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Abstract
The transport properties of a novel foamed superconductor
Bi1.8Pb0.3Sr1.9Ca2Cu3Ox have been studied. As the analysis of resistive
transitions in a magnetic field shows, the dissipation follows a thermally
activated flux creep model with the temperature-independent pinning
potential in S–N–S-type Josephson junctions.

1. Introduction

High-temperature superconductors with low density and
porous microstructure are considered to be representatives of a
new class of disordered superconducting materials with fractal
dimensions exhibiting intriguing physical properties [1, 2].
In our previous work [3, 4], the effect of microstructure of
the bulk polycrystalline Bi1.8Pb0.3Sr1.9Ca2Cu3Ox (BPSCCO)
with low density on their magnetic and transport properties
was described. It was found that the diamagnetic moment
of foamed BPSCCO is significantly larger (about 2.4
times) than that of a bulk polycrystalline sample [3].
In [4], current–voltage characteristics (CVCs) of the foamed
Bi1.8Pb0.3Sr1.9Ca2Cu3Ox with a density of 2.26 g cm−3 (38%
of the theoretical bulk density) at 77 and 4.2 K were studied.
It was shown that the CVCs are adequately explained by
theory [5], considering the fractal cluster structure of intergrain
boundaries between normal and superconducting phases.
Besides, the porous structure of these materials facilitates heat
exchange between HTSC crystallites and refrigerating media,
thus preventing the formation of hotspots, which can result in
the increase in the current-carrying capability [2]. The above-
mentioned specific features make these materials promising
candidates for practical application.

In the present work we have studied the resistive
transitions in the porous Bi1.8Pb0.3Sr1.9Ca2Cu3Ox with a
density of 1.55 g cm−3 (26% of the theoretical bulk density)
in external magnetic fields. Also, the temperature dependence
of the critical transport current density has been determined.

(a) (b)

Figure 1. (a), (b) Scanning electron microscopy (SEM) images of
Bi1.8Pb0.3Sr1.9Ca2Cu3Ox (BPSCCO) with low density.

2. Experimental details

Samples of bulk polycrystalline Bi1.8Pb0.3Sr1.9Ca2Cu3Ox

(BPSCCO) with low density were prepared by the solid-
state reaction technique; sintering time was 400 h [6]. The
standard preparation method was used [7], except for the final
heat treatment condition alteration that allowed us to obtain
dominant growth of HTSC crystallites in the ab plane. Due
to the random orientation of crystallites, this growth led to
the material volume increase. Moreover, during the final heat
treatment, the complete decomposition of calcium carbonate
occurred. Carbonic gas overpressure during the process also
resulted in the material volume increase. Scanning electron
microscopy images (SEM) of a natural chip of the foamed
BPSCCO are shown in figures 1(a) and (b). The density of
the obtained material was 1.55 g cm−3 (26% of the theoretical
one for the bulk BPSCCO). Due to the flatness of BPSCCO
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Figure 2. X-ray diffraction pattern of BPSCCO with low density.

crystallites, the superconducting foam has a pronounced flaky
structure. As the SEM measurement results show, the foam
consists of crystallites with the width 10–30 μm and thickness
1–2 μm. Between the crystallites, interstices are clearly seen.

An x-ray diffraction pattern of the foamed BPSCCO is
presented in figure 2. It shows the reflections from Bi2223 and
Bi2212 phases and their superposition. The phase ratio has
been quantitatively evaluated using the (002) reflections. For
the foamed BPSCCO, (I0022212/I0022223) × 100% is about
5%.

Current–voltage characteristics (CVCs) of the bulk
polycrystalline Bi1.8Pb0.3Sr1.9Ca2Cu3Ox (BPSCCO) with low
density and temperature dependences of resistivity ρ(T )

at different values of the applied magnetic field H were
obtained by the standard four-probe technique at fixed current
conditions; the cross section of the central part of the samples
was ∼1.5 × 2 mm2; the length of the samples was ∼10 mm.
Values of the critical current Jc(T ) were determined from the
CVCs by a conventional criterion 1 μV cm−1. To avoid self-
heating effects and improve heat exchange, the cell with a
sample was immersed in a helium atmosphere. Superdispersed
silver was burnt into the contact pads area, which made it
possible to obtain contact resistance less than 10−4 � cm2. The
applied field H was perpendicular to the transport current J .

3. Results and discussion

Above the superconducting transition, the R(T ) dependence of
the Bi-foamed superconductor is linear (see inset in figure 3).
Extrapolation of a linear part of the R(T ) dependence to T = 0
gives the value R ≈ 0. The resistive superconducting transition
is sharp; the value of ‘zero-resistance’ critical temperature TC0

at H = 0 is about 107 K (figure 3).
The effect of the magnetic field on the resistive

superconducting transition is shown in figure 3. The external
magnetic field broadens the resistive transition. In the presence
of the magnetic field, the R(T ) dependences are characterized
by two distinctive sections; a steep part is associated with
the superconductivity onset in crystallites and the broad foot
structure. Such a behaviour is a remarkable feature of granular
superconductors [8–11]. It is recognized that the mentioned

Figure 3. ρ(T, H ) dependences of BPSCCO with low density. From
right to left: H = 0, 0.1, 1, 2, 7, 20, 60 kOe.

(This figure is in colour only in the electronic version)

broad-foot structure comes from the transition of intergrain
boundaries, which are considered to be weak Josephson-
type links. For this reason, let us consider processes taking
place in a random network of Josephson junctions under
the influence of a magnetic field. Some authors [8–10]
interpreted the broadened part of R(T ) dependences of the
Bi-based polycrystalline superconductors in weak (hundreds
Oe) magnetic fields by using the Ambegaokar–Halperin (AH)
model of phase slip in Josephson junctions, or modifications
of this model. We do not deny the possibility of a
description of the experimental R(T ) dependences of a Bi-
foamed superconductor in magnetic fields below ∼2 kOe in
the framework of the AH model. However, we have to note
that large portions of the R(T ) curves measured at H = 7,
20 and 60 kOe are close to linear dependences (figure 3).
This behaviour cannot be adequately explained by the AH
theory. Similar features of the R(T ) curves were reported for
the polycrystalline Bi1.7Pb0.3Sr2Ca2Cu3Ox [10]. On the other
hand, we have found that the low-resistivity part of the R(T )

curves of a Bi-foamed superconductor reveal the behaviour
typical for the classical flux creep model.

Figure 4 shows the Arrhenius plots (log R versus 1/T ) of
resistive transitions of a Bi-foamed superconductor in different
applied magnetic fields. One can see that at resistivity below
∼ 0.1 m� cm the experimental log(ρ) versus (1/T ) curves
fit straight lines sufficiently well. Similar behaviour was
observed in Bi single crystals [12] and polycrystalline Bi
samples [10, 11]. In the classical Anderson flux creep model,
the resistance caused by the motion of vortices is given by the
Arrhenius relation [13]:

R = R0 exp(−U (H)/kBT ) (1)

where R0 is the pre-exponential factor, U (H) is the activation
energy. In the case of polycrystalline HTSCs, U (H) is
the field dependence of an effective pinning potential in
intergrain media. U values can be deduced from slopes of
the log R(1/T ) curves. The inset in figure 4 shows the U (H)

dependence for the studied Bi-foamed superconductor in the
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Figure 4. Arrhenius plots (log R versus 1/T ) of resistive transitions
of the Bi-foamed superconductor in different applied magnetic fields
(from left to right: H = 0, 0.1, 1, 2, 7, 20, 60 kOe). Inset: U(H )
dependence of BPSCCO with low density in the double logarithmic
scale.

double logarithmic scale. It is seen that U (H) dependence
is nearly a straight line in the double logarithmic scale, i.e.
U (H)∼H−n with n ≈ 0.45 ± 0.02. This result is close
to that obtained earlier in epitaxial Bi-2223 films [14–16]
with U (H) ∼ H−0.5. The authors [15] interpreted the
obtained exponent from the model of the plastic deformation
of flux-line-lattice dislocations [17]. On the other hand,
the exponents obtained in polycrystalline Bi-2223 [18] and
silver-sheathed tapes Bi-2223 [19] differ from the value 0.5.
Considering the microstructure presented in figure 1, we may
assume that each microcrystallite is mechanically jointed to
other crystallites only via its faces, and not via the planes
as in dense polycrystals. In such a case, similarity of the
physical properties of a low-density polycrystal to those of
a single crystal and an epitaxial film is not surprising. The
same may be said about the temperature dependence R(T )

and the field dependence of activation energy U (H) observed
experimentally in our samples.

Current–voltage characteristics of a Bi-foamed supercon-
ductor have been measured in the range 55–110 K. The values
of critical current density have been obtained from the initial
part of CVCs. Temperature dependence of the critical current
density Jc(T ) is plotted in figure 5. The transport critical cur-
rent of granular superconductors is determined mainly by char-
acteristics of intergrain boundaries. For this reason, in order to
analyse the experimental Jc(T ), it would be reasonable to con-
sider the theories developed for Josephson junctions. The clas-
sical de Gennes theory for superconductor (S)—normal metal
(N)—superconductor (S–N–S) junctions predicts the quadratic
dependence of critical current in the vicinity of the critical tem-
perature [20]:

Jc ∼ (1 − T/Tc)
2. (2)

On the other hand, the Ambegaokar–Baratoff theory for S–I–
S (where I is the insulator) Josephson junctions predicts linear
dependence of Jc near Tc:

Jc ∼ (1 − T/Tc). (3)

Figure 5. Temperature dependence of the critical current density
Jc(T ) of the Bi-foamed superconductor. Insert: temperature
dependence of the critical current in coordinates J 1/2

c .

In the inset of figure 5 we have plotted an experimental
temperature dependence of the critical current in coordinates
J 1/2

c , T . It is seen that the dependence is linear. This points out
the applicability of equation (2) to our experimental results.
More recent theory [21] also predicts negative curvature of
Jc(T ) for sufficiently long S–N–S junctions. Indeed, as is seen
in figure 1, the BPSCCO crystallites are jointed via cleavage
areas, which play a role of metallic-type intergrain boundaries
between the crystallites. The linear behaviour of ρ(T ) above
Tc (see figure 3) also leads to such a conclusion.

Thus, we have studied the transport properties of the novel
Bi-foamed superconductor. The analysis of resistive transitions
in a magnetic field has shown that the dissipation follows
the thermally activated flux creep model with temperature-
independent pinning potential in a network of S–N–S-type
Josephson junctions.
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