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Abstract

The superconducting compound ( Pb:xCdxBa2Ca2CuzOq+ 5 ) was prepared
using the solid- state reaction (SSR) method as it is the most common method
in the preparation of superconducting compounds, where the study was carried
out at addition weights (x=0,0.15) to observe the effect of replacing lead with
cadmium and the effect of this replacement on both the characteristics and
behavior of the samples in terms of electrical resistance and critical
temperature, where all samples displayed superconducting behavior. In this
research, both the critical temperature of the compound and the dielectric
properties of the compound (imaginary dielectric constant, real dielectric
constant, alternating electrical conductivity, and loss tangent) were investigated
as a function of frequency from the range (200 KHz-1 MHz) at room
temperature, and the atomic force microscope (AFM) was also used to know
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the surface topography and surface roughness. The results of the atomic force
microscope examination showed exceptional consistency and homogeneity of
the processing flexure as a result of the chemical reaction between the raw
materials where the grains were bonded to each other, and the temperatures
were monitored at zero, resistivity was observed at TCefrsery (147.3,146.9) K
and Tcnsety (200.25,198.92) K for both the addition ratio of (x=0,0.15), and the
examination also showed that the surface roughness was medium. The results
of the dielectric constant of the samples showed a change in the values of the

real and imaginary dielectric constant, dielectric loss, and conductivity with the
change of frequency magnitude from (200 KHz-1 MHz) for all samples used.
Keywords: Alternating electrical conductivity, Superconductivity, Dielectric
properties, Imaginary dielectric constant, Electrical resistivity.

1. Introduction

Bednorz and Muller discovered superconductivity in the La-Ba-Cu-O system in 1986, which
sparked research into copper oxide-based high-temperature superconductors known as high-
temperature superconductors (HTS). Since then, scientists have created several hundred
chemically different copper superconductors®. The discovery of superconductivity is attributed to
the Dutch scientist Heike Kamerlingh Onnes in 1911. Onnes was studying the electrical
resistance of some metals at very low temperatures to determine whether their resistance would
continue to decrease linearly with temperature or remain constant. During his study, he observed
a change in the resistance of mercury when cooled with liquid helium, and at 4.2 K the resistance
suddenly disappeared?. In 1986, superconductivity entered a new phase with the discovery of
some ceramic materials with a superconducting temperature above 90 K, known as high-
temperature superconductors. This discovery was significant because it allowed the use of liquid
nitrogen for cooling®® at a temperature of 77 K, which is readily available and inexpensive®’.
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The discovery of these materials has facilitated many experiments and applications, and research
continues to find superconducting materials with higher critical temperatures to make
applications more accessible. High-temperature superconducting ceramic compounds are
characterized by the presence of one or more layers of copper oxide®. There is much interest in
superconducting compounds with the chemical formula (PbBa,Can-1CunOon+2+6) (n =1, 2, 3-
8, where n is the number of Cu-O layers), and the phases of this series have a high transition
temperature (Tc), and the transition temperature increases as the number of Cu-O layers in the
compound increases °. Some polycrystalline lead-based compounds have a perovskite structure
of the unit cell*®. The structure of lead-based superconductors is the same as that of single-layer
CuO superconductors, with very few oxygen atoms bonded to the lead (Pb-O) layer, and the
arrangement of the lead element is likely to vary greatly depending on the preparation method
and conditions 12, Different numbers of homogeneous Cu-O layers are responsible for high-
temperature superconductivity >4, Partial substitution of some chemical elements with positive
valence by other chemical elements leads to high-phase superconducting phases (Pb-1223),
which improves the properties of the compound, such as critical current density >, In this
research, some physical properties of the superconducting compound (Pb1-xCdxBa>Ca>Cu3Og+
d) have been studied, including the study of the structural properties to obtain the type of
compound as well as the determination of the transition temperature using the continuous
electrical conductivity. Superconductors are widely used in both engineering and medicine. The
dielectric qualities of non-conducting materials can be used to explain how materials can interact
with electric fields. Important features include the capture and storage of electrical potential
energy in the form of polarization within the dielectric material, as well as the fractional
dissipation of energy when the dielectric field is eliminated ®%°. As these have applications in
lasers that require special operation, magnetic resonance imaging, and radiology diagn ostics, it
is important to establish the dielectric properties and electrical conductivity of these commercial
materials °.

2. Materials and Methods

The Pb1-xCdxBa,Ca2CusOq+& was prepared by the solid-state reaction process*®2° utilizing
high-purity oxides (lead oxide, copper oxide, calcium oxide, barium oxide, cadmium oxide)
depending on their molecular weights 2%?? used according to the following chemical Equation 1:
(1-X) PbO + (X) CdO + 2BaO + 2Ca0 + 3CuO — Pb1-xCdxBa,Ca2Cuz09+ 6 1)
The mixing and grinding were carried out with a manual garnet mortar to achieve smooth
powders with a high level of homogeneity. This operation took one hour. The models were then
shaped into cylindrical discs using a mould with a diameter of 1.5 cm and a thickness of 0.63 cm
and a hydraulic press with a pressure of 7 tons for 2 minutes. A bi-directional axial compression
mechanism was used to achieve the best and highest density value. The models were sintered at
850°C for 64 hours under atmospheric pressure at a heating rate of 5°C/min and cooled to room
temperature at the same rate. The sintering process aims to obtain cohesive samples and to
ensure optimal diffusion between the atoms. Atomic Force Microscopy (AFM) is a high-
resolution scanning microscopy technique with resolution down to fractions of a nanometer.
AFM enables the acquisition of three-dimensional topographic pictures of the investigated
sample. It offers 2D and 3D images with a size of 3000 x 3000 nm and high resolution,
illustrating details of surface topography, grain size, the total number of grains in the sample, and
height. This method is used to measure the average diameter and surface morphology of the
sample grains. The electrical resistivity (p) of the samples as a function of temperature was
measured using the DC resistivity approach using four probes to validate the superconducting
state.
To identify the dielectric characteristics involving dielectric constant (real dielectric constant (¢),
imaginary dielectric constant (&), loss tangent (tand), and alternating electrical conductivity (o), it
was achieved by the calculation of capacitance (C) and conductivity (G) using LCR impedance
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device (4294A Precision Impedance Analyzer), where this device has a frequency range (40 Hz -
110 MHz), profiling and frequency ranges (200 KHz-1 MHz) and by the following
relationships®.

¢=Cd/Ae, 2
£§=Gd/2npe, (€))
tand=§/¢ 4)
o=2nf*e *& ®)
3. Results

3.1.AFM Measurement

The surface roughness of two samples was characterized using Atomic Force Microscopy (AFM)
in accordance with 1SO 25178 standards, with Figures 1 and 2 illustrating the resulting 2D and
3D shapes. Sample 1 (x=0) had a root mean square height (Sq) of 351.7 nm, an arithmetic mean
height (Sa) of 279.6 nm, and a maximum height (Sz) of 2527 nm, which showed that there were
significant vertical variations. Its surface morphology was peak-dominated with positive
skewness (Ssk = 0.1411$), high kurtosis (Sku = 3.228%), a material ratio (Smr) of 25.30%, and a
void volume (Vv) of 453.5 nm3/nm3. Conversely, Sample 2 exhibited a slightly higher arithmetic
mean height ($Sa = 285.8 nm) but a lower maximum height (S; = 2163nm), with a texture
characterized by a negative skewness (Ssk = -0.1129), lower kurtosis (Sku = 2.664), a higher
material ratio (Smr = 54.73$), a void volume (Vy) of 479.9 nm3/nm3, an autocorrelation length
(Sa) of 1226 nm, and gentler slope variations (Sqq = 0.8568%)4%°,
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Figure 1. AFM result for the PbBa,Ca;Cu3Og:s.
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Figure 2. AFM result for the Phy.g5Cdg.15Ba2Ca2Cu309.
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3.2. Critical Temperature

The electrical resistivity of the Pb;«CdxBa>Ca>CuzOg+ 5 cOmbination was measured as a function
of temperature using a four-sensor approach to identify crucial transitions. The base sample
(x=0) exhibited a sharp decrease in resistivity starting at Tconsety = 200.25 K and reaching zero at
Teefrsety = 147.3 K, as illustrated in Figure 3. Upon doping with Cadmium (x=0.15), a general
reduction in resistivity was observed, though the transition temperatures decreased marginally to
Tc(onset) = 19892$ K and Tc(offset) =146.9K F|gu re 414'26-28.
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Figure 3. Shows how the resistivity of the PbBa,Ca,Cus0:5 compound changes with temperature at (x = 0.0).
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Figure 4. Shows how the resistivity of the Pb1.,CdxBa,Ca,CusOs:5 compound changes with temperature at
concentration x = 0.0,0.15.

3.3. Dielectric Properties

We used this device (4294A Precision Impedance Analyzer), which quantified capacitance (Cp),
Real dielectric constant(¢), and dissipation factor (D) as a function of the applicable frequency,
was utilized in the range of 200 KHz-1MHz at room temperature. Frequency-dependent
dielectric studies (200 kHz-1 MHz) provided important insights into the polarization dynamics of
the material. For the undoped sample (x = 0), the dielectric constant () decreased monotonically
with increasing frequency Figure 5. Indicating interfacial polarization (Maxwell-Wagner effect)
caused by heterogeneous grain boundaries and secondary phases?=? The near-zero ¢ values at
high frequencies (1 MHz) indicate minimal dipolar relaxation, as carriers cannot follow fast field
oscillations. Cadmium (Cd) doping (x = 0.15) enhanced this effect, resulting in even lower &
values. This reduction is attributed to the ability of Cd to homogenize the microstructure by
suppressing grain boundary defects and secondary phases, resulting in less space charge build-
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up?32, The high Cd exchange ratio increases the concentration of charges and holes within the
sample, as observed in the dielectric constant values at intermediate frequencies. In addition, the
strong bonding and cohesion between elements, enhanced by Cd doping, contribute to the
electrical properties of the material, as evidenced by dielectric constant values approaching
zero®!. Significant improvements have been observed in each property, with models showing
similar behavior when voltage and current are measured at different frequencies.
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Figure 5. Dielectric constant for the PbBa,Ca,CuzOg5 and Phy.g5Cdg.15Ba2,Ca,CusOqg

Essential insights into the polarization dynamics of the material and the effect of cadmium (Cd)
doping were obtained by frequency-dependent dielectric studies in the range 200 kHz to 1 MHz
For the undoped sample (x = 0), the imaginary permittivity (¢") and dielectric loss (tan o)
exhibited frequency-dependent peaks Figures 6 and 7, indicating relaxation processes such as
interfacial polarization caused by heterogeneous grain boundaries and secondary phases. The
dielectric constant decreased with increasing frequency, and near-zero €" values at high
frequencies (1 MHz) indicated minimal dipolar relaxation, as carriers could not follow fast field
oscillations. For Cd doping at x = 0.15, these peaks broadened and shifted to higher frequencies,
indicating that Cd incorporation increases structural cohesion and decreases relaxation time. Cd
substitution modifies the crystal structure, resulting in a more stable and uniform lattice by
suppressing grain boundary defects and minimizing secondary phases and impurities?=32, This
structural improvement reduces space charge buildup and defects, contributing to lower
dielectric losses at higher frequencies. Kumar and Singh's model®? supports these observations,
postulating that Cd strengthens inter-element bonding, stabilizes the lattice, and minimizes
defect-mediated conduction pathways. The strong bonding and cohesion between elements due
to Cd doping reduce energy dissipation due to ionic hopping and leakage currents. As the electric
field frequency increases, the dielectric loss factor tends to increase due to internal friction and
surface or volume leakage currents. However, the Cd-induced improvements result in lower
electrical losses at higher frequencies, reflecting improved electrical properties consistent with
the polarization dynamics of the material.
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Figure 6. Variations in the imaginary dielectric constant as a function of frequency for the PbBa,Ca,Cu309.5 and
Pbg.55Cdg.15Ba2CazCusOo.
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Figure 7. Variations in the dielectric loss factor as a function of frequency for the PbBa,Ca,Cu3z0y.5 and
Pbg.g5Cdg.15Ba2CaxCusOo.

The power loss is explained by the energy required to maintain rotation, and, conversely, as the
frequency increases, the surface and volumetric leakage currents increase, and variations in
capacitance can also be directly related to the imaginary dielectric constant. These variations in
loss values from sample to sample can be caused by the presence of liquid and impurities as a
result of the change in replacement ratio due to the possibility of different heat distribution on the
sample within the furnace during the sintering process for one sample, as well as between
samples. According to Equation (4)%3.

Figure 8 show the relationships between electrical conductivity as a function of frequency,
correspondingly part of the energy is received by the electric field, and the alternating
conductivity specifies how much insulation is lost as a result of the movement of the dipoles
when the dielectric material is exposed to the action of the alternating field, as shown by
Equation (5)% It is important to note that the electrical conductivity in insulators originates from
where it can be observed through this relationship the direct dependence of the alternating
conductivity on both the frequency of the electric field pointed out and its dependence on the
imaginary part of the dielectric constant, which represents the absorption of energy and its
dispersion in the insulating material under the influence of an alternating electric field?. Various
materials have dissimilar dielectric qualities, which are affected by external parameters such as
humidity, temperature, crystal structure, applied field frequency, etc. In other words, the answer
may be non-linear or linear.
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Figure 8. Electrical Conductivity as a function of frequency for the PbBa>Ca,Cu309.5 and
Pbg.g5Cdg.15Ba2CaxCuzOo.

4. Discussion

The comprehensive analysis of the Pb1-xCdxBa2Ca2Cu309+ 6 material, combining Atomic
Force Microscopy (AFM), electrical resistivity, and frequency-dependent dielectric studies,
reveals that Cadmium (Cd) doping significantly improves the surface and electrical
homogeneity, making the x=0.15 sample superior for superconducting applications. AFM
analysis, based on ISO 25178, showed that the doped Sample 2 has a more uniform surface
texture with a more balanced peak-valley distribution (lower Sz and Sku) and higher material
coverage (Smr), which is critical for minimizing defects in superconductors. Electrically, the
base sample (x=0) exhibited a sharp superconducting transition Tc(offset) = 147.3 K), and while
Cd doping caused a slight decrease in Tc due to minor lattice distortions, the preserved sharp
transition and overall lower resistivity suggest that Cd*? substitution for Pb*? effectively
optimizes hole concentration and enhances interlayer coupling within the perovskite structure.
Dielectric studies (200 kHz-1 MHz) further supported these findings, where the monotonic
decrease in the dielectric constant (¢) and frequency-dependent peaks in imaginary permittivity
(¢") and dielectric loss (tan &) in the undoped sample were primarily due to interfacial
polarization (Maxwell-Wagner effect) at heterogeneous grain boundaries. Cd doping strongly
diminished this effect by homogenizing the microstructure, suppressing defects, and increasing
structural cohesion, which shifted the relaxation peaks to higher frequencies, reduced the
dielectric loss (tan J), and lowered the overall alternating conductivity(cac) loss at high
frequencies, confirming a more stable lattice with reduced energy dissipation.

5. Conclusion

Through a comprehensive analysis of AFM results and electrical measurements, it has been
observed that the addition of cadmium (Cd) led to significant enhancements in the structural and
electrical properties of the material. AFM results showed a significant decrease in surface
roughness values (Sa = 285.8 nm) and an increase in material percentage (Smr = 54.73%),
indicating enhanced material cohesion and surface distribution. Furthermore, the addition of
cadmium improved inter-elemental bonding, resulting in a sharp decrease in electrical resistance
to near zero, indicating improved electrical conductivity. In terms of dielectric properties, the
results showed that the dielectric constant and dielectric loss factor changes with changes in
cadmium content. In general, a decrease in dielectric loss factor leads to an increase in electrical
energy absorption, reflecting an improvement in insulation efficiency. The addition of cadmium
promotes inter-elemental bonding and reduces crystal defects, leading to improved dielectric
properties and reduced dielectric losses, especially at high frequencies. These results confirm that
cadmium addition has a positive effect on the structural and electrical properties of the material,
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making it a suitable candidate for applications that require improved electrical insulation and
high conductivity.
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