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Spin-filter van der Waals Magnetic tunnel junctions (sf-vdW MTJs) formed by an interlayer antiferromagnetic
(AFM) vdW semiconductor as a barrier have exhibited promising prospects in achieving a high tunneling mag-
netoresistance (TMR) ratio in MTJs. Here, using first-principles calculations, we investigate the spin-dependent
transport and the TMR effect of sf-vdW MTJs formed by sandwiching bilayer and trilayer NiBr, barriers between
two graphite electrodes (Gr/NiBr,/Gr sf-vdW MTJs). Similar to the experimental results of sf-vdW MTIJs
formed by a few-layer Crl; barrier, the TMR ratios of the Gr/NiBr,/Gr sf-vdW MTIs increase first with the
increase of bias voltage and decrease with the further increase of bias voltage after reaching the highest points
because the conduction bands of the interlayer ferromagnetic (FM) NiBr, barrier at the K points go into the
bias window earlier than those of the interlayer AFM NiBr, barrier with the increase of bias voltage. Compared
to the TMR ratios of about 170% and 206% at zero bias voltage, the TMR ratios of the Gr/NiBr,/Gr sf-vdW
MT]Is with bilayer and trilayer NiBr, barriers are largely increased about 34 and 67 times by the optimized
bias voltage, respectively. Correspondingly, a giant TMR ratio of about 6000% and 14 000% can be achieved
in the Gr/NiBr;/Gr sf-vdW MTIJs with bilayer and trilayer NiBr, barriers at 0.14 and 0.125 V bias voltage,
respectively. Our results elucidate the mechanism of bias voltage induced giant TMR ratio in the Gr/NiBr,/Gr

sf-vdW MTJs and provide promising routes for developing MTJs with a high TMR ratio.

DOL: 10.1103/PhysRevB.104.144423

I. INTRODUCTION

Magnetic tunnel junctions (MTJs) are the subject of an
intensive research recently due to their potential applica-
tions in spintronics, and the high tunneling magnetoresistance
(TMR) ratio is the key functional property of MTJs to de-
velop high-performance spintronic devices [1-3]. To achieve
a high TMR ratio in MTJs, tremendous efforts have been
made over the past two decades [4-12]. The experimen-
tal discovery of van der Waals (vdW) intrinsic magnets
offers an intriguing approach to design high-performance
vdW MTJs [13-26]. In particular, spin-filter vdW MTJs
(sf-vdW MTlJs) formed by the interlayer antiferromagnetic
(AFM) vdW semiconductor as barrier have exhibited in-
spiring prospects in achieving a high TMR ratio in MTIJs
[22-34]. For example, using an external magnetic field to
change the interlayer ordering of few-layer Crl; from AFM
to ferromagnetic (FM), a high TMR ratio of 95%, 300%, and
550% was experimentally achieved in sf-vdW MTJs based on
graphite /Crl;/graphite heterostructures with bilayer, trilayer,
and tetralayer Crlz barriers at zero bias voltage, respectively
[22]. More importantly, it was experimentally reported that
at the optimized biasing voltage, a giant TMR ratio of up
to 10000%, 19000% and 1000000% can be achieved in
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sf-vdW MTIJs based on graphite/Crl;/graphite vdW het-
erostructures with Crlz barriers of different thicknesses at
low temperature under an applied magnetic field, respec-
tively [26-28], and the TMR ratio of sf-vdW MTJs formed
by sandwiching tetralayer Crl; between graphene contacts
can be continuously modulated from 17000% to 57 000%
by back gate voltage [25]. These experimental results reveal
that switching of the interlayer coupling of two-dimensional
(2D) vdW magnetic semiconductor and the optimized biasing
voltage are of vital importance for achieving a giant TMR
ratio in sf-vdW MTIs formed by the interlayer AFM vdW
semiconductor as barrier. Theoretically, using first-principles
calculations, Heath ef al. found that the interlayer coupling of
the Crl; barrier is key to properly describing electronic prop-
erties and spin-dependent transport in sf-vdW MT]Js based
on trilayer graphene/few-layer Crls/trilayer graphene het-
erostructures, in which few-layer Crl; in the rhombohedral
(low-temperature) phase was used as a barrier of sf-vdW
MTJs [31]. It was theoretically reported that the interlayer
coupling of few-layer Crl; in the low-temperature phase are
FM, while the weak interlayer AFM state exists in a few-layer
Crl; with monoclinic (high-temperature) phase [35,36]. Cor-
respondingly, it has been experimentally demonstrated that
the interlayer magnetic coupling in few-layer Crlz is AFM
[22,26,37]. As known, the TMR effect of sf-vdW MTJ comes
from the change in resistance when the magnetism of the
barrier switches between AFM and FM states. Therefore, to
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deeply understand the bias voltage induced giant TMR ratio,
it may be necessary to use the layered magnetic material with
a considerable interlayer magnetic coupling as a magnetic
barrier to theoretically investigate the influence of interlayer
coupling switching of the vdW magnetic barrier on spin-
dependent transport and giant TMR ratio in sf-vdW MTJs at
bias voltage by properly describing switching of the interlayer
coupling of the vdW magnetic barrier. More notable is that
Crl; turns into a liquid within minutes in ambient conditions
[38,39] and only BN-encapsulated Crl; is stable and can be
used in electronic devices, which make Crl; investigation and
integration into spintronic devices more complicated. It is
therefore desirable to explore new vdW magnetic materials
with a higher ambient stability to make it more convenient to
integrate vdW magnetic materials into spintronic devices.

Except for the metal trihalides represented by Crls, layered
metal dihalides are also a family of vdW intrinsically mag-
netic materials [40-43]. Among metal dihalides, bulk NiBr;
with the rhombohedral CdCl, structure was demonstrated to
be a vdW intrinsically magnetic semiconductor with mag-
netic structure of intralayer FM and interlayer AFM orderings
[44-48]. Furthermore, it was experimentally reported that the
Néel temperature of bulk NiBr, is about 52 K and the mag-
netic easy axis is in-plane [44]. It is worth noting that the
calculated formation energy of NiBr; is —1.50 eV /atom [41],
which is much smaller than those of both rhombohedral and
monoclinic phases of Crl; [49], thus NiBr; is more energeti-
cally stable. Moreover, the calculated exfoliation energies of
NiBr; and Nil, are smaller than that of graphite, indicating
the easy preparation of monolayer and few-layer NiBr, and
Nil, [48]. Experimentally, the monolayer and few-layer Nil,
flakes were epitaxially grown on h-BN and few-layer Nil,
was partly hydrating within 2 hours in air [50], in contrast to
the irreversible degradation of Crl; within seconds in ambient
conditions. Therefore, not only few-layer NiBr, may be pre-
pared in the future but may not degrade rapidly under ambient
conditions, as well as a high TMR ratio may be achieved in
st-vdW MTIJs formed by few-layer NiBr, as barrier at the
optimized biasing voltage.

Here, we design sf-vdW MTIJs formed by sandwiching
bilayer and trilayer NiBr, barriers between two graphite
electrodes (Gr/NiBr,/Gr sf-vdW MTIs), and investigate
the spin-dependent transport and the TMR effect of the
Gr/NiBr, /Gr sf-vdW MTIJs using first-principles calcula-
tions. Similar to the experimental results of sf-vdW MTIJs
formed by a few-layer Crl; barrier [25-27], the TMR ratios
of the Gr/NiBr,/Gr sf-vdW MTJs increase first with the in-
crease of bias voltage and decrease with the further increase of
bias voltage after reaching the highest points. In particular, a
giant TMR ratio of about 6000% and 14 000% can be achieved
in the Gr/NiBr,/Gr sf-vdW MTIJs with bilayer and trilayer
NiBr;, barriers at the optimized biasing voltage, respectively.

II. COMPUTATIONAL METHODS

First-principles calculations for structure optimization,
bader charge, work function, and magnetism are performed
using density functional theory (DFT) within the projec-
tor augmented wave method as implemented in the Vienna
ab initio Simulation Package (VASP) [51-54]. The exchange-

correlation functional is approximated by the generalized gra-
dient approximation (GGA) of the Perdew-Burke-Ernzerhof
version [55], and the interlayer vdW interactions are taken
into account by the optB86b-vdW exchange functional [56].
The energy cutoff of the plane wave expansion is set to be
500 eV, and the convergence criteria for energy and force are
settobe 1 x 107°eV and 0.01 eV/A, respectively. A vacuum
space of more than 15 A is used to avoid the spurious inter-
action between periodic replicas, and a I'-centered k mesh of
11 x 11 x 1 is used to sample the first Brillouin zone (BZ) of
monolayer, bilayer, and trilayer NiBr, as well as three-layers
graphene/NiBr, /three-layers graphene (Gr/NiBr,/Gr) het-
erostructure.

The calculations for electronic structure and quantum
transport are performed using the NANODCAL package based
on real-space DFT combined with the Keldysh nonequilib-
rium Green’s function formalism [57]. 7 x 7 x 1 and 150 x
150 x 1 Monkhorst—Pack k points are used for self-consistent
calculations and calculating conductance and current, respec-
tively. At zero bias voltage, the spin-resolved conductance of
sf-vdW MTIs is calculated by

2
Gy = = D Ttk Er), M
ky

where T, (EF, k) is the transmission coefficient with spin o
(0 =1, ) at the Fermi level Er and transverse Bloch wave
vector kj, e, and h are the electron charge and the Planck
constant, respectively.

The spin-resolved tunneling current of sf-vdW MTIs at
a bias voltage V can be obtained by the Landauer-Buttiker
formula

_ e
" h
where f; (f,) and u; (u,) are the Fermi distribution function

and the chemical potential of the left (right) electrodes, re-
spectively.

Iy /TU(E, VIIAE — ) = fr(E — pp)ldE,  (2)

III. RESULTS AND DISCUSSION

A. Structure of NiBr, and Gr/NiBr,/Gr sf-vdW MTJs

Bulk NiBr; adopts the rhombohedral CdCl, layered struc-
ture with the space group R3m, in which the blocks of
monolayer NiBr; are stacked together by weak vdW inter-
action along the ¢ axis and the layer stacking sequence is
strictly ABC. In monolayer NiBr,, a honeycomb Ni layer is
sandwiched between two Br layers through the Ni-Br bonds
in antiprismatic coordination. The optimized structure param-
eters of bulk and monolayer NiBr;, such as lattice constant,
bond length, and the interlayer distance, are in agreement
with previously calculated and measured values [40—47].
Furthermore, our calculations show that, no matter what in-
tra and interlayer magnetic couplings are FM or AFM, the
energies of AB-stacked bilayer, ABC-stacked trilayer, and
ABC-stacked bulk NiBr, are slightly higher than those of
AA-stacked bilayer, AAA-stacked trilayer, and AAA-stacked
bulk NiBr;, respectively. For instance, when the interlayer
coupling is of AFM order, the energies of AB-stacked
bilayer, ABC-stacked trilayer, and ABC-stacked bulk NiBr,
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FIG. 1. (a) Top view of monolayer NiBr, and (b) side view of
bulk NiBr,. (c) Top view of the interface between graphene and
NiBr; in the Gr/NiBr,/Gr heterostructures. (d) Side views of the
Gr/NiBr, /Gr st-vdW MT]Js with bilayer and trilayer NiBr, barriers,
respectively.

are 1.30, 0.75, and 1.27 meV /formula unit higher than those
of AA-stacked bilayer, AAA-stacked trilayer, and AAA-
stacked bulk NiBr,. Referring to the experimental results of
ABC stacking sequence in bulk NiBr; [43-45] and the small
energy difference between the AAA-stacked (AA-stacked)
sequence and ABC-stacked (AB-stacked) sequence, we con-
struct the Gr/NiBr,/Gr sf-vdW MTJs using AB-stacked
bilayer and ABC-stacked trilayer NiBr, as barriers. As shown
in Fig. 1(d), the designed Gr/NiBr;,/Gr sf-vdW MT]Is consist
of semi-infinite left and right graphite electrodes and central
region, and the central region is a vdW heterostructure formed
by sandwiching bilayer or trilayer NiBr, barrier between two
trilayer graphene buffer layers. To reduce the lattice mismatch
between the graphene and NiBr;, layers at the interface, a
V3 x +/3 unit cell of NiBr, and a V7 % +/7 unit cell of
graphene are used to build trilayer graphene/bilayer (trilayer)
NiBr, /trilayer graphene (Gr/NiBr,/Gr) vdW heterostructure
and the in-plane lattice constant of the Gr/NiBr,/Gr vdW
heterostructure is set as 6.407 A, thus graphite is compressed
about 1.1% and NiBr, is stretched about 0.8%. The optimized
interlayer distance between interfacial graphene and NiBr;
layer in the Gr/NiBr,/Gr vdW heterostructures is 3.45 A.
Herein, two (three) monolayers of the bilayer (trilayer) NiBr;
barrier in the Gr/NiBr,/Gr vdW heterostructure are denoted
by Layer 1 and Layer 2 (Layer 1, Layer 2, and Layer 3),
respectively, as shown in Fig. 1(d).

B. Electronic structure and magnetism of NiBr,
and Gr/NiBr,/Gr vdW heterostructures

Consistent with the report by the authors of Ref. [42], our
calculations show that bulk NiBr; is an intrinsically magnetic
semiconductor with the magnetic structure of intralayer FM
and interlayer AFM orderings and monolayer NiBr, is an in-
trinsically FM semiconductor, in which the magnetic moment
is mainly provided by the d orbits of Ni atoms. Furthermore,
we find that energies of the interlayer AFM state of AB-
stacked bilayer and ABC-stacked trilayer NiBr, are 7.53 and
10.52 meV /formula unit lower than those of the interlayer FM
state, respectively, which means that the interlayer AFM cou-

pling of AB-stacked bilayer and ABC-stacked trilayer NiBr;
are much larger than that of Crlz in the high-temperature
phase. Meanwhile, it can be seen from the spin-resolved band
structure in Figs. 2(a), 2(e), and Figs. 3(a), 3(e) that no matter
what interlayer magnetic couplings are FM or AFM, the Fermi
level lies within the band gap of bilayer and trilayer NiBry»,
thus both of the AB-stacked bilayer and ABC-stacked trilayer
NiBr, are magnetic semiconductors. In contrast, the Fermi
energy locates within the conduction bands of bilayer and
trilayer NiBr; in the Gr/NiBr,/Gr vdW heterostructures, as
shown in Figs. 2(b), 2(f), and Figs. 3(b), 3(f). Correspond-
ingly the local densities of states (DOSs) of the Gr/NiBr,/Gr
vdW heterostructures in real space show that when bilayer
and trilayer NiBr; are the interlayer FM state, the minority-
spin state of each monolayer of bilayer and trilayer NiBr, in
the vdW heterostructures is metallic, while the majority-spin
state of each monolayer NiBr, is semiconducting, thus the
bilayer and trilayer NiBr, barriers in the vdW heterostruc-
tures become half-metal. Moreover, it can be seen from the
band structure and local DOSs of the Gr/NiBr,/Gr vdW
heterostructures in Figs. 2 and 3 that when bilayer (trilayer)
NiBr; in the Gr/NiBr;/Gr vdW heterostructure is the inter-
layer AFM state, the minority-spin state of Layer 1 (Layer 1
and Layer 3), and the majority-spin state of Layer 2 of bilayer
(trilayer) NiBr, are metallic, while the majority-spin state of
Layer 1 (Layer 1 and Layer 3) and the minority-spin state
of Layer 2 of bilayer (trilayer) NiBr, are semiconducting,
indicating that the bilayer and trilayer NiBr, barriers in the
vdW heterostructures become half-metal.

In the following, we further understand the half-metallicity
of the bilayer (trilayer) NiBr, barrier in the Gr/NiBr,/Gr
heterostructure. Our calculations show that the calculated
electron affinity and ionization energy of isolated bilayer (tri-
layer) NiBr; are 5.431 and 6.153 eV (5.452 and 6.157 eV),
respectively, while the calculated work function of graphene
is 4.245 eV. Since the work function of graphene is smaller
than the electron affinity of bilayer (trilayer) NiBr,, the elec-
trons will transfer from graphene to bilayer (trilayer) NiBr;
when they are stacked together to form the Gr/NiBr,/Gr
heterostructure. The band structure and local DOSs of bilayer
NiBr; in Fig. 2 show that the minority-spin conduction bands
of each monolayer of bilayer NiBr, are much closer to the
Fermi level than the majority-spin of those in the case of the
interlayer FM state of bilayer NiBr;, while the minority-spin
conduction bands of Layer 1 and the majority-spin conduction
bands of Layer 2 of bilayer NiBr;, are closer to the Fermi level
in the case of the interlayer AFM state of bilayer NiBr,. Cor-
respondingly, when bilayer NiBr, is the interlayer FM state,
the electronic transfer from graphene to the minority-spin con-
duction bands of each monolayer of bilayer NiBr, in the vdW
heterostructure will result in the minority-spin metallic state
of each monolayer of bilayer NiBr, and an upward shift of
the Dirac point of graphene away from the Fermi level. In con-
trast, when NiBr, is the interlayer AFM state, the electronic
transfer from graphene to the minority-spin conduction bands
of Layerl and the majority-spin conduction bands of Layer
2 of bilayer NiBr; in the vdW heterostructure will lead to
the minority-spin metallicity of Layer 1 and the majority-spin
metallicity of Layer 2 of bilayer NiBr,, as well as an upward
shift of the Dirac point of graphene away from the Fermi level.
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FIG. 2. Band structure of the interlayer (a) FM and (e) AFM bilayer NiBr,. Band structure of the Gr/NiBr;/Gr heterostructure when
bilayer NiBr, is the interlayer (b) FM and (f) AFM states. Red and black curves represent the majority- and minority-spin bands. Local
(c), (g) majority- and (d), (h) minority-spin DOSs in the real space along the transport direction of the Gr/NiBr,/Gr heterostructure when
bilayer NiBr, is the interlayer (c), (d) FM and (g), (h) AFM states, respectively. The Fermi energy is indicated by the horizontal dashed line.

Similar to bilayer NiBr, barrier, the electronic transfer from
graphene to the minority-spin conduction bands of trilayer
NiBr; barrier will result in the minority-spin metallic state
of each monolayer of trilayer NiBr, and an upward shift of
the Dirac point of graphene away from the Fermi level in the
case of the interlayer FM state of trilayer NiBr,. Moreover,
when NiBr; is the interlayer AFM state, the electronic transfer
from graphene to the majority-spin conduction bands of Layer
2 and the minority-spin conduction bands of Layer 1 and
Layer 3 of trilayer NiBr, barrier will lead to the majority-spin
metallicity of Layer 2 and the minority-spin metallicity of
Layer 1 and Layer 3 of trilayer NiBr,, as well as an upward
shift of the Dirac point of graphene away from the Fermi
level. Also, the Bader charge analysis for the Gr/NiBr,/Gr

Energy (eV)

Energy (eV)

K M -1.0

vdW heterostructure demonstrates that about 0.190 and 0.153
electrons transfer from graphene to bilayer and trilayer NiBr,
in the Gr/NiBr, /Gr vdW heterostructure. Therefore, the elec-
tronic transfer from graphene to the NiBr; barrier leads to the
half-metallicity of the bilayer and trilayer NiBr, barrier in the
Gr/NiBr; /Gr heterostructure.

C. TMR effect and spin-dependent transport
of Gr/NiBr,/Gr sf-vdW MTJs

The TMR ratio of Gr/NiBr,/Gr sf-vdW MTIs at zero bias
voltage is defined as TMR = (Ggy — Gapm)/Garm X 100%,
where the total conductance Ggy(Gapy) is the summation
of major- and minority-spin conductances for the interlayer

Layer1 Layer2 Layer3

Layer]1 Layer2 Layer3

Layer1 Layer2 Layer3

FIG. 3. Band structure of the interlayer (a) FM and (e) AFM trilayer NiBr,. Band structure of the Gr/NiBr,/Gr heterostructure when
trilayer NiBr; is the interlayer (b) FM and (f) AFM states. Red and black curves represent the majority- and minority-spin bands. Local (c),
(g) majority- and (d), (h) minority-spin DOSs in the real space along the transport direction of the Gr/NiBr,/Gr heterostructure when trilayer
NiBry; is the interlayer (c), (d) FM and (g), (h) AFM states, respectively. The Fermi energy is indicated by the horizontal dashed line.
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TABLEL Calculated conductance (in units of ¢? /) and TMR ratios of Gr/NiBr, /Gr sf-vdW MTJs with bilayer and trilayer NiBr, barriers
at zero bias voltage. Gpv(Garm), Gem(Grarm) and G pv (G apm ) represent the total, major-, and minority-spin conductances for the interlayer

FM (AFM) state of the NiBr, barrier, respectively.

NiBr, Gem Giem G rm Garm Giarm G arm TMR (%)
Bilayer 3.73 x 10°° 3.28 x 107 3.40 x 10°° 1.38 x 1075 8.12 x 10°° 5.66 x 107 170
Trilayer 4.73 x 107 3.59 x 1078 4.69 x 1076 1.55 x 1076 5.82 x 1077 9.66 x 10~ 206

FM (AFM) state of NiBr, barrier, that is, Gem = Gypm +
G¢FM(GAFM = GTAFM + GiAFM)- Table I lists the calculated
conductance and the TMR ratios of the Gr/NiBr,/Gr sf-
vdW MTJs with bilayer and trilayer NiBr, barriers. It is
seen from Table I that the conductance of the Gr/NiBr,/Gr
st-vdW MTIJ with bilayer NiBr; barrier is much larger than
the corresponding one of Gr/NiBr,/Gr sf-vdW MTIJ with
trilayer NiBr; barrier due to the stronger spin-filtering effect
of trilayer NiBr, than that of bilayer NiBr,, and G gy of the
Gr/NiBr; /Gr sf-vdW MT]J with bilayer (trilayer) NiBr, bar-
rier is about one order (two orders) of magnitude larger than
G1em, thus Gy of the Gr/NiBr, /Gr sf-vdW MT]Js are nearly
the same as G pm. Moreover, Gpy of the Gr/NiBr,/Gr sf-
vdW MT]J with bilayer (trilayer) NiBr, barrier is almost two
(three) times as large as Gapm. Consequently, the TMR ratios
of about 170% and 206% are achieved in the Gr/NiBr;/Gr
st-vdW MT]Js with bilayer and trilayer NiBr, barriers at zero
bias voltage, respectively. As is known, the electron trans-
mission across the Gr/NiBr,/Gr sf-vdW MTlIs is closely
related to the intrinsic conduction channels of the graphite
electrode and the electronic properties of the NiBr, barrier.
Our calculations show that the conduction channels of the
graphite are mainly located at the high-symmetry K points
of the 2D BZ. Correspondingly, the electron transmissions
across the Gr/NiBr,/Gr sf-vdW MTJs mainly occur at the
K points in all cases because the spin and transverse wave
vector kj are conserved in the transmission process. As shown
in Figs. 2 and 3, when the NiBr; barrier is the interlayer FM
state, the minority-spin conduction bands of the NiBr, barrier
at the K points are still above the Fermi level although the
minority-spin state of the bilayer (trilayer) NiBr, is metallic,
and the minority-spin band gap of the bilayer (trilayer) NiBr;
barrier at the K points is much smaller than the majority-spin
one. As a result, the minority-spin transmissions at the K
points are much larger than the majority-spin those in the
case of the interlayer FM state of NiBr, barrier, thus G gy of
the Gr/NiBr,/Gr sf-vdW MT]J with bilayer (trilayer) NiBr;
barrier is much larger than G4gum.

It is noteworthy that at the optimized biasing voltage, a
giant TMR ratio of 10°% to 10°% is experimentally achieved
in sf-vdW MTJs based on graphite/few-layer Crl;/graphite
vdW heterostructures [26-28]. Therefore, we further investi-
gate the spin-dependent transport and the TMR effect of the
Gr/NiBr; /Gr sf-vdW MTlIs at bias voltage. At a bias voltage,
the TMR ratio of the Gr/NiBr,/Gr sf-vdW MTIs is defined
as TMR = (Iem — Iarm)/Iarm X 100%, where the total cur-
rent Ipy(Iapm) is the summation of major- and minority-spin
currents for the interlayer FM (AFM) state of NiBr, barrier.
Figures 4(a) and 4(b) show the bias voltage dependence of
the total current across the Gr/NiBr, /Gr sf-vdW MTJs with
bilayer and trilayer NiBr, in the case of the interlayer FM

and AFM states of NiBr, barrier, respectively. Correspond-
ingly, the TMR ratio as a function of bias voltage for the
Gr/NiBr, /Gr sf-vdW MTIs with bilayer and trilayer NiBr,
are also shown in Figs. 4(a) and 4(b). When bilayer and
trilayer NiBr; are the interlayer FM and AFM states, both
Irm and Iapy across the Gr/NiBr,/Gr sf-vdW MTJs mono-
tonically increase with the increase of bias voltage. It is
noteworthy that when the bias voltage is larger than 0.09 V,
Irm across the Gr/NiBr; /Gr sf-vdW MTJ with bilayer NiBr,
barrier rapidly increases with the increase of bias voltage
compared to the slow increase of Ixpy, While Iapy across
the Gr/NiBr,/Gr st-vdW MTIJ with bilayer NiBr, barrier
significantly increases with the increase of bias voltage when
the bias voltage is larger than 0.14 V. Similarly, when the
bias voltage is larger than 0.1 V, Iy across the Gr/NiBr,/Gr
sf-vdW MTJ with trilayer NiBr, barrier rapidly increases with
the increase of bias voltage compared to the slow increase of
Iapm, While Iapy across the Gr/NiBr, /Gr sf-vdW MTJ with
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FIG. 4. Total currents of the Gr/NiBr,/Gr MTJs as a function of
bias voltage when (a) bilayer and (b) trilayer NiBr, are the interlayer
FM and AFM states and TMR ratios of the Gr/NiBr,/Gr MTJs as a
function of bias voltage.
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trilayer NiBr, barrier significantly increases with the increase
of bias voltage when the bias voltage is larger than 0.125 V.
Corresponding to above variation of Iy and Iapy with bias
voltage, the difference between Iz and Izpy increases first
with the increase of bias voltage and then decreases with the
further increase of bias voltage. As a result, similar to the
experimental results of sf-vdW MTlJs formed by a few-layer
Crls barrier [25-27], the TMR ratios of the Gr/NiBr,/Gr
sf-vdW MT]Js with bilayer and trilayer NiBr, barriers increase
first with the increase of bias voltage and then decrease with
the further increase of bias voltage after reaching the high-
est TMR ratio of about 6000% and 14 000%, as shown in
Figs. 4(a) and 4(b). Compared to the TMR ratios at zero bias
voltage, the TMR ratios of the Gr/NiBr,/Gr sf-vdW MTIJs
with bilayer and trilayer NiBr; barriers are increased about 34
and 67 times by bias voltage, respectively.

Equation (2) shows that the currents Ipy and Izpy are
obtained by integrating transmission coefficients with respect
to energies in the bias window, and the energy range of the
bias window is from Er-eV/2 to Er 4+ eV/2 for a given bias
voltage V. Figures 5(a) to 5(d) show the transmission coef-
ficients of the Gr/NiBr;/Gr sf-vdW MTIJs with bilayer and
trilayer NiBr, barriers as a function of energy at different bias
voltages when the NiBr, barriers are the interlayer FM and
AFM states, respectively. Corresponding to the transmission,
Figs. 6(a) to 6(d) show the spin-resolved band structure of
the Gr/NiBr;/Gr sf-vdW heterostructures with bilayer and
trilayer NiBr, barriers at different bias voltages in the case
of the interlayer FM and AFM state of NiBr; barrier, re-
spectively. As is mentioned above, the conduction channels
of the graphite are mainly located at the K points and the
electron transmissions mainly occur at the K points, which

means that though there are a couple of bands from NiBr,
crossing the bias window on the left side of the K points,
they do not almost contribute to the conductance because the
transverse wave vector k| are conserved in the transmission
process. Therefore, we focus on the band structures of the
bilayer (trilayer) NiBr, barriers at the K points to elucidate
the electron transport of the Gr/NiBr,/Gr sf-vdW MTIs at
bias voltage. It can be seen from Figs. 6(a) to 6(d) that the
conduction bands of the bilayer (trilayer) NiBr; barrier at the
K points move towards the Fermi level by increasing bias
voltage. Corresponding to the movement of the conduction
bands of the bilayer (trilayer) NiBr, barrier at the K points,
the transmission peaks move towards the Fermi level with the
increase of bias voltage, as shown in Figs. 5(a) to 5(d). It is
noteworthy that when the bias voltage is larger than 0.09 V
(0.1 V), the minority-spin conduction bands of the NiBr, bar-
riers at the K points begin to enter the bias window in the case
of the interlayer FM state of bilayer (trilayer) NiBr,, while
the conduction bands of the NiBr, barriers at the K points
is still outside the bias window in the case of the interlayer
AFM state of bilayer (trilayer) NiBr;. Correspondingly, when
the bias voltage is larger than 0.09 V (0.1 V), the transmission
peaks enter the bias window in the case of the interlayer FM
state of bilayer (trilayer) NiBr,, while the transmission peaks
are still outside the bias window in the case of the interlayer
AFM state of bilayer (trilayer) NiBr,. Consequently, when
the bias voltage is larger than 0.09 V (0.1 V), the integral of
transmission coefficients in the bias window increase rapidly
with the increase of bias voltage in the case of the interlayer
FM state of bilayer (trilayer) NiBr,, resulting in significant
increase of Igy across sf-vdW MTIJs with the increase of
bias voltage. In contrast to significant increase of Iy, the
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integral of transmission coefficients in the bias window, i.e.,
Ianpy increase slowly with the increase of bias voltage when
NiBr; is the interlayer AFM state. Furthermore, when the
bias voltage is larger than 0.14 V (0.125 V), the conduction
bands of the NiBr, barriers at the K points also begin to enter
the bias window in the case of the interlayer AFM state of
bilayer (trilayer) NiBr,, as shown in Figs. 6(b) and 6(d), thus
the transmission peaks also enter the bias window. As a result,
Iapm across sf-vdW MTJ with bilayer (trilayer) NiBr, barrier
significantly increases with the increase of bias voltage when
the bias voltage is larger than 0.14 V (0.125 V).

IV. CONCLUSION

In summary, AB-stacked bilayer and ABC-stacked trilayer
NiBr, are magnetic semiconductors with magnetic structure
of intralayer FM and interlayer AFM orderings. It is note-
worthy that, similar to the experimental results of sf-vdW
MTIs formed by a few-layer Crl; barrier, the TMR ratios
of the Gr/NiBr,/Gr sf-vdW MTIJs increase first with the
increase of bias voltage and decrease with the further in-
crease of bias voltage after reaching the highest points because
the conduction bands of the interlayer ferromagnetic (FM)

NiBr, barrier at the K points go into the bias window earlier
than those of the interlayer AFM NiBr, barrier with the in-
crease of bias voltage. Compared to the TMR ratios of about
170% and 206% at zero bias voltage, the TMR ratios of the
Gr/NiBr, /Gr sf-vdW MTIJs with bilayer and trilayer NiBr,
barriers are largely increased about 34 and 67 times by the
optimized bias voltage, respectively. Correspondingly, a giant
TMR ratio of about 6000% and 14 000% can be achieved
in the Gr/NiBr,/Gr st-vdW MTlJs with bilayer and trilayer
NiBr; barriers at 0.14 and 0.125 V bias voltage, respectively.
These findings provide promising guidelines for the realiza-
tion of the high TMR ratio in vdW MTIs.
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