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Abstract – The electronic properties of WSe2 comprise a huge spin-orbit coupling, a wide direct
band gap, and especially a strong anisotropic lifting of the degeneracy of the valley degree of free-
dom in a magnetic field. We study ballistic electron transport through single or double junctions
on monolayer WSe2 in the presence of spin Ms and valley Mv Zeeman fields and of an electric
potential U . The conductance vs. the field Ms or Mv decreases in a fluctuating manner. For a
single junction the spin Ps and valley Pv polarizations rise with M = Mv = 2Ms, reach a value
of more than 70%, and become perfect above U ≈ 90 meV while for a double junction this change
can occur for U ≈ 50 meV and M ≥ 10 meV. Pv increases with U and both polarizations oscillate
with the junction width. The results may render WSe2 a promising candidate for new spintronic
and valleytronic devices.

Copyright c© EPLA, 2017

Introduction. – Currently there is a strong interest in
two-dimensional (2D) systems as potential hosting mate-
rials for applications in spintronics and valleytronics [1].
Similar to graphene [2], the first hexagonal Brillouin zone
of group-VI monolayer transition metal dichalcogenides
(TMDs) (e.g., MX2, M = Mo, W; X = S, Se, Te) [3–7]
accommodates pairs of inequivalent valleys. Distinctively,
the monolayer MX2 exhibits a huge gap and strong spin-
orbit coupling (SOC). This enables valley-dependent opti-
cal selection rules which allow for valley polarization and
spin-valley coupling. The valence and conduction band
extrema are located at both K and K ′ valleys at the
corners of the hexagonal Brillouin zone and give rise to
the valley degree of freedom of the band-edge electrons
and holes [8–11]. In contrast to the extensive theoret-
ical [12] and experimental efforts on spin- and valley-
controlled applications of MoS2 as well as silicine [13–15],
the high quality of WSe2 [16] and its much stronger SOC,
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2λ′
v = 450meV in the valence band and 2λ′

c = 30meV in
the conduction band, provide an excellent system for spin-
valley controlled materials [17,18]. Although monolayer
WSe2 is a direct bandgap semiconductor (2Δ = 1.7 eV),
the lifting of the valley degeneracy allows for optical
manipulation of the electron valley index or degree of
freedom, e.g., by an external magnetic field applied per-
pendicular to the 2D layer [17,18]. The lifting of the valley
degeneracy in WSe2 monolayers is achieved by monitoring
the energy splitting between the two circularly polarized
luminescence components, σ+ and σ−, associated with op-
tical recombination in the non-equivalent valleys. Direct
optical transitions in monolayer WSe2 occur at the edge
of the Brillouin zone, which mainly consists of strongly
localized d-orbitals of the transition metal. This is in con-
trast with GaAs and other conventional semiconductors
used in optoelectronics, where the direct optical band gap
is situated at the centre of the Brillouin zone. In mono-
layer WSe2 there are several possible contributions to the
Zeeman splitting as the emission of circularly polarized
light originates from states with contrasting valley index,
spin, and orbital magnetic moment. Moreover, recently
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WSe2 transistors have been demonstrated to have high
mobility at room temperature [19]. In addition, the ad-
vantage of WSe2 over, for example, silicine, is that we do
not need large perpendicular electric fields [15] to achieve
a significant gap. Valley-polarized transport in WSe2 has
been investigated in ref. [20], while spin-valley relaxation
and quantum transport regimes in 2D transition-metal
dichalcogenides has been treated in ref. [21]. It is also
worth mentioning the study of local Andreev reflection in
a MoS2-based bipolar transistor [22], where pure valley-
and spin-entangled states have been predicted.

We theoretically study valley- and spin-polarized trans-
port through a single or double magnetic junction or bar-
rier in monolayer WSe2. We find that fully valley- and
spin-polarized currents can be obtained simultaneously
through such junctions for certain ranges of the relevant
Zeeman and electric fields. We emphasize that the spin
splitting near the valence-band edges is essential to the
valley-polarized transport. At zero voltage we show that
it is possible to achieve spin Ps and Pv valley polarizations
close to 30% for reasonable values of Ms and Ms. Apply-
ing a voltage to the barrier one can achieve Pv ≈ 85%
and Ps ≈ 70%. Perfect polarizations can be reached for
M ≥ 10meV and U ≥ 80meV. For double barriers the
behaviour of the conductance is similar to that of a single
barrier but Pv and Ps can become perfect for M ≥ 10meV
and U ≥ 50meV. The details are as follows.

Transmission, conductance, and polarizations. –
We consider a monolayer of WSe2 in the (x, y)-plane in the
presence of intrinsic SOC, spin and valley Zeeman fields.
The 2D Dirac-like Hamiltonian [16] of WSe2 is

Hη
sz

= v(ησxpx + σypy) + Δσz + ηsz(λcσ+ + λvσ−)
+ szMs − ηMv + U(x). (1)

Here η = ±1 for valleys K and K ′, Δ is the mass term
that breaks the inversion symmetry, λc = λ′

c/2, λv = λ′
v/2.

Furthermore, (σx, σy, σz) are the Pauli matrices for the
valence and conduction bands, and σ± = σ0 ± σz (σ0 is
the unity matrix); v (5 × 105 m/s) denotes the Fermi
velocity of Dirac fermions. Spins up and down are de-
noted by sz = +1 and −1, respectively. Further, Ms

is the Zeeman field induced by magnetic order, while
Mv breaks the valley symmetry of the levels. In princi-
ple, they can be induced by an external magnetic field,
Ms = g′μBB/2, Mv = gvμBB/2, where g′ is the Landé
g-factor (g′ = g′e +g′s), and μB the Bohr magneton [17,18].
Also, g′e = 2 is the free-electron g-factor and g′s = 0.21 is
the out-of-plane factor due to the strong SOC in WSe2.
The last term in eq. (1) is the electric potential applied
to the magnetic barrier. For a single barrier we have
U(x) = U in region II and U(x) = 0 elsewhere. Finally,
for the valley degree freedom one has g′v = 4 [17,18]. In
addition, an enhanced valley splitting can be achieved by
an interfacial magnetic field produced by placing a mono-
layer WSe2 on a substrate made of magnetic EuS [23].
We note at this point that relatively long carrier diffusion
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↑
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Fig. 1: (Colour online) Dispersion E(k) in WSe2, for (a) Ms =
Mv = 0, and (b) Ms = 30 meV and Mv = 60 meV. In both
panels Δ = 0.85 eV, λv = 112.5 meV, and λc = 7.5 meV.

lengths (380 nm) have been reported [24] for monolayer
WSe2, which enables us to treat ballistic transport.

The eigenvalues of the Hamiltonian (1) are given by

Eη
sz,t = ηsz(λc + λv) + szMs − ηMv + U(x) + tEη

sz
, (2)

with Eη
sz

= [(�vk)2 + [Δ + ηsz(λc − λv)]2]1/2. The corre-
sponding eigenfunctions are

Ψη
sz,t =

(
eik·r/Dk

)(
ηcke−ηiθ

bk

)
, (3)

where ck = �vk, bk = −Δ − ηsz(λc − λv) + tEη
sz

, Dk =
[c2

k +[Δ+ηsz(λc−λv)−tEη
sz

]2]1/2, and θ = tan−1(ky/kx).
Further, t = 1(−1) denotes the conduction (valence) band,
and k is the 2D wave vector. Notice that there is no ex-
ternal magnetic field in eq. (2) but we have considered the
spin and valley Zeeman field as discussed in detail below
eq. (1).

The spectrum (2) is shown in fig. 1 vs. ka0 (where a0 =
0.331 nm is the lattice constant) for two cases: (a) Ms =
Mv = 0 and (b) Ms = 30meV and Mv = 60meV. As can
be seen, the valence band has a larger splitting even when
the Zeeman field is present. We find that there is a valley
asymmetry due to the application of magnetic field. This
can be understood from the valley Zeeman term Mv in
eq. (2) which makes the two valleys non-degenerate in both
bands. This clearly confirms the magnetic-field–controlled
valley pseudospin degree of freedom in WSe2.

We now use these considerations to study ballistic elec-
tron transport across a magnetic junction in WSe2 with
a metallic gate only above it, see fig. 2. We assume that
regions I and III in fig. 2 are made of the usual WSe2

(no Zeeman field, Ms = Mv = 0 and no potential barrier
U(x) = 0), while a magnetic barrier is placed in region II
(U(x) �= 0) in which the full Hamiltonian (1) applies. For
x < 0 the wave functions are

Ψ1(x, y) = eik·r
(

A1e
−iηθ

B1

)

+ rηsz
ei(−kxx+kyy)

(
A1e

−iη(π−θ)

B1

)
, (4)
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Fig. 2: (Colour online) Schematics of a single barrier, of width
d, on WSe2. Ms, Mv, and U(x) are finite in region II and
vanish elsewhere.

where A1 = ηck/Dk and B1 = bk/Dk. The result

Ψ2(x, y) = Pei(qxx+kyy)

(
A2e

−iηϕ

B2

)

+ Qei(−qxx+kyy)

(
A2e

−iη(π−ϕ)

B2

)
. (5)

is for 0 < x < d. Finally, for x > d, we have

Ψ3(x, y) = tηsz
eik·r

(
A1e

−iηθ

B1

)
. (6)

Here A2 = ηcq/Dq, cq = �v(q2
x + k2

y)1/2, and Dq = [c2
q +

[−Δ−ηsz(λc −λv)+ tEη
sz

(qx, ky)]2]1/2. Also, B2 = bq/Dq

and bq = −Δ − ηsz(λc − λv) + tEη
sz

(qx, ky). Further,
θ and ϕ are the angles of incidence and reflection given
by θ = tan−1(ky/kx), kx = kF cos θ, ky = kF sin θ,
with kF the Fermi momentum, qx = [k′2

F − k2
y]1/2, and

ϕ = tan−1(ky/qx). k′
F includes the changes in potential

or/and Zeeman field, while the wave vector ky and the
energy E are conserved.

The coefficients rηsz
, P,Q and tηsz

are determined by
the continuity of the wave functions at the interfaces, i.e.,

ΨI(0−, y) = ΨII(0+, y), ΨII(d−, y) = ΨIII(d+, y).
(7)

The resulting transmission Tηsz
= |tηsz

|2 reads

Tηsz
= 1/

[
1 + sin2(qxd)(F 2(γ, θ, ϕ) − 1)

]
, (8)

where γ = kF bq/(k′
F bk) and F (γ, θ, ϕ) = (γ + γ−1 −

2 sin θ sin ϕ)/(2 cos θ cos ϕ).
Now we are ready to evaluate the conductance due to a

particular spin and valley; it is given by

Gηsz
= G0

∫ π/2

−π/2

Tηsz
(θ) cos θdθ = G0 gcηsz

, (9)

Fig. 3: (Colour online) Conductance vs. M = Mv = 2Ms

(black and red curves) and vs. M = Mv = Ms (blue and green
curves) with EF = 0.95 eV and U = 0 meV or U = 35 meV as
indicated.

where G0 = e2kF W/(2πh), and W is the width along
the y-direction. Furthermore, the spin Ps and valley Pv

polarizations are defined as

Ps =
gc↑ − gc↓
gc↑ + gc↓

and Pv =
gcK − gcK′

gcK + gcK′
. (10)

Below we will present various results for the conductance
and polarizations. In the calculations we use the Fermi
energy EF for which both spin states and valleys in regions
I and III are occupied.

Results and discussion. – In fig. 3 we show the to-
tal conductance gc vs. the Zeeman field M given in the
caption. The various curves are marked in the inset by
the values of Ms, Mv, and U used. The Fermi level is
EF = 0.95 eV. For U = 0 the conductance gc decreases
with M but the decrease weakens considerably for U �= 0
and M ≥ 20meV (lower curves) or M ≥ 60meV (upper
curves).

Next we present results in fig. 4 for the spin Ps (red solid
curve) and valley Pv (blue dashed curve) polarizations vs.
barrier width d. The left panels are for Ms = 30meV and
Mv = 60meV, while the right panels are for Ms = 60meV
and Mv = 30meV. Also two values of the potential are
considered, U = 0meV (upper panels) and U = 45meV
(lower panels). As expected, both polarizations start from
zero for vanishing d. As d increases they rise and at-
tain some values around which they oscillate. If we use
Ms = Mv = 60meV, we obtain Pv = |Ps| ≈ 30%, for
U = 0meV, and Pv = |Ps| ≈ 40% for U = 45meV. In
all cases the oscillations result from two oscillating terms
that depend on different propagating wave vectors for two
different spin/valley indices in region II. We note that
|Ps| > |Pv| whenever Ms > Mv and vice versa. Moreover,
it can be seen that an applied voltage raises Pv above 80%

17001-p3
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Fig. 4: (Colour online) Spin (red curve) and valley (blue) po-
larization as functions of the barrier width d, for Ms = 30 meV,
Mv = 60 meV (left panels), and Ms = 60 meV, Mv = 30 meV
(right panels). The upper panels are for U = 0, the lower ones
for U = 45 meV, and all for EF = 0.95 eV.

Fig. 5: (Colour online) Polarizations Ps and Pv vs. potential
U for EF = 0.95 eV, d = 30 nm, and Mv = 2Ms = 60 meV.

and |Ps| close to 70%. As for the opposite signs of Ps and
Pv, they are due to the term szMs − ηMv in eq. (1).

Further, we investigate the influence of applying a volt-
age U in region II while keeping other parameters fixed.
In fig. 5 we show Ps and Pv as functions of the applied
voltage U for EF = 0.95 eV, d = 30nm, Ms = 30meV
and Mv = 60meV. The valley polarization rises with
increasing voltage U and attains a value close to 90%,
for U = 50meV, while |Ps| increases up to 18% for
U ≈ 25meV but then decreases. The lower maximal val-
ues of |Ps| compared to those of |Pv| occur because we
assumed Mv > Ms; if we use Mv < Ms we obtain the
opposite behaviour, i.e., |Pv| < |Ps|.

In order to investigate the combined influence of the
Zeeman fields and applied voltage on both polarizations,
we show contour plots of Ps in fig. 6(a) and of Pv in
fig. 6(b) (we set Ms = Mv). We see that Pv becomes

Fig. 6: (Colour online) (M, U) contour plots of (a) spin po-
larization; (b) valley polarization. Both panels are for EF =
0.95 eV and barrier width d = 30 nm (Ms = Mv).

Fig. 7: (Colour online) Spin (red curve) and valley (blue curve)
polarization vs. gate voltage U for a double-barrier structure
and barrier separation b = 30 nm. The Fermi level is EF =
0.95 eV and the barrier width d = 30 nm (Ms = Mv).

perfect for M ≥ 15meV and large U ≥ 90meV (magenta
region), and |Ps| for M ≥ 10meV and U ≥ 85meV (dark-
blue region). Notice that the colour codes are different in
the two panels and that in other regions Pv and |Ps| at-
tain high values, in the range from 70% to 90%, for lower
values of U though mostly for higher values of M .

We proceed by considering two junctions or barriers sep-
arated by a normal WSe2 layer, of thickness b and different
values of the Zeeman fields and bias, M,U in the first,
2M, 2U in the second, with Ms = Mv = M . In fig. 7
we show the results for such a structure: the red curve
shows the spin polarization and the blue one the valley
polarization as functions of the applied voltage U . The
barrier width (d) and separation (b) are d = b = 30nm,
and M = 60meV, while the Fermi level is EF = 0.95 eV.
As shown, high polarizations (in absolute sense) can be
achieved for U > 40meV.

Next, in fig. 8 we plot Ps (red curve) and Pv (blue curve)
vs. the Zeeman field Mv = 2Ms = M . The left panel is
for U = 0meV and the right one for U = 35meV. Both
polarizations exhibit less monotonic behaviour. These re-
sults show that with an appropriate applied voltage one
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Fig. 8: (Colour online) Polarizations, as indicated, as functions
of the Zeeman field Mv = 2Ms = M , for EF = 0.95 eV, and
b = 30 nm. The left panel is for U = 0 and the right one for
U = 35 meV.

Fig. 9: (Colour online) Polarizations, as indicated, as functions
of the normal layer width b for Mv = 2Ms = M , EF = 0.95 eV,
and d = 30 nm. The upper panel is for (M, U) = (30, 20) meV
and the lower one for (M, U) = (60, 5) meV.

can increase the valley polarization close to 100% for
M = 100meV.

We also varied the width b in the range (0–30) nm and
show both polarizations in fig. 9, for two sets of (M,U)
values: (a) (100,−12)meV and (b) (60, 5)meV. One can
see that Pv shows regular oscillations in panel (a) but less
regular in panel (b). In both cases the relative change is
not large, about 6%. As for Ps, its oscillations in panel (b)
are about a factor of 2 smaller than in panel (a). Finally, in
fig. 10 we show (M,U) contour plots of Ps and Pv, for two
barriers (Ms = Mv = M), as in fig. 7, when both M and
U are varied. Comparing with the single-barrier case one

Fig. 10: (Colour online) (M, U) contour plots of the double-
barrier case: (a) spin polarization; (b) valley polarization.
Both panels are for EF = 0.95 eV, barrier width d = 30 nm,
and barrier separation b = 30 nm.

can conclude that high values of Ps and Pv (in absolute
sense) are obtainable in wider regions of the (M,U)-plane.
One can see that perfect Pv and |Ps| are achievable for
M ≥ 5meV and U close to 50meV or higher, see blue
region in the left panel and the red one in the left panel.

In summary, we studied the Zeeman- and electric-field–
controlled spin- and valley-polarized transport through bi-
ased, single or double magnetic junctions on monolayer
WSe2. The degree of polarization depends on the values
of Ms, Mv, and U . We showed that fully valley- and
spin-polarized currents can be obtained simultaneously in
such junctions in some ranges of the parameters involved,
especially for double junctions, cf. fig. 8. Physically in
WSe2 junctions, the Zeeman field opens different spin-
dependent band gaps at the K and K ′ valleys, which,
in turn, induce spin- and valley-polarized currents. By
interchanging the values of Ms and Mv the values of Ps

and Pv are interchanged but, though not shown, the total
conductance remains the same. As functions of the junc-
tion width the polarizations rise and attain certain values,
which can be in the range from 70% to 85% when a voltage
is applied, around which they oscillate. Their values also
depend on the Fermi energy EF used; though not shown,
in general they decrease with EF . All these results con-
firm the magnetic and electric control of the polarizations
and contribute significantly to the fundamental investiga-
tions of the electronic properties of 2D WSe2. As such,
they may be very relevant to the design of spintronic and
valleytronic devices.

∗ ∗ ∗

This work was supported by the University of Hafr
Al Batin (MT), the Ministry of Education, Science, and
Technological development of Serbia within the Project
No. TR 32008 (PMK), and the Canadian NSERC Grant
No. OGP0121756 (PV).

REFERENCES

[1] Xu X., Yao W., Xiao D. and Heinz T. F., Nat. Phys.,
10 (2014) 343.

17001-p5



M. Tahir et al.

[2] Liao L., Lin Y.-C., Bao M., Cheng R., Bai J., Liu

Y., Qu Y., Wang K. L., Huang Y. and Duan X., Na-
ture, 467 (2010) 305; Schwierz F., Nat. Nanotechnol., 5
(2010) 487.

[3] Geim A. K. and Grigorieva I. V., Nature, 499 (2013)
419.

[4] Fang H., Chuang S., Chang T. C., Takei K.,

Takahashi T. and Javey A., Nano Lett., 12 (2012) 3788;
Wang H., Yu L., Lee Y.-H., Shi Y., Hsu A., Chin M.

L., Li L.-J., Dubey M., Kong J. and Palacios T.,
Nano Lett., 12 (2012) 4674; Fuhrer M. S. and Hone J.,
Nat. Nanotechnol., 8 (2013) 146.

[5] Lu H.-Z., Yao W., Xiao D. and Shen S.-Q., Phys. Rev.
Lett., 110 (2013) 016806.

[6] Li X., Zhang F. and Niu Q., Phys. Rev. Lett., 110
(2013) 066803.

[7] Zhang Q., Yang S. A., Mi W., Cheng Y. and Schwin-
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