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Abstract We have conducted magnetoresistance measure-
ments ρ(T ,H) in applied magnetic fields up to 18 T in
Bi1.65Pb0.35Sr2Ca2Cu3O10+δ ceramic samples which were
subjected to different uniaxial compacting pressures. The
anisotropic upper critical fields Hc2(T ) were extracted from
the ρ(T ,H) data, yielding Hab

c2 (0) ∼ 130 T and the out-of-
plane superconducting coherence length ξc(0) ∼ 3 Å. We
have also estimated Hc

c2(0) ∼ 4.4 T and ξab(0) ∼90 Å. In
addition to this, a flux-line-lattice (FLL) melting tempera-
ture Tm has been identified as a second peak in the derivative
of the magnetoresistance dρ/dT data close to the supercon-
ducting transition temperature. An Hm vs. T phase diagram
was constructed and the FLL boundary lines were found to
obey a temperature dependence Hm ∝ (Tc/T − 1)α , where
α ∼ 2 for the sample subjected to the higher compacting
pressure. A reasonable value of the Lindemann parameter
cL ∼ 0.29 has been found for all samples studied.

Keywords Bi-based superconductors · Weak links ·
Electrical conductivity

1 Introduction

One of the most important features of high-Tc supercon-
ductors is the high degree of anisotropy of both normal
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and superconducting properties due to their layered crys-
tal structure. The evaluation of the anisotropy of these low-
dimensional materials can be inferred by measurements of
their anisotropic quantities as the electrical resistivity, ρ,
the upper critical field, Hc2, the critical current density,
Jc, etc. [1]. In addition, other features of these compounds
as the large London penetration depth, high superconduct-
ing critical temperatures, and disorder conspire for strong
fluctuations of the vortices that can lead to the melting of
the vortex lattice. This is responsible for a new boundary
line in the H vs. T phase diagram above the lower criti-
cal field line, Hc1(T ). This new boundary line, commonly
termed as the irreversibility line or the flux-line-lattice melt-
ing line (FLL), separates a magnetically irreversible and
zero-resistance state from a reversible state with dissipative
electrical transport properties [2].

The anisotropic behavior of high-Tc materials have been
frequently studied via H vs. T phase diagram, and the
boundaries lines have been determined in single crystal
specimens [1–4]. On the other hand, similar determinations,
when using polycrystalline samples, would take into account
several approximations arising from the complex granular
nature of ceramic samples which contain voids, cracks, grain
boundaries, and orientational disorder of the grains [5]. The
features of ceramic samples also play an important role in
limiting transport current in polycrystalline specimens of
high-Tc superconductors. Besides this, it is well known that
very low values of the superconducting critical current in
polycrystalline samples are mainly due to the misorienta-
tion between grains. Within this context, high angle grain
boundaries act as Josephson coupled weak links, leading to
a significant field-dependent suppression of the supercurrent
tunneling across grain boundaries [6].

As mentioned above, a simple way to study both the
anisotropic behavior and the boundary lines belonging to the
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H vs. T phase diagram in high-Tc superconductors is per-
forming temperature and magnetic field dependence of the
electrical resistivity ρ(T ,H ). In the ρ(T ,H ) data, the broad-
ening of the superconducting transition in applied magnetic
fields H > Hc1 has been extensively investigated in several
cuprates [1, 3, 4, 7–14]. There is a consensus that the width
of the superconducting transition is strongly influenced by
the anisotropy associated with the orientation of the applied
magnetic field with respect to the CuO2 planes [3, 15, 16].

In this work we have performed a systematic study of
the transport properties in Bi1.65Pb0.35Sr2Ca2Cu3O10+δ ce-
ramic samples which were subjected to different uniaxial
compacting pressures. We first mention that in a previous
study, transport measurements performed in the same sam-
ples revealed an improvement of both normal and supercon-
ducting properties [17]. Thus, measurements of the temper-
ature dependence of the electrical resistivity under applied
magnetic fields up to 18 T have enabled us to discuss other
features of these anisotropic compounds. X-ray diffraction
(XRD), taken on both powder and bulk samples, has been
performed as a complementary characterization. The main
contribution of this paper is related to the influence of the
uniaxial compacting pressure on the H vs. T phase diagram
of (Bi-Pb)-2223 compounds. The quantitative analysis car-
ried out suggests that increasing compacting pressure results
in an increase of the texture degree of the samples. We have
used these textured samples of the (Bi-Pb)-2223 compound
to estimate important superconducting parameters such as
the upper critical fields and the superconducting coherence
lengths.

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 Pb:Bi:Sr:Ca:Cu (0.35:1.65:2:2:3). Details of the
sample preparation process are given elsewhere [18]. Before
the last heat treatment, the powders were uniaxially pressed
at ∼98 MPa, referred to as Sample P1, and ∼588 MPa, re-
ferred to as Sample P6. The typical dimensions of the pel-
lets were d = 10 mm in diameter and h = 1 mm in height.
The last heat treatment of the pellets was performed in air at
845 ◦C for 40 h followed by slow cooling. The phase identi-
fication in both powder and bulk samples has been made by
means of X-ray diffractometry. The X-ray patterns were ob-
tained in a Bruker-AXS D8 Advance diffractometer and the
evaluation of the degree of texture of the pellet samples was
made by using the same technique. These measurements
were performed at room temperature using Cu Kα radiation
in the 3◦ ≤ 2θ ≤ 80◦ range with a 0.02◦ (2θ ) step size, and
5 s counting time.

The temperature dependence of the electrical resistiv-
ity, ρ(T ), in the temperature range 2 ≤ T ≤ 300 K and in
applied magnetic fields, H , ranging from 0 to 18 T were
performed by using a commercial Linear Research (Model
LR-700) ac resistance bridge operating at a frequency of
16 Hz. For these measurements, copper electrical leads were
attached to Ag film contact pads on parallelepiped-shaped
samples using Ag epoxy. The typical dimensions of the sam-
ples were t = 1 mm (thickness), w = 2 mm (width), and
l = 10 mm (length). The magnetic field H was always ap-
plied perpendicularly to both the thickness of the samples
and to the excitation current, I , that has been injected along
the major length of samples. We have estimated the rema-
nent field of the superconducting magnet of 0.03 T. The ex-
citation currents used in these experiments were typically of
1 mA (J ∼ 0.5 A/cm2).

3 Results and discussion

The X-ray diffraction patterns, taken on bulk samples, in-
dicated that all samples have similar chemical composition
and their indexed reflections are related to the high-Tc Bi-
2223 phase [17, 18]. The unit-cell parameters were calcu-
lated regarding an orthorhombic unit cell and the obtained
values a = 5.410 Å, b = 5.413 Å, and c = 37.152 Å are in
line with those reported elsewhere for the same compound
[19]. The values of a, b, and c were found to be similar
for all samples subjected to different compacting pressures.
Also, the data show that the height of the peak (0010) in-
creases monotonically with increasing compacting pressure
suggesting that higher compacting pressures improved the
texture of the samples, resulting in a better alignment of the
grains. The grains of the sample P6 are aligned preferen-
tially with their c-axes parallel to the compacting direction.

The ρ(T ) curves for samples P1 (see Fig. 1(a)) and P6
(see Fig. 1(b)) under the influence of applied magnetic fields
ranging from 0 to 18 T are displayed in Fig. 1. Increasing
magnetic field results in appreciable changes in the shape
of the ρ(T ,H) curves in the superconducting state. As the
magnetic field increases, the superconducting transition be-
comes broader. We have found that all curves exhibit a tran-
sition to the superconducting state below the so-called onset
superconducting critical temperature Ton ∼ 120 K. Besides,
the temperature in which the zero-resistance state is ob-
served, the offset temperature Toff, decreases abruptly with
increasing H . It was also found that Toff decreases from
95.6 K to 32.5 K in sample P1 when the applied magnetic
field is varied from 0 to 18 T. For the same magnetic field
window, Toff was found to decrease from 97.7 K to 35.2 K
in sample P6. We want to point out that the observed values
of Toff at H = 0 T are slightly lower when compared with
the previous result of ∼102 K in Bi-2223 materials [17, 18,
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Fig. 1 Resistive transition in applied magnetic fields up to 18 T of
samples P1 (a) and P6 (b). Values of the upper critical field Hc2 were
obtained from the 50% drop in ρ(T ,H) curves across the supercon-
ducting transition

20]. This is a consequence of the remanent magnetic field of
the superconducting magnet.

The electrical resistivity data are useful to construct an
Hc2 vs. T phase diagram for each sample [1, 21]. The
(H,T ) pairs were extracted from the 50% falls in the electri-
cal resistivity curves at the superconducting transition (see
Fig. 1(b)). As shown in Fig. 2, the Hc2(T ) curves of sam-
ples P1 and P6 are qualitatively similar. Notice that Hc2(T )

curves exhibit an upward curvature near Tc , typical of other
cuprates, but rather different from the linear behavior of
Hc2(T ) derived from both Ginzburg–Landau and BCS the-
ories.

We start our discussion by estimating the value of the
critical field at zero temperature, Hc2(0), by using a fitting
all the (H,T ) pairs to the Ginzburg–Landau relation [23]:

Hc2(T ) = Hc2(0)
[
1 − (T /Tc)

2]α (1)

where Tc = (Ton + Toff)/2 has been used for the supercon-
ducting critical temperature, and α is an exponent.

We have assumed that due to the combination of the high
anisotropy of the system and the misorientation of the su-
perconducting grains, the estimate value of Hc2 at zero tem-

Fig. 2 An H vs. T/Tc phase diagram for samples P1 (a) and P6 (b).
The dashed line in Hc2 data corresponds to a fit to the phenomenolog-
ical GL relation (see (1)). The FLL melting curves, Hm vs. T , were
fitted by using (4). In this case, the fitting curves are displayed in solid
lines

Table 1 Relevant parameters extracted from fitting the Hc2 vs. T

curves to (1)

Sample Hab
c2 (0)

(T)
Hc

c2(0)

(T)
ξab(0)

(Å)
ξc(0)

(Å)
Tc

(K)
α

P1 122 3.9 91 3.0 105.5 3.7

P6 136 4.4 87 2.8 107 2.2

perature would reflect the upper critical field along the ab-
plane Hab

c2 (0) of the anisotropic material. Also, estimated
values of Hc

c2(0) were obtained by using an anisotropic
ratio γ = Hab

c2 (0)/Hc
c2(0) ∼ 31, as reported for Bi-2223

whiskers [1].
Table 1 displays the obtained values of Hc2(0), Tc, and

α. It is worth mentioning that the values of Hc2(0), ∼ 130 T
along the ab-plane, are smaller than those reported for Bi-
2223 whiskers [1] (Hab

c2 (0) = 1210 T and Hc
c2(0) = 32 T)

and Ag/Bi-2223 tapes [24] (Hab
c2 (0) = 830 T). However, the

obtained values are in the range 45–200 T, as previously re-
ported in melt-quenched Bi1.6Pb0.3Te0.1Sr2Ca3Cu4Oy sam-
ples [25].

The influence of the grain misalignment on the Hc2(T )

boundary line is revealed by analyzing the values of the ex-
ponent α (see (1)). The latter was found to decrease from
3.7 ± 0.7 to 2.2 ± 0.2, indicating that α decreases apprecia-
bly with increasing compacting pressure, or more appropri-
ately, with a better alignment of grains along the ab plane.
We also mention that values of α in the range 1.5 to 2.0 are
frequently observed in single-crystals specimens of high-Tc

materials, a result that clearly lends credence to our analy-
sis [23].

From in-plane and out-of-plane values of the orbital crit-
ical field, we were able to estimate both the in-plane, ξab(0),
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Fig. 3 Derivative dρ/dT of the electrical resistivity curves (see Fig. 1)
of samples P1 (a) and P6 (b). The inset displays an expanded view of
the curve at H = 0 T belonging to the sample P6 in (b). The FLL
melting transition temperature, Tm, is identify as the second peak in
the derivative data, as discussed in the text

and the out-of-plane, ξc(0), coherence lengths by using the
Ginzburg–Landau relations:

ξ2
ab(0) = Φ0

2πHc
c2(0)

(2)

and

ξc(0) = Φ0

2πHab
c2 (0)ξab(0)

(3)

where Φ0 is the flux quantum. The obtained values are
listed in the Table 1. It should be noted that ξab(0) � a and
ξc(0) � c, where a ≈ b and c are the unit-cell parameters,
as usually seen in these high anisotropic cuprates.

The derivative curves of the electrical resistivity, dρ/dT ,
at fixed applied magnetic fields for samples P1 and P6, are
displayed in Figs. 3(a) and 3(b). The common feature of the
curves is the occurrence of two well defined peaks which are
characterized by a height, or intensity, and a position in tem-
perature. Let us consider as a reference the ρ(T ) data taken
at H = 0 T on the sample P6 (see the inset of Fig. 3(b))
where two peaks at Tg ≈ 106.5 K and Tm ≈ 104.8 K are

clearly identified. Five general conclusions can be drawn
from the data shown in Fig. 3: (a) Tm ≤ Tg in all curves;
(b) the position of Tg is essentially magnetic field indepen-
dent for both samples; (c) the height of the dρ/dT peak
at T = Tg decreases appreciably with increasing magnetic
field. Such a decrease was found to reach ∼75 and 80% in
samples P1 and P6, respectively, when H is varied from
zero to 18 T; (d) the height of the dρ/dT peak at T = Tm

is much more sensitive to the applied magnetic field and de-
creases ∼25 and 11% in samples P1 and P6, respectively;
and (e) between H = 0 and 18 T the position of Tm de-
creases ∼52% in both samples: in the sample P1, the value
of Tm drops from ∼101 to ∼47 K, while in sample P6 it is
between ∼105 and ∼50 K.

The behavior of ρ(T ,H) in the vicinity of Tm indicates
that the intergranular properties have been improved with
increasing compacting pressure. This is certainly caused by
the improvement of the degree of texture which in turn has
enhanced the grain connectivity [17, 20, 26]. The latter is
crucial for the establishment of Josephson coupling between
grains at temperatures below Tm. A fingerprint of this behav-
ior is the difference between the height of the dρ/dT peak at
T = Tm. Moreover, such a change in the coupling between
grains can also be inferred from the occurrence of the dou-
ble resistive superconducting transition displayed in Fig. 1,
a feature much more pronounced in sample P1 [27–29].

The occurrence of two well defined peaks in dρ/dT

curves close to the superconducting transition temperature
is usually related to the intra- and intergranular supercon-
ducting transitions [27–30]. However, we first mention that
the height of the peaks in our curves remains essentially un-
altered when the applied magnetic field is increased. Such a
behavior differs from those reported in other polycrystalline
samples where the height of the second peak in dρ/dT

curves decreases abruptly at relatively low (≤1 T) applied
magnetic fields [31]. Under this circumstance, we assume
that the peak in dρ/dT curves at T = Tm is related to the
flux-line-lattice melting or the irreversibility line at the in-
tragranular level [3, 4]. Within this context, Fig. 2 displays
the magnetic field phase diagram, Hm vs. T , for samples P1
and P6. As has been proposed for BSCCO materials [2, 32],
the FLL boundary line can be fitted by using the relation-
ship:

Hm(T ) = A(Tc/T − 1)2, (4)

where

A = Φ5
0c4

L

16π3λ4
ab(0)μ2

0γ
2k2

BT 2
c

(5)

cL is the Lindemann parameter, λab is the in-plane London
penetration depth, μ0 is the magnetic permeability of vac-
uum, and kB is the Boltzmann constant. The best fit is ob-
tained for A = 10±0.4 T, by using Tc = 105.5 K, for sample
P1 and A = 14 ± 0.4 T (Tc = 107 K) for sample P6.
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By using (2), (3), and (4) and solving (5) for c4
L, one ob-

tains [22]:

c4
L ≈ 2π3μ2

0k
2
Bγ 3λ4

ab(0)T 2
m

Φ4
0ξ2

ab(0)

Hm

Hab
c2 (0)

. (6)

Assuming λab(0) = 1240 Å [32], and γ = 31 [1, 32], a
value of the Lindemann parameter cL = 0.29 is obtained
for both samples. The other parameters in (6) were Hm =
18 T, Tm = 46.4(49) K, Tc = 105.5(107) K, Hab

c2 (0) =
122(136) T, and ξab(0) = 91(87) Å, as displayed in Table1
for samples P1 and P6, respectively. It is important to men-
tion that the value of cL = 0.29 is within the range expected
for high-Tc materials, i.e., from 0.1 to 0.5 [33]. Indeed, such
a value of cL is in excellent agreement with cL = 0.28 cal-
culated in c-axis oriented bulk Bi-2223 compounds [32].

Based on the estimated value of cL = 0.29 we are leading
to conclude that changes in the texture degree of the samples
resulted in small variations in the Hm vs. T boundary line.
This also implies that tilting the magnetic field would result
in little changes on the thermodynamics of the vortex state.
Such a result seems unexpected at first glance but can be
interpreted when similar data obtained in single-crystals of
YBa2Cu3O7−δ are considered [4]. The authors of Ref. [4]
have observed changes in the Hm vs. T boundary line as
a function of the magnetic field orientation with respect to
the Cu–O2 planes. The results indicated that such changes
were perceived only for magnetic fields applied to angles
higher than 40◦. In addition to this, we also argue that re-
cent magneto-optical measurements and molecular dynam-
ics simulations in Bi2Sr2CaCu2O8 with columnar defects
give support to our estimates of cL [34]. It was found that
the dynamics properties of porous vortex matter are very
sensitive to the angle between the applied magnetic field and
the columnar defects. On the other hand, the thermodynamic
melting were found to be angle independent. As far as our
samples are concerned, a rather small difference in the ori-
entation of their grains along the c direction is expected. In
order to support this statement, the degree of texture of our
samples must be considered. Within the framework of the
current conduction model proposed by Díaz et al. [5], the
degree of texture of a polycrystalline sample is represented
by the misalignment factor f . Previous estimates of f in our
samples resulted in values close to 0.6 and 0.7 for samples
P1 and P6, respectively [17, 26]. Such a little increase in the
magnitude of f with increasing compacting pressure agrees
well with the small changes observed in the Hm(T ) line of
our two samples.

4 Conclusions

In summary, we have presented here the magnetic phase di-
agram of (Bi-Pb)2Sr2Ca2Cu3O10+δ ceramic samples which

were subjected to different uniaxial compacting pressures.
The Hc2(0) vs. T and Hm vs. T boundary lines have been
extracted from electrical resistivity measurements in applied
magnetic fields up to 18 T. We have found that the tem-
perature dependence of Hc2 is much more sensitive to the
degree of texture of the samples, as inferred from the ∼
40 % decrease of the exponent α with increasing compact-
ing pressure. We have also estimated the upper critical field
Hab

c2 (0) ∼ 130 T and the coherence length along the Cu–O
planes ξab(0) ∼ 90 Å, provided that the anisotropy of the
system is assumed to be γ = 31. The out-of-plane parame-
ters were Hc

c2(0) ∼ 4.4 T and ξc(0) ∼ 3 Å. From the second
peak of the derivative of ρ(T ,H) curves we were able to
discuss the flux-line lattice melting transition of the sam-
ples. We have found no appreciable differences in the Hm

vs. T boundary lines between both samples. The Linde-
mann parameter cL ∼ 0.29 was found to be compacting
pressure independent and is in line with others found in lay-
ered cuprates.
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