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Summary

Critical currents in the latest biaxially textured ‘coated conductors’ are now limited by 2D
networks of low angle grain boundaries (LAGBs) with misorientation 0,, = 1 - 10°. In order
to understand and optimise current transfer in these materials it is essential to elucidate the
electromagnetic behaviour of the LAGB. This work presents an investigation into the
transport properties of [001]-tilt LAGBs formed by the thin film deposition of YBa,Cu;0;
onto bicrystalline substrates. Through the use of a precision two-axis goniometer,
measurements of the V-I characteristic and critical current density were made as magnetic

field was rotated in angles 6 and ¢ relative to the LAGB defect.

It is found that for fields applied parallel to the LAGB defect plane, dissipation is dominated
by the viscous flux flow of vortices along the boundary. Clear evidence for this is found in the
V-I characteristic, which displays an increased linearity indicative of the viscous regime. It is
shown that the number of vortex rows involved in the flow process can discontinuously

switch, leading to a V- characteristic made up of straight segments of different gradient.

For fields applied away from the LAGB defect plane a kinked vortex structure develops and
the boundary critical current density, J.°°, is determined by the channelling of vortex
segments still lying within the LAGB. The channelling regime is seen in angular
measurements as a marked decrease in JCGB(9,¢) as field becomes aligned to within critical
angles ¢k or B¢ of the LAGB. The aligned vortices experience a reduction in dimensionality
that is manifest in a reduced temperature dependence of J.°*(T). For fields applied at a
sufficiently large angle from the defect plane the deleterious effects of the LAGB on current
transport are mitigated considerably. In this regime a collinear vortex structure is regained and
transport is controlled by the intragranular (IG) sections of the LAGB track; J.°° = 8J.'¢

where & ~ 0.8, a result that is independent of field, temperature and angle for a 4.9° LAGB.

For rotation of the applied field within the LAGB defect plane, the presence of a pinning peak
in J.® for field aligned to the dislocation array is confirmed and modelled. The peak is found
to be absent in IG track measurements and increases relative to the intrinsic peak with both
increasing field and temperature. In addition, a pronounced angular hysteresis is presented,
which is directly linked to a corresponding ‘static’ hysteresis in J.°*(B) with field. Magneto-
optic measurements confirm that this effect is controlled by the flux density profile in the IG

regions of the LAGB track.

Finally, above a temperature, angle and sample dependent merging field, B*, the LAGB is
found to be effectively transparent, as & ~ 1. This is due to the irreversibility line, above

which dissipation occurs across the whole LAGB track.
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1 Introduction

1.1 Motivation and Background

The advent of high temperature superconductivity (HTS) in 1986 held forth the promise of
widespread, practical applications of the phenomenon. However, for many years the high
current application of HTS technology has been hampered by the presence of high angle
grain boundaries (HAGBs) in ‘first generation’ wires and tapes. Weak coupling of
superconductivity across HAGBs results in a low critical current density, J., and an extreme
sensitivity to magnetic field - a problem found to be common to all HTS. In the latest
YBa,Cu;0; (YBCO) ‘coated conductors’, fabrication techniques focus on increased biaxial
alignment by achieving both greater in-plane and out-of plane granular texturing. The result is
that critical currents in these new materials are now limited by networks of low angle grain
boundaries (LAGBs) of [001]-tilt misorientation 6,, ~ 1 - 10° and achieve J,, (77 K, 0 T) of up
to 1-2 x 10° Acm™ [1].

Unlike the vast body of work focussing on HAGB research, the electronic behaviour of the
LAGB has yet to be as fully elucidated. Lying between the Josephson coupled regime found
at large misorientation, and the intragranular regime found for nominally zero misorientation,
the transport properties of LAGBs are both fundamentally important and interesting. They are
found to display both strong coupling, in contrast to HAGBs, and localised dissipation, in

contrast to intragranular material.
1.2 Project Aims and Objectives

The prime objective of this work is to elucidate the transport properties of YBCO low angle
grain boundaries. The grain boundaries (GBs) to be investigated are nominally 4° [001]-tilt

misoriented, and formed by epitaxial thin film deposition onto bicrystalline SrTiO; substrates.

The channelling and pinning properties of the LAGB are to be evaluated through an
investigation of (a) the form of the V- characteristic, and (b) the critical current density, J, as
a function of applied field and temperature. Pivotal to this work will be precision angular
measurements of J, and V- in which the external magnetic field is applied at various angles

to the sample.

Previous reports that the LAGB V-I displays a linear nature [2] are to be confirmed and

significantly built upon. In addition, the observation of a pronounced peak in J, associated
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with LAGB vortex pinning [3] is to be investigated over a much wider range of field and
temperature. Novel experimental geometries involving field sweeps rotating applied field out
of the LAGB defect plane are to be pioneered. Possible hysteretic effects are also to be
investigated in the LAGB transport properties, as they are commonly found in bulk

polycrystalline material and are associated with the GB matrix [4].

As far as is possible, all GB properties are to be compared directly to in situ measurements
made on intragranular (IG) tracks. This will enable an important contrast in behaviour to be
drawn, particularly through use of the transparency ratio of infergranular to intragranular

critical current density, 8 = AT A
1.3 Thesis Overview

This dissertation is organised in the following manner:

e Chapter 2 provides an introduction to the basic concepts of superconductivity including

the effects of flux flow and flux pinning.

e Chapter 3 presents a review of LAGBs and the structural and electronic mechanisms

thought to influence their behaviour.
o Chapter 4 discusses the experimental methods used in this investigation.

o Chapter 5 presents the results of initial LAGB characterisation, including atomic force

and transmission electron microscopy, X-ray and resistance measurement.

o Chapter 6 investigates the nature of the LAGB V-/ characteristic. Strong evidence is given

for an analysis based on a viscous flux flow (VFF) model.

e Chapter 7 presents measurements of J. as a function of field magnitude. Such scans

involve incrementing the applied field at a given angle of field orientation.

e Chapter 8 presents measurements of J.(¢), where field is rotated in angle ¢, primarily in
the ab-plane of the current track. Pronounced channelling minima in J.(¢) are found for

field aligned to the GB plane.

o Chapter 9 presents measurements of J.(0), where field is rotated in angle 0, away from the
c-axis of the current track and towards the ab-plane. The occurrence of a LAGB pinning
peak and angular hysteresis are presented scanning within the GB plane. The occurrence
of a broad channelling dip similar to that in chapter 8 is presented scanning out of the GB

plane.

e Chapter 10 summarises this work and highlights areas for future research.
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2 Flux Vortices and Critical Currents

This Chapter introduces the basic phenomenological theories of superconductivity, and
the general properties of the high temperature superconductor YBa,Cu;O;. Also
discussed are the concepts of flux flow and flux pinning and how they are manifest in J,

and the V-I characteristic.

2.1 YBﬂzCll307

The discovery of high T, cuprates by Bednorz and Muller [1] soon lead to the detection of
superconductivity in YBCO at 93 K. Superconductivity became accessible at liquid nitrogen

temperatures (77 K), a cheaper and easier cryogen to work with than liquid helium.

The orthorhombic unit cell of YBCO is shown in figure 2.1 and displays a layered structure
characteristic of all cuprate compounds. Consisting loosely of three perovskite cells stacked in
the crystallographic ¢ direction, the structure contains double layers of copper oxide planes

separated by copper oxide chains [2].

The critical temperature, 7., depends sensitively upon the level of oxygen doping in the
material [3]. This dependence is shown in figure 2.2 and is associated with a structural
transition between a tetragonal (lower oxygen) and orthorhombic (higher oxygen) phase.

Optimally doped superconducting YBa,Cu;075 is orthorhombic and has a 7. = 93 K, with

CuO chains —» O v
/_C D)

( O O Ba

/ ® Cu

CuO; planes w O o
\ DN D)

CuO chains —»

L.

Figure 2.1. The unit cell of the orthorhombic phase of YBa,Cu;07, (6 £ 0.5). Optimally doped YBCO
corresponds to & =~ 0.03. The orthorhombic structure consists of CuO chains and weakly coupled
superconducting CuO, planes [2].

oy
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T
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E [ 100 £ 2 . . : .

g 300 Z £ tetragonal and insulating antiferromagnetic. The

] E € 22

5 200F 2% dimensions of the YBCO orthorhombic unit

Tj -IIITIfl.'I'I")I!]:l"llu‘[ih’? >0 FZ'-: g

z 100 insuoting o spisesadiiti: = cell, as found by Datta et al [4] for = 0.09, are
b 53 B2 B o2 0 a~0.382nm, b~0.388 nm and ¢ ~ 1.168 nm.

Oxvyeen doping (15)
Figure 2.2. The oxygen doping phase Superconductivity is thought to be extremely
diagram for YBCO (the Neel temperature,
T,, marks the onset of antiferromagnetic
ordering) [3]. of oxygen doping is to introduce 0%, creating

localised to the copper oxide planes. The effect

CuO chains that strongly modify the macroscopic electronic properties of the superconductor.
In order to maintain charge balance the CuO chains remove electrons from the CuO, planes.
The remaining holes are mobile and by forming ‘Cooper pairs’ cause the planes to become

superconducting.

The electrical properties of YBCO are also very anisotropic. In particular, J. (section 2.4) is
lower, and resistivity higher, for current transport in the ¢ direction when compared to that in
the ab direction [5]. This is because the coupling between CuQO, planes is weak in comparison

to that within the planes - the superconducting planes are isolated by less conductive chains.

Thin films of YBCO are deposited on substrates ideally possessing the same lattice constant
and thermal contraction to enable good epitaxial growth. As YBCO is based loosely on the
perovskite structure, obvious substrate choices tend also to be perovskite. Strontium titanate,

SrTiO; was used for this study - the lattice mismatch with YBCO being only 1.2%.
2.2 Elementary Phenomenological Theory

2.2.1 The Ideal Phase Transition

The most fundamental property a superconductor exhibits is perfect diamagnetism - the
Meissner effect [6]. Expulsion of magnetic field is achieved by the flow of circulating
screening currents which require perfect conductivity, the phenomenon that provides the
name ‘superconductivity’. Perfect diamagnetism shows that superconductivity is a true
thermodynamic state and that in switching from the normal to the superconducting state the

superconductor undergoes a thermodynamic phase transition to a state with lower energy.

Superconductivity will be destroyed by applying a sufficiently large magnetic field, which for
a uniform type I conductor with negligible demagnetising effects is B., the thermodynamic
critical field. B.(7) gives the difference in free energy (the condensation energy) between the

normal and the superconducting state. That is,
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BT 2.1
f,,(T)—fs(TF# @D
Where f, and f; are the Helmoltz free energies per unit volume of the normal and
superconducting states respectively. Empirically, the from of B.(7) is approximated by the

parabolic function, B.(T) = B.(0)[1 - £], where t = T/T, [7].

In order to expel any magnetic field present, the superconductor must do work against a back
EMF. A normal metal would trap this magnetic flux but the superconductor finds the energy

required by making a phase transition to a state of lower energy.
2.2.2 London Theory

In 1935 Fritz and Heinz London [8] proposed two equations in an attempt to describe the
electrodynamical properties of superconductors. The equations they derived, by assuming a
density ng of superelectrons with mass m., described the microscopic electric field, £, and

magnetic flux density, B, within the superconductor,

o

E=—(AJ, 22
~AaJ) 22)
B=-Vx(AJ) 2.3)

where A =p A, =m, /n e’ (2.4)

Equation (2.2) replaces Ohms law (E=pJ) as the relationship between electric field and
current density and is an acceleration equation. The presence of an electric field accelerates
the superelectrons, a short pulse of field being sufficient to leave the system with a
supercurrent that will not decay. Equation (2.3) shows that a steady supercurrent is a function
of the magnetic field (not the electric field as given by Ohms law for normal metals).
Combining equation 2.3 with the Maxwell relation V x B = u.J gives the following equation
governing the penetration of an applied magnetic flux density into a superconductor,

B

2
L

VB = (2.5)

which has an exponentially decaying solution B = B.e™*. An applied magnetic flux density
will therefore penetrate only a short distance into the superconductor before it is screened

completely, resulting in the Meissner effect.
2.2.3 GL Theory

One of the main triumphs of Ginzburg-Landau (GL) theory is its applicability to

circumstances in which ng varies, beyond the scope of London theory. GL theory [9]
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introduced a complex pseudo-wavefunction, the order parameter W= 'Y &', having both
magnitude and phase, where the local density of superelectrons is given by ng = [¥|% By
expanding the condensation energy of the superconductor in powers of ¥ and VY about 7 - a
framework previously proposed by Landau’s theory of second order transitions - they found a
functional form of the free energy. The resulting GL equations reveal that the properties of
the superconductor depend on just two parameters (7)) and 3, where n, = o/p. They are

closely linked to two characteristic length scales associated with the theory, the GL

_[mp

A= 4u082|a| (2.6)
hZ

~\2nd @7)

In a similar result to that found in section 2.2.2, GL theory predicts that an applied magnetic

penetration depth,

and the GL coherence length,

field will be screened from the interior of the superconductor over a characteristic length
scale, A. The GL coherence length can be interpreted as the characteristic length over which

spatial changes in the superconducting order parameter occur.

)—1/2

Both & and A are temperature dependent and found to diverge as (1-7/7.) " near T.. The ratio

of the two characteristic length scales defines the dimensionless Ginzburg-Landau parameter,

= 2.8)
£

Its value is approximately independent of temperature and as will be discussed in the next

section, separates superconductors of type I and type II.
2.2.4 TypelIand Type II Superconductivity

Abrikosov [10] (1957) calculated general solutions of GL theory and showed that they fall
into one of two groups depending upon the sign of the superconducting-normal interfacial
surface energy. Type I materials satisfy the inequality « < 1/2°° and have positive surface
energy. The length of the interface separating superconducting and normal regions is
minimised when in equilibrium. Type II materials satisfy the inequality x > 1/2°° and have
negative surface energy. This results in the subdivision of any normal regions until a quantum
limit is reached, and the relative interface length is maximised. Instead of a discontinuous
breakdown of superconductivity at B, there is a continuous increase in flux penetration for

applied fields larger than B.;. Total penetration occurs at B, in a second order phase transition
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to the normal state. The form of flux penetration between B, and B.,, called the mixed state,
is that of a regular array of quantised flux tubes” called Abrikosov vortices, each containing

one flux quantum, ®,, given by equation 2.9.

O, = 2i =2.067x10"" Wb (2.9)
e

This mixed state of partial diamagnetism means that the upper critical field, B.,, can be very

much larger than the thermodynamic critical field, B..

For a typical classic type I superconductor [7], such as pure elementary superconductors,
L~ 50 nm and & ~ 300 nm giving k < 1/2°°. For YBCO, k ~ 100 resulting extreme type II

behaviour.
2.3 The Flux Vortex

The Abrikosov vortex possesses a normal core with a radius approximately equal to one
coherence length. Circulating supercurrents give rise to the term vortex, and they decay over a
distance equal to the penetration depth. Figure 2.3(a) shows schematically the variation of
order parameter, ¥, and local magnetic flux density, by, over a cross section of an isolated

vortex.

As the macroscopic magnetic flux density, B, is increased there is an associated increase in
the density n (in m™) of vortices within the superconductor through the simple relation,
B =n®,. Qualitatively, B, and B.; correspond to the fields at which the distance between

vortices is equal to the normal core radius, & and penetration depth, A, respectively.

As initially predicted by Abrikosov, the flux vortices form an array named the flux line lattice

(FLL). The lowest free energy is associated with a triangular arrangement with spacing a,

b ® © ©
v ©

0 A  —— @
(b)

Figure 2.3.(a) Variation of ¥ and local flux density, b;, over a cross section of an isolated Abrikosov
flux vortex. (b) Triangular FLL formed by flux vortices (directed out of the page) penetrating a type 11
superconductor [7]. Arrows indicate circulating supercurrents.

()

" More accurately it is a quantity called the fluxoid that must always take on quantised values.
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between flux lines. The FLL is sketched in figure 2.3(b) and was first experimentally

observed by Essmann and Trauble [11]

The average induction associated with the FLL is given by equation 2.10.

20 )
B=n®, = 7 - where rearranging gives, a, =1.075,/—°
aO

(2.10)

A full theoretical description of the FLL only exists for homogeneous materials and in general

the FLL is distorted, curved in three dimensions and can be extremely defective [12].
2.4 Flux Flow and Flux Pinning

2.4.1 Flux Lines and Transport Currents

Superconductors only carry current with infinite conductivity under certain conditions: (1) for
suitably low magnetic fields and temperatures, and (2) for transport currents below a certain
critical value called the critical current, /., which itself depends on magnetic field and
temperature. The dissipation that ensues for currents above /. can be directly characterised in
terms of the dependence of voltage, V, on current, /; termed the V-I transition or
characteristic. Variations on this form of characterisation include the plotting of E-J and V-J

curves.

When in the mixed state, the effect of passing a current through the superconductor is to apply
a transverse Lorentz force to each of vortex. The force per unit length [N/m] experienced by

an isolated vortex exposed to a laminar current flow, J, is given by,

fi =D, Jxm (2.11)
where m is a unit vector along the flux line, in the direction of the magnetic field. By
summing over a number of vortices we get the Lorentz force density [N/m’],

F, =JxB (2.12)

This force will tend to move flux lines in a direction transverse to the current, and in doing so
will dissipate energy by generating an E-field (see next section). If they are allowed to move

freely, then above B, current flow will necessarily lead to dissipation.
2.4.2 Viscous Flux Flow Theory

The properties of a moving flux lattice have been successfully described by a
phenomenological theory in which the driving Lorentz forces are balanced by a viscous

damping term, which is dependent on the velocity of the vortices, v (see, for example [7]).
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We introduce a viscous drag coefficient, nj [Ns/m?], such that the viscous force per unit length
on a flux vortex is given by -nv;. Neglecting pinning forces and cross effects, the force

balance equation for a single vortex becomes,

JO, =ny, (2.13)
The uniform motion of flux lines induces an electric field [13],

E=Bxv, (2.14)

This can be thought of as a rate of change of flux linkage inducing an electric field as
described by Faraday’s law. The resulting dissipation per unit volume is simply J-E=nnv{
where 7 is the vortex density. Using equations (2.13) and (2.14) the flux flow resistivity, py,
defined by the relation E=pJ, can be deduced as,

E B®,

= — = 2.15
P 7 n ( )

Assuming mn is independent of vy means that equation (2.15) results in a linear E-J
characteristic, the gradient of which (py) is linear in B. Both experimentation [14] and
microscopic theory (Bardeen and Stephen [15]) reveal that the flux flow resistivity is
approximately linked to the normal state resistivity, p,, and the upper critical field through the
relation,

Pr =Py Bi;z (2.16)
The flux flow resistivity increases linearly with magnetic flux density below B, connecting
smoothly to the normal state resistivity when B = B,,. Firstly, it should be noted that equation
2.16 is obeyed to greater degree at lower temperatures. Secondly, in the presence of pinning
and thermal activation, this simple flow picture is somewhat altered, as will be discussed in

the next sections.
2.4.3 J.and Flux Pinning

In order to prevent vortex motion and achieve a finite critical current, driving Lorentz forces
must be balanced. Balancing forces are provided by vortex pinning sites, which are caused by
interactions of the flux lines with defects and inhomogeneities in the superconducting
material. Local variations in A, §, H. and T, will cause local variations in the free energy of a
flux line and, as a result, certain locations of the line will be favoured over others. The
elementary core and magnetic pinning interactions are associated with defects with

dimensions on the order of the core radius and the penetration depth respectively.

10
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The presence of an average pinning force, F,
modifies the flux flow picture obtained in
section 2.4.2. For Fi(J) < F, the FLL will be
static and current will flow with zero resistance.

For F(J) > F, the FLL will be de-pinned and

move, resulting in the dissipative current flow

described above. Ideally, therefore, the presence Jo(B J

of flux pinning will lead to an abrupt onset of Figure 2.4. Schematic E-J transition of a

superconductor with ideal flux flow and
pinning. The dotted curve represents the case

increasing current, giving of no pinning.

resistivity at J; and a linear flux flow regime for

E=p.(J-J,) 2.17)

The extra dissipation due to the pinning will also ideally be J.E. As indicated in figure 2.4 this
corresponds to a shifting of the linear flux flow V-I curve, while maintaining the same
gradient pr. A study of critical currents is therefore practically equivalent to a study of flux

pinning through the relation F,,=J.B. More generally it can be said that,

F =

p

J x B| (2.18)

One special case arising from equations 2.12 and 2.18 is called the force free configuration. If
the applied field is parallel (or anti-parallel) to the transport current, equation 2.12 implies
zero Lorentz force on flux vortices. Within the flux flow model this also implies an infinite J..
This is not experimentally observed (see chapters 8 and 9), and the finite J. found in this

regime is often attributed to helical instabilities in the FLL [16].
2.4.4 Pinning Sites in YBa,Cu;0,

YBCO samples possess a number of defects that can act as pinning sites, influencing vortex
dynamics and the electronic properties of the material. Some of the most common defects are

summarised below:

Point Defects: Departure from stoichiometry at even a single atomic site in YBCO is
sufficient to locally depress superconductivity. This is because of the short HTS coherence
length. Common point defects are oxygen vacancies due to the sensitivity of YBCO to

oxygen content (see figure 2.2).

Dislocations and Stacking Faults: Dislocations are the most common of type of defect,
particularly in thin film samples [17]. As will be discussed in Chapter 3, the core of a

dislocation is insulating and can provide a correlated disorder for effective flux pinning.

11
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Grain Boundaries: Although high angle GBs act as ‘weak links’ that severely limit J., low
angle GBs consist of an array of separated dislocations that can exhibit an anisotropic pinning
behaviour. The investigation of their pinning and channelling properties is central to this work

and is discussed in detail in chapter 3 onwards.

Twins: Prominent planar defects in YBCO, samples are frequently ‘microtwinned’ on small
scales, often spaced by 100 nm [18]. The @ and b axes are interchanged across a twin
boundary, resulting in a 1.8° plane rotation. Unlike grain boundaries, no dislocations form
along the twin interface. The analogous electronic behaviour of twins and low angle grain

boundaries will be discussed in depth chapter 8.
2.4.5 Flux Flow in HTS

For currents below the critical current it is still possible to observe dissipation. Even when
Lorentz forces are less than pinning forces, diffuse motion of flux lines can occur in the
direction of the Lorentz force due to thermal fluctuations. This effect is known as flux creep
and was described by Anderson and Kim [19] in terms of the thermal activation of flux lines

pinned in a periodic potential. They took a jump rate of the form,

R=o.e (2.19)

where , is a characteristic frequency of flux vortex vibration, and U is the activation energy
a flux line, or flux bundle, must overcome to move to an adjacent potential minimum.
Introducing a transport current tilts this pinning potential distribution spatially, making it
easier for flux to jump in the direction in which the driving Lorentz force acts. This effect is

illustrated schematically in figure 2.5.

The net jump rate will be zero for zero transport current. However, for currents near the
critical current the net jump rate increases significantly. This is manifest as a rounding of the
E-J characteristic near J., as shown in figure 2.6. Just how significant this curvature is
depends on the temperature. Thermal activation effects play a much more prominent role in

HTS materials and can be evident even for J<<J.. The activation energy barrier, U, is

AAAZ/\\/R'AAﬂ Z\A/

ARVIVARVIAARVAY
(a) (b)

Figure 2.5. Schematic of flux lines jumping over a pinning potential distribution, with (a) no transport
current, and (b) transport current; the Lorentz force tilts the potential in its driving direction and flux
jumps are favoured in the ‘downhill” direction [7].

12
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smaller and the value of A7 is almost an order of A

E

magnitude larger than at low 7, temperatures. The Flux Flow /
result is that the flux jump equation for creep (equation

2.19) becomes exponentially larger. The V-I rounding

effect becomes much more pronounced, smearing out a

L Flux Creep
clear measure of J, and dominating to such an extent y

that the linear flux flow regime is difficult to observe. J.C(B) J)

As a result, most HTS exhibit power law-like V-I' gigure 2.6. Flux creep distorts the E-J

transition from that expected for ideal
pinning, causing a rounding of the
where E = pJ". curve at J,.

transitions, and are often characterised by an ‘n’ value

It is because of flux creep rounding that the critical current of a superconductor, at least for
transport measurements, is often defined experimentally using a voltage or electric field
criterion. It is, however, possible to observe the flux flow regime in YBCO if large enough £-
fields can be generated [20] - by moving further up the E-J characteristic we would expect to
observe the curvature decrease until at some point linearity is reached. It is the conclusion of

this work that the linear viscous regime is accessed in low angle GB transport (chapter 6).

2.5 The Critical State

One of the main macroscopic manifestations of pinning in a superconductor is the hysteretic
behaviour of its magnetisation curve. The Bean model [21] explains this effect by considering
a zero field cooled (ZFC) type II superconductor in an increasing magnetic field. At B, flux
lines will start to nucleate within the sample, initially at the edges, then move to the centre.
Pinning forces oppose this flow, however, preventing the vortices from forming a
thermodynamically stable array of equal density throughout the material. The result is a flux
gradient set up by a force balance between pinning and Lorentz forces (the critical state) with

a magnitude determined by the J. of the

(@) (b) material [22]. This is shown in figure 2.7(a).

2B, — — —2B,  If the external applied field is then decreased
B, \/ 2 back to zero, a substantial amount of flux can
— — — T
B2 — W - :
b M AN be left trapped corresponding to a large
_V \---Bp/z region within the material with a nonzero,
: 4 0 4 positive magnetisation (figure 2.7(b)). Thus

Figure 2.7. Flux profiles in the interior of a @S the external field is cycled the
superconductor of size d for (a) increasing field,
and (b) decreasing field, with a penetration field
of B, [22]. hysteretic loop.

magnetisation M-H curve becomes a
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2.6 The Effect of Anisotropy

2.6.1 Anisotropic GL Theory

The effect of the cuprate anisotropy leads to anisotropy in all the key GL parameters. The
penetration depths and coherence lengths in the ¢ and ab directions are A., & and Ay, Eu
respectively. A measure of the degree of anisotropy of a material is given by the GL

anisotropy parameter, [, defined as,

12 P
r:(’"‘?) LT, (2.20)

where I' = 5-7 for YBCO and I = 150 for the highly anisotropic Bi,Sr,CaCu,Os. As both the
upper and lower critical fields are strongly dependent on these lengths, they also show

pronounced anisotropy, the expressions for B, becoming,

C

B ;
B, =—2 where &g,= Vc0s?0 + £2sin 0 (2.21)
€y

where ¢ = 1/T" and 6 is the angle measured from the c-axis. Approximate values of the
anisotropic § and A for YBCO (T=0K) are &, = 1.6 nm Ay~ 135nm &~ 0.24nm
Ae = 890nm [23]. Equation 2.21 is also applicable to other angular dependent quantities and

effectively constitutes a scaling law.
2.6.2 Vortex Structure

As the dimensions of an isolated flux vortex are characterised by the parameters & and A, the
rotation of a magnetic field in an anisotropic superconductor will be accompanied by
variation in vortex structure. The flux line geometry will depend upon the direction it is lying

in relative to the crystallographic axes: lying along the ab-plane the vortex core will have a

Figure 2.8. Schematic cross sections of vortices lying along (a) the a-axis, and (b) the c-axis in an
anisotropic type II superconductor.

14
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radius of &,,; lying along the ¢ axis it will have a radius of &, where & << &,,. This is
illustrated schematically in figure 2.8. Note that the penetration depths A,, and A, refer to the
screening by supercurrents flowing in the ab-plane and ¢ direction respectively, where
Ae> Agp. The overall effect for a vortex lying along the ab-plane is the distortion of the core

and screening currents into an ellipse with larger dimensions in the ab-plane.
2.7 J. with angle of Applied Field

This study makes extensive use of angular scans, in which J, is measured as a function of the
rotation in angle of applied field with respect to a sample. Roas et al [24] were the first to
perform such a measurement on thin film c-axis YBCO. They found strong peaks in J.(8) for
field aligned with the ab-planes of the material as field was rotated in a plane perpendicular to
the transport current. An example is shown in figure 2.9 at 4.2 K, 3 T. This scan geometry
corresponds to rotating in 6, at ¢ = 0° in figure 4.6, and is explained and investigated in detail

in chapter 9.

The peak for field along the ab-plane is commonly referred to as the intrinsic pinning peak,
after a model proposed by Tachiki and Takahashi [30,31]. They argued that the intrinsically
layered structure of YBCO creates a periodic pinning potential along the c-direction due to a
modulation of the order parameter. Vortices lying in the ab-plane are preferentially confined
to the less conductive regions between CuQO, planes. The mechanism becomes increasingly

effective as flux aligns with the ab-plane, resulting in a peak in J.(0).

Blatter et al [25] also pointed out that a peak in J.(0) is expected for field aligned with ab by
simply considering variation in the key GL parameters with angle (section 2.6.1). This model
considers an anisotropic but homogeneous material. Other models by Solovjov ef al [26] and

Kes et al [27] have also been used to explain the existence of the intrinsic J. peaks.

7
*O0c [ 72 4.2k

 B=3T

—_ O~ W

-9(° 0° +9()°
Blig Blc Blic TILT ANGLE ©

CRITICAL CURRENT DENSITY (A/fcm?)

Figure 2.9. The variation of J, with angle, 0, between the applied magnetic field and the c-axis of a thin
film YBCO sample [24].
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2.8 The Irreversibility Line

In addition to B and B, there is another critical A

field of importance called the irreversibility field, B

Bi(T). This appears to be an intrinsic property of Be

the cuprate superconductors. B;(7) falls between

B. and By, and in the B-T phase diagram is Bin \Reversible

referred to as the irreversibility line (see figure [rreversible

2.10). In the region below the irreversibility line By - >
T

flux is pinned effectively, the resistance of the Figure 2.10. The irreversibility line in the

sample will be zero and the corresponding ~ B-T plane. The concave shape of B,
compared to the upper and lower critical
magnetisation curves will be hysteretic. In the field [231].
region above the irreversibility line the material shows a substantial electrical resistance even
though it is superconducting in the sense that it has a finite order parameter. The dissipation
observed in this region corresponds to easy flux flow, and magnetisation curves
correspondingly show a reversible nature associated with a lack of effective pinning. The
position of the line has been found to depend on the strength of pinning present but is also
strongly related to the degree of coupling between CuO; planes [23]. There is some debate as
to whether the irreversibility line represents a melting of the flux line lattice, a phenomenon
that occurs in conventional superconductors but is obscured as it is very close to B.,. The
most widely supported theory is that the decoupling of vortices into almost independent
pancakes in adjacent CuQ, layers (as predicted by Clem [28]) renders localised point pinning

centres ineffective. Bj, is expected to vary with angle of applied field [29], but for YBCO
Bix~4 T at77 K and By, = 25 T plus at 60 K for field in the c-direction.

2.9 Demagnetising Effects

The expulsion of flux in the simple form of the Meissner effect only occurs for samples with
‘small’ dimensions normal to the external magnetic field. The expulsion will in general lead
to an increase in flux density at the edges of the sample. For an applied field H, the enhanced
field H. at the edge is given by H. = H/(1-D,,), where D, is the demagnetising factor. Dy,
ranges from 1, for an infinite flat slab perpendicular to the field, to zero, for a long rod
parallel to the magnetic field. For type II superconductors with finite demagnetising factors
the result is that the mixed state is established for H.,(1-Dy,) < H < H,. the magnitude of field
enhancement for thin film samples (width W, thickness f¢) has been calculated by Huebener et
al [30] as (W/t;) and Zeldov et al [31] as (W/2t)"?. They both estimated the thin film track to

be an ellipse with semimajor axis W/2, and semiminor axis #;/2.
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3 Low Angle Grain Boundaries in YBa,Cu;0,

This chapter reviews the properties of low angle grain boundaries (LAGBs) in the
high temperature superconductor YBCO. Initially introduced are the problems
associated with the presence of grain boundaries in HTS materials. This is followed
by a description of LAGB microstructure and the various mechanisms - both
electronic and structural - that are thought to influence their behaviour. The
remaining sections discuss the transport properties of LAGBs and their interaction
with flux vortices in an applied field. Remarkably, both flux channelling and flux
pinning behaviour are observed, phenomena that will be further elucidated in

chapters 6-9.

3.1 Ciritical Current with Misorientation Angle — The Grain

Boundary ‘Problem’

Early work by Chaudhari et a/ [1] first identified grain boundaries in HTS as responsible for
low critical currents and increased sensitivity of J, to magnetic fields. In the ground breaking
studies of Dimos et al [2,3] that followed, it was shown that the critical current across an
YBCO grain boundary is exponentially reduced as a function of its misorientation angle.
Dimos et al [2] initially studied the behaviour of [001]-tilt boundaries, fabricated by the
epitaxial deposition of YBCO onto bicrystalline SrTi0; substrates (bicrystals) with pre-
determined misorientation angles. The geometry of the [001]-tilt boundary, illustrated in
figure 3.1, involves a tilt of one substrate around the c-axis (the [001] direction) with respect
to the other. The misorientation of the bicrystal is defined as the angle, 6,,, between the
shaded (100) planes. Although the [001]-tilt geometry is only one of three general
misorientation types (as listed in appendix A) it is of particular interest for research as it
constitutes the predominant boundary type present in biaxially aligned ‘coated conductors’

[53]. As such, it also forms the basis of this study into LAGB behaviour.

The thin films of YBCO studied by Dimos et a/ were deposited by electron beam evaporation
and misorientation information gathered using back Laue X-ray diffraction. By patterning
tracks both across the grain boundary, and within the grains, they were able to measure the
ratio of grain boundary critical current density, J.°°, to the intragrain critical current density,
JJC. The now famous Dimos et al result [2] is shown in figure 3.2. They found that as 6,

increases, J.°© decreases, marking a transition in intergranular coupling from strong and
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Figure 3.1. Schematic geometry of a symmetrical [001] tilt SrTiO; bicrystal substrate of misorientation,
0, Deposition of an epitaxial YBCO thin film results in an artificial YBCO grain boundary with the
pre-determined misorientation of the substrate bicrystal. The (100) planes are shaded (after [2]).

single crystal-like, to weak and Josephson junction-like. The decrease was also found to be
extremely rapid, the ratio 8 = J.°5/J'9 falling off by almost two orders of magnitude with

increasing [001]-tilt misorientation (also found for other types of tilt — see appendix A).

Low angles were found to display larger J.°® values on the order of J.'°. Higher angles
displayed a drastically reduced and extremely field sensitive J,°° that could be suppressed
almost completely by just a few millitesla of applied field (chapter 7). In addition, the V-/
characteristic is often RSJ-like for HAGBs [4,5] and flux flow dominated for LAGBs (chapter
6). The key transition, from low angle strong-coupling to high angle weak-link behaviour,

was found to occur over an angular range of 6,, = 5°-10°. Further increase of misorientation

resulted in the saturation of J.°%/J.1° to 102 at 20°.

The ratio of & = J.95/J.'9 is a very useful one, in that it provides, for a given material a clear
indication of the degree of impediment to current flow the presence of the boundary creates.
1 S e e S B While a ratio of J.°%/J'Y ~ 1 implies the
SK

° . JCGB/JCIG ~ 107 indicates a severe limitation

L1l

boundary is effectively ‘transparent’, a ratio of

'y
T T

1G (5 K)

I d 1 compared to the IG norm. For LAGBs the ratio

Cc

is especially informative, and as will be shown
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in chapters 7-9, this work has found that § is

d

r 1 both strongly dependent on field magnitude,

field angle and temperature.
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°© & 10 1% 20 26 30 35 40 There are, however, problems associated with a
Tit Angle, O (degrees)

Figure 3.2. Original dependence of the ratio of normalisation to IG properties such as seen in
grain boundary (GB) to intra-grain (IG) critical
current densities, &=J.°%/J )%, with [001]-tilt
misorientation angle as found by Dimos et a/ [2]. misorientations [6]. The foremost of these is the

figure 3.2,  particularly  for  higher
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Figure 3.3. Compilation of J,°® data with [001]-tilt misorientation angle at 4.2 K, 0 T, for thin film
YBCO samples. Substrates include bicrystal SrTiO; [squares and filled diamonds] YSZ [circles] and
‘bi-epitaxial’ junctions [open diamonds]. Compiled by [12].

fact that variations in J,'°, from sample to sample, or material type to material type, could
effectively mask the intrinsic dependence of J.°® with 0,,. Whereas J,' is determined by the
flux pinning strength of the IG material in question, J.°® is