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Summary 

After nearly 15 years of research effort, High Temperature Superconductors (HTS) are 

finding a wide range of practical applications. A clear understanding of the factors controlling 

the current carrying capacity of these materials is a prerequisite to their successful 

technological development. The critical current density (Jc) in HTS is directly dependent on 

the structure and pinning of the Flux Line Lattice (FLL) in these materials. 

This thesis presents an investigation of the Jc anisotropy in HTS. The use of thin films grown 

on off c-axis (vicinal) substrates allowed the effect of current directions outside the cuprate 

planes to be studied. With this experimental geometry Berghuis, et al. (Phys. Rev. Lett. 79, 

12, pg. 2332) observed a striking flux channelling effect in vicinal YBa2Cu3O7-δ (YBCO) 

films. By confirming, and extending, this observation, it is demonstrated that this is an 

intrinsic effect. The results obtained, appear to fit well with the predictions of a field angle 

dependent cross-over from a three dimensional rectilinear FLL to a kinked lattice of strings 

and pancakes. The pinning force density for movement of strings inside the cuprate planes is 

considerably less than that on vortex pancake elements. When the FLL is entirely string-like 

this reduced pinning leads to the observed channelling minima. It is observed that anti-phase 

boundaries enhance the Jc in vicinal YBCO films by strongly pinning vortex strings. 

The effect on the FLL structure cross-over of increasing anisotropy has been elucidated using 

de-oxygenated vicinal YBCO films. Intriguingly, the counter intuitive prediction that the 

range of applied field angle for which the kinked lattice is fully developed reduces with 

increasing anisotropy, appears to be confirmed. 

Although vortex channelling cannot be observed in c-axis YBCO films, the pinning force 

density for vortex string channelling has been extracted by observing string dragging. By 

studying the effect of rotating the applied field at a constant angle to the cuprate planes, it is 

possible to observe the cross-over into the string pancake regime in c-axis films. In the 3D 

region, the observed behaviour is well explained by the anisotropic Ginzburg-Landau model. 

Measurements were also made on thin films of the much more anisotropic Bi 2Sr2CaCu2O8+x 

material, grown on vicinal substrates. The absence of any flux channelling effect and clear 

adherence to the expected Kes-Law behaviour in the observed Jc characteristics does not 

provide evidence for the existence of the predicted ‘crossing lattice’ in Bi 2Sr2CaCu2O8+x . 
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“Owl explained about flux pinning and creep. He had explained this to Pooh and 

Christopher Robin once before, and had been waiting ever since for a chance to do it 

again, because it is a thing you can easily explain twice before anybody knows what 

you are talking about” 

 
Blatter et al. (1994) Rev. Mod. Phys. 66 (4) pp 1129, with apologies to A.A. Milne 
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1. Introduction 

1.1. Background 

Nearly 15 years after the discovery of the family of cuprate based high temperature 

superconductors (HTS) an increasing number of practical applications of these materials are 

appearing (Moore 1999, Evetts, et al. 2000). This is due to the considerable research effort 

centred on solving the myriad technological problems associated with the commercialisation 

of HTS. This technological progress has gone hand in hand with a deeper physical 

understanding of the behaviour of HTS. For example, the main limit to large engineering 

critical current densities in continuous conductors is the presence of high angle grain 

boundaries. Thus a thorough understanding of the physics of weak links in HTS 

superconductors has a direct bearing on the application of HTS. 

HTS are significantly different to conventional (LTS) superconductors◊. The nature of the 

electron pairing is still not clear, except that it appears not to be the s-wave phonon interaction 

found in LTS materials (Tsuei, et al. 2000). HTS exhibit large anisotropies in both their 

physical and superconducting properties, and large values of the Ginzburg-Landau parameter 

κ (∼100). The second critical field for HTS materials can be almost an order of magnitude 

higher than that found in LTS (LTS magnets can now reach ~22 T at 4.2 K whereas 

YBa2Cu3O7-δ has an upper critical field of at least 80 T). In spite of these differences the 

magnetic behaviour of HTS may be described using the rich theoretical structure stemming 

from the Ginzburg-Landau phenomenological theory (Blatter, et al. 1994). G-L theory has 

been extended to both the case of a homogenous yet anisotropic superconductor (Blatter 

1992) and to that of two-dimensional superconducting layers with Josephson coupling 

between them (Lawrence and Doniach 1970). 

The compound YBa2Cu3O7-δ is one of the most promising for commercial applications. It is 

the least anisotropic and has a high Hc2. In addition it suffers to a much lesser degree than 

most HTS to the suppression of the practical upper critical field due to the irreversibility 

effect. It behaves neither purely as a layered two dimensional material nor as a homogenous 

                                                 
◊ Superconductivity has recently been reported at ~39 K in MgB2. It is as yet unclear whether 

this material has more in common with HTS or represents a conventional superconductor with 

an unusually high Tc. 
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anisotropic superconductor. It is the rich behaviour of the Flux Line Lattice in YBa2Cu3O7-δ 

that this thesis seeks to elucidate. 

1.2. Subject and Aims 

YBa2Cu3O7-δ (YBCO) exhibits distinct differences in the structure of its flux line lattice 

compared to more anisotropic superconductors. For example in Bi 2Sr2CaCu2O8+x (BSCCO 

2212) only the component of the field perpendicular to the cuprate layers affects the critical 

current density (Schmitt, et al. 1991). This is not the case in YBCO where the critical current 

is found to depend on both the inclination of the magnetic field with respect to the cuprate 

planes, θ, and the rotation of the field about the c-axis, φ, (Nishizaki, et al. 1993). It has been 

suggested (Blatter, et al. 1994) that there is a cross-over in YBCO between an anisotropic 

lattice of Abrikosov vortices to a kinked lattice regime consisting of joined ‘string’ and 

‘pancake’ vortices respectively perpendicular to and parallel to the cuprate planes. This 

cross-over is expected to be both temperature and field angle dependent.  

If the FLL structure is dependent on the angle between the applied field and the cuprate 

planes this has the important consequence that a scaling law based purely on one model of the 

FLL will not describe the variation in Jc over the entire angular range. This cross-over can be 

investigated by making high resolution measurements of the critical current behaviour in 

YBCO.  

The analysis of such results can be greatly assisted by using an experimental system where the 

applied current is not parallel to the crystal axes. Indeed, it has been shown that effects 

completely masked in c-axis films may be investigated using thin films grown on mis-cut 

(vicinal) substrates (Berghuis, et al. 1997). For convenience such films are referred to as 

‘vicinal’ films in this thesis. 

The proposed FLL structure cross-over in YBCO is dependent on the anisotropy of its 

superconducting parameters. It is possible to adjust this anisotropy by reducing the oxygen 

doping. This reduces the Tc of the material and increases its anisotropy. Measurements on 

de-oxygenated YBCO should shed light on this relationship. 

The aim of this thesis is therefore to elucidate the structure of and pinning forces on the Flux 

Line Lattice in HTS. This is achieved through measurements of the variation of the transport 

critical current density with temperature, magnetic field magnitude and magnetic field 

direction. 
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1.3. Overview of this Thesis 

An introduction to the theory of superconductivity is presented in Chapter 2. The extension of 

the Ginzburg-Landau theory to the cases of layered and anisotropic superconductors is 

discussed.  

In Chapter 3 the film growth and experimental techniques used to collect the data presented in 

this thesis are described. The LabVIEW based measurement system implemented by the 

author for this work is described. The use of such an automated measurement system allows 

large amount of accurate and meaningful data to be collected in much less time than is 

required for manual techniques. This has allowed a much larger range of experimental 

parameters to be explored than would otherwise have been possible. Additionally every Jc 

value is determined from a current versus voltage (IV) characteristics providing considerable 

improvement in accuracy over criterion tracking or resistive methods of determining Jc.  

Chapter 4 concerns measurements performed on YBCO thin films grown on tilted vicinal 

substrates. When the direction of current flow is tilted away from the crystal axes it becomes 

much easier to separate different contributions to the pinning of and Lorentz force on the Flux 

Line Lattice. As has been previously discussed, this allows effects to be explored that are 

obscured if measurements are performed on c-axis orientated films. The critical current 

behaviour and thus the Flux Line Lattice (FLL) is explored at a range of fields, temperatures 

and field orientations. This allows the flux channelling effect and, more broadly, the 

cross-over from the Abrikosov FLL to the string/pancake FLL to be studied. 

Measurements on de-oxygenated vicinal films are described in Chapter 5. As YBCO is de-

oxygenated its anisotropy increases. This effect of this on both the position of the FLL 

structure cross-over and the magnitude of the vortex string channelling effect is investigated. 

In Chapter 6 measurements on c-axis oriented films are described. The effect of changing the 

Lorentz force direction at a constant field angle, and thus constant FLL structure, is studied. 

Form these measurements it is possible to indirectly observe flux line channelling and deduce 

a vortex string pinning force density. Measurements on c-axis films underline the observation 

that no one angular scaling model described the entire range of angular behaviour in YBCO. 

In Chapter 7, to provide a contrast, results on vicinal films of the highly anisotropic BSCCO 

material are described. These are shown to be qualitatively different from the behaviour of de-

oxygenated YBCO. These results are compared to the results of the crossing lattice model 

(Koshelev 1999). 
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2. Flux Lines and Critical Currents in Superconductors 
This Chapter reviews basic superconductivity theory, the phenomenological 

Ginzburg-Landau theory describing fields in superconductors, and the extension 

of Ginzburg-Landau theory to anisotropic and layered superconductors. The 

majority of the material described was developed to describe the behaviour of 

conventional superconductors, but is equally applicable to high Tc materials. 

Theories describing the behaviour of the flux line lattice in the presence of a tilted 

external field are reviewed. 

2.1. Theoretical Basis of Superconductivity 

2.1.1. Basic Properties 

A superconducting material exhibits zero-resistance below a critical temperature (Tc). This 

property was first noted at 4.2 K in resistivity measurements on mercury by Kammerling 

Onnes (1911). In the absence of impurity scattering a conventional metal would also be 

expected to exhibit no resistance at 0 K. The phenomenon of superconductivity exhibits 

further characteristic properties indicating that it is a distinct thermodynamic state. 

Meissner noted that when a superconductor is cooled magnetic flux is expelled from the bulk 

of the sample (Meissner and Ochsenfeld 1933). A purely ‘zero-resistance’ material would not 

be expected to do this, moreover such a material would be expected to set up currents to 

prevent the internal flux changing with variation in the magnitude of the external field. 

Additionally, superconductivity is observed to be suppressed with the application of an 

external field (Onnes 1914) above a certain critical value Hc. The value of Hc
*, the 

thermodynamic critical field, can be defined in terms of the difference between the free 

energy densities of the normal and superconducting states. Equation (2.1) is valid for a long 

thin superconductor in a parallel field; other geometries are discussed in section 2.2.3: 
2

0 ( ) ( ) ( )
2
c

n s
H T f T f Tµ = −     (2.1) 

                                                 
* In this thesis H denotes the macroscopic vector field and the quantity B is the average 

macroscopic flux density related by B=µoH in free space. The quantity h is used to denote the 

microscopic flux density. 
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This observation implies a limitation on the current carrying capacity of the superconducting 

state. Only a finite current can be carried in a superconducting wire; since at the critical 

current (Ic) the self field generated by a current flowing in a wire will exceed Hc at the surface 

of the wire. The value of Ic is given by Silsbee’s rule, where r is the radius of the wire: 

Ic=2πrHc      (2.2) 

2.1.2. The London Model 

Two equations describing electrodynamics in superconductors were proposed by F. and H. 

London (1935a). This model is not derived from physical principles, but rather justified from 

observations of behaviour, it is therefore a phenomenological theory. 

London (1935b) postulated that the supercurrent is carried by superelectrons. Defining m to 

be the mass of the superelectrons, e their charge and <vs> their mean velocity and given a 

magnetic vector potential A the canonical momentum <p> is given by equation (2.3). For the 

ground state of the superelectrons it is postulated that the canonical momentum is zero. 

sm e= +p v A      (2.3) 

If it is assumed that this ground state persists the equation 

s e m= −v A       (2.4)  

may be written. Given a superelectron number density ns the supercurrent density Js may be 

derived: 
2

s s s sn e n e m= = −J v A     (2.5) 

From the definition of the vector potential curlA=B and with no electrostatic potential 

t= −∂ ∂E A . By choosing a specific gauge, the ‘London gauge’ where divA=0 and divJ=0, 

equation (2.5) may be rewritten to give the London equations where the London parameter, Λ, 

is given by Λ=m/nse2: 

h J= − curl Λ sb g      (2.6) 

E J= ∂
∂t sΛb g       (2.7) 

Equation (2.7) states that in a constant electric field E, the current density of the 

superconducting electrons Js will increase continuously. This equation thus expresses the 

zero-resistance property of superconductors. 

Neglecting any currents other than the supercurrent, using the Maxwell equation µ0Js=curlh 

with equation (2.6), and substituting λL
2=m/µ0nse2 leads to the equation describing screening 

in superconductors: 
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2
2

1 0
Lλ

∇ − =h h      (2.8) 

Equation (2.8) may be solved in one dimension to give the following equation for the local 

penetration of an external magnetic field into a superconductor: 

0( ) e L
x

h x h λ−
=       (2.9) 

The London penetration depth, λL, is therefore the characteristic length for the penetration of 

magnetic field into a superconductor..  

2.1.3. BCS Theory 

The Bardeen, Cooper and Schrieffer (BCS) theory (Bardeen, et al. 1957) is a complete 

quantum mechanical description of superconductivity. The details of the theory are complex 

and only applies to conventional low Tc superconductors (LTS). Consequently, only an 

outline of the theory will be discussed here. Crucially, the London model can be shown to be 

a limiting case of the BCS theory (Schrieffer and Tinkham 1999) and the Ginzburg-Landau 

phenomenological theory described in section 2.2.1 can be derived from it (Gor'kov 1959). 

The BCS theory attributes the supercurrent to Cooper electron pairs. The electron pairs form 

due to interactions with vibrations, phonons, in the lattice of the superconductor. The exact 

nature of the pairing interaction in HTS has not been determined. This interaction gives rise to 

an attractive potential between pairs of electrons. The electron pairs occupy a condensed 

momentum state in which the Cooper pairs all have the same pair momentum p = s! , where s 

represents the momentum due to the supercurrent. Furthermore each pair occupies a volume 

characterised by the BCS coherence length ξ0. The BCS theory is discussed fully in several 

reference works: (Bardeen 1992, Tinkham 1996) 

2.2. Magnetic Fields in Superconductors 

2.2.1. The Ginzburg-Landau Phenomenological Theory 

Landau (1937) developed a general theory of phase transitions, from which he extrapolated a 

theory for the superconducting-normal phase transition. Landau argued that the transition 

from the normal to the superconducting state occurred when the free energy of the 

superconducting phase drops below that of the normal phase. He also noted that phase 

transitions often depend on some ordering parameter. Thus the free energy density should be 

some function of an ordering parameter, the form of this dependence giving the order of the 

phase transition. 
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Ginzburg and Landau developed Landau’s original theory by postulating a superconducting 

order parameter (Ginzburg and Landau 1950). An order parameter based on the 

superconducting charge carrier number density np was suggested. They defined the proposed 

order parameter Ψ(r) by normalising it so that  

*
∞

−∞

ΨΨ∫ dV =np     (2.10) 

where the superscript ‘*’ indicates a complex conjugate. They also introduced the concept 

that the free energy might also depend on the derivative of Ψ in space. By minimising their 

postulated free-energy equation, where α and β are functions of T, Fn the normal state free 

energy, BE the externally applied field and ∈  is a constant, 
2

* * 2 2

0

1 2 1( ) d ( ) d
2 i 2n E

V

eF F V B B Vα β
µ

= + Ψ Ψ + Ψ Ψ +∈ ∇Ψ − Ψ + −∫ ∫A
!

 (2.11) 

with respect to small changes in Ψ and with respect to the magnetic field the two Ginzburg-

Landau equations may be obtained. The first equation is an energy eigenvalue equation for all 

points inside a superconductor: 

( ) ( )2 *1 i 2 0
2

e
m

α β− ∇ + Ψ + + Ψ Ψ Ψ =A!    (2.12) 

The second equation describes the current density in terms of a quantum mechanical 

probability density flow: 

( )
2

* * *i 4
s

e e
m m

= Ψ ∇Ψ − Ψ∇Ψ − ΨΨJ A!    (2.13) 

Ginzburg and Landau also introduced a boundary condition which states that at the edge of a 

superconductor: 

i 2 0e∇Ψ + Ψ =A!       (2.14) 

From equations (2.12) and (2.13) two characteristic lengths may be extracted. The 

Ginzburg-Landau penetration depth, λ, is given by the following equation: 

2
04
m
e
βλ

µ α
=      (2.15) 

and the Ginzburg-Landau coherence length, ξ, by: 

2

2m
ξ

α
= !       (2.16) 

The Ginzburg-Landau penetration depth is, like the London penetration depth discussed in 

section 2.1.2, a characteristic length for the decay of magnetic field in a superconductor. The 
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coherence length ξ is a characteristic length for the decay of small perturbations in the 

superconducting order parameter Ψ. The coherence length may also be thought of as a 

characteristic length describing the spatial extent of the superconducting charge carriers. 

2.2.2. Type II Superconductivity 

Solutions of the Ginzburg-Landau equations fall into two groups depending on the sign of the 

energy of the normal state–superconducting state interface. Abrikosov (1957) noted that for 

values of the Ginzburg-Landau parameter, κ=λ/ξ, less than 1/√2 the surface energy is 

positive and the Meissner effect is observed. Such materials are termed Type I 

superconductors. 

For values of κ greater than 1/√2 Abrikosov predicted that magnetic flux would be expected 

to penetrate into the superconductor in the form of filaments. As the surface energy in this 

case is negative the lowest energy state is that with the longest normal-superconducting 

boundary. The equilibrium state thus consists of large number of filaments each containing 

one flux quantum: 

0 2
h
e

Φ =      (2.17) 

These materials are termed Type II superconductors. 

Type II superconductors exhibit Type-I like superconducting behaviour up to a first critical 

field Hc1. Above this field flux penetrates into the material, the flux lines (or flux vortices) are 

screened by induced supercurrents. Above a second critical field, Hc2, all superconducting 

behaviour is suppressed. The second critical field is reached where the areas of normal 

material associated with each flux vortex overlap. 

2.2.3. The Intermediate State 

Although the shortest possible normal-superconducting boundary is energetically favourable 

in Type I superconductors, it is possible to observe an intermediate state in Type I 

superconductors where flux penetrates the superconductor. If a Type I superconductor is not 

in the form of a plate parallel to the field, flux may penetrate even though the applied field is 

less than the thermodynamic critical field Hc. These demagnetising effects are due to 

compression of flux lines, the local field at the surface of the sample exceeding Hc. The 

applied field is not, however, sufficient to maintain the entire volume in the normal state. 

Experimentally, the superconducting material is seen to contain interpenetrating regions of 

normal and superconducting states 
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The demagnetising factor η can be shown to be 1/3 for a sphere and 1 for an infinite plate 

perpendicular to the field. For applied fields such that 1-η < H/Hc < 1 a sample will contain 

alternating normal and superconducting regions. The intermediate state may also be observed 

in current carrying wires subject to a self field. 

2.2.4. The Flux Line 

Each flux line that nucleates in a Type II superconductor is surrounded by a circulating 

current which screens the rest of the superconductor. It is these circulating currents that give 

rise to the term flux vortex. The screening currents, and the local field h, extend over the 

characteristic length λ. The superconducting order parameter falls to zero with a characteristic 

length ξ. 

 

λ ξ 
x 

Field (h) 

Order Parameter (Ψ) 

0 
 

Figure 2.1 Cross section of a flux vortex showing the spatial variation of h and Ψ. 

In the limit of large values of κ it can be assumed that the vortex possesses a normal state core 

of diameter ξ. In this high κ limit the order parameter will, if the vortices are widely spaced, 

be ~1 outside the vortex cores. This regime is termed the London limit since the London 

equations may be used to describe the behaviour of the superconductor outside the core. This 

limit is particularly applicable for the HTS materials which exhibit large values of κ.  

Given the London limit it is possible to write an equation describing the variation of the 

microscopic field h outside the core due to an isolated vortex. Equation (2.6) is modified to 

include a term to account for the flux in the vortex (Tinkham, 1996), where z is a unit vector 

along the axis of the vortex and ∫ δ(r) dr=1 inside the core: 

)(ˆcurl 0 rzhJ δΦ=+Λ     (2.18) 

From this an equation may be derived giving h(r). The spatial dependence of h(r) is e-r/λ as |r| 

→ ∞ and ln(λ/r) for ξ<<|r|<<λ. 
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When considering the critical field at which flux lines first nucleate into a Type II 

superconductor, Hc1, it is essential to know the line energy associated with each flux vortex. 

At Hc1 the free energy of the system does not change when a vortex is introduced. The line 

energy of the vortex must therefore be equal to the magnetic energy associated with the 

vortex. An equation for Hc1 in terms of the line energy of the vortex εcore may then be written: 

1
0 0

core
cH ε

µ
=

Φ
      (2.19) 

The line energy of the vortex may be considered to consist of contributions from the 

microscopic field energy and the kinetic energy of the currents, continuing the London 

approximation, the energy due to the normal core is neglected. This gives the following 

approximation for the line energy: 

ε µ
κ

κ= 0 0

2
Φ Hc ln      (2.20) 

Thus neglecting the core energy Hc1 is: 

H H
c

c
1 2

=
κ

κln      (2.21) 

Including the energy due to the core, it can be shown that an extra factor of 0.08 is introduced 

into this equation. This approximation is good for values of κ larger than about 20 and breaks 

down for κ < 4. 

The upper critical field, Hc2, is the point at which the nucleation of superconducting regions 

occurs, it is given by the following expression: 

µ H0   c2 =Φ0/2πξ2    (2.22) 

Hc2 may equally be calculated for Type I superconductors: it is lower  than Hc and it is 

possible in very perfect samples to show that the onset of bulk superconductivity does not 

occur until the applied field drops below Hc2. Further, higher, critical fields Hc3 and Hc4 may 

be defined to account for surface (Saint-James and de Gennes 1963) and corner effects 

respectively. 

2.2.5. The Flux Line Lattice 

As the applied field on a superconductor is raised above Hc1 more and more flux vortices are 

expected to enter the material. As each vortex generates a microscopic field of the same 

orientation it will experience a repulsive potential from its neighbours.  

In a homogeneous isotropic superconductor it may be shown that the flux line lattice (FLL) 

adopts a hexagonal structure. In anisotropic superconductors different FLL structures are 

observed (Kogan and Clem 1992). 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

12 

As the lattice structure is known the nearest neighbour lattice spacing, a0, may be calculated. 

The flux vortex number density is simply nv=B/Φ0. Each vortex line accounts for 1/nv=a0
2√3/2 

of area. Thus we can write an equation for the flux density in terms of a0. 

B
a

= 2
3

0

0
2

Φ      (2.23) 

By reference to equation (2.22), it can be seen that at the upper critical field the vortex 

spacing is of the order of ξ. 

This calculation is true only in the absence of an applied transport current. Since J=curlH, 

such a current must have a field associated with it. This leads, in most cases, to a vortex 

density gradient across the material. In certain geometries, such as the Corbino disk 

(Campbell and Evetts 1972), the superconductor cannot support a flux density gradient and 

the transport current leads to curvature of the flux lines. 

2.3. Flux Line Pinning 

2.3.1. The Critical State Model 

The discussion in the previous section concentrated on the basic structure of the FLL in the 

mixed state. In real materials the behaviour of the mixed state is greatly affected by the 

phenomenon of flux pinning. If the superconducting material contains defects which perturb 

the order parameter or the penetration depth the flux line lattice can adopt a lower energy state 

by distorting so as to accommodate the potentials due to these pinning centres.  

Pinning has a significant effect on the entry of flux into a Type II superconductor by opposing 

the motion of flux into a bulk superconductor. The balance between flux pinning and the 

external magnetic pressure is described by the critical state model (Bean, 1962). 

In the Bean model any change in external applied field will be screened by induced currents in 

the surface of the superconducting sample. If the local current at the surface exceeds a certain 

critical current Jc the flux enters a flux flow state (see section 2.3.5) and flux enters the 

sample until equilibrium is restored or the entire sample supports Jc. This latter state is termed 

the critical state as all external changes in field will then result in a change in the internal flux 

gradient. An externally induced current can be considered in terms of the field generated. The 

force balance equation may thus be written: 

B H× ∇ × =b gc h BJ Bc ( )     (2.24) 

Using the critical state model it is, therefore, possible to deduce the maximum average critical 

current density of a superconducting sample, Jc, from magnetisation measurements. 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

13 

Equation (2.24) is widely applicable but there are cases where it does not apply. If the 

approximation µ0B=H is no longer valid, such as at low applied fields, B becomes a function 

of the thermodynamic field H. Currents parallel to B lead to JxB=0, and a force free 

configuration, this is discussed later. Finally, as discussed later, currents in a superconductor 

can slowly decay due to flux creep changing the current and field profile in the sample away 

from the critical state. 

2.3.2. Flux Lines and Transport Currents 

In this section the pinning of flux vortices under the influence of a transport current is 

considered. It is assumed that the sample is fully penetrated containing the same flux vortex 

density throughout, corresponding to an externally applied field Ba. This approximation is 

reasonable for a thin film in a perpendicularly applied field. 

From Lorentz’s law, in the presence of a transport current J, an individual flux vortex will 

experience a driving force given by (2.25) where fl is the Lorentz force on an individual 

vortex and the flux vortices are orientated in the z direction: 

f J zl = × Φ0"      (2.25) 

As B=nvΦ0 the force per unit volume, Fl=nvfl, on the flux line lattice is given by 

F=JxB      (2.26) 

In the absence of pinning the flux lines will be driven through the material leading to 

dissipation as discussed in section 2.3.5. If we represent the pinning forces on the lattice as an 

average force density, at the critical current the Lorentz force density will be just equal to the 

pinning force density on the lattice Fp. A force balance equation may then be written where Jc 

is the critical current density: 

Fp=|JcxB|     (2.27) 

It is important to note that this equation gives the average pinning force density in the 

material, it is not always possible to write an equivalent equation for an individual vortex. The 

relation of the bulk pinning force density to local pinning forces is discussed in section 2.3.4. 

One special case of (2.27) occurs if the applied field is parallel to the current direction. The 

product JxB will be zero. This implies that there is no Lorentz force and that Jc will be 

infinite. A complete description of this ‘force free’ regime (Walmsley 1972) is difficult to 

achieve. Experimentally a finite Jc is observed the in force free regime, this stems from helical 

instabilities in the FLL (Brandt 1995 pg 1514). It is, therefore, possible to define a 

longitudinal critical current density. When this current is exceeded the FLL enters a complex, 
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dynamic, state which has been observed experimentally (Timms and Walmsley 1976, 

Walmsley and Timms 1977, Blamire and Evetts 1985). 

2.3.3. Sources of Pinning 

It is possible to divide pinning centres into two groups depending on whether they arise from 

interactions with the core (ξ dependent) or the screening currents (λ dependent). In both cases 

the FLL is distorted so as to accommodate pinning sites, in order to minimise the overall free 

energy of the system. Pinning where the order parameter falls to zero over defects of a size 

similar to ξ is termed core pinning. An example of this would be a cylinder defect of radius ξ. 

Magnetic pinning arises from interactions between the screening currents and defects with 

lengths of the order of λ. An example of magnetic pinning would be that due to variations in 

the thickness of a thin film. In HTS materials, except for Ba~Bc1, the screening currents and 

associated fields overlap leading to a relatively uniform local magnetic field compared to the 

isolated vortex case. Magnetic pinning is therefore less important than core pinning. 

In oxide superconductors it is possible to produce high quality single crystals where the 

pinning is weak compared to that found in thin films. In such crystals the pinning is 

predominately due to randomly distributed point defects. In these materials the pinning is 

successfully described by the collective pinning model outlined in the next section. Thin film 

samples, as a consequence of the growth technique, have a high density of strong pinning 

centres and thus much larger critical current values. There are several types of strong pinning 

in thin films such as anti-phase boundaries, twin planes, dislocations and surface features. In 

the case of the HTS material YBCO, Dam and co-workers have recently provided convincing 

evidence (Huijbregtse, et al. 2000, Dam, et al. 1999) that dislocations are the dominant form 

of pinning centres in YBCO thin films. In vicinal YBCO films containing a high density of 

anti-phase boundaries an enhancement of Jc of almost an order of magnitude is observed 

(Jooss, et al. 1999, Jooss, et al. 2000). Pinning by twin boundaries has been widely reported 

(Roas, et al. 1990). In contrast to weak random pinning potentials, these types of pinning 

centre are strong and correlated. 

2.3.4. Summing Pinning Forces 

Having defined a pinning force density, the question arises of the relation between the 

assembly of individual pinning potentials, each exerting a certain force on the FLL, and the 

total average pinning force density as deduced from critical current measurements. It is useful 

to define two types of pinning. In the weak pinning limit, discussed below, the FLL is subject 

to a large number of weak pinning centres but the short range order of the lattice is preserved. 
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In the strong pinning limit the flux lattice is disordered with each flux line being individually 

pinned. 

Where the pinning is weak the collective pinning model (Larkin and Ovchinnikov 1979) can 

describe the effect of random weak pinning centres on the FLL. Larkin noted that it is not 

possible to pin a completely rigid and periodic FLL with a random distribution of pinning 

sites. Pinning occurs only when the flux lines move out of the equilibrium position in order to 

accommodate pinning centres. In the Larkin-Ovchinnikov collective pinning model the lattice 

is considered as a series of flux bundles with a characteristic size defined by Rc perpendicular 

to the field and Lc parallel to it. The flux lattice is considered to be regular within each 

volume. Each flux bundle may then be considered to be pinned in place. From this model the 

following equation for the pinning force is derived: 

F
nf
Vp

p

c

=
F
HG
I
KJ

2
1

2

     (2.28) 

where fp is the pinning force associated with each of the pinning centres, n the pinning centre 

density, Fp the volume pinning force density and Vc the collective pinning volume.  

In the limit of a soft, i.e. easily distorted, vortex lattice and a high density of pinning centres 

the pinning volume can reduce to the size of an individual vortex. It then becomes meaningful 

to write a force balance equation for individual vortex lines. The total pinning force density 

may then be expressed as the sum of the pinning force on each vortex. This leads to 

F=nvfp       (2.29) 

where nv is the vortex density and fp is the average pinning force per unit length on each 

vortex line. 

In the case of thin film YBCO it can be assumed that the pinning is strong and that at least 

some of the pinning centres are correlated. Correlated pinning centres can, as discussed 

above, pin an entirely rigid FLL. This is evident from large values of critical current observed 

in thin film samples. The FLL in the presence of strong random pinning centres is not 

ordered, being akin to a amorphous solid. In this regime the collective pinning model’s appeal 

to localised order is moot and the approximation of (2.29) is valid. 

2.3.5. Flux Flow 

When the Lorentz force density exceeds the pinning force density flux lines will move 

through the superconductor. If the E versus J (EJ) characteristic of a superconductor is 

measured above Jc a linear EJ relationship is observed, assuming no flux creep (see section 
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2.3.6). From this a flux flow resistivity, ρf, may defined as E=ρfJ . The flux flow resistivity is 

smaller than, but related to, the normal state, ohmic, resistance of the material. 

For uniform vortex motion the dissipation per unit volume is given by J.E, this should be 

equal to the product of the Lorentz force and the flux flow velocity (JXB).v .Thus we can 

derive that: 

E=Bxv      (2.30) 

(Josephson 1962). If a drag coefficient per unit length of vortex, independent of velocity, η, is 

defined the average dissipation is given by: 

J.E=nvη<v2>     (2.31) 

Here nv is the vortex number density. Combining (2.30) and (2.31) gives: 

E B J= Φ0

η
     (2.32) 

allowing ρf to be identified as Φ0B/η. This EJ characteristic is depicted in figure 2.2. 

 

Figure 2.2 Critical current transition with and without pinning. Pinning shifts the point at 
which the flux lines move from J=0 to J=Jc. 

Bardeen and Stephen (1965) developed a model relating the flux flow resistivity to the ohmic 

resistivity. They commenced by assuming a flux line with a normal core of radius ξ and that 

the flux line moves slowly enough to be considered as being in quasi equilibrium. The 

properties of the superconducting phase may then be treated outside the core, using the 

London equations.  

As the London equations apply, outside the core the local electric field at the edge of the core 

can be calculated. This is found to be everywhere constant, perpendicular to the direction of 

motion and given by Ecore=vBc2. As the field lines must be continuous and no charge is present 

in the core the field in the core is constant and equal to Ecore. The equation for the dissipation 
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per unit length of core πξ2Ecore
2/ρn may then be written. Bardeen and Stephen assumed that an 

equal contribution to dissipation is due to normal currents flowing outside the core. The 

dissipation in a core is equal to the work done in moving the core against the flux flow 

viscosity, so JE=ηv. The flux drag coefficient η is therefore equal to Φ0Bc2/ρn. Finally, we can 

deduce the Bardeen-Stephen relation between the normal state resistivity, ρn, and ρf: 

ρf=ρnB/Bc2     (2.33) 

This correctly predicts that at Bc2 ρf=ρn. 

2.3.6. Thermally Activated Flux Motion 

The critical current transition shown in Figure 2.2 is sharply defined. However, if E versus J 

characteristics on real type II materials are measured the transition is found to be curved. In 

addition a current set up in a ring of Type II material will decay, albeit slowly and with a 

logarithmic time dependence. This phenomenon of flux creep is attributed to a thermally 

activated rearrangement of flux lines from a metastable configuration to one with lower 

energy. 

Anderson et al. (1964) proposed a creep model for flux lines moving between adjacent 

pinning points due to thermal activation. The jump rate is postulated as having an exponential 

dependence on the thermal energy of the form given in equation (2.34) where U is the barrier 

energy and ω0 a characteristic frequency for hopping attempts. 

R e
U

kT=
−

ω 0       (2.34) 

Anderson and Kim suggested a form for the barrier energy, U, of the form 

U U J
Jc

= ±FH IK0 1      (2.35) 

This corresponds to a sawtooth shaped potential energy diagram. The sign in the equation 

changes depending on whether movement with or against the Lorentz force is being 

considered. Movement with the Lorentz force is easier than movement opposing it, as is 

shown in Figure 2.3. 
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Figure 2.3 The change in the potential energy environment of a flux line in an arbitrary 
potential without (a) and with (b) a Lorentz force being present. 

The difference in jump rates for motion against or with the Lorentz force gives rise to a net 

jump rate in the direction of the Lorentz force. 

R e
U J
kTJ

U
kT

c

=
F
HG
I
KJ

−

ω 0
0

0

sinh       (2.36) 

A consequence of flux creep is that field trapped in a Type-II material will decay. This effect 

has been shown experimentally (Kim, et al. 1962) to have a logarithmic dependence with 

time. In most low-Tc materials flux creep is almost negligible except in the vicinity of Tc. 

Flux creep has the practical effect of making the definition of Jc in terms of an experimentally 

measured EJ characteristic imprecise. In practical measurements a voltage criterion 

(equivalent to a certain E field in a given length of conductor) is used to define the criterion 

critical current Jc1 as shown in Figure 2.4. 
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Figure 2.4 An IV curve (red) measured on a 500 µm long YBCO current track (sample 
200630) showing flux creep and Jc1 defined using a voltage criterion of 5x10-7 V. For 
comparison the definition of Jc  for an idealised creep free IV characteristic (black) is also 
shown. 

Obtaining a relation between Jc and Jc1 requires a model for the behaviour and structure of the 

FLL. Several such models have been proposed each predicting a different form of the U(j) 

dependence. This is discussed further in the next section. 

In some HTS materials, most notably BSCCO, a linear EJ characteristic is observed for 

currents well below the critical current transition. This phenomenon is termed Thermally 

Activated Flux Flow (Griessen 1992).  

2.3.7. The Flux Vortex Phase Diagram 

If magnetisation measurements are made on a sample of HTS it is possible to observe 

‘reversible’ magnetic properties at fields significantly smaller than the second critical field. 

This field is termed the irreversibility field and is a function of temperature Birr(T). The line 

on a B versus T phase diagram that defines this transition between the irreversible and 

reversible magnetisation states is termed the irreversibility line. Above the irreversibility line 

flux appears not to be trapped and no critical state behaviour is observed; nor is there a 

difference between field cooled and zero field cooled magnetisation. 
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Figure 2.5 Irreversibility lines for various HTC materials (Johnson, et al. 1994) 
The position of the irreversibility line is profoundly dependent on the nature and density of 

pinning centres in a material. One practical consequence of this is that identifying Hc2 with the 

onset of dissipation can greatly underestimate its value.  

Also linked to the FLL structure is the phase of the vortex matter. In the limit of high pinning 

density a thermodynamic transition between a disordered solid and a vortex liquid has been 

observed  in resistivity-temperature measurements (Crabtree, et al. 2000). The disordered 

vortex solid/vortex liquid transition shown in Figure 2.6 has been associated with the 

irreversibility line. The irreversibility line lies between the melting transition and Hc2. The 

type of vortex matter is expected to be reflected in the current dependence of the activation 

energy for flux creep. 

In low pinning density materials, such as high quality de-twinned single crystal YBCO, 

further thermodynamic transitions have been identified within the solid and liquid phases. 

Figure 2.6 shows some of these on a phase diagram. 
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Figure 2.6 A zoology of possible types of vortex matter in de-twinned YBCO (From Nishizaki, 
et al. 2000). 
The exact form and behaviour of the vortex matter in the weak pinning limit is the subject of 

considerable ongoing research. Both resistivity transitions and EJ characteristics are studied 

carefully for changes in the flux creep activation energy, discussed in Section 2.3.7, which 

may indicate higher order thermodynamic transitions. The type of vortex solid has been 

predicted to depend on the nature of the pinning centres with a ‘Boson-Glass’ predicted on the 

basis of planar disorders (Nelson and Vinokur 1992) and a ‘vortex-glass’ on the basis of point 

pinning centres (Feigel'man, et al. 1989). Where the Anderson-Kim model predicts an 

exponentially small E far below Jc these models predict E=0. 

Berghuis et al. (1996) carefully studied EJ characteristics measured on strongly pinned thin 

films and found that the vortex glass model gave the best fit for current densities well below 

Jc. Given the similar predictions of the models it is very difficult to distinguish between them 

on the basis of EJ characteristics measured on thin films. 

2.4. Flux Lines in Anisotropic Superconductors 

2.4.1. Anisotropic Ginzburg-Landau Theory 

In contrast to the majority of LTS superconductors the HTS materials all exhibit significant 

anisotropy in both their crystallographic and superconducting properties. The three 
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crystallographic axes in HTS materials are the a and b axes, in the cuprate planes, and the c-

axis directed normal to the planes. (This is discussed further in Chapter 3). In the case of the 

oxide superconductors the a-b anisotropy is usually small enough to be neglected, and the 

material may be treated as being uniaxial. The anisotropy between the parameters in the a-b 

plane and the c-axis is very large (Datta 1992). 

The isotropic Ginzburg-Landau theory described in section 2.2.1 can be extended to deal with 

superconducting materials where the superconducting parameters (such as ξ and λ) are not 

isotropic. The material anisotropy is introduced by defining a charge carrier mass tensor 

(Kogan and Clem 1992). The mass tensor has the values mab in the a and b directions and mc 

in the c-axis direction. It is then possible to write an anisotropic version of equation (2.11) and 

obtain G-L equations in terms of the superconducting parameters for the crystallographic 

directions λab, λc, ξab and ξc. 

The mass in the a-b plane is denoted mab and that in the c-axis direction mc. A G-L mass 

anisotropy parameter ε may then be introduced with ε2=(mab/mc). For convenience some 

authors also define a reciprocal anisotropy parameter γ=1/ε. 

ε
γ

λ
λ

ξ
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= = = =1 ab

c

c
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ab

c

m
m

    (2.37) 

The following general angular dependence of superconducting properties is predicted on the 

basis of anisotropic Ginzburg Landau theory: 

ε θ ε θ θθ
2 2 2 2( ) cos sin= +     (2.38) 

Equation (2.38) is effectively a scaling law for the angular dependent properties of an 

anisotropic uniaxial superconductor. 

It is important to note that equation (2.38) is only applicable to a homogenous anisotropic 

superconductor. In addition an observed physical quantity may not scale as (2.38) if, for 

example the pinning is also anisotropic. A flux line tilted about the a-axis would be expected 

to have an elliptical core with one axis ξab and the other equal to εθξab. A flux line lying 

along the b-axis is depicted in Figure 2.7 
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Figure 2.7 A flux line laying along the b axis in a HTS material. 

Having obtained values for the superconductivity parameters in the crystallographic axis 

directions and a scaling law it is possible to write anisotropic versions of the equations 

defining the field dependent behaviour of the superconductor. For example the angular 

dependence of the second critical field in terms of that for a field parallel to the c-axis is given 

by equation (2.39). 

B Bc

c
c

2
2θ

εθ
b g =       (2.39) 

2.4.2. The Lawrence-Doniach Model for Layered Superconductors 

The anisotropic G-L theory assumes a homogenous material. However the HTS materials, 

with the possible exception of YBCO, can often be better pictured as sheets of 2D G-L 

superconductor separated by non-superconducting layers. The Lawrence Doniach model is 

expected to apply if the interlayer spacing, d, is of the order of, or larger than the c-axis 

coherence length, ξc. The coupling between layers is expected to be that of a stack of 

extended Josephson junctions. 

Clem (Clem 1991, Clem 1998) considered the form of the vortex lines in a two dimensional 

superconductor for a field directed along the c-axis. The form of the vortex inside each sheet 

of superconductor reduces to a flat core surrounded by screening currents inside the 

superconducting layer. This two-dimensional flux element is termed a flux pancake. The flux 

contained by the pancake is directed along the c-axis of the material. By calculating the 

attractive potentials due to the magnetic fields surround each pancake Clem showed that the 

individual pancakes will tend to align themselves into stacks. The dissolution of these stacks 

at temperatures near to Tc is one proposed cause of the irreversibility line in BSCCO. 

When a field applied along the a-b planes on a two dimensional superconductor, Josephson-

Vortices, or vortex strings, are nucleated (Blatter, et al. 1994). These are, in many ways, 

similar to conventional Abrikosov vortices. However, the order parameter is not suppressed 

completely to zero at the centre of the vortex. The dimensions of the region of suppressed 
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order parameter is characterised by the length, d, in the c-axis direction and d/ε in the planes. 

Figure 2.8 is a schematic of a Josephson vortex aligned with the b-axis: 

 

Figure 2.8 Currents flowing round a Josephson vortex lying along the b-axis. The width of the 
order parameter perturbation at the core is given by Λ=d/ε. 
For a tilted applied field in the 2D model both pancakes and strings are expected to be 

present, this is discussed in later chapters. The precise configuration of each vortex line is 

expected to be highly dependent on the intrinsic anisotropy of the superconducting material. 

2.4.3. Angular Applied Fields in Anisotropic Superconductors 

The study of fields applied at an angle to the c-axis is essential for the investigation of the 

nature of the flux line lattice in HTS materials. In this section three possible models of a tilted 

flux line are discussed.  

In section 2.4.1 an angular scaling law for the Ginzburg-Landau parameters was given. The 

case of a tilted Abrikosov vortex in an anisotropic material may therefore be considered with 

the aid of equation (2.38). The elliptical nature of the core of a vortex tilted about the a-axis is 

shown in Figure 2.9: 

 

Figure 2.9 A tilted vortex core in a uniaxial anisotropic superconductor 
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From Figure 2.9 it can be observed that when the core is parallel to the c-axis εθ is equal to 

one and the core is circular. The same principle can be applied to determining the extent of 

the screening currents. 

A complication arises when considering such tilted vortices in a thin film, where λ may easily 

be larger than the film thickness and at the surface the screening currents are constrained. This 

will tend to prevent flux lines at small applied fields in thin slabs tilting with the applied field 

(Brandt 1993). This would suggest that the Jc(B) behaviour in this regime will be entirely 

dependent on the c-axis component of the applied field.  

At B >> Bc1 (which is a wide range in HTS materials) the fields due to adjacent vortices will 

overlap. In the a-b plane λ is typically 150nm (Datta 1992) whilst the nearest neighbour 

lattice spacing at 0.5 T is, by equation (2.23), 69 nm. This means that variations in the local 

field, h, and screening currents are reduced. Thus, while an isolated flux vortex may not be 

tilted, a lattice of closely spaced vortices may be tilted. Thus as the applied field tends 

towards Hc2 the flux lines in the material are increasingly aligned with the external field 

(Clem 1999). 

If the flux line consists of joined flux pancake and vortex string elements kinked vortex lines 

may be formed (Bulaevskii, et al. 1992, Blatter, et al. 1994 pg 1286, Brandt 1995, pg. 1486), 

as shown in Figure 2.10. The field component parallel to the a-b planes is carried by 

Josephson vortices localised in the intercalated layers. The c-axis component is carried by the 

flux pancakes. 
 

B 
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Figure 2.10 A kinked vortex line in a layered superconductor 
The final FLL state discussed here is the crossing lattice. As with the kinked vortex line it 

consists of both pancake and string elements. The elements are not, however, joined in 

contiguous lines. The Josephson strings form a dilute highly anisotropic lattice and the vortex 
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pancakes align themselves through their mutual magnetic attraction into stacks (Bulaevskii, et 

al. 1992, Koshelev 1999). More pancakes appear along Josephson strings due to attraction 

between the two vortex elements. This structure, which is expected for highly anisotropic 

HTS materials, has been imaged using a scanning hall probe (Dodgson 2000). 

 

 

Josephson String  
Vortex 

Flux Pancake 
Stack 

 

Figure 2.11 View along the c-axis of the crossing lattice showing the increase in pancake 
density over a Josephson  vortex (Koshelev 1999). 

2.4.4. Lattice Structure Cross-Over in YBCO 

The particular form of the FLL clearly depends on the anisotropy of the particular HTS under 

consideration. For the relatively isotropic HTS material YBa2Cu3O7-δ an angularly dependent 

cross-over from the Abrikosov lattice to a kinked vortex lattice has been predicted. 

Blatter et al. (1994), pg. 1286, predicts a cross-over from continuous vortex lines to kinked 

vortex lines. Intermediate between the two states is a distorted lattice. The nature of the vortex 

state depends on the ratio between the coherence length and the interlayer spacing d/ξab(t), the 

anisotropy parameter ε and the angle between the applied field and the cuprate planes 

(Berghuis, et al. 1997). The coherence length is proportional to 1/√(1-t) near Tc, where t is the 

reduced temperature T/Tc. For values of θ less than θ1 the distorted state develops where 

tan(θ1)=d/ξab(t)    (2.40) 

This state becomes fully developed at θ2 where 

tan(θ2)=ε     (2.41) 

This cross-over is suppressed at a temperature Tcr where the c-axis coherence length εξab(t) is 

greater than d/√2. In YBCO ε~0.2 (Farrell, et al. 1988, Dolan, et al. 1989, Farrell, et al. 1990) 

d=0.8 nm (Cava, et al. 1987) and ξab(0)~1.6 nm (Welp, et al. 1989). From this we obtain 

θ1=35° and θ2=11° at t=0. Berghuis et al. estimated Tcr=80 K. Interestingly while θ1 will have 
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a T dependence θ2 is equal to ε which does not. At θ=0° the vortex lines will be locked in 

(Feinberg, 1990) to the cuprate planes and the FLL will, in principle, consist entirely of vortex 

strings. 
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3. Sample Preparation and Experimental Techniques 
To perform transport critical current measurements on oxide superconductors a 

suitable measurement system and grain boundary free samples are required. 

Epitaxially grown thin films provide a very convenient system in which well 

orientated current tracks can be easily defined. This chapter describes the growth 

and preparation of the superconducting samples measured for this work and the 

two-axis 8 T cryogenic goniometer system used to perform transport critical 

current measurements. 

3.1. Thin Film High Tc Superconductors 

3.1.1. Overview 

The use of thin films to obtain practical and well controlled samples of superconductor was 

well established long before the discovery of High Tc superconducting oxides (HTS). Thin 

film deposition is itself a mature technology having been in use for over 150 years (Ohring 

1992). Despite the properties of early bulk HTS samples being dominated by grain boundary 

effects it was possible to study the intrinsic critical current properties of these new materials 

by preparing thin epitaxial films. Indeed some of the first practical measurements of transport 

critical current were observed using such thin films (Somekh, et al. 1987). 

Thin film samples of superconductor do not act simply as very thin single crystals: thin films 

exhibit larger values of the critical current density, Jc, due to a larger defect density; the 

difference between the surface of the film and the interface with the substrate can give rise to 

‘surface pinning’ effects (Berghuis, et al. 1996) and the geometry of a thin film current track 

means it has a larger demagnetising factor than bulk samples. In addition, thin film samples 

are of the order of 200nm thick, the same length scale as the superconducting penetration 

depth λ (Datta 1992) which can complicate measurements in small, tilted fields as discussed 

in Section 2.4.3. Although good quality thin films are epitaxial, they are not single grained, 

and the orientation of the a and b axes rotate by 90 degrees over the film giving rise to ‘twin’ 

boundaries which can act as strong pinning centres (Roas, et al. 1990). 

Using lithography on a thin film it is relatively straightforward to define a small bar of 

superconducting material (e.g. 10µmx100µmx200nm), the electrical properties of which are 

conveniently measured using a four terminal resistance technique. Such a thin sample will 
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have low values of the absolute critical current, Ic, which greatly simplifies the performance 

of accurate, low noise measurements. 

3.1.2. Structure of HTS 
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Figure 3.1 A unit cell of YBa2Cu3O7 . Although in the diagram all the oxygen sites in the 
chains are shown filled the oxygen content of the material can be varied by removing oxygen 
from the cuprate chains. This strongly affect the superconducting transition temperature (Tc) 

The crystal structure of a representative HTS, YBCO, in shown Figure 3.1. The three 

crystallographic directions are, by convention, referred to as the a [100], b [010] and c [001] 

axes. The superconducting charge carriers are thought to arise in the a-b cuprate planes with 

the blocking layers acting as a charge reservoir. This planar structure is common to all the 

perovskite high Tc superconductors (Waldram 1996). 

The superconducting properties of the material are poorer, in terms of Jc, in the c-axis 

direction. For this reason most thin films grown are ‘c-axis films’ in which the c-axis [001] of 

the material grows normal to the surface of the substrate. This is preferable for many 

applications as a uniform high critical current is obtained for currents flowing in the plane of 

the film surface. 

Some studies have been performed on a-axis films, where the a-axis is normal to the surface 

of the film (Herzog 1997). In a-axis films the superconducting properties in the plane of the 

film are highly anisotropic; currents flowing in the a-axis direction show a Jc similar to c-axis 

films whereas the Jc value for currents flowing in the c-axis direction are lower. Intermediate 

between these two types of films are those grown on vicinal substrates. A vicinal substrate is 

polished so that the [001] axis is at an angle, θv, to the surface normal of the film. By varying 

the vicinal angle the superconducting anisotropy in the plane of the surface of the material 

may be altered. Figure 3.2 illustrates these three film types: 
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θv

 

Figure 3.2 This diagram illustrates a-axis, c-axis and vicinal films. The a (blue), b (black) and 
c (red) –axis directions are indicated. The vicinal angle, θv, is the angle between the c-axis 
and a vector normal to the surface of the film. 

The development of HTS films grown on vicinal substrates has had three main aims. Firstly it 

is hoped that the smooth step-flow growth seen in vicinal films gives rise to a higher quality 

film surface morphology (Mechin, et al. 1998), secondly it is possible to examine the 

behaviour of a current flowing at a specific angle to the crystal lattice rather than parallel to 

one of the crystallographic axes (Berghuis, et al. 1997), this is not possible using a bulk single 

crystal. Finally, in the highly anisotropic material Tl2Ba2CaCu2O8, the intrinsic Josephson 

effect between cuprate planes has been observed. This was achieved by patterning a short, 

narrow current track so the current must flow in the weakly coupled c-axis direction to cross 

between cuprate planes (Chana, et al. 2000). 

 

Figure 3.3 Atomic force microscopy (a) and scanning tunnelling microscopy (b) images of a 
de-oxygenated 6 degree vicinal YBCO film (sample 8722). The right hand image, at a higher 
resolution, shows characteristic step-flow growth. The film was grown using DC sputtering. 

Figure 3.3 shows images of the surface of a de-oxygenated film (sample 8722) grown on a 6° 

off-axis vicinal substrate. Using Atomic Force Microscopy (AFM) and at a 12 micron scale it 

(a) (b) 
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can be seen that the film surface exhibits numerous defects, such as pinholes, however at a 

higher resolution, using Scanning Tunnelling Microscopy (STM), the step-flow terraces can 

be clearly observed. The form of the step-flow growth can be seen clearly in Figure 3.4, a 

projection of Figure 3.3b. The AFM technique is discussed further in Section 3.3. 

 

Figure 3.4 Pseudo 3D projection of the STM image shown in Figure 3.3b 

3.1.3. Overview of HTS Thin Film Deposition 

The two superconducting oxides studied in this thesis are YBa2Cu3O7-δ (YBCO) and 

Ba2Sr2CaCu2O8+x (BSCCO 2212). Considerably more research effort has been devoted to the 

growth of epitaxial YBCO films than BSCCO films. In general it is more challenging to 

obtain good quality BSCCO 2212 films, however the basic principles behind deposition are 

the same. The high quality (Rossler, et al. 2000) BSCCO 2212 films for this thesis were 

prepared by laser ablation, DC sputtering can also be employed (Raffy, et al. 1988, Raffy, et 

al. 1989). Difficulties arise mainly due to problems in avoiding contamination from the 

Ba2Sr2Ca2Cu2O10+x (BSCCO 2223) and other phases. 

As discussed, the extensive existing understanding of thin film deposition techniques meant 

that a range of candidate techniques were initially available for preparing films of HTS. By 

comparison to the deposition of conventional low Tc superconductors (LTS) some specific 

considerations constrain the range of suitable deposition techniques for oxide superconductors 

(Somekh, et al. 1992). Depositing HTS materials requires temperatures which are a large 

fraction of the material’s melting point (typically 0.7-0.85) and the process is highly sensitive 
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to, amongst other factors, temperature and the oxygen concentration. In addition to ensure 

epitaxial growth the substrate must be a good lattice match to the HTS. 

Two commonly used methods for preparing thin film samples are pulsed laser ablation (PLD) 

and DC sputtering. These methods were employed to grow the thin films measured for this 

Thesis. Both these techniques can produce films with Tc>90K exhibiting high critical current 

densities. In general sputtering provides films with smoother surfaces as it is not prone to 

droplet formation on the surface of the film. However, in the measurements made for this 

thesis no systematic difference between the critical current behaviour of high quality PLD 

films and high quality sputtered films was observed.  

Other techniques that can be used to prepare thin films of HTS include Metalorganic 

Chemical Vapour Depostion (MOCVD) (Berry, et al. 1988), E-beam evaporation and Liquid 

Phase Epitaxy (LPE) (Schneemeyer, et al. 1988). LPE, where the superconductor crystallises 

from precursors dissolved in a flux, has been the subject of considerable research effort as it 

seems suitable for the production of continuous lengths of conductor. 
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Figure 3.5 Simplified schematic of a PLD system (left) and a DC sputtering system (right). 
After Ohring (1992). 

In a PLD system a laser is fired repeatedly at a stoichiometric target, the substrate is 

positioned in the resultant plume of ablated material and growth results. There are many 

parameters in optimising a Pulsed Laser Deposition (PLD) system among which the most 

critical are pulse repetition rate, beam energy, substrate temperature and the oxygen partial 

pressure during deposition. 

In DC sputtering systems, a sputtering gas, such as argon, is first ionised. Positive Ar ions are 

accelerated towards the target, which is held at a negative potential with respect to the 
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substrate holder. Neutral atoms are then removed from the target via momentum transfer. 

These atoms travel through the discharge and are deposited on the substrate. 

The systems shown in Figure 3.5 are on-axis deposition systems, off-axis deposition systems 

are also employed. In an off-axis system the substrate is tilted with respect to the target. 

Off-axis laser ablation can produce films with a very smooth surface (Santiso, et al. 1998). 

Commonly used substrates for YBCO deposition (with the lattice mismatch) are SrTiO3 

(1.2%), LaAlO (2.6%) and MgO (8%). The best lattice matches are obtained with gallates 

such as PrGaO3 (0.02%), however these materials are relatively costly. MgO has a low 

dielectric constant which makes it a good choice for films grown for microwave applications, 

the large lattice mismatch does not preclude the growth of good quality films. LaAlO3 films 

exhibit clear twins and SrTiO3 is a good general purpose substrate. There are many other 

perovskite materials with similar lattice matches (Somekh, et al. 1992). 

The temperature range employed has a strong effect on film growth, a temperature of 

650-750 ºC tends to produce a-axis orientated films, although if morphologically clean a-axis 

films are required, a template layer is grown at this temperature and growth is completed at a 

higher temperature (Linker, et al. 1992). At 750-830 ºC growth tends to be c-axis orientated 

with characteristic ‘spiral’ growth patterns. On vicinal substrates a slightly higher temperature 

is required for optimal film properties, vicinal films have also been found to be much more 

sensitive to small substrate temperature variations (Gibson 2000). It has also been shown that 

vicinal films are sensitive to substrate surface preparation (Haage, et al. 1997). While the 

films measured for this thesis did not exhibit them, it appears that films grown on annealed 

substrates can exhibit anti-phase boundaries leading to enhanced pinning and thus higher 

critical current values (Habermeier, et al. 1998). 
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Figure 3.6 Variation of Tc with oxygenation in YBa2Cu3O7-δ (Cyrot and Pavuna 1995) 
After film growth, an oxygenation step is required to obtain optimum properties. The film is 

annealed under oxygen in order to ensure optimum oxygen doping and thus the highest 

possible Tc. The optimum doping is with δ=0.07 . Figure 3.6 shows the variation of Tc with 

oxygenation. The annealing step can be carried out at a lower oxygen pressure if de-

oxygenated films are required. It is possible, as shown in Figure 3.7, to predict what 

conditions are required to give a particular oxygenation. When de-oxygenating the films 

measured for this work it was not found possible to reliably produce films with a particular 

value of δ. The de-oxygenation of YBCO is discussed further in Chapter 5. 

 

Figure 3.7 Plot showing predicted equilibrium oxygenation values for varying combinations 
of temperature and pressure. (Vazquez-Navarro 1998, Vazquez-Navarro, et al. 2000) 
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3.2. Sample Preparation 

3.2.1. Sources of Films Studied in this Thesis 

Appendix A lists the samples studied for this work. Most of these films were prepared by my 

colleagues in the IRC in Superconductivity in Cambridge, Dr E. Tarte, Dr A. Bramley, Dr V. 

Tsaneva and Dr G. Gibson. Some of the films were provided by Mr R. Rössler and Dr J 

Pedarnig of the Department of Applied Physics at the Johannes-Kepler Universität Linz. 

Films studied with numbers in the range 8000-9999 were deposited using an off-axis DC 

sputtering system (Mechin, et al. 1998). Films in the Y and Z series were deposited in 

Cambridge using an off and an on-axis laser ablation system respectively. Finally films 

210600 and 200630 were provided by the University of Linz having been prepared by on-axis 

laser ablation. BSCCO films identified as L1,L2 and L3 were also deposited in Linz using 

laser ablation (Zahner, et al. 1998, Rossler, et al. 2000). 

3.2.2. Contacts 

Good quality electrical contacts are an absolute prerequisite to successful measurements. In 

most cases, it was found that where it was impossible to obtain low noise results, that this was 

due to high contact resistances. Previous experiments carried out using the apparatus 

described here employed e-beam evaporated Au/Ag contacts (Herzog 1997), and this 

technique was used for sample 8722. However, it was found experimentally that contacts 

ex-situ sputtered using a lift off process could carry up to 0.5A without the need for contact 

annealing. An additional advantage was that the lift-off method did not require the use of a 

metal contact mask with the consequent risk of scratching samples. 

Contacts were deposited before patterning. First 2 µm of Hoechst AZ1529 resist was spun 

onto the chip and baked for one minute at 100 ºC. The chip was then exposed to UV light 

through a negative mask of the contact pad pattern, using a projection lithography system. As 

fine features are not required in this process the resist was over exposed (4 minutes) to ensure 

that the developer was easily removed. This was especially important at the edge of the chip 

where the resist is thicker.  

Once exposed the pattern was developed in a 4:1 diluted proprietary developer solution for 

about 30 s. By observing changing interference fringes on the surface during developing it 

was possible to accurately perform this step, thus minimising the contact between the surface 

of the film and the developer solution. This is important since the surface of YBCO may 

become passivated by contact with water. As the resolution required was low no step to 

improve the lift-off was required. When lift-off processes are performed on small features the 
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resist is often treated with chlorobenzine to generate an overhang at the edge of the remaining 

resist. 

After drying in compressed air, layers of silver and gold were deposited using magnetron 

sputtering (roughly 150nm layers of each). The use of an Au/Ag bilayer has previously 

proven to give good quality contacts (Herzog 1997). After soaking in acetone the remaining 

photoresist was removed along with the unwanted sections of the Au/Ag layer. 

3.2.3. Patterning 

The majority of films prepared were patterned using broad beam Argon ion-milling which, 

although not essential for 10 micron features, results in a current track with sharply defined 

edges. 

Two image masks used were used, these were designed for use with vicinal films and feature 

perpendicular tracks to allow the properties of the film both transverse T and parallel L to the 

vicinal steps to be examined. For 12x3 mm substrates a pattern (CAM 24) with 6 10x100 

micron tracks, 3 T and 3 L, was used as shown in Figure 3.8. A pattern for 10x10 mm 

substrates (IRC 194) provided 2 T and 1 L track at widths of 20, 10 and 5 microns.  

 

Figure 3.8 An example of a lithographic mask pattern. The pattern, drawn using a CAD 
program, is transferred to a chromed quartz plate. (Mask CAM 24) 

In order to pattern a film, it was first cleaned using acetone both in an ultrasound bath and 

using an airbrush. A 2 µm layer of Hoechst AZ1529 photoresist was then applied and baked 

for 1 minute at 100ºC. The mask pattern was then transferred to the photoresist using a 

projection lithography system. A 45 second exposure of UV light gave satisfactory results. 

The exposed developer was then removed in a 4:1 concentration of the resist manufacturer’s 

proprietary developer. 
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When patterning films grown on vicinal substrates it is essential to ensure that the current 

tracks are well aligned in relation to the vicinal direction. Using the mask aligner it proved 

possible to carefully align the pattern edge with the edge of the sample. In this way it proved 

possible to achieve rotational alignment errors of less than 0.5º. 

Ion milling, using Ar-ions, was employed to transfer the desired pattern from the photoresist 

to the YBCO film. In an ion-milling system an ion gun directs ionised Argon towards the 

sample. The incident ions ablate both the exposed YBCO and the photoresist. This technique 

is not selective, however the layer of photoresist is much thicker than the YBCO film and is 

milled more slowly. In the system used, YBCO was milled at approximately 12 nm per 

minute with a 0° beam incidence angle. Ion-milling was found to give very satisfactory clean 

tracks which outweighed the slightly increased complexity of the process. Ion milling has 

been used successfully to produce tracks in YBCO as thin as 0.2 µm (Schneider, et al. 1993). 

The alternative approach using orthophosphoric acid to perform the etching results in a less 

well defined track edge. Figure 3.9 shows a section of a Ar-ion patterned film. 

100µm 

 

Figure 3.9 A track pattered transferred onto a YBCO film grown on a vicinal substrate, the 
edge of a contact pad is visible in the top left of the image. 
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3.3. Film Characterisation 

3.3.1. X-Ray 
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Figure 3.10 (005) Rocking curve (left) and (103) pole figure (right) for a YBCO film grown 
on a 20 degree miscut substrate. The rocking curve shows that the film is well aligned and the 
pole figure shows that the film has indeed grown with the desired orientation. (Data courtesy 
N. Rutter). 

Having deposited a film, it is of course essential to ensure that the desired well aligned 

epitaxial growth has occurred. Rocking curves were taken from representative samples from 

the batches measured. In general, rocking curves taken from films grown on vicinal substrates 

were slightly less well aligned than the best c-axis films. Figure 3.10a shows data from film 

Z334B with a FWHM of about 0.4º. Sample Z334B was grown using PLD, sputtered vicinal 

films have been found to exhibit similar values for the FWHM, a very good quality c-axis 

film will have a FWHM value of around 0.2º (Mechin, et al. 1998). 

In order to confirm that the films had grown with the same tilt angle as the substrates pole 

figures were obtained using a four-circle X-ray diffractometer. These measurements confirm 

the in-plane alignment of the film. As an example Figure 3.10b shows the pole figure from a 

20° off axis film. There is no indication from the pole figure of any c-axis growth. 

3.3.2. AFM Imaging 

Atomic Force Microscopy is a powerful tool for assessing the morphological quality of films. 

A Digital Instruments Nanoscope III was used in tapping mode to obtain AFM images of at 

least one film in each batch measured. The AFM was operated in ‘Tapping Mode’. In this 

technique the probe is oscillated at a constant frequency as the AFM head scans across the 

surface. The amplitude of oscillation of the tip varies as it moves nearer to the surface of the 

film, this change is used as feedback to control the sample-tip distance and deduce the surface 
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height of the film. In addition the AFM used could be employed as an STM. Here the AFM 

head is replaced with a mechanically pulled PtIr tip held at a potential of a few hundred mV 

above ground. As the tip closes with the surface of the sample, which is connected to ground, 

a tunnelling current flows which provides measure of the tip-sample distance. 

Figure 3.3a was taken using Tapping Mode AFM and Figure 3.3b is an example of an STM 

image. It was possible to confirm the existence of the characteristic step flow growth steps in 

the YBCO vicinal films measured. In general AFM measurements revealed that it was 

difficult to obtain vicinal films with as high a quality as the best c-axis films. Even the best 

films exhibited pin-hole defects or outgrowths, as shown in Figure 3.11. 

 

Figure 3.11 AFM images of a 6 degree vicinal YBCO film (Z323) grown by on-axis PLD, 
showing characteristic pin hole defects. 

The AFM employed was well calibrated in the z-axis, a maximum error of +/- 2 nm was 

observed imaging 180nm deep pits on a calibration sample. The AFM could therefore be used 

to obtain film thickness by measuring the height of chemically etched steps.  

3.3.3. Tc Measurements 

In order to measure the critical transition temperature of the thin films, Tc, a four point 

resistance technique was use employing a probe dipped into an He storage dewar. When 

measuring de-oxygenated films, the transition temperature gives an indication of the average 

film oxygenation, as shown in Figure 3.6. The transition curve for an unpatterned, de-

oxygenated 6° vicinal film is shown in Figure 3.12. More accurate R-T curves on patterned 

tracks, and R-T curves in field were obtained using the measurement apparatus described in 

section 3.4. 
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Figure 3.12 A resistance versus temperature plot for a de-oxygenated YBCO film (8722) 
grown on a 6° vicinal substrate. 
The probe consists of a copper block with a platinum resistance temperature sensor embedded 

within. The film is contacted by an array of spring loaded Pogo® contacts set in a tufnol 

block. The contact block clamps the sample to the copper block ensuring good thermal 

contact between the temperature sensor and the sample. 

The probe is cooled by lowering it slowly into the cold helium vapour in the neck of a 

standard helium transport dewar. Data acquisition is automatically performed by a program 

written in the graphical programming language LabVIEW (Kirkman and Buksh 1992) by the 

author. As the probe is cooled, the measurement system continually measures the resistance of 

the film and the temperature sensing element using a standard four wire technique. The 

resistance of the platinum sensor is converted to a temperature using the calibration supplied 

by the manufacturer. The temperature sensing element does not produce meaningful readings 

at temperatures below ~ 40 K. To limit the amount of data recorded to manageable 

proportions a new point is only recorded when it is outside a user defined ellipse around the 

previous point. 
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Figure 3.13. Tc probe sample holder showing copper block containing temperature sensor 
(1), pogo pin holder (2), and wiring (3). 

All the fully oxygenated samples measured for this thesis had Tc > 90K (zero resistance) and 

< 0.5 K wide. This is not as good as can be routinely achieved using c-axis films (Herzog 

1997), however superconducting film growth on vicinal substrates is a less well developed 

technique. 

3.4. Measurement Rig 

3.4.1. Goniometer 

To study the angular dependence of critical current on field, it is important to be able to rotate 

the field in two axes rather than just one. The experiments described in this thesis were 

therefore, performed using a high resolution two-axis goniometer (Figure 3.14). The 

goniometer employed was built and designed by R. Herzog (Herzog and Evetts 1994, Herzog 

1997). 
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Figure 3.14 Goniometer sample space (left) and head (right). The left figure shows the drive 
shafts (a), worm gears (b), drive gear (c), copper block containing temperature sensor and 
heater element (d) and the tufnall block in which the Pogo contacts are mounted (e). On the 
right is shown the drive motors for θe (1) and φe (2) rotation, reduction gearing (3), position 
indicators (5) and the compression glands round the support and drive shafts (7,8). The probe 
is gas tight, this allows it to be used in the flow cryostat. 

The goniometer allows the copper block, against which the sample is held by spring loaded 

contact pins, to be tilted (θe). The copper block may be rotated (φe). These axes of rotation are 

illustrated in Figure 3.15. It should be noted that the axis of φe rotation tilts with θe. Due to the 

arrangement of the gearing if rotation in θe, with φe held constant, is desired the second, φe, 

drive shaft must be rotated the same number of steps as the block is tilted.  

The motors are driven by a microstepping controller which allows the motors to be positioned 

with a high degree of angular resolution, one degree of rotation requires 2166 2
3  motor steps. 

In use the stepper motor controller is itself remotely operated by a computer which takes care 

of translating a desired θe, φe, position into the number of motor steps required from the 

current position. The computer provides motor on/standby, direction and step signals for each 

motor to the controller in the form of TTL level digital signal lines. 

The goniometer control system is open-loop, in that there is no position feedback to the 

control software to ensure that the desired position has been reached. In operation, to provide 

manual verification that the system is working correctly, the computer displays the position 

which it records the stage as being at. This can be compared to the position indicators 
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mounted on the head of the probe. The accuracy of the system in use is therefore limited by 

the accuracy to which these counters may be read, +/- 0.1º. 
 

φe 

θe Cu mounting 
block 

 

Figure 3.15 Axes of rotation of the sample holder. 

For measurements on c-axis films the angles describing the rotation of the stage φe and θe can 

be easily be used to obtain the angle of the applied magnetic field with respect to the crystal 

axes of the superconducting sample. It is simple to define the tilt of the magnetic field θ as 

being the angle between the field and the cuprate planes. This can be directly obtained from 

θe. The angle φe then gives the angle of rotation of the magnetic field about the c-axis with 

respect to the current direction. 

When a film grown on a vicinal substrate is considered, the geometry becomes considerably 

more complex. Figure 3.16 shows a section of a current track in a vicinal film. We again 

define θ and φ, which give the direction of the applied field with respect to the crystal 

structure of the tilted thin film. θ is the angle between the field and the cuprate planes, θ=0° 

corresponds to the field parallel to the planes. φ represents rotation of the plane in which the 

field is tilted. The angle φ=0° is defined as being when the magnetic field is rotated in the 

same plane as the vicinal tilt. 

At φe=0° converting from θe to θ  is simple, θv must be subtracted and φe=φ=0°. This is not 

true for other values of φe. For example, a scan in θe with φe=90° will not be perpendicular to 

the crystal structure when the applied field is parallel to the surface normal. The maximum 

discrepancy is θv. 
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Figure 3.16 A cross section of a current track showing the direction of the field at θ=0°, φ=0° 
(red) and θ=0°, φ=90° (green). The vicinal angle θv is the angle between the surface normal 
n̂  and the c-axis of the material. 

The geometry of the magnetic field orientation dependent critical current measurements is 

discussed further in Chapters 4 and 6. 

3.4.2. Sample Mounting 

Contact to the sample was effected using Pogo® pins. To ensure that differential contraction 

at cryogenic temperatures did not cause loss of contact indium pads were placed between the 

pogo pins and the Au/Ag contact pads. Occasionally a small amount of silver paste was used 

to hold the indium pads in place during mounting. 

Pogo Contact

Indium Pad
Au/Ag Contact

YBCO
 

Figure 3.17 Contact between a pogo pin and a superconducting sample. 
The probe was wired throughout with copper wire. Initially low thermal Cd alloy solder had 

been used for joints. However empirically it was found that standard 60/40 Sn/Pb solder gave 

just as satisfactory results with fewer health and safety concerns. 

3.4.3. Cryostat 

In use the goniometer is mounted in a variable temperature insert placed in the bore of a 8T 

superconducting magnet. Figure 3.18 shows the basic layout of the cryostat. In use a 

diaphragm pump creates a vacuum in the sample space which draws in cold helium liquid 
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through a needle valve. The helium boils and a stream of cold gas flows over the goniometer. 

The heating element in the copper block allows a temperature controller (Oxford Instruments 

ITC 4) to maintain the sample at a constant temperature. In use a temperature ripple of less 

than 30mK is regularly achieved which is similar to the measurement accuracy of the sensor.  
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Figure 3.18 Schematic diagram of cryostat. For clarity the needle valve, magnet wiring and 
supports are omitted. 

The temperature of the copper block is measured using a Lakeshore Cryotronics CernoxTM 

resistance sensor (Brandt, et al. 1999). The sensor is fitted into a flush fitting aperture in the 

copper block, as recommended by the manufacturer silicon grease was used to ensure good 

thermal contact. This has similar field insensitivity to a carbon-glass temperature sensor but 

allows useful readings to be obtained over the range 3K to 300K rather than 3K to 100K 

typical for Carbon-Glass sensors. The sensor is excited using a constant voltage source and 

the controller measures its conductance, the non-linearity in the response of the sensor is 

eliminated using a breakpoint table stored in the controller. The manufacturer’s quoted 

accuracy of the sensor is +/- 35 mK, however given the extra uncertainty introduced by the 

breakpoint table and the manufacturers quoted worst case long term drift of +/-25 mK/year 

(over two years of operation since calibration) it is considered that the sensor is accurate to +/- 

50 mK. A second, carbon-glass temperature sensor allows the temperature at the base of the 

sample space to be ascertained. 

The magnet system is economical in operation, 30 l  of liquid helium often being sufficient 

for a week of measurements. The system was prone to icing of the helium capillary tube to 
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which no long term solution was found other than warming the cryostat up to room 

temperature periodically and flushing with dry He gas. 

3.4.4. Measurement Apparatus 

Cryostat

Temperature
Controller

Current
Meter

Nanovoltmeter

Current
Source

Magnet Power
Supply

Matrix Board

Stepper
Motor
Controller

Voltage
Controlled
Current
Source

Figure 3.19 Physical layout of the experimental apparatus. 

Four terminal resistance measurements on the sample were made using a HP8250A universal 

source to drive a current through the sample.  For currents above 100mA a voltage controlled 

current source was controlled by the universal source, this provided currents up to 1A. The 

current flowing through the sample was independently measured using a Keithley model 199 

DMM. A Keithley model 182 nanovoltmeter was used to measure the voltage developed in 

the sample. The built in digitally synthesized filter of the nanovoltmeter was used to obtain 

the lowest noise readings. When in use this requires at least 8 seconds to be allowed between 

readings, to allow the voltage value to settle. 

Once DC offsets had been eliminated average noise levels of less than 1x10-8 V were 

measured, with this in mind a voltage criterion of 5x10-8 V was chosen to determine critical 

current. On a typical 500 µm long track this corresponds to an electric field of 1x10-4 V/m. 
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The same configuration also allowed both resistance/temperature and resistance/field 

measurements to be made. A matrix board allowed the current and voltage pairs to be 

connected to any combination of the 12 pogo pins in the tufnol block. Figure 3.20 shows a 

block diagram of the measurement system. 
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Figure 3.20. Block diagram of the measurement system. 
3.4.5. Software 

Computerised data logging is essential to high resolution angular Jc measurements, however if 

this is combined with computer control of the experiment it is possible to obtain a large 

number of data sets. As initially constructed the physical apparatus described above was 

automated in the language ASYST using an IBM 80386 computer with limited memory 

capacity Herzog (1997). In order to provide more measurement flexibility, extended provision 

for unattended operation and greater reliability, the measurement system was reimplemented 

in the LabView data acquisition language by the author. The data acquisition software was 

written from scratch although some library routines were employed for communication with 

measurement equipment. The software controlling the stepper motors was closely modelled 

on that written in ASYST by Herzog (1997). 

The slow performance of the original computer necessitated that some of aspects of the 

measurement process be devolved to embedded controllers in the measurement equipment. 
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For example the current source autonomously performed current sweeps. The system 

becomes much more flexible and easy to debug if the central computer performs all the data 

processing. 

 

Figure 3.21 Screen shot of the front control panel of the LABVIEW application written by the 
author. 

The measurement rig is capable of making a resistance or V/I measurement at any point in the 

experimental parameter space: (-8<B<8T),(4.2K<Τ<300K),(–120º<θ<120º) and (0º<φ<90º). 

This allows R(T), R(B), Jc(B), Jc(T), Jc(θ) and Jc (φ) measurements to be made. 

For each datum point required the computer sets the required environmental parameters in 

accordance with scan settings requested by the user.  

Resistance values are measured by a commutating technique. A user specified current is 

applied in the forward and reverse directions and the voltage recorded. In this way any zero 

offset may be eliminated. 

If an IV curve is required the current is then stepped either in predefined increments or in 

increments determined from the last measured IV curve and the number of data points per 

curve desired by the user. During the measurement the current is increased by predetermined 

steps, at each step the voltage is recorded. When the recorded voltage exceeds a user-defined 
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value, usually two or three times the selected voltage criterion, the measurement is terminated 

and the computer continues to the next set of experimental parameters. 

From the curve the critical current is determined by fitting a smoothed polynomial function to 

the measured data points. The value of the current at the voltage criterion may then be easily 

deduced. The use of a smoothing function has the additional advantage that a few ‘rogue’ data 

points do not result in erroneous critical current values being calculated. This is especially 

important when the program is using the last measured value of the critical current to 

determine the  current step to use in the next measurement. 

The use of these safeguards allows a large number, perhaps up to 20, of scans to be 

pre-configured and the apparatus left to perform them. The current status of the measurement 

can be viewed on any remote computer over the web and the entire system can be remotely 

controlled from a workstation with suitable software installed. In addition critical failures can 

be notified to the user via a SMS message to a mobile phone. This final feature was important 

since the apparatus is complex and exhibits many varied failure modes. 

3.5. Conclusion 

The growth of the superconducting thin films used in this thesis and their patterning into 

experimental samples has been described. The availability of films grown on vicinal 

substrates and access to a high resolution two axis probe are almost a absolute prerequisite to 

the study of the angular dependence of critical currents in superconducting thin films. 

Intrinsically the experimental configuration is very flexible, the development of a control 

system in the modular LabVIEW program allows this to be fully exploited and provides 

reliable unattended operation. The flexibility of the system has allowed it to be used 

essentially unmodified in a separate research program on the magnetic field dependent 

behaviour of low angle grain boundaries in YBCO (Hogg, et al. 2001). 
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4. Critical Currents in Vicinal YBCO Films 
The transport critical current density, Jc, in YBa2Cu3O7-δ (YBCO) varies with the 

orientation of the applied magnetic field. This dependence implies that there is a 

variation in the structure and pinning of the flux line lattice (FLL) with 

orientation of the applied magnetic field. The anisotropy of the FLL itself is due to 

the anisotropy and layered structure of YBCO. Most measurements of critical 

current densities in thin films to date have been performed on films where the 

c-axis grows normal to the film surface. With such ‘c-axis’ films, the analysis of 

the magnetic field angle dependence of Jc is complicated. The effects of extrinsic 

contributions to the angular field dependence of Jc, such as the measurement 

geometry and disposition of pinning centres are convoluted with those 

intrinsically due to the anisotropy of the material. As a consequence of this, it is 

difficult to distinguish between proposed FLL structure models on the basis of 

angular critical current density measurements on c-axis films. Films grown on 

mis-cut (vicinal) substrates have a reduced measurement symmetry and thus 

provide a greater insight into the critical current anisotropy. In this chapter 

previous descriptions of the magnetic field angle dependence of Jc in YBCO are 

reviewed. Measurements on YBCO thin films grown on a range of off-axis 

substrates are presented and the results interpreted in terms of the structure and 

dimensionality of the FLL in YBCO. There is strong evidence for a field angle and 

temperature dependent transition in the structure of the flux line lattice. As a 

consequence no one scaling law can, by itself, describe the observed critical 

current anisotropy.Equation Section 4 

4.1. Previous Experimental Measurements 

4.1.1. Background 

Measurements of the resistive transition, in a magnetic field applied at different angles to the 

cuprate planes, provides the simplest means of studying the field angle dependent properties 

of the flux line lattice (FLL) in YBCO. Such measurements indicate a broadening in the 

resistive transition with increasing applied field in both measurements on single crystals (Iye, 

et al. 1988, Palstra, et al. 1989) and thin single crystal films (Iye, et al. 1990). These results 

indicate that the broadening is thermal activation dependent, suggesting that it is due to 
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thermally activated flux creep. As is discussed in Chapter 2, flux creep is closely linked to the 

structure adopted by the FLL. Evidence for anisotropy of the FLL is apparent from the 

increased broadening of the resistive transition with a magnetic field applied parallel to the 

c-axis, as compared to that observed with fields applied parallel to the a-b planes. In 

measurements on YBCO, Iye et al. (1989) found that the anisotropic Ginzburg-Landau (G-L) 

scaling equation (2.38) described the variation of Bc2 with field angle. This provided evidence 

that the FLL in YBCO can be described using anisotropic G-L theory (Section 2.4.1). In 

contrast, measurements on Bi 2Sr2CaCu2O8+x (BSCCO) showed that, in this material, the 

broadening of the resistive transition was exclusively dependent on the c-axis component of 

the magnetic field. (Jc and RT measurements on films of BSCCO grown on mis-cut substrates 

are presented in Chapter 7). There is, therefore, evidence from resistive transition 

measurements that the behaviour of the FLL in YBCO is different from that in BSCCO. 

Initially prepared bulk samples of YBCO were polycrystalline and exhibited fairly low critical 

current densities, Jc. In YBCO grain boundaries can have a severely detrimental effect on Jc. 

Such weak links are one of the main technological challenges to practical conductor 

development. If the intrinsic behaviour of the FLL is to be studied this complication must be 

eliminated, requiring single crystal samples. 

Critical current measurements on single crystals revealed that a Jc of almost 5x1010 Am-2 

could be supported intra-granularly in YBCO (Yeshurun, et al. 1989). The anisotropy 

between the a-b planes and c-axis directions also became apparent in critical current density 

measurements (Dinger, et al. 1987). Samples prepared as thin films deposited on single 

crystal substrates were found to exhibit significantly larger critical current densities than 

single crystal samples (Chaudhari, et al. 1987). This is due to the high density of strong 

pinning sites found in thin films. These strong pinning sites have been shown to be 

predominantly due to dislocations (Dam, et al. 1999, Huijbregtse, et al. 2000). 

Early determinations of Jc in single crystals were made using magnetisation measurements. 

Deducing the vortex structure from such measurements is complicated by the need to find 

both the demagnetising factor for a particular sample and models describing the way flux 

penetrates into and current flows in the sample (Herzog 1997). In contrast, determining the 

resistive transition from transport measurements allows a direct determination of Jc, although, 

as shown in Figure 2.4, a small uncertainty is introduced by flux creep. While transport 

measurements are now made routinely on single crystals, it is difficult to restrict the path 

current takes with respect to the crystal lattice. In contrast, thin films grown on single crystal 

substrates provide a very convenient and controllable experimental system. Additionally, with 
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a thin film sample it is simple to obtain a current path with a cross sectional area sufficiently 

small that the absolute magnitude of the critical current, Ic, is reasonably small. The contacts 

used in the measurements described in this work provided useful results for currents below 

~1 A. 

4.1.2. Angular Measurements on c-axis Thin Films of YBCO 

Given the anisotropy and layered structure in YBCO, Tachiki and Takahashi (1989b) 

considered the effect of the intrinsically layered structure on pinning of the FLL. At t=0, 

where t is the reduced temperature T/Tc, the c-axis coherence length ξc is approximately 0.2 

nm and thus the vortex core in YBCO is smaller than the layer spacing, d, which in YBCO is 

~1.2 nm.  

As YBCO consists of superconducting layers alternating with blocking layers a flux vortex 

parallel to the a-b plane moving in the c-axis direction would experience strong modulation of 

the order parameter. The condensation energy for a vortex localised in the non-

superconducting blocking layers is less than that for a vortex in a CuO2 plane. This gives rise 

to an intrinsic pinning force which acts to pin vortices into the blocking layers. For the case 

where the core size in the c-axis direction, effectively equal to twice the c-axis coherence 

length ξc in a large κ material, becomes equal to d Tachiki and Takahashi predicted that the 

intrinsic pinning effect would disappear. As the temperature rises. the coherence length will 

increase, near Tc ξ(t)/ξ(0)=1/√(1-t). The core diameter (2ξc) becomes equal to the layer 

spacing at about 70 K. 

At temperatures near Tc therefore the intrinsic pinning effect is expected to disappear. 

However the predicted intrinsic pinning peak in the critical current density will not 

necessarily disappear when T > ~70 K and the vortex core extends over more than one layer. 

As has been discussed in section 2.4.3, the core of an Abrikosov vortex parallel to the 

blocking layers is anisotropic. The vortex core is shorter along the c-axis direction than along 

the a-b plane since ξc=εξab (Figure 2.7). Smaller core sizes are associated with stronger 

pinning force densities. The anisotropic Ginzburg-Landau (G-L) model, therefore, also 

predicts that vortices parallel to the a-b planes are more strongly pinned against motion in the 

c-axis direction than the a-b direction. 

Roas et al. (1990) performed measurements of the angular dependence of Jc in YBCO thin 

films. These measurements were made by varying the angle, θ, between the cuprate planes 

and the applied magnetic field. The magnetic field was tilted about an axis parallel to J. As B 

and J are then always perpendicular the magnitude of the Lorentz force density is JB. In this 
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geometry, at constant field, the critical current is proportional to the bulk pinning force 

density Fp. A more detailed discussion of the geometry of measurements on c-axis films is 

given in Chapter 6 of this thesis. 

 

Figure 4.1 Jc (θ, φ=0°) as published by Roas et al. (1990) Note that in these plots θ=0° 
corresponds to a field parallel to the c-axis. 
In the Roas et al. results reproduced in Figure 4.1 two main features can be observed. The 

peaks in the critical current density when the magnetic field is parallel to the cuprate plains 

are unmistakeable. These peaks may be identified with the intrinsic pinning effect suggested 

by Tachiki and Takahashi. An enhancement of Jc is also observed for fields parallel to the c-

axis. Roas et al. attributed this feature to pinning by twin boundaries in the film. Pinning by 

twin boundaries has also been observed in single crystals [Kaiser, 1991 #344]. The 

comparison of the Roas et al. results to any particular angular scaling law is limited by the 

relatively coarse resolution of the measurements. For instance in several plots the peak is 

inferred from a single data point. 

Roas et al. patterned current paths at various orientations in the plane of the film to confirm 

that no in plane anisotropy could be observed. Given that twinning is prevalent in thin films 

the results from any current track would tend to be averaged out over several twins. 

4.1.3. Flux Line Lattice Models in YBCO 

In this section previous Jc(θ) measurements on YBCO are reviewed. Most authors have 

chosen to present their observations as supporting one or other of the models of the FLL 
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discussed in Chapter 2. These models are briefly reviewed in the context of the experimental 

data. 

The ‘Kes Law’ 

Several models have been proposed to relate the observed Jc(θ) anisotropy in YBCO to the 

structure of the FLL. An elegant and simple possible model is the Kes law model. Kes et al. 

(1990) noted that in BSCCO the highly anisotropic layered structure would seem similar to 

the layered two dimensional model considered by Lawrence and Doniach (1970). The Kes 

model states that only the c-axis component of the applied magnetic field affects the critical 

current density, this leads to the following scaling law (if θ=0° is defined as field parallel to 

the a-b planes): 

Jc(B, θ) = Jc(Bsinθ, θ=90°)    (4.1) 

The material is effectively ‘magnetically transparent’ for fields applied parallel to the a-b 

planes. This model was developed for and has been found to well describe the behaviour in 

BSCCO. Jc(θ) behaviour in BSCCO is discussed in Chapter 7.  

Clem (1991) extended this model and predicted that in BSCCO the flux lines consist of stacks 

of two-dimensional vortices localised inside the a-b planes. Each vortex element has 

screening currents flowing round it in the a-b plane, these vortex elements are termed pancake 

vortices. The pancake vortices are, in a highly anisotropic material, magnetically attracted to 

those in the cuprate planes above and below and so line up to produce stacks. In less 

anisotropic materials the pancake vortices are also coupled by Josephson string vortices 

(Clem 1998) and may form tilted stacks. 

Jakob, et al. (1993) reported that the Kes scaling law fitted results well for both BSCCO and 

YBCO. A study of the results shown in Figure 4.2 indicate that this ‘fit’ is markedly better for 

BSCCO than YBCO at t~0.8. Jakob, et al. attributed the breakdown in the scaling law to the 

reduced intrinsic pinning at higher temperatures. The peak at θ=0° in the two dimensional 

model is not, however, due to intrinsic pinning, it is due to the zero vortex pancake density at 

that angle in any applied field. If field applied parallel to the cuprate planes interacts with the 

supercurrent, the material is no longer ‘magnetically transparent’ for fields parallel to the a-b 

planes. 
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Figure 4.2 Fit to the Kes scaling law observed by Jakob et al. (1993) on BSCCO (left) and 
YBCO (right). Setup 1 corresponds to φ=0º and Setup 2 to φ=90º. 

The Kes model requires that any field directed along the a-b planes and any rotation of the 

field in plane at constant θ has no effect on Jc. This is not observed to be the case in YBCO 

(Ravi Kumar, et al. 1994, Herzog 1997).  

Nonetheless at low temperatures the Kes law can appear to give a reasonable fit to the data. A 

temperature dependent cross-over from a two-dimensional model to a three dimensional 

Ginzburg-Landau model has been proposed to explain this (Schalk, et al. 1992, Schalk, et al. 

1993, Hosseinali, et al. 1994). 

While YBCO is indeed anisotropic, experimental evidence simply does not support modelling 

it as a purely two dimensional superconductor. The unmodified Kes scaling law does not 

successfully describe the behaviour of the FLL in YBCO. 

The Tachiki and Takahashi model 

Tachiki and Takahashi (1989a, 1993) developed their theory of intrinsic pinning into a kinked 

vortex model. In this model the flux lines consist of elements parallel and perpendicular to the 

cuprate planes.  
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Figure 4.3 A tilted flux line according to the Tachiki and Takahashi model 

The forces on the two different components of the vortex line (parallel to and perpendicular to 

the planes) are treated separately. The in plane segments are strongly intrinsically pinned 

while other pinning mechanisms pin the plane crossing elements. They predicted the 

following angular dependence for Jc. 
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Several authors reported broad agreement with this model, for example (Nishizaki, et al. 

1991a, Nishizaki, et al. 1991b, Aomine, et al. 1994) . However no authors observed the 

predicted lock-in plateau. 

Anisotropic G-L model 

As has been discussed in the previous section the anisotropic G-L theory may also account for 

the intrinsic pinning peak. Blatter (1992) developed the following general scaling law, 

discussed in Chapter 2: 

ε θ ε θ θθ
2 2 2 2( ) cos sin= +     (2.37) 

which may be applied to the angular dependence of Jc. This gives the following dependence 

for the angular field dependence of Jc. 

Jc(B,θ)= Jc(εθB,θ=90°)    (4.3) 

This of course assumes that the vortex pinning force density has no angular dependence. A 

vortex core which extends over several layers may still be subject to a small intrinsic pinning 

potential in addition to the change in the pinning potential due to the changing anisotropy of 

the core. This may lead to larger pinning forces, and thus a larger value of Jc, at θ=0° than that 

predicted by Equation (4.3). 
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Discussion 

On the basis of extensive measurements of the magnetic field angle dependence of Jc Herzog 

(1997) compared the predications of the Kes law model and the G-L model. Herzog found 

that the anisotropic G-L model provided a poor fit to the observed data especially close to 

θ=0°. He concluded that the Kes model provided the best fit to the data he obtained. 

Nonetheless significant deviations from the predictions of this model were observed which 

Herzog attributed to coupling between the pancakes by Josephson string vortices rather than 

simple magnetic attraction. Pancake coupling in less anisotropic materials has been 

considered by Clem (1998). As such a structure is not purely 2D, the Kes law will not apply 

and the Josephson string vortices can interact with the supercurrent. This lattice of kinked 

vortex lines is however clearly distinct from a lattice of rectilinear Abrikosov vortices. 

As has been described in Section 2.4.4 a model combining the kinked lattice model and the 

G-L model has been proposed (Berghuis, et al. 1997, Blatter, et al. 1994, pg. 1286). This 

cross-over model explicitly takes into account the fact that in YBCO the c-axis coherence 

length is of the order of the interlayer spacing for a relatively wide range of temperatures. 

Additionally, this model considers that the effect of the layered structure is less significant for 

a vortex parallel to the c-axis that for one close to the a-b planes.  

Broadly, therefore, the cross-over model predicts the anisotropic G-L model will apply for 

large values of θ. When the applied field is close to parallel to the a-b planes the flux line will 

become similar to the kinked model of Takahashi and Takishi. The flux line elements, 

however, are different depending on their orientation. Clem pancake vortices occupy the 

superconducting layers whilst Josephson vortices lie along the blocking layers. Two critical 

angles are introduced, θ1 and θ2 which are defined in Equations 2.40 and 2.41. It is predicted 

that below θ1 the flux lines are distorted and below θ2 the lines are kinked.  

It is clear from previously published literature and the extensive measurements in Herzog 

(1997) that neither the anisotropic G-L model, the Kes model or the kinked vortex model 

successfully describes the angular dependence of Jc at all temperatures. The cross-over model 

may be able to reconcile the sometimes conflicting evidence available, although at the 

expense of relinquishing the search for a simple angular scaling law for critical current 

behaviour. It remains, however, the case that the main difficulty with distinguishing between 

these models on the basis of Jc(θ) measurements is that all the models predict a peak in Jc near 

θ=0°. This is reflected in the range of opinions in the published literature. Clearly an ideal 
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experiment would show a clear signature of one model or another. Measurements on films 

grown on off-axis substrates are one way that this may be achieved. 

4.1.4. Angular Measurements on Vicinal Films 

The definitions of the magnetic field tilt, θ, and rotation, φ, angles in the measurements on 

YBCO films grown on vicinal substrates are given in Figure 4.4. Here, these angles are 

defined with respect to the cuprate planes and the direction of the miscut. The angle θ is that 

between the applied field and the superconducting planes whilst the angle φ denotes rotation 

of the field about the c-axis. The angle θ=0° corresponds to field applied parallel to the 

cuprate planes and θ=90° to field perpendicular to the planes. At φ=0° as θ varies field is 

swept in the direction of the tilt whereas φ=90° corresponds to field swept perpendicular to 

the tilt direction. These angles are shown in Figure 4.4.  

c-axis, θ=90° 

θ=0°, φ=0° θ=0°, φ=90° 
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Figure 4.4  On the left is shown the geometry of a measurement on a vicinal film. The right 
hand diagram is a pole figure showing the definitions of θv, θ and φ and the direction of 
current flow in T and L tracks. Also shown are the vectors, n, normal to the surface of the 
film and the c-axis direction. 

In the case of a vicinal film the direction in which the current track is patterned becomes 

significant as the film no longer exhibits in-plane isotropy. Following the convention 

introduced by Haage, et al. (1997) tracks cut parallel to the vicinal steps are labelled L and 

those crossing the vicinal steps are labelled T. Higher critical currents and smaller normal 

state resistivities are observed in the L direction compared to the T direction where the 

current must cross between a-b planes (Haage, et al. 1997, Mechin, et al. 1998). A cross 

section of a T track is shown in Figure 4.5. 
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Figure 4.5 Cross-section of a T track showing the orientation of the vicinal steps. The green 
and blue lines indicate the orientation of the applied field at (θ=0°, φ=0°) and (θ=0°, φ=90°) 
respectively. 

Measurements of the angular dependence of Jc in films grown on vicinal substrates have been 

performed by Berghuis et al. (1997). In these measurements, carried out on films grown on a 

6° mis-cut substrate, a pronounced minimum is observed in Jc when the applied field is 

applied parallel to the a-b planes. This is shown below in Figure 4.6. 

 

Figure 4.6 Berghuis et al. (1997) vicinal film Jc(θ) results for a current flowing in a T track 
on a YBCO film grown on a 6° mis-cut substrate. The peak at –θv is associated with the force 
free geometry (J||B), the minimum at θ=0° is where the applied field is parallel to the a-b 
planes. 

The measurements shown in Figure 4.6 were carried out with φ=0°. The minimum appears when 

θ=0°, that is when the applied field is parallel to the cuprate planes. At this angle, there is a 

force directed along the a-b planes on the vortex strings, as shown in Figure 4.7. 
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Figure 4.7 A vortex string at θ=0° φ=0°. There is a Lorentz force on the string directed into 

the page of magnitude jφ0 sinθv. The dotted lines represent the orientation of the a-b planes. 

The φ=90° geometry is shown in Figure 4.9 

Any intrinsic pinning will tend to restrict flux lines to one blocking layer, but will not prevent 

them moving through the layer. The results therefore provide evidence of intrinsic flux 

channelling. In a c-axis film a Lorentz force is never directed inside the a-b planes, whatever 

the direction of the applied field. 

Berghuis interpreted this sharp variation in the vortex pinning force density results in terms of 

the cross-over into the string/pancake regime described by Blatter et al. (1994). In optimally 

oxygenated YBCO for θ<11° the FLL is expected to change from consisting of elliptically 

cored Abrikosov vortices to consisting of kinked string/pancake vortex elements. At the 

lock-in angle, θ=0°, the flux pancakes disappear and a minimum in Jc is observed. This 

observation would tend to suggest that the pinning force per unit length on flux string 

elements is less than that on the pancake elements. This interpretation is supported by the 

observation that the vortex channelling minimum disappears at temperatures above that, Tcr, at 

which it is suggested that the anisotropic Abrikosov lattice persists at all angles of the applied 

magnetic field. This interpretation is supported by the data shown in Figure 4.8 as it can be 

seen that the characteristic channelling effect disappears with increasing temperature. 

As discussed in Chapter 2, the transition to the string pancake lattice is not sharply defined, 

Blatter et al., predicted that for θ2 > θ > θ1 the flux lines will be distorted rather than 

rectilinear or kinked. Unlike θ2 the value of θ1 is temperature dependent. In YBCO, at t=0, 

θ1=35°. 
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Figure 4.8 Data obtained by Berghuis et al. (1997) showing the temperature dependence of 
the channelling effect. The critical current data has been scaled so that njc=Jc/Jc(90°). From 
bottom to top, Jc(θ) behaviour is shown at 25 K, 40 K, 60 K and 76 K. 

Berghuis noted that in the kinked vortex model the force on the individual vortex elements 

(strings and pancakes) must be separately considered. By writing an equation for the force 

balance on an individual vortex line† which is entirely composed of string elements Berghuis 

was able to extract a value for the string pinning force per unit length on a string.  

, 0 sinp str cφ α=f j      (4.4) 

Here jc is the critical current density, fp,str is the pinning force on the vortex string, φ0 is the 

flux quantum and α is the angle between the vortex string and the current. In this case the flux 

line is only entirely string like when α=θv.  

If the strong pinning assumption is valid then the pinning force density is given by 

Fp,str=nvfp,str (where nv is the number density of vortices per unit area). From the definition of 

B we know that B=nvφ0. The bulk equivalent of Equation (4.4) may then be written: 

Fp,str=JcBsinα      (4.5) 

                                                 
† This requires the assumption that the pinning is strong so that writing a force balance 

equation for an individual vortex line is meaningful. Hence the use of jc to represent the local 

critical current density. To estimate fp,str from transport measurements the assumption that 

jc=Jc must be made. 
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The results published by Berghuis et al. (1997) only consider Jc(θ) measurements made at 

θ=0°. Berghuis also noted, in unpublished results, that it is possible to observe a channelling 

dip in φ=90° measurements. In this geometry the field is always perpendicular to the strings. 

The total Lorentz force density on the strings is therefore JcB. However, this force can be 

resolved into two components, one strongly pinned by intrinsic pinning and the other directed 

along the a-b planes, this is depicted in Figure 4.9. This component is opposed by the string 

pinning force, if the intrinsic pinning is strong the vortex strings will be channelled. In this 

case the string pinning force density would in principle also be given by Equation (4.5). 
 

 j 

fstr=jφφφφ0sinθθθθv 
fintrinsic=jφφφφ0cosθθθθv 

 

Figure 4.9 Lorentz force components on a vortex string at θ=0°, φ=90°. 

Measurements on vicinal films also allow surface pinning to be distinguished from intrinsic 

pinning (Berghuis, et al. 1996). No vortex channelling is observed in measurements on L cut 

tracks, since at no point is there a resolved component of the Lorentz force pushing the vortex 

strings along the a-b planes. However, the position of the intrinsic pinning peak would be 

expected to be shifted by θv from that observed in c-axis films. The position at which lock-in 

occurs is then no longer the same as the angle at which the applied field is parallel to the film 

surface. This allows surface pinning to be distinguished from intrinsic pinning, surface 

pinning can be identified as a shift in the expected intrinsic pinning peak. Berghuis et al. 

(1996) observed that surface pinning was significant only at low fields and high temperatures 

(B < 0.25 T for T > 50K). Outside this regime it is reasonable to assume that the θ 

dependence of Jc is indeed a bulk effect. 

4.1.5. Anti-phase Boundaries in Films Grown on Vicinal Substrates 

By careful preparation of the substrate surface it has been demonstrated that YBCO films may 

be grown on miscut substrates with a large number of anti-phase boundaries present in the 

crystal structure (Haage, et al. 1997, Habermeier, et al. 1998). Anti-phase and stacking faults 

are shown in Figure 4.10.  
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Figure 4.10 Schematic diagram of stacking faults (SF) and anti-phase boundaries (APB) in 
YBCO grown on a 9.46° miscut SrTiO3 substrate. From Jooss, et al. (2000). 
This is achieved by careful annealing of the substrates. The effect is particularly marked for 

substrates miscut at 9.46° when one unit cell of YBCO corresponds to three steps on the 

substrate surface. The presence of APBs (Jooss, et al. 2000) in the film results in a dramatic 

enhancement in Jc. The critical current in the c-axis crossing T direction in such films is 

similar to that seen in plane in the best quality c-axis orientated films (Haage, et al. 1997, 

Jooss, et al. 1999). 

By the deposition of an iron-garnet film on an YBCO film it is possible to optically measure, 

using the Faraday effect, the magnitude and distribution of critical currents flowing in a thin 

film of YBCO (Jooss, et al. 1998). Jooss et al. (1999, 2000) have used this Magneto-Optical 

(MO) technique to extensively study the penetration of flux into films grown on vicinal 

substrates with high densities of APBs. Jooss et al. have observed a characteristic filamentary 

penetration of flux into the film along the APBs. Such a characteristic filamentary flux 

penetration is shown in Figure 4.11 for a film grown on a 37.5° mis-cut annealed substrate 

supplied to me by Peter Czerwinka of the University of Nottingham. This film was grown 

using the same technique as that employed by Habermeier et al. 
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Figure 4.11 Filamentary flux penetration in a film of YBCO grown on a 37.5° mis-cut 
substrate in an 8 mT field (Jooss 2000). Dark areas correspond to the Meissner phase and 
light areas to the areas where flux has penetrated. 

The 37.5° off-axis film, when studied by the author, did not show any vicinal channelling 

effect in Jc(θ) measurements, this is shown in Figure 4.12. As this sample was grown using a 

similar annealing process as the films studied by Jooss it is very likely that the APBs 

introduced by the substrate annealing step act to strongly pin flux vortices thus suppressing 

the vortex channelling effect. Interestingly, the force-free peak, expected at θ=37.5°, cannot 

be seen in this data suggesting that the enhancement in Jc caused by the APBs is larger than 

that found in the force-free geometry. 
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Figure 4.12 Jc(θ) measurements performed on a T track cut on a 37.5° vicinal film. The data 
was obtained in a field of 1 T in the φ=0° geometry. In a vicinal film with no anti-phase 
boundaries present, a minimum is expected at θ=0°. 
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4.2. Sample and Measurement Details 

4.2.1. Sample Sources and Characterisation 

The measurements described in this thesis were performed on on-axis laser ablated YBCO 

films prepared by Dr G. Gibson. The films were grown on substrates 12 mm x 3 mm supplied 

by Crystal G.M.B.H. The alignment and phase purity of the films was confirmed by both 

rocking curve and pole figure X-Ray measurements. No c-axis growth was detectable in any 

of the films apart from those grown on the most vicinal, 20°, substrates. As is discussed in 

Chapter 2 the films did exhibit characteristic pin holes visible in AFM images. 

The critical importance of the absence of anti-phase boundaries in observing vortex 

channelling has already been discussed. Although APBs can be imaged using high resolution 

electron microscopy (HREM) this method gives a snapshot of one particular area of a film. In 

order to look for APBs one film from the batch, sample Z324B grown on a 6° vicinal 

substrate was imaged magneto-optically by Dr Ch. Jooss of the University of Göttingen. 

 

Figure 4.13 6° MO image prepared by Dr Ch. Jooss of the University of Gottingen. The local 
values of j has been determined using the inverse Biot-Savart law (Jooss, et al. 1998). The 
results shown are with an applied field of 32 mT (Zero field cooled) at 4.2 K.  

The MO images of this film show none of the filamentary flux penetration characteristic of 

APB. It is also possible to see the anisotropy in the critical current density between the L 
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direction (across the page) and the T direction (down the page). The current flow penetrates 

further onto the film when flowing in the ‘difficult’ T direction. Also noticeable is anisotropy 

between current flowing in the upper and lower half of the film. This has been attributed 

(Jooss 2000) to interaction between the applied field and the tilt of the cuprate planes. 

4.2.2. Processing 

The films were patterned using the CAM 24 mask described in Chapter 3. Each film had, 

therefore, 3 T and 3 L tracks, each 100 µm long and 10 µm wide. The thickness of the films, 

which were patterned by ion milling, was measured by wet etching a step which was then 

measured using an AFM. Due to the unavailability of the ion milling apparatus one film, 

Z324A was wet etched rather than ion milled. This results in a less well defined track edge, 

however, comparisons between data obtained from different tracks on the same film should 

still be valid. The Tc values of the films were measured and found to be in the range 88K-90K. 

This is, as is discussed in Chapter 3, slightly lower than that seen in the best quality c-axis 

oriented films. 

4.2.3. FIB Milling 

In order to look for any possible effect of the track width on the channelling minimum one 

sample, Z324A a film grown on a 6° mis-cut substrate was focussed ion beam (FIB) milled. 

One T track was thinned from 10 µm to nominally 2 µm using the FIB. The FIB process, in 

which material is ablated using accelerated gallium ions has the disadvantage that gallium 

implantation extends some distance from the cut creating a wider region in which 

superconductivity is suppressed. Additionally during imaging gallium ions contaminate the 

entire surface of the track being examined. This gallium contamination can depress Tc and 

affect the electrical properties of the superconductor, as shown in Figure 4.14. 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

71 

-50

0

50

100

150

200

80 85 90 95 100

R
 (

Ω
)

Temperature (K)  

Figure 4.14 Characteristic ‘foot’ developed in an RT transition after FIB milling.  

To minimise the consequences of this imaging of the track as kept to the minimum required to 

accurately focus the beam, position the cut and produce one image of the cut after milling.  

 

Figure 4.15 Image of a current track showing the FIB cuts used to narrow the track. 

4.3. Jc(θθθθ) Measurements 

4.3.1. Introduction 

Berghuis et al. (1997) recorded the Jc(θ) behaviour on a vicinal film grown on a 6° substrate. 

The results presented in that paper are only from measurements made in the φ=0° geometry. 

The aim of this thesis was to extend these measurements over a range of samples in order to 

confirm them and allow further deductions about the angular dependence of the FLL to be 

made. Initial measurements were therefore aimed at confirming the channelling effect in 

samples with different miscut angles. During the course of this thesis it was, unfortunately, 
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not possible to obtain further supplies of films grown by a sputtering process. The films 

measured in this Chapter were prepared by PLD. It is unfortunate that no systematic 

comparison of vicinal films grown by these two methods was possible given the intimate link 

between film microstructure and critical current properties (Dam, et al. 1999). 

Figure 4.16 shows the channelling minima for 2°, 4°, 10° and 20° vicinal films at 1 T and 

40 K. In this data, as the field has been swept at φ=0°, the prominent peak observed in the 

data is coincident with the force-free geometry. 
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Figure 4.16 Clockwise from top left, the channelling minima at φ=0 observed in J c(θ) 
data recorded from 2°, 4°, 20° and 10° films. 

From the results available it is possible to observe that these PLD films show the same 

channelling behaviour as the earlier, sputtered films. This would tend to suggest that, as is 

indicated by the MO result shown in Figure 4.13, these PLD films did not contain a high 

density of APBs. Qualitatively it is possible to observe that the channelling minimum deepens 

with increasing vicinal angle. Using Equation (4.4) the pinning force per unit length opposing 

the movement of the vortex strings may be calculated for each case, this is shown in Table 

4.1. Ideally this value should not change between films of differing vicinality that are 

otherwise identical. 
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The determination of Ic is subject to very small experimental errors, any experimental noise is 

rapidly evident in the plots obtained due to the large number of data points acquired. Most of 

the uncertainty in determining Jc is due to uncertainty in calculating the cross sectional areas 

of the track. The track width is accurate to +/- 0.5 µm and the thickness to +/- 10 nm. The 

uncertainty in the thickness is large because there is evidence that the vicinal films studied 

have a thin non superconducting layer between the substrate and the superconductor. This is 

evidenced by the fact that very thin films are not superconducting. The dimensions of the 

tracks measured in this section were 200 nm x 10 µm so the errors amount to some 5%. 

Although this error is large, it is systematic and need only be taken into account when 

comparing values of Jc between samples. 

Miscut Angle Pinning force per unit length(10-6 Nm-1) 

20° 3.8 

10° 10                       (+/- 5%) 

4° 4.9 

2° 7.0 

Table 4.1 Pinning forces per unit length opposing movement of vortex strings in the cuprate 
planes. 

This value is similar to that obtained from the Berghuis data, at 40K fp,str~8 x 106 (+/- 5%) 

Nm-1. It is also worth noting that a similar value is deduced from string dragging 

measurements in Chapter 6. The variation in values of the pinning force, given these values 

were recorded at the same fields and temperatures are probably due to physical variations 

between the films. 

As the substrate miscut angle increases, if all other factors remain constant, the critical current 

density on a T track would be expected to tend towards that observed for currents flowing 

along the c-axis. A 90° vicinal film is an a-axis oriented film, such films are observed to 

exhibit critical currents in T tracks considerably smaller than those observed in c-axis films 

Herzog (1997). The critical current with a 1 T field applied at θ=90° is shown in the figure 

below for these films. For comparison data from the 6° vicinal films measured by Berghuis, et 

al. (1997), and the c-axis oriented film (equivalent to a vicinal film with θv=0°) described in 

Chapter 6 are included. 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

74 

0

2 1010

4 1010

6 1010

8 1010

1 1011

1.2 1011

0 5 10 15 20 25

J c  (
B

 a
pp

lie
d 

|| 
c)

Substrate miscut angle
 

Figure 4.17 Plot of the variation of critical current density in a T track (1 T field parallel to 
c-axis, 40 K) against the miscut angle of the substrate on which the film was grown. 

While this data shows the general trend of decreasing critical current with increasing vicinal 

angle there is considerable variation between samples. Enough samples and experimental time 

were not available to make a systematic study of the relationship between the growth 

conditions and the absolute critical current values of the films. Both the data in Figure 4.17 

and Table 4.1 would tend to suggest that there is some variation in the microstructure of the 

different films measured. Caution must therefore be exercised in making quantitative 

comparisons between the absolute values of Jc in different films.  

Relating the microstructure of a film to the pinning and critical current behaviour observed in 

measurements on it is a difficult problem. Dam, et al. (1999) have been able to clearly 

demonstrate that the predominate source of pinning in c-axis films is due to growth induced 

dislocations. As the growth observed in vicinal films is different, step flow rather than spiral, 

the nature of the pinning centres in vicinal films remains an open question. It is clear however 

that introducing APBs has the potential to greatly increase Jc.  

4.3.2. 2° Vicinal Film 

A two degree vicinal film would be expected to show a less striking vortex channelling effect 

than a 6° vicinal film since, from equation (4.5), the force density on the vortex strings is 

JcBsinθv. Indeed, the behaviour might be expected to tend towards that observed in c-axis 

films which appear to exhibit no vicinal channelling effect. 
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Jc(θθθθ) at Varying Temperatures 
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Figure 4.18 Jc(θ) behaviour measured on a T track in sample Z336B. The left plot shows 
behaviour at B=1 T and φ=0°, the right plot behaviour at B=1 T and φ=90°. 

From the variation with temperature of Jc(θ) measurements shown in Figure 4.18 it is possible 

to make several observations. In the measurements at φ=0°, as with the data recorded by 

Berghuis, the channelling dip is suppressed at higher temperatures. This is consistent with the 

idea of a temperature dependent cross-over from a kinked lattice to a rectilinear lattice. There 

is no channelling dip visible in the φ=90° data. At φ=90° the field is aligned with the cuprate 

planes at θ=0° and a channelling effect has been observed in more vicinal films. It is possible 

however that the dip would appear at lower temperatures than those recorded. 

Figure 4.19 shows the Jc(θ) data for various temperatures scaled for comparison. In each case 

njc=Jc(θ)/Jc(90°). 
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Figure 4.19 Jc(θ) behaviour measured on a T track in sample Z336B. The left plot shows 
behaviour at B=1 T and φ=0°, the right plot behaviour at B=1 T and φ=90°, the data is 
scaled so that njc=Jc(θ)/Jc(90°). 

Taking the φ=0° data we can see that the 80 K data exhibits a large peak at θ=2°. This peak 

corresponds to the force free orientation since at θ=2° the applied field is parallel to the 
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current. As the temperature is reduced a minimum developed at θ=0°. This minimum which 

corresponds to vortex channelling is not sharp but extends a distance either side of θ=0°. If 

the simple assumption is made that in the absence of the cross-over to the kinked lattice the 

lower temperature plots would approach the T=80 K data, it is possible to quantify the effect 

of the 2D-3D cross-over. 

Unfortunately in the φ=90° case the T=80 K data exhibited too much noise to make a clear 

comparison. Interestingly though while there is a clear temperature dependence of the critical 

current at larger values of θ the variation at θ=0° is much smaller. There is also evidence for 

enhanced pinning at θ=-90°, this could well be due to pinning by twin boundaries. 
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Figure 4.20 Jc(θ) behaviour measured at B=2 T and φ=0° on an L track in sample Z336A. 
The right hand plot shows the same data scaled so that njc=Jc(θ)/Jc(90º). Visible, at left, is the 
shift in the Jc(θ) peak caused by surface pinning. 

Data recorded on an L track shows no evidence of channelling, as would be expected since 

there is never a component of the Lorentz force on strings acting along the a-b planes. There 

is however evidence of surface pinning. Here the field is swept perpendicularly to the current, 

the peaks would therefore be expected to occur at θ=0º and 180º (field parallel to planes). Any 

surface pinning effect would introduce extra pinning at a 2º displacement, which is observed 

in the shift of the θ=180° peak in Figure 4.20. 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

77 

Jc(θθθθ) at Varying Fields 
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Figure 4.21 Jc(θ) data recorded on a T track on sample Z336B at 50 K and φ=0°. 

In Figure 4.21 and Figure 4.22 the evolution of the channelling minimum with field may be 

seen in a T track. At 50 K the dip can be seen to develop fully at higher fields. Even where no 

minimum is apparent the force pinning peak is clearly altered becoming asymmetric due to the 

depression of the critical current on one side of the peak. 
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Figure 4.22 Jc(θ) data recorded in a T track on sample Z336B at 70 K. The left plot shows 
data for φ=0°, the right for φ=90°. 

At higher temperatures, it can be seen that the effect of vicinal channelling is apparent at 

φ=0°, but not at φ=90°. The difference between the θ=0° and θ=180° peaks is interesting, the 

peaks are of different heights, yet surface pinning would tend to introduce a shift in the peak 

position. 
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Figure 4.23 Jc(θ) data recorded in a L track on sample Z336A at 70K in the φ=0° geometry 
(left) and the φ=90° geometry (right).  

Figure 4.23 shows data recorded on a L track for comparison. In both cases Jc peaks when the 

field is parallel to the a-b planes. At φ=0° the peaks are again at the intrinsic pinning 

geometry and the peak at φ=90° is in the force free geometry. 

4.3.3. 4° Film 

Jc(θθθθ) at Varying Temperatures 
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Figure 4.24 Jc(θ) data recorded on a T track in sample Z335A. The left plot shows data 
recorded at φ=0º, the right plot data recorded at φ=90°. 

Jc(θ) measurements on a film grown on a 4° vicinal substrate show a more noticeable vortex 

channelling effect than those on the 2°film. This is as expected since for any given string 

pinning force a 4° film will exhibit a smaller Jc than a 2° film. Figure 4.25 shows these results 

replotted as before. 
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Figure 4.25 Jc(θ) plots recorded in sample Z335A (4° vicinal) on a T track at 1 T replotted as 
a proportion of the value of Jc at θ=90°. The left hand results were recorded with φ=0°, the 
right with φ=90°. 

In contrast to the 2° results the channelling in the φ=90º geometry is noticeable at 40K and 

below. At φ=0° and φ=90° the channelling minimum suppresses the force free and intrinsic 

pinning peaks respectively. Again, considering the rescaled data at φ=0° the effect of the 

cross-over extends further than the channelling minimum itself leading to a distinctly 

anisotropic peak. 

Jc(θθθθ) at Varying Fields 
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Figure 4.26 Jc(θ) measurements performed on a T track at 60K in sample Z335A (4° vicinal). 
The left hand data was recorded with φ=0° that on the right was recorded with φ=90° 

No particularly striking variation in the Jc(θ) behaviour with field is apparent in Figure 4.26. 

There is no channelling minimum visible at φ=90° over a wide range of applied fields. 
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4.3.4. 10° Film 
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Figure 4.27 Jc(θ) data recorded on sample Z333A (10° vicinal) in a T track. The left hand 
plot shows data recorded at φ=0º, the right hand plot data recorded at φ=90º. 

Again, as the vicinal angle increases, the temperature at which channelling becomes 

noticeable also increases in the φ=90° geometry. 
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Figure 4.28 Jc(θ) data recorded on sample Z333A (10° vicinal) in a T track. The left hand 
plot shows data recorded at φ=0º, the right hand plot data recorded at φ=90º. The plots are 
rescaled with njc=Jc(θ)/Jc(90°) 

4.4. Jc(φφφφ) Measurements 

If the applied magnetic field is rotated in φ at a constant value of θ the vortex structure will 

remain constant. Only the direction of the Lorentz forces on the flux elements will change. By 

taking Jc(θ) at the pinning peak for varying values of φ it is possible to examine how changing 

the Lorentz force direction affects the critical current density. The ‘force-free’ contribution to 

the enhancement of the critical current must also be considered when calculating the pinning 

forces, however at θ=0° it has been predicted that the pinning forces are the same in both the 
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φ=0° and φ=90° geometries. Jc(θ) sweeps at varying φ were therefore performed on a 10°, 4° 

and a 2° vicinal film. These results are shown in the following Figures. 
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Figure 4.29 Jc(θ) data recorded at 1 T and 40K on sample Z334A (10° vicinal film) as the 
value of φ is swept. 

In Figure 4.29 it can be seen that at f=0° the prominent force free peak is present at about 

θ=10°. The shift of the peak is probably due to the combination of the reduction in the 

Lorentz force, due to the force free geometry, and a reduction in the pinning force density in 

the string-pancake regime. Examining θ=0° it is possible to observe that the critical current 

density is larger in the φ=90° geometry than the φ=0° geometry. The same observations may 

be made from the data from a 4° vicinal film shown in Figure 4.30. 
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Figure 4.30 Jc(θ) data recorded at 40 K and 1T on sample Z335A (4º vicinal film). 
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Figure 4.31 Jc(θ) data recorded at 50 K and 2 T on sample Z336B (2º vicinal film). 

In the data from a 2° film shown in Figure 4.31 the channelling minimum is only visible in the 

φ=0° geometry and it is shifted slightly from θ=0°. 

To quantify the effect of changing φ, the ratio Jc(0°)/Jc(90°) (rφ) has been plotted for the three 

films. This is shown in Figure 4.32. 
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Figure 4.32 Value of the ratio rφ=Jc(0°)/Jc(90°) plotted near the channelling minimum for 
measurements on a T track at 40 K and 1 T in a 2°, 4° and a 10° vicinal film. (The 2° data 
was recorded at 2 T and 50 K) 

In the 2° results the force free peak and the channelling minimum are very close together which 

may explain the shift and suppression of the channelling minimum. In the 4° and 10° films, 

however, the critical current density at θ=0° is larger in the φ=90° orientation than in the φ=0° 

orientation. The force directed along the a-b plane is expected to be given by Equation (4.5) in 

both cases. The enhancement of Jc at φ=90° could be due to the force on the vortex strings in 
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the c-axis direction depicted in Figure 4.9. The intrinsic pinning force may, in some way, 

enhance the pinning of the flux lines against movement inside the a-b planes. 

At φ=90° the vortex strings cross the entire width of the track, perhaps providing more scope 

for pancakes to be introduced due to interactions with crystallographic defects. As the string 

pinning force is much weaker than the pancake pinning force, only a small number of defects 

could have a large effect. 

4.5. Jc(B) Measurements 

The variation of the critical current with φ at θ=0º noted in the previous section is interesting 

given that calculations of the Lorentz force on the strings would suggest that the two 

orientations should exhibit the same critical current values. Moreover the 2° vicinal film 

shows a different behaviour, at θ=0° the φ=0° value is larger than the φ=90° value. This is in 

contrast to the clear relationship shown for the 4° and 10° vicinal sample. To further 

investigate this discrepancy the variation of critical current with field was measured on a 2º 

vicinal film, this is shown in Figure 4.33. 
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Figure 4.33 Variation of critical current with applied field at θ=0º with the applied field 
rotated in φ. Open symbols correspond to φ=90º, closed symbols to φ=0º. 
The effective component of the Lorentz force is the same whether the strings are orientated at 

φ=0º or φ=90°. In the former case the volume pinning force on the strings is simply JcBsinθv. 

As has been discussed in Section 4.1.4 at φ=90° the component acting inside the a-b plane is 

also given by this expression.  

If, as before, we define a ratio rφ where rφ(θ)=Jc(θ,φ=0°)/Jc(θ,φ=90°) it is possible to plot the 

field dependence of the effect of rotating the vortex strings in plane at the lock-in angle, θ=0°. 
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Figure 4.34 Ratio of the φ=90° channelling minimum to the φ=0° minimum at various fields and 
temperatures, measured at θ=0° in a T track on sample Z336B (2° vicinal). 

From this plot we see that in the case of the 2° vicinal film there is a greater anisotropy at 

80K, where the lattice is rectilinear than at 50K where the lattice is expected to have kinked. 

This may be due to the fact that 80K it is a anisotropically cored vortex that is pinned, the 

pinning forces will differ depending on the direction of the Lorentz force, this is discussed in 

greater detail in Chapter 6. In contrast at 50K and θ=0° it is expected that the forces on the 

vortex strings in the channelling direction are identical. 

4.6. FIB Investigation of Track Width Effect 
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Figure 4.35 Plots of the intrinsic (φ=90°) channelling minimum in an as prepared 10µm wide 
track and a track thinned to ~2µm using an FIB. 

The absolute value of the critical current in this measurement is not reliable. This is due to 

uncertainty in the width of the gallium damage caused in the FIB beam. 
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The width of the minimum is unchanged. This suggests that the width of the channelling 

minimum is not defined by the geometry of the sample but is rather due to an intrinsic effect. 

The fact that the string must lock into shorter planes in the altered track does not seem to have 

resulted in a noticeable widening of the channelling minimum. 

However we can compare the depth of the channelling minimum with the shoulder of the peak. 

The minimum, as a fraction of the Jc at the shoulder, is 0.77 for the FIB milled track and 0.85 

for the unaltered track. This decrease in Jc with shortening of the vortex strings is consistent 

with the variation in Jc with φ discussed in Section 4.4. To draw systematic conclusions about 

the relationship between the track width and the Jc(θ) behaviour would require measurements 

on a number of samples of varying vicinality. 

4.7. Discussion 

Taken as a whole the measurements presented in this chapter confirm the observation of 

vortex channelling by Berghuis et al. as a general property of YBCO films grown on mis-cut 

substrates rather than a curiosity particular to a single thin film sample. It appears clear that 

the effect should be easily observable in any vicinal film, in the φ=0°, geometry at 

measurements made below 80K. Many angular scaling measurements in YBCO however are 

made in the φ=90° geometry in order to avoid complications introduced by the force-free 

geometry. The results presented here show that in this geometry the channelling minimum is 

noticeable only at lower <50 K temperatures and in films with a higher mis-cut angle. This 

may account for the fact that the vortex channelling effect was not observed earlier. A 

variation in the string vortex pinning force opposing the channelling of strings in the a-b plane 

has been noted. This is not systematically related to the vicinal angle suggesting that even in 

carefully controlled growth conditions significant variation in the pinning density in 

individual films occurs. The results obtained on a high angle vicinal film suggest that the high 

APB density observed in films grown on annealed SrTiO3 substrates can entirely suppress the 

vortex channelling effect and additionally lead to a significant overall enhancement of pinning 

and thus Jc. 

Examining the channelling minimum indicates, by comparison to peaks recorded at or near Tcr, 

that it is associated with the cross-over into the string pancake state. A rectilinear Abrikosov 

vortex is not channelled. The width of the depression in the intrinsic or force free Jc peak that 

would be expected in the absence of channelling is about 10º either side of θ=0°. This 
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corresponds to the angle at which the fully developed string pancake lattice is expected to 

develop. 

In c-axis films no string channelling can be directly observed, although as is discussed in 

Chapter 6 the string pinning force may be indirectly accessed. The intriguing possibility 

remains, however, that the intrinsic pinning peak observed in c-axis films is itself depressed to 

some extent by the rectilinear/string-pancake cross-over. There may therefore be scope for 

enhancing the pinning properties of c-axis films if a technique for inducing a high APB 

density in these films can be developed. Experiments suggest that while the pinning defect 

density for pancakes is high in YBCO thin films, in the absence of APB’s strings are only 

weakly pinned.  

In addition to deductions about the effect of microstructure on pinning, these measurements 

also shed light on the applicability of angular scaling laws developed from FLL models. 

Firstly the strong effect of APBs and channelling indicates that relying on such models in the 

presence of highly anisotropic extrinsic pinning cannot be justified. Secondly the indications 

in the Berghuis data of a cross-over into a string/pancake state, dependent both on field angle 

and temperature, are confirmed. This means that any successful angular scaling model must 

explicitly take this into account. In striking contrast to the almost pure 2D FLL behaviour in 

BSCCO the angular dependence of the FLL and thus Jc in YBCO is rich and difficult to 

model. This marks out YBCO as an ‘atypical’ HTS material. 

Given the variation in absolute critical current density values between different samples it is 

not possible to directly compare Jc values between the samples measured. There is clearly 

scope for further investigations of the relationship between growth parameters and resultant 

film structure in vicinal YBCO films. At least one proposed coated conductor method, RATS, 

involves the employment of an effectively vicinal substrate thus such an investigation might 

be expected to have immediately technologically useful results. 

4.8. Conclusion 

The results presented in this chapter confirms the existence of the flux channelling effect in 

YBCO films grown on a vicinal substrate. The development of the channelling minimum is 

consistent with a cross-over to a regime where, below ~80 K, at small values of θ the FLL 

adopts a kinked string pancake structure. The results, underline the observation, that angular 

scaling models for critical current density developed from models of the FLL must be treated 

with caution when applied to real systems. It appears unlikely that any of the proposed scaling 

laws applies to the entire angular range of behaviour in YBCO. 
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The pinning forces on vortex string elements are clearly smaller than those on rectilinear 

vortices and on Abrikosov vortices. It appears clear that the results showing critical current 

enhancement at θ=0° in APB rich vicinal films is due to very effective pinning of vortex 

strings by APB’s. Given the fact that the films measured for this thesis exhibited no evidence 

of APB’s it is possible to conclude that substrate annealing is responsible for introducing a 

high APB density. 
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5. Measurements on De-oxygenated Vicinal YBCO Films 
In the previous chapter, a cross-over model of the flux line lattice (FLL) has been 

discussed. In that model, the angles at which the FLL changes form are related to 

the c-axis coherence length and the anisotropy ratio in the superconductor. To 

further examine this model experiments were performed with de-oxygenated 

YBCO films. It has been proposed that de-oxygenation, as well as suppressing Tc 

and Jc, leads to a greater anisotropy in the superconducting parameters. Initial 

measurements on a de-oxygenated YBCO film indicated that the vortex 

channelling effect was more pronounced in de-oxygenated films. To investigate 

this more systematically a matched pair of films were grown. One film was 

optimally oxygenated and the second de-oxygenated, giving a Tc=51 K. By 

comparing Jc(θ) results from fully and partially de-oxygenated films it is possible 

to see how the predictions of the cross-over model compare with experiment in a 

more anisotropic system.Equation Section 5 

5.1. Introduction 

5.1.1. Effect of De-oxygenation in YBCO 

The structure of YBa2Cu3O7-δ (YBCO) consists of superconducting cuprate planes separated 

by blocking layers. The blocking layers in YBCO, in contrast to most other HTS contain 

cuprate chains. It has been suggested that these chains are responsible for the reduced 

anisotropy in YBCO as compared to other HTS. It is possible to vary the oxygen 

concentration in YBCO by annealing under varying oxygen partial pressures. As is discussed 

in Section 3.1.3 it is, thus, possible to produce thin YBCO films with different levels of 

oxygenation. 

The oxygen atoms in the cuprate chains are the most mobile and it is these sites that are 

depopulated when δ increases. With underdoping a reduction in the critical transition 

temperature and the critical current density of the material is observed. It appears, however, to 

be the case that the empty oxygen sites do not enhance pinning in the material (Christen and 

Feenstra 1991, Ossandon, et al. 1992), the pinning in a thin film being already near optimal. 

In addition to effects on the superconducting properties of the material as δ increases above 

~0.5 YBCO undergoes a transition from an orthorhombic to a tetragonal structure. This is 

reflected in an increasing c-axis length.  
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During annealing it has been observed that oxygen moves preferentially along defects and 

along the a-b planes. This may mean that vicinal films, where the edges of short a-b planes 

are exposed, are more easily annealed than c-axis oriented films. 

With reduced oxygen doping YBCO exhibits a reduced critical temperature, Tc, and critical 

current density, Jc. Some authors have reported little change in the value of the 

Ginzburg-Landau superconducting anisotropy parameter, ε=1/γ=ξc/ξab, for small values of 

δ<0.2 (Ossandon, et al. 1993). It is clear that the anisotropy does increase at larger values 

(Cava, et al. 1990, Hou, et al. 1994). 

It is difficult to assess the oxygen contribution in YBCO thin films since any mass changes 

are extremely small. In contrast, in bulk samples techniques such as thermogravimetric 

analysis may be employed to determine δ. Although Raman microscopy can indicate 

oxygenation, this is a local measurement and does not yield the average oxygenation of the 

film. For this reason the oxygenation is often inferred from the recorded Tc. The plot below, 

reproduced from Chapter 3, shows a relationship between δ and Tc. 

 

Figure 5.1 Variation of Tc with oxygenation in YBa2Cu3O7-δ (Cyrot and Pavuna 1995) 

Factors other than oxygenation affect the Tc of a sample, therefore a value for δ obtained in 

this way is an estimate. It is possible to determine the value of δ from the variation in the 

c-axis length in thin films (Ye and Nakamura 1993, Farnan, et al. 2001). However, the exact 

value of δ is not required for a qualitative discussion of the effect of de-oxygenation on the 

FLL anisotropy in YBCO. 
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5.1.2. FLL anisotropy in de-oxygenated YBCO 

In the previous chapter the vicinal channelling effect was discussed in the context of a 

cross-over from a Abrikosov to a string pancake lattice. This 3D to ‘quasi’ 2D cross-over is 

characterized by the ratio ξc/d. The string pancake lattice is ‘quasi’ 2D since it contains 

Josephson string vortices and does not obey the Kes law, as for a purely 2D FLL. Although 

there is some variation in the c-axis length and thus the interlayer spacing, d, with 

oxygenation, the variation in the coherence length is proportionately larger.  

Deak et al. (1995) identified a cross-over into a 2D lattice structure in de-oxygenated YBCO 

in magnetisation measurements. They, on the basis of these measurements, deduced the 

relationship between the anisotropy parameter and γ shown in Figure 5.2. It can be seen from 

Figure 5.2 that there is significant uncertainty in the measurements, but their results certainly 

confirm the idea that anisotropy increases with underdoping. 

 

Figure 5.2 Relationship between de-oxygenation, δ, and the G-L anisotropy parameter, γ=1/ε, 
deduced by Deak, et al. (1995) from magnetisation measurements on thin YBCO films. 

Other groups have reported a cross-over to a 2D lattice structure with increasing anisotropy 

(Moreno and Bekeris 2000b, Moreno and Bekeris 2000a), in this case it is suggested that the 

cross-over is associated with reduced pinning. As has been discussed in Chapter 2 it is 

difficult to apply results that appeal to a particular thermodynamic model of the FLL to thin 

film measurements in the presence of strong pinning.  

Herzog (1997) performed magnetic field angularly dependent critical current measurements in 

c-axis orientated YBCO films. He observed smaller values of critical current and that Jc(θ) 

behaviour consistent with a 2D lattice persisted at higher temperatures. 
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The cross-over model defines the angle, θ2, for cross-over into the string pancake state as 

(Blatter, et al. 1994, pp 1286): 

tan(θ2)=ε     (5.1) 

and the cross-over temperature Tcr is reached when ξc>d/√2. 

Since the equation for Tcr yields 80 K for fully oxygenated YBCO it is reasonable to predict 

that in de-oxygenated YBCO with a shorter c-axis coherence length Tcr is larger than Tc. In 

this case the string pancake state will exist for all values of θ less than θ2. 

Assuming that a critical transition temperature of 51 K corresponds to δ∼0.4 in the de-

oxygenated sample, θ2 would be predicted to be smaller than that in fully oxygenated YBCO, 

~ 3°. Interestingly, therefore, this model predicts that the kinked string pancake vortex will 

exist over a smaller range of angles. The distorted FLL occurring for θ<θ1 where tan θ1=d/ξab 

will, however, persist over a greater range of angles as the a-b plane coherence length, ξab, 

should be relatively unchanged in de-oxygenated YBCO and the interlayer spacing, d, will 

increase. 

5.2. Sample Preparation and Characterisation 

5.2.1. Sample Preparation 

The 200 nm thick films were prepared by Laser Ablation by Roman Rössler of the University 

of Linz. Sample 200630 was optimally oxygenated, while sample 210600 was de-oxygenated 

by reducing the oxygen partial pressure during annealing. 

The substrates used both had a 10° miscut, and were 10mm by 10mm. The larger substrate 

size allowed 9 tracks to be pattered using the lithography method described in Chapter 3. 

After patterning the film contained six T tracks and 3 L tracks.  

5.2.2. RT data 

The two samples were characterised by performing RT measurements on both a T and an L 

track for each film. These measurements showed that the optimally oxygenated sample had a 

zero resistance Tc of 90 K, and that for the L track the de-oxygenated sample had a Tc of 

51 K. These transitions are shown in Figure 5.3. From the transition shown in Figure 5.1 we 

may estimate  that the de-oxygenated sample had δ ~ 0.4 . 
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Figure 5.3 Shown on the left is the resistive transition for the optimally oxygenated film, and 
on the right the transition for the de-oxygenated film. Transitions are shown for both tracks 
running parallel to the a-b planes L and tracks crossing the vicinal steps T. 

The RT transition for the optimally oxygenated film is as expected, with a larger resistance 

present in the T track due to the normal state anisotropy present in the superconductor. At 

100 K the anisotropy between the L and T track is a factor of three. The de-oxygenated 

sample shows a significantly more marked normal state anisotropy, the T track resistance 

being a factor of 50 greater at 90 K. The resistance of the T track also shows a 

semiconductor-like increase with decreasing temperature close to Tc. The width of the 

transition in the de-oxygenated sample is larger than that in the optimally oxygenated film. An 

increase in the transition width with de-oxygenation has been widely reported (Osquiguil, et 

al. 1992, Ye and Nakamura 1993, Wu, et al. 1998, Farnan, et al. 2001). 

The resistivity in the L tracks, ρL, and T  tracks, ρT, is related to the c-axis resistivity, ρc, by 

the Equation (5.2) (Zahner, et al. 1998), the resistivity in the a-b planes, ρab, being equal to 

ρL. The substrate miscut angle is denoted as θv. 
2

( ) ( )
2
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T L v
c

v

ρ ρ θ
ρ

θ
−

=     (5.2) 

This can be rewritten to allow the resistivity and therefore the resistance anisotropy between 

the a-b planes and the c-axis direction, γρ, to be related to that between the T and L tracks, 

γTL. 
2

2
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v
ρ

γ θγ
θ

−= TL      (5.3) 
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The normal state resistance anisotropy for the optimally and de-oxygenated samples at 100 K 

and 90 K respectively may therefore be calculated using Equation (5.3): 

 γTL γρ 

Optimally Oxygenated 3 66 

De-oxygenated 50 1600 

Table 5.1 Resistivity anisotropies for the optimally and de-oxygenated YBCO samples 
measured for this chapter. 

From these results it can be seen that de-oxygenation has a striking effect on the normal state 

resistance anisotropy of YBCO. The normal state resistivity anisotropy at 100 K is consistent 

with values observed in single crystals (Datta 1992). 

5.3. Results 

The measurement geometry used for the measurements described in this chapter is the same 

as that in the previous and the same notation is used. For the convenience of the reader a fold 

out diagram depicted the various angles and directions in the measurement is provided in 

Appendix B. 

5.3.1. Jc(θ) at varying temperatures 

The figure below shows Jc(θ) measurements on both the optimally and de-oxygenated films at 

the same reduced temperature, these measurements were performed on 10 micron wide tracks, 

as in the previous chapter. To attempt to provide a useful comparison the measurements were 

performed at the same reduced temperature, t, where t=T/Tc. 
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Figure 5.4 Jc(θ) plot from data recorded on a T track for both the optimally oxygenated 
sample (200630) and the de-oxygenated sample (210600). This data was recorded at a 
reduced temperature, t, of 0.5, a field of 1 T and in the φ=0° geometry. 
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Clearly, therefore, vortex channelling is present in de-oxygenated YBCO films as well as 

optimally oxygenated samples. 

It is interesting to note from the Figure that the shape of the channelling dip in the two cases is 

quite different. Figure 5.5 shows how this minimum develops in the φ=0° configuration at 

varying temperatures for both films. 
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Figure 5.5 Jc(θ) measurements on T tracks at 1 T and φ=0° on an optimally doped (left) and 
an under doped (right) YBCO sample. 

The channelling minimum in the fully oxygenated sample develops as the temperature is 

reduced below Tcr. The minimum affects the force-free peak over a wide angular range leading 

to a very anisotropic peak. In contrast in the de-oxygenated film the effect of the channelling 

configuration is restricted to smaller range about θ=0°. Additionally the channelling minimum 

in the de-oxygenated film is fully developed for both lower temperatures and those close to 

Tc. The evolution of the channelling minimum in both cases is shown more clearly in Figure 

5.6. Here the data sets from Figure 5.5 are shown rescaled to the value of Jc at θ=90°. This 

allows the way the channelling minimum vary with temperature to be examined. 
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Figure 5.6 Jc(θ) measurements on T tracks at 1 T and φ=0° on an optimally doped (left) and 
an under doped (right) YBCO sample replotted as a function of njc, where 
njc(θ)=Jc(θ)/Jc(90°). 

In contrast to results observed in both this, and the previous chapter, on fully oxygenated 

samples the channelling minimum in de-oxygenated YBCO appears more pronounced. 

The variation in the channelling minimum at φ=90° is shown in Figure 5.7 below, 
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Figure 5.7 Jc(θ) measurements on T tracks at 1 T and φ=90° on an optimally doped (left) and 
an under doped (right) YBCO sample. 

The φ=90° data may also be rescaled as before, this is shown in Figure 5.8: 
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Figure 5.8 Jc(θ) measurements on T tracks at 1 T and φ=0° on an optimally doped (left) and 
an under doped (right) YBCO sample replotted as a function of njc, where 
njc(θ)=Jc(θ)/Jc(90°). 

In all these plots it appears that although the channelling minimum may be subjectively 

deeper its influence extends over a smaller angular range. This is consistent with the 

prediction given in Section 5.1.2 even if the result appears somewhat counter intuitive. 

5.3.2. Jc(θ) in varying applied fields 

The measurements presented in Figures 5.9 and 5.10 show how the Jc(θ) behaviour varies 

with field in both the fully and partially oxygenated samples at φ=0° and φ=90°. 
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Figure 5.9 Jc(θ) measurements on T tracks in the φ=0° geometry on an optimally doped (left) 
and an under doped (right) YBCO sample. These measurements were performed at t=0.4. 
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Figure 5.10 Jc(θ) measurements on T tracks in the φ=90° geometry on the optimally doped 
(left) and the under doped (right) YBCO sample. These measurements were performed at 
t=0.4. 

Again, in these measurements the more pronounced channelling minimum in de-oxygenated 

YBCO may be observed. In the underdoped sample the minimum is present at a range of 

fields, providing further evidence that channelling is an intrinsic effect rather than a 

peculiarity of a particular sample. 

5.4. Discussion 

From the results obtained it is clear that de-oxygenated YBCO does appear to exhibit a larger 

superconducting anisotropy. The anisotropy is not, however, such that the material starts 

exhibiting entirely 2D Kes law behaviour. It seems therefore reasonable to assume that the 

cross-over model of the behaviour of the FLL in YBCO is still applicable. 

The channelling minimum in de-oxygenated films exhibit a different variation with field and 

temperature than that in an optimally oxygenated sample. In addition although Jc is depressed 

considerably in the minimum the effect of the channelling dip appears to have less effect on 

the rest of the Jc(θ) characteristic in de-oxygenated films. This is perhaps linked to the 

narrower window of θ in which the fully developed kinked pancake string lattice is expected. 

From the results obtained the prediction that Tcr in YBCO is larger than Tc appears to be valid; 

it is certainly larger than 40 K. The channelling minimum is well developed at all 

temperatures, rather than becoming more pronounced with decreasing temperature as 

observed in measurements on fully oxygenated films. 
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5.5. Conclusions 

The results shown in this chapter suggest that de-oxygenation of YBCO increases the 

superconducting anisotropy, and that this increase is manifested in the magnetic field angular 

dependent behaviour of the FLL and thus the critical current anisotropy. 

The rather counter intuitive prediction of equation (5.1), that a material with increased 

anisotropy will exhibit a fully developed string/pancake lattice over a smaller range of θ, 

appears consistent with the Jc(θ) results obtained. The channelling minimum is more 

prominent than that seen in optimally oxygenated films yet the rest of the Jc(θ) characteristic 

appears less affected. 
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6. Critical current measurements on c-axis films 
It has been shown in the previous two chapters that there is strong evidence that 

the structure adopted by the flux line lattice (FLL) in YBa2Cu3O7-δ (YBCO) 

depends on the angle, θ, between the applied field and the superconducting 

cuprate planes. If this angle is held constant and the field rotated about an axis 

normal to the cuprate planes, the structure of the FLL will remain constant, while 

the direction of the Lorentz force on the vortex lines changes. Measurements of 

the critical current density, Jc, with respect to this rotation angle, φ, thus probe 

pinning behaviour while excluding effects due to changes in the structure of the 

FLL. If the value of θ is small, such that the FLL adopts the kinked, 

string/pancake, state, the variation in Jc seen with φ must be due to pinning of the 

string vortex segments. If θ is large then the change in pinning is due to the shape 

of the Abrikosov vortex cores. In this chapter high resolution measurements of the 

variation of Jc with this second angle φ have been made on thin (120 nm) YBCO 

films. A simple model is proposed to explain this variation in terms of dragging of 

vortex strings by the vortex pancake elements. The increase in Jc at large θ is 

modelled in terms of the Ginzburg Landau angular scaling parameter εθ. 

6.1. Introduction 

6.1.1. Previous measurements 

Previous measurements of the critical current versus field angle behaviour in c-axis oriented 

YBCO thin films have been reviewed in Chapter 4. The majority of experiments have 

concentrated on determining the variation of critical current with the tilt angle between the 

applied field and the cuprate planes, θ. With a two-axis goniometer it is possible to rotate the 

applied field, φ, about the c-axis at constant θ. This means that although the direction of the 

Lorentz force changes, the structure of the FLL will remain constant. Figure 6.1 defines the 

angles φ and θ for measurements on c-axis orientated films. 
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Figure 6.1 (left) Definition of the field angles θ and φ with respect to a current flowing in a c-

axis film. (right) θ and φ shown on a pole figure. 

Nishizaki et al. (1993, 1991a, 1991b) measured the φ dependence of Jc. They attributed the 

difference between Jc(θ) measurements at φ=0° and φ=90° to the changing Lorentz forces on 

the vortex string elements. At θ=0° the Jc(φ) variation itself was attributed to an anisotropy of 

the volume pinning force rather than the change in the direction and magnitude of the Lorentz 

forces on the strings. They, for θ=0°, fitted their results to the following equation where Ap is 

a ‘pinning force parameter’ 

( )
sin ( 0)

p
c

p c

A
J

B A J
φ

ϕ φ
=

+ =
    (6.1) 

The same group has, however reported entirely 2D behaviour in measurements on YBCO thin 

films at low < 40 K temperatures (Aomine, et al. 1994). In the 2D model (discussed in 

Chapter 7) only the pancake density is important and, as this does not change with φ, the 

critical current should not alter either. The volume pinning force approach implies collective 

pinning which is unlikely given the generally strong pinning and high defect density observed 

in YBCO films (Dam, et al. 1999). 

Herzog (1997) modelled the φ dependence of Jc in terms of the forces on an individual 

extended pancake vortex. He arrived at the dependence given by equation (6.2). 
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This equation is derived from one particular model of the pinning potential, it would seem 

difficult to apply such a model to a system where a variety of pinning potentials exist. This 

model also fails to consider the effect of pinning forces on vortex strings. 

These two models only considered the variation of Jc in a geometry where in principle the 

vortex lines are entirely string like. In this geometry (θ=0°) the Lorentz force on the strings is 

always in the strongly pinned c-axis direction and reduces from a maximum at φ=0° when the 

field is perpendicular to the current direction to the force free configuration at φ=90° when the 

applied field is parallel to the current direction. At θ=0° it would seem likely that the critical 

current is proportional to the Lorentz force which varies as cosφ. Naturally this picture will be 

complicated by the more involved flux line behaviour associated with the force free regime at 

θ=0° and φ=90°. 

Herzog (1997) separately considered the enhancement in Jc due to vortex strings in terms of 

pinning of the string by point defects. Experimental data was unfortunately only obtained for 

θ=20° in a de-oxygenated film and Herzog concluded that there was no clear evidence that 

this enhancement was due to string dragging.  

Both Herzog and Nishizaki concentrated on considering the Jc(φ) dependence at θ=0° (that is 

parallel to the cuprate planes). This treatment has the disadvantage that at θ=0°, φ=90° the 

force free regime is achieved. To attempt to avoid the complications entailed with such 

measurements this chapter describes φ measurements performed at a variety of values of θ. 

This has the added advantage that alignment errors become obvious if successive plots of 

Jc(φ) are considered. 

The change in the structure of the vortex lattice with θ in YBCO is discussed in Chapter 2. As 

the tilt angle between the applied field and the cuprate planes decreases it is expected that the 

flux lines become more anisotropic. At an angle θ1, which is temperature dependent, the flux 

lines start to become distorted (θ1~35° at t=0 in YBCO). At an angle θ2 (~11° in YBCO) 

cross-over into a kinked string pancake lattice is expected to take place. It follows, therefore, 

that if the angle θ is fixed and the field line rotated in φ the only possible cause of a change in 

the critical current is change in the magnitude and direction of the Lorentz force. To quantify 

the effect of this rotation the ratio rφ(θ)=Jc(θ,φ=90°)/Jc(θ,φ=0°) may be defined. The nature of 

the Jc(φ) dependence will change as the FLL crosses over from a rectilinear Abrikosov lattice 

into a kinked string pancake lattice state. 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

105 

6.1.2. Jc(φ) dependence of an Abrikosov lattice 

For values of θ greater than θ1 an Abrikosov lattice is expected. In order to consider the 

variation of Jc with φ on an Abrikosov lattice, we need to be able to determine the magnitude 

of the Lorentz force at any particular value of φ and θ. This is given by JcBsinα where α is the 

angle between the applied field and the current direction. From Figure 6.1 we can see that this 

may be calculated by considering a right angled spherical triangle of sides θ, 90°-φ and α. The 

law of cosines may be used to write cos(α)=sin(φ)cos(θ). We may then write the Lorentz 

force on the flux line in terms of φ and θ: 

2 2( , ) 1 sin cosL cF J Bθ φ φ θ= −     (6.3) 

Three simple cases of equation (6.3) are that at θ=0° we have FL=JcBcosφ, at φ=90° the 

Lorentz force density is given by FL=JcBsinθ and that at φ=0° and all values of θ the expression 

is FL=JcB. If the pinning is constant we would expect that the critical current will always 

increase as φ is swept towards 90° since the Lorentz force is decreased . For θ=0° and φ=90° 

the force free regime is reached.  

In the previous section the ratio rφ was introduced to quantify the variation in critical current 

between φ=0 and φ=90 where rφ(θ)=Jc(θ,φ=90°)/Jc(θ,φ=0°). If the only factor affecting the 

critical current density is the reduction in the Lorentz force as the force free regime is 

approached, it is possible to write the following expression for rφ as a function of θ: 

rφ(θ)=1/sinθ     (6.4) 

In addition to this effect both the anisotropy of the core and any anisotropy of the pinning 

potential will also affect the φ dependence of Jc. The force balance equation states that at the 

critical current density JcxB=Fp thus if the pinning force decreases the critical current will 

decrease. The ratio rφ will depend on the relative magnitude of these contributions of the force 

balance equation.  

The core of an Abrikosov vortex in a uniaxially anisotropic material is elliptical for any 

orientation other than θ=90°. The vortex core has a radius of ξab in one axis and εθξab in the 

other, where εθ is the anisotropy parameter defined in Chapter 2.. At φ=0°, FL=JB for any 

value of θ and the Lorentz force is directed perpendicular to the flux line, along the shorter 

axis. At φ=90° the Lorentz force is directed along the longer axes of the core and its 

magnitude is JBsinθ. This is shown in Figure 6.2 
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Figure 6.2 Direction of the Lorentz force on a tilted flux line at φ=0° (left) and φ=90° (right) 

In YBCO the anisotropy parameter, ε, is ~0.2 and therefore the core anisotropy at any value 

of θ will be given by Equation 2.37. This change in the size of the core would be expected to 

have an effect on the interaction between individual vortices and the pinning centres. In 

YBCO the predominant source of pinning is that due to interactions between the vortex cores 

and material defects. 

The size of the vortex core has a strong effect on the interaction of the vortex with pinning 

centres. The only difference between the φ=0° and φ=90° orientations is the direction of the 

Lorentz force with respect to the vortex core. The difference in the pinning force between 

φ=0° and φ=90° should, therefore, be proportional to the anisotropy parameter. As ξab and 

εθξab would be expected to exhibit the same temperature dependence the effect on the pinning 

due to the anisotropy of the core should not have a significant temperature dependence. 

Following this argument, to take into effect the rotation of the Lorentz force direction between 

φ=0° and φ=90°, equation (6.4) may be rewritten as the following relation: 

rφ=εθ/sinθ     (6.5) 

When φ=0° the Lorentz force flux line is at least partially in the strong intrinsic pinning 

direction whereas in the φ=90° case the flux line is pushed perpendicularly to the strong 

pinning direction. This suggests a smaller pinning force at φ=90°. However, the flux lines are 

rectilinear in nature only when the c-axis ξc is of the order of the interlayer spacing, d. As has 

been discussed in Chapter 4 intrinsic pinning is only significant for vortices that are small 

enough to be localised in the blocking layers, that is when ξc<d. 

6.1.3. Jc(φ) dependence of a string-pancake lattice 

For values of θ < θ2 the flux lines are expected to enter a kinked string/pancake state. The 

force on each flux line will be a combination of that on the flux pancakes and that on the flux 
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strings. The force on the flux pancakes will stay constant with rotation in φ as the system is 

isotropic in the a-b plane. The Lorentz force on each string element will always be directed in 

the intrinsically pinned c-axis direction (Tachiki, et al. 1989, Tachiki, et al. 1993) with a 

magnitude varying as cosφ. 

 

 

Flux Pancake 

Flux String 

 

Figure 6.3 Views along the c-axis (left) and a-b plane (right) of a pair of vortex pancakes 
coupled by a Josephson string element. The Lorentz force direction on the pancakes is shown 
on the left for magnetic fields at φ=0° (red) and φ=90° (blue). The Lorentz force on the string 
(black) is directed along the c-axis and varies in magnitude as cos φ. 

At φ=0° the Lorentz force on the flux pancakes is along the flux lines and the critical current 

will be expected to be solely dependent on pancake pinning. The following force balance 

equation may therefore be written, where D is the film thickness and fp,pc is the pinning force 

per unit length on the pancake vortices: 

0 ,c p pcj D f DΦ =     (6.6) 

At φ=90°, however, for the pancakes to move transverse to the strings the strings must be 

‘dragged’ along inside the a-b planes. Results from vicinal films (Berghuis, et al. 1997, 

Chapter 4) already indicate that the pinning force density on a string moving in the a-b planes 

is significantly smaller than that for a pancake.  

We can therefore postulate the following force balance equation for a kinked vortex line at 

φ=90° assuming the pinning is strong and that the Lorentz force on the strings is small 

compared with the intrinsic pinning. The pinning force on each flux line will comprise a 

pancake contribution and a vortex string contribution: 

θtan,,0
DfDfDj strppcpc +=Φ      (6.7) 

Here fp,pc is the pancake pinning force per unit length, fp,str the string pinning force per unit 

length for movement in the a-b plane, D the film thickness and Φ0 the flux quantum. The 

D/tanθ term takes into account the variation in string length with θ.  
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For the case of θ very close to 0° the situation will again break down since the flux structure 

is expected to consist exclusively of strings which are either solely intrinsically pinned or 

alternatively in the force free configuration. It is difficult to predict the behaviour in this 

regime, however it is quite possible that rather than pancakes being totally eliminated 

variation in the structure of the material will lead to a number of remnant pancakes even at 

θ=0°. If the pancake pinning is significantly larger that the string pinning these remnant 

pancakes will still produce the majority of the pinning force on each line. 

YBCO is relatively isotropic compared to other HTS materials. BSCCO, for example, exhibits 

entirely two dimensional behaviour and only the pancake density contributes to Jc. The ratio 

rφ is expected to be always equal to one in these materials except very close to Tc. 

Measurements on BSCCO are discussed in the following chapter. 

The Figure below shows the predicted behaviour of rφ for the two models discussed in this 

chapter, considering force free effects only, equation (6.4) and force free and core anisotropy 

contributions combined (ε=0.2), equation (6.5). Also shown is the expected behaviour for a 

purely 2D superconductor. 
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Figure 6.4 Schematic showing the expected behaviour of rφ taking into account purely the 
change in the magnitude of the Lorentz force, taking into account the Lorentz force and the 
core anisotropy and finally the expected behaviour for a 2D superconductor. 

6.2. Sample Details 

Good quality c-axis films for device applications have been grown in Cambridge using off-

axis pulsed laser deposition. These films have a uniform surface and a reproducible Tc of 88-
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89K (Santiso, et al. 1998). The measurements described in this chapter were performed on 

such a c-axis orientated film grown on a SrTiO3 substrate. This film, run number Y1034, was 

120nm thick. The Tc was a little depressed, 86.5 K compared to the best quality films 

probably due to slight oxygen overdoping. 
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Figure 6.5 Resistance versus temperature measurement on sample Y1034. 

The film was prepared by etching tracks 500 µm long and 10 µm wide as previously 

described. The critical current, Jc1, was determined using a voltage criterion of 5x107 µV this 

corresponds to an E field of 1x10-3 Vm-1. Figure 6.6 shows the variation of critical current 

with field for a field applied parallel to the c-axis. 
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Figure 6.6 Variation of critical current with field (sample Y1034, 60K) 

6.3. Results and Discussion 

6.3.1. Results 

The variation of the critical current density with the rotation angle φ was measured at various 

values of θ at 1 T and 40, 60 and 80 K. These data sets are presented in Figures Figure 

6.7,Figure 6.8Figure 6.9 below. There is no sharp transition apparent as the value of θ moves 

into the expected string pancake regime. 
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Figure 6.7 Jc(φ) scans at 40K and 1T showing the fit from equation (6.8) at θ=5. 
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Figure 6.8 Jc(θ) scans at 60 K and 1 T 
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Figure 6.9 Jc(θ) scans at 80 K and 1 T 

6.3.2. Variation of pinning force with φ 

To quantify the increase of critical current between φ=0° and φ=90° the ratio 

rφ=Jc(φ=90°)/Jc(φ=0°) may be plotted against the tilt angle θ. This is shown in the figure 

below: 
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Figure 6.10 Variation of rφ with θ at various temperatures. 

Several observations may be made from Figure 6.10. It is clear that YBCO, even at lower 

temperatures and small values of θ does not exhibit purely two dimensional behaviour. Such a 
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material would exhibit a value of rφ=1 for all θ since only the c-axis field component is 

significant. As the temperature is reduced the ratio does appear to reduce toward the 2D limit.  

The plots only diverge at small θ, this may be indicative of the cross-over into the string 

pancake regime. Any analysis of the pinning forces in terms of strings and pancakes is clearly 

only valid at small θ. Such an analysis will also be unreliable for very small θ where the force 

free regime is entered.  

We can now consider the results in terms of the three FLL structures discussed in section 

6.1.3. At large θ the FLL is expected to consist of elliptically cored Abrikosov vortices, below 

θ2 and Tcr the FLL is expected to enter a kinked flux line regime. Very close to θ=0° the flux 

pancakes disappear and as the applied field is rotated in φ the force free regime is approached. 

Abrikosov Lattice θθθθ>θθθθ1  

As the temperature dependence of both the G-L parameters is similar, a weak variation with 

temperature of the φ dependence would be expected in the 3D regime. This is indeed observed 

for large values of θ in Figure 6.10. 

For the case of an Abrikosov vortex, at constant θ the Lorentz force will be of magnitude JB 

at φ=0° and JBsinθ at φ=90°. If this is the only effect on the critical current density the 

relationship Jc(90)=Jc(0)/sinθ will apply. The figure below shows how this model compares 

with the T=80 K data. Neglecting the region close to θ=0°, any variations from this are due to 

the change in the direction of the Lorentz force on the vortex lines. 
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Figure 6.11 Predicted behaviour of rφ compared to that observed at 80 K in the c-axis film 

measured. 
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Clearly the critical current is not purely dependent on the cross product JxB. Figure 6.2 shows 

that the size of the vortex core parallel to the direction of the Lorentz force is reduced by a 

factor εθ at φ=0° as compared to φ=90°. In the strong pinning regime the pinning force on 

individual flux lines may be considered. If the pinning anisotropy, as φ is rotated, is due to the 

anisotropy of the vortex core the reduction in pinning force at φ=90° would be expected to be 

equal to εθ. This is also shown in Figure 6.11 assuming ε=0.2 . 

In the measurements described the only change between the measurement at φ=0° and that at 

φ=90° is the direction of the Lorentz force developed on the flux lines. It is therefore possible 

to account for the φ variation in the critical current in terms of the predicted anisotropy of the 

vortex core, except for small values of θ. Indeed, if the assumption that the pinning force 

anisotropy is proportional to the anisotropy of the vortex core is valid this measurement 

provides a simple method of determining the anisotropy parameter in YBCO. 

For small θ the measured values of critical current do not follow this prediction. The 

behaviour of the flux line lattice in the force free regime is difficult to model. Although Tcr is 

80K and therefore no string pancake transition is expected this prediction itself is based on 

experimental measurements of the anisotropy parameter and the coherence lengths. These 

measurements exhibit a large experimental error. 

Kinked vortex lines θθθθ<θθθθ2 

Given the geometry accessed in the experiments described it is reasonable to attribute the 

increase in the pinning force and thus Jc at φ=90° to the effect of dragging vortex strings 

through the material. The exception to this is the θ=0°, φ=90° orientation where, if all 

pancakes are eliminated, the flux lines are in the force free configuration. 

For intermediate values of φ the string pinning force will not act on the entire length of the 

string, as the string is free to move along itself, the string will only be pinned for motion 

perpendicular to itself. The force acting on the vortex strings will thus vary as sinφ. In 

addition the effective cross section of the string will decrease as φ increases. This will lead to 

a change in the pinning force density varying as sin2φ, assuming for simplicity an inverse 

relationship between pinning force and the cross sectional width of the string . Thus: 

θ
φ

tan
sin 2

,,0 strppcpc ffj +=Φ      (6.8) 
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The fit to equation (6.8) is shown in Figure 6.7. From this we can estimate that 

fp,str=8x10-6 Nm-1 at 40K and 1T for the film studied. We also obtain, for the pancake pinning 

force density, fp,pc=3x10-4 Nm-1. These values are determined from the macroscopic critical 

current Jc and therefore represent average pinning forces per unit length in the material. This 

value may be compared to those determined from measurements on vicinal films. At 25 K and 

1 T Berghuis et al (1997) found that fp,str=8x10-6 Nm-1. It is likely however, that there is wide 

variation in the pinning force density depending on the exact film growth method employed.  

This model is expected to be valid for θ<θ1 except at very small θ where the length of vortex 

string between pancakes is large and flux cross-over and cutting will occur. At θ=90° this 

corresponds to the intrinsic pinning peak at φ=0° and the force free peak at φ=90°. This 

breakdown regime appears to have been reached at θ~1º in Figure 6.10. For the rectilinear 

FLL (θ>θ1) a φ dependence will also be expected due to the anisotropy of the vortex cores.  

Figure 6.10 shows the variation in the ratio Jc(φ=90°)/Jc(φ=0°) against θ at various 

temperatures. A temperature dependence in rφ begins to appear at about 15°. The kinked 

vortex lattice is expected to be fully developed at θ2=tan ε, which is about 10°. These results 

suggest that the temperature dependence of the pancake pinning force density and that for the 

string pinning force densities are different.  

Lock-In 

Applying a simple interpretation at θ=0° is not possible since the flux line is, both in the 

Abrikosov model and the string-pancake model, parallel to the current. The critical current 

behaviour in this force free orientation is not readily analysable. 

6.3.3. Jc(B) Measurements 

Figure 6.6 shows how the Jc(B) behaviour changes with φ. 
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Figure 6.12 Jc(B) curves for various field directions, 60 K 

The Jc(B) variation for the force free orientation is distinctly different from that at other field 

orientations. The smaller variation in Jc is as expected.  

6.4. Conclusion 

The rotation of the applied field in φ at a constant angle, θ, with respect to the a-b planes 

allows critical current measurements to be performed with a constant lattice structure. When 

interpreting critical current results in this geometry it is crucial to ensure that the change in the 

Lorentz force when the field and current are not perpendicular is taken into account. Results 

obtained in this geometry are consistent with the theoretically predicted transition from an 

Abrikosov lattice state to a kinked string-pancake vortex lattice.  

For an Abrikosov lattice the critical current variation change between φ=0° and φ=90° can be 

modelled taking into account both the change in the Lorentz force with φ and the anisotropy 

of the vortex core. The variation of rφ with θ is consistent with a anisotropy parameter of 

about 0.2. 

For smaller values of θ the ratio rφ acquires a temperature dependence. In the string pancake 

regime the increase in Jc at φ=90° is due to the dragging of vortex strings by vortex pancakes. 

The vortex string pinning density obtained from this model is consistent with those measured 

on vicinal films. 
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By carefully choosing the experimental geometry it is therefore possible to observe the 

pinning of vortex string elements on c-axis orientated as well as thin films grown on vicinal 

substrates. Away from the kinked vortex lattice regime the variation in critical current is due 

to the rotation of the Lorentz force direction about an anisotropic vortex cores.  

The results presented in this chapter are consistent with a cross-over from an Abrikosov like 

FLL to a kinked vortex lattice. As is the case with vicinal films this means that any model of 

the angular dependence of Jc must take into account these two regimes. Neither the 

anisotropic Ginzburg Landau model nor the kinked string pancake model is sufficient to 

account for the full range of behaviour observed. 
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7. Critical Current Anisotropy in Thin Film Bi2Sr2CaCu2O8+x 
Results obtained from measurements on de-oxygenated YBCO films indicate that 

increasing anisotropy results in a significantly more pronounced vortex ‘string’ 

channelling effect. This proposed anisotropy relationship was investigated by 

experiments using the very anisotropic Bi2Sr2CaCu2O8+x material. The angular 

critical current measurements indicated, however, that this material obeys the 

‘Kes’ law and no string channelling effect could be observed. From this 

observation it is possible to deduce that the critical current is not dependent on 

any Josephson string vortices that may be present. This would tend to suggest that 

at the temperatures and fields considered the proposed crossing lattice theory 

does not provide a better description of critical current density anisotropy in 

BSCCO than the two-dimensional pancake model. 

7.1. The Flux Line Lattice in BSCCO 

7.1.1. Structure and superconducting properties of BSCCO 

The Bi2Sr2CaCu2O8+x material (BSCCO) exhibits one of the largest superconducting 

parameter anisotropies among the high Tc oxides. The superconducting mass anisotropy 

parameter (Gor'kov and Melik-Barkhudarov 1963, Blatter, et al. 1994) γ, which is defined as 

γ2=(mc/ma) where m is the effective mass of the charge carriers, has been measured as having 

a value between 50 and 200 (Farrell, et al. 1989, Chikumoto, et al. 1992, Martinez, et al. 

1992, Blatter, et al. 1994). By comparison γ in YBCO is placed between 5 and 7. The normal 

state resistivity of BSCCO is equally highly anisotropic (Martin, et al. 1988). Table 7.1 

compares various characteristic parameters in oxide superconductors, d is the spacing 

between superconducting planes, ξ is the Ginzburg-Landau coherence length at 0 K, ρ is the 

normal state resistivity and γ is the mass anisotropy parameter. The subscripts a-b and c 

indicate values measured in the a-b plane and the c-axis direction respectively. It should be 

noted that YBCO, although it has a similar value of d to BSCCO, exhibits a markedly smaller 

anisotropy. This is possibly due to the cuprate chains found in YBCO. 
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Superconductor d (nm) ξa-b (nm) ξc (nm) ρc/ρa-b(300K) γ 

YBa2Cu3O7-δ 1.2 ~1 ~0.2 29 5-7 

Bi2Sr2CaCu2O8+x 

(Pb,Bi)2Sr2Ca2Cu3O10-x 

1.5 

1.8 

~1 ~0.02 ~110 

 

50-200 

30-60 

Tl2Ba2Ca2Cu3O10-y 1.9    3-4 

Table 7.1 Layer spacing, normal state and superconducting anisotropy parameters for 
various oxide superconductors. (Datta 1992, Hardy, et al. 1994, Matsubara, et al. 1992, 
Blatter, et al. 1994) Wide variations exist in quoted values for ξ and γ mainly due to the 
difficulties found in measuring these parameters in the c direction. It is also difficult to obtain 
precise values for Hc2 since this is very large in high Tc materials and flux creep hinders its 
extraction from I-V measurements using the Bardeen-Stephen model. 

It can be seen from Table 7.1 that Bi2Sr2CaCu2O8+x is particularly anisotropic. As the c-axis 

coherence length is much smaller than the interlayer spacing, d, the material should exhibit 

clearly two dimensional behaviour. The exception to this will be temperatures very close to Tc 

since as T→Tc the G-L coherence length, ξ→∞. 

                

Figure 7.1 In BSCCO 2212 there is no cuprate chain layer, it is thought that the presence of 
this layer accounts for the lower level of superconducting anisotropy in YBCO. In this 
diagram oxygen is present at the apices of the red pyramids and the centre of their bases 
contains a copper atom. Diagram after Shaked, et al. (1994) and Weber (1999). 
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7.1.2. Angular Dependent Resistivity and Critical Current in BSCCO 

Resistive transition measurements on BSCCO indicated that the material’s transport 

properties were insensitive to a magnetic field applied parallel to the crystallographic a-b 

planes (Iye, et al. 1989). Additionally it has been observed that the angle between the current 

and applied field has no effect on resistivity measurements (Raffy, et al. 1991), this suggests 

that there is no force-free effect in BSCCO. 

This phenomenon was studied by Kes et al. who proposed that due to its high anisotropy 

BSCCO is best described as a layered material with very small or no order parameter in the 

intercalated layers between the conducting cuprate planes (Kes, et al. 1990). Kes deduced that 

BSCCO is in effect ‘magnetically transparent’ to the component of field applied parallel to 

the planes. Thus if θ is the angle between the applied field and the cuprate planes we can 

write the Kes law stating that: 

Jc(B, θ)=Jc(Bsinθ, 90)     (7.1) 

This field independence of Jc for fields parallel to the a-b planes was confirmed by Schmitt et 

al. (1991) for fields up to 7 T, as shown in Figure 7.2. 

 

Figure 7.2 Critical current measurements on a c-axis BSCCO 2212 thin film showing field 
independence for fields parallel to the a-b plane (Schmitt, et al. 1991). 

There is therefore strong experimental evidence for treating BSCCO as a stack of 

superconducting layers separated by a non-superconducting intercalated layer. This structure 

has been considered by Lawrence and Doniach (1970). Given the two dimensional nature of 

the flux line lattice in BSCCO it seems likely that the Abrikosov lattice in BSCCO breaks 

down into the lattice of pancake vortices suggested by Clem (1991) (Chapter 2). 

In the Lawrence and Doniach model the superconducting layers are Josephson coupled. In 

single crystals, with current flow along the c-axis, an intrinsic Josephson effect has been 

experimentally observed (Kleiner, et al. 1992, Kleiner and Muller 1994). No convincing 

evidence for the intrinsic Josephson effect has been observed in the much less anisotropic 
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YBCO material. Some evidence has been observed for the intrinsic Josephson effect in de-

oxygenated, and therefore more anisotropic, YBCO (Wang, et al. 2000). The existence of the 

intrinsic Josephson effect provides further experimental evidence for the two-dimensional 

nature of BSCCO.  

Although there is extensive evidence for a pancake structure in BSCCO the nature of the 

coupling between the flux pancakes has been the subject of much theoretical investigation. In 

the limit of an extremely two-dimensional superconductor, however, it is predicted that the 

pancakes are magnetically coupled into stacks parallel to the c-axis (Clem 1998). The 

component of the field parallel to the planes is unscreened and has no effect on the FLL 

structure or the critical current density. 

A string/pancake lattice where the string and pancake vortex elements are not joined in 

contiguous flux lines has also been suggested. In the crossing lattice model the material 

contains two separate, but magnetically interacting, lattices (Koshelev 1999). 

If the string/pancake lattice in BSCCO consists of string and pancake flux line elements in 

contiguous lines (as is the case in YBCO at small θ) or the crossing lattice, the vortex 

channelling effect observed in YBCO would also be expected in BSCCO. At θ=0° in a vicinal 

film only Josephson strings will be present which will not be pinned by their interaction with 

flux pancakes due to either to line energy or magnetic interactions.  

As has already been noted, it is not directly possible to observe the motion of Josephson 

vortex strings, except in films grown on vicinal substrates. However in Chapter 6 it has been 

discussed how the existence of string elements will be reflected in the variation of Jc with φ at 

constant θ. 

7.2. Sample Description 

The preparation and patterning of samples has been discussed in Chapter 3. The 

superconducting films available for this measurement consisted of 120 nm thick layers of 

BSCCO 2212 grown on 10° miscut SrTiO3 substrates. The orientation of the films was 

confirmed both by four circle XRD analysis and by high resolution electron microscopy. 
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Figure 7.3 A (115) pole figure from a 120 nm thick BSCCO film grown on a 10º miscut STO 
substrate. 

Current tracks both parallel, L, and perpendicular, T, to the vicinal steps were patterned using 

Ar-ion milling. The tracks were 120 nm thick, 500 µm long and of width 20, 10 or 5 µm. The 

geometry of measurements on a T track is shown in Figure 7.4. 
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Figure 7.4 Geometry of measurements on a T track. The angle θ is that between the applied 
field and the cuprate planes. The angle φ is the rotation of the field about the c-axis The 
dashed line corresponds to θ=0°, φ=0° and the dotted line to θ=0°, φ=90°. The angle θv is 
the miscut (vicinal) angle of the substrate. 

To ensure that the T tracks were not being ‘shorted’ by c-axis impurities, the resistivities of 

both L and T tracks were measured. If the L and T tracks are well aligned the a-b and c axis 

resistivities may be deduced from ρ(L) and ρ(T) (Zahner, et al. 1998) using equation (7.2). Here 

ρa-b, ρc, ρ(L) and ρ(T) are the resistivities measured in the a-b plane, c-axis, L track and T track 

directions respectively and θv is the vicinal tilt angle: The a/b anisotropy is neglected and ρa-b 

= ρ(L) as currents flowing in an L track do not cross between cuprate planes. 
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For sample L3 at 100 K this yields ρa-b=1x10-4 Ωcm and ρc=6x10-1 Ωcm. These values are 

consistent with values measured on c-axis single crystals (Crommie, et al. 1990). Resistivities 

measured at 300K on similarly grown films have also been found to be consistent with single 

crystal values (Zahner, et al. 1998). The resistive transition is shown in Figure 7.5 (1 µA 

current), it is comparatively wide compared to those observed on  high quality c-axis 

orientated films. 
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Figure 7.5 Resistance versus Temperature plot on parallel, L, and step crossing tracks, T. 

It can be seen in Figure 7.6 that the critical current anisotropy is significantly smaller than the 

resistivity anisotropy. This is unsurprising since resistivity combines additively whereas the 

measured critical current density will depend on the weakest link in the current path. 
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Figure 7.6 Critical current for, T, and, L, tracks, with field applied normal to the film 
surface. (T=40 K) 

Experimentally it was found to be much harder to obtain low noise results in measurements 

on T tracks than on L tracks. This was due to the smaller absolute values of the critical 

current measured on T tracks. Nonetheless, as can be seen from Figure 7.11 and Figure 7.12, 

the noise is small enough for the Jc(θ) behaviour to be clearly discerned.  

7.3. Results 

7.3.1. RT measurements 

Figure 7.7 shows resistive transitions, with a current of 1 µA, in fields applied parallel and 

perpendicular to the c-axis. As expected from the Kes law the RT curve shows little change 

with field applied parallel to the a-b planes and significant variation with field applied in the 

c-axis direction. On a T track, however, current must flow along the c-axis to pass between 

cuprate planes, this geometry is inaccessible with c-axis thin films. Nonetheless it appears that 

BSCCO is still ‘magnetically transparent’ to fields parallel to the a-b planes in this 

configuration. The spread in the RT curve with field applied parallel to the a-b planes is 

probably due to a slight misalignment of the field. 
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Figure 7.7 Broadening of the resistive transition in a T track with field applied parallel to the 
c-axis (top) and in plane (bottom). 

In BSCCO resistance temperature curves give an indication of the form of the temperature 

dependence of the flux creep activation energy. Figure 7.8 shows the RT data from Figure 7.7 

in the form of an Arrhenius plot. 
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Figure 7.8 An Arrhenius plot of RT data recorded on a T track with field applied parallel to 
the c-axis. 

As would be expected the lnR vs 1/T plot is linear though the transition, again with current 

flow along the c-axis. The broadening of the transition would, therefore, appear to be due to 

thermally activated flux creep. 

The RT transitions show an interesting feature, there is a noticeable dip in the resistivity near 

the end of the transition. A small decrease in temperature leads to a sharp decrease in the 

resistance. The reduction in the resistivity implies that the activation for flux creep is 

increased. The cause of this increase in the activation energy is not clear from the data, but 

may be due to some change in the structure of the FLL. Any change in the FLL that results in 

coupling of vortex pancakes will increase the activation energy, it is harder to depin two 

pancakes than one.  

Measurements of the resistive transition in T tracks therefore indicate that ‘magnetic 

transparency’ is present in BSCCO irrespective of the direction in which the current flows. 

7.3.2. Jc(B) Measurements 

The critical current density as a function of field angle was measured on a T track at 40K with 

the field swept both at φ=0° and at φ=90°. These results are shown in Figure 7.9 below. 
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Figure 7.9 Jc(B) data at 40 K on a T track. The top plot is data taken at φ=0° and the lower 
plot was taken at φ=90°. 

In both sets of data there is no field dependence for Jc at θ=0° (with the field parallel to the 

cuprate planes). It also appears that rotating the field in the plane has no effect on the 

measured critical current density. These two features are as would be expected from the Kes 

law.  
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7.3.3. Jc(T) measurements 
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Figure 7.10 Variation of critical current density with temperature. These measurements were 
performed on a T track with the magnetic field swept in plane of tilt (φ=0, B=0.5 T) 
The variation of the critical current density with varying temperature is shown in Figure 7.10 

with the field at various orientation with respect to the a-b planes.  

7.3.4. Jc(θ) in varying field 

Critical current data was recorded on both L and T tracks at 20 K and various applied fields 

up to 1 T. This is shown in Figure 7.11. Experimentally it was found that data recorded on the 

L track exhibited lower noise than that observed on the T track. Nonetheless the important 

characteristics of the behaviour may be observed. The plots at different applied fields 

converge for θ=0°. This is in accordance with the Kes law, since any field applied parallel to 

the cuprate planes has no effect on Jc. 

Additionally, unlike measurements performed on YBCO films, there is no detectable peak in 

the force-free geometry. Given the nature of the vortex lattice in BSCCO this is unsurprising. 

The direction of the vortex elements are parallel to the a-b planes and the c-axis irrespective 

of the angle of the applied field. 
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Figure 7.11. Jc(θ) plots, field swept in plane of the tilt direction (φ=0°, T=20 K). The top data 
was measured on an L track, the lower data on a T track. 
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7.3.5. Jc(θ) at varying temperatures 
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Figure 7.12 Jc(θ) data at varying temperatures on a T track. 

Figure 7.12 shows the variation of the Jc(θ) dependence with temperature. The peak in the 

critical current density at θ=0° remains over the entire temperature range studied. This is in 

contrast to YBCO where at higher temperatures the prominent channelling peak is suppressed. 

Data was not recorded close to Tc where two-dimensional behaviour is expected to break 

down. Experimentally it was found difficult to record the very small critical current values at 

these elevated temperatures. Additionally, it can be seen from the RT data recorded on the 

sample that at 60K and above a resistive state is entered for all but the smallest fields. 

7.3.6. Jc(φ) data 

The plot below shows the effect of various values of φ on Jc(θ) measurements. Here it is 

possible to confirm the expected two-dimensional behaviour.  
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Figure 7.13 Variation of the critical current with the field angle, θ, recorded at various values 
of the field rotation angle, φ. This data was recorded at 40 K and 0.5 T. 

This plot is further evidence that the rotation of the applied magnetic field in φ has no effect 

on the critical current density. There is no change in the critical current density at constant θ 

as the field is rotated in φ. This corresponds to  rφ=1 as was predicted for a two-dimensional 

superconductor in the previous chapter. 

7.4. Discussion 

Figure 7.14, below, shows the data presented in Figure 7.11 replotted against the c-axis 

component of the magnetic field for both an L and a T track. As would be expected for a 

material obeying the Kes law, it is clear that there is no distinction between tilting the applied 

field and varying the magnitude of a field applied parallel to the c-axis of the material. 
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Figure 7.14 Rescaled Jc(θ) data showing adherence to the Kes law for measurements made on 
a L track (top) and a T track (bottom). 

The measurements on BSCCO grown on vicinal substrates are consistent with the simple 2D 

scaling law proposed to explain the angular dependence of Jc in highly anisotropic cuprate 

superconductors (Kes, et al. 1990). Only the component of the field perpendicular to the 

cuprate planes has an effect on current transport, this appears to be the case even when there 

is a significant c-axis component to the current transport.  
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However as vicinal films have been used further observations may be made. It is possible to 

state on the basis of experimental evidence that there is no force free effect in BSCCO. This is 

not possible from measurements made on c-axis films, as the force free geometry is the same 

as the geometry for which the c-axis component of the applied field is at a minimum. The 

absence of the string channelling effect indicates that the joined string/pancake lattice 

suggested for YBCO is not present in BSCCO.  

The question remains however of the presence of Josephson strings in the blocking layers. 

Several authors have discussed the crossing lattice model in the context of BSCCO (Koshelev 

1999). The crossing lattice model still retains strings localised in the blocking layers of the 

superconductor, these strings are weakly magnetically coupled to the pancake stacks. In 

measurements on a T track there is current flowing between cuprate planes. This current 

would be expected to interact with vortex strings, if present, between the planes. This would 

be expected to give rise to a deviation from the Kes law. 

Although no evidence for anything other than 2D behaviour has been observed in these 

measurements, the c-axis coherence length is expected to become larger than d close to Tc. A 

dimensional cross-over in the structure of the FLL would therefore be expected close to Tc. 

Critical current measurements were not made close to Tc it is practically difficult to measure 

these very small values. However, the RT curve shown in Figure 7.7 does provide some 

information about flux motion. It is possible that the dip in RT is connected to a change in the 

structure in the FLL. This may be a transition between a chain like string/pancake structure 

and the separated crossing lattice. 

7.5. Conclusion 

Although the results obtained agree with existing two dimensional models of the FLL in 

BSCCO it is clear that the pancake coupling of the FLL in BSCCO is quite different to the 

coupling between pancakes in the small angle string/pancake regime in YBCO. No evidence 

has been found that a Lorentz force exerted on the Josephson strings has an effect on Jc. This 

could be interpreted to imply the lack of Josephson strings in these materials and that the 

pancake coupling is mainly magnetic (Clem 1998). This would also seem to exclude the 

perpendicular lattice of Josephson vortices predicted by some authors. 

The use of a film grown on a vicinal substrate allows the peak in the Jc(θ) measurements to be 

unambiguously attributed to the variation in the c-axis oriented component of the applied 
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field. No evidence has been observed that the force free orientation, surface pinning or 

extrinsic pinning centres substantially affect the θ dependence of Jc in BSCCO. 

It is also possible that the pinning of the strings is so weak that the pinning of pancakes is 

always dominant, even for B||a-b where there are expected to be very few, if any, pancakes 

present. It is, therefore, not possible to exclude the possibility of a crossing lattice of 

Josephson strings. Indeed the resistivity transition data does indicate the possibility of a lattice 

structure changeover at temperatures close to Tc. 
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8. Conclusions and Further Work 

8.1. Conclusions 

It is clear from the measurements of the critical current anisotropy, presented in this thesis, 

that the variation of critical current density with applied field in YBa2Cu3O7-δ is complex. The 

vortex channelling effect, first observed by (Berghuis, et al. 1997) is striking. By confirming 

these measurements it has been shown that the channelling effect is indeed a genuine intrinsic 

effect, and not due to the characteristics of any particular experimental sample.  

The confirmation of this effect is significant. It means that no simple scaling law can 

successfully describe the Jc(θ) behaviour in YBa2Cu3O7-δ. Both the Kes law, which it is 

demonstrated applies well to results from BSCCO, and the anisotropic Ginzburg-Landau 

model do not predict vortex channelling. The results obtained appear to fit relatively well with 

the prediction in (Blatter, et al. 1994, pp. 1286) of a field angle dependent cross-over from a 

three dimensional rectilinear FLL to a kinked lattice of strings and pancakes. The effect of the 

transition to the string pancake state in YBa2Cu3O7-δ, is to suppress the peaks in Jc which 

occur due to intrinsic pinning and the force free geometry. The pinning force density for 

movement of strings in the cuprate plane is considerably less than that on vortex pancake 

elements. When the FLL is entirely string-like this reduced pinning leads to the observed 

channelling minimum. 

Although the channelling effect cannot be directly observed in c-axis YBa2Cu3O7-δ films the 

results presented here show that the pinning force density for vortex strings extracted 

indirectly, by measuring string dragging, in measurements on c-axis films are consistent with 

those from channelling measurements. Additionally, by observing Jc(φ) behaviour in c-axis 

films it is possible to observe the cross-over into the string pancake regime. In the 3D region 

the Jc(φ) behaviour is well explained by considering the anisotropy of the  vortex cores using 

the anisotropic Ginzburg-Landau model. 

Vortex channelling itself is observed since the pinning on vortex strings inside the a-b planes 

is weaker than the pancake pinning density. It has been possible to compare the current 

anisotropy results obtained from films grown on un-annealed substrates, where measurements 

suggest a low density of anti-phase boundaries (APB), with those from films with a high APB 

density. This allows the observation to be made that the enhancement in critical current 
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density observed in APB rich samples must be due to very much enhanced vortex string 

pinning. 

The lattice cross-over model predicts for de-oxygenated YBa2Cu3O7-δ that the angular 

cross-over will occur at all temperatures below Tc and this is indeed observed. Intriguingly, 

the counter intuitive prediction, that the range of θ for which the kinked lattice is fully 

developed reduces with increasing anisotropy, appears to be confirmed. 

Measurements of Jc(θ) on vicinal Bi2Sr2CaCu2O8 provide a highly anisotropic comparison to 

YBa2Cu3O7-δ. Here the predictions of the Kes law for a highly anisotropic superconductor are 

closely followed by the observed Jc(θ) behaviour. No evidence for the predicted crossing 

lattice is observed, the purely 2D model appears to well describe the data. Measurements on a 

vicinal film have allowed the peak in Jc(θ) to be unambiguously identified with a minimum in 

the c-axis component of the applied magnetic field. There is, however, some evidence from 

the measured RT transitions of a change in the FLL structure at temperatures close to Tc. 

Enough data was not collected to be certain that this feature is not an experimental artefact. 

The ability to separate contributions to Jc(θ,φ) behaviour, and from this deduce the FLL 

structure, provided by measurements on vicinal films underlines this as a powerful 

experimental technique for probing the structure and pinning of the FLL in HTS materials.  

8.2. Further Work 

The vortex channelling effect is one manifestation of the complex behaviour of the FLL in 

YBCO. In contrast to more high anisotropic materials, such as Bi 2Sr2CaCu2O8, the angularly 

dependence of Jc is difficult to quantitatively model. One prerequisite to further work in this 

field is further study of the growth of YBa2Cu3O7-δ films on vicinal substrates. The 

experimental evidence discussed in the thesis show that the critical current anisotropy is 

highly sensitive to the morphology of the film. In the string/pancake regime the vortex strings 

are more weakly pinned, the evidence suggests that this is not the case when a high density of 

anti-phase boundaries are present. It would be crucial to identify exactly why films grown on 

unannealed substrates seem to show better alignment of the vicinal steps. Research is 

currently ongoing to correlate Magneto-Optical measurements, HREM structure studies and 

Jc(θ) behaviour in vicinal films grown on as supplied and vicinal substrates. 

The clear change in the critical current anisotropy in YBa2Cu3O7-δ with deoxygenation could 

be usefully studied further through a systematic study of films with progressively increasing 

and well established levels of de-oxygenation. The difference in behaviour between de-
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oxygenated YBa2Cu3O7-δ and Bi2Sr2CaCu2O8 is striking, measurements on HTS compounds 

with intermediate anisotropies might allow the point of transition from the quasi 2D kinked 

string pancake lattice found in YBa2Cu3O7-δ to the pure 2D pancake lattice in BSCCO to be 

identified. 

In this thesis it has been assumed that, at the relatively large fields used, the microscopic 

direction of the flux lines is near parallel to the applied field. As has been discussed in Section 

2.4.3 this is not expected for very thin samples of superconductor in small fields. It would 

therefore be interesting to investigate whether the Jc(θ) behaviour seen in this thesis, where a 

marked angular dependence is evident, disappears for this case. 
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Appendix A - List of samples studied 

The table below specifies the sources of the samples I studied during my PhD project. 

Film Description (all films were 

YBCO grown on SrTiO3 

unless otherwise stated) 

Source 

8722 Sputtered de-oxygenated 

films 0,2,4 and 6° vicinality 

A. Bramley, Cambridge 

8880 Sputtered de-oxygenated 

films 0,2,4 and 6° vicinality  

A. Bramley, Cambridge 

Linz 1 PLD 10° vicinal BSCCO film R. Rössler, Linz 

Y1034 PLD c-axis film E. Tarte, Cambridge 

Linz 3 PLD 10° vicinal BSCCO film R. Rössler, Linz 

Z323 PLD 6° vicinal film G.Gibson, Cambridge 

Z324 A + B PLD 6° vicinal films G. Gibson, Cambridge 

Z333A PLD 10° vicinal film G. Gibson, Cambridge 

Z334 A+B PLD 20° vicinal films G. Gibson, Cambridge 

Z335 A+B PLD 4° vicinal films G. Gibson, Cambridge 

Z336 A+B PLD 2° vicinal films G. Gibson, Cambridge 

Linz 4 PLD 15° BSCCO film R. Rössler, Linz 

210600 PLD, de-oxygenated 10° 

vicinal film 

R. Rössler, Linz 

200630 PLD 10° vicinal film R. Rössler, Linz 

nott 37.5 PLD 37.5° vicinal film on 

annealed SrTiO3 substrate 

P. Czerwinka, Nottingham 

 



Appendix B

The diagrams opposite reproduce, from top to bottom, Figures 4.4, 4.5 and 6.1 from 
the main text. Cut off

This bit!

Figure 6.1 (left) Definition of the field angles θ and φwith respect to a 
current flowing in a c-axis film. (right) θ and φ shown on a pole figure.
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Figure 4.4  On the left is shown the geometry of a measurement on a vicinal film. The 
right hand diagram is a pole figure showing the definitions of θv, θ and φand the 
direction of current flow in T and L tracks. Also shown are the vectors, n, normal to 
the surface of the film and the c-axis direction.
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Figure 4.5 Cross-section of a T track showing the orientation of 
the vicinal steps. The green and blue lines indicate the 
orientation of the applied field at (θ=0°, φ=0°) and (θ=0°, φ=90°) 
respectively.

θv 

J 

Inclined cuprate plane 



Critical Current Anisotropy in High Temperature Superconductors John Durrell 

141 

Appendix C – Publications 

The following list consists of journal and conference papers published. Those marked with an 

asterisk are reproduced in this Appendix. 

Durrell, J.H., G. Gibson, Z.H. Barber, J.E. Evetts, R. Rossler, J.D. Pedarnig, and D. Bauerle, 

Dependence of critical current on field angle in off-c-axis grown Bi2Sr2CaCu2O8 

film. Applied Physics Letters, 2000. 77(11): p. 1686-1688. * 

Durrell, J.H., R. Herzog, P. Berghuis, A.P. Bramley, E.J. Tarte, Z.H. Barber, and J.E. Evetts, 

Determination of pinning forces on vortex lines in YBa2Cu3O7- delta. Superconductor 

Science & Technology, 1999. 12(12): p. 1090-1093. * 

Latif, A., W.E. Booij, J.H. Durrell, and M.G. Blamire, Real time resistometric depth 

monitoring in the focused ion beam. Journal of Vacuum Science & Technology B, 

2000. 18(2): p. 761-764.  

Baeuerle, D., J.D. Pedarnig, R. Roessler, C. Stockinger, W. Markowitsch, W. Lang, J.H. 

Durrell, and J.E. Evetts, Pulsed-laser deposition and characterization of high-

temperature superconducting films. Proc SPIE IX International Conference on Laser-

Assisted Microtechnology (LAM 2000), 2000. 

Tsaneva, V.N., C. Christou, J.H. Durrell, G. Gibson, F. Kahlmann, E.J. Tarte, Z.H. Barber, 

M.G. Blamire, and J.E. Evetts, Plasma optical emission studies during HTSC thin film 

deposition process optimisation. Conference Series- Institute of Physics, 2000. 

167(VOL 2): p. 61-64. 

Rutter, N.A., B.A. Glowacki, J.H. Durrell, J.E. Evetts, H.t. Lintelo, R. De Gryse, and J. 

Denul, Formation of native cube textured oxide on a flexible NiFe tape substrate for 

coated conductor applications. Conference Series- Institute of Physics, 2000. 

167(VOL 1): p. 407-410. 

Blamire, M.G., B.S. Teo, J.H. Durrell, N.D. Mathur, Z.H. Barber, J.L.M. Driscoll, L.F. 

Cohen, and J.E. Evetts, Strain-induced time-dependent magnetic disorder in ultra-thin 

La0.7Ca0.3MnO3 films. Journal of Magnetism and Magnetic Materials, 1999. 191(3): 

p. 359-367. 

Durrell, J., G. Hauchecorne, J. Bok, J. Bouvier, A.C. Boccara, J.P. Contour, and J.P. Roger, 

Study of the birefringence by optical reflectivity in YBa2Cu3O7 and its variation with a 

superconducting current. Physica C, 1997. 282: p. 1025-1026. 



APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 11 11 SEPTEMBER 2000
Dependence of critical current on field angle in off- c-axis grown
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Critical current measurements for varying angles of applied field have been performed on
Bi2Sr2CaCu2O8 thin films grown on 10° vicinal~001! substrates. Measurements were performed on
current tracks orientated both parallel~L! and transverse~T! to the vicinal steps. No Josephson
vortex channeling effect was observed, in contrast to results previously obtained on both oxygenated
and deoxygenated YBa2Cu3O72d films grown on vicinal substrates. In addition, no force-free peak
was observed when the applied field was parallel to the current. This provides experimental
evidence that there is a difference between the pancake coupling mechanism in YBa2Cu3O72d at
small field angles where Josephson vortices are present and that in Bi2Sr2CaCu2O8. © 2000
American Institute of Physics.@S0003-6951~00!04237-6#
at
O
t

rg
n

e

ld
an
vo
o

O
ed
th
g
ic

s

n
k

a
co

c
t

on

f
n,
the
cks

n
er
g a

cal

i-
e

n a

ma

the
lied
In contrast to the relatively isotropic YBa2Cu3O72d

~YBCO! material Bi2Sr2CaCu2O81x ~BSCCO! has a large
anisotropy in both its superconducting and normal st
properties. The structure of the flux line lattice in YBC
depends strongly on temperature and on the angle of
applied magnetic field. In contrast BSCCO, due to the la
spacing between cuprate layers, exhibits two-dimensio
behavior over all field angles and temperatures~except for
T/Tc;1!.1 A simple scaling law, proposed by Keset al.,
successfully describes the behavior of BSCCO;j c(B,u)
5 j c(B sinu,90) @Eq. ~1!#, whereu is the angle between th
applied field and the cuprate planes.2 This strongly suggests
that the structure of the flux line lattice~FLL! in BSCCO is
that of flux ‘‘pancakes’’ lying inside the cuprate planes.3 A
similar pancake structure is envisaged in YBCO for fie
applied nearly parallel to the cuprate planes. The flux p
cakes in YBCO appear to be linked by Josephson string
tices that behave in some ways like conventional Abrikos
vortices.4 Angular j c(u) measurements performed on YBC
films grown on vicinal~miscut! substrates have demonstrat
that it is possible to channel Josephson vortices inside
intercalated layers5 and thus calculate a volume pinnin
force for the vortex strings. In contrast, in highly anisotrop
materials such as BSCCO it is expected that the pancake
predominantly weakly magnetically coupled,6 although a
perpendicular lattice of Josephson vortices is still prese7

We have performedj c(u) measurements on 120 nm thic
BSCCO films grown on 10° vicinal~001! SrTiO3 substrates
and observe no channeling effect over a range of fields
temperatures. This strongly suggests that the pancake
pling in BSCCO is very different from that in YBCO. It is
important to note that these experimental observations
only be made using vicinal films. The ‘‘channeling’’ effec

a!Author to whom all correspondence should be addressed; electronic
jhd25@cam.ac.uk
1680003-6951/2000/77(11)/1686/3/$17.00
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only occurs in vicinal films, in addition the ‘‘force-free’’ and
‘‘intrinsic’’ peaks are superimposed inc-axis films.

BSCCO films were grown by pulsed laser deposition
10° vicinal ~001! SrTiO3 substrates.8 The films were charac-
terized by x-ray diffraction and the half maximum width o
the ~0 0 10! peak was found to be less than 1°. In additio
transmission electron microscopy analysis confirmed that
films consisted purely of epitaxial 2212 phase. Current tra
500320mm2 were patterned both parallel~L! and transverse
~T! to the vicinal steps using photolithography and Ar io
milling. The sample was mounted in a two-axis goniomet9

inserted in an 8 T cryostat. Resistance measurements usin
four point geometry were employed to determine the criti
current density,j c , using a voltage criterion of 0.5mV for a
range of temperatures,T, fields,B, and applied field anglesu,
f. The anglesu and f define tilt with respect to thec axis
and rotation in thea–b plane, they are derived from exper
mental anglesue and fe which are defined in terms of th
normal and surface of the film.

Figure 1 shows the geometry of the measurement o

il:

FIG. 1. Experimental geometry for current flowing in a track crossing
cuprate planes.u is the angle between the cuprate planes and the app
field, f is the angle of rotation of the plane in whichu is swept. The dashed
line corresponds tou50°, f50° and the dotted line tou50°, f590°.
6 © 2000 American Institute of Physics
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track running transverse to the vicinal steps. The angleu is
defined as that between the cuprate layers and the ap
field, u50° corresponds to the applied field being parallel
the cuprate planes. The anglef defines the plane in whichu
is swept with respect to the current direction. To illustra
this the diagram indicates the field direction atu50°, f
50° ~dashed line!, andu50°, f590° ~dotted line!.

It has previously been shown that the normal state re
tivity of the ~T! track is considerably higher than that me
sured on the~L! track.10 This is attributed to the combinatio
of a–b andc-axis transport experienced by a current flowi
along a~T! track. It is possible to estimatera–b andrc given
the vicinal angle of the film. The values obtained forra–b

andrc on these films are consistent with those seen in sin
crystal Bi2Sr2CaCu2O8.

10

Measurements ofj c(B) in both orientations were made
as shown in Fig. 2. At 20 K and zero fieldj c(T)53
3109 A/m2 and j c(L) 5431010A/m2. The j c(L) value is
directly comparable to measurements made onc-axis
BSCCO films grown under similar conditions for which aj c

at 20 K and zero field of 131011A/m2 was measured. This
indicates that the tracks are well aligned parallel and perp
dicular to the vicinal steps and that the current transport
~L! track is withina–b planes as for current flow in a con
ventionalc-axis orientated film. Thej c for a ~T! orientated
track is lower since the current must flow in thec direction in
order to cross betweena–b planes. It has been demonstrat
in YBCO that for a particular vicinal substrate orientatio
~corresponding to a vicinal angle of 9.46°! pinning enhance-
ment by antiphase boundaries occurs.11 This is manifested by
values of j c(T) similar to those found inc-axis films. This
effect is not observed in these BSCCO films.

Angular j c measurements were performed on both tra
orientations for a range of applied fields and temperatu
Figure 3 shows measurements ofj c on a~T! track with vary-
ing u at 0.5 T,f50°, and a range of temperatures. The in
in Fig. 3 shows the results from an identical geometry
periment performed on a~T! track from a 10° vicinal YBCO
film at 1 T and 40 K. Both the channeling minima~at u
50°! and the partially suppressed force free peak~at u
510°! can be seen. At the channeling minimum the Jose
son strings move due to a Lorentz force parallel to the pla
JB cosuv . It is clear that, in the BSCCO measurement, t
characteristic Josephson string channeling minimum is
sent. In addition the prominent force-free12 peak atu510°

FIG. 2. Variation of the critical current density (j c) on a ~T! track with
applied field at 20 K. The field is applied parallel to thec axis of the material
ied

s-

le

n-
a

k
s.

t
-

h-
s

e
b-

corresponding toB parallel to j is absent in BSCCO. It is
important to note that the angle at which the critical curre
minimum occurs in YBCO corresponds to aj c maximum in
the measurements on BSCCO.

Figure 4 shows the variation in thej c versusu behavior
with field for both a~L! track@Fig. 4~a!# and a~T! track@Fig.
4~b!#. The insets in the figures show the samej c data plotted
against the resolved component of the field parallel to thc
axis. It can be seen from these plots that there is excel
agreement between the angularj c data obtained and the sca
ing law given by Eq.~1!. Interestingly, the scaling law work
just as well for the~T! track, where the limiting factor onj c

would be expected to be thec-axis critical current.
It was also observed that varyingf, that is rotating the

plane in which~u! is swept, has no effect on thej c(u) be-

FIG. 3. Angular dependence of the critical current density at 0.5 T
varying temperatures.u is swept withf held at 0°. The inset shows th
results of the same measurement performed on a YBCO film grown on a
miscut ~001! substrate. The partially suppressed peak at 10° on the i
figure is due to the force-free effect.

FIG. 4. Main figure shows the variation of critical current with field ang
for varying applied fields and 20 K.~a! shows results from a measureme
performed on a~L! track and~b! shows results from a~T! track. The insets
show the same data sets plotted against thec-axis component of the applied
field.
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havior for both~T! and ~L! tracks. This contrasts strongl
with observed behavior in YBCO where rotating the dire
tion of the Lorentz force on the vortex strings has a cl
effect on j c particularly in the string/pancake regime.13

Thus, measurements on BSCCO grown on vicinal s
strates is consistent with the simple two-dimensional~2D!
scaling law proposed to explain the angular dependencej c

in highly anisotropic cuprate superconductors.2 Only the
component of the field perpendicular to the cuprate pla
has an effect on current transport, this appears to be the
even when there is a significantc-axis component to the
current transport.

We conclude that although the results obtained ag
with existing 2D models of the FLL in BSCCO, it is clea
that the pancake coupling of the FLL in BSCCO is qu
different from the coupling between pancakes in the sm
angle string/pancake regime in YBCO. No evidence has b
found that a Lorentz force exerted on the Josephson str
has an effect onj c . This could be interpreted to imply th
lack of Josephson strings in these materials and that the
cake coupling is mainly magnetic.6 It is also possible that the
pinning of the strings is so weak that the pinning of panca
is always dominant, even forBia–b where there are ex
pected to be very few, if any, pancakes present.
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Abstract. The structure adopted by the flux line lattice (FLL) in YBa2Cu3O7−δ (YBCO)
depends strongly on the angle (θ ) between the applied field and the superconducting cuprate
planes. If this angle is held constant and the field rotated about an axis normal to the cuprate
planes, the structure of the FLL remains constant, while the direction of the Lorentz force on
the vortex lines changes. Measurements of the critical current density (jc) with respect to this
rotation angle (φ) thus probe pinning behaviour while excluding effects due to changes in the
structure of the FLL. If the value ofθ is small, such that the FLL adopts the kinked (string–
pancake) state, the variation injc seen withφ must be due to the behaviour of the string
vortex segments. High-resolution measurements of the variation ofjc with this second angle
φ have been made on thin (120 nm) YBCO films. A simple model is proposed to explain this
variation in terms of dragging of vortex strings by the vortex pancake elements. From this
model and experimental data an estimate has been made for the value of the pinning force
density on vortex strings for motion in thea–b planes. This estimate is in agreement with
values found for the string pinning force density found in earlier measurements on YBCO
films grown on vicinal-cut substrates.

1. Introduction

There is no model of the variation of the flux line lattice
(FLL) structure with the angle between the applied field
and the cuprate planes (θ ) in YBa2Cu3O7−δ (YBCO)
which successfully describes the whole range of variation
of the critical current densityjc(θ, φ). Two main
models have been developed to describe the FLL lattice
in cuprate superconductors, one two dimensional (2D)
in nature and the second three dimensional (3D) in
nature.

It is possible to view more highly anisotropic
superconductors, such as BaSr2Ca2CuO2, as a 2D structure of
layered superconducting and non-superconducting material
[1]. In this case it is only the component of the applied
field in the c-direction which is significant and a flux line
always passes perpendicularly through thea–b plane. Flux
elements passing through thea–b plane (pancakes) are linked
by weak Josephson vortices (strings) which run parallel to the
a–b plane [2]. The FLL therefore adopts a kinked structure.
At low temperatures, some success has been obtained in
applying this model to the behaviour of YBCO. The flux
strings are strongly intrinsically pinned for motion in the
c-axis direction by the layered structure of the superconductor
[3, 4]. When the applied field runs exactly parallel to thea–b
planes ‘lock-in’ to a totally string state is expected [5]. The
peak observed injc(θ, φ)atφ = 0◦with j perpendicular toB
[6] is due to this strong intrinsic pinning effect. The angular
behaviour of the FLL in YBCO has also been interpreted in

terms of the 3D Ginzburg–Landau (GL) model by introducing
anisotropic GL parameters [7].

It has been suggested that in YBCO the FLL exhibits
behaviour which changes from 2D to 3D as the field angle,
θ , is varied [8]. Thus the FLL in YBa2Cu3O7−δ (YBCO)
may exist in one of four configurations [9]. The form of
the FLL in an external magnetic field is dependent on three
parameters: the ratiod/ξab whered is the superconducting
layer spacing andξab the a–b plane GL coherence length,
the GL anisotropy parameterε (ξc = εξab) and the angle
between the appliedB field and thea–b plane,θ . At large
values ofθ the lattice is rectilinear. However, the shape of
a tilted vortex core is anisotropic owing to the anisotropy
of the GL coherence lengthsξab and ξc. For θ less than
some critical valueθ1 the rectilinear vortex lattice is distorted.
The value ofθ1 is given by tanθ1 = d/ξab. At smaller
values ofθ a kinked vortex lattice forms. The angle at
which the ‘kinked’ vortex lattice is fully developed,θ2, is
governed by the condition tanθ2 = ε. For T/Tc = 0
θ1 = 35◦ and θ2 = 11◦. The kinked vortex state is
suppressed entirely at a critical temperatureTcr which is 80 K
for YBCO.

It has been shown, by measurements on films grown on
vicinal-cut substrates, that the pinning force for motion of
vortex strings in thea–b plane is smaller than the pinning
force on vortex pancakes [9]. In ac-axis oriented thin film
it is not possible, with an in-plane current, to directly apply
a Lorentz force on vortex strings in any direction other than
the strongly pinnedc-direction.

0953-2048/99/121090+04$30.00 © 1999 IOP Publishing Ltd
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B θ 

J 

n 

Figure 1. A kinked vortex line in ac-axis film. The angleθ is the
angle between thea–b plane and the applied field. The angleφ
corresponds to rotation of the appliedB field around the normal to
the film surface n. The orientation shown in the diagram
corresponds toφ = 90◦.

Given the complex behaviour of the FLL with variations
in φ, angular measurements at constantθ would be expected
to provide a simpler insight into the pinning of the FLL.

Measurements made by keepingθ constant and rotating
φ (see figure 1) have shown that when the pancakes move
perpendicularly to the string direction,φ = 90◦, jc is
increased and this increase has been attributed to the vortex
strings [10].

In order to gain a good understanding of the properties
of the FLL in high-temperature superconductors the present
work has concentrated on attempting to determine the flux
pinning forces on the string and pancake elements of the
FLL.

2. Experimental configuration

Angular critical current measurements were performed using
a two-axis gonoimeter mounted in an Oxford Instruments
8 T cryostat [11]. All four experimental parameters are
controlled by computer. Temperature stability is accurate
to the order of 20 mK. A microstepping motor controller is
employed so that, once systematic angular offsets are taken
into account, the angular precision attainable is better than
0.1◦ [12].

The YBCO films studied were deposited by either on-
axis dc sputtering or pulsed laser deposition onto SrTiO3

substrates. Current tracks were patterned using optical
lithography and argon ion milling. Finally Au/Ag contacts
were sputtered onto the films to provide contacts for
performing four-point resistance measurements.

The experimental geometry used is shown in figure 1.
It is important to note that when performing an angular scan
in φ at constantθ the structure of the vortex line remains
constant. In the case, as shown, of a kinked vortex line, as
B is rotated the direction of the Lorentz force changes. The
force on each flux pancake rotates in thea–b plane about
the normal to the planesn. The force on the vortex string
elements is always in thec-axis direction. There is no force
on the strings due to the component ofj parallel to the flux
strings.

1 1011

1.2 1011

1.4 1011

1.6 1011

1.8 1011

2 1011

2.2 1011

2.4 1011

0 20 40 60 80 100

θ=40
θ=10
θ=5
θ=1
θ=.5
θ=0
Model θ=5

J c (
A

/m
2 )

φ (degrees)

Figure 2. Variation ofjc with φ at several values ofθ , B = 1 T,
T = 40 K.

3. Results and discussion

3.1. c-Axis films

For the fully kinked FLL (θ < θ2) the pinning force per unit
length on a vortex line may be resolved into a force on the
vortex pancakes which is independent ofφ and an out-of-
plane force on the string vortices which is opposed by the
strong intrinsic pinning force. As the intrinsic pinning force
is relatively strong only the force on the pancakes produces
motion of the vortex line.

Theφ dependence of the critical current density,jc, for
smallθ observed in figure 2 cannot be due to a variation of the
pancake pinning force density withφ as, averaged over the
film, pinning forces in thea–b plane on flux pancakes may be
considered to be isotropic. Atφ = 0◦ the pancakes move in
the direction of the strings and there is no further contribution
to the total pinning force. Atφ = 90◦, in order for the vortex
line to move, the flux pancakes must drag the vortex strings in
thea–b plane. It has been previously demonstrated that there
is a pinning force acting to oppose such channelling of vortex
strings in thea–b plane [9]. We can therefore postulate the
following force balance equation for a kinked vortex line at
φ = 90◦:

jc80D = fp,pcD + fp,str
D

tanθ
(1)

wherefp,pc is the pancake pinning force per unit length,fp,str
the string pinning force per unit length for movement in the
a–b plane,D the film thickness and80 the flux quantum.

For intermediate values ofφ the string pinning force will
not act on the entire length of the string, as the string is free to
move along itself; the string will only be pinned for motion
perpendicular to itself. The force acting on the vortex strings
will thus vary as sinφ. In addition the effective cross section
of the string will decrease as sinφ increases. This will lead to
a change in the pinning force density varying as sinφ. Thus

jc80 = fp,pc + fp,str
sin2 φ

tanθ
. (2)

The fit to equation (2) is shown in figure 2. From this we can
estimatefp,str = 8× 10−6 N m−1 at 40 K and 1 T for the
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Figure 3. The ratio betweenjc(φ = 90◦) andjc(φ = 0◦) plotted
againstθ for varying temperature.

film studied. We also obtain, for the pancake pinning force
density,fp,pc = 3× 10−4 N m−1.

This model is expected to be valid forθ < θ2 except
at very smallθ where the length of vortex string between
pancakes is large and flux crossover and cutting will occur.
At φ = 90◦ this corresponds to the intrinsic pinning peak at
φ = 0 and the force free peak atφ = 90◦. This breakdown
regime appears to have been reached atθ ∼ 1◦ in figure 2.
For the rectilinear FLL (θ > θ1) aφ dependence will also be
expected owing to the anisotropy of the vortex cores.

Figure 3 shows the variation in the ratiojc(φ =
90◦)/jc(φ = 0◦) againstθ at various temperatures. It
is useful to compare theθ variation in theφ dependence
with what would be expected from the 3D and 2D models
of the FLL. The Kes model [1] states that it is only the
c-axis component of the applied field that is significant;
thus 2D behaviour implies noφ variation and thusjc(φ =
90◦)/jc(φ = 0◦) is always equal to unity. This is not seen,
even at the small values ofθ where the kinked vortex lattice
is expected. This has been explained in terms of string
dragging; it would be expected that the deoxygenated YBCO
and more anisotropic cuprate materials would show more
2D behaviour. It can also be seen from the plot that as
temperature decreases the behaviour more nearly approaches
the 2D model. At very small values ofθ flux cutting occurs
which limits the maximum contribution of string dragging to
the enhancedjc atφ = 90◦.

As the temperature dependences of both the GL
parameters are similar, a weak variation with temperature
of theφ dependence would be expected in the 3D regime.
This is indeed observed for large values ofθ .

3.2. Vicinal films

A vicinal substrate has the(001) planes running at an angle
to its surface. Measurements using vicinal films allow
behaviour obscured by the high symmetry of the experimental
configuration when usingc-axis films to be studied. It has
been shown that withB parallel to thea–b planes, if there is
a component of the Lorentz force that is directed along the
a–b planes, string channelling occurs. This results in a local
minimum injc atφ = 0.

0

5 104

1 105

1.5 105

2 105

2.5 105

3 105

3.5 105

4 105

-20 0 20 40 60 80

20K
10K

J c (A
/m

2 )

θ (degrees)

B=1T

Figure 4. The string channelling effect in deoxygenated vicinal
YBCO (Tc = 65 K,B = 1 T).

Figure 4 shows measurements made using a deoxy-
genated 6◦ vicinal film (Tc = 65 K). The relative magni-
tude of the minimum is much larger. This indicates that the
pinning of string elements in deoxygenated vicinal films is
much weaker, in this case by at least 2 orders of magnitude.

The string pinning force per unit string length,fp,str , is
given by the following equation, whereθc is the angle of the
vicinal cut [9]:

fp,str = jc,str80 sinθc. (3)

Using equation (3) it is possible to estimate the value of
the string pinning force density in the vicinal films studied.
A value for fp,str of 8 × 10−6 N m−1 may be taken from
measurements on fully oxygenated vicinal films [9]. This
is in agreement with the value obtained atT = 40 K from
the analysis of string dragging in ac-axis film above. An
equivalent value atT = 20 K for a deoxygenated film from
figure 4 is 8× 10−8 N m−1. It is not possible, however,
to eliminate the possibility of residual pancakes even at the
lock-in angle. The string pinning force may, therefore, be
weaker than calculated.

4. Conclusion

High-resolution angular measurements of the variation injc
as the angleφ is varied in YBCO have been performed. For
the kinked FLL the enhancement injc atφ = 90◦ has been
interpreted in terms of dragging of vortex strings by vortex
pancakes. A simple model to describe theφ dependence of
the pinning force for kinked vortex lines inc-axis YBCO has
been developed from this interpretation.

The magnitude of the pinning of vortex strings for
motion in thea–b plane measured onc-axis YBCO has been
compared with that previously measured using films grown
on vicinal-cut substrates. The values obtained from these two
different experimental observations are in good agreement.

The change observed in theφ dependence as the field
angle, θ , changes is attributed to the transition from a
rectilinear regime through a kinked regime with vortex string
dragging enhancingjc to, at very smallθ , a flux-cutting
regime where no further enhancement ofjc is possible. This
variation has been interpreted in terms of models of theθ

dependence of the structure of the FLL.
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