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Abstract We have studied the normal and superconduct-
ing transport properties of Bi1.65Pb0.35Sr2Ca2Cu3O10 + δ

(Bi-2223) ceramic samples. Four samples, from the same
batch, were prepared by the solid-state reaction method and
pressed uniaxially at different compacting pressures, rang-
ing from 90 to 250 MPa before the last heat treatment.
From the temperature dependence of the electrical resistiv-
ity, combined with current conduction models for cuprates,
we were able to separate contributions arising from both
the grain misalignment and microstructural defects. The be-
havior of the critical current density as a function of tem-
perature at zero applied magnetic field, Jc(T ), was fitted
to the relationship Jc(T ) ∝ (1 − T/Tc)

n, with n ≈ 2 in all
samples. We have also investigated the behavior of the prod-
uct Jcρsr , where ρsr is the specific resistance of the grain-
boundary. The results were interpreted by considering the
relation between these parameters and the grain-boundary
angle, θ , with increasing the uniaxial compacting pressure.
We have found that the above type of mechanical deforma-
tion improves the alignment of the grains. Consequently the
samples exhibit an enhance in the intergranular properties,
resulting in a decrease of the specific resistance of the grain-
boundary and an increase in the critical current density.
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1 Introduction

The study of the temperature dependence of the critical
current density, Jc(T ), in high-Tc polycrystalline supercon-
ductors has interest from the practical and from the purely
fundamental point of view. For practical applications, the
target is to improve and/or optimize the electrical proper-
ties of the materials, mostly across grain-boundaries which
are regions of mismatch between grains with misoriented
crystalline axes. On the other hand, the challenge in the
fundamental studies is to better understand the transport
mechanisms in both within the grains or across the grain-
boundaries. In granular materials, the transport properties
strongly depend on their microstructures, being the indi-
vidual grains and the grain-boundaries the most important
structural units [1]. Various models have been employed to
explain the behavior of the Jc(T ) dependence in a wide
range of temperatures [2]. The behavior of the intragrain
component, Jcg(T ), can be explained by the Anderson–
Kim flux-creep critical-state model or by the Ginzburg
and Landau model [2, 3]. The intergrain Jc(T ) is usually
interpreted using theories developed by Ambegaokar and
Baratoff model [3] or Ambegaokar and Halperin model [4]
(which is based on the thermally activated phase-slippage).
It is important to point out that most of these models
have been developed for a single junction and generally,
the Jc(T ) dependence follows a power law of the type
Jc(T ) ∝ (1 − T/Tc)

n, where Tc is the superconducting crit-
ical temperature and n is an exponent, in which values usu-
ally are found in the 1–2.5 interval [2, 4–6]. Regarding
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the temperature dependence of Jc some authors have re-
ported, depending of the sample type (bicrystal, thin-film or
bulk), a value of n = 2 is consistent with Likharev’s model
which predicted for dirty superconductor–normal-metal–
superconductor junctions (SNS) [1, 2, 5]. In contrast, for
n = 1.5 the experimental data is usually described in terms
of the Ambegaokar–Baratoff’s theory for superconductor–
insulator–superconductor junctions (SIS) [2]. However, the
application of these single-junction models to granular ma-
terials is not a simple task because according to the prepa-
ration process these samples exhibit a wide variety of junc-
tion types. Moreover, depending on the temperature range
in given a sample the value of n can manifest different
crossovers, which also can be induced by using a dc applied
magnetic field [2].

On the other hand, it is well established that the mismatch
between adjacent grains, with misoriented crystalline axes,
are very effective into depress the superconducting order pa-
rameter at grain-boundaries and to suppress the supercurrent
across physical grains. Such a statement has support in stud-
ies of single, artificially fabricated grain-boundaries, where
Jc of a grain-boundary junction depends exponentially on
the misorientation angle [7, 8].

In previous works, we have shown that ceramics sam-
ples of Bi1.65Pb0.35Sr2Ca2Cu3O10 + δ (Bi-2223) with simi-
lar intragranular properties, but different intergranular fea-
tures can be obtained by using different values of the uni-
axial compacting pressures before the last heat treatment
[9, 10]. (In this work we present measurements) of the in-
tergranular transport properties in that uniaxially pressed
Bi1.65Pb0.35Sr2Ca2Cu3O10 + δ (Bi-2223) ceramic samples.
We have concentrated efforts in extract relevant informa-
tion concerning the intergranular properties of these samples
from measurements of the electrical resistivity as a function
of temperature, ρ(T ), and the transport critical current den-
sity as a function of temperature, Jc(T ), in temperatures
very close to Tc. Also, other characterizations were con-
ducted to analyze the microstructural behavior of samples.

2 Experimental Procedure

Polycrystalline samples of Bi1.65Pb0.35Sr2Ca2 Cu3O10 + δ

(Bi-2223) were prepared from powders of Bi2O3, PbO,
SrCO3, CaCO3, and CuO, which were mixed in an atomic
ratio of Bi:Pb:Sr:Ca:Cu (1.65:0.35:2:2:3). The mixture was
first calcined in air at 750 ◦C for 40 h. Then, the powder
was reground and pressed into pellets of 10 mm in diame-
ter and 2 mm in thickness at a pressure of 120 MPa. These
pellets were heat treated at 800 ◦C in air for 40 h. Subse-
quently, the samples were reground, pressed again, and sin-
tered in air at 845 ◦C for 40 h. This step was repeated three
times, as described elsewhere [10, 11]. Finally, the pellets

were reground and the obtained powders were uniaxially
pressed at different compacting pressures ranging from 100
to 250 MPa (see Table 1). The typical dimensions of the pel-
lets were d = 15 mm in diameter and h = 1 mm in height.
The last heat treatment was performed in air at 845 ◦C for
40 h followed by slow cooling.

We have evaluated the phase identification in both pow-
der and bulk samples from the X-ray diffraction patterns ob-
tained in a Bruker-AXS D8 Advance diffractometer. These
measurements were performed at room temperature using
Cu Kα radiation in the 3◦ ≤ 2θ ≤ 80◦ range with a 0.05◦
(2θ ) step size, and 5 s counting time.

The morphology of grains in a powder sample was ob-
served by using a JEOL JSM-5800 scanning electron mi-
croscope operated at 25 kV. From this type of micrography
we were able to estimate the mean size of the grains in our
samples.

Two types of transport measurements were performed:
(i) the temperature dependence of the electrical resistivity,
ρ(T ), and (ii) the current–voltage (I–V ) for different tem-
peratures. These measurements were performed in a closed
cycle cryogenics refrigerator ARS-4HW/DE-202N attached
to a temperature controller Lakeshore model 331S.

The temperature dependence of the electrical resistivity,
ρ(T ), in the temperature range 77 K ≤ T ≤ 300 K was
measured by using the standard dc four-probe technique.
Before each measurement, the samples were cooled from
room temperature down to 77 K. Then, an excitation cur-
rent, I = 1 mA, was injected along the major length of the
samples. The voltage across the sample and the temperature
were both collected while the temperature was raised slowly
to 300 K. The typical dimensions of samples were t = 1 mm
(thickness), w = 2 mm (width), and l = 10 mm (length).

On the other hand, experimental I–V measurements
were also performed by using the standard dc four-probe
technique. After cooling the sample in zero applied mag-
netic field to a certain temperature T , the excitation cur-
rent through the sample is increased automatically in steps
of 1 mA, while the voltage across the sample is measured.
Under these circumstances, we have extracted the value of
the transport critical current at zero applied magnetic field,
Ic(0), from the measured I–V curve, by taking the Ic value
as the I in which the voltage across the sample reaches 1 µV.
The above procedure is repeated several times for different
fixed values of T in order to construct the transport critical
current curve as a function of temperature, Ic(T ).

3 Results and Discussion

The X-ray diffraction patterns, taken on bulk samples
showed that all samples have similar chemical composition
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Table 1 Relevant parameters of the samples studied in this work: compacting pressure, the linear slope A of ρ(T ), the residual resistivity ρ(0) at
T = 0, the intergranular electrical resistivity ρwl , the effective area factor αn. We have also included parameters obtained from the fitting procedure
for Jc(T ) data to the relation Jc(T ) ∝ (1 −T/Tc)

n, the critical temperature and the exponent n. Finally, values of the product Jcρsr at T = 0.96Tc

are also reported

Sample P A ρ(0) ρwl αn Tc n Jcρsr

(MPa) (µ� cm/K) (m� cm) (m� cm) (K) (×10−3 mV)

BP2 99 12.59 2.54 0.37 0.15 107.0 2.41 4.2

BP3 148 9.75 1.06 0.20 0.19 108.5 1.93 9.2

BP4 198 8.98 0.90 0.18 0.20 109.1 1.96 14.4

BP5 247 7.92 0.76 0.17 0.23 109.5 2.04 21.8

Fig. 1 Typical SEM images used to study the morphology and to esti-
mate the average grain size. This micrograph was taken on powders of
the sample BP2

and their indexed reflections are related to the high-Tc Bi-
2223 phase [9, 11]. The unit-cell parameters were calcu-
lated regarding an orthorhombic unit cell and the obtained
values a ≈ b = 5.41 Å, and c = 37.15 Å are in line with
those reported elsewhere for the same compound [12–14].
The occurrence of grains with platelet-like structure in Bi-
based materials is well known [9, 11]. Figure 1 shows a
micrograph taken on powders of the sample BP2 that was
reground after the last heat treatment. At first glance, the
morphology of grains is very similar. The occurrence of
grains with platelet-like structure is a signature of the Bi-
2223 phase formation from the Bi-2212 matrix [11]. The
average grain size was found to be La ∼ 4 µm long and
Lc ∼ 0.5 µm thick. This kind of morphology along with
the compacting pressure allow the orientation of the grains
with their c-axes ((00l) crystallographic planes) parallel to
the compacting direction. Rocking curves were conducted
in these samples for gaining information about the degree
of texture of the grains and the obtained results demonstrate

Fig. 2 Temperature dependence of the electrical resistivity of samples
BP2, BP3, BP4, and BP5

the better alignment of grains with increasing the uniaxial
compacting pressure [15].

All the samples were also characterized by measurements
of electrical resistivity versus temperature ρ(T ). Figure 2
displays the ρ(T ) curves of samples BP2, BP3, BP4, and
BP5. A careful inspection of the data indicates that curves
exhibit a transition to the superconducting state bellow the
so-called onset superconducting critical temperature Ton ∼
120 K. However, the temperature in which the zero resis-
tance state is observed, Toff, increases from 98 K (BP2) to
105 K (BP5). For temperatures above Ton, the ρ(T ) curves
exhibit a clear metallic-like behavior. As the onset temper-
ature is related to the transition of the isolated grains to the
superconducting state then its constant value in all samples
strongly suggests that the grains have similar stoichiometry.
This result is in excellent agreement with those of XRD. On
the other hand, Toff is related to volume fraction of the Bi-
2223 phase and/or features of the intergranular component.
Thus, as the chemical composition of grains are similar then
the observed behavior of the offset temperature is just re-
lated to differences in the intergranular properties between
samples [9, 11].
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Relevant information regarding the intergranular features
of the samples can be extracted from the ρ(T ) data by using
a conduction model described in details elsewhere [16]. In
such a model, the ρ(T ) data is described by the equation:

ρ(T ) = 1

αn

(
ρab(T ) + ρwl

)
, (1)

where αn is given by

αn = f αsrt, (2)

and represents an effective area factor related to contribu-
tions of: (i) the misalignment of the grains and/or the de-
gree of texture which is given by f (0 < f ≤ 1) and (ii) mi-
crostructural defects such as voids and microcracks which
is related to αstr (0 < αstr ≤ 1). In such a model, the grains
are believed to (behave as single crystals). This implies that
the first term in (1), ρab, is related to the average of the
electrical resistivity along the ab-plane. Such a contribu-
tion, in our analysis, has been assumed to be linearly tem-
perature dependent and with slope Asc = 1.84 µ� cm/K, a
value extracted from the ρ(T ) data in Bi-2223 single crys-
tals [17, 18]. The model also assumes zero-residual temper-
ature intercept [16, 17]. The term ρwl in (1) is regarded as
the average intergranular electrical resistivity, assumed to be
temperature-independent. The parameters αn and ρwl were
obtained by fitting the ρ(T ) data to the typical linear depen-
dence ρ(T ) = AT + ρ(0) along with the expressions [16]:

αn = Asc

A
, (3)

and

ρwl = αnρ(0), (4)

where A is the slope of the ρ(T ) curve in the T -linear re-
gion, and ρ(0) the residual resistivity at T = 0 (see Table 1).
We want to remark that in this model the effects of mis-
alignment between grains and structural defects are included
in αn. Within the experimental conditions, errors in deter-
mining αn and ρwl are close to 10%. After these corrections
the resulting sample behaves as a grain-aligned equivalent
sample with reduced cross section and increased length. In
this case the excitation current crosses the sample through
parallel and independent channels [16, 19]. Under these con-
ditions, is permissible to rewrite the intergranular electrical
resistivity in terms of the normal-state resistance of the av-
erage junction, Rwl , as ρwl = RwlLa [19]. Notice that ρwl

is different from the specific resistance of a single grain-
boundary, ρsr = RwlA

2, where A is the cross-sectional area
of the junction [19]. If we consider that grains of Bi-2223
samples have a platelet-like structure then A = LaLc, which
according to the SEM micrograph (see Fig. 1) in our sam-
ples A ≈ 2 × 10−8 cm2.

Fig. 3 Critical current density as a function of the reduced temperature
for samples BP2, BP3, BP4, and BP5. Solid lines represent fitting to the
power law Jc(T ) ∝ (1 − T/Tc)

n with n ∼ 2, as reported in Table 1

As displayed in Table 1, the observed rise of αn with in-
creasing compacting pressure is certainly related to both the
increasing degree of texture and the decrease of the influence
of microstructural defects to ρ(T ). Under this circumstance,
see (3), the decrease of ρwl between samples BP2 (0.37
m� cm) and BP5 (0.17 m� cm) agrees well with the previ-
ous statement. However values of the intergranular electri-
cal resistivity between samples BP4 and BP5 are essentially
the same indicating that intergranular properties of these
samples are identical. Additionally, estimations of ρsr yield
values in the range 10−7–10−8 � cm−2, which also imply
normal-state resistances Rwl = 0.93 �, for the sample BP2,
and Rwl = 0.43 � for BP5. Values reported above are within
the expected range for these parameters [20, 21]. Also,
the above results strongly suggests that grain-boundaries
in our samples behaves as superconductor–normal-metal–
superconductor (SNS) junctions [1, 5].

We have also measured the superconducting critical cur-
rent density as a function of the reduced temperature, t =
T/Tc. The results for samples BP2, BP3, BP4, and BP5 are
shown in Fig. 3. Noticeable that all curves exhibit a similar
qualitative behavior. Also, we have fit these experimental
data to a power law of the type Jc(T ) ∝ Jc(0)(1 − T/Tc)

n,
where n is an exponent [1, 5]. The obtained results shown
that n assumes a value close to 2.4 for sample BP2 and ex-
hibits a certain tendency to 2 in samples BP3, BP4, and BP5
(see Table 1). As mentioned in the preamble, there is a pro-
nounced sample dependence in the experimental exponent
values as well as a significant dependence on the width of the
temperature range employed in the corresponding fit to the
power law. We want to remark that measurements presented
in this work were performed very close to Tc (t > 0.9).
All previous structural and transport analysis prove that the
difference between the samples stem from its intergranular
properties mostly associated with an increase in the degree
of texture with increasing the uniaxial compacting pressure.
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It is important to notice that values of n ∼ 2 very close to Tc

indicate a SNS grain-boundary type as suggested above [1,
5, 6, 22].

In order to gain further information regarding the cou-
pling between grains in our samples, we have also investi-
gated the product Jcρsr in the uniaxially pressed samples.
Table 1 displays the obtained values at T = 0.96Tc for sam-
ples BP2, BP3, BP4, and BP5. An appreciable rise of ∼5
times between the outermost samples can be observed with
increasing the uniaxial compacting pressure. In this case,
typical values at T = 4.2 K in high-Tc materials are in the
range 1–3 mV. However, a reduction of two or three orders
of magnitude are expected as the temperature approaches
to Tc. Thus, although is noticeable the very low values of
the product Jcρsr in our samples the results seems to be ade-
quate. Usually, the small value of Jcρsr can be interpreted as
gap suppression at the boundary [1]. Leaving aside the tem-
perature effect, the observed increase in the product Jcρsr

indicates an improve of the grain connectivity, which also
enhance the magnitude of the order parameter across the
junction. In samples studied in this work, such a behavior
is owed to the direct relation between the product Jcρsr and
the grain-boundary orientation, θ . All previous analyzes in-
dicate that increasing the uniaxial compacting pressure pro-
vokes an increase in the degree of texture of samples (see
also Ref. [15]). In this sense is also expected a decrease in
the θ . Such a behavior in combination with the different θ

dependencies of Jc and ρsr [7, 8], favor the observed in-
crease in the product Jcρsr . Notice that, while Jc is reduced
with increasing θ , the specific resistance rises almost in the
same magnitude as reported elsewhere [7].

4 Conclusions

In summary, we have studied systematically the influence of
the uniaxial compacting pressure on the granular structure
Bi1.65Pb0.35Sr2Ca2Cu3O10 + δ samples by means of trans-
port measurements. The chemical composition of samples
indicates that the majority phase correspond with the Bi-
2223. Consequently, samples were found to have similar in-
tragranular properties, but different intergranular features.
Both electrical resistivity and critical current density as a
function of temperature, respectively, was found strongly
sensitives to the increase of the uniaxial compacting pres-
sure. The above type of mechanical deformation improve
the alignment of the grains perpendicular to the c-axis. As
a consequence, samples exhibit an enhance in the intergran-
ular properties, resulting in a decrease of the specific resis-
tance of the grain-boundary and an increase in the critical
current density. Finally, the product Jcρsr increase appre-
ciably assuring an improve of the order parameter across the
grain-boundaries.
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