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The discovery of two-dimensional (2D) van der Waals (vdW) intrinsic magnets has opened a promising
avenue to design high-performance magnetic tunnel junctions (MTJs) based on 2D materials. In this work,
using first-principles calculations, it is demonstrated that bilayer CoBr; is intrinsically a magnetic semiconductor
with intralayer ferromagnetic (FM) and interlayer antiferromagnetic (AFM) couplings and the interlayer AFM
coupling in bilayer CoBr, is independent on the stacking orders. Moreover, using the nonequilibrium Green’s
function combined with density functional theory, it is found that due to the large difference between interlayer
AFM and FM states of the CoBr, barrier, the conductance of spin filter (SF) vdW MTJs based on the
graphene/bilayer CoBr,/graphene heterostructure for the interlayer FM state of the CoBr, barrier is about 25
times that for the interlayer AFM state of the CoBr, barrier. Consequently, a high tunneling magnetoresistance
(TMR) ratio of 2420% is achieved in this SF-vdW MT]J at zero bias. In particular, because the current for the
interlayer FM state of the CoBr, barrier rapidly increases with the increase of bias voltage, a giant TMR ratio of
up to about 38 000% can be achieved in this SF-vdW MT]J at 0.2-V bias. Our results suggest that SF-vdW MTIJs
formed by the interlayer AFM barrier with variable conductivity hold great potential for developing vdW MTJs

with a high TMR ratio.

DOLI: 10.1103/PhysRevB.103.134437

I. INTRODUCTION

Magnetic tunnel junctions (MTJs) have been imple-
mented in magnetic read heads and nonvolatile magnetic
random-access memories [1-4]. As is known, the tunneling
magnetoresistance (TMR) ratio is one of the most impor-
tant performance indexes of MTJs [5-7]. In the past two
decades, great efforts have been devoted to achieving a high
TMR ratio in MTJs both theoretically and experimentally.
The conventional MTJs are formed by sandwiching a non-
magnetic insulating barrier layer between two ferromagnetic
(FM) electrodes, and the TMR is the change in resistance of
MTJs when the magnetization of two electrodes is aligned
parallel or antiparallel. The discovery of two-dimensional
(2D) van der Waals (vdW) intrinsic magnets, such as Crls
[8], CrGeTes [9], FezsGeTe, [10,11], VSe, [12], and MnPS;
[13], has opened a new avenue to explore high-performance
MTIs based on 2D materials [14-35]. In recent years, 2D
vdW intrinsic magnets have been used to construct vdW het-
erostructures to develop vdW MTJs with a high TMR ratio
[23-35]. In this regard, it was experimentally reported that
by using an external magnetic field to change the interlayer
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ordering of few-layer Crlz from antiferromagnetic (AFM) to
FM, a high TMR ratio of 95%, 300%, and 550% is achieved in
spin filter (SF) vdW MTJs based on graphene/Crls/graphene
heterostructures with bilayer, trilayer, and tetralayer Crlz
magnetic barriers, respectively, at zero bias [32]. In particular,
several experimental works demonstrated that at optimized
biasing voltage, a giant TMR ratio of up to 19 000%, 10 000%,
and even 1 000 000% can be achieved in SF-vdW MTIs
based on graphite/Crl;/graphite vdW heterostructures with
Crl; barriers of different thicknesses under a magnetic field
[33-35]. Correspondingly, Heath er al. theoretically investi-
gated spin-dependent transport and the TMR effect in SF-vdW
MTIs based on trilayer graphene/few-layer Crls/ trilayer
graphene heterostructures using first-principles calculations
within density functional theory (DFT) and Landauer’s for-
malism and found that the interlayer coupling of the Crlz
barrier, despite usually being perceived as weak, is key to
properly describing electronic properties and spin-dependent
transport in these SF-vdW MT]Js [36]. Nevertheless, there is
an obvious discrepancy in interlayer coupling of few-layer
Crl; between theoretical calculations by Heath et al. and
experimental measurements: The theoretical calculations indi-
cate that the interlayer FM states of AA stacked few-layer Crlz
are more stable than the interlayer AFM ones [36-39], while
the experimental measurements demonstrate that the inter-
layer AFM state is the most stable in few-layer Crl; [40,41].
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Hence, the role of interlayer coupling of the vdW magnetic
barrier on spin-dependent transport in SF-vdW MT]Js formed
by a 2D vdW magnetic barrier has not yet been fully unveiled.

Similar to few-layer Crls, bulk CoBr, with a CdI,-type
structure was reported to be a vdW intrinsically magnetic
semiconductor with intralayer FM and interlayer AFM cou-
plings both theoretically and experimentally [42—44]. Also,
monolayer CoBr;, was theoretically predicted to be an intrinsi-
cally FM semiconductor [45,46]. These results indicate that a
high TMR ratio may be achieved in SF-vdW MT]Js formed by
a few-layer CoBr, barrier at a biasing voltage. Meanwhile, the
investigation of SF-vdW MTIJs formed by a few-layer CoBr,
barrier will help to elucidate the role of interlayer coupling
of a vdW magnetic barrier on spin-dependent transport in
SF-vdW MTlIs formed by a 2D vdW magnetic barrier.

In this work, by using first-principles calculations, we
demonstrate that bilayer CoBr; is an intrinsically magnetic
semiconductor with intralayer FM and interlayer AFM cou-
plings, and the interlayer AFM coupling in bilayer CoBr;
is independent of the stacking orders. Moreover, using the
nonequilibrium Green’s function combined with DFT, a high
TMR ratio of 2420% can be achieved in SF-vdW MT]Js based
on graphene/bilayer CoBr,/graphene heterostructures at zero
bias due to the large difference in electronic properties be-
tween interlayer AFM and FM states of the CoBr, barrier.
More interestingly, a giant TMR ratio of up to about 38 000%
can be achieved in this SF-vdW MT]J at 0.2-V bias since the
current for the interlayer FM state of the CoBr; barrier rapidly
increases with the increase of bias voltage.

II. COMPUTATIONAL METHOD

First-principles calculations for the structure optimiza-
tion, electronic structure, and magnetism are performed with
the projector augmented-wave pseudopotentials [47] and the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof version [48] using the Vienna Ab initio
Simulation Package (VASP) code [49,50]. The interlayer vdW
interactions are treated with the optB86b-vdW functional
[51], and the correlation effects for the d electrons of Co
are introduced by means of the GGA+U approach with the
on-site effective interaction parameter U = 3.0 eV, which is
in the range of values used in Refs. [42,45]. A plane-wave
energy cutoff of 600 eV and a 13 x 13 x 1 Monkhorst-Pack
k point grid are used for first-principles calculations. The
structure is optimized using the conjugate gradient method,
and the convergence criteria for energy and force are set to be
1 x 107% eV and 0.01 eV/A, respectively. A vacuum space
of 15 A is used to eliminate the spurious interaction between
periodic replicas.

The spin-dependent transport calculations are performed
using the NANODCAL package through the nonequilibrium
Green’s function combined with the DFT considering the
on-site Coulomb interaction U [52,53]. The spin-resolved
conductance G, at zero bias is calculated using the Landauer-
Biittiker formula:

2
e
Go = kZ T, (ky, Er), (1
I

where T, (kj, Er) is the transmission coefficient with spin o
(o =7, |) at the Fermi level Er and the transverse Bloch wave
vector ky (kj = k,, ky) and e and h are the electron charge and
the Planck constant, respectively. The TMR ratio at zero bias
is defined as

(Gem — Gapm)
AFM

where Ggy (Gagwm) is the total conductance of SF-vdW MTJ
when the bilayer CoBr, barrier is an interlayer FM (AFM)
state, i.e., the summation of spin-up and spin-down conduc-
tances for the interlayer FM (AFM) state of the CoBr; barrier.

At bias voltage V, the spin-resolved current is calculated as
follows:

TMR = x 100%, 2)

I, = E/TG(E, Vlfe-p) — fE—updE, (3)

where 7, (E,V) is the transmission coefficient at energy E
with spin o under the applied bias voltage V, fiz—u,) (fie—uz))
is the Fermi distribution function of electrons in the left (right)
electrode, and p; (g) is the electrochemical potential of the
left (right) electrode. The TMR ratio at bias voltage is defined
as (Iem — Iapm)/Iapm X 100%, where Iev (Iapym) is the total
current for the interlayer FM (AFM) state of the CoBr; barrier,
i.e., the summation of spin-up and spin-down currents for the
interlayer FM (AFM) state of the CoBr; barrier.

In spin-dependent transport calculations, the cutoff energy
is set to be 160 Ry, and the basis type is double-zeta po-
larization. A 9 x 9 x 1 k mesh is used for self-consistent
calculations, and the k points for the spin-resolved transmis-
sion coefficient and current calculations are 150 x 150 x 1.

III. RESULTS AND DISCUSSION

Bulk CoBr; crystallizes in a CdI,-type layered structure,
which is formed by the AA stacking of weakly vdW inter-
acting 2D CoBr; layers [42,43]. In each CoBr, layer, one
Co atom layer is sandwiched by two Br atom layers through
the Co-Br bonds in antiprismatic coordination, as shown in
Fig. 1(a). The optimized lattice constant and Co-Br bond
length of monolayer CoBr, are in agreement with previous
calculations [45,46]. Consistent with the report by Ref. [46],
monolayer CoBr; is found to be an intrinsically FM semicon-
ductor, and the magnetic moment is mainly provided by the d
orbits of Co atoms. In view of variations of the interlayer mag-
netic couplings in bilayer CoBr; with the interlayer stacking
order, we calculate the energy of bilayer CoBr, with different
interlayer stacking orders in interlayer FM and AFM states.
Figure 1(d) shows the change in energy of interlayer FM and
AFM states for a particular stacking order, with respect to the
AA stacking, rigidly shifted along the high-symmetry [100]
and [110] directions. It can be seen from Fig. 1(d) that whether
interlayer magnetic couplings are FM or AFM, AA stacking
is the preferred stacking order of bilayer CoBr,, which is in
accord with the stacking order of bulk CoBr, [42,44]. Differ-
ent from bilayer Crl; [37], the interlayer AFM state of bilayer
CoBr; for all stacking orders is more stable than the interlayer
FM one, which means the interlayer AFM coupling in bilayer
CoBr; is independent of the stacking orders. The optimized
lattice constant and Co-Br bond length of AA-stacked bilayer
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FIG. 1. Top and side views of (a) monolayer CoBr; and bilayer
CoBr;, with (b) AA and (c) AB stacking orders. Orange and cyan
arrows indicate the [100] and [110] directions. (d) Change in energy
of interlayer FM and AFM states of bilayer CoBr, for a particular
stacking order, with respect to the AA stacking, rigidly shifted along
the [100] and [110] directions. Red and blue lines represent [100] and
[110] shift directions, respectively. Solid and dashed lines represent
the interlayer AFM and FM states of bilayer CoBr,, respectively.
(e) Layer-resolved and partial DOSs of bilayer CoBr, in the in-
terlayer AFM state. Layer 1 and layer 2 represent the different
monolayers of bilayer CoBr,.

CoBr; in interlayer AFM states are 3.74 and 2.59 A, respec-
tively. The same as for bulk CoBr;, the interlayer distances of
AA-stacked bilayer CoBr; in interlayer AFM states, i.e., the
distance between the bottom Br atom layer of the upper layer
and the top Br atom layer of the lower layer, is 3.24 A. Herein,
two monolayers of bilayer CoBr, are denoted layer 1 and
layer 2, as shown in Fig. 1(b). The layer-resolved and partial
densities of states (DOSs) in Fig. 1(e) show that bilayer CoBr;
is an intrinsically magnetic semiconductor with intralayer FM
and interlayer AFM couplings and the states at the conduction
band minimum (CBM) are mainly contributed by d orbits of
Co atoms.

Figures 2(a) and 2(b) show the structure of SF-vdW MTJs
based on the graphene/bilayer CoBr;/graphene vdW het-
erostructure, in which a bilayer CoBr; barrier is sandwiched
between two graphite electrodes. In the vdW heterostructure,
a /3 x +/3 unit cell of CoBr;, is matched at the interface
with a ﬁ X ﬁ unit cell of graphene due to different lat-
tice constants of bilayer CoBr, and graphene. The in-plane
lattice constant of the vdW heterostructure is set to the
average of the in-plane lattice constants of the +/3 x /3
unit cell of CoBr, and the ﬁ X ﬁ unit cell of graphene,
which yield a minimum lattice mismatch of 0.23%. The op-
timized interlayer distance between graphene and the CoBr;
layer in the graphene/bilayer CoBr,/graphene vdW het-
erostructure is 3.44 A, which indicates that the interface
interaction between the graphene and the CoBr, barrier layer
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FIG. 2. (a) Side view of the atomic structure of SF-vdW MTIJs
based on the graphene/bilayer CoBr,/graphene heterostructure and
(b) top view of the graphene/bilayer CoBr,/graphene heterostruc-
ture. (c) The Brillouin zone with high-symmetry points for the
graphene/bilayer CoBr,/graphene heterostructure.

in SF-vdW MT]Js is weak. Moreover, we investigate the in-
fluences of the different values of U and vdW functionals
on the calculated results of bulk and bilayer CoBr, and the
graphene/bilayer CoBr;/graphene vdW heterostructure. The
calculations show that not only are the calculated band struc-
tures of the heterostructure and the structural parameters and
magnetic property of bulk CoBr; using optB86b and optPBE
vdW functionals quite similar, but also the calculated band
structures of the heterostructure and the structural parameters
and magnetic property of bilayer CoBr; using GGA+U with
U =2.7,3.0,and 3.3 eV are almost the same, which indicates
that the calculated results of bulk and bilayer CoBr, and the
graphene/bilayer CoBr,/graphene vdW heterostructure are
robust.

Table I lists the calculated conductances and the TMR ratio
of SF-vdW MTIJs at zero bias. It can be seen from Table I that
the spin-down conductance Gy is about 2 orders of magni-
tude larger than the spin-up conductance G4rm When bilayer
CoBr; is the interlayer FM state; thus, the total conductance
Ggwm of the interlayer FM state of the CoBr, barrier is nearly
the same as G pv. When bilayer CoBr; is the interlayer AFM
state, the conductances for all spin states are almost equal, as
shown in Table 1. In particular, the total conductance Ggy for
the interlayer FM state of the CoBr, barrier is about 25 times
that for the interlayer AFM state of the CoBr, barrier, result-
ing in a high TMR ratio of 2420% in SF-vdW MTJs based
on the graphene/bilayer CoBr;/graphene heterostructure at
zero bias. Corresponding to the spin-resolved conductance,
Figs. 3(a)-3(d) show the distribution of spin-resolved trans-
mission coefficients of SF-vdW MTJs for the interlayer FM
and AFM states of the CoBr, barrier in the 2D Brillouin zone
(2DBZ) at zero bias. It is seen from Fig. 3 that in all cases,
the high transmissions are located within the small region
near the high-symmetry K points. Moreover, when bilayer
CoBr; is the interlayer FM state, there are relatively high
transmissions for spin-down electrons in the region around the
high-symmetry K and I" points of the 2DBZ which are much
larger than transmissions for spin-up electrons in these regions
of the 2DBZ. Figures 3(c) and 3(d) show that the distributions
of spin-up and spin-down transmissions in the 2DBZ are the
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TABLE I. Calculated conductance (in units of ¢?/h) and TMR ratios of SF-vdW MTJs based on the graphene/bilayer CoBr, /graphene
vdW heterostructure. Gem (Garm)> G (Gyarm), and G e (G apw) Tepresent the total, spin-up, and spin-down conductances for the interlayer

FM (AFM) state of SF-vdW MT]J, respectively.

Grem Giem Gem

Grapm

G arm Garm TMR (%)

2.9 x 10710 6.3 x 1078 6.3 x 1078

1.3 x 107°

1.2 x107° 2.5 x107° 2420

same when bilayer CoBr, is the interlayer AFM state. It is
known that the electron transmission across SF-vdW MTJs
is related not only to the electronic properties of the bilayer
CoBr; barrier and interfacial graphene in the central region
but also to the intrinsic conduction channels of the graphite
electrode, and the spin and transverse wave vectors k; are
conserved in the transmission process. In the following, we
illustrate the spin-dependent conductance of SF-vdW MTJs
by analyzing the conduction channels of graphite and the
DOS and electronic band of the bilayer CoBr; barrier and
interfacial graphene in the central region.

Figure 3(e) shows the distribution of the conduction chan-
nels of the graphite electrode in the 2DBZ at the Fermi
level. It is seen that the conduction channels of graphite are
mainly located at the high-symmetry K points of the 2DBZ.

(a) (b) g
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FIG. 3. The kj-resolved (a) spin-up and (b) spin-down transmis-
sion coefficients of SF-vdW MT]Is in the 2DBZ at the Fermi level
when bilayer CoBr; is interlayer FM state. The kj-resolved (c) spin-
up and (d) spin-down transmission coefficients of SF-vdW MT]Js in
the 2DBZ at the Fermi level when bilayer CoBr; is interlayer AFM
state. (e) kj-resolved conduction channels of graphite electrode in the
2DBZ at the Fermi level. The inset shows the detail of conduction
channels at high-symmetry K points.

Because the conduction channels of the electrode represent
the incoming and outgoing Bloch states associated with the
transport across SF-vdW MT]Js, the conduction channels at
the high-symmetry K points result in the high transmission in
the small region near the K points in all cases, as shown in
Figs. 3(a)-3(d). On the other hand, the local DOS in the real
space of the central region in Figs. 4(a) and 4(b) shows that
when bilayer CoBr; is the interlayer FM state, the spin-down
state of each monolayer of bilayer CoBr, in SF-vdW MTIJs
is metallic, while the spin-up state of each monolayer CoBr,
is semiconducting; that is, bilayer CoBr; is a FM half metal.
Meanwhile, the band structures of the central region in Fig. 5
show that the bands of interfacial graphene around the K
points cross the Fermi level due to upward shift of the Dirac
point. Moreover, it is seen from Figs. 5(a) and 5(b) that when
bilayer CoBr; is the interlayer FM state, the spin-down bands
of bilayer CoBr, around the I' point cross the Fermi level,
and the spin-down band gap of bilayer CoBr, around the K
points is much smaller than the spin-up one. Consequently,
the spin-down transmissions in the region around the K and I
points are much larger than the spin-up ones in the case of the
interlayer FM state of the CoBr; barrier, as shown in Figs. 3(a)
and 3(b). Correspondingly, the spin-down conductance G rum
is much larger than G;rum, and the total conductance Gpy is
nearly the same as G gy in the case of the interlayer FM

layerl

layer2 layerl layer2

Energy (eV)

'
N

Energy (eV)

2 46 810121416 2 4 6 8 1012 14 16

Z (A) Z(A)

FIG. 4. Local DOS in real space along the transport direction of
graphene/bilayer CoBr,/graphene. (a) Spin-up and (b) spin-down
DOS when bilayer CoBr; is the interlayer FM state. (¢) Spin-up and
(d) spin-down DOS when bilayer CoBr; is the interlayer AFM state.
The Fermi level is denoted by the horizontal dashed line.
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FIG. 5. Spin-resolved band structure of the graphene/bilayer
CoBr,/graphene heterostructure when bilayer CoBr, is interlayer
(a) FM and (c) AFM states. Spin-resolved band structure around the
high-symmetry I" point when bilayer CoBr, is interlayer (b) FM and
(d) AFM states. The Fermi level is denoted by the horizontal dashed
line. The green, red, and blue lines represent the projected bands
of interfacial graphene and spin-up and spin-down states of CoBr;,
respectively.

state SF-vdW MT]J. In contrast to the case of the interlayer
FM state of CoBr,, when bilayer CoBr; is the interlayer AFM
state, if the spin-down state of layer 1 and the spin-up state
of layer 2 of bilayer CoBr; are metallic, the spin-up state of
layer 1 and the spin-down state of layer 2 of bilayer CoBr;
are semiconducting, as shown in Figs. 4(c) and 4(d). Also,
Figs. 5(c) and 5(d) show that when bilayer CoBr; is the inter-
layer AFM state, the spin-up (spin-down) band of layer 1 of
bilayer CoBr; is almost the same as the spin-down (spin-up)
band of layer 2 and branches of the spin-down band which
cross the Fermi level around the T' point are almost equal
to those of the spin-up band. As a result, the transmissions
for the spin channels are almost equal in the case of the
interlayer AFM state of bilayer CoBr,, and they are obviously
smaller than the spin-down transmissions for the interlayer
FM state of bilayer CoBr,. Correspondingly, the conductance
Gru 1s about 25 times Gagy for SF-vdW MTIJs based on the
graphene/bilayer CoBr;/graphene vdW heterostructure.

To elucidate the reason why the CoBr, barrier in SF-
vdW MTIJs becomes a half metal from a semiconductor
of isolated bilayer CoBr,, we calculate the work function
Wa: of graphene, as well as the electron affinity E,, and
ionization potential E;, of isolated bilayer CoBr,. As is
known, Wg, is defined as the energy difference between
the vacuum energy level Eyac and the Fermi level Er of
graphene, and E,, (Ej,) is the energy difference between
Evyac and the energy of the CBM [valence band maximum
(VBM)] of bilayer CoBr,. As seen from Figs. 6(a) and
6(b), Wg; of graphene is 4.23 eV, while E,, and E;, of iso-
lated bilayer CoBr; are 4.97 and 6.71 eV, respectively. Thus,
the electrons will transfer from graphene to bilayer CoBr;
in the graphene/bilayer CoBr;/graphene vdW heterostruc-
ture since Wg, of graphene is obviously less than E,, of

EVAC

EVAC

E CBM

E VBM

FIG. 6. Electrostatic potential V¢ for (a) graphene and (b) the
isolated bilayer CoBr,. Wg, represents the work function of
graphene. E,, and E;, represent the electron affinity and ionization
potential of the isolated bilayer CoBr,, respectively. Eyac represents
the vacuum energy level, and Ecgy and Evgy represent CBM and
VBM energies of bilayer CoBr;, respectively. (c) Differential charge
density of the graphene/bilayer CoBr,/graphene heterostructure
when bilayer CoBr; is the interlayer AFM state. The isosurface value
is set to 0.0002 ¢/A3. Yellow and cyan represent the accumulation
and depletion of electrons, respectively.

the isolated bilayer CoBr,. Correspondingly, the calculated
differential charge density in Fig. 6(c) shows that the elec-
trons are transferred from graphene to bilayer CoBr, in the
graphene/bilayer CoBr,/graphene vdW heterostructure. Fur-
thermore, the Bader charge analysis shows that about 0.076
electron is transferred from interfacial graphene to the bilayer
CoBr; barrier. It is seen from Figs. 5(a) and 5(b) that the
spin-down CBM is closer to the Fermi level than the spin-up
one when bilayer CoBr, is the interlayer FM state; thus, the
electrons are transferred from two interfacial graphene to the
spin-down conduction band of bilayer CoBr,, resulting in
the spin-down metallic state of bilayer CoBr, and upward
shift of the Dirac point of graphene away from the Fermi
level. In contrast to the case of the interlayer FM state of

134437-5



ZHU, GUO, JIANG, YAN, YAN, AND HAN

PHYSICAL REVIEW B 103, 134437 (2021)

bilayer CoBr;, when bilayer CoBr; is the interlayer AFM
state, the spin-down CBM of layer 1 and the spin-up CBM
of layer 2 of bilayer CoBr; are closer to the Fermi level. As
a result, when bilayer CoBr; is the interlayer AFM state, the
electrons are transferred from two interfacial graphene to the
spin-down CBM of layer 1 and the spin-up CBM of layer
2 of bilayer CoBr,, resulting in the spin-down metallicity
(spin-up insulator) of layer 1 and the spin-down insulator
(spin-up metallicity) of layer 2, as well as an upward shift
of the Dirac point of graphene away from the Fermi level, as
shown in Figs. 5(c) and 5(d). Therefore, the reason why the
CoBr; barrier in SF-vdW MTIJs becomes a half metal in the
case of the interlayer AFM or FM state of the CoBr; barrier
is the shift of electrons from interfacial graphene to the CoBr;
barrier.

Experimentally, it was reported that at optimized bi-
asing voltage, a giant TMR ratio of 10°% to 10°% can
be achieved in SF-vdW MTIJs based on graphene/few-
layer Crlz/graphene vdW heterostructures [33-35]. Corre-
spondingly, the TMR ratio of SF-vdW MTJs based on
graphene/bilayer CoBr,/graphene heterostructures at bias
voltage is calculated. Figure 7(a) shows the bias dependence
of the total current for the interlayer FM and AFM states
of the CoBr; barrier and the TMR ratio of SF-vdW MTIJs
based on graphene/bilayer CoBr,/graphene heterostructures,
respectively. It is seen from Fig. 7(a) that when bilayer CoBr,
is interlayer FM and AFM states, the currents Iry and Iapm
of SF-vdW MTIJs almost monotonically increase with the
increase of bias voltage. In particular, the current for the
interlayer FM state of the CoBr; barrier rapidly increases
with the increase of bias voltage when the bias voltage is
larger than 0.07 V, which makes the difference between Iy
and Iapy increase significantly when the bias voltage is larger
than 0.07 V. Consequently, the TMR ratio of SF-vdW MTIJs
significantly increases when the bias voltage increases from
0.1 to 0.2V, and a giant TMR ratio of up to about 38 000%
is achieved in SF-vdW MTIJs based on graphene/bilayer-
CoBr,/graphene heterostructures at 0.2-V bias, as shown in
Fig. 7(a). Figure 7(b) shows the spin-down transmission coef-
ficient of SF-vdW MTJs as a function of energy at different
biases when bilayer CoBr, is the interlayer FM state, in
which the transmission coefficient is the integration over all
k) points in the 2DBZ. As shown in Eq. (3), the current
is obtained by integrating the transmission coefficient with
respect to energies in the bias window. The energy range of
the bias window is from Er — eV /2 to Er + eV /2 for a given
bias voltage V. Related to transmission, Fig. 7(b) also shows
the spin-down DOS of the graphene/bilayer CoBr,/graphene
heterostructure at different biases in the case of the interlayer
FM state of the CoBr; barrier. As shown by the spin-down
DOS in Fig. 7(b), as the bias voltage increases, the shift of
the Fermi level significantly increases the occupied spin-down
states of the bilayer CoBr, barrier, which largely enhance the
half metallicity of the bilayer CoBr, barrier. Corresponding
to enhancement of the half metallicity of the bilayer CoBr,
barrier, the peaks in transmission are significantly increased
by bias voltage when bilayer CoBr; is the interlayer FM state,
as shown in Fig. 7(b). Meanwhile, it is seen from Fig. 7(b)
that the positions of peaks in transmission are shifted towards
the Fermi level by increasing the bias voltage and all peaks
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FIG. 7. (a) Total current for the interlayer FM and AFM states
of the CoBr, barrier and TMR ratio of SF-vdW MTIJs based on
graphene/bilayer CoBr,/graphene heterostructures as a function of
bias voltage. (b) Spin-down transmission coefficient of SF-vdW
MTIs as a function of energy at 0.07-, 0.15-, and 0.3-V bias and the
corresponding spin-down DOS when bilayer CoBr; is the interlayer
FM state. Transmission spectra at 0.07 V is magnified 100 times
for clarity. The gray shading represents the bias window. The Fermi
energy is indicated by the vertical dashed line.

in transmission are within the bias window when bias voltage
increases to 0.3 V. Consequently, the integral of the transmis-
sion coefficient in the bias window increases rapidly with the
increase of bias voltage, resulting in a significant increase of
the current across SF-vdW MT]Is at bias voltage when bilayer
CoBr; is the interlayer FM state. In contrast to the significant
increase of current in the case of the interlayer FM state of the
CoBr, barrier, the current across SF-vdW MT]Is in the case of
the interlayer AFM state of the CoBr; barrier increases slowly
with bias since one monolayer in the bilayer CoBr; barrier is
semiconducting for one spin channel, which suppresses the
current across SF-vdW MTIJs in the case of the interlayer
AFM state of the CoBr, barrier.
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IV. CONCLUSIONS

In summary, using first-principles calculations, we theo-
retically demonstrated that bilayer CoBr, is an intrinsically
magnetic semiconductor with intralayer ferromagnetic and in-
terlayer antiferromagnetic couplings and the interlayer AFM
coupling in bilayer CoBr; is independent of the stacking or-
ders. Furthermore, we designed SF-vdW MT]Js based on the
graphene/bilayer CoBr;/graphene vdW heterostructure and
found that the shift of electrons from interfacial graphene to
the CoBr; barrier results in the spin-down metallicity (spin-
up insulator) of bilayer CoBr; in the case of the interlayer
FM state of the CoBr, barrier, as well as the spin-down
metallicity (spin-up insulator) of layer 1 and the spin-down
insulator (spin-up metallicity) of layer 2 in the case of the
interlayer AFM state of the CoBr, barrier. As a result, the
conductance of SF-vdW MTIJs based on the graphene/bilayer
CoBr, /graphene heterostructure for the interlayer FM state of
the CoBr, barrier is about 25 times that for the interlayer AFM
state of the CoBr, barrier, which results in a high TMR ratio
of 2420% in this SF-vdW MT]J at zero bias. In contrast to the
significant increase of current for the interlayer FM state of the

CoBr, barrier, the current across SF-vdW MT]Js in the case of
the interlayer AFM state of the CoBr; barrier increases slowly
with bias. Thus, a giant TMR ratio of up to about 38 000% can
be achieved in this SF-vdW MTJ at 0.2-V bias. Our results
provide a promising avenue for achieving a large TMR effect
in vdW MT]Js based on 2D vdW intrinsic magnets.
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