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ABSTRACT

This paper reports the microstructure, magnetoresistivity, electrical and super-

conducting properties of Bi-2212 fibers with Na? ions incorporated into a super-

conducting matrix prepared by a polymer solution method and additionally

textured through the laser floating zone process. XRDpatterns showed that Bi-2212

phase is the major one with mostly (00‘) diffractions due to the grain alignment,

independently of Na content. SEM micrographs showed that samples are com-

posed of well-stacked and oriented grains. The irreversibility field (Hirr), upper

critical magnetic field (Hc2), coherence length (n), and activation energies (U) have

been calculated using magnetoresistivity measurements and explained based on

the thermally activated flux flow (TAFF) model. Considering the resistivity-tem-

perature graph for zero field, Tc values tend to increase from 84.8 K (for the pure

sample) to 93.2 K (for 0.075Na sample), slightly decreasing for higher content.

Besides, transition temperature width (DTc = Tc
onset - Tc

offset) decreases with the

increment in the Na content and reaches its minimum value (DTc = 3.7 K) in

0.075Na sample. However, broadening of superconducting transition has been

observed with applied field and Tc values decreased to 76.1 K for the pure sample

and 86.8 K for 0.075Na sample. Likewise, the activation energies of the samples also

decreases significantly with the increase of the magnetic field and the activation

energies of the Na-containing samples are found to be higher than the pure sample

at eachmagnetic field value.Hc2(0) values are calculated as 33.8, 43.8, 50.1, 33.1, and

21.4 T for 0.0, 0.075, 0.10, and 0.20 T Na samples, respectively. As a consequence,

referring to all experimental results and theoretical findings, the superconducting

characteristics improve regularly with Na-doping until x = 0.075 due to increment

in the interaction of superconducting clusters, decrement in weak-links and sta-

bilization of charge carriers in CuO2 conducting planes.
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1 Introduction

The BSCCO family with Bi2Sr2Can-1CunO2n?4?y

general formula, where n = 1, 2, and 3, indicating the

number of CuO2 layers in the unit cell, have three

main different phases labeled as Bi-2201, Bi-2212 and,

Bi-2223 phases with critical temperatures of about 20,

85, and 110 K, respectively [1, 2]. Among these

superconducting phases, the Bi-2212 is stable over a

wider temperature range, when compared to the Bi-

2223 phase. To obtain promising BSCCO supercon-

ducting materials for technological applications

intensive studies have been performed. The main

goal in most of these studies is to improve the main

superconducting parameters such as critical temper-

ature (Tc), critical current density (Jc), and critical

magnetic field (Hc) by the addition, doping or sub-

stitution process [3–8]. As it is known, the high values

of critical temperature and magnetic field are some of

the advantages of BSCCO superconductors. On the

other hand, the weak-links, high-layered anisotropic

structure, disorientation of small grains, and small

coherence length are their disadvantages, limiting

their technological applications. For many years,

researchers have taken into account many applicable

strategies to overcome those drawbacks and

improving transport properties at 77 K. One of these

strategies is based on the BSCCO grain alignment,

which allows significantly improving transport

properties, compared to the bulk sintered materials.

There are several texturing techniques to produce

this oriented microstructure in Bi-2212 supercon-

ductors, as the hot uniaxial pressing [9], the microp-

ulling down [10], the Laser Floating Zone (LFZ)

[11, 12], and the Electrically Assisted Laser Floating

Zone (EALFZ) [13]. The grain growth in this system

is mainly produced along the ab-plane and, when

LFZ technique is used, c-axis is perpendicular to the

growth direction provided by the large thermal gra-

dient in the solidification interface. This grain con-

figuration results in maximizing transport properties

along the growth axis [14, 15]. When looking at the

resistivity-temperature curves, one of the main

transport properties of the high-Tc (HTc) granular

superconductors like BSCCO, a two-step resistive

transition is generally observed. The first step is

found in the region where abnormal resistance

decreases begins, called onset temperature, while the

other one is in the tail region, and called offset tem-

perature. The onset temperature refers to the

occurrence of the superconducting transition of an

isolated grain, while the offset temperature at the tail

corresponds to intergranular couplings. However,

the values of these transition temperatures, especially

offset one, significantly drops due to the well-known

Lorentz force causing flux-lines motion in the pres-

ence of an applied field. In general, the flux-lines

motion can be divided into three regions depending

on the magnitude of the current applied to the

material. These regions are known as flux flow for

J[ Jc, thermally activated flux flow (TAFF) for J � Jc,

and flux creep between them, where J � Jc [16]. The

mechanism that allows overcoming the Lorentz force

in a material is called pinning force, which is created

by pinning centers. In general, efficient pinning cen-

ters can trap the flux-lines and can be naturally

formed along grain boundaries, defects, and imper-

fections, or artificially by chemical substitutions,

neutron irradiation, and heavy ion irradiation [17].

Among these methods, chemical substitution is a

frequently used method for its usefulness and con-

venience. Consequently, many different cationic

substitutions have been performed to improve

superconducting properties of Bi-2212 [18–22]. Na?

substitution for Ca2? that is used in our previous

study [22] has yielded quite good results conse-

quently; we have used this substitution in materials

textured through LFZ, or hot-forging, for an in-deep

investigation of its effect on the physical and super-

conducting properties of Bi-2212 [23, 24].

In this study, we aim to explore magnetoresistivity,

irreversibility and flux pinning energy properties of

the Bi2Sr2Ca1-xNaxCu2Oy with x = 0.0, 0.05, 0.075,

0.10, and 0.20 superconducting ceramic rods fabri-

cated via polymer solution method, followed by

texturing through the LFZ method. The experimental

results will be explained in the framework of the

TAFF model using the magnetoresistivity curves

obtained at different magnetic fields between 0 and

5 T.

2 Experimental procedure

Bi2Sr2Ca1-xNaxCu2Ox powders with x = 0.0, 0.05,

0.075, 0.10, and 0.20 were fabricated from commercial

metallic acetates (CH3COO): Bi (C 99.99%, Aldrich),

Sr (99%, Panreac), Ca (98%, Alfa Aesar), Na

(C 99.99%, Aldrich), and Cu (98%, Panreac). They

were processed through a polymer solution
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technique described elsewhere [22–24]. The resulting

powders obtained were then isostatically pressed in

form of cylinders between 2 and 3 mm diameters

applying 200 MPa. These cylinders were used as feed

in a directional solidification process carried out in an

LFZ system with a continuous power Nd:YAG laser

with k = 1064 nm. Using a growth rate of 30 mm/h

and 18 rpm relative rotation between seed and feed

[11], very homogeneous geometrically textured bars

of around 2 mm diameter and 120 mm length, were

obtained. Due to the incongruent melting of these

compounds [25], after the directional solidification

process, a thermal treatment was performed to form

the Bi-2212 superconducting phase from the Bi-2201,

CaCuO2, or (Sr,Ca)CuO2 secondary phases [26]. This

thermal process, consisting of two steps (60 h at

860 �C, followed by 12 h at 800 �C), was performed

under air. Finally, samples were air-quenched to

room temperature. Schematic diagram of the experi-

mental procedure is given in Fig. 1. X-ray powder

diffractometer (Rigaku D/max-B, CuKa radiation),

with 2h ranging between 5 and 60�, was used to

obtain the patterns of textured samples. Variation of

microstructure of samples, as a function of Na?

doping level, has been investigated using a field

emission scanning electron microscope (FESEM,

Zeiss Merlin), together with energy-dispersive X-ray

spectroscopy (EDX). Magnetoresistivity measure-

ments were performed under different magnetic

fields ranging from 0 to 5 T, employing a conven-

tional four-probe method using a Quantum Design

PPMS system following the zero field cooling (ZFC)

procedure.

3 Results and discussion

X-ray patterns of all fibers have been obtained at

room temperature, and presented in Fig. 2a. At first

glance, it can be seen that quite similar patterns are

obtained for all samples, independently of Na con-

tent. The three most intense peaks are recorded at 2h
� 23.07, 29.02 and 35.03� and correspond to the (008),

(0010) and (0012) diffraction planes, respectively. In

addition to these reflections, relatively low-intensity

reflections that are not associated to the ab-plane,

have also been observed and are marked with ‘‘ ? ’’.

These peaks can be indexed using a pseudotetragonal

structure with calculated parameters of a-b&5.4 Å

and c&30.8 Å, which are displayed in Table 1 for all

samples. All these results are inconsistent with the

lattice parameters of the Bi-2212 phase [27]. On the

other hand, to give an idea, XRD results for pure and

0.075 Na fibers, and bulk sintered samples, produced

in our previous study [22] are given together in

Fig. 2b. From the figure, it can be seen that while

reflections in the fiber samples are mostly from the

ab-plane, in bulk sintered samples a higher number of

peaks are observed. The difference between both

types of samples can be associated to the different

grain sizes obtained in their respective preparation

process, much larger in the LFZ one. To evaluate

these differences more quantitatively, Lotgering fac-

tor (LF) of samples [28], has been calculated. LF is

defined as (P - P0)/(1 - P0), where P is the sum of

the (00 l) peak intensities, and P0 is the sum of the

intensities of all peaks of a sample with randomly

oriented grains. The obtained results have been 0.48,

0.77, 0.32, and 0.40 for 0, and 0075Na fibers, and 0,

and 0.075Na bulk sintered materials, respectively.

When evaluating these calculations, it can be con-

cluded that LFZ process drastically raises grain ori-

entation in the samples due to the larger Bi-2212

grains. Moreover, Na? substitution further increases

these grain sizes, leading to higher grain orientation

[22].

The morphological, compositional and

microstructural features of samples are investigated

by FESEM on longitudinal polished sections pre-

sented in Fig. 3. As it can be seen from the pictures,

all samples present three different contrasts, associ-

ated to three different phases through EDX, identified

by arrows and numbers. #1 (white contrast) corre-

sponds to the Bi-2201 phase (n = 1 phase), appearing

as minor one, and its content is decreasing up to

0.075Na, slightly increasing for further substitution.

#2 (gray contrast) has been identified as Bi-2212

phase (n = 2 phase), as the major one in all cases.

Finally, #3 (black contrast) corresponds to the sec-

ondary Sr-rich phase found in minor contents which

seems to be more or less constant up to 0.10Na sub-

stitution, increasing for higher Na content. On the

other hand, all samples possess a dense and compact

microstructure, with low amount of porosity (an

example of porosity has been identified in Fig. 3c.

with an arrow), and well-oriented grains, which are

typical microstructures of LFZ processed samples

[29]. From all these observations, it can be deduced

that LFZ processed samples, with the adequate Na

substitution, is a very useful technique to produce
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highly oriented grains and high amount of Bi-2212

phase.

The electrical resistivity versus temperature curves

for the pristine, and Na-substituted Bi-2212 fibers

between 160 and 20 K, are given in Fig. 4a. The inset

shows the resistivity plots of pure and 0.075 Na

concentrations of bulk and fiber samples for com-

parison purposes of the effect of LFZ process. Three

regimes stand out from these curves for all samples;

while the first one is a normal state regime above

Tc
onset with a linear behavior, the second is the zone

between Tc
onset and Tc

offset with non-linear type

behavior resulting from the fluctuation of Cooper

pair, and the last one is the region below Tc
offset

where phase-coherence of Cooper pairs reaches its

optimum state as a result of interlayer coupling

revealing practically zero resistance in the materials.

In the normal state, all samples exhibit metallic

behavior (dq/dt[ 0, see Fig. 4b), and resistivity

curves can be accurately fitted by well-known Mat-

thiessen’s rule given by q = q0 ? aT where q0 is

temperature-independent residual resistivity result-

ing from defects such as cracks, voids, stack faults,

and dislocations or misorientation of successive CuO2

Fig. 1 Schematic diagram of the experimental procedure
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planes in the system [30–33]. q0 values determined

from the extrapolations of normal state resistivity

curves is depicted in the inset of Fig. 4b for Na-free

samples and are given in Table 1 for all samples. The

minimum q0 value (0.08 mX.cm) has been obtained in

0.05Na samples, reflecting the effect of grain align-

ment produced by the LFZ process as shown in

Fig. 1, and observed in FESEM micrographs (see

Fig. 3). In spite of the very close values obtained in

0.075Na doped samples, this value goes into an

increasing trend in samples with higher Na substi-

tution, reaching 1.67 mX cm in 0.20Na samples. This

evolution clearly indicates an increment in the per-

manent defects in the crystal when the Na substitu-

tion is[ 0.075, probably due to the larger formation

of Sr-rich secondary phase. The peak position in the

dq/dt versus temperature graph shown in Fig. 4b

corresponds to the samples Tc. According to the fig-

ure, two peaks around 118 and 82 K were observed in

the bulk sintered Na-free samples, which indicate the

presence of Bi-2223, and Bi-2212 phases, respectively.

However, in LFZ processed samples, the Bi-2223

phase in the system disappeared and only the peak

corresponding to the Bi-2212 is observed. Also, as

shown in Fig. 4b the full width at half maximum

(FWHM) of the resistive differentiation curve also

decrease from 5.2 to 3.3 after the LFZ process. Thus,

these results also express the capacity of the LFZ

process to form homogenous superconducting clus-

ters. In addition to these advantages, Na substitution

also provides additional improvements to the Bi-2212

system, significantly increasing Tc as shown in

Table 1. Tc values tend to increase from 84.8 K (for

the pure samples) to 93.2 K (for 0.075Na samples),

slightly decreasing for higher content, even if for

0.20Na samples the Tc value (90.8 K) is still much

higher than the measured in the pure ones. In addi-

tion to this improvement, transition temperature

width (DTc = Tc
onset - Tc

offset), given in Table 1, tends

to decrease with the increment in the Na content and

reaches its minimum value (DTc = 3.7 K) in 0.075Na

Fig. 2 XRD patterns of a Fiber samples b Fiber versus bulk

samples

Table 1 Structural and transport properties of all samples

Sample Unit-cell parameter (Å) q0 (mXcm) Tc (K) DTc (K) p S (lV/K)

a & b c

x = 0 5.445 30.732 0.14

(Bulk: 1.56)

84.8

(Bulk: 82.5)

6.5 0.197 1.63

x = 0.05 5.451 30.806 0.08 92.6 4.1 0.180 11.21

x = 0.075 5.448 30.761 0.09 (Bulk: 0.41) 93.2 (Bulk: 83.1) 3.7 0.178 12.38

x = 0.10 5.459 30.874 0.34 91.8 3.8 0.182 10.04

x = 0.20 5.446 30.695 1.67 90.8 3.9 0.185 8.32
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samples. It seems that replacing Ca2? with Na? with

lower valence, but similar ionic radii, stabilizes

superconducting clusters and optimizes mobile hole

carrier concentration in CuO2 planes of Bi-2212

phase. In fact, due to the similar ionic radii of Ca2?

and Na?, introduction of Na into the Bi-2212 struc-

ture is an effective hope-doping process inducing

extra charge carriers into the CuO2 planes. X-ray

Fig. 3 FESEM micrographs

of the samples

Fig. 4 a DC electrical

resistivity versus temperature

curves for all samples. b dq/
dt versus temperature curves

of all samples
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absorption fine structure (XAFS) studies showed that

by Na-doping, Cu valence increases from ? 2.109

to ? 2.194 and more carriers can be transferred to the

CuO2 planes, leading to enhanced Tc [34]. To calcu-

late mobile hole concentrations (p) per CuO2 plane,

an empirical formula proposed by Presland et al. [35]

can be used:

Tc=T
max
c ¼ 1� 82:6 p� 0:16ð Þ2 ð1Þ

where Tc
max is taken as 95 K for the Bi-2212 super-

conducting system and Tc corresponds to the peak

positions of dq/dt versus temperature graph of zero

field resistivity experiments tabulated in Table 1.

According to the numerical results given in Table 1,

the values range from 0.178 to 0.197 and are far from

the over-doped or under-doped limits.

Using hole concentration values displayed in

Table 1, thermoelectric power, S, of the samples can

be calculated using the following equation [36]:

S ¼ kB
ej j ln

1� p

2p
� ln 2

� �
ð2Þ

where p, kB and e are the hole concentration, Boltz-

mann constant, and electron charge, respectively.

Considering the calculation results embedded in

Table 1, all S values are positive which is an indica-

tion of hole-dominated transport mechanisms in the

samples, reaching the highest value (12.38 lV/K) in
0.075Na samples.

The magnetoresistivity experiments in the tem-

perature range of 20–160 K were carried out at three

different magnetic field values, 1, 3, and 5 T, and the

results are shown in Fig. 5. From these curves, tran-

sition temperatures Tc
onset, related to the transition of

isolated grains, and Tc
offset, attributed to interlayer

coupling and the volume fraction of the Bi-2212

phase, have been obtained and tabulated in Table 2.

At first sight, it seems that, while the Tc
onset values of

samples are almost the same, Tc
offset ones dramati-

cally decrease. With the increase of superconducting

charge carriers in the intergranular regions, there is

no flux trapping in these regions and thus Tc
onset

values are not severely affected by the magnetic field.

On the other hand, the broadening effect observed at

the tail part of the resistivity curves, and Tc
offset val-

ues have been drastically lowered by increasing the

magnetic field. These significant decreases in Tc
offset

values can be attributed to a reduction of pinning

ability as a result of increasing weak-links between

superconducting grains at higher magnetic fields.

With increasing magnetic field, Tc
offset values

decreased from 82.7 to 55.4 K for 0Na, from 91.3 to

66.1 K for 0.05Na, from 92.0 to 69.1 K for 0.075Na,

from 90.5 to 63.2 for 0.10Na, and from 89.5 to 54.1 K

for 0.20Na samples. From these numerical values, it is

clear that Tc
offset values of all Na-containing samples

are higher than the determined in the pure ones. It

may be concluded that Na? causes the raise of the

carrier concentrations in CuO2 conduction planes,

together with the increase of superconducting vol-

ume fraction, as previously discussed in XRD and

FESEM-EDX analysis. Further, an obvious rise in Tc-
offset values can be attributed to stronger intragrain

pinning energy in Na-containing samples performing

a higher resistance to the vortex motion in the vicinity

of Tc [37].

As it is well known, if the pinning force in the

matrix is adequately strong, vortex motion is

restricted and the superconductor behaves similarly

to a perfect conductor. If a strong current is applied to

superconducting materials, due to dissipative Lor-

entz force, the thermally activated flux creep can

always be observed and the vortices can hop from

one pinning site to another at an observable rate [38].

Using the experimental findings of magnetoresistiv-

ity curves obtained under of 0, 1, 3 and 5 T magnetic

fields, the Thermally Activated Flux Flow (TAFF)

model has been used to investigate the variation of

activation energy, irreversibility field, upper critical

field, and coherence length of the samples, caused by

Na substitution. According to TAFF model, the dis-

sipation energy in the tail part of the magnetoresis-

tance curve is explained by an Arrhenius-type

equation given in [38, 39]

q H;Tð Þ ¼ q0exp �UðHÞ=kBTð Þ ð3Þ

where U is known as the flux pinning or activation

energy depending on temperature and magnetic

field, q0 is the pre-exponential factor, and kB is

Boltzmann constant. The tail part of the resistivity

curve is tremendously vulnerable to the magnetic

field and the expanding in the curve is inversely

proportional to the magnitude of flux pinning

energy. To have a numerical indication about the

activation energies magnitudes, the natural logarithm

in both sides of magnetoresistance expression is

taken, and ln(q/q0) versus 1/T graphs of the samples

are presented in Fig. 6. From the figure, a very clear

shift toward lower temperatures with the increment

of the magnetic field can be observed. This shifting
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behavior is related to the flux flow resistivity referred

to the fact that reducing temperature, the pinning

force is enhanced. Furthermore, an exponential

behavior of q to 1/T for temperature below Tc
onset is

observed, which can be an indication of the energy

dissipation in the thermally activated flux flow region

owing to the fluxons hopping across the pinning

barriers as a result of thermal energy. Hence, the flux

pinning energy, U, value is directly deduced from the

slope of the straight-line portions of the graphs. The

flux pinning or activation energy, U, concerning the

external applied magnetic field is presented in Fig. 7,

for all samples. U values are drastically decreased by

increasing the applied magnetic field and signifi-

cantly increased with the increment of Na amount. In

this step, it can be argued that the increment of the

energy barriers, are due to an increase in the number

of pinning centers, which decreases the magnetic

field penetration in the samples. At this stage, an

increase of the intergranular coupling arises, and the

Fig. 5 Magnetoresistivity curves for all samples
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vortices cannot easily creep due to the higher acti-

vation energy. Besides, it is necessary to mention that

the external magnetic field can diffuse the inter-

granular region depending on the proportions of

weak-links or couplings of the superconducting

grains and clusters in the material of interest.

Therefore, the strong-links between clusters in

0.075Na samples are larger than those of the other

ones.

The flux pinning energy can be described by a

power-law as

U Hð Þ � H�b ð4Þ

where b corresponds to the orientation of the applied

field in terms of the basal plane [40]. The b values

have been calculated and tabulated in Table 2 using

the deduced values for pinning energy, U, plotted in

Fig. 7. According to the table, the b values are lower

Mn-substituted BiPb-2223 samples [41], but higher

than the obtained in BaSnO3 added BiPb-2223 system

(b & 0.22–0.25) [40]. We should emphasize here that

b depends on many parameters influencing the pin-

ning energy and the properties of crystal structure, as

the quality of weak-links, real atomic positions and

oxygen content [40]; therefore, there are no pre-

dictable values for it.

The magnetic field dependence of the transition

temperature width DT (= Tc
onset-Tc

offset) is deter-

mined using a power-law relation as [40]

DT � Hn � Hb=q ð5Þ

The magnetic field dependence of DT is exhibited

in Fig. 8 for all samples. As it can be easily observed,

when the applied magnetic field increase, DT values

monotonically increase. The reason for these incre-

ments in DT with increasing the magnetic field, H,

can be associated to the freezing of several grains and

clusters in random positions during cooling, causing

more resistive domains in the matrix. Thus, these

regions lead to the damping of vortex pinning

strength as a consequence of the reduction of the

superconducting current path [40]. Besides, the

reduction in DT with an increment of the Na substi-

tution may be attributed to a reduction of micro-

scopic nonuniform superconducting phases and/or

an increase of intergrain coupling. Using these

experimental results, and by plotting DT versus

applied magnetic field in log–log scale n and q pa-

rameters were obtained and tabulated in Table 2. The

fact that n values are lower in Na-substituted samples

than in undoped ones, except for 0.20Na ones, can be

seen as evidence showing that samples containing Na

Table 2 Some physical findings using magnetoresistivity curves for all samples

Sample Temp 0 T 1 T 3 T 5 T b n q Hirr(0 K)(T) Hc2(0 K)(T) n (Å)

x = 0 Tonset
c

Tc

Toffset
c

89.2

84.8

82.7

88.3

81.9

69.4

87.2

78.6

61.3

86.1

76.1

55.4

0.45 0.30 1.50 23.7 33.8 31.2

x = 0.05 Tonset
c

Tc

Toffset
c

95.4

92.6

91.3

94.9

90.2

77.1

93.5

87.5

71.3

92.1

85.2

66.1

0.47 0.23 2.04 30.4 43.8 27.4

x = 0.075 Tonset
c

Tc

Toffset
c

95.7

93.2

92.0

95.4

90.6

79.3

93.9

88.4

74.2

92.4

86.8

69.1

0.40 0.24 1.66 32.1 50.1 25.6

x = 0.10 Tonset
c

Tc

Toffset
c

94.3

91.8

90.5

92.8

88.9

75.7

91.0

85.4

68.1

89.6

82.0

63.2

0.36 0.26 1.38 30.8 33.1 31.5

x = 0.20 Tonset
c

Tc

Toffset
c

93.4

90.8

89.5

89.5

84.2

72.2

85.8

79.6

62.1

84.2

76.4

54.1

0.38 0.33 1.15 18.5 21.4 39.2
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up to a certain amount have higher superconducting

properties.

The irreversibility field line (IL) in high-Tc type II

superconductors corresponds to the transition from

the region where flux pinning is dominant to the

TAFF region, where the resistance resulting from flux

flow occurs. IL separates the H-T plane into two

different regimes. These regimes are designated high-

temperature regime where the fluxes freely move and

magnetically reversible and low-temperature regime,

in which the flux dynamics are dissipative and con-

sequently irreversible. To deduce IL, a plot of irre-

versibility magnetic field, Hirr, values with respect to

offset temperatures, Tc
offset is shown in Fig. 9 for all

the samples. It is clear from the graph that as the

temperature decreases, the Hirr increases toward high

Fig. 6 ln (q/q110)-1/T plot of the samples
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fields values for all samples. In addition, when

compared with the pure sample, the position of the IL

of Na-substituted samples (except for 0.20Na ones)

shifts toward high-temperature values. This behavior

points out to the strength reinforcement of vortex

fluctuations by increasing Na content.

The upper critical field, Hc2(T), is an important

parameter for the technological applications of

superconductors. For a given temperature, it

describes the maximum magnetic field strength

below which the superconducting properties of

materials are preserved. The plot of Hc2(T) against the

critical temperature, 50% Tc midpoint, is shown in

Fig. 10. From the figure, it seems that the curves of

0.05, 0.075, and 0.10Na are shifted toward higher

temperatures than that of the pure samples. This is

another evidence of higher activation energy of the

pinning centers in Na-containing samples. On the

other hand, the shift in 0.20Na samples is very sen-

sitive to the magnetic field, and its curve coincides

with the curve of the pure ones at 5 T. Even more

interestingly, from the trend of these curves, it can be

predicted that the shift will be toward the lowest

temperature values among all samples. Thus, this

content can be considered excessive, as it lowers the

melting point in the system, thereby reducing the

strength of energy barriers in the pinning centers,

and resulting in lower activation energies at higher

magnetic fields. In a related manner, to identify

Hc2(T) variation against temperature, an empirical

Fig. 7 Activation energies of all samples

Fig. 8 DT versus H curves for the samples

Fig. 9 Hirr-Tc
offset curves for the samples

Fig. 10 Hc2 versus Tc curves of the samples
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formula suggested by Werthamer–Helfand–Hohen-

berg (WHH) [42, 43] as

Hc2 0ð Þ ¼ 0:693Tc dHc2 Tð Þ=dT½ �Tc ð6Þ

can be used. Here, the [dHc2(T)/dT] values are found

using Tc values determined from the peak position in

the dq/dt versus temperature graph shown in

Fig. 4b. Considering Hc2 values embedded in Table 2,

calculations were obtained in accordance with the

main theme given in the article, that is, it reached the

maximum value of 50.1 T in 0.075Na samples,

decreasing for higher Na content, and reaching the

minimum value in 0.20Na ones.

Finally, the coherence length, n, is another impor-

tant and characteristic parameter of the supercon-

ductors and can be obtained from the Ginzburg–

Landau relation [44]:

l0Hc2ð0Þ ¼ U0=2pn
2ð0Þ ð7Þ

where A0, the quanta of flux, is 2.07 9 10–15 T.m2

value, and Hc2(0), the upper critical field at zero

temperature, is found above. The obtained n values

are tabulated in Table 2. Depending on the Hc2(0), n
values vary between 25.6 to 39.2 Å, in agreement

with the typical values reported in the literature

[45, 46].

4 Conclusions

Bi2Sr2Ca1-xNaxCu2O8?y fibers with x = 0.0, 0.05,

0.075, 0.10, and 0.20 has been fabricated using a

polymer solution method, followed by texturing

through the LFZ technique. The fact that most of the

peaks of XRD correspond to (00 l) planes of the Bi-

2212 phase indicates the success of the LFZ process in

grain orientation. Further, Na? doping further

enhances the grain orientation, which is confirmed

through Lotgering factor. According to SEM–EDS

analysis, while the samples possess a dense

microstructure with a low amount of porosities and

well-oriented grains as a result of LFZ, Na substitu-

tion also helps to reduce the amount of secondary

phases. Tc values tend to increase from 84.8 K (for the

pure sample) to 93.2 K (for 0.075Na sample), slightly

decreasing for higher content. In addition, transition

temperature width (DTc) decreases with the incre-

ment in the Na content and reaches its minimum

value (DTc = 3.7 K) in 0.075Na sample. Tc
offset values

decreased dramatically with the increase of the

magnetic field, such that in the pure sample Tc
offset

value is 86 K at 0 T, decreases to 55 K at 5 T, and in

the 0.075 sample, this decrease is relatively less, and

at 0 T, it is 92 K and falls to 69.1 K at 5 T. The

improvement of the calculated flux pinning energy,

irreversibility field, and upper critical field with

increasing Na content up to 0.075 has been observed.

Hence, it can be concluded that this content is the

optimum one leading to effective pinning centers,

reinforcing intergranular coupling.
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8. B. Özkurt, Enhancement in superconducting transition tem-

perature and Jc values in Na-doped Bi2Sr2Ca1Cu2-xNaxOy

superconductors. J. Mater. Sci. 24, 2426–2431 (2013)

9. X.K. Fu, Y.C. Guo, W.M. Chen, H.K. Liu, S.X. Dou, Effect

of the sinter-forging deformation rate on properties of Bi-

2223 current leads. IEEE Trans. Appl. Supercond. 11,

2551–2554 (2001)

10. K. Lebbou, A. Yoshikawa, M. Kikuchi, T. Fukuda, M.T.

Cohen-Adad, G. Boulon, Superconductor Bi2212 fiber

growth from the melt by micro-pulling down technique.

Physica C 336, 254–260 (2000)

11. M.F. Carrasco, F.M. Costa, R.F. Silva, F. Gimeno, A. Sotelo,

M. Mora, J.C. Dı́ez, L.A. Angurel, Textured Bi–Sr–Ca–Cu–O

rods processed by laser floating zone from solid state or

melted precursors. Physica C 415, 163–171 (2004)
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24. O. Nane, B. Özçelik, H. Amaveda, A. Sotelo, M.A. Madre,

Improvement of structural and superconducting properties of

Bi-2212 textured rods by substituting sodium. Ceram. Int. 42,

8473–8477 (2016)

25. M. Mora, A. Sotelo, H. Amaveda, M.A. Madre, J.C. Diez, F.
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