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Abstract This study reports the effect of Gd addition on
magnetic and structural properties of Bi1.8Pb0.35Sr1.9Ca2.1

Cu3GdxOy superconductor with x = 0, 0.1, 0.2, 0.3, 0.4 and
0.5 by means of ac susceptibility measurements at various ac
fields (ranging from 270 to 1352 A/m) and scanning electron
microscopy (SEM) images. Critical onset (T on

c ) and loss
peak temperatures (Tp) were qualitatively estimated from
the ac susceptibility curves. The peak temperature at zero ac-
magnetic field (Tp0) and intergrain critical current densities
(Jc) were theoretically calculated from the ac susceptibil-
ity plots via the critical state models. The results show that
peak temperatures and critical current densities were found
to decrease with increasing Gd addition. Moreover, using
a self-field approximation together with Jc dependence on
temperature, the characteristic length (Lc) associated with
the pinning force is estimated to be approximately the same
as the average grain size (Rg) of the pinning center because
of the linear decrease in Jc with increasing temperature. Sur-
face morphology and grain connectivity of the samples were
also obtained to degrade with increase in the Gd addition
from SEM investigations.
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1 Introduction

Researches on Bi-based superconductors Bi2Sr2Can − 1

CunOx (n = 1,2,3) discovered by Maeda et al. [1] in-
crease [2–7] day by day owing to the fact that the interest
in both the fundamental research and applications in tech-
nology and industry of these materials in the last decades
stems from their remarkable smaller power losses, high cur-
rent and magnetic field carrying capacity, optical and elec-
tronic properties [8–11]. For years, researchers have tried to
improve their superconducting properties by using several
techniques [12–20]. The improvement of the critical current
density means the enhancement of trapped flux in the su-
perconductor material [21, 22] and single domain structure
[23, 24]. Likewise, the increase in the critical temperature
means the enhancement of average Cu valency, and so the
density of mobile holes in the CuO2 planes [25] containing
the magnetic Cu2+ ions probably improve the superconduc-
tivity [26]. However, these techniques may sometimes cause
to decrease the number of charge carriers (either holes or
electrons) in the sample and thus the superconducting prop-
erties might be suppressed. To illustrate, when the Ca2+ ions
are replaced by Gd3+ ions, the formal Cu valence will de-
crease [27], hence Tc of the material will tend to decrease.
As can be understood, the replacement of Ca2+ by Gd3+
ions decreases the density of mobile holes in the CuO2 and
degrades the superconductivity. In this study, the effect of
concentration of Gd3+ ions on structural and magnetic prop-
erties of Bi-2223 superconductor was clearly pointed out by
ac susceptibility measurements (χ ′ and χ ′′). These mea-
surements, covering the dynamic response of superconduct-
ing materials since the contactless measurements of speci-
men susceptibility, show detailed information on supercon-
ducting properties such as critical current density, pinning
strength, flux creep, activation energy and volume fraction
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of grains. T on
c , Tp, Tp0 and Jc were determined using critical

state models [28–33]. The results show that the supercon-
ducting properties of the samples were found to decrease
with increasing Gd addition. Moreover, using a self-field
approximation together with Jc dependence on temperature
[34, 35], the characteristic length (Lc) associated with the
pinning force in relation to the average grain size (Rg) of the
samples is estimated. Surface morphology and grain connec-
tivity of the samples were also interpreted by SEM investi-
gations. Based on the results, superconducting parameters,
morphology and grain connectivity of the samples degrade
with increasing Gd content.

2 Experimental Details

The starting materials in this work were commercially avail-
able powders of Bi2O3, PbO, SrCO3, CaCO3, CuO and
Gd2O3 (Alfaaesar Co., Ltd. 99.9% purity). Superconducting
Bi2Pb1Sr2Ca2.2Cu3.2Ox materials were prepared by the
standard solid-state reaction method. These oxides and car-
bonates were weighed in stoichiometric proportion and
mixed in a grinding machine for 24 hours to obtain homo-
geneous mixture. After milling process, the homogeneous
mixture of powders was subjected to calcination process
at 800 ◦C for 24 hours in a furnace at 10 ◦C per minute
heating rate. After calcinations process, the resultant pow-
der was pressed into rectangular bars with dimensions of
10 mm × 4 mm × 2 mm at 330 MPa. The sintering process
was carried out at 830 ◦C for 48 hours in the tube furnace
with different Gd additions of x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 in
Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy . The heating and cooling
rates of the tube furnace were chosen to be 10 and 3 ◦C/min,
respectively. Hereafter, we will use the abbreviations Gd0,
Gd1, Gd2, Gd3, Gd4 and Gd5, respectively. All the calcina-
tions and sintering processes of the samples were performed
by using a programmable tube furnace (Protherm-Model
PTF 12/75/200). For comparison, an undoped sample was
also subjected to the same annealing conditions.

The ac susceptibility measurements on the samples were
performed using a home-made susceptometer and a lock-
in amplifier (Stanford Research SR850) as was seen in
Ref. [36]. The susceptometer consists of a drive coil to ap-
ply ac magnetic field, a thermocouple to measure the tem-
perature and a heater to heat the sample from 4 to 120 K.
The heater was wounded with doubled wire to eliminate
the magnetic field contribution. The temperature measure-
ment was performed by Cu-constantan thermocouple, which
was in contact with the sample. The uncertainty of tempera-
ture measurements was found to be about 0.02 K. The sam-
ple was placed in a vacuum-sealed Pyrex tube, which was
then evacuated by a vacuum pump. Following the evacua-
tion, He gas was transferred into the Pyrex tube as heat ex-
change medium. Pressure of He gas was about 1 bar. The

measurements started at 4 K with heating rate of 1 K/min
in the temperature range 4–120 K. We used ac field ampli-
tudes of 270, 540, 811, 1082 and 1352 A/m and we fixed
frequency at 1000 Hz. At the completion of each measure-
ment, the applied magnetic field was removed at 125 K in
order to reduce the trapped field in the sample. Lake Shore
332S-T1 temperature controller was used for temperature
sweeping. Susceptibility data taken from lock-in amplifier
were recorded using the Labview computer software. More-
over, Tegam, model 73, precision ratio transformer was used
as an amplifier because of the fact that the signal generated
was very weak. Structural characterization was also per-
formed by Scanning Electron Microscopy (JEOL 6390-LV).
Based on the scanning electron micrographs, we estimated
the average grain size of the samples.

3 Results and Discussion

3.1 Ac Susceptibility and Intergranular Peak Temperature

As it is well known from literature, ac susceptibility mea-
surements are a strong tool to infer information about the
diamagnetic onset temperature, flux dynamics and surface
shielding of the materials [37]. In this respect, χ ′–T curve
of a high-Tc sample shows the diamagnetic onset temper-
ature and shielding fraction of the superconducting phases
whereas the χ ′′–T curve presents the dynamics of flux pen-
etration into the superconductor.

Figure 1, displaying the ac susceptibilities (χ ′ and χ ′′)
versus temperature graphs, reveals that onset temperatures
(T on

c ) were observed to be about 110 K for Gd0, 89 K for
Gd1, 81 K for Gd2, 76 K for Gd3, 56 K for Gd4 and 40 K for
Gd5 sample respectively. On the other hand, the loss peak
temperatures (Tp), representing the full flux penetration in
the out of phase component of the samples, are noted to be
about 105 (93) K for Gd0, 84 (71) K for Gd1, 77 (66) K for
Gd2, 71 (59) K for Gd3, 44 (33) K for Gd4 and 30 (19) K
for Gd5 at 270 (1352) A/m ac field, respectively.

As can be seen from Table 1, T on
c and Tp temperatures

are obtained to decrease with increasing Gd addition. This
dramatic decrease in Tp of the Gd4 and Gd5 samples was
observed with increasing field. Indeed, Tp of the Gd5 is
found to be about 19 K at 1352 A/m field. According to
these results, the peak of χ ′′ curve is clearly indicated to
be field-dependent because of the pinning hysteretic losses
[38]. In addition, the height and width of the intergranular
peaks are observed to increase with increasing field, indi-
cating the field penetration (because of the inhomogeneities
and granular quality) and the hysteretic losses for the mo-
tion of Abrikosov vortices between the grains [28, 29]. The
granular quality of the samples is obtained to degrade with
increasing the Gd addition. Moreover, the Gd addition is
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Fig. 1 Real and imaginary parts of ac susceptibility versus temperature plots for (a) Gd0, (b) Gd1, (c) Gd2, (d) Gd3, (e) Gd4 and (f) Gd5

Table 1 T on
c and Tp

temperature of Gd0, Gd1, Gd2,
Gd3, Gd4 and Gd5 samples at
different fields

Samples T on
c (K) Tp (K)

270 A/m 540 A/m 811 A/m 1082 A/m 1352 A/m

Gd0 110.12 104.62 101.95 99.11 95.67 92.58

Gd1 88.78 83.83 79.47 78.02 75.68 71.14

Gd2 80.94 76.99 74.67 71.63 68.23 65.88

Gd3 75.49 71.02 65.72 64.39 61.91 59.08

Gd4 56.42 43.56 40.01 36.36 34.85 32.94

Gd5 39.78 29.66 26.88 24.35 21.86 19.24



2156 J Supercond Nov Magn (2011) 24:2153–2159

Fig. 2 Intergranular peak temperature vs ac-magnetic field amplitude
for the Gd0, Gd1, Gd2, Gd3, Gd4 and Gd5 samples (solid lines drawn
are only guide to the eye)

noted to cause a broadening of the transition and a reduction
of superconducting volume fraction. As a result, the magni-
tudes of superconductivity properties (i.e. the magnitude of
diamagnetism, Jc, T on

c , Tc (ρ = 0), Tp and Tp0) are found to
decrease with the increase of Gd addition.

In order to study the effect of Gd addition on the in-
tergranular pinning force, the loss peak temperature de-
pendence of the imaginary curves as a function of ac-
magnetic field (Hac) was investigated. Figure 2 depicts the
ac-magnetic field dependence of loss peaks, Tp, for the sam-
ples produced. By adopting the critical state model, Muller
et al. [39] proposed that Tp is linearly proportional to Hac

but inversely proportional to the intergranular pinning force
density:

Tp = Tp0 − Tp0U
1/2Hac (1)

where U is [μ0μeff(0)/2aαJ (0)], a is the length of the sam-
ples, μeff(0) is the effective permeability of the ceramic and
αJ (0) is the intergranular pinning force density. As seen
from Fig. 2, each set of data shows an excellent linear rela-
tionship between Tp and Hac. The slope of each line is pro-
portional to (αJ (0))−1/2 and the vertical intercept of each
line corresponds to the peak temperature, Tp0, at zero ac-
magnetic field amplitude. From a least-squares fitting pro-
cedure by using (1) the data Tp0 and U were estimated for
all samples and are depicted in Table 2.

As seen from the table, the values of Tp0 and U were
found to decrease with increasing Gd addition. The decreas-
ing trend in U means that the values of αJ (0) increase with
increase in the Gd addition because of the inverse ratio be-
tween U and αJ (0) [36], whereas the decreasing trend in
pinning force of the samples with increasing Gd addition
can be explained by greater voids and defects.

Table 2 The extracted values of Tp0, and U of the Gd added samples

Samples Tp0 (K) U ((αJ (0))−1/2)

Gd0 107.891 2.59 × 10−4

Gd1 86.869 1.96 × 10−4

Gd2 80.171 1.53 × 10−4

Gd3 74.313 1.52 × 10−4

Gd4 49.191 1.43 × 10−4

Gd5 35.434 1.33 × 10−4

Fig. 3 J c vs. T P behavior for (a) Gd0, (b) Gd1, (c) Gd2, (d) Gd3, (e)
Gd4 and (f) Gd5 samples (solid lines drawn are only guide to the eye)

3.2 Critical Current Density

Temperature-dependent intergranular critical current den-
sity Jc (T) in the Gd-doped samples can be estimated by
means of critical state models [28–32]. According to Bean
model [30, 40], the intergranular critical current density at
the peak temperature Tp can be written as Jc(Tp) = Ha/a ≈
Ha/

√
ab, where the cross section of the rectangular bar sam-

ple is 2a × 2b (a < b), Jc is the intergranular critical current
density at Tp, the temperature of the χ ′′ peak, Ha is the am-
plitude of the applied ac field. The calculated values of Jc

for the samples are depicted in Fig. 3. Magnetically esti-
mated critical current densities for only intergrain region at
temperatures close to Tc region are plotted because the inter-
grain peaks have not appeared during the measurements.

From Fig. 3, it seems to be a regression in the intergran-
ular critical current density estimated near the Tc value of
the samples with the increase of the Gd addition. This phe-
nomenon can be interpreted on the basis of the regression
in the superconducting anisotropy factor, studied in detail in
Ref. [41]. Moreover, decrease in the lattice parameter c was
clearly revealed with increasing Gd addition [41]. In other
words, when the Ca2+ ions are replaced by Gd3+ ions, Tc

of the material decreases because of the decrease in the for-
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Fig. 4 SEM micrographs of (a)
Gd0, (b) Gd1, (c) Gd2, (d) Gd3,
(e) Gd4 and (f) Gd5 samples

mal Cu valence. This causes a decrease in the c parameter
and magnitude of superconductivity properties. In this study,
the Gd0 sample was found to have higher Jc (50 A/cm2 at
92 K) than the other doped samples (Fig. 3). Moreover, Jc

was theoretically obtained to be about 341, 282, 273, 230,
91 and 77 A/cm2, respectively, at 4.2 K. These results indi-
cate that Jc dramatically decreases with increasing Gd addi-
tion. Furthermore, the curve of Jc versus temperature is also
an important graph to understand the relationship between
the characteristic length and size of the pinning center [42].
In this study, Jc was also found to linearly decrease with

increasing temperature as a consequence of thermally acti-
vated flux creep. Therefore, the characteristic lengths asso-
ciated with the pinning force were estimated to be approx-
imately the same as the average grain size of the pinning
center.

3.3 SEM Analyses

The surface morphology of the Gd0-Gd5 samples was per-
formed by Scanning Electron Microscopy (SEM). The mi-
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crographs in Fig. 4 show that not only is the grain connec-
tivity worsened considerably but also the average crystallite
size becomes smaller and smaller with increasing the Gd ad-
dition.

In addition, SEM photograph of the Gd0 sample presents
a broad grain size distribution and the best crystallinity in
comparison with the others. Moreover, the surface of the
Gd0 is observed to be more uniform with a better alignment
of grains. On the other hand, the Gd5 sample is noticed to
have the worst appearance among these samples and there
are voids and signs of partial melting on the micrograph of
the Gd5. Using image processing, the average grain sizes
were also obtained to be about 552, 486, 459, 439, 421 and
408 nm for the Gd0, Gd1, Gd2, Gd3, Gd4 and Gd5 sam-
ples, respectively. In conclusion, the surface morphology,
grain connectivity and size of the samples were found to de-
grade from SEM investigations with increasing the Gd ad-
dition. These findings were ascertained by ac susceptibility
results.

4 Conclusion

Gd-added Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy samples were
prepared by the standard solid–state reaction method with
x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5, respectively. The magnetic
field effect on hysteretic ac losses of the samples was ana-
lyzed by using ac susceptibility measurements, from which
Jc, T on

c , Tp, Tp0, and U values were theoretically deter-
mined by means of the critical state models. The results
show that not only was the peak of χ ′′ curve obtained to be
field-dependent for pinning hysteretic losses, but also T on

c ,
Tp, Tp0, and Jc were found to decrease with increasing the
Gd addition. Based on the linear decrease in Jc with increas-
ing temperature, the characteristic length associated with
the pinning force was interpreted to be approximately the
same as the average grain size of the pinning center. Fur-
thermore, the grain connectivity is worsened greatly and the
average crystallite size becomes smaller and smaller with
increasing the Gd addition. As a result, superconducting
properties were noticed to decrease with the increasing
Gd addition, which has an essential effect on the trans-
lation temperature, peak temperature, critical current den-
sities, surface morphology and grain connectivity of the
samples. In conclusion, this study reports the clear effect
of Gd addition on magnetic and structural properties of
Bi1.8Pb0.35Sr1.9Ca2.1Cu3GdxOy superconductor.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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