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The transport property of electrons tunneling through arrays of magnetic and electric barriers is studied in silicene.
In the tunneling transmission spectrum, the spin-valley-dependent filtered states can be achieved in an incident energy
range which can be controlled by the electric gate voltage. For the parallel magnetization configuration, the transmission
is asymmetric with respect to the incident angle 6, and electrons with a very large negative incident angle can always
transmit in propagating modes for one of the spin-valley filtered states under a certain electromagnetic condition. But
for the antiparallel configuration, the transmission is symmetric about 6 and there is no such transmission channel. The
difference of the transmission between the two configurations leads to a giant tunneling magnetoresistance (TMR) effect.
The TMR can reach to 100% in a certain Fermi energy interval around the electrostatic potential. This energy interval can
be adjusted significantly by the magnetic field and/or electric gate voltage. The results obtained may be useful for future
valleytronic and spintronic applications, as well as magnetoresistance device based on silicene.

Keywords: silicene, quantum transport, electromagnetic superlattice, giant tunneling magnetoresistance effect

PACS: 73.23.-b, 73.63.-b, 73.43.Qt, 85.75.-d

1. Introduction

Silicene, a two-dimensional (2D) silicon!! akin to
graphene!®! but with slightly buckled honeycomb structure,
has been successfully obtained experimentally!®* and at-
tracted plenty of interests in theoretical research.>~?! In sil-
icene, the energy spectrum of carriers consists of two valleys
labeled by two inequivalent points (referred to as K and K')
at the edges of the hexagonal Brillouin zone (BZ). Each val-
ley has a Dirac-like electron dispersion near the points where
the electron and hole bands have a gap of 1.55 meV-7.9 meV
caused by spin—orbit coupling (SOC).>® This gap is much
larger than graphene. '3 Moreover, the buckled structure pro-
vides us a method to tune the band gap easily via a per-
pendicular external electrical field.[®!'% Such a peculiar band
structure of silicene makes experimentally accessible to quan-
tum spin/valley Hall effect, quantum anomalous Hall effect,
and spin/valley-polarized metal phases.>~715-201 These effects
make silicene a promising material for spin-tronic and valley-
tronic applications.

In the presence of a perpendicular uniform magnetic field,
the spin- and valley-polarized levels due to the SOC and elec-
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tric field gating of silicene result in a polarized magneto-
optical conductivity;>!! a uniform electric field modulation
leads to valley polarized quantum Hall effect (VQHE)[??! and
a periodic potential or electric field modulations can result in
spin- and valley-resolved magnetotransports.>3] Beyond uni-
form magnetic field, the nonuniform magnetic fields can de-
fine various magnetic nanostructures ranging from magnetic
barriers and wells?*+?! to magnetic dots and antidotes. 6!
This provide another clue to the manipulation of electrons not

27-291 and three-dimensional topological in-

[32,33

only in graphene!

(3031 ! In particular,

sulator surface, 1 but also in silicene.
the properties of Dirac electrons in graphene and the surface of
topological insulator under a periodic magnetic confinement
were discussed.**3>] However, less attention has been paid to
the effects of a periodic local magnetic field modulations on
2D Dirac quasiparticle in silicene.

In this paper, we study the electron tunneling through
a silicene superlattice of magnetic and electric barriers, as
shown in Fig. 1, where we consider the magnetic barriers
with delta-function-shaped magnetic fields. This kind of mag-
netic field profiles can be created by depositing ferromagnetic

metallic (FM) strips at equal spacing with the magnetization
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parallel to the plane on top of the insulating layer, as pro-
posed for in graphene, 23430 thus forming a magnetic super-
lattice along x axis. Using the scattering matrix method,37-3%1
we investigate theoretically the transmission and conductance
for periodic arrangements of magnetic barriers with parallel
(P) and antiparallel (AP) magnetic field configurations. We
should point out that the scattering between different valleys
is unavoidable.[*?) However, in the calculations, the interval-
ley scattering can be neglected because of a slight impact on
the transport properties in our considered system.*!#2] We
find that the tunneling transmission is asymmetric with respect
to the in-plane momentum k, for P configuration but sym-
metric about k, for AP configuration. The interplay of mas-
sive electrons with spin—orbit coupling in silicene results in a
spin-valley dependent gap. Thus, different spins and valleys
arise different spin-valley dependent states. Therefore, when-
ever the perpendicular external electric field in FM regions are
nonzero, there is a particular incident energy range where only
one spin from one valley and opposite spin from the opposite
valley are transmitted. The transmission feature depends on
the spin-valley indices due to the coupling between valley and
spin degrees of freedom. This spin-valley-dependent trans-
port is found to be controllable by the electric gate voltage and
magnetic field. Moreover, the difference of the transmission
between the P and AP configurations leads to a giant tunnel-
ing magnetoresistance (TMR) effect. The TMR can be tuned
significantly by the magnetic field and the height of electro-
static potential.
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Fig. 1. (color online) (a) Simplified profiles of the magnetic barrier for the
P alignment (spikelike lines), the corresponding vector potential Ay (x) (red
solid line), and the electrostatic potential V (x) (green dashed line). (b) The
same as in panel (a) but for the AP alignment. (c) The schematic illustration
of the considered 2D electron system modulated by an array of FM stripes
deposited on top of the silicene sheet. The red horizontal arrows denote the
magnetization directions (along x axis) of the strips that generate an array
of delta-function-shaped magnetic barriers. The gate voltage V; applied on
FM stripes provides a periodic array of electrostatic barriers.

The organization of the paper is as follows. In Section 2,

we present and explain the model Hamiltonian, where the scat-

tering matrix technique is adopted to calculate the transmis-
sion probability. In Section 3, we show contour plots of the
tunneling transmission probability as a function of incident
energy and angle for P and AP configurations. Moreover, we
show the behavior of the charge conductances and TMR. Fi-
nally, in Section 4 we summarize the results.

2. Model and formalism

The low energy effective Hamiltonian around K (K')
point in BZ for electrons in silicene under the modulation of
inhomogeneous perpendicular magnetic field and electric field

can be written as>-7-21:23]

Hy & :VF(nxTx_nEyTy)_nGAsofz‘i‘Asz"'VTOa (1)

where 1 = +/ — 1 labels the K/K’ valley, 6 = +/ — 1 do-
nates spin-up (1)/spin-down (), 7; (i = x,y,7) are the Pauli
matrices acting on pseudospin degree, 7y is the unit matrix,
the Fermi velocity vp = 5 X 105 m/s, and the intrinsic SOC
strength Ag, = 3.9 meV, %! r = ik + ¢ A is the 2D momentum
in the Hamiltonian with wave vector k and magnetic vector
potential A.

In this work, we consider arrays of identical magnetic bar-
riers with delta-function-shaped magnetic fields at the edges of
the barriers as shown in Fig. 1. The magnetic field is perpen-

dicular to the silicene sheet and can be given by
B(x) = Blg,{[6(x —nL) —

+Y[6(x—w—d—nL)—

6(x—w—nL)]
S(x—2w—d—nL)]}2 (2)

with n = 0,2,4,6,...,N —2 (N denotes the even number of
FM stripes), the d-function &(+) and step-function (), w the
width of each FM stripe, d the distance between adjacent FM
stripes and the lattice constant L = w+d. Here, B gives the
strength of the local magnetic field, Iz = \/m is the mag-
netic length for an estimated magnetic field By. And y= +1
represents the magnetization configuration corresponding to
the P and AP configuration. We employ the Landau gauge for
the vector potential A= [0,A,(x),0]. The corresponding mag-
netic vector potential

Ay(x) = Bl {[6(x—nL) -

+y[0(x—w—d—nL)—

0(x—w—nL))
0(x—2w—d—nL)]}. (3)

Moreover, a tunable electrostatic barrier potential V(x) =
Upl0(x—nL)O(w—x+nL)+0(x—w—d—nL)0(2w+d —x+
nL)] is applied on silicene sheet with height Uy > 0. The on-
site potential difference between sublattice A and B is A,(x) =
A[0(x—nL)B(w—x+nL)+0(x—w—d—nL)0(2w+d —x+
nL)], where A, = IE, with the buckling distance [ = 0.46 A
can be efficiently tuned by a local perpendicular electric field

E, using a combination of top and bottom gates.[!415]
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For simplicity, we express all quantities in dimensionless
units by introducing two characteristic parameters: the mag-
netic length /g, and energy Eo = 7ivg/lp,. Taking a realistic
value Bp = 0.1 T, so the concerned parameters /g, = 81 nm

(—noAm+A,+V—E
ke —in(ky,+A,)

with ¢, /p being the wave function component. In the pres-
ence of an inhomogeneous perpendicular magnetic field, the
Zeeman energy has been ignored due to a slight effect on
the transmission at our considered magnetic field,[?!1 and the
transverse wave vector ky is conserved because of the transla-
tional invariance in the y direction. From Eq. (4), the eigen-
values in the normal and ferromagnetic silicene can be easily
deduced and the wave functions in each region can be further
determined. In the normal region I [see Figs. 1(a) and 1(b)],

the wave function for a given incident energy E can be written

as
i = awm( ke +ink, ) 1eim(—kﬁ inky> )
E+noAs E+noAs
with k, = \/E2 —(N0As)? — k2. In the barrier region II, the

wave function can be expressed as

o K+ o~k 41
wz:azelk‘X(X+EZ7ﬁ+>+bzelk"x< xgl:lnBJr)’ (6)

where K, = \/(E —Up)? — (A, —N0Ax)? — (ky+Ay)% Ey =
E—Uy—A;+N0Ay, and B+ =k, £A,. We can obtain a
similar corresponding wave function to Eq. (5) in each nor-
mal region (region III), and a similar case to Eq. (6) in each
barrier region (region II/IV) for the magnetic barrier with P
alignment. However, for the case of the magnetic barrier with
AP alignment, in the barrier region IV with negative magnetic

vector potential, the wave function should be expressed as

sl k// i — sl _k// i —
Yy = a4e’kxx( < —;:lm ) +b4e_‘k”< * ;;Tlﬁ ) (7

with & = \/(E —Up)? — (A, — N06As)? — (ky —Ay)2. a; and
b; are the coefficients of the forward and the backward states
in the j-th (j = 1,2,3,...,2N + 1) region, respectively. The

matrix relationship between the wave function coefficients can

() =0 Gn)

where the explicit expressions of the transfer matrix M(j)

be expressed as

®)

can be calculated by matching the continuity conditions for

the wave functions at boundaries between different regions,

ke +in(ky +Ay) Oa) _ 0
nGAso_Az+V_E ¢B ’

and Ey = 4 meV. In each specific region, the vector poten-
tial A, and electrostatic potential V' all are constant. Therefore
the eigenequation of model Hamiltonian can be specifically
rewritten as

“

ie, ¥j(x;) = Wjr1(xj). Here x; is the x-coordinate for
the boundary between regions j and j+ 1. The full trans-
fer matrix M can be obtained from matrix multiplication of
the individual matrices connecting adjacent regions, namely,
M=M1)M(2)...M(j)...M(2N). In contrast to the transfer
matrix method, scattering matrix method has the advantage
of being stable for quantum systems with periodic potential

37.38] Therefore, we adopt the scattering matrix

modulations.!
method to calculate the transmission probability. For a multi-
layer structure, the coefficients a; and b, of the outgoing states
are related to the coefficients a; and b; of the incoming states

via the scattering matrix S(1, j):

() =s00(G,)

The coefficients a; and b; can be eliminated from Egs. (8) and

©))

(9) to give the new scattering matrix S(1, j+ 1):

aj+1 . ap
(bl ) S+ )<bj+1)

For a detailed derivation and explicit expressions of S(1, j+ 1),

(10)

we refer to Ref. [39]. Therefore, starting with the unit matrix
S(1,1), S(1,2N+1) can be calculated through an iterative pro-

cedure:
AaN+1 ai S11 S12 aj
=S5(1,2N+1 = .
< b ) ( )<sz+1> <521 522> <b21v+1 )
(11)
In the last region 2N + 1, there is no backward states, boy1 =
0. Therefore, the transmission probability

2
Tyo(E ky) = ’tncr(Evky)| = lawsi/a]* =[S, (12)

For the P/AP configuration, the ballistic conductance at zero
temperature can be calculated from the Landauer—Biittiker

formalism 3

13)

/2
Gno = Go/ Tyo(Er, kpsin®)cos6d0,
2

where Go = ezLku /2mh is taken as the conductance unit with

kFZQ/EI%—AZ

& EF is the Fermi energy and 0 is the incident
angle, L, is the sample size along the y direction which is much

larger than w and d.
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3. Results and discussions

In what follows, to obtain the tunneling transmission fea-
tures for the magnetic superlattice with P and AP configura-
tions, we show contour plots of the transmission probability
Ty as a function of incident energy and angle in Fig. 2 (P
alignment) and Fig. 3 (AP alignment) for different A; and Uj.
Furthermore, we show the behavior of the total charge conduc-
tances and the TMR in Fig. 4. In our calculations, we choose
the magnetic barrier (B = 1) with a fixed width w = 0.5 and
the smallest distance between two barriers d = 2. For larger d,
the transmission exhibits more significant oscillation, but the
qualitative behavior of all the transmission, conductances and
TMR remain similar to our case.

We focus on the spin-valley transport in a bulk silicene.
Obviously, for the bulk charge carriers, a common feature of
all the cases depicted in Figs. 2 and 3 is that transmission is
totally forbidden for the low-energy regime E < Ay, regard-
less of the electrostatic potential Uy and on-site potential dif-
ference A;. This is because in this regime the Fermi level is
located inside the band gap near K and K’ points in the incom-
ing region (normal region I). We find that the transmissions
for no =1 states and 16 = —1 states are identical whenever
A; = 0. Moreover, the plot of Tk is identical to T (no = 1)
and the plot of T is identical to Tgr4 (no = —1) for any case
in our considered system.

0 0.2 04 06 0.8 1.0

0 0 0.2 04 06 0.8 1.0

Fig. 2. (color online) The contour plot of the transmission probability Ty
as a function of the incident angle and incident energy for the parallel align-
ment with a fixed barrier width w = 0.5, distance d = 2, and magnetic field
B =1, (a) Tgy/k ki /it A = Up = 0; A; = Ao for panels (b)—(f), (b)
TKT/K’L’ Up=1;(c) TKJ,/K’T’ Up=1;(d) TKT/K’L’ Up=4;(e) TKl/K’T’ Up=4;
(f) the same as panel (b) but for B = 4. The magnetic unit By = 0.1 T, the
energy unit is £y =4 meV, and the length unit is /p = 81 nm. The number
of FM stripes is N = 40.

First we consider the tunneling process through the delta-
function-shaped magnetic barriers with P configuration. In
Fig. 2(a), the case of A, = 0 and Uy = 0, we can see that the
transmission is asymmetric with respect to the incident angle 6
because of the present of magnetic field. The magnetic vector

potential Ay = B for our case, and the longitudinal momentum
in the barrier region is given by k, = \/E? — A2 — (ky+B)?
which is more likely to be imaginary with k, > 0. As a result,

electrons with positive incident angles are more likely to trans-
mit through evanescent modes, and a transmission is usually
allowable for a negative incident angle 8. When the external
electric fields A, # 0 are applied in the same region as the mag-
netic barriers and Uy = 0, we can infer that the transmission is
also in a wide region of 0 but is forbidden in the energy range
E <max(A; — NG A, Aso)-

In Figs. 2(b)-2(f), we show the effect of a combined on-
site potential difference and electrostatic potential on the trans-
mission. For the case A; = A, and Uy = Ey, it is interesting to
find that the transmission is remarkable in all the region with
negative incident angles for no = 1 states [See Fig.2(b)]. The
transmission is forbidden outside the transmission window de-
lineated by the dashed white line which is the boundary of the
total reflection region (7 = 0) and is determined by the critical
condition (ky + B)? = (E — Eo)?. The transmission can occur
with the incident energy above the critical value. However,
in this case, the transmission in the region with large negative
incident angles for no = —1 states is suppressed as shown
in Fig.2(c). This leads to the appearance of a wide region,
between the dash-dotted purple line and white line in this fig-
ure, where only 1o = 1 states are not suppressed. In other
words, in this region only spin up states from the K valley and
spin down states from the K’ valley are transmitted. When the
electrostatic potential increases to Uy > B (in dimensionless
units), we find that the transmission is heavily suppressed in
an energy interval around the electrostatic potential [See Fig.
2(d) and (e)]. This can be understood as follows. According to
the relationship k2 + (ky + B)? = (E — Up)? — (A, — N0 As) %
the wave vector k.. in the barrier tends to be imaginary when
(ky+B)? > (E —Up)? — (A, — N6As)?. Obviously, this in-
equality is true for any value of k, as the incident energy
becomes closer to the electrostatic potential. Therefore, the
evanescent modes decay rapidly in the barrier regions and lead
to the suppression of transmission. There is a broad energy
interval —(A; + Ago) + Up < E < (A; 4+ Ago) + Uy where the
reflection is complete in the whole 6 region for no = —1
states. By comparing Figs. 2(b) with 2(f), we can see that
the evanescent modes with large imaginary wave vectors in
barriers reduce the transmission probability more significantly
with the increase of magnetic barrier height, thus more trans-
mission peaks disappear in the region with positive incident
angles and low incident energies. Furthermore, if we increase
the magnetic barrier and electric potential barrier height simul-
taneously, as well as B = U, electrons can always transmit via
propagating states in the superlattice region in a large negative
angle O closing to —90° for no = 1 states except the low-
energy regime [see Fig. 2(b) ].
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Next we discuss the transmission characteristics for the
AP configuration, which is shown in Figs. 3(a)-3(f). For this
configuration, the transmission becomes symmetric with re-
spect to 6. From Fig. 1(b), we know that the magnetic vec-
tor potential A,(x) is antisymmetric about the center (x = 0)
of the whole structure. However, the system has a symme-
try associated with the operation U = TRAxcfy,[ng where T is
the time-reversal operator, Iéx is the reflection operator about
the center of the superlattice, and G} is one of the Pauli ma-
trices. Under this unitary transformation, we have H;m =
UHpy o lke,ky +Ay(—x), A, (—x),U(=x)]U " = ket — n]ky +
Ay(—x)]ty = NOAGT, + A;(—x)T, + V(—x)7o. It implies that
in the case of AP configuration, Ay(—x) = —A,(x), A;(—x) =
A (x), V(=x) = V(x), Hy 5(—ky) = Hp 5(ky), which means
that the transmission spectrum is symmetric about k, = 0, as
shown in Fig. 3.

EE ~ 2 T

0 0.2

H X  aa

0.6 0.8 1.0

04 06 08 1.0 0 02 04

Fig. 3. (color online) The same as Fig. 2 but for the antiparallel configura-
tion. The number of FM stripes is N = 40.

However, in the P configuration case A,(—x) = A,(x),
A(—x) = Ax), V(=x) = V(x), H}o(~ky) # Hyolky),
obviously this symmetry is broken, as shown in Fig. 2.
For the case A, # 0 and Uy = 0 of AP configuration,
E < \/B2+ (A, —N0A)? is the low-energy transmission-
forbidden region arising from the evanescent modes in the su-
perlattice region. For the case A, = Ao and Uy # 0, the en-
ergy transmission-forbidden region becomes Uy — B < E <
Uo + B for no = 1 states, while Uy — /B2 +4A% < E <
Uo+ /B?+4A2 for no = —1 states. Obviously, the forbid-
den region of no = —1 states is wider than that of no =1,
and thus there are energy ranges where only 110 = 1 states are
transmitted [Comparing Fig. 3(b) with Fig. 3(c) and Fig. 3(d)
with Fig. 3(e) ]. In comparison with the case of the P config-
uration, the transmission is strongly suppressed for both large
negative and large positive incident angles in the AP case, and
electrons tunnel through the periodic array of magnetic barri-
ers more difficultly than that for the P configuration. This be-
cause some propagating modes in the normal regions cannot
tunnel through the region IV of the AP configuration, while

which can always transmit in the barrier region with P config-
uration.

Finally, we focus on the conductance (G) and the TMR.
TMR usually has two definitions,**] we adopt one of the
definitions by

Gp — Gap
P )

TMR = (14)
where the subscript P (AP) denotes parallel (antiparallel) con-
figuration, and Gp (Gap) is the total charge conductance for
the P (AP) configuration. The total charge conductance is ob-
tained by summing Eq. (13) over 11 and o. The other definition
of TMR has G ap in the denominator. We choose this definition
because in our case, Gap vanishes in some energy ranges.

We show the behavior of the conductances and TMR
as a function of Fermi energy in Fig. 4. When both lo-
cal gate voltage and external electric field are applied to FM
stripes, the transmission is suppressed in the band gap of
Uy — |A, —M0Aw| < Er < Uy +|A; — NG As| for no = +1
states. Obviously, the no = —1 states experience a larger gap
than the no = 1 states. Therefore, bothno =1andno = —1
states are suppressed in the energy range of Uy — |A; — Aso| <
Ep < U+ |A; — Aol for P/AP configuration. This strong sup-
pression of transmission leads to the vanishing of both Gap
and Gp, so the TMR takes an indeterminate form in this en-
ergy regime. Therefore, in order to avoid such a case, we need
to apply an external electric field A, = Ay, to magnetic barrier
regions. In Fig. 4, the conductance Gp [see the black dot-
dashed lines], Gap [see the blue dashed lines] and tunneling
magnetoresistance ratio TMR [see the red solid lines] are plot-
ted as a function of the Fermi energy for different heights of
the electric and magnetic barriers. We can see that the conduc-
tances and TMR exhibit significant oscillations for both P and
AP configurations. Obviously, the position of the conductance
peaks and valleys for the Fermi energies correspond to the
transmission peaks and valleys. The TMR also shows many
peaks which are found for the Fermi energies corresponding
to the valleys of Gap. For the AP magnetization configura-
tion, the transmission of electrons is drastically suppressed for
all incident angles in an energy interval around the electro-
static potential. But away from this transmission suppressed
region, Gp essentially increases with the Fermi energy. From
the red solid curve in this figure, we can see that there is an
energy range where the TMR reaches its maximum positive
value 100% in the vicinity of Er = Up. Obviously, the posi-
tion of this range can be changed by potential barrier height.
Moreover, we find that the 100% TMR range widen with the
increase of magnetic field. Here is the reason: when Ef lies
in the full transmission gap [Uy — B,Up + B, the conductance
Gap is zero while the conductance Gp can be large. Obviously
this gap can be adjusted by Up and B. Furthermore, as we can
see from Fig. 4, the curve of Gap is lower than that of Gp at
almost all energy region. However, we can observe the ap-
pearance negative TMR in Fig. 4(c) at the low-energy regime.
Such negative values arises from the charge types of quasi-
particles tunneling through the magnetic barriers reverse their
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signs for the AP configuration.*! The negative TMR disap-
pears when the Fermi energy is large.
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Fig. 4. (color online) The tunneling conductance Gp (the black dot-dashed
curves), Gap (the blue dashed curves) and tunneling magnetoresistance ratio
TMR (the red solid curve) as a function of the Fermi energy for A, = A,
(@B=1,Uy=1;(b)B=4,Uy=1;(c) B=4, Uy =28. The number of FM
stripes is N = 40.

4. Summary

In summary, we have investigated theoretically the quan-
tum tunneling processes through a periodic array of magnetic
and electric barriers on silicene sheet. Regardless of the mag-
netic field, whenever the A; # 0, there is an incident energy
range where 1o = 1 states are transmitted, while o = —1
states are not. This energy range can be controlled by the elec-
tric gate voltage applied in the same region as the magnetic
barriers. For the P magnetization configuration, the transmis-
sion is asymmetric with respect to the incident angle 6. When
the electric barrier height equals the magnetic barrier, elec-
trons can always transmit via propagating states in the super-
lattice region with a large negative incident angle 6 closing
to —90° for no = 1 states except the suppressed low-energy
regime. But for the AP configuration, the transmission is sym-
metric about 8 and there is no such transmission channel be-
cause of the opposite vector potentials in barrier regions. Ow-
ing to the difference between P and AP configurations, the
TMR can reach to 100% in a certain Fermi energy interval
around the electrostatic potential. This interval can widen with
the increase of magnetic field and be changed by the electric
potential barrier. Our findings may be useful for spin-tronic
and valley-tronic applications based on silicene and have cer-
tain practical significance in silicene-based magnetoresistance

device.
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