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The thermoelectric and the thermospin transport properties, including electrical conductivity, Seebeck coefficient,

thermal conductivity, and thermoelectric figure of merit, of a parallel coupled double-quantum-dot Aharonov—Bohm

interferometer are investigated by means of the Green function technique. The periodic Anderson model is used to

describe the quantum dot system, the Rashba spin—orbit interaction and the Zeeman splitting under a magnetic field

are considered. The theoretical results show the constructive contribution of the Rashba effect and the influence of the

magnetic field on the thermospin effects. We also show theoretically that material with a high figure of merit can be

obtained by tuning the Zeeman splitting energy only.
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1. Introduction

The thermoelectric (TE) energy conversion tech-
nology is a feasible energy conversion technology, by
which thermal energy can be converted into electri-
cal energy directly. The TE material is a very useful
functional material. The efficiency of the TE material
is estimated by the dimensionless TE figure of merit
(FOM) ZT, where T is the operating temperature of
the device and ZT = GS?T/k. In order to obtain
a high ZT value, electrical conductivity G and See-
beck coefficient S need to be increased, while thermal
conductivity x needs to be reduced. For the bulk ma-
terial, ZT is restricted by the classical relationships of
the coeflicients, such as the Mott relation (an increase
in the electrical conductivity leads to a decrease in
the Seebeck coefficient)!!! and the Wiedemann-Franz
law (the Lorentz ratio is L = /GT = (kpm)?/3e? for
the bulk material, which means that an increase in the
electrical conductivity leads to an increase in the ther-
mal conductivity).[2] Those relations may not hold!®!
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due to the quantum phenomena and the Coulomb
blockade effects emerging in nanostructure materials,
which makes it possible to enhance ZT by modulat-
ing coefficients G, S, and k simultaneously. In 1993,

(4 first presented an idea that

Hicks and Dresselhaus
uses the low-dimensional structure materials to obtain
a high FOM. The theoretical result shows that the
FOM of the low-dimensional material is much larger
than that of the bulk material. Hence, the nanostruc-
ture materials largely promote the development of the
TE materials. With the development of the nanos-
tructure fabricating technique, lots of work has been
done on the TE transport properties of mesoscopic

] supperlattices, 7]

devices, such as quantum wires,
and quantum dot systems.[8’9] However, the commer-
cial applications of the nanostructure TE materials
are restricted due to the complexity and the cost of
the nanomaterials. Zero-dimensional systems, such as
a single quantum dot!’® and a series of two quan-
tum dots,'! have been investigated as effective TE

materials. The single quantum dot with a single en-
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ergy level and that with multiple energy levels!!2:13]

have been investigated. Sdnchez and Biittiker('¥ have
investigated the energy and current conversion mech-
anism for the quantum dots in a two-terminal device
and drew the conclusion that the ratio of the charge
current to the heat current is determined by the ratio
of the charge quantum to the energy quantum. The
directions of the energy flow and the charge motion
are decoupled by using the master equation approach.
The charge quantum and the energy quantum are very
important for investigating the thermoelectric conver-
sion of the two-terminal device.

The temperature gradient can also be used to gen-
erate the spin current. The spin-resolved phenomenon
is called the thermospin effect or the spin depen-
dent Seebeck effect. Since Uchida et al.l*9) reported
the spin dependent Seebeck effect in a ferromagnetic
metal NigiFejg, this phenomenon has attracted much
attention as a new method for generating spin cur-
rents from the heat energy. It opens up new possi-
bilities for spintronic devices and a door for designing
and fabricating thermospin quantum devices to gen-
erate spin currents by using the temperature gradi-
ent rather than the usual electric bias. Experiments
on magnetic insulators and magnetic semiconductors
show that the spin dependent Seebeck effect is con-
ceptually different from the traditional thermoelec-
tric effect, launching new challenges for both theo-
rists and experimentalists.['®/ Although there still ex-
ists some argument about the transportation of the
spin in the material, lots of theoretical work has been
done on the thermospin effect. Especially, the thermo-
spin effect has been theoretically investigated in the
low-dimensional quantum systems, such as the quan-
tum wires!'”2% and a single quantum dot (QD) con-
nected to the ferromagnetic leads in the presence of
the Rashba spin-orbit interaction (RSOI) or the Zee-
man field.?22] The thermospin effect of the double-
coupled-quantum-dot molecule system has been in-
vestigated by Liu and Yang,?3 and they found that
a pure spin-up (spin-down) Seebeck coefficient can
be generated by the co-action of the magnetic flux
and the RSOI at room temperature.**l The RSOI
and the temperature gradient are very important for
spintronic applications. Motivated by this, we pay
our attention to investigate the double-quantum-dot
(DQD) system. The thermospin effect in the par-
allel coupled DQD in the presence of interdot cou-
pling and Coulomb interactions has never been inves-
tigated, although it is an important structure for TE

transport(29 and spin-dependent TE transport.2%

We study the TE and the thermospin effects tak-
ing into account the RSOI and the Zeeman effects
in the parallel coupled DQD. This kind of QD ring
has been realized experimentally by using the droplet
epitaxy technique.?”28] For simplicity, we assume the
transmission through the tunnel barriers to be suf-
ficiently small so that the transport is defined by se-
quential tunneling of single electrons.['¥ In the present
work, a positive direction uniform magnetic field is
added to a system containing QDs and a quantum
ring. The interplay of the RSOI and the Zeeman split-
ting greatly influence the TE and the thermospin ef-
fects in the system. The pure spin Seebeck coefficient
and a high FOM can be obtained.

2. Model and formulation

When an electric field and a magnetic field are
applied to a system of charge and spin, there are four
actions, i.e. the electric (or the Coulomb) force on the
charge; the Lorentz force on the moving charge; the
magnetic force on the spin (Zeeman); and the electric
force on the moving spin induced by the relativistic
effect (RSOI).3Y The magnetic field can cause intra
level spin flip and provide the Zeeman energy that re-
lieves the spin degeneracy. The magnetic field can also
induce a spin polarization in an isolated QD. The spin
polarization can also be obtained by the RSOI.

We consider an interesting case that could be in-
structive to the device application. We assume that
the energy level of the QD is spin dependent, which
can be realized by applying a magnetic field. The
Hamiltonian of the system (see Fig. 1) contains the
kinetic and the potential energies, the Zeeman energy,
and the RSOI. We assume that the RSOI exists only
in the QDs, and the arms of the ring and the leads are
free of this interaction. The Hamiltonian reads

H = Z (e; + cAB)d} d;,
1,0
+ Z Ekaczomckag + Z UiﬁiTﬁil
k,o %

+ Z taio (Czagdia + dj;-ckaa)

kaio

_tCZ (dfonU +d5rad1(7)7 (1)

where €;, = ¢; + cAB is the spin dependent energy
level for the QD, ¢; is the energy level in the dot, AB
is the energy shift caused by the Zeeman splitting,
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o = £1 (1]) represents the spin orientation, d; (d;,)
is the creation (annihilates) operator for the electron
in the i-th dot with spin o, czw (Ckao) s the creation
(annihilation) operator of the electron in the lead with
momentum k, spin o, and energy k.. The electron—
electron (e—e) interaction in the leads has been ne-
glected. The second term on the right-hand side is the
electron energy in the o (= L, R) lead. The third term
is the Coulomb interaction between two electrons in
the same dot with a constant strength U;. The inter-
dot electron interaction is ignored, since it is usually
much smaller than the intra-dot interaction due to the
screening effect. The forth term is the tunnel coupling
of electron between the leads and the QDs with cou-
pling strength t,;,. The last term is the tunnel cou-
pling between the QDs, and t. is the inter-dot tunnel
coupling strength.

The hopping matrix elements t,;, can be written
as

ip/4 [ —i 2
t1e = |tLi] el®/4o—i0¢R1/ ,

tRis = |tra| ™ 1/ 4 el PR1/2,

tros = [tro| e 1¥/teio9R2/2,
tRoo = |tra| e1¥/4ei7PR2/2) (2)
where ¢ = 27® /Py is the phase shift due to the mag-
netic flux threading through the AB ring, $g = h/c is

the flux quantum, @g; is the phase factor that arises

L(R)
L) Iy

=&

where I iI;(R) is the phase-independent part of I7;;
The spin-dependent phase factor is ¢, = p—opr with
YR = PR1 — PRo- It is obvious that ¢, depends only
on the difference between phase factors pr; and prs
induced by the RSOI. Then the RSOI is assumed to
exist in only one of the two dots.

In order to describe the TE and the thermospin
effects clearly, we recall some basic formulae. Let the
differences in voltage and temperature between the
two leads be denoted as AV and AT, respectively,

then we have charge current
I=eLoAp+ %LlAT, (4)
and heat current

1
Ig = ~Lidp— 7 LaAT, (5)

/ ~L(R) ~L(R ;
Fll( )FQQ( )e¥1¢a/2

from the RSOI in dot 7,13 and is related to the struc-
ture parameters by pr; = aL;m*/h%, a is the RSOI
strength, L; is the length of dot ¢, m* is the electron
effective mass.

Fig. 1. Schematic diagram of the system under consid-
eration. The two QDs are inserted into each arm of the
ring and are mutually coupled through a tunnel junction
with coupling strength t.. The electrons in the QDs in-
teract with each other via the intra-dot Coulomb inter-
action. Both the intra-dot Coulomb interaction and the
dot’s energy level can be tuned by the gates and the tunnel
[29]

junctions. The quantum ring is connected to the outer

environment by the left and the right leads. In addition, a

magnetic flux (@) threads through the quantum ring.[30]

In the following calculation, we define the

linewidth matrix elements as

I, =2n Z taiotnjod(€ = Eka);
k

and I' = I'" + 'R, Matrix F}(R) is given by

L(R) ~L(R :
['11( )F22( )ei1¢a/2

; (3)

L(R
F22( )

\
where Ay = eAV. The dynamic coefficient L,

(n=0,1,2) are defined as

L, = _% T / de(e — u)"T(a)g—‘i, (6)

where f(g) = [exp((e — pta)/ksT) + 1] 71 is the Fermi—
Dirac distribution function, and T'(¢) is the transmis-
sion probability through the dots which is in the spin
space. The spin dependent transmission probabil-
ity can be written as T, (g) = Tr[G2(e)[RGE (e)TY],
where G%(G2) is the retarded (advanced) Green’s
function of the QD.

Generally, the TE Seebeck coefficient is defined
as the voltage drop induced by the temperature differ-
ence under the condition of vanishing charge current

I = 0. In the linear response regime, the well-known
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formula for the TE Seebeck coefficient is given by
S=——=—-————. (7)

When the spin polarization occurs, the dynamic
coefficient can be written as L, =Y Ly, where L,

is spin dependent. When the spin p%larization is con-
sidered, we can calculate the TE Seebeck coefficient
under the condition that both the spin and the charge
currents (I; = I} = 0) vanish simultaneously.

The charge (spin) electrical conductivity, the
charge Seebeck coefficient, the spin Seebeck coeffi-
cient, and the thermal conductivity are given by

1 e?
Gc(spin) = i(GT =+ Gl) = ?(LOT + LOl)a (8)

o 1 - 1 LlT Lll
So= g0 +50 =57 (72 + 72). @
AVvs in 1
Sspin: A’JI: = §(ST7Sl)
1 (L Ly
= (2 _== 1
26T<L0T LOL)’ ( O)
> Zl <L Lr{”) (11)
K = KRg = — c— 77— |-
- — T\ Lo,

The FOM is given by

(26/h) GC(SPin) S?(spin) T |
K

Ze (12)

(spin)T =

The thermal conductivity can be written as x =
Kph + Ke, Where kpp is the lattice thermal conduc-
tivity. We assume that at low temperature, the lat-
tice (phonon) thermal conductivity contribution can
be neglected.

3. Numerical results and discus-
sion

The tunneling coupling matrices between the dots
and the leads are assumed to be I}y = I'ls = I' and
I'f = I'ly = AI' respectively, where \ is the struc-
ture parameter, which can change the structure from
the serial configurationn (A = 0) to the parallel con-
figuration (A # 0). In calculation, for simplicity, we
take the unit of h = e = kg = 1, I' is used as the
unit of energy, and the same bare energies of the QDs
€1 = €2 = g9 = 0 are used. We fix Uy = Uy = U and
t. = 1 throughout this paper.

In this work, we focus on the influences of the
quantum interference and the Zeeman effect on the

thermospin effect of the DQD molecular junction.
Once the transmission T'(¢) for the electron in the
DQD system is known, the thermoelectric coefficient
can be calculated straightforwardly. We first investi-
gate the effects of the Zeeman splitting on the trans-
mission spectra with parallel structure parameter A =
1 and different values of intra-dot Coulomb interac-
tion U, as shown in Fig. 2. In the case of U = 0, by
using the molecular state representation, the coupling
strengths of the bonding and the antibonding states

with the leads can be determined by[3?

Iig =1 FI'cos(ps/2). (13)

Around the bonding state, the transmission coef-
ficient can be approximated by

1
e—eg+te—cAB)/I 52+ 1’
(14)
and around the antibonding state, the transmission

Tbonding,a (5F) ~ [(

coefficient is

Tantibonding,a (5F )
(e —e0 —te —0dAB) /Iy + qo)?
(e —eg —te —0AB) /T2 + 1"

~ T, (15)
where ¢, = —2t./I_,.

The magnitude of the effective coupling between
the molecular states and the leads can be tuned by
the strength of the RSOI and the magnetic flux. In
the case of yr = 7/4 and ¢ = w/2, according to
Eq. (13), the spin separation phenomena occur due
to the different coupling strengths between the dots
and the leads.l? The quantum interference effects be-
tween the bonding and the antibonding states result
in a Breit-Wigner resonance and a Fano resonance
appearing in the spin-up electron linear transmission
spectrum, as shown in Fig. 2(a). In the absence of Zee-
man splitting, AB = 0, the spin-up electron transmis-
sion of the Breit—Wigner resonance and the Fano res-
onance centered at the bonding state occurs at g9 —t.,
and it occurs at €9 + t. for that centered at the an-
tibonding state. Due to the existence of the Zeeman
splitting A B and the interdot tunnel coupling ., there
are a total of four molecular states appearing in the
double coupled QD molecular junction, and their en-
ergies are centered approximately at ey — t. — AB,
eo—te+AB, eg+t.—AB, and eg+t.+AB correspond-
ing to the corrections of the Zeeman splitting energy
to the bonding and the antibonding molecular states.
The positions of the resonance peaks are modulated by
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tuning the Zeeman field. For a further increase of AB,
the spin-up Breit-Wigner resonance and the Fano res-
onance keep shifting toward the positive-energy side,
while the spin-down electron peak shifts toward the
negative-energy side. The many-body effect is con-
sidered in Fig. 2(b), and the Fano peaks are divided
into two groups, because the Coulomb repulsion splits
the electron eigenenergy spectrum. A similar behav-
ior to that in Fig. 2(a) appears with the increase of
AB. The resonance energy levels locate at the ener-
gies of the bonding state, the antibonding state, and
their Coulomb counterparts, i.e., ¢g + t. £ AB and
eottc.AB+U. The spin-down electron transmission
spectra have the opposite behaviors with the increase
of AB, as shown in Fig. 2(b2).

1.2
0.8F
& 04

1.2

0.8
& 04

0 ......._.______....-----'
1.2

0.8
& 04

1%

3

Fig. 2. Spin-dependent transmission coefficients as func-
tions of Fermi energy € for (a) U = 0 and (b) U = 4 with
different values of AB, and pr = 7/4, A\ =1, ¢ = /2.

In order to investigate the effect of the mag-
netic field on the DQD molecular junction, the spin-
dependent TE coefficient and the spin Seebeck coef-
ficient versus the Zeeman splitting AB are shown in
Fig. 3. As mentioned above, with the increase of the
Zeeman splitting AB, the two spin-up resonance cen-
ters shift toward the higher energy. Thus, the trans-
mission probability at the Fermi energy first increases

and then decreases with the increase of AB, which re-
sults in the spin-up transmission probability departing
from the unitary limit. The Fano resonance located
at the antibonding state becomes less important for
the electron transmission at the Fermi level due to its
increased distance away from the Fermi level. With
the increase of the Zeeman splitting AB, the Breit—
Wigner resonance passes through the Fermi level, this
explains why the spin-up electrical conductance de-
creases. The spin-down electron transmission is differ-
ent from the spin-up one. The behavior of the spin-up
electron transmission varying with the Zeeman split-
ting is similar to that with the increase of the dot level
in the device, while the spin-down electron has the
opposite behavior to that with the increase of the dot
level, since the spin-up and the spin-down electrons
experience different potentials in the magnetic field.
As a result, the conductance decreases with the in-
crease of AB. The spin-up electron conductance first
increases, and then decreases. While the spin-down
electrical conductance first decreases, then increases,
and then decreases again until the resonance is less
important at the Fermi energy (see Figs. 2(b2) and
3(a)). Figure 3(b) shows that the spin-up Seebeck co-
efficient oscillates with AB smoothly. The Fermi en-
ergy has an important effect on the Seebeck coefficient
(see Figs. 2(bl) and 3(b)). While the spin-down See-
beck coefficient oscillates with AB rapidly, the peaks
become higher, which make the spin Seebeck coeffi-
cient oscillate with AB and change sign at the chem-
ical potential sweeped by the DQD molecular states.

S

08t (a) - spin up (c) S
spin down ] \ 2

- charge = U

— spin e , N

Fig. 3. Spin-dependent TE coefficients (a) G, (b) S, (c)
k, and (d) ZT as functions of the Zeeman splitting with
pr=7/4, o =m/2, T =05, A=1,and U =4.

The TE FOM
Fig. 3(d).
spin-down Z7T| are almost the same. A small differ-

is calculated and shown in

In the absence of AB, spin-up ZT} and

ence is due to the RSOI and the magnetic flux in the
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AB ring. Under a relatively big Zeeman splitting, the
ZT originates from the contribution of the spin-down
electron, i.e., the spin-down electron plays an impor-
tant role. The Zeeman splitting corrects the molecular
states sweeping the chemical potential, the value of the
charge FOM ZT exceeds 1, which indicates possible
applications of the system to TE power generators or
cooling systems.

The Seebeck coefficient is a sensitive tool to detect
the TE conversion. The spin dependent transport is a

[33:34] The spin Seebeck coef-

hot topic in recent years.
ficient can measure the ability to generate spin current
in a spintronic device and is different from the charge
Seebeck coefficient. Figure 4 shows spin Seebeck co-
efficient Sy versus g for different values of AB. It
can be seen that the curves are asymmetric due to the
electron-hole symmetry.['2! In order to show clearly
the varying characteristic of Sg with g, two-period
curves are given. In the case of AB = 0, when pr = 0,
Ss = 0, because the spin polarization is absent at the
absence of the RSOI, i.e., Sy = §|. With the increase
of ¢R, since the spin-up and the spin-down electrons
have different phase factors, the spin-up and the spin-
down Seebeck coefficients become different from each
other, then S; # S|, and Sg is thus introduced to
the DQD molecular junction. With a fixing AB, it
is interesting that Sg oscillates with ¢r periodically
and the sign reverses regularly at each 27 interval.
When the RSOI induces phase g = (2n + 1)7, the
spin Seebeck coefficient reaches the maximum or the
minimum, and Ssmax =—Ssmin in the whole period,
associated with Fano line-shape transmission spectra.
With the increase of the Zeeman splitting AB, the
sign reversal of Sg occurs, the curve shifts downward,
and small peaks and valleys appear at the two sides of
or = (2n+ )7, (n=0,1,2,...). Combining Eq. (10)
with our figure, we can conclude that the pure spin-up
or spin-down Seebeck coefficient can be obtained in a
certain RSOI strength in the presence of the Zeeman
splitting, which can provide a new way to control the
spin polarization in the spin devices. It is noted that
there are three features in Fig. 4 for the corresponding
Ss. (i) The sign of Sy changes with the enhancement
of the Zeeman splitting, i.e, the molecular state sweep-
ing the chemical potential makes the sign reversal of
the spin Seebeck coeflicient associated with the Fano
(ii) The
value of Sg is enhanced obviously at ¢ = (2n + 1)7.

line shapes in the transmission spectrum.

(iii) The pure spin Seebeck coefficient can be obtained
by tuning the Zeeman splitting. Our results indicate

that the DQD molecular junction may be used as a
better spintronic device.

0.3

Fig. 4. Spin Seebeck coefficient Sg versus ¢r with
o =m/2, T =05, A\ =1, U = 4, and different values
of Zeeman splitting energy AB.

The phase coherence enables us to investigate the
effects of the Aharonov-Bohm (AB) oscillation as well
as the Fano interference on the TE properties.[®! The
spin Seebeck coefficient Sg versus temperature T is
described in Fig. 5(a). The curves indicate that the
spin Seebeck coefficient is very sensitive not only to
the Zeeman splitting field but also to the magnetic
flux through the AB ring. In Fig. 5(a), we assume
that the magnetic flux in the AB ring does not ex-
ist, the Zeeman splitting is zero (AB = 0), and the
spin Seebeck coefficient is zero. It is due to the spin-
unpolarized phenomenon in the absence of magnetic
field.[28] As for AB =1, in the case of T < 0.07T, the
sign is positive. But for 0.07" < T < 101, the sign
is negative. In the presence of magnetic flux (Fig.
5(b)), the sign of the spin Seebeck coefficient is al-
most negative in the whole temperature range. The
RSOI and the magnetic field influence the efficiency
of heat-electricity conversion remarkably, which is de-
scribed in general by the dimensionless FOM. Figure
5(c) shows the dependence of spin FOM on temper-
ature. It can be found that when a magnetic flux
threads through the AB ring, the spin FOM exceeds 1
in the case of AB = 1. The heat and electric convert
efficiency is higher than that in the absence of mag-
netic flux. It has a similar behavior to that in Fig. 3,
in which for the spin-up case, the FOM is zero in the
whole range of temperature, and the spin-down one
contributes to the FOM significantly. When temper-
ature T is increased, the thermoelectric effect is en-
hanced obviously when the chemical potential is close
to the energy of the molecular state.
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0.1 1 10

T/T

1.5

()  ¢=0

ZsT

ZsT

T/T

Fig. 5. Spin Seebeck efficient Sg ((a) and (b)) and spin FOM ZgT ((c) and (d)) versus temperature T at
different values of AB and magnetic field flux ¢ for pg = 7/4, A =1, and U = 4.

0.8 (a—1) spin up
AB=0"" spin down
= —total-. ..

0.4

—0.4+
0.8+ (d—2)

A=0.6

0.4

—04]
0.8+ (a—3)

[ (b_ 1)

1.2 . /'/ PN
VAB=1 /

0.8+
0.4

—0.4+
—08L v
12p, (b—2) I
0.8}

0.4+

—04}
Lol =)
0.8
0.4}

—0.4+

—0.8+ . : - p

0 2 A 61 81
¥R

Fig. 6. Spin-dependent and charge Seebeck coefficients versus the Rashba spin—orbit interaction induced phase

¢r with different asymmetric coupling strengths between dots and leads for (a) AB =0 and (b) AB = 1.

Varying structural parameter A in our model, we
also study how the value of X\ influences the TE and
the thermospin effects. In this paper, the parallel cou-
pled DQD system with structural parameter A # 0 is
our topic. Figure 6(a) indicates that in the absence
of the Zeeman splitting AB, the structural parame-
ters have little effect on the spin-dependent Seebeck

coefficient. Figure 6(b) shows that in the presence
of the Zeeman splitting AB, the spin-down Seebeck
coefficient reaches the maxima at the sides of 0, 3,
and 47 respectively, and the sign does not change in
the whole period, corresponding to the hole-like trans-
port. While the spin-up Seebeck coefficient valleys

are present at ¢or = 27 and 37 respectively, and the
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spin-up Seebeck coefficient sign reversal occurs with
the increase of A\. The curves for the spin-dependent
TE Seebeck coefficient present more peaks with the
increase of the Zeeman splitting energy AB. Thus,
adjusting the structural parameters and the Zeeman
splitting energy, the expected spin-up and spin-down
TE Seebeck coefficients can be obtained.

4. Conclusion

The TE and the thermospin effects in the par-
allel DQD system in correlation with the RSOI and
the Zeeman splitting are investigated by using the
Green function technique. The results show that the
co-actions of the RSOI, the magnetic flux, and the
Zeeman splitting can help us control the type of the
TE material (N-type or P-type) of the QD system,
to generate the pure spin Seebeck coefficient, and to
enhance the heat and electron conversion efficiency in
the parallel coupled DQD system.
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