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Abstract 
Polycrystalline samples of Cu0.5Tl0.5Ba2Ca2-xNxCu3-yMyO10-δ (M=Ni, Co and Fe 

N=Mg, Be) superconductor have been synthesized by solid-state reaction method. The 

structure and physical properties were investigated by powder x-ray diffraction (XRD), 

scanning electron microscopy (SEM), energy dispersive x-ray analysis (EDX), resistivity, 

ac-susceptibility and Fourier transforms infrared absorption spectroscopy (FTIR). X-ray 

diffraction scans of Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M = Ni, Co and Fe) samples show 

tetragonal structure following P4/mmm space group. The dominant phase in these 

structures is CuTl-1223 with a small inclusion of CuTl-1212 and CuTl-1234 phases. For 

these samples, there is no remarkable structural transformation (such as tetragonal to 

orthorhombic) with increased dopant concentration is observed. The system remains 

tetragonal for the highest critical doping level yc, above which the system is not 

superconducting. The critical doping levels yc achieved for the dopants are yc=1.5 for 

M=Ni, yc=0.5 for M=Co and yc=0.075 for M=Fe. The highest critical doping levels are 

observed for our system, particularly for Ni-doped system. It is observed that the size of 

the moments bears strong correlation with the critical doping level yc. The Fe-doped 

system, having a largest localized moment of the order of 5µB, acquires a lowest yc. On 

the other hand, the Ni-doped system with a smallest moment has a highest yc. Such a 

correlation represents an observation of interplay between a dopant moment and the 

suppression of high Tc superconductivity. It strongly suggests a magnetic pair-breaking 

mechanism. Tc suppression rate is high for Fe- or Co-doped system as compared to Ni-

doped system. It is believed that such a large suppression of Tc in Fe- or Co-doped 

system may originate from oxygen disorder, breaking of Cooper pairs by magnetic 

impurities (having large magnetic moments) and decrease of carrier concentration in the 

CuO2 planes. Fe- or Co-doping causes a decrease in carrier concentration through charge 

transfer which is a consequence of introducing disorder into the CuO2 planes. On the 

other hand, Ni+2 has the same valence state as Cu+2, Ni substitution for Cu is not expected 

to effect the carrier concentration. The marginal suppression of Tc in Ni-doped system is 

may be caused by destruction of anti-ferromagnetism correlation as well as pair breaking 

effects due to scattering by magnetic impurities. With the partial substitution of Ca with 

Mg and Be in Ni-doped samples, the CuO2 planes become uniformly doped due to 

improved inter-planer coupling which results in the enhancement of Tc(R=0) as well as 
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the magnitude of diamagnetism. Superconducting properties of these samples are further 

enhanced with Li doping at the charge reservoir layer. FTIR absorption measurements 

show that the phonon modes related to apical oxygen are softened to lower wave number 

values for Mg- or Be-doped samples confirming that inter-plane coupling have improved 

in these samples. From the FIC studies of Ni doped samples it is observed that at higher 

temperature the fluctuations in the order parameter of the carriers follow 2D AL 

behavior, whereas at lower temperature (closer to transition) their behavior is 3D AL. 

The cross-over temperature is relatively high in Ni free samples and with Ni doping it is 

shifted to lower temperature (about 40K). The coherence length calculated from the LD 

model is decreased with increased Ni doping. The decreased coherence length promotes 

enhancement of anisotropy of the final compound. Breaking down of anti-ferromagnetic 

order within the CuO2 planes does not seem to kill the superconductivity; 

superconductivity and ferromagnetism can co-exist. The effects of carrier concentration 

on the superconductivity of Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M = Ni, Co and Fe) samples 

are explored by carrying out post-annealing experiments in nitrogen (N2) and oxygen 

(O2) atmospheres. Superconductivity is suppressed after post-annealing in nitrogen 

atmosphere. The normal state resistivity of N2-annealed Ni-doped samples is doubled, but 

its variation with temperature remained metallic down to onset of the superconductivity. 

The post-annealing in nitrogen atmosphere seems to promote the loss of oxygen from the 

inter-grain and intra-grain sites; the former increases the ac-losses while the later 

decreases the magnitude of diamagnetism. On the other hand, the normal state resistivity 

has decreased after annealing in oxygen atmosphere; resistivity has become one half of 

the value observed in un-annealed Ni-doped samples. The post-annealing in oxygen has 

not only improved the inter-grain coupling, but also has remarkably enhanced the 

magnitude of diamagnetism within the grain. This is most likely accomplished by the 

oxygen diffusion at the inter-grain sites as well as within the grain.  
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CHAPTER 1 

1. BACKGROUND AND LITERATURE REVIEW 

 
This chapter describes a brief introduction of superconductivity and literature review of 

transition metal doping at copper sites in various high temperature superconductor 

systems. Motivation for carrying out the present work is given at the end of the chapter. 

1.1. Superconductivity 

Superconductivity is a collective state occurring in the electron population of a 

material. It is believed to be a universal phenomenon, arising at all scales from 

superconducting cosmic strings generated as topological defects in the early universe1or 

superconducting cores in neutron stars2, down to the fascinating phenomenon of nuclear 

size superconductivity.3 A superconductor is a material which exhibits the following two 

properties as explained in figure 1.1: 

(a) Vanishing of electrical resistivity below a critical temperature (Tc) 

(b) Expulsion of magnetic flux blow a critical field (Hc) 

.  
Figure 1. 1: (a) vanishing of electrical resistivity and (b) Meissner effect 

1.2. Conventional Superconductors 

The phenomenon of superconductivity was first discovered in mercury by 

Kamerlingh Onnes4 in 1911. As legend has it, Kamerlingh Onnes at first attributed the 
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sudden drop in resistivity to an experimental error, such as an accidental short circuit. But 

careful repetition assured him that he had indeed discovered a new electronic phase. The 

discovery of vanishing resistivity in several other elements such as tin and lead soon 

followed.  

The second, equally surprising characteristic of superconductivity, expulsion of 

magnetic flux from the superconducting state, was discovered by Meissner and 

Ochsenfeld in 1933.5 Over the next several decades, theorists struggled to find a 

microscopic theory for superconductivity. Major advances were made with the London 

theory 6 in 1935 and the Ginzburg-Landau theory7 in 1950. But it was not until 1957, a 

whole 46 years after the original experimental discovery of superconductivity, that a 

universally accepted microscopic theory of the phenomenon was put forth by Bardeen, 

Cooper, and Schrieffer.8 

In BCS theory of superconductivity they attributed superconductivity to an 

attractive interaction between two electrons through electron-phonon interaction. The 

attractive interaction between electrons can be understood in the following way: one 

electron interacts with a positive ion in the lattice and deforms the lattice; a second 

electron of compatible momentum value interacts with the ion in the distorted lattice so 

as to minimize the energy. The interacting electrons are said to form a pair. The electrons 

of a pair have equal and opposite momentum (i.e. one with +k and other with –k), with 

the one in spin up state and the other in spin down state, so that the total spin of a pair is 

zero. The electron pairs are called Cooper pairs. The important feature of Cooper pair is 

that excitation can take place in only pairs of electrons; i.e., if the state with +k and spin 

up (↑) is occupied, the corresponding state with –k and spin down (↓) is also occupied 

and if the state of +k is vacant, the state of –k is also vacant. 

Two of the key experimental facts that led to the BCS understanding were: 

i. The density of states is gapped at the Fermi surface. This was determined 

experimentally first by the measurement of an exponential specific heat.9, 10 This 

led to the realization that some kind of pairing is occurring (i.e. electrons are 

thermally activated across a gap with Boltzmann probability). The gap was later 

confirmed by electromagnetic absorption in aluminum11 and lead.12, 13 

ii. Phonons involvement was shown experimentally by the isotope effect; 14, 15 the 

critical temperature Tc was found to vary as the inverse square root of the nuclear 
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mass. Since the phonon frequency varies as k
M

, the discovery of the isotope 

effect led to the realization that phonons are involved.  

Armed with these and other experimental facts, BCS were finally able to put the 

whole picture together. Numerous details were filled in over the next few decades, but the 

problem of superconductivity was largely considered solved by BCS in 1957. 

1.3. High-Temperature Superconductors 

For obvious technological reasons, the search continued for materials which could 

super-conduct at higher temperatures. Despite much work, for decades the highest Tc’s 

belonged to Nb3Sn (18K) then Nb3Ge (23K), and the field was considered by many to be 

at a dead end. A history of the increase in record Tc is shown in figure 1.2. 

Three decades after BCS, in 1986, a startling discovery reopened the field of 

superconductivity research. Bednorz and Muller, working at IBM in Switzerland, 

discovered a new class of superconducting materials starting with LaBaCuO, which is 

superconducting up to 30 K.16 The following year, the liquid nitrogen temperature barrier 

(77 K) was broken with the discovery of YBa2Cu3O7−δ, superconducting at 90 K.17 Soon 

a whole host of related materials were found. Since the common component in all these 

new high temperature superconductors is a CuO2 plane, these materials are referred to as 

the “cuprates.” 

The discovery of superconductivity in the cuprates was surprising for several 

reasons. No previous oxide superconductors had ever been found. Furthermore, in their 

stoichiometric form (with no additional oxygen or other dopant atoms added) these 

materials are anti-ferromagnetic Mott insulators. It is conventional wisdom that 

magnetism cannot coexist with superconductivity. For example, Abrikosov and Gor’kov 

showed that magnetic impurities disrupt superconductivity and depress Tc.
18, 19 

The obvious differences between these new high-temperature superconductors (HTSCs) 

and the old conventional superconductors created a great deal of excitement. Rapidly, all 

the old experiments which had lead to the unifying theory of conventional 

superconductors were repeated. But the results were often confusing and/or contradictory. 
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Figure 1. 2: Evolution of Tc with time 

 
However, in contrast to the deep Fermi sea of quasi-free electrons in the case of 

classical metals where the Cooper-pair condensed electrons amount only to a small part 

of the valence electron system (kBTc << EFermi ), in these layered cuprate compounds 

there is only a shallow reservoir of charge carriers (kBTc ~ EFermi ) which have to be 

introduced in the insulating anti-ferromagnetic (AF) stoichiometric parent compound by 

appropriate doping. Thus generated normal state corresponds to a bad metal in which 

Coulomb correlations strongly link the charge and spin degrees of freedom. 
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This intrinsic proximity of metal-insulator, magnetic and SC transitions continues 

to present a great challenge to theory, which is sensibly more complicated than the 

classical superconductivity problem. The SC instability in cuprate HTS, as well as in the 

structurally and chemically related layered cobaltate and ruthenate compounds, is hence 

believed to stem predominantly from a magnetic and not from a phononic interaction as 

in the case of the classical metallic superconductors where magnetism plays only the role 

of an alternative, intrinsically antagonistic long range order instability 

It is now generally agreed that there is a gap in the density of states, but instead of 

the simple symmetric s-wave gap found in conventional superconductors, the gap is dx
2

-y
2 

- wave. This was shown by flux modulation measurements in a YBCO DC-SQUID20 and 

then more unambiguously by flux quantization in a tri-crystal YBCO junction.21 In 

simple terms, this dx
2

-y
2 -wave gap means that electrons travelling different directions in 

the crystal feel a different pairing potential. 

As would be expected from the gap in the density of states, it is generally agreed that 

electrons are paired. It was shown unambiguously by measurement of h/2e flux quanta, 22 

which indicates that the charge carriers have charge 2e. 

It is not generally agreed what causes the pairing. Of course the first thing to look 

for is phonons, but tests for the isotope effect have been inconclusive, in part because it is 

not clear which phonons are key. The cuprate crystal structures are much more 

complicated than the conventional superconductors, with typically four or five different 

elements per unit cell. Different atoms are involved in different phonons, so it is not 

obvious which isotope should be varied. No clear dependence of Tc on isotope has been 

found. 

Because magnetism is known to play a role in the crystal at low carrier 

concentration, many argue strongly that electron pairing in high temperature 

superconductivity is caused by magnons or other magnetic consequences. But there are 

also strong arguments that pairing is indeed caused by phonons.23 

Perhaps the most notable complicating factor in the high-Tc superconductors is 

the existence of a whole new parameter which can be tuned: carrier concentration. This 

leads to a 3-dimensional phase diagram rather than the simple temperature vs. B-field 

phase diagram of the conventional superconductors. In HTSC materials, the 

stoichiometric parent compounds are insulators, and it is not until charge carriers are 
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added that these materials become superconducting. Typically charge carriers in the form 

of holes are added by doping oxygen interstitially (e.g. Bi2Sr2CaCu2O8+δ), by substituting 

a monovalent atom with a divalent atom (e.g. replacing La with Sr in La2−xSrxCuO4), or 

by removal of oxygen from their stoichiometric positions (e.g. YBa2Cu3O7−δ). In any 

case, the carrier concentration is an important variable upon which the properties of the 

material depend strongly. We now have a 3-dimensional phase diagram, as shown in 

figure 1.3. There have also been discovered many electron-doped superconductors, with a 

phase diagram that is approximately the mirror image of the hole-doped materials.  

 
Figure 1. 3: 3-dimensional phase diagram of high-Tc superconductor.24 

1.3.1. Families of hole-doped high temperature superconductors 
 There are three main families of hole-doped high temperature superconductors 

studied today. However, much of the confusion in the study of HTSC results from the 

fact that each material is accessible to different experimental techniques. For example, it 

is easy to measure the electronic density of states of Bi2Sr2CaCu2O8+δ, but harder to 

measure its magnetic properties. In the quest to find a unifying theory for all HTSC, it is 

tempting to treat these three families as one material, and combine the experimental 

results from all families. Because of this common practice, the field of high-Tc research is 

rife with conflict and apparent contradictions. 

A comprehensive summary of many of the known hole-doped HTSC materials 

along with an explanation of the variation in their Tc’s is given by Eisaki et al.24 
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• La1-x MxCu4O  
The lanthanum family of high-Tc’s was the first family of materials to be 

discovered, by Bednorz and M¨uller in 1986.16 Synthesis of alkaline-earth-doped La1-x 

MxCu4O, (M = Ca, Sr and Ba) of K2NiF4, structure with superconducting transition 

temperatures up to 35 K is readily achieved by the ceramic method Typically, the 

synthesis is carried out by reacting stoichiometric quantities of the oxides and/or 

carbonates around 1300 K in air.25-27 A few groups have annealed the samples in an 

oxygen atmosphere at 673 K after the sintering step.28 Metal nitrates have also been used 

as the starting materials for the synthesis.29-31 By starting with metal nitrates, one obtains 

a more homogeneous starting mixture, since the hydrated metal nitrates have low melting 

points leading to a uniform melt in the initial stage of the reaction. Furthermore, nitrates 

provide an oxidative atmosphere, which is required to obtain the necessary oxygen 

content. The structure of LSCO is shown in figure 1.4(a).LSCO is physically the hardest 

of the three materials, and with stronger bonds it is easier to grow large (> 1 cm) single 

crystals.  

• YBa2Cu3O7−δ 
The discovery of YBCO followed that of LSCO within a year.17 YBCO was the 

first material to break the 77 K (liquid nitrogen) temperature limit. The optimal Tc is now 

around 90 K. Superconducting YBa2Cu3O7-δ, with the orthorhombic structure can be 

easily prepared by the ceramic method. Most of the investigations of the 123 compound, 

YBa2Cu3O7-δ have been carried out on the materials prepared by reacting Y2O3 and CuO 

with BaCO3
32, 33. It is noteworthy that Rao et al33obtained mono-phasic YBa2Cu3O7-δ, as 

the x = 1.0 member of the Y3-xBa3+xCu6O14 series. In the method employed for preparing 

YBa2Cu3O7-δ stoichiometric quantities of high-purity Y2O3, BaCO3 and CuO are ground 

thoroughly and heated initially in powder form around 1223 K for a period of 24 h. 

Following the calcinations step, the powder is ground, pelletized and sintered at the same 

temperature for another 24 h. Finally, annealing is carried out in an atmosphere of oxygen 

around 773 K for 24 h to obtain the orthorhombic YBa2Cu3O7-δ phase showing 90 K 

superconductivity. The structure of YBCO is shown in figure 1.4(b). YBCO has perhaps 

been the most highly studied because it is the cleanest and most ordered crystal. But 

studies of YBCO can also be quite confusing because there are two CuO2 planes: the 

square plane and the chain plane. By analogy with the other HTSC families, it is thought 
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that the superconductivity originates in the square plane, but it is hard to isolate the 

behaviors of the planes. Furthermore, the one-dimensional chains complicate the study of 

YBCO crystals, because as-grown crystals display many domains, separated by “twin 

boundaries” in which the chains run orthogonal directions. YBCO crystals may be “de-

twinned” by application of pressure, for more careful studies, but many existing results 

on YBCO are ambiguous due to twin domains. 

YBCO has typically been used in nuclear magnetic resonance (NMR) studies, 

which probe the spatial distribution of magnetic field. This is because YBCO is so well 

ordered that all atoms of a particular species will live in the same electronic environment 

(not true for BSCCO or LSCO). 

• Bi2Sr2CaCu2O8+δ 
BSCCO was discovered in 1988.34 BSCCO itself can have one, two, or three CuO 

planes, where Tc increases with the number of planes. The structure of BSCCO is shown 

in figure 1.4(c). Although the ceramic method is widely employed for the synthesis of 

superconducting bismuth cuprates of the type Bi2 (Ca, Sr)n+lCun O2n+4+δ, it is generally 

difficult to obtain mono-phase compositions, due to various factors.35,36 Both 

thermodynamic and kinetic factors are clearly involved in determining the ease of 

formation as well as phase purity of these cuprates. The n = 1 member (2201) of the 

formula Bi2Sr2CuO6 appears to be stable around 1083 K and the n = 2 member, Bi2(Ca 

Sr)3Cu2O8(2122) around 1113 K The n = 3 member, Bi2(Ca Sr)4Cu3O10 (2223), can be 

obtained close to the melting point (1123 K) after heating for several days or even weeks. 

Of all the members of the Bi2 (Ca, Sr)n+lCun O2n+4+δ a family, the n = 2 member (2122) 

seem to be most stable. Bi2O3, which is often used as one of the starting materials, melts 

at around 1103 K. Increasing the reaction temperature therefore leads to preferential loss 

of volatile Bi2O3. This results in micro-in-homogeneities and the presence of the un-

reacted oxides in the final product. 

Since these materials contain so many cations, partial reaction between various 

pairs of oxides leading to the formation of impurity phases in the final product cannot 

easily be avoided. A noteworthy structural feature of all these bismuth cuprates is the 

presence of super-lattice modulation, though it has nothing to do with superconductivity. 

Most of the above problems have been overcome by employing the matrix 

reaction method.37, 38 This method reduces the number of reacting components and gives 
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better products. In this method, synthesis is carried out by reacting the oxide matrix made 

from CaCO3, SrCO3 and CuO with Bi2O3 in the temperature range of 1083-1123 K in air 

for a minimum period of 48 h. Quenching the samples in air from the sintering 

temperature or heating in a nitrogen atmosphere improves the superconducting properties 

of bismuth cuprates. The matrix reaction method yields mono-phasic n =2 (2122) and n 

=3 (2223) compositions showing Tc values of 85 K and 110 K respectively.39, 40 Bismuth 

can also be replaced with thallium or mercury, which results in the highest Tc material 

known (153K). BSCCO competes with YBCO as the most technologically useful 

material. YBCO has been used in magnetic field applications because it is easier to pin 

flux. YBCO can be used to grow high- Tc SQUIDS with grain-boundary Josephson 

junctions. Their higher operating temperature than conventional SQUIDs makes them 

useful in the study of living biological materials. BSCCO has been more useful so far in 

bulk applications; it has been formed into superconducting wires (with silver) and placed 

into the Detroit 

 
Figure 1. 4: Structure of the three high temperature superconductor families24: (a) La2-x SrxCu4O (b) 

YBa2Cu3O7−δ (c) Bi2Sr2CaCu2O8+δ 
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• Tl-Ba-Ca-Cu-O (TBCCO) 
The thallium based Tl-Ba-Ca-Cu-O (TBCCO) superconductors, discovered in 

1988 by Sheng and Hermann, 41-46 are the best among all other cuprates due to their high 

transition temperature, [Tc(0)], transport critical current densities, [Jc] and low microwave 

surface resistances, [Rs]. It is appropriate here to give a brief introduction to Tl-based 

HTS phases, and interested readers will find a more detailed description of their 

structures and properties47–72. There are two Tl-based superconducting families, Tl–Ba–

Ca–Cu–O (TBCCO) and Tl–Sr–Ca–Cu–O (TSCCO). Most TBCCO materials have 

tetragonal crystal structures and may be described as consisting of alternating single or 

double Tl–O layers and perovskite-like Ba2Can−1CunO2n+1 layers 47–53. In the single Tl–O 

layer phases, the Cu–O sheets stack vertically above one another, but in the double Tl–O 

layer phases each perovskite layer is translated in the x and y directions by a/2, thereby 

doubling the lattice parameter along the c-axis (figure 1.5). The exception is Tl2Ba2CuO6 

which also exhibits orthorhombic and monoclinic symmetry. The nine phases in the 

TBCCO system can be represented by the homologous series TlmBa2Can−1CunO2n+m+2 

where m = 1, n= 1–5, are the ‘single Tl–O layer’ phases, and m= 2, n = 1–4, are the 

‘double Tl–O layer’ phases. The phases in the TSCCO system are similarly described as 

TlSr2Can−1CunO2n+3 where n= 1–354, and are iso-structural with the single Tl–O layer 

TBCCO phases, with Sr on the Ba sites. However, these compounds are difficult to 

synthesize without partial substitution of Tl by Pb or Bi, and the critical temperatures (Tc) 

are low.55–59 Doping with Pb or Bi increases Tc to 75–90 K, 60–62 and simultaneously 

doping the Ca site with Y increases Tc above 100K.55, 63, 64 Cation doping also has the 

effect of altering the average Cu oxidation state in the superconductor, which controls the 

concentration of charge carriers (holes) 65, 66, resulting in a maximum Tc value at some 

optimum doping level. Presland et al.67 studied the effects of oxygen stoichiometry on the 

physical properties of Tl-based and Bi-based HTS compounds. They found that the 

optimum doping level is at 0.17 holes per unit CuO2 plane and that this appears to be a 

general feature of all cuprate superconductors. The optimum doping level for Pb and Bi 

doping in the TSCCO system appears to be around 50% Tl3+ site substitution,58, 60, 63, 68, 69 

and for simultaneous Y doping the optimum level is 20% Ca2+ site substitution.63 Work 

on dopants in the TBCCO system is rarer; however, Nakajima et al.70 found that the 

optimum level of doping for the substitution of the rare-earth elements Nd, Gd or Y for 
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Ca in Tl(1212) was at 30% Ca2+ site substitution. As would be expected from the similar 

structure and chemistry of Ba and Sr, the TSCCO and TBCCO compounds can be doped 

with Ba and Sr respectively. The introduction of Sr to the TBCCO system has the effect 

of stabilizing the single Tl–O layered phases.56, 71, 72 The Tl (2223) phase can only be 

synthesized up to a Ba:Sr ratio of 1:1.71 There is therefore a wide range of cation 

compositions over which Tl-based HTS phases can exist and from which the composition 

with the most appropriate properties for the intended application must be selected. The 

structure of Tl-1212 and Tl-2212 are shown in figure 1.5. 

 
Figure 1. 5: Crystal structures of the layered Tl-Ba-Ca-Cu-O compounds (a) 1212 and (b) 2212. After 

Parkin et al.49. 
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• Hg-Ba-Ca-Cu-O 
A superconducting system with even higher critical temperature belongs to Hg-

Ba-Ca-Cu-O family have also been discovered. In Hg-based high temperature 

superconductors, the Hg1Ba2Ca2Cu3O8+δ has highest critical temperature around 135K, 

which is prepared at normal pressure. The Hg-based superconductors also prepared under 

high pressure, which provided crucial clues to the existence of superconductivity at 

higher temperatures. The critical temperature of optimally doped phases HgBa2Cam-

1CumO2m+2+δ with m=1, 2, 3 have been investigated. The critical temperature of 

HgBa2Cu1O4+δ is 94 K, Hg1Ba2Ca1Cu2O6+δ and Hg1Ba2Ca2Cu3O8+δ phase has shown Tc 

around 135 K respectively. The Tc of later two phases has shown dependence on oxygen 

content in HgBa2O4-δ charge reservoir layer. For Hg-based superconductor the highest Tc 

attained up to now is 138K of Hg0.8Tl0.2Ba2Ca2Cu3O8 sample. The resistivity of these 

compounds when measured under pressure have shown Tc(0) around 160K.73 

• Cu Ba2 Can-1CunO2n+4  

Since stronger coupling between CuO2 planes in high temperature 

superconductors lowers the anisotropy and in turn enhances the superconducting 

properties i.e Tc(0), Jc (critical current density) and Hirr (irreversibility field), any 

superconducting material having these properties will be very useful from application 

point of view. In the previous sections we have seen that the Tl-1223 superconductor has 

least anisotropy and higher Tc(0) among all members of single Tl-O layer compounds, 

but the toxicity of Tl hinders its use for application. So the investigation of a 

superconducting material, having low anisotropy and higher critical temperature, was not 

stopped.  

A new family of superconducting materials, CuBa2Can-1CunO2n+2(n=1,2,3…) [Cu-

12(n-1)n] prepared under high pressure (4-6 GPa), is thought to be the most promising 

due to their higher critical temperature and critical current density.74-80 The members of 

Cu-12(n-1)n family have the same tetragonal structure as that of Tl-12(n-1)n, but these 

compounds have copper in the charge reservoir layer, CuBa2O4n+δ. The conducting 

charge reservoir layer of these compounds makes them least anisotropic as compared to 

Tl-based superconductors. The members of Cu-12(n-1) n superconductor family with 

higher number of CuO2 planes are thought to have higher Tc(0) because of the optimum 
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valency of copper (z=2.33) which is responsible for higher critical temperature. For the 

maximum increase of critical temperature n=11 is theoretically predicted. 80 

There is another member of Cu-12(n-1) n family which has carbon instead of Tl 

in the charge reservoir layer. The n=3 member of this family which is represented by 

(Cu,C)-1223 has high critical temperature and low anisotropy.81 The critical temperature 

of this compound is 120K and lattice parameters a=3.862Å and c=14.80Å which are 

comparable to that of Cu-1223 superconductors.81,82 But   (Cu,C)-1223 does not have the 

ability of significant Tc(0) enhancement by self doping83 because it has carbon in the 

charge reservoir layer in contrast to Cu1-xTlxBa2Ca2Cu3O10-δ in which change of state of 

thallium promotes the   optimum holes doping in CuO2 planes.  

Among all the superconducting phases in this family the highest critical temperature 

belongs to n=3 phase, Cu-1223 (Tc(0)~120K) and next higher member Cu-1234 has 

critical temperature of 118 K. These two compounds have least anisotropy (γ=1.6) and 

long coherence length along c-axis.79,84-85 The high-pressure synthesis of these 

compounds is not easy, but by introducing thallium (which acts as structure stabilizer and 

reaction rate accelerator) into the charge reservoir layer, the superconducting phases are 

easily obtained by normal pressure synthesis. The substitution of Tl in Cu-12(n-1)n 

compounds results in emergence of a new subfamily Cu1-xTlx-12(n-1)n which is close 

derivative of these compounds. The crystal structure of Cu-1223, Cu-1234 and Cu-1245 

are shown in figure 1.6. 

 
Figure 1. 6: Crystal structures of the layered Cu-Ba-Ca-Cu-O compounds (a) 1212 (b) 1234 and (c) 

1245 
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• (CuTl)-Ba-Ca-Cu-O 
         Since the discovery of superconductivity in both CuBa2CanCun+1 and TlBa2CanCun+1 

systems such as Cu-12n(n+1) and Tl-12n(n+1) systems, their extensive characterization 

have been carried out. Both of these systems are iso-structural except the position of 

oxygen in the charge reservoir layer. Optimizing the carrier concentration could enhance 

the superconducting properties of these compounds. The carrier concentration could be 

control by cation substitution, by varying oxygen contents and by applying external 

pressure.86-87 The substitution of Tl in Cu-12(n-1)n compounds results in emergence of a 

new subfamily Cu1-xTlx-12(n-1)n which is close derivative of these compounds. These 

compounds are prepared under high as well as normal pressure and have superconducting 

properties very close to Cu-based compounds.80,88-91 The members of this family have 

semi insulating charge reservoir layer Cu1-xTlxBa2O4n-δ that slightly increases the 

anisotropy of these superconductors but the anisotropy remains lower than that of Tl-

based compounds. A comparison of the anisotropy parameter and technological critical 

temperature for superconductors of different families is shown in Fig.1.7. 
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Figure 1. 7: Comparison of anisotropy and technological critical temperature of high temperature 

superconductors.85 
 

 The Cu1-xTlxBa2Ca2Cu3O10-δ (Cu1-xTlx-1223) superconductor of this family has 

highest critical temperature (Tc(0)=130K) and higher critical current density.84 This 

compound with anisotropy parameter (γ=5) has Cu1-xTlxBa2O4-δ charge reservoir layer 
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and three CuO2 planes in the unit cell as shown in the Fig.1.8. 92 It follows P4/mmm 

space group and has tetragonal structure.93 The two Ca atoms in the unit cell separate 

CuO2 planes from each other. The superconducting CuO2 plane connected with Ba atom, 

in the unit cell is pyramid type and is called p-plane. While a plane sandwiched between 

the p-planes is called central planes or s-plane. The p-planes are over-doped with the 

carriers while s-planes is optimally doped. The p-planes also serve as a bridge for the 

supply of the carriers from charge reservoir layer to s-plane. The Cu atoms in the s-plane 

are named as Cu(2) and the oxygen atom in this plane is named as O(4), however, the Cu 

atoms in the p-plane are Cu(1) and the oxygen atom in this plane is called O(1). The 

oxygen atom bridging the Cu1-xTlxBa2O8-δ charge reservoir layer and p-plane is apical 

oxygen atom and is named as O(2) atom. This atom practically controls the charge 

transport mechanism. The oxygen atom at the center of Cu1-xTlxBa2O8- δ charge reservoir 

layer is named as O3 atom or Oδ atom. 

 
Figure 1. 8: Crystal structure of CuTl-1223 unit cell. 

 

The Cu1-xTlx-1223 superconductor has been prepared both in the form of thin 

films and bulk samples.94-99 The thin films of this compound have critical current density 

of the order of 107 A/cm2 (77K, 0T) and 105 A/cm2 (77K, 10T).98 The superconducting 

properties of Cu1-xTlx-1223 can further be enhanced by post-annealing and by 

substitution of different cations.84,89,100-104 The critical temperature of this material 

increases by self-doping mechanism when post-annealed in nitrogen atmosphere. The 

self-doping mechanism is completed by the reduction of Tl+3 to Tl+2 states, Fig.1.9.105-107  
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Figure 1. 9: The energy level diagram of Tl6s level in Cu1-xTlx-1223 superconductor before and after 

post-annealing in nitrogen. 107 
 

It is concluded from the above detailed review of high temperature 

superconductor families that the superconductors of Tl-12(n-1)n and Cu-12(n-1)n 

families have low anisotropy as compared to other cuprate families and thus are superior 

candidates for device fabrication. These compounds due to their lower anisotropy have 

the ability to carry very high current densities of the order of 104-106 A/cm2 in applied 

magnetic fields. So these compounds are very much promising from application point of 

view. In both these families the higher critical temperature belongs to n=3 member. The 

Cu-1223 has lower anisotropy than that of Tl-1223 but its preparation is possible only 

under high pressure (4GPa). The high pressure synthesis hinders the preparation of this 

compound for large scale applications. But the substitution of thallium at the copper site 

in the charge reservoir layer of Cu-1223 results in a new compound CuTl-1223, which 

has low anisotropy, higher critical temperature and critical current density. The 

substitution of thallium makes it possible to prepare this compound at normal pressure.  

The as-prepared samples of CuTl-12n(n+1) superconductor are in the over-doped 

regime and the density of states near the fermi level D(EF) are greater than the optimum 

value. The critical temperature of these compounds could be increased by carrying out 

post-annealing experiments. Through these experiments we can optimize the charge state 

of Tl atoms from Tl+3 to Tl+1. Thallium with Tl+1 has lower quantity of oxygen with it 

whereas Tl+3 has more oxygen. The more oxygen in the charge reservoir layer hinders the 

flow of electron to the conducting CuO2 planes; oxygen controls this through its higher 

electro-negativity. The lower oxygen concentration associated with Tl+1 can efficiently 

allow the electron flow to the conducting CuO2 planes. Therefore the change of oxidation 

state brings the carrier concentration in CuO2 planes to optimum level.108     
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On the other hand, the doping of various cations especially the transition metals at 

the planar site and at charge reservoir layer has a strong influence on the properties of 

high temperature superconductors. The substitution of magnetic ions, such as Ni+2, Co+3, 

Fe+3 etc, causes drastic changes in the structural and superconducting properties due to 

the magnetic ordering inside the plane and at the charge reservoir layer. 

 Next section deals with the effect of transition metals (Ni, Fe, Co, Zn) doping on 

the structural, electrical and magnetic properties of high temperature superconductors. 

1.3.2. Effect of transition metals (TM) doping 
 Since the discovery of high temperature superconductivity (HTSC), 16 on-site 

substitution-al studies have proved very useful in understanding the mechanism of high 

temperature superconductivity.109, 110 In all the high Tc(R=0) systems such as yttrium-

based (YBCO), bismuth-based (BSCCO), thallium-based (TBCCO) and Hg-based 

systems, the Cu ions are of particular importance, firstly because they constitute the 

essential structural part of all these systems and secondly, the superconductivity is 

primarily supposed to reside in the CuO2 planes. The copper sites in  the majority of  high 

Tc(R=0 systems are denoted by Cu(2) and Cu(1).Cu(2) has a five-fold square pyramidal 

coordination, while Cu(1) possesses a four-fold coordination. The coordination of Cu(2) 

remains in general invariant, except in unique cases as described earlier, 111 while that of 

Cu(1) changes with the oxygen content. For on-site substitutions at the Cu(1) or Cu(2) 

site, the 3d metal elements have their own importance due to their closer ionic size and 

the similar outer orbital to that of Cu.  

• La2-xSrxCuO4 system 
A Sedky et al112 investigated the structural and transport properties of 

La1.85Sr0.15Cu1−xMxOy (M = Li, Ni, Co and Mn, and x = 0.00, 0.15 and 0.30) ceramic 

samples. They showed that the magnetic doping elements caused lattice deformation 

resulting in rapid increase in the resistivity more effectively than the nonmagnetic doped 

samples and lead to the largest change in the transport properties of La-214 systems. 

Normal state resistivity versus doping content for La1.85Sr0.15Cu1−xMxOy ceramic samples 

is shown in Fig 1.10. They believed that the Mn was not well substituted in the CuO2 

planes of La-214 systems and it might be dissolved in some other sites which had less 

effect on superconductivity. Gang Xiao et al.113 determined accurately the relations 

between Tc and doping level as well as the critical doping levels xc for the Fe-, Co-, Ni-, 
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Zn-, Ga-, and Al-doped La-214 systems. They suggested that every dopant, magnetic or 

non-magnetic, either carries an intrinsic magnetic moment or induces a net moment on 

the Cu-O2 plane and the size of the moment was correlated with the suppression of 

superconductivity, consistent with the magnetic-pair-breaking effect. Similarly, H. Chen 

et al114 found that all ions (Cr, Mn, Fe, Co, Ni) substituting for Cu ion in La2-xSrxCuO4 

system possessed local magnetic moments. Through a systematic comparison they found 

that Cu-O system had the smallest p-d separation and the largest p-d hybridization. The 

Cu-O system had the smallest local magnetic moment which could be reduced to zero by 

hole doping. They also found that removing an electron from these systems further 

increased the p-d hybridization. 

 
Figure 1. 10: Normal state resistivity versus doping content for La1.85Sr0.15Cu1−xMxOy ceramic 

samples.112 
 

The thermoelectric power (TEP, S(T)) of the La-214 systems doped with Zn, Mg 

and Ni was investigated by Yan Hongjie et al115. Their experimental observations were 

based on variations of the spin correlation induced by substitutions of Zn, Mg and Ni for 

Cu site in La214 systems. Their analysis suggested that magnetic scattering mechanism 

plays a major role in the S(T) behaviors. Y. Furukawa et al.116 performed a NMR study to 

investigate the electronic state microscopically in (La1-xCaxO) Cu1-xNixS.They suggested 

that the density of states (DOS) at the Fermi level increased with increasing x, although 

those values are quite small. The x dependence of (T1 MRT)-1/2 suggested that the change 

to the metallic from insulating state was characterized by the filling of holes in the Cu-3d 

band of the oxysulfide (La1-xCaxO) Cu1-xNixS. 
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• YBCO system 
M.K. Van Bael et al.117 observed that substitution of Ni or Co in the copper 

positions of Y-124 drastically changed the critical temperature. Nickel substitution had 

the most deleterious effect (only 3% Ni destroys superconductivity) on Tc, but did not 

change the Y-124 structure or the oxygen stability. Cobalt substitution changed Tc less 

dramatically (6% Co substitution destroys superconductivity) but the structure was 

largely affected. A combination of XRD, SEM and TGA measurements suggested the 

formation of Y-247 phase upon cobalt substitution. The observed effects upon Ni and Co 

substitution suggested that both dopants were substituted in different Cu sites (Ni 

substitutes the Cu(2) sites and Co substitutes the Cu(1) sites). M. Verma et al.118 also 

derived similar conclusions from their investigations: 

i. Co substitutes preferentially in the CuO chains [Cu(I)] while Ni prefers the 

CuO2 planes [Cu(II)]. 

ii. Excess substitution of Co may cause the conversion of the double CuO chains to 

single ones resulting in a disordering of the CuO chains and a destruction of 

orthorhombic-city. An orthorhombic to tetragonal transition occurs in the Co 

doped Y-124 structure. However the Ni doped Y-124 samples remain 

orthorhombic at all levels of dopant concentration. Co substitution destabilizes 

the Y-124 structure. 

iii. Different occupation sites of Co in Y-124 as compared to Ni, results in a faster 

deterioration of superconducting properties and a higher rate of suppression of 

Tc. 

iv. CuO chains may play a far more important role for occurrence of 

superconductivity in the Y-124 system whereas CuO2 planes are believed to 

play a vital role in the Y-123 system. 

  On the other hand, from the Raman scattering study of YBa2(Cul-xMx)4O8 (M=Ni, 

Zn) samples in the normal and superconducting phases, Dale J. Payne et al.119 reported 

that the frequency of the Cu( 1) chain Ag mode was observed to soften by about 11 cm-l 

over a Ni doping range of 0-2.5%, while other modes exhibited shifts of 0-4 cm-l.  Raman 

frequencies of the Cu associated modes in YBa2(Cu1-xNix)4O8 as a function of Ni 

concentration is shown in Fig.1.11. They proposed that this large softening indicated that 
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Ni substituted for Cu in chain sites. The causes of Tc degradation in YBa2 (Cu1−xMx)4O8 

(M=Ni and Fe) system was reported by Ratal Lal et al.120.  

 

 
Figure 1. 11: Raman frequencies of the Cu associated modes in YBa2(Cu1-xNix)4O8 as a function of Ni 

concentration119 
 

According to them, localization and the carrier impurity scattering of magnetic or 

potential origin might not be the cause of Tc suppression in the Fe- and Ni-doped Y-124 

system. The direct suppression of the pairing interaction might be the reasonable source 

of Tc degradation in this system. The effect of doping and impurities on the oxygen 

isotope effect in high-temperature superconducting cuprates was reported by D. J. Pringle 

et al.121 They suggested that the hole-concentration- and impurity-concentration-induced 

changes in the isotope-effect coefficient in YBa2(Cu1-xNix)4O8 superconductors could be 

consistently modeled by including the effect of the normal-state pseudo-gap. Y. Itoh et 

al122 presented an application of impurity-induced nuclear spin-lattice relaxation theory 

for 63Cu NQR in YBa2(Cu1-xNix)4O8 to obtain separately the planar Cu nuclear spin-

lattice relaxation rate (1/T1)HOST due to the host Cu electron spin fluctuations and the Ni-

induced Cu nuclear spin-lattice relaxation rate (1/τ1).The absence of nuclear spin 

diffusion in space, the presence of local moment in the under screened Kondo state and 

the moment in the pseudo-spin-gap ensure the application for the high-temperature 

superconductors. They showed that the Ni impurity with low x did not destroy the host 

Cu anti-ferromagnetic correlation nor the pseudo spin-gap. 
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G. K. Bichile et al123 studied the influence of nickel substitution on flux pinning 

and critical currents in YBa2Cu3O7−δ superconductors. Their detailed magnetization 

measurements suggested large flux pinning as temperature approaches Tc. They believed 

that the flux pinning arise due to the preferential substitution of Ni on the Cu(2) site, 

which acted as a pinning centre. A critical current density, Jc of the order 106 A cm−2 for 

YBa2(Cu1-xNix)3O7−δ (x= 0.01, 0.02 and 0.03) samples was nearly five times higher than 

the Jc of the pristine 1-2-3 powdered sample. J. M. Tarascon et al.124 reported physical 

properties resulting from chemical substitution of Cu by Co, Fe, Ni, Al and Zn in the 

YBa2 Cu3−xMxO7-y superconductors. They showed that Tc suppression took place with the 

increasing doping concentration, whether the doping ion is magnetic (Co, Fe, Ni) or 

diamagnetic (Zn or Al). They suggested that anisotropic oxide structure of these 

compounds made them different, in behaving with respect to magnetic impurities, from 

conventional BCS-type superconductors. For trivalent ions, an orthorhombic to tetragonal 

structural transition took place and simultaneously, the oxygen content increased whereas 

for divalent doping (Ni and Zn) both orthorombicity and oxygen content remained 

constant. The influence of impurities on the physical properties of YBa2Cu3O7-δ 

superconducting ceramics was also investigated by J. G. Sanikidze et al125. Their 

experimental results showed a stronger suppression of the superconducting state by 

nonmagnetic impurities, thus confirming the presence of d-state pairs while the degree of 

suppression of superconductivity by magnetic impurities depended on the preference of 

the impurities to locate in Cu(1) or Cu(2) sites in these superconductors. 

H. Shaked et al.126 performed neutron diffraction measurements at room 

temperature on samples of YBa2(Cu1−xMx)3O7−γ (M = Zn, Ni) with x = 0.05 to study the 

site preference of Cu substituted Zn and Ni. From the full pattern analysis, they found 

that both Zn and Ni substituted for Cu in the planes. Similar results are found by J. Faber 

Jr et al.127  From anomalous dispersive x-ray diffraction analysis, S.A. Hoffman et al.128 

suggested that in YBa2(Cu1-xNix)3O7-δ system over 95% of Ni dopants occupy the Cu(2) 

site in the copper oxide planes, with negligible occupation of Cu(1)copper oxide chain 

sites. Similarly, X. N. Yin et al129 measured 63,65Cu nuclear quadrupole resonance (NQR) 

spectra of YB2(Cu1-XNiX)3O7-δ at room temperature. When Ni was substituted for Cu, 
63,65Cu NQR line widths increased significantly for both the Cu(2) plane site and the 

Cu(1) chain site. The asymmetric broadening of Cu(1) could be identified with the 
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emergence of a new peak, whereas the Cu(2) signal showed symmetrical broadening. 

Their results supported that Ni substitute not only for Cu(2) on the conducting plane but 

also for Cu(1) on the chain in YB2(Cu1-XNiX)3O7- δ 

K. Tomimoto et al130 studied the impurity effects on the superconducting 

coherence length in Zn or Ni-doped YBa2Cu3O6.9 single crystals. They reported that 

coherence length (ξ) increased along both the in-and out-of-plane directions. They 

suggested that the doped impurities acted as pair breakers. They concluded that increased 

coherence length (ξ) along both the in-and out-of-plane directions could be well 

explained by the pair-breaking theory of d-wave superconductivity and the modification 

in the inter-plane coupling of the order parameter due to the presence of impurities 

respectively. The effect of Zn and Ni substitution on the local electronic structure of the 

YBa2Cu3O7 superconductor was studied by Ilya G. Kaplan et al.131. Their results revealed 

great changes of the local charge distribution and crystal bonding in the vicinity of 

impurities. The calculated increase of positive charge for both impurities, compared with 

substituted Cu, indicated that the impurity atoms lost more negative charge than Cu. As a 

result, all nearest CuO2 units around impurity lost their holes: completely in the Zn case 

and partly in the Ni case. This lead to the breaking of the hole pairs in the vicinity of 

impurity and correlated with an increase of the coherence length in Zn- and Ni-doped 

Y123 crystals measured by Timomoto et al.130 The superconducting Raman responses in 

impurity substituted optimally doped YBa2 (Cu1−xMx)3O7−δ (M=Ni or Zn) single crystals 

were presented by M. Le Tacon et al.132. For both magnetic Ni and nonmagnetic Zn 

substitutions, they found that the pair breaking peak energy measured in the anti-nodal 

regions remained constant, in contrast with Abrikosov-Gorkov’ calculations for a 

conventional BCS super-fluid condensate. To explain their findings, they took into 

account the local in-homogeneity of the superconducting gap and link the anti-nodal peak 

energy to the pseudo-gap energy rather than the superconducting order parameter. J. 

Clayhold et al.133 studied the temperature dependence of the Hall coefficient RH in Co-

doped and Ni-doped YBa2 Cu3O7, and Ni-doped La2-x SrxCuO4. They showed that as the 

high-Tc behavior was suppressed, T dependence of RH was also suppressed. They 

suggested that the strong T dependence of RH was an anomaly specific to the 

unconventional normal state in almost all high Tc oxide superconductors. 
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J-T. Kim et al.134 reported the infrared conductivities of 2% and 4% Zn doped and 

6% Ni-doped YBCO films and concluded that there is no clear evidence of 

superconductivity at temperatures well below Tc i.e superconducting density of states is 

very gapless. It is strong support for d-wave models. The influence of magnetic (S = 1) 

and nonmagnetic (S =0) impurities on the spin dynamics of an optimally doped high 

temperature superconductor in YBa2(Cu0.97Ni0.03)3O7 (Tc =80 K) and 

YBa2(Cu0.99Zn0.01)3O7 (Tc = 78 K) was compared by Y. Sidis et al.135 They observed that  

in the Ni-substituted system, the magnetic resonance peak (which is observed at Er =40 

meV in the pure system) shifted to lower energy with a preserved Er/Tc ratio while the 

shift was much smaller upon Zn substitution. By contrast Zn, but not Ni, restored 

significant spin fluctuations around 40 meV in the normal state. K. S. Han et al.136 

performed 63'65Cu NQR measurements on Zn and Ni doped YBCO (YBa2Cu3-xMxO7, 

M=Zn or Ni, x=0.0 ~ 0.09) superconductors. Distinctive differences due to the non-

magnetic Zn and the magnetic Ni dopants substituted for copper were compared 

microscopically based on the plane and the chain 63'65Cu NQR data. Both spin-lattice and 

spin-spin relaxation rates decreased for Zn doped YBCO whereas they increased for Ni 

doped YBCO. From the isotopic ratio of 63'65Cu spin-lattice relaxation rate, a dominant 

relaxation mechanism was determined as a function of concentration. The effect of Zn 

and Ni substitution in the Cu site on the vortex phase diagram by resistivity and 

magnetization measurements in untwinned YB2(Cu1-XMX)3Oy (M = Zn, Ni) single 

crystals was studied by Terukazu Nishizaki et al137. In YBa2(Cu1-xMx)3Oy, small amount 

of impurity destroys the Hm(T) line, however, the H*(T) line had been observed. The 

H*(T) line of YB2(Cu1-XMX)3Oy was monotonically decreased with increasing 

temperature, indicated that the Bragg glass phase was reduced in the high temperature 

region. These behaviors suggested that Zn and Ni impurities strongly affected the vortex 

system in comparison with the oxygen vacancy in pure YBa2Cu3Oy. 

• BSCCO system 
M. A. K. L. Dissanayake et al.138 reported the superconducting properties of a 

series of compounds of nominal composition (Bi0.7Pb0.3) Sr Ca (Cu1.5−xNix)0δ (x=0-1.1). 

Up to x = 0.2 composition, Tc drops down to 60 K rather fast. From x = 0.2 to 0.95 the 

material remains superconducting with Tc around 50K. For x ≥ 1.0, the material becomes 

semi-conducting. They reported that even the compound with Ni: Cu = 0.95:0.55 is 
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superconducting with Tc around 50K; the magnetic disorder introduced by Ni is smaller 

in this material than in Ni-doped YBa2Cu3O7−δ material, where even the samples with Ni: 

Cu = 0.75: 2.25 have lost their superconducting properties. From an investigation of XPS 

core-level spectra, XPD (x-ray photoelectron diffraction) patterns and Tc of the 

Bi2Sr2CalCu2-xNixO8+δ system, N.K. Man et al139 proposed that the decrease of Tc with 

increasing Ni content was mainly due to distortion of the crystal structure by the extra 

oxygen intercalated between two adjacent BiO layers which then affected the hole 

concentration of the copper planes. Additionally, the decrease of Tc was suggested to be 

due to the impurity Ni substituted for the Cu in the CuO2 planes. The optical properties of 

Ni-doped Bi2Sr2CaCu2O8+δ superconductors were studied by H.L. Liu et al.140. They 

analyzed the conductivity within the framework of the two-component and the one-

component pictures indicated that the main effect of Ni substitution was to increase 

impurity scattering rate. There was no evidence of a rapid drop in the free carrier 

scattering rate near Tc. An estimate of the low-frequency spectral weight showed that Ni 

reduced the carrier density in the CuO2 plane and this decreased super-fluid density in the 

CuO2 plane could be connected with the effect of impurity-induced disorder. H. Hancotte 

et al.141 observed an increase of the superconducting energy gap and a decrease of Tc for 

the Ni substituted Bi2Sr2CaCu2O8+x single crystals yielding an increase of the reduced gap 

ratio 2∆/kBTc. The temperature dependence of the gap also showed an anomaly for the 

Ni-substituted samples, not observed in the pure samples. As these two features were not 

observed on Zn-substituted samples, they interpreted these phenomena as related to the 

magnetic character of Ni. The effect of magnetic and nonmagnetic impurities (Ni, Zn) 

substitution for Cu in Bi2(SrCa)2+n(Cu1-x Mx )1+nOy whiskers was studied by Y. K. Kuo et 

al.142. These whisker crystals showed resistance drops for both the 2212 and 2223 (n=1, 

2) phases, with transition widths (10–90 %) of 1 K. They observed a linear depression of 

Tc for both 2212 and 2223 phases with D = dTc/dx = -800 K for both Ni and Zn. 

H. Matsuhata et al.143 studied the microstructure of Ni doped Bi2.2Srl.8Ca1Cu2-

xNixOy (for x=0.00, 0.02 and 0.04) single crystal in order to discuss the origin of the 

drastic changes in the electric resistivity along the b-axis and the space group of the 

crystals. No particular structural change as a function of Ni concentration was observed. 

A decrease in the asymmetry in the convergent beam electron diffraction (CBED) 

patterns with increasing Ni concentration was observed. The diffuse intensity was 
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concluded to be dependent only on the periodicity of the modulation, thus the position of 

the diffuse intensity almost independent from the Ni concentration. They concluded that 

the origin of the drastic change in the electric resistivity along the b-axis direction lies in 

the formation of rows of Ni atoms on the Cu-O plane along the a-axis direction. J. C. 

Davis et al.144 used scanning tunneling microscopy (STM) to determine directly the 

influence of individual Ni atoms on the local electronic structure of Bi2Sr2Ca(Cu1-x Nix)2 

O8+ . At each Ni site they observed two d-wave impurity states of apparently opposite 

spin polarization, whose existence indicated that Ni retained a magnetic moment in the 

superconducting state. However, analysis of the impurity-state energies showed that 

quasi-particle scattering at Ni was predominantly non-magnetic. Furthermore, they 

showed that the superconducting energy gap and correlations were unimpaired at Ni sites. 

A detailed quantitative comparison between theoretical calculations of the local density 

of states and recent experimental measurements of scanning tunneling spectra around Ni 

impurities in Bi2Sr2CaCu2O8+δ superconductors was presented by Jian-Ming Tang and 

Michael E. Flatte 145. A double-peak structure on the hole side of the spectrum at the Ni 

site was identified as the spin-split Van Hove singularity in the band structure. The Ni 

atom induced local changes in hopping matrix elements comparable in size to the induced 

on-site spin-dependent potential. They found evidence from the measurements of order-

parameter suppression in the vicinity of the Ni impurity. C. Quitmann et al.146 studied the 

influence of Co and Ni doping on the electronic band structure and the transport 

properties of Bi2Sr2CaCu2O8+y superconductors. They reported that with the increasing 

doping concentration, the residual resistivity increases strongly accompanied by an 

almost complete disappearance of the dispersing bandlike states in angle-resolved 

photoemission. They showed that spatial localization of the carrier states was due to the 

doping-induced disorder and the standard scattering mechanisms such as Abrikosov-

Gor’kov or Kondo effects could not explain the observed localization. 

G. Ilonca et al.147 reported the critical current densities of Fe and Ni doped 

Bi:2212 superconductors. Low concentrations of the doping elements increased the 

pinning force density and shifted the magnetic irreversibility line towards higher fields. 

They concluded that Ni and Fe could create pinning centers in Bi:2212, but it could also 

increase the grain boundaries resistance, that depressed the critical current densities for 

high dopant content. The temperature dependence of critical current density followed a 
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power-law behavior suggested that the intergrain junctions were SNS (superconductor-

Normal-Superconductor) type. Electrical conductivity and magnetization measurements 

on single crystals of the high-Tc superconductor Bi2Sr2CaCu2O8+δ with partial 

substitution of Fe, Ni and Zn for Cu were reported by B. Vom Hedt et al.148. They found 

that even concentration of the doping elements below 1 atm.% caused a strong increase 

of the electrical resistivity, a definite increase of London penetration depth and a decrease 

of the correlation length. Consequently, the critical current was lowered and the 

irreversibility line shifted towards lower field values with the increasing concentration of 

the dopants. They concluded that a pair-breaking scattering process induced by the 

dopants was responsible for the initial suppression of the Tc. They thought that the most 

probable pair-breaking scattering process was a scattering on paramagnetic, local Cu 

spins induced close to the doping elements. S. Celebi et al.149 investigated the effect of Ni 

doping on the intergranular flux pinning properties of Bi1.6Pb0.4) Sr2 (Ca1−xNix)2 Cu30δ 

ceramic superconductors. They found that the Ni content in the BSCCO system changes 

both the effective volume fraction of the grains and the field dependence of the 

intergranular critical current density as well as transition temperature and intergranular 

pinning properties. Stephan Haas et al150 observed that both Zn and Ni impurities 

produced bound states with a four-fold symmetry, localized around the impurity sites in 

dx2-y2 wave superconductors. Impurities with intermediate scattering strength might have 

a bound state with a dominant eight-fold symmetry. On the other hand, the effects of Zn 

and Ni doping in the electron-doped systems appeared to be opposite from the hole-

doped case, i.e., Ni impurities lead to a stronger suppression of the superconducting 

ordering temperature than Zn doping. They found that the roles of Zn and Ni were 

interchanged in the electron-doped high-Tc cuprates. Furthermore, they indicated that the 

layered organic superconductors had d-wave order parameters as well. Measurements of 

the AC-susceptibility and the irreversible magnetization of Bi(2212) single crystals doped 

with up to 2 at.% of Fe, Ni, Co and Zn on the Cu position were reported by R. Noetzel et 

al.151. Low concentrations of the doping elements, typically below 1 at.%, definitely 

increase the pinning force density and shift the magnetic irreversibility lines towards 

higher fields. In contrast, higher concentrations strongly suppressed the critical current 

density and the irreversibility fields. A special situation occurred in the regime of low 
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temperatures below about10K, where they found that even very low concentrations of the 

doping elements were deteriorative for the critical current density. 

Natsuki Mori et al.152 investigated the fluctuation induced conductivity above Tc 

in (Bi ,Pb)-Sr-Ca-(Cu1-x,Ni x)-O superconductors having the 110-K phase. They showed 

that temperature dependence of the para-conductivity could be described by a power law 

following Aslamazov-Larkin theory. For undoped (x=0) samples, the conductivity data 

showed a two-dimensional fluctuation of the order parameter, whereas Ni -doped samples 

showed lower-dimensional fluctuations and reduced widths of the resistive transition. 

The critical exponent of the power law and its amplitude were well correlated with Tc, 

which decreased monotonously with increasing x up to 0.02 and then saturated around 90 

K over the range 0.02≲x≤0.1. The observed crossover from two- to one- (or lower-) 

dimensional behavior with increasing Ni dopant level might be related to a fractal nature 

for the system. A K. Chattopadhyay et al.153 showed that disordered short-coherence-

length superconductors could exhibit pair breaking from spatial fluctuations in the pairing 

interaction, in a manner very similar to that found with magnetic impurities. They studied 

the effects of a single site with up to three types of defect using the T -matrix 

approximation, and found bound states within the superconducting gap arising from 

either pairing fluctuations or magnetic impurities. They suggested that Zn behaved either 

as a strong pairing fluctuation defect or as a strong magnetic impurity, whereas Ni 

behaved both as a strong magnetic impurity and as a strong pairing defect. 

• Other Superconductor Systems 
A. I. Abou-Aly et al.154 studied the electrical and magnetic properties of 

Hg0.3Tl0.7Ba2Ca3 (Cu1−xMx)4O10+δ, where M= Ni and Ag (x = 0, 0.1, 0.2, 0.3 and 0.5) 

superconductors. They found that with increasing Ni content, the lattice parameter ‘c’ 

decreased while it is increased for Ag-doped samples. The transition temperature Tc 

showed a decrease in its value by increasing both Ni and Ag contents. The depression in 

Tc was attributed to the disorder and pair breaking for Ni doped samples, while for Ag-

doped samples it was attributed to the formation of a non-superconducting phase and the 

defects caused by Ag clusters. The data of activation energy were found to be consistent 

with the variation of Tc with both Ag and Ni contents. The structural, electrical and 

magnetic properties of Hg0.7Cr0.3Sr2 Cu1-x MxO4+δ (M=Co, Ni, Zn) systems were studied 
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by E. Kandyel, and M. A. Sekkina155. They derived following conclusions from their 

investigations: 

i. Both Co and Zn are soluble in the material upto 5% whereas the solubility of the 

Ni extended to 10%. 

ii. The doping of magnetic ions (Co, Ni) has stronger effect on the suppression of Tc 

than with non-magnetic ions (Zn) 

iii. Ni and Co substitution for Cu depress Tc more quickly in Hg-1201 system than Y-

123 system showing that pair breaking effect is stronger in this Hg-based system. 

iv. The Zn substitution suppresses Tc more slowly in Hg-based system than in La-

124 and Y-123 systems. 

E. Kandyela et al.156 also studied the effect of 3d metal ion doping on the structure 

and superconductivity of (Tl0.5Pb0.5)Sr2Ca(Cu2-xMx)O7 (M=Co, Ni and Zn) 

superconductors. The critical temperature Tc decreased linearly with both Co and Ni 

concentrations and the rate of Tc decrease was around -6.5 and -7.0 K/at%, respectively.   

 

 

 
Figure 1. 12: Change in Tc against Ni content in Tl-1212, Y-123 and La-214 superconducting 

systems.156 
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The dependence of Tc on the Zn dopant concentration deviated from a linear behavior and 

the Zn substitution suppressed Tc much less (-2.5 K/at%) than the Co and Ni 

substitutions. Change in Tc against Ni content in Tl-1212, Y-123 and La-214 

superconducting systems is shown in Fig.1.12. The suppression in Tc in Co and Ni doped 

samples were attributed to the magnetic pair-breaking mechanism and the reduction in 

the carrier concentration. The suppression of Tc in Zn doped samples was not caused by 

the reduction in carrier concentration which should remain constant, but rather due to 

non-magnetic pair-breaking mechanism induced by disorder as well as the filling of the 

local Cu dx
2

-y
2 state due to the full d band of Zn ions. 

T.P. Chen et al.157 fabricated Pr Ba2 (Cu1-xMx)3O7 for M = Al, Co, Fe, Ga, Ni and 

Zn, and x = 0.05, 0.10, 0.15, and 0.20 with impurity phases were detected for Ni and Zn 

substituted samples with doping levels equal to and higher than 15%. At 77 K the 

electrical resistivity of these compounds was orders of magnitude higher than that of 

PBCO. They also found that although the lattice parameters in the doped samples differed 

from the undoped one, all samples remained orthorhombic and were very close to those 

of YBa2Cu3O7-δ (YBCO) and PBCO. For this reason, they concluded that these 

compounds were better materials to be used as the I-layer for YBCO SIS junctions. 

Systematic studies on the RBa2Cu3-xMxO7 (R=Sm,  Dy; M=Fe,  Ni,  Zn) system, 

in order to determine the effect of the rare-earth ionic size and magnetic moment on the 

Tc suppression rate, was carried out by P. Sumana Prabhu and U. V. Varadaraju158. XRD 

studies indicate a higher solubility limit of M ions in the SmBa2Cu3-xMxO7 [Sm-123(M)] 

system as compared to the DyBa2Cu3-xMxO7 [Dy-123(M)] system. Resistivity and ac 

susceptibility studies indicated that the Tc suppression rate for a given M ion depended on 

the ionic radius of the rare earth (R) and was higher for larger rare earths. The trend in Tc 

suppression as a function of concentration (x) showed deviation from Abrikosov-Gor'kov 

behavior. A metal-insulator transition was observed at higher dopant concentrations, and 

the semiconducting phases were found to obey the Mott's variable range hopping 

mechanism of conduction. 

A. Knizhnik et al159 investigated the family ‘‘CLBLCO’’ of 1-2-3 

superconductors [(CaxLa1-x)(Bac-xLa2-c+x)(Cu1-zMz)3Oy] for impurity M (Zn, Ni, Co, and 

Ga) substituting for Cu. They found that although the maximal value of the transition 

temperature Tc occurs at different values of the oxygen content y, the average oxidation 



 - 30 -  

state of copper for maximal Tc was found to be approximately constant. They suggested 

that the oxidation state of Ni in this system appeared to be 3. J. Riera et al.160 showed that 

nonmagnetic impurities were more effective in suppressing pairing than magnetic ones in 

agreement with experimental studies of Zn- and Ni-substituted high-Tc superconductors 

by following two-dimensional t-J model. Besides, they determined how the localization 

of holes contributes to the suppression of pairing. 

J. Sugiyama et al.161 studied the effect of Co, Ni and Zn doping in the electron 

doped Nd1.85 Ce0.15 Cu O4 superconductors. They observed that only 0.7% Co or 0.8% Ni 

substitution for Cu destroy superconductivity. Contrary to this, superconductivity 

survived even in the 2% Zn substituted sample (Tc~9K). The relationship between Tc, on 

(determined from SQUID measurements) and Ni content x, for Nd1.85 Ce0.15 Cu O4 

superconductor is shown in Fig.1.13. According to them, pair breaking effect played 

dominated role in suppressing superconductivity in Co-doped and Ni-doped samples. 

They observed that both the Hall coefficient and its temperature coefficient decreased 

monotonically at a temperature higher than 120K with the increasing doping 

concentration in the samples. From the normal-state magnetic susceptibility data, B. 

Jayaram et al.162 found that Fe and Ni possessed local moments of the order of 2.2µB and 

2µB in this system, respectively. The observed moment on Ni was attributed to Ni in a 3+ 

valence state. A magnetic moment of 0.8µB was obtained in Zn-substituted samples. This 

was ascribed to the localized Cu2+ spins. The Tc vs 3d ion concentration (x) curves 

indicated that Ni inhibits the Tc of this system at anomalously higher rate. In an effort to 

understand the correlation between the magnitude of the magnetic moment on the 3d ion 

and its role in the suppression of superconductivity, they performed density-functional 

cluster calculations under local-spin-density approximations. The calculations supported 

the following inferences drawn from the experiments: (i) Ni is in a 3+ state, (ii) the 

moment of 0.8µB observed in Zn-substituted samples is due to localized Cu2+ spins, and 

(iii) Zn induces a moment of almost the same magnitude in both the electron-doped and 

the hole-doped La1.85Sr0.15CuO4 systems. 

Matthias Brinkmann et al163 reported results on single crystals of the Pr2-

xCexCuO4+δ high-Tc superconductors doped with Ni and Co on the Cu position. These 

substitutional atoms very effectively suppressed Tc at a rate of dTc /dy ~20 K/at. %, and 

superconducting correlation length strongly increased with the concentration of Co and 
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Ni. This strong suppression was explained by conventional AG pair-breaking scattering 

theory. They reported that with the increasing doping concentration, the residual 

resistivity increased strongly which indicated that the scattering cross section of the Ni 

and Co ions for the charge carriers in the electron-doped high- Tc superconductors is 

definitely larger than for the charge carriers in the hole-doped superconductors. They 

suggested that the substitution of Ni and Co in Pr2-xCexCuO4+δ caused a local 

rearrangement of the oxygen atoms from planar to octahedral or pyramidal. Disorder in 

the oxygen sub-lattice might increase the residual resistivity in the electron-doped 

superconductors. They also reported the strong shift of the Hall coefficient towards 

positive values with increasing degree of substitution of Ni and Co which indicated a 

different impurity scattering rate for the hole and electron type of charge carriers 

coexisting on the Fermi surface of the electron doped superconductors. 

 
Figure 1. 13: The relationship between Tc, on (determined from SQUID measurements) and Ni 

content x, for Nd1.85 Ce0.15 Cu O4. The solid line represents the calculated dependence of Tc on x using 
Abrikosov-Gor’kov theory.161 

 

In another article, Matthias Brinkmann et al164 presented a self-flux-based growth 

procedure for pure and M-substituted Pr2-xCex(Cul-yMy)O4+ δ (M = Co, Ni) single crystals. 

They found that one optimum temperature Tmax for the growth of crystals with a specific 

Ce concentration exists. With their growth procedure it was possible to partly substitute 

Cu- by Co- and Ni-atoms. The other substitutional elements (M = Fe, Zn, Ga, and Sn) 

they tested, did not enter the (214) structure with a concentration above the resolution 

limit of their wavelength dispersive X-ray (WDX) analysis. They mentioned that Co and 
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Ni were the only metallic substituents which suppressed Tc in polycrystalline electron-

doped high-Tc superconductors rapidly, whereas the suppression of Tc was much smaller 

when incorporated with Zn.  

In summery, for conventional superconductors, it is well known from the 

Abrikosov and Gor’kov18, 19 theory that the direct interaction of the magnetic ions with 

the superconducting electrons breaks the Cooper pairs and suppress the critical 

temperature (Tc). In the new high-temperature superconducting cuprates (HTSC) 

superconductivity is confined within CuO2 planes. To determine whether these materials 

behave similarly with respect to magnetic impurities, numerous studies on the transition–

metal substitution effect in the Cu-sites have been already performed for La-, Y- and Bi-

based superconductor systems.112-154 In the La-214 system, Tc was suppressed at the same 

rate for magnetic and non-magnetic substituents and about 4 atm. % of the substitution in 

the Cu position is sufficient to quench the superconductivity.112-116 In the n-type 

superconductors like Nd-214, the influence is even stronger, and Ni and Co concentration 

below 1 atm. % suppress the superconductivity completely.161 In the Y-123 system, non-

magnetic Zn is especially effective in suppressing Tc than magnetic Ni and Co.123-137 

However, the situation in Y-123 is more complex than in the La-124 system, since two 

different sites, the chain Cu(1) site and the plane Cu(2) site, exist in the unit cell and a 

dopant can substitute at Cu(1) or  Cu(2). The influence of substitution in the plane and 

chain site on the superconductivity is quite different. Substitution in the chain mainly acts 

indirectly via modification of the inter-cell charge transfer and thus the number of holes 

in the CuO2 planes. Dopants in the CuO2 planes suppress directly the superconductivity 

as in the La-214 system. Detailed neutron and X-ray work has been devoted to the site 

preference for the specific substituents at Cu(1) or Cu(2),126-129 and one finds roughly that 

3+ ions mainly substitute in the chains while 2+ ions both  in the chains and planes but 

especially at the low concentration, the site preference is somewhat controversial. The 

most important work of the studies dealing with the substitution of Cu in Bi-2212 by 3d 

elements, are the following: (1) the incorporation of magnetic Fe and Co suppress Tc 

linearly with increasing dopant concentration at a rate of 5K/atm.% (2) For Ni and Zn the 

suppression is much less pronounced.139-153  

To clarify the common features of this substitution effect, it is required to study 

another high temperature superconductor. In the CuTl-system, there is no report of such 
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substitution effects. In present work, we focus on CuTl-1223 system because of the 

following advantages: (1) the high possibility to obtain predominant CuTl-1223 phase 

under ambient conditions. (2) The crystal symmetry is high, preferably tetragonal, which 

enable us to ignore the in-plane anisotropy. (3) Tc is high for three layer compound. (4) 

The difference in nature of charge reservoir layers; Cu0.5Tl0.5Ba2Ca2Cu3O10-δ has a 

Cu0.5Tl0.5Ba2O4-δ while all the previous systems had MBa2O4-δ (M= Y+3, Bi+3, Tl+3). The 

charge reservoir layer of type Cu0.5Tl0.5Ba2O4-δ is more efficient dopant of the carriers to 

conducting CuO2 planes whereas MBa2O4-δ  possibly develops localization of carriers at 

the trivalent M+3 sites and is, therefore, less efficient supplier of the carriers to the 

conducting planes. (5) Promising candidate for device fabrication due to lower 

anisotropy, high Tc and high critical current carrying abilities. 

 The main objective of ferromagnetic Ni substitution in Cu1-xTlxBa2Ca2Cu3O10-δ 

superconductor at Cu sites was to reduce any possible anti-ferromagnetic order existing 

in the inner CuO2 planes (IP); this anti-ferromagnetism is suggested to be suppressing the 

zero resistivity critical temperature [Tc(R=0)]. The question arises whether there is any 

role of anti-ferromagnetic ordered suggested to be present in the IP in reducing the 

Tc(R=0); the inner planes are suggested to attain this anti-ferromagnetic state due to the 

deficiency of carriers. In order to settle these outstanding issues we have doped the CuO2 

planes of Cu1-xTlxBa2Ca2Cu3O10-δ with ferromagnetic Ni which is expected to break the 

anti-ferromagnetism existing in the inner-plane. The lower Tc(R=0) of IP would increase 

if anti-ferromagnetism is broken. 

An enhanced correlation among CuO2/NiO2 planes of Cu0.5Tl0.5Ba2Ca2-

yMyCu1.5Ni1.5O10-δ [M=Mg, Be y=0.5, 1.0, 1.5] superconductors has been developed by 

doping Magnesium (Mg) or Beryllium (Be) ions at the Ca sites. We have also modified 

the density of free carriers in conducting CuO2/NiO2 planes by the substitution of Li in 

the charge reservoir layer and also by the self doping (self doping is induced by post-

annealing). These results may be crucial for understanding the mechanism of high 

temperature superconductivity.        
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CHAPTER 2 

2. Materials and Methodology 

This chapter describes the synthesis method for the bulk samples and also gives a brief 

theoretical background as well as the experimental setup for various characterization 

techniques. 

2.1. Synthesis of Tl-based high Tc superconductive oxides 

Chemical purity of the starting material is still a topical issue for a reproducible 

preparation of cuprate HTS. The use of chemicals with a purity of 99.99% and better is 

mandatory but still not sufficient. During the preparation procedure, the formation of 

even a small amount of liquid has to be carefully avoided since this may corrode the 

substrate or crucible and may thus introduce impurities into the sample. Some of these 

reaction products have turned out to be well suited as materials for corrosion resistant 

crucibles for the preparation of cuprate HTS. The plethora of preparation degrees of 

freedom, the inherent tendency towards in-homogeneities and defects, in combination 

with the very short superconductiny coherence length of the order of the dimensions of 

the crystallographic unit cell did not allow easy progress in the preparation of these 

materials.1 

The ability to synthesize powders of high phase purity is essential to many basic 

studies and practical applications of high Tc superconductors. From the Jc (critical current 

density) point of view, the presence of impurity phases among superconductive grains 

impedes the transport of the electrical current, resulting in a low Jc has been thought to 

increase the flux pinning, the preparation processes in general employ single phase 

superconductive powders as starting material and only subsequently, by following a well 

defined heating procedure, one generate the desired secondary phases in a controlled 

manner. 

One of the problems with the high Tc problem is that it is really hard. 

Experimentally, the materials are very difficult to work with. They are brittle transition 

metal oxides that are highly anisotropic. Making reliable electrical contacts to them can 

be difficult. It has now become clear that high purity single crystals are essential in order 

to obtain reliable, repeatable measurements. Their surfaces are also complicated: when 



 - 45 -  

they cleave, they do so between interstitial layers, and so tunneling experiments are never 

directly into the CuO plane.1 

Like the other high Tc superconductors oxides, the Tl based superconductive oxides have 

most commonly been prepared by the solid state reaction method. Subsequently, methods 

have been developed to avoid the use of off-stoichiometry starting compositions, and 

many successful results have been reported.2-8 Basically these methods synthesize the 

desired superconductive phase either in a single step or through a series of calcinations 

steps with well defined intermediate compounds formed after each calcinations. Until 

now, with proper selection of calcinations conditions, Tl based superconductive powders 

of high phase purity could be synthesized in short calcinations times without resorting to 

complicated wet processes.9 

2.1.1. Difficulties in phase control 

The need for using off-stoichiometric starting compositions emphasized in earlier 

reports can be attributed primarily to two causes: incongruent melting and Tl loss by 

vaporization during high temperature calcinations. Incongruent melting produces a solid 

phase with a stoichiometry different from that of he melt and hence from the overall 

composition. Consequently, the incongruent melting point (IMP) should be the upper 

temperature limit for synthesizing single phase Tl based superconductive oxides from 

stoichiometric starting compositions. Incongruent melting takes place over a wide range 

of Tl-Ba-Ca-Cu compositions, and as a result, slight differences in cation ratios could 

have a profound effect on the distribution of the final products.10 

Loss of Tl during high temperature treatment is due primarily to the formation of Tl2O 

vapor. Below the melting point of Tl2O3 (ca. 712°C) in air, Tl2O vapor is formed directly 

via the decomposition of solid Tl2O3: 

Tl2O3 (s) = Tl2O (g) +O2 (g) 

The vapor pressure of Tl2O is given by 11 

log P = -19.63 (103/T) + 18.60 

where P is the vapor pressure of Tl2O in atm. and T is the temperature in K. Above the 

melting point, part of Tl2O3 decomposes into Tl2O(l) to form a Tl2O3-Tl2O liquid 

mixture12, whose Tl2O content increases with temperature. Tl2O vaporizes at these 

temperatures via 

Tl2O3-Tl2O (l) = Tl2O (g) + xO2 (g) 
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Vapor pressure data for this reaction are not available. However, it is known that 

the liquid boils at about 895°C,13 which is close to the temperature range that was 

adopted in many earlier studies for calcinations, Depletion of Tl changes the overall 

stoichiometry and hence the compositions of the resulted phases. Vaporization of Tl from 

the already formed Tl based superconductive phased takes place at a slower rate than 

from, the free Tl2O3, but still should not be overlooked. 

To reduce the loss of Tl, the synthesis of the Tl based superconductive oxides have 

commonly been carried out in a closed vessel. The sample is either wrapped with a metal, 

mostly gold, foil, or placed inside a sealed quartz tube. In some cases a powder rich a Tl 

is placed next to the sample to serve as a source of supplying Tl2O vapor to fill up the 

sealed vessel. An increase in Tl2O partial pressure pushes reactions (1) and (2) to the left 

and hence helps to reduce Tl loss from the desired sample. A high oxygen pressure as an 

alternative way to reduce Tl loss should be used with caution, since the stability of each 

superconductive phase could change with oxygen pressure. 

2.2. Sample preparation 

The bulk samples of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ, Cu0.5Tl0.5Ba2Ca2-yMyCu1.5 

Ni1.5O10-δ and Cu0.5 Li0.25Tl0.25Ba2Ca2-yMgyCu1.5 Ni1.5O10-δ [M=Mg, Be with y=0, 0.5, 

1.0, 1.5 for all samples] were prepared by solid state reaction method using Ba(NO3)2, 

Ca(NO3)2, Cu(CN), Ni(NO3)2, MgO, BeO, LiCl and Tl2O3. These compounds were 

mixed according to the aforementioned formula unit using a quartz mortar and pestle. 
The process of sample preparation accomplished in two stages. At the first stage 

Cu0.5Ba2Ca2Cu3-yNiyO10-δ, Cu0.5Ba2Ca2-yMyCu1.5Ni1.5O10-δ  and Cu0.5Li0.25Ba2Ca2-yMgy 

Cu1.5Ni1.5O10-δ [M=Mg, Be with y=0, 0.5, 1.0, 1.5  for all samples] precursor materials 

were synthesized using LiCl (99%), Ba(NO3)2 (99%, Merck), Ca(NO3)2 (99%, Merck), 

Cu(CN) (99%, BDH Chemical Ltd. Poole England), MgO (99%, BDH Chemical Ltd. 

Poole England), BeO(99%) and Ni(NO3)2 (99%) as starting compounds.. These 

compounds were mixed in appropriate ratios in an agate mortar and pestle. Thoroughly 

mixed materials were fired in air in a quartz boat at 850oC for 24 hours followed by 

furnace cooling to room temperature. The precursor materials were then ground for 

about an hour and mixed with Tl2O3 (99%, Merck) to give Cu0.5Tl0.5Ba2Ca2Cu3-

yNiyO10-δ, Cu0.5Tl0.5Ba2Ca2-yMyCu1.5Ni1.5O10-δ and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy 
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(Cu1.5Ni1.5)O10-δ  [M=Mg, Be with y=0, 0.5, 1.0, 1.5  for all samples] as a final reactants 

composition. Thallium mixed material was then pelletized under 3.4 tons/cm2 pressures 

and wrapped in a gold capsule. The pellets were then heat treated in a preheated 

chamber furnace at 850oC for10 minutes followed by quenching to room temperature 

after the heat treatment.  

2.3. Post-annealing of the samples 

In oxide superconductors oxygen concentration in the unit cell plays a vital role; 

as it can modify the distribution of the carriers in various bands of compound. The 

electronic distribution ultimately controls the mechanism of superconductivity. Oxygen 

intercalation in the unit cell of oxide superconductor is a temperature window between 

400-650oC. Therefore, we have carried out post-annealing of CuTl-1223 

superconductors at 550oC for such oxygen intercalation. This is done by loading the 

samples into a preheated tubular furnace at 550 oC followed by furnace cooling the 

samples to room temperature after the heat treatment. 

2.4. Characterization 

The samples were characterized by the following techniques 

• X-ray diffraction 

• Scanning Electron Microscopy (SEM) 

• Energy Dispersive X-ray analysis (EDX)  

• Resistivity measurements 

• AC susceptibility measurements 

• Fourier Transform Infrared (FTIR) Spectroscopy 

In this section a brief theoretical background and the description of the experimental 

setup for above mentioned characterizations will be given. 

2.4.1. X- ray Diffraction  
XRD (X-ray diffraction) analysis gives us the information about the crystal 

structure of the material. This technique is used to know whether the intended sample has 

the crystalline structure or not and also to know the cell parameters like of the lattice. The 

most important aspect in materials science is the study of crystal structure of material. 

The crystal structure determination is an important parameter. In the beginning of the 
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field of materials science it was assumed that the solids are made of atoms, which are 

periodically arranged, but there were no experimental evidences of this thought. The 

discovery of x-ray made it possible to probe the material for their structure determination. 

The wavelength of x-rays (0.5Å-2.5Å) is comparable to the spacing between the atomic 

planes in solids. The x-rays, which originate from the K shell transitions, are used for the 

diffraction analysis because these are shorter wavelength as compared to the one coming 

from L or M shell transition. The commonly used target materials in x-ray tubes are Cu 

and Mo. These two target material produce x-rays with wavelengths 1.54Å and 0.8Å 

respectively.14-15 An incident x-ray beam on a material penetrates into it and the intensity 

in the direction of the reflected beam is determined by the periodicity of the atomic 

planes in the crystalline solid. The consideration of such an x-ray beam of wavelength ‘λ’ 

incident to a crystalline material at an angle ‘θ’ and diffracted also at the same angle is 

shown in Fig.2.1. The inter-planer spacing of the material is equal to d. These rays will 

interfere constructively when the path difference between the rays is an integer multiple 

of the wavelength used. The path difference is  

AB + BC = nλ 

AB = dsinθ and BC = dsinθ 

2dsinθ = nλ,  n=1, 2 …..                              (2.1) 

Where n is the order of diffraction. The above diffraction rule was given by W. L. Bragg 

and is known as Bragg’s law. Only the X-rays that satisfied this law will give the 

diffraction pattern.   

 
Figure 2. 1: Diffraction of X-rays from crystal planes. 
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The x-ray diffraction technique is also used to identify whether a material is a 

crystalline or amorphous. In crystalline solid many sharp crystalline peaks are observed 

due to periodic arrangement of atoms, but in the amorphous material there is no periodic 

structure and only one or two broad diffraction bands are observed. Through this 

technique we can also determine the size of the unit cell i.e. lattice parameters, atomic 

position and degree of crystallinity. X-ray diffraction studies of the crystal structure with 

different orientation of the planes take place by adopting one of the following methods. 

i. In the Laue’s Technique a single crystal is held stationary and a beam of radiation is 

incident on it at a fixed angleθ, i.e, θ is fixed while wavelength λ is varied. These 

different wavelengths select the appropriate reflecting planes out of the numerous 

present in the crystal such that the Bragg’s condition is satisfied. 

ii. In rotating crystal method a single crystal is held in the path of the monochromatic 

radiations and is rotating about an axis, λ is fixed while θ is varied. Different sets of 

parallel atomic planes are exposed to incident radiation for different values of θ and 

reflection takes place for those planes for which d and θ satisfied the Bragg’s law. 

iii. In powder method a sample in the powdered form is placed in the path of 

monochromatic x-rays, i.e., λ is fixed while both θ and d vary. Thus a number of 

small crystallites with different orientations are exposed to x-rays. The reflections 

take place for those values of d, θ and λ which satisfied the Bragg’s law. 

Superconducting sample is polycrystalline and the tiny crystals are randomly oriented 

so powder diffraction method is usually employed. A powder pattern is therefore, a 

reasonably complete display of the diffraction effects from a compound. The 

procedure to analyze the powder pattern of an unknown compound consists of 

measuring the diffraction angles, calculating the spacing of the reflecting planes and 

then deducing the dimensions of the unit cell.16  

The schematic diagram of an x-ray diffractometer is shown in Fig. 2.2. 
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Figure 2. 2: The schematic diagram of an x-ray diffraction system. 

 

Once the scattered peaks data is obtain then the data is analyzed for the 

determination of the crystal structure. The process proceeds in stages. The first step is to 

compare the location of the peaks/rings with those produced by the various known crystal 

structures and effort is made to identify the crystal structure. Next step is refinement 

procedure; varying locations of atoms and intensities of the species best fitting data is 

obtained. In our work we used computer software “Check cell” which when provided 

with peak data, identified the crystal structure and also provide lattice parameters. 

2.4.2. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is used for inspecting topographies of specimens at 

very high magnifications using a piece of equipment called the scanning electron 

microscope (SEM). The SEM is a type of electron microscope that images the sample 

surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The 

electrons interact with the atoms that make up the sample producing signals that contain 

information about the sample's surface topography, composition and other properties 

such as electrical conductivity. The types of signals made by an SEM can include 

secondary electrons, back scattered electrons, characteristic x-rays and light (cathodo-

luminescence). These signals come from the beam of electrons striking the surface of the 
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specimen and interacting with the sample at or near its surface. In its primary detection 

mode, secondary electron imaging, the SEM can produce very high-resolution images of 

a sample surface, revealing details about 1 to 5 nm in size. Due to the way these images 

are created, SEM micrographs have a very large depth of focus yielding a characteristic 

three-dimensional appearance useful for understanding the surface structure of a sample. 

This great depth of field and the wide range of magnifications (commonly from about 25 

times to 250,000 times) are available in the most common imaging mode for specimens 

in the SEM, secondary electron imaging, such as the micrograph taken of pollen shown to 

the right. Characteristic x-rays are the second most common imaging mode for an SEM. 

X-rays are emitted when the electron beam removes an inner shell electron from the 

sample, causing a higher energy electron to fill the shell and give off energy. These 

characteristic x-rays are used to identify the elemental composition of the sample. Back-

scattered electrons (BSE) that come from the sample may also be used to form an image. 

BSE images are often used in analytical SEM along with the spectra made from the 

characteristic x-rays as clues to the elemental composition of the sample. SEM opened 

sample chamber is shown in Fig.2.3. 

• Scanning process and image formation 

In a typical SEM, electrons are thermionically emitted from a tungsten filament 

cathode and are accelerated towards an anode. Tungsten is normally used in thermionic 

electron guns because it has the highest melting point and lowest vapour pressure of all 

metals, thereby allowing it to be heated for electron emission. Other electron sources 

include lanthanum hexaboride (LaB6) cathodes, which can be used in a standard tungsten 

filament SEM if the vacuum system is upgraded. Electrons can also be emitted using a 

field emission gun (FEG), which may be of the cold-cathode type or the thermally-

assisted Schottky type. 

The electron beam, which typically has an energy ranging from a few hundred eV 

to 40 keV, is focused by one or two condenser lenses into a beam with a very fine focal 

spot sized 0.4 nm to 5 nm. The beam passes through pairs of scanning coils or pairs of 

deflector plates in the electron column, typically in the final lens, which deflect the beam 

horizontally and vertically so that it scans in a raster fashion over a rectangular area of the 

sample surface. 
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Figure 2. 3: SEM opened sample chamber 

When the primary electron beam interacts with the sample, the electrons lose 

energy by repeated scattering and absorption within a teardrop-shaped volume of the 

specimen known as the interaction volume, which extends from less than 100 nm to 

around 5 µm into the surface. The size of the interaction volume depends on the 

electron's landing energy, the atomic number of the specimen and the specimen's density. 

The energy exchange between the electron beam and the sample results in the reflection 

of high-energy electrons by elastic scattering, emission of secondary electrons by 

inelastic scattering and the emission of electromagnetic radiation which can be detected 

to produce an image, as described below. 

Electronic devices are used to detect and amplify the signals and display them as 

an image on a cathode ray tube in which the raster scanning is synchronised with that of 

the microscope. The image displayed is therefore a distribution map of the intensity of 

the signal being emitted from the scanned area of the specimen. The image may be 

captured by photography from a high resolution cathode ray tube, but in modern 

machines is digitally captured and displayed on a computer monitor. 

• Magnification 

Magnification in a SEM can be controlled over a range of about 5 orders of 

magnitude from x 25 or less to x 250,000 or more. Unlike optical and transmission 

electron microscopes, image magnification in the SEM is not a function of the power of 

the objective lens. SEMs may have condenser and objective lenses, but their function is 
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to focus the beam to a spot, and not to image the specimen. Provided the electron gun can 

generate a beam with sufficiently small diameter, a SEM could in principle work entirely 

without condenser or objective lenses, although it might not be very versatile or achieve 

very high resolution. In a SEM, as in scanning probe microscopy, magnification results 

from the ratio of the dimensions of the raster on the specimen and the raster on the 

display device. Assuming that the display screen has a fixed size, higher magnification 

results from reducing the size of the raster on the specimen, and vice versa. Magnification 

is therefore controlled by the current supplied to the x,y scanning coils, and not by 

objective lens power. 

• Sample preparation 

For conventional imaging, the SEM requires that specimens be conductive for the 

electron beam to scan the surface and that the electrons have a path to ground. All 

samples must also be trimmed to an appropriate size to fit in the specimen chamber and 

generally mounted on some sort of holder. Metals require little special preparation for 

SEM except for mounting on an appropriate specimen holder. Nonconductive solid 

specimens are coated with a layer of conductive material. An ultra thin coating of 

electrically-conducting material such as, gold, gold/palladium alloy, platinum, tungsten 

or graphite is deposited on the sample either by low vacuum sputter coating or by high 

vacuum evaporation. This is done to prevent the accumulation of static electric charge on 

the specimen during electron irradiation. Another reason for coating, even when there is 

more than enough conductivity, is to improve contrast and resolution, a situation most 

common when using a FESEM (field emission SEM) and samples with low atomic 

number. Non-conducting specimens may be imaged uncoated using specialized SEM 

instrumentation such as the "Environmental SEM" (ESEM) or in field emission gun 

(FEG) SEMs operated at low voltage. Environmental SEM instruments place the 

specimen in a relatively high pressure chamber where the working distance is short and 

the electron optical column is differentially pumped to keep the vacuum adequately low 

at the electron gun. The high pressure region around the sample in the ESEM facilitates 

charge neutralization and provides an amplification of the secondary electron signal. Low 

voltage (LV) SEM can be operationally difficult to accomplish and is typically a research 

application for specimens that are sensitive to the process of applying conductive 

coatings. LV-SEM is typically conducted in an FEG-SEM because the FEG is capable of 
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producing high primary electron brightness even at low accelerating potentials. Operating 

conditions must be adjusted such that the local space charge is at or near neutral with 

adequate low voltage secondary electrons being available to neutralize any positively 

charged surface sites. This requires that the primary electron beam's potential and current 

be tuned to the characteristics of the sample specimen. Embedding in a resin with further 

polishing to a mirror-like finish can be used for both biological and materials specimens 

when imaging in backscattered electrons or when doing quantitative X-ray microanalysis. 

2.4.3. Energy Dispersive X-ray (EDX) Analysis  

     EDX Analysis stands for Energy Dispersive X-ray analysis. It is sometimes 

referred to also as EDS or EDAX analysis. It is a technique used for identifying the 

elemental composition of the specimen, or an area of interest thereof.  The EDX analysis 

system works as an integrated feature of a scanning electron microscope (SEM), and can 

not operate on its own without the latter.  

     During EDX Analysis, the specimen is bombarded with an electron beam inside 

the scanning electron microscope. The bombarding electrons collide with the specimen 

atoms' own electrons, knocking some of them off in the process. A position vacated by an 

ejected inner shell electron is eventually occupied by a higher-energy electron from an 

outer shell. To be able to do so, however, the transferring outer electron must give up 

some of its energy by emitting an X-ray. The amount of energy released by the 

transferring electron depends on which shell it is transferring from, as well as which shell 

it is transferring to. Furthermore, the atom of every element releases X-rays with unique 

amounts of energy during the transferring process. Thus, by measuring the amounts of 

energy present in the X-rays being released by a specimen during electron beam 

bombardment, the identity of the atom from which the X-ray was emitted can be 

established. The output of an EDX analysis is an EDX spectrum, Fig.2.4. The EDX 

spectrum is just a plot of how frequently an X-ray is received for each energy level. An 

EDX spectrum normally displays peaks corresponding to the energy levels for which the 

most X-rays had been received. Each of these peaks is unique to an atom, and therefore 

corresponds to a single element. The higher a peak in a spectrum, the more concentrated 

the element is in the specimen. 

       An EDX spectrum plot not only identifies the element corresponding to each of 

its peaks, but the type of X-ray to which it corresponds as well. For example, a peak 
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corresponding to the amount of energy possessed by X-rays emitted by an electron in the 

L-shell going down to the K-shell is identified as a K-Alpha peak. The peak 

corresponding to X-rays emitted by M-shell electrons going to the K-shell is identified as 

a K-Beta peak, Fig. 2.5. 

 
Figure 2. 4: The EDX spectrum of Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ superconductor. 

 

 

 
Figure 2. 5:   Elements in an EDX spectrum are identified based on the energy content of the X-rays 
emitted by their electrons as these electrons transfer from a higher-energy shell to a lower-energy 

one. 
 

2.4.4. Four probe method for resistivity 

Ohmmeter measurements are normally made with just a two-point measurement 

method (one probe on each of the two resistor leads). However, when measuring very 

small resistances, in the milli- or micro-ohm range, the two-point method is not 

satisfactory because test contact resistance becomes a significant factor. The lead 

resistance, due to long lead length, will affect the measurement results. The four-point 

resistance measurement method eliminates lead resistance or contact resistance.17 
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  One of the most striking features about the cuprate superconductors is the 

behavior of the resistivity of the normal state that is found above the transition 

temperature of the optimally doped materials. Before we look at the resistivity of the high 

Tc compounds, it will be instructive to first review the properties of the resistance of 

normal metals. In normal metals, the resistance takes on the form  

ρ = ρres + AT2 + ρph  (2.2) 
ρres is a temperature independent resistivity due to impurity scattering. The T2 term arises 

due to electron-electron scattering. At a temperatures T, the density of final states will 

include scattering off of the empty quasi-particle states found within kT of the Fermi 

surface.18, 19 This leads to the T2 dependence, which we expect to see in systems with 

strong electron-electron scattering. The last term is the phonon contribution. 

 
Figure 2. 6: The phonon contribution to the resistivity in normal metals. µ is the Debye temperature. 

The temperature dependence of the phonon contribution is shown is Fig. 2.620. For 

T < µD, there is a contribution ρph α T5. The strong suppression at low temperatures is due 

to the low thermal occupation of the phonon modes and the fact that at low temperatures, 

phonon scattering is strongly peaked in the forward direction due to the presence of the 

Fermi surface. For temperatures T > µD, the contribution is ρph α T, since the thermal 

occupation of the phonon modes is linear in T at high temperatures. Generally, it is found 

that non linear behavior begins around T œ 0.3 µD, and becomes sub linear. 

The resistance of any substance can be measured by using Ohm’s law. The Ohm 

law states that potential across a conductor is directly proportional to the current flowing 

through the conductor provided the temperature remains the same. So we can measure the 
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resistance of a conductor if we can measure the current through it and potential across it, 

by using  

R = V/I              

Where V is the applied voltage and ‘I’ is the current flowing through the circuit and R is 

the resistance offered by the conductor to the moving electrons that constitute the current.  

Experiments have shown that the resistance of the conductor also depends upon the 

geometry of the conductor along with the temperature. The geometry independent 

measure of resistance is given by resistivity (ρ). If ‘L’ is the length of a certain conductor 

and ‘A’ is the area of cross section of it, then we can write that 

R   α   
A
L  

⇒       R = ρ 
A
L                               

The resistivity of a material depends upon the temperature as discussed earlier. So the 

temperature dependent resistivity in terms of Ohm’s law can be written as 

ρ (T) = 
L
A R                       

ρ (T) =
L
A

I
V                             (2.3) 

The SI unit of the resistivity is Ω -cm. Resistivity of the superconducting materials is 

measured using the four-probe method. This method is used for measurements of 

resistivity in metals, semiconductors and superconductors around the world. Figure 2.7 

shows the experimental arrangement for four-probe method. 

 
Figure 2. 7: Arrangement for resistivity measurements. 
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The wire contacts with samples were made by silver paste on the surface. The 

outer leads were used to supply current and the resulting voltage drop was measured 

across the middle contacts. A home made cryostat is used for cooling the samples down 

to 77 K. The temperature of the samples is measured by copper-constantan thermocouple. 

These measurements were done using high resolution P-2000/E Kiethley multimetres. 

2.4.5. AC susceptibility  

As superconductors have magnetic properties as interesting as their electrical 

properties, so a study of the magnetic properties is a key pre-requisite for 

characterization of any superconductor sample. Apart from other magnetic properties, 

diamagnetic behavior of a superconductor to applied magnetic field is very essential 

test of existence of superconductivity and AC susceptibility study not only provides the 

better measure of Tc (critical temperature) but also other information like magnitude of 

diamagnetism in the sample and weak link behavior of the samples. Therefore, we 

carried out the AC susceptibility studies of our samples.  

In measuring AC magnetic susceptibility one come across complex magnetic 

susceptibility. Actually in a periodically varying magnetic field of frequency ω , 

susceptibility has in general two parts χ′ and χ′′ ; χ′  is the part of χ in phase with 

applied magnetic field H where  as χ ′′  is the part of χ out of phase with H by 900.The 

real part often called diamagnetic susceptibility and is equal to the derivative dM/dH, 

where as the imaginary part is related to the energy or hysteresis losses due to the 

magnetic field cycling.21 We can represent χ′  and χ′′  with the diagram in time domain 

as shown in following Fig.2.8. The real and imaginary parts of ac susceptibility 

( iχ χ′ ′′+ ) represent two complimentary aspects of magnetization and diamagnetic 

transition in polycrystalline (granular) superconductors. 

 
Figure 2. 8: Phase diagram of ac- susceptibility and applied ac field H in time domain. 
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• AC susceptibility measurement setup 
AC susceptibility is generally measure by using inductive coils coupled to lock-in 

amplifier. A schematic diagram of ac susceptibility apparatus is shown in Figure 2.9. 

 
Figure 2. 9: Bridge network for ac-susceptibility measurements. 

The measurements of the ac-susceptibility rely on the change in the mutual 

inductance of a set of two similar but oppositely wound coils. First of all an AC signal of 

1volt and frequency of 270 Hz is given to the primary coil of the susceptometer and the 

signal from the secondary coil is fed to preamplifier. The weak signal is amplified and 

sent to lock-in amplifier. From here signal is displayed with the reference. This display 

on the lock-in amplifier gives the susceptibility measurements, which is plotted against 

the temperature and then these graphs are read to find out the magnitude of the 

susceptibility of sample. Experimentally, the susceptometer operates as a modified bridge 

network; a primary coil produces a small field directly proportional to the derivative of 

the magnetization of the sample, and the resulting induced emf in the secondary (pick-up) 

coil wound around the sample, which is analyzed as mention above. 

2.4.6. Infrared Spectroscopy 

Infrared (IR) spectroscopy is one of the most common spectroscopic techniques 

used by organic and inorganic chemists. Simply, it is the absorption measurement of 

different IR frequencies by a sample positioned in the path of an IR beam.  Infrared 

radiation spans a section of the electromagnetic spectrum having wavenumbers from 
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roughly 13,000 to 10 cm–1, or wavelengths from 0.78 to 1000 µm. It is bound by the red 

end of the visible region at high frequencies and the microwave region at low 

frequencies. IR absorption positions are generally presented as either wave numbers (cm-

1) or wavelengths (λ). Wave number defines the number of waves per unit length. Thus, 

wave numbers are directly proportional to frequency, as well as the energy of the IR 

absorption. The wave number unit (cm–1, reciprocal centimeter) is more commonly used 

in modern IR instruments that are linear in the cm–1 scale. In the contrast, wavelengths 

are inversely proportional to frequencies and their associated energy. At present, the 

recommended unit of wavelength is µm (micrometers). Wave numbers and wavelengths 

can be interconvert using the following equation: 

υ (cm-1) = [1 / λ(in µm)] *104     (2.4) 

IR absorption information is generally presented in the form of a spectrum with 

wavelength or wave number as the x-axis and absorption intensity or percent 

transmittance as the y-axis Transmittance, T, is the ratio of radiant power transmitted by 

the sample (I) to the radiant power incident on the sample (I0). Absorbance (A) is the 

logarithm to the base 10 of the reciprocal of the transmittance (T). 

A = log10(1 ⁄ T) = –log10T = –log10I ⁄ I0     (2.5) 

The transmittance spectra provide better contrast between intensities of strong and 

weak bands because transmittance ranges from 0 to 100% T whereas absorbance ranges 

from infinity to zero. The analyst should be aware that the same sample will give quite 

different profiles for the IR spectrum, which is linear in wave-number, and the IR plot, 

which is linear in wavelength. It will appear as if some IR bands have been contracted or 

expanded. 

• Theory of Infrared Absorption 

At temperatures above absolute zero, all the atoms in molecules are in continuous 

vibration with respect to each other. When the frequency of a specific vibration is equal 

to the frequency of the IR radiation directed on the molecule, the molecule absorbs the 

radiation. Each atom has three degrees of freedom, corresponding to motions along any 

of the three Cartesian coordinate axes (x, y, z). A polyatomic molecule of n atoms has 3n 

total degrees of freedom. However, 3 degrees of freedom are required to describe 

translation, the motion of the entire molecule through space. Additionally, 3 degrees of 
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freedom correspond to rotation of the entire molecule. Therefore, the remaining 3n – 6 

degrees of freedom are true, fundamental vibrations for nonlinear molecules. Linear 

molecules possess 3n–5 fundamental vibrational modes because only 2 degrees of 

freedom are sufficient to describe rotation. Among the 3n–6 or 3n–5 fundamental 

vibrations (also known as normal modes of vibration), those that produce a net change in 

the dipole moment may result in an IR activity and those that give polarizability changes 

may give rise to Raman activity. Naturally, some vibrations can be both IR- and Raman-

active. 

The total number of observed absorption bands is generally different from the 

total number of fundamental vibrations. It is reduced because some modes are not IR 

active and a single frequency can cause more than one mode of motion to occur. 

Conversely, additional bands are generated by the appearance of overtones (integral 

multiples of the fundamental absorption frequencies), combinations of fundamental 

frequencies, differences of fundamental frequencies, coupling interactions of two 

fundamental absorption frequencies, and coupling interactions between fundamental 

vibrations and overtones or combination bands (Fermi resonance). The intensities of 

overtone, combination, and difference bands are less than those of the fundamental 

bands. The combination and blending of all the factors thus create a unique IR spectrum 

for each compound. 

The major types of molecular vibrations are stretching and bending. Infrared 

radiation is absorbed and the associated energy is converted into these types of motions. 

The absorption involves discrete, quantized energy levels. However, the individual 

vibrational motion is usually accompanied by other rotational motions. These 

combinations lead to the absorption bands, not the discrete lines, commonly observed in 

the mid IR region. 

• Spectrometer Components 

There are three basic spectrometer components in an FT system: radiation source, 

interferometer, and detector. A simplified optical layout of a typical FTIR spectrometer is 

illustrated in Fig. 2.10. However, the source is more often water-cooled in FTIR 

instruments to provide better power and stability. 

The most commonly used interferometer is a Michelson interferometer. It consists 

of three active components: a moving mirror, a fixed mirror, and a beam-splitter (Fig. 
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2.10). The two mirrors are perpendicular to each other. The beam-splitter is a semi-

reflecting device and is often made by depositing a thin film of germanium onto a flat 

KBr substrate. Radiation from the broadband IR source is collimated and directed into the 

interferometer, and impinges on the beam-splitter. At the beam-splitter, half the IR beam 

is transmitted to the fixed mirror and the remaining half is reflected to the moving mirror. 

After the divided beams are reflected from the two mirrors, they are recombined at the 

beam-splitter. Due to changes in the relative position of the moving mirror to the fixed 

mirror, an interference pattern is generated. The resulting beam then passes through the 

sample and is eventually focused on the detector. 

For an easier explanation, the detector response for a single-frequency component 

from the IR source is first considered. This simulates an idealized situation where the 

source is monochromatic, such as a laser source. As previously described, differences in 

the optical paths between the two split beams are created by varying the relative position 

of moving mirror to the fixed mirror. If the two arms of the interferometer are of equal 

length, the two split beams travel through the exact same path length. The two beams are 

totally in phase with each other; thus, they interfere constructively and lead to a 

maximum in the detector response. This position of the moving mirror is called the point 

of zero path difference (ZPD). When the moving mirror travels in either direction by the 

distance λ/4, the optical path (beam splitter–mirror–beam splitter) is changed by 2 (λ/4), 

or λ/2. The two beams are 180° out of phase with each other, and thus interfere 

destructively. As the moving mirror travels another λ/4, the optical path difference is now 

2 (λ/2), or λ. The two beams are again in phase with each other and result in another 

constructive interference. 

When the mirror is moved at a constant velocity, the intensity of radiation 

reaching the detector varies in a sinusoidal manner to produce the interferogram output 

shown in Figure 2.9. The interferogram is the record of the interference signal. It is 

actually a time domain spectrum and records the detector response changes versus time 

within the mirror scan. If the sample happens to absorb at this frequency, the amplitude 

of the sinusoidal wave is reduced by an amount proportional to the amount of sample in 

the beam. 
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Figure 2. 10: Simplified optical layout of a typical FTIR spectrometer. 

The interferogram contains information over the entire IR region to which the detector is 

respond- Figure 2.10 Simplified optical layout of a typical FTIR spectrometer. A 

mathematical operation known as Fourier transformation converts the interferogram (a 

time domain spectrum displaying intensity versus time within the mirror scan) to the final 

IR spectrum, which is the familiar frequency domain spectrum showing intensity versus 

frequency. This also explains how the term Fourier transform infrared spectrometry is 

created. The greatest amplitude occurs at the point of zero path difference (ZPD).22  

• Procedure 
A typical operating procedure is described as follows: 

i. A background spectrum is first obtained by collecting an interferogram (raw data), 

followed by processing the data by Fourier transform conversion. This is a response 

curve of the spectrometer and takes account of the combined performance of source, 

interferometer, and detector. The background spectrum also includes the contribution 

from any ambient water (two irregular groups of lines at about 3600 cm–1 and about 

1600 cm–1) and carbon dioxide (doublet at 2360 cm–1 and sharp spike at 667 cm–1) 

present in the optical bench. 

ii. Next, a single-beam sample spectrum is collected. It contains absorption bands from 

the sample and the background (air or solvent). 
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iii. The ratio of the single-beam sample spectrum against the single beam background 

spectrum results in a “double-beam” spectrum of the sample. 

Almost any solid, liquid or gas sample can be analyzed. Many sampling accessories are 

available. Solids 50 to 200 mg are desirable, but 10 µg ground with transparent matrix 

(such as KBr) is the minimum for qualitative determinations. Little or no preparation is 

required; may have to grind solid into KBr. Estimated time to obtain spectrum from a 

routine sample varies from 1 to 10 min depending on the type of instrument and the 

resolution required. Most samples can be prepared for infrared (IR) analysis in 1 to 5 

minutes approximately.22 

To reduce the strong background absorption from water and carbon dioxide in the 

atmosphere, the optical bench is usually purged with an inert gas or with dry, carbon 

dioxide–scrubbed air (from a commercial purge gas generator). Spectrometer alignment, 

which includes optimization of the beam splitter angle, is recommended as part of a 

periodic maintenance or when a sample accessory is changed. 

Copper oxide superconductors exhibit the highest critical temperature found so 

far. Since their discovery in 1986, the microscopic mechanism at the origin of their 

superconductivity is still unexplained.23While it is well established that in conventional 

superconductors the coupling between electrons and phonons (collective vibrations) leads 

to charge carrier pairing, and therefore superconductivity, the role of this coupling in 

copper-oxide superconducting compounds is still the subject of intense research efforts. 

There is a strong coupling between the lattice vibrations and the charge carriers, as the 

conduction in the copper oxide superconductors takes place by charge hopping along the 

Cu-O bond in the CuO2 planes. Within this framework, the optical phonon anomaly is 

expected to be ubiquitous, and therefore should also be observed in electron-doped 

copper oxide superconductors.24 
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CHAPTER 3 

3. Enhancement of Ni Solubility 

 

This chapter describes the possible source of enhanced superconductivity in Ni-doped 

Cu0.5Tl0.5Ba2Ca2Cu1.5Ni1.5O10-δ system in comparison to other high Tc systems. After brief 

introduction of the subject, a detailed discussion on the results of Ni-doping in this 

system is given. To summarize the results, a summary is given at the end of the chapter. 

Among the unresolved issues in high Tc cuprates, the most important is the role of 

anti-ferromagnetism (AF) in the mechanism of superconductivity (SC) in CuO2 planes, 

consisting of SC-AF-SC alternative layered structure.1-2 In the unit cell of Cu1-

xTlxBa2Ca2Cu3O10-δ the two outer-pyramidal CuO2 planes (OP) have five fold oxygen 

coordination and an inner CuO2 (IP) with four fold oxygen coordination.3 Nuclear 

magnetic resonance experiments have shown that OP are over-doped and the IP is under-

doped with carriers.4-6 Outer-pyramidal CuO2 planes have higher carrier density because 

of their presence in the vicinity of Cu1-xTlxBa2O4-δ charge reservoir layer. The other 

possible reason could be the formation of anti-ferromagnetic order in the Cu atoms in the 

inner CuO2 plane, which can lower the energy of the carriers tied to it.1-2 The outer planes 

had a superconductivity around 108 K whereas the inner plane around 60 K. The question 

arises whether there is any role of anti-ferromagnetic order, suggested to be present in the 

IP, in reducing the Tc(R=0); the inner planes are suggested to attain this anti-

ferromagnetic state due to the deficiency of carriers. In order to settle these remarkable 

issues we have doped the CuO2 planes of Cu1-xTlxBa2Ca2Cu3O10-δ system with 

ferromagnetic Ni which is expected to break the AF existing in the inner-plane. The 

lower Tc(R=0) of IP would increase if AF is broken. In the previous studies Ni+2 ion has 

been found to suppress Tc(R=0) in all the families of high temperature superconductors. 

It was suggested in these studies that the localized magnetic moment of Ni+2 promotes the 

pair breaking effects which decreases Tc(R=0).7 In some other studies, the variation of 

density of states near the Fermi level is suggested as one of possible reasons for the 

decrease of Tc(R=0) in the Ni doped compounds.1 Contrary to all the previous studies as 

discussed in chapter one, we have observed marginal suppression of Tc(R=0) by doping 
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Ni at the CuO2 planar sites. These studies have suggested that ferromagnetic Ni changes 

the AF present in the inner CuO2 plane and makes the distribution of carriers 

homogeneous in inner and outer planes and, therefore, the critical temperature is not 

suppressed greatly as observed in the previous studies.  

3.1. Results and Discussion 

In Fig.3.1 are shown the XRD scans of one of the representative 

Cu0.5Tl0.5Ba2Ca2Cu1.5Ni1.5O10-δ  sample prepared at 850oC. Most of the diffraction lines 

could be indexed according to tetragonal structure following P4/mmm space group; the 

Ni substituted impurities (Cu0.5Tl0.5Ba2CaCuNiO10-δ  and Cu0.5Tl0.5Ba2Ca3Cu2Ni2O10-δ) 

are also indicated in the diffraction scans. The length of ‘a-’ and ‘c-’ axes decreases with 

increased Ni doping in Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0.5, 1.0, 1.5). The variation of 

length of axes with Ni concentration is given in the Table 3.1. 

Table 3. 1: Variation of axes length with Ni content 
Ni Concentration a (Å) c (Å) 

0.0 3.82 14.92 

0.5 3.69 14.79 

1.0 3.49 14.59 

1.5 3.36 14.49 

The resistivity measurements of Ni doped Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ 

superconductor sample are shown in Fig.3.2. Metallic variation of resistivity from room 

temperature down to onset of superconductivity is a typical feature of these samples. 

These samples have shown Tc(R=0) around 95.4, 94.4, 89 and 90K for Ni doping 

concentration of y= 0, 0.5, 1.0, 1.5 respectively. It is worth emphasizing that despite the 

lower Tc(R=0) of the pure sample in our case, the systematic suppression of Tc(R=0) with 

Ni content indicates that Ni ions were successfully incorporated in the lattice of the 

present samples. The higher doping concentration of Ni in CuO2 planes (y≥2.0) makes 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ  samples highly resistive and their resistivity by four probe 

method could not be measured. These observations also lead to a conjecture that the 

superconductivity is destroyed if number of Ni atoms per CuO2 plane is more than half 

the number of Cu atoms. 
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Figure 3. 1: X-ray (CuKα) diffraction pattern of Cu0.5Tl0.5Ba2Ca2Cu1.5Ni1.5O10-δ superconductor. 

 

Figure 3. 2: Resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-

δ(y=0,0.5,1.0,1.5) superconductor. 

The ac-magnetic susceptibility as a function of temperature of these samples is 

given in Fig. 3.3. The magnitude of the diamagnetism is decreased with the increased Ni 

concentration in Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ  superconductor; the in-phase component 

of magnetic susceptibility (χ') is decreased. The out-of-phase component of magnetic 
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susceptibility determines the hysteresis resulting out of intra-granular sites. Since most of 

the material at the termination ends of crystals (grain boundaries) is non-superconducting, 

therefore, it demonstrates competing effects in the form of positive signal as oppose to 

negative diamagnetic signal. If these competing effects are relatively strong, then out-of-

phase component saturates to a certain positive signal, otherwise signal turns out to zero 

after giving a peak behavior around critical temperature. The peak behavior observed in 

the out-of-phase component of magnetic susceptibility is an evidence of better intra-

granular connectivity. The magnitude of out-of-phase component of magnetic 

susceptibility (χ'') is increased with increased Ni doping in Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ 

(y= 0, 0.5, 1.0, 1.5). The Ni doping, therefore, seems to reduce the inter-grain 

connectivity and possibly promotes the formation of materials with higher resistivity. The 

effects of carrier concentration on the superconductivity of Ni doped 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ samples are explored by carrying out post-annealing 

experiments in nitrogen (N2) and oxygen (O2) atmospheres. The resistivity versus 

temperature measurements of Ni doped Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 1.5) 

samples annealed in N2 atmosphere are shown in Fig.3.4. The normal state resistivity of 

all the samples is doubled, but its variation with temperature remained metallic down to 

onset of the superconductivity. These samples have shown Tc(R=0) around 95.4, 89.2, 

90.3 and 95.4K, for y= 0, 0.5, 1.0, 1.5 in Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ superconductors, 

respectively. The ac-magnetic susceptibility measurements of N2 annealed samples are 

shown in Fig. 3.5. It can be seen from these curves that superconductivity is suppressed 

after annealing in N2 atmosphere. However, the magnitude of out-of-phase component of 

magnetic susceptibility (χ'') is increased; the χ'' signal is two times of its value observed 

for un-annealed samples. The post-annealing in N2 atmosphere seems to promote the loss 

of oxygen from the inter-grain and intra-grain sites, the former increases the ac-losses 

while the later decreases the magnitude of diamagnetism.  
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Figure 3. 3: Ac-susceptibility versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yNiy O10-δ  
(y=0,0.5,1.0,1.5) superconductor. 

 

Figure 3. 4: Resistivity versus temperature measurements of N2-annealed Cu0.5Tl0.5Ba2Ca2Cu3-y Niy 
O10-δ (y=0, 0.5, 1.0, 1.5) superconductors. 

The resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ 

(y= 0, 0.5, 1.0, 1.5) samples annealed in O2 atmosphere are shown in Fig.3.6. For all the 

samples, the normal state resistivity has decreased and it has become one half of the value 

observed for the un-annealed samples. The variation of resistivity versus temperature is 



 - 71 -  

metallic from room temperature down to onset of the superconductivity with Tc(R=0) 

observed at 95.4, 93.4, 93.4 and 92.3K in Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 

1.5) superconductors. The ac-magnetic susceptibility as a function of temperature of O2 

annealed samples is shown in Fig. 3.7; the magnitude of diamagnetic signal has increased 

after annealing in O2 atmosphere. The out-of-phase component of magnetic susceptibility 

(χ'') has shown a well-defined peak behavior with increased Ni concentration, which is 

reminiscent of better intra-grain connectivity. The peak temperature TP of χ'' is shifted to 

higher temperature values with increased Ni concentration in Cu0.5Tl0.5Ba2Ca2Cu3-

yNiyO10-δ superconductors. The in-phase component of magnetic susceptibility of Ni-

doped samples, compare to undoped samples, have shown an increase in the magnitude 

of diamagnetism after annealing in O2 atmosphere. The post-annealing in O2 atmosphere 

has not only improved the inter-grain coupling, but also has remarkably enhanced the 

magnitude of diamagnetism within the grain. This is most likely accomplished by the 

oxygen diffusion at the inter-grain sites and also within the grain; the former improves 

inter-grain connectivity while the later enhances the carrier concentration in conducting 

CuO2/NiO2 planes. 

The key question arising out of enhanced superconductivity by Ni doping in 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0.5, 1.0, 1.5) is that why such results were not 

achieved by Ni doping in all other high temperature superconductor systems.7-16 The 

answer to this lies in the difference in nature of charge reservoir layers; 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ has a Cu0.5Tl0.5Ba2O4-δ while all the other high-Tc systems 

had MBa2O4-δ (M=Y+3, Bi+3, Tl+3). The charge reservoir layer of type Cu0.5Tl0.5Ba2O4-δ is 

more efficient dopent of the carriers to conducting CuO2 planes whereas MBa2O4-δ  

possibly develops localization of carriers at the trivalent M+3 sites and is, therefore, less 

efficient supplier of the carriers to the conducting planes. The higher density of carriers in 

the conducting CuO2 planes enhances Fermi vector KF = (3π2 N/V) 1/3, the Fermi velocity 

VF = (πξ∆/ħ2) the order parameter ∆= (1.176 KBTc) and hence the Tc(R=0) of the final 

compound. Moreover, the doping of Ni at Cu sites in CuO2 planes has possibly 

suppressed anti-ferromagnetic order if present in the inner CuO2 planes (IP). Due to the 

existence of anti-ferromagnetism (AF), the IP had shown lower critical temperature in 

previous studies. The suppressed AF makes the carrier distribution in the various CuO2 

planes (IP and OP) homogeneous, as result of which the Tc(R=0) is slightly decreased but 
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that is representative Tc(R=0) of inner and outer planes. The higher solubility of Ni in 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 1.5) system is most likely brought about by 

highly reactive Cu(CN) during precursor preparation and finally by Tl2O3 which acts as 

reaction rate accelerator and structure stabilizer. 

 

Figure 3. 5: Ac-susceptibility versus temperature measurements of N2-annealed Cu0.5Tl0.5Ba2Ca2Cu3-y 

Niy O10-δ (y=0,0.5,1.0,1.5) superconductors. 

 

Figure 3. 6: Resistivity versus temperature measurements of O2-annealed Cu0.5Tl0.5Ba2Ca2Cu3-

yNiyO10-δ (y=0,0.5,1.0,1.5) superconductors. 
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Figure 3. 7: Ac-susceptibility versus temperature measurements of O2-annealed Cu0.5Tl0.5Ba2Ca2Cu3-

yNiy O10-δ (y=0,0.5,1.0,1.5) superconductors. 

3.2. Summary 

 We have successfully synthesized Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 

1.5) superconductor at normal pressure by the solid state reaction of Ba(NO3)2, Ca(NO3)2, 

Cu(CN), and Ni(NO3)2. These samples have tetragonal structure and the lengths of ‘a-’ 

and ‘c-’ axes decreases with increased Ni concentration in the unit cell. The Tc(R=0) 

remains above 90K for all Ni doping concentrations in Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 

0, 0.5, 1.0, 1.5). In as-prepared samples, the magnitude of diamagnetism is found to 

decrease with increased Ni doping, which is further suppressed after post-annealing in N2 

atmosphere. However, the magnitude of the diamagnetism is enhanced three times after 

annealing in O2 atmosphere. Moreover, the out-of-phase components of magnetic 

susceptibility are converted to well defined peaks which show that annealing in O2 

atmosphere has improved the inter-grain coupling which is most likely accomplished by 

the oxygen diffusion at the intra-grain sites. The enhanced quantity of diamagnetism is 

possibly arising from the optimization of carrier promoted by oxygen diffusion at Oδ 

sites. The increased magnitude of diamagnetism after O2 annealing also suggested that as-

prepared samples were in the region of carrier over-doping. After the post-annealing in 

O2, the concentration of Oδ [O3] is increased and thallium in Cu1-xTlxBa2O4-δ charge 

reservoir layer changes its oxidation state from Tl+1 to Tl+3 which possibly removes the 
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carriers from CuO2 planes and optimize them to desired level.17-18 Synthesis of Ni doped 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 1.5) superconductors by this method is 

extremely reproducible.   
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CHAPTER 4 

4. Effect of dopants on the superconducting properties 
of Ni-doped superconductors 

 

Among the other ferromagnetic dopants (i.e. Co+2 and Fe+3), nickel (Ni+2) has 

been found to carry lowest magnetic moment. In copper based high temperature 

superconductors (HTSC’s), copper ion (Cu+2) has localized spin and do not have long 

range ordering, however, the assembly of these moments is believed to play an important 

role in the mechanism of high temperature superconductivity. The doping of magnetic 

impurity atoms at the Cu sites creates a disorder in the exotic magnetic state and the 

magnitude of the disorder depends upon the size of magnetic moments contributed by 

doped atoms.1-7 The assembly of spins of Cu+2 atoms might interact with the spins of 

doped ferromagnetic Ni+2 atoms and hence with the carriers. Magnetic impurities (Fe, 

Co, Ni) have shown universal nature of Hall Effect and the carriers follow the relaxation 

rate of the type of spin-on excitation (1/τH), which is related to the presence of magnetic 

impurity.8 The doping of Ni+2 has been carried out in almost all the families of high 

temperature superconductors (HTSC’s).10-15 In NdBa2Cu3-xNixO7-δ system, a single phase 

is formed for low doping concentration 0≤ x ≤ 0.8 and Tc(R=0) is suppressed to 48K till 

this concentration is reached. In YBaCu3-xNixO7-x system, the critical temperature 

invariably decreases with Ni doping in all the studies. In this system, the impurity doping 

are suggested to induce pair breaking effects which are suggested to be the source of 

suppression of Tc(R=0).10-15 The substitution of Ni in Bi-based system9-10 has also been 

found to suppress the Tc(R=0) of the final compound. The possible reasons suggested for 

the suppression of Tc(R=0) as given in these studies include (i) pair breaking effect as in 

conventional Abrikosov (AG theory), owing to the localized magnetic moment of N+2 (ii) 

variation of density of states near the Fermi level is another reason suggested for the 

decrease of Tc(R=0) in the Ni doped samples.1 We have successfully synthesized 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 1.5) superconductor at normal pressure16, 

which has shown no substantial depression of Tc(R=0) with Ni+2 doping contrary to all 

the previous studies.7-15 In order to enhance inter-plane correlation in Cu0.5Tl0.5Ba2Ca2-
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yMyCu1.5Ni1.5O10-δ [M=Mg, Be; y= 0, 0.5, 1.0, 1.5] superconductors we have substituted 

the Mg and Be at the Ca site for a fixed Ni concentration inside the conducting plane; 

these elements in previous studies have been found to decrease the c-axis length.17-19  The 

decrease of c-axis would enhance interaction among NiO2 /CuO2 planes of 

Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5O10-δ (M=Mg, Be) superconductor as well as the 

interactions of spins of Ni+2 atoms with the spins of mobile carriers. If the interactions of 

spins with mobile free carriers are present in our Ni doped 

Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5O10-δ (M=Mg, Be) superconductors then it would enhance 

asymmetric interactions and suppress the superconductivity. Our observations showed 

that such interactions are absent altogether in our samples. The main objective for these 

experiments was to see the effects of any possible scattering induced by the collective 

spins of Ni+2 atoms. In order to modify the concentration of mobile free carriers in the 

conducting CuO2 planes, we have doped Li in the charge reservoir layer. It is expected 

that Lithium doped (Cu0.5Li0.25)Ba2Ca2-yMgy (Cu1.5Ni1.5)O10-δ (y= 0, 0.5, 1.0, 1.5) samples 

with optimum carriers  in the conducting NiO2/CuO2 planes would compensate the 

effects of pair breaking or carrier localization. We have followed the same method in 

synthesizing all these compounds. 

4.1. Results and Discussion 

This section describes the effect of Mg and Be doping at the inter-planer sites as 

well as Li doping at the charge reservoir layer on the structure and superconducting 

properties of Ni-doped superconductors. 

4.1.1. Effect of Mg doping on superconducting properties of 

Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ (y=0.5, 1.0, 1.5) superconductors.  

Fig.4.1 shows the x-ray diffraction scans of Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ 

(y=0.5, 1.0, 1.5) samples prepared at 850oC. Most of the diffraction lines could be 

indexed according tetragonal structure following P4/mmm space group. The relative 

percentage of the derivative phases is calculated as: 

CuTl-1223(%) =  100
)1212()1234()1223(

)1223(
x

CuTlICuTlICuTlI
CuTlI

∑ ∑ ∑
∑

−+−+−

−
  (4.1) 

 



 - 78 -  

CuTl-1234(%) = 100
)1212()1234()1223(

)1234(
x

CuTlICuTlICuTlI
CuTlI

∑ ∑ ∑
∑

−+−+−

−
  (4.2) 

 

CuTl-1212 (%) = 100
)1212()1234()1223(

)1212(
x

CuTlICuTlICuTlI
CuTlI

∑ ∑ ∑
∑

−+−+−

−
  (4.3) 

Where, ‘I’ is the intensity of the phases present.20-21 The percentage of the phases 

calculated using above expressions is given in Table 4.1. The length of ‘a-’ and ‘c-’ axes 

decreases with increased Mg doping at the Ca sites which showed enhanced inter-plane 

coupling. The formula of the final compounds was determined from energy dispersive x-

ray analysis (EDX) and is given in Table 4.2. These compositions are in good agreement 

with the starting compositions.  

The resistivity versus temperature measurements of Mg doped Cu0.5Tl0.5Ba2Ca2-

yMgyCu1.5Ni1.5O10-δ (y= 0, 0.5, 1.0, 1.5) samples are shown in Fig.4.2. The room 

temperature resistivity is decreased by one order of magnitude and its variation with 

temperature is metallic from room temperature down to onset of the superconductivity. 

These samples have shown Tc(R=0) around 90, 96, 97 and 98 K for Mg doping 

concentration of y= 0, 0.5, 1.0, 1.5 respectively.  

The ac-magnetic susceptibility measurements of Mg doped samples are shown in 

Fig. 4.3. The magnitude of the diamagnetism is increased with the doping of Mg in 

Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ (y= 0.5, 1.0, 1.5) samples. However, the magnitude 

of out-of-phase component of magnetic susceptibility (χ'') is increased for higher Mg 

doping concentration (y=1.5),  which shows that magnetic flux penetration does not stop 

when the sample goes into the superconducting state even though superconducting 

fraction has increased considerably. The enhanced inter-plane coupling possibly increases 

the scattering rate of the carriers (holes) in the immediate vicinity of Ni+2 atoms. It is 

most likely arising from the decreased distance between the planes, as a consequence the 

spins of Ni atoms can more efficiently interact with the carriers in the conducting planes. 

One way of confirming this conjecture is to enhance the carrier concentration in the 

conducting planes and see their effects on the superconductivity of final compound.  
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Figure 4. 1: X-ray diffraction pattern of Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ (y=0.5, 1.0, 1.5) 
superconductors. 

We can increase the holes density by self-doping of carriers accomplished by 

annealing the samples in oxygen atmosphere.22-24 With the annealing in oxygen 

atmosphere, the concentration of it in the charge reservoir layer is enhanced and the 

higher electro-negativity of oxygen keeps the electrons more within its neighborhood and 
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promotes a decrease of electron flow towards conducting CuO2 and NiO2 planes. The 

lower concentration of electron in the conducting planes at room temperature becomes a 

source of higher density of holes (nh) in the superconducting state; since the probability 

of electron hole recombination is decreased. 
Table 4. 1: Volume fraction of derivative phases, lattice parameters and critical temperatures of 

Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ (y=0.5, 1.0, 1.5) superconductors. 
Concentrati

on of ions 

% of 

1223 

% of 

1234 

% of 

1212 

Length 

of a-axis 

(Å) 

Length 

of c-axis 

(Å) 

Tc(R=0K)

determine 

from ρ(T) 

Tc(R=0K) 

determine 

from χ(T) 

y=0.5 85 11 4 4.0455 14.8737 96 101 

y=1.0 84 12 4 4.0281 14.8404 97 102.5 

y=1.5 80 15 5 4.0152 14.8108 98 103.5 
 

 

 

 

Figure 4. 2: Resistivity measurements versus temperature of Cu0.5Tl0.5Ba2Ca2-yMgyCu1.5Ni1.5O10-δ 
(y=0, 0.5, 1.0, 1.5) superconductors. 
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Figure 4. 3: Ac-susceptibility measurements versus temperature of Cu0.5Tl0.5Ba2Ca2-

yMgyCu1.5Ni1.5O10-δ (y=0, 0.5, 1.0, 1.5) samples. 

 

 

 

Figure 4. 4: Resistivity measurements versus temperature of O2-annealed Cu0.5Tl0.5Ba2Ca2-

yMgyCu1.5Ni1.5O10-δ (y=0, 0.5, 1.0, 1.5) samples. 
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Figure 4. 5: Ac-susceptibility measurements versus temperature of O2-annealed Cu0.5Tl0.5Ba2Ca2-

yMgyCu1.5Ni1.5O10-δ (y=0, 0.5, 1.0, 1.5) superconductor samples. 
 
 

Table 4. 2: Compositions of samples as calculated from ED-XRF analysis 
 

 

Compoun

ds      

Cu2.3Tl0.5Ba

1.5Ca2.3Ni1.6

Oδ 

Cu1.98Tl0.5Ba1.38

Ca1.5Mg0.65Ni1.3

8Oδ 

Cu2.17Tl0.5Ba1.48

Ca1.07Mg1.27Ni1.

5Oδ 

Cu2.08Tl0.5Ba1.75

Ca0.5Mg1.32Ni1.4

8Oδ 

Ba (wt%) 32.11 33.04 33.60 38.95 

Cu (wt%) 22.76 21.93 22.76 21.51 

Tl (wt%) 15.86 17.75 16.90 16.90 

Ni (wt%) 14.87 14.06 14.57 14.16 

Ca (wt%) 14.41 10.45 7.07 3.26 

Mg (wt%) - 2.78 5.10 5.19 

Fe (wt%) - - - 0.04 
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4.1.2. Comparison of Mg and Be doping in Ni-doped Cu0.5Tl0.5Ba2- 

Ca0.5M1.5Cu1.5Ni1.5 O10-δ (M=Mg, Be) superconductors. 

XRD scans of Cu0.5Tl0.5Ba2Ca2-y BeyCu1.5Ni1.5O10-δ (y= 0.5, 1.0, 1.5) samples 

prepared at 850oC, Fig. 4.6, shows tetragonal structure following P4/mmm space group. 

The dominant phase in these structures is CuTl-1223 with a small inclusion of CuTl-1234 

phase. The relative volume fractions of the CuTl-1223 and CuTl-1234 phases were 

determined from the peak intensities of the same particular reflections, using the 

expressions (4.1) and (4.2). The length of c-axis is substantially decreased with the 

substitution of Be at the Ca site possibly due to the small ionic size of Be compared to 

that of Ca. The variation of lattice parameters ‘a’ and ‘c’, Critical temperature Tc and 

volume fraction of the Be-doped samples with the dopant concentration is given in the 

Table 4.3.  

                  The resistivity measurements of Ni doped Cu0.5Tl0.5Ba2Ca0.5 M1.5Cu1.5Ni1.5O10-

δ (M= Mg, Be) superconductor samples are shown in Fig.4.7. Metallic variation of 

resistivity from room temperature down to onset of superconductivity is a typical feature 

of these samples. These samples have shown Tc(R=0) around 90, 97 and 104 K for un-

doped, Mg-doped and Be-doped samples respectively. These observations  lead to a 

conjecture that the Tc(R=0) attains the higher values as the ionic size reduces 

(Ca=0.99Å>Mg=0.65 Å >Be=0.31 Å) and the CuO2 planes become uniformly doped due 

to improved inter-planer correlation which results in enhanced superconducting 

properties.  
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Figure 4. 6: X-ray diffraction pattern of superconductor samples of Cu0.5Tl0.5Ba2Ca2yBeyCu1.5Ni1.5O10-

δ (y=0.5, 1.0, 1.5) superconductors. ‘x’ shows the diffraction lines for the derivative phase (CuTl-
1234) present in the samples. 

 
Table 4. 3: Critical temperature Tc, lattice parameters a and c, and volume fraction of the samples 

doped by Be (Cu0.5Tl0.5Ba2Ca2-yBeyCu1.5Ni1.5O10-δ (y=0.5, 1.0, 1.5)). 
Be 

   

Concentration 

% of 

1223 

% of 

1234 

a (Å) c (Å) Volume of 

unit cell (Å)3 

Tc(R=0K)

determine 

from ρ(T) 

Tc(R=0K) 

determine 

from χ(T) 

y=0.5 95 5 4.03 14.84 241.089 98 100 

y=1.0 90 10 4.01  14.82 239.003 102 104 

y=1.5 93 7 4.00 14.80  236.916 104 107 
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 The room temperature resistivity of Mg doped samples is ten times smaller 

than Mg free or Be doped samples. It may be due to enhanced intergranular coupling 

because of Mg presence at the termination ends of crystal improves their weak link 

behavior. Moreover, the doping of Ni at Cu sites in CuO2 planes has possibly suppressed 

anti-ferromagnetic order if present in the inner CuO2 planes (IP). The suppressed anti-

ferromagnetism makes the carrier distribution in the various CuO2 planes (inner planes 

and outer planes) homogeneous, as result of which the Tc(R=0) is slightly decreased for 

y=0 but that is representative Tc(R=0) of inner and outer planes. The ac-magnetic 

susceptibility measurements of these samples are shown in Fig. 4.8. The magnitude of the 

diamagnetism is increased substantially with the Mg and Be doping at Ca site in 

Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5O10-δ (M= Mg, Be) superconductor. The out-of-phase 

component of magnetic susceptibility shows well-defined peak, which is an evidence of 

better intergranular connectivity. The magnitude of out-of-phase component of magnetic 

susceptibility (χ'') is increased with Mg doping in Cu0.5Tl0.5Ba2Ca0.5 M1.5Cu1.5Ni1.5O10-δ 

(M= Mg, Be), which shows that magnetic flux penetration does not stop when the sample 

goes into the superconducting state even though superconducting volume fraction has 

increased considerably.  

 The FTIR absorption measurements of Cu0.5Tl0.5Ba2Ca0.5 M1.5Cu1.5Ni1.5O10-δ 

(M= Mg, Be) samples are shown in Fig.4.9. Here we will discuss oxygen related phonon 

modes, which are observed above 300 cm-1.25 In the previous studies on the cuprate 

superconductors the phonon modes of apical oxygen of types Cu(1)-OA –Cu(2) and Tl-OA 

–Cu(2) are observed around 534 cm-1 and 485 cm-1 respectively.26-29 These modes for our 

sample Cu0.5Tl0.5Ba2Ca0.5 M1.5Cu1.5Ni1.5O10-δ (M= Mg, Be) with Mg=Be=0 are observed 

at 535 cm-1 and 487 cm-1 respectively. However, when Mg and Be are substituted at Ca 

sites Cu(1)-OA –Cu(2)  modes are soften to 527 cm-1 and 510 cm-1 respectively, while Tl-

OA –Cu(2) modes are soften to 486 cm-1 and 473 cm-1 respectively. One of the reasons for 

softening of these modes is the higher electronegativities of Be and Mg as compared to 

Ca (1.5>1.2>1.0 paulings). Due to high electronegativities of Mg and Be, the electronic 

cloud of Cu (2) atoms may be shifted towards Mg or Be atoms and as a result the bond 

length of apical oxygen mode is increased, resulting into the softening of these modes. 

The oxygen modes of CuO2 plane is observed at 577 cm-1 for all the samples, but relative 

intensity of this mode decreases as smaller size atom is substituted at inter- planar site. 
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The phonon modes of O3 (Oδ) of the charge reservoir layer is observed at 692 cm-1 for all 

samples of Cu0.5Tl0.5Ba2Ca0.5 M1.5Cu1.5Ni1.5O10-δ (M= Mg, Be) superconductor.    

   

 

 
Figure 4. 7: Resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 O10-δ 

(M=Mg, Be,) superconductors. 
 

 

 
Figure 4. 8: Ac-susceptibility measurements versus temperature of Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 

O10-δ (M=Mg, Be) samples. 
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Figure 4. 9: Infrared absorption spectra of Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 O10-δ (M=Mg, Be) 
superconductors. 

Temperature dependence of the resistivity for the annealed samples is shown in 

Fig. 4.10.  The normal state resistivity of all the samples decreases substantially as 

compared to un-annealed samples but its variation with temperature remained metallic 

down to onset of the superconductivity. These samples have shown Tc(R=0) at 105.27, 

100.053 and 102.056 K, for Mg=Be= 0, Mg=1.5 and Be=1.5, in Cu0.5Tl0.5Ba2Ca0.5 

M1.5Cu1.5Ni1.5O10-δ (M= Mg, Be) superconductor. The ac-magnetic susceptibility 

measurements of these samples are shown in Fig. 4.11. It can be seen from these curves 

that superconductivity is suppressed slightly in samples doped with Mg and Be after post-

annealing in oxygen. The magnitude of the diamagnetism observed from the in-phase 

component of magnetic susceptibility (χ') has increased in Mg and Be free samples. The 

increased magnitude of diamagnetism is most likely arising due to the optimization 

carrier’s density in the conducting CuO2/NiO2planes. The magnitude of out-of-phase 

component of magnetic susceptibility (χ'') in Mg or Be free samples is, however, 
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increased; the χ'' signal is three times of its value observed in un-annealed samples. The 

full width half maximum (FWHM) of the sample with Ca at the planar site is large as 

compared to Mg or Be doped samples indicating that grains are not well connected. The 

superconducting region becomes large in Mg or Be free samples, while it contracts in Mg 

and Be doped samples after post-annealing in oxygen atmosphere. Thus, oxygen 

annealing seems to promote oxygen diffusion at the inter-grain sites and also within the 

grain of the samples. It improves intergrain connectivity at the intergrain sites while 

within the grains its diffusion enhances the carrier concentration in the conducting 

CuO2/NiO2 planes. 

 

 

Figure 4. 10: Resistivity versus temperature measurements of O2-annealed in 
Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 O10-δ (M=Mg, Be) superconductor samples. 
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Figure 4. 11: Ac-susceptibility versus temperature measurements of Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 
O10-δ (M=Mg, Be) superconductor samples annealed in O2. 

FTIR absorption measurements of oxygen post-annealed of 

Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5O10-δ (M= Mg, Be) samples are shown in Fig.4.12. The 

relative intensity of absorption band related to the vibrations of apical oxygen atoms 

around 400-550 cm-1 has substantially decreased for Mg or Be free sample after post-

annealing in O2. The relative intensity of absorption band related to planar oxygen atoms 

around 550-600 cm-1 is enhanced for all the samples. However, the intensity of 

absorption band related to the vibrations of Oδ oxygen atoms is substantially increased 

for these samples. The enhanced relativity intensity of absorption band Oδ [O3] oxygen 

atoms could be viewed in terms of enhanced diffusion of oxygen into Cu0.5Tl0.5Ba2O4-δ 

charge reservoir layer. These FTIR absorption measurements are consistent with the 

resistivity and magnetic susceptibility measurements; in which we have observed the 

enhancement of Tc(R=0) as well as diamagnetism in the Mg or Be free samples. The 

concentration of oxygen in the charge reservoir layer may possibly optimize the carrier’s 

concentration in the conducting CuO2 planes and enhances the superconducting 

properties. 
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Figure 4. 12: Infrared absorption spectra of Oxygen-annealed Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 O10-δ 
(M=Mg, Be) superconductor. 

4.1.3. Comparison of Mg and Mg, Li co-doping in Ni-doped (Cu0.5Tl0.25Li0.25) 

Ba2Ca2-yMgy (Cu1.5Ni1.5) O10-δ (y= 0, 0.5, 1.0, 1.5) Superconductors 

  We have substituted Mg at Ca site in Cu1-xTlxBa2Ca2-y MgyCu1.5Ni1.5O10-δ (y= 0, 

0.5, 1.0, 1.5) superconductors in order to see the effect of enhanced interactions between 

the Ni+2 ions and the mobile carriers in the planes. We have also modified the density of 

free carriers in conducting CuO2/NiO2 planes by the substitution of Li in the charge 

reservoir layer and also by the self doping (self doping is induced by post-annealing). 

Fig.4.13 shows the X-ray diffraction scans of (Cu0.5Li0.25Tl0.25)Ba2Ca2-

yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples prepared at 850oC. Most of the 

diffraction lines could be indexed according tetragonal structure following P4/mmm 

space group. The diffraction scans also witnessed the presence of other phases like 

(Cu0.5Li0.25Tl0.25)Ba2Ca1(Cu1Ni1)O8-δ (CuTl-1212) and  (Cu0.5Li0.25Tl0.25)Ba2Ca3 
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(Cu2Ni2)O12-δ (CuTl-1234). The relative percentage of these derivative phases is 

calculated by using equations 4.1, 4.2 and 4.3 respectively. The percentage of the 

derivative phases is given in Table 4.4.  The length of ‘a-’ and ‘c-’ axes are increased 

with increasing Mg concentration into the unit cell. In the previous studies, Mg doping is 

known to decrease the c-axis length and improves the inter-plane coupling. The increased 

lattice parameters in our (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 

1.5) samples may possibly be arising from the enhanced interactions among Ni  magnetic 

moments in various NiO2 planes. For a comparison, the resistivity measurements of Li 

free (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) and Li-doped 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples are shown in 

Fig.4.14. A metallic variation of resistivity from room temperature down to onset of the 

superconductivity is salient feature of these samples. The Tc(R=0) observed in Li free 

(Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples is around 90, 97, 97 

and 95K, respectively. In Li-doped (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 

0.5, 1.0, 1.5) samples, the Tc(R=0) is observed at 108.4, 106, 101 and 96.5K. 

 Table 4. 4: Volume fraction of derivative phases present in Cu0.5Tl0.25Li0.25 Ba2Ca2-yMgyCu1.5Ni1.5O10-δ 
(y=0, 0.5, 1.0, 1.5) superconductors. 

Concentration of ions % of 1223 % of 1234 % of 1212 

y=0 81 13 6 

y=0.5 82 11 7 

y=1.0 76 13 11 

y=1.5 82 18 0 

 

Lithium free (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples have 

shown onset of diamagnetism at 97, 99.7, 99.8 and 100K whereas the Li doped 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples around 110, 

107, 105, 103K, respectively, Fig.4.15. In comparison with Li free samples, the 

magnitude of diamagnetism is higher in Li-doped samples. 
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Figure 4. 13: X-ray diffraction pattern of (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 
1.5) superconductor samples. 

Fig.4.16 shows resistivity measurements of the samples annealed in oxygen 

atmosphere. All Lithium free and Li-doped samples have shown metallic variations of 

resistivity from room temperature down to onset of superconductivity. Lithium free 

(Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ (y= 0, 0.5, 1.0, 1.5) samples after annealing in 

oxygen atmosphere have shown Tc(R=0) at 92, 96.5, 93.4 and 89.2K, whereas Li -doped 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples at 105, 109.4, 

105 and 104K, respectively (Fig.4.16). The onset of diamagnetism in Li free 

(Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples is observed at 92, 
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99, 104 and 96K while in Li-doped (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 

0.5, 1.0, 1.5) samples at 105.7, 109.5, 105.2, and 104.5K, respectively (Fig.4.17). 

 

Figure 4. 14: Resistivity versus temperature measurements of (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ 
(y= 0,0.5,1.0, 1.5) and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples. 

 

Figure 4. 15: Ac-susceptibility versus temperature measurements of (Cu0.5Tl0.5)Ba2Ca2-yMgy 

(Cu1.5Ni1.5)  O10-δ (y= 0,0.5,1.0, 1.5) and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 
1.5) superconductor samples. 
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Figure 4. 16: Resistivity measurements versus temperature of  O2-annealed (Cu0.5Tl0.5)Ba2Ca2-

yMgy(Cu1.5Ni1.5)O10-δ (y= 0,0.5,1.0, 1.5) and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 
1.0, 1.5) superconductor samples. 

After annealing in oxygen the magnitude of diamagnetism is slightly decreased in Mg 

containing Li free samples and Li-doped samples, but the suppression of diamagnetism is 

more pronounce for Li-doped samples 

 

Figure 4. 17: Ac-susceptibility versus temperature measurements of O2-annealed  (Cu0.5Tl0.5)Ba2Ca2-

yMgy(Cu1.5Ni1.5)O10-δ (y= 0,0.5,1.0, 1.5) and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 
1.0, 1.5) superconductor samples. 
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FTIR absorption measurements of as-prepared Li free (Cu0.5Tl0.5)Ba2Ca2-

yMgy(Cu1.5Ni1.5)O10-δ (y= 0, 0.5, 1.0, 1.5) and Li-doped (Cu0.5Li0.25Tl0.25)Ba2Ca2-

yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) samples are shown in Fig.4.18. The FTIR 

absorption spectrum pertaining to the phonon modes of oxygen atoms in oxide 

superconductors have three main absorption bands i.e absorption related to apical oxygen 

atoms around 400-530 cm-1, due to planar oxygen atoms around 540-600 cm-1 and of Oδ 

[O3] oxygen atoms of (Cu0.5Tl0.5)Ba2O4-δ charge reservoir layer around 660-700 cm-1.25-29 

In both Li free and Li-doped samples, the centre of band related to absorption of apical 

oxygen atoms around 485 cm-1 is shifted to higher wave numbers with increased Mg 

doping. In Li free (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ samples this band is harden 

about 16, 21 and 14 cm-1 for Mg doping of y= 0.5, 1.0 and 1.5, respectively. In Li-doped 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  samples the centre of band observed 

around 464 cm-1 and is harden about 3, 12, 23 cm-1 for Mg doping of y= 0.5, 1.0 and1.5, 

respectively. The planar oxygen mode around 575 cm-1 and of Oδ [O3] oxygen atoms of 

(Cu0.5Tl0.5)Ba2O4-δ charge reservoir layer around 692 cm-1 are not significantly modified 

by Mg and Li doping; the relative intensity of Oδ mode, however, is slightly increased 

with Mg and Li doping. 

 After annealing in oxygen atmosphere for self doping experiments a further shift 

in absorption bands of apical oxygen atoms to higher wave numbers side is observed in 

both Li free and Li doped samples as shown in Fig.4.19. A centre of band related to 

around 494 cm-1 is shifted to higher wave numbers with increased Mg doping. In Li free 

(Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ samples this band is harden to 501, 503 and 530 

cm-1 for Mg doping of y= 0.5, 1.0 and 1.5, respectively. In Li-doped 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  samples the centre of band after post-

annealing in O2 observed around 467cm-1 is harden to 499, 535 and 497 cm-1 for Mg 

doping of y= 0.5, 1.0 and 1.5, respectively. The intensity of planar oxygen mode around 

575 cm-1 and that of Oδ [O3] oxygen atoms of (Cu0.5Tl0.5)Ba2O4-δ charge reservoir layer 

around 692 cm-1 is significantly increased. The hardening of apical oxygen modes in Mg 

doped samples may possibly be due to enhanced interactions of Mg atoms with 

neighbouring atoms in (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ and 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ unit cells; such interactions are expected 
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due to higher electro-negativity of Mg as compare to Ca atoms. These possible stronger 

interactions, due to presence of Mg in the unit cell, are possible sources of enhanced 

Tc(R=0) in Mg-doped samples. 

 

Figure 4. 18: Infrared absorption spectra of (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ (y= 0,0.5,1.0, 1.5) 
and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) superconductor samples. 

 

Figure 4. 19: Infrared absorption spectra of O2-annealed (Cu0.5Tl0.5)Ba2Ca2-yMgy (Cu1.5Ni1.5)O10-δ (y= 
0, 0.5,1.0, 1.5) and (Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) superconductor 

samples. 
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4.2. Summary 

We have successfully prepared predominant single phase Cu0.5Tl1-xNxBa2Ca2-

yMyCu1.5Ni1.5O10-δ [N=Li, M=Mg, Be x=0.25 y= 0, 0.5, 1.0, 1.5] superconductors at 

normal pressure by the solid state reaction of Ba(NO3)2, Ca(NO3)2, Cu(CN), MgO, BeO  

Ni(NO3)2, LiCl and Tl2O3 and achieved superior superconducting properties in these 

compounds.. These samples have tetragonal structure following P4/mmm space group 

and the lattice parameters decreases with increased Be or Mg doping at the Ca sites in 

Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 O10-δ [M=Mg, Be; y=0.5, 1.0, 1.5] showing improved 

inter-planer coupling. On the other hand, lengths of ‘a-’ and ‘c-’ axes are increased with 

increased Mg concentration into the unit cell of (Cu0.5Li0.25Tl0.25)Ba2Ca2-

yMgy(Cu1.5Ni1.5)O10-δ  (y= 0, 0.5, 1.0, 1.5) superconductors which may possibly be arising 

from the enhanced interactions among Ni  magnetic moments in various NiO2 planes. 

Systematic studies on the superconducting properties of Cu0.5Tl1-xNxBa2Ca2-

yMyCu1.5Ni1.5O10-δ [N=Li, M=Mg, Be x=0.25 y= 0, 0.5, 1.0, 1.5] superconductors have 

shown the following:  

(i) With the partial substitution of Ca with Mg and Be, the CuO2 planes become 

uniformly doped due to improved inter-planer coupling which results in enhancement of 

Tc(R=0) and diamagnetism. Superconducting properties are further enhanced with Li 

doping in the charge reservoir layer. 

(ii) The phonon modes related to apical oxygen are softened to lower wave number 

values confirming that inter-plane coupling have improved in 

Cu0.5Tl0.5Ba2Ca0.5M1.5Cu1.5Ni1.5 O10-δ (M=Mg, Be). One of the reasons for softening of 

these modes is the higher electronegativities of Be and Mg as compared to Ca 

(1.5>1.2>1.0 paulings). In the FTIR absorption measurements, hardening of apical 

oxygen modes in Mg doped samples is possibly due to enhanced interactions of Mg 

atoms with neighbouring atoms in (Cu0.5Tl0.5)Ba2Ca2-yMgy(Cu1.5Ni1.5)O10-δ and 

(Cu0.5Li0.25Tl0.25)Ba2Ca2-yMgy(Cu1.5Ni1.5) O10-δ unit cells. 

(iii) The post-annealing in oxygen most likely promotes the formation of uniform 

material by decreasing the population of oxygen defects in the charge reservoir layer 

which results into decreased difference in critical temperatures of various Mg doped 

compositions. 
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These experiments provided unequivocal evidence of any localization of carriers 

at Ni+2 sites and also the Ni+2 spins interactions with the carriers are absent altogether in 

Cu0.5Tl1-xNxBa2Ca2-yMyCu1.5Ni1.5O10-δ [N=Li, M=Mg, Be x=0.25 y= 0, 0.5, 1.0, 1.5] 

superconductors; the interaction charge density and spin wave density is minimum in 

these compounds. These results may be crucial for understanding the mechanism of high 

temperature superconductivity. 
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CHAPTER 5 

5. Fluctuation-induced conductivity 

 

This chapter describes the excess conductivity analysis of Ni-doped superconductors by 

using Aslamazov-Larkin model. A brief theoretical background and a detailed discussion 

on the experimental results are given. Discussion is summarized at the end of the chapter.  

The electronic properties of high-Tc superconductors are usually attributed to their 

layered structure in which electrically conducting CuO2 planes are intercalated by various 

subunits acting as charge reservoirs.1-7The layered structure is also believed to be 

responsible for a large anisotropy of their normal- and superconducting-state properties. 

This large anisotropy promotes fluctuations in the order parameter due to competing 

effects of different coherence lengths (along c-axis and ab-plane) during the transport 

processes. The investigation of the fluctuation-induced conductivity (FIC) is regarded as 

one of the experimentally accessible methods just shedding light on the transport 

properties of high-Tc oxides in the normal state. Just above transition temperature (Tc) but 

outside of the critical region, resistivity ρ(T) is affected by superconducting fluctuations 

resulting in noticeable deviation of ρ(T) down from its linear dependence at higher 

temperatures. Thus there appears a fluctuation-induced conductivity given by 
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 ρ(T) is the actually measured resistivity and ρN(T )=α+βT is the extrapolated normal 

state resistivity. Two forms of fluctuation contributions to ∆σ(T) are usually considered. 

The direct Aslamazov-Larkin (AL) contribution arises from excess current carried by 

fluctuation-created Cooper pairs above Tc.8 The additional, indirect Maki-Thompson 

(MT) contribution reflects the influence of superconducting fluctuations on the 

conductivity of normal electrons.9 In layered structures such as high-Tc superconductors 

the AL term is described by a Lawrence-Doniach (LD) model10 and predicts a crossover 

from three dimensional (3D) electronic state of the system to a two dimensional (2D) one 

with increasing temperature. The AL term dominates close to Tc whereas the MT term 
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turns out to be dependent on phase-relaxation time tϕ and gains importance in 2D 

fluctuation region in the case of moderate pair-breaking.11 Consequently, measurements 

of FIC provide a sufficiently simple method of getting reliable information about ξc(T), 

tϕ, and dimensionality of the electronic system of the superconductor. In view of a very 

short Ginzburg-Landau coherence length ξGL(0) in high-Tc oxides ∆σ(T) should be 

observed at temperatures well above Tc. The crossover phenomena analyzed in terms of 

the LD model have been reported by many research groups but the MT contribution was 

found to be uncertain12–16 thus excluding the possibility to evaluate tϕ. 

A number of studies on the excess conductivities for Y-123 systems have been 

done by using various fitting schemes. For polycrystalline bulk systems, most analyses 

are consistent with the characteristics of 3D thermal fluctuations.17-21 However, for the 

highly c-axis-oriented epitaxial thin films Oh et al.22 reported the 2D-3D crossover. 

According to Pogrebnyakov et al.23 the dominance of 3D fluctuations, or 2D-3D 

crossover depended on the range of temperature. For single crystals, different 

experimental results have been reported.24, 25 On the other hand, Friedmann et al.26 

reported that the Lawrence- Doniach theory gives the best fit to their data showing 2D-

3D crossover at To = 91.1K but Tc
mf   (mean field critical temperature) lies below Tc 

including unreasonably small value of coherence length. 

For Bi-2212 and Bi-2223 samples, most studies have revealed the dominance of 

2D fluctuations.27-31These observations are remarkably different from that of Y-123 

superconductors, in which 2D-3D crossover is often claimed to be present. Balestrino et 

al.27 suggested the presence of 2D fluctuations in Bi based samples. Using the LD model, 

Ravi et al.28 reported the similar result for the 110 K poly-crystal and Vidal et al. for the 

80 K phase poly-crystal. Wnuk et al.31 also observed the 2D fluctuations in both the Pb-

doped 80 K phase and the Pb-doped 110 K phase single crystals. 

We have synthesized Ni doped Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y=0, 0.5, 1.0, 1.5) 

superconductors at normal pressure and achieved superconductivity in these compounds 

over a wide composition range (i.e y=1.5).32 Our experimental results have not only 

shown that superconductivity and ferromagnetism can co-exist but also that the presence 

of anti-ferromagnetic aligned Cu atoms in CuO2 planes is not essential for the mechanism 

of superconductivity; contrary to the theory of anti-ferromagnetism for superconductors. 

The FIC studies to the order parameter of the Ni doped superconductors, therefore, 
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becomes essential for the determination of ultimate mechanism of superconductivity in 

these compounds. 

5.1. Brief theoretical background 

The excess conductivity ∆σ in the lower anisotropy Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ 

(y=0, 0.5, 1.0, 1.5) superconductors have been calculated using AL model involving 

microscopic approach in the mean field region. According to this approach the excess 

conductivity in 2D and three dimensions 3D are given by following relation 
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where ξc(0) and d are the coherence length along the c-axis at 0K and the interlayer 

separation, respectively. ε is the reduced temperature and given by the relation 
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Where Tmf
c is the mean field critical temperature obtained from the point of inflection of 

ρ vs T curve in our case.  

The dimensional exponent λ is found from the slope of the ln(∆σ) versus ln(ε) 

plot. All physical parameters depend on the critical fluctuation dimensionality (D), which 

is expressed as 

                  D=2(2+λ)                         (5.5) 

  It is seen that the 2D to 3D crossover is mainly found above the critical 

temperature at a particular temperature To which is different for different samples. But the 

crossover temperature is not very unique; rather the dimensional crossover takes place 

over a temperature regime. It is reported that there is a temperature regime where the 

superconductor is neither 2D nor 3D and the extent of this regime is controlled by the 

ratio of the Josephson coupling strengths in the biperiodic model.33-34 In some other cases 

the fractal characteristics are reported in the FIC of high-Tc superconductors and recently 
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two band effects have also been considered for modifying the amplitude and crossover 

places in such data analysis. Lawrence and Doniach introduced the concept of interlayer 

coupling in the vicinity of the critical temperature via Josephson coupling J.10 The FIC 

∆σ is expressed as 
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Where ξc(0) and d are the coherence length along the c-axis and the interlayer separation, 

respectively. Above equation reduces to the AL equation with the approximations 

ξc(ε)<<d and ξc(ε)>>d in 2D and 3D regions, respectively. A characteristic temperature 

To is obtained which is called a crossover temperature. Below and above this temperature 

the system has 3D and 2D fluctuations which can be described by the relevant AL 

equations. The expression for crossover temperature according to LD model is: 35-36 
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The FIC analysis is mainly done on the basis of the AL equations.8 These equations are 

formulated for the crystallites, not for the polycrystalline sample. Therefore, these 

equations cannot be directly used to analyze the FIC of the polycrystalline samples. For 

the case of polycrystalline samples such as ours, Ghosh et. al.37 proposed a model to 

analyze the FIC that takes into count the polycrystalline nature of the samples. It is 

modified form of AL-equations which can be applied to the polycrystalline samples. 

According to this model, the equations for 2D and 3D fluctuations are as follows:  
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Where ξp(0) is  effective characteristic coherence length and is given by 
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With the assumption of the high anisotropic nature of the sample and by using the eq(3) 

and eq(4), the crossover temperature is given approximately by 
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We have employed above formulation to interpret the data on FIC of our samples. As our 

samples are low anisotropic, we have used eq.(5.7) for the estimation of crossover 

temperature. 

5.2. Results and Discussions 

The XRD scans of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0) superconductor 

samples, prepared at 850oC, are shown in Fig.5.1. Most of the diffraction lines could be 

indexed according tetragonal structure following P4/mmm space group; the Ni 

substituted nominal derivative phases Cu0.5Tl0.5Ba2CaCuNiO10-δ and 

Cu0.5Tl0.5Ba2Ca3Cu2Ni2O10-δ  are also marked in the diffraction scans. For these samples, 

there is no remarkable structural transformation with increased Ni content. The ‘a’ and 

‘c’ lattice parameters of the samples decrease monotonously with increasing Ni 

concentration presumably due to the lower ionic size of Ni +2 (0.63 Å) as compared to 

Cu+2 (0.65 Å). The variation of lengths of axes with Ni concentration is given in the inset 

of Fig.5.1. The surface micrograph of one of the representative 

Cu0.5Tl0.5Ba2Ca2Cu1.5Ni1.5O10-δ  samples is shown in Fig.5.2. Grains seem to be oriented 

randomly but well connected together showing lower porosity. The average grain size is 

calculated at different spots positions at the surface of the sample and found to lie 

between 2 and 6µm. 

The resistivity measurements of Ni free and Ni doped Cu0.5Tl0.5Ba2Ca2Cu3-

yNiyO10-δ (y= 0, 0.5, 1.0, 1.5) samples are shown in the inset of Figs. (5.2, 5.3, 5.4, 5.5 

and 5.6). The resistivity variations show metallic behavior from room temperature down 

to the onset of superconductivity. In the inset of these Figs., the peak curves show the 

derivatives of the resistivities in the region of transition for all the samples. The transition 
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width ∆Tc, evaluated from the dp/dT plots using the full width at half maximum of the 

peaks, comes out to be lying between 4 and 5 K for all samples, indicating a sharp 

transition. Generally, for the high Tc systems, ∆Tc has been found between 3 and 5 K in 

good quality samples. It is well known that these systems consist of multi-phases and this 

mechanism of growth involves intergrowth of two phases simultaneously.38 Therefore, it 

is difficult to synthesize a material with a sharp transition and small ∆Tc. It is believed 

that the presence of impurities, even in traces, results in broadening of ∆Tc. The position 

of this peak on temperature axis provides Tmf
c (K); T*(K) is the temperature related to 

pseudogap regime where onset of fluctuations in the order parameter of superconductors 

set in; the To (K) is the temperature at which a cross over in the fluctuations to the order 

parameter from 2D to 3D take place. All the samples have shown linear dependence of 

resistivities (ρ(T) =α+βT) with temperature above 157 K. Linear fits to the data at high 

temperatures are shown by the straight lines. The values of α and β are listed in Table 5.1 

and aforementioned temperatures are included in Tables 5.1 and 5.2. The deviations from 

the linear dependence of resistivity start from T*(K) (pseudo gap temperature). 

5.2.1. Fluctuations Induce Conductivities 
The fluctuation-induced conductivity is derived using the expression 5.1. In order 

to compare the experimental data with the theoretical expressions for superconducting 

fluctuating behaviour, we plot ln(∆σ) versus ln(ε) for the Ni free and Ni doped samples 

for 2D and 3D cases of polycrystalline samples, Figs. (5.3, 5.4, 5.5 and 5.6). ∆σ2D and 

∆σ3D have been calculated by using ξc(0)=4Å and ξab(0)=16Å for 

Cu0.5Tl0.5Ba2Ca2Cu3O10-δ samples.39  
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Figure 5. 7 X-ray diffraction pattern of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0) superconductor 
samples. ‘x’ and ‘.’ are the representation of CuTl-1234 and CuTl-1212 phases  respectively. Length 

of ‘a’ and ‘c’ axes versus Ni content is given in the inset. 
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Figure 5. 8 Surface micrograph of the Cu0.5Tl0.5Ba2Ca2Cu1.5Ni1.5O10-δ   sample 
 

Table 5. 1 Normal state and superconducting parameters obtained from ρ(T) measurements. 
Samples    ρn(290K)   Tc(K)   T mf

c (K)  T*(K)    α=ρn(0)   β=dρ/dT   ρn(290K)/ ρn(100K)   ∆Tc(K) 

                  (Ω-cm)                                                (Ω-cm)    (µΩ-cm)/K                                               

y=0          0.052          95.4      100.05      158       0.016            122                      4                   4.5      

y=0.5      0.016         94.4        96.5          160       0.00575         34.8                   2.6                 4.5      

y=1.0      0.071          89          93.4         161        0.0270           152                   2.3                  5.0      

y=1.5       0.111         90          96.5         162        0.0343           227                 3.36                 4.8      

 

We have taken ‘d’, the effective separation between the CuO2 layers, to be equal 

to 9.3 Å for this analysis.40 Like all high temperature superconductors (HTSC’s), all our 

samples have shown 2D character at higher temperatures and 3D behavior at lower 

temperatures (closer to the transition temperature regions). Ni free samples have shown 

2D AL behavior up to 152.5 K whereas the Ni doped samples (y=0.5, 1.0, 1.5) have 

shown 2D AL description at much lower temperatures i.e. 117, 109 & 116K, 

respectively. 
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Table 5. 2 Parameters estimated from ln(∆σ) versus ln(ε) plot 
Samples    λ2D        λ3D        C2D          C3D           To(K)          εo           ξc(Å) 

y=0         0.84        0.45         0.33         0.36             152.5         0.56          4.92 

y=0.5       0.95       0.52         0.31         0.35             117.4         0.22         3.08 

y=1.0       1.25       0.58         0.32         0.37             109            0.16         2.63 

y=1.5       1.14       0.48         0.34        0.36             116.4          0.21         3.01 

 

The shift of 2D AL character to very low temperatures could be looked in terms 

of associated spins of Ni atoms in mixed CuO2/NiO2 planes. In oxide superconductors it 

is widely believed that 3d9 shells of Cu atoms are associated with anti-ferromagnetic 

alignment of spins within the CuO2 planes. This anti-ferromagnetic alignment of spin 

somehow provides 2D fluctuations to the order parameter of the carrier’s up to 152.5 K, 

whereas in the Ni doped samples, the disruption of anti-ferromagnetic alignment of spin 

array within the CuO2/NiO2 planes possibly provides more 2D character, which survives 

to the much lower temperature; close to the transition temperature 3DAL fluctuation 

become dominant. The 2DAL character starts where conductivity deviations from the 

linear behavior begin; this is the temperature where cooper pair formation set in. The 

deviation from the linear behavior in Ni free samples set in around 158 K and in the Ni 

doped samples around 160 K, which shows that cooper pair formation in Ni doped 

samples starts at slightly higher temperatures. The asymmetric or inharmonic scattering 

offered by the spin lattice of doped Ni+2 atoms probably shifts the cooper pair formation 

to slightly higher temperatures. The 3D AL behavior in Ni free samples begins around 

152.5 K and terminates around 102 K, whereas in Ni doped samples this regime set in 

around 109-117 K and terminates around 99 K. The spread of 3D fluctuations in Ni free 

samples is about 50 K while in Ni doped samples are around 18 K, which is three times 

smaller than Ni free samples. It is most likely that the smaller spread of 3D AL regimes 

in the Ni doped samples results in relatively higher critical temperatures in our 

Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0.5, 1.0, 1.5) samples as compare to previous studies 

on Ni doped samples by other groups.26-32 
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5.2.2. Dimensional Exponent 
In the single crystal 2D AL and 3D AL models, the exponent of dimensionality in 

equations 5.2 and 5.3 are 1.0 and 0.5 respectively. In our analysis with the corrections of 

contributions due to the polycrystalline grains, the dimensionality exponents are ranging 

from 0.82 to 1.25 and 0.45 to 0.58 for 2D and 3D respectively.  

 

 

 

 
Figure 5. 9 : ln(∆σ) versus ln(ε)  plot of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y=0) sample. In the inset of 

figure, the resistivity measurement of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0) sample and its derivative 
curve are shown. 

 These deviations are most likely arising due to inter grain contributions to the 

excess conductivity. Our values of dimensional exponents for 2D and 3D are in good 

agreement with the theory. It is worth mentioning that adjustable factors C2D and C3D to 

fit the experimental data to theoretical equations 5.5 and 5.6 are in good agreement, Table 

5.1. The values of these parameters on the average are 0.32 for 2D AL and 0.36 for 3D 

AL models. 
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Figure 5. 10: ln(∆σ) versus ln(ε)  plot of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y=0.5) sample. In the inset of 
figure, the resistivity measurement of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0.5) sample and its derivative 

curve are shown. 
In the previous studies following the same fitting route by Goush et al., the values 

of dimensional exponents λ2D and λ3D are found to widely deviate from the theoretically 

predicted values.38 Their deviations from the theoretically predicted values may be 

arising from the multi-phase nature and poor quality of the samples. The poor quality of 

the samples in aforementioned studies, could be witnessed from the much lower Tc of Bi-

2212 and (Y,Ca)-123 samples than expected (more than 90 K). 

5.2.3. Coherence Length and Cross over Temperature 
At the cross over temperature To, 2D fluctuations are converted into 3D 

fluctuations. It has lower values for Ni dope samples as compare to Ni free samples. At 

the cross over temperature To, we can find out coherence length along c-axis using 

Lawrence-Donaich (LD) model 
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Where ‘d’ is the thickness of superconducting layers. The values of ξc(0) in Ni free and 

Ni doped samples are listed in Table 5.2. The lower values of coherence length  (~3Å ) in 

Ni doped samples may possible due to higher scattering offered to the carriers by the spin 

lattice of the ferromagnetic Ni atoms in CuO2/NiO2 planes, whereas scattering are absent 
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altogether in Ni free samples resulting into their higher coherence length along c-axis. 

(ξc(0) ~5 Å ) In oxide HTSC’s the values of ab-plane coherence length is around 16 Å. 

The dimensionless parameter γ = ξab(0)/ ξc(0) defines the anisotropy of the 

superconductors, which is 3.21 for Ni free samples and it becomes 5.26, 6 and 5.3 for the 

samples with Ni concentration of y = 0.5,1.0 and1.5 respectively. The high anisotropy is 

possibly reminiscence of high scattering cross-section offered by ferromagnetic spin 

lattice of Ni atom lattice in doped samples. 

 
Figure 5. 11: ln(∆σ) versus ln(ε)  plot of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y=1.0) sample. Inset shows the 

resistivity measurement of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 1.0) sample and its derivative curve. 
 

Some of the determined parameters related to the Ni concentration, y=1.0, show 

anomalous trend as mentioned in Tables 5.1 and 5.2. The possible explanation for this 

behavior is that if the anti-ferromagnetism of Cu+2 spins exists in this system, the doping 

of ferromagnetic Ni would break it. The doping concentration of y=0.5 seems to have 

very little effect on the breaking of anti-ferromagnetic order, whereas for y=1.5 doping, 

the anti-ferromagnetism appears to be broken completely. However, for the doping 

concentration of y=1 (when about 33% of Cu atoms are replaced by Ni atoms), a 

competing mechanism among the spins of anti-ferromagnetic lattice of Cu atoms and 

ferromagnetic lattice of Ni atoms is possibly developed which seem to enhance the 

fluctuation process and result into reduction of coherence length in the sample.  These 

possible intrinsic effects promote increase in λ2D and λ3D values in this sample. These 
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effects could also be seen in the form of enhancement of transition width as well as 

normal state resistivity and decrease in the Tc value. 

 

 

Figure 5. 12: ln(∆σ) versus ln(ε)  plot of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y=1.5) sample. In the inset of 
figure, the resistivity measurement of Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 1.5) sample and its derivative 

curve are shown. 

5.3. Summary 

We have studied FIC of Ni doped samples and compared it with the FIC of Ni 

free samples. It is observed that at higher temperature the fluctuations in the order 

parameter of the carriers follow 2D AL behavior, whereas at lower temperature (closer to 

transition) their behavior is 3D AL. The cross-over temperature is relatively high in Ni 

free samples and with Ni doping it is shifted to lower temperature (about 40K). The 

coherence length calculated from the LD model is decreased with Ni doping. The 

decreased coherence length promotes enhancement of anisotropy of the final compound 

with Ni doping. The interactions of spin lattice of doped Ni atoms promote the cross-over 

temperature to lower values and results in a decrease in coherence length of the carriers 

along c-axis. It is also worth mentioning that in Ni free sample, if anti-ferromagnetism 

was present, the doping of the Ni would obliterate it and if its existence was essential to 

the mechanism of superconductivity, it could have destroyed it. To our surprise not only 

the superconductivity exists but also survives to a much higher Ni doping level (i.e. y = 

1.5), which lead us to a conclusion that the existence of anti-ferromagnetism is not 
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essential for the mechanism of superconductivity. It is the concentration of carriers in the 

conducting CuO2/NiO2 plane, which brings about superconductivity; the role of anti-

ferromagnetism is secondary. In our Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ (y= 0, 0.5, 1.0, 1.5) 

samples, the higher doping efficiency of Cu0.5Tl0.5Ba2O4-δ charge reservoir layer supplies 

enough number of carriers to the conducting CuO2 / NiO2  planes, so that we get 

superconductivity above 90K. The FIC investigation of Ni doped samples indicates that 

Ni doping has been found to shift the cross-over temperature to lower values through the 

scattering of the carriers by remnant spins of Ni atoms, which reduces the coherence 

length of the carriers along c-axis. Breaking down of anti-ferromagnetic order within the 

CuO2 planes does not kill the superconductivity; the role of anti-ferromagnetism is 

secondary. 
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CHAPTER 6 

6. Cobalt and iron doped superconductors 

 

This chapter deals with the effect of Fe- and Co-doping at the copper (Cu) sites on the 

structural and superconducting properties of Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M=Fe and 

Co) superconductors.  

The effect of impurity substitutions on the superconducting properties of high Tc 

superconductors (HTSC’s) may provide clues to understanding some of the unusual 

normal state and superconducting properties of these materials.1-6 By far the most 

extensive research performed to date, has been for the 3d transition-metals doped at the 

copper sites. It was established that in high-Tc oxides of ceramic materials critical 

temperature [Tc(R=0)] was suppressed with the doping of ferromagnetic impurities, such 

as Co, Ni and Fe.7-20 The reasons of suppression of Tc(R=0) suggested in these studies 

could be out-lined into three major categorises. 

1. The ferromagnetic spins associated with magnetic impurities interact with the 

carriers in conducting CuO2 planes and pin their electronic wave function near the 

doped sites. 

2.  The doping of magnetic impurity ( such as Fe, Co or Ni) at CuO2 planar sites 

somehow breaks the anti-ferromagnetic order in the conducting planes which in 

turn suppress the Tc(R=0) of final compound. 

3. The Fe- or Co-doping in the conducting CuO2 planes localized the carriers at Fe +3 

or Co+3 sites and decrease the density of mobile free carriers.  

Among all three suggested scenarios first two widely believed to be the root causes of 

depression of Tc(R=0). However, from our experiments with Fe- and Co-doped 

Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M=Fe and Co) superconductors we have found the third 

one is a major source of suppression of critical temperature. Our experiments have 

suggested that it is due to the (+3) oxidation state of doped ferromagnetic impurity (Fe+3 

and Co+3 in present studies), which develops a localization of available free carriers in 

CuO2 planes at their sites.17 These studies have also suggested that if we replenish the 

free carriers density localized at ferromagnetic Fe+3 or Co+3 sites by some other means, 
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the superconductivity could be restored in that compound. These studies have also shown 

that the superconductivity and ferromagnetism can co-exist. 

6.1. Synthesis of Cu0.5Tl0.5Ba2Ca2 Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 

0.05, 0.075) and Cu0.5 Tl0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 0.05, 

0.1, 0.5) superconductor samples. 

The samples were synthesized by solid-state reaction method accomplished in the 

two stages. At the first stage Cu0.5Ba2Ca2 Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 0.05, 0.075) and 

Cu0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 0.05, 0.1, 0.5) precursor materials were synthesized 

using Fe2O3 (99%, Redeil-deHean), Co(NO3)3 (99%, Merck), Ba(NO3)2 (99%, Merck), 

Ca(NO3)2 (99%, Merck), Cu(CN) (99%, BDH Chemicals Ltd. Poole England), as starting 

compounds. These compounds were mixed in appropriate ratios in a quartz mortar and 

pestle. Thoroughly mixed materials were fired in air in a quartz boat at 860oC for 24 

hours followed by furnace cooling to room temperature. The precursor material was then 

ground for about an hour and mixed with Tl2O3 (99%, Merck), to give 

Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 0.05, 0.075) and Cu0.5Tl0.5Ba2Ca2Cu3-

yCoyO10-δ (y= 0, 0.05, 0.1, 0.5) as a final reactants composition. Thallium mixed material 

was then pelletized under 3.4 tons/cm2 pressures and wrapped into a gold capsule. Pellet 

containing gold capsule was heat treated at 860oC for 10 minutes followed by quenching 

to room temperature after the heat treatment. The resistivity of the samples was measured 

by four probe method. Ac-susceptibility measurements were performed by using SR530 

lock-in Amplifier at a frequency of 270 Hz with HAC = 5.7mOe of primary coil at various 

temperatures. All ac-susceptibility measurements were carried out in temperature range 

77.5 K up to 115 K. The rectangular bar shaped samples of dimensions 2 mm × 10 mm 

were used for resistivity and ac susceptibility measurements. The variation of oxygen 

content in the Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 0.05, 0.075) samples was 

determined by thermo-gravimetric analysis with a thermo-gravimetric analyzer. The 

structure of material was determined by using x-ray diffraction scan (D/Max IIIC Rigaku) 

with a CuKα source of wavelength 1.54056Å and cell parameters by using a check cell 

computer program. The annealing of the samples was carried out in a tubular furnace in 

flowing O2 atmosphere at 550oC for five hours. 
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6.2. Results and Discussion 

Fig. 6.1 depicts the XRD patterns of the Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 

0.02, 0.03, 0.05, 0.075) superconductors at room temperature. Indexing of the diffraction 

lines clearly indicates that the structure of our samples is tetragonal and belongs to 

P4/mmm space group; the Fe substituted impurities Cu0.5Tl0.5Ba2CaCuFeO10-δ  and 

Cu0.5Tl0.5Ba2Ca3Cu2Fe2O10-δ  are also marked in the diffraction scans. For these samples, 

there is no remarkable structural transition with increased Fe content. The lattice 

parameter ‘c’ of the samples decreases monotonously with increasing Fe concentration 

presumably due to the lower ionic size of Fe +3 as compared to that of Cu+2. It strongly 

implies that Fe solid solubility exceeds 7 atomic per cent for CuTl-1223 superconducting 

phase. The measured values of the lattice parameters for all the samples are given in 

Table 6.1. As seen from the table, the low temperature phases such as CuTl-1212 and 

CuTl-1234 increase with the increasing Fe content confirming the lower Tc values of 

samples with high Fe content. The actual Fe content in the main CuTl-1223 phase and the 

other derivative phases (i.e. CuTl-1212, CuTl-1234) is given in Table 6.2. In Fig.6.2 are 

shown the XRD scans of one of the representative Cu0.5Tl0.5Ba2Ca2Cu2.95Co0.05O10-δ 

samples prepared at 850oC. The inclusions of derivative phases such as 

Cu0.5Tl0.5Ba2Ca3Cu4-yCoyO12-δ and Cu0.5Tl0.5Ba2Ca1Cu2-yCoyO8-δ can also be seen in the 

diffraction scans. The dominant phase in all these samples is CuTl-1223 while the other 

phases, that are in minute quantity, are due to the impurities arising in the preparation of 

the samples.15 By the substitution of Co at Cu sites there is a transformation of crystal 

structure from tetragonal to orthorhombic.17 This happens dominantly at molar 

concentration of Co (y=0.5). Crystal structure of our samples remained tetragonal even at 

y=0.5, as miller indices (001) lies within the standard range of 2θ (5.5-6) degree, but 

some additional phases are obtained because Co rich compound reduces CuTl-1223 and 

enhances the percentage of other phases like CuTl-1234 and CuTl-1212.15 

The resistivity measurements of Fe doped Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 

0.02, 0.03, 0.05, 0.075) and Co doped Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 0.05, 0.1, 0.5) 

superconductor samples are shown in Fig.6.3 and Fig.6.4 respectively. Metallic variation 

of resistivity from room temperature down to onset of superconductivity is a typical 

feature of these samples. 
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Figure 6. 14: XRD pattern of superconductor samples of Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 0.02, 

0.03, 0.05, 0.075) superconductors. 
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Figure 6. 15: XRD scans of Cu0.5Tl0.5Ba2Ca2Cu2.95Co0.05O10-δ  superconductor. 

 

Table 6.1: The values of lattice parameters a and c, Volume fraction and Critical temperature (Tc) 

for as-prepared and annealed Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ system 

Samples   a(Å)    c(Å)      % of              % of            % of           Tc(R=0)K    Tc(R=0)K of 
                                    CuTl-1223   CuTl-1212  CuTl-1234                      annealed samples  
                                                                                                                    
Y=0        4.175   14.980      87              05                08                113              116 
Y=0.02   4.175   14.971      84              06                10                 104              99 
Y=0.03   4.174   14.970      83              08                09                  93               104 
Y=0.05   4.175   14.969      81              09                10                  92               111 
Y=0.075 4.175   14.968      79             10                 11                  90               102 
 

Table 6.2: Nominal and actual Fe content in CuTl-1223, CuTl-1212 and CuTl-1234 Phases of 
Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ system. 

 
Nominal Fe Content   Actual Fe content in    Actual Fe content in   Actual Fe Content in 
                                     CuTl-1223 Phase          CuTl-1212 Phase       CuTl-1234 Phase 
Y=0.02                         0.0168                                0.0012                   0.0020 
Y=0.03                         0.0249                               0.0024                   0.0027 
Y=0.05                         0.0405                               0.0045                   0.0050 
Y=0.075                       0.05925                             0.0075                   0.00825 
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The Fe-doped samples have shown Tc(R=0) around 113, 104, 93, 92 and 90 K for 

Fe doping concentration of y= 0, 0.02, 0.03, 0.05, 0.075 respectively whereas the Tc(R=0) 

is observed around 113, 104, 84 and 80 K for Co doping concentration of y= 0, 0.05, 0.1, 

0.5 respectively. The increased concentration of Fe (y ≥ 0.075) and Co (y ≥ 0.5) shift the 

transition temperature below 77 K. In Fe-doped samples, the normal state resistivity has 

decreased up to y=0.05 and increased slightly for y=0.075 but still remain three times 

lower than the value observed in the undoped sample. . Significant difference in the 

normal state resistivity of Fe-doped CuTl-1223 samples up to certain doping level 

(y=0.05 in Fe-doped samples) in comparison to other copper oxide systems is arising 

from the larger difference in the thickness of charge reservoir layer; double thallium layer 

compound had thicker Tl2Ba2O5-δ charge reservoir layer. Moreover the Cu0.5Tl0.5Ba2O4-δ 

charge reservoir layer in our Fe-doped samples is more conducting due to the presence of 

Cu in charge reservoir layer and hence supplying more carriers to the conducting CuO2 

planes compared to the totally insulating Tl2Ba2O5-δ charge reservoir layers. In Bi-2223, 

Bi-2212, Tl-2223 and Tl2212 compounds the charge reservoir layer contains trivalent 

insulating elements (Tl+3, Bi+3). These elements may localize the carriers at their sites and 

suppress their flow to the conducting CuO2 planes which result in high normal state 

resistivity. The resistivity measurements suggest that Fe and Co substituting for Cu 

appears to have a much stronger effect on superconductivity. When Fe content increases 

from 0 to 0.075, Tc(R=0) drops from 113.4 to 90 K. The Tc(R=0) decreased gradually 

with Fe content at an average rate of 3K/atomic per cent which is significantly different 

from the corresponding Tl-1223 system.21 It is worth emphasizing that despite the lower 

Tc(R=0) of the pure sample in our case, the systematic suppression of Tc(R=0) with Fe 

and Co content indicates that Fe and Co ions were successfully incorporated in the lattice 

of the present samples as observed in Yttrium-based and Bismuth-based systems.22-23 The 

decrease in Tc(R=0) of the doped system can be explained in three possible ways. First, 

the Fe+3 and Co+3 substitution at Cu+2 site decreases the number of mobile free carriers, 

due to hole filling. Second, the decrease in Tc(R=0) can be due to the disorder created by 

the Fe or Co ions in the unit cell of the pristine system. The extent of disorder increases 

with the ionic size mismatch between the host ion and the impurity. The ionic size 

mismatch of host Cu+2 with the impurity (Fe+3, Co+3) ion can be another important cause 

for the decrease in Tc(R=0) with the above substitution. Finally, the magnetic moments of 



 - 122 -  

Fe+3 and Co+3 can be the third reason for Tc(R=0) depression. Magnetic Fe and Co 

dopants in CuO2 planes can deteriorate the superconductivity by breaking the Copper 

pairs on CuO2 through the short range exchange scattering. The Fe- or Co-doping can 

change the two-dimension anti-ferromagnetic super-exchange that also has its bearing on 

superconductivity.24 

 
Figure 6. 16: Resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 

0.02, 0.03, 0.05, 0.075) superconductor samples. 

 

Figure 6. 17: Resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 
0.05, 0.1, 0.5) superconductor samples. 

 The ac-magnetic susceptibility measurements of Fe- and Co-doped samples are 

shown in Fig.6.5 and Fig.6.6 respectively. The magnitude of diamagnetism is decreased 



 - 123 -  

with the increased Fe or Co concentration in Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M= Fe, Co) 

superconductors. The superconductor volume fraction is given by in phase component of 

magnetic ac-susceptibility χ/ and hysteresis losses due to inter-grain weak links by out-

of-phase component of magnetic ac-susceptibility χ//. The onset of diamagnetism in Fe 

free sample is observed around 113 K with peak temperature (Tp) associated with inter-

grain losses around 106 K. The magnitude of diamagnetism is decreased and the peak in 

out-of-phase component (χ//) is shifted to lower temperatures with the increasing Fe 

content in the samples. The peak is completely vanished for y = 0.05 (saturated to 

positive value of χ//), which means the hysteresis losses remain constant even below 

Tc(R=0) of the material. The magnitude of diamagnetism for y = 0.075 becomes one tenth 

of its value observed for y=0. The peak behavior observed in the out-of-phase component 

of magnetic susceptibility is an evidence of better inter-granular connectivity. The Fe 

doping, therefore, seems to reduce the inter-grain connectivity, which may possibly due 

to enhanced interaction of ferromagnetic spins of Fe+3 with the mobile free carriers in 

conducting CuO2 planes, resulting in enhanced scattering processes as the Fe 

concentration increases in the samples. The ac-magnetic susceptibility curves of Co-

doped samples show that the onset of diamagnetism is around 122, 98 K for y=0, 0.05 

and less than 77 Κ for y=0.1, 0.5. The magnitude of the diamagnetism observed from 

magnetic susceptibility measurements ‘χ/(T)’is decreased with the increased 

concentration of Co in Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ samples. This effect may appear 

due to the pair breaking, caused by the substitution of ferromagnetic impurities. 
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Figure 6. 18: Ac-susceptibility versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 
0, 0.02, 0.03, 0.05, 0.075) superconductor samples. 

The effects of carrier concentration on the superconductivity of 

Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M=Fe and Co) samples are explored by carrying out 

annealing experiments in oxygen atmosphere. Since oxygen has second higher electro-

negativity in periodic table (3.5 Paulings) and acts as a source of doping of carriers in 

conducting CuO2 planes. The higher and lower population of oxygen atoms has different 

effects on the density of carriers supplied to CuO2 planes. 
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Figure 6. 19: Ac-susceptibility versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ 
(y= 0, 0.05) superconductor samples. 

The former decreases while the later increases the density of electrons in the conducting 

planes. The higher density of electrons in the conducting planes at room temperature 

decreases the concentration of holes in the superconducting state through increased 

electron hole recombination processes.  The optimum carriers doping could be controlled 

by adjusting the annealing time in these annealing atmospheres.25-27 The resistivity versus 

temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 0.05, 

0.075) samples annealed in oxygen atmosphere are shown in Fig.6.7. In all Fe doped 

samples except for y=0.05, the normal state resistivity has decreased after annealing. The 

variation of resistivity versus temperature is metallic from room temperature down to 

onset of the superconductivity with Tc(R=0) observed at 116, 99, 104, 111 and 102 K in 

Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 0.05, 0.075) superconductors 

respectively. The resistivity measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 0.05, 

0. 1, 0.5) samples annealed in O2 atmosphere have shown Tc(R=0) around 116, 97, 95 

and 79K respectively, Fig.6.8. 
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Figure 6. 20: Resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 
0.02, 0.03, 0.05, 0.075) superconductor samples annealed in O2. 

 

Figure 6. 21: Resistivity versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 
0.05, 0.1) superconductor samples annealed in O2. 

The ac-magnetic susceptibility measurements of O2-annealed Fe-doped samples 

are shown in Fig.6.9; the magnitude of diamagnetic signal has increased after annealing 

in oxygen atmosphere. The out-of-phase component of magnetic susceptibility (χ'') has 

shown a well-defined peak behavior with increased Fe concentration even for y=0.05 and 

y=0.075(peak behavior is absent for as-prepared samples), which is reminiscent of better 

intra-grain connectivity. The peak temperature TP of χ'' is shifted to higher temperature 

values in comparison to as-prepared samples with increased Fe concentration in 
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Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ superconductors. The in-phase component of magnetic 

susceptibility has shown an increase in the magnitude of diamagnetism after annealing in 

oxygen atmosphere; y=0.075 sample has susceptibility value eight times higher than its 

value observed for as-prepared sample. The post-annealing in oxygen atmosphere has not 

only improved the inter-grain coupling, but also has remarkably enhanced the magnitude 

of diamagnetism within the grain. This is most likely accomplished by the oxygen 

diffusion at the inter-grain sites and also within the grain. The onset of diamagnetism for 

Co-doped Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ (y= 0, 0.05, 0. 1, 0.5) samples is observed 

around 125, 97, 95 and below 77 K in the samples with y= 0, 0.05, 0.1, 0.5 respectively, 

Fig 6.10. This shows that Co-doped samples shows diamagnetic behavior above 77 K 

even for the concentration y=0.1 which was not observed in un-annealed samples. Thus 

O2 annealing seems to improve cobalt solubility in the compound. 

In order to study the rearrangement of oxygen induced by Fe-doping in 

Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 0, 0.02, 0.03, 0.05, 0.075) superconductors, especially 

to search the relation between the excess oxygen content and Fe-doping, the difference of 

oxygen content is measured by thermo-gravimetric analysis for the samples y=0 and 

y=0.05 . It is worthy to notice that both samples are prepared under identical synthesis 

conditions. In order to prevent a strong volatilization of Tl content at higher temperature, 

both samples were heated under nitrogen atmosphere up to 600oC at a rate of 10 oC/min 

and the measurements were taken during the heating process. As shown in Fig.6.11, there 

is a distinct weight loss for Fe free and Fe doped samples. The weight loss of Fe-free 

sample is only 0.41%, whereas Fe doped sample is 2.48 %. The sample with Fe content 

loses its weight significantly and continuously as the temperature increases from 200 oC 

to 600 oC. Fe atoms with their +3 oxidation state need more oxygen to get their valence 

satisfied, therefore, more loss in weight is observed in Fe containing samples. It can be 

explained that the extra oxygen is activated and released in the heating process. A 

difference in weight loss most likely originates due to presence of excess oxygen in Fe 

doped samples. 
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Figure 6. 22: Ac-susceptibility versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yFeyO10-δ (y= 
0, 0.02, 0.03, 0.05, 0.075) superconductor samples annealed in O2. 
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Figure 6. 23: Ac-susceptibility versus temperature measurements of Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ 
(y= 0, 0.05, 0.1) superconductor samples annealed in O2. 

 

 

Figure 6. 24: Weight loss percentage versus temperature calculated from TGA traces for Fe-doped 
(y=0.05) and Fe free(y=0) samples. Inset: Weight loss percentage as a function of time. 

In fact, the reasons resulting in weight change of CuTl-system compounds are 

rather complicated. The volatilization of Tl and other absorbents to the surface of the 

samples give rise to a weight loss but that weight loss is observed above 600 oC. We are 

only interested in the difference of weight loss between two samples. Since the difference 

in weight loss for two samples is 2 %, which is most likely arising from the presence of 

excess oxygen in the Fe doped sample. Here, the effect of Fe doping on the excess 
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oxygen is very similar to that was observed in Co-doped YBa2Cu3 O7+δ superconductors 

and Fe doped Tl-1223 superconductors.21, 28 

At the out set we mentioned three possible sources of suppression of Tc(R=0) with 

Fe or Co doping. Among these three the localization of carriers, at Fe+3 or Co+3 sites in 

CuO2 planes, seems to be the most promising one. In order to put this root cause to a test, 

we have deliberately doped Li at the Cu0.5Tl0.5Ba2O4-δ charge reservoir layer sites of Co-

doped Cu0.5Tl0.5Ba2Ca2Cu3-yCoyO10-δ superconductor to have (Cu0.5Tl0.25Li0.25)Ba2O4-δ 

charge reservoir layer. This is done to replenish the localized density of carriers in the 

conducting planes.18-20 Lithium is chosen for this purpose due to its lowest ionization 

potential and smaller size. Alkali metals are known to loose their outer most electrons 

very easily, which could be delivered to the conducting CuO2 planes. The x-ray 

diffraction scan (XRD) of Li doped (Cu0.5Tl0.25Li0.25)Ba2Ca2Cu2.5Co0.5O10-δ 

superconductor sample is shown in Fig.6.12. The Li free (Cu0.5Tl0.5)Ba2Ca2Cu2.5Co0.5O10-

δ sample has shown Tc(R=0) below 80 K in resistivity measurements, and has shown no 

sign of diamagnetic signal up to 77 K. The absence of diamagnetism in 

(Cu0.5Tl0.5)Ba2Ca2Cu2.5Co0.5O10-δ sample is most likely arising from the localization of 

carriers at Co+3 sites. We have replenished this density of mobile charge carriers by 

doping Li at the charge reservoir layer sites by synthesizing 

(Cu0.5Tl0.25Li0.25)Ba2Ca2Cu2.5Co0.5O10-δ superconductor. The samples has shown Tc(R=0) 

around 94 K (Fig.6.13) and sizable quantity of diamagnetism. The Tc(R=0) remains the 

same around 94 K by post-annealing in N2 atmosphere, but decreases to 91K after 

annealing in O2 atmosphere. The magnitude of diamagnetism becomes 1.8 times of as-

prepared sample after annealing in nitrogen atmosphere. It becomes 2.1 times of as-

prepared sample after annealing in oxygen atmosphere as shown in the inset of Fig.6.13. 

These experiments have given irrefutable evidence that the Co+3 ions develop localization 

of the carriers at their sites in the CuO2 planes and suppress the density of mobile 

carriers. The decreased density of free carriers in the conducting planes decrease the 

Fermi velocity VF = (πξc∆/ħ2), coherence length ξc= (ħ2KF/m2∆) and hence their order-

parameter ∆= (1.176KBTc).  
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Figure 6. 25: X-ray diffraction scan of Cu0.5Tl0.25Li0.25Ba2Ca2Cu3-yCoyO10-δ (y= 0.5) superconductor. 

 

Figure 6. 26: Resistivity measurements of as-prepared, N2- and O2- annealed Cu0.5Tl0.25Li0.25Ba2Ca2 -

Cu3-yCoyO10-δ (y= 0.5) superconductor with ac-susceptibility measurements in the inset. 

If we carefully look into the magnetic susceptibility measurements, then an 

evidence of anti-ferromagnetic ordering of the magnetic moments could also be seen 

around 88 K. Initially, we have a diamagnetic transition around 94 K, which develops a 

tendency of para-magnetism around 88K. After the peak behaviour around 85 K, the 

diamagnetic contributions of magnetic susceptibility dominate this paramagnetic part. In 

the samples annealed in oxygen atmosphere this peak vanishes altogether. These 

observations also provide evidence in the favour of existence of anti-ferromagnetism in 

the inner CuO2 planes, which was suggested in cuprate superconductors to be arising due 

to the deficiency of the carriers. The disappearance of this peak after annealing in oxygen 
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atmosphere is due to availability of optimum number of carriers to the inner CuO2 planes. 

The increased oxygen density in (Cu0.5Tl0.25Li0.25)Ba2O4-δ stops the flow of electrons to 

the conducting planes. The lower density of electrons at room temperature would 

enhance the holes density in the superconducting state; since the electron hole 

recombination processes are reduced. 

6.3. Summary 

  We have successfully synthesized Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M= Fe, Co) 

superconductors at normal pressure by the solid state reaction of Ba(NO3)2, Ca(NO3)2, 

Cu(CN), Fe2O3 and Co(NO3)3. Resistivity and magnetic ac-susceptibility measurements 

show that the dopants occupying Cu sites not only directly destroy the integrity of CuO2 

planes, but also induce the excess oxygen into the lattice to localize carriers heavily. This 

effect of Fe- or Co-doping on carriers gives rise to the carrier density linearly decreases 

with increased doping concentration. The thermo-gravimetric analysis shows that the 

Fe+3 ions substituting for Cu+2 ions can bring the additional oxygen into the lattice to 

form some extra oxygen defects which have localization effects on mobile free carriers. 

However, the magnitude of the diamagnetism is enhanced three times after annealing in 

oxygen atmosphere for Fe-doped samples. It shows that oxygen gets attached with Fe 

atoms and density of mobile carriers is restored after annealing in O2 atmosphere. 

Moreover, the out-of-phase component of magnetic susceptibility after post-annealing in 

oxygen is converted to well defined peaks which show that annealing in oxygen has 

improved the inter-grain coupling in Fe-doped samples which is most likely 

accomplished by the oxygen diffusion at the inter-grain sites. The enhanced magnitude of 

diamagnetism is possibly arising from the optimization of carrier promoted by oxygen 

diffusion at Oδ sites in the charge reservoir layer. In the normal state this possible 

diffusion of oxygen at the Cu0.5Tl0.5Ba2O4-δ charge reservoir stops the flow of mobile 

electrons to the conducting CuO2 planes and bring the electron concentration localized at 

the Fe+3 sites to the optimum level. Lower concentration of free electrons in CuO2 planes 

helps in enhancement of hole concentration in the superconducting state (since holes are 

majority carriers in the superconducting state). Li doping at the charge reservoir layer in 

(Cu0.5Tl0.25Li0.25)Ba2Ca2Cu2.5Co0.5O10-δ superconductors has been found to enhance the 

superconducting properties of the final compound. Doping of Li followed by annealing in 
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nitrogen (N2) and oxygen (O2) atmospheres (which lead to higher superconductivity 

parameters) have provided definite evidence that the magnetic impurity of Co+3 has 

developed localization of the carriers at their sites in the CuO2 planes and suppress the 

density of mobile carriers. The suppression of carrier density in the inner CuO2 planes is 

most likely promotes the formation of anti-ferromagnetic phase. It can be seen in the 

form of peak behavior in magnetic susceptibility measurements. The formation of anti-

ferromagnetic phase is more pronounced with post-annealing in N2 and vanishes 

altogether by post-annealing in O2 atmospheres. 
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Conclusions  

Doping of magnetic ions at the copper sites in high-Tc superconductors serves as a 

useful diagnostic probe to investigate the role of different copper sites for the occurrence 

of superconductivity in these superconductors. Doping of Fe, Co and Ni atoms at the 

copper sites possess certain compatible and favorable features with respect to their ionic 

sizes and a similar orbital structure to that of copper atoms. We have studied the doping 

effects of Ni, Co and Fe in Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M = Ni, Co and Fe) 

superconductors. The following conclusions can be drawn from our investigations: 

I. X-ray diffraction scans of Cu0.5Tl0.5Ba2Ca2Cu3-yMyO10-δ (M = Ni, Co and Fe) 

samples show tetragonal structure following P4/mmm space group. The dominant 

phase in these structures is CuTl-1223 with a small inclusion of CuTl-1212 and CuTl-

1234 phases. For these samples, there is no remarkable structural transformation 

(such as tetragonal to orthorhombic) with increased dopant concentration is observed. 

The system remains tetragonal for the highest critical doping level yc, above which 

the system is not superconducting. The critical doping levels yc achieved for the 

dopants are yc=1.5 for M=Ni, yc=0.5 for M=Co and yc=0.075 for M=Fe. The highest 

critical doping levels observed for our system, particularly for Ni-doped system, can 

be explained in possible two ways. Firstly, the high critical doping levels may be due 

to the difference in nature of charge reservoir layers; Cu0.5Tl0.5Ba2Ca2Cu3-yNiyO10-δ 

has a Cu0.5Tl0.5Ba2O4-δ while all the previous systems had MBa2O4-δ (M= Y+3, La+3, 

Bi+3, Tl+3). The charge reservoir layer of type Cu0.5Tl0.5Ba2O4-δ is more efficient 

dopent of the carriers to conducting CuO2 planes whereas MBa2O4-δ  possibly 

develops localization of carriers at the trivalent M+3 sites and is, therefore, less 

efficient supplier of the carriers to the conducting planes. The higher density of 

carriers in the conducting CuO2 planes enhances critical temperatures and hence 

results in enhancement of dopant solubility in the final compound. Secondly, it is 

observed that the size of the moments bears strong correlation with the critical doping 

level yc. The Fe-doped system, having a largest localized moment of the order of 5µB, 

acquires a lowest yc. On the other hand, the Ni-doped system with a smallest moment 

has a highest yc. Such a correlation represents an observation of interplay between a 
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dopant moment and the suppression of high Tc superconductivity. It strongly suggests 

a magnetic pair-breaking mechanism. 

II. Tc suppression rate is high for Fe- or Co-doped system as compared to Ni-doped 

system. It is believed that such a large suppression of Tc in Fe- or Co-doped system 

may originate from oxygen disorder, breaking of Cooper pairs by magnetic impurities 

(having large magnetic moments) and decrease of carrier concentration in the CuO2 

planes. Fe- or Co-doping causes a decrease in carrier concentration through charge 

transfer which is a consequence of introducing disorder into the CuO2 planes. On the 

other hand, Ni+2 has the same valence state as Cu+2, Ni substitution for Cu is not 

expected to effect the carrier concentration. The marginal suppression of Tc in Ni-

doped system is may be caused by pair breaking effects due to scattering by magnetic 

impurities. 

III.With the partial substitution of Ca with Mg and Be in Ni-doped samples, the CuO2 

planes become uniformly doped due to improved inter-planer coupling which results 

in the enhancement of Tc(R=0) as well as the magnitude of diamagnetism. 

Superconducting properties of these samples are further enhanced with Li doping at 

the charge reservoir layer. FTIR absorption measurements show that the phonon 

modes related to apical oxygen are softened to lower wave number values for Mg- or 

Be-doped samples confirming that inter-plane coupling have improved in these 

samples. One of the reasons for softening of these modes is the higher 

electronegativities of Be and Mg as compared to that of Ca (1.5>1.2>1.0 paulings).  

IV. From the FIC studies of Ni doped samples it is observed that at higher temperature 

the fluctuations in the order parameter of the carriers follow 2D AL behavior, 

whereas at lower temperature (closer to transition) their behavior is 3D AL. The 

cross-over temperature is relatively high in Ni free samples and with Ni doping it is 

shifted to lower temperature (about 40K). The coherence length calculated from the 

LD model is decreased with Ni doping. The decreased coherence length promotes 

enhancement of anisotropy of the final compound with Ni doping. The interactions of 

spin lattice of doped Ni atoms promote the cross-over temperature to lower values 

and results in a decrease in coherence length of the carriers along c-axis. Breaking 

down of anti-ferromagnetic order within the CuO2 planes does not kill the 

superconductivity; superconductivity and ferromagnetism can co-exist. 
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V. The effects of carrier concentration on the superconductivity of Cu0.5Tl0.5Ba2Ca2Cu3-

yMyO10-δ (M = Ni, Co and Fe) samples are explored by carrying out post-annealing 

experiments in nitrogen (N2) and oxygen (O2) atmospheres. Superconductivity is 

suppressed after post-annealing in nitrogen atmosphere. The normal state resistivity 

of N2-annealed Ni-doped samples is doubled, but its variation with temperature 

remained metallic down to onset of the superconductivity. The post-annealing in 

nitrogen atmosphere seems to promote the loss of oxygen from the inter-grain and 

intra-grain sites, the former increases the ac-losses while the later decreases the 

magnitude of diamagnetism. On the other hand, the normal state resistivity has 

decreased after post-annealing in oxygen atmosphere; resistivity has become one half 

of the value observed in the un-annealed Ni-doped samples. The post-annealing in 

oxygen has not only improved the inter-grain coupling, but also has remarkably 

enhanced the magnitude of diamagnetism within the grain. This is most likely 

accomplished by the oxygen diffusion at the inter-grain sites as well as within the 

grain. The diffusion of oxygen into the samples during annealing process depends 

upon the surface of the sample and also on the initial oxygen content possess by the 

sample during its synthesis. If the surface of the sample is not smooth, the proper 

diffusion of oxygen into the sample surface could not take place which affects the 

superconducting properties (such as critical temperature, diamagnetism etc.) of the 

sample. If sample is already over-doped or optimum doped, oxygen annealing 

adversely affect its superconducting properties. Therefore, our experience shows that 

change in superconducting properties after oxygen annealing is not systematic one.  

 

 

 

 


