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The coupling of ferromagnetic and ferroelectric materials has sparked great interest in the field of
spintronics due to nonvolatile electrical magnetic control. In this work, we propose two-dimensional
multiferroic MnSe, /In,Ses van der Waals (vdW) heterostructure to investigate the magnetoelectric cou-
pling. The electronic structure, magnetic anisotropy, magnetic phase transition, and transport properties
were investigated by employing the first-principles calculations in combination with the nonequilibrium
Green’s function method. The results reveal that polarization reversal not only can effectively tune the
Schottky-to-Ohmic contact but also reorients the magnetic easy axis. In addition, Curie temperature (7;)
was predicted based on the Heisenberg model and Monte Carlo simulations, and the competition between
interfacial charge injection and lattice mismatch determines the 7. of MnSe,/In,;Se; heterostructure.
Furthermore, we constructed the vdW MnSe, /In,Se;-based magnetic-tunnel-junction and ferroelectric-
tunnel-junction nanodevice, which exhibits high tunneling magnetoresistance of up to 1.805 x 103% and
a spin-filter efficiency of up to 98.5%. Our findings demonstrate the significant potentials of multiferroic
MnSe;/In;Se; vdW heterostructures in designing a next-generation spintronic and nonvolatile memory

device.
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I. INTRODUCTION

Nowadays, multiferroic materials have aroused great
interest due to the co-existence of ferromagnetic (FM)
and ferroelectric (FE) degrees of freedom [1—7]. The cou-
pling of ferroelectricity and ferromagnetism facilitates the
control of magnetism through electric field, and this mag-
netoelectric coupling effect plays a crucial role in the
application of multifunctional devices. Since ferroelectric-
ity requires unoccupied d orbitals, and ferromagnetism is
generated by the occupation of partial d orbitals of tran-
sition metal atoms, which makes the two contradict each
other, resulting in the scarcity of single-phase multifer-
roic materials in nature. This is also known as the d@° rule
in multiferroics [§—11]. As a consequence, most multifer-
roic designing strategy has focused on composite systems
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composed of alternating FM and FE materials at present
[12—15].

In recent decades, a large amount of two-dimensional
(2D) intrinsic van der Waals (vdW) magnets and fer-
roelectrics have been synthesized, such as CrGeTes
[16,17], Crl5 [18,19], MnBi,;Tey [20,21], InySes [22-24],
and Sc,CO; [25]. The above synthesized 2D magnets and
ferroelectrics provide an enriched platform for design-
ing alternative multiferroic building blocks. However,
the above synthesized 2D ferromagnetic semiconductors
exhibit a relatively low 7., for example, for Crl; and
MnBi,Te4, the 7. are only 45 [26] and 20 K [27],
respectively, significantly below room temperature, thus
hindering its commercial development and application.
The recently discovered and synthesized MnSe, [28] by
O’Hara et al. [29], qualifies as a room-temperature FM
system, demonstrating its potential utility in nanoscale
spintronic devices, such as sensors and memories
[30,31]. However, under certain extreme conditions, room-
temperature spintronic devices may not function properly.

© 2024 American Physical Society
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Therefore, enhancing the 7, is one of the urgent issues
that needs to be addressed at present. The general and
convenient strategies to regulate the 7, as well as elec-
tronic, magnetic properties include vacancies [32], strain
[33], and adsorption [34], which may be generated from
the construction of 2D devices [35-38]. For example, the
stress caused by lattice stretching or compression during
epitaxial growth commonly leads to changes in electronic
and magnetic properties, which is of great significance for
practical applications and deserves our attention. On the
other hand, a 2D FE semiconductor exhibits spontaneous
polarization, and its polarization state can be regulated by
an external electric field [39—44]. Due to the miniaturiza-
tion and nonvolatility requirements of devices, ferroelec-
tric tunnel junctions (FTJs) have been proposed and are
considered to be one of the most promising memory types
in the future. When 2D FE semiconductors with different
polarization states are vertically stacked on 2D FM mate-
rials, it may lead to variations in the height and width
of electron tunneling barriers, resulting in different charge
transfers occurring at the interface [45,46]. Furthermore,
the occupancy ratio of d orbital and electron concentration
of 2D FM materials may change with different polariza-
tion states of 2D FE semiconductors, which can affect the
magnetism [47,48]. Based on this, the concept of other
electronic devices that are composed of 2D FM and FE
materials are proposed, in which the FE barrier layer is
sandwiched between two magnetic layers. The coexistence
of FTJs and MTJs provides an enriched physical plat-
form to investigate tunneling magnetoresistance (TMR)
and tunneling electroresistance (TER), offering the possi-
bility of discovering devices with excellent spin-transport
performances.

In this work, we firstly stacked 2D monolayer FE In,Ses
semiconductor onto 2D monolayer FM MnSe, metal to
construct the multiferroics vdW heterostructure. By using
first-principles simulations, we found that the electrical
contact and easy magnetization axis of heterostructures
composed of MnSe, and In,;Se; are controlled by the
polarization direction of In,Se;. The calculated 7. of pris-
tine monolayer MnSe, based on the Heisenberg model
is 296 K, which is in good agreement with the experi-
mental results [49]. However, when stacking onto In;Ses,
the 7. of MnSe, decreased to varying degrees what-
ever the polarization direction. The calculated charge-
density difference reveals that the electrons transfer from
In,Ses to MnSe,, favoring the 7, increase. However, com-
pressed lattice strain cause the decrease of 7, in MnSe,,
and vice versa. The competition between charge injec-
tion and lattice strain ultimately determines the 7. of
MnSe,/In;Ses heterostructures. Finally, the multiferroic
MnSe; /In,Se; /MnSe;-based devices were constructed to
utilize the magnetoelectric coupling to control the interface
to investigate TMR, TER, and spin-transport properties,
and remarkable TMR were obtained. These investigations

provide a basis for the design of nonvolatile micro- and
nanomemory devices in the future.

II. CALCULATION METHOD

Density-functional-theory (DFT) calculations were car-
ried out using the Vienna ab initio simulation package
(vAsP) and the electron correlation and exchange interac-
tion are described by the Perdew-Burke-Ernzerhof (PBE)
functional [50-54]. The energy cutoff was set to be
500 eV for the plane-wave expansion witha 9 x 9 x 1 and
4 x 4 x 1 k-point meshes for MnSe; and MnSe;/In;Se;,
respectively. All atoms are allowed to be fully relaxed
till the atomic Hellmann-Feynman forces are less than
0.001 eV/A. The convergence criterion of energy in the
self-consistency process is set to be 1 x 10~ eV. In order
to describe the on-site Coulomb repulsion between the
localized electrons, the effective onsite Coulomb interac-
tion parameter (U) is set as U = 3.9¢eV [55] and Hund’s
coupling (J) is set asJ = 0 eV for Mn. The spin-orbit cou-
pling (SOC) is considered in band simulation. The vdW
interaction is taken into consideration by employing the
DFT-D3 functional [56]. In addition, a large vacuum thick-
ness of 15 A along the z axis was set to avoid interaction
between periodical slabs.

The quantum transport calculations were performed by
using the nonequilibrium Green’s function-density func-
tional theory (NEGF DFT) method implemented in the
NanoDCAL package [57,58]. The linear combination
atomic orbital (LCAO) method with the double-¢ polar-
ized (DZP) functions was adopted for the microelectronic
device calculations. For the Cu/MnSe; /In;Se; /MnSe, /Cu
device, the cutoff was set as 80 hartree and the electron
temperature was set at 100 K. In the self-consistent calcu-
lations, a 9 x 9 x 2 k-point meshes was used to calculate
the Hamiltonian matrix and density matrix and the conver-
gence criterion of energy was setto be 1 x 10~# eV. On the
basis of self-consistency, a 100 x 100 x 1 k-point meshes
was adopted to calculate the /-V characteristics. The spin-
polarization current under bias can be calculated using the
Landauer-Biittiker formula [59], as follows:

1; (Vpias) = %/{TU(E, Voias) [fL(E, Vbias)
_fR(E, Vbias)]} dE, (1)

where T, (E, Vpias) 18 the spin-polarized transmission prob-
ability, f1/r (E, Vpias) is the Fermi—Dirac distribution func-
tion of the left (L) or right (R) electrode, and o represents
spin freedom.

IT1. RESULTS AND DISCUSSION

A. Geometrical structure and binding energy

Figure 1(a) shows the side view of atomic structures of
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FIG. 1. (a) The side view of In,Se;-P (left), In;Se;-AP (mid-
dle), and MnSe, (right). (b) The top and (c) side view of
optimized atomic geometric structures of MnSe, /In;Ses-P (left)
and MnSe; /In,Se;-AP (right).

free-standing monolayer «-In,Se; and 1T-MnSe,. The left
and middle panel are In,;Ses;-P and In,Se;-AP, where
P and AP represent two opposite ferroelectric polariza-
tion state. The right panel is monolayer MnSe;. The
a-In,Se; and 1T-MnSe; belong to the R3m and P3ml
space groups with hexagonal symmetry. The in-plane lat-
tice constants a = b are 4.11 and 3.64 A for o-In,Ses and
1T-MnSe,, respectively. The a-In,Se; possesses room-
temperature out-of-plane ferroelectricity down to mono-
layer while monolayer 1T-MnSe, exhibits ferromagnetic
behavior with out-of-plane magnetization. Thus, 2 x 2
supercell 1T-MnSe, can be stacked onto V3 x +/3In,Se;
to construct MnSe;/In,Se;-P and MnSe;/In,Se;-AP het-
erostructures, as shown in Figs. 1(b) and 1(c), where
green, blue, and purple balls indicate Se, Mn, and In
atoms, respectively. The optimized in-plane lattice a = b
for MnSe, /In,Se3;-P and MnSe;/In,Ses;-AP heterostruc-
tures are 7.12 and 7.14 A, respectively, along with small
lattice mismatch 0.62%. The lattice mismatch is lower than
5%, thus fulfilling the requirements for heterostructure epi-
taxial growth in experiments. The symbol d, indicated by
the red arrow in Fig. 1(c), signifies the optimized equilib-
rium distance between the MnSe, and In,Se; slab. Table
S1 and Fig. S1 within the Supplemental Material [60]
demonstrate the equilibrium distance for MnSe, /In,Se;-P
and MnSe; /In;Se;-AP heterostructures are 3.3 and 3.2 10\,
respectively. To evaluate the stability of the MnSe, /In;Ses
heterostructure, the binding energies £, were calculated
and defined as

Ep = Eneter — EMn562 - EInZSey (2)
where Epeer 1S the total energy of the heterostruc-
ture, Ewmpse, and Ejn,se, are the total energy of the
free-standing monolayer MnSe, and In;Ses, respectively.
The calculated binding energies E; of MnSe,/In,Se;-P
and MnSe;/In;Se;-AP heterostructures are —3.19 and
—3.25 eV, respectively, listed in Table S1 within the Sup-
plemental Material [60], and negative value E; benefits

from the formation of the MnSe;/In,Se; heterostructure.
Therefore, the heterostructures vertically stacked by
MnSe, and In,Se; are stable.

B. Magnetic anisotropy and electronic structure

Magnetic anisotropic energy (MAE) refers to the energy
difference along with magnetization is oriented in differ-
ent directions, and is defined as MAE = (£, — Emin) /7,
where E,,,, and Ey;, denote the total energy in any mag-
netization direction and along the most stable magne-
tization direction, respectively. n represents the number
of Mn atoms. Figures 2(a)-2(c) show the polar angle
dependence of MAE in the x-y and x-z planes. The cal-
culated results reveal the magnetization easy axis of the
free-standing monolayer MnSe; is out of plane, which is
consistent with previous results, as shown in Fig. 2(a).
The equal magnetic energy of all directions in the x-y
plane indicates that MnSe, is magnetic isotropic in plane.
The magnetization easy axis deviates in (001) direction
by 30° in MnSe,/In,Se;-P while the magnetization easy
axis in the MnSe; /In;Se;-AP heterostructure still remains
in the (001) direction, as shown in Figs. 2(b) and 2(c).
Based on the calculated magnetization easy axis, band
structures of MnSe;/In;Se;-P and MnSe; /In;Se;-AP het-
erostructures were calculated with inclusion SOC effects,
and the results show that the conduction-band minimum
(CBM) and valence-band maximum (VBM) locate in the
high symmetric point I" in the first Brillouin zones (FBZs)
with direct band gap, as shown in Figs. 2(d) and 2(e).
Thus, the extracted band gap from Figs. 2(d) and 2(e)
are 0.91 and 0.80 eV, respectively. Further investigation
reveals the MnSe;/In,Se;-P heterostructure belongs to
p-type Schottky contact as the Fermi level (Er) crosses
the gap, and is close to the VBM. The MnSe,/In,Se;-AP
heterostructure belongs to n-type Ohmic contact as the Ex
is shallower than the CBM. For the Schottky-Ohmic con-
tact transition, spontaneous polarization generates positive
and negative bound charges, and the interface polarization
electric field generated by the bound charges is in the same
or opposite direction to the built-in electric field generated
by the metal-semiconductor contact, leading to a change
in contact type [61]. Refer to Figs. S8 and S9 within the
Supplemental Material [60] for details.

C. Magnetic exchange interactions, phase diagram,
and magnetic mechanism

Ideal T, is one of the decisive factors to determine
whether 2D magnetic materials can be applied in spintron-
ics at room temperature. For the material we are explor-
ing, its magnetic phase diagram and magnetic transition
temperature 7, from FM to paramagnetic state can be
characterized by the XXZ Heisenberg Hamiltonian model
based on the Monte Carlo (MC) method [62]. The spin
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FIG. 2. The MAE of (a) free-standing monolayer MnSe,,
(b) MnSe; /In,Ses-P, and (c) MnSe, /In,Ses;-AP heterostructures
in the x-y (left) and x-z (right) plane, where 0° in the x-z
plane represents the 001 direction. Projected band structures
of (d) MnSe,/In,;Se;-P and (e) MnSe,/In,Se;-AP heterostruc-
tures. The blue and red lines represent the electronic orbital
contributions of MnSe, and In,Ses, respectively.

Hamiltonian is defined as

H=—[JY 858 +1) $5+D> ()], 3
i ij i

where §; represents the spin vector of the i th Mn atom.
J and A denote the nearest-neighbor (NN) isotropy and
anisotropy exchange interaction, respectively. D is easy-
axis, single-ion anisotropy. Here, the second NN and far-
ther interaction are neglected due to a smaller order of
magnitude. The values of J, A, D can be obtained by
constructing different magnetic configurations labeled as
FM,z, FM,x, AFM,z, and AFM,x, as shown in Fig. S2
within the Supplemental Material [60]. Thus, the magnetic
configuration total energies associated with J, A, D can be
written as

Hpn: = —48J — 481 — 16D + Hy, (42)
Hpmy = +16J + 161 — 16D + Hy, (4b)
Hapm: = —48J + Hy, (40)
Hapmx = +16J + Hy, (4d)

where H are total energies in different magnetic configu-
ration while Hy are nonmagnetic energies. The calculated
J, A, and D are 6.266, 0.029, and —0.020 meV, listed in
Table 1. We adopted the finite-size L x L x 1 supercell
(IL = 16, L = 180]) to reperform MC simulations with the
Metropolis algorithm to investigate magnetic phase transi-
tion, in which 80000 sweeps were performed to achieve
the thermal equilibrium for each temperature, and all data
including magnetic moment and specific heat capacity are
extracted from 840 000 sweeps. Figures 3(a)-3(c) plot the
normalized magnetization and specific heat as the func-
tion of temperature with L = 64 lattices for for MnSe,,
MnSe; /In;Ses-P, and MnSe, /In,Ses-AP heterostructures.
The normalized magnetization in Fig. 3(a) indicated by
the red dotted line decreases with temperature and drops
sharply at around 310 K and the specific heat capacity
indicated by blue dotted line reaches a peak at this tem-
perature. Thus, the calculated 310 K with L = 64 lattices
is the ferromagnetic-paramagnetic phase transition 7, for
free-standing MnSe; in Fig. 3(a). The inserts of the figures
demonstrate Curie temperature versus inverse finite lattice
size 1/L with ([L = 16,L = 96]). The intersection point
of the linearly fitted dotted line and the temperature axis
represents the accurate MC result (7, = 296 K) of infinite-
scale lattice L — oo, as the lattices of 2D magnets in
experiments are infinitely extended in the plane. Thus, the
calculated T, approximately 296 K of free-standing MnSe,

TABLE I. The nearest-neighbor isotropy exchange interaction
(J), anisotropy exchange interaction (1), single-ion anisotropy
(D), and T, of MnSe,, MnSe, /In,Se;-P, and MnSe, /In,Se;-AP.

System J (meV) A (meV) D(@meV) T.(K)
MnSe; 6.266 0.029 —0.020 296
MnSe, /In,Se;-P 4.922 0.079 —0.244 243
MnSe, /In;Se;-AP  5.561 0.101 —0.254 278
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FIG. 3. The normalized magnetization (red dots) and specific

heat capacity (blue triangles) as functions of temperature for (a)
monolayer MnSe;, (b) MnSe;/In,Se;-P, and (c) MnSe, /In, Se;-
AP. The inserts depict the transition temperatures 7, as functions
of 1/L.

is in good accordance with the experiments approximately
300 K [42]. Similarly, Figs. 3(b) and 3(c) demonstrate 7. of
MnSe; /In,Ses;-P and MnSe;/In;Se;-AP heterostructures
are 243 and 278 K when L — o0, respectively.

To identify the magnetic exchange mechanism of
MnSe;/In,Se; heterostructures, we firstly plotted the

projected density of states (PDOS) of d\2_,2, dyy, di,
dy., and d_ orbitals of free-standing MnSe,, as shown
in Fig. 4(a). All spin-up channels of d orbitals indicated
by black lines are occupied while spin-down channels
are almost empty. The above results suggest theoretical
magnetic moment should have been 5 wB per Mn, how-
ever it is higher than calculated magnetic moment 4 pB
per Mn [63]. It should be noted that a few partial spin-
down channel of d»_,2, dyy, dy., dy. are also partially
occupied at the energy of —2 eV, owing to the spin
transfer between the Mn-Se covalent bond, thus cancel-
ing out a few magnetic moments according to Hund’s
rule. All d orbitals split into dxz_yz/dxy, dy./d,., and d >,
in which generated d,»_,/d,, orbitals occupy the high-
est spin-up energy levels, and the d> orbitals occupy
the lowest spin-up energy level. Figure S3 within the
Supplemental Material [60] demonstrates the PDOS of
MnSe;/In,Se;-P and MnSe,/In;Ses;-AP heterostructures,
and the occupied states of spin are nearly similar to
free-standing MnSe;, thus being the FM state, in accor-
dance with the NN exchange interaction J. Figure 4(b)
is the direct and superexchange of the schematic diagram
between the NN Mn atoms. Based on the general band-
coupling model [64—66], the direct exchange interactions
between the half-occupied d-orbital overlaps of the NN
Mn atoms favor AFM coupling. However, the direct AFM
exchanges are weak due to the large Mn-Mn distance 3.49,
3.60, 3.55 A for free-standing MnSe;, MnSe;/In,Se;-P,
MnSe; /In,Se;-AP heterostructures, as shown in Fig. 4(c).
Moreover, the superexchange Mn1-Se-Mn2 angles in our
models are about 89.8°, 90.47°, 88.66° for free-standing
MnSe;, MnSe,/In;Ses-P, MnSe,/In;Ses;-AP heterostruc-
tures, respectively, listed in Table S1 within the Sup-
plemental Material [60]. According to the Goodenough-
Kanamori-Anderson (GKA) rules [67,68], 90° superex-
change favors FM coupling, and 180° superexchange
favors AFM coupling. Thus, all near-90° superexchanges
Mn1-Se-Mn2 favor FM states, and Fig. 4(d) illustrates the
one superexchange channel via the near-90° Mn(d,2_,2)-
Se(py, py)-Mn(dxz,yz) bonds as example. The competitive
relationship between direct exchange and superexchange
determines the NN exchange. Table I demonstrates the
NN exchanges J in both heterostructures decrease, thus
causing the 7, to decrease down to 243 and 278 K
for MnSe, /In,Se;-P and MnSe; /In,Ses-AP, respectively.
In order to explain the above phenomenon, The planar-
averaged differential charge were calculated, as shown in
Figs. 5(a) and 5(b), where the red and blue regions rep-
resent charge depletion and accumulation, respectively.
Figure 5(a) qualitatively demonstrates electrons transfer
from In,Se; to MnSe, at the interface of MnSe, /In,Ses-P
heterostructure while electron transfers of MnSe; /In,Se;-
AP heterostructure are ambiguous in Fig. 5(b). There-
fore, quantitative Bader charges were further calculated,
the analysis reveals charge transfer of 0.051e and 0.010e
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FIG. 4. (a) The projected density of states of do_y, dyy, dyz,
d,, and d_> orbitals for Mn atoms in the intrinsic MnSe,. (b) The
description of the direct exchange and superexchange interaction
between Mn atoms. (c) Sketch illustrating hopping processes in
the two half-filled Mn d-orbital case of a direct overlap. (d) FM
superexchange between two half-filled Mn d orbitals via Se p
orbitals.

from In,Se; to MnSe, for both heterostructures, indicat-
ing electrons move into MnSe, whatever the ferroelectric
polarization states. However, the 7. of monolayer MnSe,
increases in the case of doping electron [69], which is
not in accordance with our calculated trend of 7. in
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FIG. 5. The planar-averaged differential charge density of
(a) MnSe;/In;Ses-P and (b) MnSe,/In,Ses;-AP. The red and
blue regions represent charge depletion and accumulation,
respectively.

MnSe,/In;Ses heterostructures. We speculated the dis-
crepancy may be ascribed to the lattice mismatch strain
between the MnSe, and In,Se; interface.

To verify the effects of lattice mismatch on J, we
firstly applied biaxial in-plane compressing and stretch-
ing strain to the lattice of free-standing monolayer MnSe,
increasing from —0.03 to 0.03, as shown in Fig. 6. The
green, black, and red dot lines represent the J of free-
standing MnSe,, MnSe;/In,Se;-P, and MnSe,/In;Ses-
AP heterostructures, respectively. The J of free-standing
MnSe; and MnSe,/In,Se; heterostructures increase with
the lattice strain varying from —0.03 to 0.03. The specific
J, A, D, and T, are shown in Table S2-S4 and Fig. S4
within the Supplemental Material [60]. Additionally, the
results of 7, under 0.03 compressive stresses by the MC
methods are shown in Fig. S5 within the Supplemental
Material [60]. The optimized lattice a,b of 2 x 2 super-
cell MnSe;, MnSe; /In,Se;-P, and MnSe, /In,Ses-AP were
calculated to be 7.24, 7.12, and 7.14 A, listed in Table S1
within the Supplemental Material [60]. Obviously, the lat-
tice of MnSe, in the heterostructures are all compressed
compared with free-standing 2 x 2 supercell MnSe;. Com-
bining our above calculations, lattice compression domi-
nates in the competition between lattice compression and
charge injection, which leads to a decrease in the J of
MnSe,/In;Ses heteroostructures. In actual experiments,
we can utilize the epitaxial growth method to suppress
compressive stress and enhance the 7, in MnSe;/In,Se;
heterostructures.
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FIG. 6. The nearest-neighbor isotropy exchange interaction J
as a function of applying biaxial compressing and stretching
strain, varying from —0.03 to 0.03 with the minimum interval
of 0.01.

D. Tunneling magnetoresistance, electroresistance and
spin filter on MnSe;/In;Se; /MnSe; MFTJs

The two spontaneous polarization states of P and AP
in ferroelectric In,Se; can be reversibly switched by
applying an external electric field while the MnSe; is
magnetic. The characteristics of magnetoelectric coupling
are often utilized to design memory device. Here we
construct the two-probe nanodevice Cu/MnSe,/In;Ses-
P(AP)/MnSe,/Cu MFTJs to unveil how the huge contrast-
ing behaviors in the coupling of polarization states P(AP)
of the monolayer In,Se; and magnetic states FM (AFM)
of bilayer MnSe, can be utilized for valving applications.
The MnSe,/In,Se;-P(AP)/MnSe, are the central scatter-
ing region and the Cu(111) slab is the electrode, as shown
in Figs. 7(a) and 7(b). The optimized distance between
electrode Cu(111) slab and adjacent MnSe; are 3.0 A. Fig-
ures 7(c)—7(f) demonstrate four ordered configurations of
the nanodevice, labeled as P-FM, AP-FM, P-AFM, and
AP-AFM. The left contact between MnSe,/In,Se; are
Schottky and Ohmic contacts, and conversely the right
contact are Ohmic and Schottky contacts in Figs. 7(c) and
7(d), respectively (detailed electronic calculation can be
seen in Fig. S6 within the Supplemental Material [60]).
Further, according to the Simmons model [70], the electron
tunneling resistivity (o,) can be defined as

1 1
) 1 1
pt - 1 1 > ( )
(2me) 2 drpdis _
h

e

where i and m, represent the reduced Planck constant
and free electron mass. The drg and ¢ represent the
barrier width and height, respectively, and the corre-
sponding value are listed in Table S5 within the Sup-
plemental Material [60]. The calculated p; and contact
type are marked in Figs. 7(c) and 7(d). The P-FM, AP-
FM, P-AFM, and AP-AFM-ordered configuration corre-
SpOIld to four total currents ]P—FMe IAP—FM, IP—AFM’ IAP—AFM,
which are divided into spin-resolved currents Ip_pmcy),
IapFM(1)» Ip-AFM(1) > LaP-AFM(D) s IP-FM(1)» TAP-FM(}) > IP-AFM(}) »
Iap-arM(y), @s shown in Figs. 7(g) and 7(h). The total
currents Iap.pm in the AP-FM-ordered configuration are
larger than Ip_gy of the P-FM-ordered configuration. The
phenomenon can be attributed to the contact resistance,
and the contact resistances of AP-FM-ordered configura-
tion are 2.38 x 1072 and 2.31 x 10™° © cm?, which are
smaller than 2.98 x 107 and 2.68 x 10~° Q cm? in P-FM-
ordered configuration for Ohmic and Schottky contacts.
Moreover, both total currents /ap_pym and /p_py are one mag-
nitude larger than total currents /ap.apv and Ip_apym When
the MnSe; layers transform from FM-ordered into AFM-
ordered configuration, due to the TMR effect. Also, as the
bias voltage increases from 0 to 0.1 V, the spin-resolved
currents keep increasing. However, the spin-up currents
Ip-pmcp), Iap-Pm(y) are much larger than spin-down currents
Ip-pmqy)> Iappm(y) in all FM-ordered configuration while
the spin-down currents Ip_apm(y), [ap-arm(p) are slightly
larger than Ip_arm(y), fap-arm(y) in all AFM-ordered con-
figuration. Based on the calculated total and spin-resolved
currents, thereby TMR, TER and SFE(n) can be evaluated
and defined as

I — 1
TMR = FM AFM’ (6)
Iarm
Inp —
TER = 22 P (7)
P
—hh ®)
[T+I¢’

where Igy and Iapy represent the total current of FM- and
AFM-ordered configuration, respectively. Ip and Iap repre-
sent the total current of P- and AP-ordered configuration,
respectively. /4 and / represent the spin-up and spin-down
current of the all-ordered configuration.

Figure 7(i) displays the TMR and TER with increase of
bias voltage. The TMR maintains about 1000% and 1740%
for P-ordered and AP-ordered configuration, respectively,
in which the maximum TMR reaches extremely high
above 1800% at the bias voltage of 0.04 and 0.1 V.
The difference between Iap.py and Iap.apm in AP-ordered
configuration is larger than that in P-ordered configura-
tion, thus of causing the larger tunneling magnetoresis-
tance in AP-ordered configuration TMR-AP than TMR-
P in P-ordered configuration. The TER is caused by
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FIG. 7. The structures diagram of (a) MnSe, /In,Se3-P/ MnSe, and (b) MnSe;/In,Se;-AP/ MnSe, MFT]Js, the black arrows P and
AP represent the polarization direction of In,Se;. The (c) P-FM (d) AP-FM (e) P-AFM (f) AP-AFM-ordered configuration of the
central scattering region. The currents in the (g) FM and (h) AFM-ordered configuration with respect to different finite bias voltage.
The (i) TMR, TER and (j) SFE () of MnSe; /In,Se; /MnSe, MFTJs.

the difference between Ip and I,p when the ferroelectric
state reversals. The TER indicated by the green trian-
gle line in FM-ordered configuration increases with the
increase of bias voltage from 0 to 0.1 V,and reaches
up to maximum of 93%. Figure 7(j) demonstrates the

SFE(n) slightly increases as the bias voltage increases
from 0 to 0.02V, then generally maintains a down-
ward trend with the increase of bias voltage from 0.02
to 0.1 V in both P-FM-ordered and AP-FM-ordered
configuration. The 1 keep above 95%, approaching perfect
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spin filtering, which is consistent with the calculated spin
band structures shown in Fig. S7 within the Supple-
mental Material [60]. The spin-up channels are largely
occupied while most spin-down channels are empty near
the Er. The remarkable TMR and SFE reveal that
Cu/MnSe;/In,Se; /MnSe, /Cu MFTIJs are potentially use-
ful in nanoscale spintronics.

IV. CONCLUSIONS

To sum up, we systematically investigated the elec-
tronic, magnetic, and transport properties of the 2D multi-
ferroic MnSe, /In,Se; heterostructures by employing first-
principles and NEGF methods. The results reveal the
Schottky-Ohmic contact and magnetic easy axis can be
reversibly regulated by electrically switching the ferro-
electric polarization of monolayer In,Ses;. The 7, in 2D
MnSe;/In,Ses heterostructures can be effectively tuned
in the competition of biaxial stress and charge trans-
fers. Furthermore, the quantum transport calculation of
the proof-of-concept two-probe nanodevice based on both
MnSe;/In,Se;-P/ MnSe, and MnSe, /In,Se;-AP/ MnSe;
vdW heterostructures demonstrate a remarkable TMR,
TER, and SFE with respect to the bias voltage, and the
averaged TMR, TER, and SFE reach 1805%, 93% and
98.5%. The nonvolatile controls enrich the multifunc-
tionalities in 2D multiferroic MnSe,/In,Se; heterostruc-
tures, and our findings demonstrate the significant poten-
tial applications of multiferroic MnSe,/In,Se; vdW het-
erostructures in designing next-generation spintronic and
nonvolatile memory devices.
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