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ABSTRACT

High temperature ceramic superconductors are highly anisotropic materials. The anisotropy
in electrical properties leads to the requirement that the microstructure should be controlled so as
to align the optimum current carrying (a-b) planes in the direction of current flow in a sample
with cylindrical geometry.

Texturing processes devised to achieve this goal have revealed that the bulk texturing of
nominally pure 1-2-3 materials by resolidification techniques leads to phase separation.
Differential thermal analysis (DTA) has revealed that the 1-2-3 material melts incongruently. This
leads to the generation of 2-1-1 phase when the 1-2-3 phase melting temperature is exceeded,
which in turn results in the formation of Ba-Cu rich amorphous platelets when the sample is
resolidified. It is therefore not possible to prepare phase pure melt processed 1-2-3 material. A
systematic set of growth experiments has been carried out to investigate the effects of altering
furnace variables such as heating rate, cooling rate, peak temperature and high temperature dwell
time. Optical microscopy characterisation of the microstructure after varying these different
parameters has led to the development of a processing routine which can control the size
distribution and volume fraction of 2-1-1 phase. In particular, a fast heating procedure was found
to produce 1-2-3 material with finely dispersed 2-1-1 phase and resulted in the apparent removal
of the Ba-Cu rich platelets.

Transmission electron microscopy (TEM) has revealed that the 2-1-1 phase appears as
spherical randomly oriented inclusions and its presence is not thought to directly affect the value
of J . to a significant extent. Ba-Cu rich platelets were found to be oriented parallel to the basal
plane. Since the platelet width is generally larger than the coherence length, they are more
deleterious to the current carrying capability of the material. Dislocations, planar defects and low
angle grain boundaries present in melt processed material have also been studied using TEM
because of their eligibility as flux pinning centres. Three different types of perfect crystal
dislocations were observed, with burgers vectors <100>,<010> and <110>. In addition, three
distinctly different types of stacking fault, all with fault displacement vector R=1/6<301> have
been characterised and possible reasons for their formation have been discussed. Furthermore, the
dislocation configurations in a number of low angle grain boundaries have been analysed by
diffraction contrast experiments.

Four point probe and magnetisation measurements have been carried out on three very
different 1-2-3 structures, namely polycrystalline, textured and pseudo-single crystal. These
showed that large increases in the value for J, are possible in pseudo-single crystals with values of
14000 A/.y2 in zero field being achieved. By correlating observed microstructure with measured
electrical properties from different positions along the length of a melt processed rod, it has been

demonstrated that the current carrying capability is strongly dependent on local morphology.
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1 Introduction.

1 INTRODUCTION
1.1 Historical Bacl l

Superconductivity research has been intensified significantly since 1986.
The possible applications for superconductors are of such importance to the world,
that very large commitments have been made by most of the countries actively
involved in materials research. The promise of significant breakthroughs leading to
worthwhile applications has ensured a generous funding for research into new types
of superconductor; however superconductivity itself was discovered nearly a century
ago. The phenomenon of superconductivity was discovered by Professor Heike
Kamerlingh Onnes, in 1911. He was measuring electrical resistance variations in
materials with respect to temperature, and was carrying out experiments on different
metallic elements, using the then newly available liquid helium as a coolant to check
the very low temperature behaviour. Experiments on platinum and gold had revealed
a finite resistance at liquid helium temperatures, which was thought to be due to
impurity effects. In those days, the resistance of a material was considered to consist
of two components; one due to the scattering of the conduction electrons due to the
thermal vibrations of atoms, the other due to impurity scattering.

Mercury was subsequently chosen because of the very high level of purity
obtainable by repeated distillation. When measurements were taken, a total loss of
resistance at 4.2 K was established, which seemed to be unaffected by higher levels
of impurity present in the mercury. Upon checking his work, he first dismissed the
results because they seemed meaningless and repeated the experiment, making sure

that the meters were switched on. When the results proved repeatable, he realised

.‘



1 Introduction.

that something new had been found. This discovery has led to a constant research
effort to elucidate the precise mechanism for this phenomenon. Onnes received the
Nobel prize for his work in 1913, and ever since his discovery in 1911 people have
been trying to increase the critical temperature T, (the temperature at which a material
starts to become superconducting).

Superconductors were always of interest to scientists, because of the novel
and unique applications that are possible and because it is scientifically a very
interesting field to work in. They are also of great commercial interest, which has led
to relatively frequent discoveries of elements, compounds and alloys with higher
values of T, . For the elements, superconductivity occurs in two main groups in the
periodic table, namely:

- The transition elements;
- The groups IIB, IIIA and IVA.

Lead showed a superconducting transition at 7.2 K and in 1929 Nb was
found to show a superconducting transition at 9.2 K. Superconductivity had never
been observed in ferromagnetic materials or insulators (up to 1986), and good normal
electrical conductors such as silver and copper are not superconducting. The
explanation for this is that one prerequisite for superconductivity is good coupling
between the lattice and the electrons; conductors have by virtue of their electrical
properties only weak coupling between the electrons and the lattice. Twenty-six
elements, and more than three hundred compounds are known to be
superconductors. After superconductors were discovered, scientists have carried out
a large range of electrical and magnetic experiments on them, which have provided a
much better understanding of the nature of superconductivity.

Ochsenfeld and Meissner discovered in 1933 that the magnetic field

2
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distribution around a superconductor could only be explained if it were assumed that
all magnetic flux was excluded from the material; in other words the superconductor
behaved like a perfect diamagnet. This flux exclusion phenomenon was called the
Meissner effect, which is currently demonstrated extensively in research laboratoria
and schools by levitating a magnet above a high temperature superconductor whilst
the superconductor is held below its critical temperature. The Meissner experiment is
also useful because it makes superconductivity a visible concept, ideally suitable for
testing a superconductor quickly and simply after preparation. Furthermore the
impact of observing a solid object apparently defying the laws of gravity is
considerable to someone who is not familiar with the subject.

The value for T , until 1986, increased very gradually from 4.2 K to 23 K
obtained in Nb3Ge in 1973. Fig. 1.1 shows a graph of T, plotted against time, with
some of the most important superconducting materials and theoretical milestones
indicated. Note that in 1957 Bardeen, Cooper and Schrieffer proposed the BCS
theory of superconductivity [Bardeen et al, 1957.] and although giving a much
clearer insight into superconductivity, this theory did not provide the experimentalists
with any new clues to find a material with better critical properties.

The discovery of the first oxide superconductor, strontium titanate (SrTiO5)
occurred in 1964. [Schooley et al, 1964] This material had a T, of 0.3K, which was
considerably lower than the values obtained in many metallic compounds, but even
so the material was of considerable interest since superconductivity was previously
only associated with metals. In 1968 it was was discovered [Banus, 1968] that
quenching TiO, has a pronounced effect on the value for T, it increased from 0.6 K
to 2 K. This remarkable discovery caused a division of resources; a number of

scientists decided to work on oxides, since the general consensus was that

3
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superconductivity favours large volumetric unit cells with an open type of structure
and good coupling of the lattice with the conducting fermions. Since oxide structures
often possess these characteristics, a number of people [Schooley et al, 1967]
believed the really high T, materials could well be oxides. In 1986, Georg Bednorz
and Alex Muller, working in IBM laboratories near Zurich, tested a ceramic oxide
sample which had been prepared by a mixing, pressing and sintering technique.
They discovered a “possible high T, superconductivity in a La-Ba-Cu-O
compound,”[Bednorz and Muller, 1986] and with a T, of 35K, this was the highest
T, that had ever been produced in any material. This modest claim was immediately
investigated and duplicated by research groups around the world; the race for
discovering the highest T, material was underway. Large amounts of money were
allocated to the research into these new and exciting materials, and it was considered
only months away before electricity bills would be reduced, and trains would be
levitating above their rails! A few months later two groups discovered an even higher
T, of 92K in the Y-Ba-Cu-O system. [Wu et al, 1987] [Chu et al, 1987]

This material proved a massive breakthrough, because it superconducts
above the boiling point of liquid nitrogen (77 K). However, the pressure was still
present for finding materials with even higher T.’s, and room temperature
superconductivity was considered to be the ultimate goal. A T, of 110K was
obtained in a Bi-Ca-Sr-Cu-O compound [Maeda et al, 1988], and 125K, the highest
T, to date is found in a highly toxic Tl-Ba-Ca-Cu-O material [Sheng and Herman,
1988]. Practical applications of these materials are still not well developed; the Tl
based materials, for instance, contain multiple phases, which means that to fabricate a
sample containing just the 125K superconducting phase is not considered to be

viable. (At present.)
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1.2 Theoretical nsiderations

The 1-2-3 ceramic superconducting materials have been the subject of
intense research since their discovery in 1987 [Wu et al, 1987], [Chu et al, 1987].
This discovery was the result of work on the then recently discovered La,_xSr, CuO
materials which could be shown to have an increased T, from 35 K to above 50 K by
simply applying pressure. It was not certain at that stage what the effects of pressure
were on the structure, but research by Chu’s group at Houston was concentrated on
substituting chemical elements in order to develop a ceramic oxide crystal structure at
atmospheric pressure, which resembled the original structure of La,_xSr, CuO under
pressure. This work resulted in the fabrication of YBa,Cu;0;_3 by a pressing and
sintering routine. This material was prepared and because of the pressure to develop
something new quickly, the first samples were removed from the furnace quickly.
When tested, they showed no superconducting transformation. A second set of
samples was prepared on a late evening, which would be ready early in the next
morning. These particular samples were left to sinter for around 10 hours, and
cooled slowly in the furnace after the sintering process was completed. When these
samples were tested, they were found to have a T, of 92K, an increase of 57K over
the La,_xSr,CuO samples. YBa,Cu;0;_; is more commonly referred to as 1-2-3, or

YBCO.

llograph =2-

The crystal structure of 1-2-3 has been widely investigated using fast

neutron irradiation [Capponi et al, 1987], electron microscopy [Eaglesham et al,
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1987] and X-ray analysis techniques. [Cava et al, 1987] The determined structure is
orthorhombic, with spacegroup Pmmm. The crystallographic notation for the 1-2-3

crystal structure is:

Orthorhombic, Pmmm, D',, , No. 47.

A schematic representation of the unit cell is shown in fig. 1.2, note the
oxygen vacancies and the presence of the copper-oxygen planes and chains.
The dimensions of the unit cell are:
a=3.8185 A
b=3.8856 A
c=11.6804 A
There are 13 atoms per unit cell;
1 yttrium (88.905 Atomic weight).
2 barium atoms (137.34 Atomic weight).
3 copper atoms (63.546 Atomic weight).

7 oxygen atoms (15.999 Atomic weight).

The volume of the unit cell is 173.3 A3, and the theoretical density for the 1-2-3

crystal is thus 6.383 gem™.

It is clear that the ratio 1-2-3 refers to the atomic ratio of the cations, the
weight ratio is in fact:

yttrium: 1

barium: 3.49

copper: 2.14

Note that if the weight ratios are considered, the formula is much closer to 1-3-2!
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2.2. Theoretical roach

The theories for the mechanism of superconductivity can basically be
divided into two distinct parts; theory before 1986, where physicists are convinced
that BCS theory is correct, and all pre- high T, effects observed seem to be readily
explainable with this theory. After 1986 many more theories were introduced [See
e.g. Anderson, 1987. Emery, 1987.]; from which no single theory has been accepted
universally as correct. It follows that there are a large number of conflicting ideas
about the mechanism of superconductivity in ceramic materials. The only thing
which remains certain is that the mechanism that operates still requires pairing of
electrons. [Gough et al, 1987]

‘Superconductivity and its Applications’ by J.E.C. Williams (1970), gives
an excellent description of B.C.S. theory. However, for the purpose of the present
studies it is not necessary to delve deeply into the physics of superconductivity,
although some aspects of the theory which are relevant to this work will be described
here.

If these basic aspects of theory are understood correctly, the aims and
objectives of the thesis are relatively straightforward to understand. A
superconductor is a material which, below a certain critical temperature (T,,), becomes
superconducting. This means that the material has zero electrical resistance.

There are two other critical parameters which can affect this phenomenon,
namely critical magnetic field (H;) and critical current (J,). The word critical, as
used for all three parameters is used because if any of these ‘critical’ values are
exceeded, the material no longer behaves like a superconductor. There is, however

one additional complication which is concerning the critical field parameter, H,..
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There are two types of superconductor, for ease of understanding these are
commonly referred to as type 1 and type 2. The difference between the two is
represented schematically in fig. 1.3. The type 1 superconductors have a single
critical value of H, above which the magnetic flux enters the material completely;
below this value the material is completely diamagnetic. This completely diamagnetic
state is also referred to as the Meissner state, and the important point to make clear at
this stage is that this condition is totally reversible. This means that if the
superconductor is put into a magnetic field which has a higher value than H, and the
field is subsequently reduced, then the superconductor will spontaneously exclude all
the magnetic flux when H, is reached. In nature there are only a few type 1
superconductors, elements such as Ir,Zn and Cd with values for T, around 1 K.
Most of the superconducting materials (including the 1-2-3 high T materials) belong
to the type 2 category.

Type 2 superconductors have two critical values for the magnetic field:
H_,, which is the lowest value at which magnetic flux starts to penetrate the sample
in the form of flux vortices, and as the magnetic field strength increases, more and
more of these vortices enter, reducing the spacing between them. The material can
then be considered as a matrix of diamagnetic material with cores of magnetic flux
threading through as illustrated in fig. 1.4. This process continues until H, is
reached, where the material is completely penetrated by the magnetic flux; i.e. there
are no diamagnetic regions left.

The microscopic theory is based on the work of Bardeen, Cooper and
Schrieffer, which is more commonly referred to as BCS theory [Bardeen et al, 1957].
The milestone in the development of this theory was the reasoning for the mechanism

responsible for the transition to superconductivity. It has now been

10
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widely accepted that the mechanism is a coupling between electrons via the positive
ions of the metallic lattice. This mechanism was first proposed by Frohlich in 1950,
where he suggested that the interaction between electrons and lattice vibrations or
phonons, could lead to an attractive interaction between the electrons themselves.
Superconductivity occurs when the attractive interaction between the electrons is
greater than the Coulomb repulsion which is always present, and two electrons attract
each other to form a pair. These Cooper pairs are the current carrying entity in a
superconductor.

If a superconductor is put inside a magnetic field and the field strength is
less than H,, then the superconductor behaves like a perfect diamagnet. For
complete diamagnetism:

M=-H {5)
Where M is the net field strength within it, and H is the local external field strength.
In order to maintain this difference in field strengths, a surface current must flow, and
since the current density that can flow is a finite value, the field strength must fall
from H to zero at a finite rate. The depth into the superconductor over which it takes

the external field to drop to 36% of its original value is more commonly referred to as
A, the London penetration depth. In 1-2-3, this penetration depth has been found to

be around 3 pm. [Clem et al, 1988]

Flux vortices form in the material when H>H,,. These flux vortices repel
each other, because each magnetic flux vortex has an electric current associated with
it which interacts with neighbouring vortices. Therefore a hexagonal array is the
most efficient form of two dimensional packing of these interacting vortices if there

are no inhomogeneities present. Inhomogeneities in the material can pin flux

13
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vortices, and thus cause a degree of disorder in the array. If the material is
considered free from defects, then the flux lattice would be hexagonal and the flux
lattice spacing decreases as the magnetic flux density ® increases. The flux vortex
density is thus directly proportional to the strength of the local field, and this
characteristic is used for producing extremely high magnetic flux densities for
specialised research purposes. This is done by generating a very high magnetic flux
density using strong electromagnets in a core material which is surrounded by high
energy explosives. When the magnetic flux density is as high as can be achieved by
conventional electromagnetic means, the explosive is triggered and this causes the
magnetic flux lines to be compressed momentarily, giving an even higher flux density
in the centre of the core. These experiments are impressive to watch, and are usually
carried out in a desert for obvious reasons. The measuring equipment has to be
somewhat robust, and the plot of the magnitude of the flux density stops suddenly
where it is eloquently labelled: “loss of experiment” ! Using this type of experiment,
flux densities of up to 2000 Tesla have been achieved [Felber et al, 1985].

Low values for J, are the main problem area in current superconductor
technology and results in severe limitations on bulk applications of any of the current
high T, materials. The motivation for the work described in this thesis is to develop a
method of producing a material which will carry larger critical currents (i.e critical

current densities exceeding 105 Acm-2) which will open up the possibilities of many

commercial applications discussed at the end of this chapter.

It is possible to create a three dimensional plot of critical parameters for
every material. These plots of three critical values on three axes are commonly

referred to as critical surfaces. They are very useful because they illustrate very
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quickly what the limiting critical value is for a given material, and they are thus a
useful aid for design purposes. It must be noted, however, that these diagrams are
only straightforward for type 1 superconductors; Type 2 superconductors add a
complication to the diagram which is not easy to represent schematically, since there
would be an outer shell like region of the diagram where the material is not
completely superconducting, but is not completely normal either. It is for this reason
that people refer to the region between the values of H,, and H,, as ‘the mixed state’
or ‘vortex state’. For this reason, the H, value shown for type 2 superconductors is
usually the value for H,; the critical point where the magnetic flux has completely
penetrated the sample. Fig. 1.5 shows critical surface diagrams for type 1 and type 2
materials.

For 1-2-3, being a type 2 material, the mixed state extends over a large
range of fields; it is thought [Ourmazd et al, 1987] that flux vortices enter the material
in magnetic fields of only a few milliTesla. However H , in these materials is very
high ( i.e. about 150 Teslas). When it is considered that largest present day
superconducting magnets can generate a maximum field of 18 Tesla, it is obvious that
the value of H, for 1-2-3 far exceeds the practical limits likely to be needed.

The problem lies in the fact that as the flux vortices start to enter the material
just above H, they are then free to move and the movement of these flux vortices
through the material results in losses in the superconductor. Flux vortices enter on
one side and depart on the other side of the material giving rise to a net flow of flux
across the sample. This flux movement generates an electric field and the flux
vortices thus experience a resistance, which is called the flux flow resistivity. This
resistivity varies proportionally with the local field from zero at no magnetic field, to

the normal state value at H, . If the flux vortices are totally free to move then the

15



1 Introduction,

|
z
=
=
E
=)
O
NORMAL
Jc
SUPERCONDUCTING Magnetic field (H)
He e
Tc
ws)
A/ﬂw“ 5
o&‘m‘ﬂb
. "'\
g

Fig 1.5 (a): Schematic representation of the critical surface of a type 1
superconductor.

Current density (J)

NORMAL

SUPERCONDU

Fig. 1.5 (b): Schematic representation of the critical surface for a type 2
superconductor

16



1 Introduction.

critical current density would be zero above values above H,. It is for this reason
that flux pinning in type two superconductors is important; so stopping the movement
of flux vortices and eliminating losses in the superconductor until the pinning force is
exceeded. If the total pinning force is P, then a current J can be transported according
to the formula:

J—P

H 1.2

where H is the magnetic field. Notice that this gives the critical current density
without any other electrical considerations, however the pinning force P is
experimentally a very difficult component to measure. The flux pinning sites in
conventional Nb-Sn type materials are secondary phases, grain boundaries and
dislocations, but for 1-2-3 materials such defects are highly undesirable. The reason

for this is due to another characteristic property of high Tc materials, their inherent

short coherence length (§).

1.2.3. Col fenotl ! its i I

The coherence length can be loosely defined as the length over which the
Cooper pairs stay together and is a parameter which has a strong effect on the critical
current density of the material; any defect which has a similar or larger size scale than
the coherence length will impair the flow of the superconducting current because the
Cooper pairs will break up before the obstacle is overcome. For the high-T,
materials, the coherence length is very short, of the order of 5A in the (001) plane,
and of the order of 10A in the [001] direction. From Ginzburg-Landau theory it can

be shown that:
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Y |—

3

Where & is the coherence length.

There is thus a dilemma; on one hand we want defects for the pinning of the
flux vortices in order to prevent losses, but on the other hand we do not want any
crystallographic defects larger than 5 A. A compromise is necessary in which the
flux pinning sites are in the form of very fine secondary phase particles [Murakami et
al, 1991], or crystallographic defects where the total size of these is less than 5 A.
The consensus of opinion is that there are already plenty of intrinsic flux pinning sites
in any 1-2-3 material, there is no need to deliberately add any more. The quantity of
secondary phases, twins and crystallographic defects would be a desirable parameter
to vary for experimentalists in order to give a better fundamental understanding of
these materials, however since this is so difficult to achieve, no-one has actually
produced a material which is devoid of such defects. A phase pure single crystal
sample would be a start, but due to practical problems, again, the preparation of such
a sample is non trivial. For the present, the samples produced have such a wide
variety of defects present, it is difficult to characterise the pinning sites; they could be
secondary phases, crystallographic defects, grain boundaries, stacking faults, twins
or even point defects. The importance of point defects in this scenario will not be
truly known until materials without secondary phases, crystallographic defects and
grain boundaries have been produced. If then the flux pinning still exists, then point
defects can be shown to be responsible. For the present, the production of single

phase 1-2-3 samples without grain boundaries or twins is not considered to be
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realistic in the immediate future. The removal of twins has been demonstrated by
[Kaiser et al, 1989] where they anneal the sample whilst maintaining a mechanical
tension on it. This has been shown to remove twinning, but in order to carry this out
on a large scale or commercial basis would entail significant development and cost.

The attention of many research groups is drawn to manufacture materials
which have a high critical current density and can be produced in shapes to suit the
application. Once a preparation routine produces materials with high critical current
densities, the microstructure can be examined with a range of techniques in order to
establish the underlying microstructural reason for the high current densities. Melt
texturing has produced materials with high values for critical current density [Jin et
al, 1988], however microstructural investigations have proven difficult to interpret
[Ringnalda et al, 1991]. One of the main problems is that the crystallographic
systems considered are relatively complex.

There are three different theories relating to the high T, superconductors:

The first theory still assumes a BCS type system, where the charge carriers
are still fermions with unchanged quantum statistics. The superconductivity itself
still involves the BCS pairing of these quasi particles upon reaching T, . This pairing
is mediated by an as yet undefined indirect but attractive interaction of either lattice
phonons, spin fluctuations or excitons.

The second theory considers the presence of electron boson states at all
temperatures, as in the formation of bipolarons associated with local lattice
distortions. The superconductivity results from the Bose-Einstein condensation of
these paired states at T, , much like the superfluid transition in liquid helium.

Finally, the third theory has been introduced by Philip Anderson of

Princeton University, and consists of a resonating valence bond or RVB model. In
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