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van der Waals (vdW) multiferroic tunnel junctions (MFTJs) based on two-dimensional materials have
gained significant interest due to their potential applications in next-generation data storage and in-
memory computing devices. In this study, we construct vdW MFTJs by employing monolayer Mn,Ses as
the spin-filter tunnel barrier, TiTe, as the electrodes and In,Ss as the tunnel barrier to investigate the spin
transport properties based on first-principles quantum transport calculations. It is highlighted that appar-
ent tunneling magnetoresistance (TMR) and tunneling electroresistance (TER) effects with a maximum
TMR ratio of 6237% and TER ratio of 1771% can be realized by using bilayer In,S3 as the tunnel barrier
under finite bias. Furthermore, the physical origin of the distinguished TMR and TER effects is unraveled
from the kj-resolved transmission spectra and spin-dependent projected local density of states analysis.
Interestingly, four distinguishable conductance states reveal the implementation of four-state nonvolatile

Received 19th September 2023,
Accepted 2nd December 2023

DOI: 10.1039/d3nr04712a

data storage using one MFTJ unit. More importantly, in-memory logic computing and multilevel data
storage can be achieved at the same time by magnetic switching and electrical control, respectively.
These results shed light on vdW MFTJs in the applications of in-memory computing as well as multilevel
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rsc.li/nanoscale data storage devices.

Introduction

Nowadays, the integration of big data storage and artificial
intelligence technologies, which offer significant opportunities
across various industries, and deliver more efficient, intelli-
gent, and personalized services and products, is driving com-
prehensive societal transformation.’™ The emergence of these
technologies requires electronic devices having faster data
writing speeds, smaller data storage footprints, and lower
energy consumption.>® Among various information-integrated
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storage devices, multiferroic tunnel junctions (MFTJs), com-
bining the electrical behaviors of magnetic tunnel junctions
(MTJs) and ferroelectric tunnel junctions (FTJs), have become
extremely promising approaches to meet the requirements of
low power, high density, non-volatile memory and versatile
logic devices.”® Herein, MTJs are composed of two ferro-
magnetic electrodes and an intermediate tunnel barrier layer
(such as MgO, GaaAs, etc.).”"> The spin-dependent tunneling
current of the MTJ depends on the relative orientation (paral-
lel or antiparallel) of the magnetization of two ferromagnetic
electrodes, resulting in the tunneling magnetoresistance
(TMR) effect.">'* On the other hand, FTJ consists of a thin fer-
roelectric barrier layer sandwiched by two metallic electrodes.
The polarization dependent tunneling current of the FTJ
depends on the ferroelectric polarization direction of the
potential barrier, resulting in the tunneling electroresistance
(TER) effect.”>™"”

MFT]Js can be obtained by replacing the dielectric barrier of
MT]Js with a ferroelectric tunneling barrier, or by substituting
the metal electrodes of FTJs with ferromagnetic materials.'®
The resistances of MFT]Js can switch between different nonvo-
latile states under external electric or magnetic fields, which
provides a new way to realize high-density data storage or in-
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memory computing.'®?° The possibility of TMR conversion in
MT]Js with ferroelectric barriers and the coexistence of TMR
and TER effects in MFTJs*! spark significant attention towards
MFT]Js as rising star candidates for next generation infor-
mation storage applications.””>* In the early years, three-
dimensional (3D) ferromagnetic metals were utilized as the
ferromagnetic electrode, where the sign of TMR could be
reversed by switching the ferroelectric polarization direction in
some 3D ferromagnetic metal based MFTJs, such as
Lay 5Sry.3MnO3/PbZr, ,Tip g03/Co and La, ;Sry;MnO5;/BaTiOs/
NiFe MFTJs.*>?® However, 3D ferromagnetic metals usually
have low spin polarizations, which lead to limited TMR values
in 3D ferromagnetic metal-based MFTJs.”” Through replacing
the ferromagnetic metallic electrodes of MFTJs with half-
metallic perovskites, considerable TMR effects can be
realized.?®?° For instance, the Lag,Sro;MnOs/SrTiO;/BaTiOs/
La, ,Sry 3Mng gRu, ,03 MFTJ can realize a TMR of 30% and a
TER of ~128%.%° It is reported that a TMR of 300% and a TER
of 160% can be observed in the Lay ;Cag 3sMnO3/Bag 551 5TiO3/
Lay,Cay;MnO; MFTJ.>® Nevertheless, some persisting trou-
bles, such as the critical ferroelectric film thickness, defective
inhomogeneous interfaces and high resistance-area (RA) pro-
ducts, still limit the application of 3D MFTJs.'*3132

With the emergence of graphene and other two-dimen-
sional (2D) materials, 2D van der Waals (vdW) materials come
into the view of researchers.?*> 2D vdW materials possess an
atomic thin thickness and perfect interface without dangling
bonds, which can overcome the tricky troubles in 3D
MFTJs.**?” For example, Fe,,GeTe,/In,Se;/Fe,GeTe, (m, n = 3,
4, 5; m # n) vdW MFT]Js are predicted to possess a remarkably
low RA product of less than 1 Q pm?, which makes such vdW
MFT]Js superior to conventional MFT]Js for nonvolatile memory
applications.®® Lately, a much lower RA product (less than 0.1
Q pm?®) was revealed in a CrSe,/CulnP,S¢/CrSe, MFTJ.*
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However, the TMR and TER ratios in these 2D MFT]Js are still
restricted to a relatively low level, which is not conducive to
their practical application. On the other hand, most 2D mag-
netic materials possess a low Curie temperature, which could
be another crucial reason limiting the application of these 2D
MFTJs.”* Recently, ferromagnetic Mn,Se; monolayers were
demonstrated to possess a high Curie temperature of 820 K,
and their intrinsic half-metallicity implies that a good per-
formance could be achieved in spintronic devices.*' Therefore,
the potential applications of ferromagnetic Mn,Se; monolayers
in vdW MFT]Js are anticipated and a corresponding systematic
investigation is of great interest and importance. It is interest-
ing to note that giant TER effects have been realized in In,X;
(X =S, Se, Te) monolayers and bilayers,*>** and the In,Se;/gra-
phene lateral FTJs and Fe;GeTe,/binary In,Se;/Fe;GeTe, MFTJs
have been reported to exert excellent TER and TMR effects.***
Herein, the 2D lattice of In,S; matches the Mn,Se; monolayer
very well.*"*®*” Hence, the construction of vdW MFTJs by
combining In,S; and Mn,Se; together is possible.

In this work, we investigated the spin transport properties
of MFTJs by employing monolayer Mn,Se; as the spin-filter
tunnel barrier and monolayer or bilayer In,S; as the tunnel
barrier. The results reveal that the MFTJs with monolayer In,S;
as the tunnel barrier only can realize the apparent TMR effect,
while the TER effect is hard to achieve. Interestingly, both
apparent TMR and TER effects can be achieved in the MFT]Js
with bilayer In,S; as the tunnel barrier. Moreover, the MFTJ
exhibits four distinct conductance states, indicating the possi-
bility of achieving four-state data storage. By arranging numer-
ous MFTJs into an N x N array, integrated storage and comput-
ing functionalities can be feasibly realized.

Computational details

The structures of 2D monolayers and heterostructures were
built by using the ALKEMIE platform,*®*° and the calculations
were implemented in Vienna ab initio simulation package
(VASP) based on density functional theory (DFT).’**" The
Perdew-Burke-Ernzerhof (PBE) functional of generalized-gra-
dient approximation (GGA) was employed to deal with the
exchange-correlation potential.’® The interlayer van der Waals
(vdW) interactions between 2D materials were considered with
the DFT-D3 method.”® The effective on-site coulombic inter-
action was set to 3 eV for Mn atoms, which can well reproduce
the results by using the accurate HSE06 functional.' The
plane wave energy cutoff was set to 500 eV, and the k-point
sampling grid was set to 15 x 15 x 1 for the structure optimiz-
ation and self-consistent calculations. A vacuum space of 20 A
was inserted along the z-direction to avoid the interaction of
adjacent layers. The energy convergence criterion was set as 1
x 107° eV, and the atomic positions were relaxed until the
force of each atom was less than 0.01 eV A™". The dipole cor-
rection was taken into consideration to avoid the effect of the
vacuum electric field.>*

This journal is © The Royal Society of Chemistry 2024
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The optimization and transmission properties of the
devices were carried out using the non-equilibrium Green’s
function (NEGF) method as implemented in the
QuantumWise Atomistix ToolKit (QuantumATK) package.’>>°
The GGA-PBE functional with a linear combination of atomic
orbital (LCAO) norm-conserving PseudoDojo pseudopoten-
tial®” was employed to account for the electron exchange and
correctional interactions. The valence electrons were expanded
in a numerical atomic-orbital basis set of double-zeta polariz-
ation (DZP) for all atoms.”® The effective on-site coulombic
interaction was set to 3 eV for Mn atoms as well. The cutoff
energy was set to 105 Hartree, and the Monkhorst-Pack
k-point meshes for the central scattering regions and electro-
des were set to 10 x 10 x 1 and 10 x 10 x 150. To ensure the
accuracy of the results, a 121 x 121 k-point mesh was employed
in the spin-dependent transmission calculations. The conver-
gence criterion of the force was set to 0.01 eV A", The relation-
ship between spin-dependent conductance and transmission
of the tunnel junction per unit cell area can be described by
the Landauer Biittiker formula:*®®°

2¢?

G(E) = TT(E) (1)
where T(E) = ZkH T(ky,E) is the k-point averaged transmission
function at energy E and T(k|,E) is the k resolved transmission
function with kj; = (k, k). The tunnel electroresistance (TER)
ratio is calculated through the formula®

_ 6 -]

TER = ————~
min(G', G)

x 100% (2)

where G; and G, are the tunneling conductances of the FTJs
when the In,S; ferroelectric layer is in the up-polarized and
down-polarized states, respectively. The tunnel magnetoresis-
tance (TMR) ratio is calculated by using the formula™*

TMR = (Gpc — Gapc)/Gapc X 100% 3)

where Gpc and Gupc are the total spin-dependent conductance
of PC and APC states, which are defined as

2

GPCZW [Tllc (Er) + Téc (Et)] (4)

Gapc= % [T/IPC (Ef) + T;ipc (Ef)] (5)

where e and % are the electron charge and Planck’s constant,
respectively, Tho(Er) and Tho(Es) represent the spin-up and
spin-down transmission coefficients at the Fermi level when
the vdW MTJs are in the PC state, and Thp(Er) and Tipo(Er)
represent the spin-up and spin-down transmission coefficients
at the Fermi level when the vdW MT]Js are in the APC state.
The resistance-area (RA) products are calculated from the
transmission at the Fermi level from

RA =

Ql©

(6)
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where S is the unit cell area and G is the total conductance.
The spin injection efficiency (SIE) is defined as

1 !
Gpr — G,
SIEpc= % (7)
PC + GPC
Gl — GLo
SIEppc= 7?% ?PL (8)
GAPC + GAPC

where GI,C and Gll,C are the conductances of spin-up and spin-
down channels when the vdW MTJs are in the PC state,
respectively, Gy and GﬁPC are the conductances of spin-up
and spin-down channels when the vdW MT]Js are in the APC
state, respectively, and they can be calculated by using

&2
GLc:zTr[c(Ef) (9)
L€

GPC:zTPC(Ef) (10)
1 e i

Gapc= z Tapc (Er) (11)
! e

Gapc= E Txpc (Ef) (12)

Results and discussion

To construct the In,S; and Mn,Se; based MFT]Js, we screened
potential electrode materials from the ALKEMIE materials
database according to the following four criteria: layered
crystal structure, well matching lattice parameters, binary chal-
cogenide, and metallic electronic structure nature. Firstly, with
a layered crystal structure, the different parts of the proposed
MFT]Js can be constructed by vertical assembling. Secondly,
the well matching lattice parameters indicate the potential of
epitaxial growth for different materials. Thirdly, the binary
compound ensures the simplicity of the electrode materials,
and the vdW interactions between chalcogen layers increase
the possibility to obtain vdW MFT]Js. Lastly, the metallic elec-
tronic structure nature guarantees the good electrical conduc-
tivity of the electrode. As the screening result, TiTe, with a
metallic band structure and suitable hexagonal vdW layered
crystal structure is proposed as the suitable electrode
material.®>"%°

The geometric structures of Mn,Se;, In,S; and TiTe,
monolayers with the P3m1 space group are shown in Fig. 1.
From the side view of these structures, the Mn,Se; and In,S;
monolayers are formed by alternately stacking two Mn/In
and three Se atomic layers. From the top view of Mn,Se;
structures in Fig. 1(a), the upper Se and Mn atoms directly
face the bottom Mn and Se atoms, respectively. From the
top view of In,Se; structures in Fig. 1(b), the upper S atoms
directly face the bottom S atoms, and the middle S atoms
directly face the upper In atoms. It is worth noting that the
middle S atoms can move to directly face the bottom In

Nanoscale, 2024, 16,1331-1344 | 1333
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Fig. 1 The top and side views of the crystal structures of (a) Mn,Ses, (b)
In,S3 and (c) TiTe, monolayers. The band structures of (d) Mn,Ses, (e)
InzS3 and (f) TiTe, monolayers.

atoms when applying an appropriate external electric field,
making In,S; a typical ferroelectric material.*””*® From the
top view of TiTe, structures in Fig. 1(c), a TiTe, monolayer
shows a Te-Ti-Te sandwich layer, which is similar to the
metallic 1T-phase MoS,. Herein, the optimized lattice con-
stants a are 3.708, 3.909 and 3.722 A for Mn,Se;, In,S; and
TiTe, monolayers, consistent with previous works.*"**®” The
maximum lattice mismatch is about 5%, within a reasonable
range. Besides, the optimized lattice constants for bulk TiTe,
are a = 3.744 A, ¢ = 6.478 A, which are very close to the
experimental values (a, = 3.777 A, ¢, = 6.498 A),%® verifying
the reliability of our calculations. As depicted in Fig. 1(d), (e)
and (f), the calculated electronic band structures of Mn,Ses,
In,S; and TiTe, monolayers show ferromagnetic half-metal-
lic, semiconducting and metallic behaviors, respectively. The
band structure of bulk TiTe, in Fig. S1t also represents the
typical metallic behavior, demonstrating that both the mono-
layer and bulk structures of TiTe, can be competent as elec-
trode materials. Since the emergence of a (2 x 2) charge
density wave (CDW) order has been realized only in single-
layer TiTe,, while no CDW transitions is observed in two-
layer and multi-layer TiTe,.*”> In this work, multi-layer TiTe,
is regarded as the electrode of MFTJs. The CDW transform-
ation of TiTe, is not taken into account.

In the following, we employed TiTe, as the electrodes,
monolayer Mn,Se; as the spin-filter tunnel barrier and mono-
layer In,S; as the tunnel barrier to construct MFT]Js. Firstly, the
stability of stacking configurations between various materials
is considered. By considering the two different ferroelectric
polarization states of In,Ss;, there are twelve possible different
stacking configurations of In,S;/Mn,Se; heterostructures, as
shown in Fig. S2.1 Besides, six possible different stacking con-
figurations of Mn,Se;/TiTe, heterostructures are depicted in
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Fig. S3.7 The formation energy (Ef,m) of the heterostructures
can be described as follows:®°

Eform = En — Eupper — Epottom (13)

where Ey is the total energy of the heterostructure, and Eypper
and Eporom represent the total energies of upper and bottom
monolayers, respectively. The calculated E¢,.,, of In,S;/Mn,Se;
and Mn,Se;/TiTe, heterostructures are summarized in
Table S1.f The results reveal that stacking-I of Mn,Se;/In,S;-
P;, stacking-V of Mn,Se;/In,S;-P; and stacking I of Mn,Se;/
TiTe, heterostructures possess the corresponding lowest E¢rm,
which indicates that such stacking configurations are the most
stable. Therefore, the stacking configurations of different
materials in MFTJs are based on the above results. In Fig. 2(a)
and (b), the ferroelectric polarization direction of the mono-
layer In,S; tunnel barrier can be switched between left and
right with an appropriate extra electric field. Herein, the ferro-
electric polarizations of monolayer In,S; in MFTJs pointing
right and left are namely FE-R-1IS and FE-L-1IS states for
short, respectively. Meanwhile, the magnetic arrangements of
left and right Mn,Se; layers can be switched to parallel and
antiparallel arrangement configurations (PC and APC) with an
appropriate extra magnetic field.

To reveal the spin-dependent transmission behavior of the
MFT] with FE-R-1IS and FE-L-1IS states, we calculated the
spin-dependent zero-bias transmission coefficient curves with
the energy region from —1.5 eV to 1.5 eV, as shown in Fig. 2(c)
and (d). All the transmission coefficient curves are very similar
for the MFTJ with FE-R-1IS and FE-L-1IS states at the energy
region below —0.5 eV. When the energy region goes up to
around the Fermi level, the spin-up transmission coefficients
in PC play a dominant role in the transmission behavior, while
spin-down transmission coefficients in PC show a minimal
contribution to the transmission behavior. The spin-up and
spin-down transmission coefficients exhibit similar medium
values around the Fermi level for APC. When the energy region
increases to approximately 0.9 eV, all the transmission coeffi-
cient curves exhibit a trend of steep decline initially, followed
by a rapid rise, resulting in a minimum value near 0.9 eV. The
significant differences between the transmission coefficients
of PC and APC could contribute to the apparent TMR effect.
However, the difference between the transmission coefficient
curves of the MFTJ with FE-R-1IS and FE-L-1IS states is not
remarkable, which could yield an inconspicuous TER effect.

The spin-dependent k-resolved transmission spectra at the
Fermi level of the MFT] with FE-R-1IS and FE-L-1IS states are
plotted in Fig. 2(e) and (f) to further reveal the spin-dependent
transmission behavior. It follows clearly that the MFTJs with
such two states share very similar transmission spectra for the
same spin state. Therefore, the TER effect can hardly be
achieved. In both cases, the spin-up transmission spectra at
the Fermi level of PC play a decisive role in the transmission
behavior, which agrees with the above discussion well. The
spin-up and spin-down transmission spectra at the Fermi level
of APC show fewer transmission regions than that of the spin-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The structure schematic diagrams of the MFTJ with (a) FE-R-1IS and (b) FE-L-1IS states. The spin-dependent zero-bias transmission coeffi-
cient curves of the MFTJ with (c) FE-R-1IS and (d) FE-L-1IS states. The spin-dependent kj-resolved transmission spectra of the MFTJ with (e)

FE-R-1IS and (f) FE-L-1IS states.

up channel in PC, but more than that of the spin-down
channel in PC. Additionally, the primary spin-up transmission
regions of the PC state are located in circular areas for both
MFT]Js, and there are only minor spin-down transmission
regions located at (k, k;) = (0, 0). On the other hand, although
the spin-up and spin-down transmission regions of APC
exhibit different shapes, the central transmission regions are
predominantly localized around (k,, k,) = (0, 0).

Generally, large TMR and TER ratios are required in MFT]
to ensure optimal device performance.”® Table 1 summarizes
the different spin-dependent conductances, and TMR and TER
ratios calculated according to eqn. (1), (2) and (3), respectively.
Interestingly, the spin-up and spin-down conductances of PC
reach ~1072 and ~10* e*/h levels, respectively, while both
spin-up and spin-down conductances of APC are ~10~° e*/h
levels. Hence the different total conductances of PC and APC
can realize the TMR ratios of 448% and 371% for FE-R-1IS and
FE-L-1IS MFTJs, respectively, revealing that an apparent TMR

effect can be achieved. Unfortunately, the total conductances
of PC or APC between FE-R-1IS and FE-L-1IS MFTJs exhibit
minor differences. The calculated TER ratios are only 11% and
30% for PC and APC, respectively, indicating that the TER
effect is hard to realize in this case for both PC and APC. On
the other hand, the calculated SIEs can reach up to near 100%
when the MFT]J is in PC, as shown in Table S2;} such high
SIEs are essential for the spin information transmission and
manipulation.”® Moreover, the RA products can maintain less
than 1 Q um? level whether the MFTJ is in PC or APC, as
shown in Table S2,T which can satisfy a high recording density
of 200 Gbit in™2.”"”> However, owing to the limited TER ratios,
such MFTJ with monolayer In,S; as the tunnel barrier fails to
manifest the advantage of MFT]Js sufficiently.

Inspired by the giant tunneling electroresistance effects
driven by ferroelectric-antiferroelectric order transitions in
bilayer In,S;,** we further constructed the MFTJs with bilayer
In,S; as the tunnel barrier and investigated the spin-depen-

Table 1 The calculated transmission coefficients (unit: e2/h), TMR and TER ratios of the MFTJ with FE-R-11S, and FE-L-1IS states

PC state APC state
MFT] Spin up Spin down Total-PC Spin up Spin down Total-APC TMR
FE-R-11S 2.54 x 1072 2.21x107* 2.56 x 1072 2.11x1073 2.56 x 1073 4.68 x107° 448%
FE-L-1IS 2.83 x 1072 2.78 x107* 2.85x 1072 3.02x 1073 3.04 %107 6.06 x 1073 371%
TERg/L, 11% 30%

This journal is © The Royal Society of Chemistry 2024
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dent transmission behavior. There are three different kinds of
polarization directions in bilayer In,S;, i.e., the tail-to-tail anti-
ferroelectric state and head-to-head antiferroelectric state are
namely AFE-T and AFE-H states, as well as the ferroelectric
state is namely FE state for short. We considered the different
possible stacking configurations for bilayer In,S; in AFE-T,
AFE-H and FE states, as shown in Fig. S4.F The calculated for-
mation energies of various stacking configurations are sum-
marized in Table S3.} In the following, we employed stacking-I
to construct the bilayer In,S; based MFT]Js, since stacking-I
has the lowest formation energy in most cases. Fig. 3(a-d)
depict the various MFT]Js by using bilayer In,S; as the tunnel
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barrier. Herein, there are two ferroelectric states by consider-
ing both the polarization directions of monolayer In,S; in
bilayer In,S; toward right and left, namely FE-R-2IS and
FE-L-2IS states, and that of two antiferroelectric states are
namely AFE-T-21S and AFE-H-2IS states for short, respectively.
Fig. 3(e-h) show the spin-dependent zero-bias transmission
coefficient curves of the MFT] with various states using bilayer
In,S; as the tunnel barrier. The shapes of these transmission
coefficient curves are similar to the monolayer In,S; based
MFT]J. It is noted that the spin-up transmission coefficient
curves in PC show much higher values around the Fermi level.
Conversely, the spin-down transmission coefficient curves in
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Fig. 3 The structure schematic diagrams of the MFTJ with (a) AFE-T-2IS, (b) AFE-H-2IS, (c) FE-R-2IS, and (d) FE-L-2IS states. The spin-dependent
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the PC display the lowest values around the Fermi level. As for
the APC, the spin-up and spin-down transmission coefficient
curves demonstrate intermediate values around the Fermi
level. Fig. 3(i-1) present the spin-dependent kj-resolved trans-
mission spectra at the Fermi level of the MFT] with various
states for a vivid view. Circular transmission regions are
observed in the spin-up transmission spectra of the PC, while
minimal transmission regions are found in the transmission
spectra of the other three parts. As a result, there is a signifi-
cant difference in the electronic transmission capacity
between the PC and APC, resulting in potential excellent TMR
effects. On the other hand, the spin-up channel of PC for the
MFTJ with AFE-T-2IS state can be estimated to show a better
electronic transmission capacity than that of AFE-H-21IS state.
Additionally, the spin-up channels of the PC state for the MFTJ
with FE-R-2IS and FE-L-2IS states possess poor electronic
transmission capacity. Therefore, apparent TER effects can be
observed in the MFTJs with bilayer In,S; as the tunnel barrier.
To elucidate the physical origin of TMR and TER effects in
the devices, the spin-dependent projected local density of
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states (PLDOSs) of the MFTJ with various states by employing
bilayer In,S; as tunnel barrier are depicted in Fig. 4. The
PLDOS of MFTJ with the AFE-T-2IS state in Fig. 4(a) are dis-
cussed as an example to reveal the physical origin of the TMR
effect. When the magnetic arrangements of two Mn,Se; layers
are in PC, the spin-up electrons from the left electrode only
need to overcome the tunnel barrier of bilayer In,S; to reach
the right electrode. Therefore, the spin-up channel in PC owns
the highest transmission coefficients. At the same time, it is
hard for the spin-down electrons from the left electrode to
transfer to the right electrode, since the additional tunnel bar-
riers of the left and right Mn,Se; layers are required to be over-
come. When the magnetic arrangements of two Mn,Se; layers
are in APC, only a few spin-up/spin-down electrons from the
left electrode can transfer to the right electrode, since they
need to overcome the tunnel barriers of left/right Mn,Se;
layers for spin-up/spin-down electrons. As a result, an apparent
TMR effect can be observed when the Mn,Se; layers are
switched between PC and APC. The physical origin of apparent
TMRs of the MFJ with AFE-H-21S, FE-R-21S and FE-L-2IS states

__(b) AFE-H-2IS

(a) AFE-T-2IS

Energy (eV)
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Fig. 4 The spin-dependent projected local density of states (PLDOSs) of the MFTJ with (a) AFE-T-2IS, (b) AFE-H-2IS, (c) FE-R-2IS and (d) FE-L-2IS

states.
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are the same as that of AFE-T-2IS state, as depicted in Fig. 4(b-
d). Furthermore, the MTJs still show markedly distinct conduc-
tances when two Mn,Se; layers are in the same magnetic
arrangements, which results in an apparent TER effect.
Herein, we focus on the spin-up channel of the PC, as it plays
a dominant role during transmission. It can be seen clearly
that the PLDOS of bilayer In,S; in the MFTJ with various states
shows different behavior when two Mn,Se; layers are in the
same magnetic arrangements. However, it is worth noting that
the PLDOS of bilayer In,S; in two FE states (i.e., FE-R-2IS and
FE-L-21IS) are mirror symmetric due to the opposite polariz-
ation directions of bilayer In,S;, resulting in little difference
between their conductances. In other words, the FE-R-2IS and
FE-L-2IS states can be regarded as one FE state. Therefore, the
TER effect results from the switching bilayer In,S; between
AFE-T-2IS, AFE-H-2IS and FE (FE-R—ZIS and FE-L-ZIS] states.

To get a detailed insight into the performance of MFT] with
bilayer In,S; as the tunnel barrier, Table 2 summarizes the
different spin-dependent conductances, TMR and TER ratios.
The calculated TMR ratios of the MFTJ with FE-R-2IS and
FE-L-2IS states are 312% and 336%, respectively. Excitingly,
the TMR ratios of MFTJ with AFE-T-2IS and AFE-H-2IS states
show superior TMR effects up to 5698% and 1454%, respect-
ively. On the other hand, when the MFT]J is in the PC, the large
TER ratios of 1771% and 360% can be achieved during the
MFT] with AFE-T-2IS and AFE-H-2IS states switching to
FE-L-2IS state, respectively. As shown in Table S4,f SIE for the
MFT] with all states can reach near 100% when the MFT]J is in
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the PC, and the MFTJ with AFE-T-21IS and AFE-H-2IS states can
obtain the low RA product of less than 1 Q pm?. Furthermore,
we calculated the spin-dependent conductance by applying vol-
tages to explore the spin-dependent conductance in non-equi-
librium situations. The results are shown in Table 3, Tables
S5-S7 and Fig. S5.1 It is noted that the spin-dependent con-
ductance in PC state show a larger difference than the conduc-
tance in APC state, which results in the increasing of TMR
ratio at the finite bias of 20 meV. As a result, we can achieve
the maximum TMR ratio of 6237% by applying 20 meV bias.
However, it is a pity that the TER ratios decrease with the finite
bias increasing. Therefore, the MFTJs with bilayer In,S; as the
tunnel barrier can realize excellent TMR and TER effects,
revealing potential applications in nonvolatile memory
devices.

According to our previous results, the spin-up channels of
these MFTJs in PC states play a dominant role in the TER
ratios. To further unravel why the spin-up channels of various
MFTJs in PC states exhibit different electronic transmission
capacities, we calculated the spin-dependent projected density
of states (PDOS) and projected band structures of Mn,Ses/
bilayer In,S;/Mn,Se; multilayers, as depicted in Fig. 5 and
Fig. S6-S9.1 The left and right Mn,Se; layers show excellent
conductivity since they possess a high value of spin-up PDOS
at the Fermi level. As a result, the differences of electronic
transmission capacity in the spin-up channels are derived
from the PDOS of In,S; layers. For the MFTJ with AFE-T-2IS
state in Fig. 5(a), the left and right In,S; layers show the spin-

Table 2 The spin-dependent conductance (unit: €2/h), TMR and TER ratios of the MFTJ with AFE-T-2IS, AFE-H-2IS, FE-R-2IS and FE-L-2IS states

under zero bias

PC state APC state
MFT] Spin up Spin down Total-PC Spin up Spin down Total-APC TMR
AFE-T-2IS 2.66 x 107> 2.54x107° 2.66 x 1072 2.25x107* 2.34x107* 4.59x107* 5698%
AFE-H-2IS 6.50 x 1073 3.28x107° 6.53x107° 1.88 x107* 2.32x107* 4.20x107* 1454%
FE-R-2IS 1.39x 1073 1.93x107° 1.41x 1073 2.03x107* 1.40 x 107* 3.42x107* 312%
FE-L-2IS 1.40 x 1073 1.95x107° 1.42 x 1073 1.19x107* 2.07 x107* 3.26 x107* 336%
TERApp-1/FEL 1771% 41%
TER App11/Fe-L 360% 29%
TER ppr/peL 1% 5%

Table 3 The spin-dependent conductance (unit: €2/h), TMR and TER ratios of the MFTJ with AFE-T-2IS, AFE-H-2IS, FE-R-2IS and FE-L-2IS states

under the bias of 20 meV

PC state APC state
MFT] Spin up Spin down Total-PC Spin up Spin down Total-APC TMR
AFE-T-2IS 2.52x 1072 2.44 x107° 2.52 x 1072 2.00 x 107* 1.98 x 107* 3.98x107* 6237%
AFE-H-2IS 6.66 x 103 2.68 x107° 6.69 x 103 1.54 x 107* 1.52 x 107* 3.06 x 107* 2085%
FE-R-21S 1.39x107° 1.54x107° 1.40 x 1073 1.42x107* 9.35x107* 2.35x107* 497%
FE-L-21S 1.40 x 1073 1.61x107° 1.42 x 1073 1.10x 1074 1.47x107* 2.57x107* 451%
TERApp-1/FEL 1682% 55%
TERAFE-H/FEL 373% 19%
TERpp-R/pE-L 1% 8%
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Fig. 5 The spin-dependent DOS of the Mn,Ses/bilayer-In,Ss/Mn,Ses part in the MFTJ with (a) AFE-T-2IS, (b) AFE-H-2IS, (c) FE-R-2IS and (d)
FE-L-2IS states. DEL represents the spin-up DOS value at the Fermi level.

up PDOS of 0.129 and 0.132 states per eV at the Fermi level,
respectively, indicating a good device conductivity. For the
MFT] with AFE-H-2IS state in Fig. 5(b), the spin-up PDOS of
the left and right In,S; layers at the Fermi level are only 0.067
and 0.066 states per eV, respectively, revealing a poor device
conductivity. For the MFTJ with FE-R-2IS states in Fig. 5(c),
although the spin-up PDOS of left In,S; at the Fermi level
shows a high value of 0.184 states per eV, the device conduc-
tivity is limited by the spin-up PDOS of right In,S; at the Fermi

This journal is © The Royal Society of Chemistry 2024

level of 0.056 states per eV. For the MFTJ with FE-L-2IS state in
Fig. 5(d), the spin-up PDOS of left In,S; at the Fermi level are
only 0.055 states per €V, resulting in poor conductivity.

Based on these results, certain applications may be envi-
saged using such MFTJ with bilayer In,S; as the tunnel barrier
in data storage devices. It is noted that a dual gate is an
effective device structure to realize reversible switching
between FE and AFE states."”’* There are eight states in the
MFT]J at different ferromagnetic and ferroelectric situations, as
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shown in Fig. 6(a): two ferromagnetic layers controlled by mag-
netic field can realize PC and APC, two ferroelectric layers con-
trolled by electric field can achieve AFE-T-2IS, AFE-H-2IS,
FE-R-2IS and FE-L-2IS states. Herein, four APC states can be
degenerated to one storage state, namely “0” state, since these
states are insensitive to the ferroelectric polarization configur-
ations (see the Total-APC in Table 2). On the other hand, when
two layers of Mn,Se; are in PC and the polarization directions
of bilayer In,S; toward the left or right simultaneously, the
MFT] exhibits equivalent resistances. Therefore, four PC states
can be degenerated to three different storage states, namely
“1”, “2” and “3” states. As a result, four distinguishable storage
states (i.e., “0”, “1”, “2” and “3” states) reveal that a multilevel
nonvolatile storage can be achieved in the MFTJ. As depicted
in Fig. 6(b), sixteen different storage states can be achieved in
terms of only two MFTJ units, which reveals the significant
advantages of utilizing such MFTJ for data storage. It is inter-
esting to note that the ferromagnetic and ferroelectric tran-
sitions in the proposed MFTJs with bilayer In,S; as the tunnel
barrier are mutually independent. Therefore, it is possible to
achieve logical in-memory computing without losing the
stored data in only one MFT]J unit. As shown in Fig. 6(c), the
external magnetic field can switch the MFT] between PC and

1340 | Nanoscale, 2024, 16,1331-1344

APC states, corresponding to the high and low electrical level,
respectively. Hence the effect of the external magnetic field
acts as an equivalent magnetic switch in the circuit to realize
the “ON” and “OFF” logic operation switching. At the same
time, the switch of external electric fields can realize three
different conductance states, which is equivalent to an electric
switch toggles between Ry, R, and R;. As a result, the magnetic
switch service controls the “ON” and “OFF” states for logic cal-
culations, while three different conductance states switched by
the electric polarization can be utilized for the multilevel
storage. Herein, the calculations realized by the magnetic
switch do not affect the storage data achieved by the electric
switch. It is worth noting that these storage states are non-vola-
tile, since the resistance and magnetoresistance can be
retained when the applied electric and magnetic fields disap-
pear. Fig. 6(d) depicts the proposed in-memory computing
device, which consists of an N x N array. Each storage unit is
arranged in a cross-shaped matrix configuration for compu-
tation. When a voltage vector is applied to one end of the cross
matrix, the resulting current vector at the other end is the
product of the applied voltage vector and the conductivity of
each unit.”* In this way, the multiplication and accumulation
operation of vectors and matrices can be achieved.

This journal is © The Royal Society of Chemistry 2024
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Conclusion

In summary, based on density functional theory and non-equi-
librium Green’s function method, the crystal and electronic
structures of Mn,Ses, In,S; and TiTe, monolayers were investi-
gated. It turns out that Mn,Ses, In,S; and TiTe, monolayers
are a ferromagnetic material with half-metallicity, a ferroelec-
tric material with semiconducting behavior and a metal
material, respectively. We employed multilayer TiTe, as the
electrodes, monolayer Mn,Se; as the spin-filter tunnel barrier
and In,S; layers as the tunnel barrier to construct multiferroic
tunnel junctions (MFTJs). It reveals that the MFT] with mono-
layer In,S; as the tunnel barrier can achieve an apparent TMR
effect with the maximum TMR ratio of 448%, while the TER
effect is hard to realize. Interestingly, both apparent TMR and
TER effects can be achieved in the MFT] with bilayer In,S; as
the tunnel barrier. The maximum TMR and TER ratios can
reach up to 6237% and 1771% under finite bias, respectively.
Furthermore, four distinguishable storage states (i.e., “0”, “1”,
“2” and “3” states) reveal that multilevel storage can be
achieved in such a MFTJ. Moreover, the effect of external mag-
netic and electric fields can act as equivalent magnetic and
electric switches. The “ON” and “OFF” states are controlled by
the magnetic switch service for logic calculations, while three
different conductance states switched by the electric polariz-
ation can be utilized for the multilevel storage. The storage
and computing integration can be achieved by arranging mul-
tiple MFTJs into an N X N array. These findings demonstrate
that such MFT]Js with bilayer In,S; as the tunnel barrier might
have good potential applications for multilevel nonvolatile
storage and in-memory computing devices.
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