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Abstract
In this work, we use the quasiclassical theory of superconductivity to calculate the electronic contribution to thermal conductivity of Ni doped Bi4O4S3 in its normal and superconducting state. The theory is formulated for low temperature when heat transport is limited by electron scattering from random defects and for superconductors with nodes in the order parameter. We use recent results on the Boltzmann equation, heat current density, total electron energy in k-space and electronic heat capacity to determine the electronic thermal conductivity of Ni doped Bi4O4S3 . The expression for electronic thermal conductivity,el at superconducting and normal states have been determined and plotted as a function of temperature(T). The phase diagrams show the linear dependency of electronic thermal conductivity,el of Ni doped Bi4O4S3 with temperature in normal state and have a kink in the superconducting state. 
Key words: Boltzmann transport equation, superconductivity, Ni doped Bi4O4S3, thermal conductivity. 








[bookmark: _Toc521792278]                 Chapter 1
 General Introduction to superconductivity
[bookmark: _Toc521792279]1.1 The Discovery and Development of superconductivity
Superconductivity is a phenomenon that occurs at very low temperature. Every superconducting material has a transition temperature (TC) below which it behaves as a superconductor and above which it behaves as a normal material. In a superconducting state, the material has no electrical resistance. So, it conducts electricity without power dispassion.
In 1908 Kamerlingh Onnes developed a procedure to liquefy helium. To bring about this liquefaction, helium gas was compressed to a smaller volume which causes its temperature to rise. The warmed and compressed gas is then passed through a pipe surrounded by a cooler fluid. Still compressed but cooler gas is now forced to pass through a small hole which cannot expand and further cooling occurred. These steps are repeated over and over again until the temperature of the compressed gas reached 4.2K where it was liquefied. This process that Onnes used to liquefy helium is still in use in modern refrigerators.
Having successfully liquefied helium, Onnes had tried to cool other materials to 4.2K by simply lowering them in to a helium bath. Onnes then began to carry out experiments on materials immersed in liquid helium that had never been possible before. One of these which was carried out in 1911 was to measure the electrical resistance of solid mercury [1]. In the course of carrying out this measurement, Onnes discovered the remarkable behaviors which nowadays are known as superconductors [1]. 
When mercury reached a temperature of 4.2K, Onnes noticed that, when he turned of the voltage, the current stopped flowing as expected. He also noticed that, when he turned on the voltage below 4.2K, the current continued to flow. In fact, the current continued to flow without decaying for months and even years and the resistance of the material had become nearly zero. Onnes described this phenomenon as a superconducting state. More precisely, zero resistance is the first characteristic property of a superconductor. Superconductivity was first observed in 1911 by H.Kamerlingh Ones[1] as the disappearance of resistivity in metal mercury, as shown in fig(1.1)at a critical temperature, TC =4.2k.
[image: ]
Figure 1.1:Resistace of a specimen of mercury versus absolute temperature
This plot by Kamerlingh Onnes marked the discovery of superconductivity in mercury [1].
In the subsequent years, other metallic elements such as aluminum, zinc, etc, were found to super conduct at temperatures below that of mercury. Materials develop electrical resistance because their conduction electrons collide with intrinsic defects and impurity atoms of the solid which scatter them from the direction of flow. The next great milestone in understanding how matter behaves at extreme cold temperatures occurred in 1933 by German researchers Walter Meissner and his graduate student R.Ochsenfeld. They discovered the second characteristic property of a superconducting state which is a phenomena occurring in certain materials at low temperature and is characterized by the complete expulsion of magnetic field from the interior of a superconductor at a temperature less than TC of the material which is known as the Meissner effect[2].
The first widely accepted theoretical understanding of superconductivity was discovered in 1957 by American physicists John Barden, Leon Cooper and John Schrieffer which is nowadays known as the BCS theory [2]. The BCS theory explained superconductivity at temperature close to absolute zero temperature for elemental and alloys. However, at higher temperature and with different superconducting systems, the BCS theory has subsequently become inadequate to adequately explain how superconductivity occurs. In 1962, scientists at Westinghous developed the first commercial superconducting wire which was an alloy of Niobium and Titanium ( NbTi)[3]. Another significant advancement in superconductivity came in 1962 when Brain D.Josephson predicted that, electrical current (paired electrons) would flow between two superconducting materials separated by an insulator or a non- superconducting oxide material. This tunneling of the paired electrons in the oxide barrier is known as the Josephsone effect.
The 1980’s were years of unrivaled discovery in the field of superconductivity. Furthermore, in 1964 Bill Little had suggested the possibility of organic (carbon-based) superconductors [4]. The first of these superconductors was successfully synthesized in 1980 by Klaus Bechgard and three French team members [4]. In 1986, a discovery was made in the field of superconductivity.  Alex Muller and George Bednorz created a brittle ceramic compound that superconducts at a temperature of TC = 35K [3]. In 1997 researchers found that, at a temperature very near to the absolute zero alloys of gold and indium were both superconductors and a natural magnet.
[bookmark: _Toc521792280]1.2 Meissner effect
In 1933 Meissner and Ochsensfeld discovered perfect diamagnetic characteristic of a superconductor.  When Superconductor is placed in a weak external magnetic field H and cooled below its transition or critical temperature Tc, the magnetic field is expelled completely from its interior. Thus, superconductor is not only a perfect conductor at a resistance of nearly zero but also a perfect diamagnetic, i.e. a superconductor expels a weak magnetic field nearly completely from its interior. A superconductor with a little or no magnetic field with in it is said to be in the Meissner state. The Meissner state breaks down when the applied magnetic field is too large. The limit of external magnetic field strength at which a superconductor can expel the magnetic field is known as the critical field strength, Hc.
In1938 the London brothers , Fritz and Heinz London provided a phenomelogical explanation for the Meissner effect [3]. They applied the will-known theory of electromagnetism based on what are known as Maxwell’s equations to the case of a superconductor. They showed that, an applied magnetic field ( Bapp) induces current; this surface current in turn produces an internal magnetic field that exactly cancels the applied field within the superconductor so that no magnetic field is present in its interior. In other words, the induced internal filed is equal in magnitude and opposite in direction to the applied field( Bapp), so the two cancel each other,  which implies that, the magnetic field is repelled by the superconductor and this expulsion explains Meissner effect as shown in fig.1.2
	
[image: ]
    a)                                                b)
Figure 1.2  The Miessner effects, arrows represent the magnetic field lines a) magnetic field penetrating a superconductor above the critical temperature T>Tc, b) magnetic field expelled from the interior of a superconductor below the critical temperature,  T<Tc  [5].
[bookmark: _Toc521792281]1.3 The BCS theory	
As was stated earlier in 1957, J.Barden, L.N Cooper and J.R. Schrifer formulated the microscopic theory of superconductivity which is known as the BCS theory [6,7]. The theory asserts that, as electrons pass through a crystal lattice, the lattice deforms inward towards the electrons generating sound packets known as phonons. These phonons produce a trough of positive charges in the area of deformation that assists subsequate electrons in passing through the same region in a process known as phonon-mediated coupling. The BCS theory is a microscopic theoretical frame work for treating a fermion system in which an effective attractive interaction brings about a phase coherent pair condensate with strong spatial overlap of fermion pair. It also deals with the formation of correlated pairs in relation to the achievement of the lowest state of energy of the crystal. The theory can form superconductors known as conventional superconductors. In many superconductors, the attractive interaction between electrons (necessary for pairing) is brought indirectly by the interaction between the electrons and the vibrating crystal lattice or the (phonons). The basic principle of the BCS theory is that, electrons (fermions) pairup via phonon coupling and the pairs (bosons) condense into a single microscopic quantum state and travel together cooperatively and coherently through the crystal lattice without scattering [8].It is well known that, electrical résistance arises by scattering of electrons due to defects, impurities, thermal vibrations in a crystal lattice of a conductor.
[bookmark: _Toc521792282]1.4 Cooper pairs
The BCS theory proposes that, the lattice vibrations (phonons) are the cause for the formation of Cooper pairs and stated as follows. When an electron passes by positively charged ions in the lattice of the material, the electron polarizes   or distorts the atom around it. This polarization of the atoms of the lattice causes phonon to be emitted which forms a trough of positive charges around the electrons. As a result, a wave of lattice distortions due to attraction to a moving electron is created. Before the electron passes by and before the lattice springs back to its original position, a second electron is drawn into the trough and interacts with the polarization. It is this lattice vibrations that causes the two electrons (which normally repel) attract each other to form Cooper pairs [6].
The energy of the pairing interaction is quite weak; it is in the order of 10-3eV, and the thermal energy can easily break up the pairs. Therefore, only at low temperatures a significant number of the electrons in a metal would form Cooper pairs. The electrons in a pair are not necessarily close together, because the interaction is long range, paired electrons may still be many hundreds of nanometers apart. This distance is usually greater than the average inter electron distance, so many Cooper pairs can occupy the same space [9].
[image: ]
Figure 1.3: The figure shows how electrons form Cooper pairs [10]
[bookmark: _Toc521792283]1.5 Types of superconductors
There are two types of superconductors; these are type-I (soft) and type-II (hard) superconductors. The main difference between these types of superconductors is the capacity they have to withstand magnetic field. The value of the Ginzburg-Landau parameter,
 (κ) =  determines the behavior of a bulk superconductor in an applied magnetic field H. All superconducting elements except Niobium (Nb), Vanadium (V) and Technetium (Tc)) are type-I superconductors.
Besides to these, all superconducting alloys, chemical compounds and high temperature superconductors belong to type-II. For magnetic fields up to the lower critical field, both types of superconductors behave in the same way. These two main types of superconductors are distinguished based on their ability to expel magnetic flux [8]. In type - I superconductors, the expulsion of a magnetic field is completed up to a certain maximum or critical field HC1, above which the superconductor returns to the normal state. Type-II superconductors also show complete expulsion up to a field HC1 but now for higher fields magnetic flux starts to enter the superconductor in the form of small flux bundles, so-called vortices, crossing the interior of the superconductor.
These vortices are like tubes having a non-superconducting core and carry a single quantum of flux (φ0=.). With increasing field the density of vortices increases until a field HC2 at which the superconductor becomes normal.

[bookmark: _Toc521792284]1.5.1 Type-I superconductors
[bookmark: _Toc520021261]The occurrence of a critical field in type-I superconductors can be explained if we assume that Cooper pairs cannot exist in a magnetic field. This means that a material in an external magnetic field can only become a superconductor if the magnetic field is expelled from the sample.
The resistivity and the internal magnetic field are zero for a small external field and that both change discontinuously at the critical field HC. The magnetization also changes discontinuously at HC, it is large and negative for a superconductor because the induced magnetic moment opposes the external field, but typically becomes small and positive at the critical field as the sample becomes a normal paramagnetic metal. This type of behavior is the characteristic of most pure metals and these materials are known type-I superconductor.  
[bookmark: _Toc521792285]1.5.2 Type –II superconductors
For type -II superconductors there are two critical fields, lower (HC1) and upper (HC2).
The critical field HC which is similar to type-I superconductor is also used for comparison. At the lower critical field HC1which is less than HC the magnetic flux begins to penetrate the sample and the material is no longer a perfect diamagnetic. However, the resistivity of the sample remains zero until the upper critical field HC2 is reached and it is only at this point that the magnetic field inside the specimen becomes equal to the external field. 
An external magnetic field (H) between the lower and upper critical fields (Hc1 and Hc2) respectively does not penetrate uniformly through the sample [10,11]. Rather, the magnetic field inside the sample becomes “quantized” in units of the flux quantum φ0= into arrays of magnetic flux tubes called vortices. These vortices construct a triangular superconductor. The “vortex state” enables type-II superconductors to sustain high magnetic fields and larger applied current densities. This situation holds for Hc1< H < Hc2 and κ > for these types of superconductors.



         
  [image: ]
Figure 1 .4 :) Applied magnetic field versus magnetization for a) type- I and b) type-II superconductor [11].
(a) Magnetization versus applied magnetic field for a bulk superconductor exhibiting a complete Meissner effect (perfect diamagnetism). A superconductor with this behavior is called a type I superconductor. Above the critical field Hc the specimen is a normal conductor and the magnetization is too small to be seen on this scale. (b) Superconducting magnetization curve of a type II superconductor. The flux starts to penetrate the specimen at a field Hc1 lower than the thermodynamic critical field HC. The specimen is in a vortex state between Hc1 and HC2, it has a superconducting electrical properties up to HC2. Above Hc2 the specimen is a normal conductor in every respect, except for possible surface effects. For given a Hc, the area under the magnetization curve is the same for a type II superconductor as for a type I. In the region between HC1 and HC2 the superconductor is threaded by flux lines and is said to be in the vortex state.
[bookmark: _Toc521792286] 1.6 High temperature superconductors (HTS)
For most superconductors, the critical temperature is only a few degrees above absolute zero, but there are a number of materials which have critical temperatures in the order of 100K. These superconductors are called high-temperature superconductors (HTS) [12, 13]. In 1986, Bednorz and Muller discover superconductivity at high temperatures in layered materials comprising copper oxide planes [3]. The coherence lengths for HTS materials are far smaller than for low temperature superconductors (LTS) materials. Although the BCS theory explains many of the phenomenon associated with superconductivity, still there is no comprehensive theory which allows us to predict which materials become superconductor and at what temperatures. By the mid of  1980’s the highest recorded critical temperature was 23K for the alloyNb3Ge, and it was generally believed that the maximum possible critical temperature for any material was in the range of 40K. But as mentoned above in 1986 Alex Muller and Georg Bednorth discovered a material with critical temperature of 35K [3]. The result was a good indication of the significant increase of the critical temperature and it belongs to a new class of superconducting materials called Lanthanum-Barium- Copper oxide (LBaCuO) [7].
In 1987 another oxide, Yttrium-Barium-Copper oxide (YBaCuO), was found to superconductor at temperatures up to 90K [7], and by the following year the highest critical temperature had been pushed up to 125K for a related material, thallium-barium-calcium-cooper oxide (TBaCuO) [9].





[bookmark: _Toc521792287]1.7 Objective of the study
[bookmark: _Toc521792288]1.7.1 General objective of the study                                                                                                                                                                                                                                                                                
The objective of this research work is to study the electronic thermal conductivity of Ni doped Bi4O4S3 superconductors.
1.7.2 [bookmark: _Toc521792289]Specific objective of the study
[bookmark: _Toc520021267]Inorder to attain the above general objective, the following specific objectives are formulated:
· Derive an expression for the energy gap parameter and critical temperature of Ni doped Bi4O4S3
· Draw a temperature related conductivity of Ni doped Bi4O4S3 superconductor.
· Derive the equation for thermal conductivity of Ni doped Bi4O4S3 in its normal and superconducting state by using energy dispersion relation.

                                                                          







[bookmark: _Toc521792290]          Chapter 2
 Literature Review 
[bookmark: _Toc521792291] 2.1 Introduction
In this chapter, we have reviewed some theoretical and experimental works which are closely related to our study. In line to this, the crystal structure will be discussed then the superconducting properties and electronic properties of superconducting of Ni doped Bi4O4S3 superconductor is reviewed. Finally, the superconducting energy gap parameter, critical temperature and thermal conductivity of Ni doped Bi4O4S3 will be discussed.
[bookmark: _Toc521792292]2.2 Crystal and electronic structure of Ni doped Bi4O4S3
In crystallography, crystal structure is a unique arrangement of atoms or molecules in a crystalline liquid or solid [14]. A crystal structure is a set of atoms arranged in a particular way and a lattice exhibiting long- rang order and symmetry. A crystal structure and symmetry play a role in determining many of its physical properties, such as cleavage, electronic band structure, and optical transparency [14].	
Structurally, Bi4O4S3 is composed of a set of BiS2 layers sandwiched between adjacent Bi4O4(SO4) spacer layers. It is inferred, on the basis of band calculations, that Bi6O8S5 is an insulator [12, 15]. Superconductivity in Bi4O4S3 is induced by electron doping into the BiS2 layers via the defects of the SO4 ions at the interlayer site [12] and in particular Bi4O4S3 possess 50% defects at a SO4 site. A recent study on Hall and magneto resistance measurements predict an exotic multiband features for Bi4O4S3. 
The crystal structure of the BiS2-based superconductors is basically composed of an alternate stacking of the double BiS2 layers and the blocking layers.  The common tendency of the crystal structure is a great advantage in exploring new BiS2-based superconductors. The other crystal structure is Bi4O4 (SO4) Bi2S4.  In this crystal structure, it has been suggested that there are some defects at the SO4 site, which cause the generation of electron carriers within the BiS2layers. Thus, the superconducting phase is Bi4O4 (SO4)1-xBi2S4. Then, the SO4 deficiency generates electron carriers within the BiS2 layers. With increasing concentration of the defects (x), Bi4O4(SO4)1-xBi2S4  is expected to become metallic on the basis of the band calculations. In the metallic phase, superconductivity with a Tc=5K is observed. The large diamagnetic signals indicate the evolution of bulk superconducting states below Tc. The onset of Tc(Tconset) is 5 K, and a zero-resistivity state is observed below 4.5 K [16]. It should be noted that, the resistivity begins to decrease gradually below Tc= 8.6 K, indicating that there is an inhomogeneity of the Tc.  The estimated electron specific heat coefficient is very small, indicating that the electronic states of the Bi4O4S3 superconductors are different from that of a normal metal. Furthermore, this tendency seems to be a common feature in the BiS2 family, and the appearance of superconductivity in low-carrier states. The general trend of decreasing lattice parameters with increasing Mn doping is reasonable because the ionic radii of Mn are much smaller than that of Bi3+ [17]. This trend is also indicative of successful incorporation of Mn ions into the Bi4O4S3 unit cells. Similarly, XRD studies of Bi4−xAxO4S3(A=Co, Ni) also indicate that the lattice constants of Bi1−xAxO4S3 were all reduced relative to those of Bi4O4S3. Structurally, Bi4O4S3 is composed of a set of BiS2 layers sandwiched between adjacent Bi4O4 (SO4) spacer layers. A schematic view of the crystal structure is shown in figure 2.1. The Bi atoms are coordinated by four S atoms in the BiS2 plane which form a square net perpendicular to c- axis. Similar structure is also ascertained for parent phase Bi6O8S5. It is inferred, on the basis of band calculations, that Bi6O8S5 is an insulator. Superconductivity in Bi4O4S3 is induced by electron doping into the BiS2 layers via the defects of the SO4 ions at the interlayer site and in particular Bi4O4S3 possess 50% defects at a SO4 site.
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Figure 2.1 A Schematic representation of the crystal structure of   Bi4−xAxO4S3(A=Mn, Co, Ni):  for  black, purple, yellow and red circles indicate Ni, Bi, S and O atoms, respectively[18].
The structure is composed of Bi2O2, BiS2 and SO4 layers.
[bookmark: _Toc521792293]2.3 Superconducting properties of Ni doped Bi4O4S3
The attractive interaction between the electrons is a crucial ingredient for superconductivity, but the mechanism of this attraction need not be solely the vibration of the lattice. Theoretical calculation has shown that magnetic, interactions between the electron spins can also create an attractive interaction sufficiently large to give rise to superconductivity.
In a conventional superconductor, the binding of electrons in to the paired states that collectively carry the super current is mediated by phonon vibrations of the crystal lattice. But in the case of heavy fermions superconductors, the charge carriers are bound tighter in pairs by magnetic spin-spin interactions [19]. The interaction will depend obviously on the charge, but also more generally on the spin and current carried by quasiparticles.
P.Monthoux et al [20] showed that on the border of long range magnetic order, it is plausible that the dominant interaction channel is of magnetic origin and depends on the relative spin orientations of the interacting quasiparticles.
In a sense, the whole story of BiS2 based layered superconductors is evolving in the side lines of the path taken by oxypnictides. But here are several points where strong departure from pnictides can be observed in disulphides. The broad questions about the multiband behavior, BCS coupling parameters and pairing symmetry in (Bi4O4S3) the parent superconducting compound have remained unresolved.  
[bookmark: _Toc521792294]2.4   Formation of Energy gap parameter and critical temperature of Ni doped Bi4O4S3
The superconducting gap parameter (∆) plays a role when considering the electrons at the Frmi surfaces, which mediate the magnetic coupling. Superconducting energy gap is a measure of how strongly the electrons of a superconductor are bound or coupled inside a Cooper pair. In the normal metal, the electron states are filled up to the Fermi energy,(,and there is a finite density of state at the Fermi level N(. In a BCS superconductor below Tc, the electron density of state acquires a small gap 2∆ separating the occupied and unoccupied states. The energy gap at zero temperature ∆(0) can be evaluated in a weak coupling limit [21], i.e. when the energy gap parameter(∆) is much smaller than the Debye phonon energy()and the BCS coupling parameter()  required to be smaller than unity and is given by,
              ∆ (0) =2exp (-1/)                                                                                              (2.4.1)
where  is the Debye frequency. The expression for the superconducting gap parameter at any temperature between the absolute zero and TC is given by;
                    ∆=3.06kBTC (                                                                                         (2.4.2)
The optimally doped superconducting sample Bi4O4S3 has transition temperature of TC = 15 K which is the highest TC reported for this compound [22]. The BCS theory estimates the zero temperature energy gap 2∆ (0) as:
               2∆(0)=3.53kBTC                                                                                                       (2.4.3)
TC is suppressed when magnetic ions appear in the solid. For Ni doped Bi4O4S3, the superconducting transition temperature is observed at TC=15k [22]. This implies that Ni doped Bi4O4S3 is a very low temperature superconductor. Thus, we have, 
             ∆(0)=1.75kBTc                                                                                                           (2.4.4)
             ∆(0)=2.31mev                                                                                                            (2.4.5)
This implies that the zero temperature value of the superconducting energy gap ∆(0) was found to be 2.31mev corresponding to the ratio of   which is much higher than the BCS value of 3.53.
Combining eqs.(2.4.1) and (2.4.4) the critical temperature can be expressed as :
                     Tc=1.14)                                                                                        (2.4.6)
Using equation (2.4.2),the critical temperature is 15K which is in  agreement with the experimental value of critical temperature of Ni doped  Bi4O4S3[22].The BCS model predicts that, the ratio  is universal constant 3.53 independent of  the interaction parameter(V) and of the particular superconductor[6]. The BCS theory makes a qualitative prediction for the function ∆(T) which is plotted in fig. 2.2  using equation (2.4.2)
[image: ]
Figure 2.2: The Temperature dependence of energy gap
As can be seen from as fig. 2.2, as the temperature increase, the energy gap (∆) decreases and approaches to zero at T=TC. We already know that, in ordered to break Cooper pairs and create two elementary excitations; an energy gap (2∆) is needed. If the temperature T is such that kBT, it is evident that many Cooper pairs will be broken by thermal excitation.
[bookmark: _Toc521792295]2.5 Thermal conductivity of superconducting of Ni doped Bi4O4S3
The thermal conductivity () is the property that can provide significant information about the nature of superconductors which is one of the transport coefficient that exhibit none zero values in both normal and the superconducting states [23]. Like every other solid material, metals posses a component of heat conduction associated with the vibrations of lattice or phonon thermal conductivity (p) and contributions of electrons is referred to as, the electronics thermal conductivity (e). The unique feature of metals as far as their structure is concerned is the presence of charge carriers, especially electrons. This point charge entities are responsible not just for the transport of charge (i.e. for the electron current) but also for the transport of heat. The normal state thermal conductivity is determined by the contribution of both electronic and latency of the crystals [6]. Let us denote the electronic thermal conductivity in the super conducting stat as, and that in the normal state (induced, for example, by high enough magnetic field) as.  It is clear that the ratio   must decrease continuously with decreasing temperature below TC from the initial value (equal to unity) at T=Tc to values much less than unity at low enough temperature [24]. All this takes place due to a decrease in the fraction of the normal electrons when going below TC. For the same reason, that is, a decrease in the number of the normal electrons below TC can, however, induce an increase in the ratio Kspnp ,for the phonon contribution, causing it grow far above unity with decreasing temperature in the range not too far below TC. In this case a reduction in the number of normal electrons (which are the main phonon scatters in metals for low temperatures) can cause a decrease in the phonon-electron relaxation rate,, and, hence, an increase in the phonon thermal conductivity. Because of this, the superconducting state thermal conductivity is dominated by the lattice part of the thermal conductivity (Kp). In the normal state, a convenient and often used a way to estimate Ke  is to employee the Wiedemann-Franz Low( WFL) [25],  relating the electrical resistivity and  the electronic contribution to the thermal conductivity as,
                           Lo                                                                                                           (2.5.1)
where   is electrical conductivity, Lo is the Lorenz number and is constant for all metals given by L=2.4510-8VK-1. The Wiedemann Franz Low state that, for metals at not too low temperature, the ratio of the thermal conductivity to electrical conductivity is directly proportional to the temperature with the value of the constant of propertionably independent of the particular metal[8]. The thermal conductivity of Ni doped Bi4O4S3 comes from both electronic and lattice (phonon) contributions such that,
                                  K=Ke +Kp  where KeCeLee  and Kp CpLpp.
The aim of the present work is to derive the expression of temperature dependent thermal conductivity of Ni doped Bi4O4S3 superconductor and to analyze the data with respect to the electronic and the lattice thermal conductivity both in the normal and the superconducting state. Moreover, we present the specific heat measurement in order to characterize the investigated sample. Figure 2.3 shows the temperature dependence of the electronic specific heat,Cel(T) versus T. The important point to emphasize in figure 2.3 is the non-BCS-like temperature dependency of the superconducting state electronic specific heat.
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a)                                                  b)
Fig.2.3. Specific heat measurements as a function of T: (a)–(d) Temperature derivative of the specific heat ()-vs-T curves for x=0.075, 0.10, 0.125, and 0.15, respectively [26]. 
The measurements were carried out for H=0 (black) and H=7T (red). For each doping level, a sharp feature appears nearT∼15 K. Taking the temperature where  reaches maximum as TC, we identify the Tc  value (in units of K) for each doping level from (a)–(d) and (e)–(h).The TC values (∼15 K) were comparable within experimental error for all samples in H=0.
As shown in figure 2.3(a to b) is  at zero field. The transition in to the superconducting state occurs at TC=15K, which is in good agreement with already published data. 
[bookmark: _Toc521792296]2.6 Current density
Current density is a measure of the density of flow of a conserved charge. Usually the charge is the electric charge, in which case the associated current density is the electric current per unit area of cross section, but the term current density can also be applied to other conserved quantities. It is defined as a vector whose magnitude is the current per crossection area. Cross-sectional area before a superconductor reverts to normal. Current density is important to the design of electrical and electronic systems. Circuit performance depends strongly upon the designed current level, and the current density then is determined by the dimensions of the conducting elements. For example, as integrated circuits are reduced in size, despite the lower current demanded by smaller devices, there is a trend toward higher current densities to achieve higher device number in ever smaller chip areas. See Moore,s law[27]. At high frequencies, current density can increase because the conducting region in a wire becomes confined near its surface, the so-called skin effect. High current densities have undesirable consequences. Most electrical conductors have a finite, positive resistance, making them dissipate power in the form of heat. The current density must be kept sufficiently low to prevent the conductor from melting or burning up, or the insulating material failing. At high current densities, the material forming the interconnections actually moves, a phenomenon called electro migration. In superconductors excessive current density may be generated a strong enough magnetic field to cause spontaneous loss of the superconducting property. The critical current density, Jc, is the maximum current that can flow across the area.


[bookmark: _Toc521792297]           Chapter 3
 Mathematical formulation and electronic thermal conductivity of Ni doped Bi4O4S3
[bookmark: _Toc521792298]3.1 Introduction
In this chapter, by applying Boltzmann transport equation (BTE), we shall use the energy dispersion relation to determine energy function and using energy function, we evaluate the electronic heat capacity and thermal conductivity of  Ni doped Bi4O4S3.The idea behind the Boltzmann transport equation is to divide the interaction of the particles into two parts. One part is due to macroscopic forces and potentials and is described by a Hamiltonian. The other part is due to the microscopic interaction between particles collisions.
Heat transfer by conduction involves transfer of energy with in a material without any motion of the material as a whole. The rate of heat transfer depends up on the temperature gradient and the thermal conductivity of the material. Thermal conductivity is reasonably straight forward concept when discussing heat loss. Non metallic solid heat transfers by lattice vibrations, so that, there is no net motion of the media as the energy propagates through such heat transfer is often described interms of,,phonons,,quanta of lattice vibrations.
The effect of temperature on thermal conductivity is different for metals and non metals. Metals are much better thermal conductors than non-metals. This is because the mobility of electrons which participate  electrone conduction also takes part in the transfer of heat. Metals are the best electrical and thermal conductors. This is because electrons play a leading role in electrical conductivity as well as thermal conductivity. In alloys, thermal conductivity increases with temperature. At a given temperature, the thermal and electrical conductivity of metals are proportional, but rising the temperature increases the thermal conductivity while decreases the electrical conductivity [28].
Superconductivity is a starling departure from the properties of normal (i.e.non superconducting) conductors of electricity. In materials that are electric conductors, some of the electrons are not bound to individual atoms but are free to move through the material; their motion constitutes an electric current. In normal conductors, the so-called conduction paired electrons are scattered by impurities, dislocations, grain boundaries and lattice vibrations (phonons). In a superconductor, however, there is an ordering among the conduction electrons that prevents them from scattering consequently, electric current can flow with no resistance at all [1,29].
[bookmark: _Toc521792299]3.2 Calculation of heat current density (JQ) 
The heat current density (JQ) is a measure of the rate of flow of heat energy (power per unit area) due to the flow of electrons and is defined as,                                
                                                             (3.2.1)
where Q is the heat energy, A is the cross sectional area  is the volume of the metallic material to be crossed by the electrons,  is the Fermi Dirac distribution function,  is the group velocity and  is the Fermi energy.
The Fermi Dirac distribution in k-mode is given by,
                                                                                                                   (3.2.2)
where kB  is the Boltzmann’s constant,is the chemical potential and the superscript in indiccates the thermal equilibrium. 
From the Fermi Dirac distribution function at the thermal equilibrium, we have the following relation for partial derivative of 
                                                         [(1-)]                                                                       (3.2.3)
                                    = (                                                                               (3.2.4)
                                  =                                                                                               (3.2.5)

At equilibrium the special variation of  arises from the temperature T, and chemical potential,  . Thus, we have,
                                                                                                             (3.2.6)
Now using equations (3.2.4) and (3.2.5) in equation (3.2.6), we get
                                      (   –                                                       (3.2.7)   
From which we get,
                                = ,, and F=-eE=                                               (3.2.8)
Boltzmann transport equation is formulated by considering the balance of the distribution function in the steady state brought about by external fields in the presence of the scattering process for an electron or a hole at the position r represented as the wave packet centered at the wave principle of statistical mechanics. The non-equilibrium, but steady state situation of an electronic in current in a metal is deriven from an external field described by the BTE. The description of qausiparticles as wave packages allows one to introduce the non equilibrium distribution function ƒ(k,r) which is the average occupation number for the state k at the point r. In the absence of interactions and external fields, the function is equal to the equilibrium one,, otherwise it becomes time dependent.
Now, let us consider a system in which only temperature gradient exists and causes the electron to  diffuse with the velocity v. Since the electrons travels a distance   in time dt,the electronic distribution (k,r,t) at position(k,r) in the phase space at time t will be equal to that of the position(r-vkdt,k)  at the time t-dt. 
Mathematically it can be expressed as follows,
                        ƒ(rk,t)=ƒ(r, k )  )coll                                               (3.2.9)
Now for small, eq.(3.2.9) becomes,
                      ƒ (ƒ(r,k,t-vk.rƒ ++( )coll                                           (3.2.10)
or
                     ()collvk                                                                              (3.2.11)
At the steady state  then equation (3.2.11) becomes,
                             ()collvk                                                                                                                      (3.2.12)
Eq.(3.2.12) yields the Boltzmann differential equation
Now using equation (3.2.7) and (3.2.8) in equation (3.2.12) and assuming steady state, we get.
                         ()vk e(E+vk()coll                                          (3.2.13)
But ,
                                        (  )coll()                                                                       (3.2.14)
where  is the relaxation time (collision time) which is the average time for the electron to travel before it is scattered and plays a fundamental role in the theory of metallic conduction. Hence, substituting equation (3.2.14) in to equation (3.2.13) we obtain,
 e (E +B)( )
 +e (E+B)                                             (3.2.15)
In the absence of magnetic field, equation (3.2.15) becomes,
)eE )                                                         (3.2.16)
The non-equilibrium part of distribution function with the relaxation time approximation can be written as,
 e     
                                       +eE                                                  (3.2.17) 
Now, using equation (3.2.17) in equation (3.2.1), we get,
                                        JQ E
        JQE    
In equation (3.2.18), it is convenient to change summation to integration. In this case, the first term of equation (3.2.18) becomes zero, because the integration of odd and even function is zero, since as is odd and is even function. Thus, equation (3.2.18) becomes,
             JQE                            (3.2.19)
Introducing a new parameter called the mean free path, = that is, the distance that the electron travels between collision and substituting in to equation (3.2.19), we obtain,
             JQ E                                   (3.2.20)
Now considering the elastic scattering, the thermal conductivity calculation of E and B are taken to be zero. Thus equation (3.2.20) becomes,
              JQ   
                   JQ                                                                     (3.2.21)
[bookmark: _Toc521792300]
3.3 Calculation of total electron energy of Ni doped Bi4O4S3
Aiming at addressing the aforementioned issues, we report in this work our studies of 3d transition metal substitution for Bi in Bi4O4S3 which may be attributed to a selective doping of 3d transition metal element in the spacer Bi2O2 layers, whereas the enhancement of Tc found only in Ni doped sample may be due to substantial transfer from Ni+4/Ni+3 substitution in Bi2O2 to the superconducting Bi2S2 layers. Theoretical investigations suggested that, at the Fermi energy nearly half of the contribution to the density of states (DOS) of electron comes from Ni 3d electron states and the remaining contribution comes from Bi4O4S3 electron states. These compounds are rather good metals with large electron density of states N( ) at the Fermi level. The dominant contribution to N( )comes from Ni 3d states but some contributions come from all other atoms as well.
Now let us consider a half field Hubbard model on a single layer honeycomb lattice with N-N hopping. The energy dispersion is given by Ek=2txy(k) where, t is the hopping energy and   is the energy scale. The energy dispersion has particle hole symmetry due to the bi- particle nature of the lattice. What is unique in this lattice is that, the density of state (DOS) decrease to zero at Fermi level, i.e. D(E)
This may be understand from the fact that at EFFermi surface shrinks to points at k point ( , 
Now applying the tight binding band structure calculation we get, 
                                               Exyxy(k) -2tzcos(kz)                                           (3.3.1)
and xy is given by:
 =                                                     (3.3.2)
where txy  and tz  denote the inter layer  N-N electron hopping energy and xy is the structure  factor of the inter layer electron hopping to the N-N sites on the honey comb lattice [28]. After having this desperation relation of energy, let us now solve and finalize the value of . For small value of x, the cosine function can be expanded using Taylor series as follow,
  ………                                                              (3.3.3)
Thus, for values kx, ky, kz, very small, i.e for
kx ky kzand from equation (3.3.3) we have,
 1–  =1 – 
 = 1- 
  = 1 
Thus equation (3.3.2) becomes                          
          
                                                      (3.3.4)
For small value of  , then  kx2ky2 thus equation(3.3.4) becomes.

.

[1 (kx2 +ky2)]1/2                                                   (3.3.5)
Using Taylor expansion for small value of x, (1+x)n  yields,
  + ………..                 (3.3.6)
Neglecting the higher order terms for x , the above equation gives,
                                                       (1+x)n 1+nx                                                                 (3.3.7)
Now, inorder to solve xy(k), we can apply the same technique for equation (3. 3.5) in small value of kx2 and ky2 i.e.
(kx2 + ky2) 
And by assuming,
(kx2 +ky2)                                                                             (3.3.8)
xy(u)   becomes,
xy(u) [1+u]1/2                                                                          (3.3.9)
Then expanding the above equation with similar approximation and ignoring higher order terms for u<<1, we obtain,
                          xy(u) [1+u]                                                                                        (3.3.10)
Then, substituting the value of u into equation (3.3.5) we get,
                          xy(k)kx2                                                                             (3.3.11)
In a similar way, for the wave vectors in the z component we have,
=1                                                                         (3.3.12)
Now using equations (3.3.11) and (3.3.12) in equation (3.3.1) we get, 
                       Ek=2txy[ kx2 ky2]2tz[1]                                                        (3.3.13)
But the tight binding approximation site of states of close to the Fermi level as obtained from ab-initio band structure calculation gives the value of parameters, txy and tz=1.25e [29,30]. Now, substituting these values into equation (3.3.13) for the energy in k-space, we get,
                      Ek=2(1.6)[  kx2 ky2] 2(1.25)[1 –]                                                   (3.3.14)
After simplifying equation (3.3.14) we get, 
                           Ek=2.3  kx2 ky2 kz2                                                                    (3.3.15)                                                                                         
This can be taken as the dispersion relation. From this dispersion relation, the total energy can be calculated and then the specific heat and thermal conductivity can be solved.
[bookmark: _Toc521792301]3.4 Calculation of Electronic heat capacity of Ni doped Bi4O4S3
Heat capacity of a material is defined to be the amount of energy transferred per unit change in temperature. This definition of heat capacity can be shown classically and quantum mechanically for the particle and the whole crystal. Classical stastical mechanics predicts that, a free particle should have a heat capacity of kB, where kB is the Boltzmann constant. For N atoms, the electrons are freely mobile and the electronic contribution to the heat capacity is NkB , just as for the atoms of the monatomic gas. At high temperature, the heat capacity tends to 3NkB and at low temperatures, the heat capacity decreases to zero. This comes from the 3rd law of thermodynamics which states that, the entropy of the system tends to zero when the temperature is reduced to zero. The quantum mechanical description for the heat capacity and its dependence on temperature is that, when we heat the specimen from absolute zero not all electrons gain an energy as expected classically but only those electrons in orbital within an energy range of kBT of the Fermi level are excited thermally. These electrons gain an energy which is the order of kBT.
The total electronic thermal kinetic energy Uel is of the order of,
                                   Uel)kBT =NkB                                                                       (3.4.1)
                                  CelB(                                                                        (3.4.2)
where U is the total energy transferred
D(                                         (3.4.3)
where are the Fermi-dirac function and the number of orbital’s per unit energy range respectively. 
The Fermi-Dirac distribution is given by ƒ(                                        (3.4.4) 
and the energy of the free  electron(F) is given by,
                                                                                                    (3.4.5)                                   
The total number of electrons (N) inside a sphere of radius  is given by,
                             N =)3 (  )  (  )3/2                                                               (3.4.6)
From this, the density of state of electron D ( is calculated as,
                               D(3/21/2                                                           (3.4.7)
                               D(                                                                                           (3.4.8)
Multiplying the identity N== by to obtain
                                             (3.4.9)
Using equation (3.4.9), we can rewrite equation (3.4.3) as,
                         U  (3.4.10)
The first integral on the right hand side of equation (3.4.10) gives the energy needed to take electrons from  to the orbitals of the energy > and the second integral gives the energy needed to bring the electrons to  from orbital’s below Both integral contributions to the energy are positive. In equation (3.4.10) the product of the first integral ƒ( is the number of electrons elevated to orbital’s in the energy range d
The factor [1-ƒ( in the second integral is the probability that an electron has been removed from an orbital (. The heat capacity of electron gas is found by differentiating  with respect to T.  The only temperature dependent form in equation (3.4.10) is ƒ( , hence we can group terms to obtain,
                                  CeiD(                                                  (3.4.11)
Now, at the temperature of interest in metals, 0.01 and the  is large only at energies near Thus, it is good approximation to evaluate the density of state, D( and take it outside of the integral.
                               Cel D(                                                           (3.4.12)
For  kBTwe ignore the temperature dependency of the chemical potential ( in the Fermi-Dirac function and replace  by the constant   Now, let kBT   and, consider the Fermi –Dirac distribution function. Thus, we have,
                                                                                                    (3.4.13)
Now, let us set x . Thus, from equation (3.4.12) and (3.4.13), we get,
                               Cel=TD (dx                                                                                     (3.4.14)
We may replace the lower limit by -  because the factor ex in the integral is already negligible at –for low temperatures such that  or more. Hence, the integral in equation (3.4.14) becomes,
                                           2dx                                                                   (3.4.15)
Thus, the heat capacity of an electron becomes,
                                    Cel2D(T                                                                           (3.4.16)
Now substituting equation (3.4.8) into equation (3.4.16) for D( ) we have,
                                         Cel                                                                                  (3.4.17)
This is the heat capacity of free electron Fermi gas in the temperature region where. But from free electron approximation at the Fermi level, we have,
                                kBTF mF2                                                                           (3.4.18)
Finally the heat capacity of electron gas at the Fermi level can be found interms of the total number electron N, mass of electron gas m, velocity and temperature at the Fermi level as:
                                             CelT                                                                             (3.4.19)
Now, let us return our calculation to the energy dispersion relation given by equation (3.4.15)
Ek2.3kz2
k2.3[kx2+ky2+kz2]kz2+kz2
k=2.3k2kz2+kz2
                                                 Ek=2.3k2kz2                                                           (3.4.20)
Let the contribution of the z component of the wave vector kz2 for the heat capacity of the electron gas at the Fermi level be one third of the contribution of the total wave vector of the electron gas k2, and using the relation given by,
m   ,We get the following expression for the heat capacity:
                                              CelT+T                                                   (3.4.21)
                                            elT
                                        el                                                                                        (3.4.22)
Equation (3.4.22) is the calculated electronic heat capacity of Ni doped Bi4O4S3 in its normal state. Therefore, for zero energy gap ( we can write the electronic heat capacity of Ni doped Bi4O4S3 in its normal state as Cn.
                                                           Cn                                                                               (3.4.23)
Let us now, express the electronic heat capacity of Ni doped Bi4O4S3 in its superconducting state that is, in the Fermi-Dirac distribution for kBT, we have,
ƒ(exp( )
 Now applying the following assumption using energy gap parameter ( and the Fermi energy (for,
D()  
We get, the electronic heat capacity of Ni doped Bi4O4S3 in the superconducting state i.e. equation (3.4.12) can be expressed as:
     Cs = D(kB( )2exp(-)+D(kB2exp(-)          (3.4.24)
Then rearranging equation (3.4.24), we get,
                           Cs=2D(kB(  )2exp(- )                                                             (3.4.25)
              Let x kBTdx                                                                                                (3.4.26)
Now, substituting equation (3.4.26) in to equation (3.4.25), we get,
                           Cs  =2D(                                                                   (2.4.27)

For then the integral in equation (3.4.27) can be simplified as ,
2=(2+2y+2y2)                                                            (3.4.28)
The most significant term in equation (3.4.28) is y2exp (-y), then we have,
Cs=2D(T()exp(-)
                                                     s)                                                     (3.4.29)
Then, substituting equation (3.4.8) in equation (3.4.29), we obtain,
                                         Csexp(-)                                                                                     (3.4.30)
But, from the electron gas approximation, we have,kBT=m2
Thus, equation (3.4.30) becomes,
                                       Cs(  )2exp(-  )                                                                            (3.4.31)
Thus equation(3.4.31) is the electronic heat capacity of Ni doped Bi4O4S3 in its superconducting state with non-zero energy gap.
[bookmark: _Toc521792302]3.5 Calculation of electronic thermal conductivity of Ni doped Bi4O4S3
According to William.A, et al [31] there are three mechanisms where by energy can be transported from one region of space to another region of space under the influence of temperature difference.
These are transmission in the form of electromagnetic wave (radiation), the process of convection and thermal conductivity (where energy is transported through a medium). From the three, thermal conduction is the simplest to describe in principle, since the empirical low of Fourier states that, the heat transported by conduction per unit area in a particular direction is proportional to the gradient of the temperature in that direction. The coefficient of proportionality in this law is known as thermal conductivity and denoted by (kappa)
The thermal conductivity (), is the property of a material that indicates the ability to conduct heat and provides significant information about the nature of superconductors. It is measured in watts per Kelvin meter (). The main heat carriers (electron or holes) and the lattice thermal excitations (phonons), the thermal conductivity behavior reflects properties of these quasiparticles and interaction between them.
In the previous section, we tried to express the thermal current density (JQ). In this section, we will try to derive first the expiration for electronic thermal conductivity of Ni doped Bi4O4S3 at normal state (n) in the absence of energy gap, or when the energy gap parameter approaches to zero,( and then, the superconducting state(s) by including the energy gap parameter,  
The thermal conductivity of Ni doped Bi4O4S3 is related to the thermal heat current density as:
                                   JQ=n                                                                                                                                    (3.5.1)
From equation (3.2.21) the thermal current density is given by:
                                    JQlk                                                                        (3.5.2)
Now, comparing equations (3.5.1) and (3.5.2), we get the expression for electronic thermal conductivity of Ni doped Bi4O4S3 in its normal state to be,
                                               nk                                                                   (3.5.3)
Now, considering equation (3.2.4) and rearranging, we get the partial derivatives of  with respect to T to be,
                                                                                                                              (3.5.4)
Substituting equation (3.5.4) in to equation (3.5.3), we obtain,
                               n                                                                                           (3.5.5)
Changing the summation over the allowed k values to integration over k-space and using the relation for any function F(k) as follows,
                                                                                                     (3.5.6)
where dSk is the area element in k-space of constant energy, and = . Thus, equation (3.5.5) becomes :
                                     Kn=k dE                                                   (3.5.7)
The distribution function that measures the number of electrons in the state k and at the location r is ƒk.
In equilibrium, the distribution function is and is given by,

Now, let xdEk kBTdx,  and =
Now, using these expressions in equation (3.5.7), we get,
=Tdx                                                                 (3.5.8)
But from the relation of mean free path to the electron velocity, we have,
,lk=
where  is the average time between collision of electrons and lk is the vector displacement of the electron mean free path. Moreover, the momentum in k-space can be found from the kinetic term of the electron with Ek   and      
Then, substituting these expressions in to equation (3.5.8) and rearranging we obtain,
                                    Kn = dx                                                                  (3.5.9)
But, from the integration value, we have,
                                                                                                                                (3.5.10)
The following can be integrated by considering the limit of integration   from the known value as:
            dx                                                                                 (3.5.11)
Thus, using equations (3.5.10) and (3.5.11) in equation (3.5.9),we get,
                                                                                                                                            (3.5.12)
If N is the total number of the conduction electrons involved in a Ni doped Bi4O4S3,then the electronic thermal conductivity of Ni doped Bi4O4S3 in its normal state becomes,
                                   kn                                                                                                   (3.5.13)
If the energy varies with k2, i.e. from the kinetic energy Ek , then, the expression of thermal conductivity given by equation(3.5.13) holds true also as an  in the case of heat capacity.
Thus, applying similar analogy as equation (3.4.21), the thermal conductivity becomes,
=TT                                                                             (3.5.14)
                  { }(  T)                                                                                            (3.5.15)
                     n=TT                                                                                      (3.5.16)
Since  is constant in the electronic thermal conductivity of Ni doped Bi4O4S3 in its normal state (in the absence energy gap parameter) n is directly proportional to temperature i.e. (n.
Now, let us derive the expression for electrical thermal conductivity of Ni doped Bi4O4S3 in its superconducting state in the presence of energy gap below its critical temperature,  Tc.
In a superconducting state, the superconductor is characterized by a weak coupling energy gap (where the relation is given by,
=                                                                                            (3.5.17)
where EK is the excitation energy measured relative to EF.
=1/2
Thus, we have,
                        =EK                                                                                                                      (3.5.18)
For small eq.(3.5.18) can be expanded using the Taylor series and obtain,
=EK+                                                                                                               (3.5.19)
Now, from equation (3.5.3), we have,
=  )2                                                                                                                                    (3.5.20)
Hence,
                       ( - )2=(EK-EF)2+(EK-EF)+ ……                                                           (3.5.21)
Ignoring higher order terms of the gap parameter for small ∆, we get,
                                       (2=(EK-EF)2+(                                                    (3.5.22)
Then, substituting equation (3.5.22) in to equation (3.5.20) we get the following expression,
=2  (                              (3.5.23)
Now, the expression of the first term of eq. (3.5.23) is equal to the electronic thermal conductivity of Ni doped Bi4O4S3 in the normal state given in eq. (3.5.16). Thus eq. (3.5.23)   becomes,
                                          s =T                                              (3.5.24)
Now using equation (3.5.6) in the second term of equation (3.5.24),we get.
S =T +
                T+      (3.5.25)
But the last integral of eq.(3.5.25) contributes only if EK=EF, otherwise it becomes zero. Since EKF,we neglect the last integral. Thus, we have the following relations,
                                                                             (3.5.26)
Now, using the equation (3.5.26) in expression in (3.5.25), we get,
=T +
=T +
                                                     =                                                                             (3.5.27)
where    and   are constants.
Equation (3.5.27) gives the general expression for electronic thermal conductivity of Ni doped Bi4O4S3 in its superconducting state in the presence of energy gap (
[bookmark: _Toc521792303]3.6 Electrical conductivity and Wiedemann-Franz law
Electrical conductivity is another important property of metals that can be studied for the case where for this property electrons are the main evolver for the materials. We consider the electrical conductivity of a metal in which electrons are electrically scattered by random array of impurities. In this case, we are interested with the result obtained for electrical conductivity since our aim is to relate thermal conductivity to electrical conductivity. The electrical conductivity ( is determined for any metallic material as,
                                                                                                                        (3.6.1)
Applying similar steps as it was done for thermal conductivity, one can arrives at,
                                                         n=                                                   (3.6.2)
Evaluating the second integral yields,
                                                                                                          (3.6.3)
In a similar fashion, interchanging the thermal conductivity (kn) by electrical conductivity (gives,
                               =                                                                                             (3.6.4)
and                                    
                                 n=                                                                      (3.6.5)
Taking the ratio of the thermal conductivity to the electrical conductivity, we get,
                                                                                                                                                                                                                                                                                                                                             
                                                                                                             n                                                                                               (3.6.6)
Equation (3.6.6) relates thermal conductivity to the electrical conductivity and at a given temperature; the thermal and electrical conductivities of metals are proportional. 
From which we get,
                          ==L10-8V2K2                                                                      (3.6.7)
where the constant of proportionality L is called the Lorenz number.
[bookmark: _Toc521792304]3.7 Expression of Thermal conductivity of Ni doped Bi4O4S3 in k-space
In this section we will express the electronic thermal conductivity of Ni doped Bi4O4S3 in k-space in its normal state. The electronic heat capacity of Ni doped Bi4O4S3 in its normal state is given in equation (3.4.21). Thus, we can express the electronic heat capacity of Ni doped Bi4O4S3 in k-space in its normal state as,
                           Ck=T                                                                                                (3.7.1)
But, is the average time between any two collisions, is the mean free path between any collision and  is the velocity of electron in k-space. Then, using these expressions, equation (3.5.16) becomes,
                                       n=T                                                                                                       (3.7.2)
Now, let us multiply equation (3.7.2) by     and we get,
n= {T}                                                                                           (3.7.3)
But, from equation (3.7.3) the expression inside the bracket is similar to the expression of electronic heat capacity in k-space as in equation (3.7.1). Hence equation (3.7.3) becomes,
                                n =                                                                                                               (3.7.4)
Now, by taking the summation over k, the general expression of electronic thermal conductivity of Ni doped Bi4O4S3 in k-space can be written as,                                                                                                                                    
                     K =                                                                                                                 (3.7.5)
[bookmark: _Toc521792305]              Chapter 4
Results and Discussion
In this chapter, we will discuss the results and plot the phase diagrams of the electronic thermal conductivity of Ni doped Bi4O4S3 for normal and superconducting state using the derived equation in chapter three.
We applied the appropriate energy dispersion relation of the tight binding approximation that is given by,

and also we relate the specific heat of a material with the semi classical theory (
From equation (3.4.23) the electronic heat capacity is given by,
T
T


where     and is a constant. This indicates that in the normal state the electronic heat capacity of Ni doped Bi4O4S3 superconductor is directly proportional to temperature. But in the superconducting state it may not be directly proportional to temperature because of energy gap.
[image: ]
Figure 4.1 the electronic heat capacity of Ni doped Bi4O4S3 versus temperature (T) at the normal state of eq. (3.4.22).
 As can be seen from fig.4.1 as the temperature increases the electronic heat capacity in the normal state also increases. When the temperature is raised from T to T +dT thermal energy is needed to excite more unpaired from paired states so that the ratio of paired to unpaired electron is which is proportional to T+dT.
 The electronic heat capacity of Ni doped Bi4O4S3 in its superconducting state is also solved by considering the energy gap as given in equation (3.4.31)
Cs=.(  )2exp(-  )
In the superconducting state,(T<Tc), the heat capacity falls exponentially as the temperature decrease as,
Cs 
.Similarly, we determined the electronic thermal conductivity of Ni doped Bi4O4S3 in its normal and superconducting state. The electronic thermal conductivity of Ni doped Bi4O4S3 its normal state is given by,
n
 T

 
where   is also constant. The grahp for electronic thermal conductivity of Ni doped Bi4O4S3 in its normal state is given in Fig (4.2)
[image: ]
Figure 4.2: The electronic thermal conductivity of Ni doped Bi4O4S3 in its normal state.
As can be seen from fig.(4.2), the electronic thermal conductivity of Ni doped Bi4O4S3 increases with temperature. It is clear that the electronic thermal conductivity increases linearly with increasing temperature. In experimental studies, the curve of thermal conductivity versus temperature is more or less linear [32]. 
In addition, the electronic thermal conductivity of Ni doped Bi4O4S3 in its superconducting state in the presence of energy gap (
KS=T +
KS=
where    are constants. 
Fig. (4.3) shows the graph of electronic thermal conductivity of Ni doped Bi4O4S3 in its superconducting state.


Figure 4.3: The electronic thermal conductivity of Ni doped Bi4O4S3 in its superconducting state.
As can be seen from fig.(4.3), the first part of the equation is linear with temperature that comes from the normal state electronic thermal conductivity of  Ni doped Bi4O4S3.For the second part of the equation of fig.(4.3), the electronic thermal conductivity  of Ni doped Bi4O4S3 has shoulder (kink) above the superconducting transition temperature.Since the first term is linear with temperature from the electronic thermal conductivity equation of superconducting state, we conclude that the second term of the equation is responsible for the shoulder just above the transition temperature.
[bookmark: _Toc521792306]Normally, a large electrical conductivity is accompanied by a large thermal conductivity as in the case of copper. However, the thermal conductivity of a pure superconductor is less in the superconducting state than in the normal state and at very low temperatures, it approaches to zero. The explanation for the association of infinite electrical conductivity with vanishing thermal conductivity is that the transport of heat requires the transport of disorder (entropy), and so there is no disorder to transport and there is no thermal conductivity.                                                                                                                                                                                                                                                                                                               








                 Chapter 5
 Conclusion and Recommendation
In conclusion we have examined in detail the electronic thermal conductivity of superconducting Ni doped Bi4O4S3 in its normal and superconducting state. In chapter one, we introduced the development and basic concepts of superconductivity with its type-I and type-II superconductors. Chapter two deals with the review of literature focusing on superconducting and magnetism, critical temperature, structure and values of energy gap of Ni doped Bi4O4S3. In chapter three, we have derived the equation for thermal conductivity of Ni doped Bi4O4S3 in its normal and superconducting state by using energy dispersion relation. Chapter four, focus on the results and discussion. We conclude that the electronic thermal conductivity of Ni doped Bi4O4S3 is directly proportional to the temperature in its normal state (in the absence of energy gap) and obeyed the Wiedmann-Franz law as in most metals and alloy. But in superconducting state, we consider the energy gap parameter; the mode of dependence is different from the normal state because superconducting state contains  term in addition to the linear temperature term. Hence, a shoulder is formed just near to the transition temperature (TC) due to the order state that posses the energy gap.
 Finally, we recommend that, an intermetalic compound Ni doped Bi4O4S3, further experimental studies on thermal and other properties with various methods such as thermo dynamic method, X-ray diffraction etc should be conducted to fully explain the behavior of its electronic thermal conductivity and other properties of the material.

[bookmark: _Toc521792307]
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                                   Appendices A
                                   Derivation of energy gap (
To show the temperature dependence of superconductivity energy gap we need to calculate the ground state energy for attracting electrons. It is convenient to come to the quasiparticle descriptions, i. e we will keep the chemical potential fixed as the origin of the energy reference frame technically, and we transfer the Hamiltonian to;

                                 (A.1)
All the sums are calculated over the thin interval    near the Fermi surface. Now we came to over important point-introduction of quasiparticle operators. In a normal metal we can define;

                                          If 

                                          If  
Where     is the quasiparticle operator’s annihilation of an electron below the Fermi surface is just the same as creation of a hole with opposite values of momentum and spin. In a superconductor, the ground state is more complicated and the simplest way to calculate the spectrum is to use Bogolyubov transform as; 
                                                                   
                                                   And
                                                         
And this transform conserves the momentum. Then we use the coefficients   as parameters to minimize the free energy. Let us check the commutation rules for the quasiparticle operators and we have;
           =1                                                                                                                                             (A.2)                                                                
     
                                                                                                                                                
If we request the usual Fermi commutation rules for the quasiparticle commutators, we obtain
	
                                                                                                                        (A.3) 
Equation (A.3) leaves only one free variable say Now if we express the energy through the quasiparticle Numbers
                                         (A.4) 
 Where 
                           〈Ĥ -                                                                                     (A.5)

Now we can calculate the variation with respect to  by taking into account equation (A. 3) and we get;
                                                                                                        (A. 6)
 And
                                                                                          (A. 7)
The solution for equation (A. 6) is
                                                                                                    ( A. 8)

                                                                                                                     (A. 9)   Where         
                                                                                                                     (A.10)
Now, we consider isotropic model where the spectrum is independent of the direction of k and we can calculate the quasiparticle energy as a variation derivative of the total energy with respect to the distribution function. Thus we have;
  
                                                                                                (A.11)
Because of the symmetry of the problem we get   after the variation of equation (A. 4) with respect to at constant we get;

                                                                                             (A.12)
Now, from equation (A. 12) we can conclude that,
· There the gap ( in the quasiparticle spectrum 
· At we came to normal state properties and. At  at  and we came to the quasiparticle of the normal metal. 
Now, we can discuss the temperature dependence of the gap and from equation (A. 7) we get;

                                                        (A.13)
                                   At    and 

                                                                                                               (A.14)
Rearranging equation (A. 14) we get;
                                                                                                      (A.15)
At   and equation (A.13) becomes; 

                                                                (A.16)
Where solving  from equation (A. 16), we get;

                                                                                                             (A.17)

Comparing equation (A. 17) and (A.15), we obtain;
 
                                                                                                        (A.18)
To discuss the temperature dependence one can simply calculate the integral in equation (A. 13) and at low temperatures we can rewrite the formula as;

                                                              (A.19)
 Where                                                                                             (A.20)
                                                                                                                              (A.21)
Here we have used the expression of equation (A. 15) and expanded the integration region to innity (the important region is   and we are interested in the large values of x, so we have;

                                                                                    (A.22)
Then we use the integral representation for the McDonald function as follows;

                                                                      (A.23)
And we get; 
                                                                                   (A.24)
Thus, at 
                                                                                     (A.25)

That is    is the number of quasiparticles,  
At  it is convenient to expand over 
To do this we divide equation (A. 7) by  and subtract its limit at  we get;

                                                                                    (A.26)
Then we use the formula 

                                                                                             (A.27)
Substituting equation (A. 27) into equation (A. 26) and expanding over  and integrating over 𝝃, we get; 
                                                (A. 28)
The first item of equation (A. 28) leads to be;
              
                                                                                                          (A.29)

                                        ⤇                                                                                     (A.30) 
                                                                                                                        (A.31)
Where    and it is the energy gap at zero temperature.   
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