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Current-driven magnetoresistance in van der Waals spin-filter antiferromagnetic
tunnel junctions with MnBi2Te4
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The field of two-dimensional magnetic materials has paved the way for the development of spintronics
and nanodevices with other functionalities. Utilizing antiferromagnetic materials, in addition to layered
van der Waals (vdW) ferromagnetic materials, has garnered significant interest. In this work, we present a
theoretical investigation of the behavior of MnBi2Te4 devices based on the nonequilibrium Green’s func-
tion method. Our results show that the current-voltage (I -V) characteristics can be influenced significantly
by controlling the length of the device and bias voltage and thus allow us to manipulate the tunneling
magnetoresistance (TMR) with an external bias voltage. This can be further influenced by the presence of
the boron nitride layer, which shows significantly enhanced TMR by selectively suppressing specific spin
channels for different magnetic configurations. By exploiting this mechanism, the observed TMR value
reaches up to 3690%, which can be attributed to the spin-polarized transmission channel and the projected
local density of states. Our findings on the influence of structural and magnetic configurations on the spin-
polarized transport properties and TMR ratios give the potential implementation of antiferromagnetic vdW
layered materials in ultrathin spintronics.
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I. INTRODUCTION

In recent years, there has been a growing interest in
exploring the potential of antiferromagnetic materials for
spintronics applications [1]. Antiferromagnetism is a type
of magnetic order in which the spins of adjacent atoms
align in opposite directions, resulting in a net magnetic
moment of zero. Antiferromagnetic materials have several
advantages over their ferromagnetic counterparts, includ-
ing faster spin dynamics [2,3], lower susceptibility to
external magnetic fields [4], and absence of stray fields that
can interfere with nearby devices [5].

Antiferromagnetic spintronics is a field that aims to
exploit the unique properties of antiferromagnetic mate-
rials for spin-based information processing and storage.
One of the key challenges in antiferromagnetic spintron-
ics is the development of efficient ways to manipulate the
spin and charge transport in these materials [6,7]. One
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promising approach is the use of antiferromagnetic tun-
nel junctions (AFMTJs), which consist of two electrodes
separated by a thin layer of antiferromagnetic material. By
applying an external bias voltage, it is possible to con-
trol the spin-dependent transport properties of the junction
and achieve a high degree of spin polarization. AFMTJs
have several advantages over the traditional magnetic tun-
nel junctions (MTJs) [8], such as the absence of stray
fields and the possibility of achieving a high tunnel mag-
netoresistance (TMR) ratio even at room temperature [9].
Moreover, AFMTJs offer the possibility of using antifer-
romagnetic materials with high Neel temperature, such as
MnB2Te4 (MBT), which is a compound that has attracted a
lot of attention in recent years due to its unique properties.

The TMR effect is the basis of various spintronic
devices, for instance, magnetoresistive random access
memories (MRAMs) [10–12], magnetic field sensors [13,
14], racetrack memory [15,16], and spin logics [17,18],
which have shown huge potentials in the post-Moore era.
To govern TMR performance, spin polarization is a sig-
nificant factor for TJs because a highly spin-polarized
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current is essential for high magnetoresistance. Various
approaches have been explored to improve spin polar-
ization, for example, using MoS2 [19,20], graphene or
boron nitride (BN) as a barrier layer [21,22], half-metals
as electrodes [23]. Based on theoretical predictions, spin
polarization can be improved using these methods, by
overcoming interface disorder and allowing the Fermi
level to cross only one spin channel. However, actual
device performance has been far below expectations. Thus,
the usage of pinning layers to regulate the spin polar-
ization is worth another attempt. Moreover, because of
reduced dimensionality and alternative physical properties,
two-dimensional (2D) materials are expected to provide a
reliable solution to the problems in the manufacturing of
high-performance TJs through the layer-by-layer control
of the thickness, sharp interfaces, and high perpendic-
ular magnetic anisotropy (PMA) [8]. A number of 2D
antiferromagnets have been discovered and their poten-
tial in spintronic devices has been demonstrated. Among
them, layered vdW MnBi2Te4 (MBT) has been success-
fully synthesized recently and confirmed experimentally
to be an intrinsic magnetic topological insulator [24,25],
which caught immediate attention in the fields of topol-
ogy [26,27] and spintronics [28]. Recent experimental
studies have demonstrated the feasibility of fabricating
MBT-based tunnel junctions and measuring their transport
properties. Theoretical studies have also been conducted to
shed light on the underlying mechanisms that govern the
spin and charge transport in these materials. For example,
its application in MTJ has been reported recently by Yan
et al. [29] Specifically, MBT MTJs with BN, graphene,
and vacuum as the tunnel barrier and graphene electrode
have been investigated. While these studies demonstrate
the potential of MBT in MTJs, it is noted that the per-
formance of the MTJ could be further improved by fine
tuning the structure and parameters. For example, employ-
ing a pinning layer and tuning the barrier thickness might
be beneficial for enhancing the spin polarization and
TMR [30].

Motivated by the above, we design a series of
MBT-based AFMTJ devices, including an even num-
ber of MBT layers with or without intermediate BN
layer(s), and a monolayer case as the benchmark. Using
density-functional-theory (DFT) calculations combined
with nonequilibrium Green’s function (NEGF) technique,
the origin of spin-polarized transport through single-layer,
double-layer, and four-layer MBT sandwiched between
metal electrodes are investigated. The influence of the
number of hexagonal BN layers on transport properties and
TMR ratio is studied. Driven by voltage, a high-quality
magnetic tunnel junction with remarkable magnetoresis-
tance is realized in ultrathin MBT-BN-MBT-MBT-MBT
multilayer structures. The study demonstrates the feasi-
bility of 2D vdW layered antiferromagnets in ultrathin
spintronic devices and their applications in spintronics.

II. METHODS

The electron transport properties were investigated
using the DFT in combination with the NEGF method [31–
33] implemented in the QuantumATK package [34,35].
The Perdew-Burke-Ernzerhof (PBE) formulation of the
generalized gradient approximation (GGA) [36] is used
for the exchange-correlation functional. The double-ζ plus
polarization (DZP) basis set is adopted for all atoms. The
mesh cutoff used for the electrostatic potentials is 85 Ha,
and the temperature in the Fermi function is set to 300 K.
The k-point set for devices in the ATK package is 4(na),
4(nb), and 100(nc), respectively, where direction c is the
transport direction. The average Fermi level, which is the
average chemical potentials of the left and the right elec-
trodes, is set to zero. Moreover, van der Waals force was
considered through the DFT-D2 method [37] in all the
structural optimizations. The current passing through the
device is calculated by the Landauer-like formula [38,39],
which is expressed as

I = 2e
h

∫ μL

μR

T(E)dE, (1)

where μR and μL are the chemical potentials of the right
and left electrodes respectively which are chosen symmet-
rically such that μL = −μR = eV/2, with V being the bias
voltage. The transmission spectrum is obtained from

T(E) = Tr[�L(E)GR(E)�R(E)GA(E)], (2)

where GR(E) is the retarded Green’s functions and
GA(E) is the advanced Green’s functions of the scattering
region. �L,(R)(E) = i(�R

L(R) − �A
L(R)) is a coupling func-

tion between the structure and the left (right) electrode,
and �R

L(R)(A) is a self-energy matrix for considering the
influence of the left and right half-infinite electrodes.

III. RESULTS AND DISCUSSION

The main objective of this work is to explore a device
configuration that provides superior TMR. In this study,
we consider six different device configurations (Fig. 1) and
compare their properties to find the most suitable config-
uration. The tunnel junctions contain an even number of
MBT layers to ensure antiferromagnetic alignment with
an optional BN layer in between. Note that MBT is a
well-known intrinsic magnetic topological insulator [40],
which demonstrates the antiferromagnetic nature in mul-
tilayer configuration. MBT monolayer possesses a band
gap of approximately 800 meV [41], which can reduce to
approximately 80 meV for five layers. However, the low-
energy states are strongly localized at the surface states and
conduct along the x-y plane. The topological states can be
utilized for efficient switching the magnetization of the free
layer. In our device configuration the current flows along
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(a) (b)

(d)(c)

(e)

(f)

FIG. 1. Structures of MBT magnetic tunnel junction devices. (a) Ag-MBT-Ag, (b) Ag-MBT-MBT-Ag, (c) Ag-MBT-BN-MBT-Ag,
(d) Ag-MBT-BN-BN-MBT-Ag, (e) Ag-MBT-MBT-MBT-MBT-Ag, and (f) Ag-MBT-BN-MBT-MBT-MBT-Ag, respectively. Blue
and red arrows indicate the magnetic moment direction of Mn atoms. The layer marked with both blue and red arrows is a free layer.
Solid lines show antiparallel (AP) magnetization configuration while the dashed line shows the parallel (P) configuration obtained
by reversing the direction of magnetization of the free layer. These devices are periodic in x and y directions, and current flows in z
direction.

the z direction, which has to go through the insulating bulk
region. Therefore, the transmission is mostly dominated by
the tunneling mechanism. For our study, a layer adjacent to
the electrode is kept as the free layer where the magneti-
zation can be manipulated by means of spin-orbit torque
[42–44]. This can change the magnetic configuration of
the first pair of MBT from antiparallel (AP) to parallel (P)

configuration (Fig. 1) [45]. The transport properties and
TMR is calculated with a two-terminal device configura-
tion where these heterojunctions are placed in the central
region, between two semi-infinite 3 × 3 〈111〉-cleaved sur-
faces of bulk Ag electrodes. The choice of silver electrodes
presents several advantages due to their high conductivity,
chemical stability, and low contact resistance, which result
in improved device performance and reliability. Negligi-
ble strains are applied to silver (0.79%) and BN (0.37%),
resulting in a lattice constant: a = b = 7.55 Å. And lattice
angle is α = β = 90◦, γ = 60◦. To create the interface,
supercells of the two surfaces are aligned and matched by
applying strain on the silver or BN surfaces. The use of
large supercells helps minimize lattice mismatch between
the two surfaces. Unlike previous works where high inter-
face strains were observed, often exceeding 3% and up to
5% for certain metals [46], in this study, we have enlarged
the unit cells into supercells to ensure the interface strain
remains small enough to be considered negligible.

As mentioned before, here we consider six different
configurations (Fig. 1). The first configuration is a mono-
layer of MBT, which is used to benchmark the transport
properties of the MBT layer. Consecutive configuration

contain an even number of MBT layers with or with-
out intermediate BN layer(s). We first calculated the I -V
curves for the P and AP magnetization configurations
of the six AFMTJ devices for bias voltage V ranging
from −0.3 to 0.3 V (Fig. 2) and derive the tunnel cur-
rent and the TMR ratio of the devices (Fig. 3). The
TMR ratio is given as TMR = (RAP − RP) /RP × 100% =
(IP − IAP) /IAP × 100%, where RP and RAP are the resis-
tance under the P and AP magnetic configurations, respec-
tively.

For a systematic study, first we consider the monolayer
MBT [Ag-MBT-Ag, Fig. 1(a)]. Its I -V curve shows a lin-
ear behavior as expected [Fig. 2(a)]. The spin-up channel
shows a higher slope due to its higher occupation. For
two layers of MBT [Ag-MBT-MBT-Ag, Fig. 1(b)], the
current decreases by a factor of 100 due to the interlayer
tunneling resistance [Fig. 2(b)]. Note that for AP con-
figuration the layers have opposite spin, which preserves
the time-reversal symmetry and a reflection symmetry
where the mirror plane lies in between two MBT lay-
ers. This results in an antisymmetric current from each
spin channel such that (I AP

↑,↓(+V) = −I AP
↓,↑(−V)). The cur-

rents for the P configuration, on the other hand, follow
I P
↑,↓(+V) = −I P

↑,↓(−V). The symmetry is further reduced
with an increase in tunneling resistance if a BN layer is
introduced in between MBT layers [Ag-MBT-BN-MBT-
Ag, Fig. 1(c)]. The I -V characteristics become more asym-
metric in this case. Note that, for P configuration the
BN layer can provide resonant tunneling, which causes
a slight enhancement in the current for a bias voltage of
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(a) (b) (c)

(d) (e) (f)

FIG. 2. I -V characteristic curves for spin up and spin down of (a) Ag-MBT-Ag, (b) Ag-MBT-MBT-Ag, (c) Ag-MBT-BN-MBT-Ag,
(d) Ag-MBT-BN-BN-MBT-Ag, (e) Ag-MBT-MBT-MBT-MBT-Ag, and (f) Ag-MBT-BN-MBT-MBT-MBT-Ag, respectively. The red
and blue lines show the P and AP configuration while the solid and dashed lines show the contribution from spin-up and -down
channels.

−0.1 V. Introducing a second layer of BN with AA’ [47,
48] stacking [Ag-MBT-BN-BN-MBT-Ag, Fig. 1(d)] can
restore the symmetry resulting an antisymmetric I -V char-
acteristic [I AP

↑,↓(+V) ≈ −I AP
↓,↑(−V), I P

↑,↓(+V) ≈ −I P
↑,↓(−V),

Fig. 2(d)]. The situation becomes more complicated if we
consider a device with four MBT layers [Ag-MBT-MBT-
MBT-MBT-Ag, Fig. 1(e)], and the decrease of current
due to multiple tunnel junction becomes more prominent.

FIG. 3. TMR of (a) Ag-MBT-Ag, (b) Ag-MBT-MBT-Ag, (c)
Ag-MBT-BN-MBT-Ag, (d) Ag-MBT-BN-BN-MBT-Ag, (e) Ag-
MBT-MBT-MBT-MBT-Ag, and (f) Ag-MBT-BN-MBT-MBT-
MBT-Ag, respectively.

Note that two layers of BN in between two layers of
MBT result in the same magnitude of current as the four
layers of MBT. One can further enhance the asymmetry
of the structure by introducing a BN layer [Ag-MBT-
BN-MBT-MBT-MBT-Ag, Fig. 1(f)]. Inclusion of a single
BN layer can also enhance the transmission of one spin
while suppressing the other channel [Fig. 2(f)], which has
been also observed in Ag-MBT-BN-MBT-Ag configura-
tion [Fig. 1(c)]. Although the length of the device along
with its heterogeneous structure suppresses the current in
both channels significantly, the resonant transmission pro-
duces a comparatively high value of the current due to
the spin-up channel for Vbias = −0.2 V, resulting in an
exceptionally high value of TMR (Fig. 3).

To understand the impact of the tunneling resistance,
first we compare the Ag-MBT-Ag and Ag-2MBT-Ag lay-
ers. We choose an intermediate bias voltage of 0.2 V and
consider the ferromagnetic or P configuration (Fig. 4).
From Fig. 4, one can see that the magnitude of the trans-
mission spectra decreases by a factor of 20 due to the
presence of the second layer. For a better understanding,
we look at the different transmission channels coming from
the Ag electrode. At E = 0 eV there are a total of six
channels that contribute to the transport (Table I). The
channel that corresponds to the highest transmission occurs
for the down-spin channel for Ag-MBT-Ag configuration
[channel 1 MBT(↓)]. We scale the rest of the transmis-
sion eigenvalues with respect to this value to analyze
their relative contribution. Note that although the highest
transmission occurs for the down-spin channel, only two

044056-4



CURRENT-DRIVEN MAGNETORESISTANCE. . . PHYS. REV. APPLIED 20, 044056 (2023)

(a) (b)

FIG. 4. Transmission spectra for (a) Ag-MBT-Ag and (b) Ag-
MBT-MBT-Ag under 0.2-V bias. Solid and dashed lines show
the contribution from the up- and down-spin channel. Horizontal
black lines show the bias window.

out of six channels contribute significantly. For the spin-
up channel, on the other hand, all the channels contribute
with almost equal weight, which makes the total contribu-
tion from the spin-up channel higher than the spin-down
channel. Similar behavior can be observed for the Ag-
MBt-MBT-Ag configuration with an average 2 orders of
magnitude smaller contribution.

Inclusion of an additional BN layer can further enhance
the suppression of different spin channels. To understand
that, first, we consider three representative cases shown
in Figs. 1(b)–1(d), all consisting of two layers of MBT
and 0, 1, 2 layers of BN, respectively. Note that except
for Ag-MBT-BN-MBT-Ag, both Ag-MBT-MBT-Ag and
Ag-MBT-BN-BN-MBT-Ag have antisymmetric I -V char-
acteristics. We choose the bias voltage 0.3 V for our
analysis since the differences in their features are more
clear for higher bias voltage. From Fig. 4 one can read-
ily see that the dominant contribution is coming from the
states around energy 0.12 eV, which is the maximum for
spin up. For spin down, the magnitude is substantially
reduced, which is expected since the electron is injected

TABLE I. Magnitude of transmission eigenvalues of six trans-
port channels at E = 0eV for P configurations of Ag-MBT-Ag
and Ag-MBT-MBT-Ag with 0.2-V bias voltage. The values are
scaled with respect to the maximum transmission eigenvalue
0.26, which occurs at the first channel for spin down of MBT
configuration.

Channel MBT(↑) MBT(↓) 2MBT(↑) 2MBT(↓)

1 0.65 1.00 8.37 × 10−3 4.38 × 10−3

2 0.55 0.99 8.37 × 10−3 4.38 × 10−3

3 0.55 1.24 × 10−2 4.99 × 10−4 1.84 × 10−6

4 0.47 8.14 × 10−3 2.59 × 10−4 3.70 × 10−7

5 0.42 7.91 × 10−3 2.25 × 10−4 3.32 × 10−7

6 0.42 6.10 × 10−3 2.25 × 10−4 3.23 × 10−7

Total 3.07 2.03 1.79 × 10−2 8.76 × 10−3

(a) (b) (c)

FIG. 5. Transmission spectra and spin difference density of
(a) Ag-MBT-MBT-Ag, (b) Ag-MBT-BN-MBT-Ag, and (c) Ag-
MBT-BN-BN-MBT-Ag under 0.3-V bias. Blue and red lines
show the P and AP configuration while solid and dashed lines
show the contribution from the up- and down-spin channel.
Horizontal black lines denote the bias window.

from the left electrode, which first faces the MBT layer
with up spin. For an AP configuration, the current has to
pass through MBT layers with alternative magnetization,
which reduce the transmission for both channels substan-
tially. One can still see the characteristic peak around E ∼
0.12 eV, which ensures that in both cases the transmission
is happening through the same tunneling state. The pres-
ence of BN layers increases the local charge density, which
pushes this peak higher in energy [Figs. 5(b) and 5(c)].
As a result for the same bias voltage, the transmission
decreases significantly.

Insertion of additional BN layer therefore plays a cru-
cial role in controlling the current through different spin
channels for P and AP configurations, which results in
nontrivial values of TMR (Fig. 3). Note that the presence
of BN gives rise to a smaller peak in the bias win-
dow. To understand the origin of this peak we study the
nonequilibrium projected DOS of the system (Fig. 6) for
Ag-MBT-BN-MBT-Ag configuration. Note that for both P
and AP configurations, the down spin transmission chan-
nel has a stronger contribution at higher energy [Fig. 5(c),
Figs. 6(a) and 6(d)]. For P configuration this might seem
counterintuitive since both MBT layers are up spin polar-
ized. Such behavior can be caused by the finite interference
effect and, as one can see from Figs. 2(e) and 2(f), does
not take place for longer configurations. Similar behavior
is observed in PDOS, which is dominated by spin-down
states. Note that, for Bi, Te, and Mn there are multiple
peaks that do not correspond to a peak in the transmission
spectrum. These peaks originate from the localized states,
which do not take part in the conduction. The PDOS of the
BN, on the other hand, shows a peak exactly at the same
energy where the transmission peak is. Since the BN layer
is in the middle of the device, this peak is free from the
strong localization that takes place at the layers adjacent
to the electrode and corresponds to the extended states that
take part in transmission.

044056-5



LISHU ZHANG et al. PHYS. REV. APPLIED 20, 044056 (2023)

(a) (b) (c)

(d) (e) (f)

FIG. 6. Transmission spectra (a),(d) and projected DOS per
atom (b),(c),(e),(f) of Ag-MBT-BN-MBT-Ag configuration.
(a)–(c) show the P configuration, and (d)–(f) show the AP con-
figuration. Solid and dashed lines show the contribution from the
up- and down-spin channel. Horizontal black lines show the bias
window.

Presence of multiple BN layers and an additional BN
can, therefore, significantly influence the transmission
through different spin channels. From the I -V characteris-
tics, we have also seen that the transmission can be further

influenced by the symmetry of the magnetic configuration
as well. To receive the maximum benefit from all these
criteria we finally consider an Ag-MBT-BN-MBT-MBT-
MBT-Ag configuration at −0.2 V bias, which shows the
highest TMR (Fig. 3). Owing to its length and the presence
of the additional BN layers, this configuration can facil-
itate a very small amount of current, which is expected.
From its transmission spectrum within the bias window,
one can see that for both P and AP configurations, the
transmission increases almost monotonically [Fig. 7(a)].
The long-range interference effect plays a dominant role,
which smears out any small local peaks. In spite of that,
as one can see from Figs. 2(f) and 7(a), for P configura-
tion the up-spin channel carries orders of magnitude more
current than the down-spin channel while the transmission
for both spin channels in AP configuration is vanishingly
small. To understand the origin of this behavior we calcu-
late the LDOS for spin up and spin down separately and
define spin-projected LDOS (SPLDOS) as ρS = ρ↑ − ρ↓.
From Fig. 7(b) one can see that for P configuration the cen-
tral region is spanned by the up-spin channel only within
the bias window. This makes the current due to the up
spin significantly large. Physically one can attribute this
behavior to the configuration of magnetic tunnel junc-
tion. Note that for P configuration, the first two layers
are parallel to each other, which favors the passage of the
corresponding spin channel. This is not possible for the
AP configuration due to the antiferromagnetic alignment,
which significantly reduces the current due to both spins
equally, which makes the central region almost insulating
[Fig. 7(c)]. Consequently one can obtain a significantly
large total current for the P configuration (approximately

(a) (b)

(c)

FIG. 7. The (a) transmission spectra and spin-projected local density of states (PLDOS) of the Ag-MBT-BN-MBT-MBT-MBT-Ag
configuration in the (b) P and (c) AP configuration under −0.2 V. In (b),(c) red and blue color correspond to up and down spin, which
is scaled with a maximum value 10−4 eV−1 to make the spin channels in the central region visible. The x axis corresponds to the
transport direction where the location of individual layers is shown with their magnetization profile. Horizontal black lines show the
bias window.
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0.671 nA) while the total current in AP is practically zero
(approximately 0.018 nA), resulting in a large magnitude
of TMR (3690%).

IV. CONCLUSION

In conclusion, in this study, we investigated the spin-
polarized transport properties of six MnBi2Te4-based
AFMTJ devices, sandwiched between two silver elec-
trodes. Our studies show that for small devices the I -V
characteristics reflect the symmetry of the structural and
magnetic configuration of the device. For small devices,
the interference due to the confinement effect can favor
different spin channels depending on the bias voltage,
which can result in a nonmonotonous behavior of the TMR
especially at a small bias voltage. The presence of an
intermediate BN layer can significantly enhance the TMR
by suppressing particular spin channels for different mag-
netic configurations. By exploiting this mechanism, we
demonstrate that an Ag-MBT-BN-MBT-MBT-MBT-Ag
AFMTJ can exhibit remarkable TMR at specific bias volt-
ages. The TMR value reached up to 3690%, which could
be explained by the spin-polarized transmission channel
and projected local density of states. This study there-
fore establishes a solid foundation for future research on
antiferromagnetic spintronic devices.
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APPENDIX A: DEVICE CONSTRUCTION

The interfaces were constructed using the QuantumATK
interface builder module [49]. For the MBT/MBT inter-
face, a 30◦ rotation angle was applied during alignment,
while the angle between the vectors of the created interface
supercells was set to 60◦. No mean strain was applied to
the surfaces during the matching process. For the MBT/Ag
interface, a 10.89◦ rotation angle was used during align-
ment, with an angle of 60◦ between the vectors of the
created interface supercells. The mean strain applied to
the Ag surfaces during matching was 0.78%. For AA’
stacking of BN, the BN layers are rotated by an angle

(a) (b)

(c) (d)

FIG. 8. Structure of different composition layers used in differ-
ent AFMTJ. (a) The Ag layers are rotated by 10.89◦ to minimize
the lattice mismatch with MBT (b). Top view of (c) MBT layer
and (d) MBT-BN interface.

180◦. The mean strain applied to the BN surface during
matching was 0.37%. As for the interface of h-BN/h-BN,
it adopts the commonly used stacking mode, namely the
antiparallel alignment between adjacent layers, known as
AA’ stacking. In this stacking arrangement, boron atoms
are vertically aligned with nitrogen atoms of neighboring
layers. This particular stacking mode offers remarkable
thermal and chemical stability, as well as energetically [50].

APPENDIX B: EFFECT OF STRAIN

We take the Ag-MBT-BN-MBT-Ag AFMTJ as an
example to examine the influence of strain on the trans-
port properties of the system in this study. We conducted
calculations on TMR while varying the in-plane biaxial

FIG. 9. The TMR of Ag-MBT-BN-MBT-Ag AFMTJ in differ-
ent in-plane biaxial strains.
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strain for the Ag-MBT-BN-MBT-Ag AFMTJ. Under con-
sideration of our previous description that we defined TMR
based on nonequilibrium current values instead of equilib-
rium transmission coefficients [51], we further performed
current calculations for different strains under a bias
voltage ranging from −0.2 to 0.2 V. The results are
illustrated in Fig. 7. From Fig. 7, it is evident that regard-
less of whether compared to compressive stress or tensile
stress, the TMR exhibits a higher value when the strain is
at zero. However, for both compressive stress and tensile
stress, the TMR decreases as the strain intensity increases.
Therefore, the above results indicate that when design-
ing AFMTJs, careful consideration should be given to
the influence of strain on the transport properties. The
observed decrease in TMR with increasing strain intensity,
whether it is compressive or tensile stress, emphasizes the
significance of accounting for strain effects in order to opti-
mize the performance of AFMTJs. By understanding and
incorporating the impact of strain, one can make informed
decisions in the design process to enhance the transport
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Proximity spin–orbit torque on a two-dimensional mag-
net within van der Waals heterostructure: Current-driven
antiferromagnet-to-ferromagnet reversible nonequilibrium
phase transition in bilayer CrI3, Nano Lett. 20, 2288
(2020).

[46] Jiahuan Yan, Xiuying Zhang, Yuanyuan Pan, Jingzhen Li,
Bowen Shi, Shiqi Liu, Jie Yang, Zhigang Song, Han Zhang,
and Meng Ye, et al., Monolayer tellurene–metal contacts, J.
Mater. Chem. C 6, 6153 (2018).

[47] S. Matt Gilbert, Thang Pham, Mehmet Dogan, Sehoon Oh,
Brian Shevitski, Gabe Schumm, Stanley Liu, Peter Ercius,
Shaul Aloni, Marvin L. Cohen, and Alex Zettl, Alternative
stacking sequences in hexagonal boron nitride, 2D Mater.
6, 021006 (2019).

[48] Kenji Yasuda, Xirui Wang, Kenji Watanabe, Takashi
Taniguchi, and Pablo Jarillo-Herrero, Stacking-engineered
ferroelectricity in bilayer boron nitride, Science 372, 1458
(2021).

044056-9

https://doi.org/10.1039/C5CP04835D
https://doi.org/10.1021/acs.nanolett.9b01506
https://doi.org/10.1126/science.aax8156
https://doi.org/10.1126/sciadv.aaw5685
https://doi.org/10.1038/s41467-021-25002-x
https://doi.org/10.1002/adma.202001815
https://doi.org/10.1021/acs.nanolett.9b04555
https://doi.org/10.1063/5.0052720
https://doi.org/10.1039/D0CP02534H
https://doi.org/10.1103/PhysRevB.65.165401
https://doi.org/10.1103/PhysRevB.63.245407
https://doi.org/10.1039/c3nr00731f
https://doi.org/10.1016/j.apsusc.2019.07.243
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1103/PhysRevLett.68.2512
https://doi.org/10.1126/sciadv.aaw5685
https://doi.org/10.1021/acsnano.1c03936
https://doi.org/10.1038/s41565-020-00826-8
https://doi.org/10.1103/PhysRevB.107.094422
https://arxiv.org/abs/2303.06181
https://doi.org/10.1021/acs.nanolett.9b04556
https://doi.org/10.1039/C8TC01421C
https://doi.org/10.1088/2053-1583/ab0e24
https://doi.org/10.1126/science.abd3230


LISHU ZHANG et al. PHYS. REV. APPLIED 20, 044056 (2023)

[49] Daniele Stradi, Line Jelver, Søren Smidstrup, and Kurt
Stokbro, Method for determining optimal supercell rep-
resentation of interfaces, J. Phys.: Condens. Matter 29,
185901 (2017).

[50] Pei Zhao, Chengxin Xiao, and Wang Yao, Univer-
sal superlattice potential for 2D materials from twisted

interface inside h-BN substrate, npj 2D Mater. Appl. 5, 38
(2021).

[51] Zhi Yan, Zeyu Li, Yulei Han, Zhenhua Qiao, and Xiaohong
Xu, Giant tunneling magnetoresistance and electroresis-
tance in α-In2Se3-based van der Waals multiferroic tunnel
junctions, Phys. Rev. B 105, 075423 (2022).

044056-10

https://doi.org/10.1038/s41699-021-00221-4
https://doi.org/10.1103/PhysRevB.105.075423

	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: DEVICE CONSTRUCTION
	B. APPENDIX B: EFFECT OF STRAIN
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


