http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Electrical controllable spin valves in a zigzag silicene nanoribbon ferromagnetic junction

Lin Zhang(7k-#k)
Citation:Chin. Phys. B . 2018, 27(6): 067203. doi: 10.1088/1674-1056/27/6/067203

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Influence of spin-orbit coupling on spin-polarized electronic transport in magnetic
semiconductor nanowires with nanosized sharp domain walls

Lian Liu(*¥7%), Wen-Xiang Chen(J% 3 #£), Rui-Qiang Wang(F Hii%), Liang-Bin Hu(# %2 )
Chin. Phys. B . 2018, 27(4): 047201. doi: 10.1088/1674-1056/27/4/047201

Spin transportin a chain of polygonal quantum rings with Dresselhaus spin-orbit coupling

Han-Zhao Tang (2 #H7), Xiao-Teng Yao(ZHE[5), Jian-Jun Liu(X1%2 %)
Chin. Phys. B . 2017, 26(11): 117203. doi: 10.1088/1674-1056/26/11/117203

Coherent charge transport in ferromagnet/semiconductor nanowire/ferromagnet double barrier
junctions with the interplay of Rashba spin—orbit coupling, induced superconducting pair
potential, and external magnetic field

Li-Jie Huang(#37.4#), Lian Liu(X|7%), Rui-Qiang Wang(L ¥ii5%), Liang-Bin Hu(#1%% 1)
Chin. Phys. B . 2017, 26(7): 077201. doi: 10.1088/1674-1056/26/7/077201

Current induced nonequilibrium spin polarization in semiconductor-nanowire/s-wave
superconductor junctions with strong spin-orbit coupling

Nai-Qing Liu(x1l /5i%), Li-Jie Huang(#7.4#), Rui-Qiang Wang(F #i5#), Liang-Bin Hu(#42 7<)
Chin. Phys. B . 2016, 25(2): 027201. doi: 10.1088/1674-1056/25/2/027201

Characteristics of anomalous Hall effect in spin-polarized two-dimensional electron gases in the
presence of both intrinsic, extrinsic, and external electric-field induced spin—orbit couplings

Liu Song,Yan Yu-Zhen,Hu Liang-Bin
Chin. Phys. B . 2012, 21(2): 027201. doi: 10.1088/1674-1056/21/2/027201


http://cpb.iphy.ac.cn/EN/abstract/abstract72145.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract71905.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71905.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71102.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70244.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70244.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70244.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66585.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract66585.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract45622.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract45622.shtml

Chin. Phys. B Vol. 27, No. 6 (2018) 067203

Electrical controllable spin valves in a zigzag silicene nanoribbon
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We propose two possible spin valves based on a zigzag silicene nanoribbon (ZSR) ferromagnetic junction. By using
the Landauer—Biitikker formula, we calculate the spin-resolved conductance spectrum of the system and find that the spin
transport is crucially dependent on the band structure of the ZSR tuned by a perpendicular electric field. When the ZSR is
in the topological insulator phase under a zero electric field, the low-energy spin transport and its ON and OFF states in the
tunneling junction mainly rely on the valley valve effect and the edge state of the energy band, which can be electrically
modulated by the Fermi level, the spin—orbit coupling, and the local magnetization. When a nonzero perpendicular electric
field is applied, the ZSR is a band insulator with a finite energy gap, the spin switch phenomenon is still preserved in the
device and it does not come from the valley valve effect, but from the energy gap opened by the perpendicular electric
field. The proposed device might be designed as electrical tunable spin valves to manipulate the spin degree of freedom of

electrons in silicene.

Keywords: zigzag silicene nanoribbon, spin valve, spin—orbit coupling, conductance
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1. Introduction

Spintronics, !>l aiming to manipulate the charge and spin
degrees of freedom of electrons in nanodevices, has received
considerable interest from researchers due to its faster process-
ing speed and lower energy consumption compared with tra-
ditional electronic devices.[>*! Among the various materials
of spintronics, graphene is more attractive owing to its unique
two dimensional hexagonal lattice structure,’ long spin re-
laxation time, ! high carrier mobility,!”! and gate voltage con-
trollable electron transport at room temperature. ! In order to
realize future graphene spin devices, various kinds of current
valves controlled by electrical methods are becoming increas-
ingly important for their convenience in practice and the ad-
vantage that the electric field cannot break the spin coherence

9101 Because the bulk graphene is a gapless semi-

in devices.!
conductor, it is difficult to electrically modulate the carrier
transport around the Dirac point for the Klein paradox,!'%! un-
til the valley valve effect or band selective transport was found
in the zigzag graphene nanoribbon (ZGR) junction.!'!]

The valley valve effect offers an efficient electrical way
to manipulate the inter-valley electron transport in graphene
by using so-called pseudo-parity conservation.!!''~!7] For ex-
ample, Rycerz et al.!'!l first proposed a gate tunable current
valve based on a ZGR p/n junction. Niu et al.!"3! reported an
even-chain ZGR junction with a parallel magnetization distri-

bution can act as a bipolar spin filter due to the band selective

DOI: 10.1088/1674-1056/27/6/067203

[16] proposed an even-chain ZGR junc-

transport. Wang et al.
tion to produce and detect two 100% polarized spin-up and
spin-down currents at two edges of the ribbon. In a recent
work,!”] a bipolar spin valve based on a three terminal ZGR
junction with different even—odd chain connections was de-
signed to separate and detect one species of spin current. Since
the valley valve phenomenon mainly depends on the even—odd
chain number of the ZGR, which is difficult to prepare in ex-
periments, one needs to explore a new graphene-like material
with a large spin—orbit coupling.

Silicene, a single layer of silicon atoms forming a
graphene-like honeycomb lattice, shares almost all the elec-
tron transport properties of graphene.!!8-26! In particular, the
valley valve effect was also predicted in the zigzag sil-

(201 and ferromagnetic

[20

icene nanoribbon (ZSR) p/n junctions

2122 | proposed a current

junctions.?!2? For instance, Tsai et al.
valve very similar to the graphene one in Ref. [11] to separate
spin and valley polarized currents in a ZSR p/n junction, and
pointed out the unique band structure under the gate voltage is
the main reason for the selective transport of the device. Sub-
sequently, Zhou et al.”?!! reported a band selective spin filter
in a ZSR ferromagnetic junction; they revealed that the val-
ley valve effect mainly comes from the asymmetry edge of the
ribbon, and predicted that the spin filter phenomenon exhibits
the even—odd chain effect, which are very similar to those in

the ZGR junction.
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Moreover, silicene has a non-planar buckled structure and
a large spin—orbit gap of about 1.55 meV,*’! which provides
new possibilities for manipulating a massive Dirac fermion
around the energy gap electrically.!?®! A perpendicular elec-
tric field with the Kane—Mele-type spin—orbit interaction can
break the structure inversion symmetry of silicene and induce
the topological phase transition from the topological insulator
to the band insulator,*”! which can be used to filter spin-up
and spin-down electrons at different energy valleys. 333! For
instance, Wang et al. 3!l reported a theoretical work that a bulk
silicene with a spatially alternative electric field can generate
a no dissipation spin-dependent valley current. By means of
the Keldysh Green function method, Farokhnezhad ef al. (321
proposed a ZSR ferromagnetic junction with a perpendicular
electric field as a perfect spin valve to generate a fully po-
larized spin current. Recently, the spin switching phenomena
caused by electrical tunable edge modes of silicene were also
confirmed by the DFT calculations**3¢! and the low-energy
electron diffraction experiments. 7]

At present, the spin transport affected by the interplay be-
tween the valley valve effect and the controllable band struc-
ture of ZSR junction has not received enough attention.3%33]
Thus, in this work, we design a ZSR ferromagnetic junc-
tion in Fig. 1 to study the band selective spin transport in-
fluenced by a tunable perpendicular electric field in the topo-
logical phase transition of silicene. By using the Landauer—
Biitticker formula, 3331 we calculate the spin-resolved con-
ductance spectrum of the system and find that the valley valve
effect could exist in an even-chain ZSR junction when the per-
pendicular electric field is absent and the ZSR is in the topo-
logical insulator phase. The ON and OFF states of the spin
conductance can be easily changed by the electrical methods.
On the other hand, when the perpendicular electric field is
nonzero and the ZSR is a band insulator, the spin valve phe-
nomenon remains in the ZSR junction, which does not come
from the valley valve effect, but from the energy gap opened
by the perpendicular electric field. Furthermore, we also ex-
plain the two spin valve phenomena by means of the energy
band theory.

The rest of the paper is arranged as follows. In Section 2,
we give the detailed theoretical model of the ZSR junction,
and derive the general formulae for the spin-dependent con-
ductance of the tunneling junction. In Section 3, we present
the numerical results of the spin transport affected by the in-
terplay between the valley valve effect and the tunable energy
band of the ZSR junction. We summarize our results in the

last section.

2. Model and formulation

We study a ZSR ferromagnetic junction as illustrated in
Fig. 1, the whole device consists of three parts: the C nonmag-
netic ZSR, the left (L) and right (R) semi-infinite ZSR ferro-
magnetic electrodes. The left and right ZSR leads have differ-
ent local magnetization induced by two ferromagnetic insula-
tor substrates. A perpendicular electric field is only applied on
the C ZSR region.

Fig. 1. (color online) Schematic plot of electrical controllable spin
valves based on a ZSR ferromagnetic junction. The C region is an un-
doped ZSR, the left (L) and right (R) electrodes are two semi-infinite
ZSRs with different local magnetization My g). The perpendicular
electric field nEj is applied on the C ZSR region, which can induce
a staggered potential NAc and a weak disordered potential w; between
the A (red dot, n = +1) and B (blue dot, n = —1) sublattices of sil-
icene. The width and length of the C ZSR are described by N and Lc,
respectively.

The Hamiltonian of the system can be described by the
next-nearest-neighbor tight-binding model!'®!

Ag
H=—t Z c;racja—i—w Z v,-jc;facé c;
BCiB
3V3

(i.j)a inop
2 : .
715113 Z /.L,-jcja(a'xd,'j);ﬁcjﬁ +Zcia(0'~M)C,’a
(i) ap iot
+ Y (M wielycia +c.c.y (1)
i

where the 1st term represents the nearest neighbor interaction
with the transfer energy ¢, where (i, j) means all the nearest
neighbor sites, and cja ®B) (Cia( ﬁ)) creates (annihilates) a quasi-
particle with spin index o/(f) =1/ at lattice site i. The 2nd
term describes the effective spin—orbit coupling with strength
Aso, Where v;; = %1 for the next-nearest neighbor hopping
anti-clockwise (clockwise) around a hexagon with respect to
the z axis, and o = (0%,0”,0%) is the Pauli matrix in spin
space. The 3rd term denotes the intrinsic Rashba spin—orbit
interaction with Ag, (f,- ;18 a unit vector from the next-nearest
neighbor site i to j. The notation o - M in the 4th term depicts
the local magnetization of the left and right ZSR leads. The
last term means the perpendicular electric field applied on the
C ZSR region, which may cause a staggered potential 1;Ac
and a weak disordered potential w; between the A (1; = 1)
and B (n; = —1) sublattices due to the buckled structure of
silicene.
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Let us derive the linear conductance in the proposed ZSR
device, the spin-dependent current /1 o in the left lead can be
obtained by applying the Heisenberg equation of motion!*’]

and the non-equilibrium Green’s function method!*!-#2!
€ roy< <ya
ho=> / dETY[G, 55, + G Xy +ecl, 2)

where e is an electron’s charge and h = 27h is the Planck
constant. The notation Tr means trace over all the transverse
r,a,<

lattices of the C ZSR region. Gy
advanced, lesser Green’s functions, and self-energy matrices,

<
and X" are retarded,

respectively. Using the Hermitian conjugation relations: 3831
G =[G]", Z& = [£]" and G = —[Gg]", equation (2) can
be expressed as

e p
ha = [ AET(Gy ~ Gl %y + Ga (Be~ Ha)l: )

By employing the following Keldysh formula:!3#4 Gt —

Gy = _iGl;x(FaL +FaR)G?x* Efa = iI_‘ochL’ o — Xy = _iFaL
and G = G}, X5 G4, equation (3) can be simplified as a two-

terminal Landauer—Biitikker formulal38-3%]

Lo = [(AETLEGLIRGIA(E) ~R(E). @
where Tp ™) = i[Z] o — )] is the left (right) line-
width function, which describes the coupling strength be-
tween the left (right) lead and the C region. fi«r)(E) =
1/ (e(E “HLR)RT 1) is the Fermi-Dirac distribution function
with the chemical potential pi g). The linear spin-resolved
conductance at zero temperature limit can be defined as

. d &2
Gira = hmV%Oﬁ = ;TLRa (Er)
2
e ;
= ;[FaL(EF)GrLRa(EF)FaR(EF)GﬁLa(EF)]a %)

where ¢?/h is the unit of the spin-dependent conductance.
Tire 1s the transmission coefficient, and V = yp, — ug is the
external bias between the left and right ZSR electrodes. Ep
is the Fermi level. ((}r(ﬁ)a and G;{(i)a are (N X N )-dimension(a)l

block matrices of Gy, and the retarded Green’s function G,
can be solved by the matrix inversion directly

T r T
GLLoc GLCtx GLRoc

ro__ T T T
Ga - GCLoc GCC(x GCRoc
T T T

RLa RCa RRo

= [EI—Hc — X4 — Tk) ', (6)

where Hc is the Hamiltonian of the C ZSR region, and [ is
a unit matrix. The influences of two semi-infinite ZSR leads
are merged into the two self-energy terms Z£<R> o» Which can
be calculated by the recursive Green’s function method. #3461
The above calculation of EE(R) o 1s only valid when the magne-
tization direction is along the z axis. If the right ZSR electrode
has a magnetization angle 8 against the z axis, X, should be
rotated at angle 0 in spin space.

3. Numerical results and discussion

In this section, we mainly focus on the spin-dependent
conductance GLrq and the spin valve phenomena affected by
the valley valve effect and the tunable band structure in a ZSR
ferromagnetic junction. In the calculations, the zero tempera-
ture limit 7 = 0 K is considered. The local magnetizations of
the left and right ZSR terminals are set to have the same ampli-
tudes |My| = |[Mgr| = M = 0.05 eV, and different orientations
0, = 0, 6gr = 0 with respect to the positive z axis. The near-
est transfer energy ¢t = 1.6 eV, the Rashba spin—orbit coupling
coefficient is Ag = 0.7 meV and the effective spin—orbit inter-
action magnitude A, can be modulated by an external electric
field. Because the valley valve effect occurs only in even-chain
ZSR junctions and the disordered lattice potential is weak, in
most cases unless otherwise stated, the width, the length, and
the disordered potential strength of the C ZSR region are fixed
N =10, Lc =20, and w = 0 eV, respectively.

In Fig. 2, we plot the spin-resolved conductance GyRre
versus Fermi level Er for different system parameters when
the perpendicular staggered potential Ac = 0 eV. Figures 2(a)
and 2(b) describe Grre as the function of Er with A, = 0
for the parallel and antiparallel magnetization distributions,
respectively. As it is shown, when the zigzag-chain number
is even and the magnetization direction is parallel in Fig. 2(a),
the spin-up electron is blocked and Giry = O at the region
Er € [0,M], the spin-down one meets Gy gt (Er) = GLr| (—EF)
and the prohibited region is [—M,0]. Similar spin valve phe-
nomena emerge in the antiparallel magnetization configuration
as shown in Fig. 2(b), Grry = GLr| = 0 at the region [-M, M],
where both spin-up and spin-down electrons are forbidden to
flow through the tunneling junction. Similar to that in a ZGR

12,31 the spin valve exhibits the even—odd chain ef-

junction,[
fect, and it could not appear in the odd-chain ZSR junction
in Fig. 2(c). In addition, when the disordered lattice potential
w # 0, a conductance peak (valley) appears in the vicinity of
Er = 0 for the even (odd)-chain ZSR junction, which means
that the weak w cannot break the valley valve effect, but it can
affect the ON/OFF states of spin transport around the Fermi
zero point. The spin switching effect influenced by an elec-
trical tunable spin—orbit coupling Ay, in the antiparallel mag-
netized ZSR junction is presented in Fig. 2(d), the spin valve
phenomenon is still preserved when a weak A, is applied, the
blocked region of the spin transport (Gyr4 = 0) is divided into
two parts [—M + Aso, —Aso] and [Aso, M — Ao]. The width of
each forbidden region is reduced to M — 2As,, therefore, it is
possible to allow and prohibit the spin transport by electrically
modulating the spin—orbit coupling A.
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Fig. 2. (color online) Spin-dependent conductance GyRrg versus Fermi level Er in the ZSR ferromagnetic junction for (a) parallel magnetization
0 =0, and (b) antiparallel magnetization 6 = 7. (c) and (d) GLry versus Ef for different even—odd chain number N, disordered lattice potential
strength w, and effective spin—orbit coupling A, in the antiparallel magnetized ZSR junction, respectively. The perpendicular staggered potential
Ac=0eV.

left C right

—0.05
~0.10 ; : ; 1
0.5 1.0 1.5 1.0 0.5 1.0 1.5
ka/m ka/m ka/m

Fig. 3. (color online) Energy—-momentum relations of the left (ferromagnetic), C (nonmagnetic), and right (ferromagnetic) ZSRs for (a)
Aso =0¢eV, 0 =0 and (b) Ao =5 meV, 6 = w. The “+ (—)” represents the even (odd) pseudo-parity (symmetry) of the quasi-particle, and it
could be different for the conduction bands and the valence bands. The arrows show the electron transport owing to the band selection rule.
The areas between two solid (dashed) lines depict the forbidden transport regions of the spin-up (-down) electrons.

We use the energy band theory and pseudo-parity con-  Fig. 3. As itis shown, the ZSRs are gapless semi-metals when
servation to explain the spin valve phenomena in Fig. 2. The  the perpendicular electric field Ac and the spin—orbit coupling
band structures of the left, C, and right ZSRs are plotted in Ay, are both absent in Fig. 3(a). The spin-up (-down) sub-
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bands shift a Zeeman splitting energy =M from the Fermi en-
ergy zero point, which may cause the spin-up (-down) elec-
trons on the left (right) and C regions to have opposite pseudo-
parities within the energy range [0, M]([—M,0]) in the paral-
lel magnetized ZSR junction, therefore the valley valve effect
appears and the corresponding conductance Gyr(Grr)) =0
at [0,M]([—M,0]), as shown in Fig. 2(a). When the spin—
orbit coupling Ay, # 0 and the magnetization orientation is
antiparallel in Fig. 3(b), the spin-up and spin-down subbands
are exchanged, the energy ranges of the asymmetric pseudo-
parities for spin-up and spin-down electrons are both extended
0 [-M,M]. On the other hand, the ZSR is a topological in-
sulator under a weak spin—orbit coupling, its topological edge
states (the bands crossing the gap in Fig. 3(b)) [—Aso, +Aso]
and [+M F Aso, =M =+ A, are allowed for the spin transport,
due to the interplay between the valley valve effect and the
edge state, the spin-up and spin-down conductances are both
suppressed at two regions [—M + gy, —Aso] and [Ago, M — Aso]
in Fig. 2(d). For the zigzag-chain number is odd in Fig. 2(c),
the valley valve effect of the system disappears, the electron
transport no longer satisfies the pseudo-parity conservation,
thus the spin-resolved conductances are nonzero in the whole
energy region.

We draw the conductance Girq as a function of mag-
netization M for different spin—orbit coupling Ay, in the par-
allel magnetized ZSR junction in Fig. 4(a). As it is shown,
there exists a critical magnetization Mc = EF for filtering one
species of spin. When Ay, = 0 and M < Mc, both spin-up
and spin-down electrons are permitted to flow through the
ZSR junction. When M > Mc, only a spin-up electron can
transport through the tunneling junction. When A, # 0, the
topological edge state should be considered, Gyg, is neither
equal to 0 nor equal to 1 in the region [Mc — Aso, Mc + Aso)
as also shown in Fig. 4(a). Therefore, the device can be de-
signed as an electrical controllable spin valve by modulating
Aso. We also calculate G R, versus magnetization angle 6 for
different Ay, around Er = Mc in Fig. 4(b). When Ay, = 0,
the spin-up electron is allowed to pass through the junction
and the spin-down one is completely blocked, i.e., GLry # 0
and Grr, = 0. The nonzero conductance Gyry is a cosine-
like curve of magnetization angle 6, when 0 = 2kx with k is
an integer, Gyry reaches its maximum (minimum) value for
the parallel (antiparallel) magnetization configuration. Thus,
the parallel magnetized ZSR junction can act as a perfect spin
valve to block the spin-down electron when Ay, is tuned to 0.
When Ay, # 0, the topological edge effect takes effect, both
Grrt # 0 and Grgry # 0 no matter how 6 changes. Further-
more, two spin conductances are oscillating out of phase with

the magnetization angle 0, as also shown in Fig. 4(b).

1.0 e
\“ — GLrY, Ao =0eV
3 -o=- GLRL, Ao =0eV
0.8} I:‘. """" GLR?, Aso=0.01 eV |
5 == Girl, Ao =0.01 6V
< i
~ 06 i 4
Q 1
< i
3 !
& o04f i .
@) i
P
02t Pl 1
[
[
i
otk (a) l.E\.--.’..!\._._.___.__.__.__
0 0.02 0.04 0.06 0.08 0.10

M/eV

G1Rra/(€?/h)

Fig. 4. (color online) (a) Grre Vversus magnetization strength M for
different spin—orbit coupling Ao, (b) GLrq versus magnetization angle
6 for different A, in the parallel magnetized ZSR junction. The other
parameters are set as follows: Ep = 0.05 eV in panel (a), Ep = 0.045 eV
in panel (b).

In Fig. 5(a), we give the numerical results of Gy rg ver-
sus Er influenced by a nonzero perpendicular staggered po-
tential in the parallel magnetized ZSR junction. When the per-
pendicular staggered potential Ac # 0 and spin—orbit coupling
Aso 7 0, the spin valve phenomena (Grq = 0) still appear
in the ZSR junction. Different from the case of Ac = 0, both
spin-up and spin-down conductances are equal to 0 at the same
region [—Ac + Aso, Ac — Aso] Which cannot be explained by the
pseudo-parity conservation of the valley valve effect. To fur-
ther study the effect of perpendicular staggered potential on
the spin transport, we also plot GLrq of the antiparallel mag-
netized ZSR junction in Fig. 5(b). The spin-up and spin-down
conductances are almost degenerate, and the transport blocked
regions are the same as those in the parallel magnetized ZSR
junction. Although this current valve can also be tuned by the
staggered potential Ac and the spin—orbit interaction A, it
can only be used to switch charge current. One cannot further
separate and detect spin-up and spin-down currents from the
charge current in the above ZSR junction when a nonzero Ac

is applied.
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Fig. 5. (color online) (a) GLry versus Ep for (a) parallel magnetization and (b) antiparallel magnetization under a nonzero perpendicular

staggered potential Ac = 0.02 eV. The other parameter is A, = 5 meV.
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Fig. 6. (color online) Energy band structure of the parallel magnetized ZSR junction under Ac = 0.01 eV and Ay, = 5 meV. The areas
between two solid lines [—Ac + Aso, Ac — Aso] are two transport prohibited regions for both spin-up and spin-down electrons. The

other parameters and symbols are the same as those in Fig. 3.

To explain the current valve phenomenon under a nonzero
staggered sublattice potential in Fig. 5 that is different from the
valley valve effect, we draw the energy band of the device in
Fig. 6. The C ZSR is a band insulator when a nonzero per-
pendicular electric field is applied. The staggered sublattice
potential induced by perpendicular electric field can open an
energy gap with an approximate width +Ac around Egp = 0 in
the C region, the width of the energy gap can be electrically
modulated by the spin—orbit coupling Ag,. The quasi-particles
in the gap cannot produce any current and the conductance
is zero. For the parallel magnetized ZSR junction in Fig. 5(a),
the gaps of spin-up and spin-down subbands of C ZSR are both
opened at [—Ac + Ao, Ac — Ao), therefore Giry = Grr; =0
at the same energy regions. Because the width of the energy
gap can only be tuned by Ac and Ao, which is independent of
the magnetization distribution, the regions of Gy gy, = 0 in the
antiparallel magnetized junction in Fig. 5(b) are very similar
to those in the parallel one.

Finally, we also discuss the spin valve affected by the con-
trollable staggered potential Ac and the spin—orbit coupling
Aso Of the antiparallel magnetized ZSR junction in Fig. 7(a).
As it is shown, for a given Fermi level Er, when Ac is weak,
that is, Ac < Ep — Aso, both spin-up and spin-down electrons
can pass through the ferromagnetic junction and Gigyy ~ 1,

that is because the energy gap opened by Ac is too small to
block the transmission of spin electrons at the Fermi energy.
Girt ~ 1 and G| ~ 0 in the range [Ef — Aso, EF + Aso), which
can be used to filter the spin-down electron by tuning A, elec-
trically. When Ac increases to more than Eg + Ay, the gap is
big enough and the Fermi level is located within it, therefore,
both spin-up and spin-down conductances decrease to 0.

We also plot GLrq as a function of A, in the antiparallel
magnetized ZSR junction in Fig. 7(b), when Ay, < Er < Ac,
both spin-up and spin-down electrons are forbidden to trans-
port and Grry, =~ 0, which can be explained that the trans-
mission electron at the Fermi level is within the gap, A, is
so small that it cannot help electrons pass through the tunnel-
ing junction. When A, increases and Er < A, < Ac, both
spin-up and spin-down conductances increase rapidly with
the increasing of Ay,. When Ay, > Ac, the spin-dependent
conductance decreases with the increasing of A, that is be-
cause the gap is closed by A, no more electrons can partic-
ipate in the transport. We also draw the spin-polarized de-
gree ¥ = GLrt — Gir|/GLrt + GLRr) Versus A, in the inner
of Fig. 7(b), one can manipulate the spin-polarized degree of
the electron from about —20% to 50% by using the spin—orbit

coupling Ay, electrically.
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Fig. 7. (color online) (a) GLry versus staggered potential Ac for dif-
ferent spin—orbit interaction strength Ay, with Eg = 0.05 eV, (b) GLr«
versus Ago with Eg = 0.01 eV and Ac = 0.02 eV in the antiparallel mag-
netized ZSR junction. The spin polarization degree y as a function of
Aso is presented in the inner of Fig. 7(b).

4. Summary and conclusion

To conclude, we have investigated the spin valve effect
in a ZSR ferromagnetic junction with a perpendicular electric
field applied on the C ZSR region. By calculating the spin-
resolved conductance of the device, we found that the band se-
lective transport could be preserved in the ZSR junction when
the perpendicular electric field is zero and the ZSR is under
a topological insulator phase. The valley valve phenomenon
in the system emerges as an even—odd chain effect and can be
electrically modulated by the Fermi level, the spin—orbit cou-
pling, and the local magnetization. When a nonzero perpen-
dicular electric field is considered, the spin valve phenomenon
still exists in the device, but it is mainly determined by the en-
ergy gap of the C ZSR, which can be modulated by the inter-
play between the staggered sublattice potential and the spin—
orbit coupling. The proposed device may serve as electrical
controllable spin valves or spin filters.
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