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Spin-valley polarization and bandgap regulation are critical in the developing of quantum devices. Here, by em-
ploying the density functional theory, we investigate the effects of stacking form, thickness and magnetic moment in the
electronic structures of WSe,—MoS; heterostructures. Calculations show that spin-valley polarization maintains in all sit-
vations. Increasing thickness of 2H-MoS, not only tunes the bandgap but also changes the degeneracy of the conduction
band minimums (CBM) at K/K) points. Gradual increase of micro magnetic moment tunes the bandgap and raises the
valence band maximums (VBM) at I" point. In addition, the regulation of band gap by the thickness of 2H-MoS; and intro-
duced magnetic moment depends on the stacking type. Results suggest that WSe;—MoS,; heterostructure supports an ideal
platform for valleytronics applications. Our methods also give new ways of optical absorption regulation in spin-valley

devices.

Keywords: valleytronics, thickness, stacking, magnetic moment

PACS: 21.60.Jz, 31.15.ej, 75.75.Lf, 71.20.-b

1. Introduction

In the past years, two-dimensional (2D) materials have
attracted many researchers’ interest due to their particular
magnetic,!!?! electronic and optical properties.>~7! For tran-
sition metal dichalcogenide (TMD) systems, when thinned
down to monolayer, lots of new physical properties were dis-
covered, such as the direct bandgap,'®°! non-centrosymmetric
crystal structure, and valley-contrasting optical selection

rule.[10-13]

It is known that transition metal dichalcogenides (TMDs)
with a honeycomb lattice such as MX, (M = Mo/W; X =
S/Se) consist of hexagonal X—M-X covalently bonded quasi-
2D structures. In monolayer situation, TMDs exhibit a direct
bandgap which is in the visible frequency range. Owing to
the inversion symmetry breaking and strong spin—orbit cou-
pling, monolayer TMDs exhibit two inequivalent spin-valley
polarized band edges at K and —K points at the corners of the
hexagonal Brillouin zone (BZ). As a new degree of freedom

(DOF) beside spin and charge, circularly polarized light,!! =141
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[15.16] strain, ['7] spin-polarized current!!® and

([19-21

magnetic fields,
magnetic proximity effec I can be used in valley regula-
tion. Such attractive interaction between spin and valley pseu-
dospin makes monolayer TMDs an ideal platform for spin ma-
nipulations, valley physics and valleytronics applications.

As a common method, the construction of hetero-
structures!>?>24 is widely used in the tuning of band struc-
ture in 2D materials’ applications. Former studies of verti-
cal stacking van der Waals heterostructures have been suc-
cessfully carried out. Applications and related theories have
demonstrated the efficient interlayer electron transfer and tun-

s.[25-291 However,

able layer population of electrons and hole
regulation of electronic structures of 2D materials is still
critical and challenging. Many methods, such as dichalco-
5,30-331 4.

plying electric field,** adjusting temperature, >3 and strain
o [34.36.37

genides doped with magnetic transition metal atom
regulatio I have been reported. In the method of tem-
perature adjusting, the range of the bandgap tuning is very
small (~ 107! meV/K). As for strain regulation, large shape
variable is hard to achieve although the bandgap change is
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very considerable. Since spin—orbit coupling is not consid-
ered, methods such as applying external electron field and dop-
ing magnetic transition metal atom dichalcogenides3*>?! are
independent of spin valley physics.

In this study, we have investigated the electronic struc-
tures of WSer,—MoS, heterostructures in different stacking
form and thickness. We combine the monolayer WSe; with
monolayer (ML), bilayer (BL) and three layers (TL) 2H-MoS,»
in structure construction. In order to find the effect of the mag-
netic moment on band gap engineering, we have added a z-axis
magnetic moment to different stacking WSe,—MoS; heterobi-
layers. Results suggest that stacking form, thickness and mag-
netization are effective in the regulation of valleys’ light ab-
sorption in WSe,—MoS; heterostructures, providing new ideas
of photoelectric applications in this valleytronics system. In
addition, Ref. [38] has investigated the breaking of valley de-
generacy in MoSe; monolayer by an out-plane magnetic field
up to 6.7 T at 4.2 K, providing the feasibility of our ideas.

2. Methods

We perform all calculations by employing the Vienna
ab-initio simulation package (VASP)[***11 within the frame-
work of the projector augmented wave (PAW) method.
The generalized gradient approximation (GGA) parame-
ters by Perdew—Burke-Ernzerhof (PBE)!*?! are used as the
exchange—correlations, van der Waals correction (DFT-D2)
method!*}! is accounted to describe the van der Waals inter-
actions. To investigate the different stacking type, we adopt
2x2 unit cells for the structure construction. In geometry op-
timizing, we adopt 25 A vacuums slabs for MX, (M = W/Mo,
X = S/Se) monolayers while 20 A vacuum slabs for WSe,—
MoS, heterobilayers. The cutoff energy of the plane-wave
basis is set to 400 eV. A 107> eV electronic iteration con-
vergence criterion with a 0.01 eV/A force tolerance is set
for all calculations for structure relaxing. For ML WSe,—TL
MoS, systems, we calculate these heterostructures by using
real space projectors to reduce the computation. In addition,
we use Gamma-centered 11x11x1 Monkhorst—Pack k-point
sampling grid for geometry optimization and 13x13x1 for
static self-consistency. Magnetic moment (0.03-0.15 ug) is
added in z-direction to the supercell of all heterostructures.
Spin—orbit coupling (SOC) is considered in all systems.

3. Results and discussion

3.1. Thickness and stacking forms of WSe,—MoS; het-
erostructures

It is known that the monolayer MXj is in the form of X—
M-X and consists a hexagonal of Mo/W layer sandwiched be-
tween two S/Se layers. The structure of 2H-MoS; is symmet-

rical in a hexagon, with two layers as a period, and forms a tri-
angular prism coordination with Mo atom as the center (shown
in Fig. 1(a)).

K
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Fig. 1. (a) Top and side views of 2H-MX, (M = Mo/W, X = S/Se),
(b) hexagonal Brillouin zone (BZ) and high symmetry points of 2D
structure, (¢) and (d) calculated band structures (with SOC) of mono-
layer MoS; and WSe,.

We first consider the effect of different stacking on
bandgap tuning of the heterostructures. As shown in Fig. 2, we
have divided these heterostructures into six groups, which are
called I, II, III, IV, V and VI. At the interface of all structures
in the same group, WSe; and MoS, have the same stacked
interlayer.

We have performed a calculation of the electronic struc-
tures for different stacked WSe;-MoS, heterostructures to il-
lustrate how the thickness affects the bandgap. Results are
listed in Figs. 3, S1 and S2.

As shown in Figs. 3(a), S1 and S2, all stacking types have
direct band gap and spin-valley polarization. In Fig. 3(b), the
CBMs are mainly contributed by Mo in the MoS; layer(s),
while the VBMs are mainly contributed by W of the WSe;
monolayer. Due to the degenerated CBM, the valley index
(K/K; point) is determined by the stacking direction of mono-
layer WSe,, which is also indicated in Fig. S1 (types L, III and
V have the same valley index, while types II, IV, VI possess
the other consistent index). Raising thickness of 2H-MoS; in-
creases both band gap and K/K) points’ CBM degeneracy. To
illustrate the results more precisely, we summarize the results
in Table 1.

As shown in Table 1, our results suggest that the bandgaps
of monolayer MoS, and WSe, agree well with previous
studies. 3+**%] Compared with MoS, and WSe, monolay-
ers, the construction of WSe,—MoS, heterobilayers reduces
the bandgap with a maximum value of 1.308 eV. On this basis,
the energy gap can be finely regulated by the layer thickness
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and stacking mode of the heterojunction. Increasing the thick-  fect transistors and photodetectors). On the other hand, due
ness of 2H-MoS; raises the bandgap in all stacking forms. Be-  to the 2D properties, the MoS,—WSe, heterostructures’ par-
sides, the effect of band gap regulation also depends on the  ticular optical and electrical properties have broad prospects
stacking type. Such tuning ranges suggest that the thickness  in the fields of small-scale, high-performance optoelectronic
of 2H-MoS; in the constructions of MoS,—WSe; heterostruc- and nano devices. In addition, the direct band gap also makes
tures has advantages in electronic devices (such as field ef-  MoS;—WSe; heterostructures suitable for optical applications.
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Fig. 2. Top and side views of WSe,;—MoS; heterostructures atomic model with six different stacking forms: (a)—(f) I-VI form stacking.
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Fig. 3. (a) Computed charge density difference and band structure (with SOC) of type I stacking form WSe,—MoS, heterobilayer, ML WSe;—
BL MoS; and ML WSe,-TL MoS; heterostructures. (b) Density of states (DOS) of type I stacking form WSe,—MoS; heterobilayer, ML
WSe,-BL MoS; and ML WSe,-TL MoS; heterostructures from left to right.

Table 1. Calculated bandgaps (eV) of heterostructures composed of mono-

layer MoSe, and different thickness of 2H-MoS in six stacking forms. 3.2. Band engineering via magnetic moment

To investigate the effect of the z-axis magnetic moment at
K /K, points, the k- p method and DFT are both adopted. At

I I I v \% VI

ML WSe, 1.185
ML MoS, 1563 K /K, points, the Hamiltonian of all WSe;—MoS; heterobilay-
ML WSe,-ML MoS> 0338 0255 0313 0257 0259 0.378 ers described by the k- p method can be written as!'#!
ML WSe,-BL MoS, 0410 0337 0393 0345 0337 0.466 ) A Ao
ML WSe,-TL MoS; 0.447 0.368 0440 0.388 0.373 0.495 Hy = at(th, 6, + ky6y) + Eaz + r< ) B ) 5, (1)
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in which 7 = =£1 is the valley index, a the lattice constant, ¢ the
effective hopping integral, A the band gap, 6 the Pauli matri-
ces for two basis functions, § the Pauli matrices for spin. The
last term of Eq. (1) describes the SOC, where |2A| and |2B|
deal with the spin split at conduction-band-edge and valence-
band-edge (for monolayer MoS; and MoS;—WSe; heterobi-
layers, A = 0). When considering an added z-axis magnetic
field, the Hamiltonian reads

Hi = Hy+M.3.. )

Here, it should be noticed that the magnetic term is small
and has not coupled with other terms. From which we can get
the band edges at K/K; points: % +TA+M,, —% + 1B+ M.,

stand for the spin split in the conduction band edges while the
second and fourth eigenvalues illustrate the spin split in the va-
lence band edges. As mentioned above, the induced magnetic
moment makes different band edges at K/K; points. In the
situations of A = 0, CBMs have no difference at K/K points
with the rise of the magnetic moment, which still gives a di-
rect bandgap. Generally speaking, the rising of magnetized
term decreases the band gap.

Now, we have computed the WSe,—MoS, heterobilay-
ers with magnetic moment (z-axis) in the range of 0-0.15 up
(interval 0.03 ug). We list the bandgaps of all situations in
Table 2 and show the computed band structures of 0.03 ug,

% —TA—-M,, f% — TB — M. The first and third eigenvalues  0.06 ug, 0.09 ug, 0.12 ug and 0.15 up in Figs. 4 and S3.
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Fig. 4. Calculated band structures of magnetized VI form stacked WSe,—MoS; heterobilayers with magnetic moment of (a) 0.00 ug,
(b) 0.03 ug, (c) 0.06 ug, (d) 0.09 ug, (e) 0.12 ug, () 0.15 ug. Green and red colors indicate the spin-up and spin-down polarization.

Table 2. Calculated bandgap (in eV) of I-VI stacking WSe,—MoS,
heterobilayers with magnetic moments (ranging from 0 to 0.15 up).

I 11 11 v v VI
0 ug 0.338 0255 0313 0257 0259 0.378
0.03ug 0390 0345 0366 0315 0348 0421
0.06 up 0435 0443 0426 0371 0434 0454
0.09ug 0454 0538 0446 0408 0529 0.470
0.12ug 0484  0.630 0470 0432  0.621 0.492
0.15ug 0497 0670 0485 0452 0.652  0.501

As the difference of band edges between K and K points
is small, we use the difference between CBM and VBM as the
band gap. As listed in Table 2, in all kinds of stacking types,
the bandgap increases with the enhancement of the magnetic
moment. Moreover, the tuning effect of magnetic moment
depends on the stacking type. With a magnetic moment of
0.15 ug, more than 0.4 eV bandgap tuning appears in II-group
stacking while I-group stacking only has a 0.159 eV bandgap
regulation. For all six heterobilayers, the total free ener-
gies (without SOC) of I-VI type stackings are —181.189 eV,
—180.845 eV, —181.110 eV, —181.166 eV, —180.859 eV, and
—181.194 eV, respectively, in which types II and V have more
advantages in the magnetized situations, they have similar to-
tal free energies (~ —180.8 eV). The total free energies of an-

other group containing types I, III, IV and VI are all close
to —181.2 eV, and the tuning effects on the bandgap of these
stacking types are relatively close. Furthermore, the increase
of magnetic moment raises a difference in band edges at K and
K points, which is similar to the results of the k- p method.

Compared with MX, (M = Mo/W, X = S/Se) monolay-
ers, the multilayer situations are more complex due to the in-
terlayer coupling. In the typical k- p method, the given sys-
tems are assumed to be fixed. In other words, the magnetic
moments in this model should be very small to keep the sys-
tem parameters (such as lattice constants and atom positions)
unchanged which has negligible influence on the lattice. On
the other hand, DFT calculations can consider larger magnetic
moments due to full geometry optimization (coupling of the
magnetic moment and the structure parameters). As a result,
for a specific system, the k- p method is only applicable in a
small range of magnetic moments, while the DFT calculation
is suitable for a larger range of magnetic moment.

4. Conclusion and perspectives

In summary, we have performed a study of spin-valley
polarization in six stackings of WSe,—MoS, heterostructures
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and magnetized bilayer systems by DFT. Calculations show
that M X, monolayers and all six different stackings of WSe,—
MoS; heterostructures have direct-bandgap and valleytronics
properties. Compared with MX, monolayers, the construction
of WSe,—MoS; heterobilayers achieves significant bandgap
reduction (maximum 1.308 eV). On this basis, the rising thick-
ness of 2H-MoS; can further regulate the band gap which de-
pends on the stacking form. Furthermore, we have investi-
gated the z-axis magnetized WSe,—MoS, heterobilayers, both
k- p method and DFT demonstrate that the z-axis magnetic
moment introduces different band edges at K/K; points. For
relatively larger magnetic moment, the band gap changes sig-
nificantly. Similar to the thickness of 2H-MoS,, the effect of
the magnetic moment in band gap tuning also depends on the
stacking type. As a result, the magnetic moment and thick-
ness can be used as the further regulation means of stack-
ing form to band engineering. Compared with previous stud-
ies, our methods are more effective and easier experimentally
achieved. Our results suggest that WSe,—MoS; heterostruc-
tures are suitable platforms for spin-valley applications due to
their tunable direct bandgaps and valleytronics properties. In
addition, thickness, stacking form and induced magnetic mo-
ment give controllable methods in the optical absorption of 2D
multilayers, we believe our calculations are suitable for appli-
cations in 2D spin-valley nanostructures.
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