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Spin-correlation transport and multiple resistive states in multiferroic tunnel junctions
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Multiferroic tunneling junctions (MFTJs), which comprise magnetic electrodes and extremely thin fer-
roelectric tunneling barriers, are promising contenders for nonvolatile memory applications. Noncollinear
antiferromagnetic Mn3Sn with time-reversal symmetry-breaking polarization properties and ferroelectric
α-In2Se3 may open up the possibility of constructing room-temperature MFTJs. In this study, we investigate
the spin-correlation transport in the MFTJs with Mn3Sn/BN/α-In2Se3/Mn3Sn structure using first-principles
calculations. The resistance in this structure can be manipulated by tuning the directions of both the Néel
vector of Mn3Sn and the electric polarization of the α-In2Se3 layer. Thus, multiple tunneling resistive states
can be realized. We predict that huge tunneling magnetoresistance up to 6650% can be obtained by switching
the magnetically oriented Néel vectors of Mn3Sn, and more than 8000% tunneling electrical resistance can be
obtained by controlling the ferroelectric structure of α-In2Se3. Our work underscores the potential applications
of Mn3Sn in multiferroic nonvolatile memories and lays the foundation for the development of ultrafast and
efficient spintronic devices utilizing antiferromagnets.
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I. INTRODUCTION

The rapid advancement of technologies such as big data,
artificial intelligence, and the internet of things has generated
an increasingly pressing need for data storage solutions with
enhanced capacity, speed, and energy efficiency [1–7]. In
response, different nonvolatile storage technologies [8–11],
including magnetic tunnel junction memory devices [12–15],
phase-change memory devices [16], ferroelectric memory
devices [17,18], and memristors [19], have emerged, offer-
ing notable advantages in storage density, read/write speed,
and power consumption. Multiferroic tunneling junctions
(MFTJs)have garnered attention for their potential to drive
the development of innovative magnetic memory devices.
Through the controllable manipulation of the interaction be-
tween ferroelectric (FE) and ferromagnetic (FM) materials,
MFTJs enable the realization of diverse resistive states, facil-
itating the storage and retrieval of information [20–22].

Antiferromagnetic (AFM) materials do not generate stray
magnetic fields, so they have short switching times (resonance
frequencies on the order of THz compared to GHz for ferro-
magnets), making them potentially valuable for applications
in high-speed, high-density memory devices [23–28]. The
Néel vector refers to a physical quantity that represents the
direction of magnetic moments in AFM materials. Advancing
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the field of AFM spintronics necessitates the development
of more sensitive and reliable methods for electrically de-
tecting Néel vectors [29]. Spin-polarized currents generated
by the spin-splitting Fermi surface of a noncollinear anti-
ferromagnetic material (e.g., Mn3Sn) can be exploited by
driving currents that can be regulated by the corresponding
orientation of the Néel vectors in the two AFM electrodes
[30]. This method can provide a different means of electrical
detection in the realm of AFM spintronics and is expected
to play an important role in materials research and electronic
device applications [31]. In noncollinear AFM materials, the
Néel vector can be rotated in three dimensions without dis-
appearing completely [32]. This unique characteristic renders
noncollinear AFM materials highly promising for applications
in magnetics and magnetoelectric devices aimed at high-
density storage [33–36].

Mn3Sn has a noncollinear AFM property, which implies
that its magnetic moment directions show a noncollinear ar-
rangement in space, a property that can provide additional
freedom and flexibility for MFTJs [37–41]. Furthermore, the
FM state can usually coexist with the FE state, which facil-
itates the construction of MFTJs [42–44]. Notably, a study
led by Nakatsuji highlighted the potential of utilizing the
Weyl semimetal Mn3Sn to develop the next generation of
high-speed storage devices [45]. That study found that the
outer fermions in Mn3Sn can exist in two possible states,
which can be used to represent binary digits and can be
controlled and switched by an external current. Additionally,
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FIG. 1. Schematic diagram of the MFTJs based on AFM/FE/AFM structure. For the FE layer polarized to the left, the electron tunneling
schematic diagrams of the (a) parallel configuration (αL = 0◦, αR = 0◦) and (b) antiparallel configuration (αL = 0◦, αR = 180◦); (c),(d) for
the FE polarized to the right. (e) Schematic diagram of the manipulating resistive states for multilevel data storage in MFTJs. The blue arrows
denote the relative angle of the Néel vector of left and right electrodes, and the red arrows represent polarization direction. Eight resistive
states, enabling the achievement of three-bit storage, could be realized by tuning the magnetic and electric fields.

Mn3Sn has excellent electrical properties and thermal sta-
bility, which are essential for achieving stable MFTJs [46].
Consequently, Mn3Sn’s noncollinear antiferromagnetic nature
presents promising advantages for the construction of MFTJs.

In this study, we introduce a multiferroic model comprised
of noncollinear AFM Mn3Sn and FE α-In2Se3. Utilizing den-
sity functional theory (DFT) and conductivity calculations,
we estimate multiple tunneling resistive states within the
Mn3Sn/BN/α-In2Se3/Mn3Sn heterostructure. The observed
phenomenon is governed by the concurrent manipulation of
the corresponding orientations of the Néel vectors in the
left and right electrodes, as well as the distinct electric
polarization directions of α-In2Se3. Leveraging the distinc-
tive attributes of multiferroic devices, the transition between
different states is achieved through electrical and magnetic
control, thereby enabling high data density and low-energy
multibit storage. This approach offers a reliable means of

introducing additional degrees of freedom and flexibility to
MFTJs.

II. RESULTS AND DISCUSSION

A. The principle achieving different resistive
states in a single device

The electron transport across the tunnel barrier between
two AFM electrodes should depend on the relative alignment
of the Néel vectors of the electrodes, resulting in a high
electron transmission rate and low resistance state [Figs. 1(a)–
1(d)]. For misaligned Néel vectors, the electron transmission
rate is lower, leading to a high resistance state. Additionally,
for ferroelectric materials, theoretically, transitions between
ferroelectric states can alter the barrier height, resulting in
significant changes in the transmission rate. To achieve the ob-
jectives of multiferroics and ultimate memory within a single
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FIG. 2. (a) Atomic structure of bulk Mn3Sn (left), as well as the corresponding Brillouin zone paths (middle) and band structure (right). (b)
Atomic structure of monolayer α-In2Se3 (left), as well as the corresponding polarization direction switching paths calculated using the NEB
direction for two different ferroelectric polarization configurations (middle) and band structure (right).

device, a framework is proposed herein, wherein multiferroic
devices serve as the smallest storage units, systematically
distributed throughout the system. As depicted in Fig. 1(e),
multiferroic devices are represented by pink circles, where
the blue arrows denote the relative angle of the Néel vector
of left and right electrodes, and the red arrows represent po-
larization to the left or right, respectively. The Néel vector
of the AFM magnetic moment encompasses only specific
angles, necessitating eight distinct states to represent all pos-
sible combinations. By controlling the Néel vector of AFM
materials with noncollinear left and right electrodes in the
MFTJs and by controlling the polarization direction of the
ferroelectric materials, a similar “ladderlike” arrangement of
the eight resistive states can be realized. Since the eight re-
sistive states can be stored in three bits, the highest resistive
state corresponds to the binary number “000,” the lowest
resistive state corresponds to “111,” and then the remaining
six resistive states are mapped to the numbers “001” to “110,”
so that the corresponding three-digit binary number can be
recognized and stored. The diversity of the resistive states
is utilized to achieve multibit storage and improve storage
density and information capacity. In practice, the stability and
reliability of the resistive states need to be ensured to ensure
that the different states are recognized and stored correctly.

B. Geometrical structure and magnetic properties

To verify the magnetic and electrical controllability of
the above-mentioned multiresistive states, it is necessary

to design a trilayer AFM/FE/AFM heterojunction. For the
AFM layer and FE layer, we chose Mn3Sn and α-In2Se3 as
the candidate materials for this study. Mn3Sn belongs to a
group of alloys [Fig. 2(a)] with a special crystal structure
and magnetic properties based on the experimental lattice
parameters a = b = 5.65 Å and c = 4.522 Å. At room
temperature, Mn3Sn exhibits AFM behavior, transitioning to
an FM state at lower temperatures, indicative of its unique
magnetic structure. The calculated magnetic moment per Mn
atom is approximately 3.12 µB, confined within the XY plane
(for details of the calculations, see the Supplemental Material
[47], and see also Refs. [48–51]). Contrary to a simple parallel
(P) or antiparallel (AP) arrangement, the magnetic moment
orientations within Mn3Sn crystals demonstrate a complex
noncollinear configuration within the XY plane. Bulk Mn3Sn
crystallizes in a layered hexagonal lattice with space group
P63/mmc, and Fig. 2(a) shows the set of all possible states in
momentum space that can be occupied by Mn3Sn electrons
in the hexagonal lattice structure. In the vicinity of these
symmetry points, the energy band structure of the electrons
displays special properties. The band structure of Fig. 2(a)
clearly shows that there are band crossovers (Weyl point) near
the Fermi level around the high symmetry K points, which
may lead to some peculiar electron transport properties.
α-In2Se3 (a = 4.026 Å) is a semiconducting material
belonging to a group of layered compounds with inherent
ferroelectric properties (the work function is shown Fig. S1
in the Supplemental Material [47]). Ferroelectric materials
usually exhibit the property of polarization under an electric
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FIG. 3. The corresponding band structures of (a) Ŝx, (b) Ŝy, and (c) Ŝz of Mn3Sn. The magnetic structure Néel vectors (black dashed arrows)
orientation along clockwise rotation 0°, 60°, 120°, 180° of Mn3Sn. The green arrows are magnetic structures. The figure displays the color
scale of the spin values, indicating the direction and magnitude of the magnetic moment.

field which can be controlled by changing the direction of
the applied electric field as shown in Fig. 2(b), and according
to nudged elastic band (NEB) calculations, the switching
barriers are lower than 0.12 eV so that the polarization can be
reversibly switched. Furthermore, the band gap of α-In2Se3,
approximately 0.8 eV, positions it as a suitable barrier layer.

As illustrated in Fig. 3, the Néel vector α can be used
to define the nonlinear AFM order of bulk Mn3Sn. Equal
symmetric AFM states are indicated by four Néel vector di-
rections, α = 0◦, 60°, 120°, and 180°. In quantum mechanics,
the motion of spin is described by a wave function, and the
spin component is represented by the expectation value of the
wave function. We perform computations to investigate the
band structure and the spin expectation values associated with
each band for the four distinct nonlinear AFM states present
in Mn3Sn, given the spin-split nature of the band structure.
As can be seen in Fig. 3, the spin expectation values change
gradually with α from 0° to 180° for all bands. Interestingly,
the in-plane spin components Ŝx and Ŝy demonstrate contrast-
ing polarities at α = 0◦ and α = 180◦, suggesting that the
inversion of the Néel vector bears resemblance to a time-
reversal symmetry operation within the plane, while Ŝz does
not exhibit a similar effect. This suggests that inversion in the
direction of Ŝz does not have the same symmetry properties
as the in-plane spin component. Specifically, Ŝz is the same at
α = 0◦ and α = 120◦, and also at α = 60◦ and α = 180◦. This
means that Ŝz has certain symmetry properties at the specific
angle of 120°. Due to the spin splitting of the band structure,
the change in the rotation angle α of the Néel vector affects

the spin expectation value at each k point. This formula can be
used to determine each Bloch state’s spin expectation value:

Ŝi = h̄

2
〈ψn(k)|σi|ψn(k)〉, (1)

where Ŝi denotes the expectation value of the spin in the
i direction at each k point, � is the approximate Planck’s
constant, ψn(k) is the Bloch wave function, and σi is the ith
component of the Pauli matrix.

C. Multiple resistive state devices

In MFTJs, multiple resistive states can be realized by
controlling the interaction between the ferroelectric and mag-
netic layers. A common method is to use the modulation of
the polarization direction of the ferroelectric layer and the
magnetic moment direction of the magnetic layer to achieve
different resistive states. Typically, this method can yield four
resistive states, and the number of resistive states can be fur-
ther expanded by increasing the number of ferroelectric layer
interfaces. However, increasing the number of layers of the
ferroelectric layer increases the thickness of the device. This
may give rise to several issues, including elevated device fab-
rication costs, augmented demand for a magnetic field to flip
the magnetic moment. Therefore, the pursuit of achieving a
greater number of resistive states without escalating the device
thickness constitutes a pivotal challenge in MFTJs research.

The noncollinear AFM material Mn3Sn has multiple Néel
vector directions, which means that different resistive states
can be realized by controlling the rotation of the magnetic
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FIG. 4. (a) Atomic structure and (b) averaged electrostatic potential of the P← polarized in Mn3Sn/α-In2Se3/Mn3Sn. (c) Differential charge
density distributions of the heterojunction. The red and blue isosurfaces indicate electron accumulation and depletion after layer stacking,
respectively.

moment directions without increasing the number of layers.
This approach allows more resistive states to be realized
while reducing the thickness of the device, thereby improving
the performance and application potential of the MFTJ. Fig-
ure 4(a) shows the atomic structure diagram of MFTJs with
Mn3Sn and α-In2Se3, the corresponding minimum lattice mis-
match is 2.3%, and the Mn3Sn and α-In2Se3 supercells are 2
× 2 and 3 × 3, respectively. Figure 4(b) shows the in-plane av-
erage electrostatic potentials of the Mn3Sn/α-In2Se3/Mn3Sn
junction for the left (P←) polarized state of α-In2Se3. The
retention of vertical polarization can be further elucidated by
the charge distributions in Fig. 4(c), which shows evidence of
interlayer inequivalence in the intermediate α-In2Se3 layers
in the P← state. The electron localization function (ELF) is a
tool for studying the electronic structure of materials. Within
the materials, the ELF values for Mn3Sn and α-In2Se3 are
between 0.5 and 1 [see Fig. 4(d)], indicating that the electron
distribution around the atomic nuclei is relatively localized,
with electrons being more concentrated in specific regions.
At the interfaces, the ELF values are between 0 and 0.5,
which typically occurs in regions of nonbonding or lone pair
electrons, indicating weaker electron localization and greater
dispersion within these areas.

D. ELF of heterojunction

In Fig. 5(a), we first consider the four states of the Néel
vector, device Mn3Sn/α-In2Se3/Mn3Sn, by rotating Mn3Sn,
which is shown schematically using unit cell-sized devices for
a better display of the orientations. To analyze more fully how
the magnetization arrangement of AFM affects electron trans-
port, we calculate the k‖ resolved transmission coefficients

(T ) of Mn3Sn/α-In2Se3/Mn3Sn MFTJ at the Fermi level in the
two-dimensional (2D) Brillouin zone in Fig. 5(b). The prob-
ability of electron flow through the tunneling phenomenon is
described by the Landauer-Büttiker formula in the framework
of quantum mechanics:

G(E ) = 2e2

h

∑

k‖

T (E , k‖), (2)

where T (E , k‖) is the transmission coefficient. The
k‖ = (kx, ky) is the Bloch wave vector corresponding to the
junction plane. It relates the current density to the transmit-
tance, which is the probability of an electron crossing the
potential barrier from one region to another. The Landauer-
Büttiker formula can be used to describe the probability of
electron flow through a potential barrier, which is related to
the height and width of the barrier as well as the energy of the
electrons (the Fermi surface is shown in Fig. S2 in the Supple-
mental Material [47]). It can be observed that T (k‖) reaches
its highest value when αR is 0◦, as shown in Fig. 5(b), and
gradually decreases with increasing αR in the range 0–180°.
When αR = 0◦, the bright spots of the T (k‖) are distributed
around the � point, while the bright spots rotate as αR grad-
ually turns to 180◦, while the extent of the 2D Brillouin zone
gradually decreases, and the intensity of the bright spots is
weakened. This is because the increase in αR results in a spin
mismatch between the electron wave incident from the left
Mn3Sn electrode and the electron wave output from the right
Mn3Sn electrode. Based on the T (k‖) in the 2D Brillouin
zone in Fig. 5(b), it can be judged that the magnetoresistive
states will be in the four states. However, it is possible that
insufficient electron scattering resulted in a small difference
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FIG. 5. (a) Schematic diagrams of the MFTJs structures of P (αL = 0◦, αR = 0◦) and AP (αL = 0◦, αR = 60◦; αL = 0◦, αR = 120◦; αL =
0◦, αR = 180◦). (b) The corresponding 2D Brillouin zone k‖-resolved transmission coefficients of the MFTJs.

in transmission between the P and AP states, implying a small
tunneling magnetoresistance (TMR) effect at this point. The
TMR ratio can be calculated by

TMR = TP−TAP

TAP
, (3)

where TP and TP are the total transmission coefficient
of the Fermi level junctions in P and AP magnetic
states, respectively. We calculate a TMR of 18% in the
Mn3Sn/α-In2Se3/Mn3Sn device; see Table S1 in the Supple-
mental Material [47].

For MFTJs, a left-right symmetric electrode would destroy
the charge arrangement of the ferroelectric layer, resulting in

a lower electrode polarization rate and thus a small TER. We
insert a hexagonal BN layer on one side for charge shield-
ing, which at the same time allows the electrons to scatter
more fully in the device. We then construct the MFTJs of
Mn3Sn/BN/α-In2Se3/Mn3Sn in Fig. 6, in which the charge
arrangement of the ferroelectric layer α-In2Se3 will be main-
tained in this device structure. The switchable built-in electric
field within the α-In2Se3 layer can be seen from the potential
distribution plots in Figs. 6(c) and 6(d), as shown by the
yellow line in the figure. This observation confirms the pres-
ence of ferroelectric polarization in the α-In2Se3 interlayer,
indicating the occurrence of the TER effect. When the BN
layer interacts with the MFTJs, additional scattering centers

FIG. 6. Atomic structure diagram of Mn3Sn/BN/α-In2Se3/Mn3Sn MFTJ of the P← state (a) and P→ state (b). The electrostatic potential
of the transport direction z axis for the MFTJ of the P← state (c) and P→ state (d).
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FIG. 7. (a) Schematic diagrams of the Mn3Sn/BN/α-In2Se3/Mn3Sn structures of P (αL = 0◦, αR = 0◦) and AP (αL = 0◦, αR = 60◦;
αL = 0◦, αR = 120◦; αL = 0◦, αR = 180◦). (b) The corresponding 2D Brillouin zone k‖-resolved transmission coefficients intensities of the
above eight configurations.

are introduced to increase the scattering of electrons, which
reduces the transmission probability of the inverse flat form
of the device and enhances the TMR effect.

Based on this, MFTJs with eight resistive states are con-
structed [Fig. 7(a)]. In the following, we explore four distinct
Néel vector orientations of Mn3Sn and two different ferroelec-
tric polarization states of α-In2Se3. The specific operations
are as follows: In MFTJs, keep the Néel vector direction
of the left electrode Mn3Sn unchanged, and rotate the Néel
vector of the right electrode Mn3Sn to 0◦, 60◦, 120◦, and
180◦, respectively. Then change the polarization direction of
α-In2Se3 from the P← state to the P→ state, while rotating
the Néel vector of the right electrode Mn3Sn to 0◦, 60◦, 120◦,
and 180◦. The mutual control of the Néel vector direction
of the left and right electrodes Mn3Sn and the polarization
direction of α-In2Se3 will result in eight different configu-
rations of MFTJs, as shown in Fig. 7(a). With the α-In2Se3

polarization to the left, the electron transmittance is larger
when the αR is set at 0◦ [Fig. 7(b)]. When the αR is equal
to 180◦, the electron transmittance around the interior of the
Brillouin zone decreases significantly, and the significantly
different conductivities of the four magnetic structures lead to
the obvious TMR effect in the MFTJs. Furthermore, compar-
ing MFTJs with different ferroelectric polarization directions

(P→ and P←), it is evident that the electron transmission co-
efficients for the P→ state and the P← state exhibit significant
differences. In particular, substantial differences in the order
of magnitude are observed at αR = 0◦ and αR = 60◦, resulting
in a considerable TER ratio.

Table I summarizes the electron transmission, as
well as the TMR and TER ratios calculated for the
Mn3Sn/BN/α-In2Se3/Mn3Sn MFTJs. TER ratio is defined as

TER =
|Tp←Tp→|

min(Tp←, Tp→)
, (4)

where Tp←/p→ is the total transmission coefficient at the Fermi
level which can be obtained by reversing the direction of the
ferroelectric polarization of the barrier layer. It is noteworthy
that, in comparison to the symmetric Mn3Sn/α-In2Se3/Mn3Sn
MFTJs configuration, a notable increase in the TMR ratio
is observed, reaching as high as 6650%. This enhancement
can be attributed to a more pronounced attenuation of trans-
mission in the AP state relative to the P state. Additionally,
the asymmetric MFTJs with the BN interface have a signif-
icant impact on the ferroelectric control of resistance in the
MFTJs. In the P magnetization alignment, the corresponding
TER ratio can exceed 8180%. When the MFTJ is in the P←
state, the T changes from 0.36 to 5.42 × 10−3 as αR varies
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TABLE I. The transmission coefficient (T ) and resistive area [RA (�μm2) = A/G, where A is the area of the unit cell and G (e2/h) is the
conductance] for different Néel vectors. The resistive value is represented by each state. The TMR and TER of Mn3Sn/BN/α-In2Se3/Mn3Sn
MFTJ.

αR = 0◦ αR = 60◦ αR = 120◦ αR = 180◦

T RA T RA T RA T RA TMR (%)

P← 0.36 6.94 × 10−2 0.22 5.68 × 10−2 7.41 × 10−3 3.37 5.42 × 10−3 4.61 6.65 × 103

Resistive states (111) (110) (101) (100)
P→ 4.40 × 10−3 5.68 3.31 × 10−3 7.55 2.15 × 10−3 1.16 × 101 1.08 × 10−3 2.31 × 101 3.07 × 102

Resistive states (011) (010) (001) (000)
TER (%) 8.18 × 103 6.55 × 103 2.45 × 102 4.02 × 102

from 0◦ to 180◦. Similarly, in the P→ state, the T changes
from 4.40 × 10−3 to 1.08 × 10−3 over the same range of
αR values. These eight distinct Ts correspond to the stepped
magnetoresistance distribution pattern proposed in Fig. 1. The
state with the highest T, corresponding to the P← state at
αR = 0◦, is defined as “111,” while the state with the lowest
T, corresponding to the P→ state at αR = 180◦, is defined as
“000,” with the remaining states arranged accordingly. After
rotating the antiferromagnetic Néel vector and changing the
polarization direction, MFTJ achieves control of eight resis-
tance states, which can be used in the field of information
storage.

III. CONCLUSIONS

In summary, we have analyzed in detail the struc-
tural properties of the spin-splitting bands in Mn3Sn,
a representative noncollinear AFM metal, through first-
principles calculations. Furthermore, we have successfully
predicted the existence of eight distinct resistive states in

the Mn3Sn/BN/α-In2Se3/Mn3Sn MFTJs, in which the TMR
ratio and TER ratio could exceed 1000%. These findings not
only contribute to a deeper understanding of the behavior of
noncollinear AFM metals but also offer valuable insight into
their potential applications as MFTJ electrodes in AFM spin-
tronics. This has significant implications for the development
of storage technology, as it demonstrates the feasibility of
utilizing AFM materials to enhance spintronic devices and
advance the field of data storage and processing.
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