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Multifunctional tunnel junction is a kind of electronic device and the emergence of van der Waals (vdW)
materials provides a promising opportunity for the development of multifunctional tunnel junctions and the
miniaturization of electronic devices beyond Moore’s law. Here, we propose a symmetric vdW antiferro-
electric multiferroic tunnel junction (AFMFTJ) based on Fe; GeTe,/h-BN/bilayer-In, Se;/h-BN/Fe; GeTe,
vdW heterostructure, and investigate the spin-dependent transport of this vdW AFMFTIJ by using nonequi-
librium Green’s function combined with density-functional theory. It is found that multiple resistance
states are realized in this proposed vdW AFMFT]J and the considerable tunneling electroresistance ratio
of about 1.0 x 10*% and the large tunneling magnetoresistance ratio of up to 695% are simultaneously
achieved at zero bias. Interestingly, the regulatable negative differential conductance (NDC) by magnetic
field and electric field is produced in this vdW AFMFTJ under bias voltages. The NDC effect originates
from the changes in the conductive channels of Fe;GeTe; electrodes and the electronic states of the In,Ses
barrier under different bias voltages. This work not only benefits exploring of the tunnel junction with NDC
effect, but also provides a promising route for the design of multifunctional microelectronic devices based

on vdW materials.

DOI: 10.1103/PhysRevApplied.20.034010

I. INTRODUCTION

Based on the electron tunneling effect, a kind of elec-
tronic device known as tunnel junction has been devel-
oped, which is formed by sandwiching a thin insulating
barrier layer between two metallic electrodes. As the well-
studied tunnel junctions, magnetic tunnel junction (MTJ)
and ferroelectric tunnel junction (FTJ) are widely used
in spin valves [1,2], magnetic random-access memories
[3], field-effect transistors [4,5], and resonant tunneling
diodes [6,7]. As known, the tunneling magnetoresistance
(TMR) effect of MTJ is the change in resistance of MTJ
for parallel and antiparallel states of magnetization of the
two ferromagnetic (FM) electrodes, and the tunneling elec-
troresistance (TER) effect of FTJ comes from the variation
of the tunnel resistance when the polarization of the
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ferroelectric (FE) barrier is switched between two orien-
tations. In general, it requires a distinct difference of two
electrodes to achieve a large TER effect in FTJ. However,
the different chemical potential of two electrodes in asym-
metric FTJ will generate a strong built-in electric field,
which prevents the reversal of FE polarization of the bar-
rier. In recent years, the emergence of van der Waals (vdW)
intrinsic magnets [8—10] and FE materials [11,12] offers
exciting opportunities to design high-performance vdW
tunnel junction based on vdW heterostructure [13-20].
Notably, it was theoretically predicted that the transitions
between FE and antiferroelectric (AFE) states can result in
the large change of transmission across symmetric antifer-
roelectric tunnel junction (AFTJ) with a vdW AFE barrier
sandwiched between two of the same electrodes by chang-
ing the barrier height, which can remove a strong built-in
electric field induced by the different chemical potential
of two electrodes in asymmetric FTJ [21]. In addition,
by utilizing FM metal as electrodes in a FTJ or ferro-
electric insulator as a barrier in a MT]J, four resistance
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states with the TER and TMR effects can be realized in
a single tunnel junction, which is named the multiferroic
tunnel junction (MFTJ), thus holding attractive prospects
in the application of multilevel memories and multifunc-
tional spintronic devices. More recently, symmetric vdW
antiferroelectric multiferroic tunnel junction (AFMFTJ)
with a vdW antiferroelectric barrier sandwiched between
the same vdW FM electrodes are theoretically proposed
[22-24]. Compared to asymmetric FTJ, the obtained
TER effect in the proposed symmetric vdW AFMFTIJs
are still small. For example, the reported TER ratio of
symmetric vdW AFMTJs based on Fe;GeTe;/bilayer «-
In,Se; /Fe;GeTe, and CrSe;/CulnP,S¢/CrSe; vdW het-
erostructures are only 744% and 90%, respectively [22,23].
It is therefore desirable to explore other symmetric vdW
AFMFT] to obtain the large TER and TMR ratios simulta-
neously.

Among the prepared vdW ferromagnetic metal,
Fe;GeTe, exhibits Curie temperature of about 220 K,
high coercive field and perpendicular magnetic anisotropy
[10,25]. In particular, the Curie temperature of exfoli-
ated atomically thin Fe;GeTe, can be increased to room
temperature by an ionic gate, thus Fe;GeTe, is a promis-
ing candidate for electrode material of next-generation
vdW magnetic devices. On the other hand, vdW «-In,Ses
have been demonstrated to possess both out-of-plane and
in-plane FE polarization at room temperature [26,27]. Fur-
thermore, it was reported that head-to-head antiferroelec-
tric (AFEH) state, tail-to-tail antiferroelectric (AFET) state
and FE state can be achieved in bilayer In,Se; and the tran-
sition barrier between these states is comparable to the FE
switching barriers of typical bulk perovskite oxides, which
means that bilayer «-In,Ses is an ideal barrier material of
the vdW AFMFT]J [21,23,26].

As one of the most fascinating tunneling phenomena
of electronic devices, negative differential conductance
(NDC) effect, has attracted a lot of attention due to its
potential applications in fast switchers, high-frequency
oscillators, logic circuits, and amplifiers [28—31]. Though
it has been seen in a variety of systems [32-36], the
tunneling-based NDC have not yet been reported in the
vdW AFMFTJ and MFTJ

Driven by these motivations, we propose a symmetric
vdW AFMFTIJ based on Fe;GeTe,/h-BN/bilayer-In, Ses/A-
BN/Fe;GeTe, vdW heterostructure (FGT/BN/IS/BN/FGT
vdW AFMFTJ), and investigate the spin-dependent trans-
port as well as the TMR and TER effects of this
vdW AFMFTJ by using nonequilibrium Green’s func-
tion (NEGF) with density-functional theory (DFT). Our
calculations reveal that the multiple resistive states with
considerable TER ratio and large TMR ratio are realized
in this vdW AFMFT]J due to different configurations of the
magnetic moment in two Fe;GeTe; electrodes and the dif-
ferent states of the dipole ordering in the In,Se; barrier.
Furthermore, the regulatable NDC by magnetic field and

electric field is produced in this vdW AFMFTJ under bias
voltages.

II. METHODS

The calculations for structure optimization were per-
formed by the Vienna ab initio simulation package (VASP)
[37,38]. Generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) version was adopted
for the exchange-correlation potential [39,40]. The vdW
interactions of two-dimensional materials was treated by
the optB86b exchange functional [41]. A plane-wave
energy cutoff of 500 eV and a 7 x 7 x 1 Monkhorst-Pack
k-point grid were used for the structural optimization. The
convergence criteria for energy and force were set to be
1 x 1076 eV and 0.01 eV/A. A vacuum space of 15 A was
used to avoid the spurious interaction between periodic
replicas.

The calculations of electronic structure and transport
properties were performed using the Nanodcal package
based on the nonequilibrium Green’s function (NEGF)
combined with the DFT [42,43]. The spin-resolved con-
ductance G, of the FGT/BN/IS/BN/FGT vdW AFMFT] is
calculated using the Landauer-Biittiker formula:

2
Gy = %; T, (ky, Er), (1)
II

where e and 4 are the electron charge and the Planck
constant, respectively. T, (k, Er) is the transmission coef-
ficient with spin o (o = 1, |) at the Fermi level Er and
transverse Bloch wave vector ky (kj = k., k,). The spin-
resolved transmission coefficient with spin o is calculated
using the NEGF formalism

T, =Tt ,G.T,,G"], (2)

where G/, (G%) is the retarded (advanced) Green’s function
of the scattering region. I'; , (I'2+) is defined as

Cpo = i[Zh, — 59,1, (m = 1,2), 3)

where X/ (%] ) represent the retarded (advanced) self-
energy of the electrode m (m=1, 2).

At bias voltage V, the spin-resolved current across
the FGT/BN/IS/BN/FGT vdW AFMFTIJ is calculated as
follows:

Bl
10=Z / T,(E, N (E) —f (E)dE,  (4)
w2

where T, (E, V) is the transmission coefficient with spin
o at energy E with spin o under the applied bias volt-
age V, f1 (E) (f2 (E)) is the Fermi distribution function of
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electrons in electrode 1 (electrode 2), and w; (uy) is the
electrochemical potential of electrode 1 (electrode 2).

The cutoff energy of 80 Hartree and the double-¢ atomic
orbital basis were used for the transport calculations. A
11 x 11 x 1 k mesh was used for self-consistent calcula-
tions. The convergence criterion of the Hamiltonian matrix
and density matrix in the self-consistency were set to
be 1 x 107* eV. The energy interval in the current cal-
culation was set as 5 x 1073 eV. The k points for the
spin-resolved transmission coefficient and current calcula-
tions were 150 x 150 x 1. Considering the accuracy and
amount of calculation, 31 x 31 x 1 and 150 x 150 x 1 k&
meshes were adopted, respectively, for the calculation of
density of states of bilayer In,Se; of the vdW AFMFTJ
and conductive channels of Fe;GeTe, electrodes in the
two-dimensional Brillouin zone (2DBZ).

III. RESULTS AND DISCUSSIONS

In agreement with the previous computational and
experimental values, the optimized in-plane lattice con-
stants of bulk Fe;GeTe,, bilayer In;Se;, and monolayer
h-BN are 4.00, 4.08, and 2.54 A, respectively [44—47]. In
order to construct the FGT/BN/IS/BN/FGT vdW AFMFT]J
with the minimal lattice mismatch, +/3 x +/3 unit cell
of i-BN and 1 x 1 unit cell of bilayer In,Se; are used
to model barriers and 1 x 1 unit cell of Fe;GeTe, is
adopted to model electrodes. Figure 1 shows the struc-
ture of the FGT/BN/IS/BN/FGT vdW AFMFT]J for the
AFEH, AFET, and FE states, in which the vdW AFMFTJ
is divided into semi-infinite left and right Fe;GeTe;
electrodes and a central scattering region and the cen-
tral scattering region is a bilayer Fe;GeTe,/monolayer
BN/bilayer In,Se;/monolayer h-BN/bilayer Fe;GeTe,
(FGT/BN/IS/BN/FGT) vdW heterostructure. The in-plane
lattice constant of the FGT/BN/IS/BN/FGT vdW het-
erostructure is set as the lattice constant of unit cell
of bulk Fe;GeTe;, thus bilayer In;Se; and monolayer
h-BN in the FGT/BN/IS/BN/FGT vdW AFMFT] are
compressed by 2% and 8 %, respectively. As reported
by Li et al., 8% strain has little effect on the energy
band of #-BN [48]. In order to examine the stability
of FGT/BN/IS/BN/FGT vdW heterostructure, the binding
energy of FGT/BN/IS/BN/FGT vdW heterostructure for
three dipole ordering states is calculated using equation
Ep = (Eqpc — 2E4 — 2Ep — E)/Natom, Where Eypc, Ey,
Ep and E¢ represent the energies of FGT/BN/IS/BN/FGT
vdW heterostructure, bilayer Fe;GeTe,, monolayer BN
and bilayer In,Ses, respectively, and Nyom 1S the number
of atoms in the vdW heterostructure. The calculated bind-
ing energies are —26.6 meV/atom, —25.0 meV/atom and
—26.2 meV/atom for AFEH, AFET, and FE states, respec-
tively, which indicates that the FGT/BN/IS/BN/FGT vdW
heterostructure is stable enough to form the vdW AFMFT]J.

TABLEI Calculated conductance (in units of ¢’ /h), TMR and
TER ratios of the FGT/BN/IS/BN/FGT vdW AFMFTIJ at zero
bias voltage.

AP P TMR (%)
AFEH 3.12 x 107? 242 x 10~* 6.76 x 102
AFET 3.15%x 1073 3.17 x 1073 6.35 x 107!
FE 3.56 x 107° 2.83 x 10~* 6.95 x 102
TER (%) 1.00 x 10* 1.21 x 10°

Due to the antiparallel (AP) and parallel (P) configura-
tions of the magnetic moment in two Fe;GeTe; electrodes
and the AFEH, AFET, and FE states of the dipole order-
ing in the InySe; barrier, multiple resistance states can
be realized in the FGT/BN/IS/BN/FGT vdW AFMFT]J.
The calculated conductance values of the vdW AFMFTIJ
for all resistance states are listed in Table I. The TMR
ratio of this vdW AFMFTJ is defined as TMR = (Gp —
Gap)/Gap, where Gp and Gap are the conductance of the
P and AP configurations for each dipole ordering state,
respectively. Also, the TER ratio at zero bias voltage is
defined as TER = (Gpax — Gmin)/Gmin, Where Gpax and
Gmin are the maximum and minimum ones among con-
ductance of the AFEH, AFET, and FE states for each
magnetic configuration, respectively. It is seen from Table
I that whether the magnetic moment of two electrodes is in
the AP or P configuration, the conductance for the AFET
state is significantly greater than that for the AFEH and FE
states. Therefore, considerable TER ratio of 1.0 x 10*%
for the AP configuration and 1210% for the P configuration
are achieved in the FGT/BN/IS/BN/FGT vdW AFMFT],
which is much larger than the reported TER ratio of
symmetric vdW AFMTIJs based on Fe;GeTe;/bilayer -
In,Ses /Fe;GeTe, and CrSe,/CulnP,S4/CrSe, vdW het-
erostructures [22,23]. Meanwhile, the total conductance
of the P configuration is obviously larger than that of the
AP configuration in the AFEH and FE states, resulting in
the large TMR ratio of up to 676% for the AFEH state
and 695% for the FE state in the FGT/BN/IS/BN/FGT
vdW AFMFT]J, respectively. In contrast, the conductance
of the P configuration in the AFET state is very close to
that of the AP configuration, thus the TMR ratio of the
FGT/BN/IS/BN/FGT vdW AFMFTIJ being very small.

As known, the electron transmission across the vdW
AFMFTJ is closely related to the intrinsic conduction
channels of FM Fe3;GeTe, electrodes and the electronic
properties of bilayer In,Ses barrier. Therefore, the differ-
ence in conductance of the vdW AFMFTIJ for different
resistance states can be clarified by analyzing these prop-
erties. Considering that the transmission of the FE state is
similar to that of the AFEH state at zero bias voltage, we
mainly clarify the transmission of the AFEH and AFET
states below. The k-resolved density of states (DOS) of the
In,Ses barrier at the Fermi level in the two-dimensional
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FIG. 1. Side view of the structure of the FGT/BN/IS/BN/FGT vdW AFMFT] for (a) AFEH, (b) AFET, and (c) FE states. The black

arrows indicate the polarization direction of In,Ses layers.

Brillouin zone (2DBZ) for the AFEH and AFET states
are shown in Figs. 2(a) and 2(b), respectively. As shown
in Figs. 2(a) and 2(b), the electronic states of the In,Se;
barrier for the AFEH state mainly distribute at a nar-
row annular region of hexagon around the high-symmetry

I' point of the 2DBZ, while those for the AFET state
mainly concentrated in the small region centered at the I
point, thus bilayer In;Se; in the FGT/BN/IS/BN/FGT vdW
heterostructure has slight metallicity. Figures 2(c) and
2(d) show the k-resolved majority-spin and minority-spin
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FIG. 2. k-resolved DOS of the In,Se; barrier at the Fermi level in 2DBZ for (a) AFEH and (b) AFET states. k-resolved (c) majority-
spin and (d) minority-spin conduction channels of Fe;GeTe; electrode in the 2DBZ at the Fermi level. k-resolved (e) majority-spin
and (f) minority-spin channels-DOS figure for the P configuration of the AFEH state. k-resolved (g) majority-spin and (h) minority-
spin channels-DOS figure for the AP configuration of AFEH state. k-resolved (i) majority-spin and (j) minority-spin channels-DOS
figure for the P configuration of the AFET state. k-resolved (k) majority-spin and (1) minority-spin channels-DOS figure for the AP
configuration of AFET state. The color bar of DOS of the In,Se; layer in channels-DOS figure is the same as that in (a),(b) and the
color bar of conductive channels in channels-DOS figure is the same as that in (c),(d).

034010-4



LARGE TUNNELING ELECTRORESISTANCE. ..

PHYS. REV. APPLIED 20, 034010 (2023)

20 [ ——— [ ———
= N "
—— hotal hotal
C L L
(0]
=
=] L
'S —20

(e)

Current (nA)

[
N
=)

U

N
o

[
N
=)

Current (nA)
A
b

= N
o o
o o

dliotal/dV (nS)

—100

04 —02 00 02 04
Bias (V)

04 —02 00 02 04
Bias (V)

FIG. 3. Bias voltage dependences of currents of the P con-
figuration of the FGT/BN/IS/BN/FGT vdW AFMFTJ for (a)
AFEH, (b) AFET, and (c) FE states, respectively. Bias volt-
age dependences of currents of the AP configuration of the
FGT/BN/IS/BN/FGT vdW AFMFT]J for (e) AFEH, (f) AFET,
and (g) FE states, respectively. dl.1/dV spectra of total current
for (d) P and (h) AP configurations. I}, I}, and I, represent
majority-spin, minority-spin and total currents, respectively.

conduction channels of Fe;GeTe, electrode in the 2DBZ
at the Fermi level, respectively. In order to facilitate the
analysis of the transmission of electrons from electrode 1
(Ele 1) across the In,Ses barrier into electrode 2 (Ele 2),
we combine one repeating unit area of k-resolved major-
ity or minority-spin conductive channel near the I" point of
Ele 1 [an area enclosed by black solid line in Figs. 2(c) and
2(d)], another repeating unit area of k-resolved majority or
minority-spin conductive channel near the I point of Ele
2 [another area enclosed by black solid line in Figs. 2(c)
and 2(d)] and the repeating unit area of k-resolved DOS
near the I" point of In,Se; layer [the area enclosed by black
solid line in Figs. 2(a) and 2(b)] to form k-resolved spin-
dependence channels-DOS figure for each resistance state,
in which the upper left and upper right parts are the major-
ity or minority-spin conductive channels of Ele 1 and Ele
2, respectively, and the lower part is the DOS of the In, Se;
barrier, as shown in Figs. 2(e)-2(1).

E

D1 Elel D2 D1

Ele 2 D2

D2 D1

D1 Ele 1 Ele 2 D2

FIG. 4. Band alignments of two Fe;GeTe, electrodes in the
FGT/BN/IS/BN/FGT vdW AFMFTIJ at (a) zero bias and (b)
bias V" when the magnetic moment of two electrodes is in the P
configuration. Blue and red patterns represent majority-spin and
minority-spin DOS of Fe;GeTe,, respectively.

Figures 2(c) and 2(d) show that the Fe;GeTe; electrode
has the majority- and minority-spin conduction channels
in the circular region centered at the I point. Meanwhile,
the electronic states of the In,Se; barrier for the AFET
state mainly concentrated in the small region centered at
the I' point, supporting the metalliclike transmission across
this area of In,Ses for the AFET state. Consequently, the
large electron transmission from Ele 1 across the In,Se;
barrier into Ele 2 can occur in the AFET state, whether
the magnetic moment of two electrodes is in the AP or
P configuration. In contrast, the electronic states of the
In,Ses barrier for the AFEH state mainly distribute at a
narrow annular region of hexagon around the I point and
the overlap of this annular region and the nonzero region of
conductive channel of two electrodes is obviously smaller
than that for the AFET state, as shown in Figs. 2(e)-2(1).
Therefore, the transmission for the AFET state is signif-
icantly greater than that for the AFEH state, resulting in
a considerable TER ratio. On the other hand, when the
magnetic moment of two electrodes is in the AP config-
uration, the overlapping area between the annular region
of electronic states of the In,Se; barrier and the nonzero
conductive channel of Ele 1 is obviously different from
that between the annular region of electronic states of the
In, Ses barrier and the nonzero conductive channel of Ele 2
in the AFEH state due to different distribution of the major-
ity and minority-spin conduction channels in the 2DBZ,
as shown in Figs. 2(g) and 2(h), thus the transmission of
the AP configuration is smaller than that of the P config-
uration in the AFEH state since the spin and transverse
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bias voltages for the AFEH state, respectively. Insets depict the k-resolved spin-dependence channels-DOS figure under bias voltage
at the energy point £ = 0.1 eV. The color bars of channels-DOS figure in insets are same with those in Fig. 2. The vertical dash lines

represent the bias voltage window.

wave vector of electrons are conserved in the transmission
process.

We further investigate the spin-dependent transport
properties of the FGT/BN/IS/BN/FGT vdW AFMFT] at
bias voltage. Figure 3 shows the bias voltage dependences
of calculated currents of the FGT/BN/IS/BN/FGT vdW
AFMFTJ for all resistance states. As can be seen from
Fig. 3, the FGT/BN/IS/BN/FGT vdW AFMFTJ possess
the obvious spin-filtering effect over a relatively large bias
range in the AFEH state. Correspondingly, when the bias
voltage is in the range of —0.2 to 0.2 V, the majority-
spin current of the P configuration obviously increases as
the bias increases, while the minority-spin current of the
P configuration almost remains unchanged with a small
value, as shown in Fig. 3(a). For the AP configuration,
the majority-spin (minority-spin) currents for the AFEH
state are produced only at negative (positive) bias volt-
age when the bias voltage is in the range of —0.3 to 0.3
V. Interestingly, it is seen from Fig. 3 that whether the
magnetic moment of two electrodes is in the AP or P con-
figuration, the total currents for both AFET and AFEH
states first increase with the increases of voltage, decrease

with the further increase of the bias voltage after reach-
ing the highest value at —0.2 V bias voltage, and then
increase again with the increases of voltage when the
voltage is greater than about —0.3 V, indicating that an
apparent NDC effect exists in the FGT/BN/IS/BN/FGT
vdW AFMFTIJ for the AFET and AFEH states. Due to
the symmetry of the FGT/BN/IS/BN/FGT vdW AFMFT]J,
the similar NDC effect still emerges for the AFET and
AFEH states when the bias voltage is reversed, as shown
in Fig. 3. Meanwhile, the dl/dV spectra in Figs. 3(d)
and 3(h) clearly reproduce the found NDC behavior in
the FGT/BN/IS/BN/FGT vdW AFMFT]J for the AFET and
AFEH states. It is worth noting that the NDC effect is dif-
ferent for different magnetic configurations and different
dipole-ordering states and the NDC effect is the most obvi-
ous for the P configuration in the AFET state, thus the
NDC effect in this vdW AFMFTJ can be modulated by
applying electric field and magnetic field.

According to the Landauer-Biittiker formula, the cur-
rents of the FGT/BN/IS/BN/FGT vdW AFMFTJ at bias
voltage V' are proportional to the integrate transmission
coefficients with respect to energies in the bias window
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bias voltages for the AFET state, respectively. Insets depict the k-resolved spin-dependence channels-DOS figure under bias voltage
at at different energy point. The color bars of channels-DOS figure in insets are same with those in Fig. 2. The vertical dashed lines

represent the bias-voltage window.

ranging from Ep-eV/2 to Ep+eV/2. Here we first clarify
the NDC effect in the FGT/BN/IS/BN/FGT vdW AFMFT]J
for the P configuration of the AFEH state by analyzing
the transmission coefficients as a function of energy at dif-
ferent bias voltages. Figures 5(a) and 5(b) show that the
majority-spin and minority-spin transmission coefficients
of the P configuration as a function of energy at different
bias voltages for the AFEH state, respectively. It is seen
from Fig. 5(a) that when the voltage is equal to —0.2 V,
there are some majority-spin transmission peaks in the
energy range of 0 to 0.1 eV, and the overall height of these
peaks decrease a lot at —0.3 V bias voltage, and then they
increase again when the voltage increases to —0.5 V. Tak-
ing the transmission at the energy point £ = 0.1 eV as
an example, we analyze the variation of the transmission
with bias voltage. As known, the chemical potential of the
Ele 1 and Ele 2 at bias voltage ¥ moves to Er-eV/2 and
Ep+eV/2, respectively, shown in Fig. 4. Therefore, when
bias —V is applied to the vdW AFMFT]J, k-resolved spin-
dependence channels-DOS figure at £ = 0.1 eV shown
in the inset of Fig. 5(a) is composed of k-resolved spin-
dependence conductive channel of Ele 1 at £ = —eV/2 +

0.1 eV, k-resolved spin-dependence conductive channel
of Ele 2 at E =eV/2 + 0.1 eV, and k-resolved DOS of
In,Ses layer at £ = 0.1 eV. It is seen from the inset of
Fig. 5(a) that when the voltage is equal to —0.2 V, a
high majority-spin transmission at £ = 0.1 eV is mainly
attributed to the overlap of the annular region of electronic
states of the In,Ses barrier and the nonzero majority-spin
conductive channels of two Fe;GeTe, electrodes in the
2DBZ at —0.2 V bias voltage, while significant decrease of
the electronic states at the annular region of In,Ses barrier
at —0.3 V bias voltage results in lower majority-spin trans-
mission at £ = 0.1 eV. When the bias increases to —0.5 V,
all of the majority-spin conductive channel of Ele 1 and
the electronic states of InySe; barrier obviously increase in
the circular region centered at the I' point, and the large
electronic states of the In,Ses barrier, large majority-spin
conductive channels of Ele 1 and the nonzero majority-
spin conductive channels of Ele 2 overlap in the circu-
lar region centered at the I' point, which results in the
increase of the majority-spin transmission at £ = 0.1 eV
again. Meanwhile, the number of majority-spin transmis-
sion peaks in the bias window increase with increasing bias
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voltage from —0.3 to —0.5 V, as shown in Fig. 5(a). There-
fore, the majority-spin current for the P configuration of the
AFEH state first increases with the increase of bias voltage,
decreases with the further increase of the bias voltage after
reaching the highest value at —0.2 V bias voltage, and then
increases again with the increases of voltage when the volt-
age is greater than about —0.3 V, just as shown in Fig. 3(a),
resulting an apparent NDC effect. In contrast, insets of
Fig. 5(b) show that when the voltage is less than —0.3 V,
the annular region of electronic states of InySes barrier and
the minority-spin nonzero conductive channels of Ele 2 do
not overlap for the P configuration of the AFEH state and
the large electronic states of In, Ses barrier and the nonzero
minority-spin conductive channels of Ele 1 and Ele 2 over-
lap in the circular region centered at the I point when the
bias voltage increases to —0.5 V. Correspondingly, when
the bias voltage is less than —0.3 V, the minority-spin
transmission of the P configuration at £ = 0.1 eV remains
unchanged with a small value while it obviously increases
with the voltage increase from —0.3 to —0.5 eV. Also,
Fig. 5(b) shows that the number of minority-spin transmis-
sion peaks in the bias window increase with increasing bias
voltage from —0.3 to —0.5 V. Therefore, the minority-spin
current of the P configuration for the AFEH state almost
remains unchanged with a small value until the voltage
increases to —0.3 eV and it increases with the voltage
increase from —0.3 to —0.5 eV, which means that the NDC
effect is not produced by the minority-spin current. As a
result, the obvious NDC effect in the FGT/BN/IS/BN/FGT
vdW AFMFT] for the P configuration of the AFEH state is
produced by the majority-spin current.

Next we clarify the NDC effect in the FGT/BN/IS/BN/
FGT vdW AFMFT] for the P configuration of the AFET
state. As shown in Fig. 6(a) [Fig. 6(b)], when the voltage
is equal to —0.2 V, the large electronic states of In,Se; bar-
rier and nonzero majority-spin (minority-spin) conductive
channels of Ele 1 and Ele 2 overlap in the circular region
centered at the I" point, which causes a high majority-spin
(minority-spin) transmission at £ = 0 eV under —0.2 V
bias voltage, while significant decrease of the electronic
states of InySe; barrier in the circular region centered at
the I" point under —0.3 V bias voltage results in a signifi-
cant low majority-spin (minority-spin) transmission at £ =
0 eV. It is seen from Fig. 6(a) [Fig. 6(b)] that the height
of the majority-spin (minority-spin) transmission peaks in
the bias window increase with increasing bias voltage from
—0.3 to —0.5 V. Consequently, both of the majority-spin
and minority-spin currents for the P configuration of the
AFET state first increase with the increase of bias voltage,
decrease with the further increase of the bias voltage after
reaching the highest value at —0.2 V bias voltage, and then
increase again with the increases of voltage when the volt-
age is greater than about —0.3 V, as shown in Fig. 3(b),
which results in a more pronounced NDC effect than that
for the P configuration of the AFEH state.

IV. CONCLUSIONS

In conclusion, multiple resistance states can be realized
in the FGT/BN/IS/BN/FGT vdW AFMFTIJ and the con-
siderable TER ratio of about 1.0 x 10*% and the large
TMR ratio of up to 695% are simultaneously achieved
at zero bias. Moreover, whether the magnetic moment of
two electrodes is in the AP or P configuration, the total
currents for both AFET and AFEH states first increase
with the increases of voltage, decrease with the further
increase of the bias voltage after reaching the highest
value at —0.2 V bias voltage, and then increase again
with the increases of voltage when the voltage is greater
than about —0.3 V, resulting an apparent NDC effect in
the FGT/BN/IS/BN/FGT vdW AFMFTJ for the AFET and
AFEH states. Interestingly, the NDC effect in this vdW
AFMFTJ can be modulated by applying electric field and
magnetic field. Our results provide a promising avenue
for simultaneous realization of the large TER and TMR
ratios and the regulatable NDC effect in the multifunctional
microelectronic devices.
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