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Abstract In this study, samples of Bij ¢5Pbg.35-xNb,SrpCayCuzOqg4s were pre-
pared by solid-state reaction method and the effect of Nb substitution for Pb on the
structural and superconducting properties of this material was investigated. The room-
temperature X-ray diffraction patterns indicated that all the samples have the dominant
phase of high-7; (Bi-2223). However, other phases such as Bi-2212 and some impu-
rity phases like SrCuyO;, CuNb,Og, CaCuOs3 and CuO were also obtained from XRD
patterns. An increasing amount of Nb™> substitutions for Pb*? led to a phase transition
from Bi-2223 to Bi-2212. Electrical resistivity and magnetic measurements revealed
that the critical temperature and the critical current density decreases with increasing
Nb content due to the enhancement of Bi-2212 phase and appearance of impurities.
SEM images indicated that samples porosity changes due to the disrupted grain growth
with the substitution of Pb ions with Nb ions.

Keywords BSCCO high-T7; superconductors - Bi-2223 phase - XRD - SEM -
Critical current density

1 Introduction

High-temperature superconductors are of interest due to both their applications in
the technological promise of energy-efficient devices and the scientific challenges to
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understanding the basic physical processes behind superconductivity [1,2]. After the
discovery of Bi-based superconductors, great progress has been achieved in enhancing
electrical, structural and superconducting properties of this type of superconductors
[3]. Bi-based superconductors (BSCCO) are defined by BiySroCa;,—1Cu;, Oz 144y
general formula where n = 1, 2 and 3 refer to the number of CuO; layers in the crystal
structure, corresponding to the Bi-2201, 2212 and 2223 phases which have critical
temperatures around 20, 85 and 110 K, respectively [4—7]. The formation of pure Bi-
2223 phase is an essential issue for the synthesis of this type of superconductors. Since
the formation of the 2223-phase is very slow, long periods of sintering at temperatures
close to its decomposition temperature are required [8].

The critical temperature (7;) of Bi-based copper-oxide superconductors depends
on the density of mobile holes created by Cu vacancies in the CuO» planes [9]. There
are several studies that investigate the effect of various doping elements in different
sites of the BSCCO system on the hole concentration, such as rare earth elements (La,
Gd, and Yb) [10,11], some alkali metals and transition elements (Hg, Ba, Y and Li)
[12,13].

Coskun et al. [14] indicated that the substitution of Ca2t ions by Gd?t ions leads
to a decrease in Cu vacancy sites. On the other hand, the replacement of Bi** ions by
Pb2* ions promotes Cu vacancies [15]. Therefore, substitution of Gd for Ca reduces the
critical temperature and a small amount of Pb substitution for Bi increases the critical
temperature. Gul et al. investigated the effect of V' substitution for Bi in BSCCO
system with nominal composition Bij ¢y VyPbg4Sr2CayCuzOs. They showed that
with the increase in V concentration in the samples, the value of resistivity decreases,
while the critical current density increases [16].

In this research, Pb?t ions have been substituted by Nb>* ions in order to inves-
tigate the effect of Nb on the superconducting properties of BPSCCO system. Since
the ionic radius of Nb>* (0.7 A) is lower than the ionic radiuses of Bi*t (0.96 A) and
Pb>T (1.19 A), there is a higher possibility of Nb occupying compared to Pb in BiO
layers [17]. The melting point of niobium oxide (1512 °C) is higher compared with
that of lead oxide (888 °C). Contradictory results have been reported on the effect of
Nb addition on the structural and superconducting properties. It has been previously
shown that addition of a slight amount of Nb,O5 on BSCCO improves the intergrain
connectivity which results in better superconducting properties [18]. On the other
band, Bilgili et al. showed that samples with NbyOs addition consisted of a mixture
of Bi-2223 and Bi-2212 phases as the major constituents and non-superconducting
phase Ca;PbO4 as the minor ones. They found that the volume fraction of high-T;
Bi-2223 phase decreased with increasing Nb addition up to x = 0.20. Also, they
conclude that with increasing Nb addition, the surface morphology and grain connec-
tivity of samples degraded, the grain sizes decreased, and the porosity of the samples
increased [19].

In this work, the effects of Nb substitution have been studied on structural,
electrical and morphological properties of BSCCO systems. Samples were pre-
pared by a conventional solid-state reaction method with nominal composition
Bij 65Pbg 35—+ NbySroCarCuzOq94s with x = 0.0, 0.1, 0.2, 0.3, 0.35. Structural and
superconducting properties of all samples were investigated, and the relation between
those was determined.
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2 Experimental Procedures

The Bij 65Pbg.35-xNb,SroCayCuzOj04+5 (Bi, Pb)-2223 bulk samples were prepared
from ultra-fine and high-grade purity powders of Bi; O3, PbO, SrCO3, CaCOj3, Nb;O5
and CuO with purity of 99.99% using the conventional solid-state reaction method
[20]. The starting powders were weighted and well mixed (the precursors were ground
approximately for 1 h) in stoichiometric proportions. In order to remove any remain-
ing volatile materials and initiate the formation of the superconducting phases, the
prepared mixture was calcinated at 810 °C for 48 h. Then, samples were reground
and mixed in an agate mortar pestle. The resulting powder from the first calcination
process was pressed into disk-shaped pellets and sintered at 825 °C in air for 48 h.
Finally, the pellets were sintered at 845 °C for 100 h and slowly furnace cooled down
to room temperature. All of the calcination and sintering processes were performed
using a programmable furnace. In calcination and sintering processes, samples were
prepared under the pressures of 250 and 450 MPa, respectively. By using a hydraulic
pressing machine, powder of the samples was converted into the disks with 13 mm
diameter and 2 mm thickness. The samples are labeled as A (x = 0.0), B (x = 0.1),
C(x=0.2),D(x=03)and E (x = 0.35).

The electrical resistivity of all the samples was measured as a function of temper-
ature from 30 to 115 K using the standard four-probe method. The crystal structure
of the samples was evaluated by SIEMENS X-ray diffractometer with CuK, (1.54
A) radiation. Lattice parameters of samples were obtained using Match 3.3 and Full-
Prof_Suite_2014 softwares based on Cohen’s least square method from the XRD
patterns. Temperature- dependent magnetic characterizations of the samples were
done by a vibrating sample magnetometer (Quantum Design). Scanning electron
microscopy (SEM) images were taken by using BILKEN in order to investigate the
microstructure of samples.

3 Results and Discussion

Figure 1 shows the XRD patterns of all samples after the final sintering process. All the
peaks can be well indexed to Bi-2223(H) and Bi-2212 (L), as donated by Miller indices.
The dominant phase in all of the samples is high-T;, (Bi-2223). Meanwhile, other phases
such as Bi-2212 and impurity phases of SINbO3, SrCu;O,, CuNb,Og, CaCuO3 and
CuO peak were detected in the diffraction angle 26 range between 2 and 60°. Similar
results for CuO impurity were presented previously by other researchers [21,22].
Bilgili et al. showed that the volume fraction of high-Tc Bi-2223 phase decreased
with increasing Nb addition up to x = 0.20. Results of this research agree with Bilgili
et al., and moreover, substitution of Pb>* ions with Nb>T ions increases the impurity
of samples. By increasing the niobium (with melting point = 1512 °C) substitution in
the samples, this element is not dissolved completely within the main matrix during the
heat treatment cycle. Niobium participates in the formation of the various impurity
phases. In the sample, C niobium has solely participated in the formation of the
CuNb,Og¢ impurity, but in samples D and E not only has participated in the formation
of CuNb,Og impurity but also in the formation of StNbO3 impurity. It can be seen
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Fig. 1 XRD patterns of the samples A—E (Color figure online)

from the XRD patterns that the intensity of H (002) peak at 20 = 4.80° and H (206)
peak at 26 = 33.98° first increases at x = 0.1, and then, they disappear. Similar to
Celebi et al., the calculation of volume fraction of Bi-2223 and Bi-2212 phases was
evaluated with the integrated intensity of all the peaks of Bi-2223 and Bi-2212 phases
although few other researchers used the number of phases such as (002) and (115)
or (0010) and (008) peaks of Bi-2223 and Bi-2212 phases [23,24]. The calculated
volume fractions of the samples are listed in Table 1.

For determining the volume fraction of the present phases of the samples, the
following equations were used by means of corresponding XRD peaks [25,26]:

, ¥ 1(Bi-2223)
Bi-2223(%) ~ —G 100 (1

. ¥ 1(Bi-2212)
Bi-2212(%) ~ G X 100 )

3 I (Impurity)
— X

Impurity (%) ~ 100 3)
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Table 1 Percentage volume fraction of formed phases in the samples

Sample Bi-2223 (%) Bi-2212 (%) Impurity (%)
A (x =0.0) 56.7 352 8.1
B(x =0.1) 55.2 36.1 8.7
Cx=02) 44.2 37.9 17.9
D (x =0.3) 38.9 473 13.8
E (x =0.35) 415 46.3 12.2

Table 2 Summary of critical temperature 7S¢t 7.05¢0 AT, 1) value and cell parameters of Bi-2223
phase for Nb substitution

Sample TSt (k) TOML(K)y AT (K)  a(A) b(A) c(A) p value
A(x =000 951 112.3 17.2 539441 538239  30.74105  0.119
B(x=0.1) 804 102.3 21.9 539746 540539  30.71520  0.103
C(x=02 671 106.5 39.4 540428 539602  30.74809  0.091
D(x=03) 517 79.4 277 540200 540112  30.69309  0.080
E(x =035 468 77.3 30.5 5.40588  5.40335  30.69016  0.076
where

0 = X1 (Bi-2223) + X1 (Bi-2212) + =1 (Impurity)

In the above equations, [ is the intensity of present phases. As shown in Table 1, as
the concentration of Nb is substituted with Pb increases up to 85%, high-T; (Bi-2223)
phase gradually decreases, while the low-T; (Bi-2212) phase increases. However, if
all of the Pb atoms were substituted with Nb, Bi-2223 phase slightly increases, while
Bi-2212 phase decreases.

The unit cell parameters of the XRD peaks were calculated using Cohen’s least
squares method and using Match 3.3 and FullProf_Suite_2014 software which are
listed in Table 2. The uncertainty of the crystal lattice parameter in this software
remained in the £0.00001 range. It is found that all of the samples have an orthorhom-
bic structure similar to the results reported in the literature [27,28]. For the lattice
parameters of Bij ¢5Pbg 35— Nb, SroCa2Cu3 01945, a-axis except sample C increased
from 5.39441 to 5.40588 A, while c-axis except sample C decreased from 30.74105
t0 30.69016 A monotonically with increasing Nb substation (x) from 0.0 to 0.35. The
reason for unexpected changes in a and c lattice parameters can be due to the existence
of high impurity in this sample as indicated in Table 1. Also, the reason for to change
in b lattice parameter in sample B can be due to an increase in the intensity of H (002)
and H (206) peaks as indicated in Fig. 1. These monotonical changes of the lattice
parameters not solely originate from a differing in atomic radius of (Nb*> = 0.07 nm,
Pb*? = 0.119 nm), they could also be correlated with the decreasing hole concentra-
tion in the CuO; plane, as suggested by Satyavathi et al. [29] and Zandbergen et al.
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Fig. 2 Electrical resistivity versus temperature curves for samples (Color figure online)

[30]. The replacement of Nb*3 with Pb*2 may allow higher oxygen atoms to reside in
the bismuth oxide layer, causing an extension along the a-axis and contraction along
c-axis.

Figure 2 shows the temperature dependence of the electrical resistivity for all the
Bij 65Pbo.35-xNbySr2CayCu3zOjs samples. Here onset critical temperature (7,.2"5¢")
was defined as the temperature where resistance-temperature plot deviates from lin-
earity and the resistance starts to decrease significantly, whereas the offset transition
temperature (T,°) was defined as the temperature at which R = 0 Q. Metallic
behavior is observed in all the samples above zero resistivity transition temperature.
It is recognizable that the resistivity behavior obviously depends on the Nb concen-
tration. The value of resistivity corresponding to 7 = 115 K of samples (A-E) is
0.00281, 0.00219, 0.00224, 0.00254 and 0.00377 2 cm, respectively. Sample B with
x = 0.1 Nb content has the lowest value of the resistivity. With substituting 0.1 Nb,
resistivity decreases, but as it can be seen from results, there is almost regular increas-
ing in the value of resistivity containing Nb content. Table 2 summarizes the value
of Tomet, TSt and transition width AT, = Tt — Tt for all the samples. As
can be seen, TCOffSEt starts at the maximum of 95.1 K for sample A with no Nb, shifts
to lower temperatures with increasing Nb content and reaches a minimum value of
46.8 K for sample E with x = 0.35. The reduction in critical temperature can be
correlated with the reduced Bi-2223 phase as consistent with the XRD results. Similar
Nb-content-dependent behavior of T Mt was observed for Nd- and Gd-substituted
BSCCO system, in which T; decreases with the increase Nd and Gd content, respec-
tively [31,32]. Also, the AT; value of the samples also increases as the Nb content
increases with the exception of sample C. The reason for Sample C to disrupt the

@ Springer



J Low Temp Phys (2017) 189:15-26 21

0.0 . _
-0.5 —
-
L 1.0 -
=
£
L -
|5
§ 15+ A (X=0.00 Doping)
= —%— B (X=0.10 Doping)
} —v— C (X=0.20 Doping)
2.0 — —4— D (X=0.30 Doping)
' E (X=0.35 Doping)

L L L L L L
20 40 60 80 100 120 140 160

Temperature (K)

Fig.3 Magnetization versus temperature curves for all samples with an applied field of 50 Oe (Color figure
online)

variation in AT trend could be the presence of CuNb,Og impurity phase. Also, the
intergrowth of impurity phases, the weak coupling between the impurities and super-
conductor grains, and structural distortions may be revealed a decrease in the 7,.2°5¢!
and T2t values and decrease in AT,.

The temperature dependencies of the zero-field-cooled (ZFC) magnetization of
BSCCO samples measured under an external applied magnetic field of 50 Oe along
the c-axis are indicated in Fig. 3. Below the onset temperature, all of the samples
become diamagnetic. Superconducting BSCCO samples with lower Nb content have
higher superconducting transition temperatures (7¢) than high Nb containing samples.
As shown in Fig. 3, sample B (x = 0.1) shows the highest two-step decrease with
temperature and deviates from the other samples. The reason for two-step reduction
reflects from the flux shielding between and into the grains. The diamagnetic onset
temperature was observed in the range of 7" = 77-112 K which is depending on
the amount of Nb substitution. The minimum critical temperature 77 K corresponds
to the Pb-free sample. Substitution of a lead ion by an ion with a smaller diameter
affects the lattice constant and critical temperature (7).

The DC hysteresis cycles are very useful in determining the intergranular critical
current density in the superconductors. Therefore, the magnetic hysteresis cycles were
measured at 10 K for all samples between the applied fields of 9000 Oe and the
results are shown in Fig. 4. The diamagnetic behavior observed in the M—H loops of all
samples confirms the occurrence of conventional type II superconductivity. The overall
features measured at 7 = 10 K are similar to each other in that the M-H loops display
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Fig. 4 M-H hysteresis curves for all samples at a temperature of 10 K (Color figure online)

an asymmetric profile in the field increasing and decreasing branches. Irreversible
hysteretic magnetization is related to the delayed vortex penetration caused by the
presence of a potential barrier of geometrical origin, as described by Bean’s critical
state model [33]. It can be seen from Fig. 4 that the penetration field and the magnitude
of magnetization decrease with increasing Nb content. Sample D among the samples
has the minimum closed hysteresis curve, due to the reduction in the Bi-2223 phase.
For this reason, the superconducting properties of sample D are much worse than
that of the others. The critical current density (J.) of samples was evaluated from the
hysteresis loops by using the Bean’s critical state model [33]. In this model, the critical
current density is proportional to the width of the hysteresis loop AM = My — M_|
and is given by this formula:

[AM]
b(l . 3%)

In this formula, @ and b (@ > b) are the sample dimensions perpendicular to the applied
field and AM is the difference between magnetization values recorded at the same
field in the increasing and decreasing field branches. Critical current density (J;) ver-
sus applied magnetic field curves are illustrated in Fig. 5. The highest critical current
density values of samples are 4.60 x 103, 3.81 x 103, 3.28 x 103, 1.36 x 10 and
1.53 x 10*> A cm~? for the samples A, B, C, D and E, respectively. The sample A
with no addition of Nb has the highest critical current density. In addition, the crit-

Je =20 “
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Fig. 5 Critical current density versus magnetic field of all samples (Color figure online)

ical current density of samples drop with increasing in Nb content up to x = 0.3;
however, it increases with further increase in Nb content. In the high-7¢ superconduc-
tors, J. can be decreased by decreasing the volume fraction of the Bi-2223 phase and
increasing the volume fraction of Bi-2212 phase. Also, non-superconducting impu-
rity phases are effective in the flux-pinning mechanism. As shown in Table 1, the
sample D has higher density of impurity phases than that of sample and highest
Bi-2212 phase among the samples. Due to impurities, in the sample D the applied
field begins to penetrate into the sample and decreases the critical current density
value.

In ceramic high-temperature superconductors, one of the most important properties
is their grain structure. These grain structures can be illustrated and explained by the
SEM micrographs. These SEM micrographs provide us with data about the formation
of the surface morphology of the samples. Surface morphology micrographs of the
samples A and E taken by SEM and are shown in Fig. 6a, b. The microstructure of
the samples consists of a common feature of grains which are randomly distributed.
Similar grains are also obtained by other groups [34]. The grain size and the distribution
of grains on the surfaces of the samples are quite different. The structure of sample
A with no Nb*> has platelike grains which is characteristic of the grain structure for
Bi-2223 phase. In contrast, SEM micrograph of sample E with no Pb™? contains the
mixture of different sized flaky and platelike grains which are connected with each
other, while there are some unfilled spaces among them as expected for the Bi-2212
phase. Consistent with XRD results, substitution of Nb™1 ions with Pb+2, the Bi-2223
phase has gradually transformed into the Bi-2212.

@ Springer



24 J Low Temp Phys (2017) 189:15-26

Sample A (X=0.00)

£

BILKEHN za}u
Pinw

{
Fig. 6 a-b SEM micrographs for sample A and E

100

]
(A)
90 —

80 - u
(B)
70 —

T (C)
60 —

T, (K)

50 — (D)

40 i B A B e R —
0.07 0.08 0.09 0.10 0.1 0.12

Hole Concentration (p -values)
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The relationship between the superconducting transition temperature and the holes
concentration p (the number of holes per Cu atom) is parabolic as shown in Fig. 7,
and this relationship can be calculated using the formula which is given by Presland
et al. [35].

T,

max
TC

=1-282.6(p —0.16)* 5)
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In this formula, 7" is taken 110 K for the Bi-2223 system. Recently, this equation was
successfully applied to Bi-based superconducting systems [36,37]. Earlier calculations
for the unsubstituted Bi-2223 have shown that the values of p ranged from 0.116 to
0.160. In this study, p values calculated of the samples A to E are 0.119, 0.103, 0.091,
0.080 and 0.076, respectively. The monotonic decrease of hole concentration with
increasing Nb content indicates that the increase in the normal-state resistivity value
of the samples (p at Tf“set) can be attributed to hole filling mechanism, as presented
by Ekicibil et al. [38].

4 Conclusion

In this research, a systematic investigation of the influence of Nb substitution on the
phase formation and superconducting properties of Bi-based superconductors have
been performed. The high-7, Bi-2223 phase in the BSCCO system decreases by
increasing the Nb content. Under the same condition, Bi-2212 and impurity phases
increase. Mainly, the impurity phases lead to a decrease in the critical temperature with
the substitution of Pb with Nb. Magnetization measurements reveal that the critical
current density decreases by increasing the Nb content. Based on these observations, it
can be concluded that Pb substitution by Nb in Bi-based superconductors affected the
superconducting properties, negatively. In other words, Nb substitution in BPSCCO
system influenced the microstructure of the samples and degraded the intergrain con-
nectivity and average crystallite size of Bi-2223 grains. These results are confirmed
by SEM, resistivity measurements and magnetization hysteresis measurements.
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