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Perfect control of spin, valley and spin-valley-coupled currents in bilayer 
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A B S T R A C T   

We investigate the spin-valley dependent transport properties in a gated bilayer graphene (BG) junction placed 
on top of WSe2. By means of layer-dependent proximity, the spin–orbit interaction (SOI) is induced in the bottom 
layer, while the top layer is induced into ferromagnetism by a magnetic insulator. As a result of these differing 
properties, the Fermi level and energy gap become spin-valley dependent, which could lead to controllable spin- 
and valley-dependent filtering in the BG system. Our findings predict perfect spin-valley polarization control 
through gate control, given specific energy and electric field conditions, as well as spin-valley-coupled and spin 
currents when both the electric-field-induced energy gap and the exchange energy are equal to the SOI strength. 
We predict that there will be very highly sensitive gate control of − 100% to + 100% of spin-valley-coupled 
polarization for large barrier thickness. Additionally, we predict 100% valley polarization can be controlled 
by the gate when the exchange energy is equal to the SOI. Furthermore, we found that the performance of the 
junction to control the polarizations can be enhanced by increasing the thickness of the junction. This work 
reveals the potential of the BG/WSe2 hybrid structure for spin-valley-current-based electronics, such as spin-, 
valley-, and spin-valley field-effect transistors.   

1. Introduction 

Graphene has gained popularity as a cutting-edge material for new 
devices since its discovery [1–2]. Pristine graphene has the character-
istic of being non-magnetic and lacking an energy gap [2]. In monolayer 
graphene (MG), electrons in the system possess 2-dimensional massless 
Dirac fermions with two valley degrees of freedom, known as k and 
k′ -valleys. Because of lack of some properties such as gap, magnetism 
and superconductivity, the doping of graphene with other materials has 
attracted attention [3–23], as it opens up the possibility of obtaining 
desired electronic properties. The growth of graphene on substrates such 
as silicon carbide (SiC) [3,4] and hexagonal boron nitride (hBN) [5] can 
result in the opening of energy gaps at the Dirac points. Magnetic in-
sulators [6–17] and superconductors [18–21] on top of graphene can be 
induced into magnetic and superconducting materials, respectively. For 
instance, the exchange energies of 36 and 80 meV were predicted in 
MG/EuO [11] and MG/Y3Fe5O12 [15], respectively. Unlike conven-
tional systems, spin polarization in magnetic graphene has been studied 

to show the oscillation due to effect of Klein tunneling caused by 
massless Dirac fermion [22]. When graphene is gapped, Klein tunneling 
would be suppressed [23]. Valley current may be filtered when applying 
both vector potential and strain field [24–26]. Specular Andreev 
reflection and oscillation of Josephson currents are related directly to 
the massless Dirac fermion nature [18]. Because the planar honeycomb 
lattice structure formed by carbon atoms results in a weak spin–orbit 
interaction (SOI) in graphene [2], inducing SOI [27–38] into graphene 
by external forces is important for application of graphene as a topo-
logical material. Graphene with SOI may exhibit topological phases such 
as quantum spin Hall (QSH), quantum anomalous Hall (QAH) and 
quantum valley Hall (QVH) phases [39–43]. Recently, the combination 
of graphene and transition metal dichalcogenides (TMDCs) has become 
a highly researched topic in the field [28–38], as this proximity effect 
leads graphene to have SOI. The most fascinating example is the gra-
phene/WSe2 structure, which displays band inversion, leading to novel 
topological properties [28,30,44,45]. The presence of superconductivity 
under the topological phase may lead graphene to host Majorana 
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fermion applicable for qubit of topological quantum computation [46]. 
The experimental study has shown that SOI in graphene on WSe2 in-
creases by hydrostatic pressure [38]. The spin-split energy dispersion in 
graphene on WSe2 have been reported to show the result from proximity 
effect that leads graphene to have spin polarization and SOI [47]. 

Recently, proximity effect induced SOI in bilayer graphene (BG) on 
TMDCs has drawn much attention [32–37,48]. Unlike MG, the energy 
gap in pristine BG can be tuned easily by perpendicular electric field. 
Electron in the pristine BG is quadric dispersion [49], instead of linear 
dispersion like MG. Twisted BG with magic angle exhibits intrinsic un-
conventional superconductivity [50]. As a specific property, the doping 
BG with other materials exhibits layer-dependent electronic properties. 
Since TMDCs are strong interaction with electromagnetic field, gra-
phene/TMDCs is considered as a platform for optospintronics [51–53]. 
Twisted BG on TMDCs is also applicable for twistronics [37]. Because of 
displaying band inversion with novel topological properties, BG/WSe2 
systems have a lot of recent investigations [33–36,48]. Layer-dependent 
proximity effect show intrinsic SOI strength of Δso ∼ 2.3 meV and 
electric-induced gap of uo ∼ 5 meV in encapsulated BG/ WSe2 structure 
[35]. The transport in structures that bilayer graphene interfacing with 
single WSe2 layer [33–36] and encapsulated by WSe2 [35,48] are 
studied. Very recently, optical conductivity in encapsulated BG with 
WSe2 has been studied and showed that control of pure-spin valley 
current and optical switch may be possible [48]. Spin-valley momentum 
locked state has also predicted [48]. As an effect of layer-dependent 
proximity, inverted spin-dependent bands by changing the interface 
layer from the bottom to the top of bilayer graphene [33]. This property 
is significant for spintronics. Due to the presence of SOI in BG, the 
structure of BG interfaced with WSe2 is a topological insulator and rich 
in spin- and valley- based electronic applications. Proximity-induced 
ferromagnetism in BG has been one of the interesting topics 

[34,54–59]. Unlike that in MG, the layer-dependent exchange energy 
induced in BG leads to more interesting applications. Ferromagnetism 
induced in one layer of BG have been studied and found that small ex-
change energies of 1, 3 and 8 meV have been found in BG/Eu [55], BG/ 
Cr2Ge2Te6 [54], BG/ Cr2Si2Te6 [56], respectively. The spin-valley 
dependent electronic transport under the effect of interplay between 
layer-dependent exchange field and SOI has not been clarified yet. This 
fundamental property may be basic knowledge for application of spin- 
valley- based field effect transistors using graphene [33,60,61]. Spin- 
and valley-tronics are created by the presence of spin and valley cur-
rents, which may be found in several low dimensional materials such as 
silicene, germanene [62–64] and monolayer-TMCDs [65–68]. Although, 
spin-valley filtering effect have been investigated in many systems, the 
spin-valley dependent ballistic transport in layer-dependent ferromag-
netism in BG on WSe2 has not yet been reported yet. The new effects that 
may generate spin-valley filtering in this system is due directly to the 
layer-dependent ferromagnetism and SOI, which are specific properties 
of this BG system and different from the previous investigated systems 
[63,65]. Since bilayer graphene is a potential material for spin-valley 
based electronics, the theoretical investigation of spin-valley current is 
important for experimental testing. 

In this paper, we would investigate spin-valley ballistic transport 
properties of bilayer graphene on WSe2 junction, where WSe2 are 
interfaced only with the bottom layer of the BG. In the barrier region 
with thickness L, the perpendicular electric field and gate potential are 
applied. The exchange field is also applied only onto the top layer of the 
BG in the barrier region. The interplay among electric field, SOI and 
exchange field affected on the spin-valley ballistic transport is focused. 
This effect resulted from the presence of layer-dependent proximity ef-
fect occurs in the BG system, unlike that in the MG system. The spin- 
valley dependent conductance would be calculated using the Landauer 
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Fig. 1. Illustration of (a) the substrate-induced spin 
orbit interactionbilayer graphene (BG) based N/B/N 
junction. BG is placed on top of WSe2. The exchange 
field h induced on the top layer with width L is 
generated by proximity effect using magnetic insu-
lator placed on the top of BG. The perpendicular 
electric field with magnitude Ez is applied into the 
barrier region. The gate potential μ is adopted to tune 
the chemical potential inside the barrier. (b) Illustra-
tion of spin-valley dependent band structure and 
occupied states in normal region (N’s) and the barrier 
(B).   
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formula. The spin and valley polarizations are investigated as a function 
of gate potential. The spin-valley-coupled polarization defined as the 
combination of the currents carried by electrons with different species 
from those in the spin and valley currents, discussed in the formalism 
section. The electronic parameters for the band structure of GB on the 
WSe2 substrate are based on ref.[33]. The proximity-induced ferro-
magnetism only on the top layer in the barrier region may be realized by 
depositing a magnetic material on the top of BG [54–56]. In this case, 
the exchange energy 1 meV in the heterostructures BG/Eu [55] and 3 
meV in BG/ Cr2Ge2Te6 [54] are comparable with the strength of SOI of 
1.3 meV induced by MG/WSe2 structure [33]. The strong spin-valley 
filtering effect requires the interplay among exchange energy, SOI and 
electric field. 

2. Hamiltonian model 

The present model is depicted in Fig. 1a. The current flow in the x- 
direction. The barrier with thickness L is the gate-control-current region. 
For our model, the SOI with strength Δso in the bottom layer and the 
intrinsic staggered potentials uo are induced by WSe2 substrate [33,44]. 
The perpendicular electric field Ez is applied into the barrier. The ex-
change energy with strength “h” in the top layer is induced by a mag-
netic material [54–56]. The gate potential-induced energy μ is applied in 
the barrier. Therefore, the tight binding Hamiltonian for this BG system 
may be obtained as [2,44,49] 

Ĥ = − t0

∑

<i,j>,n,α
(a†

n,iαbn,jα + h.c.) − t⊥
∑

<i,j>,α
(a†

1,iαb2,jα + h.c)

+ i
Δso

3
̅̅̅
3

√
∑

<<i,j>>,αβ
νij(a†

2,iασz
αβa2,jβ + b†

2,iασz
αβb2,jβ)

+
2i

3
̅̅̅
3

√
∑

<i,j>,αβ
(λR1a†

1,iα

(

σ⇀ × d
⇀

ij

)

z
b1,jβ + λR2a†

2,iα

(

σ⇀ × d
⇀

ij

)

z
b2,jβ + h.c.)

+ u0

(
∑

<i>α
(a†

1,iαa1,iα + b†

1,iαb1,iα) −
∑

<i>α
(a†

2,iαa2,iα + b†

2,iαb2,iα)

)

+ eEzD

(
∑

<i>α
(a†

1,iαa1,iα + b†

1,iαb1,iα) −
∑

<i>α
(a†

2,iαa2,iα + b†

2,iαb2,iα)

)

− h
∑

<i>α
(a†

1,iασz
ααa1,iα + b†

1,iασz
ααb1,iα) − μ

∑

<i>n,α
(a†

n,iαan,iα + b†
n,iαbn,iα) (1)  

where a†

n,iα(bn,jα) is creation (annihilation) operator of A(B) sub-lattice at 
site i(j) with spin polarization α in layer n={1,2}. The notations < i,j >
and ≪i,j≫ denote summation overall the nearest and next-nearest 
neighbor atoms, respectively. The first and second terms represent 
bilayer graphene Hamiltonian with in-plane hopping energy t0 ∼

3.16 eV and the interlayer coupling Hamiltonian for AB-stacking with 
interlayer hopping energy t⊥ ∼ 0.381 eV[2,49], respectively. The third 
term represents in-plane intrinsic SOI only in the bottom layer [44]. This 
term is standard form of SOI Hamiltonian modeled in several honey-
comb latices [39,40,69–72]. σz

αβ is z-axis Pauli matrix element acting on 
spin space and νij = 1(− 1) stands for the next-nearest neighboring 
hopping being anticlockwise (clockwise). The fourth is the Rashba spin 
orbit coupling (RSOC) Hamiltonian for the top(bottom) layer with 
strength λR1(2)[44,73]. The fifth term represents the Hamiltonian due to 
the staggered potential energy u0 induced by WSe2 layer. The sixth term 
represents the Hamiltonian due to the perpendicular electric field “Ez”, 
where +(− )eEZD is the energy in the top (bottom)layer [2,49]. The 
seventh term represents the exchange energy “h” in the top layer 
induced by the magnetic magnetic materials [54–56] (see Fig. 1a). The 
last term is the gate potential-induced energy μ = eVG, where VG is the 
gate potential. 

The single particle 8 × 8 Hamiltonian near the Dirac points from 
Hamiltonian in Eq. (1) acting on the wave state ψ =

(
φa1,↑,φa1,↓,φb1,↑,

φb1,↓,φa2,↑,φa2,↓,φb2,↑,φb2,↓
)

may be obtained as 

Hs =

(
h1 t̂⊥

(̂t⊥)T h2

)

where 

h1=

⎛

⎜
⎜
⎜
⎝

eEzD+u0 − h− μ 0 ħvF(ηpx − ipy) 0
0 eEzD+u0+h− μ 2iλR1 ħvF(ηpx − ipy)

ħvF(ηpx+ipy) − 2iλR1 eEzD+u0 − h− μ 0
0 ħvF(ηpx+ipy) 0 eEzD+u0+h− μ

⎞

⎟
⎟
⎟
⎠

h2=

⎛

⎜
⎜
⎜
⎝

ηΔs0− eEzD− u0− μ 0 ħvF(ηpx− ipy) 0
0 − ηΔs0− eEzD− u0− μ 2iλR2 ħvF(ηpx− ipy)

ħvF(ηpx+ipy) − 2iλR2 − ηΔs0− eEzD− u0− μ 0
0 ħvF(ηpx+ipy) 0 ηΔs0− eEzD− u0− μ

⎞

⎟
⎟
⎟
⎠

and 

t̂⊥ =

⎛

⎜
⎜
⎝

0 0 0 0
0 0 0 0
t⊥ 0 0 0
0 t⊥ 0 0

⎞

⎟
⎟
⎠ (2) 

The Fermi velocity is vF = 3t0a/2ħ with a = 2.46A
o 

[2,49]. The no-
tations η =+( − 1) for k(k′

) valley and σ = 1( − 1) for spin ↑(↓) are 
defined. Although, the effect of Rashba spin orbit coupling (RSOC) λR in 
the case of monolayer graphene could be not negligible [44], in bilayer 
graphene, they may be neglectable in the low energy limit [73]. 
Recently, it has been shown that when energy E is very small in com-
parison with the interlayer coupling, E ≪t⊥ , the effect of RSOC is very 
weak and may be cancelled, especially in the case of RSOC for the two 
layers being opposite [73]. Because of this, the model of the Hamiltonian 
in Eq. (2) may be approximated by setting λR1 = λR2→0, to get the 4 × 4 
Hamiltonian acting on ψ =

(
φa1,σ ,φb1,σ ,φa2,σ ,φb2,σ

)
as of the form 

H=

⎛

⎜
⎜
⎜
⎝

eEzD+u0− σh− μ ħvF(ηpx− ipy) 0 0
ħvF(ηpx+ipy) eEzD+u0− σh− μ t⊥ 0

0 t⊥ ησΔso− eEzD− u0− μ ħvF(ηpx− ipy)

0 0 ħvF(ηpx+ipy) − ησΔso− eEzD− u0− μ

⎞

⎟
⎟
⎟
⎠

(3) 

The four-energy band Hamiltonian in eq.3 yields conduction and 
valence bands for large energy |E|⩾t⊥∼0.38eV[49]. When we consider 
the low energy regime to investigate the transport property using 
E≅Δso≪t⊥, the lowest and highest energy bands in 4×4 Hamiltonian are 
not required. At low energy near the k(k′

) point, it can be reduced into 
two components ψ= (φa1,φb2)

T, since φb1 and φa2 are dimmer states when 
|E|≪t⊥. The Hamiltonian is thus given as of the 2×2 matrix form 

HL =

⎛

⎜
⎜
⎜
⎝

ησΔso + u0 + eEzD − σh − μ −
ħ2

2m
(ηpx − ipy)

2

−
ħ2

2m
(ηpx + ipy)

2
− ησΔso − u0 − eEzD − σh − μ

⎞

⎟
⎟
⎟
⎠

(4)  

where m = t⊥/2v2
F[2]. Eq. (4) can be rewritten as of the new form to 

show the spin-valley dependent energy gap and the Fermi energy, as 
given by [49] 
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HL =

⎛

⎜
⎜
⎜
⎝

Δησ + uησ −
ħ2

2m
(ηpx − ipy)

2

−
ħ2

2m
(ηpx + ipy)

2
− Δησ + uησ

⎞

⎟
⎟
⎟
⎠

(5)  

where Δησ = (
ησΔso

2 − σh
2 + u0 + eEzD) and uησ = − (

ησΔso
2 + σh

2 ) − μ. The 
Eigen energy is given as 

E = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

ħ2

2m

)2

(p)4
+ (Δησ)

2

√

+ uησ (6)  

where p is the wave vector. As has been seen in Eqs. (5)–(6), the energy 
gap Egap = 2Δησ and the Fermi energy EF = uησ are spin-valley depen-
dent. The spin-valley band structure in normal (N) and barrier (B)re-
gions are illustration in Fig. 2a. The occupied states in the N regions are 
found below E +

ησΔso
2 , while in the B region are found below E + (

ησΔso
2 +

σh
2 ) + μ. Here “E” is the energy E = eVbias due to biased potential Vbias of 

the field effect transistor (FET) crossing source-drain. This special 
property, spin-valley dependent gap and Fermi energy in the bar-
rier, is the main focus in the investigation of transport property that is 
controlled by the gate at the barrier. This property would play the 
important role of creating gate control of perfect spin, valley and layer 
polarizations. 

In the normal region, x < 0 and L < x, we have h = EZ = μ = 0, to 
get the Eigen energy from Eq. (6) as of the form 

EN = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

ħ2

2m

)2

(p)4
+
(ηsΔso

2
+ u0

)2
√

−
ησΔso

2
(7) 

This formula can describe the band structure of bilayer graphene on 
WSe2 given by [33], when we set Δso = 1.3meV and uo = 7meV(see 
Fig. 2). Therefore, our work will study the ballistic transport using these 
fitting parameters throughout the numerical investigation. 

3. Scattering process and transport formulae 

In this section, the scattering of electron in the system is studied in 
BG on WSe2 system-based N/B/N junction, where in the normal regions 
(N) h = EZ = μ = 0, while in the barrier region(B) exchange energy h, 
electric field EZ and the gate potential μ are applied (see Fig. 1a). The 
current is assumed to flow in the x-direction. The barrier is confined in 
the 0 < x < L. From Hamiltonian in Eq. (5), the wave function with the 
incident angle θ and the parallel component kP =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2m
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E − uησN )
2
− Δ2

ησN

√√

sin(θ)/ħ[2,72], defined in the left-N and the 

right-N, are respectively given as 

ψN(x < 0) =
[(

1
α+

)

eikN x + r
(

1
α−

)

e− ikN x + r′

(
1

β−

)

eqN x
]

eikPy  

and 

ψN(x > L) =
[

t
(

1
α+

)

eikN x + t
′

(
1

β+

)

e− qN x
]

eikPy  

where α± = − ħ2

2m
(ηkN±ikp)

2

(E− uησ,N+Δησ,N)
= −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(E− uησ,N)− Δησ,N
(E− uησ,N)+Δησ,N

√

e±2iηθ,β± =

ħ2

2m
(ηqN±kp)

2

(E− uησ,N+Δησ,N)

with 

kN =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2m/ħ2)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E − uησ,N)
2
− Δ2

ησ,N

√

− k2
P

√

qN

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2m/ħ2)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E − uησN )
2
− Δ2

ησN

√

+ k2
P

√

Δησ,N =
ησΔSO

2
+ u0 and uησ,N = −

ησΔSO

2
(8) 

The wave function in the barrier region is defined as 

ψB(0⩽x⩽L) =
[

a
(

1
γ+

)

eikBx + b
(

1
γ−

)

e− ikBx + c
(

1
κ−

)

eqBx

+ d
(

1
κ+

)

e− qBx
]

eikPy  

where γ± = − ħ2

2m
(ηkB±ikp)

2

(E− uησ,B+Δησ,B)
= −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(E− uησ,B)− Δησ,B
(E− uησ,B)+Δησ,B

√

e±2iηϕ,κ± = ħ2

2m
(ηqB±kp)

2

(E− uησ,B+Δησ,B)

with kB =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2m/ħ2)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E − uησ,B)
2
− Δ2

ησ,B

√

− k2
P

√

,qB =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2m/ħ2)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E − uησ,B)
2
− Δ2

ησ,B

√

+ k2
P

√

ϕ = sin− 1
(

kP

kB

)

, Δησ,N =
ησΔSO

2
−

σh
2
+ u0 + eEzD and uησ,B

= −

(
ησΔSO

2
+

σh
2

)

− μ (9) 

The coefficients r and t and are reflective and trans missive co-
efficients, respectively. r′ and t′ are decaying states. a,b,c and d are the 
coefficient of the wave function inside the barrier. They can be deter-
mined by matching the wave functions in Eqs. (8) and (9) with the 
boundary conditions at x = 0 and x = L, respectively given as [2,72] 

ψN(0
− ) = ψN(0

+)∂xψN(0
− ) = ∂xψN(0

+)

and ψN(L
− ) = ψN(L

+), ∂xψN(L
− ) = ∂xψN(L

+) (10)  

4. Transport formulae 

The transmission of the junction may be determined by the formula 
given as 

Tησ(θ) = Jt/Jin = (tησ)
*tησ (11)  

where Jt(in) are calculated via the current density of the bilayer graphene 

Fig. 2. Shows spin and valley dependent band structure of bilayer graphene on wse2 in normal region. By setting Δso = 1.3meV and uo = 7meV in our model may 
describe the band structure given in [33]. 
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system which is determined via the continuity condition [2,72] 

Jt(in) = (iħ/2m)
(
ψ*

t(in)τx∂xψt(in) − ∂xψ*
t(in)τxψt(in) + 2ψ*

t(in)τy∂yψt(in)

)
(12)  

where τx,y,z are Pauli spin matrices acting on pseudo spin space and the 
wave functions ψ t = t( 1 α+ )

TeikNx and ψ in = ( 1 α+ )
TeikNx are the 

transmitted and injected wave states in Eq. (8). Based on the standard 
Landauer’s formalism [74], the dimensionless spin-valley conductance 
may be thus given as 

Gησ =
1
4

∫ π/2

0
Tησ(θ)cosθdθ (13) 

Spin and valley polarizations may be respectively defined as 

SP =
(Gk↑ + Gk′ ↑) − (Gk↓ + Gk′ ↓)

G
× 100%  

and VP =
(Gk↑ + Gk↓) − (Gk′ ↑ + Gk′ ↓)

G
× 100% (14)  

Fig. 3. Shows (a) spin-valley dependent bands and occupied states at μ = − 6.55meV . (b) plot of spin-valley dependent conductance as a function of gate potential 
and (b) the SVP, VP and SP as a function of gate potential for E = 7.2meV, u0 +eEzD = 0 , L = 250nm and zero exchange field h = 0. In this case, it is found that VP =
SP = 0, while SVP can be controlled from almost − 100% to + 100% by varying small value of the gate potential. 
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where G = Gk↑ +Gk↓ +Gk′ ↑ +Gk′ ↓ is the total conductance. Since we 
consider the current governed by the combination of spin and valley, the 
spin-valley-coupled polarization may be defined as 

SVP =
(Gk↑ + Gk′ ↓) − (Gk↓ + Gk′ ↑)

G
× 100% (15) 

The spin-valley-coupled polarization is to show the imbalance be-
tween the spin-valley coupled currents k↑, k′ ↓ and k↓, k′ ↑ .This is the 
alternating parameter because of the presence of spin and valley 

currents in graphene. Not only are spin and valley currents applicable 
but also spin-valley-coupled current. 

5. Result and discussions 

In the numerical result, the interacting electronic parameters for 
bilayer graphene grown on WSe2 are for SOI strength Δso = 1.3meV and 
breaking sublattice gap uo = 7meV, which may be in agreement with 
fitting curves of the band structure given by ref.[33]. The ballistic 

Fig. 4. Shows (a) spin-valley dependent bands and occupied states at μ = − 7.2meV . (b) plot of spin-valley dependent conductance as a function of gate potential and 
(b) the SVP, VP and SP as a function of gate potential for E = 7.2meV, u0 +eEzD = 0 , L = 250nm and h = 1.3meV. Pure valley current and switching of SVP and SP by 
varying the gate potential are predicted. 
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Fig. 5. Shows (a) spin-valley dependent bands and occupied states at μ = − 7.2meV . (b) plot of spin-valley dependent conductance as a function of gate potential and 
(b) the SVP, VP and SP as a function of gate potential for E = 7.2meV, u0 +eEzD = 1.3meV , L = 250nm and h = 1.3meV. Pure spin-valley-coupled and pure spin 
currents are predicted inside the gaps. 
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transport is focused in the case of E = 7.2meV ≅ uo. In this case, the 
system exhibits pseudo-ferromagnet [75], which is considered from the 
expectation value of the direction of pseudo-spin in normal regions, 
calculated from 

〈 τ→〉 = 〈ψN | τ→|ψN〉

= −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
u0 +

ησΔSO
2

)

(E + ησΔSO
2 )

√

(cos2θ̂i + ηsin2θĵ)+
(
u0 +

ησΔSO
2

)

(E + ησΔSO
2 )

k̂  

where 

ψN =
1̅
̅̅
2

√

(
e− iηθν+

− eiηθν−

)

(16)  

is the normalized spinor wave in the N region’s with ν± =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 ±
( (

u0 +
ησΔSO

2 )/(E +
ησΔSO

2 )
)√

and τ→= τx î +τy ĵ +τz k̂ is the pseudo spin 

operator with k̂ being perpendicular to the graphene plane. For the 
energy approaching the intrinsic staggered potential E→uo, we have 

〈 τ→〉 ≅ k̂ (17) 

This one direction of pseudo spin represents the pseudo-ferri-
magnet defined from the lattice pseudo-spin [75]. 

Firstly, in Fig. 3, the transport property as a function of the gate 
potential is investigated, in the case of non-exchange energy h = 0 and 
non-staggered potential induced energy gap eEZD + uo = 0. The spin- 
valley-dependent energy gap can be described by the formula 

Egap,ησ = 2Δησ = 2
⃒
⃒
⃒
⃒

(
ησΔso

2
−

σh
2
+ u0 + eEzD)

⃒
⃒
⃒
⃒ (18)  

and the spin-valley-dependent occupied states are found below 

EF,ησ = E +(
ησΔso

2
+

σh
2
)+ μ (19) 

For zero exchange energy and staggered potential, plotted in Fig. 3a, 
the energy gap for all species of electron is Egap,ησ = 2Δso = 1.3meV, 
while the fermi level is different. The occupied states may be found 
below EF,k↑ = EF,k′ ↓ = E+Δso

2 +μ and EF,k↓ = EF,k′ ↑ = E − Δso
2 + μ. At μ =

− 6.55meV, EF,k↓ = EF,k′ ↑ = 0 centered inside the gap and EF,k↑ = EF,k′ ↓ =

1.3meV above the gap (see Fig. 3a). This gate potential value μ =

− 6.55meV gives rise to damping state for k↓ and k′↑, while it is prop-
agating states for k↑ and k′↓. The general condition to give damping 
state, due to the energy level inside the gap, for electron with spin σ and 

valley η may be given by 

−

(

E +
ησΔso

2
+

σh
2

)

−
Eg,ησ

2
< μ < −

(

E +
ησΔso

2
+

σh
2

)

+
Eg,ησ

2
(20) 

For the plotted parameters in Fig. 3, using Eq. (20) we may find the 
damping state for k↓ and k′ ↑ satisfying the condition 
− 7.2meV < μ < − 5.9meV. For k↑ and k′ ↓, the damping state occurs 
when − 8.5meV < μ < − 7.2meV. By this condition, the plot of spin- 
valley conductance in Fig. 3b shows that Gk↑,Gk′ ↓ have the same 
curves and are strongly suppressed due to damping states when 
− 8.5meV < μ < − 7.2meV,while Gk↓,Gk′ ↑ have the same curves and are 
large, due to propagating states. When 
− 7.2meV < μ < − 5.9meV,Gk↑,Gk′ ↓ exhibit conducting state while Gk↓,

Gk′ ↑ are strongly suppressed. This leads to spin-valley-coupled polari-
zation controlled almost completely by the gate (see Fig. 3c). Almost 
− 100% dramatically changes to almost + 100% by varying small gate 
potential around 7.2 meV. This behavior may be good property for 
application of gate-control of spin-valley-coupled current with high 
sensitivity. In non-magnetic barrier, the selectable control of two groups 
of electron species, “ k↑, k′↓” and “k↓, k′ ↑”, is due to the Fermi level and 
gap of these two-electron species can be controlled by gate voltage. This 
result has not been predicted in the previous investigation in other 
materials [63,65]. The model may be achieved in laboratory, since a 
non-magnetic-gated-barrier BG/WSe2-based FET has been recently 
fabricated [36]. 

In Fig. 4, the exchange field has been considered. The exchange 
energy is set to equal to SOI, h = Δso = 1.3meV, while eEZD + uo = 0. In 
this case, the energy gap of electron of states k↑ and k↓ is zero. In 
contrast, the energy gap of electron of states k′ ↑ and k′ ↓ is 2.6 meV. The 
energy gap and the occupied states are plotted at μ = − 7.2meV, to show 
that for this gate potential electron with states k↑ and k↓ are allowed to 
flow through the junction, while electron of states k′↑ and k′ ↓ are under 
damping states and hardly to flow through the junction. In Fig. 4b, it is 
found that Gk↑ and Gk↓ are suppressed only at μ = − 8.5meV and μ =

− 5.9meV, respectively. This is due to the spin-valley dependent neutron 
points, touching point between the valence and conduction bands, 
calculated from μ = −

(
E +

ησΔso
2 + σh

2
)

for the gapless case. For 
− 8.5meV < μ < − 5.9meV, Gk′ ↑,Gk′ ↓ are almost completely suppressed 
due to it is under damping states, described by Eq. (20). However, in 
these gate-potential values, Gk↑ and Gk↓ are not suppressed. This 
behavior leads to the pure valley current (100% of k-valley electron, 
100%VP) predicted in Fig. 4c for − 8.5meV < μ < − 5.9meV. In the case 

Fig. 6. Study of spin-valley-coupled polarization as a function of gate potential when varying the barrier thickness. changing of svp from− 100% to + 100% sharply 
by varying very small gate potential is predicted for large L. 
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of non-electric field applied into gated barrier, electron is split into two- 
valley completely, one valley is suppressed strongly due to its energy 
level inside the gap, while another valley lies outside the gap, leading to 
pure valley current for specific gate potential. The current from source to 
drain may be purely governed by valley current with gate control. This 
result is to show the junction applicable for valley-based-FET device 
[60,61,66]. The weak exchange energy induced by depositing magnetic 
materials on top of gate barrier with h ≃ Δso may be achievable using Eu 
[55,59]. 

In Fig. 5, the interplay between exchange energy and staggered- 
potential-induced gap are investigated for h = eEZD + uo = Δso =

1.3meV. The energy gap from Eq. (19) for k↑,k↓,k′ ↑ and k′ ↓ are 2.6meV, 
2.6meV,0 and 5.2meV, respectively (as seen in Fig. 5a). The Fermi level 
depends on the gate potential and spin-valley-dependent. By using Eq. 

(20), the results of Gk↑ and Gk↓ are suppressed for 
− 9.8meV < μ < − 7.2meV and − 7.2meV < μ < − 4.6meV, respectively. 
Also Gk′ ↑ and Gk′ ↓ are suppressed at μ = − 7.2meV and 
− 9.8meV < μ < − 4.6meV, respectively. In this case, the junction is full 
spin-valley dependent energy gap and Fermi level. Interestingly, this 
leads to 100%SP, pure spin current, for − 7.2meV < μ < − 4.6meV, 
because only Gk↑ and Gk′ ↑ are not suppressed in this region. Also, 100% 
SVP, pure spin-valley-coupled current, is predicted for 
− 9.8meV < μ < − 7.2meV, because only Gk↓ and Gk′ ↑ are not suppressed 
in this region. In this case, the junction exhibits both spin and spin-valley 
FET characteristics. The required condition to give such characteristics 
is h = eEZD + uo = Δso. The electric field inside the gate barrier may be 
easily tuned [2,49]. 

In Fig. 6, we study switching of spin-valley-coupled current for the 

Fig. 7. Study of SVP, VP and SP in the case of h = 3meV ∕= Δso for u0 + eEzD = 0, (a) u0 +eEzD = 1.3meV (b)and u0 + eEzD = 3meV(c). The 100% of VP does not 
appear in this case, while 100% of SVP and SP still appears. Exchange energy of 3 meV may be achieved by depositing Cr2Si2Te6 on the top of BG [54]. 
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parameters given the same as Fig. 3. The switching of SVP can be 
controlled perfectly from − 100% to + 100% by varying gate potential, 
when increasing the thickness of the junction large enough L = 400 nm. 
Suppression of some species of electron requires the decaying length L >

> ξ inside the barrier due to decaying state ψ ∼ e− x
̅̅̅̅̅̅̅
mΔso

√

ħ , where in this 
case it may be astimated as ξ ∼ ħ/

̅̅̅̅̅̅̅̅̅̅̅
mΔso

√
≅ 33nm. Finally, we study the 

polarizations in Fig. 7a-7c. The polarizations in the case of h =

3meV ∕= Δso, which may be achieved by depositing Cr2Si2Te6 on the top 
of BG [54]. It is found that the 100% of SP and SVP are controlled able by 
the gate potential. The two characteristics of spin- and spin-valley FETs 
devices appeared in this model may show great potential of bilayer 
graphene doped by WSe2 and may be achievable. 

6. Summary and conclusion 

We have investigated spin-valley transport property of bilayer gra-
phene on WSe2 junction, where the barrier thickness is L. In the barrier, 
there are layer-dependent proximity-induced exchange field and an 
applying electric field. The spin-valley dependent transport properties as 
a function the gate potential in the barrier has been studied. Layer- 
dependent ferromagnetic bilayer graphene on WSe2 leads to spin- 
valley-dependent Fermi energy and energy gap. This has been consid-
ered as novel effect of the specific property of BG on WSe2 system. The 
transport property due to the effect of interplay between gap and the 
Fermi energy with depending on spin-valley has been focused. For the 
excitation energy comparable to SOI, the alignment of pseudo-spin of 
electron has been found to be only in the z-direction, like a pseudo- 
ferromagnet. We have found that perfect control of spin-valley- 
coupled polarization (SVP) from − 100% to + 100% by the gate has 
been predicted, even non-magnetic junction. This junction may be 
realizable in laboratory [36]. The pure-valley current, 100% of the VP, 
in the specific values of the gate potential has been predicted, when 
applying the exchange energy comparable to the SOI strength. The weak 
exchange energy comparable to SOI strength may be realized by using 
Eu [55,59]. Also, the pure spin (100% of the SP) and spin-valley-coupled 
currents have been predicted to occurs when varying different values of 
the gate potential. In this case, the exchange energy with 3 meV may be 
generated in the junction by depositing Cr2Si2Te6 on the top of BG [54]. 
This is to say that BG/WSe2 -based electronics may exhibit multi prop-
erties in one system. Our investigation has revealed the potential of BG 
on WSe2 for spin-valley-based electronics such as spin-FETs, valley FETs 
and spin-valley-FETs. 
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