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Spin polarized transport through double quantum dots
embedded in A-B ring coupled to ferromagnetic leads

WANG Wu-Tao, XIN Zi-Hua, CHEN Si-Lun
( Department of Physics, Shanghai University,Shanghai 200444 ,China)

Abstract : The spin polarized transport through double quantum dots embedded in one arm of an A-B ring coupled to ferro-
magnetic leads has been studied in this paper. The Keldysh nonequilibrium Green function method is used to calculate the
total tunneling current, the spin up current, the spin down current and the spin accumulation. The magnitude of them can
be modulated by adjusting the polarization, the bias voltage and the magnetic flux in parallel and antiparallel configuration.
With the spin-polarization strength P increasing, the total tunneling current decreases in both parallel and antiparallel con-
figuration, and the tunneling for spin up and spin down electrons are different in two configurations. By tuning the magnetic
flux, obvious interference between the two different paths can be observed. The spin accumulation in both QDs in antiparal-
lel configuration is also investigated, and increases with the increase of P.
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Introduction

The spin-based devices, which utilize the spin
other than the charge of an electron, have been inten-
sively studied in recent years, from both the experi-

151 Due to

mental and the theoretical points of view
its potential applications in spintronics and quantum
computing, spin-polarized transport in quantum dots
coupled to ferromagnetic electrodes has attracted much
interest. Sergueev et al'® studied the transport charac-

teristics of a spin-valve system formed by a quantum
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dot coupled to two ferromagnetic electrodes whose mag-
netic moments are oriented at an angle §, and found
that the Kondo peaks in the local density of states and
in the conductance can be modulated by 6. Then,
many works mainly focus on the spin-polarized trans-
portation in the magnetic nanostructure consisting of
one quantum dot or double quantum dots have been
done to investigated the Kondo effect, the Coulomb
blockade effect, the tunnel magnetoresistance ( TMR)
and so on.

In addition, an Aharnov-Bohm ( AB) ring de-
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vice, in which one or two quantum dots are located in
. B. Dong
et al. "' have studied the quantum transport through a

its arms, has also attracted much interest'””

parallel double-dot system with the Aharonov-Bohm
magnetic flux infiltering the two path closed region.
They found that the external bias voltage induced su-
perposition of two dot states is the cause of phase co-
herence of AB oscillations of population of each dot and
the current as a function of magnetic flux having a peri-
od of &,.

However, previous work has paid little attention to
the investigation of the spin-polarized transport in a
magnetic nanostructure with two quantum dots embed-
ded in one path of an A-B ring couple to ferromagnetic
electrodes, so the motivation of this paper, is to inves-

tigate the spin-polarized transport in such a system.
1 Model and theory

The model system under consideration is illustrated
in Fig. 1. It consists of two ferromagnetic leads coupled
to an AB ring with two dots embedded in one path. For
simplicity, magnetic moments of the leads are assumed
to be either parallel or antiparallel. Here we focus our
investigation on the spin-polarized transport through this
system where the magnetic flux penetrates.

The system of a mesoscopic ring with a two-QD

molecule can be described by the Hamiltonian

H = Hleads +Hd+HT ’ (1)
Hleads = z 8kaC;aucka0 ’ (2)
kao

2(81 io lU +Unla EU) 2 (3)
z laiChote t trithrotas tHC) +
lT

( ckLackRa+Hc + z (taatiyb, tHhe)  (4)

1i

Fig.1 Scheme of double quantum dots embedded in one arm
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of an Aharnov-Bohm ring coupled to ferromagnetic electrodes
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where c;. (¢, ) are the electron creation ( annihila-
tion) operators in lead o (a =L,R) with momentum
k,sping(oc=1,], oro=+1) and energy g,,.
d; (d,, ) creates (annihilates) an electron with spin o
on the i th (1 =1,2) dot. Each QD consists of a single
level &; and an on-site Coulomb repulsion with constant
strength U.
tween QD1 and QD2, while the coupling between QD1
(QD2) and the left (right) lead is represented by ¢,
(tra)-
leads.

penetrating in the ring, a phase factor ¢ =2nwP/ D,

by describes the interdot coupling be-

t;z describes the direct tunneling between two

Considering the existence of magnetic flux @

generates in the tunneling coupling term ¢,,.

Through the Keldysh nonequilibrium Greens func-
tion technique, we could analyze the quantum transport
property of this device. The current of each spin com-
ponent flowing from the left lead into the ring can be
written as

dw
I = h2

The lesser Green functions can be obtained straightfor-

S Relt,,Gpy, + tLReﬂd)GI;La:I . (5)

wardly by using the standard Keldysh equation

G, =68, ¢, 8, C, +G'Z G, , (6)
where the first and the second term describes the elas-
tic and the inelastic transport, respectively. In our
present case, we only consider the elastic transport, so

_ O [10,11] r-1 < _a-1
- . o o bo

<
we can simply take 2 is

diagonal, with only two nonzero matrix elements
gaaa'gaaa'gaaa' _2’1][ (w)/’n-paa" Wheref (w) { eXp
[(@ = p,)/ksT] + 1}

function for lead « with chemical potential .

! is the Fermi distribution

In order to obtain the lesser Greens functions, the

retarded Green’s functions can be worked out by the

Dyson equation G, = g/ + g/ z ' G, . The bare Green

§ functions g/ in the leads are taken in the form g/ =
—ITiP o -

By the equation of motion method, g7,, on the
dots can be written as & =
w-¢&-U+Ung
(0 -&)(w - -U)

tron occupation number with spin ¢ on the i th dot,

,(i =1,2). ng is the elec-

and can be determined self-consistently by the equation
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[ dw

ng =-—1 2—G; 1 (@) . By neglecting higher-order
o s

terms, the retarded self-energy 2 " is composed of el-

ements which denote the dot-lead and the lead-lead
tunneling coupling strengths. In addition, the spin

accumulation is defined as An;, =n;; —n,,.
2 Results and discussion

In numerical calculation we set ¢, =iz, =0.4,
tig =0.1 and ¢, , =0.8. The temperature is set to kT
=0. 01 throughout the paper. In the wideband limit,
which

can be taken in the form T',, =2mp,, 11, I?, and the

we can neglect the energy dependence in T',_,
effective spin-polarization strength P is written as P =
(r,-r;)/(r, +TI,). From the definition of P,
T',, can be expressed as I, =Ty, =T((1+P), T,
=Ty, =T, (1 —P) for the parallel configuration, and
[pr =T =Tg(1+P), T, =Tx; =T (1 -=P) for
the antiparallel configuration. I, describes the cou-
pling between the QD and leads without internal mag-
netization, and is expressed as I, =2'n'p0tidi ~1. p,is
the local density of states in the leads without internal

magnetization, and is set to p, =1. The chemical poten-

tials of the left and right leads are yu;, = —uy = g

Fig. 2 shows the bias dependence of tunneling

current in parallel and antiparallel configurations for

_p=0

0.4
0.24- - - p=0. iy

Tunneling Current/(e/1)

Bias Voltage/V

Fig.2 Bias dependence of the tunneling current in parallel (a)
and antiparallel (b) configuration. P, = P, =0,0.2,0.5,0.8;

=0.8; =775 &1 =5, =0; U=2;

Other parameters are ¢

kyT=0.01
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different polarization strength P. From this figure one
can see that, when the bias voltage V changes, the
tunneling current reveal steplike characteristics as well
as that in one QD system. These results are ascribed to
the Coulomb blockade effect. Due to the Coulomb
blockade effect, both the spin-up and spin-down cur-
rent should present the steplike features for electron
transport through the parallel and antiparallel configu-
rations. When V =0, no tunneling currents appear in
both configurations, which means no spontaneous cur-
rent exists in such systems. It is also found that the
values of the current are different at different polariza-
tion P of the leads, and the magnitude of current in
both configurations decrease with P increasing. When
P =0, the tunneling current in both configurations are
identical, because the contribution of electrons with
spin up and spin down are the same. One can also see
that the tunneling current in parallel configuration de-
creases more sharply than that in antiparallel configura-
tion with P increasing, and when P =0. 8, the magni-
tude of the tunneling current in parallel configuration is
much lower than that in antiparallel configuration, as
shown in Fig. 2(a). This result can be ascribed to the
fact that the tunneling of electrons is affected more
strongly by the polarization in parallel configuration. In
our calculations, the sharp reduction of the total tunne-
ling current is mostly given rise by the decrease of spin
up current, which we have discussed in Fig. 3.

In Fig. 3(a), it can be seen that, when eV < ~1, ,
and eV >1,, , the magnitude of spin up current is
lower than that of spin down current. It means that
spin polarized current appear in such situation. Mean-
while, the spin up and spin down current are almost
the same when -1, , <eV<t,, . This characteristic is
much different from that in antiparallel configuration,
as shown in Fig. 3(b). One can see that, the magni-
tude of spin up current is much lower than that of spin
down current at eV < —¢,, , which is opposite to the
case at eV >1, , , and the two curves almost overlap at
—t44, <€V <ty,. These results indicate that spin po-
larized current can be obtained in our model system,
especially at large bias voltage in parallel configura-
tion, and this will be helpful to the generation of tuna-

ble spintronic devices.
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Fig.3 Bias dependence of spin up and spin down current in
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For all above results, the characteristics of tunne-
ling current may be understood in terms of the total ef-
fective coupling strength T, between the leads and
the two quantum dots. Suppose we split a beam of e-
lectrons that tunnel from QD1 to the left lead into two
paths and then recombine them, one path is tunneling
directly to the left lead, the other is traveling to QD2
first, then to the right lead and finally to the left lead
passing through the upper arm of the ring. The case of
electrons tunneling from QD1 to the right lead is that,
one path is first traveling to the QD2 , then to the right
lead, the other is first tunneling to the left lead, then to
the right lead passing through the upper arm, and the
effective coupling strengths between QD2 and the two
leads could be understood as the case of QD1. The total

effective coupling strength T, , can be described as

— —ip . r 2
Ty =1ty +tpe™ (= impp, ) trn€pntan |
2 r 2
=1ty 17+ tpTprotrn€pntasn |
- 2mpg, tsing (7)

_ r 2 ip . 2
Trite = trn€mtan |” +tre® (= impr, Vg |
r 2 2 .
=l tho8nntan ™+ LgTpLtin |~ +2mpy,ising

(8)

Iy
where ¢ =t tpptigtan s TP = 57 2s TPRe =
21ty |
r . .
% . We can obtain the strengths of coupling
21 tgp, |

between QD2 and the two leads in the same way. Due

to the distinction of the total effective coupling strength
between both quantum dots and the leads for each
spin, the situation of tunneling through the two quan-
tum dots for spin up and spin down electrons will be
different. From Eq. (7) and (8), it can be found
that the total effective coupling strength is associated
with the polarization and magnetic configuration of the
leads, and the behavior appearing in Fig. (2) and
(3) can be understood from T, . Meanwhile, in Eq.
(7), it also can be seen that the change of pg, in the
second term |, Tpg, Lrs, 80,0, 0010, I” and the third term
27pg,t sin ¢ leads to different coupling strength T}, ,,
and the second term changes more slightly than the
third term when tuning P. Consequently, both T, .
and T, | decrease while increasing P in both configu-
rations, which results in the reduction of the total tun-
neling current in Fig. 2. In addition, different spin
component induce the distinction between T, and
T\, - InFig. 3(a), the magnitude of spin up current
in parallel configuration is much lower than that of spin
down current, which demonstrates that it is harder for
spin up electrons to tunnel through QDs. In antiparallel
configuration as shown in Fig. 3(b), it is harder for
spin up electrons to travel under negative voltage bias.

We have also discussed the AB oscillations of the
conductance in both configurations. Due to the inter-
ference between the two different paths, one of which
is passing through double quantum dots and the other is
along the direct channel, the AB oscillations appear in
our system. The numerical results reveal that the mag-
netic flux could affect the tunneling properties of the e-
lectrons effectively, and the conductance changes with
the magnetic flux ¢ periodically.

Fig. 4 presents the differential conductance versus
the magnetic flux in one period. From this figure, one
can see that, when ¢ =0 or ¢ =2, the differential
conductance reaches maximum, and when ¢ = 7, the
conductance shows minimum, which means that the e-
lectric current will change more smoothly relative to the
case for ¢ # . It can also be seen that, with the in-
crease of P, the magnitude of the conductance decrea-
ses. By comparing the two different configurations, the
conductance in antiparallel configuration (Fig. 4 (b))

decreases more sharply than that in parallel configura-
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accumulation for different polarization in both quantum
dots in antiparalle configuration. It can be seen that
the characteristics of spin accumulation in QD1 and
QD2 are almost similar. Moreover, the spin accumula-

»% 0.00 T . ' © tion is affected strongly by polarization. When P =0 no
s " ___528,2 spin accumulation exist in both quantum dots. This is
E:IZ_ - gzg;g """ because the contribution of spin up electrons is the
005 = m e T same as that of spin down electrons. With the increase
0.00 : : () of P, the spin accumulation increases in both quantum

0.0 0.5 1.0 1.5 2.0

Fig.4 Differential conductance versus the magnetic flux for

four values of P, =P, =0,0.2,0.5,0. 8 in parallel (a)and an-
tiparallel (b) configuration. Other parameters are t,, =0.38;
£ =6,=0; U=2; k,T=0.01
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tion (Fig. 4 (a)), and when P =0.8, it changes
slightly when tuning the magnetic flux.

The spin accumulation of both quantum dots in
antiparallel configuration is also investigated, and the
numerical result is given in Fig. 5. The appearing of
spin accumulation can be ascribed to the difference be-
tween the electron incoming and outgoing rate for each
QD, and the different coupling strengths make it easier
for one spin to inject into a QD but harder to leave, or
harder to inject but easier to leave.

Fig. 5 displays the bias dependence of the spin

0.6 1

0.4 1 Lo

0.2 e

0.0 <id’=
02 R / .
044 .—._. -
061 —p=0

v p=0.2 v v

0.6 (b) ceep=05 - p

0.4 —--p=0.8

0.2 b

0.0 - -
202 - T .
044 e
-0.6 1
-4 -2 0 2 4

Bias Voltage/V

An,

An,

Fig.5 Bias dependence of the spin accumulation on dotl (a)
and dot2 (b) in antiparallel configuration. P, = P, = 0,0.2,

0.5,0.85t,,, =0.8;¢ = %;al =& =0;U = 2;k,T = 0.01
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dots, which may have practical usage, such as to filter
or store the electron spin in the QD. In addition, obvi-
ous spin accumulation can also be found in parallel
configuration, and the spin accumulation effects in
both configurations will lead to the decrease of the tun-
neling current, and may play an important role in mag-

netotransport properties.
3 Conclusions

In summary, the spin dependent transport through
double quantum dots embedded in one arm of the A-B
ring coupled to ferromagnetic leads has been studied by
using nonequilibrium Green function method. At the
given situation, the current decreases with P increasing.
It is also found that the tunneling behaviors for spin up
and spin down electrons are quite different in both con-
figurations. These may result in the existence of spin
polarized current for this model system. In addition, the
interference between the path passing through the quan-
tum dots and the direct path could be seen when tuning
the magnetic flux. These results can be ascribed to that
the polarization, the magnetic configuration and the
magnetic flux may affect the total effective coupling
strengths, which make it easier or harder for one spin to
tunnel through this system. Meanwhile, different incom-
ing and outgoing rate for each QD give rise to the spin
accumulation, and with the increase of P, the spin ac-
cumulation increases obviously in antiparallel configura-
tion, which leads to the decreases of tunneling current.

These results indicate that the spin polarized cur-
rent can be obtained in our model system, and may be
helpful to the generation of tunable spintronic devices.
In addition, the large spin accumulation may be of

practical use in quantum information storage.

(F# 112 ®)
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The experiment results and theoretical analysis indicate
that our algorithm can eliminate stripe noise effectively

and also can be completed in one frame time.
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