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Abstract
The role of Gd addition in the  Bi1.6Pb0.4Sr2Ca3GdxCu4Oy (x = 0.0, 0.1, 0.2, 0.3 and 0.4) system was examined by X-ray 
powder diffraction, scanning electron microscopy, critical current density (Jc) and magneto-transport measurements. The 
samples were fabricated by the conventional solid state reaction method. The analysis showed that the critical temperature 
(Tc) and hole number (p) of the materials decreased while the room temperature resistances increased with the addition of 
Gd. The resistance–temperature dependence for the low-resistance regions of the transition can be determined by the ther-
mally activated flux flow model. The upper critical field [Hc2(T)] values calculated by using this model decreased with the 
addition of Gd. Furthermore, it was observed that the activation energy (U0) decreased both with the increase in the amount 
of Gd and applied magnetic field. The degradation of the superconducting properties of the samples may be related to the 
alteration of the structural, electronic and magnetic properties of the materials depending on the presence of the Gd ions. 
As a result, the decrease in the number of holes and the magnetic properties of Gd ions are thought to be the fundamental 
reasons for the deterioration of the superconducting properties of the materials. It has been observed that Gd additions from 
the microstructure studies of the materials affected the surface morphology negatively.

1 Introduction

Many research groups around the world have been working 
extensively on high-temperature superconductors, discov-
ered in 1987 and 1988 (especially YBCO (Tc = 93 K) [1] 
and BSCCO (Tc = 110 K) [2]), so that they can be used in 
practice.

(Bi,Pb)2Sr2Ca2Cu3O10+δ (Bi-2223) phase appears to be 
one of the technologically most important high Tc phases in 
the Bi–Sr–Ca–Cu–O system, although it is difficult to pre-
pare in pure form. It has been observed that partial displace-
ment of bismuth (Bi) and lead (Pb) improves the preparation 
of almost single phase 2223 sample and causes an increase 
in Tc [3–5]. The partial substitution of Bi with Pb takes place 
in the general formula  Bi2−xPbxSr2Ca2Cu3Oδ where the opti-
mum amount of Pb (x) is between 0.3 and 0.4 [6–8]. It has 
been reported that bismuth substitution with lead leads to 
more stable material formation and high-Tc phase formation 
[9]. The  Ca2PbO4 phase formed during the heat treatment 

process also plays an important role in the formation of the 
high-Tc phase [10–13]. Various production techniques have 
been reported to improve the Bi-based superconductors 
[14–20].

The Bi-2223 phase requires an initial powder with a high 
density [21]. Unfortunately, this density easily dissipates 
during the heat treatment. The heat treatment of Bi-2223 is 
a long-term process that must be applied carefully. Other-
wise, the sample can be separated into Bi-2212 phase, which 
is the second phase [2].

One of the methods used to improve the critical param-
eters (Tc, Jc, Hc, etc.) of superconducting samples is to make 
doping or adding [22–24]. The effects on the superconduct-
ing properties of rare earth element addition to the BSCCO 
superconductor have been a major concern for technologi-
cal applications. The reason for this is that the doping is 
an effective method for improving the structural, transport, 
superconducting and flux pinning properties that allow 
Bi-based superconductors to be suitable for application at 
higher temperatures and magnetic fields. Rare earth elements 
have an incomplete inner shell, different magnetic moments 
and different ionic radii. For this reason, they are of great 
importance as an additive material for studying the physical 
properties of high temperature superconductors. Numerous 
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reports on the effect of different elements of lanthanides 
series (La, Ce, Pr, Nd, Sm, Eu, Dy, Ho…) on the Ca or Sr 
site of the Bi-2223 phase are presented. The use of rare earth 
elements instead of Ca in Bi-2223 system is very interesting. 
Because, these additions lead to structural stability and help 
to understand the structure and diversity of charge carriers. 
Although many of the previous studies have developed the 
structural stability of Bi-2223 systems of cation substitute, 
superconducting properties such as  Tc have been shown to 
suppress as the amount of addition increases. In this work, 
the effects of critical parameters on the Bi-2223 phase were 
investigated by adding Gd. Gadolinium has been reported to 
improve the lateral levitation force due to its magnetic prop-
erties [25]. For this reason, structural and magneto transport 
effects of Gd addition to BSCCO superconductor were inves-
tigated. The samples were characterized by X-ray diffraction, 
scanning electron microscopy, critical current density and 
magneto resistance measurements.

2  Experimental procedure

The pristine  (Bi1.6Pb0.4Sr2Ca3Cu4Oδ) and Gd-added 
 (Bi1.6Pb0.4Sr2GdxCa3Cu4Oδ, x = 0.1, 0.2, 0.3 and 0.4) sam-
ples were prepared by the conventional solid state reaction 
method. As the samples were prepared, high purity bismuth 
oxide  (Bi2O3), lead oxide (PbO), strontium oxide (SrO), cal-
cium oxide (CaO), gadolinium oxide  (Gd2O3) and copper 
oxide (CuO) were used as starting powder. First, the starting 
powders were weighed accurately according to the stoichio-
metric ratio. Then, the powders were homogenously mixed 
and ground using an agate mortar and pestle for 30 min. 
After grinding, the powders were calcined for 12 h in air 
at 700 and 800 °C, respectively. Between each calcination 
process, the powders were subjected to intermediate grinding 
for 30 min. The resulting powder was then pressed into the 
pellet. Finally, the pellets were sintered for 120 h at 845 °C in 
air. Samples prepared with different Gd addition with x = 0, 
0.1, 0.2, 0.3 and 0.4 in  Bi1.6Pb0.4Sr2GdxCa3Cu4Oδ will be 
denoted as Gd00, Gd01, Gd02, Gd03 and Gd04, respectively.

Phase analysis of all the samples was performed with 
X-ray powder diffraction (Bruker D8 Advance XRD instru-
ment). The lattice parameters of the fabricated samples 
were determined with PDF Diffrac Plus 2000 and Whatfor 
analysis program. The size, shape and microstructure of the 
particles were observed through the images of the samples 
taken by scanning electron microscopy (JEOL JSM 7600F). 
The critical temperature (Tc) was found from the DC mag-
netization measurements (M–T) of the samples. In addition, 
the critical current density (Jc) was theoretically calculated 
by using Bean critical state model from the width of M–H 
curves [26]. The electrical resistivity of the samples is meas-
ured by the standard four-probe technique in closed cycle 

refrigerator within the range of (10–300 K). In addition, the 
upper critical field (Hc2) and irreversibility field (Hirr) were 
also determined by the magneto resistance measurements.

3  Results and discussion

X-ray diffraction data were taken with Cu-Kα radiation at 
2θ = 20°–60° with a scan speed of 3°/min and a step increase 
of 0.02° at room temperature. The XRD patterns of all 
samples are shown in Fig. 1. From the XRD analysis it is 
seen that the main phase is Bi-2223 in all samples and that 
some of these peaks belong to the phase Bi-2212. It was 
observed that the intensity of the peaks corresponding to 
the Bi-2223 phase increased until x ≥ 0.3 and decreased after 
this value. Assuming that the phases Bi-2223 and Bi-2212 
have orthorhombic symmetry, the lattice parameters a, b 
and c were calculated using the d values and (hkl) param-
eters and are shown in Table 1. These calculations were per-
formed with the help of the Whatfor analysis program and 
data from XRD measurements. A uniform distribution in the 
lattice parameters was not observed with increasing amount 
of Gd. Compared to the ionic radius of  Gd3+ (0.97 Å) with 

Fig. 1  X-ray diffraction pattern of all the samples

Table 1  Lattice parameters of 
all samples

Sample a (Å) b (Å) c (Å)

Gd00 5.428 5.453 36.989
Gd01 5.447 5.443 36.687
Gd02 5.446 5.443 36.566
Gd03 5.465 5.469 36.609
Gd04 5.470 5.456 36.547
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 Bi3+ (0.96 Å),  Sr2+ (1.12 Å) and  Ca2+ (0.99 Å), Gd ions can 
replace any of these elements. Nevertheless, substitution of 
 Gd3+ for  Bi3+ does not significantly change the supercon-
ducting properties.

The surface morphology of the pristine and added sam-
ples was examined by SEM. Figure 2 shows surface images 
for all samples. The microstructure of the pure sample is 
significantly different from the additive samples. With 
increasing Gd addition, the grain connectivity of the mate-
rials appears to be getting worse. As the grains are better 
oriented, the surface of the pure sample is smoother. The 
greater the amount of Gd-added samples are, the smaller the 
grain size is. SEM images of Gd00 and Gd01 exhibit better 
crystallization compared to other samples, and Gd00 is the 
best. Within these five samples, the worst surface morphol-
ogy belongs to the Gd04 sample. It is thought that the reason 
for this is caused by the voids in the material, and the melts 
in the process of heat treatment. Scanning electron micros-
copy results indicate that the microstructure of the materials 
is degraded by Gd addition.

Critical temperatures of all samples (Tc) were deter-
mined by both dc resistance and magnetization measure-
ments. First, we focused on the results obtained from the 

magnetization (M–T) measurements. Figure 3 shows the 
magnetization curves of all samples as a function of the 
temperature.

All materials exhibit diamagnetic behaviors, which is char-
acteristic of superconductors. As the amount of Gd increases, 

Fig. 2  Scanning electron micrographs of a Gd00, b Gd01, c Gd02, d Gd03 and e Gd04

Fig. 3  Magnetization versus temperature M(T) for all the samples
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the transition temperatures decrease. Depending on the amount 
of Gd in the materials, the transition temperatures range from 
80 to 105 K. These values indicate that there is a high-Tc phase 
in the samples as well as a low-Tc phase. The critical transition 
temperatures (Tc) obtained from the magnetization curves of 
the samples are given in Table 1.

The variation of the critical temperature (Tc) with the 
amount of Gd (x) is shown in Fig. 4. It has been observed that 
critical temperature values have decreased while x increased. 
This reduction is thought to be related to the Bi-2212 phase 
exists in the samples.

Considering the magnetization behavior of the materials, 
Bi-2212 phase appears to influence the properties of Bi-2223 
phase. This is one of the reasons for the reduction of the criti-
cal temperature of the materials.

In low temperature superconductors, the Tc increases mono-
tonically with an increase in the number of charge carriers 
[Tc(p) ∞ p]. On the other hand, in cuprate superconductors, 
this dependence is not monotonic. It is known that there is 
a parabolic relationship between the critical temperature and 
the number of holes. Number of holes is calculated using the 
following equation [27].

In this equation, Tc
max is the maximum critical temperature 

for a given compound. For high temperature superconductors, 
superconductivity occurs when p value is between 0.05 and 
0.27. The number of holes (p) are calculated via the following 
relation:

(1)
Tc

Tmax
c

= 1 − 82.6 (p − 0.16)2

(2)p = 0.16 −

⎡⎢⎢⎢⎣

�
1 −

Tc

Tmax
c

�

82.6

⎤⎥⎥⎥⎦

1∕2

where Tc
max is taken as 110 K for the (Bi, Pb)-2223 sys-

tem [27]. The p values for pure Bi-2223 have been reported 
to vary from 0.116 to 0.160 [28]. In Fig. 5, the relationship 
between Tc and p appears to be almost parabolic. The Tc of 
high-Tc superconducting materials varies depending on the 
hole concentration of  CuO2 plane. Therefore, the critical 
temperature of added materials decreases with decreasing 
hole concentration.

The number of holes decreased from 0.136 to 0.103 due 
to the increase in Gd and the decrease in Tc. This is thought 
to be due to the deterioration of the intergranular connectiv-
ity of the samples. Figure 6 shows that the number of holes 
decreases with increasing Gd addition. It is seen that the 
number of holes of pure material is larger when compared 
with the additive materials. This is a consequence of the deg-
radation of the superconducting parameters of the materials.

Fig. 4  The variation of critical temperature with Gd amount

Fig. 5  Superconducting transition temperature versus hole concentra-
tion

Fig. 6  Carrier hole concentration versus Gd amount of the samples
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To determine the critical temperature (Tc), resistiv-
ity measurements were also performed as a function of 
the temperature in the range of 10–300 K. Figure 7 shows 
the resistivity measurements of all samples as a function 
of temperature. The critical temperature (Tc) values are 
shown in Table 2. The Tc value of pure sample was 105 K, 
while this value of Gd04 decreased to 67 K. Simon et al. 
[29] and Kishore et al. [30] similarly reported a decrease 
in the critical temperature of our results. It was also found 
that the room temperature resistivity value increased from 
11.23 mΩ cm for Gd00 to 55.45 mΩ cm for Gd04. In this 
study, it is thought that some of the added Gd is located at 
grain boundaries, as shown by an increase in room tempera-
ture resistivity, while the rest may be replaced by calcium 
or strontium site in the  Bi1.6Pb0.4Sr2Ca3Cu4Oδ system [31].

The upper critical field (Hc2), the irreversibility field (Hirr) 
and the activation energies (U0) of the samples were deter-
mined from resistivity–temperature (ρ–T) curves under mag-
netic fields up to 5 T. Magnetoresistance measurements were 
carried out at 0, 1, 3 and 5 T. The magnetic field was applied 
perpendicular to the current flow direction. The Hc2(T) and 
Hirr(T) are defined as the fields in the temperature-dependent 
resistance under constant magnetic field and are expressed 
by the following equations [32, 33]:

(3)R
(
Hc2, T

)
= 0.9Rn

(4)R
(
Hirr, T

)
= 0.1Rn

In these equations, Rn is defined as the normal state resist-
ance at 110 K. Figure 8 shows the temperature dependence 
of normalized resistance under the applied magnetic fields 
for all materials. The resistances of all materials were nor-
malized at 120 K. Tzero

c
 of all materials under several applied 

magnetic field values are given in Table 2. In non-magnetic 
field measurements, the Tzero

c
 values of the samples decreased 

with an increase in Gd amount. Due to the addition of Gd, 
it is considered that there is a direct correlation between the 
decrease in the transition temperature and the decrease in the 
number of holes [34].

The Tc value of the Bi-2223 phase relies on the density of 
the mobile charge carriers in the  CuO2 plane and the average 
Cu value consequently [35]. The displacement of  Ca2+ ions 
with  Gd3+ ions is associated with a decrease in Cu valence 
[36, 37]. As a consequence, it is anticipated that Tc decreases 
with increasing amount of Gd. Compared with pure material, 
it has been observed that the transition in the doped materials 
is widening. This implies that both impurities and weak bonds 
exist between the superconducting particles.

In magnetoresistance measurements, as the magnetic field 
increases, the Toffset

c  values of all samples decrease monotoni-
cally. As the applied magnetic field increases, the expansion 
of the transition is seen to increase even more. In magnetic 
measurements, the bond between the particles of the materi-
als is sensitive to the applied magnetic field. The resistivity 
measurements in the applied magnetic fields show that the 
Tonset
c

 values do not shift considerably with the magnetic field 
[38]. However, Toffset

c  values are dramatically reduced with the 
applied magnetic field. The basic mechanism of loss in the 
magnetic field is due to the motion of the flux lines [39].

The activation energy was calculated based on the applied 
magnetic field and Gd addition. To do this, resistive transi-
tion data are used under applied magnetic fields. To deter-
mine the magnetic field dependence of the activation energy, 
resistance–temperature measurements were performed under 
different magnetic fields. At temperatures below Tc, TAFF is 
a significant loss mechanism that occurs during the resistive 
transition [40–43].

Transport measurements can be made to obtain more sensi-
tive values of the activation energy. Because one of the param-
eters affecting the value of activation energy in magnetic meas-
urements is the expansion of the transition [34, 44]. Activation 
energies are calculated using linear fitting of the low-resistance 
region of the transition [40, 45]. The activation energy (U0) 
is found by the slope of the linear part of the low-resistance 
region in the ln ρ–1/T graph. These graphs are shown in Fig. 9 
for all samples. The resistivity ρ is supposed to have the fol-
lowing equation:

(5)�(T) = �0 exp

(
−

U0

kBT

)

Fig. 7  Temperature dependence of resistivities in all samples

Table 2  The Tzero

c
 (K) of the 

samples under several magnetic 
fields

Samples 0 T 1 T 3 T 5 T

Gd00 105 72 60 56
Gd01 75 48 39 35
Gd02 74 45 36 32
Gd03 72 37 29 27
Gd04 67 30 24 22
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In this equation, ρ0 is the pre-exponential factor, U0 is 
the activation energy and kB is the Boltzmann constant. 
The U0 values which are calculated using this equation are 
given in Table 3. When the values in the table are exam-
ined, it is seen that the activation energy is decreased by 
the increase of the Gd addition and the applied magnetic 
field. Similar results have also been reported in [46, 47].

In order to examine the field dependence of the acti-
vation energy, a log–log graph of the activation energy 
against the applied magnetic field is plotted in Fig. 10. 
The relationship between the activation energy and the 
magnetic field is linear, as is clear from the diagram.

The behavior of the calculated Hc2 and Hirr against the 
temperature is given in Fig. 11. The Hc2 and Hirr values 
were recorded at lower temperatures with an increase in the 
amount of Gd. This result implies that the superconduct-
ing properties of the materials deteriorate with Gd addition. 
From the point of view of the irreversibility field, it appears 
that the pure sample has better properties. This behavior of 
the irreversibility field with Gd addition shows that it dete-
riorates the pinning properties of the materials. This situ-
ation is also in agreement with the activation energy data.

The field dependence of the calculated critical cur-
rent densities (Jc) using the Bean critical state model [26] 

Fig. 8  a–e Temperature dependence of normalized resistance for all samples at various magnetic fields
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from the width of M–H curves is shown in Fig. 12. Among 
all samples, pure (Gd00) sample presented the best Jc–B 
properties. It was observed that the critical current density 
decreased considerably with the increase of the amount 
of Gd. As more grain boundaries have weaker link in the 

Gd-added sample, it is thought that the self-field Jc of these 
samples decreases.

The Jc values of the pure and Gd-added samples at self-
field and 8 T magnetic field are given in Table 4. It was 
seen that the self-field Jc decreased systematically with an 

Fig. 9  ln ρ–1/T curves of all samples



16164 Journal of Materials Science: Materials in Electronics (2018) 29:16157–16165

1 3

increase in Gd amount. This behaviour can be explained by 
the superconducting volume deterioration in the samples. 
From the XRD data, all the samples show the presence of 
Bi-2223 phase with small amounts of Bi-2212 phase sup-
porting this behaviour.

4  Conclusion

In this study, gadolinium, a rare earth element, was added 
to BSCCO superconductor, and the effects of this addi-
tion on the structural, electrical and magnetic properties 
of superconductor were investigated in detail. The results 
obtained in this study are summarized below.

Our investigations have shown that Gd addition weak-
ens the link of the grains and causes to deteriorate the 
microstructure and superconducting properties of the sam-
ples. When the Gd added samples were compared with the 
pure sample, the following results were obtained:

1) The surface morphology of the microstructure was dete-
riorated.

2) Conversion to the Bi-2223 phase was prevented.
3) The critical temperature has decreased.
4) Room temperature resistance increased.
5) It was observed that the activation energy (U0) decreased 

with the increase in the addition of Gd and applied mag-
netic field.

6) Gd addition reduced the calculated Hc2(T) values.
7) Both  Jc and hole number were decreased.

The deterioration of the superconducting properties due 
to the presence of Gd ions is related to both decreasing 
percentage of high Tc phase and change of the electronic 
properties of grain boundaries. It is considered that both 
the structural and transport properties of the materials 
deteriorate because of the reduction of the hole concen-
tration by substitution of Ca and Gd ions, and the magnetic 
characteristics of Gd ions.

Table 3  Activation energies of 
the samples (K)

Samples Activation energy (K)

0 T 1 T 3 T 5 T

Gd00 5838 651 395 330
Gd01 435 226 161 133
Gd02 373 205 133 107
Gd03 367 148 100 79
Gd04 314 98 68 60

Fig. 10  The magnetic field dependence of the activation energy of the 
samples

Fig. 11  a The temperature dependence of the upper critical magnetic field (Hc2), b the temperature dependence of the irreversibility field (Hirr)
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Fig. 12  Critical current densities of all samples at 20 K as a function 
of applied field

Table 4  The  Jc values of the pure and Gd-added samples

Samples Self field  Jc (A/cm2) 8 T  Jc (A/cm2)

Gd00 2.5 ×  104 9.5 ×  102

Gd01 7.8 ×  103 1.7 ×  102

Gd02 4.6 ×  103 3.1 ×  102

Gd03 2.5 ×  103 4.2 ×  102

Gd04 1.5 ×  103 7 ×  102
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