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Manipulation of valley pseudospin in WSe2/CrI3 heterostructures by the magnetic proximity effect
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Removing valley degeneracy is a necessary condition for manipulating valley degrees of freedom and storing
information in future spintronics. Magnetic proximity effect has been demonstrated to be an effective way
to introduce exchange interactions, especially in the case of two-dimensional (2D) van der Waals (vdW)
heterostructures. We have explored the electronic properties and the valley physics of 2D WSe2/CrI3 using
first-principles calculations. Our results show that a valley splitting of 2 meV is achieved in WSe2/CrI3

heterostructures thanks to the coexistence of inversion and time-reversal symmetry breaking. This value
corresponds to an effective magnetic field of ∼10 T in experiments. Moreover, we demonstrate that the valley
splitting is a robust feature regardless of the stacking configuration and the thickness of CrI3. Most importantly,
by reversing the magnetization in the CrI3 layer, the valley splitting and polarization at K+ and K− points are
completely switchable. Our findings provide fundamental insights into the magnetoelectric spin-orbit coupling
based spintronics applications of 2D vdW heterostructures.
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I. INTRODUCTION

In transition-metal dichalcogenide (TMD) monolayer
[1–9], a pair of degenerate but inequivalent valleys in mo-
mentum space gives rise to interesting phenomena such as
valley-dependent photoluminescence [10,11], valley Hall ef-
fect [12,13], and valleytronics [14,15]. The energy valleys
at the conduction-band minimum (CBM) and valence-band
maximum (VBM) are considered as a novel degree of freedom
of electrons with the potential that the valley carriers can be
manipulated for information technology devices. To exploit
valley degrees of freedom, it is important to introduce a valley
polarization. However, although the broken-inversion symme-
try of TMD monolayers could separate the paired valleys K+
and K− in momentum space, the energy degeneracy is still
retained since it is protected by the time-reversal symmetry
[16]. A magnetic field could then be applied to break the
time-reversal symmetry to achieve the valley polarization for
potential spintronic applications.

Theoretical calculations have suggested that magnetic ions
doping [17,18] or vacancies [19,20] may introduce magnetic
moments in TMD monolayer and eventually remove the val-
ley degeneracy. Further, intrinsic valley polarization has been
found in magnetic TMDs monolayer VSe2 [21,22]. Experi-
mentally, it was demonstrated that a vertical external mag-
netic field could produce a valley Zeeman splitting [23,24]
of about 0.1–0.2 meV/T. A large valley splitting has been
reported theoretically in TMD monolayer on EuO [25,26]
or EuS [27] substrate. Recently, an enhanced valley spitting
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in monolayer WSe2 has been experimentally investigated by
exploiting the magnetic proximity effect (MPE) from the EuS
substrate [28].

A specific material can obtain novel properties due to the
presence of neighboring material, i.e., by the so-called prox-
imity effect. In particular, the MPE means that the host’s prop-
erties are modified mainly by magnetic neighbors [29–33].
The successful exfoliation discovery of two-dimensional (2D)
ferromagnets [34,35] would introduce an unprecedent oppor-
tunity, which provides a way of interfacing TMD monolayers
with ferromagnetic layers. Indeed, a van der Waals (vdW)
heterostructure would minimize chemical modification and
interfacial damage [36], which is desirable for engineering a
clean interface for optimal interactions [37].

Within this framework, we performed theoretical investi-
gations of the valley pseudospin in WSe2 monolayer on a 2D
magnetic CrI3 substrate. We explain the mechanism how the
valley properties are modified by the MPE, with a significant
valley splitting of 2.0 meV, which is also related to the
experimental observation [38,39]. Moreover, we demonstrate
the valley splitting and polarization performance is robust in
the vdW stackings of WSe2/CrI3, so that a magnetic field can
be applied to achieve the manipulation of the valley degree of
freedom. Interestingly, since the MPE is a localized surface
effect, a bilayer CrI3 with zero net magnetic moment can
also induce a valley splitting and polarization. We believe
that this is important because the MPE valley splittings can
be achieved by using antiferromagnetic (AFM) materials,
thus extending the valley physics to AFM spintronics. This
certainly suggests further exploration directions, both from
theoretical and experimental points of view.
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II. COMPUTATIONAL METHODS

The first-principles calculations were performed using
the projector-augmented wave approach [40,41] imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[42,43]. The vdW heterostructures are all constructed with
a substrate monolayer of CrI3 and a capping monolayer
of WSe2, including a vacuum separation larger than 18
Å. The heterostructures with different spin configurations
were fully optimized with Perdew-Burke-Ernzerhof (PBE)
generalized-gradient approximation (GGA) [44] exchange-
correlation functional together with optB86b-vdW functional
[45,46], until the force on each atom was below 0.001
eV/Å. Their electronic self-consistent convergence crite-
rion for self-consistent calculations was set to 10−7 eV.
The plane-wave energy cutoff was set as 600 eV. A 7 ×
7 × 1 � (0, 0, 0) centered k-point grid was sampled in
the first Brillouin zone. Band-structure calculations with or
without spin-orbit coupling (SOC) were performed; the k-
point path of SOC band-structure calculations was chosen
to include � − M+ (0, 0.5, 0)−K+ (−1/3, 2/3, 0) − �

− M−(0.5, 0, 0) − K−(1/3, 1/3, 0) − �.
To further illustrate the valley properties of the WSe2/CrI3

heterostructure the out-of-plane Berry curvature �(k) is cal-
culated by the usual linear response Kubo formula [47]

�(k) =
∑

n

fn�n(k), (1)

�n(k) = −2Im
∑

m �=n

〈unk|vx|umk〉〈umk|vy|unk〉
(Emk − Enk )2 , (2)

where fn is the Fermi-Dirac distribution function, vx,y is the
velocity operator, and unk is the periodic part eigenvector with
eigenvalue Enk of the Fourier transformed Wannier Hamilto-
nian as calculated by projecting the density-functional theory
(DFT) Hamiltonian onto a Wannier basis. In this case, we used
the d orbitals of W and Cr atoms and p orbitals of Se and I
atoms to construct the maximally localized Wannier function
by the WANNIER90 package [48]. We used a large k mesh
of 100 × 100 × 1 to calculate the Berry curvature in the first
Brillouin zone.

III. RESULTS AND DISCUSSION

The optimized lattice constants of monolayer CrI3 and
WSe2 are 6.85 and 3.30 Å, respectively, which are very
close to the experimental [49,50] and other theoretical [51,52]
results. Our calculations show that the magnetic moment of
one CrI3 unit cell is 6 μB corresponding to a Cr magnetic
moment of 3.06 μB, which is also consistent with a previous
study [51]. Despite the presence of localized 3d electronic
states on Cr atoms, both GGA and DFT + U approaches
reproduce similar results as far as the magnetic properties
are concerned [53]. Therefore, in the following, we do not
consider the U corrections of 3d states of Cr.

To form a WSe2/CrI3 heterostructure, we use a (1 × 1)
primitive cell of monolayer CrI3 and a (2 × 2) supercell of
monolayer WSe2. This bilayer contains 20 atoms (2 Cr, 6 I, 4
W, and 8 Se atoms) in total. The in-plane lattice parameter of
the heterostructure is fixed to 6.85 Å which is the in-plane

FIG. 1. (a) Top and side views of the hollow WSe2/CrI3

(H -WSe2/CrI3) vdW heterostructure. In this configuration, one Cr
atom is located near the center of WSe2 hexagon and the other
Cr atom is below Se atom. The distance between the CrI3 and
WSe2 layers is indicated as d0. (b) Top view of the top WSe2/CrI3

(T -WSe2/CrI3) heterostructure in which two corners of WSe2

hexagon are right on the top of Cr atoms. One Cr atom is below
Se atom, and the other one is below W atom. (c) Top view of the
random WSe2/CrI3 (R-WSe2/CrI3) heterostructure in which the two
layers are randomly stacked without any specific positioning.

lattice constant of the monolayer CrI3, thus introducing a
tensile strain of ∼3.8% applied to WSe2. The atomic structure
of the WSe2/CrI3 heterostructure is presented in Fig. 1.
We considered three different stackings, namely, two high-
symmetry configurations: H and T for hollow and top cases
as shown in Figs. 1(a) and 1(b), and one low-symmetry R (for
random) configuration as shown in Fig. 1(c). The interlayer
distance is calculated to be 3.52 Å for H-WSe2/CrI3, which is
in the range of typical value for vdW heterostructures [54–56].
The other two configurations have comparable interlayer dis-
tances, 3.52 and 3.56 Å for T - and R-WSe2/CrI3, respectively.

We have then calculated the binding energy of the
WSe2/CrI3 heterostructures using a relation Eb = ECrI3 +
EWSe2 − EWSe2/CrI3 , where EWSe2/CrI3 , ECrI3 , and EWSe2 are
defined as the total energies of the heterostructure, isolated
monolayer CrI3, and isolated WSe2 layer, respectively. The
three configurations (H , T , R) have the binding energy (Eb

divided by total atom number of CrI3) of 73, 72, and 71 meV,
respectively. These values are comparable to other vdW sys-
tems such as graphite [57], bulk hexagonal boron nitride (h-
BN) [58], and h-BN/phosphorene heterostructures [54].

Figure 2(a) illustrates the band structure of the bare mono-
layer WSe2 at the K+ (K−) valley. It has a twofold valley
degree of freedom in the Brillouin zone, which is protected by
time-reversal symmetry. Due to the broken-inversion symme-
try and strong SOC in WSe2, valley-dependent selection rules
must be obeyed in the interband optical transitions, which are
allowed only with σ+(σ−) circularly polarized optical field
at the K+(K−) valley [59]. Moreover, the energies of the
circularly polarized lights are equivalent to each other (Eσ+ =
Eσ−). In the presence of magnetic field B perpendicular to the
interface, as shown in Fig. 2(b), valley degeneracy is lifted by
the magnetic field. Now, the nonequivalent K valleys can not
only be distinguished by the valley and spin indices, but also
by the energy (Eσ+ �= Eσ− ).

Figure 2(c) presents the band structure (PBE + SOC) of
freestanding monolayer WSe2 under a biaxial tensile strain of
3.8%. It clearly shows the typical features at the two degener-
ate K valleys. The energy corresponding to the σ+ circularly
polarized light in Fig. 2(a) is calculated to be 0.933 eV, while
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FIG. 2. (a) A schematic diagram of the energy band structure showing the valley-dependent optical selection rule in monolayer TMDs.
(b) A schematic diagram showing electronic structures at the K+ and K− valleys in the exchange-coupled WSe2/CrI3 heterostructure due
to magnetic proximity effect. B indicates the effective magnetic field induced by CrI3. (c) Calculated band structure of 2 × 2 supercell of
monolayer WSe2 with SOC under a biaxial tensile strain of 3.8%. (d) Projected band structure of the WSe2/CrI3 heterostructure, where orange
and blue curves are of Cr and W atoms.

σ− circularly polarized light has exactly the same energy.
Figure 2(d) presents the orbital projected band structure of
the H-WSe2/CrI3 heterostructure. The global band gap of the
heterostructure is 0.435 eV, while the band gaps of bare CrI3

and WSe2 are 0.752 and 0.911 eV, respectively. The calculated
orbital projected band structure shows the band alignment of
the WSe2/CrI3 bilayer, which demonstrates that it is a type-II
heterostructure [60]. We see that the orbital hybridization of
CrI3 and WSe2 is very weak from −1 to 1 eV. The W atoms
projected bands near CBM and VBM are almost the same as
that of bare WSe2, which indicates both K+ and K− valleys
of monolayer WSe2 are well preserved for CBM and VBM.

The physical binding of monolayer WSe2 to CrI3 does not
influence its magnetic property. In fact, we observe that the
CrI3 layer in the heterostructure preserves the ferromagnetism
with 3.06 μB on each Cr atom, which is equivalent to its states
in bare CrI3. After the validation of magnetism of CrI3, we
carefully examine the potential valley Zeeman effect in WSe2

induced by the MPE from CrI3. The valley splitting energy
(�Eσ ) is defined by �Eσ = Eσ+ − Eσ− as shown by the red
and blue double-headed arrows in Figs. 2(a) and 2(b). Inter-
estingly, we obtain �Eσ = −0.5 meV of valley polarization
for the H-WSe2/CrI3. It is found that the valley polarization
energies are −2.0 and −1.4 meV for the T - and R-WSe2/CrI3,
which correspond to effective magnetic fields of about 10 and
7 T, respectively, according to the value of 0.1–0.2 meV/T
reported in a few experiments [23,61,62]. The T -WSe2/CrI3

has a relatively large polarization energy, which is ascribed
to one W superimposed on one Cr atom. The relationship
between the stacking patterns and the valley polarization

energy was well explained in a recent work [63]. Such lifted
valley degeneracy persists in different configurations, showing
that the magnetic proximity-induced valley polarization is a
robust property. The results even suggest that stacking patterns
could determine the magnitude of valley Zeeman effect, which
provides us a way to manipulate the valley pseudospin. We
have also investigated how the in-plane lattice constants of
heterostructure affect the valley polarization. More details can
be found in the Supplemental Material [64].

Finally, we consider whether the reversal of CrI3 magne-
tization affects the valley pseudospin. This is certainly inter-
esting for applications, since it can be achieved by applying
an external magnetic field in experiments. The energy cost
of the magnetization reversal is not expected to be large,
because the magnetic anisotropy energy of CrI3 monolayer
is around 0.69 meV per Cr atom [51]. The same calculations
and analysis have been carried out for the three configurations.
The results are summarized in Table I. As one can clearly see,
�Eσ values have the same magnitude, but with opposite signs.
Thus, the valley polarization can indeed be switched simply
by reversal of the CrI3 magnetization.

Moreover, when the magnetization of CrI3 is aligned in
plane (M ⊥ z), the valleys are found to become energetically
degenerate again. In other words, only an effective perpendic-
ular magnetic field can produce valley polarization. We can
interpret this by the following intuitive picture. Considering
the magnetic flux as the surface integral of the normal compo-
nent of the magnetic field, for a unit vector area S of the WSe2

surface we have
�B = B · S = BS cos θ, (3)
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TABLE I. Calculated band gaps and valley splitting energy (�Eσ ) of the three configurations of WSe2/CrI3 heterostructures with two
opposite magnetization directions, namely M//z (the magnetization points to WSe2 from substrate CrI3) and the flipped case M// − z.

M//z M// − z M ⊥ z

vdW bilayer Stacking pattern Band gap (eV) Eσ+ − Eσ− (meV) Band gap (eV) Eσ+ − Eσ− (meV) Eσ+ − Eσ− (meV)

Hollow (H ) 0.435 −0.5 0.437 0.5 0
WSe2/CrI3 Top (T ) 0.451 −2.0 0.454 2.0 0

Random (R) 0.486 −1.4 0.486 1.4 0

where B is the magnitude of the magnetic field from MPE of
CrI3, S is the unit area of CrI3, and θ is the angle between
the magnetic-field vector and the normal to S. Therefore, the
valley splitting energy with rotation of the magnetization of
CrI3 is

�E θ
σ = �E0

σ cos θ , (4)

where �E0
σ is the splitting energy when the magnetic field

is perpendicular to the WSe2 plane (θ = 0). If the magne-
tization of the CrI3 is vertically flipped (θ = π ), then the
valley polarization is switched as the values shown in Table I.
Our calculations of constrained direction of the Cr magnetic
moments also demonstrate the validation of Eq. (4). If we
manipulate the magnetization of the substrate CrI3 from out
of plane to in plane, the value of θ changes from 0 to 90°,
the valley splitting energy (�Eσ ) follows cosine function as
shown in Fig. 3(a).

In experiments, researchers can change the magnitude of
an external magnetic field in order to manipulate the valley
degrees of freedom [23,24]. We simulate this effect by chang-
ing the interlayer distance of WSe2/CrI3 heterostructure. It
is expected that the MPE-induced valley splitting could be
modulated by the interlayer distance of the heterostructures.
Figure 3(b) presents the valley splitting energy (�Eσ ) of
T -WSe2/CrI3 as a function of deviation from equilibrium
separation. The red dashed curve is fitted to the following ex-
ponential function (fitting parameters are presented in section

S5 of Supplemental Material [64]):

�Eσ = 1.93e−(�d/0.34), (5)

where e is the natural constant, �d is interlayer distance
deviated from the relaxed state. It clearly shows that the valley
splitting is very sensitive to the interlayer distance. When the
interlayer separation decreases by 0.3 Å, the valley splitting
energy is 4.5 meV, which is more than two times of the value
of its equilibrium state. While the separation is increased, the
splitting energy becomes smaller and smaller; eventually the
valley degeneracy almost recovers with a displacement of 1 Å
from the equilibrium separation distance.

We have also examined whether the valley polarization
disappears if the WSe2 is placed on the top of bilayer CrI3

which has an AFM ground state. In Fig. 4 the T -WSe2/CrI3

is placed on top of another CrI3 monolayer. Interestingly, the
valley splitting energy is calculated to be 1.9 meV, which is
very close to that of bilayer T -WSe2/CrI3. One might have
expected that the second CrI3 layer should suppress the valley
polarization of T -WSe2/CrI3. However, this effect is very
weak due to a larger interlayer distance of 10.1 Å between
WSe2 and the second CrI3 layer. This confirms that the MPE
is mainly dominated by the most adjacent CrI3 layer. The
same conclusion has also been drawn by examining layer-
and spin-resolved density of states in a recent work [65].
Therefore, it suggests that experimentalists may use both FM
and AFM CrI3 layers to induce the valley polarization. In
other words, the valley splitting appears as long as the WSe2

FIG. 3. Calculated valley splitting energy (�Eσ ) of T -WSe2/CrI3 as a function of (a) the magnetization direction of the CrI3 and (b) the
interlayer distance deviation from the position of equilibrium state. The red dashed line in panel (b) is a guide for eyes. The red semifilled
square is an extrapolated value.
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FIG. 4. Schematic illustration of the calculated configurations
of T -WSe2/Bilayer-CrI3 vdW heterostructure with reversed AFM
states.

monolayer is placed on the top of CrI3 layers, no matter if the
number of CrI3 layers is odd or even [64]. This also implies
that one can have a complete switching of the MPE valley
splitting by switching the AFM order parameter as shown
in Fig. 4. However, a hypothetic intralayer AFM-coupled
CrI3 monolayer cannot induce the valley polarization; see
Ref. [64].

The proposed WSe2/CrI3 heterostructure here definitely
breaks the inversion symmetry that is same as freestanding
WSe2. Therefore, we should expect the nonvanishing Berry
curvature, as shown in Fig. 5. We find that the calculated out-
of-plane Berry curvature �(k) has two peaks at K+ and K−
with opposite signs due to the presence of inversion symmetry
breaking, which is in line with the valley-contrasting Berry
curvature in bare TMDs [6]. The Berry curvature has also
been calculated in the case of artificially constrained in-plane
magnetism CrI3. It is not significantly changed by the rotation
of magnetization direction. We only see tiny difference at the
� point. In the first Brillouin zone, the C3-symmetrized �(k)
is nonzero only in the vicinity of the valleys as shown in
Fig. 5(b). The maximal value of out-of-plane Berry curvature
at K points is 120 bohrs2, which is much larger than the values
of 9 bohrs2 in hydrofluorinated bismuth nanosheet [66] and
58 bohrs2 in WS2/MnO heterostructure [67]. When we are
integrating the Berry curvature �(k) around K+ and K− and
then sum them, we obtain a nonzero Berry curvature corre-
sponding to an anomalous Hall effect due to the coexistence of
SOC and magnetism. Figure 5(c) shows the calculated anoma-
lous Hall conductivity as a function of the Fermi level. To
obtain a fully spin- and valley-polarized Hall conductivity, the
Fermi level must lie between the VBM-K+ and the VBM-K−.

IV. CONCLUSIONS

In summary, we have studied the MPE-induced valley
degeneracy breaking in 2D WSe2/CrI3 heterostructures which

FIG. 5. The out-of-plane Berry curvature �(k) of T -WSe2/CrI3

heterostructure (a) along the high-symmetry lines, the black and red
curves are calculated with out-of-plane and in-plane magnetizations
of CrI3, and (b) projected in the first Brillouin zone. (c) Anomalous
Hall conductivity as a function of the Fermi level in the same energy
range as the band structure.

is more efficient than applying an external magnetic field.
The MPE is shown to be a localized effect, which requires
no specific interlayer stacking for an excellent platform to
realize exchange interaction effects. We found that the valley
polarization and splitting energy could be modulated by the
interlayer distance engineering and/or the orientation of the
substrate magnetic ordering. Moreover, for AFM CrI3 bilayer
substrate with zero net magnetization, MPE can also induce
the studied valley splitting. This makes our MPE thickness
independent, and it may be further explored in the field of
spin-orbitronics as well as AFM spintronics.
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