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Abstract This study examines the significant changes in
the structural and superconducting properties of cerium (Ce)
doped Bi-2212 superconductors via X-ray diffraction anal-
ysis (XRD), scanning electron microscopy (SEM), electron
dispersive X-ray (EDX), electrical resistance and transport
critical current density (J.) measurements. Ce concentration
is varied from x = 0.0 until 0.1 in a general stoichiometry of
Bij 8Srp,0Ce,Cay.1Cuz.10,y. Zero resistivity transition tem-
peratures (ch’ffset) of the samples produced by the conven-
tional solid-state reaction method are deduced from the dc
resistivity measurements. Furthermore, the phase fractions
and lattice parameters are determined from XRD measure-
ments when the microstructure, surface morphology and el-
ement composition analyses of the samples are investigated
by SEM and EDX measurements, respectively. The results
show that 7.2t and J, at self-field of the samples reduced
gradually with the increase in the Ce addition. Maximum
T of 79.7 K and J.. of 356.8 A-cm™2 at 77 K are ob-
tained for pure sample as against 44.6 K and 18.7 A-cm—2,
respectively, for the sample doped with 0.1 wt.% Ce. Ac-
cording to the refinement of cell parameters done by consid-
ering the structural modulation, the Ce doping is confirmed
by both an increase of the lattice parameter a and a decrease
of the cell parameter ¢ of the samples in comparison with
that of the pure sample. As for SEM measurements, it is
found that not only do the surface morphology and grain
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connectivity degrade but the grain size of the samples also
decreases with the increase of the Ce addition. Moreover,
EDX images indicate that the elements used for the prepara-
tion of samples distribute homogeneously and the Ce atoms
enter into the crystal structure by replacing Cu atom. In ad-
dition, the variation of AT, (T™ — TLF’HS“) is investigated
for the presence of impurities and weak links between su-
perconducting grains of the samples. The possible reasons
for the degradation in microstructural and superconducting
properties are also interpreted.
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1 Introduction

With the discovery of Bi—-Sr—Ca—-Cu-O (BSCCO) high-
temperature superconductors in 1998 [1], the interest in
both the fundamental research and applications in technol-
ogy and industry of these materials has been increased day
by day owing to their remarkable high transition tempera-
ture, smaller power losses, high current and magnetic field
carrying capacity, optical and electronic properties [2—4].
The BSCCO system obtaining a layered structure has three
different phases with regard to its chemical compositions,
the Bi-2201 phase (n = 1, T, ~ 20 K), the Bi-2212 phase
(n =2, T, ~ 85 K) and the (Bi, Pb)-2223 phase (n = 3,
T, =~ 110 K) [5]. Among the Bi-based superconductors, the
double layered cuprate (Bi-2212) is superior to the others
because of the fact that its oxygen stoichiometry is relatively
invariant with regard to cationic addition when the sam-
ples are produced in an identical thermal environment [6—8].
Furthermore, the Bi-2212 superconductors have lesser weak
link problems compared to Bi-2223 superconductors and are
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suitable for the preparation of long wires and tapes with
high critical current densities (J.). However, as received the
applied magnetic fields and high temperatures limit their
applications due to the significant reduction in condensa-
tion energy density, strong anisotropic properties, extremely
short coherence length (£), and large penetration depth (1)
[9, 10]. Likewise, according to the many researches [11-13],
the Bi-2212 superconductors have relatively poor mechani-
cal properties, limiting the use of these materials in most of
practical applications [14]. Therefore, several methods have
been studied to improve their mechanical, superconducting
and flux pinning properties to make them suitable for high-
temperature and magnetic field applications for years [15,
16]. Chemical doping in the superconductor materials is one
of the most preferred methods [17-20] because the changes
obtained by the chemical doping can be used to investigate
the mechanism of high-temperature (high-7,) superconduc-
tivity [21-24]. The critical current density and the critical
temperature might be increased by the doping. The improve-
ment of the critical current density is attributed to the en-
hancement of trapped flux in the superconductor material
[25, 26] and single-domain structure [27, 28]; similarly, the
increase in the critical temperature is associated with the
enhancement of average Cu valency. Thus, the increased
density of mobile holes in the CuO; planes [29] improves
the superconductivity of the system [30]. However, some-
times the chemical doping method causes to the decrement
in the number of charge carriers (either holes or electrons)
in the materials and so the superconducting properties are
regressed [31, 32].

The aim of the present work is to examine the effect of Ce
addition on the structural and superconducting properties of
Bi-2212 ceramics prepared by conventional solid-state re-
action with the aid of the dc electrical resistivity, critical
current density, XRD, SEM and EDX measurements. Dc
electrical resistivity and critical current density for electrical
and superconducting properties, XRD measurements for the
phase composition and lattice parameters, SEM and EDX
images for microstructure examination and element compo-
sition analyses of the samples produced are performed, re-
spectively. The results illustrate that the Ce doping in the
Bi-2212 ceramics leads to not only reduce the charge carrier
numbers and grain sizes but suppress the surface morphol-
ogy and grain connectivity, as well.

2 Experimental Details

In this study, samples with the nominal stoichiometry of
Bij gSr20CeCa;.1Cuz.10, (0 < x < 0.1) are elaborated
in air by conventional solid-state reaction [33] using high
purity oxides and carbonates (Alfa Aesar Co., Ltd. 99.9%
purity). The accurately weighted ingredients are grounded
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homogeneously by means of a grinding machine for 12
hours and calcined in a tube furnace (Protherm-Model
PTF12/75/200) at 800 °C for 48 hours with a heating rate
of 5°C /min. The powders calcined are pelletized into rect-
angular bars with dimensions of 10 mm x 4 mm x 2 mm
under a pressure of 330 MPa. The sintering process of the
pellets is performed at 840 °C for 48 hours in the furnace.
The heating and cooling rates of the furnace are adjusted to
be 3 °C/min and 5 °C/min, respectively. The superconductor
samples prepared with different Ce stoichiometry such as
x =0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05 and 0.1 will be
herein after denoted as Ce0, Cel, Ce2, Ce3, Ce4, Ce5, Ce6,
Ce7 and Ce8, respectively.

The dc resistivity measurements are carried out on the
surface of the samples by the four-probe method. Both volt-
age and current contacts are made with silver paint to mini-
mize the contact resistance. The temperature (5-110 K) de-
pendence of resistance is measured by running 5 mA dc
current through the sample in the cryostat. A Keithley 220
programmable current source and a Keithley 2182A nano-
voltmeter are used for the resistance measurements. Addi-
tionally, the transport critical currents of the samples in self-
field are measured by home made system at 77 K in zero
field using four-probe method. A programmable tempera-
ture controller (Lakeshore 340) is used for the accurate mon-
itoring of the temperature with a stability and accuracy of
£0.01 K. The current applied parallel to the direction of the
pressed surface is ramped at a constant rate (0.02 A/s) for
the entire sample. The critical current (/) values of the sam-
ples are defined with the criterion of 1 uV/cm. The J,. val-
ues of the samples produced are calculated from the I, and
the total cross-sectional area (width of 4 mm x thickness of
2 mm). All the data obtained are recorded using the Labview
computer software. Furthermore, the structural and phase
analyses of the samples studied are characterized by XRD
measurements by using a Rigaku multiflex diffractometer
XRD with Cu K, radiation (A = 1.5418 A) in the range
26 =3 — 60° at a scan speed of 3°/min and a step incre-
ment of 0.02° at room temperature. Phase purity and lat-
tice parameters are estimated from the XRD patterns. The
accuracy in determining the lattice parameters (a and c)
is £0.0001 A. Average sizes of the crystal of the samples
prepared are also found by the Scherrer—Warren approach
[34, 35]. Moreover, the surface morphology, grain connec-
tivity and grain size of the samples are examined with the aid
of a Jeol scanning electron microscope (SEM) JEOL 6390-
LV, operated at 20 kV, with a resolution power of 3 nm.
The elemental compositions (in the percent) and distribu-
tions (homogeneously or not) of the samples are analyzed by
means of an Oxford X-ray micro-probe analysis connected
to SEM. The bulk densities of the samples are also deter-
mined from their mass and geometrical dimensions to obtain
the information about the structure (porosity) of the samples
produced in this work.
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3 Results and Discussion
3.1 Electrical Resistance Measurements

The temperature dependence of the electrical resistance
(R-T) for Bij gSr 0Ce,Caj.1Cuz,10y with x = 0.0, 0.001,
0.003, 0.005, 0.01, 0.03, 0.05 and 0.1 is depicted in Fig. la.
It is observed that all the samples show metallic behavior
above the critical temperature. The normal-state resistance
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Fig. 1 (a) Resistance vs. temperature and (b) normalized resistance as
a function of temperature curves for the samples

Table 1 Resistivity measurement results for the samples

(Table 1) is found to systematically enhance with the in-
crease in the Ce addition to a maximum (4.08 2) forx = 0.1
as against 1.21 § for the pure sample. When Ce** ions are
doped in the system, each doping of Ce** fills one hole
in the crystal. Hence, the hole concentration in the Cu-O
plane of the system decreases and normal-state conductivity
of the system increases. Besides, the onset critical (Tc.""se‘)
and offset critical (T;’ffset) temperatures deduced from the
normalized resistance graphs (Fig. 1b) are given in Fig. 2.
As can be seen from the figure, the offset critical tempera-
tures decrease gradually whereas the onset temperatures ex-
hibit a wavy change with the increase of Ce-content. T.°ffset
value is found to be about 79.7 K for the Ce0 and 44.6 K for
the Ce7 sample. On the other hand, the maximum TCOnset is
obtained for the Ce6 sample (94.4 K) and thereafter it de-
creases to 91.6 K for the Ce7 sample. The variation of AT,
(TOmset — Toffsety s also shown in Fig. 3, indicating that AT,
increases with increase in Ce-content up to x = 0.1 sample.
When the AT, value is observed to be about 6.5 K for the
undoped sample, the AT, of Ce7 is obtained to be about
47.1 K (Table 1). Additionally, the broadening of the resis-
tive transition increases as the Ce-content enhances (Fig. 1).
This phenomenon indicates the presence of impurities and
weak links between the superconducting grains [36], sup-
porting the results of the SEM measurements. Consequently,
the Tt values responsible for superconductivity are ob-
served to considerably decrease with the increase of the Ce
addition.

3.2 Hole-Carrier Concentration Calculation

The hole-carrier concentrations per Cu ion, P, are calculated
by means of the following relation [37]:
C

1/2
P=O.16—|:<1— )/82.6:|
Tcmax

where T,"* is received as 85 K for Bi-2212 phase [38]
and 110 K for (Bi, Pb)-2223 phase [39] and Tfﬂset values

Toffset

&)

Samples Tomset Toffset AT, Resistance Hole Cell Bulk
(K) (K) (K) at 300 K concentration volume density
(%) (P) (nm?) (g/em’)
Ce0 86.2 79.7 6.5 1.21 0.1572 0.920 5.61
Cel 85.2 76.4 8.8 1.62 0.1250 0.917 5.59
Ce2 87.3 74.5 12.8 1.95 0.1213 0.915 5.57
Ce3 87.4 71.2 16.2 2.27 0.1156 0.912 5.51
Ce4 88.6 67.3 21.3 3.31 0.1097 0.910 547
Ce5 91.2 60.7 30.5 3.75 0.1011 0.907 5.44
Ce6 944 56.7 37.7 3.91 0.0965 0.906 5.40
Ce7 91.7 44.6 47.1 4.08 0.0841 0.904 5.38
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are taken form Table 1. The P values are obtained to de-
crease from 0.1572 to 0.0841 and are tabulated in Table 1.
The variations of hole-carrier concentrations as a function
of Ce-content and superconducting transition temperature
(TOFsety are also depicted in Fig. 4. It is visible that the
left panel of the figure illustrates the decrement of the hole-
carrier concentration with increasing Ce addition and the
right panel of the figure shows the parabolic relationship be-
tween the 7. and hole-carrier concentrations. According
to these results, the Ce addition in the Bi-2212 system re-
duces remarkably the hole-carrier concentration, leading to
the decrease in the superconducting properties of the sys-
tem. Moreover, the reducing trend in the bulk density of
the Ce-doped samples is observed because of the increase
in the porosity of the samples prepared in this work (Ta-
ble 1).
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3.3 Transport Critical Current Density

Figure 5 reveals the role of the Ce-content on the self-field
critical current density (J.) of the Bi-2212 ceramics pro-
duced. The self-field J. is found to decrease significantly
for Ce-doped samples (Fig. 5a). The undoped sample indi-
cates a J, of 356.8 A/cm? that is the maximum current den-
sity in the samples prepared while the minimum J, obtained
is 18.7 A/cm? for x = 0.1 sample at 77 K (in liquid nitro-
gen), indicating that the J. values of the sample decrease
dramatically as the Ce-content increases (Table 2). This sup-
pression of J, is attributed to the increase of the weak links
between the superconducting grains, porosity, secondary
phases, grain boundaries resistance and de-orientation of Bi-
2212 grains with the increase in the Ce addition [40, 41],
supporting the results of the structural investigations. More-
over, Fig. 5b presents the parabolic variation between the
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Fig. 4 Left panel: Variation of hole-carrier concentration vs. Ce-content and right panel: variation of hole-carrier concentration vs. ch’ffse‘ (The

dash line is the guide for eyes.)
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superconducting transition temperatures and critical current
densities of the samples. Although both the J. and T, values
decrease with the increase in Ce addition, a sharper decline
is observed in J, values compared to the decrement of 7,
values. In other words, the critical current density is found
to be more sensitive to the change of Ce-content.
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Fig. 5 (a) J. vs. Ce-content graph (b) T;’ffse‘ as a function of Ce-con-
tent for the samples

Table 2 XRD and J, measurement results for the samples

3.4 SEM Analyses

The surfaces of the samples prepared are imaged by Scan-
ning Electron Microscopy (SEM) method. Figure 6a—h de-
picts the SEM pictures (taken in the secondary electron im-
age mode) of the fractured surface of the Ce0, Cel, Ce2,
Ce3, Ced, Ce5, Ce6 and Ce7 samples, respectively. It is
clearly seen that surface morphology changes with addition
of the Ce atoms in the Bi-2212 system. The grain morphol-
ogy of the pure sample illustrates the clear and flaky grains
with layered growth [42]. Moreover, the texturing and lay-
ered grain growth of the pure sample are found to be better
compared to the doped samples. On the other hand, the grain
size and texturing of the doped samples are decreased com-
pared to the pure sample, indicating that these results are in
good agreement with the Lotgering index data obtained. Us-
ing the image processing, the average grain sizes are also
obtained to decrease from 540 nm to 350 nm with the Ce
doping. Based on the SEM results, the surface morphology,
grain connectivity and average crystallite size degrade with
the increase of the Ce addition.

3.5 EDX Analyses

The quantitative values of the atomic compositions present
in the Bi-2212 grains of samples are investigated by the elec-
tron dispersive X-ray (EDX). Figure 7 presents the EDX
analysis for BijgSrz0Ca;.1Cuz.10, and BijgSr20Ceo
Cay.1Cuz.10y. As seen from the figure, no difference ap-
pears between the two samples produced except for Ce peak,
confirming that the Ce atoms are successfully introduced to
the microstructure of the Bi-2212 phase. Moreover, Bi, Sr,
Ca, Cu, O, and Ce element composition mappings taken on
the surface of all the samples prepared in this work are dis-
played in Fig. 8a—f. It is clear that the elements used for
the preparation of samples are observed to distribute ho-
mogeneously. However, the Cu compositions compared to
other element compositions decrease rapidly with the in-
crease in the Ce addition. According to the EDX results, the

Samples Lattice Lattice Je Grain Lotgering
parameter parameter A-cm™? size index, F
a(A) c(A) (nm)
Ce0 5.40 31.54 356.8 537 0.876
Cel 5.41 31.41 186.3 512 0.721
Ce2 543 31.02 161.6 496 0.675
Ce3 5.44 30.81 120.2 472 0.654
Ced 5.46 30.54 101.5 446 0.632
Ce5 5.47 30.31 75.4 432 0.598
Ceb6 5.48 30.16 543 396 0.577
Ce7 5.49 30.02 18.7 356 0.529
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Fig. 6 SEM micrographs of (a)
Ce0, (b) Cel, (c¢) Ce2, (d) Ce3,
(e) Ce4, (f) Ce5, (g) Ce6, and
(h) Ce7 samples
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Ce atoms might enter into the crystal structure by replacing
Cu atoms [43].

3.6 XRD Analyses

The XRD patterns of the samples produced are depicted
in Fig. 9. The corresponding (hk1) Miller indices belong-
ing to Bi-2212 main lines are shown in the diagrams. As
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can be seen from the figure, both pure and Ce-doped sam-
ples contain the Bi-2212 phase only and all the samples
studied exhibit the polycrystalline superconducting phase
with less intensity of diffraction lines with increasing the
Ce addition. Moreover, no secondary phase containing Ce
or any other cation is observed for all the samples, indicat-
ing that Ce atoms are incorporated into the crystal structure
of Bi-2212 superconductor [44—46]. The peak intensity of
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the doped samples reduces regularly and other peaks such
as 315, 006 and 3010 disappear completely as Ce addition
increases, revealing that why the superconducting proper-

Fig. 7 EDX analysis for ... =0.0 (a) and 0.1 (b)

ties degrade with the Ce doping in the system. Moreover,
the lattice parameters a and c are calculated using the least
square method through d values and (4 k I) planes for tetrag-
onal unit cell structure. The a and ¢ parameters obtained are
listed in Table 2. It is visible that a systematic expansion in
the a-axis length is observed [47, 48] while a regular con-
traction in the c-axis length is obtained with the increase in
the Ce addition [49, 50]. It is well known that the lattice
parameter a is controlled by the length of in-plane Cu-O
bond [19]. The length may be expanded or contracted with
the change of the electrons into antibonding orbital. In our
system this bond length is expanded because of the partial
replacement of Cu”* ions by Ce** ions, leading to an in-
crease in the lattice parameter a, and a decrease in the lat-
tice parameter c. The variation of the lattice parameters as
a function of the Ce-content is also depicted in Fig. 10. As
seen from the figure, there is a considerable increase in the
a parameter and decrease in the ¢ parameter. Based on these
results, it might be interpreted that the Bi-2212 phase de-
creases while the Bi-2201 phase starts to increase with the
increase of the Ce addition; however, Fig. 9 confirms that
the Bi-2212 phase is dominant for all the samples studied.
These findings are also ascertained by both the resistivity
and SEM measurements. Furthermore, Lotgering index (F)
is investigated to quantify the degree of c-axis orientation
in polycrystalline ceramics produced in this work [51]. The
Lotgering indices computed by means of the XRD patterns
[52] are tabulated in Table 2. It is found that the texturing of
Bi-2212 grains decreases monotonically with the increase of
the Ce-content, supporting the SEM investigations.

Fig. 8 EDX images of (a) Ce0,
(b) Cel, (c) Ce2, (d) Ce3,

(e) Ced4, (f) Ce5, (g) Ceb, and
(h) Ce7 samples

Component | Type | Line | Concentration
(wt.%)
(6] Calc Ko 14.526
Ca Calc Ky 5.844
Cu Calc Ko 14.676
Sr Calc L, 21.707
Bi Calc L, 43.247
Component | Type | Line | Concentration
(wt.%)
O Calc Kq 14.323
Ca Calc Ky 5.804
Cu Calc | K, 14.297
Sr Calc L. 21.631
Ce Calc L, 0.313
Bi Calc L, 43.632
Component | Type | Line | Concentration
(wt.%)
O Cale | K4 14.719
Ca Calc Ky 5.415
Cu Cale | K¢ 14.096
Sr Calc Ly 21.809
Ce Calc |0 0.440
Bi Calc L, 43.521
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Fig. 8 (Continued)

Additionally, the broadening nature of the XRD peaks
shows that the particle sizes determined from the Scherrer—
Warren equation are within the nanometer scale [53-56].
According to the equation, in broadening region the average
size of a crystal is defined as;

d =0.941)1/B cos 6z 3)

where d is the thickness of the crystal, X is the wavelength,
B is the fullwidth half maximum (FWHM) of the Bragg
peak corrected using the corresponding peak in micron-
sized powder and 6p is the Bragg angle. Moreover,

B>=B2 — B? “)

where By is the halfwidth of the standard material in radians.
The grain size of the pure sample is calculated to be 537 nm

@ Springer

Component | Type | Line | Concentration
(wt.%)
O Calc K, 14.518
Ca Calc Ky 5.188
Cu Calc K, 13.989
Sr Calc Ly 21.704
Ce Calc Ly 0.533
Bi Calc Ly 44.068
Component | Type | Line | Concentration
(wt.%)
(0] Calc | K, 14.908
Ca Calc K, 5.123
Cu Calc | K, 13.056
Sr Calc L, 22.270
Ce Calc L, 0.672
Bi Calc L, 43.971
Component | Type | Line | Concentration
(wt.%)
(0] Calc | K, 14.972
Ca Calc | K, 4.858
Cu Calc | K, 12.841
Sr Calc Ly 22.539
Ce Calc L, 0.893
Bi Calc L, 43.897
Component | Type | Line | Concentration
(wt.%)
(6] Calec | K, 14.842
Ca Calc | K, 4.150
Cu Calc | K, 12.283
Sr Calc Ly 22.832
Ce Calc L. 1.406
Bi Calc Ly 44.222
Component | Type | Line | Concentration
(wt.%)
o Calc | K, 15.649
Ca Calc | K, 4.034
Cu Calc | K, 11.801
Sr Calc Ly 22.737
Ce Calc Ly 1.798
Bi Calc L, 43.981

whereas that of Ce7 sample is obtained to be about 356 nm
(minimum value). Based on the calculations, the grain size
of the samples studied decreases dramatically with increas-
ing the Ce doping (Fig. 11).

4 Conclusion

In this study, the effect of Ce doping on the structural and su-
perconducting properties of Bij gSr2 0Ce,Caj.1Cuz.10y su-
perconductors prepared by the conventional solid-state re-
action with x =0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05 and
0.1 is analyzed by means of the XRD, SEM, EDX, R-
T and -V measurements. It is found that the zero resis-
tivity transition temperatures and transport critical current
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Fig. 9 XRD patterns of the 24000 [ 1 Ly 1 ! ! I I I
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Fig. 10 Variation of lattice parameter a and c as a function of Ce-con-
tent

densities decrease from 79.7 K to 44.6 K and from 356.8
A/cm? to 18.7 Alem?, respectively, as Ce-content increases.
Further, XRD investigations show that the cell parameter
a increases while the ¢ parameter decreases with increas-
ing the Ce addition. SEM results reveal that the surface
morphology and grain connectivity degrade and the grain
sizes of the samples decrease from 537 nm to 356 nm with
the increase of the Ce addition. As for the EDX measure-
ments, it is seen that not only do the Cu compositions in
the samples compared to other element compositions grad-
ually decrease with the increasing the Ce doping but the el-
ements used for the preparation of samples distribute homo-
geneously, as well. According to these results, the Ce atoms
enter into the crystal structure by replacing Cu atoms, lead-
ing to the degradation of the structural and superconduct-
ing properties of the samples studied in this work. Besides,

Fig. 11 Variation of grain sizes as a function of Ce-content

the bulk densities determined from their mass and geomet-
rical dimensions reduce slightly at a constant rate with the
increase of x because of the porosity structure formation,
confirming 7, and J, values of the samples studied depend
strongly on the microstructure. Based on the Lotgering in-
dex, the degree of c-axis orientation in polycrystalline ce-
ramics produced is also found to decrease with the Ce dop-
ing.
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