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   Abstract        
The interplay between magnetism and superconductivity has awoken 

profound interest in the field of condensed matter physics. In this thesis the 

competition between superconductivity and spin density wave in hole doped 

barium iron arsenic (              ) superconductor has been investigated 

based on two band model of Hamiltonian. Employing retarded double time 

temperature dependent green’s function with the two model Hamiltonian, the 

expression for superconducting transition temperature (Tc) and spin density 

wave transition temperature (Tm) as a function of magnetic order parameter 

(M) have been found. The mathematic expression and the graph TC as function magnetic 

order parameter shows that the superconducting transition temperature does not increase rather it 

decreases as the magnetic order parameter increase, but the graph of magnetic transition 

temperature as a function of magnetic order parameter show that SDW transition temperature 

increases with the increase of magnetic order parameter. The   intersection  region in  merged 

graphs of  Tc as a function of magnetic order parameter and Tm as a function of magnetic order 

parameter show that the possible  coexistence of superconductivity and spin density wave   

in                 superconductors exist in some range of order parameter The result that in 

the merged graph has revealed in abroad agreement with experimental observation. 
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CHAPTER ONE 

General introduction 

1 Back ground of the  s tudy 

Superconductivity (SC) is a phenomenon of zero electrical resistance. It was first discovered by the 

Dutch physicist Heike Kimberling Onnes in Holland in 1911[1].The phenomenon of 

superconductivity, in which the electrical resistance of certain materials completely vanishes at low 

temperatures. Onnes, was the first to liquefy helium (which boils at 4.2 Kelvin at standard 

pressure). In 1911 Onnes and one of his assistants discovered the Phenomenon while studying the 

resistance of metals at low temperatures .They studied mercury because very pure samples could 

easily be prepared by distillation. Most of the physical properties of superconductors, such as the 

heat capacity, the critical temperature, critical current density, and critical field vary from material 

to material at which superconductivity is destroyed.  

The coexistence of superconductivity and magnetism has been an interesting topic in condensed 

matter physics and it has been studied experimentally and theoretically for many years. These two 

cooperative phenomena were thought to be antagonistic [1]. According to BCS (Bardeen, Cooper, 

and Schrieffer) theory, a superconductor expels a magnetic field, which in turn destroys 

superconductivity. However, both superconductivity ordering and magnetic ordering have been 

seen in harmony (coexisting) in some of alkali earth compounds. The coexistence of 

superconductivity and antiferromagnetic is quite peaceful and very weakly influences each other 

[2]. The historic measurement of superconductivity in mercury is shown in Figure 1.1. 

As in many other metals, the electrical resistance of mercury decreased steadily upon cooling, but 

dropped suddenly at 4.2K, and became undetectably small. Soon after this discovery, many other 

elemental metals were found to exhibit zero resistance when their temperatures were lowered below 

a certain characteristic temperature of the material, called the critical temperature, Tc [1]. 
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Figure1.1: Experimental data by H.K. Onnes [1]  

 In 1934 Goter and Casimir [3] introduced a phenomenological theory of superconductivity based 

on the assumption that in the superconducting state, there are two components of the conducting 

electron fluid normal and superconducting. The properties of the normal electrons are identical to 

those of the electron system in a normal metal, whereas, the superconducting paired electrons are 

responsible for the anomalous properties. During the 75 years that followed, many studies were 

made to understand how superconductors work. Over that time, various alloys were found that 

showed superconductivity at higher temperatures as indicated in figure (1.2). 

 

Figure1.2: History of the increase of superconducting transition temperature  
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1.1 Zero e lectrical res is tance  and Meissner’s  e ffect 

It was assumed that, superconductivity was a manifestation of perfect conductors. If a perfect 

conductor is cooled below a critical temperature in the presence of an applied magnetic field, the 

field will be trapped in the interior of the conductor, but it will be expelled if the field is applied 

after it is cooled below the critical temperature. In 1933 Meissner and Ochsenfeld [4], discovered 

that superconductors are materials that expel magnetic fields (become perfect diamagnetic) from 

their interior when cooled below their critical temperature (tc) .This property not only implies that 

magnetic fields are excluded from superconductors. 

 

Figure1.3: Meissner effect (a) magnetic field penetrating a superconductor above critical temperature (T >Tc)  

(b) magnetic field expelled from a superconductor below critical temperature (T< Tc) [4]. 

1.2 The  BCS theory 

According to classical physics, part of the resistivity of a metal is due to collisions between free 

electrons and thermally displaced ions of the metal lattice and part is due to scattering of electrons 

from impurities or defects in the metal. This classical model could never explain the 

superconducting state since the electrons in a material always suffer from some collisions and 

therefore resistivity can never be zero. Until the discovery of the BCS theory, no one could explain 

why electrons enter the superconducting state and why electrons in this state are not scattered by 

impurities and lattice vibrations.  

The microscopic theory of superconductivity (BCS) [2] discovered in 1957 has had good success in 

explaining the features of superconductors according to which two electrons in the superconductor 

are able to form a bound pair called a Cooper pair which experiences an attractive interaction. This 

notion at first seems counter intuitive since electrons normally repel one another because of their 

like charges. However, a net attraction is achieved when the electrons interact with each other via 
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the motion of the crystal lattice as the lattice structure is momentarily deformed by a passing 

electron as shown in the Figure (1.4). The passage of electron 1 causes nearby ions to move inward 

towards the electron resulting in a slight increase in the concentration of positive charge in this 

region. Electron 2 approaches before the ions return to their equilibrium positions and being 

attracted to the distorted (positively charged) region. The net effect is a weak attractive force 

between the two electrons (Cooper pairs). It can be said that, the attractive force between two 

electrons is an electron lattice-electron interaction (phonon mediated), where the crystal lattice 

serves as the mediator of the attractive force.  

Cooper pair in a superconductor consists of two electrons having opposite momenta and spin [5]. 

Cooper pairs are formed in a shell of width of order (KBTc) around the Fermi surface. Their radius 

is small as compared to the average distance between electrons. Hence, between electrons forming 

Cooper pairs there are so many Cooper pairs [6].The very essential feature of the BCS theory is that 

once the Cooper pairs are formed, they will have the same wave function, as regards to both the 

center of mass and the relative coordinate. BCS theory also showed that, the energy difference 

between the free state of the electron (i.e., energy of individual electron- a case of normal state) and 

the paired state (the energy of paired electron- a case of superconducting state) appears as the 

energy gap at the Fermi surface. The normal electron states are above the energy gap in the 

semiconductors and insulators. Since pairing is completed at 0 k, the difference in energy of free 

and paired electron states (i.e., normal and superconducting electron states) is maximum, that 

means energy gap is maximum at absolute zero. At (T =Tc), pairing is dissolved and energy gap 

reduces to zero. 

 

 

 

 

  

 

Figure1.4 : A diagram showing the formation of cooper pairs [2 ].
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 1.3 Types  of superconductivity 

Superconducting materials can be divided into two types based on their response to magnetic field. 

They are type I and type II superconductors. There is no difference in the mechanism of 

superconductivity in the two types of superconductors. They have similar thermal properties at the 

superconductor-normal transition in zero magnetic fields. But the Meissner effect is entirely 

different. A good type I superconductor excludes a magnetic field until superconductivity is 

destroyed suddenly and then the fields penetrates completely. A good type II superconductor 

excludes the field completely, up to field (Hc1). Above (Hc1) the field is partially excluded, but the 

specimen remains electrically superconducting. At a much higher field, the flux penetrates 

completely and superconductivity vanishes. High magnetic fields destroy superconductivity and 

restore the normal conducting state. Depending on the character of this transition, we may 

distinguish between type I and II superconductors. It is found that the internal field is zero (as 

expected from the Meissner effect) until a critical magnetic field, (Hc), is reached where a sudden 

transition to the normal state occurs [7]. This results in the penetration of the applied field into the 

interior. 

Most of the pure elements type I superconductors [8]. Type II superconductors; on the other hand, 

respond differently to an applied magnetic field. An increasing field from zero results in two critical 

fields, (Hc1) and (Hc2). At (Hc1) the applied field begins to partially penetrate the interior of the 

superconductor. However, the superconductivity is maintained at this point. The superconductivity 

vanishes above the second, much higher, critical field, (Hc2). For applied fields between (Hc1) and 

(Hc2), the applied field is able to partially penetrate the superconductor, so the Meissonier effect is 

in complete, allowing the superconductor to tolerate very high magnetic fields. 

 

Figure 1.5: Types of superconductors (a) type -I and (b) type- II superconductors  (8) 
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1.4 Superconductiv ity and Magnetism in Iron Based Superconductor 

A type I superconductor in a magnetic field will completely repel all field lines. This is called the 

Meissner effect, and it is an example of perfect diamagnetism. The perfect exclusion of a magnetic 

field can be explained by using Faraday's law. Recall that the integral over a closed loop of E dotted 

with ds is equal to the rate of change of the magnetic flux. Since no potential difference can exist in 

a superconductor (there is no resistance to make ones possible), then the magnetic field inside a 

superconductor cannot change.  

Physicists predicted that the magnetic field would remain in the superconductor, even once the 

external field was turned on. However, when the experiment was carried out, the magnetic field was 

expelled from the conductor as soon as Tc was reached. This proved that not only can the magnetic 

field not change, but it must be zero inside a superconductor. Surface currents in a superconductor 

act to exactly counter any applied magnetic field, and this is how one can levitate a magnet above a 

superconductor. Since the first discovery of superconductivity (SC) a century ago, the effects of 

magnetic impurities and the possibility of magnetic ordering in superconductors has been a central 

topic of condensed matter physics. Due to strong spin scattering, it has generally been believed that 

the conduction electrons cannot be both magnetically ordered and superconducting [9]. Even 

though it is thought that Cooper pairs in cuprates, heavy fermions, and Fe based compounds are 

mediated by spin actuations [10].  

Superconductors generally occur after suppressing the magnetic ordering either through chemical 

doping or the application of hydrostatic pressure [11]. However, there is growing evidence for the 

coexistence of superconductivity with either ferromagnetic (FM) or antiferromagnetic (AFM) 

ordering. With the decrease of temperature (T), some of these systems show magnetic ordering 

before the superconducting transition (Tc) [12], some are ordered in a reversed sequence, some have 

the two orderings occur concomitantly [13], and some show reentrant superconductivity (partially) 

overlapping with a magnetically ordered phase [14]. Despite extensive investigations of interaction 

between SC and magnetic moments, there is so far no unified theory for the coexistence of SC and 

magnetism. With the lack of theoretic guidance, the existing experimental findings lead to two 

schools of thought: one is that both orders result from the same conduction electrons as evidenced 

by their synchronized magnetic and superconducting orders [15], and the other is that there are two 

separate sets of electrons responsible for magnetic ordering and superconductivity, respectively 

[13]. The discovery of superconductivity in Fe-based compounds has sparked enormous interest in 
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the scientific community. Though superconductivity is induced after suppressing the AFM 

ordering, it can coexist with either remaining AFM ordering or new FM ordering [1]  

 1.5 Statement of the  problem 

Superconductivity is a phenomenon of zero electrical resistance that current flows in a conductor 

without stropping for long period of times, this current affects the conductor warm up and broken. 

One problem that existed in the study of high-temperature superconductors was too high a 

resistivity in the electrical contacts .At different doping level concentration their superconducting 

property changes. Superconductivity is usually lost when magnetism is turn on. Magnetism and 

superconductivity are usually contradictory at low temperature at a much higher field, the flux 

penetrates completely and superconductivity vanishes. Superconductivity in the oxide materials was 

limited to very low temperatures. Electron doping with Cu or hole doping with Cr does not yield 

superconductivity. When a material is changed to superconductor its structure changes. 

  1.6 Significance  of the  s tudy  

The result of this research work will have a great importance in filling the scientific gap, providing 

information about superconducting properties of elements, alloys and compounds. 

Superconducting wire can carry immense electrical currents with no heating, which 

allows it to generate large magnetic fields. We have obtained the self-consistent gap 

equations, and the expressions for the transition temperatures and order parameters. By calculating 

the temperatures as a function of order parameters, we have presented possible cases of phase 

coexistence /separation among the SDW and superconducting phases. The study will also use to 

know about suppression of magnetic order parameter for the emergence of superconductivity. All 

compounds exhibit a magnetically ordered state, which suppresses the superconducting states. 

Superconductors are used in world life.     

1.7 Scope of the study 

This study has been specifically focused on analyzing or investigating factors 

affecting superconductivity among this are either hole doping or electron doping of 

at different concentrations. The study is concerned on iron based superconductors 

such as sodium doped barium iron arsenide. 
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1.8 Objectives of the study             

1.8.1 General objectives  

The general objective of this thesis is to study the competition between superconductivity and spin 

density wave in hole doped barium iron arsenide (               ) superconductor theoretically. 

1.8.2 Specific objectives  

          The specific objectives of this study will be:    

 To correlate the spin density wave ordered parameter and superconductivity ordered 

parameter in in hole doped (              ) Superconductor. 

 To calculate the superconducting critical temperature and spin density wave transition 

temperature of hole doped barium iron arsenide (              ) superconductor 

mathematically. 

 To obtain the competition between spin density wave and superconductivity in hole doped 

barium iron arsenide (               ) superconductor. 
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CHAPTER TWO 

2. Review o f  r e l a t e d  literature 

2.1 High temperature  superconductors  

High-temperature superconductors (Tc or HTSc) are materials that have a superconducting 

transition temperature (Tc) above 30 K (-243.2 ). From 1960 to 1980, 30K was thought to be the 

highest theoretically possible Tc. There was a great excitement after the discovery of high Tc SC 

cuprate by Bednorz and Müller in 1986 , for which they were awarded the Nobel Prize in Physics in 

1987 [17]. who reported Tc well above 30K in               .Their remarkable discovery of 

superconductivity phenomena led to the discovery of many cuprate systems with transition 

temperature Tc achieved up to ~ 135 K (Tc ~ 164 K under high pressure) in Hg based cuprates [18]. 

The subsequent world-wide efforts in search of high Tc SC cuprate raised the transition temperature 

beyond the liquid nitrogen temperature of 77K for the first time [19]. 

 2.2 Cuprate  superconductors  

Since the discovery of the 1st high-temperature (high Tc) cuprate superconductor, a quite large 

number of structures belonging to the cuprate family have emerged. Cuprate superconductors are 

generally considered to be quasi-two-dimensional materials with their superconducting properties 

determined by electrons moving within weakly coupled copper-oxide (CuO2) layers. Neighboring 

layers containing ions such as lanthanum, barium, strontium, or other atoms act to stabilize the 

structure and dope electrons or holes onto the copper-oxide layers. The undoped 'parent' or 'mother' 

compounds are Mott insulators with long-range antiferromagnetic order at low enough temperature. 

Single band models are gen/nearly considered being sufficient to describe the electronic properties. 

The cuprate superconductors adopt a perovskite structure. The copper-oxide planes are 

checkerboard lattices with squares of O2- ions with a Cu2+ ion at the Centre of each square.  

Chemical formulae of superconducting materials generally contain fractional numbers to describe 

the doping required for superconductivity. There are several families of cuprate superconductors 

and they can be categorized by the elements they contain and the number of adjacent copper-oxide 

layers in each superconducting block.  
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For example: Yttrium Barium Copper Oxide (YBCO)                 , Tc 92K) and Bismuth 

Strontium Calcium Copper Oxide (BSCCO)                                Tc 85K,) 

and                                Tc 110K. In spite of all these efforts, the mechanism of 

this new kind of superconductivity has not been clarified yet; it still remains one of the most 

enigmatic problems of the solid-state physics. The difficulty of this problem is due to the 

complicated properties, including complicated crystalline structures of materials displaying high Tc, 

to the presence of a strong anisotropy, to the existence of non-adiabatic effects, to strong electronic 

correlations, In these complicated materials, several phase transitions (structural, magnetic, 

superconductor, etc.) occur, and mixed states are allowed, for instance coexistence of 

superconductivity and ferromagnetism [20] 

 2.3 Iron-Based Superconductors  

Iron-based superconductors contain layers of iron and a pnictogen such as arsenic or phosphorus or 

a chalcogen.This is currently the family with the second highest critical temperature, behind the 

cuprates. Interest in their superconducting properties began in 2006 with the first discovery of iron 

based superconductivity in        at 4K and gained much greater attention in 2008 after the 

analogous material        (O, F) with transition temperature Tc, of 26 K found by Hobson‟s 

group. Since then, many researches have been done on the materials, with Tc reaching as high as 

55K by replacing La with Sm. 

The 1st report of superconductivity in an iron pnictides, specifically in F-doped        below 

5 K in 2006 , was hardly noticed and only two years later, when F-doped         was  

reported   to  superconductor  below 28 K,  the  potential   of iron  pnictides  as  high- 

temperature superconducting  materials  was realized [21]. Following this discovery, more than  

50 new iron superconductors  with the same basic structure were discovered with Tc reaching 

up to 56 K .The common motive is a planar  FeAs layer in which the Fe atoms form a  square  

lattice,  tetrahedral  coordinated  with  As atoms  placed  alternatingly above and  below the  

hollow centers  of the  squares.   Instead  of As, the  ligand could be another  pnictogen  (P)  or a 

chalcogen ( =Se  or Te),  but  for simplicity, in this paper  we shall refer to it as As.[22].These 

superconductors are divided in four main families depending on their 3D crystal structure this 

structure is shown in Figure (2) [23]: The iron chalcogenides are simple tetragonal  with the  

    layers stacked  on top  of each other  (11 family).   
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The  iron pnictides  have the      layers separated  by alkali metals  (111 family), or by rare-

earth oxygen/fluoride  blocking layers (1111 family),  in set stacking,  or by alkali- earth  

metals (122 family) in body-centered conductivity in F doped         with TC  of 26 K [24] 

create. Denoting the chemical formula of these so-called 1111 materials by         F doping 

resulted in the following optimal transition temperatures: 52 K for R = Nd , 52 K for R = Pr, 

55 K for R = Sm , 41 K for R = Ce , 36– 50 K for R = Gd ,46 K for R = Tb , and 45 K for R = 

Dy . To date, the highest transition temperature for the iron-based superconductors is 56 K 

observed in a sample of                    [25].These superconducting  transition 

temperatures make the  Fe-based  materials  second only to the  cuprates  and  they,  therefore, 

represent the  second family of high-Tc  super- conductors.   It  was later  shown that  F doping 

was not  necessary and  similar transition temperatures could be obtained  for the case of 

oxygen deficient            
: 28 K for R= La , 42 K for Ce , 53 K for Nd , 48 K for Pr, 55 K 

for Sm ,53 K for Gd , 52 K for Tb and Dy.  Both the F doped and oxygen deficient samples 

show the same trend for Tc as a function of rare earth ion. Crystal structure of the1111,122, 

111, and 11 materials. At room temperature, the        materials crystallize in the P 4/nmm 

tetragonal space group resulting in a layered structure with      and RO layers [26] (see 

Figure 2.1 above. Shortly after the initial activity on the 1111 materials, superconduc tivity 

was also discovered in related materials possessing identical      layers with differing 

spacers. 

The  discovery  of superconductivity with  Tc  of 38 K  in                     [27] was of 

particular interest  as it  was quickly  realized  that  large  single crystals of these  122 

materials  could be grown (unlike  the  1111 family).Structurally, at room temperature, the 

122 materials exhibit the            crystal structure (space group I 4/mmm ).As is clearly 

shown in figure 2.1 above, the      layers are very similar to the 1111 materials although 

neighboring layers along the c-axis have an inverted arsenic coordination. For both the 1111 

[28] and 122 [29] materials, it was quickly realized that replacement of Fe with Co would also 

result in superconductivity, albeit with a reduced T
C when com- pared with doping between 

     planes. Such behavior is in contrast to  that observed in the cuprates where disorder in 

the copper oxide plane was found to destroy superconductivity.  
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Superconductivity was also discovered in the 122 materials upon electron doping on the Fe site 

with Ni], Rh, Ir and Pd or by isoelectronic replacement of Fe with Ru. Interestingly, electron 

doping with Cu or hole doping with Cr does not yield superconductivity. The large number of 

potential dopants together with the availability of single crystal samples has made the 122 

family of compounds the topic of considerable experimental focus. Superconductivity was also 

discovered in        [30–32] and             [33] (111 materials) sharing the same FeAs 

plane with Li or Na as the spacer as shown in figure 2.1 above.  Transition temperatures of 18 

K (for         and 12–25 K (              [33] have been observed dependent on the 

precise Na concentration. Interestingly, superconductivity seems to appear in the 111 

materials in purely stoichiometric material without chemical doping.  Finally, the Fe (Se,Te) 

family of compounds (11 materials) also exhibits superconductivity with a maximum 

transition temperature (under ambient pressure) of 15k. 

Band structure calculations [35] suggested that      may have enhanced superconducting 

p roper t ie s .However, pure        is not a superconductor [34] but is  complicated b y  the 

p resence  of excess Fe, i. e .The ac tua l c he mic a l  formula is            [36].  It has 

been suggested that t h is  excess Fe is magnetic and may act as a pair breaking moment 

destroying superconductivity [37]. Nonetheless,  the doped material, F e
1+y 

T e
1−x

Sex  does 

exhibit  an enhanced  Tc  of 15 K with the maximum  transition temperature observed for x 

near 0.5 [34]. The structures of the 1111, 122, 111, and 11 families of materials are shown in 

figure 2.1 above. The common feature is the presence of an identical      (or FeSe) plane.  An 

interesting t r e nd  can be seen in figure 1–the larger the separation b e t w e e n  layers, the 

higher the observed optimal transit ion temperature.   

Two-dimensional (2D) magnetism occurs in the regions of highest Tc and , thus , may be 

favorable for superconductivity. This  trend  led to  attempts at further  separating  the       

layers  and  superconductivity with fairly high transition temperatures have been observed in 

              with a spacer of          and Tc of 37.2 K [38], and doped 

                        with a spacer of                    and TC  onset of 45 K (although  

the resistivity does not reach zero until 7K [39].Although these temperatures still do not 

exceed the 56 K in the 1111 materials, they are quite high particularly in the case of 

            as this material is nominally stoichiometric. There is hope that dop ing of this 
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and related materials could lead to an increase in transition temperature. Shortly after the 

discovery of superconductivity in             , alculations indicated that c o nve n t io na l  

e lec tron–phonon coupling was insufficient to explain the high transition temperatures [40], 

as was later verified experimentally [41].As will be explained below, a ubiquitous  magnetically  

ordered state  is present indicating  magnetism  in close proximity  to superconductivity leading 

one to naturally  consider the  interplay  between magnetism  and  superconductivity in these  

materials.   In the following section, we will review experimental s tud ies  of magnetism in the 

Fe- based compounds and its influence on superconductivity. 

2.4 The  main family of iron based superconductors   

The family of   -based materials comprises over 50 different compounds, identified within just two 

years after the discovery of         (Tc =26K) in 2008 [42]. Early on, four unique 

crystallographic structures were shown to support superconductivity. While their composition 

ranges from the simplest      -type binary element structure to more complicated quaternary 

structures composed of elements [44].The most known families include; 1111, 122, 111, 11 

families and their structure is presented on Figure: 2 [43].  

 I. 1111-type family 

1111 compounds are made up of combination of elements, rare-earth (         etc.) transition 

metal. It comprises compounds with the same structure as        , and is the earliest versions of 

     . Due to their atoms composition ratios of the four elements, they are called the „1111-type‟. 

Show their crystal structure, which is a          type structure with a tetragonal P4/nmm space 

group. [45], this family includes        and                 and         with various 

lanthanide elements (Ln), Up to now, the highest Tc∼56K in1111family of iron-based 

superconductors has been achieved. The family consists of negatively charged     or      layers, 

where    atoms form a planar square lattice, and positively charged     layers. With or without 

doping, electrons are conducting in     or      layers [46].The  first  evidence  for the  

importance  of magnetism  in  the    -based  superconductors was the  concentration 

dependent phase diagram  presented  with  the  initial  discovery of superconductivity in F 

doped          [47]. It was soon shown that the undead         parent compound 

exhibited spin-density wave (SDW) order below about 150 K [48, 49] .Unexpectedly,         

also exhibited a structural phase transition [48] at a temperature slightly above the magnetic 
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ordering temperature. There is clear competition between magnetism and superconductivity as 

the magnetically ordered state is destroyed in the fluorine doped, superconducting samp les  

[48, 49]. 

In general,  doping causes a suppression  of both  the  structural and  magnetic  phase 

transitions and  as these  are  suppressed,  superconductivity emerges. The fundamental 

difference between materials with different rare earths comes  in the behavior near the 

emergence of superconductivity.  For        and      the structural and magnetic  

transitions  vanish  in  an  abrupt step-like  manner  as  a  function  of doping  at  the  onset  of 

superconductivity [50, 51],  for the case of         For the case of         the magnetic 

transition appears to vanish continuously to very low temperatures and superconductivity 

emerges at a concentration where this transition has been completely suppressed [52] 

.However, the structural transition has some range of concentrations where superconductivity 

coexis ts  with this phase transition [52]. Finally, the case or       , looks similar to 

       in that the transitions are suppressed gradually and there appears to be overlap 

between the structural transition and superconductivity [53]. However, unlike the case of     

the    phase diagram shows a region where magnetic ordering coexists with 

superconductivity [54]. This suggests that the destruction of long range magnetic order is not 

a necessary condition for the emergence of superconductivity. 

 II. 122- type family  

 The “122”materials have numerous doping possibilities. The family 122 has a formula 

                      and   ) and compounds crystallized in the body centered tetragonal 

ThCr2Si2- type structure with I4/mmm space group symmetry.  During cooling, I4/mmm → Fmmm 

structural transformation takes place, coupled with a magnetic transition .Superconductivity is 

achieved through doping at A site and    site. An alkali metal substitute A and 3d, 4d and 5d 

transition metals substitute Fe [55]. As mentioned p revious ly, the             family of 

materials ha s  numerous doping possibilities.   The  basic behavior  of the  superconducting  

materials  can be described  by considering the phase diagrams  for              (hole  

doping between the      planes) and                (electron  doping within the FeAs 

plane). Both materials share the same           parent compound.  As in the case of the 

1111 parent compounds, Ba-122 exhibits both a structural phase transition (in this case from 

the room temperature tetragonal I 4/mmm space group to the low temperature orthorhombic 
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Fm m m  space group [56, 57]) and the magnetic transition to a long range ordered, SDW state. 

However, unlike the 1111 materials, both the structural and magnetic phase transitions occur at 

the same temperature in the Ba-122 parent compound [56–58].  Doping with either K   or Co 

causes a suppression o f the structural and SDW transitions as in the 1111 materials.   For Co 

doping, as   increases, the two transitions no longer appear at the same temperature with the 

structural transition occurring first in both cases, superconductivity emerges as the SDW 

order is suppressed. For K doping, the superconducting region starts for   ∼     and the 

maximum Tc of 38 K is reached for  ∼     [59, 60]. For                    ,  

superconductivity is first observed for  ∼       and the maximum  Tc  of 23 K is seen. 

 III. 111-type family  

The simplest structures in FeAs based superconductor compared to 1111-type family. The formula 

      (A=   and     called 111 phase) and has a transition temperature of 23 K in       , have 

the CeFeSi structural space group P4/nmm [61].  

IV. 11 -Type family 

The simplest structures among all known iron-based superconductors are 11 families. This 11-type 

consists of compounds with the       -type of structure and highest  c of 27K obtained in       

It adopts a space group of P4/nmm. As mentioned  previously, these materials  form with excess 

   with the largest  amount of extra     observed  near  the     rich  side of the  phase  

diagram.    Initial measurements    of the                   [62] family of compounds 

showed superconductivity with Tc as high as 15 K for  ∼      existing for all values of   except 

very near       where superconductivity is destroyed.  This suggests a different phase 

diagram from other Fe-based superconductors. However, single crystal specific heat 

measurements on the Te rich side of the phase diagram indicate bulk superconductivity only 

for concentrations near         [63]. With this in mind, the phase moment diagram was re–

investigated a nd  indicated magne tic  order for small x which coexists with superconductivity 

over a range of concentrations [64] in a manner very similar to the doped 122 materials and 

              As mentioned previously, materials with low Se concentrations have a 

tendency to form with excess     

Measurements o f  the phase diagram with samples intentionally grown with        [65] show 

an additional sp in glass phase which coexists with superconductivity over much of the 
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measured concentration range. This shows the sensitivity of these materials to stoichiometry 

and, in particular, the amount of excess    present. Although,  as discussed above, there  are 

some differences in the concentration dependent phase diagrams  of various Fe- based 

superconductors, inspection of phase diagrams for pnictides family shows that  there  are some 

common features.  All materials exhibit a SDW state a t  low concentrations and this state is  

suppressed with doping allowing for the emergence of superconductivity. This shows strong 

similarity to the generic cuprates phase diagram and is evidence for the interplay o f 

magnetism and  superconductivity.  

 

               (a)1111                    (b)   122                        (c)  111                       (d) 11 

Figure 2.1:  Several representative classes of the iron-based materials [34]  

 

The structures of the 1111, 122, 111 and 11 families of materials are shown in Figure 2.1 above, the 

common feature is the presence of an identical      (or     ) plane. An interesting trend can be 

the larger the separation between layers, the higher the observed optimal transition temperature 

[66]. 

2.5 Barium iron arsenide             

         is the parent compound of the iron -based superconductors belonging to “122” family i. 

e a member of the ternary iron arsenide family. It crystallizes in a tetragonal structure (space group 

I4/mmm) and is built up by layers of edge-sharing FeAs4/4 tetrahedral simply alternating with barium 

atoms. The synthesis of            was already reported in 1980 but except for the crystal 

structure and some indeterminate magnetic data no physical properties were known. The magnetic 

nature of the structural phase transition in          has been demonstrated by the Mossbauer 

spectra at low temperatures discussed above. With respect to the susceptibility data, 
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antiferromagnetic order was expected. Neutron diffraction experiments with polycrystalline 

         by Huang et al. [67] clarified the complete spin structure, which is illustrated in Figure 

(2.2)           

 

Figure 2.2: Crystal structure of          

The magnetic moment is 0.83 μB / Fe. [67] .The fundamental magnetic wave vector is q = 0, thus 

the magnetic moments are anti-parallel aligned to the longer orthorhombic a-axis and also 

antiferromagnetic ally along the c-axis. Along b (longer Fe–Fe distance in rectangular Fe nets) the 

moments form ferromagnetic chains. Thus,           shows a stripe-type antiferromagnetic order 

at low temperatures. About the same time neutron diffraction experiments were carried out using 

single crystals of            which were grown from a tin flux.[68] Due to approximately five 

percent tin incorporation, these specimens showed substantially different phase transition and 

magnetic ordering temperatures of about 90 K. The determined magnetic structure, however, agrees 

with the powder results of Huang et al., [67] which show the magnetic transition at TN ≈ 143 K. 

Later, the experiments were conducted with tin-free crystals. [69] The results confirmed the spin 

structure again and proved that the tin incorporation affected the transition temperatures, but not the 

magnetic structure. The properties of the ternary iron arsenide          with the         -type 

structure have been proved to be remarkably similar to those of        , which is the first parent 

compound of the new class of high-TC superconductors. Both materials are poor metals at room 

temperature and undergo second-order structural and magnetic phase transitions. The Fe Mossbauer 

data of           show hyperfine field splitting below 140 K, which hints at antiferromagnetic 

ordering. 
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Neutron diffraction experiments revealed the magnetic structure, which is largely the same as in 

                 differs most significantly from         in the structural and magnetic phase 

transition temperatures. While the antiferromagnetic transition seemingly occurs at the same 

temperature as the structural transition in           in all previously measured 1111-type 

compounds the structural and magnetic phase transitions are separated. Nevertheless, a broadening 

of the experimental line width in the 57Fe Mossbauer spectra of          at 155 K hints already at 

short range or nematic order well above 140 K.Most likely, long-range antiferromagnetic ordering 

occurs right before the structural distortion emerges. 

Magnetic fluctuations that lead to magnetic ordering are presumably the driving force for the 

structural phase transition. As a consequence, also the resistivity drops sharply at 140 K, because 

scattering of the conduction electrons due to magnetic fluctuations is strongly reduced and the 

electrical resistance is therefore decreasing. Thus,          exhibits the same SDW anomaly at 

140 K as         at 150 K. Since the SDW instability is an important prerequisite for high-TC 

superconductivity in iron arsenide‟s, the results discussed above strongly suggest that          

can serve as a parent compound for another, oxygen-free class of iron arsenide superconductors 

with          type structure. There is everything to suggest that superconductivity can be induced 

either by electron or hole doping. If the latter is the case it would conclusively prove that 

superconductivity originates from the      layers, regardless of the separating sheets.  

 2.6 Sodium doped           (                 

 Hole doping of the 122 system is possible by substitution of an alkaline-earth  ion site with an 

appropriate alkali ion (e.g. Na substitution of the Ba site).Due to Na doping in the Ba site of 

BaFe2As2 compound the high temperature anomaly is suppressed and then superconductivity occurs 

in                  compound .The magnetic and superconducting properties exhibited by the 

                system are quite similar to those of the homologous                  system; 

even though the large mismatch between the Ba2+ and Na+ ionic radii, no evidence for ordering was 

observed.  

The structural and magnetic phase transitions are coincident and both 1st order. A first systematic 

study concluded that the tetragonal-to-orthorhombic transformation occurs during cooling up to 

        , while for larger Na-content, the tetragonal I4/mmm is retained down to the lowest 

temperature [72]. Subsequently, a peculiar magnetic phase was detected in the compositional range 



 
 

19 
 

              [73], where superconductivity coexists with spin density wave at low 

temperatures. More interestingly, these compositions were found to first undergo a tetragonal-to-

orthorhombic structural transformation during cooling; in a second stage, as the temperature is 

further decreased, a spin re-orientation occurs and the orthorhombic phase becomes unstable. As a 

result, a 1st order transition takes place and the orthorhombic phase is partly transformed into the 

pristine tetragonal one; both phases display antiferromagnetic ordering and appear to be 

superconductive [71, 73]. The structure of the low-temperature tetragonal phase is stretched in the 

ab plane and compressed along the c-axis, whereas the magnetic structure of the orthorhombic 

phase does not qualitatively change across the transition [74]. The magnetic structure associated 

with the tetragonal phase is described by an antiferromagnetic stripe model with moments that are 

polarized along the c-axis [74].  

The re-entrant magneto structural transitions characterizing this system were analyzed for both 

magnetically and orbit ally driven mechanisms, but at present, the underlying physical mechanism 

has not yet been unveiled [74].These results clearly indicate that magnetism competes with 

superconductivity; for this reason, it was first suggested that the sematic order is possibly of 

magnetic origin [73], but a subsequent analysis concluded that the structural transition has a purely 

electronic origin [74]. In any case, the occurrence of a magnetic phase associated with the 

tetragonal structure, localized only within a two-phase field, raises some concerns: it is in fact not 

clear why it is completely suppressed as the orthorhombic phase disappears. The strongly strained 

nature of the tetragonal 28 phase in the bi-phasic field likely plays a dominant role. We note that in 

the phase diagrams drawn in ref. [71, 73], the phase field pertaining to the so-called C4 phase is 

actually a biphasic field, in which the orthorhombic and tetragonal structures coexist [71, 73]. In 

this system, the two-phase field is likely very narrow above 50 K, but broadens as the temperature 

is further cooled. This gives rise to the rather unusually extended separation between the tetragonal 

and the orthorhombic phase fields at low temperatures, which is not observed in the other 122-type 

systems.  

Another question concerns the homogenous variation of Tc with composition throughout the 

orthorhombic-to-tetragonal phase field. In fact, no net discontinuity is observed at the structural 

transition in all of the reported phase diagrams for 122- and 1111-type systems. This phenomenon 

becomes extraordinarily apparent in the                 phase diagrams of ref. [71, 73], in 

which this homogenous variation crosses a relatively wide and peculiar two-phase field. the 
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reentrant structural transformation, remixing and the tetragonal magnetic phase were not confirmed 

by a new study based on neutron diffraction analyses of single-crystal samples [75]; in this case, the 

analytical results pointed to a spin reorientation along the c-axis in the orthorhombic magnetic 

phase, inducing structural changes in the orthorhombic crystalline structure itself. As a result, spin 

re-orientation appears as the characterizing feature of the low-temperature transition, whereas no 

evidence for a coexisting tetragonal phase was found [75].    

Recently a wholly new magnetic phase with C4-symmetry in the lattice was found to exist at the 

boundary between superconductivity and stripe magnetism in                 by high resolution 

neutron diffraction experiments [76]. For several doping levels:    0.22, 0.26, 0.27 and 0.28 in the 

coexistence regime of anti-ferromagnetism (or spin density wave (SDW)) and superconductivity, an 

emergent C4 symmetric SDW phase was found above the superconducting transition. This 

discovery has important implications for the origin of magnetic and structural transitions in iron-

based superconductors. The results agree with the prediction of the spin-nematic models that a C4 

phase can become degenerate with the C2 phase only at higher doping when hole and electron 

Fermi surfaces are not well nested, and that the stability of the C4 phase would be limited to a very 

narrow region close to the suppression of anti-ferromagnetism. 

For        this sample lies outside of the emergent C4 phase in the phase diagram of 

                and we don‟t see any new phase transition in our data. However, our results 

confirm a Tc at 18K and a TN at 98K, which agrees with results from neutron diffraction 

measurements and provides more accurate transition temperatures. It also gives us a general idea of 

the quality of the sample and how the AFM transition looks like in specific heat. 

For        doping level, neutron diffraction results tell us that there would be 3 phase    

transitions: one AFM/SDW transition at ~80K, one re-entrant C2 to C4 symmetry structural 

transition at ~ 45K and one superconducting transition at ~25K. We performed specific heat 

measurement of this sample at a frequency of 34Hz (determined by a frequency scan at 40K) with a 

heating current of 120  A from 20K to 105K.A weak anomaly can be seen at around 25K in the 

specific heat data which marks the superconducting transition at this doping level in the sample. In 

addition to this feature, another weak feature can be seen in specific heat at around T* = 45K which 

possibly signifies the reentrant C2 to C4 transition in the sample. Considering that the Tc for 

        sample is also higher (25K comparing to 18K), the results are consistent. However, we 
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have to emphasize again that the value is considerably smaller (~ a factor of 10) than that from 

measurements of a similar single crystal Sample                      with about the same Tc which 

can be attributed to the poor quality of the polycrystalline sample we have used. From the 

comparison of the results, we estimate that only ~10% of the sample is actually superconducting. 

Unfortunately, we are not able to distinguish another feature in the temperature region above T* 

that could possibly mark the AFM transition in the sample, which brings doubt to the nature of the 

feature at T*.  

There are two possibilities: 1) T* marks the regular AFM (SDW) transition and there is not a 

reentrant C4 symmetric SDW phase transition at this doping level; 2) T* indeed marks the new 

phase transition. However, due to certain reasons (e.g. sample quality), we cannot locate the regular 

AFM (SDW) transition. To further investigate and verify the phase transitions we found in specific 

heat, we also performed SQUID magnetization measurements on powder samples of    

                   from the same batch. In addition to the superconducting transition, which is 

manifested as a drop in the magnetization with a onset of 25K , we found that there is a kink in the 

M/T vs T curve at 45K for all three different applied magnetic fields (H=2kG, 1T and 2T) with 

either ZFC (Zero-field cooled) or FC (Field cooled) conditions. The transition temperatures agree 

with that from specific heat measurements. No evidence for another phase transition above 45K can 

be found, which also agrees with the specific heat measurement results. Thus the existence of the 

re-entrant C4 AFM (SDW) transition is not clear based on our experimental data. 

For          two samples, sample 1 and sample 2, of                at doping level of  

       have also been measured. According to neutron diffraction data [5 8], this sample should 

have Tc in the range of 25 to 30K, Tr (reentrant C4 symmetry SDW transition) in the range of 40 to 

50K and TN in the range of 65 to 75K. Our specific heat results show that the samples are actually 

multi-phased and doping level has variations from sample to sample, which again brought doubt to 

the interpretation of data from neutron diffraction measurements. The specific heat of sample 1 

(size: 88 m x 78 m x 15 m) is measured from 20K to 80k. A step like anomaly is found strangely 

at around 34K.  This contradicts the Tc value of ~26K as given for        doping level and in 

fact agrees more with the literature Tc Value for a                         single crystal 

sample at Debye temperature of     = 297 K. For applied field along the crystalline c-axis 

considering that the sample we measured is polycrystalline and the alignment of the field could be 

off from c axis by quite a bit. The slightly higher value we got for the upper critical field slope is 
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quite reasonable. Because of the good agreement of our data with the literature data for 

                 we conclude that sample 1 actually has a doping level of 0.4, rather than 0.28. 

What this indicates is that the powdered                 sample          we used in our 

measurements is not homogenous and some of them is actually optimum doped       . 

In an attempt to verify our conclusion, we measured the heat capacity of another sample (sample 2 

from the same batch of powered polycrystals.Temperature dependence of the heat capacity of 

sample 2 of                           .Two small anomalies at 34K and 29.5K. The feature at 

34K, as we have seen in sample 1, is the superconducting transition temperature for  

                 i.e.,      . The nature of the 29K feature was confirmed as another 

superconducting transition. This results, combined with the results from sample 1, confirmed that 

the sample we obtained were not homogeneous and thus not useful for identifying the reentrant C4 

symmetric SDW transition claimed by neutron diffraction measurements. The conclusion from our 

investigation of the emergent reentrant C4 SDW phase transition in                 is that there 

might be a reentrant C4  phase in                 at doping level of  =0.26. However, to make 

a firmer conclusion we would need to obtain a high quality single crystal for specific heat 

measurements. High quality samples for the whole range from  =0.24 to  =0.3 would be helpful 

for us to determine the exact phase boundaries of this emergent phase in the temperature-doping 

phase diagram.   

Specific heat measurements indicates that substitution of Ba by Na leads to the suppression of SDW 

ordering and induces superconductivity up to 34 K for   = 0.4. The positive Hall coefficient of  

                 confirms that Na substitution results in hole doping similar to K doping in Ba1-

xKxFe2As2. Angle-resolved photoemission spectroscopy measurements were carried out on freshly 

cleaved surfaces of               samples with  =0.4. Exemplarily shows a typical 

photoemission intensity distribution at the Fermi level, a so-called Fermi surface map, of the 

               sample with   = 0.4.  In general, the FS of all                samples 

consists of hole like sheets at the center of the Brillion zone and of a propeller like structure at the 

BZ corner (  point) with hole like propeller blades and small electron like FS sheets in the center. 

Thus, the FS of Na-substituted           is to a large extent the same as the FS found for K-

substituted           suggesting that the substitution of Ba by either Na or K affects the electronic 

band dispersion at the Fermi level in a verisimilar  way. An energy-momentum cut, passing through 
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the point, reveals not only well-defined band dispersions for the inner and outer barrels, but also a 

superconducting gap with a larger magnitude for the inner barrels and with a smaller magnitude for 

the outer one. The analysis of the temperature dependence of the electronic spectrum of the sample 

with  =0.4 (      ) for different locations in the momentum space allows us to conclude that 

the superconducting gap distribution is very close to the one observed for the optimally doped 

                                      

 

Figure 2.3: phase diagram of                

 

From the above Figure blue  points indicate coincident antiferromagnetic and Tetragonal to 

Orthorhombic structural transition temperatures, Tm. Red points indicate observed transition 

temperatures, Tr, into the C4  phase, all measured by neutron diffraction. Green points indicate 

superconducting transition temperatures, Tc, determined from magnetization data [77].In an attempt 

to map out with more precision the transition temperatures of this new emergent C4 symmetric 

magnetic phase, we performed heat capacity measurements of a  samples of                  at 

doping levels of  =0.4 antiferromagnetic order parameter (M),antiferromagnetic transition 

temperature (Tm), superconducting transition temperature (Tc), and superconducting order 

parameter ( ) and we will plot the phase diagrams (Tc vs ∆) , (Tm vs M)  and Tc vs M  to study the 

competition between superconductivity and spin density wave in hole- doped barium iron arsenic 

superconductor. 
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 2.5 Spin Density Wave  (SDW) 

The spin density wave state is a kind of AFM state with electronic spin density forming a static 

wave. It occurs at low temperature in anisotropic low dimensional material, low dimension 

materials or in metals that have high densities of states at the Fermi level N (Ef). Other low 

temperature ground states that occur in such materials are superconductivity. Also SDW couples to 

the spin, it indicates to the periodic modulation of spin density with a periodic (T) determined by 

the Fermi wave number. The density varies at right angle as the function of position with no net 

magnetization in the entire volume. In the normal state, the density ρ↑(r) of electron spins polarized 

vertically upward with respect to any quantization axis is completely deleted by ρ↓(r) of downward 

polarized spins. So the difference is finite and modulates in space as the function of the position 

vector in the SDW state .The SDW state such tendency of forming SDW ground state takes place 

when possesses nested pieces of Fermi surface together with intermediate coulomb correlation 

structure of alternating layers of Fe-As where Fe-As layers are thought to be responsible for 

superconductivity [79, 80]. The spin density wave transition arise when the spatial spin density 

modulation is due to delocalize or itinerant electrons rather than localize ones.  

Coexistence of spin density wave (SDW) and superconductivity in multiple iron based materials 

have been reported [78].A development of spin density wave is accompanied by the slight 

distortion from the tetragonal to the orthorhombic unit cell. Therefore, one can present a model to 

study the coexistence of superconductivity and anti­ferromagnetic, that in corporate two competing 

physical processes involving electron hole AFM like of opposite spins with a net moment 

difference vector  (Q) between the conjugates and electron electron(superconducting) pairing of 

opposite spins with total momentum zero. Iron arsenic layers are responsible for the generation of 

spin density wave [81]. 

 

Figure 2.4: Spin Density Waves (SDW) 
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CHAPTER THREE 

3. Methodology 

3.1 The  green function formalism 

The green‟s function techniques have been used in order to study the competition between 

superconductivity and magnetism in                superconductor. The term is used in physics 

especially in quantum field theory, electrodynamics and statistical field theory, to refer to various 

types of correlation functions, even those that do not fit the mathematical definition. The Green's 

function technique is one of the most powerful techniques suitable for solving strongly-correlated 

many body particle problems. These functions have been applied in quantum field theory (mean-

field theory) to statistical problems. In quantum field theory, Green functions are known as 

propagator [82]. This name is based on the idea that, in order to find the important physical 

properties of a system. Green functions are essentially useful for summing over the restricted 

classes of perturbation theory diagrams and are very powerful when combined with spectral 

representations. The Green‟s function method is a very useful method in the theory of ordinary and 

partial differential equations, and all the physical quantities can be derived from the Green's 

functions.  

There are different types of green׳s such as: one particle, two particle, zero-temperature, time-

dependent or finite temperature, n-particle, advanced, retarded double-time temperature dependent, 

and non-equilibrium. The Double time temperature dependent Green‟s function equal to the change 

of the average value of some dynamic quantity by the time t and useful because they can be used to 

describe the effect of retarded interactions and all quantities of physical interest can be derived from 

them. To get the equation of motion in our thesis we use the retarded double time temperature 

dependent Green function. The definition of a retarded double-time Green„s function propagators 

for any time dependent Heisenberg operators Â (t) and B̂ (t׳) expressed as;-   

    
 (t,   ) = Â (t), B̂ (t (׳      (׳   ) *     B̂ +(׳ )

                                                           
(3.1) 

Hence   [Â (t), B̂ (t׳)] = Â (t) B̂ (t׳) - B̂ (t׳)Â(t), 
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where Ȃ and B̂  are Heisenberg operators and  (t-t„) is the Heaviside step function, -- is 

denoted for Green function, ---  denotes thermal average and „r‟ means retarded. Â and B̂ are 

follow commutation or anti commutation. That is;- 

                     [A, B] = AB - BA = 0 commutation operator and  

                        [A, B] = AB - BA   0 ant commutation operators (no commutation operators). 

3.2 Equation of motion 

To solve the many body particle problems the kinds of Green‟s function formalism we applied have 

been the retarded double time temperature dependent Green‟s function formalism of the kind that 

possess the Heaviside step function form. In order to obtain the equation of motion for the Green‟s 

function, we differentiate equation (3.1) with respect to time;- 

                                         
 

  
Gr (t-t׳)  =  

 

  
Â (t), B̂ (t׳)  

                                         
 

  
Gr (t-t׳) =   

 

  
i  (t-t׳) [Â(t) B̂ (t׳)]  

                                          
 

  
Gr (t-  ׳  =   

   

  
 (t-t) [Ȃ (t), B̂ (t׳)]  - i (t-t׳)  

 

  
        B̂  (t׳)]  

  Multiplying both sides of the above equation by „i‟ we can obtain; 

-i       ׳       
 

  
 B̂         ׳        ׳   ׳       

 

  
       B̂     ׳  

                   (3.2) 

                            From 
 

  
Â (t) = [ Â (t), Ĥ ], if = 1 

By applying Dirac delta function, we can write equation (3.2) 

i
 

  
Gr(t-t׳)= (t-t׳) [Â(t) B̂ (t׳)] + [Â(t), Ĥ ] B̂ (t׳)  

A careful analysis shows that the function depends on time t and t‟ through (t-t‟).  Thus we can 

write 

       G (t, t׳) =G (t, 0) 
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           Let G (t, 0) be the Fourier transformation of G (t, 0)  

Then,     G (t-0)   =   ∫  
 

  
( )                   

                                          =   ∫       
 

  
                                                            

          And δ the Dirac delta function can be defined as 

                               ∫             
 

  

                                                         

Therefore equation (3.3) becomes 

                               = [  ̂      ̂    ] + [ ̂     ̂]                                          

The G () can be written as 

                             =                                                                         

                             =           +                                                        

Since,         denotes the Fourier transform of the Green functions involving the operator           

 ̂ and  ̂, now to get the equation of motion we apply Green‟s function techniques; Let us define: 

        =   ̂    ̂     

 Hence, the equation of motion becomes 

                                     = [  ̂      ̂    ] + [ ̂     ̂]   ̂                                 

ω  ̂    ̂    = < ̂    ̂    +   [ ̂  , H]    ̂     

]ˆˆ,ˆ[ CBA ]ˆ,ˆ[ˆˆ]ˆ,ˆ[ CABCBA   

BACBA ˆ[ˆ]ˆ,ˆˆ[  , BCAC ˆ]ˆ,ˆ[]ˆ   

             BCACBACBA ˆ}ˆ,ˆ{}ˆ,ˆ{ˆ]ˆ,ˆˆ[   And 

[     
 
   ] =     =1 if     , other wise 0 

          =    [    ,     
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CHAPTER FOUR 

4. Formulation of the problem 

4.1 The  mode l Hamiltonian 

 To study the competition between superconductivity and spin density wave in hole doped barium 

iron arsenide                ) based on the multi band nature of iron based superconductor, two 

band model Hamiltonian was considered. The model Hamiltonian fore coexistence of SDW and 

superconducting in these compounds can be expressed as:- 

 ̂  Ĥ
 
 Ĥ

 
   ̂     ̂                                                                                                                                                                                                       

Where  Ĥ
 
 ∑      ̂    ̂                                                                                               

                      Ĥ
   

= ∑        
                                                                                      (4.3) 

  ̂  ∑  (    )
    

 ̂      ̂
 
    ̂         ̂

 
   
 ̂ 

    
 ̂    ̂                                 

 ̂   ∑         
    

 ̂    ̂    ̂  
 
                                                                                  

Substituting Equation (4.2), (4.3), (4.4) and (4.5) in to Equation (4.1) then we can get;- 

Ĥ  ∑      ̂     ∑        
 
    + ∑     

 
   (   

 
 ̂     ̂    ̂  + ̂  

 
 ̂   
 
       ) 

          +  ∑     
 

       
  ̂      ̂  

                                                                                                                                                                                                                                                                                  

Where in this model Hamiltonian, the first term  Ĥ
 

)describes the itinerant electrons forming the 

hole Fermi pocket near the Fermi energy, the second term  Ĥ
 
  describes the itinerant electron 

forming the electron Fermi pocket near the Fermi energy. These electrons are responsible for the 

third term ( ̂ ) is superconducting interaction and the fourth term ( ̂ ) describes Magnetic 

interactions.   And    is the dispersion near the two pockets independent of spin  . And      
  and 

    
  the interaction potential for superconducting and magnetism respectively. Are the creation 

(annihilation    ̂  
 ( ̂  )  ̂  

   ̂   n or destruction) operator of hole and electrons specified by the 

wave vector k and the spin  . 
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 4.2 Pure  superconducting s tate  for hole  doping barium iron arsenide  

superconductors  

Pure superconducting state means there is no magnetic order or on the other hand magnetic effect is 

zero.To proceed with this Hamiltonian we can make use of the equation of motion Fourier 

transformation which is:  

                                                        
  ( ) =  [ ̂   ̂]    [ ̂   ̂]  ̂                                             

It is possible to take the advantage of the following relation as definition                 

                      
    =     ̂  ̂      =        , 

 
    

Then, the equation of motion in Fourier transform from Equation (4.2.1) becomes  

     
     =  [     

 
  ]   +   [     ̂  ]                                    

The Equation (4.2.2) reproduces s a series of equations. The preferable method to solve it is using   

the part of Hamiltonian one by one in turn in the components of [     ̂].First let as solve the kinetic 

energy of the hole component. In order to solve it we use the computation relation of three 

operators, and as given below for hole case. 

 

[A, BC]  =   [A, B] C-B [A, C] for fermions 

[A, BC]  =   [A, B] C+B [A, C] for bosons 

                                           [      ,   ]  = 0 

                                           [      ,   
 

]   = δkkδ    =1 

                                            [    
      

 
]  = 0 

   Now let as evaluate   [     ̂ ] 

                  ̂  Ĥ
 
 Ĥ

 
   ̂     ̂                                                                                                          

[    ̂]  =   [   , Ĥ
 
 Ĥ

 
   ̂     ̂                                                               ) 

                                                = [   , Ĥ
 
  +[  ̂  ]+[   , ̂ ]+    ̂   

     Then now let us commute the first term 
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                                     [   , Ĥ  
   = [      

 
     ] 

                                                      = ∑                   

=  {[                 
 
  ]} 

                                                       = ∑              

           =                                                                                                 ) 

           ̂                                                                                       

The superconducting part   

    , ̂ ] = [   ,∑      ̂     ̂
 
    ̂    ̂   + ̂

 
   
 ̂ 

   
 ̂    ̂  ] 

                                         =∑       [ ,     ̂
 
    ̂    ̂     

                                         =∑       ̂    ̂        ,     ̂
 
   ]} 

                                           = ∑       ̂    ̂     {       ̂
 
             

                                  where,          ∑        ̂    ̂          s 

=     
 
                                                                                                                

Substituting Equation (4.2.5), (4.2.6), (4.2.7) into Equation (4.2.3), we get 

[     ̂]   =      +    ̂
 
                                                                              

With Equation (4.2.8) and (4.2.4), the Equation of motion for Fourier transform G (ὠ) of G(t, t′) 

becomes 

                                             =                 +     ̂
 
                                              

        Represent the superconductor parameter. 

                             
 
        ,          

 
        = 0 so, Equation (4.2.9) becomes: 

        
 
        =      

 
    +       
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   >> =    1+       

 
      +        ̂     

 
                       

[       ̂]    =   [      oĤ   ̂     ̂    ̂                                                                      

                                         
 
     =1+        ̂     

 
                                                  

Similarly, we can evaluate           
 
    

                                
 
               

 
      [       ̂]  

 
                              

First evaluate[       ̂] =[      oĤ ] [      1Ĥ ]       *      2Ĥ +            ̂           

Now let us do the first term we get  

                                         [      oĤ ]   = [      ∑              

             = ∑     [       
 
       

                                                              = - ∑          = -                                                               

     
    

 ̂                                                                                                  

[      2Ĥ ] =    
    

∑      ̂     ̂
 
    ̂    ̂   + ̂

 
   
 ̂ 

   
 ̂    ̂  ] 

                                           = ∑     { ̂ 
   
 ̂ 

   
   

    
 ̂    ̂  ]} 

   Where         ∑       ̂ 
   
 ̂ 

   
     =     then, 

                           

=     ̂                                                                                                                                                                                     

Now substituting Equation (4.14), (4.15), (4.16) in to (4.11we get  

                                     [       ̂] =    +     ̂                                                                                   

Substituting with Equation (4.17) in to Equation (4.13) the equation of motion for Fourier transform 

becomes  
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       [       ̂]  

 
    

                                           
 
                

 
          ̂  , 

 
             

                                        
 
     =      ̂  , 

 
                                                                                                                     

The two equation of motion are from Equation (4.12) and (4.18) 

                                      
 
      = 1+        ̂     

 
      and  

                                       
 
    =      ̂  , 

 
   

  Combine these Equation (4.12) and Equation (4.18) we will get this expression 

                                       
 
     = 

 

    
(1+        ̂     

 
    ) 

                                         
 
  >> =

 

    
(     ̂  , 

 
   ) 

                               ̂      
 
     

    

           
                                                                                                                                                                   

We can follow similar way to find      from Equation (3.8) the equation of motion expressed as: 

                                =          
 
  
        +           

 
  
                                                      

                  [     ̂] = [    
oĤ   ̂     ̂                                                                                                                                                                             

Now evaluate [       ]                                                          

                             [      ̂  ] =  [    ∑      ̂    ̂    =0                                                                 

                                                   ̂    =  [     ∑      ̂  
  ̂  ]      

                                           =  ∑       [     ̂  
  ̂    ̂   ̂  

 
] 

                                             =∑           

                                        =                                                                                                                                                                                                                    

The superconducting term is similarly calculated   
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                        [     ̂ ]  = [    ∑              ̂ 
   
 ̂ 

   
 ̂    ̂    + ̂

 
   
 ̂ 

   
 ̂    ̂  ]                                           

                                        = ∑                    ̂
 
   
  ̂ 

   
  ̂    ̂    

                                  Hence  ∑               ̂    ̂     =     

                                   =     ̂
 
   

                                                                                                                                                                                                                        

Substituting, Equation (4.19c),(4.19d), (4.19e) then  Equation  (4.19b) become 

                                                      ̂] =        +       ̂
 
   

                                                                       

Also substituting Equation (4.19f) in to Equation (4.19a) we get  

                           =   [     
 
  
]          +       ̂

 
    

     
  
  

       
 
  

= 1+           
 
  
        ̂ 

    
     

  
  

                                     (            
 
  

=1+      ̂ 
    

     
  
                                             

Now following similar way to find   ̂         
 
     from Equation (4.19g)  

                                   ̂ 
    

     
  
  =   ̂ 

    
     

  
 ]   * ̂ 

    
  +    

  
                        

First we can evaluate      

                                       ̂ 
   

  ̂    ̂ 
    

Ĥ o + ]2ˆ1ˆ HH 

                                                       
        

                                 [ ̂ 
    

 ̂      = 0                                                                                                 

 [   ̂      ̂  = [ ̂ 
    

 ∑      ̂  
  ̂  ]  

                                  = ∑       ̂   
                                                                                                             

  ̂ 
    

 ̂  ]   =   ̂    ∑              ̂     ̂
 
    ̂    ̂    + ̂

 
   
 ̂ 

   
 ̂    ̂  ] 

                                =  ∑             ,  ̂ 
    

 ̂     ̂
 
    ̂    ̂   +    ̂ 

    
 ̂ 

   
 ̂ 

   
 ̂    ̂  ]         

       ∑                   ̂
 
     ̂

 
    

 ̂    ̂     
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                  where     ∑               ̂     ̂
 
           

                                        =      ̂
 
    

 ̂    ̂     

                                         =     ̂                                                                                                                       

Then substituting Equation (4.20b), (4.20c), (4.20d) in to (4.20a) 

  ̂ 
    

 ]  =  ∑       ̂   
 

  +     ̂                                                                                                  

Inserting Equation (4.20.e) in to (4.20) then equation of motion becomes  

                 = *  ̂ 
    

     
  
+             ̂   

 
 +     ̂        

 
  
                                            

           ̂ 
    

   
  
   =          ̂   

       
  
        ̂        

 
  
  

      ̂ 
    

   
  
         ̂        

 
  
                                                                                    

Combining the equation of motion Equation (4.19g) and (4.20g) these are  

                         
 
  
   = 

 

    
(1+      ̂ 

    
     

  
  

                  ̂ 
   

   
  
   =  

 

    
       ̂        

 
  
      then we get  

                ̂ 
   

   
  
   

    

           
                                                                                                    ) 

From Equation (4.19) and (4.21) the two order parameter calculated as 

  ̂      
 
       

    

           
 . 

  ̂ 
    

     
  
    =    

    

            
  

The superconducting order parameter is given by 

                   =
 

 
∑         

 
                                                                                               

                                                                                 and 
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∑   

   
   

  
                                                                                                    

First we can evaluate Equation (4.22) 

                        = 
 

 
∑         

 
                                                                                                       

                  = 
 

 
 

    

           
                                                                                                                   

And the summation may be changed into the integral by introducing density of state that defined as 

N( )  =  
  

  
∑   

 

     
∫      ∫       

 

   
. 

The summation with respect to k and n extends over all allowed pair states. Therefore; 

       
 

 
nk ,

∫       
 

   

    
           

 
                                          

The attractive interaction is effective in the region between -ħ         and assuming the           

density of states does not vary over this integral then the expression becomes. 

    
      

 
∑∫   

   

 

    

           
 
                                             

  in to     using Matsubara frequency                      

            By   Squaring both sides                   =  
         

  
 

           And                                         replacing    =    
    

  

 Then after substituting Equations (4.27) becomes 

                        
      

 
∑∫    

   

 

    
          

  

   

         =  
       

 
∑∫    

   

 

  

              
                                                                           

               Let define          and 
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Using the relation        ∑
 

                  
      

 

 
 

  
 =        

  
 

 
 
  
where x =     

  Then we can write the above equation as follows 

    =         ∫   
   

 
(  )

 

   
tanh

  

  
                                                                                                  

Let         =      

                =     ∫   
   

 
(  )

 

    
tanh

  

  
                                                                                          

Now using the same step from the above to find      

        
 

 
∑   

   
   

  
  

Since     
   

   
  
   =  

    

           
  

 

 
∑

    
           

 
                                                                                  

And the sum may be changed into the integral by introducing density of state that defined as:   

N ( ) =  
 

 
∑   

 

     
∫     ∫       

 

   
. 

  The summation with respect to k and n extends over all allowed pair states. 

Therefore; 

                                
 

 nk ,

∫       
 

   

    

           
 
     

 
      

 
∑∫   

   

 

    

           
                                              (      

  Changed in to     using Matsubara frequency 
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And 

        =  
         

  
 

Replacing   =   
    

  

Then after substituting Equation (4.26) become 

   
      

 
∑∫   

   

 

    
          

  

   

                                               =  
      

 
∑∫    

   

 

  
              

                                                         

            Let define           and 

                                 Using the relation        ∑
 

                    
      

 

 
 

  
 =

x2
1 tanh 2

x  

Then we can write the above equation as follows 

                                                  ∫   
   

 
    

 

    
tanh

  

  
                                                           

                         Let        =           and                  

                                       =       ∫   
   

 
    

 

   
tanh

  

  
                                                                      

   Then from Equation (4.24) and (4.29) we get the two equations are  

    =     ∫   
   

 
(  )

 

   
tanh

  

  
 

           =      ∫   
   

 
    

 

   
tanh

  

  
 

 Then substitute the second Equation     in t the first one       

                                      =     ∫   
   

 
(  )

 

   
tanh

  

  
 

                                      =     ∫   
   

 
    ∫   

   

 
    

 

   
tanh

  

  

 

   
tanh
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       ∫   
   

 
∫        
   

 

 

   
tanh

  

  

 

   
tanh

  

  
                                             

Rearranging this Equation we get 

                                    
 ∫   

   

 

 

   
tanh

  

  

 

    
tanh

  

  
                                                                                                                           

When the temperature approaches to the transition temperature the superconducting order parameter 

approach to zero   and using integration by parts, we have 

                          

     
 [  (

    

 
)
 

  ∫   
     

        

 

 
]                                                                      

For low temperature 

      
   

    
  1 

=      
 [  (

    

 
)
 

    (
 

   
)] 

2     
    (

    

 
)     (

 

   
) =1               

 

       
   (

   

     
)     (

 

   
)                                                                                                            

                                                      =    (
       

 
) 

Let (
  

      
 ) =  (

  

  
)                (

  

      
 ) 

After rearranging Equation (4.34)   we get    Where   = 0.772156649 is the Euler Mascheronic 

constant. This Equation   be solved to give:   

                                            = 
   

 
         

  

  
   1.13        

  

   

                                 =  
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4.3 Calculating Superconducting trans ition temperature  with magnetic order 

parameter 

To decuple the Hamiltonian we use mean filed approximation and thus the mean filed Hamiltonian 

of superconducting state is expressed as; 

                ̂   ̂    ̂   ̂     ̂                                              (4.3.1) 

        ∑     (k)    
     + ∑     (k)   

     + ∑    (   
       

 
 + h.c) + ∑     (k) ( ̂  

  ̂   
 

 + h.c) 

+   ∑    (    
                                                                                                                                                                                                                                                              

  The mean filed are  

   =   ∑          
  
   

   
  

  =   ∑              
 
     

   =   ∑                   

Where h.c is Herniation conjugate, q is magnetic wave vector and   is the spin. In our present 

analysis to obtain          we apply green formalism. Let as define the following: 

                                       ',



KKG =       
 
                                                                                            

And writing Equation of motion as 

                                             
 
     =        

 
                                                               

First let us calculate the commutation          using the Hamiltonian Equation (4.2.2) then, the 

equation of motion for       
 
     is given by 

                                    
 
    =                 

 
                                                          

Using commutation relation, now let us eliminate         Therefore, 

        [     ̂   ̂    ̂   ̂     ̂ ]                                                                       

                                               [     ̂    [    ∑         
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                      =                                                                                           

[     ̂                                                                                                   

      [     ̂           ∑    (   
 
      
 

 + h.c)] 

      = ∑            
    

                                            = ∑                 
 

 

                                         =                                                                                                                     

                                 [     ̂                                                                                                                

[     ̂        ∑    (    
             )] 

= ∑             
           

                             = ∑    [        
 ]             

                

= ∑    [        
 
]         

= ∑                    

                                  =                                                                                                                                                                                                                                    

After substation in general our equation of motion becomes; 

       
 
              

 
     +          

       +             
 
                      

          
 
    = 1+         

       +             
 
                                             

  

Similarly the equation of motion of Greens function        
 

      can be obtained as before by 

evaluating the relevant commentators. Then the Equation of motion for         
 

      becomes; 

        
          [       

  ]                                                                            

Then solving for the commutation[       
  ] 
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                  [       
  ] =          

  ̂     ̂    ̂   ̂     ̂   

        
 

 ̂    =  [       
 ∑         

 
     

                                        =            
                                                                            

                                    
  ̂   = 0 

                               
 

 ̂      =         
 ∑    (   

 
      
 

 + h.c)]          , h.c =         

= ∑                
       

                                                             =        

        
  ̂                                                                                                     

        
 

 ̂     ∑    (    
 
            )] 

= ∑            
     

             )]                       

=  ∑            
     

                           

=  ∑             
 

    
 
                   

 
                 ) 

                                     =  ∑           
                ) 

=  ∑                                      
       

                                     =-∑                    
 

      

  = -                                                                                                                         

After substation in general our equation of motion becomes; 

          =  (                     )  
 
                                            

           
 

       =          
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Similarly the equation of motion of Green‟s function            
 
    can be obtained as before 

by evaluating the relevant commentators‟. Writing the Equation of motion, 

            
 
       [          

 
  ]   =  [        ]  

 
                          

            
 
            + [        ]  

 
                                                                                                            

valuating the commutation [        ] using the Hamiltonian in Equation (4.2.2) 

[      Ĥ   [          ̂     ̂    ̂   ̂     ̂   

[          ̂ ]                                                                                                         

[          ̂ ]  =           ∑        
      

                  = ∑                  
 
     

   = ∑              

                          =                                                                                    

 [          ̂ ]                                                                                                       

[          ̂ ]            ∑      ( ̂  
 
 ̂   
 

  h.c)] 

     = ∑                ̂  
  ̂   

   

                                    = ∑                ̂  
   ̂   

   ̂  
            ̂   

   

  = ∑                ̂  
   ̂   

 
 

                 =    ̂       
 

                                                                                 

                                       [          ̂ ] =           ∑    (    
             )]           =  ̂       

 
+        

                                      = ∑                  
                       ̂       

 
+         

= ∑                ̂       
 

+         
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                                         = ∑               ̂       
           ̂       

                  ] 

                                                    = ∑    [          ̂       
 

]        

                       =                                                                                                              

 After substation  

       Ĥ                     ̂       
                                                               

Then our equation of motion become  

               
 
           +              

 
        ̂       

        +             

                
 
    =        +    ̂       

        +                                      

Similarly the Equation of motion of Green‟s function              
 
    can be obtained as above 

Equation (4.2.28) by evaluating the relevant commentators. Writing the equation of motion, 

           ̂       
 

           [ ̂       
 

     ]  +  [ ̂       
 

     ]  
 
    

    ̂       
            * ̂       

  Ĥ +    
  
                                         

  Evaluating the commutation [         Ĥ ] using the Hamiltonian Equation (4.2.2) 

  ̂       
  Ĥ    =            ̂     ̂    ̂   ̂     ̂   

     ̂       
   ̂                                                                                                         

                                        ̂       
   ̂       ̂       

 
,∑        

      

     =∑       ̂       
     

      

                                                              =  ∑             
 

 

                     =            
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[ ̂       
   ̂   ]                                                                                                      

                       ̂       
 

  ̂       =    ̂       
 

,  ∑      ( ̂  
 
 ̂   
 

  h.c)]    , h.c=         

                                          = ∑       ̂       
   ̂  

  ̂   
     ̂       

           

=  ∑       ̂       
           

                                 = ∑       ̂       
 

               ̂       
 

      

    = ∑          ̂       
        

                    =                                                                                               

[ ̂       
 

  ̂   ]     [ ̂       
 

 ∑    (    
 
            )] 

                 = ∑      ̂       
      

           

                                                          = ∑    [ ̂       
      

 ]            
   ̂       

            

                 = ∑       
 
  ̂       

 
           

             =                                                                                                                  
          

After substation of Equation (4.2.31), (4.2.33), (4.2.34) 

[ ̂       
   ]               

               
                                                

Then our Equation of motion become  

   ̂       
          (           

               
 )       

                     ̂       
         =           

 
          

                                     

We have assumed that 

    =    ,       =        and                          ,
    

      
            



 
 

45 
 

           If        

After rearranging the equation becomes: Generally we have four coupled equations of motion, they 

are; 

      
 
        

 

      
           

 
      +          

 
                                                 

        =   
 

       
(       

 
                 

 
   )                              

            
 
     = 

 

        
   ̂       

        +             
                                   

  ̂       
          = 

 

         
           

 
          

                                  

Substituting Equation (4.3.4) and (4.3.1) in to (4.3.2), yields 

                
 

      = 
  

      
 1         

 
      +          

 
     

                                            =  
 

         
          

 
          

         

                                     
 

      
 [

  

      
  

  

         
          ]        

 
      

=   [
 

      
  

 

         
]      

                                         

Similarly substituting Equation (4.3.1) and (4.3.4) in to (4.3.3), yields; 

                    
 
     =

 

          
(         

 
          

      ) 

+
 

      
(          

 
            

     
    ) 

          
 

      
 [

  

         
  

  

      
           ]    

     
      

        [
 

         
  

 

      
]      

                                                                 

           Rearranging the above Equation (4.3.5) and (4.3.6) yields      
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  =       
               

       +           
 
                               

         
                   

 
    +         

 
                              

 Now solving for     
         and           

 
     respectively                         

         
         

    [      
   (  

     )     ]

[     
  (  

    )]
 
        

                                                                                                                                                    

        
 
   

  [      
               ]

      
                   

                                                         

Applying factorization theorem for Equation (4.3.9) above we have; 

                     
         =  

  [      
   (  

     )]

[     
                 ][     

                ]
 

                      =  
 

[     
               ]

+
 

[     
               ]

                                       

Hence,        =     and           =0 

   
  

 
,       

  

 
 And the second term become 

    

      
                         

                 
                                  

                                  =  
 

[     
                ]

+
 

[     
               ]

 

                           = 0,            =          
  

 
 ,     

 

 
 

     
           

  

[     
             ]

  - 
 

[     
               ]

                                                 

                                  +
 

[     
               ]

  -
 

[     
               ]

 

Finally collecting the terms which have similar denominator we obtain;  

                                   
           

      

 [     
         ]

                                                                                                                           

In similar fashion, applying factorization theorem for         
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     =    

  [      
   (  

     )   ]

[     
        ]

 
        

 

                                =  
 [      

   (  
     )]

[     
               ][     

              ]
                                                        

                             =  
 

[     
               ]

   
 

[     
              ]

                                                    

      =  ,                    
 

 
,    B   

 

 
, 

   And the second term become  

    

      
                      

                
                                               

               =  
 

[     
               ]

+
 

[     
              ]

                                                                  

     =   ,       

   
 
 

,    
 
 

, 

        
 
    =    

 

 [     
                ]

   
 

[     
               ]

                                                                

-
 

[     
               ]

   +
 

[     
                ]

 

Collecting the terms which have similar denominator we obtain; 

        
 
     =  

 

[(     
        )       ]

+
 

[(     
        )       ]

 

+
 

 [(     
        )        ]

+  
  

[(     
        )         ]

 

                           
 
     =  

   

 [     
        ]

 +  
   

 [     
        ]

                                               

We can use equation (4.3.12) 
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where,   are the superconducting order parameter (analogues to the BCS order parameter) and 

     the magnetic order parameter? 

using the relation for  . 

                                          =
 

 
nk ,

     
                                                                                                                                                                 

And the sum may be changed in to an integral by introducing the density of states,  

N    =  
 

 
∑   

 

     
∫      ∫        

 

   
 

The summation with respect to k and n extends over all allowed pair states. Therefore; 

  =   
 

 
nk ,

{
      

 [     
        ]

 
     

  [     
         ]

}       

                                     = 
 

 
nk ,

∫        
 

   
{

      

 [     
        ]

 
     

  [     
        ]

}                                                   

Attractive interaction is effective for the region −    < <    , assuming the density of states 

doesn‟t vary over this integral. Then the expression becomes; 
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     And using the Matsubara frequency; 
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Using the relation   
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                where       ,       
      

  

So we can rewrite Equation  (4.3.23) as   
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Let us study the above equation for the case temperature approach to critical temperature as order 

parameter approach to zero using Equation (4.3.24)    
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Now the first integral is   and the second is   
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Now solve the first integral    
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The first integral of Equation  (4.3.27) say   can be calculated as follows using the relation, 
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Using Laplace‟s transform and Matsubara frequency       
       

 
  the above integral becomes 
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The summation become   
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After some manipulation  

∑  

{
         

  
      

   
      =  2∑

 

         
   
        so, 

    = ∫
      

  

 
 

 

   

 
 ∫     

 

 

   

 
∑  

         
   
    

Let                                                                                                                    



 
 

51 
 

                           ∫
      

  

 
 

 

   

 
     And        ∫     

 

 

   

 
∑

 

         
   
    

Then evaluate 
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), Where γ is the Euler‟s constant. γ= 1.78 
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After some manipulation and sing from the laws series and Zeta function we get  
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Then Equation  (4.3.30)         is the sum of equation  (4.3.31) and equation (4.3.32) 
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The second integral in Equation  (4.3.27) is let we can say       
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  Applying L‟Hopital‟s rule 
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Then substitute Equation (4.3.35a) & (4.3.35b) in to (4.3.34) we get 
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Combing Equation (4.3.33) & (4.3.36) 
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From the integral of special functions and the help of FORTRAN language; 

∫   
   

 
    

  

        
     

 =
  

     
      (

   

 
) 



 
 

53 
 

                 =       (
   

    
)    (

 

      
)
      

 
    ∫   

   

 

        √  
    

        
     

 

  ∫   
   

 

 
        

 
 
√  

    

        
     

 

                          = 
 

      
   

     

     
                                                                             

Similarly, let us solve for   from Equation  (4.3.26b)   
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At             Now, the first integral in Equation  (4.3.40) can be calculated by applying the 

previous method;     Let 
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Then the value of     and        can be obtained using the method that used previously to solve    
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Then Equation (4.3.41) or become the sum of Equation (4.3.46) & Equation (4.3.47)              
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The second integral Equation (4.3.42)                      
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     Applying L ‟Hospital‟s rule 



 
 

55 
 

      = ∫    
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Then substitute Equations (4.3.49a) & (4.3.49b) in to (4.3.42) we get: 
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Therefore combining Equations (4.3.48) and (4.3.50) we get 
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Using the trigonometric relation ⇒                 
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  From the integral of special functions and the help of FORTRAN language    
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 =        (

   

    
)     (

 

      
)
      

 
 +    ∫     

   

 
  

   

        
     

 

               -   ∫   
   

 
 
        

 

 
√  

    

     (  
    )

                                                                                            

Using Equations (4.3.51) and (4.3.53) can be written as 
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Since ∆ is very small so   also become we can ignore the second and the fourth term    
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    Rearranging the above equation 
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This Equation (4.3.56) indicates that superconducting transition temperature varies exponentially 

with magnetic ordering parameter. 
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 4.4 Magnetic trans ition temperature  and magnetic order parameter 
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, from Equ (4.3.18). 

 Where,   are the superconducting order parameter and       the magnetic order parameter?  

Using the relation for   i.e; 
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       And the sum may be changed in to an integral by introducing the density of states, N  ) 
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The summation with respect to k and n extends over all allowed pair states. Therefore 
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 The tractive interaction is effective for the region -ħ        . Assuming the density of states 

doesn‟t vary over this integral. Then the expression becomes; 
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Let N (0)    =    and    
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Let us study the above equation for the case as temperature approach to magnetic order transition 

temperature magnetic order parameter approach to zero. 

Using Equation (4.3.59) 
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Let as solve for   
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Let the first integral in Equation  (4.3.62) =   and second integral is    
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Using Laplace‟s transform and Matsubara frequency the above integral can be 
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Then the value of     and        can be obtained using the method that used previously to solve    
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Therefore combining Equation (4.3.64) and (4.3.65) i.e; 

                  ∫   
   

 

0
 

√  
    

1      {
  √  

    

  
} 

                          =        (
   

    
)  (

 

      
)
      

  
                                                                                                                               

The second integral in equation (4.3.62) is             
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Therefore combining Equation (4.3.67) and (4.3.68) gives,  
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From the integral of special functions and the help of FORTRAN language; 
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Similarly, let us solve for R from Equation (4.3.61b) 
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Let the first integral in Equation  (4.3.72)    and second integral is    
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Therefore combining Equation (4.3.74) and (4.3.75) and substitute into the first integral of         

Equation  (4.3.73) become 
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The second integral of Equation (4.3.73) becomes; 
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    Then combining the first integral and the second integral i.e., Equation (4.3.76) & (4.3.77) 
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Using the relation of trigonometry 
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 From the integral of special functions  
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Since ∆ is very small we can ignore the second and the fourth term from Equation (4.3.80)   
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4.5 Energy gap for pure  superconducting order parameter s tate  

For pure superconducting system magnetic effect is zero, we can ignore the   term from Equation 

(4.3.24) 
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To obtain temperature dependent of energy gap of Equation (4.3.82).we used the same 

Technique to solve the first equation on superconducting part  

 

 
 =       (

   

    
) -(

 

      
)
      

 
                                                                                              

                                    From BCS              
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 Equation (4.3.84) indicates that the superconducting ordering parameter (energy gap) the 

superconducting order parameter decreases linearly when the temperature increases. 
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CHAPTER FIVE 

5. Results  and discussion 

Chapter five defines the effect of temperature (T) on superconducting order parameter. It also 

examined the effect of magnetic order parameter on superconducting transition temperature (Tc) 

and on SDW transition temperature (Tm) in                 . In chapter three and four we have 

used two band model Hamiltonian with retarded double time temperature dependent Green‟s 

function formalism, we have obtained mathematical expressions for superconducting transition 

temperature (Tc), the superconducting order parameter, magnetic order parameter and magnetic 

transition temperature(Tm). 

In sodium doping the                   superconductor series of phase diagram as a function of 

Na concentration represented by   is presents 34k for  =0.4. Using this Tc value and Equation 

(4.3.84) we plotted the phase diagrams of the superconducting order parameter verses temperature 

which is shown in Figure 5.1. In this Figure, when the temperature increases the superconducting 

order parameter decreases and vanishes as the temperature is equal to the critical temperatures. 

From Equation (4.3.81) we obtained the values of Tm and using this value, we obtained magnetic 

ordering parameter. The magnetic transition temperature as a function of magnetic order parameter 

of                plotted in Figure 5.2; using Equation (4.3.81) the magnetic transition 

temperature increases as the magnetic order parameter increases. Based on Equation (4.3.56) we 

plotted the phase diagram of M verses Tc Figure 5.3. This Figure indicates that, as a magnetic order 

parameter (M) increases the superconducting transition temperature (Tc) decreases. And finally, we 

merged Figure 5.2 and Figure 5.3 in order to indicate the region where both orders that 

superconductivity and spin density wave are coexisted Figure 5.4, where order parameters are in 

mille electron volt (mev) and transition temperatures are in kelvin (k). 
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Figure 5.1 Temperature Vs Superconducting order parameter which is drawn by using Equation (4.3.84) 

Figure 5.1 Shows that as the temperature increases the superconducting order parameter decreases 

and finally vanishes as the temperature is equal to the Critical temperature. The temperature is in 

kelvin and the superconducting order parameter is in mile electron volt. 

 

Figure 5.2: Magnetic transition temperature Vs Magnetic ordering parameter which is drawn by using 

Equation (4.3.81)  

 

The above Figure describes that magnetic order parameter increases as magnetic transition 

temperature increases. The two parameters are directly proportional and the graph is started at the 

origin. 
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Figure 5.3: Superconducting transition temperature Vs Magnetic ordering parameter for 

               Equation (4.3.56) used to draw the graph.  

The property of graph is as magnetic order parameter (M) increases the superconducting transition 

temperature decreases and finally it vanishes at the critical temperature. We observed that for the 

hole doped barium iron arsenide the magnetic order parameter is zero a temperature of 34k, this 

temperature is called critical temperature. 

  

 

 Figure 5.4: Superconduct ing  and  magnet ic t rans it ion  temperatu re as  a funct ion  o f magnet ic o rder 

parameter o f                  

The above Figure 5.4 is drawn by using Equations (4.3.56) and (4.3.81) which describes the 

coexistence of superconductivity and spin density wave. The region where below the two graphs 

cross is the coexistence of superconductivity and spin density wave (SC+SDW).The graph shows 

the general property of the thesis. 
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CHAPTER SIX 

6. Conclusions  

The pairing method and symmetry of unconventional superconductivity in Fe-based 

superconductors is intensive investigation of these days in condensed matter physics. Since 

superconductivity develops in close proximity to the spin density wave phase, it is crucial to study 

the high-temperature superconductor mechanism by studying the competition between spin density 

wave and superconductivity. In this work we have studied the competition between spin density 

wave and superconductivity in hole doped Barium iron arsenide superconductor 

(              ). 

The band-structure calculations have shown that the electronic states at the Fermi level are occupied 

predominantly by these Fe 3d electrons that changes rapidly by doping and leads to many unusual 

superconducting and normal state properties. To study these properties of the superconductor we 

have used model Hamiltonian and Green`s function formalism to obtain a mathematical expression 

for Superconducting order parameter, magnetic order parameter, critical temperature, and magnetic 

transition temperature. In so doing we explored the possible coexistence of spin density wave and 

superconductivity based on the experimental and theoretical hardly understanding. We have drawn 

different phase diagrams, such as superconducting transition temperature versus superconducting 

order parameter, magnetic transition temperature versus magnetic order parameter, superconducting 

transition temperature versus magnetic order parameter, and finally we have combined these two 

diagrams to obtain the coexistence of superconductivity and spin density wave in 

               . All these efforts clearly specified that: 

         I, superconducting order parameter decreases as the temperature increases. 

        II, the critical temperature decreases as the magnetic order parameter increases. 

        III, magnetic order parameter increases with respect to magnetic transition temperature 

increase. Finally, the result of the two combined graphs of the Figure (5.4) 

Shows that superconductivity and spin density wave coexist in the                . 
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Outline of the thesis  

Chapter one which defines superconductivity is a phenomenon of zero resistance. It was discovered 

by Heike Kamerlingh  Onnes. Superconductivity is perfect diamagnetism. Chapter two took about 

high temperature superconductors which have a critical temperature of above 30k that includes iron 

based and cuprates. Unit the green„s functions   suitable modifications of functions that have been 

applied in quantum field theory to statistical problems. There are different types of green functions.  

Chapter four the model Hamiltonian to study the competition between superconductivity and spin 

density wave in hole doped barium iron arsenide               ) based on the multi band 

nature of iron based superconductor, two band model Hamiltonian was considered. The model 

Hamiltonian fore coexistence of SDW and superconducting in these compounds can be expressed 

us mathematically to solve the transition temperature and order parameter. Chapter  five deals about 

how to draw the graph using different equation, it also shows the relation between order parameter 

and temperature. And Chapter six conclusion and summary of the hol thesis. 
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