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Since the discovery of the fascinating properties in magic-angle graphene, the exploration of moiré systems
in other two-dimensional materials has garnered significant attention and given rise to a field known as “moiré
physics.” Within this realm, the magnetic van der Waals heterostructure and the magnetic proximity effect in
moiré superlattices have also become subjects of great interest. However, the spin-polarized transport property
in these moiré structures is still a problem to be explored. Here, we investigate the spin-polarized transport
properties in a moiré superlattice formed by a two-dimensional ferromagnet CrI3 stacked on a monolayer
BAs, where the spin degeneracy is lifted because of the magnetic proximity effect associated with the moiré
superlattices. We find that the conductance exhibits spin-resolved miniband transport properties at a small twist
angle because of the periodic moiré superlattices. When the incident energy is in the spin-resolved minigaps, the
available states are spin polarized, thus providing a spin-polarized current from the superlattice. Moreover, only
a finite number of moiré period is required to obtain a net spin polarization of 100%. In addition, the interlayer
distance of the heterojunction is also moiré modifiable, so a perpendicular electric field can be applied to
modulate the direction of the spin polarization. Our finding points to an opportunity to realize spin functionalities
in magnetic moiré superlattices.

DOI: 10.1103/PhysRevB.109.045301

I. INTRODUCTION

The discovery of van der Waals moiré superlattices
in twisted bilayer graphene has revealed a plethora of
unique phenomena, including unconventional superconduc-
tivity [1,2], ferromagnetism and quantum anomalous Hall
effect [3,4], correlated insulating states [5], and ferroelectric-
ity [6], among others. The concept of magic-angle graphene
has also been extended to other two-dimensional (2D) ma-
terials with similar twisted angle structures. For example, in
WS2/WSe2 heterostructures, a Mott insulating state with an-
tiferromagnetic ordering is discovered when the valence band
is fractional filled in a superlattice [7,8]. Additionally, there
exist certain special correlated insulating states under other
fractional fillings [9]. Evidence of moiré excitons has also
been observed in heterostructures formed by other transition
metal dichalcogenides (TMDs) [10–13].

The experimental success of magic-angle graphene is also
attributed to the early theoretical predictions [14]. In a moiré
superlattice, the local atomic registry and interlayer interac-
tions undergo a slowly varying periodic modulation which
can be described by a moiré potential [15,16]. The concept
of moiré potential has found successful applications in the
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theoretical predictions of moiré excitons [15], quantum spin
Hall effect [17–20], correlated insulating states [21], and chi-
ral phonons [22].

In recent years, magnetic 2D materials and their moiré
physics have also attracted considerable attention. In mono-
layer, bilayer, trilayer, and under twist angles, CrI3 exhibits
a lot of intriguing magnetic orders and magnetic domains
[23–27]. In the heterostructures formed by stacking magnetic
materials and nonmagnetic semiconducting 2D materials, a
magnetic proximity effect exists, leading to the spin splitting
and valley splitting in the nonmagnetic 2D materials [28–32].
For example, it has recently been discovered that a mag-
netic proximity effect can be detected in the ferromagnetic
material/graphene system and can be designed for spin trans-
port devices [31,33]. This notion appears to be particularly
captivating within the moiré system, as exemplified by the
presence of a moiré modifiable magnetic proximity effect
in the CrI3/BAs moiré superlattice system [16]. Due to the
influence of periodic moiré potential, BAs exhibits the local-
ized miniband effect in electron behavior.

In this paper, we investigate the transport properties of
the nanoribbon devices based on a moiré superlattice formed
by stacking a monolayer of ferromagnetic material (CrI3)
on a monolayer of semiconductor (BAs). Due to the lattice
mismatch and twist angle, such magnetic van der Waals het-
erostructures give rise to moiré patterns, and the interlayer
interactions strongly depend on the local interlayer atomic
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FIG. 1. The miniband transport and spin polarization in a moiré superlattice. (a) The schematic shows a superlattice nanoribbon, where
the central scattering region of a long strip of monolayer BAs nanobelt is covered by CrI3 to form moiré patterns. The atomic stacking
between heterojunctions smoothly varies to create three high-symmetry points. (b) The spin-dependent conductance and spin polarization as
the functions of the incident energy for moiré period of b/a = 45 and b/a = 15. The red and blue lines represent the conductance of spin-up
and spin-down electrons, respectively. The purple and yellow lines represent the spin polarization at b/a = 45 and b/a = 15, respectively.

registry. As a result, the local interlayer interaction, magnetic
proximity effect, and interlayer distance can all be modu-
lated by the moiré effect. It is possible to modulate the spin
splitting by applying a perpendicular electric field [16]. The
moiré-modulated interlayer interaction and magnetic prox-
imity effect can be described by a spin-dependent moiré
potential, while the interlayer distance-dependent modulation
by the perpendicular electric field can be described by a spin-
independent moiré potential.

Periodic moiré superlattices exhibit the spin-dependent
miniband transport properties, and this effect is closely related
to the moiré period, which can be modulated by the twist an-
gle. The calculated results indicates that larger moiré periods
can lead to flatter and narrower minibands, which eventually
result in larger spin-dependent minigaps. The spin polariza-
tion becomes most prominent when the minigap modulation
approaches the magnitude of the spin splitting. Furthermore,
due to the presence of spin splitting, the response of the spin-
up and spin-down conductance to the electric field is different,
enabling the direction of spin polarization achieved effective
modulation through applied electric fields. Our calculations
demonstrate that spin polarization is symmetric within a cer-
tain range of electric field modulation. The finding provides a
routing for the manipulation of spin degrees of freedom and
sheds light on the theoretical study and design of spintronic
devices.

II. MODEL AND METHODS

We consider a zigzag monolayer BAs nanoribbon, where a
segment with length L and width W is covered by a monolayer
of CrI3, acting as the central scattering region, as shown in
the upper panel of Fig. 1(a). Due to the presence of twist-
ing and lattice mismatch in such bilayer heterostructures, a
periodic moiré superlattice is formed. The moiré period of a

superlattice can be expressed by the formula b ≈ a/
√

δ2 + θ2,
where a is the lattice constant of BAs, δ represents the lattice
mismatch, and θ represents the twist angle between the two
layers.

The valence band edge of monolayer BAs is located within
the band gap of CrI3, approximately 450 meV away from
the conduction band edge of CrI3 and around 700 meV away
from the valence band edge of CrI3. We focus only on the
energy range within 80 meV of the valence band maximum
of BAs. As a result, electrons within these energy ranges
do not undergo interlayer transitions. Additionally, the strong
spin-orbit coupling in twisted bilayer CrI3 plays a crucial role
in its magnetism [26,27], but it has a very weak impact on the
magnetic proximity effect in this system [16].

In such a moiré pattern, the local atomic registry varies
periodically in real space, while the local band gap and spin
splitting strength in the BAs layer also vary smoothly and
periodically. This can be described by a spin-dependent moiré
potential,

Vτ (r) = vτ

∑

i=1,2,3

cos(Gi · r + ϕτ ), (1)

where Gi is the reciprocal lattice vector with G1 =
[0, 4π/

√
3a] and G3 = Ĉ3G2 = Ĉ2

3 G1. The mapping from the
moiré supercell to the monolayer BAs unit cell is denoted
by r, where r(R) = R − R′ = R − (1 + δ)ĈθR. The fitting
parameters vτ and ϕτ are involved, where τ = ±1 represents
the spin index [15,16]. We have neglected the possibility of
the lattice relaxation that may exist under small twist angle
[19,34], and the effect of the lattice relaxation will be investi-
gated in future work.

Since the local atomic configuration varies periodically in
real space, the interlayer distance also varies periodically and
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can be represented as

d (r) = d0

∑

i=1,2,3

cos(Gi · r + ϕd ), (2)

where d0 and ϕd are spin-independent fitting parameters.
When a perpendicular electric field is applied into the central
scattering region, the variation of the interlayer distance can
lead to the modulation of the Stark shift energy, which acts as
a spin-independent moiré potential,

V (r) = eεd (r) = Ed

∑

i=1,2,3

cos(Gi · r + ϕd ), (3)

where Ed = eεd0, that ε represents the perpendicular electric
field which can be positive or negative.

The tight-binding model can be established for monolayer
BAs, where the influence of CrI3 in the scattering region can
be represented by applying spin-dependent moiré potential. If
a perpendicular electric field is applied, a spin-independent
electric field modulation moiré potential is added. Con-
sequently, the Hamiltonian of our research model can be
expressed as

H =
∑

i,τ

(εi + Vi,τ + Vi )c
†
i,τ ci,τ + t

∑

〈i, j〉
c†

i,τ c j,τ . (4)

Here, εi and t represent the on-site energy and hopping
in monolayer BAs, respectively. Vi,τ and Vi represent spin-
dependent moiré potential and spin-independent electric field
modulation moiré potential on site i, respectively.

In order to study the quantum transport phenomena of the
system, we employed the efficient non-equilibrium Green’s
function method [35]. This method has been applied to com-
pute the valley pumping of electrons or holes at nonmagnetic
disorders [36], and it is also very convenient and effective for
calculating the spin polarization. The transmission of elec-
trons with incident energy E can be calculated by the formula

T (E ) = Tr[	L(E )G(E )	R(E )G†(E )], (5)

where G(E ) is the Green’s function in the central scattering
region that satisfies the equation

[EI − H − 
L(E ) − 
R(E )]G(E ) = I, (6)

where I represents the identity matrix, H is the Hamilto-
nian of the central scattering region, 
L(E ) and 
R(E ) are
the left and right self-energies, respectively, which describe
the influence of the semi-infinite monolayer BAs electrodes
on the central scattering region from the left and right leads.
	L(E ) and 	R(E ) are the left and right linewidth functions,
respectively, and they describe the degree to which the inter-
action between the electrodes and the central scattering region
affects the scattering states. They can be obtained by calculat-
ing the imaginary part of the left and right self-energies,

	L(E ) = −2Im[
L(E )], (7)

	R(E ) = −2Im[
R(E )]. (8)

According to the Landauer-Büttiker formula, the spin-
dependent conductance can be expressed as Gτ (E ) =

e2

h Tτ (E ). The spin polarization is defined as

PS (E ) = G−1(E ) − G+1(E )

G−1(E ) + G+1(E )
. (9)

III. RESULTS AND DISCUSSION

The miniband in the mini-Brillouin zone of the superlattice
can be obtained by inwardly folding the Brillouin zone of
monolayer BAs [16]. The intervalley scattering is negligible
since the moiré potential is smooth, but the energy gap can be
opened due to the intravalley scattering arising from the moiré
modulation. The wave function of the band-edge state is local-
ized around the moiré confinement center. With the increase
of moiré period, the band-edge state becomes more localized
and the overlap of the wave functions between these states de-
creases. Accordingly, the inter-moiré hopping decreases, the
miniband becomes flat and the two spin species are separated
[16]. The transport properties of nanoribbons with periodic su-
perlattices are closely related to these miniband structure. For
superlattices with long periods, the spin-dependent minigap
makes it possible to obtain spin-polarized transport properties.

The length and width of the central scattering region in the
device are signed as L = 360a and W = 90

√
3a, respectively.

The moiré period is set to be b/a = 45, corresponding to a
twist angle of θ ≈ 1.03◦ between the bilayer heterostructure.
With this configuration, the scattering region extends over
eight periods of the moiré pattern in length and two periods
in width. If the moiré period is set to be b/a = 15, a twist
angle of θ ≈ 3.75◦ follows. The on-site energy parameters
in monolayer BAs, namely εB = −εAs = 0.38 eV, are deter-
mined through first-principles calculations. Here, we focus
on the valence band edge. The spin-dependent moiré po-
tential parameters are determined as follows: ϕ+1 = 152.3◦,
ϕ−1 = 156◦. The parameters v+1 and v−1 are used to adjust
the range of the moiré potential V+1(r) ∼ (0, 83) meV and
V−1(r) ∼ (0, 70) meV, respectively. Here, ϕτ determines the
shape of the moiré potential, while vτ determines the strength
of interlayer coupling. The interlayer atomic registry in the A
high-symmetry point determines the weak interlayer interac-
tion here, with negligible magnetic proximity effect and no
spin splitting. Therefore, the potential energy here for both
spin-up and spin-down is defined as 0 meV. On the other hand,
at the H high-symmetry point, the interlayer interaction and
magnetic proximity effect are strongest, resulting in signifi-
cant spin splitting. The potential energy here for the spin-up
is 83 meV, while for the spin-down is 70 meV, leading to a
spin splitting of approximately 12.7 meV. These desired moiré
potentials can be obtained by adjusting the aforementioned
parameters. The spin-independent moiré potential parameters
are determined as follows: d0 = 0.12 Å and ϕd = 167◦. These
parameters have been derived through fitting procedures based
on first-principles calculations [16].

As shown in Fig. 1(c), the middle panel illustrates the spin-
dependent conductance as a function of the incident energy E
for moiré period with b/a = 15. Electron localization in the
moiré potential is very weak, so the corresponding miniband
is not flat and there is no minigap in the conductance. The
plateau-like structure of the spin-up and spin-down conduc-
tances is observed. This phenomenon can be understood by
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FIG. 2. The spin-dependent miniband structures at different moiré period b/a and the spin-dependent conductance and spin polarization as
functions of incident energy and the moiré period b/a. W/

√
3b is the number of periods of the moiré superlattice in the direction of nanoribbon

width within the central scattering region, which is closely associated with the number of subbands of the miniband. The corresponding
twisting angles for the moiré period of b/a = 15 and b/a = 60 are approximately θ ≈ 3.75◦ and θ ≈ 0.6◦.

examining the spin-dependent miniband structure at a moiré
period of b/a = 15 depicted in Fig. 2(a). However, the res-
onance structure is superimposed on the conductances at the
transition from one plateau to another [37]. These resonances
are associated with multiple reflection in the moiré potential.
At this twist angle, the magnetic proximity effect is not signifi-
cant and the spin is not split in energy. The difference between
the spin-up and spin-down moiré potentials results in a weaker
spin polarization, as shown in the bottom panel of Fig. 1(b).

When the moiré period is adjusted to b/a = 45, the mini-
band of the system becomes flat with a sizable minigap, which
is on the same order of magnitude as the spin splitting in-
duced by the magnetic proximity effects. The spin-dependent
conductance as a function of incident energy is plotted in
the top panel of Fig. 1(c). The conductance clearly exhibits
miniband transport properties with the presence of spin-up
and spin-down minigaps. Furthermore, both of the spin-up and
spin-down conductances exhibit similar trends for the incident
energy. They exhibit a relative shift along the incident energy
that is approximately equal to magnitude of the spin splitting.
At this small twist angle, the minigaps for both spin-up and
spin-down conductances intercalate into each other, leading to
a staggered spin polarization pattern as depicted in the bottom
panel of Fig. 1(c). Therefore, the intensity and direction of
spin polarization can be controlled by the incident energy.

The moiré period size has a significant impact on the
miniband transport and spin polarization. In the following,
we investigated the minibands at different moiré periods. The
conductance and spin polarization as functions of incident
energy and moiré period, as depicted in Fig. 2. In Figs. 2(a)–
2(d), as b/a increases, the minibands gradually become flat
and narrow, while the minigaps widen. At b/a = 15, there are
no gaps in the energy range of interest, while at b/a = 30, the
minigaps gradually emerge and the minibands become flat. As

b/a reaches 45, it become even flatter, and the spin degeneracy
of the first miniband is completely lifted, with the spin-down
miniband fully penetrating into the spin-up minigap. At b/a =
60, the bands become even flatter. Furthermore, when the
width of the nanoribbon W is fixed, the number of subbands
in the miniband decreases as the moiré period b/a increases.
From a real space perspective, this is due to the decreasing
number of superlattice periods along the nanoribbon width
direction W/

√
3b. This leads to the presence of plateau-like

transport in the conductance around b/a = 10 to b/a = 30
and the steps gradually disappearing, as shown in Figs. 2(e)
and 2(f).

In the range of moiré period from b/a = 10 to b/a = 30,
we can see that both of the spin-up and spin-down con-
ductance exhibit plateau-like features. This corresponds to
the subbands of the first moiré miniband, as illustrated in
Fig. 2(a), and these subbands remain invariant within certain
ranges of the moiré period (b/a). Electron incident energy
traverses multiple subbands, each corresponding to an inte-
ger multiple of the quantized conductance, e2/h. With the
increasing of moiré period which is more than b/a = 40, the
miniband transport properties gradually exhibit. Moreover,
the width of the miniband gradually becomes smaller and
minigap becomes larger as the moiré period increases. This
is because charges are becoming more and more localized
at the center of moiré potential. All of these results are con-
sistent with our previous discussions. In addition, due to the
presence of spin splitting, the spin-up and spin-down con-
ductances exhibit a relative shift at the moiré period and the
incident energy resulting in the remarkable spin polarization.
Moreover, when the size of the minigap is modulated to be
comparable to the spin splitting, the spin polarization becomes
more pronounced. Therefore, setting the moiré period to be
around b/a = 45 is preferable. Here, not only the first and
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FIG. 3. The moiré potential under different electric field modulations and the spin-dependent conductance and spin polarization under
various electric field modulations. Ed is the electric field modulation parameter in Eq. (3). (a) demonstrates the manifestation of spin splitting
in real space where VS (r) = V+1(r) − V−1(r). The moiré potential under different electric field modulations in (b) is given by the black dashed
line in (a), with the red and blue lines representing the potential for spin-up and spin-down, respectively. The black line denotes the spin-splitting
potential. The moiré period is set as b/a = 45. Both the conductance of spin-up and spin-down exhibit a certain symmetry with respect to the
electric field modulation parameter Ed , where the approximate axis of symmetry for the conductance of spin-up is Ed = −83 meV in (c), and
the approximate axis of symmetry for the conductance of spin-down is Ed = −70 meV in (d). (e) shows the spin polarization as a function of
electric field modulation and electron incident energy, corresponding to (c) and (d).

second minibands exhibit 100% spin polarization, but some
of the following minibands also display an staggered spin
polarization.

The spin-dependent transport properties of the system with
the modulation of an external perpendicular electric field are
also investigated. To visually illustrate the impact of electric
field modulation on the transport properties, we present the
moiré potential under different electric field modulations as
shown in Fig. 3(b). A clear observation is the gradual “flat-
tening” of the moiré potential as the electric field modulation
parameter varies from approximately Ed = 0 meV to Ed =
−80 meV. As a result, the localization of electrons weakens,
and the minibands gradually widen while the minigaps nar-
row, as depicted in the conductance plots in Figs. 3(c) and
3(d). During the process of electric field modulation parameter
varies from Ed = −80 meV to Ed = −160 meV, the moiré
potential becomes nonuniform again, exhibiting a prominent
energy potential at the high-symmetry point A. This results
in electron localization and increasingly larger band gaps. In
summary, electric field modulation exhibits a certain degree
of symmetry in its impact on electron localization, resulting
in symmetric effects on miniband structure and conductance.

Additionally, as shown in Fig. 3(b), the moiré potential for
the spin-down state is most flattened when Ed = −70 meV,
while for the spin-up state, it becomes most flattened at Ed =
−83 meV. Consequently, the positions of the symmetry axis
for the conductances differ for spin down and spin up, occur-
ring at Ed = −70 meV and Ed = −83 meV, respectively, as
illustrated in Figs. 3(c) and 3(d). Not only they have different
axis of symmetry, but also have an overall relative shift along
the electric field. This is the specific manifestation of the

differential response of spin-up and spin-down conductance to
the electric field. This results in the symmetric spin polariza-
tion form, as shown in Fig. 3(e). In this configuration, we can
adjust spin polarization not only by changing the Fermi level
in the lead but also by modifying the electron’s localization
through applying electric field modulation in the scattering
region. Moreover, under different twist angles, although the
size of the moiré period may vary, the shape of the moiré po-
tential remains consistent. Therefore, this modulation should
exist at different twist angles, with the most pronounced man-
ifestation observed around b/a = 45.

For further research the effect of electric field modulation
on spin polarization, we plot the spin polarization as a function
of the electric field and the moiré periods with fixed incident
energy as shown in Fig. 4. The symmetric spin polarization
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FIG. 4. The functional relationship between moiré period b/a
and electric field modulation Ed on spin polarization with fixed
electron incident energy E = −340 meV.
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phenomenon exists not only in the case of moiré period
b/a = 45, but also in other moiré periods. This demonstrates
that spin polarization reversal modulation can be achieved
solely through electric field modulation in the scattering re-
gion without altering the Fermi level of the lead.

We also examined the effect of the scattering region length
on the spin-dependent conductance and spin polarization.
Figure 5 shows the spin-dependent conductance and spin po-
larization as functions of the scattering region length L for
the various incident energies in the spin-resolved minigaps.
The spin-dependent conductances exhibit obvious resonance
transport properties, and one of the spin-dependent conduc-
tances decays to zero when the length of the scattering region
increases. When the length of the scattering region is short, the
scattering region contains only a few periods, and there is no
significant spin polarization because there is only the scatter-
ing of the moiré potential without forming the band structure
in the scattering region. When the length of the scattering
region becomes longer, the scattering region contains a suf-

ficient number of periods; then the spin-dependent energy gap
appears in the system and 100% spin polarization is obtained.
Finite periods are sufficient to achieve a high-efficiency spin
filter. For example, it only takes two or three periods to realize
almost 100% spin polarization at low energy for hole as shown
in Figs. 5(a) and 5(b). More superlattice periods are required
in order to realize a remarkable spin polarization in the high
energy for hole. For instance, a large spin polarization is
obtained remarkably, by using ten to fifteen moiré periods as
shown in Figs. 5(c) and 5(d). This is because the minigap in
the lower energy region is formed more easily than that in the
high-energy region.

IV. CONCLUSIONS

In summary, we have investigate the spin-polarized trans-
port properties in a moiré superlattices formed by a monolayer
BAs stacked on a twisted 2D ferromagnet CrI3. We find that
the conductance exhibits spin-resolved miniband transport
properties at a small twist angle because of the magnetic
proximity effect associated with the moiré superlattices of
long period. A remarkable spin polarization can be realized
when the incident energy lies in the spin-resolved gaps. We
show that the direction and strength of the spin polarization
can further be tuned by a perpendicular electric field because
the interlayer distance of the heterojunction is also moiré mod-
ifiable. A practical spin polarization can be generated simply
by passing the charge current through a finite moiré period.
These results point to an unexpected but exciting opportunity
to build spin functionality in magnetic moiré electronics.
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