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Since the theoretical and experimental demonstration of the quasibonding (QB) interactions between van
der Waals (vdW) layers of two-dimensional (2D) materials, diverse effects and applications of interlayer and
interface QB in vdW homo- and heterostructures have been reported. However, for vdW heterostructures
(vdWHs) composed of magnetic and nonmagnetic 2D layers, the principles of interlayer QB interaction in
these systems and their potential application remain to be elucidated. In the current work, by density functional
theory calculations combined with crystal orbital Hamiltonian population analysis, the spin-dependent and
multilevel interlayer QB (namely, orbital hybridization) in a H-MoSe2/H-VSe2 nonmagnetic/magnetic vdWH
is established, and its multifunctional properties for spintronics and spin-dependent optoelectronics are revealed.
In particular, (1) the two spin channels have distinct interlayer interactions: spin-up is a two-level interaction
while three energy levels are involved in spin-down; for each level, multiorbitals (mainly s, pz, and dz2 orbitals)
make contributions to the interlayer interaction; (2) distinct band alignment types ranging from type I and type
II to a mixed type appear; and (3) the interlayer interaction makes the VSe2 layer have better bipolar magnetic
semiconductor properties. Our current work demonstrates the orbital-resolved multilevel analysis as a powerful
tool for understanding the interlayer QB interaction and indicates the potential of the MoSe2/VSe2 vdWH for
multifunctional applications.
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I. INTRODUCTION

The van der Waals homo- and heterostructures (vdWHs)
based on two-dimensional (2D) layered materials, espe-
cially metal/2D semiconductor junctions (MSJs) and 2D
semiconductor heterojunctions (SHJs), have diverse potential
applications in the fields of electronics and optoelectronics
[1–4], spintronics [5,6], valleytronics [7,8], twistronics [9],
and photocatalysis [10,11], etc. For the interlayer interactions
in vdWHs, in addition to the London dispersion attraction
of vdW force [12], the interlayer orbital hybridization leads
to the common existence of covalentlike quasibonding (QB)
interaction between 2D layers [13–15]. The QB interaction is
similar to the Pauli-repulsion part of the vdW interaction (con-
sidering a Lennard-Jones-like potential), and the QB between
2D layers also gives a significant energy-level splitting on the
order of 1 eV [13]; for a recent review, see Ref. [16]. Interlayer
QB exhibits two main characteristics that are like covalent
bonds but weaker than typical chemical bonds, namely, the
redistribution of electron density and the formation of bonding
and antibonding states between vdW layers [13,15,17]. The
QB between 2D and mixed-dimensional vdWHs [18,19] not
only changes the intrinsic properties of subsystems, but it also
greatly affects the diverse applications of the vdWHs, such as
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modifying the electronic structure including direct to indirect
gap transition, and engineering the electrical [20], optical [21],
and ferroelectric [22] properties.

Since the theoretical [13] and experimental [17] demon-
stration of the QB interactions between 2D materials, many
studies have reported that interlayer QB interactions can affect
the vibration modes [23], magnetism [24–28], and optical ab-
sorption and photoluminescence [13,29–31] of 2D materials.
In MSJs, QB could have a significant impact on the Schottky
barrier height [19,32]. In SHJs, the interlayer QB interac-
tions influence the band alignments [33]; a practical screening
method including QB effects is proposed to construct robust
momentum-matched heterojunctions [34]. For vdWHs com-
posed of magnetic and nonmagnetic 2D layers, studies report
that they have robust ferromagnetism [35] and potential ap-
plications as spin valves [36] and magnetic tunnel junctions
[37], properties tuning by strain and electric field [38,39],
and the magnetic proximity effect and valleytronics properties
[7,8,40]. Although nonmagnetic/magnetic vdWHs have been
studied a lot, the principles of the interlayer QB interaction
in these systems and the properties tuning by QB and more
potential application remain to be elucidated. Note that the
studies of the asymmetric magnetic proximity effect and val-
ley splitting [7,8] focused on the K point of the Brillouin zone;
here we focus on the Г point where the interlayer QB (orbital
hybridization) is much stronger than that at the K point.

In the current work, using density functional theory
(DFT) calculations combined with crystal orbital Hamiltonian
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population (COHP) analysis [41], we study in detail the
spin-dependent interlayer interactions in the MoSe2/VSe2

nonmagnetic/magnetic vdWH with emphasis on the multi-
level interaction, and each energy level has more than one
atomic orbital involved in the interaction. We find that the
interlayer interaction affects both sides of the vdWH: (1)
significant spin splitting is introduced to the originally non-
magnetic MoSe2 side and, for the valence band at the Г

point, the two spin channels of MoSe2 have distinct orbital-
interaction characteristics with VSe2—spin-up is a two-level
interaction while three levels are involved for spin-down; (2)
the intrinsic magnetic properties of VSe2 are largely main-
tained in vdWH after coupling with MoSe2 and, for the VSe2

side, the interlayer interaction makes the bipolar magnetic
semiconductor (BMS) properties better with increased spin-
flip gap and decreased transport gap. For the overall vdWH,
the two spin channels have very different band alignment
types ranging from type I and type II to type H—a mixed
type at the critical point between types I and II [42]. The
current study not only demonstrates the orbital-resolved mul-
tilevel analysis as a powerful tool for understanding orbital
hybridization at the vdW interface, but also indicates the
potential of the MoSe2/VSe2 vdWH for multifunctional ap-
plications.

II. METHODS

Spin-polarized DFT calculations were performed by us-
ing the Vienna ab initio simulation package (VASP) [43–45].
The projector augmented-wave potential was employed to
describe the core electrons and the valence electron orbitals
were expanded on a plane-wave basis with an energy cut-
off of 500 eV [46]. The generalized gradient approximation
in the Perdew-Burke-Ernzerhof form (GGAPBE) was used
[47]. For the 3d orbitals of vanadium atoms, Hubbard U was
introduced, where U was 2 eV and J was 0.84 eV in the
calculations [48,49]. The vdW interaction was considered by
using the optB86b-vdW density functional of Dion et al. [50]
and Klimeš et al. [51]. The convergence criteria for energy
and force were set to 10−6 eV and 0.01 eV/Å, respectively.
The k-point sampling of the 2D Brillouin zone adopted the
Monkhorst-Pack scheme [52] with a grid mesh of 15 × 15.
The vacuum separation in the vertical direction was 15 Å
to ensure that the interaction between periodic images was
negligible. For bonding analysis of interlayer interactions,
the LOBSTER package [53–56] was used, which gives crystal
orbital Hamiltonian population (COHP) [57] via weighting
the density of states (DOS) by the corresponding Hamiltonian
matrix elements. The multilevel and multiorbital analysis can
be achieved from the orbital-pair COHP analysis projected
to orbital-pair interactions for the valence and conductance
bands of interest at the Г point [58] in combination with the
real-space wave-function plot of these bands at the Г point.
More on the calculation of COHP can be found in the Sup-
plemental Material [59]; also see Refs. [60–73]. We checked
the band structure by considering spin-orbit coupling (SOC)
to make sure that the main conclusion holds. The VASPKIT pro-
gram was used for postprocessing of the electronic structure
data [74]. More calculation details can be found in the related
sections.

III. RESULTS AND DISCUSSION

To investigate the interlayer QB of a nonmagnetic/
magnetic vdWH, the H-phase nonmagnetic MoSe2 and mag-
netic VSe2 are adopted as the typical example. The H-phase
VSe2 can be selectively grown and is more thermodynami-
cally favorable than the T phase at the 2D limit [75]. The
relaxed lattice constants of MoSe2 and VSe2 are 3.32 and
3.33 Å, respectively, indicating negligible lattice mismatch
between these two monolayers. To select a suitable stacking
configuration, we consider six high-symmetry stacking con-
figurations (for details see “More on stacking configuration”
in the Supplemental Material [59]). We calculate the binding
energy (Ebind) and phonon spectrum of the H-MoSe2/H-VSe2

heterostructure to discuss the dynamical and thermal stabil-
ity as was done in [28]. For the binding energy, we use
the equation Ebind = Etotal − EVSe2 − EMoSe2 . The Ebind is cal-
culated to be −0.235 eV/cell, suggesting the energetic and
thermal stability of forming the heterostructure. The binding
energy per unit area is –24.9 meV/Å2, which is comparable
to that of typical 2D materials [76]. Figure S3 [59] indi-
cates that the structure of H-MoSe2/H-VSe2 does not have
imaginary frequencies, indicating the dynamical stability of
the heterostructure. To determine the interface spacing of the
MoSe2/VSe2 vdWH (dSe−Se for the Se atoms across the vdW
gap), the binding energy curve as a function of dSe−Se is cal-
culated (Fig. S4 [59]) and the equilibrium spacing is 3.15 Å.
The relaxed structure is shown in Fig. 1(g).

A. Spin-dependent interlayer QB interaction

The isolated monolayers of group-VI transition metal
dichalcogenide (TMD), H-MoSe2, and group-V TMD, H-
VSe2, have very different electronic structures due to the
vanadium atom lacking one electron as well as the on-site
Coulomb repulsion of vanadium 3d electrons. The valence
band (VB) of MoSe2 is spin paired (Figs. 1(a) and S5a [59])
while that in VSe2 becomes the fully spin-polarized VB and
conduction band (CB) with a spin splitting of ∼1.26 eV
(Figs. 1(c) and S5(b) [59]), and similar to that reported in
the literature [48]. Figure 1(h) shows the Brillouin zone with
high-symmetry k points for band structure plots.

Figures 1(a) and 1(c) show the subsystem band structures
projected to the Se-pz orbital since the pz orbital contributes
to both Se–Se and Se–Mo(V) interlayer interactions, as in-
dicated in Fig. 1(g) and Table I. A comparison of the band
structure near the Fermi energy of the subsystems [Figs. 1(a)
and 1(c)] with that of the vdWH [Fig. 1(b)] shows the interface
orbital hybridization induced energy splitting of VB mainly at
and around the Г point. This kind of interlayer interaction is
named covalentlike quasibonding (QB) in the literature [13]
as discussed in the Introduction.

The interlayer QB in the MoSe2/VSe2 vdWH makes (1)
the complicated band structure in Fig. 1(b) for the three
VBs (the VB, VB-1, and VB-2 that are labeled) below the
Fermi level, and (2) the CB energy shift at the Г point
relative to that of the isolated VSe2. These above band-
structure evolutions from subsystems to those in vdWH can
be understood from the following aspects at and around the
Г point:
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FIG. 1. Spin-dependent interlayer interaction in vdWH from projected band structures relative to vacuum level (Evac). (a–c) Spin-polarized
band structure of the vdWH and of the isolated subsystems MoSe2 and VSe2 with projection to the Se-pz orbital, (d, f) the vdWH band structure
projected to the MoSe2 and VSe2 layer, and (e) sketch for the spin-dependent energy-level hybridization of the MoSe2 VB with the VSe2 VB
and CB at the Г point, which is derived from the band structure plots. For spin-down, a deeper VSe2 level [VB-5; refer to panel (i)] is also
involved as indicated with gray. The dot sizes in projected band structures indicate the relative magnitude of projection. Blue (red) denotes
spin-up (spin-down). In vdWH, the MoSe2 and VSe2 sides have slightly different Evac’s and the averaged value is used. (g) Structure of the
MoSe2/VSe2 vdWH with some of the interlayer orbital-pair interactions labeled. (h) Brillouin zone with the relevant k points indicated. (i) The
VB-5 for spin-down of isolated VSe2 with Se-pz character at the Г point; the scale indicates the magnitude of projection and the other spin
(spin-up) is denoted with light gray lines.

(1) The interlayer orbital hybridization happens for bands
with similar orbital character, namely, the VB of MoSe2 and
the spin-polarized VB and CB of VSe2 at (and around) the
Г point that have the Se-pz orbital character [Figs. 1(a)–1(c)]
and S6 [59]). The dz2 orbitals make less contribution to in-
terlayer interaction than pz does (Table I) due to the larger
interlayer separation between Mo(V)–Se than Se–Se across
the vdW gap, and hence the above discussion focuses on pz.

(2) The layer-projected band structures in Figs. 1(d) and
1(f) show that VB, VB-1, and VB-2 at the Г point [labeled
in Fig. 1(b)] of vdWH are a mixture of bands from MoSe2

and VSe2; the spin-down CB is mainly from VSe2. Among
the three VBs of vdWH, the spin-down VB-1 is mainly from
MoSe2 while the spin-up VB and VB-2 are from both layers
of VSe2 and MoSe2 [Figs. 1(d) and 1(f)]. Notably, spin polar-
ization is induced into the MoSe2 layer.

(3) The above discussions show that the spin-up channel
has a more apparent interlayer interaction (layer mixing of

bands around the Г point) than the spin-down channel (layer
separation in bands). The spin-dependent band hybridization
at the Г point between the MoSe2 VB and the VSe2 VB
and CB can be sketched as in Fig. 1(e). For spin-up, it is
a two-level interaction, similar to that in the literature [14].
For spin-down, however, to explain the upshift of VB-1 in
vdWH (relative to VB in MoSe2), a third, deeper level [the
VB-5(Г) of VSe2 as labeled in Fig. 1(i)] is also involved (will
be elaborated upon later).

Table I summarizes the orbital-pair contributions to in-
terlayer interaction. It is obtained from the orbital-projected
COHP (pCOHP) analysis, which partitions the band-structure
energy into the contribution of orbital-pair interactions [54]
and the magnitude of projected COHP hints at its relative
contribution to the interlayer interaction (for details see “More
on projected COHP” in the Supplemental Material [59]). We
consider the orbital-pair interactions from the interlayer Se–
Se and Se–Mo(V) pairs as illustrated in Fig. 1(g) for the
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TABLE I. Orbital-pair contributions to the interlayer interaction at the Г point from projected COHP. Only the orbital pairs that have
relatively larger contributions are listed. Positive (negative) numbers mean antibonding (bonding). Numbers before (after) the comma indicate
the interlayer interaction of spin-up VB (VB-2) or spin-down CB (VB-1). In vdWH, spin-up (spin-down) corresponds to VB, VB-2 (CB, VB-1)
as shown in Fig. 1(e). Se1 (Se2) denotes the interface Se atoms from MoSe2 (VSe2); refer to Fig. 1(g).

Se–Se interactiona Se1-pz–Se2-pz Se1-pz–Se2-s Se1-s–Se2-pz

Spin-up: VB, VB-2 0.21, −0.01 0.02, 0 0.02, 0
Spin-down: CB, VB-1 0.06, 0.11 0, 0.02 0.01, 0
Se–M interactiona Se1-pz–V -dz2 Se1-pz–V -s Se2-pz–Mo-dz2

Spin-up: VB, VB-2 0.02, −0.01 0, −0.01 0.02, 0
Spin-down: CB, VB-1 0.02, −0.01 0, −0.01 0, 0.01

Summationb Sum of Se–Se Sum of Se–M Sum of ALL

Spin-up: VB, VB-2 0.75, −0.03 0.04, −0.02 0.79, −0.05
Spin-down: CB, VB-1 0.21, 0.39 0.02, −0.01 0.23, 0.38

aThe orbital-pair interactions from the interlayer Se–Se and Se–Mo(V) interactions as illustrated in Fig. 1(g) for the Se, Mo, and V atoms close
to the vdW interface. “M” means Mo or V atoms.
bThe sum is over all orbital pairs and multiplied by the number of nearest-neighbor atoms between layers. Namely, the numbers for Se–Se
interaction are multiplied by 3 in the summation.

Se, Mo, and V atoms close to the vdW interface. The inter-
layer Mo(V)–V(Mo) interaction is even smaller and hence
neglected. In our DFT calculations, semicore electrons are
considered for Mo(V), while for the below discussion of inter-
layer interactions (Table I), only valence orbitals are needed:
namely, for Se, one 4s and three 4p orbitals and hence four
orbitals are needed for the discussion of orbital-pair inter-
actions; for Mo(V), one 5s (4s) and five 4d (3d ) orbitals
and hence six orbitals are needed for Mo(V). As a result,
for Se–Se interactions, there are 4 × 4 = 16 matrix elements
(or orbital-pair interactions), and for Se–Mo(V) interactions
4 × 6 = 24 matrix elements. In Table I, only the orbital pairs
that have relatively larger contributions are listed.

Table I reveals that (1) the interlayer Se–Se interaction
contributes most to the interlayer interaction and, in general,
is much larger than interlayer Se–M interaction. (2) For the
spin-up VB, and spin-down CB and VB-1 of vdWH, the
Se-pz–Se-pz interactions dominate the interlayer interaction,
while for the spin-up VB-2, the Se–Se and Se–V interactions
are comparable, and both the V-s and V-dz2 orbitals are in-
volved. These can be seen more intuitively from the real-space
wave function plots in Figs. 2(d) and 3(d).

The interlayer QB interactions of the MoSe2 VB with
the spin-up and spin-down channels of VSe2 lead to spin
splitting also in MoSe2 [Fig. 1(d)]. Next, we discuss the spin-
dependent properties and the band alignments in vdWH for
the two spin channels, which are useful for spin-dependent
(opto)electronics [7] and photoelectric devices [77].

B. Spin-up and type H band alignment

For the spin-up channel, Figs. 2(a), 2(c), and 2(b) show
the band structures of the two subsystems and that of vdWH
projected to VSe2 and MoSe2 layers for spin-up, in which the
VB of MoSe2 hybridizes with the VB of VSe2 and forms the
VB and VB-2 in vdWH at the Г point [refer to Fig. 1(e)]. The
corresponding wave functions at the Г point for the isolated
subsystem VBs of MoSe2 and VSe2, and for the vdWH VB
and VB-2, can be found in Fig. 2(d).

The interlayer-antibonding state, VB in vdWH at the Г

point [refer to Figs. 2(b) and 2(d)], makes the original VB
edge of MoSe2 and VSe2 shift up in energy and the valence
band edge changes from the K point in the isolated monolay-
ers to the Г point in vdWH [Figs. 2(a)–2(c) and 2(e)]. The
spin-up CB edges do not change their k-point location from
subsystems to vdWH. The band alignments for the spin-up
channel are sketched in Fig. 2(e) for both isolated subsystems
and vdWH, which are derived from the band structures in
Figs. 2(a)–2(c).

The valence and conduction band offset sizes [VBO and
CBO labeled in Fig. 2(e)] in isolated subsystems and in vdWH
are summarized in Table II. The CBO from the isolated sub-
systems is 1.01 eV and that in vdWH is 0.85 eV. The VBO
from the subsystems is 0.23 eV, and that in vdWH becomes
zero due to the interlayer QB interaction and the resulting
orbital mixing between the two layers. As a result, the spin-up
band alignment forms a special type with zero VBO, which is
at the critical point between type I and type II, and is called
a type H heterojunction [78]. The novel band alignment and
its transition nature enable this kind of vdW heterostructure
to be used for applications in special optoelectronic devices
and energy conversion [42]. Moreover, the interlayer mixed
electronic structure and the band alignment types could be
tuned between type I and type II by, for example, applying
vertical external electric fields, in-plane strain, or changing the
interlayer distance.

TABLE II. Magnitude of band offsets of spin-up and spin-down
from band edges in isolated subsystems and from those in vdWH.
CBO (VBO) is the conduction (valence) band offset.

Band offset sizes (eV) Isolated systems vdWH

Spin-up CBO 1.01 0.85
VBO 0.23 0

Spin-down CBO 1.39 1.28
VBO 0.47 0.35
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FIG. 2. Spin-up: interlayer orbital mixing and type H band alignment. (a–c) Band structure of the isolated MoSe2, VSe2 subsystems and
the layer-projected band structure of vdWH. The bands from the other spin (spin-down) are denoted with light gray, thinner lines. In (b), the
dot sizes indicate the magnitude of projection. (d) Wave functions at the Г point of the VBs from the two isolated subsystems (MoSe2, VSe2)
to the VB and VB-2 in vdWH; the VBs and VB-2 are also labeled in panels (a–c). The two colors of wave function denote the opposite signs;
the relative strength of interlayer antibonding (bonding) interactions in VB (VB-2) of vdWH are indicated by the COHP numbers (0.79 and
−0.05) in panel (d) and a positive (negative) number means bonding (antibonding), which is from the values of “Sum of ALL” in Table I. (e)
Band alignment diagram for the spin-up channel; the VBO is zero due to interlayer orbital mixing and the type H band alignment is formed.

In Fig. 2(d), the wave function of VB in vdWH further
indicates that the interlayer orbital hybridization is mainly
the pz orbital of interfacial Se atoms. Figure S7(a) [59]
shows the band structure projected to pz and the projection
to other orbitals in Figs. S7(b)–S7(f) [59]. From the vdWH
VB wave function in Fig. 2(d), it can be seen that the VB
has interlayer-antibonding character, which is in line with the
projected-COHP analysis (Table I).

C. Spin-down and interlayer three-level interaction

For spin-down, Figs. 3(a) and 3(c) show the band structures
of the subsystems MoSe2 and VSe2 and Fig. 3(b) shows
the layer-projected band structure of the vdWH. The vdWH
VB-1 comes mainly from MoSe2 and the vdWH CB comes
mainly from VSe2 [refer to Figs. 3(b) and 3(d)]. The CB
edge of vdWH does not change their k-point location in the
Brillouin zone relative to that in the subsystem, due to the
energy mismatch between subsystem MoSe2 VB and VSe2

CB [Figs. 3(a), 3(c), and 1(e)], which results in the weaker
interlayer interaction for CB. The formation of VB-1 in vdWH
is a bit more complicated as will be detailed later. The type
II band alignment for the spin-down channel is sketched in
Fig. 3(e) and the band offset sizes are summarized in Table II.

Unlike the two-level interaction for the spin-up channel,
the interlayer interaction for spin-down is a three-level in-
teraction since the VSe2 spin-down levels shift up in energy
due to exchange splitting. As shown in Figs. 1(e), 1(i), and
3(d), the VB level of MoSe2 at the Г point hybridizes with
the CB and VB-5 levels of VSe2 that have the Se-pz orbital
character. The wave function at the Г point of CB and VB-5
of spin-down for the subsystem VSe2 is shown in Fig. 3(d).
The vdWH wave function of CB(Г) and VB-1(Г) [refer to
Fig. 3(b) for the labeled CB and VB-1] is also shown in
Fig. 3(d). The wave functions show obvious pz orbital anti-
bonding interactions across the vdW gap. The band structure
projected to the pz orbital is shown in Fig. S7(i) [59] and the
projection to other orbitals is also given in the other panels of
Figs. S7(g)–S7(l) [59].

In addition to the above-mentioned energy upshift of VB-1
in vdWH relative to the VB in MoSe2 at the Г point [refer
to Figs. 1(e), 3(a), and 3(b)], for the vdWH wave functions
(VB-1 and CB of vdWH) in Fig. 3(d), there are two features
that cannot be understood if assuming a two-level interaction
between MoSe2 VB and VSe2 CB:

(1) One is the appearance of two consecutive interlayer-
antibonding levels of CB and VB-1: as expected, the CB(Г)
of vdWH is antibonding at the vdWH interface; however, the
VB-1(Г) of vdWH is also interlayer antibonding.
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FIG. 3. Spin-down: three-level interaction and type II band alignment. (a–c) band structure of the isolated MoSe2, VSe2 subsystems and
the layer-projected band structure of vdWH. The bands from the other spin (spin-up) are denoted with light gray lines. The dot sizes indicate
the magnitude of projection. (d) Spin-down wave functions from isolated subsystems (VB of MoSe2, CB and VB-5 of VSe2) to CB and VB-1
in vdWH, and an illustration to the antibonding state formation of VB-1(Г) in vdWH. The VB of MoSe2 and CB and VB-5 of VSe2 are also
labeled in panels (a,c) and Fig. 1(i); VB-1 and CB of vdWH are also labeled in panel (b). The two colors of wave functions denote the opposite
signs. The relative strength of interlayer antibonding interactions in VB-1 and CB of vdWH are indicated by the COHP numbers (0.38 and
0.23) in panel (d) and a positive number means bonding; these are from the values of “Sum of ALL” in Table I. (e) Type II band alignment for
the spin-down channel.

(2) The other feature is the VB-1(Г) wave function of
vdWH at the lower VSe2 part [see Fig. 3(d)]: it is not simply
from the CB(Г) of the isolated VSe2, but is a combination
of the VB-5(Г) and CB(Г) of isolated VSe2, with the Se-pz

orbital character from VB-5(Г) and the V-dz2 orbital character
from CB(Г) of the isolated VSe2 (with different weights for
the two VSe2 levels).

The vdWH VB-1 wave function in Fig. 3(d) becomes
understandable by introducing a deeper VSe2 level for the
interlayer interaction, namely, the VB-5(Г) of isolated VSe2

with the Se-pz orbital character [also refer to Fig. 1(i)], which
makes the VB-1(Г) of vdWH become antibonding [Fig. 1(e)].
The COHP analysis in Table I confirms the antibonding char-
acter of VB-1(Г).

Moreover, we quantify the contributions of the VB-5 and
CB of VSe2 to the VB-1 of vdWH in Table III. Table III
lists the projections of the vdWH VB-1 wave functions at
the Г point onto cubic harmonics of the V and Se atoms of
VSe2, and the Mo atom of MoSe2. From the subsystem wave
functions in Fig. 3(d), it is apparent that the MoSe2 VB is
dominated by the Mo-dz2 orbital, and the CB(�) and VB-
5(�) of VSe2 are dominated by the V-dz2 and Se-pz orbital,
respectively. As a result, for the contributions of subsystems
to the vdWH VB-1(�), the projection to Mo-dz2 (of 0.486)

roughly represents the contribution of the subsystem MoSe2

VB to the vdWH, and the projection of V-dz2 (0.033) and
Se-pz (0.031) roughly represent the contributions of CB(�)
and VB-5(�) of VSe2 to vdWH, respectively. Although the
weights of CB(�) and VB-5(�) of VSe2 are similar (0.033
vs 0.031), the interface Se atom is closer to the vdW gap
than the V atom, so the effect of Se-pz is stronger than that
of V-dz2 for interlayer interaction (also note that the orbital
radius of Se-p is larger than V-d). This means that the effect
of VB-5(�) is stronger than that of CB(�), and results in
the overall interlayer-antibonding character in the VB-1 wave
function of vdWH.

Figure 3(e) displays the type II band alignment for the spin-
down channel. In vdWH, the CBO is 1.28 eV and the VBO

TABLE III. The projections of VB-1 wave functions of vdWH at
the Г point onto cubic harmonics of the V and Se atoms of VSe2, and
the Mo atom of MoSe2.

VB-1(Г) of vdWH

VSe2 V-dz2 : 0.033 (CB)
Se-pz: 0.031 (VB-5)

MoSe2 Mo-dz2 : 0.486 (VB)
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FIG. 4. Differential charge/magnetization densities (a,b) and
changes in charge/magnetic moment (c) of vdWH relative to that of
subsystems. (a) Differential charge and (b) differential magnetization
densities. Blue and red denote accumulation and depletion, respec-
tively. The same isosurface of 3 × 10−4 e−/a3

0 is used for the plots.
(c) The labeled numbers are the changes in charge/magnetic moment
on each atom of vdWH relative to that in subsystems based on
Bader charge analysis. The Bader charge and “Bader magnetization”
are obtained by summing the charge/magnetization densities in the
atomic Bader volumes, and the Bader volume is determined by the
total charge.

is 0.35 eV. From the subsystems to vdWH, both CBO and
VBO are decreased by ∼0.1 eV, as shown in Table II. We have
checked that the inclusion of spin-orbit coupling (SOC) does
not change our main conclusion for band alignment (Fig. S8
[59]).

Differential charge and magnetization. Interface QB not
only results in energy-level reconstruction in energy and
in the valley, but also leads to charge redistribution [79]
and spin/magnetization redistribution. Figures 4(a) and 4(b)
show the differential charge/magnetization densities from
subsystems to vdWH. The differential charge/magnetization
densities display their redistributions in real space, which is
the integration for all occupied states (while for the QB dis-
cussions above, one usually focuses on the energy levels close
to the Fermi level). Figure 4(a) exhibits the electron accumu-
lation at the MoSe2/VSe2 vdW interface, which is a typical
feature of interlayer QB formation [17]; also see Fig. 5(a)
for the plane-averaged differential charge density along the

FIG. 5. Charge redistribution and interface dipole. (a) Plane-
averaged differential charge density along the z direction normal to
the MoSe2/VSe2 vdWH interface. (b) Plane-averaged electric poten-
tial and the interface potential step, �V, for the MoSe2/VSe2 vdWH.

z direction normal to the vdWH interface. The differential
magnetization density in Fig. 4(b) shows that magnetization is
induced on the Mo atom and the Se atom close to the vdWH
interface. The labeled numbers in Fig. 4(c) quantify the charge
transfer and magnetic moment change on the metal and Se
atoms from isolated subsystems to vdWH, which are obtained
by summing the differential charge/magnetization densities in
the atomic Bader volumes for atoms in vdWH [80,81].

D. Quantify the effects of QB

As discussed above, the band offsets (VBO and CBO)
change from isolated subsystems to vdWH (Table II). In
vdWH, both interface QB (�QB) and interface dipole (�V)
affect band offsets, which are given by the following equa-
tions:

CBO = CBOAR + �V + �QB(CB), (1)

VBO = VBOAR + �V + �QB(VB), (2)

where the subscript AR means the band offset from isolated
subsystems is given by Anderson’s rule [82]. The charge
redistributions around the interface [Fig. 5(a)] lead to the
formation of interface electric dipoles, �V, and interface po-
tential steps at the vdWH interface. The �V is 0.127 eV in our
vdWH, as shown in Fig. 5(b). The �V makes the vacuum lev-
els different on the MoSe2 and VSe2 sides [83]; namely, two
vacuum levels appear in the vdWH. For the band alignments
in vdWH, Figs. 2(b), 2(e), 3(b), and 3(e), the averaged vacuum
level is set to zero. The �V makes the band structure (VB and
CB edges) of MoSe2 shift downwards by 0.127 eV relative to
that of VSe2. The �QB (CB) and �QB (VB) are corrections
for CBO and VBO from the interface QB effect, respectively,
which is spin, band, and valley dependent as illustrated in the
equations below.

From isolated subsystems to vdWH, �QB (CB) and
�QB (VB) can be quantified from the QB induced rela-
tive changes of band edges at the MoSe2 and VSe2 sides,
namely, �QB(VSe2) − �QB(MoSe2), where �QB(VSe2) and
�QB(MoSe2) are the QB induced band edges changes in the
VSe2 and MoSe2 layers, respectively.

For spin-up [refer to Fig. 2(e)], they are

�QB(CB, up) = �QB(CB, up, VSe2)

−�QB(CB, up, MoSe2) ≈ 0.01 + 0.02

= 0.03 eV, (3)

�QB(VB, up) = �QB(VB, up, VSe2)

−�QB(VB, up, MoSe2) ≈ 0.32 − 0.22

= 0.10 eV. (4)

Note that in Fig. 2(e), the possible valley changes due to
interlayer QB interaction, from the K point to the Г point for
valence band edges, are already included.
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FIG. 6. The FM and AFM magnetic ordering of the H-MoSe2/H-
VSe2 heterostructure. The rectangles indicate the supercell used.
Note that here we used an area-doubled (1 × √

3) rectangular su-
percell for the possible AFM configuration(s). There is only one
inequivalent AFM configuration for both (1 × √

3) rectangular and
p(2 × 2) supercells for a triangular magnetic lattice [87].

For spin-down [refer to Fig. 3(e)], they are

�QB(CB, down) = �QB(CB, down, VSe2)

−�QB(CB, down, MoSe2) ≈ 0.03 − 0.02

= 0.01 eV, (5)

�QB(VB, down) = �QB(VB, down, VSe2)

−�QB(VB, down, MoSe2) ≈ 0.01 − 0.01

= 0 eV. (6)

These numbers indicate that the QB induced band offset
changes; namely, the �QB’s for VB/CB and for spin-up/-
down, can be different for the different spin channel and
different for VB and CB, and the value of �QB ranges from 0
to 0.1 eV for our vdWH. In addition the QB effect of spin-up
is stronger than that of spin-down.

E. Magnetism and potential applications

Magnetism. H-phase VSe2 has a ferromagnetic ground
state with an in-plane easy axis [48]. To study the mag-
netic properties of VSe2 from monolayer to those in the
H-MoSe2/H-VSe2 heterostructure, we employ a (1 × √

3)
rectangular supercell (Fig. 6). Table IV shows that the ex-
change energy (Eex = EFM − EAFM) per vanadium atom is
negative, which indicates the ferromagnetic ground state; this
conclusion is consistent with that in the literature [84–86]. The
magnetic anisotropy energy (MAE) is calculated as the energy
difference between magnetization along the in-plane and out
of plane directions: MAE = Ein plane − Eout of plane [85,86]. A
negative MAE represents the in-plane easy axis. As shown in
Table IV, for VSe2 coupling with MoSe2 in vdWH, the mag-

TABLE IV. The magnetic anisotropy energy (MAE), nearest-
neighbor exchange parameter (J1), and Curie temperature (TC) of
monolayer VSe2 and VSe2 in the van der Waals heterostructure
(vdWH). All energies are per vanadium atom.

H phase MAE (meV) J1 (meV) TC(K)

Monolayer VSe2 –0.72 –25.43 423
VSe2 in vdWH –0.68 –22.78 376

netic ground state of the VSe2 layer remains ferromagnetic
and in-plane easy axis.

To obtain the nearest-neighbor exchange parameter (J1),
we use the two magnetic configurations as shown in Fig. 6.
The total energy of the FM state is expressed as EFM =
−6J1 + E0, on account of three FM coupling interactions in
one unit cell, where E0 is the energy independent of magnetic
order. Because of two AFM and one FM coupling interactions
in one unit cell of the AFM state, the total energy of the AFM
state is expressed as EAFM = 2J1 + E0. We estimate the Curie
temperature (TC) by Monte Carlo simulations of the Heisen-
berg model with a magnetic anisotropy term [88]. The spin
Hamiltonian with a magnetic anisotropy term is described as

H = −J
∑

i, j

Si · Sj − A
∑

i

(
SZ

i

)2

where i, j is the nearest-neighbor unit cell site, J is the
nearest-neighboring exchange parameter, S is the unit vector
representing the direction of the magnetic moment, and A
is the magnetic anisotropy energy. We adopted the Monte
Carlo simulations for the magnetizations as functions of the
temperature to calculate the Curie temperature. Figure S11
[59] shows that the Curie temperature is around 423 K for
monolayer VSe2 and 376 K for VSe2 in vdWH (more details
can be found in the Supplemental Material [59]). The results
are summarized in Table IV. From all the magnetic properties
in Table IV, one sees that the original magnetic properties of
H-VSe2 monolayer are largely maintained in the H-MoSe2/
H-VSe2 vdWH.

Band alignment. As discussed above, due to the spin-
dependent interlayer QB effect, the properties of the vdWH
for spin-up and spin-down are different. The characteristics of
the vdWH mainly depend on the band-edge alignments in en-
ergy and valley [89–91]. Generally speaking, 2D vdWHs are
classified into three main categories: type I (straddling gap),
type II (staggered gap), and type III (broken gap) [92,93],
which have wide applications for the understanding of the
basic photoprocesses as well as for the control of efficiency
in charge transfer at the interface. The band alignment types
for the two spin channels are different in the MoSe2/VSe2

vdWH and hence the vdWH can have multiple applications
by using the different band alignments for the two spin
channels [7,77].

For the band alignment of the spin-up channel, we find
in the above that the interlayer QB mixing can induce the
MoSe2/VSe2 vdWH to exhibit a special type of band align-
ment with zero VBO [Fig. 2(e)], namely, the type H at the
critical point between type I and type II [78].

On the other hand, the VB at the � point can be considered
as mainly on the VSe2 layer since the contribution from VSe2

is a bit larger; the ratio is 4:3 for the contributions from VSe2

and MoSe2 layers. This results in the type I band alignment
in Fig. S9 [59]. The VB edge of VSe2 changes from the K
to the � point from isolated VSe2 to VSe2 in vdWH, and the
other band edges remain at the K point. It should be noted
that the QB-mixing effect frequently appears in vdWHs of
2D semiconductors, and the band alignments were classified
either as type II/I [94] or type H [78] in the literature for
different applications.
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FIG. 7. The BMS properties from spin-polarized density of states
of (a) monolayer VSe2 and (b) VSe2 in vdWH. The three energy gaps
�1, �2, and �3 for the BMS performance are labeled. Blue and
yellow denote spin-up and spin-down, respectively.

So, the spin-up channel of the MoSe2/VSe2 vdWH can ex-
hibit two types of band alignments for different applications:
type H and type I alignments. The novel band alignment and
transition properties make the MoSe2/VSe2 vdWH applicable
in special optoelectronic devices and energy conversion [42]
for spin-dependent (opto)electronics [7] and photoelectric
devices [77]. Moreover, the spin-down MoSe2/VSe2 vdWH
exhibits a type II band alignment, which broadens the possible
application.

Bipolar magnetic semiconductors. Magnetic semiconduc-
tors combine the advantages of magnetic materials and
semiconductor materials, which are the basis for their use
as spin channel materials. Magnetic semiconductors can
generate, inject, control, and detect electronic spin, and, can
be easily applied to current semiconductor technology [95].
According to their different electronic and magnetic prop-
erties, magnetic semiconductors can be classified into half
semiconductor, spin gapless semiconductor, bipolar magnetic
semiconductor (BMS), and asymmetric antiferromagnetic
semiconductor [95]. Among them, BMS has a unique elec-
tronic structure [Fig. 7(a)]: its VBM and CBM are completely
spin polarized and have opposite polarization directions. For
the performance of a BMS, one can use three band gaps to
describe the unique electronic structure, that is, two band gaps
located in the valence band or conduction band that can flip
the spin (�1 and �3) as well as the band gap that needs to
be overcome for electron transport (�2). These three types of
gaps are labeled in Fig. 7.

The interlayer QB effect in the MoSe2/VSe2 vdWH is spin
dependent (spin-up is stronger than spin-down), which results
in the changes in the three types of gaps. In particular, the
valence band edge of VSe2 in vdWH shifts up in energy
compared to that of monolayer VSe2, resulting in significant
changes in the gaps of �2 and �1. It can be seen in Fig. 7
that from monolayer VSe2 to VSe2 in vdWH, the band gap
�2 decreases by 0.35 eV (from 0.43 to 0.08 eV), the spin-flip
gap �1 increases by 0.31 eV (from 0.24 to 0.55 eV) and �3
increases by 0.08 eV (from 0.38 to 0.46 eV). For spintronic
applications, it is better to have larger spin-flip gaps (�1 and
�3) and smaller transport gap (�2). From monolayer VSe2 to

VSe2 in vdWH, the transport gap �2 decreases and both of
the spin-flip gaps �1 and �3 increase. So, the formation of
vdWH with MoSe2 makes the BMS properties better in VSe2.

In summary, for potential applications, the spin-polarized
MoSe2/VSe2 vdWH exhibits different band alignments for
the two spin channels and the interlayer QB-mixing effect
could make a special type H band alignment for the spin-up
channel. For spintronic applications, the QB in vdWH im-
proves the BMS properties in the VSe2 layer. As a result, the
MoSe2/VSe2 vdWH has the potential to be used as a multi-
functional heterostructure for spintronics and spin-dependent
optoelectronics.

IV. CONCLUSIONS AND REMARKS

In conclusion, the spin-dependent interlayer QB interaction
induces spin polarization on MoSe2 and the intrinsic mag-
netic properties on VSe2 are largely maintained in vdWH.
The two-level interlayer QB interaction for spin-up is differ-
ent from the three-level QB interaction for spin-down. The
spin-dependent interlayer QB interaction in the MoSe2/VSe2

vdWH influences the band alignment, and its applications in
spin-dependent optoelectronics and spintronics are discussed.
The spin-up channel exhibits the characteristics of type H and
type I band alignments, while the spin-down channel behaves
as a type II heterostructure. For spintronics application, the
interlayer QB increases the spin-flip gap and reduces the trans-
port gap of VSe2, and hence improves its BMS performance.
All the above indicates that the MoSe2/VSe2 vdWH has mul-
tifunctional properties and has potentials for spin-dependent
optoelectronics and spintronics.

Although we focus on the � point in the current work
since at the � point the interface orbital hybridization is much
stronger than at the K point, the orbital-resolved analysis used
here can also be applied to the K point and may provide a deep
understanding of the recently reported asymmetric magnetic
proximity interactions between the K and K′ points [7,8].
The recent literature [96–99] also shows that the �-valley
(but not the K-valley) flat bands are involved in the corre-
lated physics of twisted group-VI TMDs. The orbital-resolved
multilevel analysis here can be seen as a powerful tool for
understanding the fundamental physics of interlayer interac-
tion that contains different interlayer interaction types that the
occupied-occupied and occupied-empty interactions coexis-
tence [14], such as in black phosphorus and InSe [100,101].
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