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Controllable spin pairing states in silicene-based superconducting hybrid
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We have theoretically investigated the modulation between the opposite- and equal-spin pairings and the
related transport properties in silicene-based ferromagnet/ferromagnet/superconductor hybrid structures with
noncollinear magnetizations. Due to the exotic electronic properties of silicene, the exclusive fully spin-polarized
equal-spin pairing state appears without any contamination from the opposite-spin pairing state in a perpendicu-
lar magnetic configuration. Furthermore, the switch effect between fully spin-polarized opposite- and equal-spin
pairings can be realized by tuning the Fermi level. In addition, the fully spin-polarized equal-spin pairing
correlation can be enhanced by modulation of the magnitude and orientation of the exchange field in the central
region. It is also a significant finding that for the formation of the fully spin-polarized equal-spin pairing state,
the length of the central layer can be taken to be large, but not for opposite-spin pairing. Our findings provide an
ideal platform to explore fully spin-polarized opposite- and equal-spin pairing states separately.
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I. INTRODUCTION

With the advent of graphene and topological insulators
[1,2], the study of Dirac fermions has become one of the
most active research fields in condensed matter systems due
to their exotic physical properties and potential applications
over the past decade. Recently, as the analog of graphene,
silicene has been attracting much attention both theoretically
and experimentally [3–8]. However, there are two significant
differences between graphene and silicene. One is that, un-
like the flat sheet of graphene, silicene has a low buckling
structure with a honeycomb lattice, where its two sublat-
tices are separated by a perpendicular distance [8,9]. The
other is that silicene has a much stronger spin-orbit coupling
[5,10,11], which results in a larger energy gap [12,13]. More-
over, this prototypical two-dimensional material has been
grown experimentally by depositing silicene sheets on various
substrates such as Ag(111), ZrB2(0001), Ir(111), and MoS2

[6,8,14–17]. Silicene has multifarious future applications
ranging from spintronics [18–22] to silicene-based transistors
[23] at room temperature. There has been some theoretical
research on proximity-induced ferromagnetism and supercon-
ductivity in silicene as well, which opens a realm of study
on the transport properties in silicene-based single- and multi-
interface superconducting hybrid structures [24–26].

There is phase-coherent scattering known as Andreev re-
flection (AR) in single- and multi-interface superconducting
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hybrid junctions [27–32]. The interface between a super-
conductor (S) and a metal may reflect a negatively charged
electron from the metal side as a positively charged hole,
while the missing charge of 2e enters the S as an electron
pair. This process determines the conductance of the junction
at bias voltages below the superconducting gap because it
is the mechanism that converts a normal dissipative current
into a dissipationless supercurrent. In addition, the interplay
of superconductivity and ferromagnetism in hybrid junctions
can lead to intriguing phenomena [32–35]. For instance, the
novel AR could appear in a clean ferromagnet/ferromagnet/S
(FFS) junction due to noncollinear magnetizations in the two
F layers. Specifically, the incident electron and the Andreev
reflected hole come from the same spin subband resulting in
spin-triplet pairing states, which was introduced by Niu and
Xing [33]. Afterward, Zhang studied the transport properties
of graphene-based FFS junctions with noncollinear magne-
tizations [34]. He found that for an exchange energy larger
than the superconducting gap, the novel AR manifests itself as
subgap differential conductance peaks because of the forma-
tion of spin-flipped Andreev bound states in the intermediate
F layer. Recently, Beirenvand et al. proposed a graphene-
based superconducting hybrid junction comprised of F, RSO,
and S in which RSO stands for a region with a Rashba
spin-orbit interaction [35]. They revealed that equal- and
opposite-spin pair correlations exist near the F-RSO interface
and demonstrated that a direct link of the novel AR and equal-
spin pairings arose by the proximity effect in the presence of
a RSO interaction.

However, due to linear energy dispersion at the Dirac point
of graphene, the subgap conductance originates from a mix
of opposite- and equal-spin pairing states in previous works,
which makes it very difficult to modulate the opposite- or
equal-spin pairing correlations individually. Moreover, the
previous research on silicene-based superconducting hybrid
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FIG. 1. Schematic of a silicene-based FFS junction with non-
collinear magnetizations.

junctions is deficient in studying the spin-triplet pairing cor-
relation, which can be attributed to the lack of noncollinear
magnetizations in the corresponding junctions [24–26].

Therefore, it is highly desirable to fabricate and separate
the opposite- and equal-spin pairings in transport processes.
Motivated by this purpose and the spin-orbit coupling-induced
energy gap of silicene, in this paper, we investigate the mod-
ulation between spin pairing states and the corresponding
subgap conductance in a silicene-based FFS superconducting
hybrid structure with noncollinear magnetizations in the two
F layers. In our proposed setup, the separation of opposite-
and equal-spin pairings is realized by tuning the gate volt-
age in perpendicular magnetization. Particularly, the electron
and resultantly Andreev reflected hole can be fully spin
polarized. The separation of fully spin-polarized opposite-
and equal-spin pairing states results in the corresponding
subgap conductance originating from either conventional or
novel AR. This behavior shows distinctly different behavior
from that of previous works [33–35], in which the conduc-
tance results from both conventional and novel AR. We also
investigate the influence of the magnitude and orientation
of the exchange field in the central region on the pairing
states and then the corresponding subgap conductance. It is
demonstrated that the fully spin-polarized equal-spin pairing
correlation is enhanced with an increasing exchange field
of the central region. Furthermore, the length of the central
region can be large for the formation of fully spin-polarized
equal-spin pairing states, but not for the opposite-spin pairing
ones. Our work provides a feasible platform for exploring
fully spin-polarized opposite- and equal-spin pairing states
individually and their corresponding transport properties.

II. MODEL

We consider a silicene-based FFS junction with non-
collinear magnetizations, as illustrated in Fig. 1, where a
silicene sheet is deposited on the substrate in the x-y plane,
with F and S representing proximity-induced ferromagnetic
and superconducting layers, respectively. Here, hL and hC

respectively denote the exchange fields in the left and central
F layers, and d is the length of the central region. To explore
the transport properties of the junction, we first begin with the
tight-binding Hamiltonian of this system expressed as [36–39]

HT = HF + HS. (1)

Here, HF and HS are the Hamiltonians of the ferromag-
netic and superconducting layers, respectively. They have the
following forms,

HF =H0 +
∑

m,α,β,κ

c†
iα (σ · hκ )ciβ +

∑

m,α,κ

μκc†
m,α,κcm,α,κ , (2)

HS =H0 +
∑

m

�(c†
m↑c†

m↓ + cm↓cm↑) +
∑

m,α

μSc†
mαcmα, (3)

where the zero external-field Hamiltonian is [3,5,24]

H0 = −t0
∑

〈m,n〉,α
c†

mαcnα + iλ

3
√

3

∑

〈〈m,n〉〉,α,β

νmnc†
mασ z

αβcnβ. (4)

In Eqs. (2)–(4), cmα (c†
mα) is the annihilation (creation) op-

erator at site m with spin α. hκ represents the exchange
field in region κ (κ = L for the left region and κ = C for
the central region). In this paper, the exchange field will
be chosen as hL = (0, 0, hL ) and hC = (hC sin θ, 0, hC cos θ ).
μκ = μκ0 + eVκ with μκ0 the chemical potential is the elec-
trochemical potential (Fermi level) of the two ferromagnetic
layers, which can be tuned by gate voltage eVκ [24,25,40,41].
t0 = 1.6 eV denotes the nearest-neighbor hopping energy,
λ = 3.9 meV indicates the effective spin-orbit coupling pa-
rameter, and σ = (σx, σy, σz ) is the Pauli matrix of spin.
〈m, n〉 and 〈〈m, n〉〉 represent the summations over the nearest-
and next-nearest-neighboring lattice sites, respectively. νmn =
1 for anticlockwise next-nearest-neighboring hopping and
νmn = −1 for clockwise hopping with respect to the silicene
sheet. In order to ensure the validity of the mean-field ap-
proximation, the Fermi energy μS in the S region should be
larger than the superconducting gap � [24,25]. Therefore, the
superconducting pairing potential � and Fermi energy of the
superconducting layer μS are respectively set as 2 meV and
0.03 eV in the following.

With a combination of the two kinds of main con-
tributed transport processes, the subgap conductance can be
written as [36–39]

g =gAR + gNAR

= e

hW

∑

ky

Tr
[
2
α

L,eGr
eh,αα
α

L,hGa
eh,αα

+ 2
α
L,eGr

eh,αα
α
L,hGa

eh,αα

]
, (5)

where gAR and gNAR respectively represent the subgap con-
ductance originating from the conventional and novel ARs.
ky = 2πn/W is the transverse momentum with n being an
integer to indicate the channels and W denoting the transverse
width of the structures. 


α(α)
L(R),e(h) is a block of the linewidth

function 
L(R) = i(�r
L(R) − �a

L(R) ) with retarded/advanced

self-energy �
r(a)
L(R). Here, e (h) labels the electron (hole) com-

ponent of the Nambu space, L (R) stands for the left (right)
region, and the spin α is opposite to spin α. gr(a)

L(R) is the
retarded (advanced) surface Green’s function, which can be
calculated numerically by the recursive method [42,43]. Gr(a)

eh
is the matrix block of retarded (advanced) Green’s func-
tion of the central region which is determined by Gr(a) =
(EI − HS − �

r(a)
L − �

r(a)
R )−1.
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FIG. 2. Band structures of (a)–(c) the left F region (sharing the same bands with the central F region) and (d) S region, where μL is the
Fermi level, hL denotes the magnitude of exchange field, E is the applied bias voltage, 2� stands for the superconducting gap, σ =↑, (↓)
indicates spin up (spin down), and e (h) labels the electron (hole).

III. RESULTS AND DISCUSSIONS

A. Band structures and switch effect between fully
spin-polarized opposite- and equal-spin pairings

The electronic band structure can provide perspicuous
insights into the properties of multiple backscatterings and
transport processes. To obtain the band structure of the left
F region conveniently, we need to transform Eq. (2) into the
momentum space form as given below [24,25],

He(h)
η,σ =h̄vF (ηkxτx − kyτy) + ησλτz − (+)μL − σhL, (6)

which is valid for low-energy excitation. The corresponding
parameters are defined as follows: vF = 3at0/2h̄ is the Fermi
velocity with the lattice constant a = 3.86 Å, η = 1(−1)
labels the K (K ′) valley, kx and ky are the wave vectors in the
x and y directions, τ = (τx, τy, τz ) is the Pauli matrix denot-
ing the sublattice pseudospin, τ0 is a 2 × 2 unit matrix, and
σ = ±1 indicates the spin index. By solving the eigenvalue of
Eq. (6), we can acquire the dispersion relation as follows [25],

εe(h)
σ = ±

√
(h̄vF k)2 + λ2 − (+)μL − σhL. (7)

Figure 2 illustrates the low-energy excitation spectrum. As
we can see, there is an intrinsic energy gap 2λ of silicene
resulting from the effective spin-orbit coupling. For vanishing
field hL = 0 and Fermi level μL = 0, the incident energy
E resides in the energy gap as depicted in Fig. 2(a), which
means there is no electron incident from the left F layer and
then the subgap conductance vanishes. By tuning the Fermi
level μL to λ, the incident energy E crosses the conduction
band. Consequently, in the presence of noncollinear mag-
netizations, for an incident electron with spin σ from the
conduction band, the reflected electron would be spin σ or σ

(opposite to σ ), and there are no Andreev reflected holes due
to the energy of the hole residing in the energy gap, where the
subgap conductance is also nonexistent.

Nevertheless, with the existing exchange field, the energy
band will split into spin-up and spin-down subbands. For
the exchange field hL = λ and μL = 0, at the applied bias

voltage E ∈ [0,�], the incident electron only comes from
the spin-up subband, and the Andreev reflected hole must be
spin-down as a result of the vanishing states of the spin-up
hole, as shown in Figs. 2(b) and 2(c). In this electron-hole
conversion, the electron and hole come from opposite spin
subbands, i.e., opposite-spin pairing states, which is corre-
sponds to conventional AR. Here, the electron and hole are
fully spin-up and spin-down polarized, respectively, meaning
fully spin-polarized opposite-spin pairing states. The corre-
sponding normalized subgap conductance g/g0 vs E is plotted
in Fig. 3(a), in which g0 is the conductance of a uniform
silicene sheet at the same bias voltage E , the magnitude and
orientation of the exchange field in the central region are
respectively fixed at hC = λ and θ = π/2, the Fermi level of
the central region is chosen as μC = 0, and the length of the
central region is fixed at d = 0.2ξ with ξ = h̄vF /� denoting
the superconducting coherent length. Under this situation,
the subgap conductance is attributed to the conventional AR.
Interestingly, we can find a zero-bias conductance dip with
the value being zero, owing to the completely suppressed AR.
This behavior could originate from the noncollinear magneti-
zations and vanishing density of states of the spin-up electron
and spin-down hole at zero-bias voltage.

Subsequently, by tuning the Fermi level μL = λ, it occurs
that the energies of the electron E and hole −E both only
cross the spin-up subband, as shown in Fig. 2 (green mark). In
this case, for the magnetizations perpendicular to each other,
the novel AR emerges that the incident spin-up electron could
be reflected as a spin-up hole, indicating equal-spin pairing
or spin-triplet pairing states, as discussed in Refs. [33,35]. It
is worth noting that the electron and hole are both spin-up
polarized, which indicates that the perfect fully spin-polarized
equal-spin pairing state does not have any contamination
from opposite-spin pairing states. The corresponding sub-
gap conductance spectrum is plotted in Fig. 3(b), where
hC = λ, μC = λ, and θ = π/2. As a result of the existence
of spin-triplet states, we can find the nonvanished zero-bias
conductance dip.
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FIG. 3. The subgap conductance g/g0 vs the applied voltage
E , where gAR and gNAR represent the conventional and novel
AR-induced conductance, respectively. For (a), μL = μC = 0 and
hL = λ, for (b), μL = μC = λ and hL = λ, and the other relevant
parameters are chosen as θ = π/2, hC = λ, d = 0.2ξ , the super-
conducting pairing potential � = 2 meV, and the Fermi energy of
S region μS = 0.03 eV.

These behaviors are distinctly different from those of the
previous works [32–34], where the opposite- and equal-spin
pairing states are mixed. However, in our device, the subgap
conductance either originates from conventional or novel AR.
Our findings also suggest the electron-hole spin pairing valve,
in which the fully spin-polarized opposite- and equal-spin
pairing states can be interswitched by tuning the gate voltage.

B. Modulation of fully spin-polarized opposite- or
equal-spin pairing

To further understand the influence of fully spin-polarized
opposite- and equal-spin pairing correlations on the subgap
conductance, it is of fundamental significance to explore the

FIG. 4. (a) and (b) are respectively the conventional and novel
AR-induced subgap conductance as functions of the magnitude hC

and orientation θ of the exchange field in the central region at E =
1 meV. The other related parameters for (a) and (b) are the same as
those in Figs. 3(a) and 3(b).

process of electron-hole conversion and the formation of
equal-spin pairing states. Therefore, we study the effect of
magnitude hC and orientation θ of the exchange field in the
central region on conventional and novel AR-induced subgap
conductance. The subgap conductance as a function of hC and
θ is plotted in Fig. 4. Figure 4(a) exhibits a subgap conduc-
tance resulting from the conventional AR, where the Fermi
level is fixed at μL = μC = 0 and the exchange field in the
left region hL = λ. For θ = π , meaning the opposite mag-
netization orientations in the two F layers, the conductance
dip always appears and the value of the dip monotonously de-
creases with increasing hC . We can also find the conductance
peak (dark red region), where the conventional AR reso-
nant condition is satisfied due to the resonant opposite-spin
pairing correlation.

The novel AR-induced subgap conductance (correspond-
ing to fully spin-polarized equal-spin pairing) modulated
by hC is exhibited in Fig. 4(b), where μL = μC = λ and
hL = λ. For fixed θ , the subgap conductance is increased
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FIG. 5. The subgap conductances (a) gAR/g0 and (b) gNAR/g0

vs the length of central region d for E = 1 meV. The other cor-
responding parameters for (a) and (b) are the same as those in
Figs. 3(a) and 3(b).

with an enhancement of the exchange field hC , which is
different from the behavior of conventional AR-induced sub-
gap conductance. In addition, at around θ = π/2 and 3π/2,
the conductance peaks appear, which could be ascribed to
the resonant equal-spin pairing state. In stark contrast with
opposite-spin pairing, the fully spin-polarized equal-spin pair-
ing state disappears at hC = 0, leading to the vanished novel
AR and then subgap conductance. The subgap conductance
also vanishes at θ = 0 or π corresponding to parallel or
antiparallel magnetic configurations, which can be also at-
tributed to the vanished spin-triplet pairing states.

To get profound insight into the properties of fully spin-
polarized electron-hole conversion, we investigate how the
size of the central region influences the subgap conductance.
Figure 5(a) shows the conventional AR-induced subgap con-

ductance as a function of the length of the central region at
applied bias voltage E = 1 meV, where hL = hC = λ, μL =
μC = 0, and θ = π/2. For d = 0, the configuration corre-
sponds to the FS structure and the subgap conductance is
nonzero. With d increased to 0.4ξ , the conductance first
increases to maximum and then sharply drop to zero. For
0.4 < d/ξ < 1, the conductance is always around zero,
which indicates that the fully spin-polarized opposite-spin
correlation would be suppressed due to the noncollinear mag-
netizations at the long central region.

The conductance resulting from novel AR versus the length
of the central region at E = 1 meV is plotted in Fig. 5(b),
where the parameters are chosen as hL = hC = λ, μL = μC =
λ, and θ = π/2. In contrast with conventional AR-induced
subgap conductance, novel AR-induced subgap conductance
is zero at d = 0. It occurs because of the disappearance of
noncollinear magnetizations and then the fully spin-polarized
equal-spin pairing states. Nevertheless, the novel AR-induced
conductance reaches a maximum at d = 0.3ξ and gradually
decreases with enlarging the size of the central region. It is
worth noticing that the conductance does not reduce to zero
at a long central layer. These behaviors manifest that the large
length of the central region can be taken for the formation of
fully spin-polarized equal-spin pairing states but not for fully
spin-polarized opposite-spin pairing.

IV. CONCLUSION

In conclusion, we have studied the modulation between
opposite- and equal-spin pairings and then conventional and
novel AR-induced transport properties of silicene-based FFS
superconducting hybrid junctions with noncollinear magneti-
zations. Due to the presence of noncollinear magnetizations
and the gapped energy band of silicene, three peculiar fea-
tures are exhibited. First, pure fully spin-polarized equal-spin
pairing states without any contamination from opposite-spin
pairing states can be achieved, in stark contrast to previ-
ous works, where the opposite- and equal-spin pairings are
mixed. Second, the switch effect between fully spin-polarized
opposite- and equal-spin pairings is realized by tuning the
gate voltage. Third, novel AR-induced subgap conductance
is increased with the enhancement of the exchange field
of the central region in noncollinear magnetizations, which
originates from the enhanced fully spin-polarized equal-spin
pairing correlation. Lastly, for the formation of fully spin-
polarized equal-spin pairing states, the length of the central
region in perpendicular magnetizations can be taken to be
large, but not for fully spin-polarized opposite-spin pair-
ing. Therefore, our findings offer a practicable platform
for investigating the properties of opposite- and equal-spin
pairings separately.
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