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istance of a hexagonal boron
nitride–graphene heterostructure-based MTJ
through excited-electron transmission†

Halimah Harfah, ‡*a Yusuf Wicaksono, ‡a Gagus Ketut Sunnardianto,cd

Muhammad Aziz Majidib and Koichi Kusakabead

This work presents an ab initio study of a few-layer hexagonal boron nitride (hBN) and hBN–graphene

heterostructure sandwiched between Ni(111) layers. The aim of this study is to understand the electron

transmission process through the interface. Spin-polarized density functional theory calculations and

transmission probability calculations were conducted on Ni(111)/nhBN/Ni(111) with n ¼ 2, 3, 4, and 5 as

well as on Ni(111)/hBN–Gr–hBN/Ni(111). Slabs with magnetic alignment in an anti-parallel configuration

(APC) and parallel configuration (PC) were considered. The pd-hybridizations at both the upper and

lower interfaces between the Ni slabs and hBN were found to stabilize the system. The Ni/nhBN/Ni

magnetic tunnel junction (MTJ) was found to exhibit a high tunneling magnetoresistance (TMR) ratio at

�0.28 eV for n ¼ 2 and 0.34 eV for n > 2, which are slightly higher than the Fermi energy. The observed

shifting of this high TMR ratio originates from the transmission of electrons through the surface states of

the dz2-orbital of Ni atoms at interfaces which are hybridized with the pz-orbital of N atoms. In the case

of n > 2, the proximity effect causes an evanescent wave, contributing to decreasing transmission

probability but increasing the TMR ratio. However, the TMR ratio, as well as transmission probability, was

found to be increased upon replacing the unhybridized hBN layer of the Ni/3hBN/Ni MTJ with graphene,

thus yielding Ni/hBN–Gr–hBN/Ni. A TMR ratio as high as �1200% was observed at an energy of 0.34 eV,

which is higher than the Fermi energy. Furthermore, a design is proposed for a device based on a new

reading mechanism using the high TMR ratio observed just above the Fermi energy level.
1 Introduction

Magnetic tunnel junctions (MTJs) are one of themost important
devices for spintronic applications. Many studies of MTJs have
been undertaken,1–13 indicating the potential of the devices'
application to logic devices, hard-drive magnetic read heads,
and magnetic sensors.14–19 The primary competition for
improvement of MTJs is to attain a higher percentage of the
tunneling magnetoresistance (TMR) ratio. One of the vital
points is their tunnel barrier. The common tunnel barrier used
is MgO. Among various MTJs, CoFeB/MgO/CoFeB showed the
highest TMR ratio of 1100% at 4.2 K.20 In order to downscale the
aka University, 1-3 Machikaneyama-cho,

harfah.h@opt.mp.es.osaka-u.ac.jp

atics and Natural Science, Universitas

Barat 16424, Indonesia

esearch and Innovation Agency, Kawasan

ten, 15314, Indonesia

ience, University of Hyogo, 3-2-1 Kouto,

pan

tion (ESI) available. See DOI:

is work.

the Royal Society of Chemistry
device, retaining a high transmission and reducing the barrier
thickness are essential. However, when this is realized, TMR
ratio can be reduced to 55% due to the presence of uncontrol-
lable defects in the MgO tunnel barrier.21

Recently, 2D materials have been examined for nonmagnetic
spacers in current-perpendicular-to-plane (CPP) MTJs.
Currently, the performance on the TMR ratio is still relatively
low.22 However, one-atom-thick materials, such as graphene
and hexagonal Boron Nitride (hBN), owing to their extraordi-
nary properties, are expected to impart a unique characteristic
to MTJs and enable a new device mechanism that could not be
found in conventional ones. The chemical and physical inter-
actions between graphene or hBN and the ferromagnetic layer
are interesting and can be further developed. For instance,
when graphene is realized as a tunnel barrier of MTJs, small
magnetoresistance (MR) was found when the CPP is consid-
ered.2,10,11,22–29 However, a recent theoretical study suggested
that when the Ni/graphene/Ni system is considered, a control-
lable gapped-Dirac cone can be realized, leading to a high
current-in-plane (CIP) magnetoresistance ratio.30 A similar case
is also found in our previous study on monolayer hBN. A novel
functionality of spin-current control through cross-correlation
properties of the bi-stable state at Ni/hBN/Ni junction
Nanoscale Adv., 2022, 4, 117–124 | 117
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Fig. 1 Side view of the supercell of Ni(111)/3hBN/Ni(111) (as a repre-
sentative of a few-layer hBN MTJ) and Ni(111)/hBN–Gr–hBN/Ni(111)
used to represent the scattering region and lead corresponding to the
model calculation for transmission probability calculation.
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interfaces was recently discovered, which could not be obtained
in conventional MTJs.31

A van der Waals heterostructure of graphene–hBN has
recently attracted huge interest due to its unique properties.
Fabrication of the graphene–hBN van der Waals heterostructure
has been further developed, and creation of the graphene–hBN
heterostructure has become possible.32 A previous experimental
study shows the use of a graphene–hBN heterostructure as
a tunnel barrier of 2D material based MTJs and found an
increasing performance compared with that of graphene or hBN
based MTJs, and a unique inverted signal of the spin valve has
been found.33 The unique chemical and physical properties are
expected between the interface and insulator barrier. Therefore,
a further theoretical investigation is required to attain a full
understanding of the MTJ properties.

This paper presents a comprehensive theoretical study on
a Ni/hBN–Gr–hBN/Ni MTJ. It was found that this MTJ exhibits
a TMR ratio as high as �1200% at energy slightly higher than
Fermi energy, and it is envisaged that this material system will
have a new reading process mechanism. To understand the
unique properties at the interfaces of the Ni/hBN–Gr–hBN/Ni
MTJ, an investigation was also conducted on Ni/nhBN/Ni
MTJs with n ¼ 2, 3, 4, and 5. Also, in this case, it was found
that the high TMR ratio does not occur at the Fermi energy level
but rather at slightly higher energy, namely 0.28 eV for n¼ 2 and
0.34 eV for n > 2. The shiing of the high TMR ratio originates
from the transmission of electrons through the surface state of
the dz2-orbital of the Ni atoms at the interfaces, which hybridize
with the pz-orbital of the N atoms. When n > 2 is considered,
a proximity effect occurs, resulting in an evanescent wave and
contributing to the change of transmission probability, leading
to a change in the TMR ratio. The evanescent wave still exists at
E� EF¼ 0.34 eV but is relatively weak due to the proximity effect
of the dz2-orbital of Ni on the pz-orbital of boron, which is
unoccupied. The role of the graphene layer in the Ni/hBN–Gr–
hBN/Ni MTJ becomes a key point to strengthen the proximity
effect of the dz2-orbital inside the insulator barrier, resulting in
high TMR ratio.

2 Computational method

Spin-polarized plane wave-based density functional theory
(DFT) calculations were performed using the Quantum
ESPRESSO package.34,35 A revised Perdew–Burke–Ernzerhof
(PBE) functional for a densely packed solid surface, called the
PBESol functional,36 as well as ultraso pseudopotentials,37

within the generalized gradient approximation (GGA) was used
to describe the electron–ion interaction. A kinetic energy cut-off
of 50 Ry was used for the wavefunctions to reach a good
convergence calculation. Since adopting an appropriate k-point
grid can result in the convergence of the total energy calculation
in this system, a k-point grid of 24 � 24 � 1 was chosen for all
calculations. Furthermore, the effect of the van der Waals
interactions on the electronic structures was included by
applying the most recent and accurate DFT-D3 corrections.38

Taking into account the van der Waals interactions in the DFT
calculations, the average interlayer distances of Ni–hBN and
118 | Nanoscale Adv., 2022, 4, 117–124
hBN–hBN are 2.05 �A and 3.13 �A, respectively. These results are
close to the experimental values, which are 1.87 � 0.12�A for the
Ni–hBN distance in the hBN/Ni system39 and 3.33�A for the hBN–
hBN distance in the hBN bulk.40

The ballistic transmission probability calculations were
performed using the Landauer–Buttiker formalism.41,42 The le
lead, right lead, and scatterer regions were considered in the
model calculation, as shown in Fig. 1. Ni(111) was considered
for the le and right leads to reduce the computational cost
without neglecting any important physics. However, the use of
Au(111) as a lead carrying normal input/output currents for the
Ni/nhBN/Ni and Ni/hBN–Gr–hBN/Ni structures would be ex-
pected in an actual device. The current ow from the le to the
right lead through the scatterer can be expressed as follows:

I ¼ e

h

ð
TðEÞ½fLðEÞ � fRðEÞ�dE; (1)

where fL(E) (fR(E)) is the right-(le-)moving electrons injected
from the le (right) lead in the form of Fermi–Dirac function,
respectively. Additionally, the ballistic transmission T as
a function of the energy E is described as

TðEÞ ¼
X
kk

X
i;j

Ti;j

�
kk;E

�
; (2)

where Ti,j (kk,E) is the probability of electrons with energy E and
state. T(E) is then obtained by summing over the 2D Brillouin
momentum k to move from the i-th Bloch state to the j-th Bloch
zone and over all incoming–outgoing states. In the present
study, the transmission probability calculations were per-
formed using the PWCOND43 module of the Quantum
ESPRESSO soware. A perpendicular k-point of 50 � 50 with
respect to the transmission direction is considered to get a good
accuracy of transmission probability.

The PWCOND module calculates the transmission proba-
bility at zero temperature from which the conductance of the
system can be calculated as follows:
© 2022 The Author(s). Published by the Royal Society of Chemistry
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G ¼ 1

dV
¼ e2

h
TðEÞ: (3)

Finally, a magnetoresistance ratio calculation was conducted
based on the Julliere model.44 The calculation was done by
including the difference between the conductance in the APC
and PC states and then dividing it by the conductance in the
APC state, according to:

TMR ¼ GP � GAP

GAP

: (4)
3 Results and discussion
3.1 Transmission mechanism of Ni/hBN/Ni MTJs with
different numbers of hBN layers

The pd-hybridizations at both the upper and lower interfaces
between the Ni slabs and hBN stabilize the system. These
relevant chemical properties between Ni and hBN are also the
basis of the unique electron transmission phenomenon
appearing in hBN-based junctions. The evidence supporting
this idea is presented in the following.

Fig. 2 shows the TMR ratio of 2D material based MTJs as
a function of the number of 2D material layers as an insulator
barrier. The black line shows the TMR ratio values of the Ni/
nhBN/Ni MTJ, which was taken at the Fermi energy, namely the
zero-bias limit, for various number of hBN layers, i.e., n ¼ 1–5.
The TMR ratio prole is in good agreement with a previous
theoretical study45 and is consistent with several experimental
studies.22

When a double-hBN layer having two stacked hBN planes
(2hBN) is considered as a tunnel barrier, the TMR ratio
increases compared with a monolayer of hBN. Such an increase
is due to a difference in the transmission process of the elec-
trons. When a monolayer of hBN is considered as a tunnel
barrier, due to pd-hybridizations from both upper and lower Ni
slabs coupled with N atoms, charge transfer occurs, leading to
Fig. 2 The TMR ratio vs. the number of 2D material layers as a tunnel
barrier at two different energies; E� EF ¼ 0 eV (the zero-bias limit) and
0.34 eV (the highest peak of spin-down electron transmission prob-
ability in the PC state started from n ¼ 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
the hBN layer becoming metallic.31 Thus, the propagating wave
electrons become the dominant contribution for the trans-
mission between the two Ni(111) electrodes.

On the other hand, when 2hBN is used as a tunnel barrier,
due to the weak van der Waals interaction between the two hBN
layers, electrons are transmitted through the tunnel barrier via
the Ni(111) surface state at the interface. This transmission
process can be observed from the transmission probability
prole of the Ni/2hBN/Ni system in Fig. 3(a). In the Ni/hBN/Ni
MTJ, the high transmission peak in the minority spin
channel, observed when the system is in the PC state, is located
at the Fermi energy when the Ni/hBN/Ni system is considered.31

However, in the Ni/2hBN/Ni MTJ, as shown in Fig. 3(a), the high
transmission peak in the minority spin channel is shied
towards energy higher than Fermi energy by 0.24 eV.

On the other hand, the local density of states (LDOS) of hBN
at the interfaces in Fig. 3(b) shows newly created states at the
insulator gap of hBN. Furthermore, the LDOS of those states
correlates with the prole of the transmission probability of the
system, whereby an increase in the density of states at an energy
higher than the Fermi energy in the spin minority channel
corresponds to a high transmission peak in the spin minority
channel. Therefore, these states represent the dominant
contribution to the transmission of electrons through the
insulator barrier.

The projected band structure in Fig. 3(c) shows that these
states originate from the Ni(111) surface state with major d-
components. The high transmission peak observed at an
Fig. 3 (a) The transmission probability of Ni/2hBN/Ni, (b) the spin-
charge density mapping (the red color represents spin-up charge
density mapping) and LDOS of the 2hBN insulator barrier in the Ni/
2hBN/Ni system in the PC state, and (c) the projected bandstructure of
Ni/2hBN/Ni for the spin minority channel.

Nanoscale Adv., 2022, 4, 117–124 | 119
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Fig. 4 (a) The transmission probability of Ni/3hBN/Ni and (b) the spin
charge density mapping of Ni/3hBN/Ni in the PC state (the red color
represents spin-up charge density mapping) and LDOS of the 3hBN
insulator barrier in the Ni/3hBN/Ni system in the PC state.

Fig. 5 (a) The transmission probability of Ni/4hBN/Ni, (b) the charge
density mapping of Ni/4hBN/Ni (the red color represents spin-up
charge density mapping) and the LDOS of the 4hBN insulator barrier of
the Ni/4hBN/Ni system in the PC state, (c) the transmission probability
of Ni/5hBN/Ni, and (d) the charge density mapping of Ni/5hBN/Ni (the
red color represents spin-up charge density mapping) and the LDOS of
the 5hBN insulator barrier of the Ni/5hBN/Ni system in the PC state
(inset: magnified LDOS of the middle hBN of the Ni/5hBN/Ni system).
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energy higher than the Fermi energy in the spin minority
channel corresponds to the dz2-orbital of Ni(111) at the inter-
faces, which hybridizes with the pz-orbital of the N atoms.
Simultaneously, the at and broad states in Fig. 3(b) correspond
to the s-orbital of Ni(111) at the interface. The relatively larger
components in the dz2-orbitals compared with the pz-orbitals
suggest that the wavefunction is indeed in a tunnel regime,
where 2hBN behaves as a potential barrier for the Ni d-
electrons.

When the number of hBN layers is increased further, e.g.,
3hBN, the contribution from these surface states at the Fermi
energy is quenched. As a result, the surface states of Ni(111),
which are derived from the s-orbital of the system with
a number of hBN layers higher than two, become weaker
around the Fermi energy, as shown in Fig. 4(b). This quenching
leads to a drop in the transmission probability of electrons in
the spinminority channel of the PC state at Fermi energy, which
becomes approximately equivalent to the transmission proba-
bility of electrons in the APC state as shown in Fig. 4(a). This
result reduces the TMR ratio of the system at Fermi energy,
which becomes lower than that observed for Ni/2hBN/Ni.
Furthermore, when the number of hBN layers is further
increased to 4hBN and 5hBN, a monotonic decrease in the TMR
ratio with increasing number of hBN layers is expected just
around the Fermi energy.

3.2 High transmission magnetoresistance on the excited
state and inuence of the proximity effect

In the last section, the presence of a peak in the transmission
probability was discussed. As shown in Fig. 3 and 4, the high
transmission peak of electrons in the spin minority channel,
when the MTJ is in the PC state, was observed at energy slightly
higher than Fermi energy (E � EF ¼ 0.24 eV for Ni/2hBN/Ni and
E � EF ¼ 0.34 eV for Ni/3hBN/Ni). Interestingly, this high
transmission peak of electrons is still present upon increasing
the number of hBN layers. From the transmission probability of
electrons of Ni/nhBN/Ni with n ¼ 4 and 5, the peak of the high
transmission probability of electrons in the spin minority
channel, when the MTJ is in the PC state, was also observed at
energy 0.34 eV higher than the Fermi energy, as shown in
120 | Nanoscale Adv., 2022, 4, 117–124
Fig. 5(a) and (c), which is the same as that for Ni/3hBN/Ni.
Interestingly, it was found that at E � EF ¼ 0.34 eV for Ni/
nhBN/Ni with n ¼ 1–4, a high and increasing TMR ratio is
observed but decreases when n ¼ 5, as shown by a red line in
Fig. 2. To understand this behavior, a further investigation was
done on the electronic state of the insulator barrier for the Ni/
nhBN/Ni system with n ¼ 4 and 5.

The LDOS of the hBN layer in the insulator barrier for the Ni/
nhBN/Ni system with n ¼ 4 and 5 is shown in Fig. 5(b) and (d),
respectively. Looking at the LDOS of hBN in the insulator
barrier for n ¼ 3, 4, and 5, a typical behavior corresponding to
the presence of the magnetic proximity effect, which is the
penetration depth of the spin polarization of a magnetic metal
(Ni) into a nonmagnetic material (hBN), is observed. This
proximity effect, which causes an evanescent wave, or a damp-
ing mode inside hBN, is found as the LDOS of the hBN layer, at
E� EF ¼ 0.34 eV, gradually decreases when hBNmoves far from
the interface. However, the LDOS still survives at E � EF ¼
0.34 eV even for the middle hBN in the Ni/5hBN/Ni system. A
sharp damping is observed because the proximity effect of dz2
acts on the pz orbital of B, which is unoccupied. At energy close
to the Fermi energy, since the energy gap of hBN does exist, no
real propagating modes in the hBN slab are expected. On the
other hand, at E � EF ¼ 0.34 eV, since a small LDOS is still
observed through all of the hBN in the tunnel barrier, propa-
gating modes in the hBN slab are expected. Thus, for the case of
Ni/nhBN/Ni with n > 2, the proximity effect becomes the main
contribution for the transmission of the electron with the
energy being 0.34 eV higher than the Fermi energy, through the
hBN tunnel barrier.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The transmission probability of Ni/hBN–Gr–hBN/Ni and (b)
the spin charge density mapping of Ni/hBN–Gr–hBN/Ni (the red color
represents spin-up charge density mapping) and LDOS of the hBN–
Gr–hBN insulator barrier of the Ni/hBN–Gr–hBN/Ni system in the PC
state.
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This tunneling behavior causes an interesting ltering effect.
In the PC state, when E � EF ¼ 0.34 eV, the minor-spin channel
exhibits a high transmission probability. In contrast, for the
major-spin channel, the transmission is signicantly reduced.
The high transmission for the minor-spin channel originates
from the d-orbital nature since a large pd-hybridization causes
a spin-split LDOS with a prominent peak at the corresponding
energy. Thus, except for the d channel, a lowered transmission
can only be expected. Therefore, the major-spin component
shows a reduced transmission. As a result, the ratio of the
minority-spin transmission and majority-spin transmission
should become more prominent as n increases. This high
transmission probability is found only when a parallel-spin
conguration is selected with the pd-hybridization occurring
on both sides of hBN.

In the case of the APC state, a blocking behavior can be
observed. An optimum blocking behavior was observed when
4hBN is used as an insulator barrier. On Ni/3hBN/Ni, in the APC
state, spin majority and minority channels show a small but
non-negligible transmission probability at E � EF ¼ 0.34 eV.
This result follows from the fact that the middle hBN is not
spin-polarized due to an opposite proximity effect acting on it
from lower and upper Ni/hBN interfaces. Thus, it makes the
blocking behavior imperfect and causes a small number of
electrons to pass through the insulator barrier for spin minority
and majority. However, for Ni/4hBN/Ni, the two middle hBN
layers have opposite spin-polarization to each other, making the
blocking behavior much stronger and resulting in lower elec-
tron transmission probability for both spin majority and
minority. By comparing these low transmission probability in
APC state with the high transmission of electrons in the spin
minority channel while the system is in PC state; as a result, the
TMR ratio at E � EF ¼ 0.34 eV becomes optimum.

When increasing further the thickness of hBN layers as an
insulator barrier into 5hBN, the TMR ratio at E� EF ¼ 0.34 eV is
reduced, as shown in the red line in Fig. 2. This behavior arises
because the proximity effect found in the middle hBN becomes
weaker, although the blocking effect has become stronger since
4hBN was used as an insulator barrier. This fact is clearly shown
in Fig. 5(d), where the LDOS of the middle hBN at E � EF ¼
0.34 eV becomes much smaller compared to those of the
middle-interface and interface hBN. This smaller LDOS causes
the peak of high transmission of the minority spin electron in
the PC state to reduce signicantly compared to that of the Ni/
4hBN/Ni system. Therefore, the TMR ratio is reduced and
becomes smaller than that of the Ni/4hBN/Ni system.

Interestingly, the proximity effect can be magnied when the
hBN layer is replaced with the graphene layer, for example,
replacing the unhybridized hBN layer of the Ni/3hBN/Ni MTJ
with graphene, thus yielding Ni/hBN–Gr–hBN/Ni, as shown in
Fig. 6(b). The interface connection from Ni to hBN was very
similar between Ni/3hBN/Ni and Ni/hBN–Gr–hBN/Ni junctions
since the Ni–N interlayer distance is 2.05 Å for both junctions.
Fig. 6(b) also shows the LDOS of the hBN–Gr–hBN insulator
barrier. The LDOS of hBN at the interface in Fig. 6(b) shows
a very similar value to the LDOS of the upper (or lower) hBN in
Ni/3hBN/Ni. However, there is a clear difference in LDOS on
© 2022 The Author(s). Published by the Royal Society of Chemistry
graphene from the middle hBN of Ni/3hBN/Ni. Fig. 6(b) shows
an approximately 6-times higher electronic density of states on
graphene at E� EF ¼ 0.34 eV compared to the center hBN in the
Ni/3hBN/Ni MTJ for the spin-down channel. Thus, these states
lead to a higher transmission probability at the corresponding
energy. As shown in Fig. 6(a), a high magnetoresistance ratio of
�1200% can be observed for the Ni/hBN–Gr–hBN/Ni MTJ at E�
EF ¼ 0.34 eV. This TMR ratio is higher than that of the Ni/4hBN/
Ni MTJ, which has the highest TMR ratio among Ni/nhBN/Ni
MTJs, as shown in Fig. 2. The high performance and unique
characteristics of the Ni/hBN–Gr–hBN/Ni MTJ could provide
novel functionalities, such as optically induced MTJs, which are
introduced in the following section.
3.3 Proposed design and mechanism of optically induced
MTJs

The proposed idea of using a Ni/hBN–Gr–hBN/Ni MTJ as an
optically induced MTJ is shown in Fig. 7. The process of reading
and writing data in a memory using light irradiation is
considered here. For the writing process, as discussed in
a previous study, an optical demagnetization using a circularly
polarized femtosecond or sub-picosecond laser and eld-
assisted magnetic switching can change the magnetic orienta-
tion of the free Ni(111) ferromagnetic layer.46 The high perfor-
mance and unique characteristics of the Ni/hBN–Gr–hBN/Ni
MTJ are primarily used for the reading process. Two Au elec-
trodes were used to make the current ow into the proposed
MTJ device. A small bias voltage was applied. At rst, the current
ows from the Au electrode to the transparent electrode on the
top of the Ni/hBN–Gr–hBN/Ni MTJ. Without any light irradia-
tion onto the system, the reading process cannot be optimally
carried out since the current passing through the MTJ is rela-
tively small in both APC and PC states. The small current is
observed because, at Fermi energy, the electron transmission
for the APC and PC states is low, as explained in the previous
section. Reading conditions 1 and 2 are illustrated in Fig. 7(b).
When linearly polarized light, e.g., infrared or visible light, is
used to excite the electrons below the Fermi energy to an energy
0.34 eV higher than the Fermi energy from the upper Ni slabs,
the optimal reading process is observed. Condition 3,
Nanoscale Adv., 2022, 4, 117–124 | 121
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Fig. 7 (a) The writing and (b) the reading process of the proposed Ni/
hBN–Gr–hBN/Ni MTJ device with light irradiation.
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illustrated in Fig. 7(b), shows that a high transmission occurs in
the PC state resulting in the ow of current through the MTJ
towards the lower Au electrode. In addition, condition 4 shows
that the MTJ is in the APC state, thus explaining the observed
low transmission.
4 Conclusions

An investigation into Ni/nhBN/Ni MTJs was conducted by
increasing the number of hBN layers in the tunnel barrier.
Owing to the electrons' transmission through the surface states,
an increasing TMR ratio was observed when considering 2hBN
as the tunnel barrier compared with a monolayer hBN.
However, a monotonic decrease in TMR ratio was found when
more than two hBN layers were considered. This behavior is due
to the quenched surface states of Ni(111) at Fermi energy,
observed at the insulator gap of hBN.

On the other hand, it was found that the Ni/nhBN/Ni MTJ
exhibits a slight shi of the highest transmission peak towards
energy higher than the Fermi energy. This result follows from
the electron transmission through Ni dz2 which hybridized
with N pz. Interestingly, a high and increasing TMR ratio was
observed at an energy where the high transmission peak is
located. These results are due to the proximity effect of the
unhybridized hBN layer. The effect of the proximity can be
magnied when the hBN layer is replaced with the graphene
layer. When Ni/3hBN/Ni is considered, and the unhybridized
hBN layer in Ni/3hBN/Ni is replaced with a graphene layer, the
stronger proximity effect becomes evident through a higher
electronic density of states at the corresponding energy for the
LDOS of graphene. Thus, these states lead to a higher trans-
mission probability at the corresponding energy. A high
122 | Nanoscale Adv., 2022, 4, 117–124
magnetoresistance ratio of �1200% was observed for the Ni/
hBN–Gr–hBN/Ni MTJ at E � EF ¼ 0.34 eV.

This Ni/hBN–Gr–hBN/Ni MTJ's high performance and
unique characteristics allow the possibility to exploit a novel
device functionality, namely, that of an optically induced MTJ.
The process of reading and writing in this proposed MTJ is
expected to be conducted by light irradiation. Optical demag-
netization and eld-assisted magnetic switching are expected to
change the magnetic orientation of the free Ni(111) ferromag-
netic layer. This process would represent the writing process in
the proposed device. On the other hand, the unique character-
istics of the Ni/hBN–Gr–hBN/Ni MTJ would mainly contribute to
the reading process. The linear polarization of light was applied
to induce the transmission to occur at energy higher than Fermi
energy by 0.34 eV. This process was exploited to read the
magnetic alignment of the Ni/hBN–Gr–hBN/Ni MTJ.
Author contributions

Conceptualization was done by H. H. and Y. W. H. H. studied
the transmission probability and found high TMR ratio at
energy higher than Fermi energy. The charge density mapping
was performed by H. H. Y. W. examined the LDOS and projected
band structure to understand the transmission mechanism.
The new writing and reading process mechanism was proposed
by Y. W. K. K. performed supervision on the research and
proposed a detailed explanation for the proximity effect. Y. W.
and H. H. wrote the original dra of the manuscript. K. K., G. K.
S., and M. A. M. wrote and edited the manuscript. All the
authors reviewed the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The calculations were performed at the computer centers of
Kyushu University. This work was partly supported by JSPS
KAKENHI Grant No. JP19H00862 and JP16H00914 in Science of
Atomic Layers, 21J22520 and 20J22909 in Grants-in-aid for
Young Scientists, and JP18K03456. Y. W. gratefully acknowl-
edges fellowship support from the Japan Society for the
Promotion of Science (JSPS). H. H. gratefully acknowledges
fellowship support from JSPS and scholarship support from the
Japan International Cooperation Agency (JICA) within the
“Innovative Asia” Program, ID Number D1805252. G. K. S.
and M. A. M. acknowledge the JSPS International Fellowship
with numbers L21547 and S21113, respectively.
Notes and references

1 A. Dankert, M. Venkata Kamalakar, A. Wajid, R. S. Patel and
S. P. Dash, Nano Res., 2015, 8, 1357–1364.

2 M.-B. Martin, B. Dlubak, R. S. Weatherup, M. Piquemal-
Banci, H. Yang, R. Blume, R. Schloegl, S. Collin, F. Petroff,
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00272d


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:5

6:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
S. Hof- mann, J. Robertson, A. Anane, A. Fert and P. Seneor,
Appl. Phys. Lett., 2015, 107, 012408.

3 M. Z. Iqbal, M. W. Iqbal, X. Jin, C. Hwang and J. Eom, J.
Mater. Chem. C, 2015, 3, 298–302.

4 W. Wang, A. Narayan, L. Tang, K. Dolui, Y. Liu, X. Yuan,
Y. Jin, Y. Wu, I. Rungger, S. Sanvito and F. Xiu, Nano Lett.,
2015, 15, 5261–5267.
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