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This paper theoretically reports the nonlocal Andreev reflection and spin current in a normal metal-ferromagnetic

metal-superconducting Aharonov–Bohm interferometer. It is found that the electronic current and spin current are

sensitive to systematic parameters, such as the gate voltage of quantum dots and the external magnetic flux. The

electronic current in the normal metal lead results from two competing processes: quasiparticle transmission and

nonlocal Andreev reflection. The appearance of zero spin-up electronic current (or spin-down electronic current) signals

the existence of nonlocal Andreev reflection, and the presence of zero electronic current results in the appearance of

pure spin current.
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1. Introduction

In the last decade, mesoscopic normal-

metal/superconductor hybrid systems[1−10] have been

the main focus of many research activities. In these

systems so-called Andreev reflection[11] happens at

the interface between the normal metal and the su-

perconductor due to the appearance of a new energy

scale: the superconducting energy gap ∆. This phe-

nomenon indicates that an incoming electron from

the normal metal side is reflected as a hole into the

normal metal side, thereby transferring a Cooper pair

into the superconducting condensate. When there

are more than two normal metal leads, an electron

from a normal metal lead will be reflected as a hole

either back into the same normal lead or into another

spatially separated lead, so the so-called nonlocal An-

dreev reflection[12−17] will happen. Since this nonlocal

Andreev reflection process is equivalent to injecting

two spin-entangled electrons forming the singlet state

of a Cooper pair into two different normal leads,

the study of electron transport in the multi-terminal

mesoscopic hybrid systems may lead to the realiza-

tion of solid-state entanglers,[13] which is important

to quantum information processing.

On the other hand, we know that charge and spin

are two elementary degrees of freedom of an electron.

Since the proposal of the Datta–Das transistor[18] over

ten years ago, much attention[19−22] has been paid to

add the spin degree of freedom to conventional semi-

conductor charge-based electronic devices. This has

resulted in the emergence of semiconductor spintron-

ics. Since spin-based electronic devices have many

advantages, including a longer coherent lifetime,[23]

faster data proceeding speed and less electric power

consumption, the generation, manipulation, and mea-

suring of spin currents[24−26] are the central challenges

in spintronics and have caused intense interest in re-

cent years. In addition, with the recent developments

in micro-fabrication technology, many artificial struc-

tures in the mesoscopic scale can be fabricated. Elec-

trons moving in the mesoscopic regime can avoid in-

elastic scattering and keep the phase coherence. This

kind of phase coherent electron transport has been

widely investigated with the solid-state Aharonov–

Bohm interferometer.[27−32]

2. Model and formula

In this work we will propose a three-terminal

Aharonov–Bohm interferometer, i.e., a normal metal

(NM) lead, a ferromagnetic metal (FM) lead and a su-

perconducting (SC) lead are coupled to their respec-

tive quantum dots to form an Aharonov–Bohm ring

(see Fig.1).
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Fig.1. Schematic diagram of our system.

In this system, we consider only a bias V in the

FM lead and keep zero chemical potential in both the

NM and SC leads, so only the quasiparticle transmis-

sion and nonlocal Andreev reflection contribute to the

electronic current in the NM lead. By tuning the gate

voltage of the quantum dots and the external mag-

netic field, we can get rich electronic current and spin

current configurations in the NM lead. The most im-

portant thing is that a pure spin current can be ob-

tained in the NM lead. The model Hamiltonian of this

system is

H = HNM +HFM +HSC +HC +HT, (1)

where

HNM =
∑
k,σ

ϵkc
†
kσckσ, (2)

HFM =
∑
p,σ

(ϵp + σM + eV ) c†pσcpσ, (3)

HSC =
∑
q,σ

ϵqc
†
qσcqσ +

∑
q

(
∆c†q↑c

†
−q↓ +∆c−q↓cq↑

)
, (4)

HC =
∑
σ

{ ∑
j=1,2,3

(εj + Vj) d
†
jσdjσ +

(
t12e

iφ/3d†1σd2σ + t23e
iφ/3d†2σd3σ + t31e

iφ/3d†3σd1σ + c.c.
)}

,

(5)

HT =
∑
k,σ

TkNc†kσd1σ +
∑
p,σ

TpF c
†
pσd2σ +

∑
q,σ

TqSc
†
qσd3σ + c.c., (6)

where HNM is the Hamiltonian of the NM lead, in

which c†kσ (ckσ) is the electron creation (annihilation)

operator, HFM stands for the Hamiltonian of the FM

lead in which the spin bands are split by the exchange

energy 2M , HSC describes the Hamiltonian of the SC

lead with ∆ as the superconductor energy gap. We

are only interested in the Andreev reflection process,

so we assume the bias voltage V is less than the super-

conducting energy gap ∆. Note that the bias voltage

V is applied in the FM lead and zero chemical poten-

tial is kept in the NM and SC leads. The HC is the

Hamiltonian for the central scattering region, which

consists of three quantum dots with the magnetic flux

φ. The quantum dots have discrete bare energy lev-

els εj being well controlled by the corresponding gate

voltages Vj . TheHT is the Hamiltonian describing the

couplings between the quantum dots and the leads, in

which TkN (TpF , TqS) is the hopping matrix element.

For simplicity, we have assumed that all hopping ma-

trix elements are independent of the spin index σ.

We now calculate the spin-up electronic current

passing through the NM lead, which is defined as

IN↑ = e

⟨
dN̂N↑

dt

⟩
(7)

with N̂N↑ =
∑

k c
†
k↑ck↑. From the Heisenberg equa-

tion of motion, the spin-up electronic current can be

rewritten as (h̄ = 1)

IN↑ = −e
∑
k

[TkNG<
d1↑k↑ (t, t

′) + c.c.], (8)

where G<
d1↑k↑ (t, t

′) = i
⟨
c†k↑ (t

′) d1↑ (t)
⟩

is the lesser

Green’s function. Using the Langreth continuation

theorem[33] and taking the Fourier transformation, we

have
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IN↑ = − i e

∫
dE

2π
ΓN

{
[Gr(E)−Ga(E)] fN (E) +G<(E)

}
11

, (9)

and similarly

IN↓ = i e

∫
dE

2π
ΓN

{
[Gr(E)−Ga(E)] fN (E) +G<(E)

}
22

, (10)

where f(E) = 1/(eβE + 1) is the Fermi distribution functions, ΓN = 2π
∑

k |TkN |2 δ(E − εk) is the linewidth

function which describes the coupling strength between the NM lead and the corresponding quantum dot. The

Gr is the Fourier transformation of the retarded Green’s function for the quantum dots in a 6 × 6 Nambu

representation[4,31]

Gr(t, t′) = − i θ(t− t′)⟨{Ψ(t), Ψ †(t′)}⟩ (11)

with row vector Ψ † = ( d†1↑, d1↓, d
†
2↑, d2↓, d

†
3↑, d3↓ ).

In order to obtain the spin-up and spin-down electronic current, one must know the expressions of the

retarded and lesser Green’s functions for the central scattering region. The most convenient way to calculate

the retarded Green’s function is the Dyson equation, which is given by

Gr(E) =
1

Gr
0(E)−1 −Σr(E)

(12)

with

Gr
0(E)−1 =



E − ε1 0 −t12ei
φ/3 0 −t13e

− iφ/3 0

0 E + ε1 0 t12e
− iφ/3 0 t13ei

φ/3

−t12e
− iφ/3 0 E − ε2 0 −t23ei

φ/3 0

0 t12ei
φ/3 0 E + ε2 0 t23e

− iφ/3

−t13ei
φ/3 0 −t23e

− iφ/3 0 E − ε3 0

0 t13e
− iφ/3 0 t23ei

φ/3 0 E + ε3


(13)

and

Σr(E) = − i

2



ΓN 0 0 0 0 0

0 ΓN 0 0 0 0

0 0 ΓF↑ 0 0 0

0 0 0 ΓF↓ 0 0

0 0 0 0 ΓSβ1 ΓSβ2

0 0 0 0 ΓSβ2 ΓSβ1


, (14)

where ΓF↑ (ΓF↓) is the linewidth function of the spin-up (spin-down) electrons in the FM lead, ΓS is the linewidth

function of electrons in the SC lead; they have similar expressions of ΓN . Other symbols β1 ≡ ζ(E)E/
√
E2 −∆2,

β2 ≡ ζ(E)∆/
√
E2 −∆2 with ζ(E) = 1 for E > −∆, otherwise ζ(E) = −1.

The lesser Green’s function can be obtained from the Keldysh equation G< = GrΣ<Ga, where the lesser

self-energy is given by

Σ< (E) = i



ΓNf (E) 0 0 0 0 0

0 ΓNf (E) 0 0 0 0

0 0 ΓF↑f
+ (E) 0 0 0

0 0 0 ΓF↓f
− (E) 0 0

0 0 0 0 f (E) θ (|E| −∆)ΓSβ1 f (E) θ (|E| −∆)ΓSβ2

0 0 0 0 f (E) θ (|E| −∆)ΓSβ2 f (E) θ (|E| −∆)ΓSβ1


. (15)

Using the above relations, we can obtain general expressions for the spin-up and spin-down electronic

currents

IN↑ = eΓN

∫
dE

2π

{
ΓF↑ |Gr

13|
2 [

f− (E)− f(E)
]
+ ΓF↓ |Gr

14|
2 [

f+ (E)− f(E)
]}

, (16)
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IN↓ = −eΓN

∫
dE

2π

{
ΓF↓ |Gr

24|
2 [

f+ (E)− f(E)
]
+ ΓF↑ |Gr

23|
2 [

f− (E)− f(E)
]}

, (17)

where f±(E) = f(E ± eV ) = 1/(eβ(E±eV ) + 1).

Using the spin-up and spin-down electronic cur-

rent, we get the total electronic current and spin cur-

rent as

IN = IN↑ + IN↓, (18)

INs = (IN↑ − IN↓) /2e. (19)

Equations (16), (17), (18), and (19) are the cen-

tral results of this paper, and are valid for any tem-

peratures. Here we focus on the case of eV < ∆ at

the zero temperature limit. The physical meanings of

Eq.(16) are as follows: the first term corresponds to

the spin-up quasiparticle current due to the applied

bias V between the NM lead and the FM lead; the

second term is the most interesting nonlocal Andreev

process: a spin-down electron in the FM lead is re-

flected as a spin-up hole into the NM lead. Equation

(17) has similar physical meanings.

3. Results and discussions

Before our numerical calculations, we first analyse

the physics of the electronic current in the NM lead.

The physical mechanism is that in the NM lead there

is competition between normal quasiparticle transmis-

sion and nonlocal Andreev reflection. When a spin-

down electron above the Fermi energy is injected from

the FM lead into the SC lead, it may be reflected as

a hole below the Fermi energy with up spin either

back into the FM lead or into the NM lead, forming a

Cooper pair in the SC lead. The former is normal An-

dreev reflection and the latter is nonlocal Andreev re-

flection. In other words, since a hole is equivalent to an

electron travelling in the opposite direction, the nor-

mal Andreev reflection corresponds to the case that a

pair of electrons with opposite spins comes from the

same FM lead. On the other hand, if the pair of elec-

trons comes from different leads, e.g., one from the

FM lead and the other from the NM lead, it is non-

local Andreev reflection. The total spin-up current in

the NM lead results from two processes: the nonlocal

Andreev reflection process due to the presence of the

SC lead, and direct normal quasiparticle transmission

of the spin-up electron from the FM to the NM lead

under the small bias voltage between them. A simi-

lar argument applies to the spin-down current in the

NM lead. Because of these two competing transport

processes, we can adjust the systematic parameters

to control spin-up (or spin-down) current. When the

electron and hole currents with one spin cancel each

other completely under certain conditions, the current

for this spin disappears and we can only get the cur-

rent for the other spin channel. More interestingly, if

the spin-up and spin-down currents cancel each other,

we can get a pure spin current.

Next, we numerically study the spin-up and spin-

down electronic current varation with systematic pa-

rameters, from which we can demonstrate the appear-

ance of the nonlocal Andreev reflection. The elec-

tronic current in the NM lead comes from the normal

quasiparticle current and nonlocal Andreev reflection

current. These two processes contribute to the op-

posite sign and therefore the total electronic current

depends on the competition between the normal trans-

mission and the nonlocal Andreev reflection. In Fig.2,

we plot the spin-up (spin-down) electronic current in

the NM lead which changes with gate voltage Vg of

quantum dot 1. We set the systematic parameters as

follows: the magnetic flux φ = 1.6, ΓN = ΓF↑ = 1,

ΓF↓ = 0.6, ΓS = 2, t12 = t23 = t13 = 10, the bare

energy level ε1 = ε2 = ε3 = 0. Note that the com-

mon factor e2V /2π has been used as the unit of the

electronic current. It is found that there are two zero-

points in the total spin-up (spin-down) electronic cur-

rent, which implies that the normal quasiparticle cur-

rent and nonlocal Andreev reflection current cancel

each other. These zero-points signal the existence of

nonlocal Andreev reflection, which dominates the elec-

tronic transport in the NM lead when the electronic

current is negative. At the same time, we can know

that due to the presence of the FM lead, the positions

for zero-points of the spin-up (spin-down) electronic

current are different, and the spin-up current is bigger

than the spin-down current.
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Fig.2. Spin-up current IN↑ (solid line) and spin-down cur-

rent IN↓ (dotted line) versus the gate voltage of quantum dot

1 with the external magnetic flux φ = 1.6. The symmetric

parameters are set: ΓN = ΓF↑ = 1, ΓF↓ = 0.6, Γs = 2,

ε1 = ε2 = ε3 = 0, and t12 = t13 = t23 = 10.

Similarly, we also find that there are two zero-

points in Fig.3 in which we give the relationship be-

tween the spin-up and spin-down electronic current in

the NM lead and the external magnetic flux φ. We set

the gate voltage of quantum dot 1Vg = 0 and other

parameters are the same as those in Fig.2. The two

zero-points also characterize the appearance of nonlo-

cal Andreev reflection. On the other hand, from our

calculation, we can see that in our Aharonov–Bohm

interferometer there are two oscillation periods h/e

and h/2e in the spin-up and spin-down electronic cur-

rent oscillation because of the appearance of the SC

lead, which is consistent with the results in the rele-

vant literature.[31,34]

Fig.3. Spin-up current IN↑ (solid line) and spin-down

current IN↓ (dotted line) versus the external magnetic flux

φ. The gate voltage of quantum dot 1Vg = 0 and other

parameters are the same as those in Fig.2.

Finally, we numerically study the spin current

modulated by the systematic parameters. Note that

we have set the factor eV /2π as the unit of the spin

current. In Fig.4, we depict the spin current as a func-

tion of the gate voltage Vg of quantum dot 1. All

parameters are the same as those in Fig.2. The spin

current exhibits oscillation behaviour. To get more

meanings, we plot the electronic current in the inset

of Fig.4. We find that the electronic current becomes

zero at some gate voltage positions, but at the same

position the spin current is not zero. This implies that

electrons with different spins in the NM flow in oppo-

site directions, and the spin-up current and spin-down

current cancel each other, thereby giving rise to a pure

spin current without an electronic current. The pure

spin current means that the spin-up electrons are most

easily injected into the NM lead while the spin-down

electrons are extracted from the NM lead. Figure 5

shows how the spin current varies with the external

magnetic flux φ. All parameters are the same as those

in Fig.3. The spin current also oscillates with the mag-

netic flux. There are also zero-points of the electronic

current in the inset of Fig.5 at which the pure spin

current appears. So we can conveniently control the

spin current and spin injection by the gate voltage and

the external magnetic flux from an experimental point

of view.

Fig.4. The spin current versus gate voltage of quantum dot

1. All parameters are the same as those in Fig.2. Inset: the

electronic current versus the gate voltage of quantum dot 1.

Fig.5. The spin current versus the external magnetic flux

φ. All parameters are the same as those in Fig.3. Inset:

the electronic current versus the external magnetic flux.
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4. Summary

We have theoretically studied the nonlocal An-

dreev reflection and spin current in a normal metal-

ferromagnetic metal-superconducting Aharonov–

Bohm interferometer, and found that the electronic

current and spin current can be modulated by system-

atic parameters, such as gate voltages and external

magnetic fluxes. For the spin-up current (or spin-

down current) and electronic current in the NM lead,

zero-points with varying gate voltage and external

magnetic field appear, which demonstrates unam-

biguously that nonlocal Andreev reflection happens.

Under certain conditions, we can obtain pure spin

current. These conclusions can be used to detect

nonlocal Andreev reflection and inject spin into the

NM lead experimentally, since our proposed system is

within the reach of current nanotechnology.
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