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Abstract The effect of Nd,O; addition on the micro-
structural and the superconducting properties of Bi-2212
superconductor ceramics, prepared by solid state reaction
method, was analyzed by performing X-ray diffraction
(XRD), scanning electronic microscope (SEM), energy
dispersive spectroscopy (EDS) and dc Resistivity (p-T)
measurements. The magnetoresistivity of the samples was
measured for different values of the applied magnetic field
strengths (0-7 T). Also, the activation energies were cal-
culated using the Arrhenius equation. According to these
results, the To™° value of the undoped sample was
decreased from 79 to 42 K with the growth of magnetic
field. In the same way, the activation energy (U,) values
were significantly diminished by the increasing of mag-
netic field. A similar situation was observed in other doped
samples. Activation energy for 0.05 % Nd,O; doped
sample under 7 T magnetic field was 550 J/mol the least.
In addition, lattice parameter ¢, calculated by analysis of
XRD data, was decreased with doping while lattice
parameter a was increased. SEM analysis shows that par-
ticles were shrinking with the addition. When compared
with other elements for EDS analyses, it was analyzed an
important decrease in the percentage of Sr with the
increasing of Nd contribution.
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1 Introduction

The discovery of high temperature superconductor mate-
rials has generated great interest of the scientific commu-
nity for many reasons [l]. Since high-T. cuprate
superconductors are chemically unstable and highly reac-
tive, most materials including the noble metals and oxides
react with these superconductors when they come into
contact. Scientists have strived to improve their super-
conducting, physical, mechanical, structural, and flux pin-
ning properties to make them suitable for high temperature
and magnetic field applications [2-4]. Bi—Sr—Ca—Cu-O
system is an important member of the high-T. supercon-
ductor families with an orthorhombic structure and it has
been found at least in three phases with atomic ratios in the
order of Bi, Sr, Ca, Cu, namely (2201), (2212) and (2223)
with zero resistivity transition temperatures of 20, 85 and
110 K, respectively [5, 6]. Bi-based superconductors have
attracted the attention of many researchers for potential
technological and industrial applications due to the their
remarkable smaller power losses, high current, and mag-
netic field carrying capacity, electronic and optical prop-
erties [7-13].

Superconducting materials are prone to technological
applications and are materials in progress to date. The
common idea of many scientists, studying in the field, is
that the technological application of superconductivity may
be unexpectedly begin. The possible fields of application of
the subject can be exemplified by the underground electric
power transmission systems, slightly magnetic transport
system, waste fluid treatment system, transformers, mag-
netic field sensors, and infrared sensors. Superconductors
are used frequently especially in the focusing beam at
accelerator mass systems at CERN in recent years [14], in
the conception of the new generation reactor system in
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fusion technology, and in confining the plasma in a mag-
netic field using triodal systems. For this reason, the
characterization studies of every superconducting material
should be performed with the most versatility and concise
to ensure and facilitate the usage in the above mentioned
field.

The focus of this study is to determine the activation
energies of fabricated materials that are one of important
characterizations for materials. The excitation energy is
certainly needed to start all endothermic and exothermic
reactions. Because it is required for the particles collide
with a certain intensity and frequency in order to start
reacting. Energy is needed for all reactions to begin. This is
called the activation energy. Activation energy identified in
both collision theory and transition state theory that is the
required energy for substances in reaction to make acti-
vated complex. Activation energy makes them more active
rising the internal energy of the reactants.

It is unlikely a reaction thermodynamically to happen
without the activation energy. This energy is spent on such
matters as the weakening or rupture of the bonds, or the
approximation of the molecules to each other defeating the
thrust forces. The activation energy is provided for the
kinetic energy of the colliding particles to make a reaction.
The higher the activation energy is, more important to the
dependence of reaction rate on temperature. The speed of
reaction to small activation energy increases slightly with
increasing temperature. But, the speed of reaction with
high activation energy shows much commitment to
temperature.

Various techniques and methods are used to calculate
the activation energy. The activation energy of samples can
be calculated based on the DTA analysis and resistivity
measurements [15]. The DTA analysis has importance in
the subject field of the crystallization kinetics on the glass
and in the calculation of activation energy. Activation
energies of the sample can be calculated with the Kissinger
method developed by Kissinger and Augis Bennet method
using DTA data. It is possible to calculate the activation
energy using R-T measurements [16—19]. This study uses
Arrhenius relation to calculate activation energy.

p = po exp(=Uo/ks T) (1)

Here Uy is activation energy, p is resistivity in T temper-
ature, p is resistivity in the first temperature and kg is the
Boltzman constant.

In this study, the effect of Nd,O; addition of super-
conducting and micro-structural properties of doped and
undoped Bi-2212 ceramics, produced by solid-state reac-
tion method, has been investigated using X-ray diffraction
(XRD), scanning electronic microscope (SEM), energy
dispersive spectroscopy (EDS) and resistivity measure-
ments with and without magnetic field. Some properties of

the samples such as superconducting transition temperature
and activation energy can be determined with resistivity
measurements made under magnetic field. When the results
are taken into considerations, it is seen that physical,
structural, and superconducting properties of the samples
have changed with Nd addition.

2 Experimental

In this study, Nd,O; (Alfa Aesar Co., Ltd. 99.9 % purity) at
the rate of x = 0.001, 0.005, 0.01, 0.05, 0.1 % has been
doped to BiySr,CaCu,0, (Alfa Aesar Co., Ltd. 99.9 %
purity) superconducting powder. Undoped sample was
produced under the same conditions for comparison with
doped samples. The powder mixture was compacted into
tablets each under the pressure of 7 tons, 13 mm in
diameter and 1-1.5 mm thick. Then, tablets were put in
high temperature programmable tube furnace in room
temperature and annealed for 72 h at 840 °C. The heating
and cooling rates of the furnace were adjusted to be
5 °C/min.

The electrical resistivity versus temperature measure-
ments were performed at various applied dc magnetic fields
(0-7 T) at constant driving current of 5 mA. The magnetic
fields generated from the superconducting coil magnet
from CRYO Industries were applied normal to the direction
of the driving current. Measurements were done by the
standard four-point technique, both voltage and current
contacts were made with silver paint in order to minimize
the contact resistance. For these measurements, Keithley
220 programmable current source, Keithley 2182A nano-
voltmeter and He gas contact cryostat (closed-cycle) from
CRYO Industries were used. Transition temperature for
superconductivity was decided as 727 the temperature in
which resistance decreases and superconductivity begins.
XRD analyses were performed by Bruker D8 Advance
model diffractometer, using CuKa radiation (1.54 A), in
the range of 20 = 3-60° at a scanning rate of 1°/min and
step increment of 0.02° at room temperature in air atmo-
sphere. The XRD curves obtained allow us to calculate the
lattice constant parameters and volume fraction values. The
average crystallite size is also determined from the
Scherrer—Warren approach. As for the SEM investigations,
the surface morphology, grain size distribution, connec-
tivity between the superconducting grains and grain
boundary weak-links in the Nd,O; doped and undoped Bi-
2212 bulk superconductors were determined using a
scanning electron microscope JEOL 6390-LV, operated at
20 kV, with a resolution power of 3 nm. And lastly EDS
analysis was performed to determine the amount of ion
changing with doping. In addition, the activation energy of
all the samples was calculated by using resistivity

@ Springer
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Fig. 1 XRD patterns for the all samples

Table 1 Lattice parameter, volume fraction and grain size values for
the all samples

Samples c (A) a (A) Volume fraction Grain size (/DX)
Bi-2212
(%)—Bi-2201 (%)

MO 31.33 5.35 95 5 107.86

Ml 3049  5.37 96 4 97.29

M2 3045 5.38 93 7 85.41

M3 3043  5.39 91 9 61.85

M4 30.26  5.40 86 14 47.38

M5 30.06 5.41 78 22 34.33

measurements under magnetic field. Henceforth, undoped
and Nd,O; doped materials at rates of x = 0.0, 0.001,
0.005, 0.01, 0.05, 0.1 % will be referred in the order of MO,
MI, M2, M3, M4 and MS5.

3 Results and discussion
3.1 XRD analyses

X-ray diffraction measurements of the M0, M1, M2, M3,
M4 and M5 samples in the range of 3 < 26 < 60 prepared
with the solid state reaction with heat treated for 72 h at
840 °C were made with scan rate 0.5 °/min. The obtained
XRD peaks are shown in Fig. 1. a and c lattice parameters
belonging to structure are calculated for orthorhombic and
the following results were obtained by using the method of
the least squares method of the shown XRD peaks.

As shown in Table 1, the ¢ parameters of the samples
are decreased with the increasing of Nd,Oj; contribution.

@ Springer

Fig. 2 XRD peaks for the (008) plane

The highest value belongs to undoped MO sample
(31.33 ;\). Change in lattice parameters can be summarized
as follows. In high temperature superconductors, when the
rare-earth dopants with 43 valance are replaced with Sr or
Ca with +2 valance, 1 electron joined the structure causes
an increase in oxygen content. The excess in the oxygen is
taken by Bi—O binary planes which is oxygen poor. After
all, the positive charge in Bi—O layers is reduced and the
driving force between the positive charges is reduced.
Attachments become more stringent. This behaviour
reduces Bi—O layers and causes a decrease in the length of
¢ axis [20-22].

Generally, when it is compared with Sr or Ca, a small
ionic radius of the doped ion can also decrease c lattice
parameter by increasing the oxygen amount (Ca™ = 0.990
A, S = 1.130 A, Nd*? = 0.995 A) in the system [13,
23]. In fact, EDS results of our study support that Nd may
be mainly replaced by Sr.

A systematic increase is observed in parameters with the
increase of Nd,Oj; contribution. This is the expected situ-
ation happening with the emergence of Nd addition and
extra electrons. The effective valence of Cu atoms with the
addition is decreased, and this behaviour caused the growth
of the length Cu—O bond and consequently increased
a parameters [24, 25].

When looked at the volume ranges according to the
change in the amount of the addition, it was found that low
temperature phase (%V2212) is decreased with the addi-
tion and the very low temperature phase (%V2201) is
increased with the addition (Table 1). This result proves
that very low temperature phase (%V2201) is more dom-
inant with the increasing addition.

Moreover, XRD peak of (008) plane has been illus-
trated in Fig. 2. With the increase of Nd,O; doped, peaks
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Fig. 3 SEM micrographs for
the all samples

have shifted to greater angles. This shift is an indicator of  intensity has diminished with the growth of doped
the decrease in ¢ axis with increasing Nd doping. In  amount. The grain’s getting smaller is the reason of this
addition to this, as it is obviously seen in Fig. 2, the peak  effect.
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3.2 Grain size calculation by Scherrer—Warren
approach

Grain size is one of the important parameters which is
calculated using X-ray diffraction analyses. The average
grain sizes of the samples are calculated with the Scherrer—
Warren method [26, 27].

D =0.942/Bcos 0 (2)
B* =B’ - B (3)

is given by equations above [28-30]. Here D is the grain
size, A is the wavelength of the X-ray, B, is the full width
which is half of the maximum peak intensity and this value
(FWHM) is measured in radian. B,, is a constant value. 0 is
an angle belonging this peak. Grain size calculations are
given in Table 1. When data according to different
amounts of Nd,O; addition are analyzed, it has been found
that MO sample annealed at 840 °C for 72 h has biggest
grain size, in other words, grain size decreased with addi-
tion. This event is also confirmed by SEM images.

3.3 SEM analyses

In order to determine the grain sizes, possible precipitation
at the grain boundaries and the structure of surface mor-
phology of the samples are analyzed by using scanning
electron microscope. SEM images in 5,000 magnification
of all the undoped and Nd,O; doped Bi-2212 samples are
given in Fig. 3. When the images are analyzed, it is proved
that the grains with Nd,O; doping are decreased and there
is a little melting. The results of the calculated grain sizes
by using XRD peaks respectively are found as 107.86,
97.29, 85.41, 61.85, 47.38 and 64.86 A. According to these
results, calculations of grain size using XRD data support
our SEM interpretations. Also, a flaky grain characteristic
feature of Bi-2212 phase is evident in all samples.

3.4 EDS analyses

Energy dispersive spectroscopy is a technique used for ele-
mental analysis working in the 0-30 keV energy range. The
elemental composition analyses are possible for almost all of
the elements with this technique. The elemental composition
analyses of the samples are analytically investigated by the
EDS investigations. Similar to the SEM results, we give the
element concentration of all samples in Fig. 4. Also ion
amounts changing with the addition are given in Table 2. As
it is clear in the table, while there is not a critical change in
oxygen amount, when compared with other elements, there
is a crucial decrease in the percentage of Sr with the increase
of Nd,O; addition. As a result, Nd* ions enter into the
crystal structure by replacing mainly with S+ ions [31].

@ Springer
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Fig. 4 Variation of elements concentration with Nd content

Table 2 Concentrations of the elements for the samples

Component  Concentration (wt%)
MO Ml M2 M3 M4 M5

o 14.92 15.07 14.30 14.20 15.79 14.78
Ca 4.34 4.62 4.24 4.11 4.21 4.43
Nd - 1.22 1.40 1.52 5.46 9.85
Cu 11.69 12.26 11.35 12.27 10.36 9.52
Sr 28.33 2798  26.62 26.00 2631 23.07
Bi 40.69  38.82 42.05 41.87 37.85 38.32

3.5 Carrier concentration calculation

The hole-carrier concentrations per Cu ion, p, are calcu-
lated by using the following relation [32-34].

Te/TE™ =1 —82.6(p — 0.16) (4)

Here p, carrier concentration; T, the temperature at which
the resistance is zero; T is 85 K, the superconducting
transition temperature for Bi-2212 superconductor [35]. Asa
result of calculations, the carrier concentrations changing
when Nd ™ is doped, have been illustrated in Table 3. Upon
the doping of Nd '™ to the system, a decrease occurs in the
carrier concentration. The optimal value of the carrier
concentration can be seen in the undoped sample. According
to this change, the valence level of copper can be adjusted.
Considering that Nd™ ions mainly replaces with Sr jons, it
provides an extra electron to the system. This situation has
caused a transition from low temperature (Bi-2212 phase) to
extra low temperature (Bi-2201 phase). This phase transition
has caused the decrease of If.me’ values, as seen in
p-T measurements.
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Table 3 7%, AT, hole concentrations and room temperature resistivity values for the all samples

Samples Tt (K)

0T 05T 1T 2T 3T 5T

7T

AT (Tvénxet _
(for 0 T)

T2 Hole conc. (p) Room temp.

resistivity (2 mm)

47
42
40
40
24

45
39
39
39
24

43
37
36
35
23

MO
Ml
M2
M3
M4

79
59
59
58
50

52
51
49
47
28

52
46
45
45
26

42
35
34
34
20

59
26
26
27
35

0.105
0.099
0.099
0.098
0.089

0.100
0.101
0.146
0.273
0.404

(a) 1 —
MO
M1
M2
M3
M4
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Fig. 5 Normalized resistivity as a function of temperature curves for
the samples

3.6 Electrical resistivity measurements

The electrical resistivity measurement has been done to
examine the effect of Nd,O; addition on the supercon-
ducting properties of the samples. Figure 5Sa shows the
variation of normalized resistivity of the samples (M0, M1,
M2, M3 and M4) with temperature. Figure 5b provides M5

resistivity—temperature graph of samples. Metallic behav-
ior over T, value is observed on all samples except for M5
sample. M5 shows an insulating property with the addition.
Grains are decreased and contact points are increased with
the increasing Nd,O; addition. Accordingly, the resistivity
of room temperature increase as seen from Fig. 3. Critical
temperatures, in which samples show zero resistance, for
MO, M1, M2, M3 and M4 samples are 79, 59, 59, 58, and
50 K, respectively (Fig. 3). The decrease in the values of
Nd>O; addition and T2 can be associated with the
reduction Bi-2201 phase. The value of AT, increases with
the addition. This value for undoped samples (M0) is 5.9 K
while it is 35 K for M4 sample. The increase in resistivity
with the increase Nd,Oj; addition can be caused by weak
links between superconductor grains and the presence of
impurity phase. Also, carrier concentration decreased with
decreasing the addition (Table 3). Thus, the reduction in T,
can be caused by the reduction of charge carriers.

3.7 Magnetoresistivity measurements

The temperature dependence of the resistivity in an external
magnetic field ranging from O to 7 T for the doped and the
undoped Bi-2212 samples, fabricated by the conventional solid-
state reaction method, is measured in the temperature range
20-120 K. The temperature dependence of magnetoresistivity
for all samples is shown in Fig. 6. As it is clearly seen from
figure, 7%°¢ value is decreased with the increase in magnetic
field. There is no significant change in the value of 7",

The 72"¢ and T%"¢ values of the materials are related
to the superconducting transition of the grains and volume
fraction or properties of the intergranular components,
respectively [36, 37]. Therefore the applied magnetic field
affect mostly the pairs between the grains of supercon-
ducting materials. While the 72"’ values of the sample did
not change significantly, 7%7°¢ values decrease to impor-
tant extent along with the applied magnetic field due to the
movement of reduced fluxion [38, 39].

In this study, the tail side of resistivity curves is shifted
to lower temperature with the increase in magnetic field. 7,
values of prepared samples based on these results show that
T. values are decreased with the increase in magnetic field

@ Springer
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and the addition. This decrease can be explained by the
help of weak links between the superconducting grains
[40].

3.8 Activation energy calculation

Reaction occurs through the exchange of valence electrons
in chemical bonding. For this reason, valence electrons of

@ Springer

two atoms need to interact with each other for a reaction to
occur. This interaction is possible with an energy which
makes collision possible occurring with two atoms beating
the thrust force between electrons. The small amount of
energy adequate for activation is called as activation
energy and it is presented with U,. The relationship
between conductivity and activation energy is supplied
with Eq. (1).
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The activation energy of the samples is found for a part of the
transition resistivity at low temperatures to be fitted as linear.
Logarithmic resistivity values as a function of the inverse of
temperature are drawn under different applied magnetic fields
in Fig. 7. Also the activation energy is computed.

The calculated activation energies are provided in
Table 4. According to these results, it can be said that

1T (K™

activation energy increased to M3 sample with Nd,O;
addition and decrease with increasing magnetic field.

Activation energy decreased significantly with increas-
ing magnetic field. In addition, all the samples showed
similar characteristic curves. U, decreased significantly till
1 T decreased very less in higher magnetic field values.
Because the field applied under 1 T is included only in
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Table 4 Activation energy values for the all samples

Samples  Activation energies (J/mol)

0T 05T 1T 2T 3T 5T 7T
MO 7,766 4,034 3,648 2,740 2,616 1,995 1,830
MI 5,945 3966 3,478 3,145 2830 2,620 1,630
M2 5,404 3,860 3,408 2,582 2,081 1,848 1,546
M3 5,313 3,663 3279 2,367 1,983 1,835 1,504
M4 2,519 1,340 1,247 828 847 817 550

intergranular region. The samples prepared, showed dif-
ferent energy values under the same magnetic field values.
This issue is caused by the presence of varied supercon-
ductivity levels of samples between the grains [41, 42].

According to this result, the commitment of activation
energy to applied field and Nd,Oj; addition can be associ-
ated with porosity, grain misorientation and weak con-
nections between layers in the structure.

4 Conclusions

In this study the role of Nd,O; addition on the supercon-
ducting and structural properties of Bi-2212 superconduc-
ting samples, prepared by the solid-state reaction method,
has been analyzed. XRD, SEM and EDS measurements for
the structural analyses, electrical resistivity measurements
(p-T) with and without magnetic field for superconducting
properties have been carried out. In addition to this, the
activation energy of all samples has been calculated using
resistivity measurements. According to these results:

e According to XRD analyses, ¢ parameter of the samples
decreased with the increase of Nd,O; doping. However,
in a parameter, there is a systematical increase with
increasing Nd,O; doping. Also, when we analyze the
volume fractions according to the change of dope
amount, it has been found that Bi-2212 phase rate
decreases with doping (Table 1). No other detectable
phases are obtained which show that the majority of Nd
ions settle into the crystal structure. This result shows
that the majority of Nd ions enters into the Bi-2212
crystal structure.

e When the SEM images were analyzed, it has been
observed that the grains get smaller and a little melting
occurs. The results of grain size, calculated using XRD
peaks, support our SEM interpretations.

e When it is compared with other elements, there is a
crucial decrease in the percentage of Sr concentration in
all samples with the increase of Nd,Oj; addition. As a
result, Nd ions might enter into the crystal structure
by replacing with Sr? ions.

@ Springer

e As can be seen in Table 3, the hole carrier concentra-
tion decreases from 0.105 to 0.089 with decreasing 7
and increasing Nd concentration. Also, because of the
holes are very important for superconductors, the
decreasing holes leads to defects in superconductivity.

e In the electrical resistivity measurements, the tempera-
tures at which MO, M1, M2, M3 and M4 samples show
zero resistivity are found as in the order of 79, 59, 59, 58
and 50 K. When the dope increases, carrier concentration
also decreases; therefore, the decrease in 7, can be caused
by the decrease of the charge carriers.

e Using R-T measurements, we can say that the activa-
tion energies calculated with Arrhenius equation have
increased with Nd,O; doping till M3 and have
decreased with the increase of magnetic field.
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