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The spin-valley currents in silicene-based normal/sublattice-dependent ferromagnetic/normal

junction are investigated. Unlike that in graphene, the pseudo Dirac mass in silicene is generated

by spin-orbit interaction and tunable by applying electric or exchange fields into it. This is due to

silicon-based honeycomb lattice having buckled structure. As a result, it is found that the junction

leads to currents perfectly split into four groups, spin up (down) in k- and k0-valleys, when

applying different values of the electric field, considered as a perfect spin-valley polarization

(PSVP) for electronic application. The PSVP is due to the interplay of spin-valley-dependent Dirac

mass and chemical potential in the barrier. The PSVP also occurs only for the energy comparable

to the spin-orbit energy gap. This work reveals potential of silicene for spinvalleytronics

applications. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861644]

I. INTRODUCTION

After the discovery of graphene,1 a mono layer of graph-

ite, several of its intriguing properties led graphene to

become a promising material for the fields of nanoelec-

tronics2 and high energy-like physics.3 Graphene is formed

by the carbon atoms arranged planar honeycomb lattice due

to the sp2-hybridization. Electrons in graphene behave like

two-dimensional Dirac fermions, where the wave functions

of electron in A- and B-sublattices play the role of wave

states of electron with pseudo spin-up and spin-down,

respectively. Electrons in graphene have two valley degrees

of freedom, k� and k0�valleys. The presence of the valley

degrees of freedom in graphene leads to the so-called

“valleytronics,” since valley currents can be controllable.4,5

Recently, silicene, a new honeycomb-like atomic structure

formed by the silicon atoms, which has electronic band

structure akin to graphene, has been first synthesized.6,7 The

presence of strong spin-orbit interaction and buckled struc-

ture in silicene unlike that in graphene leads to several inter-

esting electronic properties such as Dirac mass controlled by

electric field,8,9 and its band structure is (real) spin-valley-

dependent,10 applicable for silicene-based spin-valleytronics.

Graphene lacks these properties because its honeycomb

structure is planar and has very small spin-orbit interac-

tion.11 Hence, the coupling between spin and valleys in gra-

phene is very weak. There has been considerable attention

drawn to study electronic property of silicene12–15 and its

potential applications.16–19

Recently, the transport property in silicene has been

investigated.17–19 Charge transport in pn and npn junc-

tions17 was found to be almost quantized to be 0, 1, and 2.

The spin-valley polarization in magneto-optical response of

silicene has been investigated.19 Tabert and Nicol19 showed

that distinct spin and valley currents can be seen in

the longitudinal magneto optical conductivity which is

experimental accessible. Control of spin and valley currents

was studied in a proximity-induced ferromagnetic silicene

NM/FM/NM junction,18 where NM and FM are normal and

ferromagnetic silicene layers, respectively. Pure-spin and

pure-valley currents were found to be tunable by electric

and exchange fields in the FM-layer. The study of spin-

valley transport in Ref. 18 has taken into account only the

condition of which the ferromagnetism in A- and B-

sublattices in the FM-layer is assumed to have the same

exchange field strength. In the case of Ref. 18, there is no

spin-dependent magnetic energy gap to generate spin-

valley dependent Dirac mass in the FM-region. In graphene,

the valley-polarization occurs when graphene is under both

strain and magnetic vector potential.20,21 The spin-valley

transport in graphene may take place when the Zeeman filed

is applied into the junction.5,22 In silicene junction, the

strain and vector potential are not required to generate spin-

valley polarization.18

In this paper, the spin-valley conductances in silicene-

based normal (NM)/sublattice-dependent ferromagnetic

(SFM)/normal (NM) junction are investigated. We study the

SFM silicene in the present work, based on the tight-binding

Hamiltonian recently modeled in Ref. 10. The exchange

fields in the A- and B-sublattices are assumed to be different,

leading to the energy gap induced by the exchange field.10

We will show that the distinct spin and valley currents, a per-

fect spin-valley polarization (PSVP), would take place due

to the interplay of chemical potential and the effect of

sublattice-dependent ferromagnetism in silicene at the bar-

rier. The PSVP can also be controlled by the external electric

field applied into the barrier.

II. MODEL AND HAMILTONIAN

The model of silicene-based NM/SFM/NM junction is

depicted in Fig. 1(a). The silicene-based magnetic barrier

or SFM-layer with thickness L is induced into ferromagnet-

ism for the A- and B-sublattices by the different magnetic

insulators. The exchange energies induced by the top and
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the bottom magnetic insulators into A- and B-sublattices

are h1 and h2, respectively. The chemical potential l is

induced by the top and the bottom gates with the same

potential l=e. The silicene sheet has a perpendicular dis-

tance between A- and B-sublattices of 2d ¼ 0:43 Å (Ref.

10). The electric field Ez perpendicular to silicene sheet is

applied into the barrier-region and may be controllable. In

this section, we first consider the non-interacting electrons

in silicene (NM-layer) described based on Kane-Mele

model23

HNM ¼� t
X
hi;jia

c†
iacja þ i

Dso

3
ffiffiffi
3
p

X
hhi;jiia;b

kijc
†
iar

z
abcjb

� i
2

3
DR

X
hhi;jiia;b

jic
†
iað~r � d̂ijÞzabcjb; (1)

where c†
iaðbÞ is creation operator of electron with spin polar-

ization a (b) at site i and the notation hi; ji (hhi; jii) are asso-

ciated with summation over all the nearest (next-nearest)

neighbor hoping sites. The hoping energy of electron

transferring between the nearest neighbor atoms for silicene

is t ¼ 1:6 eV. The effective spin-orbit interaction is Dso

¼ 3:9 meV,12 where kij ¼ 1ð�1Þ if the next-nearest-neigh-

bor hoping is counterclockwise (clockwise) with respect to

the positive z-axis, direction perpendicular to silicene plane.

The Rashba interaction is DR ¼ 0:7 meV,10 where ji

¼ 1ð�1Þ stands for A-(B-) sublattice. The notation d̂ij

¼~dij=j~dijj represents the vector connecting two sites i and j

for the same sublattice. The Pauli spin-operators used to rep-

resent real and sublattice spins are ~r ¼ hrx; ry; rzi and

~s ¼ hsx; sy; szi, respectively. In the SFM-layer, based on

Ref. 10, silicene under the influence of the gate potential

l=e, electric field Ez, and the exchange energy Mi ¼ h1ðh2Þ
for A- (B-) sublattice may be described by using the tight-

binding model of the form

HSFM ¼ HNM � l
X

i;a

c†
iacia � edEZ

X
i;a

jic
†
iacia

�
X

i;a

Mic
†
iar

z
aacia: (2)

The tight-binding Hamiltonians in Eqs. (1) and (2) may

yield the low-energy effective Hamiltonians used to describe

the motion of electron in A-and B-sublattices, respectively,

with spin r ¼"; # in the NM- and SFM-regions. At the low

energy, the effect of Rashba interaction is very small com-

paring with the other terms.10,18 The wave equation in the

kðk0Þ valleys, denoted by g ¼ 1ð�1Þ, with excited energy E,

is therefore obtained by

Hgrwgr ¼ Ewgr; (3)

where

Hgr ¼ vFðp̂xs
x � gp̂ys

yÞ � Dgrs
z � lr;

with p̂x ¼ �i�h @
@x

and p̂y ¼ �i�h @
@y
:

The Hamiltonian in Eq. (3) would act on the pseudo

spin-valley dependent spinor field, wgr ¼
wAgr
wBgr

� �
; where

wAgr and wBgr are the wave functions of electrons with spin

r ¼"; # and k, k0-valleys in A- and B-sublattices, respec-

tively. In silicene, the Fermi velocity found near the Dirac

point is about vF ffi 5:5� 105 m/s.12 The spin-valley depend-

ent energy gap is given by Dgr ¼ grDso � DE þ rDM, which

is associated with the spin-orbit interaction (Dso), the electric

field (DE ¼ edEZ), and the lattice-dependent exchange field

(DM ¼ h1�h2

2
). The chemical potential in the barrier is also

spin-dependent related to the exchange field. We therefore

define lr ¼ lþ ruM as the spin-dependent chemical poten-

tial in the barrier, where uM ¼ h1þh2

2

� �
. We note that the

Hamiltonian in Eq. (3) can be reduced into the same form as

found in Ref. 18 when there are no gate-induced chemical

potential (l! 0) and no lattice-dependent exchange field

(DM ! 0 and uM 6¼ 0) in the barrier.

The Hamiltonian in Eq. (3) yields the Eigen value as of

the form

E ¼ þð�Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vFpð Þ2 þ D2

gr

q
� lr: (4)

The sign þð�Þ stands for band energy of electron(hole).

When we take the relativistic-mass relation of the form

mass ¼ Dgr=v2
F, electrons in silicene can be considered as

relativistic particles with spin-valley-dependent mass. The

Dirac mass of electrons in silicene is tunable by the electric

and the exchange fields, unlike that in graphene. Masses of

electrons in silicene are spin-valley dependent, i.e.,

FIG. 1. Model of (a) NM/SFM/NM junction and (b) the Fermi level of elec-

tron in each region. The exchange fields are induced into A- and

B-sublattices with different values h1 and h2, respectively.
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Dk" ¼ Dso � DE þ DM; Dk# ¼ � Dso þ DE þ DMð Þ;
Dk0" ¼ �Dso � DE þ DM and Dk0# ¼ Dso � DE � DM: (5)

The magnitudes of masses in each valley and spin can be

tunable differently Dk" 6¼ Dk0" 6¼ Dk# 6¼ Dk0". If there is no

exchange-field-induced energy gap DM ! 0,18 we will see

that Dk" ¼ Dk0# and Dk# ¼ Dk0". In Sec. III, we will show the

influence of multi-mass-carrier properties on the electronic

transport. The perfect spin-valley polarization controlled by

electric field will be predicted.

III. SCATTERING PROCESS

The spin-valley tunneling process in our model as seen

in Fig. 1(a) is investigated in this section. We adopt the

Hamiltonian in Eq. (3) to describe the motion of electrons in

the system. The spin-valley currents are flowing along the

x-direction. The Fermi level of electron in each region is

depicted in Fig. 1(b). The model leads to the Fermi level as

of the form lrð0 � x � LÞ ¼ lþ rðh1 þ h2Þ=2. The elec-

tric-field-induced energy and the exchange-field-induced

energy can be defined, respectively, as DEð0 � x � LÞ
¼ edEZ and DMð0 � x � LÞ ¼ h1�h2

2
. In the NM regions,

defined in x � 0 and x � L, we have lr ¼ DM ¼ DE ¼ 0.

Then, the wave function in the left-NM, SFM, and the right-

NM are, respectively, given as

wNM1¼
1

Agre�igh

 !
eikxxþ rgr

1

�Agreigh

 !
e�ikxx

" #
eik==y;

wSFM¼ agr
1

Bgre�igb

 !
eiqxxþbgr

1

�Bgreigb

 !
e�iqxx

" #
eik==y;

and

wNM2 ¼ tgr
1

Agre�igh

� �
eikxx

� �
eik==y;

where

Agr ¼
Eþ grDsoffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2 � D2
so

q ; Bgr ¼
Eþ lr þ Dgrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eþ lrð Þ2 � D2

gr

q with

lr ¼ lþ r
h1 þ h2

2

� �
and

Dgr ¼ grDso � edEz þ r
h1 � h2

2

� �
: (6)

The wave vectors in the x-direction of electron in NM and

SFM region are given by kx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � D2

so

q
cos h=�hvF and

qx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eþ lrð Þ2 � D2

gr

q
cos b=�hvF, respectively. The inci-

dent angle “b” in the SFM barrier can be calculated via the

conservation component in the y-direction as given

by k==¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � D2

so

q
sin h=�hvF¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eþ lrð Þ2 � D2

gr

q
sin b=�hvF,

where “h” is the incident angle in the NM-regions. The coef-

ficients rgr, agr, bgr, and tgr can be calculated through the

boundary conditions at the interfaces wNM1ð0Þ ¼ wSFMð0Þ
and wSFMðLÞ ¼ wNM2ðLÞ. Here, rgr and tgr are called the

reflection and transmission coefficients, respectively. By

matching the wave functions and the boundary conditions,

the spin-valley-dependent transmission coefficient is

obtained as

tgr ¼
AgrBgre�iLðkx�qxÞð1þ e2igbÞð1þ e2ighÞ

AgrBgre2igðbþhÞ � ðA2
gr þ B2

grÞeigðbþhÞðe2iLqx � 1Þ þ AgrBgrð1þ e2iðLqxþgbÞ þ e2iðLqxþghÞÞ
: (7)

The transmission probability amplitude “Tgr” is calculated

via the formula Tgr ¼ Jt=Jin; where Jt and Jin are the current

densities of the transmitted electron and the injected elec-

tron, respectively. In our work, the current density operator

in the x-direction is found to be Ĵx ¼ vFsx. Hence, the trans-

mission probability amplitude may be obtained as Tgr

¼ Jt=Jin ¼ w�t
	 
T

Ĵxwt= w�in
	 
T

Ĵxwin ¼ jtgrj2; where wt and

win are the wave functions of the transmitted electron and the

injected electron, respectively.

IV. SPIN-VALLEY CONDUCTANCE FORMULAE

The spin-valley conductance at the zero temperature in

the ballistic regime may be calculated using the standard

Landauer’s formalism24 by integrating overall the incident

angles

Ggr ¼
e2

h
NðEÞjtgrj2 ¼

e2

h

X
~k

dðE� EðkÞÞ p�h

D

���� 1�h @E=@kx

����Tgr;

Ggr ¼ G0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � D2

so

q
jEj

ðp=2

�p=2

1

8
dh cosðhÞTgr; (8)

where ~k is wave vector of electron in the NM-layers and

dðEÞ is a Dirac-delta function. G0 ¼ 4e2

h
N0ðEÞ is defined as a

unit conductance, where N0ðEÞ ¼ W
p�hvF
jEj is the density of

state in transport channel for silicene with no spin-orbit-

interaction and “h” is the Planck’s constant. W and D are

width and length of silicene sheet, respectively. We note that

the density of state in transport channel for normal silicene

junction is NðEÞ ¼ W
p�hvF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � D2

so

q
. The total conductance

023706-3 Bumned Soodchomshom J. Appl. Phys. 115, 023706 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

202.177.173.189 On: Thu, 16 Jan 2014 10:55:32



GT of the junction is calculated using the summation of all

spin-valley conductances

GT ¼ Gk" þ Gk# þ Gk0" þ Gk0#; where Gk" ¼ Gg¼1;r¼";

Gk# ¼ Gg¼1;r¼#; Gk0" ¼ Gg¼�1;r¼"; and

Gk0# ¼ Gg¼�1;r¼#: (9)

The spin-valley conductance given in Eq. (8) vanishes, when

the excited energy E is smaller than Dso, saying that silicene

becomes insulating state in the NM-layers in this regime.

V. RESULT AND DISCUSSION

In numerical result, the electric-field-induced band gap

in silicene is studied in the range that should be accessible.9

The magnetic insulator EuO may give rise to proximity-

induced exchange energy of 5 meV, proposed previously for

inducing ferromagnetism in graphene.25 We take the spin-

orbit interaction Dso ¼ 3.9 meV for the calculation.12 The

parallel (P) and anti-parallel (AP) junctions are defined using

the conditions of h1 ¼ h2 ¼ 5 meV and h1 ¼ �h2 ¼ 5 meV,

respectively. The conductance at the excited energy

approaching the spin-orbit energy gap E! Dso is focused, in

order to show the strong Dirac mass effect. The plot of spin-

valley conductances are normalized with G0.

First, the spin-valley conductance as a function of Ez in

the non-magnetic junction (h1;2 ¼ 0) is studied for L¼ 25 nm.

In Fig. 2(a), it is found that Gk" ¼ Gk# ¼ Gk0" ¼ Gk0# when

we take l ¼ 0. The maximum conductance is found at

Ez ¼ 0. Interestingly when we take l ¼ 5 meV, the resonant

conductance peak is split into two group Gk" ¼ Gk0# and

Gk# ¼ Gk0", found at edEz ! �l and edEz ! þl, respec-

tively (see Fig. 2(b)). To recall Eq. (5), we will see that the

electrons in the k"- and k0#-states may acquire the mass of

massk" ¼ massk0# ¼ Dso � edEzð Þ=v2
F, while the electrons in

k#- and k0"-states may acquire the mass of massk# ¼ massk0"
¼ � Dso þ edEzð Þ=v2

F. These two-type Hamiltonians with dif-

ferent masses lead to the different transport property for

Gk" ¼ Gk0# but not equal to Gk# ¼ Gk0". It is found that in the

limit of E=Dso ! 1, the external electric field yielding the

maximum conductances like resonant-peaks for Gkr; and Gk0r

may be, respectively, obtained as

edEz ! �uM þ rDM � rlþ r E� Dsoð Þ;
and edEz ! uM þ rDM þ rl� r E� Dsoð Þ: (10)

This equation is calculated based on the condition of
@Ggr

@Ez
¼ 0, which is the mathematical condition to give rise to

the maximum values for Ggr under varying electric filed.

In the next discussion, we will show that Eq. (10) plays nec-

essary condition leading to PSVP in the silicene-based ferro-

magnetic junction. As we have seen, there are still no

spin-valley polarizations for non-magnetic junction,

although the chemical potential causes the two splitting con-

ductances in Fig. 2(b).

In Fig. 3, the exchange field is applied into the barrier in

order to study the spin-valley transport in the AP-junction.

The exchange fields in A- and B- sublattices are induced to

have opposite direction, giving rise to DM ¼ 5 meV and

uM ¼ 0. As a result in Fig. 3(a), for l ¼ 0, the very strong

spin polarization occurs and it is controllable by Ez. The spin

polarization is due to the presence of DM. However, this case

does not lead to the valley polarization. Interestingly, the

FIG. 2. Plot of spin-valley conductances versus electric field Ez in the case

of nonmagnetic barrier h1 ¼ h2 ¼ 0. There is no spin-valley polarized in the

case of (a) l ¼ 0 and (b) l 6¼ 0.

FIG. 3. Plot of spin-valley conductances in the AP-junction versus electric

field Ez in the case of magnetic barrier h1 ¼ �h2 ¼ 5 meV. There is solely

spin polarization for (a) l ¼ 0, while the spin-valley polarization occurs per-

fectly induced by the chemical potential for (b) l 6¼ 0.
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presence of very strong spin-valley polarization would take

place when the chemical potential is applied l 6¼ 0 (see Fig.

3(b)). Predictable by Eq. (10), when the energy comparable

to spin-orbit interaction E=Dso ! 1, the conductance peaks

of Gk", Gk#, Gk0", and Gk0# do appear at edEz ! DM � l,

�DM þ l, DM þ l, and �DM � l, respectively. It can be

concluded that the interplay of magnetic gap and the chemi-

cal potentials in the barrier would generate the PSVP in sili-

cene. The resolution can be enhanced by increasing the

thickness up to 100 nm (see Fig. 4(a)). The PSVP does not

occur when the energy is very large E� Dso (see Fig. 4(b)).

The spin-valley transport in the P-junction is investi-

gated in Figs. 5 and 6. The exchange fields in the A- and

B- sublattices are induced to have the same direction, giving

rise to DM ¼ 0 and uM ¼ 5 meV. The chemical potential

becomes spin-dependent lr ¼ lþ ruM. It is found that for

l ¼ 0, the valley polarization occurs solely (no spin polar-

ization) as seen in Fig. 5(a). This is in contrast to that in the

AP-junction which may give rise only to the spin polariza-

tion (see Fig. 3(a)). It is to say for l ¼ 0, the P-junction can

be used to control the valley polarization, while the AP-

junction is used to control the spin polarization. We note that

the very small off centre deviation between peaks around

edEz ¼ 6uM found in Fig. 5(a) can be described using Eq.

(10). The maximum peaks of Gkr and Gk0r are found at

edEz ¼ �uM þ rðE� DsoÞ and edEz ¼ uM � rðE� DsoÞ,
respectively. Hence, the off centre deviation between peaks

is still preserved because in the numerical result we have

taken a small value of E� Dso ¼ 0:1 meV	 uM 6¼ 0. This

small value has been neglected in the discussion. In the P-

junction as seen in Fig. 5(b), spin-valley polarization is pre-

dicted for l 6¼ 0 similar to that in the AP-junction. The posi-

tions of conductance peaks of Gk", Gk#, Gk0", and Gk0# are

found at edEz ! �uM � l, �uM þ l, uM þ l, and uM � l,

respectively. It is also found that at L¼ 100 nm, the PSVP

does not occur in case of the P-junction (see Fig. 6(a)) in

FIG. 5. Plot of spin-valley conductances in the P-junction versus electric

field Ez in the case of magnetic barrier h1 ¼ h2 ¼ 5 meV. There is solely

valley polarization for (a) l ¼ 0, while the spin-valley polarization occurs

quite perfectly induced by chemical potential for (b) l 6¼ 0.

FIG. 6. Plot of spin-valley conductances in the P-junction versus electric

field Ez in the case of magnetic barrier h1 ¼ h2 ¼ 5 meV. There is no perfect

spin-valley splitting for large L ¼ 100 nm (a). The spin-valley splitting is

absent for large excited energy (b).

FIG. 4. Plot of spin-valley conductances in the AP-junction versus electric

field Ez in the case of magnetic barrier h1 ¼ �h2 ¼ 5 meV. Perfect

spin-valley splitting occurs for large L ¼ 100 nm (a). The spin-valley split-

ting disappears for large excited energy (b).
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contrast to the AP junction. Increasing E may also destroy

the spin-valley polarization (see Fig. 6(b)) similar to that in

the AP-junction. In Ref. 18, the spin-valley polarization does

not report because there is no chemical potential l ¼ 0

inside the barrier. The existence of the spin-valley polariza-

tion in a silicene-based NM/ferromagnetic/NM junction

requires the condition of l 6¼ 0.

VI. SUMMARY AND CONCLUSION

We have investigated the spin-valley transport in a

silicene-based normal/sublattice-dependent ferromagnetic/

normal junction. The exchange field was assumed to be

induced into A- and B-sublattices differently by magnetic

insulators EuO,25 leading to spin-dependent magnetic gap

with 5 meV in the barrier. Remarkably, it was found that

PSVP controlled by the external electric field occurs when

the chemical potential and the exchange field are applied

into the barrier. The energy of electron comparable to the

spin-orbit interaction is also required for the existence of

the PSVP. In the case of the absent chemical potential

inside the barrier, the P junction can be used as an elec-

tronic junction to perfectly control the valley, while the AP

junction is used to control the spin polarization. By means

of proximity-induced ferromagnetism,25 the PSVP

predicted in our model may be testable. This work has

revealed the potential of silicene for spin-valleytronics

applications.
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