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Sliding ferromagnetism in bilayer MnSiSe3 and its application to spintronics
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Based on first-principles calculations, we report that the easy magnetization axis in two-dimensional (2D)
van der Waals (vdW) magnets can be controlled by the sliding direction, a phenomenon we termed sliding
ferromagnetism, directly linked to the second-order perturbation effects of spin-orbit coupling. Furthermore, we
construct a MnSiSe3/graphene-bilayer-BN-graphene/MnSiSe3 vdW multiferroic tunnel junction (MFTJ) where
the direction of sliding, rather than electric or magnetic fields, drives the device. Here, the sliding ferroelectric
bilayer h-BN acts as the insulating area, and the sliding ferromagnetic mirrored-bilayer MnSiSe3 serves as the
electrodes. Our nonequilibrium Green’s function calculations demonstrate the existence of multilevel resistance
states in this MFTJ. These findings present an approach to manipulating the spin orientation in two-dimensional
magnets without magnetic fields, and thus a colorful platform for designing tunable spintronic devices.
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I. INTRODUCTION

Controlling the orientation of magnetic moments is fun-
damental not only to the field of spintronics but also
underpins its development. The tunnel junction is an im-
portant functional element with widespread applications in
memory devices, sensors, and information processing sys-
tems [1–3]. The recent discoveries of two-dimensional (2D)
magnetism and ferroelectrics offer promising avenues for
designing miniaturized tunnel junctions [4–7]. For instance,
multiferroic tunnel junctions (MFTJs) utilizing 2D magnetic
metals and ferroelectric semiconductors have garnered signif-
icant interest [8–17]. The heightened attention originates from
their inherently clean van der Waals (vdW) interfaces, reduced
dimensionality, and the potential for more means of regulation
compared to conventional MFTJs [18,19]. A considerable part
of interest in 2D multiferroic materials stems from the expec-
tation of achieving electrically controlled magnetism, thereby
driving the development of spintronics [20,21].

Within the field of 2D ferroelectrics, the ferroelectricity in
sliding systems has been theoretically predicted and experi-
mentally confirmed [22–24], offering an innovative method
for overcoming the difficulty of high-energy consumption as-
sociated with ferroelectric polarization switching. Likewise,
within the realm of 2D magnets, various perturbations such
as strain, polarization, spin polarization current, and electric
or magnetic fields can alter the magnetic states [20,25–29]. In
spintronics, all functional elements, such as spin valves and
magnetic tunnel junctions, rely on manipulating the orienta-
tion of magnetic moment. However, a strategy akin to sliding
ferroelectricity for efficiently manipulating spin orientation in
2D magnets with low-energy consumption is still lacking.

*Contact author: gangouy@hunnu.edu.cn

The monolayer MnSiSe3, belonging to the transition-metal
trichalcogenides family, is anticipated to exhibit a high Curie
temperature and half-metallic properties [30,31]. Addition-
ally, it is predicted that monolayer MnSiSe3 displays an
easy axis of magnetization in the in plane. We find that the
sliding direction can control the easy magnetization axis in
mirrored-bilayer MnSiSe3. This phenomenon resembles slid-
ing ferroelectricity, termed sliding ferromagnetism, and can
be attributed to the second-order perturbation of spin-orbit
coupling (SOC) in selenium atoms.

Furthermore, to verify the effectiveness of this manipula-
tion method and preserve the large tunneling magnetoresis-
tance (TMR) and tunneling electroresistance (TER) ratios in
2D vdW MFTJs, we construct a MFTJ by combining the con-
cepts of sliding ferroelectricity and sliding ferromagnetism,
wherein mirrored-bilayer MnSiSe3 serves as the electrodes
and bilayer h-BN as the insulating area [15,32]. In this sliding-
driven vdW MFTJ with multilevel resistance states, we find
the TMR and TER ratios can be up to 1009% and 508%,
respectively.

In addition, we applied our strategy to other systems and
obtained similar results, indicating that our approach is not
limited to a single case. Our study suggests a significant
approach to modify the orientation of magnetic moments
without any external magnetic field and offers a promising
platform to explore the spintronics applications.

II. COMPUTATIONAL METHODS

The first-principles calculations in this study are per-
formed within the framework of density functional theory
(DFT) [33], which is implemented in the Vienna ab initio
simulation package with the projector augmented-wave
(PAW) method [34–36]. We employ the Perdew-Burke-
Ernzerhof (PBE) pseudopotential under the generalized
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gradient approximation (GGA) and set the plane-wave cutoff
energy to 500 eV, accompanied by a vacuum region of 20 Å
along the z direction [37]. To describe the strong electron
correlation in the Mn 3d states, we assign an effective U value
of 4.0 eV [30,38]. The convergence criterion for the electronic
energy and the Hellman-Feynman force are set to 10−6 eV
and 0.001 eV/Å, respectively. We employ a �-centered k
mesh with 12 × 12 × 1 grids for self-consistent calculations,
ensuring accurate energy estimation by restoring complete
lattice symmetry under the GGA functional. Furthermore,
the Grimme-D3 type of vdW force correction is considered
in calculations [39], and SOC is integrated into the DFT
calculations to determine the magnetocrystalline anisotropy
energy (MAE).

The transport properties of MFTJs are calculated using
the nonequilibrium Green’s function (NEGF) method, as im-
plemented in the NANODCAL software package [40,41]. A
double-ζ polarized atomic-orbital basis was applied to all
atoms, with the on-site effective Hubbard U parameter of
4 eV for 3d states of Mn atoms [42]. In the electronic self-
consistent calculations, a grid of 10 × 10 × 100 k points is
employed for the electrodes, while a grid of 10 × 10 × 3
k points was used for the central region. A 100 × 100 × 1
k-point grid was applied to sample the Brillouin zone for the
transport calculations, and the convergence test indicates that
this k-point grid is sufficient (see Sec. 10 in the Supplemental
Material for more details) [43]. An energy cutoff of 80 hartree
was used in these calculations. The tunneling conductance can
be obtained using the following equation [44,45],

G(E ) = e2

h
T (E ), (1)

where e, h, and T (E ) denote the electron charge, Planck’s
constant, and the transmission coefficient, respectively. The
orientation of magnetic moments and the ferroelectric po-
larization can be altered by applying proper sliding, whose
manipulation yields multiple resistance states [e.g., parallel-
and cross-magnetization configurations, see Fig. 4(d)]. In
the equilibrium state, the TMR and TER ratios can then be
defined as TMR = (GP − GC)/GC, TER = (G↑ − G↓)/G↓,
where GP/C is the conductance in the parallel (P) and cross (C)
magnetization configurations, and G↑/↓ is the conductance of
polarized configurations in the opposite directions.

III. RESULTS AND DISCUSSION

The MnSiSe3 monolayer is characterized by a triangular
lattice exhibiting the symmetry of the space group P3̄1m,
illustrated in Fig. 1(a). Assuming the MnSiSe3 monolayer
is parallel to the ab plane, the second layer arises from the
stacking operator τzÔ, where τz is the out-of-plane translation
operator and Ô = {O|τ0}, with O as the rotational part, and
τ0 denotes the in-plane translational part presented in the
form of fractional coordinates. In our case, we construct a
mirrored-bilayer MnSiSe3 using O = mz. Figure 1(a) presents
a series of translation points. The total energies of mirrored-
bilayer MnSiSe3 obtained using different τ0 are calculated to
determine the energy minima. As depicted in Fig. 1(b), the
simply stacked bilayer [τ0 = (0, 0)] corresponds to the energy
maximum, whereas shifting the second layer to the points A,

FIG. 1. (a) Top view of monolayer MnSiSe3. The area sur-
rounded by a black dashed line represents the unit cell. The
high-symmetry translation points and the mirror plane (dashed-
dotted line) are presented: G (0, 0), A (1/3, 0), B (0, 1/3), C
(−1/3, −1/3), D (1/2, 0), and M (1/3, 2/3). (b) The energy dif-
ference between the different stacking orders of bilayer MnSiSe3

[Ô = {mz|τ0}]. A, B, and C are the locations of the minima points of
mirrored-bilayer MnSiSe3. (c) The energy barrier between two struc-
tures correspond to the energy minima: A (1/3, 0) and C′ (1/3, 1/3).

B, or C results in the threefold degenerate minima. The energy
gap between the minima and maxima is −43.1 meV/f.u.,
indicating the favorable stable state at the minima. The energy
barrier between the two stable state is 14 meV/f.u., as shown
in Fig. 1(c), which has typical sliding characteristics with
low-energy consumption.

The MnSiSe3 monolayer is anticipated to exhibit a high
Curie temperature with an in-plane easy magnetization axis
[30]. Figure 2(a) illustrates the sixfold degenerate easy axis in
the MnSiSe3 monolayer, aligning with the D3d symmetry of
the MnSiSe3 monolayer. We then systematically studied the
MAE in bilayer MnSiSe3 obtained using different Ô (O = E
and mz; τ0 = G, M, A, B, C, and D). Our results reveal that
bilayer MnSiSe3 shows an in-plane easy axis across all tested
translation points, with the perpendicular MAE ranging from
3 to 6 meV (refer to Fig. S2 in the Supplemental Material
for more details) [43]. Shifting the mirrored-top layer to the
points of minimum energy (O = mz; τ0 = A, B, and C) re-
sults in a reduction in symmetry to Cs, subsequently leading
to sliding ferromagnetism, i.e., the easy magnetization axis
depends on the sliding direction [see Figs. 2(b)–2(d)]. Addi-
tionally, the in-plane MAE is computed at other test points,
where the discrepancies are typically within the magnitude of
µeV, indicating a lack of discernible spin orientation. Notably,
although bilayer MnSiSe3 displays an MAE of approximately
40 µeV under the operation Ô = {E |A}, it remains signif-
icantly smaller than that of 1.7 mV exhibited in bilayer
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FIG. 2. Polar diagrams of the MAE of (a) MnSiSe3 monlayer and
bilayer MnSiSe3 obtained using (b) Ô = {mz|A}, (c) Ô = {mz|B}, and
(d) Ô = {mz|C} in the xy plane.

MnSiSe3 with the operation Ô = {mz|A} [see Fig. 2(b) and
Fig. S3(c) in the Supplemental Material for more details] [43].
In addition, we computed the variation in MAE throughout
the sliding process. Through targeted path adjustments [the
black dashed arrow in Fig. 1(a)], we achieved precise (360◦)
control over in-plane magnetic moments (see Fig. S4 in the
Supplemental Material).

The MAE emerges from the SOC interaction, which can
be estimated through second-order perturbation between oc-
cupied and unoccupied states [46–48],

E τ0,ϕ
O = |〈o| ĤSOC |u〉|2

εo − εu
, (2)

where the ϕ, |o〉, |u〉, εo and εu stand for azimuth angle of
magnetic moment, occupied states, unoccupied states, and
corresponding energies, respectively. In our case, we exam-
ine two scenarios: one involving identical ϕ but varying τ0

values (ϕ = 0◦; τ0 = G, A), and the other featuring identical
τ0 values but different ϕ (ϕ = 0◦, 90◦; τ0 = A). In fact, GA,
GB, and GC represent three equivalent directions, owing to
the D3h symmetry of the simply stacked mirrored-bilayer
MnSiSe3 (O = mz; τ0 = G). In the initial set of comparisons,
the atomic-resolved and orbital-resolved SOC differences
indicate that the MAE primarily originates from the 4p
states of selenium atom, as illustrated in Fig. 3(a). All the
elements make a negative contribution to MAE, with the
hybridization between pz and py states making the most sig-
nificant impact due to the magnetization along the x direction
(〈pz| ĤSOC |py〉 ∼ 〈Sx〉) [49], as shown in Fig. 3(b). In the
second group, the scenario differs slightly from the first group.
Specifically, not all selenium atoms make a negative contribu-
tion, but only those along the sliding direction [see Figs. 3(c)
and S5 in the Supplemental Material for more details]. When
the operation Ô = {mz|A} is applied, 〈pz| ĤSOC |py〉 ∼ 〈Sx〉
and 〈pz| ĤSOC |px〉 ∼ 〈Sy〉 emerge as the primary sources
of in-plane MAE in the mirrored-bilayer MnSiSe3 as

FIG. 3. The atomic-resolved SOC energy difference of bilayer
MnSiSe3 and (b) the orbital-resolved SOC energy difference of
selenium atoms in bilayer MnSiSe3, obtained using the operators
Ô = {mz|G} and Ô = {mz|A}, with both magnetic moments oriented
along the x axis. (c) The atomic-resolved SOC energy difference of
bilayer MnSiSe3 and (d) the orbital-resolved SOC energy difference
of selenium atoms in bilayer MnSiSe3, calculated using the operator
Ô = {mz|A} with magnetic moments oriented differently: one along
the x axis and the other along the y axis (e.g., EA,90

mz
represents the

SOC energy of bilayer MnSiSe3 obtained using the operator Ô =
{mz|A} and “90” represents the magnetic moment is perpendicular to
x axis).

magnetization is along the x and y directions [49], re-
spectively, as shown in Fig. 3(d). In our calculations, the
magnetization expectation of the 4p state in selenium atom
is consistent across both cases (∼0.146 µB). Thus, the more
negligible energy difference between pz and py states com-
pared to pz and px states, as described in Eq. (2), is attributed
to the emergence of sliding ferromagnetism.

It is worth noting that the total MAE (calculated from
the total energy difference between distinct magnetic orien-
tations) does not equal the sum of SOC energy differences
from each atom, showing a discrepancy of 0.1 meV. This dis-
crepancy arises from the limited applicability of second-order
perturbation theory in metallic systems.

Figure 4(a) presents the spin-polarized electron structures
of bilayer MnSiSe3, acquired using the operator Ô = {mz|A}
without SOC. As observed with the monolayer, the ferro-
magnetic state of bilayer MnSiSe3 remains a half metal, with
bands near the Fermi level predominantly stemming from the
4p orbitals of the Se atom. Notably, the Weyl points opened
a gap after sliding due to the break of certain mirror sym-
metries [e.g., M110 and M010, see Fig. 1(a)]. We compared
the spin direction resolved band structures of bilayer MnSiSe3

obtained using the operator Ô = {mz|A} and Ô = {mz|B} with
SOC. Figures 4(b) and 4(c) demonstrate the alteration of spin-
majority and spin-minority states. Under the operator, Ô =
{mz|A}, only electrons with spin in the x direction contribute
to the bands. In contrast, under the operator, Ô = {mz|B}, con-
tributions to the bands come from both the x and y directions.
The conventional magnetic tunnel junction achieves a high
TMR ratio by altering the distribution of spin-majority and
spin-minority electrons via an external magnetic field [50].
Therefore, we aim to construct an MFTJ devoid of external
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FIG. 4. The spin-polarized electron structures of bilayer MnSiSe3 obtained using the operator Ô = {mz|A}. The spin direction resolved
band structures of bilayer MnSiSe3 obtained using the operator (b) Ô = {mz|A}, (c) Ô = {mz|B}. (d) and (e) are the side views of our MFTJ
device models based on MnSiSe3/Gr-bilayer-BN-Gr/MnSiSe3. Both the polarization and the magnetization directions in the device can be
altered by sliding.

electric and magnetic fields by integrating sliding ferroelec-
tricity and sliding ferromagnetism.

As depicted in Figs. 4(d) and 4(e), an MFTJ exhibit-
ing multilevel resistance states is constructed, where the
electrode mirrored-bilayer MnSiSe3 is paired with a bilayer
h-BN serving as the insulating region. The supercells to
build this MFTJ are 1 × 1,

√
7 × √

7, and
√

7 × √
7 for bi-

layer MnSiSe3 (6.374 Å), graphene (2.466 Å), and h-BN
(2.511 Å), respectively. Given the research emphasis on slid-
ing ferromagnetism, we adopt the in-plane lattice constant of
bilayer MnSiSe3 as the universal lattice constant for MFTJ,
leading to compression of graphene and h-BN by 2.37% and
4.06%, respectively. In this MnSiSe3/graphene-bilayer-BN-
graphene/MnSiSe3 vdW MFTJ, the graphene intercalation is
employed to hinder the electron transfer between h-BN and
MnSiSe3 single layers, thereby diminishing the ferroelectric
polarization in bilayer h-BN [15,32]. This MFTJ comprises
two types of heterojunction interfaces: MnSiSe3/graphene
and graphene/h-BN. We conduct total energy evaluations
for these interfaces considering various stacking orders, and
one can find that Si/C and hollow/N are the energy-favorite
configurations of MnSiSe3/graphene and graphene/h-BN
interfaces, respectively (see Fig. S6 in the Supplemental Ma-
terial for more details) [43].

In the P configuration [Ô = {mz|A}; see the upper part of
Fig. 4(d)], the spin orientations of mirrored-bilayer MnSiSe3

in both left and right electrodes align, while in the C config-
uration [Ô = {mz|A} for the left, Ô = {mz|B} for the right;
see the lower part of Fig. 4(d)], the spin orientations of

mirrored-bilayer MnSiSe3 in the left and right electrodes vary
with the sliding direction. We designate it ferroelectric I (FE
I) when the ferroelectric polarization in bilayer h-BN points
from right to left. Conversely, we term it ferroelectric II (FE
II) when the ferroelectric polarization points from left to right.
As evident from Table I, the sliding of h-BN alters the fer-
roelectric polarization direction (FE I → FE II), leading to a
TER ratio of 508% (383%) in the P (C) magnetization config-
uration, and sliding of mirrored-bilayer MnSiSe3 modifies the
spin configuration (P → C), yielding a TMR ratio of 1009%
(780%) in the FE I (FE II) state. We also tested the absence
of graphene intercalation. The maximum TMR (TER) ratio of
MnSiSe3/bilayer-BN/MnSiSe3 vdW MFTJ is 1320% (13%)
at the equilibrium state (see Table S1 in the Supplemental
Material for more details) [43], which also illustrates the
absence of ferroelectric polarization in the central region and
is consistent with previous studies [32]. The transport prop-
erties of MnSiSe3/Gr-bilayer-BN-Gr/MnSiSe3 vdW MFTJ

TABLE I. Total conductance (G0 = 2e2/h), and TMR and TER
ratios for the different multilevel resistance states of MnSiSe3/Gr-
bilayer-BN-Gr/MnSiSe3 vdW MFTJ.

Configuration and ratio FE I state FE II state TER

Parallel configuration 1.43 × 10−6G0 2.35 × 10−7G0 508%
Cross configuration 1.29 × 10−7G0 2.67 × 10−8G0 383%
TMR 1009% 780%
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FIG. 5. The magnetoresistance (blue line), current of P (red
line), and C (red dashed line) configuration vs the bias volt-
age of MnSiSe3/Gr-bilayer-BN-Gr/MnSiSe3 vdW MFTJs, where
the TMR in the nonequilibrium state is calculated by current,
TMR = (IP − IC)/IC.

in a nonequilibrium state are also investigated. As shown in
Fig. 5, the TMR ratio decreases with increasing bias, a trend
consistent with our prior research [31].

We compared the differences of k‖-resolved transmission
coefficients with and without interlayering. Our calculations
indicate that the interlayer thickens the central region, re-
ducing the transmission coefficient. Furthermore, interlayered
graphene facilitates additional tunneling pathways for elec-
trons (see Fig. S10 in the Supplemental Material for more de-
tails) [43]. Alternatively, materials with multiple atomic layers
can be selected as the barrier layer to mitigate the drawbacks
associated with electron transfer, such as bilayer MoSi2N4.
As depicted in Fig. 6, there are two polarization states in the
central region of MnSiSe3/bilayer-MoSi2N4/MnSiSe3 vdW
MFTJ. In the equilibrium state, the maximum TMR (TER)
ratio of MnSiSe3/bilayer-MoSi2N4/MnSiSe3 vdW MFTJ
reaches 833% (65%) (see Sec. 8 in Supplemental Material
for more details, where the sliding ferroelectricity in bilayer
MoSi2N4 and the transport property of MnSiSe3/bilayer-
MoSi2N4/MnSiSe3 vdW MFTJ are discussed) [43]. The
above results demonstrate that the TMR and TER ratios in
sliding-dependent MFTJs can be effectively modulated.

IV. SUMMARY

In conclusion, we explore systematically the total en-
ergy and MAE of mirrored-bilayer MnSiSe3 obtained using

FIG. 6. The potential in the central region along the z axis for
MnSiSe3/bilayer-MoSi2N4/MnSiSe3 vdW MFTJ. (a) The ferroelec-
tric polarization points from left to right (FE II). (b) The ferroelectric
polarization points from right to left (FE I).

different operators (Ô = {O|τ0}) based on first-principles
calculations. In previous studies [20,21], the approach for
manipulating magnetism follows the sequence of interlayer
sliding → polarization → controlled magnetism. Our strat-
egy in this work discards intermediate processes, with
magnetism being directly modulated via interlayer sliding.
The underlying mechanism can be clarified by the second-
order perturbation effects of SOC in Se atoms. Through
constructing a MnSiSe3/Gr-bilayer-BN-Gr/MnSiSe3 vdW
MFTJ, we find the functionality can be driven by sliding
rather than external magnetic field. Following graphene in-
tercalation, this MFTJ shows enhanced performance with the
TMR (TER) ratio up to 1009% (508%). Our study provides
an approach to manipulate the spin orientation in 2D vdW
magnetic materials.
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