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Pure spin polarized transport based on Rashba spin—orbit interaction
through the Aharonov—Bohm interferometer embodied
four-quantum-dot ring”
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The spin-polarized linear conductance spectrum and current—voltage characteristics in a four-quantum-dot ring em-
bodied into Aharonov—Bohm (AB) interferometer are investigated theoretically by considering a local Rashba spin—orbit
interaction. It shows that the spin-polarized linear conductance and the corresponding spin polarization are each a function
of magnetic flux phase at zero bias voltage with a period of 27, and that Hubbard U cannot influence the electron transport
properties in this case. When adjusting appropriately the structural parameter of inter-dot coupling and dot-lead coupling
strength, the electronic spin polarization can reach a maximum value. Furthermore, by adjusting the bias voltages applied to
the leads, the spin-up and spin-down currents move in opposite directions and pure spin current exists in the configuration
space in appropriate situations. Based on the numerical results, such a model can be applied to the design of a spin filter

device.
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1. Introduction

Generating and manipulating a spin-polarized current in
semiconductor nanostructures has become one of the central
subjects in the fields of mesoscopic physics and spintronics,
and has aroused huge interest of researchers and the investi-
gation of it has been extensively performed due to its rele-
vance to quantum computation and quantum information.'=3]
The generation of spin-polarized current in spintronic devices
is strongly desired.[*°! Owing to the electron spin in a quan-
tum dot (QD) serving as a natural candidate for the qubit, the
QD has been regarded as an elementary cell of realizing solid
state quantum computation, and much attention has been paid
to the manipulation of the electron spin in the QD for its ap-
plication in quantum devices. One must focus on how to effi-
ciently polarize and manipulate the spin in the QD. One of the
ideas is to couple the QD to a ferromagnetic (FM) lead, which
is difficult to carry out because of the conductivity mismatch.
An alternative method is to employ a magnetic field to polar-
ize the spin in the QD, but one needs a very strong magnetic
field confined to a small region of QD. In order to manipulate
the electron spin efficiently, recently, an innovatory method of
introducing a gradient electric field into the QD to induce the
Rashba spin—orbit interaction (SOI) has been adopted. The
Rashba spin—orbit interaction has been taken into considera-
tion to avoid the usage of any magnetic material or field. It is
a pure electrical method.
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Spin—orbit (SO) coupling is an important mechanism that
influences the spin state. The Rashba SOI is a kind of rela-
tivistic effect at the low-speed limit.!'®13) It arises from the
inversion asymmetry of the electric field in a two-dimensional
electron system. It can make its spin degree of freedom couple
with orbital motion; spin-up and spin-down electrons travel-
ing through the different Feynman paths will acquire different
phases, resulting in an interesting spin-relevant phase coher-
ence phenomenon, thus making it possible to control the elec-
tron spin in the external electric field or at gate voltage. The
quantum-dot-ring has been fabricated and regarded as a can-
didate for manipulating electron spin. Recently, spin polariza-
tion and separation in triple or quadruple quantum-dot-rings
have been put forward to take advantage of the SOI in such a
geometry!'-1°1 By applying a Rashba SO coupling to a QD
locally, remarkable spin polarization comes about in the elec-
tron transport process through tuning the structure parameters,
i.e., the magnetic flux or quantum dot levels. However, in the
absence of magnetic flux, the spin polarization and spin sepa-
ration can be simultaneously realized in such structures.20-%?!

In our previous work, the electron transport in N-QD ring
embodied into an Aharonov—-Bohm (AB) interferometer has
been investigated,””>>*! and the results showed that the AB ef-
fect can provide more Feynman path of the electron coher-
ent interference. The more decoupled states and antiresonance
are present in the electronic transport through N-quantum-dot
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ring embodied in the AB interferometer. The symmetry of
the coupled-dot system and the magnetic flux through the AB
interferometer are two physical mechanisms which lead to de-
coupled states. Even—odd parity oscillations occur in linear
conductance spectra of such a highly symmetric quantum dot
ring. Accordingly, it is desirable to investigate that in such a
structure the electron spin transport behavior is controlled by
the external field and the structure parameters.

As for the coupled-QD configurations, it is feasible to
fabricate the QD rings including less than six dots in the cur-
rent experiment. In this work, in terms of non-equilibrium
Green function formalism,”>~27! we intend to investigate the
behavior of both electronic spin-polarized conductance and
spin-polarized current which is influenced by the structure pa-
rameters and the external field, and the current—voltage (J—v)
characteristic driven by an infinite bias in a four-quantum-dot
ring embedded in the AB interferometer. The four-quantum-
dot ring is the smallest element which possesses the symme-
try of structure. The numerical results indicate that when an
appropriate magnetic field is applied, the spin polarization in
such a configuration can reach as high as 100%. Furthermore,
by adjusting the bias voltage applied to the leads, the spin-
up and spin-down current can be moved in opposite directions
and pure spin current exists in the configuration space in ap-
propriate situations. Simultaneously, the intra-dot Coulomb
interaction is considered.

The rest of the present paper is organized as follows. In
Section 2 the model Hamiltonian and theoretical formalism
are presented. In Section 3 molecular orbital representation is
explicated. In Section 4 the numerical results and discussion
are given. Finally, some conclusions drawn from the present
study are summarized in Section 5.

2. Model and formulation

The structure of a coupled QD ring system that is to be
considered is illustrated in Fig. 1. A four-quantum-dot ring is
embedded into the AB interferometer symmetrically. A mag-
netic flux threads through the AB ring and a Rashbar spin—
orbit interaction only exists in the QD-1 (shaded one) embed-
ded into one arm of the AB interferometer. Rashba SOI in-
duces a spin-dependent phase factor in the electron tunneling
function. The left (L) and right (R) leads possess the electri-
cal chemical potentials yy, and ug, respectively. A symmetric
bias voltage v applied to two leads results in the chemical po-
tential difference so that yy, = —ugr = v/2. Intra-dot Coulomb
interaction U is taken into account when inter-dot Coulomb
interaction among electrons is neglected. The electronic mo-
tion of system can be described by the following Hamiltonian
H:

H =Hc +Hp +Hr, (1)

where Hc is the Hamiltonian for the non-interacting electrons
in the left and right leads,

_ i
Hc = 2 EakCyroCakos
okaecL,R

Hp describes the local electron in the four-quantum-dot ring,

4
Hp = Y, &idlodjc+ (tad}sdio
oj=1
3 4
+ Y tidjodjric +he) + Y Unjnj,
Jj=1 J=1
and Hr denotes the electron tunneling between the leads and
the quantum dots,

Hy = Z (VlaGdIo‘C(XkG + V3056d§o-cock6) +he. (2
ckoeL,R

Rashba dot

Fig. 1. Schematic plot of a four-QD ring embodied in an
Aharonov-Bohm interferometer with a local Rashbar spin—orbit in-
teraction applied to the QD-1.

In the above Hamiltonians, C:rxkcr and d]TG (caks and djs)
are the operators to create (annihilate) the electron of the con-
tinuous state |ky,0) in the lead-o and the electron in QD-
J with spin o =%, (0 = *£1), respectively; &g and g; de-
note the corresponding single-particle energy levels; t; (j =
1,2,3,4) is the inter-dot tunneling coupling coefficient be-
tween the QD-j and QD-(j+1) (when j =4, j+ 1= 1), which
can be tuned by the gate voltage; U; is the intra-dot Coulomb
repulsion with n;6 = dj-cd o being the particle number opera-
tor; Vijge (j = 1,3) is the tunneling coupling strength between
QD-j and lead-&. The tunneling matrix elements take the fol-
lowing values Vi g = Vi e (9L/2709) 'y oy e71000/2),
Vire = Vre {OR/2709) and Vips = Vee /2 We as-
sume V, = Vg =V to be constants in the following calcula-
tion. ¢ and @r arise from the magnetic flux P threading
through the AB interferometer, in which ¢y = 2P /Py with
the flux quantum &y = hc/e, describes the magnetic flux in-
duced phase factor. The spin-dependent phase factor ¢ is as-
sociated with the Rashba SOI coupling on QD-1, which arises
from the Rashba-induced spin precession in the electron trav-
eling process.

The quantum transport property of this device is ana-
lyzed by using the nonequilibrium Green’s function technique.
When Rashba interaction comes into play, the current flowing
from the left lead into the ring becomes spin-dependent on the
index o, and it can be calculated from the time evolution of
the occupation number for electrons in the left lead, which is
written as

J=—e <N'L> = N H, 3)
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where N, = chko—CLkG is the particle number operator in
ko

lead-L. Then we can obtain the formula of the spin-dependent
current in lead-L as follows:
ie «
Jio = n ; Vi (el iodio) — VkL,.,'<d;GCch>]- 4
The lesser Green’s function can be defined as follows:

G (1) = i(c] 46 (1o (1)),
Tkoj (L ) =i <d,lc(f )CLko (1))

Their relationship can be expressed as Gp, (t.1') =
- [Gj,ch (¢,¢")]*. Equation (4) is written as
2e
Jio = HRe{Z Vito. jG;LkG(t,t’)}. )
k

The lesser Green’s function G5y ;,(#,') can be obtained di-
rectly from the Langreth theory as

+ Gy 5 (1,181, (1,1)]. (6)

In the above equations and hereafter, ij‘ “(t,t') are the re-
tarded, advanced, and lesser Green’s functions of the QD de-
fined as

he D),
( b

Gy o(tt) =—i0(t—1){djo(1).d

Gy (1) =160 —1){djo (1), d,

Gy o(t,1) = id), (1), djo(1));

jilo
the Fourier transform is Gi;‘/fy
G5V (g) = [ G5 = (r)e'® dr; g/~ (1,r') is the corresponding
Green’s function of the freedom electron in the lead-L. The
Fourier transform of Eq (6) is written as

Z VkLG g

+ij G( )ng( )]’ (7)

(¢) with the relationship

j ko (€ ,/ o(€)8rx(€)

here g1 (e) = 2mifi(e)8(e—ew), gLi(€) — guile) =
G (t,t) /dtV G, ,(t,t ,t W 8Lk L k) 8Lk Lk
ko ALy | it Dei(t.1) | 27i6 (e — ). Equation (5) can be expressed as
de
ho = 5 | gaRet T o Vi s (Gl o €)6ik(€) + Gy (€)eiale)]
de
- =[5 T ( Le){ G5 (o) + ile)lGy(e) - Gae)]} ). ®)
where fi.(¢) = [l +exp(€ — ur.)/kgT] ! is the Fermi distribution function of the lead-L,

[I5(€))j = 27pLo(eLk) ViLo.j (6Lk) Vitoj (€Lk)
is the coupling between the QDs and the lead-L with py s (€4) being the spin-dependent density of the lead-L electrons, which is
regarded as a constant since the electron reservoir usually consists of two-dimensional free electron gas. Using the same method,
we can obtain the corresponding formula of the spin-dependent current through the lead-R:

i d
Tro =2 [ ST (TR (©){G5 () + fu(e) [Gole) - Gh ()] }),
and the spin-dependent current through the whole system can be given as follows:
Jro —JRo d . a
Jo == = 2 [ e[ () - TR ()]G (6) + [ (O)LF(6) - r(OIX (@G5 (e) - G5 (e} ©)

We use the Dyson equation of motion to calculate the re-
tarded (advanced) Green’s functions and adopt the Hubbard-
IT approximation to truncate the higher order Green’s func-
tion. The results from such an approach are that the influ-
ence of electron correlation interaction on the transport prop-
erties, such as Kondo effect, is left out. When the elec-
tron interaction in the QD is not very strong and QD lev-
els are not much lower than the Fermi energy, this approx-
imation is a reasonable approximation. We can obtain the
lesser Green’s function G§5(g) with the Keldysh equation,

G5 (e) = G (e) X5 (e) G4 (€), in which the lesser self-energy

is X5 (&) = i(fL(e)TL + fr(e)TR). Formula (9) can be writ-
ten as

¢ I
Jo =5 [ deTa(e)[fi(e) ~ fe(e)]. 10y
(Z — & )Slg —N
r -1 _ *tik (Zi
[86(8)] = 0 —t;
—1I4 0

£)82

with spin-dependent transmission probability
=Tr{G%(e) XG5 (e)Tk}. (11)

The above equation is a well-known Landaur—Biittiker current

formula for mesoscopic systems. When the electron transport

is in the linear regime, the spin-dependent linear conductance

G at zero bias and low-temperature limit can be obtained as
2

Go = = To(€)le—c,. (12)

and the retarded (advanced) Green’s functions (G4 (g) =
[GE(¢)]7) in a matrix form are

Go(e) = {[gx(e)] ' — Zio(e)} (13)
where
0 —13
—0b 0
(Z—£3)S3g —I3 ’ (14)

—l‘; (Z - 84)S46
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;
Tio(€) = =5 (L5 +13), (15)
1"1L1<R) 0 FILI(R) Fsz(R) eii(QDL(R)_Gq’) 0
F‘E(R) - L(R) 5L(R) _Fi ’ I?R ’ (16)
\/ r-R LR (il =o0) r® 0
0 0 0 0
In the above expression, g5 (€) is the retarded Green’s function ‘With
of the isolated four-QD system for the case where the inter-dot -1 —il
coupling coefficient is #; in the absence of Rashba interaction [n] = 1 *¥ 11 fl i
with z = £+i0", and o

Z_Gj—Uj
z—¢&—U;j+Uj(njs)

accounts for the effect of electron intra-dot Coulomb interac-

Sjc;:

tion within the second-order truncated approximation (SOA)
method of the motion of the Green?s functions.*®! Besides,
the spin-o average electron occupation numbers in QD-j,
(njo), at zero temperature approximation is given by (n;s) =
—1 [deImG'y;
by numerical iteration technique.

(g). So the Green?s function can be solved

3. Molecular orbital representation

For the noninteracting case, the linear conductance spec-
tra of the coupled QD structure reflect the eigenenergy spec-
tra of the “molecules” made up of the coupled QDs. In other
words, each resonant peak in the conductance spectra repre-
sents an eigenenergy of the total QD molecules, rather than
the levels of the individual QDs. Therefore, it is necessary to
transform the Hamiltonian into the molecular orbital represen-
tation of the QDs. It is quite helpful to analyze the numerical
results for the linear conductance spectra.

We then introduce the electron creation (annihilation) op-
erators corresponding to the molecular orbits, i.e. f,I,G (fino)-
By diagonalizing the single-particle Hamiltonian of the QDs,
we find the relation between the molecular and atomic repre-
sentations (here, each QD is regarded as an “atom”), which is
expressed as [f4] = [1][d&]. The transfer matrix [n)] consists of
the eigenvectors of the QD Hamiltonian. In the molecular or-
bital representation, the single-particle Hamiltonian takes the
form

4
H = Z EakC yroCaks + Z emfmoSmo

koocL,R m=1,0
4
n
+ Z VotmcrfmGCOtkO' +h.c.,
ako,m=1

in which e, is the eigenenergy of the QD molecules given by
em = €j+2tjcos(mm/2); Vame = Vajo [n]jm +Vaj’0'[77]j/m de-
notes the coupling between molecular state |m,c) and state
|k, o) in lead-c. In the symmetric case the above relation can
be rewritten as

VL (R)mo = Veii((ﬁbL(R)/Z)fo(P) ([n]T + [m‘fl eiFi((PL(R)—GqJ))’

jm j'm

We here define ¥%,5 = 2T Vgmo VgymoPac (€), Which denotes
the strength of the coupling between molecular state |m, o)

and state |k, o) in lead-ar. We also can rewrite ¥%,,; as
L(R i -
Yo = TI0], + ]}, e T 0092 7

where I = 27tV 2p (). If the value of %%, is equal to zero,
it means that the molecular state |m,c) will be decoupled
from the lead-o completely, which induces the occurrence of
“bound states in the continuum” (BIC). The molecular state
|m, &) becomes a bound state.[*?!

4. Numerical results and discussion

With the solution of Green’s function given in Section 2,
we can perform a numerical calculation to show the charac-
teristics of the linear conductance and current. When Rashba
interaction comes into play, the conductance and current are
spin-dependent on index ¢. The charge current Jc and the
spin current Jgs are respectively defined as Jc = J; +J, and
Js = Jy —Jy, and the corresponding polarization is P; =
(J+—=J)/(Jy +J}). In the linear regime, the spin polarization
of the conduction is defined as p = (G+ —G,)/(G; +G,) >
For simplifying the calculation, we consider the case of sym-
metric coupling between QDs and leads, and all energy and
coupling strengths are measured in units of 7y, which is the
unit of energy throughout this paper. We also take the Fermi
level & as the zero point of energy.

Figures 2(a)-2(d) show the spin-polarized linear conduc-
tance and the spin polarization each as a function of magnetic
flux phase ¢ for different values of I', ¢;, and ¢ with £; = 0,
&z = 0 at zero bias voltage. Hubbard U cannot influence the
electron transport properties as a result of the electron interac-
tion formula (z — &;)S ;s with £; = 0, &; = 0 in this case. Fig-
ure 2(a) shows that the linear conductance of each spin compo-
nent is the periodic function of ¢ with a period of 27 for ¢ =
m/2 and I' = t; = tp. When ¢ approaches ¢ = (4n+3)m/2
(n € integer), the spin-up conductance G; reaches its maxi-
mum value (solid line), while the spin-down conductance G|
becomes exactly zero (dashed line). It means that by adjusting
the magnetic flux ¢, a completed spin-polarized conductance
can be driven in the device. The opposite behavior happens at
¢ = (4n+1)m/2, when the spin-down conductance arrives at
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a maximum value, the spin-up conductance is zero. Now the
spin polarization p = (G; —G,)/(Gy +G|) = —1. So the sign
of the spin polarization can also be tuned over by tuning of the
magnetic flux ¢ as shown in Fig. 2(b) by the solid line with
the same parameters. These results can be explained directly
by the following spin-dependent transmission probability:

2 (2— &)’

Ts(z) = 41 [det(A) 2

| cos(9—09)(z— )’

+22[1 —cos(p— o)) |/, (18)

where
det(A)= [(1—80)24-211?)(1—80)—162 sin®(¢ —c(p)} (z—&)?

and z = &+ i07, which is obtained by Egs. (11)—(16). There-
fore, for ¢ = (2n+ 1)+ 0@, Ts has a maximum value, while
¢ =2nm+ 0@, T; is zero. The maximum value of 7; is corre-

Ldr(a) P=ty, t; =ty ¢ =0.5n
1.2} g;=0ep=0 7777 g

Conductance/(e2/h)

—— G, ¢ =0.25n
---- G, =0.25n

""" Gy e=0

1.4 (c) I'=ty, t; =t

€;=0¢ep=0

Conductance/(e%/h)
o
oo

-3 -2 -1 0 1 2
¢/

sponding to the zero of 7| at the position of ¢ = (4n+3)m/2
for ¢ = m/2. Figures 2(b) and 2(c) (dashed line) show T3,
T}, and p for ¢ = /4, which are also easily understood by
Eq. (18). As a result of this fact, we can fully control £100%
spin polarization at zero bias by adjusting the matching of ¢
and ¢. It indicates that the magnetic flux ¢ and Rashba SOI
phases factor ¢ can modulate the Feynman path interference
when the electrons transport through the system. The Rashba
SOI can be considered to be the essential cause for the spin-
polarized behavior of the electron transport, in that the spin-
polarized phenomenon vanishes at ¢ = 0, which is shown in
Fig. 2(c) (dotted line). Meanwhile, we find that the resonance-
peak becomes sharper for weak coupling strengths of inter-dot
and lead-dot with ; = 0.17g and I" = 0.1y, respectively, shown
in Fig. 2(d).

LAE (d)I'= 0140, ;= 0.1t —G
< 1.2¢ ;=0 ep=0 ¢ =05n ---- g
=~
L
~
=
3
S
9]
3
g
g
o
O

Fig. 2. ((a), (c), and (d)) spin-up conductance G; (solid line) and spin-down conductance G, (dashed line) each as a function of the
magnetic flux phase ¢ for different values of I, ¢;, and ¢ with &; = 0, &; = 0; (b) spin-polarized conductance as a function of the magnetic

flux phase ¢ for different Rashba SOI phase ¢ = 0.257, 0.57.

For the case of tuning all QD energy levels €; = & fluctu-
ating of Fermi energy level £; = 0 by adjusting gate voltage in
experiment, figure 3 shows the spin polarization of the linear
conductance is enhanced by increasing the inter-dot coupling
strength ¢; for the best matching of ¢ = n/2 and ¢ = /2
and lead-dot coupling strength I" = #p. When the intra-dot
Coulomb repulsion Uj is far less than inter-dot coupling, we
can leave out the on-site Coulomb repulsion effect by assum-
ing U; = 0. The spin polarization does not exist at all for the
vanishing inter-dot coupling strength at £; = 0, and there ap-
pears an identical Breit—-Wigner lineshape in the conductance

spectrum for each of G; and G| as shown in Fig. 3(a), and its
corresponding spin polarization p is shown in Fig. 4(c) (solid
line). The resonance-peaks of G; exhibit opposite direction
compared with those of G| by increasing inter-dot coupling
strength ¢; (see Figs. 3(b)-3(d)), and the corresponding spin
polarization is shown in Fig. 4(c). The complete spin polar-
ization can be obtained when ¢; is strong enough, so that G|
reaches a maximum and QT vanishes simultaneously. We also
investigate the spin polarizations influenced by different val-
ues of lead-dot coupling strength I" with ¢; = # as shown in
Fig. 4(d). The spin polarization is reduced by increasing lead-
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dot coupling strength. So, the polarization of linear conduc-

tance can be induced by adjusting inter-dot and lead-dot cou-
14f (a) I'=ty, t;=0 ¢ =0.5n G
Lol er=06=05n
=
~~
>
~
]
O
=i
[
3
O
=
el
=}
@]
)
-5 -4 -3 -2 -1 0 1 2 3 4 5
o/to
1.4F (c) I'=ty, t;=tg, ¢ =0.5n G
— 1.2+ EF:0,¢:0.5T( """ gl
=
& 1.0
T 0.8
=]
2 06
O
<
2 0.4
@]
O 0.2
00 1 1 1 1
-5 -4 -3 -2-1 0 1 2 3 4 5

o/to

pling strength 7; and I respectively. In particular, the complete

spin polarization can be obtained when & = &; = 0.

Conductance/(e%/h)

Conductance/(e?/h)

LAL(b) P=tg, t;= 0.2ty = 0.5n
ep =0 ¢=05n

1.2]
1.0
0.8
0.6
0.4
0.2]

0.0 . . . .

-5 —4 -3 -2 -1 0 1
o/to

1.4 (d) I'=tg, t; =2t5, =0.5n

1.2F ep=0¢=0.5n
1.0
0.8
0.6
0.4

0.2}

0'95 -4 -3 -2 -1

eo/to

Fig. 3. Curves of spin-polarized conductance versus QD level & for different values of inter-dot coupling strength ¢;: (a) 0, (b) 0.2, (c)

to, and (d) 21y.

1.4

(a) I'=0.2ty, t; =1, ¢ =0.5n
ep=0, ¢ =0.5n

1.2¢

1.0r

0.8r

0.6

Conductance/(e%/h)

e

-4 -3 -2 —1
o/to

1.2} (¢) I'=tg, ¢ = 0.5
L = 05m,ep=0
0.8 F

0.4r N

S 0.0 prmnmna- Veooofoooa

—0.4] U
o 3 . 3 /
—0.8} S NS

M 1

-5 —4 -3 -2 -1 O 1 2
go/to

Conductance/(e%/h)

1.4
(b) I'=2¢y, t; =1, ¢ =0.5n
ep=0, ¢ =0.5n

.

1.2r

1.0

0.8

0.6

0.2

0'95 -4 -3 -2 -1 0 1

€o/to

[ (d) t;=to, o =05
[ $=05m,¢ep=0

1.2

0
€o/to

Fig. 4. Curves of polarized conductance versus QD level & at lead-dot coupling strength I" = 0.2¢y (a) and I" = 21y (b), and curves of spin
polarization p versus QD level & at lead-dot coupling strength I" = #( (c) where the spin polarization is corresponding to that in Fig. 3,
and I" = 0.21y, 2t (d) where the spin polarizations are corresponding to those in Figs. 4(a) and 4(b).
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Such a result can be analyzed in the molecular orbital
representation. It is well known that the linear conductance
spectrum of the coupled QD structure reflects the eigenen-
ergy spectrum of the molecule made up of the coupled QDs.
When we adopt the parameter values as those in Fig. 3, we
can obtain both spin-up and spin-down eigenenergies of the
QD molecule by the molecular eigenenergy formula e, = €; +
2tjcos(mm/2) in Section 3, with the values of e; = e3 = &,
er = & — 2ty, and eq = &y + 2tp, where e; and ez are de-
generate eigenenergies because of the symmetry of the ge-
ometric configuration of the coupled QD ring. In particu-
lar, all molecular eigenenergies are shown to be degenerate
since e; = ey = e3 = e4 = & when t; = 0, which induces
the spin-up and spin-down electrons to have the same trans-
port properties. So, no spin polarized phenomenon appears as
shown in Fig. 3(a). From the other panels in Fig. 3, we find
that two resonance peaks exist in the G; conductance spec-
trum, corresponding to the points of e, = & — 2ty = & or
e4 = & + 2ty = €p, moreover, an antiresonance point appears
at the position of e = e3 = & = &, which arises from the de-
structive interference among electron waves passing through
the molecular orbits. Also by Eq. (17), y{j , =0or 135, =0
can be obtained with ¢ = /2 and ¢ = 7/2, so it is suggested
that the degenerate molecular states |1,1) and |3,1) are com-
pletely decoupled from the leads and become bound states.
However, only one resonance peak corresponds to the position
of & = e; = e3 = & and the conductance spectrum presents
a Breit—Wigner lineshape for the G| conductance. Obviously,
there exist different decoupled molecular states from those for
G4 conductance spectrum. By Eq. (17), we can easily obtain
7/20‘2’ = 0 or y&l L= 0, which induces the molecular eigenen-
ergy states |2,/) and |4,]) to be completely decoupled from
the leads and become bound states. Thus, we conclude that ad-
justing the phase factor of Rashba SOI and the magnetic flux is
the fundamental reason for inducing the spin polarization phe-
nomenon by the different molecular states of the different spin
electrons completely decoupled from the leads and giving rise
to BIC in the symmetric coupled QD structure. Furthermore, ¢;
and I are the significant factors to modify behavior of the spin
polarization, due to the molecular eigenenergies and y%, . de-
pendent on ¢; and I, respectively. In a word, the positions or
the linewidth of the conductance peaks can be controlled only
by gate voltage.

Next, we pay attention to the effect of the electron inter-
action on the spin-dependent conductance spectrum. Usually,
the electron interaction is prominent only by considering the
intra-dot Coulomb repulsion, i.e., the Hubbard term. It is
known that the Coulomb interaction plays an important role
in electron transport through the coupled-QD structure, 30341
for the reason that the quantum interference is modified by
the Coulomb-induced energy level splitting of the QD lev-
els. Then, the Coulomb-induced multi-channel quantum in-
terference presents some complicated properties quite dif-
ferent from those in the noninteracting case. In Fig. 5, we
investigate the Coulomb-modified linear conductance spec-

tra each as a function of & and the average electron number
in QDs under the assumption of uniform Coulomb repul-
sion U; = U = 2fp. It can be found that the spin polariza-
tion still exists in the conductance spectrum and both the
spin-up and spin-down conductances split into two groups
due to the Coulomb-induced splitting of the QD levels. Be-
tween the two separated groups there is an antiresonance
fixed in the conductance spectrum. Note that in contrast
to the conventional electron-hole symmetry, the position of
such a conductance zero deviates from g = —U/2. We
can readily explain this phenomenon by the fact that the
decoupling states occur in the system, the average electron
occupation number (njs) is no longer equal to 1/2 (see
Fig. 5(b)), and the electron-hole symmetry is broken.?%23]

F (@) I'=tg,t;=t, ¢ = 0.5n G

< 12f HTE=00=05n g
= U; = 2t,
L
T 08
=
)
8
=
< 04
=
3
O

0.0 R |

-5 -4 -3 -2 -1 0 1 2 3 4 5
go/to
0.8

(b) I'=ty, t; =1, o =0.5n
€;=¢g,er =0, ¢ =0.5n
0.6 1, =2,

<nja>
o
=~
T

5-4-3-2-1 0 1 2 3 4 5
o/to

Fig. 5. (a) Curves of spin-polarized conductance versus QD level
&y at Coulomb interaction strength U; = 2fy, and (b) curves of av-
erage electron occupation number (1) versus QD level &.

In addition, in the right group of the G; conductance spec-
trum, the exhibitions of decoupled molecular states and an-
tiresonance are similar to those in the absence of Coulomb
interaction, due to the molecular state |4,71) adjusting the QD
level higher than the Fermi level &; of the system. It indicates
that the average electron occupation number (n4) is almost
zero as shown in Fig. 5(b) and the Coulomb-induced splitting
of the QD levels does not happen, and then the resonance peak
appears at & = —2.007. The other molecular state |2,71) is
split into two peaks at &y = —1.30¢p and &y = —2.70¢0, respec-
tively, from the original position of e, = & — 21y = €. The
antiresonance between the two peaks can be determined by
expression (18). When ¢ = n/2, ¢ = n/2, and 6 =1, we can
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obtain

Ton— AP (z—89—U+U (ny)))*

PRI me0) 60— U)HIF a0 UHUmy)? . (19)
The antiresonance position & = —(1 — (n;))U = —1.581

is given by Tir () = 0 with &g = 0, z = & + 107, & =
z—U+U(n;) = —(1—(ny}))U, and (n;;) = 0.21 as shown
in Fig. 5(b). In this sense we see that the many-body effect can
influence the spin polarization to some extent and the occur-
rence of decoupling states causes the electron—hole symmetry
to be broken. However, the many-body effect does not mod-
ify the behavior of the spin polarization at the point of Fermi
energy.

:(a)F: to, t; = to, ¢ = 0.5n
€;=0,¢ =051, U;=0

4.0

Current/(e/h)

Voltage/t
8
[(b) =ty t; =ty o =051  ——Jo
6L  &;=0,¢6=05r,U;=0 —_

Current/(e/h)

Voltage/t,

Fig. 6. Curves of current versus finite bias voltage with the same
parameters as those in Fig. 3(c).

Finally, we come to investigate the J—v characteristics of
this structure in order to further clarify the behavior of the
electron-spin polarization transport induced by Rashba SOI.
The corresponding numerical results are shown in Fig. 6 and
Fig. 7. In Fig. 6(a), the spin-up and spin-down currents versus
the finite bias voltage are plotted. They show that with the ad-
justment of the bias voltage the properties of spin-dependent
current are still robust in such a structure. The spin-down cur-
rent occupies a dominant position because of its value being
larger than the spin-up one. When the bias voltage is between
0 and 7y, the spin-up current is zero, which means that the
spin-up electron is repressed through this structure, and only
the spin-down electron can be transported. So we can see that
in the case of low voltage, the filtration of the spin-down cur-
rent can be realized from this structure with the corresponding
parameters. Moreover, in Fig. 7(a) a more interesting phe-
nomenon appears in that in the whole range of voltage we
investigate, the spin-up current is entirely restrained by tun-
ing the structure parameters with the weak QD-lead coupling

strength I" = 0.17p and the strong inter-dot coupling strength
tj = 2ty. From the definitions of the charge current Jc and the
spin current Jg, we can easily understand the numerical results
as shown in Figs. 6(b) and 7(b). They show that in such a
structure applying a finite bias voltage between the leads can
efficiently bring out pure spin current with opposite charge
current. Furthermore, by comparing Fig. 6(b) and Fig. 7(b),
we can find that the value of spin current is coincident with
the charge current by adjusting the structure parameters. Thus
we can realize the pure spin current transport through such a
structure.

1.0

(8) r=0.1t,, t; = 2ty, ¢ = 0.5n —
0.8t ¢€;=0,¢6=0.5m,U;=0 ---J
=
T 060 eeeemeeeeool
< PR
- ’
£ 04t ¢
= ’
= ]
O 0.2},
’I
0.0
0 1 2 3 4 5 6
Voltage/t,
1.2
[(BD)I=0.1¢y, t; =2t;, ¢ =0.5n Jo
_ osl €;=0,¢9=0.5n,U;=0 -- - Jg
=
~ L
L
~ 0.4t
>
=1
g i
= 0.0
O \
Y
—04f “~__

Voltage/t,

Fig. 7. Curves of current versus finite bias voltage with I" = 0.1z
and tj= 2ty.

5. Summary

In this work we systematically studied the spin-polarized
phenomenon in the electron transport process through a four-
QD AB ring, by introducing a local Rashba spin—orbit inter-
action to an individual QD-1. First, it is found that the spin-
polarized linear conductance is a periodic function of ¢ with
a period of 27, so we can fully control the complete spin po-
larization at zero bias voltage by introducing Rashba phase
¢ and adjusting magnetic flux phase ¢. Then, in the case
of ¢ = ¢ = m/2, the appearance of spin polarization is re-
duced by the different molecular states of the different spin
electron completely decoupled from the leads, and the degree
of spin polarization is mainly influenced by two structure fac-
tors: inter-dot and lead-dot coupling strengths, ¢; and I". This
characteristic is useful to make a qubit. Besides, when the
many-body effect is taken into account, the Coulomb-induced
multi-channel quantum interference presents some compli-
cated properties quite different from those in the noninteract-
ing case and the electron—hole symmetry is broken. Finally,
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we can efficiently control the directions of the pure spin cur-
rents through such a structure by adjusting a finite bias on the
leads. Such a result is helpful for designing a spin current fil-
ter. We hope that all these results could be helpful for relevant
experiments.
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