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Abstract In this study, Na-substituted Bi2Sr2Ca0.9Na0.1

Cu2O superconductor samples were prepared by a poly-
mer solution method. Three different sintering temperatures
(850, 860, and 870 ◦C) were used to study the effect of Na
substitution. The samples have been characterized using X-
ray diffraction, scanning electron microscopy (SEM), DC
electrical resistivity, and DC magnetic measurements. Mag-
netoresistivity measurements have shown a broadening of
the superconducting transition under magnetic field which
is explained on the basis of the thermally activated flux flow
(TAFF) model. The calculated flux pinning energies of the
samples varied from 0.17 to 0.02 eV by means of increas-
ing magnetic field 0 to 9 T. The upper critical magnetic field
Hc2(0) and the coherence length (ζ (0)) at T = 0 K were
calculated using the resistivity data. Hc2(0) and ξ (0) values
have been calculated as 194, 144, and 139 T and 15.5, 15.2,
and 13 Å at 850, 860, and 870 ◦C, respectively. TAFF model
has shown Bi2Sr2Ca0.9Na0.1Cu2O8+y flux pinning energies
are 0.015 eV at 9 T in all cases, while they were 0.165, 0153,
and 0.149 eV at 0 T for samples sintered at 850, 860, and
870 ◦C, respectively.
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1 Introduction

The bismuth strontium calcium copper oxide
(BSCCO) family can be represented by the general
Bi2Sr2Can−1CunOx formula, where n = 1, 2, or 3, pre-
senting Tcs of about 20, 85, and 110 K, respectively
[1, 2]. Hereafter, the abbreviations Bi-2201, Bi-2212, and
Bi-2223 phases for n = 1, 2, and 3, respectively, will be
used. Extensive experimental studies have been performed
to understand the structural and physical properties of
Bi-based superconductors [3–17]. It has also been well
established that the superconducting properties are related
to the hole concentration [18, 19] which is an essential
parameter that controls many properties. Enormous efforts
have been made to investigate the doping dependence
of the superconducting properties and the mechanism of
high-temperature superconductors. Tarascon et al. [20]
studied various substitutions of rare earths (RE) in the
Bi4Sr4Ca2−x(RE)xCu4Oy system and reported that for
x = 1.5 the compounds become semiconducting. At low
doping (x ≤ 0.54), Tc was nearly unaffected. It is also
concluded that the double Bi-O layer acts as charge reser-
voir in the bismuth phases, and any modification affects
the hole concentration and, as a consequence, resulting in
a variation in Tc. Awana et al. [21] reported that the sub-
stitution of Eu, Dy, and Tm in the Bi-2212 system cause a
transition from superconductor to insulator. Their studies
gave an evidence of a transition from metallic behavior to a
variable range hopping regime at high rare earth concentra-
tions. Narsaiah et al. [22] showed that the Dy substitution
in the Bi-2212 system was responsible for the magnetic
properties in both the normal and superconducting states.
The unique magnetic nature of rare earths eases the study
of interplay between the superconductivity and magnetism
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[23, 24]. Earlier studies on the substitution of Sm for Ca
showed that Tc decreases as well as the other supercon-
ducting properties [25, 26]. Variations in Tc, Jc, and lattice
parameters were obtained by doping the system with other
elements, at different proportions, and under various prepa-
ration conditions [27–31]. The substitution has also favored
the formation of a Bi-2212 phase instead of a Bi-2223 one.
It was shown that Jc decreased when the Bi-2212 phase
proportion increases in Bi-2223 tapes [32]. Deng et al. [33]
have observed that the residual Bi-2212 phase is situated
at grain boundaries of Bi-2223 phase. But, one of the main
concerns about the Bi-2212 superconductors is that the
details of the current limiting mechanisms are not well
understood.

In previous works, the effects of several substitutions
for Ca or Cu in Bi-2212 have been studied in detail
[3–7, 16, 17, 34–36]. On the other hand, in the best of
our knowledge, no detailed studies about the Na substi-
tution effect on the Bi-2212 properties have been made.
In previous works, the optimum Na content to obtain
the maximum amount of Bi-2212 phase was determined
[16]. In this work, the effect of the temperature on the
Bi-(2212) phase formation and on the intergranular prop-
erties of polycrystalline of Bi2Sr2Ca0.9Na0.1Cu2O8+y sam-
ple prepared by polymer method will be determined.
As a consequence, the aims of the present work are as
follows:

(i) Determine the effect of a monovalent cation (Na) par-
tially substituting a divalent one (Ca) in the crystal
structure and the changes in carrier concentration due
to oxygen content modification.

(ii) Exploring the structural, electrical, and magnetoresis-
tance behavior of these modified systems.

(iii) Using a polymer solution method to prepare the sam-
ples due to the following reasons: (a) the particle size
is smaller than for the classical solid-state method,
leading to higher reactivity of precursor powders; (b)
Na2CO3, used for the solid-state reaction, does not
decompose at the treatment temperatures, only melts,
and it can be lost as a liquid phase during the ther-
mal treatments, at least in a high proportion. As a
consequence, it would be difficult to determine the
substitution range; and (c) in the polymer solution
method, Na acetate is used (melting point ∼328 ◦C),
but after coordination with polyethyleneimine (PEI),
no sodium acetate can be found in the solution, as
reported previously for the Cu acetate [37].

All these modification in Bi-2212 ceramics induced by the
10 % of Na substitution for Ca has been studied by pow-
der X-ray analysis (XRD), scanning electron microscopy
(SEM), and magnetoresistivity measurements.

2 Experimental Procedure

Bi2Sr2Ca0.9Na0.1Cu2Oy samples have been prepared, using
a polymer matrix route from Bi(CH3COO)3 (≥99.99 %,
Aldrich), Sr(CH3COO)2 · 0.5H2O (99 %, Panreac),
Ca(CH3COO)2 ·2H2O (98 %, Alfa Aesar), Cu(CH3COO)2 ·
H2O (98 %, Panreac), and Na(CH3COO) (99 %, Alfa
Aesar) commercial powders as starting materials. They
were weighed in stoichiometric amounts and dissolved in
a mixture of glacial acetic acid (CH3COOH) (Panreac PA)
and distilled water. The use of a mixture of glacial acetic
acid and water is due to the fact that in one side Sr acetate is
insoluble in concentrated acetic acid and, on the other side,
Bi acetate is not soluble in water. Once a clear blue solu-
tion is obtained, PEI (Aldrich, 50 wt% water) was added.
The mixture becomes dark blue immediately, reflecting the
formation of Cu-N coordination bonds. The solution was
then introduced into a rotary evaporator to reduce its vol-
ume (in ∼80 %), followed by heating on a hot plate at
about 100 ◦C for total solvent evaporation, producing a
thermoplastic dark blue paste. Further heating at around
350 ◦C produces a decomposition step (self combustion), as
described schematically elsewhere [38], which produces the
organic material decomposition. The resulting powder was
then milled in an agate mortar and calcined twice at 750 and
800 ◦C for 12 h, with an intermediate manual milling, in
order to decompose the alkaline earth carbonates.

Finally, the prereacted homogeneous powders were
pressed into 13-mm-diameter pellets and thermally treated
in order to produce the Bi-2212 superconducting phase.
This process was performed under air and consisted in two
steps: 60 h at three different sintering temperatures 850,
860, and 870 ◦C, followed by 12 h at 800 ◦C and, finally,
quenched in air to room temperature.

In order to identify the present phases, powder X-ray
diffraction patterns of the materials were recorded at room
temperature using a Rigaku D/max-B powder diffractome-
ter system working with CuKα radiation and a constant
scan rate between 2θ = 3◦ and 60◦. With these data, crys-
tal lattice parameters were calculated with and error in the
±0.00001 range. SEM micrographs were taken using a LEO
Evo-40 VPX scanning electron microscope fitted with an
energy dispersive X-ray spectrometer (EDS). Magnetoresis-
tivity measurements were carried out in a Quantum Design
PPMS system. The samples sintering at 850, 860, and
870 ◦C will be hereafter named as A, B, and C, respectively.

3 Results and Discussions

X-ray diffraction analyses were used to determine the phase
and crystal structure of the samples. The XRD patterns
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Fig. 1 XRD patterns for the A,
B, and C samples

of the A, B, and C samples are shown in Fig. 1. At first
sight, it is clear that the XRD patterns show the pres-
ence of 16 strong peaks, in all the samples. These XRD
peaks are in good agreement with the standard ICPDS file
for BSCCO. Sample A is mainly composed of Bi-2212
and Bi-2201 superconducting phases, with small amounts
of Bi3Sr4Cu2Oy and Na2O non-superconducting ones. In
the B and C samples, the Bi-2212 phase is the major
one. The X-ray diffraction patterns obtained for samples
B and C indicate that with increasing sintering tempera-
ture the superconducting Bi-2212 phase amount is raised.
As a result, increasing sintering temperature produces the
decrease of Bi-2201 and non-superconducting phases. The
calculated unit cell parameters for the Bi-2212 phase in the
different samples are presented in Table 1. As it can be eas-
ily seen in Table 1, when increasing sintering temperature,
a monotonic increase of c parameter is produced, together
with a modification of a and b parameters. These varia-
tions are due to the fact that the insertion of Na substituting
Ca ions in the structure produces a decrease on the global
positive charge in the structure. As a consequence, a modifi-
cation on the oxygen content has to be produced to maintain

the electrical neutrality in the structure, increasing c param-
eter and, consequently, changing the a − b ones and the cell
volume.

Representative SEM micrographs and EDX spectra of
all the samples are shown in Fig. 2a–c. In the figure, it
can be clearly seen that the surface morphology of all the
samples is roughly the same, independently of the sinter-
ing temperature. The particle shape and orientation, which
appear as elongated platelets with no preferential orienta-
tion, is representative of all the samples and is typical for
solid-state-sintered materials. On the other hand, B sam-
ple seems to show higher alignment than the observed
in the other ones. EDX analyses (see Fig. 2a–c) have
shown that Na ions were successfully intergraded into the
crystal structure. Moreover, the different phases identified
by EDS are in agreement with the XRD data discussed
previously.

The doping dependence of the transition temperature,
Tc, of high-temperature superconductors (HTSC) is fun-
damental interest for understanding the mechanism of the
superconductivity. It is generally believed that one of the
key parameters for controlling Tc is the charge carrier

Table 1 Structural and
transport properties of the
samples

Samp. code a(= b) (Å) c (Å) Unit cell volume, (Å3) p, hole number TEP, S (10−4 V/K)

A 5.3891 30.3901 882.6014 0.1741 −5.06

B 5.3573 30.7013 881.1476 0.1783 −6.09

C 5.4014 30.7861 898.1882 0.1809 −6.96
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Fig. 2 SEM images and EDX spectra for the A (a), B (b), and C (c)
samples

concentration, p, in the CuO2 planes. Presland et al. [39]
found the empirical relation;

Tc/T max
c = 1 − 82.6 (p − 0.16)2 (1)

between Tc and Sr hole doping in La1−xSrxCuO4, where
T max

c is the maximum attainable Tc, and p is the hole con-
centration per Cu atom in the CuO2 planes. According to
(1), Tc is maximized for hole concentrations ≈0.16 and falls
to zero at ≈0.05 on the underdoped side and at ≈0.27 on
the overdoped side. The above relation has been found to
be a remarkable model to determine the Tc values versus
doping concentration [40]. Therefore, the relation has often
been used as a convenient representation of the relation
between Tc and the hole concentration for all the hole-
doped cuprates. The calculated p values for the different
materials are displayed in Table 1. These results show that
the p values are increased when sintering temperatures are
raised. However, these values are close to the obtained in
the undoped Bi-2223 phase. These results indicate that the
amount of Na dopant is far from the overdoping limit, in
agreement with the results of Satyavathi et al. [41]. There-
fore, the increase in the normal-state resistivity values (p at
T onset

c ) and the decrease of Tc can be attributed to the hole-
filling mechanism previously described by other groups
[26, 42].

The thermoelectric power, S, is highly sensitive to the
charge transport mechanism, and hence, information about
the nature of the charge carriers, carrier concentration, and
band structure can be obtained. Studies of S as a function of
carrier concentration and temperature have been done in the
Bi-based system [43]. It has been established that the high-
Tc superconducting oxides are strongly correlated systems.
The expression of S, at high temperatures, was derived by
different groups [44, 45] and was modified by Cooper et al.
[46]; according to these studies, the thermoelectric power of
HTSC materials at high temperatures can be described by
the formula;

S = kB/e[ln(1 − p)/2p − ln2] (2)

where p, kB, and e are the hole concentration, Boltzmann
constant, and electron charge, respectively. Using the p

values given in Table 1, the S values for the A, B, and C sam-
ples have been calculated as −5.06 × 10−4, −6.09 × 10−4,
and −6.96 × 10−4 μV/K, respectively (see Table 1). As it
can be seen, all the values are negative, clearly indicating a
dominating electron conduction mechanism. Moreover, the
absolute magnitude of S increases when the sintering tem-
perature is raised, in agreement with the raise on the hole
concentration which leads to a decrease on the electronic
carriers.

It is well-known that the high-Tc granular supercon-
ductors having a well-defined superconducting transition
temperature generally display a two-step resistive transition
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Fig. 3 Electrical resistivity
versus temperature for the A, B,
and C samples

ρ(T ) and, correspondingly, dρ/dT displays a peak and a
tail in the lower temperature side [47–49]. The peak tem-
perature marks the superconducting transition within grains
and the tail is related to the intergranular coupling. Figure 3
shows the temperature dependence of resistivity for the
A, B, and C samples, with onset temperatures of about
92.1, 91.4 and, 91.2 K and offset temperatures 78.9, 78.2,
and 77.8 K, respectively. The slight decrease in resistivity
from room temperature to 90 K observed in all samples
can be explained by the metallic character of the Bi-2212
phase at these temperatures. It can also be seen from these
curves that the normal-state resistivity regularly decreases
from samples A to C and there is no tail regime clearly
visible in ρ(T ). More information can be obtained by plot-
ting the dρ/dT curves, as shown in the inset of Fig. 3.
The transition temperature, Tc, taken as the maximum of
the dρ/dT curves is nearly the same for all samples (see
Table 2). Moreover, all curves show a single peak, indi-
cating a single superconducting transition. Furthermore, no
hump in the low-temperature side of the dρ/dT plot can
be observed, revealing a clear indication of the strong link
between grains.

In order to investigate in detail the effect of sintering
temperature on the superconducting properties, magnetore-
sistivity measurements were performed in all the samples
under different magnetic fields, and the results are plot-
ted in Fig. 4. The transition temperatures deduced from
these graphs are displayed in Table 2. Moreover, from
these plots, it can be observed that, as the field increases,
the tail of resistivity curves shifts to lower temperatures.
The high-temperature zone of resistivity remains practically
unchanged, independently of the magnetic field. Further-
more, the broadening in the tail of the resistivity curves
decreases from sample A to C. As it is well-known, the
broadening and shifting of Tc (ρ = 0) to lower tempera-
ture as a function of the magnetic field is proportional to
the magnitude of the pinning force. In high-Tc superconduc-
tors, efficient pinning centers are produced by defects such
as dislocations, twin planes, grain boundaries, radiation-
induced columnar defects, etc. [50–52]. The nature of
pinning centers mainly depends on the grain boundaries,
impurities, and oxygen vacancies in Cu-O layers. When
the driving Lorentz force exceeds the pinning force, elec-
tric fields arise. Then, electrical resistance and hence energy

Table 2 Tc.onset and Tc.offset
values of the samples at various
applied magnetic fields

Sample 0 T (K) 1 T (K) 3 T (K) 5 T (K) 7 T (K) 9 T (K)

A Tc.onset 92.06 91.98 91.56 91.01 90.32 89.80

Tc.offset 78.90 64.37 55.31 49.98 46.88 43.93

B Tc.onset 91.44 90.89 90.26 89.36 88.62 87.85

Tc.offset 78.24 62.80 53.03 48.50 44.68 42.40

C Tc.onset 91.17 90.82 90.03 89.32 88.54 87.77

Tc.offset 77.81 62.00 52.96 47.62 44.59 41.54
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Fig. 4 Magnetic field effect on the resistivity as a function of temper-
ature for the A (a), B (b), and C (c) samples

dissipation occur. At lower temperatures, a higher magnetic
field is needed to depin the flux lines since lowering the tem-
perature increases the pinning force [50]. This results in a

Fig. 5 a, b, c Arrhenius plot of the resistivity for the A (a), B (b), and
C (c) samples

shift of the zero resistivity temperature. T offset
c values signif-

icantly decrease with the applied magnetic field while T onset
c

values do not significantly change, as generally observed for
cuprates [53].

The study of thermally activated flux flow (TAFF)
is manifested as a broadening of the superconducting
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transition. The resistivity in the TAFF region is caused by
the thermally activated flux flow of the vortices. The exper-
imental results in the tail part have been found to follow the
Arrhenius relation as given by [54]

ρ (H, T ) = ρ0exp (−U (H) /kBT ) (3)

where U is the flux pinning energy that depends on tem-
perature and magnetic field. The U value can be directly
deduced from the slope of the plot of ln(ρ/ρ0) versus 1/T .
Figure 5 shows the Arrhenius plots for all the samples.
From these figures, it is clear that, as expected, the broad-
ening for sample A is apparently reduced as compared to
that of samples B and C. It is obvious that the resistive
broadening caused by an applied magnetic field is reflected
in a Tc shift to lower temperatures. As mentioned above,
this is a well-known behavior attributed to the flux flow
resistivity. Since it is well established, lowering the temper-
ature increases the pinning strength and hence the pinning
force. The other result which can be deduced from the
semi-logarithmic Arrhenius plots of Fig. 5 is that indeed
there is nearly an exponential dependence of ρ on 1/T for
T � T onset

c , indicating the energy dissipation in the TAFF
region due to the thermal activation of fluxes across the pin-
ning barriers. Therefore, U values are obtained from the
slopes of the nearly straight line portions of the curves at
low temperatures.

The calculated activation energy, U , from the linear fit in
the tail part of the plots is presented in Fig. 6 for all sam-
ples. As it can be seen in all cases, the activation energy
decreases with the increase of applied magnetic field. The
figure also shows that at the same field values, U(H) for

sample A are lower than those determined for samples B
and C. Under magnetic fields below ≈2 T, the applied
magnetic field can only penetrate the intergranular regions.
On the other hand, a possible interpretation for the differ-
ences between the curves can be ascribed to the existence of
different superconducting properties within the samples at
the intragranular regions [55–57].

Figure 7 shows the temperature dependence of the mag-
netization for all samples, zero field cooled, under an
applied field of 50 Oe at temperatures below 100 K. In
all cases, the superconducting critical temperature T

mag
c.on

defined as the onset of diamagnetism on the M − T curves
is about 85 K, since the major phase is the Bi-2212 and most
of the inductive transition takes place at lower temperatures.
A very small anomaly is, however, observed in the M-T
curves at about 85 K, suggesting that the samples have not
been completely transformed into the Bi-2212 phase at the
higher sintering temperatures. This behavior is characteris-
tic of all the bulk superconductors, mainly caused by their
granular nature together with possible secondary phases,
and thus the grain boundaries could then be considered as
weak Josephson junction [58].

The magnetic hysteresis behavior of samples has also
been studied. All the hysteresis loops were measured under
applied fields between ∓9 T at 10 K. Typical examples of
magnetic hysteresis (M-H ) loops for all the samples are
shown in Fig. 8. The samples were warmed up above the
superconducting transition temperature for each measure-
ment in order to expel any trapped flux. Then the system was
zero field cooled (ZFC) for each measurement. All the sam-
ples exhibit weak field dependence, particularly after 2 T.

Fig. 6 Flux pinning energy, U ,
versus applied magnetic field for
all the samples
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Fig. 7 Magnetization as a
function of temperature for all
the samples at 50 Oe applied
field

The decrease of the hysteresis loops with increasing sinter-
ing temperature and the symmetrical behavior indicate the
existence of flux pinning centers. Thus, it might be argued
that the magnetization behavior at low fields is dominated
by the bulk pinning rather than surface and geometrical
barriers.

The calculated critical current densities, Jc, of the sam-
ples as a function of the applied field are shown in Fig. 9.
According to Bean’s critical state model [59], Jc is propor-
tional to the width of a hysteresis loop and for slab geometry
it can be expressed as

Jc = 20 �M/ [a (1 − a/3b)] (4)

where a and b (a < b) are the sample dimensions
perpendicular to the applied field and �M is the so-called
magnetization irreversibility, i.e., the width of hysteresis
loop. In Fig. 9, it is clear that the general shape of Jc is typ-
ical for type-II superconductors. The critical current density
is not an intrinsic parameter of a superconductor. Further-
more, in a system such as Bi-2212 where surface effects
are present, the critical currents in the material should be
carefully considered. Nevertheless, the use of the Bean’s
critical state model can provide us with an indication of
the strength of the pinning within the system. From the
figure, it is obvious that Jc decreases with increasing the
sintering temperature. In fact, the critical current density

Fig. 8 M-H hysteresis loops
for all the samples at T = 10 K



J Supercond Nov Magn (2015) 28:1913–1924 1921

Fig. 9 Calculated Jc results for
all the samples at T = 10 K

measured in these samples has strong field dependence and
reaches a plateau of the order of 15 A/cm2 around 2 T. The
strong field dependence of Jc may be caused by the large
thermally activated flux motion in the system. The result
mentioned above indicates that the flux pinning is effective
in the Bi-2212 system. The highest critical current density
values at around zero field for samples A, B, and C are
48.105, 43.105, and 42.105 A/cm2, respectively. It should be
noted that in the critical state, Jc is almost completely deter-
mined by imperfections in a superconducting material, and

the large Jc indicates the existence of strong flux pinning in
the material. Therefore, the pinning in the studied system is
stronger at low fields. This field dependence clearly demon-
strates that the flux pinning decreases with the increasing
field. The decrease in the magnitude of Jc due to the raise in
sintering temperature means that the contacts between the
grains are poorer, limiting the super-current paths. However,
the obtained results indicate that the increase in sintering
temperature produces the formation of insulating layers in
the grain boundaries. Probably because of this reason, the

Fig. 10 Variation of pinning
force as a function of the applied
magnetic fields
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Fig. 11 Coherence lengths and
Hc2 values variation with the
sintering temperature

Jc values of B and C samples are lower than that of the
A one.

The Jc data have been used to obtain the volume pinning
force Fp in the different compounds, using the formula

Fp = Jc × B (5)

The plots of Fp versus H are shown in Fig. 10. The
maximum values of Fp appeared at 2 T, indicating that
the irreversibility line shifts to lower magnetic fields with
increasing sintering temperature. This reinforces the previ-
ous discussions about the decrease of flux pinning strength
when the sintering temperature is raised.

The calculated upper critical field, Hc2 and the coher-
ence length, ξ , versus the critical temperatures are plotted
in Fig. 11. Hc2 cannot be measured at low temperatures
and, as a consequence, in order to determine the behavior of
the upper critical field at temperatures close to zero, a the-
oretical model, defined by Werthamer-Helfand-Hohenberg
(WHH) has been used, applying the formula [60]

μ0Hc2 (0) = 0.693Tc(dμ0Hc2 (T ) /dT ) (6)

where (dHc2(T ) / dT) is determined using the slopes at Tc of
curves in Fig. 11. The calculated upper critical fields at 0 K
for H //c are 192.4, 143.8, and 136.8 T for samples A, B, and
C, respectively. These are quite acceptable values for a good
superconductor. Another important parameter in the super-
conductivity is the coherence length, ξ . In the framework
of this study, the coherence length, ξ , has been calculated
using the Ginzburg-Landau relation,

μ0Hc2 (0) = Φ0/2?π ξ2 (0) μξ (7)

where Φ0 is the quanta of flux (2.07 × 10−15 T/m2) and
Hc2(0) is the upper critical field at zero temperature. The

calculated values of the coherence length at zero tempera-
ture have been found to be 13.080, 15.136, and 15.518 nm
for samples A, B, and C, respectively.

4 Conclusions

In summary, a comparative study of physical and magnetic
properties of Bi2Sr2Ca0.9Na0.1Cu2Oy samples prepared by
a polymer solution technique has been presented. X-ray
diffraction, scanning electron microscopy, magnetoresistiv-
ity, DC magnetization, and magnetic hysteresis studies have
been performed to find the optimum sintering temperature.
XRD suggested that samples with nearly single Bi-2212
phase have been produced, independently of the sintering
temperature. SEM micrographs confirmed that the surface
morphology of the samples with different sintering tem-
peratures is almost similar. All samples are predominantly
composed by randomly oriented Bi-2212 plate-like grains,
typical for solid-state-sintered materials. R-T results indi-
cate that all samples exhibit metallic behavior above T onset

c ,
confirming that Bi-2212 phase is the major one. The acti-
vation energies, irreversibility fields (Hirr), upper critical
fields (Hc2), and coherence lengths at 0 K (ζ (0)) were evalu-
ated from the resistivity-versus-temperature (ρ −T ) curves,
under DC magnetic fields up to 9 T. The electrical resis-
tivity broadening behavior under the applied magnetic field
has been studied using the thermally activated flux creep
model. From M-H measurements, it has been found that the
magnetization values and the volume of the closed hystere-
sis curves decrease with increasing sintering temperature
due to the formation of the Na-substituted Bi-2212 phase.
The decrease of the hysteresis loops with increasing sin-
tering temperature and the symmetrical behavior indicate
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the existence of flux pinning centers. Thus, the magnetiza-
tion behavior at low fields is dominated by the bulk pinning
rather than surface and geometrical barriers.

Employing Bean’s model, it has been found that the
decrease on sintering temperature produces a raise of Jc

values. The highest Jc values at zero field for samples A,
B, and C have been determined to be 48.105, 43.105, and
42.105 A/cm2, respectively.

In conclusion, with the increasing of the sintering tem-
perature, the superconducting properties are deteriorated
and the optimum sintering temperature to form the Bi-
2212 phase has been determined to be 860 ◦C for these
Na-substituted samples.
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