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We theoretically investigate the influence of off-resonant circularly polarized light field and perpendicular electric
field on the quantum transport in a monolayer silicene-based normal/superconducting/normal junction. Owing to the tun-
able band structure of silicene, a pure crossed Andreev reflection process can be realized under the optical and electrical
coaction. Moreover, a switch effect among the exclusive crossed Andreev reflection, the exclusive elastic cotunneling and
the exclusive Andreev reflection, where the former two are the nonlocal transports and the third one is the local transport,
can be obtained in our system by the modulation of the electric and light fields. In addition, the influence of the relevant
parameters on the nonlocal and local transports is calculated and analyzed as well.
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1. Introduction

As the silicon counterpart of graphene, silicene has
attracted much attention in quantum condensed matter
research.[l?) Owing to the low buckling structure, the en-
ergy gap of silicene can be controlled by applying electric
field to create staggered potential.>~”) Moreover, silicene pos-
sesses a strong spin-orbit coupling which is much larger than
that in graphene, making it to be a quantum spin Hall in-
sulator in nature.!®° Experimentally, many researchers have
successfully synthesized silicene on kinds of substrates such
as Ag(111), ZrB,(0001), Ir(111), and MoS,.1'%"13 These
unique properties make silicene a promising candidate for
logic application.'®) In addition, there have already been
some studies about proximity-induced superconductivity in
silicene, which open up a research area involving coherent
transport properties in silicene-based superconducting hybrid
structures. ['7-23

Recently, the entanglement of quantum states has aroused
great interests for its potential applications and fundamental
importance in quantum information technology.?*->"! In solid
state physics, it still remains a major challenge to create and
detect entangled electrons. S-wave superconductors have been
viewed as natural sources for entangled electrons, since a sin-
glet Cooper pairs consist of two electrons with both spin and

28.291 The crossed (nonlocal) Andreev

momentum entangled.!
refection (CAR) in superconducting heterostructures refers to

that an electron from a normal metal electrode is incident into
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the superconducting region and reflected as a hole in another

30-32

metal electrode.! ! Therefore the inverse process of the

CAR is proposed to be a natural method to split a Cooper pair
spatially.[33-33

However, there also exist other accompanied processes
such as the (local) Andreev reflection (AR), where the hole is
reflected into the same terminal, the elastic cotunneling (EC,
another nonlocal process), and the normal reflection (NR).
These transport processes can mask the CAR and make its

[36-38] Hence a lot of pro-

detection difficult in experiments.
posals have been put forward to increase the fraction of the
CAR.[17-18.39-46] A graphene bipolar transistor is proposed to
generate the pure CAR using energy band topology or the

(39401 Some superconducting spin

energy-filtering mechanism.
valve structures based on graphene, silicene and MoS, are de-
signed to obtain the pure CAR process.!!841:421 In addition, it
has been demonstrated that the fraction of the CAR can be en-
hanced a lot in the hybrid systems of the superconductor and
the topological insulators.[#3-43

In this paper, we consider the quantum transport in a
silicene-based normal/superconducting/normal (N/S/N) junc-
tion with the applied off-resonant circularly polarized light
field and perpendicular electric field. By the optical and elec-
trical modulation of the bands in the two normal regions, the
exclusive CAR can be achieved with the suppression of the
AR and the EC processes. Moreover, the exclusive EC and
AR transports can also be obtained respectively by setting the
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proper parameters. It means that our system can realize a
switch effect among the exclusive CAR, EC, and AR. These
results reveal the potential of silicene-based hybrid structures
for application in the correlation transport.

We organize this work as follows. In Section 2, we estab-
lish the theoretical framework which will be used to calculate
the local and nonlocal conductances. In Section 3, we present
the numerical results. Finally, we give a brief summary of the
results in Section 4.

2. Model and formalism

We consider an N/S/N junction based on monolayer sil-
icene, as illustrated in Fig. 1(a), where N represents two nor-
mal regions and S represents proximity-induced superconduc-
tiviting region. An off-resonant circularly polarized light,
which just modifies the electron band structure through virtual
photon transition processes,*”*8 and a perpendicular electric
field are applied onto the two normal regions. The x—y coordi-
nates are used to characterize the longitudinal and transverse
directions in our system. For studying the possible transport
properties through the system, we begin with the tight-binding

Hamiltonian of this system expressed as!”]
Ht = Hs + HN. (D

Therein, Hs and Hy are respectively the Hamiltonians of the
superconducting region and the two normal regions. They
have the following forms:

Hs = Hy+ ZA (cfn,rc;l +CmiCmt)
m

+Y UschrgCmas 2)
mo;
iA ;
P Z VinCrno Cnp
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Hy = Ho —

where the zero external-field Hamiltonian is*°!

Hy = —19 Z cjnacna
(m,n),a

idso
+ )
3V3 (i p

VinCna O Cap- @)

In Egs. (2)—(4), cna (cj,,a) annihilates (creates) an electron
with spin & on site m, Us is the chemical potential of the su-
perconducting region, which is set as 0.03 eV in the following,
A is the pairing potential and A = (eAvg)? /AR is the illumi-
nation parameter with A as the amplitude and Q as the fre-
quency of the off-resonant right-circularly polarized light, as

defined in the Floquet theory. In addition, to satisfy the off-
resonant condition, the photon energy 72 must be larger than
the silicene bandwidth 37y, where ty = 1.6 €V is the nearest-
neighbor hopping energy. Hence, the lowest value of Q is
about 1150 THz. An applied perpendicular electric field Ef
can generate a staggered sublattice potential e/, EX in region
Kk (k = L for the left region and k¥ = R for the right region),
where e is the electron charge, 2/ = 0.46 A is the separation
between the A and B sublattices in the z direction, as denoted
in Fig. 1(b), and w,, = £1 for the A (B) sites. Uy is the chem-
ical potential of the two normal regions. Aso = 3.9 meV is the
effective spin-orbit coupling parameter and o = (0, 0y, 0;) is
the Pauli matrix of spin. (m,n) and ((m,n)) denote the sum-
mations over the nearest and next-nearest neighboring lattice
sites, respectively. V,,, = —1 when the next-nearest neighbor
hopping is clockwise and v,,, = 1 when the hopping is anti-
clockwise with respect to the normal regions of the monolayer
silicene sheet.

Fig. 1. (color online) Schematics for (a) the top view of a monolayer
silicene-based N/S/N junction with two normal regions irradiated by
the off-resonant circularly polarized light and applied with the perpen-
dicular electric field and (b) the side view of silicene applied with the
perpendicular electric field. Two inequivalent atoms are labeled as A
and B. 2/ represents the distance between the A and B sublattices in the
z direction.

Band structure of a system can be effectively used to ac-
count for its transport properties. For conveniently obtaining
the band structure of the left or right normal region, we need
to transform Eq. (3) into the momentum space form as given

below!®]

H,l,c = hVF(nkxTx + kyTy) + T])&soSTz
—elEft,—nAt,— U, 5)

where 1 = 1 (—1) for K (K') valley, vg = 3aty /2% is the Fermi
velocity with the lattice constant a = 3.86 A, k, and ky are the
wavevectors in the x and y directions, T = (7, Ty, 7;) is the
Pauli matrix of sublattice pseudospin, s = %1 is the spin index
and I is the identity matrix.
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Combining the three kinds of main transports, the total

conductance can be written as[#0]

8 = 8BC T 8AR +8CAR
e
= W Z Tr{l—iee Ggel—l‘{ee Gﬁe +2I7 e Gghl—i,hh Gﬁe
k)’

+ I—Lee Gghri{hh Gﬁe } ) (6)

where ggc, gar, and gcar respectively represent the con-
ductance of the EC, the local AR, and the nonlocal CAR.
ky = 2mn/W is the transverse momentum with n being an in-
teger to denote the channels and W representing the transverse

width of the junction. The linewidth function Iy ) can be
defined as It r) = i(ZE(R) — ZE(R))’ where E]rd(a) = V*gi(?l){)v
V is the cou-
r(a)

L(R)
is the retarded (advanced) surface Green’s function of the left

is the self-energy of the left (right) region.
pling matrix between the leads and the central region. g

(right) region, which can be calculated by a recursive itera-
tion method.>*31 G*@ = (ET — Hg — £"®)~! stands for the
retarded (advanced) Green’s function of the central region,
where 1@ = Z£<a) + Ega). The subscript e (h) denotes the
electron (hole) component of the Nambu space.

3. Results and discussion
3.1. Pure crossed Andreev reflection

In Ref. [43], we have discussed the nonlocal transport in
the bilayer graphene just induced by the valley polarization,
where the spin degree of freedom is degenerate and inactive,
and is not be involved in our investigation. Different from the
bilayer graphene system, there exists the spin—orbit coupling
in the silicene. The degeneration of the spin and valley degrees
of freedom can be lifted at the same time under the coaction of
the off-resonant circularly polarized light and the perpendicu-
lar electric field. Hence, in the following discussion, we must
consider the effect of the spin degree of freedom. In order to
reveal the non-degeneracy of the band structure more clearly,
we first analytically give the energy eigenvalues of different
spins and valleys in the two normal regions:

eo = =/ (hvk)? + (NoAso — elEX —nA)2. ()

Correspondingly, on the K and K’ points, equation (7) can be
simplified into the following forms:

&g = T(Aso —elE; —A),
&g, = T(Aso +elE; + 1),
e = £(Aso +elEF — 1),
&5, = £(Aso — elEX + 1). ®)

Obviously, the degeneration of the spin and valley can be con-
trolled by the electric field and the light field.

In Fig. 2, we set A = 3Aso and elE- = —elER = 1,
so equation (8) can be further simplified as: EIIZT = +54s0,
&g, = 1s0. &, = &,
&gy = &) = s, &, = £54s0, & = £7As0 for the right
region. It can be seen that K valley is spin-polarized and K’

= +Ago for the left region and

valley is spin-degenerated in the left region while the contrary
is the case in the right region, as shown in Fig. 2(a), which
depicts the band structures of the three regions. The length
of the central region is set as d = 0.8&, where & = 3ar/2A is
the superconducting coherence length. In addition, the chem-
ical potentials of the two regions are set as U, = —Aso and
Ur = Aso. Hence, the Fermi surface is just at the bottom of the
conduction band of the left region and at the top of the valence
band of the right region. In this case, we calculate the conduc-
tances gar, gcar and ggc versus the incident energy E, which
are shown in Fig. 2(b) with different lines. It is worth noting
that all of the conductance values in our paper are normalized
by the ballistic normal conductance gy = 2¢*N(E)/h, where
N(E) = EW /(mhvg) represents the number of the transverse
modes. From Fig. 2(b), we can see that gcar is much more
than gar and ggc, i.e., gcar dominates while gar and ggc
are both suppressed. This means the pure crossed Andreev
reflection can be generated in our system by the control of
the electric field and the light field. The emergence of such a
phenomenon can be explained well by Fig. 2(a). The incident

(a) N S N
E/eV E/eV
K'T(Kw)' A \\/ ™K
1.4 o)
1.2
1.0 TN
0.8 / AN
Lo / \
S AR
0.4 — 8CAR \
/ ..... gEC
0.2 - AN
0

E/meV

Fig. 2. (color online) (a) The energy spectra of the three regions.
(b) The conductances gar (solid line), gcar (dash line), and ggc (dot-
ted line) versus the incident energy E for the antiparallel electric fields
elE} = —elEf = A. The other parameters are set as the light field
strength A = 3450, the superconducting region length d = 0.8, the
chemical potentials of the two normal regions —U;, = Ur = Asp and
the superconducting pairing potential A = 2 meV.
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energy of Fig. 2(b) is under 6.0 meV, so the incident electron
from the left region locates at K’ valley. At the same time,
the right region provides an electron from K valley. The two
electrons from different valleys can constitute a cooper pair,
which produces the CAR conductance gcar. Moreover, be-
cause there is no K valley channels existing under 6 meV in
the left region, the AR conductance gagr is almost 0. Simi-
larly, the EC conductance ggc is suppressed, because there is
no K’ valley channels existing under 6 meV in the right region.
Hence, the pure CAR conductance can be obtained without the
accompanying of the AR and EC conductances in our system.

Whereafter, we discuss the influence of the superconduct-
ing region length d and the light field strength A on the CAR
conductance in Fig. 3. Thereinto, the electric field strengths
are set as e/E- = —elER = A and the chemical potentials are
set as U, = —Aso, Ur = Aso. Figure 3(a) shows gcar versus
E for different d with A fixed at 3Ago. It can be found that
the difference of d will affect gcar greatly. There are different
peak values for different lines. For the line of d = 0.5&, the
peak value appears at about £ = 1.0 meV, while for the line of
d = &, the peak value appears at about E = 2.0 meV. In addi-
tion, when d = 2, which exceeds £ much, the value of gcar
is much smaller than ones of the other three lines. This result
is corresponding to Fig. 3(b), where we calculate gcar as a
function of d for different E. It is obvious to see that the non-
local conductance exhibits an oscillatory behavior with d be-
cause of the quasiparticle interference in the superconducting
gap. There appear the conductance peaks whenever the subgap
superconducting quasiparticle wave vector matches the reso-
nance wave vector k, = nx/d. Moreover, for E = 1.0 meV
and 2.0 meV, the biggest peak appears respectively around
d =0.5& and 1.0, and gcar decays rapidly when d exceeds

1.2 4.0
(a) T Az ) 'lﬁlﬂ"“
S dg—10¢] 3:0 o
08 /\ A byl lliﬁllhll'll“\l’\:‘\\f\' "
&' \.\ * 2.0k v \’ " vielw \/\J\/\v'\.
' . . —— E=1.0 meV
0.4; / '4/,' N N 1.0 —E=20mev
/ N

0 0
g 0 1.0 2.0 3.0 4.0 5.0 6.0 0 0.5 1.0 1.5 2.0 2.5
&0 E/meV /¢
w12 / 1.2 /
() (d)
7N
0.8 / \‘«\‘ 0.8
/LA:OI;)\S}‘)‘\‘ ————————
0.4 — —A=2X0 ‘-‘ 0.4 ///— E=1.0 meV
/ =30 \‘\‘ \_// — —- E=3.0 meV
/d
0 0
0 1.0 2.0 3.0 4.0 5.0 6.0 0 3.0 6.0 9.0 12 15
E/meV A/meV

Fig. 3. (color online) The parameter dependence of the CAR conductance.
(a) gcar versus E for different d and (b) gcar versus d for different E with
elEL = —elER = 2 = 3As0. (c) gcar versus E for different A and (d) gcar
versus A for different E with d = 0.8 and elE- = —elER = A. The chemical
potentials are still set as —Up, = Ur = As0.

the superconducting coherence length, which is identical with
the result in Fig. 3(a).

In the same way, the nonlocal conductance versus the in-
cident energy for different light field strengths is described in
Fig. 3(c). It can be seen that gcar for A = 0.5Ag0 is much
smaller than ones for A = 2Agp and 3Agp. It is due to that
when A = 0.5A50, gar and ggc are no longer suppressed, and
then gcar is reduced. Meanwhile, we also find the difference
between the two lines of A = 2Agp and 3Agp is very small
because the band structures in the two cases are very similar.
Figure 3(d) depicts the nonlocal conductance as a function of
the light field strength for different incident energies. When A
increases gradually, gcar first has an obvious change and then
almost keeps unchanged, which is consistent with Fig. 3(c).

3.2. The switch effects
3.2.1. Pure EC conductance

Now, we keep the parameters of the left region the same
as Fig. 2 and change the parameters of the right region as
elEf = A =3As0o. Thus, the two normal regions have the iden-
tical band structures, as shown in Fig. 4(a), where the chem-
ical potentials are set as U, = Ur = —Ago. In this situation,
when the incident energy is under the bottom of the K 1 band
(~ 42s0), an electron of K’ valley from the left region can
tunnel into the right region to generate the EC conductance
gec. However, the CAR conductance gcar and the AR con-
ductance gar are both almost zero because there are no chan-
nels of K valley for the CAR and AR processes in the two
normal regions. As a result, a pure ggc with gcar and gar be-
ing zero can be produced, as depicted in Fig. 4(b). Combined
with Fig. 2(b), we find a switch effect between the nonlocal
transports, i.e., the perfect CAR and the perfect EC processes,

N
E/eV

KK

—6.02

(b) . (c)
0.8) —— 8ar RN |
_06f ~— Scar 5 r l’//'\--
Q - .gEC L 9] VA / \ - N
& 0.4 bﬁ;[. ) d—0s5¢
y 7 —d=0.8¢
0.2 -d=1.0¢
0 / —d=2.0§
0 1.02.03.04.05.06.0 0 1.02.03.04.05.06.0
E/meV E/meV

Fig. 4. (color online) (a) The band structures of the three regions. (b) gar,
8CAR, and ggc versus E with d = 0.8€. (c) gec versus E for different d. Here,
the parallel electric fields elEg“ = elEf = A are applied to the two normal re-
gions, the light field strength is set as A = 3Ago and the chemical potentials
are chosen as Uy, = Ur = —As0.
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by reversing the perpendicular electric field of the right region
from elEf =—-Ato elEf = A. In other words, transmission
particles from the right region can change from holes (CAR)
to electrons (EC) just by flipping the direction of the electric
field. Besides, the EC conductance spectra for different su-
perconducting region length d are illustrated in Fig. 4(c). As
seen, ggc varies with E non-monotonically and has different
variation trends for different d.

3.2.2. Pure AR conductance

In this section, we set the parameters as A = Ago, elE;‘ =
—A, elER =71, and d = 0.8£. The band structures of the
normal regions, calculated by Eq. (7), are shown in Fig. 5(a),
where the bands of K 1, K |, and K’ 1 are degenerated in
the left region and the bands of K 1 and K’ 1 are degener-
ated in the right region. Simultaneously, utilizing Eq. (8), we
can obtain the values on the K and K’ points of the bands:
EIIZT = EIIQ = SIE,T = +A50 and 81%, L= +3Aso for the left
normal region, and &, . = 540, 81% = SI%T = 47150 and
8}& = +9Ag0 for the right normal region, by which the gaps
of all the bands can be obtained. The chemical potentials are
set as UL = —Aso and Ug = 0, ensuring the Fermi surface at
the bottom of the conduction band of the left region. When the
incident energy is low (E < 2Ag0), the three kinds of conduc-
tances gcar, gar and ggc would be suppressed due to the fact
that there are neither channels for CAR or EC processes in the
right region nor channels for AR process in the left region.

However, the situation changes when the incident energy
exceeds 2As0. As seen in Fig. 5(b), the conductances gcar
and ggc are still suppressed, but gar has evident values. The
reason is that there are yet no transport channels for CAR or
EC processes existing owing to the gap about 10Agp in the
right region, while for incident energies above 2As0, there ex-
ist the hole bands in the left region making the Andreev reflec-
tion happen. More specifically, when an electron above 2Aso
enters into the superconductor from the left region, a corre-
sponding hole is reflected from the left region at the same time,
which produces the AR conductance. That means the pure AR
conductance also can be acquired in the present case. In ad-
dition, figure 5(c) shows the local conductance gar versus the
incident energy E for different superconducting region length
d. Tt is observed that the lines of gar are not monotonous
and have different variation trends with E for different d. For
d = 0.5, gar has bigger values when E is lower, while for
d = 0.8, gar has bigger values when E is higher. There-
fore, not only pure CAR and pure EC but also pure AR can
be obtained by controlling the light and electric field. In other
words, our system can realize a switch effect among the exclu-
sive CAR, the exclusive EC and the exclusive AR.

(a) N S N
E/eV

KN(KT)NO-02

)
o
°

[l
oo
SO0 Lt
o

Rt

8ar/8o

~—
=
Y
—

" - § .
9 10 11 12 13 14

E/eV

E/eV

Fig. 5. (color online) (a) The band structures of the three regions. (b) gar.,
8CAR, and ggc versus E with d = 0.8E. (c) gar versus E for different d.

Therein, the antiparallel electric fields elEZL = —A and elEf =7\ are re-
spectively applied to the left and right regions, the light field strength is
set as A = Agp and the chemical potentials are chosen as Uy, = —Ago and
Ur =0.

4. Summary

In conclusion, we have investigated the quantum trans-
port properties in a monolayer silicene-based N/S/N junction.
The off-resonant circularly polarized light field and the per-
pendicular electric field are applied to the two terminals si-
multaneously. Due to different spin and valley polarizations of
the band structures in the two normal regions, we can obtain
the exclusive CAR process without the EC and AR processes.
Also, the exclusive EC and AR processes can be respectively
acquired by the change of the bands under the coaction of
the light and electric fields. Hence, not only the switch be-
tween the nonlocal transports (the CAR and EC processes) but
also the switch among the two nonlocal transports and the lo-
cal transport (the AR process) can be realized in our system.
These results will potentially provide some intriguing insights
into the correlation transport in silicene-based hybrid struc-
tures.
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