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1. Introduction

In the last few years, the reconnaissance of high performance thermoelectric materials has
attracted a lot of academic and applied attention. The challenge for the development of these
materials is to design the close relationship of thermoelectric physical processes to electrical
conductivity (G), Seebeck coefficient (S) and thermal conductivity (x) of crystalline systems.
The efficiency of thermoelectric devices is strongly correlated with the figure of merit (ZT) of
thermoelectric materials. High electrical conductivity, large Seebeck coefficient and low thermal
conductivity are all necessary for access to high performance thermoelectric materials.
Developments in thermoelectric efficiency have shown that it can be controlled by suppressing
thermal conductivity during nanostructure design. The coefficients like S, G, k and absolute
temperature (T) are strongly related to one another the value of ZT for bulk materials has been
found to be limited to 1, due to the increase in G and k. The value of ZT greater than 1 is
required for energy applications, where this value is accessible through nanotechnology, due to
the high mean free path of the phonon as compared to the electron. That the transport of phonons
and electrons can be easily controlled in nanostructures as compared to bulk materials [1]. The
use of nanostructures breaks the link between thermal and electrical properties through the
mechanics of scattering and thus enhances the value of ZT, S and G. k can be suppressed by
phonons in nanostructures in order to obtain high G and then better ZT. However, ZT increases
with the density of states, the decrease in material dimensions (such that, 2D quantum wells, 1D
guantum wire and 0D guantum dots) causes dramatic differences in the electronic density of
states that provide opportunities to independently control physical parameters. Thereby,
increasing ZT beyond 1 is a challenging task.

In electronics that depends on the electron spin (i.e. Spintronics), which refers to the science
and technology of controlling the electron’s charge and intrinsic angular momentum (the electron
spin), thermoelectric technology has received wide attention in many fields, for example: solar
heat utilization, waste heat recovery and thermal management in processors [2-4]. The low-
dimensional thermoelectric system was developed with the help of these two concepts, so ZT can
be increased either by reducing x or by increasing the energy barriers. In the absence of phonon
conductance, a single quantum dot (QD) junction system can have a very impressive ZT,
according to some theoretical works [5-7]. It is critical to consider connected double quantum
dots (DQDs) in order to reduce the temperature gradient across the QD junction [8,9]. The DQDs
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junction system’s thermal resistance can be higher than that of a single QD system. The DQDs
system can sustain a considerable temperature difference across the junction because of this
property. Among all the candidates for low-dimensional thermoelectric materials, DQDs systems
are recommended for their interesting thermoelectric properties due to their scalability and high
degree of tunability [10-12]. Thus, DQDs have already paved their way to become underlying
devices of spintronics not only because of beautiful physics emerging in those systems, but, more
importantly, due to possible future applications and due to the possibility of manipulation of a
single spin [13-15]. DQDs systems may display some new thermoelectric phenomena as they
reveal a variety of different interference effects, including Fano resonances. The Fano effect
occurs in DQDs due to quantum interference of waves resonantly transmitted through a discrete
level and those transmitted non-resonantly through continuum of states. The discovery of the
spin Seebeck effect stimulated experimental and theoretical interest in the so called “spin
caloritronics” [16-18]. Spin caloritronics, the combination of thermoelectrics with spintronics,
exploiting both the intrinsic spin of electron and its associated magnetic moment in addition to
its fundamental electronic charge and heat, is an emerging technology mainly in the development
of low power consumption technology. Although spin caloritronics are as old as spin electronics,
they have been poorly investigated and have been dormant for many years except for some
experimental work on the thermoelectric properties of multi magnetic layers in current in-plane
geometry [19,20]. In this work, we investigated the charge and spin thermoelectric properties
across DQDs serially coupled to ferromagnetic leads in the case of parallel magnetic
configuration. This is achieved by employing an approach that incorporates a uniform treatment
of electron dynamics in the system under investigation; the nonequilibrium Green’s function

formalism is employed for this purpose [21].

2. Model and Formalism

The system under study can be described by using Anderson Hamiltonian, which takes into

consideration exchange interactions and all couplings as follows [22];
H = Hpgps + Hieaas + Hop—op + Hpops-Leads 1

DQDs Hamiltonian with electronic level EJ; (i = 1,2) and spin o (1,1), is denoted by the

first term in equation 1, (first two terms in equation 2),
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ng; are the corresponding occupation numbers, since ng; = Cgl.TCf{i, Cai (cgj) being the
annihilation (creation) operator of QD electronic state i with spin a. The energies of the dots

levels are defined in the following equations;

Ej, = E; + Uingf —Jng,

Eg, = E; + Uyngg —Jngy 3

U; represents the intradot Coulomb correlation on ith QD sites. E; is the effective energy level
of dot i, while J represents the spin-spin exchange interaction. The electrons of the leads are
described by the second term in equation 1, (third term in equation 2). E¥  denotes the single
electron energy levels in the leads (a = L,R) with momentum k, and spin o, ng_are the
corresponding occupation numbers. The Hamiltonian due to interaction between the terms for
two dots is described by the third term in equation 1, (fourth and five terms in equation 2), where
the hopping energy between the dots is V;, and the noneffective spin exchange interaction is J..
Finally, the tunneling energy between each dot and leads is given by the last term in equation 1,

(sixth term in equation 2), C_ (C,fg) being the annihilation (creation) operator of an electron

with momentum k,, where the tunneling spin-dependent amplitude between each ferromagnetic
lead and the nearest dot is given by Vi . Fig. (1) shows schematic energy diagram for the system

of a DQDs in series configuration.
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Figurel: Schematic energy diagram for the system of serially DQDs: the case of parallel

magnetic configuration.

Using the following relations, the spin-dependent formula for the occupation numbers of the
DQDs energy levels has already been determined [23];

I
1

o __ g . j—
W= [ PREREETIE o EET) = 4

— 00

fZ(E, T,) isthe Fermi distribution function in the lead a and ug is the chemical potential of
the lead a. The localized density of states on the ith QD with spin ¢ that connected to the lead «

can be defined in term of Green’s functions [24];
g 1 g
pia(E) = _; Im Gia(E) 5

Im G{,(E) are the imaginary components of Green’s functions, which are given by [25];

o _ L A +WP/V) (1 —wi'/vi)

GL(E) = > {(E —E?) +il%) + (E—-E7)+ irﬂ)} "
oo L[ -WE/VE) A+ WE/VE)

Gir(E) =3 {(E —EJ) +ilg)  (E—E7 )+ irgR)} v

7, is level broadening due to coupling interaction between the ith QD energy levels and the
lead continuum energy levels. In the wide band limit, the level broadening becomes energy

independent [26]. The “molecular” energy levels £/, are defined as,

Ef, = E,+Un° —Jn’ + V7 7
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Where,
ng; +ng,
T=—R V= VW) 8
n%. —no
We=UM=7+JM° ; MI=-2L__% - 2 9

Substituting equation 6 in equation 5, the localized density of states on the DQDs takes the

following form;

p°(E) = Z Z ZK{fpﬂxj(E) 10

j=+—-i=12 «a
With j=+,—,ifi=1thena =Landifi = 2 then @« = R, and;

o
Fia:

(E —Ej? + (T%)?

pG(E) = 11

For simplicity, in equation 10, reduced functions for K}’ are used,

s 1 wy o _ 1 w7
Kij=o-\1+iys po Ky =o—\1-Jye 12
1 2

The integral in equation 4 have been solved analytically using the Sommerfeld expansion
[27,28]. To obtain the occupation numbers of quantum dots energy levels and the “molecular
orbitals energies” of DQDs, equations 4 and 7 are solved self-consistently, for more details see
Refs. [29,30]. For the purpose of access to charge and spin thermoelectric coefficients we need
to find all the relevant transport integrals related to these coefficients, i.e. L3, L and Lg, these

integrals have general definitions that are given by [31,32]:

, 1 L AfEDN

t?(E) denotes the energy dependent transmission function for electron with spin o, which is

given by [33],

T%(E) = 2nT'? p°(E) ; [’ = ﬂ 14
(I +1Z2R)
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To solve all the integrals in equation 13 we also use Sommerfeld expansion with n = 0,1,2,

then:
. . w2 d*N?(E)
Ln =N (E)+? (kBT)ZW 15
With N°(E) = (E — w)™ t°(E). Finally, equation 15 are solved analytically to get L;
m?(kpT)? d*t?(E)
~ _J) o
= { (E) + c 152 } 16
Heq
1
L = E{(E pa) t° (E)
2(kBT)2 d2 7(E) dt°(E)
[(E— M)~ 2 l} 17
Heq
1
13 = E{(E ~ )2 (E)
n?(kpT)? dt?(E)
——[279(E) + 4(E — 13)
6 dE
d*t°(E)
eq

Ueq €Quals to the chemical potential of the lead « and spin o. Then the charge Seebeck

coefficient can be expressed as following [34-38];

-1
Sen = 5 ) (15 /1) 19
o

The thermopower (or Seebeck coefficient) is calculated at the condition (I, = 0, I, = 0), or
in equivalent manner at the condition that charge current equal to zero at each spin channel, then

the charge and spin-dependent thermopower are given by:

1 o 1 g
g g

Where,
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Similarly, in the linear response regime G., and G, in terms of the transport integrals

(equation 13) will be;

G, = e? ZL% ; Gsp = eZZaL% 22
g

g

On the other hand, the electronic contribution to the thermal conductance functions is given

by;

g o 1 o (L({)Z
Koy = Z Ko ; Koy = T L5 + o 23
0

g

k2, is electronic contribution to the thermal conductance. In order to find charge figure of
merit Z., T (spin figure of merit Z,,T), we need the thermal conductivity in addition to S, and
Scn- Where the dimensionless ZT depend on charge and spin are given in the following formulas:
GenS2,T _ GspSZ,T

ZeyT = ———— ; Zg
14
Kel Kel

24

All our numerical calculations are carried out using Fortran 90 language.

3. Results and Discussion

The charge and spin thermoelectric properties are studied and investigated for the system
under consideration. The corresponding charge and spin figures of merit are calculated using
equations 24, which describe the heat-to-charge-voltage and the heat-to-spin-voltage conversion
efficiencies of the present system when the spin accumulation on the leads is considered. This
may occur when the spin-relaxation period in the leads is sufficiently long, assuming that the
spin accumulation in the external leads is sufficiently long. In such a case, we have to take into
account the spin splitting of the chemical potential level in both leads. As the spin accumulation
on the lead is considered, the chemical potentials of the ferromagnetic leads are chosen to be
pg = 0.05eV and pu,? = —0.05eV for the parallel magnetic configuration. Where, u,, in

equations 16, 17 and 18 are equals ug for spin-up electrons and u,? for spin-down electrons of
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the lead @.  The calculations are accomplished in the strong interdot coupling regime, V;, >
F;;’z" as well as Fi*—f > kgT, where T = 20 K with the leads spin-polarization P = 0.3 and 0.7

and the tunneling coupling with the leads assumed to be in the form l“;;’f = I,(1 £ P) for the
parallel alignment of the magnetization on the two electrodes. Also two values of the intradot
Coulomb correlation are used 0.05 eV and 0.2 eV in the absence of bias voltage (eV},, = 0) and
with J = 0.

As we mentioned, our program calculate the values of the “molecular levels” self-
consistently. Figsures 2 and 3 show the molecular levels, +(—) performed the antibonding
(bonding) states, keeping in mind that E; = E,. The two parallel lines represent the spin-
dependent chemical potential, which coincide in the case of magnetic parallel configuration. Fig.
(2) shows the effective values of E; for P = 0.3, that are lying in the energy window to be
—0.3<E;(eV) < —0.173 and 0.124 < E; (eV) < 0.247 for U; = 0.05 eV, while for U; =
0.2 eV we have —0.446 < E; (eV) < —0.251 and 0.05 < E; (eV) < 0.246. Table (1) introduces
the active functional values of E; (blue colored) and the corresponding range of the operative

E;f-" values for the different values of U; . Our calculations for P = 0.7 are presented in table (2).

0.10 . . . 0.15
0.10

S 005k S
i;; U;=0.05eV i:, 0.05
3 0.00 — E;¢ 3 0.00
(5] (<5}
5 — E° S
3 S
3 E;° 5 005
8 005} s
s S
= 2 10} -

_010 1 " 1 " 1 " 1 " 1 " 1 " _015 1 1 1 1

04 -03 -02 -01 00 01 02 03 0.6 -0.4 0.2 0.0 0.2 0.4
E (eV) E; (eV)

Figure 2: The molecular energy levels for ith QD as a function of E; (eV) for different values of
U; (eV) with P=10.3, V;, =02eV, J=0, T, =Tz =20K, [, =0.01eV, I, =
IFr = 0.013 eV, I, =T, = 0.007 eV.
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Figure 3: The molecular energy levels for ith QD as a function of E; (eV) for different values of
U; (eV) with P =0.7, V;, =0.2eV, J =0, T, =Tz = 20K, T, =0.01eV, I, =
¥, = 0.017 eV, I’ =T, = 0.003 eV.

Table 1: The active values of E; and the corresponding operative values of E;f-" foreV, =0,P =

03, J=0, V;, =02eV, T, =Tz = 20K, T, = 0.01 eV,

% =T3¢ = 0.007 eV.

I =TI = 0.013 eV,

U; = 0.05 eV
E; (eV) B, (V) E (V) E (V) | B (eV)
-0.3 -0.0616 -0.05118 -0.4616 -0.45118
-0.173 0.05227 0.06289 -0.34773 -0.33711
0.124 0.33808 0.34839 -0.06192 -0.05161
0.248 0.44858 0.46153 0.04858 0.06153
U, =02eV
B, (eV) E, (V) E (eV) EL(eV) | B (eV)
-0.446 -0.09762 -0.04974 -0.49762 -0.44973
-0.251 0.04951 0.09892 -0.35049 -0.30108
0.05 0.30562 0.34859 -0.09438 -0.05141
0.246 0.44778 0.50197 0.04778 0.10197
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Table 2: The active values of E; and the corresponding operative values of Ef;’-" foreV, =0,P =
0.7, J=0, Vi=02¢eV, T,=Tg =20K, T,=0.01eV, I =TI =0.017 eV,
I’ =¥ = 0.003eV.

U; =0.05eV
E; (eV) Ef, (eV) EZ (eV) EC (V) | EZ%(eV)
-0.3 -0.06159 -0.05153 -0.46159 -0.45153
-0.176 0.04911 0.0615 -0.35089 -0.3385
0.1239 0.33802 0.34821 -0.06198 -0.05179
0.248 0.44824 0.46157 0.04824 0.06157
Ui =02eV
E; (eV) E7 (eV) E;y’ (eV) E7 (eV) Ei7 (eV)
-0.447 -0.08847 -0.05213 -0.48847 -0.45213
-0.251 0.04921 0.09884 -0.35079 -0.30116
0.051 0.30122 0.34931 -0.09878 -0.05069
0.246 0.44675 0.50296 0.04675 0.10296

The blue colored values of EX” are the molecular levels that contribute in the guantum

tunneling. As the quantum dots are symmetric, then E;—’f = EZJ—Z_f

Figure 4a represents our calculations of the Seebeck coefficients (or thermopower) S¢ and
S$77 as a function of the quantum dots effective energy levels (where E; = E,). It is obvious that
S§7? > §7 for both values of U;. This is consistent with the case 7, > I;,°. The values of E; at
which $77 takes maximum values are —0.3 eV and 0.124 eV (—0.446 eV and 0.05 eV) for U; =
0.05eV (U; =0.2eV). It is easy to notice that the energy spacing between the two Fano
resonances when U; = 0.05 eV is nearly equal to that when U; = 0.2 eV. As U; increases, the
Fano resonances are shifted to the negative values of E;. The serially coupled DQDs, which can
be seen as a molecule with two energy states, bonding and antibonding states, causes the double
Fano line shapes to appear. All the values of S™¢ at Fano resonances are equal for both values of
U;. At the same mentioned values of E;, one can notice the maximum values of charge Seebeck
coefficient (see Fig. (4b)). At the same mentioned values of E; (—0.446 eV, 0.05 eV when U; =
0.2 eV and —0.3 eV, 0.124 eV, when U; = 0.05 eV) one can notice the Fano antiresonances in
Fig. 4c, where the spin Seebeck coefficient takes its maximum values in the vicinity of these

antiresonances.
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The dependence of the spin and charge Seebeck coefficients for thermospin conversion, on
the QD energy level for P = 0.7 is plotted in Fig. 5, keeping in mind that T2, (P = 0.7) >
I7 (P =03)and I},° (P =0.7) <I;,° (P =0.3). All values of S?, 77, 5., and Sg,, that are
lying at the vicinity of Fano resonance and antiresonance respectively, are higher than that
calculated for P = 0.3. It is obvious that S° and S~ can be negative or positive value. When
E; =0 and P = 0.3, it is confirmed that S° < $~7 which leads to the pure spin Seebeck effect
without the charge Seebeck effect for U; = 0.05 eV. According to the formula for the molecular
levels, when E; = 0, the spin-down and spin-up levels are asymmetric about the chemical
potential u = 0, which leads to the pure spin Seebeck contribution. As a result, this system can
generate spin-polarized current.  The vanished values of S7, 577, S, and S, are referred to
destructive quantum interference effect. The maximum values of S7, §79, S, and Sy, are lying
in the vicinity of E; = —0.3 eV for U; = 0.05 eV and E; = 0.05 eV for U; = 0.2 eV. As a result,

the spin and charge Seebeck effect can be enhanced by increasing U; and P.
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Figure 4. (a) The components of thermopower, (b) charge thermopower (c) spin thermopower as a
function of E; (eV) for different values of U; (eV) with P =0.3, V;, =0.2¢eV, | =0,T, =

Tp = 20K, T, =0.01eV, I =TI = 0.013 eV, [[;° = [ = 0.007 eV.
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Figure 5: (a) The components of thermopower, (b) charge thermopower (c) spin thermopower as
a function of E; (eV) for different values of U; (eV) with P = 0.7, V;, = 0.2V, | =
0,T, =Tz = 20K, T, =0.01eV, I =T = 0.017 eV, I’ = 57 = 0.003 eV.

The spin-dependent conductance G° and G~ shows two peaks for each spin and intradot
Coulomb correlation (see Fig. (6a)). These peaks are different in their height and width. The
peaks of G? are greater (with wider width) than that of G~°. For each value of U;, the charge
conductance shows four peaks (see Fig. (6b)). In Fig. (6¢), the spin conductance G, shows also
four peaks for each U;, this concides with the self-consistent solution of our model calculation.
When U; is increased, the molecular states of the spin-down and spin-up electrons are split, also
the Fano resonance lines of G? and G~¢ are split. For P = 0.7, G¢ for both values of U; shows
dips, while G? shows peaks (see Fig. (7)). This means that the quantum interference effect in
channels o and —o are different. The values of E; that are corresponding to the dips are well
illustrated in Fig. (7) b and c. It is found that the Fano dip of G? is in the closeness of the Fano
peak of G™7 in Fig. (7a), leading to the generation of spin conductance Gs,. Correspondingly, the

value of G, is reduced, as compared with the value of Gg,. It is concluded that the conductance
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is not enhanced by the spin-polarization on the leads as well as by Coulomb correlation for both
spin channels.The thermal conductance calculation is well presented in Figs. (8) and (9). These
figures verify that the thermal conductance increases when the spin-polarization increases only
when E; = —0.3 eV with U; = 0.05eV as well as when E; = 0.05eV with U; =0.2eV.
Accordingly, at these values of E;, the figure of merit will be decreases. These features are well
explained in Figs. (10) and (11). Fig. (10) confirms that both the charge and spin figure of merit

can be enhanced by lowering the Coulomb correlations with increasing the spin-polarization.
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Figure 6: (a) The components of conductance, (b) charge conductance (c) spin conductance as a
function of E; (eV) for different values of U; (eV) with P = 0.3, V;, = 0.2eV, ] =0,
T, =Tz = 20K, [, =0.01eV, % =T = 0.013 eV, I;° = [, = 0.007 eV.
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Figure 7: (a) The components of conductance, (b) charge conductance (c) spin conductance as a
function of E; (eV) for different values of U; (eV) with P = 0.7, V;, = 0.2eV, ] =0,
T, =Tg = 20K, Ty =0.01eV, I =T =0.017 eV, I};° = [ = 0.003 eV.
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Figure 8: (a) The components of thermal conductance, (b) charge thermal conductance (c) spin
thermal conductance as a function of E; (eV) for different values of U; (eV) with P =
03, Vi, =02eV, =0, T, =Tg=20K, T[,=0.01eV, I'Y, =T =0.013 eV,
I? =TI, =0.007 eV.
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Figure 9: (a) The components of thermal conductance, (b) charge thermal conductance (c) spin
thermal conductance as a function of E; (eV) for different values of U; (eV) with P =
0.7, Vi =02¢eV, J=0, T, =T =20K, T[,=001eV, I =TI =0.017eV,
I’ =T;¢ = 0.003 eV.
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Figure 10: (a) Charge figure of merit (b) spin figure of merit as a function of E; (eV) for different
values of U; (eV) with P =0.3,V;, =0.2eV, ] =0,T, =Tz = 20K, T, = 0.01 eV,
[% =Tg =0.013 eV, I};° =T;¥ = 0.007 eV.
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Figure 11: (a) Charge figure of merit (b) spin figure of merit as a function of E; (eV) for different
values of U; (eV) with P =0.7, V;, =02¢eV, J=0, T, =Tzg=20K, TI,=
0.01eV, TS =T =0.017 eV, I;;° = I;¥ = 0.003 eV.

4. Conclusions

In summary, we have studied the spin and charge thermoelectric properties across DQDs in
the strong coupling regime (where V;, > Fiﬁ") in the case of parallel magnetic configuration.
Using the nonequilibrium Green’s function method and Sommerfeld expansion, the molecular
levels are calculated self-consistently. We investigated how the intradot Coulomb correlation and
spin-polarization influence the charge and spin thermoelectric properties through our system.
In conclusion, when E; = 0, the spin-down and spin-up levels are not symmetric about the
chemical potential 4 = 0, which leads to the pure spin Seebeck contribution. As a result, this
system can generate spin-polarized current when the spin-polarization on the lead is relatively
high. Our calculations show that the value of the spin figure of merit is enhanced by increasing
the spin-polarization and decreasing the correlation energy. These results can be utilize in spin
and energy applications by using double quantum dots structure. It is profitable to submit an

experimental scheme to test our results.
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