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Temperature-controllable spin-polarized current and
spin polarization in a Rashba three-terminal
double-quantum-dot device*
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We propose a Rashba three-terminal double-quantum-dot device to generate a spin-polarized current and manipulate
the electron spin in each quantum dot by utilizing the temperature gradient instead of the electric bias voltage. This
device possesses a nonresonant tunneling channel and two resonant tunneling channels. The Keldysh nonequilibrium
Green’s function techniques are employed to determinate the spin-polarized current flowing from the electrodes and the
spin accumulation in each quantum dot. We find that their signs and magnitudes are well controllable by the gate voltage
or the temperature gradient. This result is attributed to the change in the slope of the transmission probability at the Fermi
levels in the low-temperature region. Importantly, an obviously pure spin current can be injected into or extracted from one
of the three electrodes by properly choosing the temperature gradient and the gate voltages. Therefore, the device can be
used as an ideal thermal generator to produce a pure spin current and manipulate the electron spin in the quantum dot.
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1. Introduction

The advances in the nanofabrication of solid-state quan-
tum devices have inspired extensively theoretical and ex-
perimental investigations on the electronic transport through
nanoscale systems in recent years. Particular interest has been
focused on the transport properties of quantum dots (QDs) at-
tached to metallic electrodes via tunneling barriers.'l When
an electric bias is applied across these systems, electrons or
holes can move along a certain direction; thus, an electric cur-
rent is generated. As is known to all, electrons or holes carry
not only the electric charge but also the spin. How to gen-
erate a spin-polarized current in a controllable way in semi-
conductor nanostructures has attracted wide attention due to
its potential applications in modern spintronics.””! Up to now,
some effective methods have been proposed. For example, the
primary techniques mainly rely on optical techniques or mag-
netic materials.>*! In 1990, Datta and Das proposed a spin
transistor and demonstrated the possibility of controlling the
electron spin degree of freedom based on the Rashba spin—
orbit interaction (RSOI).’! The RSOI originates from the in-
version asymmetry of the electric field in a two-dimensional
electron system, and provides an alternative way to manip-
ulate the spin degree of freedom.[®”] Many recent theoreti-
cal and experimental studies show that the spin polarization

8-141 Another important subject

can reach as high as 100%.
in modern spintronics is the spin-dependent quantum interfer-

ence phenomena. When the spin-up and spin-down electrons
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move through semiconductor nanostructures with the RSOI, a
spin-dependent quantum interference effect occurs. Some in-
teresting quantum phase coherence phenomena emerge. For
instance, Sanchez er al. predicted the occurrence of a Fano-
line shape in a semiconductor quantum wire in the presence
of a local RSOI, which was referred to as the Fano—Rashba
effect!!>! Chen er al. investigated the spin-dependent quan-
tum interference effects and the spin accumulation on dou-
ble quantum dots with the Rashba spin—orbit coupling and the
electron—electron interaction. The result showed that the mag-
nitude and the direction of the spin polarization are controlled
by the dot levels.'°!

The research on multi-terminal devices in mesoscopic

17-191 In comparison

physics dates back to the early 1980s.
with the usual two-terminal electrode geometry, more use-
ful applications and information can be extracted in the de-
vices with a three-terminal electrode geometry. For example,
a direct measure of the electron-hole asymmetry of the quan-
tum dot system can be achieved.”’! When the QD is in the
Kondo regime, the differential conductance is suppressed at
zero bias.?!l Furthermore, there has been some recent work
focusing on the spin-polarized currents driven by an electric
bias in a three-terminal ring-like structure involving a single-
level Rashba QD. The spin-up and spin-down electrons from
one electrode can be completely separated by the QD, and in-
jected into the other two electrodes, respectively.!'*]

In addition to the electric fields, temperature fields can
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also drive electrons or holes to move along a certain direction,
and thus a temperature-bias-induced current can be generated.
Such an effect is called the Seebeck effect, which has been
widely investigated in QD and molecular systems.[>>-28] The
strength of the Seebeck effect can be characterized by the See-
beck coefficient. In coherent tunneling regions, it is related not
only to the magnitude but also to the slope of the transmission
function at the Fermi levels. So the Seebeck coefficient can
provide more information than the current—voltage character-
istics. The first experimental observation of the spin Seebeck
effect in the permalloy (NiFe) has been reported by detecting
the redistribution of the electron spin along the sample’s lon-
gitudinal direction.”! That experimental finding has inspired
extensively experimental®*3!! and theoreticall®>33! investiga-
tions in various systems. The heat-to-spin discovery can be
named as thermo-spintronics. In spite of the large amount of
theoretical work on the spin-dependent thermoelectric effects
in a single QD or double QDs attached to ferromagnetic leads
with collinear or noncollinear magnetic moments, almost all
the attention has been focused only on the two-terminal geom-
etry so far[34#1

In this paper, we shall show how to generate a spin-
polarized current and manipulate the electron spin in QDs
by utilizing the temperature gradient instead of the volt-
age bias in a Rashba three-terminal double-quantum-dot de-
vice. The device, which is schematically shown in Fig. 1,
consists of three metallic electrodes separated by two QDs
The QDs are real-

ized in the two-dimensional electron gas of an AlGaAs/GaAs

with intra-dot Coulomb interactions.

heterostructure.**! A nonresonant tunneling channel between
the right electrodes is presented. The temperature-induced
spin-polarized current through the electrodes and the spin ac-
cumulation on the QDs are calculated within the Keldysh
Unlike the
voltage-induced current related to the sum of the transmis-

nonequilibrium Green’s function formalism.

sion probabilities in the voltage-bias window, the temperature-
induced current is determined by the slope of the transmission
probability at the Fermi levels. Therefore, the transport di-
rection of the spin-polarized current is sensitive to the loca-
tion of the intra-dot energy levels with respect to the Fermi
levels. The positive and the negative maxima of the spin-
polarized currents and the spin accumulation emerge sepa-
rately at the two sides of the Coulomb peaks. Their directions
can be easily controlled by the gate voltage or the temperature
of the electrodes. Importantly, the temperature-induced spin-
polarization efficiency through the electrodes can approach
100% (—100%) or even infinity, which means that a pure spin-
up (spin-down) current or a pure spin current can be generated

by the present device.

Fig. 1. (color online) Schematic diagram of a ring-shaped device. The
three metallic electrodes serve as the temperature reservoirs with tem-
peratures 7i, and Tg, (n = 1,2), respectively. The two red filled-in
circles represent the 1st and the 2nd QDs, respectively. The intra-dot
energy level on each QD can be tuned by gate voltage V.

2. Model and method

‘We write the Hamiltonian of the device in the form
H = S+ S+ A, (1
where

gakcgkgcakc (2

M = Y

k,o,0=LR;(j=12)
describes three isolated electrodes indexed by «, in which
the electrons are free from the interaction except for an over-
all self-consistent potential. Here c:;k & (Cako) is the creation
(annihilation) operator of an electron with spin o =7, (or
o =1,—1) and energy €y in electrode o¢. The Hamiltonian of
the two QDs, %D, is given by

Sy = Zsjdjcdjo—i—ZUjd;Tdﬁdeﬂ, 3)
1,0 J

where €; is the bare energy level, and U; is the intra-dot
Coulomb interaction on each QD. The operator dJT-cy (djs) cre-
ates (destroys) an electron with spin ¢ on the j-th QD, where
the intra-dot energy level can be well controlled by the gate
voltage (see Fig. 1). The tunneling process %7 in Eq. (1) in-
cludes two parts: (i) one is the tunnel coupling between the
right two electrodes (a nonresonant tunneling channel); (ii) the
other is the tunnel couplings between the electrodes and the
central QD region (two resonant tunneling channels). Thus
we write the total tunneling Hamiltonian as

Hr = Z(VRIRZ efiG‘PRc;;lkgchko + H.C.)

k,c

+ Z (VRjdjclT{jkGd/G —‘,—H.C.)
k,o,j

+) (VLG,].cL“yd,-(y +H.c.), 4)
k,o,j

057306-2



Chin. Phys. B  Vol. 22, No. 5 (2013) 057306

where parameter V4, represents the tunnel coupling strength
between the electrodes and the center QD region. An extra
spin-dependent phase factor e "1°% has been added into the
tunnel coupling strength Vg r,, which arises from the RSOI
on the QD. Here we have assumed that the RSOI only exists
inside the QDs, which will arouse two main effects. One is a
phase factor in the tunnel elements, the other is an interlevel
spin-flip term. Since only one energy level in each QD is con-
sidered, we can neglect the latter term.*>! The magnitude of
@r can reach 7/2 in some semiconductors 46471

When temperature gradients among the three electrodes
are presented, the electrons can tunnel from one electrode
through resonant or nonresonant tunneling channels into an-
other electrode. In steady states, an electric current can be
obtained. After considering the spin degree of freedom in
nonequilibrium cases, we can calculate the spin-dependent
electric current flowing into the center region from electrode o
by using the time evolution of the occupation number operator
of electrode o 48

Jocc:_e< dlc\il?6> :_%<[%7Nac]>7 (5)
where Nyo = Y c;kacakc, e is the absolute electric charge,
and 7 is the reduced Planck constant. Since both 7% and %)
commute with Ny, only 7% is left. After a little algebra, we
readily obtain the spin-dependent electric current flowing out
of the electrodes by lesser Green’s functions in the € represen-

tation
2e [ de
o = % | >-Re[Via, G 1 6(€) +Via, G (€)], (6)
2e [ de
JR[(Z)U = h o RC[VR] dl Gdl )Rl() (8)
\
GrR]R]G(e) GII.Q|LG(8)
Giklo(e) Gip6(€)
G5(e)=| Grr6(8) Gryo(€)

(€)
Gyr,6(€)  GyrLe(€)
dlecr(E) GZZLG(E)

The advanced Green’s function G (€) can be obtained
by G (e) = [Gy(e)]".
function of the isolated QDs, and only the diagonal elements

The g§(€) is the retarded Green’s

of g5 (€) are nonzero. Under the wide-band approximation,
8uac(€) for the electrodes has the expression gp,(€) =
—iTpg, where pg is the local density of states (LDOS) in elec-
trode a. The gfij djo (&) of the isolated j-th QD is calculated by

1= (nsa) (o)
r _ Jo Jo

+VR1R2 eq:lG(PRG1§2<l)R1(2)G(€)]7 (7)

where Gd wc(€) and Gy, (€) are the Fourier trans-

forms of the time-dependent lesser Green’s functions
Gaolt) = HEiChuq(Vralt)) and Gpo(t.) =

<chak0'(t/)2k’ coks (1)), respectively. To calculate the
electric current induced by the temperature gradient, we
need to know the spin-dependent lesser Green’s functions.
Following the procedure in Ref. [45], we write all spin-
dependent lesser Green’s functions in the form of 5 x 5
matrix G§(€).

Green’s functions are symbolized by G4 (€) and G (¢g),

The corresponding retarded and advanced
respectively.  The retarded (advanced) Green’s function
G§a>(8) is the Fourier transform of the two-time Green’s
function Gga)( t'), and is defined as GOEOC), (t,t)=FiO(+tF

Yk ckao(t), Ly ck,a/a( "}), where 6(+f F1') is the step
function. There is a similar definition for Green’s function

G:i(ja; (£,¢'). In the case of noninteracting electrodes, G5 (€) is
calculated by the Keldysh equation

G5 (&) = G5(e) X5 (e)Go (e), ®

where the retarded (advanced) Green’s function G:ﬁa) (g) is the
Fourier transformation of G%(z,#'), and G%(€) is obtained by
the Dyson equation

Go(e) = g5(€) +90(€) X5(e) G5 (€)- ©)

The X5 (€) in Eq. (8) is the noninteracting tunneling lesser
self-energy, and X7 (€) in Eq. (9) is the corresponding re-
tarded self-energy. In the present case, Gz has a 5 x 5 matrix

form
G{ilec( ) Gilldlc(g) Gilldzc(g)
GLRZU(E) Gidlcr(g) Gidza(g)
G{QZRZG(E) Gﬁzdla(g) szdza(g) (10)
G;leG(E) Giildlc(e) Gz,’ldzc(g)
Rzo(e) sz’zdlcr(e) Grdzdzc(g)

where (njs) is the occupation number with spin & on the j-th
QD (6 = —o0), and is obtained by the self-consistent equation

de

2n.Gdd 5(€)- (12)

(nje) = —i

Equation (11) clearly shows two resonances centered in the
vicinities of €; and €; 4+ U; with the weights (1 — (n;5)) and
(njs), respectively. By choosing a suitable noninteracting
tunneling retarded self-energy, we write X5 (&) in the Dyson
equation as'*!
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0 0
0 0
sE)=| Wge'™® 0
o R]RZ
VL4, VR4,
0 Vid,

For the sake of simplicity, we only consider the elastic scatter-
ing in the present case. The spin-dependent lesser self-energy
in Eq. (8) can be obtained by X7, = 2id4q fu(€)/(TPa),
and Zd,d_,c = 0. Here fo(€) = 1/{1 +exp[(e — ta)/kTa]}
is the Fermi—Dirac distribution function in electrode o, where
U is the chemical potential, Ty, is the temperature of electrode
a, and kp is the Boltzmann’s constant. Using Eq. (8), we write
all the lesser Green’s functions appearing in Egs. (6) and (7)
as

8) = ZGZIja’G(e
ZGM/,

a//

a’(x’ ( )Gfx ao(g) (14)

a”a/’o(e)G?x”aa (8) (15)

<
Gd joxo (
(X(X G
To gain more insight into how the electrons transport in the
present device, we introduce a series of spin-dependent elec-
tronic transmission probabilities with different physical mean-
ings
Taa'd io (8 )
p ,Im[Vadeiija’c(e)ch’ac(8)]7 (16)
04
Too' oo (8 )

Im[V /IC$IG(PRGO“X/ ( )G?x’a”c(s)]' (17)

TPy
For the above two definitions, we need to make some further
In Eq. (16), when o # o, Taa'd;o(€) Tepre-
sents the electronic transmission probability of the electron

explanations.

with spin index ¢ and energy € from electrode o' to electrode
o via the j-th QD. If o = o/, it is the electronic transmission
probability from electrode « to the j-th QD. Similar meanings
are given by Eq. (17), while we need to note that the values
of o and o are restricted to Ry and Ro.
only the nonresonant tunnel coupling between the right two

The reason is that

electrodes is considered (see Fig. 1). The sign of the phase
factor from the RSOI in Eq. (17) is dependent on the orders of
o and . For example, the sign is negative for &« = R; and
o = R,, and it becomes positive when o« = R; and o’ = R;.
Substituting Egs. (16) and (17) into Egs. (6) and (7), we obtain

e
JLG:E/dgaZ

=LRi@)
/de
a=LR;

+TR1(2)1XR2(1)0'(8)]' (19)

So(&)[TLad 6 (€) + TLaa,o(€)], (18)

JRIG = (8)[TR1(2)lZd1() (8)

VR]R26716¢R VRldl 0
0 Vi, Vig,
0 0 Vi |- (13)
0 0 0
Viyd, 0 0

For each electrode, we should note that the total electronic
transmission probability into and out of each electrode is con-
servative, namely, Za:L,R](z) [TLadlc(g) + TLadZG(S)] =0and
Za[TR1<2)ad1<2)o(£) + TRI(Z)QRM)G(S)] = 0. We also need to
note that the electronic transmission probability is negative if
electrons enter into the electrodes, while it is positive for elec-
trons flowing out of the electrodes. Thus we arrive at

ho=j [de ¥ lfule)=fife)
TLadlc( )"‘TLocdzc(s)] (20)
o =5 [ € ¥ L Vele) o)

[TRI(Z)“dl(z)G( )+ TR1(2)0R2(1)6(8)]~ 21

The above compact equations clearly show the relations be-
tween the electric currents and the transmission probabilities.

3. Results and discussion

In this section, we present the numerical results and dis-
cussion. First, we set some parameters used in the numer-
ical calculations. The tunnel coupling strengths in the dot—
electrode and the electrode—electrode have an identical mag-
nitude Vig4, = Vg, = VR, =V = 0.4, and thus the corre-
sponding linewidth function I = 27p|Vy,, |> ~ 1 is set to be
the energy unit. For the sake of simplicity, the same intra-
dot Coulomb interactions and energy levels on the QDs are
considered, i.e., U; = U and €; = g;. All the chemical po-
tentials are independent of the temperatures of the electrodes
(Mg =
electrodes are large enough and the temperatures of the elec-

= 0). Such an assumption is reasonable when the

trodes are not too high.

To demonstrate the physical meanings of the electronic
transmission probabilities, we first consider a simple case
in the absence of the temperature gradients, the RSOI, and
the inter-electrode coupling between the right two electrodes,
and thus all the electronic transmission probabilities are spin-
independent. The negative electronic transmission probability
means the electrons flowing into the electrodes, and the posi-
tive one represents the electrons flowing out of the electrodes.
As electrodes Ry and R, lie in the same state, we only plot the
result for electrode R;. The intra-dot Coulomb interaction on
each QD induces two peaks in the in-transmission spectrum.
One is centered at &;, and the other is at €; + U. From top
to bottom, figure 2 shows the contributions to the electronic

057306-4



Chin. Phys. B  Vol. 22, No. 5 (2013) 057306

transmission probabilities through electrodes L (left column)
and R; (right column) from electrodes Ry, L, and R;. Fig-
ure 2(a) displays the electron transmission probability from
electrode R; to electrode L, and less electrons from electrode L
into the second QD (|7 r,4,6| > |TLR, 4,0 (). Figure 2(b) shows
the transmission probability from electrode L, and we have
TLLd;c = TLLd,o- This result means that the electrons from
electrode L have the same probability entering into the two
QDs, which is reasonable (see the inset of Fig. 2(b)). A sim-

1.0 T T T T

—TLRydio

TLR;dyo |

ilar analysis can be employed to the other figures of Fig. 2.
For electrode Ry, it is worth noting that the electronic trans-
mission probability Tr,r,Rr, i zero due to VR,r, = 0. These
numerical results also clearly show that the electronic trans-
mission probabilities through the electrodes satisfy the conser-
o [TLad, 0 (€) + TLadyo (€)] = 0 (left elec-
trode) and Yo [T, ad ()5 (€) + TR 5y aRy( 1y o (€)] = O (right two
electrodes).

vation laws } o R,

T
TRiR1dyo

— —TR;RiRe0 | 1.0

T
TLRydso

Tranmission probabilities through electrode L

— — TLRydio 4

8

—0.5

Tranmission probabilities through electrode R,

I l TR1Ld117-
- E

— — TR LRyo

. . . . . ~1.0
(f)
r TRiRydio | —0.5
R, i @ — — TR RyRyo

e . . —1.0

—4 —2 0 2 4 6 8

£

Fig. 2. (color online) Electronic transmission probabilities through electrodes ((a)—(c)) L ((d)—(f)) and R as functions of the incident

electron energy. The other parameters are U = 5 and &; = 0.

Now we show how to generate a spin-polarized current
in the Rashba three-terminal double-quantum-dot device. We
first give a physical interpretation of the generation of the spin
polarization and the spin accumulation in the device. When
an electric bias (or a thermal bias) is applied across the de-
vice, the electron will propagate from one electrode to another
electrode. For example, there are two paths when the electron
flows from electrode L to electrode R;. One path is through
the 1st QD to electrode R;, and the other path is first trav-
eling to the 2nd QD and through electrode R, and then into
electrode R;. If the RSOI is considered, the electrons with
different spin indexes along different paths often pick up dif-
ferent phases. This fact results in a spin-dependent quantum
interference effect. Thus when the device is in a nonequilib-

rium state, the spin polarization and the spin accumulation in

the device are generated. The temperature of the left electrode
is raised by AT from T (T, = T + AT), and those of the right
two electrodes are fixed at T (TR, o = T). In this case, the
three-terminal structure degenerates into a two-terminal one.
Equations (20) and (21) reduce to

Jio =" / delfr(e) - fu(e)[tir 0 (8) + Troo ()], (22)

IR0 = % / de[fi(e) — fr(e)] TR, 0 (23)

where we have defined fr = le(z), TR|(2)LG(£) =
TR, gy dio(€) + Ry pydro(€), aNd TR, 56 = TR ;)Ldypy0 T
TR, (5 LRy(1) 0 Figures 3(a)-3(c) show the spin-dependent elec-
tric currents flowing from electrodes Ry, Rj, and L into the
center QD region, respectively, with a temperature gradient
kgAT = 0.2. The spin accumulation Anyy) = ny2) — ny(2),
in each QD is displayed in Fig. 3(d). Owing to the existence

057306-5



Chin. Phys. B  Vol. 22, No. 5 (2013) 057306

of the intra-dot Coulomb interactions, the current and the spin
accumulation show oscillation behaviors with the energy level
g,. Different from the electric-bias-induced currents,[''! both
the magnitude and the sign of the electric current, and the
spin accumulation induced by the temperature gradient can be
modulated by the gate voltage. The positive and the negative
maxima emerge on both sides of the two Coulomb peaks at
& =0 and ¢ = —U. From Egs. (22) and (23), we can de-
rive an approximate expression. Taking Jg 1 as an example,
a similar analysis can be employed for other electric currents.
Using the Sommerfeld expansion,>”] we obtain

e’ k3 TAT

Ryl (24)

JRIT >~

Though the above equation is applicable in the low-
temperature region, we still capture some useful informa-
tion. For example, the sign of Jr,+ is determined by AT and
TﬁRlT |e—u and thus it provides two methods to control the sign
of the current. In Fig. (a), we show 7y g,+ as a function of
the incident electron energy near the Fermi levels at different
energy levels. When the peak of Tigr,t is below the Fermi
levels, Jr,+ has a positive value due to TI’ARW > 0. When the
peak of 7 r,+ is above the Fermi levels, Jg, 1 becomes nega-
tive. However, Jg, 1 is zero when the peak of 7 g, ¢ is aligned
with the Fermi levels. Therefore, we can determine the loca-
tion of the peak of the transmission probability with respect
to the Fermi levels by the sign of the electric current. This

information cannot be extracted for the electric-bias-induced

case. Due to the conservation of the particle number and the
same temperature gradient between the left and the right elec-
trodes, the spin-up (down) current through one of the two right
electrodes is identical with the spin-down (up) current through
the other of the two right electrodes, namely, Jg,| = Jr,¢
and Jr,+ = Jr,|. The electric current flowing into the cen-
ter QD region from the left electrode is unpolarized due to
Ji+ = Jp|. The above results can be well explained by the elec-
tronic transmission probabilities for different electrodes. In
Figs. 4(b)-4(d), we show the corresponding electronic trans-
mission probability as a function of the electron incident en-
ergy for €, = 0. From the numerical results, we clearly see
the relations Tr,14+ = TLR;+ = TR,|» TRLT = TLR;, = TLRy}»
and TR, Lt = WRy)LL- These relations are in good agreement
with the conservation law and can give a good interpretation
of the numerical results in Fig. 3. In addition, since T g 1)
is smaller than 7y g @HD) in the whole energy region, Jg, ot
has a lower value than Jg @h1): Actually, the spin-polarized
currents in the right electrodes originate from the quantum in-
terference effects between two different paths of the electrons
from the left electrode to the right electrode. If the RSOI is
involved, the electrons with different spin components will
pick up different phases when they tunnel between the two
right electrodes. For the left electrode, there are four different
paths from the right two electrodes to the left electrode, the
spin-dependent information is exactly swallowed (Tr, = TR,).
Therefore, we find an unpolarized current through the left elec-
trode.

T T T
0.06F (. Tt ]
- E 0.05
T, 7
R <
3 5
& 5
~ S
—0.05
—0.06F ]
" 1 " 1 " 1 n 1 " 1
0.06 T T T T T T T IAnl 0.04
R g
R <
~ -
S I~
< 4
—0.06 - ' - ' ' - ' ~0.04
—1.0 -5 0 5—10 -5 0 5
Ed Ed

Fig. 3. (color online) Spin-polarized current and spin accumulation induced by the temperature gradient: (a) Jg, ¢, (b) Jr,0. (¢)JLo»

and (d) An; (i = 1,2) as functions of &; for kg AT =0.2 and kg7 =

0.5. The other parameters are kg@r = 0.57, p =1, and U = 5.
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(a) <=—— Fermi level u
(0 - _ 0
Ed = —6
. fommea=-5 5
< &
c —025F A [ ey = —4 —0.25 E
—0.50 1 L 1 —0.50
d
(c) (d)
O '''''' ~ - - === AN VAu B 0
\ / \
v ! 1y
— | ,’ [
= Vi f =
E —0.25 “, :: 1 3 —0.25 <
s ! I 5
! W S
I,' I
) \
—0.50 . . . . . . —0.50
—4 0 4 8 —4 8

Fig. 4. (color online) Electronic transmission probabilities through the electrodes: (a) T g, as a function of the incident electron

energy at different energy levels; (b) R,Lo, (€) LRy o 1(4)» and (d) TLR )t

) (defined by Egs. (16) and (17)) as functions of the

incident electron energy for £; = 0. Other parameters are the same as those in Flg 3.

4 T T T T
» A4
— (a) || I
QU
S
g 0
< Anlel
S —4r - == AngRry(L) A
<
¥8 1 1 1 1
—4 -2 2 8
€
8 T
-—- Anngh(L)
B
< 4t Angr, ]
Q
a
~
S 0
<
\
n' ‘J
R S 2 4 6 8
g
— 4f(e) 1
Q
S
> 2t ]
a
=0
3
a ]
_4 I 1 1 1 L
-3 -2 -1 0 1 2 3

Fig. 5. (color online) The (a) Ang, o and (b) Ang,q as functions of the
incident electron energy for &5 = 0; (c) Angy,, (thick lines) and AndzL
(thin lines) as functions of the incident electron energy in the region
near the Fermi levels. Other parameters are the same as those in Fig. 3.

Now we turn to study the spin accumulation on the QDs

in the presence of a temperature gradient. By combining

Eqgs. (8)—(12), the electron occupation number with spin ¢ in
each QD can be solved as

= o [ 4L fel®)Gianle)

The intra-dot Coulomb interactions introduce many problems

(25)

nnc

to the above equation, because the retarded Green’s func-
tions contain (n;5). A simple interpretation can be found in
Ref. [11], while the information from the electrodes is not di-
rectly displayed. The spin accumulation in the j-th QD is de-
fined as

Anj = (nﬁ) — (nﬁ) = /de;fa(S)Andja(E), (26)

where Angq = 7%—;(|Grdjm(£)|2 |Gd al (€ €)|?) is the contri-
bution to the spin accumulation in the j-th QD from elec-
trode o. In the present case, we have the relations Ang g, =
—Ang,R,
(see Figs. 5(a) and 5(b)). Therefore, equation (26) can be writ-

—ZAnlez(L), Andsz = —ZAndle(L>, and Anlel =

ten as

Any(p) /dS JL(&) + fryy) (€) = 2R, () (€))Ang, , L. (27)

Using the above equation, we can give a good interpretation of
the spin accumulations on the QD induced by the temperature
gradients. As shown in Fig. 3(d), both the sign and the magni-
tude of the spin accumulation can be modified in a controllable
way by the gate voltage. To study the reason, an approximate
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expression for the spin accumulation in the low-temperature
region is given as

2en*k3TAT

An1(2> =~ 3 An;l(z)dg:#. (28)

This simple equation clearly shows that Any;) can be deter-
mined by 7', AT, and the slope of Andl(z) L at the Fermi levels.
When T and AT are fixed, the sign and the magnitude of the
spin accumulation are only determined by the slope of Any, oL
at the Fermi levels (see Fig. 5(c)). From Fig. 3(d), we clearly
see that the spin accumulations on the two QDs have the rela-
tion An; = —Any, which arises from An&lL = *A”ZJZD

The corresponding spin-polarization efficiency of the
electric current flowing into electrode R; is plotted in Fig. 6.
The spin-polarization efficiency is defined as Pr, = (Jr;; —
Jr;1)/(r;t +Jr,y). Figure 6(a) shows that Py, can approach

—100% due to Jg;+ ~ 0 and Jr,; # O in the non-resonant
regimes (&; < U or € > ), and an inverse spin-polarization
efficiency emerges in electrode R,. These results are similar
to those in the electric-bias-induced spin-polarization case.!'!]
However, when the electronic states are located near the Fermi
levels, we find that F, can reach infinity. To reveal the reasons
behind, the enlarged figures of Jg,s near the Coulomb-induced
electronic state are shown in Figs. 6(b) and 6(d). These figures
clearly show that Jg,, and Jr, have different signs when &,
is located in the region from point A to point B. The equa-
tion Jr,4 = —Jg, is satisfied at a certain intra-dot energy level,
which means an infinite spin-polarization efficiency and that
a pure spin current can be obtained in some particular energy
levels. Unfortunately, the pure spin current is very weak due
to Jr,;o = 0 (see Figs. 3(a) and 3(b)).

[ : : L J
4l (a) ~.(b) ®110.02
S o B
S o & -===Jryd
= 0 = 0 B,
a8 /. ~2 &
\\
\\
. A ~._ {-0.02
— : . ~
Ar (¢) ~.(@) S
So B
S o J ____JRZL
£ g ] S =
Q f\\ 0 ~N
~
\\
A \\\ 1-0.02
¥4- I I H I I ; I I I -
-8 —4 0 4 —5.6 —5.2 —4.8
Ed €4

Fig. 6. (color online) The (a) Fr, and (c) P, as functions of &;. Panels (b) and (d) are the zoom-in plots of Jr,s and Jr,s in the
energy region from —5.6 to —4.6. Other parameters are the same as those in Fig. 3.

We now show how to generate a large pure spin current by
using the temperature gradient. As shown in Eq. (24), the sign
of the spin-dependent electric current is determined not only
by the slope of the transmission probability at the Fermi levels
but also by the sign of the temperature difference between the
electrodes. To obtain a large spin current, we fix the tempera-
ture of the left electrode at 7', and raise (lower) the temperature
of the right electrode R, (R;) by AT. Figure 7(a) shows charge
current Jc (in units of e) and spin current Ji g (in units of 7)
through the left electrode, where we have defined the charge
and the spin currents in electrode & as Joc = (Jot +Jo )e and
Jas = (Jat — Ja) )/ 2, respectively.**->% Due to the existence
of the intra-dot Coulomb interaction on each QD, the spin cur-
rent has two positive and two negative maxima separately lo-
cated on the two sides of the two Coulomb peaks €; = 0 and

g = —U. It is interesting to note that charge current Ji ¢ be-
comes exactly zero when the intra-dot energy level is tuned to
points A, B, C, D, E, and F as marked in Fig. 7(a), while the
pure spin current has a large value at these points. We further
find that the spin current has different signs at these points.
This fact means that the pure spin current can be injected into
or extracted out from the left electrode by the temperature gra-
dients. Figure 7(b) shows J ¢ as a function of Ji g, and the
points for obtaining a pure spin current are also marked in
this figure. The positive (negative) maxima of the pure spin
current in the left electrode can approach 0.06 (—0.06). In
Figs. 7(c) and 7(d), we also show Jr,c (Jr,c) as a function of
JR;s (JRZS). We find lower values of the positive (negative)

maximum of the pure spin current in the right two electrodes.
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Fig. 7. (color online) The (a) Jic (solid line) and Jig (dashed line) as functions of &;; (b) Jic as a function of Jis; (¢) Jr,c as a
function of Jg,s; (d) Jr,c as a function of Jr,s. The temperature parameters are kg7 = 0.5 and kg AT = 0.2. Other parameters are the

same as those in Fig. 3.

Finally, spin current Ji g and charge current Jy ¢ as func-
tions of kAT and kgT are displayed in Figs. 8(a) and 8(c),
respectively, where the location of the energy level is fixed at
point F (see Fig. 7(a)). The corresponding spin accumulations
on the QDs are plotted in Figs. 8(b) and 8(d). Figure 8(a)
shows that the charge current is always close to zero, while
the spin current has a linear behavior for kg7 = 0.5. A simi-
lar linear behavior can be observed for the spin accumulation
on the QDs (see Fig. 8(b)). When the temperature gradient
kAT is fixed at 0.2, Jic and Jis each have a linear behav-

kpAT
—0.2 0 0.2
0.08} ' '
(a) ks
4 -7
= -7
- 0
O //
’\e /// JLC
el ----Jus
—0.08f . .
0.06 (c) — Jic
. /—_~\\\\\ === Jis
2 0.03f Tt 1
s o
—0.03 / |
0.5 1.0 1.5 2.0
kpT

ior with the temperature of the left electrode kg7 in the low-
temperature region. From Fig. 8(c), we clearly see that Ji ¢
becomes zero when kgT ~ 0.5, while J; s has a maximum at
this temperature. The corresponding spin accumulations on
the QDs have maximum values when kg7 is around 0.5 as
shown in Fig. 8(d), and are suppressed with further increasing
kgT. The above results show that both the magnitude and the
sign of the pure current can be controlled by the gate voltage

and the temperatures of the electrodes.

kAT
—0.2 0 0.2
- - - 0.08
5
0 —
<
4
—0.08
0.04
3
4
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4
. . 0
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Fig. 8. (color online) The (a) Jic (JLs) and (b) spin accumulation on the QDs An; (Any) as functions of kgAT'; (c) Jrc (Jis) and (d)
Any (Any) as functions of kg 7. The energy level g, is 1.2, and other parameters are the same as those in Fig. 3.
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4. Summary

In conclusion, we have investigated the thermospin phe-
nomena in a ring-shaped device consisting of two interacting
QDs and three metallic electrodes. Our results show that both
the sign and the magnitude of the spin-polarized current, and
the spin accumulation on the QDs can be effectively controlled
by adjusting the intra-dot energy levels and the temperature
gradients. We also find that by properly adjusting the intra-dot
energy levels, the temperature-induced spin-polarization effi-
ciency in the electrodes can approach 100% (—100%), or even
infinity, which indicates that a pure spin-up (down) current or
a pure spin current can emerge in this thermal device.
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