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Quantized crossed-Andreev reflection in spin-valley topological insulators
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We study a three-terminal spin-valley topological insulator/superconductor/insulator (TI/S/TI) device to realize
perfect Cooper-pair splitting in real space. The key point is to construct a single topologically-protected interface
state in each TI electrode that is valley helical and spin polarized. It is shown that only the crossed Andreev
reflection of electrons is allowed when the opposite topological interface states are engineered in the two TI
electrodes, but the normal reflection, local Andreev reflection, as well as the electron cotunneling are entirely
prohibited. The quantized and noiseless crossed Andreev reflection is protected by the bulk topological invariants
of the TI electrodes and persists in a very long junction (L > ξs) as well as in moderate disorders.

DOI: 10.1103/PhysRevB.91.085415 PACS number(s): 74.45.+c, 73.20.−r, 72.25.−b

I. INTRODUCTION

Recently, a significant amount of work has been devoted to
studying possible realizations of electron entanglers in solid
state physics because of fundamental research interests in
quantum physics and possible application potentials [1–4]. A
superconductor (S) is a natural source of Einstein-Podolsky-
Rosen (EPR) pairs of electrons, as a singlet Cooper pair
consist of two electrons that are both spin and momentum
entangled [5,6]. To split a Cooper pair spatially, the crossed
Andreev reflection (CAR) at the normal metal/superconductor
interface is indispensable, i.e., an electron (hole) in the one of
normal metals is incident into the attached S lead and reflected
as a hole (electron) in the other metal electrode. Usually,
there exist other concomitant processes such as the local AR,
elastic cotunneling, and normal reflection competing with the
nonlocal CAR, and they can mask the CAR and render its
detection very difficult in experiments [7–9]. Therefore, to find
a perfect circuit in which only the CAR is permitted without
any other scattering process is one of the ambitious goals in
this field.

Many proposals [10–27] have been put forward to enhance
the CAR fraction in terms of special material properties and
circuits. A spin half metal [10–12] was first proposed to replace
the normal metal so that the antiparallel configuration of the
two spin half metals can ensure the suppression of both the
local AR and elastic cotunneling processes. However, the local
normal reflection of electrons is not prohibited, and even an
ideal half-metal material itself is not easily accessible. To
suppress entirely the normal reflection, researchers [13–16]
proposed to use the helical edge state of a topological insulator
(TI), in which the backscattering of electrons is impossible
due to the definite electron’s chirality. Unfortunately, due to
the chirality conservation, the local AR is permitted, whereas
the CAR is prohibited. Therefore, special circuits [14–16]
made of topological insulators were devised to recover the
CAR. Besides, there exist also some proposals [16–19]
claiming a 100% fraction of CAR in terms of the energy-
filtering mechanism. The principle is that an electron cannot
be reflected as a hole in the same electrode when the hole
band is artificially engineered insulating, but in the other

normal-metal electrode, the hole band is conducting while
the electron one is insulating. The weakness of such an
energy-filtering mechanism is obvious: The 100% fraction of
CAR crucially depends on the interface transparency of the
junction (otherwise, the normal reflection cannot be banned)
as well as the accurate voltage or bias control of the material’s
band structure, so it is fragile to energy fluctuation or inelastic
scattering.

As far as Cooper-pair splitting is concerned, but not for
electron entanglement, one can utilize simultaneously both
the spin and momentum entangled degrees of freedom to split
a Cooper pair in real space. As is known, the low-energy elec-
trons in graphene have an extra degree of freedom, valley, and
it is referred to as the K and K′ corners in the Brillouin zone,
around which the electrons are described by the relativistic
Dirac equation. The K and K′ valleys stand for the wave vectors
of particles and are related to each other by the time-reversal
symmetry, resembling the spin degree of freedom of electrons.
Therefore, a Cooper pair in graphene should be composed
of the K and K′ electrons [28,29]. However, consideration
of both the spin and momentum degrees together does not
automatically lead to perfect Cooper splitting in graphene-
based devices, and thus some special circuit need be devised.
Since the spin-dependent chirality of electrons in a quantum
spin Hall insulator [13–16] was studied to ban the normal
reflection and help Cooper pair splitting, it is highly desirable
to utilize both the spin and valley dependent chiralities of
electrons in a spin-valley TI to maximize the CAR.

Recently, first-principle calculations predicted that the
monolayer manganese chalcogenophosphates (MnPX3, X=S,
Se) [30] and perovskite transition-metal-oxide grown on [111]-
direction [31] are a spin-valley TI. Such materials have a
honeycomb-lattice structure and antiferromagnetic spin order
breaking the bulk inversion, spin rotation, and time-reversal
symmetries. Ezawa also pointed out that a silicene [32],
a single layer of silicon atoms, could be a spin-valley TI
by introducing an antiferromagnetic order through magnetic
proximity effect. The spin-valley TI can be characterized by a
nonzero spin-valley Chern number as the topological invariant,
while other degree-dependent Chern numbers are zero such as
the charge, spin, and valley ones.
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In this paper, we study a topological circuit based on a
spin-valley TI to perfectly split Cooper pairs by using both
the spin and valley degrees of freedom. We first show that
a single topologically-protected interface state (TIS) can be
constructed in the inner of a spin-valley TI. The TIS is
conducting with the spin being fully polarized but the valley
remaining helical, which means that only one spin-species
channel is open, and the opposite-valley electrons counter
propagate. When both the valley-dependent chirality and spin
polarization of the TIS are opposite in the two electrodes, only
the CAR scattering process is allowed in the three-terminal
TI/S/TI junction, but other scattering processes such as the
local AR, normal reflection, and electron cotunneling are
entirely prohibited. Moreover, the quantized CAR is protected
topologically and can survive in a long-junction (L > ξs) case
and moderate disorders.

This paper is organized as follows. In Sec. II, we present
a three-terminal device model splitting Cooper pairs and
describe the TIS constructed in the spin-valley TI by applying
an external electrical field. In Sec. III, numerical results on the
scattering coefficients of electrons in the TI/S/TI device are
presented and discussions on the quantized CAR are given. A
brief conclusion is drawn in the last section.

II. MODEL

For simplicity, we take the antiferromagnetic silicene as a
spin-valley TI prototype to study the possible quantized CAR
in the three-terminal TI/S/TI junction. The antiferromagnetic
order here is assumed from the magnetic proximity effect due
to the buckled lattice structure of silicene [33]. A schematic
device is shown in Fig. 1, where a silicene ribbon is deposited
on a grounded s-wave superconductor electrode, and the
left and right normal electrodes are biased by vl and vr ,
respectively. N denotes the width of the ribbon, L is the length
of the S electrode, and M denotes the distance between the
two TIS in left and right silicene leads. The TIS are indicated
by the E0 and −E0 potential boundary and will be explicated
in the following. We will demonstrate that an electron injected

FIG. 1. (Color online) Schematic of a three-terminal TI/S/TI
junction. An antiferromagnetic silicene ribbon is deposited on a
grounded superconductor electrode with Vl and Vr biased on the
left and right electrodes. The staggered potential E0 and −E0 due to
external electric fields are partly applied to the left and right leads
for constructing the TIS, respectively. A spin-up K electron from
the left TIS (black solid line) is injected into the S electrode and
be reflected as a spin-down K′ hole in the right silicene lead. N is
the transverse zigzag-chain number of the ribbon, L is the length
of the superconductor electrode, and M stands for the distance
between the two TISs or the E0 and −E0 regions in the ribbon.

from the left (right) silicene lead will automatically and solely
incur a matched electron from the right (left) lead to form
a Cooper pair and condensate in the S electrode, and vice
versa. The following Hamiltonian is employed to describe the
three-terminal TI/S/TI junction,

H = HN + HS + HT , (1)

HN =
∑
iαβ

νi(EiI + h · σ )C†
iαCiβ − t

∑
〈ij〉α

C
†
iαCjα, (2)

HS =
∑
kγ

(εkγ − μ)b†kγ bkγ +
∑

k

(�b
†
k↑b

†
−k↓ + c.c.) (3)

HT =
∑

<il>γ

(t ′ilC
†
iγ blγ + c.c.). (4)

The first term HN describes the silicene ribbon system, HS

denotes a BCS superconductor Hamiltonian, and the third
term HT stands for the coupling between the silicene ribbon
and the S electrode. In HN , C

†
iα(β) (Ciα(β)) is the electron

creation (annihilation) operator at site i in silicene with the
spin index α (β), Ei is the lattice potential, h represents
the uniform antiferromagnetic magnetization in silicene that
is crucial to form a spin-valley TI, σ is the spin operator,
νi = ± for the A (B) sublattice site, I is a unit matrix, t is
the hopping integral, and 〈ij 〉 denotes the summation over the
nearest-neighbor lattice sites. Since the spin-orbital interaction
is not considered here, we set the spin quantum axis along the
magnetization h without loss of generalization. In HS , b

†
kγ

(bkγ ) is the electron creation (annihilation) operator in the
superconductor electrode with γ being the spin index, εkγ is
the energy dispersion of electrons in the normal state, � is the
pairing strength, and μ is the chemical potential. In Eq. (4), t ′il
is the nearest-neighbor hopping integral between the silicene
layer and the S electrode, and blγ is the lattice version of the
electron operator bkγ .

Before we study the electron transport in the TI/S/TI
junction, we first focus on the topological properties of an
antiferromagnetic silicene with a uniform magnetization h. A
spin-independent staggered potential E0 [Ei = E0 in Eq. (2)]
is also considered here, and it can be induced by applying an
external electric field perpendicular to the silicene plane since
the A and B sublattices of silicon atoms are not coplanar.
The incorporation of E0 is aimed to construct the TIS in
the silicene system [32–35] as will be discussed below. By
mapping the tight-binding Hamiltonian HN above into a
low-energy continuum version, one can obtain the following
effective Dirac-type Hamiltonian as

HN = �vF (ητxkx + τyky) + (hσz + E0I )τz, (5)

where η = ± label the K and K′ valleys, respectively;
τi (i = x,y,z) is the Pauli operator denoting the lattice
pseudospin; �vF =

√
3at
2 with the lattice constant a; kx,y is the

two-dimensional momenta measured from the K and K′ points.

The energy dispersion is E =
√

�2v2
F (k2

x + k2
y) + (mη

σ )2 and

an energy gap is opened by the effective mass term
mη

σ = hσ + E0 with the spin eigenvalue σ = ±1, which also
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determines the topological invariant of the system,

Cη
σ = η

2
sgn

(
mη

σ

)
. (6)

One can easily find that both the charge and spin Chern
numbers are vanishing in this antiferromagnetic silicene:
C = ∑

ησ Cη
σ = 0 and Cs = ∑

η(Cη

↑ − C
η

↓)/2 = 0. So for the
charge and spin degrees of freedom, the antiferromagnetic
silicene is like an ordinary band insulator. However, when
the valley degree of freedom is concerned, the system can
also be termed as a TI but the topological invariant is valley
dependent. As we can see, when |E0| > |h|, the valley-
Chern number is given by Cv = ∑

σ (C+
σ − C−

σ )/2 = sgn(E0).
When the antiferromagnetic magnetization h exceeds to the
staggered potential |h| > |E0|, the valley-Chern number is
zero (Cv = ∑

σ (C+
σ − C−

σ )/2 = 0). But the spin-valley Chern
number [30] is nonzero Csv = ∑

σ (C+
σ − C−

σ̄ )/2 = sgn(h)
with σ̄ = −σ , and the system is classified as a spin-valley TI.

It is known that for a charge (spin) Chern insulator, there
exists a chiral (spin helical) edge state at the boundary of
the material where the electrons possess a definite chirality.
However, for the valley or spin-valley topological insulator
as defined above, there is no edge state near the boundary
of the system and thus, it is somewhat like an ordinary band
insulator, because the valley degree of freedom related to the
honeycomb lattice is defined in the momentum space, and
the vacuum has no such valley degree. In order to see the
bulk-edge correspondence in the valley or spin-valley TI, the
usual way is to construct an interface or domain wall inside the
bulk material [32–35] that bridges two regions with different
topological invariants. Therefore, we can construct a single
TIS in the bulk valley or spin-valley TI, in which electrons
have a definite valley-dependent chirality. The TIS is in nature
the same as the usual helical edge state in a quantum spin Hall
insulator. Meanwhile, the TIS can possess different properties
(of spin and valley dependence) that are determined by the two
neighboring regions with different topological invariants.

Since we aim to construct a single TIS in the spin-valley
TI and split Cooper pairs, the TIS should have appropriate
valley and spin dependence. According to the above argument,
we consider a staggered potential E0 that is partly applied
to the silicene ribbon, e.g., only the lower half has nonzero
E0 (i.e., no potential is considered in the upper half E0 = 0)
as indicated in Fig. 2(a) or 2(b), so the transverse inversion
symmetry of the silicene ribbon is broken and an interface or
domain wall is constructed in the inner of the ribbon. This
interface sustains a dissipationless and spin-polarized valley
current and the chirality of electrons is crucially relying on the
signs of E0 and h. Thus it is termed as a TIS and protected
by the bulk topological invariants, which stands for as the
bulk-edge correspondence in this TI.

We present the electronic band structure of a silicene
ribbon with half-applied potential E0 in Fig. 2(a) or −E0

in Fig. 2(b), while the corresponding results are shown in
Figs. 2(c) and 2(d). It is seen in Fig. 2(c) that there are only
two curves in the bulk energy gap (a single Dirac cone) with
a linear E − k dispersion crossing the Fermi energy E = 0
at the K or K′ points, while other subbands show a bulk
energy gap |Eg| = |h + E0| opened by the magnetization h

and staggered potential E0 together. More importantly, the

(a)

(c)

(b)

(d)

FIG. 2. (Color online) Schematic of an infinite silicene ribbon
with a half staggered potential E0 (a) or −E0 (b) and the
corresponding band structures in (c) and (d). The black solid
line in (a) and (b) stands for a constructed TIS where electrons
have a definite valley-dependent chirality. Parameters for calcu-
lating the band structures are given by h = 0.2 eV, N = 256,
and E0 = 0.4 eV.

spin-up channel is active but the spin-down one is closed.
Also, electrons have the opposite chiralities at the K and K′
valleys, as is indicated in Fig. 2(c). Thus, a dissipationless
spin-up valley current is flowing in the interface connecting
the E0 = 0 (Csv �= 0, Cv = 0) and E0 > h (Cv �= 0, Csv = 0)
regions. In other words, this TIS is spin polarized and valley
helical, so a pure valley current is flowing along the interface
as illustrated in Fig. 2(a). When we reverse the staggered
potential, the spin-down channel is conductive but the spin-up
one is insulating as indicated in Fig. 2(d). Meanwhile, the
K′- and K-valley chiralities of spin-down electrons are also
reversed. It is noted that the valley current can be reversed
when the potential E0 is shifted to the upper half of the ribbon
from the lower one or the sign of h is reversed.

We need these two TISs shown in Figs. 2(a) and 2(b) to
split Cooper pairs and thus integrate them into a single device,
as illustrated in Fig. 1. Before calculating the CAR, we should
clarify the possible interaction between these two TIS. The
normalized spin polarization of the TIS electrons is calculated
in the silicene ribbon with both E0 and −E0 potentials as the
illustration in Fig. 1. In Fig. 3, the site-dependent spin polar-
ization is plotted and δn(i) = ∫ 0

−Eg
[ρ↑(E,ii) − ρ↓(E,ii)]dE,

ρσ is the spin-dependent density of state. The integral is
limited in the bulk energy gap Eg = |h + E0|, and the data
in Fig. 3 is normalized by the maximal spin polarization in the
foremost left E0 or right −E0 region. It is seen that only the
positive polarization survives around the left E0 boundary,
whereas the opposite spin polarization occurs in the right
−E0 boundary. This coincides with the electronic structures in
Figs. 2(c) and 2(d). The TIS shows a characteristic attenuation
length [34] ξd = �vF /πEg in real space, since it appears in the
bulk energy gap of the spin-valley TI. Hence, it can be seen that
the two TISs are nearly independent of each other in Fig. 3
when M 	 ξd , i.e., the larger insulating energy gap of the
spin-valley TI is, the less interaction between the two TISs is.

III. RESULTS AND DISCUSSIONS

In this section, we shall calculate the scattering coefficients
of electrons in the three-terminal TI/S/TI junction, where the
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FIG. 3. (Color online) Normalized spin-polarization distribution
δn(i) on the silicene lattice with both E0 and −E0 staggered
potentials. The distance between the E0 and −E0 regions is set as
M = 100a in simulations and others are h = 0.2 eV, N = 256, and
E0 = 0.4 eV.

two opposite TISs are assumed in the left and right silicene
leads as shown in Fig. 1. The differential conductance Gm

at the lead m and the differential zero-frequency shot noise
Pmn can be calculated by using the following formulas [22]
(e = � = 1)

Gm =
∑
nκ

T r
[
I − sgn(κ)Seκ

mn(E)†Seκ
mn(E)

]
, (7)

Pmn = 2
∑

κ,m′λ �=n′λ′
sgn(κ)T r

[
Seλ′

mn′
†
Seλ

mm′S
κλ
nm′

†
Sκλ′

nn′ (E)
]

(8)

Sκλ
mn = −δm,nδκ,λ + i[�κ

m]1/2Gr [�λ
n]1/2, (9)

where m,n = L,R denote the left and right silicene leads,
κ,λ = e,h represent the Nambu e and h space indices,
Gr = [EI − H̄N − �r

L − �r
R − �r

S]−1 is the retarded Green’s
function with H̄N denoting the HN in the Nambu space,
and �m = i(�r

m − �a
m) is the linewidth function of each lead

m = (L,R,S). While the left and right self energy �r
L,R can

be calculated recursively as well as the Green’s function Gr ,
the self energy of the S electrode is taken as a simplified
formation [20,21] �r

S = −i�S(EÎ + �σ̂x)/2�, with � =√
E2 − �2 at |E| > �, � = i

√
�2 − E2 at |E| < �.

The scattering coefficients of the CAR (TCAR), elastic
cotunneling (TEC), normal reflection (TNR), and local AR
(TLAR) processes can be obtained from the above conductance
formula GL [Eq. (7)], while the differential shot noise is
directly calculated from Eq. (8). The numerical results are
plotted in Fig. 4 as a function of the bias eV . In our calculations,
the parameters are set as the hopping integral t = 1.6 eV in
silicene [36], the magnetization h = 10 meV, E0 = 20 meV,
the Cooper pair strength in the metal S electrode � = 1 meV,
and the linewidth function �S = 10 meV. Here the � function
is much smaller than the hopping energy t in silicene and thus it
is reasonable that the energy band of the spin-valley TI should
have no dramatic and qualitative change due to the proximity
effect.

It is shown in Fig. 4 that the quantized CAR (TCAR = 1)
appears almost in the whole positive subgap voltage eV > 0,

FIG. 4. (Color online) Scattering coefficients T and differential
shot noise PLR as a function of bias eV . Parameters are M = ξs/2,
L = 3ξs/2, and others are described in text.

and nearly vanishes in the negative voltage eV < 0 except for
the small divergence near the subgap edge eV ∼ −�. The
scattering coefficients TLAR and TEC keep vanishing in the
whole subgap-voltage range as well as the differential shot
noise PLR = 0. The rectifying effect for TCAR = 1 at eV > 0
and TNR = 1 at eV < 0 should stem from the valley helicity of
the TIS. From Figs. 4(b)–4(d), it is seen that the quantization
of the CAR is independent of the Fermi energy EF and the
silicene nanoribbon width N as long as the TIS resides in
the bulk energy gap. Indeed, the scattering coefficients T

dependence on bias eV are also insensitive to other parameters
set in our numerical calculations such as the coupling strength
�s and pairing strength �.

The origin of the CAR quantization shown in Fig. 4 is clear:
Since only one spin-species channel in each TIS is conductive,
the silicene lead resembles a half metal and the antiparallel
configuration of the two TISs prohibits both the local AR
(TLAR = 0) and elastic cotunneling processes (TEC = 0), and
meanwhile, the valley-dependent chirality of electrons stops
the backscattering or normal reflection process (TNR = 0). As
a spin-up and K-valley electron from the left TIS enters the
S electrode in the superconducting energy gap, neither can
it be normally reflected due to the valley helicity of the TIS
(TNR = 0), nor be locally Andreev reflected due to the absence
of spin-down holes (the spin-down band is insulating). The
cotunneling is also blocked since only the spin-down channel
is conductive in the right TIS as well as the opposite valley-
dependent chiralities. Therefore, it can only be reflected as the
K′ and spin-down hole in the right lead. If we reversed the
valley helicity [34] either in the left or right silicene lead by
shifting E0 or −E0 to the upper half of the ribbon in Fig. 1, the
CAR would not be allowed even though the active spin species
remains unchanged, because in this case, the valley chirality
of electrons in the two TISs are the same.

There is an underlying requirement for the quantized CAR:
The system size such as the ribbon width N and the S-electrode
length L should be larger than the TIS distribution width ξd .
The requirement actually ensures that the whole wave function
of the TIS other than the partial one is involved in the transport
process. In Fig. 5, we plot the coefficients TCAR , TNR , and
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FIG. 5. (Color online) Scattering coefficients T and differential
shot noise PLR as a function of the junction length L (a) and the TIS
distance M (b). The inset in (a) stands for the enlarged segment at
L ∼ M . Parameters are eV = �/2, N = 256, EF = 0, and M = 2ξs

in (a), and L = 2ξs in (b).

PLR as a function of the S length L or the distance M of
the two TISs. In Fig. 5(a), the distance between the two TISs
is set as M = 2ξs with the superconducting coherence length
ξs = �vF /π�, and one can see when L < M , TNR = 1, and
TCAR = 0, because the S electrode does not attach the two
TISs. As long as L > M , the CAR grows to a quantized value
(TCAR = 1). As L approaches M shown in the inset of Fig. 5(a),
TCAR increases with an oscillating period of 3a with a being
the lattice constant, but TNR damps in a similar oscillating
way. Meanwhile, the positive correlation PLR appears nonzero,
which indicates the nature of the crossed Andreev reflection.
Actually, only the partial wave function of the TIS at L ∼ M

(its characteristic distribution length is given by ξd as discussed
earlier) contributes to the transport process at L ∼ M so that
the unquantized CAR is seen. It is pointed out that when L >

M , a longer L is meaningless, since the distance M between
the two TISs matters for CAR. In Fig. 5(b), the scattering
coefficients are also plotted versus M , and the similar situation
occurs. The CAR is quantized at M < L and vanishes at the
opposite case M > L. At M ∼ L, the CAR shows oscillation
and the shot noise PLR is nonzero and positive. Here it is
emphasized that at the positive bias eV = �/2 > 0 we set,
the nonzero TNR should come from the valley mixing effect
of the TIS at the lattice boundary [34] where the pure valley
current flowing in the TIS is relaxed.

Another interesting point shown in Fig. 5 is that even
when L or M exceeds heavily to the superconducting co-
herent length, L > ξs and M > ξs , the quantized CAR keeps
undamped. This is contrary to the common intuition that the
CAR should occur within ξs . The main reason is that the
quasiparticles (excited from a Cooper pair or condensing a
Cooper pair) are transported in the silicene lattice not in the

FIG. 6. (Color online) Scattering coefficients T and differential
shot noise PLR as a function of the disorder strength W . Parameters
are eV = �/2, N = 256, EF = 0, and L = M + ξs .

superconducting energy gap of the S electrode. If oppositely,
the quasiparticles transported in the S electrode, the sizable
CAR would occur only as the length of the S electrode is
less than ξs . Moreover, the ballistic transport in the clean
limit is also an important factor and there is no spin or
valley dependent interaction considered in calculations. The
transport of quasiparticles must keep spin, valley, and chirality
conservation in the silicene ribbon so that only CAR is left
and quantized as analyzed earlier. Another question arises
why quasiparticles can travel in the insulating region without
any TIS as seen in Fig. 1. It is believed that a consecutive
crossed Andreev reflection occurs in local lattice sites, so
that the quasiparticles can travel through the si-si lattice bond
and the reflected hole can finally arrive at the right TIS as
illustrated in Fig. 1. This is also the manifestation of the
nonzero CAR in Fig. 5 that the S electrode must cover the
left and right TISs together, L > M . The similar phenomenon
of the CAR was also found in a Quantum spin Hall insulator
system [16] where the CAR does not damp with the S-electrode
length L.

Since the TIS represents the bulk-boundary correspondence
in a valley or spin-valley topological insulator, it is protected by
the bulk topological invariants and is robust against moderate
disorders provided that the valley or spin-valley symmetry
(conservation) is reserved. Accordingly, the quantized CAR in
the studied TI/S/TI junction shall be as robust as the TIS against
the disorders. In Fig. 6, we present the dependence of TCAR

and PLR on the disorder strength W . In the calculations, the
short-ranged nonmagnetic disorder was considered, the on-site
energy was chosen randomly in the range [−W/2,W/2], and
the results are averaged over 400 sample configurations. It is
seen that the CAR quantization can survive in a moderate
disorder with W < Eg = h and is destroyed in the strong
disorder case. When M < ξs , it can persist even outside of the
bulk energy gap Eg and damp slowly; while for L > ξs , the
quantized TCAR drops rapidly when W > Eg and meanwhile,
nonzero PLR increases swiftly. This behavior agrees with the
dependence of a TIS itself on the disorder [34]. It is worth
pointing out that the quantized CAR should have a much
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stronger capability of surviving in the long-ranged disorders
in which the valley is conserved, even though for short-ranged
disorders studied in Fig. 6, the quantization has already been
shown to keep unchanged as long as the bulk energy gap of the
spin-valley TI does not close due to disorders. Certainly, the
CAR quantization is crucially dependent on the valley degree
and will break down as there are much honeylattice defect,
alternatively, there are some excitations that can dramatically
change the silicene’s energy band and close the energy
gap.

As far as the spin and valley degrees of freedom
are concerned, the pure spin-helical or pure chiral interface
state cannot be used to obtain the quantized CAR, although
there are 16 possible TISs altogether that can be constructed
inside a honeycomb-lattice topological insulator. The reason is
that they appear in pairs and the spin and charge conservation
will not ban the local AR process in principle [14]. Among
other possible TISs engineered in a honeycomb-lattice TI,
the studied scheme is believed to be the most efficient and
accessible one to experiment. Firstly, the antiferromagnetic
honeycomb-lattice TI has already been predicted by first-
principle calculations like MnPX3 (X=S, Se) [33], and even
the antiferromagnetic silicene is experimentally possible from
the magnetic proximity effect [32]. Secondly, only a simple
perpendicular electric field controlled by gate voltages is
needed to produce a partly staggered potential so as to create
a single TIS in the material, and importantly, no excitation
gap arises from the finite-size effect [37] unlike the helical
edge state in a quantum spin Hall insulator. Finally, no
specific requirement is imposed for the material shape, the
E0 profile, and the system parameters such as the junction
bias, length, and transparency. If the spin-orbital interaction
was taken into account in the studied device, the CAR
quantization should keep unchanged as long as its strength
is weaker than h and E0, the strong h is indeed a fact
for an antiferromagnetic insulator, while the latter E0 can
be controlled by external electric fields. Finally, since both

the spin and valley are fixed in each TIS of the nonsuper-
conducting silicene leads, our discussions on the CAR are
hardly related to entanglement of electrons. Nevertheless,
the CAR still constitutes a clear nonlocal signal for quantum
transport that can be probed experimentally, and its quantiza-
tion should be helpful in identifying clear signatures of the
mesoscopic CAR phenomenon.

IV. CONCLUSION

In conclusion, we have studied to use both the spin and
momentum (valley) degrees of freedom of Dirac electrons
in a spin-valley topological insulator to split Cooper pairs.
A three-terminal device composed of a metal S electrode
and an antiferromagnetic silicene ribbon as the spin-valley
TI prototype was numerically calculated. A single conductive
TIS was shown to be engineered in the ribbon by introducing
half-applied electric field, and it is valley helical and spin
polarized. With the two opposite TISs constructed in each TI
electrode of the TI/S/TI junction, we found that only the CAR
process of electrons is allowed in the subgap voltage, but all
other scattering processes such as the normal reflection, local
Andreev reflection, and elastic cotunneling are prohibited. The
quantized and noiseless CAR is protected topologically so
that it can survive in moderate disorders and persist in a very
long-junction situation (L > ξs). Our proposed device may
serve as an efficient Andreev beam splitter.
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