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We study the thermoelectric transport through a double-quantum-dot system with spin-dependent interdot cou-

pling and ferromagnetic electrodes by means of the non-equilibrium Green’s function in the linear response regime. It is

found that the thermoelectric coefficients are strongly dependent on the splitting of the interdot coupling, the relative

magnetic configurations, and the spin polarization of leads. In particular, the thermoelectric efficiency can reach a

considerable value in the parallel configuration when the effective interdot coupling and the tunnel coupling between

the quantum dots and the leads for the spin-down electrons are small. Moreover, the thermoelectric efficiency increases

with the intradot Coulomb interaction increasing and can reach very high values at appropriate temperatures. In the

presence of the magnetic field, the spin accumulation in the leads strongly suppresses the thermoelectric efficiency, and

a pure spin thermopower can be obtained.
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1. Introduction

In recent years, quantum dot (QD) systems as po-
tential artificial thermoelectric devices have attracted
much attention, and their thermoelectric properties
have been widely studied both experimentally(!—3]
and theoretically.l*=3% Due to the deviation from the
Wiedemann—-Franz law and the suppression of the
phonon contributions, the thermoelectric efficiency in
the QD system can be significantly enhanced.[*7 On
the other hand, many interesting thermoelectric ef-
fects have been observed or predicted in single-QD and
double-quantum-dot (DQD) systems in the Coulomb
blockade (CB)I~19 and the Kondol?°=2% regimes.
For example, the thermopower and the thermal con-
ductance each as a function of the gate voltage present
CB oscillations.!*) The transient thermopower of a sin-
gle QD system can be strongly enhanced and modi-
fied by a time-dependent gate voltage.l'?! In a single
multilevel QDM or a serial-coupled DQD,[!3:14] the
thermal conductance can be strongly enhanced at a
When
the interference effects are considered in a parallel

high temperature due to the bipolar effects.
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coupled DQD system, the thermoelectric efficiency
can be significantly enhanced by the Fano effect and
the Coulomb interaction.'>=18:31] In particular, the
strong dependences of thermopower on the tempera-
ture and the gate voltage provide a sensitive way to
detect and understand the Kondo correlations.[20:2225]

The recent experimental observation of the spin
Seebeck effect26—28] ingpires the research on the
spin effects in the energy transport of the QD
systems[6—8:29-36] and opens a new way for the ther-
mal manipulation of the spintronic devices and the de-
sign of the spin current generator. The spin-dependent
thermoelectric effects in single QD and DQD systems
connected to two ferromagnetic leads with collinear
or noncollinear magnetic configurations have been
widely studied in the linear and the nonlinear re-
sponse regimes.[6-8:14:31-35] The results reveal that
the thermoelectric coefficients are strongly dependent
on the spin polarization, the relative magnetic con-
figurations of the ferromagnetic leads, and the asym-
metry of the dot—lead coupling. Particularly, when
the spin-relaxation time of the system is long or an
external spin-dependent bias is applied to the sys-
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tem, the spin accumulation in leads can induce a
spin-dependent splitting of the chemical potential in
the leads.[7:8:31:32:35] Ag a result, the thermo-spin effi-
ciency can be larger than the thermoelectric efficiency,
and a pure spin thermopower can be obtained.[6:31:32]
Up to now, most earlier theoretical works about the
spin effects in heat transport mainly focus on single
QD or parallel coupled DQD systems. More recently,
researchers have started to study the thermoelectric
effects in a serial-coupled DQD system coupled to fer-
romagnetic leads.'¥ Even so, still much more work
is needed to understand the interplay between the
spin effect and the heat transport in the serial-coupled
D@D system, particularly in the presence of the mag-
netic field and the spin accumulation in the leads.

In this work, we consider a lateral DQD system
with spin-dependent interdot coupling connected to
two ferromagnetic electrodes. The spin-dependent in-
terdot coupling can be achieved by applying a static
magnetic field on the tunnelling junction between the
two QDs, which induces the spin-dependent level split-
ting. The tunable parameters further enrich the ther-
moelectronic and the thermo-spin transport proper-
ties in the DQD system. By using the nonequilibrium
Green’s function technique, the thermoelectric and the
thermo-spin coefficients are obtained. It is found that
in the parallel configuration, the thermoelectric effi-
ciency can reach a considerable value around the spin-
down resonance levels when the effective interdot cou-
pling and the tunnel coupling between the QDs and
the leads for the spin-down electrons are small. On the
other hand, in the presence of the magnetic field, the
spin accumulation in the leads strongly suppresses the
thermoelectric efficiency. In particular, the thermo-
electric and the thermo-spin efficiencies are strongly
enhanced by the intradot Coulomb interactions and
can reach very high values at appropriate tempera-
tures. Moreover, a pure spin thermopower can be ob-
tained.

The rest of this work is organized as follows. In
Section 2, we introduce the model for the lateral DQD
system with spin-dependent interdot coupling and de-
rive the basic analytical formulas. In Section 3, we
present the corresponding numerical results about the
influences of the related parameters on the thermo-
electric and the thermospin properties of the present

device. Finally, in Section 4, we summarize the work.

2. Model and formalism

We consider a lateral DQD system with spin-
dependent interdot coupling and two ferromagnetic
leads. The magnetizations of the leads are assumed
to be collinear, and can be either in the parallel or
antiparallel configuration. The Hamiltonian describ-
ing the system can be decomposed into three parts,
i.e., H=Hq+ H,+ Hr. The first term describes the
isolated DQD and is given by

Hy = § Emad;rngdma"‘ § Unmonms
mo m

-y [(t +6,At) (digdgg + dggdla)} , (1)

where operator df  (dmo) creates (annihilates) an
electron with energy €,,, and spin ¢ in QD m, U
is the intradot Coulomb interaction constant, and
Nme = cljm,dm(7 is the particle number operator. We
assume that the level spacing is very large, so we only
need to consider one single energy level in each QD.
The last term in Eq. (1) describes the spin-dependent
tunnelling between the two QDs, where §, is defined
as 0, = 1 for 0 =1 and 0, = —1 for ¢ =|. The
spin-dependent tunnelling can be induced by a static
magnetic field applied to the barrier region between
the two QDs. When electrons pass through the po-
tential barrier region, the electron with spin parallel
to the magnetic field has a larger tunnelling probabil-
ity than the one with spin antiparallel to the magnetic
field due to the Larmor precession of the electron spin
inside the potential barrier.!37—4]

The second term H, describes the noninteract-
ing electrons in the leads and is written as H, =
Y a=L.R 2 ko Ekac;ia”ckw, where CEM (Ckao) creates
(annihilates) a conduction electron with energy eaq,
momentum k, and spin ¢ in the a electrode. The
third term of the Hamiltonian describes the cou-
pling between the DQD and the electrodes, and reads
Hr =3, (Viioch,  dio 4 VRaoc) p, doo + H.c), where
Vame is the hopping matrix element between QD
m and electrode «, which is assumed to be inde-
pendent of momentum k. In the following calcu-
lation, we define the line-width matrix as I, =
Vano Vame dop 2m0(w — €q), (a =L,R). In the wide-
band limit, I is independent of the energy. Using
the matrix representation, we have

po_ [ TuThe ) _ (TR0
L= g g o ’
F21L F22L 00
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with Iy, = Iy, and I'gy = I'g,p. When the spin
polarization of the leads is considered, the matrix
element may be assumed to be in the form I =
FL(l + 6gpL) and FQUR = FR(]. + 5ng) with + (*)
for the parallel (antiparallel) alignment of the mag-
netization in the two electrodes. The p, is related
to the lead’s spin polarization, while I, describes the
tunnelling coupling between the DQD and the a elec-
trode when p, = 0. In the following calculation, we
assume p;, =pr =pand I, =Igr =1

By using the nonequilibrium Green’s function
technique, the electric and heat currents from the «
lead flowing into the QDs can be written as!!3:4!]

Ia - ZIaa
- ;;/;‘;m (@)~ f5 @] T> (@), (3)

oo = 33 [ 52 = o) lfa @)
— fa @ @), )

where 8 # «, and f, = [e@ #a)/keTa 1 1]71 is the
Fermi distribution function for the « electrode with
chemical potential u,, temperature T,, and Boltz-
mann constant kg. The T, (w) is the transmission co-

efficient corresponding to spin channel ¢ and is given
by

Ty (w) = Tr |GG (IR GG (@) Y], ()

where G%(w) and G%(w) are the retarded and ad-
vanced Green’s functions in the DQD, respectively,
with G2(w) = [G%(w)]". By employing the equation
of motion and adopting the Hartree-Fock truncation
approximation for higher order Green’s functions, the
retarded Green’s function can be obtained from the
Dyson equation as!*?!

Glila‘(w) G1i2o(w)
Ggla(w) 0520 (UJ)
= 95 (W) + g5 (W) 25 G5 (W), (6)

Gy (w) =

where X% = —i [I'§ + I7] is the retarded self-energy in
the wide-band limit, and ¢ (w) is the retarded Green’s
function for the isolated DQD (without coupling to the
electrodes), which is expressed as

—1
) Cro  t+0,AL
gg(w) = ) (7)
t+ 0, At Coy

—U)(w—¢€mo)/(w—€mo —U +
Unms). The n,,s is the averaged occupation num-

with Cpo = (w —Emo

ber of electrons with spin & in the m quantum dot,
and can be calculated self-consistently by using the
formula

w
Nme = <d,Tm—,dm(—,> =—i (217 7<n§',m5'(w)’

where G5 (w) is the lesser Green’s function and
can be obtained by using the Keldysh equation
Gs(w) = G (w)X5(w)G2(w) with the lesser self-
energy X5 (w) = i[fr.(w)[¥ + fr(w)Ig]. It should be
pointed out that the Hartree—Fock decoupling approx-
imation scheme is reasonable when the temperature in
our calculation is higher than the Kondo temperature.

In the linear response regime, the spin accumula-
tion in the electrodes can be neglected when the spin
relaxation time is sufficiently short.["31:32:35] In this
case, the voltage induced by a temperature gradient
can be treated as independent of spin. The electric
and the heat currents through the system can be writ-

ten as
I =e?LyAV + %LlAT, (8)
o= —eL AV — %AT, )
with
In the following calculation, we assume ur, = ug

and 71, = TR, thus the Fermi distribution function

is falw) = f().

ductances can be calculated by formulas G = e?Lg

The electric and the thermal con-

and K = %[Lg - é—z], respectively. The thermopower
is defined as the thermoelectric voltage AV induced
by a temperature gradient AT under the condition
of I =0, ie, S = % = _e%% The thermoelec-
tric conversation efficiency of the system is described
by the dimensionless figure of merit (FOM) ZT =
GS?T /(kpn + k), where kp, denotes the phonon con-
tribution to the thermal conductance, which is sup-
pressed in our DQD—electrodes structure, and is ig-
nored in this paper.

If the spin relaxation time of the system is suffi-
ciently long, the spin accumulation in the electrodes
should be considered,[”31:32:35 which leads to the
chemical potential difference AV, between the two
leads which is related to the spin channel. Thus, in
this system, we can define a spin bias AV; induced by
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the temperature gradient, i.e., AV, = AV + §,AV}.
Corresponding spin-resolved electric and heat currents
can be expressed as

LO’
I, = LAV, + e?lAT, (10)

LO‘
Ip=-)_ (eL‘l’AVU + TQAT> . (11)

o

where

1 dw
Lo =—- [ &
n h/ 27_[_ (w

(n=0,1,2).

n Of (w, 1, T)

- ,LL) Ow TlT (w) )

The charge and the spin conductances can be calcu-
lated as G = €2[L} + L] and Gy = €2[L} — L}], re-
spectively, while the thermal conductance is given by
k= —>, %L — LE?], which is identical to the
value without spin accumulation in such a system. We

may introduce from Eq. (10) the spin-dependent ther-

AV, 1 LY . .
mopower S, = 5+ = ——=ZL in spin channel ¢ under
p - T LT .p
the condition of current I, vanishing. Then the charge

and the spin thermopowers are defined as S, = % =

108t +8)] and S = 2% = L[S} — 5], respectively.

The corresponding charge and spin figures of merit are
2 2

defined as ZT, = G%T and ZT, = Gs5. T

tively, which describe the heat-to-charge-voltage and

‘ , respec-

the heat-to-spin-voltage conversion efficiencies of the
present system when the spin accumulation is consid-
ered. The ZT; has the form of absolute value because
the spin conductance may be negative in some regions.

3. Numerical results and discus-
sion

In the following, we show the numerical results of
the spin-dependent thermoelectric effects in the DQD
system based on the above formulas. Three cases are
studied: without spin accumulation in the leads and
U = 0, without spin accumulation in the leads and
U # 0; and with spin accumulation in the leads. For
simplicity, we assume that the two QDs have the same
bare energy levels ¢€,,,, and €,,, = €, which can be re-
alized by tuning the gate voltage in the experiment.
The relevant parameters are chosen as pi, = ug = 0,
T, =Tg =T, =0.1 meV, and t = 2 meV.

3.1. Without
U=0

spin accumulation and

Consider the case that the magnetizations of the
leads are in the parallel configuration, there is no spin

accumulation in the leads, and the intradot Coulomb
interactions are ignored. The tunnel coupling between
the two QDs is spin-dependent due to the external
magnetic field, such a coupling DQD can be equiv-
alent to a single QD with four spin-dependent levels,
By = e+t+At, Eyy = e—t—At, E3) = e+t—At, and
E,4, = e—t+ At, which correspond to the poles of the
Green function ¢} (w) given by Eq. (7). These levels
are identified as E,t+ (u = 1,2) occupied by the spin-
up electrons and Eq) (d = 3,4) occupied by the spin-
down electrons, and satisfy E14 > FEs) > Ey > FEop
for the chosen parameters.

The influence of splitting At of the interdot cou-
pling on the thermoelectric transport is shown in
Fig. 1. Four resonance peaks appear in the electrical
conductance spectrum when the spin-dependent level
crosses the Fermi level (u = 0), see Fig. 1(a). It can
be clearly seen that the change of At only changes the
electrical conductance’s resonance position and does
not influence its magnitude. This is also true for the
thermal conductance x at low temperatures. How-
ever, the behaviour of k is more complicated at rela-
tively high temperatures (shown in Fig. 1(b)). While
the thermopower S and the figure of merit ZT are
more sensitive to the change of At. The antisymme-
try, oscillation, and sign reversal of S are found in
Fig. 1(c). As shown in Fig. 1(d), ZT presents the typ-
ical double-peak structure. When At increases, for the
two ZT peaks around € = E,4, not only do their mag-
nitudes augment, but also their degree of asymmetry
increases. In particular, ZT exhibits a behaviour sim-
ilar to a crossover and can reach a very high value
when At is close to ¢t (see the inset of Fig. 1(d)).
This is because when At is close to ¢, levels E3; and
E4 get much closer to each other, and the spin-down
resonance channels are significantly blockaded due to
the strong reduction of the interdot tunnelling for the
spin-down electrons. While with the increasing At,
the side peaks located at € = Egy only shift their po-
sitions without changing their maxima.

Next, we study the influence of spin polarization p
on the thermoelectric transport. The relevant thermo-
electric coefficients versus the dot’s level ¢ for different
spin polarization p are presented in Fig. 2. When p
increases, the electrical and the thermal conductance
peaks (the thermopower peaks) located at € = Ey4 in-
crease (decrease) while those (the thermopower ones)
located at € = Eg; decrease (increase), because FIL,
FQTR increase and I} , FjR decrease. These properties
of G, k, and S determine the behaviour of ZT. As
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shown in Fig. 2(d), with increasing p, the ZT near
€ = E,4 is suppressed, while that near ¢ = Ey is
intensively enhanced. The dependence of Z7T on the
spin polarization in the leads and the spin-dependent
levels may be useful for designing spin-dependent ther-
moelectric devices. However, it should be noted that
when the spin polarization in the leads is very high,

04f ) At=05 | i (@)
----Aat=10(|n "

1

|

ol

i
_____ it -
'

0.3}

G/e?h1

S/k’B~6_1

—4

for example, p > 0.95, the tunnelling rate for the spin-
down electrons is close to zero, leading to a significant
suppression of the transport through the spin-down
levels. Thus, the corresponding ZT peaks rapidly de-
crease with the increase of p, which can be clearly seen

from the inset (ii) of Fig. 2(d).

0.06 T T T T T

Fig. 1. (colour online) Thermoelectric coefficients (a) G, (b) &, (¢) S, and (d) ZT versus the dot’s level € for various
splitting At in the parallel configuration with kg7 = 0.1 meV. The At is in units of meV. The other parameters are
t=2meV, U =0meV, I'=0.1 meV, and p = 0.5. The inset in panel (d) depicts ZT as a function of € and At.
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Fig. 2. (colour online) Thermoelectric coefficients (a) G, (b) k, (c) S, and (d) ZT versus dot’s level ¢ for different spin
polarization p in the parallel configuration with kg7 = 0.01 meV and At = 1 meV. The other parameters are the same

as those in Fig. 1. Inset (i) is an enlargement of the region near ¢ = —1 meV. Inset (ii) depicts ZT as a function of spin

polarization p at € = —1.03 meV.
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When the magnetic configuration changes from
parallel to antiparallel, the electrical conductances are
suppressed in the four resonance channels, but the
changes of thermal conductance x and thermopower
S are dependent on the resonance levels (see Fig. 3).
The & (S) lowers (heightens) in the spin-up resonance
channels and heightens (lowers) in the spin-down res-
onance channels. As a result, Z7T in the antiparallel
configuration presents higher peaks around the spin-
up resonance channels and lower peaks around spin-
down resonance channels compared with those in the
parallel configuration. In the antiparallel configura-
tion, the tunnelling rates between the leads and the

S/k]}@‘l

—1.2 . . .

¢/meV

QDs satisfy FlTLF;R = FfLFJR, which leads to the
transmission coefficient T, (w) = |G%1o(w)|? 1715
being spin-independent. Then the thermoelectric
quantities have the same intensities at different res-
onance points. Although the electric and the thermal
conductances experience a decreasing trend with the
increasing p, the thermopower and the figure of merit
are independent of p. Based on the above discussion,
in order to obtain a high thermoelectric efficiency, we
can tune the resonance points to spin-down levels and
take p ~ 0.9 in the parallel configuration for fixed

temperature and splitting of the interdot coupling.

0.03 — : ; : .
(b)

i<, L
—1.2 —-1.0 —-0.8
g/meV

0.2

0.10

0.05 |

e/meV

Fig. 3. (colour online) Thermoelectric coefficients (a) G, (b) &, (¢) S, and (d) ZT versus dot’s level € in the antiparallel
and the parallel configurations with p = 0.5. The other parameters are the same as those in Fig. 2. Inset is the

enlargement of the region near e = —1 meV.

3.2. Without
U#0

spin accumulation and

Now we focus on the case taking into account the
Under the Hartree—
Fock approximation, such a coupling DQD system

intradot Coulomb interactions.

is equivalent to a single QD with eight energy lev-
els, in which four levels are occupied by the spin-
up electrons and the other four are occupied by the
spin-down electrons.[*”) To determine the eight spin-
dependent effective energy levels, we need to solve

self-consistently the equation |[g(w)]~!| = 0 due to

U # 0. Figure 4 presents the relevant thermoelec-
tric quantities versus the dot’s level ¢ with different
temperatures and U = 5 meV. At low temperatures,
eight resonance peaks of G and k can be clearly seen
in Figs. 4(a) and 4(b). The peaks 1, 4, 5, 8 (2, 3, 6, 7)
correspond to the electron transport through the spin-
up (down) resonance channels. With the temperature
increasing, the conductance peaks become wider and
lower due to the broadening of the Fermi distribution
function. More interestingly, at high temperatures,
the thermal conductance presents five high peaks due

to the bipolar effects.[!1:13l
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1.2 T T T T T T T
kgT'=0.01

G/e*h~1!

S/k‘[ye‘l

e/meV

0.08 1 (b) b

k/kp-h~lmeV

Fig. 4. (colour online) Thermoelectric coefficients (a) G, (b) «, (¢) S, and (d) ZT versus dot’s level & for various

temperature T in the parallel configuration with U = 5 meV and p = 0.5. The kT is in units of meV. The other

parameters are the same as those in Fig. 2.

The S and ZT experience nonmonotonous vari-
ation trends with the increasing temperature (see
Figs. 1(c) and 1(d)).
atures, two high peaks of ZT appear near the symme-

In particular, at high temper-

try point e = —U/2, resulting from a suppression of k
and an enhancement of S. Comparing with the case
in the absence of U, it can be found that the Coulomb
interactions shift the positions of the peaks of ZT
and strongly enhance ZT. As shown in the insert of
Fig. 4(d), the maximum of ZT increases with the in-
creasing Coulomb interactions and can reach very high
values above 30 at appropriate temperatures, which is
very useful for thermoelectric energy conversion de-
vices. It should be mentioned that for varying the
relative magnetic configurations and spin polarization
of leads, the relevant thermoelectric quantities exhibit
the same variation trend as that without the Coulomb
interactions, except for the peaks around ¢ = —U/2,
which are unaffected.

3.3. With spin accumulation

For the systems with a long spin relaxation time,
the spin accumulation in the electrodes should be

considered. [7-31,39]

Figure 5 presents the thermoelec-
tric coeflicients versus ¢ in the presence of spin accu-
mulation. It is found by comparing Fig. 3 with Fig. 5
that the spin accumulation in the electrodes has no

influence on the electrical and the thermal conduc-

tances (not shown) but strongly influences the ther-
mopower and the figure of merit. The peaks of S, and
ZT, are much lower than the corresponding ones in
S and ZT. These properties are quite different from
those in the absence of an external magnetic field, i.e.,
the splitting of interdot coupling At = 0. Since the
levels are strongly spin-dependent in the system, the
spin FOM experiences the same variation trend as the
charge FOM with the varying relative magnetic con-
figurations and spin polarization of the leads, and the
behaviours are similar to those in the case without
spin accumulation discussed above.

Some novel properties also appear, for instance, in
the absence of the Coulomb interactions, G = —G at
resonance point € = Ey, while G3 = G at resonance
point € = Eg44 (see Fig. 5(a)). More interestingly, for
certain € (pointed by the arrows around € = =+t in
Fig. 5(b)), the charge thermopower vanishes, while
the spin thermopower can be finite, because the ther-
mopowers for different spins have the same value but
opposite signs, which means that a pure spin current
without charge current may be produced by a tem-
perature gradient in our system. This feature can also
be obtained in the spectrum of figure of merit shown
in Fig. 5(c).
sidered, near the symmetry point, Z7;. exhibits two

When the Coulomb interaction is con-

very high peaks, while ZT; completely vanishes. This
is because the thermopowers for different spins have
the same value and sign, leading to the enhancement
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of the charge thermopower and the suppression of the
spin thermopower. Even so, ZT, and ZT; are strongly
enhanced by the Coulomb interactions, and ZTy can

<

NQ.)
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]
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3
Q
=]

o H
=] H
S) H

O §

—0.8F

0.10

0.06
=
o
&

0.010

0

e/meV

be larger than ZT. for selected dot level positions in
the Coulomb blockade regime. This implies that our
system is a good heat-to-spin-voltage converter.

0.6 — : — .
= [ () ;
8]
A
~2
~
—
)
S
o
o}
o
g
)
= L
F 4
B — -2 0 2 4
e/meV
1.82 : : . . . . .
L (d) —ZT. ]
1.80= A I 4T =
=
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Fig. 5. (colour online) (a) Electrical conductance G and spin conductance Gs, (b) thermopower S and spin thermopower

Ss, and ((c) (d)) charge figure of merit Z7T. and spin figure of merit ZTs versus € in the parallel configuration with

p = 0.5. The Coulomb interactions are U = 0 meV in panels (a), (b), (¢) and U = 5 meV in panel (d).

parameters are the same as those in Fig. 2.

4. Conclusion

In summary, we study the spin effects in thermo-
electric transport through a lateral DQD system with
spin dependent interdot coupling and ferromagnetic
electrodes. It is found that in the parallel configu-
ration, the thermoelectric efficiency can reach a con-
siderable value around the spin-down resonance lev-
els when the effective interdot coupling and the tun-
nel coupling between the QDs and the leads for the
spin-down electrons are small. On the other hand, in
the presence of the magnetic field, the spin accumula-
tion in the leads strongly suppresses the thermoelec-
tric efficiency. The thermoelectric and the thermo-
spin efficiencies are strongly enhanced by the intradot
Coulomb interactions and can reach very high values
at appropriate temperatures. Moreover, a pure spin

thermopower can be obtained in such a DQD system.

The other

References

(1] Harman T C, Taylor P J, Walsh M P and LaForge B E
2002 Science 297 2229
[2] Scheibner R, Buhmann H, Reuter D, Kiselev M N and
Molenkamp L W 2005 Phys. Rev. Lett. 95 176602
[3] Scheibner R, Konig M, Reuter D, Wieck A D, Buhmann
H and Molenkamp L W 2008 New J. Phys. 10 083016
[4] Zianni X 2007 Phys. Rev. B 75 045344
[5] Chen X O, Dong B and Lei X L 2008 Chin. Phys. Lett.
25 3032
[6] DubiY and Ventra M Di 2009 Phys. Rev. B 79 081302(R)
[7] Swirkowicz R, Weirzbicki M and Barna’s J 2009 Phys.
Rev. B 80 195409
[8] Swirkowicz R, Weirzbicki M and Barna’s J 2010 J. Phys.
Conf. Ser. 213 012021
[9] Weirzbicki M and Swirkowicz R 2010 J. Phys.: Condens.
Matter 22 185302
[10] Crepieux A, Simkovic F, Cambon B and Michelini F 2011
Phys. Rev. B 83 153417
[11] LiuJ, Sun Q F and Xie X C 2010 Phys. Rev. B 81 245323
[12] Kuo D M T and Chang Y C 2010 Phys. Rev. B 81 205321
[13] ChiF, Zheng J, Lu X D and Zhang K C 2011 Phys. Lett.
A 375 1352
[14] Tagani M B and Soleimani H R 2012 Physica B 152 914

117310-8



Chin. Phys. B Vol. 21, No. 11 (2012) 117310

Rajput G, Ahluwalia P K and Sharma K C 2011 Physica
B 406 3328

Liu Y S and Yang X F 2010 J. Appl. Phys. 108 023701
Liu Y S, Zhang D B, Yang X F and Feng J F 2011 Nan-
otechnology 22 225201

Weirzbicki M and Swirkowicz R 2011 Phys. Rev. B 84
075410

Xue HJ, Lu T Q, Zhang H C, Yin H T, Cui L and He Z
L 2011 Chin. Phys. B 20 027301

Boese D and Fazio R 2001 Europhys. Lett. 56 576

Kim T S and Hershfield S 2002 Phys. Rev. Lett. 88 136601
Krawiec M and Wysokinski K I 2007 Phys. Rev. B 75
155330

Zhang 7Z Y 2007 J. Phys.: Condens. Matter 19 086214
Franco R, Valencia J S and Figueira M S 2008 J. Appl.
Phys. 103 07B726

Schops V, Zlati¢ V and Costi T A 2010 Phys. Rev. B 81
235127

Uchida K, Takahashi S, Harii K, Ieda J, Koshibae W,
Ando K, Maekawa S and Saitoh E 2008 Nature 455 778
Slachter A, Bakker F L, Adam J P and vanWees B J 2010
Nat. Phys. 6 879

Jaworski C M, Yang J, Mack S, Awschalom D D, Here-
mans J P and Myers R C 2010 Nat. Mater. 9 898

Wang R Q, Sheng L, Shen R, Wang B G and Xing D Y
2010 Phys. Rev. Lett. 105 057202

[30]
[31]
£
133
[34]

(35]
(36]

(37]
(38]

(39]
[40]

[41]

[42]

117310-9

Qi F H, Ying Y B and Jin G J 2011 Phys. Rev. B 83
075310

Weirzbicki M and Swirkowicz R 2010 Phys. Rev. B 82
165334

Weirzbicki M and Swirkowicz R 2011 Phys. Lett. A 375
609

Zhu L C, Jiang X D, Zu X T and Li H F 2010 Phys. Lett.
A 374 4269

LiuY S, Yang X F and Feng J F 2011 J. Appl. Phys. 109
053712

Trocha P and Barna’s J 2012 Phys. Rev. B 85 085408
Xue HJ, Li T Q, Zhang H C, Yin H T, Cui L and He Z
L 2012 Chin. Phys. B 21 037201

LiZ J, Jin Y H, Nie Y H and Liang J Q 2008 J. Phys.:
Condens. Matter 20 085214

Wang H X, Y W and Wang F W 2011 J. Appl. Phys. 109
053710

Buttiker M 1983 Phys. Rev. B 27 6178

Huttel A K, Ludwig S, Lorenz H, Eberl K and Kotthaus
J P 2005 Phys. Rev. B 72 081310

Haug H and Jauho A P 2008 Quantum Kinetics in Trans-
port and Optics of Semiconductors (2nd edn.)(Berlin:
Springer-Verlag) pp. 181-210

Yin HT, Li T Q, Liu X J and Xue H J 2009 Chin. Phys.
Lett. 26 047302



