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The coupling of hetero monolayers into van der Waals (vdW) heterostructures has become an effective way

to obtain tunable physical and chemical properties of two dimensional (2D) materials. In this work, based on

first principles calculations, we systematically explore the electronic and magnetic properties of a 2D

VOCl2/PtTe2 heterostructure. Our results indicate that the ground state of the VOCl2/PtTe2
heterostructure is a ferromagnetic (FM) metal with large magnetic anisotropy energy, among which, the

VOCl2 “sublayer” shows FM half metallic properties while the PtTe2 “sublayer” shows nonmagnetic

metallic properties. The Curie temperature (TC) of VOCl2/PtTe2 is 111 K. Moreover, the FM–

antiferromagnetic (AFM) phase transition can be obtained under biaxial strain. Our work provides an

effective way to improve the performance of 2D monolayers in nano-electronic devices.
Introduction

Compared to conventional electronics based on charge, spin-
tronics, also called spin transport electronics or spin-based
electronics, have drawn great attention due to their coupling
control of charge and spin,1–4 in which the electron spin carries
information and offers opportunities for a new platform of
designing devices combining standard microelectronics with
spin-dependent effects that arise from the interaction between
the spin of the carrier and the magnetic properties of the
material. Since the discovery of graphene, two dimensional (2D)
materials have been a booming topic in recent decades, such as
transition metal dichalcogenides (TMDs), phosphorus, silicene,
borophene, etc.5–7 However, most of the 2D materials are
nonmagnetic, which hinders their application in spintronic
devices due to the lack of spin degrees of freedom. Therefore,
searching for 2D materials with intrinsic magnetism is an
urgent need. Fortunately, the eld is evolving rapidly and many
exciting developments in 2D materials science have occurred,
and the rise of ferromagnetic (FM) or antiferromagnetic (AFM)
candidates has provided one new platform for the applications
of 2D spintronics at the nanoscale. Since the exfoliation of the
ferromagnetic (FM) CrI3 monolayer8 and Cr2Ge2Te6 monolayer9

from their van der Waals bulks in 2017, a number of 2D
magnetic materials have been synthesized experimentally or
predicted theoretically to date, such as TMDs or
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trichalcogenides MXi (M = Cr, Mn, Ni, Ru; X = Cr, Br, I; i = 2,
3),10–21 MPX3 (M = Fe, Ni, Mn, Co, Zn; X = S, Se),22–27 MOX (M =

Fe, Cr, V, Ti; X= Cl, Br, I),28,29 and TM borides TMxBy (x, y= 1, 2;
y = 3, 4, 6),30–32 etc., which display rich magnetic congurations,
magnetoelectric coupling effects, and magnetoresistance
properties.

However, the potential application of 2D magnetic materials
in practical electronic devices still faces two main challenges;
one is that the categories of 2D materials with intrinsic FM or
AFM properties are rare. The other one is that the Curie
temperature (TC) or Néel temperature (TN) of these 2D magnetic
materials are far lower than room temperature, which impedes
their application in spintronic devices. For examples, the TCs for
the FM CrI3 monolayer, bilayer Cr2Ge2Te6 and Fe3GeTe2
monolayer are only 45 K, 40 K and 130 K, respectively. On the
other hand, 2D AFM candidates are much more common in
nature, which has become the complements of FM based
spintronic devices due to their advantages that AFM materials
are insensitive to external magnetic eld and more common in
reality,33 which enable them to be promising in practical
application. However, one difficulty towards the application of
2D AFM candidates in spintronics is the vanishing of macro-
scopic magnetic moments in conventional antiferromagnets,
which induces unpolarized conduction electrons. Thus, the
generation of high spin polarization states in 2D antiferro-
magnets provides new opportunities to improve their perfor-
mance in spintronics.

To date, many efforts regarding the precise regulation of spin
congurations of 2D materials have been made, and various
approaches have been proposed, such as applying electric
eld,16,34 exerting external strains,35–37 doping,38–41 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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constructing heterostructure,42–45 and so on. Especially, the
heterostructure engineering has become popular in recent years
due to its valid regulation without extra consumption. For
example, in 2022, Guo et al. revealed that the magnetic phase of
monolayer NiI2 can undergo the switching of AFM state to FM
state by reversing the polarization direction of ferroelectric
In2Se3 layer, which leads to the spin-polarized/unpolarized
current in the FM/AFM state.46 Yang et al. found that when
the layers of the GaN increase, the band alignment of CrBr3/GaN
heterostructure can be transformed from type-I to type-II.47 In
2023, Guo et al. demonstrated that the magnetic state of MnPS3/
MnCl3 can be changed from AFM to FM by reducing the inter-
layer distance, and the electronic properties can also be
modulated by the interlayer distance.48 Nonetheless, people's
efforts to manipulate the spins states of AFMmaterials are rare.

In this work, we systematically studied the structure, elec-
tronic and magnetic properties of 2D VOCl2/PtTe2 hetero-
structure composed of AFM VOCl2 semiconductor and
nonmagnetic PtTe2 semiconductor. Compared to VOCl2
monolayer and PtTe2 monolayer, the VOCl2/PtTe2 hetero-
structure is changed to be FM metal, in which the VOCl2
“sublayer” shows FM half metallic property, and PtTe2 “sub-
layer” shows NM metallic property. Moreover, the Curie
temperature of FM VOCl2/PtTe2 is 111 K, and the magnetic
anisotropy energy (MAE) of VOCl2/PtTe2 heterostructure is
comparable with FeCo alloys. At last, we investigated the
magnetic and electronic properties of VOCl2/PtTe2 hetero-
structure by applying biaxial strains, it is suggested that the
heterostructure undergoes a FM metal to AFM metal transition,
and the VOCl2/PtTe2 heterostructure can be used for designing
eld-effect spin lter under tensile strain and compressive
strains (3 > −1.81%).
Materials and methods

All the calculations based on density functional theory (DFT)
were performed by Vienna Ab initio Simulation Package (VASP)
in this work.49–51 The exchange correlation interaction is
described by Perdew–Burke–Ernzerholf (PBE)52 functional, and
Fig. 1 (a and c) Top and side views of the geometry and band structure o
black arrows and the dotted lines. (b and d) The band structures of VOCl2
VOCl2 monolayer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the interaction between valence electrons and ion nuclei is
described by the projector-augmented wave potential (PAW)53

method. The cutoff value for plane wave basis set is set to
500 eV. The energy and force convergence criteria are set to be
10−6 eV and 0.01 eV Å−1, respectively. In our calculation,
a vacuum slab as large as 25 Å is applied to avoid the physical
interactions of adjacent cells. For geometry optimization and
electronic structure calculations, the rst Brillouin zone is
sampled by G-centred kmesh of 7 × 7 × 1 and 15 × 15 × 1. The
vdW interaction is considered by using the DFT-D2method.54 In
order to consider the strong interactions of transition metal
atoms' d-electrons, the GGA + Umethod55 is adopted with Ueff =

3.0 eV to consider the Coulomb and exchange interaction of 3d
electrons according to previous studies.56–58
Results and discussions

First, we explored the structures and electronic properties of
VOCl2 and PtTe2 monolayers. As shown in Fig. 1(a) and (c), the
space symmetry groups of VOCl2 and PtTe2 monolayers are
Pmm2 and P3m1, respectively, and the lattice constants of them
are a/b = 3.44/3.77 Å and a/b = 3.93/3.93 Å, respectively. For
VOCl2 monolayer, the V and O atoms sit in one plane, which
were sandwiched by two Cl layers, and Cl atoms are in the
bridge site of V–V bonds. PtTe2 monolayer has the same struc-
ture with 1T-MoS2 monolayer. Further electronic and magnetic
property calculations conrm that VOCl2 monolayer is stripe-
style AFM semiconductor with an indirect band gap of 2.0 eV,
and PtTe2 monolayer is a nonmagnetic semiconductor with an
indirect band gap of 0.46 eV. The structure and electronic
properties of both VOCl2 monolayer and PtTe2 monolayer in our
calculation are consistent with previous reports,59,60 indicating
that the methods chosen in this work are reasonable. To build
the VOCl2/PtTe2 heterostructure, the rectangular lattice of PtTe2
with

ffiffiffi
3

p � 1 � 1 supercell and 2 × 1 × 1 VOCl2 supercell are
chosen. The optimized in-plane lattice constant of the hetero-
structure is 6.88 Å and 3.77 Å along a and b directions, which are
same with that of 2 × 1 × 1 VOCl2 supercell. In addition, we
calculated the lattice mismatch of PtTe2 monolayer based on
f VOCl2 monolayer and PtTe2 monolayer. The unitcell is denoted by the
monolayer and PtTe2monolayer, insets in (b) are the spin density plot of

RSC Adv., 2023, 13, 35018–35025 | 35019
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Fig. 2 (a–f) Top and side views of the AA-, AB-, and AC-stacked
VOCl2/PtTe2 heterostructure. The black dotted circles in side view
imply that the two atoms are overlapping in top view.
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x ¼ jL1 � Lj
L

� 100%: Here, L1 and L represent the lattice

constants of PtTe2 monolayer and the heterostructure in the
same direction, respectively. The lattice mismatch along a and
b directions for PtTe2 sublayer are about 1.16% and 3.98%,
respectively, such mismatch is acceptable in 2D
heterostructures.

To determine the most stable stacking conguration of
VOCl2/PtTe2 heterostructure, three different stacking styles,
that is, AA-, AB-, and AC-stacking, were considered, as shown in
the top and side views in Fig. 2. (i) AA-stacking: half of the V
atoms in VOCl2 monolayer sit on top of Te atoms facing Cl
atoms, as shown in Fig. 2(a) and (d); (ii) half of the V atoms in
VOCl2 monolayer sit on top of Te atoms far away from the
interface of the heterostructure, as shown in Fig. 2(b) and (e);
(iii) half of the V atoms in VOCl2 monolayer sit on top of Pt
atoms, as shown in Fig. 2(c) and (f). The results show that the AA
stacking conguration is the most stable one, which is about of
0.51 eV per u.c. and 0.59 eV per u.c. lower in energy than that of
AB- and AC-stacking congurations, respectively. The interlayer
distance between VOCl2 monolayer and PtTe2 monolayer is 3.02
Å, indicating the van der Waals (vdW) interaction of the heter-
ostructure. Based on this analysis, we will only focus on the
electronic and magnetic properties of VOCl2/PtTe2 hetero-
structure with AA stacking in the following section.

In order to verify the structural stability of the VOCl2/PtTe2
heterostructure, we calculated the binding energy (Eb) accord-
ing to eqn (1),

Eb = EVOCl2/PtTe2
− EVOCl2

− EPtTe2
, (1)

where EVOCl2/PtTe2, EVOCl2 and EPtTe2 represent the energy of
VOCl2/PtTe2 heterostructure, VOCl2 monolayer and PtTe2
monolayer, respectively. The calculated binding energy is
−0.52 eV, the negative value indicates that the VOCl2/PtTe2
heterostructure is energetically stable. Such stability of the
VOCl2/PtTe2 heterostructure may arise from the interfacial
35020 | RSC Adv., 2023, 13, 35018–35025
electrons transfer between the two sublayers, which would
occur in 2D vdW heterostructure. Therefore, the charge transfer
at the heterostructure interface was examined by calculating the
charge density difference (CDD) based on eqn (2),

Dr =
Ð
rall(x, y, z) −

Ð
r1(x, y, z) −

Ð
r2(x, y, z), (2)

here, the three terms on the right side indicate the charge
densities of the VOCl2/PtTe2 heterostructure, VOCl2 monolayer
and PtTe2 monolayer, respectively. The positive and negative
values of Dr indicate charge accumulation and depletion,
respectively. As shown in the inset of Fig. 3(e), the charges are
redistributed at the interface of the heterostructure. The plane-
averaged charge density difference is plotted in the right panel
in Fig. 3(e), which has negative/positive charge densities near
the PtTe2/VOCl2 interface, indicating the electron loss/gain of
the two sublayers, which are transferred from PtTe2 monolayer
to VOCl2 monolayer. In order to better understand interface
charge transfer, we calculated the electrostatic potential (see
Fig. 3(e)). It can be seen that the potential of VOCl2 monolayer is
slightly higher (about 7.37 eV) than that of PtTe2 monolayer,
forming an effective electric eld from VOCl2 monolayer to
PtTe2 monolayer, which results in the fact that electrons
transfer from PtTe2 monolayer to VOCl2 monolayer. Such
results are consistent with that shown in the plane-averaged
charge density difference, to determine the magnetic ground
state of VOCl2/PtTe2 heterostructure, four types of magnetic
congurations, that is, one ferromagnetic (FM) and three anti-
ferromagnetic (AFM1, AFM2, AFM3) congurations are
considered, as displayed in Fig. 3(a)–(d). Our calculations show
that the heterostructure favors FM ground state (see Fig. 3(a)),
which is about 0.02 eV, 0.11 eV, and 0.12 eV lower in energy than
that of AFM1, AFM2, and AFM3 magnetic states. The spin
density plot (Fig. 3(a)) manifests that the magnetic moments of
the heterostructure are contributed by the VOCl2 sublayer, while
the PtTe2 sublayer is still nonmagnetic. The total magnetic
moment of this VOCl2/PtTe2 heterostructure is 2.16 mB per unit
cell, which arises mainly from the d orbitals of V atoms and p
orbitals of Te atoms. Compared with free standing VOCl2
monolayer, the O atoms goes closer to the middle of the two V
atoms and the Cl atoms are closer to the V–O plane, resulting in
a change in the V–O bonds from 2.28 Å/1.49 Å to 2.10 Å/1.67 Å,
and a change in the V–Cl bonds from 2.67 Å to 2.38 Å, and the
Cl–V–Cl bond angle is changed from 80.27° to 92.63°. According
to the Goodenough–Kanamori–Anderson (GKA) rule,61–63 super-
exchange interaction with the angle between TM–B–TM close
90° favors FM magnetic ordering. In VOCl2/PtTe2 hetero-
structure, the V–Cl–V bond angle is 91.88°, which is closer to 90°
than that in free standing VOCl2 monolayer of 80.27°, such
variation may strengthens the ferromagnetic coupling, leading
to the FM ground state in the VOCl2/PtTe2 heterostructure. The
Bader charge analysis shows that the average charges on V/O
atom are 3.30 electrons and 6.78 electrons in the VOCl2/PtTe2
heterostructure, respectively, which are larger/smaller than that
in free standing VOCl2 monolayer of −0.11 e/0.20 e. Such elec-
tron redistribution of VOCl2 monolayer originates from the
interlayer interaction, as mentioned above, electrons transfer
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–d) FM configuration and three AFM configurations. Yellow and blue colours represent up and down spins, respectively. (e) Electrostatic
potential and plane-averaged charge density difference along the z-direction, inset in electrostatic potential is the CDD plot, black, red, and blue
lines in plane-averaged charge density difference denote the total, spin-up, and spin-down charge densities, respectively. (f) Magnetic
configuration for estimating the exchange-interaction constants of VOCl2/PtTe2 heterostructure. J1, J2 and J3 represents the intralayer and
interlayer spin-exchange parameters. (g) The specific heat (CV) as a function of the temperature.

Fig. 4 The contribution to MAE from the SOC interaction between different V-d, Pt-d and Te-p orbital atoms along the [100] and the [010]
directions. The energy is the reference along the [001] direction.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 35018–35025 | 35021
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Fig. 5 (a and b) Spin polarized band structures and (c) density of states (DOS) of VOCl2/PtTe2 heterostructure, in which the bands from PtTe2 and
VOCl2 sublayers are denoted by red and blue lines, respectively. (d–f) Band structures of VOCl2/PtTe2 considering SOC effect with the
magnetization direction along x, y, and z directions, respectively.
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from PtTe2 monolayer to VOCl2 monolayer. The partially lled p
orbitals in the O anions are responsible for the local magnetic
moment of −0.158 mB and −0.172 mB in VOCl2/PtTe2
heterostructure.

Next, we calculated the MAE to investigate the stability of the
2D FM order in the VOCl2/PtTe2 heterostructure. By considering
spin orbital coupling (SOC), we calculated the energies of the
heterostructure with magnetization along x, y and z positive
directions. The results show that the system hosts the lowest
energy when the magnetization is along the y axis, which is
about 0.84 meV and 0.78 meV lower than that of along x and z
axis positive directions, respectively, indicating the easy
magnetization axis is in-plane and the MAE value is 0.84 meV,
such MAE value is comparable with that in FeCo alloys, which is
promising magnetic recording media.64 Fig. 4 shows the
amount of energy change in the [100], [010] and [001] directions
for individual V-d and Pt-d orbitals. It is revealed that the
hybridization between V-dyz and dxy orbitals and that between V-
dyz and V-dx2−y2 contribute mainly to the MAE. In addition, the
energy changes of individual Pt-d and Te-p orbitals are within
15 meV. Furthermore, we calculate the Curie temperature (TC) of
FM VOCl2/PtTe2 heterostructure using Monte Carlo (MC)
35022 | RSC Adv., 2023, 13, 35018–35025
simulations based on the Heisenberg model, which is a critical
characteristic regarding the application of 2D FM materials in
spintronic devices. The Heisenberg spin Hamiltonian is written
as

H ¼ �
X

k¼1;2;3

Jk
X

isj

Si$Sj �
X

i

AiSiz
2; (3)

here, Si is the spin operator of each V atom. Ai is the MAE index.
Jk is the magnetic interaction index between the V atom. We
consider the nearest neighbour (J1), the second nearest neigh-
bour (J2), and the third nearest neighbour (J3) (Fig. 3(f)), whose
values can be extracted from the following equations,

EFM = E0 − (J1 + J2 + 2J3)jSj2 − AjSj2 (4)

EAFM1 = E0 − (−J1 + J2 − 2J3)jSj2 − AjSj2 (5)

EAFM2 = E0 − (J1 − J2 − 2J3)jSj2 − AjSj2 (6)

EAFM3 = E0 − (−J1 − J2 + 2J3)jSj2 − AjSj2 (7)

The exchange parameters (J1, J2 and J3) can be derived as:
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Spin-resolved band structures, electrostatic potential, and charge density along z direction for VOCl2/PtTe2 heterostructure under (a and
b) 1.8% and (c and d) 1.9% biaxial compressive strains, respectively. The contributions from PtTe2 monolayer and VOCl2 monolayer are repre-
sented by red and blue colours, respectively. (e) Magnetic ground states of the VOCl2/PtTe2 heterostructure under different biaxial strains, where
jDEj denotes the absolute value of the energy difference between the FM state and the lowest energy AFM state. (f) The schematic plot of the
field-effect spin filter of the VOCl2/PtTe2 heterostructure.
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J1 = −(EFM − EAFM1 + EAFM2 − EAFM3)/4jSj2 (8)

J2 = −(EFM + EAFM1 − EAFM2 − EAFM3)/4jSj2 (9)

J3 = −(EFM − EAFM1 − EAFM2 + EAFM3)/8jSj2 (10)

Here, the values of J1, J2 and J3 are calculated to be 0.037 eV,
0.001 eV and 0.003 eV, respectively. In Fig. 3(g), we further
calculated the specic heat (CV) as a function of the temperature
from 0 K to 400 K. It is shown that the specic heat reaches
a maximum at around 111 K and then decreases rapidly with
the temperature further increases, indicating that the TC of the
heterostructure is about 111 K. It is known that VOCl2 mono-
layer is AFM semiconductor with Néel temperature of 177 K
based on Ising model,59 which will overestimate the magnetic
transition temperature. Therefore, it is believed that by forming
VOCl2/PtTe2 heterostructure, an AFM-FM transition occurs and
the magnetic transition temperature is almost unchanged.

To explore the electronic properties of the structure, spin-
polarized band structures of VOCl2/PtTe2 heterostructure are
plotted in Fig. 5(a) and (b), and the heterostructure is revealed
to be FM metal with bands in both spin channels crossing
Fermi level. Specially, PtTe2 sublayer becomes to be nonmag-
netic metal with the Fermi level down shied, while VOCl2
sublayer is turned to be FM half metal, which the electrons are
conducting in the spin-up channel and insulating in the spin-
© 2023 The Author(s). Published by the Royal Society of Chemistry
down channel. The density of states (DOS) of VOCl2/PtTe2 het-
erostructure is shown Fig. 5(c), which suggests that the states
near the Fermi level are mainly from VOCl2 sublayer. Detailed
orbital component analyses show that V-dxy and dyz orbitals
contribute predominant. In addition, we calculate the band
structures with different magnetization directions by including
SOC effect, as shown in Fig. 5(d)–(f), which suggest that SOC
effect has little effect on the electronic properties for VOCl2/
PtTe2 heterostructure.

Finally, we discuss the effects of biaxial strains on the elec-
tronic and magnetic properties of VOCl2/PtTe2 heterostructure.
We consider the strains from 3=−4% compressive strain to 3=

4% tensile strain, which is dened as 3= (L− L0)/L0, L and L0 are
the lattice constants in freestanding and strained states,
respectively. Our results indicate that the heterostructure
remains FM ground state under biaxial tensile strains (3 > 0),
but undergoes FM state to AFM state transition when applying
biaxial compressive strains (3 < 0) at around 1.81% (see
Fig. 6(e)). The spin polarized band structures of the VOCl2/PtTe2
heterostructure under 1.8% and 1.9% biaxial compressive
strains around the phase transition point are depicted in
Fig. 6(a) and (c). Clearly, the system remains FM metallic
property at smaller compressive strain (3 > −1.81%), however, it
changes to be AFM metal at higher strains (3 < −1.81%). To be
specic, the “VOCl2” sublayer displays FM half metal property
under smaller biaxial compressive strain (3 > −1.81%), which is
RSC Adv., 2023, 13, 35018–35025 | 35023
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transformed to be AFMmetal under larger compressive strain (3
< −1.81%). Such transition may arise from the structure
distortion under strains, which further lead to the variation in
exchange interactions in the heterostructure. Fig. 6(b) and (d)
plot the electrostatic potential and plane charge density of the
heterostructure at biaxial compressive strains of −1.8% and
−1.9%, respectively. It is shown that a bit smaller charge
transfer is found in the interlayer of VOCl2/PtTe2 under larger
compressive strain. Therefore, the VOCl2/PtTe2 heterostructure
can be used to design a eld-effect spin lter as shown in
Fig. 6(f), we can obtain a fully spin-polarized current by using
“VOCl2” sublayer when a non-spin-polarized current is input
and the VOCl2/PtTe2 heterostructure is under tensile strain or
compressive strains (3 >−1.81%). Thus, the heterostructure can
be a potential candidate for application in electrically controlled
spintronics device.

Conclusions

In this work, we investigated the structure, magnetic, and
electronic properties of two dimensional VOCl2/PtTe2 hetero-
structure by rst-principles calculations. The results show that
the VOCl2/PtTe2 heterostructure has FM ground state with the
Curie temperature of about 111 K, higher than that of many 2D
intrinsic FM materials. The band structure of the VOCl2/PtTe2
heterostructure is FM metal, in which the VOCl2 “sublayer”
shows to be FM half metal, and PtTe2 “sublayer” shows to be
nonmagnetic metal. Moreover, FM metal to AFM metal transi-
tion can be occurred by applying biaxial compressive strains
larger than 1.81%. Our results provided an effective way on the
property regulation of 2D electronic devices.
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