Heat Flow Calculation through FM-DQDs-FM System: Strong Coupling Regime
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Abstract. In this paper, we concentrate on the low-temperature domain to analyze and compute the heat current via a device with double quantum dots sandwiched between two ferromagnetic electrodes (FM-DQDs-FM), in the situation of an antiparallel magnetic arrangement. Non-equilibrium Greene’s functions in a linear response regime were used to perform the research. By taking into account all the system-influencing coefficients, including the coupling between paired quantum dots and electrodes, the spin exchange interaction, the intra-dot Coulomb correlation energy, and spin-polarization on electrodes, our calculations were carried out in the strong inter-dot coupling regime. These findings were examined in relation to the temperature gradient and the effective energy levels of the quantum dots. No new changeable physical characteristics were produced when the spin-polarization was increased. According to our calculations, the spin exchange interaction had a ferromagnetic character when it was equal to  and . These findings could pave the way for developing spin caloritronic and thermodynamic nanostructures.
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INTRODUCTION
       The passage of electrons across ever-shrinking structures has been made easier recently because of developments in nano-creation processes. Electronics with sub-micron and nanoscale dimensions (mesoscopic systems) could be more rapid and less expensive than devices with a traditional macroscale design. Quantum transfer of charge and energy are two fundamental processes in mesoscopic systems [1–5]. The Wiedemann-Franz law states that heat transfer and charge transport occur more often [6, 7]. But they have never been treated equally in the literature on mesoscopic physics. Charge transport has received greater attention recently [8–12] compared to energy transfer, which is more difficult to quantify both theoretically and practically. When a substantial amount of heat accumulates, the performance and stability of electrical equipment may be compromised. As a result, heat generation has emerged as a significant barrier in highly interconnected electronic systems. Numerous studies have been conducted on the creation, conversion, storage, and transit of heat in nano-devices [13]. The rules controlling heat generation are better understood as a result of such scientific research, which also makes it simpler to create energy-efficient electrical components. 
       The thermoelectric effect, which allows energy to be converted into heat and vice versa, may be used to collect waste heat and convert it into useable electric power [14]. For thermoelectric devices to function well, charge and heat conduction must be precisely controlled [15–19]. With an understanding of mesoscopic physics, it is possible to employ charge and heat transfer in ways that were previously unimaginable. The next generation of highly integrated electronic systems may be able to reduce heat emission thanks to spintronics, a promising new field of study. However, heat flow cannot be detected because spintronic devices are unable to produce electricity and because it is difficult to detect even the smallest temperature changes in such nano-structures. Research on thermal energy is expanding, also thermal and electrical transport connections are significant [20–23]. Heat without charge transport effects is demonstrated by energy harvesting throughout quantum dots [24, 25] and rectification [26, 27]. It is beneficial to work on creating (molecular) quantum dots with excellent thermal connections for electrodes or another heat source for electrical purposes. However, maintaining the strong temperature gradient required to produce large temperature variations through nano-scale connections may be difficult. To lessen the temperature differential across the quantum dot junction, several sequentially linked quantum dots must be considered. Changing the positions of the energy levels in an active region may generally be used to modify the transport properties of quantum dots junctions and other comparable systems [28, 29]. Two closed quantum dots coupled to right and left reservoirs running at various temperatures makes up a typical apparatus for testing heat transfer capabilities. Because the heat resistance of a serially connected quantum dots junction system may be greater than that of individual quantum dot systems, serially linked double quantum dots (DQDs) systems may be able to survive a substantial temperature difference across the junction. To explore thermoelectric transport between quantum dots and molecules, a method including a unified treatment of the system’s electron dynamics is required. For this purpose, one may use Green’s function formalism, which is described in reference [30]. 
       Our study investigates the heat transport over a series of DQDs positioned between two ferromagnetic electrodes. The electron correlation on each dot, the inter-dot coupling, as well as the spin exchange interaction, all affect the properties of electron tunneling through DQDs.

MODEL CALCULATION
The Anderson Hamiltonian, which considers exchange interactions as well as all couplings, may be used to represent the system under investigation [31],

       DQDs Hamiltonian with electronic level   also spin ,  is denoted by the 1st term in equation (1), (first two terms in equation (2)), 




        denotes the corresponding spin-dependent occupation numbers, as ,  and  are the annihilation and creation operators of the QD electronic state  with spin . The energies of quantum dot levels are represented in as follows: 


        stands for the effective energy levels of the quantum dot  while  stands for the spin exchange interaction.  stands for the intra-dot Coulomb repulsive energy on the dot  sites. The second term in equation (1) and the third term in equation (2) represent the electrons in the electrodes.  stands for the energy levels of a single electron in the electrodes  () with momentum  and spin ,  stands for the corresponding occupancy numbers. The third term in equation (1), the fourth and fifth terms in equation (2), reflect the Hamiltonian for the interaction between two quantum dots, where the non-effective spin exchange energy is  and the inter-dot hopping energy is . Eventually, the tunneling energy amongst electrodes and each quantum dot is denoted by the last term in equation (1), (sixth term in equation (2)), and  is the annihilation (creation) operator of an electron with momentum , where  is the tunneling spin-dependent magnitude between each ferromagnetic electrode and the nearest quantum dot.



FIGURE 1. Energy diagram of DQDs system in series arrangement sandwiched between two ferromagnetic electrodes in antiparallel case.
          can be calculated by the following relations [32],

         is the Fermi distribution function in the electrode  and   is the chemical potential of electrode . The localized density of states () on dot  with spin  connected to the electrode  can be represented in terms of Green’s functions [33], 

       Where,   denotes the imaginary components of Green’s functions; it is provided by [34],


        denotes level broadening due to the coupling interaction of the ith QD energy levels with the continuum energy levels of electrode . Level broadening happen energy independent at the wide band limit [35].  Meanwhile, the  energies are defined as [36],

       where,


        on DQDs are determined by substituting equation (6) into equation (5), then  is given as follows;

       As , if , & if ,

       In equation (10), reduced functions  are utilized for simplicity,

       After solving the integral in equation (4) analytically by using the Summerfield expansion [37,38], where equations (4) and (7) are solved self-consistently to obtain the occupation numbers of quantum dots energy levels and the “molecular orbitals energies” of DQDs. The heat current () is the electrical current that flows in response to the thermal gradient , is calculated by the following formula [39]:

        represents the electron with spin’s energy-dependent transmission function also is provided by [40], 

       We can write  by utilizing the Sommerfeld expansion as follows:









       then, 




       Finally, we get the total heat current as;

       It is important to note that the unit for heat current is arbitrary ( ).We build an enlarged program in Fortran 90 in order to do a numerical calculation of the heat current, also we utilize MATLAB in order to produce the 3D visualizations. 

RESULTS AND DISCUSSION
       At the non-equilibrium condition brought on by a temperature gradient, we investigate the aspects of heat transfer in this system imposed in our research. The model calculation is used to calculate the total heat current leaving the electrodes as well as the left also right flowing heat currents (2). The left electrode's heat current is computed as follows [41]:


        in equations (15) also (16) is equal to  for spin-down electron also to   for spin-up electron. The heat current flowing from the right electrode should be provided,

        equals  () for spin-down (spin-up) electron. The basis of our model calculation, we can compute  as follows :

       According to equation (21), , in the case of antiparallel arrangement,  are used.   is the total amount of heat going away from the electrodes. As a function of the temperature difference, the intra-dot Coulomb repulsive energy is used to figure out how heat flows. The strong inter-dot coupling regime yields our findings  for the antiparallel magnetic arrangement case with  also , where  is the hybridization function [42].       
       The heat current is computed with, then , bearing in mind the chemical potentials locations. The correlation energy values employed are . According to Figures (2)-(4), for a specific value of ,  is greater than  for . For , these values are lying at   for  and at  for . However, the heat current values predicted for  are less than those computed for  (Figure (2)), where rising  shows that the molecular orbitals are full outside the energy window. In Figure (4), the previous indicated characteristics may be enumerated, however due to antiferromagnetic spin exchange, the heat currents are less than those computed for . In Figure (3), , the heat current values rise, whereas the correlation energy plays no effect for ferromagnetic nature. Increasing the spin polarization to  has no effect on the physical properties. The inter-dot coupling energy also hybridization functions play a crucial role in the determination of these characteristics.
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FIGURE 2. Components of  as a functions of  for two values of  at, , , , , ,  also  .
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FIGURE 3. Components of  as a functions of  for two values of  at, , , , , ,  also .
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FIGURE 4. Components of  as a functions of  for two values of  at, , , , , ,  also .

       We investigate the role of effective quantum dots energy levels  for the values of  and  to demonstrate the best operating conditions for a nano-device. Figures ((5)-(7)) illustrate our heat current estimations as a functions of  and . All of these characters have quite unusual physical characteristics. The first pertains to  values when ; we denote this by . The second is the effective quantum dots energy levels that correlate to the highest  values.
       Our results are shown in Figures (5)-(7) for  also spin exchange interactions are ,  and . There are twelve values of  at which  for each value of   and  (Table (1)); at these values, the charge current takes the maximum value whilst at the nearest values around , the heat current takes the maximum value.
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FIGURE 5.  as a functions of  also as a function of  for two values of  with, , , , ,  also  .
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FIGURE 6.  as a functions of  also as a function of  for two values of  with, , , , , , also .
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FIGURE 7.  as a function of  also as a function of  for two values of  with, , , , ,  also  .


       Figure (8a) depicts the  range for the values shown in Figure (5) with . A specific value of  is noted in Figure (8b). For various values of , the curves exhibit opposing behavior. A positive  indicates that , while a negative  indicates that . One of the most significant practical properties that may be used in heat engineering is the range of  values around each value of . Our calculations reveal that spin-polarization has no effect on  values. This finding agrees with the coupling regime used in our computations. Both the spin exchange interaction and the Coulomb correlation energy may influence  values.












[image: ]

FIGURE 8.  as a functions of  for two values of  with, , , , , ,  also .

TABLE 1.  for the case of antiparallel magnetic arrangement for two values of  also  at ,  with ,  also .

	
	

	
	
	

	0.3
	-0.255,  -0.25,  -0.245
0.095,  0.1,  0.105
0.145,  0.15,  0.155
0.495,  0.5,  0.55
	-0.405,  -0.4,  -0.395
-0.005,  0,  0.005
0.095,  0.1,  0.105
0.495,  0.5,  0.505

	0
	-0.255,  -0.25,  -0.245
-0.205,  -0.2,  -0.195
0.145,  0.15,  0.155
0.195,  0.2,  0.205
	-0.405,  -0.4,  -0.395
-0.205,  -0.2,  -0.195
-0.005,  0,  0.005
0.195,  0.2,  0.205

	-0.3
	-0.505,  -0.5,  -0.495
-0.255,  -0.25,  -0.245
-0.105,  -0.1,  -0.095
0.145,  0.15,  0.155
	-0.505,  -0.5,  -0.495
-0.405,  -0.4,  -0.395
-0.105,  -0.1,  -0.095
-0.005,  0,  0.005




CONCLUSIONS
The heat current flowing through an FM-DQDs-FM system in the case of antiparallel arrangement and strong inter-dot coupling regime  investigated in this paper. Increasing the inter-dot hopping interaction  allows the electron to readily tunnel across the junction, increasing the heat current amplitude. The heat currents flow for each electrode is calculated utilizing the non-equilibrium Green’s function technique also Sommerfeld’s expansion. The spin-polarization is verified at , also raising the spin-polarization to higher values yields no additional physical properties. This outcome is consistent with the pairing technique employed in our accounts. Both the spin exchange interaction and the Coulomb correlation energy may be used to alter the values of . 
       Finally, two parameters, designated by  also , may either collaborate with or oppose the flowing heat currents. Changing the locations of the energy levels in the active region with regard to the conduction window may control the transport properties of molecular junctions. A gate voltage supplied to the active region may shift the energy levels, also they can determine the locations of  that can be used to implement on-off switching for the flowing heat current. Controlling heat currents in spintronic devices is linked to problems sensing minor temperature changes in these nano-structures. The thermal resistance of a DQDs system may be higher than that of a single QD system. Because of this quality, the serial DQDs system can certify a reasonably big temperature gradient. In a positive or negative thermal bias, decreasing or increasing the amplitude of the heat current is suitable for building a highly efficient thermal diode. Our findings might pave the way for the development of thermodynamic also spin caloritronic nanostructures. 
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