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Chapter 1 

Introduction 

1.1 Historical Review 

Superconductivity, the state of zero resistance in certain metals, alloys and compounds has 

become one of the most interesting phenomena in condensed matter physics. It was first 

discovered by Kammerlingh Onnes [1] in the year 1911. In the course of an investigation of 

the electrical resistance of various metals at liquid helium temperatures, he observed that 

the resistance of mercury vanishes at about 4K. This sudden drop in the resistivity from 

a finite value to almost zero, is termed as superconductivity. The temperature at which 

the specimen undergoes a phase transition from a state of normal electrical resistivity to a 

superconducting state is termed the critical temperature Tc. 

In 1913, Onnes found that superconductivity gets destroyed when the electric current 

passing through the superconducting wire exceeded a critical value. H.B. Silsbee later showed 

that it was the magnetic field associated with the current that was responsible for destroying 

superconductivity. With the discovery [2] in 1933 of Meissner effect lead to the development 

of macroscopic quantum theory of superconductivity, Meissner and Oschenfeld found that 

the magnetic field is pushed out of the bulk of the superconductor, no matter how the field 

was established - by an external magnet or by a current flowing through the superconductor 



itself, implying thereby that the magnetic induction inside the superconductor is always zero 

as long as it is in the superconducting state, i.e. B = H 4rM = 0, so that magnetic 

susceptibility, x = — -41-7,. A superconductor is therefore a perfect or ideal diamagnet; the zero 

electrical resistivity being the only characteristic property of a superconductor known then, 

with the discovery of the Meissner effect, it soon became imperative that the superconducting 

state was more than just a state of total conduction. 

Electromagnetic theory requires that the transition from an uniform field intensity outside 

the superconductor to zero field within the superconductor need not be perfectly sharp. 

In 1935, F. London and H. London [3] gave theoretical explanation to describe both, the 

Meissner effect and the loss of resistance. The first and second London's equations are given 

as below: 

v x J, = 

rafsi _ [ nse21  
L at j 	

[nse21 
	

(1.2) 

where J, is supercurrent density, ns is the density of condensed electrons, B=V x A is the 

applied magnetic field and E = —a/vat. They established the fact that the external field 

penetrates a short distance into the surface of the superconductor determined by a constant 

AL called the London penetration depth, where 

[ 7n 11/2 

Pons e2 

It was also realised that London's equations can also be derived by postulating that, in 

the superconducting state, the electrons form a condensate characterised by a single rigid 

wavefunction. This basic idea was further extended in 1950 by Ginzburg and Landau [4]. 

The Isotope effect, which suggests that superconductivity is related to lattice properties 

as well as electronic properties was discovered independently in 1950 by Reynolds, Serin, 

Wright, Nesbitt [5] and Maxwell [6]. They found that the transition temperature for super-

conductor is proportional to M', M being the isotopic mass of the ions of the supercon- 

AL = (1.3) 
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ducting metal and a is the exponent and is theoretically equal to 0.5. When one isotope is 

exchanged for another, mass of the nuclei changes but the electronic properties of solid are 

left virtually unaltered. The existence of isotope effect in superconductors shows that the 

T, depends in some way on nuclear mass i.e. on the mass of lattice ions. This discovery 

led Frohlich [7] to propose the electron-phonon interaction as an important mechanism for 

superconducting phase transition. In 1953, B.T. Matthias [8] proposed "Matthias empirical 

rule" which correlates the T, with the number of valence electrons per atom. 

In 1953, existence of the energy gap in superconductors was observed by means of infrared 

spectroscopy by Glover and Tinkham. This means that photons of energies less than the 

gap energy are not absorbed. For photon energies less than the energy gap, the resistivity 

of a superconductor vanishes at absolute zero. The existence of energy gap is located in the 

superconducting electron levels, separating the lowest excited state from the ground state. 

The energy gap in superconductors is of an entirely different nature than the energy gap in 

insulators. In insulators, the energy gap is tied to the lattice whereas in a superconductor it 

is tied to the Fermi gas. 

The specific heat Cr, of a normal metal is regarded as the contribution from the lattice 

and conduction electrons at very low temperatures, 

= -TT + f3T3 	 (1.4) 

where the first term is due to the electrons and the second is due to the lattice. In super-

conductors only the electronic contribution to the specific heat is taken into account. When 

transition occurs in zero magnetic field, the electronic specific heat shows that there is a 

discontinuous jump in the specific heat at T, and that it drops rapidly and nonlinearly for T 

< 71,, going to zero at T = O. This behaviour of specific heat of superconductors is suggestive 

of excitation of electrons across an energy gap. 

It is observed that on cooling the superconductors below 71, the entropy which is a mea-

sure of the disorder of a system decreases markedly. Hence the observed decrease in entropy 

3 



between the normal state and the superconducting state implies that the superconducting 

state is more ordered than the normal state. The entropy of the normal state is always 

greater than the entropy in the superconducting state. 

In 1957, Bardeen, Cooper and Schrieffer [9] published a microscopic theory known as the 

BCS theory, based on phonon mediated pairing of valence electrons. A detailed explanation 

of it is given later in this Chapter. Later Pippard [10] introduced another fundamental 

length called the coherence length e, which depends on the electron mean free path. In 

a clean superconductor, for which the mean free path length / of the normal electrons is 

sufficiently long, the intrinsic coherence length varies inversely with T, i.e. 6 = a ,- E-) , where 

a is a constant and = 0.15 for Al and Sn. The dependence of e on electronic mean free 

path shows that the coherence length can be reduced by the presence of impurities in a 

superconductor. 

In the same year, Abrikosov [11] used the Ginzburg-Landau theory to provide a clear 

understanding of the magnetic properties of superconductors and the distinction between 

type-I (soft) and type-II (hard) superconductors was proposed for the first time. Actu-

ally there is no difference in the mechanism of type-I and type-II superconductors but the 

Meissner effect is entirely different. The type-I superconductors exclude magnetic field until 

superconductivity is destroyed suddenly and then the field penetrates completely. A good 

type-II superconductor excludes the field completely up to a field Ha. Above Ha, the field is 

partially excluded but the specimen remains electrically superconducting. At a higher field 

/1,2, the field penetrates completely and the specimen becomes non-superconducting. Thus, 

the type-II superconductor has two critical fields, Ha < H, < Ha; a vortex state exists 

in the range between Hci and Ha . If the coherence length is longer than the penetration 

depth, the superconductor will be type-I. 

Tunneling effects in superconductors was first observed by Giaever [12] in 1960. The 

energy levels are filled to a maximum Ef in the normal metal and up to Ef -A in supercon- 

4 



ductors (A is the energy gap). Under such circumstances no tunneling current can appear. 

In order to make this transition possible, an external voltage equal to the value '11.- has to be 

applied. 

In 1961, Deaver and Fairbanks [13j demonstrated the quantisation of magnetic flux in a 

superconducting ring. The total magnetic flux that passes through a superconducting ring 

is quantized in integral multiples of 2-11-1c, where q = 2e, the charge of an electron pair. 

In 1962, B. Josephson [14] predicted two effects: the stationary or dc Josephson effect 

and the non-stationary or ac Josephson effect. The dc effect states that a dc current flows 

across the junction in the absence of any electric or magnetic field. The current due to 

superconducting electron pairs which tunnel through an insulating junction between two 

superconductors maintains the phase coherence of the pair wave functions on the two sides 

of the junction. The ac effect states that a dc voltage applied across the junction causes rf 

current oscillations. Further an rf voltage applied with the dc voltage can then cause a dc 

current across the junction. 

1.2 BCS Theory 

The first microscopic theory of superconductivity was reported in 1957 by John Bardeen, 

Leon Cooper and J.R. Schrieffer [9]. The superconducting state is known to be an ordered 

state of conduction electrons of the matter. The electrons remains ordered at temperatures 

below the transition temperature and gets disordered above T,. The nature and origin of 

the ordering can be explained by the BCS theory-, providing a satisfactory explanation for 

the infinite conductivity of superconductors. 

The theory proposes that an attractive interaction between electrons can lead to a ground 

state separated from the excited states by an energy gap. An electron - lattice - electron 

interaction leads to an energy gap of observed magnitude. When an electron interacts with 

the lattice and deforms it, a second electron sees the deformed lattice and adjusts itself to 

5 



take advantage of the deformation to lower its energy. Thus the second electron interacts 

with the first electron via the lattice deformation. As a result of the deformation of the 

lattice an electron is surrounded by a cloud of positive charge which is attracted to the 

electron. The magnitude of this positive charge can exceed the electron charge. Then this 

electron together with the surrounding cloud represents a positively charged system, which 

will be attracted to other electrons. Thus the emergence of the attractive force can be seen. 

The effect of the attractive forces is reduced at high temperatures but at low temperatures 

the contribution is significant. 

The BCS theory shows that with an appropriate attractive interaction between electrons, 

the new ground state is superconducting and is separated by a finite energy gap Ey from 

its lowest excited state. Cooper considered the case of a single pair of interacting electrons 

of opposite spins and momenta just outside a spherical Fermi surface at T=0. Due to the 

Pauli's principle, the electrons are prevented from being scattered into any of the states 

below the Fermi surface. It was assumed that the electron-electron interaction was negative 

for electron states where energies, measured with respect to the Fermi energy differed by less 

than a cut-off energy &op called Debye energy. The result obtained was that the pair would 

form a bound state with a negative energy with respect to the Fermi energy, no matter how 

weak is the interaction. The central feature of the BCS state is that the one particle orbitals 

are occupied in pairs : if an orbital with wavevector k and high spin is occupied, then the 

orbital with wavevector - k and low spin is also occupied. If kit is vacant then is also 

vacant. These pairs are called Cooper pairs. 

The penetration depth and coherence length emerge as a natural consequence of the BCS 

theory. The London equation is obtained for magnetic fields that vary slowly in space. Thus 

the Meissner effect is obtained in a natural way. 

The transition tenwerature of an element or alloy involves the electron density of orbitals 

D(cp-,) at the Fermi level and the electron-lattice interaction U, which can be estimated from 
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the electrical resistivity. For U D(cF) < 1, the BCS theory predicts, 

T, = 1.140 exp :1  I 
UDEF 

(1.5) 

where 0 is the Debye temperature and U is the attractive interaction. 

Magnetic flux through a superconducting ring is quantized and the eiTective unit charge 

is 2e rather than e. The BCS ground state involves pairs of electrons, thus flux quantization 

in terms of the pair charge 2e is a consequence of the theory. 

Thus, one can conclude that the BCS theory is valid only in the limit of weak coupling. 

It turns out to be inadequate for superconductors in which the electron-phonon interaction 

is strong and a primary reason for this is the instantaneous nature of the BCS interaction. 

1.3 Superconducting Materials and their Applications 

All known superconductors can be classified into different classes according to their prop-

erties. The materials belonging to the Al5 class of materials have the stoichiometry A3B, 

where A is a transition metal such as Nb, V, Ta and Zr, and the B element is a member 

of the MA or IVA column of the periodic table and is a metal or semiconductor such as 

Sn, Al, Ga, Ge, In or Si. The T, of such systems is found to be very sensitive to stoichiom-

etry, and the maximum of the transition temperature corresponds to the 3:1 ratio of the 

ordered material. The Nb compounds have the highest transition temperatures with Nb3Ge 

[15] having the highest T, at 23K. Superconducting compounds belonging to the B1 class 

have the NaC1 type phase centered cubic structure with alternating A and B elements in all 

directions. Several compounds of this class have high Tc. 

Studies on the maximum critical temperatures of elemental superconductors and inter-

metallic compounds and alloys were initially slow until around 1972-73, when a plateau was 

reached at 23K, the T, of Nb3Ge. 

A major breakthrough occurred in 1986, when J.G. Bednorz and K. Alex Muller [161 
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discovered superconductors with a T, of 35K, a new record in a mixed phase copper oxide 

ceramic containing La2_sBasCu04. One of the most interesting discoveries in recent times 

in early 1987 was the observation by Wu et al. [17] in a mixed phase YL2Ba0.8Cu Os ceramic 

with a T, of 93K, well above the boiling point of liquid nitrogen. The specific phase respon-

sible for high T, superconductivity was identified as YBa2Cu307_5 [18]. The discovery of 

metal oxide superconductors with Tc's above the boiling point of liquid nitrogen created a 

renaissance in the field of condensed matter physics. T, increased quite rapidly during the 

period 1988-94, first to 110K in Bi2Sr2Ca2Cu3010 in late January 1988 [19], then to 125K in 

thallium based cuprate T12Ba2Ca2Cu3010 in mid February 1988 [20], and then to 134K in 

the mercury based cuprate HgBa2Ca2Cu309 in May 1993 [21]. The critical temperature of 

Hg-1223 phase was further increased to a T, (onset) of 164K by applying hydrostatic pressure 

[22] in October 1993. 

Exploration of physical properties of materials based on the molecule C60 revealed super-

conductivity with relatively high values of T, in metal doped C60 compounds [23]. For e.g., 

the fcc compounds K3C60 and Rb3C60 have Tc's of 18K and 29K respectively [24, 25]. 

Some of the recently known superconductors discovered were in a series of compounds 

with the formula, RNi2B2C with a maximum T, of 16.5K for R=Lu [26, 27]. These materials 

have attracted a great deal of interest because they display both superconductivity and 

magnetic order and effects associated with the interplay of these two phenomena. The 

superconducting compound Sr2Ru 04, has the same structure as the La2_sMxCu 04 (M=Ba, 

Ca, Sr, Na) high T, cuprate superconductors [28]. While the T, of Sr2Ru 04 is only — 1K, this 

compound is of considerable interest because it is the only layered perovskite superconductor 

without Cu. 

Recently quantum spin ladder materials have attracted attention of many researchers. 

These materials consist of ladders made of antiferromagnetic (AFM) chains of S = 1/2 spins 

coupled by inter-chain AFM bonds. Superconductivity has also been discovered in the ladder 
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material SroACal3.6Cu24041.84 under pressure with T, 12K at 3 GPa[291. 

The discovery of high T, superconductivity with values of T, in excess of the boiling 

temperature of liquid nitrogen (77K) immediately implicated high T, cuprates as promising 

class of compounds for applications of superconductivity in various fields including electron-

ics. The existing commercial applications include: 

s High Field Magnets 

Here, superconductors are used to generate very high fields in small volumes, making 

more widely available analytical techniques which would otherwise be restricted to a 

few large laboratories having multimega watt motor generators and high field copper 

magnets. 

Magnetic Resonance Imaging (MRI) 

While there are other techniques for providing fields for MRI such as permanent mag-

nets or resistive electromagnets, superconducting magnets provide even higher fields 

and better field stability which results in better image quality. In medical sciences, it 

provides information about the chemical composition of the various types of tissues in 

the body. 

• Large scale applications 

High T, superconductors(HTS), used in the form of wires are capable of carrying large 

electric currents with negligible losses while maintaining a high degree of mechanical 

strength and flexibility. Thus, they are used in electric power transmission systems. 

HTS find a way in superconducting magnetic energy storage in the form of super-

conducting coils. Magnetically levitated trains use powerful HTS magnets to levitate 

it, causing less noise, are weightless and require less maintainance than conventional 

trains. Some other applications include power transformers, generators and motor-

generator sets. A number of applications of HTS thin and thick films have emerged in 

telecommunications, biomedicine and magnetic sensing instrumentation. 
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• SQUIDS 

Superconducting QUanturn Interference Device (SQUID), is the most sensitive de-

tector of electromagnetic signals known. It is a magnetic flux to voltage transducer 

and is able to detect changes in magnetic flux much smaller than one flux quantum 

(Do = h I2e 2.07 x 10-15Wb. SQUIDs are thus very versatile devices being able to 

measure any physical quantity that can be converted to magnetic flux. SQUIDs are 

used in various types of specialized laboratory equipment, geophysical surveying instru-

ments, advanced biomedical instruments, detection of submarines in the ocean, under 

sea communications, magnetocardiography (MCG), nondestructive test equipment and 

many other applications. 

Remarkable progress in the areas of basic research and technological applications has been 

made on the high T, cuprate superconductors. The next decade of research on the high T, 

cuprate superconductors as well as other novel superconducting materials promise to yield 

significant advances towards the realization of technological applications of these materials 

on a broad scale. 

1.4 High T, Cuprates 

The discovery of superconductivity at — 30K in the La-Ba-Cu-O system by G. Bednorz and 

Alex Muller [16] in 1986 ignited an explosion of interest in high temperature superconduc-

tivity. Several groups reproduced their results and identified the superconducting phase as 

La2,BasCu04. Many researchers then began to determine the effects of elemental substi-

tutions and different processing conditions on the structure and superconducting properties 

of these oxides. Following this approach, in 1987 P.Chu and M.Wu and coworkers discov-

ered superconductivity above 90K in the Y-Ba-Cu-O system [17] and, the 90K phase was 

identified as YBa2Cu307. 

All the cuprate high 7', superconductors are quasi-two-dimensional conductors containing 
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one or more Cu02 layers in each unit cell. The Cu-0 layers are sepaxated either by inter-

vening Cu-0 chains or by layers containing other metals or metal oxides (Ba-O, Bi-0, T1-0, 

etc) that serve as the carrier reservoirs. The Cu 02 layers are believed to be the active com-

ponents of cuprate superconductors, and contain three distinct types of Cu-0 co-ordination. 

The crystal structures of high T cuprates are anisotropic which itself manifests in the elec-

trical transport properties, which are also highly anisotropic, with high conductivity in the 

direction parallel to the planes due to conduction in the planes. The conduction, perpen-

dicular to the planes is less by about two to four orders of magnitude depending upon the 

specific compound. This implies that the carriers are mostly confined to the planes and the 

interlayer transitions are less favourable. 

Several dozens of cuprate superconductors have been discovered since 1986, with Tc's 

ranging from zero to 164K (under pressure) [22]. The original cuprate superconductors 

discovered by Bednorz and Muller were the T-phase 214 compounds (RW)2-xAxCll 04, where 

R and R' are rare earth elements and can be the same element, and A = Ba, Sr, Ca, Ce or 

Th act as dopants that change the carrier concentration. In this case the parent compound 

is lanthanum cuprate, La2Cu 04 which has K2Ni F4 structure. Pure lanthanum cuprate is an 

antiferromagnetic insulator containing Cu+2 valence states. If one substitutes Ba, Sr or Ca 

(Ba+2,etc) for La(La+3) e.g La2.„Ba„Cu04 (LaBa-214), the Neel temperature TN at onset 

of antiferromagnetism is found to be rapidly suppressed as the hole concentration which is 

proportional to x, increases. The conductivity increases as the Cu-ions become mixed valent 

Cu+2/Cu+3 and the long range antiferromagnetic ordering is frustrated by the presence of 

doped holes in the Cu 02 planes. The antiferromagnetic insulating phase consists of in-phase 

antiferromagnetic ordering of the valence electrons in the Cu 02 layers. As the carrier (hole) 

concentration is increased by doping the antiferromagnetic parent compound, the long range 

antiferromagnetic ordering is destroyed, although the short range antiferromagnetic spin 

fluctuations persist even in the superconducting state. 
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The next family of cuprate superconductors, and the first to exhibit superconductivity 

above the boiling point of liquid nitrogen, is the so-called "123" (RE-123) family of com-

pounds (RE)Ba2Cu307_8 where (RE) = Y or any other rare earth metal elements except Ce 

or Tb. The crystal structure of (RE)-123 is orthorhombic and possesses two Cu 02 layers 

and one Cu-0 chain layer per unit cell. The oxygen stoichiometry is easily varied between 

06 and 07 due to the loosely bound oxygen atoms in the Cu-0 chains. When the oxygen 

stoichiometry is less than 6.4, the Cu-0 chain loose their long range order, and the compound 

becomes tetragonal and non superconducting. Optimum hole doping (for maximum Te) is 

attained when the compound is fully oxygenated i.e. 8=0. The antiferromagnetic insulating 

phase can be created by reducing the hole concentration by removal of oxygen on annealing 

in vacuum or by substituting Pr for Y. PrBa2Cu307 becomes superconducting only when Pr 

is partially replaced by Ca. The three additional families are, 

Bi2Sr2Cai,_ C11710 2n+4+8, [Bi-22(n-1)n] 

T1,,Ba2Can-iCun02-i-m+272, with m = 1,2 

HgBa2Can_i Cun027,42+s, [Hg-12(n-1)n] 

where in all cases, n 	1, 2, 3,...) is the number of Cu 02 planes per unit formulae. All 

the known cuprate superconductors possess hole type carriers, with exception of a phase of 

RE-214, without apical oxygen where the carriers are electron-like and the T, for this family 

does not exceed 30K. 

1.4.1 Electronic structure 

The first group of high T, superconductors discovered were (214) class of ceramic oxides of the 

La2_sBaxCu 04 type with Tc's in the range 25K to 40K. Subsequently superconductors with 

Tc around 90K in the (123) oxides having general formula (RE)Ba2Cu307_8 were synthesized. 

It was further established that the first kind possessed the K 2Ni F4 structure while the second 
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Fig. 1.1: The ligand field split levels of Cu 3d levels in the octahedral environment. 

class had the defect perovskite structure. Since the essential structural element for the high 

71, superconductors are the CuO planes, we will concentrate only on La2Cu 04. In La2Cu04, 

the copper atoms are surrounded by an octahedra of oxygen atoms. These octahedra share 

corners and form a planar square network. These planes are well separated electronically. 

Thus if one looks at a copper plane it is a simple square lattice of copper atoms. There is 

an oxygen atom between every pair of neighbouring copper atoms. 

La2Cu 04 IS iono-covalent. There is complete charge transfer of three electrons from La 

atoms. Even though Cu gives up two electrons and becomes Cu+2, there is a strong covalent 

binding between the copper dx2_y2 and oxygen 2p orbitals. A well separated Cu+2 ion will 

be in the electronic configuration 30, i.e. one hole in the d shell. The 3d level due to the 

covalent bonding and the crystal field effects from the oxygen octahedra, is split, as shown 

in Fig. 1.1. The splitting of the two top levels arises because the octahedra is elongated in 

the z-direction. Thus in the insulator, we have one lone electron in the copper dx2_y2 level. 

The rest of the levels are far below the Fermi levels. The dx2_y2 level hybridises strongly 

with four of the oxygen 2p orbitals pointing towards the copper atom (Fig. 1.2). As far 

as transport and magnetic properties are concerned, these orbitals (two oxygen 2p orbitals 

and one copper dx2_y2 orbital per unit cell in the plane, (Fig. 1.3)) alone seem to play an 

important role. Thus we have a simple tight binding model made up of oxygen 2p and 
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Fig. 1.2: The copper c/s2_y2 and oxygen 2p orbitals involved in the relevant electronic band 

where the Fermi level lies. 

Fig. 1.3: The schematic picture of the bonding, nonbonding and the antibonding band 
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copper 3dx2_y2 orbitals. In the insulator, there are five electrons per unit cell. This tight 

binding model in which the only non-zero hopping matrix element t, is between the copper 

orbital(of energy ci) and the neighbouring oxygen orbital (of energy c) can be easily solved 

to get the dispersion relation, 

Ck± = — ( — c) / 2 ± [(ci — c2)2 8t2 (1 + cos kxa + cos kya)]1/2 	(1.6) 

Ck0 = o 	 (1.7} 

The subscript ± and 0 indicate antibonding, bonding and non bonding bands respectively. 

The corresponding dispersion is shown systematically in Fig. 1.3. The bottom band is the 

bonding band, middle one is the non-bonding band and the top one is the antibonding band. 

The three orbitals per unit cell give three bands. Since we have five electrons per unit cell, 

the Fermi level lies in the middle of the antibonding band (Fig. 1.3). The antibonding band 

is sufficient to understand the magnetic, transport and statistical mechanical properties of 

the insulator. We will consider a simple tight binding model with nearest hopping between 

orbitals centered around the Cu sites. This orbital in addition to the same dx2_y2 symmetry 

as the Cu3dx2_y2 orbital also has large oxygen 2p orbital component as well. This tight bind-

ing model will approximately reproduce the antibonding band of our original tight binding 

model. In the case of La2Cu 04, this model contains one electron per site, the rest of the 

four electron being there in the bonding and nonbonding bands. 

Pure La2Cu 04 with one electron per orbital in the above band is experimentally observed 

to be an insulator. When a La atom is replaced by Ba or Sr atom, it donates only two 

electrons. Now, one of the oxygen atom receives one electron instead of two. Oxygen being 

strongly electronegative, grabs one more electron from the copper atoms making one of the 

Cu+2 into nominally Cu+3, i.e., one electron from our tight binding band has been removed. 

Thus, when the doping fraction is x, i.e. in La2,Ba,Cu 04, a fraction of x electrons has been 

removed. Experimentally, La2_xBaxCu 04 remains an insulator up to x = 0.05 at very low 

temperatures and then it starts superconducting. This phenomenon of removal of electrons 
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from the CuO system by the addition of Sr or Ba is called doping. Experimentally T, is a 

function of x and is maximum when x = 0.15. The fact that La 2 _x Bax Cu 04 is an insulator 

and becomes a superconductor on doping has to be understood. 

1.4.2 Mott Insulator 

The tight binding model that we considered above, being half filled, will be a metal according 

to a simple band theory. But experimentally, it is found to be a good insulator with an energy 

gap nearly equal to 2 eV. Such a band metal can become an insulator if a Fermi surface 

instability due to the perfect nesting of the simple tight binding band in two dimensions 

occurs resulting in a charge density wave or spin density wave. There is no experimental 

evidence in existence for this. Thus we look for an alternate explanation in Mott insulators. 

Oxides [30] such as NiO, Mn0 and several other antiferromagnetic insulators can be 

conducting metals according to simple band picture. Such a picture fails when the energy 

scale of electron-electron repulsion becomes large compared to the tight binding bandwidth 

i.e. when we have one electron per orbital, the strong electron repulsion prevents electrons 

from gaining the delocalisation energy thereby localising one electron per orbital. When we 

take into account screening, the dominant electrostatic interaction is the outside Coulomb 

repulsion (the Hubbard U). This is typically 5 to 10 eV in transition metal oxides. Since 

the electrons hop between transition metal atoms, only through the oxygen binding orbitals, 

the hopping integral(t) is low. Hence, delocalisation energy of electrons with co-ordination 

number(z) is small compared to U. This forces the electrons into a Mott-insulator phase. 

Any excitations involving charge transfer need an energy nearly equal to U zt is called 

the Mott-Hubbard gap. This gap does not arise because of any periodic (self consistent or 

external) potential as in a ba,nd theory. It is a genuine many body effect which escapes 

explanation even in terms of many "sophisticated" density functional band theories. The 

Hubbard Hamiltonian describes a Mott-insulator when U/t is greater than a critical value 
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in two and three dimensions. Even though the charge excitations have a finite gap, the spin 

fluctuations have no gap. The spin fluctuations which are low lying states are described 

by an effective Hamiltonian usually referred to as the Heisenberg exchange Hamiltonian. It 

has been established that spin -1/2 Heisenberg antiferromagnet has long range order at low 

temperatures in three and higher dimensions. 

Anderson [31] observed that oxides which are s = 1/2 Heisenberg antiferromagnets rarely 

have long range magnetic order. Their low temperature magnetic properties are often anoma-

lous and hence he concluded that perhaps antiferromagnetic order is fragile and could easily 

be destroyed. 

1.4.3 Superconductivity of the doped Mott Insulator 

Very soon after the discovery of high temperature superconductivity, Anderson [32] gave 

a Hubbard model description and provided a qualitative Resonating Valence Bond (RVB) 

scenario of superconductivity. His basic idea was that the singlet pairs in the RVB insulator 

are like Cooper pairs. In the Mott insulator, they are neutral owing to the absence of real 

charge density fluctuation in an insulator. When Ba is added and electrons are removed from 

a Mott insulator, a fraction of the pre-existing singlet pairs get charged and superconductivity 

results. Anderson also pointed out that in such a co-related Fermi liquid, gapless spin 

excitations may be still present. He argued that, they are the neutral spin -1/2 Fermions 

having their own Fermi surface. This pseudo Fermi surface could remain intact even after 

doping, resulting in a linear low temperature specific heat of the superconductor. 

An observation by Kivelson, Rokshar and Sethna [33] brought out a non trivial departure 

from BCS theory. They argued, by taking analogy from Peierl's and spin-Peierl's insulator, 

that in a doped valence bond system, the charge carriers are "holons" having a charge of +e. 

They behave like bosons and superconductivity results from Bose condensation of holons. A 

holon is essentially an empty site with the rest of the electrons singlet bonded and resonating 
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among various valence bond configurations in a coherent way. When such an empty state is 

filled with one electron, we get a spinon, which is a neutral fermion. A spinon is essentially 

an unpaired spin in a sea of resonating singlet pairs. Thus the holons and spinons are quasi 

particles of a RVB superconductor. 

At low temperatures, the holons have perfect coherence leading to superconductivity. 

The effective mass of these holons rs, h2/2a2t, where a is the lattice parameter. In an 

ideal Bose system, this will set the scale for the superconducting transition temperature, 

which will be 5000K. However, the physics in our problem is more complicated. At finite 

temperatures, spinon pairs are thermally liberated from the RVB sea of singlet pairs. They 

associate themselves with the holons thereby reducing their boson like phase coherence. The 

phase coherence is completely lost when kBT at which temperature most of the singlet 

pairs have been broken. This temperature sets the scale for the superconducting transition 

temperature. 

The holon condensation has dramatic consequences. The important one among them is 

the magnetic field flux quantisation in units of hcle and not hcl2e, as in the conventional 

BCS superconductors. Experiments show that indeed the flux quantisation is hcl2e. That 

this does not contradict RVB theory of superconductivity has been explained by Wheately, 

Hsu and Anderson [341 in the following way. In La2Cu 04 as well as the 723 compound, the 

Cu-0 planes are well separated and hence electronic conduction is highly anisotropic. 

Zhang and Rice [351 argued that a good starting point for modeling strong correlations 

effects in cuprates should be Hubbard model or the t-J model close to half-filling. In these 

models, the repulsion energy U and the antiferromagnetic exchange constant J are related as 

J =5.; where t is the site-hopping matrix element. One of the most interesting, but difficult, 

problems is associated with the introduction of doped holes, which results in a transition at 

low temperature from the antiferromagnetic state into the superconducting state. Emery et 

al. [361 have proposed that kinetic phase separation of doped holes in the antiferromagnetic 
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background may play a fundamental role in bringing about superconductivity. 

The fundamental driving force for high Tc superconductivity is now widely believed to be 

the interaction of the doped holes with the antiferromagnetic, or nearly antiferromagnetic 

background in the Cu 02 layers. One proposed for pairing of the holes involves the interaction 

with antiferromagnetic spin fluctuation [37]. Somewhat surprisingly, a pairing interaction 

is predicted [38] to be possible even in the presence of a strong on-site Coulomb repulsion 

and predominantly positive electron-electron (or hole-hole) interaction matrix elements in 

momentum space. This can be seen by examining the BCS gap equations. 

Ak = E Vkk' 
2Ek' k' 

(1 .8) 

where Vkie are the matrix elements representing the effective electron-electron interactions. 

In the original BCS theory the matrix elements Vkki are negative and the gap equation is 

satisfied (for S-wave superconductors) by taking A to have the same sign around the entire 

Fermi surface. However, although the sign of an S-wave gap function is independent of 

direction in momentum space, the gap A(wk) actually changes sign when the frequency 

wk (or energy, measure from Fermi surface) exceeds the phonon frequency because of the 

retarded nature of the electron-phonon interaction [38]. 

The proposed anti-ferromagnetic spin fluctuation mechanism predicts that the matrix 

elements Vkk, will be proportional to the magnetic susceptibility x(k — le), and will be 

positive and sharply peaked when k — k' =- (±r/a, ±r/a), 'a' being the in-plane lattice 

parameter ( for a tetragonal system). Note, however, that the BCS gap equation can still 

be satisfied even though the matrix element Vkki are now positive, provided Ak changes 

sign along the ky-direction as compared to its sign along the ly-direction. An important 

implication is that the gap parameter no longer has S-wave pairing symmetry but, rather 

42_y2 pairing state symmetry as expressed below for a tetragonal system. 

A(kx, ky) = Ao[coskxa — coskya] 	 (1.9) 

19 



Where Ao is the maximum gap value and a is the in-plane lattice constant. The above equa-

tion predicts that the gap is positive along the kz. direction, negative along the ky direction 

and goes to zero at line nodes along the 45° direction in the k-space. An antiferromagnetic 

pairing mechanism is consistent with the occurrence of d-wave pairing with dz.2_y2 symmetry 

as suggested by recent experiments on several hole doped cuprates [39, 40]. 

1.5 Importance of substitutional Studies in High Te su-

perconductors 

The pioneering discovery of La-Ba-Cu-O by Bednorz and Muller [16] which has the T, of 

about 30K was the result of a systematic and logical process involving substitutions. Their 

thinking in part was essentially based on Cooper pair formation due to possible stronger 

electron-phonon coupling in oxides and ensuing Jahn-Teller distortion giving rise to Po-

larons. Although these theoretical ideas perhaps may not be so strongly asserted now, the 

approach they followed to enhance T, was more empirical based taking full advantage of the 

mixed valence character of Cu(2). Their reasoning led them to partial substitution of La3+ 

by Ba2+ in La2Cu04 whereby they could change the ratio of Cu3+/ Cu2+ in a controlled way. 

Thus, in contrast to the nonsuperconducting metallic perovskite LaCu03 (of ABO3 type) 

which had only Cu3+ and the insulating perovskite La2Cu04 (having the perovskite related 

K2NiF4 crystal structure) having only Cu2+, the substituted material La1.85Bao.15Cu04 be-

came metallic, exhibiting superconductivity close to 30K. T, rises to 35K when Ba was 

replaced by yet another alkaline-earth metal Sr [41]. The marginal increase in T, may be 

ascribed to a smaller ionic size of Sr as compared to that of Ba. 

The advent of the y-ttrium based superconductor with T, of about 90K [42] was the result 

of substitutional studies involving replacement of La by Y in La-Ba-Cu-O system. The 

crystal structure of the new compound so formed was, however, different. The high pressure 
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experiments had revealed a significantly large increase in the T, -onset of Sr doped lanthanum 

cuprate. The smaller ionic radius of yttrium substituting for lanthanum possibly led to the 

internal chemical pressure in the crystal lattice resulting in T, enhancement. The high 

T, phase was a triple layer perovskite of ABO3 type, namely BaCu03 YCu03 BaCu03, but 

having oxygen deficiency, the final composition being YBa2Cu3O7_8, commonly referred to as 

1-2-3 compound. The oxygen stoichiometry plays a particularly dominant role in controlling 

T, of this class of compounds. Relatively marginal decrease in oxygen concentration from 7 to 

about 6.4 quenches superconductivity completely and transforms the crystal structure from 

orthorhombic to tetragonal. Interestingly all Cu based superconducting materials possess 

the highly conducting two dimensional Cu-0 networks which are believed to be the seat of 

superconductivity in these systems. Any substitution which directly or indirectly interferes 

with these Cu-0 networks are found to seriously affect the superconducting properties of the 

materials. The low dimensionality, in general, promotes fluctuation effects and further leads 

to anisotropy of various properties such as (a) coherence length, (b) normal state resistivity, 

(c) critical current density, J, and (d) the critical fields, lid and Ha when measured along 

and perpendicular to the a-b plane. The site occupancy in the substitutional studies is 

primarily controlled by three main factors: (a) the ionic radii, (b) the valence state and 

(c) the coordination number of the on-site cation. The valence state and the ionic radii 

corresponding to different coordinations of various cations forming the parent high T, systems 

[43] are given in the Table 1.1. As may be seen from the Table 1.1, the cations Ba and K, 

in non-Cu system possess an optimum 12-fold coordination while the similar cations in 

cuprates, namely La, Y, Bi, Tl, Ba, Sr and Ca -all exist in lower coordinations. This aspect 

presumably manifests in making the conducting Cu-0 networks in the latter low dimensional. 

In general, complete substitution of a dopant is feasible only when it is isovalent and for the 

same coordination its radius matches within about 15 percent to that of the on-site cation. 

The aliovalent substitutions, on the other hand, tend to be only partial. 
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Table 1.1: Valence state, coordination number and ionic radius of various cations forming 

high T, superconductors 

Material Cation Valence 

state 

Existing 

Co-ordination 

number 

Corresponding 

ionic size (A) 

La2 (Sr)Cu0 4  La(Sr) 3+(2+) 9 1.20(1.30) 

Cu 2+ 6 0.73 

YBa2 Cu3 07  Y 3+ 8 1.02 

Ba 2+ 10 1.52 

Cu(I) 2+ 4 0.62 

Cu(II) 2+ 5 0.65 

Bi 2 CaSr2 Cu 2 Ox  Bi 3+ 6 1.02 

Ca 2+ 8 1.12 

Sr 2+ 9 1.3 

Cu 2+ 5 0.65 

Ba(K)BiO 3  Ba(K) 2+(1+) 12 1.60(1.60) 

Bi 3+ 6 1.02 
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The site occupancy need not necessarily be unique and predetermined and is normally 

controlled by the valence state of the dopant and the process parameters. The aliovalent 

cation substitutions in the parental stoichiometry inevitably lead to changes in the oxidation 

state of Cu and/or in the oxygen stoichiometry. The former is determined by the environ-

ment of the on-site cation, its valence state in relation to that of the dopant. A change in 

the oxygen stoichiometry in 1-2-3 system can bring about orthorhombic to tetragonal (0-T) 

transformation. There are instances where such a transformation resulting from substitu-

tions suppresses T, rapidly, and also in certain cases superconductivity persists even in the 

tetragonal state. The Cu-0 networks can get distorted by (1) cation substitution directly 

at the Cu-sites, (2) anion substitution at the 0-sites and (3) the aliovalent cation substi-

tution at the non-Cu sites. Both cation and anion substitutions at these network sites in 

general lead to lowering of T, through host of reasons like, localization of carriers, reduction 

in the effective carrier concentration, obstruction of hopping process etc., and the effect is 

found to become more significant when the average spacing between dopants in the network 

matches with the range of coherence in the a-b plane. When the substituted dopants at the 

Cu-sites or at the non Cu-sites is aliovalent, it tends to disturb the oxygen stoichiometry in 

the Cu-0 network between Ba-O planes of the 1-2-3 compound and lead to O-T change and 

T, depression. In all such situations where the gradual incorporation of dopants disturbs 

or adulterates the Cu-0 networks and T, is lowered, the nature of resistance-temperature 

(R-T) curve is found to turn from metallic to semiconductor like, characterized by a negative 

dR/dT. Isovalent substitutions of comparable ionic radii at the non-Cu sites, on the other 

hand, generally have relatively lesser effect on T, and the R-T curves continue to depict 

metallicity. The T, variation resulting from such substitutions may be ascribed to ensuing 

small changes in the lattice parameters. 

The crystal structure of 1-2-3 compound YBa2Cu307_8 comprises of intergrown cation-

oxygen planar stacks with the exception of yttrium plane which is completely devoid of 
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oxygen giving it the 8-fold, instead of 12-fold coordination characteristic of the perovskite 

structure. The local charge neutrality is ensured by the adjacent Cu02 planes having surplus 

anion content. The structure accommodates excess anion vacancies at sites located farthest 

away the highly charged Y-plane, i.e., between the two Ba-O planes. This results in two 

crystallographically distinct sites for Cu, Cu(I) and Cu(II). Depending on oxygen content, 

the former can have 2-,4- and even 6-fold coordinations while the latter can exist only in 

the square pyramidal 5-fold coordination. The 07 compound gives a 4-fold coordination 

to Cu(I) site leading to CuO-chains (Cu04 ribbons) and Ba acquires 10-fold coordination. 

The structure as well as superconductivity are sensitive to 0-stoichiometry as for = 1 it is 

fully tetragonal and insulating while for = 0 it is orthorhombic and superconducting. For 

superconductivity, the effective copper valence is important which is controlled by oxygen 

stoichiometry. Isovalent substitutions, in general, do not cause any significant change in 

either, but aliovalent substitutions can change either of them or both, depending on the 

on-site cation. It is with this view to understand the effect of isovalent and aliovalent 

substitutions on non Cu cation sites on the local structure of Cu-0 networks, that the 

present investigation is undertaken. 

1.6 F'urpose and Scope of Present Work 

A great deal of interest in the studies of high T, superconductors is currently being focused 

on the substitutional effects in these exciting class of materials. The significance of such 

studies can be readily understood from the fact that the very discovery of these high T, 

superconductors owes to various substitutions and dopings carried out in the related low T, 

or even non-superconducting systems. Substitutional effects therefore, might pave a way for: 

(i) further enhancement of the 71; (ii) the discovery of new high T, phases and (iii) possibly 

unfolding the mechanism of high temperature superconductivity. We have investigated here, 

three series of superconducting materials wherein isovalent and aliovalent substitutions are 
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made at non-copper metal sites. The main aim of this work is to understand the effect of 

these substitutions on the Cu-0 networks in (RE)123 type of superconducting systems. 

The materials investigated in the present work are, 

1. Y0.4Pro.6Ba2,SrxCu307_s with 0 < x < 1.25 

2. Ybi,Cas(BaosSr0.2)2Cu307_6. with 0 < x < 0.35 

3. Ybi_xCax(BaosSr0.2)2Cu306+8 with 0 < x < 0.35 

In order to study the effect of above substitutions, Extended X-ray Absorption Fine Struc-

ture(EXAFS) and X-ray Absorption Near-Edge Structure(XANES), X-ray diffraction(XRD) 

and Infra red absorption(IR) studies have been carried out on the above materials. In 

addition, the materials are also characterized by Iodometric titration, Atomic absorption 

spectroscopy(AAS) and Electrical resistivity measurements. 

It is well established that substitution of Pr at rare earth site in the 123 systems leads to 

suppression of superconductivity. Many different mechanisms have been proposed to account 

for this suppression. One of the explanation suggested that the Pr-0 covalency creates a 

new narrow band related to the Pr 4f electron near the Fermi level. This band localizes 

the itinerant holes within the Cu02 planes thus destroying the superconductivity as well 

as metallic character of the compounds. It is well known that the covalent ingredient is 

mainly dependent on the energy difference between EF (probably- across the 7rx*y band) and 

the energy of Pr 4f level (Ef) i.e. A = EF - Ef. The larger the A, the weaker is the Pr-0 

covalent bonding. As Ef is below EF, according to tight binding calculations, shorter Cu-0 

bond lengths will result in raising EF and thereby increasing the value of A. Sr substitutions 

at Ba site in the nonsuperconducting Yo.4Pro.613a2Cu307_8 will result in shorter Cu-0 bond 

lengths and weaker Pr-0 covalent mixing. This helps in revival of superconductivity in this 

system. We have examined XANES and EXAFS at Pr LH/ and Cu K-edges respectively 

in the Sr doped at Ba site in Y0.4Pro.sBa2Cu307-8 compounds in order to understand the 
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changes in the local structure of metal ions (Cu and Pr) as a function of Sr substitution. 

These results of X-ray absorption studies are corroborated by X-ray diffraction, electrical 

resistivity and IR spectroscopic measurements. 

It is generally believed that the occurrence of superconductivity is related to the hole 

concentration in Cu02 planes. So in order to understand the mechanism of high T, super-

conductivity, it is essential to elucidate the hole doping mechanism. The variation of the 

carrier concentration in superconducting Cu02 planes is achieved by controlling either the 

oxygen content or the size and valence of the cations in various bare metal/metal-oxide spac-

ing. Ca2+ substitution at the (RE)3+ site, in the oxygen rich samples, is believed to lead to 

hole doping via the latter mechanism. The charge balance requires that the average valency 

of Cu, in these compounds, should increase. However, there are reports in the literature 

to suggest that the average Cu valence is nearly independent of Ca concentration and the 

extra hole contribution due to Ca2+/(RE)3+ aliovalence is compensated by loss of oxygen. 

In order to study the effect of Ca substitution on the CuO network, we have carried out 

EXAFS, electrical resistivity, XRD and IR measurements on Ybi_xCax(Ba0.8Sr0.2)2Cu307_5 

(0 < x < 0.35) (the oxygen rich phase). 

Similarly, we have also examined Ybi_xCax(Bao.sSro.2)2Cu306+.5 (0 < x < 0.35) (the 

oxygen poor phase) wherein there is a revival of superconductivity as the Ca content is 

increased. In this sy-stem the enhancement of T, is due to hole doping by Ca. In order to 

understand the hole doping mechanism we need to observe the changes in the local structure 

of Cu, especially the planar Cu as a function of Ca content in the system. Hence we have 

undertaken a systematic study of the Cu K-edge EXAFS supported by Rietveld structure 

analysis and Infrared absorption studies in this underdoped compounds. 
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Chapter 2 

Experimental Techniques 

2.1 Introduction 

All the high T, cuprates during the course of this work have been prepared by standard 

solid state reaction method by heating oxides in their respective stoichiometric ratios at the 

required temperatures. Since the different compounds require different preparative condi-

tions such as temperature, duration of sintering and annealing, the particular preparation 

processes are described in the respective Chapters. During the course of this work we have 

concentrated primarily on three superconducting series. 

1. Yo.4Pro.6Ba2_sSrxCu307_8 with 0 < x < 1.25 

2. Ybi_sCas(Ba0.8Sr0.2)2Cu307_8 with 0 < x < 0.35 

3. Ybi„Caz.(Ba0.8Sro.2)2Cu306+8 with 0 < x < 0.35 

The above superconducting oxides have been studied using following techniques: (i) Pow-

der X-ray diffraction for phase identification and structure characterization; (ii) Iodometric 

titrations for the determination of oxygen content of the samples; (iii) Atomic absorption 

spectroscopy for the determination of metal ions present in the samples; (iv) Four probe elec- 
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trical resistance measurement to find out the Tcs of the samples; (v) Infra Red spectroscopy, 

and (6) X-ray absorption spectroscopy for the determination of structural parameters. 

2.2 X-ray Diffraction of (RE)Ba2Cu307_,5 samples 

X-ray diffraction method is one of the most widely used techniques in the study of crystal 

structure of materials. The powder X-ray diffraction measurements are performed on powder 

samples using Rigaku X-ray diffractometer system in our department. The intensity of the 

copper Ka radiation diffracted from the powdered specimen was detected by a scintillation 

counter and recorded as a function of 20, where 0 is the angle of incidence. The diffraction 

peaks were indexed using a commercially available Powder Diffraction Package (version 1.1) 

(PDP). 

2.2.1 Principle of Powder Diffraction 

In the powder method, the crystal to be examined is reduced to a very fine powder and 

placed in a beam of monochromatic X-rays. The powder is spread on a thin glass plate. 

Each particle of the powder is a tiny crystal oriented at random with respect to the incident 

beam. However, some of the particles of the powdered specimen will be correctly oriented so 

that their (100) planes, for example, can reflect the incident beam of radiation. Some other 

particles may be correctly oriented for (110) reflections and so on. These reflections occur 

whenever these planes satisfy the Bragg's law i.e. 2c1Sin 0 = nA. Hence every set of lattice 

plane is capable of reflection as long as it satisfies the Bragg's law. Also we consider that 

the mass of single powder particle is equivalent to a single crystal rotated, not about a single 

axis, but about all possible symmetry axes. Consider one particular hkl reflection. One or 

more particles of the powder will, by chance, be so oriented that their (hk/) planes make the 

correct Bragg angle for reflection. Fig. 2.1 shows a single plane set and the diffracted beam 

of maximum intensity found. If this plane is now rotated about the incident beam as axis 
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h kl Reflection 

Fig. 2.1: hkl reflections from stationary mass of powder. 

in such a way that the angle of incidence 0 is always kept constant for the hkl plane, then 

the reflected beam will travel over the surface of a cone as shown in Fig. 2.1, with the axis 

of the beam coinciding with the transmitted beam. This rotation does not actually occur in 

the powder method, but the presence of large number of crystal particles having all possible 

orientations is equivalent to this rotation. Since among these particles there will be a certain 

fraction whose hkl planes make the right Bragg angle with the incident beam and which at 

the same time lie in all possible rotational positions about the axis of incident beam. Thus 

the hkl reflection from a stationary mass of powder has the form of a cone of diffracted 

radiation and a separate cone is formed for each set of differently oriented or spaced lattice 

planes. 

2.2.2 Experimental Set-up for X-ray Diffraction 

The diffractometer consists of a X-ray source, a goniometer and a counter. The X-ray source 

is a sealed tube with copper as anode. The goniometer is designed to satisfy the focusing 

conditions geometrically, which are shown in Fig. 2.2. The focusing circle is a circle on the 

plane which involves the sample at the center of circle and at right angles with the axis of 

rotation of the goniometer and the circle involves the axis-I of focus of the target, the axis-II 

of the goniometer and the axis III of the receiving slit. The radius of the focusing circle is 

33 



6\i"' 

01 : Rotation angle of sample 

02 : 	Rotation angle of crystal 

Radius of the primary focal circle 
(Goniometer radius of I85mm or 250mm 

r : 	Radius of the secondary focal circle (Curvature of crystal x1/2) 

OS : Goniometer divergence slit 

RS : Gonlometer receiving slit 

RS : Monochromator receiving slit 

C : 	Curved single crystal 

Fig. 2.2: Set-up of the X-ray diffractometer 

a function of the angle 0 formed by the surface of the sample with the extension line of the 

direct X-ray beam and the angle formed by the straight line connecting axes II and III is 

20. This angle is always accurately twice the angle 0 formed by the surface of the sample 

with the extension line of the direct X-ray beam. Since in this goniometer, X-ray beam 

from the line focus will irradiate the sample, the greater part of X-ray beam is irradiated 

on the sample inclined against the focusing circle plane. When this angle of inclination 

is large, resolution of the diffracted X-ray beams and accuracy of the measured diffracted 
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(3) Scatter silt 

Si 	Divergence soller s4it 

S2 	Receiving soller slit 

Goniometer radius (185mm) 

°( 	Take - off angle 

Level divergence angle 

0 	Bragg angle 

Fig. 2.3: Geometrical conditions of focusing 

angle decreases. To minimize the angle of inclination, the soller slit is used. The soller 

slit boxes have three slit holders for insertion of the divergence slit, the receiving slit and 

scatter slit. The divergence slit determines the horizontal divergence angle of X-ray beams 

irradiating the sample. The receiving slit is for limiting the width of diffracted X-ray beams 

entering the counter. It forms a pair with the divergence slit. In the case when the curved 

crystal X-ray monochromator is used, the positions of the receiving slit and scattering slit 

are interchanged. The monochromator is based on the dual diffraction principle of diffraction 
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by a sample and diffraction by. a single crystal. The goniometer geometrically satisfies the 

conditions of focusing method and its focal circle becomes the primary focal circle. The 

monochromator also geometrically satisfies the condition of focusing method. The secondary 

focal circle, which passes through the three points of the goniometer receiving slit, cry -stal 

and monochromator receiving slit is in the same plane as the primary circle and its radius is 

equal to the curvature of the crystal (see Fig. 2.3). The X-ray monochromator, along with 

the receiving slit and the scattering slit are attached to the counter arm of the goniometer. 

The rotation of the counter through 20 degrees is automatically accompanied by rotation of 

the specimen through 0 degrees. 

The diffraction patterns recorded from the diffractometer depend on the type of circuit 

used for measuring the rate of production of pulses in the counter. The pulse rate may be 

measured in the following different ways:- 

• The succession of current pulses is converted into a steady current, which is measured 

in the counting rate meter, calibrated in units such as counts per second. This gives 

continuous indication of the diffracted X-ray intensity. 

• The pulses of current are counted electronically in a circuit called scalar and the average 

counting rate is obtained by dividing the number of pulses counted by the time spent 

in counting. This is the step scan mode. 

Here, the continuous mode of diffraction operation is used. The output of the counter is 

fed to a computer over its entire 20 scanning range. At the end of the scan, the number of 

counts per second are plotted against twice the angle of diffraction (20). 

2.3 Iodometric Technique 

Iodine is an oxidizing agent that can be used to titrate fairly strong reducing agent. On 

the other hand, iodide ion is a mild reducing agent and serves as the basis for determining 
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strong oxidizing agents. The direct Iodometric titration method (sometimes termed iodime-

try) refers to titrations with standard solution of Iodine. The indirect Iodometric titration 

method (sometimes termed iodometry) deals with the titration of Iodine liberated in chem-

ical reaction. In our study, we have used iodometry technique in order to estimate the Cu2+ 

and Cu3+ content in the sample and hence indirectly the oxygen content in the sample can 

be calculated. 

In (RE)Ba2Cu307_8, Cu is mixed valent i.e. Cu is in +2 and +3 states. The oxidation 

states of (RE), Ba and 0 are +3, +2 and -2 respectively. Hence if all the Cu present in 

the sample is in +3 state, the number of oxygen atoms present in the (RE)Ba2Cu307_8 

compound should be eight so that the total charge on the compound is zero and if all the 

Cu present in the sample is in +2 state, then the number of oxygen atoms present in the 

compound should be 6.5. But we know that Cu present in this compound is mixed-valent 

i.e. in the +2 as well as the +3 state. So, in order to find out the oxygen content from the 

sample it is necessary to know the exact amount of Cu+2 and Cu+3 in the sample. We use 

the standard method of Iodometric titration. 

Iodide ion is a weak reducing agent and will reduce strong oxidizing agents. It is not 

used, however, as a titrant mainly because of lack of a convenient visual indicator system, 

as well as other factors such as speed of the reaction. When an excess of iodide is added 

to a solution of an oxidizing agent, /2 is produced in an amount equivalent to the oxidizing 

agent present. This h can therefore be titrated with a reducing agent and the result will 

be same as if the oxidizing agent were titrated directly. The titrating agent used is sodium 

thiosulphate solution. 

In the first part, (RE)Ba2Cu307_,5 is dissolved in dilute HC1 solution containing I-. In 

this case, Cu+3 selectively oxidises two moles of (and precipitates with a third mole). 

Cu+3(aq) + 	(aq) -4 Cu I(s) + I2 (aq) 	 (2.1) 

Cu+2(aq) + 	(aq) -4 Cu I(s) + 1/212 (aq) 	 (2.2) 
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I2(aq) + 2[S20312-(aq) 	21-(aq) + [S.40612-(aq) 	 (2.3) 

The moles of [S203J2- required to titrate the liberated Iodine are equivalent to Cu+2 + 

2Cu+3 in part I of the experiment. This part gives us the Cu+2 content. 

In the second part, (RE)Ba2Cu307_6 is dissolved in dilute HC1, in which Cu+3 is rapidly 

reduced to Cu+2. 

2Cu+3(aq) + H20(/) 	2Cu+2(ag) + 1/202(g) + 2H+(ag) 	(2.4) 

The total Cu content can then be measured by treatment by Iodine 

	

Cu+2 (aq) + 2I-(ag) 	Cu I(s) + 1/212 (ag) 	 (2.5) 

and titration of the liberated Iodine with the standard thiosulphate 

	

I2(ag) + 2[S203)2-(ag) 	2I-(ag) + [S40612-(ag) 	 (2.6) 

Each mole of Cu in (RE)Ba2Cu307_5 is equivalent to one mole of [S20312- in part II of the 

experiment. 

In part I of the experiment, we get the amount of Cu+2 and in part II, we get the total 

Cu content i.e. Cu+3 and Cu+2 present in the Y-123 sample. Hence the difference of both 

the results give the Cu+3 content. Knowing the exact amount of Cu+3 and Cu." present in 

the sample, it is possible to estimate the exact amount of oxygen present in the sample. 

2.3.1 Experimental Procedure 

Iodometric technique was used to determine the oxygen content of the all the samples pre-

pared for this study. 

The whole experiment is divided into two parts:- 

In part I, weigh 0.025 (..Ki) grams of sample a,nd take it in a, clean and dry conical flask. To 

this add 1.162 grams of KI powder. The two powders are mixed thoroughly, ensuring that no 
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powder sticks to the flask walls. Then add 7m1 of 0.7M HC1 to it. The flask has to be shaken 

well till the sample dissolves in the acid completely and the resulting solution is immediately 

titrated against 0.01M Na2S203 (sodium thiosulphate) solution from the burette. After some 

time i.e. when the colour of the solution fades, add 4-5 drops of starch solution (indicator) to 

the flask, the solution turns deep blue. Titration is stopped when the milky colour appears. 

The burrette reading is read as VI. 

In part II, weigh 0.030 (X2) grams of sample and taken it in a clean and dry conical 

flask. To this add 7m1 of 1M HC1 and boil it till sample dissolves. Then add 1.162 gram of 

KI powder to this solution and immediately titrate it with 0.01M Na2S203 solution from the 

burette by following the procedure as described in part I. The burette reading is read as V2 . 

The oxygen content can be calculated as follows: 

Burrette reading in part I, i.e. for Xi = 0.025 grams, is Virni. 

Burrette reading in part II, i.e. for X2 = 0.030 grams, is V2m1. 

Calculate A = Vi./Xi and B = V2/X2 

Then, the amount of Cu in +3 valence state, N = 3 x [(A-B)/B] 

and the amount of Cu in +2 valence state, M (3-N) 

Hence the oxygen content in the (RE)Ba2Cu307_8 samples is given by, 0(7-8) = (ox-

idation state of (RE) + twice oxidation state of Ba + M(Cu in +2) + N(Cu in +3) 

divided by two. 

i.e. 0(7-8) = (3 + 4 + 2M + 3N)/2 

2.4 Atomic Absorption Spectroscopy 

Atomic absorption methods rely on the absorption of radiant energy (light) by neutral atoms 

in the gaseous state. The amount of light absorbed is proportional to the concentration of 
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absorbing atoms. The relation between light absorption and analyte concentration is defined 

by the famous Beer-Lambert law which states that the concentration of a substance in the 

sample is directly proportional to the 'absorbance', A, of the solution. The law is only true 

for monochromatic light and is given as, 

A = log —
I° 

= log — = abc 
100 

(2.7) 

where, /0 is the incident radiation and /t the transmitted radiation. a is the absorption 

coefficient(absoptivity) and b is length of absorption path and c is concentration of absorbing 

atoms. 

In principle, it might be possible to calculate the concentration directly from the equation 

(2.7). In practice, however the quantities a and b in this equation are constants and are not 

normally determined. 

Instead we measure the absorbance of reference (`standard') solutions containing known 

concentration of analyte element. Then we compare these results with the absorbance ob-

tained under the same instrumental conditions for the unknown sample solution. Since the 

measured absorbance depends directly on the concentration of the analyte element, this pro-

cedure gives a simple and accurate method for determining the unknown concentration while 

compensating for instrumental effects. 

2.4.1 Basis for Spectrochemical methods 

All atoms can absorb light, but only at certain wavelengths corresponding to the energy 

requirements of the particular atom. There are two important aspects of spectrochemical 

methods: first, wavelengths of lines in the atomic emission or absorption spectrum provide 

a powerful means of element identification, i.e. qualitative analysis. Second, the emission 

or absorption intensity varies with the concentration of the element. This provides a means 

of quantitative analysis. Fundamentally, then, quantitative analysis by atomic absorption 

spectroscopy is a n-iatter of converting samples and standards into solutions, comparing the 
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Fig. 2.4: Block diagram of Atomic absorption spectrophotometer 

instrumental responses of standards and samples, and using these comparative responses to 

establish accurate concentration values for the element of interest. 

2.4.2 Instrumentation in Atomic Absorption 

The main components of the atomic absorption spectrometer are: Emission line source, 

Hollow cathode lamp, Atomiser, Monochromator, Optical system, Detector, Photomulti-

plier tube, Amplification Readout system and data station. The block diagram of Atomic 

absorption spectrophotometer is shown in Fig. 2.4. 

2.5 Resistivity Measurements 

The resistivity p in ohm-cm is derived from ohms law as, 

V pl 
R = —

I 
= —

A 
(2.8) 
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Fig. 2.5: Experimental set-up for dc resistivity 

or 

P 
RA 

(2.9) 

where A is the area in czn2 and / is the length in cm. 	Resistivity measurements were 

carried out using the four probe method. Fig. 2.5 shows the block diagram. for dc resistivity 

experimental set-up. For the dc resistivity measurements, the samples were pelletised and cut 

in the form of a rectangular bar. Conventional four probe technique was used for obtaining 

the resistivity data for the temperature variation. A teflon tape was uniformly spread on one 

side of the sample holder, so that there is no electrical contact between the sample and the 

sample holder. The sample was placed at the center of the sample holder and stuck using 

G-varnish. The temperature sensor lies on the other side (below) of the sample holder. Four 
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	  Sample holder 
	 Sample 

Heater 

Sensor (not seen) 

Fig. 2.6: Sample holder circuit 

thin copper wires were attached to the sample by mea,ns of conducting silver paint, which act 

as voltage and current leads as shown in the Fig. 2.6. A dc current was passed through the 

outer leads from a programmable current source and the voltage developed across the inner 

leads was measured using a nanovoltmeter. The temperature of the sample was lowered 

using liquid nitrogen. 

The temperature of the sample was monitored using a standard Platinum resistance 

thermometer (PRT-100) in conjunction with a "Scientific Solutions" CAT-601 temperature 

controller. The control accuracy of the controller was better than 10mK. The data was 

recorded in the temperature range 80 to 300K. Current was passed through the sample 

through a programmable constant current source and the drop in the sample voltage was 

measured using a Keithley 181 nanovoltmeter. For each reading the thermal voltage was 

made zero. The current was passed first in one direction and the voltage was recorded then 

the current is passed in the reverse direction and the voltage drop was again recorded. The 

average of the two voltages is taken as the net measured voltage across the sample. After 

dividing the voltage drop by the current, the numerical value of the resistance of the sample 

at a particular temperature is obtained. The entire measurement of the system comprising 

of the nanovoltmeter, constant current source and temperature controller was hooked on 

to a computer using Keithley KT-401 GPIB interface card and GPIB cables. The data 

acquisition and on-screen plotting was done with the help of a program written in Quick-

BASIC. The data was also stored on the hard disk for later analysis. The resistivity was 
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then calculated from the measured resistance and the sample dimensions with the help of 

equation 2.9. 

2.6 IR Absorption Spectroscopy 

FTIR. (Fourier Transform InfraRed) spectrophotometer measures infrared spectra by mathe-

matically manipulating the Fourier transform of signals obtained from irradiation with light 

waves. 

The principle of Fourier transform spectrometer is described below:- The light emitted 

from the light source passes through the aperture and is turned into a parallel beam by a 

collimating mirror and enters the beam splitter. The beam splitter for the infrared region is 

Ge evaporation-deposited film on a KBr substrate, partly transmitting and partly reflecting 

the incident light. The beam is divided by the beam splitter into two: one beam falls onto 

the fixed mirror, and the other onto the moving mirror, both being reflected to the beam 

splitter. The beam for the fixed mirror which transmits through the beam splitter again is 

mixed with that from the moving mirror which is reflected by the beam splitter to interfere 

with each other (constructively or destructively). 

2.6.1 Advantages of the FTIR 

The FTIR measures a spectrum of all wave numbers through just one scanning using an 

interferometer i.e. in just one second. By continuing scanning for a specified period and ac-

cumulating the results, the spectrum with a high sound to noise ratio (S/N) can be obtained. 

This is called as the multiplex advanta,ge. 

Throughput of the FTIR depends on the aperture area. and the incident solid angle of 

the light. A large aperture can be used on the FTIR, offering high availability of the amount 

of the beam source, realising a bright optical system. As a result, a spectrum with a high 

S/N ratio is created. This is called the aperture advantage. 
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The FTIR adopts the He-Ne laser as a scale of sampling the interferogram. The laser is 

extremely stable monochromated light. So, use of the laser allows us to obtain a spectrum 

with high wavenumber accuracy. 

Because of these advantages, the FTIR can offer a wide range of application in combina-

tion with various accessories. 

2.6.2 Experimental set-up 

Spectrophotometer unit which measures the infrared absorption spectrum of a sample con-

sists of an interferometer, a detector, a source and a sample compartment. 

1. Interferometer: interferes the infrared light emitted from the source and produces 

interferogram. The optical system of the FTIR-8001 series is shown in Fig. 2.7. The 

infrared light emitted from the source 1 goes through the aperture 3 and reflects on 

the collimator mirror 4, changing to the parallel beam and entering the interferometer. 

The interferometer used here is a Michelson interferometer with angle of incidence of 

30°. The beam splitted into two by the beam splitter 5 is reflected on the fixed mirror 7 

and moving mirror 8 and goes back to the beam splitter. The two split beams mutually 

overlap and interfere. 

The mutually interfered beams reflect on the paraboloidal mirror 9, creating the image 

of the aperture at the center of the sample compartment. The beam passing through 

the sample are collected on the detector 11 by the ellipsoidal mirror 11, being detected 

as interferogram. 

9. Detector: receives interferogram passed through a sample. A high sensitive pyroelec-

tric type detector is used here as a detector; of DLATGS (deuterium triglyceride sulfide 

which is adopted by L-alanine) element. The pyroelectric detector utilises the pyro-

electric effect created on the crystal surface based on the temperature of the crystal 

by the spontaneous polarisation of ferroelectrics. 
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I) SOURCE 

2) SPHERICAL MIRROR 

3) APERTURE 

4) COLLIMATOR MIRROR 

5) BEAM SPLITTER 

6) COMPENSATOR (Ge ON KBr) 

7) FIXED MIRROR 

8) MOVING MIRROR 

9) PARABOLOIDAL MIRROR 

10) COLLECTING MIRROR 
OFF AXIS ELLIPSOIDAL MIRROR 

I I) HIGH SENSITIVE PYROELECTRIC 

DETECTOR 

12) He - Ne LASER 

13) 1/8.XWAVELENGTH PLATE 

14) He - Ne LASER HALF MIRROR 

15) POLARISED BEAM SPLITTER 

16) He— Ne LASER DETECTOR 

17) He— Ne LASER BEAM INTRODUCING 
MIRROR 

Fig. 2.7: Schematic of the FTIR-8001 spectrophotometer 

3. Source: is infrared light with a high intensity. 

2.7 X-ray Absorption Spectroscopy 

2.7.1 The Process of X-ray absorption 

The interaction of X-rays with matter [1, 2] results in a number of interesting phenomena 

such as, scattering, photoelectron absorption, pair production (in the case of X-rays of energy 
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> 1.02 MeV), secondary emission, Auger emission etc. The analysis of the attenuation, 

generally logarithmic of X-ray intensity requires, therefore, the segregation of the various 

processes involved, of which the photoelectric absorption is usually the most important and 

is referred to as the true absorption. 

When an X-ray beam passes through a medium, the intensity of the transmitted beam I 

is attenuated logarithmically. According to the classical absorption equation, if the incident 

beam of intensity /0 has traveled a distance x, then the absorption coefficient 

	

_ (1) in LT 	 (2.10) 
\X/ 	10 

It follows from equation(2.10) that the dimensions of pi are reciprocal centimeters so that 

it represents the attenuation of the beam per unit length traveled and is called the linear 

absorption coefficient. It turns out to be dependent on the energy (wavelength) of the X-rays, 

the atomic numbers of the constituent atoms, and on their state of aggregation. 

Calculation of the linear absorption coefficient iscomplicated by this last fact so that it 

is more convenient to use a mass absorption coefficient 

(2.11) 	. 

where p is the density of the absorbing medium and pm is the absorption cross section of 

the mass unit. 

In the analysis of the dependence of it on wavelength and atomic number, it is most 

convenient to define an atomic absorption coefficient 

A 

-NoPm 

where A is the atomic weight of the element and No is Avogadro's number. A plot of 

against vvavelength, for any element, has the general appearance of the curve shown in 

Fig.2.8. The absorption increases with increasing wavelength (decreasing energy of incident 

X-rays) until an abrupt discontinuity occurs. After this discontinuity, called an absorption 

= — 
P 

(2.12) 
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Fig. 2.8: Schematic illustration of the variation of the atomic absorption coefficient, it with 

wavelength, A 

edge, the absorption increases with wavelength until new discontinuities are encountered. 

An empirical study of the relation between the atomic absorption coefficient and the X-ray 

wavelength and atomic number (Z) of the absorbing atoms shows that curve like that in 

Fig.2.8 can be described by, 

= CZmAn act(Z, A) 
	

(2.13) 

where the coefficient C takes on different values on each side of an absorption edge and the 

"best" values for the two exponents are m = 4 and n = 3. The second term in equation(2.13) 

is called the atomic scattering cross section aa and represents the intensity lost due to the 

scattering in directions other than that of the incident beam. For wavelengths that are large 

compared to electron-electron distances in atoms A > 0.5 A, 0-a is nearly independent of 

wavelength and increases in proportion to Z. Since the first term in equation(2.13) increases 

with both Z and A much more rapidly, the second term may be neglected by comparison. 

At shorter wavelengths, the A dependence becomes more complex but, because of severe 

experimental difficulties in measuring the scattering part of equation (2.13), an acc:urate 
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dependence has not been established. Since the second term is small (typically, a I p 0.10 

to 0.20 cm2/gm), it is normally neglected in the discussion of absorption coefficients. This 

is an acceptable practice for all but for the lightest elements, for which the total absorption 

coefficient may have commensurate magnitudes (For carbon, pn, < 4.0cm2/grn for A < 1.5A). 

The first term in equation (2.13) is of primary interest, not only because it is relatively 

much larger but also because it represents the wavelength and Z dependence of the photo-

electric absorption process for X-rays. As can be seen in Fig. 2.8, as the wavelength of the 

transmitted X-rays increases, the photoelectric absorption increases proportionally to A3, 

until a critical wavelength is reached. For wavelengths longer than that at the absorption 

edge, the incident X-rays have insufficient energy to knock out a particular kind of bound 

electron in the atom, and the photoelectric ejection of such electrons no longer contributes to 

the absorption process. The absorption edges in Fig.2.8 are called the K, LI, LH, and LH/ 

edges, respectively, according to the inner electron whose binding energy equals the energy 

at the absorption edge. Following the photoelectron ejection of an inner electron, the excited 

atom typically emits an X-ray photon, as an outer electron falls into the newly created hole, 

so that the first term in (1.4) is called the fluorescence term. 

For free atoms [3], such as in the case of monoatomic gases, the processes of X-ray emission 

and absorption are simple and are well understood. However, these processes become rather 

complex when the atom is no more free, such as in solids and chemical compounds. The 

mechanism of X-ray emission and absorption in a solid [4, 5] is shown in Fig.2.9. In a solid 

the valence electrons of the neighboring atoms interact with each other and the energy levels 

are no longer discrete as in the case of free atoms but are broadened, the outer ones being 

more broad than the inner ones and from quasi-continuous valence and conduction bands. 

The X-ray emission band spectrum results from the transition of the electrons from the 

valence band to an inner level. It provides information about the distribution of the occupied 

electron states in the valence band, since the inner level is generally sharp and well-defined. 
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Fig. 2.9: The mechanism of X-ray Absorption and Emission 

The X-ray absorption spectrum, on the other hand, corresponds to the transitions of the 

ejected photoelectron to empty states, bound or unbound of proper symmetry, and provides 

complementary information about the density of unoccupied electronic energy states. 

A typical X-ray absorption spectrum (Fig.2.10) exhibits decreasing absorption as the 

photon energy is increased. Superimposed on this smooth background is a sequence of 

steeply rising discontinuities in the absorption at energies characteristic of each element in 

the sample. This phenomenon of absorption jumps or "edges" has been known since the work 

of De Broglie [6] who first observed the Ag and Br K-edges due to AgBr in his photographic 

emulsions while recording X-ray emission spectra. These abrupt increases in the absorption 

occur whenever the incident photon has just sufficient energy to promote a core electron to 

unoccupied valence levels or continuum. The edges are labeled according to the core electron 

being promoted; the K-edge arises from ls excitation, L-edge arise from 2s or 2p excitation, 

and so on. Soon after the discovery of absorption edges, it was observed that the absorption 

trend both near the edge and beyond it is not smoothly varying; rather, there exists a wealth 

of fine structure characteristic of the chemical environment of the X-ray absorbing atom. As 

shown in the Figs.2.10 and 2.11, the fine structure at energy close to the absorption edge 
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Fig. 2.10: A typical X-ray absorption edge showing three phenomenologically different re-

gions of the spectrum. The edge region extends over 25 to 50 eV and the EXAFS is typically 

observable over several hundred to 1000 eV. 

typically consists of a series of approximately Lorentzian lines superimposed on a steeply 

rising absorption step. As early as 1920, Kossel [7] observed that discrete structure could 

arise from transitions of core electrons to vacant optical levels below the continuum. These 

features were often referred to as "white line" in the early literature, because they left sharp 

unexposed regions on spectroscopic emulsions. 

Although bound-state transitions can account for most of the structure within 25 eV 

of the absorption edge, in virtually all cases additional structure is observed over several 

hundred electron volt past the edge. This long range oscillation, or EXAFS is now regarded 

as resulting from interference between the photoelectron wave propagating from X-ray ab-

sorbing atoms and the wave backscattered by neighboring atoms. 

The first attempt to understand theoretically the EXAFS occurred about 40 years ago 

[8]. Since then there have been various further attempts to theoretically understand the 
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Fig. 2.11: A generalised X-ray absorption edge illustrating how bound state transitions 

determine the observed structure. The relative energies and intensities vary substantially 

with the specific case at hand 

EXAFS, but without complete success [9, 101. The various theories proposed for EXAFS can 

be classified into tv,ro categories, long range order (LRO) and short range order (SRO). The 

LRO theories require the existence of long-range order to explain the fine structure. Because 

the EXAFS is found experimentally in amorphous solids and molecules. The experimental 

evidence favours the SRO theoretical approach. For this reason theoretical interest has 

centered on the SRO theories. In these theories only the environment in the vicinity of the 

excited atom is held responsible for EXAFS. Most SRO theories of EXAFS agree on the 

basic Physics. The differences occur in the various approximations made in the calculations. 

However, there has never been detailed theoretical investigation of the relationship be-

tween LRO and SRO theories although one knows that both approaches must give the same 

result if correctly formulated. This aspect is investigated by Stern and his co-workers [101 

who have shown that the LRO theories as usually formulated are incorrect because they 

neglect the dominant effects. 

The probability of absorption of X-ray by the K shell is given in the dipole approximation 
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by [11] 
27r2e2 

W = 	IMfs12P(Ej) 
WC2 ra 2 (2.14) 

where Mf, =< fill • Els > . Here Is > is the K-shell state, If > is the final unoccupied state 

of p symmetry, p(E f) is the density of state per unit energy at the energy of the final state 

Ef, W is the frequency of the X-ray, 75' is the momentum operator, and e is the electric field 

vector of the X-ray. In most SRO theories the p(Ef) is assumed to be that of free electron of 

energy h2k2/2m — Eo, where Eo is the zero energy corresponding to the energy of k = 

0 free electrons. The value of Eo is the effective average potential felt by an excited electron 

also called the "inner potential". The justification of the free electron assumption for p(E f) 

is that for 30 eV or more above the fermi level, the band effects will be small negligible. 

With this assumption for p(E f), the only remaining factor that can contribute to EXAFS is 

Mfs. The initial state Is > is fixed and does not vary with c.o. The final state If >, however, 

does change with ch., and produces the fine structure. To understand the mechanism that 

causes variation in If > consider Fig. 2.12, The wave function If > can be considered as a 

sum of two parts. If there were no atoms surrounding the excited atom the photoelectron 

would be in a solely outgoing state from the central atom as shown schematically as outgoing 

solid lines. In this case Mf, would not show any fine structure and the X-ray absorption 

coefficient would vary monotonically with c.o. This is the case for a single atom. If now the 

excited atom is surrounded by other atoms as in a solid or molecules, the outgoing state 

scatters from the surrounding atoms producing ingoing waves shown shown in Fig. 2.12 

as the dotted lines. These ingong (backscattered) waves can constructively or destructively 

interfere with the outgoing wave near the origin where Is > exists. This interference causes 

an oscillatory behaviour in Mf, as ch., is varied, changing the electron wavelength and thus 

the phase between the ingoing and outgoing waves. Constructive interference increases Mfs 

while destructive interference decreases Mfs from what it would be if the excited atom were 

isolated. 
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Fig. 2.12: Schematic picture of the excited electron wavefunction. The hatched circles rep-

resent the positions of atoms. The excited electronic state is centered about the central 

atom. The solid circle represent the crests of the outgoing part of the electron state. The 

surrounding atoms diffract the outgoing part as shown by the dotted circles 
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The basic formula used to describe EXAFS is obtained by directly transcribing the above 

qualities picture into a mathematical form. The result is for an unoriented sample [12, 13J 

me 	N. x(k) = 	E --2-F;(k) exp(-2R3/A, ) exp(-2c2k2) sin[2 Rk, Oi(k)] 	(2.15) 
47rh2k 

where k is the electron wave factor, N3 is the number of atoms in the jth coordination sphere, 

R.; is the average radial distance to the jth atoms, Fi(k) is the back scattering amplitude 

of electrons, A is the mean free path of the electron, the second exponential containing 

is a Debye-Waller type term where aj is the rms fluctuations of the atom about lip and 

03(k) is the phase shift. The form of this equation is a sinelike scattering from each shell of 

atoms at R; with the EXAFS signal proportional to the number of atoms surrounding the 

absorbing atom and inversely proportional to 	A decrease in temperature has the effect 

of sharpening the EXAFS. Each coordination sphere contributes a sinelike term of period 

2kRj. The total result is a summation over all the coordination spheres within range of the 

effect. 

2.7.2 Experimental details 

XAFS experiments are generally performed using (a) laboratory spectrometer mounted on a 

conventional X-ray tube or a rotating anode X-ray generator and (b) X-ray beam lines giving 

high flux of radiation at synchrotron radiation facility. In the present studies, EXAFS spectra 

at Cu K-edge and XANES spectra of Pr Lm-edge in the superconducting samples and few 

model compounds were recorded on a laboratory spectrometer. The main characteristics of 

the spectrometer are described below. 

Laboratory EXAFS spectrometers are generally based on R,owland circle geometry. This 

configuration combines a divergent source with a bent crystal monochromator to focus the 

Bragg reflected beam from the crystal on the sample at different photon energies. The source, 

the center of the bent monochromator crystal and the sample or receiving slit are held on the 

circumference of Rowland circle, such that at all wavelengths selected, the distance between 
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the source and the crystal center is equal to the distance between the crystal center and 

the receiving slit. Different wavelengths A are selected by changing the angle 0 between 

the incident beam direction and the crystal surface, so that the Bragg condition nA = 

2dsinO, where d is the interplanar spacing of the crystal planes and n represents the order 

of diffraction, is satisfied. In the Johann configuration, the crystal is only bent to a radius 

of 2R. In the Johannson configuration, the crystal is bent to a radius of 2R and ground to 

the radius of R. The focusing of the X-ray in Johannson configuration is much better than 

in Johann configuration [14, 15] 

The laboratory EXAFS spectrometer at IUC-DAEF, Indore is an automated, indige-

nously designed and fabricated linear spectrometer [16]. It is installed at one of the two 

windows of the 12 KW (60 kV and 200 mA) Rigaku rotating anode X-ray source. with fixed 

X-ray- source, only two linear motions are required to achieve Rowland circle configuration. 

Software controlled dc motors and optical encoders for position sensing are used for the linear 

motions of the crystal and the receiving slit includes detector assembly, both with precision 

of 5 microns. The appropriate rotation of the crystal is achieved by the geometry of the 

instrument [16]. Both the incident X-ray intensity, Io and the transmitted intensity I are 

recorded using a scintillation counter by placing the sample alternatively in and out of the 

path of X-ray beam. The schematic diagram of the spectrometer is given in Fig. 2.13 and 

the main characteristics of it are summarised in Table 2.1. All the EXAFS experiments were 

carried out using Cu target. A Si (311) crystal (Johannson type) was used as a monochro-

mator. During the experiment the X-ray tube voltage and current were 20 kV and 180 mA, 

respectively. 

Thickness Effects 

The most difficult parameter to obtain from a XAFS experiment is accurate amplitude 

information. The amplitude contains information about coordination number, site disorder 
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A - rotating anode focal spot 

C - centre of monochromater 
crystel 

MI,M2- dc motors 

Li L3- lead screws 

LS LS- linear optical encoders 2 
L2 - linear bearing 

RI - receiving slit 

Fig. 2.13: Schematic diagram of Johannsson typed curved crystal EXAFS spectrometer 

Table 2.1: The main characteristic parameters of the laboratory EXAFS spectrometer at 

IUC-DAEF, Indore 

X-ray source 	 12kW rotating anode (Rigaku RU200B) 

Source focus size 	10mm x 0.05mm for 6° take-off angle 

Target 	 Cu 

Rowland Radius 	400 mm 

Crystal (Johansson type) Si(311) 

Size of the crystal 	50mm x 15mm 

Detector 	 NaI(T1) scintillation detector with fast 

detector electronics 

Useful spectral range 	5 keV to 20 keV 

Resolution 	 6.8 eV at Cu Kai using Si(311) crystal 
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and, when polarization studies are made, the site symmetry. The interatomic distance is 

however, not sensitive to the amplitude. The factors which generally distort the measured 

XAFS amplitude come under the general heading of thickness ef fects [17 , 18]. Basically, 

a thickness effects occur whenever some part of the incoming beam is not attenuated by the 

sample. This 'leakage' becomes a larger fraction of the total signal as the sample becomes 

thicker and, thus, the absorption signal appears to depend on sample thickness. 

The main factors which contribute to the thickness effects are: (a) pinholes in the sample 

(b) harmonics in the incoming beam (c) radiation that passes around the sample and (d) 

wings of the monochromator resolution function containing significant intensity below the 

absorption edge energy. All these effects are function of sample thickness. Empirically, it 

is found that distortions in amplitude due to thickness effects become negligible when the 

absorption edge jump, 8(,ux) < 1.5, x being the thickness of the sample [17]. In this case, 

the experimental errors in the amplitude determination are less than 5 % [18]. 

In the XAFS experiments, precautions were taken to minimise the 'thickness effects'. 

Samples were prepared by powdering, sieving and then selecting particles, less than 30 

microns in size. The particles were then homogeneously deposited on adhesive tape so that 

there were no observable pinholes. The number of tapes used for the XAFS measurements 

were varied with composition, the criteria being to get an edge jump, 8(ux) of about 0.75- 

1.0 at the absorption edge. At a given absorption edge two to three XAFS spectra were 

recorded by varying the sample thickness and hence S(px). The magnitude of Fourier peak 

corresponding to first coordination shell was compared. Only those data were used for 

detailed structural analysis for which the magnitudes of Fourier peak were within +2%. 

2.7.3 Data analysis 

A wide variety of methods have proven to be useful in EXAFS data analysis. These are fitting 

to data in R-space [19, 20] fitting to data in Fourier filtered data in k-space [19, 20], cumu- 
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lant expansion/ ratio method [21, 19], regularization method [20], maximum entropy/linear 

prediction method [22], stochastic modeling [23] and variant and hybrids [24] of these meth-

ods. We have used UWXAFS 3.0 [25] XAFS data analysis package which basically makes 

use of some of the aforementioned methods and the scattering phase shifts and amplitudes 

calculated using FEFF, a program developed by Rehr and his group at Washington Uni-

versity [26]. We describe below step-by-step data analysis procedure used in the present 

investigations. 

Background removal 

Pre-edge background subtraction 

The experimental XAFS data contains contributions from Compton scattering, absorption 

by other materials in the beam path, absorption by other atoms apart from the atoms whose 

XAFS was intended, etc. [19]. The extra contributions are subtracted from the data so that 

it represents XAFS of the absorbing atom. This is accomplished in UWXAFS 3.0 by fitting 

a straight tt = AE+ B, to pre edge data and then subtracting it from the experimental data. 

Post -edge background removal 

In order to obtain the normalised XAFS oscillations x(E) it is necessary to first determine 

tto(E). A serious difficulty with this, however, is that tto(E) is neither measurable indepen-

dently nor it can be calculated accurately, especially near an absorption edge [19]. Thus, 

one is forced to consider some kind of parameterized smoothing technique to obtain the 

background, i.e. tto(E). The background has been determined by many techniques includ-

ing fitting the data with polynomials of various degrees, using running averages or sliding 

windows, and smoothing with cubic spline [27]. However if the background is not estimated 

correctly, the structural parameters obtained from XAFS data may be due to resonant scat-

tering from the electronic states within the central atom [28] or Atomic X-ray Absorption 

59 



Fine Structure (AXAFS) [29]. If these components are not removed with the background, 

a large low R peak may distort the actual data peaks. Another problem that sometimes 

occurs is that the background may follow data too closely, which results in part of the data 

being removed along with the background [27]. 

The post edge background removal code of UWXAFS 3.0 works on the definition that the 

background is that part of measured absorption that does not contain any structural infor-

mation [27, 30]. Since the partial pair correlation function is small below the first neighbor 

distance, the XAFS signal must be small at low-R. A correctly subtracted background func-

tion will therefore result in only small signals in the low-R part of 'c(R) (Fourier transform 

of x(k) into R-space). Thus, UWXAFS approximates ito(E) by a piecewise polynomial (or 

splines) which are adjusted so that the low-R components of VR) are optimised i.e. non 

structural parts of (R) at low-R are eliminated and there is no leakage from the higher 

shells into the low-R region. 

Conversion to k-space 

The XAFS expression, equation 2.15, is written as a function of photoelectron wave number, 

k = \12m(E — E0)Ih2 . Thus, to convert experimental data x(E) to x(K), threshold energy 

E0 is required. However, Eo can not be determined experimentally; it is usually chosen at 

some point on the edge: the first inflection point, the mid-point of the edge, the position 

of some feature on the edge, etc. In literature, various numerical schemes have also been 

suggested to determine Eo [31, 32]. For our data analysis purpose, we have chosen Eo at 

the mid point of the edge for Cu-K edge data. It may be noted here that a small variation 

in Eo affects low k (k < 3A-1) XAFS data [21]. Also, there is difference in theoretically 

calculated and experimentally observed scattering phase shift and amplitude in this k-range. 

Therefore, to offset these effects, Eo is kept as a free parameter during the fitting so that the 

final structural parameters are not affected. 
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Fourier transform into R-space 

It was suggested by Sayers et al [331 that Fourier transform (FT) of x(k) yields partial radial 

distribution function whose peak positions correspond to the radial distances of different 

coordination shells around the absorbing atom and the peak width and magnitude are a 

measure of coordination number and site-disorder. The FT technique is thus a powerful way 

to determine the local structural information. The Fourier transform of x(k) is given as, 

f kmax 
VR) = 	kn x(k)ei2kRdk 

v 	kmin 
(2.16) 

The magnitude of VR) peaks at distances Rj. If the scattering phase shifts are included 

in x(k) before taking the FT, Rjs. correspond to radial distances of ith coordination shell 

around absorbing atom. Otherwise, the peaks are observed at slightly smaller distances. 

The range of FT is generally so chosen that kmin is about 2.5 - 3.0 A-1, so as to exclude the 

MS effects which dominate the near edge structure. kma, truncates the data just before the 

noise starts dominating the signal in x(k). Before Fourier transforming, x(k) is multiplied 

by kn , where n = 1, 2 or 3, in order to prevent the large amplitude oscillations at low-k 

from dominating the smaller ones at high-k. In general, k3 weighting is used which roughly 

cancels the k-2 dependence of Fi(k) and k-1 term in equation 2.15 

The finite data range leads to spurious peaks in the FT, which may interfere with the 

peaks of interest and may lead to incorrect determination of structural parameters. This 

truncation ripple occurs because the function being transformed is a product of 'true' infinite 

range function and a square window. Thus, the FT is a convolution of the 'true' FT with 

the FT of the window. These ripples can be minimised by multiplying the XAFS function 

with a smoother window function so that the data is not sharply truncated. In the analysis 

of our data we have used Hanning window given by 

sin2 (v(k—kmm-I-Dki /2)) 
2Dki kmin < k < kmm 'Y 

W (k) = 
	

1.0 	 kmin 	< k < kmax — 7 
	

(2.17) 
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Cr(k—kmax+Dki /2)) 
COS2 2Dici 	 kmar — < k < kmar 

where = Dki(kmar — kmin)/2 and Dki is the fraction of the window range that is not held 

at 1.0. 

Determination of structural parameters 

The most commonly used technique to determine the local structure around an atom from 

XAFS data is non-linear curve fitting method. This involves calculating the best fit of a 

model xm(k) to experimental XAFS xe(k). The model xm(k) for an assumed local structure 

may be calculated abinitio using FEFF [26] or by any other method [34, 35]. The fitting 

can be done either to data in k- or R-space or to Fourier filtered individual coordination 

shells. The curve fitting method, in general, provides a simpler approach to determine 

inter atomic distances, coordination numbers, site disorder, atomic species of neighboring 

atoms, etc. Finer details of atomic configurations, including detailed description of two-body 

distribution functions and certain aspects of three-body correlations are also measurable with 

this method. 

We have used FEFF 6.01a [26] as the basis calculation to construct xm(k) with which to 

fit Xe(k). The xm(k) is evaluated as a sum over coordination shells 

xrn(k) = E xsheu(amp(k),phase(k), shellparameters) 
	

(2.18) 
shell 

Xshell is the XAFS contribution for each shell, and depends on the scattering amplitude and 

phase shifts from FEFF and on standard XAFS shell parameters. These shells parameters 

are the physical quantities used to alter Xshell, such as to refine x, to best fit to x,. Following 

are the seven parameters for each shell which may be kept fixed or as variables during fitting: 
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Aeo 	shift of energy origin: k 	NIk2 — Aeo(2me/h2) 

et 

	

	imaginary energy shift (to give additional broadening) 

amplitude reduction factor 

JR 	change in interatomic distance (1st cumulant) 

0.2 	mean square displacement (2nd cumulant), or Debye-Waller factor 

third 3rd cumulant (from non-Gaussian atomic distribution) 

fourth 4th cumulant (from non-Gaussian atomic distribution) 

The curve fitting is done in R-space and both real and imaginary parts of the Fourier 

transformed x are used in the fit with equal weight. Standard numerical techniques are used 

to find the set of variables that minimises the sum of squares of the difference between model 

and datax. The fractional misfit between xm and xe is measured by R-factor which is scaled 

to data itself and is given by, 

R 	[K117,0 15-(m(Ri) — )(e(Ri)1211  /2 (2.19) 
IC.e(Ri)12 

Here, complex form of k--(Ri) is used and N = 2(Rm,„ — Rminl AR, Rmin and R.m,„ are the 

bounds of the fitting range and JR is grid spacing in R-space used for taking the Fourier 

transform. For good fits to carefully measured data on concentrated samples R < 0.02 are 

common [25]. 

It is worth remarking here that maximum number of parameters that can be kept as vari-

ables during fitting should be less than the number of relevant independent measurements, 

Ntdp, given by the amount of information in the data concerning the atomic distribution 

around the central atom. From basic information theory, Nidp in a spectrum is given by [36] 

Nmd — 
2(kmax — 	 Rmin)  + 2 	 (2.20) 

7r 

The qualitative arguments for this are (1) the conjugate Fourier variables are k and 2R, 

(2) since real and imaginary parts of j-dR) are measured, the information must be an even 

number of points and (3) we must have at least one pair of points, even for an infinitesimally 

small R-range. 

63 



References 

[1] M. Siegbahn, The spectroscopy of X-rays, (Oxford University Press, London) (1925) 

[2] E. F. Kaelble, Handbook of X-rays (McGraw-Hill Book Company, New York) (1967) 

[3] A. E. SandstrOm, Handbuch der Physik, edited by S. Fliigge (Springer-Verlag, Berlin) 

30, 78 (1957) 

[4] C. Kunz, Comments on Solid State Physics, 5, 31 (1973) 

[5] D. H. Tomboulian, Encyclopedia of Physics edited by S. Flugge (Springer-Verlag, 

Berlin) 30, 246 (1957) 

[6] De Broglie, reference given in [1] 

[7] W Kossel, Z. Phys. 1, 119 (1920) 

[8] R. de, L. Kronig, Z. Phys. 70, 317 (1931); R,. de, L. Kronig, Z. Phys. 75, 191 (1932) 

[9] H. Peterson, Z. Phys., 80, 258 (1933) 

[10] D. E. Sayers, F. W. Lytle and E. A. stern, Advances in X-ray Analysis, edited by B. 

L. Henke, J. B. Newkirk and G. R. Mallet (Plenum Press, New york) Vol. 13, pp 248 

(1970) 

[11] H. Bethe and E. Salpeter, Quantum Mechanics of One and Two Electron Systems, 

Springer-Verlag, Berlin, Secs. 59 and 69 (1957) 

64 



[121 E. A. Stern, Phys. Rev., B 10, 3027 (1974) 

[131 C. A. Ashley and S. Doniach, Phys. Rev., B 11, 1279 (1975) 

[141 B. K. Agarwal, X-ray Spectroscopy, 2nd ed.(Springer Verlag, Berli), (1989) 

[151 A. H. Compton and S. K. Allison, X-rays in Theory and Experiment, 2nd ed.(D. Van 

Nostrand Co. Inc., Princeton), (1935) 

[16] S. K. Deshpande, Ph. D. thesis, Department of Physics, University of Poona, Pune 

(1994) 

[171 E. A. Stern and K. Kim, Phys. Rev. B23, 3781 (1981) 

[181 S. M. Heald in X-ray Absorption, ed. D. C. Konnisberger and R. Prins John Wiley, 

New York, (1988) 

[191 D. E. Sayers and B. A. Bunker in X-ray absorption, ed. D. C. Konnisberger and R. 

Prins John Wiley, New York, (1988) 

[201 D. S. Yang and G. Bunker, Phys. Rev. B 54, 3169 (1996) 

[211 B. K. Teo, EXAFS Basic Principles and Data Analysis (Spinger Verlag, Berlin, (1985) 

[221 A. Labhardt and C. Yuen, Nature 277, 150 (1979) 

[23] S. J. Gurman and R. L. Mcgreevy, J. Phys. Condens. matter 2, 9463 (1990); A. Filip-

poni, ibid 6, 8415 (1994);B. J. Palmer, D. M. Pfund and J. L. Fulton, J. Phys. Chem. 

100, 13393 (1996) 

[241 A. Filipponi and A. D. Cicco, Phys. Rev. B 52, 15135 (1995); A. D. Cicco, ibid 53, 

6174 (1995); B. I. Boyanov, G. Bunker and T. I. Morrison, J. Synchrotron Rad. 3, 120 

(1996); N. Binsted and S. S. Hasnain, ibid 3, 185 (1996) 

65 



[251 E. A. Stern, M. Newville, B. Ravel, Y. Yacoby and D. Haskel, Physica B 208 and 209, 

117 (1995) 

[26] J. Mustre de Leon, J. J. Rehr, S. I. Zabinsky and R. C. Albers, Phys. Rev. B 44, 4146 

(1991); J. J. Rehr, R. C. Albers and S. I. Zabinsky, Phys. Rev. Lett. 69, 3397 (1992); 

J. J. Rehr, J. Mustre de Leon, S. I. Zabinsky and R. C. Albers, J. Am. Chem. Soc. 

113, 5135 (1991); S. I. Zabinsky, J. J. Rehr, A. Ankudinov, R. C. Albers and M. J. 

Eller, Phys. Rev. B52, 2996 (1995) 

[27] J. W. Cook Jr. and D. E. Sayers, J. Appl. Phys. 52, 5024 (1981) 

[28] G. Li, F. Bridges, and G. S. Brown, Phys. Rev. Lett. 68, 1609 (1992); A. Filipponni 

and A. D. Cicco, Phys. Rev. B53, 9466 (1996) 

[29] J. J. Rehr, C. H. Booth, F. Bridges and S. I. Zabinsky, Phys. Rev. B 49, 12347 (1994); 

ibid 53, 9468 (1996) 

[30} M. Nevvville, P. Livins, Y. Yacoby, J. J. Rehr and E. A. Stern, Phys. Rev. B 47, 14126 

(1993) 

[31] P. A. Lee and G. beni, Phys. Rev. B 15, 2862 (1977) 

[32] J. J. Boland, F. G. Halaka and J. B. Baldeschwieler, Phys. Rev. B 28, 2921 (1983) 

[33] D. E. Sayers, E. A. Stern and F. W. Lytle, Phys. Rev. lett. 27, 1204 (1971) 

[34] A. Filipponi, A. Di Cicoo, T. A. Tyson and C. R. Natoli, Solid state Commun. 78, 265 

(1991); A. Filipponi, A Di Cicoo, C. R.. Natoli, Phys. Rev. B52, 15122 (1995) 

[35] N. Binsted, J. W. Campbell, S. J. Gurman and P. C. Stephenson, The Daresbury Lab-

oratory EXCURVE 90 program, Daresbury Laboratory; The Daresbury Laboratory 

EXCURVE 92 program, Daresbury Laboratory 

[36] E. A. Stern, Phys. Rev. B 48, 9825 (1993) 

66 



Chapter 3 

Revival of Superconductivity in. 

Y0.4Pr0.6Ba2_ x Srx CU307-6 

3.1 Introduction 

The family of (RE)Ba2Cu307_8 compounds, generally known as 123 compounds, exhibits 

superconductivity in the 90K range. The structure of these compounds consists of an or-

thorhombically distorted perovskite with a tripled unit cell of the simple perovskite along 

the c axis or a closely related tetragonal form, depending on the oxygen stoichiometry. 

Studies on YBa2Cu307_,s have revealed that oxygen stoichiometry plays a vital role in the 

structure and properties of these materials. Studies on the prototype phase YBa2Cu307_8 

have revealed a stability range of 0 < < 1.0 and have provided insight into the chemical 

nature of these materials and into possible mechanisms for superconductivity and for crystal 

twinning. The orthorhombic superconducting YBa2Cu307_8 transforms into a tetragonal 

insulating phase YBa2Cu306. The orthorhombic-to-tetragonal phase transition in the 1:2:3 

compound has been studied by numerous techniques [1]. There has been considerable spec-

ulation about the significance in superconductivity of the linear (-Cu-0-),, chains in the 

YBa2Cu307_s type compounds. The composition and formal oxidation states for copper 
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are essentially the same, yet the orthorhombic form with chains is superconducting with a 

T, of about 90K whereas the tetragonal form without chains is not superconducting above 

4.2K. We see that superconductivity disappears in the YBa2Cu307_8 system as 7-8 decreases 

towards 6 and the chains disappear. 

The substitutional studies in (RE)Ba2Cu307_5 (RE = Y or rare earth) are very impor-

tant from the view point that it is due to various systematic and logical substitutions in the 

related low T, or even non-superconducting phases, the field of high temperature supercon-

ductivity has progressed to the present day status to obtain transition temperature (71) as 

high as 160K. The very discovery in this regard by Bednorz and Muller [2] resulted from the 

substitution of Ba in La2Cu04, which is an antiferromagnetic insulator. In general one can 

attempt substitutions at any one of the three cation sites in YBa2Cu307_5: the trivalent Y 

site, the divalent Ba site or the mixed valent Cu site. the substitution at any site is primarily 

controlled by three factors; the ionic radius, the valence state and the coordination number 

of the on-site cation. It is expected that any substitution which directly or indirectly in-

terferes with the Cu-0 networks would seriously affect the superconducting properties. the 

substitution at the Y site by other rare earth ions (except Ce, Pr and Tb) can be achieved 

without any appreciable change in the structure and superconducting properties. Amongst 

Ce, Pr and Tb, Pr compound is interesting as it is structurally similar to other RE supercon-

ducting compounds but is non-superconducting. Non-superconductivity in PrBa2Cu307_8 

will be discussed later. 

Substitutions at the Ba, site, in general, have been found to lower Tc. Lanthanides also 

can occupy the Ba site due to their favourable ionic radius and similar coordination number 

compared to Ba ion. It has been observed [3] that Y could not be easily replaced by La 

since the latter forms solid solutions of the type La(Ba2_,Las)Cu307_8, with part of the 

La substitutions at the Ba site. Later, it was found [4] that not only La but many other 

rare earths could also be substituted at the Ba site, resulting in solid solutions of the type 
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(RE)(Ba2_xREx)Cu307_8. The solubility range of the (RE) ion at the Ba site depends on its 

size and decreases successively as the rare earth size decreases. Substitution [3, 4, 5, 6] of the 

RE (3+) ion at the Ba(2+) site, in general, increases the oxygen stoichiometry beyond 07 for 

charge neutrality. This causes a structural transformation from orthorhombic to tetragonal. 

T, is found to decrease as the concentration of the substituent (RE) ion increases. 

Substitution at the Cu site is expected to have the strongest effect on the superconduct-

ing properties since Cu is involved in one way or other in producing the high transition 

temperatures. The situation is complicated by the presence of two chemically inequivalent 

Cu sites, Cu(1) and Cu(2) associated with the Cu-0 chains and Cu-0 planes, respectively. 

Depending on the coordination number prefered by the substituent, it can occupy either 

of the Cu sites or both. 3-d elements are favourable for this substitution since their ionic 

radii are close to that of Cu. Depending on the Cu site at which the substituent enters, the 

changes in the oxygen stoichiometry, crystal structure and T, suppression vary. It has been 

observed [7] that the substituents which prefer the Cu(1) site (trivalent metals like Fe, Co 

and Al) are most effective in promoting structural changes, while the ones which substitute 

at the Cu(2) sites (divalent metals like Ni and Zn) are most effective in reducing the Te. 

3.2 Structure of (RE)Ba2Cu307-s 

The high T, superconductor, YBa2Cu307_8 has an orthorhombic structure with a single 

formula unit per unit cell [8] as shown in Fig. 3.1. The space group is Pmmm with lattice 

constants a = 3.8231A, b = 3.8864Aand c = 11.6807A. There are two distinct copper sites in 

this material : the Cu(1) sites are 4 fold coordinated by 0 atoms, and are called chain sites 

because of the Cu(1)-0(1) chains that they- form, and the Cu(2) sites are 5-fold coordinated 

by 0 atoms and are called planar sites because they form Cu-0 planes with the 0(2) and 

0(3) atoms. These planes are slightly dimpled as shown, with the 0 atoms displaced from the 

central plane by about 0.266A. The distances between the atoms in the unit cell, determined 
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Fig. 3.1: Structure of orthorhombic YBa2Cu307_6 (1:2:3) high T, superconductor 

by neutron diffraction [8], are given in Table 3.1. A single unit cell has two Cu(2) sites and 

one Cu(1) site. The 0(1) atoms bridge the gap between ti,vo Cu(1) atoms along the b axis 

and form the Cu(1)-0(1) chains. The 0(2) atoms connect two Cu(2) ions along the a axis 

and the 0(3) ions connect two Cu(2) ions along the b axis. The 0(4) ions lie along the c axis 

and connect a Cu(1) ion with a Cu(2) ion. The Ba ions form Ba-0 planes in the a-b plane 

with four 0(4) ions bound to each Ba ion. The plane containing the Y ion does not have 

any oxygen ion. The depletion of 0(1) atoms from the lattice changes the symmetry from 

orthorhombic to tetragonal. Thus the material YBa2Cu307_6 is tetragonal for 6 > 0.35 and 

orthorhombic for 6 < 0.35. 6 can be varied from 0 to 1 during preparation and it is seen 

that the T, steadily decreases as 6 increases. The compound becomes semiconducting when 

6 > 0.6. We shall be dealing here with the oxygen-rich, orthorhombic phase also referred to 

as 1:2:3 phase. This phase shows a T, of 92K. The Cu-0 chains and planes are thought to be 

crucial to the superconductivity in this material. The effective valence of copper ions in the 

compound is also considered to be important for superconductivity [9, 10]. The valence of 
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Table 3.1: Interatomic distances for YBa2Cu307_8 high T, superconductor 

Atoms Distance (A) 

Ba-0(4) 2.743 

Ba-0(1) 2.879 

Ba-0(3) 2.970 

Ba-0(2) 2.977 

Y-0(3) 2.380 

Y-0(2) 2.414 

Cu(1)-0(1) 1.943 

Cu(1)-0(4) 1.850 

Cu(2)-0(2) 1.928 

Cu(2)-0(3) 1.962 

Cu(2)-0(4) 2.303 

the high T, YBa2Cu307.4 compound is commonly stated as Y3+(Ba2+)2(Cu2+/3+)3(02—)7, 

with the Cu2+ ions on the Cu(2) sites and the Cu3+ ions on the Cu(1) sites. 

3.3 Superconductivity Suppression in Pr doped (RE)123 

Non-superconductivity of PrBa2Cu307_8 has been a long standing puzzle ever since the ma-

terial has been prepared. Several mechanisms have been proposed to explain the suppression 

of T, in PrBa2Cu307...8 and Yi_xPrsBa2Cu307_8. It has been revealed that the supercon-

ducting critical temperature T, decreases monotonically with increasing x and vanishes at 

a critical concentration x„ = 0.5 - 0.6 near the metal-insulator transition [11, 12]. With 

the different valence states of Pr (Pr4+, Pr3+ or mixed) concerned there have been three 

categories of models accounting for the T, depression by Pr. The first assumes that the 
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Pr valence state is +4, so that the itinerant holes are doped on the Pr-site leading to the 

quenching of superconductivity and the metal-insulator transition at x„. However, some 

direct experiments support that the Pr valence is mainly +3 [11, 12, 13]. The second con-

siders that Pr3+ breaks the superconducting Cooper pair by the magnetic interaction [14], 

but this model fails to interpret the metal-insulator transition in YI,PrxBa2Cu307_5. The 

third opinion considers the Pr 4f hybridization (Pr can be in mixed valence), which may 

result in a localisation of charge carriers and in enhanced magnetic interaction and, thus, 

T, is suppressed. The divergence seems to be from the exact valence state of Pr. It has 

been recently shown by Cao et al. [15] that it is difficult, and not so necessary, to decide 

on the exact valence state when substantial Pr-0 covalency exists. The central point to the 

problem may be the understanding of the electronic states of Pr in Yi_xPrx.Ba2Cu307_5 as 

well as of Yi„PrxBa2Cu307-5. 

Another important aspect of T, suppression in Pr doped systems is the ion size effect. 

In (RE)i_xPr,Ba2Cu307_5 (RE = rare earth elements except Ce or Tm) system, it was 

found that the suppression of T, by Pr was related to the size of (RE) ion [16, 17]. At 

fixed Pr concentration, T, decreased with increasing the radius of the (RE)3+ ion; in the 

case of smaller (RE), x„ was higher. Besides, there is similar ionic size effect for the Neel 

temperature of Pr Sublattice (TN(Pr)) [16]. 

However, the origin of the ionic size effect is not clear. Guan et al. [16] gave an inter-

pretation in terms of Pr 4f hybridization. They assumed that the hybridisation is stronger 

in the case of larger (RE), but they failed to explain why. Muroi and Street [18] proposed a 

two dimensional (2-D) percolation model to account for the ionic size effect. They assumed 

that the (RE)i_sPr,Ba2Cu307_5 solid solution was a composite of a superconductor and an 

antiferromagnet. More recently, Liechtenstein and Mazin [19] have calculated the electronic 

structure of (RE)Ba2Cu307_5 ((RE) = Y, Pr, Nd). It was demonstrated that there was 

an additional band crossing the Fermi level grabbing holes from the (super)conducting pdo- 
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band in PrBa2Cu307_6. They further suggested that the position of the hole-depleting band 

depended on the f-level position of (RE), rather than the size of (RE), resulted in the ionic 

size effect. 

Recently it was found [20] that the x, could be increased above 0.7 in 

Yi-.PrzBaSrCu307_6, which is substantially higher than that in Yi„PrzBa2Cu307_3. The 

effect of Sr substitution for Ba in Yo.4Pro.6Ba2_zSrxCu307_6 has been studied by Cao et al. 

[21]. It was observed that bulk superconductivity could be revived and enhanced, accom-

panied with an orthorhombic-to-tetragonal transition, by the isovalent substitution. This 

phenomenon has been referred to as the 'ion size effect at Ba site'. Obviously, the interpre-

tations for the ionic size effect in [18, 19] have difficulty in accounting for the above revival 

of superconductivity. 

An insulator to superconductor transition should result mainly from an increase in the 

hole density. Such an increase could be influenced by several factors. Some of the crystal 

chemical factors are : increase in oxygen content, changes in structural parameters such 

as Cu(1)-apical oxygen distance, increase in chain oxygen order etc. From their results on 

Nd0.7Pro.3Ba2_kSrkCu307_8 as k increased from 0 to 1, Colonescu et al. [22] found very 

little decrease in oxygen content with k. This decrease in oxygen content did not result in a 

decrease of Tc, on the contrary- superconductivity was restored in the series. And this was 

accompanied by an increase in the hole density as revealed by Seebeck effect measurements 

[23]. The reason for this behaviour may be related to an increase in oxygen ordering of Cu(1)- 

0 chain. Another influence on the hole density could arise out of changes in Cu(1)-apical 

oxygen distance according to the charge transfer model [24]. This could be possible because 

of smaller ionic size of Sr as compared to that of Ba and hence reduced hybridization between 

Pr-f states and the oxygen p orbitals in the Sr-rich compounds. In order to understand the 

role played by Sr in restoring the superconductivity and the effect on the local environment 

of Cu, it is important to study the local structure of Cu in these compounds. We have 
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therefore undertaken a systematic study of the Yo.4Pro.6Ba2_xSrxCu307_5 compounds by 

X-ray Rietveld refinement, IR absorption and Cu K-edge EXAFS spectroscopy. 

3.4 Experimental 

The compounds with nominal composition, Y Pr Ft - 0.4- -0.6- a2-xSrxCu307_5 with 0 < x < 1.23 

were prepared by the standard ceramic procedure. Highly pure compounds Y203, Pr6011, 

BaC 03 SrCO3 and CuO in appropriate stoichiometric ratios were thoroughly mixed in agate 

mortar and pestle and then heated in air at 880°C for 24 hours. The resulting mixture was 

reground and reheated in air at 900°C for another 20 hours. Subsequent calcinations were 

done in air at 910°C and 920°C for 20 hours each with intermittent grindings. Finally the 

mixture was pelletized and sintered in oxygen at 935°C for 24 hours and then cooled to 600°C 

and continue to remain at 600°C for another 24 hours and then cooled to room temperature. 

During the heating of the individual oxides, the following reactions take place 

Ba(Sr)CO3 Ba(Sr)0 CO2 

1 
—Y203 + 2BaO 3CuO YBa2Cu306.5 

In the solid reaction, BaCO3 decomposes completely around 920°C, but only after prolonged 

heating. Hence extended and repeated heating is essential to ensure that neither free nor 

partly decomposed BaCO3 is left behind. Sintering of the pellets at around 935°C is an 

essential step to ensure better intergranular contact and good crystalline nature. Heating in 

flowing oxygen ensures oxygen stoichiometry close to 6.95. 
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Table 3.2: Lattice parameters (a, b, c), unit cell volume (V), critical temperature (Tc) and 

oxygen content (7-5) for YBa2Cu307_8 and Yo.4Pro.6Ba2,SrrCu307-8 

x a (A) b (A) c (A) V (A3) Tc(K) 7-5 

Y-123 3.826 3.898 11.694 174.40 89 6.89 

0.00 3.856 3.902 11.706 176.12 NSC 6.80 

0.50 3.852 3.880 11.640 173.96 NSC 6.67 

0.75 3.872 3.872 11.616 174.15 NSC 6.90 

1.00 3.864 3.864 11.592 173.07 NSC 6.85 

1.2,5 3.852 3.852 11.556 171.46 19 6.92 

3.5 Results and Discussion 

3.5.1 Characterisation of the Samples 

The phase purity of the samples were checked by recording their X-ray diffractograms. The 

Cu Ka radiation was used from the sealed X-ray tube which was operated at 40 kV and 20 

mA with receiving slit size of 0.15 mm. The diffraction patterns were taken with continuous 

scan, 0.05 sampling and the speed of 1° /min. The X-ray analysis show that the compounds 

Y-123 and Yo.4Pro.6Ba2_,SrxCu307_5 with 0 < x < 1.25 are single phase materials with 

traces of impurity phases at higher values of x (< 0.75). Fig. 3.2 shows X-ray patterns for 

all the compounds studied. The splitting of lines (200, 020) correspond to the orthorhombic 

structure decreases with increasing concentration of x and eventually disappears for (x > 

0.75). The lattice parameter do show some substantial changes on Sr substitution. With 

increa.sing x, a and b become closer until they become equal at about x = 0.75 similarly 

there is contraction of c-axis. The results are presented in the Table 3.2 and they agree 

with those reported by other workers [25, 26J. The T, measurements were carried out on 
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Fig. 3.2: X-ray diffraction patterns of YBa2Cu307_5 and Y0.4Pro.6Ba2-,Sr,Cu307_,5 com-
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the low temperature resistivity apparatus at IUC-DAEF, Indore. The four-probe method 

was employed to measure the resistance of the sample as a function of temperature down 

to 4.2K. The samples were taken in the form of rectangular strips and the four probes were 

placed in a straight line. Electrical contacts were made using silver-epoxy paste. The current 

was supplied by a Keithley 220 programmable constant current source and the voltage was 

measured by a Keithley 181 nanovoltmeter. The sample temperature was measured by a 

Si-diode. The values of T, at which the resistance drops to zero are given in Table 3.2. 

Superconductivity is seen to be restored with increasing Sr concentration. The temperature 

dependence of electrical resistivity for the above series is shown in Fig. 3.3. The pristine 

sample (Y-123) exhibits metallic normal state resistivity with a sharp drop at 90K. All the 

other compounds exhibit semiconducting behaviour. For x = 0.75 and 1.0, a superconducting 

onset like feature can be seen at about 5K and 15K respectively. Superconductivity (p = 0) 

reappears with T, = 19K for x = 1.25. 

In order to arrive at true compositions of the compounds, the chemical analysis of the 

elements in the samples have been carried out by Atomic Absorption Spectroscopy method 

(AAS), electrochemical analysis and iodometric titrations. With the help of AAS, the per-

centage of the elements such as Y, Pr and Ba has been deduced while electrochemical analysis 

has been used to deduce the percentage of Cu in the compounds. From both these tech-

niques, the elemental composition were found to be within + 4% of their respective nominal 

values. 

Since the properties of high T, superconductors are critically dependent on the oxygen 

stoichiometry and the degree of oxidation, it is essential to ascertain the value of oxygen 

content in the samples after the oxygen annealing of the samples. We have used Iodometric 

titration method described in Ref. [27] to estimate the oxygen content in these samples. Since 

v,-e take very little quantity of the sample (about 0.0250 gm), the utmost care was taken while 

weighing the compound and was weighed accurately up to the fourth decimal point. Another 
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important thing in this experiment is the preparation of the standard Na2S203 solution. The 

Na2S203 compound is not a primary standard compound, it is hygroscopic in nature and 

while weighing it absorbs moisture from the atmosphere. Hence it is to be standardised by 

using standard KMn0,4 solution. The care was taken to minimise the error in the experiment 

by diluting the solution in steps. After dissolving the sample in dilute HC1 it was diluted 

to 100 ml from which 10 ml was pipetted out and again diluted to 100 ml. This diluted 

solution was used for the titration against the standard Na2S203 solution. The values of the 

oxygen content (7-6), determined by this method are given in Table 3.2. 

3.5.2 Rietveld Analysis 

In order to refine structural parameters and check the site occupancy of various cations 

especially that of Pr, Rietveld refinement of the X-ray diffraction patterns have been un-

dertaken. The objectives of the Rietveld method is to produce refined values of crystal 

structure parameters from powder diffraction data. In this method, structural parameters 

such as atom coordinates, thermal motion and site occupancy parameters are adjusted in a 

least-squares refinement procedure until a best fit is obtained between entire calculated and 

observed powder diffraction patterns, as a whole. This method of pattern fitting has now 

been successfully applied to X-ray and neutron diffraction data by several groups all over 

the world. 

The program developed by Young and coworkers [28] to perform Rietveld analysis of 

X-ray or neutron powder diffraction data, collected with a 0-20 diffractometer operated in a 

step scan mode (equal steps in 20) and either one or two (for e.g., Ka doublet) wavelengths. 

It basically uses Newton-Raphson algorithm to minimize the quantity: 

sy E wi [Yi — Ki]2 	 (3.1) 

where wi = 1/(Yi), Yi is observed (gross) intensity at ith step, Yci is calculated intensity at 

the ith step and the sum is over all data points. 

79 



The calculated count Yci are determined by summing the contribution from the neigh-

bouring Bragg reflections, K, plus the background, ybi; 

= ssRA E [IFK124)(2o, — 2oK)LKPR1 + Ybi 	 (3.2) 

where s is a scale factor, SR is a function to model the effects of surface roughness, A is 

an absorption factor, FK is the structure factor, (I) is a reflection profile function which 

approximates the effects of both instrumental and, possibly, specimen features. LK contains 

the Lorentz, polarization and multiplicity factors, PK is a preferred orientation function and 

yb, is the background contribution. 

The ratio of intensities for the two a wavelengths is observed in the calculation of IFK 12, 

so that only a single scale factor is required. The program uses different profile functions 

viz. Gaussian, Lorentzian, modified Lorentzian, Split Pearson, Pseudo-Voigt function, etc. 

depending on the diffraction patterns. At the end of the refinement, the structural parame-

ters are then derived from the best fit. The Rietveld refinements were carried out with the 

help of DBWS 3.2 (Distribution package : DBWS/9411) for Rietveld Analysis of X-ray and 

Neutron Powder Diffraction Pattern written by Young and coworkers from Georgia Institute 

of Technology, Atlanta, U.S.A. 

A modified Lorentzian function (Mod 2 Lorentzian in the program of Young et al.) was 

used for representation of the individual reflection profile and the angular dependence of the 

peak FWHM (full width at half maximum), HK, described by the usual quadratic form in 

tan 0 : 

Mod 2 Lorentzion = N'/C  {1 C3(20i — 20 K)2 1111,1 312 
2IIK 

where C3= 4 (N/22/3 + 1) and 

Hi! = Utan2 0 + Vtan 0 W 	 (3.4) 

(3.3) 

where U, V and W are parameters whose values are refined in thc program. The background 
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RP 	 E yi(obs) 
E lyi(obs)— (11c)yi(calc)I 

(3.6) 

intensity was evaluated by refining a background function ybi : 

5 

Ybi = E Bm[(20i1BKPOS)-1r 	 (3.5) 
m=o 

where Bm are refined and BKPOS is the origin of polynomial for background in 20 and the 

background refinements were effected through 90°. 

Refinement started with the guessing value of scale factor and then followed by the scale 

factor and lattice parameter. After these had stabilized, the zero correction, the halfwidth 

and the asymmetry parameters were refined separately (three cycles for each group of param-

eters). Finally all the profile parameters and the scale factor were refined together followed 

by the refinement of overall isotropic thermal parameter. The quantities used to estimate the 

agreement between the observations and the model during the course of Rietveld refinement 

can be written as : 

The profile R-factor, 

The weighted profile R-factor, 

wP 

wi[yi(obs) — (11c)y,(calc)121  1/2 

E tvi[yi(obs)] 2 

The Bragg R-factor, 

E l/("obs")  —  I(calc)I 
RB = E I("obs") 

The structure factor R-factor, 

E lirobs")(v2) —  I(calc)(112)1 
RF = 

E /("obs")(1/2) 

The expected R-factor, 
1/2 

Rexp = 	  
[E wNi[;(0Pbs)]2] 

The goodness of fit, 

Rw  12 
GF =[p P 

cexp 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

81 



The values of various R factors mentioned above are used to judge the quality of the fitted 

profiles and the quality of structure determination. 

The parameters obtained after Rietveld refinement are shown in Table 3.3. The results 

presented above show that Sr has a wide solubility range in Y0.4 Pro.6Ba2_zSrxCu307_5 ex- 

tending to up to x = 1.25, thereby restoring superconducting transition temperature at 

x > 0.75. There are two possibilities for explaining the restoration of T, in the system: a 

change in phonon or electronic structure due to the direct substitution of Ba with Sr, or 

a change in the environment of the Sr site due to local strains or oxygen vacancies. The 

replacement of Ba with Sr without any distortion of the local environment cannot change Tc 

significantly. The smaller mass of the Sr ion compared to the Ba ion will lead to an increase 

of the phonon frequencies associated with the Ba site, which would tend to increase rather 

than decrease T, if these phonons are involved in the electron-pairing interaction. However, 

band calculations show that the superconductivity' and metallic character are confined to 

the Cu-0 networks. Thus a change in the Ba phonon frequencies is not expected to affect T, 

significantly. Likewise we do not expect a significant change in the electronic structure due to 

Sr substitution. Ba and Sr ions are both doubly ionised with comparable electronegativities 

and therefore present the same Coulomb field to the crystal potential and contribute the 

same number of electrons to the conduction bands. There will be a slight reduction in the 

conduction electron density of states due to the contraction of the lattice but an estimate of 

this change using the free-electron model is too small to account for the change in T,. 

The structures are essentially identical to Y-123 (Fig.3.1) system except for the cha,nges in 

lattice constants and local distortions around the Ba/Sr site. The Rietveld refined patterns 

of two the compounds, Y-123 and x = 1.25 are shown in the Fig.3.4. The substitution of Sr at 

the Ba site is evidenced both by a change in the X-ray scattering amplitude due to change in 

atomic numbers of Ba (Z = 56) and Sr (Z = 38) and also by a local distortion of the structure. 

Since Ba and Sr have significantly different ionic radii, this distortion manifests itself as a 
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Table 3.3: Structural parameters for YBa2Cu307_8 and Yo.4Pro.6Ba2,SrsCu307_8 system 

with various Sr stoichiometries x 

x Y-123 0 0.5 0.75 1.0 1.25 

;. 8 6.89 6.80 6.67 6.90 6.85 6.92 

a(A) 3.816(1) 3.849(6) 3.8612(8) 3.8558(4) 3.8525(5) 3.8400(4) 

b(A) 3.884(3) 3.909(2) 3.8821(12) 3.8558(4) 3.8525(5) 3.8400(4) 

c(A) 11.657(8) 11.716(5) 11.628(5) 11.606(2) 11.594(3) 11.582(2) 

V(A3) 173.6(2) 176.3(1) 174.3(9) 172.5(1) 172.0(5) 170.8(4) 

Rwp 36.42 36.15 22.63 25.03 24.56 23.00 

Resp 46.65 50.37 31.08 31.19 29.38 28.68 

RB 27.89 18.31 17.87 19.32 17.17 14.80 

Y/Pr B(A2) 0.5000 0.5000 -0.4416 0.7411 -0.2057 0.6886 

Ba/Sr z/c 0.1819(2) 0.1788(4) 0.182(2) 0.187(2) 0.192(1) 0.192(1) 

B(A2) 1.0000 1.0000 2.8783 2.9957 2.2720 1.7769 

Cu(1) B(A2) 1.2376 1.3877 1.2877 1.6536 2.9792 1.3718 

Cu(2) z/c 0.3567(5) 0.3601(5) 0.353(6) 0.354(3) 0.354(3) 0.356(1) 

B(A2) 0.4896 0.5465 0.3919 0.5858 1.1650 0.9565 

0(1) B(A2) 2.0000 2.0000 -0.8046 4.904 3.6701 2.5532 

0(2) z/c 0.3811(4) 0.3841(2) 0.378(2) 0.369(2) 0.363(2) 0.369(2) 

B(A2) -0.5682 -0.4432 -0.2609 -1.6309 -5.6567 -4.1008 

0(3) z/c .3737(3) 0.3766(4) 0.358(3) 

B(A2) 0.2563 0.5945 0.5016 

0(4) z/c 0.1578(8) 0.1621(5) 0.1547(12) 0.1548(10) 0.1565(16) 0.1587(13) 

B(A2) 2.0000 2.0000 -1.5480 -0.4814 2.7198 -0.3502 

(Values in bracket indicate uncertainties in the last digit) 
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Fig. 3.4: Rietveld refined X-ray diffraction patterns of Y-123 and x = 1.25 sample 
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marked increase in the Debye-Waller factors for the Ba/Sr site and for the neighbouring Cu 

and 0 atoms associated with the one-dimensional chains, thus suggesting that significant 

local atomic displacements are present. The possibility that an ordered structure is present, 

involving ordering of Ba and Sr atoms and the displacements of the near-neighbour Cu and 

0 atoms, or ordering of oxygen vacancies along the one-dimensional Cu03 chains is not ruled 

out for higher concentration of Sr[29]. 

Therefore the restoration of T, by Sr substitution must be indirectly caused by a local 

perturbation of the structure in the neighbourhood of the Sr sites. This perturbation could 

involve a slight collapse of the surrounding Cu and 0 atoms or the introduction of additional 

oxygen vacancies. It is seen that the 0(4) atoms change their positions along the c axis. 

Another possibility is the introduction of additional oxygen defects surrounding the Sr sites. 

A reduction in the oxygen coordination of Sr compared to Ba might occur because of the 

smaller Sr ionic size. This effect is illustrated by the structure of pure YBa2Cu307_8 which 

shows that the Y atom is coordinated to eight oxygen atoms while the larger Ba atom is 

coordinated to ten oxygen atoms. The 0(4) atoms are closest to the Ba site and thus might 

be most affected by Sr substitution. However, the short Cu(1)-0(4) bond distance (1.85 

A) suggests that the 0(4) atoms are strongly bonded to the Cu(1) atoms. Thus we might 

expect these 0(4) site occupancies to be quite stable and with Sr substitution, to remain 

fully occupied as in the pure compound. The 0(1) atoms are next nearest neighbours to 

the Ba atom and are less strongly bonded to Cu(1) than are the 0(4) atoms, as shown 

by the longer bond length (1.943 A) of Cu(1)-0(1) and the partial 0(1) site occupancy in 

the pure compound [8, 30]. The fact that the b axis of the unit cell decreases while the a 

axis remains nearly constant suggests that additional 0(1) vacancies occur in the Sr-doped 

samples. However, it is very difficult to check the presence of vacancies in crystal structure 

by X-ray diffraction. Neutron diffraction work is therefore needed to estimate the oxygen 

site occupancies. As can be seen in Fig 3.5, the decrease in c parameter with a slope of 0.086 
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A/Sr atom which is comparable to the rate in YBa2_xSrxCu307....s. This would imply- that the 

contraction of c axis results from the shift of the apical oxygen and of the Ba(Sr) ions towards 

the Cu02 planes. This shift seems to weaken the Pr-0(2,3) hybridization thereby restoring 

the Tc. Therefore the increase in T, with Sr substitution onto Ba sites suggests that the 

one-dimensional chain is essential for restoration of superconductivity in these compounds. 

3.5.3 Infra-red Spectra 

The IR spectra of YBa2Cu307_5(Y-123) and Yo.4Pro.sBa2-xSr.Cu307-5 series have been 

studied at room temperature in the range of 400 to 800 cm'. The transmittance spectra 

are presented in Fig. 3.6. In this range we observe three distinct IR active bands for all the 

compounds. These active bands give information about the changes in various vibrational 

modes and hence changes in Cu-0 bonds in the compounds upon addition of the dopant. 

The IR spectrum of pure Y-123 sample shows metallic character and is similar to the one 

reported by Ruani et al. [31]. Of the three IR active modes, the peak in the vicinity of 617 

ern" can be assigned to Cu(1)-0(4) vibrations, the peak around 590 cm" can be assigned 
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to Cu(2)-0(2) vibrations [32] and the peak around 470 cm" can be assigned to Cu(2)- 

0(3) vibrations [33]. When Pr is introduced up to 60% in place of Y, the sample shows 

semiconducting character which is reflected by the IR spectrum of this sample. The above 

first two bands show very little change in their positions. However, it may be noted that 

the band at 617 cm' considerably weakens in intensity. But the third band i.e. 470 cm" 

band shows drastic shift in its position in the spectrum. This band moves towards higher 

energy side at about 510 cm-1. This could be possible because there is change in ionic 

size of (RE) and hence change in lattice constants which influence the lattice vibrational 

modes. Further with Sr substitution at the Ba site the intensity of 617 cm" band decreases 

appreciably with a near disappearance in the x 0.5 and x = 0.75 samples. But no change 

in its position of the 510 cm' band is observed. The apical oxygen 0(4) is the nearest 

neighbour of Ba. Any site disorder would strongly affect the 0(4) atoms. Substitution of Sr 

in place of Ba perhaps introduces a site disorder also believed to be one of the likely causes 

of suppression of T, in the YBa2„SrsCu307_6- samples [29]. This site disorder may be the 

reason for considerable weakening of the Cu(1)-0(4) stretch which points to disappearance 

of 617 cm" band. When the Sr content increases to more than 50 at.% superconductivity 

reappears and with it two interesting changes occur in the IR spectra. The 470 cm' band 

in the Y-123 sample which had moved to 510 cm' in the non-superconducting samples, 

moves back to its original position of 470 cm'. Also the Cu(1)-0(4) stretch reappears at a 

slightly lower frequency (614 cm") in x = 1.0 sample but moves up to 617 cm" in the x 

1.25 sample. This can be explained as follows: 

1. Suppression of superconductivity by Pr substitution due to localization of the holes 

from the Cu-0 planes strongly affects the Cu(2)-0(3) band as the Pr-0 hybridization 

increases. 

2. Addition of Sr up to 50 at.% does not significantly affect, the Pr-0 hybridization. 

88 



3. Also there is a considerable site disorder introduced by Sr which affects the Cu(1)-0(4) 

band. When the Sr content is increased to more than 50 at.%, probably some sort of 

structural ordering takes place which decreases the Ba/Sr-O and the Cu(2)-0(3) bond 

length, as reflected by b parameter of the unit cell and shifting of IR bands at 470 cm-1 

and 620 cm-1. This weakens the Pr-0 bond thereby restoring the superconductivity 

in this system. 

3.5.4 X-ray absorption 

In order to study of the local environment of copper ions in Sr-doped samples of composition, 

Yo.4Pro.633a2-xSrTeu307_8 with 0 < x < 1.25, Extended X-ray Absorption Fine Structures, 

(EXAFS) at the Cu K-edge were recorded in these materials. The Cu-0 bond lengths were 

obtained after analysis of these EXAFS data. The changes in the local structure around 

copper ions were determined as a function of dopant concentration. To extract the EXAFS 

from the raw X-ray absorption data, the data was processed. The data analysis was done 

using UWXAFS 3.0, a EXAFS analysis package developed by E. Stern, J. Rehr and co-

workers at the Department of Physics, University of Washington. It consists of AUTOBK 

(Automated Background Removal for EXAFS data), FEFF (Calculation of theoretical phase 

shifts and effective scattering amplitude), FEFFIT (Modelling EXAFS data using FEFF). 

The background subtraction and normalization was done using AUTOBK 2.61. In this 

program, the measured absorption below the edge step (the so-called pre-edge region) was 

fitted to a straight line over the energy region between [Eo + Eprel E0 Ep„2]. Both Eproi 

and Epr,2 are variables with default values of -200, and -50 eV, respectively. These two 

numbers are relative to Ea, and hence are negative numbers that are in the measured pre-

edge region of the data. This fitted line is then extrapolated to Ea, giving IC (E0). Similarly 

the background past the edge step is fit to a quadratic polynomial in E over the energy 

region between [Eo + Enori, Eo + Enord• Both Enori and Enor2 are variables with default 
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values of 100, and 300 eV, respectively. These two numbers are relative to Eo, and hence are 

positive numbers. This fitted line is then extrapolated to Eo, giving /2+ (E0). 

The normalisation is done by a single constant number Apo(E0) which is given by 

APo(Eo) = p-O(E0) - go- (Eo). 

The EXAFS is formed using the relation, 

x(E) — [11(E) ito(E)1  
Apo(E0) 

(3.12) 

where Eo is the absorption edge energy and po(E) is the atomic-like absorption past the 

edge. It represents the absorption due to deep core level of an isolated absorbing atom in the 

solid. This so-called embedded atom absorption will differ from the absorption for a truly 

isolated atoms because of the overlap of electron orbitals of neighbouring atoms. x(E) is then 

converted into x(k) where k = \12m(E — Eo)lh2 is the momentum of the photo-electron. 

The background function ito(E) is found in AUTOBK by using concepts from basic 

Fourier signal analysis to assist the fundamental physical ideas behind the separation of 

EXAFS and background. po is approximated by a piecewise polynomial (or spline) that can 

be adjusted so that the low-R components of the resulting EXAFS X-(R) (that is, after a 

Fourier Transform into R-space) are optimised. 

We have used FEFF 6.01a [34] for the calculation of theoretical standards. The FEFF 

6.01a calculates scattering phase shifts, effective scattering amplitudes and curved wave single 

and multiple scattering EXAFS and XANES spectra, including polarization dependence, for 

clusters of atoms (Z > 95). 

FEFFIT fits the calculations from FEFF to EXAFS x(k) data, giving a method of deter-

mining the local structure around an atom. As with all EXAFS analysis programs, FEFFIT 

can determine interatomic distances, coordination numbers and atomic species of neighbour-

ing atoms. Fa-TIT uses the `feffnnnn.dat' files output from FEFF as the basis calculations 

with which to fit the EXAFS data. 

The EXAFS contribution of each scattering path (read from each feffnnnn.dat file) is 
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adjusted by applying standard EXAFS parameters (such as coordination number, change 

in distance, Debye-Waller factor, and shift in energy origin) until the best-fit to the data is 

found. Standard numerical techniques are used to find the set of variables that minimises the 

sum of squares of the difference between model and data x and to estimate the uncertainties 

in the variables. Fitting can be done in either R-space or back-transforms done by FEFFIT 

on both the EXAFS data and the calculated model during the fitting process. Real and 

imaginary parts of the Fourier transformed x are used in the fit with equal weight. The 

model x(k) used to compare to data is evaluated as a sum over paths 

xmodei(k) = E xpath(k , Amp(k), Phase(k), Pathpamameter s). 	(3.13) 
paths 

X is the EXAFS contribution for each path and depends on the scattering amplitude and 

phase-shift from FEFF (from feffnnnn.dat) and on standard EXAFS Path parameters. These 

path parameters are the physical quantities used to alter the xpath, such as refinements of 

the EXAFS due to changes in the atomic distribution. FEFFIT allows the EXAFS for each 

path to be adjusted by the following path parameters: 

1. e0 - shift of energy origin : k 	V k2 — e0(2me/h2) 

2. ei - imaginary energy shift (to give additional broadening) 

3. SO2 - constant amplitude factor 

4. delR - change in distance (1st cumulant) 

5. sigma2 - mean-square-displacement (2nd cumulant), or Debye-Waller factor 

Fourier Transforms of Model Compounds 

In order to get familiarised with the usage of FEFFIT and have confidence in the various 

structural parameters obtained, we have first analysed EXAFS spectra of Cu metal and 

copper oxide. The Cu metal spectra can also be used for callibration of energy scale of the 
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Fig. 3.7: Cu K-edge EXAFS spectrum in copper foil using a Si(311) crystal 

spectrometer. The structure of copper metal has face centered cubic structure with lattice 

parameter a = 3.6A. The Cu atoms are located at (0, 0, 0) and its face centered translations 

(1/2, 1/2, 0); (1/2, 0, 1/2) and (0, 1/2, 1/2). 

Fig. 3.7 shows the normalised Cu K-edge spectrum of Cu metal. This spectrum compares 

well with spectra reported in literature [35, 361. The spectrum was recorded using Si(311) 

crystal with a single scintillation detector and a 50pm receiving slit. A copper anode was 

used as the source. The total time for recording this spectrum was about 8 hours with anode 

voltage and current of 20kV and 180mA, respectively. The detector was operated at 900V 

and a Canberra 2020 amplifier was used. The total number of incident photons recorded 

was 3 x 1.05 at each data point. The energy was referenced to the Cu K/31 emission line. 

which was assigned the tabulated energy of 8905.14 eV. The spectrum was stored on a floppy 

disk and used for data analysis. The cubic spline interpolation for generating equidistant 

points in k-space along with adequate smoothing to remove the noise from the raw data 
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Fig. 3.8: EXAFS function of copper metal at the Cu K-edge recorded using a Si(311) 

was employed. We have discarded the region of energy beyond 9500 eV because of signal 

distortion due to the Lo emission lines of tungsten impurity on the copper rotating anode of 

the X-ray source. The EXAFS function was calculated as, 

x(k) — 
[12(k) —120(k)]  

kt 0 ( k ) 
(3.14) 

with Eo = 8980 eV. Fig. 3.8 shows this function in k-space. Fourier transforms were done 

using FEFFIT. It compares experimental EXAFS data to a theoretical standard, and does 

the calculation. FEFFIT uses the input file leffit.inp' to control the running of the program. 

In addition to this file it needs a set of other `feffnnnn.dat' files to use as the model paths 

for building the model x(k) and a data file containing x(k) for the data to be fit. To begin 

with we set all the values as constants in the feffit.inp file. In this mode it only adds up all 

the `feffnnnn.dat' (in our case we used only one feff0001.dat file) files and write the results 

to k-, R- and backtransformed k-space, applying some Debye-Waller factors and using an 

overall constant amplitude factor, S02. 
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In the second step of the analysis, we do real fitting by adding some variables to the 

feffit.inp file (by changing set to guess), so that new input file will do a fit. The results of 

the fit are written to a file called feffit.log, which apart from giving the best values of the 

variables and uncertainties in them, also gives several statistical parameters like R-factor, 

x2 etc. The results of the fit from the second input file is shown in Fig. 3.9 wherein the 

magnitude of Fourier transform, I(I)(R)I is plotted as a function of R. This shows an excellent 

agreement between theory and data over the fit range, R [1.5, 2.51A. One can also look at 

the contributions from all the individual paths (if there are more than one) that make up 

this fit and especially where in R-space the different show up. The fit results in original and 

backtransformed k-space should also be looked at. The values found for the three variables 

and the uncertainties found (having already been rescaled by FEFFIT) are then delR — 

-0.013 ± 0.001A, SO2 — 0.85 ± 0.01 and sigma2 0.0085 ± 0.0003. The nearest neighbour 

coordination number and the distance for Cu were estimated to be 12.0 ± 0.1 and 2.539 

± 0.001A, respectively. The result of the curve-fitting to the backtransformed spectra of 

the first shell EXAFS is shown in Fig. 3.10. We have also measured EXAFS spectra of 

CuO. The analysis of CuO was carried out in a similar manner to that for Cu metal. CuO 

has monoclinic structure (space group C 2/C) with lattice parameters a = 4.653A, b = 

3.410A, c 5.108A and /3 = 99.4833°. Cu in this case is surrounded by four oxygen atoms 

with two of them at 1.6874A, and two 2.11A, respectively. 

The absorber specimens for EXAFS measurements were made by first grinding the com-

pound into fine powder using a mortar and pestle. The finely ground powder was then sieved 

through a 400 mesh sieve to obtain uniform particle sizes of less than 40pm. The sieved pow-

der was dusted on ordinary adhesive tape. Several layers of powder on tape were pressed 

together and absorbers of different thicknesses were prepared. Care was taken not to leave 

the powder directly exposed to atmosphere in order to avoid the possibility of the effect of 

chemicals present in the atmosphere on the sample. All other experimental conditions were 
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denote the limits of fit. 
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Fig. 3.11: Cu K-edge EXAFS spectrum in CuO recorded using a Si(311) crystal 

maintained same as that in the Cu metal. Fig.3.11 shows the normalised plot of ln(I 0 /I) 

against X-ray energy obtained on the spectrometer. Fig. 3.12 shows the EXAFS function 

x(k). The other analysis of the data has been carried out in the same fashion as in the case 

of Cu metal. 

Fourier transform of the EXAFS, le(x) at the copper K-edge for CuO is shown in Fig. 

3.13. The first strong peak in the 1(1)(R)I corresponds to the first coordination shell. This 

single peak in the Fourier transform of CuO comprises of two shells of two oxygen atoms each 

at 1.68A, and 2.11A, respectively which cannot be resolved and an average contribution of 

these two shells has been fitted. The backtransformed spectra of this peak is shown in Fig. 

3.14. The results are summarized in Table. 3.4. 
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Fig. 3.12: EXAFS function of CuO 
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Fig. 3.13: 1(1)(R)I of data (circle) and best-fit (solid line) for CuO. Vertical lines at the top 

denote the limits of fit. 

98 



0.04 	 

0.03 — 

0.02 

0.01 — 

-0.02 —.. 

-0.03 — 

-0.04 	1 	I 	1 	I 	i 	I 	1 	I 	1 

4 	5 	6 	7 	8 

k(A-1) 

9 12 

Fig. 3.14: Result of curve-fitting to xi(k) for CuO (o - experimental curve, — -calculated 

curve 

Table 3.4: The results of analysis of EXAFS data for Cu metal and CuO 

Bond 

Type 

Bond 

Length 

(R) A 

Near 

Neighbour 

(N) 

*Change of 

Energy 

Origin 

(AE0) eV 

Mean 

Square 

Displacement 

(a2) A2 

Constant 

Amplitude 

Factor 

(SO2) 

Cu 

CuO 

Cu-Cu 

Cu-0 

2.539(1) 

1.86(2) 

11.99(1) 

3.9(6) 

-1.62 

-1.5 

0.0085(3) 

0.0019(2) 

0.85(1) 

0.47(7) 

(Values in bracket indicate uncertainties in the last digit) 

Eo = 8980 eV. 
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Fourier Transforms of Superconducting Compounds 

The YBa2Cu307_8(Y-123) compound has an orthorhombic structure with a single formula 

unit per unit cell. There are two distinct copper sites in this material : the Cu(1) sites 

are 4-fold coordinated by 0 atoms, also known as the chain site because of the Cu(1)-0(1) 

chains that they form with each other, and the square pyramidal Cu(2) sites are 5-fold 

coordinated by 0 atoms also called the planar sites due to Cu-0 planes formed with the 

0(2) and 0(3) atoms. These planes are slightly dimpled with the 0 atoms displaced from 

the central plane by about 0.266A. Since the local structure around the copper ions of this 

compound is well known we have taken this as a reference compound for our Sr doped 

Yo.4Pro.6Ba2,Sr,Cu307_8 series. Our study- is aimed at obtaining parameterized forms of 

the Cu-0 amplitude and phase shift functions which shall be transferred to the Sr-doped 

compounds to obtain local structural information around copper sites. 

The experimental conditions were maintained same as those in the model compounds. 

Fig.3.15 shows plot of Cu K absorption edge with associated EXAFS in Y-123 as a function 

of energy. The resultant EXAFS function x(k) is shown in Fig. 3.16. The spectra is similar 

to one reported in [37, 38, 39]. 

The Fourier transformation (FT) of knx(k) into r-space was carried out using FEFFIT. 

The different values of n were tried and it was found that for n = 3, the amplitude of EXAFS 

oscillations was almost constant over the k-range used. The value of n was therefore fixed 

as 3. This will ensure that the FT gives the correct contribution due to all constituent 

frequencies in x(k). This is important for accurate determination of local structure of the 

compound [40]. The first strong peak at --,1.5A in the magnitude of the Fourier transform is 

due to the oxygen nearest neighbours around the copper ions. The peaks are shifted towards 

smaller distances because of the phase shifts. Although five different Cu-0 distances are 

discerned by neutron diffraction, all the corresponding individual peaks are not possible 

to resolve from our data. We initially tried a single -distance fit, in which the a,verage 
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Table 3.5: Curve fitting results for the Cu first shell. Debye-Waller factors are in the units 

of 10-3A2 

No. of 

Shells fit 

NI RI (A) 

C•1  ,-.1 
b
  

	
I 

N2 R2 (A) 

C
gb

c
4

 

N3 R3 (A) 

C•Ib
M

 

1 

2 

3 

3.8(7) 

3.6(7) 

0.72 

1.91(1) 

1.91(1) 

1.85(2) 

6.3(2) 

6.6(1) 

3.5(9) 

0.7 

3.26 

2.30(1) 

1.91(1) 

11(5) 

6.3(1) 0.69 2.30(1) 7.6(5) 

(Values in bracket indicate uncertainties in the last digit) 

interatomic distance, the coordination number, and the Debye-Waller factor (72 were all 

floating, and then we tried two- and three-distance fits with some reasonable constraints 

to reduce parameter correlation instabilities. The results of the curve fitting are listed in 

Table 3.5. The three distance fit consists of the following correlations Cu(1)-0(4), weighted 

average of Cu(1)-0(1), Cu(2)-0(2) and Cu(2)-0(3) and Cu(2)-0(4). Further it is known 

that there are two five-fold coordinated Cu sites and one four-fold coordinated Cu site in 

the Y-123 unit cell. Hence weighted average of the number of nearest neighbour oxygen 

atoms is 4.67. With the available data of the local structure of Y-123 from the literature 

[37, 38, 39], we kept the near neighbour distances fixed to literature values. This reduces the 

variables to about six. The fitting was done carefully till a R-factor of the order of 0.05 or 

better was obtained. The Fourier transform of the EXAFS, k3(x) at the copper K-edge of 

YBa2Cu307_6 along with the fitted curve is shown in Fig. 3.17 

The fitting results of this compound such as the values of near neighbour distances for 

Cu-0 bonds, amplitude factor, phase-shift functions etc. were transferred to the Sr doped 

Yo.4Pro.6Ba2_,SrsCu307_6 series. This simplifies the analysis to a considerable extent and 

hence the Cu-0 bond lengths in these compounds could be estimated with more confidence. 

Fig.3.18 shows plot of Cu K absorption edge with associated EXAFS in Sr doped compounds 
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Fig. 3.17: 14)(R)I of data (circle) and best-fit (solid line) for YBa2Cu307_8. Vertical lines at 

the top denote the limits of fit. 
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Table 3.6: Cu-0 bond distances in A of YBa2Cu307_6 and Yo..4Pro.6Ba2_xSrxCu307_6 system 

x Cu(1)-0(4) Average Cu(1)-0(1) 

Cu(2)-0(2) 

Cu(2)-0(3) 

Cu(2)-0(4) 

Y-123 1.85(2) 1.91(1) 2.30(1) 

0.00 1.90(1) 1.94(2) 2.32(2) 

0.50 1.82(2) 1.94(2) 2.31(2) 

0.75 1.81(3) 1.91(2) 2.30(1) 

1.00 1.82(1) 1.90(1) 2.25(1) 

1.25 1.83(2) 1.92(2) 2.24(1) 

(Values in bracket indicate uncertainties in the last digit) 

as a function of energy and the Fourier transform magnitudes along with best fit curve are 

shown in Fig. 3.19. The bond lengths thus obtained are given in Table. 3.6. 

It can be seen that there is a general contraction of all the Cu-0 bonds on Sr doping which 

is as expected. It is believed that in the Pr doped samples, the suppression of superconduc-

tivity takes place due to decrease in Cu-0 hybridization due to localization of holes by Pr. 

Cao et al. [20] in their paper on the same compounds have suggested that Sr substitution for 

Ba in the Pr doped non-superconducting system leads to an enhanced Ba/Sr-O interaction 

coupled with weakening of Pr-0 covalency. This reduces the Cu-0(2,3) bond lengths which 

results in increased Cu-0 hybridization and hence superconducting compounds. Our results 

also show that the average bond length of Cu(1)-0(1), Cu(2)-0(2) and Cu(2)-0(3) decreases 

with increasing Sr concentration. Since the b parameter also decreases we cannot conclu-

sively say that the decrease in the average bond length is only due to decrease in Cu-0(2,3) 

bond lengths. Another interesting feature is the decrease in Cu(2)-0(4) bond length. This 

implies that the contraction of c-axis results in shift of the apical oxygen and of the Ba(Sr) 
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Fig. 3.18: Cu K -edge EXAFS spectrum in Yo.4Pro.613a2,SrsCu307_8 series 

105 



fr,, 
•,(041((qtrew,„.. 

"• ■■4 ((( (01(01KOWIRKOI(Ww. 	 

Fig. 3.19: 14)(R)1 of data (circle) and best-fit (solid line) for Y0.4Pro.613a2-xSrxCu307_,5 series. 

Vertical lines at the top denote the limits of fit. 
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ions towards the Cu02 planes. The decrease in bond length however is not monotonic, there 

is sudden jump from 2.28 A to 2.25 A as the Sr content is increased from 0.75 to 1.0 (the Sr 

concentration at which the sample becomes superconducting). This also agrees well with the 

shift in IR band from 470 cm-1 to 515 cm-1 and the reappearance of 620 cm-1 band. This 

shift of apical oxygen probably helps in increasing the Cu-0 hybridization thereby- resulting 

in restoration of superconductivity. 

XANES Study of YBa2Cu307_,s(Y-123) and Yo.4Pro.6Ba2-rSr.Cu307_s Compounds 

Valence of Pr in Pr doped Y-123 compounds has been a matter of debate. In 

Yo.4Pro.6Ba2_xSrxCu307_s system, it would be interesting to estimate the valency of Pr 

and its variation, if any, with increasing Sr concentration. Therefore we have measured the 

LH/ edges of Pr in this system. Fig. 3.20 shows the Lin absorption edges of Pr in the 

Yo.4Pro.613a2_xSr,Cu307_s with 0 < x < 1.25 system. The Pr edges in all the compounds 

are characteristic of trivalent Pr and it can be concluded that the valence of Pr is not af-

fected by the Sr dopings in the series. Anjli et al.[41] in their recent paper have shown that 

in Eri_xPrxBa2Cu408, Pr is essentially in 3+ state with an admixture of 15 - 20% PO+. In 

this series also the valence of the Pr ranges between 3.0 to 3.15. This can be inferred from 

comparison of the energy position and shape of the absorption edge in these compounds with 

those of model compounds of Pr. 
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Chapter 4 

Effect of Ca doping in 

Ybi,Cax(Ba0.8Sr0.2)2Cu307_6 system 

4.1 Introduction 

The importance of the hole concentration in copper-oxide superconductors is widely recog-

nised [1]. A number of studies concerning the relationship between the hole concentration 

(p) and the superconducting temperature (T,) have been reported [2]. In the La2_,SrxCu04 

system, as the Sr content x, and therefore p, increases, T, increases first to have a maximum 

and then becomes zero for x > 0.26. The copper valence is intimately linked with the carrier 

concentration n, and by studying T, as a function of n, detailed phase diagrams have been 

determined for the Sr- (or Ba-) doped La 2:1:4 system [3, 4]. The beauty of such a phase 

diagram is that the T, of the material decreases both before and after an optimum carrier 

concentration [3, 4]. Attempts have been made to generalize such behaviour to various other 

families of high-T, cuprates, namely 1:2:3 system as well as Bi- and Tl-based systems [5]. It 

has been argued that, unlike La 2:1:4, the situation with other cuprates is not so transpar-

ent, as the data available are either too scant or not sufficiently unambiguous because of the 

simultaneous presence of two fluctuating-valence cations [6] such as Cu and Bi (or T1). As 
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with the La 2:1:4 system, Tc behaviour in the underdoped regime in the 1:2:3 system is well 

established, but the overdoped regime is yet to be properly explored. It is well understood 

that in 1:2:3 system, the carrier density can be enhanced either by increasing the oxygen 

stoichiometry or by on-site cationic substitutions with dopants of lower valence state. By in-

creasing the oxygen stoichiometry, the copper valence in general cannot be increased beyond 

its optimum value, due to structural instability. Optimum doping defines the unique point 

in the phase diagram where the critical temperature, T, , is at maximum. The superconduct-

ing phase of 1:2:3 system exhibits a broad but well defined maximum of T, in the oxygen 

concentration range 6.8 < (7 — 8) < 7.0 [7, 8]. The maximum T, obtained is 92.5K at (7-8) 

= 6.92 ± 0.01. In such situations the only- alternate strategy left is to realise the objective 

by- substitution of lower-valence-state cations. On this basis, the role of the Cu-0 chains 

in 1:2:3 system has been debated continuously since the discovery of this material. The 

fact that YBa2Cu306 is a semiconductor whereas YBa2Cu307 is a superconductor with the 

critical temperature T, above 90K, has led many to speculate that the Cu-0 chains present 

in the oxidised structure are necessary for high temperature superconductivity. Furthermore 

the variation of T, with oxygen content is quite complex and the formation of a 60K su-

perconducting phase near an oxygen stoichiometry of 06.5 has been interpreted as evidence 

for superconductivity solely- in the Cu-0 sheets. In this scenario, the oxy-gen atoms in the 

chains would serve only to dope holes into the sheets, increasing the average oxidation state 

of the Cu2+ ions, yielding a 60K metallic superconductor rather than a semiconductor. 

If this is correct, it should be possible to produce the same eiTect by chemical doping 

at either the Y3+ or the Ba2+ site. It has been long recognised that aliovalent substitution 

in high-temperature superconductors, when the substitute has a lower valence, leads to 

either a decrease in total oxygen content or an increase in average Cu valence or both. One 

particular case has been that of partial substitution of divalent Ca in place trivalent Y in 

Yi_rCaxBa2Cu307_8 system, which exhibited several interesting features depending on the 
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sample preparation conditions. Essentially, the optimally oxygenated samples are prepared 

by the usual procedure of furnace cooling in oxygen or by prolonged slow cooling in oxygen 

with high partial pressures [9]. In both cases, as x increases from zero to about 0.35, the 

samples show a gradual decrease in superconducting critical temperature Tc. However, while 

in the former case, a systematic decrease in the oxygen content along with an essentially. 

invariant average Cu valence is seen, in the latter case, there is little change in oxygen 

content along with an increase in average Cu valence. Also the X-ray diffraction data of 

the former samples shows little or no change in the size and structure of crystallographic 

unit cell. These observations conclude that with Ca substitution the oxygen depletion was 

presumably taking place within Cu02 planes. In these samples, there is a lot of controversy 

about the decrease in T, as the Ca content in the sample is increased. One understanding is 

that[10] it is due to overdoping effect caused by partial substitution of Ca2+ at (RE)3+ site 

and then the decrease in T, is due to oxygen loss in the Cu-0 chains. While Narlikar et al. 

[11] suggest that, this decrease in T, is due to disorder in Cu-0 planes and is reflected by 

increase in normal state resistivity. This disorder is caused due to Ca2+ preferring sixfold 

coordination as compared to eightfold coordination of (RE)3+. 

In case of under-doped samples there is a general agreement that as Ca is doped in 

the system, it introduces holes into Cu02 planes. While some differences over the exact 

mechanism still remain. The present work, was carried out with the interest to test some 

of the above contentions, including the role of local structural disorder in Cu02 planes and 

chains in relation to superconductivity. 

In this Chapter, we have investigated Ca substitution in optimally-doped 

Ybi_xCaxBa2Cu307_8 system and under-doped Ybi_,,CaxBa2Cu306+8 system. We have 

chosen, (RE) as Yb3+ in our system for the reason being that the ionic radius of Yb3+ in 

eight fold coordination is 0.98 A which is very close to the ionic radius of Ca2+ in its six fold 

coordination which is 1.00 A. This would also give higher hole concentration in the system. 

115 



We have substituted about 20 at.% of Sr at Ba site which is reported to increase the 

solubility limit of Ca in the 1:2:3 structure from about 15 % to about 35 % [12]. 

4.2 Role of calcium in suppressing the superconduc-

tivity 

(RE)i_xCa,(Bao.sSro.2)2Cu307_,5 system has been very interesting, because it may give clues 

to the origin of the high temperature superconductivity in cuprate superconductors. The 

aliovalent substitutions in high-T, superconductors are of considerable interest, as they can 

substantially change the effective copper valence in the cuprate superconductors [13, 14]. 

It is well understood that in 1:2:3 system, the carrier density can be enhanced either by 

increasing the oxygen stoichiometry or by on-site cationic substitutions with dopants of 

lower valence state. The Cu valence can not be increased beyond its optimum value by-

increasing the oxygen stoichiometry due to instability in its structure. In such a situation 

the only alternate strategy left is to realise the objective by substitution of lower-valence-

state cations. 

In the case of the 1:2:3 system, one of the most extensively studied substitutions is 

where (RE)3+ is partly replaced by Ca2+ [15, 16, 17, 18, 19, 10]. The results reported in the 

literature are however varied. Some groups suggest that such a substitution creates vacancies 

[17, 10]. Interestingly at the same time X-ray-diffraction (XRD) data of the other workers 

indicate no change in the lattice parameters of the parent material up to 20 at.% of Ca 

substitution [17, 18]. This behaviour remains to be understood. This apart, the T, decrease 

with Ca substitution is attributed to the material becoming overdoped [17, 10]. Such an 

interpretation is questioned by some of the workers [11, 20]. 

According to Awana et al. [11] Ca2+ incorporation within the solubility limits in place 

of Y3+ has three main effects: (1) Decrease in T, and increase in normal state resistivity, (2) 
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lattice parameters a, b, and c remain invariant and (3) effective copper valence essentially 

remains unchanged while oxygen stoichiometry of the system is decreased. The invariance 

of Cu valence with Ca doping is contrary to the general belief that Ca substitution leads 

to overdoping [17, 18, 19] of the 1:2:3 system, and thereby lowers Tc. This is reflected 

in the resistivity measurements which shows the increase in the normal-state resistivity of 

the system with Ca-doping. They found that there is no change in the a, b and c lattice 

parameters and hence no change in the orthorhombicity of the system. This implies that, 

the oxygen is presumably not removed from the Cu-0 chains. No change in c parameter in 

this system with Ca doping suggests that Ca enters at the Y-site with the same ionic size 

as Y. The ionic size of Y3+ in eightfold coordination is 1.02 A, which matches more closely 

with that of Ca2+ in sixfold coordination (1.00 A) rather than in eightfold coordination (1.12 

A). This suggests that Ca at a Y-site would prefer sixfold coordination instead of eightfold 

coordination. This would necessarily imply creation of oxygen vacancies in the adjoining 

Cu02 planes. Since superconductivity is presumably supposed to reside in these planes, the 

oxygen disorder thus created is expected to have deleterious effect on Tc, which is observed 

with Ca substitution. 

Recently, Bottger et al.[21], have carried out a detailed neutron diffraction work on 

Yi-rCa,Ba2Cu307_8. They have found a correlation between the buckling in the Cu02 

planes and Tc. Charge distribution within the structure via measurement of the Cu-0 dis-

tances and calculation of 'bond valence sums' have also been determined. From their results 

they have concluded that the partial substitution for Y3+ with CO+ introduces additional 

hole carriers in the structure and makes the system accessible far in to the overdoped region. 

They have therefore attributed the decrease in T, to an increase in hole concentration in the 

CuO 2 planes. 

In order to understand the role played by Ca in suppressing the superconductivity and 

the eiTect on the local environment of Cu, it is important to study the local structure of Cu in 
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these compounds as Cu-0 chains/planes play important role in superconductivity. We have 

therefore undertaken a systematic study of the structure in particular the local structure of 

Cu by Cu K-edge EXAFS studies supported by X-ray Rietveld refinement and IR absorption 

studies in Ybi_xCas(Ba0.8Sr0.2)2Cu307_6 system. 

4.3 Role of calcium in enhancing the superconductivity 

The study of superconductivity in partially oxygenated Ybi_xCas(Ba0.8Sr0.2)2Cu306+6 sys-

tem is quite different from that of optimally-doped Ybi_sCas(BaosSro.2)20-1307_6 system. 

Unlike in the case of optimally doped samples here there is no controversy regarding the 

near neighbour environment of Ca. It is believed that Ca2+ replaces (RE)3+ preserving the 

eightfold coordination of the rare earth [22]. This is reflected in the increasing c parameter 

with Ca concentration. Hence the enhancement of T, is clearly due to hole doping by Ca. 

According to Yamauchi and Karppinen [23], there are three hole doping mechanisms in a, 

(RE,Ca)Ba2Cu306+6 system: 

1. Incorporation of oxygen into the Cu-0 chains induces a gradual movement of apical 

oxygen(0) towards Cu in the Cu-0 planes. 

2. Or pulling Ba away from the Cu-0 planes and 

3. As the oxidation proceeds, while partial substitution of trivalent (RE) by divalent Ca 

introduces holes into the Cu-0 planes by increasing the effective 0(p1)-(RE,Ca) bond 

length. 

When the oxygen content of the system is varied the variation of T, is said to take place in 

accordance with the change in hole concentration through mechanism 1 and/or mechanism 

2. 

According to McCarron et, al. [24], superconductivity in the absence of Cu-0 chains is 

achieved by partial oxidation of CIO+ to Cu3+ specifically within the copper oxygen sheets via. 
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substitution of Ca2+ for Y3+. Since Cu(1) ions are electronically decoupled from the Cu(2) 

ions when the chains are not present, this result implies that there is a superconducting 

pairing mechanism operating in the Cu-0 sheets. The Cu-0 chains are, however, apparently 

necessary to achieve 90K superconductivity in this structure. Parise et al. [25] also support 

the above view. According to them, substitution of Ca2+ for Y3+ in 1:2:3 underdoped system 

leads to oxidation of the Cu02 sheets. Structurally this corresponds to a flattening of the 

Cu2-02 sheet with respect to 1:2:3 underdoped system. A recent paper by Fujinami et al 

[26] hints at mechanism 3 to be the cause for T, variation in the Ca doped samples. 

Study of local structure of Cu, especially the planar Cu as a function of Ca content in 

the underdoped system, Ybi_xCax(Bao.sSro.2)2Cu306+8 would give direct evidence to above 

conclusion. In addition, it will also help us to understand the mechanism of the hole doping 

in the system. As mentioned earlier, we have therefore undertaken a systematic investigation 

of Cu K-edge EXAFS supported by Rietveld structure analysis and IR absorption studies in 

this underdoped system. 

4.4 Experimental 

Both optimally doped and underdoped samples of Ybi,Ca.(Bao.sSro.2)2Cu307_8 system 

were prepared by the solid state reaction method as described in the Chapter 3. 

The oxygen reduced samples (underdoped) were obtained by annealing portions of the 

optimally doped samples in argon atmosphere at 800 °C for 3 hours followed by furnace 

cooling in argon atmosphere. When the samples are annealed in argon, their oxygen stoi-

chiometry goes down. This is because the oxygen from the chains of Cu02 are removed by 

Ar annealing. This reduces the b-lattice parameter and becomes equal to that of a-lattice 

parameter making the system tetragonal. 
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4.5 Results and Discussion 

4.5.1 Characterisation of the samples 

Optimally doped samples 

X-ray diffraction 

X-ray analysis shows that, the optimally doped samples of Ybi„Caz(BaosSro.2)2Cu307_8 

system are single phase with traces of impurity phases at higher values of x (> 0.25). Fig. 

4.1 shows X-ray patterns for all the optimally doped compounds studied. The splitting 

of lines (200, 020) correspond to the orthorhombic structure in the samples. The results 

of preliminary X-ray analysis are presented in Table 4.1. The results show an interesting 

change in trend of lattice parameters upon addition of Ca into the pure compound. Firstly, 

when up to 15 at.% Ca is added to the pure compound a and c parameters increase, whereas 

b parameter remains nearly invariant. Further addition of Ca makes c-parameter decrease 

appreciably, while a and b parameters continue their earlier trend. The unit cell volume 

however, increases with the Ca content. The orthorhombic distortion defined as (b-a)/b 

expectedly decreases with Ca content. 

Resistivity Measurements 

The resistivity measurements for the Ybi-xCar(Bao.sSro.2)2Cu307_8 system were carried out 

at very low temperature using the Closed Cycle Refrigerator at National Physical Labora-

tory, New Delhi. The four-probe method was employed to measure the resistance of the 

samples as a function of temperature. The samples were taken in the form of rectangular 

strips and the electrical contacts were made using silver epoxy paste. All the samples ex-

hibit superconducting behaviour. The plot of resistivity verses temperature is presented in 

Fig. 4.2. The values of the transition temperature for different samples are given in Table 

4.1. They exhibit a decrease in superconductivity with increasing Ca concentration. It is 

interesting to note that for 15 at.% of Ca content normal state resistivity is higher than that 
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Table 4.1: Lattice parameters (a, b, c), unit cell volume (V), critical temperature (Tc), 

oxygen content (7-S), orthorhombic distortion (O. D.), average copper valence (V(Cu)), 

critical hole concentration per Cu (pc) and hole concentration per Cu at the sheet site 

(psh„t)for Ybi_sCas(Ba0.8Sr0.2)2Cu307_,s system where x indicates nominal composition of 

the compounds 

x a (A) b (A) c (A) V (A3) Te 7-5 O. D. V(Cu) Pc Psheet 

0.00 3.7856 3.8645 11.557 169.08 82 6.87 0.020 2.2466 0.126 0.181 

0.15 3.7998 3.8627 11.5698 169.82 77 6.81 0.016 , 2.2566 0.105 0.227 

0.25 3.821 3.863 11.549 170.52 70 6.78 0.010 2.27 0.095 0.262 

0.35 3.830 3.861 11.531 170.5 50 6.76 0.008 2.29 0.088 0.302 

of pure compound while for higher Ca containing samples there is a significant decrease in 

the normal state resistivity. 

Chemical analysis 

The chemical analysis have been carried out in order to know the true compositions of the 

elements in the samples. The different methods such as Atomic Absorption Spectroscopy 

method (AAS), electrochemical method and iodornetric titration method have been used 

to carry out the analysis of different elements present in the compounds. With the help 

of AAS, the percentage of the elements such as Yb, Ca and Ba has been deduced while 

„ electrochemical analyser has been used to deduce the percentage of Cu in the compounds. 

From both these techniques, the elemental compositions were found to be within + 4% of 

their respective nominal values. 

The most important part of the analysis in these compounds is that of oxygen. The 

properties of high I', superconductors are critically dependent on the oxygen stoichiometry 

in the compound. We have therefore used iodomctric titration method described by [271 
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to estimate the oxygen content in these samples. The values of the oxygen content (7-S), 

determined by this method are given in Table 4.1. The values of the average copper valence, 

critical hole concentration per Cu and hole concentration per Cu at the sheet site of the 

compounds have been estimated by using the following equations [28]: 

V(C ) = Ex — 7 + 2(6 + z)I3] 

Pc = [- 2.21 + 0.34(6 + z)] 
	

(4. 1) 

P.theet = [3(p — pc)/2] 

where x is the concentration of Ca in the compound and p is the average hole concentration 

and is given by the equation 4.2 

P — (Pchain 	2Pshcet)/3 
	

(4.2) 

In this system we have observed that the oxygen content decreases with Ca doping which is 

in good agreement with the results reported by Greaves and Slater [15]. This fact suggests 

that the reduction in oxygen content is due to a charge balance associated with substitution 

for trivalent Yb with divalent Ca. This results in a decrease in the effective copper valence. 

One striking feature that comes out of these studies is the decrease in c parameter for 

Ca content above x = 0.15. When Ca is doped on to the Yb site, it can either have a 

eight fold coordination as that of Yb or a sixfold coordination. In both the cases the c 

parameter cannot decrease as the ionic radius of Ca2+ in 8-fold coordination is 1.12A while 

in 6-fold coordination it is lA as compared to 0.98A of Yb3+ in 8-fold coordination. The 

only possibility that can account of the decrease in c is that for higher concentration Ca 

also substitutes Ba site and the relative fraction of Ca at Ba site to that of Ca at Yb site 

increases. Such a thing has been observed earlier both in polycrystalline samples [18] and 

in single crystals [21]. Now, with Ca substituting on two sites, the decrease in c parameter 

can be very well explained on the basis of ion size effect. The ionic radius of Ba2+ in tenfold 

coordination is 1.52A , while that of Ca in the same coordination is 1.28A and this difference 
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in ionic radii manifests itself in decreasing c parameter. This also indicates that the solubility 

limit of Ca going to Yb site is around 15% and any excess Ca doped in the system perhaps 

goes to Ba site. This will be further verified by our Rietveld refinement of diffraction pattern. 

Under-doped samples 

X-ray Diffraction studies 

In case of under doped Ybi_xCaz(Ba0.8Sr0.2)2Cu306+8 system, X-ray diffraction patterns 

show all samples except x = 0 sample to be essentially single phase having a tetragonal 

structure (Fig 4.3). In the case of x = 0 the sample was found to be multiphase and hence 

has not been used for further analysis. The values of lattice parameters are presented in the 

Table 4.2. It has been observed from this table that when Ca is doped at Yb-site, there is not 

much change in the a and b parameters but the c parameter increases. We could therefore 

suggest that unlike in the optimally-doped system, here the Ca goes only to Yb site even up 

to about 35 at.%. 

The above findings reveal that the effect of Ca substitution on oxygen-deficient system 

is not different from that of fully oxygenated samples [11, 16, 17, 19]. Also the increase in 

c-parameter indicates that Ca2+ prefers eightfold coordination as that of the Y133+ ion in 

the system. This increases the number of holes in the system and as a result it enhances 

Tc. In the present case the T, first increases sharply and then some what saturates to about 

49K. This is reflected by the increase in c parameter at a faster rate in the initial stage and 

subsequently remains more or less constant. 

Resistivity Measurements 

The resistivity measurements carried out on all samples exhibit metallic behaviour as can be 

seen in Fig. 4.2. The T, values for these samples are given in Table 4.1. In this system the 

trend of resistivity in the normal state is different to that of optimally doped compounds. 

In this case the resistivity patterns show decrease in the normal state resistivity with Ca 
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Fig. 4.3: Powder X-ray diffraction patterns of Ybi_xCax(Bao.sSro.2)2Cu306+8 system 
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Table 4.2: Lattice parameters (a, b, c), unit cell volume (V), critical temperature (T,), oxygen 

content (6+6), average copper valence (V(Cu)), critical hole concentration per Cu (pc) and 

hole concentration per Cu at the sheet site (DI sheet) fOr Ybi_sCa,(Bao.sSro.2)2Cu3064.5 system 

where x indicates nominal composition of the compounds 

x a (A) b (A) c (A) V (A3) Tc(K) 6-F6 V(Cu) pc psi,„t 

0.15 3.8280 3.8280 11.614 170.19 15 6.49 2.04 -0.0034 0.0651 

0.25 3.8383 3.8383 11.640 171.48 43 6.50 2.08 0.0000 0.1200 

0.35 3.8381 3.8381 11.642 171.49 49 6.49 2.11 -0.0034 0.1701 

doping in the system. So it is clear that in under-doped system the increase in T, with Ca 

doping is due to doping of holes in the Cu-0 planes by substituting Ca2+ for Yb3+. 

Chemical Analysis 

Iodometric studies on the under-doped system show that the oxygen content in the samples 

is almost constant. When Ca is doped in the samples, the effective Cu valence increases 

slightly but essentially remains close to 2. The critical hole concentration per Cu in all three 

samples is almost zero indicating that these samples do not have 0(1) atoms on the b-axis 

as expected for Y-123 which has tetragonal structure. The hole concentration per Cu in 

the sheets increases with Ca and hence T, increases which supports the observed resistivity 

behaviour. 

From the results of the above experiments, we can conclude that: 

1. When Ca is added to under-doped system, it goes to Yb-site thereby increasing the c 

parameter. 

2. Initially the increase in c lattice parameter is faster and subsequently remains more or 

less constant. This reflects that Ca prefers eightfold coordination when its concentra-

tion is up to 25 at.%. Later on, with more Ca doping, it prefers sixfold coordination 

127 



100 	200 
Temperature (K) 

300 

4 

3 

2 >, :•-• › 47. co 
'in 
a) 

Ce 

Fig. 4.4: Plot of resistivity v/s temperature of Ybi_xCa.(Bao.sSro.2)2Cu306+8 system 
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thereby without much increasing c parameter. The former situation is clearly more 

favourable for superconductivity and can be supported by the change in Tc. 

From the decrease in the normal state resistivity of the system with Ca doping we can 

conclude that the enhancement in superconductivity is due to overdoping. It leads to the 

understanding that in under-doped system the increase in T, with Ca doping is due to holes 

in the Cu-0 planes by partial substitution of Ca2+ by Y133+. 

4.5.2 Rietveld Analysis 

Rietveld analysis of optimally-doped samples 

The decrease in c parameter, as obtained from X-ray diffraction measurements gives some 

indication that at higher concentrations Ca may also be going to Ba-site when doped in 

Ybi_xCas(Ba0.8Sr0.2)2C11307_,5 system. In order to verify this possibility, we have analysed 

the diffraction patterns with Rietveld refinement technique. It shows that the structure is 

similar to Y-123 (orthorhombic, space group Pmmm). The structural parameters obtained 

from the refinements are given in Table 4.3. As a typical example Fig. 4.5 shows Rietveld re-

fined X-ray diffraction pattern of Ybi_sCas(Bao.sSro.2)2C11307_8. We see that the agreement 

between the observed and calculated patterns is good. 

With the Rietveld structure refinement method a clear evidence was found for our sugges-

tion that Ca may also be located at Ba sites at higher concentration of Ca. The substitution 

of Ca at the Yb site and Ba site is evidenced by a change in the X-ray scattering amplitude 

due to change in atomic numbers of Yb (Z = 70), Ba (Z = 56) and Ca (Z = 20) and also by 

a local distortion of the structure. 

For this system we found that a Ca substitutes for both, Yb and Ba depending on the 

overall Ca concentration. At low Ca concentrations only Yb is replaced by Ca whereas at 

higher Ca concentrations a substitution for both, the Yb and the Ba site and as the Ca 

concentration increases the relative fraction on the Yb site decreases. The Ca incorporation 
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in the orthorhombic phase of 1:2:3 system leads to the following structural changes: 

1. The increase in a-parameter; initial increase in c-parameter up to 15 at.% followed by 

a decrease in this parameter. 

2. The unit cell volume increases slightly. 

3. The orthorhombicity decreases. 

4. In the Cu02 plane the buckling is diminished, which is reflected in the decreasing z/c 

coordinate of 0(2,3). 

5. The Cu(2) and apical oxygen 0(4) are moving mutually away from each other, and 

hence the apical bond length Cu(2)-0(4) is increasing a typical reason for decrease of 

Tc in Y-Ba-Cu-O family. 

6. The fractional z/c-coordinate of the Ba2+ ion is increasing; this ion is shifted away 

from the basal plane towards the Cu02 plane. Consequently, the distance Yb(Ca)-Ba 

decreases while Ba-0(1) increases. 

7. As a consequence of above, the distances Ba-0(2) and Ba-0(3) decrease. 

8. Resulting from the mutual movement of the Ba ion and of the apical oxygen 0(4) away 

from each other, the buckling of the Ba-0(4) layer increases. 

9. The distances Yb(Ca)-0(2) and Yb(Ca)-0(3) increase. 

The changing lattice parameters contradict with the observation of Awana et al. [11] that 

lattice parameters remain invariant with substitution of Ca. Invariance of lattice parameter is 

attributed to the preference of 6-fold coordination of Ca to rare-earth ions 8-fold coordination. 

They also claim that such a thing induces a disorder in the Cu-0 planes which is the cause 

of decreasing Tc in this system. Our results show that the lattice parameters do change 

indicating Ca2+ to be in 8-fold coordination. However, the normal state resistivity increases 
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as we go from undoped to 15% Ca doped sample. Combining both these observation we 

can only say that the movement of apical oxygen away from Cu(2) could also result in slight 

disorder in its position resulting in an another crystallographic site 0(5) as shown by Bottger 

et al.[29] from their neutron diffraction measurements. Such a disorder could be the reason 

for decrease in T, for samples wherein Ca substitutes only at the Yb site. For samples with 

Ca substituting at both Yb and Ba sites there will be an additional disorder at Ba site also 

which will reduce the T, further as in case of YBa2_xSrxCu307_8 samples. There are reports 

[18, 21] which indicate such a possibility but a detailed investigation on such samples is very 

much necessary to fully understand the role of Ca at Ba site. 

Hence from our results we can conclude that the main effect of Ca doping is the increase 

of the distance between the Cupi-Opi planes separated by Yb(Ca) due to the substitution of 

the smaller Yb3+ by the larger Ca2+. The lower positive charge at the Yb site due to the 

divalent Ca ions diminishes the electrostatic attraction between Yb(Ca) and Op/ atoms in the 

adjacent Cu02 planes as well as the electrostatic repulsion between Cupt and Yb3+(Ca2+). 

These two effects are compensated electrostatically by a shift of the Cup/ ion away from the 

single chain toward Yb3+(Ca2+). Simultaneously, the oxygen atoms Opt of the Cu02 planes 

are shifted toward Cup/ and Ba. Consequently, the buckling of the Cu02 plane is reduced. 

This seems to be an effect which is common in Y-Ba-Cu-O materials when doped with 

Ca. As a consequence of the increasing fractional z/c-coordinate of Cup/ and of the slightly 

decreasing fractional z/c-coordinate of Oap the apical bond length Cup/4%p is increasing, 

too. Hence the Cupi-Cupi distance is reduced. A common effect is the shift of the Ba atom 

towards the Cu02 plane. Ba-ion changes its relative position in the surrounding oxygen 

cage. 
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Table 4.3: Structural parameters for Ybi_xCax(Bao.sSro.2)2Cu307_5 system 

x 0 0.15 0.25 0.35 

Z -- 8 6.87 6.81 6.78 6.76 

a(A) 3.7856(6) 3.7998(1) 3.821(1) 3.830(1) 

b(A) 3.8645(7) 3.8627(2) 3.863(1) 3.86i(1) 

c(A) 11.557(2) 11.5698(2) 11.549(4) 11.531(4) 

V(A3) 169.08(5) 169.82(2) 170.52(9) 170.5(1) 

Rwp 20.39 30.22 30.37 31.06 

Resp 27.24 28.70 28.11 28.14 

RB 16.11 14.32 15.92 19.47 

Yb/Ca B(A2) -0.0935 -0.7121 -0.9604 -0.4618 

N .01875 .0249(2) .0194(4) 

Ba/Sr/Ca z/c 0.183(1) 0.184(1) 0.184(1) 0.181(1) 

B(A2) 2.3448 1.9216 2.8568 2.2447 

N - - 0.0062(4) 0.0243(5) 

Cu(1) B(A2) 0.6462 0.2771 0.6830 0.3312 

Cu(2) z/c 0.357(2) 0.359(2) 0.354(2) 0.355(2) 

B(A2) 0.3679 0.7443 0.4151 0.6399 

0(1) B(A2) 1.4032 1.0642 1.4519 -0.9794 

0(2) z/c 0.395(7) 0.388(8) 0.388(9) 0.394(11) 

B(A2) 1.5572 1.6609 1.5551 0.8288 

0(3) z/c 0.363(7) 0.366(7) 0.369(8) 0.365(10) 

B(A2) -0.9659 -1.0615 -0.1577 -0.5098 

0(4) z/c 0.160(8) 0.159(5) 0.158(5) 0.158(13) 

B(A2) -0.7995 -2.6383 -2.9263 -2.7571 

(Values in bracket indicate uncertainties in the last digit) 
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Rietveld analysis of under-doped samples 

In order to refine structural parameters and check the site occupancy of various cations, 

Rietveld refinement of X-ray diffraction patterns have been studied. This analysis of diffrac-

tion patterns of Ybi_xCax(BaosSr0.2)2Cu306+6 system was carried out using P4/mmm 

space group. As a typical example Fig. 4.6 shows the X-ray diffraction pattern of 

Ybi_xCa,(BaosSro.2)2Cu306+8 system measured on Rigaku Geigerflex X-ray diffractome-

ter. We see that the agreement between the observed and calculated patterns is good. The 

parameters obtained after Rietveld refinement are shown in Table 4.4. The results presented 

below show that the variations in unit cell parameters and interatomic distances and angles 

are consistent with the substitution of Ca2+ for Yb3+ causing oxidation only in the Cu sheets 

in the system. This oxidation (removal of electrons from the dx2_y2 antibonding orbitals) 

is reflected in a constant contraction of the in-plane Cu(2)-0(2) distance and a constant 

elongation of the out-of-plane Cu(2)-0(4) distance as Ca content increases. Similarly, the 

a-parameter remains almost same with Ca content, consistent with the shortening of the 

Cu(2)-0(2) bond length. The Cu(1)-0(4) distance, as expected [24, 30, 31], does not vary 

within experimental error. This observation is in agreement with previously reported X-ray 

absorption measurements [30] which indicated a constant amount of Cu(1) in these materials. 

On the other hand, more complex behaviour of the c lattice parameter results from 

competition between sheet flattening, due to electron removal, and the substitution of the 

larger Ca2+ for Yb3+. At low values of Ca, the distances between atoms across the sheets 

increase as expected for the replacement of the smaller Yb3+ by Ca2+ (ionic radius 0.98 

A and 1.12 A, respectively). However, contrasting with the increase found for the 0(2)- 

0(2) distance, the Cu(2)-Cu(2) and Yb/Ca-Cu(2) distances both initially increase and then 

decreases sharply after x = 0.15. In other words, the Cu(2) atoms, facing each other across 

the sheets, come closer together, while the 0(2) atoms move apart. Hence, the individual 

sheet flattens as x increases. Consequently, there is an increase in the 0(2)-Cu(2)-0(2) angle 
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and a decrease in the difference (A) between the z-atomic parameters for Cu(2) and 0(2). 

Sheet flattening as Ca replaces Yb is observed in other cuprate systems, some of which also 

exhibit a similar insulator to superconductor transition. 

Moreover, as reported by J. B. Parise et al. [25], at a critical point (near x = 0.25) there 

is a large change in the aspect of the sheet, as evidenced by sharp decreases in Az, Cu(2)- 

Cu(2), and Yb/Ca-Cu(2) distances. It is at roughly this value of x that the superconducting 

fraction for samples synthesized using solid-state techniques is a maximum [30) and that the 

solid-solution limit is reached [31J. We have observed exactly reverse trend as observed by 

J. B. Parise et al. This may be because in our samples we have additional Sr at Ba site and 

there is monotonic increase in the c lattice parameter. 

We have also observed that the solubility limit for Ca going into the system is only about 

28%. This could also be a reason for behaviour of T, which initially increases from 15K to 

43K as x changes from 0.15 to 0.25 and then saturates to 49K for x 0.35(nominal value). 

It is tempting to correlate this change in the aspect of the sheet with the onset of bulk 

superconductivity. However, more work on homogeneous materials is required to test this 

speculation. 

As has been pointed out in several studies [3, 32, 33], there appears to be a distinct 

correlation, at least within the one family of the materials, between the in-plane Cu-0 

interatomic distance, the level of oxidation and 71,. A compendium of much of this data 

has been presented [32] in which the superconductors are considered as three families, those 

based on La, Sr, and Ba. Each family appears to have a different optimum value of Cu-0 

bond length; Tc, at this optimum, increases in going from La to Sr to Ba. The conclusion 

drawn is that a different optimum level of oxidation exists for each class of superconductor. 

Further, T, increases as bond strength increases toward the optimum. 

Substitution of Ca2+ for Yb3+ in Yb(BatisSro.2)2Cu306+8 leads to oxidation of the CuO2 

sheet and bulk superconductivity. Structurally this corresponds to a flattening of the [Cu(2)- 
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0(2)] sheet. 

4.5.3 Infra-red Spectra 

IR spectra of optimally-doped samples 

The IR spectra of Ybi_xCa.(BaosSro.2)2Cu307_45 system have been studied at room tem-

perature in the range of 400 to 800 cm-1. The spectra are presented in Fig. 4.7. From the 

substitution of different elements in the lattice of the superconductor one can, in principle, 

identify certain phonon modes by their frequency shift due to the mass change, provided the 

binding forces remain constant. Substituting the Y-ion by one of the larger ionic radius ex-

pands the lattice less than expected from the excess volume. Especially along the c-direction 

bonds become shorter, so that the stretching vibrations increase in frequency due to anhar-

monicities. The opposite may occur in the case of bending modes, as for the in-phase and 

out-of-phase 0(2)/0(3) vibrations, where one expects a softening to occur because of larger 

nearest neighbour distances resulting from the net expansion of the Cu02 planes. These 

active bands give information about the changes in various vibrational modes and hence 

changes taking place in Ba-O planes and Cu-0 planes in the compounds upon addition of 

the dopant. 

The situation becomes more complicated when the chemical binding conditions are al-

tered. This can be achieved by substituting an element by different element having different 

valence. This will modify the structure of the compound and also change the effective force 

constant because of the anharmonicity of the potentials. 

In the present system, we have doped Ca on Yb-site. In the spectra recorded of this 

system, it has been observed that the sample with no calcium is characterised by a marked 

increase of the background absorption, as expected and observed for a fully oxygenated 

YBa2Cu307_8 [34]. For Ca content > 25% there is sudden change observed in the IR 

spectra. The spectra are very much similar to the sample with low oxygen content. In 
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Table 4.4: Structural parameters for Ybi_xCax(BaosSro.2)2Cu306+8 system 

x* 0.15 0.25 0.35 

4-<5 6.49 6.50 6.49 

a(A) 3.8280(6) 3.8383(4) 3.8381(3) 

b(A) 3.8280(6) 3.8383(4) 3.8381(3) 

c(A) 11.614(3) 11.640(2) 11.636(2) 

V(A3) 170.19(6) 171.48(4) 171.43(4) 

Rwp 35.08 34.45 33.82 

Rexp 27.71 28.96 28.81 

Rs 27.79 16.69 15.85 

Yb/Ca B(A2) 0.3828 0.3644 1.2156 

Ba/Sr z/c 0.191(2) 0.194(1) 0.194(1) 

B(A2) 2.2948 1.3294 1.1139 

Cu(1) B(A2) 1.5005 2.6652 4.2903 

Cu(2) z/c 0.351(3) 0.354(1) 0.351(2) 

B(A2) 0.1943 0.7000 L2064 

0(2) z/c 0.379(9) 0.370(6) 0.365(5) 

B(A2) -5.7197 -3.4202 -3.9907 

0(4) z/c 0.156(12) 0.156(14) 0.155(9) 

B(A2) -1.1666 3.3639 0.1619 

(Values in bracket indicate uncertainties in the last digit) 

x indicates the nominal composition of the compounds. 
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our case however, the S -"se, 0.2 and hence such a change could be due to some disorder of 0 

sites. 

In the pure Yb(Ba0.8Sr0.2)2Cu307_8 sample we observe two bands, one at 520 cm-1 which 

is due to Cu(2)-0(3) vibrations [35] and another at 617 cm-1 which is due to Cu(1)-0(4) 

vibrations [36, 37]. The sample with 15% Ca, also exhibits a similar spectra except that the 

bands are more clearly visible. When the Ca content is increased to 25 at.% a distinct band 

at 446 cm-1 emerges from the background. The intensity of the 520 cm-1 band increases 

and there is a shift in 617 cm-1 band towards higher frequency by about 14 cm-1. When 

the percentage of Ca is further increased to 35 at.% the 617 cm-1 band further shifts to 

higher frequency while the other bands remain at nearly same frequencies. The band at 

446 cm-1 which appears for samples with > 25 at.% Ca can be assigned to vibrations of 

0(4) [35]. This may be due to the disorder created in Ba-0 plane because of excess of Ca 

going to Ba site instead of Yb site. From Rietveld refinement it is seen that up to 15% Ca 

substitutes Yb and hence there is no new band in IR spectra. But for higher Ca content, 

the excess Ca goes to Ba-site, which causes a large disorder in the Ba-0 plane. Since 0(4) is 

the nearest neighbour to Ba, its vibrations are greatly affected, giving rise to a new mode at 

446 cm-i. Such a site disorder also believed to be one of the likely causes of suppression of 

T, in the Ybi_xCar(BaosSro.2)2Cu307_8 samples [38]. This site disorder may be the reason 

for considerable weakening of the Cu(1)-0(4) stretch. The third band which is at around 

617 cm-1 continuously changes its peak position as the Ca is introduced into the sample. 

This band moves towards higher energy side at about 630 cm-1. This may be possible 

because substitutions of ionic-species for Yb and Ba site introduce stronger disturbances in 

the lattice and hence a variation in lattice constants which influences the lattice vibrational 

modes. We have observed one more band at a fixed position of 690 cm-1 whose intensity 

increases continuously- as Ca is added to the sample. It is difficult to identify this band and 

there is no report about it in the literature. Usually these type of compounds are studied 
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in the far infrared region where one can get a lot of information on Cu-0 bonds. But as 

mentioned in Chapter 3, due to unavailability of such a facility, we have limited our study 

to the region between 400 cm' to 800 cm". 

IR spectra of under-doped samples 

Ar annealed samples of Ybi_rCax(Ba0.8Sr0.2)2Cu306+8 system have been investigated at 

room temperature by infrared absorption spectroscopy in the spectral range, 400 to 800 cm'. 

The transmittance spectra are presented in Fig. 4.8. Removing oxygen from the system by 

annealing the samples in Ar atmosphere at high temperature reduces the conductivity and 

eventually creates the semiconducting material. Thus the screening within the Cu-02-layers 

is reduced and more lattice vibrations become visible [35]. 

As an increasing number of holes are doped, the materials become metallic, a free-carrier 

Drude component develops and the conductivity increases in IR region corresponding to and 

in reasonably good agreement with the increase in the dc conductivity. In this, doped holes 

are localised by inducing a polarization cloud around them by distorting the lattice. 

In our study on Ybi_,Cax(Bao.sSro.2)2Cu306+8 system, we have observed four distinct 

IR active bands in the system. The band at 520 cm' is very strong in all the samples and 

is due to Biu antisymmetric stretching motion of the bridging 0(4) atoms [39]. The next 

band at 588 cm' is also quite strong in the first sample and as the Ca content in the system 

increases its intensity decreases. According to Ruani et al.[34], the band at 588 cm-1 is 

related to the defects in Cu(1)-0(1) plane and these defects are induced by the 0(1) site 

occupancy. Since in these oxygen deficient samples very little oxygen is present at 0(1) site, 

the band can be due to the defects in Cu(1)-0(1). According to Feile and Sugai [35, 37] 

the band at 588 cm' is due to 0 atoms in the Cu-0 plane sandwiching Y atoms. The 

interesting thing observed in this band is the monotonic shift in the position of this band. 

This shift is towards higher frequency side indicating softening of the Cu-0 bond in Cu-0 

141 



Tr
a

ns
m

ita
nc

e  
(a

rb
.  u

n i
ts

)  

400 450 500 550 600 650 700 750 800 
Cm-1 

Fig. 4.8: IR spectra of Ybi_xCax(Bao.sSr0.2)2Cu306+5 system 
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plane. The substitution of Ca at Yb site introduces holes into the Cu02 planes by increasing 

the effective 0(p1)-(Yb,Ca) bond length. This increases the buckling angle between the 

Cu(2)-0(2) atoms and hence decreasing the Cu(2)-0(2) bond length. This could be one of 

the likely causes of enhancement of T, in the Ybi_xCax(Bao.sSro.2)2Cu306+6 system.. 

The intensities of other bands which are in the vicinity of 650 cm-1 and 690 cm' decrease 

with the Ca doping. There is a small shift in their positions towards lower frequencies. 

However, with the available literature we are not in a position to assign these bands to any 

stretching modes. 

4.5.4 X-ray absorption 

We have measured the extended X-ray absorption-fine-structure (EXAFS) at the Cu K-edge 

of Ybi_xCax(Bao.sSro.2)2Cu307_8 system with 0 < x < 0.35 at room temperature. 

The experimental conditions and the method of analysis are same as discussed in Chapter 

3. The changes in the local structure around copper ions were determined as a function of 

dopant concentration. 

EXAFS analysis of optimally-doped samples 

For each sample, a detailed EXAFS analysis was carried out. Fig. 4.9 shows the nor-

malised Cu K-edge spectrum of Ybi_xCax(BaosSro.2)2Cu307_8 system. And the magnitude 

of Fourier transform of the Cu K-edge spectra for Ybi_xCax(BaosSro.2)2Cu307_8 system is 

shown in Fig. 4.10. Our study is aimed at obtaining local structural information around 

copper sites by using the amplitude and phase functions obtained from Cu K-EXAFS in 

CuO and Y-123. The structure of this system is similar to Y123 system. The analysis 

shows that the Cu(1)-0(1), Cu(2)-0(2) and Cu(2)-0(3) bond lengths are very close to each 

other. These three bond lengths can not be separated and hence we have used weighted 

average of these three bond distances. The bond lengths of Cu(1)-0(4) and Cu(2)-0(4) 
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Table 4.5: Cu-0 bond distances in A of Ybi_xCax(Bao.sSro.2)2Cu307_,5 system 

x Cu(1)-0(4) Average Cu(1)-0(1) 

Cu(2)-0(2) 

Cu(2)-0(3) 

Cu(2)-0(4) 

0.00 1.84(1) 1.92(3) 2.27(3) 

0.15 1.81(2) 1.93(1) 2.30(3) 

0.25 1.82(2) 1.94(2) 2.26(3) 

0.35 1.83(3) 1.95(1) 2.25(3) 

(Values in bracket indicate uncertainties in the last digit) 

are not so close to above three and hence could be separated. From the Fig. 3.1, we see 

that there are two five-fold coordinated Cu sites and one four-fold coordinated Cu site in 

the unit cell. Hence weighted average of the number of nearest neighbour oxygen atoms is 

4.67. The values obtained for Y123 compound i.e. the values of near neighbour distance 

for Cu-0 bonds, amplitude function, phase-shift functions were transferred to the Ca doped 

Ybi_sCaz(Ba0.8Sr0.2)2Cu307_,5 series. This helped us to determine the Cu-0 bond lengths 

of the doped compounds. The Cu-0 bond lengths obtained are given in Table 4.5. When 

up to 15% of Ca is doped at Yb site, it has been observed that bond length of Cu(1)-0(4) 

slightly decreases while the apical bond length and the average bond lengths of Cu(1)-0(1), 

Cu(2)-0(2) and Cu(2)-0(3) slightly increases. This indicates that, there is a shift in position 

of apical oxygen towards the Cu-0 chains. The increase in the average bond length can be 

related to the increasing a parameter. When the concentration of Ca is further increased 

to 25% or more, there is a decrease in the bond length between the apical oxygen and the 

Cu in basal plane. This is mainly due to decrease in the c parameter another points to the 

fact that excess Ca may be going to Ba site. The other bond lengths essentially remain 
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Table 4.6: Cu-0 bond distances in A of Ybi,Cax(BaosSro.2)2Cu306+8 system 

x Cu(1)-0(4) Cu(2)-0(2) Cu(2)-0(4) 

0.15 1.83(4) 1.94(1) - 	 2.27(3) 

0.25 1.83(4) 1.92(2) 2.29(2) 

0.35 1.82(5) 1.92(1) 2.27(3) 

(Values in bracket indicate uncertainties in the last digit) 

unchanged for higher Ca doping levels. 

EXAFS analysis of under-doped samples 

As in the case of optimally-doped samples a thorough analysis of the EXAFS data was 

carried out on each sample of the under doped system. Fig. 4.11 shows the normalised Cu 

K-edge spectrum of Ybi,Cax(BaosSro.2)2Cu306+8 system. And the magnitude of Fourier 

transform of k3x(k) function for Ybi_xCax(BaosSro.2)2Cu306+8 system is shown in Fig. 4.12. 

The structure of this system as obtained from X-ray diffraction is similar to that of under-

doped Y123 compound. All the samples are tetragonal with absence of chains and therefore 

we have considered Cu(1)-0(1) bond as absent or 0(1) site as vacant. Hence the three bond 

lengths fitted in this case are the Cu(1)-0(4), Cu(2)-0(2) and Cu(2)-0(4). Therefore there 

are two five-fold coordinated Cu sites and one two-fold coordinated Cu site in the unit cell. 

Hence weighted average of the number of nearest neighbour oxygen atoms is 4. The Cu-0 

bond lengths obtained, are given in Table 4.6. The structural analysis of EXAFS data was 

focussed on the local environment of Cu in Cu-0 chains/planes. 

From X-ray diffraction studies it has been observed that with increasing Ca content there 

is no change in b-lattice parameter. However, from EXAFS studies, we have observed that 

there is a decrease in Cu(2)-0(2) bond length which is on b-axis. This suggests that there 
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is increase in Cu(2)-0(2)-Cu(2) angle and hence decrease in the buckling. The Cu(1)-0(4) 

bond length has no much effect of Ca doping on the system as can be clearly seen from Table 

4.6. The apical bond length Cu(2)-0(4) increases up to 25% Ca doping and then remains 

almost constant for higher concentration. 

We summarise the results obtained from the above analysis as follows: 

1. In both, the optimally doped and under doped systems, the distance between Yb(Ca) 

and the oxygen 0(2), 0(3) of the adjacent Cu02 planes increases while the Yb(Ca)- 

Cu(2) distance decreases with Ca doping. This is both an ion size effect because Ca2+ 

is larger than Yb3+ and also the effect of the reduced charge at the Y1)3+ site produced 

by Ca2+ substitution. As a consequence of these effects, the buckling in the CuO2 

planes decreases. 

2. The decrease in T, in optimally doped samples is mainly due to increase of Cu valence 

but disorder in oxygen site cannot also be ruled out. 

3. The increase in T, in under doped samples is solely due to hole doping mechanism. 
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Chapter 5 

Summary and Conclusion 

5.1 Introduction 

The discovery of high temperature superconductivity at 40K in copper oxides, viz La-Sr-

Cu-0 system, by Bednorz and Muller and at 90K in Y-Ba-Cu-O systems by Wu et al. has 

simulated enormous experimental and theoretical work on the determination of electronic 

structures of these oxides during the last fifteen years. The common feature of all ox-

ides which show superconductivity above 30K is the existence of non-stoichiometric copper-

oxygen layers embedded in layers with heavy ions. According to some of the theoretical 

models, the superconducting behaviour is a result of the extra holes (or electrons) in the 

copper-oxygen layers in the structure of these materials. In order to understand the mech-

anism of high I', superconductivity, it is therefore desirable to understand the hole doping 

mechanism. The doping of holes or electrons in the superconducting Cu02 planes can be 

achieved by controlling either the oxygen content or the size and valence of the cations in 

various bare metal/metal-oxide spacing layers. To shed some light on this mechanism, we 

have investigated the following two systems: 

• The Y0.4131-0.6Ba2_zSrxCu307_s system with 0 < x < 1.25 in which there is a restoration 

of superconductivity with Sr doping. 
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• The optimally-doped Ybi_xCax(Bao.sSr0.2)2Cu307_,5 system and the under-doped 

Ybi_xCax(Ba0.8Sr0.2)2Cu306+8 system with 0 < x < 0.35 wherein Ca plays a role 

in suppressing and restoring the superconductivity respectively. 

In order to understand the role played by the substituted cations such as Sr2+ and Ca2+ 

on the superconducting properties of the above systems, we have undertaken a systematic 

investigation of the local structure of Cu by EXAFS. The results obtained from this study 

have been supplemented by carrying out X-ray Rietveld refinements and IR absorption mea-

surements. 

5.2 Yo 4Pro 613a2,SrxCu307_8 system 

It is well known that in the (RE)-123 type of compounds all rare-earths with exception 

of Pr show superconducting properties. Non-superconductivity in the Pr doped samples is 

believed to be due to the decrease in Cu-0 hybridization brought about by the localization 

of mobile holes by Pr. The Sr substitution for Ba in the Pr doped non-superconducting 

system leads to restoration of superconductivity in this system. This has been explained 

on the basis of enhanced Ba/Sr-O interaction coupled with weakening of Pr-0 covalency 

which reduces the Cu-0(2,3) bond lengths resulting in increased Cu-0 hybridization and 

thereby leading to restoration of superconductivity in these compounds. In order to study 

the effect of Sr substitution on the Cu-0 hybridization by monitoring the changes in the 

Cu-0 bond lengths, we have carried out Cu K-edge EXAFS studies on this system. The 

findings of EXAFS measurements are corroborated with Infra-red absorption studies and 

Rietveld refinement of this system. 

The samples were prepared by using solid state reaction method and characterised by 

X-ray diffraction. Chemical composition analysis were carried out using Atomic Absorption 

Spectroscopy, electrochemical method and iodometric titrations. The T, measurements were 

done using the four-probe resistivity set up at low temperatures. 
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The results of EXAFS studies of the above system show that the average bond length of 

Cu(1)-0(1), Cu(2)-0(2) and Cu(2)-0(3) bonds decreases with increasing Sr concentration. 

Although this would seem to indicate the decrease in the planar bond lengths, Cu-0(2,3), but 

it should also be noted that the lattice parameter b also decreases with Sr content and hence 

the Cu(1)-0(1) bond length. Therefore it cannot be certainly said that the decrease in the 

average bond length is only due to decrease in Cu-0(2,3) bond lengths. Another interesting 

feature of this study is the non-monotonic decrease of the apical, Cu-0(4) bond length. There 

is sudden decrease in the bond length from 2.28A to 2.25A as the Sr content is increased 

from 0.75 to 1.0 (the concentration at which the sample becomes superconducting). At the 

same time the IR absorption spectra also show a sudden shift in Cu(2)-0(3) band from 470 

cm-1 to 515 cm' as well as the reappearance of Cu(1)-0(4) band at 620 cm-1. Both of 

which match well with the corresponding bands observed in Y-123. Rietveld refinement of 

XRD patterns show a decrease in c parameter with a slope of 0.095 A/Sr atom which is 

comparable to the rate in YBa2_xSrxCu307_8. This would imply that the contraction of c 

axis results from the shift of the apical oxygen and of the Ba(Sr) ions towards the Cu02 

planes. This shift seems to weaken the Pr-0(2,3) hybridization thereby restoring the T, 

The valency of the metal ion also plays important role in superconducting compounds. 

The change in valency of the metal ions directly or indirectly interferes with the Cu-0 

networks which is responsible for superconductivity. It is therefore important to examine 

the changes in the valency of Pr with increasing Sr concentration. We have studied the 

Lin- absorption edges of Pr in the system. We have observed that the Pr edges in all the 

compounds studied are characteristic of trivalent Pr and hence it can be concluded that the 

valence of Pr is unaffected by the Sr doping in the system. 
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5.3 Effect of Ca doping in Ybi_xCax (Ba0.8Sro 2)2Cu307_5 

system 

It has been long recognised that aliovalent substitution in high-temperature superconductors, 

when the substitute has a lower valence, leads to either a decrease in total oxygen content 

or an increase in average Cu valence or both. The study of partial substitution of divalent 

Ca in place trivalent Yb in the Ybi_xCax(Ba0.8Sr0.2)2Cu307_8 system is very interesting 

because the effect of Ca on fully oxygenated samples is different from that on oxygen-deficient 

samples. In our study, the samples were prepared by using solid state reaction method. The 

oxygen reduced samples (underdoped) were obtained by annealing portions of the optimally 

doped samples in argon atmosphere at 800 °C for 3 hours followed by furnace cooling in argon 

atmosphere. The samples were characterised by using powder X-ray diffraction method. 

The chemical composition analysis were carried out using Atomic Absorption Spectroscopy, 

electrochemical method and Iodometric titrations. The T, measurements were made using 

the four-probe resistivity apparatus at low temperatures. Rietveld refinement, Infra-red 

absorption and Cu K-eclge EXAFS measurements have also been carried out to monitor the 

changes in structure, in particular the local structure around the Cu ion as a function of Ca 

concentration in both, the optimally doped and the underdoped compounds. The results on 

both the systems are separately summarized below: 

5.3.1 Role of calcium in suppressing the superconductivity 

In Ybi_xCax(Ba0.8Sr0.2)2Cu307_8 system, the suppression of superconductivity is generally 

believed to be due to overdoping but one has to also take into account the effect of disorder 

in the oxygen sites caused due to Ca doping. 

Rietveld refinement of X-ray diffraction patterns show that the.cialubility limit of Ca at 

the rare earth site is about 15-20% and the excess Ca doped in the system goes to the Ba 
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site. This is also indicated by the non-monotonic variation of c-parameter which increases 

initially up to x 0.15 and then decreases for higher concentration of Ca. 

Infra-red absorption studies indicate that there is a disorder created in Ba-O plane be-

cause of excess of Ca going to Ba site for x > 0.15. This is manifested in a strong Ba-0(4) 

vibration mode at 446 cm'. Such a site disorder is perhaps the reason for considerable weak-

ening of the Cu(1)-0(4) stretch. This may be possible because substitutions of ionic-species 

for Yb and Ba site introduce stronger disturbances in the lattice and hence a variation in 

lattice constants which influence the lattice vibrational modes. 

From EXAFS studies it has been observed that when up to 15% of Ca is doped at Yb site, 

the Cu(1)-0(4) bond length decreases while the apical bond length, (Cu(2)-0(4)) increases. 

This indicates that, there is a shift in position of apical oxygen towards the chains. For higher 

Ca concentrations there is a decrease in the apical bond length mainly due to decrease in 

the c parameter. Such changes in the apical oxygen bond length is also indicative of disorder 

in the Cu-0 planes as well as Bar° network due to Ca substitution first at the Yb site and 

then for higher concentrations at both, Yb and Ba sites and it is this disorder that causes 

the suppression of superconductivity in this system. 

5.3.2 Role of calcium in enhancing the superconductivity 

In the under-doped Ybi-rCar(Bao.sSro.2)2C11306+6 system, the enhancement of supercon-

ductivity can be explained on the basis of hole doping mechanisms. 

In these compounds the monotonic increase of c parameter indicates that Ca only goes to 

Yb site. This increases the number of holes in the system and making the system supercon-

ducting. There is however an upper limit for concentration of Ca that can be accommodated 

at the Yb site which in this case is about 28%. The Rietveld structure refinement results 

show that the variations in unit cell parameters and interatomic distances and angles are 

consistent with the substitution of Ca2+ for Yb3+ causing oxidation of Cu sheets in the 
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system. 

The interesting thing observed in IR studies is the shift in the position of 588 cm-1 band 

which is due to 0 atoms in Cu-0 planes sandwiching the Yb atoms. This shift is towards 

higher frequency side indicates softening of the Cu-0 bonds in Cu-0 planes. 

The analysis of EXAFS show that there is a decrease in Cu(2)-0(2) bond length. The 

Cu(1)-0(4) bond length has no much effect of Ca doping on the system. Whereas the apical 

bond length Cu(2)-0(4) increases up to 25% and then remains almost constant for higher 

concentration. 

This oxidation (removal of electrons from the &2_y2 antibonding orbitals) is reflected 

in a constant contraction of the in-plane Cu(2)-0(2) distance and a constant elongation of 

the out-of-plane Cu(2)-0(4) distance as Ca content increases. The substitution of Ca at Yb 

site introduces holes into the Cu02 planes by increasing the effective 0(p1)-(Yb,Ca) bond 

length. This increases the buckling angle between the Cu(2)-0(2) atoms and hence causes 

decrease in the Cu(2)-0(2) bond lengths. This may be the cause of enhancement of T, in 

the Ybi,Cas(BaosSro.2)2Cu306+,5 system. 

The techniques of X-ray absorption, Infra-Red, and X-ray Rietveld analysis are very im-

portant in the determination of the structure of the superconducting samples and are unique 

in the type of information they provide. However, it is important to understand their limita-

tions and consider these during the interpretation of the results. The need for many different 

techniques in the examination of the structures of the materials is thus not only desirable 

but also necessary. It has been shown in this work that despite of all the methods used in 

our study which probe the structure, only some general findings can be obtained with regard 

to structures. Experiments on neutron diffraction, EXAFS associated with other metal ions 

and oxygen atoms, X-ray photoelectron spectroscopy etc. are important in order to obtain 

more information on structural details in the superconducting oxides. They would augment 

experimental findings which may lead to further clue to the mechanism of superconductivity 
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in cuprates. In particular, the rare-earth K/LHI edge EXAFS studies would be very inter-

esting since the rare-earth ion is coordinated to planar oxygen in the first coordination shell 

and to planar copper in the next coordination shell. Any change in these bond lengths would 

enable us to indirectly calculate changes in the Cu-0 planar bond lengths. The results from 

photoelectron spectroscopy (particularly the valence band photoelectron spectroscopy) and 

those from Bremstrahlung Isochromat Spectroscopy, which give information about occupied 

density of states and unoccupied density of states respectively are expected to shed light 

on the role of Sr in restoring superconductivity in the Pr doped samples. Similarly neutron 

diffraction and oxygen K-edge measurements would be very much helpful in determining 

the role of oxygen. site disorder in suppression of T, in Ca doped samples. Furthermore, 

these proposed mechanisms need to be checked in other families of cuprate superconductors 

especially in the (RE)Ba2Cu408 type compounds since these are structurally very similar to 

the 123-type compoun.ds and are advantageous in terms of fixed oxygen content. These are 

some of the immediate future directions to this work. 
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