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The time-reversal symmetry is thought to be a necessary condition for realizing valley Hall effect.
If the time-reversal symmetry is broken, whether the valley Hall effect can be realized has not been
explored. In this letter, based on symmetry analysis and the first-principles electronic structure
calculations, we demonstrate that the vally Hall effect without time-reversal symmetry can be
realized in two-dimensional altermagnetic materials Fe2WSe4 and Fe2WS4. Due to crystal symmetry
required, the vally Hall effect without time-reversal symmetry is called crystal vally Hall effect. In
addition, under uniaxial strain, both monolayer Fe2WSe4 and Fe2WS4 can realize piezomagnetic
effect. Under biaxial compressive stress, both monolayer Fe2WSe4 and Fe2WS4 will transform
from altermagnetic semiconductor phase to bipolarized topological Weyl semimetal phase. Our
work not only provides a new direction for exploring the novel valley Hall effect, but also provides
a good platform for exploring altermagnetic semiconductors and altermagnetic topological phase
transitions.

Introduction. The time-reversal (T ) symmetry results
in band degeneracy but opposite Berry curvatures at k
and −k in momentum space. For two-dimensional ma-
terials, Berry curvature can generate an anomalous ve-
locity perpendicular to the direction of the electric field
under an in-plane electric field. If a two-dimensional
nonmagnetic insulator without space-inversion symme-
try has only two valleys connected by the T symmetry at
the Fermi level, the electrons from the two valleys with
opposite Berry curvature will move in opposite directions
under the in-plane electric field. This is known as valley
hall effect. The valley Hall effect has been not only theo-
retically proposed but also experimentally realized [1–3].
An interesting question is whether the valley Hall effect
can still be realized if the T symmetry is broken.

Recently, altermagnetism as a new magnetic phase
has been proposed, which is distingushed from ferromag-
netism and antiferromagnetism [4–11]. Altermagnetism
has the duality of the real-space antiferromagnetism and
the reciprocal-space anisotropic spin polarization simi-
lar to ferromagnetism. Moreover, altermagnetic materi-
als will break T symmetry under spin-orbital coupling
(SOC). Thus, the altermagnetic materials can realize
many novel physical effects, such as spin-splitting torque
[12–15], giant magnetoresistance (GMR) effect [16, 17],
tunneling magnetoresistance (TMR) effect [16, 18], non-
trivial superconductivity [19], time-reversal odd anoma-
lous effect [5, 20–25], quantum anomalous Hall effect
[11], higher-order topological states [26], Majorana cor-
ner modes [27], piezomagnetism effect [28], altermagnetic
ferroelectricity [29], strong spin-orbit coupling effect in
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light element altermagnetic materials [30], quantum crys-
tal valley Hall effect [31] and so on. Remarkably, alter-
magnetic materials can have valley electrons with op-
posite spin polarization deriving from crystal symmetry.
This provides a possibility for realizing valley Hall effect
without the T symmetry.

In this letter, based on symmetry analysis and the first-
principles electronic structure calculations, we demon-
strate that crystal valley Hall effect can be realized in
two-dimensional altermagnetic Fe2WSe4 and Fe2WS4.
Moreover, our calculations show that both monolayer
Fe2WSe4 and Fe2WS4 have magnetic transition temper-
atures higher than room temperature, which are 340K
and 520K, respectively. In addition, under an uniax-
ial strain, both monolayer Fe2WSe4 and Fe2WS4 gen-
erate valley polarization. Meanwhile, under biaxial com-
pressive stress, a topological phase transition from al-
termagnetic semiconductor phase to bipolarized Weyl
semimetal phase takes place in both monolayer Fe2WSe4
and Fe2WS4.

Methods. The electronic structure calculations were
performed based on the Vienna ab initio simulation
package (VASP) [32] with the projector augmented
wave (PAW) method [33]. The GGA-PBE exchange-
correlation function [34] was used in our calculations.
The energy cut-off 600 eV, energy convergence crite-
rion 10−6eV, force convergence criteria 10−3eV/Å, and
k-mesh 12 × 12 × 1 (Γ centered Monkhorst-Pack) were
used. The dynamical stabilities of Fe2WX4 were con-
firmed by using Phonopy package with the finite displace-
ment method, adopting 3×3×1 supercell and a 5×5×1
k-meshes (Γ centered Monkhorst-Pack). The maximally
localized Wannier functions were constructed using the
wannier90 package [35]. The berry curvature was cal-
culated using postw90 code. Finally, the Monte Carlo
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TABLE I. The relative energy (eV) of three different magnetic
structures for Fe2WX4 (X=S,Se).

Materials FM AFM1 AFM2
Fe2WSe4 0.514 0 0.146
Fe2WS4 0.798 0 0.288

simulations based on the classical Heisenberg model were
performed by using the MCSOLVER [36].

Results and analysis. Monolayer Fe2WX4 (X=Se,S)
takes a square lattice structure with the symmorphic
space group P-42m (No.111) symmetry and the corre-
sponding point group isD2d with generators S4z and C2x.
Monolayer Fe2WX4 contains three atomic layers where
Fe and W atomic layer is sandwiched by two X atomic
layers as shown in Fig. 1(a) and (b), and the correspond-
ing BZ with high-symmetry points is shown in Fig. 1(c).
The crystal parameters of monolayer Fe2WX4 are ob-
tained by structural relaxation. The crystal parameters
of monolayer Fe2WSe4 and Fe2WS4 are 5.572 and 5.436
Å, respectively. Then we calculate the phonon spectrum
of monolayer Fe2WX4, which are shown in Fig. 1(d) and
(e). From Fig. 1(d) and (e), the phonon spectrum of
both monolayer Fe2WSe4 and Fe2WS4 have no imagi-
nary frequency. Therefore both monolayer Fe2WSe4 and
Fe2WS4 are dynamically stable. Furhermore, the crys-
tal structure of monolayer Fe2WX4 is proposed based
on the synthesized layered Cu2WX4 (X=S,Se) [37–40],
Cu2MoS4[41] and Ag2WS4 [42], thus it is hopful that
monolayer Fe2WX4 may be synthesized experimentally.
To determine the magnetic ground states of Fe2WX4,

we consider three different magnetic configurations in-
cluding one ferromagnetic (FM) and two antiferromag-
netic (AFM1 and AFM2) as shown in Fig. 1(f) and (g)
within a 1 × 2 × 1 surpercell. The calculated results
show that the AFM1 is magnetic ground state for both
monolayer Fe2WSe4 and Fe2WS4 (Tab. I). Comparing
Fig. 1(a) and Fig. 1(f), the magnetic and crystal primi-
tive cells are identical, thus Fe2WX4 has no

{
C⊥

2 ||τ
}
spin

symmetry. And due to the lack of space-inversion sym-
metry, Fe2WX4 must not have

{
C⊥

2 ||I
}
spin symmetry.

Meanwhile, the Fe2WX4 has
{
C⊥

2 ||S4z

}
spin symmetry.

Therefore, both Fe2WSe4 and Fe2WS4 are the d -wave
altermagnetic materials.

Then we estimate the Néel temperature for mono-
layer Fe2WX4 by using classical Monte Carlo simulations
based on the two-dimensional square lattice Heisenberg
model with single-ion anisotropy,

H =
∑
<i,j>

J1Si · Sj +
∑

<<i,j>>

J2Si · Sj

+
∑

<<i,j>>

J ′
2Si · Sj +A

∑
i

|Sz
i |2 (1)

where Si represents the spin on the i-site, J1 is the near-
est exchange interaction parameter, J2 and J ′

2 are the
next-nearest exchange interaction parameters with Fe-Fe

channel and with Fe-W-Fe channel, respectively (Fig. 1
(f)). The A is the single-ion magnetic anisotropy with
easy-magnetization axes. These exchange interaction pa-
rameters were derived from the four-state method which
is a mapping analysis of the four magnetic configura-
tions. Based on the Heisenberg model, we calculate Néel
temperatures of Fe2WSe4 and Fe2WS4 by the classical
Monte Carlo simulations [36]. The calculated Néel tem-
peratures of Fe2WSe4 and Fe2WS4 are 340K and 520K,
respectively. Thus, the altermagnetic order of monolayer
Fe2WSe4 and Fe2WS4 remains stable at room tempera-
ture.

After clarifying the magnetic properties, we investigate
the electronic properties of monolayer Fe2WX4. From
Fig. 1(a), a spin-up (spin-down) Fe atom has W atoms
in the y (x) direction but no W atoms in the x (y) direc-
tion, so the crystal environment of Fe atoms has strong
anisotropy, implying that the polarized charge density of
Fe atoms may have strong anisotropy. Our calculations
show that the polarization charge density of Fe atoms
has indeed strong anisotropy (Fig. 2(a) and (b)), which
results in the strong anisotropy of Fe-Fe next neighbor
hopping interactions. Moreover, the strong anisotropy of
the next nearest neighbor hopping interactions can lead
to strong spin splitting in altermagnetic materials [31].
Therefore, altermagnetic monolayer Fe2WX4 may have
large spin splitting.

Due to
{
C⊥

2 ||Mxy

}
spin symmetry, all bands of

Fe2WX4 in the Γ-M direction are spin degenerate. Con-
sidering the characteristics of d-wave altermagnetism, all
bands at the high-symmetry X and Y points must be
spin-splitting and have opposite spins due to

{
C⊥

2 ||Mxy

}
spin symmetry. To prove our above analysis, we calcu-
lated the band structures of monolayer Fe2WX4 with-
out SOC, which are shown in Fig. 2(c) and (d). From
Fig. 2(c) and (d), both monolayer Fe2WSe4 and Fe2WS4
are altermagnetic semiconductors with a bandgap being
126 meV and 170 meV, respectively. Moreover, both
monolayer Fe2WSe4 and Fe2WS4 have large spin splits
at certain k points in the BZ, such as high-symmetry
X and Y points, to be 258 meV and 317 meV, respec-
tively. More importantly, both the bottom of the con-
duction band and the top of the valence band are at the
X and Y points and the corresponding bands have oppo-
site spin polarization. This provides a solid foundation
for the realization of crystal valley Hall effect. Due to
the

{
C⊥

2 T ||C2zT
}
spin symmetry, the Berry curvature is

always zero everywhere in the BZ. Then, to realize the
crystal valley Hall effect, the SOC effect must be consid-
ered for monolayer Fe2WX4.

With SOC, the symmetry of monolayer Fe2WX4

changes from spin group to magnetic group. Moreover,
the magnetic group symmetry depends on the direction
of the easy magnetization axis. In order to determine the
magnetic group symmetry, we calculated the orientation
of the easy magnetization axis of monolayer Fe2WX4.
The direction of the easy magnetization axis of both
monolayer Fe2WSe4 and Fe2WS4 are along the 001 di-
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FIG. 1. (a) and (b) represent the top and side views of crystal and magnetic structure of Fe2WX4, respectively. The red
and blue arrows represent spin-up and spin-down magnetic moments, respectively. (c) The Brillouin zone (BZ) of Fe2WX4

where the high-symmetry points are labeled. The phonon dispersion for (d) Fe2WSe4 and (e) Fe2WS4. (f) and (g) are two
antiferromagnetic structures AFM1 and AFM2 for the monolayer Fe2WX4, respectively. The index J1, J2 and J ′

2 in (f) denote
the diagram of nearest, next-nearest exchange interaction parameters.
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FIG. 2. (a) and (b) are the polarization charge density around
the Fe atoms for Fe2WSe4 and Fe2WS4 without SOC (red:
spin-up, blue: spin-down), respectively. (c) and (d) are elec-
tronic band structure of Fe2WSe4 and Fe2WS4 along the high-
symmetry lines without SOC, respectively.

rection. So, both monolayer Fe2WSe4 and Fe2WS4 have
2S4zT , C2z, C2xT , C2yT and 2Mxy symmetry. The mir-
ror Mxy or S4zT symmetry can protect energy degener-
acy and opposite Berry curvature at the high-symmetry
X and Y points (Fig. 3(a) and (b)). Moreover, the high-
symmetry X and Y points still have opposite spin polar-
ization under SOC ((Fig. 3(a) and (b))). These factors
will cause monolayer Fe2WX4 to have valley Hall effect
under an in-plane electric field (Fig. 3(c)). Since here a

certain crystal symmetry is a necessary condition for re-
alizing the valley Hall effect, we call the valley Hall effect
in monolayer Fe2WX4 as the crystal valley Hall effect.
Therefore, the valley Hall effect without the T symmetry
can be realized in altermagnetic materials.

Finally, we study the properties of monolayer Fe2WX4

under strain. According to the above analysis, both
{E||Mxy} and

{
C⊥

2 ||C4z

}
spin symmetries can protect

the energy band degeneracy at the high-symmetry X and
Y points. If we apply anisotropic strain to break the{
C⊥

2 ||Mxy

}
and

{
C⊥

2 ||C4z

}
spin symmetries, which will

result in band splitting at the high-symmetry X and Y
points(Fig. 4(a)). If we apply compressive stress in the
x direction, the spin-down band at the high-symmetry X
point will be higher than the spin-up band at the high-
symmetry Y point, which corresponds to the spin-down
valley polarization (Fig. 4(a) and (b)). At this point,
monolayer Fe2WSe4 is still a semiconductor. When
the Fermi level is adjusted to an appropriate position,
Fe2WSe4 will have a negative net magnetic moment M .
Conversely, if we apply a tensile strain in the x direction,
monolayer Fe2WSe4 will produce spin-up valley polar-
ization and has a positive net magnetic moment −M by
adjusting the Fermi level. Similarly, valley polarization
and piezomagnetic effects can be obtained by applying
stress along the y direction (Fig. 4(b)). And our calcula-
tions also show that monolayer Fe2WS4 has similar prop-
erties. Therefore, both monolayer Fe2WSe4 and Fe2WS4
can realize piezomagnetic effects.

On the other hand, under biaxial compression stress,
monolayer Fe2WX4 still has

{
C⊥

2 ||Mxy

}
and

{
C⊥

2 ||C4z

}
spin symmetries. So the energy bands at high-symmetry
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FIG. 3. Top panel: the electronic band structure of monolayer (a) Fe2WSe4 and (b) Fe2WS4 with the spin projection sz;
bottom panel: the corresponding berry curvature along the high-symmetry line. (c) The schematic diagram of crystal valley
Hall effect in monolayer Fe2WX4. The E and e represent external electric field and electrons, respectively. The red and blue
arrows represent up and down spins, respectively.
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FIG. 4. Strain induced valley polarization and topological
phase transition. (a) Band evolution under different uniax-
ial strains (−2%, 0,+2%) along a direction. (b) Strain in-
duced valley polarization, which defined as the energy differ-
ence between two valleys E(Y ) − E(X). (c) and (d) are the
electronic band structure of Fe2WSe4 and Fe2WS4 along the
high-symmetry directions, respectively.

X and Y points are still degenerate. Compressive strain
can cause band broadening, so monolayer Fe2WX4 may
induce band inversion under certain compressive strain
due to small bandgap. Then, we can realize topologi-
cal phase in monolayer Fe2WX4. To prove it, we calcu-
lated the electronic band structure of monolayer Fe2WX4

along the high-symmetry direction under 3% compres-
sion strain, which is shown in Fig. 4(c) and (d). From
Fig. 4(c) and (d), both monolayer Fe2WSe4 and Fe2WS4
indeed produce band inversion under 3% compression
strain. Moreover, both monolayer Fe2WSe4 and Fe2WS4

have two pairs of Weyl points protected by {E||C2x}
and {E||C2y} spin symmetries near the Fermi level and
the two pairs of Weyl points have opposite spin po-
larization (Fig. 4(c) and (d)). Thus, under compres-
sive strain, both monolayer Fe2WSe4 and Fe2WS4 trans-
form from semiconductor phase to bipolarized topologi-
cal Weyl semimetal phase. Therefore, we can indeed re-
alize topological phase in both monolayer Fe2WSe4 and
Fe2WS4 by regulating strain.
In summary, based on spin symmetry analysis and the

first-principles electronic structure calculations, we pre-
dict two two-dimensional altermagnetic semiconductors
Fe2WSe4 and Fe2WS4 with magnetic transition temper-
atures above room temperature. More importantly, when
considering SOC, both monolayer Fe2WSe4 and Fe2WS4
can realize crystal valley Hall effect. Since the magnetic
transition temperatures of both monolayer Fe2WSe4 and
Fe2WS4 exceed room temperature, the crystal valley Hall
effect may be observed at room temperature. In ad-
dition, under uniaxial strain, both monolayer Fe2WSe4
and Fe2WS4 can achieve piezomagnetic effects. Under
biaxial compression stress, both monolayer Fe2WSe4 and
Fe2WS4 will transform from altermagnetic semiconduc-
tor phase to bipolarized Weyl semimetal phase. There-
fore, our work not only proposes a new physical effect,
crystal valley Hall effect, but also provides a good plat-
form to study the crystal valley Hall effect.
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Hernández, and L. Šmejkal, Prediction of unconventional
magnetism in doped FeSb2, Proc. Natl. Acad. Sci. U.S.A.
118, e2108924118 (2021).
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hagi, J. Sinova, T. c. v. Jungwirth, and J. Železný, Ef-
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