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Abstract 

Solid-state impedance spectroscopy (SS-IS) was used to investigate the influence of structural modifications resulting 

from the addition of Nb2O5 on the dielectric properties and relaxation processes in the quaternary mixed glass former 

(MGF) system 35Na2O–10V2O5–(55−x)P2O5–xNb2O5 (x = 0–40, mol%). The dielectric parameters, including the 

dielectric strength and dielectric loss, are determined from the frequency and temperature-dependent complex 

permittivity data, revealing a significant dependence on the Nb2O5 content. The transition from a predominantly 

phosphate glass network (x < 10, region I) to a mixed niobate–phosphate glass network (10 ≤ x ≤ 20, region II) leads 

to an increase in the dielectric parameters, which correlates with the observed trend in the direct-current (DC) 

conductivity. In the predominantly niobate network (x ≥ 25, region III), the highly polarizable nature of Nb5+ ions 

leads to a further increase in the dielectric permittivity and dielectric strength. This is particularly evident in Nb-40 

glass-ceramic, which contains Na13Nb35O94 crystalline phase with a tungsten bronze structure and exhibits the highest 

dielectric permittivity of 61.81 and the lowest loss factor of 0.032 at 303 K and 10 kHz. The relaxation studies, 

analyzed through modulus formalism and complex impedance data, show that DC conductivity and relaxation 

processes are governed by the same mechanism, attributed to ionic conductivity. In contrast to glasses with a single 

peak in frequency dependence of imaginary part of electrical modulus, M″(ω), Nb-40 glass-ceramic exhibits two 

distinct contributions with similar relaxation times. The high-frequency peak indicates bulk ionic conductivity, while 

the additional low-frequency peak is associated with the grain boundary effect, confirmed by the electrical equivalent 

circuit (EEC) modelling. The scaling characteristics of permittivity and conductivity spectra, along with the electrical 

modulus, validate time-temperature superposition and demonstrate a strong correlation with composition and 

modification of the glass structure upon Nb2O5 incorporation. 

Keywords: phosphate glasses; glass-ceramics; impedance spectroscopy; dielectric properties; relaxation processes; 

permittivity scaling; conductivity scaling; modulus formalism 
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1. Introduction 

The increasing energy demands of modern daily life and the rapid progress in the electronics industry have 

spurred the need for new sustainable and renewable materials suitable for electrical energy storage devices. These 

devices include solid-state batteries, electrostatic capacitors, electrochemical capacitors, etc. [1–4]. In the quest for 

efficient energy storage materials, significant focus has been directed towards inorganic materials, with a particular 

emphasis on oxide glasses and glass-ceramics. These materials possess dense and uniform microstructures with 

minimal grain boundaries making them highly desirable. Additionally, their compositions can be easily adjusted to 

achieve optimal properties, such as excellent structural and thermal stability and reliable energy storage performance. 

Extensive research has been devoted to exploring niobate-based glass-(ceramic) systems, which show great 

promise for pulse power devices due to their tunable structure and high permittivity [5–8]. Indeed, Nb2O5 is known 

for its large electronic polarizability, and the structures of glass-(ceramic) compounds based on Nb2O5 are defined by 

the connectivity between off-centred NbO6 octahedra. The distortion of these octahedra, resulting from shorter and 

longer Nb–O distances, offers structural flexibility that can lead to exceptional dielectric properties and the 

manifestation of ferroelectric behaviour [9]. Moreover, through controlled crystallization of Nb2O5-based glasses, it 

is possible to achieve the precipitation of ferroelectric crystalline phases with perovskite or tungsten bronze structures, 

resulting in materials exhibiting a high dielectric constant [10]. 

Research on the dielectric properties of Nb2O5-containing glass-ceramic systems has primarily focused on 

exploring various compositions based on the silicate network, such as Na2O–Nb2O5–SiO2 [11], (Na2O, K2O)–Nb2O5–

SiO2–MO (M = Ca2+, Sr2+, Ba2+) [12], and Na2O–Nb2O5–CaO–B2O3–SiO2–ZrO2 [13], as well as the borate systems, 

including Na2O–Nb2O5–B2O3 [14] and BaO–Na2O–Nb2O5–Al2O3–B2O3 [7], and mixed borate-phosphate systems, in 

particular K2O–Na2O–Nb2O5–B2O3–P2O5 [12]. However, comparatively less attention has been given to 

predominantly phosphate-based glass-(ceramic) systems. Recent studies demonstrate that controlled crystallization of 

glasses from the 50Na2O–xNb2O5–(50−x)P2O5 system enables the preparation of glass-ceramics with a predominant 

fraction of the perovskite phase NaNbO3 [15]. Notably, the glass-ceramic with the highest Nb2O5 content exhibits 

superior dielectric properties, characterized by a high dielectric constant and a low dielectric loss factor. Besides, the 

dielectric properties of the perovskite phase NaNbO3 can be enhanced by mixing it with a glass with a composition 

50Na2O–25Nb2O5–25P2O5, resulting in a composite material that serves as a promising dielectric candidate for energy 

storage capacitor ceramics [16]. Similar investigations were carried out on the glass-(ceramic) system BaO–Na2O–
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Nb2O5–WO3–P2O5 with Ba2NaNb5O15 and/or Ba2Na4W2Nb8O30 crystalline phases with a tungsten bronze structure 

and the perovskite NaNbO3 phase [17]. The glasses from this system were combined with Ba0.85Ca0.15Zr0.10Ti0.90O3 

(BCZT) ceramic [18], which is currently used as a dielectric material in the pulsed power capacitors industry due to 

its high dielectric permittivity [19]. Through this approach, a composite material that exhibits enhanced energy storage 

efficiency is developed. 

Despite the encouraging findings obtained from the abovementioned investigations, there is a significant 

research gap in the literature regarding the characterization of the dielectric properties of niobate–phosphate (Nb–P) 

based glasses and glass-ceramics. Such mixed Nb–P-based glasses and glass-ceramics have been reported to manifest 

considerable promise for integration within electronic and optoelectronic technologies, as well as for biomedical 

applications [9]. Furthermore, regardless of solid-state impedance spectroscopy (SS-IS) being a powerful method for 

studying dielectric properties of various materials [20], only a few studies have reported investigations of the dielectric 

permittivity across a wide frequency and temperature range in Nb2O5-based glasses. To the best of our knowledge, 

the SS-IS investigations of the dielectric permittivity have been reported for glasses from the systems (30−x)M2O–

xNb2O5–70B2O3 (M = Li, Na) [21], 34.5A2O–17.2Nb2O5–13.8WO3–20.7P2O5–13.8B2O3 (A = Li, Na, K) [22], and 

15K2O–15Na2O–xNb2O5–(70−x)P2O5 [23]. The cavity perturbation technique has recently been employed for 

studying the dielectric permittivity and loss of xLi2O–xNb2O5–(100−2x)SiO2 glasses [24]. However, these studies 

represent only a limited subset of the available literature on the topic. 

In our previous study, we extensively studied an Nb–P-based glass system with a quaternary composition of 

35Na2O–10V2O5–(55−x)P2O5–xNb2O5 and conducted a comprehensive investigation into its thermal, 

(micro)structural, and electrical properties [25]. SS-IS measurements confirmed the mixed glass former (MGF) effect 

with the sample containing 20mol% Nb2O5 exhibiting the highest electrical conductivity attributed to the optimal 

interconnection between niobate and phosphate units, which facilitates the transport of Na+ ions. Since our research 

group has demonstrated that SS-IS is a powerful method for investigating both the electrical and dielectric properties 

of phosphate-based glasses [26–27] and glass-ceramic materials [28–31] and it provides an effective approach for 

studying dielectric relaxation phenomena, gaining insights into the dielectric loss factor, and distinguishing between 

bulk and grain boundary components, we decided to investigate the dielectric properties and relaxation phenomena of 

the aforementioned 35Na2O–10V2O5–(55−x)P2O5–xNb2O5 system. 
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This study focuses on the comprehensive analysis of the dielectric properties of the given system, 

encompassing an investigation of the complex permittivity, modulus, and impedance across a wide range of 

frequencies and temperatures. Through the examination of the permittivity data, the dielectric strength and loss factor 

are determined, revealing a strong influence of the Nb2O5 content on the dielectric properties. The scaling properties 

of permittivity are examined using the Summerfield scaling procedure, while the scaling properties of conductivity 

spectra are investigated using the Sidebottom scaling procedure. Relaxation studies are performed using modulus 

formalism and complex impedance data, and the findings demonstrate a strong correlation between the relaxation 

processes and DC conductivity. Among the studied samples, the glass-ceramic with 40mol% Nb2O5, which contains 

the Na13Nb35O94 crystalline phase with a tungsten bronze structure [25], exhibits the highest permittivity and the lowest 

loss factor values. The results of this study thus demonstrate the significant potential of these materials as promising 

candidates for energy storage applications. 

2. Methods 

The glass-forming region (GFR) of the quaternary system 35Na2O–10V2O5–(55−x)P2O5–xNb2O5 has been 

thoroughly examined using the melt quenching method, and a detailed procedure for preparing the corresponding 

glass-(ceramic) samples is documented in Ref. [25]. The GFR displayed a relatively wide range, with Nb2O5 content 

extending up to 35mol%, while above the GFR, spontaneous crystallization occured, resulting in the formation of a 

partially crystallized (glass-ceramic) sample. It is worth noting that the samples are named according to the Nb2O5 

content in the composition, where, for instance, Nb-20 glass indicates a sample containing 20mol% of Nb2O5. 

Furthermore, the aforementioned report includes an examination of diverse properties, such as density, molar volume, 

thermal behaviour, (micro)structural characteristics, and electrical properties [25]. These properties have been 

investigated using the following techniques: differential thermal analysis (DTA), powder X-ray diffraction (PXRD), 

scanning electron microscope equipped with an energy-dispersive X-ray spectroscopy (SEM-EDS), Raman 

spectroscopy, infrared attenuated total reflectance spectroscopy (IR-ATR), electron paramagnetic resonance (EPR), 

and solid-state impedance spectroscopy (SS-IS). 

The investigation of the electrical and dielectric properties of the prepared samples was carried out using SS-

IS. For electrical and dielectric property measurements, the samples were prepared as approximately 1 mm thick disks 

by cutting and polishing annealed samples. Gold electrodes with a diameter of 5.4 mm were then sputtered onto both 
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sides of the disks using the Sputter Coater SC7620. The dielectric and electrical properties were determined by 

measuring the complex impedance with an impedance analyzer (Novocontrol Alpha-AN Dielectric Spectrometer). 

These measurements were performed over a wide frequency range spanning from 0.01 Hz to 1 MHz, and within a 

temperature range of 183 to 523 K. Precise temperature control was maintained with an accuracy of ±0.20 K. 

3. Results and discussion 

3.1. Dielectric properties 

The frequency dependence of the real and imaginary parts of the complex permittivity, ε*(ω), at different 

temperatures for Nb-20 glass is shown in Fig. 1, as representative of all the studied samples. The complex permittivity 

is expressed as a complex number: 

∗(𝜔) =
1

i ∙ 𝜔 ∙ 𝐶0 ∙ 𝑍∗
= ′(𝜔) − i″(𝜔) (1) 

where ε′(ω) and ε″(ω) represent the frequency-dependent real and imaginary parts of the complex permittivity, and  

ω = 2πν represents the angular frequency, with ν as the frequency. Capacitance of the empty cell in vacuum is C0 = 

ε0S/d, where S represents the electrode area, d is the distance between the electrodes, and ε0 stands for the vacuum 

permittivity. Frequency dependence of ε′(ω), known as a dielectric permittivity, seen from Fig. 1(a), exhibits two 

distinct characteristics arising from electrode polarization and bulk permittivity. The effect of electrode polarization 

is evident by the highest values of ε′(ω) observed at the lowest frequencies and the highest temperatures, and it arises 

due to the sample polarization caused by blocking gold electrodes, which restrict the transfer of mobile Na+ ions into 

the external circuit. As the frequency increases, ε′(ω) decreases in a step-like manner due to dipole relaxation caused 

by the alignment of molecular dipoles under the applied field, i.e., rotational diffusion of dipoles in space, and it 

reaches a value known as the low-frequency plateau or static permittivity, εs, which is linked to the polarization 

processes of long-range hopping of mobile Na+ ions within the structural network of the glass. 
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Fig. 1. Frequency dependence of (a) real and (b) imaginary parts of the complex permittivity at different temperatures 

for Nb-20 glass. 

At the highest frequencies and lowest temperatures, ε′(ω) achieves a constant value, ε∞, due to the fast 

polarization processes occurring in the glasses under the applied field, as the mobile ions are unable to rotate at a 

sufficient speed and their oscillation lags behind the applied field. On the other hand, ε″(ω) exhibits a decreasing trend 

with increasing frequency, as depicted in Fig. 1(b), owing to the translational diffusion process, namely, the long-

range movement of mobile ions associated with DC conductivity [32]. The values of the ε′(ω) measured at 303 K and 

10 kHz for the studied glasses-(ceramics) are given in Table 1, and they are found to increase with the addition of 

Nb2O5, with Nb-40 glass-ceramic exhibiting the highest value. The influence of Nb2O5 addition will be discussed next 

through the results of the low-frequency plateau analysis. 

Table 1. Real component of permittivity, ε', and the dielectric strength, Δε, for studied glasses at 303 K along with the 

relaxation frequencies, νM″ and νZ″, and times, τM″ and τZ″, determined from the frequency-dependent imaginary parts 

of modulus, M″(ω), and impedance Z″(ω), and the activation energies for the electrical modulus, EM″, and impedance, 

EZ″. 

Sample ε′a Δε′ τM″ / s νM″ / Hz EM″ / eV τZ″ / s νZ″ / Hz EZ″ / eV tan δa 

Nb-0 13.35 — 1.36×10−2 11.73 0.74 2.04×10−2 7.82 0.73 0.041 

Nb-10 17.66 — 6.03×10−3 26.40 0.68 1.36×10−2 11.73 0.69 0.067 

Nb-20 20.21 43.46 4.02×10−3 39.60 0.65 9.04×10−3 17.60 0.65 0.070 
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Nb-30 28.96 64.62 9.04×10−3 17.60 0.65 2.04×10−2 7.82 0.65 0.056 

Nb-40 61.81 109.05 4.58×10−2 3.48 0.65 1.03×10−1 1.55 0.65 0.032 

Note: a at ν = 10 kHz 

In certain glass systems, the low-frequency plateau can be masked as a result of significant electrode 

polarization, making it impossible to determine the static dielectric constant through experimental data. However, in 

the samples studied herein, the low-frequency plateau, εs, and high-frequency plateau, ε∞, are clearly observable. To 

provide a clearer view of these plateaus, an enlarged representation of the spectra of the real component of permittivity 

is presented in Fig. 2(a). Since all analyzed samples exhibit a well-defined εs, it is possible to calculate the dielectric 

strength of relaxation using the equation Δε = εs − ε∞, as proposed by Sidebottom [33–34]. This parameter characterizes 

the magnitude of bulk polarization, i.e., the polarization of the mobile ions in regards to the fixed glass matrix, and 

quantifies the rate of permittivity change due to the ionic relaxation. Calculated Δε values are listed in Table 1, while 

Fig. 2(b) illustrates the compositional and temperature dependence of Δε for all samples. 

 

Fig. 2. (a) Enlarged view of frequency dependence of ε′(ω) at different temperatures for Nb-20 glass and (b) 

compositional and temperature dependence of Δε for all samples. The lines connecting data points are a guide to the 

eye. 

Δε exhibits a gentle increase with the addition of Nb2O5 up to 20mol%, while further additions result in a 

significant jump in its values. In general, Δε is known to be influenced by ion hopping and, consequently, reflects 

variations in the dynamics of mobile ions that are closely linked to structural modifications of the glass network. It is 

interesting to note that the observed increasing trend closely resembles the trend observed for Sidebottom length, L, 
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described in our previous work [25]. Indeed, both Δε and L exhibit an increase in values in region I (x < 10), which 

follows the initial rise in DC conductivity. This increase is attributed to the enhanced mobility of Na+ ions resulting 

from the depolymerization of the predominantly phosphate network upon the introduction of Nb2O5. In region II (10 

≤ x ≤ 20), where a mixed Nb–P glass network dominates, both L and Δε show only small changes as the DC 

conductivity continues to increase, which is consistent with the constant number density of Na+ ions, NV(Na+), and 

highlights the facilitated transport of Na+ due to the optimal extent of the mixed glass network. However, further 

addition of Nb2O5 above 20mol% (x ≥ 25, region III) leads to a substantial increase in Δε, despite the decreasing trend 

in DC conductivity associated with the clustering of NbO6 octahedra into a rigid 3D network which hampers the 

transport of Na+ ions. As previously explained in the case of L, observed behaviour implies distinct ion dynamics on 

short- and long-range scales. Interestingly, the Nb-40 glass-ceramic exhibits the highest value of Δε, which can be 

attributed to the significant concentration of highly polarizable Nb5+ ions [21,23]. Additionally, the presence of the 

Na13Nb35O94 crystalline phase within the Nb-40 glass-ceramic [25], along with the polarization caused by the 

accumulation of space charge at the grain boundary interfaces, also contributes to the increase in Δε [22]. 

Another significant parameter that can be derived from the permittivity data is the loss factor, tan δ. It 

quantifies the phase difference resulting from energy loss within the sample at a specific frequency and is calculated 

as tan δ = ε′(ω)/ε″(ω). Typically, dielectric losses are considerably lower at high frequencies compared to low 

frequencies and specific temperatures. This frequency-dependent behaviour of tan δ is commonly associated with 

conduction losses and aligns with the observations made in the glass-(ceramic) samples studied in this research, as 

demonstrated in Fig. 3. Measured values for all samples at 303 K and 10 kHz are given in Table 1, while the inset in 

Fig. 3 depicts the compositional dependence of the loss factor. All samples exhibit low values of dielectric loss, with 

the Nb-40 glass-ceramic displaying the lowest value. Intriguingly, the compositional dependence of tan δ closely 

correlates with the trend in DC conductivity, with Nb-20 glass exhibiting the maximum value, which is associated 

with its higher conductivity [25]. Based on these findings, it is apparent that ε′(ω) and tan δ exhibit a significant 

dependence on the Nb2O5/P2O5 ratio, which is in accordance with previous research [15–16,35]. The increase in 

dielectric parameters resulting from the addition of Nb2O5 could thus be attributed to the favourable structural 

modifications that provide easy pathways for the movement of charges that contribute to the accumulation of space 

charge polarization [35]. 
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Fig. 3. Frequency dependence of loss factor, tan δ, for all samples at 303 K. Inset shows compositional dependence 

of tan δ for all samples at 303 K and 10 kHz. The lines connecting data points are a guide to the eye. 

3.2. Scaling properties 

Continuing the analysis, the scaling of permittivity spectra using the Summerfield scaling method is carried out. 

In this scaling, the y-axis is scaled by the product (ε’(ω) − ε∞)T [36], while the x-axis is scaled by the product of TσDC, 

where T represents temperature and σDC represents DC conductivity. Given that the complex conductivity, σ*(ω), and 

complex permittivity, ε*(ω), are mutually interrelated [37], and one value can be derived from the other, their spectra 

are expected to exhibit similar scaling properties. This is confirmed by the successful construction of master curves 

for all the studied glasses, as demonstrated in Fig. 4(a)–(d). However, it is evident that the shape of individual master 

curves differs. Just as individual conductivity master curves fail to overlap due to a change in shape [25], for the same 

reason, individual permittivity master curves cannot be successfully superimposed, see Fig. 4(e). The analysis 

excludes the Nb-40 sample due to its partial crystallization. 
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Fig. 4. Individual master curves of ε′(ω) for (a) Nb-0, (b) Nb-10, (c) Nb-20, and (d) Nb-30 glasses obtained using 

Summerfield scaling procedure and (e) superimposed master curves. 

The prominence of εs varies among the glasses depending on the Nb2O5 content. Glasses with Nb2O5 content 

lower than 20mol% exhibit less pronounced εs, which gradually becomes more prominent as more Nb2O5 is added. 

This effect can be quantitatively described by the parameter Δε × T derived from the scaled data, see Fig. 4(d), and is 

associated with the characteristic spatial extent of localized ion motions. In the glasses studied here, Δε × T increases 

with the incorporation of Nb2O5, ranging from 5879 K for Nb-0 glass to 19596 K for Nb-30 glass. For Nb-10 and Nb-

20 glasses, these values amount to 11598 and 13023 K, respectively, which align with the relatively small differences 

observed in ε′ and Δε values between these two glasses, see Table 1. The increasing trend of Δε × T follows the same 

pattern as previously explained for Δε, progressively rising for samples with the highest Nb2O5 content, indicating 

strong dependence on both the composition and the degree of modification of the glass structure with Nb2O5. The 

initial increase in glasses with up to 20 mol% Nb2O5 contributes to favourable structural modifications, creating 

multiple channels that enhance ion transport and reduce Na+ ion trapping, while in samples with the highest Nb2O5 

content, the highly polarizable Nb5+ ions also contribute to this effect, resulting in further growth of Δε × T. 

The presence of well-defined εs allows for expanding our investigation into scaling conductivity spectra. By 

utilizing the determined values of Δε, we can scale conductivity spectra using the Sidebottom procedure [31]. This 

scaling procedure utilizes two scaling parameters, σDC and Δε, and the expression for Sidebottom scaling is given by 

the equation (σ′(ν, T)/σDC(T)) = F(ε0Δεν/σDC(T)), where σ′ represents the real component of conductivity, ε0 denotes 

the vacuum permittivity, and all other physical quantities retain their conventional interpretations. Δε, influenced by 
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charge carrier relaxation, encompasses variations in charge carrier density and also the spatial extent of their diffusion. 

Therefore, this scaling technique is applicable universally and remains valid when the shape of the conductivity 

spectrum is independent of temperature. 

Applying the Sidebottom scaling procedure results in perfect conductivity master curves for all the samples, 

providing evidence for the validity of time-temperature superposition (TTS). This observation suggests that the 

conduction mechanism remains unchanged despite temperature variations, aligning with the successful application of 

Summerfield scaling in our previous research [25]. However, when attempting to superimpose the individual master 

curves obtained by the Sidebottom method in the super-scaling procedure, as depicted in Fig. 5(a), they do not overlap, 

similar to the case with the master curves obtained by the Summerfield method. 

 
Fig. 5. Construction of (a) super master curve of the conductivity isotherms obtained by applying the Sidebottom 

scaling procedure for all glasses, (b) differently shaped master curves of Nb-0, Nb-10, and Nb-30 glasses, and (c) 

master curves of Nb-20 and Nb-30 glasses same in shape. 

Moreover, the shape of master curves for glasses with 0 ≤ x ≤ 20 distinctly varies, see Fig. 5(b), whereas it remains 

consistent for glasses with 20 ≤ x ≤ 30, see Fig. 5(c), just as observed in the case of Summerfield scaling [25]. Since 

conventional MGF systems do not exhibit a change in the shape of master curves, the findings of our study further 

contribute to the understanding that a mixed P-TMO network has a more intricate influence on the transport of Na+ 
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ions, providing different structural energy landscapes for Na+ conduction pathways. In the following section, 

relaxation studies using modulus formalism and complex impedance are presented. 

3.3. Relaxation studies 

Returning to the permittivity data, it is important to consider that electrical relaxation processes in glasses can be 

affected by high capacitance effects, such as electrode polarization. As previously shown in Fig. 1(b), relaxation peaks 

are not visible in the ε″(ω) representation, which is consistent with the usual behaviour observed in materials 

containing mobile ions. Therefore, an alternative approach for analyzing the electrical relaxation behaviour in glasses 

is to use the electrical modulus model [38]. This model defines modulus, M*(ω), as reciprocal of ε*(ω): 

𝑀∗(𝜔) =
1

∗(𝜔)
=

′(𝜔)

′(𝜔)2 + ″(𝜔)2
+

i″(𝜔)

′(𝜔)2 + ″(𝜔)2
= 𝑀′(𝜔) + i𝑀″(𝜔) (2) 

Fig. 6 illustrates the frequency-dependent behaviour of the real, M′(ω), and imaginary, M″(ω), components of the 

electrical modulus for Nb-10 glass at different temperatures. 

 

Fig. 6. Frequency dependence of the (a) real part, M′(ω), and (b) imaginary part, M″(ω), of electrical modulus at 

different temperatures for Nb-10 glass. 

While M′(ω) shows a sigmoidal increasing trend with increasing frequency, eventually reaching a plateau 

corresponding to the limiting value of M∞, the frequency dependence of M″(ω) is characterized by a distinct maximum 

that occurs at a specific frequency known as the relaxation frequency, νM″. With increasing temperature, this maximum 

shifts towards higher frequencies which indicates the temperature dependence of electrical relaxation. The peak 

maximum separates two distinct relaxation regions, one located above and the other below it. In the low-frequency 
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region (ν < νM″), charge carriers demonstrate enhanced mobility over longer distances. On the other hand, in the higher-

frequency region (ν > νM″), the relaxation polarization process occurs, confining charge carriers to potential wells and 

limiting their mobility to shorter distances. Based on a given value of νM″, the relaxation time, τM″, can be calculated 

as the reciprocal according to the equation τM″ = 1/(2πνM″). Table 1 provides the corresponding τM″ values for all 

samples at 303 K, and their values will be addressed subsequently. 

The TTS analysis can also be performed with electrical modulus data to investigate whether the relaxation 

process remains consistent across the studied compositions and temperature range. In this approach, the normalized 

imaginary part of the electrical modulus, M″(ω)/M″(ω)max, is plotted as a function of νM″/νM″,max. As shown in Fig. 

7(a)–(c), the successful construction of master curves is achieved for all the samples, and when superimposed, they 

collapse into a single super master curve, seen from Fig. 7(a). Nb-40 glass-ceramic is excluded from the super scaling 

procedure due to the presence of an additional relaxation process, seen from Fig. 7(c). 

 

Fig. 7. (a) Superimposed master curves of M″(ω) for all glasses and comparison of individual master curves for (b) 

Nb-20 glass as a representative for all glasses and (c) Nb-40 glass-ceramic. 

The super master curve reveals two distinct regions, one below the M″(ω) peak, where DC conductivity 

dominates and all data points lie on the curve, and another above the M″(ω) peak, which corresponds to the decay of 

the electric field, where ions are confined to potential wells and can move freely within those wells. However, a slight 

deviation from the super master curve is observed at high frequencies and it could be attributed to the effects of short-
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time dynamics which involves relaxation movements or adjustments of the glass network influenced by the local 

structural factors. Similar scaling behaviour has been observed in other glass systems [26], and it may be related to 

the incorporation of niobate units into the glass network which leads to a more constrained local environment and 

causes dispersion in the shorter time region. Hence, the deviations observed in the scaled data for these glasses could 

be attributed to variations in the distribution of relaxation times caused by the presence of structural disorder in the 

glass network. 

The exploration of the relaxation mechanism in all samples also includes the analysis of the imaginary part 

of impedance, Z″(ω), seen from Fig. 8(a)–(b). Similar to M″(ω), Z″(ω) exhibits a temperature-dependent maximum at 

a specific frequency, and its reciprocal value represents the time required for dipole reorientation. However, unlike 

the electrical modulus, which is dominated by processes exhibiting the lowest capacitance values, the frequency 

dependence of Z″(ω) showcases processes exhibiting the highest resistance values. By examining the maximum of 

Z″(ω), the relaxation times, τZ″, at various temperatures can be calculated using equation τZ″ = 1/(2πνZ″) and obtained 

values are presented in Table 1. 

 

Fig. 8. Frequency dependence of normalized M″(ω) and Z″(ω) curves for (a) Nb-20 glass and (b) Nb-40 glass-ceramic, 

and equivalent circuit modelling of (c) complex impedance and (d) frequency dependence of Z″(ω) at 303 K for Nb-

40 glass-ceramic. 
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Furthermore, to investigate whether the observed maxima in the frequency dependence curves of M″(ω) and 

Z″(ω) correspond to the same relaxation process, the curves are normalized, as presented in Fig. 8(a) and (b). Indeed, 

the maxima of both M″(ω) and Z″(ω) curves are closely aligned for all glasses, seen from Fig. 8(a), yet they do not 

entirely overlap, indicating a distribution of relaxation times and contributions from both localized and long-range 

relaxation processes. Comparing the extracted values of νM″ and νZ″, as well as τM″ and τZ″, seen from Table 1, it is 

found that the values are similar and exhibit equal non-monotonic trends, with relaxation frequencies reaching a 

maximum for Nb-20 glass, whereas relaxation times show a minimum for Nb-20 glass, regardless of whether they are 

obtained from the maxima of M″(ω) or Z″(ω). This suggests that the observed phenomenon represents the same 

underlying process. 

In contrast to glasses from this study, Nb-40 glass-ceramic is a heterogeneous system composed of uniformly 

distributed crystalline grains within a glassy matrix [25] and thus shows different results. As mentioned earlier, the 

frequency dependence of M″(ω) for Nb-40 reveals contributions from two relaxation processes whose maxima overlap 

due to similar relaxation frequencies, whereas Z″(ω) exhibits a single maximum which closely aligns with the first of 

the two maxima in the M″(ω) curve, seen from Fig. 8(b). Since Z″(ω) highlights processes characterized by the highest 

resistance values, the presence of only one maximum in Z″(ω) indicates that the dominant process occurring at a lower 

frequency exhibits higher resistance values compared to the process observed at a higher frequency and as a result, it 

is masked. Considering the substantial amount of the crystalline Na13Nb35O94 (33wt%) in Nb-40 glass-ceramic [25], 

the low-frequency contribution is likely due to the grain boundary, while the higher-frequency process is attributed to 

the bulk response, as confirmed by the electrical equivalent circuit (EEC) modelling. The EEC used to represent the 

bulk and grain boundary phenomena in Nb-40 glass-ceramic consists of two parallel combinations of the the resistor 

(R) and and a constant phase element (CPE). As illustrated in Fig. 8(c) and (d), the experimental data show excellent 

agreement with the theoretical curves. The obtained capacitance values for both relaxation processes fall within the 

range of 10−11 F and are associated with significant bulk fraction and grain boundaries [28–30,39]. On the other hand, 

the resistance values of the bulk and the grain boundary differ by an order of magnitude, with the resistance of the 

grain boundary contribution being on the order of 109, which is consistent with the results of relaxation studies. 

Back to the values of relaxation frequencies and times determined from M″(ω) and Z″(ω), by examining the 

slope of the logarithm of νM″ and νZ″ plotted against 1000/T, it is possible to determine the activation energies for the 

electrical modulus, EM″, and impedance, EZ″. It is interesting to compare the obtained activation energy values with 
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the activation energy for DC conduction, EDC, from our previous work [25]. As depicted in Fig. 9(a), these values 

show a remarkable similarity, confirming the agreement between the relaxation processes and DC conductivity. 

 

Fig. 9. (a) Comparison of activation energies for σDC, M″(ω), and Z″(ω) and compositional dependence of (b) 

relaxation frequencies and (c) relaxation times determined from the maxima of M″(ω) and Z″(ω) for all samples. The 

lines connecting data points are a guide to the eye. 

This behaviour provides further confirmation of the existence of a single conduction mechanism, where the 

same activation energies are associated with the same relaxation process. What’s more, the compositional dependence 

of relaxation frequencies, seen from Fig. 9(b), clearly reflects the non-monotonic trend observed in DC conductivity 

[25], with the highest value corresponding to Nb-20 glass. Consequently, this glass sample exhibits the lowest 

relaxation time, seen from Fig. 9(c), which results in the highest conductivity among the glasses studied. Additionally, 

the activation energies corresponding to the relaxation processes attributed to bulk and grain boundary contributions 

in Nb-40 glass-ceramics are found to be equal based on the analysis of modulus data. 

To visualize the observed relaxation process, it is interesting to compare the electrical modulus and 

conductivity spectra at a given temperature, as shown in Fig. 10. 
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Fig. 10. Comparison of frequency dependences of M′(ω), M″(ω), and σ′(ω) at 303 K for (a) Nb-20 glass and (b) Nb-

40 glass-ceramic. 

It can be observed that all glasses exhibit a single relaxation process, which is manifested as a peak in M″(ω), and 

it coincides with the onset of dispersion in the conductivity spectrum. The position of the peak maximum in M″(ω) 

corresponds to the inflexion point in the frequency dependence of M′(ω), and the intersection of the two curves at the 

point of maximum corresponds to the characteristic relaxation frequency νM″. While glasses show only one peak due 

to bulk ionic conduction, the conductivity spectrum and frequency dependence of M″(ω) of Nb-40 glass-ceramic 

reveal two contributions, with the additional low-frequency peak corresponding to the contribution of the grain 

boundary. 

4. Conclusion 

This study elucidates the influence of structural modifications arising from the substitution of P2O5 with Nb2O5 on the 

dielectric properties and relaxation processes in the quaternary MGF glass-(ceramic) series 35Na2O–10V2O5–

(55−x)P2O5–xNb2O5 (x = 0–40, mol%). Our findings reveal that the dielectric parameters, including the dielectric 

permittivity, dielectric strength, and dielectric loss, exhibit a strong dependence on the Nb2O5 content, as determined 

from the frequency and temperature-dependent complex permittivity data. The dielectric properties are influenced by 

the MGF effect in a similar manner as it affects the previously reported conductivity of the studied system. This 

relationship is particularly evident in the compositional dependence of the dielectric strength, which is influenced by 

ion hopping and reflects changes in the dynamics of mobile ions associated with structural modifications of the glass 

network. Similar to the observed trend in DC conductivity, the variation in dielectric strength also shows an initial 
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increase in region I (x < 10) attributed to the enhanced mobility of Na+ ions resulting from the depolymerization of 

the predominantly phosphate network, which is induced by the addition of Nb2O5. Furthermore, in the region II of a 

mixed dominant Nb–P glass network (10 ≤ x ≤ 20), the variation in dielectric strength exhibits minimal changes, which 

is consistent with the constant number density of Na+ ions and indicates that the mixed glass network efficiently 

facilitates the transport of Na+ ions. However, in the region III of a predominantly niobate network (x ≥ 25), the 

influence of the highly polarizable nature of Nb5+ ions prevails over the dielectric strength, and it continues to increase 

with an increase in the Nb2O5 content. Nb-40 glass-ceramic exhibits the highest dielectric strength and the lowest loss 

factor, which is attributed to two factors: the large polarizability of Nb5+ ions and the polarization resulting from the 

accumulation of space charge at the grain boundary interfaces. The relaxation studies, conducted through the analysis 

of modulus formalism and complex impedance data, indicate that the DC conductivity and relaxation processes are 

associated with the same underlying relaxation mechanism, which is attributed to ionic conductivity. Unlike glasses 

that show only one peak resulting from DC conductivity, the conductivity spectra and frequency dependence of M″(ω) 

in Nb-40 glass-ceramic reveal two distinct contributions with similar relaxation times. The high-frequency peak 

corresponds to ionic conductivity in the bulk component, while the additional low-frequency peak corresponds to the 

contribution from the grain boundary, as confirmed by EEC modelling. The scaling characteristics observed in the 

permittivity and conductivity spectra, along with the electrical modulus, confirm the applicability of time-temperature 

superposition and unveil a strong correlation with both the composition and the degree of modification of the glass 

structure upon Nb2O5 incorporation. 
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