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1. Introduction 

The second generation of high-temperature superconductors (HTSC) have been 
extensively studied since the discovery. Because of the potential for technological 
applications several research groups around the world have studied the electric and 
magnetic properties of HTSC that can provide important information about the 
performance of these materials when, e.g., magnetic fields are applied in many different 
applications.  

This chapter will be dedicated to describe the main results obtained with YBaCuO 
superconductors and the interpretations on the resistive transition and magnetic 
irreversibility limit with special attention to their correlations. It will be presented 
experimental results obtained by magnetization and magnetotransport measurements in 
several magnetic field regimes with the purpose of disclosing the connection between the 
magnetic irreversibility limit and the zero resistance temperature as a function of applied 
magnetic field. 

The discussion will be centered in experimental evidences obtained not only in pure 
YBaCuO materials but also in doped materials. It will be presented results obtained with 
single crystals, poly-crystals (sintered and melt-textured) and thin film materials grown by 
different techniques aiming to discuss the influence of the microstructure in the electric and 
magnetic properties. 

Initially it will be done a rapid review about the YBaCuO superconductor and its basic 
properties, with special attention to magnetic and electric properties, such as magnetic 
irreversibility and resistive transition.  

The next topic to be approached is the central theme proposed in this chapter i.e. the 
correlation between the magnetic irreversibility and the zero resistance in YBaCuO 
superconductors and the subsequent fundamental interpretations. Several experimental 
results will be presented and a special attention will be done in relation to results obtained 
in grain-oriented samples, which allow us to investigate anisotropic effects of the zero 
resistance line and the magnetic irreversibility line.  
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The idea that the magnetic irreversibility line is a boundary which an electric current may 
flow without electric resistance comes from the conventional homogeneous metallic 
superconductors. On the another hand, the high-temperature superconductors such as 
YBaCuO and other cuprates are usually granular superconductors and in this case the 
onset of magnetic irreversibility takes place when the first loop of coupled grains is 
formed. An array of coupled grains is responsible to trap the Josephson flux and establish 
an irreversible behavior. However in this case the electric transport remains resistive 
because the well-coupled grain clusters (which are responsible for the magnetic 
irreversibility) still remain disconnected from each other. It's important to observe that the 
resistivity vanishes only when the grain coupling strength overcomes the phase entropy 
and leads to a long-range coherence of the order parameter. As a consequence the 
electrical resistance in granular superconductors is expected to persist down to 
temperatures below the irreversibility line and to vanish only after the phase coherence 
percolates through the whole sample. In materials who exhibit a weak superconducting 
granularity the zero resistance data are expected to fall closely below the irreversibility 
line. Although in some cases the zero resistance line falls below the magnetic 
irreversibility line, some authors admitted that in high magnetic fields, where the flux 
dynamics is dominated by the intragrain Abrikosov flux, the zero resistance line again 
follows the irreversibility line. But apparently some results obtained in grain-oriented 
materials exclude this possibility when high magnetic fields are applied and in this case 
the expected behavior is not observed. 

These important aspects of the correlation between magnetic irreversibility and zero 
resistance line will be discussed based on the main models and ideas currently accepted.   

2. YBaCuO superconductor 

It will be described in this section the structural properties, the main growth techniques and 
some potential technological applications of the YBaCuO superconductor. 

2.1 Structural properties 

The discovery of superconducting oxides of high critical temperature occurred in 1986 
with the pioneer work by Müller and Bednorz (Müller & Bednorz, 1986), who reported 
the observation of the superconductivity around 30 K in a compound containing La, Ba, 
Cu and O. The intense interest in these systems occurred a year later, after the work of Wu 
et al. (Wu et al., 1987) who substituted lanthanum by yttrium in the original formula of 
Müller and Bednorz. The critical temperature increased to 93 K, well above the boiling 
point of liquid nitrogen. This material, YBa2Cu3O7-, or simply YBaCuO, was the 
responsible to inaugurate a new era in the materials research. The relative simplicity in 
growth of ceramic samples was crucial to mobilize several research groups around the 
world in a deep study for its physical properties, as well as possible technological 
applications. 

Unlike conventional metallic superconductors, the crystal structure of the HTSC is complex. 
One of the most important characteristic in high-temperature superconductors is the planar 
anisotropy. Figure 1 shows the crystal structure of YBa2Cu3O7-superconductor.  
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Fig. 1. The crystal structure of YBa2Cu3O7-superconductor. 

The typical lattice parameters are a = 3.82 Å, b = 3.89 Å and c = 11.68 Å. As shown in Figure 
1, the YBa2Cu3O7- superconductor is a perovskite-type cuprate with orthorhombic 
symmetry and the main structural characteristic is the presence of Cu-O2 double planes 
separated by an yttrium atomic layer. The Cooper pairs, responsible to superconducting 
properties, are placed in the CuO2 double planes. The atomic structures between the 
conducting planes are denominated charge reservoir. The oxygen content can vary between 
6 and 7 atoms by unit cell. Deoxygenated systems ( = 1 or simply 6 oxygen atoms per unit 
cell) has tetragonal structure and insulating anti-ferromagnet behaviour. For the optimum 
oxygen content of  the YBa2Cu3O7- system has the biggest superconducting 
temperature at around 93 K. 

2.2 Growth techniques 

Several techniques have been employed to grow superconducting samples of YBa2Cu3O7-. 
It's possible to prepare samples as bulk (polycrystalline sintered or melt-textured), thin 
films and single crystals, among others. Initially the sintering procedure was the most 
promising technique because of its simplicity and possibility to obtain samples in a 
specific desired shape. The samples obtained by sintering techniques in general present a 
microstructure characterized by reduced grain size (few m), porosity, cracks or 
microcracks and an aleatory grain alignment. This microstructure is responsible for the 
low critical current density values observed in sintered samples as compared to single-
crystalline samples.  

The melt-textured techniques have arisen as an alternative way to produce samples with 
high critical current density values needed for some technological applications. The 
pioneer work by Jin et al. (Jin et al., 1988a) set the basis to the melt-textured growth of 
YBa2Cu3O7- samples. Melt-textured samples exhibit a microstructure characterized by 
large grains, low-angle grain boundaries, directional alignment (c-axis oriented), reduced 
porosity and dense structure. This microstructure plays an important role at the high 
critical density current values observed in melt-textured samples. Figure 2 shows a 
comparative image of (a) sintered and (b) melt-textured YBa2Cu3O7- samples (Jin et al., 
1988b).   
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Fig. 2. Comparative image of (a) sintered and (b) melt-textured YBaCuO samples. From Jin 
et al.  

Due to the large size of the oriented single domains obtained by melt-textured processes is 
possible to access directly the physics properties along the c-axis, such as electrical 
transport. Some works have been done using this important characteristic to study, for 
example, conductivity fluctuations in melt-textured YBa2Cu3O7- samples (Jurelo et al., 2008; 
Dias et al., 2009).   

YBa2Cu3O7- samples can be grown as thin films and several techniques have been 
employed. Recently the chemical solution deposition (CSD technique) has been the more 
attractive technique due to its low cost and high performance of the samples obtained by 
this method. The growth of YBa2Cu3O7- samples by metal-organic decomposition (MOD) 
using trifluoroacetate precursor solutions is used to produce high-performance 
superconductor thin films, as reviewed by some authors (Sandiumenge et al., 2006; Araki & 
I. Hirabayashi, 2003; Obradors et al., 2004). 

2.3 Technological applications 

The YBa2Cu3O7- superconductor is the more used high-TC system for technological 
applications due to its high critical current density and high-performance in applications 
involving high-magnetic fields. The relative facility in the growth of samples with specific 
shape permits their use in large scale. Due to the high performance in magnetic and 
electrical properties the materials prepared by melt-textured and thin films techniques have 
contributed decisively in this direction. 

Several applications involving YBa2Cu3O7- superconductor have been made since its 
discovery in 1987. Masato Murakami (Murakami, 2000) proposed two definitions for classify 
the applications of bulk high-temperature superconductors, named passive applications and 
magnet applications. In passive applications the high-temperature superconductors can be 
used in superconducting bearing systems, flywheels, cryogenic pumps, hysteresis motors 
(as rotor), etc. Examples for magnet applications include quasi-permanent magnets, maglev 
trains, magnetic clamps, motors (as stator), magnetic bumpers, in high-field physics, 
magnetization devices.  

An important review by David Larbalestier et al. (Larbalestier et al., 2001) on power 
applications of high-TC superconductors points out the need to low-cost fabrication 
associated to high-performance in electric current transport. This would allow producing 
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large-scale superconducting electric devices for power industry, such as power cables, 
magnetic energy-storage devices, transformers, fault current limiters, etc. YBa2Cu3O7- 
superconductor is pointed as one of the best candidates for these applications. 

The importance of high-performance in current transport associated with a low-cost process 
to the fabrication of single grain bulk superconductors is also pointed out as one of main 
factors to effective applications in engineering devices by Hari Babu et al. (Hari Babu et al., 
2011). 

3. Fundamental properties 

This section is dedicated to a review about electrical and magnetic properties of the high-
temperature superconductors, with special attention to the YBa2Cu3O7- system. 

3.1 Electrical transport properties 

In this sub-section it will be discussed some fundamental aspects of the electric properties of 
the high-temperature superconductors, with emphasis in the anisotropy of the normal state 
and in the granularity and disorder effects. 

3.1.1 Anisotropy of the normal state  

The transport properties of the high-temperature superconductors are highly anisotropic due 
to their crystalline structure. The CuO2 atomic planes (ab planes) are good conductors but 
separated by highly resistive sheets, resulting in a strong planar anisotropy, with a low 
conductivity along the c-axis. The electrical current transport in YBa2Cu3O7- superconductor is 
metallic-type along the ab plane. The same transport behaviour along the c-axis is also 
achieved in good quality samples. Figure 3 shows the electrical resistivity behaviour along the 
three crystallographic axes for an untwinned YBa2Cu3O7- single crystal. The strong anisotropic 
character can be observed with a ratio at room temperatures of a/b  2.5 and c/a  30. 

 
Fig. 3. Electrical resistivity behaviour along the three crystallographic axes for an untwinned 
YBa2Cu3O7- single crystal. From Friedmann et al.  

3.1.2 Granularity and disorder  

The coherence length (T = 0 K) of an YBa2Cu3O7- superconductor is approximately 12-20 Å 
along the ab plane and 1-3 Å along the c-axis, while the penetration length is about 1000 Å. 
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As a consequence the YBa2Cu3O7- system is classified as an extreme type-II superconductor. 
Therefore defects of the same (or higher) order of magnitude are very important in these 
materials. The high-temperature superconductors present several intrinsic defects in 
different size scales: macroscopic (grain-boundaries, porosity, non-superconducting phases, 
such as the Y2Ba1Cu1O5 phase in some melt-textured YBa2Cu3O7- samples), mesoscopic 
(twin-planes, dislocations, stacking-faults, columnar defects) and microscopic (oxygen 
vacancy, substituting atoms). The existence of these defect levels is responsible for the 
complex topology of the order parameter. Samples with higher disorder degree present an 
intrinsic and complex granularity, and this inhomogeneous character reflects in the 
magnetic and transport properties. Disorder is relevant since discovery of the HTSC's, when 
its presence was associated to the superconducting-glass state (Ebner & Stroud, 1985). 

The resistive transition to the superconducting state in granular systems occurs in two steps-
like transition, defining two important temperatures, namely TC and TC0, as presented in 
Figure 4.  

 
Fig. 4. Resistive transition in a granular superconductor. 

The region above TC is called “paraconducting” region and the excess of conductivity is 
attributed to thermal fluctuations of the amplitude of the order parameter. TC is practically 
coincident with the bulk critical temperature, and the superconductivity stabilizes in 
homogeneous and mesoscopic regions of the sample (grains). Between TC and TC0 the 
superconducting grains are weakly coupled to each other by Josephson effect and thermal 
fluctuations occur in the phase of the order parameter of the grains. This region is called 
“paracoherent” region and the electrical resistivity is not zero. The long-range 
superconducting state is achieved at TC0 through a percolation process at the grains. This 
process controls the activation of weak links between the superconducting grains and is 
called coherence transition. A detailed investigation of this process is given by Rosenblatt et 
al. (Rosenblatt et al., 1988). At the critical temperature (TC0) where the coherence transition 
sets in, the fluctuating phases of the order parameter in each grain couple to each other into 
a long-range ordered state and a zero resistivity state is established.  
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3.2 Magnetic properties 

In this section it will be discussed some fundamental aspects of the magnetic properties of 
the high-temperature superconductors, focusing in the irreversibility behaviour of the 
magnetization. 

3.2.1 Phase diagram  

The zero resistivity and the perfect diamagnetism (Meissner effect) are the main 
characteristics to any material be considered a superconductor. The Figure 5 shows a mean-
field type phase diagram for a type-II superconductor, such as YBa2Cu3O7-. Type-II 
superconductors present a perfect diamagnetism (Meissner effect) just when the applied 
magnetic field is lower than HC1(T), called as lower critical field. Consequently this region is 
known as Meissner state. For applied magnetic fields in the region between HC1(T) and 
HC2(T), the magnetic flux can penetrate inside the superconductor in form of filamentary 
structures known as vortices. This state is titled as mixed state and the HC1(T) value marks 
the penetration of the first magnetic flux-line inside the superconductor. When the external 
magnetic field is higher than HC2(T) (also known as upper critical field), the 
superconductivity is suppressed and the material passes to the normal state. 

 
Fig. 5. Mean-field type phase diagram for a type-II superconductor. 

3.2.2 Mixed state and vortex structure  

The Figure 6 shows the mixed state structure in a superconducting sample where Ha is the 
applied magnetic field (Ha > HC1). The Figure 6(a) shows a lattice of normal cores and the 
respective associated vortices, while the Figure 6(b) shows the variation with position of 
superparticles density (superelectrons density or Cooper pairs density).  

The Figure 6(c) shows the variation of flux density with position. The superparticles density, 
designed by nS, falls to zero at the centre of each isolated vortex, and the dip in the nS is about 
two coherence lengths wide. The flux density in not cancelled inside the normal cores, but 
decreases into a small value in a distance about  (London penetration length) away from the 
normal cores, as shown in Figure 6(c). Each individual vortex is surrounding by the shielding 
currents and the total flux generated is just one fluxon 0, given by 2.067x10-15 Weber. 
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Fig. 6. The mixed state structure in a type-II superconductor. The Figure (a) shows a lattice 
of normal cores and the respective vortices, while the Figure (b) shows the variation with 
position of superparticles density and the Figure (c) shows the variation of flux density with 
position. From Rose-Innes & Rhoderick.   

The interaction between vortices is repulsive and mediated by the Lorenz force. In a 
homogeneous superconductor the cores are arranged in a hexagonal (triangular) periodic 
array due to lower energy state. This array is known as Abrikosov lattice and can be 
observed in the Figure 6(a). In granular superconductors the vortices placed inside the 
superconducting grains are denominated intragranular vortices and are arranged in this 
lattice type. 

The vortices can be pinned by defects of the crystal lattice. This effect is known as flux 
pinning and the mechanism can be improved by introducing microstructural or 
compositional changes like irradiation, chemical doping or precipitates. 

In an isotropic and perfect superconductor (without the presence of defects) the vortices can 
be arranged in an Abrikosov lattice (hexagonal lattice). In a granular material, the 
superconducting grains can be coupled by Josephson effect, and based on this idea John R. 
Clem proposed a theoretical model to describe a granular superconductor using the 
Josephson effect as starting point (Clem, 1988). In this model a granular superconductor can 
be represented as anisotropic grains coupled by Josephson junctions (junctions based on 
Josephson effect).  

The magnetic field can penetrate into a granular superconductor in the region between the 
grains, in the form of intergranular vortices, known as Josephson vortices. An intergranular 
Josephson vortex transports just one fluxon, similar to intragranular Abrikosov vortex and 
the magnetic structures are similar. The main difference is the region where both vortices 
are located. The Figure 7 shows a scheme of both vortices in a superconducting granular 
sample. 
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Fig. 7. Representative scheme showing intragranular and intergranular vortices in a type-II 
superconductor. 

3.2.3 Magnetic irreversibilities  

The magnetization of high-TC superconductors shows an irreversible behaviour due to flux 
pinning combined with thermal activation of the vortices. In the next sections will be 
discussed the origin, the characteristics and some theoretical models used to explain this 
behaviour. 

3.2.3.1 Magnetic irreversibility line  

Through the realization of experiments based on ZFC (zero-field cooling) and FC  

(field-cooling) procedures in a superconducting sample it's possible to observe strong 

magnetic irreversibility effects, such as presented by Figure 8, due to flux pinning into 

the sample.  

Below a temperature called irreversibility temperature (Tirr), the ZFC and FC curves 

present distinct behaviours. Below Tirr the vortices have its mobility strongly decreased 

due to pinning centres. As Tirr is dependent on the magnetic applied field, it´s possible to 

obtain a H versus T phase diagram similar to the one presented in Figure 9, where the line 

separate the diagram in two distinct regions: a region of high temperatures (T > Tirr) 

where the magnetization is reversible, and a region of low temperatures (T < Tirr) where 

the magnetization is irreversible. This line is known as magnetic irreversibility line or 

simply irreversibility line (IL). The study of the irreversibility line was originated with the 

pioneer work by Müller et al. in granular samples of La2-xBaxCuO4-superconductor 

(Müller et al., 1987).  
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Fig. 8. Magnetic irreversibility effects in a superconducting sample obtained through the 
realization of ZFC (zero-field cooling) and FC (field-cooling) procedures. 

 

Fig. 9. The anisotropic character of the magnetic irreversibility line in a melt-textured 
sample. 

The Figure 9 shows the anisotropic character of the magnetic irreversibility, attributed to 

intrinsic planar structure of the high-temperature superconductors. When H // ab the 

intrinsic pinning mechanism is evidenced and the vortices have their mobility restricted to 

the ab plane, reinforcing the effective pinning. By another hand, when H // c the lattice take 

the form of a stacked two-dimensional pancake-type vortices confined to the ab planes 

weakly coupled. At low temperatures the vortex lattice can be stabilized in a three-

dimensional arrangement, but at high temperatures the thermal depinning effects passes to 

be relevant and a crossover from 3D to 2D occurs, resulting in a two-dimensional lattice of 

pancake vortices (Vinokur et al., 1990).  
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3.2.3.2 Theoretical models 

This section is dedicated to describe some of the main models used to explain the magnetic 
irreversibility line (IL).  

3.2.3.2.1 Giant flux creep 

The model was proposed by Yeshurun and Malozemoff (Yeshurun & Malozemoff, 1988) 
based on the flux creep model initially developed by Anderson and Kim (Anderson & Kim, 
1964). This model is based on the thermal activation effects of the vortex lattice. The model 
assumes that a vortex can be thermally activated over a pinning barrier even if the Lorentz 
force exceeds the pinning force. The main differences between both models are the high 
temperature and the low energy of the vortex pinning presented by the high-temperature 
superconductors.  

According to the authors the experimental behaviour presented by the IL in a H versus T 
diagram obeys the power-law 

  2/3 1H ( t)    ,  (1) 

where t = Tirr/TC is the reduced temperature and Tirr is the irreversibility temperature. 

According to the giant flux creep model the IL is essentially a depinning line in a H 
versus T phase diagram. Above the IL the vortices can move freely resulting in a zero 
critical current density while below the IL a finite value occurs once the vortices are 
pinned.  

3.2.3.2.2 Vortex melting 

According to this model the thermal fluctuations are responsible by the melting of the 
Abrikosov lattice, and the IL behaves as a boundary between two regions, namely vortex 
solid and vortex liquid. The instability produced by thermal fluctuations results in a second 
order phase transition of the vortex lattice at a temperature called vortex lattice melting 
temperature, or TM. The aleatory dislocations produced by instabilities can promote 
collisions and loss of correlations between vortices. According to Nelson and Seung (Nelson 
& Seung, 1989), when the lattice melts two new regimes can arise, namely disentangled flux 
liquid and entangled flux liquid. The criterion used to define the vortex  melting is known as 
Lindemann criterion (Lindemann, 1910).  

The Figure 10 shows a representation of the vortex lattice melting phases. The disentangled 
flux liquid is characterized by high temperatures and low flux-line densities, as represented 
in Figure 10(b). The entangled flux liquid is reached when the flux-line density is high, as 
presented in Fig. 10(c). According to Houghton et al. (Houghton et al., 1989) the melting 
temperature (TM) is slightly lower than the critical temperature (TC) and the behaviour 
follow the power law 

 21( t) H  ,  (2) 

where t = T/TC is the reduced temperature.  
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Fig. 10. Representation of the vortex lattice melting phases, showing (a) the Abrikosov 
lattice, (b) the disentangled and (c) the entangled flux liquid. From Nelson & Seung. 

The Figure 11 shows experimental results obtained in an untwinned single crystal of 
YBa2Cu3O7-. The solid curve represents a fitting using equation (2). 

 
Fig. 11. H versus T phase diagram for the flux melting regime obtained in an untwinned 
single crystal of YBa2Cu3O7-. The solid curve represents a fitting using equation (2). From 
Farrell et al. 

3.2.3.2.3 Superconducting glass 

This model was based on the propositions of Ebner and Stroud (Ebner & Stroud, 1985) to 
study the diamagnetic susceptibility of superconducting clusters. The superconducting glass 
model proposes the existence of a disordered array of superconducting grains weakly 
coupled by Josephson effect or proximity effect. The Hamiltonian used to describe a system 
of weakly coupled grains is given by 
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 cosij i j ij
i, j

H = J (θ θ A )   ,  (3) 

where Jij is the phase coupling energies between neighboring grains i and j and i - j is the 
phase difference of the Ginzburg-Landau parameter on the grains i and j. The phase 
displacements Aij, caused by the applied magnetic field, are given by 

  
0

2π
.

j

ij

i

A = A dl
φ 


,  (4) 

where 0 is the elementary flux quantum (fluxon), and the line integral is evaluated between 
the centres of grains i and j.  

This model predicts the existence of a low temperature phase called superconducting glass, 
where disorder and frustration are dominants. The irreversibility line (IL) can be interpreted 
as a separation between two phases: namely superconducting glass and a system of 
decoupled grains. According to Müller et al. (Müller et al., 1987) it's possible to correlate the 
functionality of the IL with the same functionality used in spin glass systems. Using this 
analogy Müller et al. proposed that the behaviour of the IL at low applied magnetic fields in 
high-TC superconductors can be described by de Almeida-Thouless type power law (de 
Almeida & Thouless, 1978), and it’s given by 

 1
0

┛
g

0
g

T (H)
H = H

T ( )

 
 
 
 

,  (5) 

where  = 3/2 and Tg(H) can be interpret as Tirr(H) in superconducting materials. The Figure 
12 shows experimental results obtained in a La2BaCuO4- sample. The solid curve represents 
a numerical fit using equation (5). Another similarity occurs when higher magnetic fields are 
applied. In this case it's possible to observe a crossover from de Almeida-Thouless to Gabay-
Toulouse (Gabay & Toulouse, 1981), where the behaviour can be described by the power 
law  

 

1
2

1
0

irr

irr

T (H)
H = ┚

T ( )

 
  

 
,  (6) 

where  is a constant and Tirr(H) and Tirr(0) are the irreversibility temperatures obtained 
when H  0 and H = 0. 

3.2.3.2.4 Vortex glass 

The vortex glass model was proposed by Fisher (Fisher, 1989) to describe the crossover from 
reversible to irreversible magnetization in high-TC superconducting oxides using disorder 
effects. This model predicts the existence of a vortex glass phase between the Meissner state 
and the line defined by the temperature TG(H), as showed in Figure 13. The Abrikosov 
lattice in the vortex glass state has no long-range symmetry and the vortices freeze in a 2D 
lattice exhibiting a low-range order. The disorder and frustration are related to aleatory 
pinning centres distribution. As the temperature increases the vortex glass can be 
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destabilized by thermal fluctuations and it melts above the TG(H) line, defining a state 
known as vortex liquid, as showed in Figure 13. The TG(H) line can be identified as the 
irreversibility line (IL).  

 
Fig. 12. Irreversibility line obtained in a La2BaCuO4- sample. The solid curve represents a 
numerical fit using equation (5). From Müller et al. 

 
Fig. 13. Phase diagram for the vortex glass model. The TG(H) line can be identified as the 
irreversibility line (IL). From Fisher.  

3.2.3.2.5 Bose glass 

The Bose glass theory was developed by Nelson and Vinokur (Nelson & Vinokur, 1992) to 
treat the effects due to flux pinning by correlated defects (columnar defects, twin planes, 
grain boundaries, etc.). For a high-temperature superconductor with strongly correlated 
disorder the model predicts a H versus T diagram divided into three phases: superfluid, 
Bose glass and Mott insulator.  

The superfluid phase is characterized by high temperature and viscous motion of vortices, 
which can jump across the correlated defects trough the sample. The Bose glass phase is 
essentially characterized by the strongly anisotropic pinning due to extended and correlated 
defects in the sample. This behaviour is strongly dependent on the alignment between the 
applied magnetic field and the direction of the defects dispersed in the superconducting 
sample. Misalignments greater than 5° may remove this phase in accordance with 
experimental results obtained by Safar et al. (Safar et al., 1996) in twinned YBa2Cu3O7- single 
crystals. The Mott insulator phase occurs at low temperatures and can be characterized by a 
highly non-linear vortex dynamics governed by similar properties to the Meissner state. 
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4. Correlations between the magnetic irreversibility and the resistive 
transition 

This section will be dedicated to present and to discuss experimental results on the magnetic 
irreversibility line, on the zero resistance line and on the respective correlations in high-
temperature superconductors. The results will be focused in the YBa2Cu3O7-superconductor.  

4.1 Brief considerations 

The magnetic irreversibility line in homogeneous superconductors defines a boundary in the H 
versus T plane below which the magnetization is irreversible and up to which a nonzero electric 
current can flow without any electrical resistance. Above this line the magnetization is 
reversible and all electric transport is resistive due to dissipation by flux dynamic effects. Very 
clean and well-oxygenated YBa2Cu3O7- single crystals can be considered homogeneous 
superconductors and in this case the electrical resistivity is expected to vanish at the 
irreversibility line and even to comply with the planar anisotropy of the magnetic irreversibility. 
However high-temperature superconducting cuprates are generally inhomogeneous 
superconductors (Vieira & Schaf, 2002) or intrinsically inhomogeneous (Dagotto, 2005).  

The magnetic irreversibility and the electrical resistivity in granular superconductors do not 
depend on the same parts of the superconducting sample. While the irreversibility depends 
on well-coupled grain clusters, the electrical resistance depends on grain arrays traversing 
the whole sample. Along such long-range paths, zero electrical resistance can be attained 
only at some temperature below the irreversibility temperature (Rosenblatt et al., 1988). On 
the other hand, at magnetic fields above several kOe the magnetic field penetrates the grains 
and the magnetic irreversibility is dominated by the Abrikosov flux dynamics (intragrain 
flux) while the electrical resistivity is still ruled by the grain junctions and can vanish only 
after the achievement of a long-range coherence state. 

Magnetic irreversibility studies on pure and doped YBa2Cu3O7- single crystals (Schaf et al., 
2001, 2002) show the signature of superconducting granularity in the low-field region, 
dominated by Josephson flux (intergrain flux). Although in some cases the data for zero 
resistance falls below the magnetic irreversibility line, the authors admitted that in high 
magnetic fields, where the flux dynamics is dominated by the Abrikosov flux, the zero 
resistance line again follows the irreversibility line (Pureur et al., 2000, 2001).  

High-quality melt-textured YBa2Cu3O7- materials normally do not exhibit the signature of 
superconducting granularity, in spite of the polycrystalline structure. The linking between 
the crystallites is so strong that in some cases the coupling between superconducting grains 
occurs almost simultaneously with the superconducting transition. 

4.2 Experimental results in YBaCuO superconductors 

The results in this section are presented for several YBa2Cu3O7- samples grown by different 
techniques, and some of experimental results and discussions were previously published by 
Schaf et al. (Schaf et al., 2008) and Dias et al. (Dias et al., 2008). 

The Figure 14 shows results in an YBa2Cu2.97Zn0.03O7- single crystal grown by self-flux 
method. The continuous lines represent the irreversibility lines, Tirr(H), for H // ab and  
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H // c and are fits to the power law predicted by the giant-flux-creep theory, while the 
circles represent the zero resistance data, TC0(H), for H // ab and H // c. The inset in the 
Figure 14 highlights the data at low magnetic fields where the continuous lines are fits to 
the de Almeida-Thouless and Gabay-Toulouse power laws. The Tirr(H) data show a weak 
superconducting granularity and consequently the zero resistance data are expected to 
fall closely below the irreversibility line, as showed in the Figure 14. While at high 
magnetic fields the TC0(H) data fall about the irreversibility lines, in the low-field region 
they fall systematically underneath the irreversibility line for both field configurations 
(see inset). 

 
Fig. 14. Irreversibility lines in an YBa2Cu2.97Zn0.03O7- single crystal, together with the zero 
resistance data TC0. The closed circles are for fields applied parallel to the ab plane and the 
open circles are for fields along the c-axis. The inset highlights the data in low fields.  From 
Schaf et al.  

The data in the Figure 15 illustrates the case of a melt-textured YBa2Cu3O7- sample grown 

by top-seeding technique and containing 30 wt% of Y2BaCuO5(Y211 phase) and 1 wt% of 
CeO2. The purpose of the Y211 phase is to introduce pinning centers and the CeO2 
physically stabilizes the melt at high temperatures during the growth, to limit the size of the 
Y211 particles and to improve the distribution of the Y211 phase. This procedure strongly 

enhances the flux pinning potential in melt-textured YBa2Cu3O7- samples. On the other 
hand, high-quality melt-textured samples in general do not display superconducting 
granularity. However, the high concentration of Y211 phase causes considerable 
misalignment of the c-axis, thereby encumbers the grain coupling and reduces the planar 
anisotropy (Carrillo et al., 2000). The weak superconducting granularity presented by the 
melt-textured sample, whose results are presented in the Figure 15, arises mainly from 
misalignment of the c-axis, resulting in a reduced planar anisotropy.  

In the Figure 15 the irreversibility lines (H // ab and H // c) are represented by the 
experimental data and the continuous lines are fits to the power law predicted by the giant-
flux-creep theory. The measuring current in the zero resistance data flows along the same ab 
planes for both field orientations (H // ab and H // c). While for H // ab plane and H // J 
the zero resistance data (closed circles) fall closely underneath the corresponding 
irreversibility line, they split strongly away from the irreversibility line toward lower 

temperatures for H // c  and H J (open circles). 
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Fig. 15. Irreversibility lines obtained in a melt-textured YBa2Cu3O7-, together with the zero 
resistance data TC0. The closed circles are for fields applied parallel to the ab plane and the 
open circles are for fields along the c-axis. From Schaf et al. 

The twinning domains in the investigated melt-textured sample are nearly random in the ab 
plane and their direction also must be scattered somewhat about the average c-axis, due to 
the misalignment of the c-axis. Therefore, while flux pinning by the twinning planes 
certainly contributes somewhat for fields applied along the c-axis, its contribution for fields 
along the ab plane must be irrelevant. In the Figure 15 the irreversibility data show a much 
reduced anisotropy, due to the spreading out of the c-axes of the different crystallites and 
the consequent noncoplanarity of the ab planes.  

Similar results (not published) are showed in the Figure 16, for a YBa2Cu3O7- thin film 
grown by chemical solution deposition. It can be observed that the zero resistance data for  
H // c and H J split away from the irreversibility line (H // ab) towards lower 
temperatures. 

The data in the Figure 17 are representative for a polycrystalline YBa1.75Sr0.25Cu3O7- 
sample grown by conventional sintered technique using the standard solid state reaction 
method (Schaf et al., 2008). This polycrystalline sample exhibits a strong 
superconducting granularity, as shown by the presence of the de Almeida-Thouless and 
Gabay-Toulouse regimes in the low-field irreversibility data. The asterisks in the Figure 
17 denote the approximate superconducting temperature transition (TC); the open circles 
are the irreversibility data; the closed circles are the zero resistance data (TC0) and the 
continuous lines are fits to de Almeida-Thouless, Gabay-Toulouse and giant-flux creep 
power laws. 

In spite of the magnetic field being applied parallel to the measuring current, H // J, the 
zero resistance data of this polycrystalline sample fall considerably below the 
irreversibility line already in low magnetic fields and split away from this line steeply 
when the applied magnetic field increases. In polycrystalline samples the current flow 
through the grain aggregate is highly dispersive and therefore the H // J configuration is 
only a microscopic approximation. The data in the Figure 17 also show no indication the 
zero resistance data might come back and meet the irreversibility line somewhere in 
higher magnetic fields. 
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Fig. 16. Irreversibility line (Tirr) and zero resistance data (TC0) obtained in a YBa2Cu3O7- thin 
film. The closed circles are for fields applied parallel to the ab plane and the closed squares 
are for fields along the c-axis. Not published. 

An applied magnetic field to a granular superconductor increases the phase entropy (Stroud 
et al., 1984). This magnetic field, while randomly produces a distortion of the phase of the 
order parameter, weakens and frustrates the grain coupling and favors the phase 
fluctuations that can result in the increase of the magnetoresistance. The random phase 
distortions also weakens the ability of the grain aggregate to pin the intergrain Josephson 
flux that dominates in the low-field regime. Therefore, in the low-field regime the 
irreversibility line exhibits the de Almeida-Thouless and Gabay-Toulouse power laws that 
are the signature of frustrated systems.  

The response of a granular superconductor to a magnetic field is usually described in 
terms of the Josephson coupling Hamiltonian given by the equation (3) together with the 
equation (4). The equation (4) shows that a magnetic field causes phase displacements of 
the Ginzburg-Landau order parameter along those weak links which extend along the 
vector potential A , i.e. the Aij are large along weak links that lie transversely to the 
magnetic field but may vanish along the weak links oriented parallel to the magnetic 
field. 

 
Fig. 17. Irreversibility line (Tirr) and zero resistance data (TC0) in a polycrystalline 
YBa1.75Sr0.25Cu3O7- sample. The asterisks indicate the approximate superconducting  
transition temperatures. From Schaf et al. 
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Due to the dependence of the phase displacements Aij and the associated grain decoupling 
effect on the direction of the applied field with respect to the weak links, the magnetic 
irreversibility line and the zero resistance of granular superconductors depend strongly on 
the field-current configuration. For instance, if the magnetic field is applied along the c-axis 
and the current flows in the ab plane, the degradation of the conducting junctions is 
expected to be strong and leads to a considerable increase of the resistivity and a large 
displacement of the zero resistance temperature towards lower temperatures. A 
representative result can be observed in the Figure 15. On the other hand, if the magnetic 
field orientation is parallel to the current in the ab plane, the effect of the field on the weak 
links carrying the current is expected to be much smaller, and this can be seen also in the 
Figure 15. 

In the case of the polycrystalline sintered sample, in which the links between the grains are 
much weaker, the effects of the applied field on the grain coupling is drastic even for fields 
applied parallel to the intended measuring current, as can be seen in the Figure 17. In these 
granular superconductors the direction of the current is disperse due to the coupled grain 
arrays that percolate through the whole sample in randomic loops. 

5. Conclusion 

The connection between the magnetic irreversibility limit and the zero resistance in high-TC 
superconductors is very important in order to understand the mechanisms of the electric 
current transport in these systems. In granular superconductors the zero resistance state is 
ruled by grain couplings and the effect of an applied magnetic field on the electrical 
resistivity depends strongly on the field-current configuration. In a superconducting sample 
which has a weak superconducting granularity, the electrical resistance vanishes very close 
to and underneath the magnetic irreversibility limit. On the other hand, for samples with a 
strong superconducting granularity, the magnetic field severely degrades the grain 
couplings. The electrical resistance, for current flowing along the weak links affected by the 
magnetic field, vanishes far below the irreversibility line. 

Because of the potential for technological applications, the correlation between electric and 
magnetic properties in HTSC systems can provide important information on the 
performance of these materials when magnetic fields are applied in different configurations.  
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