
PHYSICAL REVIEW B 110, 125406 (2024)

Symmetry-assisted anomalous Hall conductivity in a CrS2-CrBr3 heterostructure
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The symmetry-assisted anomalous valley Hall effect offers exciting prospects in valleytronics and spintronics.
Here, using density functional theory and symmetry analysis, we propose an underlying mechanism for the
fundamental origin of enhanced anomalous Hall conductivity σxy in the CrS2 layer in the CrS2/CrBr3 het-
erostructure. Notably, we find that the magnetic proximity effect (MPE) induces an identical nature of spin
magnetic moments from the magnetic CrBr3 to nonmagnetic CrS2 layer. For out-of-plane spin components
(0◦ � θ < 90◦), in addition to orbital magnetic moments, induced magnetization and correction from Berry
curvatures [�z(k)] leads to an additional contribution to σxy in the CrS2 layer. Under in-plane magnetization
directions, both time-reversal symmetry (T ) and out-of-plane mirror symmetry (MZ ) are broken; however,
their joint operation is preserved. This joint symmetry operation guarantees Kramers spin degeneracy at the K
and K′ valleys, resulting in vanishing σxy. The exchange coupling between spins at valleys and magnetization
directions induces an angular profile of σxy identical to the magnetic moment nature in the CrBr3 layer. Our
study reveals a potential approach to predict the variation of σxy in valley-polarized heterostructures through
symmetry-assisted MPE and sheds light on understanding recent experimental findings in valleytronics.
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I. INTRODUCTION

The valley degree of freedom is rapidly emerging as a
good quantum number analogous to charge and spin and has
witnessed a growing interest in developing high-performance
valleytronic devices [1–4]. Symmetry engineering is one of
the most effective ways to control valley-driven properties
in low-dimensional materials. Especially in two-dimensional
(2D) transition-metal dichalcogenides (TMDCs), inversion
symmetry (I) breaking and strong spin-orbit coupling (SOC)
result in two inequivalent valleys at K and K′ in the Brillouin
zone (BZ) [5]. This inversion asymmetry leads to a nonzero
Berry curvature, allowing bulk valley transport via the valley
Hall effect (VHE) [6]. Simultaneous breaking of time-reversal
symmetry (T ) and I while preserving their combined opera-
tion offers more promising transport phenomena, particularly
the quantum anomalous valley Hall effect [7–10]. These
valley-contrasting quantum effects provide a unique platform
for exploring valley-based spintronics [11,12].

The key issue to realize such novel quantum phenom-
ena is to break T in valleytronic materials. Experimentally,
valley polarization has been achieved in TMDCs by lifting
valley degeneracy by an external magnetic field. However,
the valley exchange splitting is observed to be very small,
∼0.1–0.2 meV/T [13–15]. Recently, the magnetic proximity
effect (MPE) has been revealed as a feasible and efficient
approach to induce a large valley splitting in monolayer
TMDCs [16–19]. Particularly, proximity-induced enhanced
valley spitting has been experimentally observed in the WSe2

monolayer placed on ferromagnetic (FM) EuS substrate [20],
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whereas a giant valley polarization is theoretically found
in Janus Pt dichalcogenide bound to magnetic EuO sub-
strate [21]. Furthermore, the degree of valley polarization
and splitting energy in TMDC monolayers is substantially
modulated by the spin orientation of the magnetic layer
[22,23]. A valley splitting of ∼200 meV is achieved in a
Mn/WS2 van der Waals (vdW) heterostructure by rotating
magnetic field direction [24]. Moreover, Zeeman fields aris-
ing from proximity-induced exchange coupling between spins
at valleys and magnetization directions leads to a manip-
ulation of anomalous Hall conductivity (AHC) in the 2H
TMDC layer [25]. An enhanced spin-orientation dependent
anomalous Hall effect (AHE) is also observed experimen-
tally in the NbSe2/V5Se8 heterostructure [26] and frustrated
magnet KV3Sb5 [27]. A nonlinear AHE has recently been
demonstrated in a few-layer nonmagnetic WTe2 under an
angle-resolved electrical measurement [28]. Despite numer-
ous reports, the underlying mechanism behind the anomalous
enhancement in Hall conductivity is still an open question.
Additionally, no generalized method is available as of now
that can predict the AHE nature of FM vdW heterostructures
under a tunable Berry-curvature distribution.

Here, we propose a generalized mechanism for the
fundamental origin of enhanced AHC in the CrS2/CrBr3

vdW heterostructure. Using symmetry arguments and first-
principles calculations, we show that the proximity-induced
exchange interaction carries an identical nature of spin mag-
netic moment from magnetic CrBr3 to nonmagnetic CrS2

layer. The induced out-of-plane magnetization and orbital
magnetic moments in the CrS2 layer lead to an additional
contribution to Berry-curvature induced AHC. Based on tight-
binding analysis, we reveal a strong correlation between AHE
and proximity interaction. Interestingly, in the CrS2 layer,
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the angular profiles of induced magnetization and AHC are
identical to magnetic moment variation in CrBr3. Competition
between magnetic proximity interactions and SOC results in
such angular profiles. The observed results offer a potential
approach for predicting AHC variations in valley-polarized
heterostructures through symmetry-assisted MPE.

II. COMPUTATIONAL METHODS

In order to understand the valley polarization in the
CrS2/CrBr3 vdW heterostructure, the first-principles calcu-
lations are carried out by spin-polarized density functional
theory (DFT) as implemented in the Vienna ab initio Sim-
ulation Package (VASP) [29,30]. The all-electron projector
augmented wave (PAW) potentials are used to describe the
ion-electron interactions in the system [31,32]. The elec-
tronic exchange-correlation potentials are represented by the
Perdew-Burke-Ernzerhof (PBE) [33] generalized gradient ap-
proximation (GGA). The plane wave basis sets with the
energy cutoff of 500 eV are used to expand the single-particle
eigenstates of the Kohn-Sham equations. A well-converged
�-centered Monkhorst-Pack [34] k grid of 15×15×1 is
adapted to sample the BZ of CrS2, CrBr3 monolayers and
the CrS2/CrBr3 heterostructure. The vdW heterostructure and
monolayers are fully relaxed with the conjugate gradient al-
gorithm until the Hellmann-Feynman forces acting on each
ion are less than 0.005 eV/Å. A vacuum of 20 Å is used to
avoid the interactions between periodic images along the z
axis in the monolayers and heterostructure. The weak vdW
interaction between the layers in the heterostructure is incor-
porated by Grimme’s PBE-D2 [35], where a pairwise force
field represents the weak vdW interactions. The strong on-
site Coulombic interaction of d orbitals of Cr atoms in the
magnetic layer of monolayers and the heterostructure is con-
sidered using a Hubbard-like effective U parameter [36] of
value Ueff = U − J = 4 eV, U = 4 eV, and J = 0 eV [37]. For
all the calculations, spin polarization is explicitly considered
for monolayers and the heterostructure. The SOC is incorpo-
rated in the noncollinear approach as implemented in VASP.
The phonon dispersions of monolayers are calculated using
the density functional perturbation theory (DFPT) [38] using
2×2×1 supercells. The phonon frequencies are extracted by
the PHONOPY package [39] based on the Parlinski-Li-Kawazoe
method. The lattice mismatch has been defined by

η = | a1 − a2 |
a1

×100%,

where a1 and a2 are the lattice constants for different layers in
the heterostructures.

Wannier calculations

In order to obtain detailed information about valley po-
larization, a Wannier-function-based tight-binding model is
developed using the real-space maximally localized Wannier
functions (MLWFs) as implemented in the WANNIER90 pack-
age [40]. The MLWFs are constructed based on the initial
orbital projections of d orbitals of Cr atoms and p orbitals
of S and Br atoms, respectively. Further, the WANNIERTOOLS

[41] is used for calculating the Berry curvature [�(k)] and

FIG. 1. (a) The CrS2/CrBr3 heterostructure with an out-of-plane
and in-plane spin orientation of Cr atoms in magnetic layer. Ar-
rows represent the spin orientation from −90◦ to +90◦ in yz plane.
(b) Schematic of energy diagram depicting the K/K′ valley degen-
eracy (dotted parabola vs shaded parabola) and valley degeneracy
lifting (shaded parabola vs shaded parabola). σ+ and σ− represent
the interband optical transition for right- and left-handed circularly
polarized lights, respectively.

anomalous Hall conductivity (AHC) of monolayers and het-
erostructures. A sufficiently large k grid of 100×100×1 in
the first BZ is considered to calculate the �(k). The Kubo
formalism has been used to simulate Berry curvature [42,43]
as given by

�(k) =
∑

n

fnk�n(k), (1)

where

�n(k) =
∑
m �=n

2Im〈ψnk|vx|ψmk〉〈ψmk|vy|ψnk〉
(Em − En)2

. (2)

Here, fn is the Fermi-Dirac distribution function, where n is
the occupied states of the system. unk and En are the periodic
part of the Bloch wave associated with the nth band and
eigenvalue of Bloch functions ψnk, respectively. vx and vy

are the velocity operators. The AHC σxy can be obtained by
integrating �n(k) over the first BZ of the system [44] as
given by

σxy = −e2

h̄

∫
BZ

dk

(2π )2 �n, (3)

where e is electronic charge and h̄ is the reduced Planck’s
constant.

III. RESULTS AND DISCUSSION

Energetically, the most stable stacking order (AB stacking)
of CrS2/CrBr3 vdW heterostructure is shown in Fig. 1(a),
constructed using fully relaxed 2H CrS2 and CrBr3 monolay-
ers. A comparison between the ground state energies of 2H
and 1T phases of the optimized CrS2 monolayers [45,46] is
given in Table S1 of the Supplemental Material (SM) [53].
The ground state energy of the 2H phase is ∼4.2 meV/unit
cell lower than the 1T phase. This indicates that the 2H phase
is more stable than the 1T phase in our calculations, consistent
with previous reports [47–50]. However, both the structures
are experimentally feasible [51]. Therefore, before selecting
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between the 2H and 1T CrS2 crystal structures, our prime
concern was determining whether the system lacked I. The
crystal symmetry of 2H CrS2 is D3h, which indicates that
I is explicitly broken. On the other hand, the space group
of 1T CrS2 is P3̄m1. As a result, I is preserved in the 1T
phase, limiting its valleytronics applications. Therefore, we
consider the 2H phase over the 1T phase of CrS2 for this
work, which agrees well with previous studies [52]. Details of
stability, structural, and electronic properties are discussed in
Secs. 1–4 (Figs. S1–S5 and Tables S1–S2) of SM [53] (see
also Refs. [54–59] therein). The CrBr3 layer in the het-
erostructure possesses out-of-plane FM ordering [top panel
of Fig. 1(a)] consistent with previous studies [60,61]. Ma-
nipulation of this magnetic moment direction in the FM vdW
heterostructure is well established by theoretical studies with
an experimental verification [22,26]. A schematic representa-
tion of the in-plane magnetization direction of each Cr atom
in the CrBr3 layer is shown in the bottom panel of Fig. 1(a).

The electronic band structure of the CrS2/CrBr3 vdW
heterostructure [Fig. S5(a)] reflects the presence of a strong
SOC in the system. The valence band (VB) [conduction band
(CB)] at the K valley splits into two subbands, VB1 and VB2

(CB1 and CB2), which originate from the CrS2 layer in the
heterostructure. Similarly, at the K′ valley, they split into VB′

1
and VB′

2 (CB′
1 and CB′

2). This valley spin splitting can be de-
scribed by the Hamiltonian ĤSO = 1

2σ · ω(k) [23,62], where
σ are Pauli spin matrices and ω(k) is the Larmor frequency of
electron spin associated with intrinsic k-dependent magnetic
field Bi(k). A similar spin splitting is observed in the VB and
CB of the isolated CrS2 monolayer [Fig. S5(b)]. This spin
splitting at valleys occurs due to the presence of d orbitals
of heavy Cr atoms and breaking of I in monolayers as well as
the heterostructure. As a result, the CrS2 monolayer exhibits
a nonzero Berry curvature �z(k) [= ẑ · 〈un(k)|i∇k|un(k)〉,
where |un(k)〉 is the periodic part of the Bloch function] at
the K/K′ valleys [Fig. S6(e)]. The opposite sign of �z(k)
at the K/K′ valleys represents the chirality-associated valley
states resulting in the optical circular dichroism phenomenon
[5,63–65], as shown in Fig. 1(b).

Furthermore, the spin splitting observed at the K and K′
valleys is the fundamental source for experimentally mea-
sured VHE upon electron/hole doping. To get physical insight
into this spin splitting, we consider the k · p model with
SOC using symmetry-adapted basis functions for two valleys,
|ψc〉 = |dz2〉, |ψτ

v 〉 = 1√
2
(|dx2−y2〉 + iτ |dxy〉) (τ = ±1 are val-

ley indices). The model Hamiltonian is given as [5]

Ĥ1 = at (τkxσ̂x + kyσ̂y) + �

2
σ̂z − λτ

σ̂z − 1

2
ŝz, (4)

where a, t , �, σ̂ , 2λ, and ŝz are lattice constant, effective
hopping integral, band gap, Pauli matrices, spin splitting, and
Pauli spin matrix, respectively. Zoomed versions of valley
splitting in VB edge for the CrS2 monolayer using DFT and
the k · p model are shown in Figs. S6(a) and S6(b), respec-
tively. The value of spin splitting using DFT for monolayers
is 68.7 meV at both the K and K′ valleys, comparable to other
TMDCs [5]. The SOC term in Ĥ1 qualitatively captures the
information of valley splitting similar to that expected from
ĤSO [Fig. S6(b)]. Notably, equal and opposite spin splitting
observed at distinct valleys suggests the invariance of T in

monolayers [dotted parabola vs shaded parabola in Fig. 1(a)].
It could be compared with the zero energy difference (�Eσ )
in optical pumping energies between right (σ+) and left
(σ−) handed polarizations in circular dichroism experiments.
However, opposite but unequal spin splittings of 71.4 and
66.6 meV are observed at the K and K′ valleys, respectively,
for the CrS2/CrBr3 vdW heterostructure [Fig. 2(a)]. This is a
direct consequence of breaking T along with I, which lifts
the Kramers spin degeneracy at K and K′, resulting in valley
polarization in the heterostructure. The valley polarization
at VB (CB) is found to be �V B = V B1 − V B′

1 = 2.4 meV
(�CB = CB1 − CB′

1 = −2.3 meV). As there is a direct cor-
relation of T with magnetic field, the origin of the shift can be
associated with magnetic moments in the magnetic layer. To
investigate that we include the Zeeman term in Hamiltonian
Ĥ1 [66,67]:

Ĥ2 = Ĥ1 + σ̂z − 1

2
(ŝz + τα)B, (5)

where the effective exchange field B = (�V B + �′
V B)/4 and

orbital magnetic moment α = (�V B − �′
V B)/(�V B + �′

V B)
with �′

V B = V B′
2 − V B2 = 2.3 meV are obtained from DFT.

The calculated band dispersions around K and K′ in VB using
Ĥ2 are shown in Fig. 2(b), where valley degeneracy lifting is
clearly captured [similar to the DFT result, given in Fig. 2(a)].
The valley splittings in VB at K and K′ from the k · p model
are 71.0 and 66.59 meV, respectively. The corresponding val-
ley polarizations are �V B = 2.44 meV (�CB = −2.32 meV),
close to DFT result. For CrS2/CrBr3 heterostructure �Eσ is
4.76 meV (= �V B − �CB) which enables optical polarization
of charge carriers [63]. Therefore, the Zeeman term in Ĥ2 well
captures the information of valley polarization, indicating the
presence of magnetization in the CrS2 layer.

As expected, the magnetic moment of the CrBr3 layer per
Cr atom is ∼3.32 µB in the heterostructure, similar to the
CrBr3 monolayer (∼3.02 µB per Cr atom). The CrS2 layer
exhibits a nonvanishing magnetic moment of 0.03 µB per Cr
atom after adding the magnetic substrate. In order to find the
origin of this magnetization in the nonmagnetic CrS2 layer,
the atom-resolved charge density and magnetic moment have
been calculated. The planar average charge densities along the
z direction (ρz) for VB1 (VB′

1) at K (K′) are shown in Fig. 2(c),
where two different triple color strips indicate the contribution
of each layer. From ρz, it is found that VB1 (VB′

1) is solely
contributed by Cr atoms of the CrS2 layer. Moreover, the
induced magnetic moment is localized at Cr atoms of the CrS2

layer (at VB1 and VB′
1 bands) and is oriented along z (out-of-

plane; B �= 0 and ŝ ‖ ẑ) direction. This is due to out-of-plane
spin orientation of Cr atoms in the magnetic CrBr3 layer.
To ensure whether out-of-plane magnetization is the actual
cause for valley polarization or not, we next align the spins
along the y (in-plane) direction for each Cr atom in the CrBr3

layer. The finite spin splitting is also observed for in-plane
spin orientation at the K and K′ valleys as shown in Fig. 2(d).
The DFT calculations show a spin splitting of 69.10 meV for
both valleys, leading to zero valley polarization [Fig. 2(e)].
The DFT results are consistent with model predictions even
without the presence of the Zeeman term, suggesting absence
of an induced magnetic moment in the nonmagnetic layer.
The Cr atom in the CrS2 layer acquires an in-plane (along y)
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FIG. 2. The zoom-in plot of VB edges around K/K′ and with MPE for CrS2/CrBr3 heterostructure with out-of-plane spin orientation from
(a) DFT and (b) k · p model. (c) Planar average charge density along z direction at K′ and K, indicating the induced magnetic moments in CrS2

layer are oriented along z direction. The VB edges around K′ and K for in-plane spin orientation from (d) DFT and (e) k · p model. (f) Planar
average charge density along the y direction of VB edges at K′ and K, indicating the induced magnetic moments in CrS2 layer are oriented
along y direction.

induced magnetic moment (0.03 µB) similar to the out-of-
plane spin orientation as shown in Fig. 2(f). Notably, in-plane
magnetization does not lift valley spin degeneracy within the
heterostructure. Therefore, out-of-plane magnetization is the
sole reason for lifting of valley degeneracy. Additionally, we
found a strong dependence of valley polarization on different
on-site interactions (U = 2, 3, 4) with ŝ ‖ ẑ (see SM [53] for
details), which further justifies this observation.

In order to get better insights, a detailed symmetry analysis
associated with the valley-splitting phenomenon is carried out.
The out-of-plane mirror symmetry MZ is preserved in the
CrS2 monolayer, as shown in Fig. S6(c). However, as the
CrS2 layer is placed on the magnetic CrBr3 layer, along with
the crystal symmetry, magnetic space group symmetry also
comes into the picture. As discussed, the spin orientation of
induced magnetization in the CrS2 layer is similar to that in
the CrBr3 layer. For a system with mirror symmetry, the spins
perpendicular to the mirror plane remain the same; however,
spins parallel to the plane should be flipped on either side of
the mirror plane [68]. Therefore, if MZ in the heterostructure
corresponds to an intermediate mirror plane between CrS2 and
CrBr3 layers, then MZ will be preserved in the system for
ŝ ‖ ẑ in the CrBr3 layer. A similar concept is also introduced
by Zhang et al. for the antiferromagnetic bilayer [69]. On the
other hand, in the case of B �= 0 and ŝ ⊥ ẑ, both MZ and
T are individually broken along the �-K (K′) directions in

the CrS2 layer, while the system remains invariant under joint
operation [69] of T and MZ protecting spin degeneracy at
the K/K′ valleys for ŝ ⊥ ẑ. However, for B �= 0 and ŝ ‖ ẑ,
although T is broken, due to preservation of MZ the system
would no longer be invariant under the joint symmetry oper-
ation of T and MZ , resulting in a finite valley polarization.
To understand the nature of the MPE and associated valley
polarization in the CrS2 layer, spins within the magnetic layer
are rotated from −90◦ to +90◦ in the yz plane [Fig. 1(a)].
The magnetic anisotropy energy is quite low (�0.1 meV/unit
cell). The electronic band dispersions around the K and K′
valleys (zoom-in plot) for each spin angle from −15◦ to +15◦
are shown in Figs. S7 and S8. The corresponding valley polar-
izations for VB (�V B) and CB (�CB) are shown in Fig. 3(a). It
is observed that �V B (�CB) follows the cosine-like variation
with spin orientation. The ideal cosine functions (solid blue
lines for positive values and dotted blue lines for negative
values) are plotted for guidance and to measure the devia-
tion of actual data. The �V B (�CB) reaches the maximum of
3.2 meV (−3.2 meV) at −15◦ and a minimum of zero meV
(−0.1 meV) at ±90◦, providing an ideal way to control the
valley degree of freedom via spin orientation.

To identify the origin of cosine-like variation of �V B(CB),
the average magnetic moment (M′) of CrS2 layer is computed.
The M′ shares similar characteristics as �V B(CB) [Fig. 3(b)]
with a maximum value at −15◦. This peak value causes the
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FIG. 3. (a) Valley polarization at VB (solid blue circle) and CB (hollow blue circle) in heterostructure as a function of the spin orientation
of Cr atoms in CrBr3 layer. Average values of (b) induced magnetic moment of Cr atoms in the CrS2 layer, (c) magnetic moment of Cr atoms
in CrBr3 layer as a function of spin orientation. θ is the angle made by magnetic moment M with z axis in CrBr3 layer. (d) The calculated
value of out-of-plane exchange field from k · p model as a function of spin orientation. (e) Schematic depicts the carrying of similar nature of
spin magnetic moment to nonmagnetic CrS2 layer with spin orientation in CrBr3 layer via MPE.

valley polarization to reach its maximum value at −15◦. The
origin of maximum valley polarization at −15◦ can be under-
stood from the concept of orbital magnetic moment at valleys.
It is shown by Xiao et al. that the orbital magnetic moment
at the K/K′ valleys is inversely proportional to the effective
mass of electrons (m∗

e ) [70]. We, therefore, calculated the m∗
e

from band dispersion of the VBM of the heterostructure at
the K/K′ valleys. The calculated ratio of m∗

e at −15◦ and 0◦

is m∗
e (−15◦ )
m∗

e (0◦ ) = 0.9735 < 1. Similarly, for other spin angles, m∗
e

values are higher compared to −15◦, suggesting the highest
orbital magnetic moment at −15◦. Again, from the layer-
resolved band structure of the CrS2/CrBr3 heterostructure
(Fig. S5(a) in SM [53]), it is found that the VBM at the
K/K′ valleys is mainly contributed by the CrS2 layer. This
indicates that the orbital magnetic moments at valleys are in-
duced magnetic moments. As a result, the CrS2 layer exhibits
a maximum induced magnetic moment, which in turn leads to
a maximum valley polarization at −15◦ instead of 0◦.

In order to understand the cosine-like nature of M′ in the
CrS2 layer, the average magnetic moment of the CrBr3 layer
is calculated. Interestingly, a similar trend is also found in the
CrBr3 layer [Fig. 3(c)], suggesting a possible proximity effect
where the CrBr3 layer induces the cosine-like behavior in the
nonmagnetic CrS2 layer. For further verification, we consider
an out-of-plane exchange field Bex (= B · ẑ) in Eq. (5) to
couple to spins in the CrS2 layer for each magnetization
direction. The Hamiltonian with the exchange term is as

follows,

Ĥ3 =
(

�
2 at (τkx − iky)

at (τkx + iky) −�
2 σ̂z + λτ ŝz − (ŝz + τα)Bex

)
.

(6)

The out-of-plane Bex for each spin angle is calculated from
Ĥ3, which is shown in Fig. 3(d). The cosine-like variation
of Bex confirms that the MPE originating from the magnetic
layer is responsible for the cosine-like behavior of the induced
magnetic moment as well as the valley polarization in the CrS2

layer. Our results strongly suggest that the proximity-induced
exchange field carries a similar pattern of spin moments from
the magnetic to nonmagnetic layer via the MPE [Fig. 3(e)],
providing important insight into valleytronics experiments.

To observe the impact of this unique characteristic of the
MPE on valley Hall transport, we further analyze the symme-
tries associated with valley degrees of freedom. The breaking
of I results in nonzero �z(k) in CrS2/CrBr3 vdW heterostruc-
ture as shown in Fig. 4(a). The 2D �z(k) for ŝ ⊥ ẑ and ŝ ‖ ẑ
shows that spin-up and spin-down states contribute �z(k) at
the K′ and K valleys, respectively. It indicates the presence
of both out-of-plane and in-plane magnetization in the CrS2

layer. This is the opposite scenario to B = 0 (Figs. S11(a)–
S11(c) in SM [53]), where I is broken while T is preserved,
resulting in �z(k) = −�z(−k). As a result, Bloch elec-
trons at the K and K′ valleys acquire an anomalous velocity
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FIG. 4. (a) 1D �z(k) for positive spin angles. Inset represents
the contour map of 2D �z(k) for spin angles 0◦ and 90◦ for het-
erostructure. The right-side top panel shows a zoomed version of the
variation of 1D �z(k) around � point, and bottom panel shows the
direction of va of spin-up and spin-down holes. The blue (red) hollow
circles depict holes in K (K′) valleys, and blue (red) arrows depict
spin-down (spin-up) directions. (b) The upper schematic represents
VHE in monolayer CrS2 with hole doping without MPE. The lower
schematic represents AVHE in heterostructure with hole doping with
MPE. The complete spin polarization occurs at K valley by applying
left-circularly polarized light. (c) The blue solid circles represent the
spin-angle dependence of AHC relative to σxy at 0◦ at E = EF . The
blue-colored area highlights the deviation from ideal cosine function.

va ∼ E×�z(k) [44] and move along opposite directions in
the presence of an in-plane electric field E [Fig. 4(b), top
panel]. However, for the heterostructure, due to simultaneous
breaking of T and I, the spin-down holes from the K valley
move to the bottom boundary with 100% spin polarization.
This gives rise to the anomalous valley Hall effect (AVHE)
[Fig. 4(b), bottom panel], leading to a static net Hall current,
hence a nonzero AHC (σxy) in the heterostructure.

On the other hand, for the nonmagnetic CrS2 monolayer
[Ĥ1, T ] = 0 results in vanishing AHC. The normalized σxy

[σxy/|σxy(0◦)|] in the proximitized CrS2 layer for different
spin orientation has been computed using the Wannier-
function-based tight-binding model (see SM [53]). For
spin-angle 0◦ � θ < 90◦, the proximity-induced magnetism
lifts the Kramers degeneracy, resulting in nonzero σxy. The
nonzero σxy leads to an additional contribution to intrinsic
Hall conductivity of monolayer, implying an enhancement
in AHC in the CrS2 layer. For the in-plane magnetization
direction (θ = 90◦), both T and MZ are broken in the het-
erostructure. However, preservation of their joint symmetry
operation protects the Kramers degeneracy in the entire BZ,
leading to vanishing AHE. To understand the reason behind
this vanishing σxy we investigate the effect of the joint sym-
metry operation of T and MZ on the anomalous velocity va.
It can be shown that va, k, and E have even parities under out-
of-plane mirror reflection MZ [71]. Under such conditions,

one could obtain va(k) ∼ E×�z(k), while they have odd par-
ity under time-reversal operation T , resulting in −va(−k) ∼
−E×�z(−k). To ensure the system remains invariant under
the combined operation of T and MZ , the left-handed sides
of these two equations should satisfy the condition va(−k) =
−va(k). This further suggests that �z(k) = −�z(−k). As a
result, the AHC obtained by integrating over the first BZ, i.e.,
σxy = − e2

h̄

∫
BZ

dk
(2π )2 �z(k), becomes zero.

Figure 4(c) represents the spin angle dependence of σxy,
calculated from band structures of CrS2/CrBr3 heterostruc-
ture. The σxy decreases following the cosine nature as the
out-of-plane spin component is tilted toward the in-plane
direction. The light-blue-colored area highlights the devi-
ation of normalized σxy at E = EF from the ideal cosine
function. To get insight into this AHC nature, we apply the
semiclassical formulation of wave packet dynamics of Bloch
electrons [70,72]. It is found that in addition to the spin
magnetic moment, Bloch electrons carry an orbital magnetic
moment, given by m(k) = −i e

2h̄ 〈∇ku|[Ĥ (k) − ε(k)]|∇ku〉,
where Ĥ (k) is the Bloch Hamiltonian and ε(k) is the band
energy. The orbital moment, together with a correction from
Berry curvature, results in valley-contrasting orbital mag-
netization M′ = −2

∫
dk

(2π )2 {m(k) + e
h̄ [μ − ε(k)]�(k)} [70],

which causes a population imbalance at valleys. The average
M′ in the CrS2 layer decreases with the increase in spin angle,
as shown in Fig. 3(b). This implies the corrections from �(k)
becoming smaller as the spin moments are aligned toward
the in-plane direction. This can be directly observed from
Fig. 4(a) (right-side top panel), where one-dimensional (1D)
�z(k) decreases along �-K (K′) with spin orientation. This,
in turn, leads to a reduction in the anomalous velocities of
Bloch electrons at band edges. As a result, the AHC decreases
as well with an increase in spin angles, following �z(k)
[= ẑ · �(k)], hence following M′. This clarifies that the σxy

within the heterostructure has the same characteristic as valley
orbital magnetization in the CrS2 layer. The observed result
opens up a direction to understand the AVHE nature under a
tunable spin Berry curvature by analyzing the MPE.

IV. CONCLUSIONS

In conclusion, using symmetry arguments and tight-
binding analysis, we unveil the origin of the significantly
enhanced AHC in the CrS2 layer in the CrS2/CrBr3 vdW
heterostructure. We show that MPE induces a similar cosine-
like nature of magnetic moments from the CrBr3 to CrS2 layer.
This induced magnetization leads to an additional contribution
to Berry-curvature-induced AHC for out-of-plane magnetiza-
tion directions. Furthermore, a strong correlation has been
established between AHC and MPE. The MPE induces an
angular profile of σxy in the CrS2 layer, similar to the magnetic
moment variation in the CrB3 layer. These findings offer an
approach to predict the variation of σxy in a nonmagnetic layer
in a valley-polarized heterostructure through the symmetry-
assisted MPE.
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