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Using an equation-of-motion technique, we theoretically study the Fano-Kondo effect in the T-shaped double

quantum dots coupled to two ferromagnetic leads by the Anderson Hamiltonian. We calculate the density of states in

this system with both parallel and antiparallel lead-polarization alignments, and our results reveal that the interdot

coupling, the spin-polarized strength and the energy level of the side coupled quantum dot greatly influence the density

of states of the central quantum dot. This system is a possible candidate for spin valve transistors and may have

potential applications in the spintronics.
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1. Introduction

In recent years, there has been great interest in
electronic transport through quantum dot (QD) sys-
tems because of their importance in physics and de-
vice applications. In particular, the observation of the
Kondo effect! ! in QD systems opens a new path
for the investigation of quantum correlation between
the localized spin in QD and the conduction elec-
trons in leads. 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 interest among researchers
in microelectronic systems. The two-effect coexis-
tence in one system has richer physics, and recent
advance in nanofabrication technology has made it
possible to investigate various aspects of these effects
experimentally.[”) The T-shaped double quantum dot
(DQD)[B~10) systems are a prototype of such corre-
lated systems which are suited for investigating both
the Fano effect and Kondo effect (Fano—Kondo effect).
The Fano-Kondo interaction'!] is one of the particu-
lar effects caused by the interference between two dis-
tinct channels in the T-shaped DQD systems. There
are a variety of parameter settings in the T-shaped

D@D systems, which show somewhat different trans-
port properties from the parallel or series DQD sys-
tems. The special arrangement of the two dots pro-
vides an additional path for the electron propagation.
It is thus interesting to study how the Kondo ver-
sus Fano resonances affect the characteristic transport
properties in the T-shaped DQD systems.

2. Model and solution

In this paper, we study the spin-polarized trans-
port through the T-shaped DQD system where dot a
operates in the Kondo regime and dot b is assumed
to be non-interacting so that the energy level of dot b
can be readily adjusted. The schematic diagram of our
device is illustrated in Fig.1. In the following discus-
sions, the interdot Coulomb interaction U on dot a is
assumed to be sufficiently large (U — o0), so that the
double occupancy of dot a is forbidden. Our model
can be described by the following Anderson Hamilto-

nian:

H =73 cipdids + ) cndl,dis
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Fig.1. Schematic picture of the T-shaped DQD sys-
tem. Dot a is connected with the ferromagnetic leads,
dot b is side-coupled to dot a, t,p is the interdot cou-
pling strength and Vi (oo =L, R, 0 =1, |) represents
the dot-lead tunnelling for dot a with spin o.

The first three terms of the Hamiltonian corre-
spond to the single electronic states of dot a, dot b,
and the leads, respectively, where ciw(ckmy) is the
creation (annihilation) operator of an electron with
energy £rao and spin o in the lead o (o« = L, R), the
annihilation operator of the highest lying electron in
dot a is represented by d,, and that is dy, for dot b.
The tunnelling coupling between the leads and dot a
is given by the fourth term in the Hamiltonian. The
fifth term describes the coupling between the two dots,
and the last term gives the electron-electron Coulomb
interaction in dot a, where ng4, (= dld,) is the occu-
pation number operator for spin o.

It is assumed that the left and right leads are
spin-polarized, where the relative orientations of mag-
netization between the two electrodes, namely, the
parallel (P) and antiparallel (AP) configurations are

l

considered. We can adopt the line width function
I'ye = 27TZ|V;mU|25(w — €kao) and introduce the
ko

effective spin-polarization strength P,, which is de-
fined as P, = I'* = I'¢/T¢+ 12 (0 < P, < 1).
Therefore the spin dependence of the coherent trans-
port can be conveniently considered by introducing
magnetic polarization factors P, and Pg for the left
and right leads, respectively. From the definition
of P,, I'n, can be expressed as follows: I TL( D
I'o (1 £+ p1), FTF%U = Iy (1+pr) for the P configu-
ration and FTL(U = Io(1£pL), FTI%U = Io(1Fpr)
for the AP configuration, where Iy describes the cou-
pling between the QD and electrodes without internal
magnetization. In this work, we adopt the symmetric
leads, i.e. pr, = pr = p.[*?

Within the Keldysh formalism the transport cur-
rent I = X,I, through the QD for I'gr,(w) =
Ao o (w) s3]

Iy

:%/dw

What is more, the spectral density of states
(DOS) in the QD is p,(w) = —(1/m)ImG}_ (w), and
fa(w) = (eP@=ra) 1 1)71 is the Fermi distribution
function of lead a. From Eq.(2), it is obvious to see
that the current is closely related to the DOS of the
QD, so we can obtain something about the informa-
tion of the current by means of the DOS in the QD.

In order to obtain the retarded Green function,
(13]

FLO‘ (w) FRJ (w)
Io (w) + I'Re (w)

[fL(w) = fr(w)]ps(w).
(2)

we make use of the equation-of-motion method.!*?! In
the limit U — oo, Green’s function at the dot a is

determined to be

o 1 — <’nd5-> (3)
W= tae — Sh,(w) — BT (w) — nh,(w) — i, (w) + 10+
with
Veao |? \Viaz |* fL/r(ekz)
)=y — 1Rl e () = 4
o (@) %w_%ﬁw, (@) %w_ém%_%ﬁw, (4)
and
r tg r ti f(Edlﬁ)
Moy (w) = ——2——o Mo (w) = L (5)

w—eq1 +101’

W — €41 — Edo + Edz + 10T
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where €4, represents the renormalized spin levels
which are found to satisfy the self-consistent equa-
tion €40 = €do +RE[E{U(§dU,5d5) +7760-(éd0',§d5’)
+n7,(€dos€az)].  The occupation number operator
of the QD with spin o must be calculated self-

consistently from (ng,) = —QL dwGy, (w), and the
T

lesser Green function G (w) at the dot is calcu-
lated by the Keldysh equation G5, = G&, Y=GS,
with I = S5 (5R — A ) (IR — £4), where 55 =

i(I'Ls fLo + ITRo fRo ), while the self-energies Ef‘ ) sat-
-1
isfy G;Era) = (w — Edo — EE(A)) .

For simplicity, the temperature is taken as T' =
0.00500, €40 (the energy level of the dot a) is fixed
at —4.0ly, and the conduction band has a constant
DOS with the bandwidth D = 100/y. The interdot
coupling t,;, and the energy levels of dot b are assumed
to be readily adjustable. Here I is used as the unit
of energy and Er at the equilibrium is set to be zero
as energy reference.

3. Results and discussion

In Fig.2, we plot the DOS of dot a in the P lead-
polarization alignment for different values of the in-
terdot coupling. The DOS without Fano interference
(tap = 0) is presented for comparison. For tq; = 0, we

0.36
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0.18 A

DOS

0.09 A

can see that the DOS shows a Breit—Wigner line shape
centred at the Fermi energy. This peak is fully deter-
mined by the Kondo effect. When it comes to t,;, # 0,
the DQD leads are active, and electrons in the dot b
are localized for DQD leads. Therefore, the Fano in-
terference begins to play a major role in complicating
the DOS of dot a. The DOS profile with Fano interfer-
ence depicted in Fig.2 can be decomposed into a Breit—
Wigner and a Fano line shape, which agrees well with
that in Refs.[14,15]. We can easily see that the DOS
splits into double peaks because of the Fano interfer-
ence, and it is completely suppressed when w = €41,
which is the energy of the side-coupled dot. It is ob-
viously seen that with the increase of the value of t,,
the peaks move in opposite directions while the posi-
tion of the zero DOS remains unchanged at the dot
b energy level. What is more, the distance between
the peaks gets smaller and the Fano peak becomes
sharper when t,, goes down. An extreme case is that
as tqp reaches zero, the width of the Fano resonance
becomes zero, so the Fano dip vanishes and the DOS
profile reduces to the simple Breit—Wigner function.
Additionally, from Fig.2(a) and Fig.2(b), it is notice-
able to find that the Kondo peak is greatly enhanced
when the value of ¢, increases, which means that the
Kondo resonance can be controlled effectively by the
value of the interdot coupling strength between the
two dots.
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0.18 1
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0.09 +

Fig.2. DOS of QD a in the P lead-polarization alignment for different values of the interdot coupling strength

when the spin-polarization strength p = 0. (a) e41 = —3.0I, (b) €41 = —2.010.

In Figs.3(a) and 3(b), the DOS of dot a for spin-
up and spin-down configurations in the AP configu-
ration are presented. In this case, there is a sharp
Kondo peak at the Fermi energy and a Fano dip at
the energy of the side-coupled dot b. Additionally,

it is obviously seen that the DOS behaviour looks to

be similar for spin-up and spin-down configurations,
namely, the Kondo resonances for spin-up and spin-
down configurations have the same position at the
Fermi level. Even the Kondo peak is not influenced by
the different values of the spin-polarization strength.
In Figs.3(c) and 3(d), we plot the DOS of dot a for
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spin-up (Fig.3(c)) and spin-down (Fig.3(d)) configura-
tions in the P configuration. From the above figures,
we can also easily find that the Kondo resonance is
clearly manifested by a sharp peak at the Fermi en-
ergy in the DOS for the spin-up and spin-down config-
urations. But for the P configuration, the Kondo reso-
nance splits, which is very different from the behaviour
of the case for spins in the AP configuration. As shown
in Fig.3, it can be easily seen that in the P configu-
ration, the excitation characteristics of the DOS are
remarkably different from the AP case in two promi-
nent aspects: (i) The Kondo resonance for down-spin
is enhanced with the increase of the value of the spin-
polarization strength, while the up-spin resonance is

0.12
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suppressed; (ii) It is interesting that the broad single-
particle resonances shift away from the Fermi level,
but in opposite directions for different spins. The exci-
tation for the down-spin shifts towards higher energy,
while it shifts to lower energy for the up-spin. This
result agrees well with that of Ref.[12], which is due to
the splitting of the dot levels renormalized by the spin-
dependent interacting self-energy &4, satisfying the
self-consistent equation €4, = €40 +Re[ 2}, (Edr, Eds )+
Mo (EdosEdo) + Mo (Edos )]0
ting of the dot levels in the interacting regime due

| And this spin split-

to the magnetic properties of the electrodes leads to
essential changes in the transport properties.[!?!
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Fig.3. DOS of dot a with both AP and P lead-polarization alignments for spin-up and spin-down configurations,

calculated for various values of the spin-polarization strength p. Here the energy level of dot a is set to be —2.01y

and the interdot coupling is equal to 0.5.

Figure 4 displays the DOS of dot a for spins
in the AP lead-polarization alignment with the spin-
polarization strength p = 0.5 in leads and the inter-
dot coupling t,; = 0.5. We can easily see that there
is a sharp Kondo peak at the Fermi level. As shown
in Figs.4(a), 4(b), 4(c), 4(d) and 4(e), the impact of
the energy change of the side-coupled QD b on Kondo
resonance is slight, and the DOS is completely sup-
pressed when w = €41, which is the same as the case
in Fig.2. However, the Kondo resonance is enhanced
dramatically when the energy is tuned at the Fermi

energy (Fig.4(f)). From Fig.4, we can also find that in
the AP configuration, a remarkable point is that the
behaviour of the DOS seems to be similar for spin-
up and spin-down configurations. This is because the
Kondo resonances for up-spins and down-spins have
the same position at the Fermi level as depicted in
Fig.4. Even the DOS is not affected by the variance
of magnetic polarization of the leads. In this case
(AP configuration), the DOS for up- and down-spins
in leads are the same, namely, pr1 + prt = pr| + PR,
and the spin current of electrons cannot be polarized.
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Therefore, under the condition of AP configuration,
the effect of the left lead on dot a counteracts that of
the right lead on dot a. So, in addition to the influ-
ence of the spin-polarization strength, the rate of each
spin (up-spin and down-spin) in the quantum dot re-
mains the same, resulting in no net magnetic moment
in dot a. This moment (i.e. the usual Fano and Kondo

resonance) forms, which is the same as those for non-
magnetic electrodes, and up-spin electrons make the
same contribution to the DOS as down-spin electrons
behave. Therefore, these graphs are just the same as
that in the condition of the P lead-polarization align-
ment with spin-polarized strength p = 0.
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Fig.4. Spin-dependent DOS of QD a in the AP lead-polarization alignment for spin-up and spin-down configu-

rations.

In order to clearly observe the characteristic spin-
dependence in the DOS, let us consider the con-
tribution of up- and down-spin electrons in the P
lead-polarization alignment with the spin-polarization
strength p = 0.5 in the leads and the interdot coupling
tepy = 0.5, too. As shown in Fig.5, we can see that
the contribution of up-spin electrons is dramatically
different from that of down-spin electrons. This hap-
pens because in the P configuration and when p #0,
there is an overall asymmetry for up- and down-spins,
namely, pry + pry > pLy + pry, so the hybridiza-
tion for up-spins is larger than that for down-spins
(Lot > I'ny) because of the spin-dependent DOS in
leads. Additionally, the bare level €4, is renormalized
and the up-spin (down-spin) electron lowers (raises)
its energy. Thus, the average occupation of the QD
with up-spins is larger than those with down-spins
(nay > nay).
from the Fig.5 that the Kondo resonance splits, which

What is more, it can be easily seen

is very different from the behaviour of the case for
spins in the AP lead-polarization alignment. This is

mainly caused by the splitting of the dot levels renor-
malized by the spin-dependent interacting self-energy
€4o- From Fig.5, we can easily find that for up-spin
electrons, the Kondo resonance is suppressed, while it
is enhanced greatly for down-spins and it is very much
stronger than that of up-spins. Moreover, it is obvi-
ously seen that the Kondo peak shifts away from the
Fermi level and moves in opposite directions for differ-
ent spins. For up-spin electrons, it moves left, while
it moves right for down-spin electrons. And we can
obtain that the distance of the shift for the up-spin
is Eqp — &4y, while it is €4 — 41 for the down-spin.
The reason is that there is the antiferromagnetic cou-
pling in the electrons of electrodes and quantum dot,
resulting in a higher rate of down-spin than up-spin,
and the net magnetic moment of the QD which is re-
lated to the magnetic strength of electrodes is not zero.
On the other hand, we found that due to the energy
split caused by the polarization, the DOS splits again
compared with that in the condition of the AP config-
uration. The energy level g4; of the side-coupled QD
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for up-spin electrons becomes €41 and €41 + 41 — €4y,
and the energy level 41 of down-spin electrons 41 and
€d1 + €q) — €qr- As discussed above, the DOS is com-
pletely suppressed when w is equal to the energy level
of side-coupled dot b, so two dips in the DOS graphs

occur. Meanwhile, in Fig.5(f), the Kondo resonance
is also enhanced greatly when the energy is tuned at
the Fermi energy, as mentioned in the condition of the
AP configuration.
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Fig.5. Spin-dependent DOS of QD a in the P lead-polarization alignment for spin-up and spin-down configura-

tions. Insets are the graphs for down-spin configuration.

4. Conclusion

In summary, by applying the equation-of-motion
technique, we have presented a qualitative study of
spin-polarized transport properties of the T-shaped
D@D system in the Kondo regime. It is shown that
the interdot coupling, the spin-polarized strength and
the energy level of the side couple QD play an essen-
tial role in the DOS of dot a: either the increase of
the interdot coupling strength or that of the energy
level of the side coupled QD enhances the Kondo res-
onance. Especially, the Kondo resonance is strength-
ened greatly when the side dot energy is tuned at the

Fermi energy. Meanwhile, the Kondo resonance splits
for the spin-up and spin-down configurations due to
polarization: the down-spin resonance is enhanced,
while the up-spin resonance is suppressed. The be-
haviours of them provide more information about the
properties in the T-shaped DQD system, and the rich
physical characteristics can be attributed to the coex-
istence of the Fano—Kondo effect and provide more in-
formation about the properties in the T-shaped DQD
system. We expect these novel results are helpful in
exploiting the role of electronic correlation in spintron-
ics, such as exploiting the spin-filter devices.
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