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Chapter 1

INTRODUCTION

The discover}' of superconductivity in La-Ba-Cu 0 with critical transition temperature
of 30 K by Bednorz and Miiller in 1986 led to tremendous amount of research activity
in the fidd of High Temperature Superconductivity. A brief out line of the historical
landmarks in the area of superconductivity in genera and various developments in the
field of high I'. superconductivity is given in the following pages. A review of various
studies reported in the literature on Bi-Sr-Ca C'u-O superconductors synthesised by the
gl.ss ceramic technique is undertaken. This chapter covers the back ground and the

motivation for studies presented in this thesis.

11 Historical background on superconductors:

Twenty one years after the discovery of Helium on earth, Kamrnerling Onnes in 1908,
succeeded in liquifying Helium gas at 4 K. Using this new low temperature range, he
studied the electrical resistivity of various metals as a function of temperature and came
across the first superconductor mercury in 1911 [1]. The absence of resistivity below
a certain temperature was called 'superconductivity' and that temperature the ‘critical
temperature® T.. In 1933, Meissner and Ochenfield [2] demonstrated the ‘Miessner effect’
i.e. the expulsion of the applied magnetic field by the material in the superconducting
state.
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Thus superconductors are those materials which show zero electrical resistivity and

Miessner effect below the critical temperature.

Severd metals and metallic aloys like Nb and Nb;Ge were found to be superconduct-
ing after Hg.

A number of experimental studies were carried out to study the electrical and mag-
netic properties of the superconductors. From magnetization studies it was found that
certain types of materials show a sudden and complete disappearance of diamagnetic
signal above a certain fidd called the 'critical field" H.(T) and this class of materials are
caled the type-1 superconductors. In another class of superconductors called the type-11,
the material show complete diamagnetisin bedow afield H.,(T) and between H,(T) and
a higher fidd H.,(T), they show a decreasing diamagnetic signal or are in a ‘vortex state'
and show zero diamagnetic signal above H,(T). Ha(T) and Ho(T) are called the lower
and the upper critical fields and are dependent on the temperature and the material

under investigation.

Much of the understanding of superconductors has been derived from the measure-
ments of their specific heat as a function of temperature in the superconducting and in
the normal state. The specific heat in the superconducting state was found to be of
an exponential form with an argument proportional to -1/T suggestive of excitation of

electrons across the energy gap [3].

Thermodynamic arguments were used to derive and to explain some of the properties
of superconductors. From the entropy derivation in the normal and the superconducting

state, and the gap in the specific heat measurement observed at T., it was deduced that
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the superconducting-normal state transition at T. in the absence of a magnetic fidd is
a second order phase transition, while it is a first order transition in the presence of a

magnetic field.

London, by placing restrictions on the ordinary Maxwell's equations, introduced the
London's equations [4] so that the behaviour deduced from these agree with that observed
experimentally. The London's equations describe the electrodynamics of superconduc-
tivity - the resistanceless property and diamagnetism. They however fal to 'explain’ the
occurance Of superconductivity. When a superconductor is placed in a uniform magnetic
field, London's equations predicts that the flux density dies awvay exponentialy inside the
superconductor, faling to 1/exp of its value at a distance called the penetration depth.

Ginzburg and Landau derived another phenomenological model by assuming that the
superconducting order parameter is a complex wave function and introduced a new pa

rameter caled the ‘coherence length' [3].

The basis of a quantum theory of superconductivity was laid by Bardeen, Cooper and
Schrieffer in 1957. This theory postulates an attractive interaction between electrons to
form Cooper pairs [5] and the effective unit of charge is 2e rather than e. Like in con-
ventional superconductors it has been established by Cough et.al. [6] that the effective

unit of charge in High-T, superconductors is 2e.

12 High Temperature superconductors:

The first of the oxide superconductors BaPb,_.Bi,O; was prepared in 1975 [7]. It has a
T, of 13 K. The discovery of La-Ba-Cu-O superconductor with T, of 30 K by Bednorz
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and Miller in 1986 [g] led to the discovery of many oxide superconductors with T. above
liquid nitrogen temperature. The exact composition of the superconducting phase was
found by Uchida et al [9] and Takagi et al [10]. The crystal structure of this phase was
reported by Jorgenson et a [11] and it was seen that this structure had copper ions
coordinated to four oxygen in a sguare plane and 2 0 atoms along c-axis to form an oc-
tahedral coordination. Substitutional studies of other 3d transition metal ions at Cu site
were carried out on this system and the sharp depression in T, suggests the important

role of Cu-0 planes in superconductivity [12,13].

Superconductivity in YBa;Cu3O-s (1-2-3 superconductors) with T. about 90 K
was firg reported by Wu et a [14]. The superconducting properties of this system of

superconductors are very sensitive to the value of S (15, 16].

The crystal structure of superconducting and nonsuperconducting Y-Ba-Cu-0 com-
pound has been reported by many groups [17-20], and it was found that the superconduct-
ing phase has an orthorhombic structure whileiit is tetragonal for the nonsuperconducting

phase. The presence of Cu in two sites chains and planes was also reported.

The complete substitution of Yttrium by other rare earth elements except Pr, Ce
and Tb, did not affect the superconducting properties of this system of superconductors
[21-25]. Substitutional studies of 3d Transition Metal (TM) ions at Cu sitein Y-Ba-Cu-0
system drastically decreased T. and transformed the structure to tetragonal [26-31].

Recently two other superconducting phases namely YBa,Cu,0, (1-2-4 superconduc-
tors) [32-34] and Y,Ba,Cu;0, (2-4-7 superconductors) [35] with T.’s 80 and 40 K re-
spectively, have been identified and their crystal structures reported [36].
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Rare earth free Bi-Sr-Cu-0 system was found to show superconductivity at 20 K [37].
Maeda et a [38] found indications of superconductivity even above 100 K in Bi-Sr-Car
Cu-0 systems. This system has three superconducting phases with the general formula
Bi,Sr;Ca, -1 Cu, O, with n = 1, 2, 3 and having T.s 10, 85 and 110 K respectively [39-43].

Takano et d [44 (8)] and Cava et a [44 (b)] demonstrated that partial substitution
of Pb for Bi in Bi Sr-Ca-Cu-O promotes the formation of 110 K phase superconductors.
Following this, a lot of studies have been carried out with various starting compositions

and preparation methods to achieve higher T, [46- 50].

Tl based superconductors were first reported by Sheng and Herman [51]. Two series
Tl,Ba;Ca,,_1Cu,0,,,, [52-55] and TIBa,Ca,,_;Cu,Oy,43 [56-58], n = 1, 2, 3 have been
reported. The structures of the Tl compounds are similar to that of the Bi-compounds

except for the c-axis lengths.

Another family of superconductors Pb,ASr,Cuz0g44s (A = rare earths, Ca) with T,

around 70 K has been reported by Cava et a [59].

A new family of superconductors Nd,..Ce-:CuO4 With Teionsery 8 around 25 K was
found by Tokura et a [60]. This family of superconductors have electrons as the charge
carriers unlike other Cu-oxide based superconductors in which holes are the charge car-

riers.

Another recent development in the area of superconductivity is the discovery of su-

perconductivity at 20-30 K in Potassium and Cerium doped Cgo [61-62].
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HgBa,CuO, was reported to become superconductor at 94 K [63] and Hg-Ba-Ca-Cu-
0 shows T, as high as 134 K [64].

13 Bi-Sr-Ca-Cu-O superconductors:

The structural details of Bi-Sr-Ca-Cu-O system is very complicated and different types
of unit cells with different unit cell parameters have been reported [65-70]. Tarascon
[42] reported the crystal structure of the Bi-2201, Bi-2212 and Bi-2223 superconducting
phases assuming a pseudo tetragonal symmetry (fig -1.1). The a = 6 =5.4 A and does
not vary for the three phases. The c-parameters are 24.6, 30.6 and 37.1 A for the 10, 85
and 110 K phases respectively.

The 2201 superconductor has Cu in an elongated octahedral symmetry. One Cu atom
is square coordinated by 4 oxygen atoms with a Cu-0 bond length equal to 194 A. The
two remaining oxygen atoms are bonded to Cu at a bond length of 2.6 A. The 2201
structure has one CuQ; layer between two SrO. layers (fig-1.1(A)). Strontium has nine

nearest oxygen atoms with an average Sr-O distance of ~ 2.7 A.

The 2212 structure as shown in fig-1.I(B) has CuO,/Ca/CuO, replacing the CuO
plane in the Bi-2201 structure. Ca has a coordination of eight and has no O in its plane.
Cu has only five nearest neighbours in square pyramidal coordination unlike the elon-

gated octahedral symmetry in Bi-2201.

The Bi-2223 structure is similar to the 2212 phase but has additional Ca and CuO
planes (fig-1.1(C)).



2:2:0:1

2:2:1:2

2:2:2:3

()

®)

)

(A

0 superconductors.

Fig-1.1 gryuta] substructure Of the three superconducting phases of Bi-Sr-Ca-
u



Chapter 1. INTRODUCTION 7

14 Bi-Sr-Ca-Cu-O glass-ceramic superconductors and the motivation for

the present work:

The most commonly used methods for the synthesis of high T, superconductors are the
solid state sintering method and the sol-ga method. Another method of preparation is
the ‘glass ceramic route’ which gained popularity due to its promising application values.
The conventional solid state reaction method of preparation of these superconductors

give poorly sintered materials with low density [71].

Glass-ceramics are crystalline materials formed through the controlled devitrification
of glasses. Glasses are melted, fabricated to shape and then converted to a ceramic by a
specific heat treatment. This process of obtaining crystalline material is caled the 'glass-
ceramic route’. The glass ceramic route offers advantages such as possible improvement
in the gross homogeneity, reduced phase segregation and extended solid solubility. With
the appropriate choice of starting composition, this method needs a relatively shorter
preparation duration to give dense and pore free superconductors with preferred orien-
tation of superconducting crystallites. This method is also important in view of the
practical applications as the samples could be moulded into specific shapes such as films

[72], fibres [73-77], rods [78-81], whiskers [82], hollow cylinders [83] etc.

The glass forming ability of the Bi-Sr-Ca-Cu-O system was first reported by Ko-
matsu et al [84] in 1983 and the glass forming region of the system (fig-1.2) was reported
by Komatsu [85] and Tohge [86]. Bi-Sr-Ca-Cu-O (BSCCO) or Bi-Pb-Sr-Ca-Cu-O (Pb-
BSCCO) glasses of various compositions were sucessfully prepared by various groups and

some of these glasses were converted to glass-ceramic superconductors through controlled
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devitrification [87-95]. The term 'high T. superconducting glass-ceramics' was coined

by Komatsu et al [84] to describe superconducting materials obtained by this technique.

A number of fabrication techniques have been attempted to obtain glasses and glass
ceramics of different forms. Thin tubes and coils of Bi-Sr-Ca-Cu-0 glasses have been
synthesised by Abe et a [78] by the melt casting technique. This is achieved by sucking
the melt into cold silica glass tubes by vaccuum techniques. Very fine glass rods could
be obtained by the addition of Al(OH); or Al;O; to the melt. Abe et a [83] also suc-
cessfully prepared superconducting pipes using this technique. These find applications
in microwave cavities, magnetic shielding and electrical current transportation. Addition
of Al,O; lowers the melting temperature, increases the viscosity of the melt making it
easier to form glass and aso enhances the phase seperation of the 2212 phase which is

formed directly as a primary crystalline phase during cooling [96,97].

It is also reported that the addition of Al*® ions play an important role in the for-
mation of whiskers of 2212 superconductors [81,98]. Wang et d [82] prepared supercon-
ducting whiskers by heating glassy metal quenched plates in a stream of oxygen gas.

Komatsu et a [74] reported the drawing of BSCCO glass fibres from BSCCO glass
plates softened in an electric furnace and subsequently heat treating them to give glass-
ceramic fibres. Gas jet fibrization was aso found to be applicable to the preparation of
fibtres by LeBeau et a [76]. This technique involves the use of a gas stream to force a
liquid drop into a nozzle where it is shaped and frozen by the flowing gas. Zheng et a

have reported the continous drawing of fibre from V,05 doped Bi Sr3CazCu,0, dlass [77].
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Yoshimura € d [72] utilized the rapid quenching after rapid melting (RQRM) tech-
nique for preparing films. In this technique a sample is prepared in the form of a rod
by cold isostatic pressing. The bottom of this rod is then melted in a X.-arc imaging
furnace. The molten droplet is dropped into a rapidly rotating stainless steel twin roller

which produces the amorphous films.

Thick films of 2212 superconductors were prepared by the deposition of 4334 glass
material on a silver substrate and subsequently exposing it to quick devitrification to

obtain aligned superconducting crystallites [99].

Various methods have been attempted to improve the stability of the glasses and the
superconducting properties of the glass-ceramics. The addition of boron and silica was
found to increase the stability of the glasses [100 ]. But higher boron content deterred
the formation of the 2212 phase. Addition of Sb effectively improved the formation of
2223 phase and resulted in increased connectivity between the superconducting grains
[101-102].

Randomly oriented growth of 2223 superconducting grains gave rise to the problem
of decreased density of the glass ceramics and therefore lower current density. Miller et
al [103] showed that hot pressing of quenched glass flakes at temperatures close to glass
transition temperature helped in obtaining dense and pore free superconducting ceram-
ics. Texturing experiments by Abe et a [78] by the heat treatment of glasses in thermal
gradients helped in the greater directional growth of the 2223 phase.

Kim et d [104] could obtain larger crystals of 2223 at a relatively shorter time by
the seeding techniquei. e., by adding Bi; sPb 33Sr; 87Ca, 0, seeds to both polycrystalline
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and glassy Bi-Pb-Sr-Ca-Cu-O materials.

Substantial attention has been focused on seeking optimised starting compositions,
processing conditions and material properties in order to maximise the applications of
the materials prepared by this technique. There is however a lot of difference in the con-
clusions arrived at by different groups and there are still problems associated with the
materials synthesised by this technique which may affect commercial applications. There
have been many reports concerning the effect of heat treatment on the superconducting
properties of BSCCO and Pb-BSCCO glass-ceramics in order to understand the correla-
tion between the superconducting properties and the normal state resistivity or magnetic
susceptibility (83, 84, 92, 100, 105-119]. Severd groups have reported the detailed crys-
tallization and phase formation studies on both BSCCO [113, 120-126] and Pb-BSCCO
[109-112, 128-135] glasses. Kinetic studies of the crystallization of the BSCCO [120-122,
124, 125] and Pb-BSCCO [109, 110, 128] glasses have also been reported. Tatasumisago
et al [120] reported the kinetic studies of crystallization of the glasses of composition
Bi.Sr,CaCu,0,, (x=1.5, 2.7) using DSC technique. They reported crystallization energy
of about 400 kJ/mol. and concluded that crystallization starts from the surface. Ko-
matsu et a [121] reported crystallization kinetics of Bi,SrCaCu,0, glasses. DTA and
X-ray diffraction were used by Mathias et d [136] and Sato et a [124] to understand the
kinetics of crystallization of Bi;Sr,CaCu,0, glasses. Zheng et d [122, 127] reported the
effect of Cu?!/Cuyq 0n the thermal stability and the initial crystallization behaviour
of Bi,Sr3Ca3zCu,0, glasses using DSC and X-ray diffraction techniques. They concluded
that the initial cryatal growth is 3-dimensional. They however did not clarify the forma-
tion mechanism of the 85 K superconducting phase. The kinetic studies of crystallization

have been reported by Bansal [128] on Bi, sPbg sSrCa;CuzO, and by Wong-Ng et a [109,
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110] on Bilupbu.usn g,Caz_og(‘u;;_mO, and Bi]ur,Pbo.sSl‘]'Qscﬂl'mcu"vou glasseﬁ usi ng X

ray diffraction, DTA and resistivity measurements.

Understanding the properties of the glasses which are precursors of high T, glass-
ceramic superconductors might be helpful in optimising the glass ceramic process. The
Bi-Sr-Ca-Cu-O glasses are a relatively new family of TMO glasses which do not contain
any of the conventional glass formers like TeQ,, P,0s, B,05, GeO, etc. It would there-
fore be of interest even to study the properties of these glasses as such and campare them
with other TMO glasses reported in the literature. In this connection the detailed study
of DC electrical conductivity in these glasses may be useful to ascertain the nature of the
conduction mechanism and analyse the experimental data in view of various theoretical

models reported in the literature.

When a second transition metal ion is introduced in a TM containing glass matrix, it
brings about effects like oxidation-reduction reaction between the two types of TM ions,
phase separation, additional distortion of the glass matrix [137-139] etc. Bi4Sr3CazCuO,
glasses partially substituted with 3d dopants like Fe, Cr and Mn a Cu-site were synthe-

ssed to study the effect of a second TM doping on the properties of these glasses.

Substitutional studies in high T. superconductors have been found to be of prime
interest both from theoretical as wel as experimental point of view [140]. All the major
high T. superconductors have their genesis in substitution at one or more cationic sites

in the parent materials.

Of dl the cationic sites, CuO network is of prime importance for the occurance of
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superconductivity in these materials [141, 142]. Hence a systematic creation of point de-
fects in the CuO, planes by replacing the Cu atoms by other 3d elements is a useful tool
for probing parameters essential for superconductivity. The change in normal electronic
properties when point defects are introduced into the CuQ, planes can give information

regarding the interaction of charge carriers with impurity.

Substitutional effects at Cu site in Y-123 has been extensively studied [26-31]. Cu
in Y-123 has two sites- the chain site and the plane site [17-20] and the influence of
substitution at the chain site and at the plane site on superconductivity are very much
different. Though detailed X-ray and neutron diffraction work have been devoted to the
problem of site preference for a specific dopant, the site preference is still controversial

especially for low concentrations of dopants [143-145].

Substitutional studies at Cu site on BSCCO superconductors would be more infor-
mative since the Cu in this family of superconductors has only one site- the CuO plane.
There are however fewv reports on the 3d TM substitution in the Bi-superconductors.
This is because unlike the Y-123 system, the Bi system has three related superconduct-

ing phases and it is difficult to prepare a single phase superconductor with aconsistent T..

There have been some reports on the effect of of 3d TM dopants like Fe, Co, Ni
and Zn on the superconducting properties of 2212 superconductors synthesised by the
conventional solid state reaction method [146-150]. There is no good agreement between
the results reported by different groups presumably because of the different preparation
conditions used by different groups. However there has been no report on the synthesis of
3d TM doped superconductors by the glass ceramic route. It is also noticed that partial

substitution of Mn and Cr has not been attempted in the superconducting Bi-samples.
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Substitutional studies on BSCCO superconductors synthesised by the glass route would
be more meaningful as a thorough mixing of the dopants can be ensured while synthe-
sising the glasses, thereby reducing the possibility of formation of precipitates of the

dopants.

In view of the above, the present studies were undertaken with the following objec-
tives. The first objective has been to synthesise BSCCO glasses of various compositions
(varying CuO content) and to study various properties of these glasses especialy the
DC electrical conductivity in order to ascertain the nature of conduction mechanism in
these glasses and to analyse the data in view of various theoretical models available in

the literature.

Secondly, detailed systematic studies were carried out on the Bi,Sr3Ca;CusO, glasses
in order to understand the superconducting phase formation and mechanisms of crystal*
lization. The parallel studies of electrical resistivity and X-ray diffraction on Bi,Sr3CazCu,0,
glasses as a function of heat treatment temperature and duration was carried out to un-

derstand the phase formation and its effect on the electrical conduction.

Thirdly, the effect of CuO content on the structure and properties of the BSCCO
glasses and the corresponding glass-ceramics was undertaken. This study is to ascertain
whether there is any correlation between the properties of the glass and the correspond-

ing glass-ceramic.

Fe, Cr and Mn doped BSCCO glasses were synthesised to study the effect of 3d TM
dopants on the properties of these glasses. The 3d TM doped glass-ceramics were syn-

thesised from the glass precursors in order to understand the influence of 3d TM dopants
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on the structure and the superconducting properties of these ceramics. Since the present
studies show that BiSr3Ca;Cu,O, glass gives the best superconducting properties among

al the compositions studied, al the doping studies were carried out on this composition.

Chapter 11 of the thesis deals with the description of various experimental techniques
used in the course of this study. DSC, DC conductivity, RT magnetic susceptibility, ESR
and FT/IR are the studies carried out on the glasses while XRD, electrical resistivity, AC

susceptibility and SEM studies were conducted on the Bi-glass ceramic superconductors.

In chapter 111, the results of various studies on the undoped and the 3d TM doped
Bi-Sr-Ca-Cu-O glasses have been discussed and analysed. The detailed analysis of the
DC conductivity data has been undertaken in view of various theoretical models available

in the literature.
Chapter 1V contains the results of the crystallization studies on Bi-Sr-Ca-Cu-O glasses
to obtain glass-ceramic superconductors. The results and analysis of studies on undoped

and 3d TM doped glass ceramic superconductors have also been discussed.

At the end, the summary of the present studies and conclusions are included.



Chapter 2

EXPERIMENTAL TECHNIQUES

This chapter deals with the description of various experimental techniques used in the
course of this study. The techniques include X-Ray Diffraction (XRD), Differential Scan-
ning Calorimetry (DSC), Magnetic Susceptibility, Infra-Red (IR) spectroscopy, density
measurements, Electron Spin Resonance (ESR), DC Resistivity (4-probe method), AC
Susceptibility (Meissner studies) and Scanning Electron Microscopy (SEM). A brief de-

scription of each technique and its utilization in the present study is given in the following

21 X-Ray Diffraction:

X-ray is the portion of the electromagnetic spectrum between 1-200 A. Only a small part
of the total X-ray spectrum (0.2-20 A) is used by conventional X-ray spectrometer. The
X-rays reflected from a lattice plane follow the Bragg’s eguation

nX = 2dhk{8in0 (21)

where n is an integer (order of reflection)
A is the wave length of the X-rays used
das, the interplanar spacing between planes having miller indices A, k,1

and $ the angle at which the X-ray beams are incident on the plane.
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In apoly crystalline material or the powder of a crystalline material, the crystals are
randomly oriented. If such a sample is struck by an X-ray beam, there may be many
planes which are oriented in such a way that Bragg's law is satisfied and we obtain a
resultant diffraction pattern with peaks corresponding to al such planes. In order that
more number of planes are exposed, the sample is rotated by an angle 9 on its own axis
during exposure. The diffracted beams are collected by a scintillating counter which acts
as a detector. This is rotated by 20. This output is fed to a recorder which records the

output (which is proportional to the intensity of the diffracted beam) versus 26.

In order to obtain a powder XRD spectra, the fine powder of the material under study
was mounted on a perspex plate using vacuum grease as a binder. Bulk XRD spectras

were obtained by using bulk samples.

From a careful study of the XRD spectra, a flood of information on the structural
aspects of the sample can be obtained. The XRD pattern is unique for every sample.
The position of the pesk helps in the determination of the cell parameters, the d values
and the shape of the unit cdl or about the arrangement of lattice points in the unit cell.
The lattice parameters can be calculated by indexing the sharp peaks (assigning h, k,l

values) and then using the relationship
(RYa® + k0% + IP/c?)diy, = 1 (2.2)
From the positions, the relative intensities of the peaks or from the area under its
profile, the position of the atoms in a unit cdl can be determined. The orientation of
the crystallites can aso be determined from the relative intensities. The shape of the
peak provides information regarding the crystallite size and lattice imperfections includ-

ing strains.
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The XRD studies at room temperature were carried out using a SIEFERT X-RAY
diffractometer, the schematic diagram of which is given in fig-2.1. Cuk, radiation (A =
15418 X) was used. The machine was operated with a beam current of 30 mA and power
of 40 kV. For phase identification, the patterns were compared against standard patterns
reported in the literature. In order to obtain the cel parameters accurately, the data (20
and hkl values) were fed to a programme assuming a pseudo tetragonal symmetry and the
cel parameters obtained with an accuracy of 2 decimal places. The error in the estima-

tion of cell parameters could be due to small error in reading the 20 values which is £0.1°.

2.2 Differential Scanning Calorimetry:

DSC is a technique in which the temperature of the sample studied (T,) is compared
to that of an inert reference material (T,) during a programmed change in temperature.
The two do not register any difference in temperature until some thermal event such
as structural relaxation, melting, decomposing or change in the crystal structure of the
sample occurs. If the sample temperature lags behind the reference, then the event is
endothermic and is exothermic if the sample temperature is greater. This difference in
temperature AT is calorimetric in DSC. The DSC plot is obtained by recording this
change in enthalpy as a function of scanning temperature. The horizontal baseline cor-

responds to AT = 0.

The schematic diagram of the DSC instrument is given in fig-2.2. A constantan
disc acts as a primary means of transferring heat to the sample and reference positions.
It is also one of the elements of the temperature measuring thermoelectric junctions.
The sample and the reference are placed in pans which sit on raised platforms on the

constantan disc. The differential heat flow to the sample and reference is monitored by
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chromel-constantan area thermocouples formed by the junction of the constantan disc
and chrome wafer which center the bottom to each platform. Chromel and alumel wires
are connected to the under side of the chrome wafers and the resultant chromel-alumel
thermocouple is used to directly monitor the sample and reference temperatures. The

difference AT between sample and reference is given by
AT =1, - T, + R(C, - C,)dT,/dt (2.3

where C is the total heat capacity of the sample (or reference) plus crucible, R is the
thermal resistance and dT,/dt, the rate at which the programmed temperature changes.
The enthalpy can be obtained from the area under the peak by comparing against a

reference material with known enthalpy changes.

DSC studies were carried out on amorphous Bi-Sr-Ca-Cu-O system to obtain param-
eters like the crystallization onset temperature (T,), the glass transition temperature
(T,) and the crystallization temperature (T,) using commercial Perkin-Elmer DSC-4 in-
strument equipped with a data processing system. The crystallization activation energy

and Avarami constant for the present glasses were aso estimated.

2.3 Electron Spin Resonance:

A highly uniform and stable static magnetic field H is applied to a paramagnetic material
placed in a microwave resonant cavity. The microwave magnetic component perpendic-
ular to the direction of H, causes magnetic dipole transitions when microwave energy hv
(where v is the frequency of the microwave) is equal to the Zeaman energy splitting gH
of the two spin states (M = 1/2 and M = -1/2) of the paramagnetic speciesi.e. hv =
gBH, where g is the spectroscopic splitting factor representing the nature of unpaired
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electrons and B is the Bohr magneton (0 = eh/2me = 9.274 x10~* J/T). Resonance
transitions are obtained by sweeping the magnetic field, rather than sweeping the mi-
crowave frequency. The type of unpaired electron, the nature of electron spins (s,p,d

type) and their microscopic environments can be derived from ESR parameters.

The present studies were carried out using a JEOL FE 3X X-band ESR spectrometer.
The spectrometer consists of a Gunn oscillator as a microwave source whose frequency
and power can be varied to the desired level. The cavity resonator is in TE(OIIl) cylin-
drica mode with a goniometer which faciliiates the sample to be at a point where the
magnetic fiedd is most homogenous and uniform. The detection and modulation system
monitors, amplifies and records the signal. The magnet system provides a highly stable,
linearly variable and homogenous magnetic field. The variable temperature setup which
is attached to the spectrometer is controlled by a digital temperature controller in the
low and high temperature ranges to an accuracy of +0.1°. The schematic diagram of the
set up is given in the fig-2.3. All the samples were scanned using a modulation frequency

of 100 KHz, modulation width of 6.3 G and microwave power of 5 mW.

2.4 DC conductivity studies on amorphous materials:

The two methods used in the resistivity measurements are the constant voltage and the
constant current methods. Low current measurement techniques are often used to deter-
mine the value of high resistances. For this, a constant voltage is impressed across the

resistance to be measured and the resulting current is read from an ammeter.

The errors in low current measurements arise from generated currents in the vari-

ous circuit elements. Some of the commonly generated currents are the thermoelectric
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currents generated due to the friction within a coaxia cable, the piezoelectric currents
generated due to mechanical stress and the noise currents from electrochemical effects.
Another source of error is due to the ground loops formed by the ground leads which
can induce sufficient disturbance voltage. This can be prevented by grounding the set
up at only one point. The high impedance level of electrometers prevent the fast decay
of electrostatic effects. This effect can be minimised by keeping the set up away from
power lines and other sources and by proper shielding. The effects of leakage resistance
can be minimised by the use of good quality triaxial cable and the use of guarded input
connections. Capacitance effects can be countered by minimising the capacitance in the

circuit, by use of short and low capacitance cables.

The measurements were carried out on the glasses by the standard 2-probe method
as afunction of temperature. Two different experimental set ups were used - one for the
temperature range below RT and another for temperatures above RT. The low tempera-
ture cryostat was immersed in a liquid nitrogen dewar to obtain low temperatures, while
the high temperature set up was placed in a closed chamber with a heater to raise the
temperature. A schematic representation of the experimental set up is described in fig-
2.4. The cryostat is connected to a Kiethley 617 programmable electrometer with built
in constant voltage source and coupled with a Lakeshore temperature controller equipped
with a Si-sensor. A temperature accuracy of +0.2 K could be obtained. The parallel
faces of the samples were coated with silver paint. In order to relieve the samples of any
mechanical stress and to stabilise the silver electrodes on the faces of the samples, the
glasses were annealed at a temperature =100°C below the glass transition temperature
of these glasses. Ohmic behaviour was ascertained and al the necessary precautions to
minimise errors in the measurement of current were taken. The DC conductivity data as

a function of temperature from 480°C down to the lowest temperature where the current
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Fig-2.4 Schematic representation of the experimental set up for measurement
of DC conductivity as a function of temperature.
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across the sample was ~ 10~ A (limitation of the electrometer) was recorded.

The conductivity at a given temperature is obtained from the relationship

W(T) = (A(TYV).(I/A) (2.4)

where V is the constant voltage applied,
I(T) is the current at a temperature T,
1 is the thickness of the sample

and A the area of cross section of the sample.

2.5 FT Infra-Red studies:

Infra-Red region is that portion of the electromagnetic spectrum which lies between 3600
cm"! to around 300 cm"® and the far IR region covers approximately 300 cm"* to 20
cm"! wavenumbers. The essential component of an IR spectrometer are the source of IR
radiation, a detector and a recorder. When the energy of the radiation transmitted by a
reference and the sample is the same, the detector does not produce any signal. When
the sample absorbs radiation and results in an inequality in the transmitted beams, a
resultant pulsating signal is produced with frequency equal to the frequency of the IR

radiation. The recorder records such signals as the whole spectrum is scanned.

JASCO FT IR-5300 spectrometer has been used for the present study as the fourier

transform method enables a large sampling and a better resolution. This is a transmis-

sion spectrometer and scans the IR region between 4600 to 400 cm"®.
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2.6 RT Magnetic susceptibility studies:

The three methods by which the magnetic susceptibility can be obtained are the Guoy, the
Faraday and the NMR method. Room temperature magnetic susceptibility studies were
carried out using the Faraday's method on a CAHN 1000 system. In thistechnique a small
volume of sample is subjected to a region of strong magnetic fidd so that the product
H.(dH/dx) is constant over the volume of the sample. Sensitive weighing techniques
(quartz fibre torsion balance) are used to detect the forces acting on the samples and
the whole set up is enclosed in a glass enclosure to avoid external disturbances. The
force acting on the sample in the absence and in the presence of the magnetic fidd is
measured. The resultant force on the sample is an indirect measure of the susceptibility.
This is compared against reference samples of known susceptibility in order to obtain the
susceptibility of the sample. CuSO,.5H,0 and HgCo(CNS), were used as the references
in the present study. The system is calibrated to measure the forces in units of weight.

The susceptibility xsampi.  Of the sample is given by the equation
Xaamplc = Xrcd -(wreJ/Awrc)_-( Awmmple/wmmple) (25)

where x,.s is the susceptibility of the reference,

Wyes aNd w,ampe are the weights of the reference and the sample in the absence of mag-
netic field,

Aw,y and Aw,ompcare the weight changes of the reference material and the sample

after the field is applied.

The balance has a sensitivity of 1ug and susceptibility values with an error of £0.1x10-¢

gm™~! can be obtained.
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2.7 Density measurement:

The density of irregular shaped solids can be determined by the Archimedes method.
The density of our samples were obtained using a programmable Sartorius micro balance

using 2121 density programme. The error in the density measurement was +0.01 gm/cm?.

The density is obtained from the relation
p= Waps/(We- Wy) (2.6)

where p is the density of the sample,
W, is the weight of the sample in air,
W is the weight of the sample in fluid,

and p; is the density of the fluid used.

Double distilled water and C'Cl, were the fluids used for the density measurements of

our samples.

2.8 DC electrical resistivity studies:

The two probe method is used to measure resistances greater than 10§2. But when this
method is used to measure low resistances, the leads which carry the test current causes
a dsignificant voltage drop and hence the lead resistance are significant and introduce
considerable errors in the measurement. Therefore, the four probe method is generally
preferred for the measurement of low resistances. Although some small current may flow
through the sense leads, the current is smal (pA or less) and hence the voltage drop

across the lead is negligible and the voltage measured by the meter is same as that across
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the sample. In order to minimise the effects of voltage drop across test leads in the mea-
surement, the voltage sensing leads are connected as close as possible to the resistor. The
effects of thermo EMF in the measurement of low voltages are eliminated by the current
reversal method or the offsst compensated Ohm method. The error can be minimised by

a proper design of the cryostat to decrease thermal gradient changes.

The resistivity measurements on the superconducting samples were carried out by the
four probe method in the temperature range 10-300 K using a closed cycle He refriger-
ator (APD Cryogenics) coupled to a Lakeshorc 330 auto tuning temperature controller
equipped with a Si-diode sensor (DT-470-SD-12). We could obtain a temperature accu-
racy of £0.1 K. The rectangular shaped samples were mounted on the cold head of the
refrigerator using General Electric adhesive. Fine copper wires used as current and volt-
age leads are fixed to the sample using (Elteks) silver paint. Kiethley 224 programmable
constant current source was used and the voltage measured by a Kiethley 181 nanovolt-
meter taking the necessary precautions to minimise errors in the measurement of voltage.
A schematic diagram of the resistivity set up is given in fig-2.5. The resistance at a given

temperature is obtained using Ohm’s law.

The resistivity at a given temperature is calculated by the relationship

p(T) = R(T).(A/1) 2.7

where R is the resistance at a temperature T,

A is the area of cross section of the sample,

and / is the distance between the voltage leads,

The small error in the resistivity measurement is introduced because of errors in the

measurement of A and /.
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2.9 Scanning Electron Microscopy:

A microscope is an instrument designed to render visible objects which are too small to
be seen by the naked eye. Light microscope is adequate for particles which are bigger
than few tenths of a millimeter in diameter but fails for objects whose sizes are smaller
than the wave-length of visible light. Electron Microscopes are used for such objects.
The electron microscopes use electron lenses instead of ordinary lens. An electrostatic
or magnetic fidd (localy strong axial field) in the direction of electron beam acts like a
converging lens and the envelope of the electron beam is exactly analogous to the light
beam passing through the converging lens. When the primary beam hits the surface of
the sample secondary electrons are generated which are detected and processed to get an

image on the CRT. The sample to be studied is gold coated using an ion sputtering unit.

The present samples were studied using a JEOL JSM-35 model Scanning Electron
Microscope. A maximum magnification of 180000x and a minimum of 20x could be
achieved using this microscope. The image obtained on the CRT is photographed using
a camera attached to the set up and subsequently processed to obtain SEM micrographs.

210 AC susceptibility studies:

AC susceptibility studies on polycrystalline high T, materials facilitate an unambiguous
determination of the macroscopic parameters like the T(onsery Of different phases present
in the material, determining the critical current density, the nature of coupling between

the grains etc. The rea part of the susceptibility data as a function of temperature



Chapter 2.  EXPERIMENTAL TECHNIQUES 26

shows a sharp drop below T, as a result of diamagnetic shielding of grains and saturates
depending on the temperature and the field amplitude. The imaginary part of suscep-
tibility in polycrystalline materials, pesk below T, as a result of losses incurred due to

flux motions in the grains and grain boundaries.

The AC susceptibility measurements were carried out by the mutual inductance bridge
method. The schematic representation of the experimental set up (fig-2.6) shows that
the system consists of a primary coil and two coaxialy wound secondary coils - one of
which holds the sample to be studied and the other acts as reference. The current is
driven through the primary using an oscillator. Jn the absence of sample, the net voltage
induced across the secondary as a result of this current is zero. When the sample is
present, the resultant induced voltage is proportional to the susceptibility of the sample
. In practice, a small resultant voltage is seen even in the absence oi the sample due to
small non-uniformities in the two secondary coils. This is compensated by subtracting
the background voltage, by conducting measurements with and without samples. The
primary coil is wound on a wooden frame and has a resistance of 35ft. Additional turns
are provided at both the ends of the coil for fidd uniformity through out the length of
the primary. The primary coil is placed outside the cryostat. The secondary coils are of
length 2.54 cm, having 3250 windings each and are wound using insulated 38 gauge cop-
per wire and placed inside the cryostat. The sample is placed at the center of one of the
secondaries. An APD helium closed cycle refrigerator is used to achieve low temperatures.
The temperature is monitored to an accuracy of +0.1 K with a Si-diode sensor placed
close to the samples. The leads from the primary coil are connected through a 1.2k
resistor to the signal output of the oscillator in a EG&G PAR 5210 lock-in-amplifier. A
sine signal of 33 Hz frequency is used in energising the primary. The induced voltage

across the secondary is measured by the lock-in-amplifier in the differential input mode
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in order to get a better signal to noise ratio. The sample is cooled to the lowest temper-
ature in zero fiedld. The temperature is raised in steps and stabilised before taking the
reading. Since the susceptibility x’is proportional to the induced voltage, the induced
voltage was plotted against temperature in order to obtain the bulk T. of the samples
for asmall field of 0.1 Oe.



Chapter 3

STUDIES ON Bi-Sr-Ca-Cu-O GLASSES

This chapter deas with the preparation and characterisation of undoped and 3d T™M
doped Bi-Sr-Ca-Cu-0 glasses of various compositions. DSC and FT/IR studies have
been carried out on both the doped and undoped glasses. The glasses have been char-
acterised by XRD studies and density measurements. The Cu*? ion concentration in
the undoped glasses was estimated from the room temperature magnetic susceptibility of
the glasses. The detailed DC conductivity studies on these glasses have been described
and analysed in view of various theoretical models of electrical conduction in Transition
Metal (TM) containing oxide glasses. This chapter also contains the results of ESR stud-
ies carried out on the doped and undoped Bi-Sr-Ca-Cu-O glasses.

3.1 Introduction on glasses.

Crystalline solids are characterised by periodic lattice in which the atoms are regularly
arranged. Disordered solids are the solids showing departure from this ordered state.
Glasses do not exhibit long-range periodicity of atomic arrangements and are ‘amor-
phous’ having liquid like atomic structure. The correlations between the positions of the
atoms are completely lost over distances more than five atomic spacings. Glasses have

been defined as ‘super cooled liquids’.

Glasses are generally redised by heating certain crystalline substances like SiO, or

28
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mixtures like V,0s-TeO, to the molten state and quenching them quickly enough to
preclude crystallization i.e. the components are unable to rearrange themselves and will

therefore attain a randomly arranged disordered array [151].

The basic criterion for the preparation of glasses is that the cooling rate is fast enough
that crystallization is by passed. This is best illustrated by the Time-Temperature-
Transformation (TTT) diagram as shown in fig-3.1. The time for the onset of crystal-
lization in an under cooled melt (i.e. a melt at a temperature below the equilibrium
melting point T,,) is plotted against temperature. As the temperature is lowered be-
low the equilibrium melting temperature (T,,), the free energy difference between the
liquid and the crystalline phases increase and consequently the time for crystallization
decreases. At the glass transition temperature (T,), the crystal growth becomes impos-
sible and the liquid remains frozen to give glass. By using sufficiently large cooling rates,
the crystal growth and nucleation can be eliminated. Depending on the cooling rates
required for a system to give amorphous materials, different techniques are used in the
preparation of glasses like the single and double roller quenching method and the plate

guenching method.

Glasses can be classfied into oxide, semiconducting and metallic glasses. Their dif-
ferences lie in the relative strength of their chemical bonds. Turnbel [152] proposed a
kinetic theory of glass formation in which the limiting rates for the process of nucleation
and crystal growth in liquids are established in order to obtain glasses. Prediction of
glass formation in a new system requires a knowledge of the phase diagram of the system
and the viscosities of the melt. According to Rawson [153], the smaller the value of the

ratio of melting temperature to bond strength, the greater the tendency to form glasses.
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The chemical composition of oxide glasses are expressed in the form A,,B,O where
m and n are the number of atoms of A and B per oxygen atom. The cation A (generally
alkali ions) are bound less tightly to the surrounding atoms than the cation B. Zachari-
ason [154] suggested 4 rules for the formation of oxide glasses, based on the structural
and energy considerations. They are
(1) each oxygen atom should be linked to not more than two cations.
(2) the coordination number of oxygen ions about the central cation must be small.
(3) at least three corners of each polyhedron should be shared.

(4) oxygen polyhedra should share corners and not edges or faces.

The glass must contain appreciable amounts of cations which form vitreous oxides on
other cations which are able to replace any of the former, isomorphously. These cations

are responsible for the glass forming ability.

Transition metal oxide glasses have transition metal oxides as the major constituents
besides a glass former. Some common examples of glass formers are TeO,, GeO,, P,0s,
SeO, and SiO,. To increase the ability to go into a glassy state easily a modifier like
Fe;03, M@0, Ca0, SfO and BaO is also included in the composition.

The electrical properties of various TMO glasses have been studied in depth over the
last four decades. These glasses have semiconducting properties which arise due to the
presence Of transition metal ions in multivalent states in the glass matrix and are of great
interest because of their uses such as in memory switching devices [155] and their use as
cathode materials in batteries [156]. The electron-phonon interaction in these glasses is

strong enough for small polarons to form and the electrical conduction process proceeds
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via polaron hopping among the TM ions of different valence states [157-158]. The stud-
ies on various oxide glass systems have been reviewed by J. D. Mackenzie [159] and L.
Murawski et al [160]. Extensive work has been reported on Vanadium oxide based glass
systems [139, 161-170]. Information is also available on glasses containing Iron Oxide
[171-173], WO3; and MoO; [174-179]. Recently a number of reports on glasses contain-
ing CuO [180-183] have been published. Severd theoretical models (section-3.6.1) have
been proposed to understand the electrical conduction mechanism in 3d TM containing
oxide glasses. Interpretation of the conduction process is difficult since the conductivity
is affected by numerous factors including the nature and concentration of the TMO, the
concentration of TM ions in a reduced vaence state, the preparation conditions and the

existence of microscopic or macroscopic structure within the glass matrix.

The initiad studies on severa systems presumed that the glass formers are non-
interacting solvents and hence do not actively affect the conduction. Later studies indi-
cate the effect of the glass forming oxides on the structure and properties of the glasses

[160].

3.2 Preparation of the BSCCO and Pb-BSCCO glasses:

A number of glass fabrication techniques have been tried in order to obtain glasses and
glass ceramics of various forms. The most common technique is the mixing of oxides
or nitrates of bismuth, strontium, calcium, copper and lead (in the case of lead doped
samples) and melting them in alumina or platinum crucibles with thorough mixing to
ensure homogeneity. The temperature at which the melt is quenched and the duration of

melting is limited to reduce significant evaporation of Bi and Pb. The melt is quenched
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by either metal plate quenching [87, 184], single roller quenching [90], twin roller quench-
ing [86] or quenching into liquid nitrogen [105]. The various methods adopted to obtain
films, fibers, filaments, wires and tubes have been described at length in chapter-1.

3.2.1 Preparation of the Bi,Sr3Ca;Cu,O, glasses:

Glasses of composition BisSr3Ca;Cu, 0, (3 <y < 6) (433y) were prepared from 99.99%
pure Bi,03, SrCO3, CaCO3 and CuO. The chemicals were weighed out in the appropriate
ratio and mixed thoroughly in an agate mortar. The mixture was calcined at 800°C for
24 hours in an electrical furnace. The reacted black powder was melted at 1000°C in a
platinum crucible and held at that temperature for 15 minutes to ensure thorough mixing.
The melt was quickly poured on a clean thick copper block and rapidly pressed by an-
other copper block. Black shining glasses of 0.5 to 1 mm thickness could thus be obtained.

3.2.2 Preparation of Bi,Sr;Ca;Cu,_.M, O, glasses:

Glasses of composition BisSr3CazCus--M,0, (M = Fe, Cr and Mn) were prepared us-
ing 99.99% pure Bi,03, SrCO;, CaCO3, CuO and oxides of the 3d TM. The method of
preparation was identical to the method employed for the synthesis of the 433y glasses.
Amorphous materials could be obtained up to a dopant content of x = 0.2 for M = Cr

and Mn and up to x = 0.3 for Fe.
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3.3 Characterisation studies :

3.3.1 Characterisation of the 433y glasses:

Room temperature XRD spectra of 433y glasses did not show any reflection peaks. The
amorphous nature of the glasses were thus ascertained. Density measurements were car-
ried out by the Archimedes principle described in chapter-2. It was found that the density
of the glass system shows an increase with increase in CuO content. The total number
of Cu ions per unit volume of the glasses (Cuyora = N) was obtained from the glass com-
position and the density studies. The N value was found to increase with increase in Cu
content of the glass. The room temperature magnetic susceptibility of the glasses was
measured by Faraday method. Since the magnetic susceptibility is proportiona to the
paramagnetic ion concentration, the Cu*? ion concentration was obtained by comparing
against a known standard sample of CuSO,.5H,0. The Cu*' concentration is obtained
from N and Cu*? concentration values on the assumption that the total copper in the
glass is constituted of Cu*' and Cu*? ions. The susceptibility and Cu*? concentration
decreases with increase in CuO content up to y = 5 followed by an increase for y = 6
sample. The vaue of ¢ (= Cu*!/Cu.)increases by about 20% as CuO content in-
creases fromy = 3 toy = 5. Further increase in CuO content leads to a decrease in ¢
value. The density, susceptibility, N values, the Cu*! concentration and the c values of

the glasses are given in table-3.1.

3.3.2 Characterisation of the 3d TMO doped glasses:

The glassy nature of the 3d TM doped BSCCO glasses was ascertained from the XRD
studies. Density measurements were carried out on these glasses by Archimedes method.

The density does not vary significantly with doping (Table-3.2). However, al the doped



Table-3.1
Various physical parameters of BisSr3Ca3Cuy O, glasses.

Composition | Density N X Cut c= Cu*/N| R=N"1/3
(g em™3) | (102em™3) | (107% g~') | (10?'cm™3) (A)
4333 574 6.27 138 312 0.50 541
4334 5.89 8.38 116 5.64 0.67 4.92
4335 6.02 10.2 103 7.70 0.76 4.61
4336 6.11 11.7 1.32 8.75 0.73 4.37




Table-3.2
DSC parameters and density of the 3d doped 4334 glasses.

sample enthalpy | density
(°C) | (°C) | (cal/gdeg) | (g/cm®)
Fe doped
x=0 471 | 470 201 5.89
x=0.025 449 | 455 145 5.89
x=0.05 471 | 478 1.63 584
x=0.1 456 | 402 198 5.86
X =0.2 469 | 475 2.08 584
x=0.3 450 | 458 155 5.83
Cr doped
x=0.025 449 | 453 2.02 5.87
x=0.05 448 | 454 191 5.88
x=0.1 446 | 448 195 5.86
x=0.2 449 | 454 197 584
Mn doped
x=0.025 453 | 458 188 587
x=0.05 460 | 463 219 5.87
x=0.1 404 | 470 219 584
x=0.2 453 | 457 191 5.83
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glasses have dlightly lower density in comparison to the base glass.

3.4 Differential Scanning Calorimetry studies:

3.4.1 DSC studies on 433y glasses:

From the DSC studies at a scan rate of 10°C/minute, the vaues of the crystallization
onset temperature (T,), the glass transition temperature (T,), the crystallization tem-
perature (T.) and the enthalpy of the glasses were obtained (Table-3.3). Fig-3.2 shows
atypical DSC plot for the 433y glass. The T, and the T, values do not vary appreciably
with composition. The T, value is found to be highest for the 4334 glass. AT = T,- T,
is a measure of the thermal stability of the glass. AT is found to be highest for the 4334
glass indicating it to be the most stable glass among the present compositions. The en-
thalpy is found to increase with increase in CuO content. Zheng et al [127] reported that
as the Cu*'/Cuua ratio and the total Cu oxide content increase, the glass transition
and the crystallization temperature decrease. Sato et al [124] also reported the effect of
Cu?! /Cuyerar ratio on the thermal stability of 2212 glasses. We do not find any definite

correlation between Cut!/Cu,, ratio and the thermal parameters of the present glasses.

3.4.2 DSC studies on 3d TM doped glasses:

DSC studies were conducted on the 3d doped BSCCO glasses at ascan rate of 10°C/minute
and the onset temperature, the crystallization temperature and the enthalpy obtained
(Table-3.2). The glass transition temperature is not clearly marked as it is not sharply
defined and lies between 355 to 370°C for all the compositions. The T, and the T: do

not show any systematic variation with the dopant content for any of the three series of



Table-3.3
Transition temperatures obtained from the DSC studies on the 433y
glasses.

sample | T, | T, | T, | AT=(T,-T,)| enthapy
(°C) | TO | (ocy (cal/gdeg)
4333 | 367 | 450 | 457 83 154
4334 | 358 | 471 | 476 113 201
4335 | 360 | 444 | 450 & 2.17
4336 | 360 | 449 | 452 89 3.75
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samples studied. The doped glasses however have T, and T, values smaller than that of
the 4334 glass.

3.5 FT/IR studies on glasses:

Fig-3.3 shows the FT/IR spectrafor Bi,O3, SrCO;, CaCO; and CuO, the starting chem-
icals for the synthesis of the glass and a typical spectra for the amorphous 433y glass
system. A broad absorption band at 500 cm"* and a pesk at around 860 cm~?! are present
in al the glass samples (fig-3.4). The peak at 860 cm~! do not correspond to any of the
absorption peaks in the IR spectra of the starting materials. A representative FT/IR
spectra for the Fe doped glasses is given in fig-3.5 and it is seen that 3d TM doping does

not give rise to any variations in the FT/IR spectra.

The absorption band at around 500 cm™~' which corresponds to the phonon frequency
of the glasses does not alter appreciably with variation in composition or as a result of
doping. This is further confirmed from the results of DC conductivity studies on these
glasses. Bishay and Maghrabi [185] observed absorption peak at 860 cm"! in IR spectra
of fused Bi,0; and assigned it to a totally symmetric stretching vibration mode of BiO;
pyramidal point group Cs, . Zheng et al [186] reported the absorption peak at 840 cm™
in the Infrared spectra of Bi-Sr-Ca-Cu-0 glasses and assigned it to BiO3 pyramidal units.
Miyaji et a [187] reported absorption peak in the Infrared spectra of Bi-Sr-Ca-Cu-0 and
Bi-Sr-Cu-0 glasses but not in Bi-Ca-Cu-0 glass. They found that this peak is not present
in SrO free glasses and its intensity increases with increasing SrO content. Miygji et a
have argued that the three-coordinated Bi has not been found in any crystal and the
formation of BiQ, pyramidal units in these glasses is therefore doubtful. Distorted BiOs
octahedra generally forms in most oxide crystals such as a-Bi;O3 [188] and BisSizOna
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Fig-3.3 Typical FT/IR spectra of a BSCCO glass and the components consti-
tuting the glass (A) Bi;Os; (B) SrCOy; (C) CaCOy; (D) CuO and (E)

Bi-S1-Ca-Cu-O glass.
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Fig-3.4 FT/IR spectra for the 433y glasses (A) y =3; (B)y = 4; (C)y =5
and (D) y =6.
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Fig-3.5 A representative FT/IR spectra for the BisSrsCasCuy_,Fe,O, glasses
(A) x =0.025; (B) x =0.05; (C) x=0.1; (D) x=02and (E) x =0.3.
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[189]. The six Bi-O bonds in BiOs octahedron are classified into two groups of short
Bi-0 (2.0-2.2 A) and long ones (2.5-2.8 A) on the basis of Bi-0 interatomic distances.
It is assumed that the distorted BiOs octahedron involves a BiQ; species, when three
Bi-0 distances in the BiOg are nearly equal. Based on these considerations they argued
that in the SO containing glasses there are BiOg octahedra which have three shorter
Bi-0 distances, giving the pesk at 860 cm"! due to Cj, symmetry.

Since the first phase formed on crystallization of these glasses (chapter-4) is
indicating that Sr is located adjacent to Bi-0 planes, the assignment of 860 cm"* pesk
to BiOg octahedra with three Bi-O distances nearly equa leads to the conclusion that
Sr preferentially occupies the site near BiOe octahedra in the present glasses causng a

strong interaction between Sr and BiOe octahedra.

3.6 DC conductivity studies:

3.6.1 Theoretical background :
The theoretical models used in the analysis of the experimental data are briefly described

below.

The formation of small polarons in 3d TM containing glasses is the basis for various

theoretical models discussed in this section.

Condder an dectron momentarily fixed at some point of the crystal. As a result
of electron lattice interaction, the surrounding lattice particles will be displaced to new

equilibrium pogtions; the induced displacements will be such as to provide a potential
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‘well’ for the electron. If the well is sufficiently deep, the electron will occupy a bound
state, unable to move unless accompanied by the well. The unit consisting of the elec-

tron, together with its induced lattice deformation, is called ‘polaron’.

The electrical conduction in the TM ion containing glasses is discussed by Matt [157]
in terms of the small polaron hopping between localised sites. The important feature
of small polaron conduction is the transition behaviour between the conduction in a
polaron baud, characterised by exact conservation of the lattice energy and conduction
by hopping which is characterised by an alteration in the phonon occupation numbers.
In the high temperature range i.e. T> 0p/2,(0p = hv,/k 1s the Debye temperature and
v, the phonon frequency of the material), the DC conductivity is due to smal polaron
hopping among the nearest neighbours and the conductivity in the non-adiabatic regime
is given by

a= V“'fjm (1 - )exp(—=2aR)exp(~W/kT) 3.1

where a is the conductivity at temperature T, v, is the phonon frequency, cistheratio
of concentration of TM ions in the low valence state to the total number of transtion
metal ions N, R = 1/N'/3 s the average hopping distance, « is the dectron wave function
decay constant of the 3d electron wave function and W is the activation energy for
conduction. Assuming a strong electron-lattice interaction, Austin and Mott [158] have

shown that

W= Wy + '“Wp for T>6p/2
W= Wp for T <8p/2 (3.2

where W, is the poloron hopping energy and Wp is the disorder energy arising from
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energy difference of the neighbouring sites. The tunneling term exp(-2aR) in equation-

3.1 reduces to unity if the polaron hopping isin the adiabatic regime and the conduction

is mainly controlled by the activation energy W. The conductivity equation reduces to
v,Ne*R?

o= i c(l = c)exp(—W/kT) (33)

The Mott's model predicts an appreciable departure from linearity in the loge versus
1/T plot below a temperature T = 6p/2 indicating a decrease in the activation energy
with decrease in temperature. According to this model, the activation energy at the
lowest temperature is entirely due to Wp,. Thus by the Mott’s theory, conductivity at
high temperature is due to smal polaron hopping between the nearest neighbours and
the dominant conduction mechanism is thermally activated hopping in which eectron
site change is accompanied by the emission and absorption of many phonons and hence
a change in the phonon occupation numbers. At low temperature, when the polaron
binding energy is smal and the disorder energy of the glass plays a dominant role in
the conduction, it is suggested [190] that the carrier may aso hop beyond the nearest
neighbour distance to a site at lower energy. In this temperature range, the conduction
is in polaron band characterised by site transfers in which phonon occupation numbers
are unchanged. The conductivity expression given by Mott [191] for this variable range

hopping (VRH) conduction mechanism is

o = Aezp(—B/T") (3.4)

where A = e?N(E;)R?»,
o M4 _ o, [WpleR *I'“
s =2 [t

and B = 2.1|775;

and N(E;) is the density of states at the fermi level. The Mott’s conductivity equation
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has the form of Arrhenius equation
0 = o.exp(—W/kT) (35)

If conduction is in the adiabatic mode, ¢, is dmost independent of composition or
exp(-2aR) is constant for dl the glasses and changes in o as a result of composition
variation is entirely due to variation in W. Hence it has been suggested by Sayer &
Mansingh [166] and Murawski [160] that the nature of hopping can be ascertained from
the plot of logo versus W at a fixed temperature T. The hopping will be in the adiabatic
regime, if the temperature T, estimated from the dope of such a plot is close to T and
non-adiabatic if they are widdy different.

A generalised phonon hopping model has been proposed by Holstein [192], Emin and
Holstein [193] and Friedman and Holstein [194] on the basis of molecular crystal model
considering Wp = 0. The DC conductivity according to this model is expressed as

(3.6)

for the adiabatic polaron hopping regime and for the non-adiabatic regime it is given
by

3/\"(2]?2.]2 n 1/2 —H"”
| e ————— = 3-7
# 2kTHh (A-'/'u-’,, ) al ( kT ) @)

where J is the polaron bandwidth related to electron wave function overlap on adjacent
sites. They have shown that J should satisfy the condition J < Wy /3 for the formation

of small polarons and the nature of the hopping can be ascertained from the inequality

™

Wy 1" (o)
Jz[m'%] (i) 3.8)
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(>) for hopping in the adiabatic regime and (<) for hopping in the non-adiabatic

regime.

A detailed theoretical modd of the temperature dependence of activation energy is
given by Schnakenberg [190]. According to this model, the conduction at high tem-
perature is due to optical multiphonon processes. With decrease in temperature, the
multiphonon processes are replaced by a single optical phonon process. At the lowest
temperature, the polaron hops with one or more acoustic phonons making up the energy

difference between sites. The conductivity expression in this mode is given by

o ~p37(B)exp|=BU(B)]exp[—BAW) (3.9

for T>0p/4and

o ~ exp(—LAW) (3.10)
for T <Op/4
where (3 = 1/kT, 7(8) is the temperature dependent relaxation time, U(B) is the tem-
perature dependent activation energy and is related to Wy in the Mott's model by the

equation

W s D) (311)
W hv, [4kT .

where W is the high-temperature activation energy and can be taken as & Wy and

W, the activation energy at lower temperatures. AW is the activation energy at the

lowest temperature and can be equated to Wp in the Mott's model.

Extracting the temperature dependent terms, the Schnakenberg’s conductivity ex-

pression can be written as
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(‘J"VT

sinh (%)]1/1(”1 [_ (%) tanh (%)] exrp (‘;»1:!)) (3.12)

A simple model for conductivity has been proposed by Greaves [195] in which the
excitations by optical and acoustic phonons are considered to make independent contri-
butions to the jump frequency. The conductivity expression

il ¢ —B
oTV? = Ae p ( T ) (3.13)
is found to fit the intermediate temperature range where neither the 1/T nor the 1/T/4

fitting of Mott’s theory holds.

Triberis and Friedman [196-198], based on the Microscopic Generalised Molecular
Crystal Model, applicable to the smdl polaron hopping motion in a disordered system,
used percolation theory to evaluate the DC conductivity of a disordered material at high

and low temperatures.

For the high temperature (hv, < kT) small polaron hopping regime, the hops are
characterised by the absorption and emission of many phonons. Taking correlations into

account the conductivity in this temperature range varies as

T /4 17.8a"
o [ : T = 3.14
eTp [ ( T ) and l',, N,Jl\' ( )

and the conductance in the low temperature (hv, > kT) small polaron hopping regime

varies as
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nl

where N, is the density of states and a'* is the spatial extent of the electronic wave

function localized at a single site.

Thus the theory predicts a low to high temperature sope ratio of 1.09 in the lne

versus T~1/4 plots between the low and high temperature regime.

3.6.2 Experiment and Results:

The DC electrical COL ductivity measurements were carried out as a function of tempera-
ture on several glass samples with Bi4Sr3CasCu, O, (3 <y < 6) and BiSr3CazCu;z sMg 20,
(M = Fe, Cr and Mn) composition. The conductivity of the samples of the same composi-
tion taken from different batches prepared under identical conditions, showed agreement
within 5% in their room temperature conductivity. The conductivity on the same sample
in different runs agreed within 2%. The lower limit of the temperature range utilised was
decided by the experimental difficulty in measuring currents less that 10~'*A with the
equipment available. The electrical conduction in the present glass is electronic in nature
as indicated by the invariance of the current in the sample with time after a fixed voltage

is applied.

(a) Bi4Sr3Ca3;Cu,0, glasses:

Fig-3.6 shows the variation of logarithm of electrica conductivity as a function of the
inverse of temperature for various glass compositions. It is observed that the plot is
linear above 260 K and follows Arrhenius equation and shows an almost temperature

independent activation energy above 260 K. The solid lines in fig-3.6 are the linear least



lod e 83y 380

‘19polt 8,330,
q Tesuy) ayy are seuq pros aq], 9 = £ ) ig = £ (o) "v—M

L) ig=4 (0) somm(2 ‘0'npseprighyg 1of L/01 #naiaa o80] Jo 0|4 9g-8y

A) 1700
@m_ vn\ o

1

-

)
oy

geCH +++++
GffY ooooo
PECy vvvvw
CCCY occooo

wd S

.INF'

T
o
|

T
o0
|

l-..*

1
w0
|

l_

(_wo p) o0bo

T
<
|




Chapter 3. STUDIES ON Bi-Sr-Ca-Cu-O GLASSES 43

square fits used to obtain the activation energy W. At any given temperature, the con-
ductivity increases and the activation energy decreases with increase in CuO content
(Table-3.4). These results are similar to what is reported for Vanadium glasses [166,
168]. The conductivity of these glasses is about 34 orders of magnitude higher than that
of copper phosphate containing glasses with similar amount of copper [180]. It therefore
appears that the other constituents of the glass play an important role in the conduction
process. Bdow 260 K, the activation energy is found to decrease smoothly with decreas-
ing temperature. This is most apparent in the glasses having higher conductivity at low
temperatures. This kind of variation in the loge versus 1/T is characteristic of small

polaron hopping mechanism in TMO containing glasses.

In order to consider the effet of T-! in the pre-exponential part in equation-3.1,
log(oT) is plotted against 10°/T in the temperature range studied (fig-3.7). These plots
are similar to fig-3.6 but the activation energy estimated from the log(oT) versus 10%/T
plots is glightly higher than the values obtained from the logo versus 103/ T plots.

The polaron radius r, can be estimated from the equation given by Bogolomov et al
[199] for non-dispersive system as
1 m 1/3
=g ((—,\) (3.16)
Using the N values from table-3.i, r, is calculated and listed in table-3.4. The 1,
value is small and comparable to the reported values for other glass systems. This shows
the presence of strong electron-phonon interaction and the formation of small polarons

in the present glasses.



Table-3.4
Parameters estimated from electrical conductivity of BisSr3CazCu, 0,

glasses.
Composition 0423 Wyaa 0 I,
(10779 'em™) | (&V) | (A-1) | (A) | (10MHz) | (10" Hz)
4333 3.55 0.63(55) | 34 |218 245 .20
4334 5.89 0.60 40 | 198 2.00 57
4335 24.5 0.56 .35 186 414 2.81
4336 43.7 054(5) | 37 | 176 384 193

t from Mott's eqn.3.3
t replacing c(l-c) by c(I-c)* in egn.3.3
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According to Mott’s model, an appreciable departure from linearity in the logo vs.
1/T plot occurs at atemperature T = 6p/2, which is about 260 K from fig-3.6. Thus the
Debye temperature, fp for the present glass system is =520 K and the y, value obtained
from the relation fp =~ hv,/k is 115 x 10" Hz The v, value is almost independent of
composition. This shows that the structure of these glasses does not change with com-
position. This hypothesis that the structural arrangements of all the samples are similar,
is supported by IR studies on these glasses. IR studies show an absorption band around
500 cm"® which gives a phonon frequency of &~ 153 x 10* Hz for the whole range of

compositions studied.

In order to study the nature of the conduction mechanism i.e. if equation-3.1 or 3.3
is vaid for the present glass system, logo is plotted against W at a fixed temperature
(say 423 K) for the compositions studied. Fig-3.8 shows such a plot to be a straight line
with dope corresponding to an estimated temperature T, of 404 K. The temperature
estimated from the slope of the plot is close to the fixed experimental temperature. This
implies that the hopping in these glasses occur in the adiabatic regime with the thermal
activation energy dominating the conduction process. The tunneling term exp(-2aR) in
equation-3.1 can therefore be ignored and equation-3.3 is more appropriate to describe

conduction in these glasses.

The nature of hopping conduction can be ascertained by the Holstein’s condition,
consdering equation-3.8. Assuming that W ~ Wy in the high temperature range, the
RHS of equation-3.6 at 423 K for v, = 10" Hzisfound to be 0.038-0.04 eV for the present
glasses. An estimation of J can be obtained by assuming that the entire concentration
dependence of the activation energy is due to the variation in J. The change in activation

energy is from 054 to 0.64 eV, and s0 a possible variation in J of ~0.1 eV. Since W is
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Fig-3.8 Plot of logo versus activation energy W for the 433y glasses at 423 K.
The solid Tine is the least square fit of the experimental data.
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likely to change with composition, the true variation in J may be smaller than 0.1 eV.
However the change in W is large enough for the adiabatic hopping theory to be most
appropriate to describe the polaron conduction in the present glass system. From an
estimation of the limiting vaue of J, the condition for the small polaron formation i.e. J
< Wg/3 is aso satisfied.

The v,(adiabatic) and the a vaues for the various glasses estimated from equation-3.3,
in the adiabatic regime using the physical parameters in table-3.1, are listed in table-3.4.
The v,(adiabatic)is about two orders of magnitude smaller than the phonon frequency
estimated from loge versus 10%/T plots and the IR studies. This discrepancy can be
explained by taking into account the effect of interaction between the polarons i.e. the
correlation effects [166]. This would imply that the factor ¢(I-c) in equation-3.3, should
be replaced by c(1-¢)"*'. The existence of such an effect is quite likely because of large
¢ value of these glasses. The v,(adiabatic) estimated with n = 3 is of the same order of

magnitude as obtained from 8, and IR studies (table-3.4).

The theoretical fit of equation-3.11 for »,=10'* Hz, along with the experimenta points
is plotted in fig-3.9. It gives a reasonable fit to the data points above 350 K but deviates
at lower temperatures. This shows that the decrease in activation energy with decrease
in temperature aone cannot account for the temperature dependence of conductivity.
The temperature dependence of the pre-exponential factor is also to be considered for

comparison with the experimental data.

The temperature dependence of conductivity according to Schnakenberg’s model is
given by equation-3.12. Fig-3.7 shows the experimental data and the theoretical curves
(solid lines) obtained from equation-3.12. The vaues of v, W and Wp obtained from
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the best fits of the theoretical curves to the experimental data are given in table-3.5.
The hopping energy W increases with the increase in CuO content and is close to the
values obtained from the experimental data. The v, value is close to the value obtained
from Mott’s model and IR studies. The disorder energy Wp is close to the predictions
of Miller-Abraham’s theory [200]. Using v, and Wy values, the vaue of small-polaron
coupling constant v = Wy /hy, is estimated. The calculated values of 7 are listed in
table-3.5 and range between 9.78 and 12.84. The value of 7 > 4 usualy indicates strong
electron-phonon interaction in solids [158]. The calculated value of 7 gives effective po-
laron mass m,, [158, 160] about 10° times the mass of an electron. The numerical vaue of
m, and 7 confirms the presence of strong electron-phonon interaction and the formation

of small polarons in the present glasses [158, 201].

The low temperature data is also analysed in view of Mott’s Variable Range Hopping
mechanism [191] and Greave's theory [195]. Since the experimental data for the 4333 and
4334 glasses could not be obtained in the temperature range below 160 K due to their
high resistivities, logo against 1/T'/4 could be plotted only for 4335 and 4336 glasses
(fig-3.10). A linear fit was obtained as per equation-3.4. The N(E;) values estimated
from equation-3.4, using a values from high temperature data is ~ 10%° eV~*em~3 and
is a reasonable value for the localised states [191]. The Wp vaues obtained from the
same equation are found to be unacceptably large. This shows that tunneling term may
be negligible in the high temperature range but perhaps cannot be ignored in the low
temperature range. Unredlistically high values of Wp were obtained from the variable-
range hopping anaysis for vanadate [168] and some other copper oxide glasses [181]
also. The Mott’s Variable-Range-Hopping analysis may not explain the conductivity
behaviour in the low temperature region considered. According to the Greave’s model,

the Variable-Range-Hopping may take place in the intermediate temperature range and



Table-3.5
Parameters estimated from the best fits of Schnakenberg's model to the
ex peri mental data.

Composition Ve Wy Wp | 7=Wy/hu,
(433y) (10" Hz) | (eV) | (eV)
4333 125 0.68 | 0.07 13.15
4334 127 0.63 | 0.09 11.99
4335 129 0.56 | 0.12 10.49
4336 137 0.55 | 0.125 9.78
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the conductivity expression according to this mode is
oT'? = Aexp(-B/T'*) (317)

where A and B are given by the equations described in equation-3.4. We, however do
not find a linear variation of log(¢T'/?) as a function of T-/4 in the intermediate tem-

peraturerange. We aso find that the Triberis model is not applicable to the present data.

(b) 3d TMO doped glasses:

The electrical conductivity measurements on the Bi,Sr;CayCuj sMo 20, glasses show that
the conductivity behaviour of the 3d TM doped glasses is similar to that of the undoped
glasses. Fig-3.11 shows the variation of logarithm of conductivity as a function of in-
verse of temperature. The conductivity at room temperature does not vary (table-3.6)
substantially with the 3d TM dopants. The variation in conductivity as a function of

temperature is similar to that of the 4334 glass.

Fig-3.12 shows the variation of log(oT) versus 1/T. The solid curves are the best fits
obtained from Schnakenberg's equation-3.12. The experimental data is consistent with
the predictions of Schnakenberg's model. The values of v,, Wy, Wp and 7 obtained
from the best fits of eguation-3.12 to the experimental data are given in table-3.6. The
Wy, values are close to that of the 4334 glass while W, decreases marginally as a conse-
quence of doping. The v, vaues show little change with doping which is consistent with
the results of the IR studies. The 4 values also show very little change with doping.

From the above results we conclude that the conduction mechanism in the BSCCO
glasses does not change as a result of doping at Cu site even for a 5% dopant concentra-

tion. The conduction parameters also do not vary appreciably. Hence, the conductivity
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Table-3.6
Room temperature conductivity and the conductivity parameters
estimated from the best fits of Schnakenberg’s model to the experimental
data of BisSr3Ca3zCu3gMo.20; doped glasses.

Sample 0298 Wy | Wp ¥=Wgy/hv,
M (10-° Q-! cm"Y) (10% Hz) (eV) | (eV)

M=Fe 0.665 127 0.635 | 0.07 12.08

M =Cr 1.657 128 0.62 | 0.07 11.70

M=Mn 1319 1.26 064 | 0.06 1227
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Fig-3.12 Plot of logoT versus 10%/T for the Bi,SrsCasCuysMo30. (M = Fe,

Cr and MD) glasses. The solid curves are the theoretical best fits to
Schnakenberg’s equation.
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studies for the doped samples were restricted to these three glass compositions.

3.7 ESR studies on glasses:

3.71 Theoretical background:

All forms of spectroscopy are based on the determination of energy levels of molecules,
atoms and nuclei. These energy levels arc created by interactions which can take place
between matter and radiation. ESR is restricted to the study of magnetic dipoles of
electronic origin and is usually studied at microwave frequencies (10° to 10" Hz). ESR
essentially consists of observing transitions between the Zeeman levels of the unpaired
electron in an external magnetic field H. Observing the magnetic fidd at which resonance
occurs may alow one to determine the magnetic dipole moment, the local environment

of paramagnetic species and any other non magnetic splitting (like zero field splitting).

The spinning electron has orbital motion around the nucleus. This electron which
is acting as a small magnetic dipole will experience a torque tending to turn it into
alignment with the field, but this can not take place as the electron spin has the orbital
angular momentum about the nucleus. The axis of the spinning eectron will then precess
around the magnetic field axis. The frequency of procession is the Larmour precesson
frequency w, and is related to the applied magnetic fidd by the equation w = vH where
7 is the magnetogyric ratio of the electron. It is the ratio of magnetic moment to me-
chanical moment of inertia, which isequal to 7 = ;jg—, The basic energy equation hv =
gBH where g is the magnetic moment of the eectron, the Bohr magneton and g is the
spectroscopic splitting factor and is a measure of the contribution of the spin and orbital

motion of the dectron and to its total angular momentum.
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Spin Hamiltonian is a particular part of total Hamiltonian (which represents the total
energy of the system), which plays the main role in interpreting ESR spectrum. If we
restrict ourselves to magnetic fields, electron spin and nuclear spin of the nucleus at the

symmetry, the spin Hamiltonian (H) can be written as
H = BH.¢g.S+ I.A.S+ SD.S (3.18)

Where the first term is the zeeman interaction, the second term is the hyperfine interac-
tion and the third term is the second order fine structure (or crystal fidd interaction).
Here 8 is the Bohr mag:.eton, H is the applied magnetic fied, S and | are the electronic
and nuclear spin vectors respectively and g and A are the matrices expressing the energies
of coupling between the magnetic fields associated with the vector quantities. Excluded
from equation-3.17 are the nuclear zeeman, quadrapole and higher order crystal field

terms because of the general inability to measure their effects in glasses.

For axial symmetry, the spin Hamiltonian can be written as

H = gBH.S, + gL B(H.S:+ H,S,)+ hAS.I. + hA, (S 1.+ S,1,) (3.19)

where the value g for H || to z will be called g, g factor for H in the XY planei.e, H +
z will have constant value g, . Aj and A are also defined in the same way Hereg- = gy =

gy and g, = g, where as in the case of rhombic symmetry g. #g, #8:. and A, #A, #A .

Relating the experimental spectrato equation-3.18 requires that the spin Hamiltonian
be diagnolized to yield the so called ‘resonance condition', He, - an expresson for the

magnetic field at which resonance occurs as a function of the principal-axis values of the
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matrix quantities, the microwave frequency v and the nuclear magnetic quantum number
m/. In an actual experiment, m; takes on values I, I-1,......, | with equal probability,
leading to 2I+1 equaly intense lines. Of course, H,.,, being a vector quantity is speci-
fied both its magnitude and its orientation with respect to the principal axis coordinate

systems of the interaction matrices.

It is occasionally useful, particularly when dealing with glass spectra, to define an ‘ef-
fective' g value corresponding to some particular value of H,., according to the relation
gessBH,., = hv, where h is plank's constant. These effective vaues of g should not be

confused with the principal axis components of the matrix g in equation-3.18.
ESR of Cu, Fe, Cr and Mn lons

Cu ions: Cu ion can exist in three valence states Cut!, Cu*? and Cu*?. Cu*’ ion
has S = 0 and hence can not give any ESR. Cu*3ion has S = 1 and is cbservable at very
low temperatures only. But Cu*? is very common and ESR is observable even at high
temperatures. Cu*? has spin (S) equal to 2/2 and nuclear spin (1) equal to 3/2 for both
isotopes ¢Cu and 8°Cu. The number of lines observable is equa to (21+1)four. So, the
ESR spectrum of Cu*? in most oxide glasses is distinctive and easily recognized on the
basis of the principal ‘g’ values (g|| 2.3, g, ~2.06) and a four line hyperfine splitting
due 3Cuand ®Cu[202].

Fe ions: Feions normally exist in three states Fe*!, Fe*?, Fe*>. Among these ions
Fet? is the most stable ion and the other two ions are unstable and their spectrum is
observable at very low temperatures only. Fe*3 has spin equal to 5/2 and the nuclear

spin equal to 5/2, so the number of lines expected are six though it is not observed. Fe*?
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ion is easily recognized with g.;; = 6 or g.;; = 43 and g.;, = 2.0 [203].

Cr ions: Cr exists in six different states viz. as Cr*!, Cr*?, Cr*3, Crt4, Cr*5, Cr+s.
The principal vaence states of chromium in solids are the +3 and +6. But mogt of
the Cr doped glasses show signd due to Cr*® only. Cr*® has electron spin 3/2 and
nuclear spin equal to 3/2. So, the number of lines observed in the ESR spectrum are
four. For this 3d® ion ‘g factor does not fdl bdow ~ 195. ESR studies on chromium
doped glasses shows the presence of signals at g = 5 and g = 197 due to Cr+*3. Theg =
5 isdue to zero fied splitting of the Cr*3 ion energy levels by the ligand electric fild [204].

Mn ions. Mn ion exists in three different states viz Mn*?, Mn*?, Mn*4. But among
thesc Mn*? ion is the most stable and its spectrum is observable even at the high tem-

peratures.

Mn*? shares the same 3d°%6s;,, electronic structure as Fe*?, but its ESR spectra are
distinctly different due to the addition of hyperfine structure and the occurrence of the
fine structure splittings which are typically an order of magnitude smaller than those of

Fe*? ions.

Mn*2 ion has spin equal to 5/2 and nuclear spin equal to 5/2. The number of lines
observable for Mn*? ion are six. This intense hyperfine sextet centered on g = 2.0 has

long been recognized as the principal signature of Mn*? in glasses [205].
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3.7.2 Experiment and results:

ESR studies were carried out on the doped and undoped BSCCO glasses in the temper-
ature range 150-300 K as described in chapte:-2 of the thesis,

(8) ESR of Bi,Sr;Ca;Cuy0, glasses:

Fig-3.13 show the ESR spectra for the 433y glasses a room temperature. The signd is
broad and centered at g = 2.23 and with pesk to pesk line width of 425 G. On the basis
of the g value and the comparison with the ESR spectra of Cu*? in other glass systems,
the observed ESR signal could be assigned to Cu*? in an octahedral environment [206].
The absence of resolved hyperfine structure leads to the conclusion that there is a broad
distribution of spin hamiltonian parameters. Fig-3.14 shows the ESR spectra of 433y
glasses at 150 K. The hyperfine structure is till not fully resolved to estimate the hy-
perfine parameters. Due to the experimental limitation it was not possible to go to still

lower temperatures.

The Cu*? concentration was estimated by double integration method of the RT spec-
tra of these glasses and comparing against a standard sample of CuSO4.5H20. The Cu*?
concentration obtained is about 2 orders of magnitude less than that obtained from room
temperature magnetic susceptibility data and does not vary systematically with increase
in CuO content. Thus it is seen that only a small fraction of Cu*? jons are ESR active
in these glasses. This situation is similar to that of CuO which is ESR silent and yet

paramagnetic.

The absence of ESR has been reported by many groups in high T superconductors

[207-209]. The Cu+? in al these materials exist in either square planar CuO; planes as
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Fig-3.14 ESR spectra for the 433y glasses at 150 K. (A) y = 3; (B)y =4; (C)
y=5and (D) y =6.
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in BSCCO systems or in one diamensional 180° Cu-0O-Cu chains.

The small value of Cu*? concentration obtained for the present glass system can be
explained by assuming that there exists a short range ordering in these glasses at the
atomic level. Most of the Cu ions in this material could be present in square planar
Cu-0 units which do not contribute to ESR signal. The formation of 2201 phase (having
asingle CuO; plane) as a first product of crystallization of these glasses also strengthens

this contention.

(b) ESR of 3d TM doped glasses:

Fig-3.15 and fig-3.16 show the ESR spectra for the Fe doped BSCCO glasses at RT and
150 K respectively. The spectra is similar to the spectra obtained for undoped BSCCO
glasses. The presence of Fe as Fet? in these glasses is confirmed from the presence of
two signals-one at g=4.3 and another around g=2.0 superimposed on the Cu spectra.
The intensity of both these signas are found to increase with increase in dopant con-
centration. The g=4.3 signal can be attributed to Fe** both in four fod and six fold
coordination [210] while the g=2.0 signa is due to Fe ion in six fold coordination [211).

The ESR spectra for the Mn doped glasses at RT and 150 K are shown in fig-3.17
and 3.18. The spectra shows a sextet centered at g=2.0 superimposed on the Cu spectra.
This is a signature of the presence of Mn as Mn*? in these glasses [204). This is however

insufficient to obtain any information regarding the environment of Mn*? in these glasses.

Fig-3.19 and 3.2,0show the ESR spectrafor Cr doped glasses at RT and 150 K respec-

tively. The existence of Cr as Cr*? is not seen because of the overlap of Cu  and Cr*?
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Fig-3.15 Room temperature ESR spectrafor the Bi,SryCagCu,_.Fe, 0, glasses
(A) x=0.025; (B) x=0.05; (C) x=0.1; (D) x =02 and (E) x =0.3.
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Fig-3.16 ESR spectrafor the Bi,StyCa;Cuy_.Fe, O, glasses at 150 K. (A) x =
0.025; (B) x =0.05; (C) x =0.1; (D) x = 0.2 and (E) x = 0.3.
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Fig-3.19 Room temperatuie £SR spectrafor the BisSrsCasCuy-,Cr,0, glasses,
(A) x = 0.025; (B) x =0.05; (C) x=0.1; (D) x=0.2.
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Fig-3.2L,0ESR spectra for the BigSrsCayCuy_,Cr,O, glasses at 150 K. (1) X =
0:025; (B) x = 0.05; (C) x =0.1; (D) x =0.2.
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signals. The presence of Cr*3 is however confirmed from the change in the line shape of
the spectra as in the case of 3d doped glasses and the undoped glasses with higher CuO

content.



Chapter 4

STUDIES ON Bi-Sr-Ca-Cu-O SUPERCONDUCTING GLASS CERAMICS

This chapter deals with the crystallization and phase formation studied on Bi,SryCazCu,O,
glasses. The parallel studies of XRD and electrical resistivity were carried out on the
samples as a function of heat treatment temperature and duration, in order to understand
the phase formation and its effect on the electrical conduction. The systematic studies
of the effect of CuO content and the 3d TM dopants (Fe, Cr and Mn) on the structural

and superconducting properties of the superconducting glass ceramics are also presented.

4.1 Crystallization studies on Bi,Sr;Ca;Cu,O, glasses:

4.1.1 Thermal analysis of BisSr;Ca;Cu,0O, glasses:

Differential scanning calorimetery technique was used for thermal analysis of the sample.
The variable heating rate DSC method was employed to evaluate the kinetics of crystal-
lization. Bulk glasses were used instead of powder in order to avoid the effect of particle
size distribution. It is known that the crystallization pesk shifts to higher tempera-
ture with increase in the heating rate. The DSC scans at 5, 10, 15 and 20°C/min were
recorded. Table-4.1 shows the change in crystallization peak temperature with scanning
rate. The DSC crystallization peak temperature T, and the heating rate are related and
different equations have been derived correlating these parameters. One of the equation



Table-4.1
Change in Crystallization pesk temperature as a function of DSC scan rate

san rate (@) | T,

°/minute (©)

5 468

10 476

15 482

20 486
Table-4.2

Electrical parameters of the 4334 samples hest treated
a 820°C for various durations

heat treatment P300 Te(zero) Po o TCR
duration (m@cm) | (K) |[(mQcm) | (p2ecm K1)
1 hr. 1496 <8 - - -ve
2 hrs. 1023 <8 - - -ve
6 hrs. 2283 16 - -ve
12 hrs. 11.47 56 ~ -ve
24 hrs. 6.03 60 392 708 +ve
48 hrs. 4.40 64 245 6.56 +ve
% hrs. 419 74 149 8.98 +ve
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which has been successfully applied to study crystallization [212] has the form

=T m 1)

and relates the the activation energy E, to the exotherm peak temperature T, and the
heating rate ¢ of the DSC scan. v is the frequency factor and along with E, is related

to the reaction rate constant (k) by

Es
k = vexp

R l (4.2)

The plot of l"(r 77y Versus 1/T, (fig-4.1) is found to be a straight line verifying the
applicability of equation-4.1 to the present glass. The crystallization activation energy
E, calculated by the least square fitting of the data is 388 kJ/mole. Higher values of E,
ranging from 400 to 432 kJ/mole are reported for Bi-Sr-Ca-Cu-O glasses by other groups
[120, 122, 125]. The Avrami vaue n calculated from equation

_ 2.5 RT? i
”_AI E, “3)

for this sample is 3.69 which indicates a bulk crystallization process.

4.1.2 Crystallization and high T, phase formation:

Three separate samples of 4334 glass were heat treated in an electrica furnace in air.
The temperature was scanned from room temperature to 500°C for sample 1, to 650°C
for sample 2 and 820°C for sample 3 a a rate of 15°/min. On reaching the maximum
temperature the samples were quenched to room temperature in air. Paralel XRD and
DC resistivity studies were carried out on the heat treated samples in order to understand
the phase formation. The interior morphology of the samples was studied by carrying

out XRD studies after acid-etching the surface of the samples. Change in weight of the
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samples as a result of heat treatment were recorded using a microbalance. The samples
were heat treated at 820°C for different durations to study the growth of high T, super-

conducting phase.

Electrical and superconducting properties:

Fig-4.2(A,B,C) show resistivity (p) versus temperature (T) plot for samples scanned from
RT to 500, 650 and 820°C respectively at a scanning rate of 15°C/min. The samples heat
treated up to 500 and 650°C showed semiconducting behaviour in the whole temperature
range of 8-300 K. The sample heat treated up to 820°C showed semiconducting behaviour
in the temperature range 100-300 K. Beow 100 K, resistivity drops at around 90 and 30
K indicative of superconducting transitions were observed. The sample did not however
Show T(zero) down to the lowest temperature of 8 K. The room temperature resistivity

of the samples was found to decrease with the increase in maximum temperature scanned.

A comparison with the RT resistivity of the 4334 glass sample show that the sample
scanned up to 500°C showed a drop in RT resistivity of about 2 orders of magnitude (from
7.3 x 10° to 184 x 10” Q-cm) while the sample scanned up to 650°C, showed a drop of
about 8 orders of magnitude (to 7.3 Q-cm). The room temperature resistivity is found to
have dropped to 0.428 Q-cm for the sample scanned up to 820°C. These results indicate
that the rate of devitrification reaction is maximum in the 500-650°C temperature range.
It was aso found that no change in weight of the sample took place on crystallization.
However, as the temperature was raised to 650°C, an increase in weight of the sample

was observed.

Fig-4.3 shows p versus T plot for 4334 glass ceramic samples heat treated at a fixed
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temperature of 820°C for various durations followed by furnace cooling. The samples
reached the superconducting state at a temperature dependent on heat treatment dura-
tion (table-4.2). The p versus T plots for the sample heat treated for less than 12 hours
showed semiconducting behaviour in the normal state region i.e. 100-300 K temperature
range. The normal state resistivity decreases with increase in heat treatment duration.
The Insulator-Metal transition i.e. the change in sign of the temperature coefficient of
resistivity is observed when the sample is heat treated for 12 hours and the RT resistivity
~ 107? Q-cm. The sample heat treated for longer durations showed metallic behaviour
i.e. apositive temperature coefficient of resistivity in 100-300 K temperature range. The
temperature dependence of normal state resistivity of the metallic samples is described

by a linear equation of the form
p(T) = po + T (4.9

where p, and a = (dp/dT)are the residual resistivity and the metallicity of the ma
terial respectively. The p, and o vaues estimated by the least square fitting of the
experimental data are given in table-4.2. The metallicity is found to be increasing with
heat treatment duration. On the other hand, the ps00 and p, decrease with increasing
heat treatment duration. The T,(..r.) increases and reaches a value of 74 K after a heat
treatment of 96 hours. The superconductivity does not improve with further heat treat-
ment. The p-T plot (fig-4.4) for a sample heat treated at 850°C for 24 hours shows an
increase in T,(oneer) 10 110 K without significantly increasing the Te(sero)- This indicates
the formation of Bi-2223 phase at this temperature. Thus a temperature close to 820°C

seems to be more favourable for the preparation of single phase Bi-2212 superconductors.
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X-ray diffraction studies:

Fig-4.5 shows bulk XRD patterns at room temperature for the 4334 glass sample scanned
to various temperatures. The XRD pattern of the bulk glass is shown in fig-4.5(A). The
XRD pattern for the sample heat treated to 500°C show some wesk reflections similar to
the published XRD peaks of Bi;Sr,CuO, crystalline phase (fig-4.5(B)). Fig-4.5(C) shows
the XRD pattern of the same sample after acid-etching the surface layers. The pattern
remains similar implying that the formation of Bi,Sr,Cu0, crystalline phase is a bulk
process. The sample registers no change in weight as a result of this heat treatment
implying that the formation of this phase does not involve the uptake of oxygen from the
atmosphere. Fig-4.5(D) shows the pattern for the sample heat treated to 650°C . One can
notice the emergence of wesk reflection peaks which can be assigned to Bi,;Sr,CaCu,0,
phase and Cu;O. Further increase in the temperature to 820°C led to the increase in
th intensity of the peaks corresponding to Bi,Sr,CaCu,0, phase at the expense of the
Bi,Sr, CuO, phase reflection pesk intensity (fig-4.5(E)). The XRD pattern of this sample
after etching the surface could be assigned to Bi,Sr,CuO, crystalline phase (fig-4.5(F)).
This implies that the growth of the Bi;Sr,CaCu,0, crystalline phase starts from the sur-
face. From the increased weight of the sample it can aso be inferred that the formation
of this phase a the surface of the sample is accompanied by the absorption of oxygen
from the atmosphere. The heat treatment at 500°C for extended duration does not in-
crease the intensity of the peaks in the XRD pattern. However the intensity of the peaks
corresponding to the Bi-2212 phase increase considerably at the expense of the Bi-2201
peaks when the heat treatment is carried out at 820°C for extended duration. Fig-4.7
shows the XRD pattern for the 4334 glass heat treated at 820°C for 96 hours. All the
peaks could be assigned to Bi-2212 superconducting phase assuming a pseudo-tetragonal

symmetry with lattice parameters a=3.82 A and ¢=30.74 A [42].
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4.1.3 Effect of mechanical processing on the superconducting phase forma-

tion in Bi,Sr3Ca;Cu, 0. glasses:

Glasses of 4334 composition were powdered and heat treated for various durations at
820°C. The heat treated powder was pelletised. The pellet was heat treated at 820°C in
air for 1 hour and then furnace cooled. Fig-4.6 shows the resistivity plots for the mechan-
ically processed samples heat treated for 3 different durati ns at 820°C. The duration
includes the duration of heat treatment of the pellet also. A comparison of the resistivity
plots of the mechanically processed and the bulk sample heat treated for the same du-
ration show that mechanical processing gives samples of metallic normal state resistivity
with @ Tg(;erp=40 K, for heat treatment duration of 6 hours, while heat treatment of
about 24 hours duration is required to obtain metallic normal state resistivity behaviour
of bulk samples. The samples also showed smaller vaues of norma state resistivities in
comparison with that of the bulk samples. It is aso seen that the T (zero) of the pro-
cessed samples were significantly higher than that of the bulk samples for lower durations
of heat treatment implying that the initial oxygen absorption is significantly enhanced

by powdering.

4.2 Studies on Bi,Sr;Ca;Cu,0, (3 <y < 6) superconducting ceramics:

421 Preparation of the samples:

Glasses of composition BiySr3CazCu,O, ( 3 <y < 6 ) were heat treated in an electric

furnace at 820°C for 96 hours and the samples were subsequently furnace cooled.
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4.2.2 Structural studies:
X-ray diffraction studies:

The samples were characterised by X-ray diffraction (XRD) studies using Cuk, radiation
and the lattice parameters obtained from the observed reflections by the lead square

fitting assuming a pseudo tetragonal symmetry.

The XRD studies reved predominantly single phase formation for al the samples
studied. The XRD patterns (fig-4.7) show wel defined reflections al of which could be
indexed on the basis of Bi-2212 structure. The a and c lattice parameters obtained are
3.82 and 30.72 A respectively and do not change with variation in CuO content. The
XRD patterns of the 4334 and 4335 samples showed highly intense [0,0, ] reflections,
indicating orientation of superconducting crystallites in a plane perpendicular to the c-
axis. Such an indication of grain alignment is not found in the 4333 and 4336 samples.
Traces of Cu,O impurity phase were detected in the case of ceramics containing higher
CuO content. The Cu,O impurity peak intensity was found to increase with increase in
CuO content. Such traces of Cu,O impurity are also seen in the XRD pattern of the
Bi,Sr,CaCu, 0, superconducting glass ceramics synthesised by R.Sato et al [124].

Scanning Electron Microscopy (SEM) studies:

The scanning Electron Micrographs of the 433y superconducting glass ceramics (fig-4.8)
show that all the samples have plate like morphology, typical of superconductors in this
system. The 4334 samples shows better inter-grain connectivity. The crystallite growth
in the case of 4336 glass ceramics is however more uniform in comparison with the glass

ceramics containing lower CuO content. This may be due to the excess CuO acting as a
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Fig-4.7 XRD patterns for 433y glass ceramica heat treated for 96 hours at
820°C. (A) 4333; (B) 4334; (C) 4335; (D) 4336.
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Fig-4.8 Surface SEM micrographs of (a) 4333 (b) 4334 (c) 4335 and (dt) 436
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flux and aiding the growth of superconducting crystallites.

4.2.3 Electrical and superconducting properties:
Meissner studies:

AC susceptibility studies were carried out on the 433y superconducting glass ceramics as
afunction of temperature in the temperature range 15-300 K in alow AC field of 0.1 Oe
using the set up described in chapter-2. All the samples showed diamagnetic behaviour

beow T. = 74 K. The T, was found to be independent of the CuO content.

Electrical resistivity:

Electrical resistivity measurements were carried out by the standard four probe method
as a function of temperature in the temperature range 10-300 K using the set up de-

scribed in chapter-2.

The resistivity (p) for the Bi,Sr;CazCu,O, glass ceramics as a function of temper-
ature (T) is shown in fig-4.9. All the samples were found to be superconducting with
well defined metallic behaviour down to 100 K and superconducting Te(zero) in the tem-
perature range 70-74 K. The samples show a T (onser) Of 90 K which does not vary with
CuO content. The resistivity in the normal state is a linear function of temperature and
follows equation-4.4. The vaues of the resistivity at RT (pao0), the residual resistivity
(po), the metallicity (&) and T(,.r,) for the 433y superconducting glass ceramics are given
in the table-4.3. All the 433y glass ceramic samples showed small values of pase and po.
pwo andp, do not show any systematic variation as a function of CuO content. The

metallicity a is maximum for the 4334 glass ceramic . The Te(zero) iS found to be lower
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Table-4.3

Physical and transport parameters of the 433y system

sample | p3oo Po a resistivity
(mQ cm) | (m2 cm) | (2 om K1) | Toreroy (K) | (in the glasses)
4333 4,18 19 7.67 74 0.50
4334 4.19 15 8.98 74 0.67
4335 3.90 13 8.61 72 0.76
4336 411 18 7.92 70 0.73
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for the 4335 and 4336 samples. The larger transition width in the case of these samples
may be due to the presence of Cu,O impurity phase and the changes in micrestructure
as shown in the SEM micrographs. The higher metallicity and lower superconducting
transition width for the 4334 sample in comparison to the other samples may be due to
better grain connectivity and alignment as seen from the SEM and XRD stwdies. Thus
we see that a starting stochiometry of 4334 which gives superconducting cewramics with
higher metallicity and Te:ero) and crystallites with preferential orientation is the idea
starting composition to obtain 85 K phase superconductors. An excess of CuO acts as
a flux and helps in the growth of uniform crystallites. These results are in. conformity
with the results on 4334 and 4336 superconductors synthesised by the solid st.ate reaction
method by Tarascon et al [213]. They find that the 4334 starting stochiomestry gives 85
K single phase superconductors and the 4336 composition helps in the formaitson of large

and uniform crystallites, but shows the emergence of CuO impurity peaks.

It is seen that large changes in the CuO content do not bring about changes in the
crystal lattice. The small change in T(,.r) Of about 4 K may be attributed to the changes

in the microstructure and the Cu, O impurity phase emerging due to excess CuO content.

Considering the ¢ values of 433y glasses and the superconducting parameters of the
corresponding glass ceramics (table-4.3), we find that there is no correlation between the
¢ value and the superconducting properties or the size and orientation of crystallites.
The electrical properties of the 433y glasses also do not indicate any correlation with the

superconducting properties of the corresponding glass ceramics.
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4.3 Studies on 3d TMO doped Bi,Sr;CazCu,0, superconducting ceramics:

4.3.1 Preparation of the samples:

Glasses of composition Bi¢Sr3CazCuy_:M,0, (0 < x < 02 for M = Cr and M=) and (0
< x <03 for M = Fe) were heat treated at 820°C for 96 hours and subsequemtly furnace

cooled to obtain superconducting glass ceramics.

4.3.2 Structural studies:

The samples were characterised by X-ray diffraction (XRD) using Cuk, radiation and
the lattice parameters determined from the observed reflections by the least square fitting

assuming a pseudo tetragonal symmetry.

Fig-4.10 shows a representative XRD pattern for Fe doped BSCCO glass-ceramics.
The X-ray diffraction studies reveal predominantly single phase formation up to x = 0.05
for M = Feand Cr and upto x = 0.1 for M = Mn. The XRD pattern for higher values of x
show traces of impurity and Bi-2201 phase. The analysis of the XRD patterns show that
the a-lattice parameter is equal to 382 A and does not vary appreciably with doping.
The c-lattice parameter shows a clear decrease with doping for dl the 3 doped series of

samples (table-4.4).

Mossbauer studies on Fe doped 2212 by Ruzhang et al [214] have shown that Fe enters
the lattice as Fe+®. The ionic radius of Fe+® ion is 0.64 X while that of Cu*? is 0.69 X.
Hence the observed decrease in the c-lattice parameter as a result of Fet® substitution is

explained.
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Fig-4.10 XRD patternsfor BiySr3Ca3Cuy_.Fe, O, superconducting glass ceram-
ics beat treated for 96 bours at 820°C. (A) x = 0.025; (B) x = 0.05;
(C)x=0.1; (D)x =02 and (E) x = 0.3.



Table-4.4

Some parameters obtained from structural and transport properties of
doped 4334 superconducting ceramics.

C- parameter P300 Po resistivity | susceptibility

A (mll Cl'n) (mll Crn) Tc(xero) (K) Tc(anset] (K)
30.74 4.19 15 74 78
30.73 4.26 2.2 68 72
30.71 6.07 51 56 72
30.69 6.50 54 52 66
30.66 10.13 5.8 40 60
30.64 1155 5.9 36 57
30.74 419 15 74 78
30.73 5.55 4.0 72 78
30.72 172 55 71 76
30.69 8.11 6.7 50 74
30.68 10.98 9.1 46 69
30.74 4.19 15 74 78
30.73 4.85 26 72 78
30.74 5.04 32 64 76
30.72 5.38 3.25 62 74
30.73 5.62 3.96 4 72
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The two most stable ionic states of Cr are Cr+3 and Cr+é with ionic radii 0.69 and
052 A respectively. Cr is unlikely to exist in Cr+¢ state as the observed decrease in
c-lattice parameter could have been larger than that observed as a result of Fet?® dop-
ing. Since Cr*? has an ionic radius equal to that of Cu*?, Cr*3 is considered to be the
most probable state of Cr in this system. The small decrease in c-lattice parameter as a
consequence of Cr doping can be explained by considering the different Jahn-Teller effect
[215] of the 3d ions. Jahn-Teller distortion causes an elongation of the c-axis bead of the

oxygen octahedron surrounding the 3d ion.

ESR studies on Mn doped Bi-Sr-Ca-Cu-0 glasses show a sextet centered at g = 2.0
indicating the presence of Mn as Mn*? in these glasses. The crystallized glass ceramics
are however ESR silent. From ionic size considerations it would be improbable that Cu*?
is substituted by Mn as Mn*? (ionic radii 0.80 A). It is aso known that Mn*? eadly
oxidises into Mn*® and Mn** with ionic radii 0.65 and 0.53 A respectively. Thus the
possibility of Mn*? being the ionic state of Mn in this system is excluded. Thus Mn*3
having an ionic size closer to Cu*? is conddered the most probable state of Mn in these
ceramics. Since the ionic size of Mn*? is closer to the ionic size of Fe*3, an appreciable
change in the c-lattice parameter as seen for Fe doping is expected contrary to the very
small changes observed. This can be explained considering the fact that Mn*? [d7 is
a JT ion like Cu*? in its octahedral configuration and hence the c-lattice may not be

decreasing appreciably due to the c-axis elongation.

A comparison of the c-lattice parameter change with dopant concentration (fig-4.11)
for the three dopants shows that Fe doping leads to large decrease in c-axis in comparison
to Cr, while Mn doping shows very small change. We also observe that the c-lattice pa-

rameter does not change appreciably beyond the solid solubility range for all the dopants.
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From these results we conclude that within the solid solubility limit the dopant ions sub-

stitute for Cut*? in the CuO plane of Bi-2212 superconducting phase.

4.3.3 Electrical and superconducting properties:
Meissner studies:

AC susceptibility studies were carried out as a function of temperature in the temper-
ature range 15-300 K applying a low AC field of 0.1 Oe in order to estimate the bulk
T.. All the three doped series of samples showed decreasing T, with increase in dopant
concentration (fig-4.12). From a comparison of the T, drop with dopant concentration
for the 3 dopants (table-4.4), we find that the drop in T. is more pronounced for the
Fe doped Bi-Sr-Ca-Cu-0 superconductors while the drop is minimum in the case of Mn

doped samples.

Resistivity studies:

Electrical resistivity studies were carried out on the BiSr;CazCuy-.M;0, (M = Cr, Fe
and Mn) superconductors by the standard four probe method in the temperature range
10-300 K.

Fig-4.13 shows the resistivity versus temperature plots for Bi,Sr3Ca3zCu,_Fe: O, sys
tem with 0 < x < 0.3. We find that the norma state resistivity is a linear function
of temperature and follows equation-4.4. The normal state resistivity at 300 K (ps00)

and the residual resistivity (p,) increase with increase in Fe content (table-4.4). The

metallicity a decreases as x increases from 0 to 0.05. With further increase in x value, a
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Fig-4.12 Plot of x/ versus temperature for (a) Fe; (b) Cr; (c) Mn doped 4334
superconductors in the teroperatiiTe range 10-300 K.
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increases followed by a sharp increase for x > 0.2. The increase in metallicity is accompa-
nied by a kink in thep(T) versus T plot at around 100 K. This kink is more pronounced
for samples with x > 0.2. These observations can be considered as an artifact of phase
separation and confirms our XRD results that solid solubility of Fe in 4334 is only up
to x = 0.05. Similar kink is observed by Maeda et al for Fe concentration > 2 at.% in
Bi(Sr,Ca)s3(Cu;_-Fe; )20, superconductors prepared by conventional solid state sinter-
ing process [148]. Fig-4.16 shows T.(..r,) variations with x vaue. The Te.r is found
to decrease rapidly as x changes from O to 0.05. As X increases from 0.05 to 0.3, the
decrease in Te(zero) is Slower. Within the solid solubility limit, i.e. for X < 0.05, T¢(onaet)

remains unchanged.

Fig-4.14 shows resistivity versus temperature plots for Bi4Sr3CazCuy-,Cr;0, system
with 0 < x < 0.2 The normal state resistivity varies linearly with temperature as per
equation-4.4. The pypo and p, are found to increase with increase in dopant concentration
(table-4.4). The metallicity a does not however show a systematic variation with x. The
T (onsety does not change with Cr content. Fig-4.16 shows Tzes0) VErsus x. It decreases by
about 3 K as x increases from 0 to 0.05. Asx increasesto 0.1, asharp decrease in Tezero)

of about 20 K isobserved. Further increasein x valueto 0.2 decreases Te(zero) by oOnly 4 K.

Fig-4.15 shows resistivity versus temperature plot for BiySr3CazCuy-Mn;0, system
with 0 < x < 0.2. In the normal state, the resistivity versus temperature could be fitted
to equation-4.4. pap and p, are found to increase gradually with increase in x (table-4.4).
The metallicity a decreases with increase in x value. Tconsery is found to be same for
different dopant concentrations. Te(ero) Versus x (fig-4.16) shows that Te(zero) decreases

gradually by about 20 K as x increases for 0 to 0.2.
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Fig-4.15 Resistivity versus temperature plot for the Mn doped 4334 supercon-
ductors in the temperature range 10-300 K.
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A comparison of the T¢..r.) depression as a function of dopant content for the three
doped series of samples (fig-4.16) shows that the maximum depression rate is observed

for Fe doping, followed by Cr and lastly by Mn doped samples.

4.4 ESR studies on doped and undoped glass ceramics:

ESR studies were carried out on the bulk and powders of doped and undoped ceramics
heat treated at different temperatures for various durations. The ESR signd peak to
peak intensity remained unaffected up to a heat treatment temperature of 300°C and
decreased with further increase in temperature. The fully crystallized doped as wel as
undoped glass ceramics are found to be ESR silent. It is wdl known that pure supercon-
ductors are ESR silent and various theories have been put forward to explain the absence
of ESR signa in high T, superconducting oxides and related materials [208, 216-218). It
has been shown that in those reports where an ESR signa is observed, the signd has
been attributed to the presence of impurity phases. The ESR slence in the case of the
present 3d TM doped samples could imply that the 3d TM dopants are substituted at
the Cu site and do not form precipitates. It is however possible that a small percentage
of the dopant materials might go into the grain boundaries but cannot be detected when

their concentration is beyond the sensitivity of the ESR spectrometer.

45 Discussion:

From the thermal analysis of the 4334 glasses, the crystallization activation energy es-
timated is consistent with severa other reports by other groups [120, 122, 125]. Since

there is no change in weight of the glass sample on first crystallization, and since the
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Fig-4.16 Tqsere)versus dopant content plotsfor Fe, Cr and Mn doped 4334 sp-
perconductors.
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first phase formed is Bi;Sr,CuO, in which Cu ions exist almost completely as Cu*?, the
crystallization mechanism is an oxidation process involving absorption of oxygen from
the glass matrix. Nassau et al [219] and Zheng et al [127] also reported that the forma-
tion of the first phase, Bi;Sr,CuQ, does not require the absorption of oxygen from the
atmosphere. Several groups have reported the formation of Bi,Sr,CuO, as the first phase
on crystallization of other compositions of BSCCO and Pb-BSCCO glasses [72, 80, 83,
97, 108-111, 114, 116, 117].

A large decrease in the RT resistivity by about 8 orders of magnitude as the heat
treatment temperature is raised from 500 to 650°C indicates that the devitrification re-
action is very rapid in this temperature range. On crystallization, although the XRD
pattern shows the growth of Bi-2201 phase, the sample still shows semiconducting be-
haviour down to the lowest temperature. This implies that there is no contact between
the Bi-2201 superconducting crystallites and the semiconducting phase continue to dom-
inate. Further increase in temperature to 820°C leads to the formation of Bi-2201 and
Bi-2212 superconducting phases as indicated by the p vs. T plots. Using the XRD data
it can be inferred that the Bi-2212 phase surrounds the Bi-2201 phase and forms a shell
around it. Due to the oxygen uptake from the atmosphere the dendty of this shel is
greater than the interior of the bulk sample as a consequence of which the devitrification
rate dows down. The prolonged heat treatment at 820°C leads to the growth of Bi-2212
phase at the expense of Bi-2201 phase. If the glass is ground to afine powder to facilitate
oxygen absorption, one can obtain superconducting samples with metallic normal state
resistivity for heat treatment duration of only 6 hours at 820°C. The heat treatment of
the bulk glass sample at 850° for 24 hours indicate the formation of 110 K phase without
significantly increasing the T(,.r,). For phase purity it is therefore advisable to use lower

heat treatment temperature preferably around 820°C.
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The present studies show that the crystallization of these glasses is a bulk phenomenon
and the devitrification reaction involves absorption of oxygen. The transformation of Bi-
2201 to Bi-2212 superconducting phase is a dow process accompanied by the uptake
of oxygen from the atmosphere. The bulk samples heat treated at 820°C show surface
deformation. This can be considered as an indication of the melting of the interior of the
sample and occur as a result of oxygen deficiency in the interior during devitrification.
However, the presence of this liquid phase does not accelerate the Bi-2201 to Bi-2212
transformation. The transformation is accelerated on powdering the glass as the oxygen
absorption rate in the case of powdered sample is enhanced because of larger surface
area to volume ratio in comparison to the bulk sample. The glass powders heated to
820°C do not sinter implying that there is no liquid phase present. The transformation
therefore is not mediated by a liquid phase as reported by Sato et al. [124] in the case
of 2212 glass. The present results indicate that the phase transformation from Bi-2201
to Bi-22 2 involves the diffuson of Ca, Cu and 0 ions such that the elongation of c-axis
takes place by adding CaCuQ, units into Bi-2201 structure. The formation of Cu,O a
around 650°C appears to play a significant role in this phase transformation. Matheis et
a. [136] have also arrived at similar conclusions from the DTA and XRD studies of 2212

glass.

Other mechanisms of Bi-2212 phase formation have aso been reported by other
groups. Sato et d [124] reported a crystallization mechanism for BizSr;CaCu,0; glass.
The Bi-2201 phase forms firgt until al the Cu*? is consumed; then Bi;Sr;-.Ca;0, and
Cu,0 forms in the residual glass which contains almost only Cu*!. When the sample
is heated to 780°C, aliquid phase is formed related to the presence of Cu,0; this liquid
assists oxygen diffusion in converting Cu*' to Cu*?. De Guire et a [123] suggested the
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formation of Bi-2212 as a result of reaction between Bi-2201, Raveau phase [220] and
glass in the case of Bi1sSrCaCu,0; glass. Holesinger €t al {125] reported the crystalliza-
tion of Bi;Sr,CaCu,0, in O, occuring in two steps. In the first step Bi-2201 and Cu,O
crystallized and then crystals of SrO, CaO and Bi;Sr3-.Ca 0, were formed. Bi-2212

phase was formed as a dominant phase a 800°C.

The change in CuO content in the 433y composition with 3<y<6 does not bring about
large changes in the electrical properties and superconducting transition temperature.
The Te(;ero) ranges between 70-74 K for al the compositions studied. The superconduct-
ing glass ceramic obtained by heat treatment of the 4334 glass precursor has the highest
T(:er) and metallicity among al the compositions studied and is therefore of superior
quality as compared to the other samples. The SEM results are in confirmity to this con-
clusion as the superconducting crystallites of this composition show better connectivity.
The (0,0,/) reflection peaks are dominant in the XRD pattern of this sample indicating
that the crystallites are preferentially oriented such that the c-axis is perpendicular to
the sample surface. The XRD parameters do not change as a result of variation in CuO
content. Excess CuO leads to the increase in intensity of Cu,O impurity reflection peak
in the XRD patterns of the 433y glass ceramics (fig-4.9) but helps in the growth of uni-
form crystallites. These results and the small change in Tc(.ro) as a function of large
variation in Cu content are found to be in agreement with the results obtained on the
same compositions synthesised by conventional solid state reaction process by Tarascon
et al. [213]. These results are aso in accordance with the report that the 4334 glass
crystallize into single phase Bi-2212 superconducting glass ceramic [77, 91, 94, 99].

XRD and resistivity versus temperature studies show that the solid solubility of 3d
metal ions in the 4334 system is limited to x=0.05 in the case of Fe and Cr and x=0.1
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in the case of Mn. The T(:er) and c-lattice parameter are found to be systematically
decreasing with increasing dopant concentration which shows that the 3d ion substitute
at Cu site in the CuO plane. The normal state resistivity versus temperature plots are
linear in the temperature range 100-300 K for all the compositions studied. The psoo and

po are found to increase systematically with increasing dopant concentration.

A comparison of the results of the undoped and the doped samples show that the
change in the structural and superconducting properties brought about by small concen-
tration of the dopants are much larger than the changes introduced by large variation in
Cu content in the case of undoped samples. Hence we conclude that the changes in su-
perconducting properties of the doped samples are due to the substitution of 3d TM ions
at the Cu site and not due to the variation in the microstructure like grain orientation,

connectivity etc. in these materials.

The present studies suggest that the substitution of 3d transition metal ions at Cu-
sites in CuO planes have significant and adverse effects on superconductivity and high-
light the crucial importance of CuO planes for the occurance of superconductivity in
the high-T. materials. A number of explanations like change in carrier density, inherent
magnetic moment of the dopant, induced magnetic moments or the disorder created in
the material due to inhomogenities have been provided to understand the T, depression

as aresult of 3d metal ion substitution at the Cu site in these materials [221, 222].

In Anderson's model of the linear resistivity [223], a dopant in the CuO planes is
expected to introduce a temperature-independent magnetic scattering rate. Changes of
dp/dTcan be due to changes in the charge carrier concentrations or the geometry of the

Fermi surface.
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Another important mechanism suggested to explain the suppression of T, is the dis-
order introduced by the substitutional elements. Since the superconductors are quasi-
two-dimensional, scattering of the charge carriers by disorder can lead to a decrease in
T, [224, 225].

The valence state of the 3d dopant ion is also one of the suggested parameter influ-
encing T.. Dopants existing in a single valence state do not ater the carrier density of

the system, while mixed valent dopants vary the carrier density and suppress T. [226].

The inherent magnetic monient of the dopant is one of the reasons suggested for de-
pression in T.. The equally strong suppression of T. due to non-magnetic dopants like
Zn is attributed to the change in magnetism of the neighbouring Cu spins due to induced
localised magnetic moments which are responsible for pair breaking mechanism [227].

In recent theoretical attempts [228], it has been argued that T. depression can be un-
derstood to be due to the spin flip scattering within the Abrikosov-Gorkov theory [229]
formulated for strong coupling situation if it is assumed that () Cu*? in CuO planes are
highly localised and antiferromagnetically correlated even in the superconducting state
and are therefore harmless and (b) the vacancy or an extra spin produced by a dopant

acts as the magnetic scatterer.

The mixed valent 3d metallic dopants (Fe, Co, Ga) have been seen to dffect the car-
rier density [26, 225]. But the observation of different T. depression rates cannot be
explained on the basis of carrier density variation alone. The inherent magnetic moment

of 3d dopants is aso likely to play arole in the T, depression in these compounds. The
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substitution of trivalent ions at Cu*? site shall lead to oxygen uptake and thus affect
the local bonding and charge balance which consequently disturb the Cusq-O3p Orbital
hybridisation and thereby the superconducting properties. It has been recently demon-
strated [230] that the in-plane superconducting correlation are enhanced by interlayer
coupling. The recent experimental studies [231] also address the inplane and interlayer
interplay and the implication of this interplay for the phenomenon of high T, supercon-
ductivity have been suggested. The 3d metallic dopant with different inherent magnetic
moments and ionic sSizes may affect the interplay between in-plane and interlayer be-
haviour of carriers in different magnitudes which may give rise to different T. depression

rates.

All the doped and undoped superconducting glass-ceramics are ESR slent as is ex-
pected for pure superconductors. The possiblity of very small amounts of dopant ions
precipitating is however not ruled out as the ESR does not detect very small concentra-

tions of impurity.



Chapter 5

SUMMARY AND CONCLUSIONS

Glasses of composition BisSr3Ca;Cu,0, (3<y<6) and BiSr;Ca;Cu,_ M0, (M = Fe,
Cr, Mn and 0<x<0.2) were synthesised by metal plate quench technique. The T, and
the thermal stability AT = T,-T, are highest for the glass with 4334 composition. IR
studies show an absorption peak at 860 cm"* indicating the presence of BiO; units in
these glasses. Susceptibility and C=Cu*!/Cu,,,, ratio for the 433y glasses are obtained
from room temperature magnetic susceptibility studies. The susceptibility and the Cu*?
concentration decrease with increase in CuO content upto y=5 and increases for the y=6

glass.

Detailed temperature dependence of DC electrical conductivity measurements were
carried out in the temperature range 100-500 K. and the results analysed in view of var-
ious theoretical models available in the literature. The conductivity is found to increase
with increase in CuO content. The high temperature conductivity data is explained in
view of Mott’s polaron modd i.e. the conduction occurs by thermally activated small
polaron hopping from the low valence state to the higher vaence state of the transition
metal ions (between Cut! and Cu*?ions). From the analysis of data in view of Holstein
and Emin’s model, the conditions for formation of small polarons and adiabatic hopping
is satisfied. The conduction in these glasses is by small polaron hopping in the adiabatic
regime and activation energy dominates the factors which determine the conductivity.
The phonon frequency v, and the Debye temperature 8p, obtained from the conductivity

data are close to the values obtained from IR studies. The v, value obtained from Mott’s

IE
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equation is close to the values obtained from conductivity plots and IR studies, after
considering the polaron correlation effects. The polaron radius r, is found to be small
indicating the formation of small polarons. The temperature dependence of electrical
conductivity is found to be as per the theoretical predictions of Schnakenberg’s model.
The values of v, and Wy (hopping activation energy) from the best fits of the theoretical
curves are reasonable and consistent with the glass composition. The disorder activation
energy Wp value is close to the prediction of Miller-Abraham’s theory. The conductivity
parameters are not found to be significantly affected by 3d TM doping a Cu site and

the conduction mechanism is essentially the same.

ESR studies on the doped and undoped Bi-Sr-Ca-Cu-0 glasses show that the spectras
were al characteristic of Cu*? ions. The Cut? concentration is found to be about 2 or-
ders of magnitude smaller than that obtained from magnetic susceptibility studies. This
is attributed to the presence of short range ordering of atomic scale in these glassesand
the consequent presence of CuO sguare planar structures which are ESR silent. The
existence of Fe*t?, Mn*? and Cr*? is inferred from the ESR spectra of the Fe, Mn and Cr

doped glasses respectively.

Detailed and systematic studies were carried out on Bi Sr3Caz;CusO, glasses using
DSC, XRD and electrical resistivity measurements to understand the crystallization
mechanism and phase formation in these glasses. The DSC studies on the 4334 glass
shows a sharp exotherm at around 470°C and the crystallization activation energy is
found to be 388 kJ/mole. The Avrami constant obtained is 3.69 which indicates that the

crystallization in these glasses is a bulk phenomenon.

Three separate batches of glasses of 4334 composition were heat treated by scanning
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the temperature from room temperature to 500, 650 and 820°C at a heating rate of
15°/min and quenched to room temperature in air. Paralledl XRD and DC resistivity
studies were carried out on the heat treated samples in order to understand the phase
formation. The interior morphology of the samples was studied by carrying out XRD
studies after acid-etching the surface of the heat treated samples. Weight changes in the

samples as a result of heat treatment were also recorded.

The RT resistivity of the samples was found to decrease with increase in maximum
scanning temperature. In comparison with the RT resistivity of the 4334 glass, the sam-
ple scanned to 500°C showed a drop of 2 orders of magnitude in the RT resistivity while
the maximum drop in resistivity of about 8 orders of magnitude was observed for the
sample scanned to 650°C implying that the rate of devitrification reaction is maximum
in the 500-650°C temperature range. All the samples showed semiconducting behaviour
in the resistivity versus temperature plots. The sample scanned to 820°C showed a su-
perconducting onset at around 100 K. With prolonged heat treatment of the samples at
820°C, the samples continued to show weakly semiconducting behaviour in the 100-300 K
temperature range and a superconductivity onset at 100 K. The RT resistivity continue
to decrease with heat treatment duration. Insulator-Metal transition was observed after a
heat treatment of 12 hrs for an RT resistivity of 10~% -cm. The samples heat treated for
durations beyond 12 hrs show a metallic behaviour in the 100-300 K temperature range.
The temperature dependence of the normal state resistivity p(T) at a temperature T is
described by the equation p(T) = p, + aT, where the slope a = dp/dTand p, are the
measure of the metallicity and residual resistivity. With increase in heat treatment du-
ration, the samples show an increase in Tezero) and e and a decrease in p(T) and p, till a

superconducting glass ceramic with Te(..roy=74 K is obtained after 96 hrs heat treatment.
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From the XRD studies on these samples (before and after acid-etching the surface)
and from the weight changes as a result of heat treatment, it is seen that the first crys-
tallization occurs at around 500°C and the phase formed is the Bi-2201. This is a bulk
crystallization and does not involve the uptake of oxygen from the atmosphere. At 650°C
formation of 2212 phase begins from the surface of the sample and is accompanied by the
absorption of oxygen from the environment and the diffuson of Ca, Cu and O ions such
that the elongation of c-axis takes place by adding CaCuO; units into Bi-2201 structure.
Increase in temperature to 820°C is found to favour the growth of the 2212 phase and
the prolonged heat treatment of the sample at 8§20°C shows the continuing growth of
2212 phase at the expense of the 2201 phase until an almost single phase 2212 sample is
obtained after 96 hrs heat treatment.

Glasses of composition 433y are heat treated at 820°C for 96 hrs and furnace cooled.
The XRD patterns showed wel defined reflections al of which could be indexed on
the basis of 2212 structure assuming pseudo tetragonal symmetry. The 4334 and the
4335 samples show highly intense [0,0, /] reflections indicating orientation of crystallites.
Traces of Cu, O impurity was detected in samples with higher Cu content. The SEM
of 433y ceramics show that the 4334 samples show larger inter-grain connectivity. The
crystalline growth in the 4336 sample is however more uniform. This may be due to

excess CuO acting as a flux for the growth of superconducting crystallites.

Electrical resistivity studies on the 433y samples as a function of temperature shows
that all of them are superconductors with well defined metallic behaviour in the normal
state and T,ero) in the temperature range 70-74 K. The resistivity in the normal state
varies linearly with temperature. The psa and p, are small for all the samples and do

not show any systematic variation with CuO content. The Te(zero) is lower for the 4335
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and 4336 samples. The 4334 sample show highest metallicity and lower superconducting
transition width. Thus variations in CuO content do not bring about large changes in the
superconducting properties. The 4334 starting composition is however found to be the
optimum composition to obtain oriented and single phase 2212 superconductors. We aso
do not find any correlation between the c value of the glasses and the superconducting

properties or the size and orientation of crystallites in the superconducting glass ceramics.

Mechanically processing of the samples give metallic normal state resistivity, smaller
normal state resistivities and higher T,(,.ro) for smaller durations of heat treatment as
campared to the bulk samples. This can be attributed to the larger oxygen absorption
rate in the powdered sample because of larger surface area to volume ratio in comparison

to the bulk sample.

Superconducting ceramics of BigSr3CazCuy- M0, (M = Fe, Cr and Mn and 0 < x
< 0.2) are prepared by heat treating the doped glasses at 820°C for 96 hrs. XRD studies
on the doped samples shows single phase formation upto x = 0.05 for M = Fe and Cr and
upto x = 0.1 for M = Mn. XRD patterns for higher values of x show traces of impurity
and 2201 phase. The a-lattice parameter is 3.83A4 and does not vary significantly as a
result of doping. The c-lattice parameter decreases with doping concentration for dl the
three doped series. c-lattice parameter change with dopant concentration for the three
dopants show that Fe doping leads to alarge decrease in c-axis in comparison to Cr, while
Mn doping shows very small change. The c-lattice parameter does not change apprecia-
bly beyond solid solubility range for al the three dopants. From a consideration of the
stability of the ions, the ionic radii and Mosbauer studies, we conclude that Fet3, Mn*3
and Cr*3 are the most probable ionic states of 3d dopants in these superconductors.

The decrease in c- lattice parameter for the different dopants have been explained by
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considering the ionic size differences between Cu*? and the dopant ions and the different

Jahn-Teller effect of Cu*? and the dopant ions.

Resistivity versus temperature studies on the 3d doped superconductors in the tem-
perature range 10-300 K show that al the doped samples are superconductors with
metallic normal state resistivity. The psoe and p, are found to increase with increase
in dopant concentration. The Tcnsery remains the same for al the dopants and con-
centrations studied. The T.(.eroy is found to decrease systematically with doping. A
comparison of T.....) depression as a function of dopant concentration shows that the
maximum depression rate is observed for Fe followed by Cr and Mn doped samples. The
T(ser0) depression is found to folow the c-lattice parameter decrease showing that the
T, depression is due to 3d ions substitution at Cu site in the CuO plane. A comparison
of the results of the doped and undoped samples show that changes in structural and su-
perconducting properties brought about by small concentration of dopants is much larger
than changes introduced by large variation in Cu content in the case of undoped samples.
Hence changes in superconducting properties of doped samples are due to substitution of
3d TM ions a Cu site and not due to variations in microstructure like grain orientation,

connectivity etc.

A number of explanations like change in carrier density, inherent magnetic moment of
the dopant, induced magnetic moments or condensation of a spinon and disorder created
in the material due to inhomogenities have been provided to understand T. depression
due to Cu site 3d doping. In recent theoretical studies, it has been argued that T. de-
pression can be understood to be due to spin flip scattering within the Abrikosov-Gorkov
theory by assuming that Cu*? in CuO planes are highly localised and antiferromag-

netically correlated even in the superconducting state and that vacancy or extra spin
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produced by a dopant acts as a scatterer. We have attempted to analyse our dataon the

basis of some of the above theories.

ESR studies on the doped and undoped samples show a decrease in amplitude of
the spectra with increase in heat treatment duration and temperature above 300°C. The

glass ceramic superconducting samples heat treated for 96 hrs are ESR silent.
Conclusions

The dc electrical conductivities of BiySr3CaszCu, O, (3<y<6) glasses are reported
in the temperature range 100-500 K. The experimental results are analysed in view of
various theoretical models. Mott’s model of thermally activated small polaron hopping
between the nearest neighbours is found to be consistent with the data in the high tem-
perature range. At high temperatures the conduction in these glasses occurs by polaron
hopping in the adiabatic regime. Schnakenberg’s model is found to be consistent with
the temperature dependence of conductivity. The model parameters estimated from the

best fits are reasonable and consistent with the composition of the glass.

FT/IR studies on the 3d TM doped and undoped glasses show a peak at 860 cm"*
indicating the existence of BiO; species as a part of BiOs octahedra with three Bi-0
bonds nearly equal and formed as a result of strong interaction with Sr. The fact that
Bi-2201 is the first phase formed on crystallization indicates that Sr preferentially occu-
pies the site near BiOe octahedra in these glasses. The broad absorption band at 500
cm"? corresponds to the phonon frequency of the glassses and does not alter appreciably

with variation in composition or as a result of doping.
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ESR studies on the BSCCO glasses show that only a small fraction of Cut? ions
are ESR active suggesting that most of the Cu ions could be present in square planar
Cu-0 units. The formation of 2201 phase (having a single CuO, plane) as the first
product of crystallization of these glasses strengthens this contention. Fe, Mn and Cr

are present as Fe*®, Mn*? and Cr*? ions in the Fe, Mn and Cr doped glasses respectively.

Studies on Bi,Sr3Ca;Cu, O, (433y) glasses (3<y<6) and corresponding glass ceramics
show no definite correlation between the properties of the glasses and the superconduct-
ing glass ceramics. However, the 4334 glass shows the highest crystallization temperature
and thermal stability; the corresponding glass-ceramic is amost a single phase sample
with the highest T(..r,) and metallicity among dl the glass-ceramics heat treated under
identical conditions. The detailed studies, including Differentiadl Scanning Calorimet-
ric, Resistivity and X-ray diffraction, on 4334 glass and glass ceramics show that the
activation energy for crystallization is 388 KJ/mol.; the devitrification reaction rate is
maximum in the 500-650°C temperature range; Bi,Sr,CuO, (Bi-2201) is the first phase
which crystallize from the glass and the crystallization is a bulk phenomenon. Metal-
Insulator transition is observed for RT resistivity 107202 cm. The Bi,Sr,Ca,Cu,0,
(Bi-2212) phase formation starts above 650°C by a diffuson reaction between Bi-2201

phase, Ca, Cu and O at the sample surface.

The synthesis of glass ceramic superconductors of BisSr3CazCu, O, (3<y<6) and
Bi Sr3Ca3Cuy.-.M.0, (M = Fe, Cr, Mn and 0<x<0,2) compositions is reported. X-ray
diffraction studies indicate that the solid solubility of 3d metal ions in the 4334 system
is limited to x=0.05 in the case of Fe and Cr and x=0.1 in the case of Mn. A systematic
decrease in T, with increasing dopant concentration is observed from resistivity as well

as from AC susceptibility measurements. T. depression rates, however are found to differ
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for different dopants. XRD studies indicate the decrease in c lattice parameter with in-
crease in dopant content. The systematics of the superconducting transtion is discussed

in view of T, depresson rates.
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