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Abstract This study aims to analyze the effect of Ce ad-
dition on the microstructural, superconducting and physi-
cal properties of Bi1.8Sr2.0CexCa1.1Cu2.1Oy ceramics with
x = 0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05 and 0.1 via X-
Ray analysis (XRD), scanning electron microscopy (SEM),
electron dispersive X-Ray (EDX) and magnetoresistivity
measurements. The ceramics produced in this work are pre-
pared using the standard solid-state reaction method. The
zero resistivity transition temperatures (Tc), activation en-
ergies (U0), irreversibility fields (μ0Hirr) and upper criti-
cal fields (μ0Hc2) are determined from the resistivity ver-
sus temperature (R–T ) curves under dc magnetic fields up
to 7 T. The results show that Tc and U0 values of the samples
are found to decrease dramatically with the increase in the
Ce-content and applied magnetic field. Moreover, XRD re-
sults indicate that all the samples contain the Bi-2212 phase
only and exhibit the polycrystalline superconducting phase
with less intensity of diffraction lines with the increase of the
Ce addition. As for the results of SEM images, the texturing,
crystallinity, grain size distribution, layered grain growth
and grain connectivity are observed to degrade with the in-
crease of the Ce doping. Besides, the irreversibility fields
and upper critical fields are found to degrade as Ce doping
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increases. Penetration depths (λ) and coherence lengths (ξ )
are also discussed.
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1 Introduction

Throughout the history of the superconductivity, many
researchers have endeavored to improve the supercon-
ducting, mechanical, structural and flux pinning proper-
ties of the superconductor materials to make them suit-
able for high temperature and magnetic field applications
[1–4]. In particular, Bi-based (BSCCO) high temperature
superconductor (HTSC) materials of the general formula
Bi2Sr2Can − 1CunOy (n = 1, 2 and 3) discovered in 1988
[5, 6] have widely been investigated owing to the fact that
the interest in both the fundamental research and applica-
tions in technology and industry of these materials in the
last decades stems from their remarkable smaller power
losses, high current and magnetic field carrying capacity, op-
tical and electronic properties [7–15]. According to chem-
ical compositions, the BSCCO system has three different
phases. Namely, the Bi-2201 phase (n = 1, Tc ≈ 20 K), Bi-
2212 phase (n = 2, Tc ≈ 85 K) and Bi-2223 phase (n = 3,
T ≈ 110 K) [16]. In these series, the double layered cuprate
(Bi-2212) has more advantageous than the others in terms
of the better thermodynamic stability, lesser weak link prob-
lems [17] and relatively invariant of the oxygen stoichiom-
etry with respective to cationic doping [18]. Nevertheless,
as reported in Refs. [15, 17, 19], their applications in mag-
netic field and high temperatures are restricted due to their
structural layer, very low charge carrier density, strong
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anisotropic properties, extremely short coherence length (ξ )
and large penetration depth (λ) [19]. For years, several meth-
ods have therefore been studied for improvement of these
properties in the superconductor materials. The rare-earth
(RE) doping is one of the most preferred methods. The dop-
ing leads to the change of the number of charge carriers
in the material and so the superconducting and flux pin-
ning properties might be improved or degraded [20–22]. As
known that the flux pinning ability can be estimated from
the flux pinning force density and activation-energy values
owing to the fact that the activation energy mentioned as the
potential barrier height is generally regarded as a measure of
flux pinning strength of a superconductor material [23–25].
The activation energy is determined from the thermally as-
sisted flux creep theory described by Arrhenius equation
ρ = ρ0 exp(−U0/kBT ), which will be explained in detail in
results and discussion part.

In the present work, we reported the influence of Ce ad-
dition on the microstructural, superconducting and physi-
cal properties of Bi1.8Sr2.0CexCa1.1Cu2.1Oy ceramics elab-
orated by solid-state reaction with the aid of magnetoresis-
tivity, X-Ray analysis, scanning electron microscopy, elec-
tron dispersive X-Ray measurements. Some physical prop-
erties of the samples such as the superconducting transition
temperatures, activation energies, irreversibility fields, up-
per critical fields, penetration depths and coherence lengths
are deduced from magnetoresistivity measurements under
dc magnetic fields up to 7 T. Based on the results, the su-
perconducting and physical properties of the samples are
obtained to suppress with the increase in the Ce doping,
demonstrating the presence of magnetic ions leading to the
pair-breaking mechanism [26]. In brief, it is found that the
microstructural, superconducting and physical properties of
Bi-2212 superconductor ceramics strongly depend on the Ce
addition.

2 Experimental Details

In this study, Ce doped samples with nominal composi-
tion Bi1.8Sr2.0CexCa1.1Cu2.1Oy (x = 0, 0.001, 0.003, 0.005,
0.01, 0.03, 0.05 and 0.1) are elaborated in air by a conven-
tional solid-state reaction technique using high purity chem-
icals Bi2O3, SrCO3, CaCO3, CuO, and CeO2 powders (Alfa
Aesar Co., Ltd. 99.9% purity). These oxides and carbon-
ates are weighed in stoichiometric proportion and mixed in a
grinding machine for 12 hours to obtain homogeneous mix-
ture. The resulting powders are calcined in a tube furnace
(Protherm-Model PTF12/75/200) at 830 °C for 48 hours
with heating and cooling rates of 5 °C/min. The calcined
powders are pelletized into rectangular bars with dimensions
of 10 mm × 4 mm × 2 mm at 300 MPa compaction pres-
sure. These pellets are sintered at 830 °C for 48 hours in the

tube furnace and cooled down to room temperature in air at-
mosphere. The heating and cooling rates of the furnace are
adjusted to be 5 °C/min, respectively. Hereafter, we will use
the abbreviations Ce0, Ce1, Ce2, Ce3, Ce4, Ce5, Ce6 and
Ce7, respectively.

The electrical-resistivity measurements from 5 until
110 K are performed by conventional four-probe method.
The current and potential leads of high-grade copper wires
are connected to the samples with silver paint (to minimize
the contact resistance), obtained by annealing silver paste
at 400 °C for 3 h on the surface of the samples. A Keith-
ley 220 programmable current source and a Keithley 2182A
nano-voltmeter are used for the resistivity measurements.
Furthermore, the resistivity versus temperature measure-
ments are carried out at various applied dc magnetic fields
(0, 0.3, 0.7, 1, 3, 5 and 7 T) at constant deriving current
of 5 mA. The magnetic fields generated from the super-
conducting coil magnet from CRYO Industries are applied
normal to the direction of driving current. These measure-
ments are automated using GPIB interfaced with a PC. All
the data obtained are recorded using the Labview computer
software. The superconducting transition temperatures (Tc)
of the samples are also determined from the magnetore-
sistivity measurements. Moreover, the irreversibility field
(μ0Hirr) and upper critical field (μ0Hc2) are estimated from
the resistivity versus the applied magnetic field curves. As
is well known from literature, at various magnetic fields the
μ0Hirr(T ) and μ0Hc2(T ) are defined as the fields where
the temperature-dependent resistance is R(μ0Hirr, T ) = 0.1
Rn and R(μ0Hc2, T ) = 0.9 Rn, respectively. Here Rn in-
dicates the normal-state resistance of the samples at 100 K
[27–30]. The intercepts of extrapolation of μ0Hirr(T ) and
μ0Hc2(T ) to zero on the temperature axis are taken as the
direct μ0Hirr(0) and μ0Hc2(0), respectively [31]. Addition-
ally, activation energies are calculated using line pinning
model and making linear fits to the low resistivity part of the
transition [32–34].

The crystalline quality and orientations of the samples
studied in this work are determined by X-ray diffractome-
ter (XRD) analysis at room temperature (Rigaku multiflex
diffractometer), using Cu Kα radiation with wavelength of
0.15418 nm and incident angles in the range of 2θ between
3° and 60° at a scan speed of 3°/min and a step increment
of 0.02°. The X-ray tube voltage and the current were 36 kV
and 26 mA, respectively.

The microstructure of freshly fractured surface of the
samples is investigated by a Jeol scanning electron mi-
croscope (JEOL 6390-LV) with an accelerating voltage of
20 kV in the secondary electron image mode. The elemen-
tal analysis of the samples is examined by using an Oxford
X-ray micro-probe analysis (EDX) attached to SEM.
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Fig. 1 XRD patterns of the
Ce0, Ce1, Ce2, Ce3, Ce4, Ce5,
Ce6 and Ce7 samples

3 Results and Discussion

3.1 XRD Analyses

Figure 1 shows the X-ray diffraction patterns between 3°
and 60° for the samples produced in this work. In the dia-
grams, the corresponding (h k l) Miller indices stem from
Bi-2212 phase. It is seen from the figure that all the samples
contain the Bi-2212 phase only and exhibit the polycrys-
talline superconducting phase with less intensity of diffrac-
tion lines with the increase in the Ce doping. Moreover, the
peak intensities of the doped samples are observed to de-
crease regularly and in fact some peaks such as 315, 006 and
3010 are found to disappear completely as the Ce addition
increases, clarifying the suppression of the superconducting
properties of the samples prepared. Further, no secondary
phase containing Ce or any other cation is observed even
up to x = 0.1, confirming the integration of the Ce atoms
into the crystalline structure of the superconductors studied
[35–37].

3.2 SEM Analyses

The surface morphology images of the Ce0-Ce7 samples are
performed by Scanning Electron Microscopy (SEM). Fig-
ure 2a–h illustrates the SEM images of the fractured surface
of the samples prepared with x = 0, 0.001, 0.003, 0.005,
0.01, 0.03, 0.05 and 0.1, respectively. It is apparent from
the figure that the platelet grains linked well in the samples
are degraded with the increase of the Ce addition due to
the random orientation, weak links between the grains, in-
crease in the partial melting, level of impurities, voids, and
porosity corresponded to formation of the smaller plat-like

grains [38]. Besides, SEM image of the Ce0 sample obtain-
ing leafy appearance [39–41] presents a broad grain size dis-
tribution and the best crystallinity in comparison with the
others (Fig. 2a). The surface of the sample is also more uni-
form with better alignment of grains. On the other hand, the
results show that not only do the texturing, the layered grain
growth and grain connectivity suppress but also the average
crystallite size becomes smaller and smaller as the Ce dop-
ing level increases in the Bi-2212 system. In deed, the Ce7
sample has the worst appearance among the doped samples
and there are several voids and signs of partial melting on the
micrograph of the sample. Based on the results of the SEM
investigations, it is found that the surface morphology, grain
connectivity and size of the samples degrade with increasing
the Ce addition.

3.3 EDX Analyses

The elemental composition analyses of the samples were
analytically examined by the electron dispersive X-ray
(EDX). Figure 3 illustrates Bi, Sr, Ca, Cu, O and Ce el-
ement composition mappings taken on the surface of the
Bi1.8Sr2.0Ca1.1Cu2.1Oy and Bi1.8Sr2.0Ce0.1Ca1.1Cu2.1Oy

samples, respectively. According to the figure, no differ-
ences are found to appear between the samples produced
except for Ce peak, presenting that not only do the Ce atoms
added successfully enter into the crystalline structure of the
samples but the elements used for the preparation of samples
distribute homogeneously, as well. Moreover, it can be said
that the Ce atoms might enter into the crystal structure by
replacing Ca atoms due to the decrease of the critical transi-
tion temperature with the increase in the Ce addition [42].
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Fig. 2 SEM micrographs of (a) Ce0, (b) Ce1, (c) Ce2, (d) Ce3, (e) Ce4, (f) Ce5, (g) Ce6, and (h) Ce7 samples
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Fig. 3 EDX analysis for (a) Ce0 and (b) Ce7 sample

Table 1 Zero resistivity transition temperature (K) results of the samples under various applied magnetic fields

Samples T onset
c

(K)
T offset

c (K)

0 T 0.3 T 0.7 T 1 T 3 T 5 T 7 T

Ce0 86.2 79.7 74.6 70.9 66.7 63.7 56.9 53.4

Ce1 85.2 76.4 72.1 68.3 65.1 60.5 54.2 49.6

Ce2 87.3 74.5 69.1 64.4 59.5 54.7 49.1 46.2

Ce3 87.4 71.2 66.2 62.0 56.9 51.9 45.6 42.4

Ce4 88.6 67.3 63.4 59.8 55.4 50.1 44.3 38.1

Ce5 91.2 60.7 54.1 48.9 46.0 42.4 38.1 30.8

Ce6 94.4 56.7 50.5 46.2 42.6 35.8 31.5 26.3

Ce7 91.7 44.6 42.8 37.8 32.3 25.6 18.7 13.6

3.4 Magnetoresistivity Measurements

The temperature dependence of the resistivity at different
applied magnetic fields (0–7 T) for the Ce free and the Ce
doped (Bi, Pb)-2212 samples prepared by the conventional
four-terminal method are measured in the temperature range
10–110 K and the results observed are depicted in Fig. 4. It is
found that all the samples show metallic behavior above crit-
ical transition temperature (Tc) and the Ce0 sample is found
to be less resistive than the Ce doped samples. Moreover, for
all the samples the room temperature (at 300 K) resistivities
derived from R–T plot without any applied magnetic field
increase systematically with the increase of the Ce addition.
The resistivity is found to be about 4.57 m� cm (minimum)
for the Ce0 and 23.4 m� cm (maximum) for the Ce7 sam-
ple. Furthermore, the zero resistivity transition temperatures
(R = 0 �) of the samples are given in Table 1. It is clear
from the table that at zero magnetic field (μ0H = 0) the
critical transition temperature (Tc) gradually decreases from
79.7 K to 44.6 K with increasing the Ce addition. In par-
ticular, the considerable decrement in the Tc values of the
Ce5, Ce6 and Ce7 samples is observed (Fig. 4). This decre-
ment results from the decrease in the number of charge car-
riers in the sample [43]. In other words, when the Ce atoms

are doped into the samples the number of charge carriers
decreases. Hence, the superconducting properties are sup-
pressed and the Tc of the samples reduces as the Ce addition
increases.

In addition, we examine the change of the transition tem-
perature of the samples prepared under the applied magnetic
field up to 7 T (Fig. 4). The data obtained are tabulated
in Table 1. It is found that the Tc value systematically re-
duces with the increase in the applied magnetic field. The Tc

of the pure sample is determined to be about 53.4 K while
that of the Ce7 is found to be about 13.6 K at 7 T applied
magnetic field. The decrement in the Tc value is found to
be about 26.3 K for the Ce0 and 31.0 K for the Ce7 sam-
ple. According to the results of magnetoresistivity measure-
ments, the zero resistivity transition temperature of the sam-
ples studied in this work is found to decrease dramatically
with increasing both the Ce doping and applied magnetic
field.

Furthermore, as well known from the literature, the mag-
netic field mostly affects the intergranular coupling of the
cuprate superconductor materials, thus whereas the onset
critical temperature (T onset

c ) values of a sample do not
change significantly, the offset critical temperature (T offset

c )
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Fig. 4 ρ–T graphs of the samples at various magnetic field (0–7 T)
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Fig. 5 lnρ/ρ0 versus 1/T graphs of the samples. The activation energies of the samples are determined from the slopes of the linear parts of the
low resistivity region
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Table 2 Activation-energy and β values of the samples

Samples Activation energies (K) β

values0 T 0.3 T 0.7 T 1 T 3 T 5 T 7 T

Ce0 6404 5440 2655 2071 1384 1035 900 0.529

Ce1 3740 2910 2267 1746 1052 851 719 0.457

Ce2 3112 2345 1680 1353 951 773 621 0.405

Ce3 2582 1973 1331 1194 799 703 581 0.370

Ce4 1791 1260 886 704 541 469 398 0.346

Ce5 1060 763 502 465 439 308 228 0.321

Ce6 572 407 286 243 197 171 167 0.274

Ce7 385 230 146 124 105 95 92 0.267

values decrease drastically with the applied magnetic field
due to the motion of fluxons [44, 45]. In this study, the vari-
ation of 	Tc(T

onset
c − T offset

c ) is found to increase with the
increase of the applied magnetic field affecting dramatically
on the broadening of the resistive transition of the samples.
At 7 T applied magnetic filed, the minimum 	Tc is observed
to be about 32.8 K for pure sample, the maximum one is
obtained to be about 78.1 K for the Ce7 sample (Table 1).
Based on the results, the Tc value of the samples studied
in this work is obtained to decrease considerably with the
increase of both the Ce doping and applied magnetic field,
associated with the increase of the flux pinning force in the
sample [46, 47]. In other words, the pinning ability of the
undoped sample is stronger than that of others, confirming
the presence of impurities and weak links between the su-
perconducting grains [48].

3.5 Activation Energy

Activation energy, U0, plays an important role as the poten-
tial energy barrier to keep the magnetic flux in pinning cen-
ter. The results of magnetoresistivity measurements are use-
ful tool to determine the magnetic field dependence of the
effective activation energy. As well known from the litera-
ture, thermally assisted flux flow (TAFF) is an essential dis-
sipation mechanism leading to a long resistive tail [49–51]
for the temperatures below the superconducting transition
temperature. Therefore, in this study the transport mea-
surements are performed instead of magnetic measurements
such as magnetization hysteresis and magnetic critical cur-
rent density measurements due to the widening of the mag-
netic translation, resulting in more accurate values of acti-
vation energy. The activation-energy values of the samples
studied are computed with the aid of the line pinning model
by making linear fits to the low resistivity part of the transi-
tion [34]. Namely, the variation of logarithmic resistivity as
a function of the reciprocal of temperature for the samples at
different applied magnetic fields is plotted and the activation
energies are determined from the slope of the linear part of

Fig. 6 The change of the activation-energy values of the samples with
the applied magnetic field up to 7 T

the low resistivity region of Arrhenius graphs [52, 53] de-
picted in Fig. 5. The results deduced from the semi logarith-
mic Arrhenius plots of Fig. 5 show an exponential depen-
dence of ρ with 1/T , confirming that the energy dissipation
is due to the thermal activation of flux across the pinning
barrier. The current-independent resistivity can be described
by Arrhenius law, [54–61] ρ = ρ0 exp(−U0/kBT ), where
U0 is the activation energy, kB is the universal Boltzmann’s
constant and ρ0 is a field-independent pre-exponential fac-
tor. For all the samples, the activation energies determined
are given in Table 2. As seen from the table, the activation
energies of the samples decrease as both the Ce addition and
the applied magnetic field increase. The activation-energy
value of the Ce0 sample is calculated to be about 6404 K
(maximum value) whereas that of Ce7 is found to be about
285 K (minimum value) at zero magnetic field. When a 7 T
magnetic field is applied to the sample, the activation-energy
value is obtained to be about 921 K and 92 K for Ce0 and
Ce7, respectively. Moreover, Fig. 6 presents the change of
the activation-energy value of the samples with the applied
magnetic field up to 7 T. It is apparent from the figure that
while there is a sharply decrease in the energy value of Ce0
with the increase of the applied magnetic field, the energy
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change of the Ce7 sample is least among the other samples.
Based on these results, the Ce doping and applied field de-
pendence of the activation energy may be consistent with the
porosity, grain misorientations and weak links between the
superconducting grains in the samples, supporting the re-
sults of the microstructural investigations. Additionally, we
investigate the field dependence of the activation energy of
the samples by means of the log–log plot of activation en-
ergy versus applied magnetic field (Fig. 7). The relation is
observed to be linear as given in the figure and the field
dependence of the activation energy can be described by a
power law:

U(H)αH−β (1)

When the data obtained from the measurements are fitted
to (1), the β values are found to change in a range of 0.269–
0.529 (Table 2). The minimum β value is found to be about
0.267 for the Ce7 sample while the maximum value is ob-
served to be about 0.529 for the pure sample, confirming that
the activation energy is related to the plastic deformation of

Fig. 7 Applied magnetic field dependence of activation energy U for
the samples. (The lines are guides for the eye)

flux line lattice at dislocations, similar to the thermally ac-
tivated motion of edge dislocations in crystals [62–64]. In
the literature, for the BSCCO-2212 system [65, 66] and the
BSCCO-2223 system [50, 51, 67], the field dependence of
the activation energy is obtained to be about 0.5.

3.6 Irreversibility and Upper Critical Field

The temperature dependences of the irreversibility field
(μ0Hirr) and upper critical field (μ0Hc2) calculated for all
the samples are presented in Fig. 8. It is clear from the fig-
ure that the μ0Hirr and μ0Hc2 curves of the samples shift to
lower temperatures as the Ce addition increases. These cal-
culated values are also noted to increase with the decrease in
the temperature. Moreover, the extrapolation of the curve at
absolute zero temperature (T = 0 K) is used to calculate the
μ0Hirr(0) and μ0Hc2(0) values of the materials [68]. The
data obtained are given in Fig. 9. As seen from the figure,
the μ0Hirr(0) values are observed to decrease 82 T to 12 T;
similarly, the μ0Hc2(0) values calculated are found to re-
duce from 22 T to 9 T with the increase of the Ce addition
(Table 3), indicating that the Ce doping in the Bi-2212 sys-
tem degrades both the pinning abilities and superconducting
properties of the samples, which also supports the results
of the XRD and SEM measurements. Moreover, coherence
length (ξ ) and penetration depth (λ) are important param-
eters for superconductivity and the direct determination of
these parameters is a difficult task. However, the ξ and λ

values at zero absolute temperature can be calculated from
the upper critical magnetic field and irreversibility field, re-
spectively. The coherence length ξ(0) and penetration depth
λ(0) at T = 0 K are defined by

ξ(T ) =
[

φ0

2πμ0Hc2(T )

] 1
2

and

λ(T ) =
[

φ0

2πμ0Hirr(T )

] 1
2

(2)

Fig. 8 Left panel: the temperature dependences of the irreversibility field (μ0Hirr) and right panel: the temperature dependences of the upper
critical field (μ0Hc2)
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Fig. 9 The variation of μ0Hirr and μ0Hc2 with the Ce doping level in
Bi-2212 system

Table 3 Irreversibility field, upper critical field, coherence length and
penetration depth values of the samples at absolute zero temperature
(T = 0)

Samples μ0Hirr(0) μ0Hc2(0) ξ(0) λ(0)

Ce0 82.115 22.272 20.035 38.470

Ce1 77.644 21.260 20.604 39.375

Ce2 51.711 18.308 25.247 42.431

Ce3 38.454 16.961 29.278 44.085

Ce4 34.351 16.309 30.977 44.957

Ce5 27.893 14.382 34.376 47.874

Ce6 18.690 11.418 41.995 53.729

Ce7 11.913 9.443 52.601 59.083

where φ0 = 2.07 × 10−15 T m2. The ξ(0) and λ(0) values
calculated from (2) are listed in Table 3. It is apparent from
the table that the penetration depth values are obtained to in-

crease from 38.740 Ǻ to 59.083 Ǻ, likewise, the coherence
lengths are observed to enhance from 20.035 Ǻ to 52.601 Ǻ
with the increase of the Ce addition in the system, pointing
out that the doping is away from the optimum level con-
tinually and the physical quantities of the superconducting
materials degrade gradually [69, 70].

4 Conclusion

In this study, the role of Ce addition on the microstructural,
superconducting and physical properties of Bi1.8Sr2.0Ce0.1

Ca1.1Cu2.1Oy ceramics is examined by means of XRD,
SEM, EDX and magnetoresistivity measurements. The im-
portant physical properties of the samples such as Tc, U0,
μ0Hirr, μ0Hc2, λ and ξ values are deduced from the R–T

curves under dc magnetic fields up to 7 T. According to the
results, the peak intensities of the doped samples decrease
regularly and some peaks disappear completely with the in-

crease of the Ce doping. Moreover, not only do the textur-
ing, the layered grain growth and grain connectivity of the
samples get suppressed with the increase of the Ce addition
but the pure sample also obtains the broadest grain size dis-
tribution and the best crystallinity in comparison with the
others. In addition, the Tc and U0 values considerably re-
duce with the increase in the Ce doping and applied mag-
netic field. The minimum Tc of 14 K and U0 of 92 K at
7 T applied magnetic field are obtained for Ce7 sample.
Furthermore, the ξ and λ values theoretically calculated

are observed to increase from 20.035 Ǻ to 52.601 Ǻ and
38.740 Ǻ to 59.083 Ǻ, respectively. Based on these results,
the microstructural, superconducting and physical proper-
ties of the Bi-2212 superconductor ceramics prepared in this
work are found to decrease with the increase in the Ce addi-
tion.
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