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In present work, the charge and spin thermoelectric properties of double 

quantum dots system connected to ferromagnetic leads with collinear 

magnetic configurations will be studied in the linear response regime. Our 

results are calculated in a strong interdot coupling regime by taking into 

consideration all parameters affecting the system such as interaction 

between dots and their coupling to the leads, intradot Coulomb correlation 

energy and spin-polarization on the leads. It is found that in the parallel 

magnetic configuration, the thermoelectric efficiency can reach a large 

value around the spin-down resonance levels when the tunneling coupling 

between the quantum dots and the leads for the spin-down electrons are 

small, which leads to the pure spin Seebeck contribution. As a result, this 

system can generate a spin-polarized current. The value of the spin figure 

of merit is enhanced by increasing the spin-polarization and decreasing the 

correlation energy. 
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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 (𝜅) 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, 𝜅 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 𝜅. 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. 𝜅 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 

quantum wire and 0D quantum 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 𝜅 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 = 𝐻𝐷𝑄𝐷𝑠 + 𝐻𝑙𝑒𝑎𝑑𝑠 + 𝐻𝑄𝐷−𝑄𝐷 + 𝐻𝐷𝑄𝐷𝑠−𝐿𝑒𝑎𝑑𝑠                                                                                   1 

     DQDs Hamiltonian with electronic level 𝐸𝑑𝑖
𝜎  (𝑖 = 1,2)  and spin 𝜎 (↑, ↓),  is denoted by the 

first term in equation 1, (first two terms in equation 2),  
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𝐻 = ∑ ∑ 𝐸𝑑𝑖
𝜎 𝑛𝑑𝑖

𝜎

2

𝑖=1

+ ∑ 𝑈𝑖𝑛𝑑𝑖
𝜎 𝑛𝑑𝑖

−𝜎

2

𝑖=1𝜎

                                                                                                                 

     + ∑ ∑ ∑ 𝐸𝑘𝛼

𝜎 𝑛𝑘𝛼

𝜎

𝑘𝛼𝛼𝜎

                                                                                                                                  

     + ∑{(𝑉12

𝜎

𝐶𝑑1
𝜎ϯ

𝐶𝑑2
𝜎 + 𝐻. 𝑐. ) +

1

2
𝐽° (𝐶𝑑1

𝜎ϯ
𝐶𝑑2

𝜎ϯ
𝐶𝑑1

𝜎 𝐶𝑑2
𝜎 + 𝐻. 𝑐. )}                                                          

     + ∑ ∑ ∑ ∑(𝑉𝑖𝑘𝛼

𝜎 𝐶𝑖
𝜎ϯ

𝐶𝑘𝛼

𝜎

𝑘𝛼

2

𝑖=1𝛼𝜎

+ 𝐻. 𝑐. )                                                                                          2 

     𝑛𝑑𝑖
𝜎  are the corresponding occupation numbers, since 𝑛𝑑𝑖

𝜎 = 𝐶𝑑𝑖
𝜎ϯ

𝐶𝑑𝑖
𝜎  , 𝐶𝑑𝑖

𝜎  (𝐶𝑑𝑖
𝜎ϯ

)  being the 

annihilation (creation) operator of QD electronic state 𝑖 with spin 𝜎. The energies of the dots 

levels are defined in the following equations; 

𝐸𝑑1
𝜎 = 𝐸1 + 𝑈1𝑛𝑑1

−𝜎 − 𝐽𝑛𝑑2
𝜎                                                                                                                                  

𝐸𝑑2
𝜎 = 𝐸2 + 𝑈2𝑛𝑑2

−𝜎 − 𝐽𝑛𝑑1
𝜎                                                                                                                          3 

     𝑈𝑖 represents the intradot Coulomb correlation on 𝑖th QD sites. 𝐸𝑖 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). 𝐸𝑘𝛼

𝜎  denotes the single 

electron energy levels in the leads (𝛼 ≡ 𝐿, 𝑅) with momentum 𝑘𝛼 and spin 𝜎,  𝑛𝑘𝛼

𝜎

 
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 𝑉12 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), 𝐶𝑘𝛼

𝜎  (𝐶𝑘𝛼

𝜎ϯ
) being the annihilation (creation) operator of an electron 

with momentum 𝑘𝛼, where the tunneling spin-dependent amplitude between each ferromagnetic 

lead and the nearest dot is given by 𝑉𝑖𝑘𝛼

𝜎 . Fig. (1) shows schematic energy diagram for the system 

of a DQDs in series configuration. 
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Figure1: 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]; 

𝑛𝑑𝑖
𝜎 = ∫ 𝜌𝑖𝛼

𝜎 (𝐸)

𝜇𝛼
𝜎

−∞

𝑓𝛼
𝜎(𝐸, 𝑇𝛼)𝑑𝐸        ;         𝑓𝛼

𝜎(𝐸, 𝑇𝛼) =
1

𝑒(𝐸−𝜇𝛼
𝜎)/𝑘𝐵𝑇𝛼 + 1

                                        4 

     𝑓𝛼
𝜎(𝐸, 𝑇𝛼)  is the Fermi distribution function in the lead 𝛼 and 𝜇𝛼

𝜎  is the chemical potential of 

the lead 𝛼. The localized density of states on the 𝑖th QD with spin 𝜎 that connected to the lead 𝛼 

can be defined in term of Green’s functions [24]; 

𝜌𝑖𝛼
𝜎 (𝐸) = −

1

𝜋
 Im 𝐺𝑖𝛼

𝜎 (𝐸)                                                                                                                            5 

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

𝐺1𝐿
𝜎 (𝐸) =

1

2
{

(1 + 𝑊1
𝜎/𝑉1

𝜎)

(𝐸 − 𝐸1+
𝜎 ) + iΓ1𝐿

𝜎 )
+

(1 − 𝑊1
𝜎/𝑉1

𝜎)

(𝐸 − 𝐸1−
𝜎 ) + iΓ1𝐿

𝜎 )
}                                                                     6𝑎 

𝐺2𝑅
𝜎 (𝐸) =

1

2
{

(1 − 𝑊2
𝜎/𝑉2

𝜎)

(𝐸 − 𝐸2+
𝜎 ) + iΓ2𝑅

𝜎 )
+

(1 + 𝑊2
𝜎/𝑉2

𝜎)

(𝐸 − 𝐸2−
𝜎 ) + iΓ2𝑅

𝜎 )
}                                                                   6𝑏 

     Γ𝑖𝛼
𝜎  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 𝐸𝑖±
𝜎   are defined as, 

𝐸𝑖±
𝜎  = 𝐸𝑖 + 𝑈𝑖𝑛

−𝜎 − 𝐽𝑛𝜎 ± 𝑉𝑖
𝜎                                                                                                                 7 
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     Where, 

𝑛𝜎 =
𝑛𝑑1

𝜎 + 𝑛𝑑2
𝜎

2
        ;         𝑉𝑖

𝜎 = √𝑉12
2 + (𝑊𝑖

𝜎)2                                                                                   8 

𝑊𝑖
𝜎 = 𝑈𝑖𝑀

−𝜎 + 𝐽𝑀𝜎         ;         𝑀𝜎 =
𝑛𝑑1

𝜎 − 𝑛𝑑2
𝜎

2
                                                                                 9 

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

following form; 

𝜌𝜎(𝐸) = ∑ ∑ ∑ 𝐾𝑖𝑗
𝜎𝜌𝑖𝛼𝑗

𝜎 (𝐸)

𝛼𝑖=1,2𝑗=+,−

                                                                                                        10 

     With  𝑗 ≡ +, −, if 𝑖 = 1 then 𝛼 ≡ 𝐿 and if 𝑖 = 2 then 𝛼 ≡ 𝑅, and; 

𝜌𝑖𝑗
𝜎 (𝐸) =

Γ𝑖𝛼
𝜎

(𝐸 − 𝐸𝑖𝑗
𝜎)2 + (Γ𝑖𝛼

𝜎 )2
                                                                                                                11 

     For simplicity, in equation 10, reduced functions for 𝐾𝑖𝑗
𝜎 are used, 

𝐾1𝑗
𝜎 =

1

2𝜋
(1 + 𝑗

𝑊1
𝜎

𝑉1
𝜎 )        ;         𝐾2𝑗

𝜎 =
1

2𝜋
(1 − 𝑗

𝑊2
𝜎

𝑉2
𝜎 )                                                                   12 

     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. 𝐿0
𝜎, 𝐿1

𝜎 and 𝐿2
𝜎,  these 

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

𝐿𝑛
𝜎 =

1

ℎ
∫ 𝑑𝐸  (𝐸 − 𝜇)𝑛  (−

𝜕𝑓(𝐸, 𝑇)

𝜕𝐸
) 𝜏𝜎(𝐸)                                                                                     13 

     𝜏𝜎(𝐸)  denotes the energy dependent transmission function for electron with spin 𝜎, which is 

given by  [33], 

𝜏𝜎(𝐸) = 2𝜋Γ𝜎 𝜌𝜎(𝐸)        ;         Γ𝜎 =
Γ1𝐿

𝜎 Γ2𝑅
𝜎

(Γ1𝐿
𝜎 +Γ2𝑅

𝜎 )
                                                                               14 
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     To solve all the integrals in equation 13 we also use Sommerfeld expansion with 𝑛 = 0,1,2,  

then: 

𝐿𝑛
𝜎 ≅ 𝑁𝜎(𝐸) +

𝜋2

6
  (𝑘𝐵𝑇)2

𝑑2𝑁𝜎(𝐸)

𝑑𝐸2
|

𝜇

                                                                                               15 

     With 𝑁𝜎(𝐸) = (𝐸 − 𝜇)𝑛 𝜏𝜎(𝐸). Finally, equation 15 are solved analytically to get 𝐿𝑛
𝜎 ; 

𝐿0
𝜎 ≅

1

ℎ
{𝜏𝜎(𝐸) +  

𝜋2(𝑘𝐵𝑇)2

6
 
𝑑2𝜏𝜎(𝐸)

𝑑𝐸2
}|

𝜇𝑒𝑞

                                                                                       16 

𝐿1
𝜎 ≅

1

ℎ
{(𝐸 − 𝜇𝛼

𝜎) 𝜏𝜎(𝐸)                                                                                           

+ 
𝜋2(𝑘𝐵𝑇)2

6
[(𝐸 − 𝜇𝛼

𝜎)
𝑑2𝜏𝜎(𝐸)

𝑑𝐸2
+ 2

𝑑𝜏𝜎(𝐸)

𝑑𝐸
]}|

𝜇𝑒𝑞

                                             17 

𝐿2
𝜎 ≅

1

ℎ
{(𝐸 − 𝜇𝛼

𝜎)2 𝜏𝜎(𝐸)                                                                                         

+  
𝜋2(𝑘𝐵𝑇)2

6
[2 𝜏𝜎(𝐸) + 4(𝐸 − 𝜇𝛼

𝜎)
𝑑𝜏𝜎(𝐸)

𝑑𝐸

+ (𝐸 − 𝜇𝛼
𝜎)2  

𝑑2𝜏𝜎(𝐸)

𝑑𝐸2
]}|

𝜇𝑒𝑞

                                                                                      18 

      𝜇𝑒𝑞 equals to the chemical potential of the lead 𝛼 and spin 𝜎. Then the charge Seebeck 

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

𝑆𝑐ℎ =
−1

2𝑒𝑇
∑(𝐿1

𝜎

𝜎

/𝐿0
𝜎)                                                                                                                              19 

     The thermopower (or Seebeck coefficient) is calculated at the condition (𝐼𝑠𝑝 = 0, 𝐼𝑐ℎ = 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: 

𝑆𝑐ℎ =
1

2
∑ 𝑆𝜎

𝜎

        ;         𝑆𝑠𝑝 =
1

2
∑ 𝜎𝑆𝜎

𝜎

                                                                                           20 

     Where, 
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𝑆𝜎 = −
1

𝑒𝑇

𝐿1
𝜎

𝐿0
𝜎                                                                                                                                               21 

     Similarly, in the linear response regime 𝐺𝑐ℎ and 𝐺𝑠𝑝 in terms of the transport integrals 

(equation 13) will be; 

𝐺𝑐ℎ = 𝑒2 ∑ 𝐿0
𝜎

𝜎

        ;         𝐺𝑠𝑝 = 𝑒2 ∑ 𝜎𝐿0
𝜎

𝜎

                                                                                        22 

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

by; 

𝜅𝑒𝑙 = ∑ 𝜅𝑒𝑙
𝜎

𝜎

        ;         𝜅𝑒𝑙
𝜎 =

1

𝑇
(𝐿2

𝜎 +
(𝐿1

𝜎)2

𝐿0
𝜎 )                                                                                     23 

     𝜅𝑒𝑙
𝜎  is electronic contribution to the thermal conductance. In order to find charge figure of 

merit 𝑍𝑐ℎ𝑇 (spin figure of merit 𝑍𝑠𝑝𝑇), we need the thermal conductivity in addition to 𝑆𝑠𝑝 and 

𝑆𝑐ℎ. Where the dimensionless 𝑍𝑇 depend on charge and spin are given in the following formulas: 

 𝑍𝑐ℎ𝑇 =
𝐺𝑐ℎ𝑆𝑐ℎ

2 𝑇

𝜅𝑒𝑙
        ;         𝑍𝑠𝑝𝑇 =

𝐺𝑠𝑝𝑆𝑠𝑝
2 𝑇

𝜅𝑒𝑙
                                                                                      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  

𝜇𝛼
𝜎 = 0.05 eV and 𝜇𝛼

−𝜎 =  −0.05 eV for the parallel magnetic configuration. Where,  𝜇𝑒𝑞 in 

equations 16, 17 and 18 are equals 𝜇𝛼
𝜎  for spin-up electrons and  𝜇𝛼

−𝜎 for spin-down electrons of 
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the lead 𝛼.    The calculations are accomplished in the strong interdot coupling regime, 𝑉12 >

Γ𝑖𝛼
±𝜎 as well as Γ𝑖𝛼

±𝜎 > 𝑘𝐵𝑇, 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 Γ𝑖𝛼
±𝜎 = Γ0(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 (𝑒𝑉𝑏 = 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 𝐸1 = 𝐸2. 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 𝐸𝑖 for 𝑃 = 0.3, that are lying in the energy window to be 

−0.3 ≤ 𝐸𝑖  (eV) ≤ −0.173 and 0.124 ≤ 𝐸𝑖  (eV) ≤ 0.247 for 𝑈𝑖 = 0.05 eV, while for 𝑈𝑖 =

0.2 eV we have −0.446 ≤ 𝐸𝑖 (eV) ≤ −0.251 and 0.05 ≤ 𝐸𝑖  (eV) ≤ 0.246. Table (1) introduces 

the active functional values of 𝐸𝑖 (blue colored) and the corresponding range of the operative 

𝐸𝑖𝑗
±𝜎 values for the different values of 𝑈𝑖 . Our calculations for 𝑃 = 0.7 are presented in table (2). 

 

 

 

 

 

 

 

 

 

 

Figure 2: The molecular energy levels for 𝑖th QD as a function of 𝐸𝑖  (eV) for different values of 

𝑈𝑖 (eV) with 𝑃 = 0.3, 𝑉12 = 0.2 eV,  𝐽 = 0, 𝑇𝐿 = 𝑇𝑅 = 20 K, Γ0 = 0.01 eV, Γ1𝐿
𝜎 =

Γ2𝑅
𝜎 = 0.013 eV,  Γ1𝐿

−𝜎 = Γ2𝑅
−𝜎 = 0.007 eV. 
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Figure 3: The molecular energy levels for 𝑖th QD as a function of 𝐸𝑖  (eV) for different values of 

𝑈𝑖 (eV) with 𝑃 = 0.7, 𝑉12 = 0.2 eV, 𝐽 = 0, 𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 =

Γ2𝑅
𝜎 = 0.017 eV,  Γ1𝐿

−𝜎 = Γ2𝑅
−𝜎 = 0.003 eV. 

 

 

Table 1: The active values of 𝐸𝑖 and the corresponding operative values of 𝐸𝑖𝑗
±𝜎 for 𝑒𝑉𝑏 = 0, 𝑃 =

0.3,  𝐽 = 0, 𝑉12 = 0.2 eV, 𝑇𝐿 = 𝑇𝑅 = 20 K, Γ0 = 0.01 eV,  Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.013 eV,  

Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.007 eV. 

𝑈𝑖 = 0.05 eV 

𝐸𝑖 (eV) 𝐸𝑖+
𝜎  (eV) 𝐸𝑖+

−𝜎 (eV) 𝐸𝑖−
𝜎  (eV) 𝐸𝑖−

−𝜎 (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 

𝑈𝑖 = 0.2 eV 

𝐸𝑖 (eV) 𝐸𝑖+
𝜎  (eV) 𝐸𝑖+

−𝜎 (eV) 𝐸𝑖−
𝜎  (eV) 𝐸𝑖−

−𝜎 (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 𝐸𝑖 and the corresponding operative values of 𝐸𝑖𝑗
±𝜎 for 𝑒𝑉𝑏 = 0, 𝑃 =

0.7,  𝐽 = 0, 𝑉12 = 0.2 eV, 𝑇𝐿 = 𝑇𝑅 = 20 K, Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.017 eV,  

Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.003 eV. 

  𝑈𝑖 = 0.05 eV  

𝐸𝑖 (eV) 𝐸𝑖+
𝜎  (eV) 𝐸𝑖+

−𝜎 (eV) 𝐸𝑖−
𝜎  (eV) 𝐸𝑖−

−𝜎 (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 = 0.2 eV 

𝐸𝑖 (eV) 𝐸𝑖+
𝜎  (eV) 𝐸𝑖+

−𝜎 (eV) 𝐸𝑖−
𝜎  (eV) 𝐸𝑖−

−𝜎 (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 𝐸𝑖±
±𝜎 are the molecular levels that contribute in the quantum 

tunneling. As the quantum dots are symmetric, then 𝐸1±
±𝜎 = 𝐸2±

±𝜎. 

     Figure 4a represents our calculations of the Seebeck coefficients (or thermopower) 𝑆𝜎 and 

𝑆−𝜎 as a function of the quantum dots effective energy levels (where 𝐸1 = 𝐸2). It is obvious that 

𝑆−𝜎 > 𝑆𝜎 for both values of 𝑈𝑖. This is consistent with the case Γ𝑖𝛼
𝜎 > Γ𝑖𝛼

−𝜎. The values of 𝐸𝑖 at 

which 𝑆−𝜎 takes maximum values are −0.3 eV and 0.124 eV (−0.446 eV and 0.05 eV) for 𝑈𝑖 =

0.05 eV (𝑈𝑖 = 0.2 eV). It is easy to notice that the energy spacing between the two Fano 

resonances when 𝑈𝑖 = 0.05 eV is nearly equal to that when 𝑈𝑖 = 0.2 eV. As 𝑈𝑖 increases, the 

Fano resonances are shifted to the negative values of 𝐸𝑖. 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−𝜎 at Fano resonances are equal for both values of 

𝑈𝑖. At the same mentioned values of 𝐸𝑖, one can notice the maximum values of charge Seebeck 

coefficient (see Fig. (4b)). At the same mentioned values of 𝐸𝑖 (−0.446 eV, 0.05 eV when 𝑈𝑖 =

0.2 eV and −0.3 eV, 0.124 eV, when 𝑈𝑖 = 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 Γ𝑖𝛼
𝜎  (𝑃 = 0.7) >

Γ𝑖𝛼
𝜎  (𝑃 = 0.3) and Γ𝑖𝛼

−𝜎 (𝑃 = 0.7) < Γ𝑖𝛼
−𝜎 (𝑃 = 0.3). All values of 𝑆𝜎, 𝑆−𝜎, 𝑆𝑐ℎ and 𝑆𝑠𝑝, 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 𝑆𝜎 and 𝑆−𝜎 can be negative or positive value.  When 

𝐸𝑖 = 0 and 𝑃 = 0.3, it is confirmed that 𝑆𝜎 < 𝑆−𝜎 which leads to the pure spin Seebeck effect 

without the charge Seebeck effect for 𝑈𝑖 = 0.05 eV. According to the formula for the molecular 

levels, when 𝐸𝑖 = 0, the spin-down and spin-up levels are asymmetric about the chemical 

potential 𝜇 = 0, which leads to the pure spin Seebeck contribution. As a result, this system can 

generate spin-polarized current.   The vanished values of 𝑆𝜎, 𝑆−𝜎, 𝑆𝑐ℎ and 𝑆𝑠𝑝, are referred to 

destructive quantum interference effect. The maximum values of 𝑆𝜎, 𝑆−𝜎, 𝑆𝑐ℎ and 𝑆𝑠𝑝, are lying 

in the vicinity of 𝐸𝑖 = −0.3 eV for 𝑈𝑖 = 0.05 eV and 𝐸𝑖 = 0.05 eV  for 𝑈𝑖 = 0.2 eV. As a result, 

the spin and charge Seebeck effect can be enhanced by increasing 𝑈𝑖 and 𝑃. 
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Figure 4: (a) The components of thermopower, (b) charge thermopower (c) spin thermopower as a 

function of 𝐸𝑖  (eV) for different values of 𝑈𝑖  (eV) with 𝑃 = 0.3, 𝑉12 = 0.2 eV,  𝐽 = 0, 𝑇𝐿 =

𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.013 eV,  Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.007 eV. 
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Figure 5: (a) The components of thermopower, (b) charge thermopower (c) spin thermopower as 

a function of 𝐸𝑖  (eV) for different values of 𝑈𝑖 (eV) with 𝑃 = 0.7, 𝑉12 = 0.2 eV,  𝐽 =

0, 𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.017 eV,  Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.003 eV. 

 

   The spin-dependent conductance 𝐺𝜎 and 𝐺−𝜎 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 𝐺𝜎 are greater (with wider width) than that of 𝐺−𝜎. For each value of 𝑈𝑖, the charge 

conductance shows four peaks (see Fig. (6b)). In Fig. (6c), the spin conductance 𝐺𝑠𝑝 shows also 

four peaks for each 𝑈𝑖, this concides with the self-consistent solution of our model calculation. 

When 𝑈𝑖 is increased, the molecular states of the spin-down and spin-up electrons are split, also 

the Fano resonance lines of 𝐺𝜎 and 𝐺−𝜎 are split. For 𝑃 = 0.7, 𝐺−𝜎 for both values of 𝑈𝑖 shows 

dips, while 𝐺𝜎 shows peaks (see Fig. (7)). This means that the quantum interference effect in 

channels  𝜎 and −𝜎 are different. The values of 𝐸𝑖 that are corresponding to the dips are well 

illustrated in Fig. (7) b and c. It is found that the Fano dip of 𝐺𝜎 is in the closeness of the Fano 

peak of 𝐺−𝜎 in Fig. (7a), leading to the generation of spin conductance 𝐺𝑠𝑝. Correspondingly, the 

value of 𝐺𝑐ℎ is reduced, as compared with the value of 𝐺𝑠𝑝. 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 𝐸𝑖 = −0.3 eV with 𝑈𝑖 = 0.05 eV as well as when 𝐸𝑖 = 0.05 eV  with 𝑈𝑖 = 0.2 eV. 

Accordingly, at these values of 𝐸𝑖, 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.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: (a) The components of conductance, (b) charge conductance (c) spin conductance as a 

function of 𝐸𝑖  (eV) for different values of 𝑈𝑖  (eV) with 𝑃 = 0.3,  𝑉12 = 0.2 eV,  𝐽 = 0, 

𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.013 eV,  Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.007 eV. 
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Figure 7: (a) The components of conductance, (b) charge conductance (c) spin conductance as a 

function of 𝐸𝑖  (eV) for different values of 𝑈𝑖  (eV) with 𝑃 = 0.7,  𝑉12 = 0.2 eV,  𝐽 = 0, 

𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.017 eV,  Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.003 eV. 

 

 

 

 

 

 

 

Figure 8: (a) The components of thermal conductance, (b) charge thermal conductance (c) spin 

thermal conductance as a function of 𝐸𝑖  (eV) for different values of 𝑈𝑖 (eV) with 𝑃 =

0.3,  𝑉12 = 0.2 eV,  𝐽 = 0, 𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.013 eV,  

Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 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 𝐸𝑖 (eV) for different values of 𝑈𝑖 (eV) with 𝑃 =

0.7, 𝑉12 = 0.2 eV,  𝐽 = 0, 𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.017 eV,  

Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.003 eV. 

 

 

 

 

 

 

 

Figure 10: (a) Charge figure of merit (b) spin figure of merit as a function of 𝐸𝑖  (eV) for different 

values of 𝑈𝑖 (eV) with 𝑃 = 0.3, 𝑉12 = 0.2 eV,  𝐽 = 0, 𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 = 0.01 eV, 

Γ1𝐿
𝜎 = Γ2𝑅

𝜎 = 0.013 eV,  Γ1𝐿
−𝜎 = Γ2𝑅

−𝜎 = 0.007 eV. 
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Figure 11: (a) Charge figure of merit (b) spin figure of merit as a function of 𝐸𝑖  (eV) for different 

values of 𝑈𝑖 (eV) with 𝑃 = 0.7,  𝑉12 = 0.2 eV,  𝐽 = 0, 𝑇𝐿 = 𝑇𝑅 = 20 K,  Γ0 =
0.01 eV, Γ1𝐿

𝜎 = Γ2𝑅
𝜎 = 0.017 eV,  Γ1𝐿

−𝜎 = Γ2𝑅
−𝜎 = 0.003 eV. 

 

 

4. Conclusions 

     In summary, we have studied the spin and charge thermoelectric properties across DQDs in 

the strong coupling regime (where  V12 > Γiα
±σ) 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 𝐸𝑖 = 0, the spin-down and spin-up levels are not symmetric about the 

chemical potential 𝜇 = 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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:  مغناطيسيةفيرو  أقطابمع  يا  تسلسل مقترنة تينكمي تينعبر نقط لشحنة والبرمالخصائص الكهروحرارية ل

 وازي تالمغناطيسي الم وزيعحالة الت

 

   1هيفاء عبد النبي جاسم       2جنان مجيد المخ      1عبدالزهره نجديمحمد 

 

 البصرة / العراق  / قسم الفيزياء / كلية العلوم / جامعة البصرة 1

 2 قسم الفيزياء / كلية التربية للعلوم الصرفة / جامعة البصرة / البصرة / العراق

 

 المستخلص 

فيرومغناطيسية مع    الكهروحرارية للشحنة والبرم لنظام النقطتين الكميتين المتصلة بأقطابفي هذه المقالة ، تم دراسة الخواص  

م  وزيعت الخطية  توازيمغناطيسي  الاستجابة  نهج  جميع    تم .   في  مراعاة  خلال  من  القوي  الاقتران  نهج  في  نتائجنا  حساب 

 على النقاط الكميةالأقطاب ، طاقة تفاعل كولوم  كذلك مع  كميتين والمعاملات التي تؤثر على النظام مثل الاقتران بين النقطتين ال

المغناطيسي المتوازي ، يمكن أن تصل الكفاءة الكهروحرارية إلى قيمة  وزيعوجد أنه في الت لقد . واستقطاب البرم على الأقطاب

للبرم الرنين  والأقطاب-كبيرة حول مستويات  الكمية  النقاط  بين  النفق  اقتران  يكون  عندما  البرم  اسفل  ذات  اسفل -للإلكترونات 

يتم تعزيز  .  ب  لذلك ، يمكن لهذا النظام أن يولد تيار برم مستقط  نتيجة   .صغيرًا ، مما يؤدي إلى مساهمة سيبك البرمية النقية

 .قيمة شكل الكفاءة البرمية عن طريق زيادة استقطاب البرم وتقليل طاقة التفاعل
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