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VSi,Ny is a newly reported magnetic semiconductor and is promising for being turned into a half metal. For
this purpose, we construct a VSi;N4/In, Te; van der Waals multiferroic heterostructure based on first-principles
calculations. It is found that the inversion of ferroelectric polarization of monolayer In,Te; can efficiently
modulate the electronic states of monolayer VSi;Ny. A phase transition of VSi,N4 from semiconductor to half
metal can be effectually realized, leading to distinct electronic transport properties. Next, we design a magnetic
tunnel junction (MTJ) (using the VSi, N, monolayer as the tunneling barrier and the multiferroic heterostructure
as the electrode) and investigate its transport properties in various magnetic configurations under different
polarization directions of the ferroelectric In, Te; layer by combining the nonequilibrium Green’s function with
density functional theory. The results show that the junction exhibits half-metallic transport in the parallel
magnetic configuration and near-zero transport in the antiparallel magnetic configuration, resulting in a giant
tunneling magnetoresistance ratio of ~1 x 10'>%. Moreover, a ~1 x 10'"% tunneling electroresistance ratio is
achieved in the parallel magnetic configuration accompanying the polarization reversal. The findings suggest
that MTJs based on the VSi,N4/In,Te; heterojunction have great potential for applications in multifunctional

spintronic devices.

DOLI: 10.1103/PhysRevB.110.235408

I. INTRODUCTION

Ferromagnetism, which is considered as a fundamental
concept of condensed-matter physics, provides the basis for
many magnetic storage and spintronic devices [1]. Since
the first successful fabrication of graphene by Novoselov
and Geim in 2004 [2], a large number of two-dimensional
(2D) materials with extraordinary physical qualities and novel
properties have been predicted and synthesized, attracting
the attention of both theoretical and experimental researchers
[3-7]. In particular, 2D ferromagnetic materials—which have
atomic thickness, low energy consumption, fast device opera-
tion, and high storage density—are becoming more and more
significant in a variety of semiconductor technologies and
device applications. For nanoscale spintronic devices, atomi-
cally thin 2D ferromagnetic materials with the combination of
large spin polarization and high Curie temperature (7.) are of
particular importance and interest [8,9]. Unfortunately, most
of the 2D materials that have been predicted over a long period
of time are nonmagnetic, which significantly limits their di-
rect application in spintronics [10]. Great breakthroughs were
made by Zhang’s [11] and Xu’s [12] teams, who observed
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bilayer Cr,Ge,Tes and monolayer Crl; exhibiting intrinsic
ferromagnetism using polar magneto-optical Kerr effect mi-
croscopy in 2017. Since then, a variety of 2D materials with
inherent magnetism has been discovered experimentally, in-
cluding Fe;GeTe,, VSe,, CoH,, NiPS3, and CrBr; [13-17].
Nevertheless, it remains extremely difficult to achieve signifi-
cant 2D ultrahigh-density magnetic memory and nanodevices
due to the low Curie temperature and weak ferromagnetic
characteristics of existing 2D magnetic materials.

Currently, the research on 2D ferromagnetic materials fo-
cuses on two main directions. One is to search for new
2D ferromagnetic materials with high performance, such as
robust ferromagnets with high Curie temperatures [18-20],
wide spin-gap half metals [21,22], and high-mobility ferro-
magnetic semiconductors [23,24]. The other is to modulate
known 2D ferromagnetic materials to achieve new properties
or functions. Given this, the half metallicity of 2D ferromag-
netic materials—that is, one spin channel being metallic and
the other being insulating/semiconducting—has attracted an
immense amount of interest due to 100% spin polarization
[22,25-28]. However, the number of 2D intrinsic half-metallic
materials, such as iron dihalide [22] and transition-metal
(TM) dihydride [29], is very limited. Previous research has
shown that external regulation, including chemical decoration
[30,31], impurity doping [26,32], and transverse electric field
[33,34], is responsible for the majority of the achieved half
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metallicity. In addition, the construction of van der Waals
heterojunctions also is one of the most important means of
realizing half metallicity [35].

In this work, we focus on a recently reported 2D magnetic
material VSi;Ny, which belongs to the MA,Z, family and
is a ferromagnetic semiconducting material [36-38], with a
broad range of applications in the fields of spintronics [39],
environmental and energy applications [40,41], as well as
catalysis and chemical reactions [42]. Since it has only one
spin channel around the Fermi level, it is promising for being
turned into a half metal by electron or hole doping. Using
first-principles calculations, we build a van der Waals (vdW)
multiferroic heterostructure to achieve half metallicity and
control spin polarization of the VSi;N4 monolayer. The het-
erostructure is constructed by stacking a VSi,N4 monolayer
atop a ferroelectric In, Te; monolayer, which is selected for its
intrinsic out-of-plane ferroelectric polarization and excellent
lattice matching with the VSi; N4 monolayer. When VSiyNy is
in contact with In,Te; in the P| state, the monolayer retains a
ferromagnetic semiconductor; in contrast, the VSi;N4 mono-
layer transforms into a half metal when the polarization of the
In, Te; is reverted. Based on these results, we design a mul-
tiferroic tunnel junction (MTJ) in which the two electrodes
can be set to have parallel and antiparallel magnetic moments
and the polarization direction of the ferroelectric layer can
be reverted, resulting in a giant tunneling magnetoresistance
(TMR) and a giant tunneling electroresistance (TER).

II. COMPUTATIONAL DETAILS

The structural relaxations and electronic structure calcula-
tions of the heterostructure are performed using the Vienna
Ab initio Simulation Package (VASP) [43,44], which is based
on density functional theory (DFT) with the projector aug-
mented wave method and a plane-wave basis set [45]. The
generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof (PBE) is adopted for the exchange-
correlation potential [46]. The cutoff energy for the wave
function is set to 520 eV. In the atomic structure relaxation,
the vdW interaction is taken into account by the DFT-D3
method. The Brillouin zone (BZ) is sampled by a 9 x 9 x 1
Monkhorst-Pack k-point mesh. Structural relaxations are per-
formed with a value of 10~ eV/A for the residual force
on each atom. The energy convergence criterion is set to
10~% eV. Additionally, since the In,Te; monolayers possess
the quintuple-layer mirror asymmetric structure, the dipole
correction needs to be enabled [47,48]. An effective U value
of 3 eV is adopted on the d orbitals of the V atoms [36,49].
In order to minimize the interactions between the monolayer
and its periodic images, a vacuum spacing of 15 A is used for
all calculations.

The calculations of quantum transport are performed us-
ing the ATOMISTIX TOOLKIT (ATK) package [50] based on
the DFT combined with the nonequilibrium Green’s func-
tion (NEGF) technique [51]. In the transport computations,
the first BZ of the electrodes is sampled by a k-point grid
of 9 x 1 x 72 for self-consistency and by 61 x 1 x 72 for
transmission calculations, with a density mesh cutoff of 95
Hartree for the real-space grid.

The spin polarization in parallel configuration (PC) and in
antiparallel configuration (APC) is defined as

T ape — T
SPpciarc = M x 100%, 6]

PC/APC + TPC/APC

where T, and T represent the spin-up and spin-down trans-
mission coefficients of the MTJ under various magnetic
configurations. Then, the corresponding tunneling magnetore-
sistance ratio is defined as

Tee = Tarcl
min(Zpc, Tapc)
where Tpc and Tpapc indicate the transmission coefficients of

MT]Js for different magnetic configurations, respectively. At
last, the tunneling electroresistance ratio is calculated by

|Tup - Tdnl
min(Zyp, Tan)

TMR = x 100%, 2)

TER = x 100%, 3)

where T, and Ty, represent the transmission coefficients of
the MTJs at the Fermi level for In,Te; with P; and P} polar-
izations, respectively.

III. RESULTS AND DISCUSSION

All 2D ferroelectric materials with out-of-plane polariza-
tion are possible candidates for tuning VSi;Nj to achieve
two distinct magnetic states. A proper candidate must at first
satisfy the lattice-matching requirement, namely, the lattice
constant of the obtained supercell should be as small as pos-
sible to decrease the computational burden. After extensive
comparison and screening, it is found that In,Te; will be the
best in this aspect since the supercell of the vdW heterostruc-
ture constructed with these two materials will be the smallest.
Thus, In,Tes is chosen as the candidate for this study. The
optimized lattice constants of the monolayer VSi,N4 and
monolayer In,Tes are 2.88 A and 4.40 A, respectively, which
is consistent with previous theoretical results [52,53]. To build
the supercell of the van der Waals (vdW) heterostructure,
we choose ﬁ X ﬁ VSi,Ny unit cells and ﬁ X \/5 In,Te;
unit cells, with initial lattice constants of the supercell as
7.620 A and 7.621 A, respectively. In this way, the initial
lattice mismatch between the supercells of the two materials
is only about 0.026%. In the structural relaxation, we consider
four configurations of the VSi,Ny4 /In, Tes heterostructure with
high symmetry in the In,Tes Py case; namely, configuration
Al in which the Si atoms of the VSi,Ny layer are located right
above the top Te atom of the In, Tes layer, configuration A2 in
which the N atoms of the VSi,Ny layer are located above the
top Te atoms of the In,Te; layer, configuration A3 in which
the Te atom of the In,Te; layer is located exactly beneath
the midpoint between the two N atoms of the VSi;Ny layer,
and configuration A4 in which the V atoms of the VSi,Ny
layer are located above the top Te atoms of the In,Tes layer
[see Figs. 1(a)-1(d)]. Based on first-principles calculations,
the calculated total energies E and the optimal interlayer dis-
tances d of the four configurations under different polarization
states are listed in Table I. It is seen that the total energy differ-
ence of each configuration under the same polarization is very
small, and configuration A4 is the most stable. Eventually, we
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FIG. 1. (a)~(h) VSi,N4/In,Te; multiferroic heterostructures
with various stacking configurations under different polarization
states. The (a)-(d) Py and (e)—(h) P, states for stacking configurations
Al, A2, A3, and A4 are displayed. The red, blue, gray, purple, and
yellow balls represent the V, Si, N, In, and Te atoms, respectively.

select the fully optimized configuration A4 to further study its
electronic properties and construct the MTJ.

The monolayer VSi;Ny is a compound of a septuple-layer
six-membered ring (SMR) material, and its structure is sim-
ilar to the experimentally synthesized MoSi, N4 family [52].
According to previous reports, VSi,Ny is ferromagnetic with
T as high as 500 K [38,54]. If the MTJs based on VSi;Ny
layers have a large TMR, they are promising for practical ap-
plications because of their high 7, and environmental stability.
For the monolayer electronic properties, Figs. 2(a) and 2(b)
show the band structures of the freestanding In, Te; monolayer
and VSi,N; monolayer, respectively. It is evident that the
VSipNy monolayer is a semiconductor, with both its con-
duction band minimum (CBM) and valence band maximum
(VBM) originating from the spin-up channel (often known
as a half semiconductor). With a band gap of 0.62 eV, the
ferroelectric In,Tes monolayer also exhibits semiconductor
characteristics. Additionally, In, Te; shows a considerable out-
of-plane polarization of 0.74 uC/cm?, and the intrinsic dipole

TABLE I. Total energies (£) and interlayer distances (d) of dif-
ferent stacking configurations of the VSi, N4 /In, Te; heterostructure.

VSi2N4 /IH2T€3 T VSi2N4/In2Te3 \L

Configuration E (eV) d (A) E (eV) d (A)
Al —452.4795 3396  —452.4219  3.428
A2 —452.4808 3401  —452.4220  3.433
A3 —452.4791 3407  —452.4193  3.443
A4 —452.4815 3394  —452.4221 3436
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FIG. 2. Band structure of (a) monolayer In,Te; and (b) mono-
layer VSi, Ny, and the effective potential of (c) In, Te; and (d) VSi, Ny
along the direction of the vacuum layer, with 0.88 eV indicating the
potential difference between the two surfaces. The Fermi level is set
to zero. The two sides of In, Te; are represented by the “— side and
“+”1n (c).

induces an electrostatic potential difference of 0.88 eV across
its two surfaces, as shown in Fig. 2(c). Consequently, In,Tes
has two ferroelectric states that are dynamically stable, with
the polarized states designated as Py or P,. These two states
can be switched from one to the other by an external elec-
tric field. More importantly, the In,Te; monolayer retains its
current state even when the external electric field is removed,
known as nonvolatility.

Next, we discuss how the polarization of In,Tes affects
the electrical properties of VSi;Ny. In traditional ferroelectric
tunnel junctions, a large voltage or electric field is usually
used to revert the polarization direction, and a small voltage is
used to read the resistance state of the tunnel junction. In this
work, it is assumed that the reversion of the polarization direc-
tions is induced by a vertical electrical field, which will drive
the Te atoms in the internal Te layer from right above the lower
In-layer atoms to right below the upper In-layer atoms, leading
to the movement of the negative-charge center. As shown in
Figs. 3(a)-3(d), the spin-down and spin-up projected bands
of the In,Te; layer are almost degenerate in energy, whereas
the VSi,Ny layer still shows strong spin polarization in its
bands. Figures 3(a) and 3(b) show that in the P} polarization
state, the spin-down energy bands of VSi, N, do not reach the
Fermi level, whereas the spin-up energy bands do. Compared
to the freestanding VSi,N4 monolayer, the spin-up electronic
states arising from the VSi, Ny layer in the VSioNy /In, Tes Py
case are energetically downshifted and cross the Fermi level.
As a result, the VSi;Ny layer exhibits half-metallic proper-
ties in the VSi;Ny/In,Tes Py state. In the VSi;Ny/InyTes P
state, the electronic structure of the heterostructure main-
tains a common band gap and demonstrates semiconductor
behavior. In contrast to the VSi;N4/In,Te; Py state, the spin-
up electronic states originating from the VSipNy layer shift
upward in energy and no longer traverse the Fermi level, while
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FIG. 3. Spin-resolved and layer-projected band structure of
VSi,Ny4/In, Te; multiferroic heterostructure with In, Tes in (a), (b) Py
and (c), (d) P, polarizations. The Fermi level is set to zero. The
energy bands of (a), (c) spin-up electrons and (b), (d) spin-down
electrons are shown.

the electronic states from In,Te; shift slightly downward and
away from the Fermi level. In summary, when the P, state in
the VSi;N4/In,Te; heterostructure shifts to the P, state, the
VSi,Ny transits from a half metal to a semiconductor.

When the ferroelectric polarization switches between the
Py and P, states, there is a difference in charge transfer at the
interfaces of the VSi,N,4 and In,Te; contacts, which accounts
for the observed phase transformation behavior and can be
clearly seen from the band structure shown in Fig. 3. Gen-
erally, whether or not charge transfer between two materials
occurs depends on the contact potential difference due to their
different work functions. It is well known that due to the
built-in electrical field induced by the out-of-plane polariza-
tion, the ferroelectric material In, Te; has two distinct vacuum
energy levels on its two surfaces, leading to two different
work functions [55]. Since the polarization direction points
from the negative (—) charge to the positive (+) charge, for
convenience, we may call these two surfaces as the “—” side
and “+4” side, respectively. To explain the different charge
transfer in the two polarization states, the work functions
of VSi,N4 and In,Te; are calculated, and the initial band
alignments before contact are further obtained based on
these work functions [Figs. 4(a) and 4(b)]. Previous research
indicates that when materials with different work functions
come into contact, electrons migrate from one side of a
material with the lower work function to the one with the
higher work function until their Fermi levels are equal [56].
In other words, charge transfer between two stacked mate-
rials occurs only when the VBM of one material is higher
than the CBM of the other, owing to the relative shift in
their energy bands [57-59]. In the P; state, the spin-up
and spin-down CBM of VSi;Ny is lower than the VBM of
In,Tes [see Fig. 4(a)], which belongs to the type-III band
alignment and will lead to charge transfer between the two
interfaces. Since the spin-up CBM is lower than the spin-
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FIG. 4. Band alignments of monolayer VSi,N4 and monolayer
In,Te; in the (a) P; and (b) P, polarization states; and the three-
dimensional isosurface of the differential charge density of the
multiferroic heterostructures with (c) Py and (d) P, states, where the
blue and yellow regions, respectively, indicate electron depletion and
accumulation. The energy values are shown in eV units.

down CBM, electrons in In, Te; predominantly migrate to the
spin-up CBM of VSi;Ny, leaving the spin-down CBM largely
unoccupied. This transfer results in the spin-up CBM cross-
ing the Fermi level, whereas the position of the spin-down
CBM remains relatively unchanged. Hence, the VSi; Ny layer
exhibits half-metallic properties. On the contrary, both the
spin-up and spin-down CBM (VBM) of VSi;Ny are higher
(lower) than the VBM of In;Tes in the P, state, suggesting
a type-II band alignment and that the charge transfer is al-
most nonexistent between the two interfaces. Therefore, the
VSi;Ny layer presents semiconductor characteristics in the
VSi,N4/In,Te; P, state. We also compute the differential
charge density, as shown in Figs. 4(c) and 4(d), to better visu-
alize the charge transfer. It is evident that there is hardly any
electron or hole aggregation in the P| configuration, whereas
there is a significant amount of electron (hole) aggregation
surrounding VSi;N4(In, Tes) in the Py configuration.

Based on these findings, we design a MTJ that consists
of a vertical VSi;Ny/In,Tes heterostructure as the left and
right electrodes and a VSi;Ny layer as the central barrier, as
shown in Fig. 5. The rectangular electrode supercell size is
7.62 x 13.20 A along the x and z directions. The length of
the central region is 39.6 A, with the length of the In,Te; gap
region as 7.62 A. The magnetic configuration of the VSi,Ny4
layers of the heterojunction electrodes is set to be parallel or
antiparallel under two different polarization states to further
explore the MTJ characterization. Next, we investigate the
transport properties by calculating the transmission spectra of
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FIG. 5. The MT]J structures in (a) the P; state and (b) the P, state. The structure consists of three parts: the left (L) and right (R) electrodes,
and the central scattering region (C). The left and right electrodes are VSi,N,/In,Te; vdW multiferroic heterojunctions, and the central
channel region is a VSi,N4 monolayer. The shadowed area marks the electrode supercell. The red and blue vertical arrows indicate the possible
magnetization directions. The numbers indicate the lengths of different parts in the junction.

MT]J at zero bias, which are presented in Figs. 6(a)-6(c). It (M44) of VSi;Ny and polarization up (P;) state of InyTe;
is evident that in the configuration of parallel magnetization  (abbreviated as Py-Mj4), the transmission around the Fermi

Transmission

0.1 -0.05 0 0.05 01 -0.1 -0.05 0 0.05 0.1

Transmission

E (eV) k, (2n/a)

FIG. 6. Transmission spectra of the MTJ for different polarization and magnetization configurations: (a) Py-My4, (b) Py-My, and
(c) P,-M;4. The spin-up and spin-down transmissions are represented by red and blue lines, respectively. (d) The k,-resolved transmission
of the spin-up channel at the Fermi level.
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level is mainly contributed by the spin-up channel, whereas
the transmission in the spin-down channel is almost com-
pletely suppressed, and thus half-metallic transport is
achieved [see Fig. 6(a)]. Obviously, due to the vacuum gap
between the In, Tes in the two leads, the Bloch states of In, Tes
coming from deep in the leads are all blocked, and the trans-
mission around the Fermi level is contributed by the spin-up
band of VSi;Ny crossing the Fermi level. In the case of the
P;-M |, configuration, the spin-up channel mostly contributes
to the transmission at 0.05 eV above the Fermi level, while
there is no transmission at the Fermi level [Fig. 6(b)]. In the
case of P -My,, both spin channels are blocked in a large
energy range around the Fermi level [Fig. 6(c)]. The above
results are quite consistent with the features exhibited in the
spin-resolved and layer-projected band structures (Fig. 3).

It is well known that the transport properties of either a
material or a device depend on the behavior near the Fermi
level. Under low bias, the system is in the linear response
regime and the current will be proportional to the transmission
function at the Fermi level. Thus, it is reasonable to calcu-
late the TMR and TER ratios by the transmission function
value at the Fermi level [60,61]. According to the calcu-
lated transmission coefficients at the Fermi level (namely,
T, = 0.587 and T, = 2.25 x 107'7 in the P;-M;; case [see
Fig. 6(a)l; Ty = 3.01 x 107" and 7} = 3.29 x 1072 in the
P;-M; case [see Fig. 6(b)]; and Ty = 3.40 x 10~ and 7| =
4.07 x 107'® in the P-M;, case [see Fig. 6(c)]), after cal-
culations with Eqs. (1)—(3), this MTJ achieves nearly 100%
spin polarization in the P;-My, case, a TMR ratio of up to
1.93 x 10'2%, and a TER ratio of up to 1.72 x 1017%. The
high or low conductance in the Py or P, cases is obviously
a result from the band structures, as seen from Fig. 3. At
the same time, the orbital hybridization revealed in the dif-
ferential charge density also plays its role. In the P; case,
strong orbital hybridization between the two materials at
the interface will be beneficial for the electron transfer and
partly responsible for the large equilibrium conductance in
this case. On the contrary, in the P, case, there is negligible
charge accumulation at the interface, indicating weak orbital
hybridization between the two materials, which is not bene-
ficial for electron transfer and partly responsible for the low
conductance.

To have deeper insight into the transport properties, the
k/,-resolved transmission functions have been studied, with
the spin-up channel contributions of the equilibrium transmis-
sion coefficients presented in Fig. 6(d) (spin-down channel
not shown due to its negligible contribution in all cases).
Since y is along the vacuum direction, with only one k point
taken in this direction, the k;, is only along the x direc-
tion and the k/,-resolved transmission for certain energy is a
one-dimensional function. It is found that under the Py-My4
configuration, the k£ points in the 0.35 27” range around the
boundary point £7 of the first Brillouin zone contribute the
most, and the transmission is even close to 1. However, in
the range [—0.15, 0.15]27” around the I point, we observe a
transmission gap. Actually, this happens to all three cases.
In the polarization up case, if we revert the magnetization
of the right lead, namely, in the Py;-M,, case, due to spin
mismatch, the spin-up channel in the VSi,Ny layer is com-

(@)

FIG. 7. The Brillouin-zone folding due to the supercell shape
change with (a) the supercell from a rhombus to a rectangle, with
a=7.62 A and b=13.20 A, and (b) the Brillouin-zone folding
from a hexagon (black edge) to a rectangle (green edge). Due to the
Brillouin-zone folding, the four blocks with different colors outside
the rectangle will be moved into the rectangle to completely fill it
after the vertical or horizontal shifting by a reciprocal lattice vector.
The two vertical dashed lines indicate the region around the I" point
where there are no states.

pletely blocked. In this case, the transmission is only mediated
by In,Te;. However, due to the real-space gap, the trans-
mission is negligibly small, with the magnitude of 107!
Further, under the parallel magnetization configuration (M44),
if we revert the polarization, the transmission will become
even smaller since, for both spin-up and spin-down channels,
both VSipNy and In,Tes are insulating. Note that the spin
phenomena at the interface, such as spin transparency of the
interface, spin back flow, and interface-induced spin local-
ization that could induce effects on the spin transport, have
not been explicitly considered in the DFT-NEGF formalism.
However, even if so, the main conclusion of nearly 100% spin
polarization and giant TER and TMR will not be influenced,
although they may have some quantitative effects. Moreover,
compared with the factors such as the density of states, and
spin matching and symmetry matching of wave functions,
these will only be secondary effects in this study.

Finally, we will understand the origin of the transmission
gap around the I" point in the k//-resolved transmission func-
tion at the Fermi level, as shown in Fig. 6(d), from the band
structure. Since the transmission in the junction is mediated
by the VSi,Ny layer, we only need to focus on the projected
spin-up band structure of VSi,Ny in Fig. 3(a), which is shown
for the hexagon Brillouin zone of the rhombus supercell. It is
found that the spin-up conduction band crosses the Fermi level
around the K point. In the meantime, there are no states around
the I' point. After transforming from the rhombus supercell
to the rectangle supercell taken in the transport calculations,
the first Brillouin-zone shape is folded from a hexagon into
a rectangle (Fig. 7). Since the transverse (transport) direc-
tion is along a (b) with the shorter (longer) lattice constant
[Fig. 7(a)], all the K and K’ points in the hexagon are folded
onto the corresponding the K and K’ points in the k, axis
(the transverse direction), as shown in Fig. 7(b). The k point
where the spin-up band of VSi;Ny crosses the Fermi level
along the K — I" segment in Fig. 3(a) is folded to the A and
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A’ points in Fig. 7(b). There are no states between A and A’
around the I" point, and thus the transmission in this region
will be negligible, which is the origin of the transmission gap
in Fig. 6(d).

IV. CONCLUSION

In summary, we determined the structural stability and
electrical characteristics of the multiferroic heterostructure
VSipNy/In,Tes based on first-principles calculations. The
calculated results show that the spin-polarized electronic
structure of VSi;N4 can be effectively modulated by in-
verting the ferroelectric polarization of In,Te;, leading to a
transition from semiconductor to half metal. That is, when
coupled to the P, In,Tes state (the “—” side), the VSi;Ny4
monolayer maintains its semiconducting nature. In contrast,
it becomes half metallic when in contact with the P} In;Tes
state (the “+4” side), and its spin-up energy band crosses
the Fermi energy level. Such phase transition can lead to
significant changes in the electronic transport properties. We
have designed an atomically thick MTJ with a multiferroic
VSi;Ny4/In, Tes heterojunction as the electrode, and the ferro-
magnetic semiconductor VSi;Ny as the tunneling barrier. The
calculated transmission spectrum shows that in the P; state,
under the parallel magnetization configuration, only spin-up
electrons tunnel through the MTJ, indicating nearly 100%
spin polarization, whereas under the antiparallel magnetiza-

tion configuration, almost no electrons tunnel through the
MT]J, which results in a 1.93 x 10'2% TMR ratio. In contrast,
in the P state, both spin channels are almost completely
blocked, leading to 1.72 x 10'7% TER ratio accompanying
the polarization reversal. However, it should be noted that
these values are achieved with the equilibrium conductance
in ideal theoretical models. Practically, due to the factors
such as finite-temperature effects and intermixing at the in-
terface, the nearly 100% spin polarization and the extremely
high TMR and TER ratios may be diminished to a certain
extent. Nevertheless, since all these values originate from
the half-metal characteristics of the VSi,N4 in the P; state
and the insulator-half-metal transition during the P, = P;
reversal, these values will still be very high so that very
good performance in terms of high spin polarization and
TMR/TER ratios will always be observable, even with the
existence of these factors. Consequently, the findings suggest
that MTJs based on the VSi,N4/In,Tes heterojunction have
great potential for applications in multifunctional spintronic
devices.
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