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We propose a four-terminal device consisting of two parallel quantum dots with Rashba spin—orbit interaction

(RSOI), coupled to two side superconductor leads and two common ferromagnetic leads, respectively. The two ferro-

magnetic leads and two quantum dots form a ring threaded by Aharonov—Bohm (AB) flux. This device possesses normal

quasiparticle transmission between the two ferromagnetic leads, and normal and crossed Andreev reflections providing

conductive holes. For the appropriate spin polarization of the ferromagnetic leads, RSOI and AB flux, the pure spin-up

(or spin-down) current without net charge current in the right lead, which is due to the equal numbers of electrons and

holes with the same spin-polarization moving along the same direction, can be obtained by adjusting the gate voltage,

which may be used in practice as a pure spin-current injector.
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1. Introduction

One of the central issues in spintronics is how to
control the spin degree of freedom to realize spin ac-
cumulation and spin transport in nanodevices.!'?! Re-
cently, much attention has been paid to the generation
of pure spin current in mesoscopic systems. Various
theoretical proposals have been put forward to obtain
the pure spin current, such as the use of spin Hall
effects,!3=6! optical spin-orientation by linearly polar-
ized light,[7=10 adiabatic!**'? or nonadiabatic!'3—16!
spin pumping in metals and semiconductors, and gen-
eration in three-terminal spin devices”=22l or ballis-
tic bulk graphene.l?3! In spite of this existing work,
any new suggestions to realize pure spin current are
still of practical importance.

Andreev reflection is a dynamic process in which
an electron, incident from a normal metal to a metal-
superconductor interface with energy less than the
superconductor energy gap (A), is converted into a
Cooper pair in the superconductor, and thus a hole
with opposite spin and velocity reflects back. In mul-

DOI: 10.1088/1674-1056/20/12/127202

titerminal systems, the two electrons in a Cooper pair
from the same lead or different leads are distinguished
as the normal and crossed Andreev reflection ones.?4
To date, many studies have been done on the transport
properties of superconductor-coupled mesoscopic hy-
brid systems for both fundamental interest and poten-
tial applications in nanoelectronics.?*=37 Using the
property of opposite charges carried by an electron
and a hole, a pure spin-current injector can be re-
alized by the equal numbers of electrons and holes
with the same spin polarization. The ferromagnetic
(FM) leads are needed for spin-polarization resolu-
tion, and the Rashba spin-orbit interaction (RSOI)
in semiconductor quantum dots (QDs) gives rise to
the spin-polarization mechanism. In a ring device,
the quantum phase interference between the upper
and lower arms, induced by threaded Aharonov—Bohm

(AB) flux, can enhance or suppress the charge current

to the right (outgoing) lead.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 10775091, 10774094, 10974124, and
11047172), the Excellent Youth and Midlife Scientist Scientific Research Encouragement Foundation of Shandong Province, China
(Grant No. BS2010DS006), and the Doctor Research Startup Foundation of Linyi University, China (Grant No. BS201023).

TCorresponding author. E-mail: yechengzhisxu@yahoo.com.cn

(© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

127202-1



Chin. Phys. B Vol. 20, No. 12 (2011) 127202

2. The model and methods

In this paper we theoretically put forward a
four-terminal hybrid mesoscopic device of pure spin-
current injector, in which two parallel semiconduc-
tor QDs with respective side superconductor leads are
coupled longitudinally to two common FM leads. The
schematic diagram of the device under consideration
is depicted in Fig. 1. In the QDs we consider the RSOI
Hg = ar(0.p,—oxp-)/k induced by the structural in-
version asymmetry.[3839 The interaction strength oy
can be tuned in the experiment by an external electric
field or a gate voltage. For the transport along the &
axis direction, the first term of Hg leads to a spin pre-
cession, and its second quantization form gives rise to
an extra spin-dependent phase factor in the hopping
matrix element between the leads and the QD, while
the second term causes the mixing between the differ-
ent degenerate energy levels and an interlevel spin flip
is induced in the corresponding second quantization
form.[4%41] Here we neglect the interdot and intradot
electron—electron interactions and assume that each
QD has only one spin-degenerated energy level, which
can be modified by a gate voltage coupled to the dots
by gate capacitances. So only the effect of the extra
spin-dependent phase opr; (0 = 1,—1; ¢ = 1,2) in
the tunnel terms between the QDs and the right FM
lead needs be considered. We suppose a bias to be
added between the left and right FM leads, and keep
zero chemical potentials in the right FM lead and the
two superconductor leads. Thus, we can collect four
kinds of quasiparticles (two spin polarizations of elec-
tron and hole) in the right FM lead from the normal
quasiparticle transmission and the crossed Andreev re-
flection, respectively. The pure spin-up (spin-down)
current without net charge current can be realized by
adjusting the gate voltage. This pure spin-up (spin-
down) current is formed by the spin-up (or spin-down)
electron current and hole current flowing along the
same direction, which is different from the usual pure
spin current. The second-quantized Hamiltonian of
the system with RSOI and threaded AB flux can be
decomposed into five parts of the following form:

H = Hy, + Hgr + Hp + Hs + Hr. (1)

Hy, and Hy represent the left and right FM leads,
respectively, and they are expressed as

Hy = (eko — €V1)al, ,an0, (2)

k)LO'

Hp = (erno — €V2)al, kg, (3)
kro

€k, T (—1)°7+ A (Stoner model) is
the spin-dependent energy of the electron in the left
(right) FM lead, with the band spin splitting A, o =T,

_ 1. _ T T

Land b)) = 1 8y = 0. a4, (a4,,) and
ak,.o (Grpo) are the creation and annihilation opera-

where €k ryo =

tors for the left (right) lead, respectively. Hg is the
Hamiltonian of the two superconductor leads,

"
Hs = ZGPU Pu0 bpuo +Z Abp T fp 1+H'C')

+ E :Epd jo¥ted Pdﬂ

Pao

+_j£: PdT

where b, (bT

de)

l+Hc) (4)

and by, » (bp,o) are the creation and
the annihilation operators for the up (down) super-
conductor lead and A is the energy gap of both the
up and the down superconductor leads for the two
superconductor leads that are made from the same
Hp in Eq. (1) describes the double QDs
without interdot coupling, and is expressed as

> ad,dio, (5)

o,i=1,2

material.
Hp =

where d; and d;, are, respectively, the creation and
the annihilation operators of the electron with energy
€; and spin ¢ in dot . Hr is the hopping term between
leads and the QDs and given as

Hy =Y (Lie”*/*af _di,

kio

+ Lo ei¢/4aLLad20 +H.c.)
+ Z(Rl ei®/4 ei‘wmaLRgdm

kro

+ Rye”19/4 ei‘wmalrmdgg +H.c.)

+> (Mib] ,diy + He)
Puc
+ 3 (Mob} doo + He), (6)
pac
where L; (R;) is the coupling strength between the
i-th QD and the left (right) FM lead, M7 (My) is the
coupling strength between the QD1 (QD2) and the
up (down) superconductor lead, and ¢ denotes the
phase factor induced by the magnetic flux threading
the AB ring. The RSOI induces the phase factor —pR;
= kg;L; = agr;m;L;/h? (i = 1,2), which may reach
m/2 or larger experimentally. The spin polarization
occurs when the magnetic flux threading the AB ring
and the RSOI are both nonzero.*%* ¢ = 1 and —1

127202-2



Chin. Phys. B Vol. 20, No. 12 (2011) 127202

denote the spin-up and the spin-down of electrons, re-
spectively.

Using the standard nonequilibrium Green’s func-
tion techniques, the spin-up and the spin-down elec-
tron currents flowing through the right lead can be
expressed in terms of the dot Green’s functions as

Ino = 2 [ SR (E) ~ G3 ) fnle + V)
+G35 ()] sz, (0 =1,1), (7)

where G% (g) and G5 (e) are the Fourier transforma-

tions of the retarded Green’s functions G%(¢,t') =
—i0(t—t")({@(t), ®T(t)}) and the lesser Green’s func-
tions G5 (t,t') = i(TT(#')¥(t)), respectively. Be-
cause of the existence of the superconductor lead, it
is convenient to introduce the 4 x 4 Nambu repre-
sentation with row vectors ¥l = (dIT,dll,d;T,dgl),
(dL, dit, d;i’ day) for spin-up and spin-down electrons,
respectively. In the Nambu representation, the re-
tarded Green’s function of the double QDs coupled
with the leads can be calculated from the Dyson equa-
tion directly,

1

Go(e) =

g7 (@)~ = X, (e) = T, (e) — Zi(e) — (o)’

where g"(¢) is the retarded Green’s function of the isolated double QDs and can be expressed as

5—61+i0+ 0 0 0
o 0 e+e +i0t 0 0
lg"(e) ! = ; 9)
0 0 €—e€+i0F 0
0 0 0 e+ e +i0t

Xi.(e), TR, (e), Xi(e), and X (e) are the retarded self energies under the wide-bandwidth approximation and

expressed as

V FILG'F2LO' ei ¢/2 0
0 VTETLE e=i¢/2

rk 0

0 VILILE o I,

i,
(0= 4 : e
7 2| TLTL e 192
't 0 Riz 0
N i i 0 F]%’ 0 R24
ERU(‘E) - _51—‘;{ = _5 R 5 (11)
Ry 0 I3 0
0 Ry 0 IR
™ —AI'/e00
. i —AI'/e T 00
i) = —5u(e) . (1)
0 0 00
0 0 00
00 0 0
i 00 0 0
() = —5pale) ., (13)
d 2 00 I? —AI/e

00-Ard/e rd

Wlth R31 = RT?’ = R24 = RZQ — ei(¢+2‘7(<PR1*S0R2))/2,
'L (TR) is the linewidth function describing the cou-
pling between the dot ¢ and the left (right) FM lead,

\
I (I'Y) describes the coupling between the QDI
(QD2) and the up (down) superconductor lead, py(€)
and pq(g) in the retarded self-energy of the supercon-
ductor leads are defined as

e
;> 4,

pule) = pa(e) = { Ve? o A2 (14)
VA 4

For the lesser Green’s function, we use the

Keldysh equation G5 = GL X <G2, where the lesser

self-energy X5 = X5 + X5, + X5 + X5 with

i, (e) = =21, (e) FL(V1), (15)
Yo (e) = =235, () Fr(12), (16)
Ii(e) = —2fu(@)0(le] = ) Zi(e), (A7)
X3(e) = —2fa()0(|el — 4)Zy(e),  (18)

~— ~—

and
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fale +eVi) 0 0 0
0 e—eV; 0 0
Fo(V;) = fale = Vi) (@=L,R; i=1,2). (19)
0 0 fale+eV)) 0
0 0 0 fa (5 - eV;)
\
Then the spin-dependent currents flowing — fu(e + V)| TrLs, (23)
through the right lead can be obtained by substi- e / de
Ios = < [ £ Vo) — fu(&)]Ta1e
tuting the retarded Green’s function G%(¢) and the Q h 27r{[fR<€ +eve) = fule)Tan
lesser Green’s function G (¢) into Eq. (7) as +[fr(e + eVa) — fa(e)|Tqas }- (24)

Irs = INac + Icao + IRLo + 1Qo (20)
with
Biao = 5 [ 5lne+eva)
— fr(e — eV2)|TNAo, (21)
oss = 5 [ Solfn(e+eva)
— fu(e — eVi)|Tcaq, (22)
IrLe = %/%[ﬁ{(ﬁ"‘@‘@)

Now we focus only on the case of |eV]| < A and
keep zero chemical potentials in the right FM lead and
the two superconductor leads in the zero-temperature
limit, thus the transmission currents through the su-
perconductor leads Iqis, Iq2s, and the current Inag
induced by the normal Andreev reflection in the right
lead vanish. Only the currents Ica, induced by
the crossed Andreev reflection and normal quasipar-
ticle transmission current Igy,, flow through the right
lead, and the corresponding transmission probabilities
Tcas and Trrs can be obtained, respectively, as

Teao = T I Gora (@) + Top Dog | Glga (€)1 + Iop Tl |Gl ()P + I, g | Glaa ()

2T\ TE T Re[ 0192 Gy ()G ()] + 218 o/ Tl T Re[ 0192 G, ()G 4(6)
25\ [ TR TR Re[ 019/ 417 (om—om) G ()G ()

2], \JTR TR Re[ o1 #/2 417 (om—om) Grn () Gy ()]

12/ T Iy [ TR TR Re[ o (P —0m) G2, ()G, (0)]

+ 2/ T T\ JTR TR Re[ o 910t —em) G ()G (0)),

T I |Gy () + Top I |Gl s (8) P + Tip Do |Ghgy ()7 + Top Iy |Glgs(2)]?
2T\ TE T Re[ 0¥/ (£)Gy ()] + 2185 o/ T T Re[ 019/ Gy ()G ()
+ 2F1La \/ ngznyRe[eiWHM(WP%M)G?}A(5)G;11(5)]

+2/TE Ty /TR TR Re[ o (P —em) G5 ()G 5(0)]

20k /TR TR Re[ o #/2 47 (o —0m) Gt (0) G 15 (e)]

+ 2\/ reri \/ IR TR Re[el ¢Hio(ori—¢r2)

I*

TRLe =

T*

033(6)Go11(8)]- (26)

3. Numerical results

Since we consider only a bias in the left FM lead
and keep zero chemical potentials in the right FM

lead and the two superconductor leads, there exist

three kinds of conductive mechanisms in this device,
i.e. normal quasiparticle transmission, normal An-
dreev reflection and crossed Andreev reflection, and
their corresponding conductive routes are shown in

Fig. 1. Spin-up and spin-down electrons can conduct
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from the left FM lead to the right FM lead through
the two QDs, which is the normal quasiparticle trans-
mission. The spin-up and the spin-down electrons
can also be converted into a Cooper pair tunneling
into the superconductor lead by reflecting back a hole
with opposite spin and velocity. The reflected holes
can go back to the left FM lead or transmit into the
right FM lead, which are called the normal Andreev
reflection and the crossed Andreev reflection, respec-
tively. Thus, only the currents Ica, and Irr, com-
ing from the crossed Andreev reflection and the nor-
mal quasiparticle transmission are flowing through the
right lead, and four kinds of quasiparticles transmit
into the right FM lead, i.e. spin-up electron and hole,
spin-down electron and hole. The electronic current
flowing through the right lead is positive if it is formed

by holes, and negative if it is formed by electrons.

Fig. 1. Schematic diagram of the pure spin current in-
jector of a four-terminal device consisting of two parallel
quantum dots coupled, respectively, to two side supercon-
ductor leads and two common ferromagnetic leads. The
added lines with arrowheads are the conductive routes of
The solid, dashed, dotted and
dash-dotted lines represent the routes of the spin-up elec-

the electrons and holes.

trons, spin-down holes, spin-down electrons and spin-up
holes, respectively. For concision reasons, only half of the
routes are given since the conductive routes are actually
up-and-down symmetric.

0.005 \ spin-down electron : spin-down electron
(a) I'" —  _spin-up hole (b) I'\ = —spin-up hole
E F AR -spin-up electron . . .spin-up electron
o v spin-down hole |\ — . spin-down hole
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Fig. 2. The spin-polarization currents flowing through the right FM lead versus gate voltage V. The solid, dashed,

dotted and dash-dotted lines in panels (a) and (b) represent the electronic currents formed by spin-down electrons,
spin-up holes, spin-up electrons and spin-down holes, respectively. The solid and the dashed lines in panels (c) and (d)

represent the electronic current formed by spin-up electrons and holes, and the electronic current formed by spin-down

electrons and holes, respectively. The dotted line in panel (c) ((d)) represents the spin-up (spin-down) spin current
formed by spin-up (spin-down) electrons and holes. The dash-dotted line in panel (c¢) ((d)) denotes the position where
the pure spin-up (spin-down) current without net charge current occurs.

We now numerically analyse the spin-dependent
currents flowing through the right FM lead (right-
lead current). The ferromagnetisms of the leads are

considered via defining the spin-dependent parame-

ter I's = M1+ (—1)%tpy] for the left FM lead and
IR = TR14-\(—1)%1pg] for the right FM lead (A = 1
for the P alignment and A = —1 for the AP alignment)

respectively,[“] where pr, and pr are the parameters
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describing the degrees of spin polarization of the left
and the right leads, respectively. Throughout the pa-
per, we set A = 1 as the energy unit and consider
only the symmetric and weak coupling between dots
and leads by setting I't' = 't = I'! = '} = 0.02,
re =14 = 0.08.
make the chemical potential in the left lead higher
than every level in the two QDs (63 = €2 = 0). The

spin-dependent right-lead currents versus gate voltage

In the following calculation, we

Ve added at two QDs are shown in Fig. 2. One can
find from Fig. 2(a) (Fig. 2(b)) that for p;, = pr = 0.95
(—0.95), ¢ = w/2 (37/2) and the RSOI phase factor
PR = @YR1—PR2 = 7/2, the electric currents formed by
spin-down (spin-up) electrons and holes almost vanish,
i.e. the spin-down (spin-up) electrons and holes can-
not be conducted into the right lead, while only the
electric currents formed by spin-up (spin-down) elec-
trons and holes are existent. Since only spin-up (spin-
down) electrons and holes can conduct into the right
lead, we can collect the spin-up (spin-down) spin cur-
rent (the current formed by the total number of right-
going spin-up (spin-down) electrons and holes) in the
right lead; see Fig. 2(c) (Fig. 2(d)). Moreover, when
the number of spin-up (spin-down) electrons is equal
to that of the holes, the pure spin-up (spin-down) cur-
rent without net charge current can be obtained in
the right lead when the gate voltage is at a certain
value, for p;, = pgr = 0.95 (—0.95), ¢ = 7/2 (37/2)
and the RSOI phase factor yr = ¢r1 — Yr2 = 7/2;
see Fig. 2(c) (Fig. 2(d)). The positions of the dash-
dotted vertical lines in Figs. 2(c) and (d) indicate the
gate voltage at which the total electric currents vanish
and the pure spin current appears. This device may

be utilized as a pure spin-current injector.

4. Summary

In summary, we theoretically put forward a four-
terminal device of pure spin-current injector, in which
three kinds of conductive mechanisms exist: normal
quasiparticle transmission, normal Andreev reflection
and crossed Andreev reflection. When a bias voltage
is applied between the left and the right FM leads, and
the chemical potentials in the right FM lead and in the
two superconductor leads are kept at zero, the spin-
up electrons and holes and the spin-down electrons
and holes can be collected in the right FM lead. For
the appropriate spin polarizations of FM leads, RSOI

and AB flux, one can obtain the pure spin-up (or pure
spin-down) current without net charge current in the

right lead by adjusting the gate voltage. The pure

spin current, unlike the usual pure spin current which
is due to the spin-up electron moving along the op-
posite direction to the spin-down electron, is formed
by electrons and holes with the same spin-polarization
moving along the same direction. This device may be

experimentally utilized as a pure spin-current injector.
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