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ABSTRACT: We have studied the critical current density (Jc) as functions of 
temperature and magnetic field in epitaxial c-axis-oriented Hg-1212 and Hg- 1223 
thin films. Jc near 2 MA/cm2 at IOOK and zero field can be achieved when the 
weak links between the grains are minimized through epitaxial growth of the film. 
This results in high irreversibility lines in these films. With the addition of columnar 
defects, the irreversibility line can be further increased within a certain field range. 
Moreover, an interesting scaling change with increasing pinning is attributed to an 
improved pancake-vortex coupling along the c-axis of the film. 

Although the upper critical magnetic field of high-temperature superconductors 
(HTSCs) is much higher than that of their low-temperature counterparts, 
dissipation can occur at a much lower field, Hi,(T). As this curve divides the H-T 
phase diagram into regimes where magnetization is reversible with applied field 
below this line and reversible above it, Hi,(T) is known as the irreversibility line 
(IL). In other words, the vortices are pinned below the IL and unpinned above it. 
This implies that flux pinning in a material is directly related to its anisotropy. 
Consequently Hi,(T) presents a very important consideration for potential 
applications of these materials. 

The exact nature of the IL is still controversial. Models describe it as the onset of 
thermal depinning [I], of FLL melting [2], or a thermally activated 3D-2D 
crossover and vortex glass transition [3,4]. Previous work [5,6] has produced 
results implying a correlation between the scaling of the IL and the anisotropy 161. 

However, no explicit connection has yet been found between the IL and 
anisotropy, which is commonly understood to refer to the distance between the 
Cu-0 plane blocks. This problem is mainly due to the difficulty in fabricating high 
quality samples of two different superconducting species with identical anisotropy. 
Overcoming this hurdle would present a great opportunity to resolve this issue. 
Our group has succeeded in fabricating high-quality epitaxial Hg-I223 [7] and Hg- 



1212 thin films [8], the process of which is reported in detail elsewhere. The 
availability of equally high-quality TI-I212 [9] and TI-I223 [ I  01 thin films allowed 
us to compare the IL for each of the two systems of identical anisotropy. When 
plotted against temperature these IL's are clearly uncorrelated, as shown in Fig. 
1. Since the only parameter that is different between these two systems is the Tc, 
we plotted the IL versus temperature reduced by T,. The results are shown in 
Figure 2. For each pair of equal anisotropy, the IL's for two species coincide. To 
our knowledge, this is the first reported explicit proof that anisotropy d m  
determines the IL of the system. This in turn strongly supports the model of the IL 
as a 3D glass transition line. The slight deviation seen in the 1223 species at low 
and high temperatures is attributed to the still-less-than-optimum quality of the 
Hg-1223 thin films, a problem which we are currently examining. 

Having established the connection with anisotropy, the plot also confirms that the 
1223 species are less anisotropic than the 1212 species. This makes sense from 
the fact that the increase in the number of planes from the former to the latter is 
less than the increase in the c lattice parameter, implying that the planes, and the 
Cu-0 plane blocks, are spaced slightly more compactly in the 1223 species, 
which would therefore be the less anisotropic species and thus having a slightly 
higher I L. 

Furthermore, it should now come as no surprise that IL is enhanced by the 
introduction of columnar defects, as doing so decreases the anisotropy by 
improving the coupling between the superconducting Cu-0 planes. Several 
studies have already verified that high-energy irradiation does enhance the IL 
significantly in HTSC systems. The IL of Y-123 was enhanced by as much as 
about 5 K after irradiation with 580 MeV Sn ions [ I  I ]  and by more than 10 K with 
splayed columnar defects produced by I-GeV Au ions [14]. For Bi-2212 [12, 13, 
151, the enhancement is as much as 24 K with 580 MeV Sn ions. 

As Hg-1212 lies between Y-123 and Bi-2212 in terms of anisotropy, similar 
studies that we have recently conducted on Hg-based species has given 
additional insights into the IL. We have found that, like the above HTSC systems, 
the IL of Hg-1212 is enhanced by the introduction of columnar defects. Figs. 3 
and 4 show the IL of samples before and after irradiation with 800-MeV protons 
and 5-GeV Xe ions, respectively. As with Y-123 and Bi-2212, the enhancement 
occurs within a limited range of field and temperature, due to the fact that at low 
enough temperatures (fields) pinning is efficient with or without columnar defects 
and at high enough temperatures (fields) depinning occurs in the vicinity of the 
critical temperature (field), T, (Hc2). 

Another feature also seen in Hg-1212, besides the enhancement, is the flattening 
of the curvature of the IL within the vicinity of the matching field for the sample. 
This is the regime wherein the ratio of the flux density and the defect density is 
optimized and thus flux pinning is at a maximum. In other words, the scaling 
change can be explained by the pancake vortices being coupled along the c axis 
to a greater extent in this region. 



The maximum enhancement for the proton-irradiated sample is around 20 K, 
while for the Xe-irradiated sample it is less, around 10 K. This is because the 
proton irradiation produces randomly oriented tracks, which reduces the 
anisotropy of the system more effectively than the heavier-ion irradiation which 
produces fairly parallel columns. Thus the former array of defects yields much 
better pinning than the latter, in turn enhancing the IL to a greater degree. 

In summary, we have seen that the IL: (I) is directly dependent on the intrinsic 
anisotropy -- and, therefore, the intrinsic pinning capability -- of the HTSC system 
and (2) is enhanced by increasing the pinning capability -- and, therefore, 
decreasing the anisotropy -- of the system. Our study on the intermediately 
anisotropic Hg-1212 system clearly shows that the anisotropy and the pinning of 
the system directly determines its IL, strongly supporting the model identifying the 
IL as a 3D-2D glass transition crossover. 
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FIGURE CAPTIONS 

Figure 1: Irreversibility lines (IL’s) of two pairs of same-anisotropy systems, Hg 
and TI -1212 and -1223, plotted against temperature and in the linear scale. 

Figure 2: IL’s of Figure l(a) replotted against temperature normalized to critical 
temperature, Tc, and in the log scale. 

Figure 3: IL’s of Hg-1223 before and after irradiation with 800-MeV protons. B+ is 
the equivalent-field dose. 

Figure 4: IL’s of Hg-1223 before and after irradiation with 5-GeV Xe ions. Bb is 
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