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Mg(OH)2/VS2 heterobilayer
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Searching for ferromagnetic (FM) van der Waals (vdW) heterostructures with high Curie temperature and
multiple-band alignments is crucial to develop next-generation spintronic and optoelectronic nanodevices. Here,
through first-principles methods, the FM vdW heterostructure is found for the first time in the Mg(OH)2/VS2

heterobilayer with high Curie temperature (385 K) and type-II alignment. The negative electric field induces the
transition from type-II to type-III alignment in the spin-up channel. However, under the positive electric field,
the type-II to type-I alignment transition occurs in the spin-up and spin-down channels. This work provides
the possibilities of realizing the high-temperature FM vdW heterostructures and electrostatic gating dependent
multiple-band alignments in practice.
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Recently, more and more two-dimensional (2D) materials
with novel properties have been studied, such as graphene
[1–3], transition metal dichalcogenides (TMDs) [4–7], and
applied successfully in nanoelectronics and optoelectronic
devices. However, most of 2D materials are intrinsically non-
magnetic in their pristine forms, which limits the development
of next-generation nano-spintronic devices. Thus, introducing
magnetism into the 2D nonmagnetic (NM) materials and
searching for a new class of 2D ferromagnetic (FM) materials
are crucial to achieve high-performance spintronic devices at
room temperature [8,9].

More recently, the 2D atomically VS2 monolayer is attract-
ing intense attention due to its intrinsic FM semiconducting
characteristics [10–14]. Huang et al. predicted that the VS2

monolayer is a half semiconductor in which both electrons
and holes share the same spin channel [15]. In addition, our
recent studies also showed that the VS2 monolayer can be
switched from a half-semiconductor to a half-metal under
a rather wide range of doping density [16]. The intriguing
reports significantly expand the potential applications of 2D
VS2-based spintronic electronic devices.

To extend the applications of 2D VS2 nanosheets in nano-
electronics and spintronics, it is very important to modulate
the electronic structures, spin degree of freedom, and mag-
netism of the VS2 nanosheets. According to previous studies,
compared to a single-component 2D material, constructing
the 2D materials-based van der waals (vdW) heterostruc-
ture is a very effective strategy to gain novel electronic
and optoelectronic characteristics [17–20]. However, to our
knowledge, there are rare reports on the 2D semiconducting
VS2-based vdW heterostructure. Therefore, in this work,
we plan to combine a NM Mg(OH)2 monolayer with a
FM VS2 monolayer to construct the Mg(OH)2/VS2 vdW
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heterostructure, exploiting its electronic structure, spin po-
larization, magnetism, and related promising applications in
nanoelectronic and spintronic devices.

For a 2D Mg(OH)2 monolayer, it was fabricated success-
fully from its layered bulk crystals and has a wide direct-gap
with the value of 4.8 eV [21]. And studies also show that
compared with 2D MoS2 nanosheets, the 2D Mg(OH)2/MoS2

vdW heterostructure can achieve an obviously enhanced
optical performance [21]. More recently, the first-principles
calculations indicate that the Mg(OH)2/WS2 heterostructure
presents a transition of heterostructure types under an external
electric field [22]. In addition, the lattice constants of the
Mg(OH)2 and VS2 monolayer are very close, which indicate
that there is a slight lattice mismatch between Mg(OH)2 and
VS2 and it is easy to construct the stacking heterostructure.
Therefore, in this work, we carry out the theoretical studies
on the band structure and magnetism of Mg(OH)2/VS2 vdW
heterostructure using first-principles methods, considering
electric field effects.

The structure relaxation and electronic structure calcula-
tion are carried out by using Vienna ab initio simulation
package based on spin-polarized density functional theory
(DFT) [23,24]. The exchange correlation potential is described
with the Perdew-Burke-Ernzerhof (PBE) of the generalized
gradient approximation (GGA) [25]. The projected argument
wave (PAW) potential is used to describe the ion-electron
potential [26]. Moreover, the electron plane wave function
is expanded up to a cutoff energy of 500 eV. The Bril-
louin zone (BZ) integration is sampled using 15×15×1 and
7×7×1 Monkhorst-Pack k-point meshes for monolayer and
heterostructure, respectively [27]. The geometry structures
are fully relaxed until energy and forces are converged to
10−5 eV/atom and 0.01eV/Å, respectively. A vacuum region
of more than 20 Å is performed to avoid the interaction
caused by the periodic image. Meanwhile, a semiempirical
DFT-D2 method is also used to give a good description of
long-range weak vdW interactions [28,29]. The hybrid Heyd-
Scuseria-Ernzerhof (HSE06) method is used to obtain the
correct band structure [30,31]. To quantitatively characterize
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FIG. 1. (a) Spin densities of Mg(OH)2/VS2 heterostructure.
(b) The NM, FM, and AFM configurations of the heterostructure,
respectively. The grey, pink, red, yellow, and blue balls represent H,
O, Mg, S, and V atoms, respectively.

the structural stability of Mg(OH)2/VS2 heterostructure, the
binding energies Eb between Mg(OH)2 and VS2 monolayers
are calculated as in Ref. [32],

Eb = EMg/V − EMg − EV , (1)

where EMg/V , EMg, and EV are the total energies of the
Mg(OH)2/VS2 heterostructure, the pristine Mg(OH)2 and VS2

monolayers, respectively.
In order to simulate the properties of Mg(OH)2/VS2

heterostructure, we firstly calculate the structural parameters
and band structure (see the Supplemental Material for details
[33]) of 2D Mg(OH)2 and VS2 monolayers, which agree
with previous publications [13–15,21,22]. Then, we build the
supercell model of Mg(OH)2/VS2 heterostructure by attaching
the primitive cells of Mg(OH)2 and VS2 together, considering
three kinds of different stacking patterns (see the Supplemental
Material for details [33]). The small lattice mismatch of 0.48%
can induce a slight change on the electronic structure of
the heterobilayer. After the total energy and binding energy
calculations (see Supplemental Material for details [33]),
Fig. 1(a) presents the atomic configuration of Mg(OH)2/VS2

heterostructure with the binding energy of −117.8 meV per
unit cell and the interlayer distance of 2.228 Å, which is lower
than that of bilayer graphene (−31 meV per carbon atom).

To study the magnetic mechanisms of the Mg(OH)2/VS2

heterostructure, Fig. 1(a) plots the spin density of the het-
erostructure. It can be seen that the polarized charges mainly
arise from the localized V atoms, while the contribution of
other atoms is relatively small. Moreover, to check how the
Mg(OH)2 layer affects the magnetism of VS2 monolayer, we
employ a (2×2) supercell of Mg(OH)2/VS2 heterostructure to
calculate the total energies of three different magnetic phases,
i.e., NM, FM, and antiferromagnetic (AFM) states, as shown
in Figs. 1(b)–1(d). Numerical results show that the total energy
of the FM state is lower by 33.23 meV than that of the
AFM state, indicating that the Mg(OH)2/VS2 heterostructure

FIG. 2. (a) The projected band structure of Mg(OH)2/VS2 het-
erostructure with spin-up and spin-down bands. The sizes of the
red and green colors represent the projected weight of Mg(OH)2

and VS2 components, respectively. (b) The plane-averaged charge
density difference of Mg(OH)2/VS2 heterostructure at equilibrium
distance along the z direction. The inset is the 3D surface of the charge
density difference, the brown and cyan areas represent electron accu-
mulation and depletion, respectively. (c) Band alignments and work
functions of monolayers and heterostructure, referring to the vacuum
level (Evacuum).

still possesses the characteristics of the FM ground state.
Meanwhile, we also calculate the energy difference between
FM and AFM of VS2 monolayer is 45.6 meV per unit cell,
which is similar to the reported value of 44.2 meV [34].

In addition, for a stable FM material, high Curie temper-
ature Tc is necessary and beneficial to the spintronics and
related devices. Therefore, based on the mean-field theory and
the Heisenberg model, we also estimate the Curie temperature
Tc by using the following formula:

γ kBTc/2 = EAFM − EFM, (2)

where γ and kB are the coordinated numbers of the system
and the Boltzmann constant [35], respectively. In this work,
the coordinated number γ of the system is 2. The estimated
Curie temperature Tc of the Mg(OH)2/VS2 heterostructure is
385 K. Therefore the novel magnetic properties of VS2 can be
maintained and a high Curie temperature can be also realized
by stacking the Mg(OH)2 on the VS2 layers, implying that
the Mg(OH)2/VS2 vdW heterostructure can be well applied
to spintronics devices in practice.

To understand the underlying physics mechanisms of elec-
tronic structures of the heterostructure, in Fig. 2, we investigate
the band structures, the band alignments, and the charge
density difference of the Mg(OH)2/VS2 heterostructure.
Figure 2(a) shows that for the spin-up band, the conduction-
band maximum (CBM), and valence-band minimum (VBM)
are located at K and � points, respectively, indicating that the
majority band has an indirect band gap of 0.14 eV, while for
the spin-down band, the CBM lies along the M-� line, while
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the VBM remains at the � point, gaining an indirect band
gap of 0.57 eV. Moreover, one can see from the projected band
structure of Fig. 2(a) that in the Mg(OH)2/VS2 heterostructure,
the hole states are localized in the NM Mg(OH)2 layer, while
the spin-polarized electron states come from the FM VS2 layer,
and the spin-up electron states have lower energies. Thus these
results show that the Mg(OH)2 layer can tune effectively the
electron spin-polarization and exciton optical properties in the
Mg(OH)2/VS2 heterostructure.

It is well known that the band alignments are significant
for the physics and device applications of the semiconductor-
based heterostructures. Thus, in Fig. 2(c), we calculate
the band alignments of Mg(OH)2, VS2, and Mg(OH)2/VS2

heterostructure. Figure 2(c) shows that the work functions (the
difference between the vacuum level and the Fermi level) of
Mg(OH)2 and VS2 monolayers are 5.61 and 6.77 eV, respec-
tively [22,34]. Moreover, the work function of Mg(OH)2/VS2

heterostructure is calculated to be 5.76 eV, which increases
by 0.16 eV and diminishes by 1.01 eV with respect to the
values of isolated Mg(OH)2 and VS2 monolayers, respectively.
The reason is that when two layers touch, the spontaneous
interlayer charge transfer induces Fermi level shifts upward
and downward for Mg(OH)2 and VS2 layers, respectively,
reaching a certain work function. In addition, Fig. 2(c) also
shows that both spin phases (spin-up and spin-down) possess
the type-II heterostructure, facilitating the separation of photo-
excited electrons and holes [36]. Interestingly, we can also see
that conduction-band offsets (�EC , 4.92 and 4.49 eV) and
valence-band offsets (�EV , 0.86 and 1.47 eV) are observed
for spin-up and spin-down channels, respectively. Therefore
the different separation possibility of electrons and holes for
spin-up and spin-down channels implies that the system has
a great potential for effective spin manipulation and good
performance in spintronic devices.

To visualize the charge redistribution and understand the
charge transfer mechanism between Mg(OH)2 and VS2 layers
in the heterostructure, in Fig. 2(b), we also calculate the
plane-averaged charge density difference as �ρ = ρMg/V −
ρMg − ρV , where ρMg/V , ρMg, and ρV are the charge densities
of the heterostructure, Mg(OH)2, and VS2 layers, respectively.
It can be seen from Fig. 2(b) that the charge is depleted on the
Mg(OH)2 side (blue area), while the charge is accumulated
in the VS2 side (red area), thus a remarkable charge rear-
rangement occurs at the interface of the hybrid structure. The
behavior of charge redistribution often results in electron-hole
puddles at the interface [37–39].

In experiment, the gating is an effective method to modulate
the type of carriers and relative position of energy level to the
Fermi level. Now we turn to investigate the external electric
field effects on the electronic structures of Mg(OH)2/VS2

heterostructure. The positive electric field direction is defined
from VS2 to Mg(OH)2. Figure 3(a) gives the evolution of the
band gaps as a function of the external electric field. It is
clearly shown that the band gaps of the heterostructure are
highly sensitive to the external electric field. Moreover, the
asymmetric variation of band gaps implies that a strong built-in
electric field exists in the Mg(OH)2/VS2 heterostructure,
which may be because a strong polarized surface exists in
the Mg(OH)2 layer in the heterostructure [21]. In addition,
we can see from Fig. 3(a) that when we increase the strength

FIG. 3. (a) The spin-up and spin-down band gaps as a function
of the electric field. The band structures of Mg(OH)2/VS2 het-
erostructure at various values of electric field: (b) −0.3, (c) 0.6, and
(d) 0.7 V Å−1, respectively.

of the negative electric field, the band gaps of spin-up and
spin-down channels decrease monotonically. Moreover, the
spin-up channel shows a semiconductor-metal transition at
the electric field value of −0.15 V Å−1, while the spin-down
channel still retains semiconducting properties, for example,
as shown in Fig. 3(b). Therefore the strong negative electric
field can induce half-metallic states in the Mg(OH)2/VS2

heterostructure, which can provide a path to realize 100%
spin-polarized currents in high performance spintronic devices
[40,41].

Compared to the band gap variations in the negative electric
field case, the positive electric field presents the opposite
variation. Also, the spin-up and spin-down band gaps of the
heterostructure increase monotonously with the increase of the
positive electric field. When the positive electric field is further

increased and exceeds 0.5 V Å
−1

, the spin-up and spin-down
band gaps increase slowly. Interestingly, in Fig. 3(c), the

calculated band structures at an electric field of 0.6 V Å
−1

show that the spin-up band shows an indirect-direct band gap
transition—the VBM is changed from � to K point—while
the spin-down band maintains an indirect gap. At a larger

electric field of 0.7 V Å
−1

, a decrease of the spin-down band
gap is observed. Meanwhile, the corresponding band structure
indicates that the CBM shifts from M to � point under a
positive electric field [see Fig. 3(d)]. Therefore a positive
electric field can induce an indirect-direct transition and
significantly improve the optical performance of the system
in optoelectronics devices.

In order to further understand the electric field effects
on the Mg(OH)2/VS2 heterostructure in Fig. 4, we show
the band alignment of the Mg(OH)2/VS2 heterostructure for
different external electric fields. It can be seen from the band
alignment that the Fermi level monotonously drops from an

electric field value of −0.3 to 0.7 V Å
−1

, resulting in an
increase of the work function. Meanwhile, the levels of CBM
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FIG. 4. Band alignments of Mg(OH)2/VS2 heterostructure at

various electric field values: −0.3, 0, 0.6, and 0.7 V Å
−1

, respectively,
referring to the vacuum level (Evacuum).

and VBM of Mg(OH)2 and VS2 components shift relative
to the Fermi level, thus a heterostructure type transition is

possible. Specifically, in the electric field of −0.3 V Å
−1

case, the spin-down channel remains a type-II heterostructure
while the spin-up channel presents a type transition from
type-II to type-III. Moreover, the type-III heterostructure is
demonstrated in tunneling field effect transistors (TFETs) to
enhance the tunneling current density [42], which has been
found in other nanomaterials [43,44]. Therefore the negative
electric field successfully realizes the spin manipulation in the
Mg(OH)2/VS2 heterostructure, i.e., the spin-up and spin-down
channels have different application fields in nanoelectronics
and spintronics.

When an electric field of 0.6 V Å
−1

is applied, the
spin-down channel is type-II heterostructure, while the spin-up
channel is changed to a type-I heterostructure due to the form of
a straddling gap [21]. The type-I heterostructure can facilitate
the fast recombination of electrons and holes and is widely
utilized in light-emitting diodes (LEDs) [45,46]. When we
further increase the positive electric field, the CBM level of
Mg(OH)2 layer rapidly moves down and is well below that
of the spin-down channel of the VS2 layer, implying a type
transition from type-II to type-I in the spin-down channel of the
heterostructure. Based on this transition, both the spin-up and

spin-down channels of Mg(OH)2/VS2 heterostructure possess
the type-I heterostructure. Our findings reveal the possibility
of electrostatic gating-induced tunable heterostructure type
transitions in the heterostructure, which may be used in
high-performance spintronic and optoelectronic devices.

Finally, we would like to point out that from a practical
viewpoint, when electrostatic gating is applied, the effects
of substrate need to be considered. Generally, a SiO2 sub-
strate is usually considered as substrate for experimental
studies on most of 2D materials and related devices [47–49].
However, the theoretical studies show that the defect-free
SiO2 substrate does not affect significantly the electronic
properties of monolayer MoS2 due to their weak mutual
interaction [50]. Moreover, experimental studies verify that
the weak vdW interaction between graphene sheets and the
SiO2 substrates plays a negligible role [51]. In addition, recent
studies reported that the Mg(OH)2/MoS2 heterostructure has
also been experimentally fabricated on a SiO2 substrate [21].
Here we only give the discussion about the effects from the
substrate surface. In order to quantify the substrate effects on
the 2D Mg(OH)2/VS2 heterostructures, further theoretical and
experimental works are expected in future studies.

In conclusion, through first-principles calculations, we have
demonstrated a new FM Mg(OH)2/VS2 vdW heterostructure
with type-II alignment and high Curie temperature (385 K).
Interestingly, an applied negative electric field induces a
transition from type-II to type-III in the spin-up channel, while
the spin-down channel remains a type-II heterostructure. In
addition, when a positive electric field is applied, an indirect-
direct gap transition and a type-II to type-I heterostructure
transformation occur in both spin-up and spin-down channels.
These results not only open up an opportunity to realize
the FM type-II vdW heterostructure with high temperature,
but also predicate the possibility of electrostatic gating-
induced multiband alignments in the heterostructures, which
are useful for next-generation multifunctional spintronic and
optoelectronic devices.
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