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ABSTRACT 

This study elucidates influence of silver (Ag) nanoparticles (NPs) on ac-conduction properties within the super 

conductive phase of Cu0.5Tl0.5Ba2Ca2Cu3O10−δ (CuTl-1223). The Ag NPs were prepared by sol-gel method and CuTl-1223 

superconducting phase was prepared by conventional solid-state reaction method. The different weight percentages (wt.%) 

of Ag NPs were mixed with CuTl-1223 superconducting matrix in order to obtain (Ag)x/CuTl-1223; x = 0 ~ 4.0 wt.% 

nanoparticles-superconductor composites. Complex impedance spectroscopy (CIS) and complex electric modulus 

spectroscopy (CEMS) were conducted to probe the impact of Ag NPs addition along the grain-boundaries of the bulk 

CuTl-1223 superconducting matrix and on the resistive and capacitive contributions to the total impedance at different T 

(K) and f (Hz) values.  

Keywords: Ag nanoparticles; CuTl-1223 superconducting phase; (Ag)x/CuTl-1223 composites; complex impedance 

spectroscopy; complex electric modulus spectroscopy 

PACS codes: 74.25. F-; 74.25.-q; 74.81. Bd; 74.72.-h 

1. Introduction 

Although high temperature superconductors (HTSCs) have undergone extensive synthesis and 

characterization, the literature survey reveals, a limited exploration of their ac-conduction behavior, 

particularly when employing dielectric, impedance and modulus measurements. Thus this study focus on the 

ac-conduction phenomenon of HTSCs concentrating on specific applied frequencies and temperatures. This 

study can provide an interpretation regarding the role of the grains and grain-boundaries in ac-conduction 
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process. The relaxation processes and the role of the grains and grain-boundaries in granular materials on the 

ac-conduction properties have generally been explored by the complex impedance spectroscopy (CIS) and the 

complex electric modulus spectroscopy (CEMS)[1–3]. CIS measurements are used to determine the resistive 

contribution to impedance however they fall short in considering he smaller contribution of the capacitive 

reactance to the impedance in granular materials[4,5]. To address this CEMS technique is commonly employed 

enabling the measurement of small contribution of capacitive reactance to the impedance of the granular 

materials[6,7]. The grain, grain-boundaries, interfaces and different other defects (impurities, pores, crakes, etc.) 

can affect the ac-conduction properties of the granular materials[8]. The insertion of nanostructures of various 

materials, sizes and shapes can modify the morphology and nature of the grain-boundaries in the bulk 

materials[9,10]. Therefore, the investigation of the effects of the insertion of different nanostructures across the 

grain-boundaries for the ac-conduction properties can be useful to tune the electrical transport properties of 

the bulk materials for different practical applications.  

The effects of introducing MgO NPs on the ac-conduction properties of Cu0.25Tl0.75Ba2Ca3Cu4O12−δ 

superconducting phase was investigated at different temperatures from 113 K to 300 K and frequencies from 

100 Hz to 4 MHz. A strong correlation between the ac-conduction properties and the frequency, temperature 

and MgO NPs content was observed. The variation in ac-conduction revealed the Debye-like nature of the 

relaxation process in these nanocomposites[11]. CIS and CEMS measurements were employed to study the 

influence of Co3O4 NPs addition on different aspects of CuTl-1223 superconducting matrix. The non-Debye 

type relaxation was observed in these composites. The impedance was observed to be decreased with the 

addition of these NPs in CuTl-1223 superconducting matrix[12]. Similarly, the effects of insertion of MnFe2O4 

and Cu NPs in CuTl-1223 superconducting matrix were explored by impedance and modulus spectroscopic 

studies at different temperature values from 78 K to 253 K and frequencies values from 20 Hz to 10 MHz. It 

was observed that grains as well as grain-boundaries affect the transport mechanism in these composites. The 

relaxation phenomenon of non-Debye type was observed in these composites by CIS and CEMS measurements. 

The resistance and reactance of the grains gave lower values as compared to that of grain-boundaries. This is 

the confirmation of good conducting nature of grains and poor conduction properties of grain-boundaries[13–

15]. The effects of addition of different oxides, ferrites and metallic NPs on the superconducting as well as ac-

condition properties of various bulk HTSCs were explored[16–21]. But still more work is needed to completely 

understand the factors affecting the ac-conducting properties of the bulk HTSCs for the practical applications.  

Therefore, in the current study, the influence of Ag NPs addition on ac-conduction processes in CuTl-

1223 superconducting phase were explored via CIS and CEMS measurements. As Ag is one of the best 

conducting element, therefore, it was expected that the addition of Ag NPs will significantly improve the 

conducting nature of the grain-boundaries of bulk CuTl-1223 superconductor. So, the role of Ag NPs addition 

on the ac-conduction properties was probed via CIS and CEMS measurements of (Ag)x/CuTl-1223 composites. 

This study can help to chart out the parameters influencing the ac-conduction mechanism in the nanostructures 

added HTSCs.  

2. Samples synthesis and characterization 

The Ag NPs were synthesized by sol gel method. The process was started with the preparation of solutions 

of distilled water with citric acid and hydrated silver nitrate added in ethanol. These solutions were mixed in 

one beaker and ammonia was added drop wise to maintain 9 pH. This solution was stirred during heating 

process at 80 ℃ to form a gel. After drying this gel in an oven at 100 ℃, it was ground for one hour. Then, 

the powder was annealed at 900 ℃ for 4 h to get Ag NPs. The calculated masses of solid powders of different 

compounds such as Cu2(CN)2, Ca(NO3)2 and Ba(NO3)2 were combined  and mechanically ground for about 2 
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h using mortar and pestle. The prepared mixture was heat treated at860 ℃ for 24 h in a pre-heated chamber 

furnace. Then calculated amounts of Ag NPs and thallium oxide (Tl2O3) were added in the precursor. Finally, 

the pellets were formed by hydraulic press and wrapped in gold capsules for the purpose of sintering in pre-

heated chamber furnace at 860 ℃ for about 10 min. In this way, the desired (Ag)x/CuTl-1223; x = 0 ~ 4.0 wt.% 

composites were obtained. The ac-conduction measurements (i.e., CIS and CEMS) of (Ag)x/CuTl-1223; x = 0 

~ 4.0 wt.% NPs superconductor composites were obtained with the help of Hewlett-Packard 4294A LCR Meter 

using two-point probe method in the frequency range of 40 Hz to 100 MHz at different T (K) from 78 K to 

253 K. The size of samples used for LCR measurements was 1.25 × 2.4 × 2.1 mm3. 

3. Results and discussion 

3.1. X-ray diffraction (XRD) 

The structural properties of Ag NPs added CuTl-1223 superconducting phase have been studied by X-ray 

diffraction (XRD). The XRD spectra of (Ag)x/CuTl-1223 nanocomposites with x = 0 and 2.0 wt.% and Ag 

NPs in its inset are shown by Figure 1. All noticeable peaks were perfectly indexed following the p4/mmm 

space group and tetragonal structure in computer software for structure refinement ‘MDI Jade’ with latest 

international center for diffraction data (ICDD). The low intensity peaks appearing in the spectra can be 

attributed to other superconducting phases and impurities in the matrix. A minor improvement was observed 

along c-axis of host unit cell which may be linked to the improved oxygen (Oδ) content and stresses exerted 

by Ag NPs dispersed over inter-granular spaces. No alteration was observed in the crystal structure of 

superconducting matrix with the addition of Ag NPs. This was the confirmation of the fact that these NPs had 

not penetrated into the unit cell of the host rather they occupied available spaces at inter-granular sites of host. 

In the inset of Figure 1, the XRD plot of metallic Ag NPs is given. The prominent peaks observed with (hkl) 

values (111), (200) and (220) perfectly match the ICDD record and follow FCC structure. The sharpness of 

the peaks and absence of impurity phases indicate perfect crystallinity in NPs structure. The average crystallite 

size of Ag NPs is found to be 35 nm as calculated by Sherrer’s formula. Furthermore, the surface morphology, 

and elemental composition of Ag NPs added CuTl-1223 superconducting phase have already been reported in 

our previous studies[22–26]. The increase in the mass densities due to added Ag NPs in the host superconductor 

is expected to reduce the porosity by stuffing and filling of pores, voids and crakes present in the samples[27]. 

 
Figure 1. The representative XRD spectra of (Ag)x/CuTl-1223 composites; x = 0 and 2.0 wt.% composites. Inset contain XRD 

spectrum of Ag nanoparticles. 
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3.2. Resistivity (ρ) vs. temperature (T) measurements 

The dc-resistivity vs. temperature curves of the superconducting nanocomposites of (Ag)x/CuTl-1223, x 

= 0 and 2.0 wt.% are plotted in Figure 2. Ag NPs showed a remarkable effect by decreasing the resistivity of 

the normal state ρn (Ω m) to much lower values and a great increase in the characteristic critical temperature 

Tc(0) from 73 to 103K for given concentrations. As confirmed in the structural analysis that metallic Ag NPs 

occupy pores and voids at grain boundaries, so they become coupling agents between crystallites and enhance 

the volume fraction of the superconducting regions in the materials. The enhancement in the inter-crystallite 

connectivity with metallic Ag NPs reduces the resistive losses across grain boundaries. The charge carriers in 

the superconducting state are in the form of pairs of electrons called cooper pairs, which show dissipation less 

transport in superconducting state. When these pairs of electrons from the superconducting region reach the 

grain boundaries and interact with non-superconducting metallic Ag NPs, their pairing interaction slightly 

reduce but because of links established by metallic NPs of dominantly improved conductivity. In the inset of 

Figure 2 the derivative of the resistivity curves have been plotted against the temperature for the same 

compositions. A single step sharp transition is observed for the superconducting nanocomposites in the region 

where intra-grain superconductivity is established and inter-grain space is non-superconducting. The peak 

positions clearly depict the rise in mean field critical temperature [Tc
mf(K)] from 99 to 115K after addition of 

metallic Ag NPs.  

 
Figure 2. The representative dc resistivity (ρ) vs temperature T (K) for (Ag)x/CuTl-1223 composites; x = 0 and 2.0 wt.% composites. 

Inset contain derivatives of resistivity vs T(K). 

3.3. Complex impedance spectroscopy (CIS) 

The CIS technique provides a valuable insights into how relaxation processes occur in different solid 

materials at various values of applied frequency and temperature[28,29]. The CIS technique is also applied to 

explore the dynamics of the bound charges present in the bulk and interfacial regions of the polycrystalline 

solids[19]. As the behavior of grains and grain-boundaries differs when subjected to an applied sinusoidal 

perturbation, so the CIS method can help in distinguishing their respective contribution to the ac-conduction 

processes[30]. The complex impedance is denoted by Z*, while its real and imaginary parts are denoted by Z/ 

and Z// respectively. It is mathematically given by the following Equation (1);   

𝑍∗ = 𝑍𝑟𝑒𝑎𝑙
′ + 𝑗𝑍𝑖𝑚𝑎𝑔

′′  (1) 

where ‘j’ is the complex number that represents the imaginary part of the complex impedance. 
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The complex impedance (Z*) from this equivalent circuit can be given as follows; 

Z∗ = 1
1

𝑅𝑔
+ 𝑗𝜔𝐶𝑔

⁄ + 1
1

𝑅𝑔𝑏
+ 𝑗𝜔𝐶𝑔𝑏

⁄  

Z∗ =
𝑅𝑔

1 + 𝑗𝜔𝐶𝑔𝑅𝑔
+

𝑅𝑔𝑏

1 + 𝑗𝜔𝐶𝑔𝑏𝑅𝑔𝑏
 

Z∗ = (
𝑅𝑔

1 + 𝑗𝜔𝑅𝑔𝐶𝑔
×

1 − 𝑗𝜔𝑅𝑔𝐶𝑔

1 − 𝑗𝜔𝑅𝑔𝐶𝑔
+

𝑅𝑔𝑏

1 + 𝑗𝜔𝑅𝑔𝑏𝐶𝑔𝑏
×

1 − 𝑗𝜔𝑅𝑔𝑏𝐶𝑔𝑏

1 − 𝑗𝜔𝑅𝑔𝑏𝐶𝑔𝑏
) 

Z∗ = [(
𝑅𝑔

1 + (𝜔𝑅𝑔𝐶𝑔)2) + (
𝑅𝑔𝑏

1 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2)] + 𝑗 [𝑅𝑔 (
𝜔𝑅𝑔𝐶𝑔

1 + (𝜔𝑅𝑔𝐶𝑔)2) + 𝑅𝑔𝑏 (
𝜔𝑅𝑔𝑏𝐶𝑔𝑏

1 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2)] 

(2) 

By comparing the Equation (2) with Equation (1), we get; 

𝑍′ = (
𝑅𝑔

1 + (𝜔𝑅𝑔𝐶𝑔)2) + (
𝑅𝑔𝑏

1 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)2) (3) 

𝑍′′ = 𝑅𝑔 (
𝜔𝑅𝑔𝐶𝑔

1 + (𝜔𝐶𝑔𝑅𝑔)2) + 𝑅𝑔𝑏 (
𝜔𝑅𝑔𝑏𝐶𝑔𝑏

1 + (𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2) (4) 

The variation of Z/ vs frequency of Ag NPs added CuTl-1223 superconductor composites at different 

temperature from 78 K–253 K are shown in Figure 3a–e. The higher values of Z/ at lower frequency region 

highlights the dominant resistive contribution to the impedance of these composites[31]. This resistive behaviour 

can be attributed to the enhanced carriers’ scattering across the grain-boundary regions. At higher applied 

frequencies, all curves of Z/ vs. f (Hz) are merged for all values of temperatures. This behaviour can be 

attributed to the absence of restoring force, which enables greater mobility of charge carriers according to the 

applied frequency[31]. The value of Z/ increases gradually with the increase of temperature at 40 Hz as shown 

in the insets of Figure 3a–e. The variation in the value of Z/
Max with T (K) for different concentration of Ag 

NPs in CuTl-1223 matrix is shown in Figure 3f. The rising trend is also evident with increasing contents of 

Ag NPs in CuTl-1223 superconducting matrix. The observed increase in the values of Z/ with temperature can 

be related to the increased scattering of carriers across the grain-boundaries, which is further enhanced with 

the addition of metallic Ag NPs in CuTl-1223 superconducting phase. 

Similarly, the changes in Z// with frequency across a temperature range varied from 78 K to 253 K for 

different concentrations of Ag NPs introduced in CuTl-1223 superconducting phase is represented by Figure 

4a–f. It is evident from these plots that the values of Z// have increased as frequency rises until it gained its 

maximum Z//
Max, after which they begin to decline with further increase in frequency. The rising pattern for 

Z//
Max with temperature, observed for varying percentages of Ag NPs in CuTl-1223 superconducting phase can 

be visualized in the insets of Figure 4a–e. The turning point in Z// is the part where transition of long range to 

short range mobility of charge carriers occurred. This is owed to the hopping and relaxation mechanism of ac-

conduction process of charge carriers in material. The elevation in the values of Z//
Max with both temperature 

and Ag NPs contents is clearly shown in Figure 4f. The increase in Z//
Max with both temperature and addition 

of Ag NPs contents can be attributed to the enhanced resistive nature of grain-boundaries with increasing 

temperature due to conducting nature of metallic Ag NPs added across the grain-boundaries of the host CuTl-

1223 superconducting matrix. The peaks between Z// and frequency have been observed to be shifted to higher 

frequency with increasing temperature. This that multiple relaxation processes are going on in these samples. 

The region a under each curve, spanning between Z// and frequency gives the range of frequency in which the 

mobility of charges is primarily influenced by the long-range hopping mechanism. The carriers face the 

maximum barrier potential at the peak frequency. The peak of each curve signifies the threshold frequency at 

which the charge carriers can transit from short range mobility mode to long range mobility mode. This 

behaviour confirms that the ac-conduction in the composites is effected by thermally activated hopping 
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mechanism[32]. The sharpness of peaks observed in these of Z// vs f (Hz) curves shows actual dielectric 

relaxation mechanism, whereas the widening of these peaks can be due to distribution of relaxation times[33]. 

The shifting of peak positions observed in these graphs can precisely be explained by the following Equation 

(5).  

 
Figure 3. Variation in real part of impedance (Z/) versus test frequency f (Hz) from 40 Hz to 10 MHz at different operating 

temperatures T (K) from 78 K to 253 K for (Ag)x/CuTl-1223 composites with (a) x = 0, (b) x = 1.0 wt.%, (c) x = 2.0 wt.%, (d) x = 3.0 

wt.%, (e) x = 4.0 wt.% each with inset of variation in Z/
Max versus T (K), and (f) Combined variation of Z/

Max versus T (K) for 

(Ag)x/CuTl-1223; x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites. 
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Figure 4. Variation in imaginary part of impedance (Z//) versus test frequency f (Hz) from 40 Hz to 10 MHz at different operating 

temperatures T (K) from 78 K to 253 K for (Ag)x/CuTl-1223 composites with (a) x = 0, (b) x = 1.0 wt.%, (c) x = 2.0 wt.%, (d) x = 3.0 

wt.%, (e) x = 4.0 wt.% each with inset of variation in Z//
Max versus T (K), and (f) combined variation in Z//

Max versus T (K) for 

(Ag)x/CuTl-1223; x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites. 

1 1
2

gb gb

f
C R

 


= = =  (5) 

According to this Equation (5), the shifting in peak positions can be associated with the variation in the 

values of Rgb and Cgb with temperature and Ag NPs contents. The peaks shifted towards the low frequency is 

due to the settlement of Ag NPs at the grain-boundaries of the superconductor which enhanced the charge 

accumulation at grain-boundaries and suppressed the tunnelling of electrons between grain and grain-

boundaries. At this stage, the grain-boundaries offered more Rgb resistance and Cgb capacitance. This is also an 

evidence of relaxation phenomenon of non-Debye type nature in these composites[34]. 

The Nyquist plots, showing the relation between Z/ and Z// for different concentrations of Ag NPs at 

different temperature values ranging from 78 K to 253 K are shown in Figure 5a–e. From these Nyquist plots, 

we can determine the grains’ resistance (Rg) from left intercepts on Z/ axis, and total resistance R (R = Rgb + 

Rg) can be determined from right intercepts on Z/ axis, respectively. An equivalent circuit is designed to account 
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for the involvement of grains and of grain-boundaries to the ac-conduction processes in the material as depicted 

by Figure 5f. In the equivalent circuit, the grains’ resistance (Rg) and grains’ capacitance (Cg) are parallel to 

each other and similarly the grain-boundaries’ resistance (Rgb) is also parallel to the grain-boundaries’ 

capacitance (Cgb), whereas both parallel sets of circuit are mutually connected in series. Table 1 shows the 

values of Rg and Rgb calculated from these Nyquist plots. The higher values of resistance of grains and grain-

boundaries with increasing temperature highlights the conducting nature of the grains and grain-boundaries. 

On comparison of resistance originating from both the regions shows that the grains exhibit lower resistance, 

while grain-boundaries exhibit more resistance. The values of Cg and Cgb can be determined from the following 

Equation (6) and Equation (7), respectively. 

 
Figure 5. Nyquist plots between Z/ and Z// at different operating temperatures T (K) from 78 K to 253 K for (Ag)x/CuTl-1223 composites 

with (a) x = 0, (b) x = 1.0 wt.%, (c) x = 2.0 wt.%, (d) x = 3.0 wt.%, (e) x = 4.0 wt.%, and (f) equivalent circuit containing Rg, Rgb, Cg 

and Cgb. 
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Table 1. Calculated values of ‘Rg’ and ‘Rgb’ of (Ag)x/CuTI-1223, x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites at various temperatures. 

(Ag)x/CuTI-1223, x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites 

T (K)  x = 0 x = 1.0 x = 2.0 x = 3.0 x = 4.0 

Rg Rgb Rg Rgb Rg Rgb Rg Rgb Rg Rgb 

78 36.3 115.3 6.69 117.5 9.36 164.5 4.61 247.7 1.51 316.5 

103 36.1 115.8 5.96 123.9 8.33 173.4 4.13 252.6 1.53 338.6 

128 35.5 117.5 6.82 121.1 9.55 169.6 4.45 264.5 1.57 337.4 

153 34.6 119.7 5.31 125.6 7.29 175.8 4.46 268.7 1.64 349.0 

178 33.3 123.3 10.0 118.1 14.0 165.4 3.58 270.9 1.80 404.5 

203 36.9 123.3 6.80 124.4 9.51 174.2 3.52 273.3 1.81 428.1 

228 29.5 123.4 5.25 125.8 7.57 176.6 3.59 280.1 1.75 419.7 

253 29.8 129.4 5.38 126.2 7.41 176.6 3.48 281.2 1.81 461.8 

 

𝑓𝑚𝑎𝑥 =
1

2𝜋𝑅𝑔𝐶𝑔
 (6) 

𝑓𝑚𝑎𝑥 =
1

2𝜋𝑅𝑔𝑏𝐶𝑔𝑏
 (7) 

The significant change in the Nyquist plots shape of these nanocomposites with increasing temperature 

is indicative for multi-Debye relaxation nature of these nanocomposites[35]. An important parameter referred 

as blocking factor (𝛼𝑅) can be employed to assess the role of grain-boundaries in ac-conduction of material 

and it can be calculated by using the following Equation (8). 

αR =
Rgb

Rg + Rgb
 (8) 

The rising trend in the values of 𝛼𝑅  with increasing Ag NPs concentration in the host CuTl-1223 

superconducting matrix at different temperatures can be seen in Figure 6. The values of 𝛼𝑅 provide the crucial 

insights related to the amount of restricted charge carriers in the potential wells present at the grain-boundaries 

promoted by inclusion of Ag NPs in the bulk of the host CuTl-1223 superconducting phase[36,37]. 

 
Figure 6. Blocking factor (αR) as a function of T (K) for (Ag)x/CuTl-1223; x = 0, 1.0, 2.0, 3.0 and 4.0 wt% composites. 

3.4. Complex electric modulus spectroscopy (CEMS) 

The CEMS is a technique used to discern the individual contributions of grains and grain-boundaries 

towards the total impedance of the polycrystalline substances[38]. Mainly, components offering equivalent 

resistance but different capacitance can easily be segregated by using CEMS. The CEMS data can more 

conveniently analyzed by using an equivalent circuit that consists of two sub-circuits each for grains and grain-
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boundaries. The complex modulus is represented by M*, while its real part is denoted by M/ and imaginary part 

is represented by M//. Mathematically, it can be written as in Equation (9) below[39]. 

𝑀∗ = 𝑀/ + 𝑗𝑀// = 𝑗𝜔𝐶𝑍∗ (9) 

By substituting Z* in terms of Rg, Rgb, Cg and Cgb in above Equation (9), M* will become;  

M∗ = jωC𝑜 (
𝑅𝑔

1 + 𝑗𝜔𝐶𝑔𝑅𝑔
+

𝑅𝑔𝑏

1 + 𝑗𝜔𝐶𝑔𝑏𝑅𝑔𝑏
) (10) 

Equation (10) can further be simplified as; 

M∗ = [
𝐶𝑜

𝐶𝑔
(

(𝜔𝐶𝑔𝑅𝑔)2

1 + (𝜔𝐶𝑔𝑅𝑔)2) +
𝐶𝑜

𝐶𝑔𝑏
(

(𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2

1+(𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2)]

+ 𝑗 [
𝐶𝑜

𝐶𝑔
(

𝜔𝐶𝑔𝑅𝑔

1 + (𝜔𝐶𝑔𝑅𝑔)2) +
𝐶𝑜

𝐶𝑔𝑏
(

𝜔𝐶𝑔𝑏𝑅𝑔𝑏

1+(𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2)] 

(11) 

By comparing Equation (9) and Equation (11), we get; 

𝑀′ = [
𝐶𝑜

𝐶𝑔
(

(𝜔𝐶𝑔𝑅𝑔)2

1 + (𝜔𝐶𝑔𝑅𝑔)2) +
𝐶𝑜

𝐶𝑔𝑏
(

(𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2

1+(𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2)] (12) 

𝑀′′ = [
𝐶𝑜

𝐶𝑔
(

𝜔𝐶𝑔𝑅𝑔

1 + (𝜔𝐶𝑔𝑅𝑔)2) +
𝐶𝑜

𝐶𝑔𝑏
(

𝜔𝐶𝑔𝑏𝑅𝑔𝑏

1+(𝜔𝐶𝑔𝑏𝑅𝑔𝑏)2)] (13) 

where 𝐶𝑜 is the geometrical capacitance.  

The graph in Figure 7a–f shows the variation of M/ with frequency at temperatures varying from 78 K to 

253 K for different concentrations of Ag NPs added in CuTl-1223 superconductor. These plots show that M/ 

exhibits lower values at lower frequencies and begin to increase gradually with the increase of frequency till 

it attains a maximum value M/
Max at certain specific frequency values for all concentrations of Ag NPs and 

temperatures. This demonstrate that ac-conduction in these composites is influenced by the short range 

mobility of carriers. The peaks in M/ vs frequency plots at certain specific frequency values indicate the 

maximum conductance in the material, which can be attributed to the reduction in the capacitive reactance 

contribution to the total impedance of these composites. This is an evidence of the role of short-range mobility 

of carriers in transport phenomenon. The plots of M/ vs f (Hz) shows that M/ after attaining its maximum value 

at certain specific frequency starts to decrease indicating the transition from long range to short range mobility 

of carriers. The peaks observed in the M/ versus frequency curves indicate a reduction in capacitive response, 

which is attributed to the maximum conductance reached within these composites. The gradual decrease in the 

values of M/
Max. With the increase of temperature indicates the enhancement of capacitive response, which is 

caused by the increase in the trapped space charges in the potential wells due to enhanced scattering of carriers 

across the grain-boundaries. The capacitive behavior has further been enhanced with the addition of Ag NPs 

in CuTl-1223 superconducting matrix. This is shown by insets of Figure 7a–e. The insets of Figure 7a–e and 

Figure 7f depict the variation of M/
Max. with temperature for various contents of Ag NPs in host CuTl-1223 

superconducting matrix. The peaks shifted toward the higher frequency with increasing temperature is due to 

the fact that ac-conduction in these composites influenced by the short range mobility of charge carriers. The 

maximum conductance is produced in the material as a result of easy flow of charge carriers at greater 

temperature by increasing speed of these charge carriers which can be attributed to the reduction in the 

capacitive reactance contribution to the total impedance of these composites. This is also an evidence of the 

peak shifting to higher frequency with increasing temperature due to short-range mobility of carriers in 

transport phenomenon. 
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Figure 7. Variation in real part (M/) of electric modulus versus test frequency f (Hz) from 40 Hz to 10 MHz at different operating 

temperatures T (K) from 78 K to 253 K for (Ag)x/CuTl-1223 composites with (a) x = 0, (b) x = 1.0 wt.%, (c) x = 2.0 wt.%, (d) x = 3.0 

wt.%, (e) x = 4.0 wt.% each with inset of variation in M/
Max versus T (K), and (f) combined variation of M/

Max versus T (K) for 

(Ag)x/CuTl-1223; x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites. 

The frequency-dependant changes in M// at different values of temperature from 78 K to 253 K for 

different concentrations of Ag NPs incorporated into CuTl-1223 superconductor are shown in Figure 8a–f. 

As the applied frequency increases, the M// values begin to rise and reach its maximum values at certain specific 

frequency values. After reaching its maximum value M//
Max, the M// values start to decrease, with the peaks 

shifting slightly towards lower frequency regions as the temperature rises. This pattern is an indication of the 

transition from long range mobility to short range mobility of charge carriers[37]. The insets in Figure 8a–e 

display the variations in M// values at specific frequencies as a function of temperature (T in Kelvin) for various 

concentrations of Ag NPs within the CuTl-1223 superconductor. Figure 8f illustrates the comparison of the 

changes in M//
Max with temperature (T in Kelvin) across different concentrations of Ag NPs within the CuTl-

1223 superconducting matrix. The broadening in the peaks of M// versus frequency can be related to the non-
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Debye nature of the relaxation processes occurring in these composites. The decreasing trend in M//
Max with 

increasing temperature values indicates the improvement in capacitive nature of the composites due to 

enhanced scattering and promoted trapping of charge carriers in the potential wells at the grain-boundaries. 

The change in M//
Max versus temperature shows the increasing trend in the M//

Max values particularly at higher 

contents of Ag NPs (i.e., x = 3.0 and 4.0 wt.%) in (Ag)x/CuTl-1223 composites. This behavior revealed the 

improvement in conducting nature of the grain-boundaries because of the presence of metallic Ag NPs at the 

grain-boundaries causing the enhancement in conductance of the material[14]. The slight change in peak 

position in M// versus frequency curves can easily be understood from Equation (5) in terms of the variation in 

the values of Cgb and Rgb with temperatures as well as with Ag NPs addition in CuTl-1223 superconducting 

phase. The reduction in peak intensities with the increase of temperatures is referred to the growing capacitive 

response and suppression in ac-conduction phenomenon.  

 
Figure 8. Variation in imaginary part (M//) of modulus versus test frequency f (Hz) from 40 Hz to 10 MHz at different operating 

temperatures T (K) from 78 K to 253 K for (Ag)x/CuTl-1223 composites with (a) x = 0, (b) x = 1.0 wt.%, (c) x = 2.0 wt.%, (d) x = 3.0 

wt.%, (e) x = 4.0 wt.% each with inset of variation in M//
Max versus T (K), and (f) combined variation in M//

Max versus T (K) for 

(Ag)x/CuTl-1223; x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites. 
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The Nyquist plots of M/ versus M// for different concentrations of Ag NPs in these composites over a 

temperature range spanning from 78 K to 253 K are shown in Figure 9a–e. Nyquist plots are used to determine 

the values of Cg, Cgb and total capacitance C (= Cg + Cgb). The Cg and C (= Cg + Cgb) values can be obtained 

from left and right intercepts on M/ axis of these Nyquist plots, respectively. The Cg and Cgb values for 

(Ag)x/CuTl-1223; x = 0 ~ 4.0 wt.% composites at different temperatures are given in Table 2. The lower values 

of Cg in comparison to Cgb make it evident that the mobility of charge carriers experience fewer constraints 

within the grains than grain-boundaries, this can be attributed to the presence of impurities and different defects 

across the grain-boundaries[40]. The variations in the Nyquist plots as temperature rises reflects the multi-Debye 

relaxation phenomena occurring in these nanocomposites. The values of Cg, Cgb and C have displayed a 

decreasing trend with the increasing temperature at various concentrations of Ag NPs. This trend can be 

attributed to the release of space charges, which were trapped at the inter-granular sites of the host material[39]. 

 
Figure 9. Nyquist plots between M/ and M// at different operating temperatures T (K) from 78 K to 253 K for (Ag)x/CuTl-1223 

composites with (a) x = 0, (b) x = 1.0 wt.%, (c) x = 2.0 wt.%, (d) x = 3.0 wt.%, (e) x = 4.0 wt.%. 
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Table 2. Calculated values of ‘Cg’ and ‘Cgb’ of (Ag)x/CuTI-1223, x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites at various 

temperatures. 

(Ag)x/CuTI-1223, x = 0, 1.0, 2.0, 3.0 and 4.0 wt.% composites 

T (K)  x = 0 x = 1.0 x = 2.0 x = 3.0 x = 4.0 

Cg (nF) Cgb (mF) Cg (nF) Cgb (mF) Cg (nF) Cgb (mF) Cg (nF) Cgb (mF) Cg (nF) Cgb (mF) 

78 0.068 1.27 0.038 0.116 0.015 0.934 0.029 10.3 0.044 18.0 

103 0.049 1.33 0.040 0.117 0.015 0.944 0.038 10.1 0.084 15.1 

128 0.075 1.31 0.042 0.109 0.018 0.909 0.042 9.91 0.013 12.4 

153 0.089 1.29 0.041 0.930 0.017 0.873 0.042 9.50 0.013 12.4 

178 0.082 1.27 0.054 0.113 0.017 0.783 0.044 8.93 0.017 6.52 

203 0.043 1.24 0.042 0.990 0.015 0.829 0.030 8.15 0.069 3.61 

228 0.020 1.21 0.053 0.862 0.018 0.747 0.028 7.23 0.054 2.25 

253 0.051 1.15 0.043 0.104 0.022 0.676 0.023 6.14 0.063 1.74 

4. Conclusion 

This work reports the effects of Ag NPs on the ac- conduction mechanism of the CuTl-1223 

superconducting phase by employing CIS and CEMS measurements. Improvement in the conduction 

properties was evident from the increasing trend in the values of Rg and Rgb with temperature. The decrease in 

capacitive characteristics seen in these nanocomposites as temperature rises is attributed to the discharge of 

space charge carriers trapped inside the potential wells.  The occurrence of non-Debye type of relaxation 

processes in these composites was evident from the shifting of peaks in Z// and M// versus f (Hz) plots. The 

comparison of resistive and capacitive behavior of grains and grain-boundaries has confirmed that the 

contribution of grain-boundaries is dominant in these (Ag)x/CuTl-1223 composites. 
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