SUBSTITUTIONAL EFFECTS OF La AND Pr
IN YBCO SUPERCONDUCTOR

A DISSERTATION SUBMITTED IN PARTIAL
FULFILMENT FOR THE DEGREE OF

MASTER OF PHILOSOPHY

BY
P.S.S. APPALACHARYULU

SCHOOL OF PHYSICS
UNIVERSTY OF HYDERABAD

HYDERABAD 500 046
INDIA

OCTOBER 1996



DECLARATION

| hereby declare that the work reported in this dissertation has been carried out by
me under the supervision of Dr. G. Rajaram ( supervisor in-charge at present due to
Dr. G. Rgaram's absence : Dr. V. Seshu Bai) at the School of Physics, University
of Hyderabad, Hyderabad. | adso declare that this has not been submitted in part or in
full to any University or Institution for the award of any degree/diploma.

Place:
Date :

?- S 5 Appakochey ok

P.S.SAPPALACHARYULU



CERTIFICATE

This is to certify that the research work compiled in this dissertation entitled " SUB-
STITUTIONAL EFFECTS OF La AND Pr IN YBCO SUPERCONDUC-
TOR" has been carried out by Mr. P. S. S. Appalacharyulu under the supervision of
Dr. G. Rgaram and mysdf and the same has not been submitted for the award of any
degree/diploma of any University or Institution. B

Dr. V. SESHU BAI
SUPERVISOR IN-CHARGE

etd Gl
DEAN
SCHOOL OF PHYSICS



ACKNOWLEDGEMENTS

It gives me immense pleasure to acknowledge my sincere gratitude to Dr.G.Rajaram
for introducing me to the fascinating field of superconductivity and dso for his valuable
guidance and constant encouragement.

| fed indebted to Dr. V. Seshu Ba for the help she has rendered at a crucia stage
of my work and aso sparing her valuable time in correcting my dissertation. | am
extremely thankful to her for extending her laboratory facilities to me.

I am thankful to Prof. K.N.Shrivastava Dean, School of physics for providing the
necessary facilities to carry out my work.

I would like to express my thanks to Mrs. T.Sobha Rani for her help and cooperation,
| take this opportunity to thank Isaac Samuel and P.V.Patanjali for their timely help. |
thank N.Hari Babu for the useful discussions | had with him. A special word of thanks
is in order to N.Harish Kumar for readily helping me whenever | needed.

My thanks are aso due to Mr. B.T.Ragjasekhar and Mr. V.Satheesh for helping me
in many ways and making my stay here a memorable one.

The friendly cooperation extended by the non-teaching staff, School of Physics is
greatful lyacknowledged.

This work would not have been realizable but for the patience and mora support of
my parents, brother and sisters.



1.

2.

Table of Contents

| NTRODUCTI ON TO SUPERCONDUCTI VI TY 1

11 Developmentsin the field of superconductivity
1.2 Properties of superconductors

HIGH-T: SUPERCONDUCTORS

2.1 Introduction

2.2 Structural details

2.3 Substitutional effectsin YBCO

2.4 Oxygen content and Oxygen vacancy effects
2.5 Magnetic properties of HTSCs

2.6 Critical State Models

2.7 Granularity

2.8 Ciritical Current Density

2.9 Motivation of the Present Work

EXPERIMENTAL DETAILS

31 Samples Chosen for Study

3.2 Sample Synthesis

3.3 Characterization - Structural Analysis (XRD)
3.4 Resistivity Measurements

3.5 Susceptibility Measurements

RESULTS AND DISCUSSION
4.1 XRD Results

4.2 Electrical Resistivity Results
4.3 AC Susceptibility Results

4.4 Discussion

1
2

10
10
11
14
17
18
19
20
21
22

27
27
27
28
28
29

35
35
35
36
37



CHAPTER 1

INTRODUCTION TO
SUPERCONDUCTIVITY

1.1 Developmentsin the Field of Superconductivity

High T, superconductors have generated tremendous excitement be-
cause of the potentially significant technological applications. Materials
have been discovered that exhibit superconductivity upto temperatures
much higher than the boiling point of liquid Nitrogen (77K). Since 1911,
when the Dutch physicist Heike Kemerlingh Onnes discovered super-
conductivity in Mercury at 4.2K [1] the highest observed values of T,
gradually moved upward. Inspite of great efforts to increase T, 23.2K
(reported in the intermetallic compound Nbz;Ge in 1973 by Gavaer [2])
stood as the record until 1986. In that year J.G.Bednorz and K.A.Muller
[3] obsearved that lanthanum barium copper oxide (La-Ba-Cu-O) began
its superconducting transition as it was cooled below 35K. This discov-
ery opened the way for al of the subsequent work on high temperature
superconductors. Soon after the discovery of superconductivity at 30K
in LaBa-Cu-O system, the exact composition of superconducting phase
Las.xBayCuO,4.y (0.1 < x < 0.2) was found by Uchida et a. [4] and
Takagi et a. [5]. Early in 1987 groups at the University of Tokyo,
Bell communications research and AT &; T Bdl laboratories found that
substitution of Sr for Bain LaBa-Cu-O compound raises T, to approx-
imately 36K [6,7]. Subsequent efforts to raise T, were successful, culmi-
nating in the announcement by M.K.Wu and his group at the University
of Alabama at Huntsville and C.W.Chu at the University of Houston
of the first material capable of becoming superconducting when cooled
by liquid Nitrogen [8] and it turned out to be YBa,CuszO;.g [9-12] with
T. a few degrees above 90K. Following the discovery of these extraor-
dinarily high superconducting transition temperatures, two families of
compounds were discovered with even high values of T.. At the begin-
ning of 1988 the group of H.Maeda from Tsukuba laboratories in Japan
published their discovery of the new ceramic materia Bi-Sr-Ca-Cu-O
[13] with a critical temperature 110K. The search for better materials
continued very actively and by February 1988 Z.Sheng and M.Hermann
[14] from Arkansas University presented Tl-Ba-Ca-Cu-O compound with
a T, of 120K.



A spate of discoveries started in March 1993 when N.Putilin and his
collaborators from Moscow state University reported [15] about a new
layered superconductor based on Mercury. It istheHgBa,CuOg4.4 Sys
tem, possessing a critical temperature of 94K. This temperature was not
anew record, but it raised new hopes because it was quite a high value
for a compound with a single CuO layer per elementary cdl. Following
this trend, in May 1993 A.Schilling's group from the ETH in Zurich
published [16] their finding of a critica temperature of 1335K in the
three CuO-layer structure HgBa,Ca,,Cu30;,.s. This was a new record
which surpassed the previous one established with the family of thal-
lium based compounds. Some days later P.Chu showed that the critical
temperature of the HgBaCaCuO increases dmost linearly with pressure,
obtaining a T, near 150K at 17 Kbar. Other results with extra high T,
were found by different people [17-20]. However confidence in these re-
aultsis rather low in view of the low percentage of the sample showing
the transition. The difficulty in reproducing these new extra high T,
phases in stabilized form prevents them from being clearly identified
and isolated.

Recent developments show high pressure synthesis as a promising
method to search for new materials [21]. Particularly through a se-
ries of studies exploring the akaline earth copper oxide system it is
demonstrated how the application of high-pressure can affect the phase
formation and thus can provide novel materials with unusual structures
or compositions. After the discovery of mercury barium cuprates, the
issue of the synthesis of mercury strontium based copper oxides was
raised, keeping in mind the particular character of the oxygen deficient
[HgOg4]oolayer. Another new classof superconductingmaterial srecently
studied is copper oxycarbonates[22].

The present state of research of HTSC is advancing in several direc-
tions. The more fundamental problems are being investigated mainly in
single crystals in thinfilmsor multilayer structures. From the theoreti-
ca point of view there is still , much to be done, since no theory exists
which explai nsthe phenomenon of high-T . superconductivity satisfacto-

rily.
1.2 Properties of Superconductors

The phenomenon of superconductivity is manifested in the eectrical
resistance vanishing at a finite temperature called the critical temper-



ature denoted as T.. The absence of any resistance is a fundamental
characteristic of superconductors but not the only one. The magnetic
properties exhibited by superconductors axe as dramatic as their dec-
trical properties. Another halmark to be discovered was perfect dia
magnetism (Meissner effect) i.e,, complete excluson of magnetic flux
(B=0 inside the superconductor) below the transition temperature (T,)
and is shown in Fig.1.2. Messne and Ochsenfeld [23] in 1933 demon-
strated that the magnetic flux density (B) insde along superconductor
is zero whether it is cooled in zero magnetic field or in the presence
of a finite field (Fig.1.1), and edablished the perfect diamagnetism of
superconductivity. Bardeen remarked that it is more fruitful to view a
superconductor as an extreme case of diamagnetism rather than as a
limiting case of infinite conductivity. The unique magnetic properties
of superconductors axe of central importance to the characterization of
the superconducting state. The superconducting state is known to be
an ordered state of the conduction electrons of the metal. The order
is in the formation of loosely associated pairs of electrons. Supercon-
ductivity is not a property of isolated atoms but is a collective effect
determined by the structure of the whole sample [24]. There are su-
perconducting aloys and polymers whose components by themselves do
not have this property and this emphasizes that superconductivity is a
collective phenomena.

The two basic electrodynamic properties, which give superconductiv-
ity its, unique interest were well described in 1935 by the brothers F and
H. London [25] with two equations governing the microscopic electrical
and magnetic fields.

= 2(an) (1)

and

H = -c curl(LJy) (2)

where L = 4plL%c® = m/ng? is a phenomenological parameter. (ns -
number density of superconducting electrons, Js -Superconducting eec-
tron current density, A -London penetration depth.)

The first of these equations describes perfect conductivity snce any
electronic field accelerates the superelectrons rather than smply sus-
taining their velocity against resistance as in a normal conductor. The
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Fig. 1.1: Magnetic behaviour of a superconductor . (a) - (b) The spec-
Imen becomes superconducting on cooling in the absence of an ap-
plied magnetic field ; (c) magnetic field is applied to the supercon-
ductor ; (d) the magnetic field is removed ; (e) - (f) the specimen
becomes superconducting on cooling in an external magnetic field
H, ;(9) applied field is removed . The field inside the superconduc-
tor is zero , independent of its history.



Fig. 1.2: Schematic diagram of exclusion of magnetic flux from interior
of a superconductor. A is the penetration depth.
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second London equation when combined with the Maxwell equation
curlH = 4z |eads to the famous London equation for static field H,
D°H = 3. This equation accounts for the Meissner effect because it
does not dlow a solution uniform in space, so that uniform magnetic
field is exponentially screened from the interior of a gpecimen with pen-
etration depth 'I' (Figs. 1.2-1.3).

The London eqguation is a loca equation because it relates the current
density at a point V to the vector potential at the same point. When a
superconducting sample is placed in an external magnetic field surface
current is set up. The most essentia peculiarities of the electrodynamics
of superconductors is that the relationship between the current and the
field is non-local. As the electrons in a superconductor are spatialy
correlated with each other, if the field alters the state of one eectron
the inter-electron interaction will affect the behaviour of another one.
Pippard, the British physicist, proposed [26] the idea of such a non-
local relationship. The current density at a point V in the material is
not uniquely related to the vector potential at that point, instead it is
proportional to some suitable weighted average of the vector potential
in the neighbourhood of the point over aregion of characteristic size 'z
which is called 'coherence length'.

The London equation is not applicable to situations in which the
number of superconducting electrons ng varies; it does not link ng with
the applied field or current. The Ginzburg-Landau theory which uses
the general theory of second order phase transitions is a general frame
work which relates ng to the external parameters. This theory is vadid
for temperatures close to T, and leads to a description of the behaviour
of superconductors in strong fields. One of the greatest successes of the
theory was the prediction of the existence of type-Il superconductors.

The basis of a general quantum theory of superconductivity was laid
by the classic 1957 papers of Bardeen Cooper and Shrieffer [27]. The ac-
complishments of the epoch making pairing theory of superconductivity
include

1) An attractive interaction between electrons can lead to a ground
state of the entire electronic system which is separated from excited
states by an energy gap.

2) The electron-lattice-electron interaction is attractive and can over-
come the coulomb repulsion between electrons. The interaction



leads to an energy gap of the observed magnitude.

3) The London penetration depth and the Pippard coherence length
emerge as natural consequences of the BCS ground dtéte.

4) Severd specidized effects have givenimpressive evidencefor the BCS
picture of the superconducting ground state. Of these one is the
gquantization of the magnetic flux through a superconducting ring.
It is found that the flux is quantized and that effective unit of
charge is 2e rather than e. The BCS ground state involves pairs of
one electron states and flux quantization in terms of pair charge 2e
IS a consequence of the BCS theory.

One of the key predictions of this theory was that aminimum energy
Eg = 2D(T) should be required to break a pair, creating two quas-
particle excitations.

Another important speculation made by Brian Josephson [28] in 1962
was that a dc voltage applied between two superconductors separated
by a thin insulating layer must produce an electromagnetic oscillation
of angular frequency 2eV/h, where e is the electronic charge and h is
the planck's constsant. He aso predicted that a supercurrent will flow
through the thin insulating layer (weak link) even in the absence of any
voltagedifference. These predictionswere experimentally verified later.

The discovery of superconductivity in aloys led to the finding of
another class of superconductors. While the pure elements (except Nio-
bium) expel the magnetic flux completely upto a certain magnetic field
known as the critical field H, above which it isnormal; the dloyson the
other hand exhibit two critical fields H.; and He,. The samples remain
in perfect diamagnetic state upto the lower critical field H., above which
they exhibit a mixed state where there is a partial flux entry into the
material even though the sample may be éectrically superconducting.
Alexel Abrikosov [29] discovered that a magnetic field can penetrate a
type-11 superconductor in the form of flux-linesor vortices which carry
a quantum of flux each and arrange to a more or less regular triangular
lattice. This vortex state extends upto an upper critical field H, at
which the material turns normal. The superconductors which go into
the mixed state before turning normal on application of highfieldsare
classified as type-11 superconductors while the elements which do not
exhibit a mixed state are caled type-l superconductors. In the mixed
state the material would split into some fine scale mixture of supercon-



ducting and normal regions whose boundaries lie paralle to the applied
field.

Figure 14a shows the magnetization curve for type-l superconduc-
tors. The magnetization of a pure superconductor placed in a magnetic
field (Hy) is given by

B = mO(Ha + M) =0 (3)

where M is the magnetization of the superconducting sample, and mg is
the permeability of free space. Thus a superconductor has a magnetic
susceptibility ¢ = M/H, = — 1. In the case of type-l superconductors
Magnetization of the specimen increases linearly with the applied field
Ha (M = -H,). But a Hy = H. the specimen suddenly loses its su-
perconductivity although T < T. (Fig. 1.4a) This critical field H; is
a decreasing function of temperature. H. = 0 at T = T, and H, has
the maximum value at T=0. Therefore the superconductor is the sta-
ble phase within a certain range of magnetic fields and temperatures.
Fig.l.4b shows a typical magnetic field-temperature phase diagram of
type-1 superconductors. The material will remain superconducting for
any combination of temperature and applied field at any point (p) in
the shaded region. The locus of variation of the critical field with tem-
perature is closely approximated by a parabola of the form

He = Holl - (T/re)?]. (4)

On the other hand for type-I1 superconductorstheflux beginsto enter at
H.1(< H¢) and at Heo(> Hc)superconductivity disappears completely
(Fig.l.5a). M varies linearly with applied field only upto H, = Hc;. At
fields Hy > H. the magnetic field starts to penetrate the specimen in
the form of quantized flux - tubes (called vortices) aigned pardle to the
direction of the applied field (Fig.l.6a). Thefield penetrated regions are
usually considered as normal cores embedded in the superconducting
regions. The magnetic flux within each normal core is thought to be
generated by a vortex of persistent current that circulates around the
core with a sense of rotation opposite to that of the shielding current

(Fig.|.6b).
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Fig. 1.6a The mixed state , cylinders refer to normal cores containing
the flux vortices.
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Fig. 1.6b: The mixed state, showing normal cores and encircling super-
current vortices. The vertical lines represent the flux threading the
cores. The surface current ( indicated by double arrow ) maintains
the bulk diamagnetism.



The magnetic phase diagram of type-lIl superconductors is shown in
Fig.l.5b, Meissner or complete flux expulsion regime, the mixed state
and the normal regime are shown therein.

From the point of view of applications, type-1l superconductors are
more useful as they carry much larger currents than the usua type-l
materials. There is an upper limit to the amount of current that can
be passed along a piece of superconductor if it is to remain resistance-
less. Superconductivity breaks down if the supercurrent density exceeds
a certain value which is cdled the critical current density J. [30]. The
critical current dendties of the type-Il superconductors are found to be
much higher than those of type-l superconductors. It was shown by
Silsbee [31] that the critical current is related to the critical field and
that the resistance that appears when the current exceeds I. is much
less than the normal state resistance of the material. This resistance
Is known as the flux-flow resistance which is caused by the movement
of vortex tubes within the superconductor due to the Lorentz force be-
tween vortex tubes and the moving electrons. Due to the viscous drag
in the medium the vortex tubes will take away some energy from the
moving electron. This dissipation of energy is responsible for the ap-
pearance of resistance when the current exceeds l.. It is dso observed
that impure materials have larger J. than pure type-1l superconductors.
This is often attributed to be due to the pinning of vortex tubes to im-
purity sites which prevent their movement there by compensating for
the Lorentz force. The hysteresis exhibited by inhomogeneous type-I|
superconductorsis due to such pinning of vortex tubes (vortices) to lat-
tice imperfections or impurity sites. Hence by introducing additional
pinning centers into a material the J. of a type-1l supwerconductor is
likely to be enhanced considerably. This observation is useful for cer-
tain applications where materials with large critical current densities axe

required.

Specific details pertinent to high T, oxide superconductors are given
in the next chapter.
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CHAPTER 2
HIGH T. SUPERCONDUCTORS

2.1 I ntroduction

Among type-l1 superconductors there emerged a new dass of super-
conducting materials, namely, copper oxides which digplayed high crit-
ical temperatures. Except for some materias like B, .xKxBiOsz most
high T. superconducting oxides are cuprate compounds.

Oxide superconductors are known for decades, but their transition
temperatures were rather smal. Two known exceptions are LiTi,O, and
BaPbBiOz; with critical temperatures of ~ 13K [1]. The breakthrough
came in 1986 when George Bednorz and Alex Muller (IBM-Zurich) in
their systematic search for new superconductors in metallic Ni- and
Cu- oxides observed an evidence for resistive superconducting transi-
tion (with an onset at 30K) in a fraction of their LaBaCu-O sample.
This led to the discovery of La, «SrCuO4 with T, of ~ 36K and sub-
sequently to a wide range of investigations resulting in new compounds
with higher critical temperatures. Due to these advances superconduc-
tivity no longer remained to be just a low - temperature phenomenon.

Among the oxide superconductors with T.s above 77K the important
systems are Y-Ba-Cu-O (YBCO); Bi-Sr-Ca-Cu-O (BSCCO); Tl-BaCa
Cu-O (TBCCO); and Hg-Ba-Ca-Cu-O (HBCCO). Out of these 4 sys
tems the latter two are investigated to a lesser extent due to the toxic
nature of Tl and Hg which imposes careful handling and processing.

High T, oxides are highly anisotropic, layered structures. The electri-
ca resistivity in the direction perpendicular to the Cu-O planes (along
c-axis) is much larger than that parallel to the planes (along ab - plane).
The effect of temperature variation on electrical resistivity dso differs
widely in the two directions. They are extreme type-11 superconduc-
tors with very short coherence lengths (z ~ 10A) and large penetration

depths (I~ 3000A).



2.2Structur al Details

The crystal structure of YBCO is an oxygen - deficient perovskite
and is highly anisotropic.

2.2.1 Basic Perovskite Structure

Most of the compounds with the generd formula ABO; have the
perovskite structure [2]. The atomic arrangement in this structure was
first found for the mineral perovskite, CaTiO;. The name perovskite
denotes a large family of materials, the most abundant on earth, formed
by stacking cubes composed of three different types of atoms with the
ided chemicd formula ABXs.

Atom 'A’ represents a metallic cation of relatively large size located
at the centre of the cube as illusrated in Fig.la. The edements most
frequently found occupying this position are Na, Ba, K, Ca, Pb, Th,
and the 14 rare-earths from Ce to Lu in the chemica table of elements.
Atom 'B' is another metallic cation , usualy smaler than 'A’, located
at each of the eight corners of the cube. There are about fifty elements
that can occupy this position, the most usual being Zn, Cd, I, Al, Ti,
Nb, Fe, Mg and Mn. Atom 'X' represents a non-metallic anion placed
in the middle of each edge. The most common element in this place
Is Oxygen. However there are some 'ideal’ perovskites with halogens
like F,C1 and Br instead of oxygen. Examples of this type are AQZnF;
CsCdBr3, LiBaFz and KIO3 [3].

Compounds with the perovskite structure generally have stoichiom-
etry ABO;. The 'A' atoms (in this case Ba and Y) occupy sSites in
large cavities within the BO3; frame work (in this case CuQ3). The BOs
framework is an infinitely connected three - dimensional array of BOg
octahedra exclusively sharing corners. In Cu-perovskites considerable
oxygen vacancies are tolerated because of the stability of square-planar
and square-pyramidal Cu-coordination [4].

There is agreat interest in the group of multiple valence compounds
containing copper in position 'B'. Copper is an interesting metal because
it possesses three possible oxidation or valence states. +1, +2 or +3
where the +2 and +1 states are the more stable. In order to induce
some copper atoms to be bound in the non-stable valence state +3, the
oxygen contents of theideal structureischanged. The effect of removing



Fig. 2.la Basic perovskite Fig. 2.1b: Alternative structure
cube with formula ABXs. for the ideal perovskite.
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Fig. 2.2: Effect of oxygen removal from the octahedron (ref. 5).



different oxygen atoms from the basic octahedron around atom 'B' [5] is
illustrated in Fig.2. The remova of one oxygen atom makes the initial
octahedron with the formula BOgs become a pyramid with the formula
BOs. A further remova of one oxygen atom from the pyramid turns
it into a planar square of formula BO,;. Taking out two more oxygen
atoms from the sguare structure reduces it to alinear chain (stick) with
formula BO,. Another posshility is to remove two oxygen atoms at the
beginning from the octahedron to get a tetrahedron of formula BO,.

2.2.2 Jahn-Teller Effect

Another important point to mention is the so cdled Jahn-teller-effect,
consisting of a deformation of the octahedron centred in the copper
atoms. Because of the spatia structure of the copper bonds in the +2
valence state, the oxygen atoms at the top and bottom (opposite to the
basd plane) are forced to be a little more separated than the other four
oxygen atoms lying in the corners of the square in the basa plane (as
shown in Fig.2). This asymmetric arrangement is believed to favour the
electron-lattice interaction leading to the pairing mechanism responsible
for superconductivity [6].

2.2.3 Structure of YBa,CusO,_g

The system Y Ba,CuzO;4 presents a fully ordered crystal lattice
consisting of planes of yttrium ,barium and copper ions . A particularity
of this compound is that yttrium and barium atoms do not mix randomly
among the sites 'A' in the crystal as is the case in the La,CuQO,4 family.
The unit cdl is composed of groups of three basic perovskite cubes with
sites 'A' in the top and bottom ones occupied by the large barium ions
(+2) bonded to ten oxygen atoms. Position 'A' of the central cube
is always occupied by the smaller yttrium ion(+3) bonded to 8 oxygen
atoms. Between the barium and yttrium planes copper occupies dl sites
'B', coordinated with oxygen pyramids. The bases of these pyramids
face one another across the plane of yttrium atoms as illustrated in the
figure 2.3a. Between two consecutive barium layers, copper atoms are
coordinated with four oxygen atoms in a flat deformed sguare, with a
diamond shape. Two corners of this structure are interconnected to
form a chain of diamonds. The structure [7,8] is organized in such a
way that it fillsthe three-dimensional space with two-dimensional Cu-O
pyramid planes and with one-dimensional Cu-O chains.
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The structure of YBCO can be schematically represented [9] as a
layered structure as shown in Fig. 2.3b that consists of CuO, planes
separated by Y-site. Between these bi-layers are the inter-later regions
which in the case of YBCO correspond to the Cu-O chains.

Superconductivity essentialy takes place with quas-2-dimensiona-
CuOi planes. In the undoped compound, the Cu-ions (+2) in this plane
are in a d’ electronic configuration and are antiferromagnetically cou-
pled to other neighbouring copper ions, and the plane is insulating. The
Cu-O chains can be considered as "charge reservoirs' which is needed to
transfer the charge into CuO, planes. This enables one to consder the
HTSC superconductor as CuO, planes separated by a charge reservoir.
Charge carriers are added by doping : bascadly by substituting diva
lent atoms for trivalent ones or by adding oxygen to YBa,Cu’Og which
enters the compound as O* and forms CuO chains. To maintain the
charge balance, electrons are removed from the copper oxide planes and
the remaining holes (missing electrons) are mobile (hence conduction)
and they form "Cooper pairs’ below T. (hence superconductivity). It
IS interesting to note that, while the conductivity of the CuO, planes
increases by adding carriers, the superconductivity seems to increase
first reach a maximum for some "optima" doping, then decreases and
finally vanishes for about 0.3 holes per Cu. There is dways an optimal
doping of the CuO, plane which gives the highest T.. The optimally
doped compound YBa,CuzOgg has a maximum T, of 92K and is usu-
aly referred to as YBCO or smply as 123. Its 'average structure is
orthorhombic.

YBCO has entered in history as the first material with T, above the
boiling point of liquid Nitrogen (77K). However its correct formulareads
as YBa,Cuz0O-;. 4 and its structure and properties depend on the exact
concentration of oxygen. If we carefully observe the unit crystallographic
structure we notice that the structure consists of a sequence of oxide
layers perpendicular to the c-axis as follows [10].

- CuO layer which has two oxygen vacancies as compared with the "fully
oxidized YBCO perovskite'. Cu(l) site in this oxygen layer has
coordination 4 and is surrounded by 4 oxygen ions. In YBa,CuzOy
compound, this is the plane made by the Cu-O "chains'.

- Ba-O layer.



- Cu-O layer in which Cu(2) has a coordination number 5 and is sur-
rounded by 5 oxygen ions which form a polyhedra. Thisisthe plane
which we cal CuO, plane.

- Yttrium layer which has 4 oxygen vacancies as compared with the
fully oxidized perovskite. The rest of the structure is symmetric
with respect to yttrium ion which can be replaced with a number
of rare-earths without losing superconducting properties.

Copper can be found in two different dgtes. Cu(l) within CuQ,
'squares and Cu(2) within a square-based 'pyramid’, CuOs. The sepa
ration of yttrium ions gives the structure a two-dimensiona character.
Numerous diffraction studies indicate that most oxygen vacancies occur
within planes made of CuO 'chains (‘ab-plan€’) rather than within the
pyramids. In YBa,zCusOs the chains along the b-axis are oxygen de-
pleted and Cu(l) coordination is only 2 (only two neighbouring oxygen
ions). This compound is an insulator. By increasing the oxygen con-
centration one gradually dopes the ab-plane with charge carriers (holes)
and it eventually reaches the YBa,Cus;O; composition in which there
are no oxygen vacancies.

2.3 Substitutional Effects in YBCO

Substitutions where in one or more chemical constituents of a parent
material are replaced either completely or partially by other elements
Is one of the most vigorously pursued areas of research on high T, su-
perconductors. The significance of substitutional studies can be readily
understood from the fact that the very discovery of these high tempera-
ture superconductors owes to various substitutions and dopings carried
out in the related low T. or even non-superconducting systems. Thus
there seemsevery hope that investigations of substitutional effectsmight
yet pave the way for further enhancement of T, discovery of new high
T, phases and possibly go a long way in unfolding the mechanism re-
sponsible for high temperature superconductivity.

The cations which have been most extensively studied for the substi-
tution at the Y -site are from the lanthanide family. The substitution of
Y by trivalent rare-earth elements in orthorhombic YBa,Cu30,.4 with
the exception of Ce, Pr, Pm, and Tb yield a superconducting phase with
a T, amost identical to that for YBa,CuzO;.4 compound '11-14). T,
values observed on different lanthanide substitutions are mutually close,



in the range of 88K to 94K. Their other properties are ds0 essentidly
smilar. Normal state resistivity py dso shows a gradual decrease. The
fact that T. is insensitive to the presence of various magnetic rare-earth
ions suggests that the loca magnetic moments at the Y dte have little
or no effect on superconducting state. Although a complete substitu-
tion of Pr is found feasible, superconductivity has been observed only
for a partial substitution upto about 50%-60% . The rate of Tc depres
son being about 2K/at% [1516], The reason for the T. depresson is
attributed to the vaence state of Pr which is close to 4+. In order to
ensure local charge neutrality, substitution of Pr at the Y-dte favours
a reduction in the effective Cu vaence from 2.33 to 2.2 rather than an
increase in the oxygen content which is supported by measured oxygen
stoichiometry [15,16]. T. is not influenced much upon partial substitu-
tion of Y by most of the rare-earth elements, however, T, depresson was
seen in the cases of La and Ce dso in addition to Pr. No T, depression
was observed in the case of Th, but if fully substituted it tends to form
a non-superconducting phase [17]. Partia substitutions by Sc,In and
Tl in appreciable concentrations have yielded insignificant changes in
T. [18.19]. A partia replacement by Ca showed a smal decrease in T,
which is attributed to creation of extra oxygen vacancies [20,21].

Substitutions at the Basite in general have alarger effect in lowering
T.. As to the likely candidates, the lanthanide cations substituting for
Y, when present in excess of stoichiometry have a tendency to occupy
the Barsite. Various rare-earth substitutions have been attempted at the
Ba-site and relatively smdl change in T, and invariance of orthorhombic
|attice parameters have been found after partial substitution of Eu or
Gd [22]. La and Pr, on the other hand, owing to their relatively bigger
ionic size, are more inclined to substitute for Ba Smilarly a partial
substitution of Nd for Ba is dso possible due to its bigger ionic size
and its tendency for a higher coordination. The lighter rare-earths have
more solubility than heavier ones. Substitution of the akai metals
Na and K in appreciable concentrations did not effect T.. Rb and Cs
substitutions aso showed smilar effect. In the case of Sr substitution
a linear T, depression with increasing Sr concentration was reported
[23,24]. The substitution was found to stabilize the tetragonal phase at
lower temperatures. Sn substitution for Ba is found to reduce T, and
make transition width AT larger.

The problem of partial replacement of Cu has been studied most
exhaustively in the YBCO system. The situation is complicated by the



presence of two chemically inequivalent sites for Cu, Cu(l) and Cu(ll)
and the dopant ion occupies either one of the two sites or both depending
on its preferential coordination number. Since the ionic radii of dl the
3d elements are close to that of Cu they can be substituted for the latter.
The rate of decrease with two substitutions is nearly the same . So it
iIs reasonable to conclude that there is no drastic difference between
the two gites as regards to suppression of T.. Ni suppresses T, (at a
faster rate) at low concentrations (< 2%0). The normal state resistivity
is found to be metallic upto 3% to 4% of substitution beyond which it
turns semiconductor like [25]. The T, of YBCO is most vulnerable to
Zn substitution. The rate of T, depression being 13K to 15K/at% and
less than 6% of substitution quenches superconductivity [26,30].

The prime interest in the anion substitution is to explore the pos
sihility whether high temperature superconductivity can at dl exis in
compounds other than oxides. Attempts have been made to replace
oxygen partially by fluorine and sulphur. The T, onset is reported to be
insensitive to sulphur substitution. The solubility of F is less than 1%
and owing to its very high electronegativity it readily forms fluorides
with other cations. Even though oxygen plays a crucia role in YBCO
structure the studies involving substitutions at oxygen site did not give
concrete evidence to draw any conclusions. Interestingly the fluorina-
tion of the YBCO compound (by substituting for oxygen) was reported
to give a phase with T, as high as 159K. Because of the problems of
reproducibility and the failure in isolating the high T, phase, not much
work was done on substitutional effects at oxygen site.

Cationic and anionic substitutions at various lattice stes are found
to affect differently the superconducting and normal state properties of
the parent compound [31]. One of the prominent features associated
with the substitutions is that the way superconductivity gets influenced
by dopings is essentialy the manifestation of how the Cu-O networks
would respond to substitutions at various sites. The networks may get
adulterated, their oxygen stoichiometry altered or they may come un-
der significant internal lattice pressures. The networks in general get
distorted by

1) Cation substitution directly at the Cu sites,
2) Anion substitution at the O-sites and

3) The aliovalent cation substitution at the non-Cu sites.



With the parental crystal structure remaining invariant, the substitu-
tions at the Cu-site are known to have more deleterious effect on T, than
a the non- Cu site [31]. The role of non-Cu cations like La, Y, Baseems
basicaly to provide the necessary lattice frame work in which a given
number of Cu-O networks may exis in equilibrium. From the genss of
the existing hihg-T. systems it can be found out that they have evolved
from non Cu-site substitutions in the related structures.In view of this,
non Cu-site substitutions axe to be consdered important as they may
pave the way for realising new crystal structures possbly containing a
larger number of Cu-O networks and possessing higher T. vaues.

2.4 Oxygen content and Oxygen vacancy effects

The transport properties of oxygen deficient perovskite structures
have been discussed by Michel and Raveau [32,33] and are shown to be
very sensitive to oxygen content which can vary over surprisingly large
ranges. Moreover as oxygen content increases the Cu®* to Cu** mixed
valence ratio increases, a condition speculated by Bednorz and Muller
(6) as necessary for high temperature superconductivity.

Oxygen concentration plays a crucia role in different properties of
this material [34,35]. For vaues of the oxygen deficiency parameter 6
from O to 0.6 the system YBa,CusO,4 crystallizes in an orthorhombic
structure (a # b * c¢) presenting metal like conductivity in the normal
state. It becomes a superconductor with a critical temperature in the
range 60K - 90K depending on 6 as shown in the Fig.2.4 [36]. For
6=0 the average valence of copper is +2.33, with about 33% of atoms
in the +3 oxidation state. The trivalent state of copper generates an
excess of holes in the conduction band, making the system a p-type
ceramic superconductor as the majority of HTSC. The compounds that
have been found [37] with n-type carriers are Ce™ doped compounds,
with the formula Ln,.,CexCuQ,.y, Where Ln stands for the lanthanides
Pr, Nd or Sin. When the oxygen concentration in YBCO is reduced to
d=0.6 a second order phase transition takes place and the crystal adopts
a tetragonal structure (a = b# c). In this case the conduction electrons
are pinned by the antiferromagnetic coupling and the material loses

its superconducting properties. In the limiting case, 6=1, the material
becomes an insulator.

YBa,zCuz0,.4 exists in two forms which differ according to the over-
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Fig. 2.6: Picture of the granular structure in HTSC.



al oxygen stoichiometry and the ordering of oxygen vacancies. The
reduction in T, correlates with the observed reduction in the oxygen
stoichiometry and the associated ordering of the Cu-O chains. The po-
sitional parameters of dl possble oxygen postions were based on the
ideal perovskite structure. There are two principal sets of oxygen vacan-
cies compared with the idea perovskite structure: one ab-plane layer
of oxygen ions surrounding the yttrium cation and one line of oxygen
ions parallel to the b-axis. In a metallic picture the oxygen stoichiom-
etry effects the eectronic behaviour by shifting the Fermi level and by
altering the underlying band structure [38], In a Smple rigid band pic-
ture, removal of oxygen increases the number of conduction eectrons
and raises the Fermi levd. This increase in the Fermi levd is equivaent
to a decrease in the average Cu valence in an ionic picture . In addition
to a shift of the Fermi-level oxygen vacancies will cause a change in the
band structure itself, since the vacancies remove an important overlap
in the one-dimensional metallic Cu-O cHains. In general one expects the
one-dimensional band associated with the chains to narrow leading to
a higher density of states. Both a Fermi leve shift and changes in the
band structure due to oxygen vacancies play a role in determining the
final density of states. The important electronic interactions between
chains and planes are mediated by the bridging Oxygen on the O(4) site
(Fig.2.5). Thus changes in the eectronic structure caused by the oxygen
vacancies in the chains may affect the electronic behaviour of the planes
in away that is detrimental to superconductivity.

2,5 Magnetic Properties of HTSCs

A type-11 superconductor would show a resistance and be unable to
sustain a persistent current unless some mechanism exists which pre-
vents the Lorentz force from moving the vortices. Such a mechanismis
called a pinning force since it "pins' the vortices to fixed locations in
the material. Pinning results from any spatial inhomogeneity of the ma-
terial. If the pinning is sufficiently strong, vortex motion can be made
small enough that the superconductor acts very much like a perfect con-
ductor. However, there will aways be thermally activated "flux creep"
in which vortices hop from one pinning site to another and in some cases
this will occur at a measurable rate. If the pinning is weak compared
to the driving force, the vortices move in a rather steady motion, at
a velocity limited by viscous drag. This regime is referred to as "flux
flow" and usually gives aflux flow resistance which is comparable with



the resistance of the material in the normal state.

At temperatures high enough thermal activation of vortices is poss-
ble. Flux creep is a phenomenon that occurs when the driving force is
amost equal to the pinning force i.e. just below the flux flow regime.
But if the pinning barrier is smal and temperature high enough to over-
come the barrier this effect can be observed in the limit of smdl driving
forces. In order to distinguish the conventional flux creep (which occurs
under the condition (J. — J/ J.-<<1) from this effect which occurs for
J < J, this is cdled thermally activated flux flow (TAFF) [39]. Since
TAFF appears only in high temperature superconducting oxides it has
been given anew name though it is of the same nature as the flux creep.
A key feature found in layered cuprates is an irreversibility line (in the
H-T plane) not generally recognized in conventional superconductors.
The boundary between the reversible region and the irreversible one
with non-zero critical current density in the temperature-magnetic field
plane is called irreversibility line [40], Thisis a dynamic crossover re-
sulting from the crossing from a regime in which the system response is
flux-flow dominated to one that is pinning dominated.

Theflux line lattice has interesting elastic and fluctuation properties,
in particular in the highly anisotropic high-T. superconductors (HTSC)
with layered structure. In HTSC the thermal fluctuations of theflux line
positions can become large comparable to the flux-line spacing. Then
one expects the melting of a lattice [41]. In the TAFF regime the flux-
line lattice is in a liquid state, i.e. it has no shear stiffness, therefore
elastic deformations of the flux-line lattice at different points axe not
correlated. In HTSCs there is a general tendency for the flux lattice to
melt well below Hc, into a vortex-liquid state. Unlike in conventional
three-dimensional superconductors which melt at T, these materials
show flux-lattice melting well below T¢(H).

2.6Critical State Models

To interpret the magnetic response of type-Il superconductors, Bean
proposed a phenomenological model commonly known as critical state
model (CSM). The basic assumptions of this model are

1) There exists a limiting macroscopic current density J. that a hard
superconductor can carry, and

2) Any smal emf can induce this full value.



This modé is applicable for those type-Il superconductors with da-
most negligible lower critical field (H.1). To derive magnetic properties
from J,, Bean and London assumed J. to be a constant independent of
field H. The results they obtained were extensively used for the expla
nation of magnetization curves and the J. determination in hard type-l|
superconductors. However the assumption of constant J. was too smple
to fully describe the magnetization and critical current of most super-
conductors over a wide range of field. Therefore severd models were
proposed which differ in the functional dependence of J. on H. The
various critical state models are

BeanModel [42——J(Hi) = J,, a constant.
KimsModel [43— J(Hi)) =  K—
Hot+ | Hi |
where K 18 a constant.
Exponential Model  [44]——Jc(Hi) = J,ezp (_Ig‘ I)
PowerLawModel  [45]—————Jc(Hi) = Kk, | Hi | ™ \/;herekIO
and g are + ve constants.
LinearModel  [46] ————J(Hi) = A-C\Hi\ where A& C
are + ve constants.
GeneralizedModel [47]———J(Hi) = HATH T where

nisa + ve integer.
2. 7Granularity

Sintered samples of high T. superconductors are usually polycrys-
talline in nature (even the single crystals might consist of crystalline
zones separated by twin boundaries). These polycrystaline materi-
as consist of a random assembly of superconducting grains (Abrikosov
Medium) typically of some microns, electrically coupled by weak links
(Josephson medium). The interconnected network [48] is supported by a
non - superconducting matrix containing different impurities voids and
sometimes lower T, superconducting phases. Fig.2.6 sketches a ssimpli-
fied image of the granular structure of a HTSC. The grain boundaries
introduce the intergranular junctions. The better the contact among
the grains the higher the critical current the sample can carry. The
most important limitation on the performance of these materials comes



from the weak inter-grain connections which limit the current carrying
capability and make the sample very sensitive to magnetic fields. This
IS a consequence of the inherent sensitivity of ajosephson junction to
a magnetic field. When analyzing the electromagnetic response of high
T. ceramics one has to distinguish the specific properties of the two
media, one set is for the inter-granular coupling region and the other
for the individual decoupled grains i.e. intra-granular region. As such
two types of critical current densities inter- and intra- granular critical
current densities are considered. The grains have rdatively high crit-
ical fields , Hyg and Hegy and a high intra-grain critical current Jg,.
The corresponding pinning mechanisms such as twinning planes, crys
talline imperfections etc., determine the magnetic flux dynamics inside
the grains. The weak - link medium has an equivaent set of parame-
ters characterizing the josephson-junctions network. This medium has
the critical fields He; and Hey, inter - grain critical current Jg, and
Is assigned a pinning potential which determines the dynamics of flux
vortices. Moreover, the nature of dependence of these superconducting
parameters on temperature and magnetic field is different for the inter-
and intra- granular regions.

2.8 Critical Current Density (J.)

An important factor limiting the critical current value in HTSCs is
the weak pinning found in high T, materials where the weak pinning po-
tential has a limited range of action determined by the smal coherence
length. The short range of effective pinning prevents ordinary lattice
imperfections and impurities from acting as pinning centers. The virtue
of having a high T, value turns into a disadvantage in this case, because
thermal depinning of flux vortices becomes important at high temper-
atures. This leads to flux creep which is accompanied by a resistive
current transport. Supercurrent flow in polycrystalline high T. super-
conductors is a percolative process, therefore grain arrangement and the
coupling strength between them influences J..

It is commonly accepted that the low critical current density values
in the sintered high T, superconductors are due to the dissipative flux
motion believed to be caused by weak pinning. So high critical current
densities needed for most applications are achieved by increasing the
grain alignment, improving the strength of grain contacts by employ-
ing melz texturing [49], increasing the compaction pressure and aso by
enhancingtheflux-pinning.



The desired flux-pinning enhancement in high T superconductors
may in principle, be achieved by two different approaches [50].

1) By asuitable processing route or
2) By achemica substitution route.

Various processing techniques such as neutron/proton irradiation,
precipitation reaction and shock-wave loading have proved effective in
creating defects for pinning enhancement. In the chemica substitution
route, the superconductor lattice may be locally disturbed at the unit
cell or sub - unit cdl level to create coherence - length - scade defects.
The chemical route is inherently more desirable because it isless likdly to
interfere with various required processing steps such as sintering, tex-
turing etc. However a chemica substitution might also affect the T,
values.

2.9 Motivation of the present Work

Paulius et al. [51] reported enhancement of flux-pinning by Pr doping
in YBCO. Previous research [52-56] showed that the transition temper-
ature of YBCO is progressively suppressed with an increasing amount of
Pr substitution for Y with eventual semiconductor/insulator behaviour
in Pr-rich-123 or pure-Pr-123 compositions. Anincrease in the transition
temperature T, above that of YBCO has been reported by R.G.Buckley
et al. [57] when Lanthanum (6at%) has been substituted for Ba in

YBa,Cuz07_g.

In view of the above resultswe doped Lafor Baand Pr for Y inYBCO
to examine whether the T, drop with Pr concentration can be avoided
or made dower by La doping while retaining the pinning enhancement
with Pr doping.
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CHAPTER-III
EXPERIMENTAL DETAILS

3.1SamplesChosen For Study

A series of 6 samples with compositions Y;.,PryBa,.yLa,Cus;O7._g
with x = 0.03, 0.1, 04; y = 0.04, 0.06 were prepared and their mag-
netic properties are studied in this present work. The choice of these
compositions was based on the following reports in literature.

In the system Y, Pr,Ba,CusO7-4 pinning enhancement has been
reported for 0 < x < 0.4 [1]. Maximisation of T, is reported [2] for 6at%
of La(y = 0.06) beyond which T, drops quickly. So Pr concentrations
x = 0.03, 0.1 and 0.4; La concentrations y = 0.06 and 0.04 have been
chosen to study their effect on T, and pinning.

Spec pure quality of CuO and BaCOs; (Johnson Matthey), high pu-
rity (99.99%) Y,0;, La,0O3, and PrgOy; are used as starting materials
and by solid state reaction of stoichiometric amounts of these materials
the above compounds were prepared.

3.2 Sample Synthesis

Complex oxides are conventionally prepared by ceramic method which
involves heating a mixture of constituent oxides/salts at elevated tem-
peratures followed by repeated grindings. Synthesis of pure, homoge-
neous, single phase, multicomponent ceramic oxides from their con-
stituent compounds are rather challenging.

Praseodymium and lanthanum doped Y BCO samples are prepared by
solid state reaction of the oxides/carbonates of the constituent cations
at elevated temperatures. Calculated amounts of yttrium oxide, barium
carbonate and oxides of copper, lanthanum and praseodymium were
mixed using acetone and ground well in an agate mortar, for half an
hour. The mixture was calcined in a ceramic crucible at 850°C in air for
36 hours with three intermediate grindings, each after every 12 hours.
The calcined powder was pelletized in a hardened stainless steel die by
applying a pressure of 5 tonnes/cm?®. The pellets were sintered in the
furnace at 940°C for 2 weeks with 2 intermediate grindings and were



first cooled to 500°C, Then the pellets were further cooled from 500°C
to room temperature under flowing oxygen at a rate of 500ml/min as
shown in the following steps.

940°C 2* 600°c 'W* s00°C MM y4s0°c MO 3500 ¢ L0 g

3.3Characterization - Structural Analysis (XRD)

Phase determination and structural analysis of the sintered pellets
were carried out by standard XRD technique, to ensure formation of
superconducting phase, to evaluate the unit cdl parameters and aso
to check for the presence of impurity phases, if any. X-ray diffraction
patterns of the pellets were recorded by a Seimens X-ray diffractometer
with CuKj, radiation whose characteristic wavelength is 1.5418 A. The
intensity of the CuK, radiation diffracted from the powdered specimen
was detected by a scintillation counter. The X-ray diffraction pattern
gives the count rate of the diffracted beam from different crystal planes
(hkl) as afunction of the diffracted angle of X-ray (20) with respect to
the incident direction of X-rays as recorded on a strip chart recorder.
Diffraction lines corresponding to various (hkl) values were recorded in
the 20 range from 15° to 70°. For the observed diffraction peaks, dpy
values were calculated and fitted to orthorhombic structure with the
unit cell parameters a, b and c.

The phase identification was done by comparing the peak positions
(2q) with the reference data available for the orthorhombic phases of
YBa,CuzO74 . The cel parameters a, b and ¢ were calculated from the
formula

ROk 21

a2+ 2+ 2— 32
b b c d%u

3.4Resistivity M easurements

A Helium exchange gas cryostat (APD make) was used for the re-
sistivity measurements and a sketch of which is shown in Fig.3.1. A
standard sample holder of length 71 cm and inner diameter 0,95 cm
made of glass cloth/epoxy tube was inserted into a Be — Cu extension
tube. Electrical contacts were made on the sample using lead solder
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and tee leads were taken out through a 19 pin receptacle, as shown in
Fig.3.1. The temperature of the sample was measured using a calibrated
Si-diode sensor which is placed very near the sample. The accuracy of
temperature measurement was better than 0.05 K. For controlling the
temperature another Si-diode sensor which is located at the cold tip was
used. A heater wire of 36 W was wound on the cold tip. The sample
sensor, controlling sensor and the heater wire were connected to a sensi-
tive temperature controller, which supplies controlled amount of power
to the heater wire.

Block diagram of the experimental setup for dc electrica resistivity
measurements done using a 4-probe technique is shown in Fig.3.2. Con-
stant dc electrical current was supplied to the sample using a Keithley
224 constant current source, the voltage drop across the sample was
measured using a Keithley 181 nanovoltmeter. Temperature was mea-
sured and controlled using a Scientific Instruments Inc. system 5500
temperature controller. Experimental data were acquired using a com-
puter after stabilizing the temperatures. At the temperatures close to
transition, data were collected in 0.1K intervals.

Parallelepiped samples were used for the resistivity measurements.
The breadth and thickness of the sample are say, b and d. Current leads
were connected at the two ends of the sample and two voltage leads
were taken in between the two current leads. The distance between the
voltage leads is /. Electrical contacts were made on the sample using
slver paint. A dc current 3 mA (I) was sent through the sample using a
Keithley 224 programmable constant current source. The voltage drop
(V) across the sample was measured in the 2 mV range using aKeithley
181 nanovoltmeter with an accuracy of 10 nV. To eliminate the signa
developed from thermo emf across the voltage leads, the direction of
the current was reversed (-1) and again voltage drop (V_) measured.
The resistance was calculated using the formulaR = (V+ —V _)/2l and
the resistivity was calculated from p = RA/l, where A is area of cross
section of the sample normal to the direction of the current.

3.5 Susceptibility Measurements

The ac susceptibility was measured using a mutual inductance bridge.
It consists of a primary coil and co-axially wound two secondary coils.
Out of the two secondary coails, one is for mounting the sample and the
other one is for reference. Current was driven through the primary coil



*SIUIUIDINSRIUL AYIALY
-s1sa1 a1y 10§ pasn dnjas [ejuowulradxe oYy jo wrelderp Yoo[f :g'¢ x|

]

sava13oviion |
! —®

i 3TdWVS &
SaVa71 LNIHUND

_ . HOSN3S

b

404N0s
INFHYND INVLISNOD

bec-Ad'THLIAM

00SS WILSAS

¥3LIWLTOA ONVN N SINSWNNISNI OMIINGIOS
I81-AJTHLIZN 4ATIOHINOD FUNLVYTdWAL

—

9LvZ/0d HLINIZ
YILNdWOD




usingan oscillator. In the absence of sample, the net voltage induced
across the secondaries is dmost zero, When sample is introduced into
the center of the sample secondary coil, voltage is induced across the
secondaries and it is proportional to the susceptibility of the sample. In
practice it is difficult to wind two exactly identical secondary coils Asa
result, even in the absence of sample, a samdl voltage is seen across the
secondaries and this is nullified by subtracting the background voltage,
by measuring the voltages with and without the sample.

Schematic diagram of the experimental set up is shown in the Fg.3.1.
The primary coil was wound on a bakelite former of length 11.0 cm and
inner diameter 3.0 cm. The primary coil assembly is fixed on the outside
of the Be—Cu extension tube as shown in Fig.3.1. The primary cail
resistance is 35W and it could produce afield of 325 Oe for the applied
current of 1 Amp. Additional number of turns were wound at both
the edges of the primary cail for field uniformity throughout its length.
Both the secondaries are kept inside the cryostat and length of each
secondary is 2.54 cm. Each secondary coil has 3250 turns of 38 gauge
standard insulated copper wire. The sample to be measured was kept
at the centre of the upper secondary coil. Temperature of the sample
was measured using a calibrated Si-diode sensor which is placed close
to the sample. All data were collected after stabilizing the temperature.
Close to transition data were collected in 0.5K intervals.

Block diagram of the experimental set up is shown in Fg.33. The
built-in oscillator in a PAR 5210 lock-in-amplifier was used to drive the
primary excitation current. If the sample temperature is maintained
above T, the flux lines pass through the sample and the difference in
the induced emf between the two secondary coils is nearly zero. At
T < T, the sample is in superconducting state so the, flux lines will
be pushed to the surface of the sample. The emf induced in the sec-
ondaries is normally proportional to the rate of change of flux in the
coils and is measured in terms of a finite voltage measured using the
lock-in-amplifier. The voltage difference between the two cails is di-
rectly proportional to the rate of change of magnetic moment of the
sample. The voltage induced across the secondaries was measured using
the dual phase EG& zG PAR 5210 L ock-in-amplifier in differential input
mode, which gives the advantage of better signal to noise ratio. Refer-
enceinput to thelock-in-amplifier isgiven from the oscillator driving the
primary. Voltage drop across a 1 kW resistor in series with the primary
coil is used to calculate thefield generated by the coil. The temperature
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of the sample was measured using a Si-diode sensor and was controlled
using a temperature controller. The accuracy of the temperature mea-
surement was better than 0.05K.

The temperature variation of susceptibility was carried out from 10K
to 100K using the mutual inductance bridge operated at 33Hz and at an
ac field amplitude 0.3 Oe. Thered (x') and imaginary (x") parts of the
susceptibility were ssimultaneously measured. A correction was done for
phase to nullify the extraneous phase shifts arising from various sources
in the setup. This is done by shifting the phase of the reference so as

to obtain x* = 0 above T, (normal state) as well as below T. (in the
Meissner state)

From the measured in-phase and p/2 out of phase voltages €/ and eg
(from the lock-in-amplifier) the real and imaginary parts of susceptibility
are calculated using the expressions given by Lofland et al [3]

V2er
XR _—— (5)
awAN;poH.(1- D)
V2€;
X1 (6)
awAN;poH,(1- D)

Here, A isthe area of cross-section of the sample, D is the demagnetiz-
ing factor, Ns is the number of turns of the secondary across the sample,
H, is the amplitude of the applied ac field and a is thefilling factor. Ns
is total number of turns in the secondary coil but in the present work
Ns is replaced by the effective number of turns, N's = NJ/2L.(2l). Here
2L and 21 are respectively the length of the secondary coil and sample.
The demagnetization factors (D) for the parallelepiped specimens are
very small and are neglected here.

In the above expressions we have incorporated the filling factor a,
as specified by Couach and Khoder which is introduced to account for
a configuration where the sample does not fill the total volume of the
secondary coil. The value of a can be estimated from the dimensions
of the secondary coil and the sample. For a cylindrical sample whose
diameter (2a) is very much less than the diameter of the secondary coil
(2R) i.e.a<k Rthefilling factor a can be written as ( derived by Couach

and Khoder [4])

R‘
a:a 4Y_Y)



where
X=[l(L+ /R + 1]V and Y = [[(L- /R +1]'/2

Here 2R and 2a are respectively the diameters of the secondary cail
and the sample. L and / are the lengths of the secondary coil and sample.
For the present parallelepipeds, whose lengths are much larger than the
breadth and thickness, the above formula can be used if d/2 < R. The
absolute values of susceptibility for non-zero D vaues are calculated
using the expressions given by Murphy et al. [5]

¢ XR- D(x% + x7) X1 (7)

(1 - xrD)?+ D*x3} X (1- xgD)%+ D2x?

For small D, \' ~ xgand x' — xi.

Temperature variation of susceptibility was carried out for powdered
samples aso. Measurements on powdered samples were made to see the
intragraineffectsexclusively. For making powdered samples aportion of
the pellet was ground into fine powder and sieved through 400 mesh and
350 mesh to get a particle size in the range 37 to 45 microns. Then these
powders were moulded into cylinders by mixing them to molten paraf-
fin vax and solidifying it. Table-1 gives the dimensions of the samples
(pellets) used.



Table-3.1: Dimensionsof thesintered samples.

SAMPLE | COMPOSITION | LENGTH | BREADTH | THICKNESS
CODE mm mm mm
1 Pr=0, L&a=0.06 8 3 1
2 Pr=0.03, La=0.06 6 3 2
3 Pr=0.01, La=0.06 9 2.5 1
4 Pr=0.4, La=0.06 85 4 1
5 Pr=0, La=0.04 1 3 15
6 Pr=0.03,La=0.04 8 25 15

Inter - grain critical current density for pellets was calculated at T =
0.92T¢ using the formula [5]

T = D T, ®)

m

where T,, is the peak temperature at which the applied field pene-
trates to the center of the sample and manifests itself in alarge peak in
X" Vs T plot. Here J(Ty) = /3 where H is the applied field and d is
the thickness of the sample.

The experimental results can be found in chapter V.
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CHAPTER 1V
RESULTS AND DISCUSSION

4.1 XRD Results:-

XRD patterns recorded in the samples of Y ,PrBa,CuzO;.q4
with y=0.06 and y=0.04 are shown in Figures 4.1 and 4,2 respectively.
Indexing of the diffracting crystal planes (hkl) associated with the ob-
sarved XRD linesis indicated in the figures. Analysis of the XRD data
shows that all samples have the orthorhombic structure and contain no
extra lines due to impurity phases. The lattice parameters calculated
from the diffraction peak positions (20) were given below in Table 4.1.

Table- 4.1 : Lattice parameters obtained from XRD.

SAMPLE a | b c
SNo COMPOSITION | (A) | (A) @ (A)

1 Pr=0, La=0.06 | 3.829 | 3.893 11.697
2. | Pr=0.03,La=0.06  3.900  3.908 11./88
3. Pr=0.1, La=0.06 3838 38388 11.720
4. Pr=0.4, La=0.06 3849 3887 11691
S. Pr=0, La=0.04 | 3857 3859 11534

6.  Pr=0.03,La=0.04 3830 3886 11671

4.2 Electrical Resistivity Results :-

Figures 4.3 and 4.4 give the temperature dependence of €electrical
resistivity measured in Pr and La doped YBCO superconductor. Table
4.2 gives the normal state resistivity py, transition temperature T, and
transition width AT. Figures 4.5(a),(b) and (c) give the variation of T,
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pN and DT as a function of Pr concentration (x) for the two Lanthanum
compositions,

Table- 4.2: Results obtained from the Electrical resistivity measurements

SAMPLE PN
SNo [COMPOSITION (mW.cm) T.0) AT

1 Pr=0, La=0.06 500 845K 7K
2 |Pr=0.03,La=0.06 420 815K | 85K
3 |Pr=0.1, La=0.06 0.14 725K | 10K
4  Pr=0.4, La=0.06 3.72 31K | 10K
) Pr=0, La=0.04 900 88.2K| 4K

6 Pr=0.03,La=0.04 690 80K | 9K

4.3 ac Susceptibility Results:-

Figures 4.6 to 4.11 show the measured temperature dependence of
a) X and b) x" in al the compositions studied in 1) pellet form (par-
allelepipeds of the size given in the Table 3.1) and in 2) powder form
(powdered samples taken in molten wax and moulded into cylindrical
shape). The figures shown in the inset are the X"vs T and X' vs.
T for the corresponding powdered samples. Table 4.3 gives the X"/X"
ratio for powder and pellet samples, peak temperature (T,,) from x" vs.
T plot. Ciritical current density at peak temperature J.(T,) and the
value of critical current density Jo(T) a T = 0.92T¢ determined for the
pellets are also given in the table. The figures shown in the inset axe
the x* vs. T and x" vs'. T for the corresponding powdered samples.
Figure 4.12 gives the variation of Jo(T) at T=0.92T as a function of Pr
concentration (x).
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Fig. 4.12: Dependence of critical current density Jo(T) at T = 0.92T¢
on Pr concentration (x) for La= 0.06 (circles) and La= 0.04 (filled
circles) compositions.



Table- 4.3. Results obtained from the ac Susceptibility studies.

2
SAMPLE <A/M° T wm) XD
COMPOSITION PELLET | POWDER| K A/m® | T =092T.
Pr=0
L a=0.06 05 031 795 5x 10* | 131 x 10
Pr=0.03
La=0.06 0.49 0.04 78 1 33x 10" 9x 10*
Pr=0.1
La=0.06 0.74 0.14 57  5x10* 82x 10°
Pr=0.4
La=0.06 0.66 0.21 182 | 5x10* 7.1x 10
Pr=0
La=0.04 0.53 0.04 84 | 25x 10* 85x 10*
Pr=0.03
La=0.04 0.5 0.19 77-  33x 10" 48x 10°

4.4Discussion

4.4.1 Background

Of the rare earth elements that can substitute for Y in YBCO and
preserve the orthorhombic structure Pr is the only dopant that depresses
T. with superconductivity disappearing at Pr levels x = 05 - 0.6. For
other rare earth substitutions T, remains close to 90K. Despite the large
amount of research on this system considerable controversy ill persists
over the valence of Pr and over the mechanisms of T, supression by Pr in
Y1.xPr,Ba,Cuz07.4. Origin of the T, depression by Pr in this systemis
described by T.R.Chien et a. [1] to be a combination of the hole filling
mechanism and pair-breaking effect.

Soderholm et al. [2] reported that the superconducting critical tem-
perature T. decreases monotonically with increasing Pr concentration



from 92k at x=0 to OK at x=0.56 in the Y 1 PryBa,CuzO74 Sys
tem. The depression of T; is small for Pr concentrations in the range
0 < x <01 (T, = 8K for x=0.1). Study of flux pinning in the
Y1.xProBa,Cusz07.4 system has yielded evidence that the substituted
Pr ions interact with mobile holes in the CuO, planes, resulting in the
localization of the holes and the breaking of the superconducting pairs
[3.4]. The effectiveness of Pr as a pinning site in Y ,PryBaCusO;4
for concentrations upto x = 0.2 is presumably due to alocal suppression
of the superconducting order parameter in the vicinity of the Pr ions [5].

R.G.Buckley et a. [6] reported that 0.06 La substitution is required
to maximise T, in YBCO system. The substitution of non-isovaent
atoms into high-T. superconductors to explore the sensitivity of T. to
hole concentration is now a well established technique [7,8]. In partic-
ular the substitution of La for Ba in YBCO has been instrumental in
exposing the significance of the concentration of holes on the planes in
controlling T, [9]. The maximisation of T, at about 97K for La substi-
tution with x = 0.05 to 0.07 in YBa,.xLa,Cu30-.4 has been reported
by A.Manthiram et a [10]. Unsubstituted YBCO with one hole per
3 coppers , is overdoped beyond the maximum and La substitution is
required to reduce the hole concentration in order to maximise Tg.

4.4.2 Present Work

In the present work we found from electrical resistivity studies that
with lanthanum substitution for barium in the YBCO system the T,
has not increased above that of YBCO in contrast to the report [
in literature. This is evident from the critica temperatures of sam-
ples 1 (Pr=0, La=0.06) and 5 (Pr=0, La=0.04) given in the Table - 4.2
where the only dopant is lanthanum. Of the two concentrations of lan-
thanum tried y=0.04 (sample 5) concentration has shown higher T. of
88.2K when compared to 84.5K of y=0.06 concentration (sample 1) as
given in Table 4.2. With the substitution of praseodymium for Y in
YBap.yala,CusOr.q compound T, has drastically decreased. At 40%
of Pr substitution (x=0.4) the compound has shown semiconducting
behaviour as seen in the p vs. T plot (Fig.4.5). The temperature co-
efficient of resistivity of the normal state decreases continuously and
changes from positive to negative at 35% (x=0.35) substitution of Pr
when Pr alone is substituted [11]. At low levels of Pr normal state re-
sistivity py is found to decrease with increase of Praseodymium upto x
= 0.1 for y(La) = 0.06 and atleast upto x = 0.03 for y = 0.04 studied.



The transition width is increasing with the Pr concentration, the least
being 4K for sample5 (x = 0, y = 0.04).

There are two contributions to the ac susceptibility of sntered high T,
superconductors one from the grains and the other from their coupling
matrix. Using mutual inductance assembly and Lock-in technique real
(X") and imaginary (x") parts of the complex susceptibility are obtained
as described in section 5 in chapter 111.

X"and x" of high-T. samples are known to be strongly dependent
. on temperature and ac field amplitude but only dightly dependent on
frequency. Smadl magnetic fields eadly penetrate the weak-link grain
boundary network leading to an inter-granular ac loss Moderate mag-
netic fields cause a decoupling of grains and strong intra-granular ac
losses occur throughout the material. The decrease in X" when the
temperature is lowered from above T, sgnds the onset of diamagnetic
response in the samples. In the sintered samples of high T, superconduc-
tors the temperature at which this occurs corresponds to the onset of
superconductivity in the grains. At lower temperatures inter-granular
coupling between grains results in shielding currents (Josephson cur-
rents) flowing across the grains and a maximum diamagnetic signd ap-
pears. The imaginary part shows peaks due to hysteresis losses in the
sample. The peak x" vs. T is generdly defined [12] in the critica
state moddl as the point where the ac magnetic field just penetrates to
the centre of the sample. The reasoning behind this is that if one first
consders a sample at low temperatures where its superconductivity is
fully developed and (Hac < Hg) and X" is zero. As the temperature
increases the ac field will begin to penetrate the sample and X' grows
as the magnetic absorption losses increase. Thus X" will increase to
a maximum when the magnetic flux penetrates the sample completely
I.e. when Hac reaches the centre of the (regularly shaped) sample.
As the temperature continues to increase the sample is more and more
penetrated by the flux and with less and less superconducting volume
present the amount of absorption decreases, reaching zero when T, is
reached. Thus peak temperature T,, defines a characteristic magnetic
field H* required to just penetrate the centre of the sample at a given
temperature.

The temperature dependent susceptibility may be separated into two
contributions one sensitive and the other relatively insendtive to the
magnitude of the measuring field [13]. The weak links connecting the
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particlescanbedestroyed by grinding thewintered sample. Thex" com-
ponents of the susceptibility as a measure of the tosses are manifested as
atwo peak curve: asmdl oneat T, and alarge peak below T, Thesmal
peak is assgned to loses in the grains where as the large pesk is related
to losxes due to the weak links [14]. The former is usualy suppressed
after finely powdering, whereupon the susceptibility curves become in-
senditive to the magnitude of measuring field. The asymmetric x"vs.T
peaks seen in the present work indicate that these two contributions are
not well resolved in pdlets.

On powdering, the width of the x"(T) curves has narrowed down
for most of the samples. However, the intragrain ac loss pesks in X"
vs. T could not be very well resolved (even after powdering) indicating
a finite loss from the weak links associated with the coupling between
the few grains contained in the 36 micron szed clusters obtained on
powdering. Hence the x"(T) peaks observed represent losses associated
with the grain coupling within the clusters. In the case of pdlets it
can be seen from Table 4.3 that J. decreases with Pr content in the
series with y=0.06 while it showed a smal rise with 3be attributed to
amarginal increase in pinning by Pr doping. However, examination of
higher Pr concentrations might be necessary to confirm this, x"/x" is
a measure of ac loss in the specimen but due to the broadening of the
peaks, no conclusons can be drawn from their magnitudes.

It is possble that the T, of La doped samples can be maintained
higher as intended, by heat treating them in partial oxygen atmosphere
which isfound to be successful in some compounds like NdBa,Cuz 074
[15] and may be of interest to study.
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