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The compositional as well as structural asymmetries in Janus transition metal dichalcogenides (J-TMDs) and
their van der Waals heterostructures (vdW HSs) induce an intrinsic Rashba spin splitting. We investigate the
variation of band gaps and the Rashba parameter in three different Janus heterostructures having AB-stacked
MoXY/WXY (X, Y =S, Se, Te; X #Y) geometry with a Y-Y interface, using first-principles calculations.
We consider the effect of external electric field and in-plane biaxial strain in tuning the strength of the intrinsic
electric field, which leads to remarkable modifications of the band gap and the Rashba spin splitting. In particular,
it is found that the positive applied field and compressive in-plane biaxial strain can lead to a notable increase in
the Rashba spin splitting of the valence bands about the I" point. Moreover, our ab initio density functional theory
(DFT) calculations reveal the existence of a type-II band alignment in these heterostructures, which remains
robust under positive external field and biaxial strain. These suggest novel ways of engineering the electronic,
optical, and spin properties of J-TMD van der Waals heterostructures holding a huge promise in spintronic and
optoelectronic devices. Detailed k - p model analyses have been performed to investigate the electronic and spin
properties near the I' and K points of the Brillouin zone.

DOLI: 10.1103/PhysRevB.106.035125

I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have drawn considerable attention since the dis-
covery of graphene [1]. Endowed with several exotic and
intriguing properties, such as higher stability, large spin-orbit
coupling (SOC), and tunable band gap, make these materials
stand out in the fields of semiconductor physics, electronics,
spintronics, and valleytronics. TMD monolayers (MLs) such
as MX,, where M is the transition metal atom and X is a
chalcogen atom, and numerous derivatives of TMDs have
been successfully synthesized in experiments using chemical
vapor deposition [2,3], mechanical exfoliation [4,5], physical
vapor decomposition [6], and liquid exfoliation [7].

Breaking symmetries leads to many novel phenomena such
as phase transitions, magnetism, superconductivity, and so on.
Symmetries can be broken by applying electric field, strain,
or stacking in different orders. In contrast to conventional
TMDs, in which out-of-plane symmetry is preserved, a new
class of 2D materials, Janus transition metal dichalcogenides
(J-TMDs), having mirror asymmetry, are recently acquiring
huge interest due to their distinct properties [8]. Janus struc-
ture  MXY; M = Mo, W; X, Y =S, Se, and Te; X #7Y),
based on group-VI chalcogens was introduced by Cheng et al.
[9]. Janus monolayers (J-MLs) of MoSSe and WSSe have
already been synthesized experimentally. Janus MoSSe ML
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was fabricated by controlled selenization of MoS, or sulfu-
rization of MoSe, ML [10,11], while Janus WSSe ML was
synthesized by implanting Se species into WS, ML with
pulsed laser ablation plasmas [12]. Contrary to usual TMDs,
Janus materials display many novel properties such as Rashba
effect [13—17], piezoelectric polarization [18-20], topological
effects [21,22], and magnetic anisotropy [23], which make
them one of the most suitable candidates for applications in
spintronics, optoelectronic devices, and quantum computing.

Since 2D TMDs occupied much of the attention in the last
few decades, researchers have started playing with the stack-
ing of these materials in different layers. Efforts have been
made to synthesize lateral and vertical van der Waals (vdW)
heterostructures (HSs) experimentally [24-26]. Theoretically,
vdW-HSs of TMDs have been investigated intensively as
well. Enhanced SOC and interlayer hybridization can induce
a direct to indirect band-gap transition when moving from
MLs to multilayer phase [27-29] leading to novel applica-
tions [30-32]. In addition, the stacking sequence strongly
influences the electronic properties and interlayer excitation
within vdW HSs [33-35]. Based on J-ML TMDs with broken
out-of-plane symmetry, the electronic, structural, and optical
properties can be modified substantially by stacking them in
different layers and constructing Janus vdW HSs [36—40].

In the search for materials with strong spin-orbit coupling
(SOC), the Rashba effect appears as an important tool, re-
sulting from the lack of out-of-plane mirror symmetry in the
direction perpendicular to the two-dimensional plane. It is
considered the origin of the spin Hall effect [41-44]. The
capability of manipulating the Rashba effect can be exciting
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and essential for spintronic applications and making devices
such as spin-FETs [45].

The Rashba effect (a momentum-dependent splitting of
spin bands) for a 2D electron gas can be described by the
Bychkov-Rashba Hamiltonian [14]:

Hg = ag(En) (k X 3) - Z, (1)

where the factor ap is the Rashba parameter. ¢ denotes
the Pauli matrices, k = (ky, ky,0) is the in-plane momen-
tum of electrons, and 7 = (0,0,1) is the out-of-plane
direction. Therefore, spin degeneracy is lifted and the energy-
momentum dispersion relation takes the following form:
. 272
Ey(k) = S— L og| Ak, @)
2m*

This relation represents two parabolas which are shifted by
4 Ak in the reciprocal space as depicted in Fig. 3(a). Here m*
is the effective mass of the electrons.

A significant reason for the success of semiconductor
spintronics is the tuning ability of Rashba spin-orbit cou-
pling via external gating. There are several ways to tune the
Rashba parameter (o), such as external electric field (EEF),
strain, doping, etc. [46-50]. We investigate here the modifi-
cation of electronic and spintronic properties of Janus vdW
MoXY/WXY HSs by EEF and an in-plane biaxial strain using
first-principles calculations. Our findings also shed light on
the band-gap engineering and charge transfer phenomena via
EEF. We outline the band-alignment facet for these HSs. Also,
we present the transitions to various types of band gaps and
tuning of ag under strained conditions.

The paper is organized in the following manner. We narrate
the methodology used in Sec. II. Section IIT A describes the
crystal structure of J-TMD HSs and insights for choosing the
AB stacking. In Sec. III B we study the electronic properties
of three MoXY/WXY HSs, where we choose X, Y = S, Se,
Te; X # Y. Our ab initio results are supplemented with k - p
analyses in Secs. IIIB 1 and IIIB 2. This is followed by a
detailed discussion of the effects of EEF and biaxial strains on
band gaps and the Rashba parameter in Secs. III C and III D,
respectively. Finally, we summarize our results in Sec. IV.

II. COMPUTATIONAL DETAILS

First-principles calculations are performed using density
functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP) [51,52]. All the calcula-
tions are carried out with Perdew-Burke-Ernzerhof (PBE) [53]
exchange-correlation (XC) functional in the framework of
generalized gradient approximation (GGA) and projector aug-
mented wave (PAW) method [54,55] adopted for ion-electron
interactions. The cut-off energy for the plane-wave basis is set
to be 500 eV, and we choose an energy tolerance criterion of
107% eV. All the structures are fully relaxed by the conjugate
gradient (CG) algorithm until the force on each atom is less
than 0.01 eV/A. A Monkhorst pack of 13x13x1 is used to
sample the whole Brillouin zone for both geometry optimiza-
tions and static electronic structure calculations. Spin-orbit
coupling (SOC) is considered in all the calculations. It is well
known that the semilocal XC functionals like GGA-PBE un-
derestimate the band gaps of semiconductors and insulators.

Therefore, in order to calculate the band gaps of the Janus
HSs with better precision, we use the screened hybrid Heyd-
Scuseria-Ernzerhof (HSE06) exchange-correlation functional
[56,57], in which a fraction of the exact Hartree-Fock ex-
change is used. Our HSE06+SOC calculations are found to
improve the band gaps of the HSs significantly without a
noticeable change in the overall band profile. That is why
in the foregoing, we present all results calculated using PBE
functional unless stated explicitly.

To avoid the interactions between periodic layers, a vac-
uum of 20 A is added. A DFT-D2 correction scheme
developed by Grimme [58] is employed to include the van
der Waals (vdW) interactions in our calculations. Phonon
dispersion analysis is performed through the finite displace-
ment method implemented in the PHONOPY code [59]. The
external electric field (EEF) is applied perpendicular to the
heterostructure plane by introducing a dipolar sheet at the
center of the simulation cell. This method is implemented
in VASP and contributed by Neugebauer and Schffler [60].
The EEF is applied to the optimized structures to avoid field-
induced modifications. The structures and the charge densities
are plotted in the visualization software VESTA [61].

III. RESULTS AND DISCUSSION

A. Crystal structure

In the present study we work on three vertical vdW Janus
heterostructures (J-HSs), MoSSe/WSSe, MoSTe/WSTe, and
MoSeTe/WSeTe. All three J-HSs consist of two different
J-MLs with 2H polymorph (or trigonal prismatic phase). Al-
though the TMDs and the J-TMDs also come with another
symmetry, called 1T polymorph (or octahedral symmetric
phase), the 2H phase is found to be more stable than the
1T phase [62-64] which has encouraged us to select the 2H
phase for our investigations. The J-MLs possess Cs, point-
group symmetry with space group P3ml (No. 156), unlike
the conventional TMDs with D3, point-group symmetry and
space group P6m2 (No. 187). In this trigonal prismatic (2H)
phase, the X and Y atoms are aligned vertically on top of each
other along the z direction. The mirror symmetry in J-TMDs
is broken due to different chalcogen atoms on the opposite
sides of the transition metal. Stacking the MLs of J-TMDs in
different layers and different orders also breaks the structural
symmetry.

We first consider all possible stacking orders of J-HSs, in
which the bottom layer is WXY and the top layer is MoXY
(where X # Y =S, Se, Te). The six possible stacking patterns
are shown in Fig. 1. In order to have a small lattice mismatch
between two monolayers, we select J-TMDs with the same X
and Y chalcogen atoms. The values of the lattice mismatch are
0.03%, 0.08%, and 0.09% for MoSSe/WSSe, MoSTe/WSTe,
and MoSeTe/WSeTe HSs, respectively. For all the stacking
orders, similar chalcogen atoms with larger atomic numbers
face each other at the interface, making the Y-Y interface,
where Y is the chalcogen atom with a larger atomic number.
The stacking pattern at the interface has a measurable effect
on the electronic properties of the system [38]. Formation
or binding energy is the difference between the total ground
state energy of HS and the sum of ground-state energies of
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FIG. 1. Side and top views of all the stacking orders with Y-Y interface. Gray and blue spheres represent W and Mo, while magenta and
cyan spheres denote X and Y chalcogen atoms, respectively. ¥ atom is the chalcogen atom with the larger atomic number. The interlayer

distance is denoted by d.

the COI’I‘CSpOl’ldil’lg MLS, Ef = EMOXY/WXY — EM()XY — way.
The negative values of the formation energies are listed in
Table I, which confirm the suitability of the formation of the
HSs. From our calculations and previous studies, it is found
that the AB stacking with the Y-Y interface corresponds to the
lowest ground state energy [39,40], making it the most stable
vertical stacking. So we choose the AB-stacking geometry for
HSs in our work. In the AB stacking, the chalcogen atom at
the interface in the top layer is directly on top of the transition
metal atom of the bottom layer, as shown in Fig. 1(b). The
optimized lattice constants, interlayer distances, bond lengths,
and bond angles of all three HSs with AB stacking are pre-
sented in Table I. We find that the MoSTe/WSTe J-HS has the
largest interlayer distance while MoSSe/WSSe has the lowest
interlayer distance for this particular AB stacking with the
Y-Y interface. Calculating the electronegativity differences
(Acn) for all three combinations show that the difference
varies as ASTe > ASeTe 5 AS-Se which is in accordance
with their interlayer distances. A, dictates the direction and
strength of the intrinsic electric field, as described in a later
section.

B. Electronic properties

In order to determine the electronic properties of AB-
MoXY/WXY J-HSs, we calculate the band structures of
the three vdW HSs, which are displayed in Fig. 2. The
MoSSe/WSSe HS has a direct band gap at the K point of the
Brillouin zone, while MoSTe/WSTe and MoSeTe/WSeTe HSs

are indirect band-gap semiconductors. In MoSSe/WSSe and
MoSeTe/WSeTe heterostructures, the valence band maximum
(VBM) is located at the K point while it is located at the
I point in the MoSTe/WSTe heterostructure. The conduction
band minimum (CBM) in MoSTe/WSTe and MoSeTe/WSeTe
HSs are positioned between K and I' points. We also perform
the band structure calculations for J-MLs and match our re-
sults with the previous studies. We find that M SSe and MSeTe
(M = Mo and W) are direct band-gap semiconducting MLs,
while MSTe MLs have indirect band gaps [65,66]. Among
them, MoSSe ML has the largest band gap of 1.45 eV. The
reduced band gap in MoSSe/WSSe and transition from di-
rect band gap in MLs to indirect in MoSeTe/WSeTe is the
result of vdW interactions between both layers of the HS as
already reported in previous studies [67-69]. Since GGA-
PBE functional is known to underestimate the electronic
band gaps of semiconductors and insulators, we also perform
HSE06+SOC calculations for the three HSs. The band gaps
of all the HSs are found to be significantly enhanced with
the introduction of hybrid exchange-correlation functional, as
seen from Table I. The MoSSe/WSSe HS remains a direct
band gap, and the other two HSs remain indirect band-gap
semiconductors with HSE functional (see Fig. S1 of the Sup-
plemental Material (SM) [70]). Figure S1 also shows that the
band-gap value of the MoSTe/WSTe HS becomes larger than
that of the MoSeTe/WSeTe HS, keeping the nature of band
gaps unchanged, i.e., MoSTe/WSTe and MoSeTe/WSeTe HSs
still remain D4 and Dj type band-gap semiconductors, respec-
tively.

TABLE I. Optimized parameters, formation energies, and band gaps (both PBE and HSE) for all three AB-stacked heterostructures with
Y-Y interface. The negative formation energies indicate the stability of these HSs. Symbol * represents a direct band gap.

Optimized parameters MoSSe/WSSe MoSTe/WSTe MoSeTe/WSeTe
Lattice constant a (A) 3.25 3.36 3.43

Bond length Mo-X/Y (A) 2.42/2.53 2.43/2.71 2.55/2.72
Bond length W-X/Y (A) 2.42/2.53 2.44/2.72 2.56/2.72
Interlayer distance d (A) 6.57 7.20 7.09
Angle X-Mo-Y 81.29° 81.58° 82.34°
Angle X-W-Y 81.46° 81.68° 82.49°
Formation energy E; (eV) —1.90 —2.25 —2.46
E;BE+SOC V) 1.154* 0.805 0.841
EgHSE%JrSOC V) 1.492* 1.207 1.149

035125-3



PATEL, DEY, ADHIKARI, AND TARAPHDER

PHYSICAL REVIEW B 106, 035125 (2022)

a
(@)1 Rv= (b)1.5 ; (c) 1.5
| |
1 1 ] 1 1 ] 1
= I — | —
> ‘ > Al > I
2 o.5| fo2122ev) Qg5 £ 7 0876 2 0.5 £y % 1079 V]
- Esgoc=: 1.154 eV > 5 i‘ 0.805 eV > Esgoc__‘r 0.341 eV
—- = - -
u‘—: MoSSe/WSSe u=‘ Iﬁ
-0.5| ] -0.5
|
-1 I -1 \

M K r M M K r M
| i S2 1.5 Y Ny
| f | . '.\M‘ | ", \/

- 'w ¥ A B
vV, @ 1Ay W
— | W / ‘\Ah'nodzz ' — — 1 3 |
3 05| .‘VIodxy/ ey |® Jo.5 05| -
> Ty dy (@S > l l
% o-,L,,,,L,Y,”L. g 0 g ol _'____'""___
c Mosse/wsse Xp, (@ ¢ c MoSeTe/WSeTe
.0.5| /\ , -0.5 - f
, T\
-1 L /i | -1
M r M M K r M

FIG. 2. (a)-(c) Band structures of MoSSe/WSSe, MoSTe/WSTe, and MoSeTe/WSeTe J-HSs with (red) and without SOC (black) using
PBE XC functional. Arrows in the figures represent the system band gaps (£ gsoc) with SOC. As seen, MoSTe/WSTe and MoSeTe/WSeTe have
indirect band gaps with and without SOC, while it changes from indirect to direct with the inclusion of SOC in the case of MoSSe/WSSe. M
(1/2,0,0), K (1/3,1/3.,0), and I"'(0,0,0) are the high symmetry points in the Brillouin zone. (d)—(f) Orbital-projected band structures of all three
J-HSs. The size of the circles is proportional to the corresponding orbital weight. The orbitals weights at the VBM and CBM show that all the

three HSs have type-II band alignments.

We also plot the orbital projected band structures for all
three J-HSs in Figs. 2(d)-2(f). One can see that the valence
band and conduction band are mainly contributed by the d
orbitals of W and Mo, respectively. Moreover, the valence
band maxima at the I" and K points are primarily occupied by
W, and Wa, (equivalently, Moy, ) orbitals, respectively.
Similarly, the conduction band minima are dominated by the
Mo, , orbitals. There is also a small contribution coming
from the p, orbitals of X and Y atoms, mostly away from
the Fermi level. If we see the overall effect, The VBM is
located at the WXY layer while the CBM is found to be at
the MoXY layer, resulting in a type-II band alignment for all
three HSs. The orbital symmetries of the bands and the nature
of band alignment remain unchanged when we use HSE06
functional, as shown in Fig. S1. Type-II band alignment
in these HSs can lead to the generation of spatially sepa-
rated photoexcited electrons and holes with increasing carrier

lifetimes and thereby have immense technological importance
in optoelectronics, valleytronic, photocatalytic,and photo-
voltaic applications [71-74].

Janus materials with inversion asymmetry inherit a large
spin-orbit coupling and thus show a large out-of-plane spin-
splitting at the K point of the Brillouin zone (BZ) [75-77].
On the other hand, as a consequence of replacing one X by Y
in M X, MLs and further with vertical stacking, additional in-
version symmetry breaking takes place. Due to this inversion
asymmetry, these J-MLs and J-HSs inherit an intrinsic elec-
tric field which is the main source of the emerging in-plane
Rashba spin splitting [14]. The net transverse electric field
mainly controls the strength of this Rashba spin splitting. The
schematics to calculate the oy is presented in Fig. 3(a), which
is defined as agp = 2ER/kg. Here Ef is the Rashba energy, and
kg is the momentum offset around the I' point, also called
the Rashba wave vector. The calculated values of ay for three
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FIG. 3. (a) Schematics of calculating the Rashba parameter ag, where Er is the Rashba energy and ki is the momentum offset.
(b) Directions of the intrinsic and external electric fields. E;,, with the red arrow, represents the net intrinsic electric field, and olive green
arrows denote the intrinsic fields due to the chalcogen atoms in each layer. +EEF is the positive external electric field applied in the downward
direction from the MoXY layer to the WXY layer. (c) Local electrostatic potential profile for MoXY/WXY HS without any external effect. The
red arrow represents the direction of E;,. Here the dashed lines indicate the potential drop across the interface, confirming the existence of an
intrinsic electric field in the direction from Mo to W atom. (d) A general band structure showing different types of gaps between the valence
band and the conduction band. D; is the direct gap at the K point, D, is the gap between VBM at I' and CBM at the K point, and D3 (Dy) is
the gap between VBM at K (I") and CBM in the I'-K direction. Out of these four gaps, one of them turns out to be the energy band gap of the

system.

HSs, MoSSe/WSSe, MoSTe/WSTe, and MoSeTe/WSeTe are
30.74, 178.8, and 129.8 meV A, respectively.

We list the values of oy for different Janus systems in
Table S1 [70], which shows that Rashba spin splittings de-
pend upon the interfacial (or interlayer) distance, structural
arrangements, and the strength of the net intrinsic electric
field. ag is found to be highest for AA stacking with the Y-Y
interface. This particular stacking with the said interface has
the intralayer dipoles in opposite directions, which results in
an increase of the interlayer distance between the transition
metals. As a result, the net intrinsic electric field due to the
transition metals becomes larger, giving rise to a large spin
splitting. On the other hand, ag has the lowest values for
AB-stacked Y -X interfaces having the smallest interfacial dis-
tance. As mentioned earlier, in the present work we choose the
Janus HSs, which possess the most stable interface structure
(Y-Y) and stacking pattern (AB stacking) and correspond to
the correct configuration, which is most likely to be realized
in experiments. Our chosen systems have lower agx com-
pared to the Janus monolayers, X-Y interfaced bilayers and
AA-stacked HSs due to the cancellation of intrinsic electric
fields originating from the chalcogen atoms on each layer,
leaving behind contributions from the transition metals only.
We will discuss this in Sec. III C in more detail. Moreover,
a detailed investigation (from Table S1) reveals that for a
given interface, ag varies as aNOST/WSTe o o MoSeTe/WSeTe
aMoSSe/WSSe for AB stacking and for AA stacking it varies
as a%[oSeTe/WSeTe > O[IIE/IOSTe/WSTe > a}l;/IOSSe/WSSe' Therefore, to
have promising technological applications, it is essential
to modify the strength of the Rashba spin splitting in
these HSs by external perturbations. In order to investi-
gate the electronic properties at the I' and K points of
the BZ in detail, we define k-p Hamiltonians in the
following.

1. k - p Hamiltonian at T point

The Janus HSs possess C3, point group symmetry in which
a center of inversion is absent. Absence of inversion symmetry
in these 2D materials gives rise to a momentum depen-
dent Rashba spin splitting [14]. In our electronic structures,
Rashba-like spin splitting is observed only around the I" point,
as seen from Fig. 3(a). At this high symmetry point (I"), the
allowed linear-in-k term in the k - p Hamiltonian is (k.o, —
kyo,) [14,78]. Other higher-order terms are also present
[78-80], which are cubic in k. The k - p Hamiltonian around
I' subjected to spin-orbit coupling can be defined as follows:

H()" = Ho(k) + ag(keoy — kyor) + Br[ (k3 + kek2) oy
— (K2ky + k)0, ] + vr (k] + 3kek2)o

~ (Ak; + BK;) + ar(koy — kyoy), A3)
where Hy(k) is the free electron Hamiltonian; A = 2;:; -
and B = 27; = with my and mj being the effective masses

of electrons along different directions. o is the Rashba
parameter in linear order, and Bk and y are the coefficients
in the cubic order.

We ignore the small cubic Rashba terms in the Hamiltonian
and numerically fit the first-principles bands around the I'
point. One can see from Figs. 4(a)—4(c) that the eigenvalues of
the Rashba Hamiltonian excellently fit the DFT bands around
the I" point. From the numerical fit, we obtain the values of
the ap for the three Janus HSs, which are in agreement with
the DFT values and listed in Table S2 [70].

In order to show the spin orientations for the two bands
around I', we have plotted the spin textures in the momentum
space, as shown in the middle and lower panels of Fig. 4.
The out-of-plane spin projection (S;) is indicated by the
background color. We observe circular spin textures for the
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FIG. 4. (a)—(c) Bands around I" point fitted along £(0.08,0.08,0) — (0,0,0) — 27”(0.12, 0, 0) direction (along K-I"-M) of the Brillouin
zone, where a is the in-plane lattice constant. The dashed lines and scattered points represent the DFT bands and the k - p bands, respectively.
(d)—(f) Spin textures for the inner branch (red bands in the upper panel). (g)—(i) Spin textures for the outer branch (blue bands in the upper
panel). The color bar on the right shows the magnitude of the out-of-plane spin projection (S,). The almost colorless backgrounds in the middle

and bottom panels depict the 2D nature of Rashba spin splitting around the I" point.

described above, the properties near the K point are also excit-
ing and mainly crucial for MoSSe/WSSe and MoSeTe/WSeTe
HSs for which the VBM lies at the K point. The valence
band maxima and conduction band minima at the K point in
both MoSSe/WSSe and MoSeTe/WSeTe HSs are contributed
outer branches and the presence of negligible out-of-plane by d,, +d,>_,» and d orbitals of transition metals (both Mo
spin components are the characteristic features of the pure and W), respectively. Therefore, the symmetry adapted basis
Rashba effect [81]. Therefore, from this analysis, it is evident functions at the band edges are [75]

that the bands around the I' point are best described by the 1

Rashba-type Hamiltonian given in Eq. (3). Although very |pc) = 1d2), |dv) = —=(de_yp) +ildy)), @)
small, the presence of a weak out-of-plane projection explains V2

a slight mismatch in the numerical values of oz obtained from
DFT and numerical fittings.

outer (blue bands in the upper panel) and inner (red bands
in the upper panel) branches which encircle in opposite di-
rections. Moreover, the almost colorless backgrounds in the
spin textures indicate the presence of negligible out-of-plane
spin components. Opposite spin orientations of the inner and

where the subscripts v and ¢ indicate the valence band and the
conduction band, respectively. Spin-orbit coupling removes
the spin degeneracy at VBM and CBM and results in two
o . spin-split bands (total four bands) below and above the Fermi
2. k - p Hamiltonian at K point level for a single layer. However, the orbital symmetries of
the bands remain preserved, as seen from Figs. 2(d)-2(f). The

While the electronic and spin properties of MoSTe/WSTe
transition metal) layers have the similar orbital

HS with VBM at I are dictated by the Rashba Hamiltonian ~ MXY (M =
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FIG. 5. Band structures for (a) MoSSe/WSSe, (b) MosTe/WSTe, and (c) MoSeTe/WSeTe around the K point are fitted along the
27”(0.38, 0.25,0) — 27”(0.33, 0.33,0) — 27”(0.25, 0.25, 0) direction (along M-K-I'") of the Brillouin zone, where a is the in-plane lattice
constant. Right triangles represent the DFT bands and circles denote the & - p bands in Eq. (5).

contributions at K and K’ valleys except for the fact that
the spin is flipped at another valley. It also emphasizes that
the spin splitting does not depend on the model details and for
the present study we only focus on the spin properties at K
valley.

A minimal four-band k - p Hamiltonian with SOC can be
constructed for each layer at the K point as [75]

K A 1—o,,
H(k) = at(kxax + kyo'y) + 50’1 + )"v TSZ
1
Fae— %, 5)

where a, t, 2A,, and 2A, are the lattice constant, hopping
integral, and spin splittings at the valence band top and con-
duction band minimum, respectively. Here &, are the Pauli
matrices for the basis functions, while §, are the spin Pauli
matrices. A is the direct energy gap between the VBM and
CBM of respective MXY layers at the K point. The third and
fourth terms in the Hamiltonian remove the degeneracy at the
valence band and the conduction band, respectively.

We fit this Hamiltonian with our DFT bands at K
[Figs. 5(a)-5(c)] and extract the parameters for each layer sep-
arately. The extracted values of the parameters are in excellent
agreement with the DFT parameters, as listed in Table II. The
spin splittings at the top of valence bands (A,) are larger than
the splittings at the conduction band minima, which is known
for a while for normal TMDs [75,76]. Also, the splittings for
WXY layers in the valence band are almost double of that
for the MoXY layers, which is related to the fact that the
SOC is larger for the heavier atoms. It is important to note

that MoSTe/WSTe and MoSeTe/WSeTe HSs are not direct
band-gap semiconductors. However, for the purpose of fitting,
we have considered the conduction bands in the DFT band
structures, which represent the D; type gap (direct band gap)
at the K point. The extracted parameters, which are in very
good agreement with the DFT bands, show that our band
structure near the K point can be safely described by the k - p
Hamiltonian defined by Xiao et al. [75].

C. Effects of external electric field

As mentioned in the previous section, with the effect of
mirror asymmetry in J-HSs, a vertical dipole moment is
formed, which causes an intrinsic out-of-plane electric field,
leading to the novel properties that are absent in conventional
MX, ML TMDs. It is possible to enhance or reduce the
strength of the intrinsic electric field by applying an external
electric field (EEF), either parallel or antiparallel to it. The
net electric field can then modify the Rashba splitting as well
as the orbital overlaps resulting in the variation of band gaps.
There are many studies dedicated in this field, varying from
bulk [46] to 2D materials [47,65,79,82] and to the HSs [83].
Variation of the band gaps and the Rashba parameter ag with
external electric field in the case of J-MLs has been studied by
Hu et al. [65].

Here we first study the evolution of different types of band
gaps and their tuning with EEF. Since we have AB-stacked
HSs with a Y-Y interface, where the electronegativity of the
Y atom is less than that of X, the intrinsic electric field is

TABLE II. Values of the parameters in Eq. (5) obtained by fitting the first-principles bands around K. a, t, A, 2A,, and 2, are the lattice
constant, hopping integral, band gap, and spin splittings at the VBM and CBM, respectively. Both the MXY layers (M = transition metal) are
treated individually to perform the numerical fitting. A is the direct energy gap between the VBM and CBM of respective MXY layers.

Fitted DFT(GGA-PBE)
Parameters MoSSe (WSSe) MoSTe (WSTe) MoSeTe (WSeTe) MoSSe (WSSe) MoSTe (WSTe) MoSeTe (WSeTe)
a 3.25 3.36 343
t 0.99 (1.21) 0.67 (0.93) 0.73 (0.96)
A 1.54 (1.66) 1.41 (1.53) 1.28 (1.33) 1.40 (1.44) 1.26 (1.27) 1.13 (1.05)
22Xy 0.19 (0.48) 0.26 (0.49) 0.26 (0.51) 0.19 (0.49) 0.27 (0.50) 0.26 (0.51)
2 0.01 (0.04) 0.02 (0.05) 0.02 (0.05) 0.01 (0.03) 0.03 (0.03) 0.03 (0.04)
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FIG. 6. (a)—(c) Variation of gaps with EEF for MoSSe/WSSe, MoSTe/WSTe, and MoSeTe/WSeTe HSs, respectively. D, is the direct gap
at the K point, D, is the gap between VBM at I" and CBM at the K point, and D3 (D,) is the gap between VBM at K (I') and CBM in the I'-K
direction, as shown in Fig. 3(d). E, is the true energy band gap indicated by black dashed lines. (d) System band gaps (E,) with HSEO06 (solid

lines) and GGA- PBE (dashed lines) functionals.

directed from Y to X. It is the opposite in both layers, which
cancels the net polarization induced by the chalcogen atoms.
However, the transition metal atoms in both layers have dif-
ferent electronegativities. As a result, there is a small intrinsic
electric field induced from Mo to W atom [see Fig. 3(b)]. This
direction of the induced electric field can be verified from
the local electrostatic potential profile in Fig. 3(c), in which
a potential drop is clearly visible.

The troughs in the local potential plot for W and Mo are
not at the same height, and it indicates that there is an intrinsic
electric field in the direction from Mo to W atom. Now, if EEF
is applied in the direction of the intrinsic field, it superimposes
and shows us the modified effects in band gaps and oy as
well. We apply the positive EEF in the direction from Mo
to W as shown in Fig. 3(b). As discussed above, among all
three HSs, MoSSe/WSSe has a direct band gap at the K point,
while the other two HSs have indirect band gaps. The nature of
the gap varies with EEF, and in most cases, it is indirect. The
different types of gaps with PBE XC functional are illustrated
in Fig. 3(d). The MoSSe/WSSe HS shows a direct band gap of
D type in the positive EEF case while it is of D, type indirect
band gap in the reverse EEF. On the other hand, the nature of
the band gap in the case of MoSTe/WSTe does not change
with EEF, and it remains the D, type throughout. At 0.28
V/A, in the MoSeTe/WSeTe HS, there is a transition from
D5 type band gap into a direct band-gap (D;) semiconductor.
The modulation of different kinds of gaps with EEF, along
with the total system band gap, is demonstrated in Fig. 6.
We can clearly see the band gaps reduce with the strength of
EEF, and the reason one can think of is the charge transfer
from the upper (MoXY) layer to the bottom (WXY) layer.

Charges try to align them in the direction of an electric field.
Thus, as we increase EEF in the direction of the intrinsic
electric field, there is more charge accumulation on the WXY
layer of the HSs. This charge transfer increases the interaction
between both layers leading to the band-gap reduction. The
HSEOQ06 XC functional does not change the qualitative nature
of the bands for MoSTe/WSTe and MoSeTe/WSeTe HSs ex-
cept for an increment in the band-gap values, as shown in
Fig. 2. They remain indirect band-gap semiconductors of Dy
(MoSTe/WSTe) and D3 (MoSeTe/WSeTe) type for all values
of EEF. On the other hand, MoSSe/WSSe HS remains a direct
band-gap semiconductor of D; type in the reverse EEF up to
—-0.2 V/A and then converts to Dj type (see Fig. S2(a) [70]).

We can also verify from the charge density plots that
without the application of any EEF, there is more charge local-
ization on the WXY layer; this further clarifies the direction
of the intrinsic electric field, which is downward. The layer
projected band structures in Fig. 7 are in accordance with the
charge density plots, and it can be confirmed that in the reverse
EEF, the VBM at the I" point is occupied by the MoXY layer,
unlike the case of zero and positive EEF where it is occupied
by WXY layer. The CBM at K point is occupied by the MoXY
layer in case of positive EEF, while there is a mix contribution
from both the layers at CBM, which is now located in between
the I' and K points, in the reverse EEF strength. This indicates
that the type-II band alignment in the pristine HSs remains
robust under a positive electric field, whereas the nature of
the band alignment changes by the application of a reverse
electric field.

The effect of EEF on oy is summarized in Fig. 8. It
can be noted that ap is zero under reverse EEF for the
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FIG. 7. Layer projected band structures and partial charge density plots (band-decomposed charge density plots) under different external
electric field strengths for MoSSe/WSSe (upper row), MoSTe/WSTe (middle row), and MoSeTe/WSeTe (bottom row) HSs. The magenta and
blue bands denote MoXY and WXY layers, respectively. For all the cases, we plot the charge densities at the I point for the valence band
(bottom unit cell), while for the conduction band (upper unit cell), we plot charge densities at the K point under zero and positive EEF, and at
CBM, which is located in between I" and K points, under reverse EEF. Isosurface value is set at 0.002¢/A? for charge density plots. Depending
on the relative orientations of EEF and Ej,, charges (yellow) accumulate or deplete from the WXY bottom layer. Moreover, the layer-projected
band structures indicate that the type-II band alignment in the pristine HSs remains robust under a positive electric field, whereas the nature of
the band alignment changes by the application of a reverse electric field.

chosen stacking of MoSSe/WSSe HS, and it increases with superimposes with EEF and amplifies ag. In the case of J-
increasing EEF. Naturally, we also expect that ag should in- MLs, the Rashba parameter increases with the atomic number
crease with the strength of the electric field. In AB stacking of Y atom [65]. The value of ay for MSeTe (M = Mo or W)
with a Y-Y interface, the intrinsic electric field is small, which is the highest, while for MSSe, it is the lowest since the SOC
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FIG. 8. Variation of the Rashba parameter oz with EEF. As seen,
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(a)
%) =3 =3
n(%) = - 0.x 100

MoSTe/WSTe —@—
MoSeTe/WSeTe —@—

3.1

<
~ 33| MoSSe/WSSe —@—
=
=

4 32 -1 01 2 3 45
strain (%)

FIG. 9. (a) Schematics for applying an in-plane biaxial strain in
our AB-stacked HSs. The pink inward (green outward) arrow depicts
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the biaxial strain, ag and a are the in-plane lattice parameters of
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the distance between the chalcogen atoms at the interface (diy) as a
function of biaxial strain. Negative and positive values of the strain
represent the compressive and the tensile strains, respectively. diy
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FIG. 10. Phonon dispersions for all three HSs at the largest (a)—
(c) compressive and (d)—(f) tensile strains. The phonon frequencies
remain positive for the HSs at the maximum strains showing their
dynamical stability.

strength is higher for atoms with larger atomic numbers [9].
Therefore, it is expected that the MoSeTe/WSeTe HS would
possess the highest agz. Now, let us compare the difference of
electronegativities (A.,) between different combinations of X
and Y. We find that Te-S has the largest A.,, which results in
the highest dipole moments due to chalcogen atoms in the op-
posite directions from the interface. This mechanism further
results in the increment in the distance between the transition
metals of both layers, which gives rise to an enhanced net
dipole moment (net intrinsic electric field), and consequently
highest ag in AB-stacked MoSTe/WSTe HS.

D. Effects of strain

An in-plane biaxial strain is applied to further investigate
the manipulation of the band gap and the Rashba spin splitting
in J-HSs. The schematic for this is shown in Fig. 9(a). The
strain is applied from —4% to +5%, where negative (posi-
tive) means compressive (tensile) strain. We also present the
variation of interfacial distances di, with strain in Fig. 9(b),
which shows a monotonic decrease of the interlayer distances.
We find that d;,; for +4% strains are not much different
(~=+0.03 A) from that of the equilibrium structures. In
Fig. S3(a) [70] we show the ground-state energies of the
systems under different strains. The system energies remain
negative throughout the range of the strains considered. In
order to check the dynamical stability of the systems, we also
perform phonon calculations under the largest compressive
[Figs. 10(a)-10(c)] and tensile strains [Figs. 10(d)-10(f)] ap-
plied in our study, and we find no imaginary frequency in the
phonon spectra. This suggests that we are safe in applying the
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FIG. 11. Evolution of (a) band gap and (b) Rashba parameter as a function of strain. Different symbols represent different types of gaps
shown in Fig. 3(d) and different colors correspond to different vdW HSs. MoSTe/WSTe HS shows the highest az at 4% compressive strain.

specified ranges of compressive and tensile strains on these
heterostructures. In a study by Guo et al. [39], electronic
properties of Janus MoSSe/WSSe are investigated under 10%
compressive strain to 10% tensile biaxial strain. Their calcu-
lated values of Young’s modulus and Poisson’s ratio also show
the mechanical stability of the systems. The band gap and

the evolution of Rashba splitting are studied with the band
structures under the biaxial strain. The band-gap evolution
as a function of strain is plotted in Fig. 11(a). It should be
noted that for MoSSe/WSSe and MoSeTe/WSeTe HSs, both
tensile and compressive strains reduce the band gaps. Except
for the zero strain condition, all the band gaps in the case of

Effects of in-plane Biaxial Strains
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FIG. 12. Projected band structures under —4% (upper row) and 5% (lower row) biaxial strains for MoSSe/WSSe, MoSTe/WSTe, and
MoSeTe/WSeTe, respectively, from left to right. The weight of the orbitals is defined by the circles of different colors shown in the upper
panel. In all cases, the CBM and VBM are located at the MoXY and WXY layers, respectively, confirming that the type-II band alignment

remains robust under biaxial strains.
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MoSSe/WSSe HS are indirect. Under compressive strain, the
band gap is D3 type, and for tensile strain, it is D, type for the
MoSSe/WSSe HS. For the MoSTe/WSTe, the VBM moves
from the K point at 4% compressive strain to the I" point at
—3% to 5% strains, while the CBM transfers to the K point
from the place in between K and I' points. This is the same
case in MoSeTe/WSeTe HS, except the VBM, takes over the
" point at 4% tensile strain. Therefore, we conclude that in all
the HSs, there is a transition in band gaps from the D3 type to
the D, type.

Furthermore, it can be realized from Fig. 11(a) that the
band gaps will reduce all the way down to zero if the tensile
strain is increased enough. A semiconductor to metal transi-
tion can be easily seen under higher tensile strain conditions in
all three HSs. The band structures at maximum compressive
and tensile strains are presented in Fig. 12 along with their
orbital weights, which shows that under both tensile and com-
pressive strains, the type-II band alignment of the HSs remains
robust. We show the variation of band gap with HSE06 XC
functional in Fig. S3(b). The change in the band gap for
MoSSe/WSSe under compressive strain is not monotonic. It
increases first and then decreases, as shown in Fig. S3(b),
while it is clear from Fig. 11(a) that the band gap drops
down under the compressive and the tensile strains with the
PBE functional. On the other hand, the MoSeTe/WSeTe HS
remains a direct band-gap semiconductor until 4% of tensile
strain with HSEO6 and then changes its nature to an indirect
D, type gap, in which the VBM at the I point goes up in
energy than the K point.

Modulation of the Rashba parameter ok as a function of
biaxial strain is demonstrated in Fig. 11(b), which shows
that tensile strain suppresses ag, while a compressive strain
enhances it significantly. The interlayer (or interfacial) dis-
tance and the net dipole moment are the lowest for the
MoSSe/WSSe HS and the highest for the MoSTe/WSTe HS.
As seen in Fig. 9(b), the interlayer distance reduces under
tensile strain, and it clarifies the reduction in oz under tensile
strain. The smaller interlayer distance reduces the effective
dipole moment between the layers and, consequently, the
effective intrinsic electric field. On the other hand, a compres-
sive strain increases the interlayer distance, which gives rise
to the enhancement in ag. In the case of MoSTe/WSTe HS,
the value of ag is 178.8 meV A which increases significantly
and reaches 535.3 meV A with 4% of compressive strain. On
the other hand, the MoSSe/WSSe HS is almost insensitive to
the in-plane biaxial strain. This large Rashba splitting under
4% compressive strain will have useful applications in exper-
imental devices.

IV. CONCLUSIONS

To summarize, the structural, electronic, and spintronic
properties of Janus AB-stacked MoXY/WXY heterostructures

with Y-Y interface have been investigated under external
electric field and in-plane biaxial strain using first-principles
calculations. We have studied the evolution of the band gap
and Rashba parameter oy for three different vdW HSs of this
particular stacking and found the varying natures of band gap
and ag. The MoSSe/WSSe HS shows a direct band gap at the
K point under equilibrium state and positive EEF, while it is
indirect under reverse EEF and both compressive and tensile
strain conditions. The MoSTe/WSTe HS remains an indirect
band-gap semiconductor of Dy type throughout the range of
EEF. The nature of the indirect band gap in this HS is different
under compressive and tensile strains. The MoSeTe/WSeTe
HS shows a direct band gap at 0.28 V/A and 2% of tensile
strain, and it possesses different natures of band gap above
and below this 2% strain. All the HSs tend to a semiconductor
to metal transition under large tensile strains. This kind of
band-gap engineering can be beneficial in nanoelectronics,
excitonic physics, and valleytronics. Introduction of a HSE06
XC functional is found to improve (as expected) the band gaps
significantly for all the HSs without a noticeable change in
the qualitative nature of the bands. Calculations of the Rashba
parameter show that oy is the lowest for the MoSSe/WSSe
HS, zero under reverse EEF, and remains almost insensitive
to the strain. We note a considerable increment in «y for the
MoSTe/WSTe HS under 4% compressive strain. Our results
predict that a small oz in AB-stacked Janus MoXY/WXY
with a Y-Y interface can be enhanced with the effect of an
in-plane biaxial strain and can be utilized in the spintronic
devices. The type-II band alignment, which results in the long
lifetime of carriers, remains robust under biaxial strains and
positive electric field, while its nature changes under reverse
electric field. Thus, our work describes a way to control the
electronic, spintronic, and optoelectronic properties of Janus
vdW HSs, which have a strong bearing on potential technolog-
ical applications. Manipulations of valley degree of freedom
and optical properties of these kinds of Janus HSs are still
under investigation, leading to new possibilities in the field
of valleytronics and optoelectronics. Our DFT calculations
for the pristine HSs are supplemented with k - p model anal-
yses. We define the minimal k - p Hamiltonians around the
I' and K points in the Brillouin zone and numerically fit
the DFT bands to study the electronic and spin properties in
detail.
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