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Abstract The Nb substitution effect on structural, DC elec-
trical resistivity, and AC susceptibility properties of poly-
crystalline Bi1.6Pb0.4Sr2Ca2Cu3Oδ samples is investigated.
The behavior of weak link and intergranular coupling in the
substituted samples is discussed. While the Bi-2223 phase
concentration increases in the X-ray diffraction (XRD) pat-
tern, the intragrain transition temperature remains nearly un-
changed in the substituted samples. The intergrain transition
temperature is changed with Nb substitution.

Keywords High-temperature superconductivity · Bi-base ·
Nb doped · Susceptibility · Critical current · Arrhenius plot

1 Introduction

Since the discovery of high-temperature superconductors
(HTSCs) much effort has gone into understanding their su-
percurrent behavior in grain boundaries [1–3]. Due to the
low coherence length of HTSCs, weak links and their align-
ments play an important role in the attenuation behavior
of transport current, especially in the presence of exter-
nal magnetic field. In HTSCs, sample preparation condi-
tions such as heat treatment, impurity substitutions, and
structural imperfections could change the behavior of weak
links.

The Bi-based superconductor system with the general-
ized Bi2Sr2Can−1CunO2n+4+y formula has three distinct
superconducting phases with different number of CuO2

planes corresponding to different n values. These phases
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are Bi-2201 (n = 1), Bi-2212 (n = 2) and Bi-2223 (n = 3)
having transition temperatures of 20, 90 and 110 K, re-
spectively [4, 5]. Among these phases, the creation of the
Bi-2212 phase is thermodynamically stable over a large
scale of temperature. Takano et al. have found that the par-
tial lead substitution for bismuth could increase the vol-
ume fraction of the Bi-2223 phase [6], but after more
than two decades, the formation of pure Bi-2223 phase is
still an open subject in the field of Bi-based superconduc-
tors.

In this work, we have investigated the effect of Nb sub-
stitution for bismuth. Among the periodic table elements,
the pure Nb is a unique type-II superconductor [7]. This
property, and empty 4d level in the niobium oxide, encour-
aged us to choose this element for substitution [8]. We have
used also magnetic susceptibility as a contactless method
and Bean’s critical state model to investigate the weak-link
behavior of the substituted samples.

2 Experimental

Polycrystalline (Bi1.6−xNbxPb0.4)Sr2Ca2Cu3O10+y sam-
ples (where x = 0.0, 0.02, 0.06, 0.15, 0.35) were prepared
by a conventional solid-state reaction method using Bi2O3,
PbO, SrCO3, CaCO3, CuO, and Nb2O5 3N powders. The
components were thoroughly mixed in the required pro-
portions for each sample and calcined at 815 °C in air for
15 hours. In the second process, reground and pelletized
samples were synthesized at 750 °C for 24 hours and then
at 848 °C for 96 hours. In the final process, the tempera-
ture of the samples was reduced to the room temperature
by furnace cooling. The resistivity measurements were car-
ried out by the standard four-probe method using a low fre-
quency/low AC current (65 Hz/2 mA). Electrical contacts
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Fig. 1 The XRD patterns of the
Nb-doped samples

Table 1 XRD results for the Bi-2223 and Bi-2223 phase concentration
in Nb substituted samples. The values of critical temperatures obtained
from the resistivity measurements. The number of samples is defined
in the first column

Sample Nb concen-
tration

Bi-2223
(%)

Bi-2212
(%)

T onset
c T offset

c

(R = 0)

N0 0 56.64 43.36 107.2 103.3

N1 0.02 53.73 46.27 105.7 102.7

N2 0.06 59.86 40.14 106.5 103.4

N3 0.15 81.34 18.66 106.4 101.3

N4 0.35 83.70 16.30 106.4 96.3

were made using conducting silver paint. Finally, the struc-
ture of the samples was examined using X-ray diffractome-
ter (XRD) with (CuKα) source in the range 2θ = 5–50.
The AC susceptibility measurements were performed using
a Lake Shore susceptometer.

3 Results and Discussion

Figure 1 shows that the phases belonging to Bi-2223 and Bi-
2212 are the major phases in the X-ray diffraction (XRD)
pattern of samples. The volume fraction of the phases could
be estimated as [9, 10]:

Bi-2223(%) ≈
∑

I (Bi-2223)
∑

I (Bi-2223) + ∑
I (Bi-2212)

× 100, (1)

Bi-2212(%) ≈
∑

I (Bi-2212)
∑

I (Bi-2223) + ∑
I (Bi-2212)

× 100. (2)

As shown in Table 1, the volume fraction of Bi-2223 is
increased with increasing the Nb concentration.

In Fig. 2, the temperature dependence of the resistivity
(R–T ) shows that all the samples show metallic behavior
in the normal state, and except for N2 sample the resis-
tivity increases with the increase of Nb concentration. All
the samples show a two-step transition in the temperature
range above the Bi-2212 phase transition temperature (i.e.
85 K). This behavior may be related to grain boundaries and
structural phase transition from Bi-2223 to Bi-2212 [11].
The first peak in resistivity derivative curve (dR/dT ) and
the temperature at which the resistivity falls to zero are at-
tributed to intragrain (T onset

c ) and intergrain (T offset
c ) super-

conducting transition temperatures, respectively [12]. Con-
sistent with the XRD results, the variation of resistivity tail
and the partial decrease in the intergrain transition tempera-
ture confirm that Nb substitution reduces the Bi-2212 phase.
The T onset

c value remains almost constant in the substituted
samples and one can conclude that Nb lies at the grain
boundaries and reduces the intergranular coupling.

As shown in Figs. 3, 4, and 5 for N0, N2 and N4 samples,
applying weak external magnetic field the resistivity curve
extends to lower temperatures. The intensity of the applied
magnetic field was 0.25 T.

In the figure, only the tail part of the resistivity curve is
extended and it shows that only weak links are affected by
such weak magnetic field. According to the thermally acti-
vated flux creep model (TAFC), broadening in the resistivity
curves is due to the vortex motion in the presence of an ex-
ternal magnetic field [12]. Vortex motion and flux creep are
directly proportional to weak links, applied magnetic field
and temperature. We conclude that upon increasing Nb con-
centration the flux pinning energy decreases.

We found that the experimental results in the tail part
of the resistivity follow the Arrhenius equation. The Arrhe-
nius plots of the samples are shown in the insets of Figs. 3,
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Fig. 2 The temperature dependence of the resistivity for all the samples. The inset shows the derivative of resistivity

Fig. 3 Resistivity vs. temperature for the N0 sample in the absence and presence of a weak magnetic field (0.25 T). The inset picture shows the
Arrhenius plot of the resistivity for the N0 sample
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Fig. 4 Resistivity vs. temperature for the N2 sample in the absence and presence of a weak magnetic field (0.25 T). The inset picture shows the
Arrhenius plot of the resistivity for the N2 sample

Fig. 5 Resistivity vs. temperature for the N4 sample in the absence and presence of a weak magnetic field (0.25 T). The inset picture shows the
Arrhenius plot of the resistivity for the N4 sample
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Fig. 6 In-phase components of
AC magnetic susceptibility as a
function of temperature for the
N0, N2 and N4 samples. The
inset picture shows in-phase
component derivation as a
function of temperature

Table 2 The values of the flux
pinning energy for N0, N2 and
N4 samples

B(T ) Samples

N0 N2 N4

0 933 591 430

0.25 760 500 415

Table 3 The results of
transition temperatures Tc Tcj Tp

N0 106.11 97.11 97.64

N2 105.75 99.61 99.61

N4 105.63 87.97 87.35

4, and 5. It is used to determine the flux pinning energy
[13, 14]:

ρ(H,T ) = ρ0 exp
(−U(H)/KBT

)
, (3)

where U is the flux pinning energy which is weakly depen-
dent on magnetic field, ρ0 is a pre-factor which is nearly
three orders of magnitude larger than normal state resis-
tance, and KB is the Boltzmann constant.

As expected for flux pinning energy, U has very small
value in our samples and its value partially decreased with
the increase of Nb concentration (Table 2).

Magnetic and superconducting properties of Nb substi-
tuted samples are also studied using AC susceptibility (χac)

Fig. 7 Out-of-phase components of AC magnetic susceptibility as a
function of temperature for the N0, N2 and N4 samples

measurement. The Bean’s critical state model was used
to analyze the experimental χac data between Tc and Tcj

[15, 16].
Figure 6 shows the temperature dependencies of the in-

phase component of susceptibility (χ ′) for three selected
samples in the applied AC field (30 A/m, 333 Hz) which
was parallel with their long dimension. The hump of the
real part of susceptibility shows the energy dissipation in
the samples. In our polycrystalline samples, χ ′ shows two
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Fig. 8 Temperature dependence
of the AC susceptibility for the
N0 sample at 333 Hz frequency
and various ac field amplitudes

Fig. 9 Temperature dependence
of the AC susceptibility for the
N2 sample at 333 Hz frequency
and various ac field amplitudes

step drops in the temperatures below the diamagnetic tran-
sition onset temperature. The peaks in χ ′ derivative with re-
spect to temperature display intragrain (Tc) and intergrain
(Tcj ) superconducting transition temperatures (the inset of
Fig. 6). The first and second drops arise from the super-
conducting transition within grains and the superconduct-
ing coupling between grains, respectively. The decoupled
grains below Tcj become well coupled in the temperature
range between Tc and Tcj and equal to a zero-phase differ-
ence as a phase-lock occurs across the intergranular junc-
tions.

As shown in Table 3, the Tc is about 106 K for undoped
sample and remains nearly constant in substituted samples,

but Tcj has changed in the substituted samples. It shows
that the intergranular coupling between grains has been in-
creased for the sample of N2.

Figure 7 shows the temperature dependencies of the out-
of-phase part of ac susceptibility (χ ′′). The broad peak in
lower temperature and the other one below the onset of the
diamagnetic temperature are attributed to the flux penetra-
tion into the intergranular region and the type of supercon-
ducting grains, respectively. The AC loss for N2 occurs at
higher temperature in comparison with two other samples.

Figures 8, 9, and 10 display the temperature dependen-
cies of χ ′ and χ ′′ for the N0, N2, N4 samples with vari-
ous ac field amplitudes. The χ ′ and χ ′′ have no ac mag-



J Supercond Nov Magn (2013) 26:3331–3338 3337

Fig. 10 Temperature
dependence of the AC
susceptibility for the N4 sample
at 333 Hz frequency and various
ac field amplitudes

Fig. 11 The variation of temperature with AC field amplitude for the
N0, N2 and N4 samples

netic field (Hac) dependence between Tc2 and Tc1 but the
superconducting transition temperature region is broadened
below Tc2 with the increase of Hac. The χ ′′ hump temper-
ature (Tp) shifts to lower temperature in the samples but its
peak height remains nearly unchanged. The shift degree for
N4 sample is much bigger than for the other two samples.
The field amplitude effect on χ ′ intergranular component
for sample N4 is also bigger than for the other two samples.
The shift value is a function of Hac and it is proportional to
the strength of the pinning force.

The variation of Tp versus Hac is shown in Fig. 11. The
critical current density at Tp could be estimated using the

Fig. 12 The variation of Jc with temperature for the N0, N2 and N4
samples

Beans model:

Jc = Hac

(ab)1/2
,

where a×b is the cross section of the rectangular bar-shaped
sample.

The polycrystalline superconductors could be considered
as a weak-links array behaving like Josephson junctions. As
shown in Fig. 12, the calculated Jc results show that the in-
tergranular coupling between superconducting grains for N2

sample is better than for the other two samples.
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4 Conclusion

In conclusion, XRD and R–T results show that the Nb sub-
stitution increases the volume fraction of Bi-2223 phase and
normal-state resistivity of Bi-based superconductors. The
broadening of the resistivity curve in the presence of exter-
nal magnetic field was greater for the Nb-doped samples. We
conclude that the Nb substitution decreases the flux pinning
energy.

The susceptibility results show an increase in intergranu-
lar coupling and an AC loss temperature for the sample N2.
The estimated values of critical current density confirm this
result.
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