empty
states of NiCl2 mix with the pseudospin valley located at
the VBM of WTe2 in the WTe2/NiCl2 heterobilayer, thus
forming a type-III heterostructure. Because of the large
energy difference between CBM+1 and CBM+2 in NiCl2,
the conduction-band edges of the WTe2 are not hybridized.
This means that the composition of the heterostructure
does not change the energy valley at the conduction-band
edge of WTe2.

Figure 2(c) presents enlarged details of the band edges
of WTe2, which are separated from the heterobilayer band;
the energy bands from Ni d states with a spin-down
state are not shown. The splitting �VB/�CB between the
valence- and conduction-band valleys is the energy differ-
ence between the two valley extrema of the WTe2 [20], i.e.,
�

VB/CB
val = EVB/CB

K ′ − EVB/CB
K . As shown in Fig. 2(c), valley

splitting is indeed achieved in the K and K ′ valleys, and
�VB and �CB reach values of 33.1 and 0.6 meV, respec-
tively. So, the total K–K ′ valley splitting, which is derived
as �KK ′ = �VB − �CB, is 32.5 meV. The realization of
valley splitting also gives rise to a difference in the energies
of the circularly polarized optical transitions, where �+

opt =
ECB2,+

K(↑) − EVB1,+
K(↑) = 893.1 meV for right-handed polarized

light σ+, and �−
opt = ECB2,−

K ′(↓)
− EVB1,−

K ′(↓)
= 926.9 meV for

left-handed polarized light σ−. Thus the difference in
optical-transition energies between the two polarizations
of the light, i.e., E(σ+) − E(σ−), reaches a substantial
value of 33.8 meV, which is also nearly the value of
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the total valley splitting �KK ′ . Considering the measured
Zeeman valley-splitting rate of approximately 0.2 meV/T
in monolayer TMDs for external magnetic fields, this cor-
responds to the splitting produced by a 163 T magnetic
field. Note that the size of the splitting achieved in the
WTe2/NiCl2 heterobilayer is an order of magnitude larger
than in the case of a WSe2/CrI3 heterobilayer [24,31,32],
and even close to the substantial splitting obtained in a
MoTe2/EuO heterostructure [20,21]. This will allow val-
ley selection to work within a rather wide spectral range:
as long as the photon energy of the polarized light used sat-
isfies �+

opt < �ω < �−
opt, valley-dependent electron-hole

pairs can be generated only in the K ′ valley. Although the
Fermi level crosses these two valleys in WTe2 in a type-
III WTe2/NiCl2 heterobilayer, the valleys can be shifted
below the Fermi level by means of gate-voltage regulation
and vertical-stress regulation [51], and so electron-hole
pairs between the two valleys could be still generated by
circularly polarized light. And, interestingly, a total val-
ley splitting of about 14.8 meV is achieved in a type-II
MoTe2/NiCl2 bilayer at the equilibrium distance, and so
electron-hole pairs can be obtained by the use of circularly
polarized light directly. Additionally, it is further clarified
in Fig. 2(d) that after the introduction of the magnetic sub-
strate, it is precisely because of the magnetic proximity
effect that TRS is broken in the WTe2, resulting in a val-
ley polarization. The Berry curvature takes opposite signs
near the K and K ′ valleys, with unequal values, reveal-
ing that the spin-valley characteristics of WTe2 are still
well preserved and that spin-valley splitting is realized
[52]. Therefore, NiY2 could be a new class of excellent 2D
layered magnetic substrates for TMDs.

B. Effects of stacking on valley splitting

It is well known that the stacking of a heterostructure
affects the electronic properties. To study the effects of

stacking on valley splitting, the lattice-matched type-II
MoTe2/NiCl2 and type-III WTe2/NiCl2 heterobilayers are
selected for comparison. We list the six stable stack-
ings, the distances dT-Ni, dTe-Ni, dT-Cl, and dTe-Cl (where
T represents a transition-metal atom, i.e., Mo or W), the
equilibrium interlayer distance d0, and the size of the val-
ley splitting in Table I. Clearly, for the two heterobilayers,
the C-2 stacking has the largest valley splitting, and this
splitting is close to that for the C-1 and C-1′ stackings,
but significantly larger than that for the other three stack-
ings. As the variation of the size of the valley splittings in
the two types of heterostructure is completely consistent
for these six stackings, we may use the WTe2/NiCl2 het-
erobilayer as an example to investigate the effects of the
stacking on the splitting.

As listed in Table I, after full relaxation, the value of
dTe-Cl is the same in all of the stacking configurations, and
the C-2′ and C-3 stackings have the same interlayer spac-
ing d0, which is larger than that for the other four stackings.
We can see that the size of the splitting is closely related
to the interlayer spacing d0, and the smaller the value of
d0, the larger the valley splitting, except for the case of
the C-3′ stacking. This is because the K and K ′ valleys of
WTe2 are mostly composed of 5d states of W atoms and
a small amount of p (and s) states of Te atoms, which can
cause couplings to occur with the 3d states of Ni atoms that
affect the splitting. It can be seen from the results for C-1
and C-1′ and for C-2 and C-2′ that the valley splitting has
no connection with dW-Cl and dTe-Cl, but is closely related
to dW-Ni and dTe-Ni, and the smaller the values of dW-Ni and
dTe-Ni, the larger the splitting. Namely, the effect of cou-
pling between W and Cl atoms on the size of the splitting
can be neglected (because there are nearly no s, p states of
Cl atoms at the band edges at K and K ′), but the coupling
between W and Ni atoms and between Te and Ni atoms is
the dominant factor in achieving a relatively large splitting

TABLE I. Comparison between type-II and type-III heterostructures for six stackings. d0 is the equilibrium interlayer distance, and
dM -N is the shortest distance between the M and N atoms. T represents a Mo (W) atom in monolayer Mo(W)Te2. �VB, �CB, and �KK ′
are the valence-band, conduction-band, and total valley splittings, respectively.

Type Stacking dT-Ni dTe-Ni dT-Cl dTe-Cl d0 �VB �CB �KK ′
(Å) (Å) (Å) (Å) (Å) (meV) (meV) (meV)

Type II C-1 6.72 4.57 6.17 3.82 3.24 9.5 −3.5 13
C-1′ 6.72 5.59 6.50 3.83 3.26 −9.4 4.0 −13.4
C-2 6.42 5.02 5.47 3.84 3.26 11.3 −3.5 14.8
C-2′ 6.99 5.54 6.01 3.83 3.83 −1.4 1.2 −2.6
C-3 7.27 5.54 6.95 3.83 3.83 −1.1 −1.2 0.1
C-3′ 6.72 5.00 6.17 3.83 3.24 2.7 3.9 −1.2

Type III C-1 6.67 4.53 6.13 3.78 3.21 28.1 1 27.1
C-1′ 6.72 4.57 5.46 3.82 3.24 −25.8 −0.9 −24.9
C-2 6.37 4.98 5.44 3.81 3.22 33.1 0.6 32.5
C-2′ 6.92 5.49 5.96 3.77 3.77 −6.7 −0.4 −6.3
C-3 7.21 5.48 5.95 3.77 3.77 −1 0.8 −1.8
C-3′ 6.70 4.99 5.06 3.82 3.24 2.3 −2.5 4.8
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in the heterobilayer. This is verified by the case of the C-3′
and C-3 stackings, where there is no atom superposition of
the form (W⊥Ni) or (Te⊥Ni) in these two stackings, and
then the coupling between W and Ni atoms and between
Te and Ni atoms is weakest, leading to a sharp decrease in
the splitting. Even if the C-3′ stacking has the same val-
ues of dW-Ni and the interlayer spacing d0 as those for the
C-1 and C-1′ stackings, the valley splitting is still an order
of magnitude smaller than that for the C-1 and C-1′ stack-
ings. Therefore, the adjustment of the valley splitting by
the stacking actually occurs by regulation of the strength of
the magnetic coupling effect, which is mainly related to the
interatomic distance and the atom superposition of W or
Mo and Ni. Interestingly, a similar situation was also found
in type-II CrI3/WSe2 vdW heterostructures by Zhang and
coworkers [32].

Moreover, we can also see that for the same stack-
ing, the size of the valley splitting in the type-III
WTe2/NiCl2 bilayer is always larger than that in the type-
II MoTe2/NiCl2 bilayer. As the C-N (C-N′) stacking has a
phase difference of 60◦ (180◦), the K (K ′) high-symmetry
point for the C-N stacking corresponds to K ′ (K) for the
C-N′ stacking of the monolayer TMDs. When the same
Brillouin-zone path �KMK ′� is used to calculate the elec-
tronic energy band, where � is (0,0,0), K is (− 1

3 , 2
3 ,0), M

is (0, 1
2 ,0), and K ′ is ( 1

3 , 1
3 ,0), �VB and �CB for the C-N

stacking have values opposite to those for the C-N′ stack-
ing, as shown in Table I. The energy of the VBM of the
TMDs near the K valley which has the same spin state
(spin-down) as the NiY2 is also always smaller than that
for the K ′ valley. These phenomena indicate that charge
transfer and Coulomb interaction are the key factors that
affect the size of the valley splitting.

C. Effects of charger transfer on valley splitting

In Figs. 3(a)–3(c), we present the calculated interfa-
cial charge transfer and charge redistribution in the type-I
MoS2/NiI2 bilayer, the type-II MoTe2/NiBr2 bilayer, and
the type-III WTe2/NiCl2 bilayer. The charge-density dif-
ference (�ρ) is calculated from

�ρ = �ρ(TMD/NiY2) − �ρ(TMD) − �ρ(NiY2), (1)

where �ρ(TMD/NiY2), �ρ(TMD), and �ρ(NiY2) represent the
charge density of the TMD/NiY2 heterostructure, of the
isolated monolayer TMD, and of the NiY2, respectively.
The plane-averaged charge-density difference �ρ(z) along
the z direction is obtained from

�ρ(z) = 1
Axy

∫
�ρ dx dy, (2)

where Axy is the surface area of the unit cell. As charge
transfer between adjacent layers is very hard in the semi-
conductive type-I and type-II heterostructures, there is

a much smaller interlayer charge transfer and interfacial
charge redistribution than in the conductive type-III het-
erostructures. For the WTe2/NiCl2 and MoTe2/NiBr2
bilayers, the plane-averaged charge density difference is
such that �ρ(z) > 0 near the interfacial Cl (Br) atoms, and
�ρ(z) < 0 near the interfacial Te atoms, which means that
charge accumulates near the NiCl(Br)2 layer but reduces
near the W(Mo)Te2 layer, while the MoS2/NiI2 bilayer
shows the opposite situation; see Figs. 3(a)–3(c). Our
Bader charge analysis [53,54] also shows that there is a
small amount of electron transfer (approximately 0.03e−)
from the WTe2 layer to the NiCl2 layer within a 1 × 1 unit
cell, but nearly no charger transfer occurs in the MoS2/NiI2
and NiBr2/MoTe2 heterobilayers. This is due to the fact
that Cl is more electronegative than Te, and so it tends
to gain electrons from Te, and the characteristics of the
type-III band alignment make charger transfer easy.

Because the occupying electrons of the WTe2 transfer
to the NiCl2, holes are created in the WTe2 layer, just as
in the case of p-type doping. It is found that an out-of-
plane magnetic moment of 0.01 μB is induced in the W
atoms in the type-III WTe2/NiCl2 heterobilayer; however,
nearly zero magnetic moment is induced in the Mo and W
atoms in the type-I MoS2/NiI2 and type-II MoTe2/NiBr2
heterobilayers. The induced magnetic moment in the WTe2
layer allows a magnetic coupling with the NiCl2 layer that
greatly enhance the splitting. However, for type-I and type-
II vdW heterostructures, due to the lack of charge transfer,
the exchange interaction is negligible. In this case, the
valley degeneracy is lifted only by the breaking of time-
reversal symmetry by the magnetic substrate, and so only
a small valley splitting can be achieved. We note that the
charge transfer in these vdW heterostructures is a kind of
spatial transfer rather than a chemical-bond transfer, and
so the induced magnetic moment in the Mo and W atoms
is very small. Such situations are different from the case
of a MoTe2/EuO heterostructure [20,21], where a large
charge transfer occurs and a modest magnetic moment
(approximately 0.43 μB) is induced in the Mo atoms, and
so the giant total valley splitting obtained (approximately
44 meV) is due to the strong magnetic coupling that is
effective between adjacent layers.

Though the charge transfer in type-III vdW heterostruc-
tures is weak, its presence or absence plays a crucial
role in the size of the valley splitting. The existence of
charge transfer gives rise to hybridization and stronger
Coulomb interactions between the monolayer TMD and
the NiY2 layer that greatly enhance the valley splitting. As
we can see from the orbital-projected band structures of
the WTe2/NiCl2 bilayer in Fig. 3(d), there are p-d and d-
d couplings between the WTe2 and NiCl2 layers. In the
K valley, the spin-polarized states of the two degenerate
conduction bands (CBs) of NiCl2 are spin-down, consist-
ing of Ni d−

xy ,x2−y2 and Ni d−
xz,yz, and the states of the two

valence bands (VBs) of WTe2 consist of W d±
xy ,x2−y2 and
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Te p±
x,y , where the VBM (VB1) is spin-down, but VBM+1

(VB2) is spin-up. VB1 of WTe2 and the CB of NiCl2 have
the same spin-polarized states, and strong hybridization is
allowed between them. For the p-d coupling, the Te d−

x,y
orbital experiences coupling with Ni d−

xy ,x2−y2 ; the CB of
NiCl2 is an antibonding state, and its energy is pushed up.
The VBM of WTe2 is a bonding states, and its energy is
pushed down. The d-d coupling is the same as the p-d cou-
pling, and the vast majority of it is W d−

xy ,x2−y2 coupled
with Ni d−

xz,yz. Since the SOC is included, an anisotropic
d-d coupling between W d−

xy ,x2−y2 and Ni d−
xz,yz is also

allowed, but the coupling intensity is much weaker than
that of the isotropic coupling; it almost does not change
the energy. However, VB2 of WTe2 and the CB of NiCl2
have opposite spin-polarized states, and then p-d coupling
is forbidden, and the energy of VB2 of WTe2 does not
change (see Fig. S3 in the Supplemental Material [50]).

Therefore, the valence-band splitting in WTe2 in the K
valley suffers a decrease because of the effect of hybridiza-
tion, which results from an energy decrease of VB1. As
�VB is the energy difference in VB1 between K and K ′,
the energy decrease of VB1 in the K valley is in fact also
the size of the valley splitting of the WTe2. This is because
in the K ′ valley, VB1 of WTe2 is spin-up and has oppo-
site spin states to the CB of NiCl2. Then p-d coupling is
forbidden, and the anisotropic d-d coupling is too weak to
shift the energy level, and so the valence-band splitting in
WTe2 at K ′ does not undergo any change.

The Coulomb interaction also affects the valley split-
ting, and the size of the splitting is positively correlated
with it. In the K valley, VB1 of WTe2 is repelled down-
ward to VB2 by the Coulomb repulsion; such a reduction
in energy is also one of the sources of valley splitting.
The existence of a larger charger transfer in type-III vdW

(a) (b) (c)

(d) (e)

FIG. 3. Interfacial charge transfer in vdW heterostructures with three types of band alignment. (a)–(c) Plane-averaged charge-density
difference �ρ(z) along the z direction (left), and side view of plots of the three-dimensional charge-density difference (right) in type-I
MoS2/NiI2, type-II MoTe2/NiBr2, and type-III WTe2/NiCl2 heterobilayers. The isovalue chosen to plot the isosurfaces is 0.0002 eÅ−3.
Losses and gains of electrons are colored yellow and aqua, respectively. (d) Orbital-projected band structures of the WTe2/NiCl2
heterobilayer near the K and K ′ valleys. The contributions from WTe2 are the W dxy + dx2−y2 and Te px + py orbitals, and those from
NiCl2 are Ni dxy,x2−y2 and Ni dxz,yz . The sizes of the symbols are proportional to their population in the corresponding state. Red and
green arrows represent spin-up and spin-down states, respectively. (e) Comparison of the largest size of valence valley splitting in
monolayer TMDs for the three types of vdW heterostructure.
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(a)

(b)

FIG. 4. Valley-splitting changes
versus interlayer distance in (a)
a WTe2/NiBr2 heterobilayer, and
(b) a MoTe2/NiBr2 heterobilayer.
�VB and �CB represent the
valence and conduction valley
splittings, respectively. The equi-
librium distance d0 is denoted by
the dashed line.

heterostructures reduces the equilibrium distance d0 and
also reduces dW-Ni and dTe-Ni; see Figs. 3(a)–3(c). This not
only provides a stronger Coulomb field, which enhances
the Coulomb repulsion and thereby enhances the valley
splitting [55], but also enhances the magnetic proxim-
ity effect of the W and Ni atoms, which further enlarges
the valley splitting. Moreover, it can be seen that when
the TMD is changed from MoS2 to WTe2, the energy
of the VBM is increased, making the energy difference
from the CBM of NiY2 decrease [Fig. 1(a)]. Then, the
Coulomb repulsion between the CBM of NiY2 and the
VBM of the TMD becomes stronger, leading to a reduc-
tion of the energy of the valence band and an increase in
the splitting in the TMD. As a result, �VB in one type
of TMD/NiY2 heterobilayer increases when the TMD is
changed from MoS2 to WTe2, see Fig. 3(e). The energy
differences between the VBM of the TMD and the CB of
the NiY2 at K or K ′ generally have smaller values in type-
III heterostructures, indicating that there exists a stronger
intrinsic Coulomb interaction, which helps to produce a
relatively larger splitting.

Figure 3(e) also compares the sizes of the valence valley
splitting in monolayer TMDs achieved with different types
of band alignment in vdW heterostructures. Clearly, the
size of the splitting in type-I and type-II heterostructures
is indeed much smaller than that in type-III heterostruc-
tures, and is typically an order of magnitude smaller than

the latter. This is because all of the type-I and type-II
heterostructures are semiconductors [33], and the valley
degeneracy is lifted only by the magnetism of the ferro-
magnetic substrate, very like the case of exposing a TMD
to an external magnetic field. However, in addition to the
situation in the former case, the existence of charge trans-
fer in type-III heterostructures leads to the TMD gaining
or losing electron as in the case of p-type or n-type dop-
ing. This not only causes finite intrinsic magnetic moments
induced in the TMD to allow magnetic coupling with the
magnetic material, but also produces a stronger Coulomb
field that greatly enhances the valley splitting. Addition-
ally, we note that the splitting in the type-III WTe2/NiI2
bilayer is smaller than that in the type-II MoTe2/NiCl2
bilayer, mainly because the former is constructed from
a supercell, where the average W-Ni atom superposition
ratio is much smaller, eventually leading to a relatively
small splitting.

According to the above analysis, we know that the
effect of stacking on valley splitting actually occurs by
changing the magnetic coupling between magnetic-metal
and transition-metal atoms. Such an effect is the same
for all types of heterostructure, and it does not change
the rule that for the same stacking, type-III heterostruc-
tures have a larger splitting than type-I and type-II het-
erostructures. This indicates a simple method for seeking a
large valley splitting in TMD/2D-magnetic-material vdW
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heterostructures, i.e., to select those magnetic materials
which can form a type-III band alignment with the mono-
layer TMD. Also, to further increase the magnitude of
the valley splitting, stacking the heterostructure config-
uration with more superpositions of magnetic-metal and
transition-metal atoms is essential.

D. Vertical-stress regulation

The valley splitting is associated with the magnetic cou-
pling effect between the Mo or W and Ni atoms and
the Coulomb interaction between adjacent layers, which
is closely related to the interlayer distance, and so it is
natural to adjust the valley splitting by vertical-stress reg-
ulation. In Fig. 4, we adjust the C-2-stacked WTe2/NiCl2
and MoTe2/NiCl2 bilayers by vertical stress. It can be seen
that the size of the valley splitting is negatively corre-
lated with the interlayer spacing. When d0 is decreased,
the Coulomb field between adjacent layers is enhanced,
and the decreased interatomic distance between Mo or W
and Ni enhances the coupling between Mo or W and Ni
atoms. As a result, the valley splitting is increased. In the
type-III WTe2/NiCl2 bilayer, a total splitting of more than
112 meV can be obtained by reducing the interlayer dis-
tance, corresponding to an equivalent magnetic field of
560 T. More interestingly, a total splitting of over 73.5
meV can be achieved in the type-II MoTe2/NiCl2 bilayer
by this form of regulation, and the characteristics of the
type-II band alignment of the heterobilayer and the direct
band gap of the monolayer MoTe2 remain unchanged. For
the WTe2/NiCl2 bilayer, the K valley is shifted below
the Fermi level (see Fig. S4 in the Supplemental Mate-
rial [50]). These band variations make it easier to collect
electron-hole pairs by optical means. In contrast, when d0
is increased, the charger transfer between adjacent layers
becomes more difficult, which weakens both the Coulomb
field and the coupling between Mo or W and Ni atoms,
so that �VB and �CB are reduced. When d0 is increased
to 4.20 Å, the splitting becomes zero, which means that
the magnetic-proximity coupling in the heterobilayer is
a short-range effect. Owing to the giant valley splitting
in TMD/NiY2 vdW heterostructures, one can selectively
excite valley-dependent electron-hole pairs with circularly
polarized light over a rather wide spectral range. In exper-
iments, the interlayer distance can be adjusted by applying
an external perpendicular pressure [56,57], and so these
results could greatly advance the development of valley
electronics.

IV. CONCLUSION

In summary, a comparative study is performed on a
series of TMD/2D-magnetic-material vdW heterostruc-
tures to investigate the rules governing valley splitting.
The monolayer NiY2 semiconductors possess out-of-plane
magnetism and have a matched momentum space with

TMDs, which makes them potentially excellent magnetic
substrates. In the type-III WTe2/NiCl2 heterobilayer, the
largest total valley splitting reaches 32.5 meV at the equi-
librium interlayer distance, and can even reach 112 meV
with vertical-stress regulation. This will make it easier
to excite valley-dependent electron-hole pairs by opti-
cal means. It is found that the same order of magnitude
of splitting can be achieved in most of the type-III het-
erostructures, while the largest sizes in all type-I and
type-II heterostructures are typically only several mil-
lielectronvolts, an order of magnitude smaller than the
former values. This is because there is enough charge
transfer between the TDM and the magnetic substrate
in type-III heterostructures to enhance the magnetic cou-
pling and Coulomb interaction, which greatly enhances
the valley splitting, while that does not happen in type-
I and type-II heterostructures. Moreover, the adjustment
of the valley splitting by means of the stacking actually
occurs by regulating the strength of the magnetic coupling
between the magnetic-metal and transition-metal atoms,
which is closely related to the interatomic distance and
atomic superposition. Although the stacking can vary the
valley splitting to a large extent, this effect is the same for
all types of heterostructure. It does not change the rule
that for the same stacking, the type-III heterostructures
typically possess a larger valley splitting. These findings
give ideas about how to seek and design large valley split-
tings in type-III vdW heterostructures, and these predicted
heterostructures will provide new and excellent experi-
mental candidates for valleytronics research and may even
advance the application of quantum-information devices.
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