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Abstract 
Different series of polycrystalline superconductor, Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ 

(x = 0, 1, 2 and 3), (Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75 and 1.0) and 

(Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 and 0.9) have been synthesized by 

solid-state reaction method. The structure and physical properties were investigated by 

powder X-ray diffraction (XRD), resistivity, ac-susceptibility and Fourier transform 

infrared absorption spectroscopy (FTIR). X-ray diffraction scans of polycrystalline 

samples of Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 0, 1, 2 and 3) samples show tetragonal 

structure following P4/mmm space group. The dominant phase in x = 0 sample is CuTl-

1234 while the remaining all Mg doped samples show the projected CuTl-1245 phase 

with a small inclusion of impurity phases. It suggests that the presence of Mg plays a 

very vital role in synthesis of five planar CuTl-1245 compounds. With the partial 

substitution of Ca with Mg in the 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. Further superconducting properties of the samples 

have been enhanced by carrying out annealing experiments in nitrogen air and oxygen 

atmospheres. The enhanced superconductivity in different annealing environments have 

been attributed to the optimization of carrier density in the OPs and the IPs. Oxygen 

annealed samples show the best superconductivity among all, which have been attributed 

to the optimization of carrier concentration in the CuO2 planes and improved weak link 

behavior due to the intercalation of the oxygen in the unit cell and at the intra-grain and 

inter-grain sites. Superconductivity in the Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14- superconductor 

has been optimized by varying both time and temperature during the air annealing 

experiments by attaining Tc ~ 132 K. In (Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75 

and 1.0) samples, synthesized at 860oC, y = 0 and 0.5 show the CuTl-1223 tetragonal 

phase but y = 0.75 and 1.0 develop CuTl-1234 as the dominant phase. It indicates that the 

substitution of Ge lowers the synthesis temperature and for single phase sample, 

temperature less than 860oC seems more plausible. Four planar Ge doped 

(Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 0.9) superconductors were prepared at 

870oC rather than 880oC and investigated for their superconducting properties. X-ray 
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diffraction scans of the samples confirm the CuTl-1234 phase. Increased Ge substitution 

at the Cu planar sites has been found to suppress the superconducting properties of the 

samples. Possible causes include the impurity scattering and the carrier depletion due the 

replacement of Cu2+ ions with Ge4+ ions. The superconductivity has been restored by 

carrier doping through annealing processes. FTIR analysis has also been conducted and 

the role Ge in the variations of different phonon modes has been discussed. Also the 

effect of oxygen annealing on these phonon modes have been observed and analyzed. 

The fluctuation induced conductivity of Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1, 2) and 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) superconductor samples has been done. FIC 

data of the as-prepared Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1) sample does not fit with 

2D, 3D AL equations, but for x = 2 and the oxygen annealed samples seem to fit well 

with 2DAL, 3D AL equations with two distinct cross over temperatures. In the samples 

the interlayer coupling strength J is found to increase with increased Mg content and 

oxygen post annealing. Higher concentration of Mg seems to lower the anisotropy along 

the c-axis and thus improves the inter-planer coupling. It results in 2D to 3D cross over of 

the conductivity and enhancement of the interlayer coupling strength J. The 2D to 3D 

cross over and higher J values in post annealed samples can be attributed to the change in 

the carrier concentration in the CuO2 planes, and improved weak link behavior, brought 

about by the intercalation of the oxygen in the charge reservoir layer. The excess-

conductivity data of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M = Si, Sn and Ge) samples also shows 

two cross over temperatures and three distinct exponents. Si and Sn doped samples with 

almost same critical temperature have not shown much diversity in different parameters 

such as room temperature resistivity, transition width,   (N 0 K) etc. Similarly not much 

difference is seen in the dimensionality exponents and the corresponding temperature 

ranges. The Ge doped sample with lower critical temperature has shown different FIC 

parameters with large transition width. Ge doped sample has shown higher 3D character; 

in this sample 2D fluctuations are found in very small temperature range. Here a possible 

link between the confinement of the 2D fluctuations to a narrow temperature window and 

the lower critical temperature of the Ge doped sample can be conjectured but not 

claimed. 
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CHAPTER 1 

Background and literature review 

 

1. 1.   Superconductivity (Historical perspective) 

Superconductors form a class of fascinating materials that offer no resistance to 

the flow of electric current. With room temperature superconductivity still being a dream, 

no satisfactory explanation of this mysterious phenomenon has yet been found. Theories 

that tried to shed light on the superconductor behavior have been constantly under 

review. Almost a century ago, in 1911 superconductivity was first observed in mercury 

by Dutch physicist Heike Kamerlingh Onnes [1]. During an experiment on cooling the 

mercury down to liquid helium temperature, 4.2 K, he observed that surprisingly its 

electrical resistance became zero. The next great landmark in understanding how a 

superconductor behaves in an externally applied magnetic field was achieved in 1933. 

Walter Meissner and Robert Ochsenfeld discovered that a superconducting material 

expels the magnetic field by generating a strong diamagnetism. This well known 

phenomenon is referred to as the "Meissner effect” [2]. Two basic properties of 

superconductor material, vanishing of dc resistivity and Meissner effect are shown in Fig. 

1.1. 

.  

Fig. 1.1: (a) Vanishing of electrical resistivity [1] (b) Meissner effect 
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 In following decades, theorists strived to find a microscopic theory for 

superconductivity. Major breakthroughs came with the London theory [3] in 1935 and the 

Ginzburg-Landau theory [4] in 1950.  1957 was the year, when, the first widely-accepted 

theoretical understanding of superconductivity of type one type superconductors was put 

forward by American physicists John Bardeen, Leon Cooper, and John Schrieffer [5]. 

Their remarkable work “Theories of Superconductivity” became known as the BCS 

theory. The BCS theory proved quite successful in explaining the superconductivity at 

temperatures close to absolute zero for elements and simple alloys. But real challenge for 

BCS theory came with the advent of high temperature superconductors where it failed to 

provide the adequate explanation of the mechanism of superconductivity. 

In 1962, another important Nobel Prize winning advancement was made in the 

field of superconductivity by Brian D. Josephson [6]. He made the prediction that 

electrical current would flow through a non superconductor or insulator sandwiched 

between two superconducting materials. This tunneling phenomenon is today recognized 

as the Josephson Effect and has been applied to many practical applications. Later for 

many years no major advancement was seen on both theoretical and experimental fronts. 

Experimentalists struggled to enhance the critical temperature but only at snail’s pace.     

Major revolution in the field of superconductivity came in 1986, when Bednorz 

and Muller, researchers at the IBM Research Laboratory in Switzerland, created a brittle 

ceramic compound LaBaCuO. This material showed the highest critical temperature of 

that time (30 K) [7]. Amazing aspect of this discovery was that a ceramic material usually 

considered as bad conductor had shown the prospect of superconductivity. This discovery 

lead to new class of superconducting ceramic materials termed as High Temperature 

Superconductors (HTSCS). 

 1.2.     High Temperature Superconductors 

After the discovery of the superconductivity one of the primary objectives of 

superconductivity research has been to raise the transition temperature. The elements like 

Sn, Pb, Nb, etc have shown superconductivity below 20 K [8] and despite much efforts, 

for decades, the highest Tc’s remained around 18 and 23 K for  Nb3Sn and Nb3Ge 

respectively. The field lost much interest but it was the remarkable scientific discovery of 
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La based superconductors by Bednorz and Muller which revived the interest of the 

scientists in the field of superconductivity. Researchers around the world started making 

ceramic superconductors of every imaginable combination to realize the dream for higher 

and higher Tc's. The following year came with the discovery of YBa2Cu3O7−δ with 

critical temperature of 90 K [9]. Soon many related superconducting materials were 

found. A history of the increase in record Tc is shown in Fig. 1.2. 

 
Fig.1. 2: Evolution of Tc with time [10] 
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Since the common component in all these new high temperature superconductors 

is a CuO2 plane, these materials are referred to as the cuprates. The CuO2 plane is an 

essential part of a high temperature superconductor, where each Cu ion is four fold 

coordinated with oxygen ions, separated by insulating spacer layer. It is believed that 

superconductivity begins in these planes when the carrier density is so modified that it 

lies in the particular specified range.  Unit cell of a high Tc superconductor with 3 CuO2 

planes is shown in the Fig. 1.3 below.  

 

 

 

 

 

 

 

 

 

 

 

Fig.1.3:  General structure of a cuprate HTSC showing CuO2 planes. 

 

The superconducting block is formed by the stacks of n CuO2 (n = 1, 2, 3…) 

planes separated by Ca atoms and the charge reservoir blocks. The central part of the 

charge reservoir block (EO/(AOx)m/EO with  m = 1, 2) is constituted by the monolayer of 

arbitrary oxides AOx; {(A = Cu, Tl, Bi, Hg) [10], Au [11], Ca [12], (Pb, B, Al, Ga) [13]}, 

Which is confined between two identical  monolayers of alkaline earth oxide EO; (E = 

Ba, Sr).  

The high-temperature superconducting cuprates are doped Mott insulators [14-

17]. They have strong electronic interaction among the carriers. In the ground state the 

un-doped perovskite oxide exists as an antiferromagnetic Mott insulator. In its CuO2 

planes there is an anti-ferromagnetic exchange among the nearest-neighbors Cu2+-Cu 2+ 

[18]. The transition form anti-ferromagnetic to paramagnetic order takes place at a 
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temperature referred to as Neel temperature (TN). It has been observed that with doping 

of carriers in the CuO2 planes (either holes or electrons) the Neel temperature is found to 

be decreased. More carrier doping destroys the long-range anti-ferromagnetism and 

replaces it by superconductivity. The superconducting transition temperature is greatly 

influenced by the carrier concentration. It has been shown in the phase diagrams for the 

both hole-doped and electron-doped cuprates Fig. 1.4.  From the figure it can bee seen 

that the critical temperature (Tc) first increases with enhanced increasing doping level (δ). 

It attains a maximum value at an optimal doping level and then starts decreasing. Finally 

with further doping of carries it disappears. An ordinary look gives the impression that 

the phase diagrams of both the p type and n type cuprates are similar. But a closer look 

shows that normal state properties of the p-type cuprates show a pseudo gap region in the 

under and optimally doped regime, below a crossover temperature T* and it is also 

observed that the Fermi  liquid and the electronic density of states (DOS) seems to  

slightly suppressed [20].  

 

h 

Fig. 1.4: Generic temperature (T) vs. doping level (δ) phase diagrams of p-type and n-type 

cuprates in zero magnetic field. [17]. 

 

Furthermore, in the CuO2 planes, the holes enter the p orbital of the oxygen which 

lies between two Cu2+
 ions. The presence of hole their cause the spin alignments as 

shown in Fig. 1.5 (a). As a result the anti-ferromagnetic order is converted into 

paramagnetic order. On the other hand in case of electron doping, the electron enters at 

the Cu2+ site; converts it into Cu+ and neutralize the spin as shown in the Fig. 1.5 (a).     
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Consequently in case of p type cuprates these are the strong spin fluctuations which are 

mainly responsible for the swift decrease of the Neel temperature with increasing hole 

doping. On the other hand, in n-type cuprates, the electron doping comparatively does not 

create much spin frustration. So the effect of doping on the Neel temperature is 

comparatively less and it survives over a long range of doping concentration as compared 

to the p type cuprates.  

 

 
Fig. 1.5: Effects of hole and electron doping on the spin configurations in the CuO2plane. 

(a) Spin frustration due to hole doping (b) Dilution of anti-ferromagnetism with electron 

doping. 

 

Also it can be seen that the superconducting phase in the p-type cuprates exists 

over a much longer doping range than that for the p-type cuprates. More difference 

include the absence of the pseudo-gap phenomena in the electron doped cuprates and 

different doping- dependent Fermi surface evolution [21-28]. 
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1.2.1  Families of high temperature Cuprate superconductors 
Among the superconductor families the cuprates are considered very important 

because of two reasons. Firstly all of the cuprates have Tc above 77 K and secondly, the 

cuprate, HgBa2Ca2Cu3O8-δ has shown hitherto the highest Tc of 134 K at ambient and 164 

K at 30 GPa [10]. On the synthesis and properties of the high temperature 

superconductors enormous work has been done and it still continues.  

A brief review of the discovery and developments of the important 

superconductor cuprate families is given in the following. 

La1-x MxCu4O  

The lanthanum family of high Tc’s was the first family of materials which was 

discovered by Bednorz and Muller in 1986 [7]. Synthesis of alkaline-earth-doped La1-x 

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

temperatures up to 35 K was 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 [29-31]. A few groups studied the properties of the 

samples annealed in an oxygen atmosphere as well [32]. Metal nitrates were also used as 

the starting materials for the synthesis to obtain more homogeneous starting mixture. 

Additionally, nitrates provided an oxidative atmosphere, which was required to achieve 

the necessary oxygen content. Among three members of this family LSCO is physically 

the hardest material and with stronger bonds. This property of the system makes it ideally 

suitable for growing its large (> 1 cm) single crystals. Structure of the unit cell of this 

system is shown in Fig. 1.6. 

YBa2Cu3O7−δ 

The unit cell of YBCO is based on a stack of three perovskite cells as shown in 

Fig. 1.7. The lattice type is either tetragonal or orthorhombic, depending on the oxygen 

content. The central perovskite cell contains Y atom, sandwiched between CuO2 planes. 

Adjacent to the CuO2 planes are layers of BaO2 and at the top and bottom of the cell are 

Cu-O chains which have variable oxygen content, dependent upon the overall 

oxygenation level of the material.  
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Fig.1.6: Structure of LSCO [31] 

 

 

 
Fig. 1.7: Unit cell of YBa2Cu3O7 [10]. 
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YBCO was the first material to break the 77 K (liquid nitrogen) temperature limit, 

it was discovered within a year after the LSCO system [9]. Basically YBa2Cu3O7-δ is not 

thermodynamically stable, but more stable YBa2Cu3O8 with Tc of 80 K was prepared 

under high oxygen atmosphere [33].  Superconducting YBa2Cu3O7-δ (Y-247) with Tc of 

90 K was also prepared under 1 atm of oxygen pressure. Most of the investigations of the 

123 compound, YBa2Cu3O7-δ were carried out on the materials prepared by reacting Y2O3 

and CuO with BaCO3 [34, 35].  Rao et al. [35] obtained mono-phasic YBa2Cu3O7-δ, as the 

x = 1.0 member of the Y3-xBa3+xCu6O14 series. The YBCO has attracted the attention of 

the researchers for two reasons one being the cleanest and the other being the most 

ordered crystal. But at the same time it can be challenging due its structure. It is compose 

of two types of CuO2 planes which are termed as square planes and chain planes. So it 

becomes confusing to ascertain the distinct role each plane in superconductivity. Though 

like other HTSC families, for YBCO, superconductivity is thought to be originated in the 

square plane, but there is no reason to ignore the role of chain planes in 

superconductivity. This compound has been extensively used in nuclear magnetic 

resonance (NMR) studies due to its superior qualities compared to other materials. 

 Bi-Sr-Ca-Cu-O 

 The Bi-Sr-Ca-Cu-O superconducting compounds are based on the general 

formula Bi2Sr2Can-1CunO2n+4, where n is an integer with values n =1, 2 and 3. BSCCO 

was discovered in 1988 [36]. Depending on the value of n the BSCCO itself can have 

one, two, or three CuO2 planes. In this system Tc has been observed to increase with the 

number of planes and it acquires the maximum value for n = 3.  

For the synthesis of bismuth based cuprates, ceramic method was widely 

employed but due to various factors involved it remained difficult to obtain mono-phase 

compositions [37, 38]. Both thermodynamic and kinetic factors were clearly involved in 

determining the ease of formation as well as phase purity of these cuprates. Since these 

materials contain so many cations, partial reaction between various pairs of oxides cannot 

easily be avoided. So it leads to the formation of impurity phases in the final product. The 

synthesis method was improved by employing the matrix reaction method [39, 40]. This 
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method yielded mono-phasic n = 2 (2122) and n = 3 (2223) compositions showing Tc 

values of 85 K and 110 K respectively [41, 42]. Unit cell structure of the Bi-2223 

compound is given in Fig. 1.8.  

 

 
Fig.1. 8: The crystal structure of Bi-2223 [31]. 

 

Tl-Ba-Ca-Cu-O (TBCCO) and Tl-Sr-Ca-Cu-O(TSCCO) 

Tl based high temperature superconductors, discovered in 1988 by Sheng and 

Hermann [43-48] retain extraordinary superconducting features like high transition 

temperature [Tc(0)] and high transport critical current densities, [Jc]. These oxides are 

marked by another advantage that superconductivity can be obtained by carrying out 

annealing for short time period. Tl based cuprates are represented by the general formula 

TlmBa2Can−1CunO2n+m+2 and can be classified into two families according to their 

structures. The member of the family, m = 2, is represented by the general formula 

Tl2Ba2Can−1CunO2n+4, consisting of a double Tl-O layer and n Cu-O (up to n = 5) layers 

per unit cell of the structure. The second family with m = 1, is comprised of single Tl-O 

layer and n Cu-O (up to n = 5) layers in their unit cell with general formula 
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TlBa2Can−1CunO2n+3[49-52]. TBCCO materials possess  tetragonal crystal structures and 

may be described as consisting of alternating single or double Tl–O layers and 

perovskite-like Ba2Can−1CunO2n+1 layers [53-59]. In two-layer thallium compounds, the 

Tl2Ba2Cu1O6, Tl2Ba2Ca1Cu2O8, Tl2Ba2Ca2Cu3O10, Tl2Ba2Ca3Cu4O12, and 

Tl2Ba2Ca4Cu5O14 are major phases with critical temperatures of 95, 118, 127, 112 and 

105 K respectively. These phases are simply represented as, Tl-2201, Tl-2212, Tl-2223, 

Tl-2224 and Tl-2245. The maximum critical temperature of ~127 K is found in Tl-2223 

superconductor [60, 61]. In these compounds the c-axis length ranges from 23.248 Å for 

n = 1 to 42.07 Å for n = 4 [62, 63]. The critical temperature has been found to increase up 

to 127 K with increase in number of CuO2 planes. Maximum Tc is seen for n = 3 and then 

it is observed to decrease for higher number of CuO2 planes in the unit cell of bilayer Tl-

O compounds.  

 The monolayer TBCCO system includes TlBa2Ca1Cu2O7, TlBa2Ca2Cu3O9, 

TlBa2Ca3Cu4O11, and TlBa2Ca4Cu5O13 superconductor phases, which are represented as 

Tl-1212, Tl-1223, Tl-1234 and Tl-1245. These compounds have shown the critical 

temperatures at 103, 123, 112 and 107 K respectively. The materials with double Tl-O 

layers have body centered tetragonal structure and single Tl-O layer compounds have 

primitive tetragonal structure. The mono layer superconducting compounds have 

gathered more attraction than the bilayer ones due to their lower anisotropy, higher Tc(0), 

higher critical current density and irreversibility field Hirr [64-72]. Monolayer Tl-1223 

structure is shown in Fig. 1.9. 

Similar to the Ba-containing single layer thallium cuprates, their Sr analog is also 

known and is usually represented as (TSCCO). The phases in the TSCCO system are 

likewise described as TlSr2Can−1CunO2n+3 where n = 1–3 [73]. These phases are iso-

structural with the single Tl–O layer TBCCO phases, with Sr ions residing on the Ba 

sites. Synthesis of these compounds is very difficult but it is made feasible with partial 

substitution of Tl by Pb or Bi [74-78]. Doping with Pb or Bi not only support the 

synthesis but it is also beneficial in increasing the Tc to 75–90 K [79-81]. Additional 

advantage is gained by simultaneously doping the Ca site with Y to increase Tc above 

100 K [74, 82-83]. Cation doping also changes the average Cu oxidation state in the 

superconductor, which controls the concentration of charge carriers (holes) [84, 85]. 
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Maximum Tc value can be obtained for some particular substitution which results in 

optimum doping level. Presland et al. [86] have shown that the optimum doping level is 

at 0.17 holes per unit CuO2 plane which 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 [77, 79, 82, 87, 88], and for simultaneous 

Y doping the optimum level is 20% Ca2+ site substitution [82].  

 

 
Fig. 1.9: Unit cell of TlBa2Ca2Cu3O10 [74] 

 

Yttrium and trivalent rare earths have been substituted for Ca in TBCCO and 

TSCCO systems. Substitution of trivalent ion (Y, Nd, Yb) for Ca2+ apparently reduces the 

copper valance and stabilizes the mono Tl-O phases in TBCCO and TSCCO systems.  

Substitution of yttrium [89-90] and neodymium [91, 92] for Ca in TlBa2Ca1Cu2O7 

(1212 structure) is reported to stabilize TlBa2Ca1-xYxCu2O7+δ and TlBa2Ca1-xNdxCu2O7+δ 

phases. Pure phase compounds in bulk without traces of Tl2Ba2Ca1Cu2O8 (2212) phase 

could be prepared over the entire range of 0 ≤ x ≤ 1. The substitution of calcium by Y and 

Nd is associated with decrease in Tc with increase in doping level. Furthermore it is 

observed that complete substitution by Y and Nd destroys superconductivity without any 

apparent change in structure. 
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Hg-Ba-Ca-Cu-O  

First mercury containing cuprates were the Hg1Ba2RCu2O6+ phases with R= rare- 

earth element [93]. The structure analysis made it clear that they are isostructural with the 

high Tc superconductor TlBa2CaCu2O7- (Tl-1212), thus containing the CuO2 layers 

which seem to be crucial for high temperature superconductivity [94, 95]. First 

superconducting mercury cuprate, HgBa2CuO4+  (Hg 1201) was synthesized by Putilin et 

al. in 1992 [96]. Soon after this a family of superconductors based on single mercury-

oxygen layers, HgBa2Can-1CunO2n+2+, (n = 1, 2………5) came into existence. The first 

homologue, HgBa2CuO4+ (Hg-1201), with n = 1, has a superconducting transition 

temperature (Tc) of 94 K. The second member, HgBa2CaCu2O6+ (Hg-1212) has Tc = 127 

K [97-99]. The homologue with n = 3, HgBa2Ca2Cu3O8+ (Hg-1223), has shown Tc 

around 135 K [97, 100, 101], the Tc has been further increased up to 150-160 under high 

pressure [102-105]. 

The structures of HgBa2Can-1CunO2n+2+δ consist of the Can-1CunO2n block (or 

infinite layer block) and the Hg-Oδ   charge reservoir block. The atomic structure of Hg-

based superconductor consists of rock-salt-type (BaO)(Hg-Oδ)(BaO) layers alternating 

with perovskite-type (n-1){(CuO2)Ca}(CuO2) layers that form a tetragonal unit cell. Fig. 

1.10 shows the unit cell of the n = 4 compound.  

Bulk samples of these cuprates with “n” up to 7 have been synthesized [106]. The 

optimal Tc is found to increase initially with “n” up to n = 3 and then it is observed to 

decrease with further increase of n [107-110]. The pressure dependence of Tc for each 

Hg-based compound has been studied and it is found to increase to 118,154 and 164 K 

for Hg-1201, Hg-1212 and Hg-1223 respectively [111]. The structure of HgBa2Can-

1CunO2n+2+δ is almost the same as that of Tl-based superconducting cuprates with a single 

Tl-O layer, but an important difference is that, the TlO1-δ layers contain very few oxygen 

vacancies, while the HgOδ layers are more oxygen deficient. The oxygen atoms, at (1/2, 

1/2, 0) are weakly bound to Hg and their occupancy is likely to vary over a wide range 

depending on the preparation; it has been shown for different members of the Hg 

homologous series [99, 105]. Presence of the oxygen atoms is necessary to increase the 

average oxidation number of copper and thus the concentration of holes required for 

superconductivity. 
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Fig. 1.10: The crystal structure of Hg-1234 [159] 

  

 The possibility of Tl substitution in the mercury cuprates has also been frequently 

discussed and investigated. Hg2+ and Tl3+ have equal size and have been reported to be 

statistically distributed at the same site in Hg, Tl-1212 [112], as well as in the 2212 type 

phases. This has been found true in double-layered Hg, Tl phases as well [113-116].  

Substitution of small amount of Tl for Hg has been proved successful in increasing the Tc 

of Hg-1223 superconductor [117] and the compound with the composition 

Hg0.8Tl0.2Ba2Ca2Cu3O8  has come up with Tc (onset) equal to138 K. 

 Strontium (Sr) seems to fit equally well in both the barium and calcium positions 

in these structures. Some work on the Ca, Sr substitution in Hg-1212 has been reported 

by Hur et al [118, 119]. However, the syntheses become simpler if strontium is able to 

replace barium (instead of Ca) because barium oxide is sensitive to moisture and carbon 

dioxide. Most of the strontium doped mercury superconductors have been synthesized 

under high pressure. In HgBa2-xSrxCu3O8+ system, synthesized by high pressure 

technique, the superconductivity is found to be suppressed with increasing x and it 

disappeared completely for x > 0.5 [120]. For ambient pressure synthesis of these 
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compounds, it is found that the substitution of Sr for Ba is possible only if a simultaneous 

doping at another site takes place. Lechter et al. have reported superconducting (Hg, 

Tl)(Sr,Ba)CaCuOx  phases with superconducting transitions above 100 K [121,122]. 

Hahakura et al. synthesized barium free superconductors with the composition (Hg, 

Mo)Sr2(Ca, Y)n-1CunOy and HgSr2(Ca, Y)n-1(Cu, Re)nOy for n =1 and 2 [123].   

Cu-Ba-Ca-Cu-O 

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

12(n-1)n] is prepared under high pressure (4-6 GPa) and is considered  promising due the 

higher critical temperature, higher current density and least anisotropy [124-130]. Two 

members of this Cu-12(n-1)n family with n = 3 and n = 4 [Fig. 1.11] , with tetragonal 

structure were synthesized under  pressure by Ihara et al.[130] and Wu et al. [131]. 

Structure of Cu-12(n-1)n superconducting cuprates is similar to that of Tl-12(n-1); the 

difference is the presence of Cu instead of Tl in the charge reservoir layer of these 

compounds. The conducting charge reservoir layer of these Cu-based cuprates makes 

them least anisotropic as compared to Tl-based superconductors, but the occupancy of Cu 

in the charge reservoir layer is hardly achieved to be 100 % [132].  

The four layer CuBa2Ca3Cu4O12-δ (Cu-1234) is a non toxic high-temperature 

superconductor with Tc = 118 K. It puts on display the least an-isotropic 

superconductivity (γ = 1.6) among the cuprate superconductors and a long coherence 

length along c-axis (ξc = 10 Å) at the longest level [127, 130]. The parameters like low 

superconducting anisotropy and the long coherence length along the c-axis are very 

important for higher Jc under high magnetic field and for Josephson device fabrication. 

The origin of the least anisotropy of the Cu-1234 is not only the Ca3Cu4O8-block spacing 

but it is also due to the strong superconducting coupling between superconducting 

Ca3Cu4O8-block layers intermediated by the superconducting CuO6-cluster layer. 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 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 for this family of superconductors [130].  
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Fig. 1.11 The crystal structure of the layered Cu-Ba-Ca-Cu-O compounds (a) 1223 and (b) 

1234 [138] 

 

 There are two main disadvantages associated with the Cu-1234 superconductor in 

comparison with Hg -1223 with Tc =135 K. One of course is its lower Tc and the other is 

the requirement of high pressure technique for its preparation. Soon after the discovery of 

this compound it was realized that if its Tc is much more increased and a low pressure 

synthesis technique is developed it will be a promising superconductor to be ueed at 

liquefied natural gas temperature (111 K) as well as at liquid nitrogen temperature. Then 

the search began and conventional preparation methods without high pressure were 

devied for the alloying system of Cu1-xMxBa2Ca3Cu4O12-δ (M = Tl, Hg, Pb, Bi, Au, Ag, C, 

N, S, etc.). Among these materials only the Cu1-xTlxBa2 Ca3Cu4O12-δ has shown 

remarkable results in the enhancement of Tc up to 126 K and in the reduction of 

preparation pressure [133]. 



 - 17 -

The family Cu-12(n-1)n has similar structure as that of Tl-12(n-1)n except that the 

Cu in the charge reservoir layer is partially replaced by Caron due to the graphite furnace 

in high pressure synthesis. The C contamination seems to have a stabilizing effect on the 

Cu-12(n-1) n phase, and has only small effect on Tc where properly doped [102]. The n = 

3 member of this family, (Cu, C)-1223, has been found to possess high critical 

temperature and low anisotropy [134]. This compound has 120 K critical temperature 

with lattice parameters a = 3.862Å and c = 14.80Å. The values of the lattice parameters 

of this compound are comparable to those of Cu-1223 superconductors [134, 135]. But   

(Cu, C)-1223 does not have the ability of significant Tc(0) enhancement by self doping 

[136] because it has carbon in the charge reservoir layer in contrast to Cu1-

xTlxBa2Ca2Cu3O10- in which change of state of thallium promotes the optimum holes 

doping in CuO2 planes.  

 The high pressure synthesis of the least anisotropic Cu-1223 and Cu-1234 

compounds, with long coherence length, is not easy [137, 138]. But these phases are 

easily synthesized at normal pressure by introducing thallium into the charge reservoir 

layer and a new family of high Tc cuprate superconductors, (Cu, Tl)-Ba-Ca-Cu-O, is 

materialized.  

(Cu, Tl)-Ba-Ca-Cu-O 

  Since the time of their discovery, both CuBa2Can-1CunOy [130, 139-141] and 

TlBa2Can-1CunOy [54,142-144] superconductors have been investigated extensively. 

These superconductor systems are designated as Cu-12(n-1)n and Tl-12(n-1)n 

respectively. Both the systems are found to be iso-structural to each other except for the 

position of oxygen in the charge reservoir layer. The synthesis of Cu based system is 

quite difficult and high pressure and high temperatures is prerequisite for its preparation. 

On the other hand Tl based system is obtained at relatively low temperature and ambient 

pressure [130, 139-141, 145]. A system with a hybrid charge reservoir layer, containing 

both Cu and Tl, has been synthesized at moderate temperature. This system with 

modified conducting charge reservoir layer is well known for maintaining the low 

superconducting an-isotropy [130]. This family of the high temperature is represented by 

the general formula, Cu1-xTlxBa2Can-1CunO2n+4- (n = 2, 3, 4, 5). One member of this 
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family, with n = 3, is designated as (Cu, Tl)-1223; another higher member (n = 3), (Cu, 

Tl)-1234 has been found to yield a high Tc of 126 K.  

As stated earlier the Cu based high temperature superconductors pose serious 

synthesis difficulties; 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. Besides affecting the synthesis parameters, Tl by changing its valence state 

is thought to vary the number of carriers and oxygen content [146, 147]. The role and 

dynamics of the Tl valence change due to annealing in relation to Tc and the electronic 

structure have been reported also [146-149]. Superconducting properties of these 

compounds can be enhanced by carrier optimization which can be achieved by cation 

substitution, by varying oxygen content and by applying external pressure [150-151].  

  This family shows superconducting properties very close to those of Cu-based 

compounds [152-155]. The semi insulating charge reservoir layer, Cu1-xTlxBa2O4n-δ, 

slightly increases the anisotropy of this system but it is still lower than that of the Tl-

based compounds. A comparison of the anisotropy parameter “γ” and technological 

critical temperature “Z”for superconductors of different families is shown in Fig. 1.12. 

A member of this family Cu1-xTlxBa2Ca2Cu3O10-δ, designated as, Cu1-xTlx-1223 

has the highest critical temperature (Tc(0) = 130K) and higher critical current density 

within the family [138]. This compound with anisotropy parameter (γ = 5) has Cu1-

xTlxBa2O4-δ charge reservoir layer and three CuO2 planes in the unit cell [156]. It follows 

P4/mmm space group and has tetragonal structure [157]. The other members of the 

family with higher values of n are Cu1-xTlx-1234 and Cu1-xTlx-1245. They have the 

similar structure as that of the Cu1-xTlx-1223 but the later has five and the former four 

CuO2 planes. Fig.1.13 shows the unit cell of Cu0.5Tl0.5Ba2Ca4Cu5O14-δ superconductor.  
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Fig.1. 12: Comparison of anisotropy and technological critical temperature of high 

temperature superconductors [84]. 

 
Fig. 1.13: Crystal structure of Cu0.5Tl0.5-1245 unit cell. 



 - 20 -

 In this compound, with five CuO2 planes, four 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 and is also termed as outer plane 

(OP). While the three planes sandwiched between the p-planes are called the central 

planes or s-planes; they are also termed as inner-planes or “IPs”. In the multilayered five 

planar 1245 superconductor the IPs are in under-doped while the OPs are in overdoped 

with carriers [158-159]. The p-planes (OPs) also serve as a bridge for the supply of the 

carriers from charge reservoir layer to s-planes (IPs).The Cu atoms in the p and s-planes 

are named as Cu(1) and the oxygen atoms in this plane are named as O(1), however, the 

Cu atoms in the charge reservoir layer are represented as Cu(1). The oxygen atom 

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

and is termed as O(2). This atom practically controls the charge transport mechanism. 

The oxygen atom at the center of Cu1-xTlxBa2O8-δ charge reservoir layer is distinguished 

as O3 atom or O atom. 

1.3. Ge doped Superconductors 

Though pure Ge shows no sign of superconductivity but in many Ge containing 

materials, this phenomenon has been reported. Nb3Ge was the first such material to show 

superconductivity with Tc = 23 K. Evers et al. found superconductivity in BaGe2 with Tc 

around 4.3K [160]. Later on Co doped (Ge, Ba) based compounds were investigated by 

Yang Li et al [161]. They found suppression in the transition temperature and decrease in 

the superconducting volume fraction with increased Co doping. In Co free samples two 

superconducting transitions with Tc~10K and Tc~4K were reported. The origin of 

superconductivity in Ge–Ba composites was then suggested to be associated with the 

formation of a new phase or germanium–barium interaction at the diamond germanium. 

The increase in the local charge density due to the hybridization between Ge and Ba was 

considered responsible for triggering the superconductivity. A relatively high upper 

critical field of 40 T at 4.2 K was noted in Nb3(Al.Ge), and the potential of this composite 

for carrying current under higher external magnetic fields was anticipated by Foner et 

al.[162].  
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In 1983, K. Togano et al. reported that the Nb3(Al.Ge) superconductors produced 

by the liquid-quenching on a hot Cu substrate, with subsequent annealing, had 

sufficiently good properties to be considered for practical applications[163]. The critical 

current density exceeded 105
 A/cm2, at 20 T and 4.2 K. However, a practical fabrication 

process for wires of long length was yet to be established because of poor workability of 

Al–Ge alloy. Few years back in 2003 the drawability of Nb/Al–Ge composite was 

improved by a reel-to-reel intermediate rapid quenching technique [164]. The 

intermediate rapid quenching was performed at an early stage of the fabrication process 

of multifilamentary wires to convert the coarse Al–Ge core structure into very fine 

microstructure. Depending on the heat treatment condition, an Al–Ge nano-structure was 

obtained in the core. The hardness of the Al–Ge core was balanced with that of the Nb 

matrix. This technique allowed construction of multifilamentary structure easily. In 

addition, it also facilitated an easy increase of Ge content to 25 at% in the Al–Ge core 

and reduction of the non superconducting matrix ratio to less than 1. By a diffusion 

reaction heat treatment at 1400oC for the developed multifilamentary Nb/Al–Ge wire, Jc= 

75 A/mm2 at 21 T, 4.2 K has been obtained so far. 

Ruck et al. investigated the vortex dynamics and instabilities in layered and 

homogeneous Ta/Ge Superconductors, through I-V characteristics across a wide range of 

applied currents [165]. Both layered and unlayered samples showed a current-driven 

instability in the vortex system at a vortex velocity which was in excellent agreement 

with the predictions of Larkin-Ovchinnikov. The velocity at which the instability 

occurred showed field dependence for both samples resulting from the velocity 

dependence of the pinning force at high currents. This field dependence disappeared 

above the melting transition of both samples where the transition broadened due to the 

distribution of velocities in the melted liquid. 

The low-temperature resistivity and magnetic susceptibility of the germanium- 

clathrate superconductor compound, Ba8Ga6Ge30, were investigated by Bryan et al. [166]. 

The critical temperate (Tc) was observed around 7.5 K. Grain boundaries and non-

stoichiometric regions were shown to influence these measurements via a depression in 

transport Tc and the appearance of a second transition in the magnetic susceptibility. It 
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was found that, in the structure, the barium atoms occupied cage voids provided by a 

covalent sp3 hybridized network of gallium and germanium. 

H Fujii et al. have recently reported superconductivity in the ternary intermetallics 

of La3Ni4X4 (X = Si and Ge) with the combination of AlB2 and BaAl4 layers [167]. Both 

compounds were found to be type II superconductors with critical temperatures (Tc) of 

1.0 and 0.70 K for X = Si and Ge, respectively. The lower and the upper critical fields 

(Hc1(0) and Hc2(0)) for X = Si are 107 Oe and 16.5 kOe, whereas those for X = Ge are 

68 Oe and 2.6 kOe, respectively. The gradient −dHc2/dT of La3Ni4Si4 is extraordinarily 

higher than those of the other three analogues of La3Ni4Ge4 and La3Pd4X4. The magnetic 

penetration depth (λ(0)) of 202 nm and Ginzburg–Landau coherence length (ξ(0)) of 

14 nm are derived for X = Si, while they are 206 and 36 nm for X = Ge. 

Though Ge doping has been investigated in various kinds of superconductor 

materials but in layered cuprates the work is quite is limited. Den et al. investigated 

(GexCu1-x)Sr2YCu2Oy, ((Ge, Cu)-1212) system and found that the 1212 phase could be 

prepared under ambient pressure for a very narrow range of the Ge content, 0.25<z<0.3 

[168]. The as-grown 1212 phase was not superconducting but superconductivity appeared 

below~10 K after high-pressure O2 treatment. Another Ge doped (GexCu1-x)Sr2Ca2-

xYxCu3Oy superconductor with the highest Tc of 90 K, was synthesized under high 

pressure [169]. It showed an M-1223-type structure with M sites occupied by the Ge-Cu 

mixed atoms. Electron diffraction patterns of (Ge, Cu)-1223 gave a tetragonal lattice 

without any super-lattice spots suggesting random arrangement between Ge and Cu in the 

(Ge, Cu) plane.  

The study of Ge substitution, in the bismuth based Bi1.6Pb0.4Sr2Ca2Cu3-xGexOy 

system, has been reported by R K Nkum et al. [170]. The samples achieved at the end, 

had two orthorhombic phases, Bi-2212 and Bi-2223. The resistivity vs. temperature 

curves of the 0≤ x≤ 0.4 samples showed a metallic behaviour in the normal state with the 

onset of superconductivity around 110 K for all the samples, however, the zero resistivity 

critical temperature [Tc(R=0)] was found to decrease with increased Ge concentration in 

the final compounds. The suppression of [Tc(R=0)] was attributed to the decrease in 

volume fraction of 2223 phase. The authors observed that, being smaller size of Ge4+ 

compared to Cu2+ introduces disorder in the planes. Based on these studies they predicted 
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that, the higher content of Ge would disrupt the conducting CuO2 planes and the 

superconductivity in the final compounds.   

We have investigated the effects of Ge substitution at the planar sites in CuTl-

12(n-1)n, (n = 3, 4), layered cuprates and the findings are discussed in chapter 5.  

1.4. Multilayered five planar cuprate superconductors 

As stated earlier in high temperature layered cuprates the critical temperature was 

found to increase with number of planes and maximum Tc was observed in the 

compounds with three CuO2 planes. It was proposed that with increase in number of 

CuO2 planes the Tc would rise but in reality it decreased beyond n = 3. In this scenario the 

synthesis and study of the compounds with higher number of superconducting planes is 

quite important to shed some light on the underlying mechanism of superconductivity. A 

lot of work has been done Hg-1245 superconductor and various groups have reported 

their findings on different aspects associated with the compound. There is a great need to 

synthesize and study five planar cuprates belonging to other superconducting systems 

also.  In the following is given the brief literature review of the multilayered five planar 

compounds. 

The five planar TlBa2Ca4Cu5Oy superconductor with Tc = 117 K was synthesized 

and studied by Ihara et al. for the first time [171]. It had simple tetragonal structure with 

lattice parameters, a = 3.85 and c =22.3 Å. The electron diffraction patterns and the 

lattice images from a high resolution TEM confirmed the oxygen-deficient layered-

perovskite structure with the space group of P4/mmm. The n = 5 member of the 

homologous series HgBa2Can-1CunO2n+2+δ designated as Hg-12545, with Tc = 101 K was 

reported by Haung et al. [172]. Schwer et al. synthesized and carried out the X-ray single 

crystal structure analysis of the 1245 type superconductor, Hg0.5Pb0.5Ba2Ca4Cu5O12+δ 

[173]. In the basal plane of the structure, shifting of the heavy atoms Hg, Pb, and O(3) 

atoms away from their ideal positions was observed and this was explained in terms of a 

clustering model of Pb forming short bonds to oxygen. The synthesis of Hg-1245 bulk 

samples using the high pressure, high-temperature technique at 920oC and 18 Kbar was 

carried out by Capponi et al. [174]. The compound with a = 3.854 Å and c = 22.15 Å 
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exhibited Tc onset around 100 K. Heat treatment of the material increased the Tc onset to 110 

K. 

Isobe et al. [175] reported the oxyphosphate superconductor (Cu0.5P0.5)Sr2(Ca, 

Y)4Cu5Oy prepared at high pressure with Tc around 80 K. The compound had tetragonal 

structure like the Tl based superconductors. 

The cohesive energy of the Hg-1245 bulk sample, HgBa2Ca4Cu5Oy, was 

calculated as 517.41 eV, by Xiao et al. and a possible relationship between the Tc and 

cohesive energy was suggested [176]. A comparison of the cohesive energy among 

members of the homologous series was also made. Peacock et al. [177] investigated the 

effect of fluorination on the superconductivity of the high pressure synthesized Hg-1245 

superconductor. The as synthesized sample showed Tc = 98 K. The sample was vacuum 

annealed to remove the liable oxygen from the Oδ site, as a result of this process, the Tc 

was reduced to 95 K. After fluorination of the vacuum annealed sample the Tc value was 

increased to 109 K. 

By varying the oxygen content in the starting oxide mixture via changing the 

BaO/BaO2 ratio, an over doped, Hg-1245 compound was prepared under high pressure 

high temperature by Lokshin et al. [178]. The heat treatments (nitrogen and oxygen 

flows, oxygen pressure 100 bar and 2000 bar) resulted in a change of Tc from initially 

overdoped (100 K) to underdoped (85 K) and finally to optimally-doped state (111 K).  

Watanabe et al. [179] investigated the thermal conductivity in Hg-1245 

compound. As the temperature was lowered below Tc, a remarkable increase of the 

thermal conductivity, having a broad maximum, was observed. The behavior of 

temperature dependence of the enhancement below Tc seemed to be correlated to specific 

characteristics relating to a coexistence of magnetic and superconducting state in the 

compound. Further it was also concluded from the results that, above and below Tc, the 

temperature dependence of thermal conductivity in the material was governed by the 

phonon contribution.  

Tokiwa et al. gave a new dimension to the multilayered superconductivity by 

reporting the cohabitation of superconductivity and antiferromagnetism in Hg-1245 

below 60 K [180]. They carried out zero-field muon spin relaxation (ZF-μSR) 

measurements in multi-layered HgBa2Ca4Cu5Oy superconductor with Tc of 108 K.  From 
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the experiments the variation of ZF-μSR time spectra from Gaussian-type to exponential 

type behavior was observed with decreasing temperature below 60 K and the muon 

precessions were also observed below 45 K. These results indicated the appearance of a 

static magnetic order of Cu moments at muon sites below Tc. Compared with the results 

of NMR measurements; they suggested that this magnetic order was caused in three 

under-doped inner planes of five CuO2 planes in Hg-1245.  

By conducting the Cu-NMR study of Hg-1245, Kotegawa et al., confirmed the 

coexistence of superconductivity and antiferromagnetism in five-layered compound 

[181]. The study revealed that the OP undergoes a superconducting (SC) transition at Tc 

= 108 K, whereas three underdoped IPs do an antiferromagnetic (AF) transition below TN 

= 60 K. The metallic behavior observed at the IP well below TN was considered to be a 

sign of the possible coexistence of SC and AF order parameters a single CuO2 plane. It 

was noticed that the bulk superconductivity with the high value of Tc =108 K occurred in 

Hg-1245 even though the AF and SC layers were alternatively stacked. Along with the 

Hg-1245, the Cu-NMR study of the Tl-1245 superconductor was also done and it was 

observed that IPs of the Tl-1245 had somewhat higher carrier concentration than those of 

Hg-1245 [182].  

Additionally longitudinal-field muon-spin rotation (LF-μSR) measurements were 

also carried out on the Hg-1245 sample by Tokiwa et al. [183]. Their results seemed to 

provide clear evidence that antiferromagnetism microscopically coexists with 

superconductivity in the Hg-1245 superconductor below 60 K. It was concluded that the 

coexistence of SC and AFM in Hg-1245 was the result of the different doping levels in 

each of the five CuO2 layers. 

Mukuda et al. reported the superconducting characteristics for the oxygen reduced 

(Cu, C)Ba2Ca4Cu5Oy  superconductor material [184]. As a result of reduction in carrier 

density, the superconductivity took place at the nearly optimally doped OPs with Tc = 98 

K. The onset of static antiferromagnetic (AFM) order at IPs was evidenced from the 

observation of zero-field Cu NMR at low temperatures. From the study it was inferred 

that a disorder that mapped onto the underdoped IPs, was a source of quantum phase 

transition from AFM metal to insulating state in an underdoped regime. Further it was 
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concluded that an AFM metallic phase existed between the AFM insulating phase and the 

SC phase for the ideally flat CuO2 plane without disorder. 

A Cu-NMR study on under-doped Hg-based cuprate HgBa2Ca4Cu5O12+δ with a Tc 

= 72 K was conducted by Mukuda et al. [185]. The antiferromagnetism (AFM) was found 

to take place at TN = 290 K exhibiting a large antiferromagnetic moment MAF (IP) = 0.67-

0.69 B  at three inner planes (IPs) that was comparable to the values reported for non-

doped cuprates. It suggested that the IP might be in a non-doped regime. The AFM with 

MAF (OP)~0.1 B  was also detected even at two outer planes (OPs) which were 

responsible for the onset of superconductivity (SC). The results lead to the conclusion 

that a high-Tc superconductivity at Tc = 72 K could uniformly coexist on a microscopic 

level with the AFM at OP layers. This was claimed as the first microscopic evidence for 

the uniform mixed phase of AFM and SC on a single CuO2 plane (OP layers) in a simple 

environment without any vortex lattice and/or stripe order. Additionally, for the 

comparison, the Cu-NMR studies on the overdoped Tl-1245 (OVD) were also conducted 

and the evidence for the uniformly coexistent phase of SC and AFM in a unit cell in Tl-

1245 with Tc = 100 K and TN = 45 K was reported [186].   

 The effect of nitrogen annealing on the Tc of the (Cu, C)Ba2Ca4Cu5Oy was 

investigated by Hirai et al. [187]. The polycrystalline sample was synthesized by solid 

state reaction method under high pressure. The Tc decreased once from 94.7 K (as-

synthesized) to 93.3 K (annealed at 460oC under N2 flow) and then increased to 99 K 

(annealed at 530oC under N2 flow). According to the authors this Tc change indicated that 

the CuO2 planes governing the bulk Tc were shifting from IPs to OPs. The Tc in the as 

synthesized sample was coming from the underdoped IPs and after the reduction 

annealing process the Tc in the IPs lowered but it increased in the OPs. Further annealing, 

made the Tc higher in the OPs which became critical temperature of the bulk sample. So 

due to reduction annealing the bulk Tc shifted from the three inner CuO2 planes to the 

two outer CuO2 planes. In order to explain this phenomenon a model was proposed 

drawing two bell-shaped curves against the oxygen content or doping state (Fig. 1.14). 

According to this model, the Tc values are shown to change along the curves with 

decrease in the oxygen content. One curve corresponds to the Tc in the OPs while the 

other to the Tc in the IPs. The higher of the two Tcs represents the critical temperature of  
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Fig. 1.14: Multi-bell-shaped model for (Cu, C)-1245, superconductor [187]. The higher curve 

shows the oxygen content (hole density) dependence of Tc for the IPs. The lower one is for 

the OPs. Solid and open circles represent the Tc’s of OPs and IPs, respectively.  

 

the sample. From the figure it is clearly seen that with decrease in oxygen content the Tc 

is shifted from the inner CuO2 planes to the outer ones. 

A new phase diagram has been recently presented for an ideally flat CuO2 plane 

through the Cu-NMR studies on five-layered cuprates MBa2Ca4Cu5Oy(M-1245), (M = 

Hg; Tl; Cu). This diagram includes an antiferromagnetic (AFM) metal phase and a 

uniformly mixed phase of AFM metal and high-Tc superconductivity (HTSC) in an 

under-doped region [188]. It has been reported that the disorder brings about a quantum-

phase transition from an AFM metal to an insulating state in an under-doped regime in 

the Cu-1245. The disorder in the structure has been introduced via an oxygen reduction 

process. This finding strengthens the notion that there exists an AFM metallic phase 

exists between the AFM insulating phase and the SC phase in a system with ideally flat  

CuO2 plane in the absence of  disorder which is a necessary condition.. 

We have synthesized and studied five planar Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 

1, 2 and 3). Detailed discussion is included in chapters 3 and 4. 
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CHAPTER 2 

Material synthesis and characterization techniques 

This chapter describes the sample synthesis and gives a brief theoretical background as 

well as the experimental setup for various characterization techniques 

2.1. Synthesis of the High Tc Superconductive Oxides 

 For the preparation of the high Tc superconductors, various methods of synthesis 

have been employed. The main objective behind all the synthesis techniques has been to 

produce single phase materials with good superconducting properties [1, 2]. The most 

convincing and widely used traditional method is the Solid State Reaction Method also 

termed as Ceramic Method. This reaction is carried out at a high temperature with all the 

component compounds in the solid form. In some situations like when one of the 

constituents is volatile or sensitive to the atmosphere, the reaction is carried out in sealed 

evacuated capsules usually made of gold. For synthesis of metal oxides platinum, gold, 

silica or alumina containers are generally used. The starting materials are metal oxides, 

carbonates, nitrates or other salts, which are thoroughly mixed and homogenized. To 

carry out the reaction, this homogenous material is heated at an appropriate temperature 

for sufficient time. Some reactions require more than one stage for completion, the first 

stage involves the preparation of the precursor material and the final compound is 

prepared by another heating process usually called the sintering stage.  

 The Ceramic method has been successfully employed for the synthesis of a large 

number of high temperature cuprate superconductors [3]. Though this method is quite 

popular and yields good results but it has its own limitations. So different synthesis 

strategies have also been introduced in the situations where it is inevitable to control 

some factors such as the cation composition, oxygen stoichiometry, cation oxidation 

state, and carrier concentration. Following are the main disadvantages associated with the 

ceramic method: 

i) It is not possible to produce the 100 % homogeneous starting mixtures. The 

chemical purity of the starting material is still an issue for the reproducible 
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preparation of high Tc cuprates. The use of chemicals with a purity of 99.99% 

and better is mandatory but still not sufficient. 

ii) The solid state reaction method involves two mechanisms, reaction and 

diffusion. The former takes place in the solid state. It is basically a phase 

boundary reaction at the points of contact between the components when no 

melt is formed. The later involves the diffusion of the constituents through the 

product phase. As the reaction process progresses, diffusion paths become 

longer and the reaction rate slows down; the reaction can be speeded up to 

some extent by intermittent grinding between heating cycles. 

iii) For the formation of good superconducting single phase materials, synthesis 

time and temperature are two exceptionally crucial factors. There is no simple 

way of ascertaining the appropriate temperature, time and other necessary 

conditions for the reaction. It is by trial and error that one is able to realize these 

suitable parameters required for the completion of the reaction. This difficulty 

with the ceramic method often leads to the formation of mixtures of reactants 

and products. 

iv) It is very difficult to achieve a compositionally homogeneous product through 

this method. 

Despite its shortcomings the solid state reaction method is still very common for 

the preparation of various superconducting systems. The method involves the selection of 

the appropriate oxides, carbonates, nitrates or other salts of the components of the 

superconducting systems called starting compounds. The compounds are taken in 

stoichiometric ratios and thoroughly mixed by grinding. The homogenized mixture so 

obtained is heated at a particular temperature in air or other appropriately controlled 

atmosphere to carry out the desired reaction. The quality and the superconductivity of the 

high Tc cuprate superconductors prepared in this manner is greatly influenced by some 

common factors like, nature of the starting compounds, homogeneity of the mixture of 

powders, the rate of heating as well as the reaction temperature, synthesis time and the 

atmosphere (air, oxygen etc.).  

The Tl based superconductors, like the other high Tc superconducting oxides, 

have most commonly been prepared by the solid state reaction method. Methods have 
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been developed to avoid the use of off-stoichiometry starting compositions, and many 

successful results have been reported [4-10]. These methods synthesize superconductive 

phase either in a single step or through a series of calcinations steps, as the situation 

demands. After each step well defined intermediate compounds are formed. With proper 

selection of calcinations conditions, Tl based superconductive materials of high phase 

purity have been synthesized. 

The samples, which have been under our investigation, have a hybrid charge 

reservoir layer (containing both Cu and Tl with same ratio). They were prepared by the 

solid state reaction method. Details of the sample synthesis are given below. 

2.2. Sample Synthesis 

2.2.1.         Cu0.5Tl0.5Ba2Ca4-yMgyCu5O14- superconductors 

The bulk samples of Cu0.5Tl0.5Ba2Ca4-yMgyCu5O14- superconductors were 

synthesized by employing the solid state reaction method in two stages. At the first stage, 

Ba(NO3)2 (99%, Merck), Ca(NO3)2 (99%, Merck), Cu(CN) (99%, BDH Chemical Ltd. 

Poole England) and MgO (99%, BDH Chemical Ltd. Poole England) were selected as the 

starting compounds for the formation of the precursor material. The constituent 

compounds were mixed in appropriate stoichiometric ratios, according the formula units 

of the precursors Cu0.5Ba2Ca4-yMgyCu5O14- (y = 0, 1, 2, 3), using a quartz mortar and 

pestle. Thoroughly mixed materials were fired in air in a quartz boat at 890oC in a 

preheated furnace for 24 hours followed by furnace cooling to room temperature. During 

the second stage, the fired precursor materials were mixed with calculated amount of 

Tl2O3 (99%, Merck) and ground for an hour to obtain the Cu0.5Tl0.5Ba2Ca4-yMgyCu5O14- 

(y = 0, 1, 2, 3) as a final reactants composition. Finally the Thallium mixed powders were 

shaped into pellets in a mechanical press under 0.37 GPa pressure. The pellets were then 

sealed in the gold capsules and heated in a preheated chamber furnace at 890oC for 8 

minutes followed by quenching to room temperature. After this the pellets were taken out 

from the capsules and cut into bar shaped samples to carry out the necessary experimental 

work. 
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2.2.2.  Cu0.5Tl0.5Ba2Ca2Cu3-yGeyO10- and Cu0.5Tl0.5Ba2Ca3Cu4-yGeyO12- 

                  superconductors 

The same procedure as described above was adopted to prepare the bulk 

Cu0.5Tl0.5Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75, 1.0) samples. The precursors 

Cu0.5Ba2Ca2Cu3-yGeyO10-  (y = 0, 0.5, 0.75, 1.0) were prepared at 860oC by using the 

Cu(CN), Ba(NO3)2, Ca(NO3)2 and GeO2 as the starting compounds. The pellets, made by 

mixing the precursor materials with Tl2O3, were heated at 860oC for 8 minutes to obtain 

the desired compounds. 

 Similar method was followed to prepare Cu0.5Tl0.5Ba2Ca3Cu4-yGeyO12- (y = 0, 0.3, 

0.6 and 0.9) bulk samples. At the first stage the precursor materials were synthesized at 

875oC and during the second stage the gold encapsulated pellets were heated at the same 

temperature for 8 minutes. 

2.3. Annealing Experiments 

In high Tc oxide superconductors, oxygen concentration in the unit cell plays a 

vital role in establishing the superconducting properties. It has a strong tendency to 

modify the distribution of the carriers in various bands of the compound. The electronic 

distribution in the unit cell of the sample ultimately controls the mechanism of 

superconductivity. Oxygen is a vital structural part of high temperature cuprate 

superconductors. It exits in the conducting CuO2 planes, in the charge reservoir layer 

and in the apical positions of the unit cell. Being highly electronegative its 

concentration in the unit cell greatly influences the charge distribution that 

consequently controls the carrier distribution and the superconducting properties of the 

material. Annealing of the samples in different atmospheres is a useful tool to modify 

quantity of the oxygen in the charge reservoir layer (CRL) block. The CRL plays a key 

role in transferring the charge to the superconducting block comprising of CuO2 planes. 

We have used oxygen, air and nitrogen atmospheres for the annealing experiments.  

Oxygen annealing enhances the amount of oxygen in the charge reservoir layer 

and being highly electronegative it pulls out the electronic charge from the CuO2   

planes thereby increasing the hole concentration there. It simply means that the oxygen 
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annealing of the samples increases the carrier concentration in the conducting CuO2 

planes, this is termed as carrier (hole) doping.  

Since our samples are prepared at quite high temperature therefore during the 

synthesis process removal of oxygen from the unit cell and the grain boundaries cannot 

be ruled out. Thus in such situation, oxygen annealing can be very effective in 

recovering the oxygen loss. It may lead to the improvement in the superconductive and 

inter-grain current transport properties. 

On the other hand air and nitrogen annealing can cause removal of the oxygen 

from the CRL of the unit cell. In this case, instead of carrier doping, reverse effect of 

carrier depletion is likely. In conclusion through annealing process we can modify the 

carrier concentration in the CuO2 planes and by using a suitable combination of 

annealing atmosphere, temperature and time we can also optimize the superconducting 

properties of the material. 

But one must keep in mind that during the annealing experiments a change in 

oxidation state of Tl can take place that might lead to different results than expected 

[11]. 

Mostly oxygen exchange in the unit cell of oxide superconductor takes place in a 

temperature window between 400-650oC. Therefore, we have carried out the annealing 

of most of the samples at 550oC. These experiments have been conducted in air oxygen 

and nitrogen environments. The annealing of the each superconducting samples was 

carried out in a preheated tubular furnace at the appropriate temperature for a suitable 

time period.  

 2.4.  Characterization Techniques 

In order to investigate the superconducting properties of the samples following 

characterization techniques were used.  

 X-ray diffraction 

 Resistivity measurements 

 AC susceptibility measurements 

 Fourier Transform Infrared (FTIR) Spectroscopy 
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A brief theoretical background and the description of the experimental set up and 

procedure for each of the above mentioned characterizations is given in the following. 

2.4.1.         X-ray diffraction  

Advent of the X-ray diffraction technique made it possible to probe the interior of 

a crystalline structure. The repetitive nature of crystal structures results in the presence of 

stacks of planar arrays of atoms. The distance between two atomic planes is called inter-

planar spacing and is denoted by ‘d’. The characteristic set of d-spacings, generated in a 

typical X-ray scan, provides a unique fingerprint of different planes present in the 

sample. When properly interpreted, by comparison with standard reference patterns and 

measurements, this "fingerprint" allows for the identification of the crystal structure of 

the specimen. From the X- ray reflections, by taking into consideration the d and 2 θ 

values, the lattice parameters of the unit cell of the crystal structure are also calculated. 

This diffraction technique is also used to recognize whether a material is a crystalline or 

amorphous. In a 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 seen. Through this technique 

we can also determine the size of the unit cell i.e. lattice parameters, atomic position and 

degree of crystallinity. In case of polycrystalline materials the size of the particles/grains 

can be calculated from the widths of the diffracted lines, using the full width at half 

maximum rule and applying the following formula. 

                                                         t =
BBCos

9.0
                                                           (2.1)  

Where t, , B, and B are the particle/grain size, wavelength of X-rays, exact Bragg angle 

and full width at half maximum. Value of B is given by 
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21  
B                                           (2.2) 

Diffraction effects are observed when wave length of the electromagnetic 

radiation that   impinges on periodic structure is comparable with geometrical d spacing. 

Since wavelength of X-rays (0.5Å-2.5Å) is comparable to the inter-atomic distance in the 

crystalline solids, therefore they can diffract from the atomic planes. Consequently, 
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phenomena like constructive and destructive interference are to be observed when 

crystalline and molecular structures are exposed to X-rays. Before taking into 

consideration the geometrical constraints for the X-ray interference it is appropriate to 

consider the interactions between the X-rays and the matter. 

Three types of interaction can occur between photons and the matter. These are 

termed as photo ionization, Compton Effect and Thomson scattering. In photo ionization 

the incident photon imparts its energy to the knocked out electron. An exchange of 

energy and momentum takes place between the incident and the librated particles. This 

type of process can be termed as inelastic scattering. The Compton Effect is also lies in 

the category of inelastic scattering. The incident X- ray photon transfers some energy to 

the bound electron but does not eject it. 

However the third type of interaction termed as Thomson scattering is different 

from the ones mentioned above in the sense that it is elastic scattering. In this 

phenomenon the electron undergoes oscillations with the frequency of the incident X-ray. 

In this manner it itself becomes a source of radiation and is called Hertz dipole. In the 

previous two cases the wave length of the scattered X-rays is altered but in Thomson 

scattering it remains unchanged. This type of scattering is in the X-ray diffraction 

techniques for structural investigation of different materials. The scattered X-ray is 

emitted from the oscillating charge, it retains its frequency, but it has a phase difference 

of 180° with the incident radiation. All the scattered rays have this same phase shift so 

there is no effect on diffraction pattern which is obtained from their interference.  

The X-rays, which originate from the K shell transitions, are used for the 

diffraction analysis because of their   shorter wavelength as compared to the ones coming 

from L or M shell transitions. Cu and Mo are commonly used target materials in X-ray 

tubes which produce X-rays with wavelengths 1.54Å and 0.8Å respectively [12, 13]. 

When the X-ray beam falls on the surface of the solid it undergoes transmission, 

reflection, absorption and diffraction. The diffraction is due to the interference of the 

elastically scattered rays. The nature of the diffraction depends on the nature of the atoms 

and their arrangement. The diffraction patterns of any two materials are not alike because 

the rays are diffracted in different manner from different materials.  
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For X-ray diffraction an evacuated glass tube fitted with a filament and metal 

target is used. The electrons are produced by heating the filament. A high voltage 

between the filament and the metal target is applied to accelerate the electrons to impart 

high energy. When the high energy electrons collide with the target X-rays are emitted. 

The wavelength of the so produced X-rays depends on the nature of the target material 

used. These rays are collimated in the form of a narrow beam and directed on the target 

sample. Part of the rays depending on the structure of the material is diffracted at 

different angles which are detected by the detectors. The intensity of the scatted rays 

along with the scattered angle is carefully recorded. A programmed computer is used for 

this purpose. A plot between the angle (2θ) and the signal intensity gives an X-ray 

diffractogram.  

 

 
 

Fig. 2.1: Simplified sketch of one possible configuration of the X-ray source (X-ray 

tube), the X-ray detector and the sample during an X-ray scan 

 

When an X-ray beam hits a sample and is diffracted, we can measure the 

characteristic inter planer spacing d by applying Bragg's Law.  

                                     nd sin2       (n = 1, 2 …..)                                     (2.3) 
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In the above equation the integer n represents the order of diffraction usually its value is 

taken as 1. Wave length of the incident ray is given by  and   is the angle of incidence 

of the X-ray beam. The above condition is satisfied when the constructive interference 

takes place among the diffracted rays; such situation is shown in Fig. 2.2. Practically the 

scattering takes place at many angles but for the sake of simplicity only two rays are 

shown. As  is known and  is measured from the scan for each line or peak, so the inter-

planer spacing‘d’ is calculated by applying the Bragg's Law.  

 
Fig. 2.2: Diffraction of X-rays from crystal planes  

 

Once data containing d, 2 values and intensity of each peak is obtained it is 

analyzed for the determination of the crystal structure. One way is to identify the peaks 

by comparing their locations with those of the peaks produced by the various known 

reference crystal structures. The diffractogram so obtained is compared with the already 

existing standard diffractogram for the material identification. Another one is refinement 

procedure, which is done to obtain best fitting data. For fitting of our data we used 

computer software “Check Cell” which with peak data and tentative values of a- and c- 

parameters yielded the [hkl] and best fit lattice parameters. As for as the tetragonal 

structure is concerned relationship among d and the lattice parameters (a and c) and hkl 

values is given by   
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2.4.2.          Four probe method for resistivity 

A distinctive feature of a superconductor is the loss of its resistance on cooling at 

a particular temperature known as critical temperature. To determine the critical 

temperature and to establish the nature of the resistivity variations of the sample, 

resistivity vs. temperature measurements are carried out. Apart from the critical 

temperature Tc(R=0) and the onset temperature of superconductivity Tc(onset) we can 

also get  some additional characteristics from the resistivity measurement. Transition 

width, shape of the curve and the normal state resistivity do provide information about 

the quality of the sample and the under/over-doping of the carrier concentration. From the 

analysis of the resistivity vs. temperature data the fluctuation induced conductivity is also 

studied which reveals the nature of the superconducting fluctuations.  

Usually the resistance of a material specimen is measured by connecting it to two 

probes of an ohmmeter. In this situation the resistance of the leads comes in series with 

the sample resistance and thus adds up. When the resistance of the sample is less or equal 

to 1 ohm, the lead resistance becomes significant and the measurement is incorrect. 

While measuring the voltage across a sample we connect the meter leads to the sample. A 

potential difference is barrier appears around the point of contact. This potential 

difference is source of noise and resistance. So this potential difference is added to the 

actual value thus giving the wrong result [14].  

We can elaborate this error by considering two contacts between the sample and 

the meter as resistances R1 and R2. Now if we take the resistance of the sample as R then 

the potential difference across it is given by V = I (R1+ R + R2). Now we see that the 

contact resistance has been added to the real resistance making the measurement 

erroneous. The error becomes more pronounced when the sample enters the 

superconducting; in such situation R becomes quite small as compared to R1 and R2. 

The standard way to eliminate the lead and the contact resistance from the sample 

resistance is to use the four probe method in which, rather than two, four sample contacts 

are made. In this method resistance of a sample is determined by passing through it a 
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known current I using two contacts and measuring the resulting voltage drops V across 

the other two contacts. Then by performing the division the value of the sample 

resistance is obtained by R = V/I. A sensitive volt-meter is used to measure V. To 

calculate the sample resistance we need to know the value of the current, so during the 

measurement the current is kept constant. The simple method which is used to keep the 

current steady through the sample is the addition of high value series resistance RB which 

is called the ballast resistance. For a circuit containing the sample and the ballast 

resistance provided with the EMF E, the current through the circuit is given by the 

expression I = E/(RB + R). When RB >> R then the current is given by I = E/RB. As both 

E and RB have fixed values therefore the current I is constant and becomes independent 

of changes in R. The series resistor RB that helps to maintain constant current is called 

ballast resistor. Fig. 2.3 shows the experimental arrangement for four-probe method.  

 
Fig. 2.3 Arrangement for the resistivity measurements 

 

In the four probe method, by separating the current contacts from the voltage 

contacts, the sample resistance R is successful detached from resistance coming from the 

leads and the contact points. In order to understand how the lead and contact resistance 

are eliminated consider an equivalent circuit as shown in Fig. 2.4. Here four contacts 

made to the sample are designated as resistors R1, R2, R3 and R4. From the figure we can 

see that small resistances R1 and R2 come in series with large resistance RB. On the other 

hand the voltmeter has a very large resistance as compared to the resistances R3 and R4. 

So very small current flows through the voltmeter circuit, and the voltage that appears 
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across R3 and R4 is negligibly small. Hence the voltmeter reading gives the true value of 

the voltage across the sample V = IR. And this is true even when the sample has very 

much low resistance as compared to the values of R1, R2 R3 and R4. 

 
Fig. 2.4: Equivalent circuit for the four-probe circuit  

 

By knowing the value of I and measuring V the resistance is found by using the 

relation. 

                R = 
I

V
                                                            (2.5) 

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). In terms of resistivity, the resistance R is given as 

                                                               R =  
A

L
                                                          (2.6) 

The expression given above is applicable only when the current density J is 

uniform through out the sample. In case of a conductor with non uniform area of cross 

section it is definitely non uniform. The question arises that can we apply this relation to 

the bar shaped samples which do not have precisely uniform cross section? The answer is 

yes we can if we are using four probe method for measuring resistance of the sample. In 

four probe measurement method the current enters the sample through one current 

contact point and leaves the sample from another current contact point. Just below these 

contact points the current flows in narrow streams. But within the body of  the conductor 



 - 51 -

between the voltage contacts the current spreads and flows uniformly through the cross 

sectional area. Hence we can apply the above expression for measuring the potential 

difference V between the voltage contacts. The resistivity of the sample can be found 

measuring the current through the circuit I, area of cross section between the voltage 

points A and the distance between the voltages contacts L. All these values are plugged in 

the following relation. 

                                                               (T) =
L

A

I

V
                                          (2.7) 

We have used the four probe method for the resistivity vs. temperature 

measurements of our samples. The wire contacts with samples were made by applying 

silver paste to the sample surface. The outer leads were used to supply current and the 

resulting voltage drop was measured across the middle contacts. A home made cryostat 

was used for cooling the samples down to 77 K. The temperature of the samples was 

measured by copper-constantan thermocouple. These measurements were done using 

high resolution P-2000/E Kiethley digital multi-meters. 

2.4.3           AC magnetic susceptibility  

Magnetic measurements have become an important tool for the characterization of 

the superconducting materials. We have carried out the AC magnetic susceptibility 

measurement of our samples but magnetic properties can be measured in either AC or DC 

magnetic fields.  The magnetic measurements differ from the resistivity measurements in 

the way that no electrical contacts are required for the samples and the specimen can be 

small or even in the powder form. A magnetic signal is given at temperatures below Tc, 

when resistivity ρ �goes zero, so the onset of the magnetization is used to determine the 

critical temperature. The magnetic signal is obtained even if the superconducting path is 

not continuous.  

The DC magnetometer and the AC susceptometer are two entirely different tools 

that provide different ways for the investigation of magnetic properties. Both these 

techniques rely on sensing coils used to measure the variation in the magnetic flux due to 

magnetized sample. The difference between these two techniques resides in how the flux 

variation is achieved. In a DC magnetization measurement [15], a sample is subjected to 
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and magnetized by a static DC field. The magnetic flux passing through the sample is 

varied by moving the sample relative to a detection coil. The output signal from the 

detection coil can be measured and interpreted for materials magnetic properties. On the 

other hand, in AC measurements [16, 17], the sample is centered within a coil connected 

to an external AC source. This produces a time-varying magnetization that a second 

detection coil senses. The output from the detection coil is fed to a lock-in amplifier 

which is used to analyze this signal. The major advantage of associated with the lock-in 

amplifier is that it resolves the signal into real and imaginary components, the later 

component gives information about the hysteresis losses.  

AC susceptometer is however more useful tool than the DC magnetometer. It is 

capable of measuring susceptibility under very small AC magnetic fields, with or without 

a DC bias field. It is capable of separating the real and the imaginary components of the 

complex susceptibility. The AC susceptibility measurements are prerequisite for a 

material to qualify as a superconductor. 

Theoretical background 

In magnetometry, the starting point is the magnetic moment ‘m’ which is a 

measure of the magnetic field generated by the sample. Magnetization either originates 

from permanently magnetized materials or it is produced by magnetizing samples 

through the application of an applied magnetic field. When we compare different 

materials, or samples of different sizes, the macroscopic quantity of interest is the 

magnetization or net magnetic moment per unit volume or per unit mass. However, the 

magnetic susceptibility ‘χ’ is defined as the ratio of magnetization M to magnetic field 

strength H: 

                                                                 
H

M
                                                           (2.8)        

The magnetic susceptibility ‘χ’� represents the response of the material to an 

applied field H and it tells how ‘magnetic’ a material is. Although the volume 

susceptibility is a dimensionless parameter but the actual numerical value depends on the 

system of units being used. In a DC magnetization measurement, usually the moment (m 

or M) is measured as a function of field (HDC). A detection coil is used to detect the 
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change in magnetic flux due to the presence of the magnetic moments. The DC or static 

susceptibility is determined by dividing the magnetization by the applied field. 

                                                                
DCH

M
                                                         (2.9) 

On the other hand, as mentioned earlier, in an AC susceptometer the sample is 

generally placed at the center of the detection coil and driven with a low frequency AC 

magnetic field ‘HAC’ [16, 17]. The magnetic moment of the sample is likely to follow the 

applied field cycle. The detection circuitry is generally balanced with a second identical, 

but oppositely wound, empty coil to null out the flux changes related to HAC. Thus, any 

experimentally detected change in flux is only due to the changing moment of the sample 

(dm) as it responds to the AC field. The AC susceptibility is obtained using the equation: 

                                                                
dH

dM
                                                        (2.10) 

Hence, the AC susceptibility is actually the slope of the M vs. H curve. The AC 

susceptibility is preferred over the DC susceptibility because it helps in learning the 

physics of the material properties. In the DC measurement, the magnetic moment of the 

sample does not change with time, so a static magnetic measurement is performed. An 

AC output signal is detected in a VSM, but this signal arises from the periodic movement 

of the sample, and is not representative of the AC response of the sample itself. In the AC 

measurement, the moment of the sample is time dependent and it is actually changing in 

response to an applied AC field, allowing the dynamics of the magnetic system to be 

studied. Definitely there is difference between the two techniques employed for the 

magnetic properties. In DC magnetometer the magnetic field penetrating the sample is 

static but in case of AC field it is varying with time so the field passing through the 

sample is dynamic. We can say that AC susceptibility is the measurement of magnetic 

dynamics.    

 To look into the details of magnetic dynamics we need to look at the AC 

susceptibility measurements carried out at different frequencies. When the frequency of 

the field is very low the M (H) curve is not much different from that observed in a DC 

field measurement. For normal frequency and the small AC field the induced moment 

varies periodically. If the applied field is denoted by HACsint and M stands for the 
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magnetization of the sample the induced magnetic moment is given by MAC = 

(dM/dH)HACsint. The differential term in the expression is magnetic susceptibility as 

given in eq.2.10. It is clear that AC magnetic measurements are much more sensitive than 

the DC magnetic measurements because the former do not depend upon the absolute 

value of magnetization but instead on its variation with the applied field. Hence by using 

AC magnetic measurement we are capable of detecting very small diamagnetic signal of 

a superconducting sample. 

 At higher frequency of the AC magnetic field the induced AC magnetic dipole 

does not response well and it lags behind the HAC. In this situation a phase shift appears 

between the applied and induced magnetic fields. So the magnetic susceptibility is 

resolved into two real and imaginary components.  

       cos          22      

       sin        





 1tan                                   (2.11) 

Real component χ' is called the in phase component and just like DC field it gives 

the slope of the M (H) curve. For a superconductor this component gives the magnitude 

of diamagnetism. On the other hand the imaginary component χ” gives the resistive 

losses on the sample. This component is very useful in examining the weak link behavior 

of the polycrystalline superconducting ceramics.  

Suppose we have a sample in the form of a slab placed in the alternating magnetic 

field given by [18]   

                                           )cos( tBB aac                                                   (2.12) 

The length of the sample is assumed to be very much larger in comparison with 

its width. The magnetic flux through the sample is given by 
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The voltage induced by the varying magnetic field B  in the pick up coil is 
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The integrated value of the flux is measured by the pick up coil. With the help of 

equation 2.13 the magnetization of the sample can be defined as. 
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The in phase and out of phase of the magnetic susceptibility are given by [19] 
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The physical meaning of the real component and the imaginary component   are 

expressed in terms of the equations given bellow. For one cycle of the alternating 

magnetic the resistive loss in the form of heat energy is given by [20] 
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A lock in is used to determine χ” to calculate this energy loss [21]. From the real 

component of the susceptibility the magnetic energy stored in the sample is given by [22] 
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AC susceptibility measurement setup 

A typical AC susceptometer for measuring the magnetic properties of the 

superconducting materials is based on mutual induction principle and is often comprised 

of three coils. These include a primary excitation field coil, a secondary pick up coil and 

another secondary compensation coil. The two secondary coils are identical but 

oppositely wound to cancel out or balance the magnetic signal induced by the alternating 

primary filed. A schematic diagram of AC susceptibility apparatus is shown in Fig. 2.5. 

 In the set up we used, the primary coil is driven by a ‘270 Hz’ AC source with 1 

volt amplitude, to generate the alternating magnetic field. The sample is placed at the 

centre of the secondary pick up coil. The signal from the pick up coil is fed to the 

amplifier and then after the amplification it is sent to the lock-in amplifier. A T-type 

(copper-constantan) thermocouple fitted in the immediate vicinity of the sample is used 
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for the temperature measurements. The resulting temperature vs. susceptibility curve is 

plotted by using an XY- recorder.  

 

 
Fig. 2.5: Experimental set up for ac-susceptibility measurements 

2.4.4.          Infrared Spectroscopy 

The infrared (IR) spectroscopy has been a work horse technique for identification 

of different materials and chemical functional groups in samples for the last seventy 

years. It has been extensively used in the scientific studies and forensic analysis. This 

spectroscopic technique utilized the infrared part of the electromagnetic spectrum. An IR 

spectrum contains the absorption peaks of different energies. The energy associated with 

the absorbed peaks is unique finger print of the material contained. No two different 

materials can show the absorption peaks with the same energy due to difference in their 

chemical structure and atoms. In this way IR technique is a very useful for identification 

of unknown materials in the samples under test. The size of the absorption peak is 

proportional to the amount of the material present, so we can also get relative comparison 

of the quantities of the different materials present in the sample. With the modern 

computer softwares the results can be obtained and analyzed quickly.  
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The infrared part of the electromagnetic spectrum, in relation to the visible 

spectrum is divided into three regions Fig 2.6. The far infrared (10 cm-1-40 cm-1) has 

relatively low energy range; it is used to trace the rotational vibration modes. The mid IR 

 

 
Fig. 2.6: Infrared radiation spectrum 

 

 (40 cm-1-4000 cm-1) with intermediate energy range is mainly used to identify or locate 

translational as well as rotational modes. The near infrared radiations (4000 cm-1-14000 

cm-1) are used for harmonics or overtones which are the multiples of some low energy 

modes. In most of the cased the mid IR region is used for the spectroscopy. The infrared 

(IR) spectroscopy exploits the fact that molecules which constitute materials rotate or 

vibrate at particular frequencies.  

To obtain the IR spectrum the light coming from an IR source is made to pass 

through the sample. In modern IR spectrometers the analysis can also be done by 

carrying out reflection from the surface of the sample. The frequencies from the incident 

light which match with the frequencies of the vibrating molecules are absorbed. As result 

the amplitude of vibrations of the bonds is enhanced. The amount of absorption of 

particular energy is proportional to the quantity of the dipoles present having the same 

energy. The unmatched frequencies are transmitted without any loss in intensity. The 

transmitted wavelengths along their intensity are recoded by using suitable detectors. The 
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difference between the incident and transmitted energies gives the absorbed energy’s 

spectrum. The peak positions of the spectrum correspond to the energies absorbed. The 

IR spectrum provides valuable information about the structure of atoms or molecules in 

the material. By comparing the obtained spectrum with the reference spectra the materials 

or chemical functional groups are identified. The spectrum is usually plotted by taking 

absorption along y axis and the wavenumber along x-axis. Wavenumber is defined as 

number of wave lengths per unit length usually the length and wavelength are taken in 

centimeters. The wave number is directly proportional to the frequency of the IR 

radiation. The wave number in terms of the wavelength is given by the following relation.  

υ (cm-1) = [1 / λ( cm)]                             (2.20) 

IR spectroscopy has become more efficient and quicker with time. IR 

spectroscopy was developed by using dispersive techniques which employed dispersion 

of light through prisms and later with grating. But now a days dispersive spectroscopy 

has been replaced by more precise perfect and faster technique which is called Fourier 

Transform Infrared (FTIR) Spectroscopy; we have employed this technique to investigate 

the various oxygen related IR modes in our samples.  

FTIR spectroscopy 

In the early days of the IR spectroscopy, as mentioned earlier the dispersive type 

infrared instruments were used. By these instruments the individual frequencies were 

sorted out from the spectrum coming from the IR source and this was achieved by 

passing the incoming light from the prism or grating.  

By comparison a grating is a better separator of the frequencies of infrared energy 

than a prism. When a spectrum is recorded using a conventional, dispersive IR 

spectrometer, each data point reveals the transmitted light at the respective frequency. 

Since separate measurement is made for each wavelength, therefore sufficient time is 

required for the entire spectrum. But the signal provided by the FTIR technique, however, 

contains information about the complete spectrum of the probe. This signal has to be 

transformed from the time-domain into the frequency-domain in order to reveal the 

spectrum. This transformation is given the name of Fourier Transformation.  

  



 - 59 -

Fourier Transform Infrared spectroscopy is preferred over dispersive type due to 

many reasons as given below.  

 It is easier to build and cheaper than the conventional monochromatic 

spectrometers. 

 It provides a precise measurement method without requiring external calibration. 

 It works at faster speed, collecting a scan every second. 

 It has greater optical throughput. 

 It is mechanically simple with only one moving part. 

Fourier Transform Infrared (FTIR) spectrometry has been very successful in 

eliminating the problems associated with its predecessor dispersive devices. The main 

difficulty which it addressed was the slow scanning speed. The IR absorption of one 

frequency was possible at one time, for the entire spectrum with large number of 

frequencies it took to long. So there was dire need of a technique which would be able to 

measure the IR absorption of all the frequencies simultaneously instead of doing it 

individually one by one. As a result a complete span of all the frequencies will be 

possible in one go. So the process will be fast and completed in few seconds. The device 

which made possible the realization of this dream is very simple but delicate and is called 

interferometer. The main part of it is a beam splitter which is a semi silvered glass plate. 

It splits the incident IR beam into two parts. On part is directed toward a fixed mirror 

while the other part is directed towards a movable mirror. The distance traveled by the 

beam traveling to the fixed mirror is fixed but the distance traveled by the beam 

reflecting from the movable mirror changes with time. Two beams are made to 

recombine after reflection from the respective mirrors. On recombination of these beams 

form an interference pattern. Since IR beam contains a large number of wavelengths, 

interference pattern is formed for each wavelength. The mirror moves at a fixed 

controlled speed so the interference for each frequency assumes the form of a sinusoidal 

wave of particular frequency. In this way a fixed wavelength is changed into a wave by 

the movement of the mirror. All individual wavelengths, in the IR, are transformed into 

sinusoidal waves of different frequencies. All these waves superimpose to form a unique 

single pattern signal. This signal is called interferrogram it contains the data of every 

frequency present in the IR spectrum (Fig. 2.7).  
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Fig. 2.7: A typical interferogram produced with a broadband IR source 

 

Thus measurement of the interferogram means that all the frequencies are 

measured at the same time. This is why the process of IR spectroscopy becomes so fast 

with interferometer. But we need to know that for the sample analysis we require a 

frequency versus transmission or absorption plot. We need to know individually that 

which frequencies have been absorbed and with what intensity. The measured incident 

and the transmitted interferogram signal can not provide us with any interpretation 

directly. We need to transform this interferogram into individual frequencies. 

Interferogram is superposition of waves so these individual components can be easily sort 

out by using Fourier Transformation, which is a mathematical technique. For this 

transformation Computer software is used and the end result is an IR plot which displays 

wavenumber along the x-axis while absorption or transmission along the y axis.  

The Sample Analysis Procedure  

For the IR spectroscopy of a sample the normal instrumental process is shown in 

the Fig. 2.8 and the working sequence of the FTIR spectrometer is given below. 

1. Infrared Source: To produce IR radiation a glowing source is used. Choice of the source 

is made in accordance the energy range required for the experiment. The amount of 

energy incident on the sample is adjusted by using an aperture. 

2. The Interferometer: The light from the IR source is made to enter the interferometer. 

The interferometer transforms all the wavelengths into an interferogram. 

3. The Sample: Interferogram is allowed to enter the sample compartment. Depending on 

the nature of the sample, the part of the signal is transmitted, part is absorbed and 

reflected. The sample is used in the powder form. Depending on the nature of the analysis 

involved either transmission or reflection can be recorded. 
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4. The Detector: It is used to detect the reflected or transmitted signal. Again the choice of 

the particular detector involves the presence of specific frequency range in the 

interferogram.  

5. The Computer:  The final signal is fed to the computer. It carries out the Fourier 

Transformation of the data and other calculations. It provides the IR spectrum of the 

sample which is analyzed and interpreted by the user.   

 

 
Fig. 2.8: Process up to obtaining a spectrum 

 

For FTIR spectroscopy of our superconducting samples, we followed the 

following procedure. 

i) The fist step involved was the preparation of the samples for the IR analysis. A 

small quantity of the sample was mixed with purified KBr. The mixture was 

ground in an agate mortar with pestle, to obtain a fine powder. The powder 

mixture was then converted into thin transparent pellets in a mechanical die 

press. 

ii) A back ground spectrum without the sample was obtained in the range 400 to 

700 cm-1. 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 
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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. 

iii) Next, the sample (pellet) was mounted in the chamber and sample spectrum 

was collected. It contained absorption bands from the sample and the 

background (air or solvent). 

iv) The computer software provided with the final absorption spectrum of the 

sample after subtracting the background from the sample spectrum 

v) Finally the spectrum peaks were marked and identified using the software and 

analysis and interpretations were made.   
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CHAPTER 3 

Effect of Mg doping and study of reduced weak links in Mg 

doped Cu0.5Tl0.5-1245 superconductors 

This chapter deals with the synthesis and study of the weak link behaviour of Mg doped Cu0.5Tl0.5-

1245 superconductors and also contains the discussion regarding the role of oxygen in improving the 

inter-grain weak links of these materials as well as optimization of carriers in OPs and IPs.  

Two important high temperature superconducting systems, CuBa2Can-1CunOy [1-

4] and TlBa2Can-1CunOy [5-8], have been synthesized and extensively investigated. Both 

the systems are found to be iso-structural except for one contains Cu and the other has Tl 

in the charge reservoir layer. Synthesis of the Cu based system is quite difficult due to the 

requirement of high pressure and temperature. On the other hand the Tl based system is 

obtained at relatively low temperature and ambient pressure [1-4, 9-10]. A system with a 

hybrid charge reservoir layer, containing both Cu and Tl is synthesized at moderate 

temperature conditions and normal pressure. The hybrid charge reservoir layer is more 

efficient for transfer of charge to the conducting CuO2 layers. The Cu-Tl based system 

with modified conducting charge reservoir layer is also well known for maintaining the 

low superconducting an-isotropy [2]. This system is designated as Cu1-xTlxBa2Can-

1CunO2n+4- (n = 2, 3, 4, 5). A member of this family, with n = 3, is represented as (Cu, 

Tl)-1223 another higher member (n = 4), (Cu, Tl)-1234 has been found to yield a high Tc 

of 126 K. 

In high Tc layered cuprates, with three or more CuO2 planes in the unit cell, the 

superconducting properties have been found to be dependent on two factors. One is the 

doping level in the CuO2 layer nh and the other one is the number of CuO2 planes per unit 

cell. In most of the high Tc compounds, the Tc varies as a bell-shaped curve with nh and 

exhibits a maximum value of the critical temperature at nh~0.2. In layered cuprates the Tc 

has been observed to increase monotonically with increasing number of CuO2 planes but 

saturates at either for n = 3 or for n = 4 [11-13]. The lowering of Tc with n ≥ 4 may be 

associated with higher anisotropy along the c-axis and inhomogeneous carrier 

concentration in the CuO2 planes. 
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These normal pressure synthesized Cu-Tl based superconductors are promising 

candidates in cuprate families due to their easy and reproducible synthesis route equipped 

with low anisotropy (abc) and long coherence length along c-axis [14]. The 

coherence length along c-axis increases with increase in number of CuO2 planes, which 

in turn decreases anisotropy [15]. It was, therefore, expected that the zero resistivity 

critical temperature Tc(R=0) of these compounds would rise with increased number of 

CuO2 planes in the final compounds [16]. If synthesized these compounds are expected to 

have lower anisotropy and long coherence length along the c axis.  

Multilayered five planar cuprate superconductors are comprised of two types of 

CuO2 planes. The two outer CuO2 planes (OPs) adjacent to the CRLs have a pyramidal 

(five) oxygen coordination whose apex is an apical oxygen atom. Another three inner 

CuO2 planes (IPs) have a square (four) oxygen coordination. Thus these compounds are 

composed of crystallographically in-equivalent CuO2 planes. In these multi-layered 

compounds, the carrier density doped in each CuO2 plane is also not equal [17-18]. Due 

to unequal carrier doping these superconducting compounds exhibit unique physical 

properties not observed in cuprate superconductors with only single or double 

crystallographically equivalent CuO2 planes [19]. It is well established that in a five 

planer cuprate superconductor IPs and OPs are in under-doped and over-doped states, 

respectively [20-23]. Therefore it seems quite useful to study the changes in the 

superconducting properties of the five planar compounds by carrying out annealing 

experiments. We have already synthesized and studied three planar (CuTl-1223) and four 

planar (CuTl-1234) compounds [24-28], so preparation of five planar (CuTl-1245) is 

expected to provide more understanding about the whole system.  

In normal pressure synthesized (Cu, Tl)-1223 and (Cu, Tl)-1234 superconductors 

Mg doping at the Ca sites has been observed to improve the superconducting properties. 

The enhancement of the Tc and the magnitude of diamagnetism in these compounds have 

been attributed to the improved inter-planar coupling due to the decrease in the distance 

among the planes because of the smaller ionic radius of Mg as compared to that of Ca it 

replaces [24, 26, 28, 29-31]. Another factor which has been suggested to be responsible 

for enhanced superconductivity in the Mg doped samples is the optimization of the 

carrier concentration promoted by the high electro-negativity of the Mg than that of Ca it 
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replaces [26, 29]. Similar results have also been obtained for Be doping at the Ca sites 

[27, 32-33]. We have, therefore, synthesized and studied Mg doped Cu0.5Tl0.5Ba2Ca4-

xMgxCu5O14-δ (x = 0, 1, 2 and 3) superconductors. 

Apart from the inherent effects of interactions among the carriers to the nano-

scale level within the unit cell, the grain boundaries weak links can play a vital role in 

limiting Tc(R=0) [34-36]. The Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 0, 1, 2 and 3) is, 

therefore, an important series of compounds to be investigated for the study of such weak 

link behavior. Doping of Mg at the Ca site is expected to yield good superconducting 

properties due to improved inter-planar coupling. Like other homologous member of this 

family, i.e. Cu1-xTlxBa2Can-1CunO2n+4- (n = 2, 3, 4), this compound has a Cu1-xTlxBa2O4- 

charge reservoir layer with five CuO2 planes. The carrier doping to the CuO2 planes can 

be controlled through the exchange of oxygen [O] in the charge reservoir layer; since 

oxygen has higher electronegativity and can efficiently dope the carrier in the CuO2 

planes. Any exchange of oxygen through the diffusion into the unit cell has to come 

across the grain boundaries and some part of it will interact with the elements at the 

termination ends of crystal. Therefore, the concentration of oxygen at the grain 

boundaries apart from controlling the carriers concentration in the unit cell, also 

determines the nature of weak links among the grains [37-38]. To modify nature of the 

weak links at the inter-grain sites we have modified the concentration of oxygen by post-

annealing the samples in air, oxygen and nitrogen atmospheres. The post annealing has 

been found to improve the inter-grain coupling, which is possibly accomplished through 

the diffusion of oxygen at inter-grain sites and formation of oxides of elements appearing 

at the termination ends of crystal. 

3.1 Results and Discussion 

The five planar Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 0, 1, 2 and 3) samples were 

prepared by the solid state reaction method at 890oC and the sintering was done for 8 

minutes during the second stage. Detailed method for preparation of the compounds has 

already been given in the previous chapter 2. Fig. 3.1 shows the X-ray diffraction scans 

of x = 1, 2 and 3 samples. Most of the peaks have been fitted according to the tetragonal 

structure following the P4/mmm space group and indexed using a computer software 
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check cell. A few marked reflections in the diffraction scans show the presence of 

unknown impurities in the samples.  

 

Fig.3.1: X-ray diffraction pattern of Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x=1, 2, 3) samples. 

The XRD analysis revealed the formation of Cu0.5Tl0.5-1234 phase in Mg free (x = 

0) sample. Whereas in the Mg doped samples with x = 1, 2 and 3, the projected, 

Cu0.5Tl0.5Mgx-1245 structure was identified. XRD results clearly show that the Mg is 

playing a crucial role for stabilization of these five planar compounds. In spite of 

repeated efforts failure to grow five planar Mg free samples has made it very difficult to 

assess or compare the direct effect of Mg doping on the superconductivity of these five 
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planar compounds. As a result, to some extent, we have been restricted to the comparison 

of superconductivity among the phase similar Mg doped Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ 

(x=1, 2, 3) samples As Prepared Samples 

In Fig. 3.2 are shown the temperature dependent electrical resistivity 

measurements of the as-prepared Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 1, 2, 3) samples. All 

the samples have shown metallic variations from room temperature down to the onset of 

superconductivity. In x =1 sample with lower Mg concentration the Tc is observed around 

101 K, in x = 2, with intermediate doping it increases to 105 K and finally for higher 

doping in x = 3 sample it decreases to 96 K. The enhanced Tc can be attributed to the 

improved inter-plane coupling due to the reduced distance among the CuO2 planes and 

optimization of carrier density there. As the planes come closer the carriers flow is likely 

to take place from the OPs to the IPs thereby promoting the uniformity of carrier density. 

On the other hand decrease in Tc with higher doping level (x = 3) might be due to the 

disorder produced in the super conducting CuO2 planes due to size difference between the 

Ca and the dopant Mg . Further Mg is more electronegative than Ca it replaces, so higher 

content of Mg is likely to cause detrimental effect by interacting with the electrons in the 

superconducting planes. This role of Mg seems to be a plausible reason behind lowering 

of the critical temperature in the x = 3 sample. 

The ac susceptibility measurements of Cu0.5Tl0.5Mgx-1245 (x = 1, 2, 3) samples 

are shown in Fig. 3.3. The onset of the diamagnetism is observed around 104, 101 and 96 

K respectively. From the comparison of the real component of the magnetic susceptibility 

′ we see that it increases with x = 2 Mg substitution and is highest, but it decreases in x 

= 3 sample ′. The magnitude of the diamagnetism appears to follow the resistivity trend. 

As the Mg content increases from x = 1 to x = 2 the improvement in the 

superconductivity can be attributed to the improvement in the current transport properties 

brought about by the improved inter-planar coupling. The improved inter-grain coupling 

might be leading to higher critical temperature and current density in the compounds [39, 

40].  

 



 - 70 -

100 150 200 250 3000.00

0.03

0.06

0.09

0.12

0.15

0.18

0.21

90 100 110 120 130
0.00

0.03

0.06

0.09

0.12

T (K)

 
(

c
m

)

 

 

T (K)

 
(

c
m

)

 x=1 
 x=2
 x=3

 

 

 

Fig. 3.2: Resistivity vs. temperature measurements of Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ   (x = 

1, 2, 3) samples. 
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Fig. 3.3 The ac-susceptibility vs. temperature plots of Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 1, 2, 

3) samples. 
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A sharp peak of the out of phase component of the magnetic susceptibility (″) in 

the x = 2 sample shows the reduced losses in the material. Reduction in losses here seems 

to be brought about the flow of carriers from the overdoped OPs to the underdoped IPs 

that results into somewhat uniform carrier density in the superconducting planes of the 

five planar compound. Good quality of this sample can also be judged from the sharpness 

of this peak. It shows that the sample has good inter and intra-grain connectivity which is 

reflected in higher Tc, higher diamagnetism as well. 

3.1.1. Annealing effects on the superconducting properties and weak     

link   behavior 

Investigation of the nature of the weak links among grains and their effects on the 

quantity of diamagnetism and superconductivity are very important for achieving 

optimum superconducting properties of a compound. Oxygen concentration at the inter-

grain sites plays an important role in determining the nature of the weak links; i.e. 

conducting, semiconducting or insulating. To modify the oxygen concentration at the 

granular sites, we have carried out annealing of the samples at 550oC for three hours, in 

the air, oxygen and nitrogen atmospheres. The effects of annealing on superconductivity 

of the samples were determined by carrying out resistivity and ac magnetic susceptibility 

measurements.  

The annealing experiments are also very important to observe the effects of 

annealing environment on the carrier density of the IPs and the OPs. As OPs are closer to 

the charge reservoir layer they are likely to be affected more than the IPs. It is the 

distance involved which makes the OPs and IPs over and under doped respectively. 

Results of the annealing experiments on the weak link behavior and the role of the OPs 

and IPs in determining the superconducting properties of Cu0.5Tl0.5Mgx-1245 (x = 1, 2, 3) 

samples are discussed blow. 

Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 1) 

 The resistivity vs. temperature measurements of Mg doped as-prepared and post-

annealed Cu0.5Tl0.5Mg10–1245 samples are shown in Fig. 3.6. A metallic variation of 

resistivity from room temperature down to the onset of superconductivity is observed in  
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Fig. 3.4: Resistivity vs. temperature measurements of Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14-δ samples 

annealed in air, O2, and N2 atmospheres at 550oC for 3 hours. 
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Fig. 3.5: The ac- susceptibility vs. temperature plots of Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14-δ 

samples annealed in air, O2, and N2 atmospheres at 550oC for 3 hours. 



 - 73 -

all the samples. The [Tc(R=0)] in the as-prepared samples and the samples post-annealed 

in N2, O2 and air is observed at 101, 108, 112 and 108 K respectively. We see that critical 

temperature is increased in all the post annealed samples and is found to be highest in 

oxygen annealed sample. 

The onset of the diamagnetism in these samples is observed at 104, 109, 112, and 

109K, Fig. 3.7. The quantity of diamagnetism in the oxygen-annealed sample is highest: 

the peak temperature (TP) observed from the out of phase component of magnetic 

susceptibility (″), in this sample, is around 108.5K. Again we see that the diamagnetism 

has increased in all the samples in spite of different annealing environments. Similarly ″ 

has assumed the shape of a sharp peak after the sample has undergone annealing process.  

Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 2) 

The ρ vs. T measurements of Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ superconductor 

samples, annealed in N2, O2 and air atmospheres are shown in Fig. 3.8. The resistivity 

curve of un-annealed sample is also included. The Tc (R=0) in the as prepared sample is 

observed at 105 K and in the samples post-annealed in N2, O2 and air it is around 107, 

111 and 108 K respectively. 

  The onset of superconductivity witnessed in magnetic susceptibility is observed 

around 104 K in un-annealed samples while in the samples post-annealed in N2, O2 and 

air atmospheres, it is observed around 109.5, 113 and 111 K respectively, Fig. 3.9. For 

this composition Tc, ′ and Tp have been found to be increased in all the samples and 

oxygen annealing seems to be more effective. This overall improvement in the 

superconductivity of the post annealed samples might be arising from the removal of 

defects from the structures and variation of the carrier density in the non uniformly doped 

superconducting planes. As oxygen annealing has shown the best results, therefore there 

is a strong likelihood of absorption of the oxygen in the unit cell and at the grain 

boundaries that seems to be responsible for enhanced current transport properties of the 

polycrystalline material. Sharpening of the (″) peaks with annealing is indicating an 

improvement in the weak link behavior. These results also indicate that these samples 

may have higher current density and endure higher magnetic field. 
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Fig.3.6: Resistivity vs. temperature measurements of Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ samples 

annealed in air, O2, and N2 atmospheres at 550oC for 3 hours. 
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Fig. 3.7: The ac-susceptibility vs. temperature plots of Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ samples 

annealed in air, O2, and N2 atmospheres at 550oC for 3 hours. 
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Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 3) 

The temperature dependent resistivity measurements of as prepared and post 

annealed Cu0.5Tl0.5Mg3–1245 samples are given in Fig.3.10. The Tc (R=0) noted in un-

annealed sample is about 96 K and in the samples post-annealed in N2, O2 and air at 105, 

110 and 109 K respectively. The onset of superconductivity witnessed in diamagnetic 

measurements in un-annealed sample is around 96 K, in the samples post-annealed in air, 

O2 and N2 atmospheres, around 108, 114 and 110 K respectively (Fig. 3.11).  
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Fig.3.8: Resistivity vs. temperature measurements of Cu0.5Tl0.5Ba2Ca1Mg3Cu5O14-δ samples 

annealed in air, O2, and N2 atmospheres at 550oC for 3 hours. 

This sample has shown the similar trend as observed in previous two samples. 

Critical temperature and magnitude of diamagnetism have been found to be enhanced 

after annealing of the samples in air, nitrogen and oxygen atmospheres. Here again the 

same arguments as given above apply, so improved superconductivity can be ascribed to 

the optimization of the carriers in the CuO2 planes and improved weak link behavior. 

 Annealing and carrier doping in the OPs and IPs 

The purpose of oxygen annealing is the carrier doping of the CuO2 planes that in 

order to modify the superconducting properties of the superconductor. Contrary to it the 
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reduction annealing reduces the carrier density in these superconducting planes. In this 

scenario two different results are expected when both oxygen and reduction annealing are 

performed. But in our case we have observed enhanced superconductivity in all cases 

whether annealing environment is oxygen air or nitrogen. But this behavior can be 

understood in the light of two bell shaped model [41] which have been mentioned in 

chapter 1 (page 26).  
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Fig. 3.9: The ac-susceptibility vs. temperature plots of Cu0 Cu0.5Tl0.5Ba2Ca1Mg3Cu5O14-δ 

samples annealed in air, O2, and N2 atmospheres at 550oC for 3 hours. 

Fig. 3.12 shows the OPs and IPs of the five planar multilayered cuprate 

compound. It can be seen that OPs lie closer to the charge reservoir layer than the IPs; as 

a result OPs are influenced more by the charge reservoir block than the IPs. It results into 

to non uniform carrier distribution, so the OPs are in the overdoped and IPs are in under-

doped state. In these different types of planes there are two different critical temperatures, 

one in the OPs denoted by Tcop and the other one in the IPs designated as Tcip.  Higher of 

the two Tcs determines the critical temperature of the bulk sample. Annealing is much 

likely to change the carrier density in the IPs and OPs that would vary the Tcop and Tcip 

and finally higher of these two would yield the critical temperature of the bulk sample. 
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In order to explain our results firstly we discuss the oxygen annealing. In this case 

the oxygen absorbed in the charged reservoir layer most likely interacts with the electrons 

in the superconducting CuO2 planes. Being highly electronegative it pulls out the 

electronic cloud thereby causing hole doping. Consequently, already over-doped OPs 

become more over-doped and it causes a drop in the Tcop. On the other hand the inner 

planes (IPs) make a transition from already under-doped state to the optimal state and 

consequently Tcip increases. Higher of the two critical temperatures appears in the 

measurements as bulk Tc. This is the way how carrier doping of IPs takes place and the 

critical temperature is enhanced in all three oxygen annealed samples.  

 

 

Fig. 3.10: Unit cell of a five planar compound showing IPs and OPs. 

Now we discuss the reduction annealing experiment in air and nitrogen 

atmospheres. On air or nitrogen annealing, removal of the highly electronegative oxygen 

from the charge reservoir layer promotes electron hole recombination in the CuO2 planes 



 - 78 -

which reduces hole density there. As a result the carrier density in the already over-doped 

OPs is reduced and its shifts towards optimization. it paves the way for higher Tcop. On 

the other hand, due to reduction annealing, the Tcip in the IPs decreases due to more 

carrier under-doping. On being closer to the CRLs, the carrier densities are affected more 

in the OPs than in the IPs. 

From the above discussion it is clear that the oxygen annealing optimizes carrier 

density in the IPs while air and nitrogen annealing optimize the carrier concentration in 

the OPs. In all the annealing experiments if bulk Tc of the samples is enhanced it is not 

surprise, because higher of the two Tcs gives the critical temperature of the sample. 

Peak temperature and Mg content   

 Since of peak temperature (TP) is an important parameter to investigate the weak 

link behavior of the polycrystalline samples, its dependence on the Mg concentration and 

the annealing environment is shown in Fig. 3.12. 
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Although the TP is highest in the samples with x = 3, but the value of TP in these samples 

is very much sensitive to the annealing environment in other words to the oxygen content 

in the Cu0.5Tl0.5Ba2O4-δ charge reservoir layer. It can also be seen from this figure that the 

variation of TP with annealing in air, N2 and O2 atmospheres is larger in x = 3, than in the 

x = 2 sample. This observation leads to a conclusion that Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ is 

a good choice among the three for stabilizing this five CuO2 plane structure 

3.2. Summary 

We have synthesized Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 1, 2, 3) superconductors 

at normal pressure by the solid state reaction of Ba(NO3)2, Ca(NO3)2, Cu(CN), MgO and 

Tl2O3 compounds. These samples have tetragonal structure following P4/mmm space 

group and the lattice parameter c has been found to decrease with increased Mg doping at 

the Ca site. We have studied their weak link behavior through the width and peak 

temperature (TP) of the imaginary part of magnetic susceptibility (″). The resistivity and 

ac-susceptibility measurements of the as-prepared x =1 and x = 3 samples have shown 

weakly coupled grains. A broader ″ peak at lower temperature TP, a finger print of the 

weak links in oxide superconductors, was observed in x = 2, as-prepared sample as well. 

The annealing in different atmospheres possibly promotes the inter-grain or intra-grain 

which enhances the connectivity of grains and reduces their weak links. Since the 

samples were synthesized at quite high temperature, therefore deficiency of the oxygen 

atoms in the unit cells is also expected. Oxygen annealing is most likely helpful in 

removing these defects, those results in the improvement of the intra-grain 

superconductivity.  

From the synthesis and study of Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x=1, 2, 3) 

superconductors, the results obtained have been sum up below. 

i) Synthesis of the five planar Cu0.5Tl0.5 -1245 phase is not easy to achieve, only 

Mg has been found to be useful in acting as a structure stabilizing dopant. The 

Mg free 1245 phase is not stable; we have tried different synthesis temperatures 

and times without success. 

ii) Mg doping decreases the length of the unit cell, thereby improving the inter-

plane coupling, which results in good superconductivity in the compounds. 
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iii) Higher concentration of Mg is likely to suppress the superconductivity due to 

the introduction of disorder in the unit cell due to difference in ionic radii of Ca 

and Mg. Mg being more electronegative can cause detrimental effects by 

interacting with the electrons in the superconducting planes when doped in high 

concentration. 

iv) Critical temperature of all the samples has been found to be increased both 

during the oxygen and reduction annealing. This result has been explained in 

terms of model proposed by Hirai et al. according to which the higher Tc is 

either coming from the IPs or OPs due  to non uniform carrier density. 

v) The annealing of the samples in different atmospheres has been observed to 

promote better inter-grain connectivity, maximum effect has been observed in 

the case of oxygen annealing. The reason might be the restoration of the oxygen 

in the unit cell, lost during the high temperature synthesis of the samples.  

vi) The x = 2 sample shows better superconducting properties as compared to the 

other concentrations. Also in its case peak temperature shows less variation 

with different annealing environments. Hence this sample can be considered as 

quite good in terms of the quality. 
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CHAPTER 4 

 Effect of annealing time and temperature on superconductivity 

of Mg doped Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ superconductor 

This chapter describes the variation of the critical temperature of the five planar Mg doped 

Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ superconductor with annealing time and temperature. The effect of 

annealing and the mechanism responsible for the enhancement of Tc have been discussed. 

Reducing the superconductor anisotropy is not only interesting from technological 

point of view, but also useful in enhancing the symmetric part of the wave function of the 

carriers. The reduced anisotropy promotes higher Jc under high magnetic fields, high 

irreversible field and long coherence length along c-axis [1, 2]. Anisotropy is defined as 

the ratio of coherence length in the ab-plane to the coherence length along the c-axis 

(ab c) [3]. The a- and b- axes lengths remain almost constant in the homologous 

phases of Cu1-xTlxBa2Can-1CunO2n+4- (n = 2, 3, 4, 5), but their c-axis length increases 

with the increase in number of CuO2 planes. It was suggested that the increased c-axis 

length would make the spatial spread of the wave function of the carriers (the coherence 

length) along c-axis larger and will decrease the anisotropy of the material [4]. It was, 

therefore, proposed in Cu1-xTlxBa2Can-1CunO2n+4- superconductors that their anisotropy 

will decrease with the increased number of CuO2 planes. However, the zero resistivity 

critical temperature [Tc(R=0)] systematically increases up to n = 3 and begins to decrease 

when n >3 in these homologous phases [2, 4]. The inhomogeneous distribution of the 

carriers in the conducting CuO2 planes was suggested to be a possible reason for the 

suppression of Tc(R=0) in the samples with n > 3 [4-6].  

The inhomogeneous carrier distribution in CuO2 planes has also made these 

structures very attractive for the study of possible co-existence of antiferromagnetism and 

high Tc superconductivity [7-10]. We have synthesized Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14- 

samples at normal pressure. In order to reduce the anisotropy and to develop a better 

inter-plane correlation, we have substituted smaller size Mg at the Ca sites [11, 12].  

Another advantage of substitution of 50 percent more electronegative Mg at Ca site might 

be homogenizing the carrier density in different CuO2 planes.  
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Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14- (Cu, Tl)-1245 is a typical multilayered cuprate 

superconductor composed of two IPs and three OPs, where the IPs and OPs have 

different carrier concentration. The OPs are considered to be over doped and the IPs 

under-doped [13, 14], therefore annealing in the air atmosphere is likely to reduce the 

carriers in the OPs [15]. Variation of the carrier density is likely to depend on the 

annealing environment, temperature and time, so it seems interesting to see the variation 

of Tc with annealing time and temperature. These experiments have shown an increase of 

Tc (R = 0) to 132.6 K by the annealing of samples in air atmosphere, for 3 hours at 600oC. 

The Tc(R=0) observed in Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14- is hitherto the highest in the Cu1-

xTlx-based high temperature superconductors [16] and almost equal to the Tc(R=0) 

observed in HgBa2Ca2Cu3Oy superconductors (133K).   

4.1.  Results and Discussion 

The samples of Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14- superconductors were synthesized 

by usual solid state reaction method. The X-ray diffraction pattern of Cu0.5Tl0.5Mg2-1245  

 
Fig. 4.1: X-ray diffraction pattern of Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ sample. 
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sample prepared at 890oC, with 10 minutes sintering time is shown in Fig. 4.1. Most of 

the peaks could be indexed according to tetragonal structure following P4/mmm space 

group, a small number of unknown impurity lines are also marked by dots in the 

diffraction pattern. The calculated cell parameters after fitting these lines to tetragonal 

structure are a = 3.91 Å and c = 21.25 Å. The length of c-axis observed in our samples is 

smaller than the values observed in TlBa2Ca4Cu5Oy [17], CuBa2Ca4Cu5O14-δ and 

AgBa2Ca4Cu5O14-δ superconductors [2, 4, 18-20]. The decreased c-axis length has 

suggested that anisotropy has decreased with Mg substitution.  

The resistivity versus temperature measurements of Cu0.5Tl0.5Mg2-1245 samples 

are shown in Fig. 4.2. A metallic variation of resistivity from room temperature down to 

onset of superconductivity is observed with [Tc(R=0)] at 94±0.5 K The critical 

temperature observed in resistivity and ac-susceptibility measurements is consistent with 

other previously studied five layered compounds [2,4,18-20]; CuBa2Ca4Cu5O14-δ and 

AgBa2Ca4Cu5O14-δ synthesized under high pressure had shown Tc(R=0) around 100K 

[2,4], TlBa2Ca4Cu5O14-δ at 105 K [5], HgBa2Ca4Cu5O14-δ at 108 K [19] and (Cu, 

C)Ba2Ca4Cu5O14-δ at 94 K [20].  
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Fig. 4.2: Resistivity vs. temperature measurements of Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ sample, 

inset shows the variation of ac-susceptibility with temperature. 
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4.1.1 Air annealing 
In five planar multilayered cuprate superconductors, as stated earlier, the OPs are 

in over-doped and IPs are in under-doped state of carriers. So in order to optimize the 

carrier concentration in the OPs, we have carried out the annealing of the samples in air 

atmosphere [21]. The annealing has been done at 400, 500 and 600oC. For each fixed 

temperature, three annealing time intervals, 3, 6 and 9 hours have been used. Annealing 

time and temperature dependent variation in the critical temperature (Tc) are discussed 

below.  

Annealing at 400oC 

Normalized temperature dependent resistivity measurements of the sample 

annealed at 400 oC for 3, 6 and 9 hours are shown in Fig. 4.3. In the as-prepared sample 

Tc (R=0) has been observed around 100 K, it shows a systematic increase with annealing 

time. In the sample annealed for 3 hours Tc has been observed at102 K, while in samples 

annealed for 6 and 9 hours at 105 and 108 K respectively.  
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Fig. 4.3: Normalized resistivity vs. temperature measurements of the sample annealed at 

400oC for 3, 6 and 9 hours. 
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 As mentioned above, in the five planar cuprate superconductors, the IPs are 

under-doped and OPs are over-doped. It has been suggested that [15] the IPs and OPs 

have their own intrinsic Tc’s and the higher between these two Tc’s determines the 

observed bulk Tc. On air annealing, removal of the highly electronegative oxygen from 

the charge reservoir layer promotes electron hole recombination in the CuO2 planes 

which reduces hole density there. Upon this reduction annealing the Tc in the IPs 

decreases due to more under-doping and in the OPs it increases because of the departure 

from the over-doped state. On being closer to the CRLs, the carrier densities are affected 

more in the OPs than in the IPs.  

The monotonic enhancement of Tc in our sample with increased annealing time 

indicates that the bulk Tc is arising from the OPs. With added annealing time more 

oxygen is removed from the CRLs causing more reduction in the hole density in the over-

doped OPs. As a result carrier density changes towards optimization causing 

enhancement of the Tc.  

Annealing at 500oC 

Normalized temperature dependent resistivity measurements of the sample 

annealed at 500oC for 3, 6 and 9 hours are shown in Fig. 4.4. Here again the critical 

temperature is seen to be increased monotonously with increased annealing time. The 

trend is similar to that observed in the sample annealed at 400oC mentioned earlier. So 

the argument given for the enhancement in Tc in that sample is equally valid for this 

sample annealed at 500oC. While the oxygen is being removed from the charge reservoir 

layer, the carrier density in the OPs is making a transition from the over-doped to the 

optimal doped state. That is why the critical temperature shows increasing trend with 

more annealing time.  

The increasing trend of the Tc with annealing time implies that the reduction 

process is quite slow. It means that either a longer annealing time or further higher 

annealing temperature is required for optimization of carrier density in the OPs. In this 

way the Tc can be expected to reach the optimum value. We opted for the second option 

and further annealing experiments were conducted at a higher temperature (600oC). 
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Annealing at 600oC  

Fig. 4.5 shows the temperature dependent variation of the normalized resistivity 

of the Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ samples annealed in the air atmosphere at 600oC for 

3, 6 and 9 hours. In the samples post-annealed at 400 and 500oC, mentioned above, a 

systematic increase of Tc(R=0) was observed with the increased annealing time. 

However, in the sample annealed at 600oC a maximum increase in the critical 

temperature is observed for the annealing time of 3 hours with Tc = 132.6±0.5 K. But 

with further increase of annealing time to 6 and 9 hours the critical temperature Tc(R=0) 

has been to found to be suppressed. These observations indicate that the suitable 

annealing temperature is 600oC with annealing time 3 hours. Obviously the concentration 

of the carriers is possibly optimized during first 3 hours. The longer annealing time seems 

to cause under-doping of carriers from the optimal doping, due to increased oxygen 

reduction rate. The doping of the carriers in the CuO2 planes is possibly accomplished by 

the intercalation of O oxygen in the Cu0.5Tl0.5Ba2O4-δ charge reservoir layer; the higher 

electronegativity of oxygen controls flow of carriers into the conducting planes [21, 22]. 

Since oxygen has the second highest electro-negativity (3.5 Paulings) in the periodic 

table of the elements, the higher concentration of oxygen in Cu0.5Tl0.5Ba2O4-δ charge 

reservoir layer stops the flow of the electron into the conducting CuO2 planes. The higher 

electron concentration in the conducting CuO2 planes at room temperature possibly 

increases the probability of electron hole recombination processes in the superconducting 

state and brings the holes density (nh) to the under-doped level in the as-prepared samples 

[23]. However, the post-annealed samples in air possibly had lowered the quantity of 

oxygen in the charge reservoir layer and hence made available more electrons in the 

conducting CuO2 planes. The higher electron concentration in the conducting planes at 

possibly increase the electron hole recombination processes and bring the carriers to the 

optimum level.  

It has been observed by X-ray absorption spectroscopy in Cu0.5Tl0.5Ba2Ca2Cu3O10-

δ superconductors that the lower concentration of oxygen in the charge reservoir layer 

reduces the charge state of thallium from Tl+3 to Tl+1; the former charge state needs 1.5 

oxygen atoms while the later 0.5 atoms [ 24-26]. The variation of the valence state of Tl  
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Fig. 4.4: Normalized resistivity vs. temperature measurements of the sample annealed at 

500oC for 3, 6 and 9 hours. 
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Fig. 4.5: Normalized resistivity vs. temperature measurements of the sample 

annealed at 600oC for 3, 6 and 9 hours. 
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is also another source of modification of the carrier density in the CuO2 planes which is 

needed to be investigated as well in CuTl-1245 sample. 

4.2.   Summary 

In summary, we have successfully synthesized Cu0.5Tl0.5Mg2-1245 

superconductor at the normal pressure, and enhanced its Tc(R=0) to 132.6±0.5K by 

annealing in air atmosphere for 3 hours at 600oC. The post-annealing of samples in air 

atmosphere decreases the quantity of oxygen in the charge reservoir layer which 

decreases the hole density in the conducting CuO2 planes at room temperature. The 

higher electron concentration in the conducting planes at room temperature possibly 

increases the electron hole recombination processes and brings the carriers to the 

optimum level. We have also enhanced the correlation among the carriers in different 

CuO2 planes by improving inter-plane coupling by 50% Mg substitution at   the Ca sites.  

The substitution of Mg at the Ca site in Cu0.5Tl0.5Mg2-1245 possibly makes the carriers 

distribution homogeneous in the different conducting CuO2 planes and the post-annealing 

in air atmosphere brings them to optimum level and a maximum increase in Tc(R=0) is 

observed.  

Some important results, gained from the study of air annealing effects on the Tc in 

Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ, have been summed up below. 

i) Mg doped Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14-δ superconductor with better inter-plane 

coupling has been synthesized. 

ii) The critical temperature has been increased upto 132 K via air annealing 

effects. 

iii) By varying the annealing temperature and time optimal superconductivity has 

been witnessed at annealing temperature of 600oC with annealing time of 3 

hours. 

iv) From the results it is confirmed that the IPs and Ops have non uniform carrier 

density. 

v) The hybrid charge reservoir containing both Tl and Cu is quite efficient in 

controlling the carrier concentration in the conducting CuO2 planes. 
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CHAPTER 5 

 Synthesis and study of Ge-doped (Cu0.5Tl0.5)-1223 and 
(Cu0.5Tl0.5)-1234 superconductors 

 

This chapter describes the effects of Ge doping on the superconducting properties of 

(Cu0.5Tl0.5)-1223 and 1234 superconductors. After brief introduction of the subject, a 

detailed discussion on the results of Ge-doping in this system is given. To summarize the 

results, a summary is given at the end of the chapter. 

One of the major problems, since the discovery of the high temperature 

superconductivity (HTSC) in oxides, has been the understanding of mechanism of high 

temperature superconductivity [1-9]. One approach has been, the study of the effects of 

impurity doping in various oxide superconductor systems [2]. A high Tc layered 

superconductor structure has two parts, a charge reservoir layer MBa2O4- (M = Tl, Bi, 

Hg, Cu) block and superconducting block constituted by the stacks of layers of CuO2 

planes. Superconductivity is very much sensitive to structural changes in these two 

blocks of the HTSC systems.  

It is believed that the mysterious phenomenon of superconductivity takes place in 

the conducting CuO2 planes, provided the carrier concentration there is within certain 

limits [10-14]. Any variation in the carrier density in these planes greatly affects the 

critical temperature of a superconductor. The carrier concentration can be modified by 

making suitable substitutions at the Cu sites in the CuO2 planes.  

Among the families of high temperature cuprate superconductors, 

(Cu0.5Tl0.5)Ba2Can-1CunO2n+4-  (n = 3, 4) system has been the promising member due to 

its lower anisotropy and long coherence length along the c- axis. These compounds have 

(Cu0.5Tl0.5)Ba2O4-  charge reservoir layer and n conducting CuO2 planes. The carriers are 

supplied by charge reservoir layer to the CuO2 planes, therefore, the carrier density can be 

changed by varying the amount of O  oxygen in the unit cell [15]. 

We have modified the CuO2 planes of the aforementioned compounds by doping 

Ge at the Cu sites. Ge qualifies for this substitution because it lies in the vicinity of Cu in 

the periodic table. Its stable valance state is Ge+4 with 3d band completely filled and can 
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qualify as a 3d element. The filled 3d band minimizes the complications arising from the 

activity of magnetic moments; which are present in copper oxygen CuO2 planes in the 

cuprate superconductors [16].  

Though pure Ge shows no sign of superconductivity but in many compounds, 

containing Ge, this phenomenon has been reported. Evers et al. found superconductivity 

in BaGe2 with Tc around 4.3K [17]. In (Ge, Ba) based compounds Yang Li et al. reported 

two superconducting transitions with Tc~10K and Tc~4K ([18]. In Nb3(Al, Ge) 

superconductors a relatively high upper critical field of 40 T at 4.2 K has been reported. 

These compounds are expected to become the next generation conductors capable of 

carrying current under higher external magnetic fields [19-20].  

Though Ge doping has been investigated in various kinds of superconductor 

materials but in layered cuprates the work is rather limited. Den et al. investigated 

(GexCu1-x)Sr2YCu2Oy, ((Ge, Cu)-1212) system and found that the 1212 phase could be 

prepared under ambient pressure for a very narrow range of the Ge content, 0.25 <z<0.3 

[21]. The as-grown 1212 phase was not superconducting but superconductivity appeared 

below ~ 10 K after high-pressure O2 treatment. Another Ge doped superconductor with 

the highest Tc of 90 K, (GexCu1-x)Sr2Ca2-xYxCu3Oy was synthesized under high pressure 

[22]. It showed an M-1223-type structure with M sites occupied by the Ge-Cu mixed 

atoms. Electron diffraction patterns of (Ge, Cu)-1223 gave a tetragonal lattice without 

any super-lattice spots suggesting random arrangement between Ge and Cu in the (Ge, 

Cu) plane.  

The effect of Ge substitution in the bismuth based Bi1.6Pb0.4Sr2Ca2Cu3-xGexOy 

system was reported by R K. Nkum et al.  [16].The samples achieved at the end had two 

orthorhombic phases, Bi-2212 and Bi-2223. The resistivity versus temperature curves of 

the 0≤ x≤ 0.4 samples showed a metallic behavior in the normal state with the onset of 

superconductivity around 110 K for all the samples, however, the zero resistivity critical 

temperature [Tc(R=0)] was found to be decreased with increased Ge concentration in the 

final compounds. The suppression of [Tc(R=0)] was attributed to the decrease in volume 

fraction of 2223 phase. The authors concluded that, smaller size of Ge4+ compared to 

Cu2+ introduced disorder in the planes. Based on these studies they predicted that, the 
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higher content of Ge would disrupt the conducting CuO2 planes thereby suppressing the 

superconductivity in the compounds. 

By doping of Ge at the Cu sites, we have synthesized Ge doped (Cu0.5Tl0.5)-1223 

and (Cu0.5Tl0.5)-1234 superconductors, with modified CuO2 planes. Firstly we attempted 

to synthesize three planar (Cu0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75 and 1.0) 

superconductors. The y = 0 and 0.5 samples obtained had the projected 3 planar structure 

but the X-ray diffraction pattern indicated the dominance of the four planar phase for y = 

0.75 and 1.0 substitutions. Secondly we prepared (Cu0.5Tl0.5)Ba2Ca3Cu4-yGeyO12- (y = 0, 

0.3, 0.6 and 0.9) superconductor series and succeeded in obtaining (Cu0.5Tl0.5)-1234 

structure in all the samples. The superconducting properties of the aforementioned 

compounds are discussed in the following. 

5.1.   Results and Discussion 

Two series of Ge doped superconductors were synthesized and investigated. Each 

 has been discussed independently in the following sections. 

5.1.1.  (Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75 and 1.0) 
superconductors 

The samples were prepared by solid-state reaction method, accomplished in two 

stages. Initially the precursors (Cu0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75 and 1.0) were 

synthesized by heat treating at 860oC for 24 hours in air. Then finally the Tl2O3 and 

precursor mixed gold encapsulated pallets were sintered at 860oC for 8 minutes to obtain 

the desired compounds.  

Fig. 5.1 shows the X-ray diffraction scans of the Ge doped samples. The 

diffraction lines in the spectrum are indexed according to the tetragonal structure 

following P4/mmm space group. Partially, Ge substituted derivative phases, like 

(Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- and (Cu0.5Tl0.5)Ba2Ca1Cu2-yGeyO8- in each spectrum, are 

also marked in the diffraction patterns. A relative percentage of inclusions of derivative 

phases, for different Ge content is given in Table 5.1.  

The c-axis values obtained are 14.9, 18.35 and 18.22 Ǻ for y = 0.5, 0.75 and 1.0 

respectively.  The superconducting phases have been identified from the intensity of the 
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(001) line in the X-ray diffraction scans. The 2  value of this line gives the maximum c- 

axis length of the unit cell and higher intensity of it shows the dominancy of that phase to 

which it belongs. From the peak fitting and c-axis values it is clearly seen that main phase 

in y = 0. 5 sample is (Cu0.5Tl0.5)-1223 while in y = 0.75 and 1.0 the major phase is 

(Cu0.5Tl0.5)-1234.  For lower doping concentration of Ge (y = 0.5) we have achieved three  

 
Fig. 5.1 : X-ray diffraction pattern of y = 0.5, 0.75 and 1.0 samples 
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CuO2/GeO2 planar (Cu0.5Tl0.5)Ba2Ca2Cu2.5Ge0.5O10- phase, but for y = 0.75 and 1.0,  four 

planar major phase has been stabilized. This phase transformation with increased content 

of Ge indicates that the thermal stability temperature of the solid solution is lowered with 

the increased Ge concentration. Consequently higher order CuO2/GeO2 planes phases are 

expected to be synthesized at lower temperature. Thus for the synthesis of Ge doped 

(Cu0.5Tl0.5)-1223 structures, temperature lower than 860oC seems to be more suitable.  

 

Table 5.1: Volume fractions of different phases present in y = 0.5, 0.75 and 1.0 samples.  

 

S. No. Sample % of Cu0.5Tl0.5-1223 % of Cu0.5Tl0.5-1234 %of Cu0.5Tl0.5-1212

1 y =0.5 75 12 13 
2 y=0.75 7.9 86 6.1 

3 y=1.0 6.8 89.4 3.8 

 

The samples were also annealed in air and oxygen atmospheres. Superconducting 

properties of both the as prepared and post annealed samples were explored by carrying 

out resistivity and ac susceptibility measurements and the findings have been discussed in 

the sections below.  

 Resistivity and ac susceptibility measurements of the as prepared 

samples 

The temperature dependent resistivity measurements of the (y = 0, 0.5, 0.75 and 

1.0) samples are shown in Fig. 5.2. Superconducting transition to zero resistivity, Tc (R= 

0), is observed around 110 and 102 K, in three planar y = 0 and 0.5 samples respectively. 

It clearly shows that Ge doping is suppressing the Tc. Similar trend is seen, in four planar 

Ge doped, y = 0.75 and 1.0 samples with Tc around 103 and 99 K respectively.  

The ac susceptibility measurements of the as prepared y = (0, 0.5, 0.75 and 1.0) 

samples are shown in Fig. 5.3. The onset of diamagnetism is observed around 110, 102, 

104 and 100 K for y = 0, 0.5, 0.75 and 1.0 respectively. Magnitude of the diamagnetism 

observed from the in-phase component of magnetic susceptibility (') is found to be 

decreased to a great extent in y = 1.0 sample, while the remaining three samples have 

almost same quantity of diamagnetism.  
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Fig. 5.2 : Resistivity vs. temperature measurements of (y = 0, 0.5, 0.75 and 1.0) samples. 

 

One reason for the suppression of the Tc with increased Ge content might be the 

impurity scattering phenomenon introduced in the CuO2 planes when Ge replaces Cu 

ions. The other one is associated with the difference of between the charge states of Ge 

and Cu. Substitution of Ge4+ for Cu2+ ions, in the conducting CuO2 planes, is likely to 

produce excess electrons due to charge imbalance. The argument is based on the findings 

of Abd-Elmeguid et al. [23], according to which the substitution of group four element 

‘Sn’ for Cu can cause the electron doping of the CuO2 lattice. Thus Ge doping is most 

likely to cause the electron doping of the p type CuO2 planes, resulting into the reduction 

in the number of free holes in the superconducting block of the system. This lowering of 

carrier concentration below the optimum level in the CuO2/GeO2 planes along with the 

impurity scattering seems to be responsible for the suppression of the superconductivity 

with increased Ge content in the samples. 
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Fig. 5.3: The ac-susceptibility vs. temperature measurements of y = (0, 0.5, 0.75 and 1.0) 

samples. 

 Resistivity and ac susceptibility measurements of the air 

annealed samples 

Fig. 5.4 shows the resistivity vs. temperature measurements of the samples 

annealed in air atmosphere at 500oC for five hours. The critical temperature has been 

observed around 114, 104, 112 and 108 K for y = 0, 0.5, 0.75, 1.0 respectively. A 

comparison between Fig.5.2 and Fig. 5.4 clearly indicates that after air annealing the Tc 

has been enhanced in all the samples. Fig.5.5 shows that after the air annealing the 

quantity of diamagnetism is increased in all the samples as well. The onset of 
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diamagnetism is observed around 114, 104, 112 and 110 K for y = 0, 0.5, 0.75, 1.0 

respectively.  

 

100 150 200 250 300
0.0

0.1

0.2

0.3

0.4

0.5

100 110 120 130
0.00

0.05

0.10

0.15

0.20

 

 

 
(

c
m

)

T (K)

 y=0.00
 y=0.50  
 y=0.75
 y=1.00 

 

 

 
(

c
m

)
T (K)

 
Fig. 5.4: Resistivity vs. temperature measurements of air annealed (y = 0, 0.5, 0.75 and 1.0) 

samples 

 A high Tc layered cuprate superconductor has two parts one is the charge 

reservoir layer and the other is the superconducting block constituted by CuO2 planes. 

The air annealing takes away oxygen from the charge reservoir layer. This removal of the 

oxygen leads to the transfer of electronic charge from CRL to CuO2 planes, which causes 

hole depletion. Therefore, in air annealed Ge doped samples suppression of the critical 

temperature is expected due to further carrier underdoping. But contrary to this 

anticipation, enhanced superconducting properties due to air annealing suggest the 

possibility of another mechanism that might be causing the carrier doping. It has been 

reported that the occupancy of oxygen in the charge reservoir layer can affect the size and 

valence of the thallium ion. The removal of oxygen makes room to accept an enlargement 

of the size of the thallium ion due to its valence change. With air annealing two 

mechanisms of carrier doping are anticipated. One is the carrier depletion due to oxygen 

removal and the other one is the carrier doping due to the change of valance of Tl from 
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Fig. 5.5: The ac susceptibility vs. temperature measurements of air annealed y = (0, 0.5, 

0.75 and 1.0) samples. 

Tl+3 to Tl+1[24]. This change of valence state removes electronic charge from the CuO2
 

planes, thereby increasing the hole density. So the enhanced superconductivity in air 

annealed Ge doped superconductors can be attributed to the carrier optimization due to 

change in the Tl valance. 

 Resistivity and ac susceptibility measurements of the oxygen 

annealed samples 

The temperature dependent resistivity variations of the oxygen post annealed 

samples are shown in the Fig. 5.6. The Tc has been observed around 108, 107, 114 and 

110 K in the y = 0, 0.5, 0.75 and 1 samples respectively. Except for the Ge free y = 0 the 
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Fig. 5.6: Resistivity vs. temperature measurements of oxygen annealed (y = 0, 0.5, 0.75 and 

1.0) samples. 

 

Tc has been found to increase in all samples. As stated earlier the Ge doping depletes the 

carrier density in the conducting CuO2 planes where phenomenon of superconductivity is 

believed to exist. So, oxygen annealing of the samples is likely to enhance their 

superconducting properties by carrier doping, which is reflected from the enhanced 

critical temperature of the Ge doped oxygen annealed samples.  

The ac-magnetic susceptibility measurements of the as prepared y = (0, 0.5, 0.75 

and 1.0)samples are shown in Fig. 5.7.The magnitude of diamagnetism is increased in all 

the post annealed samples and  the onset of superconductivity has been observed around 

108, 104, 114 and 110 K for the y = 0, 0.5, 0.75, 1.0 samples respectively. A sharp peak 

obtained in the out of phase component of the magnetic susceptibility ('') shows that 

inter-grain coupling is improved after post annealing in O2. The enhanced 

superconductivity in the samples is most likely brought about by the optimal carrier 

doping in the conducting CuO2 planes and the improvement of intra and inter-grain weak 
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Fig. 5.7 The ac-susceptibility vs. temperature measurements of oxygen annealed y = (0, 

0.5, 0.75 and 1.0) samples 

links.The samples have been synthesized at high temperature in air. Therefore there is a 

possibility of the removal of the oxygen from the unit cell and grain as results the defects 

are introduced in the material. These defects affect the current transport properties of the 

material.  Another contribution of the oxygen annealing is the removal of these defects 

which results in better current transport properties and hence the enhanced 

superconductivity.  

 FTIR absorption measurements 

In thallium based oxide superconductors the phonon modes related to oxygen are 

observed above 300 cm-1; the phonon modes related to heavier atoms such as, Ba, Ca, Cu 
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and Tl appear below 300 cm-1 [25-28]. We have carried out the FTIR absorption 

measurements of the as prepared and oxygen annealed samples to look for the changes in 

the phonon modes due to both oxygen annealing and Ge doping. The discussion about the 

phonon modes is divided into two sections. First section describes the samples with 1223 

phase while the second section is concerned with those having 1234 phase.  

 Y = 0 and y = 0.5 samples 

FTIR absorption spectra of the as prepared and oxygen post annealed 

(Cu0.5Tl0.5)Ba2Ca2(Cu3-yGey)O10- (y = 0, 0.5) samples are shown in Fig. 5.8 (a, b). In the 

as prepared, Ge doped sample (y = 0.5), the apical oxygen mode of type Tl-OA-M(2), 

where  M = Cu/Ge, is observed around 462 cm-1 , while in the un-doped sample (y = 0), 

this mode is seen to be centered around 478cm-1. Softening of this phonon mode with Ge 

doping can be attributed to the heavier mass of the Ge atom as compared to the Cu it 

replaces, since frequency of oscillation is inversely proportional to the mass of the atom 

involved. In the post annealed y = 0 sample this mode is hardened to 485 cm-1, while in y 

= 0.5 sample this mode almost retains the original position but with a little bit reduced 

intensity.  

Absorption of highly electronegative oxygen in the unit cell may influence the 

phonon frequency of Tl-OA-M mode in two ways. Hardening of the mode in the oxygen 

post annealed samples can be attributed to the decrease in the bond length due to strong 

interaction between the ion and the highly electronegative oxygen. On the other hand 

softening of the modes in the post annealed samples may be ascribed to the increase in 

the bond lengths due to decrease in the valance state of the ions like Tl. The higher 

concentration of the oxygen would acquire more electronic charge thereby changing the 

changing the Tl+1 to Tl+3 [24]. Smaller size of the Tl+3 ion and the enhanced Coulomb 

force decrease the bond length thereby increasing the phonon frequency associated with 

the mode.  

The phonon mode Cu-OA-M(2) is observed around 524 cm-1 while the planar 

oxygen mode is seen around 578 cm-1 wavenumbers, in the as prepared y = 0 sample. 

These modes are found to merge together in a single peak at 557 cm-1 in the Ge doped 

sample due to hardening of the former mode and softening of the later mode. Again  
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Fig. 5.8: FTIR absorption spectra of y = 0 and y = 0.5 samples (a) as- prepared   (b) oxygen 

post-annealed at 500oC for 5 hours. 

 

softening of the planar oxygen mode can be linked to the heavier mass of Ge as compared 

to that of Cu ion. Hardening of the Cu-OA-M(2) mode is most likely arising due to 

shortening of the OA-M(2) bond length because of the smaller ionic radius of the Ge4+ ion 

(0.53Ǻ)  as compared to that of Cu2+ ion, (0.73 Ǻ). 

The Cu-OA-M(2) mode is softened from 524 cm-1 to 519 cm-1after oxygen 

annealing in y = 0 sample, for y = 0.5 the merged apical and planar mode appearing at 

557 cm-1 is found splitting again after oxygen annealing showing softening of the Cu-OA-

M(2) oxygen mode and hardening of the planar oxygen mode. Enhancement in the 
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intensities of both these modes due to oxygen post annealing is quite obvious from Fig. 

5.8.b. 

The modes associated with the O oxygen atoms appear almost around the same 

position in both the y = 0 and y = 0.5 samples and no appreciable variation is seen in the 

peak positions and intensity of these modes with oxygen annealing. 

 Y = 0.75 and y = 1.0 samples 

Fig. 5.9 (a, b) shows the FTIR absorption spectra of the as prepared and oxygen 

post annealed (y = 0.75, 1.0) samples.  

 

 
Fig. 5.9: FTIR absorption spectra of y = 0.75 and y = 1.0 samples (a) as- prepared   (b) 

oxygen post-annealed at 500oC for 5 hours. 
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In both the as prepared samples the apical oxygen modes of type Tl-OA-M(2), 

where  M = Cu/Ge, is observed around  460 cm-1, higher intensity of this mode has been 

observed in the sample with higher concentration of Ge. In both the post annealed 

samples we see no considerable shift in the position of this mode, however its intensity 

has been reduced in sample y = 1.0. 

Another apical oxygen related phonon mode, Cu-OA-M (2), is observed at the same 

position around 535 cm-1 in both Ge doped samples. After oxygen annealing in the y=1.0 

sample this mode is shifted to lower wavenumber around 532 cm-1 along with showing an 

increase in intensity while in y = 0.75 the mode is slightly hardened to 538 cm-1.The 

planar oxygen mode, related to Cu/GeO2 planes, is seen around 570 cm-1 in both the as 

prepared samples (y = 0.75, 1.0). However intensity of this mode is found to be enhanced 

in the sample with higher Ge content. Oxygen post annealing doesn’t show much 

influence over the position of these modes however the intensity of this mode is reduced 

in the y = 1.0 sample.  

The modes associated with the O oxygen atoms appear almost around the same 

position in both the y = 0.75 and y = 1.0 samples without showing any appreciable 

change in the position and intensity of these modes both with the Ge doping and oxygen 

annealing. From the above discussion it is clear that the effects of Ge doping and oxygen 

annealing are quite pronounced and they can also serve as an evidence of the substitution 

of Ge at the Cu sites. 

5.1.2. (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 and 0.9) 

superconductors 

In the superconducting series mentioned above instead of projected 1223 phase 

the formation of 1234 phase for higher Ge concentration has lead us to the following two 

conclusions. 

i) Ge doped sample possess the higher tendency of stabilization of four planar 

1234 phases. 

ii) For the formation of the projected phase the synthesis temperature must be 

lower than the uasual. 
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Usually the optimal temperature recommended for the synthesis of four planar 

(Cu0.5Tl0.5)-1234 superconductors is 880oC [29-30] but the formation of this phase at 

860oC in the samples mentioned above compelled us to conclude that the Ge doping 

decreases the phase stability temperature of the compounds. Therefore we were tempted 

to synthesize Ge doped (Cu0.5Tl0.5)-1234 structures at a temperature lower than 880oC. 

Hence we have synthesized another series of Ge doped (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- 

(y = 0, 0.3, 0.6 0.9) superconductors at 870oC and investigated their superconducting 

properties. In the following is given the brief account of the investigation of 

superconducting properties of these compounds.   

 

 

Fig. 5.10: X-ray diffraction pattern of (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12-- (y = 0, 0.3, 0.6 and 0.9) 

superconductors. Unknown impurity peaks are marked with‘’. 
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X-ray diffraction scans of the samples are shown in Fig. 5.10. Most of the peaks, 

indexed by using computer software, reflect that the samples have four planar 

(Cu0.5Tl0.5)-1234 tetragonal structure with P4/mmm space group. Lattice parameters a- 

and c- of the samples are given in Table 5.2. The c- axis length decreases with increased 

Ge content which is obviously due to the smaller ionic radius of Ge ion than that of the 

Cu it replaces.  

 

Table 5.2: Lattice parameters of (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12--  superconductors 

 

Ge 
concentration 

‘a’ axis (Å) ‘c’ axis (Å) 

y=0.0 3.86 18.55 
y=0.3 3.85 18.51 
y=0.6 3.85 18.49 
y=0.9 3.85 18.47 

 

 Resistivity measurements 

  The temperature dependent DC resistivity measurements of the as 

synthesized (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 and 0.9) superconductor 

samples are shown in Fig. 5.11. The sample with y = 1.2 was also synthesized but it 

didn’t show superconductive transition down to liquid nitrogen temperature. The samples 

have shown Tc (R=0) around 112, 107, 103, and 93 K for Ge doping of y = 0, 0.3, 0.6 and 

0.9 respectively. Suppression of Tc (R=0) from 112 to 93K and increase in the room 

temperature resistivity of the samples is observed with increased Ge content. The shape 

of the resistivity vs. temperature curves of un-doped (y = 0) sample, in the normal region 

shows a strong metallic behavior indicating optimal carrier doping in the CuO2 planes. 

On the other hand resistivity temperature curves of Ge doped samples to some extent 

show convex behavior with increased Ge content. Substitution of Ge4+ for Cu2+ ions is 

likely to yield two free excess electrons due to charge imbalance. This may cause the 

electron doping of the p type CuO2 planes, resulting into the reduction of hole density in 

the superconducting block of the system. This lowering of carrier concentration below 
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the optimum level in the CuO2/GeO2 planes seems to be responsible for increase in the 

room temperature resistivity and decrease in the critical temperature (Tc) of the samples.  
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Fig. 5.11: Resistivity vs. temperature plot of as synthesized Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12-- 

(y = 0, 0.3, 0.6 and 0.9) superconductors. 

 

In Fig. 5.12 are shown the resistivity vs. temperature measurements of the oxygen 

post-annealed samples. The critical temperature has been increased in all the post 

annealed samples. Superconducting transition temperature Tc(R=0) is observed at 115, 

114, 109 and 98 K for y = 0, 0.3, 0.6 and 0.9 respectively. For y = 0 sample the small 

increase in the critical temperature can be attributed to the improvement in the weak link 

behavior and the removal of the defects due to its absorption in the vacant sites. The 

critical temperature of the Ge doped samples has increased considerably along with the 

decrease in the room temperature resistivity of the samples. These observations suggest 

that the oxygen annealing promote the hole doping in the conducting CuO2 planes. 

Oxygen being the highly electronegative element has great affinity for electrons. Due to 

oxygen annealing, the intercalation of the oxygen in the charge reservoir layer seems to 
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pull the electronic charge from the CuO2 planes thereby increasing the hole concentration 

there.  
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Fig. 5.12: Resistivity vs. temperature measurements of the (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12-- 

(y = 0, 0.3, 0.6 and 0.9) superconductors  post-annealed in oxygen atmosphere at 500oC for 

5 hours. 

 Magnetic susceptibility measurements 

Diamagnetic behavior is observed in all the as synthesized samples as shown in 

Fig. 5.13 (a). The onset of diamagnetism is observed around 112, 107, and 104 and 94 K 

for y = 0, 0.3, 0.6 and 0.9 samples respectively. The magnitude of the diamagnetism 

observed from the in-phase component of magnetic susceptibility (') is found to be 

decreased with Ge doping. The quantity of diamagnetism is the highest among all for the 

undoped y = 0 sample. The ac-magnetic susceptibility measurements of oxygen post 

annealed (y = 0, 0.3, 0.6 and 0.9) samples are shown in Fig. 5.13 (b).The magnitude of 

diamagnetism has increased in all the post annealed samples but comparatively the Ge 

doped samples show more enhancement.  
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                                          (a)                                                                         (b) 

 

Fig. 5.13: AC susceptibility vs. temperature plots of (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12-- (y = 0, 

0.3, 0.6 and 0.9) superconductors. (a) as synthesized (b) post-annealed in oxygen at 500oC 

for 5 hours. 

 

Shape of the peak of the out of phase component of the magnetic susceptibility 

('') provides valuable information about the inter-grain weak links. A sharp peak is the 

indication of improved connectivity among the grains while a broad peak tells the 

opposite [31-32]. Sharpening of these peaks in all the samples is the manifestation of 

improved inter-grain coupling after the oxygen annealing. 

 Fourier transform IR spectroscopy  

Fig. 5.14 (a) shows the FTIR absorption spectra of the as prepared samples. In as 

prepared un-doped sample (y = 0) the apical oxygen mode of type Tl-OA-M(2), where M 

= Cu/Ge, is observed around 488 cm-1. It is softened to 483, 481 and 480 cm-1 with 

increased Ge content in y = 0.3, 0.6 and 0.9 samples respectively. The Cu(1)-OA-M(2)  
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Fig. 5.14: FTIR absorption spectra of (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12-- (y = 0, 0.3, 0.6 and 

0.9) superconductors (a) as prepared   (b) post-annealed in oxygen at 500oC for 5 hours. 

 

apical oxygen related mode appears around 520 cm-1 in y = 0 sample and shifts to lower 

values around 515, 512 and 513cm-1 for y = 0.2, 0.4 and 0.6 substitutions. The Cu/GeO2 

planar oxygen phonon mode in sample with y = 0 is observed around 580 cm-1, this mode 

is softened to 579, 578 and 577 cm-1 with increased Ge concentration in y = 1, 2 and 3, 

samples respectively. Softening of the apical and planar oxygen modes with increased Ge 

content can be attributed to the decrease in the oscillating frequency of the bonds due to 

heavier mass of the Ge than the Cu it replaces. After oxygen annealing not much change 

is observed in the peak positions of the Cu/GeO2 planar oxygen phonon modes of the 

samples as shown in Fig. 5.14 (b). In Ge un-doped sample with y = 0 the apical oxygen 

mode of type Cu-OA-M(2) is softened to 515 cm-1 from 520 cm-1 while the apical oxygen 

mode apical oxygen mode of type Tl-OA-M(2) remains stable around 488 cm-1
.  Contrary 

to this the above mentioned apical oxygen modes have been found to shift towards higher 
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values in Ge doped y = 0.3, 0.6 and 0.9 samples. The phonon mode associated with O 

oxygen atoms is observed around 693, 693, 694 and 694 cm-1 for y = 0, 0.3, 0.6 and 0.9 

respectively in the as prepared samples.  With increased Ge content and oxygen 

annealing we observe no appreciable change in the position of this mode in the FTIR 

spectra. 

5.2.   Summary 

We have synthesized Ge doped (Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- y = 0, 0.5, 0.75, 

1.0) and(Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 and 0.9) superconductors at 860 

and 870oC by employing the solid state reaction method.  

In the former composition, the X-ray diffraction analysis revealed that the 

samples with y = 0 and y = 0.5 had (Cu0.5Tl0.5) -1223 as the major dominant phase, while 

y = 0.75 and y = 1.0 samples developed (Cu0.5Tl0.5) -1234 structure.   In this series with 

enhanced Ge doping a phase transformation from (Cu0.5Tl0.5) -1223 to (Cu0.5Tl0.5) -1234 

has been observed. On the basis of this phase transformation, for the preparation of three 

planar Ge doped (Cu0.5Tl0.5) -1223 structures the synthesis temperature lower than 870oC 

is suggested. The later series of (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 and 0.9) 

superconductors was synthesized at  a lower temperature ,870oC, rather than 880oC. All 

the samples showed the projected (Cu0.5Tl0.5) -1234 structure. The outcome of this work 

is briefly described in the following lines. 

i) Phase stability of Ge doped superconductor samples stipulates a lower synthesis 

temperature than the usual.  

ii) The increase in Ge content has been found to suppress the critical temperature 

in these compounds. The reason might be the depletion of carriers (holes) and 

the impurity scattering due to the difference in the ionic radii of Cu and Ge.  

iii) The c-axis length of the unit cell of the bulk samples has been found to be 

decreases with increased Ge content due to smaller size of the Ge as compared 

to that of the Cu ion.  

iv) The superconducting properties of the Ge doped samples have been enhanced 

by air and oxygen annealing. The improved superconductivity in the samples 

with air annealing can be attributed to the dominance of the hole addition 
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process over the hole depletion due to change of  valance state of Tl from Tl+3 

to Tl+1. 

v) The enhance superconductivity in the oxygen post annealed Ge doped samples 

is most likely taking due the carrier optimization in the Cu/GeO2 planes due to 

hole doping. Another factor is the improved weak link behavior confirmed from 

the out of phase component of the magnetic susceptibility. 

vi) The Ge doping has been reflected from the changes in peak position and the 

intensity of the FTIR spectra. Variation of the phonon modes is most likely 

caused by the smaller ionic radius and heavier mass of Ge4+ion as compared to 

that of Cu2+. Heavier mass reduces the phonon frequency while the smaller 

ionic radius increases the phonon frequency, so we observe mixed trends like 

both hardening and softening of the modes with Ge doping. Similarly variation 

in the phonon modes have been noted in the oxygen post annealed samples. 
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CHAPTER 6 

Fluctuation-induced conductivity 
 
This chapter describes the excess conductivity analysis of Mg-doped1245 and 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M = Si, Sn and Ge) superconductors according to the 

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.  

6.1.    Introduction 

A simplified picture of the fluctuations can be imagined in terms of making and 

breaking of superconducting electron pairs. Although a superconductor exhibits 

superconductivity only below the critical temperature (Tc), but the superconducting 

electron pairs are also present above Tc. These pairs are continuously created and 

destroyed by thermodynamic fluctuations. The creation and destruction of the electron 

pairs give rise to something which is known as superconducting fluctuations. These pairs 

are always present in certain number, but closer to Tc this number is increased. At a 

temperature below Tc the thermal fluctuations become almost ineffective. As a result the 

superconducting electron pairs sustain, making the material superconducting by reducing 

the resistivity to zero. Superconducting fluctuations greatly affect the superconducting 

properties of the material like electrical resistivity and magnetic susceptibility. 

The effect of fluctuation is manifested in the resistivity vs. temperature plot of a 

superconductor as shown in the Fig. 6.1. The curve is linear but as the temperature 

decreases, just above Tc, it starts to deviate and bends downwards. This decrease in 

resistivity can be ascribed to the superconducting fluctuations.  

 High temperature cuprate superconductors are unique in many aspects. It is well 

known that, owing to strong anisotropy, high critical temperature, and low charge carrier 

concentration, thermodynamic fluctuations play an important role in the explanation of 

the normal-state properties of high-temperature superconductors (HTS). The layered 

structure is believed to be responsible for a large anisotropy of their normal and 

superconducting-state properties. The short coherence lengths of the high temperature 
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cuprates produce a significant rounding of the transition curve, which facilitates the study 

of the superconducting fluctuations [1]. The 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 study of the fluctuation-induced 

conductivity (FIC) serves as an important experimental tool to investigate the normal 

state properties of the high-Tc oxide superconductors. 
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Fig. 6.1:  The resistivity vs. temperature plot of a high temperature superconductor. An 

extrapolation of the normal state resistivity is needed to calculate the fluctuation 

resistivity 

 

 As mentioned earlier, just above transition temperature (Tc) but outside the 

critical region, resistivity (T) is affected by superconducting fluctuations. As a result a 

noticeable deviation of (T) down from its linear dependence at higher temperatures is 

seen. Owing to this deviation from the linear behavior due to superconducting transition 

there appears a fluctuation-induced conductivity which is given by  
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 Where (T) is the actually measured temperature dependent resistivity and N(T ) =  

+T is the extrapolated normal state resistivity. Two forms of fluctuation contributions 

to ∆(T) are usually considered. The direct Aslamazov-Larkin (AL) contribution arises 

from excess current carried by fluctuation-created Cooper pairs above critical 

temperature Tc [2]. The additional, indirect Maki-Thompson (MT) contribution reflects 

the influence of superconducting fluctuations on the conductivity of normal electrons [3]. 

In layered structures such as high-Tc superconductors the AL term is described by a 

Lawrence-Doniach (LD) model [4] 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 turns out to be dependent on 

phase-relaxation time t and gains importance in 2D fluctuation region in the case of 

moderate pair-breaking [5]. Consequently, measurements of FIC provide a sufficiently 

simple method of getting reliable information about c(T), t, and dimensionality of the 

electronic system of the superconductor. In view of a very short Ginzburg-Landau 

coherence length GL(0) in high-Tc oxides ∆(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 uncertain [6-

10] thus excluding the possibility to evaluate t. 

Excess conductivities Y-123 systems have been explored by using various fitting 

schemes. It has been found that for polycrystalline bulk systems, most analyses are 

consistent with the characteristics of 3D thermal fluctuations [11-15]. But in case of thin 

films the results are bit different. For example, for the highly c-axis-oriented epitaxial 

thin films the 2D-3D crossover was reported [16]. It was established that the dominance 

of 3D fluctuations, or 2D-3D crossover depended on the range of temperature [17]. For 

single crystals, different experimental results have been reported [18-19]. On the other 

hand, Friedmann et al. [20] reported that the Lawrence- Doniach theory gives the best fit 

to their data showing 2D-3D crossover at To = 91.1 K but Tc
mf  (mean field critical 

temperature) lies below Tc including unreasonably small value of coherence length. 
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For Bi-2212 and Bi-2223 samples, most studies have revealed the dominance of 

2D fluctuations [21-25]. These observations are remarkably different from that of Y-123 

superconductors, in which 2D-3D crossover is often claimed to be present. Balestrino et 

al. [21] suggested the presence of 2D fluctuations in Bi based samples. Using the LD 

model, Ravi et al. [22] reported the similar result for the 110 K poly-crystal and Vidal et 

al. for the 80 K phase poly-crystal [19]. Wnuk et al. [25] also observed the 2D 

fluctuations in both the Pb-doped 80 K phase and the Pb-doped 110 K phase single 

crystals. 

6.2.   Brief Theoretical Background 

The excess conductivity  in the lower anisotropy 

Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1 and 2) and Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M = Si, Sn 

and Ge) 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 expressed in terms of the following relations.                                           
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Where c(0) and d are the coherence length along the c-axis at 0 K and the interlayer 

separation, respectively, while  is the reduced temperature and is given by the relation 
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Where Tc
mf is the mean field critical temperature, which has been determined from the 

point of inflection of  vs. T curve in our case. The dimensional exponent λ is obtained 

found from the slope of the ln () vs. ln () plot. All physical parameters depend on the 

critical fluctuation dimensionality (D), which is expressed as 

                                                               D = 2(2+λ)                                                    (6.5) 

  It is found that the 2D to 3D crossover of the excess conductivity is mainly found 

above the critical temperature at a particular temperature To. The crossover temperature is 
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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 [26-27]. In some other cases the fractal characteristics are reported in the FIC of 

high-Tc superconductors and recently 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 [4]. The FIC  is expressed as 
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Where c(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 

c()<<d and c()>>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 90 [28-

29]:  
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The FIC analysis is mainly done on the basis of the AL equations [2]. 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. 

[30] 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 p(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 

equation (6.3) and equation (6.4), 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 equation (6.7) for the estimation of crossover 

temperature. 

6.3.   Results and Discussions 

In this section, we report the study on the fluctuation behaviors of the as-prepared 

and O2 annealed polycrystalline Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1, 2) 

superconductors and also give an account of the effect of semiconductor impurities on the 

FIC of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) superconductors. Substitution of Si, 

Sn and Ge at the Cu planar sites is expected to modify the fluctuation behavior by 

causing the changes the carrier concentration in the conducting CuO2 planes. While the 

partial substitution of Mg at the Ca sites provides stability to the five planar structures 

and increases the coherence length along c-axis. The study of excess conductivity 

provides useful information about some of the fundamental aspects including the 

mechanism of superconductivity. Annealing in oxygen possibly promotes formation of 

oxides at the grain boundaries which possibly provides large surface area to the shielding 

currents, better inter-grain coupling, a sharp out of phase component of magnetic 

susceptibility (χ//) and higher magnitude of diamagnetism. The intercalation of the Oδ 

oxygen in the charge reservoir layer helps in enhancing the carrier concentration in the 

conducting CuO2 planes. Therefore Mg substitution and oxygen annealing are expected to 

modify the fluctuation through a change in the carrier concentration, anisotropy, 
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intergranular weak links, etc. We have restricted our analysis to the mean-field regime 

and tried to extract the interlayer-coupling strength from there. 

6.3.1 Fluctuation-induced conductivity of five planar 

Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1, 2) superconductors 

The resistively vs. temperature measurements of the as-prepared and O2 annealed 

Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ and Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14−δ superconductor samples 

are shown in Figs. 6.2 and 6.3 respectively. Also dρ/dT vs. T plots of the oxygen post  
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Fig. 6.2: Resistivity vs. temperature plots of as prepared and O2 annealed 

Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ samples. Solid and dotted lines show the extrapolated linear 

fits. Inset shows the dρ/dT plot of the O2 annealed sample. 
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Fig. 6.3: Resistivity vs. temperature plots of as prepared and O2 annealed 

Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14−δ samples. Solid and dotted lines show the extrapolated linear 

fits. Inset shows the dρ/dT plot of the O2 annealed sample. 

 

Table 6.1: Various parameters obtained from the resistivity vs. temperature data for 

Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1, 2) superconductor samples. 

 

Samples n(290K) 

(-cm) 

Tc 

(K) 

Tc
mf

  

(K) 

T* 

(K) 

α=n(0K) 

(-cm) 

β = d/dT 

(-cm)/K 

∆Tc 

(K) 

x=1 

as prep. 

0.16 98.03 111.32 181 0.049 386 11.41 

x=1 

O2 ann. 

0.08 110.4 119.28 188 0.013 229 5.57 

x=2 

as prep. 

0.11 102.1 117.43 183 0.036 241 14.8 

x=2 

O2 ann. 

0.1 109.4 120.2 177 0.021 276 4.9 
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annealed samples are shown in the insets. The resistivity variations are metallic from 

room temperature down to the onset of superconductivity. The transition width ∆Tc, 

evaluated from the dρ/dT plots using the full width at half maximum of the peaks, comes 

out to be around 5 K for the post annealed samples, indicating a sharp transition. 

Generally, for the high Tc superconductor systems, ∆Tc has been found between 3 and 5 

K in good quality samples. Some important parameters can be found from the analysis of 

resistivity vs. temperature data. The peak position of dρ/dT plot gives the value of the  

temperature known as Tc
mf (K), which is used in calculate the parameter reduced 

temperature (). Another important parameter, T*(K), is the temperature related to 

pseudogap regime where onset of fluctuations in the order parameter of superconductors 

sets in. The cross over temperature To (K) is the temperature at which a cross over in the 

fluctuations to the order parameter from 2D to 3D takes place. 

All the samples have shown linear dependence of resistivities [(T) = α+T] with 

temperature above 140K. Linear fits to the data at high temperatures are shown by the 

straight lines. The values of various parameters such as T*, Tc, Tc
mf

, ∆Tc, α ,  and room 

temperature resistivity are listed in Table 6.1 for all samples. In all the samples from 

T*(K) to room temperature, fairly linear resistivity is the characteristic of metallic 

behavior. The deviations from the linear dependence of resistivities start from T* (pseudo 

gap temperature). The deviation from linear behavior below T*(K) is at the decreasing 

side of the resistivity because of the excess conductivity. This is the temperature region 

where Cooper pair formation starts.  

We have analyzed the excess conductivity of the, as-prepared and O2 annealed 

samples with a metallic behavior in the normal state, within the framework of the 

Gindzburg-Landau mean-field approximation in the region T* to Tc,onset [31]. We have 

chosen this temperature range as this is the region where excess conductivity due to 

fluctuation is manifested in pair formation and breaking. The excess conductivity has 

been estimated as  = [N(T) - (T)]/[N(T)(T)], where (T) is the actually measured 

resistivity and N(T) = +T is the extrapolated normal resistivity from room 

temperature to T*(K) as seen in Figs. 6.2and 6.3. Parameter N(T ) is the total of the 

resistive contribution of the grains and of the links connecting the grains, the later is 

assumed to be independent of temperature. The inter-grain parameter is included in , the 
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values of  at 0 K have been  obtained from the intercepts. The lower value of  is a sign 

of improved inter-grain coupling in the material. We have seen considerable decrease in 

the value of  after oxygen annealing which indicates an improvement in the weak link 

behavior. This result is consistent with our previously reported resistivity and 

susceptibility data [32] which has been discussed in chapter 3.   

The ln () vs. ln () measurements of the Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ and 

Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14−δ (as prepared and O2 annealed) samples are shown in Figs. 

6.4 and 6.5 respectively. Three distinct changes in slope in each plot can be seen; the 

slope is gradually increasing from the lower to the higher temperature side. The 

temperature corresponding to the change of slope on the low-temperature side is 

designated as To. We have used the general fitting of the excess conductivity with the 

equation  = A- λ for the temperature range concerned. In the log-log plot of the excess 

conductivity vs. the reduced temperature, different λ values, or the exponents 

corresponding to various samples above and below the cross-over temperature are listed 

in Table 6.2 , λ3 referring to the exponent below To, λ2 to that above To and λ1 to that at 

high temperature.  

The different exponent values obtained for the as-prepared and O2 annealed 

Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ samples (Fig. 6.4) provide useful information about the 

nature of fluctuations. The exponent λ3 is found to be 0.22 in the region -5.84 < ln() < -

3.91, for as-prepared sample, this value corresponds to  the critical region of the excess 

conductivity. Since this λ value is less than 0.5, therefore, excess conductivity below 

cross over temperature does not fit well with 3D AL theory. This apparent absence of 

three-dimensional behavior in the conductivity may be due to the transition from mean-

field to critical-fluctuation regime before the transformation from 2D to 3D conductivity 

[33]. This may be because of the small mean free path of the charge carriers and small 

coherence length of the order of 2Å. In the oxygen post annealed 

Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ sample the exponent λ3 is found to be closer to 0.5 (i.e -

0.54) in range -4.86 < ln () < -2.40. A slope of -0.5 is reminiscent of three-dimensional 

conductivity from Aslamazov-Larkin (AL) theory showing 3D conductivity. This 

observation shows a shift from critical regime to 3D conductivity due to oxygen post  
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Fig. 6.4: ln () vs. ln () plot of as prepared and O2 annealed Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ 

samples. The scattered points are experimentally found FIC. Solid lines show two distinct 

cross-over regions with three exponents λ3 on the lower temperature side, λ2 in the central 

region and λ1 on the high temperature side. 

 

Table 6.2: Parameters of excess conductivity for Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1, 2) 

superconductor samples 

Samples λ3 

(range) 

λ2 

(range) 

λ1 

(range) 

(J)a c(0) 

(Å) 

x=1 

as prep. 

0.22 

-5.84<ln()<-3.91 

0.69 

-3.91<ln()<-1.76 

1.32 

-1.76<ln()<-0.99 

0.046 2 

 

x=1 

O2 ann. 

0.54 

-4.86<ln()<-2.40 

1.14 

-2.40<ln()<-1.28 

2.02 

-1.28<ln()<-0.79 

0.072 2.5 

x=2 

as prep. 

0.47 

-4.15<ln()<-2.02 

1.08 

-2.02<ln()<-1.37 

2.04 

-1.37<ln()<-0.94 

0.052 2.12 

x=2 

O2 ann. 

0.51 

-4.88<ln()<-2.23 

1.12 

-2.23<ln()<-1.57 

2.10 

-1.57<ln()<-1.12 

0.054 2.16 

a Inter layer coupling strength 
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annealing which can be attributed to the enhanced carrier concentration brought about by 

the intercalation of the oxygen in the charge reservoir layer.  

The exponent λ2 above the cross-over temperature To for the as-prepared 

Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ sample is 0.69 in the region -3.91 < ln() < -1.76, this value 

corresponds to the static scaling region. In the oxygen post annealed sample the exponent 

λ2 is found to be 1.14, in region -2.40 < ln () < -1.28. Mostly this exponent closer to 1.0, 

is characteristic of two-dimensional conductivity (2D AL). Thus from the values of λ3 

and λ2, a crossover is witnessed in the behavior of conductivity from two to three 

dimensions at To in case of the oxygen annealed sample.  

The exponent λ1 in the high temperature region is 1.32 for the as- prepared sample 

in region -1.76 < ln () <-0.99 and 2.02 for the oxygen post annealed sample in region -

1.28 < ln () < -0.79. The exponent value in the higher temperature region for the post 

annealed sample lies very close to -2 so it corresponds to 0D conductivity according to A. 

K. Ghosh et al. [30]. The possibility of superposition of different dimensional 

fluctuations may be one of the reasons of this type of exponent values. This was also 

observed by Vidal et al. [19], and they attributed this behavior to the formation of a 

higher Tc phase. 

The ln () vs. ln () plots of as-prepared and O2 annealed 

Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14−δ samples are shown in Fig.6.5. Values of various exponents 

obtained from these plots have been given in Table 6.2. It is evident that if the exponent 

λ3 lower than the cross-over temperature (To) is equal to 0.47 in the region -4.15< ln () 

<-2.02 for as-prepared sample and 0.51 in the region -4.88< ln () <-2.23 for the O2 

annealed sample. These exponent values being quite closer to 0.5   suggest that the 

fluctuations below the crossover temperature To fit well with Aslamazov-Larkin (AL) 

theory showing 3D conductivity.  
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Fig.6.5: ln () vs. ln ()  plot of as prepared and O2 annealed Cu0.5Tl0.5Ba2Ca3Mg2Cu5O14−δ 

samples. Solid lines show two distinct cross-over regions with three exponents λ3 on the 

lower temperature side, λ2 in the central region and λ1 on the high temperature side. 

 

The exponent λ2 above the cross-over temperature To for the as-prepared 

Cu0.5Tl0.5Ba2Ca3Mg2Cu5O14−δ superconductor sample is found to be 1.08 in the region -

2.02 < ln () < -1.37. In the oxygen post annealed sample the exponent λ2 is found to be -

1.12, in region -2.29 < ln () < -1.28. Mostly this exponent closer to 1.0, is characteristic 

of two-dimensional conductivity (2D AL). These samples have shown 2DAL character at 

higher temperatures and 3DAL behavior at lower temperatures (closer to the transition 

temperature regions).Thus, there is a crossover in the behavior of conductivity from two 

to three dimensions at To in these samples.  

Moreover, there are exponents above the cross-over temperature in the high 

temperature region for as-prepared as well as O2 annealed samples where there is a 

distinct change in slope λ1 = 2.04 for as-prepared sample and λ1 = 2.09 for O2 annealed 

sample. These effects according to A. K. Ghosh et al. [30] arise when the exponent 

becomes -2, which corresponds to the zero-dimensional (0D) fluctuations. Thus in both 
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as prepared and oxygen post annealed Cu0.5Tl0.5Ba2Ca3Mg2Cu5O14−δ superconductor 

samples we have observed three distinct regions of 0D, 2D and 3D fluctuations.  

A comparison of the exponent λ3 of the as prepared Cu0.5Tl0.5Ba2Ca3Mg1Cu5O14−δ     

and Cu0.5Tl0.5Ba2Ca3Mg2Cu5O14−δ samples show that the later has better quality with λ3 = 

0.47 as compared to λ3 = 0.22 in the former compound. A transition from critical regime 

to 3D fluctuations with higher Mg concentration can be linked to the lowering of the 

anisotropy of the sample due to better inter-planar coupling.  

Lawrence and Doniach introduced the concept of interlayer coupling in the 

vicinity of the critical temperature via Josephson coupling (i.e J) [10]. The FIC () is 

expressed as 

                                             = [e2/16ħd] -1[1+(2c(0)/d)2]-1/2                              (6.12) 

Where c(0)and d are the coherence length along the c-axis and the interlayer separation, 

respectively. Above equation reduces to the Aslamazov–Larkin equation with the 

approximations c()<<d and c()>>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 [22-24]. 

                                                      To=Tc [1+(2c(0)/d)2]                                           (6.13) 

The values of interlayer coupling strength J and c(0) of all samples are listed in Table 

6.2. The J values of the samples clearly show an increasing trend with higher Mg doping 

and O2 post annealing. Mg, being smaller in size as compared to Ca, improves inter 

planar coupling that results in lower anisotropy and long coherence length along c axis. 

During post annealing the oxygen diffusion takes place 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 planes. This factor is most likely to 

contribute in the enhancement of the J values. 



 - 133 -

6.3.2.   Fluctuation induced conductivity of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- 

(M =Si, Sn, Ge)superconductors 

  The ρ vs. T measurements of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) 

samples are shown in Figs. 6.6, 6.7 and 6.8 respectively. All samples have shown linear 

dependence of resistivities [ (T) = α+T] above T* to room temperature. Extrapolated 

linear fits to the resistivity along with the dp/dT vs. T curves are also shown in the same 

figures.  

The values of various parameters such as α, , T*, Tc, Tc
mf

 , N (290K) and ∆Tc, 

obtained from these plots, are listed in Table 6.3. Parameter ∆ Tc corresponds to the full 

width half maximum of the dp/dT peak, lower value of which indicates good quality of 

the respective sample. 
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Fig. 6.6: The ρ vs. T plot with extrapolated linear fit and dp/dT plot of 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si) sample. 
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Fig. 6.7: The ρ vs. T plot with extrapolated linear fit and dp/dT plot of 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Sn) sample 
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Fig. 6.8: The ρ vs. T plot with extrapolated linear fit and dp/dT plot of 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Sn) sample 
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The critical temperature Tc (R=0) observed around 100, 99 and 91 K in the Si, Sn 

and Ge doped samples respectively. The Si and Sn doped samples have almost the same 

critical temperature and it is interesting to note that the various parameters listed in Table 

6.3 are also in agreement with each other specially the room temperature  

 

Table 6.3: Various parameters obtained from the resistivity vs. temperature data of 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) samples. 

 

Samples n(290K) 

(-cm) 

Tc 

(K) 

Tc
mf

  

(K) 

T*

(K) 

α=n(0K) 

(-cm) 

β=d/dT 

(-cm)/K 

∆Tc 

(K) 

M  = Si 0.169 100 104.3 180 0.066 356 5.5 

M  = Sn 0.168 99 105.35 160 0.07 548 2.8 

M = Ge 0.125 91 104.4 136 0.029 311 10 

 

 

resistivity and the parameter‘ (N 0 K)’.  For Si and Sn doped samples, transition width 

∆ Tc is observed around 5.5 and 3 K, respectively, which indicates good quality of the 

samples. On the other hand Ge doped sample shows lower critical temperature with large 

transition width (∆Tc = 10 K) and lower room temperature resistivity.  Among these Ge 

doped sample has also the lowest value of  (N 0 K) = 0.029 which is a sign of better 

inter-grain coupling. It is also confirmed from the fact that it has shown better 

diamagnetic properties as compared to the Si and Sn doped sample [Fig. 6.9].  

The ln () vs. ln () measurements of the Si, Sn and Ge doped samples are 

shown in Figs. 6.10, 6.11 and 6.12 respectively. Three distinct changes in slope of each 

plot can be seen, the slope is gradually increasing from the lower to the high-temperature 

side. The temperature corresponding to the change of slope in the low-temperature side is 

designated as To which is called cross over temperature. We have used the general fitting 

of the excess conductivity with the equation  = A-λ for the temperature range 

concerned.  
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Fig. 6.9: Temperature dependent ac-susceptibility measurements of 

Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) samples. 
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Fig. 6.10: The ln () vs. ln () plot of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si) sample. The 

scattered points are experimentally found FIC. Solid lines show two distinct cross-over 

regions with three exponents λ3, λ2 and λ1. 
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Table 6.4: Exponent values obtained from the ln () vs. ln () plots of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- 

(M =Si, Sn, Ge) samples. 

 

Samples λ3 

(temperature range) 

λ2 

(temperature range) 

λ1 

(temperature range) 

M  = Si 0.38±0.02 

106-107.5 K 

1.14 

107.5-140 K 

2.07±0.04 

140-155 K 

M  = Ge 0.45±0.05 

106-109 K 

1.18±0.03 

109-111 

1.86±0.02 

111-126 K 

M = Sn 0.53±0.02 

107-109.5 K 

1.14±0.02 

109.5-130 

2.05±0.04 

130-153 K 

 

In the log-log plot of the excess conductivity vs. the reduced temperature, different λ 

values, or the exponents, of various samples above and below the crossover temperature 

are listed in Table 6.4. 

The exponent λ3, obtained from the slope of the ln () vs. ln () plot, when found 

closer to 0.5, is reminiscent of three-dimensional conductivity from Aslamazov-Larkin 

(AL) theory. It is estimated to be 0.38±0.02 in the temperature range 106-107.5K, for Si 

doped sample. For Sn doped sample it is found to be 0.53±0.02 in the temperature range 

107-109.5K and for Ge doped sample, 0.45±0.05 in the temperature range 106-109 K. 

Width of 3D character in Ge doped sample is the highest, which may be due the increase 

in density of the phonon modes promoted by the substitution of Ge at the Cu sites. Since 

atomic mass of Ge (72.59 amu) is comparable with that of Cu (63.546 amu), therefore Ge 

doping is most likely increasing the phonon density that results in enhanced 3D 

conductivity, which is also manifested in the highest  magnitude of diamagnetism in Ge 

doped sample Fig. 6.9. 

 Similarly the exponent λ2 closer to 1.0 is characteristic of two-dimensional 

conductivity (2D AL). For M = Si it is estimated around 1.14 in the temperature range 

107.5-140 K. For M = Sn it is found around 1.14±0.02 and for M = Ge, around 1.18±0.03 

in the temperature range109.5-130 and 109-111K respectively. Thus, a crossover is 

witnessed in the behavior of conductivity from two to three dimensions at To in all 
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samples. Here we see, in the Ge doped sample, the 2D fluctuations are restricted to very 

short temperature range of few Kelvin. From this observation there seems to be a link 

between the lower Tc and the narrow range of 2D fluctuation in this sample but it is yet to 

be ascertained.  

In the high temperature region another crossover temperature is seen in the 

samples where the dimensional exponent seems to change from λ2 to λ1.The exponent λ1 

in the high temperature region is 2.07±0.04 for the Si doped sample in the temperature 

range 140-155 K. The exponent value is found around 2.05±0.04 in the temperature range 

130-153 K in Sn doped sample. The Ge doped sample has the exponent around 1.86±0.02 

in the temperature range 111-126 K. The exponent value in the higher temperature region 

around 2 corresponds to 0D conductivity. The possibility of superposition of different 

dimensional fluctuations may be one of the reasons of this type of exponent values. 
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Fig. 6.11: The ln () vs. ln () plot Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Sn) sample. Solid lines 

show two distinct cross-over regions with three exponents λ3, λ2 and λ1. 
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Fig. 6.12: The ln () vs. ln () plot Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M = Ge) sample. Solid lines 

show two distinct cross-over regions with three exponents λ3, λ2 and λ1. 

 

6.4.   Summary 

We have analyzed the excess-conductivity data of Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ 

(x = 1, 2) and Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) superconductor samples. The 

results have been summarized below. 

i) The excess conductivity data of the as-prepared Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ 

(x = 1) sample does not fit with 2D, 3D AL equations, but for x = 2 and the 

oxygen annealed samples seem to fit well with 2DAL, 3D AL equations with 

two distinct cross over temperatures.  

ii) The interlayer coupling strength J is found to increase with increased Mg 

content and oxygen post annealing. From these results it can be concluded that 

the higher concentration of Mg lowers the anisotropy along the c-axis and 

improves the inter-planer coupling. It results in 2D to 3D cross over of the 

conductivity and enhancement of the interlayer coupling strength J. The 2D to 

3D cross over and higher J values in post annealed samples can be attributed   
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to the change in the carrier concentration in the CuO2 planes, and improved 

weak link behavior, brought about by the intercalation of the oxygen in the 

charge reservoir layer. 

iii) The excess-conductivity data of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn and 

Ge) samples also shows two cross over temperatures and three distinct 

exponents. Si and Sn doped samples with almost same critical temperature have 

not shown much diversity in different parameters such as room temperature 

resistivity, transition width,   (N 0 K).  

iv) Similarly not much difference is seen in the dimensionality exponents and the 

corresponding temperature ranges. The Ge doped sample with lower critical 

temperature has shown different FIC parameters with large transition width. 

The higher 3D character of the Ge doped sample can be attributed to the 

enhanced phonon density which also seems to be responsible for higher 

quantity of diamagnetism in this sample. Also in this sample 2D fluctuations 

are found in very small temperature range. Here a possible link between the 

confinement of the 2D fluctuations to a narrow temperature window and the 

lower critical temperature of the Ge doped sample can be conjectured but not 

claimed. 
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Conclusions  

 

The characteristic feature of CuTl-12(n-1)n superconductor system with a hybrid 

charge reservoir layer, containing both Cu and Tl, is its synthesis at moderate temperature 

and normal pressure. The hybrid charge reservoir layer is more efficient for transfer of 

charge to the conducting CuO2 layers. The CuTl based system with modified conducting 

charge reservoir layer is also well known for maintaining the low superconducting an-

isotropy. So we have synthesized and studied some series of polycrystalline 

Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 0, 1, 2 and 3), (Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 

0.5, 0.75 and 1.0) and (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 and 0.9) 

superconductors. Five planar compounds are important from the point of investigation 

because the carrier density doped in each CuO2 plane is also not equal. Due to unequal 

carrier doping these superconducting compounds exhibit unique physical properties not 

observed in cuprate superconductors with only single or double crystallographically 

equivalent CuO2 planes. Mg doping at the Ca sites in these multi-layered cuprates is 

likely to improve inter-planar coupling due its smaller size as compared to that of Mg. It 

is believed that the mysterious phenomenon of superconductivity takes place in the 

conducting CuO2 planes, provided the carrier concentration there is within certain limits. 

Any variation in the carrier density in these planes greatly affects the critical temperature 

of a superconductor. The carrier concentration can be modified by making suitable 

substitutions at the Cu sites in the CuO2 planes. Ge qualifies for this substitution because 

it lies in the vicinity of Cu in the periodic table. Its stable valance state is Ge+4 with 3d 

band completely filled and can qualify as a 3d element. The filled 3d band minimizes the 

complications arising from the activity of magnetic moments; which are present in copper 

oxygen CuO2 planes in the cuprate superconductors. Hence we have synthesized and 

studied Mg and Ge doped (Cu0.5Tl0.5)Ba2Can-1CunO2n+4-δ (n = 3, 4, 5) superconductors 

and the following conclusions can be drawn from our investigations. 

i) XRD scans of the Cu0.5Tl0.5Ba2Ca4-xMgxCu5O14-δ (x = 0, 1, 2 and 3) samples have 

revealed the formation of Cu0.5Tl0.5-1234 phase in Mg free (x = 0) sample. Whereas in the 

Mg doped samples with x = 1, 2 and 3, the projected, Cu0.5Tl0.5Mgx-1245 tetragonal  
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structure has been identified. Synthesis of, the five planar, Cu0.5Tl0.5 -1245 phases is not 

easy to achieve; only Mg has been fond to be useful in acting as a structure stabilizing 

dopant. The Mg free 1245 phase is not stable; we have tried different synthesis 

temperatures and times without success. In x =1 sample with lower Mg concentration the 

Tc is observed around 101 K, in x = 2, with intermediate doping it increases to 105 K and 

finally for higher doping in x =3 sample it decreases to 96 K. The enhanced Tc can be 

attributed to the improved inter-plane coupling. While the decrease in Tc with higher 

doping level might be due to the disorder produced in the conducting CuO2 planes due to 

size difference between the Ca and the dopant Mg. Further superconducting properties of 

the samples have been enhanced by carrying out annealing experiments in nitrogen, air 

and oxygen atmospheres. Oxygen annealed samples show the good superconducting 

properties, which have been attributed to the optimization of carrier concentration in the 

CuO2 planes and improved weak link behavior due to the intercalation of the oxygen in 

the unit cell and at the intra-grain and inter-grain sites. 

ii) Superconductivity in the Cu0.5Tl0.5Ba2Ca2Mg2Cu5O14- superconductor has been 

optimized by varying both time and temperature during the air annealing experiments.  Tc   

up to 132 K has been achieved by annealing the samples for 3 hours at 600oC. The IPs 

and Ops in this compound are in under and overdoped states respectively. Air annealing 

most likely removes the oxygen from the charge reservoir layer that causes the transition 

from the overdoped to optimized carrier doping of the Ops which results in increased 

critical temperature. 

iii) In (Cu0.5Tl0.5)Ba2Ca2Cu3-yGeyO10- (y = 0, 0.5, 0.75 and 1.0) samples, synthesized 

at 860oC, y = 0 and 0.5 show the projected CuTl-1223 tetragonal phase but y = 0.75 and 

y=1.0 develop CuTl-1234 as the dominant phase. It indicates that the substitution of Ge 

for Cu lowers the synthesis temperature of the compounds. Thus to obtain the, desired 

1223 phase synthesis, a temperature less than 860oC seems to be more plausible. Another 

conclusion can also be drawn that the Ge doped compounds seem to have the greater 

tendency to develop four planar 1234 structure. In light of the above experience we have 

also synthesized Ge doped (Cu0.5Tl0.5)Ba2Ca3(Cu4-yGey)O12- (y = 0, 0.3, 0.6 0.9) 

superconductors at 870oC and investigated their superconducting properties. X-ray 

diffraction scans of the samples confirm the CuTl-1234 phase. Increased Ge substitution 
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at the Cu planar sites in both the series has been found to suppress the superconducting 

properties of the samples. Possible causes include the impurity scattering and the carrier 

depletion due the replacement of Cu2+ ions with Ge4+ ions. The superconductivity has 

been restored by carrier doping through annealing processes. FTIR analysis has also been 

conducted and the role of Ge in the variations of different phonon modes has been 

discussed. From the observations it has been observed that both size and mass of the Ge 

ion has shown their impact on various phonon frequencies. Also oxygen annealing has 

been found to affect the apical oxygen phonon modes of the undoped and Ge doped 

samples.  

iv) The fluctuation induced conductivity of Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1, 2) 

and Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M =Si, Sn, Ge) superconductor samples has been done. 

FIC data of the as-prepared Cu0.5Tl0.5Ba2Ca4−xMgxCu5O14−δ (x = 1) sample does not fit 

with 2D, 3D AL equations, but for x = 2 and the oxygen annealed samples seem to fit 

well with 2DAL, 3D AL equations with two distinct cross over temperatures. In the 

samples the interlayer coupling strength J is found to increase with increased Mg content 

and oxygen post annealing. Higher concentration of Mg seems to lower the anisotropy 

along the c-axis and thus improves the inter-planer coupling. It results in 2D to 3D cross 

over of the conductivity and enhancement of the interlayer coupling strength J. The 2D to 

3D cross over and higher J values in post annealed samples can be attributed to the 

change in the carrier concentration in the CuO2 planes, and improved weak link behavior, 

brought about by the intercalation of the oxygen in the charge reservoir layer.  

v) The excess-conductivity data of Cu0.5Tl0.5Ba2Ca2Cu2M1O10- (M = Si, Sn and Ge) 

samples also shows two cross over temperatures and three distinct exponents. Si and Sn 

doped samples with almost same critical temperature have not shown much diversity in 

different parameters such as room temperature resistivity, transition width,   (N 0 K) 

etc. Similarly not much difference is seen in the dimensionality exponents and the 

corresponding temperature ranges. The Ge doped sample with lower critical    

temperature has shown different FIC parameters with large transition width. Ge doped 

sample has shown higher 3D character; in this sample 2D fluctuations are found in very 

small temperature range. Here a possible link between the confinement of the 2D 
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fluctuations to a narrow temperature window and the lower critical temperature of the Ge 

doped sample can be conjectured but not claimed. 

 

 

 

 

 

 
 
 

 
 


