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We investigate the impact of monoatomic vacancies in 2D materials on the performance of mag-
netic tunnel junction (MTJ) devices using first-principles calculations within Density Functional
Theory (DFT). Specifically, we analyze the influence on hexagonal boron nitride (hBN) with various
layer configurations, uncovering distinct transmission probability patterns. Transmission calcula-
tions were conducted using the Landauer-Büttiker formula employing the Non-Equilibrium Green’s
Function (NEGF) method. In the Ni/hBN(VB)-hBN/Ni system, a significant reduction in trans-
mission probability was observed compared to non-vacancy configurations. However, when two hBN
vacancies were considered, creating the Ni/hBN(VB)-hBN(VB)/Ni MTJ system, a new transmis-
sion channel mediated by vacancy localized states emerged. The introduction of a monoatomic
boron vacancy in the middle hBN layer of the Ni/3hBN/Ni system revealed nuanced effects on
the transmission probability, highlighting alterations in the spin minority and majority channels.
Additionally, we explore the monoatomic vacancy in the graphene layer in the Ni/hBN-Gr-hBN/Ni
MTJ, uncovering a unique transmission channel influenced by the proximity effect. Our findings
suggest that the creation of monoatomic vacancies on the insulator barrier of 2D materials induces
distinctive characteristics shaped by the interaction between the surface state of the electrode and
the localized state of the monoatomic vacancy layer in the MTJ system.

INTRODUCTION

Magnetic tunnel junctions (MTJs) have attracted sig-
nificant attention in the realm of spintronics, owing to
their diverse array of potential applications ranging from
logic devices to magnetic sensors [1–6]. A critical factor
in optimizing MTJ performance is the tunneling magne-
toresistance (TMR) ratio, wherein MgO has emerged as
the predominant choice for the tunnel barrier material.
For instance, the CoFeB/MgO/CoFeB MTJ configura-
tion has showcased remarkable TMR values, reaching as
high as 1100% at 4.2 K [7]. However, the pursuit of down-
sizing these devices by reducing the barrier thickness has
often been impeded by a concomitant decrease in TMR,
sometimes plummeting to 55%, primarily attributed to
the presence of uncontrollable defects within the MgO
tunnel barrier [8, 9].

Conversely, researchers have been actively exploring
alternatives to MgO, seeking to replace it with 2D ma-
terials as a means of device miniaturization. The poten-
tial of 2D materials such as graphene (Gr) or hexagonal
boron nitride (hBN) as MTJ spin valves has been thor-

oughly investigated [10–17]. One such approach involves
employing a monolayer or a few layers of hBN as the tun-
nel barrier, sandwiched between ferromagnetic electrodes
to form MTJ structures [18–28]. In the Ni/monolayer
hBN/Ni MTJ system, the interaction between Ni and N
atoms at the interface can lead to pd-hybridization, allow-
ing electrons at the Fermi energy to easily pass through
the monolayer hBN as a tunnel barrier [13]. This elec-
tron transmission is primarily due to propagating-wave
electrons. In contrast, when multilayer hBN serves as
the tunnel barrier, the transmission of electrons through
the hBN insulator barrier is facilitated by the Ni dz2 -
orbital surface state and the proximity effect induced on
the hBN layer [14]. This finding emphasizes the piv-
otal role played by the proximity effect within 2D ma-
terials in modulating electron tunneling capacity. Inter-
estingly, unlike conventional thin-film materials such as
MgO, modified 2D materials, engineered through the in-
troduction of monoatomic vacancies, exhibit a spectrum
of unique physical and chemical properties [29–32]. These
distinct characteristics may mediate novel transmission
phenomena not observed in MgO-based MTJs.
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In the field of spintronics, investigating the impact of
monoatomic vacancies in two-dimensional (2D) materi-
als on the performance of MTJ devices is of critical im-
portance [33–36]. To understand how single-atom de-
fects (monoatomic vacancies) in two-dimensional (2D)
materials affect the transmission properties of MTJs, we
use a theoretical framework based on Density Functional
Theory (DFT). This allows us to explore the complex
relationship between the electronic properties and de-
vice performance. We examine the transmission prop-
erties using the Landauer-Büttiker formula. The Non-
Equilibrium Green’s Function (NEGF) method is then
employed to gain insights into the transport properties
of the systems. We focused on hexagonal boron nitride
(hBN), a well-known insulator, and explored how dif-
ferent layer arrangements within the MTJ device affect
its performance. By controlling monoatomic vacancies
and altering the layer structures, we observed signifi-
cant changes in the transmission probability, especially
in the spin-dependent channels. Furthermore, we incor-
porated graphene layers within the MTJ design and in-
vestigated how monoatomic vacancies impact the trans-
mission properties in these hybrid systems. This study
deepens our understanding of the fundamental mecha-
nisms governing electron transport in MTJ devices and
provides practical guidance for designing and optimizing
future spintronic devices. By investigating the impact of
monoatomic vacancies in 2D materials on device perfor-
mance, we aim to advance spintronics towards devices
with enhanced functionality and efficiency.

COMPUTATIONAL METHOD

In this work, we used a 3 × 3 supercell to model
the MTJ systems. To introduce defects, a monoatomic
boron vacancy (VB) was deliberately created within
the hBN layer, as depicted in Figure 1(a). Addition-
ally, a monoatomic vacancy was introduced into the
graphene layer, as illustrated in Figure 1(b). We ex-
plored various stacking configurations of hBN(VB) lay-
ers, including hBN(VB)/hBN, hBN(VB)/hBN(VB), and
hBN/hBN(VB)/hBN, as shown in Figures 1(c), (d),
and (e), respectively. Furthermore, we investigated the
hBN/Gr/hBN stacking with different vacancy configura-
tions, where the vacancy was positioned on the graphene
layer, as depicted in Figure 1(f). The study primarily fo-
cused on evaluating the significance of localized states in
spin-dependent electron tunneling between two ferromag-
netic electrodes, with nickel chosen as the electrode mate-
rial. Given that the anti-parallel configuration (APC) is
known to exhibit low transmission probability due to the
spin-blocking effect, our analysis primarily focused on the
parallel configuration (PC) state of the MTJ, where the
magnetic moments of the upper and lower Ni electrodes
were oriented parallelly upward.
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FIG. 1. A 3 × 3 unit cell of (a) hBN with a
monoatomic boron vacancy (VB), (b) graphene (Gr) with
a vacancy, (c) hBN(VB)/hBN, (d) hBN(VB)/hBN(VB), (e)
hBN/hBN(VB)/hBN, and (f) hBN/Gr(V)/hBN used in the
calculations. Blue, black, and pink color balls represent N,
C, B atoms, respectively. (g) The setup to calculate the tun-
neling transmission probability of the aforementioned tunnel
barrier where Ni is used as electrodes. The scattering region
comprises a three-layer Ni/tunnel barrier/three-layer Ni, and
the left and right electrodes comprise six Ni layers. Visual-
ization was performed using XCrySDen [37]

The SIESTA package [38, 39] was utilized for various
calculations, encompassing structural equilibrium deter-
mination, assessment of magnetic properties, mapping
of spin-charge density, and determination of the local
density of states (LDOS) utilizing spin-polarized DFT.
Electron-ion interaction within the generalized gradient
approximation (GGA) was modeled using the Troullier–
Martins [40] pseudopotential and the Perdew–Burke–
Ernzerhof functional, specifically the PBESol functional
[41]. A basis set incorporating double-zeta and polar-
ization was employed [42–44]. The atomic positions
were relaxed with a force tolerance of 0.01 eV/Å, and
a Monkhorst–Pack k-mesh of 36× 36× 1 was utilized for
calculations, with a mesh cutoff of 500 Ry. Additionally,
van der Waals interactions between hBN and graphene
were accounted for by integrating a Grimme-type disper-
sion potential [45].

The tunneling transmission probability was computed
using the Landauer-Büttiker formalism within the NEGF
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method. The setup for calculating the transmission prob-
ability is depicted in Figure 1(g). The spin-dependent
current was determined utilizing the Landauer-Büttiker
equation:

I↑(↓) =
e

h

∫ ∞

−∞
T ↑(↓)(E)

[
fL(E,µ)− fR(E,µ)

]
dE, (1)

where fL(E,µ)
(
fR(E,µ)

)
represents the right (left) mov-

ing electrons injected from the left (right) electrode, and
µL

(
µR

)
denotes the chemical potentials of the left (right)

electrodes, both assumed to be at the Fermi level (EF )
due to the zero bias voltage. The transmission proba-
bility, T , as a function of energy, E, is described by the
Green’s function:

T ↑(↓)(E) = Tr

{[
ΓLG

RΓRG
A
]}

, (2)

where ΓL(ΓR) represents the coupling matrix of the left
(right) electrode, and GR(GA) denotes the retarded (ad-
vanced) Green’s function of the central region.

RESULTS AND DISCUSSION

Influence of Monoatomic Boron Vacancy in One or
Two hBN in Ni/2hBN/Ni MTJ

To examine the impact of a monoatomic boron va-
cancy in hBN on the functionality of an MTJ device, we
investigated two potential configurations: Ni/hBN(VB)-
hBN/Ni and Ni/hBN(VB)-hBN(VB)/Ni MTJ systems.
The presence of a monoatomic boron vacancy induces
magnetization in the hBN layer. This phenomenon is at-
tributed to the unpaired electron of the nitrogen atoms

(a) (b)

(c)

FIG. 2. (a) The 3 × 3 Ni/hBN/hBN(VB)/Ni SCDM (red
color represents spin-up electron density). Visualization was
performed using XCrySDen [37]. (b) LDOS for Ni-upper,
hBN-upper, hBN-lower (hBN with VB), and Ni-lower layers
in PC configuration. The positive (negative) value of DOS
represents the spin majority (minority) channel. (c) A zoom
on the lower energy of LDOS in (b).

(a)
(b)

(c)

FIG. 3. (a) The 3 × 3 Ni/hBN(VB)/hBN(VB)/Ni SCDM
(red color represents spin-up electron density). Visualiza-
tion was performed using XCrySDen [37]. (b) LDOS for Ni-
upper/lower and hBN-upper/lower (which both have VB) in
the PC configuration. The positive (negative) value of DOS
represents the spin majority (minority) channel. (c) A zoom
on the lower energy of LDOS in (b).

at the vacancy site, which fails to form a σ-bond with
the boron atom. We observe vacancy-induced magneti-
zation in both Ni/hBN(VB)-hBN/Ni and Ni/hBN(VB)-
hBN(VB)/Ni MTJs, as depicted in Figures 2(a) and
3(a), respectively, through spin charge density mapping
(SCDM). Notably, the SCDM reveals dominant spin-up
electron density in the localized state near VB , aligned
parallel to the spin-up magnetization direction of the Ni
slabs. This alignment signifies a strong ferromagnetic
coupling between the magnetic moment at the vacancy
and the Ni slabs. Furthermore, a short-range magnetic
interaction between the localized state and neighboring
nitrogen atoms is evident from the damping of spin-up
electron density amplitude. This damping occurs in re-
gions where spin-up electron density concentrates near
the vacancy but decreases for nitrogen atoms farther
away. The emergence of vacancy-induced magnetization
in hBN(VB) is expected to alter its electronic struc-
ture and the propagation of Ni dz2-orbital surface state
through the insulator barrier of two hBN layers.

Initially, we examined the influence of VB on the elec-
tronic structure of the MTJ system using Ni/hBN(VB)-
hBN/Ni. This configuration allowed for a direct com-
parison between pristine hBN, hybridized with the up-
per Ni slab, and hBN(VB), hybridized with the lower
Ni slab. Figure 2(b) displays the local density of states
(LDOS) of the upper and lower Ni slabs, pristine up-
per hBN, and lower hBN with VB in the PC config-
uration. A notable difference in LDOS between the
upper and lower Ni slabs is observed, stemming from
the modification of pd-hybridization at the interface of
hBN(VB)/Ni. This modification is evidenced by the
DOS peak at E − EF = 0.4 eV in the spin minority
channel, corresponding to hybridization at the Ni/hBN
interface between the Ni dz2 orbital and the nitrogen
pz orbital. This peak also appears in the spin majority
channel at approximately E − EF = −1.0 eV, consis-
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tent with previous findings[14]. However, in the lower
Ni slab, hybridized with hBN(VB), the DOS peak in the
spin minority channel at E − EF = 0.4 eV is reduced
due to the electron localization at the vacancy site. A
similar reduction is observed in the spin majority chan-
nel around E − EF = −1.0 eV. The disparity is more
pronounced between the upper and lower hBN layers, as
shown in Figure 2(c). In the upper hBN, a nearly insulat-
ing gap dominates the DOS, with a peak only appearing
at E − EF = 0.4 eV for the spin minority channel and
around E−EF = −1.0 eV for the spin majority channel,
arising from pd-hybridization. Conversely, the lower hBN
containing VB exhibits a DOS peak in the same energy
range as the upper hBN, along with additional states. In
the spin majority channel, a higher DOS peak is observed
from E − EF = −0.9 to −0.2 eV, with the highest and
second-highest DOS at E − EF = −0.38 and −0.65 eV,
respectively. Meanwhile, in the spin minority channel, a
broad range of new states emerges from E − EF = −1.0
to 1.0 eV. The higher occupancy of states in the spin
majority channel compared to the minority channel cor-
responds to the spin-up magnetization of hBN(VB) due
to the vacancy.

The modification of the LDOS in the lower Ni and hBN
layers directly affects the probability of electron transmis-
sion. As previously mentioned, in a two-layer hBN MTJ
system, electron transmission primarily occurs through
the Ni surface state. Figure 4 illustrates a prominent
transmission peak at E − EF = 0.38 eV (−0.98 eV) for
spin-down (spin-up) electrons, consistent with previous
findings. This high transmission is attributed to electron
transmission through the Ni dz2 orbital surface state.
However, in the Ni/hBN/hBN(VB)/Ni MTJ structure,
the decreased Ni dz2 orbital DOS leads to a significant
reduction in electron transmission for both spin-up and
spin-down electrons. Conversely, in the Ni/hBN(VB)-
hBN(VB)/Ni MTJ, identical LDOS in both the upper
and lower Ni and hBN layers due to the creation of va-
cancies on both hBN layers, as shown in Figure 3(b) and
(c), similarly reduces electron transmission probability
for spin-down (spin-up) electrons at E − EF = 0.38 eV
(−0.98 eV) while creating a new transmission channel
for spin-down (spin-up) electrons from E −EF = 0.5 eV
(−0.85 eV) to 0.8 eV (−0.4 eV). This suggests that the
newly created states in hBN(VB) mediate electron trans-
mission not only for the Ni dz2 orbital surface state but
also for another orbital surface state.

We note that the Ni/hBN(VB)-hBN(VB)/Ni MTJ in-
troduces a new transmission channel when the hBN(VB)
layers are in close proximity. However, as the sep-
aration between hBN(VB) layers increases, the inten-
sity of the transmission channel decreases and eventu-
ally disappears, resembling the transmission observed in
Ni/hBN(VB)-hBN/Ni.

FIG. 4. Comparison of transmission probabil-
ity for Ni/2hBN/Ni, Ni/hBN(VB)/hBN/Ni, and
Ni/hBN(VB)/hBN(VB)/Ni MTJs.

Interaction Between Ni’s Surface State at Interface
with Localized State of 2D Materials Vacancy

In the preceding section, we examined the influence
of VB on the electronic structure of both the hBN and
Ni layers at the Ni/hBN interface. Here, we delve
into the interaction between the surface state of Ni at
the interface, which remains unaltered, and the iso-
lated localized state of the middle hBN layer in the
Ni/hBN/hBN(VB)/hBN/Ni MTJ.

Figure 5(a) illustrates the spin charge density map-
ping (SCDM) of the Ni/hBN/hBN(VB)/hBN/Ni MTJ,
indicating that the hBN(VB) in the middle possesses
an induced magnetic moment. A strong magnetic mo-
ment is observed at the vacancy site, aligned parallel to
the Ni slab, suggesting magnetic interaction between the
hBN(VB) and Ni slab despite lacking a direct interface.
The local density of states (LDOS) of the Ni slab, hBN at
the interface, and hBN(VB) is depicted in Figures 5(b)
and (c). The LDOS analysis reveals that the hBN(VB)
in the middle does not alter the DOS of the Ni layer at
the interface or the hBN at the interface. However, the
DOS of the hBN(VB) exhibits spin polarization, evident
from the Stoner gap. The newly created state from the
vacancy shows some overlap with the surface state of the
Ni dz2 orbital at E − EF = 0.42 eV (−0.9 eV) for the
spin minority (majority) channel.

The transmission probability of the
Ni/hBN/hBN(VB)/hBN/Ni MTJ is displayed in
Figure 7(a). No new transmission channel is observed.
Instead, an increment (reduction) in the transmission
probability is noted for the spin majority (minority)
channel at E − EF = −0.9 eV (0.42 eV) compared to
the Ni/3hBN/Ni MTJ. This indicates that the Ni dz2

orbital solely affects the occupied state of the localized
state. The reduction in transmission probability in the
spin minority channel, due to the Ni dz2 orbital surface
state, does not interact with the proximity effect, which
exhibits spin-up electron localization. Conversely, the
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(b)

(c)

(a)

FIG. 5. (a) The 3 × 3 Ni/hBN/hBN(VB)/hBN/Ni SCDM
(red color represents spin-up electron density). Visualiza-
tion was performed using XCrySDen [37]. (b) Local density
of states (LDOS) for Ni-upper/lower and hBN-upper/lower
(hBN without VB), and hBN-middle (hBN with VB) in PC
configuration. The positive (negative) value of DOS repre-
sents spin majority (minority) channel. (c) The zoom on lower
energy of LDOS in (b).

(b)

(c)

(a)

FIG. 6. (a) The 3 × 3 Ni/hBN/Gr(V)/hBN/Ni SCDM
(red color represents spin-up electron density). Visualiza-
tion was performed using XCrySDen [37]. (b) LDOS for Ni-
upper/lower, hBN-upper/lower, and Gr(V) in PC configura-
tion. The positive (negative) value of DOS represents spin
majority (minority) channel. (c) The zoom on lower energy
of LDOS in (b).

spin majority channel of the Ni dz2 orbital surface state
propagates through the localized state, resulting in an
increment in the transmission probability of spin-up
electrons.

In a complementary investigation, we introduced a
monoatomic vacancy in the graphene layer to create the
Ni/hBN/Gr(V)/hBN/Ni MTJ. Similar to the hBN(VB)
in Ni/hBN/hBN(VB)/hBN/Ni MTJ, the graphene with
a vacancy exhibits an induced magnetic moment and
ferromagnetic interaction with the Ni slab, as shown
in Figure 6(a). Furthermore, the vacancy in graphene
does not modify the DOS of the Ni layer at the inter-
face or the hBN layer at the interface, as depicted in
Figures 6(b) and (d). Interestingly, a decrease in spin-
down electron transmission at higher energy, akin to the
Ni/hBN/hBN(VB)/hBN/Ni MTJ system, is observed.
In the Ni/hBN/Gr(V)/hBN/Ni MTJ, the vacancy in

(b)

(a)

FIG. 7. Transmission probability comparison between (a)
Ni/3hBN/Ni and Ni/hBN/hBN(VB)/hBN/Ni MTJs, and be-
tween (b) Ni/hBN/Gr/hBN/Ni and Ni/hBN/Gr(V)/hBN/Ni
MTJs.

graphene creates a new transmission channel for both
spin-up and spin-down electrons within the same energy
range, around E − EF = −0.6 eV, as shown in Figure
7(b). This unique transmission channel originates from
the proximity effect, which interacts with the localized
state as well as the π-orbital of the graphene layer. How-
ever, this interaction occurs at the occupied state, im-
plying that the surface state not only propagates through
Gr(V) mediated by the localized state but can also be re-
distributed within the graphene layer through graphene’s
π-orbital. We anticipate the tunneling magnetoresistance
(TMR) ratio at E − EF = −0.6 eV to exceed 1200%, as
found in Ni/hBN/Gr/hBN/Ni.

CONCLUSION

In this study, we investigated the impact of a
monoatomic vacancy in 2D materials on the performance
of an MTJ device. Initially, we explored bilayer hexag-
onal boron nitride (hBN) configurations, considering
Ni/hBN(VB)-hBN/Ni and Ni/hBN(VB)-hBN(VB)/Ni
MTJ systems. The transmission probability was notably
reduced in the Ni/hBN(VB)-hBN/Ni configuration com-
pared to the pristine bilayer hBN system. Conversely,
in the Ni/hBN(VB)-hBN(VB)/Ni configuration, an ad-
ditional peak in the transmission probability emerged,
indicating a new transmission channel facilitated by the
localized state of hBN(VB)-hBN(VB).
Subsequently, we introduced a monoatomic boron va-
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cancy in the middle hBN layer of the Ni/3hBN/Ni sys-
tem, creating a Ni/hBN-hBN(VB)-hBN/Ni MTJ. The
presence of the localized state in the middle hBN layer led
to a reduction (enhancement) in the transmission prob-
ability peak for the spin minority (majority) channel at
higher (lower) energy, attributed to the stoner gap cre-
ated in the middle hBN layer. Consequently, the trans-
mission probability for the spin-majority channel was
augmented.

Finally, we investigated the monoatomic vacancy in
the graphene layer of the Ni/hBN-Gr-hBN/Ni MTJ. The
presence of the graphene vacancy induced a new trans-
mission channel for both the spin-majority and minor-
ity channels within the same energy range. This unique
transmission channel originated from the proximity effect
interacting with the localized state of the graphene layer.

The introduction of a monoatomic vacancy on the insu-
lator barrier of 2D materials in the MTJ system results in
unique characteristics determined by the interaction be-
tween the surface state of the electrode and the localized
state of the monoatomic vacancy layer. This interaction
offers promising avenues for tailoring the properties and
performance of spintronic devices based on MTJs.
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