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Transition-metal dichalcogenides are good candidates for spintronic technologies owing to their giant intrinsic
spin-orbit splitting. Manipulation of energy splitting is highly desirable for further practical devices. In this
work, we provide a simple route to modulate spin-orbit splitting in van der Waals MoTe, /WTe, heterostructure.
By introducing an external electric field pointing from MoTe, to WTe,, the spin-orbit splitting of individual
layers can be switched more than 10 meV. The spin-orbit splitting of MoTe, switches from 213 meV to 204 ~
180 meV under electric field of 0.02 ~ 0.24 V/A. The energy splitting of WTe, switches to 490 ~ 513 meV. The
underlying physics stems from interlayer charge redistribution and band repulsion, where the parallel spin in the
sub-bands plays a role. Our findings provide a clue to actively control the spin-orbit splitting in transition-metal
dichalcogenides, which is of great importance for developing innovative nonmagnetic spintronic devices.
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I. INTRODUCTION

Spin-orbit coupling (SOC) is the interaction between spin
and orbital momentum of electrons [1]. It induces energy
splitting to degenerate states with different spin textures,
named as spin-orbit splitting (SOS). According to the origin
mechanism, the SOS can be divided into two types. One is
Zeeman splitting based on spin polarization [2]. The other is
Rashba and Dresselhaus split related to electric polarization,
which results from the interface and crystal inversion asym-
metry, respectively [3]. The magnitude of SOS represents the
coupling strength and reflects the intrinsic spin properties of
materials, which plays a crucial role in designing spintronic
devices [4]. For example, hexagonal monolayer transition-
metal dichalcogenides (TMDs, 2H-MX, with M = Mo, W
and X = S, Se, Te) with P-6m2/mmc symmetry [as shown
in Fig. 1(a)] are good candidates for spintronic technologies.
Because those monolayers exhibit an intrinsic SOS of several
hundred meV at the valence band maximum [5-7]. The giant
SOS defines two different excitons attached to the two spin-
split valence sub-bands [as shown in Fig. 1(c)], which can
be obviously observed by photoluminescence [8,9]. Further
modulating the excitons or the intrinsic SOSs is essential for
practical spintronic devices based on TMDs, including spin
field-effect transistors. By introducing an external magnetic
field, strong Zeeman splitting at K valley of 0.21 meV /Tesla
is observed in 2H-WSe, [10], and similar results are reported
in TMDs with magnetic substrates, such as EuO, Crlz, and
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RbMnCl; [11-16]. Other manipulations are also effective,
such as electron/hole doping [17], biaxial strain [18], and
laser irradiation [19]. However, the external electric field
(Eext) has little effect on valley splitting except for strong
Rashba splitting near I" point [20].

Different from monolayers, heterostructures are more sen-
sitive to Ee:. For instance, the band gaps of TMDs-based van
der Waals (vdW) heterostructures can be effectively modu-
lated by E.x [21-25], including the band alignment transition
and semiconductor-semimetal transition. However, investigat-
ing the SOS modulation based on E are still lacking due
to the inversion symmetry in valence sub-bands. Inspired by
the interaction between pseudospin and magnetic substrates,
the pseudospin feature in monolayer TMDs may also play a
role in the SOS regulation of TMD heterostructures. Among
the monolayer TMDs, 2H-WTe, exhibits the largest SOS of
480 meV. It is a good candidate as substrate to interact with
pseudospin in TMDs. Considering that the lattice constant
of 2H-WTe,; is quite different from those of other 2H-MX,
(summarized in Supplemental Material, Table S1 [26]), we
finally choose 2H-MoTe, as the other monolayer to on top
of 2H-WTe,. Thus, we obtained the MoTe,/WTe, vdW het-
erostructure with small lattice mismatch (<0.2%, more details
in Supplemental Material, Table S2 [26]). Zheng and coau-
thors [27] reported that the SOS of MoTe,/WTe, can be
effective modulated 438 ~ 78 meV by Ecx with 4% in-plane
strain. This means that the spin splitting can be adjusted by
E... when the heterostructure is stressed. However, the SOS
modulation in Zheng’s work is a combination result of E.y
and strains. For pure strain modulation, Amin and coauthors
predicted that SOS of monolayer 2H-WTe, can be modu-
lated ~20 meV at 2% (both compression and tension) strain

©2023 American Physical Society
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FIG. 1. Atomic and band structures of hexagonal WTe, and MoTe,/WTe, heterostructure. (a) Atomic structure and Brillouin zone of
monolayer 2H-MX,. The black and blue balls denote M and X atoms, respectively. The a,,, and b, is the lattice and reciprocal vector.
And I'/K/M 1is the high-symmetry point. (b) Phonon dispersion of 2H-WTe,. (c) Band structure of 2H-WTe, with spin m,, marked. The
arrow lines denote the direction of pseudospin. (d) Binding energy as a function of interlayer distance D, between AA stacking MoX,/WX,.
The red, black, and blue balls denote Mo, W, and S/Se/Te atoms, respectively. (e) Band structure of MoTe,/WTe, heterostructure with
spin-orbit interaction. The red and black block denote the band contribution of MoTe, and WTe,, respectively. (f) Spin-marked band structure

of MoTe,/WTe, heterostructure.

[28]. Ernandes and coauthors reported that SOS of monolayer
2H-WS, can be tuned 15 meV per 1% by in-plane strain
[29]. Thus, the intrinsic strain (2.3%) in their model is non-
negligible for investigating SOS. The influence of Ey on SOS
without strain is of great importance but has not yet been
fully investigated. To obtain a clearer physical picture of SOS
modulation under E., the evolution of SOS in strain-free
MoTe,/WTe, is of great importance. Although the electric
field along z direction has little effect on the SOS of d,>_,.
or dy, orbitals, a considerable interaction between pseudospin
and magnetic momentum at K/K’ valley is possible to be
observed when bands shift close to each other. Xie [30] and
coauthors predicted that valley splitting of WSe,/Crls can
reach ~10 meV when the bands of W:d,>_,» + d,, and Cr:d
are shifted close by E.y. Since the band interaction between
similar orbitals (Mo:d>_y> + d,, and W:d,>_» + d,,, details
are shown in Supplemental Material, Fig. S5 [26]) is stronger,
larger energy splitting may be observed in K/K’ valley of
MoTe,/WTe,. Tunable SOSs are expected in both 2H-MoTe,
and 2H-WTe; owing to their interaction of sub-bands. In addi-
tion, the nonmagnetic composition in MoTe, /WTe, provides
an opportunity to tune the SOS without relying on any specific
magnetic substrate

Monolayer M X, has several atomic configurations. In ad-
dition to the 2H phase, the monoclinic 1T phase with P2, /m
symmetry is also a stable polytype for WTe, and MoTe;.
For 2H-WTe,, the formation energy (Eform = (Emono —
> Eatom)/Natom) 18 —3.27 eV /atom, which is slightly smaller

than that of 1T-WTe; (—3.30 eV/atom) [31]. The phonon
dispersion of 2H-WTe; is depicted in Fig. 1(b). No imagi-
nary frequency is observed, which indicates that 2H-WTe,
is thermally stable. The formation energy of 2H-MoTe,
(—3.14 eV/atom) is also comparable to that of 1T'-MoTe,
(—3.12 eV/atom) [31,32] (phonon dispersion comparison is
shown in the Supplemental Material, Fig. S1 [26]). It means
that both 2H-MoTe, and 2H-WTe, are thermally stable. Re-
cently, 2H-WTe, was also synthesized successfully [33,34].
In the following discussion, we use MoTe, (WTe,) to denote
the 2H-MoTe, (2H-WTe,) without any specification.

In this work, we performed first-principles calcula-
tions on the electronic properties of vdW heterostructure
MoTe,/WTe,. The heterostructure forms a type-II band align-
ment with a direct band gap of 0.67 eV at K point. The
band gap can be tuned linearly to THz (106 meV) under
E.. =0.47 V/A pointing from WTe; to MoTe,. The SOSs
remain unchanged at ~480 meV and ~213meV for WTe,
and MoTe,, respectively. However, once E switches to the
opposite direction (denoting as negative), both the band gap
and SOS vary in different manners. The band gap first in-
creases to 0.76 eV at —0.09 V//OX, then retains constant until
—0.24 V/A, and finally linearly decreases as E.y increases.
Different from the band gap evolution under negative electric
field, the SOSs of WTe, and MoTe, switch to 490 ~ 513 meV
and 204 ~ 180 meV when E. varies from —0.02 V/A to
—-0.24V/ A. However, the SOSs return to their intrinsic values
when E.,; further increases. It means that the SOSs of WTe,
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and MoTe, switch over 10 meV under external electric field,
which is promising for modulating the SOS with simple ex-
perimental conditions. Our findings offer a new clue to control
the SOS in nonmagnetic TMDs and provide feasible reference
for innovative spintronic devices.

II. COMPUTATIONAL DETAILS

First-principles plane-wave calculations within density
functional theory (DFT) using projector-augmented wave
(PAW) potentials [35] were performed using the Vienna
ab initio simulation package (VASP) [36]. The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation function under
generalized gradient approximation (GGA) was applied in
the calculations [37]. The semiempirical dispersion-corrected
DFT scheme of Grimme (DFT-D2 approximation) [38] was
applied to evaluate the weak interlayer vdW interaction. A
vacuum space larger than 15 A was introduced in heterostruc-
ture to avoid the interaction between periodic boundary. The
plane-wave energy cutoff was set to 500 eV to ensure the con-
vergence of total energy. The energy convergence threshold
was set to 1077 eV and 107% eV for monolayer and het-
erostructure, respectively. The reciprocal space was sampled
by a fine grid of 15x15x 1k points in the Brillouin zone
(BZ) [39]. The structural relaxations were performed until
the force on each individual atom is less than 0.01 eV/A.
All of our calculations have included the spin-orbit coupling
(noncollinear magnetism) interaction.

III. RESULTS AND ANALYSIS

With full relaxation of the atomic structure, the optimized
lattice constants of MoTe, and WTe, are 3.549 A and 3.551
A, which agrees well with previous works [28,40]. It is larger
than those of MoS, (3.182 10\) and MoSe, (3.317 A) [41] ow-
ing to the larger atomic radius of Te. To be more comparable
between monolayers and vdW heterostructures, we calculated
the atomic structures of monolayers with DFT-D2 method.
The lattice constant of WTe, (3.555 A) is slightly larger than
that obtained from PBE method, while the lattice constant of
MoTe; (3.526 A) is smaller. However, the difference of lattice
constants between WTe, and MoTe, is smaller than 0.03 A.
It means the MoTe, /WTe, heterostructure may be free from
strain induced by lattice mismatch. For the electronic band
gap, it shows no difference between values obtained from
different methods (see Supplemental Material, Fig. S2 [26]).
Thus, in the following calculation, all the results are obtained
with DFT-D2 method.

By stacking monolayer MoTe, directly on top of mono-
layer WTe,, we obtained an AA-stacking vdW heterostruc-
ture, as shown in Fig. 1(d) (inset). The atomic parameter of
MoTe,/WTe, heterostructure is 3.539 A, in good agreement
with monolayers, resulting in lattice mismatch less than 0.2%.
In order to evaluate the thermal stability of the heterostructure,
we calculated the binding (formation) energy [42,43],

(Ex — EmMote, — Ewre,)
Na[om '

where E, represents the total energy of « (heterostructure,
MoTe,, and WTe,, respectively), and Nyom represents the total
number of atoms in the unit cell. As depicted in Fig. 1(d),

ey

Ebinding =

the binding energy of MoTe,/WTe, is —36.65 meV /atom,
and the corresponding interlayer distance (D.) is 4.04 A.
For MoS,/WS,, however, the binding energy is smaller
(—21.34 meV/atom with D, = 3.64 A), resulting from the
smaller repulsion between the AA-stacked S atoms. These
binding energies agree well with those of other vdW het-
erostructures and are comparable to those of bilayers [44,45],
indicating that the MoTe, /WTe; heterostructure is thermally
stable.

Figure 1(e) depicts the electronic structure of
MoTe,/WTe,, and a direct band gap of 0.67 eV is observed.
It shows a type-II band alignment at K/K’ point, where the
WTe, contributes to the valence band maximum (VBM)
and the MoTe, contributes to the conduction band minimum
(CBM). Our results are consistent with Ref. [27], except for a
slight difference at the extreme valley near the Fermi energy
level. Type-II heterostructures always possess separated
electrons and holes in excited states. Thus, the excited
electrons in MoTe, will couple with the holes in WTe, and
form interlayer excitons. Owing to the intrinsic SOC in Mo
and W, large energy splitting occurs in the VBM at K valley,
480 meV and 213 meV for WTe, and MoTe,, respectively.
Additionally, there are four valence bands (VBi,i = 1, 2, 3, 4)
near K, as depicted in Fig. 1(e). The VB1 (VB3) and VB2
(VB4) are contributed by different layers, however, their
pseudospin features at K point are parallel along z directionf£—
as shown in Fig. 1(f). In addition, the parallel pseudospin
becomes antiparallel and energy degenerate near I'" point.
Thus, it is convenient for the external electric field to induce
Rashba splitting in Ref. [20]. As the photoluminescence
quantum yield is proportional to the transition dipole moment
(TDM), P,—., = {@alr|@s), where @}, is the initial /final state,
and r is the electric dipole operator. The TDM determines
how the system will interact with an electromagnetic wave,
and the square of the magnitude (P?) gives the strength of
the interaction. In Supplemental Material, Fig. S3 [26], we
calculated P? between VB1 and CBM by using VASPKIT [46].
The P? as a function of reciprocal vector, and shows high
transition probabilities between VB1 and CBM at K/K'. In
other words, MoTe,/WTe; is a good candidate for infrared
radiation based on interlayer excitons.

Owing to the different electronegativities of chemical com-
pounds, an effective electric dipole exists at the interface. It
allows effective electrical control of the band gap, as shown
in Fig. 2(a), which may be impossible in individual layers
(in Supplemental Material, Fig. S4 [26]). By introducing an
external electric field (E.) pointing from WTe, to MoTe,
[as defined in Fig. 1(d)], the conduction bands of MoTe; (red
blocks) shift close to the Fermi level, resulting in a band gap
decrease, as depicted in the region I of Fig. 2(b). As Ecx
increases to 0.47 V/A, the band gap decreases linearly to
106 meV, indicating a giant Stark effect. The decrement of
the band gap is ~22meV per 0.01 V/A, and no transition of
band alignment is observed.

When E. switches to the opposite direction (denoting as
negative), the evolution of the band gap shows a quite distinct
manner. The negative E.x, induces conduction bands of MoTe;
to rise up and be away from the Fermi energy, resulting in an
increase of band gap, as depicted in region II of Fig. 2(a). The
band gap reaches its maximum of 0.76 eV at electric field of

165101-3



XIE, XU, WANG, LI, FANG, DONG, AND GUO

PHYSICAL REVIEW B 107, 165101 (2023)

T 2
(@)g75f (0)[.
S 0.60} —
o S
~ (9]
& =
© 045¢ \Y )
-] )
 0.30] 5
So.
0.15} _
04 02 00 02 04 “K M K M K M K M
10 Eex (VIA)
(c) (d) . ) of T T T T T T
% outer X ‘ outer view ,
~ e o Moo @ <
T 0 s - Te \
I qe = 3F
8 W o e 5] B
2 _10} ® 3 ! o
9o " WTe, MoTe, 20
© -20 - 1 PR — \ (€ 3l
3 — MoS,/WS, \ g} C N) C/ 3
< —— MoSe,/WSe, )o Y 0 & Mo~
L \nnerix MoTe,/WTe, T e e . \ ) /
-30 V7N V7N Inner view * «J Y -6 1 L 040

z direction

0 5 10 15 20 25 30
z direction (A)

FIG. 2. Electronic properties of MoTe,/WTe, under external electric field. (a) Evolution of band gap of MoTe,/WTe, as a function
of external electric filed (Eey). The positive direction is denoted in Fig. 1(d). (b) Band structure of MoTe,/WTe, under different E.y,.
(c) Electrostatic potential of MoX,/WX;. (d) Inner and outer view of charge density difference. The yellow and cyan isosurfaces denote
positive and negative values, respectively. (Isosurface is 8.5 x 1075 e/A%.) (e) Charge density difference (A p, black line) and internal electric
field (E;,, red line) of MoTe,/WTe, along z direction. The inset is the side view of charge difference. (Isosurface is 8.5 x 10> ¢/ A3)

—0.09 V/A. The reduced band gap under enlarging Eey in
region II is also observed in MoS,/WS, and MoSe,/WSe,
heterostructures [45,47]. It owes to the effect of spontaneous
electric polarization, which is introduced by the electronega-
tivity difference between the W and Mo atoms.

To obtain a clearer understanding of the underlying physics
of the asymmetric regulation of electric field where elec-
tronegativity plays a role, we calculated the electrostatic
potential of MoTe,/WTe, along z direction. Based on the one-
dimensional (1D)-Poisson equation 9°®/dz> = —p(z)/¢0,
the electric potential A® can be obtained from the charge
density p, which can be directly obtained from first-principles
calculations. As shown in Fig. 2(c), a large and wide barrier
appears in the interlayer region of MoTe, /WTe, heterostruc-
ture due to the large interlayer distance and vdW interaction.
A deep valley appears at the spatial location of the ions.
Owing to the larger electronegativity, the electrostatic poten-
tial of W (®y) is slightly lower than that of Mo (®y,,). It
introduces charge redistribution and a built-in electric field
(pointing from W to Mo) near the interface. To clarify the
charge redistribution and internal electric field, we calculated
the differential charge density Ap and internal electric field
E;, of MoTe, /WTe,, which are described as,

Ap(x,y,2) = pu(X,y, 2) — PMoTe, (X, Y5 2) — PWTe, (X, ¥, 2)
2

Ap(z) = f ou(x,y, z)dxdy — f PMoTe, (X, ¥, 2) dxdy

- f OWTe, (X, ¥, 2)dxdy 3)

1 z 00
En(z) = m(/ Ap(Z)dZ _/ AP(Z/)dZ,> “4)

where p, stands for the charge density of o (heterostructure,
MoTe,, and WTe,, respectively), S is the area of unit cell, and
€o is the permittivity of vacuum.

The inner and outer views of Ap(x,y, z) are depicted in
Fig. 2(d), and the yellow and cyan isosurfaces correspond to
positive (charge accumulation) and negative values (charge
depletion), respectively. For WTe,, the charge densities of
W (cyan circles) and the outer Te (cyan triangle) atoms
are depleted, while that of the inner Te (yellow circles) atoms
are accumulated. In addition, cyan circles are observed near
the inner Te atoms in the interlayer region. This means that the
main redistribution of charge occurs around the inner Te atoms
and the adjacent W-Te bonds. For MoTe,, similarly, charge
redistribution near the interlayer region is also observed. The
integral charge density Ap(z) is depicted in Fig. 2(e) (black
line). In addition to charge redistribution in individual layer,
charge accumulation is also observed in the interlayer region
owing to the vdW interaction. The internal electric field Ej, is
zero at locations far away from individual layer owing to the
electrostatic balance, such as the z < 2.5 Aandz> 18 A in
Fig. 2(e) (red line). However, when two layers come close and
interact with each other, the Ej, in the interlayer region varies
from positive to negative, corresponding to charge depletion
in WTe,. Thus, charge transfer occurs from WTe, to MoTe;,
and an intrinsic electric field is induced, pointing from WTe,
to MoTe,. In addition, this built-in electric field in 1072 V /A
magnitude will serve as a driving force to effectively improve
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the band gap modulation under positive E., as discussed
above. It will pull photogenerated electrons from MoTe, to
WTe, and holes from WTe, to MoTe,, increasing the inter-
layer electron-hole recombination rate.

When the negative E further increases, a band alignment
transition from type II to type I is observed. As shown in
region III of Fig. 2(b), both the VBM and CBM are con-
tributed by WTe,, meaning that the band gap is dominated
by WTe,. The band gap remains constant under —0.09 V/A
~ —0.24 V/A. This flat band gap evolution in region III
indicates that the electric field effect on band gap of individual
layers is negligible, which is in good agreement with that of a
single layer (in Supplemental Material, Fig. S4 [26]). Similar
band gap variation is also observed in other heterostructures
whose band alignment also transforms from type II to type
I under Eq, such as WSe,/Crl; [30], MoS, /WS, [45], and
MoSe,/WSe, [47]. Lastly, as shown in region IV of Fig. 2(b),
the VBM of MoTe, rises to higher energy than that of WTe,.
The MoTe,/WTe, returns to type-II band alignment, where
MoTe, contributes the VBM and WTe, contributes the CBM.
As a consequence, an effective band gap evolution, which is
similar to that in region I, is shown in Fig. 2(a).

Although the positive Ex has an obvious regulation on the
electronic band gap of MoTe,/WTe,, it has little influence
on the SOS of MoTe; or WTe,. As shown in region I' of
Fig. 3(a), the SOS of MoTe; in valence sub-bands decreases
slightly to 214 meV under positive E.y. For the electric field
of 0.10 V /A, the bands of MoTe, (VB2 and VB4) shift down
and move away from the Fermi level, as shown in Fig. 3(d).
Meanwhile, the pseudospin of VB1 (VB2) and VB3 (VB4)
are mainly contributed by WTe, (MoTe;), and exhibit up
and down features at K’, respectively. Owing to the parallel
spin (marked by blue rectangles) and small energy differ-
ence, band hybridization is observed in the I'-K’ direction,
as depicted in Figs. 3(d)-3(e). The energy difference between
VB2 and VB3 is also quite small at K, but no band inter-
action is observed due to the antiparallel spin (marked by
green rectangle). For negative Eey larger than —0.24 V/A,
in region III" of Fig. 3(a), the SOS also decreases slightly by
several meV.

It is known that the Rashba effect is of great importance in
2D materials. We carefully checked the valence band disper-
sions near I" under Ex. Owing to the internal electric field, the
vdW heterostructure MoTe, /WTe, exhibits intrinsic Rashba
splitting with a momentum offset of ~0.07 A~ and an energy
splitting of ~3.5meV, as depicted in Fig. 3(b). The spin
texture near I lies in the xy plane, and it shows opposite m,
along I'-K’" and I"'-M directions, as shown in Fig. 3(c). Similar
Rashba splitting was also observed in monolayers under E¢y,
such as MoSe,, MoS,, and WS, [20]. The intrinsic Rashba
splitting seems unchanged under electric field of 0.10 V/A.
Whereas, the Rashba energy decreases to ~2.2meV when
Eey is —0.10 V/A. And when E., = 0.47 V/A is applied,
the spin momentum near I is largely suppressed, resulting in
a smaller momentum offset (~0.02 A~") and energy splitting
(~0.5meV). Thus, the variation of SOS with several meV
under E., can be attributed to Rashba effect.

However, the SOS of MoTe, drops to 193 meV under
electric field of —0.03 V/A, and then varies from 180 meV
(—0.24 V/A) to 204 meV (—0.10 V/A) in the region II' of

Fig. 3(a). As shown in Fig. 3(d), II', VB4 rises to a higher
energy than VB3, and the sub-bands of MoTe, are interca-
lated in those of WTe,. The VB1 (VB3) and VB2 (VB4)
show band repulsion of each other because of their aligned
spin, resulting in larger SOS in WTe, and smaller SOS in
MoTe,. This means that the SOS can be modulated more
than 10 meV (~5%) by negative E (pointing from MoTe,
to WTe;). Such a large SOS is comparable to Zeeman split-
ting of TMD monolayers under an external magnetic field
of ~5 Tesla. More excitingly, a similar switchable transition
of SOS is also observed in WTe,, the SOS of 480 meV
switches to 489 meV (—0.10 V/A) ~513 meV (—0.24 V/A).
Thus, the SOS of individual monolayers in heterostructure
can be effectively switched by an external electric field
without strain or magnetic field (substrate). In other words,
this intrinsic SOS feature can be further tuned by external
gate volts, which is promising for spintronic photoelectronic
devices.

To explore the underlying physics of the gate switchable
SOS, we carefully checked the band dispersions and corre-
sponding spin texture of VBi at the critical situation Eey =
—0.02 V/A, as shown at the bottom of Figs. 3(d)- 3(e). Due
to the parallel valley pseudospin and the same dy, + d,>_
orbitals, obvious band hybridization is observed between VB3
and VB4 at K. Charge redistribution is also observed in
the partial (band decomposed) charge density, as depicted in
Fig. 3(f). For VB1, the charge density is located on W atoms,
which is in agreement with W:d,, + d,>_,» dominated band of
VBI at K'. In contrast, the charge density of VB2 is individ-
ually distributed on Mo atoms. However, the spatial charge
distribution of VB3 resides on W atoms as well as Mo atoms.
This is also true for VB4 except for little difference that charge
density are more diffusion on Mo atoms. This induces higher
eigenvalue of VB3 than that of VB4, resulting in smaller
SOS of MoTe, compared to E¢ = 0.00 V/ A. In addition, the
parallel spin makes it possible for charge density to transfer
to each other, as mentioned in Ref. [30]. Thus, the band
interaction and charge transfer related to valley pseudospin
play a key role in the gate switchable SOS in MoTe,/WTe,
heterostructure. In other words, a clear physical image comes
to our eyes that E. induces bands with parallel pseudospin
close to each other, introducing charge transfer and charge
redistribution in sub-bands VBi at K/K’, which leads to gate
switchable SOSs.

The realism of the gate modulated SOS in MoTe,/WTe,
heterostructure is depicted in Fig. 4, which is similar to
the analytical models proposed in MoTe,/EuO [12] and
MoS,/MoTe, [48]. A voltage gate is placed on the top
of heterostructure to generate an electrostatic modulation
along z direction, and it plays the same role as the external
electric field described in our computation above. The elec-
trostatic method shifts the Fermi level and introduces band
interaction between valleys of MoTe, and WTe,, resulting
in a gate switchable SOS in MoTe,/WTe, heterostructure.
Considering typical TMDs samples will have edges or im-
purities, additional bands may present near the Fermi level.
The metallic edge states with spin polarization has been
predicted in zigzag MoTe, and other TMDs [15,49,50].
It may suppress the electric field modulation of SOS in
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FIG. 3. Spin-orbit splitting and projected bands of MoTe,/WTe, under external electric field. (a) Spin-orbit splitting (SOS) as a function
of external electric field (E.). (b) Valence band maximum near I" under E. (—0.47 V/A, —0.10 V/A, 0.00 V/A, 0.10V /A, and 0.47 V/A).
(c) Spin texture of VBM near I' under E.y,. Blue and green arrows denote m,, and m,,, respectively. (d) Orbital projected band dispersion of
VBi under Ee of 0.10 V/A, —0.10 V/A, —0.30 V/A, and —0.02 V/A, respectively. The blue, pink, red, and green blocks denote contribution
of W:d,, —|— dxz,yz, Mo:d,, + dxz,),z, W:d_2, and Mo:d,2, respectively. (e) The spin texture m,, of VBi under E., of 0.10 V/A, —0.10 V/A,
—0.30 V/A, and —0.02 V/A, respectively. The black and red colors denote contribution of WTe, and MoTe,, respectively. (f) Partial charge
density of VBi at K’ under E, of —0.02 V/A. (Isosurface is 0.02 e/;\3).

valleys. To mitigate this, we propose applying a transverse
electric field along zigzag or armchair direction to tune the
edge state from metallic to semiconducting [49]. Thus, the
transverse electric field would preserve the SOS against un-
desired metallic states. Substrate is another important factor
for device performance. Traditional silicon or silicon dioxide
substrate can introduce external strain to ultrathin film due

to lattice mismatch [51]. However, the SOSs of MoTe, and
WTe, are quite sensitive to strain. For MoTe, /WTe, vdW het-
erostructures, wide gap dielectric materials with vdW inter-
face (such as hexagonal boron nitride) are preferable substrate
to preserve high performance and avoid undesired effects.
In summary, by carefully choosing the substrate and apply-
ing a suitable transverse electric field, the gate switchable

165101-6
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/’

Dol 4

FIG. 4. Schematic of vertical electric field-modulated SOS de-
vice of MoTe, /WTe, heterostructure.

SOS in MoTe;/WTe, holds great promise for spintronic
devices.

IV. CONCLUSION

In conclusion, the electric field-mediated spin-orbit split-
ting in the vdW heterostructure MoTe, /WTe; is investigated
based on first-principles calculations. The results show that
gate switchable spin-orbit splitting is realized under external

electric field pointing from WTe, to MoTe,. The splitting in
MoTe, is 213-204 meV, and that in WTe, is 480—-490 meV.
The underlying physics originates from the distinct exchange
interaction with the pseudospin of the valence bands related to
spin-orbit coupling. The electric field shifts valence bands of
MoTe, and WTe, close together with small energy difference,
and parallel pseudospin introduces charge transfer and band
hybridization, leading to an enhanced spin-orbit splitting. Our
findings imply that the spin-orbit splitting of MoTe,/WTe,
can be controlled by electric field where the band interaction
between valley pseudospin plays a key role, and provide new
clues to regulate spin-orbit coupling in nonmagnetic systems,
which is crucial for spintronics devices.
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