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I DISCLAIMER 

1 This report was prepared as an account of work sponsored by an agency of the United States 
, Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or I 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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ABSTRACT 

We have investigated the microstructural and electrical transport properties of high-temperature 
superconducting W S )  TIB~&~&U,O~+~ (Tl1223) deposits on polycrystalline substrates of YSZ 
and silver. Samples were formed by deposition of a TI-free or TI-poor precursor film, followed by 
thermal reaction with 1120 vapor. The resulting deposits have c-axis perpendicular texture with local 
in-plane alignment, which leads to a colony-type microstructure and improved electrical transport 
properties. Transport properties on different samples, on the same samples at different widths, and 
on samples with artificially-induced strong flux pinning defects lead to the conclusion that a relatively 
smaU W o n  of the material comprises strongly-coupled current paths. Results on 3-20 pm thick 
deposits on silver indicate that these materials may be usefid as a new class of HTS conductors. 

INTRODUCTION 

The TIBa&a&u,O, (Tl1223) class of HTS materials are now recognized as candidates for a 
new generation of conductors with capabiities to operate at temperatures above 40 K in substantial 
magnetic fields. So far, attempts to develop these materials as powder-in-tube tapes (i.e., by 
processing schemes analogous to those used successmy for the Bi-based HTS conductors) have 
been unsuccessfid, mostly due to the failure to obtain significant crystalline texture by thermo- 
mechanical processing.' On the other hand, initial results obtained on short segments of TI1223 
conductors, formed as deposits on appropriate substrate materials, have been more enco~raging2~~ 
For example, it is well established that nitrate-spray pyrolysis of B+Ca$u,O, precursors on 
polycrystalline YSZ, followed by Tl-vapor-phase reaction in a two-zone h a c e ,  can yield Tl1223 
deposits With strong c-axis texture, having (000 x-ray rocking curve FWHM of less than 2": 
Although no long-range in-plane texture is observed by large area x-ray dfiaction, microstructural 
grain-orientation mapping using electron beam backscattering patterns (EBSP) and x-ray 
mkrodfiaction has revealed the presence of local in-plane grain alignment? These studies have 
found that the 3-10 pm grains are well-aligned within colonies of dimensions -100 pm to - 1 mm, 
and suggest that current transport occurs through a network of percolative paths across adjacent 
colony boundaries! Such a conduction mechanism should lead to transport properties that are 
characteristic of well-coupled material occupying an overall reduced volume fiaction. This view is 



supported by a number of experimental observations. In the following we describe some recent 
. experiments regarding the nature and properties of &ent conduction in Tl1223 deposits on 

polycrystalline substrates, and how these results provide motivation for fiuther development of 
TI1223 thick deposits for conductor applications. 
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Details of the film precursor deposition and post-annealing conditions have been described 
previously?*3 Briefly, precursors were deposited on polished polycrystalline YSZ substrates by 
aerosol spray pyrolysis of nitrate solutions with d o n  content BqCqCu,A%,,. Typical thicknesses 
are 3 pm. For the as-rolled silver substrates, the precursor deposits were thicker (10-20 pm), and 
were applied by spin-coating of a mixed oxide powder suspension in an organic binder. In both cases, 
the TI1223 is formed by reaction of the precursor h with oxygen/"120 vapor in a two-zone 
fiunace, with the sample zone maintained at 860"C, and the T1203 source zone at -740 "C. Reaction 
times varied fiom 1 4  hours, depending on the film thickness. Electrical transport measurements 
were made on short samples, approximately 15 mm long and 5-8 mm wide. Electrical contact to the 
TI1223 surface was provided by sputtered gold pads. For some studies of the Tl1223NSZ, the 
samples were photolithographically patterned to 3 mm long bridges of widths down to -80 pm. 
Measurements of the critical current density were conducted in fields to 8 Tesla, and J, was defined 
at a criterion of 1 pV/cm for the current flowing only in the Tl1223. 

Figure 1 illustrates the dependence of the transport J, on magnetic fields oriented parallel to the 
c axis at 77 K. Here the data, normalized by the self-field J, are shown for several different 
Tl1223NSZ samples, for one sample that has been patterned to progressively narrower widths, and 
for a M y  epitaxial thin film grown on a single crystal LaAlO, substrate? The common dependence 
ofJ, on magnetic field, even among different 
samples and despite large differences in 
absolute values, is consistent with current 
flow occurring in a well-coupled component 
that is a reduced geometrical fraction of the 
sample. For example, by regarding the 
epitaxial film with J, >1 W c m 2  as a fully- 
connected benchmark, we may infer that 
only 5-10% of the T11223NSZ material is 
active; however, for that component the 
J,(H) characteristics are nearly identical 
among all  samples. This latter point is 
somewhat surprising since the universal field 
dependence and nearly identical 
irreversibility field Birr imply that the material 
and flux pinning properties are remarkably 
uniform among the different samples. 
Indeed, below we will show that the deposits 
on polycrystalline silver appear to have a 

Fig. 1. The field dependence of the scaled critical current density 
at 77 K, for different Ti1223 samples and for a sample of different 
widths. The epitaxial film, deposited on single crystal LaAIO,, is 
-1 pm thick and represents a nearly fdly-connected benchmark 



. . field dependence that is qualitatively different from that of these deposits on oxide substrates. 
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Further experimental confirmation of the strongly-coupled, percolative-path picture of current 
flow is provided by the effects of systematically introducing additional flux pinning defects., In 
previous work, we irradiated Tl1223rYSZ samples with energetic heavy ions to produce parallel, 
co lukar  defects along the c-axis6 There it was found that these strong flux pinning defects 
substantially increase J, and the irreversibility fields, raising B,m at 77K from -2 T to -6 T for qlc. 
Since there is no envisioned mechanism by which additional disorder in grain boundaries can improve 
weak-link limited currents, it must be concluded that the enhancements arise iiorn additional flux 
pinning in the well-coupled component, and that this component is responsible for virtually all the 
current flow in magnetic fields. 

A 

An additional implication of this model 
of current flow is that the apparent J, should 
depend on the sample dimensions. This 
effect arises because well-coupled current 
path options across adjacent grain-colony 
boundaries can be restricted if sample 
dimensions are comparable to or smaller than 
the colony size. We have numerically 
modeled this effect using a limiting-path 
analysis applied to the actual grain orientation 
distribution of a Tl1223NSZ sample 

EBSP and x-ray measured 
micrornaction. Figure 2 shows results of 
this calculation, compared with actual 
experimental data of the apparent J, as two 
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Fig. 2. The dependence of the apparent J, on the width of two 
narrower bridge widths. The T11223NSZ samples. The solid curve is a numerical calculation 

based on a limiting path model ofcment flow across basal plane 
to 
measurements show qualitative 
with the numerical results, and C O ~  that tilt boundaries. The Calculation assumes a Illy-connectedJ,=l 
the apparent reduction in J, with decreased Wm2. 
sample width occus as the width approaches 
the colony size. This result arises as a direct consequence of percolative current networks across the 
statistical distribution of low-angle grain boundaries that bridge the region between adjacent, 
differently oriented grain colonies. An additional feature of the measurements, which was not 
represented in Fig. 1 or Fig. 2, is that J,(@ and the accompanying I-V curves become qualitatively 
different at small sample widths, in a manner consistent with the nearly complete elimination of well- 
coupled paths. These effects and their analysis will be discussed elsewhere. Note that in the present 
case the descriied effects are essentially two dimensional phenomena, with no assumption of current 
transfer along the c axis, as is presumed in the "brick-wall" model of current flow. 

The extension of this work to thicker deposits on practical substrates, such as polycrystalline 
silver tapes (T11223/Ag)? has produced deposits with similar overall morphology. While these 
materials also show evidence of local in-plane texture, neither the c-axis orientation (XRD rocking 



* curve FWHM of 4-12’) nor the colony 
microstructure is as pronounced as that of 
the Tl1223NSZ films (c-axis FWHM 1-2”). 
Likewise, the J, values are systematically 
smallpr, and usually lie in the range 10-20 
kA/cm2. However, because of the larger 
thicknesses these systems can provide higher 
I, values, and the practical substrate 
materials offer potential for scaling to long- 
length conductors. An interesting feature of 
the Tl1223/Ag deposits is the observation of 
higher irreversibility fields when qlc. This 
phenomenon is represented in Fig. 3, where 
we plot I, at 77 K for several Tl12231Ag 
deposits, compared with a typical as-grown 
T11223NSZ film (as in Fig. I), and to a 
representative Bi2223 multifilament powder- 
in-tube tape. One may speculate that the 
persistence of I, to higher fields originates 
fiom systematically stronger flux pinning in 
the T11223/Ag, or perhaps fiom percolative 
conduction paths of misoriented material, 
where more favorable properties at high 
fields could result fiom sampling of 
components where H is directed near to the 
ab planes. In fact, the dependence of J, on 
the sample orientation in field exhibits 
behavior that is directly correlated with XRD 
determinations of the c-axis perpendicular 
alignment. Figure 4 shows such data for 
several different samples, along with the 
measured (001) rocking curve FWHM. In 
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Figs. The field dependence of the critical current at 77 K for four 
different Tl1223/Ag thick deposits, compared to a typical 
Tl1223NSZ film, and a Bi2223 multifilament PIT tape. 
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general, for broad c-axis orientation, the 1 Ang/e(degrees) 1 
broadened and is reduced in magnitude. 

Jc values near wlc are Fig. 4. The angular dependence ofJ, as the sample is oriented in 
enhanced- A smearing On Jc(dlab) the applied field of 3 T. The data are normalized to Junm: at the 
due to a distribution in the c-axis grain peak, which systemati~ally d- with the XRD FWHM. 
alignment has been documented in Bi2223 Values of JGm are not &own because of uncertainty in the 
tapes8 In the present case, however, we thickness Of some s a m P l ~ -  
find that convolution of a sharp J, angular 
dependence (e.g., that of the epitaxial film) with a broad Gaussian distribution of grain orientations 
cannot lead to the observed J, intensity near qlc. Alternatively, an explanation based on enhanced 
flux p&g in the Tl1223/Ag deposits is qualitatively consistent with the incremental effects seen in 
J, vs. angle of Tl1223NSZ deposits after the heavy ions irradiations: or in YBCO thin films known 

“intrinsic pinning” peak at q [ a b  also is HI IC HI lab 



to have strong, ingrown columnar fly-pinning defects9 In the case of the TI1223/Ag deposits, the 
origin of additional flux pinning defects is presently unknown, but we speculate that they may result 
fiom stresses induced in the Tl1223 upon cooling fiom the formation temperature 860°C, due to the 
large differential t h e d  mntraction with Ag. Confirmation of this or other mechanisms must await 
comparative microstructural studies. 

CONCLUSION 

From the point of view of possible deposited conductor applications, the present results are 
encouraging. The Tl1223 material appears to have superconducting properties suitable for operation 
in substantial magnetic fields at temperatures above 40 K, especially after the defect microstructure 
has been improved, as demonstrated by particle irradiations. Although the existing Jc values are not 
high enough to provide practical conductor current levels, recognition of the colony grain 
microstructure offers a vision for large improvements. These improvements could occur through 
the development of processing schemes that enhance colony formation and bias their growth 
directions on continuous, long-length polycrystalline substrates. Alternative, new approaches 
employing epitaxy on textured substrates or buffer layers also may exploit the benefits of Tl1223. 
In this regard, TI1223 may have an advantage over YBCO because of the ease of batch formation 
6om rapidly formed precursor deposits, thereby avoiding the need for complicated and slow in situ 
deposition techniques. Overall, these results provide motivation for the further development of 
TI1223 thick deposits for conductor applications. 
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