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Two-dimensional Janus 1T-CrXY (X = S, Se, Te, Y = F, Cl, Br, I): Multifunctional ferromagnetic
semiconductor with large valley and piezoelectric polarizations
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Ferrovalley, spin, and piezoelectric polarizations are novel characteristics for electronic materials, and so far,
there are few reports that these properties coexist in a single system. By first-principles calculations, we predict
a series of highly stable intrinsic ferrovalley materials, i.e., single layer CrXY (X = S, Se, Te, Y = F, Cl, Br, I)
with large valley polarization up 76.1 meV and appropriate Curie temperature higher than room temperature. For
CrSF, the large bandgap of spin-up (spin-down) is as high as 1.96 eV (3.11 eV), which is beneficial for generating
100% spin polarized carriers by optical excitation or electrical gating. The quasianomalous valley Hall effect with
valley contrast properties can be induced by compressive strain in CrSI and CrTeX (X = Cl, Br, I). Meanwhile,
the large in-plane (−5.78 − 3.54 pm/V) and outside plane piezoelectric polarization (−5.03 − 2.53 pm/V) of
CrXY are higher than most reported two-dimensional materials. Our work provides a pathway for a wide variety
of applications in nanoelectronics, spintronics, valleytronics, piezoelectrics, and other demanding areas.
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I. INTRODUCTION

Since graphene was successfully stripped, two-
dimensional (2D) materials have been widely concerned
because of their unique physical properties [1–3]. It has been
proved by the Mermin-Wagner theorem that 2D long-range
magnetic ordering can be suppressed due to the thermal
fluctuations, which limits the development of 2D magnetic
materials [4]. However, it has been found that 2D CrI3 [5]
and VI3 [6] show an intrinsic ferromagnetic (FM) ordering
at the Curie temperature (Tc) 45 and 49 K, respectively.
This discovery has aroused widespread concern about the
2D magnetic materials [7]. The valleytronics, related to
energy valley of band structure, is truly flourishing with
the advent of 2D magnetic materials [8–10]. The valley
is referred to two or more energy extremes located in the
valence or conduction bands. Similar to the charge and
spin of electrons, valley degrees of freedom can be also
used to encode, store, and manipulate information [11]. The
current studies about valley mainly focus on 2D hexagonal
materials, such as 2H-phase transition metal dichalcogenides
(TMDs) MX2 (M = Mo, W, X = S, Se, Te) due to their
valley-contrasting physics [12]. The unique structure and
strong spin orbital coupling (SOC) effect of TMDs leads
to the spatial inversion-symmetry-broken and degenerate
but not equivalent valleys at K and K’ in momentum
space. Especially, the large distance between two unequal
valleys will inhibit the intervalley scattering from smooth
deformations and low-energy phonons [13–16]. Therefore,
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valley as a new degree of freedom, is expected to be applied
to the next generation of electronic devices.

However, to realize the application of valleytronics, it is
necessary to break the energy degeneracy between the val-
leys. Due to the absence of magnetism in single layer (SL)
TMDs, the valley in momentum space remains degenerate
in energy due to the protection of time-reversal symmetry,
which greatly limits the application of TMDs [13–15]. In view
of this situation, many strategies to break valley degeneracy
and realize valley polarization have been proposed. Optical
pumping [17,18] is a dynamic process of exciting carriers,
which is widely used to achieve valley polarization. However,
due to the short lifetime of the induced carriers, it is unsuitable
for valleytronic applications. Although the valley polariza-
tion can be induced by the external magnetic field [19–21],
its induction efficiency is very low (0.1 − 0.2 meV/T), and
the valley polarization will disappear with the removal of
the external magnetic field. The method of magnetic doping
[22] will increase scattering during carrier transmission. The
substrate introduced in the magnetic proximity effect [23,24]
will enlarge the size of the device and increase the energy
consumption. Thus, it is important to find intrinsic valley
polarization. Recently, the 2D ferrovalley materials with spon-
taneous valley polarization were proposed, which provides
a new scheme for the fabrication of electronic devices [25].
Although some ferrovalley materials have been reported, such
as VSe2 [25,26], LaBr2 [27], GdX2 (X = Cl, Br) [28], MBr2

(M = Ru, Os) [29], VSi2N4 [30], FeClBr [31], and MA2Z4

(M = transition metal, A = Si, Ge, Z = N, P, As) [32,33], the
promising candidates with high valley polarization are still
very rare. Moreover, most candidate materials face issues such
as smaller valley polarization and lower magnetic transition
temperature. Compared with the H-phase materials, the study

2469-9950/2024/109(12)/125413(10) 125413-1 ©2024 American Physical Society

https://orcid.org/0000-0002-8594-8356
https://orcid.org/0009-0009-6234-9017
https://orcid.org/0000-0002-4329-3339
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.125413&domain=pdf&date_stamp=2024-03-12
https://doi.org/10.1103/PhysRevB.109.125413


TIAN, LI, LIU, LI, AND SHI PHYSICAL REVIEW B 109, 125413 (2024)

about T-phase materials is rare because the degeneracy of the
valley is protected by the spatial inversion symmetry of the
T-phase system. Therefore, it is crucial to expand valleytronic
materials and search for 2D ferrovalley materials with signifi-
cant valley splitting and high Tc for the integration of various
electronic functions. Similar to valley polarization for val-
leytronics, piezoelectric polarization reflecting the electronic
output in response of the mechanical stimulation is crucial
for the application of piezoelectric materials [34,35]. From
the discovery of the piezoelectricity of 2D MoS2 [36] to the
confirmed enormous piezoelectricity of 2D SnSe [37,38] and
CrXY (X �= Y = S, Se, Te) [39], studies have been piled up
to searching for large piezoelectric materials. Because of the
unique photoresponse under polarized light in valleytronic
materials [40], the ferrovalley materials may be also ideal
for piezophotonics, where charges originating from piezoelec-
tric effects can be coupled with polarized light to modulate
the charge-carrier generation, separation and recombination
in semiconducting nanostructures and solar cells [41]. The
excellent piezoelectric properties can be obtained by breaking
the mirror symmetry and space-inversion symmetry of ma-
terials [42]. In recent years, the Janus MoSSe structure was
successfully manufactured by replacing the S (Se) layer in
the MoS2 (MoSe2) structure with the Se (S) layer through
chemical vapor deposition [43,44]. Inspired by this structure,
we replace a layer of X atoms in T-phase CrX2 (X = S, Se, Te)
with Y (Y = F, Cl, Br, I) atoms to break the spatial inversion
symmetry, which may lead to spontaneous valley polarization
and excellent piezoelectric properties. We believe that Janus
SL CrXY (X = S, Se,Te, Y = F, Cl, Br, I) can be realized in
the future.

In this work, using first-principles calculations, we pro-
pose a series of stable 2D ferrovalley CrXY (X = S, Se, Te,
Y = F, Cl, Br, I) materials. The results show that SL CrXY
is a semiconductor with a band gap locating at the K/K ′ or
high symmetric paths, forming two or multiple energy valleys.
Due to the strong SOC of Cr, a maximum valley splitting of
−76.1meV can be observed in SL CrTeCl. All the SL CrXY
show FM semiconductor character and the Tc of most of SL
CrXY is greater than 300 K. Biaxial strain can effectively
regulate the magnetic anisotropy energy (MAE), enhance
valley polarization, and induce quasianomalous valley Hall
effect (AVHE). The piezoelectric properties d11 (−5.78 −
3.54 pm/V) and d31 (−5.03 − 2.53 pm/V) of SL CrXY are
higher than most of reported 2D materials (less than 2 pm/V).
Our work suggests that SL CrXY are outstanding ferrovalley
materials in integrated nanodevices of electronics, spintronics,
valleytronics, and piezoelectrics.

The rest of this paper is organized as follows. In the next
section, we give our computational details and methods. In the
next few sections, we present atomic structures and stability,
magnetic properties and Tc, electronic band structures, AVHE,
quasi-AVHE and piezoelectric properties of SL CrXY. Finally,
we give our conclusion.

II. COMPUTATIONAL DETAILS

All structural optimization and electronic structure calcu-
lations are performed using the projector augmented wave
method [45,46] through the Vienna ab initio simulation

package ( VASP) [47,48]. For exchange and correlation inter-
actions, the generalized gradient approximation of Perdew-
Burke-Ernzerhof functional (PBE) is treated [49]. The kinetic
energy cutoff and total energy convergence criterion is set to
500 eV and 10−6 eV, respectively. Atomic positions are fully
relaxed until the maximum force on each atom is less than
0.01 eV/ Å. A 20 Å vacuum layer in the z direction is
used to eliminate interactions between adjacent layers. The
Monkhorst-Pack grid is chosen to be � centered 11 × 11 × 1
for electronic structure and 8 × 14 × 1 for piezoelectric stress
tensors ei j . To better describe the strong correlation effect for
Cr atoms, a Hubbard correction Ueff = 2.1 eV is employed
within the rotationally invariant approach [50,51]. The SOC
effect [52] is included in the calculations. The VASP data are
processed by VASPKIT code [53]. The phonon dispersion is
based on a 4 × 4 × 1 supercell by using the PHONOPY code
[54]. Ab initio molecular dynamic (AIMD) simulations adopt
the NVT ensemble based on the Nosé-Hothermostat [55] at
300 K with a total of 6.0 ps. The Tc of the SL CrXY are
estimated by using the Monte Carlo (MC) simulation pack-
age MCSOLVER [56] based on the Metroplis algorithm. The
elastic stiffness and piezoelectric stress tensors (Ci j and ei j)
are calculated by using strain-stress relationship (SSR) and
density-functional perturbation theory (DFPT) method. The
Berry curvatures of SL CrXY is calculated using maximally
localized Wannier functions implemented in WANNIER90 [57].

III. RESULTS AND DISCUSSIONS

A. Atomic structures and stability

Figures 1(a) and 1(b) shows the crystal structure of the SL
CrXY (X = S, Se, Te, Y = F, Cl, Br, I). SL CrXY possess a
hexagonal cell with space-group P3M1 (No.156) and its unit
cell consists of three types of atoms, namely Cr, X, and Y, with
the Cr atomic layer is sandwiched between the X and Y atomic
layers. Each Cr atom pairs with three X atoms and three Y
atoms, respectively, forming a trigonal prismatic geometry
as shown in Fig. 1(a). The presence of two different types
of nonmagnetic atoms breaks the spatial inversion symmetry
of the system and lays the foundation for the generation of
energy valley effect. The details about the lattice parameters
of the SL CrXY are summarized in Table SI. In order to see the
feature of charge transfer, the calculated differential charge
densities and transferred charges by the Bader charge analysis
are shown in Figs. 1(c) and S1 in the Supplemental Material
[58]. As the electronegativity of Y atoms decreases, electrons
will be more inclined to transfer to X atoms. It can be seen that
as the electronegativity of Y (F, Cl, Br, I) atoms decreases,
electrons will be more inclined to transfer to X (S, Se, Te)
atoms. Due to unequal transfer of electrons near Cr towards X
and Y atoms, a vertical polarization crucial for piezoelectric
properties is generated.

We determine the magnetic ground state of CrXY by com-
paring the energies of its FM and antiferromagnetic (AFM)
states with the supercell of 4 × 4 × 1. Three magnetic config-
urations of AFM for SL CrXY are shown in Figs. 1(e)–1(g),
respectively. The calculated energy differences �E can be
defined as

�E = EAFM − EFM, (1)
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FIG. 1. (a) Top and (b) side views of the SL CrXY. The unit cell is marked by the red dashed lines. (c) The differential charge densities
of SL CrSBr, and the red number represents the result of transferred charges. (d) The schematic diagram of the first Brillouin zone (BZ). (e)
AFM1, (f) AFM2, and (g) AFM3 states of crystal structures, and the orange (red) arrow shows the direction of spin-up (spin-down). (h) Planar
average electrostatic potential energy, and the slope of the red dashed line corresponds to the intrinsic electric field (eV/Å) of SL CrSBr. (i)
The phonon dispersion of SL CrSBr. (j) The fluctuation of total energy and snapshots of geometric structures for SL CrSBr at 300 K.

where EFM and EAFM represent the energies of SL CrXY unit
cell on the FM and AFM states, respectively. Table SI shows
the energy difference �E between FM and AFM of magnetic
SL CrXY, indicating that the FM state is the ground state
of SL CrXY becuase its lower energy than the AFM state.
The ferromagnetic coupling in SL CrXY can be explained
by the competition between the Cr-Cr direct-exchange and
Cr-X(Y)-Cr superexchange interactions. Taking SL CrSBr as
an example, the distance (d1) between two neighboring Cr
atoms is 3.52 Å, while the distance (d2(d3)) between Cr and
S(Br) atoms is 2.35(2.62) Å. The distance of d1 is larger than
that of d2(d3), indicating that the direct coupling among Cr
atoms should be weak. However, the angle of Cr-S-Cr bond
and Cr-Br-Cr bond are 97.07 ° and 84.16 °, respectively, which
is close to 90 °. Based on Goodenough-Kanamori-Anderson
rules [59–61], in SL CrSBr, the FM superexchange interaction
is strong, which leads to FM coupling between Cr atoms.
Then, take SL CrSBr as an example to discuss the average
electrostatic potential in SL CrXY, the calculated result is
shown in Figs. 1(h) and S2. The calculated average electro-
static potential along the z axis is asymmetric with a potential
drop of 2.13 eV. In the sandwich structure, the potential

difference between the upper and lower atoms means the
change of the work function. On the Br side, the potential
energy is smaller and work function is smaller than those on
the S side, which is related to the smaller electronegativity
of S atom. In addition, the electrostatic potential difference
of 1.18 eV indicates the charge redistribution in SL CrSBr
and the existence of out-of-plane dipole moment. The inherent
electric field k of SL CrSBr with a value of -0.713 eV/Å can
be obtained from the slope of the plane average electrostatic
potential between the outermost atoms. Both the out-of-plane
dipole moment and the inherent electric field indicate internal
polarization of the material, suggesting the possible existence
of good piezoelectric properties.

The molecular dynamic calculation and phonon spectrum
under different biaxial strains of SL CrXY are shown in
Figs. 1, S3, and S4. The small energy fluctuations and the
preservation of structural integrity revealed by AIMD indi-
cate good thermal stability. The calculated phonon dispersion
contains a negligible virtual frequency, which could be caused
by phonon-magnetic coupling or strong electron correlations,
thus the structure should be dynamically stable. It is worth
noting that for SL CrTeF, there is no virtual frequency in its
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FIG. 2. (a) Dependence of MAE on the polar angle (θ ) for the SL CrSBr with the direction of magnetization lying on xy, xz, and yz planes
as well as (b) the whole space. (c) The temperature-dependent magnetic moments and magnetic susceptibility of SL CrSBr. (d) Dependence
of MAE on the polar angle (θ ) for the SL CrSeCl with the direction of magnetization lying on xy, xz, and yz planes as well as (e) the whole
space. (f) The temperature-dependent magnetic moments and magnetic susceptibility of SL CrSeCl.

phonon spectrum and AIMD also shows small energy fluc-
tuations. However, it can be seen from the illustration that
its structural integrity is destroyed at 300 K, which restricts
the application of SL CrTeF. Based on this, we will no longer
discuss the properties of SL CrTeF.

B. Magnetic properties and T c

MAE describing the magnetic anisotropy plays a crucial
role in the long-range magnetic ordering of materials [62]. To
determine MAE of SL CrXY, we calculate the energy in the
magnetic moments of x axis and z axis of Cr atoms when the
SOC effect is considered. The MAE is calculated by MAE =
E[001] − E[100] and the corresponding values are shown in Ta-
ble SI, where E[001] and E[100] represent the outside plane and
in-plane energy. Figures 2 and S5 shows the MAE of SL CrXY
along xy, xz, and yz planes. Taking SL CrSBr and SL CrSeCl
as examples, the MAE of SL CrSBr is -82 µeV, showing a
perpendicular magnetic anisotropy (PMA) character, and the
MAE of 172 µeV implies the in-plane magnetic anisotropy
(IMA) character for the SL CrSeCl. Obviously, the MAE
of SL CrXY exhibit strong dependence on the magnetization
direction along the xz and yz planes, while it is not dependent
on the xy plane. The MAE as a function of angle θ can be
expressed as [63]

MAE(θ ) = K1sin2θ + K2sin4θ, (2)

and

MAE(θ ) = K3cos2θ + K4cos4θ, (3)

where K1(K2) and K3(K4) are the anisotropy constants and the
angle θ takes the values of 0º to 180º. For the SL CrSBr, the

best fitting data (K1 > 0 and K1 � K2) of MAE dependence
on θ show a magnetization direction along out-of-plane axis.
While, for SL CrSeCl, both K3 and K4 are positive, indicating
that the MAE prefer a single easy axis. The above strong
magnetic anisotropy is also proved by the distribution of MAE
in the whole space as show in Figs. 2 and S6. The out-of-plane
magnetization, which is great important for 2D ferrovalley
materials, may be realized in the SL CrSeCl by artificially
using an out-of-plane magnetic field to overcome the energy
barrier of 172 μeV as shown in Fig. 2(d). We investigate the
effect of biaxial strain on MAE, as shown in Fig. S7. It can
be found that tensile strain can effectively enhance the ferro-
magnetism of SL CrXY. For example, the easily magnetized
axis of SL CrSeBr can be transferred from in-plane to outside
plane through strain adjustment, which is conducive to the
generation of spontaneous valley polarization.

The Tc determines whether a ferromagnetic material has
a practical application value. MC simulation based on the
Heisenberg model is used to calculate and evaluate the Tc of
ferromagnetic SL CrXY. When the mean magnetic moment
of the system drops sharply to almost zero and the magnetic
susceptibility increases to its maximum, the temperature at
this time is confirmed to be the Tc. The spin Hamiltonian under
the Heisenberg model can be expressed as [64]

H = −J
∑
i, j

Si · S j − A
∑

i

(
Sz

i

)2
, (4)

where J , S, and A are the Heisenberg exchange parameter,
spin quantum number (|S| = 1.5), and MAE, respectively.
The AFM configuration of the supercell for the calculation of
the relevant Tc is shown in Figs. 1(e) and 1(f). By comparing
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FIG. 3. The electronic band structures of SL CrSCl without SOC (a), (b) and (c) with SOC for the magnetic moment of Cr atom along +z
and −z. The electronic band structures of SL CrTeCl without SOC (d), (e), and (f) with SOC for the magnetic moment of Cr atom along +z
and −z. The red and purple lines represent the spin-up and spin-down states, respectively. The Fermi level is set to zero.

the energy of EFM and EAFM under different magnetic config-
urations of SL CrXY with the 4 × 4 × 1 rectangle supercell,
the J is determined from the following equations:

E (FM ) = E0 − 3J1S2 − 3J2S2,

E (AFM1) = E0 − J1S2 + J2S2, (5)

E (AFM2) = E0 + J1S2 + J2S2,

where E0 is the energy without magnetic coupling. Taking the
Metroplis algorithm, we use the 44 × 44 supercells for MC
simulation, and all relevant simulations are implemented in
the code of MCSLOVER. The relevant J values of SL CrXY
are shown in Table SI, and J1 > 0 indicates that the magnetic
interactions between the nearest neighbor Cr atoms are in FM
state. Figs. 2(c), 2(f), and S8 shows the Tc is greater than 300
K for most SL CrXY. The large Tc of SL CrXY is far beyond
those observed in the SL CrI3 (45 K) [5] and VI3 (49 K) [6]
and strongly imply that they can be used as ideal ferrovalley
materials in valley electronic devices.

C. Electronic structures and valley polarization

The calculated electronic band structures of SL CrXY with
(w) and without (w/o) SOC are shown in Figs. 3 and S9–S12.
We can find that SL CrSCl, CrSeCl, CrSeBr and CrTeI have
the characteristics of multiple energy valleys, where the un-
equivalent energy valleys are located on high symmetric paths
in momentum space [such as the electronic band structures
of SL CrSCl shown in Figs. 3(a)–3(c)], while the energy
valleys of other materials are located at high symmetric points
[as shown in the electronic band structures of SL CrTeCl
in Figs. 3(d)–3(f)]. So, we believe that SL CrXY belong to

valleytronic materials. One can find that SL CrSF, CrSCl,
CrSBr, CrSI, and CrSeI are half-semiconductor (the bandgap
values are displayed in Table SII) with valence band maxi-
mum (VBM) and conduction band minimum (CBM) possess-
ing the same spin channel. Taking SL CrSCl in Figs. 3(b)
and 3(c) as an example, on the basis of artificially control-
ling the magnetic moment direction of Cr atoms, 100% spin
polarized charge carriers with different spin directions can
be efficiently obtained through optical excitation. Meanwhile,
the large bandgap of such materials is also beneficial to the
development of related electronic spin devices.

In order to further investigate the valley related properties
of SL CrXY, the projected band structures with (w) SOC are
calculated with the magnetic moment of Cr atom along the
+z direction, and the results are shown in Figs. 4 and S13.
The valley states at the K and K’ points are mainly originated
from the two degenerate dxz and dyz orbitals of Cr. The VBM
or its nearby energy bands are mainly composed of the dz2

orbitals of Cr. The valley polarization is defined as the energy
difference �Ec and �Ev between K and K’ valley at CBM
and VBM, respectively, where �Ec(v) = EKc(v) − EK ′c(v). We
can see a tiny valley polarization �Ev of almost zero at VBM
in CrSZ (Z = F, Cl, Br) while a big valley polarization �Ec

with application potential at CBM for the n-type carrier in
CrXY. For example, the maximum of �Ev in CrSCl is only
−4.7 meV, and the maximum of �Ec in CrTeCl is up to −76.1
meV. The valley-polarized state located at CBM of SL CrXY
is ideal for practical applications. As shown in Figs. 3(b), 3(c),
3(e), and 3(f), the energy between the K and K’ valleys will be
exchanged with the reversal of the magnetic moment of the Cr
atom, while the magnitude of the valley polarization remains
unchanged.

125413-5



TIAN, LI, LIU, LI, AND SHI PHYSICAL REVIEW B 109, 125413 (2024)

FIG. 4. The projected PBE electronic band structures for the (a) CrSF, (b) CrSI, (c) CrSeCl, and (d) CrTeF with considering SOC.

The valley polarization of CrXY is actually caused by the
combined effects of intrinsic magnetic exchange field and
SOC. When the SOC effect is not considered, it is found
that under the influence of intrinsic magnetic exchange in-
teraction, the spin up and spin down states are completely
split, but the energy degeneracy between the K and K’ val-
leys is not broken, i.e., E↑(K ) = E↑(K ′) and E↓(K ) = E↓(K ′).
When including SOC effect but excluding intrinsic magnetic
exchange field, the SOC effect will generate degenerate but
not equivalent valleys at K and K’, i.e., E↑(K ) = E↓(K ′) and
E↓(K ) = E↑(K ′). Under both the intrinsic magnetic exchange
field and SOC effect, the time inversion symmetry of SL CrXY
is broken, and then the degeneracy between the energy valleys
is broken. When we ignore the influence between spin up and
spin down states, the Hamiltonian of SOC can be written as
[65,66]:

HSOC ≈ H0
SOC,

= λSz′
(
Lz cos θ + 1

2 L++e−iφ sin θ+ 1
2 L−e+iφ sin θ

)
,

(6)

where L and S represent the orbital angular momentum and
the spin angular momentum, respectively. θ is the magne-
tocrystalline angle:

L+ = Lx + iLy, L− = Lx − iLy. (7)

By orbital projection analysis, the basic functions can
be chosen as: |ψv〉 =|dz2〉, |ψτ

c 〉 = 1√
2
(|dxz〉 + iτ |dyz〉). Here,

τ = ±1 indicates the valley index at the K and K’ valley.
Therefore, the energy levels at VBM and CBM can be ex-
pressed as

Ev = 〈ψv |HSOC|ψv〉, E τ
c = 〈

ψτ
c

∣∣HSOC

∣∣ψτ
c

〉
(8)

From the above, it can be concluded that the energy differ-
ence at VBM and CBM can be expressed as

�Ev ≈ 0,

�Ec = i〈dxz|HSOC|dyz〉 − i〈dyz|HSOC|dxz〉. (9)

So, it is clear that introducing the SOC effect will break
the energy degeneracy at CBM due to the nonzero value of
�Ec, however, the energy degeneracy at VBM is almost not
broken due to the almost zero valley of �Ev . The small valley
polarization observed at the VBM of CrSF, CrSCl and CrSBr
is due to the fact that the energy band at the VBM is not solely
composed of dz2 orbits. In short, intrinsic and spontaneous
valley polarization in SL CrXY can overcome the drawbacks
of methods such as magnetic doping and optical pumping that
induce valley polarization.

D. Berry curvatures and AVHE

Under the Kubo formula [67], the Berry curvatures in the z
direction can be derived as

	z(k) =
∑

n

fn	n,z(k), (10)

in which fn represents the Fermi-Dirac distribution, and
	n,z(k) can be obtained from

	n,z(k) = −
∑
n �=n′

2Im〈ψnk|v̂x|ψn′k〉〈ψn′k|v̂y|ψnk〉
(En − En′ )2 , (11)

where |ψnk〉 is the Bloch wave function with eigenvalue
En, and v̂x (v̂y) is the velocity operator along the x (y)
direction.

Figures 5 and S14, shows the Berry curvatures of SL CrSI
and CrXY along the high symmetry line and over the 2D
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FIG. 5. (a) Contour map of Berry curvatures in the k space for SL CrSI. Diagrams of regulating Fermi energy levels in the +z (b) and −z
(c) directions of magnetization under electron doping. (d) The Berry curvatures 	(k) of SL CrSI as the curve along the high-symmetry path
with the unit of Bohr2. Diagram of the AVHE in SL CrSI when electrons are doped and in-plane electric field are applied in the −z (e) and +z
(f) directions of magnetization. The purple and red balls with an arrow are spin-down and spin-up electrons, respectively.

Brillouin zone. Furthermore, based on the influence of differ-
ent biaxial strains on the stability and band structures of the
system, we calculated the Berry curvatures in k space under
different strains (as shown in Figs. S15–S17). It can be seen
that the Berry curvatures exhibits opposite signs and unequal
absolute values, and its distribution exhibits a C3v symmetry.
Away from the K and K’ valley, the Berry curvatures decays
rapidly and disappears at the M points. Under a transverse
electric field, the Bloch electrons will obtain an anomalous
velocity [68]:

v⊥ = 1

h̄

∂En(k)

∂k
+ k̇ × 	z(k). (12)

Due to the large valley polarization, by doping electrons,
we can move the Fermi level and adjust it to a certain valley
at CBM without touching another valley, so as to selectively
excite electrons in different valleys. At the same time, by
adjusting the magnetization direction of Cr atoms to reverse
valley polarization, the sign of Berry curvatures between en-
ergy valleys exchange while maintaining the same size. In
this way, we can selectively detect the transverse voltage
with opposite sign (negative voltage) on both sides of the
sample. Take SL CrSI as an example, as plotted in Fig. 5(e),
when the magnetization direction of Cr is the -z axis, un-
der the action of an in-plane electric field, the spin down
carriers at the K valley will converge on the left side of
the sample. If the magnetization direction is changed to +z
axis through external control, as plotted in Fig. 5(f), the spin
up carriers will become the dominant carriers and converge
on the right side of the sample, producing opposite Hall
voltage.

E. Strain induced QAVHE

The development of hydrostatic pressure and nonconduct-
ing atomic force microscopy makes it possible to apply local
stress to the sample. We investigate the ferromagnetism and
electronic band structure of SL CrXY under biaxial strain
within -6%–6%. As shown in Fig. S18, valley splitting is sig-
nificantly regulated by biaxial strain, especially for the valley
splitting of SL CrSBr, CrSI, CrSeI, and CrTeX (X = Cl, Br, I)
at CBM and the valley splitting of SL CrSX (X = F, Cl, Br, I)
at the VBM. Taking SL CrSI as an example (as shown in Fig.
S19), when the applied strain is less than 2%, there is no valley
splitting at the VBM. When the strain is greater than 2%, there
is about 35 meV valley splitting at the VBM. This result can be
explained by the different superposition of atomic orbitals as a
result of the changes in atomic bond length and bond angle by
biaxial tensile strain [69]. Under the 6% tensile strain, almost
−100 meV valley splitting can be observed in SL CrTeCl and
CrTeBr, and 90 meV valley splitting can be observed in CrSeI.

Interestingly, when compressive strain is applied, the fer-
rovalley materials such as SL CrSI and CrTeX (X = Cl,
Br, I) can be transformed into quasi-half-valley metals (quasi-
HVM) (see Fig. 6). In quasi-HVM, the Fermi level slightly
penetrates the VBM at � valley and the CBM at K or K’
valley, and the Berry curvatures located in the BZ only occurs
around K and K’ valleys with opposite signs and unequal
magnitudes. Under the combined action of the in-plane elec-
tric field and nonzero Berry curvatures, the carrier of K or
K’ valley can obtain the general group velocity v‖ and the
anomalous transverse velocity v⊥. However, the carrier of �

valley can only obtain the general group velocity v‖. As shown
in Figs. 6(b) and 6(e), taking SL CrTeBr and SL CrSI as exam-
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FIG. 6. (a) The illustration of band structure of quasiHVM with Fermi energy levels penetrating the K valley. (b) The band structure of SL
CrTeBr under −5% strain. (c) Schematic illustration of quasiAVHE for SL CrTeBr. (d) The illustration of of band structure of quasiHVM with
Fermi energy levels penetrating the K’ Valley. (e) The band structure of SL CrSI under −6% strain. (f) Schematic illustration of quasiAVHE
for SL CrSI.

ples, under the influence of stress, the Fermi level penetrates
� valley, while it runs through the CBM of CrTeBr and CrSI
located at K and K’, respectively. In SL CrTeBr (CrSI), the
spin up electron carriers contributed by the K (K’) valley con-
verge to the left(right) side of the sample, while hole carriers
from � valley move in the direction of the electric field. Due
to the fact that the Bloch electrons have transverse anomalous
velocity similar to the AVHE while the hole carriers possess
longitudinal velocity, this effect separating electron and hole
carriers is called the quasi-AVHE. In addition to the applied
strain, with the influence of the Hubbard correlation strength
U, SL CrTeCl, and SL CrTeBr can be transformed into quasi-
HVM. Figures S1—S12 shows the related band structure of
SL CrXY when U value varies from 1.1 to 4.1 eV.

F. Piezoelectric properties

Owing to the semiconductor properties of the system and
the breaking of spatial inversion symmetry, when a strain
along the x axis is applied, the Janus SL CrXY can show both
in-plane and out-of-plane piezoelectric properties (e11/d11 �=
0 and e31/d31 �= 0). Because the Janus SL CrXY belongs to
P3M1 group symmetry, using the Voigt symbol, the piezo-
electric tensor eik can be expressed as [42]

e =
⎛
⎝e11 −e11 0

0 0 −e11

e31 e31 0

⎞
⎠. (13)

The elastic constant Cik can be expressed as

d =
⎛
⎝d11 −d11 0

0 0 −2d11

d31 d31 0

⎞
⎠. (14)

The piezoelectric coefficient dik has the following rela-
tionship with piezoelectric coefficient tensor eik and elastic
coefficient Cik :

eik = di jCjk . (15)

eik can be calculated by DFPT, and Cik can be calculated
based on the SSR, and the in-plane and out-of-plane piezo-
electric coefficients can be expressed as

d11 = e11

C11 − C12
, d31 = e31

C11 + C12
. (16)

We use orthorhombic supercell (see Fig. S20) to calcu-
late the e11 and e31 of SL CrXY. From the calculated elastic
constants, we can conclude that they are mechanically sta-
ble because they satisfy the Born-Huang criteria [70], i.e.,
C11 > 0, C11C22 > C2

12 and C33 > 0. The piezoelectric stress
coefficients (e11 and e31) contributed by the ions and elec-
trons, respectively, are plotted in Fig. S21. The piezoelectric
stress coefficients e31 mainly come from the contribution of
electrons and the signs for the contributions of electrons and
ions in SL CrXY are generally opposite. Based on Eq. (16),
the piezoelectric strain coefficients d11 and d31 are attained,
and the relevant data are collected in Table I. The small e11

and d11 for SL CrXY are far less than those of the pristine
and the Janus SL TMDs, indicating that SL CrXY exhibits
smaller in-plane piezoelectricity. However, due to the signif-
icant charge transfer between X and Y atoms, the maximum
e31 of SL CrXY can reach −2.76 10−10 C/m, which is much
higher than the Janus MoSSe (0.02 10−10 C/m). Consider-
ing that C11 − C12 and C11 + C12 have smaller values, the
maximum d31 in SL CrXY can reach −5.07 pV/m. Except
for SL CrTeCl and CrTeBr, which can become metals with
increasing U, all other materials are semiconductors within the
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TABLE I. The elastic constants Ci j (Nm−1), and the piezoelec-
tric coefficients ei j (10−10C/m) and di j (pm/V) of SL CrXY.

Material c11 c12 e11 e31 d11 d31

CrSF 71.89 17.74 1.92 −3.46 3.54 −3.86
CrSCl 63.72 14.12 0.61 1.97 1.23 2.53
CrSBr 61.83 13.62 −0.46 1.28 −0.96 1.69
CrSI 58.94 13.03 −0.21 0.28 −0.45 0.39
CrSeF 63.55 17.85 −2.64 −3.76 −5.78 −4.62
CrSeCl 54.81 12.91 −0.78 −2.40 −1.86 −3.55
CrSeBr 53.24 12.45 −0.63 −1.78 −1.55 −2.71
CrSeI 51.13 11.29 −0.45 −0.87 −1.14 1.39
CrTeCl 43.63 11.49 1.05 −2.77 3.27 −5.03
CrTeBr 42.75 10.81 0.76 −2.24 2.38 −4.19
CrTeI 41.90 9.79 0.58 −1.45 1.81 −2.81

considered U values. It is found that the piezoelectric coeffi-
cients (d11 and d31) is robust against electronic correlation for
SL CrXY (see Fig. S22). The d31 of SL CrSCl is the largest
in SL CrSX (X = Cl, Br, I), and SL CrSeCl possesses the
largest d31 among SL CrSeX (X = Cl, Br, I), and the d31 of
SL CrTeCl is the largest among all materials we consider,
which can be explained by considering the electronegativity
difference (ED) between the upper and lower layers of atoms.
As shown in Fig. 7, it can be observed that the ED between
the X and Y atoms is positively correlated with the size of d31.
The above large out of plane piezoelectric coefficient (e31 and
d31) is crucial for the application of piezoelectric materials,
indicating the excellent prospect of SL CrXY in piezoelectric
applications.

IV. CONCLUSION

In summary, through first-principles calculations, we re-
veal that SL CrXY are 2D intrinsic FM materials with huge
spin, valley and piezoelectric polarization. Ferrovalley SL
CrXY has excellent dynamic/thermal stability and the esti-
mated Tc of most of SL CrXY is greater than 300K. PMA
and IMA can be found in SL CrXY, and for materials ex-
hibiting IMA, the magnetization direction can be forced to
change from in-plane to out-plane by artificially applying

FIG. 7. The piezoelectric strain coefficients d31 of SL CrXY (X =
S, Se, Te, and Y = Cl, Br, I) and the ED between the X and Y atoms.
The value of ED is given in the chart. in the bar chart.

an external magnetic field. The maximum valley polariza-
tion of up to 76.1 meV can be found in CrTeCl, and valley
polarization exceeding 90 meV can be found in CrSI, Cr-
SeI, CrTeCl, and CrTeBr at 6% tensile strain. Due to the
breaking of time-reversal and inversion symmetry, nonzero
out-of-plane Berry curvatures can be observed. The AVHE
that exhibit valley-contrasting feature and quasi-AVHE that
can be used to separate electrons and holes can be detected
with an in-plane longitudinal electronic field. In addition, the
in-plane piezoelectric constants d11 is predicted to be −5.78 −
3.54 pm/V. The piezoelectric constants d31 is predicted
to be −5.03 − 2.53 pm/V. The large valley polarization
and piezoelectric coefficient make SL CrXY has potential
multifunctional application in spin/valleytronic devices and
piezoelectrics.
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