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Chapter 1 

INTRODUCTION TO SUPERCONDUCTIVITY 
 

In this chapter, we will utilise the fundamental characteristics of superconductors, basic 

experimental findings, and the theoretical frameworks to analyse the development of 

superconductivity. It includes the high temperature superconductors (HTSC), cuprates 

based on thallium, and their significant family of HTSC. 

1.1 SUPERCONDUCTIVITY 

In 1911, K. Onnes found that when the temperature of mercury is decreased and it 

reaches 4K, suddenly its resistivity vanishes [1]. This was a moment of triumph in the 

history of electrical resistance, and it opened a new area in the field of physics. This 

phenomenon was defined as superconductivity. In simple words, when the temperature of 

any material is decreased and upon reaching certain temperature, it loses all its resistivity 

then we define it as superconductivity. The temperature at which this phenomenon happens 

is termed as critical temperature. 

Superconductivity is quantum mechanical phenomenon and there are two 

characteristics associated with superconducting state. 

• Perfect diamagnetism 

• Zero electrical resistance 

Perfect diamagnetism shown by superconductors is also called Meissner effect, in 

which when a material transitions into superconducting state, the magnetic field is 

completely expelled from it [2].  

The electrical resistivity arises due to lattice vibrations and due to interaction of electrons 

with atoms. This resistivity vanishes in superconducting state because at lower temperature 

lattice vibrations stop. Also, there is no more interaction of electrons with impurities. 

The superconducting state is also called more ordered state and this order is due to the 

loose pair of electrons. These electrons form cooper pairs below Tc and above Tc, they tend 

to lose their pairing. This ordering of electrons was explained by Bardeen, Cooper and 
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Schrieffer [3]. According to them, in superconducting state there is not only columbic 

repulsion between electrons but also there is an attractive force between them which give 

rise to the pairing effect. 

 

 

 

 

 

 

 

Figure 1.1 Resistance vs temperature curve for superconductors 

 

1.2 HISTORY OF SUPERCONDUCTIVITY 

H. Kamerlingh Onnes discovered superconductivity in 1911 just 3 years after he had 

first liquified helium [4]. Scientists working in the field struggled for decades to understand 

the phenomenon of superconductivity. Then in the 1950s and 1960s, a justifiable theoretical 

picture of superconductivity was emerged. For more than 75 years of its discovery, 

Superconductivity was popular to be a very low temperature phenomenon.  

In 1984, L., S. Brizhik and, A. S. Davydov proposed a model to explain the 

phenomenon of superconductivity in quasi1-D conductors [5]. Due to the coupling of non-

linear and strong electron-phonon interactions cooper pairs are quasi-one-dimensional 

excitations. They were awarded a Noble prize for this discovery in 1987. Scientists were 

astonished by this discovery because cuprates were considered as bad conductors. This was 

the cause of major attraction towards superconductivity because many of the scientists then 

realized that the superconducting phenomenon is different from normal conducting 

phenomenon. 
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P. Anderson proposed a model to explain the superconductivity in cuprates occurrence 

in 1987. He made the assumption that the pair mechanism and the formation of phase 

coherence are two distinct mechanisms in this paradigm [6]. 

Scientific research was accelerated after the discovery of superconductivity in quasi1-

D conductors. In 1988, superconducting properties were found in Bi2Sr2Can-1Cun02n+2 and 

many other families of compounds [7]. Scientists struggled to achieve higher Tc and many 

succeeded to discover compound having transition temperature above 100K at normal 

pressure. Later in 1989 Tl-based cuprates doped with rare earth oxides were found to be 

good superconductors. At normal pressure, HgBa2Ca2Cu3O8 is claimed to have maximum 

‘Tc’ of 135K. 

Scientists carried on their research and found that by increasing external pressure, the 

superconductivity can be enhanced. Considering this observation, under an external 

pressure of 30GPa, the transition temperature is increased to 164K [8]. H2S was found to 

have a critical temperature of 200K at a pressure of 155GPa [9]. Researchers continued 

their struggle to obtain higher Tc from the discovery of superconductivity till now. This 

struggle can be picturized as shown in Fig 1.2. Let’s hope that one day we’ll be using 

superconductors at ambient conditions. 

 

Figure 1.2 Discovery of superconductivity throughout the years (1900-2015) 
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1.3 TYPES OF SUPERCONDUCTORS 

V.L. Ginzburg and L. Landau presented that there are two different kinds of 

superconductors [10]. They are divided into two classes on the basis of magnetic 

characteristics of superconductors. 

1. Type I Superconductors 

2. Type II Superconductors 

1.3.1 Type I Superconductors 

 

These superconductors obey Meissner effect i.e. exhibits ideal diamagnetism. BCS 

theory explains the isotropic nature of these materials. When the magnetic field, greater 

than their critical value Hc, is applied they quickly change their superconducting state to 

normal. Their diamagnetic state changes to paramagnetic state when the field greater than 

Hc is applied. Free energy of Type I superconductors is positive at the normal-

superconducting interface. Only when applied magnetic field is less than the critical value, 

the surface current flows in these superconductors. For Type I superconductors Ginzburg-

Landau parameter is always less than 1. They are also named as conventional 

superconductors. Only a very small value of critical magnetic field e.g, 0.2 tesla can 

completely destroy their superconductivity. Mercury, Lead, Strontium and their alloys are 

type I superconductors [11]. 

 

Fig 1.3: (a) H-T Phase diagram of Type I superconductors 

(b) Resistivity vs. Temperature curve of Type I superconductors 
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1.3.2 Type-II Superconductors 

 

L. Shubnikov made the initial discovery of type-II superconductors, and Alexei A. 

Abrikosov further extended their idea. They do not follow the Meissner principle. The 

metallic state gradually replaces the superconducting state in these superconductors. It is 

impossible for magnetic flux to pass through the mass of a superconductor when the applied 

magnetic field H is less than the lower critical value Hc1. The material exhibits excellent 

diamagnetic nature in area H <Hc1. 

Between Hc1 and Hc2 (upper critical field), superconductivity was only minimally 

hampered. Mixed or intermediate area is the phrase used to describe the region Hc1<H<Hc2. 

Magnetic flux penetrates into the mixed zone in the form of vortices. In the material, 

vortices are evenly distributed. Magnetic field lines can enter the material in the region H 

> Hc2, which destroys superconductivity. The GL parameter for type-II superconductors is 

bigger than unity [12]. They are also named as unconventional superconductors. They have 

a higher critical temperature than type-I superconductors. These types of superconductors 

include silicon, boron-doped diamond, metal alloys, complex oxide ceramics, and others. 

 

Fig 1.4: (a) Magnetization vs applied magnetic field for type II superconductors. 

(b) H-T Phase illustration 
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        1.4 PROPERTIES OF SUPERCONDUCTING MATERIALS: 

      1.4.1 Meissner’s Effect: 

The complete expulsion of magnetic field lines from the superconducting material as 

its temperature decreases below critical temperature is called Meissner effect, see figure 

1.5 [13]. The material behaves as a diamagnetic state when it becomes a superconductor. 

 

(a)                                   (b) 

Figure 1.5: Meissner effect; (a) Normal state (b) Superconducting state 

Meissner and Ochsenfeld [14], in 1933, observed that their superconducting samples 

showed diamagnetic behaviour by ejecting the magnetic field lines out of the sample 

when placed in an external magnetic field. 

As  

𝐵 = µ˳ (𝐻 + 𝑀) 

As magnetic field disappears inside the superconducting sample, then: 

𝑀 = −𝐻 

Susceptibility is given as 

𝑀

𝐻
  = 𝜒 
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Here χ = -1, we know that susceptibility for perfect diamagnetic materials is also -1 

hence we conclude that superconductors show perfect diamagnetism.  

1.4.2 Isotope Effect:  

In 1950, it was found that different isotopes of an element have different critical 

temperatures and this temperature was observed to be inversely proportional to isotope 

mass i.e. 

𝑇𝑐 𝑀𝛼 = constant 

Where 𝛼 = 0.5 for most of superconductors and M is the mass of the isotope. 

Isotope effect is never said to be a universal phenomenon. Some conventional 

superconductors do not exhibit isotope effect as shown in Table 1.1. 

Material 𝛂 

Mg 0.5 

Sn 0.46 

Re 0.4 

Mo 0.33 

Os 0.21 

Ru 0(±0.05) 

Zr 0(±0.05) 

Table 1.1: Isotope coefficient α of different conventional superconductors 

 

In case of different isotopes of mercury, the critical temperatures were observed to be  

Hg (199.5amu) =4.185 K and Hg (203.4amu) =4.146 K. 
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1.4.3 Flux Quantization 

In 1961, it was revealed that magnetic flux quantization exists [15]. The scientists in 

Germany and USA separately discovered it at almost same time. 

To understand the term flux quantization, first consider a superconducting loop, initially 

at temperature T > Tc, and it is exposed to magnetic field from outside. When temperature 

of this loop is dropped such that it falls below critical temperature, then the field lines are 

pushed out of the material pertaining to Meissner effect. Meanwhile, the flux trapped in the 

loop remains there and it stays there even if the external field is disconnected. It happens 

when the external field is no longer there, the magnetic flux through the loop first decreases, 

then due to faradays law of induction, current is induced in the loop, but as now the loop is 

in superconducting state, the currents continue to flow without losses, and it starts to 

support the flux. If the ring had some resistance, the current would have decreased and the 

flux would also have decayed, but in this case, flux takes infinite time to decay, thus 

appeared to be trapped in a loop as shown in Figure 1.6. 

 

Figure 1.6: Quantization of magnetic flux 

The term magnetic flux is defined as the magnetic field times the area of the loop i.e., 

Φ = B ⋅ A. Here Φ can have any value but when we talk about superconducting loop then 

the flux passing through that loop is always quantized. It means that the flux can only attain 

certain values. The equation for this term is: 

Φ = 2𝑛𝑒

𝑒∗  Φ0 
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Where Φ is total flux trapped in the hole of superconductor and Φ0 is flux quantum 

having value ℎ𝑐

2𝑒
= 2.0679 G cm2 and 𝑒∗=2e (corresponding to cooper pair). This shows 

that the flux trapped in the hole is quantized [16]. 

The inverse of the flux quantum is defined as the Josephson constant which is constant 

of proportionality in Josephson Effect: 

Cj =1/ Φ0 

1.4.4 The Josephson Effect: 

Josephson junction is macroscopic quantum tunnelling phenomena which was observed 

in 1962 [17]. The Josephson Effect is used to obtain measurements with extreme precision 

of potential difference across the superconducting junction.  This tunnelling is observed 

when two superconductors are joined to each other via a weak link, like small insulating 

barrier (S-I-S) or a non-superconducting material (S-N-S). The wavefunction of electrons 

on both sides of the insulating layer interact through this weak link. The cooper pairs tunnel 

through the barrier and current flows across the junction. For tunnelling of cooper pairs, 

the barrier length should be very small, that is of the order of nanometre. 

There are two types of Josephson effects: 

• AC Josephson effect 

• DC Josephson effect 

 

Figure 1.7: Illustration of Josephson Effect 

    Direct current flows across the weak link in DC Josephson effect without any externally 

provided voltage. Equation describing DC Josephson effect is: 
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𝐼 = 𝐼𝑐𝑠𝑖𝑛𝜃 

In AC Josephson effect, an external source of DC voltage is connected to the 

superconductors which cause the phase change in current flowing through the barrier with 

time and it is given as: 

𝜕𝜃

𝜕𝑡
=

2𝑒

ћ
𝑉 

The current produced is alternating current and its complete mathematical form is: 

𝐼𝑒𝑥𝑡 = 𝐶𝑗  
𝑑𝑣

𝑑𝑡
+ 𝐼𝑐 𝑠𝑖𝑛 𝜃 +  

𝑉

𝑅
 

Here 𝐶𝑗 is Josephson constant. It relates the frequency of electromagnetic radiation to 

the potential difference across the Josephson junction. The value of this constant is 4.8×10-

5 (GHzV−1). 

In AC Josephson effect, high frequency electromagnetic waves are generated once the 

value of current surpasses critical. 

1.5 DIELECTRIC PROPERTIES OF SUPERCONDUCTOR: 

     Permittivity is the dielectric property that we analysed in our experiments. It changes in 

superconducting sample with different factors like temperature, frequency, pressure, and 

structure of materials. 

1.5.1 Capacitor 

Capacitor is a device to store electric charge. It consists of two or more layers of 

conductors separated from each other by an insulator. When a voltage is applied across the 

plates of capacitor, charges build up and store in it in the form of electrostatic field. The 

presence of a dielectric between these plates helps to store more charge [18]. The 

capacitance of a capacitor is given as: 

𝐶 = 𝐴
𝜀

𝑑
 

Here ε is the dielectric constant of material.  The capacitance is calculated in farad (F). 
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Figure 1.8: Parallel plate capacitor with dielectric 

The dielectric constant ε is a complex number with real and imaginary components. Its 

real part εʹ represents that how much energy is stored due to external field. While its 

imaginary parts εʺ tells us about the energy lost due to external field. 

The ratio of real part and imaginary part of the dielectric constant tells us about the 

tangent (δ) dielectric loss also known as “dissipation factor”. 

Tanδ = εrʺ/εr
ʹ 

1.6 THERMAL PROPERTIES OF SUPERCONDUCTOR: 

In normal metals, the free electrons play the role of conduction. These free electrons 

get scattered by impurities in the material. When it comes to superconductors, there 

happens to be an ordering among electrons (formation of cooper pairs) which helps to avoid 

the scattering through these obstacles and thus leads to superconductivity. There are many 

materials which become superconducting when their temperature is decreased. The 

transition that happens between normal and superconducting states is experimentally 

observed to be thermodynamically reversible. Here are some thermal properties of 

superconductors; 

• Entropy 

• Heat Capacity 

• Free Energy 
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1.6.1 Entropy 

Entropy defines how much a system is disordered. When a material becomes a 

superconductor, it is observed that its entropy decreases, which shows that the 

superconducting state is more ordered than the normal state. At Tc, however, both states 

have same entropy.  

Superconductivity is based on cooper pairs behaving coherently. If entropy of 

superconducting state is Ss and entropy of normal state is SN, then the difference between 

these entropies is: 

𝑆𝑁 − 𝑆𝑆 = −
𝐻𝑐𝑑𝐻𝑐

𝑑𝑡
 

Here Hc is the critical magnetic field. 

At T=Tc                                      𝐻𝑐  =0      so     SN-SS=0 

At T=0K                               again             SN-SS=0 

The image in figure 1.9 depicts the entropy of normal and superconducting states as a 

function of temperature. 

 

 

 

 

 

Figure: 1.9:  Entropy curves in superconducting state and normal state 

1.6.2 Heat Capacity 

The temperature dependency of typical metal's heat capacity is given as:  

Cn (T) =   𝛾𝑇 +  𝛽𝑇3 



13 
 

When heat is added in a system, part of it increases electronic specific heat which is 

represented by the first term. The remaining energy is used to increase the lattice vibrations 

at low temperature, which is represented by the second term in the above equation. As we 

know that superconductivity affects electrons for their pairing to form cooper pairs and 

lattice properties like crystal structure and Debye temperature remains unaffected so 

specific heat due to lattice vibration remains same in normal and superconducting state. 

Thus, we will be concerned with electronic heat capacity part here. It is found that 

electronic heat capacity part varies exponentially with temperature [20]. 

Where ∆ represent energy gap. This energy gap reduces to zero as the temperature falls 

below the transition point. This is also the reason that electrons in superconductors have a 

higher specific heat than electrons in ordinary metals as seen in Figure 1.10. But when we 

increase the temperature above critical temperature of that superconductor, the energy gap 

again starts to increase. This happens along with the breaking of cooper pairs. To break a 

pair, energy equal to the energy gap Δ is required for each electron. The total energy 

required to break a cooper pair will be twice of it i.e., 2Δ. 

𝐶𝑒𝑠 = 𝐴𝑒𝑥𝑝(
−∆

𝑘𝐵𝑇
) 

 

Fig 1.10: Temperature vs heat capacity curves of normal and superconducting states 
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1.6.3 Free Energy 

 

In superconducting state, the free energy is always less than that of normal state. When 

gs (T, H) becomes greater than gs (T, H) then superconductivity vanishes. 

Gibbs free energy is given as; 

𝑔𝑠(𝑇, 𝐻𝑎) = 𝑔𝑠(𝑇, 0) +
𝐻𝑎

2

2𝜇0
 

1.1 

 

Applied magnetic field is represented by Ha. At some temperature, if the magnetic field 

is applied ,in such proportion that the normal and superconducting states come in 

equilibrium then their free energies become equal [21]. 

 

Fig 1.11: Free energy vs Applied Magnetic effect 
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1.7 BASIC THEORIES OF SUPERCONDUCTIVITY 

1.7.1 London Theory 

 In 1935, two scientists Fritz London and Heinz London purposed a 

phenomenological theory to explain the electrodynamics of superconductors [22]. In this 

theory, two equations are used to explain the electromagnetic field of superconductors in 

addition to Maxwell's equations. The basic assumption of this theory is same as two fluid 

model. The behaviour of superconducting electrons is explained by London equations 

together with Maxwell equations. While the Maxwell equations already described the 

behaviour of normal electrons. The Meissner’s effect is also clearly explained by this 

theory. To formulate, consider a superconducting sample in an electromagnetic field , and 

the field is not enough strong to distrub the density of suerconducting electrons. So the 

density of superconducting electron is uniform. Then  the equation of motion of 

superconducting electrons is given by 

𝑛𝑠𝑚
𝑑𝑣𝑠

𝑑𝑡
= 𝑛𝑠𝑒𝐸 

1.2 

 Where “ns” is density of superconducting electrons, “m” is mass of electrons “vs” 

is velocity of superconducting electron, “e” is charge of electron and “E” is electric field 

intensity. We also know that the supercurrent density is given by 

𝐽𝑠 = 𝑛𝑠𝑒𝑣 1.3  

 Differentiate equation (1.3) with respective to time ‘t’  and put the value of dvs/dt  

into equation (1.2) we get 

𝑑𝐽𝑠

𝑑𝑡
=

𝑛𝑠𝑒2

𝑚
𝐸 

1.4 

            This equation is called first london equation which shows that when electric field is 

zero then there is always a steady state current in superconductor. Now consider Maxwell’s 

equation 
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∇ × 𝐸 = −
𝜕𝐵

𝜕𝑡
 

1.5  

            In equation (1.5) when E =0 then there will be a constant magnetic field B inside a 

superconductor, which contradicts to Miessner’s effect. To solve this problem we modify 

London equation  (1.4) and the resultant equation is given by  

∇ × 𝐽𝑠 =
𝑛𝑠𝑒2

𝑚
𝐵 

1.6  

Equation (1.6) is called london second equation which described experimental results 

succesfully. 

1.7.2 Ginzburg-Landau (GL) Theory 

The first quantum theory of superconductivity was developed by V. L. Ginsburg and L. 

D. Landau in 1950 [23]. Ginzburg-Landau theory was required because the London theory 

failed to account for quantum phenomena. There were some factors due to which the need 

of quantum effects was felt. Firstly, the shift from a normal to a superconducting state is 

referred to as a second-order phase transition. Secondly, it was observed that the 

superconducting state has lower entropy than the regular state. Ginzburg and L.D. Landau 

proposed the existence of an order parameter ψ such that: 

𝛹(𝑇) = 0    ; If            𝑇 > 𝑇𝑐 

𝛹(𝑇) ≠ 0     ; If          𝑇 <  𝑇𝑐 

 

While formulating the theory, they used normalised form of order parameter which 

is |𝛹|2. This tells us about the density of superconducting electrons i.e.|𝛹|2 =
𝑛𝑠

2⁄ . It also 

tells us about the state of the system. The system will be in superconducting state 

when |𝛹(𝑟)|2 = 1  and when|𝛹(𝑟)|2 = 0 then the system will exist in normal state. 

The expansion of free energy is given as: 
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𝐹 = 𝐹𝑛 + 𝛼|𝛹|2 +
𝛽

2
|𝛹|4 

In the magnetic field’s presence, it becomes: 

𝐹 = 𝐹𝑛 + 𝛼|𝛹|2 +
𝛽

2
|𝛹|4 +

1

2𝑚∗
|(−𝑖ћ∇ − 2𝑒∗𝐴)𝛹|2 +

|𝐵|2

2µ0
 

The two generalized equations of GL theory are: 

𝛼𝛹 + 𝛽|𝛹|2𝛹 +
1

2𝑚∗
(−𝑖ћ∇ −

𝑒∗

𝑐
𝐴)

2

𝛹 = 0 

𝑗𝑠 = −
𝑖ћ𝑒

2𝑚∗
(𝛹∗∇𝛹 − 𝛹∇𝛹∗) −

2𝑒2

𝑚𝑐
|𝛹|2A 

The two characteristic lengths   and  𝜆 are also defined by GL theory: 

 = √
ћ2

2𝑚|𝛼|
 

𝜆 = √
𝑚

4𝑒2𝛹𝜇0
 

The coherence length tells us about length of order parameter or thermal fluctuation 

and penetration depth 𝜆 tells us the penetration of a magnetic field into the superconductor's 

surface. 

1.7.3 Bardeen, Cooper, and Schrieffer Theory 

The Scientist Leon cooper suggested the pairing of electrons in 1956. He thought that 

due to electron- phonon interaction two electrons get a new stable state. It was the main 

clue toward the correct theory of superconductivity. This new state of paired electrons is 

referred to as the cooper pair. The energy of coupled electrons in a substance is smaller 

than the fermi energy. It means that the paired state is a bound state. J. Bardeen, L. Cooper, 

and R. Schrieffer provided the first microscopic theory of superconductivity in 1957 [24]; 

this theory is called the BCS Theory. The mechanisms of superconductivity were 

successfully explained by this theory. In the BCS Theory of superconductivity, BCS 
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condensate is generated below Tc in which the electrons having opposite momenta and spin 

and energies similar to the Fermi energy pair are present. The superconductivity is being 

led by this BCS condensate. 

1.7.3.1 Formation of Cooper Pairs: 
 

BCS theory explains the formation of cooper pairs. It tells us that whenever electrons 

in superconductors move through the lattice, it causes lattice vibration. At T=0, there are 

no lattice movements, the only movements occur if the electron interacts with the lattice. 

Consider a free electron travelling in a crystal with the wave vector k1. It induces a 

lattice vibration at some point in time. To put it another way, the electron produces a phonon 

(It did not exist beforehand and goes into a new state known as k), suppose the wave vector 

of the produced phonon is q. The law of momentum conservation gives us, 

k1 = kˈ + q 

k2 = k˝+ q 

 Another electron k2 quickly absorbs the phonon q, resulting in the state k˝ so, 

what happened then? Two electrons that were in the states k1 and k2 at the time now have 

states kˈ and k˝. So, we have, 

k1 + k2 = kˈ+ k˝ 

 This implies that they were scattered by one another. However, only when two 

particles encounter, can they be mutually dispersed. As a consequence, we conclude that 

the process described above represents a functional electron-electron interaction. This 

results in the formation of cooper pairs, the two electrons with opposite spin. The electrons 

are spin half particles but when they form cooper pairs, they have zero spin like bosons. 

Thus, many electrons can reside in same state and follow Bose Einstein statistics. 
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Fig 1.12: Formation of Cooper Pair 

1.7.3.2 Coherence Length: 

BCS theory defines coherence length as: 

ξ = ħ𝑉𝐹

2∆
 

Here VF is the Fermi velocity and 2∆ is the energy gap. 

 

 

 

Fig 1.13: Coherence Length in Type I and type II superconductors 
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1.8 APPLICATIONS OF SUPERCONDUCTORS 

 

Some of the applications of superconductors are given below. 

1) On the idea of the zero resistivity, superconductors are used for these subsequent 

purposes.  

• Superconductors can be used in power lines, enabling efficient long-distance 

transmission, with zero power loss 

• Superconducting magnets in electric generators and particle accelerators 

2) Using the famous assets of superconductors ‘Meissner Effect’ superconductors are 

used for the following functions. 

• Magnetic Shielding 

• Magnetic resonance imaging (MRI) 

• Magnetic levitation trains 

3) Based on Josephson impact superconductors have following applications. 

• Mineral prospecting 

• Magneto cardiogram 

• Magnetic flux detectors  

• Ultra-rapid computer systems 

• Superconducting quantum interference devices shortly known as SQUIDS  

• Logic elements 

• Non-destructive evolution of computer chips and aircrafts. 
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Chapter 2 

LITERATURE REVIEW 

In this chapter a concise literature overview of high temperature superconductors 

(HTSC), Tl-based HTSC, and Zn doped Tl-based HTSC is presented.  

2.1 HIGH TEMPERATURE SUPERCONDUCTORS 

The empirical elements typically have relatively low transition temperatures. Alloys, 

such as Nb-Ti and Nb-Al-Ge, typically exhibit transition at relatively high temperatures. In 

1986, Bednorz and Muller developed oxide superconductors with Tc ranging from 90 to 

125 K [1]. Following this finding, Paul Chu and his colleagues were able to find 123 

(XBa2Cu3O7-δ) type oxides with Tc values about 90K [2]. Researchers were inspired to start 

an extensive search for novel oxides with higher Tc, superconductors with Tc exceeding the 

temperature of liquid nitrogen. It was discovered that the Tc ranged from 60K to 125K for 

the compounds of the Bi-Sr-Ca-Cu-O and Tl-Ba-Ca-Cu-O families [3].   

2.2 THALLIUM BASED HIGH TEMPERATURE 

SUPERCONDUCTORS 

Because of their high Tc, Tl-Ba-Ca-Cu-O superconductors are regarded as the greatest 

superconductor family. This group of superconductors have a low microware surface 

resistance and a reasonably high critical current density. Sheng and Hermann first came to 

know of this sequence in 1988 [4]. These superconductors' crystal structures are primarily 

tetragonal and alternate between single or double Tl-O sheets and perovskite-like Ba-Ca-

Cu-O layers [5]. The unit cell of one of the members of this family is shown in Figure 2.1 
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Figure 2.1: Unit cell structure of Tl1Ca2Ba2Cu3O10-δ 

2.3 LITERATURE REVIEW OF Tl-BASED HTSC 

Using Cu0.5Tl0.5Ba2Ca2Cu3-xMxO10-δ (M = Ni, Zn, Cd; x = 0, 1.5) superconducting 

samples, Nawazish A. Khan et al. [6] studied the samples' low-frequency dielectric 

properties. These superconductors exhibited an orthorhombic structure, and after Zn, Ni, 

and Cd doping, the size of the a-axis increased while the length of the b and c axes 

decreased. Tc(onset) and Tc(offset) values decreased when the compound was doped with 

cadmium, but they increased after Zn and Ni were added. The apical oxygen modes moved 

after doping, but the peaks corresponding to other vibrational modes remained stationary. 

They discovered that while the absolute values of these parameters grew as the applied 

temperature fell, the real and imaginary components of the dielectric constant decreased 

with frequency. They observed a decrease in values of the two components of dielectric 

constant when Zinc, cadmium, and nickel were doped as the unit cell's replacement. Cd-

doped samples saw the greatest suppression. They proposed that the creation of an-

harmonic oscillations in layers was responsible for the decline in the number of Cooper 

pairs, which in turn fostered a decline in both dielectric constants. In the frequency range, 

800 Hz to 1 kHz, they also detected a shift in the value of tan from negative to positive. 

The beginning of interfacial polarisation caused this transformation. (AC-conductivity) 

enhnced in samples doped with zinc, nickel, and cadmium, but remained constant in blends. 
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It showed the formation of anharmonic vibrations and the implications of the breaking of 

cooper pairs. 

        M. Raheem et al. [7] examined the Cu0.5Tl0.5Ba2Ca3(Cu4-xCdx)O12-δ  (x= 0, 0.25, 

0.5, 0.75) samples to determine the effects of Cd doping at the Cu site. They synthesised 

their samples using a two-step solid state technique before pelletizing them. They examined 

the sample's structure using an X-ray diffractometer, measured resistivity using the four-

probe method, ac susceptibility using a mutual inductance method, the sample's dielectric 

properties using an LCR metre. Their sample showed a tetragonal structure with an 

increasing c axis length as doping of Cd increased, according to the results of the XRD 

analysis. The zero-resistivity critical temperature is determined by the damped harmonic 

oscillation of a Cd atom with a mass greater than that of Cu in CuO2 planes. With increasing 

Cd content, the zero-resistance critical temperature dropped. This results in a limited 

population of electron phonon interactions, which diminishes the properties of 

superconductivity. The actual component of the dielectric constant displayed negative 

values as a result of negative capacitance, and it continuously decreased with applied 

frequencies at all temperatures. The actual part of the dielectric constant dropped in 

magnitude because the polarisation density of heavier Cd atoms reduced due to an-

harmonic oscillation. The imaginary fraction of their sample displayed a decreasing trend 

with increasing frequency and temperature. The tan losses show increasing values with 

temperature in every Cd doped sample. The reduced losses in Cd doped samples 

demonstrated the presence of Cd atoms close to faults and grain boundaries. As temperature 

dropped, a smaller cross section of charge carriers was represented by ac conductivity 

ratings that decreased. The Cd doped sample's lower ac conductivity values pointed to a 

dwindling population of electron phonon interactions.  

Muhammad Usman Muzaffar et al. [8] conducted research and developed a modified 

synthesis method for Cu0.5Tl0.5Ba2Ca3Cu4O12−y superconductor. A pure 

Cu0.5Tl0.5Ba2Ca3Cu4O12−y superconducting phase is attained at a normal pressure using 

this modified approach. Sr is substituted at the Ba site in Cu0.5Tl0.5 − 1234 sample with 

concentrations of 0, 0.15, 0.25, and 0.35, which also changes the charge reservoir layer. 

The substitution of small-sized Sr causes the c-axis lattice parameter to drop, which may 

result in increased interlayer coupling strength. Infrared spectroscopy using the Fourier 

transform further supports the Sr replacement at the Ba location. As Sr content increases 
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up to x = 0.25, the threshold temperature for superconductivity decreases till x = 0.35. 

According to Aslamazov-Larkin and Lawrance-Donaich's examination of excess 

conductivity, With the increase in Sr content, the crucial region-3D, 3D-2D, and 2D-SWF 

crossover temperatures are pushed to lower temperatures; the same is true for the c-axis 

coherence length. However, as Sr content increases up to x = 0.35, the interlayer coupling 

strength increases, indicating that the smaller Sr at the Ba site has improved interlayer 

coupling. The examination of fluctuations-induced conductivity also yields an inverse 

relationship between c-axis coherence length and the critical temperature. 

The TlBa2Ca2Cu3Ox(Tl − 1223) superconductors were created as thin films by L. 

Perez et al. [9] and their unique characteristics were investigated. They prepared these 

samples using a two-step technique. They used different thallium (Tl) diffusion conditions 

at 5500C in a two-zone furnace. They preserve films of TlBa2Ca2Cu3Ox (Tl-1223) using 

spray pyrolysis methods. The thallium diffusion procedure was used to include Tl in the 

film. They used Tl2O3 pellets heated to 7500C as the source of thallium. They used various 

oxygen flow rates at atmospheric pressure to obtain thallous oxide (Tl2O) and obtained 

films of the Tl-1223 phase with the c-axis perpendicular to the substrate's surface. They 

came to the conclusion that Tl-1223 and BaCuO2 phases were mixed together in the films. 

For a thallous oxide pressure of 1.4 x 10-2 atm, they obtained crystalline grains with longest 

sides that had the best superconducting behaviour. The Tc values for these films ranged 

from 90 K to 102 K. 

M. Irfan et al. [10] investigated Ge-doped (Cu0.5Tl0.5) Ba2Ca3 (Cu4-yGey) O12-x (y = 0, 

0.3, 0.6, 0.9) samples. At the standard pressure, the synthesis was carried out using the solid 

state reaction method. XRD analysis, dc-resistivity measurements, FTIR spectroscopy, and 

ac-susceptibility measurements were used to characterise the samples. They discovered that 

the samples had P4mm space group tetragonal crystal structure. They observed that Tc 

reduced as Ge concentration increased. The localization of carriers at Ge4+ particles is what 

causes the Tc to fall. The scientists observed that after post-annealing the samples, Tc and 

the diamagnetic properties were both enhanced. FTIR absorption spectra were used to 

investigate the phonon modes. Additionally, they observed that the planer and apical 

oxygen phonon modes have been relocated so that they are no longer in the way of the 

replacement of Ge at Cu planer sites. For these samples, the phonon modes connected to O 

remain unchanged. 
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P. Chaddah et al. [11] investigated the magnetic properties and critical state model of 

high Tc superconductors in 1989. To comprehend the magnetic behaviour of high critical 

temperature superconductors, they introduced the critical state model. They noticed that as 

magnetic field values increase, the critical current density values decrease drastically. 

Isothermal magnetization curves of these samples showed characteristics related to the intra 

and inter-granular regimes of sintered pellets with high critical temperatures of 

superconducting material. While sintered pellets were tested by inter-granular sections, 

single crystal transport predictions of critical current density were measured using intra-

granular regions.  

A.l. Abou-Aly et al. [12] studied the thermal fluctuations of synthetic superconductors 

Tl0.8Hg0.2Ba2Ca2-nRnCu3O9-y R = Yb, Sn;(n= 0-0.15) above the transition temperature. 

Although (Tl, Hg)-1223 was the predominant phase in these samples, an x-ray 

diffractometer also detected impurities. They used the four-probe method to measure 

resistivity and the Aslamazov-Larkin equations to conduct conductivity analysis. The 

important regime, 3D, 2D, 1D, and short wave zones of thermal fluctuations were 

highlighted after this examination. The 1D regime of oscillations in (Tl, Hg)-1223 caused 

conducting charge belts to exist in the samples. Sample doping increased the inter-grain 

coupling while decreasing the coherence length. The critical current density and magnetic 

field values (Bc2, Bc, Bc1) decreased after the dopant was added. After doping, the unit cell 

of superconducting samples shrunk, increasing Fermi energy. 

By the doping of Zn at Cu site, Rishi Kumar Singhal et al. [13] were able to explain the 

magnetic characteristics of the YBaCuO-123 sample. They created polycrystalline 

materials [YBa2(Cu1-xZnx)3O7; x= 0, 0.02, 0.04, 0.06] using a solid-state reaction 

technique and compounds named Y2O3, BaCO3, CuO, and ZnO. They properly combined 

these compounds in line with the sample's chemical composition. They carefully fired the 

sample three times at 9500 oC in a preheated furnace. They used a lot of intermediate 

grindings to get the required uniformity. They are currently palletizing the sample and 

annealing it in an environment of oxygen. To characterise the sample, they used the XRD 

analysis, resistivity, AC susceptibility, and oxygen stoichiometry techniques. The XRD 

analysis showed that these samples have orthorhombic structure. The extraordinary 

diamagnetism behaviour of the samples is examined by the AC susceptibility. They proved 

that Zn cation has replaced Cu in the planer sites in these samples. Since zinc cation is used 
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as a deeply solid scattering location, this replacement results in the distortion of the crystal's 

lattice, activating the nearby magnetic moments. Due to the altered oxygen level, the hole 

density reduced and the sample's critical temperature eventually dropped. The AG pair 

breaking theory states that pair breaking plays a crucial role in hiding the wonder of 

superconductivity. 

The high-pressure synthesis of TlBa2Cax-1CuxOy (x = 3, 4) superconductors was 

investigated by A. Iyo et al. [14]. They investigated the samples' XRD, composition 

analysis, and susceptibility measurements. They found that there are numerous 

circumstances that can raise the Tc of the Tl-1223 superconductor. It was discovered that 

the higher pressure condition significantly increased Tc. It was also investigated how 

accidentally added carbon from the beginning molecule ended up in the samples. They 

noticed the position and concentration of carbon in the lattice of the Tl-1223 sample were 

not known with certainty. Residual carbon would get into the thallium site, lowering the 

concentration of holes in the CuO2 planes and interfering with the creation of the optimum 

composition. The Tc of the Tl-1234 system was also found to be improved by the decreased 

Tl concentrations. Additionally, they discovered that lower thallium concentrations are 

beneficial at raising Tc because they prevent Tl from substituting for Ba and Ca sites. In 

their research, they discovered that the TlBa2Can-1CunOy maximum Tc is approximately 

133.5K for n=3 and 127K for n=4. The researchers discovered that the Tc of the Tl-1223 

and Tl-1234 systems are similar to those of the Hg-1223 sample. Tc is more than 130K in 

the Hg-1223 sample because Hg did not replace the Ba and Ca sites, whereas Tl-1223 uses 

Tl to partially replace the Ba and Ca sites. They showed that under high pressure and low 

residual carbon concentration, replacement of Tl at the Ba and Ca sites is significantly 

reduced. They discovered that the concentration of residual carbon, synthesis temperature, 

and thallium content all have a substantial impact on the samples' ability to increase Tc and 

their overall superconducting properties. The authors came to the conclusion that samples 

needed to be manufactured at high pressure using precursor with little residual carbon in 

the starting compounds in order to prevent the substitution of Tl. 

2.4 ZN DOPED Tl-BASED HTSC 

B. S. Yadav et al. [15] using a conventional ceramic technique, bulk superconducting 

samples of the Tl2Ba2Can-1Cun-xZnxO8 type were synthesized (where n = 2, 3 and x = 0, 0.1, 

0.25, and 0.50). Using the powder X-ray diffraction technique, the synthesised materials' 
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general structural properties and phase identification were determined. Transmission and 

scanning electron microscopy were used to examine the micro-structural properties of these 

materials. Energy dispersive analysis of X-rays was used to determine the chemical 

compositions of these materials. The lattice parameter "c" varied while "a" showed no 

regular fluctuation, according to the powder X-ray diffraction patterns, however the bulk 

structure of Tl-2212 and Tl-2223 remained tetragonal with Zn substitution up to 0.50. As 

x increased from 0 to 0.50, the transition temperature (Tc) was measured and it decreased. 

As a potential difference of 1 V/cm occurred across the sample by increasing current, 

the transport critical density (Jc) values were also determined using the conventional four-

probe method. The structural aspects of the superconductors are improved by the electron 

microscopic studies, such as the transport critical current density "Jc" and stacking faults 

and uniform ZnO nanoparticle distribution. Due to the homogeneous distribution of ZnO 

nanoparticles, which serve as flux pinning centres, the observed increase in transport 

critical current densities (Jc) of at least one order of magnitude can be attributed to this. 

By using a solid-state reaction technique Indu Verma et al. [16] synthesised samples of 

(Bi,Pb)2Sr2Ca2Cu3-xZnxO10+y (Bi-2223, x=0.00 to 0.30). These compounds were thoroughly 

synthesised, and then they performed phase formation, structural/microstructural, 

electrical, and magnetic experiments on them. All the samples were crystallised in an 

orthorhombic structure with lattice parameters of a = 0.5405 nm, b = 0.5422 nm, and c = 

3.7063 nm up to Zn concentration of x = 0.30, according to the phase identification 

characteristics of synthesised HTSC samples observed using a powder x-ray diffraction 

technique. The critical temperature (Tc) was shown to decrease from 108 K to 92 K using 

the conventional four-probe method, and the transport current density, JC , enhanced as the 

Zn content (x) climbed from 0.00 to 0.30. SEM and AFM (atomic force microscopy and 

scanning electron microscopy) surface morphology/topography research showed that the 

Zn concentration increases along with the size and porosity of the grains, voids, and 

microsphere/nanosphere-like structures on the surface of the Zn doped Bi-2223 sample. 

The lower (Hc1) and upper (Hc2) critical magnetic fields were measured at 10 K from the 

M-H loop, respectively, from the magnetic properties measurement (M-H). 

Markus Kühberger et al. [17] synthesized samples (Tl0.5Pb0.5)(Sr0.9Ba0.1)2Ca2(Cu1-x 

Znx)3O8 ) with the concentration of Zn (x= 0, 0.01, 0.05, 0.1) to evaluate the effect of Zn 

doping on the physical and electrical properties of the Tl-1223 phase. Malic acid gels were 
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used to generate precursor materials containing Sr-Ba-Ca-Cu-Zn, which were then 

subjected to a 900°C calcination process. By co-milling, Tl2O3 and PbO were added. 

Superconducting material of excellent quality was produced by sintering in an oxygen 

atmosphere. The electrical characteristics were improved by oxygen annealing, re-grinding, 

and re-sintering, which resulted in critical temperatures Tc(0) of 117 K and critical current 

densities as high as 3800 A cm2 at 77 K for bulk phase material. The inclusion of Zn 

modified the microstructure, somewhat lowered the transition temperature and decreased 

the critical current density at 77 K while also increasing the content of Tl-1212 phase. 
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Chapter 3 

SYNTHESIS AND EXPERIMENTAL TECHNIQUES 

In this chapter we will briefly go into the synthesis of thallium-based Zn-doped CuTl-

1223 superconductors. We will also go through the methods used to characterise these 

materials. These methods include DC resistivity measurement, XRD (X-ray diffraction), 

FTIR (Fourier transform infrared spectroscopy), and FIC (fluctuation induced conductivity 

analysis). 

3.1 SYNTHESIS: 

The two step solid state reaction method was used for the synthesis of 

Cu0.5Tlo.5Ba2Ca2Cu3O10- δ and series Cu0.5Tlo.5Ba2Ca2Cu3-xZnxO10- δ where x=1, 2, 3. The 

compounds used here were CuCN, Ba(NO3)2, CaCO3, and Tl2O3, for zinc doping ZnO was 

used. The required compound was ground for one hour in mortar and pestle. The grounded 

material was then loaded in quartz boat and then it was placed in the pre heated furnace at 

860oC for 24 hours. 

The sample was cooled to room temperature after 24 hours. The material was then 

milled for an additional hour before being re-inserted into the furnace for a further 24 hours 

in alumina boats. The thallium is added to the precursor Cu0.5Tlo.5Ba2Ca2Cu3O10- δ after it 

has already been made, and the mixture is then again crushed for an additional hour. 

Following that, the material is palletized using 3.8 tons/cm2 of pressure. The pallets are 

then wrapped in gold foil and sintered in a furnace for twelve minutes. At room 

temperature, it is subsequently cooled. During sintering, the gold capsule stops thallium 

from being lost. 

The same method was used to create Cu0.5Tlo.5Ba2Ca2Cu3-xZnxO10- δ where x=1, 2, 3 

and ZnO compound was added as necessary. Finally, we successfully obtain the four 

samples. For further characterization, the produced samples are subsequently coated with 

butter paper and then aluminium foil. 

3.2 TECHNIQUES FOR CHARACTERIZATION OF THE SAMPLE: 

Following are the techniques used to characterize synthesized samples: 
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• X-Ray diffraction 

• DC- resistivity measurement 

• FTIR 

• FIC analysis 

3.3 X-RAY DIFFRACTION TECHNIQUE: 

The X-ray diffraction (XRD) method is employed to obtain details regarding the 

material's crystal structure. This study is performed to determine the cell characteristics of 

the crystal lattice and to determine if the material is crystalline or not [1]. Knowing the 

material's crystal structure is the XRD's most important feature. Prior to the discovery of 

X-Ray, there was no experimental evidence to support the notion that the atoms of a solid 

are ordered periodically. Scientists are now in a better position to properly observe the 

material's structure thanks to the X-ray's discovery. 

X-rays are extremely high energy beams with a wavelength of 0.5 to 2.5 that is similar 

to the distance between atomic layers in materials. Transitions from the K-shell result in 

the production of X-rays. K-shell X-rays are used to investigate the structure of crystals 

since they have a shorter wavelength than X-rays from the L or M shells. Because Cu and 

Mo produce intense beams with wavelengths of 0.8 and 1.5, respectively, these two X-ray 

sources are most frequently utilised as X-ray sources [2, 3]. 

Any crystal consists of parallel planes and the necessary condition for the diffraction of 

x-rays from the crystal is that, the distance covered by two parallel beams of X-rays is 

integral multiple of its wavelength used. This condition is known as Bragg’s law. 

Schematically diffraction of X-rays from two sets of parallel planes is shown in Figure 3.1. 
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Figure 3.1: X-Ray diffraction from a crystal lattice 

The path difference between two parallel x-rays is given by  

𝑥𝑦 + 𝑦𝑧 = 𝑃𝑎𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒     3.1 

According to Bragg’s law, for constructive interference this path difference equals the 

integral multiple of wavelength used.  

𝑥𝑦 + 𝑦𝑧 = 𝑛𝜆     3.2 

     From Figure 3.1  

𝑥𝑦 = 𝑦𝑧 = 𝑑 𝑠𝑖𝑛 𝜃 3.3 

So 

2𝑑 𝑠𝑖𝑛 𝜃 = 𝑛𝜆     3.4 

where ‘d’ is the interplanar spacing, ‘θ’ is the diffraction angle, ‘n’ is positive integer, 

and ‘λ’ is the wavelength of X-rays. Eq     3.4 is the mathematical form of Bragg’s law [4].  

Normally, the following three methods are commonly used for the diffraction of X-rays 

from crystal.  
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• Laue method  

• Rotating-crystal method  

• Powder method  

XRD analysis is one of the most important techniques to study the structure of 

materials. After the synthesis of samples, we performed XRD analysis of these samples. 

We used D8 Focus, Bruker model XRD machine which works on powder diffraction 

method. Cu is used as X-rays source with kα lines having wavelength of 1.5406 Å. The 

range of ‘2θ’ used is 4‒60o. The scan speed fixed at 0.8 sec/step. The diffraction data is 

collected on a computer system.  

 

Figure 3.2: Schematic illustration of XRD 

Using Chekcell software, the structural data is recovered from the data. It provides 

details regarding the lattice parameters a, b, and c. The volume of a unit call is determined 

using the values of a, b, and c. Finally, the graphs are plotted using origin software, and the 

hkl values are noted on the corresponding peaks. The crystallite size of the samples is 

calculated using Debye-Scherrer equation [5]. 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where k is 0.9, λ is 1.5406 Å, θ is the angle of diffraction, β is full width at half maxima. 
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3.3.1 Advantages and Disadvantages of XRD: 

Following are some XRD benefits and drawbacks: 

• X-ray diffraction is a widely utilised technique. 

• X-ray diffraction is a practical and affordable method. 

• The sample does not need to be placed in a vacuum because air does not readily absorb 

X-rays. 

• X-ray diffraction is a quick, simple, and less harmful method. 

• Photographic film is capable of detecting X-rays. 

In addition, X-rays are unable to differentiate between various isotopes of the same 

element and are unable to interact significantly with lighter atoms. 

Using Debye-Scherrer equation the crystallite size of the samples is calculated. 

3.4 DC RESISTIVITY MEASUREMENT 

DC resistivity measurements are used to look at a sample's electric properties. Like in 

a conductor, free electrons can travel in any direction. But once voltage was applied, they 

were ready, motion began in only one direction, and a current was produced across the 

wire. Defects, phonons, and the lattice of a conductor prevent electrons from moving freely, 

increasing resistance (R). V=IR is derived from Ohm's law.                                                  

Here, the letters "I," "V," and "R" stand for the conductor's current, electrical voltage, 

and conductor resistance, respectively. 

In other words, a conductor's resistance is inversely proportional to the size of its cross-

section (A) and directly proportional to its length (L) as follows: 

𝑅 =  
𝜌𝐿

𝐴
 

 Here, "ρ" is a function of temperature and is known as the conductor's resistivity. 
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𝜌(𝑇) = 𝑅(𝑇)
𝐴

𝐿
   

                                                     

𝑅(𝑇) = 𝜌(𝑇)
𝐿

𝐴
 

As Ohm’s Law says 

𝑅(𝑇) =
𝑉

𝐼
 

 

𝜌(𝑇) =
𝑉

𝐼

𝐴

𝐿
 

The unit "Ω-cm" is used to measure resistivity. The effects of temperature (T) and 

average collision time (τ) on electrical resistivity are significant. According to 

Matthiessen's rule, the sum of three separate causes determines a material's overall 

resistivity. 

𝜌 = 𝜌𝑝ℎ𝑜𝑛𝑜𝑛 + 𝜌d𝑒𝑓𝑒𝑐𝑡 + 𝜌𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 + 𝜌𝑏𝑜𝑢𝑛d𝑎𝑟y     3.5  

The final three components in equation (3.5) are defined together as residual resistivity 

(𝜌res), which is independent of temperature. However, the first term in equation (3.5) 

depends on temperature [6]. For instance, phonons on the order of T5 are what cause the 

resistivity dependency on temperature in alkali metals. Due to dispersion from phonons and 

lattice imperfections, electrical resistivity is dependent on average time (impurities). 

The probability of scattering is determined by; 

                                               𝟏/ 𝛕 = 1/ τph + 1/ τi                                                                                    3.6 

The samples' DC resistivity was evaluated using the Four Probe method. Four-probe 

approach is preferred for precise measurements in order to eliminate these influences. The 

prepared sample's shape or form has an impact on the measurements of resistivity [7].  This 

technique is commonly used to determine the resistivity of metals, semiconductors, 
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synthetic polymers and superconductors. During this process, four contacts are bound to 

the superconducting sample's surface, and these connections are created using silver paste. 

Silver paste is preferred for excellent contacts that do not crack when the sample is cooled. 

This method uses two different lead pairs to measure the current and voltage values. A 

concept is shown in the Figure 3.3. 

 

 

 

 

 

Fig 3.3: Schematic Illustration of four-probe technique 

While the inner two contacts transmit voltage drop across the superconducting sample, 

the outside two connections carry current "I" through it. This method can be used to 

measure the voltage drop between probes "1" and "2," the current "I" flowing through 

contacts "3" and "4", the distance between probes "1" and "2," and the cross-sectional area 

"A" of the sample. A current of roughly 1mA is used to assess resistivity, and the voltage 

is recorded for each temperature range between ambient temperature and liquid nitrogen 

where the sample is kept. Making a thermocouple that measures temperature in mV allows 

one to calculate the sample's temperature. Liquid nitrogen is used to chill the sample since 

superconductivity only occurs below room temperature. A list of resistance values 

corresponding to a temperature value is produced by this method. The resistivity can be 

measured if the resistance value is known. This method enables us to plot a graph between 

resistance and temperature that indicates whether or not a superconductor has formed. The 

superconductor has been successfully created if the graph indicates a sudden transition. 

3.5 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

FTIR is a useful method when dealing with samples' optical characteristics. The atoms 

in the lattice maintain their oscillation about their mean sites despite the fact that this 

vibrational motion does not exist in materials at absolute zero temperature. The behaviour 
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of these phonons (vibrations) determines the mass of the lattice atoms, the distances 

between them and other atoms, as well as the bond angles between them. These factors 

collectively determine how phonons (vibrations) differ in solids. 

The related energy for these anomalous phonons, when taken into consideration up to 

the level of quantum mechanics, is equivalent to the energy of a straightforward harmonic 

oscillator, which is given as; 

𝐸 = (𝑛 +
1

2
) ℏ𝜔0   for n= 0,1,2,3...                                        3.7 

Here, the Planck constant is written in a modified form, with "ℏ" standing for the 

oscillator's angular frequency and = h/2, or 1.054x 10-34 Js. Since the energy statement E0 

= 1/2 implies that the ground state possesses energy as well, we insert n=0 in the equation 

(3.7) to calculate its energy. They are crucial in describing the optical properties of the 

treated samples. Fundamentally, an in-depth knowledge of vibrational modes aids in 

characterising solid materials (samples), and it is crucial to identify the specific type of 

vibrational modes present in prepared samples. FTIR spectroscopy is the practice of 

investigating vibrational modes using a Fourier transform infrared radiation (FTIR) 

spectrometer. 

 

Fig 3.4: Experimental Apparatus of FTIR 
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Lattice vibrations and IR radiations have similar frequencies, hence when utilising the 

FTIR technique, IR radiations are favoured. Resonance-induced absorption peaks can be 

visible in the FTIR spectrum when their frequencies match. However, resonance won't take 

place if the condition of matching frequencies isn't satisfied. 

3.5.1: FTIR Spectrometer Components 

The three fundamental components of the FTIR system are the radiation source, 

Michelson interferometer, and detector. The Michelson interferometer is made up of a 

beam splitter, a fixed mirror, and a moving mirror. The Michelson interferometer is crucial 

because it divides IR rays in accordance with the sequence of their distinctive wavelengths. 

The two mirrors continue to be parallel with one another. These two mirrors have one that 

is stationary and the other that is free to move perpendicular to it. A further element of the 

FTIR setup is the beam splitter. It is made by depositing a thin layer of germanium (Gr) on 

a KBr substrate and is intended to be a semi-reflector. It has the capacity to divide the 

source light into multiple pieces, some of which reflect and some of which transmit. The 

radiations that hit the fixed mirror and were reflected proceed in that direction. The 

frequency ratios captured by prepared samples and kept in the interferograms are among 

the frequency-related details provided by interferograms [8]. The interferogram converts 

the intensity (I) vs. frequency (f) IR spectrum using the Fourier transformation [9]. 

 

Figure 3.5 Illustration of Michelson interferometer 
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3.5.2: Procedure 

The following techniques can be applied to the FTIR spectrum to examine the modes 

of vibration in ready superconducting samples: 

• We utilised the OMNIC programme to extract data from the processed sample's 

produced spectrum. 

• A prepared pallet of KBr is first placed in the beam's path (used as a background), and 

then 200 scans with a 400-700 cm-1 range are performed. 

• Prior to preparing the pallet, we combined 50 mg of KBr that had already been 

thoroughly pulverised with 5 mg of the prepared sample. 200 more scans of the mixed 

sample spectrum were performed at the same range. 

• We obtain the produced sample's spectrum after removing the KBr Spectrum's 

background. 

• The spectrum of our samples was analysed and studied using OMNIC software tools. 

FTIR can be used for the following purposes. 

• Unknown materials identification 

• Determination of a material's quality 

• Measuring the amount of various components in a material 

3.6 FLUCTUATION INDUCED CONDUCTIVITY (FIC) ANALYSIS 

A technique for analysing superconducting fluctuations created by the production and 

annihilation of Cooper pairs down to the onset temperature is known as "fluctuation 

induced conductivity analysis" or "paraconductivity analysis." Cooper pairs begin to form 

above the transition temperature, but thermal turbulence causes them to keep forming and 

annihilating until Tc (R=0). Superconductor fluctuates as a result of production and 

annihilation. The density of fluctuation reduced when we cooled our sample below Tc 

(R=0), proving that thermodynamic fluctuation was ineffective in stopping the formation 

of a cooper pair. Since the cooper couples condensed as a result, there was no resistance 

[10]. 
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These fluctuations in induced conductivity are observed for a temperature regime about 

Tc , which is referred to as the Ginzburg criterion temperature (TG). For low temperature 

superconductors, TG is less than 1 K, whereas for high temperature superconductors, it is 

between 1-2 K. Therefore, these variations could be looked at. As shown by the relationship 

below, Ginzburg was the first scientist to investigate how heat capacity fluctuations 

function and to develop the temperature value at which fluctuation adjustment to heat 

capacity is crucial. 

∆𝑇

𝑇𝑐
~ [

(𝑇𝑐)4

𝜀𝑓
] ~ [

(𝑎)4


] ~10−4 𝑡𝑜 10−16 

Here ‘ξ’ is coherence length and ‘𝑎’ is the inter-atomic separation between two lattice 

sites. At higher temperatures, fluctuations that cause conductivity exhibit a deviation from 

its linear dependence, and it is represented as; 

 

 

Where ρ (T) is the actual resistivity and ρN(T)= α + βT is the normal state resistivity. 

Conductivity (T) is taken into account for two different kinds of fluctuations. One is 

Aslamazov-Larkin (AL) contribution, which describes excess current brought on by 

changes in the Cooper pair at temperatures above Tc [11]. The second article, Maki-

Thompson (MT), talks about how superconducting carrier fluctuations affect how normal 

electrons conduct. The Lawrence-Doniach (LD) model is another model that sheds light on 

the boundary between two-dimensional (2D) and three-dimensional (3D) electronic states 

[12]. As a result, FIC provides important information regarding the dimensionality, phase 

relaxation time, and coherence length of the superconductor, ξc(T). The application of the 

LD model to assess crossover temperatures has received support from numerous studies, 

however due to the MT contribution's limited ability to evaluate, few researchers were 

persuaded. Although the results are slightly different from thin films, FIC analysis of 

polycrystalline bulk material is generally compatible with the feature of 3D fluctuation. 3D 

to 2D crossover has been observed in thin films with significant c-axis orientation. 

Temperature range affects how well 3D fluctuations or 2D-3D crossover perform. Different 

experimental outcomes have been found for a single crystal [13]. 
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Chapter 4  

RESULTS AND CONCLUSION 

 

Different concentrations of Zinc were synthesized in CuTl-1223 sample by two steps 

solid-state reaction (SSR) technique at 860oC. The primary goal of this study is to explore 

the role of spin carrying entity in the mechanism of high Tc superconductivity. The planar 

reflection of all these samples corresponds to the orthorhombic crystal structure. The c-

axes length slightly increases but the volume of the unit cell suppresses with increased Zn-

doping in the final compound. Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 1, 2, 3) samples indicate 

metallic variance of resistivity from room temperature through to the onset of 

superconductivity. Superconductivity onset temperatures were observed around in 

Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 1, 2, 3) samples at 102.3, 104.3, 106.8, 108.1K and the 

zero resistivity critical temperature at 99.8, 90.4, 85.4, 86.5K, respectively. 

TlBa2Ca2Zn3O10-y exhibits semiconductor-like resistivity variations with temperature 

ranging from 77K to 300K. The Mott 3D Varying Range Hopping (VRH) model was used 

for the experimental data of this sample. The energy of activation for TlBa2Ca2Zn3O10-y 

was found around 2.9 meV. The phonon modes associated with the vibrations of apical and 

planar oxygen atoms are attenuated by Zn doping in the final compound. Excess 

conductivity (FIC) analyses of resistivity (ρ) vs. temperature (T) data have shown a 

suppression in the values of parameters like ξc(0), J, and VF  with increased doping of Zn in 

the final compound. Since ξc(0) depends on Fermi vector which in turn depends on density 

of carriers via KF = [32N/V]1/2 and it demonstrated density of carriers is suppressed with 

Zn doping. The values of 𝐵𝑐(0), 𝐵𝑐1(0) increases but the London penetration depth λp.d 

decreases in all doped samples. The phase relaxation time of the carriers increases while 

the energy required to break the Cooper-pair decreases in all doped samples. 

 

4.1 INTRODUCTION  

In a unit cell of oxide superconductors the two most important constituents are (1) a charge 

reservoir layer (2) conducting nCuO2 planes, where n=3 in current case. Cuo.5Tl0.5Ba2O4−δ  

charge reservoir due to its high position of the Fermi level supplies carriers to the 
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conducting planes. An intrinsic route cause of superconductivity in such compounds is yet 

unknown and a detailed experimental study in this direction are direly needed to unearth 

such hidden mystery [1-8]. A basic question arises, “are only the free carriers responsible 

for superconductivity in CuO2 planes of oxide superconductors or do other actors also play 

their part in this intriguing phenomenon?” The following are the significant players: (1) 

mass of atoms or phonons (2) Spins on the Cu3d9 atoms (3) interactions between charge 

density and the spin of Cu3d10 atoms. The spin of Cu3d9 atoms in the background of 

oscillating nucleus initiates spin fluctuations and hence the charge density waves. In order 

to understand the underlying process of high Tc superconductivity in oxides 

superconductors we have opted for Cu0.5Tl0.5Ba2Ca2Cu3𝑂10−𝛿 samples due to their simple 

reproducible synthesis method and chemistry. In such compounds the superconductivity 

lies in their conducting CuO2 planes and deficiency of carriers is covered by 

Cu0.5Tl0.5Ba2O4- charge reservoir. Flow of the carriers from charge reservoir layer towards 

the conducting CuO2 planes is controlled by the higher Fermi level former. The Cu3d9 

atoms in the CuO2 planes state carry a small spin. The spin on Cu3d9 electrons begins to 

oscillate because of quantum mechanical oscillation of vibrating nucleus carrying charge. 

Such spin oscillations on individual Cu3d9 sites interact with neighboring spins of copper 

sites consequently resulting into the spin density wave. There has not been much research 

done on the role of spin and hence the spin density wave in the mechanism of high 

temperature superconductivity yet. The main issue is whether the spin density wave plays 

a part in the development of phase coherence among the carriers in different CuO2 planes 

and how it relates to the process of high Tc superconductivity. Therefore, to investigate the 

existence of such phenomena, we have Zn-doped samples with a concentration of x= 0, 1, 

2, 3 in CuTl-1223; Zn being in the 3d10 state carry no spin.  The increased concentration of 

Zn-doping would suppress the density of spins and if completely replaced with Zn in 

Cu0.5Tl0.5Ba2Ca2Zn3O10−δ samples the superconductivity should vanish provided there is 

no role of spin carrying entity in the mechanism causing high Tc superconductivity. To rule 

out any role of spin carrying entity in mechanism of high Tc superconductivity we have 

completely replaced the Cu0.5Tl0.5Ba2O4−δ charge reservoir layer by TlBa2O4- by 

synthesizing TlBa2Ca2Zn3O10−δ samples.  
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4.2 RESULTS AND DISCUSSION 

4.2.1 Analysis of X-ray Diffraction 

 

X-ray diffraction scans (XRD) of Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) 

samples are shown in Fig.1. 

          

Figure 4.1 The X-ray diffraction spectra of Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10-δ  (x=0, 1, 2, 3) 

samples. 

 

 The planar reflection of all these samples corresponds to the orthorhombic crystal 

structure under PMMM space group, Fig 4.1. The c-axes length slightly increases whereas 

volume of the unit cell enhances with Zn-doping in the final compound, Table 4.1. 
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Sr# Sample a-axis b-axis c-axis Volume 

1. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑𝑶𝟏𝟎−𝜹 3.965 4.094 14.010 227.42 

2. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟐𝒁𝒏𝑶𝟏𝟎−𝜹 3.776 3.964 14.024 209.91 

3. 𝐂𝐮𝟎.𝟓𝐓𝐥𝟎.𝟓𝐁𝐚𝟐𝐂𝐚𝟐𝐂𝐮𝟏𝐙𝐧𝟐𝐎𝟏𝟎−𝛅 3.968 3.763 14.038 209.60 

4. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝒁𝒏𝟑𝑶𝟏𝟎−𝜹 3.751 3.855 14.15 206.20 

5. 𝑻𝒍𝟏𝑩𝒂𝟐𝑪𝒂𝟐𝒁𝒏𝟑𝑶𝟏𝟎−𝜹 3.778 3.845 14.002 203.40 

Table 4.1: The a, b, c axes and volume parameters calculated from the XRD analysis of 
𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 (x=0, 1, 2, 3) and Tl Ba2 Ca2 Zn3 O10-δ 

  

Orthorhombic distortion climbs with increased Zn doping in the final excluding the 

sample with x=3. The changed orthorhombic distortion increased c-axes length. The 

decrease in the unit cell volume demonstrated the intrinsic doping of Zn in the final 

compound.  

 

4.2.2 Temperature dependent resistivity measurements 

Fig 4.2 displays the measurements of resistivity versus temperature of 

Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x= 0, 1, 2, 3) samples.  
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Fig. 4.2 Temperature dependence of resistivity curves of 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 

(x=0, 1, 2, 3) samples. 

As compared to the un-doped samples, the room temperature resistivity in Zn-doped 

samples increases. All Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 1, 2, 3) metallic variance of 

resistivity has been seen in samples from room temperature to the onset of 

superconductivity. Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples have shown 

onset of superconductivity around 102.3, 104.3, 106.8, 108.1K and the zero resistivity 

critical temperature at 99.8, 90.4, 85.4, 86.5K, respectively.  

Sr. Sample Tc (R=0) Tc (onset) 
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K K 

1. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑𝑶𝟏𝟎−𝜹 99.8 102.3 

2. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟐𝒁𝒏𝑶𝟏𝟎−𝜹 90.4 104.3 

3. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟏𝐙𝐧𝟐𝐎𝟏𝟎−𝛅 85.4 106.8 

4. 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝒁𝒏𝟑𝑶𝟏𝟎−𝜹 86.5 108.1 

                       Table 4.2: Tc and Tc onset of  𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 (x= 0, 
1, 2, 3) samples 

Samples without Cu in the final compound, i.e. Tl1Ba2Ca2Zn3O10-y, have shown variable 

range hopping (VRH) conductivity that followed the relationship of the form:               

ρ(T) = ρoexp [ (
To

T
)

1/4

]    

 

Employing Mott 3D VRH type conduction mechanism (with b = 
1

4
 ) the 𝜌 − 𝑇 data of 

numerous samples was analysed [13]. The Mott 3D VRH model continues to a better fit for 

the experimental data of TlBa2Ca2Zn3O10-y samples.  It has semiconductor-like resistivity 

variations at temperature fitted in the range of (77-300) K as displayed in Figure 4.3.  



51 
 

 

Figure 4.3: Temperature-dependent resistivity measurement of Tl Ba2 Ca2 Zn3 O10-δ 

sample 

 

In Fig 4.4 the inset represents the plot of ln 𝜌 vs. 1/T1/4 and the theoretical prediction 

for the Mott Varying Range Hopping (VRH) in 3D mechanism is represented by a straight 

line that has given the energy of activation around 2.9 meV. 

 

 

Figure 4.4: Activation energy curve of Tl Ba2 Ca2 Zn3 O10-δ sample 
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4.2.3 Fourier Transform Infrared Spectroscopy (FTIR) Measurements 

 

Three FTIR absorption peaks belonging to the vibrations of two apical oxygen atoms 

of type Tl − OA − Cu(2), Cu(1) − OA − Cu(2) and a CuO2 planar oxygen atoms can be 

seen in the spectra of Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples. Three strong 

absorption modes relating to the vibrations are observed around 420-480 and 480-520 and 

550-570 cm-1, Fig.5.5 

 

Figure 4.5: The FTIR absorption spectra of Zn doped CuTl-1223 with concentration 

(x=0, 1, 2, 3) samples superconductors 
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 The peak position of the absorption band relating to the vibrations of Tl − OA − Cu(2) 

atoms remains almost unchanged and stays at 466cm-1 whereas the apical oxygen mode of 

type Cu(1) − OA − Cu(2) is softened with the increased doping of Zn in 

Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x= 0, 1, 2, 3) samples. The CuO2 planar oxygen mode is 

hardened with the doping of Zn in Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples. 

The hardening of CuO2/ZnO2 planar oxygen mode in Zn-doped samples naturally arises 

due to larger mass of Zinc (65.39amu) in comparison with Copper (63.546amu) and 

increase in the c-axes length of unit cell. The effects of Zn-doped atoms on the intrinsic 

superconducting properties of Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples have 

been evaluated by doing excess conductivity analyses of the conductivity data. 

4.2.4 Excess Conductivity Analyses of 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 (x=0, 1, 
2, 3) Samples.  

 

By applying fluctuation conductivity analyses (FIC) on conductivity data, the 

parameters determining intrinsic superconductivity in such samples are identified. These 

analyses were conducted using the “Aslamazov-Larkin(AL)” and “Lawrence-

Doniach(LD)” models as represented by the results in Fig. 4.6(a, b, c, d). 

 

                (a) x=0 
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                           (b) x=1 
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                            (d) x=3 

Figure 4.6 (a, b, c, d): Shows the illustrative figures of the excess conductivity analysis 

of superconducting 𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 (x=0, 1, 2, 3) samples. 

 

The following equation is used for the excess conductivity analyses of 

Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples: 

∆σ(T) =  ∆σRTε−λ 

The form of this equation reads:  

ln Δ𝜎(𝑇) = ln Δ𝜎𝑅𝑇 − 𝜆𝐷 ln 𝜀         (1) 

Where,   




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
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 −
= mf
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mf
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T
TT



 

It is called the reduced temperature and lD is the dimensional exponent; this equation 

is applicable to temperature around Tc and its surroundings. lD has values 0.3, 0.5, 1.0 and 

2.0 related to critical, three-dimensional (3D), two-dimensional (2D) and zero-dimensional 
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(0D) respectively which are associated with various thermally activated processes [9]. For 

polycrystalline samples above expression can be modified as follows: 

𝚫𝝈𝑳𝑫 = [
𝒆𝟐

𝟏𝟔ℏ𝒅
] (𝟏 + 𝑱𝒆−𝟏)−𝟏/𝟐𝜺−𝟏           (2) 

 

The modification was proposed by Lawrence and Doniach (LD) and is known as LD 

model expression. 

The  J = [2ξc(0)/d]2 in the above expression is inter-CuO2-layers couplings, d is the 

thickness of superconducting layers (~15Å in present case) and the c(0) is the coherence 

length along the c-axis. 

From LD model the coherence length is computed based on the crossover temperatures 

by using this given expression [10]: 

𝛏𝒄(𝟎) =
𝒅

𝟐
[(

𝑻𝟑𝑫−𝟐𝑫

𝑻𝒎𝒇
) − 𝟏]𝟏/𝟐             (3) 

 

The phase relaxation time of the Cooper-pair can be derived using the equation below. 

        𝝉𝝓 =
𝝅ℏ

𝟖𝒌𝑩𝑻𝜺𝝄
                                                       (4) 

 

By using the phase relaxation time 𝜏𝜙, the coupling constant J:   

       𝑱 = (ℏ𝝉𝝓
−𝟏)/(𝟐𝝅𝒌𝑩)                           (5) 

 

The Fermi velocity of the carriers and the energy required to break apart the Cooper 

pairs is determined by using the equations that follow: 

 𝑽𝑭 = [𝟓𝝅𝒌𝑩𝑻𝒄𝛏𝒄(𝟎)]/𝟐𝑲ℏ                 (6) 
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  𝑬 =
𝒉

[𝝉𝝓(𝟏.𝟔×𝟏𝟎−𝟏𝟗)]
𝒆𝑽                             (7) 

the value of the proportionality co-efficient K0.12 is used as in reference [11]. 

Various crossover temperatures that result from different thermally activated process 

are TG, T3D-2D, T2D-0D determined via the log plot of the excess conductivity versus the 

reduced temperature Fig 4.6 and Table 4.3.  

Table 4.3: Superconducting-parameters from the plot of lnΔ(𝑇) and ln 𝜀 of 
𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 (x=0, 1, 2, 3) samples respectively. 

 

The intersection of several dimensional exponents yields these cross over temperatures 

i.e.  

λcr = the slope below TG,  

λ3D = the slope above TG,  

λ2D = the slope above T3D-2D  

And 

λ0D = the slope of exponent value 2.    

Sample  λCR  λ3D  λ2D   λ0D 
TCR-3D=TG 

     (K) 

 T3D-2D 

  (K) 

 T2D-0D 

   (K) 

 Tc
mf  

 (K) 

   T* 

  (K) 

α= ρn(0K) 

  (Ω-cm) 

   x=0 - 0.50 1.30 2.20 103.35 114 123.37 98.00 128.17 0.015 

   x=1 - 0.47 1.40 2.02 102.35 110.38 120.38 96.71 120.19 0.024 

   x=2 - 0.52 1.42 1.82 97.34 103.36 104.37 92.50 115.66 0.026 

   x=3 - 0.54 1.14 2.01 102.35 104.35 105.36 99.18 122.26 0.20 
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The parameters such as ξc(0), the inter-layer coupling J, VF (the Fermi velocity) of 

superconducting  carriers and  (phase relaxation time of the carriers)  are summarized for 

Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples in Table 4.4. 

 

Sample 
ξc(0)    

(Å) 
  J  NG 

λp.d x 102 

   (Å) 

Bc(0) 

(T) 

 Bc1 

(T) 

 Bc2 

(T) 
 Κ 

Jc(0)x103 

(A/cm2) 

VF 

x107 

 (m/s) 

EBreak 

 (eV) 

τφ x 10-13 

    (s) 

  x=0 2.02 0.16 0.05 8.22 1.77 0.09 128.7 51.4 1.170 1.72 0.040 1.03 

  x=1 1.87 0.14 0.05 7.88 1.84 0.10 128.7 49.3 1.273 1.45 0.036 1.16 

  x=2 1.71 0.11 0.05 6.86 2.11 0.13 128.7 42.9 1.677 1.25 0.032 1.30 

  x=3 1.35 0.07 0.05 4.83 3.00 0.23 128.7 23.9 3.381 1.00 0.031 1.31 

Table 4.4 Shows the superconductivity parameters observed from the FIC analysis of 
𝑪𝒖𝟎.𝟓𝑻𝒍𝟎.𝟓𝑩𝒂𝟐𝑪𝒂𝟐𝑪𝒖𝟑−𝒙𝒁𝒏𝒙𝑶𝟏𝟎−𝜹 (x=0, 1, 2, 3) samples using the AL model. 

 

 The values of ξc(0), J, and VF suppress with the increased doping of Zn in the final 

compound. Such intrinsic superconductivity parameters depend on the density of 

superconducting carriers in the conducting 𝐶𝑢𝑂2/𝑍𝑛𝑂2 planes via Fermi-vector KF = 

[32N/V]1/2. A decrease in the values of these parameters with increased doping of Zinc 

suggested that their density is suppressed with doping of Zinc in the final compound. In 

such experiments it is vivid that the population spin carrying Cu 3d9 atoms suppresses that 

in result suppresses the density of spin density waves; the spin carrying electron is in the 

background of vibrating nucleus that oscillate and hence induce oscillations in the spin that 

results in the spin density waves. It was expected that decreased population of spin 

scattering atoms (i.e. Cu-atoms) would have increased the coherence length but it did other 

way round. On the other hand if the 𝐶𝑢𝑂2 planes are completely replaced by ZnO2 planes, 

the samples turn semiconducting. These observations suggest that there is an important role 
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of both spin carrying atoms and the density of carriers in the formation of superconductivity 

in such oxides. These findings have also revealed that the role of charge density is pivotal 

and role of spin density in the conducting planes is secondary.  

The Ginzburg number NG is yielded from the crossover temperature between 3D LD 

regime and the Ginzburg Landau (GL) regime. The crossover temperature is known as TG. 

By using the TG and Tc of a material, the equation for NG reads:  

𝑵𝑮 =
𝑻𝑮−𝑻𝒄

𝒎𝒇

𝑻𝒄
𝒎𝒇                                                  (8) 

Using 𝑁𝐺  and the Ginzburg-Landau theory, key superconducting parameters are 

calculated [12]. 𝛾 =
ξab(0)

ξc(0)
 is the superconductor anisotropy which equals 𝛾 =

ξab(0)

ξc(0)
 = 5

𝑛−1
for 

CuTl-1223 samples with n=3 and leads to 𝛾 = 2.5 and the Ginzburg Landau (GL) 

parameter κ=λ/ξ. Here the point of inflection of the temperature derivative of resistivity  
𝑑𝜌

𝑑𝑇
⁄   is used to determine the mean field critical temperature (𝑇𝑐

𝑚𝑓).  

Also                               𝑁𝐺 =
1

2
[

𝐾𝐵𝑇𝑐

𝐵𝑐(0)
2𝛾2𝜉𝑐(0)

3]2                                                  (9a) 

And 

                                   Bc(0)=(KBTc/(2NG)1/2γ2ξc(0)3)1/2                        (9b) 

                                 

                                          𝑩𝒄 =
𝚽𝟎

𝟐√𝟐𝝅𝝀𝒑.𝒅(𝟎)𝝃𝒂𝒃(𝟎)
                                  (10) 

                                        𝐁𝐜𝟏 =
𝐁𝐜

𝛋√𝟐
𝐥𝐧 𝛋                                        (11) 

                                              𝐁𝐜𝟐 = √2κBc                                          (12) 

                                               𝐉𝐜 =
𝟒𝛋𝐁𝐜𝟏

𝟑√𝟑𝛌𝐩.𝐝(𝟎) 𝐥𝐧 𝛋
                                   (13) 

 

     Using Ginzberg Landau number NG the parameters’ values of Bc(0),  Bc1(0), Bc2(0), 

Jc(0)  and κ=λ/ξ are determined by employing aforementioned equations  (10) to (13) for 

Zn doped CuTl-1223 samples with concentration of (x= 0, 1, 2, 3). The values of the 
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parameters, Bc0(T), Bc1(T), Jc(0), increase in all Zn-doped samples owing to enhanced flux 

pinning characteristics in Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 1, 2, 3) samples. The lower 

density of superconducting carriers and smaller coherence length helps enhancing flux 

pinning characteristics that in turn results in suppressing λp.d i.e. the London penetration 

depth, and the Ginzburg Landau (GL) parameter κ, see table 4.4. The energy required to 

break apart the Cooper-pairs into normal electrons in all Zn doped samples also decreases 

demonstrating weakly coupled superconducting electrons in Cooper-pairs of final 

compound, Table 4.4. Appearance of superconductivity in such Cu0.5Tl0.5Ba2Ca2Zn3O10- 

and its absence in TlBa2Ca2Zn3O10- samples demonstrated that existence of spin carrying 

Cu 3d9 is the key for the mechanism of superconductivity in such compounds. Since these 

spin carrying Cu 3d9 electrons are embedding an atomic nucleus having positive charge 

density that oscillate about its mean position which produce phonons. As result of 

oscillations of nucleus the Cu 3d9 electrons spin in turn oscillates too that in turn produces 

spin density waves. These observations have shown that spin density wave is essential for 

the mechanism of high Tc superconductivity. 

 

4.3 CONCLUSIONS 

Superconducting properties of Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 1, 2, 3) samples are 

studied by preparing the samples by two-step solid-state reaction (SSR) method. X-ray 

diffraction analysis of these Cu0.5Tl0.5Ba2Ca2Cu3−xZnxO10−δ (x=0, 1, 2, 3) samples have 

shown that these samples grow in orthorhombic crystal structure in which their c-axes 

length increases and the volume of the unit cell suppresses with increased Zn-doping. 

Metallic variation of ρ versus T(K) is typical feature of Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 

1, 2, 3) samples; TlBa2Ca2Zn3O10- sample has, however, shown semiconducting behavior. 

Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x=0, 1, 2, 3) samples have shown onset of 

superconductivity around 102.3, 104.3, 106.8, 108.1K and the zero resistivity Tc at 99.8, 

90.4, 85.4, 86.5K, respectively. TlBa2Ca2Zn3O10-y sample has shown semiconductor-like 

resistivity variations that followed Mott Varying Range Hopping (VRH) in 3D with 

temperature. The activation energy of thermally activated processes in such samples fitted 

the regime of 77K to 300K has given an energy of activation around 2.9 meV. The phonon 

modes associated with the vibrations of apical and planar oxygen atoms are attenuated by 
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doping of Zn in the final compound. The ρ vs. temperature data of excess conductivity 

(FIC) analyses has shown a decrease in the values of parameters like ξc(0), J, and VF  with 

increased doping of Zn in Cu0.5Tl0.5Ba2Ca2Cu3-xZnxO10- (x= 0, 1, 2, 3) samples. These 

parameters are highly dependent on density of carriers via KF = [32N/V]1/2 and the 

suppression in the values of these parameters suggested that doped Zn-atoms promote a 

drop in the density of carriers. The values of Bc(0),  Bc1(0) increase with Zn-doping showing 

that density of inadvertent defects increases with the doping of Zn acting as pinning; the 

London penetration depth λp.d decreases in all doped samples. The phase relaxation time, 

, of the carriers increases but the energy required to break- apart the Cooper-pair 

decreases in all doped samples. These studies have unequivocally demonstrated the 

importance of spin carrying Cu3d9 atoms in the mechanism of high 𝑇𝐶 superconductivity; 

doped Zn atoms suppress it and hence the superconductivity.  
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