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Multiferroic tunnel junctions (MFTJs) have attracted considerable attention due to their multifunctional
properties, which are valuable for nonvolatile memory devices. The recent advancements in van der Waals (vdW)
multiferroic materials, combining ferromagnetic and ferroelectric properties, provide an excellent platform
for exploring MFTJs at the atomic scale. In this study, we employ a combination of nonequilibrium Green’s
function and density functional theory to theoretically investigate the spin-dependent transport properties of vdW
MFTJs, which consist of metal electrodes and sliding multiferroic layered VSi2N4 barrier layers. Our findings
demonstrate that asymmetric Ag(111)/bilayer-VSi2N4/Au(111) MFTJs can exhibit multiple nonvolatile resis-
tance states by manipulating the ferroelectric polarization and magnetization alignment of the bilayer VSi2N4,
achieving maximum tunneling magnetoresistance (TMR) and tunneling electroresistance (TER) ratios of up
to 1.01 × 105% and 37.3%, respectively. More intriguingly, the TER ratio can be further increased to 448.3%
by employing left and right symmetric Au(111) electrodes and trilayer VSi2N4 barrier layers. Additionally,
we reveal that layered VSi2N4 possesses intrinsic multiferroicity with the coexistence of the out of plane
ferroelectricity and interlayer A-type antiferromagnetism. Through an analysis of electronic structure and Berry
curvature, we elucidate the coupling between ferroelectricity and antiferromagnetism via a ferrovalley, enabling
electrically controlled magnetism in the bilayer VSi2N4 by interlayer sliding. Our results demonstrate that giant
TMR, large TER, and multiferroic coupling can coexist in layered VSi2N4, with potential applications in other
vdW layered multiferroics. The controllable interlayer sliding of vdW MFTJs offers promising opportunities for
the design of next-generation logic and memory devices.

DOI: 10.1103/PhysRevB.109.085433

I. INTRODUCTION

The emergence of multiferroic tunnel junctions (MFTJs),
by combining the two different magnetization alignments
of the ferromagnetic electrodes with ferroelectric ultrathin
films as the tunnel barrier, has shown promise in addressing
the challenges faced by conventional silicon-based semicon-
ductor devices [1–3]. MFTJs exhibit multiple nonvolatile
resistance states by combining the tunnel magnetoresistance
(TMR) effect from magnetic tunnel junctions (MTJs) [4,5]
and the tunnel electroresistance (TER) effect from ferroelec-
tric tunnel junctions (FTJs) [6,7]. The key to the functionality
of MFTJs lies in the utilization of multiferroic materials that
possess both ferroelectric (FE) and ferromagnetic (FM) prop-
erties [8,9]. Traditional MFTJs typically involve ferroelectric
perovskite oxides sandwiched between magnetic compos-
ite/alloy films [10,11]. However, the interface between differ-
ent crystals in these structures can introduce significant con-
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tacting resistance and high energy consumption, which can
adversely affect device performance. To address these chal-
lenges, researchers have turned to two-dimensional (2D) van
der Waals (vdW) materials as a promising solution [12,13].
These materials have atomic thickness, uniform surfaces, and
free dangling bonds, making them suitable for constructing
vdW MFTJs in a sandwichlike heterostructure [14–21]. This
approach has opened up new opportunities for low-power
device applications in the nonvolatile memory industry.

Recent advancements in the field have demonstrated
that interlayer sliding of 2D materials can effectively reg-
ulate various properties, including ferroelectricity [22,23],
ferromagnetism [24,25], multiferroicity [26,27], and valley
polarization [28,29]. The weak interlayer vdW interactions
have enabled the emergence of vertical sliding ferroelectricity
in bilayer hexagonal BN [30,31] and the coupling of ferroelec-
tricity and antiferromagnetism through a ferrovalley in bilayer
VS2 [32]. These findings have enabled electronic control of
magnetism and paved the way for new device paradigms
based on four logic states. Thus, the rapid development of
vdW sliding multiferroic materials have provided an ideal
platform for exploring MFTJs at the atomic scale. A novel
class of 2D materials known as MA2Z4 (M = a transition
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metal; A = Si, Ge; Z= N, P, As) has recently been proposed
and synthesized [33]. Moreover, the monolayer VSi2N4 has
exhibited ferromagnetic, two-valley semiconductor behav-
ior with valley splittings resulting from magnetization and
significant spin-orbit coupling [34,35]. Additionally, semicon-
ducting MoA2N4 bilayers and multilayers have demonstrated
robust out-of-plane ferroelectricity via interlayer sliding [36].
Furthermore, the bilayer VSi2P4 has been identified as a mul-
tiferroic material, offering the potential for layer-polarized
anomalous Hall effect in valleytronic vdW bilayers through
interlayer sliding [37]. These excellent properties and multi-
ferroic couplings make such materials an ideal platform for
exploring novel MFTJs at the atomic scale.

In this paper, we combine the concepts of sliding multi-
ferroics and MFTJs to study the manipulation of TMR and
TER effects in layered VSi2N4 through interlayer sliding.
We demonstrate that the bilayer VSi2N4 exhibits intrin-
sic multiferroicity, characterized by the coexistence of out
of plane ferroelectricity and interlayer A-type antiferromag-
netism. Through the analysis of electronic structure and Berry
curvature (BC), we reveal that ferroelectricity and antiferro-
magnetism can be coupled through a ferrovalley, enabling
electrically controlled magnetism in the bilayer VSi2N4 via
interlayer sliding. Furthermore, we theoretically investigate
the spin-dependent electronic transport properties of asym-
metric Au(111)/bilayer-VSi2N4/Ag(111) vdW MFTJs and
symmetric Au(111)/trilayer-VSi2N4/Au(111) vdW MFTJs.
These devices, owing to the multiple polarization states of
the layered VSi2N4, exhibit high tunability through inter-
layer sliding. Our results reveal a significant TMR ratio of
up to 5.68 × 103% in the MFTJs by altering the magnetic
orders of the trilayer VSi2N4 from parallel configuration (PC)
to antiparallel configuration (APC) arrangement, as well as
a large TER ratio of up to 448.3% through ferroelectric-
antiferroelectric (FE-AFE) order transitions of the trilayer
VSi2N4. The innovative design of vdW MFTJs based on lay-
ered VSi2N4 can be extended to other sliding multiferroics,
offering new avenues for further experimental exploration of
vdW MFTJs. This research opens up exciting possibilities
for the development of next-generation devices that harness
the unique properties of 2D materials and enable advanced
functionality in areas such as nonvolatile memory devices.

II. COMPUTATIONAL METHODS

The structural optimization, total energy, and band struc-
ture calculations of all systems are performed by using the
projected augmented-wave method as implemented in the Vi-
enna ab initio simulation package (VASP). The generalized
gradient approximation (GGA) [38] with Perdew-Burke-
Ernzerhof (PBE) [39] is used to treat the exchange-correlation
interaction. The effective U= 3 eV is adopted on the d orbitals
of the V atoms. The kinetic energy cutoff is set to be 500 eV.
A vacuum space of 15 Å is considered to avoid interaction be-
tween neighboring slabs. All atoms are fully relaxed until the
energy (10−6 eV) and force (0.01 eV/Å) convergence criteria
are reached. The Grimme-D2 type of vdW force correc-
tion is included in our calculations [40,41]. Centered k-mesh
points of 15 × 15 × 1 are used for the structural optimization
and total-energy estimation [42]. We employ VASPBERRY to

calculate the Berry curvature [43]. Ferroelectric polarization
is evaluated using the Berry phase approach [44]. The en-
ergy barrier of ferroelectric switching is investigated using the
nudged elastic band (NEB) method [45].

The spin transport properties are calculated based on
the density functional theory combined with the nonequilib-
rium Green’s function method implemented in the ATOMISTIX

TOOLKIT (ATK) package [46–48]. The GGA with PBE func-
tional is adopted for the electronic exchange correlation
functional. Since the effective U has little effect on the trans-
port properties in our simulations, the effective U is not
considered in the equilibrium transport calculations. The spin-
dependent tunneling current Iσ and conductance Gσ can be
obtained by the Landauer-Büttiker formula [49,50],

Iσ = e

h

∫
Tσ (E )[ fL(E ) − fR(E )]dE , (1)

Gσ = e2

h
Tσ , (2)

where σ represents the spin index (↑, ↓), e denotes the
electron charge, h is the Planck’s constant, Tσ (E) is
the spin-resolved transmission coefficient, and fL(R)(E) is the
Fermi-Dirac distribution function of the left (right) electrode.

In the equilibrium state, the TMR can be calculated by [51]

TMR = GP − GAP

GAP
= TP − TAP

TAP
, (3)

where TP/AP are the total transmission coefficient at the Fermi
level in the P and AP magnetic states, respectively. Similarly,
the TER ratio is defined as [52]

TER = |G↑ − G↓|
min(G↑, G↓)

= |T↑ − T↓|
min(T↑, T↓)

, (4)

where T↑/↓ are the total transmission coefficient at the Fermi
level which can be obtained by reversing the direction of the
ferroelectric polarization of the barrier layer.

III. RESULTS AND DISCUSSION

A. Sliding ferroelectricity in the bilayer VSi2N4

The monolayer VSi2N4 possesses a unique atomic struc-
ture consisting of seven layers arranged as N-Si-N-V-N-Si-N,
resembling the 1H-phase VN2 encapsulated by buckled SiN
layers. Notably, this structure bears resemblance to the exper-
imentally synthesized MoSi2N4 family [33]. The monolayer
exhibits ferromagnetic exchange interaction due to the pres-
ence of broken time-reversal symmetry [35], which possesses
a hexagonal lattice with the space group of P6m2. In the case
of the bilayer VSi2N4, the AB stacking configuration with
the space group of P3m1 is considered in our simulations.
We investigate the existence of out of plane ferroelectricity
in the AB stacking bilayer VSi2N4, and the corresponding
bistable states, named state I (AB stacking) and state II (BA
stacking), are illustrated in Fig. 1. In state I displayed in
Fig. 1(a), the N atoms of the upper layer align directly above
the Si atoms in the lower layer, while the N atoms in the
lower layer are positioned beneath the V atoms of the upper
layer. This asymmetric interlayer structure gives rise to a
spontaneous vertical ferroelectric polarization along the −z
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FIG. 1. (a), (b) Side views of bilayer VSi2N4 crystal structures
in AB and BA stacking states, where red, blue, and silver spheres
indicate the V, Si, and N atoms, respectively. The red arrows in-
dicate the directions of ferroelectric polarization. Charge density
differences and plane-averaged charge density differences along the
z direction of (c) state I and (d) state II, respectively. Yellow and blue
regions represent electron accumulation and depletion, respectively.
The isosurface value is set to 0.0001 e/Å3.

direction. Furthermore, the polarization can be reversed by
interlayer sliding to state II, in which the N atoms of the
upper layer are right over the V atoms in the lower layer while
the N atoms in the lower layer are below the Si atoms of
the upper layer, leading to a spontaneous vertical ferroelectric
polarization along the +z direction, as shown in Fig. 1(b).

At the interface of the two Si-N layers, the net charge
transfer due to the weak interlayer vdW interaction plays
a crucial role in the generation of the spontaneous vertical
polarization. To confirm the net charge transfer at the interface
of the bilayer VSi2N4, the charge density differences between
the upper and lower layers in state I and state II are illustrated
in Figs. 1(c) and 1(d). The nonequivalence of charge in the
accumulation and depletion regions leads to a net charge
transfer between the two layers, giving rise to the vertical
polarization. As depicted in the right panel of Fig. 1(c), the
plane-averaged charge density difference along the z direction
in state I reveals a net charge transfer from the lower layer
to the upper layer, resulting in the spontaneous ferroelectric
polarization along the −z direction. Conversely, as illustrated
in the right panel of Fig. 1(d), a net charge transfer occurs from
the upper layer to the lower layer in state II, lending to the
spontaneous ferroelectric polarization along the +z direction.

The intrinsic ferroelectricity of the bilayer VSi2N4 is fur-
ther confirmed by analyzing the plane-averaged electrostatic
potential. As shown in Figs. 2(a) and 2(b), we observe the
positive (negative) discontinuity of the electrostatic potential

difference is 153 meV (–153 meV) between the vacuum levels
of upper and lower layers, indicating the spontaneous vertical
ferroelectric polarization along the −z (+z) direction (labeled
by red arrows) in the AB (BA) stacking bilayer VSi2N4. It is
worth noting that the AB and BA stacking configurations pos-
sess the same energy [see Fig. 2(d)]. Consequently, the bilayer
VSi2N4 exhibits the spontaneous vertical ferroelectricity. In
comparison, it is shown that the electrostatic distribution in
the AA stacking remains the same between the upper and
lower layers, as displayed in Fig. 2(c). This indicates a P-
symmetry protection structure, resulting in the absence of a
net ferroelectric polarization.

To investigate the feasibility of sliding ferroelectricity in
the bilayer VSi2N4, we calculated the ferroelectric switching
pathways and energy barriers between state I and state II using
the NEB method, as shown in Fig. 2(d). Due to the pres-
ence of rotation symmetry C3z, the ferroelectric polarization
can be switched by performing interlayer sliding operations
along [1/3, 2/3, 0], [–2/3, −1/3, 0], or [1/3, −1/3, 0], de-
noted as path I (see Fig. S1(a) in the Supplemental Materials
(SM) [53]). Additionally, the ferroelectric switching can be
achieved through the interlayer sliding along the other three
equivalent directions, namely, [−2/3, −4/3, 0], [4/3, 2/3, 0],
[–2/3, 2/3, 0], denoted as path II (see Fig. S1(b) in the SM
[53]). The energy barriers along path I and path II are found
to be 13 and 70 meV per unit cell, respectively. Consequently,
the ferroelectric switching in the bilayer VSi2N4 is more likely
to occur along path I due to the lower energy barrier. The
energy barrier of the bilayer VSi2N4 is smaller than that of
bilayer VS2 (about 20 meV/u.c.) [32]. The lower energy bar-
rier indicates lower energy consumption of ferroelectric phase
transition. Based on the Berry phase method, we determine
that the ferroelectric polarizations for state I and state II are
−3.31 and 3.31 pC/m, respectively, which is comparable to
that of the bilayer BN (2.25 pC/m) [22]. To determine the sta-
bility of ferroelectricity in the VSi2N4 bilayer at room temper-
ature, we perform ab initio molecular dynamics simulations
using the 4 × 4 × 1 supercell to confirm the thermal stability
of ferroelectricity in the AB stacking bilayer VSi2N4. As illus-
trated in Fig. S2 in the SM [53], there is neither bond breaking
nor obvious interlayer sliding in the simulation at 300 K after
5 ps, indicating the robust stability of the sliding ferroelectric-
ity in the bilayer VSi2N4 above room temperature.

Phonon vibrations play a pivotal role in phase transitions,
particularly in ferroelectric materials. Recently, the soft mode
theory has emerged as a valuable tool for understanding con-
ventional ferroelectric phase transitions. It provides insights
into the mechanisms underlying these transitions. The dy-
namical stability of the two ferroelectric phases is confirmed
through the analysis of the phonon spectra, as depicted in Fig.
S3(a) in the SM [53] for the bilayer VSi2N4. Furthermore, we
calculate the phonon dispersion spectrum for the paraelectric
(PE) state, as shown in Fig. S3(b) in the SM [53]. This anal-
ysis reveals the presence of pronounced soft optical modes
at the Brillouin zone center � point. The soft mode, with a
frequency of 0.6 THz, is referred to as the FE soft mode,
which is the crucial optical phonon mode for ferroelectric
phase transition in the bilayer VSi2N4. This indicates that the
PE state serves as the transition state along the FE switching
pathway. This observation suggests that the FE soft mode
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FIG. 2. The plane-averaged electrostatic potential of bilayer VSi2N4 under (a) AB stacking, (b) BA stacking, and (c) AA stacking along
the z direction. The insets describe the corresponding stacking structures. (d) Ferroelectric switching pathways and energy barriers through
interlayer sliding in bilayer VSi2N4. The inset describes the geometry structure of the paraelectric (PE) state.

theory is applicable to the FE switching phenomenon in the
bilayer VSi2N4.

B. A-type antiferromagnetism

It is evident that the monolayer VSi2N4 exhibits fer-
romagnetic behavior, as demonstrated in recent theoretical
studies [35]. To confirm the magnetic ground state of the
bilayer VSi2N4, we considered both interlayer ferromag-
netism and antiferromagnetism in our simulations for AB
stacking configuration. Three different magnetic configura-
tions are illustrated in Fig. 3(a), denoted as the ferromagnetic
(FM), antiferromagnetic-1 (AFM1), and antiferromagnetic-
2 (AFM2) states, respectively. Our total-energy calculations
reveal that the AFM1 and AFM2 states, with degenerate
energies 0.04 meV per unit cell lower than that of FM config-
uration, represent the magnetic ground state, forming A-type
antiferromagnetism. The interlayer magnetic coupling is weak
due to the small energy difference between the two interlayer
magnetic orders. In terms of atomic distances of magnetic
atoms, the distance of the nearest intralayer V-V atoms is
dAA = 2.88 Å, while the distance of the nearest interlayer
V-V atoms is dAB = 9.69 Å, resulting in strong intralayer
ferromagnetic coupling and weak interlayer A-type antiferro-
magnetic coupling. Therefore, the interlayer magnetic order is
susceptible to switching under an applied external field. When
the transport direction is parallel to the layers, it is expected

that Néel spin currents will occur in this direction. There-
fore, the bilayer VSi2N4 exhibits A-type antiferromagnetism,
composed of antiparallel aligned ferromagnetic layers, which
is a candidate for the generation of layer-resolved spin Néel
currents. More intriguingly, the band structure without con-
sidering the SOC of the AFM1 state reveals a significant spin
splitting between the spin-up and spin-down channels due
to the presence of spontaneous ferroelectric polarization, as
illustrated in Fig. 3(b). The layer-resolved density of state
(LDOS) indicates that the conduction band minimum (CBM)
is primarily contributed by the spin-down channel of the upper
layer while the valence band maximum (VBM) is primarily
contributed by the spin-up channel of the lower layer. Con-
versely, in the AFM2 state, as illustrated in Fig. 3(c), the spin
channels and LDOS have the opposite directions compared to
the AFM1 state. Hence, the electronic properties of the bilayer
VSi2N4 exhibit simultaneous spin splitting and layer-resolved
characteristics, suggesting that the layer degree of freedom is
coupled with the band edge and spin.

C. Multiferroic coupling

We have successfully demonstrated that the bilayer
VSi2N4 exhibits multiferroicity with the coexistence of both
sliding ferroelectricity and weak interlayer A-type antifer-
romagnetism. To investigate the magnetoelectric coupling,
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FIG. 3. (a) Three different magnetic configurations of bilayer VSi2N4 in ferromagnetic (FM), interlayer antiferromagnetic-1 (AFM1), and
interlayer antiferromagnetic-2 (AFM2). Green arrows represent the nearest intralayer (dAA) and interlayer (dAB) distance of magnetic atoms.
Red and black arrows represent the different spin directions of magnetic atoms. The spin-polarized band structures without spin-orbit coupling
(SOC) and layer-resolved density of states are displayed for (b) AFM1 configuration and (c) AFM2 configuration.

four different ferroelectric/antiferromagnetic configurations,
namely, P↓M↑↓, P↓M↓↑, P↑M↑↓, and P↑M↓↑ (see Fig.
S4 in the SM [53]) are considered in our simulations, where
P↑ and P↓ represent the ferroelectric polarization direc-
tions toward the +z and −z directions, respectively, and
M↑↓ represents the magnetic orders of the upper and lower
layers along the positive and negative directions of the z
axis. Remarkably, our results reveal that these four config-
urations have degenerate energies, indicating the potential
for multistate storage in the bilayer VSi2N4. For the con-
ventional ferroelectric bistable states, the electronic band
structures should also be indistinguishable. However, in the
case of the bilayer VSi2N4, the broken T symmetry and P
symmetry lead to the emergence of spontaneous valley po-
larization. As a result, the electronic band structure becomes
distinguishable, offering additional possibilities for manipu-
lating and controlling the electronic properties of the bilayer
systems. The inclusion of the SOC effect in calculations
breaks the degeneracy at the +K and −K points, resulting
in distinct energy levels and the appearance of spontaneous
valley polarization due to the coupling between spin and
momentum.

The spin-polarized band structures of the four different
configurations with SOC are show in Figs. 4(a) and 4(b).
We show that the P↑M↑↓ and P↓M↓↑ configurations exhibit
identical band structures, as illustrated in Fig. 4(a). In these
configurations, the CBM and VBM bands arise from oppo-
site spin channels (the CBM is contributed by the spin-down
channel and the VBM is contributed by the spin-up channel),
exhibiting as a bipolar magnetic semiconductor with a band
gap of 0.28 eV. Moreover, the VBM is located at the +K
point with energy higher than that of the −K point, leading
to a significant valley polarization of 64 meV, as illustrated
in Fig. 4(c). Meanwhile, the CBM is situated at the −K point

with a lower energy compared to the +K point, resulting in
a spontaneous valley polarization of 1.5 meV. These findings
are consistent with the previously reported values for the AA′
stacking bilayer VSi2N4 [28]. More intriguingly, if we just
change the direction of the magnetic moment or the direc-
tion of the ferroelectric polarization to get the P↑M↓↑ and
P↓M↑↓ configurations, the spin channels at the VBM and
CBM and the valley polarizations of −64 and −1.5 meV
are opposite simultaneously as depicted in Figs. 4(b) and
4(d). It is worth noting that the energy valleys +K and −K
are related to each other by time-reversal symmetry rather
than translational symmetry in valley materials. The band
structure, which represents the energy levels and dispersion
relationship of electrons in the material, plays a fundamen-
tal role in determining its electronic properties. From the
perspective of qualitative definition of band structure, this
is the indirect evidence that ferroelectric control of mag-
netism is achieved by ferrovalley coupling. Thus, when the
ferroelectric polarization of the bilayer VSi2N4 is switched,
the direction of magnetic moments in the upper and bot-
tom layers needs to flip 180 ° to keep the band structure
unchanged.

The breaking of P symmetry and T symmetry in the bilayer
VSi2N4 leads to nonzero Berry curvature (BC) at the +K and
−K points in the valleys. The BC is defined as [54]

�z(k) = −
∑

n

∑
n �=m

fn(k)
2Im〈ψnk|�

vx|ψmk〉〈ψnk|�

vy|ψmk〉
(Enk − Emk )2 ,

where fn(k) is the Fermi-Dirac distribution function with k
being the electron wave vector; Enk and Emk are the eigen-
values of the Bloch wave functions ψnk and ψmk ;

�

vx and
�

vy

are velocity operators of the Dirac electrons; and n and m
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FIG. 4. (a) The band structure and (c) the enlarged low-energy band structure and (e) Berry curvatures with SOC of ferroelectric
antiferromagnetic configurations P↑M↑↓ and P↓M↓↑. (b) The band structure and (d) the enlarged low-energy band structure and (f) Berry
curvatures with SOC of configurations P↑M↓↑ and P↓M↑↓. The Fermi level is set to 0 eV. The blue (red) colors represent the bands of the
spin projection in the positive (negative) directions of the z axis (spin-up or spin-down).

are the band indices. To confirm the distinct Berry curvatures
(BCs) in the four different configurations, we calculate the
BCs using the VASPBERRY code as shown in Figs. 4(e) and
4(f). In the P↑M↑↓ and P↓M↓↑ configurations, the BCs at
the +K and −K valleys exhibit opposite signs and unequal
magnitudes with values of −26.07 and +26.08 bohrs2, respec-
tively. Meanwhile, in the P↑M↓↑ and P↓M↑↓ configurations,
the BCs are −26.08 and +26.07 bohrs2 at the +K and −K
valleys, respectively. Thus, when the ferroelectric polarization
is switched, the magnetic moments in the upper and lower lay-
ers need to be reversed to maintain the unchanged BCs. This
provides further evidence that ferroelectric control of mag-
netism is achieved through ferrovalley coupling in the bilayer
VSi2N4. In our simulations, there is a net magnetic moment of
about −0.003 µB when the SOC effect is considered without
the external field. More intriguingly, the net magnetic mo-
ment will be switched to 0.003 µB with the reversal of the
ferroelectric polarization, which is the direct evidence for the
magnetoelectric coupling. Furthermore, in the presence of an
in-plane electric field E, the Berry curvature will give the
Bloch electrons an anomalous Hall velocity v⊥, which is equal
to − e

h̄E �z(K ), resulting in the generation of an anomalous
valley Hall effect. In addition, the magnetoelectric coupling
of the bilayer VSi2N4 is intimately connected to the advan-
tageous transport properties in VSi2N4 vdW MFTJs. These
characteristics offer additional control mechanisms, such as
ferroelectric switching and magnetoelectric coupling, to mod-
ulate the tunneling properties, spin-dependent transport, and,
ultimately, the TER and TMR effects in these junctions.

D. TMR and TER effects based on BLVSN in equilibrium state

After confirming the multiferroicity of the bilayer VSi2N4

(BLVSN), we can construct MFTJs using it as barrier layer.
As mentioned earlier, there are a small energy barrier for the
FE switching and weak interlayer AFM coupling in BLVSN,
making it an ideal candidate for next-generation devices with
lower power consumption. It is known that metallic Ag and
Au are the most commonly used electrodes in device ex-
periments. The optimized in-plane lattice parameters for the
BLVSN, Au(111), and Ag(111) surfaces are 2.886, 2.898, and
2.904 Å, respectively. Considering the slight differences in lat-
tice constants, the in-plane lattice mismatches at the interfaces
of Au(111)/BLVSN and Ag(111)/BLVSN are 0.4% and 0.6%,
respectively. Therefore, the Au(111) and Ag(111) surfaces are
the suitable electrode materials for designing MFTJs based on
BLVSN. To determine the heterojunction interfaces between
the metal (111) surface and BLVSN, three types of interfaces
are taken into consideration, denoted as metal-N, metal-Si,
and metal-V as shown in Fig. 5(a). According to the calcula-
tions of the total energies for the three different interfaces, we
find that the metal-N configurations for Au(111) and Ag(111)
are the energy favorite configurations of the Au(111)/BLVSN
and Ag(111)/BLVSN heterojunction interfaces, as illustrated
in Fig. 5(b).

By performing full atomic relaxations of the MFTJs, as
illustrated in Figs. 5(c) and 5(d), we construct vdW asymme-
try MFTJs device, denoted as the Au(111)/BLVSN/Ag(111)
model, where Au(111) and Ag(111) serve as the left and
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FIG. 5. (a) Three different stacking orders of metal/BLVSN interfaces, i.e., metal-N, metal-Si, and metal-V interfaces. (b) The relative
total energy of three different interfaces of Ag(111) and Au(111). Schematic diagrams of Ag(111)/BLVSN/Au(111) MFTJs devices with (c)
AB stacking BLVSN and (d) BA stacking BLVSN using Ag(111) as the left electrode and Au(111) as the right electrode. The left and right
electrodes extend to semi-infinity. These devices are periodic in the xy plane and the current flows in the z direction.

right electrodes, respectively, and the BLVSN acts as the
barrier layer. The optimized distances of the Ag-N and
Au-N bonds at the two interfaces are 2.53 and 2.61 Å, re-
spectively, indicating vdW interactions at these interfaces.
This asymmetry in the two interfaces is crucial for the
functioning of the MFTJs. Due to the underlying physical
mechanisms of MTJs and FTJs, the magnetic direction of the
BLVSN can be switched, resulting in two opposite magnetic
orders [parallel configuration (PC) and antiparallel config-
uration (APC)], while the ferroelectric polarization of the
BLVSN can be reversed by interlayer sliding, suggesting that
four states can be induced in the MFTJs. As presented in
Table I, when the ferroelectric polarization is downward (AB
stacking), the TMR value is 7.84 × 104%. Meanwhile, with

the upward FE polarization (BA stacking), the TMR value
increases to 1.01 × 105%. This indicates that the TMR ratio
in our MFTJs depends on the FE polarization of the BLVSN.
Meanwhile, our results show that the spin injection efficiency
(η) of these MFTJs for the PC state approaches 100% at
zero bias voltage, which is the key factor for the ideal large
TMR ratios. Another important factor in evaluating the per-
formance of the MFTJs is the TER effect. With the reversal
of the ferroelectric polarization from upward to downward
through interlayer sliding, the TER values of the PC and APC
magnetic orders are 7.5% and 37.7%, respectively. There-
fore, the MFTJs exhibit favorable TMR and TER ratios,
demonstrating significant potential for nonvolatile memory
devices.
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TABLE I. Calculated spin-dependent electron transmission T↑ and T↓, TMR, TER, and spin injection efficiency η at the equilibrium state
for Ag(111)/BLVSN/Au(111) MFTJs. Ttot = T↑ +T↓.

PC (M↑↑) APC (M↑↓)

T↑ (×10−6) T↓ (×10−2) Ttot (×10−2) η T↑ (×10−5) T↓ (×10−5) Ttot (×10−5) η TMR (×104%)

State I 8.99 9.27 9.27 ∼100% 1.86 9.96 11.80 69% 7.84
State II 8.99 8.62 8.62 ∼100% 3.95 4.62 8.57 8% 10.11
TER 7.5% 37.7%

E. Significant TMR and TER effects based
on TLVSN in equilibrium state

In order to further investigate the versatility and enhance
the performance of MFTJs constructed from sliding multifer-
roics, we consider using the trilayer VSi2N4 (TLVSN) as the
barrier layer to construct MFTJs. As depicted in Fig. 6(a),
there are four different configurations of the directions of
the ferroelectric polarizations in the TLVSN, denoted as the
downward-FE state (down-FE), upward-FE state (up-FE), tail

to tail AFE state (t-AFE) and head to head AFE state (h-AFE).
The only difference among these states lies in the inter-
layer stacking orders, with corresponding ABC stacking, CBA
stacking, BAB stacking, and ABA stacking, respectively. The
energy differences between these four states are less than 1.0
meV, indicating that four states can undergo phase transi-
tions with each other. We calculated the transition paths and
energy barriers between these states as shown in Fig. 6(b);
the small transition energy barriers between these states of

FIG. 6. (a) The crystal structures of TLVSN with four different ferroelectric configurations (ferroelectric polarizations are indicated by
red arrows), i.e., down-FE (ABC stacking), up-FE (CBA stacking), t-AFE (BAB stacking), and h-AFE (ABA stacking). (b) The switching
pathways and energy barriers of the four different ferroelectric configurations. The left and right electrodes extend to semi-infinity. The xy
plane is periodic and in a hexagonal lattice and the current flows in the z direction for these MFTJs.
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FIG. 7. Schematic diagrams of two-probe Au(111)/TLVSN/Au(111) MFTJ devices with three different out of plane FE polarization
directions of (a) down-FE, (b) t-AFE, and (c) h-AFE with Au(111) as the left and right electrodes.

about 30 meV per unit cell, which are comparable to the
ferroelectric switching barriers of conventional 3D perovskite
oxides, indicate the feasibility of phase transitions between
these states. Moreover, it is noteworthy that the ferroelectric
polarization of TLVSN is about 6.8 pC/m, which is twice that
of BLVSN, indicating that the ferroelectric polarization of the
VSi2N4 increases linearly with the number of layers.

We consider the symmetric vdW MFTJs, where the
TLVSN barrier layers separate the identical Au(111)
electrodes, and electron transport occurs perpendicular to
the plane of the junction, as depicted in Fig. 7. As evident
from Table II, it is noteworthy that the TMR ratio depends on
the ferroelectric polarization of TLVSN, and the considerable

TMR ratios for the up-FE, h-AFE, and t-AFE states are
5.68 × 103, 5.55 × 103, and 5.08 × 103%, respectively. More
importantly, we find that the magnetic order reversal of
TLVSN mainly affects the transmission of the spin-down
channel electrons due to changes in the electronic structures
of the PC and APC near the Fermi level, which are mostly
contributed by the spin-down electrons. The TMR ratios in our
MFTJs are sufficiently large for implementation in spintronic
devices, such as magnetic sensors and hard disk read heads.
Considering the small energy difference between the up-FE,
h-AFE, and t-AFE states, we evaluate the TER ratio based on
symmetric MFTJs. There are three nonequivalent resistance
states in our TER ratio simulations, corresponding to the

TABLE II. Calculated spin-dependent electron transmission T↑ and T↓, TMR, TER, and spin injection efficiency η at the equilibrium
state for Au(111)/TLVSN/Au(111) MFTJs. Ttot = T↑ +T↓.

PC (M↑↑↑) APC (M↑↓↑)

T↑ (×10−9) T↓ (×10−3) Ttot (×10−3) η T↑ (×10−8) T↓ (×10−5) Ttot (×10−5) η TMR (×103%)

h-AFE 2.29 3.42 3.42 ∼100% 2.52 6.06 6.06 ∼100% 5.55
FE 4.39 7.95 7.95 ∼100% 2.27 13.70 13.70 ∼100% 5.68
t-AFE 4.82 1.45 1.45 ∼100% 2.18 2.80 2.80 ∼100% 5.08
TER (h-AFE/FE) 137.7% 126.1%
TER (t-AFE/FE) 448.3% 389.3%
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FIG. 8. (a) Schematic diagrams of MFTJs with sliding multifer-
roics. Blue regions are the left and right electrodes using suitable
metallic materials. Red regions are the scattering region using sliding
multiferroics. The mechanism of MFTJs can be extended to other
sliding multiferroics, (b) bilayer VS2 and (c) bilayer VSi2P4.

different barriers of the three states. As shown in Table II,
the total transmission coefficient for the ferroelectric state is
the largest among the three ferroelectric or antiferroelectric
polarizations states. The AFE-FE phase transition enables
direct control of the tunneling barrier height, resulting in a
relatively large TER ratio. When the ferroelectric polarization
is switched to the h-AFE state by sliding the top layer from
ABC stacking to ABA stacking, the TER ratio in the PC
(APC) magnetic state is 137.7% (126.1%). Meanwhile, when
the FE polarization is switched to the t-AFE state by sliding
the bottom later from ABC stacking to BAB stacking, the TER
ratio in the PC (APC) magnetic state is 448.3% (389.3%).
The TER ratio of the symmetric MFTJs based on TLVSN
is an order of magnitude larger than that of the asymmetric
MFTJs based on BLVSN. Thus, MFTJs with significant TER
ratios may have great potential applications in nonvolatile

resistance devices [see Fig. 8(a)]. Moreover, the unique
design of the MFTJs based on layered sliding multiferroics
can be extended to other 2D sliding multiferroics, such as
VS2 and VSi2P4 bilayers [32,37], as depicted in Figs. 8(b)
and 8(c). This mechanism opens up possibilities for designing
MFTJ devices and enables multistate storage.

IV. SUMMARY

In summary, based on the first-principles density functional
theory, we have proposed that bilayer VSi2N4 is intrinsic
multiferroic with both spontaneous vertical ferroelectric po-
larization and interlayer antiferromagnetism. The multiferroic
coupling of ferroelectricity and antiferromagnetism in the bi-
layer VSi2N4 can be achieved by a ferrovalley, resulting in
electrically controlled magnetism. We can design switching of
four different ferroelectric-antiferromagnetic configurations,
which provides a possibility for realizing multistate storage.
Furthermore, based on the density functional theory combined
with the nonequilibrium Green’s function method, we have
theoretically revealed the spin-dependent electronic trans-
port properties of asymmetric Au(111)/BLVSN/Ag(111) and
symmetric Au(111)/TLVSN/Au(111) vdW MFTJs. We have
observed a significant TMR ratio of up to 5.68 × 103% in
the MFTJs by altering the magnetic orders of the trilayer
VSi2N4 from parallel configuration (PC) to antiparallel con-
figuration (APC) arrangement, as well as a large TER ratio
of up to 448.3% through ferroelectric-antiferroelectric or-
der transitions of the trilayer VSi2N4. The unique design of
vdW MFTJs based on the layered multiferroic VSi2N4 can
be extended to other sliding multiferroics (VSi2P4 and VS2

bilayers), opening avenues for great opportunities for these
multifunctional devices.
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