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ARTICLE INFO ABSTRACT

Keywords: We investigate the spin-valley dependent transport properties in a gated bilayer graphene (BG) junction placed
Bilayer graphene on top of WSe2. By means of layer-dependent proximity, the spin—orbit interaction (SOI) is induced in the bottom
WSe,

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 SOIL 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.

Transition metal dichalcogenides
Topological insulator
Spin-valley-transistor

1. Introduction to show the oscillation due to effect of Klein tunneling caused by

massless Dirac fermion [22]. When graphene is gapped, Klein tunneling

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/YsFesO12 [15], respectively. Unlike conven-
tional systems, spin polarization in magnetic graphene has been studied
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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 SOIL 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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Fig. 1. Illustration of (a) the substrate-induced spin
orbit interactionbilayer graphene (BG) based N/B/N
junction. BG is placed on top of WSe,. 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 E, is applied into the
barrier region. The gate potential u 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

.

fermion applicable for qubit of topological quantum computation [46].
The experimental study has shown that SOI in graphene on WSe; in-
creases by hydrostatic pressure [38]. The spin-split energy dispersion in
graphene on WSe; 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/WSe;
systems have a lot of recent investigations [33-36,48]. Layer-dependent
proximity effect show intrinsic SOI strength of Ay, ~ 2.3 meV and
electric-induced gap of u, ~ 5 meV in encapsulated BG/ WSe; structure
[35]. The transport in structures that bilayer graphene interfacing with
single WSe, layer [33-36] and encapsulated by WSey [35,48] are
studied. Very recently, optical conductivity in encapsulated BG with
WSe; 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 WSe; 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/
CryGeyoTeg [54], BG/ CraSisTeg [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 WSe; 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 WSe; junction, where WSey 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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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
WSe, 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/ CroGeoTeg [54] are comparable with the strength of SOI of
1.3 meV induced by MG/WSe, 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 A, in the bottom layer and the
intrinsic staggered potentials u, are induced by WSey substrate [33,44].
The perpendicular electric field E, 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 y is applied in
the barrier. Therefore, the tight binding Hamiltonian for this BG system
may be obtained as [2,44,49]

H=—1 Z (ai,iab,,_ja +he)—t, Z (aLasza + h.c)

<ij>.na <ij>a

. A.\() + ” T -
+i NG D vyldl o0+ bl sbas)
3v3 <<ij>>.af

2i - = - =
+ﬁ Z (ﬂRlaJ{)ia (O’ X d,‘j) zbu/f + lea;ia (O’ X d,:,') vbz’jﬂ + h(,)

<ij>.aff z

+ug <Z(“'1r.mal~ia + bl ubria) = > (@00 + b;mbm))

<i>a <i>a

+eE.D <Z(ai.mal,ia + le.iabl.ia) - Z(a;iaalia + b;.iablm))

<i>a <i>a

- hz (ai.iag(zmal-iu + b:,iagfl(zbl,ia) —H Z (al,iaan,ia + b:\l,iab'lia) 1

<i>a <i>na

where aL‘ia(bn ja) is creation (annihilation) operator of A(B) sub-lattice at
site i(j) with spin polarization « 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 t, ~
3.16 eV and the interlayer coupling Hamiltonian for AB-stacking with
interlayer hopping energy t, ~ 0.381eV[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]. 03/, is z-axis Pauli matrix element acting on

spin space and vy = 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 Agy(2)[44,73]. The fifth term represents the Hamiltonian due to
the staggered potential energy u, induced by WSe layer. The sixth term
represents the Hamiltonian due to the perpendicular electric field “E,”,
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 y = eVg, where Vg is the
gate potential.
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The single particle 8 x 8 Hamiltonian near the Dirac points from
Hamiltonian in Eq. (1) acting on the wave state y = ((/)al.Tv(pal,Lv P11

P11 Paz.ts Pa2,1» §0b2,17(ﬂb2.1) may be obtained as

= i)

where
eE,D+uy—h—pu 0 hvp(np«—ipy) 0
o 0 eE,D+uy+h—p 2iAr hvp(np«—ipy)
" Ave(gp.tip,) —2ilg eE.D+uy—h—pu 0
0 hvr(np«+ipy) 0 eE.D+uy+h—u
”AYO_eEZ'D_uO_M 0 th('?px_ipy) 0
e 0 —nAg—eE, D—ug—p 2iAry hvr(np—ipy)
2 hvr(nptipy) —2ilgo —nA—eE D—uy— 0
0 hvr(np.tipy) 0 NA—eED—uy—p
and
0O 0 00
- 0O 0 00
L=l o000 2
0 ¢t 00

The Fermi velocity is vy = 3toa/2% with a = 2.46,3 [2,49]. The no-
tations y =+(—1) for k(k') valley and ¢ = 1(—1) for spin 1(|) are
defined. Although, the effect of Rashba spin orbit coupling (RSOC) A 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 Az; = Az2—0, to get the 4 x 4
Hamiltonian acting on y = (¢4, ¥41.5 Paz.e> Pras) as Of the form

eE,D+uy—ch—y Tivp (np,—ipy) 0 0
He hvp(npstipy) eE.D+uy—ch—p t 0
B 0 1 WGA:o_eEzD_MO_ﬂ hVF (”px_ipy)

0 0 —noAs,—eE D—ug—p

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~Aq <t , the lowest and highest energy bands in 4x4 Hamiltonian are
not required. At low energy near the k(k') point, it can be reduced into

hVF (’1]7)« +ip_v )

two components y= (¢ @y,) > Since ¢, and ¢,, are dimmer states when
|[E|<t,. The Hamiltonian is thus given as of the 2x2 matrix form

2
nols, + ug + eE,D —ch — —%(r]px — ipy)2

H, = )

_E(r]px + ip)’)z _rIGAw —Up — eEzD —oh— H

(C))
wherem =t/ 2v}2,[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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Fig. 2. Shows spin and valley dependent band structure of bilayer graphene on wse, in normal region. By setting As, = 1.3meV and u, = 7meV in our model may

describe the band structure given in [33].

2

Ay + e _%(ﬂpx - ip,\')z
Ho=| | ®)
_E(”px + ipy)z _Arm + Uye
where A, = (1292 — % 4 ug +eE,D) and uy, = —(1%2+ %) —p. The
Eigen energy is given as
AW :
E=+ (%) (P) + (Arlﬂ) +Mnu (6)

where p is the wave vector. As has been seen in Egs. (5)-(6), the energy
gap Egqp = 2A,, and the Fermi energy Er = u,, 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 + 2=, while in the B region are found below E + (12 +

%h) + p. Here “E” is the energy E = eVj,; due to biased potential Vs 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, wehaveh = E; = y = 0, to
get the Eigen energy from Eq. (6) as of the form

hz : 4 ”‘YAm 2 UO-A?()
Ex==44/(— Lo _ o
v \/ (Zm) 0 + (B3 w) =15 @)

This formula can describe the band structure of bilayer graphene on
WSe, given by [33], when we set A, = 1.3meV and u, = 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 WSe; system-based N/B/N junction, where in the normal regions
(N) h = Ez = u = 0, while in the barrier region(B) exchange energy h,
electric field Ez and the gate potential y 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 6 and the parallel component kp =

noN

\/2m (E— LL,,,,N)2 — A2 sin()/h[2,72], defined in the left-N and the

right-N, are respectively given as

wy(x < 0) = {(OL )eikNx + r(a{ >e—ik,\r,r + y (ﬂl >equ:|eik,,y

and

1 . It . ikny
x>L)=|t e+t e I | Py
vl ) {(0”) (ﬁ+> }

_i2 (nkwtikp)?

(E—tyoN) —DyoN ,£2in0 _
2m Bty thpn) e P

where oy = () TByon -

2 (ngnEky)®
2m (E—yon+Ayon)
with

ky = \/(2m/h2) (E— ”ﬂmN)z - A;n,N - klz’qN

S N S

oA oA
Ar/(r.N = 19250 +ug and UpgN = — 1 B %0 (8)
The wave function in the barrier region is defined as
V/B(OSXSL) _ |:a( 1 )eikgx +b( 1 )e—ikgx +L( 1 )qux
Yy Y- K_
+d ! e | gihry
Ky
_ - __(mksxiky)? (E=tyo8) =By ,4-2i _ 12 (ngetky)?
where v, =30 G nTh s =~V Eaa e KE = o oty A
with kg = \/ (2m/1?)\/(E = uyep)® — AZ, 5 — kpqs =

\/ (2m /%)y /(B — ty)? — 2,5+

k, A h
¢ =sin™! (k_P)’ Apon = ’762 50 —%-&- Uy + eE.D and u,
B

cA oh
(o) ©

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 Eqgs. (8) and (9) with the
boundary conditions at x = 0 and x = L, respectively given as [2,72]

wy(07) = wy(0M)dapy (07) = Ay (0F)

and wy(L7) = yy (L"), oy (L7) = dapy(LY) 10)

4. Transport formulae

The transmission of the junction may be determined by the formula
given as
T30 (0) = Ji /i = (10) 1y an

where Jy ;) are calculated via the current density of the bilayer graphene
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Fig. 3. Shows (a) spin-valley dependent bands and occupied states at y = —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, ug +eE,D = 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.

system which is determined via the continuity condition [2,72]

(ih/2m) (ll/:(i,,)‘fxaxll/t(;n) 12

Jiiiny = - ax'l’:(in)fx'l/t(m) + ZW:(in)T}’aywt(in))

where 7, are Pauli spin matrices acting on pseudo spin space and the
wave functions y, = t(1 a; )Te®* and y;,, = (1 a, )Te®™ 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

Gy = % /0 " T,6(0)cos0do 13)
Spin and valley polarizations may be respectively defined as
sp— (Git +Gyy) = (G + Gy ) « 100%
G
and vp =G G0 _G(G"'T TG 100 14)
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Fig. 4. Shows (a) spin-valley dependent bands and occupied states at y = —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, ug +eE,D =

varying the gate potential are predicted.

where G = Gy +Gy, +Gy; +Gy, 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

(G +Gyy) — (G + Gyy)

SVP =
G

x 100% (15)

The spin-valley-coupled polarization is to show the imbalance be-
tween the spin-valley coupled currents k1,k'| and k|,k't .This is the
alternating parameter because of the presence of spin and valley

0,L = 250nmand h = 1.3meV. Pure valley current and switching of SVP and SP by

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 WSe; are for SOI strength Ay, = 1.3meV and
breaking sublattice gap u, = 7meV, which may be in agreement with
fitting curves of the band structure given by ref.[33]. The ballistic
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Fig. 5. Shows (a) spin-valley dependent bands and occupied states at 4 = —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, uy +eE,D = 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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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.

transport is focused in the case of E = 7.2meV = u,. 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

(T) = wwl Tlww)

(1 =59 )

= —4/l ———F= c032€?+ sinZHJA' + - Z
(E + ﬂﬂésu) ( n ) (E + Wﬂgsu)
where
1 e*iqel/
¥n = 75 ( fe"”"l/t ) (16)

is the normalized spinor wave in the N region’s with v, =

\/ 1+ ((uo +175%2) /(E +1550)) and T = 7, +17,] +7;k is the pseudo spin

operator with k being perpendicular to the graphene plane. For the
energy approaching the intrinsic staggered potential E—u,, we have

(T) = % a7

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 + u, = 0. The spin-
valley-dependent energy gap can be described by the formula

A, ©oh
Eqppre = 20,0 = 2‘ (’7 = T+ g+ ¢E.D) (18)

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

ocA,, o©h
Erpo :E+(”T+7)+ﬂ (19)

For zero exchange energy and staggered potential, plotted in Fig. 3a,
the energy gap for all species of electron is Eyqp,, = 245, = 1.3meV,
while the fermi level is different. The occupied states may be found
below Epyy = Epy, = E+%2+y and Epyy = Epyy = E—% + p. Aty =

—6.55meV, Epy, = Epy, = 0 centered inside the gap and Epy; = Epy| =
1.3meV above the gap (see Fig. 3a). This gate potential value p =
—6.55meV gives rise to damping state for k| and k1, while it is prop-
agating states for k1 and k'|. The general condition to give damping
state, due to the energy level inside the gap, for electron with spin ¢ and

valley # may be given by

Ay,  oh\ E A, oh\ E
7<E+%+%)7g7”0</4<7(E+”62 +%>+ S 20

For the plotted parameters in Fig. 3, using Eq. (20) we may find the
damping state for k| and k't satisfying the
—7.2meV < y < —5.9meV. For k1 and k|, the damping state occurs
when —8.5meV < u < —7.2meV. By this condition, the plot of spin-
valley conductance in Fig. 3b shows that Gy, Gy, have the same
curves and are strongly suppressed due to damping states when
—8.5meV < u < —7.2meV,while Gy, Gy, have the same curves and are
large, due to propagating states. When
—7.2meV < pu < —5.9meV,Gy, Gy, exhibit conducting state while Gy,
Gy, 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

condition

of electron species, “ k1, k'|” and “k|, k'1”, 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/WSegp-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 = A,, =1.3meV, while eEzD +u, =0.In
this case, the energy gap of electron of states kt and k| is zero. In
contrast, the energy gap of electron of states k't and k'} is 2.6 meV. The
energy gap and the occupied states are plotted at y = —7.2meV, to show
that for this gate potential electron with states k1 and k| are allowed to
flow through the junction, while electron of states k't and k' | are under
damping states and hardly to flow through the junction. In Fig. 4b, it is
found that Gy; and Gy, are suppressed only at y =—8.5meV and u =

—5.9meV, respectively. This is due to the spin-valley dependent neutron
points, touching point between the valence and conduction bands,
calculated from u=—(E+ % + %) for the gapless case. For
—8.5meV < u < —5.9meV, Gy, Gy, are almost completely suppressed
due to it is under damping states, described by Eq. (20). However, in
these gate-potential values, Gy; and Gi, 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 < u < —5.9meV. In the case
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Fig. 7. Study of SVP, VP and SP in the case of h = 3meV # A, for uy + eE,D = 0, (a) up +eE,D = 1.3meV (b)and uy + eE,D = 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 Cr,Si»Tes on the top of BG [54].

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 ~ A, 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 + u, = Ay =
1.3meV. The energy gap from Eq. (19) for k1,k},k'1 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 Gi and G, are suppressed for
—9.8meV < y <—7.2meV and —7.2meV < u < —4.6meV, respectively.
Also Gy, and Gy, are suppressed at u=-7.2meV and
—9.8meV < u < —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 < y < —4.6meV,
because only Gy, and Gy, are not suppressed in this region. Also, 100%
SVP, pure spin-valley-coupled current, is predicted for
—9.8meV < u < —7.2meV, because only Gy, and Gy, 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
ish = eEzD + u, = Ay. 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
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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 >

mAso

> ¢ inside the barrier due to decaying state y ~ e = , where in this
case it may be astimated as & ~ i/\/mA,, = 33nm. Finally, we study the
polarizations in Fig. 7a-7c. The polarizations in the case of h =
3meV # Ay, which may be achieved by depositing CrySizTeg 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 WSey and may be achievable.

6. Summary and conclusion

We have investigated spin-valley transport property of bilayer gra-
phene on WSe; 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 WSe; 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 WSe; 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 Cr,SisTeg on the top of BG [54].
This is to say that BG/WSe; -based electronics may exhibit multi prop-
erties in one system. Our investigation has revealed the potential of BG
on WSe;, for spin-valley-based electronics such as spin-FETs, valley FETs
and spin-valley-FETs.
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