Vol 17 No 4, April 2008
1674-1056/2008,/17(04)/1383-06

Chinese Physics B

© 2008 Chin. Phys. Soc.
and IOP Publishing Ltd

Spin-polarized transport through the
T-shaped double quantum dots*

Yang Fu-Bin(Zf£ 5 #)»1,

Wu Shao-Quan(R442)®), Yan Cong-Hua(/F M),

Huang Rui(# %), Hou Tao(f& #)*, and Bi Ai-Hua(¥%Z 1)

a) College of Physics and Electronic Engineering, Sichuan Normal University, Chengdu 610068, China

b) Southwest Petroleum University, College of Sciences, Nanchong 610500, China

(Received 25 August 2007; revised manuscript received 28 September 2007)

Using the Keldysh nonequilibrium Green function and equation-of-motion technique, this paper investigates the

spin-polarized transport properties of the T-shaped double quantum dots (DQD) coupled to two ferromagnetic leads.

There are both Fano effect and Kondo effect in the system, and due to their mutual interaction, the density of states,

the current, and the differential conductance of the system depend sensitively on the spin-polarized strength. Thus

the obtained results show that this system is provided with excellent spin filtering property, which indicates that this

system may be a candidate for spin valve transistors in the spintronics.
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1. Introduction

Recent intensive investigations of electron trans-
port through quantum dot (QD) systems have un-
covered correlation effects in nanoscale systems. In
particular, the observation of the Kondo effect!!—?!
in QD systems opened a new path for the investi-
gation of quantum correlation between localized spin
in QD and the free lead. The Fano effect,® which
appears as a result of quantum interference between
a discrete single energy level and a major electronic
system, has also attracted much interests among re-
The T-shaped
double quantum dots (DQD)["~9! system is a proto-

searches in microelectronic systems.

type of such correlated systems which is suited for
investigating both the Fano effect and Kondo effect
(Fano—Kondo effect). There are a variety of parame-
ter settings in the T-shaped DQD system, which show
somewhat different transport properties from the par-
allel or series DQD system. The special arrangement
of the two dots provides an additional path for the
electron propagation. It is thus interesting to study
how the Kondo versus Fano effect affects the char-
acteristic transport properties in the T-shaped DQD
system. Meanwhile, since the Kondo effect stems from
many body effects relating to intrinsic spin degrees

spin polarized transport, Fano—Kondo effect, quantum dots

of freedom, magnetic fields have a great influence on
transport properties, which has resulted in intensive
study of the spin-dependent!*? transport through var-
ious resonant tunnelling QD structures due to their
importance in physics.

Our work has been concentrated on the Keldysh

nonequilibrium Green function techniquel'!!

to study
the spin polarized transport properties with Fano—
Kondo interaction in the T-shaped DQD system
shown schematically in Fig.1. The paper is organized
as follows. In Sec.2 we give a description about the
theoretical model for this system. Section 3 gives a
detailed discussion of our calculated results. The last

section sums up our conclusions.
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Fig.1. Schematic picture of the T-shaped DQD system.
Dot a is connected with the ferromagnetic (FM) leads, dot
b is side coupled to dot a, t,p is the interdot coupling and
Vkao (o= L, Ro =1, ) represents the dot-lead tunnelling
for dot a with spin o.
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2. Model and solution

In this paper, we use a N(= 2) fold degener-
ate Anderson Hamiltonian to investigate the transport
properties of the T-shaped DQD system. In the fol-

lowing discussions, the intradot Coulomb interaction

|

_ E + +
H = €kaoCraoChac

kao o;m=a,b

Fbabf foo + H.C) +

The first and second term in the Hamiltonian repre-
sent the electronic states in the leads and the dots,
where ¢} _(crao) is the creation (annihilation) oper-
ator of an electron with energy ei., and spin o in
the lead o (a=L, R). The coupling between the lead
and dot a (between the two dots) is given by the third
(fourth) term in the Hamiltonian. The last term with
the Lagrange multiplier )\, is introduced so as to in-
corporate the constraint imposed on the slave par-
ticles >, _;, b fme + b bm=1, where by, (fmo) is
the slave-boson (pseudofermion) annihilation opera-
tor for an empty state (singly occupied state). The
mixing term in the Hamiltonian Vi,, leads to the
line width function I'S () = >4 00 Vi2 000 (€ — Ekac)-
Here, we introduce the effective spin polarization
strength p following the definition given in Ref.[13]
p=TY—-T2/T*+Te (0< p <1) and this defini-
tion of p is equivalent to the condition imposed on
M = (14 p) B p_g, TP = (1 p)PHR) | o
for up-spin (majority-spin) electrons and down-spin
(minority-spin) electrons respectively.

To analyse the model, we apply the mean field
approximation to the slave-boson treatment. We in-
troduce the renormalized quantities ka = kal;a,
tNab = tabi)al;b; Em=CEm +Am
ba, by, Aa, and )\, are determined by the following self-

. The mean-field values of

consistent equations, which are derived by the equa-

tion of motion method for the nonequilibrium Keldysh
14]

1
1% [ Caana@ =g @

= de
Aamybo =1 —
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functions,!

_ga(b)U)G;a(b,b)a(E)' (3)

Z 5mfntgfmz7 + —

U (U— o0) on each dot is assumed to be sufficiently
large to prevent the double occupancy. This assump-
tion allows us to use a slave-boson representation!'?
of correlated electrons in the dots. In this representa-

tion, the Hamiltonian can be written as

Z Vkaa Ckaa fao’ + HC)

k:ao’

S A (b + 3 Fio o = 1) (1)

m=a,b

In the above equations, G (¢) is the Fourier

<
a,a(b,b)o
transform of the Keldysh Green function G a(b, b)a(

tY=i< a(b)g( "), fa@)o(t) >. From the equatlon of
the operator fmo,!'?! we have the explicit form of the

Green function,

Grao(e) = 2(17 f(e) + T fr(e))(e = €)*/1Do (o),
(4)

Gipo(€) = (1) f1(e) + TV fr(e))Eay /| Do ()7, (5)
with I'* = b2 and Iy = I'E + 'R (m = a,b and
a=L, R), where the denominator of Egs.(4) and (5) is
D, (e)=(e —Ea+il,)(e—&p)
ized parameter determined self-consistently in Eqs.(2)
and (3), we obtain the den31ty of states (DOS) of the

“Im((a — &)/ Dy () and

—12,. From the renormal-

two dots as pa(e) = — >,

b7 A
po(e) =3, 2Im((e — & +il%)/ Dy (€)).
Applying the Landauer formula in steady state,

we can derive the current through the two dots,®

D EEACEYFCAC NG

where the transmission probability is given by

—&)*/|Ds ()" (7)
We can thus compute the differential conductance
G =dI/dV from the current I in Eq.(6).

For simplicity, the band width of the leads is
taken as D = 60 and the energy level of the two
—3.00% (Kondo regime with
TP = 10731}). we choose two typical values: tq, = 0.3

T,(e) = 2I'EIE(e

dots is fixed at e,=¢p =

for the weak inter-dot coupling and t,, = 2.0 for the
strong interdot coupling. In the following calculation
T'E and take I'y = I'r|p—o + T'E|p—o
as the unit of energy.

we assume FL



No. 4

Spin-polarized transport through the T-shaped double quantum dots

1385

3. Results and discussion

In Fig.2, we plot the total DOS of the two dots
For ts = 0.3 (Figs.2(a)
and 2(b)), the Kondo resonance is formed around

in the equilibrium case.

the Fermi energy for the two dots, but p(e) yields
a much smaller value than p,(¢) with increasing p
(Fig.2(b)). However, for t,, = 2.0 (Fig.2(c)) the width
of the Kondo resonance for dot a (with a sharp dip)
is changed with the variance of the spin polarization
of the leads and the Kondo resonance splits into dou-
ble peaks with an invariable p,(0) around the Fermi
energy. While the DOS of dot b (Fig.2(d)) does not
change much as that in the weak interdot coupling
strength when p < 0.5, however the down spin DOS
of dot b splits into double peaks when p > 0.5, which
can be seen form the inset of Fig.2(d). Such differences
can be interpreted as follows: in the weak interdot cou-
pling, the moments of the Kondo states of the DQD do
not combine into two molecular states, and the molec-
ular state is suppressed by the presence of a pseudo-
gap in the effective DOS. The weak exchange J can be
neglected and this DQD system is similar to ¢4, = 0.0

(a) tap=0.3 Ao |es00
p=0 ,' v‘ rrrrrr p:0.5h‘1

1.0 - p=03 |1 [
- p=0.5 i

)

)

situation (inset of Fig.2(a)), which is accordant with
Ref.[17] that the Kondo resonance is also formed in
the Fermi energy. At the same time, dot b seems to
be an isolated dot, which can contribute to the small
value of the DOS of dot b.
regime, a quantum critical point on the boundary be-

In the strong coupling

tween the bonding and antibonding Kondo states can
be reached, the two dots are coupled coherently and
form an artificial molecule, the energy levels of the
bonding and antibonding orbits are formed by the
coherent superposition of the Kondo states of each
dot, the energy levels of the bonding and antibond-
ing states split clearly, so the Kondo resonance peak
splits into two peaks. We also mention that when
the two leads are not polarized (p = 0.0), we can get
the same results as that in the Ref.[18]. When we
come to the dot b, according to the definition of p,
the width of Kondo resonance of dot b for down-spin
electrons becomes broad as p increases, therefore, the
corresponding peak in py(g) splits into two sub-peaks
as p increases, which is what we see from the inset of
Fig.2(d).
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Fig.2. DOS for dot a and dot b in the equilibrium case.
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Figure 3 shows the DOS of the two dots in the
We find that the DOS of dot
a changes slightly with the increasing V in both the

nonequilibrium case.

weak and strong interdot coupling, for that the in-
terdot coupling between the two dots is much larger
than the applied bias. While the DOS of dot b changes
slightly by the chemical potential in the strong inter-
dot coupling case, namely, the Kondo resonance of the
down-spin electrons becomes narrow with the increase
of chemical potential, which can be seen from the in-
set of Fig.3(d). Furthermore, we owe such a fact that
g, = &p and I'F = I'E the symmetric structure of
the system makes the electrons transport the device
systematically. We can figure out from Figs.2 and 3

io(a)
11 tqp=0.3 v=2.0T% |

1.04

Pt

P

e/TY

that the transport properties of the system are inten-
sively controlled by the spin-polarized strength of the
leads, namely, the width of the Kondo resonance is
broadened (sharpened) for the up (down) spin elec-
trons under the control of spin-polarized strength p.
We may know that the system provides an example of
a controlled setting in which to investigate quantum-
critical behaviour in a strongly correlated system in
Be-
sides the chemical potential can also influence the

both the equilibrium and nonequilibrium case.

transport properties of the system which can be known
from the differential conductance and the current of
the system in Fig.4.
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Fig.3. DOS for dot a and dot b in the nonequilibrium case.

As shown in Fig.4, the differential conductance
and the current are plotted. Since we fixed ¢, = &,
the differential conductance (the current) must be
symmetric (asymmetric) across the zero bias which is
what we found in Fig.4. In the weak interdot coupling
(Figs.4(a) and 4(c)), only dot a is active, the unitary
limit of the differential conductance (Fig.4(a)) at zero
bias is reached. Note that, the DOS of the two dots in
the weak interdot coupling is almost flat in the vicinity
of the Fermi energy, so the current I is approximately
linear in the bias voltage as p increases (Fig.4(c)). Be-

sides, the electrons are localized on the individual dot,
two dots are nearly decoupled and act just like an one
dot system which is what we find in the DOS from
Figs.2 and 3. While for ¢, = 2.0 the conductance
(Fig.4(b)) shows a concave shape in the zero bias volt-
age and the current (Fig.4(d)) is getting smooth from
Fano-like shape as p increases, which is attributed to
the quantum Fano-interference effect by the two dots
as a finite-size quantum cavity, and the down-spin
DOS of dot b is obviously affected by the chemical po-
tential, the energy level of dot b crosses over the Fermi
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energy when interdot coupling gets strong, adding a
new path for the electrons to go through, so the con-
ductance (Fig.4(b)) is governed by both the Kondo
and Fano effect. In the next place, owing to that the
coupling between the two dots is much larger than the
applied bias voltage, the current is very weak in the
low bias voltage. What is more, electrons in the quan-
tum dot will experience various interactions and the
occurrence of a nontrivial suppression of the conduc-
tance is associated with a Fano-Kondo effect between
two distinct channels: one is the Kondo scattering off
the effective spin in the side-connected dot, and the
other is the Fano interference between two paths (a di-

0.0201
0.0151
=
~
NQ}
S/ 0.010 A
o
~
<
0.0054-"
0
-1.0
0.0010
0.0005
=
~ 0+
=
—0.0005
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rect path of left electrode-active dot a- right electrode
(L—a—R) and an indirect path of left electrode-active
dot a-side dot b-active dot a-right electrode (L-a—b—a—
R)). According to principle of conservation of energy,
the higher the voltage, the stronger the current, so
we find that the current rises sharply with a positive
value for V' < 0.5. Although the current flows mainly
through the dot-a in the system, dot b still plays an
important role in controlling the current in the sys-
tem. We may realize that the spin filtering effect is
fully caused not only by the interplay of Fano—Kondo
effect, but also the special quantum dot arrangement

of the system.

10 05 0 05 1.0
V/T%

Fig.4. Differential conductance and the current of the system as a function of V.

4. Conclusion

In summary, we have presented the spin-polarized
transport properties of the T-shaped DQD system by
using the Keldysh equation of motion (EOM) method.
Our results show that the DOS of the two dots de-
pends sensitively on the spin-polarized strength for the
weak and strong interdot coupling strength in both the
equilibrium and nonequilibrium case. We also pay at-

tention to the influence of the spin-polarized strength
p on the differential conductance and the current of
the system. The behaviours of them provide more
information about the transport properties in the T-
shaped DQD system, as well as that the rich physical
behaviour can be attributed to the coexistence of both
the Fano effect and Kondo effect. The T-shaped DQD
system is also a very promising quantum dot config-
uration, it may provide the optimal environment for
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the study of the Kondo effect and Fano effect. Such
system involving single or multiple quantum dots may

provide many opportunities for strong interaction ef-

fects, which stimulate further experimental and theo-

retical studies in the spintronics.
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