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In this work, we investigate the spin and valley transport properties of a WSe; monolayer placed on top
of a ferromagnetic insulator. We are interested in controlling the transport properties by applying external
potentials to the system. To obtain spin and valley polarizations, we consider a single- and a double-
barrier structure with gate potentials. We analyze how the efficiency of these polarized transport properties
depends on the gate-potential intensities and geometrical configurations. Additionally, we investigate how
the spin and valley transport properties are modified when an ac potential is applied to the system. We
obtain a controllable modulation of the spin and valley polarizations as a function of the intensity and
frequency of the ac potential, mainly in the terahertz range. These results validate the proposal of double
quantum well structures of WSe, as candidates to provide spin- and valley-dependent transport within an

optimal geometrical parameter regime.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) play an
important role in nanotechnology nowadays due to their
novel physical and chemical properties [1-8]. Compared
with graphene, they have the great advantage of present-
ing electronic gaps in a wide size range within the visible
and infrared spectra. Examples of TMDCs are tungsten
disulfide (WS;), molybdenum diselenide (MoSe,), tung-
sten diselenide (WSe;), and molybdenum disulfide (MoS;)
[9—-18]. These materials have been considered for many
technological applications in electronics [19,20] and opto-
electronics [21-23], as gas-sensing [24] devices and ultra-
sensitive photodetectors [25], among others [9—12,26,27].
In particular, the TMDC monolayer of group VI presents
a direct band gap in the optical range, suggesting possi-
ble applications in optoelectronics devices. In this context,
TMDCs have emerged as excellent candidates for ultra-
thin semiconductor materials, with a tunable band gap
in the optical region [6,19]. Moreover, the application of
appropriate gate voltages and the presence of magnetic
materials to induce magnetic proximity effects have been
explored, revealing the different mechanisms of tailoring
the electronic properties [28].

The electronic transport properties of TMDCs and their
possible applications are determined by the corresponding
carrier mobility and the mean free path of the spin and
valley carriers [7]. There are several challenging proposals
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that involve the possibility of spin and valley filtering
within spintronic and valleytronic scenarios [29] The the-
oretically predicted values for the charge mobility are
promising but, of course, limited by intrinsic scattering
processes such as phonon scattering or local Coulomb
potentials induced by impurities [5—8,19]. Besides, spin-
orbit coupling induced valley Hall effects have been
reported on TMD materials and addressed as a manifesta-
tion of the applied gate voltage [30]. This type of induced
valley Hall effect has been attributed to the coexistence of
Ising and Rashba spin-orbit coupling in gated and/or polar
TMDCs originating from inversion-asymmetric spin-orbit
interactions.

Although most of the studies on transport properties of
TMDC systems have been made in the dc regime, interest-
ing quantum transport phenomena appear when external
time-dependent fields perturb these materials. Compar-
ing with stationary potentials, a time-varying one can
effectively modulate the quantum phase of the electronic
wave functions [31-33], yielding new possibilities for
technological devices. Single-electron pumps have been
designed applying a time-dependent gate voltage in quan-
tum systems [34] and radio-frequency analog electronic
devices have been synthesized based on carbon nanotube
(CNT) transistors [35]. Other interesting effects are the
photon-assisted tunneling in graphene bilayers [36], ac-
field effects on the conductance and noise of CNT and
graphene nanoribbon devices in the Fabry-Perot regime
[37,38], quantum charge pumping in carbon-based devices
[39], and irradiated graphene as a tunable Floquet topolog-
ical insulator [40].
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In TMDCs, the photon-assisted transport response has
been less reported in comparison with other materials. For
instance, the electric behavior of a mechanically exfo-
liated MoS, single-layer-based phototransistor [41] has
been investigated. The photocurrent generation has been
found to depend solely on the illuminating optical power
at a constant drain or gate voltage, exhibiting better pho-
toresponsivities than those proposed in the graphene-based
device. Hybrid TMDC photoelectronic devices, based on
graphene-MoS,, have been proposed [42] as a possible
application in multifunctional photoresponsive memory
devices. Also, a photocurrent has been found at zero bias
voltage [43] in an p-n vertical junction formed by a hybrid
system of WSe, and MoS,, as the system is irradiated
by a 514-nm laser (5 uwW). Studies of the influence of
an optical field on spin- and valley-polarized transport of
WSe, monolayer have recently been reported also taking
into account the effects of a Fermi-velocity barrier [44].
All these reports undoubtedly suggest that photon-assisted
phenomena can be an additional mechanism of controlling
transport in TMDC nanostructures.

With the above motivations, here we investigate the pos-
sibility of inducing and controlling spin and valley polar-
izations on different potential profiles of two-dimensional
(2D) WSe; heterostructures. We study the case of single-
and double-potential-barrier configurations. We focus on
the resonant regime and how this effect allows the spin and
valley polarizations. Exchange valley splitting is provided
by the magnetic proximity effect, with the advantages
that the splitting is dictated by the exchange interaction
strength and that no applied magnetic field is required.
This allows a convenient scenario for obtaining the tun-
ing processes. Moreover, due to the versatility of being
either positive or negative valued, this description opens
up the possibility of tuning the valley splitting sign and
magnitude together. Furthermore, we analyze the possibil-
ity of promoting valley and spin polarization inversions on
TMDOC layers under the effects of time-dependent external
potentials, such as time-oscillating gate voltages or laser
irradiation. Different mechanisms are analyzed to synchro-
nize the physical parameters of the proposed system, such
as the Fermi energy, the frequency and amplitude of the
time-dependent potential, and the external gate voltages,
to optimize the time-dependent transport properties, such
as the induced switching effects of the transport of the
systems.

II. THE MODEL

The proposed device consists of a WSe,; monolayer
partially placed over a ferromagnetic insulator (EuS), as
schematically depicted in Fig. 1. The whole system is
composed of three regions: two leads, modeled by pris-
tine regions of WSe,, and a central conductor at which
a ferromagnetic insulator is fixed under the WSe, layer.

Up Uy Up
Source \)rain
\ B, By
U(x)
I 1I 111 v \'%

FIG. 1. A schematic view of a WSe, double-barrier het-
erostructure. Zones II and IV are the potential barriers of length
L and height Up,. Region III is the well, with length d and depth
U,,. In zones II, 111, and IV, the presence of the substrate provides
the exchange potentials B, and B,.

In order to modulate the transport response of the system,
we consider top-gate potentials in different configurations,
forming two distinct heterostructures: (i) a single barrier
and (b) a double barrier. In the case of the single barrier, a
top gate is placed over the finite region of the central con-
ductor, whereas for the double-barrier configuration, three
different top gates are used to define this system, as marked
in yellow and green in Fig. 1.

The Hamiltonian describing the 2D system of interest
can be written as

H = Hy + Hey +Hg+H3,05 (1)

where H, is an effective Hamiltonian, written in the con-
tinuum model as discussed in previous works [1,2], which
adjusts well with density-functional theory (DFT) calcu-
lations. This is a convenient approach to study transport
response near the Fermi energy. The term H. repre-
sents the exchange field induced by the interaction of
the WSe, layer with the EuS ferromagnetic insulator,
which promotes an energy-exchange splitting as a mag-
netic proximity effect. The last two terms correspond to an
external gate voltage H, that can spatially modulate tunnel-
ing and resonance features, while H,. is a time-dependent
potential.

In the low-energy approximation, the effective Hamilto-
nian is written as

m
Hy = vr (nprx + pry) + Eaz +nS: (Acop+Ay0-),
()

where vp is the electronic Fermi velocity and n = +£1
refers to K and K’ valleys. The second term is the mass
term, which breaks the inversion symmetry, and S, = +£1
is the spin index. The parameters A, give the spin splitting
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of the conduction and valence bands, respectively, and are
due to intrinsic spin-orbit coupling, and

1
ox=7 (00 £ 02), A3)

with oy denoting the identity matrix. Following Norden
et al. [1] and Qi et al. [2], the exchange term is written
as

Hex = _Sz (Bca++BvU—) 5 (4)

where B, may be interpreted as an effective Zeeman field
experienced by the conduction and valence bands of the
WSe, due to the proximity to the ferromagnetic substrate.
It is important to mention that the Norden-model parame-
ters are based on DFT calculations to reproduce the exact
band structures of WSe; in the low-energy regime.

The external-gate-voltage term is defined as

Hg = U()C), (5)

where U(x) represents a sequence of potential barriers and
wells that define a heterostructure device, as illustrated
schematically in Fig. 1, for the case of a double-barrier
system. We have denoted the barrier length as L and the
potential barrier height as U,, whereas the well length is
taken as d and the potential well deep is given by U,,.
Finally, the time-dependent Hamiltonian term is given by
H,. = eV(t) = Vpias cos(wt), where Vyias and w represent
the ac-potential intensity and the frequency, respectively.
It is important to mention that, following the Tien-Gordon
approach [45], this term has been applied to the whole
system.

In our model, we do not include the Rashba interaction
in the Hamiltonian, because we consider the exchange cou-
pling more relevant in our approach. In the calculation, we
are interested in the electronic transport through the con-
duction band that presents an energy splitting greater than
the usual Rashba term [30].

We consider the cases of a single-barrier and a
double-barrier potential profile. The electronic transmis-
sion through the conductor region is calculated following
the same scheme, in both configurations, as described in
the Appendix. The transmission coefficient of the single
barrier, tzlgfle, can be analytically determined, and is given
by

Single

Sy = g cos (0) cos () e_ika, (6)

where the term & is defined as
& =cos(0 —op) et 4 cos (6 + ®) e il

b b
_ (C"—q + ﬂ) sin (¢,1), %

cgbr  cby

where 6 = arctan(k, /k;), ¢ = arctan(k, /q,), kx,, and g,
are the wave-vector components of the electron outside
and inside the barrier, respectively, and ¢, ¢4, by, and b,
are the amplitude coefficients of the electronic wave func-
tion outside and inside the barrier, defined in the Appendix.
It is also possible to obtain an analytic expression for
the double-barrier transmission coefficient tSDZ‘f};ble, which is
derived in the Appendix in Eq. (A16).

For both cases (tgrfle and £0°0°), the angle-dependent
transmission probability T, ,(0) is defined as

2

Ts.n(0) = |ts.y| » (®)
while the spin and valley conductances are written as
/2
Gs,, = / Ts, , cos(6)db. ©)]
—/2

We discuss further the effects of an ac potential of fre-
quency w and intensity V,. on the transport properties of
the proposed device. Following the Tien-Gordon formal-
ism [45], the spin and valley conductances may be written
as [36]

= eVac
Gs.n=Go Y _ J; ( — ) Gs.n(er +mhw),  (10)

m=—00

where the J,, are Bessel functions of first kind.
Here, we use the spin-dependent conductance as

Gy = Gk + Grax (11)
and the valley-dependent conductance as
Gkoy = Gy + Gixo)- (12)

Following standard definitions, the valley-polarized con-
ductance is written as

Gx — Gy
, = & K (13)
Gk + Gy
whereas the spin-polarized conductance is written as
G, —G
Pg= 1t (14)
GT + Gl

In what follows, we discuss the results for spin and valley
polarizations obtained for both single- and double-barrier
heterostructure systems, considering different mechanisms
to modulate the transport response of the proposed device.
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II1. RESULTS

The low-energy band structures for the WSe, het-
erostructure are presented in Fig. 2, considering the three
regions: leads, barriers, and the well. For simplicity, we
adopt the notation of K, and K_, for the traditional K
and K’ valleys. The red and blue curves denote the spin-
up and spin-down bands that, due to the symmetries of
WSe,, are inverted for the K, and K_ valleys. To obtain
these band structures, we use the following parameter val-
ues: A, = 34.20 meV, A, = 418.05 meV, B, = 18.20 meV,
B, = 13.75 meV, and m = 1558.70 meV [1]. The lattice
constant is ap = 0.3316 nm and the Fermi velocity vy =
5.30 x 10" nm/s.

The energy split induced by the ferromagnetic substrate
(B. and B,) for the well and barrier regions is marked with
dashed black lines in the electronic band structures pre-
sented in Figs. 2(b) and 2(c). The energy split AE = 36.40
meV matches those reported in Fig. 7 of Ref. [1]. The
energy axis is redefined as £ — Eypqy, Where Epoe = 745.15
meV is the bottom energy of the conduction bands in
the leads. The horizontal black lines in the three panels
of Fig. 2 represent the incoming-electron energy level,
which is 104.68 meV (175.10 meV) above the Fermi level
for the double- (single-) barrier system. Energy values up
to 400 meV are considered for the potential U, of the
double-barrier system and are chosen in a symmetric con-
figuration. In the case of the single-barrier system, U, takes
values up to 200 meV. For the well potential U,,, values up
to 100 meV are considered. In this context, it is possible
to observe in Figs. 2(b) and 2(c) how the spin bands are
displaced as the potentials U, and U,, are applied in the
system.

We discuss first the cases of single- and double-barrier
heterostructures in the absence of the time-dependent term,
presented in Eq. (AS8). The ac-field contribution is only

N
N

taken into account in Sec. III C, where a double-barrier
system is revisited under the effects of a time-dependent
radiation.

A. Single barrier

The results of spin- and valley-resolved conductance
and polarization, as a function of the single-barrier poten-
tial energy, are presented in Figs. 3(a) and 3(b). Here, we
choose a barrier length L = 20 nm and an incident elec-
tron energy £ = 175.10 meV above the Fermi level. The
four spin- and valley-conductance components are denoted
as 1 K, and | K, for the valley K, and as 1 K_ and
J K_ for the valley K_. All of the conductance curves
fall, as expected, as the barrier height increases, blocking
the electronic transport. The corresponding spin and valley
polarizations, given by the blue and red curves, respec-
tively, depend strongly on the barrier height, as shown
in Fig. 3(b). It is important to note that the polarization
is not very pronounced when the four conduction chan-
nels are active, mainly the valley polarization. However,
as the conductance starts to decrease, the polarization is
enhanced, achieving maximum values when there is just a
single conduction channel [the green curve in Fig. 3(a)].
Particular potential values (0.16 < U, < 0.20) predict the
total polarized spin and valley configurations. A full spin
and valley filter can then be achieved in this single-barrier
heterostructure.

We wonder how robust this spin and valley filter is as
a function of the barrier length and the range of potential
intensities that we use. In Fig. 4, we show contour plots of
(a) the 1 K, and (b) the 4 K_ conductance components,
(c) the spin polarization P, and (d) the valley polarization
as functions of the barrier height U, and length L, at a fixed
energy of 175.10 meV above the Fermi level. In Figs. 4(a)
and 4(b), it is possible to observe that the 1 K, and 1 K_

(a) Lead bands (b) Barrier bands (c) Well bands

o
w

AFE = 36.40 meV

AFE = 36.40 meV

E— Ebotlom (ev)
o
N

o
N

e
=}

—_—

l

K, K. K,

K. K, K.

FIG. 2. The band structures of a WSe, heterostructure corresponding to (a) the leads, (b) the barrier region, and (c) the well region,

composed of a double-barrier system [in a single-barrier system,

panel (¢) is neglected]. The bottom of the lead conduction band has

been redefined as zero energy. The solid black lines show the energy of the incoming electrons. The dashed black lines in (b) and (c)
define the energy difference between the bottom of the spin-up conduction band in the valley K, and the spin-down conduction band

in the valley K_.
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FIG. 3. The spin and valley conductances (a) and polarizations
(b) as a function of the barrier height U, for the single-barrier
system, with barrier length Z = 20 nm. Both panels are at energy
175.10 meV above the Fermi level.

conductance components behave uniformly as the barrier
length is increased over 5 nm, their values diminishing as
the potential intensity U, becomes higher. However, there
is a different potential intensity at which these two com-
ponents become zero, around 0.1 eV for 1 K, and 0.15 eV
for ¢ K_, respectively. Considering Egs. (14) and (13), itis
possible to obtain perfect spin and valley filters over a wide
range of parameters, as reflected in Figs. 4(c) and 4(d).
Thus, single-barrier heterostructures larger than 10 nm and
with a potential energy range between 140 and 200 meV
are appropriate to obtain spin and valley filters, as indicated
by the red and blue regions in both polarization contour
plots. These results provide guidelines for the choice of
single-barrier WSe; heterostructures that would behave as
a filter.

B. Double barrier

In what follows, we explore different configurations
for the top-gate voltages applied to the WSe, monolayer
that transform the system into semiconducting quantum
well heterostructures. The results for the spin and valley
conductances and polarizations as a function of the well
potential energy are shown in Figs. 5 and 7 for a symmet-
ric double-barrier device. The left and right barrier lengths
and potentials are equal to L = 3 nm and U, = 300 meV,

00 04 08 1.2

1.6 2.0

0.15 OV IS
Z 0.10
S
0.05
0.00
0 10 20 0 10 20
L (nm) L (nm)
-100 -60 -20 20 60 100
roo I T
015/ ©P. ()~
Z 0.10
= 0.05
0.00
0 10 20 0 10 20
L (nm) L (nm)
FIG. 4. (a) The S 1 K, conductance component, (b) the S 4

K_ conductance component, and (c) the spin- and (d) the valley-
polarization contour plots, for a single-barrier system, as func-
tions of the barrier height U, and length L, at a fixed energy of
175.10 meV above the Fermi level.

respectively. Although apparently small, such a size of
barrier corresponds to around ten atomic layers, which is
experimentally feasible nowadays [46]. The well length is
fixed and equal to d = 30 nm. Unlike the tunneling phe-
nomena observed in the single-barrier case, resonant states
are typical for double-barrier profiles, which define the
transport behavior of this kind of resonant system. The
states may be tuned, for instance, by changing the well
potential depth. This is evidenced in the sequence of con-
ductance peaks depicted in Fig. 5(a). The features of the
spin and valley components of the conductance are simi-
lar, although shifted in relation to the potential depth. This
is understood by the alignment of the allowed conduction
channels inside of the well region (defined by the well
length) and the incident electron energy, as the potential
U,, is modified (see Fig. 2).

It is important to note that the conductance peak values
associated with the resonant states do not attain their max-
ima. The presence of evanescent states and energy-level
changes due to the exchange coupling may be some of
the reasons. Another important contribution comes from
the angular dependence of the transmission, as illustrated
in Figs. 5(b) and 5(c). Partial maximum conductance val-
ues at particular values of U, denoted by dashed lines
in Fig. 5(a) do exhibit maximum transmission but are
restricted to a finite angular range, as explicitly shown in
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FIG. 5. (a) The spin and valley conductances as a function of

the well depth for a double-barrier system: barrier length L = 3
nm, well length d = 30 nm, and barrier height U, = 300 meV.
(b),(c) The transmission as a function of the incident angle 6. The
white dashed lines correspond to the peaks of the conductance
components, shown in (a) with black dashed lines. All panels are
at 104.68 meV above the Fermi level.

Figs. 5(b) and 5(c), leading to a lower conductance that is
less than one quantum conductance. In fact, we can also
observe that the transmission probability takes high val-
ues for angles around the normal incidence of the carriers.
The sequence of conductance peaks allows a rich variety
of spin- and valley-polarization dependencies on the well
depth, as shown in Fig. 5(b), which may be explored.

The band alignments of the leads and well, and the trans-
mission for the spin-up bands K, and K_ bands, shown
in Fig. 6, help in understanding the resonant features of
the conductance and polarization results. The transmission
for each band is shifted due to the presence of the EuS
substrate. The transmission maxima are highlighted with
dot symbols in the well bands, as depicted in Figs. 6(a)
and 6(b). For normal incidence, as the gate potential is
applied in the central region, the resonant levels (dots)

begin to align with the Fermi energy at the leads (marked
with a black horizontal line) and, as a consequence, the
conductance exhibits a series of sharp and well-defined
peaks. As expected, the number and energy distribution
of these peaks depend on the well-region length, which
is a favorable condition to obtain gate-tunable values of
spin and valley polarization. It is important to emphasize
that the perfect resonant conductance peaks observed in
Fig. 6 are obtained only for normal incidence; otherwise,
an angle-integrated conductance value has to be calcu-
lated [via Eq. (9)], giving broad peaks centered at the
resonant energy values. These resonances can be tuned by
the gate potentials, generating the corresponding spin- and
valley-transport polarizations.

Two relevant situations for the spin and valley polar-
ization shown in Fig. 7 are highlighted with dashed lines
in this plot: (i) a potential at which both the spin and val-
ley polarizations are zero (—85.9 meV) and (ii) a potential
at which the valley and spin polarizations have opposite
signs (—25.4 meV). We investigate how these polariza-
tions depend on the barrier length L and on the potential
height Uy, at both energies, as depicted in Figs. 8(a)-8(d).
In the contour plots, U,, = —25.4 meV and —85.9 meV for
top and bottom panels, respectively. The results suggest
that it is possible to obtain zero polarization or a highly
spin- and valley-polarized heterostructure depending on
the potential well energy, over a wide range of parame-
ter space (Up, L). It is also observed that by increasing the
barrier potential intensity Uy, it is possible to change the
spin and valley polarization signs, from positive to neg-
ative and vice versa, at a fixed barrier length, especially
around L =4 nm [see Figs. 8(a) and 8(d)]. As the bar-
rier potential U, is increased, the energy distribution of the
resonant states in the well region changes, separating and
defining these levels in such a way that the resonant tun-
neling is affected. For some U}, values, the system conducts
preferentially by the 1 K, or the 1 K_ conductance com-
ponents promoting, therefore, a sign reversal of the spin
and valley polarizations. Finally, for d = 30 nm, the opti-
mal parameter space values (U,, L) at which the maximum
valley polarization is obtained are around U, = 200 meV
and L > 2.5 nm.

We further explore the dependence of the valley and spin
conductances and polarizations on the quantum well poten-
tial U,, and length d. The results for each of the conduc-
tance components, for a double-barrier system of length
and height L = 3 nm and U, = 300 meV, respectively, and
at a fixed incident electron energy £ = 104.68 meV above
the Fermi level, are presented in Figs. 9(a)-9(d). The reso-
nant nature of the electronic states of the well are revealed
through the paraboliclike features, marking nonzero con-
ductance in the contour plots, as the intensity potential
and geometrical dimension of the quantum well are swept.
The spin and valley polarization contour plots, depicted in
Figs. 9(e) and 9(f), respectively, present complex patterns,
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FIG. 6. (a),(b) The lead and well bands (spin up), for the case of a double-barrier system with barrier and well lengths L = 3 nm

and d = 30 nm, respectively, barrier height U, = 300 meV, and well depth U,, = —25.40 meV. The energy of the incoming electrons,
chosen as 104.68 meV above the Fermi level, is marked as black horizontal lines. (¢) The spin-valley transmission as a function of the
incoming-electron energy for the double-barrier system, in the case of normal incident angle 6 = 0.

clearly indicating that drastic changes may occur for a
fixed quantum well length as the well potential goes from
zero to —100 meV. It is important to note that, to avoid
spurious results, in these plots we calculate the weighted
polarization [36,47], which is defined as wPS = Gy (y)Ps
and WPV = GK(/)P,,.

C. External ac field

As previously mentioned, we address the possibilities
of obtaining interesting spin and valley filter scenarios for
WSe, devices by properly exposing the system to a time-
dependent radiation. The external potential can be a laser
or a time-dependent gate voltage, with frequency hw and
amplitude potential eV,., applied to the whole system. In
order to obtain modulations of the heterostructure transport
response, we explore different time-dependent potential
parameters (hw, eV,.). The main features obtained for
a double-barrier device, under the oscillating potential,
are illustrated in Fig. 10 via spin and valley conductance

100 F T ‘ ‘ |
50 -
S o
Y
|
-50 1 |
: R,
-100 t | I ‘ ‘ T E|
-0.10 -0.08 -0.06 -0.04 -0.02 0.00
Uy (eV)
FIG. 7. The spin and valley polarizations as a function of the

well depth for the double-barrier system: barrier length L =3
nm, well length d = 30 nm, and barrier height U, = 300 meV at
104.68 meV above the Fermi level. The vertical dashed lines are
drawn at U,, = —85.9 meV and at -25.4 meV.

[(a) and (b)] and polarization [(c)}Hf)] contour plots in
the midinfrared (between 413 and 24.8 meV) and the far
infrared or terahertz (between 24.84 and 1.24 meV) fre-
quency range, and as a function of the amplitude potential
eV,.. The analyzed structure has a barrier height U, = 300
meV and length L =3 nm, whereas the quantum well
geometry is defined by a well length d = 30 nm and two
potential depths U,, = —25.40 meV and —85.90 meV,
in the left and right panels, respectively. These poten-
tial values are marked with dashed white lines in the

-100 -60 -20 20 60 100

P (%)
0.4
(@r. (b)~,
031Uy = —25.4 me U, =—254
=
L 0.2
<)
0.1
0.0
0.4
(e) A (d)P,
0.3 U = —85.9 meV Uy
=
2 02
<)
0.1
0.0
0 2 4 0 2 4
L (nm) L (nm)
FIG. 8. The spin- and valley-polarization contour plots as

functions of the barrier height U, and length L for the double-
barrier system at a fixed energy equal to 104.68 meV above
the Fermi level. The well length is d = 30 nm; the well depth
for (a) and (b) is U,, = —25.40 meV, while for (c) and (d) it is
U,, = —85.90 meV.
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0 025 05 075 1

FIG. 9. The spin and valley conductance (a)~(d) and weighted
polarization contour plots (e),(f) as functions of the well depth
and length, U,, and d, for the double-barrier system at a fixed
energy of 104.68 meV above the Fermi level. The barrier length
and height are L = 3 nm and U, = 300 meV, respectively.

weighted-spin-polarization wP; and valley-polarization
wPg plots of Figs. 9(e) and 9(f).

The spin and valley resolved conductances [Figs. 10(a)
and 10(b)] show that, by applying an oscillating poten-
tial to the system, with a radiation amplitude 0 < eV, <
0.8 eV, both conductance components become different
to zero, with an oscillating behavior as the frequency
increases. This means that, due to the presence of the
time-dependent ac field, the effective modulation of the
electronic wave-function quantum phase promotes reso-
nant tunneling in the double-barrier heterostructure. Actu-
ally, variations up to 70% are noted at particular potential
amplitudes and frequencies.

Similar features are observed in the valley and spin
polarization maps, considering the same two values of
the potential well U,,, as depicted in the contour plots of
Figs. 10(c)-10(f). For U,, = —25.4 meV and U,, = —85.9
meV, the spin polarization shows smooth and periodic
modulations of its maximum value as the ac-field fre-
quency is increased. However, there are narrow frequency
ranges [orange regions in panels (c) and (d)] at which
high spin polarization is observed, for different ac-field

0.0 02 04 06 08 1.0

oo . T

z
3
=<
-100-60 -20 20 60 100
roo IR
0.4
(o)r. (d)~.

0.3 U = — 25.4 meV U, = — 85.9 meV
N
< 0.2
3
<=

0.1 ~

0.4

P, (f) P,

0.3 Wy = — 25.4 meV U, = — 85.9 meV
= —
202 —

3
= | —

0.1 —

00 02 04 06 00 02 04 06
eVie (eV) eVye (eV)

FIG. 10. The spin and valley conductance and polarization
contour plots as functions of the ac-field frequency hw and power
eV, for the double-barrier system in the far-infrared frequency
range: barrier and well lengths L = 3 nm and d = 30 nm, barrier
height U, = 300 meV. The well depths for the left (a),(c),(e) and
right (b),(d),(f) panels are U,, = —25.4 meV and U,, = —85.9
meV, respectively.

amplitudes. This is more evident for a deeper well poten-
tial (U,, = —85.9 meV), when more resonant states are
allowed into the conductor region, and in the terahertz fre-
quency range, up to 144 meV. For the valley polarization,
at U,, = —25.4 meV, as the ac-field amplitude is turned on
and increased, it is possible to switch from the K, to the
K_ valley filter, as revealed by the sequence of orange and
blue colors in the contour plots of panel (e), for a fixed
ac-field frequency. Also, considering the potential well
U,, = —85.9 meV, the system is moved from zero spin and
valley polarizations to +20% and +60% spin and valley
polarizations, respectively, depending on the far-infrared
radiation frequency.

These valley-switch polarization features are high-
lighted in the enlargement presented in Figs. 11(a)
and 11(b), where the laser frequency and potential ampli-
tude are constrained in smaller ranges. Some 2D cuts for
the valley and spin polarizations as a function of the ac-
field amplitudes are presented in Figs. 11(c)-11(f), for
fixed quantum well potential and frequency values, as
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FIG. 11. (a),(b) Enlargements of the valley-polarization con-

tour plots mapped in Figs. 10(e) and 10(f) for U,, = —25.4 meV
and —85.9 meV, respectively. (c)~(f) Valley and spin polarization
results as a function of the ac-field power for the same double-
barrier system as described in the previous figure: barrier length
L =3 nm and height U, = 300 meV, well length d = 30 nm.
The well depths are U,, = —25.40 meV (left panels) and —85.90
meV (right panels). In all panels, Er = 849.98 meV and the ac-
field frequency hw = 42.26 meV and 62.64 meV, as marked in
each panel.

indicated in the panels. Actually, by adjusting the ac-field
potential, a variety of filter regimes may be achieved,
which transforms the double quantum well geometry into
a promising platform to reveal the spin and valley filtering
behavior of WSe, monolayers.

IV. SUMMARY

In this work, we investigate the spin and valley trans-
port properties of a WSe, monolayer placed on top of
a ferromagnetic insulator. Single- and double-barrier het-
erostructures are explored. By applying external potentials
to the system, we show that the systems can be used as effi-
cient valley and spin filter devices and how the polarized
transport properties depend on the gate-potential intensi-
ties and the geometrical configuration. We believe that
the combination of heterostructured TMD geometries and
appropriated gate potentials, proposed in our work, allows
us to control the resonant tuning provided by the state
alignment with the electronic carrier bands. We find that

double-barrier structures are more appropriate for valley
and spin filters, due to the resonant tunneling, compared
with single-barrier systems. Additionally, we investigate
how the spin and valley polarizations are modified when
an ac field is applied to the system. The radiation field
allows the tuning of both polarizations over a wide range of
device geometries, radiation intensities, and frequencies,
especially in the terahertz range. Inversions of the spin
and valley polarization signals are found to be possible by
changing the laser frequency for fixed power amplitudes.
The possibility of spin and valley polarization inversion
may be considered as an advantage of our proposal. Our
results suggest that 2D WSe, heterostructures are good
candidates to provide spin- and valley-dependent transport
and can drive experimental efforts in order to probe spin-
and valley-polarized currents.
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APPENDIX

A Hamiltonian such as the one described by Egs. (1),
(2), (4), and (5) can always be written in the following

form:
A, hvk_
H = (hvk+ AU ) ’

In our model, A, =S.(nr.+ B.) + Ux) + m/2, A, =
S.(nhy — By) + U(x) —m/2, ki = nk.+ik,, v is the
Fermi velocity, and n = %1 is the valley index. Note that
hvlk k_ = (hvk)? = ci.

A straightforward diagonalization of the low-energy
Hamiltonian defined by Eq. (A1) leads to the following
spinor for an incident electron in the conduction band:

1 T]Ckeiing
ng,:t - D_k ( bk )

where by = /A2 + 2 — A_,Dy = /i + bl and 2A_ =

A. — A,

Considering the invariance in the y direction and the
structure shown in Fig. 1, the wave functions for the
double-barrier system are

(AD)

(A2)
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eikxx ncke—h;@

Yi(x,y) = —

l(x y) |: Dk < bk +
eldxx (ch NW) 4 Be*qux
D, bq D,
eiwxx ncwef""
D,, by,
eiq,vx <ncqe—iﬂ‘ﬂ>
D, by

ikyx

Wi (x,y) = [A

Wi (x,y) = [C

Yy (x,y) = |:E

e
‘I’V(X,y) = tn,Sz D_

where the coefficients D, b,, D,,, and b,, are defined in
the same way as Dy and by, but with the corresponding
parameters according to Fig. 1.

The transmission probability is found by matching
the wave functions at the interfaces; at x = 0, we have
W1(0) = Wy(0), which is written as two equations:

—in(w—0)

Dy

nege ncge M=)
Dy Dy

by by by by

— 44 4 B4
b, ™, =D, 7D,

nexe

T, .S,
Dk N0z
—ing

ncre

=4 , (A8)

(A9)

Atx = L, we have ¥ (L) = Yp(L) and, similarly,

4 ncqe*iw gL B ncqe*in(nﬂ/)) "
Dq q
_ Cr]cwe*imﬁ o 4D ncwe*in(nfcb) il (A10)
D, D, '
Aﬁeiq"L _’_Bﬁefiqxl, — Cb_weiwa + Db_Wefiwa.
Dq Dq D, D,
(A11)

Atx =L+ d, V(L + d) = Vv(L + d) and we obtain
ne,e” M=)
D,,

—in(r—¢)
nege M=y

newe "7
D,,

oM (L+d) +D —iwx (L+d)

e

c.e”me
gl " it | g

q q

)

(A12)

e thxx in(r—6) .
.8: D (ane ) lkyy’ (A3)
k
—in(r—g) .
(T]C e ) lkyy’ (A4)
e~ wex —inr-¢)\ T
(nc W€ >i| elkyy, (AS)
—igxx —in(wr—y) .
(ﬂc q€ >:| etkyy’ (A6)
neee™™N oy
" b ey, (A7)
[
C bw eMmeltd) | p by o L+d)
w w
by it by d
— E_equ( +d) +F—qe igy (L+ )' (A13)
q q
Finally, at x=L+d+ L, YvQL+d) = VyQL+d)
and we obtain
ncqe—imﬂ it 2L+ T F ncqe—m(n—w) QLD
Dy D,
—ind
=ty %ezkx(2L+d)’ (A14)
k
b, . b ) by .
E =4 giaxCLtd) o 24 ,—igr2L+d) _ . k pike@LAd)
q q Dy
(A15)

The rp%®e and 29 coefficients are obtained by solv-
ing the systems of equations defined by Eqgs. A8— AlS,
resulting in the following expression for the transmission
coefficient:

16e 2kl o=iked co5 ()% cos (¢) cos (9)

s = ; . (Al6)

with the denominator £ given by

n Cwbk F
cib,,

2 2
cwby ckcwbq cqbkbW
24 R Fs,
cqbw> 4t <c§bkbw + cicyyb? >

Ckbw

§=F1+(

cwby

<cqbw
+ L2+
cwby
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where the functions F; are defined as

F1 = —8isin (wd) cos (0 + ¢) + 8isin (w,d) cos (6 — ¢) + 4™+ cos (2gxL) cos (6 + ¢)
+ 4e7 ™ cos (2, L) cos (6 — @) + 2e Ml 2L co5 (0 + ¢ + 2¢) 4 2™ e cos (0 — ¢ + 2¢)

+ 2e M 2xL o5 (0 4 ¢ — 2¢) + 2e™ 5L cos (9 — ¢ — 2¢),

F, = —4isin (w,d) [cos (2Lg,) + cos 2¢)],

F3 = —4i[sin (wyd) + sin (2¢,L — wyd)] cos (¢ — @) + 4i [sin (wyd) — sin (2¢,L + wyd)] cos (¢ + ¢),
F4 = —8sin (wyd) %L sin (g.L) cos (9 — @) — 8 sin (wyd) e %L sin (g.L) cos (8 + @),

and

Fs = 8isin (wyd) sin (g<L)* .

For the single-barrier heterostructure, the wave functions
for zones III and IV must be neglected and d must be set
equal to zero. A similar equation system is then obtained.
The transmission coefficient of the single barrier, tijgfle, is
analytically determined and is given by Egs. (6) and (7).
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