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Abstract. Ballistic electron transport in a silicene structure, composed of a pair of magnetic gates, in the ferromagnetic and an-
tiferromagnetic configuration is studied. This theoretical study has been done using the matrix transfer method to calculate the
transmission, the conductance for parallel and antiparallel magnetic alignment and the magnetoresistance. Results show that con-
ductance and magnetoresistance oscillate as a function of the length between the two magnetic domains. The forbidden transmission
region also increases as a function of the barrier separation distance.

INTRODUCTION

Silicene is a monolayer of silicon atoms, forming a 2D dimensional honeycomb lattice [1]. This new material has
attracted more attention due to its special physical properties, similar to those of graphene, as well as for its possible
implementation in nanoelectronics [2, 3]. In contrast to graphene, silicene has a large intrinsic spin-orbit interaction
and a buckled structure involving valley and spin manipulation [4, 5]. Recently, monolayer and multilayer silicene
have been synthesized and a silicene transistor reached [3, 6]. Likewise, D. Wang et al. [7] propose the magnetic field
as a tool to manipulate valley and spin transport in silicene. Specifically, They have shown that the conductance and
tunneling magnetoresistance (TMR), in a silicene structure with ferromagnetic (FM) barriers, can be controlled by the
magnetic field. Furthermore, Y. Wang et al. [2] reported that, in two ferromagnetic barriers on the top of monolayer
silicene, the magnetic field affects intensively the transmission of the antiferromagnetic (AFM) configuration of the
device and enlarges the forbidden transmission region for the ferromagnetic case. In this work, we explore the ballistic
transport in a silicene structure formed by two ferromagnetic strips. We obtain a notable oscillation of the parallel and
antiparallel conductance as well as TMR as a function of the separation of the two ferromagnetic strips.

THEORETICAL BACKGROUND

The ferromagnetic junction we are interested in, is a nanodevice that basically consists of a silicene sheet and two
ferromagnetic strips with different width d; and d,, and separated by a distance L (see Fig. 1). This device has two
ferromagnetic configurations, parallel (P) and antiparallel (AP). When, the alignment of the strip of the right side is
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FIGURE 1. (a) Schematic representation of a Ferromagnetic/Normal/Ferromagnetic (FNF) asymmetrical Silicene junction. A
typical configuration in such device, consists of two ferromagnetic strips (gray rectangles) deposited on the top of the silicene
sheet, separated by a L distance and with different widths (d; and d,). Other difference between FM gates, is the magnetization
alignment (z-direction), where the right side gate has up or down magnetization. In contrast, the left one is fix. To control the Fermi
energy of incident electrons, a local electrostatic potentials and a static magnetic fields are applied on the gates. Parallel (P) (b)
and antiparallel (AP) (c) magnetization alignment of FNF silicene junction are induced by a stray field B,(x). A; and A, are the
corresponding transverse magnetic vector potentials (gray rectangles) for P and AP magnetization alignment. Dashed lines in (b)
represents the local electrostatic potentials U; and U, induced by the top gate voltage.

different to the strip of the left side, the configuration is AP. In contrast, when they have the same alignment it is P
(see Fig. 1).

The control of the Fermi energy of the incident electrons is handled by a delta-type magnetic field (z-coordinate)
localized in the edges of the FM strips (see Fig. 1) [2, 8]. The magnetic field B, is formally described in Ref. [2],
so, the corresponding magnetic vector potential A is given by A = [0, A,(x), 0], where A, (x) is deduced from A, (x) =
f_ xoo B,(x)dx [2]. This FM nanodevice can be discribed by the low-energy effective Hamiltonian around the Dirac point

[9]:

H=vp(mt, - nﬂyTy) —(moTlso —A)t, + Ul, (1)

where v is the Fermi velocity of the charge carriers in silicene and 7y, = Py(y) + €Ay is the canonical momentum
with P, the electron momentum. 7 = (74, 7y, 7;) corresponds to the sublatice (pseudospin) Pauli matrices, I is the
2x2 unity matrix, 7 = +1 denotes the K and K’ valleys and o = +1 denotes the spin indices. ['so specifies the spin-
orbit coupling, wihich in silicene has a large value (3.9 meV) [10]. This is a stark difference with respect to graphene.
Here, U; (U,) is the height of electrostatic barriers induced by FM1 (FM2) and A, (A,) is the on-site potential on the
ferromagnetic domain FM1 (FM2) (see Fig. 1).

The corresponding eigenenergy and eigenfunction from Eq. (1) can be straightforwardly deduced as k,; =

v
With the transfer matrix, we can obtain a relation between the coefficients of the forward and backward waves, namely

Ag — A;/+1
[ )-w( %)

Here j = 1,2, ..., N.Inour case N = 3. The first, second and third regions for us are the first barrier (FM1), the interwell

region and the second barrier (FM2). Knowing the transfer matrix we can calculate easily the tunneling probability,
AEH 1

tpiap(E, ky,m,0) = |54+ = e With My, being the (1, 1) element of the transfer matrix M. The corresponding bal-
0

1 . .
VE-U)? = moTso — Azj)? — (ky; +A;)? and vi(x,y) = A5 ( o ety s a specific region.

listic transmission in the silicene sheet for a specific magnetization configuration is 7pap = }1 Z,I7=_1 Z}T:_l tpiap(m, 0).
When the transmission probabilities are calculated, the conductance of the system can be obtained through the
Landauer-Biittiker formula [11]

3
Gpap(Er) = Go f Tpiap(EF, kr sin 6) cos 0 do, )

-z
2

where Er is the Fermi energy, Gy = €*L,kr/n*h is the fundamental conducatnace factor with L, being the width

of the system in the transversal y-coordinate, kp = 1/ElzF —F§ o 1s the Fermi wave-vector and 6 is the angle

050002-2



C \ ‘ _— =
0.8H |l ! d,~LA
0.6f ’ -G

2 0.6F

g —d =4L
= 04 R
0.2F B
07 | I | | L . ] 1(‘?):

-04 -0.2 0 0.2 0.4

LA R \ Tl o
0.01;0.0017‘ TRR T .
% i - R ]
— F0.0005 - 8 i
0.005F Lol 1 N B
i 04 -02 0 02 04 ]
0: ‘ J (b)]

. | . . | . .
-04 -0.2 0.2 0.4

0
o(m)

FIGURE 2. (a) Parallel and (b) antiparallel transmission as a function of the incident angle, for different well widths. The solid-
black, dashed-red and dotted-blue lines correspond to d,, = L/4, d,, = L and d,, = 4L respectively. Here, U, = U, = 2, E = 5,
B, =B, = 3,A] = Ar = O,anddl =dr = L/2

of the incident electrons with respect to the x-coordinate. Thereby, the tunneling magnetoresistence through the
Ferromagnetic/Normal/Ferromagnetic (FNF) junction can be defined as TMR = (Gp — Gap)/Gap.

NUMERICAL AND THEORETICAL RESULTS

We now apply the above formulation to calculate the transmission, conductance and TMR of Dirac fermions in our
silicene-based structure. In fact, our structure consists of a quantum well and two ferromagnetic barriers of width
d,, and d; = d,, respectively. We use the following dimensionless parameters, the magnetic field B = 3 and a fixed
incident energy E = 5, withA; = Ay =0and U, = U, = 2.

In Fig. 2 we display the parallel (a) and the antiparallel (b) transmission probability as a function of the incident angle 6
for different separation distances between the barriers, L/4, L and 4L, solid-black, dashed-red and dotted-blue curves,
respectively. In Fig. 2a, we notice that more peaks with unitary transmission probability (7» = 1) appear when the
separation distance d,, increases. This oscillatory behaviour is due to the resonant tunneling through the barriers. We
also notice that the transmission probability for P alignment is completly suppressed for 8 > 0, and that the forbidden
transmission region increases by increasing d,,. This behavior is explained by the longitudinal momentum k, in the

\/(E —UY -T2, - (k + BY.
The transmission for the AP alignment is remarkable, since it is strongly suppressed in a wide region (outside the

range 6y < 6 < 6)). Unlike P alignment, the transmission spectrum of AP alignement shows angular isotropy. In
this configuration, the magnetic vector A = —B is antisymmetric near the central line x=0 and for a given k, >

0 (k, < 0) the appearance of evanescent states in the first barrier FM1 only requires /(E — U)? — I% o <l ky +
B | (L/(E-U)>- F§ o <|I =k, + B |), whereas in the second barrier FM2, the evanescent states is determined by

JE-UP?-T%, <l ky =B | ({J(E-U)*-T%, <| =k, — B |). According to the equivalence between k, and —k,
in the AP configuration for the evanescent states, the transmission spectrum will have symmetric behavior as it is
shown in Fig. 1b. Besides, an increasing of transmission probability in Fig. 2b is observed at high d,, distance. This
behavior indicates that the decaying length of the evanescent states in FM2 is larger than the barrier width. Moreover,
we see that the maximal transmission of T4p is lower than Tp in two orders of magnitude and that the forbidden
transmission region has a very large domain. All these features will be exhibited principally in a measurable quantity,
the conductance.

barrier, which becomes imaginary k, =

050002-3
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FIGURE 3. (a) Ferromagnetic and (b) antiferromagnetic conductance as well as (¢) TMR as a function of d,,. The parameters of
the system considered are d; =d, = L, B=3,E =5and A = 0.

So, to explore the transmission characteristics, we can benefit from the conductance as a measurable property. Then,
the conductance is a valuable experimental property to analyse the electron transport properties of the system. The
conductance for P and AP alignment and TMR as function of d,, are shown in Fig.3a, b and c, respectively. As we
can notice the conductance presents an oscillatory behavior for both magnetic configurations, parallel and antiparallel.
This behavior is related to the interference conditions that take place between the reflected and incident electrons in
the non-ferromagnetic region [12]. On the other hand, the conductance changes with d,, in oscillatory fashion due
to the Klein tunneling of Dirac fermions [7]. Indeed, Klein tunneling is significant in the P configuration, nearly
65% of the conductance. In contrast, it is lower than 65x1072 for the AP configuration due to the low transmission
probability with respect to angle of incidence. Furthermore, this oscillatory behavior, of both configurations, will be
present in TMR, see Fig. 3c. As we can see the maximum of TMR is located in regions of low G4p (regions of high
Gp) as a result of the intensive suppression of transmission in the AP alignment and the strong manifestation of the
transmission in the P alignment.

In summary, we have investigated the ballistic transport in double magnetic barries in silicence. We have shown
that the conductance in the ferromagnetic and antiferromagnetic configuration as well as the tunneling magnetoresis-
tance oscillate as a functions of the distance separation between barriers.
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