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In addition to spin and valley degrees of freedom, a bilayer of transition-metal dichalcogenides (TMDs)
exhibits a further degree of freedom, the layer pseudospin, which is associated with the interlayer dynam-
ics. Here, we study, over a wide range of energies, the conditions for the generation and control of the
perfect-spin-, valley-, and layer-polarized transport in a nonmagnetic/ferromagnetic/nonmagnetic junc-
tion fabricated in AB-stacked bilayer TMDs. We find that, via breaking the inversion and time-reversal
symmetries through application of external electric and exchange fields, layer-, perfect-spin-, and valley-
polarized transport can be achieved and controlled electrically and magnetically. Analyzing effects related
to the band structure and the local density of states, the predictions are rationalized, and in particular we
expose the role of tuning the band gap and adjusting the charge localization in one specific layer. Within
an appropriate parameter regime, an energy interval with contributions from both layers is identified, lead-
ing to enhancement of the transmission and conductance. Our results can be useful for pseudospintronic

applications in bilayer TMD-based devices.
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I. INTRODUCTION

Monolayers of transition-metal dichalcogenides (TMDs)
with a honeycomb lattice structure have two similar but
distinguishable valleys which are located at the corners
of the first hexagonal Brillouin zone [1] and labeled by
K and K'. These valleys are connected by time-reversal
(TR) symmetry [2], resulting in Kramers degeneracy of the
band structure of TMDs, i.e., states labeled by K1 (K | ) are
degenerate with those labeled by K'| (K’1), where 1 ({)
stands for the spin-up (spin-down) quantum numbers. In
TMDs, the low-energy physics takes place in the vicinity
of the K and K’ valleys (Dirac points) of the conduc-
tion and valence bands, which are mostly formed from the
dp and d,2_2, dy, orbitals of the transition-metal atoms,
respectively [3,4].

The particular dispersion and the coupling between spin-
orbital and valley degrees of freedom in TMDs are the
key for technologically interesting phenomena such as
spin filtering [5], magnetoresistance [6,7], spin Hall effect
[8,9], and topological properties [10,11], or condensate
structures [12]. In contrast to pristine graphene, a mono-
layer of TMDs has a direct band gap of ~1.7 eV [13]
and a remarkable spin-orbit coupling (SOC) strength in
the valence band, which makes these systems appealing
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also for quantum information applications [14]. Numer-
ous studies have addressed the spin- and valley-related
phenomena in different TMD-based junctions [6,7,15—19].

In addition to the spin and valley degrees of freedom,
carriers in a bilayer of TMDs possess a layer degree of
freedom, which can be captured by a pseudospin. In most
systems, the layer pseudospin originates from the orbitals
and thus couples to the spin via SOC [20]. This feature has
attracted a significant amount of interest recently [4,20—
24]. Unlike a TMD monolayer, in which the inversion
symmetry is broken and the spin and valley degrees of
freedom are effectively coupled [2], a bilayer of TMDs is
intrinsically inversion-symmetric [25].

There are different ways to control the inversion sym-
metry in bilayers, such as using electric [4], magnetic [4],
or Zeeman fields [26]. In AB-stacked bilayer TMDs, both
spin and valley degrees of freedom are coupled to layer
pseudospin [4]. Because of the 180° rotation in AB stack-
ing, the out-of-plane spin splitting has a sign that depends
on both valley and layer pseudospins [20]. This spin-
layer locking offers the opportunity for the manipulation
of spins via gate control of layer localization [4]. Addi-
tionally, the existence of interlayer coupling may allow
easier tuning of the band gap via electrical modulation
in bilayer TMDs than in monolayer form with a marked
influence on the spin, valley, and layer polarizations in
the bilayer TMDs. These aspects are discussed below in
detail.

© 2023 American Physical Society


https://orcid.org/0000-0002-9945-7240
https://orcid.org/0000-0002-4021-827X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.024075&domain=pdf&date_stamp=2023-08-30
http://dx.doi.org/10.1103/PhysRevApplied.20.024075

HAJATI, ALIPOURZADEH, SCHULZ, and BERAKDAR

PHYS. REV. APPLIED 20, 024075 (2023)

Van Duppen and Peeters [27] investigated the four-band
tunneling in bilayer graphene and showed that, for high
energies, two modes of propagation exist, and scattering
between these two modes can be observed. Recently, the
spin, valley, and layer pseudospin transport in a magne-
toelectric barrier on AB-stacked bilayer MoS, has been
studied [28]. It is found that perfect spin-valley polar-
izations and good layer localization of electrons can be
obtained. These polarizations are adjustable by tuning the
electric fields.

In contrast to spin- and valley-dependent transport in
monolayer TMDs [7,29,30], the spin-valley-layer transport
in bilayer form, especially in the presence of an exchange
field, has not yet been fully clarified. An important issue
in this regard is that the spin-layer locking in AB-stacked
bilayer TMDs permits electrical manipulation of spins
through controlling layer polarization [20], which is of
importance for pseudospintronics.

The present study is devoted to exploring the spin-,
valley-, and layer-polarized transport in a nonmag-
netic/ferromagnetic/nonmagnetic (N-F-N) junction in AB-
stacked bilayer TMD in the presence of electric and
exchange fields (cf. Fig. 1). Because of the consider-
able SOC strength and interlayer coupling in TMDs, by
breaking the inversion and TR symmetries upon applying
external electric and exchange fields, conditions allow-
ing for perfect spin, valley, and layer polarization can be
achieved over a wide energy region. Additionally, apply-
ing a perpendicular electric field allows control of the
band gap and layer splitting in the junction. Depending
on the applied electric fields, one can achieve a situation
where both layers or one of them contribute to the trans-
port. These findings might be helpful in designing efficient
pseudospintronic devices.

II. MODEL AND THEORY

As for a monolayer of TMDs, for a bilayer the orbitals
of metal atoms contribute dominantly to both the valence-
and conduction-band edges near the Dirac points [4]. Thus,
the low-energy Hamiltonian H, ;. of TMD bilayers in the
presence of electric and magnetic exchange fields can be
obtained by adding the interlayer coupling (#,) to the k -
p Hamiltonian of monolayer TMDs while accounting for
the coupling to the relevant fields. In doing so we obtain
[4,28]:

A kT 0 0
_ k= A, O t
e A 1)

0 1 ikt Ay

Here we have introduced the notation for the diag-
onal elements, A = A —ns;A.+V+s,h+U, A=
-8y + V+sh4+ U, A3 =A4+ns;hy —V+s.h+ U,
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FIG. 1. (a) Schematic illustration of an N-F-N junction based

on an AB-stacked bilayer TMD. The side view of the bilayer
is shown schematically (with exaggerated splitting between two
layers) in the top left, in which the bottom layer is rotated by
180° with respect to the top one, a manifestation of AB stacking.
The light green (blue) part shows the ferromagnetic layer (gate
application) schematically. The two potential gates can tune the
on-site potentials of the layers and also induce a perpendicular
electric field in the middle region. (b) The exchange field (top),
electric field (middle), and gate voltage (bottom) profiles along
the x direction. Here the “#” and “b” refer, respectively, to the
top and bottom layers of the conduction band at the K valley of
WSez.

and A4 = +ns.Ay — V+s.h+ U, and we use the basis
{ld%), (1/ﬁ)(|d)’:2_y2) — io|d}y))}, where p is the layer
index and o, is the z component of the Pauli matrix.
Finally, k* = hvy (nk, % ik, ), where k, and k, are the per-
pendicular and parallel wave-vector components, respec-
tively.

In Eq. (1), & refers to the energy contribution due to the
proximity-induced exchange field (see Sec. IV for more
details); A is the band gap; U is the gate voltage; V' is the
scalar potential energy caused by the perpendicular elec-
tric field E,; n = £1 (s, = %1) indicates the valley (spin)
states; A. (A,) refers to the SOC contribution in the con-
duction (valence) band; and v, is the Fermi velocity in
TMDs, which is 5 x 10° m/s for WSe; and 5.3 x 10° m/s
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for MoS,. In this study, we consider the external electric
field to be perpendicular to the TMD sheet. Since the d.»
orbital is dominant in the conduction band, ¢, does not
appear in this band. Note that the 180° rotation of layers
results in different signs of the SOC for two layers in this
model.

The eigenstates of /1, ;. can be written as

hvfk(Ag, EWSZ)Z‘J_
kr | (—4 E'7 A Em7 t
‘I’w\(r)=€ (=41 +E;7)A43 — )L o
’ Ey F(hvfk)
F(—4; -|-E'7 ©)

in which A is the band index, with values 1 for the conduc-

tion band and —1 for the valence band, |k| = ,/nk2 + ik2

and EZS; are the spin-valley-layer-dependent eigenvalues
of H, ., which we discuss in detail in the Appendix. The
other parameters appearing in Eq. (2) read

F=(d—E;)ENT — A+ (hvyk)? (3)
and

En = {(hvp k)t (43 —
+ (v k)F)? + F (43

EV 4 (A — ES)ENT — 4D

—Ey52 4)

Considering W 23y as the wave functions for each region
with appropriate boundary condition at the borders, i.e., at
x =0, L, leads to

Wk )+ W (—k) + W (k) = AV ()
+ BY(—ky) 4+ CV¥(ky) + DV (—k;) (5a)

and

AV (KS) + BY(—k) + CY(ky ) + DY (—k;)
=nVky) + V), (5b)

in which k3 are the wave vectors in each triple of the
regions, and L is the length of the middle region, which
is fixed to 10 nm during this work. Because of the trans-
lational invariance in the y direction, &, is a good quan—
tum number, and hence transmission coefficients (£ 5)
are obtained by solving Egs. (5a) and (5b). Then, the
transmission probability can be found as

+’_
Tiioo122 = ¢ I (6)

where ¢ = k+( ) /k; (+), in which we have used the fact
that by = k3 1 1n an N-F-N junction.

Corresponding to the two distinct wave vectors k¥ in the
first (incoming) and third (outgoing) regions, four distinct

TABLE 1. Different transmission channels based on different
incoming and outgoing modes in bilayer TMDs.

Incoming mode Outgoing mode Mode type Shown by
k* kt Nonscattering 1

k* k™ Scattering T

k= k* Scattering T

k™ k= Nonscattering T

channels are relevant for the transmission, which are listed
in Table I. When the wave vector of the incoming and
outgoing carriers are the same, the channels are called non-
scattering modes (which have been named 77, and 73)),
while the channels in which the incoming wave vector
changes during transmission through the barrier are named
scattering modes (shown by Tj, and 75; in this study).
Because of the similarity between the incoming and out-
going carriers’ wave vectors in nonscattering modes, they
are expected to be the dominant channels for transmission.
When E < A, the wave vector k; (which is equal to k3 in
this N-F-N junction) becomes imaginary. Thus, we restrict
our assumption to £ > A for transmission.

The spin-valley-resolved conductances are calculated
using the Landauer-Biittiker formalism as [31]

Gys, = GO/T(11,12,21,22)17,szdky9 @)

where Gy = Wk, /(2mh) is the reduced unit of conduc-
tance with the system width of .

In Table II, we list and compare the most important
structural properties of two TMDs, i.e., WSe, and MoS,.
Evidently, both of them have a suitable band gap and
almost the same lattice parameter. However, the Mo-based
one shows weaker SOC at both valence and conduction
bands because of the different atomic weights and sizes
[35]. We only investigate two members of the TMD family
here: MoS; as the first-discovered one and WSe, as the one
with heavier atoms and more relevance for applications
and low cost [35] (compared to Te, for example). From
the similar structural properties of WS, and MoSe, (not
shown), we expect that a similar behavior can be found in
these materials.

It should be noted that, although the band gap in bilayer
TMDs is indirect, the gate voltage can modify the energy-
level structure. For instance, applying a positive (nega-
tive) gate voltage is reflected as a spin-valley-independent

TABLE II. A comparison between MoS, and WSe,. Data are
taken from Refs. [6,7,23,32-34].

TMD 4y (A) Band gap (eV) A, (meV) i, (meV) 7, (meV)

WSe, 3.32 1.7 7.5 112.5 67
MoS, 3.16 1.66 0 375 43
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FIG. 2. Band structure and total density of states of the middle
region in a WSe;-based junction for (a)Hc) # = V' =0, (d)~(f)
h=0.1eV, V=0, (grH(i) h=0, V=02 eV, and (1) h =
0.1 eV, V'=0.2 eV. The left column indicates the K’ valley,
the middle one is for the K valley, and the right column refers
to TDOS, which is the sum of both valleys. The red-shaded
area shows the energies in which only one band exists and the
condition for perfect polarization is satisfied.

external tuning parameter for the effective Hamiltonian of
bilayer TMDs: all the energy bands shift upward (down-
ward), simultaneously. In the normal regions [cf. Figs. 2(a)
and 2(b)], electrons originate from the conduction-band
minimum at the K or K’ point. However, in the middle
region, the gate voltage shifts the bands upward in such a
way that the valence-band maximum at these points con-
tribute to transport. This condition can be achieved for dif-
ferent states when U > A & (A* + £3) is applied, assum-
ing h = 0. Therefore, we have considered U > 1.9 eV to
ensure that transport is governed by the valence band in
the barrier where the effect of SOC is strong.

Our study is focused on the quasimomentum near the K
or K’ point due to the large separation between this point
and other high-symmetry points in wave-vector space of

bilayer TMDs (e.g., the I" point). This reasoning only holds
at low temperatures, where the shift of the band structure
due to phonon effects is small [36], as we assume here.
Based on this approximation, the Landauer-Biittiker for-
malism is reasonably applicable (for similar studies, we
refer, for example, to Ref. [28] for bilayers of MoS, and
to Ref. [27] for graphene).

III. RESULTS AND DISCUSSION

Figure 1(a) illustrates the proposed bilayer-TMD-based
N-F-N junction. The electron is launched from the left nor-
mal region (source) and is detected at the drain part in the
right normal region. In the middle region of length L, the
application of the local exchange field (%), gate voltage
(U), and electric field (E£,) manipulate the band structure,
providing an opportunity for transport control. A double
gate structure, consisting of top and bottom gates, can be
utilized to control the normal electric field, similar to the
approach proposed in Ref. [28]. As seen in the top left of
Fig. 1(a), the lower layer is rotated 180° with respect to
the upper one, which is a manifestation of AB stacking.
The substrate can be replaced by a ferromagnetic layer to
proximity-induce ferromagnetism [37]. Similar junctions
based on TMD monolayers have been studied extensively
[13,16,29,30,38,39].

Figure 1(b) shows the exchange field, electric field, and
gate profile along the x axis for the conduction band of the
K valley of WSe,. For simplicity, we have restricted this
figure to only the K valley. All the controlling tools, includ-
ing the exchange field, gate voltage, and normal electric
field, are locally applied in the barrier region, which has
a length of L. Outside the barrier region, i.e., at x <0
and x > L, the Kramers degeneracy is evident due to the
presence of SOC and the inversion-symmetric nature of
the TMD bilayer. The gate voltage is independent of spin,
valley, and layer, and moves all the bands upward or down-
ward. However, the exchange (electric) field is coupled to
the spin (layer) index and thus enhances the splitting of
different spin (layer) states. Note that a similar graph is
obtained for another valley with slight differences, due to
the different SOC sign.

To illustrate the effect of the applied fields on the bands,
we show the band structure of the middle region in a
WSe,-based junction with respect to the wave vector for
different parameter regimes in Fig. 2. Briefly, the following
conclusions can be reached.

(i) In the absence of all fields, i.e., A=U=V=0,
spin splitting due to SOC cannot be seen in either the con-
duction or the valence band, which means Exy = Eg/y =
Ex, = Ex, for each layer, due to the inversion and TR
symmetries in bilayer WSe;,; a kind of Kramers degener-
acy. However, the bands of different layers show a splitting
of 262 meV (2A, = 15 meV) at the valence (conduction)
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band of WSe; due to the different signs of intrinsic SOC at
the two layers and also the effect of interlayer coupling in
our model.

(i1)) As can be seen in Figs. 2(d) and 2(e), when # is
finite, the spin degeneracy is broken such that it shifts the
spin-up bands of both layers upward, and shifts the spin-
down bands downward, leading to a spin splitting of 2/ in
both layers. Because of the inversion symmetry, applying /4
individually does not cause an imbalance between the two
valley states. Thus, still K1(}) = K’'4(]) for each layer.
Thanks to the relatively strong SOC of WSe,, we observe
eight separate bands in each valley. Moreover, stronger
SOC in the valence band results in an asymmetry between
the conduction and valence bands, which is also seen in
Figs. 2(a) and 2(b).

(iii)) When only the perpendicular electric field is
switched on (V' # 0), the layers are separated due to the
fact that, in our model, V" admits different signs in the two
layers [see Figs. 2(g) and 2(h)]. Thus, V shifts one layer
upward while shifting the other one downward, leading to
a layer splitting of 2V. As for 4, applying V" alone cannot
break all the degeneracies. Because of the TR symmetry,
we still have K4+ = K'|.

(iv) When only the gate voltage U is applied to the sys-
tem, both TR and inversion symmetries are preserved and
it only shifts the bands upward or downward, as indicated
in Refs. [6,40] (not shown here).

(v) Applying both V" and 4 simultaneously breaks both
inversion and TR symmetries, and, thanks to the SOC and
interlayer coupling of bilayer TMDs, it lifts all the degen-
eracies, leading to 16 separate energy bands [see Figs. 2(j)
and 2(k)]. Hence, a condition can be found in which only
one band from a certain spin-valley-layer state touches the
Fermi level, which is essential for perfect polarization [see
the red-shaded area in Figs. 2(j) and 2(k)]. Clearly, the
splitting in the valence band is much more pronounced
due to the stronger SOC and the existence of the interlayer
coupling in this band.

We note that it is possible to achieve the band diagram for
MoS; only by substituting A, = 0, A, = 37.5 meV, vy =
53 x 10° m/s, t;, =43 meV, and A = 1.66 eV, which is
not shown here.

In the right column of Fig. 2, we show the total density
of states (TDOS) of bilayer WSe, for different param-
eter regimes coinciding with the band structure. Similar
to what is seen in the band structure, the stronger SOC
in the valence band causes an asymmetry in TDOS dia-
grams, which is more visible in Fig. 2(c) when V' = h = 0.
Evidently, when the Fermi energy becomes equal to the
energy of one band (or more), the TDOS curve shows a
step. At high energies, in which all the bands have touched
the Fermi level, the TDOS is almost linearly proportional
to the energy. In the absence of fields (i.e., A = V' = 0),
the TDOS in the conduction band shows only one step

due to the weak SOC in this band. However, as inferred
from Fig. 2(f), when A # 0, the steps in TDOS increase
due to the spin splitting caused by 4. A similar behavior
can be seen in Fig. 2(i) when V' # 0, due to the layer split-
ting caused by V. All the TDOS diagrams are in agreement
with the corresponding band structure and also with what
is reported in Ref. [22].

To inspect the effects of electric and exchange fields
on the electron transmission of the proposed junction,
we have calculated the resolved transmission probabilities
(T11, Tha, T2y, Tp) for both spin states at the K valley, as
a function of electric field and incident (Fermi) energy
E. The results for MoS,, at normal electron incidence
(k, = 0), are presented in Fig. 3. Note that, here, we restrict
the energies to the valence band because the SOC in the
valence band is substantially stronger than that of the con-
duction band, and also the interlayer coupling affects only
the valence band.

First of all, the domination of nonscattering modes, i.e.,
T11 and T»;, can be seen. Comparing Figs. 3(a)-3(d) with
Figs. 3(e)-3(h) shows a mirror symmetry between spin-up
and spin-down transmissions. Because of the TR symme-
try, even in the presence of V, we can see that K1(])

=K'} (1). Thus, we depict only the K-valley transmis-
sion in Fig. 3, which is equal to that of K’ with opposite
spin. The sum of all resolved transmissions is captured
in Figs. 3(1) and 3(j). Evidently, the total transmissions
show a great agreement with the band structure (white
dashed lines). Since increasing J enhances the layer split-
ting [see Figs. 2(g) and 2(h) and its related explanation],
the splitting of the white bands in Figs. 3(i) and 3(f)
enhances by increasing |V]. In the absence of V (V' = 0),

the bands show a splitting of 2,/# + A2 = 114 meV,

which originates from the intrinsic SOC and interlayer
coupling.

Also, the relatively strong SOC of MoS, shifts the
minimum-distance point, which is shown by the white dou-
ble arrow in Figs. 3(i) and 3(j), toward V' > 0 (V' < 0)
for the spin-up (spin-down) electrons. In other words, the
minimum distance between the bands is located at V' =
+A, = £37.5 meV for MoS,. At certain values of V in

which E < U—,/(A, — V)2 + zi is satisfied, both layers

contribute to the transport, thus 7 > 1 occurs. The same
behavior can be seen for the spin-down state with different

VOu+ME+1.
The density plots of the resolved transmissions of WSe;
with respect to ¥ and incident (Fermi) energy are shown
in Figs. 4(a)4(h). Similar to MoS,, the domination of
nonscattering modes is seen in this material. However, dif-
ferent SOC and band gaps lead to different energy ranges
in which the transmission vanishes for each channel. The
mirror symmetry when changing the spin state is evi-
dent, which means that for 7'1; nonzero spin-up contributes

regions of energy, i.e., when £ < U —
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(a)+(h) Density plots of resolved transmission probability of MoS, under U = 1.95 eV with respect to electric field /" and

incident (Fermi) energy at 2 = 0 for K1 (a)«(d) and K| (e)—~(h). The transmission channels are labeled in each panel. (i),(j) Total
transmission probability (T, 4+ T12 + 721 + T»y) for K4 (i) and K| (j). The white dashed lines denote the band structure with respect

toVatk=0.

mostly for V> 0, while nonzero spin-down contributes
mostly for V' < 0. The inverse behavior applies to 7;.
The behavior of scattering modes is almost the same
because of the small difference between k™ and £~ in this
situation. Stronger SOC leads to wider splitting between

the two layers at ¥ = 0. Hence, a splitting of 2,/ + A2 =
262 meV is observed in WSe, (which is larger than the
114 meV that is found for MoS; in Fig. 3). Also, the
minimum-distance point is shifted more than for MoS; (the
minimum point is located at V' = +112.5 meV for WSe;,
as shown by the white double arrow), leading to differ-
ent energy intervals in which both layers contribute to the
transmission. Analogous to MoS,, an oscillatory behavior
with respect to energy is observed for the total and resolved
transmissions, which can be attributed to the wave-vector
quantization, fulfilled when kL = nm. Since the bar-
rier’s wave vector depends on electric field V, varying V'
also obeys the quantization condition, and an oscillatory

behavior with different patterns is observed with respect to
V' in both materials [see Figs. 3(i) and 3(j) and Figs. 4(i)
and 4(j)].

Figures 3(i) and 3(j) and Figs. 4(i) and 4(j) illustrate
the effect of V" on the band gap. Comparing Figs. 4(i)
and 4(j) shows that increasing | V| decreases the total gap,
which can be traced back to the different signs of V in the
two layers. More precisely, applying V leads to a splitting

of ,/ti + (V + Ay)? between the two layers, and thus the
transmission gap is reduced. Moreover, due to the SOC
and interlayer coupling of TMDs, the total transmission for
spin-up shows a mirror symmetry versus J with respect to
that of the spin-down [see Figs. 3(i) and 3(j) and Figs. 4(i)
and 4(j)]. This effect is useful for transport control of the
junction.

Up to now, we have considered only the conditions in
which 2 = 0 and only the gate voltage and the electric field
are applied to the middle region. Now, we aim to explore
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(a)~(h) Density plots of resolved transmission probability of WSe, under U = 1.95 eV with respect to electric field V" and

incident (Fermi) energy at 7 = 0 for K1 (a)«(d) and K| (e)+(h). The transmission channels are labeled in each panel. (i),(j) Total
transmission probability for K1 (i) and K| (j). The white dashed lines denotes the band structure with respect to Vat k = 0.

the effect of the exchange field in addition to electri-
cal modulations. The calculated total spin-valley-resolved
transmissions for both TMDs, WSe, and MoS,, at & =
V= 0.1 eV are shown in Figs. 5(a) and 5(b), respectively.

As inferred from the band structure in Fig. 2, apply-
ing & and V' simultaneously can break both the inversion
and TR symmetries. Consequently, by varying the energy,
an area is found in which only one band from a certain
valley, spin, and layer touches the Fermi level, leading
to a perfect-spin-, valley-, and layer-polarized transport
[the red shaded regions in Figs. 5(a) and 5(b)]. Compar-
ing Figs. 5(a) and 5(b) shows that the polarized region in
WSe; is wider than in MoS; due to stronger SOC and inter-
layer coupling of WSe,, as compared to MoS;. We restrict
the energy region to the valence band due to the domi-
nation of SOC and interlayer coupling in this band. As a
consequence, modulation of the valence band in bilayer
TMDs is a promising way for spintronic or valleytronic
applications.

Analytically, when the energy satisfies the condition

JVAR 4+ +U+h<E< J(V=2)2+82 +U+

h, which is equivalent to 2.118 eV < E < 2.273 eV for
WSe, and to 2.126 eV < E < 2.194 eV for MoS,, the
transport becomes fully spin-valley-layer-polarized. This
means that in WSe; we have a region of 155 meV for polar-
ized transport, while in MoS, this area is about 68 meV,
confirming the advantage of using WSe, as a material for
spintronics, valleytronics, or pseudospintronics.
Comparing Figs. 5(a) and 5(d) [or Figs. 5(b) and 5(c)]
shows that, when the first band of each layer touches the
Fermi level, a nonzero transmission appears in the 7 dia-
gram. After that, by the intersection between the second
band of that layer with the Fermi level while varying
the energy, the transmission is allowed to surpass unity,
due to the contribution of both layers. Thus, the electric
and exchange modulations can control the flow of car-
riers, their state, i.e., from which spin, valley, or layer
transmission can occur, and also the transmission
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FIG. 5. (a),(b) Spin-valley-resolved transmissions with respect
to energy for (a) WSe, and (b) MoS, at h = V' = 0.1 eV. (¢),(d)
The corresponding band structure for the valence bands of (c)
MoS, and (d) WSe;. Here, U = 1.95 eV and the left (right) plus
sign or minus sign in the legend on the right indicates the valence
band (top layer) or conduction band (bottom layer).

probability limited to or exceeds
unity).

To further study the effect of the electric and exchange
fields on the density probability and polarizations in the
real space of three regions, we have depicted the local
density of states (LDOS) and triple polarizations in Fig. 6
for different parameter regimes of the MoS;-based device.
Here, we have chosen the space interval of —7 to 7 nm
along the x direction to cover all regions, and also set
the energy in the range of 1.75 to 2.25 eV, which corre-
sponds to the valence band of TMDs. Evidently, when all
the fields are switched off, the density of states is almost
zero in the barrier, but finite in the normal regions. Addi-
tionally, in the absence of the electric and exchange fields,
i.e., h = V = 0, both inversion and TR symmetries are pre-
served and lead to a nonpolarized transport, as seen in the
first row of Fig. 6.

(which is

The second row of Fig. 6 shows that applying the
exchange field of 0.1 eV causes a spin imbalance, and
thus a remarkable (almost perfect) spin polarization can
be detected at the edge of the valence band at all values of
k for =5 < x < 5 that belongs to the middle region. How-
ever, the valleys or layers are still degenerate because /4 by
itself cannot break all the symmetries, and consequently
the valley and layer polarizations vanish.

Using V' = 0.2 eV when the exchange field is switched
off results in inversion symmetry breaking. An almost per-
fect layer polarization without a considerable spin or valley
polarization is observed, as shown in the third row of
Fig. 6. In fact, when V is applied, we identify an interval
of energy for which only the bands of one layer (from both
spins and both valleys) touch the Fermi level, resulting in
almost perfect layer polarization.

When both V and / are applied to the barrier region, the
former breaks the layer degeneracy, and the latter lifts the
spin degeneracy and hence, thanks to the SOC of TMDs,
both inversion and TR symmetries are broken. So, all the
polarizations become substantial (almost perfect) at the
edge of the bands, which is in agreement with the band
structure shown in Fig. 2. Additionally, comparing the first
and third rows of Fig. 6 indicates the effect of /" on the
reduction of the band gap, which is a useful tool to control
the transport properties of the junction. It can be observed
that the zero LDOS at the barrier region in the absence of
electric and exchange fields changes to a finite LDOS by
applying V' = 0.2 eV. This observation is explained by the
layer-dependent sign of V that causes the enhancement of
layer splitting and consequently a reduction of the gap.

Similar observations are made for WSe; in Fig. 7. Dif-
ferent band gaps, interlayer couplings, and SOC in WSe,
change the location of bands and consequently lead to dif-
ferent polarizations of this material, as compared to MoS;.
The stronger SOC and interlayer coupling in WSe; offer
more accessible conditions for achieving perfect polariza-
tions. Also, the stronger SOC and the interlayer coupling
can be utilized for the reduction of the band gap, as com-
pared to the MoS;-based device. Thus, in WSe, a finite
LDOS can be seen in the middle region even in the absence
of all fields (see the first row of Fig. 7). These features lead
to the observation that applying V' = 0.2 eV on the WSe,-
based device causes more gap reduction in WSe,, as seen
in the third row of Fig. 7.

It must be mentioned that, due to the degeneracy of
energy bands in the absence of fields, the LDOS diagram
shows a higher density in the middle region, as compared
to other conditions depicted in other parameter regimes.
This observation is made also for MoS, (Fig. 6). Inter-
estingly, when 2= 0.1 eV and V= 0.2 is applied, the
valley polarization switches from positive to negative with
increasing energy. This is due to the valley switching in
the band structure that is seen in Figs. 2(j) and 2(k). It is
evident that the intersection between the K-valley bands
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FIG. 6. Local density of states and the corresponding polarizations for different values of 4 and V" of MoS; at U = 1.66 eV.

vanishes before the K’ one. Therefore, at the intersection
point of the K1 band, valleys are switched, and thus the
sign of the valley polarization changes. Comparing Figs. 6
and 7 shows that this observation is more pronounced in
WSe,, due to the stronger SOC and interlayer coupling.
However, when only 4 is applied, in the considered energy
region, only spin-up states from both valleys contribute to
the transport and no switching happens in the spin polar-
ization of both materials. A similar scenario occurs for the
layer polarization at V' = 0.2 eV.

The total conductance (summed over all spin-valley-
resolved conductances Gr =} . G,s) is shown in

Fig. 8 with respect to energy and electric field. Figure
8(a) illustrates the effect of the electric field on the gap
region. Evidently, increasing V' reduces the gap region,
because of the closing of both conduction and valence
energy bands due to the different signs of V in the Hamil-
tonian of each layer. Similar to MoS;, the gap reduction
with Vis observable in WSe; [Fig. 8(b)]. However, a wider
band gap, a stronger SOC, and interlayer coupling of WSe;
result in a different gap region in the conductance curve.
Thus, a wider energy range is needed to see the gap for
all values of V. The gap reduction by V is explained by
the band structure (Fig. 2). Applying V affects the two

WSe
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Local density of states and the polarizations for varying 4 and V of WSe; at U = 1.7 eV.
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layers differently. One layer is shifted upward and the other
downward. Hence, the splitting between the two layers’
bands increases with V, resulting in a gap reduction in
conductance. The oscillatory behavior of transmission is
reflected in a similar conductance behavior for both TMDs.

Increasing the energy [Figs. 8(c) and 8(d)] shifts the
intersection point of each spin-valley-layer-resolved band.
At higher energies of the valence band, fewer bands
touch the Fermi level and therefore the conductance is
reduced by increasing £. When the energy exceeds a cer-
tain material-dependent value, the Fermi level lies in the
band gap for | V'] = 0. By increasing V, the gap is narrowed
and thus the Fermi level touches the bands and the con-
ductance becomes nonzero. A similar argument applies to
WSe,. The field E. can lead to wave-vector quantization
and thus an oscillatory behavior in the conductance.

So far we have fixed L. Increasing L causes a wider
area that is affected by electric and exchange fields, which
may enhance the polarization [15]. However, L should be
smaller than the diffusion length of the TMD to guarantee
ballistic transport.

Phonons may affect the electronic characteristics of
semiconductors [41]. In our case of electromagnetically
modulated bilayer TMDs, the energy scales associated
with phonons are smaller compared to other energy scales,
e.g., SOC and other electromagnetic modulations used in
this work, which are on the order of hundreds of milli-
electron volts. Therefore, in low-temperature regimes and
at short length scales, the single-phonon processes do not
lead to a significant band flip or undesired band displace-
ment under electromagnetic modulations. We therefore
ignore the phonon’s influence on transport properties (e.g.,
polarizations) and band characteristics, even when the
electric and exchange fields are present.

IV. EXPERIMENTAL FEASIBILITY

A monolayer TMD is produced for instance via the
mechanical exfoliation method of bulk WSe; [20,42], fol-
lowed by direct transfer onto a suitable substrate. This
simple fabrication process avoids degradation of the mate-
rial by lithographic processes and provides devices with
good optical and electrical characteristics [43]. Ferromag-
netic proximity effects on TMDs have been widely studied,
e.g., Ref. [44]. Different materials such as MnO [45],
BiFeO; [46,47], Crl; [48,49], A-VN [50], EuO [51-53],
YIG [53], and EuS [44] can be used for the proximity
effect.

Experimental evidence of spin, valley, and layer polar-
ization has been reported by recent polarization-resolved
photoluminescence and scanning tunneling spectroscopy
studies in bilayer WSe, [4,20,54]. The perpendicular
electric field can be applied externally and tuned via bias
voltage. The highest potential energy used in this work
is 300 meV, which is well feasible. There are number

Conductance

Conductance

Conductance

Conductance

FIG. 8. (a),(b) Total conductance in units of Gy versus energy
for different electric fields, and (c),(d) total conductance in units
of Gy versus electric field at different energies, for (a),(c) MoS,
and (b),(d) WSep, at U = 1.9 ¢V.

of methods for detecting the valley polarization, e.g., by
using polarization-resolved microphotoluminescence [25].
Similar work is done in the presence of back-gate voltage
in Ref. [20]. It is worth mentioning that using the electric
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field or gate voltage cannot change the bond length and the
bond angle of the two-dimensional system [6].

In experiments, disorder, impurities, intervalley scatter-
ing, and misalignment of the layers are common limiting
factors. Experimental works on WSe, indicate that the
disorder potential caused by strain and shallow impu-
rity potentials cannot affect much the valley properties
in TMD-based junctions [55]. Therefore, we expect our
findings to remain qualitatively robust against weak dis-
order, impurities, and misalignments, with the available
experimental techniques where these obstacles can be
remedied.

V. CONCLUSIONS

Spin-, valley-, and layer-polarized transport in non-
magnetic/ferromagnetic/nonmagnetic junctions made in an
AB-stacked bilayer TMD has been studied while expos-
ing the junction to electromagnetic fields and gate voltage.
We found that applying electric and exchange fields can
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APPENDIX: EIGENVALUES OF BILAYER
HAMILTONIAN
Solving the eigenvalues of the Hamiltonian leads to the
quartic equation

E*+ a1E® + ayE* + azE +as = 0, (Al)
with

ay = —(A) + 42 + A3 + A4), (A2)
ar = A14y + A143 + ArA3 + A1As + A2As + A3 A4

break the inversion and TR symmetries of the bilayer —22 — 2, (A3)
TMD, leading to a situation in which only one band from
a specific layer, spin, or valley state intersects the Fermi
level. Consequently, a symmetry—adjust'able perfect—spin, a3 = —A 1 AyAs — A\ AsAy — A1 A3As — ArAsA,
valley, or layer polarization can be achieved over a wide
range of energies and confirmed by the LDOS calcula- + (A1 + A2 + A3 + ADK + (41 + 43)7,  (Ad)
tion. Controlling the symmetries via electric and exchange
fields renders it possible to tune the gap, offering a way
to control the polarizations of the device. Proper tuning ay = A1ArA3 Ay — A1 A2k — A3Ask® + K
of the parameters allows one to control whether only one
or both of the layers contribute to the transport. Our find- — Az, (AS)
ings can be useful in TMD-based spintronic, valleytronic, ) )
or pseudospintronic applications. Solving Eq. (2) results in
s 1| —a Y3 —a3 + daya;, — 8a
EZAZZE Tl+)~\/y+ﬂ\/r_3xz1/3 : 4\/1)?2 : ’ (Aba)
where _ af 4a, (21/3)a§ — 3ajas + 12a4
Y=«+ \/—4(a§ —3ayjas + 12a4) + «2, (A6D)
K = 2a§ —9ajara; + 27a§ + 27a%a4 — T2aras, (A6c)
5 13y 2 [1] H: thoa and R. Roldén, Spin-orbit-mediated spin relax-
x4 _ 2ay | (27)a; —3aias + 12a4 ation in monolayer MoS,, Phys. Rev. B 87, 245421 (2013).
4 3 3y1/3 [2] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Coupled
yi/3 Spin and Valley Physics in Monolayers of MoS, and Other
, (A6d) Group-VI Dichalcogenides, Phys. Rev. Lett. 108, 196802
3 x 213 (2012).
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