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Antiferromagnets have aroused widespread interest in spintronics due to negligible stray field and ultrafast
spin dynamics. However, antiferromagnets are usually difficult to exhibit the versatile functional properties
featured by ferromagnetic materials, particularly the multiple coupling effect among spin, charge, and orbital.
Here, based on first-principles calculations, we propose that by exploiting magnetic-field-induced spin canting,
the triple coupling of spin, electric, and valley polarization in antiferromagnetic semiconductors can be easily
achieved. Taking the two-dimensional (2D) antiferromagnetic semiconductors MnPS3 and MnPSe3 as examples,
we demonstrate the occurrence of ferroelectricity and magnetization driven by different canted-antiferromagnetic
orders, and their controllability by both electric and magnetic fields. Remarkably, spin canting further results in
bipolar magnetic semiconductor properties with reversible spin polarization and valley polarization in valence
and conduction bands. Moreover, we illustrate that such spin-driven multiferroics is derived from the subtle
interaction of lattice and spin order. This work paves the way to explore magnetoelectric coupling and valley
polarization in 2D antiferromagnetic semiconductors.

DOI: 10.1103/PhysRevB.110.094409

Since the discovery of CrI3 and Cr2Ge2Te6 monolayer with
long-range magnetic order, the study of two-dimensional (2D)
magnetic materials has made significant progress. Ferromag-
nets have been extensively studied, whereas the exploration
of antiferromagnets is relatively insufficient. Antiferromag-
netic systems are manifestations of magnetic orders with
two coupled magnetic sublattices arranged in such a way
that the whole lattice exhibits no macroscopic magnetization
[1]. Compared with ferromagnets, antiferromagnets are more
common and significantly abundant in nature [2]. Further-
more, due to the ultrafast spin dynamics and zero residual
magnetic field, antiferromagnets have drawn great interest
in the development of ultrafast and ultrahigh-density spin-
tronics devices such as magnetic memories [3–6]. However,
antiferromagnetic systems encounter obstacles in enhancing
and extending their functions, mainly owing to the difficulty
in achieving efficient tuning and multiple coupling of spin,
charge, and orbital degrees [7,8].

Most antiferromagnetic materials exhibit intrinsic collinear
spin moments. Applying external physical fields is an ef-
fective scheme to tune their magnetic properties [9–12]. For
instance, when a magnetic field perpendicular to the direction
of the spin order is applied, the local magnetic moment will
rotate and produce a spin component in the magnetic field
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direction, leading to a noncollinear spin-canting configuration
[13–16]. Such noncollinear spin structure is usually required
for magnetoferroelectric phenomena; for example, materi-
als with intrinsic antiferromagnetic spin-helix and triangular
spin frustrated structures are typical type-II multiferroics with
strong magnetoelectric coupling [17–21]. In two dimensions,
there are a number of antiferromagnetic candidates that can be
designed into spin-canting configurations via external fields,
providing a great opportunity for enhancing and extending
their functions.

In this work, based on first-principles calculations, we
achieve triple coupling of spin, electric, and valley polar-
ization in two-dimensional antiferromagnetic semiconductors
MnPX3 (X = S, Se) via spin canting. The effect of spin
canting on the intensity and direction of resultant electric
polarization is clarified. Moreover, the symmetry analysis
indicates that spin-canting-driven multiferroics requires com-
bining atomic arrangement and spin ordering to break the
spatial inversion symmetry. Furthermore, we show that the
spin-canting configuration induces and modulates valley po-
larization in momentum space. At the same time, a net but
opposite spin polarization emerges in the valence and con-
duction bands, respectively, leading to a bipolar magnetic
semiconducting behavior.

Spin-canting-induced ferroelectricity. Hexagonal MnPS3

and MnPSe3 exhibit the Néel-type magnetic structure where
the spins of neighboring magnetic atoms are opposite with
an in-plane magnetic easy axis [22,23]. By applying a
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FIG. 1. (a) Top view of the crystal structure of monolayer MnPX3 (X = S, Se). [(b)–(d)] Different initial collinear antiferromagnetic orders
and applied magnetic fields H (top) produce three typical spin-canting configurations with different electric polarization P (middle and bottom).
[(e), (f)] Spin-canting-induced electric polarization as a function of the spin-canting angle for MnPS3 and MnPSe3 monolayers. The α donates
as the angle between the canted spin and its initial direction.

magnetic field perpendicular to the direction of the magnetic
moment, the magnetic moment will deflect to the direction
of the magnetic field, resulting in a spin tilt. Depending on
different directions of initial magnetic moment and applied
magnetic field, we classify three typical spin-canting cases
as shown in Fig. 1, and designate them as cAFM1 [both the
initial magnetic moment and the external magnetic field are in
plane; see Fig. 1(b)], cAFM2 [the initial magnetic moment
is in plane, while the magnetic field is out of plane; see
Fig. 1(c)], and cAFM3 [the initial magnetic moment is out
of plane, while the magnetic field is in plane; see Fig. 1(d)].
Additionally, we explore the intertransition between the three
spin-canting configurations, and show that the transformation
between these three states can be easily realized, as shown
in Fig. S1 in the Supplemental Material [24]. Besides, to
estimate the magnetic field strength that is needed to in-
duce significant spin canting, Monte Carlo simulations under
certain magnetic fields are performed. The results indicate
that the antiferromagnetic spin-canting configuration can be
achieved by applying an experimentally accessible steady
magnetic field; e.g., a steady magnetic field with a strength of
30 T can result in a spin-tilt angle α of approximately 27◦.
The results are shown in Figs. S2–S4 of the Supplemental
Material [24].

In these noncollinear spin structures, the adjacent spin in-
teraction is changed from the original Si · S j to include the
cross-product part (Si × S j ). The cross-product term is the
expression of the antisymmetric spin-exchange interactions.
Such spin interaction combined with the spin-orbit coupling
is expected to asymmetrically change the electron charge
distribution, inducing an electric dipole moment [46–48].
Therefore, the polarization directions caused by the three
magnetic configurations in Figs. 1(b)–1(d) are [001], [110],
and [110], respectively. It should be noted that for cAFM1 and
cAFM2 configurations, the initial magnetic moments shown
in Fig. 1 are along the [1̄10] axis, and the initial magnetic
moment actually can be along other in-plane directions, such
as the [110] axis. We test the polarization intensity and energy
evolution with different initial in-plane magnetic moment, and
find that they are the same. Similarly, for cAFM3, the in-plane
magnetic field direction can also be along the [1̄10] and [110]
axis, again giving the same polarization and energy.

On the basis of the above three spin-canting configurations,
we confirm the emergence of polarization in the case of spin
canting. The effect of an applied magnetic field is simulated
by fixing the direction of the magnetic moment [49]. We use
α to indicate the angle between the spin moment and its initial
direction. As shown in Figs. 1(e) and 1(f), when the α value
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FIG. 2. (a) Ferroelectric polarization switching of cAFM1 configuration by magnetic field and (b) change of magnetic configuration by
electric field, respectively. (c) Energy barrier and polarization evolution during ferroelectric switching from 45◦ to 135◦ cAFM1 configuration
in the MnPS3 monolayer. (d) Spin-resolved band structures and valley polarization for the MnPSe3 monolayer under cAFM3 configurations
with the deflection angle α = 45◦ and (f) α = −45◦, respectively. Red (blue) represents the spin projection in the positive (negative) direction
of the magnetic field (spin up and spin down). (e) The schematic plot of magnetic structures, electric polarizations, and the intertransition of
cAFM3 configurations with α = 45◦ and −45◦.

increases, the electric polarization increases first then de-
creases, with the maximum polarization occurring around 45◦
with neighboring spins perpendicular to each other. Moreover,
there is an obvious difference in the polarization intensity
caused by the three spin-canting configurations. The maxi-
mum polarization of the MnPS3 (MnPSe3) monolayer is 9.94
(7.08), 29.22 (64.98), and 50.60 (58.55) µC/m2 for cAFM1,
cAFM2, and cAFM3 configurations, respectively. Simulta-
neously, during spin canting, the relative energy and total
net magnetic moment also gradually increase with deflection
angle from 0◦ to 90◦, as shown in Fig. S5 in the Supplemental
Material [24]. Above all, the spin canting induced by magnetic
field can indeed drive the electric polarization of the hexag-
onal antiferromagnetic MnPS3 (MnPSe3) system. It should
be pointed out that for simplicity, all the atoms are fixed
at their collinear antiferromagnetic state during the calcula-
tions; thus the obtained electric polarization is purely electron
contributed. In fact, the ions may show a significant response
to magnetoelectricity in type-II multiferroics [50,51]. For our
systems, test calculations show the polarization can be promi-
nently improved with considering the ion displacement (Table

S1 [24]). Thus, inclusion of the ion-displacement effect would
facilitate obtaining a more realistic ferroelectric polarization.

Magnetoelectric and electric-valley coupling. The magne-
toelectric coupling effect can intrinsically realize the control
of ferroelectricity by magnetic field and in turn the control of
magnetism by electric field, which is an important character
for multiferroics [52]. Thus, for MnPS3 (MnPSe3) systems, it
is necessary to study this dual regulation between electricity
and magnetism. For the switching of electric polarization,
since the polarization source is the cross-product part (Si ×
S j) of the spin-canting configuration, reversing the direction
of this product is a natural method. To achieve this purpose,
an expected scheme is to change the applied magnetic field
to the opposite direction. As shown in Fig. 2(a), when the
direction of Si × S j is reversed by switching the magnetic
field, the calculated polarization changes its sign, manifesting
the control of ferroelectricity by magnetic field.

For the switching of magnetism, as shown in Fig. 2(b),
under the condition of a fixed external magnetic field, there are
two energy-degenerate spin-canting configurations, depend-
ing on [11̄0] and [1̄10] initial magnetic moments, respectively.
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Obviously, the electric polarization directions resulting from
these two spin-canting situations are opposite. When an elec-
tric field is applied, there would be an energy difference
between the two configurations, and the spin-canting config-
uration with polarization in the same direction as the electric
field exhibits lower energy than the other. Moreover, the en-
ergy difference between the two spin-canting configurations
increases with the applied electric field (Fig. S6 of the Supple-
mental Material [24]). Taking the 45◦ cAFM1 configuration
of the MnPS3 monolayer as an example, we calculate its
spin-transition path when the deflection angle α changes from
45◦ to 135◦ [Fig. 2(c)]. It is clear that, along with spin transi-
tion, the electric polarization is completely reversed and the
transition energy barrier is about 27.3 meV, which is even
smaller than that of In2Se3 (66 meV) and CuInP2S6 (75 meV)
[53,54]. Actually, a more realistic transition pathway would
be cAFM1-cAFM3-cAFM1 (Fig. S7 [24]) by overcoming a
significantly smaller energy barrier of about 22 µeV [24]. With
such a barrier, we estimate that the electric field strength for
switching the electric polarization of MnPS3 and MnPSe3 is
around 0.1 and 0.5 V/Å, respectively. These results indicate
that the electric field can switch the spin-driven polarization
and change the spin configuration at the same time, realizing
electric control of magnetism.

In addition to magnetoelectric coupling, we find that
spin-canting also plays an important role in the electronic
structure. Taking the cAFM3 configuration as an example,
in the spin-resolved band structure and considering the spin-
orbit-coupling effect, the valence band and conduction band
exhibit opposite spin polarization along the direction of ap-
plied magnetic field (Figs. 2(d)–2(f) and Fig. S8 of the
Supplemental Material [24]). This indicates that MnPS3 and
MnPSe3 monolayers under the spin-canting configurations are
excellent bipolar magnetic semiconductors. Based on bipolar
magnetic semiconductors, completely spin-polarized currents
with reversible spin polarization can be created and controlled
simply by applying a gate voltage [7,55–61].

Furthermore, we discover significant valley polarization
in the case of the cAFM3 configuration. As shown in
Figs. 2(d)–2(f), the energy valleys at K and K’ are obviously
different with spin-orbital coupling included, and exhibit dif-
ferent band-gap values. The nonequivalent K/K’ valleys are
proved to enable the interband optical transitions obeying
the valley-dependent selection rules with circularly polarized
optical field by controlling the preferential occupation of car-
riers [62,63]. The spin-canting configuration simultaneously
breaks the spatial and time inversion, which provides condi-
tions for the emergence of valley polarization. Note that we
find that cAFM1 and cAFM2 fail to exhibit valley polarization
characteristic at any spin-canting angle. The corresponding
band structures are shown in Fig. S8 of the Supplemental Ma-
terial [24]. Besides, the MnPSe3 monolayer can also exhibit
valley polarization in the case of collinear antiferromagnetism
with magnetic moment toward the [001] direction [64,65].
The dependence of the valence-band maximum difference
at K and K′ points, as well as the difference in band gap
on deflection angle α, are calculated (Fig. S9 [24]), which
indicate the size of valley polarization can be well tuned by the
spin-canting angle. The maximum valley polarization occurs
at approximately α = 45◦.

FIG. 3. [(a)–(d)] The illustration of electric and magnetic reg-
ulations of electric polarization, valley polarization, and magnetic
texture. Spin-up and spin-down bands at K and K′ valleys are denoted
by red and blue curves, respectively.

Moreover, the valley polarization at K/K’ can be reversed
by an external electric field. As an example, in the cAFM3
configuration with deflection angle α = 45◦, the electric po-
larization is along the positive [110] direction. The valley
at the K point is lower than the K’ valley in energy level,
establishing a valley polarization of 63.0 meV in the spin-up
channel [Fig. 2(d)]. When the electric polarization is switched
to the negative [1̄1̄0] direction by an external electric field, the
spin-deflection angle changes to −45◦. It is notable that the K
valley now becomes higher in energy than the K’ valley, but
the size of valley polarization in the spin-up channel is kept.
Meanwhile, the direct band gap at the K point also changes
from 818.3 meV to a smaller 703.9 meV. These features sug-
gest that the switching of valley polarization can be controlled
by switching the ferroelectric polarization.

Triple coupling of spin, electric, and valley. Moreover,
based on the magnetoelectric coupling effect, we propose a
potential scheme for mutual regulation of magnetism, ferro-
electricity, and valley polarization by combining electric and
magnetic fields, as shown in Fig. 3, which would facilitate
the development of multifunctional applications [66–68]. In
Fig. 3(a), the cAFM3 configuration caused by the magnetic
field shows the bipolar magnetic semiconductor, electric po-
larization, and valley polarization properties. In the transition
from Figs. 3(a) to 3(b), by reversing the direction of the mag-
netic field, the magnetic configuration is changed, resulting in
the reversal of the spin-up and spin-down bands. Meanwhile,
the spin-driven electric polarization is also switched because
of magnetoelectric coupling. On the other hand, the transition
from Figs. 3(a) to 3(c) illustrates the effect of an external
electric field, the electric polarization opposite to the direction
of the electric field is suppressed, and an asymmetry appears
in spin-driven ferroelectric bistability, resulting in the reversal
of the electric polarization and the corresponding change in
the magnetic texture. Furthermore, the valley at the K/K’ point
follows the change of the magnetic configuration, causing
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TABLE I. Symmetry operations relevant for the ferroelectric po-
larization parallel to the [001] direction in monolayer. The Y and
N stand for inversion symmetry and inversion symmetry breaking,
respectively, for each operation.

mz S3 S6 i C2x C2y

Lattice P−3m1 N N Y Y Y N
Spin Néel Y N N N N Y

Zigzag Y N N Y N Y
Stripe Y N N Y N N

the valence-band maximum originally located at the K’ point
to shift to the K point, which demonstrates the control of
the valley polarization. Such effects of magnetic and electric
fields also apply to the transitions from Figs. 3(c) to 3(d) and
from Figs. 3(b) to 3(d). Therefore, the triple coupling is driven
by the inherent magnetoelectric coupling in the spin-induced
multiferroics, as well as the interaction of ferroelectricity and
valley polarization.

Spin and lattice symmetry analysis. As is known, besides
the Néel-type antiferromagnetic order such as in MnPS3/
MnPSe3, the antiferromagnetism in a hexagonal lattice can
also exhibit zigzag and stripe-type orders [69–71]. How-
ever, these two orders produce no electric polarization in
spin-canting configurations. Thus, it is necessary to ex-
plore the underlying reasons for electric polarization and
understand the spin-driven polarization differences between
different antiferromagnetic orders. The basic requirement
to drive ferroelectric polarization is to break the symme-
try of space inversion, resulting in an asymmetry between
positive and negative charge centers [72]. For spin-driven
ferroelectric materials, we consider the crystal structure to
be centrosymmetric, and the spin configuration helps break
the space-inversion symmetry. Thus, analyzing the spin con-
figuration from the perspective of symmetry is crucial to
understanding the polarization mechanism. For example, in
order to generate polarization in the out-of-plane [001] direc-
tion, the symmetry operations that need to be broken include
mirror symmetry, rotation, reflection, and central inversion.
We summarize six operations associated with out-of-plane

polarization in Table I, including the mirror symmetry along
the [001] direction (mz), the threefold and sixfold rotation
reflections (S3 and S6), the central inversion symmetry (i), and
the double rotations along the in-plane symmetry axis (C2x

and C2y). Taking the MnPS3 monolayer (space group P−3m1)
as an example, considering lattice symmetry first, the lattice
only breaks three symmetry operations of mz, S3, and C2y.
Then, considering spin symmetry, the Néel-type spin-canting
configuration breaks four symmetry operations (S3, S6, i, and
C2x), but fails to break the symmetry operations of mz and C2y.
Finally, combining the lattice symmetry and spin symmetry,
the six symmetry operations associated with z-direction polar-
ization are all broken. On the contrary, for zigzag and stripe
orders, neither the lattice nor the spin-canting configuration
breaks the central inversion symmetry, as shown in Fig. S10 of
the Supplemental Material [24]. These results indicate that the
occurring of magnetopolarization under spin canting requires
not only a special spin configuration but also a specific lattice
symmetry.

In summary, based on first-principles calculations, spin
canting under an external magnetic field is demonstrated as a
potential route to endow the 2D hexagonal antiferromagnetic
semiconductors MnPS3 and MnPSe3 with triple coupling of
spin, electric, and valley polarization. Furthermore, a sym-
metry analysis scheme combining the symmetries of both
lattice and spin is suggested to achieve spin-canting-driven
multiferroics in more antiferromagnetic systems. This work
aims to provide a feasible scheme that can effectively promote
the solution to the lack of magnetoelectric coupling in antifer-
romagnetic semiconductor materials, and explore interaction
of various physical properties.
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