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Two-dimensional (2D) magnetic crystals have attracted great attention due to their emerging new physical phenom-
ena. They provide ideal platforms to study the fundamental physics of magnetism in low dimensions. In this research,
magnetic tunneling junctions (MTJs) based on XSe2 (X = Mn, V) with room-temperature ferromagnetism were studied us-
ing first-principles calculations. A large tunneling magnetoresistance (TMR) of 725.07% was obtained in the MTJs based
on monolayer MnSe2. Several schemes were proposed to improve the TMR of these devices. Moreover, the results of
our non-equilibrium transport calculations showed that the large TMR was maintained in these devices under a finite bias.
The transmission spectrum was analyzed according to the orbital components and the electronic structure of the monolayer
XSe2 (X = Mn, V). The results in this paper demonstrated that the MTJs based on a 2D ferromagnet with room-temperature
ferromagnetism exhibited reliable performance. Therefore, such devices show the possibility for potential applications in
spintronics.

Keywords: two-dimensional material, magnetic tunneling junctions, tunneling magnetoresistance, ferromag-
netism

PACS: 75.70.Cn, 75.70.Ak, 68.65.–k DOI: 10.1088/1674-1056/ab3e45

1. Introduction
In the field of spintronics, magnetic tunneling junctions

have been an important concern for researchers. MTJs with
MgO, Al2O3, or organic molecules acting as tunneling barrier
materials have been extensively studied.[1–3] Two-dimensional
(2D) materials are widely studied for their novel proper-
ties and various advantages.[4–7] 2D materials provide a re-
liable solution to the problems in the manufacturing of high-
performance MTJs through the layer-by-layer control of the
thickness, sharp interfaces, and high perpendicular magnetic
anisotropy (PMA).[8–10] In 2007, Karpan et al. first reported
MTJs with a graphene layer as the barrier layer.[11] Another
two-dimensional material, hexagonal boron nitride (h-BN)
acting as an insulator with a similar structure to graphene,
has been used as a barrier layer in MTJs.[12,13] Piquemal-
Banci et al. investigated the electronic properties and perfor-
mance of Co/h-BN/Fe MTJs[14] where the h-BN was directly
grown by the chemical vapor deposition (CVD) method on
pre-patterned Fe stripes. The authors reported TMR = 50%
for their Co/h-BN/Fe MTJs. In addition, some MTJs using

transition metal dichalcogenides (TMDC) as a barrier have re-
cently been reported.[15,16]

Lately, great progress has been made in the research of 2D
ferromagnetic materials.[17–22] Experimental advances have
shown that ferromagnetic order can persist in monolayer CrI3.
Atomically thin CrI3 flakes with intrinsic ferromagnetism
were mechanically exfoliated from bulk material by Huang
et al.[17] The material had a Curie temperature (TC) of 45 K,
and it had perpendicular magnetic anisotropy. Subsequently,
another 2D metal, Fe3GeTe2, with intrinsic ferromagnetism,
was reported to have a higher Curie temperature of 205 K
and perpendicular magnetic anisotropy.[23] Wafer-scale two-
dimensional Fe3GeTe2 thin films has been grown by molec-
ular beam epitaxy.[24] Moreover, a typical TMR effect was
observed in the Fe3GeTe2/h-BN/Fe3GeTe2 heterojunction.[25]

However, the Curie temperature (TC) in these monolayer
ferromagnets was much lower than room temperature, and
the ferromagnetic layered material was much desired. Re-
cently, VSe2 monolayers with room-temperature (300 K) fer-
romagnetism were synthesized by molecular beam epitaxy
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(MBE).[26] Another group also reported MnSe2 monolayers
with room-temperature (300 K) ferromagnetism and perpen-
dicular magnetic anisotropy on a specific substrate.[27,28]

Room-temperature ferromagnetism and perpendicular
magnetic anisotropy are crucial for industrial applications in
magnetic memory. In our calculations, single-layer h-BN was
used as the barrier layer, and XSe2 was used as the ferro-
magnetic layer. TMR is defined as the normalized difference
between the resistances calculated in parallel spin states and
anti-parallel spin states. The TMR is normally expressed as
TMR = RAP−RP

RP
. RP and RAP are the resistances in parallel

configurations and antiparallel configurations. For the con-
venience of our calculation, this equation was transformed
into TMR = GP−GAP

GAP
, where GP and GAP are the conductance

through the junction with parallel spin alignment and anti-
parallel spin alignment. Two approaches were proposed to im-
prove the TMR of our MTJs: (i) choosing suitable electrodes
and (ii) increasing the number of layers of the h-BN barrier
layer finitely. From the local density of states of the MnSe2/h-
BN/MnSe2 heterojunction, a barrier introduced by h-BN was
clearly shown. We proposed new magnetic tunneling junc-
tions that were based on materials with room-temperature fer-
romagnetism. This increased the working temperature of the
MTJs based on a 2D ferromagnet to a room temperature of
300 K. We proposed new magnetic tunneling junctions that
were based on materials with room-temperature ferromag-
netism. This increased the working temperature of the MTJs
based on a 2D ferromagnet to a room temperature of 300 K.

2. Computational methods
The device simulation in this work was performed using

the first-principles software package ATOMISTIX TOOLKIT,
which is based on density functional theory and non-
equilibrium Green’s function.[29] The exchange–correlation
potential is described by gradient approximation with a Hub-
bard U parameter (GGA+U) approach. Hubbard term is nor-
mally defined as[30]

EU =
U
2 ∑

σ

[(
∑
m1

nσ
m1,m1

)
−

(
∑

m1,m2
nσ

m1,m2nσ
m2,m1

)]
, (1)

where m1 and m2 represent the projection of the d electrons or-
bital momentum (m1, m2 =−2, −1, 0, 1, 2), and σ represents
spin states. The U value was obtained by a linear response
method,[31] and the calculation was performed by Quantum-
ESPRESSO (QE).[32] A cutoff energy of 100 Hartree was
used for the plane-wave basis set. All the atoms and the
lattice constants were fully relaxed until the force on each
atom is less than 0.01 eV/Å. DFT-D2 method was used to
consider Van der Waals force.[33] The Monkhorst–Pack k-
point samplings for transport calculations was 2× 3× 200

in the a, b, and c directions. The transport direction was
along the c direction. The projector augmented wave (PAW)
method and planewave basis set as implemented in the Vienna
ab-initio simulation package (VASP) was used in electronic
structure calculations.[34,35] The exchange–correlation energy
was described by the generalized gradient approximation PBE
(GGA-PBE) formalism.[36,37] In the PDOS calculations, a k-
point sampling of 11× 11× 1 was employed. The cutoff en-
ergy is 400 eV. Through Landauer conductance formula, con-
ductance can be calculated as[38]

Gσ =
e2

h ∑
k‖, j

T+(k‖, j), (2)

G = G↑+G↓, (3)

where σ is the spin index, j represents the Bloch state index,
and k‖ is the k-points used in the calculation. T+(k‖, j) is the
transmission coefficient. The superscript in T+(k‖, j) indi-
cates that the direction of transmission is from the left elec-
trode to the right electrode.

3. Results and discussion
The schematic diagram of MnSe2/h-BN/MnSe2 MTJs is

shown in Fig. 1(a). The monolayer MnSe2 in the 1-T phase
was used as the ferromagnetic layer.[27] Monolayer h-BN was
employed as the barrier layer. In this research, we used Ir
and Ru as the metal electrodes. Compared with metals such
as gold, silver, and copper, Ir and Ru have a smaller lattice
mismatch with XSe2. The device configuration is shown in
Fig. 1(a). The lengths of the left and right electrodes in our
simulations exceed 7 Å.

On each side, the length of our screening region is ap-
proximately 11 Å, which guarantees the sufficient accuracy of
the self-consistent calculation. The MTJs in this research did
not contain the pinning layer because of the limitation of the
computation amount. Our simulations could qualitatively il-
lustrate the performance of these MTJs. The GGA+U method
was used with U = 3.71 eV for MnSe2 and U = 3.93 eV for
VSe2, which matches other groups’ results well.[39] The de-
tailed computational methods can be found in the methods sec-
tion. The transmission spectrum of the MnSe2/h-BN/MnSe2

MTJs was calculated. As shown in Fig. 1, the magnitude of
the transmission in a parallel magnetization configuration (PC)
was one order of magnitude larger than the transmission in an
antiparallel magnetization configuration (APC). This indicates
that the MTJs had an apparent TMR effect. The transmis-
sion spectrum in Figs. 1(d) and 1(e) is like a superposition of
the transmission spectrum in PC for the majority and minority
spin states.

Through symmetry properties, d orbital component could
be distinguished as ∆1(dz2), ∆5(dxzdyz), ∆2(dx2−y2), and
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∆2′(dxy).[40] As shown in Figs. 1(b) and 1(c), no dominant
∆1 hot spot tunneling feature was observed in the recipro-
cal lattice vector k‖-resolved transmission spectrum. The
hotspots in Figs. 1(b) and 1(c) are not at the center but
close to the corner. The transmission coefficient of the hot
spots of Fig. 1(b) is 1.33, corresponding to k‖ = (−0.41π/a,
−0.47π/b) and k‖ = (0.41π/a, 0.47π/b). The transmis-
sion coefficient of the hot spots of Fig. 1(c) is 0.26, corre-
sponding to k‖ = (−0.13π/a, 0.23 π/b) and k‖ = (0.13π/a,
−0.23π/b). As shown in Fig. S2(a) in the supplementary
material, the transmission eigenstate of the majority spin
states in the PC has four nodes, which shows an obvious
d-electron feature. As shown in Fig. 3(a), the dxz, dyz, dx2−y2 ,
and dxy states of the single-layer MnSe2 span across the
Fermi level. The symmetry of these four d states belongs
to (∆5, ∆2, or ∆2′ ), which has horizontal momentum. Due
to the horizontal momentum of these d-state electrons, k‖ of
the hot spots was not zero. The transmission spectrum in
Fig. 1(c) has a fairly average transmission. The transmis-
sion characteristics of the hot spots have the characteristics
of the d-state electrons, which had horizontal momentum.
It can be seen from Fig. S2(b) in the supplementary ma-
terial that the transmission eigenstate of the minority spin
channel in PC was similar to a mixture of the s-states and
d-states of Ru and the d-states of Mn. This could explain
why the transmission of the transmission spectrum in Fig. 1(c)
is fairly average. It is a mixture of transmissions of multiple
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Fig. 1. (a) The configuration of Ru/MnSe2/h-BN/MnSe2/Ru MTJs.
k‖ = (ka,kb) dependent transmission spectra of MTJs based on MnSe2
for the (b) majority spin channel and (c) minority spin channel in PC,
and (d) the majority spin channel and (e) minority spin channel in APC.
The blue circles mark the hottest spots in each figure.

electronic states with different symmetries. Compared to tra-
ditional MTJs, the total conductance of our calculated MTJs
was larger by several orders of magnitude.[41]

The transmission spectrum of VSe2/h-BN/VSe2 MTJs is
shown in Fig. 2. The hot spots in Fig. 2(a) are k‖ = (0.45
π/a, 0.33 π/b) and k‖ = (−0.45π/a, −0.33π/b). The trans-
mission coefficient of the hottest spots in Fig. 2(a) is 1.20.
The hot spots in Fig. 2(b) are k‖ = (0.02π/a, −0.38π/b) and
k‖ = (−0.02π/a, 0.38π/b). The transmission coefficient of
the hottest spots in Fig. 2(b) is 0.79. A weak transmission
of the states in ∆1 symmetry was observed. In Fig. 2(b), the
tunneling feature of multiple states with different symmetry is
observed. The transmission spectrum shows obvious tunnel-
ing features, with ∆1 conductance being observed in Fig. 2(b).
However, the hot spots in Fig. 2(b) are near the sides. As
shown in Fig. S2(c) in the supplementary material, the trans-
mission eigenstate of the majority spin channel in PC also has
apparent d-electron feature. In Fig. S2(d) in the supplemen-
tary material, the transmission eigenstate of the minority spin
channel in PC is similar to a mixture of the s states of Ir, the
p states of Se, and the d states of V. This could explain the
transmission characteristics of the multiple symmetries in the
transmission spectrum in Fig. 2(b). As shown in Fig. 2, the
magnitude of the transmission in the PC was also one order
of magnitude larger than the transmission in APC, which indi-
cates an obvious TMR effect.
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Fig. 2. The k‖ = (ka,kb) resolved transmission spectra of the Ir/VSe2/h-
BN/VSe2/Ir MTJs for the (a) majority spin channel and (b) minority spin
channel in PC, and the (c) majority spin channel and (d) minority spin
channel in APC. The blue circles mark the hottest spots in each figure.

The spin-dependent conductance and the TMR of the
MTJs based on VSe2 and MnSe2 in an equilibrium state are
listed in Table 1. From our results in Table 1, we have sum-
marized two methods to increase the TMR of our calculated
MTJs. The first method is to select a metal whose work func-
tion matches XSe2 as an electrode. The work functions of the
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monolayer MnSe2 and the monolayer VSe2 calculated by the
hybrid functional method are 5.05 eV and 4.99 eV, respec-
tively. In order to ensure that the magnetic properties of the
XSe2 are not affected, only the metal electrodes are strained
when building the MTJs structure. The strains on the Ir and
Ru electrode when forming the M-XSe2 interface are listed in
Table S1 in the supplementary material. Table 2 displays the
work functions (Wm) for the Ir and Ru clean metal when form-
ing the M-XSe2 interface. The calculation of the work func-
tions of the clean metals in Table 2 considered the strain. Due
to the different strains applied to the metal electrode, the work
function of the metal forming the interface with different fer-
romagnets is also different. As shown in Tables 1 and 2, as the
difference between the work function of the metal electrode
and the work function of the ferromagnetic becomes smaller,
the TMR increases. The difference in the work function be-
tween the electrode material and the ferromagnet leads to a
contact potential difference. The diagram of the band align-
ment of the M-XSe2 interface is shown in Fig. S1 in the sup-
plementary material. As shown in Tables 1 and 2, the contact
potential difference between the electrode and the ferromagnet
has a negative effect on the device performance. Therefore,
selecting a metal whose work function that matches the work
function of XSe2 could improve the performance of the device.
Another method is to increase the number of layers of h-BN as
the barrier layer finitely. When the number of layers of h-BN
increases, the conductance is reduced and the TMR increases.
We obtain a TMR value of 725.07% when we use a 3.3 Å
bilayer h-BN as a barrier. The tunneling process could be sim-
plified into a qualitative model of a free-electron incident on a
square barrier of height Vb and thickness d. The transmission
could be expressed as T ∼ exp(−2κd).[38,40] The attenuation
rate of Bloch state κ can be defined as[38,40]

κ
2 =

(
2m
}2

)
(Vb−EF)+ k2

‖, (4)

where } is the reduced Planck’s constant, m is the electron
mass, EF is the Fermi energy, and k‖ is the wave vector perpen-
dicular to the transport direction. It can be seen from Fig. 3(a)
that both the dxz states and the dyz states of the monolayer
MnSe2 cross the Fermi level. There are also dx2−y2 and dxy

states that go through the Fermi level with low density of states
at the Fermi level. The dxz and dyz states belong to the ∆5 sym-
metry, while the dx2−y2 and dxy states belong to the ∆2 and ∆2′

symmetries. The transmission hot region of the majority spin
in Fig. 1(b) is near the |k|= 0.5 line, which is consistent with
the symmetry characteristics of these d-state electrons.[40] It
can be seen from Fig. 2(b) and Fig. S2(b) in the supplemen-
tary material that various electronic states of Ru also partici-
pate in the minority spin states tunneling process in the PC. It
acts like a background noise that affects the TMR value of the

device. The tunneling barrier for Ru’s electronic states is the
entire MnSe2/h-BN/MnSe2 device layer. The tunneling bar-
rier thickness of the states of the Ru is larger than that of the
MnSe2 layer. When the barrier becomes thicker, it can be seen
from T ∼ exp(−2κd) that the attenuation of transmission T is
exponential with the thickness of the barrier d. Therefore, in-
creasing barrier thickness is more effective in suppressing the
transmission of the electronic states of the Ru than the elec-
tronic states of the MnSe2. This causes the TMR to become
larger when the barrier thickness becomes thicker. However,
increasing the thickness of the barrier does not significantly
improve the TMR of the MTJs of the VSe2/h-BN/VSe2. It can
be seen from Fig. 3 that the VSe2 has states with ∆1 symme-
try through the Fermi level. As shown in Fig. 2(b), there is a
characteristic of the ∆1 symmetry states in the transmission of
the minority spin states in the PC state. Therefore, increasing
the thickness of the barrier layer does not adequately block the
transmission of the VSe2 electrons with ∆1 symmetry. This
causes the increase of barrier thickness to have little effect on
the TMR of VSe2/h-BN/VSe2-based MTJs.

Table 1. Conductance of the parallel (GP) and antiparallel (GAP) configura-
tions of XSe2 based MTJs. The TMR values of these devices are listed in
the last column.

GP/Siemens GAP/Siemens TMR/%
Ir/MnSe2/1-layer h-BN 4.07×10−5 1.26×10−5 222.72

Ru/MnSe2/1-layer h-BN 2.21×10−5 4.25×10−6 419.94
Ru/MnSe2/2-layer h-BN 1.31×10−6 1.59×10−7 725.07

Ir/VSe2/1-layer h-BN 1.77×10−5 4.99×10−6 254.48
Ru/VSe2/1-layer h-BN 7.49×10−6 2.64×10−6 183.55
Ru/VSe2/2-layer h-BN 3.16×10−7 1.06×10−7 199.15

Table 2. Work functions (Wm) for Ir and Ru clean metal when form-
ing the M-XSe2 (X = Mn, V; M = Ir, Ru) interface. The strain when
forming the interface has been considered.

Wm of Ir/eV Wm of Ru/eV
MnSe2 5.60 4.67
VSe2 5.22 5.34

As the partial density of states (PDOS) shown in Fig. 3,
the monolayer MnSe2 and VSe2 are both metals. Monolayer
MnSe2 and monolayer VSe2 both have d-states that go through
the Fermi level. As shown in Figs. 3(c) and 3(d), the d2

z states
go through the Fermi level in the majority PDOS and minor-
ity PDOS. This could explain the presence of the transmission
characteristics with ∆1 symmetry in Fig. 2(b). Furthermore, it
can be seen from the spin-resolved PDOS that the MnSe2 ex-
hibits a larger spin polarization than the VSe2. The results of
our DFT+U calculations show that the magnetic moment per
unit cell is 3.91 µB for MnSe2 and 1.00 µB for VSe2, which
is consistent with previous studies.[39] It can be seen from the
results in Table 1 that the larger spin polarization of the MnSe2

allows the MnSe2-based MTJs to have a larger TMR than the
VSe2-based MTJs.
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Fig. 3. PDOS of the MnSe2 monolayer for the (a) majority spin states and
(b) minority spin states. The Fermi level is set for 0 eV. PDOS of the VSe2
monolayer for the (c) majority spin states and (d) minority spin states. The
Fermi level was set for 0 eV.

As shown in Fig. 4, the non-equilibrium transport proper-
ties of the MTJs based on MnSe2 and VSe2 are calculated by
applying a positive bias. In both MTJs, the majority-spin cur-
rent is larger than the minority-spin current with the increas-
ing bias in the PC. Moreover, in both MTJs, the majority-spin
and minority-spin currents changed only slightly with increas-
ing bias in the APC. As the bias voltage increases, the TMR
of both MTJs has a small decrease. At the 50 mV bias, the
MnSe2-based MTJs still have a TMR of 385%. Additionally,
the VSe2-based MTJs have a TMR of 170% at the 50 mV
bias. Our results show that these two MTJs could still work
effectively under a finite bias. Previous experimental advances
have confirmed that monolayer MnSe2 and VSe2 have room-
temperature ferromagnetism.[26,27] Therefore, it is expected
that the TMR of these MTJs can be maintained at room tem-
perature.

To reveal the band diagram of the interface along the
transport direction (c direction), the projected local density of
states (PLDOS) was calculated. The area calculated in Fig. 5
is equivalent to the central area in Fig. 1(a). The region of PL-
DOS calculated in Fig. 5 corresponds to the central region in
Fig. 1. As shown in Fig. 5, the tunneling barrier originating
from h-BN can be seen as a dark area at the center of each
figure. The single-layer h-BN blocks the overlap of the wave
functions of the single-layer MnSe2 on both sides. The Fermi
level goes through the valence band in Fig. 5(a), which is con-
sistent with the metallic properties of monolayer MnSe2.

As shown in Fig. 5(a), the Fermi level spans across the
majority-spin states of MnSe2 in PC, which indicates a better
transmission of the majority-spin states. This means that this

device still has an obvious TMR effect. For APC in Figs. 5(c)
and 5(d), an obvious dependence of the spin polarization of
MnSe2 can be seen in the spin-resolved PLDOS.
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Fig. 4. The left column shows the non-equilibrium transport properties
of Ru/MnSe2/h-BN/MnSe2/Ru MTJs. The right column shows the non-
equilibrium transport properties of Ru/VSe2/h-BN/VSe2/Ru MTJs. The I–
V curves of MnSe2 based MTJs in the (a) PC and (c) APC, the I–V curves
of the VSe2-based MTJs in the (b) PC and (d) APC. The TMR of the (e)
MnSe2-based MTJs and (f) VSe2-based MTJs.

0 10 20 30

-2

-1

0

1

2

E
n
e
rg
y
/e
V

-0.024

0.11

0.24

0.37

P-↑

0 10 20 30

-2

-1

0

1

2

-0.025

0.27

0.57

0.88

P-↓

0 10 20 30

-2

-1

0

1

2

Position/Å

E
n
e
rg
y
/e
V

-0.025

0.27

0.57

0.88

AP-↑

0 10 20 30

-2

-1

0

1

2

Position/Å

-0.024

0.21

0.44

0.67

AP-↓

(a) (b)

(c) (d)

Fig. 5. Projected local density of states along the transport direction (c di-
rection) of the Ru/MnSe2/h-BN/MnSe2/Ru MTJs for the (a) majority spin
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4. Conclusion and perspectives
In summary, using ab initio calculation, we have stud-

ied MTJs based on 2D MnSe2 and VSe2 with room temper-
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ature ferromagnetism. The transmission spectra of major-
ity spin channel and minority spin channel in PC and APC
were calculated. We analyzed the transmission characteristics
of the transmission spectrum through the electronic structure
and orbital composition symmetry of ferromagnetic materials.
Based on the results in our paper, we summarized two ways
to improve the TMR of our devices: (i) select a metal whose
work function matches XSe2 as an electrode; (ii) increasing
the thickness of the barrier within a range of 3.3 Å. We use
bilayer h-BN instead of monolayer h-BN as a tunneling bar-
rier. By using bilayer h-BN as tunneling barrier, the TMR
of single-layer MnSe2-based MTJs reaches 725.07%. We fur-
ther studied the non-equilibrium transport properties of the de-
vice by applying positive bias. The results demonstrated that
our device still maintained a large TMR under bias. Overall,
our study demonstrated that 2D XSe2 based MTJs with room-
temperature ferromagnetism can still maintain a considerable
TMR. Therefore, these MTJs would have potential applica-
tions in spintronics.
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