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Multiferroic tunnel junctions (MFTJs) based on two-dimensional van der Waals heterostructures with sharp
and clean interfaces at the atomic scale are crucial for applications in nanoscale multiresistive logic memory de-
vices. The recently discovered sliding ferroelectricity in 2D van der Waals materials has opened new avenues for
ferroelectric-based devices. Here, we theoretically investigate the spin-dependent electronic transport properties
of Fe3GeTe2/graphene/bilayer-h-BN/graphene/CrI3 (FGT/Gr-BBN-Gr/CrI) all-vdW MFTJs by employing
the nonequilibrium Green’s function combined with density functional theory. We demonstrate that such
FGT/Gr-BBN-Gr/CrI MFTJs exhibit four nonvolatile resistance states associated with different staking orders of
sliding ferroelectric BBN and magnetization alignment of ferromagnetic free layer CrI3, with a maximum tunnel
magnetoresistance (electroresistance) ratio, i.e., TMR (TER) up to ∼3.36 × 104%(∼6.68 × 103%) at a specific
bias voltage. Furthermore, the perfect spin filtering and remarkable negative differential resistance effects are
evident in our MFTJs. We further discover that the TMR, TER, and spin-polarization ratio under an equilibrium
state can be enhanced by the application of in-plane biaxial strain. This paper highlights the significant potential
of sliding ferroelectric BBN-based MFTJs in nonvolatile memories, showcasing their giant tunneling resistance
ratio, multiple resistance states, and excellent spin-polarized transport properties.
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I. INTRODUCTION

With the current increasing demand for faster, smaller,
and nonvolatile electronics, traditional silicon-based semicon-
ductor devices are being pushed to smaller sizes. However,
power dissipation and finite-size effects are limiting factors in
device miniaturization. In this context, several concepts for
next-generation information processing and storage devices
have been proposed and studied in recent years [1–4]. Of
these, spintronics based on two-dimensional (2D) materials
with only one or a few atomic layers offers broader possi-
bilities for the miniaturization of emerging electronic devices
with sophisticated functions. Especially, the 2D van der Waals
(vdW) multiferroic tunneling junction (MFTJ) device stands
out for its important multifunctional technological applica-
tions, which combine the tunneling magnetoresistance (TMR)
effect of magnetic tunnel junctions (MTJs) [5–14] and the tun-
neling electroresistance (TER) effect of ferroelectric tunnel
junctions (FTJs) [15–18].

The coexistence of ferroelectric and magnetic order is
crucial for MFTJs. However, the intrinsic single-phase mul-
tiferroics face a significant challenge due to the conflicting
preferences of different ferroics with respect to the d-orbital
occupation of metal ions. Ferroelectricity, which arises from

*Corresponding author: yanzhi@sxnu.edu.cn
†Corresponding author: xuxh@sxnu.edu.cn

the off-center positioning of cations, requires empty d or-
bitals, whereas ferromagnetism usually results from partially
filled d orbitals [19]. In comparison to single-crystal mul-
tiferroics, 2D multiferroic vdW heterostructures are a more
promising approach for designing MFTJs due to the weaker
vdW interactions between the different layers. By employing
this strategy, initially reported vdW MFTJs were constructed
with a heterojunction composition of FenGeTe2/In2Se3(n =
3, 4, 5) [20]. Later, we designed vdW MFTJs with six
nonvolatile resistive states based on three ferroelectric polar-
ization arrangements of bilayer α-In2Se3 [21]. Subsequently,
Hu et al. proposed a Sc2CO2/CrI3-based MFTJ and found
a large TER and a low resistance area [22]. However, the
ferroelectric polarization reversal in these MFTJs is reliant
on an external electric field, resulting in unnecessary energy
consumption. Recently, another type of room-temperature
ferroelectricity was both theoretically predicted [23,24] and
experimentally demonstrated [25] by sliding the parallel (P)-
stacking bilayer h-BN (BBN). This ferroelectric mechanism
offers a promising strategy for developing low-power fer-
roelectric storage. Yang et al. reported sliding ferroelectric
h-BN-based FTJs [26] but, as of now, MFTJs designed us-
ing this mechanism remain unexplored. Another important
factor for MFTJs is the selection of the magnetic layer,
which directly impacts the device performance. Typically,
a large TMR necessitates a highly spin-polarized magnetic
layer, while a large TER requires asymmetry on both sides
of the ferroelectric barrier layer. Therefore, here we choose
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two different magnetic materials, i.e., Fe3GeTe2 (FGT) [27]
and CrI3 [28], as the magnetic layer. The smaller magne-
tocrystalline anisotropy of CrI3 [29] makes it suitable as the
magnetic free layer, while the metalized FGT can serve as the
ferromagnetic electrode.

In this paper, we design MFTJs using the sliding ferroelec-
tric bilayer h-BN (BBN) as the tunnel barrier and evaluate
the corresponding device transport properties by using first-
principles calculations. We find a giant TMR ratio up to
∼3.36 × 104% at a bias voltage of −0.2 V by changing the
magnetic orientation from a P to antiparallel (AP) arrange-
ment and a large TER ratio up to ∼6.68 × 103% at a bias
voltage of 0.2 V by changing the stacking order of BBN
(from AB to BA). Also, we observe a perfect spin filtering
effect and a remarkable negative differential resistance effect.
These results suggest that the four nonvolatile resistance states
can exist in sliding ferroelectric BBN-based MFTJs, which
provides a promising platform for exploring atomic-scale
spintronics.

II. COMPUTATIONAL METHODS

All structural relaxation calculations were performed
within the framework of density functional theory as im-
plemented in VIENNA AB INITIO SIMULATION PACKAGE [30].
The electron-core interaction was described by the projected
augmented wave [31] pseudopotential with the general gradi-
ent approximation parameterized by Perdew et al. [32]. The
electron wave function was expanded in plane waves up to
a cutoff energy of 500 eV, and a 9 × 9 × 1 Monkhorst–Pack
k-grid [33] was used to sample the Brillouin zone of the super-
cell. The convergence criterion for the electronic energy was
set to be 10−5 eV. The Hellman–Feynman force was smaller
than 0.01 eV/Å in the optimized structure. A vacuum region
of 20 Å was used in the structural relaxation calculations of
the central regions to avoid interaction between adjacent slabs.
Moreover, the vdW force was considered through the DFT-D3
method in our calculations [34].

The calculations of quantum transport were calculated by
using density functional theory coupled with the nonequilib-
rium Green’s function [35] as implemented in the NANODCAL

package [36]. The valence electrons are expanded in a numer-
ical atomic-orbital basis set of double-zeta polarization for
all atoms [37]. The cutoff energy was set to be 80 Hartree
in our case, and the temperature in the Fermi function was
set to 300 K. In the self-consistent calculation, the energy
convergence criterion of the Hamiltonian matrix was set to
be 10−5 eV. More 100 × 100 × 1 k-mesh points were set for
calculating the spin-reversed current and transmission coeffi-
cients of all MFTJs.

The spin-resolved current Iσ and conductance Gσ are cal-
culated by using the Landauer-Büttiker formula [38,39],

Iσ = e

h

∫
Tσ (E )[ fL(E ) − fR(E )]dE , (1)

Gσ = e2

h
Tσ , (2)

where σ represents the spin index (↑,↓), e denotes the elec-
tron charge, h is Planck’s constant, Tσ (E ) is the spin-resolved
transmission coefficient, and fL(R)(E ) is the Fermi-Dirac dis-

tribution function of the left (right) electrode. The formula
I = I↑ + I↓ is utilized to calculate the total charge current I .
The spin injection efficiency (η) is defined as

η =
∣∣∣∣ I↑ − I↓
I↑ + I↓

∣∣∣∣. (3)

In equilibrium state, the TMR ratio can be calculated by [40]

TMR = GP − GAP

GAP
= TP − TAP

TAP
, (4)

at bias voltage V ,

TMR(V ) = IP − IAP

IAP
, (5)

where TP/AP and IP/AP are the total transmission coefficient
of the Fermi level and currents of bias voltage V across the
junctions in P and AP magnetic states, respectively. Similarly,
TER ratio is defined as [15,16,41]

TER = |G↑ − G↓|
min(G↑, G↓)

= |T↑ − T↓|
min(T↑, T↓)

, (6)

at bias voltage V ,

TER(V ) = |I↑ − I↓|
min(I↑, I↓)

, (7)

where T↑/↓ and I↑/↓ are the total transmission coefficient at
the Fermi level and currents of bias voltage V which can
be obtained by reversing the direction of the ferroelectric
polarization of the barrier layer.

III. RESULTS AND DISCUSSION

A. The atomic model of MFTJs

The AB(BA)-stacking bilayer h-BN (BBN) possesses a
spontaneous out-of-plane ferroelectric polarization, which
originates from the interlayer net charge transfer introduced
by crystal asymmetry [23]. To confirm the ferroelectricity of
BBN, we calculated the ferroelectric polarization to be 2.1 ×
10−12 Cm−1 based on the Berry phase method [42], which
is consistent with a previous study [23]. For AB(BA)-stacking
BBN, the N(B) atoms in the upper layer are positioned directly
above the B(N) atoms in the lower layer, while the B(N) atoms
in the upper layer are situated above the vacant site at the
center of the hexagon in the lower layer. This arrangement
causes the 2pz orbitals of N and B to vertically align, resulting
in distortion of the N orbital and generating an electric dipole
moment. Therefore, the AB- and BA- stacking BBN exhibit
opposite out-of-plane ferroelectric polarization directions.

After confirming the ferroelectricity of BBN, we can
build Fe3GeTe2/graphene/bilayer-h-BN/graphene/CrI3

(FGT/Gr-BBN-Gr/CrI) all-vdW MFTJs. The optimized
in-plane lattice constants of monolayer Fe3GeTe2, CrI3,
h-BN, and graphene are 3.998 Å [43], 6.867 Å [44],
2.511 Å [45], and 2.466 Å [46], respectively, so the
corresponding minimum matching supercells to build MFTJs
are

√
3 × √

3, 1 × 1, 3 × 3 and 3 × 3. Considering the
research focus on sliding ferroelectricity, we take the in-plane
lattice constant of BBN as the overall lattice constant of
MFTJs. In this case, the in-plane lattice matching results in
stretching of FGT, CrI3, and graphene by 8.04%, 8.82%, and
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FIG. 1. (a)–(c) The total energy of FGT/h-BN/CrI-Gr interfaces versus the various stacking orders. The inset diagram represents the stack
with the lowest energy for the corresponding interface circled in red. (d) Schematic diagrams of FGT/Gr-BBN-Gr/CrI MFTJs devices with
AB- and BA-stacking BBN using metallic Fe3GeTe2 as the left lead and graphite as the right lead. The left and right leads extend to ∓∞.
These devices are periodic in the xy plane and the current flows in the z direction.

1.75%, respectively. However, it is unlikely to observe such
large values of compressive strain in experimental conditions,
where the lattices of electrodes and barriers would be
mismatched due to weak vdW-type bonding [7]. Nonetheless,
these values are crucial for our computational simulations to
maintain periodic boundary conditions. Furthermore, we also
investigate the effect of in-plane biaxial strain on the transport
properties of these MFTJs in the following Section III B.
There are three types of heterojunction interfaces in the
FGT/Gr-BBN-Gr/CrI MFTJ, i.e., FGT-Gr, h-BN-Gr, and
CrI-Gr. Owing to the presence of inversion symmetry, the
FGT/Gr interface exhibits two distinct stacking orders (Te-C
and Te-hollow), the h-BN/Gr interface displays three stacking
orders (N-hollow, B-hollow, and BN-C), and the CrI/Gr
interface manifests six stacking orders (Cr-C, Cr-hollow,
I1/2-hollow, and I1/2-C). In these arrangements, X-C (hollow)
represents one of the X atoms (X=Te, Cr, I, B, and N) located
on top of the C atoms (the center of the hexagonal lattice) of
monolayer graphene, specifically stating that BN-C refers to
h-BN stacked with graphene in AA configuration. The total
energy evaluation for the above three different interfaces with
various stacking orders is summarized in Figs. 1(a)–1(c).
One can find that Te/N/Cr-hollow are the energy-favorite
configurations of FGT/h-BN/CrI-Gr interfaces, respectively,
and the corresponding visualized structures are presented
in the inset of Fig. 1. After establishing the stacking
order of the aforementioned interfaces, a comprehensive
transport device model of the FGT/Gr-BBN-Gr/CrI MFTJ
can be constructed by integrating them and performing

overall sufficient structural relaxation, where graphite and
FGT are used as electrodes, as shown in Fig. 1(d). Note
that monolayer graphene is added on both sides of the
ferroelectric barrier layer BBN in the central scattering
region to protect its interlayer ferroelectric polarization. In
Fig. 2(a), it can be observed that in the absence of single-layer
graphene on both sides of BBN, electrons are transferred from
FGT/CrI3 to BBN, creating interface dipoles. Each h-BN
layer receives 0.031/0.025 e− from the adjacent FGT/CrI3

layer based on the Bader charge analysis [47], resulting in
a net electron dipole close to zero for the whole system.
The stronger coupling between the FGT/CrI3 layer and
h-BN leads to negligible mutual charge transfer within the
BBN itself compared to the coupling within the BBN. In
this case, the spontaneous polarization in the intrinsic AB-
and BA-stacking BBN is absent. As depicted in Fig. 2(b),
when graphene is inserted, it effectively decouples h-BN
from FGT/CrI3, enabling the preservation of interlayer
ferroelectric polarization in BBN. Therefore, single-layer
graphene was inserted on both sides of the BBN to construct
our MFTJs.

B. TMR/TER effect and biaxial strain influence
in equilibrium state

According to the physical mechanism of MTJ and FTJ,
flipping the magnetization direction of the magnetic free layer
CrI3 can form two opposite magnetic alignments (P/AP)
with the ferromagnetic electrode FGT, while the sliding
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FIG. 2. The difference charge density and interface dipole di-
agram for the central scattering region of the multiferroic tunnel
junction. (a) Without monolayer graphene; (b) with monolayer
graphene. The isosurface value is set to be 0.0001 e/Bohr3. Red and
grey colors denote charge accumulation and depletion. The forma-
tion of the dipole is illustrated by the electron transfer. The symbols
+ and – represent the positive and negative charges, respectively.

ferroelectric BBN exhibits two polarization directions, im-
plying that four combined states can be induced in the
MFTJ. First, we study the TMR and TER effects of the
FGT/Gr-BBN-Gr/CrI vdW MFTJs in the equilibrium state.
As presented in Table I, the TMR ratio depends on the fer-
roelectric polarization of BBN, with TMR values of 55%
and 193% for AB-stacking and BA-stacking, respectively. In
addition to the TMR effect, the TER effect is also an important
factor in evaluating the performance of the FGT/Gr-BBN-
Gr/CrI MFTJs. As is evident from Table I, the sliding of h-BN
changes the ferroelectric polarization direction (AB → BA),
resulting in a TER ratio of 592% (1204%) in the P (AP) mag-
netic state. Hence, the FGT/Gr-BBN-Gr/CrI all-vdW MFTJ
exhibits favorable TMR and TER ratios, suggesting signifi-
cant potential for utilization in nonvolatile memory devices.

To clarify the various nonvolatile resistance states in
FGT/Gr-BBN-Gr/CrI MFTJ, we conduct an analysis of the
electronic structure of the central scattering region. In Fig. 3,
we present the real-space projected density of states (PDOS)
as a function of Fermi energy E and vertical distance z along
the transport direction. Obviously, the observed low electron

FIG. 3. The averaged spin-resolved PDOS distribution over the
xy plane of the central scattering regions along the transport direction
(z axis) for FGT/Gr-BBN-Gr/CrI MFTJ in the equilibrium state.
The white horizontal dashed line represents the Fermi level, and
red dotted ellipses mark the minority electronic states. (a)–(d) AB
stacking; (e)–(h) BA stacking.

states in the BBN region in the BBN region (specifically in
the vicinity of positions from 21 Å to 24 Å) suggest that
the BBN is sufficiently thick to serve as an insulating barrier
and the tunneling mechanism governs that electron transport.
Furthermore, a typical TMR effect is clearly reflected in the
PDOS diagram. Since the MFTJs of the AB- and BA-stacking
configurations exhibit similar PDOS at E = 0, here we choose
the AB stacking for detailed analysis. Note the area marked
with red dashed ellipses in Fig. 3 is considered a minority
state because there is almost no electronic state distribution.
In Figs. 3(c)–3(d), it can be observed that in the AP state, elec-
trons with spin up (spin down) at the Fermi level move from
the left FGT in the majority (minority) state, pass through the
BBN ferroelectric barrier layer, and then traverse the right
CrI3 magnetic free layer in the minority (majority) state.
Undoubtedly, the opposite electronic state correspondence be-
tween FGT and CrI3 on both sides of BBN hinders electron
transport and may result in a high-resistance state. In the P

TABLE I. Calculated spin-dependent electron transmission T↑ and T↓, TMR, TER, and spin injection efficiency η at the equilibrium state
for FGT/Gr-BBN-Gr/CrI MFTJs.

Configuration P state (M↑↑) AP state (M↑↓)

and ratio T↑ T↓ Ttot = T↑ + T↓ η T↑ T↓ Ttot = T↑ + T↓ η TMR

AB stacking 3.87 × 10−6 3.74 × 10−5 4.13 × 10−5 81% 2.58 × 10−5 8.45 × 10−7 2.66 × 10−5 94% 55%
BA stacking 5.58 × 10−6 3.87 × 10−7 5.97 × 10−6 87% 3.66 × 10−7 1.67 × 10−6 2.04 × 10−6 64% 193%
TER 592% 1204%
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FIG. 4. The evolution of the Coulomb potential in the central
scattering region along the transport direction z axis for the FGT/Gr-
BBN-Gr/CrI vdW MFTJ. (a) AB stacking; (b) BA stacking.

state, the spin-up electrons are the majority states on both
sides of BBN at the Fermi level, resulting in dominant trans-
port with a low resistance state [refer to Fig. 3(a)]. Conversely,
for the spin-down state, there are two distinct dark blue re-
gions, as indicated by red dashed ellipses in Fig. 3(b). These
regions exhibit an almost negligible DOS distribution near the
Fermi level, hosting a high resistance state that may produce
an outstanding spin-filtering effect, as summarized in Table I
(81% for AB stacking and 87% for BA). Figure 4 depicts the
distribution of the Coulomb potential in the central scattering
area of the MFTJ, showcasing the switchable built-in electric
field within the BBN layer as indicated by the black dashed
lines. This observation confirms the presence of ferroelectric
polarization in the BBN interlayer. Importantly, changing the
stacking order of BBN effectively reverses the ferroelectric
polarization direction, indicating the occurrence of the TER
effect.

To provide a more comprehensive analysis of how ferro-
electric polarization and magnetization alignment affect elec-
tron transmission, we perform calculations of the k‖-resolved
transmission coefficients of the FGT/Gr-BBN-Gr/CrI MFTJs
at the Fermi level within the 2D Brillouin zone (2D-BZ). The
results are depicted in Fig. 5 for P (M ↑↑) and AP (M ↑↓)
magnetization alignments of the FGT and CrI3 layers with
the right (P →) and left (P ←) ferroelectric polarizations of
BBN. In 2D-BZ, minor transmissions can be observed near
the � point (k‖ = 0) for two stacked geometry MFTJs, indi-
cating that the conductive channels only emerge at the � point
when electrons flow through single-layer graphene. This phe-
nomenon can be attributed to the unique band folding through
a special superlattice (

√
3 × √

3) structure, resulting in the
Dirac cone of graphene being located at the � point. Espe-

FIG. 5. The k‖-resolved transmission coefficients across the
FGT/Gr-BBN-Gr/CrI MFTJ in the 2D Brillouin zone at the Fermi
level. (a), (b) AB stacking; (c), (d) BA stacking.

cially in the AP state, there are a significantly greater number
of hot spots present in the spin-up channel when compared
to the spin-down channel, with a difference in magnitude
of over two orders of magnitude, as depicted in Fig. 5(b)].
This observation indicates a remarkable spin-filtering effect.
Moreover, comparing two stacked MFTJs with different fer-
roelectric polarization directions, denoted as P → and P ←,
it is apparent that both P and AP states exhibit a significant
order-of-magnitude difference in their electron transmission
coefficients, resulting in a considerable TER ratio. Conversely,
these MFTJs with minor discrepancies in electron transmis-
sion coefficients between the P and AP states display a smaller
TMR ratio. Hence, the distribution of transmission coeffi-
cients in the 2D-BZ provides additional evidence to support
the existence of a significant TER ratio and a considerable
spin-filtering effect in these MFTJs in the equilibrium state.

Previous study demonstrated that stress is an effective
means of modulating the transport properties of MFTJs [21].
Considering the interface mismatch between different regions
of these devices, we investigate the influence of in-plane bi-
axial strain on the transport behavior in equilibrium state as
shown in Fig. 6. We can observe that (i) the TMR ratio of
BA-stacking MFTJ is adjustable and can be enhanced up to
1545% under biaxial stress (1.0% tensile strain) as displayed
in Fig. 6(a), while the TMR ratio of AB-stacking MFTJ re-
mains stable within the investigated strain range; (ii) as shown
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FIG. 6. The (a) TMR, (b) TER, and (c), (d) spin injection effi-
ciency η of FGT/Gr-BBN-Gr/CrI MFTJs in different stacking orders
as functions of in-plane biaxial strain.

in Fig. 6(b), for the AP state, TER remains stable within
the stress range, whereas for the P state, it remains stable
under compressive stress and can be maximally increased up
to ∼2.23 × 105% under a tensile stress of 1.0%; and (iii), as
shown in Figs. 6(c) and 6(d), stress can effectively enhance
the spin injection efficiency for both AB- and BA-stacking
MFTJs, leading to a perfect spin-filtering effect at the equilib-
rium state. Hence, the above results suggest that strain is an
effective approach for modulating the transport properties of
MFTJs.

C. Voltage-tunable transport properties in nonequilibrium state

Next, we calculate the current, spin-polarization ratio
(η) for the P and AP states, TMR, and TER ratio of the

FGT/Gr-BBN-Gr/CrI MFTJ in the bias voltage range of
−0.5 V to 0.5 V, as illustrated in Fig. 7. Note that the bias
voltage, V b, is established by applying the chemical poten-
tial on the left (right) electrode as +Vb/2 (−Vb/2). In the
P magnetic order state, whether it is AB- or BA-stacking
MFTJ, the total current shows a monotonically increasing
trend with increasing bias voltage and is contributed by the
spin-up current, implying a significant spin filtering effect [see
Figs. 7(a) and 7(e)]. In the AP state of AB stacking, as shown
in Fig. 7(b), the total current first increases and then decreases
in the bias ranges of 0.25 V to 0.35 V and −0.3 V to −0.5 V,
exhibiting an interesting negative differential resistance effect.
Similarly, in the AP state of BA stacking, a negative differ-
ential effect appears in the range of 0.25 V to 0.4 V [see
Fig. 7(f)]. In addition, the spin injection efficiency can be
tuned to almost 100% by the bias voltage as seen in Figs. 7(c)
and 7(g), indicating that the voltage can effectively manipulate
the spin current. Overall, the total current in the P state is much
higher than that in the AP state, resulting in a larger TMR ratio
at the corresponding bias voltage. Specifically, a TMR ratio as
high as ∼3.36 × 104% is observed in the BA-stacking MFTJ
when the bias voltage is −0.2 V as depicted in Fig. 7(d).
Another performance metric of the MFTJ device, TER, also
depends on the bias voltage and can reach a maximum of
∼6.68 × 103% at 0.2 V for the AP state [see Fig. 7(h)].

To find the large TMR, TER, and perfect spin-filtering ef-
fect under the above special bias, we calculate the k‖-resolved
transmission coefficients in the 2D-BZ and the electron trans-
mission spectrums varying with energy at ±0.2 V in Fig. 8.
Clearly, as shown in Fig. 8(a), in the P state (M ↑↑), the hot
spots only exist in the spin-up channel around the � point
in the 2D-BZ, almost none in the spin down, which means
that perfect spin filtering occurs at the Fermi level, while the
AP state (M ↑↓) hardly observed hot spots, indicating a large
TMR ratio as displayed in Fig. 8(b). More precisely, the cur-
rent can be obtained by integrating the electron transmission

FIG. 7. The variation of the current (a), (b), (e), and (f), spin injection efficiency η (c) and (g), and TMR (d) and TER ratios (h) vs the bias
voltages for FGT/Gr-BBN-Gr/CrI MFTJs in different stacking orders.
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FIG. 8. The k‖-resolved transmission coefficients across the
FGT/Gr-BBN-Gr/CrI MFTJ in the 2D Brillouin zone and transmis-
sion coefficients as a function of energy at specific bias voltages that
harbor the maximum TMR and TER. The dark green line represents
the bias voltage window used to calculate the current. (a)–(c) −0.2
V; (d)–(f) 0.2 V.

spectra within the bias window according to Eq. (1). There-
fore, the area enclosed by the electron transmission spectra
within the energy axis of the bias window can approximately
reflect the current. For the BA-stacking (P ←) MFTJ, only
spin-up transmission spectra exist within the bias window,

regardless of the P or AP state, indicating perfect-spin filtering
effect, which is consistent with our calculated results of η [see
Fig. 8(c)]. Furthermore, the area within the bias window of
the P state is significantly larger than that of the AP state
from Fig. 8(c), implying a large TMR. As shown in Figs. 8(d)
and 8(e), the hot spots of the AB-stacking (P →) MFTJ in
the 2D-BZ is much smaller than that of the BA-stacking
(P ←) at the Fermi level, which may host a large TER, further
confirmed by the area within the corresponding bias window
[see Fig. 8(f)].

IV. SUMMARY

In conclusion, we theoretically study the spin-dependent
electronic transport properties of the FGT/Gr-BBN-Gr/CrI
all-vdW MFTJs based on first-principles calculations. We
demonstrate four nonvolatile resistive states in MFTJ and the
potential to manipulate these states through the application of
bias or in-plane biaxial strain. The maximum achieved TMR
(TER) is 3.36 × 104% (6.68 × 103%) at a bias of −0.2 V
(0.2 V). Additionally, we observe perfect spin filtering and
negative differential resistance effects. Our results reveal the
potential of 2D ferromagnets and sliding ferroelectrics for
applications in ultrathin spin-electronics devices and future
spintronics.
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