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Current-induced pseudospin polarization in silicene”
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The pseudospin polarization induced by an external electric field in silicene in the presence of weakly spin-
independent impurities is considered theoretically in the linear response regime based on Green’s function method. We
study the effects of the interplay between the sublattice potential and the intrinsic spin orbit coupling on the pseudospin
polarization. We show that the pseudospin polarization perpendicular to the electric field is independent of the impurity
parameter, while the pseudospin polarization in the direction of the electric field is sensitive to the impurity parameter. The
dependences of the pseudospin polarizations on the chemical potential are studied.
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1. Introduction

Silicene is a monolayer of silicon atoms forming a two-
dimensional honeycomb lattice with buckled sublattices of A
sites and B sites. This novel two-dimensional material has
attracted considerable theoretical and experimental attention
[1-131 gince it was first successfully synthesized.!'*!") Due to
its hexagonal lattice structure, electrons in silicene obey the
Dirac equation around the K and K’ points of the Brillouin
zone, which is similar to the case of graphene. However, sil-
icene has a large spin—orbit gap compared to graphene and the
mass of the Dirac electrons in silicene is controllable by an
external electric field due to its buckled structure. These char-
acteristics make silicene a promising candidate for a range of
applications in devices and nanoelectronics.

Pseudospintronics is a form of electronics based upon the
manipulation of pseudospin, which is analogous to the control
of physical spin in spintronics. Pseudospin plays an essen-
tial role in the optical and transport properties of materials. In
a honeycomb lattice, the sublattice degree of freedom is re-
ferred to as a pseudospin; that is, denoting the state on the A
(B) sublattice as the up (down) state of pseudospin. Recently,
the manipulation of pseudospin in a pseudospintronic device
has been a popular topic in the study of Dirac material-based

[20-271 San-Jose et al.?"! first proposed the

electronic devices.
concept of graphene-based pseudospintronics. They manip-
ulated the valley pseudospin in bilayer graphene materials.
Zhou!??! proposed a method to generate and manipulate the
pseudospin polarization in a monolayer graphene by manip-
ulating the strength, the frequency, and especially the polar-
ization orientation of the field. Trushin!>! showed that the
pseudospin can be efficiently controlled by means of electron—
electron interactions. In particular, they found that an out-of-

plane pseudospin component can occur and that it leads to a
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zero-field Hall current, as well as leading to a polarization-
sensitive interband optical absorption. Theoretically, these are
both routes toward the intrinsic pseudospin polarization. In
this paper, we study the effects of the interplay between the
sublattice potential (out-of-plane pseudospin component) and
the intrinsic spin orbit coupling on the current-induced pseu-
dospin polarization in silicene in the presence of weakly spin-
independent impurities.

The rest of this paper is organized as follows. In Sec-
tion 2, we present a brief account of the effective Hamiltonian
and a general formula for the current-induced pseudospin po-
larization. In Section 3, the analytical and numerical results
of the current-induced pseudospin polarizations with different
parameters are presented. Our conclusions are given in Sec-
tion 4.

2. Theory and model
2.1. Effective Hamiltonian

The low-energy physics of silicene can be captured by the

following simple low-energy Hamiltonian: >~

I:IO = th(npx6x+p)'a)7) _n%Aso§z6z+%Azaza (1)
where ) = 1 correspond to the K and K’ points, respectively;
& = (6, 6y, 6;) are the Pauli matrices associated with the sub-
lattice pseudospin; § is the Pauli matrix associated with the
electron’s spin; v is the Fermi velocity in silicene; and py
are components of the momentum measured relative to the
K /K' point. We have set /i = vg = 1 throughout this paper for
simplicity. The first term is the familiar graphene-type Dirac
Hamiltonian, which arises from the nearest-neighbor hopping.
The second term represents the effective spin—orbit coupling.
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The final term is associated with the on-site potential differ-
ence between the two sublattices.

In the above Hamiltonian, the K and K’ valleys are decou-
pled. Therefore, we can solve the electronic eigenequation and
the pseudospin polarization in the K valley. The eigenvalues
of the Hamiltonian are given by

1
T\/P2+ Z(Az +5Aso)27 )

where T = =+ refer to the conduction and the valence bands,

E(t,s) =

and s = F corresponds to the spin-up and the spin-down elec-

trons. The corresponding eigenvectors take the following

1— 0 1— .
U(t,s) = [ 2scos (23-%-71:(41-)) e'?,
1-— 0, 1-
2ssin<zs+7r(4 T))

1+SC0S <93 N n(l—r)) ¥

form:

2 2 4
1+s . (6., wm(1—1)\]"
> sm< 5 —|—4)] , 3)

where superscript T denotes the transpose of the matrix,
A

\/pziiAi’ Ay = (A, £As)/2, and cos ¢ = p,/p. The

effect of the interplay of A, and A; on the energy spectrum is

cos 04 =

shown in Fig. 1, the corresponding eigenvectors of the energy
spectrum are also marked. The Dirac mass term for the K
valley in the bulk silicene is given by —As,S;/2+ A;/2. In ad-
dition, Ay, = A; (see Fig. 1(b)) is a critical point where the en-
ergy gap closes. The sign of the mass term can be changed by
tuning the sublattice potential. This represents the evolution of
the gap (closing and reopening), and the inversion between the
conduction (blue curve in Fig. 1(a) and red curve in Fig. 1(c))
and the valence bands (red curve in Fig. 1(a) and blue curve

Fig. 1. (color online) Dependence of the energy spectrum on the inter-
lay between Ao and A;: (a) Ago > A, (b) Aso = A, and (¢) Ago < A;.
Here U(+,=+) (see Eq. 3) are the corresponding eigenvectors of the
energy spectrum. The colors are used to show the inversion between
conduction and valence bands.

in Fig. 1(c)). Therefore, a topological phase transition exists.
The system is a topological insulator for As, < A;, while it is
a nontopological insulator for Ag, > A;.

Now we consider spin-independent impurities I-AIimp =
Lrim Uimpd (T — T'imp ). The self-energy can be calculated from

- d%p
£~ ittty [ 2n)2% @

where njm, is the concentration of the impurities, and g =
[a) —Hy— ZArva] ! n the following, we suppose that the im-
purities are dilute, so that the self-consistent Born approxima-
tion is equivalent to the Born approximation. We then obtain
the self-energy as

§or,a . Mimp uizmp 1
Bt = Fi Y SB6(Bo - Ad)
o,f=+

X [§0 + afz] [(1)6'0 + A(X 6Z]a (5)

where 6 (x) is the step function. We here assume that the sys-
tem is in the weak scattering regime and that the real part of
the self-energy can be neglected.

2.2. Current-induced pseudospin polarization

In this section, we will present the general formula of the
pseudospin polarization in response to a dc electric field.[?%2°]
When we consider a dc external field, it is easier to intro-
duce a field oscillating with frequency £ and then take the
limit 2 — 0. When an external field is present, the cur-
rent induced interaction term reads V(¢) = —j - A(¢), where
J is the current operator and the vector potential A(r) sat-
isfies E(t) = —d,A(¢).
Jx = —ex = —neby and j, = —ey = —e6;. When the electric

The current operator is given by

field is in the +y direction, the perturbation term (interaction
term) yields V() = —ieE, e 6,/Q, whose Fourier trans-
form is Vo = —ieE,6,/Q. By using the Dyson equation!*"!
G< =g<~ +g'VG*< + g~VG?, we obtain

G* =gu+f0+R2)g,Va(ghio —8wia)
+f(0)(g6 — 80)Vagwia; (6)

where f(x) is the Fermi distribution function and gg"* are

31-34]

the lesser, retarded, and advanced Green’s functions, ! re-

spectively. By expanding the Fermi distribution function and
Green’s functions in terms of €2 to the linear order, we obtain

G* = gu+ f(0)[ghVagy —a < 1]
+Q2{f(0)[g4Vadwg —a+ 1]

+ 0o f(0)gy,Va (8% — 8w} @)

In the above expansion, the gg'Vodege terms do not con-
tribute to the physical quantities.>>-! Furthermore, Vg can
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be written in the form of the derivative of the Hamilto-
nian Vo = —ieEydy, Hy/Q, hence we have [ d*pge'Vags o
S d2p8,J g = 0. Therefore only the g} ,Vogd term con-
tributes to the result. The pseudospin polarization at zero tem-
perature can be calculated from the formula

/ / pTAGﬂ

-5 5 D Qdu () Tr(AghVagh], ®)

(Si) =

where A, , = 7§y ® 6x,/2, and §p is a 2 x 2 unit matrix in the
spin space.

10,a0 o llA
Sot G0t X gL,?

8o =

where

N A A 11
givT/J, = [w_rxo_th(anGx‘f'PyGy)_(AI +F¢Z)Gz] )

g*=g", and gifwi = %{g;ﬂT/U 6}, 1=0,x,y,z. From Eq. (5),

we obtain

NimpU
rd=—i 4”“1’[52 BO(Bo—As)w

and

nlmpu

IE=—i 4"“"/32 [39 Bo—Ar)Ax
j:

In the stationary limit, @ — 0, straightforward calcula-
tions show that the current-induced pseudospin polarizations
at zero temperature are

ek, d%p
T (27)?

r0 _az rz a0 0 _az rz a0
x [gmgm—guTngrgwgm—gwg#J, (10)
(s,) = @/ﬂ
Y n ) (2m)?
0 a0 rz _az 0 0z Iz ,az
x [gMgmfg‘ng“?+gmguifgﬁf¢gm}, (1)

where u is the chemical potential, which can be controlled by

an external gate voltage. In the weak scattering limit, 3! we

obtain
eE cos Oy,
S =-32 Yy —— 22| (12)
27r ‘. 14-cos=0q p=pE
E, Vi in @
<Sy> _ e VF2 sin 2a 7 (13)
2 Pimp Uiy, d—s 1 4 cos* Oy, p=pr

where pr is the Fermi momentum.

3. Analytical and numerical results

In this section, we give the formula for the current-
induced pseudospin polarization in silicene based on Eq. (8).
We will limit ourselves to the negative chemical potential
case. The results can be easily generalized to the case when
the chemical potential is positive due to the particle-hole
symmetry.’’] The Hamiltonian can be decoupled into two
2 x 2 blocks (see Egs. (1) and (5)). This means that the Green’s
functions have a block form in the spin space. Therefore, the
Green’s functions can be expanded in the pseudospin Pauli

matrix in two (spin) subspaces; that is,

0

0.0 5 Lal A 9
8ol O 0t Z gL,sz ’

Based on the above formula, we note that the current-
induced pseudospin polarization is a linear function of the
electric field, which is obvious in the linear response regime.
The current-induced pseudospin polarization perpendicular to
the electric field ((Sy)) is independent of the impurity pa-
rameter nlmpulzmp,
larization in the direction of the electric field ({S,)) is sen-

while the current-induced pseudospin po-

sitive to the impurity parameter. Moreover, we note that
(Sx) = —eE,/(2m) in the topological phase (As, < A;) and
(Sy) = 0 in the nontopological phase (Ag, > A;) when u lo-
cates in the gap region, while (Sy) = 0 in the two phases.
When u departs from the top of the valence band, we ob-

tain
eEy [1 2u(A—Ag)
=" 2"z
U2+ (A; = Aso)?
and
(5= B v A —(A A
) 27 nimpuizmp 4u? 4 (A, — Ay )?
for
A+ A _14: = Aol
2 2 '
For it < —|A; + Asol/2,
o= B[ Tt ) ]
* 2r 4[.12+(AZ+A50)2 4[.12+(A17As0)2
and
5 = B {4u2—(Az—Aso)2
y 21 nlmpulzmp 4‘uz+(Az—Aso)2

4p* — (A +Aw)?
4I12 + (A T+ Aso)2

The variations of (Sy) and (S,) with the chemical potential are

complex and are shown in Figs. 2 and 3, respectively, for spe-

cific values of the interplay parameter ¥ = Ag,/A,. Figure 2
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shows that when p decreases further, (Sy) reaches a minimum
at some point in the nontopological phase y > 1, which de-
pends on the interplay parameter, and then increases with a
further decrease in . Meanwhile, (S,) only increases with a

decrease in U in the topological phase ¥ < 1. Finally, (S;) =0
at || > (Aso +A;) /2. Figure 3 shows that (S)) increases with
increasing U, in both topological and nontopological phases,

2
and (Sy) = =2 vzz

imp

for || > (Aso +4;)/2.

T Nimp

0 -1 -2 -3 -4 —s

Fig. 2. (color online) The current-induced pseudospin polarization (Sy)
in units of Syy = eEy/(2) as a function of the chemical potential p for
indicated values ¥y = Ag /A;.

(Sy)/Syo

0.5

Fig. 3. (color online) The current-induced pseudospin polarization (Sy)

. . Ey, Vi . . .
in units of S, = %2 —E— as a function of the chemical potential u
7 m nimP“izmp

for indicated values ¥ = Ago/A;.

Figure 4 presents the density plots of the current-induced
pseudospin polarizations (S,) and (Sy) as a function of the
chemical potential ¢ and the interplay parameter y. The min-
ima in (S,) at v > 1 are clearly seen in Fig. 4(a) for a con-
stant ¥ when the chemical potential is below the top of the
valence band. The gradual increase of (Sy) at ¥ < 1 can also
be found. Figure 4(b) makes the results from Fig. 3 more ob-
vious. The two white lines in Fig. 4(a) are determined by A,
and A,, which stand for the valence band edge. When the con-
stant i locates at the interval of the two tops of the valence
bands, (Sx) can be tuned from Sy to 0. At constant and large
values of 11, (Sy) and (Sy) become independent of Ay, and A,
when the two valence bands are occupied.

(Sa) (Sy)
0 05 1.0 1.5

—1.0 —0.5 0
T T O .

2.0 2.0
1.5 1.5
& &
1.0 1.0
0.5 0.5
0 0
0.4 —0.2 0 —0.4 -0.2
m 1%

Fig. 4. (color online) The current-induced pseudospin polarization as
a function of the chemical potential y and the interplay parameter
Y = Aso/A;: (a) (Sx) in units of Sy = eEy/(27), (b) (Sy) in units of
Sy = & Vlz:

2% po w2 "
T Mimpimp

4. Discussion and conclusion

In summary, we have analyzed the current-induced pseu-
dospin polarization in silicene in the presence of weakly spin-
independent impurities. We have used the Green’s function
method to derive general formulas for the current-induced
pseudospin polarization. The dependences of the current-
induced pseudospin polarization on the chemical potential,
and the interplay of the sublattice potential and the intrinsic
spin orbit coupling are studied. The current-induced pseu-
dospin polarization is shown to be in the silicene plane, and
the polarization perpendicular to the electric field ({(Sy)) is in-
dependent of the impurity parameter, while the polarization in
the direction of the electric field ((Sy)) is sensitive to the impu-
rity parameter. In nontopological phases, (S) reaches a mini-
mum at a certain chemical potential. The position of the point
changes with the sublattice potential and the intrinsic spin or-
bit coupling. At large |u| > (Aso+A4;)/2, (Sx) and (Sy) are
independent of the sublattice potential and the intrinsic spin
orbit coupling.
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