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Abstract. The critical current density of an aligned Ag doped Bi$+zCazCu?O, tape has been 
measured from 10 K up to Tc (105 K) in magnetic fields up to 15 T. Measurements ofthe critical 
current density (&(B.  T)) have been complered for three different configurations of magnetic 
field. transport current, and superconducting tape: (i) J I c axis. J I B ,  and B I c axis; (ii) 
J I c axis. J I B .  and B 11 c axis: (iii) J I c. axis, J 11 B .  and B I e axis. In all three 
configurations at high magnetic fields up to 15 T. we find the critical current density can be 
described by J , (B ,T)  =a($ ,T)exp[ -~~H/B($ ,T) ]whereB($ ,T) i so fasepanblev~ble  
form ,E($, T )  = ,@(T)/f($) where B'(T) 1s a funmm of temperature alone a d  f ( $ )  is a 
consmt dependent only on the orientation of B,  I, and the c axis. 

A similar but not identical exponential magnetic field dependence has been found in 
BizSrzCazCu~O,, BizSqCaCuzOx, and YBazCurO, thin films. We discuss the evidence h t  
the exponential magnetic field dependence suggests that a pair breaking mechanism operates at 
barriers in these materials. We conclude that the grain boundaries determine & ( B ,  T) in the 
BizSrzCazCuSO, textured tape. 

1. Introduction 

There is an enormous effort in the superconductivity community directed at understanding 
the magnetic field and temperature dependence of the transport critical current (&(E ,  T)) 
of high-temperature superconductors [l-81. The interest lies in both understanding the 
fundamental mechanisms limiting J#, T) and increasing J,(B, T) for high-magnetic-field 
and high-power applications. 

In the period after the discovery of high-temperature superconductors, while the 
materials science of these new materials was poorly understood; there was no clear 
understanding of the effect of fabrication and microstructure on J,(B, T). More recently, a 
clearer picture of how these factors are correlated has been developed in bulk aligned tapes 
optimized for high-current-density applications [3,9]. In this work we extend the field and 
temperature range over which J,(B, T )  has been measured in textured Bi2Sr2Ca2CuBOx 
tapes. 

The critical current density of a highly aligned Ag doped Bi&CaZCu,O, tape has been 
measured in detail from 10 K up to T, in magnetic fields up to 15 T. Measurements of Jc 
have been completed for three different configurations of magnetic field, transport current, 
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and superconducting tape: (i) J I c axis, J I B,  and B I c axis; (ii) J I c axis, J I B ,  
and Bllc axis; and (iii) J I c axis, JIIB, and B I c axis. The magnitude of the critical 
current density is about 6 x IO4 A cm-’ at 10 T and 4.2 K, which is typical of high-quality 
textured Bi2Sr2Ca2Cu3Oz powder in tube tapes [&SI. 

In the next section we outline the fabrication procedure for the tapes. In section 3 
we describe the experimental procedure to measure variable-temperature voltagecurrent 
characteristics in high magnetic fields. In section 4 we present the raw critical current data. 
Section 5 presents a mathematical description and analysis of the data. In section 6, we 
compare the results we have obtained with those on BizSrzCazCuRO,, BizSrzCaCuzO, and 
YBazCu30, thin films. In section 7, we critically discuss some of the mechanisms suggested 
for determining &(E,  T). We discuss the evidence that a pair breaking mechanism operates 
at barriers in these materials and more specifically at the grain boundaries in the textured 
tape. 

2. Sample preparation 

In a separate study, a series of samples were introduced to investigate the influence of Ag 
additions on both the high-field properties of Jc at 4.2 K and the mechanical properties of 
the tapes [lo]. It was found that Jc at 4.2 K and 10 T peaked at 6 x lo4 A cm-’ with about 
10 wt% Ag. We have chosen this optimized tape for the detailed investigation presented in 
this work. 

High-purity powders of Bi203, PbO, SrCOs, CaCO3, and CuO were weighed and mixed 
in molar ratios of Bi:PbSr:Ca:Cu of 1.6:0.4:1.6:2.02.8. The powders were calcined at 
1073 K for 43.2 !a and ground for 10.8 ks. The calcination and grinding process was 
repeated a second time. After the second grinding 10 wt% Ag (AgzO powder) was added 
and mixed. The resultant powder was inserted into an Ag tube of 6 mm outer diameter and 
1 mm thickness. Initially the wire was reduced by grove rolling. Then the wire was cold 
pressed with a uniaxial pressure of 900 MPa and heat treated at 11 13 K for 540 ks. An 
additional cycle of uniaxial pressing at 900 MPa and heat treatment at 1113 K for 540 ks 
completed the thermomechanical heat treatment. The final sample was 80 k m  thick, 2 mm 
wide, and 22 mm long. The cross-sectional area of the IO wt% Ag doped BizSr;lCazCu30, 
core has a height:width aspect ratio of about 25 and an area of 6.2 x 

The detailed microstructure of the tape is complex but similar to other tapes produced 
using this fabrication technique [9] .  The superconducting core is strongly textured such 
that the plate like grains are aligned with their basal plane preferentially parallel to the 
broad face of the tape. A characterization of the tape using SEM, EPMA, and XRD has been 
completed and reported elsewhere [IO]. 

cmZ. 

3. Experimental details 

The basic measurement consists of holding the applied magnetic field and the temperature 
constant while increasing the current passing through the superconductor and monitoring the 
voltage across two voltage taps attached to it. Initially no voltage is detected. Eventually 
there is a sharp increase in  the voltage at the critical current. The critical current is recorded 
and the process is repeated at all required fields and temperatures. 

We have recently commissioned a probe for making variable-temperature critical 
current measurements on both low-temperature and high-temperature superconductors in our 
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dedicated 17 T magnet system [ l l ,  121. The probe incorporates a heater, a high-precision 
Rh-Fe standard thermometer, and a field independent capacitance thermometer, which are 
all in intimate thermal contact with the superconductor. Initially the heater and the Rh- 
Fe thermometer are used to obtain the required temperature. Temperature control is then 
transferred to the field independent capacitance thermometer, which is in a closed cycle 
feedback loop with the heater and maintains the temperature while the voltage-current 
(V-I) characteristics are being measured or the magnetic field is being changed. After 
all the measurements at a given temperature have been completed, the magnetic field is 
reversed to -2 T and slowly reduced to zero before measurements are initiated at a new 
temperature. ~ V - I  characteristics can be obtained on superconducting thin films, wires, and 
tapes from 2 K up to T, with a typical noise of 100. nV peak to peak. The instrumentation 
is computer controlled using EEE-488 and RS232 protocols such that the raw V-Z data 
are automatically digitized for ease of subsequent analysis. 

The magnitude of J,(B, T )  at 77 Kin zero magnetic field is -, 8 x IO3 A cm-Z, the same 
as found during the optimization work on these tapes [IO]. We note the marked increase at 
10 T from - 7 x lo3 A cm-' at 10 K in this work to - 6 x 10" A cm-* at 4.2 K in the 
previous study [IO]. In this work, we do not consider J @ ,  T )  data at temperatures below 
10 K. Nevertheless, recently we have made measurements on other Bi&CazCu?O, tapes 
and have found a similar marked increase in J,(B,  T )  below 10 K, which is consistent with 
the results in this paper. 

For this Bi&2Ca2Cus0, tape the voltage taps were soldered 3 mm apart. We have 
taken an electric field criterion of 2 @V cm-' to define the critical current. This criterion has 
been chosen to be as low as possible while maintaining good signal to noise. The magnetic 
field values quoted are accurate to one part in 105. The current through the superconductor 
is determined by measuring the voltage across a standard resistor and is accurate to better 
than 0.1%. We expect all values of critical current quoted in this paper to be accurate to 
better than 5%. 

At the beginning of these measurements and after each data set for a given configuration 
had been completed, the critical current of the tape was measured in zero field in liquid 
nitrogen at 77 K. We found no change in the critical current of the sample and took this as 
evidence that no damage to the sample occurred during these measurements from sample 
mounting, Lorentz forces, or thermal cycling. 

4. Experimental results 

In  figure 1 the critical current density defined at 2 pV cm-' versus the magnetic field as a 
function of temperature is presented on a log-log plot. This format most clearly presents 
both the low-field and high-field data. The lines at each temperature serve as a guide to the 
eye. The transport current ( J )  is orthogonal to the c axis. The applied field is orthogonal to 
both J and the c axis and hence a macroscopic Lorentz force operates. In figures 2 and 3, 
the equivalent critical current data that have been obtained for the two other configurations 
considered in this work are presented. The following characteristics are common to all three 
figures: at low applied magnetic fields, while the self-field is larger than the, applied field, 
.Ic is independent of the applied field; at intermediate magnetic fields, Jc slowly decreases 
as the applied magnetic field increases; at high fields there is a marked decrease in J, as 
the fieId increases. 

The data in figures 1-3 have been replotted in figures 4-6 on log-linear plots. Although 
the detailed features of J, at low magnetic fields are no longer clear in these figures. they 
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Figure 1. h g j ~  (critical current density) defined at 2 wV cm-I versus loglo (magnetic field) 
as o function of tempemture. I is orthogonal CO the c axis. The applied held is orthogonal to 
both I and the c axis. 

emphasize the high-field data, which are the focus of this paper. Figures 4-6 demonstrate 
that in high magnetic fields, at all temperatures for all three configurations the critical current 
exponentially decreases as the magnetic field increases. This exponential dependence holds 
whether the macroscopic Lorentz force operates (figures 4 and 5) or not (figure 6).  

5. Analysis of data 

5.1. Pair breaking 

By considering the decay of the superconducting wavefunction through superconducting- 
normal-superconducting (S-N-sj junctions, De Gennes [ 131 found that the critical current 
has an exponential functional form given by 

&(T)  = Jo(1 - T/T,)’exp(-kd,) 

where .lo is a constant, T, is the critical temperature, d. is the thickness of the normal 
layer, and K;’ is the characteristic decay length for the superconducting order parameter in 
the normal layer. This work has been extended by Hsiang and Finnemore [14] to include 
the magnetic field dependence of K, using a phenomenological model such that when the 
normal metal is in the clean limit 

J d B ,  T )  = a(T)exp[-~aff/B(T)l (1) 
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Figure 2. Loglo (critical current density) defined at 2 LLV cm-' versus loglo (magnetic field) 
as a function of tempemre. J is mhogonnl to the L' ais .  The applied field is paallel to 1. 

where the applied field is orthogonal to the direction of current flow, a(T)  is a function of 
temperature alone and p ( T )  is given by 

where A = h/2z (h is Planck's constant), e is the electronic charge, 1 is the electron 
scattering length in the normal barrier, and d is the width of the barrier. The exponential 
dependence is a well known result from considering quantum mechanical tunnelling through 
a barrier. 

Equation (1) describes the high-field Jc(B ,  T )  data in figures 4-6 for all three 
configurations. In figures 7 and 8, the temperature dependences of a(T) and B(T) are 
presented. 

In figure I the value of a has been determined by extrapolating the straight lines in 
figures 4-6 at high fields back to zero magnetic field. It should be noted that when the 
Lorentz force operates, the precipitous drop in a(T) for B I c, compared to Bllc, leads 
to a crossover in a(T) for these two configurations-the sensitivity of the temperature 
dependence of a(T) to the orientation of B and the c axis can be seen most obviously by 
noting that the intercepts of the straight lines are much closer in figure 4 than in figure 5 
across the temperature range. 

In figure 8, p ( T )  is plotted as a function of temperature for the three configurations. In 
addition, for comparison, values of B ( T )  derived From the work of Yamasaki et a1 1151 For 
a Bi2Sr2Ca2CqO1; epitaxial thin film (J I B,  Bllc axis) are shown for comparison. The 
data in figure 8 are replotted in figure 9 on a log-linear plot. The solid lines drawn through 
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our data in figure 9 have an identical temperature dependence but are displaced from each 
other. Hence our data are consistent with a single temperature dependence for B(T): 

B(.IllB, B I ~ ) / 2 . 6  = B ( J  I B ,  B I c)/1.65 = B ( J  I B ,  Bllc). (3) 

We can generalize (1) to include the orientation and temperature dependence of B(T) 
in a separable variable Form such that 

Jc(R T )  =a(@. T)ew-woHIB(@, TI1 (4) 

where @(@, T )  is of a separable variable form p(@, T )  = B"(T)/f (4) where p # ( T )  is a 
function of temperature alone and f (@) is a constant dependent only on the orientation of 
B ,  .I, and the c axis. 

5.2. Flux pinning 

In low-temperature superconductors that have been optimized for high critical current density 
in high magnetic fields, it is well established that flux pinning mechanisms can determine Jc 
[16,17]. The functional form of &(E,  T )  is conventionally described using the Fietz-Webb 
[18] scaling law given by: 

Fp = J,B = yB:,(T)f(b)  (5)  
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where Fp is the volume pinning force, y is determined solely by the microstructural 
properties of the superconductor, B&) isthe upper critical field, and f ( b )  = bP(1 - b)4 
where p and q are constants and the reduced magnetic field b = B/B,*(T). 

There is no evidence in figures 4-6 that we have reached the phase boundary associated 
with the upper critical field or the irreversibility line [19]. Our high-field data are exponential 
up to the highest magnetic field measured at each temperature. In principle we can 
parameterize our data using equation (5) with most notably B a ( T )  as a free parameter 
as well as n,  p ,  and q. However, fitting our data to (5) leads to highly correlated values 
for the free parameters and non-physical results. Alternatively we can extrapolate J,(B, T )  
to zero and find a value for B,z(T) using a polynomial function form and part of our 
data set.. However without any complementary information, it is probable that & ( T )  
obtained in this way and the values for n, p .  and q are artifacts of the analysis [ZO]. This 
can be contrasted to unaligned bulk polycrystalline La1.&~.15Cu04, where Jc dropped 
precipitously at a magnetic field similar to that found in an independent single-crystal study 
for the superconductinghormal phase boundary and identified as the upper critical field 
L7-11. 

More recently, flux pinning models have been developed that explicitly incorporate 
thermally activated flux creep [22-25]. An estimate for the activation energy U0 of the 
barriers restraining the flux lines has been suggested of the form [26] 

where H,(T) is the thermodynamic critical field and e ( T )  is the coherence length. By 
including an additional logarithmic dependence of the activation energy on the applied 
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current [23], an expression for the critical current density, which does not obey FiebWebb 
scaling, can then be derived of the form [27] 

J d B ,  T )  = JdT)exp(-B ln(Ec/EO)kBT/F(T)) (7) 

where &(T) is the temperature dependent depinning current in the absence of thermal 
fluctuations, E,  is the electric field criterion at which the critical current density is measured, 
F(T) is a function of temperature alone and EO is a characteristic electric field for the 
material. Although equation (7) provides an exponential magnetic field dependence, a 
detailed microscopic theory is lacking. The factor (4o/B)C(T) in (6), which leads to the 
exponential field dependence in (7), is justified heuristically by assuming that the elemental 
movable volume in the flux line lattice has the cross-sectional area of the Abrikosov unit cell 
(@o/B) and length &T) [%I. The factor p&(T) is taken as the low-field approximation 
for the Gibbs free energy density G = p&(T)( l -  ( H / H , Z ( T ) ) ) ~  1261. Neither factor has 
been justified rigorously, indeed contrary to (6) resistive measurements on single crystals 
of Bi2Sr2CaCu20x 1281 show that U0 a B-7 where 0.15 < 7~ c 0.48 (depending on the 
magnitude and orientation of the applied field). This dependence necessarily implies a term 
B'J in the argument of the exponential of (7), which contradicts our experimental results. 

In summary, although we can in principle parameterize the data using (5) or (7). they 
are best described using the exponential form given by equation (4) in high magnetic fields 
below the irreversibility line (and Bc2(T)). which strongly suggests that a pair breaking 
mechanism operates. 
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6. Comparison with other J.(B, T )  data 

6.1. Thin3lms 

Detailed JJB, T )  data on epitaxial thin films of high-temperature superconductors have 
been completed by a number of groups. Because there is no normal metal in intimate 
contact with these films, one can measure the critical cnrrent over a very broad range. This 
range of measurement is not readily accessible with wires and tapes since the metal matrix, 
which serves as an electrical shunt, can carry a significant current at the E field used to 
define the critical current density. At the E field criterion of 2 WV cm-' used in this 
work, typically 10 A cm-' flows through the Ag sheath. This current in the Ag effectively 
produces a lower bound for the minimum critical current that can be measured. We now 
compare the functional form for J,(B. T )  we have found in the tape that is exponential 
over one to two orders of magnitude to that obtained over three to five orders of magnitude 
in thin films. 

For BizSrzCazCu30, [15,29] and BizSrzCaCuzO, 1301 epitaxial thin films it has been 
found experimentally that 

J,(B, T )  = ar*(T)exp( -~oHcosB/B*(T) )  (8) 

where B is the angle between the applied magnetic field and the c axis and a*(T)  and p * ( T )  
are functions of temperature alone. J,(B, T )  measurements made as a function of angle B 
have shown excellent agreement with (8). Universal log-linear curves at each temperature 
of J,(B, T) versus Bcos 8 at a fixed temperature were obtained. 
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is orthogonal to the c axis. the applied field is parallel 
to 3 ;  t, an epitaxial thin film of BizShCazCu3Or, J 
is orthogonal to the c axis, the applied fieid is panllel 
to the c x i s  [15]. 

Figure 9. Loglo@(T)) as a funclion of temperature: 
x, 1 is onhogonal to the c axis, the applied field is 
orthogonal to both J and lhe c axis: 0,  J is onhogonal 
to the c axis. the applied fieid is parallel to the c axis; 0. 
J is onhogonal to the c axis, the applied field is parallel 
to J ;  +. an epitaxial thin film of BizSr~CaZCu~O,, J 
is onhogonal to the c axis, the applied field is parallel 
to the c axis [i5]. 

Detailed J,(B, T) data on an epitaxial thin film of YBaZCu30,. have been taken in 
magnetic fields up to 30 T [31]. These data show an unambiguous exponential field 
dependence for J,(B, T) data over five orders of magnitude in current density and hence 
provide evidence for a pair breaking mechanism operating at barriers in these films. 
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There are a number of broad similarities between the thin-film results and the 
BizSrzCazCuaO, tape. 

(i) Most notably, the Bi&Ca2Cu,0,, BizSrzCaCuzO,, and YBazCu307 thin films 
show an exponential field dependence for &(B, T) in high fields as does the tape. 

(ii) The functional form of a(T):  for both the Bi&Ca2Cu3OZ tape and the YBazCu30, 
film, at low temperatures a(T)  for B I c is higher than for B [ [ c  but decreases much more 
rapidly as the temperature increases. This leads to a crossover in a ( T )  at about 60 K (for 
the Bi based films a ( T )  for B I c is equal to that for B [ [ c  throughout the temperature 
range in agreement with equation (8)). 

(iii) The functional form of p(T) :  for the Bi2Sr2CaZCu3Or, BizSr2CaCti20;. and 
YBazCu3@ thin films and the tape the temperature dependence of p ( T )  is convex; the 
temperature dependence of b ( T )  for the Bi2SrZCa2Cu30; and the Bi2Sr2CaCu2Ox thin 
films and the tape is independent of the orientation of the magnetic field. 

6.2. Tapes 
We can consider whether the difference between the functional form of J J B ,  T) for the 
Bi based epitaxial thin films and the tape is solely due to the imperfect texturing of our 
tapes. Within the framework of (S), such a simple description implies that CL(@, T )  must 
be independent of orientation of magnetic field. The variable-temperature data shown in 
figure 7 demonstrate that unlike the thin-film case, a(@. T) depends on the orientation 
of the magnetic field hence, imperfect texturing alone cannot explain our results. Other 
authors have found that measurements -on Bi2Sr2Ca2Cu30A tapes at liquid nitrogen (LN) 
temperatures were consistent with (4) [6]. We suggest that this may have occurred because 
of the crossover of a(@. T )  at LN temperatures and is not generally valid at all temperatures. 

If we make the most simple assumption, namely that the distribution in misalignment can 
be described by a single characteristic angle, we can compare the magnetic field dependence 
of the J,(B, T )  in the tape with the thin-film results using (4) and (8) by equating cos@ 
to f@), ,9*(T) to p"(T), and a(@. T) to a*(T). If we assume that the location of the 
percolative current path does not change when B is rotated, from the results given in (3), 
the calculated characteristic misalignment angles are 7.0" and 31" parallel and orthogonal to 
the direction of rolling respectively. A description of the current path through these tapes 
is a very complex percolation problem. Nevertheless these angles seem rather large given 
that the mosaic spread in the grains themselves is expected to be about 12" [6,32]. In 
addition, the temperature dependences of p ( T )  shown in figure 9 are markedly different in 
the BizSrzCazCu30, thin Mm and in our tape. 

We conclude that neither imperfect texturing nor a percolative path of well connected 
(quasisingle-crystalline) material can alone explain the differences between our tape and the 
thin film. 

7. Discussion 

Optimizing the fabrication of bulk polycrystalline high-temperature superconductors to cany 
high critical currents in high magnetic fields dramatically changes the functional form of 
the field and temperature dependence of J J B ,  T ) .  

Poorly optimized samples show Josephson junction [33] or weak-link behaviour [34,35] 
such that very weak magnetic fields reduce the critical current to zero. These properties, 
which occur when the grain boundaries are not transparent to the superelectrons on the scale 
of the coherence length, have been addressed in detail in the literature [36]. 
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High-temperature superconductors have spawned a wide variety of experimental 
functional forms and theoretical models for J,(B, T ) .  The flux pinning models used to 
describe J,(B, T )  in low-temperature superconductors [37,38] have been developed to 
include the intrinsic anisotropy [3941] and the short coherence length as well as the 
high critical temperature, and hence possible thermally activated processes [42], of the 
high-temperature superconductors [43,44]. 

Despite the range of theoretical models and experimental data in the literature, in this 
work we provide some experimental evidence for similarities in J,(B, T )  for an optimized 
tape and epitaxial thin films of high-temperature superconductor. 

We suggest that in the tape there are regions of strong pinning separated by barriers. 
We can contrast a superconductor in which pair breaking limits J,(B, T )  to that in which a 
flux pinning mechanism operates. In the former case, the supercurrent must cross extended 
barriers in which the superconductivity is depressed. When the magnetic field is increased, 
the number of electrons in the barrier is decreased, which in turn decreases J,(B, T ) .  In 
the latter case, the crucial feature is the presence of localized pinning sites that restrain the 
fluxons. The critical current density is determined by the forces on the fluxons and the 
density of superelectrons is of secondary importance. 

7.1. The barriers 

The grain boundaries are the most obvious microstructural feature in the Bi2Sr2Ca2Cu30x 
tape that could act as a tunnelling barrier to superelectrons. AC magnetization measurements 
[45], which measure the flux profile across the sample and provide an estimate of the 
local variation of the critical current density, have been completed on similar tapes to 
those presented here. These magnetic results suggest that the tapes are granular such 
that the magnitude of the intragranular Jc is two or three orders of magnitude higher 
than the intergranular (transport) Jc. Measurements of the DC magnetic properties of 
BizSr2Ca2Cu30,  powders and tapes (before and after fracturing) demonstrate that the 
transport current density is determined by the properties at the grain boundaries [46]. 
Whether current flow from grain to grain is primaiily atong the c axis [47] or between 
slightly misoriented Cu-0 planes across low-angle grain boundaries is not yet clear [6]. 
Neither description is inconsistent with a pair breaking mechanism operating at barriers. 

Although there are broad similarities between the magnetic field, temperature, and 
configuration dependences of a(@, T )  and p ( @ ,  T )  in the epitaxial thin films and the tape, 
nevertheless the precise temperature dependence of a(@, T) and p(@, T) are not, the same. 
This implies that the nature of the pair breaking mechanism at the barriers in these different 
materials is not identical. Twin boundaries and low-angle grain boundaries are obvious 
candidates as barriers in the epitaxial thin films. Nevertheless, we leave open the question 
of the location of the barriers in these films. 

The phenomenological pair breaking s-N-S model that describes the exponential field 
dependence of our high-fietd J,(B, T )  data cannot explain the temperature dependence 
of p(@, T )  either in our tapes or in epitaxial Bi based thin films. Measurements on S- 
N S  junctions using low-temperature superconductors confirm that p ( T )  is temperature 
independent in agreement with (2) [48]. However as the temperature increases, the electron 
scattering length in a clean normal barrier should decrease and hence B ( T )  should increase. 
Experimentally in the thin films and our tape, p ( @ ,  T )  decreases as temperature increases 
and hence is inconsistent with the detailed predictions of the phenomenological s-N-s model 
for normal metals in the clean limit. It has been suggested that the crystallographic disorder 
and the electron scattering at the grain boundaries in superconductors may result in a normal 



Critical current densiry of Bi2Sr2 Caz Cu, 0, 10065 

layer [49]. However at present we have no adequate mathematical description of such grain 
boundaries that can be incorporated in De Gennes' very general formalism. 

Some theoretical work on flux pinning [24,251 and pair breaking [50] (Josephson 
tunnelling) mechanisms has shown an exponential field dependence for J,(B, T )  in some 
limiting cases. At present it is unclear whether this work can be developed to describe the 
large range of magnetic field over which we have found an exponential dependence for 
J,(B, T )  or provide a clear explanation for the temperature dependence we have found for 
o(T) and p(T) .  Electromagnetic measurements of the type that Dimos et a1 [Sl] initiated 
on bicrystals of YBazCusO,. may help us to locate the pair breaking. Clearly a better 
understanding of the structure and electromagnetic properties of grain boundaries will be 
required to proceed further. 

8. Concluding comments 

We have measured the critical current of an optimized bulk aligned BizSrzCazCu30, tape 
in three configurations of transport current, magnetic field, and the superconducting tape 
from 10-K up to T, in magnetic fields up to 15 T. In all three configurations, we find the 
critical current density can be described by 

where p(@, T )  is of a separable variable form p(@,  T )  = p#(T)/f (@), B*(T) is a function 
of temperature alone, and f (@) is a constant dependent only on the orientation of B ,  I ,  
and the c axis. 

A similar but not identical exponential magnetic field dependence has been found in 
BizSrzCazCusO,, BizSrzCaCuzO, and YBazCu30, thin films. This exponential magnetic 
field dependence provides evidence that a pair breaking mechanism operates at barriers in 
these materials. We have concluded that pair breaking operating at the grain boundaries 
determines J,(B, T )  in the BizSr2Ca2Cu3Or textured tape. 
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