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a b s t r a c t

We reported here the effect of melting time (1.5–5 min + 5 s) in air and at 920 ◦C on the normal and
superconducting properties of Bi1.7Pb0.3Sr2CaCu2O8 (Bi (Pb): 2212) system. The results of X-ray diffrac-
tion, microhardness, resistivity and Hall effect are presented in details. Furthermore, the superconducting
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critical temperature Tc, normal resistivity �300, residual resistivity �0, and resistivity slope corresponding
to the linear �-T region and width of transition �Tc are extracted from resistivity data. Moreover, various
normal state parameters, such as density of holes, Fermi energy and density of states at the Fermi level
are calculated for all samples. These results shows a correlation between the above measured parameters
against melting time, and indicate that 3.5 min is the suitable melting time to optimizing Tc at 89 K for Bi

ng sy
i: 2212
xcess oxygen and melting operation

(Pb): 2212 superconducti

. Introduction

Since the discovery of BSCCO superconductors by Maeda [1],
xtensive research efforts have been directed towards the correla-
ion between its synthesis and superconductivity. It is found that
ptimum doping levels in Bi: 2212 system can be controlled either
y changing the amount of excess oxygen or by the chemical substi-
ution [2–4]. Recently, scanning tunneling spectroscopic studies for
i: 2212 system have observed spatially inhomogeneous electronic
tates [5], but it is not clear whether this behavior is originally due
o chemical doping or oxygen disorder [6]. However, it has been rec-
gnized that the superconductivity of such system is closely related
o the excess oxygen which is introduced during synthesis, and the
ritical temperature Tc could be optimized by removing a part of
xcess oxygen through proper annealing [7], and consequently the
ole concentration per Cu ion may be affected [2,8]. On the other
and, a reduction of Bi valence state by Pb substitution gives rise
o electronic conduction in the Bi–O layers of Bi (Pb) SCCO super-
onducting system, whereas the oxidation of Cu gives rise to hole
onduction in Cu–O2 planes of such system [9–11]. Usually, it is

ot possible to ensure that the system is properly optimized or not.
urthermore, the systematic study based on both excess oxygen
nd Pb substitution with regard to hole concentration in Bi (Pb):
212 system are not well understood [12].
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However, lots of work has been made for obtaining
Bi1.7Pb0.3Sr2CaCu2O8 [Bi (Pb): 2212] high Tc system [13–17].
Normally, this high Tc cuprates possesses the Tc of (73–87 K)
[18,19]. Agrawal et al. have been succeeded in raising Tc up to
91 K by incorporating the quenching process [13]. The quenching
as well as melting processes are primarily known to reduce
the excess oxygen of Bi: 2212 system. Unlikely the quenching
process, the melting point cannot be detected exactly by different
scientist and always leads to different values of Tc for the samples
prepared under the same conditions. In the present work, we
report the synthesis of Bi (Pb): 2212 samples obtained through
melting operation, without any nitrogenated heat treatment. For
simplicity, we fixed Pb content at 0.30 and put our attentions for
studying the impact of melting operation on superconductivity for
the considered system. Our results shows that the melting time
can optimize the superconductivity of Bi (Pb): 2212 system due to
its impact on excess oxygen produced through melting operation
as well as quenching process.

2. Experimental details

Bi1.7Pb0.3Sr2CaCu2O8 samples are prepared by the well-known solid-state reac-
tion method. The ingredients of Bi2O3, PbO, SrO, CaCO3 and CuO with 4N purity are
thoroughly well mixed in the required compositions and calcined at 820 ◦C for 24 h.
This procedure is repeated three times with intermediate grinding at each stage.
The resulting powder is reground and pelletized into equally six pellets. The pre-

pared samples are separately brought to a partially melting state at 920 ◦C and at
different six values of time as follows: 1.5, 2.5, 3.5, 4, 4.5 and 5 min + 5 s), respec-
tively. 5 s is the time taken to shift the sample from furnace. Then, the samples are
cooled to room temperature with an intervening annealing in air at 870 ◦C for 24 h.
The samples are then characterized for phase purity at room temperature (300 K)
by X-ray diffraction with Cu K� radiation. The lattice parameters are calculated by

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Lattice parameters, Hall coefficient, density of holes, Fermi energy and density of states versus melting time for Bi (Pb): 2212 samples.

Melting time (min) a (Å) c (Å) R−1 (C/cm−3) n (cm−3) Ef (eV) N (Ef) [state/eV cm3]

1.5 5.403 30.790 346.02 2.16 × 1021 0.132 12.69 × 1033

2.5 5.406 30.842 440.53 2.75 × 1021 0.153 13.73 × 1033
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3.5 5.411 30.911 662.25
4 5.409 30.880 552.49
4.5 5.408 30.855 536.57
5 5.407 30.844 520.65

sing computer programme and in terms of Bragg peaks over the 2� range. Surface
orphology of the samples is performed by scanning electron microscope (SEM).

he room temperature microhardness of the samples are determined using an MH-
digital microhardness tester (0.098–9.8 N). The Vickers microhardness (VHN) is

stimated according to the following equation:

HN = 0.1891

(
P

d2

)
here P is the applied load (in N) and d is the diagonal length of indentor

mpression. The electrical resistivity of the samples is measured by the standard
our-probe technique in closed cycle refrigerator within the range of (20–300 K)
cryomech compressor package with cryostat Model 810-1812212, USA]. Nano-
oltameter Keithley 2182, current source Keithley 6220 and temperature controller
700 (0.001 K resolution) are used in this experiment. Finally, the Hall coefficients
or the samples are measured at room temperature using Ecopia HMS-2000/0.55 T.

. Results and discussion

.1. Structural and mechanical analysis

Fig. 1 shows the room temperature XRD patterns of selected
our Bi (Pb): 2212 samples. It is clear that all diffractograms shows
he characteristic lines of Bi: 2212 tetragonal single phase and some
ew peaks are related to Bi: 2201 phase. No extra peaks are observed
n the patterns for all samples. In addition, there is a little variation

f the lines intensity of all peaks with melting time, which could be
elated to the observed change in the Tc values presented in the next
ection. The marginal shift in the position of lines is attributed to the
hange in the c-lattice parameter. Moreover, there is no indication
or orthorhombic–tetragonal lines splitting in all diffractograms.

ig. 1. Room temperature X-ray diffraction patterns versus melting. Time for Bi
Pb): 2212 samples.
4.15 × 10 0.198 15.71 × 10
3.47 × 1021 0.176 14.82 × 1033

3.37 × 1021 0.171 13.56 × 1033

3.27 × 1021 0.166 13.17 × 1033

The variation of lattice parameters a and c against melting time for
all considered samples are listed in Table 1. It is evident from the
table that lattice parameters are slightly increased with increasing
melting time from 1.5 min up to 3.5 min followed by a decrease
with further increase of time up to 5 min. The lattice parame-
ters obtained in the present work are in good agreement with
those reported earlier [7,20–22]. The behavior of lattice parame-
ters against melting time is probably related to the change in the
coupling between Cu–O planes produced by the amount of excess
oxygen during melting operation, which is responsible for the Tc

variation [21]. The change of excess oxygen with melting time up to
3.5 min leads to increasing c-parameter, and consequently the spac-
ing between CuO2 planes is increased. The vice versa with further
increase of the melting time.

Surface morphology of Bi: 2212 samples is shown in Fig. 2(a)–(f).
In 1.5 min sample, the size of grains is not homogenous along
with a random precipitation on the mother grains. The black
regions are randomly distributed in the matrix structure with a few
microcracks propagates along the grain boundaries, which indi-
cates a weaker link between the grains. Few small black lumps
are dispersed in the matrix, which may be related to some non-
superconducting phases. With increasing time up to 3.5 min, the
grains are uniformly distributed with a few dark regions propa-
gates along the grain boundaries. Also, the size of white grains is
increased, which indicates a strong connection between them. With
further increase of melting time up to 5 min, the grains appear with
relatively large size, which is responsible for the low-Tc.

Behavior of microhardness (VHC) against melting time shown
in Fig. 3 is typically similar to the behavior of lattice parameters
(Table 1). The highest value of VHC recorded at t = 3.5 min is proba-
bly attributed to the improvement of the coupling between grains
and elimination of pores, which occurs during melting operation.
Then, one can say that the mechanical resistance (the resistance
of material to the applied mechanical load) at this period becomes
higher and consequently the mechanical connection is improved.
On the other hand, it can be concluded that the higher micro-
hardness values measured at lower loads (0.098 N) represent the
hardness of monocryatalline grains, whereas the lower values mea-
sured at higher loads (4.9 N) usually represent the crack patterns
and crack propagation along grain boundaries [16].

3.2. Resistivity and Hall coefficient

Electrical resistivity versus temperature curves of Bi (Pb): 2212
samples are presented in Fig. 4(a). In general the �(T) curves involve
a normal state region, which extends from room temperature down
to a temperature close to onset temperature Ton. The �(T) curves
has a slope (d�/dT) which is connected with carrier–carrier scat-
tering, and the extrapolation of �(T) to T = 0 K provides the residual
resistivity, say, �0 which is connected with impurity scattering [23].
The values of both �300 and �0 are drawn as a function of melting

time and shown in Fig. 4(b). It is clear that �300 and �0 decrease
with increasing melting time up to 3.5 min, followed by an increase
with further increase of time up to 5 min. This behavior indicates
that the electron scattering by impurities is also affected by melt-
ing time as well as in the case of normal state resistivity �300. The
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Fig. 2. (a) SEM photograph of pure Bi: 2212 sample (t = 1.5 min). (b) SEM photograph o
(t = 3.5 min). (d) SEM photograph of pure Bi: 2212 sample (t = 4 min). (e) SEM photograph
(t = 5 min).

Fig. 3. Microhardness versus melting time for Bi (Pb): 2212 samples.
f pure Bi: 2212 sample (t = 2.5 min). (c) SEM photograph of pure Bi: 2212 sample
of pure Bi: 2212 sample (t = 4.5 min). (f) SEM photograph of pure Bi: 2212 sample

(d�/dT) behavior shown in Fig. 4(c) indicates that all samples has
a negative slope except the samples melted at t = 2.5 and 3.5 min,
where the slope is positive for these two samples. This means that
the behavior is metallic only for these two samples, and rest of the
samples shows semiconductor behavior, as the slope in negative
for the rest of samples. The behaviors of both Tc, Ton and width of
transition �Tc as a function of melting time are shown in Fig. 4(d).
[�Tc = (Ton − Tc) is the temperature width from onset temperature
Ton down to critical temperature Tc]. It is found that both Tc and Ton

are increased with increasing melting time up to 3.5 min followed
by a decrease of their values with further increase of melting time
up to t = 5 min. The values of Tc are 40, 66, 89, 75, 68 and 52 K for
all samples and the values of �Tc are 45, 14, 4, 20, 22 and 28 K

for the samples melted at t = 1.5, 2.5, 3.5, 4, 4.5 and 5 min, respec-
tively. These values means that the transition of the sample molten
at t = 3.5 min becomes sharper (�Tc = 4 K) and Tc goes higher up to
89 K, in agreement with the above analysis for structural and micro-
hardness. The behavior of the above parameters against melting
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ig. 4. (a) Resistivity versus temperature at different melting time for Bi (Pb): 22
amples. (c) Resistivity-temperature slope versus melting time for Bi (Pb): 2212 sam

ime is controlled by the presence of oxygen vacancies during melt-
ng operation, which may affect the carrier concentration. This also

ay lead to lattice variations in Bi (Pb): 2212 system, as reported
xperimentally [24]. On the light of these observations, one can say
hat the presence of both oxygen vacancies and lattice variations
n Bi (Pb): 2212 system may reduce the path of current flow in the
ystem and eventually the superconductivity is improved.

On the other hand, the Hall effect of high temperature super-
onductors has been studied extensively in the normal and mixed
tates [14,25–27]. One of the most remarkable observations in the
ormal and mixed state is the unconventional behavior of the Hall
ffect. In the normal state above Tc, Hall coefficient measurements
rovide information on the sign, concentration and mobility of
harge carriers. The most important result obtained from Hall effect
easurements in the normal state is that the charge carriers in the

opper-oxide planes are mostly holes. The only major exception
rom these high Tc superconductors is Nd2−xCexCuO4 superconduc-
ors, with electron-like conduction [25]. The values of Hall number
R−1

h
) and carrier density (n) as a function of melting time are listed

n Table 1, which are of typical behavior shown in microhardness
nd Tc. The values of Hall number are changed from 346 up to 662
ith increasing melting time; where as the values of carrier den-

ity are changed from 2.16 × 1021/cm3 up to 4.15 × 1021/cm3. These
alues are found to be comparable with those reported for similar
ystem in the under doped region [28–31].

The values of carrier density are utilized to estimate several nor-
al state parameters such as Fermi energy Ef and density of states
t Fermi level N (Ef). Ef is given by [22]:

f =
[

h̄2(3�2n)
3/2

2m∗

]
(3)
ples. (b) Normal and residual resistivities versus melting time for Bi (Pb): 2212
(d) Tc, T(on) and width of transition versus melting time for Bi (Pb): 2212 samples

where h̄ is the reduced Planks, constant and m* is the effective mass
of the carriers. We have taken m* = 3me for Bi: 2212 system [32,33].
While N (Ef) is also given by [22]:

N(Ef) =
(

1
2�2

)(
2m∗
h̄2

)3/2
E1/2

f (4)

The values of Ef and N (Ef) are presented in Table 1 and show the
same behavior against melting time as reported above. Ef values
are changed from 0.132 eV up to 0.196 eV for the studied sam-
ples. These values are nearly comparable with those reported for La
and Bi systems [22,34], and much smaller than those reported for
conventional metals (5–10 eV). Actually, increasing Ef in the nor-
mal state region leads to a significant decrease in the electronic
contribution to the total heat capacity and thermal conductiv-
ity. Thus, the lattice contribution to the heat capacity is expected
to be large in such system. Moreover, the obtained values of N
(Ef) are comparable with those reported for the present system
[33,35,36].

Anyhow, the high Tc Bi (Pb): 2212 system has been the conse-
quence of the melting operation carried out at higher temperature.
However, it has been indicated that a small depleting effect such
as Bi-stoichiometry may result from the melting operation during
the synthesis of the materials. This might lead to an increase in the
effective Cu valance, which is known to be crucial for superconduc-
tivity [13,37]. Increasing Tc is accompanied by a reduced transition
width, which may be the consequence of improved ordering of Bi-
stoichiometry due to melting operation. The manifestation of such

improved ordering is revealed by the enhancement in the measured
and calculated parameters mentioned earlier. However, similar
behavior is reported for suppression of dissipative flux motion by
Dy doping in high Tc (Bi,Pb): 2212 superconductor [38]. Further-
more, a reduction of hole concentration, in the CuO2 planes of
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Bi,Pb): 2212 system, is responsible for suppression of Tc by Ce
ubstitution [39].

. Conclusions

The impact of melting time (1.5–5 min) in air and at 920 ◦C on
he normal and superconducting properties of Bi (Pb): 2212 system
s reported here. The results of XRD, SEM, microhardness, resistivity
nd Hall coefficient measurements based on the considered sam-
les are presented in details. Moreover, the density of holes, Fermi
nergy and density of states at Fermi level are also calculated and
iscussed for all studied samples. These results show a strong cor-
elation between the behaviors of the above parameters against
elting time, and indicate that the critical temperature Tc could be

ptimized at 89 K through melting operation at t = 3.5 min for the
onsidered system.
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