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Abstract. This study investigates the effect of partial Zinc (Zn) substitution for Mercury (Hg) on the structural, 

morphological, and electrical properties of the Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ (Hg-1223) high-temperature 

superconducting system. Polycrystalline samples with Zn concentrations of x = 0, 0.05, and 0.15 were prepared via the 

solid-state reaction method under specific sintering and pressure conditions. The structural characterization was 

performed using X-ray diffraction (XRD), while surface morphology was analyzed by Scanning Electron Microscopy 

(SEM). Electrical properties were determined through resistivity measurements using the standard four-probe method. 

XRD analysis confirmed that all samples possessed a tetragonal crystal structure, with Zn substitution enhancing the 

crystallinity and increasing the 'c' lattice parameter. SEM micrographs showed that Zn doping promoted significant grain 

growth, resulting in a denser, more compact, and better-interconnected microstructure compared to the pure sample. Most 

notably, the superconducting properties were significantly enhanced with Zn substitution. The zero-resistance critical 

temperature (Tc(offset) increased from 105 K for the undoped sample (x=0) to a maximum of 123 K for x=0.15. This 

enhancement was accompanied by a narrowing of the superconducting transition width (∆Tc) from 23 K to 9 K. This 

atypical increase in Tc upon substitution is attributed to the improved structural regularity and grain connectivity, and a 

'c'-axis expansion potentially optimizing the hole carrier concentration. 

Keywords:  Sintered Temperatures, Pressure, Critical Temperature, Four-Probe Method  and Scanning Electron 
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INTRODUCTION 

Superconductivity, which is the ability of some metals, alloys, and types of ceramics to transfer electric current 

without resistance at low temperatures, is one of the phenomena that altered the study of materials[1]. The Dutch 

scientist Kimberling Onnes discovered superconductivity in 1911 while attempting to determine whether the specific 

resistance of metals at very low temperatures would follow a linear decrease with a decrease in temperature or if 

would it hold at a specific value. Mercury's resistance abruptly vanishes (i.e., approaches zero, or 4.2 K) when it is 

cooled with liquid helium, according to an analysis of mercury resistance as a function of temperature. This process 

is referred to as superconductivity. The temperature at which a substance changes from its normal state to 

superconductivity is called a critical temperature or transition temperature (Tc) for the state of superconductivity, 

and this value varies from one substance to another [2]. The first phase of the series HgBa2Can-1CuO2n+2+δ, with a 

critical temperature of 94 K and the structural formula HgBa2CuO4+δ, was discovered by Putilin et al. in 1993 [3]. 

After that, in the same year, Schilling et al. found that the Hg-Ba-Ca-Cu-O system, which has the structural 

formula HgBa2Ca2Cu3O8+δ, had a critical temperature of 133 K. Later, Schilling et al. found that the critical 

temperature in the superconducting system (Hg-1223) climbs to 164 K at a pressure of 105 Pa depending on the 

mercury series HgBa2Can-1CuO2n+2+δ, (Hg-1245 and Hg-1234, Hg-1212) [4]. Mercury-based superconductors have 

layers of copper oxide that superconduct copper oxide layers, dielectric layers that can behave as the hole's electron-

active charge stores, and layers of copper and oxygen that donate electrons to the crystal structure [5-8]. The CuO 

layers can be considered to be derived from the perovskite structure by removing oxygen overlap from among CuO 

layers, while the dielectric layer is derived from the rock salt structure. To improve some superconducting properties 

and raise the critical temperature, the researchers performed the compensatory or partial replacement of some 
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elements of the superconducting compounds with other elements by partial replacement and improved the 

superconducting properties [9–14]. The phase formation of Hg-1223 and critical current density can be improved by 

partially replacing some upper valence elements, such as Sr, Pb, Y, or others. In this paper, we will prepare three 

samples of Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ superconductivity with x = 0, 0.05, and 0.15using the solid-state reaction 

method and with different preparation conditions. And analyze the structural and electrical properties, and study the 

effect of partial replacement of Zn with mercury on the critical temperature increase at zero resistance Tc (offset) and 

starting resistance Tc (onset). 

EXPERIMENTAL PART 

A Shimadzu X-ray machine, configured with a Cu K𝛼 source (wavelength 1.5406) operating at 40 kV and 30 

mA, was employed to examine the structural properties of the samples. The purpose was to acquire data for 

diagnosing the phases formed within the samples, along with their proportions, by analyzing 2𝜃, d, and hkl values. 

The X-ray diagram, in conjunction with computational programs [16, 17] and the application of Bracken's law of 

deviation, was used to calculate the lattice constants a, b, and c, as well as the network coefficients per unit cell. The 

structural characteristics of the compound were investigated via X-ray diffraction analysis, specifically focusing on 

samples prepared at an annealing temperature of 850 °C and under a pressure of 8 tons per cubic meter. This XRD 

study of samples with different X ratios indicated that the x = 0 sample displayed a regular crystalline structure, 

evident from the clear peaks shown in Figure 1. By utilizing Brick's law of diffraction, the values for dhkl (the 

distance between parallel planes) were determined. Following the determination of Miller coefficients (hkl), the 

lattice parameters a, b, and c were computed from the reflection angles using a computer program based on the Full 

Prof Suite [18, 19]. 

RESULTS AND DISCUSSION 

  In the present study, all the samples were characterized using X-ray diffraction to determine the gross structural 

characteristics. Representative XRD patterns are shown in Figure 1. All the XRD data of different samples (with 

different concentrations of Hg, Ba, Sr Ca, Cu and Zn were polycrystalline and corresponded to Hg (Zn)-1223 

phases. Also, XRD demonstrates the presence of a small number of impurities phases at infinitely small levels. In 

the samples of all Hg-base systems, it is possible to see it through the spectra that there are two main phases: high Tc 

(1223) and low Tc (1212) and several impurity phases of (Ca, Ba, Sr)2CuO3, CaZnO4 and CuO. Problems in 

stacking along the c-axis may be associated with the emergence of more than two phases. Comparison of relative 

XRD patterns intensities of samples with Zn =0.05 and 0.15 with relative intensities of same reflections of sample 

with Zn  = 0.0 indicate that all the samples have reflection intensities of high Tc phase reflections (H), reflection 

intensities of low Tc phase reflections (L). As the mass of Zn increased, the low-T phase became larger, H peaks 

became smaller, and low Tc became smaller. 

The free sample's (Zn = 0) High-Tc phase reflections are less intense than the Zn-containing samples. The lattice 

parameters were calculated using the d data values and reflectance (hkl) of the observed X-ray diffraction pattern by 

a Cohen-based software, the least square method [20, 21], parameters a, b, c, mass density M, and volume fraction 

(Vphase) shown in Table 1. It was found that the lattice parameters for all samples are a = b ≠ c, meaning that it is of 

the Tetragonal structure [22-25]. It was observed that the diffraction peaks became more defined, characterized by 

narrower bases, as the compensation ratio for x was adjusted to 0.15. This development signifies an enhanced 

crystalline structure (or crystallinity) and is accompanied by an increase in peak intensity. Furthermore, the dhkl 

values, which represent the separation between parallel planes, were computed using Bragg's law of diffraction. The 

Miller coefficients (hkl) were identified from the 2𝜃  angles of reflection, and the results were subsequently 

processed using the software-based Cohen's least squares method. Also, it was found that the model maintains the 

type (Tetragonal), but it showed an increase in the dimension (c), which indicates an increase in the regularity in the 

crystalline structure, and the values of lattice parameters at x = 0 are a = b = 3.74 (A°), c = 15.69 (A°). It was also 

found that increasing the compensation ratio to 0.2 showed an increase in the x values and their regularity with an 

increase in lattice parameters (a, b, c), they became a = b = 3.75 (A°) and c = 15.79 (A°), as we noticed a regularity 

in the composition as shown in Table 1. The crystal structure of the compound changes when the compensation ratio 

is increased and the compound becomes a better crystalline structure [18,19]. As shown in Table 1, the mass density 

(M) values increased with the addition of the Zn element, while the volume fraction (Vphase) values decreased when 

the Zn concentration increased from 0.05 to 0.15. These results are consistent with the results obtained by the 

researchers in references [22, 26]. 

Auto-generated PDF by ReView Technologies and Materials for Renewable Energy, Environment Sustainability

094SLIV ANITMREES25FR.docxMainDocument AIPP Review Copy Only 3



 

 
FIGURE 1. X-ray diffraction showing Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ for the specified values with Zn  = 0, 0.05 and 0.15 " 

As an indication of temperature. It is noted from Figure 2 and Table 1 that the Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ 

superconductor with x = 0, sample possesses an initial transition temperature (Tc(onset)) close to 128 K and the zero 

value Tc(offset) was 105 K, while the initial transition temperature approached 134 K and the zero value was 115 K as 

adding small amounts of Zn = 0.05. But when the Zink is increased to 0.15 the initial increase 132 K and zero 

transition temperatures increase to 123 K with the increase of Zink, as shown in Table 1. The width of the transition 

temperature changed when the Zink concentration increased from 0 to 0.15 (the difference between the initial and 

zero) as follows: 23, 19, 8, and 9, respectively, as shown in Table 1. 

 
FIGURE 2. Resistivity dependence of temperature for Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ at the specified Zn  values "x = 0.0, 0.05 

and 0.1". 

TABLE 1. Values of transition temperature Tc (offset), Tc(onset) and ∆Tc and lattice  at the specified Zn  values " x = 0, 0.05 and 0.1" 

 

 

 

 

 

Scanning electron microscopy (SEM) techniques were used to analyze the surface morphology, grain size, and 

interconnectivity of the prepared samples [27]. Microstructure is a crucial factor that directly affects superstructure 

properties, as it can be influenced by factors such as sintering temperature and impurity concentration. SEM images 
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showed a clear evolution in grain shape with increasing zinc (Zn) concentration [19]. In the pure sample (x=0), the 

grains were relatively smaller and less interconnected, with clear porosity (gaps) between the grains. With increasing 

Zn concentration (up to x=0.15), the images show a significant and marked improvement in microstructure. The 

grains became noticeably larger, more compact, and denser. This indicates that the zinc substitution acted as a 

sintering aid, promoting grain growth and improving the packing fracture between them.  

The importance of this increased interconnectivity is that the grains minimize the number of weak links which 

are resistive boundaries between grains. It is this enhancement in microstructure that offers a direct scientific 

explanation of the enhancement in the superconducting properties. The bigger and closer packed grains provide a 

more robust and long-term conductive route of superconducting current, which best fits the high critical temperature 

(Tc(offset)) and small superconducting time found in the sample x=0.15. Moreover, it was possible to identify the 

various phases based on the microscopic image analysis and X-ray diffraction data [29]. The major phase Hg-1212 

(white contrast) was seen to be present, and the minor phases were zinc-free phases (dark gray), Hg-2212 (gray 

contrast) and zinc-rich regions (light gray). Certain traces of interfaces growth of the Hg-1223 phase inside Hg-1212 

grains were also detected [28], this could help to improve the stability of the said conductors and help provide them 

with better attributes. 

       
a     b 

 

c 

FIGURE 3a,b,c. Scanning electron microscope images obtained on smooth, polished samples. For Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ 

compound samples at the specified values Zn = 0, 0.05 and 0.15 . 

The fact that Tc(offset) changes with Zn substitution is an important observation. The replacement of cations in 

super conductors usually destabilizes the structure and discourages Tc. Possibly, however, the reason is our XRD 

data. We see an increase in the crystalline structure and the regularity of the composition increases. This is 
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associated with the enlargement of the lattice constant 'c'. This expansion of the c-axis is interesting, because Zn+2 

has a smaller ionic radius than Hg+2. This implies that substitution mechanism is not straightforward. The increased 

regularity in structure and lattice expansion can favor the spacing between the CuO2 planes or, more probably, 

modify the oxygen quantity in the HgO delivery layer of the HgO ions. This structural modification might maximize 

the concentration of the hole carriers in the CuO2 planes to bring the system to the highest possible Tc and, 

therefore, justify the observed improvement. 

CONCLUSIONS 

In this investigation, the structural, morphological, and electrical properties of the high-temperature 

superconducting system Hg1-xZnxBa1.5Sr0.5Ca2Cu3O8+δ, with zinc concentrations of x = 0, 0.05, and 0.15, were 

systematically examined. Polycrystalline samples were successfully synthesized via the solid-state reaction method. 

The study confirms that partial substitution of mercury with zinc exerts a significant and beneficial influence on the 

superconducting characteristics of the Hg-1223 phase. The X-ray diffusion structural analysis revealed that all the 

prepared samples possessed the tetragonal crystal structure. The next important effect of the substitution of zinc was 

the upsurge in the crystallinity of the material whereby the diffraction peaks were sharper and stronger, particularly 

the ones in the sample of x = 0.15. Moreover, the replacement led to an increase in c lattice parameter. Such 

augmentation in c-axis in spite of a reduced ionic radius of Zn in comparison with Hg suggests a complex 

substitution course that is likely to modify the oxygen content (d) of the layer of charge reservoir and consequently 

maximize the concentration of hole carriers. The SEM scan revealed that there was a high surface morphology 

increase. The grains were reduced and the unpatched sample was quite porous. On the other hand, zinc replacement 

contained effective sintering aid, and this increased high growth of the grain. This provided a much closer-packed, 

smaller and more interconnected microstructure. This improved contact of the grains is relevant, since it will reduce 

the occurrence of weak links at the interfaces of the grains so that solid path of the superconducting current flow 

could be achieved more frequently. The greatest outcome of the research is that the superconducting properties are 

increased considerably. The critical temperature (Tc (offset)) was found to rise significantly with x (105 K in the 

pure sample (x=0)) reaching a maximum critical temperature of 123 K in the x=0.15 sample. At the same time, the 

superconducting transition width (∆Tc) was narrowed significantly, 23 K was reduced to 9 K. Such sharpening of 

the transition means that the homogeneity of the superconducting phase has significantly increased. This unusual 

increase in Tc with substitution can be directly related to the effect of increased structural regularity and 

enhancement of microstructural integrity, i.e., the increased grain growth and interconnectivity, to the advantage of 

the zinc doping. 
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