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ABSTRACT

The Er358 superconductor was synthesized via the standard solid-state reaction method and
demonstrated an average onset critical temperature of 95.48 K and an offset critical temperature of
89.70 K. Its crystal structure was classified into two groups: superconducting and non-superconducting
compounds, possessing orthorhombic structures corresponding to the Pmmm and Pbnm space groups,
respectively. The ratio of superconducting to non-superconducting compounds was 1:2, and their
respective lattice parameters were a=3.8248 A, b=3.8770 A, ¢=31.666 A, and a=7.1006 A, b=12.139
A, ¢=5.6418 A. The samples exhibited smooth and dense surfaces, and their element distribution was
analyzed via EDX mapping. The Cu*/Cu® ratio was 0.0527, and the oxygen content deficiency was
0.300. The oxygen content was determined to be 17.7 using iodometric titration. Additionally, two

endothermic peaks were observed in the heat reaction at 935°C and 1,050°C.
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Introduction

In 1986, Bednorz and Muller [1] synthesized the first cuprate superconducting material,
La,BaCuO,(La214) compound, with a critical transition temperature above 35 K. The following year,
Chu et al. [2] replaced the La® ion in La214 with Y** in the BaCuO, perovskite structure. This change
resulted in a smaller atomic radius of Y** and increased the critical temperature of Y123 to 93 K. Over
the past two decades, the YBaCuO family, including Y124 [3] and Y247 [4], has been discovered and
researched. These compounds have different arrangements of CuO, planes [6] and Cu-O chains [6] in
their crystal structures. Electron pairs are generated in the CuQO, planes and Cu-O chains, which act as
carrier reservoirs for superconductivity. The critical temperature of cuprate superconductors increases
with the number of CuO, planes and Cu-O chains [7]. La214 has one CuO, plane [8], while Y123 has
two CuO, planes and one chain [9].

Alibadi et al. [10] recently developed a new superconducting material in Y358 that showed an
increased critical temperature of 102 K, with lattice parameters a=3.8880 A, b =3.8230 A, and ¢=31.013
A. While lattice parameters a and b were similar to Y123, while parameter ¢ increased three times
greater. This led to an increase in Cu-O chains, CuO, planes, and the critical temperature (T.) in Y358.
Tavana and Akhavan [11] analyzed the band structure of Y358 and found that it had five CuO, planes
and three CuO chains [12], which contributed to the increase in temperature. Additionally,
Udomsamuthirun et al. [13] proposed that the absence of a Y-atom in the crystal structure of Y358
resulted in 20% more convenient space conductivity than Y123. An increase in temperature of
approximately 10 K in Y358 was significant in the YBaCuO family. Furthermore, the oxygen content
in the crystal structure also played an essential role in determining the critical temperature [14].

Y-based superconductors are categorized in the RE123 system, where RE refers to rare earth
elements, including Y, Dy, Er, and others. Among these, Er-based superconducting materials are
particularly interesting [15-17]. In 2009, Kruaehong et al. [18] synthesized bulk Er123 superconductor
using a solid-state reaction method, with Er,0;, BaCO;, and CuO mixed in the appropriate 1:2:3
stoichiometric ratio. The resulting sample showed a critical temperature of 93 K, which is similar to
Y123. The Rietveld method [19] was used to characterize the phase composition. The samples had two
phases; a superconducting phase with an orthorhombic structure of a=3.8186 A, b=3.8835 A, and
¢=11.682 A, and Pmmm space group. The second phase was a non-superconducting phase (BaCuO,)
with a cubic structure of a=b=c=18.24617 A and Im-3m space group. The percentage of superconducting
phase and non-superconducting phase was 91% and 9%, respectively. The Cu®*/Cu®" ratio and oxygen
content of the sample were characterized using the iodometric titration method, and the values were
found to be 0.289 and 6.84, respectively. Kita et al. [20] synthesized bulk Er123 samples using the
solid-state reaction method. Er,O; (99.9%), BaCO; (99.95%), and CuO (99.99%) were mixed and
ground. The resulting powder was calcined twice at 1,173 K for 12 hours in air, with intermediate
regrinding. The powder was pressed into pellets and sintered at 1,233 K for 12 hours. The critical
temperature of the samples was measured using the standard four-probe technique for electrical resistivity

and found to be about 92 K. Similarly, Hassan and Yahya [21] prepared bulk Er123 samples using the



67 Sci. Ess. J. Vol. 39 No. 1 (2023)

conventional solid-state reaction method with high-purity Er,0O;, BaCO3, and CuO. The powders were
calcined at 900 °C for 48 hours, with several intermediate grinding steps. The powders were reground,
pressed into pellets, and sintered at 900 °C for 24 hours. The crystal structure of Er123 is orthorhombic
with a Pmmm space group, and the lattice parameters are a=3.8140 A, b=3.8820 A, and ¢=11.675 A.
The grain size of the samples ranges from 2-10 [lm, and porosity occurs in the samples.

In 2006, Nazarova et al. [22], The Er123 was synthesized using a solid-state reaction method,
with a calcination process at 900°C and 930°C for 21 hours, sintering at 950°C for 23 hours, and
annealing at 450°C for 23 hours. The lattice parameters of Er123 were characterized using X-ray powder
diffraction analysis, with a=3.8164 A, b=3.8868 A, and ¢=11.661 A, and the critical temperature was
found to be 92 K using AC magnetic susceptibility. Given the similarities in physical properties between
Y-based and Er-based superconductors, we suggest that replacing Er-atoms with Y-atoms in Y358
superconductor may lead to the discovery of superconductivity in this material. In this study, we aim to
fabricate Er358 superconductors using solid-state reaction and measure their physical properties using

four-probe (DC), Powder X-ray diffraction, EDX with mapping technique, and iodometric titration.

Materials and Methods

Er358 was produced by synthesizing a sample through a solid-state reaction method that
utilized 99.99% pure of Er,O3, BaCOs, and CuO precursors in a 3:5:8 ratio. The initial composition of
Er;Ba;CugO;45 was mixed. The resulting powders were heated for 24 hours at 950°C with twice
intermediate grinding, and the furnace was then cooled. The powders were ground and pressed into
pellets approximately 30 mm in diameter and 3 mm thick, which were then heated at 950°C in air for
24 hours. The DC electrical resistance versus temperature was measured using the four-point probes
method with silver paste contact. The samples were analyzed using power X-ray diffraction with CuKq
radiation on a D8 Discovery diffraction. Elementary analysis was conducted using EDX mapping
techniques, and micrographs were taken using a FEI Quanta4d00 and attached Scanning Electron
Microscope (SEM). The melting point temperature was determined using the Perkin Elmer DTA7 model.
The Cu®* and Cu® values, ratio of Cu®/Cu®*, and oxygen content were determined using the iodometric

titration method [23-27].

Results and Discussion

To measure the superconductivity temperature of the cylindrical specimen, resistivity versus
temperature was measured using the four-probes measurement with a constant current of 200 mA, 250
mA, and 300 mA, respectively. The temperature was measured between 77 K and 120 K using a type
K thermocouple as the temperature sensor. The onset temperature of superconducting transition (T,
onset) and the zero-resistivity temperature (T, offset) were determined. The electrical resistivity
dependence temperature of the bulk Er358 samples is shown in Figure 1. The critical temperature
duration temperature was measured using a constant current of 200 mA, 250 mA, and 300 mA. The

values of T, onset (95.97 K, 95.43 K, and 95.04 K) and T, offset (90.31 K, 89.78 K, and 89.01 K)
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were obtained from the curve using these currents, respectively. In 2008, Naito et al. [28] synthesized
bulk Er123 and measured the critical temperature using the conventional four-terminal method with a
current density of 0.1 A/cm®. We found that the critical temperature increased with longer annealing

processed time, which could also control the oxygen deficiency in the samples.
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Figure 1 The resistivity versus temperature of Er358 bulk sample.

Er358 superconductor samples underwent structural analysis through X-ray powder diffraction
(XRD) using a CuKq target to produce a beam of a single wavelength (1.5406 A). The samples were
scanned within the range of 20 = 10°-90°, with an angle increment of 0.05° and a scan speed of 1°/min,
all at room temperature. The pressed powder for XRD was subjected to 40 kV and 30 mA. The lattice
parameter and pattern of XRD of the phase composition were refined using Rietveld software program.

The XRD patterns showed that the samples contained a mixture of superconducting and non-
superconducting compounds, as seen in Figure 2 the percentage of the superconducting compound was
32.32%, corresponding to the Pmmm space group, while the non-superconducting compound was
67.68%, corresponding to the Pbnm space group. The superconducting compound had an orthorhombic
structure [29] with lattice constants a=3.8248 A, b=3.8770 A, and ¢=31.666 A and a cell volume of
V=469.57 A®. The non-superconducting sample also had an orthorhombic structure with lattice constants
a=7.1006 A, b=12.139 A, and ¢=5.6418 A.

The green vertical tick marks on the XRD patterns indicated the phase composition of the
samples, with the first mark representing the superconducting compound and the second mark
representing the non-superconducting compound. The blue line at the bottom of the patterns showed the
difference between the experimental and calculated data, with the maximum difference occurring at
about 32°. The black solid line represented the raw experimental data, while the red circles represented

the calculated data.
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The orthorhombicity [30] of a crystal structure is a measure of the degree to which the three
axes of the unit cell deviate from being mutually perpendicular. In this case, the orthorhombicity of
Y358 and Er358 was calculated using the formula 200 (b-a)/(b+a), where a and b are the lattice
parameters of the crystal structure along two of the orthogonal axes. The orthorhombicity values obtained
were 1.70% for Y358 and 1.35% for Er358. This indicates that the crystal structure of Er358 is slightly
more stable than that of Y358, as the difference in orthorhombicity between the two compounds is only
0.35%.

The mass density of a material is its mass per unit volume. The theoretical mass density of
Er358 was calculated to be 6.1 g/cm®. However, the experimental mass density of the sample was found
to be about 5.3 g/cm®. This difference in mass density suggests that there may be some porosity in the

surface of the sample, which would reduce its mass density.
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Figure 2 Rietveld refinement XRD pattern of Er358 superconductor.

The EDX mapping technique was used to investigate the microstructure and chemical analysis
of the Er358 superconductor samples. The first micrograph shows the surface morphology image of the
samples, while the second to fourth micrographs show the element composition in the samples. The
samples exhibit four elements consisting of Er, Ba, Cu, and O, which appear in yellow, red, blue, and
green, respectively. No impurities were found in any of the samples.

The surface of the samples appears smooth and dense, with grain sizes that are connected and
randomly oriented. In Figure 3 (a), all elements exhibit homogeneous distribution, while in Figures 3

(b) and (c), all elements show an inhomogeneous distribution.
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Figure 3 EDX mapping micrograph of Er358 superconductor.

The ratio of Cu**/Cu® and oxygen content deficiency (6) are important factors that can affect
the crystal structure. The mechanism of superconductivity in cuprate superconductors depends on the
distribution of Cu®** and Cu® in the octahedral site, which are in the 3d° and 3d° configurations,
respectively [31]. In this case, the compound of Er358 has a Cu®*"/Cu®" ratio of 0.0527, a O value of
0.300, and an oxygen content of 17.7. The O value plays a role in determining the crystal structure of
the material. For example, when the O value of Y123 ranges from 1 to 0.5, the material has a tetragonal
structure [32] and exhibits semiconducting behavior. At 0= 0.51, the Y123 material transitions from a
tetragonal structure to an orthorhombic structure, and at 6=O.2, the material enters the superconducting
state. When 0=0, the Y123 material has a perfect orthorhombic structure and a critical temperature
transition above 90 K.

The sintering temperature was determined from operating the Perkin Elmer DTA7 model. The
heating process involved starting at room temperature and gradually increasing the temperature at a rate
of 20°C/min until 940°C. The heating rate was then reduced to 2°C/min from 941°C-1200°C, and the
decomposition temperature occurred in this range. Two peaks were observed during the heating process,
with the first peak indicating the transformation from the solid state to the liquid phase at 935°C, and
the second peak occurring at 1,050°C. The XRD analysis showed that the second phase was Er211
(Er,BaCuQg), which was the second phase of Er123.

The precursor powder of Y123 reported by Feng et al. [33], the first endothermic peak in the
DTA curve occurred at 952°C, and the second endothermic peak at 1022°C. However, other studies by
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Kim et al. [34] and Langhorn et al. [35] showed that the first endothermic peak corresponded to the
formation of the non-superconducting compound Y211 and the liquid compound. Based on the XRD
analysis, it was believed that Y123 was stable and formed in the solid state under a sintering temperature
of 920°C.

The surface morphology of the Er358 bulk sample showed defects and inhomogeneity. The
resistivity properties of Er358 are similar to those of Y123. In order to achieve a higher critical
temperature, it is necessary to create holes in the Cu-O chain and oxygen at the CuQO, plane. Increasing
the number of chains and planes in the crystal structure is important for achieving a higher critical
temperature in this material. In 1987, Nakajima et al. [36] proposed that in high-temperature
superconductors, increasing the number of CuO, planes was limited to three. The Er358 superconductor
synthesized in this paper was not doped. Improving the physical properties may require a longer
annealing process and substitution of the metals in the crystal structure to increase the current transport

in these materials.

Conclusions

The new stoichiometry of the Er358 superconducting material compound was synthesized using
the standard solid-state reaction method. The compound exhibited onset critical temperatures of 95.97 K,
95.43 K, and 95.04 K, and offset critical temperatures of 90.31 K, 89.78 K, and 89.01 K. The
compound had an orthorhombic structure with lattice parameters of a = 3.8248 A, b = 3.8770 A, and
¢ = 31.666 A, and a space group of Pmmm. In contrast, the non-superconducting compound had lattice
parameters of a = 7.1006 A, b = 12.139 A, and ¢ = 5.6418 A, and a space group of Pbnm. The
superconducting compound accounted for approximately one-third of the total compound, and its
orthorhombicity was 1.70%. The compound exhibited a homogenous, smooth, and dense surface
morphology, with random grain size and orientation. All elements were uniformly distributed without
any impurities. The ratio of Cu®/Cu® was 0.0527, and the oxygen content deficiency (8) was 0.300,
with an oxygen content of 17.7, as determined by the iodometric titration method. The compound's
decomposition temperature was measured using Differential Thermal Analysis and exhibited two peaks

at 935°C and 1,050°C, respectively, indicating an endothermic reaction.
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