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Two-dimensional (2D) magnetic semiconductor materials with the electric-field-tunable spin polariza-
tion and carrier-transport anisotropy are of great significance for the fundamental physics and device
application. Here we propose a general strategy to tune the spin polarization and anisotropic effective
mass in a 2D A-type antiferromagnetic (AFM) bilayer system. We take the A-type AFM bilayer CrSBr
(with the intralayer ferromagnetic and interlayer AFM coupling) as an example to confirm this design
principle. Firstly, a vertical electric field can lift the spin degeneracy in the A-type AFM bilayer CrSBr.
By flipping the direction of electric field, the spin polarization direction can be reversed. Secondly, in the
A-type AFM bilayer CrSBr with an interlayer twist angle of 90°, both the spin direction and the carrier-
transport anisotropy can be tuned simultaneously by applying a vertical electric field due to the in-plane
anisotropic carrier effective mass in each CrSBr monolayer. This opens an opportunity for controlling the
spin polarization as well as carrier-transport anisotropy in the 2D magnetic van der Waals layered materi-
als by interlayer twist and electric field, and provides an idea for utilizing A-type AFM semiconductors to
design spintronic devices.
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I. INTRODUCTION

The rapid development of information technology
requires the high integration, fast response, and small size
of devices [1]. Spintronics [2] provides a superior plat-
form for the information processing with the high data
reading and writing speed and integration density by uti-
lizing the spin degree of freedom, which has attracted
wide attention [3–8]. Theoretically, the reduction of mate-
rial dimension will lead to the enhancement of magnetic
fluctuation, affecting the stability of the spin order in mate-
rials. Therefore, it is always controversial to obtain the
long-range magnetic order in the low-dimensional systems
[9]. In 2017, however, researchers observed the long-
range magnetic order in the two-dimensional (2D) van
der Waals (vdW) magnetic materials Cr2Ge2Te6 [4] and
CrI3 [3]. This opens a door to develop 2D spintronics
based on 2D magnetic materials [10]. To date, most spin-
tronic devices are based on the ferromagnetic (FM) materi-
als [11–13]. Since the antiferromagnetic (AFM) materials
have some advantages, such as the robustness against
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magnetic field disturbances, high Néel temperature, ultra-
fast dynamics and no stray field [14], they become
the candidates for next-generation spintronics. Thus, 2D
AFM spintronic devices have potential applications in the
future.

2D magnetic semiconductors with electrically tunable
spin polarization are of great significance for both the fun-
damental physics and spintronic applications. It is still,
however, a challenge to realize the control of spin polar-
ization by an electric field in the existing low-dimensional
materials. The concept that using an electrical field to
break the symmetry of the AFM bilayer to achieve spin
splitting of band structures has been proposed in vdW
bilayer MnPSe3 [15]. In a recent theoretical report, a spin
half-metal is predicted in a 2D AFM 2H-VSe2 bilayer by
applying an electric field [16]. The unipolar and bipolar
magnetic semiconductors with the electrically tunable spin
polarization are also predicted theoretically in the A-type
AFM bilayer semiconductor NiBi2Te4 and Cr(pyz)2 [17].
In addition, the electrical polarization has been demon-
strated to be able to modify valley properties in A-type
vdW heterostructure [18]. Here, we propose a general strat-
egy to realize the electric field control of the spin polar-
ization and carrier transport anisotropy in an AFM bilayer
semiconductor. We take bilayer CrSBr as an example to
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confirm the proposed strategy. This opens an opportu-
nity for utilizing A-type AFM semiconductors to design
spintronic devices by combining the interlayer twist and
external electric field.

II. METHODS

A. First-principles atomistic and electronic structure
calculations

Our studies are based on the first-principles calcula-
tions within the framework of density-functional theory
(DFT) [19,20] as encoded in the Vienna ab initio sim-
ulation package (VASP) [21]. We use the Perdew-Burke-
Ernzerhof (PBE) [22] functional to deal with the exchange-
correlation interaction. The interaction between ions and
electrons is described by a pseudopotential in basis set
of the projector-augmented wave (PAW) [23]. We employ
3d54s1 of Cr, 3s23p4 of S, 4s24p5 of Br as the valence elec-
trons. The energy cut off is set to 250 eV. The Monkhorst-
Pack method [24] is used for Brillouin-zone sampling with
the a 11 × 9 × 1 k-point mesh. The Hubbard U correc-
tion method [25] is used, where U = 4 eV is added to

the Cr-d orbital. We check U from 1 to 5 eV and find
the negligible influence on band structures [26]. For the
bilayer CrSBr, we use Grimme’s semiempirical correction
method, DFT-D2 [27] to include the vdW interaction of the
system. A large vacuum thickness (30 Å) along the c axis
is adopted to avoid the interaction between adjacent unit
cells. The total energy convergence is set as 1 × 10−7 eV.
Both the lattice constants and the positions of all atoms
are fully relaxed until the forces on all atoms are less than
0.001 eV/Å.

B. Carrier effective mass

The carrier effective mass is calculated by

m∗
αβ= ± �

2
(

d2E
dkαdkβ

)−1

,

where k is the wave vector, and -h is the reduced Planck
constant. We calculate the effective mass within the orthog-
onal representation with the crystal axis of a and b, as
shown in Fig. 1. Electron and hole effective mass of bilayer
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(b) (c) (d)

(e) (f) (g)

(h) (i) (j)

FIG. 1. Schematic principle of the electric field control of the spin polarization and carrier-transport anisotropy in an A-type AFM
bilayer system. (a) Schematic diagram of an A-type AFM bilayer system with the interlayer natural stacking. (b)–(d) Schematic band
diagrams of a bilayer with the natural stacking. (b) Illustrative bands in the absence of external electric field. (c) When a vertical electric
field is applied the spin degeneracy is lifted. (d) When the electric field is reversed the spin splitting is also opposite. (e) A bilayer
with an interlayer twist angle of 90°. Carrier effective mass is different along two perpendicular axes, a and b, in each monolayer due
to the different dispersion of the energy band along different directions, Ka and Kb, in momentum space (h). (f),(i) The layer and spin
polarization and the dispersion of the energy band when a vertical electric field is applied, respectively. (g),(j) The opposite layer and
spin splitting when the electric field is reversed.
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CrSBr along two perpendicular axes a and b are calculated
at the high symmetry points � in momentum space accord-
ing to the dispersion of the energy band along different
directions Ka and Kb.

III. RESULTS AND DISCUSSIONS

A. Design principle and physical mechanism

In Fig. 1(a) we schematically illustrate an A-type AFM
bilayer with the intralayer FM order and interlayer AFM
order. Without external electrical field, the layer and spin is
degenerate due the AFM coupling between the upper layer
and lower layer, as shown in Fig. 1(b). By applying a verti-
cal electrical field, an electric potential difference between
two layers is generated [16,17], lifting the layer degener-
acy and spin degeneracy as shown in Fig. 1(c). When the
electric field is reversed, the sign of spin polarization is
also the opposite in Fig. 1(d). Therefore, a reversible spin
polarization can be realized by electric field.

For materials with low structural symmetry, the elec-
tronic structure is often anisotropic. For example, the
CrSBr monolayer has a strong in-plane anisotropy in the
band structure. Thus, the carrier effective mass along two
perpendicular crystal axis directions is different [28]. Such
an anisotropy can be a tunable degree of freedom in the
twisted bilayer system [29]. Based on two features of A-
type AFM coupling and anisotropy of the carrier effective
mass, we propose a general strategy to control the spin
polarization and anisotropic carriers’ transport properties
by combining the interlayer twist and external electric
field, as shown in Figs. 1(e)–1(j). A bilayer model with
a twist angle of 90° is built, as shown in Fig. 1(e). In
each monolayer, there is a huge difference of the carrier
effective mass along the a and b axis due to the different
dispersion of the energy band along different directions in
momentum space [28], as shown in Fig. 1(h). For exam-
ple, in the upper layer the carrier effective mass along a
direction is larger than that along b direction, ma > mb,
due to the steeper band along Kb direction. Since the lower
layer has a twist angle of 90° relative to the upper layer,
in the lower layer the carrier effective mass along a direc-
tion is smaller than that along b direction, ma < mb, due
to the steep band along Ka direction. Thus, 90° rotation
between the upper layer and lower layer induces a large
difference of the carrier effective mass between two layers
along the same crystal direction. When a vertical electric
field is applied, the layer degeneracy can be lifted due
to the induced electrostatic potential difference. When the
positive electric field is applied, the VBM comes from the
upper layer. Thus, the carrier effective mass along a direc-
tion is larger than that along b direction in the system,
ma > mb, as shown in Figs. 1(f) and 1(i). When the elec-
tric field is reversed, the VBM comes from the lower layer.
In this time, the carrier effective mass along a direction is
smaller than that along b direction in the system, ma < mb,

as shown in Figs. 1(g) and 1(j). Therefore, in an A-type
AFM bilayer system with a twist angle of 90° the spin
polarization and anisotropy of carrier effective mass can
be simultaneously controlled by applying a vertical electric
field to lift the layer degeneracy.

B. Electric field tuning of layer and spin polarization

In the following, we take bilayer CrSBr as an exam-
ple to show the proposed strategy above. Recently, a FM
semiconductor CrSBr [28,30–33] has brought widespread
attention. Bulk CrSBr is a layered vdW AFM semiconduc-
tor, stable in air with low sensitivity, and can be easily
separated along the direction perpendicular to the stack
axis. Below its Néel temperature TN = 132 K, CrSBr is
an A-type AFM semiconductor with an intralayer FM
and interlayer AFM coupling [30]. High carrier mobility
and excellent dynamic and thermal stability makes it have
great application potential in the future nanoelectronic
devices.

Firstly, we study the A-type AFM bilayer CrSBr with
the interlayer natural stacking. The top view and the side
view of the atomic structure of the bilayer CrSBr are shown
in Figs. 2(a) and 2(b), respectively. The optimized lattice
constant is a = 3.50 Å and b = 4.70 Å, which agrees well
with the experimental values [30]. Through translation
optimization, we find the most stable stacking configura-
tion in Fig. 2(b), which is consistent with the experimental
measurement [30,34]. Magnetism comes mainly from the
unfilled Cr-d orbitals in the twisted octahedron as shown
in Fig. 2(c). In the unit cell of the bilayer CrSBr, there
are two Cr atoms in each layer. We compare the energy
of the four different magnetic configurations, and find that
the A-type AFM configuration with the intralayer FM and
interlayer AFM coupling is the most stable. This is also
consistent with the experimental results [30,34]. In addi-
tion, we check the effects of stacking configuration and
electric field on magnetic anisotropy. We find that the easy
axis are all along the b direction for different stacking
configurations, which is consistent with the experimental
measurement [30] and theoretical calculations [33]. And
the easy axis is also unchanged under the electric field,
indicating the negligible electric field effect. Furthermore,
we calculate the band structures with different magnetiza-
tion direction a, b, and c. Similar band structures indicate
that the spin and layer polarization does not depend on
magnetization direction [26].

The band structures of A-type AFM bilayer CrSBr are
shown in Figs. 2(d)–2(f). We find that the bilayer CrSBr
is a semiconductor with an indirect gap of 0.98 eV in
the absence of external electric field. The spin is degen-
erate due to the interlayer AFM coupling, as shown in
Fig. 2(d). When a vertical electric field of 0.2 V/Å is
applied, the electrostatic potential energy between the two
layers becomes different and thus the spin degeneracy is
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FIG. 2. Schematic diagram of the top (a) and side (b) views of the atomic structure of 2D bilayer CrSBr. (c) The twisted octahedron.
Red, green, and blue represent Cr, S, and Br atoms, respectively. (d)–(f) Spin-polarized band structures of 2D A-type AFM bilayer
CrSBr under the vertical electric field of 0 (d), 0.2 (e), and −0.2 V/Å (f). The red solid line and blue dashed lines represent the spin-up
and spin-down channels, respectively. (g)–(i) Isosurface of the VBM and CBM charge density under the electric field of 0 (g), 0.2 (h),
and −0.2 V/Å (i).

lifted, as shown in Fig. 2(e). It is noted that the band
structures of bilayer CrSBr exhibit the typical character-
istics of bipolar magnetic semiconductors [35] when an
electric field is applied. In other words, the VBM and the
conduction-band minimum (CBM) are contributed by the
opposite spin-polarization states. When the electric field
is reversed, the electron spin of the VBM and the CBM
is also flipped, as shown in Fig. 2(f). This allows us to
tune the spin polarization around the Fermi level by the
electric field. Therefore, due to the electrostatic potential
difference and A-type AFM coupling between the upper
and lower layers, the spin degeneracy can be lifted, and the
spin polarization can be controlled by applying a vertical
electric field.

In addition, under an applied electric field, the elec-
tronic states at the VBM and the CBM do not only have
the opposite spin direction, but also are localized in differ-
ent layers, respectively, according to the layer polarization
model in Fig. 1. The calculated charge-density isosurfaces
of the VBM and the CBM are shown in Figs. 2(g)–2(i). In
the absence of electric field, the electronic states from the
VBM and CBM are layer degenerate in Fig. 2(g). When
a positive vertical electric field is applied, the electronic
states from the VBM and CBM are located, respectively,
at the upper layer and lower layer since the layer degener-
acy is lifted under the electric field, as shown in Fig. 2(h).
When the electric field is reversed, the electronic states
from the VBM and CBM are also spin reversed and
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located, respectively, at the lower layer and upper layer in
Fig. 2(i). In short, we can control the spin and layer degree
of freedom simultaneously by applying a vertical electric
field, which has potential applications in the spintronic
devices.

C. Interlayer twist and electric field tuning of carrier
effective mass anisotropy

Further, we turn to the study the tunable anisotropy of
carrier effective mass in bilayer CrSBr with a twist angle of
90°. In Fig. 3(a), a bilayer CrSBr with a twist angle of 90°
is shown. A 4 × 3 supercell is used to model this twisted
system with a lattice mismatch of less than 1%. The recip-
rocal space geometry is shown in Fig. 4(b), in which the
rectangular Brillouin zone (BZ) of the naturally stacked
bilayer has been folded to the square-shaped BZ. We cal-
culate the formation energy of the possible stacking con-
figurations through interlayer translation [26]. Firstly, the
negative formation energy indicates the stability of bilayer
CrSBr. Secondly, the difference of formation energy is
very tiny (<5 meV) for different translational configu-
rations, indicating the small interlayer friction and easy
interlayer slip at finite temperatures. Band-structure calcu-
lations indicate that the layer polarization and anisotropic
band dispersion are robust for interlayer slip due to the
weak interlayer interaction. Figures 3(c) and 3(d) show the

electronic band structures of bilayer CrSBr with 0°and 90°
twist angle. We find that the bilayer CrSBr with 90° twist
angle becomes a direct band-gap semiconductor due to the
band folding, and both VBM and CBM are located at �

point in Fig. 3(d). In the natural stacking bilayer CrSBr,
the spin is degenerate due to interlayer AFM coupling and
the layer is also degenerate in absence of electric field. By
contrast, after twisting 90° angle, the highest valence band
(HVB) and lowest conduction band (LCB) show obvious
anisotropy along the �-X and �-Y directions due to the
interlayer twist, as shown in Fig. 3(d). Specifically, along
the �-X direction, the HVB and LCB are contributed by
the spin-down electron states from the lower layer, while
along the �-Y direction the HVB and LCB are from the
spin-up electron states in the upper layer. This originates
from the anisotropic band structure and the change of
symmetry caused by interlayer twist.

When a vertical electric field is applied, an electrostatic
potential energy difference is generated between two lay-
ers. So, the energy bands contributed by the upper layer
and lower layer will move towards low energy and high
energy, respectively, as shown in Fig. 4(a). The VBM is
contributed by the spin-up electronic states from the upper
layer. The hole effective mass mh along �-Y (a) direction
is 4.19 m0 (m0 is the mass of a free electron), 35 times
larger than 0.12 m0 along �-X (b) direction, as shown in
Fig. 4(c). When the electric field is reversed, the VBM

(a) (b)

(c) (d)

FIG. 3. (a) Side view of atomic structure and (b) Brillouin zone (shaded square) of 90° twisted bilayer CrSBr. (c),(d) Layer-projected
and spin-polarized band structures of 0°(c) and 90° twisted (d) bilayer CrSBr.
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(a) (b)

(c) (d)

(e) (f)

FIG. 4. (a),(b) The layer-projected and spin-polarized band structures of bilayer CrSBr with an interlayer twist angle of 90° under
the vertical electric field of (a) 0.2 V/Å and (b) −0.2 V/Å. Red and blue represents the contribution of the upper layer and lower layer,
respectively. (c),(d) Schematic representation of the electron and hole effective mass (me/mh) of 2D bilayer CrSBr with an interlayer
twist angle of 90° under the electric field of (c) 0.2 V/Å and (d) −0.2 V/Å. The unit is the mass m0 of a free electron. (e) Variation of the
spin splitting at the top of the valence band with the electric field for the 90° twisted bilayer CrSBr. (f) The variation of the band-gap
change with the electric field for the 90° twisted bilayer CrSBr. Here, the band-gap change is defined as the difference between the
band gap under the electric field and the band gap in the absence of electric field.

is contributed by the spin-down electronic states from the
lower layer in Fig. 4(b). In this time, the hole effective mass
along �-Y (a) direction is 0.12 m0, smaller than 4.19 m0
along �-X (b) direction, as shown in Fig. 4(d). For the
electron effective mass me, there is a 42 times difference
along different directions a and b. Electric-field-tunable
spin polarization and anisotropy of electron effective mass
is similar to a hole’s, as shown in Figs. 4(c) and 4(d).

Therefore, a vertical electric field can induce a hole (elec-
tron) effective mass that is 35 (42) times larger along one
Cartesian axis than along the other axis, and the two axes
can be exchanged by flipping the direction of electric field.
In other words, we can rotate the spatial preference of the
carrier-transport direction by 90° in a 2D plane by flipping
the direction of electric field. So, besides the spin degree
of freedom, anisotropy of carrier effective mass is also a
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tunable degree of freedom in twisted bilayer CrSBr. These
results indicate that the combination of the interlayer twist
and electric field provides great flexibility to tune the spin
polarization and anisotropic transport behavior of bilayer
CrSBr.

It is noted that the spin polarization and effective mass
can be controlled simultaneously in the A-type AFM
CrSBr bilayer with 90° twist angle. Recently, the elec-
trically controlled anisotropic carrier transport has been
predicted theoretically in a black phosphorus bilayer with
90° twisted angle [29]. Due to the nonmagnetism of the
black phosphorus bilayer, only the anisotropy of hole effec-
tive mass and optical transitions can be controlled by the
electric field. However, in the A-type AFM CrSBr bilayer,
by applying the electric field we cannot only control the
preferred carrier transport direction, but also control the
spin direction, realizing a multifunctional controllability.
In addition, in order to show the dependence of the spin
splitting on the electric field, we calculate the variation of
the spin splitting at the top of the valence band with the
electric field, as shown in Fig. 4(e). A linear dependence
indicates the robustness of electric field control. The vari-
ation of the band-gap change with the electric field is also
shown in Fig. 4(f). It indicates that under a wide range of
electric fields, the system is still a semiconductor.

In addition, it is possible to make various bilayer config-
urations with different twist angles in the experiment. The
unit cell of the CrSBr monolayer is orthorhombic, and the
symmetry is low. From the perspective of theoretical sim-
ulation, the commensurate supercells of twisted bilayers
are hard to find. As a comparison, within 1% mismatch we
construct a CrSBr bilayer with twist angle of 21.6° and 348
atoms in a supercell [26]. Band structures under the elec-
tric field of 0.2 V/Å indicate that the anisotropic dispersion
relation is still obvious for the highest valence band. There-
fore, the layer polarization and anisotropic band dispersion
are robust for interlayer twist.

Finally, we briefly discuss doping and half metallicity.
By doping, we can make the Fermi level pass through the
top of the valence band or the bottom of the conduction
band, so as to realize the half metal. Atomic substitution
doping is one of the most commonly used semiconductor-
doping technologies to achieve permanent doping. The
adjacent different main group elements can be selected to
replace S or Br atoms. In addition, electrons and holes
can also be doped by molecular adsorption. Since the
outermost atoms are Br atoms in CrSBr, hole and elec-
tron doping can be realized by selecting molecules with
stronger and weaker electronegativity.

IV. CONCLUSION

In summary, we propose a general strategy to realize
the electric field control of spin and anisotropy of car-
rier effective mass in an A-type AFM bilayer system. By

the first-principles calculations we study the A-type AFM
bilayer CrSBr to show the validity of the principle. Firstly,
the spin degeneracy can be lifted by applying a vertical
electric field to generate an electrostatic potential differ-
ence between two layers. The spin polarization can be
tuned by controlling the direction of electric field. Sec-
ondly, we study the A-type AFM bilayer CrSBr with an
interlayer twist angle of 90° due to the in-plane anisotropic
effective mass in each CrSBr monolayer. We find that both
the spin direction and the carrier-transport anisotropy can
be tuned simultaneously by applying a vertical electric
field. This provides an alternative effective strategy for uti-
lizing A-type AFM semiconductors to design spintronic
devices by combining the interlayer twist and external
electric field.
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