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Figure 3. SEM surface micrographs of samples. From left to right, top to bottom: X000, Zn01, Zn05,
Ti01, Ti05, Ti10, Nd01, Nd05, Nd10, Y01, Y05, as depicted in lower right corner.

2.4. Magnetic Characterization

In Figure 4, the resulting M(T) curves for reference and substituted samples are displayed. It is
worth recalling that in a perfectly diamagnetic sample, the measured magnetic susceptibility is

—1
A= =Ny M

where N is the demagnetizing factor along the magnetization direction. It is easy to realize that N
plays an important role on the absolute value of the measured signal in superconducting materials.
For example, two cylinders with aspect ratio height/diameter equal to 1 and 2 have demagnetizing
factors 0.232 and 0.069, respectively [12]: substituting into Equation (1), one obtains a difference
between the measured susceptibilities amounting to a remarkable 30%. Considering that our samples
had different and irregular shapes, a rigorous quantitative comparison of their diamagnetic intensities
would be of little meaning. Therefore, the numerical value of diamagnetic intensities will be taken into
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account only in case of very notable differences between the samples, as in the case of Y substitutions.
We will rather focus on estimating the critical temperatures Tc that, in the M(T) curves, can be identified
with the temperature of the diamagnetic onset.

s— X000

*—s X000

A4 NdOT 4 4+ Ti01
== NdO5 = = Ti05
| +—+ Nd10 ‘ +—+Til0
02 50 100 50 100

T(K)

Figure 4. Zero Field Cooling (ZFC) magnetization curves of doped samples measured in applied
magnetic field H = 100 Oe. X000 reference sample is also shown in each panel for comparison. Panels
clockwise from top left: (a) Zn, (b) Y, (c) Ti, and (d) Nd substitutions. Inset of panel (a): magnified
vision highlighting the diamagnetic signal above Tc of the Bi-2212 phase, suggesting the presence of a
small fraction of Bi-2223 phase. Inset of panel (d): magnified vision of the paramagnetic signal of the
nonsuperconductive samples Nd05 and Nd10.

2.41.Nd

In Nd-doped (Bi,Pb)-2212 a replacement of Nd>* for Sr2* ions occurs; measuring Nd occupations
per f.u. x from 0.1 to 0.5 yields an optimal value x = 0.2 corresponding to the highest critical temperature
Tc =94 K. Above the optimal x value, Tc decreases down to Tc = 82 K for x = 0.5 [10]. Our Nd-doped
samples comprise of a specimen with x close to the optimal value (Nd01, x = 0.17) and two overdoped
samples with x = 0.67, thus extending the range analyzed in Reference [10]. As can be observed
in panel (2) of Figure 4, sample Nd01 confirms an increase in Tc with respect to the undoped
reference specimen X000; while in the two overdoped specimens, the superconductivity is completely
suppressed. It is worth noting that Nd5 and Nd10 samples show the same Nd content; such a high
Nd concentration seems to partially substitute Bi and Pb (Nd05) or Bi and Sr (Nd10); in both cases,
the superconductivity vanishes.

76



Crystals 2020, 10, 462

242 Y

Yttrium substitution is among the earliest attempted to achieve a Tc increase in Bi-2212, finding
the best doping value x = 0.1~0.15 with corresponding Tc~ 92 K [13,14]; this has been attributed to the
effect of Y3+ substituting Ca?*, which compensates for the hole excess in CuO, planes and restores the
charge carrier concentration to its optimal value. As previously mentioned, in the literature, we did
not find studies on Yttrium substitutions in (Bi,Pb)-2212, nonetheless, our measurements—panel (b)
of Figure 4—show a similar effect on (Bi,Pb)-2212: sample Y01 (x = 0.17) confirms an increase in Tc
of about 20 K with respect to the undoped reference specimen X000; on the other hand, increasing
Y content up to x = 0.64, as in sample Y05, the diamagnetic onset is restored to the undoped values.
Moreover, the diamagnetic intensity at the lowest measured temperature drops from —0.178 emu/g
of the undoped sample to —0.015 emu/g only of Y05. This fall is too important to be ascribed to the
demagnetizing effect discussed in Section 2.4, as Equation (1) would lead to unrealistic demagnetizing
factors, and points rather to a strong reduction of the superconductive volume fraction of the specimen.
The latter feature is likely related to the weak connectivity of the granular morphology evidenced
in Table 3.

243.7Zn

Zn substitution is known to induce a Tc depression in both Bi-2212 [15] and (Bi,Pb)-2212 [8].
Such depression has been explored in [8] for Zn content up to x = 0.04 and results to be in the order of
A Te~ 10 K. We have extended the explored range up to x = 0.32, panel (d) of Figure 4, finding that the
Tc depression maintains approximately the same magnitude even at such great doping content. A close
inspection highlights the occurrence of diamagnetic signal even in the range above Tc of the Bi-2212
phase: this suggests the possible formation of Bi-2223 phase induced by a high level of Zn doping.

244.Ti

Ti doping in the BSCCO system yields the formation of Bi-2212/2223 multiphase samples with
an improving of the superconducting properties for small Ti content x, and successive worsening for
further x increasing up to the highest essayed value x = 0.15 [9,16]. The ionic radius of Ti**(68 pm) is
similar to Cu?* (72 pm), so it has been suggested that the former can substitute the latter in the crystal
lattice. In a similar way, our Ti-doped samples feature the emerging of the high-Tc Bi-2223 phase at
the expense of the Bi-2212 phase, panel (c) of Figure 4. According to literature, the nominal doping
values of samples Ti01 and Ti05 should induce a sizable decrease on Tc in both the Bi-2223 and Bi-2212
components [16]. On the contrary, samples Ti01 and Ti05 have the same Tc values, while in sample
Ti10, the variation of Tc can be considered negligible if one takes into account the very high x value.

3. Discussion and Conclusions

In the Nd- and Y-doped samples, our results confirm the worsening of the superconducting
properties with x exceeding the values usually reported. For these samples, SEM micrographs show
a reduced grain size, with deterioration of connectivity. On the contrary, Zn- and Ti-doped samples
feature a substantial independence in the high x range. This could be at least partially related to the
different grain sizes that appear to be greater than what can be found in literature. This is true for both
Zn doping [8] and even more for Ti doping, where Tc appears to be independent on x. In principle,
this could suggest that the majority of the Ti ions were segregated as impurities, rather than entering
the BSCCO crystal lattice. However, SEM and EDX show a uniform compositional distribution, with no
evidence of substituents segregation or inhomogeneities in platelet borders and surfaces. Moreover,
by comparison with the images reported in Reference [9], one can notice the greater size of platelets,
even from the low doping values. The latter, likely due to the different conditions of synthesis and
sintering, can probably be the true origin of the different behaviors.

In short, the main conclusions are the following:
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° We have measured (Bi,Pb)-2212 samples doped with Nd, Y, Zn, and Ti with content x exceeding
the values reported in literature.

e Irrespective to the amount of substitutions, Ti induces the formation of the (Bi,Pb)-2223 phase in
traces, clearly visible from the corresponding Tc value.

. The substituents show uniform compositional distribution, with no evidence of segregation,
but leading to different grain size and grain connectivity.

*  Ahigh degree of substitutions (mainly for Y and Nd) induces similar structural changes (large
contraction of the c-axis and a shorter expansion of b), but with a negative effect on Tc that
remains unchanged for Y and has a strong reduction of the superconducting fraction; while it
completely vanishes for Nd.

Owing to the structural and chemical complexity of the BSCCO HTSs and in spite of the long
experimental activity, this work confirms the need of detailed studies to take into account the multiple
structural changes induced by different chemical substitutions of (Bi,Pb)-2223 phase, and to clarify the
controversial issue of the correlation with Tc.

4. Materials and Methods

Polycrystalline samples have been prepared as reported in Reference [17], starting from
stoichiometric mixture of the high-purity binary oxides which were calcined in air at 800 °C for
24 h. The powder pressed into disk-shaped pellets using a manual hydraulic press type (SPECAC)
under different pressures around 0.6 GPa. The pellets were sintered in air at 835~850 °C for 140 h.
From the obtained pellets, fragments of irregular shape, and linear dimensions of ~2 mm have been
obtained and addressed to the various characterization techniques.

The phase identification was carried out by PXRD, using the Siemens D500 diffractometer, emitting
CuKa; and CuKa, wavelengths (average A = 1.54178 A), with no filter for the CuKp.

The surface morphology of the samples was studied using SEM (Philips 515), operating at
25 kV, and equipped with an EDX “Phoenix” detector for compositional analysis. ZFC magnetization
curves M(T) have been measured in applied magnetic field H = 100 Oe using a commercial SQUID
magnetometer MPMS-5T (Quantum Design Co., San Diego, CA, USA).

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4352/10/6/462/s1,
Figure S1. EDX patterns for the analysed samples, Figure S2. PXRD patterns for the analysed samples, Figure S3.
Expanded PXRD patterns for Y05, Nd05 and reference sample X000.
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Abbreviations

The following abbreviations are used in this manuscript:

BSCCO  Bismuth based cuprates

EDX Energy Dispersive X-ray Spectroscopy
HTS High Temperature Superconductor
PXRD Powder X-ray Diffraction

SEM Scanning Electron Microscopy

ZFC Zero Field Cooling
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