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The anomalous valley Hall effect (AVHE) is a pivotal phenomenon that allows for the exploitation of the
valley degree of freedom in materials. A general strategy for its realization and manipulation is crucial for
valleytronics. Here, by considering all possible symmetries, we propose general rules for the realization and
manipulation of AVHE in two-dimensional hexagonal lattices. The realization of AVHE requires breaking
the enforced symmetry that is associated with different valleys or reverses the sign of Berry curvature.
Further manipulation of AVHE requires asymmetry operators connecting two states with opposite signs of
Berry curvature. These rules for realizing and manipulating AVHE are extendable to generic points in
momentum space. Combined with first-principles calculations, we realize the controllable AVHE in four
representative systems, i.e., monolayer AgCrP2Se6, CrOBr, FeCl2, and bilayer TcGeSe3. Our work
provides symmetry rules for designing valleytronic materials that could facilitate the experimental
detection and realistic applications.
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Introduction—Valleytronics is a branch of electronics
that utilizes the valley degree of freedom (d.o.f.) to process
or store information [1–3]. The valley d.o.f. specifies the
valley occupied by the electron and possesses unique
characteristics. Compared to charge, it does not produce
direct Joule heating. Compared to spin, it can further
suppress electron scattering because the intervalley scatter-
ing can be strongly suppressed [4–6]. Coupling the valley
d.o.f. to Berry curvature can give rise to the anomalous
valley Hall effect (AVHE) enabling the electrical readout of
the valley d.o.f. The realization and manipulation of AVHE
are crucial for valleytronic applications [7,8]. Researchers
have found that realizing the AVHE requires breaking
certain symmetries, such as inversion, time-reversal and
mirror symmetries, which enforce the valley degeneracy or
zero net Berry curvature [4,5,7–24]. However, it lacks a
general symmetry rule for achieving the AVHE, which
hinders the development of a general strategy for designing
AVHE systems.
The manipulation of AVHE requires reversing the sign of

Berry curvature, which can be achieved through various
means such as reversing the direction of the magnetic
moment [7,25] or external electric field [8], reversing the
ferroelectric polarization [26], or changing the stacking

order [21,27–30]. Among them, the mechanism of Berry
curvature reversal by switching the stacking order remains
unclear. Researchers found that two states of monolayer
VSe2 connected by a time-reversal operator with opposite
magnetic moments exhibit opposite valley energy splitting
and opposite Berry curvature distributions [7], suggesting
their valley-related properties are interconnected through
the time-reversal operator. The connection between con-
figurations and valley properties inspires us to consider
whether an asymmetric transformation between two con-
figurations of a bilayer structure will lead to Berry
curvature reversal. Moreover, previous studies of AVHE
were usually limited to the high symmetric momentum
points without considering the generic momentum points,
which significantly narrows down the candidate materials
for valleytronics.
In this Letter, based on systematic group theory analysis,

we propose general symmetry rules for realizing AVHE and
switching the valley d.o.f. for 2D hexagonal systems. All
the double magnetic space groups permitting AVHE are
identified. We reveal that the valley d.o.f. associating two
switchable states via the asymmetric connection operation
can be switched. Interestingly, the connection operation
also determines the coupling between valley, spin and layer
d.o.f., as well as the magnetoelectric coupling. Moreover,
we generalize the location of the valley to generic momen-
tum points. Combined with first-principles calculations, we
predict the reversible manipulation of AVHE in four
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representative systems, i.e., monolayer AgCrP2Se6, CrOBr,
FeCl2, and bilayer TcGeSe3.
Group theory analysis—We consider a 2D hexagonal

system with spin-orbit coupling, whose valleys are located

at the high symmetric K point in reciprocal space. We
denote the symmetry operation as R̂m, where R̂m belongs to
the double magnetic space group (DMSG) of the system,
and the subscript m of R̂m denotes “magnetic” [31–33].
AVHE requires not only a valley polarization (i.e., valley
splitting) but also a nonzero net Berry curvature associated
with valleys [7,8,21]. As shown in the upper panel of Fig. 1,
if a symmetry operator exists which connects two valleys at
the þK and −K points or reverses the sign of Berry
curvature (Ω), then valley degeneracy or zero net Berry
curvature will be enforced (Table I and Sec. 1 [34]). We
refer to this symmetry as enforced symmetry. AVHE
requires breaking the enforced symmetry to break valley
degeneracy or induce nonzero net Berry curvature. For
example, for the DMSG P321, a zero net Berry curvature
will be enforced by the twofold rotational symmetry 2100,
which needs to be broken to realize AVHE. Hence, we
obtain a symmetry rule for realizing the AVHE; i.e., all the
enforced symmetry operators connecting the two valleys or
reversing the sign of Berry curvature must be broken.
According to this rule, five DMSGs (P3, P3120, P3m01,
P6̄, P6̄m020) permitting AVHE are identified and denoted as
Gv. These five DMSGs indicate that AVHE can be realized
in either ferromagnetic (FM) or antiferromagnetic (AFM)
systems. Meanwhile, the other 62 DMSGs of 2D hexagonal
lattices do not permit AVHE and are denoted as Gnv (see
Table S1 [34]).
Although AVHE is prohibited in a system with Gnv, it

can be induced by transforming the group Gnv to Gv via
breaking enforced symmetries, including applying an
external electric field or bilayer stacking. We derive nine
groups (P3̄, P3̄0, P312, P321, P3201, P3̄0m01, P3̄m01, P6̄0,
P6̄0m02) allowing for the realization of AVHE under an out-
of-plane electric field (Sec. 2 [34]). In the case of the
bilayer stacking, we consider the homobilayer (B) with the
corresponding single layer (S) and B ¼ Sþ ÔS, where
Ô ¼ fOjtog is a stacking operator with rotational part O
and translational part to [35]. We focus on the single-layer
ferromagnet with out-of-plane magnetic moment, and the
stacking bilayer with interlayer FM or AFM orderings. We
consider a high symmetric stacking bilayer with the

FIG. 1. The upper panel schematically illustrates the rule
(rule 1) for the realization of AVHE. The left part is two examples
prohibiting AVHE, while the right one permits AVHE. The
AVHE can be either spontaneous or induced by applying an
electric field or stacking. K is the high symmetry point in
reciprocal space with the fractional coordinate ð1=3; 1=3Þ. Rm

is the rotational part (point group symmetry) of R̂m. The red, gray,
and blue colors denote the positive, zero, and negative net Berry
curvatures, respectively. The lower panel schematically illustrates
the rule (rule 2) for the manipulation of AVHE. The two valley-
polarized states with positive (state I) and negative (state II) Berry
curvatures are connected by an asymmetry operator N̂m.Nm is the
rotational part of N̂m. The manipulation methods include revers-
ing the magnetization, reversing the electric field, and interlayer
sliding. The K point maintains or reverses sign under N̂m
operation.

TABLE I. Transformations under symmetry operations in 2D hexagonal lattices. The notations of operations follow the convention
on the Bilbao Crystallographic Server [32]. The specific elements of the operation set RmG3 are listed in Table S2 [34], where
G3 ¼ f1; 3þ001; 3−001; d1; ; d3þ001; d3−001g denotes the double magnetic point group 3. sz, Ω, and P are the simplified denotations for the z
components of the spin vector, Berry curvature, and electric polarization, respectively. L is the layer polarization [36]. “þ” (“−”) denotes
the sign preservation (reversal) of a physical quantity under an operation. “✓” (“✗”) denotes that the AVHE is symmetry allowed
(forbidden).

Rm, Nm 1G3 2001G3 2100G3 2120G3 1̄G3 m001G3 m100G3 m120G3 10G3 20001G3 20100G3 20120G3 1̄0G3 m0
001G3 m0

100G3 m0
120G3

K þ − þ − − þ − þ − þ − þ þ − þ −
sz, Ω þ þ − − þ þ − − − − þ þ − − þ þ
L, P þ þ − − − − þ þ þ þ − − − − þ þ
AVHE ✓ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✗ ✗ ✗ ✓ ✗ ✗ ✓ ✗
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interlayer translation to ¼ ð1
3
; 2
3
Þ or ð2

3
; 1
3
Þ, where the trivial

out-of-plane translation is omitted. Its DMSG belongs to
one of the groups P3, P3̄, P3201, P3m01, P3̄m01 for the
interlayer FM ordering or one of the groups P3, P3̄0, P321,
P3m01, P3̄0m01 for the interlayer AFM ordering, indicating
that it can exhibit a spontaneous AVHE or an induced
AVHE under an electric field. Hence, AVHE can be
induced in a ferromagnetic monolayer either by stacking
or by a combination of stacking and an electric field
perpendicular to the interface. In addition, AVHE can be
induced in heterobilayers only when the group of hetero-
bilayers belongs to P3 or P3m01 (Sec. 2 [34]).
Having identified the DMSGs allowing the realization of

AVHE, we then explore how to manipulate the sign of Hall
voltage in the AVHE. Reversing the sign of the Hall voltage
requires reversing the sign of the Berry curvature, i.e.,
switching the valley d.o.f. We consider the switching
between two valley-polarized states, state I and state II
(lower panel of Fig. 1) of a system which are connected by
an asymmetry operator referred to as the connection
operator (N̂m, the subscript m denotes magnetic). In other
words, state II is a transformation of state I under N̂m

operation. We denote N̂m as N̂m ¼ fNmjtNm
g, with the

rotational part Nm ∈Oð3Þ ⊗ f1; 10g and the translational
part tNm

. Under the asymmetry operation N̂m, each physical
quantity in Table I follows the same transformation rule as
that under the symmetry operation R̂m (Sec. 3 [34]). We
obtain the rule for switching the valley d.o.f.; i.e., a
connection operation N̂m is required to reverse the sign
of Berry curvature. As the spin and net magnetization
transform in the same way as Berry curvature, one can
switch the valley d.o.f. via reversing the spin and net
magnetization through magnetic field. Particularly, when
N̂m can simultaneously reverse Berry curvature and layer
(electric) polarization, the valley d.o.f. can also be switched
by reversing the layer (electric) polarization via electric
field. Obviously, the connection operation N̂m determines
the manipulation methods of the valley d.o.f., the coupling
between valley, spin, and layer d.o.f., as well as the
magnetoelectric coupling.
Theoretically, there are infinite N̂m operations that can

reverse Berry curvature and thus switch the valley d.o.f. For
example, one can switch the valley d.o.f. by combining an
arbitrary rotation along the z axis and a time-reversal
operation. However, only some of the N̂m operations are
easy to be realized by reversing the magnetization, revers-
ing the electric field, or interlayer sliding. In experiments,
magnetization is typically reversed by applying a magnetic
field. However, in multiferroic materials, magnetization
reversal can be achieved by reversing polarity via electric
field [71,72]. Reversing the out-of-plane magnetic moment
can switch the valley d.o.f. since Nm ¼ 10 reverses the sign
of the Berry curvature. Meanwhile, flipping the out-of-
plane electric field can switch the valley d.o.f. only when

the corresponding N̂m reverses the sign of the Berry
curvature (Sec. 3 [34]). Additionally, for the switching
of stacking orders, we consider two homobilayers with
interlayer translation to ¼ ð1

3
; 2
3
Þ and ð2

3
; 1
3
Þ, and assume that

the direction of the magnetic moment remains unchanged
in the process of interlayer sliding. We establish an
equation set for N̂m that connects two stacking bilayers.
By solving the equation set for each layer group of
composing monolayer, we identify all the stacking bilayers
connected by N̂m (Table S4 [34]). When the two bilayers
have interlayer FM ordering, the valley d.o.f. cannot be
switched by sliding because their connection operation N̂m
is forced to preserve the out-of-plane magnetization and
thus preserve the sign of Berry curvature. Only when they
have interlayer AFM ordering and spontaneous AVHE, as
well as Nm ∈ f2120; m0

001gG3, can the valley d.o.f. be
switched by changing the stacking order. In addition, the
valley d.o.f. in heterobilayers can be switched by reversing
the magnetization or changing the stacking order
(Sec. 3 [34]).
In the above discussion, we focus on the case where the

valley is located at the K or −K point. Now we generalize
the AVHE rules to generic k points. Under the symmetries
of G3 in 2D hexagonal lattices, the energy level and Berry
curvature remain unchanged. The valleys protected by the
above symmetries are defined as equivalent valleys. Then
the rule for realizing AVHE can be generalized to that all
the enforced symmetries connecting nonequivalent valleys
or reversing the sign of Berry curvature must be broken,
and the rule for manipulating the AVHE remains
unchanged. Based on these generalized rules, we can
derive the same five groups (P3, P3120, P3m01, P6̄,
P6̄m020) for the high symmetry line ΓK or KM as that
of the K point. Hence, the results of transformingGnv toGv
and switching the valley d.o.f. for the K point can be
directly applied to the case of ΓK or KM. Additionally, the
AVHE can be realized in groups P3, P3201,P31m0, P6̄,
P6̄20m0 along the high symmetry line ΓM, and be realized
in group P3 for other generic k points. The valley d.o.f. in
these cases can also be switched by reversing the mag-
netization, reversing the electric field, or interlayer sliding
(Sec. 4 [34]).
Spontaneous AVHE in AgCrP2Se6 and CrOBr—We

apply the above AVHE rules to the well-known AVHE
systems with space group (SG) P6̄m2. For example, the
ferromagnetic monolayer 2H-VSe2 with SG P6̄m2 and an
out-of-plane magnetic moment [7] possesses the DMSG
Gv ¼ P6̄m020, and thus exhibits the AVHE. The valley
d.o.f. can be switched by reversing the magnetic moment as
the connection operation Nm ¼ 10 reverses the sign
of Berry curvature. For bilayer VS2 [28], we reveal that
Nm ¼ 2120 determines the switching of the valley d.o.f.
and the coupling of the ferrovalley and ferroelectricity
(Sec. 5 [34]). We then apply AVHE rules to perform a
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high-throughput screening for AVHE materials. Ten new
spontaneous AVHE candidates (i.e., ferrovalley candidates)
are identified from Ref. [37] (Sec. 6 [34]). Among them, the
monolayer AgCrP2Se6 with SG P312 and an out-of-plane
magnetic moment possess the DMSGGv ¼ P3120. Density
functional theory (DFT) calculations verify that valley
polarization with a nonzero Berry curvature appears in
the conduction band when the magnetization of monolayer
AgCrP2Se6 is upward, confirming the realization of AVHE
[Fig. 2(a)]. By reversing the magnetic moment, the valley
d.o.f. is switched because the sign of the Berry curvature is
reversed by Nm ¼ 10 [Fig. 2(b)]. We verify that the AVHE
also exists in monolayer CrOBr, whose valleys of the
valence band are located along the ΓK line (see details in
Sec. 6 [34]).
Induced AVHE in FeCl2 and TcGeSe3—We also apply

the AVHE rules to magnetic systems with SG P3̄m1 and
P3̄1m, and verify the rules using DFT calculations.
Monolayer FeCl2 with SG P3̄m1 has been experimentally
synthesized [73,74]. It has an out-of-plane magnetic
moment [75,76] and thus has the DMSG P3̄m01 ¼
Gv ⊗ f1; 1̄g, where Gv ¼ P3m01. According to the rules
shown in Fig. 1, it does not have AVHE, but AVHE can be
induced by applying an electric field and reversed
by switching magnetic moment. The valleys in K and
K0 ¼ −K are energetically degenerate due to symmetry
1̄Gv. Additionally, 1̄Gv also gives rise to opposite layer
polarizations at the K and −K valleys, where the layer
polarization refers to the polarization between the top and
bottom Cl atomic layers according to the definition in

Ref. [36] (Sec. 1 [34]). Under an out-of-plane electric field
[Fig. 2(c)], the symmetry 1̄Gv is broken. Therefore, the
group Gnv ¼ P3̄m01 transforms into Gv ¼ P3m01, ena-
bling the realization of AVHE. Since the −K valley has a
positive layer polarization, its energy level will gain a lower
electrostatic potential and move downward compared to
that of theK valley under the downward electric field [8,36]
[the middle panel of Fig. 2(c)]. The valley polarization
results in a slight polarization of the Berry curvature
between the K and −K valleys (Fig. S6 [34]). Having
achieved the AVHE, we then consider how to switch it. The
valley d.o.f. cannot be switched by flipping the direction of
the electric field as the connection operation Nm ¼ 1̄
preserves the sign of Berry curvature. Hence, we must
flip the direction of the magnetic moment [Fig. 2(d)], since
Nm ¼ 10 guarantees the sign reversal of Berry curvature
and anomalous Hall conductivity without changing their
amplitudes [the lower panel of Fig. 2(d) and Figs. S6 and
S7 in [34] ]. The amplitude of valley splitting (12 meV)
remains unchanged due to Nm ¼ 10.
Monolayer TcGeSe3 with SG P3̄1m also has an out-of-

plane magnetic moment [38] described by the group
Gnv ¼ P3̄1m0. According to the rules in Fig. 1, AVHE
is prohibited and cannot be induced by an electric field, in
contrast to monolayer FeCl2. But AVHE can be realized by
a combination of bilayer stacking and an external electric
field, and can be further reversed via flipping the electric
field when the bilayer has an interlayer AFM ordering.
We stack TcGeSe3 bilayers with the stacking operator
Ô ¼ fm001jtg and perform DFT calculations to identify
the magnetic ground state and AVHE. The bilayer with
t ¼ ð1

3
; 2
3
Þ has an interlayer AFM ground state [Fig. 3(a)]

and thus has the DMSG P321 ¼ Gv ∪ 2100Gv, where
Gv ¼ P3. AVHE is prohibited because the conduction
band is doubly degenerated at the K point [the middle
panel of Fig. 3(a)], with zero net Berry curvature enforced
by symmetries 2100Gv [the lower panel of Fig. 3(a)].
Applying an out-of-plane electric field breaks the sym-
metry 2100Gv and transforms the group Gnv ¼ P321 into
Gv ¼ P3 [Fig. 3(b)]. The electric field lifts the band
degeneracy and induces AVHE [the middle and lower
panels of Fig. 3(b)]. The Berry curvature also exhibits
polarization between the K and −K valleys (Fig. S9 [34]).
By flipping the electric field, the valley d.o.f. is switched
since Nm ¼ 2100 reverses the signs of Berry curvature and
anomalous Hall conductivity without changing their ampli-
tudes [the middle and lower panels of Fig. 3(c), and
Figs. S9 and S10 [34] ]. The amplitude of valley splitting
(11 meV) remains unchanged due to Nm ¼ 2100.
Meanwhile, the spin and layer d.o.f. are also switched,
indicating that the switchable anomalous Hall effect is
locked with the valley, spin, and layer d.o.f. [39,40].
However, the valley d.o.f. cannot be switched by
shifting the top layer with respect to the bottom layer with
t ¼ ð1

3
;− 1

3
Þ as Nm ¼ m0

120 preserves the sign of the out-of-

FIG. 2. The configurations, band structures, and Berry curva-
tures for monolayer AgCrP2Se6 with (a) an upward and (b) down-
ward magnetic moment, for monolayer FeCl2 (c) with an upward
and (d) downward magnetic moment under an external electric
field (E) of −0.05 V=Å. In all upper panels, the red (blue) arrow
denotes the upward (downward) magnetic moment. The black
arrow denotes the electric field. In all middle panels, K0 denotes
−K, and the Fermi level is set to zero. The red (blue) lines denote
the bands contributed by upward (downward) spin. Lower panels
show the Berry curvature distributions around the K and −K
valleys for the conduction band of AgCrP2Se6 and the valence
band of FeCl2. The red (blue) color denotes the positive
(negative) Berry curvature.
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plane magnetization and thus the sign of Berry curvature
under the electric field. Additionally, for another stacking
TcGeSe3 bilayer with Ô ¼ f1jð1

3
; 2
3
Þg, it has the interlayer

AFM ground state with Gnv ¼ P3̄0. Its conduction band is
doubly degenerated at all k points and has a zero net Berry
curvature and thus a vanishing AVHE due to the symmetry
1̄0. AVHE can also be induced by applying an out-of-plane
electric field and reversed by flipping the field (see details
in Sec. 6 [34]).
Summary and discussion—In conclusion, we provide

general rules for realizing AVHE and switching the valley
d.o.f. Based on symmetry analysis, we identify all DMSGs
permitting AVHE and reveal that the connection operation
determines the switching of the valley d.o.f. In fact, the
AVHE rules are also applicable to hexagonal lattices where
threefold rotational symmetry is broken by magnetic order,
such as in-plane magnetized ferromagnets, which are not
previously expected to exhibit the AVHE [17,77] (Sec. 7
[34]). AVHE rules are also applicable to other 2D and 3D
lattices (Sec. 7 [34]). In addition, AVHE materials can be
utilized to construct magnetic tunnel junctions enabling
enhanced tunnel magnetoresistance due to valley-spin
coupling (Sec. 8 [34]). Moreover, beyond the valley
d.o.f., the connection operation N̂m also dictates the
switching of the spin d.o.f., layer d.o.f., electric polariza-
tion, and magnetization. Consequently, N̂m determines the

interplay between microscopic electronic d.o.f. and macro-
scopic electric and magnetic properties. We can employ N̂m
to design systems with switchable or coupled physical
properties in spintronics, layertronics, magnetoelectrics,
multiferroics, etc. We take bilayer systems as an example.
By solving the equation set of N̂m for 80 layer groups of
composing monolayers, one can identify all the possible
stacking bilayers connected by N̂m. Then, screening out
those where N̂m can simultaneously reverse electric polari-
zation and certain magnetic property (e.g., spin, magneti-
zation or Berry curvature), one can obtain all possible
bilayers with coupled ferroelectricity and magnetic prop-
erty. Our findings not only provide a unified framework for
designing AVHE systems, but also offers the connection
operation for designing systems with switchable or coupled
physical properties in other fields.
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