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Abstract

A systematic study on phase evolution, bulk density, resistivity, Tc, Jc, and Jc—B characteristics of pure and Yb substituted (Bi,Pb)-2212 samples
at different cationic sites (Bi, Ca, Sr) has been carried out. The results show that there is a substantial improvement in the overall superconducting
properties, particularly the ¢, Jc, and Jc—B characteristics of the Yb substituted samples. Further, it is observed that there is a significant shift in the
peak value of the bulk pinning force density Fpm,, towards higher magnetic fields when Yb is substituted at different cationic sites, indicative of the
enhanced flux pinning strength in these samples. All the substituted samples show almost identical microstructure, but are distinctly different from
pure (Bi,Pb)-2212. The natural layered growth mechanism of (Bi,Pb)-2212 is disrupted by grain growth, and coarsening in random directions. The
substituted Yb atoms enter into the corresponding sites in (Bi,Pb)-2212, which create inhomogeneities in the crystal structure, decrease the hole
concentration, and may produce point like defects. These defects act as the pinning centers. There is also the possibility of formation of nanoscale

secondary phases, which can act as pinning centers.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Even though Bi;Sr,Ca; Cuy O, (Bi-2212) superconductor has
a higher transition temperature (~80K), its effective use in
magnet application is limited below 20 K because of its high
electromagnetic anisotropy, short coherence length, and large
penetration depth, which causes poor flux pinning properties
at higher temperature. Extensive research work has been done
to improve the superconducting and flux pinning properties of
this system. It has been found that low angle grain boundaries,
stacking faults, twin boundaries, impurity phases, precipitates,
secondary phases, growth dislocation, point defects, oxygen
vacancies, structural nonuniformities, and other objects of dif-
ferent dimensionality can act as pinning centers [1-17]. The
doping of impurities with size of the order of the coherence
length or creation of nanosize defects in the system by adjusting
the processing condition can create effective pinning centers.
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For instance increase in flux pinning strength was observed for
Bi-2212 with nanosize MgO powders, whiskers, submicron pre-
cipitates of SrZrO3, SrSnO3, CaCuO3 [9-13]. The impurities
chosen for flux pinning should not deteriorate the superconduct-
ing properties, and its doping percentage should be critically
adjusted. Even though in high T¢ cuprates, the CuO; plane is
believed to be responsible for the superconductivity. The dop-
ing at the Cu site in Bi-2212 is generally found to suppress the
superconductivity [18,19]. But partial substitution of Pb for Biin
Bi-2212 reduces the anisotropy, improves structural modulation,
and enhances irreversibility field [8]. Studies show that addition
or substitution of rare earths in Bi-2212 enhances its supercon-
ducting properties such as Jc, and Tc. These substitution studies
using rare earths on Ca, and Sr sites of (Bi,Pb)-2212 show that
in the case of most of the rare earths the T¢c, and Jc become
maximum when the doping amount is between 0.2 and 0.3 in
the stoichiometric level, irrespective of the site it is substituted
[20-27].

In this work, we have prepared (Bi,Pb)-2212 samples by sub-
stituting the rare earth Yb at different cationic sites, viz. Bi, Ca,
and Sr. We choose the doping amount of Yb as 0.25 in the sto-
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ichiometric level because for Yb the maximum 7¢ and Jc have
been obtained in this range [22-24]. We show that Yb substitu-
tion at these cationic sites in (Bi,Pb)-2212 leads to significant
improvement in the flux pinning strength of the samples along
with increase of T¢ and Jc. Most of the reported studies on the
flux pinning have been conducted by estimating the magnetic
Jc by dc magnetisation measurement. A meaningful measure-
ment from application side is the measurement of transport Jc
in presence of an applied magnetic field and we follow this in
this work.

2. Experimental

Four set of (Bi,Pb)-2212 superconductor precursors (one pure and three Yb
substituted) were prepared in the stoichiometric ratios:

Bij 7Pbg.4Sr2Cay 1 Cuz, Oy (pure),
Bi1.45Ybg25Pbg.4Sr2Cay.1 Cuy 1 Oy (BiYD),

Biy 7Pbg.4Sr1.75Ybo25Cay.1 Cun, 1 Oy (SrYb), and
Bi;.7Pbg.4Sr2Cag 85 Ybo.25Cuz.1 0, (CaYb).

All these samples were prepared by solid state synthesis route using high
purity chemicals Bi;O3, PbO, SrCO3, CaCO3 CuO, and Yb,O3 (Aldrich,
>99.9%). Stoichiometric amounts of the ingredients were weighed using an
electronic balance (Mettler AE 240), thoroughly mixed and ground using an
agate mortar and pestle, and then subjected to a three stage calcination process
in air at temperatures 800 °C/15 h, 820 °C/30 h, and 840 °C/60 h, with a heating
rate of 3 °C/min. Intermediate wet grinding was done between each stages of
calcination. After calcination the samples were pelletized using a cylindrical die
of 12 mm diameter under a force of 60 kN. The pellets were then heat treated at
848 °C for 100 h (50 + 50) in two stages with one intermediate re-pressing under
a force of 60 kN.

Phase analysis of the samples was done using X-ray diffraction (XRD)
(Philips X’pert Pro) employing X’ celerator and monochromater at the diffracted
beam side. Phase identification was performed using X’ Pert High score software
in support with ICDD-PDF 2 database. The densities of the pellets before and
after the two stages of sintering were calculated by measuring the mass and
dimensions of the pellets. Transport Jc measurements were done at 64 K using
the four probe method with the standard criterion of 1 wV/cm. The transport
current dependence on magnetic field (Jc—B) was studied using a homemade
set-up with field ranging from 0-1 T. Rectangular samples of dimensions about
12mm x 3 mm x 1 mm cut from round pellets were used for the Jc—B measure-
ments. A Lakeshore temperature controller (Model: 340) was used to accurately
monitor the temperature. The critical temperature of the samples also was mea-
sured using four probe method by varying the temperature from 64 K using
a bath cryostat. Microstructural examinations of the samples were done using
scanning electron microscopy (SEM) (JEOL JSM 5000LYV). Elemental analyses
of the samples were done using energy dispersive X-ray analysis (EDX) attached
to the SEM.

3. Results and discussion

Fig. 1 shows the XRD patterns of the samples after the cal-
cination at 820 °C/30h. All samples contains (Bi,Pb)-2212 as
the major phase along with Bi-2201, and Ca;PbQOy4 as secondary
phases. A careful analysis of the patterns shows that the sec-
ondary phases are lesser in the Yb substituted samples compared
to the pure one. This indicates that Yb substitution favours the
formation of (Bi,Pb)-2212 irrespective of the site it is substi-
tuted. Along with (Bi,Pb)-2212, Bi-2201, and Ca;PbO4 phases
are also present in all the samples, at this stage. XRD patterns of
the samples after the last stage heat treatment are shown in Fig. 2.
In these patterns, all the peaks are of (Bi,Pb)-2212. Thus, phase
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Fig. 1. XRD patterns of the samples after 820 °C/30 h.

pure (Bi,Pb)-2212 is obtained by the last stage of heat treatment
at 845 °C for 100 h. No secondary phase containing Yb or other
cations could be detected from XRD analysis. This indicates
that Yb enters into the (Bi,Pb)-2212 structure in all the three
cationic substitutions. The variations of c-axis parameter with
substitution at different sites are shown in Table 1. The lattice
parameter calculations were based on orthorhombic symmetry
assumed for (Bi,Pb)-2212. It is observed that the substitution
of rare earths in Bi-2212 causes contraction of c-axis length as
reported in some of the earlier works [24-27]. This contraction
in c-axis length also shows that the doped atoms enter into the
crystal structure. The reason for the decrease in c-axis is due to
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Fig. 2. XRD patterns of the samples after last stage heat treatment(all the peaks
are of (Bi,Pb)-2212).
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Table 1

Sintered density, Tc, ATc, Jc, normal state resistivity, and c-axis length of pure, and Yb substituted (Bi,Pb)-2212 samples

Sample Final sintered Tc (K) ATc (K) Jc at 64K (Alem?) Normal state resistivity c-axis length A)
density(gcm ™) at 300K (w2 m)

Pure 5.506 80.3 1.08 100.5 11 30.800

BiYb 5.175 97.5 9.14 655 33.2 30.652

CaYb 5.566 96.5 9.8 1435 46.2 30.647

SrYb 5.516 95 8.7 721 26 30.590

the increase in oxygen content in the system because of the sub-
stitution of higher valence cations. The replacement of Ca>* or
Sr%* jons by Yb>* ions causes an increase in the oxygen content.
This excess oxygen is taken up by the Bi—O double planes, caus-
ing a tighter binding, which reduces the c-axis length [25]. In
the case of Bi-site substitution, though the valency is the same,
some of the substituted Yb* ions are likely to enter into Ca or
Sr sites, and cause an increase in oxygen content. The reduction
of c-axis is found to be higher when the substitution is made
in the Sr-site. This indicates that even if the amount of initial
stoichiometry of Yb is kept the same for different cations, more
atoms of Yb go to the Sr-site after the reaction due to the higher
jonic radius of Sr2* (1.12 A) compared to Ca2* (0.99 A) and
Bi?*(0.96 A).

Fig. 3 shows the variation of density of the samples at different
stages of processing. The density values as percentages of the-
oretical density of (Bi,Pb)-2212 (6.6 gcm™>) are shown on the
right axis of the figure. The sintered densities of all the samples
are less than the corresponding density prior to heat treatment
(green density). It is usually referred to as ‘retrograde densifi-
cation’, and it is a characteristic property of BSCCO system.
The densities of the samples are found to vary with Yb substi-
tution at different cationic sites. Samples SrYb and CaYb show
an increase in density while BiYb shows a reduction compared
to the pure sample.
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Fig. 3. Density variations of the samples with substitution at different cationic
sites.

The SEM pictures of fractured pellets taken in the back scat-
tered mode are displayed in Fig. 4. The grain morphology of the
samples shows a clear, and distinct variation in pure, and doped
samples. For pure (Bi,Pb)-2212, clear, and flaky grains with lay-
ered growth are obtained. But in the case of all doped samples
the grain size decreases, the flaky nature of the grains changes,
and the edges of the grains become rounded. BiYb samples show
relatively smaller grains as compared with the other doped sam-
ples. Also in the doped samples, dark round shaped grains are
found scattered in the main matrix as a secondary phase, but the
presence of such a phase was not detected in the XRD patterns.

Fig. 5 shows the EDX spectra of a relatively large area of
the (Bi,Pb)-2212 grains of pure and doped samples along with
that of the secondary phase in BiYb sample. Quantitative val-
ues obtained from EDX analysis of the cations in (Bi,Pb)-2212
grains Fig. 5(a—d) are given in Table 2 which show that the grains
of all the three doped samples contain Yb with corresponding
reduction in Bi/Sr/Ca. This is clear evidence that most of the Yb
atoms enter into the corresponding sites where these are intended
to substitute. The spectrum of secondary phase in BiYb sample
Fig 5(e) contains mainly Sr and Ca, and doesn’t have any Yb.
This shows that when Yb is substituted in the Bi site, few Yb
atoms enter into the Sr and Ca sites, and the replaced Sr and Ca
react with Cu and (Bi,Pb) forming the secondary phase.

Fig. 6 shows the temperature dependence of resistivity of the
samples. All samples show a metallic behavior in the normal
state with a metal-superconductor transition. Transition tem-
peratures of all the Yb substituted samples show a significant
increase as compared to the pure sample (Table 1). For exam-
ple, the T¢c of BiYb increases to 97.5 K from 80.5 K measured
for the pure sample. The ATc (Tc-onset — TC-zero), and the nor-
mal state resistance (Table 1) of the doped samples are higher
as compared with the pure sample. This is because the doped
samples contain higher levels of impurities, and lattice disorder.
The critical current densities of the samples are also consider-
ably enhanced by Yb substitution. For example, when the pure
sample shows a Jc of 100.5 A cm™2, CaYb sample shows a Jc
of 1435 A cm™2, which is about 14 times higher than that of
the pure sample prepared in similar conditions. Jc of different
samples are shown in Table 1.

The field dependence of the normalized Jc [Jc(B)/Jc(0)] is
shown in Fig. 7. The corresponding Jc—B plots are given in the
inset of the figure. The Jc—B characteristics of Yb substituted
samples are found to be much better than that of the pure sam-
ple. That is, the deterioration of Jc due to the magnetic field is
significantly reduced as a result of the substitution. This shows
that substitution of Yb at cationic sites enhances the flux pinning
properties of (Bi,Pb)-2212. Using the volume pinning force den-
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Fig. 4. SEM micrographs of the samples taken in the back scattered mode.

sity, F, =Jc x B, one can investigate the flux pinning strength of
the system [28-31]. The normalized volume pinning force den-
sity (Fp/Fpmax) calculated from the data of Fig. 7 as a function of
the applied field is plotted in Fig. 8. It is seen that substitution of
Yb shifts the peak positions of Fp/Fpmax towards higher fields.
For example, for the pure sample the peak value of Fp/Fpmax
appears at around 0.08 T, whereas for BiYb and CaYb the peak
values appear beyond 0.7 T. This indicates that the irreversibility
line (IL) of Yb substituted samples gets shifted towards higher
fields. This confirms that the flux pinning strength of (Bi,Pb)-
2212 increases significantly when Yb is substituted for cationic
sites. It is also clear from Fig. 8 that the flux pinning strength is
maximum when the substitutions are in Ca or Bi sites as com-
pared with Sr site. The Jc—B plots also show that flux pinning
is better for these samples.

For polycrystalline samples different pinning mechanisms
exist which are simultaneously active. In the case of high Tc¢-

materials, one can assume that core pinning is dominant due to
large Ginzberg-Landau parameters (k) of these materials. This
leaves two different sources of pinning, either by nonsuper-
conducting particles embedded in the superconducting matrix
leading to a scattering of mean free path (§/ pinning) or pin-
ning provided by spatial variations of the « values associated
with transition temperature Tc (§Tc or Ak pinning). Recent
studies [32] on single crystals show that Bi—Sr nonstoichiom-
etry affects the T¢ of Bi-based superconductors. Pure Bi-2212
is highly nonstoichiometric. Substitution of rare earths in the
cationic sites can change the Bi—Sr nonstoichiometry. Increase
in the flux pinning properties, and shifting of IL towards higher
magnetic field suggest that the inhomogeneities can affect flux
pinning properties of the samples also. The introduction of Yb>*
ions at the cationic sites creates change in chemical as well
as electronic inhomogeneities, which may induce point like
defects in the crystals. These defects can act as flux pinning

Table 2

Quantitative EDX results of cation stoichiometry of pure, and Yb doped(Bi,Pb)-2212 grains

Sample Stoichiometry (Bi,Pb) Sr Ca Cu Yb

Pure Initial 2.10 2.00 1.10 2.10 0.00
From EDX 2.09 2.11 1.0 2.70 0.00

BiYb Initial 1.85 2.00 1.10 2.10 0.25
From EDX 1.89 2.13 0.90 2.94 0.38

SrYb Initial 2.10 1.75 1.10 2.10 0.25
From EDX 1.90 1.74 1.00 2.65 0.29

CaYb Initial 2.10 2.00 0.85 2.10 0.25
From EDX 2.03 2.24 0.85 2.72 0.38
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field.

centers. There is also a possibility of formation of nanoscale
secondary phases scattered in the samples due to the substitution
of Yb, which can act as flux pinning centers. The enhancement
of Tc and Jc can also be related to inhomogeneities, and the
decrease in the charge carrier (holes) concentration due to the
replacement of divalent cations by trivalent Yb ions. Even in
the case of Bi site substitution few Yb atoms goes to Sr and
Ca sites, which changes the charge carrier concentration. This
is clear from the EDX of the secondary phase of BiYb sample
[Fig. 5(e)].

4. Conclusion

YD substitution at different cationic sites such as Bi, Sr, Ca
in (Bi,Pb)-2212 enhances Tc, Jc, and flux pinning strength
of the system if the amount of substitution is in the optimum
level (x=0.25), and these properties depend on the cationic
site in which YDb is substituted. The Jc—B characteristics of
the substituted samples show substantial improvement over the
undoped sample. The peak value of the bulk pinning force den-
sity (Fpmax) also gets shifted towards higher fields for the doped
samples indicative of a shift of IL towards higher fields. The
enhancements of the superconducting and flux pinning prop-
erties are discussed based on the changes in the chemical as
well as electronic inhomogeneities in the samples due to Yb
substitution.
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