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Transport critical current in c-axis-oriented Bi, spbp 4Sr2Ca2Cu30y/Ag tapes
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The transport critical current density J, of c-axis-oriented Bi-based silver sheathed tapes was studied
as a function of temperature T and magnetic field H in the case of the field applied parallel (Hi~ab) and
perpendicular (H~ ~c) to the tape surface. It can be concluded that the J, dependences of the temperature
J,(T) at various magnetic fields are dominated by the weak-link effect at temperatures very close to T,
(above 90 K). For the temperatures well below T, (77—90 K), J,(T) is primarily controlled by the con-
ventional flux creep model of Anderson-Kim in the low-magnetic-field regime. This observation was fur-
ther confirmed by the field dependence of J, . The anisotropy in J, can be well described by using the
efFective-mass model and the overall J, of the tapes is determined by the small-angle grain boundaries.
In the high-field range, an exponential behavior of J,(H) at higher temperatures and a linear J,(H)
dependence at lower temperatures were clearly observed and can be well accounted for on the basis of
collective pinning theory and a strong intrinsic pinning effect, respectively, in this anisotropic material.

I. INTRODUCTION

The large-scale application of high-T, superconductivi-
ty depends on successful production of long wires with
high current-carrying capability. Recently great progress
has been made in the fabrication of Bi2sr2Ca2cu3oy
[Bi(2223)] tapes via a powder-in-tube process. High
transport critical current densities J, exceeding 6X10
A/cm at 77 K and zero magnetic field have been report-
ed. ' Many theoretical as well as experimental investiga-
tions have been carried out in order to clarify the lim-
iting factors of the transport J, . Starting from the weak
grain boundaries, Bulaevskii et al. have proposed a so-
called "brick wall" model to describe the current trans-
port in polycrystalline Bi-based tapes. They assumed
that the grain boundaries along the length of the tape are
the essential barriers for transport currents and J, is
determined by the Josephson currents across the boun-
daries perpendicular to the tapes. In this approach, the
meanderlike current has to How parallel to the c axis of
the grains and across c-axis twist boundaries, thus result-
ing in an overall J, behavior similar to the critical
current along the c axis. However, Hensel et al. argued
that the currents are primarily carried by a small fraction
of "strong" grain boundaries along the length of the tape.
In this "railway switches" model, the transport J, is con-
trolled by the large-area small-angle boundaries. A simi-
lar conclusion was also obtained by Tkaczyk et al. for
J, at low temperatures. However, at high temperatures,
both Tkaczyk et al. and Shibutani et al. have suggest-
ed that the low J, and the dissipations resulted from vor-
tex motion in the well-connected grains. In attempts to
explore the J,-limiting factors, the J, dependence on the
field and temperature, J,(H, T), is essential to character-
ize the samples. In a "brick wall" model, the overall
J,(T) of the tapes measured with the current along the
tape surface is determined by the temperature depen-
dence of the critical current density in the e direction,

J, , ( T). On the other hand, Hensel et al. , based on their
experimental results for J,(T) at zero field, showed that
J, ( T) has the same characteristic as the critical current in
the ab plane. Based on the "railway switches" model, the
field dependence of the critical current is controlled by
the field component along the c axis, leading to the corn-
monly observed exponential decrease of J, with the field.
However, at very low fields, a different J,(H) behavior is
also clearly found, which is generally attributed to the
effect of weak grain boundaries. In order to provide a
more complete picture of the complex behaviors of
J,(H, T), we present our investigations on J, (H, T) in
more detail.

II. EXPERIMENT

Samples with the nominal composition
Bi

& 8Pbo 4Sr2Ca2Cu30 were fabricated by a physical
deposition method following the powder-in-tube tech-
nique. The precursor powder with fine grains was ob-
tained via nitric acid decomposition from appropriate
proportions of high-purity Bi2Q3, PbO, SrCO3, CaCO3,
and CuQ powders and by heat treatment at 800 C in air
for 24 h. The powder was then ground and refined in al-
cohol, and deposited on a piece of pretreated silver, dried,
and pressed at 300 MPa. Then it was put into a silver
sheath and pressed at 1200 MPa, forming a silver-
sheathed tape. The sample was finally heat treated once
at 836 C in fiowing 02/N2 (1/19) and twice at 845'C in
air with intermediate cold pressing at 2400 MPa. The
Ag-sheathed samples (length 15 mm, width 5 mm) had an
overall thickness of 80 pm with an oxide core of 40—50
pm. More details of the preparation process were report-
ed elsewhere. ' The x-ray-diffraction pattern' showed
that the superconductor was composed of a high-T,
(2223) phase and had a preferential grain orientation with
the c axis perpendicular to the plane of the tape. A scan-
ning electron microscope (SEM) photograph (shown in
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FICx. 1. SEM photograph of the transverse surface of a
Bi(2223)/Ag tape with J,(77 K, 0 T) =2.3 X 104 A/cm2.

Fig. 1) indicated that the sample was well textured, hav-
ing sharp edges of the grains, which is very similar to the
structure observed by Hensel et a/. Transport J, mea-
surements were carried out by a pulsed current method
using the dc four-probe technique. For the J, determina-
tion of the tapes, the standard criterion of 1 pV/cm was
used. The magnetic field was applied perpendicular
(H~~c ) and parallel (H~~ab ) to the tape surface and always
perpendicular to the current direction. The temperature
was measured with a calibrated copper-Constantan ther-
mocouple (above 77 K and at low fields) and a carbon-
glass resistor (below 77 K and at high fields). The sample
used in this study has a critical current density J, of
2. 3 X 10 A/cm at 77 K and 0 T unless otherwise men-
tioned.

III. RKSUI,TS

A. Temperature dependence of critical current density J, ( T)

In oxide polycrystalline samples, the temperature
dependence of the critical current close to T, is usually
used to obtain information about the nature of the grain
boundaries. It has been reported that the critical
currents in polycrystalline samples" ' follow the
power-law variation J, ~ (1—T/T, )" near T„where
n =1.5 —3.5. Different types of grain boundaries will
give a different value of the exponential factor n; for ex-
ample, if the grain boundaries form superconductor-
normal-superconductor (SNS) proximity-efFect junctions,
one would expect n =2, ' but for an insulating boundary
layer, the calculations by Ambegaokar and Baratoff'
give n =1. Detailed examinations of J,(T) for various
high-J, tapes were reported in our previous work. ' The
results indicated that J, varied with temperature follow-
ing a (1—T/T, )

~ functional relationship at zero mag-
netic field for the samples with J, (77 K,O T) )2.0X 10
A/cm . To see the eIFect of a magnetic field on J, (T)
characteristics, we have measured J,(T) curves in the vi-
cinity of T, at various low magnetic fields. Figure 2 gives
the J, ( T) curves in the case of H~~ab, the so»d»nes being

FIG. 2. Temperature dependences of the critical current den-
sity for the Bi(2223)/Ag tape near T, at several magnetic fields
applied parallel to the tape surface {H~~ab), displaying a
J, ~(1—T/T, ) functional relationship. The inset shows the
field dependence of the m values. The curves correspond to the
fields, from top to bottom, 0, 50, 100, 200, 500, 700, and 1000 G.
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FIG. 3. Temperature dependence of the critical current den-
sity for the Bi (2223)/Ag tape for the field applied perpendicular
to the tape plane {H~~c).

the fitted curves to the power-law variation
J, = A (1—T/T, ),where T, was selected as the temper-
ature above which J, is below 5 A/cm and thus was
dependent on the field. One can see that all the experi-
mental data can be well fitted to the power law. In the
fitting process, we used m and A as the fitting parameters
and fixed the T, value, which was determined from the
detailed J, ( T) measurements. By the fitting, the ex-
ponential factors can be obtained as functions of the field
(shown in the inset of Fig. 2). At zero magnetic field, an
exponent of m =—', is once again found, but with a mag-
netic field the m value changes randomly from 1.5 to 2.0.

For the magnetic field applied parallel to the c axis
(H~~c ), a linear temperature dependence of J, was clearly
observed in a wide temperature regime. In Fig. 3, we
give an example of J,(T) measured for H~~c at 1000 Cx. It
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can be seen that J, decreases linearly with the increase of
temperature, except near T, . This linear J, ( T) depen-
dence was also observed for H~~ab' in the low-
temperature range. This characteristic is evidently
different from the temperature dependence of the critical
current along the c axis J, , in a Bi(2212) single crystal, '

implying that in the present Ag-sheathed tapes J,(T) is
not determined by the J, , in the individual grains. This
observation clearly demonstrates that the "brick wall"
model is invalid to account for J, characteristics at least
for our samples. We think that the J,-limiting mecha-
nism in polycrystalline Bi(2223) tapes is determined
mainly by the competition between the weak-link effect
and Aux motion. At temperatures near T„the Josephson
coupling energy is so small that the critical current limit-
ed by the grain boundaries is smaller than that governed
by the fIux motion in the grains. The overall J, is thus
controlled by the granularity of the samples. As the tem-
perature decreases, the coupling of the grain boundaries
becomes stronger and stronger. As a result, J, is dom-
inated by the Aux motion in the low-temperature regime.
From the Aux creep theory of Anderson and Kim, ' J,
follows:

J, =J,o[1+kT/U in(E, /aoBQ)],

where J,o is the critical current density in the absence of
Aux creep, B is the magnetic induction, U is the activa-
tion energy, ao is the spacing between pinning centers, Q
is the attempt frequency, and E, is the voltage criterion
for J, determination. From Eq. (1), a linear J,(T) is
clearly predicted, which is consistent with our experi-
mental results in Fig. 3.

B. Magnetic-field dependence of critical current density J, (H )

The sharp drop of J, in the low-magnetic-field regime
is commonly attributed to the weakly coupled grain
boundaries. A typical effect of the weak links is the ap-
pearance of irreversible J, (H) dependence at low magnet-
ic fields. The J,(H) measurement for increasing and de-
creasing field, however, showed a reversible field depen-
dence of J, (not given in this paper). Therefore other
methodologies to analyze the J,-limiting mechanism
should be applied. First of all, let us examine the general
picture of J,(H) for H~~c and H~~ab at various tempera-
tures. According to the effective-mass model proposed
by Hao and Clem, ' for an anisotropic superconductor
the critical current density J, as a function of the field
and the angle 0 between 8 and the c axis is governed by
the reduced field h, i.e.,

Equation (4) suggests that the J, value at a field H for
H~~c is equal to that at a field yH for H~~ab.

To examine this scaling form, in Fig. 4 we show the
J,(H) curves for H~~c by solid lines for various tempera-
tures. Experimental data for H~~ab are given by fitting
the data to the corresponding J,"'(H) curves using y as
the fitting parameter through Eq. (4). The fitted data are
plotted by symbols in Fig. 4. It is evident that the experi-
mental results for H~~c and H~~ab can be well described by
the effective-mass model through the scaling form of Eq.
(4). However, it should also be pointed out that the y
values obtained from the fitting are only around 4, which
is much smaller than the value 17—20 obtained from
magnetization measurements. In addition, y was found
to decrease slightly with increase of temperature, which
is consistent with the result obtained from dissipation
measurements. The smaller y value in the present mea-
surement is evidently not intrinsic because Eq. (3) may be
invalid due to the existence of the small-angle grain boun-
daries (see Fig. 1). As discussed in Ref. g, because of the
strong anisotropy in Bi(2223) superconductors with
respect to the orientation in the applied magnetic field,
misalignment angles of only a few degrees from the
"ideal" direction (BIJ, 8~~ah, J~Iab) will induce a steep
decrease of critical current. Using y=20 and 0/h =4
from the fitting, one can obtain the angle 0=85', which
means that on the average there is a 5' misalignment
from the ab plane for the small-angle grain boundaries in
the present sample. To get a deeper insight into the na-
ture of the J, characteristics, it is fundamental to explore
the functional form of J, (H). Up to now, there have
been many forms proposed to account for the J,(H)
curves. The power-law and exponential dependences of
J,(H) are two of the most important and often observed
experimentally. As pointed out by Dew-Hughes, in the
case of 68'((kT, where 68'is the work done by the im-
posed stress in moving Aux lines (or bundles), we have

J,(H) =(E,N kT/2. 3@oQB)exp( U/kT),

1.0

06r

~ 0.4

J, (H, 8)=J, (h ), (2) 0.2

where h =H(sin 8/y +cos 8)' and y =(m, /m, b
)' is

the anisotropy factor. In the cases of both H
~ ~

c and
H~~ab, we have
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Thus Eq. (2) provides a simple scaling form:

JIlc(H ) J1lab(yH ) (4)

FICi. 4. A scaling plot of J,(H) curves for H ~~c and H ~~ah us-

ing J~~'(H}=j~~'"(H/y). The solid lines give the true experimen-
tal results for H~~c. The symbols show the experimental results
of J,(II ) for H~~ah fitted to those for H~~c using the scaling form.
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where X is the density of the pinning centers and 40 is
the flux quantum. Equation (5) predicts an apparent
power-law function of J,(H). This power-law variation
was also found with J,(H) ~H '~ in a melt-processed
Y-based oxide superconductor and with J,(H) ~H
for polycrystalline samples. Anyway, one can expect a
linear dependence in the log-log plot of J,(H). The ex-
ponential H dependence is predicted from collective pin-
ning theory. This exponential H dependence of critical
current was observed by several authors. ' ' ' Howev-
er, for our experimental data, neither of these J, (H)
functional relationships can be found; instead, a logarith-
mic field dependence ofJ„i.e., J, cc ln(H), was clearly ob-
served for H~~c and H~~ab in the low-field regime at
several temperatures above 77 K. In Fig. 5 the J, (H)
data are given in a semilogarithmic plot. From Figs. 5(a)
and 5(b), one can see that all isothermal J,(H) data follow
a logarithmic functional relationship within the tolerable
experimental errors. This J,(H) behavior can be inter-
preted using Anderson and Kim's Aux creep theory. If
small effects due to the field dependence of J,o and U are
neglected in the low-field regime, using ao=1.07(@o/
B )' the logarithmic H dependence ofJ„i.e., J, ~ ln(H),
is apparent from Eq. (1). Thus, we have shown that both
J,(H) and J,(T) can be consistently expressed through
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the Aux creep model' at low magnetic fields.
In the high-magnetic-field regime, ditFerent J,(H)

characteristics were also observed. Figure 6 illustrates
the J,(H) curves (H~~ab) for two difFerent samples with

J,(77 K, 0 T)= 1.8 X 10 A/cm (filled circles) and
1.5X10 A/cm (open circles). One can see clearly that
J,(H) of both samples follows an exponential law with a
slightly steeper variation for the lower-J, sample. This
result is in agreement with those commonly ob-
served ' ' ' and can be interpreted from collective pin-
ning theory. We think that, because the interaction en-
ergy between Aux lines is very weak in the low-field
range, the individual Aux pinning within the supercon-
ducting grains is dominant in the process of Aux motion.
As a result, Anderson and Kim's Aux creep model can be
applied. However, in the high-field regime the Aux lines
are strongly overlapping, resulting in a stronger interac-
tion energy between Aux lines, which stabilizes the Aux
lattice. In this case, an individual pinning center can
cause only a weak deformation of the Aux line lattice.
When a current is applied, a large region of the Aux line
lattice containing many pinning centers displaces as a
whole, thus resulting in a collective pinning effect. At
low temperatures (e.g. , below 77 K) and high magnetic
fields, a linear J, (H) dependence was found in some field
and temperature ranges depending on the sample's de-
tails, shown in Fig. 7 and Figs. 5 and 6 of Ref. 10. In our
opinion, the strong intrinsic Aux pinning in Bi-based su-
perconductors must be responsible for this J,(H)
behavior. As proposed by Tachiki and Takahashi for
Y-based oxide superconductors, the maximum pinning
force density FpM has the form:

+PM "B/Bo(1 B /H. 2»—
where H, 2 is the upper critical field along the c axis and
Bo is a reduced constant. Thus J, can be derived from
FpM= J, XB, i.e.,

J, =J,(T)(1 B/H, 2—), (7)
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FIG. 5. Magnetic-field dependences of the critical current at
various temperatures (a) H~~ab and (b) H~~c.

FIG. 6. Magnetic-field dependences of the critical current at
77 K for two Bi(2223)/Ag samples with J,(77 K,O T)
1.8X10 and 1.5X10"A/cm, showing the exponential depen-
dence of J,(H).
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where J,(T) is a field-independent function of tempera-
ture. Equation (g) clearly predicts a linear J,(H) func-
tional relationship, which is consistent with our experi-
mental observations in the low-temperature and high-
field regions.

FIG. 7. Magnetic-field dependences of the critical current for
two Bi(2223)/Ag tapes at several low temperatures, indicating
the linear dependence of J,(H) in some temperature and field
regimes.

The detailed studies of J,(H, T) characteristics were
carried out to clarify the J,-limiting mechanism in c-
axis-oriented Bi(2223)/Ag tapes. From the experimental
results, the following can be concluded. (l) At tempera-
tures very close to T„J,is dominated by the granularity
of the superconductors. (2) At low magnetic fields and
temperatures above 77 K, J, is limited by the Aux creep.
The J,(H, T) behaviors seem to support the "railway
switches" model if the anisotropic effect in Bi(2222) su-
perconductors is considered. (3) For low temperatures
and high magnetic fields, collective pinning and strong
intrinsic pinning can be found in different field and tem-
perature regimes, which are dependent on the sample's
details.
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