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Switchable anomalous valley Hall effect in 2D antiferromagnetic system
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Currently, the realization and control of anomalous valley Hall effect (AVHE) in two-dimensional antiferro-
magnetic (AFM) systems are predominantly achieved through optical excitation, which hinders its practical
applications. Here, we propose a strategy to overcome this limitation by inserting a valley-active AFM
layer between two ferromagnetic (FM) semiconductor layers. Using CrCl;—VSiS;—CrCl; heterotrilayer as a
model system, our first-principles calculations reveal that interfacial proximity coupling can introduce intrinsic
sublattice-asymmetric exchange field. This field can break the PT symmetry and lift the spin degeneracy of
valleys in the AFM layer while preserving its intrinsic valley polarization, thereby inducing a pronounced
AVHE. Crucially, the sublattice-asymmetric exchange field can be reversed through flipping the magnetization
orientation of the FM layers, resulting in reversible static control of AVHE without altering the AFM Néel order.
These findings establish an alternative paradigm for controlling AVHE in AFM materials and advance the field

of antiferromagnet-based valleytronics.
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I. INTRODUCTION

Valley pseudospin, which characterizes the degenerate en-
ergy extrema at distinct momentum points in the Brillouin
zone, represents a fundamental electronic degree of freedom
alongside charge and spin [1-8]. Because of the large sep-
aration in momentum space, the valley degree of freedom
offers a robust platform for encoding and manipulating quan-
tum information, enabling applications such as valley-based
qubits or hybrid spin-valley quantum systems for quantum
computing [9—13]. Similar to charge in electronics and spin in
spintronics, the use of valley for information processing gen-
erates the concept of valleytronics [8,14—17]. Valleytronics
offer a promising pathway toward low-power and high-speed
devices that could surpass the limitations of conventional
technology [6,7,18]. Beyond devices applications, a variety of
novel valley-related phenomena are observed (e.g., the valley
Hall effect, anomalous valley Hall effect (AVHE), quantum
valley Hall effect, and valley-polarized quantum anomalous
Hall effect), establishing valley physics as a critical fron-
tier in condensed matter physics. With the recent rise of
two-dimensional (2D) materials, significant efforts have been
devoted to valleytronic research in both ferromagnetic (FM)
and antiferromagnetic (AFM) systems [7,19-23].

A central step for realizing valleytronics is to control the
AVHE [24]. In 2D FM systems, the reversal control of AVHE
can be readily accomplished by switching the magnetization
orientation by applying an external magnetic field [24,25]. In
contrast, the situation in 2D AFM systems is fundamentally
different. In 2D AFM systems, the valley index is not an
independent degree of freedom but is inherently coupled to
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the spin via s-t (where s denotes spin and t represents val-
ley pseudospin) [26]. Moreover, because of the protection of
the combined PT (parity-time) symmetry, the magnetization
in 2D AFM systems is robust to external magnetic field. In
this context, the current approaches to realizing and control-
ling AVHE in these systems rely predominantly on optical
excitation [27-29]. However, optical methods are inherently
dynamic, which severely limits their potential for device
applications. For overcoming this limitation and advancing
antiferromagnet-based valleytronics, it is highly desirable to
explore alternative, static mechanisms for controlling AVHE
in 2D AFM systems.

In this work, taking CrCl; —VSiS;—CrCl; heterotrilayer as
a model platform, we demonstrate an intriguing mechanism
of controlling AVHE in 2D AFM systems. Our approach em-
ploys interfacial proximity coupling by sandwiching a valley-
active AFM layer between two FM semiconductor layers.
This coupling can generate intrinsic sublattice-asymmetric ex-
change field, which breaks the PT symmetry and lifts the spin
degeneracy of valleys in the AFM layer while preserving its
intrinsic valley polarization. As a result, a pronounced AVHE
can be observed. Importantly, the sublattice-asymmetric ex-
change field can be reversed by inversing the magnetization
orientation of the FM layers, which enables the reversible
and static control of AVHE. Our study greatly enriches the
research on valley physics in AFM materials.

II. RESULTS AND DISCUSSION

To set the stage, we first investigate the properties of
monolayers VSiS; and CrCl;. Monolayer VSiSs crystallizes
in the trigonal space group P-31m (No. 162). As depicted
in Fig. 1(a), each unit cell contains two V, two Si, and six
S atoms. The lattice constant is optimized to be a = 5.98 A.
Our calculations confirm that it favors an AFM Néel state
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FIG. 1. (a) Crystal structure of monolayer VSiS; from top and side views. (b) Crystal structure of monolayer CrCl; from top and side
views. (c) 2D Brillouin zone. (d) Band structure of monolayer VSiS; with SOC. (e) Band structure of monolayer CrCl; with SOC. The Fermi

level is set to 0 eV.

as the magnetic ground state, with an energy stabilization of
AE =39.99meV per unit cell with respect to the FM con-
figuration. To elucidate its electronic properties, we perform
spin-resolved band structure calculations with considering
spin-orbit coupling (SOC). As shown in Fig. 1(d), monolayer
VSiS; exhibits semiconducting character with a band gap of
1.23 eV, which is in good agreement with previous studies
[30]. Moreover, it features valley physics, with the valleys
lying at the K/K’ points of Brillouin zone [Fig. 1(c)]. Because
of the T-symmetry breaking, the SOC introduces a valley po-
larization of 4.39 meV. However, the combined PT symmetry
inherent to the monolayer strictly enforces spin degeneracy
across the entire band structure. This symmetry protection
precludes any spontaneous spin splitting, which is an essential
prerequisite for the AVHE in this isolated layer.

Similar to monolayer VSiS;, monolayer CrCl; also adopts
the P-31m space group (No. 162), as shown in Fig. 1(b).
Its unit cell comprises two Cr and six Cl atoms, with an
optimized lattice constant @ = 6.05 A, in excellent agreement
with prior theoretical work [31]. CrCls exhibits a robust FM
magnetic ground state, with its energy lying 37.99 meV per
unit cell lower than that of its AFM state, indicating strong
magnetic stability. The magnetic moment primarily originates
from the Cr** ions, with each Cr atom carrying a moment
of approximately 3 ug. Band structure calculations including
SOC, presented in Fig. 1(e), reveal that monolayer CrCl; is
an indirect-gap semiconductor with strong spin polarization
resulting from its FM ordering. The valence band maximum
(VBM) is located at the I" point, while the conduction band
minimum (CBM) resides at the K/K’ points in the Brillouin
zone, resulting in an indirect band gap of 2.59 eV.

Having established the fundamental properties of the con-
stituent layers, we proceed to construct CrCl3 —VSiS; —CrCl;
heterotrilayer. It is worth emphasizing that the two con-
stituent layers exhibit exceptionally small lattice mismatch
of approximately 1.2%, which would facilitate the formation
of high-quality, commensurate heterointerfaces with minimal
strain. The crystal structure of CrCl3—VSiS;—CrCls het-
erotrilayer is schematically illustrated in Fig. 2(a), where a
monolayer of VSiS; is epitaxially sandwiched between two

monolayers of CrCls. Fully structural optimization yields a
commensurate lattice constant of 5.92 A, representing only
about 1% deviation from the average of the two parent com-
pounds. The equilibrium interlayer spacing between VSiS;
and each adjacent CrCl; layer is determined to be 3.49 A, a
value characteristic of van der Waals (vdW) bonding. Cru-
cially, as illustrated in Fig. 2(c), the upper and lower CrCl;
layers adopt fractional in-plane displacements of (1/3, —1/3,
0) and (-1/3, 1/3, 0), respectively, relative to the central
VSiSs layer. These relative displacements are energetically
favorable, as they effectively minimize interfacial strain and
optimize interlayer vdW interactions. To assess the stability
of the proposed heterotrilayer, we first confirm the dynam-
ical stability of the constituent monolayers. The phonon
spectra of both freestanding CrCl; and VSiS; monolayers,
presented in Figs. Sla and S1b within the Supplemental
Material [32], exhibit no imaginary modes across the en-
tire Brillouin zone, confirming their dynamical stability. The
CrCl3 —VSiS;—CrCl; heterotrilayer is constructed from these
stable monolayers and stabilized primarily by vdW interac-
tions. To evaluate the interfacial stability, we calculate the
formation energy defined as

Eform = [Ehetero - (EV5153 +2ECrC13 )]/N,

where Epeero represent the total energy of the heterotrilayer,
and Evsis, and Ecicy, denote the total energies of the corre-
sponding freestanding monolayers in their magnetic ground
states (specifically, the AFM state for VSiS; and the FM
state for CrCls). N is the total number of atoms in the
heterotrilayer. Adopting this normalization per atom, consis-
tent with previous first-principles studies [33-35], facilitates
direct comparison across different vdW systems. The ob-
tained formation energy is approximately —192 meV/atom.
This significant negative value indicates a thermodynamically
favorable formation process and suggests strong interfacial
coupling between the constituent layers. To further substan-
tiate the stability of the CrCl3—VSiS;—CrCl; heterotrilayer
beyond energetic considerations, we explicitly examine its
dynamical stability. The phonon dispersion of the entire het-
erotrilayer is calculated, and the absence of imaginary phonon
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FIG. 2. (a) Crystal structure of CrCl;—VSiS;—CrCl; heterotrilayer from side views. (b) Schematic diagrams of state-I and state-II. (c)
Schematic diagrams of in-plane displacement in heterotrilayer. (d) Energy revolution during the conversion process from state-I to state-II.

modes throughout the Brillouin zone confirms its dynamical
stability, as presented in Fig. Slc within the Supplemental
Material [32]. In addition to dynamical stability, we exam-
ine the thermal stability of the heterotrilayer using ab initio
molecular dynamics (AIMD) simulations at 300 K. As illus-
trated in Fig. S2 within the Supplemental Material [32], the
heterotrilayer maintains its structural integrity throughout the
5 ps simulation, exhibiting no significant structural distortion,
bond breaking, or interlayer decoupling, confirming the ther-
mal stability of CrCl3—VSiS;—CrCls.

We systematically investigate all typical stacking configu-
rations to verify the ground-state configuration. Specifically,
we calculate the energy barrier along a continuous path of
relative interlayer displacements, as shown in Fig. S3a (see
the Supplemental Material [32]), where the two FM CrCl;
layers are shifted diagonally relative to the central AFM
VSiS; monolayer. The corresponding displacements are il-
lustrated in Fig. S3b (see the Supplemental Material [32]).
Our results confirm that the stacking configuration adopted
in the main text corresponds to the energetic minimum and
is thus the ground state. Furthermore, to address the ro-
bustness of the observed physical effects against stacking
variations, we examine the electronic structure and valley-
related properties for other stacking configurations. Notably,
the electronic states near the band edges, as well as the val-
ley properties, remain almost unaffected. This supports the
robustness of the sublattice-asymmetric exchange field in the
CrCl3—VSiS;—CrCl; heterotrilayer against such structural
variations. Regarding experimental feasibility, the fabrica-
tion of the CrCl; — VSiS; — CrCls heterotrilayer lies well
within the reach of established van der Waals assembly tech-
niques. Monolayers of CrCl; and VSiS3, as layered materials,
can be obtained via mechanical exfoliation from their bulk
crystals or synthesized through methods like physical vapor
transport [36-38]. The recent advancement of determinis-
tic transfer methods has proven highly effective in creating

high-quality, custom-designed heterotrilayers with atom-
ically clean interfaces and precise rotational alignment
[39—41]. These developed protocols provide a reliable
pathway for the layer-by-layer assembly of the proposed
CrCl;—VSiS;—CrCls heterotrilayer, making its experimental
realization highly feasible.

Upon considering the magnetic phases, there are two dis-
tinct, yet energetically degenerate, magnetic configurations
for the vdW heterotrilayer, referred to as state-I and state-
IT and schematically illustrated in Fig. 2(b). In state-I, both
CrCl; layers exhibit out-of-plane FM alignment with spin-
down polarization. Conversely, in state-1I, both CrCl; layers
exhibit out-of-plane FM alignment with spin-up polarization.
Obviously, the two sublattices in VSiS3 layer experience in-
equivalent interlayer exchange couplings with the top and
bottom CrCl; layers. Such distinct coupling can generate
intrinsic sublattice-asymmetric exchange field acting on the
VSiSs layer. This exchange field in VSiS; layer explicitly
breaks the combined PT symmetry that protects spin degen-
eracy in the freestanding VSiS; monolayer, thereby lifting the
spin degeneracy at the valleys while preserving its intrinsic
valley polarization. Notably, the direction of this sublattice-
asymmetric exchange field is opposite in state-I and state-II.
The reversibility between these two magnetic states therefore
enables effective switching of the valley spin splitting, offer-
ing a viable route for controlling valley-dependent properties
in the heterotrilayer.

The energy barrier separating these two states is a critical
parameter governing the feasibility of magnetic switching for
device applications. To evaluate this, we calculate the min-
imum energy path for the coherent magnetization reversal
process, where the magnetic moments of Cr atoms in both
layers rotate synchronously from their initial state-I orienta-
tion (0, 0, —3) up to the final state-II orientation (0, 0, 3) ug.
This reversal path proceeds via an intermediate state where
the moments are aligned along the in-plane x-axis direction.
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FIG. 3. Spin-resolved band structures of CrCl;—VSiS;—CrCl; heterotrilayer with SOC under (a) state-1, and (b) state-1I. The Fermi level

is setto O eV.

As shown in Fig. 2(d), the calculated energy barrier for mag-
netization switching between State-I and State-II is 0.22 meV
per unit cell. The relatively small barrier suggests that thermal
fluctuations could randomize the FM orientation at elevated
temperatures. The switching barrier is intrinsically linked to
the interfacial magnetic exchange coupling and the magnetic
anisotropy energy (MAE) of the ferromagnetic layers, both of
which can be optimized in material design.

Figure 3 presents the spin-resolved band structure includ-
ing SOC for both states. The system retains its semiconduct-
ing character with a band gap of 0.97 eV. A key finding is
that while the characteristic valley polarization of VSiS; is
maintained, the spin degeneracy of valleys in VSiSj is lifted,
leading to a valley spin splitting of 4.30 meV, corresponding to
a thermal stability temperature of approximately 50 K, which
is primarily governed by the orbital character of band edges
near the K/K’ points. It can be effectively enhanced through
well-established external perturbations. For instance, applying
external strain or electric field can effectively modulate the
orbital hybridization or strengthen the SOC effects at the
valleys, thereby increasing the valley polarization and spin
splitting [42—45]. This spin splitting stems from the interfacial
exchange coupling with the out-of-plane magnetized CrCl;
layers, which disrupts the combined PT symmetry protecting
spin degeneracy in the isolated VSiS; layer. Notably, the
spontaneous valley polarization of 4.08 meV is preserved
at the VBM for both states. The coexistence of valley spin
splitting and valley polarization enables the observation of
AVH effect in AFM VSiS; layer. The underlying physics
of the observed spin-valley polarization can be attributed to
the effective sublattice-asymmetric exchange fields acting on
the V atoms in the central layer. As discussed above, this
field arises from distinct magnetic exchange interactions ex-
perienced by each V sublattice, governed by their specific
coordination with the spin-polarized CrCl; layers above and
below. Crucially, as shown in Fig. 3, the valley spin splitting
in the two states is opposite to each other. In state-I, the spin-
down band resides at a higher energy than the spin-up band
within the valence band, leading to spin-down polarization at

the K valley. Conversely, in state-II, the spin polarization at
each valley is reversed relative to state-I, resulting in spin-up
polarization at the K valley. This controlled reversal of valley
spin splitting between state-I and state-II demonstrates that
the AVH signal generated in the AFM layer can be switched
by reorienting the magnetization direction of the FM layers.
The ability to magnetically toggle between state-I and state-
II, facilitated by the low-energy barrier, offers a promising
pathway for designing valleytronic devices with nonvolatile
switching capabilities. While the calculated Curie temperature
of monolayer CrCl; is indeed low (~17 K) [46], it is important
to emphasize that ordering temperatures of CrCl; monolayer
can be substantially enhanced through various established ex-
perimental strategies such as substitutional doping or interface
engineering [46—48]. Moreover, the proposed mechanism for
achieving a switchable anomalous valley Hall effect is gen-
eral and not restricted to the specific materials. The essential
physics relies on a few key criteria: (i) the formation of a sta-
ble, lattice-matched heterotrilayer between the FM and AFM
layers; (ii) the requirement that the band edges near the Fermi
level are dominated by the valley-carrying electronic states
of the AFM layer to ensure active valley participation; and
(ii1) the FM layers must be capable of inducing a substantial
sublattice-asymmetric exchange field to break the combined
PT symmetry of the AFM layer while preserving its intrin-
sic valley polarization. These criteria can be satisfied by a
broader class of 2D materials. For instance, the FM layer
CrCl; could be substituted by other 2D FM semiconductors
with higher Curie temperatures, such as Crlz [49] or CrGeTe;
[50]. Similarly, the AFM valley-active layer VSiSs could be
replaced by other well-known 2D AFM semiconductors host-
ing valley properties, such as MnPSes [51] or FePS; [52],
in which the requisite valley physics and magnetic order are
present. Therefore, our work establishes a general framework
for achieving nonvolatile control of the valley Hall effect in
antiferromagnets through interfacial design.

The Berry curvature, denoted as €2(k), is a fundamental
geometric property of electronic Bloch states in momentum
space. Analogous to a magnetic field in real space, it governs
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FIG. 4. (a) Berry curvatures of state-I and state-II. (b) Schematic diagram of AVHE of state-I and state-II.

the anomalous transverse velocity acquired by carriers under
an applied electric field [53,54]. It is expressed as

21 n x1¥Yn n n
Q) = — Z an m(y kll()Ellﬁ_k;(Tﬁ)zklvyW k)
n o ntn' n n

’

where f, denotes the Fermi-Dirac distribution function, ¥,
signifies the Bloch wave function with energy E,, and v, /v, is
the velocity operators of the x or y directions [55-58]. To ac-
cess the impact of magnetic state switching on the AVHE, we
calculate the Berry curvature distribution across the Brillouin
zone for both state-I and state-II. As illustrated in Fig. 4(a),
a key finding is the opposite signs of the Berry curvatures
concentrated at the K valley between the two states. This sign
reversal stems from the flipped valley spin splitting shown in
Fig. 3.

The anomalous transverse velocity v of carriers is related
to the Berry curvature and the applied in-plane electric field
by v ~ E x Q(k) [59-61]. Consequently, carriers in valleys
with opposite Berry curvatures are deflected to opposite trans-
verse edges under the same in-plane electric field. As shown
in Fig. 4(b), in state-I, holes at the K valley are predom-
inantly spin-up polarized, and the positive Berry curvature
at K valley deflects spin-up holes to acquire an anomalous
velocity accumulating at the right transverse edge. While in
state-II, the spin splitting at the K valley reverses, and the
sign of the Berry curvature concurrently inverts to negative.
Consequently, the spin-down polarized holes at K valley expe-
rience an anomalous velocity towards the left transverse edge.
This magnetic-state-dependent reversal of both the valley spin
splitting and Berry curvature at the K valley forms the basis
for controllable AVHE in AFM layers. The low-energy barrier
for coherent magnetic switching between state-I and state-II
[Fig. 2(d)] confirms the feasibility of deterministic control
over this AVHE sign reversal. To elucidate the anomalous
Hall conductivity (AHC), we perform explicit calculations, as
presented in Fig. S4 within the Supplemental Material [32].
The results exhibit a finite AHC with a sign reversal that
aligns well with the Berry curvature distribution in Fig. 4(a).
Notably, a fully valley-polarized Hall conductivity is achieved
when the Fermi level lies between the K and K’ valleys in the

valence band. This behavior confirms the AVH effect in the
CrCl3—VSiS3;—CrCl; heterotrilayer, which can be probed via
direct electrical transport measurements. Such experimental
accessibility further supports the potential of this system for
practical valleytronic applications.

III. CONCLUSIONS

In summary, we present an approach to achieve and ma-
nipulate the AVHE in AFM systems. By leveraging interfacial
proximity effects in a tailored heterotrilayer, our calculations
reveal that a robust, sublattice-asymmetric exchange field
emerges, which breaks PT symmetry and lifts valley spin
degeneracy while sustaining valley polarization, which is key
to activating the AVHE. Most notably, this asymmetric field
can be reversibly switched by reorienting the magnetization of
the ferromagnetic layers, enabling nonvolatile control of the
valley Hall signal without perturbing the antiferromagnetic
order. Our work opens avenue for effective control of valley
phenomena in antiferromagnets and significantly advances the
prospects of valleytronic applications.

IV. METHODS

The first-principles calculations were performed using den-
sity functional theory (DFT) methods in the Vienna Ab initio
Simulation Package (VASP) [62,63]. The exchange-correlation
interactions were modeled with the Perdew-Burke-Ernzerhof
(PBE) functional under the generalized gradient approxima-
tion (GGA) [64]. Strong electron correlation effects in 3d
orbitals of V atom and Cr atom were described through an
effective on-site Hubbard term of U = 4 eV, which refers to
the previous work [30]. Structural optimizations were per-
formed with the convergence criterion of 107 eV for the
total energy and 0.01eVA~! for the atomic forces. The
cutoff energy is set to 520 eV. To eliminate the interac-
tions between adjacent periodical structures, a 15 A vacuum
layer along the out-of-plane direction was established. A 9 x
9 x 1 Monkhorst-Pack k-point grid was adopted to sample
the Brillouin zone. For vdW interaction, we employed the
DFT-D3 method with Becke-Johnson damping function. The

024402-5



HUIL MA, DAI, HUANG, AND LI

PHYSICAL REVIEW MATERIALS 10, 024402 (2026)

calculation of phonon spectra was performed within the
framework of density functional perturbation theory (DFPT),
as implemented in the PHONOPY code [65]. The Berry cur-
vature and valley Hall conductivity were obtained using the
VASPBERRY code and WANNIER90 package [66—69].
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