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Abstract. Measurements of the electrical resistivity as a function of temperature, ρ(T ), for different val-
ues of applied magnetic field, Ba (0 ≤ Ba ≤ 50 mT), were performed in polycrystalline samples of
Bi1.65Pb0.35Sr2Ca2 Cu3O10+δ subjected to different uniaxial compacting pressure (UCP). We have found
appreciable differences in the grain orientation between samples by using X-ray diffractometry. From the
X-ray diffraction patterns performed, in powder and pellet samples, we have estimated the Lotgering fac-
tor along the (00l) direction, F(00l). The results indicate that F(00l) increases ∼23% with increasing UCP
suggesting that grains of these samples are preferentially aligned along the c-axis, which is parallel to
the compacting direction. The resistive transition of the samples have been interpreted in terms of the
thermally activated flux-creep model. In addition, the effective intergranular pinning energy, U0, have been
determined for different applied magnetic field. The magnetic field dependence of U0, for Ba > 8 mT, was
found to follow a H−α dependence with α = 0.5 for all samples. The analysis of the experimental data
strongly suggested that increasing UCP results in appreciable changes in both the grain alignment and the
grain connectivity of the samples. We have successfully interpreted the data by considering the existence
of three different superconducting levels within the samples: the superconducting grains, the weak-links,
and the superconducting clusters.

PACS. 74.72.Hs Bi-based cuprates – 74.81.Bd Granular, melt-textured, amorphous and composite super-
conductors – 74.25.Fy Transport properties (electric and thermal conductivity, thermoelectric effects, etc.)
– 74.25.Qt Vortex lattices, flux pinning, flux creep

1 Introduction

The broadening of the ρ(T ) transition of type-II super-
conductors in applied magnetic fields, Ba, has been ex-
tensively investigated for many years [1–5]. There is con-
sensus that the width of the superconducting transition
is strongly influenced by the anisotropy associated with
the orientation of the applied magnetic field respect to
the Cu-O planes [6–8]. Several models such as: supercon-
ducting glass [9], flux-flow [1], flux-creep [2], Ambegaokar
— Halperin [10], Kosterlitz — Thouless transition [11],
Josephson coupling [3], thermally activated flux flow [12],
etc. Notice that, most of these models invoke the flux mo-
tion as the source of the dissipation in these materials.

In polycrystalline high-Tc superconductors, where the
transport properties are mostly determined by its granular
nature, the above physical scenario becomes much more
complex. The presence of current-path frustration such
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as voids, cracks, and grain boundaries in these samples
is an unavoidable fact mostly to the virtue of the prepa-
ration process employed that results in ceramic materi-
als. Grain boundaries play an important role in limiting
the transport properties of polycrystalline superconduc-
tors. Moreover, it is well established that the properties
of the grain boundaries control much of the macroscopic
superconducting properties of all high-Tc materials [13]. It
is believed that this phenomenon is mainly due to the mis-
orientation between grains [14]. High angle grain bound-
aries act as Josephson coupled weak-links, leading to a
significant field-dependent suppression of the supercurrent
across the boundary [13]. A way to improve the transport
properties of these materials is to subjected them to large
mechanical deformations.

Previously, Muné et al. have described studies concern-
ing the influence of uniaxial compacting pressure (UCP)
on the general superconducting properties in (Bi-Pb)2Sr2
Ca2Cu3O10+δ (Bi-2223) ceramic samples subjected to
different UCP ranging from 90 to 600 MPa [15]. By
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performing measurements of critical current density as
function of applied magnetic field Jc(Ba), three differ-
ent superconducting levels have been identified: the su-
perconducting grains, the superconducting clusters, and
the weak-links [15]. Magneto-optical images in combina-
tion with numerical methods have confirmed the existence
of those different superconducting levels within a polycrys-
talline YBa2Cu3O7−δ sample [16]. It was also found that
properties of the last two levels are very sensitive to the
compacting pressure, mostly due to changes in the grain
boundary properties. Under these conditions, it is believed
that the flux motion comprises the dynamics of three kind
of vortices: the Abrikosov vortices (A), the Abrikosov-
Josephson vortices (A-J) [17], and the Josephson vortices
(J), respectively. Fortunately, under certain external con-
ditions the flux dynamics is mainly dominated by only
one kind of these vortices [18]. It is believed that, in low
applied magnetic field the flux dynamics is dominated by
both A-J and J vortices. In this case, the A-J vortices in
the low-angle grain boundaries and the latter in the high-
angle grain boundaries or weak-links [17]. On the other
hand, it is expected that the Abrikosov vortex dynamics
is manifested for high applied magnetic fields [19].

In this work we focus on the electrical resistive tran-
sition in low applied magnetic field (Ba < 20 mT) of
Bi1.65Pb0.35Sr2 Ca2Cu3O10+δ ceramic samples subjected
to different UCP ranging from 100 to 250 MPa. X-ray
diffraction (XRD), taken on powder and bulk samples has
been performed as a complementary characterization. The
main contribution of the paper is to present a system-
atic study of the effective intergranular pinning energy as
a function of the applied magnetic field in samples with
similar intragranular properties, but different intergranu-
lar properties.

2 Experimental

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 Pb:Bi:Sr:Ca:Cu (0.35:1.65:2:2:3). Details of the
sample preparation process are described elsewhere [15].
Then, before the last heat treatment, the obtained pow-
ders were uniaxially pressed at different compacting pres-
sures ranging from 100 to 250 MPa. The typical dimen-
sions of the pellets 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
powder and bulk samples by means of X-ray diffraction
patterns obtained in a Bruker-AXS D8 Advance diffrac-
tometer. 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 temperature dependence of the electrical resistiv-
ity for different values of applied magnetic field, ρ(T, Ba),
was measured by using the standard dc four-probe tech-
nique. Before each measurement, the samples were cooled
from room temperature down to 77 K. Then, a magnetic
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Fig. 1. X-ray diffraction patterns of a powder sample (a), and
bulk samples BP2 (b), BP3 (c), BP4 (d), and BP5 (e). The
reflections belonging to the Bi-2223 phase are marked by Miller
indexes in (a).

field Ba was applied always perpendicular to the thickness
and to the excitation current, that was injected along the
major length of samples. Both the voltage across the sam-
ple and its temperature were collected while the temper-
ature was raised slowly to 300 K. The typical dimensions
of samples are t = 1 mm (thickness), w = 2 mm (width),
and l = 10 mm (length). Also, the excitation current in
our measurements was 1 mA (J ∼ 5 × 10−2 A/cm2).

Measurements of superconducting critical current den-
sity dependence on applied magnetic field, Jc(Ba), were
performed by the same dc technique as in ρ(T ) measure-
ment. Here, the so-called virgin curve is obtained by cool-
ing the sample from room temperature down to 77 K un-
der zero applied magnetic field. Then, the magnetic field
is increased from zero to a fixed value Ba. Once the mag-
netic field is set, the excitation current, I, through the
sample is increased automatically and the voltage across
the sample is measured. Under these circumstances, we
have extracted the Jc(Ba) value from the measured I ver-
sus V curve, by taking the Jc value as the excitation cur-
rent density in which the voltage across the sample reaches
values of 1 µV. This procedure is repeated several times
for different fixed values of Ba in the 0–7 mT range. From
the values of Jc obtained at different Ba, we are able to
obtain the Jc(Ba) dependence for increasing applied mag-
netic fields.

3 Results and discussion

Figure 1 displays the X-ray diffraction patterns taken
on bulk samples BP2, BP3, BP4, and BP5. The
results shown in this figure indicate that all samples
have similar chemical composition and that all the
indexed reflections are related to the high-T c Bi-2223
phase. The unit-cell parameters were calculated with
respect to an orthorhombic unit cell and the obtained
values a = 5.410 Å, b = 5.413 Å, and c = 37.152 Åare
very similar to those reported elsewhere for the same
compound [20]. We have also found that values of a,
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Table 1. Few parameters of the samples studied in this work: the compacting pressure, P , the Lotgering factor along (00l)
direction, F(00l), the onset superconducting critical temperature, Ton, the offset superconducting critical temperature, Toff, the
effective intergranular pinning energy U0, and the transport critical current density at zero applied magnetic field, Jc(0).

Ton Toff(0 mT) Toff(16 mT) U0(1 mT) U0(16 mT) Jc(0)

Sample P (MPa) F(00l) (K) (K) (K) (eV) (eV) (A/cm2)

BP2 99 0.54 119.5 98 86 2.1 0.63 42

BP3 148 0.63 119.7 102 94 3.2 0.65 293

BP4 198 0.64 120.1 104 98 6.7 0.80 461

BP5 247 0.70 120.2 105 99 7.5 0.87 547

90 95 100 105 110
0.0

0.5

1.0

1.5

2.0

T
c0

ρ
0
 = ρ (T

c0
)

B
a
= 16 mT

B
a
= 0

 

BP2

ρ 
(m

Ω
 c
m
)

T (K)
(a)

90 95 100 105 110

0.2

0.4

0.6

0.8

1.0

Ba= 16 mT

Ba= 0
0

BP3

 
ρ 

(m
Ω

 c
m

)

T (K)

 

(b)

90 95 100 105 110

0.2

0.4

0.6

0.8

Ba= 16 mT

Ba= 0
0

BP4

ρ 
(m

Ω
 c

m
)

T (K)

 

(c)

90 95 100 105 110

0.2

0.4

0.6

0.8

70 110 150 190 230 270
0

1

2

3

4

5

6

BP4

BP5

BP3

 

 

ρ 
(m

Ω
 c

m
)

T (K)

BP2

 

0

T (K)

BP5

ρ 
(m

Ω
 c

m
)

 

(d)

Fig. 2. Resistive transition of samples BP2 (a), BP3 (b), BP4 (c), and BP5 (d) for Ba = 0, 2, 4, 8, and 16 mT. In (a), ρ0 is
the electrical resistivity at T = Tc0 and Tc0 is the temperature where the resistivity curves for different applied magnetic field,
separate each one. Also, the complete temperature dependence of ρ(T ) between 77 and 270 K, for each sample, are shown in
the insert of (d).

b, and c were similar for all samples subjected to dif-
ferent compacting pressures. As reported previously, is
a characteristic of Bi-based materials the occurrence of
grains with platelet-like structure [15,21,22]. This Kind
of morphology allows the orientation of the grains with
it c-axis ((00l) crystallographic plane) parallel to the
compacting direction [15,21,23]. In order to evaluate the
orientation degree of the (00l) planes, we calculated the
Lotgering factor, F(00l), by using the expression [24,25]:

F(00l) =
P − P0

1 − P0
, (1)

where P0 = I0(00l)/
∑

I0(hkl) and P = I(00l)/
∑

I(hkl).
Here, I0(00l) and I0(hkl) are the intensities of (00l) and

(hkl) peaks for a powder sample, respectively. On the
other hand, I(00l) and I(hkl) are the intensities of (00l)
and (hkl) peaks, respectively, for a pellet sample. Values
of F(00l) are in the range 0 (non-oriented samples) to 1
(highly oriented samples). In this case, the obtained val-
ues of F(00l) are shown in Table 1. Notice that texture
degree increase ∼30% between the sample BP2 (F(00l) =
0.54) and the sample BP5 (F(00l) = 0.70) with increas-
ing the UCP. This not an unexpected result as reported
elsewhere for the same materials [15,21,23]

In addition, all samples were also characterized by
measurements of electrical resistivity versus tempera-
ture ρ(T ), for applied magnetic fields ranging from 0 to
16 mT, and the results are shown in Figure 2. The most
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Fig. 3. The magnetic field dependence of the effective inter-
granular pinning energy, U0(H), for samples BP2, BP3, BP4,
and BP5. Lines between points are guide for eyes. The insert
shows an expanded view in the range between 7–18 mT. In
this case the experimental data were fitting to the power law
U(H) ∝ H−α (see comments in the text).

important features of these can be summarized as follows:
(a) all curves start to deviate from the linear behavior
at high temperatures below the onset temperature Ton ∼
120 K (please see values in Tab. 1), (b) the curves exhibit
a linear dependence of ρ(T ) at high temperatures, Ton >
120 K (see the insert of Fig. 2d), (c) the electrical resis-
tivity at T = 270 K decrease ∼50% between 5.97 mΩ cm,
in BP2, and between 2.89 mΩ cm, in BP5, (d) at Ba = 0
the temperature in which the zero resistance state is ob-
served, Toff increase from 98 K in the sample BP2 to 105
in BP5, and (e) at Ba = 16 mT Toff increase from 86 to
99, respectively, with increasing the uniaxial compacting
pressure. Values of the offset temperature for each sample
are shown in Table 1.

Notice that, the onset temperature is related to the
transition of the isolated grains to the superconducting
state and its constant value in all samples strongly sug-
gests that the grains have similar stoichiometry. This re-
sult 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 compo-
nent. Thus, as the chemical composition of grains are simi-
lar then the observed behavior of the offset temperature is
just related to differences in the intergranular properties
between samples. Additionally, the observed decrease of
ρ(270 K) assures an increasing in both the grain connec-
tivity and the texture degree of samples with the uniaxial
compacting pressure [15,21].

A relevant point in our discussion is related to de-
termine the influence of the UCP on the magnetic field
dependence of the effective intergranular pinning energy,
U0(H). In the framework of the thermally activated flux-
creep model, which is an alternative to the Josephson-
coupling model, the broadened resistivity curves for the
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Fig. 4. Arrhenius plot for samples BP3 and BP5. By fitting
these curves to equation (2) is possible to obtain the value of
the effective intergranular pinning energy for different applied
magnetic fields, as discussed in the text.

high-Tc oxides superconductor can be expressed as:

ρ(T, H) = ρ0 exp
(−U(H, T )

T

)
, (2)

where U(H, T ) = U0(H)(1 − t)q is the activation energy,
t = T/Tc the reduced temperature, q an exponential fac-
tor that vary between 1.5–1 in high-Tc materials [1–3],
and ρ0 the electrical resistivity at T = Tc0 with Tc0 the
temperature where the resistivity curves for different ap-
plied magnetic field, separate each other (see the Fig. 2a).
Figure 3 displays the effective intergranular pinning en-
ergy as a function of applied magnetic field for samples
BP2, BP3, BP4, and BP5. This energy is determined
by fitting the ρ(H ,T ) curve to equation (2). The obtained
values of U0 for 1 and 16 mT for are shown in Table 1.
Also, values of Tc0 and q are near 107.5 K and 1.6, respec-
tively in all samples. In addition, Figure 4 shows examples
of the Arrhenius plot for samples BP3 and BP5.
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As can be seen in Figure 3 the U0(H) dependence in all
samples decreases as the magnetic field strength increases.
The main differences between curves were observed for
fields below 8 mT. Notice that this value is very close
to a similar reported for the first critical field of grains,
Bc1g, in Bi-2223 samples at T = 77 K [15,21]. Since below
Bc1g, the applied magnetic field has penetrated only the
intergranular media a possible interpretation for the dif-
ferences between curves can be ascribed to the existence
of different superconducting levels within the samples at
the intergranular region: the superconducting grains, the
weak-links, and the superconducting clusters [15,16]. As
reported previously, the properties and the distribution
of the last two levels are very sensitive to the compact-
ing pressure of the samples. Thus, it would be reasonable
to assure that in the sample BP2, the fraction of grains
interconnected by strong-links (clusters) is very small as
compared with the sample BP5. This suggests that in
the former, the “penetrable” intergranular region by the
external applied magnetic field is higher than in the lat-
ter. However, it seems that even in the sample BP5, where
F(00l) is high, the number and/or the strength of super-
conducting clusters are not enough to avoid the magnetic
field penetration. Notice that, the pinning energy increase
∼75% between BP2 and BP5 at Ba = 1 mT, while at
Ba = 8 mT is only of ∼14% (see Tab. 1).

In order to complement the above statements, Figure 5
displays the experimental virgin curves of the normal-
ized critical current density, Jc(Ba)/Jc(0), as a function
of applied magnetic of samples BP2, BP3, BP4, and
BP5. Values of the critical current density at zero ap-
plied magnetic field, Jc(0) are shown in Table 1. In this
case, the results indicate that Jc(0) increases ∼90% be-
tween sample BP2 and BP5. Also, it was found that all
curves have a behavior qualitatively similar. They show a
clear Josephson-like behavior, in which Jc(Ba)/Jc(0) de-
pendence decreases with the increasing applied magnetic
field. However, such a decrease is more marked in samples
BP2 and BP3 where Jc(Ba)/Jc(0) dependence decreases
90% and 86%, respectively, between 0 and 7 mT. In sam-
ples BP4 and BP5 the decrease is ∼70%. Notice that the
behavior of the Jc(Ba) dependence is strongly influenced
by both intergranular and intragranular properties. The
latter, according the analysis of both the X-ray diffrac-
tion patter and the ρ(T ) curves, is essentially the same for
all samples. Thus as mentioned previously, it seems that
the difference between our samples arises from changes
in both the strength and the distribution of the inter-
granular media, i.e, the superconducting weak-links and
the superconducting clusters. As a result in samples BP2
and BP3 the grains are mainly weakly connected to each
other and the pinning energy is low. On the other hand,
samples BP4 and BP5 are a little more homogeneous and
the pinning energy is higher, as also suggested the results
shown in Figure 3.

Finally, we want to point out that within the applied
magnetic field range 0–8 mT, the functional dependence
U0(H) do not follow the well-known form U(H) ∝ H−α.
This discrepancy is more pronounced in the curve of the
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Fig. 5. The magnetic field dependence of the transport critical
current density, Jc(Ba), for samples BP2, BP3, BP4, and
BP5. Lines between points are guide for eyes.

sample BP2. However, it was found a better agreement
to the typical power low for applied magnetic field greater
than Bc1g. The value of α in all samples are very similar
and close to 0.5, which are in excellent agreement with
those found for high-Tc materials [2,26].

4 Conclusions

The resistive transition of nearly single phase
Bi1.65Pb0.35Sr2Ca2Cu3O10+δ samples subjected to
different uniaxial compacting pressure, have been investi-
gated under low applied magnetic fields (Ba < 20 mT).
We have found that the dissipation region between the
offset temperature, Toff, and the onset temperature,
Ton, are very sensitive to the applied magnetic field and
the uniaxial compacting pressure. The obtained results
assure that increasing the uniaxial compacting pressure
improves both the grain connectivity and the texture
degree of samples. Values of Lotgering factor along the
(00l) direction were estimated from X-ray diffraction
patterns and indicate that the texture degree increases
∼30% between samples BP2 (P = 99 MPa) and BP5
(P = 247 MPa). We have also found that the above
changes in the texture degree of samples are reflected
in the intergranular pinning energy of the samples. An
estimate of the effective intergranular pinning energy,
by using the the thermally activated flux-creep model,
reveals that at Ba = 1 mT, U0 increases ∼75% between
BP2 and BP5 samples. However, at Ba = 8 mT the
relative value is around ∼14%. The above results in
combination with an increase of ∼90% in the Jc(0),
assure that increasing uniaxial compacting pressure
improves the intergranular properties of Bi-2223 ceramic
samples. In addition, we have observed a different behav-
ior of the U0(H) dependence, in all samples, for applied
magnetic fields lower than 8 mT. We have suggested
that such differences can be related to the existence of
different superconducting levels within the samples at
the intergranular region: the superconducting grains,
the weak-links and the superconducting clusters.
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