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Nitride-based van der Waals magnetic heterostructures can simultaneously utilize both charge and spin
degrees of electrons, which are important materials for low-dimensional spintronic devices. In this work, we
study the stabilities and the electronic and magnetic properties of GaN/VN and VN/GaN/VN van der Waals
heterostructures via first-principles calculations. The GaN/VN van der Waals heterostructure is a half-metal with
100% spin polarization, which can be applied in a spin filter and spin injection. Although monolayer GaN is
a nonmagnetic semiconductor, it can introduce half-metallic characters via the magnetic proximity effect in
both GaN/VN and VN/GaN/VN van der Waals heterostructures. The easy magnetization axis of hexagonal VN
transits from the out-of-plane to the in-plane direction after combining with hexagonal GaN due to the different
orbital occupations. Moreover, the electronic properties of the VN/GaN/VN van der Waals heterostructure
depend largely on the magnetic configurations of the VN layers. By applying parallel or antiparallel magnetic
configurations, the VN/GaN/VN van der Waals heterostructure presents half-metallic and semiconducting
characters. The transformation indicates that the VN/GaN/VN van der Waals heterostructure is a promising

candidate for room-temperature van der Waals spin valve devices.
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I. INTRODUCTION

As is known, electrons have two basic degrees of freedom:
electrical charge and spin. Mainstream electronics and devices
are charge-based, while the electron spin is usually neglected
[1,2]. Due to the current urgent demand for miniaturization,
low power consumption, and high performance of electronic
devices, low-dimensional spintronic materials have attracted
much attention [3-5]. The response speed of charge-based
electronics is limited by the current and capacitance of the
devices. Comparatively, the response speed of spintronics
depends on the frequency of electronic spin, which ranges
from GHz to THz. Furthermore, reversing the spin direction
only requires an meV of energy in spintronics [6]. Mag-
netism is a basic requirement of spin-based devices, which
can be introduced by constructing the van der Waals (vdW)
heterostructures with two-dimensional (2D) vdW magnetic
crystals [5]. Bulk GaN is a semiconducting material that
has advantages in technological applications, such as light-
emitting diodes [7], lasers [8], and radiofrequency amplifiers
[9]. Fortunately, 2D hexagonal GaN has been synthesized by
migration-enhanced encapsulated growth [10]. The 2D GaN
and GaN-based 2D vdW heterostructures are found to be
alternative materials for deep ultraviolet light-emitting diodes
[11,12], and some others show the potential for photocatalysis
[13,14]. However, the intrinsic nonmagnetism of pristine 2D
GaN limits its application in nanospintronic devices. Interest-
ingly, under certain conditions, 2D GaN can be switched to
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a half-metal [15], which is a unique material that is able to
achieve 100% spin-polarized current. In the band structure of
a half-metal, the band gap exists in only one spin direction,
while in the other spin direction it behaves like a metal [16].
Spin-polarized current is capable of using the electronic spin
to deliver and store information. Therefore, half-metals can
be an alternative candidate for spintronics and spin-based
devices.

Half-metal can be easily found in ferromagnets because
intensive magnetism results in different behaviors of elec-
trons with different spin directions. So far, investigations of
half-metallic ferromagnets have focused mainly on double
perovskite materials [17], Heusler alloys [18], and transition-
metal compounds [19,20]. In addition, the combination of
2D ferromagnets and 2D semiconductors is advantageous
because proximity-induced exchange interaction can lead to
entirely new spintronics and valleytronics [21,22]. Therefore,
the vertical integration of ferromagnets and 2D monolayer
GaN into vdW heterostructures with atomically sharp in-
terfaces is an effective way to obtain magnetism via the
magnetic proximity effect [23]. Meanwhile, experimentally
high-quality vdW heterostructures can be precisely and con-
trollably synthesized by creating a periodic array of defects
on the substrate [24]. The 2D hexagonal VN is a ferromag-
netic (FM) half-metal with an ultrahigh Curie temperature of
768 K [25]. Large spin and valley splitting can be found in
WS,/VN vdW heterostructures [26]. These results suggest
that both monolayer VN and VN-based heterostructures can
be used in spintronics, information memories, and storage
devices. The spin valve is a typical spintronic with a sandwich
structure in which the first and third layers are ferromag-
nets and the second layer is a nonmagnetic material. The
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magnetoresistance of a spin valve is determined by the magne-
tization directions of the ferromagnets, which can be realized
in the vdW spin valves as well [27,28]. The spin valves play an
important role in magnetic field sensors [29], memory devices
[30,31], and even biological fields [32]. In this work, we study
the electronic properties of VN/GaN vdW heterostructures
and VN/GaN/VN vdW spin valves via first-principles simu-
lations. The VN/GaN/VN vdW spin valve is also a trilayer
vdW heterostructure. Meanwhile, the correspondence of the
heterostructures under strain is investigated.

II. METHODOLOGY

The optimal atomic structures and electronic properties
of monolayer VN, monolayer GaN, and their heterostruc-
tures rely on first-principles calculations via the Vienna
Ab-initio Simulation Package [33]. The cutoff energy for
the plane-wave basis is set to 600 eV. To eliminate the in-
terlayer interaction, a 20-A-thick out-of-plane vacuum space
is applied. Numerical integration over the Brillouin zone is
sampled with the Monkhorst-Pack scheme with a 12 x 12 x
1 k-point mesh [34]. The exchange-correlation potential is
described with the Perdew-Burke-Ernzerhof generalized gra-
dient approximation (GGA) [35]. The D3 Grimme correction
is also adopted for the consideration of vdW interactions in all
computational processes [36]. All the atomic coordinates, the
lattice constants, and the depth of the interlayer are given by
full relaxation with a maximum residual force of 0.01 VA,
The maximum of the residual total energy is set to 10eV.
Spin-orbital coupling (SOC) is applied when searching for the
easy magnetic axes [37,38]. The screened hybrid density func-
tional proposed by Heyd, Scuseria, and Ernzerhof (HSE06)
is used to solve the band structures [39]. For comparison,
calculations based on the GGA+U method are also carried
out. The effective Hubbard U correction applied on the 3d
electrons of vanadium atoms is 3.47 eV (see the Supplemen-
tal Material [40] for details). The linear response theory is
adopted to evaluate the U parameter [41], which is widely
used in evaluating the U parameters of the transition atoms
[42—44]. The phonon properties are carried out with5 x 5 x 1
supercells using the PHONOPY code. The Curie temperatures
(T.) of the magnetic systems are estimated via Monte Carlo
(MC) simulations with 15 x 15 x 1 supercells.

III. RESULTS AND DISCUSSION

As presented in Figs. 1(a) and 1(b), both isolated GaN and
isolated VN have graphenelike crystal structures without cor-
rugation. The optimal lattice constants of monolayer GaN and
monolayer VN are dGaN = bGaN = 320A and ayN = bVN =
3.23 A, respectively. The Ga-N and V-N bond lengths are 1.85
and 1.86 A, respectively. The magnetic moment of the mono-
layer VN is 1.97 ug per unit cell, and the monolayer GaN
is nonmagnetic. These results are in agreement with previous
works [25,45]. The lattice mismatch of the monolayer GaN
and the monolayer VN is 0.93%, which is acceptable to form
a heterostructure. Initially, we consider six different high sym-
metric configurations for the GaN/VN vdW heterostructures.
The binding energies of different configurations are com-
pared by employing Ej, = Egan/vN — Ecan — Evn, in which
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FIG. 1. The top view and side view of (a) monolayer GaN, (b)
monolayer VN, and (c¢) GaN/VN vdW heterostructure; the purple
and orange distributions correspond to charge accumulation and
depletion with an isosurface value of 0.03 ¢ A=, respectively; (d)
the phonon spectra of monolayer GaN, monolayer VN, and GaN/VN
vdW heterostructure.

Egan/vN, Egan, and Eyy are the total energy of the GaN/VN
heterostructures, the monolayer GaN, and the monolayer
VN, respectively. The most thermodynamically favorable con-
figuration is presented in Fig. 1(c) with calculated E, =
—0.7eV. The metallic atoms match the nonmetallic atoms of
the other layer, and the VN layer exhibits corrugation, which
is consistent with the WS, /VN vdW heterostructure and the
VN/MoS, heterostructure [25,26]. On the other hand, among
the six high symmetric configurations, only the stacking con-
figuration [as shown in Fig. 1(c)] has no obvious imaginary
vibrational modes in phonon spectra. However, imaginary vi-
brational modes have been seen in the calculated results of the
other stacking configurations (see Fig. S6 of the Supplemental
Material [40]). Moreover, monolayer GaN, monolayer VN,
and the GaN/VN vdW heterostructure remain stable under
—1% to 5%, 0% to 5%, and —2% to 5% biaxial strains,
respectively (see Fig. S8 of the Supplemental Material [40]).
The magnetic ground states of both the monolayer VN and
the GaN/VN vdW heterostructure are FM states, regardless of
whether there is a Hubbard U correction or not. The lattice
constants of the GaN/VN vdW heterostructure are dgan/vN =
bganyvN = 3.28 A and the length of the V-N bond increases
to 1.89 A. The distance between the two layers is 2.22 A and
it is larger than that of the V-N bond, indicating that chemical
bonds are absent between the layers. The magnetic moment of
the VN layer decreases to 1.75 ug per unit cell and the GaN
layer obtains a small amount of magnetic moment of 0.02 .
As can be seen in Fig. 1(c), the charge mainly accumulates at
the interface of the GaN/VN heterostructure, and charge trans-
fer mainly happens on vanadium atoms. According to Bader
charges analysis [46,47], the GaN layer obtains 0.0575 e from
the VN layer. These results indicate that orbital hybridization
exists in the GaN/VN vdW heterostructure.

The band structures of monolayer GaN and monolayer
VN are presented in Fig. 2. The conduction-band minimum
(CBM) and valence-band maximum (VBM) of monolayer
GaN are located at the I'" point and the K point, showing
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FIG. 2. Band structures of (a) monolayer GaN and (b) monolayer VN. The inset shows the spin-polarized charge distribution of monolayer
VN. The yellow and blue distributions correspond to spin-up and spin-down polarized charge with an isosurface value of 0.2 e A=, The DOS

and spin polarization of (c) monolayer GaN and (d) monolayer VN.

the features of the indirect semiconductor. The value of the
band gap is 3.48 eV, which is close to that of previous
works [10,45]. Because monolayer GaN is a nonmagnetic
material, the band structure of spin-up and spin-down chan-
nels is degenerate. That is, there is no spin polarization
in monolayer GaN. We estimate the spin polarization level
through the density of states (DOS) by using n = 100% x
(ny —ny)/(ny +ny), in which ny and n; are the DOS do-
nated by spin-up and spin-down electrons, respectively. The
positive and negative values of 1 correspond to spin-up and
spin-down polarization, respectively. As shown in Fig. 2(c),
the DOSs with different spin directions are completely sym-
metrical, resulting in ngan = 0% for the monolayer GaN. As
for the monolayer VN, the spin-polarized charge distribution
is presented in the inset of Fig. 2(b). The spin-up polarized
charge is completely distributed on vanadium atoms, and the
spin-down polarized charge is distributed only slightly on
nitrogen atoms. The spin-up and spin-down band structures
of monolayer VN are nondegenerate. The spin-up electrons
cross the Fermi energy level, while an indirect band gap of
4.96 eV appears in spin-down channels, which is a typical
band structure of half-metals. The DOS of monolayer VN is
presented in Fig. 2(d), and there is a large energy range near
the Fermi energy level that can be 100% spin-polarized, which
is the main demand of spin injection to create spin-polarized
current [1,16,48].

Note that vertical vdW heterostructures constructed by
monolayer GaN and monolayer VN can also produce highly
spin-polarized current. The band structure of the GaN/VN
vdW heterostructure is presented in Fig. 3(a), where the spin-
up channels are conductive and spin-down channels have
an indirect band gap with a value of 4.12 eV. As the spin-
polarized charge distribution is shown in the inset of Fig. 3(a),

it is obvious that the spin-up polarized charge of vanadium
atoms is different from that of monolayer VN. The differ-
ent spin-polarized charge distributions suggest that different
magnetic properties may exist between the GaN/VN vdW
heterostructure and the monolayer VN. As is shown in the
partial DOS (PDOS) [Fig. 3(b)], both GaN and VN layers
in the GaN/VN vdW heterostructure can realize 100% spin
polarization at the Fermi energy level. The DOSs of spin-up
and spin-down channels are asymmetric in the GaN layer,
which is quite different from the isolated GaN [see Fig. 3(b)].
The half-metallic properties of the GaN layer in the GaN/VN
vdW heterostructure are attributed to the s-d hybridization
[Fig. 3(c)], where the s and d orbitals are donated by the nitro-
gen atom of GaN and the vanadium atom of VN, respectively.
However, p-d hybridization also happens in the lower region
of the valence band, which is far from the Fermi energy level.
The spin polarization of the GaN/VN vdW heterostructure is
also ngan/vn = 100% at the Fermi energy level, and electrons
are 100% spin-up polarized in a large energy range of —2.55
to 0 eV below the Fermi energy level. In addition, in the
energy range of 1.49-1.92 eV above the Fermi energy level,
a completely spin-down polarized range appears, which does
not exist in monolayer VN. Carrier doping may be an effective
method to achieve the transition between spin-up and spin-
down polarization [49-51].

To find out the easy magnetization axes of monolayer
VN and the GaN/VN vdW heterostructure, we carry out cal-
culations on magnetic anisotropy energy (MAE), which is
given by comparing the total energy with the magnetization
axis in different directions. As presented in Fig. 4, the easy
magnetization axes of monolayer VN and the GaN/VN vdW
heterostructure are the out-of-plane and in-plane directions,
respectively. Experimentally, external magnetic fields can be
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FIG. 3. (a) Band structure and spin-polarized charge distribution, (b) PDOS and spin polarization, and (c) orbital-projected band structure
of the GaN/VN vdW heterostructure. The nitrogen atom and the vanadium atom are donated by GaN and VN, respectively. The yellow and
blue distributions correspond to spin-up and spin-down polarized charge with an isosurface value of 0.2 e A=, respectively.

perpendicularly or parallelly applied to the devices to tune
the magnetization directions of materials [52,53]. It should
be noted that both Hubbard U correction and biaxial strains
cannot change the direction of the easy magnetization axes of
these systems (Fig. 4 and Fig. S9 of the Supplemental Material
[40]). The MAE of the monolayer VN and the GaN/VN vdW
heterostructure are 0.14 and 0.26 meV at the GGA level,
respectively. The Hubbard U correction reduces 0.1 meV on
the MAE of monolayer VN while it increases 0.93 meV in the
case of the GaN/VN vdW heterostructure (see Table S3 of the
Supplemental Material [40]).

To explain the change of the easy magnetization axis of
VN layers and the half-metallic property in the GaN layer,
we investigated the crystal fields of the systems. According
to the D3, and C3, point-group symmetry of the monolayer
VN and the GaN/VN vdW heterostructure, the trigonal crystal
field splits the d orbitals into three groups: ey (dyy, dy2_y2), €,
(dyz, dy;), and ay, (d2) [54], presented in Figs. 5(c) and 5(d).
The orbital-projected DOS of the monolayer VN is presented

(a) 0.16
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o
Z0.08
2
S 0.04

FIG. 4. The MAE of (a) monolayer VN and (b) GaN/VN vdW
heterostructure at GGA and GGA+U level. 0° and 90° correspond to
the in-plane and out-of-plane directions, respectively.

in Fig. 5(a). The p, and p, orbitals of nitrogen atoms are
hybridized with the e;, orbital of vanadium atoms, forming the
complanate o bonds and resulting in the hexagonal atomic
structure of 2D VN. The e, orbital crosses the Fermi energy
level, providing the half-metallic character of the monolayer
VN. In the case of monolayer VN, the a;, orbital is occupied
and the efg orbital is half-filled. This orbital occupation of
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FIG. 5. Orbital-projected DOS of (a) monolayer VN and (b) VN
layer of GaN/VN vdW heterostructure at HSEO6 level. The trigonal
crystal field level diagrams of vanadium atoms in (c) monolayer VN
and (d) VN layer of GaN/VN vdW heterostructure.
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algle/l results in the out-of-plane easy magnetization axis

[55]. Moreover, the magnetic anisotropy can be understood
from second-order perturbation theory analysis [56]. The con-
tribution to the SOC induced change in the MAE is given by

ZZ

where o and u correspond to the occupied and unoccupied
states near the Fermi energy level, respectively; E, and E,

| (o HS" |u)|?
E,—E,

El

are the energy levels of the states. HS" = £ - Z) where

&, 7, and Z’ are the SOC constant, the Pauli matrix, and
an orbital angular momentum operator. Thus, when z and x
denote the out-of-plane and in-plane directions, the MAE can
be approximately estimated as

igz

where =+ is decided by the spin states of the occupied and
unoccupied states (+ and — for parallel and opposite spin
states, respectively). Four SOC interactions should be consid-
ered: AET, AEW, AE™, and AE'". Negative and positive
values of the total AE (AEy,) mean the in-plane and out-
of-plane easy magnetization axis of the system. Based on
detailed calculation (see the Supplemental Material [40] for
details), the positive value of total AE, indicates the out-of-
plane easy magnetization axis of monolayer VN. In the case
of the GaN/VN vdW heterostructure [Fig. 5(b)], the orbital

occupatlon configuration of the VN layer transits from a;,' e/ !

to e [F1g 5(d)] and the calculated AEy, is negative. The
transmon of the orbital occupation results in the in-plane easy
magnetization axis. The a;, orbital is lifted over the Fermi
energy level by the Coulomb repulsion from the charge accu-
mulated at the interface of the GaN/VN vdW heterostructure
[see Fig. 1(c)]. The spatial charge distribution of the a;, orbital
mainly extends along the out-of-plane direction (see Table S1

(ol L, |u)* — [{olLy|u)|*

AE =E(x) - E(z) = E _E, ,

of the Supplemental Material [40]), which is inhibited by
the interfacial charge. The Coulomb repulsion moves up the
energy of the ay, orbital, which results in electrons of the ay,
orbital transfering to the efg orbital. At the GGA+U level, all
the peaks shift closer to the Fermi energy level (see Fig. S3
of the Supplemental Material [40]). Meanwhile, the orbital
occupation configurations at the GGA+U level are the same
as the results obtained from the HSEO6 method.

Based on the stable GaN/VN vdW heterostructure, we
construct a sandwich VN/GaN/VN vdW heterostructure by
adding another VN layer on the GaN/VN vdW heterostruc-
ture. Compared to the bilayer vdW heterostructure, the
different magnetic configurations of the VN layers in the
trilayer vdW heterostructure can provide another effective
method to tune the electronic properties. Different magnetic
configurations are presented in the inserts of Figs. 6(a) and
6(b), corresponding to the parallel magnetic (PM) config-
uration and the antiparallel magnetic (APM) configuration,
respectively. These magnetic configurations can be accom-
plished in experiments by applying external magnetic fields
[52,53]. The magnetic ground state of the VN/GaN/VN vdW
heterostructure is FM (see Fig. S5 of the Supplemental Ma-
terial [40]), where the VN layers have corrugations, and the
total magnetic moments are 3.60 ug and O up per unit cell
of the PM and APM configurations, respectively. The MAEs
of the VN/GaN/VN vdW heterostructure are 0.10 and 0.39
meV at the GGA and GGA+U levels (see Table S3 of the
Supplemental Material [40]), respectively. The crystal-field
splitting in the VN/GaN/VN vdW heterostructure is the same
as that in the VN/GaN vdW heterostructure [Fig. 5(d)]. There-
fore, the easy magnetization axis of the VN/GaN/VN vdW
heterostructure is also in the in-plane direction.

The orbital-projected band structure of the VN/GaN/VN
vdW heterostructure with the PM configuration is presented in
Fig. 6(a). The spin-up channels are conductive and spin-down
channels have a band gap with a value of 4.73 eV, showing
half-metallic characters. The PDOS of the PM configuration is
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FIG. 7. PDOS and spin polarization of VN/GaN/VN vdW heterostructure with (a) PM and (b) APM configurations, respectively.

presented in Fig. 7(a) to study the spin polarization of different
layers. In the energy range of —2.58 to 0.51 eV, electrons
are 100% spin-up polarized, meaning that they can provide
polarized in-plane current effectively. Though the VN layers
provide the main spin-polarized channels at the Fermi energy
level, spin-up channels of the GaN layer are also conductive.
As with the GaN/VN vdW heterostructure, the half-metallic
property of the GaN layer is attributed to the s-d hybridization
[Fig. 6(a)]. Thus, the in-plane spin-polarized current can flow
in every layer of the VN/GaN/VN vdW heterostructure. As for
the APM configuration, the VN/GaN/VN vdW heterostruc-
ture presents semiconductor characters with a band gap of
0.16 eV in both spin channels [Fig. 6(b)]. The spin-up states
of the top VN layer and the spin-down states of the bottom
VN layer hybridize with the GaN layer in the same way and
vice versa. That is, the same orbital hybridization happens in
both the spin-up and spin-down channels in a similar way.
Therefore, though s-d and p-d hybridization still exists in the
VN/GaN/VN vdW heterostructure under an APM configura-
tion, the GaN layer presents no spin polarization. In addition, a
band gap exists in the energy range of 0.97-1.05 eV above the
Fermi energy level, preventing electrons from entering higher
energy levels. The band-gap value of 0.08 eV is much larger
than that of 0.007 eV in the Crlz/graphene/graphene/Crl;
vdW spin valve [27]. As presented in Fig. 7(b), the top VN
layer donates spin-down electrons while the bottom VN layer
donates spin-up electrons near the Fermi energy level. The
total spin polarization under an APM configuration is always
below 0.78%, which is attributed to the highly symmetric total
DOS. The gaps with the values of 0.16 and 0.08 eV in different
energy ranges split electrons and holes effectively. From this
standpoint, the in-plane conductance of the VN/GaN/VN vdW
heterostructure with an APM configuration is supposed to be
much lower than that of a PM configuration.

Due to the important role of T, in the practical applications
of spintronics, we adopted the MC simulation based on the
Heisenberg model to estimate the 7, of magnetic systems
(see the Supplemental Material [40] for details). The T, of
monolayer VN, the GaN/VN vdW heterostructure, and the
VN/GaN/VN vdW heterostructure are above room tempera-

ture with values of 554.30, 443.04, and 531.65 K [Figs. 8(a)
and 8(b)], respectively. Furthermore, the half-metallic prop-
erty of the GaN/VN vdW heterostructure and the spin valve
effect of the VN/GaN/VN vdW heterostructure stay well un-
der —2% to 2% and —1% to 3% biaxial strains, respectively
(see Fig. S8 of the Supplemental Material [40]). By apply-
ing different magnetic configurations, the transition between
half-metal and semiconductor suggests that the VN/GaN/VN
vdW heterostructures have a great potential for the vdW
spin valve. The conductive and semiconductive states of the
VN/GaN/VN vdW heterostructure correspond to low and high
resistance states of the spin valve devices. According to previ-
ous experiments [53,57,58], the PM configuration shows a low
resistance state and the APM configuration shows a high resis-
tance state. Figures 8(c) and 8(d) present a PM and an APM
configuration of the spin valves based on the VN/GaN/VN
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FIG. 8. The MC simulations of (a) magnetic moment and (b)
magnetic susceptibility of monolayer VN, GaN/VN vdW het-
erostructure, and VN/GaN/VN vdW valve at the GGA level; the
schematic diagrams for VN/GaN/VN vdW spin valves with (c) PM
and (d) APM configurations. The black arrows correspond to mag-
netization directions of the FM VN layers; the blue and red arrows
correspond to spin-up and spin-down electrons, respectively.
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vdW heterostructure. In most cases of practical devices, the
bottom FM layer is a pinned layer, whose magnetization di-
rection cannot be changed by external magnetic fields. The
other FM layer is a free layer, whose magnetization direction
follows the external magnetic field. The resistance of the spin
valve is able to switch abruptly between low and high states
as the transition occurs between PM and APM configurations.
Thus, the VN/GaN/VN vdW heterostructure can be applied in
the spin valve transistors as magnetic field sensors by pinning
the magnetization directions of the bottom VN layers [29].
If the direction of the magnetic field is parallel to the pinned
layer, the vdW spin valve will display low in-plane resistance,
and spin-polarized current can be detected. On the other hand,
the different resistance states of the vdW spin valves are also
necessary parts of magnetic random-access memory [30,31].
Applying magnetic fields to switch the resistance is the main
method for writing information in spin valves.

IV. SUMMARY

We have systematically studied the magnetic and elec-
tronic properties of monolayer GaN, monolayer VN, and their
vdW heterostructures. Structural and magnetic stabilities are
studied via the phonon spectrum and the effect of Hubbard
U correction. The GaN/VN vdW heterostructure is a ferro-

magnetic half-metal with 100% spin polarization, showing
potential for application in spin filters and spin injection. Due
to the s-d orbital hybridization, the GaN layer of the GaN/VN
vdW heterostructure shows half-metal characters. The easy
magnetization axes of the vdW heterostructures are different
from that of monolayer VN, which is attributed to the different
3d orbital occupation configurations. The spin polarization of
the GaN/VN vdW heterostructure is still higher than 90.8%,
although it is transformed into metal under —5% through
—3% compressive strains. Finally, under —1% through 3%
strains, the VN/GaN/VN vdW heterostructure is capable of
switching between a half-metal and a semiconductor by ap-
plying PM and APM configurations. All of these magnetic
systems have a Curie temperature higher than room tem-
perature. The transformation suggests that the VN/GaN/VN
vdW heterostructure is a promising candidate for a room-
temperature vdW spin valve.
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