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Abstract. Coated conductors can be produced by hybrid liquid phase epitaxy (HLPE) with
high growth rates and excellent critical current densities. Samples with a thickness of about
1pm carrying a current of several 100 A /cm-width were reproducibly fabricated in this way.

In this paper we report on the critical current densities in HLPE coated conductors focussing
on the angular dependence of J.(H, 6). Of particular interest for future technical applications
Is a reduction of the ratio J.(H||ab)/J.(H ||c). This can be achieved by defects induced during
crystal growth and correlating with the c-axis of the conductor, which therefore predominately
contribute to J.(H |lc). The correlation of the pinning sites will be discussed in terms of the
Je-anisotropy in fields of up to 6 T.

1. Introduction

Recently much attention was paid to the incorporation of nanoprecipitates in YBCO-based
coated conductors. Embedded in the matrix material, particles of nanometer size can act as
strong pinning centers due to the local suppression of superconductivity on a scale comparable
to the superconducting coherence length £. This strategy was successfully employed in both
PLD and MOD growth using BaZrOj [1],[2],[3],[4] or BaHfOs [5], respectively.

Alternatively yttria decoration of the STO substrate was shown to improve the current
carrying capability considerably [6],[7]. In this case the enhancement in pinning is attributed to
dislocations extending from the nanoislands at the substrate~-YBCO interface to the c-axis of
the film. ’

Hybrid liquid phase epitaxy (HLPE) is capable of reproducibly fabricating high quality coated
conductors with a thickness above 1 pm [8]. The main advantage of this technique is that high
growth rates can be achieved [9]. Although the current carrying capability is excellent in self-
field, the critical current density drops significantly in high fields.

Since the need for additional pinning is evident, the introduction of artificial effective pinning
centers represents an obvious choice. Although neutron irradiation was shown to improve the
critical current density in fields of up to 5T at 77K [10], this route is inapplicable for any
industrial production process, but these experiments serve as a benchmark and demonstrate
the potential performance of HLPE coated conductors, which can be achieved if strong pinning
centers on the nm-scale are present in the material. Consequently, different approaches to modify
the nanostructure of HLPE coated conductors by various precipitates are examined.
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Table 1. Overview of sample properties.

Samplecode Precipitate Tc (K) AT, (K) J.(Am™2) o
FH750 None 89.8 1.3 1.16-101%  0.46--0.04
FH751 BaZrOs 89.8 1.6 1.05-101°  0.414-0.06
FHT752 BaHfO4 90.7 1.8 0.61-101° —
FH753 Y,0s 89.5 0.6 1.16-101°  0.5240.08

2. Sample Preparation
A total of 4 samples were deposited on STO single crystalline substrates using a 3Ba0QO-7Cu0O
flux containing 10wt% YBCO. One sample was grown without any precipitates and is used
as a reference (FH750). Two samples were processed using YBCO targets containing 5mol%
BaZrOs (FH751) and BaHfO3 (FH752), respectively. Sample FH753 was grown after ablating 4
Y203 pulses on the substrate surface. The growth temperature was held constant at 825°C for
all the samples. Further aspects of the sample growth are described in detail elsewhere [8],[9]-
The high critical current densities achieved in these samples together with the finite contact
resistance make a reduction of the current carrying cross-section inevitable. Therefore all the
sample were patterned to 10 um wide bridges about 200 pm long. Although the same number
of YBCO pulses (12000) was used during processing, a sample to sample variation in thickness
cannot be excluded, since different targets were used for the samples containing BaHfO3 and
BaZrQO3. Therefore, a thickness of 1 pm is assumed for all the samples in the following.

3. Experimental
Transport measurements were carried out in a gas-flow cryostat equipped with a 6 T split-coil
magnet. The magnetic field was always perpendicular to the current (maximum Lorentz-force)
during the anisotropy measurements. The temperature was set to the target temperature for
future applications (77K).

The commonly used E. = 1pV/cm criterion is not applicable when measuring short bridges
in the presense of a voltage noise of typically a few ten nV. Therefore, a voltage criterion of
Uc = 1pV was used to define J. (B, ~ 501V /cm).

4. Results and Discussion

4.1. Transition Temperature

The transition temperature was determined by resitive measurements applying a current of
0.2pA to the bridge (~ 2 -10* Am~=2). The intersection of a linear fit to the steepest part of
the transition with the extrapolated normal state resitance and zero resistance defined T. and
the transition width AT, respectively. The onset of the transition is close to or above 90K in
all samples and transition widths of around 1K (Tbl. 1) are obtained. There is no systematic
difference between the samples containing nanoprecipitates and the reference sample.

4.2. Angular Dependence of the Critical Current
Critical current densities of around 1.1 - 10'® Am~2 were obtained in zero field in all but the
BaHfO3 sample (Thl. 1). The normal state resistance of the latter (approximately two times
higher when compared to the other samples) together with the comparably small critical current
density might indicate a thinner YBCO layer.

Prominent peaks for fields parallel to the c-axis appear in all the samples at fields above
1T (Fig. 1). This feature of the anisotropy in HLPE coated conductors was attributed to
correlated pinning by growth or misfit dislocations earlier [9]. The yttria decoration of the
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substrate (FH753) and the BaHfO3 additions in FH752 increase the anisotropy, the latter quite
significantly. By contrast, an increase in height relative to J.(H ||ab) and a broadening of this
peak is observed in the BaZrOs sample for fields of up to 1T. Higher applied fields narrow the
width of the c-axis peak until it nearly matches the c-axis peak of the reference sample at 5T.
An interesting feature is the occurence of shoulders in the anisotropy curve for fields close
to H | ab, which are absent only in the BaHfO3 sample. This peculiarity has previously been
seen in YBCO thin films by other groups [13],[11],[14],[12],[7] but its nature remained unclear.
Therefore, the anisotropy for fields close to H||ab will be subject to future investigations.

4.8. Field Dependence of the Critical Current

It is evident from Fig. 2 that for fields parallel to the c-axis, the J.(H) dependence consists of
two regions: a region of almost constant critical current density for small applied fields and a
region with a strong decay of the critical current at higher fields.

So far this behaviour has been discussed in terms of a so call accomodation field Bgce.
However, there is evidence from recent work that the self-field of the sample plays an important
role also in the thin film geometry [15),[16]. Vortex pinning depends on the magnetic induction
B, the sum of the external applied field pgHe,: and the field generated by the supercurrents in
the sample poH,es. Hence the latter cannot be ignored if both are of comparable magnitude.
A calculation of the maximum self-field occuring in a bridge of the given dimensions and for the
critical current density of the constant J. region (=~ 1.1 .10 Am~2) results in max(uoBself) =
max(poBseif,z) ~ 8mT. The results are in good agreement with the end of the plateau in low
fields in Fig. 2.

At higher fields the dependence of the critical current density is well described by a power-law
Je(H) o< H™® for all samples except the film containing BaHfO3 (Fig. 2). Fits to the curve
ranging from 30 mT (exceeding the self-field estimate from above by a factor of 4) to 1T show
enhanced pinning for the BaZrOg sample (o = 0.41 + 0.06) when compared to the reference
sample (o = 0.46 + 0.04). Accordingly also the ratio J,(0T)/J,(1T) drops from ~ 7 to ~ 5.
Note that the uncertainty in the thickness of the samples leaves the slope of the curve unaffected.
No improvement is found for the Y203 seeded sample (o = 0.52 + 0.08).

The right-hand panel of Figure 2 quantifies the pinning improvement by the addition of
BaZrOs particles in FHT751 relative to the reference sample FH750 in more detail. The J.(H lle)
ratio in both samples peaks at about 0.5T, decreases at higher fields and approaches the
Jo(H || ab) ratio at 4 T.

It is interesting to note that the peak field in the relative improvement of J.(H || c) correlates
with the occurence of the broad c-axis peak in the BaZrO; sample (Fig. 1). The width and
the height of the peak decrease at fields above 0.5T, thus confining the anisotropy reduction
to intermediate fields. This suggests that the improvement in pinning is mainly due to c-axis
correlated defects in the sample containing BaZrOjs particles. A higher dislocation density,
resulting from the BaZrO3—YBCO lattice mismatch, may form preferentially along the c-axis
and improve pinning [1] at fields of up to 0.5 T.

5. Summary
A total of 4 samples grown by HLPE—two of them containing precipitates (BaHfOg3, BaZrOs3),
one deposited on an yttria decorated substrate—were analysed. Pinning was enhanced only in
the sample containing BaZrO3. This demonstrates that the strategy of incoporating precipitates
in the superconductor, which is currently widely used in PLD and MOD growth, is also applicable
to HLPE.

The relative improvement in J.(H || ¢), when compared to a standard HLPE sample,
correlates with the occurence of broad c-axis peaks in the anisotropy curve. Therefore, the
additional pinning can be attributed to c-axis correlated defects. The fact, that the anisotropy
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Figure 1. Angular dependence of the critical current density normalized to Je(H|lab) (6 =0
corresponds to H || ¢). At lower fields (0.5 T) a broadening of the c-axis peak due to the BaZrOs
precipitates is observed (indicated by the bars in the upper left panel) which gradually dissapears
at higher fields (lower panels). Shoulders occur close to H |ab in all samples except the one
containing BaHfO3 (arrows in the lower panels).

reduction was limited to moderate fields (~ 0.5 T), and the absence of a decrease in T, suggest
that conductors with even higher BaZrO3 concentrations should be investigated in detail.

The existence of a plateau in J.(H [|c) was observed, independently of the microstructure of
the samples and discussed in terms of the self-field generated by the supercurrents. A simple
estimate of the field range, where such effects become important, is in excellent agreement with
the experimental results.
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Figure 2. Field dependence of the critical current density for fields applied parallel to the
c-axis of the samples (left). Power-law fits are plotted as solid lines within the fit-range. The
inset is a magnification of the regime governed by the self-field, the solid vertical line separates
the plateau (I) from the power-law decrease (Il). The right-hand panel shows the relative J,-
enhancement due to the BaZrOs particles in FH751 compared to the reference sample FH750.
The improvement in J.(H | c) peaks at about 0.5 T, which confines the anisotropy reduction to

intermediate fields. (The final ratio of about 1.1 in both sample might result from the thickness
uncertainty.)
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