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In this work, we investigate spin and valley transport properties of a WSe2 monolayer placed on
top of a ferromagnetic insulator. We are interested in controlling the transport properties by apply-
ing external potentials to the system. To obtain spin an valley polarizations, we have considered a
single and a double barrier structure with gate potentials. We have analyzed how the efficiency of
these polarized transport properties depend on the gate-potential intensities and geometrical con-
figurations. Additionally, we investigate how the spin and valley transport properties are modified
when an ac-potential is applied to the system. We have obtained 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
WSe2 as candidates to provide spin and valley dependent transport within an optimal geometrical
parameter regime.

I. INTRODUCTION

Transition metal dichalcogenides (TMDCs) play an im-
portant 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 tung-
sten disulfide (WS2), molybdenum diselenide (MoSe2),
tungsten diselenide (WSe2), and molybdenum disulfide
(MoS2) [9–18]. These materials have been considered for
many technological applications in electronic [19, 20] and
optoelectronic [21–23], as gas sensing [24] devices, ultra-
sensitive photodetectors [25], among others [9–12, 26, 27].
In particular, the TMDCs monolayer of group VI present
a direct bandgap in the optical range suggesting possible
applications in optoelectronics devices. In this context,
TMDCs have emerged as excellent candidates of ultra-
thin semiconductor materials, with a tunable bandgap 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
electronic properties [28].

Electronic transport properties of TMDCs and their
possible applications are determined by the correspond-
ing carrier mobility and spin and valley carriers mean free
path [7]. There are several challenging proposals involve
the possibility of spin and valley filtering within spin-
tronic and valleytronic scenarios[29] The theoretically
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 cou-
pling induced valley Hall effects were reported on TMD
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materials and addressed as a manifestation of applied
gate voltage[30]. This type of induced valley Hall effects
was attributed to a coexistence of Ising an Rashba spin-
orbit coupling in gated/polar TMDCs originated from
inversion-asymmetric spin-orbit interactions.

Although most of the studies on transport properties
of TMDCs systems have been made in the dc regime,
interesting quantum transport phenomena appear when
external time-dependent fields perturb these materials.
Comparing with stationary potentials, a time-varying
one can effectively modulates the quantum phase of the
electronic wave functions [31–33], bringing new possi-
bilities for technological devices. Single-electron pumps
were designed applying a time-dependent gate voltage in
quantum systems [34] and radio frequency analog elec-
tronic devices were synthesized based on carbon nan-
otube (CNT) transistors [35]. Others 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 topological insulator [40].

In TMDCs, the photon-assisted transport response has
been lesser reported in comparison with other materials.
For instance, the electric behavior of a mechanically ex-
foliated MoS2 single-layer based phototransistor [41] was
investigated. The photocurrent generation was found to
depend solely on the illuminating optical power at a con-
stant drain or gate voltage, exhibiting better photore-
sponsivities than those proposed in the graphene-based
device. Hybrid TMDCs photoelectronic devices, based
on graphene-MoS2, have been proposed[42] as a possi-
ble application in multifunctional photoresponsive mem-
ory devices. Also, photocurrent was found at zero bias
voltage [43] in p − n vertical junction formed by a hy-
brid system of WSe2/MoS2, as the system is irradiated
by a 514 nm laser (5 µW). Studies of the influence of
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an optical field on spin and valley polarized transport of
WSe2 monolayer were recently reported taking into ac-
count also the effects of a Fermi velocity barrier[44]. All
these reports undoubtedly suggest that photon-assisted
phenomena can be an additional mechanism of control-
ling transport in TMDCs nanostructures.

With the above motivations, here we investigate the
possibility of inducing and controlling spin and valley po-
larizations on different potential profiles of 2D-WSe2 het-
erostructures. We have studied the case of a single and
a double potential barrier configurations. We focused on
the resonant regime and how this effect allows the spin
and valley polarizations. Exchange valley splitting was
provided by magnetic proximity effect with the advanta-
geous that the splitting is dictated by the exchange in-
teraction strength and no applied magnetic field is need.
This allows a convenient scenario for obtaining tunning
processes. Moreover, due to the versatility of being ei-
ther positive or negative valued this description opens the
possibility of tunning valley splitting sign and magnitude
together. Furthermore, we have analyzed the possibility
of promoting valley and spin polarization inversions on
TMDCs layers under the effects of time-dependent ex-
ternal potentials, such as time-oscillating gate voltages
or laser radiation. Different mechanisms are analyzed
to synchronize the proposed system’s physical parame-
ters, such as Fermi energy, frequency and amplitude of
the time-dependent potential, and external gate voltages,
to optimize time-dependent transport properties, such as
induced switching effects of the transport of the systems.

II. THE MODEL

The proposed device consists of a WSe2 monolayer par-
tially placed over a ferromagnetic insulator (EuS), as it
is schematically depicted in Fig. 1. The whole system is
composed of three regions: two leads, modeled by pris-
tine regions of WSe2 and a central conductor at which
a ferromagnetic insulator is fixed under the WSe2 layer.
In order to modulate the transport response of the sys-
tem, we have considered top gate potentials in different
configurations, forming two distinct heterostructures: i)
a single barrier and b) a double barrier. In the case of a
single barrier, a top gate is placed over the finite region
of the central conductor, whereas for the double barrier
configuration, three different top gates are used to define
this system, as it is marked in yellow/green in Fig.1

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

H = H0 +Hex +Hg +Hac, (1)

where H0 is an effective Hamiltonian, written in the con-
tinuum model as discussed in previous works [1, 2], which
adjusts well with DFT calculations. This is a convenient
approach to study transport response near the Fermi en-
ergy. The term Hex represents the exchange field induced

by the interaction of the WSe2 layer with the EuS fer-
romagnetic insulator, that promotes an energy exchange
splitting as a magnetic proximity effects. The two last
terms correspond to an external gate voltage Hg, that
can spatially modulate tunneling and resonance features
and Hac is a time-dependent potential.

In the low energy approximation, the effective Hamil-
tonian is written as,

H0 = vF (ησxpx + σypy) +
m

2
σz + ηSz (λcσ+ + λvσ−) .

(2)
where vF is the electronic Fermi velocity and η = ±1
reads for K and K ′ valleys. The second term is the mass
term which breaks the inversion symmetry and Sz = ±1
is the spin index. The parameters λc,v give the spin-
splitting of the conduction and valence bands, respec-
tively, and is due to intrinsic spin-orbit coupling, and:

σ± =
1

2
(σ0 ± σz) , (3)

with σ0 denoting the identity matrix. The exchange
term, following Norden et. al. [1] and Qi et. al. [2],
is written as:

Hex = −Sz (Bcσ+ +Bvσ−) . (4)

where Bc,v may be interpreted as an effective Zeeman
field experienced by the conduction ad valence bands of
the WSe2 due to the proximity with the ferromagnetic
substrate. It is important to mention that the Norden
model parameters are based on DFT calculations to re-
produce the exact band structures of WSe2 in the low
energy regime.

The external gate voltage term is defined as

Hg = U(x) , (5)

where U(x) represents a sequence of potential barriers
and well which define an heterostructure device, as it is
illustrated schematically in Fig. 1, for the case of a dou-
ble barrier system. We have denoted the barrier length
as L and the potential barrier height as Ub, whereas, the
well length is taken as d and the potential well deep is
given by Uw. Finally, the time-dependent Hamiltonian
term is given by Hac = eV (t) = Vbias cos(ωt), where
Vbias and ω 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 have not included the Rashba inter-
action in the Hamiltonian, considering the exchange cou-
pling more relevant in our approach. In the calculation,
we are interested in the electronic transport through the
conduction band that presents an energy splitting greater
than the usual Rashba term [30].

We have considered the cases of a single barrier and a
double barrier potential profile. The electronic transmis-
sion through the conductor region is calculated following
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the same scheme, in both configurations, as is described
in Appendix A. The transmission coefficient of the sin-

gle barrier tsingleη,Sz
, can be analytically determined, and is

given by:

tSingleSz,η
=

2

ξ
cos (θ) cos (ϕ) e−ikxL, (6)

where the term ξ is defined as:

ξ = cos (θ − ϕ) eiqxL + cos (θ + ϕ) e−iqxL

− i
(
ckbq
cqbk

+
cqbk
ckbq

)
sin (qxL) , (7)

with θ = arctan(
ky
kx

), ϕ = arctan(
ky
qx

), kx,y and qx,y are

the wave vector components of the electron outside and
inside the barrier, respectively, and ck, cq, bk, bq are am-
plitude coefficients of the electronic wave function outside
and inside the barrier, defined in the Appendix A. It is
also possible to obtain an analytic expression for the dou-
ble barrier transmission coefficient tDouble

Sz,η
, derived in the

Appendix in Eq. (A16).

For both cases (tSingleSz,η
and tDouble

Sz,η
) the angular depen-

dent transmission probability T
Sz,η

(θ) is defined as:

T
Sz,η

(θ) = |tSz,η|
2
, (8)

while the spin- and valley- conductance are written as:

G
Sz,η

=

∫ π/2

−π/2
T
Sz,η

cos(θ) dθ. (9)

We discuss further the effects of an ac-potential of fre-
quency ω and intensity Vac on the transport properties

U(x)

x

I II III IV V

θ ϕ
φ φ θ

L d L

k

q

w

q
k

Bc Bv

Ub Uw Ub

WSe2

source drain

FIG. 1. Schematic view of a WSe2 double barrier heterostruc-
ture. Zones II and IV are the potential barriers of length L
and height Ub. Region III is the well with length d and depth
Uw. In zones II, III and IV the presence of the substrate
provides the exchange potentials Bc and Bv.

of the proposed device. Following the Tien-Gordon for-
malism [45], the spin- and valley- conductance may be
written as [36]

G
Sz,η

= G0

∞∑
m=−∞

J2
m

(
eVac
~ω

)
G
Sz,η

(εf +m~ω), (10)

where Jm are the Bessel functions of first kind.
Here we use the spin dependent conductance as:

G↑(↓) = G↑(↓)K +G↑(↓)K′ , (11)

and the valley dependent conductance as:

G
K(′) = G↑K(′) +G↓K(′). (12)

Following standard definitions, the valley-polarized
conductance is written as

Pν =
GK −GK′

GK +GK′
, (13)

whereas the spin-polarized conductance as

P
S

=
G↑ −G↓
G↑ +G↓

. (14)

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

III. RESULTS

The low energy band structures for the WSe2 het-
erostructure are presented in Fig. 2 considering the three
regions: leads, barriers and well. We adopt, for simplic-
ity, the notation of K+ and K−, for the traditional K
and K ′ valleys. Red and blue curves denote the spin up
and down bands that, due to the symmetries of WSe2,
are inverted for K+ and K− valleys. To obtain these
band structures, we have used the following parameter
values: λc = 34.20 meV, λv = 418.05 meV, Bc = 18.20
meV, Bv = 13.75 meV, and m = 1558.70 meV [1]. The
lattice constant is a0 = 0.3316 nm and the Fermi velocity
vf = 5.30× 1014 nm/s.

The energy split induced by the ferromagnetic sub-
strate (Bc and Bv) for the well and barrier regions, is
marked with dashed black lines in the electronic band
structures presented in Fig. 2 b) and c). The energy
split ∆E = 36.40 meV matches the ones reported in Fig.
7 of Ref. [1]. The energy axis has been redefined as
E − Ebott where Ebott = 745.15 meV is the bottom en-
ergy of the conduction bands in the leads. The horizon-
tal 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 (sin-
gle) barrier system. Energy values up to 400 meV were
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FIG. 2. Band structures of a WSe2 heterostructure corresponding to: (a) the leads, (b) barrier region and (c) well region
composing a double barrier system (in a single barrier system panel (c) is neglected). The bottom of the lead conduction band
has been redefined as the zero energy. Solid black lines show the energy of the incoming electron. 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−.

considered for the potential Ub of the double barrier sys-
tems, that are chosen in a symmetric configuration. In
the case of single barrier systems, Ub takes values up to
200 meV. For the well potential Uw values up to 100 meV
were considered. In this context, it is possible to observe
in panels b) and c) of Fig. 2 how the spin bands are
displaced as the potentials Ub and Uw are applied in the
system.
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FIG. 3. Spin and valley conductances (a) and polarizations
(b) as a function of the barrier height Ub for the single barrier
system, with barrier length L = 20 nm. Both panels are at
energy 175.10 meV above the Fermi level.
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FIG. 4. (a) S↑ K+ conductance component, (b) S↑ K− con-
ductance component and (c) spin and (d) valley polarization
contour plots, for a single barrier system, as functions of the
barrier height Ub and length L, at a fixed energy of 175.10
meV above the Fermi level.

We discuss first the cases of single and double barrier
heterostructures in the absence of the time-dependent
term, presented in Eq. 1. The ac-field contribution is
only taken into account in subsection (C) where a double-
barrier system is revisited under the effects of a time-
dependent radiation.



5

A. Single Barrier

Results of spin and valley resolved conductance and
polarization, as a function of the single barrier potential
energy, are presented in Fig. 3 (a) and (b). Here we
have chosen a barrier length L = 20 nm and an incident
electron energy E = 175.10 meV above the Fermi level.
The four spin and valley conductance components are de-
noted as ↑ K+, ↓ K+, for the valley K+ and as ↑ K− and
↓ K−, for the K−. All conductance curves fall down, as
it is expected, as the barrier height increases blocking the
electronic transport. The corresponding spin and valley
polarizations, given by blue and red curves respectively,
depend strongly on the barrier height, as it is shown in
Fig.3(b). It is important to note that the polarization is
not very pronounced when the four conduction channels
are active, mainly the valley polarization. However, as
the conductance starts falling down, the polarization is
enhanced, achieving maximum values when there is just
a single conduction channel (green curve in Fig. 3(a)).
Particular potential values (0.16 < Ub < 0.20) predict to-
tal polarized spin and valley configurations. A full spin
and valley filter can be achieved then in this single barrier
heterostructure.

We wonder about how robust this spin and valley fil-
ter are as a function of the barrier length and the range
of potential intensities that we have used. In Fig. 4
we show contour plots of: (a) ↑ K+ and (b) ↑ K− con-
ductance components, (c) spin polarization Ps and (d)
valley polarization as functions of the barrier height Ub
and length L, at a fixed energy of 175.10 meV above the
Fermi level. In panels (a) and (b) it is possible to ob-
serve that the ↑ K+ and ↑ K− conductance components
behave uniformly as the barrier length is increased over 5
nm, diminishing they values as the potential intensity Ub
is higher. However, there is a different potential intensity
at which these two components become zero, around 0.1
eV for ↑ K+ and 0.15 eV for ↑ K− respectively. Consid-
ering the equations 14 and 13, it is possible to obtain a
perfect spin and valley filters in a wide range of param-
eters, as it is reflected in panel (c) and (d) of Fig. 4.
Thus, single barrier heterostructures larger than 10 nm
and with potential energy range between 140− 200 meV
are appropriated to obtain spin and valley filters, as it
is indicated by red and blue regions in both polarization
contour plots. These results give a guideline to choice
single barrier WSe2 heterostructures that would behave
as filter.

B. Double Barrier

In what follows, we explore different configurations for
the top gate voltages applied to the WSe2 monolayer that
transform the system into semiconducting quantum well
heterostructures. Results for the spin and valley con-
ductances and polarizations as a function of the well po-
tential energy are shown in Fig. 5 and Fig. 7 for a
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FIG. 5. (a) Spin and valley conductance 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 Ub = 300
meV. (b-c) Transmission as a function of the incident angle
θ. White dashed lines correspond to the peaks of the conduc-
tance components shown in panel (a) with black dashed lines.
All panels are at 104.68 meV above the Fermi level

symmetric double barrier device. The left and right bar-
rier lengths and potentials are equal to L = 3 nm and
Ub = 300 meV, respectively. Although apparently small,
such a size barrier corresponds to around 10 atomic lay-
ers, which is experimentally feasible nowadays[46]. The
well length is fixed and equal to d = 30 nm. Unlike
the tunneling phenomena observed in the single barrier
case, resonant states are typical for double barrier pro-
files, which define the transport behavior of this kind of
resonant systems. The states may be tuned, for instance,
by changing the well potential depth. This is evidenced
in the sequence of conductance peaks depicted in Fig. 5
(a). The features of the spin and valley components of
the conductance are similar, although shifted in relation
to the potential depth. This is understood by the align-
ment of the allowed conduction channels inside of the
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and d = 30 nm, respectively, barrier height Ub = 300 meV and well depth Uw = −25.40 meV. The energy of the incoming
electron, chosen as 104.68 meV above the Fermi level, is marked as black horizontal lines. (c) Spin-valley transmission as a
function of the incoming electron energy for the double barrier system, in the case of normal incident angle θ = 0.
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FIG. 7. 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 Ub = 300 meV
at 104.68 meV above the Fermi level. Vertical dashed lines in
panel are drawn at Uw = −85.9 meV and at −25.4 meV.

well region (defined by the well length) and the incident
electron energy, as the potential Uw is modified (see Fig.
2).

It is important to note that the conductance peak val-
ues associated with the resonant states do not attain its
maximum. The presence of evanescent states and en-
ergy 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 Fig. 5 (b) and (c). Partial maximum
conductance values at particular Uw denoted by dashed
lines in panel (a) do exhibit maximum transmission but
restricted to a finite angular range as explicitly shown
in panels (b) and (c), leading to demoted conductance
lesser than one quantum conductance. In fact, we can
also observe that the transmission probability takes high
values for angles around the normal incidence of the car-
riers. The sequence of conductance peaks allows a rich
variety of spin and valley polarization dependence on the
well depth, as shown in fig. 5(b), that may be explored.

The band alignments of the leads and well, and the
transmission for the spin up bands K+ and K− bands,
shown in Fig. 6, help in understanding the resonant fea-
tures of the conductance and polarization results. The
transmission for each band is shifted due to the pres-
ence of the EuS substrate. The transmission maxima are
highlighted with dot symbols in the well bands, as de-
picted in Fig. 6(a) and (b). For normal incidence, as the
gate potential is applied in the central region, the reso-
nant levels (dots) begin to align with the Fermi energy
at the leads (market 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 con-
ductance peaks observed in Fig. 6 are obtained only for
normal incidence, otherwise, an angle integrated conduc-
tance has to be calculated [via Eq. 9], giving broad peaks
centered at the resonant energy values. These resonances
can be tuned by the gate potentials, generating the cor-
responding spin- and valley-transport polarizations.

Two relevant situations, for the spin and valley polar-
ization showed in Fig. 7 are highlighted with dashed lines
in this plot: (i) a potential at which both spin and valley
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 poten-
tial height Ub, at both energies, as depicted in Fig. 8
(a-d). In the contour plots Uw = −25.4 meV and −85.9
meV for top and bottom panels, respectively. The re-
sults suggest that it is possible to obtain zero polariza-
tion or highly spin and valley polarized heterostructure
depending on the potential well energy, in a wide range of
parameter space (Ub, L). It is also observed that, by in-
creasing the barrier potential intensity Ub it is possible to
change the spin and valley polarization signs, from posi-
tive to negative and vice-versa, at a fixed barrier length,
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FIG. 8. Spin and valley polarization contour plots as functions
of the barrier height Ub and lengths L for the double barrier
system at a fixed energy equal to 104.68 meV above the Fermi
level. Well length is d = 30 nm, well depth for panels(a-b)
is Uw = −25.40 meV while for panels(c-d) is Uw = −85.90
meV.

specially around L = 4 nm [see 8 (a) and (d)]. As the
barrier potential Ub is increased, the energy distribution
of the resonant states in the well region changes, sepa-
rating and defining these levels in such a way that the
resonant tunneling is affected. For some Ub values, the
system conduces preferentially by the ↑ K+ or the ↑ K−
conductance components promoting, therefore, a sign re-
versal of the spin and valley polarizations. Finally, for
d = 30 nm, the optimal parameter space values (Ub, L)
at which the maximum valley polarization is obtained, is
around Ub = 200 meV and for L > 2.5 nm.

We further explore the dependence of the valley and
spin conductances and polarizations on the quantum well
potential Uw and length d. Results for each one of the
conductance components, for a double barrier system of
length and height L = 3 nm and Ub = 300 meV, respec-
tively, and at a fixed incident electron energy E = 104.68
meV above the Fermi level, are presented in Fig. 9 (a-d).
The resonant nature of the electronic states of the well
are revealed through the parabolic-like features, marking
non-zero conductance in the contour plots, as the inten-
sity potential and geometrical dimension of the quantum
well are swept. The spin and valley polarization contour
plots, depicted in Fig. 9 (e) and (f), respectively, present
complex patterns, indicating clearly 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
notice that, to avoid spurious results, we have calculated
in these plots the weighted polarization [36, 47], which is
defined as wP

S
= G↑(↓)PS and wPν = G

K(′)Pν .
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FIG. 9. Spin and valley conductance (a-d) and weighted po-
larization contour plots (e-f) as functions of the well depth
and length, Uw and d, for the double barrier system at a fixed
energy of 104.68 meV above the Fermi level. Barrier length
and height are L = 3 nm and Ub = 300 meV, respectively.

C. External AC-field

As previously mentioned, we address the possibilities
of getting interesting spin and valley filter scenarios for
WSe2 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 ~ω
and amplitude potential eVac, applied to the whole sys-
tem. In order to obtain modulations of the heterostruc-
ture transport response, we have explored different time
dependent potential parameters (~ω, eVac). The main
features obtained for a double barrier device, under the
oscillating potential, are illustrated in Fig. 10 via spin
and valley conductance [(a) and (b)] and polarization
[(c)-(f)] contour-plots in the mid-infrared (between 413
- 24.8 meV) and far-infrared or Terahertz (between 24.84
- 1.24 meV) frequency range, and as a function of the am-
plitude potential eVac. The analyzed structure has a bar-
rier height Ub = 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 Uw = −25.40 meV
and −85.90 meV, in the left and right panels, respec-
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FIG. 10. Spin and valley conductance and polarization con-
tour plots as functions of the ac-field frequency ~ω and power
eVac, for the double barrier system in the FAR-IR frequency
range. Parameters: barrier and well lengths L = 3 nm and
d = 30 nm, barrier height Ub = 300 meV. Well depth for the
left (a,c,e) and right (b,d,f) panels, are Uw = −25.4 meV and
Uw = −85.9 meV, respectively.

tively. These potential values are marked with dashed
white lines in weighted spin polarization ωP↑ and valley
polarization ωPK+ of Fig. 9 (e) and (f).

The spin and valley resolved conductances (Fig. 10 (a)
and (b)) show that, by applying an oscillating potential
to the system, with a radiation amplitude 0 < eVac < 0.8
eV, both conductance components become different to
zero, with an oscillating behavior as the frequency in-
crease. This means that, due to the presence of the time
dependent ac-field, the effective modulation of the elec-
tronic wavefunction quantum phase promotes the res-
onant tunneling in the double barrier heterostructure.
Actually, variations up to 70% are noticed at particular
potential amplitudes and frequencies.

Similar features are observed in the valley and spin po-
larization maps, considering the same two values of the
potential well Uw, as depicted in the contour plots of
Fig. 10 (c-f). For Uw = −25.4 meV and Uw = −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

Pv (%)
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(f) Uw = −85.90 meV
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FIG. 11. (a-b) Zoom of the valley polarization contour plots
mapped in Fig. 10(e-f) for Uw= -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 sys-
tem described in the previous figure: barrier length L = 3 nm
and height Ub = 300 meV, well length d = 30 nm. The well
depth are Uw = −25.40 meV (left panels) and −85.90 meV
(right panels). In all panels EF = 849.98 meV and an ac-field
frequency ~ω = 42.26 meV and 62.64 meV, as marked in each
panel.

ranges [orange regions in panels (c) and (d)] at which
high spin polarization are observed, for different ac-field
amplitude. This is more evident for a deeper well poten-
tial (Uw = −85.9 meV) when more resonant states are
allowed into the conductor region, and in the terahertz
frequency range, up to 144 meV. For the valley polariza-
tion, at Uw = −25.4 meV, as the ac-field amplitude is
turned on and increased, it is possible to switch from K+

to K− valley filter, revealed by the sequence of orange
and blue color in the contour plots of panel (e), for a
fixed ac-field frequency. Also, considering the potential
well Uw = −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-IR radiation frequency.

These valley switch polarization features are high-
lighted in the zoom presented in Fig. 11 (a-b), where
the laser frequency and potential amplitude were con-
straint to smaller ranges. Some two-dimensional cuts for
the valley and spin polarizations as a function of the ac-
field amplitudes are presented in Fig. 11 (c-f), for fixed
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quantum well potential and frequency values, as its is in-
dicated 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 as
a promising platform to reveal the spin and valley filter-
ing behavior of WSe2 monolayers.

IV. SUMMARY

In this work, we have investigated the spin and val-
ley transport properties of a WSe2 monolayer placed on
top of a ferromagnetic insulator. Single and double bar-
rier heterostructures were explored. By applying exter-
nal potentials to the system, we have shown that the
systems can be used as efficient valley and spin filter de-
vices and how the polarized transport properties depend
on the gate-potential intensities and geometrical config-
uration. We believe that the combination of heterostruc-
tured TMD geometries and appropriated gate potentials,
proposed in our work, allows to control the resonant tun-
ing provided by the state alignment with the electronic
carrier bands. We have found that double barrier struc-
tures are more appropriated to valley and spin filters,
due to the resonant tunneling, compared with single bar-
rier 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 tun-
ing both polarizations in a wide range of device geome-
tries, radiation intensities and frequencies, especially in
the terahertz range. Inversion of the spin and valley po-
larizations signal are found possible by changing the laser
frequency for fixed power amplitudes. The possibility of
spin and valley polarization inversion was not addressed
in other works and may be considered as an advantage
proposal. Our results suggest that 2D WSe2 heterostruc-
tures are good candidates to provide spin and valley de-
pendent transport and can drive experimental efforts in
order to probe spin and valley polarized currents.
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Appendix A

A Hamiltonian like the one described by Eqs. (1, 2, 4,
5) can always be written in the following form

H =

(
∆c ~vk−

~vk+ ∆v

)
. (A1)

In our model ∆c = Sz(ηλc + Bc) + U(x) + m/2, ∆v =
Sz(ηλv − Bv) + U(x) − m/2, k± = ηkx ± iky, v is the
Fermi velocity and η = ±1 is the valley index. Note that
~2v2k+k− = (~vk)

2
= c2k.

A straight forward diagonalization of the low energy
Hamiltonian defined by eq. (A1) leads to the following
spinor for an incident electron in the conduction band

V ηSz,± =
1

Dk

(
ηcke

−iηθ

bk

)
, (A2)

where bk =
√

∆2
− + c2k − ∆−, Dk =

√
c2k + b2k and

2∆− = ∆c −∆v.

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

ΨI(x, y) =

[
eikxx

Dk

(
ηcke

−iηθ

bk

)
+ rη,Sz

e−ikxx

Dk

(
ηcke

−iη(π−θ)

bk

)]
eikyy, (A3)

ΨII(x, y) =

[
A
eiqxx

Dq

(
ηcqe

−iηϕ

bq

)
+ B

e−iqxx

Dq

(
ηcqe

−iη(π−ϕ)

bq

)]
eikyy, (A4)

ΨIII(x, y) =

[
C
eiwxx

Dw

(
ηcwe

−iηφ

bw

)
+ D

e−iwxx

Dw

(
ηcwe

−iη(π−φ)

bw

)]
eikyy, (A5)

ΨIV (x, y) =

[
E
eiqxx

Dq

(
ηcqe

−iηϕ

bq

)
+ F

e−iqxx

Dq

(
ηcqe

−iη(π−ϕ)

bq

)]
eikyy, (A6)

ΨV (x, y) = tη,Sz
eikxx

Dk

(
ηcke

−iηθ

bk

)
eikyy, (A7)

where the coefficients Dq, bq, Dw and bw are defined in
the same way as Dk and bk, but with the corresponding
parameters accordingly to Fig. 1.

The transmission probability is found by matching the
wave functions at the interfaces; at x = 0 we have
ΨI(0) = ΨII(0) which is written into two equations
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ηcke
−iηθ

Dk
+ rη,Sz

ηcke
−iη(π−θ)

Dk
= A

ηcqe
−iηϕ

Dq
+B

ηcqe
−iη(π−ϕ)

Dq
(A8)

bk
Dk

+ rη,Sz
bk
Dk

= A
bq
Dq

+B
bq
Dq

. (A9)

At x = L we have ΨII(L) = ΨIII(L), and similarly

A
ηcqe

−iηϕ

Dq
eiqxL +B

ηcqe
−iη(π−ϕ)

Dq
e−iqxL = C

ηcwe
−iηφ

Dw
eiwxL +D

ηcwe
−iη(π−φ)

Dw
e−iwxL (A10)

A
bq
Dq

eiqxL +B
bq
Dq

e−iqxL = C
bw
Dw

eiwxL +D
bw
Dw

e−iwxL. (A11)

At x = L+ d, ΨIII(L+ d) = ΨIV (L+ d) and we obtain

C
ηcwe

−iηφ

Dw
eiwx(L+d) +D

ηcwe
−iη(π−φ)

Dw
e−iwx(L+d) = E

ηcqe
−iηϕ

Dq
eiqx(L+d) + F

ηcqe
−iη(π−ϕ)

Dq
e−iqx(L+d) (A12)

C
bw
Dw

eiwx(L+d) +D
bw
Dw

e−iwx(L+d) = E
bq
Dq

eiqx(L+d) + F
bq
Dq

e−iqx(L+d). (A13)

And finally at x = L+ d+ L, ΨIV (2L+ d) = ΨV (2L+ d) and we get

E
ηcqe

−iηϕ

Dq
eiqx(2L+d) + F

ηcqe
−iη(π−ϕ)

Dq
e−iqx(2L+d) = tη,Sz

ηcke
−iηθ

Dk
eikx(2L+d) (A14)

E
bq
Dq

eiqx(2L+d) + F
bq
Dq

e−iqx(2L+d) = tη,Sz
bk
Dk

eikx(2L+d). (A15)

The rDouble
η,Sz

and tDouble
η,Sz

coefficients are obtained by
solving the equation system defined by Eq. A8 to Eq.
A15, resulting in the following expression for the trans-
mission coefficient:

tDouble
η,Sz =

16e−2ikxLe−ikxd cos (ϕ)
2

cos (φ) cos (θ)

ξ
,

(A16)
with the denominator ξ given by

ξ = F1 +

(
ckbw
cwbk

+
cwbk
ckbw

)
F2 +

(
ckbq
cqbk

+
cqbk
ckbq

)
F3 +(

cqbw
cwbq

+
cwbq
cqbw

)
F4 +

(
ckcwb

2
q

c2qbkbw
+
c2qbkbw

ckcwb2q

)
F5.

(A17)

where the functions Fi are defined as

F1 = −8i sin (wxd) cos (θ + φ)

+8i sin (wxd) cos (θ − φ)

+4eiwxd cos (2qxL) cos (θ + φ)

+4e−iwxd cos (2qxL) cos (θ − φ)

+2e−iwxde−2iqxL cos (θ + φ+ 2ϕ)

+2eiwxde−2iqxL cos (θ − φ+ 2ϕ)

+2e−iwxde2iqxL cos (θ + φ− 2ϕ)

+2eiwxde2iqxL cos (θ − φ− 2ϕ) , (A18)

F2 = −4i sin (wxd) (cos (2Lqx) + cos (2ϕ)) , (A19)

F3 = −4i (sin (wxd) + sin (2qxL− wxd)) cos (ϕ− φ)

+4i (sin (wxd)− sin (2qxL+ wxd)) cos (ϕ+ φ) ,

(A20)

F4 = −8 sin (wxd) eiqxL sin (qxL) cos (θ − ϕ)

−8 sin (wxd) e−iqxL sin (qxL) cos (θ + ϕ) ,

(A21)

and

F5 = 8i sin (wxd) sin (qxL)
2

. (A22)

For the single barrier heterostructure the wave func-
tions for the 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, tSingleη,Sz
, is analytically determined, and given by

Eqs. (6) and (7).
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Rev. B 81, 115435 (2010).

[38] C. Rocha, M. Pacheco, L. E. F. Foa Torres, G. Cuniberti,
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