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Abstract— The irreversibility line and the vortex
glass-liquid transition line under a magnetic field par-
allel to the c-axis are investigated for silver-sheathed
and dip-coated Bi-2212 tape wires. It is found that
the two characteristic lines for silver-sheathed tape is
well explained by the flux creep-flow model assuming
the distribution of pinning strength with a single peak.
On the other hand, general agreements are obtained
for these characteristic lines and the critical current
density between experiments and theory only when
two peaks are assumed in the distribution of flux pin-
ning strength for the dip-coated tape. The causative
structure in the dip-coated tape for the peak at small
strength in the distribution is discussed.

I. INTRODUCTION

It is known that the irreversibility line and the vor-
tex glass-liquid transition line of high-T,. superconductors
depend on both the flux pinning strength and the dimen-
sionality of the superconductor. These lines are usually
used as characteristic lines showing the upper limit of ap-
plicable range of superconductor in the temperature vs
magnetic field plane. However, the difference between the
two lines is appreciable. This comes from the difference
of the definition. That is, the irreversibility line, B;(T), is
determined by the temperature at which the critical cur-
rent density defined using some criterion decreases to a
given level. The vortex glass-liquid transition line, Bg(T),
is determined by the temperature at which the curvature
of the logarithmically plotted current-voltage curve varies
from concave to convex [1],[2]. From the engineering view-
point, it is desirable to use easily determined and reliable
upper limit for the application. It is necessary, therefore,
to clarify the relationship between the irreversibility line
and the vortex glass-liquid transition line.

It is also known that the two characteristic lines are
appreciably influenced by inhomogeneous distribution of
flux pinning strength. In this paper, the distribution of
flux pinning strength and its effect on the irreversibility
line and the glass-liquid transition line are investigated
for silver-sheathed and dip-coated Bi-2212 tapes. The ob-
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tained results are compared with the theoretical analy-
sis based on the flux creep-flow model in which the dis-
tribution of the flux pinning strength is taken into ac-
count [3]-[5]. Discussion is given on the relation between
the distribution of flux pinning strength and the two char-
acteristic lines.

II. EXPERIMENTAL

The measured specimens in this study were Bi-2212 su-
perconducting tapes prepared by a silver-sheathing tech-
nique and a dip-coat process. The c-axis of the speci-
men was approximately oriented normal to the flat tape
surface. The critical temperature, T., measured using a
SQUID magnetometer and the size of the specimens are
given in Table I. The transition curve of susceptibility
is broader for the dip-coated specimen, and lence, it is
considered that the distribution of flux pinning strength
is wider in this specimen.

The current-voltage curves were measured using the
four probes method under a magnetic field parallel to the
c-axis. The pulsed transport current with a width of 1s
was applied to the specimen to reduce the joule heat at
the current leads. The voltage was measured across the
voltage terminals separated by 1.0 cm. After the mea-
surement of the current-voltage curves of the specimen,
the superconducting layer was broken and the resistivity
of the silver layer only was measured. This was needed for
the evaluation of the current-voltage characteristics only
of the superconducting region [5]. The critical current
density, J., was determined by the off-set method from a
level of electric field of E = 1.0 x 107* V/m. The irre-
versibility line was defined by the temperature at which
the critical current density is reduced to 1.0 x 10° A/m*.
Tle transition line was determined by the temperature at
which the curvature of the current-voltage curve changes
from concave to convex.

The crirical current density of silver-sheathed and dip-

TABLE 1
Critical temperature and sizes of two Bi-2212 tape specimens.

T width i
specimen thlck'uess of supercon-
(K) (mm) ducting layer, D (um)
dip-coated 84.9 5.02 ~ 10
silver-sheathed 86.0 4.41 ~ 5
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Fig. 1. Critical current density of silver-sheathed and dip-coted
tapes. Thin and thick lines represent critical current desity of silver-
sheathed and dip-coted tapes, respectively.
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Fig. 2. Irreversibility line and transition line of silver-sheathed (open
symbol) and dip-coated (solid symbol) tapes.

coated tapes is shown in Fig. 1. It is seen that the critical
current density of the silver-sheathed tape is one order
of magnitude larger than the dip-coated tape. The irre-
versibility line and the transition line of the two tapes are
shown in Fig. 2. It turns out that the irreversibility line
of the silver-sheathed tape with the higher J. is higher.
The obtained transition temperature and critical indices
at B=0.5 T are T; = 30 K, : = 11.5 and » = 0.80 for
the silver-sheathed tape [6] and Ty = 36 K, = = 3.4 and
v = 4.1 for the dip-coated tape. For the dip-coated tape,
the quite low z value suggests that the pinning strength is
very widely distributed. It should be noted that the tran-
sition temperature of the silver-sheathed tape is lower.
This seems to contradict the prediction of the flux creep
theory [7].

1893

III. DISCUSSION

These observed results are compared with the theoreti-
cal analysis using the flux-flow creep model [5]. Accoding
to this model, the current-voltage curves can be calculated
using the pinning potential, which is expressed in terms of
the virtual critical current density, Jeg, in the creep-free
case. We assume the following temperature and magnetic

field dependences of J.q:

m 6

2| (-5%)
1-{= B [1- , 1
(Tc Ba) ' ®

where A, m, v and & are the pinning parameters.

It is considered that the flux pinning strength is widely
distributed in practical high-T. superconductors. For sim-

plicity, we assume that only A in (1) is distributed. The
distribution function of the form:

_ (logA - logAm)?
202

Jo=A4

f(A) = Kexp (2)

is assumed, where A, is the most probable value, o? is a

constant representing the degree of deviation and K is a
constant determined by the condition of normalization. It
was found that (2) expresses approximately the distribu-
tion observed in a Bi-2223 tape [8]. § = 2 is assumed and
A, %, m and v is are determined so that a good fit is
obtained between the experimental and theoretical values
of the critical current density in the whole range of mag-
netic field and temperature. The details of the numerical
analysis are described in [4] and [5].

The parameters of silver-sheathed tape used in the nu-
merical calculation are given in Table II. The number
of fluxoids in the flux bundle, g%, estimated at 42 K and
1.5 T on the irreversibility line was 0.8 [9]. Since the mini-
mum value of ¢2 is 1, we used this value in the calculation.
Figure 3 shows the distribution of A assumed here. The
obtained numerical analysis of the two characteristic lines
for the silver sheathed tape is also shown in Fig. 4. The
agreement is fairly good for the critical current density
and the both lines. In addition, the dynamic and static
indices obtained from numerical calculation agreed well
with the observed results. For example, these numbers are
= =11.5 and v = 0.80 in experiments as abovementioned
and z = 10.0 and v = 1.10 in calculation at B = 0.5 T.
Thus, it can be said that the theory explains the exper-
iment fairly well. Hence, the distribution of A assumed
here seems to be correct.

The numerical analysis for the dip-coated tape is also
carried out by the same method. However, a good agree-
ment for the transition line and the critical indices are

TABLE II

Superconducting and pinning parameters of silver-sheathed tape
used in the numerical calculation.

Te (K)  Begy(0) (T)  pu(Te) (pf2m) Am o?
86.0 34.5 100 1.7 x 10°  0.10

D (pm) m v 6 '
5.0 3.9 0.9 2.0 1.0
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Fig. 3. Assumed distribution of A for silver-sheathed tape.
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Fig. 4. Experimental (open symbols) and numerical (solid symbols)
results of irreversibility line and transition line for silver-sheathed
tape.

not obtained. Then, if the parameters are chosen so as
to get a good fit for the transition line, a good agree-
ment is not obtained for the critical current density. As
for this reason, it is speculated that the distribution of
flux pinning strength is different from that with a single
peak assumed in (2). In fact, it was reported that the dis-
tribution function estimated from the second derivative
of voltage with respect to current has two peaks for the
dip-coated tape [10].
Hence, we assume the distribution as:

(logA — log Ay )2
202

f(A)=R, {Afexp [—

(logA — logAm)?

+exp [— = m . 3)
=1

where 4,,. and A, are the most probable values, orf and

UF represent the degree of distribution width, and K, and

M are constants. In the above, the subscripts, “s” and
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Fig. 5. Assumed distribution of A for dip-coated tape.

4", correspond to the peaks at small strength and large
strength, respectively.

The pinning parameters and the distribution parame-
ters are determined so that a good fit is obtained for the
critical current density between the experiment and the
theory. The parameters for the dip-coated tape used in
the numerical calculation are shown in Table III. Figure 5
shows the distribution of A assumed here.

The scaled result of experimental current-voltage curves
and that of calculated ones at B = 0.5 T for the dip-
coated tape are shown in Figs. 6 and 7, respectively. The
scaling parameters obtained from the numerical analysis
are Ty, = 34 K, v = 5.0 and z = 2.8, while those from
experimental results are Ty = 36 K, v = 4.1 and z = 3.4.
Thus, the scaling parameters are similar, although the
scaling curve is slightly different as seen from comparison
of Figs. 6 and 7. Hence, it can be said from these results
that the agreements for the both characteristic lines are
better than the numerical analysis assuming the single
peak [10].

Such a peak at small strength seems to be caused by re-
gions with poor pinning property in the dip-coated tape.
For example, the pressing process is not employed during
the fabrication of dip-coated tapes. Hence, it is consid-
ered that the alignment of Bi-2212 grains especially at re-
gions far from the silver layer is worse than in the silver-
sheathed tape. Such regions may have quite weak flux

TABLE III
Superconducting and pinning parameters for dip-coated tape
used in the numerical calculation.

Te (K)  Begy(0) (T)  pa(Te) (uf2m) al af
84.9 34.5 100 0.15  0.80
Ams A M D (um) m

9.0 x 107 4.6 x 10'° 0.29 10 10
;] é g
0.9 2.0 1.0
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Fig. 7. Scaling of calculated current-voltage curves for dip-coated
tape at B = 0.5 T.

pinning strength. In fact, the present calculation shows
that the low critical current density in the dip-coated tape
is determined by this peak at small strength. Therefore,
the improvement of the grain alignment in the whole re-
gion of the tape is necessary in oder to improve the critical
current density.

On the other hand, the glass-liquid transition line for
the dip-coated tape can be also derived from the theoreti-
cal analysis assuining a single peak. Therefore, it is specu-
lated that the transition line is determined by the peak at
large strength. This is consistent with the experimental
result that the transition line is higher of the dip-coated
tape which has larger A, than A, in the silver-sheathed
tape.

IV. SUMMARY

The distribution of flux pinning strength and its effect
on the irreversibility line and the vortex glass-liquid tran-
sition line are investigated for the silver-sheathed and the
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Fig. 8. Theoretical (solid symbols) and experimental (open symbols)
results of glass-liquid transition line and irreversibility line for dip-
coated tape.

dip-coated Bi-2212 tapes. The following results are ob-
tained:

1. The two characteristic lines and the two critical in-
dices for the silver-sheathed tape are explained well
by the flux creep-flow model assuming a single peak
in the distribution of pinning strength. Similar agree-
ments are obtained for the dip-coated tape when two
peaks are assumed in the distribution of flux pinning
strength.

2. It is found that the critical current density is deter-
mined by the peak at small strength in the distribu-
tion for the dip-coated tape, while the transition line
is determined by the peak at large strength.
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