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Abstracts

In this study, polymerization method with polyethyleneimine, followed by hot-forging
process was used to synthesize bulk textured Bi»Sr:Ca;..Na.Cu,0, (x=0.0, 0.05, 0.075 0.1,
and 0.15) ceramics. Magnetoresistance performance of samples was studied by change of flux
pinning mechanism. The effect of Na-substitution on the magnetoresistance, flux pinning
energy, irreversibility field, upper critical magnetic field and coherence length was evaluated
in the framework of Thermally Activated Flux Flow (TAFF) model. A resistivity transition
broadening under various magnetic fields (0-5 T) was analyzed. By using the resistivity data,
the upper critical field and the coherence length at 7=0 K were deduced. For H.Zc, Hc2(0)
and &(0) values were calculated as 31, 31.3, 36.7, 38.3, 35.1 T and 33.1, 32.4, 30.0, 29.3,30.6
A, for 0.0, 0.05, 0.075, 0.10, and 0.15 Na-doped samples, respectively. For H//c, Hc»(0) and
&0) values were 95 and 112.3 T and 18.6 and 17.1 A, for the samples of Na0 and Na2,
respectively. In particular, the flux pinning or activation energies of Bi,Sr,Ca;«NayCuyOgy

where x=0.10 were determined to be 0.19 eV for 0 T and 0.06 eV for 5 T.
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1. Introduction

Bi-based superconductors Bi,Sr,Ca,—;Cu,O, where n = 1, 2, and 3, (BSCCO) discovered by
Maeda et al. [1] are characterized by a relatively high superconducting transition temperature
Tc ~20, 90 and 110 K for the phases with n = 1, 2, and 3, respectively. Moreover, the highest
upper critical magnetic field, H., can reach 150 T. In the last decades, the interest on these
materials was increased day by day owing to the fact that BSCCO superconductors are the
most promising materials for potential industrial applications such as superconducting wires,
tapes, resonators, single charge devices, antennas, and switches. On the other hand, there are
still many problems to deal with for their technological applications.

In order to improve the physical and magnetic properties of BSCCO system many
substitutions have been made and various preparation techniques have been examined [2-22].
Flux pinning is a well-known phenomenon implying that magnetic flux lines are trapped, or
pinned, in spite of the Lorentz force acting on them inside a current-carrying type-II
superconductor. The motion of vortices in type-II superconductors is hindered by pinning
forces associated with various structural defects. The efficient pinning centers are formed by
extended growth defects, such as edge dislocations, twin planes, and grain boundaries, as well
as by artificial, radiation-induced columnar defects [23,24]. The nature of pinning sites in
superconducting samples mainly depends on the grain boundaries or impurities resulting from
the substitution into the matrix [23-26]. In order to prevent flux creep creating a pseudo-
resistance, flux pinning is a desirable phenomenon in HTc superconductors. It should be
emphasized at this point that vortex pinning is a very important tool for maintaining the
nondissipative transport currents. The pinning of vortices can be achieved either by natural
pinning centers like imperfections, defects and grain boundaries or by artificial pinning
centers represented in the form of chemical doping, neutron irradiation and heavy ion
irradiation [27-29].

For the technological applications of HTc superconductors, the most important parameter is
the critical current density. The maximum current density driving through a superconductor
without dissipation is determined by the flux pinning mechanism. Dissipating energy in
superconductors means flux motion [30]. For understanding the resistivity broadening under
an applied magnetic field, there are several models; as flux flow [31], thermally activated flux
creep [32], flux line melting and flux cutting [33], etc. The Lorentz force exerted on the flux

bundle is smaller than the pinning force, but the flux line may be thermally activated over the



pinning energy barrier. Most of the scientists have reported that a thermally activated flux
creep model can describe the data in the resistive region near 7¢ (p = 0) [34-37].

On the other hand, for obtaining bulk high-7c monoliths with well-oriented grains, one
successfull way is using the hot-forging method [20,38]. Through this technique, it is easy to
obtain a good grain orientation perpendicular to the press axis. The critical current, Jc, values
can be enhanced when measured along the preferential conducting plane (ab). Recently, many
experiments related to this technique have already been performed on various kind of samples
using different heat treatments and pressures. In these studies, the results depended on the
applied temperature used during the pressing process. If the applied temperature is too low to
form a minimal liquid phase, the technique has not the pre-conditions to produce high
densification and grain orientation. On the other hand, if the temperature is too high, a melting
process will be occurred, resulting to glassy materials via quenching [38].

In previous studies, it has been reported that when the samples are produced by partial or total
melting, Na substitution for Ca in Bi-2212 system provides high 7Tc values [18,39,40]. In
addition, the polymer solution technique involving polyethyleneimine (PEI) is also useful to
enhance the critical temperature, 7c¢, in the Bi-2212 phase [41]. Moreover, Bi-2212 bulk
sintered, textured and sintered-forged ceramics with different Na content, produced via PEI,
Laser Floating Zone (LFZ) and sintered-forging techniques, respectively, were worked out
[13,18]. In the framework of this study, we intend to investigate the magnetoresistive
properties of the Bi,SryCa;Na,Cu,Ox with x=0.0, 0.05, 0.075, 0.10, and 0.15 textured
materials produced via the hot-forging method. We will try to explain the experimental
findings by using the thermally activated flux creep model on the magnetoresistance curves

measured at different magnetic fields between 0-5 T.

2. Experimental

Polycrystalline precursors of Bi,Sr,Ca; xNa,Cu,Ox where x=0.0, 0.05, 0.075, 0.10, and 0.15
were produced by using a polymer solution method [10,20]. The details of sample preparation
were given in elsewhere [20]. Powder XRD patterns of textured ceramic samples were taken
by using a Rigaku D/max-B X-ray powder diffractometer (CuKa radiation) with 26 ranging
between 3 and 80 degrees. Magnetoresistance was determined through the conventional four-
point probe technique under different magnetic fields (0, 1, 3, and 5 T). Zero field cooling
(ZFC) procedure was used during all measurements. The samples with x=0.0, 0.05, 0.075,
0.1, and 0.15 will be hereafter named as Na0, Nal, Na2, Na3, and Na4, respectively.



3. Results and discussion

Powder XRD patterns of samples between 3°-80° are given in Fig. 1. The most intense peaks
are related to the (00!) planes of Bi-2212 phase, pointing out that the grains have their c-axis
oriented perpendicular to the sample holder surface. This effect has its origin in the large
dimensions of grains along the a- and b-directions which promotes their preferential
orientation in the samples preparation, as previously observed [13,18]. A pseudo-tetragonal
structure with a-b=~5.40 A and c=30.88 A has been determined. It may be concluded that Na
substitution is an useful tool to increase the grain sizes, resulting in lower number of grain
boundaries. Moreover, the substitution of Na for Ca in Bi-2212 phase causes a decrease in the
melting point, inducing the formation of a liquid phase, speeding up the diffusion rate, and
producing larger grains. As it is well known, obtaining single Bi-2212 phase is very difficult,
and it is always accompanied by the Bi-2201 phase (indicated by * in the graph).
Additionally, the SrCuO, peaks, indicated by + in the plot with space group Cmcm, have also
been identified, in agreement with previous works [44].

As it is well-known, in order to better understand the doping mechanism influence on the
transition temperature, the empirical formula for the calculation of the charge carrier
concentration, p, in the CuO, planes has been suggested by Presland et al. [45]. The calculated
hole concentration values for the samples are tabulated in Table-1, where it can be seen that
all values are close to each other. These results point out that the amount of Na content is far
from the over-doping limit, in agreement with the literature [46].

Thermoelectric power, S, of high-7, superconductors depends on the charge carrier transport
mechanism . Therefore, the theoretical calculation of S in the Bi-based system, with respect to
carrier concentration and temperature was performed [47-49]. According to Cooper et al. [50],
the thermoelectric power of H7c materials is given by:

S=kg/e [In(I-p)/ 2p) — In2)]
where p, kz 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 samples have been
calculated and displayed in Table-1. As it can be seen, all the values are positive and point out
to a dominating hole conduction mechanism.

The magnetic field dependence of resistivity with respect to the temperature is
presented, in the range of 160 K down to 20 K, in Figure-2. The critical onset (7.”**) and
offset (7,”7**') temperatures are evaluated from the magnetoresistance graphs given in Fig.2
and tabulated in Table 2. As it is well-known, while 7.”** temperature concerns the transition

offset

of isolated grains to the superconducting state, 7 temperature is related to the volume



fraction of Bi-2212 phase and/or the characteristics of the intergranular components. As can
be seen from Fig.2, the onset transition temperature is not obviously affected by the applied
magnetic field due to the absence of flux traps and the increment of the superconducting
volume fraction, together with the number of charge carriers. It can be argued that the flux
pinning is ineffective in the intragranular region. At zero magnetic field 7.”** temperature
values increase from 100.2 K to 101.4 K. This small variation of the onset temperature values
arises from the increment in the number of charge carriers in the CuO, planes. On the other
hand, the resistivity of the samples is strongly dependent upon the applied magnetic field in

oFe as a consequence of the

the vicinity of the zero resistivity transition temperature, 7,
dissipative regime of vortex motion. This is a clear evidence of more superconducting charge
carriers at lower temperatures. Hence it may be concluded that the vortices pinning is highly
effective and the applied magnetic field affects more the intergrain transitions than the
intragrain ones, pointing out the low granularity structure in the studied samples. In addition,
because of the onset transition temperature (7.”"“) is observed above 90K, it may be argued
that the Bi-2212 phase is the dominant one in the ceramic matrix.

In order to observe the anisotropic problem, we have applied the magnetic field perpendicular
to the ab-plane (parallel to c-plane). The temperature dependence of resistivity of Na2 sample
for zero field and 5 T applied magnetic field parallel to the c-plane is shown in Fig.3. As can
be seen from Table-2, while the onset and offset temperatures are slightly changing for the

zero field, for the 5T applied magnetic field, the offset temperature is drastically increasing

(almost 20 K) when measuring parallel to c-axis.

In order to better understand the effect of Na substitution on the activation energy,
irreversibility field and coherence length of the samples, we have also studied the TAFF
model. According to this model, the resistivity at the tail part broadens and obeys the
Arrhenius relation given in [51]

p(H,T) = po exp (-U(H)/ksT)

where U is the flux pinning or activation energy that depends on temperature and magnetic
field. The broadening tail part is extremely sensitive to the magnetic field even for small
values and proportional to the magnitude and strength of pinning force. The flux pinning or
activation energy, U, value can be directly determined from the slope of the /n(p/py) versus
1/T plot given in Fig. 4. From these figures, a very obvious shifting phenomenon towards
lower temperatures is generally observed by increasing the applied magnetic field. This is a

well-known behavior attributed to the flux flow resistivity i.e. lowering the temperature



increases the pinning strength, hence the pinning force. In addition, there is nearly an
exponential dependence of p on I/T for T<< T, pointing out to the energy dissipation in
the TAFF region due to the thermal activation of fluxes across the pinning barriers. Therefore,
it is possible to deduce the U values from the slopes of straight line portions of the curves at
low temperatures. In Fig.5, the flux pinning energy, U, versus applied magnetic field is
exhibited for all samples. As can be seen, the U values rapidly decreased by increasing the
applied magnetic field. In addition, the flux pinning energies of samples significantly increase
with the enhancement of Na content. It may be concluded that the enhancement of the energy
barriers originates from the increment of Na-content causing an increase of the number of
pinning centers. These pinning centers behave as effective pinning centers, hence the
penetration of the applied magnetic field into the sample is not allowed. In addition, the high
critical current density, Jc, values are found, pointing out the evidence of the strong pinning
mechanism originated from Na-substitution.
In this case, an increment of the intergranular coupling and a decrease of the number of weak
links are revealed and the vortices cannot easily creep because of the relatively large
activation energy values, with a reduction of the weak links. In addition, it will be worthwhile
to emphasize that below 5 T, the applied magnetic field may penetrate the intergranular
region, ascribing to the existence of different superconducting levels like the superconducting
grains, the weak-links, and the superconducting clusters within the samples in these regions.
Thus, it can be concluded that the interconnected grains fraction by strong-links in sample
Na3 is very large in comparison with those of the other ones.
The magnetic field dependence of flux pinning energy follows a power-law given as;

U(H) ~ H”
where £ is a magnetic field constant orientated with respect to basal plane [52]. By using the
data presented in Fig.5, we have obtained £ values of 0.62, 0.63, 0.64, 0.61, and 0.57 (see
Table-1) for samples NaO-Na4, respectively.
The values of f for Na-substituted samples are similar to the values obtained for Mn-
substituted BiPb-2223 samples (f = 0.45-0.61) [53]. As a result, there are no predictable
values of S since they depend on many factors affecting the pinning energy and the
characteristics of crystal structure, like the real atomic positions, quality of weak links and
oxygen content [52].

90% 102
% 10%

In addition, the magnetic field dependence on the transition width AT (=T, ) follows

the power-law relation as;

AT~ H' ~ H"4



The AT values for different Na-content versus the magnetic field are given in Fig.6. As can be
seen AT increases with increasing H values. This increment in 47 by increasing H can be
explained taking into account that during cooling time, a number of grains and clusters in
random positions freeze, leading to some more unwanted resistive regions in all samples.
Accordingly, these regions cause the weakening of vortex pinning strength due to the
reduction of the superconducting current path [52]. On the other hand, the decrease in AT by
increasing the Na-content might be due to the decrease in microscopic inhomogeneous
superconducting phases and/or an increment of intergrain connectivity. From  this
experimental data and by drawing log-log plot of AT versus magnetic field, » and ¢ values are
calculated and tabulated in Table 1. By looking at Table-1, it is easy to see that Na2 sample
has the highest the S, ¢ and n values.

Finally, according to thermally activated flux creep (TAFC) model and Ambegaokar—
Halperin (AH) theory, U(H, T) can be given as [54,55];

UMH,T)=~ AT H"

where n=f+n. The n values are also tabulated in Table-2.

The irreversibility line (IL) is believed to display the change from the flux pinning
dominated regime to that dominated by the TAFF, where resistance occurs. The irreversibility
magnetic field, H;,, values versus offset temperatures finding by considering 10% of normal
state resistivity has been deduced from the resistivity measurements and plotted in Figure 7,
for all the samples. When the irreversibility limits of the samples for different applied fields
are plotted in an H-T diagram, an IL is generated separating the H-T plane into two regions: a
low temperature region, in which the flux dynamics is dissipative and thus irreversible, and a
high temperature one, where the flux motion is free and magnetically reversible. In Figure 7, a
gradual change in H;, in the vicinity of 7, by decreasing temperature, followed by a rapid
increase with strong curvature at lower temperatures, is observed. Additionally, comparing
the position of the irreversibility field lines, IL shifts towards the high temperature values with
increasing Na-content, indicating that the strength vortex fluctuations with increasing Na-
content.

Taking the midpoint values of 7, and T, " offset temperatures of Fig. 2, the upper critical field,
H_»(T), values are plotted in Fig. 8. For determining the upper critical field in the vicinity of
zero temperature, the formula given by Werthamer-Helfand-Hohenberg (WHH) [56]

Hey (0) = 0.693T (dHex(T)/dT)re



was employed, where the (dH.»(T)/dT) are obtained by using T¢ values determined from the
midpoint of the linear fit of the highest slope of the resistivity curves at zero field given in
Figure 2.
In the superconductors, the coherence length, & is another important parameter. & was
calculated by using the Ginzburg-Landau relation given as [57],

toHez (0) = @21 (0)
where @ is the quanta of flux (2.07x10"° T.m?) and H,,(0) is the upper critical field at zero
temperature. The calculated H,, and & values are given in Table-1. As can be seen, for sample
Na2, the calculated H.> and & values at zero K for HLc and H//c are 36.7 and 112.3 Tesla, and
30 and 17.1 A, respectively.

4. CONCLUSIONS

Polycrystalline Bi,Sr,Ca;..Na,CuyOgs, superconductors (x=0.0, 0.05, 0.075, 0.10, and 0.15)
have been produced by the polymerization route followed by hot-forging technique. From
XRD patterns, it may be seen that the most intense peaks belong to the (00/) planes of Bi-
2212 phase. A pseudo-tetragonal structure with a-b=5.40 A and ¢=30.88 A have been
obtained for the crystal symmetries. The calculated thermoelectric power (S) values point out
to dominating hole conduction mechanism in these samples. The magnetoresistance results
have been used in order to study the variations in the flux pinning mechanism. The activation
energies, irreversibility fields, upper critical fields and coherence lengths in the vicinity of 0 K
have been deduced from the p-T data. The broadening behavior of resistivity under different
magnetic fields has been studied by using the TAFF model. The enhancement of the
thermoelectric power, the derived flux pinning energy, and upper critical field, H.,, by
increasing x up to 0.10 has also been reported. A reverse trend has been found with increasing
of Na-content. This may be accepted as an evidence of the enhancement of the energy barriers
originated from the increment of Na-content causing an increasing of the pinning centers.
These pinning centers act as effective pinning centers, therefore, the penetration of the applied
magnetic field is not allowed into the sample. In addition, the Jc values are found to point out
the evidence of the strong pinning mechanism originated from Na-substitution. In this case,
an increment of the intergranular coupling and a decrease of the number of weak links are
revealed and the vortices cannot easily creep because of the relatively large activation energy

values, with a reduction of the weak links.
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Table 1. Physical properties of all samples

S(uV/K)  He(T)
NaO | 0.1935 ] 3.51 31 HLc 331 HLc | 0.62]0.21 | 0.83 | 3.01
95 Hllc 18.6HIl ¢
Nal 0.1933 | 3.65 313 HLc [324 H1lc |0.630.21 |0.84|2.79
Na2 0.1931 | 3.76 367 HLc |30.0 HLc |0.64|0.22 | 0.86 | 2.94
112.3 H/le 17.1 Hll ¢
Na3 0.1928 | 3.93 383 HLc [293 HLlc |0.61|0.21|0.82 291
Na4 0.1933 | 3.65 351 HLc¢ |306 HLlc | 0.570.20 | 0.77 | 2.79

Table 2. T and T.°™ values of samples at various applied magnetic fields deduced from
the R-T measurement data

Sample Temp. | OTesla | 1 Tesla | 3Tesla | 5 Tesla
Na0 (HLc) | TS ™ | 1002K | 100.1K | 100.0K | 99.6 K
TCone | 842K | 58.1K |46.7K |413K
Nal (HLlc) |TS ™ [1003K | 1002K | 100.1K | 99.7K
TCosne | 848K | 58.8K |48.1K |419K
Na2 (HLlc) |TS ™ [1012K | 101.0K | 100.8K | 1002 K
TCone | 857K | 627K |513K [459K
Na3 (HLlc) |T ™ |101.4K | 101.1K | 100.9K | 100.4 K
TCoine | 857K | 633K |534K |473K
Na4d (HLc) |TS ™ | 101.0K | 100.6K | 100.2K | 99.9K
TCome | 849K | 635K |543K |48.2K
Na0 (HIl¢) | T.™ | 1002K | 100.1 K | 100.0K | 99.8 K
TCone | 842K | 727K | 651K | 604K
Na2 (Hllc) |T.o™ [1012K |[101.6K | 1014K | 101.2K
TCoine | 857K | 749K |68.1K | 642K




Figure captions:

Figure 1. Powder XRD patterns of all samples. Diffraction planes correspond to the Bi-2212
phase. Peaks indicated by *, and + correspond to the Bi-2201, and SrCuO, phases,
respectively

Figure 2. Temperature dependence of resistivity for various applied magnetic fields for (a)
pure and (b) x=0.10 samples

Figure 3. Temperature dependence of resistivity of Na2 sample, for the applied magnetic
fields perpendicular and parallel to the c-axis

Figure 4. Arrhenius plot of the resistivity of for (a) pure and (b) x=0.10 samples

Figure 5. Flux pinning energy, U, versus applied magnetic field for all the samples

Figure 6. AT versus magnetic field for all samples

Figure 7. Irreversibility lines of all samples for T,

Figure 8. Upper critical magnetic field H.,(T) versus Tc for all samples
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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